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Synopsis

The thesis aims to explore the emission tunability, triplet harvesting pathways, and non-linear
photon up-conversion properties in some selected Cu(I) and Cu(I)-iodide-based clusters,
complexes, and coordination polymers by using ligand engineering-based methodologies. The
triplet harvesting pathways particularly include phosphorescence, thermally activated delayed
fluorescence, and self-trapped excitonic emission. The central motivation of the thesis evolves
from a perspective of establishing the structure-property relationship in the aforementioned

systems. The thesis is divided into five chapters,

Chapter 1: Introduction to the Photoluminescence of Cu(l)-Based Emitters:
Fundamentals and Photophysical Properties.

In this chapter, I introduce the phenomenon of luminescence and its background, particularly
from the perspective of coinage metal-based luminescent materials. Furthermore, the previous
luminescence studies of copper nanoclusters and their applications have been discussed. The
role of triplet state harvesting in enhancing the luminescence yield and the phenomenon of
thermally activated delayed fluorescence (TADF) were introduced. TADF in coinage metal-
based emitters, as well as several Cu(I)-iodide-based clusters, complexes, and polymers have
been discussed. Moreover, the photon up-conversion properties were also introduced and

elaborated. In the concluding part, I describe the motivation and objective of the thesis.

Chapter 2: Intrinsic-to-Extrinsic Emission Tuning in Luminescent Cu Nanoclusters by
in-situ Ligand Engineering.

This chapter focuses on the development of a unique methodology for tuning emission from
blue to green-yellow in luminescent Cu nanoclusters (CuNCs) through an in-situ ligand
replacement process. At first, the successful synthesis of dithiol-templated blue and red-
emitting CuNCs in a single-pot process was achieved. This was followed by an in-situ ligand
replacement using the oxidized form of the L-ascorbic acid, which was used as a reducing agent
in the nanocluster formation process. The ligand-replaced nanocluster exhibits a green-yellow
emission. The blue emissive nanoclusters exhibit excitation-independent emission from metal-
centered core states, while the green-yellow emissive nanoclusters show excitation-dependent
emission from ligand-centered surface states. The study utilizes excited state dynamics and
ultrafast spectroscopy to distinguish between these emissions as well. The emission tuning
process is driven by the oxidized form of the reducing agent, eliminating the need for an
external agent, covering almost the entire visible spectrum, and showcasing excellent emission

tunability. L-ascorbic acid plays a significant role in modulating the emission properties of



nanomaterials, with potential applications in ligand engineering. The red emissive nanoclusters
were found to be covalently linked dithiol-templated CuNC superstructures, suitable for LED
applications. The nanocluster system and the developed protocol carry the potential for the
fabrication of highly efficient LED devices with broadband color tunability and applications in

multicolor printing technology.

Chapter 3: Activation of TADF in Photon Up-converting Crystals of Dinuclear Cu(l)-
iodide Complexes by Ligand Engineering.

This study investigates the development of highly emissive Cu(I)-iodide complexes through
ligand engineering by eradicating a particular decay pathway and thereby activating TADF.
The study presents a novel strategy for achieving TADF in Cu(I)-iodide complexes, which
traditionally suffer from inefficient TADF due to competitive cluster-centered (*CC) states. By
utilizing ligand engineering the Cu-:-Cu bonding interaction was suppressed in Cuzlz
complexes, which successfully enhances the exciton recovery via TADF from (metal+halide
)-to-ligand charge transfer (Y*(M+X)LCT) states, achieving high quantum yields and
substantial structural rigidity. The complex-1 coordinated with 3-cyanopyridine has a higher
Cu---Cu bonding interaction and exhibited radiative decay through *(M+X)LCT and *CC
states. On the other hand, when two 3-cyanopyridine on each Cu atom were replaced by a PPh3
ligand, the Cu---Cu bonding interaction diminished due to an increase in the Cu-Cu distance
and the radiative decay was found to occur via TADF from *(M+X)LCT states. This was
utilized in the fabrication of a warm-white light-emitting pc-LED. Due to the presence of high
charge-transfer nature and bulk phase polarizability, the non-linear photon upconversion
properties of these complexes were studied. The complex-1 showed excellent third-harmonic
generation properties, and both the complexes exhibit multi-photon excited luminescence.
Overall, the findings of this research provide valuable insights into designing efficient OLED
devices and photon upconversion systems, highlighting the potential of Cu(I) iodide complexes

as a versatile platform for advanced light-emitting materials.

Chapter 4: Ligand-mediated Staircase-to-Cubane Structural Switch in Photon Up-
converting Crystals of Cu(I)-Iodide-based Polymers: From TADF to Self-trapped
Excitonic Emission.

In this work, we report a staircase-to-cubane structural switch in Cu(I)-iodide-based polymers
resulting from the different coordination behavior of two m*-acceptor ligands. The staircase
polymeric structure coordinated with 3-cyanopyridine shows efficient exciton recovery
through TADF from (metal+halide)-to-ligand charge transfer ('*(M+X)LCT) states having a
singlet-triplet splitting value of ~0.009 eV. On the other hand, the cubane polymeric structure



coordinated with 3-aminopyridine exhibits strong cluster-centered (*CC) orange emission at
room temperature. The temperature-dependent photoluminescence studies prove that the 3CC
state, in this case, appears as a self-trapped excitonic state with a high degree of exciton-phonon
coupling. The (M+X)LCT emission also emerges at the low-temperature region, which is much
higher in energy compared to that of the staircase polymer. It shows a much higher electron-
donating effect of the amino group compared to the cyano group in modulating the emission
energy of the charge transfer state. The high degree of exciton-phonon coupling in the
centrosymmetric crystal of the cubane polymer also leads to the emergence of third-order non-
linearity. These polymer crystals exhibit efficient two-photon excited luminescence properties
as well. Additionally, we have synthesized a non-centrosymmetric Cu(I)-iodide coordination
polymer. Non-centrosymmetry in these Cu(I)-iodide-based polymeric crystals can lead to the
emergence of several prodigious properties like second-harmonic generation, bulk photovoltaic
effect, and so on. We report a non-centrosymmetric Cu(I)-iodide staircase polymer coordinated
with 2-amino-3-methylpyridine. The crystal structure and non-covalent interactions in the bulk
phase have been reported. These properties can be utilized in several applications, such as laser

technologies, photocatalysis, self-powered photodetectors, and so on.

Chapter 5: Thesis Summary and Future Outlook.
In this chapter, we summarize the key results of all the chapters in a collective manner and

provide a perspective of future research directions based on the outputs of this thesis.
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1.1. Photoluminescence of coinage metal-based materials: The background

Photoluminescence is one of the most useful and relevant outcomes of light-matter interaction
that is prevalent in numerous natural processes. The term "luminescence" is derived from the
Latin word “lumen”, meaning light.! It was first coined as “luminescenz” by German physicist
Eilhard Wiedemann in 1888.! Different types of luminescence are classified based on their
excitation methods. Specifically, photoluminescence refers to the emission of light resulting
from the direct photoexcitation of the emitting species. The atoms or molecules are excited to
a higher energy quantum state by absorbing light, which is known as an optically excited state.
This is followed by the consequent release of the excited state energy resulting in the radiative
relaxation of the atom/molecule to the ground state through ejecting lower energy photons.
Atoms are devoid of any vibrational or rotational degrees of freedom, as a result, they only
have electronically excited states. On the other hand, molecules have multiple rotational and
vibrational degrees of freedom. As a result, the electronic excited states are entangled with the
vibrational and rotational motions of the molecules. Therefore, the ground state and excited
state electronic energies of a molecule are expressed as a function of nuclear coordinates and
represented by a diagram called the Jablonski diagram? (Figure 1.1). The molecule excited to
a higher electronic state can release its energy through several processes such as vibrational
relaxation, internal conversion, geometry reorganization, radiative relaxation, and so on
(Figure 1.1). It can also undergo radiationless transition to other states having different spin
multiplicities, which is known as intersystem crossing (Figure 1.1). The first unified
presentation of photoluminescence was given by Sir George Gabriel Stokes in 1852, where he
described this phenomenon as the dispersive reflection of light.® Since the publication of this
historic paper on photoluminescence by Stokes, the journey of photoluminescent organic and
inorganic compounds started. The study of photoluminescence in coinage metal complexes
with d!° configuration was first reported by Dori and co-workers in 1970.* Coinage metals are
the nontoxic and nonradioactive elements under group 11 of the periodic table. These are also
called noble metals because of their strong resistance towards corrosion and abundance in pure
form. Photoluminescence properties of coinage metal-based materials have been studied
extensively, which expands from inorganic/organometallic complexes to higher order
frameworks like metal clusters, coordination polymers, etc.>”’ These materials find broad
applications in the fields of optoelectronics, photosensitization, photocatalysis, bioimaging,

sensing, and so on.>”’

2|Page



S, A L‘.,] . Vibrational relaxation

l/,/,4 Internal conversion

S, Intersystem crossing

T,

/m Internal conversion
ee 4s Fluorescence
Excitation

Ty

Phosphorescence
2
So

Figure 1.1. Jablonski diagram for a typical molecular emitter. So, S1, T1, Sn, and T, represent
singlet ground state, lowest singlet excited state, lowest triplet excited state, higher excited
singlet states, and higher excited triplet states respectively.

1.2. Coinage metal nanoclusters

1.2.1. Gold and silver nanoclusters: luminescence, protecting ligands, and applications

The journey of the luminescent metal nanoclusters started in early 2000 when Dickson and co-
workers synthesized gold nanoclusters, stabilized by poly(amidoamine) (PAMAM).® They
synthesized a series of gold clusters containing 5, 8, 13, 23, and 31 gold atoms, satisfying the
magic number criteria outlined by the well-known Jellium model for metal clusters. These size-
adjustable gold clusters exhibit tunable emission ranging from UV to near IR wavelengths
(Figure 1.2a). The absorption and emission features of these clusters are directly correlated to
N3 where N is the number of gold atoms.®® These characteristics are in accordance with the
spherical Jellium model for metal clusters, unlike the semiconductor nanocrystals or quantum
dots, which have a dependence upon N8 Subsequently, it was realized that these particles
are structurally and behaviourally distinct from quantum dots because allowing these particles
to grow further would result in the formation of bulk metal instead of forming bulk
semiconductors. Hence, these new types of nano-sized materials were named metal
nanoclusters. In terms of electronic structure, metal nanoclusters exhibit discrete molecule-like
energy states, whereas their larger counterparts, metal nanoparticles, possess continuous energy

levels and display the remarkable phenomenon of surface plasmon resonance (Figure 1.3).'
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Figure 1.2. (a) Excitation spectra (dashed) and emission spectra (Solid) of Au nanoclusters of
different sizes indicating size-dependent emission (left), cuvette images of emission coming
from Au nanoclusters with different sizes (excited at 366 nm) (right). Reprinted with
permission from ref.3; Copyright (2004) by the American Physical Society. (b) The schematic
shows size-dependent surface potentials of Au nanoclusters across different size scales. For the
smallest Au clusters (ranging from Aus to Auis), the cluster-emission energies can be accurately
described by the energy-scaling law Eremi/N'3, where N represents the number of atoms in
each cluster. This indicates that the electronic structure transitions in these small Au clusters
are well-represented by a spherical harmonic potential. As the cluster size increases, minor
anharmonicities start to distort the potential well. At larger sizes, this potential gradually
transforms into a Woods-Saxon potential surface, and eventually, it becomes a square-well
potential, which is characteristic of electrons in large metal nanoparticles. Used with
permission of Annual Reviews, Inc., from ref’; permission conveyed through Copyright
Clearance Center, Inc.

The discretization of the energy levels within this size domain is attributed to the quantum
confinement effect, which is responsible for its size-dependent emission characteristics.'%12
Therefore, the metal nanoclusters are considered as a “missing link” between single metal

atoms and plasmonic metal nanoparticles (Figure 1.3). Over the past decade, there has been
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permission from the American Chemical Society.'

significant exploration and investigation into noble metal nanoclusters, particularly those
composed of gold and silver. These nanoclusters have been synthesized and extensively
examined utilizing alkane-thiols as well as other amido or phosphine ligands to serve as
protective agents.!>"!> The utilization of these ligands is driven by their robust affinity to the
metal surfaces, ensuring stability, and facilitating bright photoluminescence across various
environments. Coinage metal nanoclusters stabilized by several kinds of thiol, amido, and
phosphine groups have opened up promising avenues in various fields such as optoelectronics,
catalysis, ion sensing, bio-sensing, and bio-imaging.'!® Their stability and distinct
photoluminescence characteristics make them potential candidates for a wide array of
applications. Notably, they have emerged as compelling alternatives to both inorganic quantum
dots and organic fluorescent dyes owing to their photostability, high photoluminescence yield,
water-solubility, lesser cytotoxicity, and size-tunability.!>!718

Initially, much of the research focused on the synthesis, self-assembly, and optical properties
of gold and silver nanoclusters.'>!®* Gold and silver nanoclusters were synthesized using
proteins as templates; for instance, bovine serum albumin (BSA), human serum albumin
(HSA), pepsin, and so on.'”?! The reduction of gold and silver ions is achieved using NaBH4
as a reducing agent. and several thiol and amino acid residues of these proteins are responsible
for the effective stabilization of these nanoclusters. Alongside this, several PAMAM-based
dendrimers have also been effectively utilized in synthesizing these nanoclusters.?>?

Subsequently, several small molecular ligands having thiol and amine functional groups were

also employed as protecting agents in the nanocluster synthesis. These ligands include
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glutathione, cysteine, cysteamine, 6-mercaptohexanoic acid, 3-mercaptopropionic acid, 2-
phenylethanethiol, aromatic thiols, several amino acids, and so on.?*>° Along with the wide
range of applications, the photoluminescence mechanisms have also been explored by using
ultrafast spectroscopic methods.*'>* However, gold and silver are heavy and expensive metals;
on the contrary, the use of lighter coin-age metal, copper, associated with the same group, is
more cost-effective than gold and silver. Additionally, Higher thermal and electrical
conductivity makes copper nanomaterials appropriate for fabricating energy harvesting and
storage devices.** Furthermore, copper has significant roles in various biological processes as
well.>>3 Hence, the focus of the research shifted towards developing and exploring the
potential of copper nanoclusters with a view to identifying their unique properties and potential

applications.

1.2.2. Copper nanoclusters: an overview

Initial research works on copper nanoclusters were focussed mainly on deciphering multiple
synthetic strategies and characterization methods. The typical synthetic protocols are template-
assisted, ligand-assisted, electrochemical synthesis, and etching method. In 1998 Crooks and
co-workers published a paper where they used poly(amidoamine) (PAMAM) starburst
dendrimers as capping agent to synthesize CuNCs.*” Hydroxyl surface groups of PAMAM
interacts with the cluster surface. Dendrimer was mixed with CuSOg4 in aqueous solution,
followed by reduction of Cu(Il) ions to CuNCs by NaBHa4. In the same year, Balogh and co-
workers introduced the synthesis of CuNCs stabilized with PAMAM in organic solvent.*® In
2001, McCarley’s group synthesized Cu(Il)—poly(propylene imine) dendrimer complexes with
a di-aminobutane (DAB) core in methanol. Sequentially the complex was converted into
reduced CuNCs with the addition of NaBH, in it.** Another photo-reductive synthesis of
CuNCs was reported by Zhang et al. They demonstrated the synthesis of CuNCs by using
poly(methacrylic acid) template modified with penta-erythritoltetrakis 3-mercaptopropionate,
followed by photoreduction of the Cu(Il) aqueous solution under UV light irradiation.*® Apart
from these polyethyleneimine (PEI) and polyvinylpyrrolidone (PVP) has also been used as
templates.**> DNA is known to be another important template for copper nanoclusters. In
2010, Mokhir’s group showed that random double-stranded DNA (dsDNA) can be utilized as
capping agent to stabilize CuNCs by using L-ascorbic acid as mild reducing agent. The
resulting nanoclusters showed photoluminescence intensity in the range of 580—600 nm.** By
changing the length of DNA strand, photophysical properties of the nanoclusters can be

modulated. However, effect of the sequence and arrangement of the nucleobases on the
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formation and properties of CuNCs were still unknown. In 2015, Ouyang and co-workers
studied the formation of CuNCs with various dsDNA sequence combinations. They concluded
that random sequences or a handful of specific sequences were not able to form luminescent
nanoclusters, rather adenine and thymine rich sequences were able to encapsulate the Cu ions
resulting in to the formation of red luminescent species.**. Moreover, Wang’s group utilized
different ssDNA templates for synthesizing CuNCs, including random ssDNA, poly(adenine)
(poly A), poly(thymine) (poly T), poly(cytosine) (poly C), and poly(guanine) (poly G).*’
Besides these works, Prof. Mukherjee and co-workers has also used glutathione capped CuNCs
as a discriminating sensor for identifying single base mismatched DNA and fully matched DNA
sequence.*® Proteins and peptides were also used as templates. Prof. T. Pradeep known for his
extensive studies in exploring structural aspects of metal nanoclusters by using mass
spectroscopic techniques, showed BSA stabilized Cu nanoclusters to be an efficient sensor for
Pb** ions.*’ Liao and co-workers introduced a synthesis in 2015, where they added H2O»
solution into the BSA-CuSOs mixture.*® In this work, H>O acted as an oxidizing agent which
cleaved the disulfide linkages of BSA protein and increased the degree of exposure of free
amino groups, which can accelerate the formation rate of CuNCs. On the other hand, Wang and
co-workers prepared BSA-protected CuNCs by applying another reducing agent hydrazine
hydrate.* Yeast extract containing various kinds of proteins, carbohydrates and amino acids,
was also applied as a template and at the same time as a reducing agent to synthesize CuNCs.>°
Huang’s group introduced trypsin as a reducing and protecting agent to synthesize CuNCs.""
Chicken egg white was used as a template to synthesize CuNCs.’? In 2020, Prof.
Chattopadhyay and co-workers synthesized bovine serum albumin (BSA) capped CuNCs
which had an effective anti-cancer activity against human cervical and lung cancer cells.>® He
also showed another CuNC assembly capped with lysozyme and used for labelling cervical
cancer cells.>* Degrees of freedom of bigger macromolecular templates are quite lesser in
number, hence sometimes the control over the size of the nanocluster, no longer remains
specific. This results into the formation of bigger nanoparticles which are non-luminescent in
nature. So, in addition to these efforts, researchers introduced small molecules and ligands
which can protect the nanoclusters, and keeping its fluorescent nature unperturbed. Chen and
co-workers prepared CuNCs by using 2-mercapto-5-n-propylpyrimidine (MPP) as capping
ligand and NaBH4 as a reducing agent.>> Following this pathway, researchers have used
different kind of small molecular capping agents such as GSH, penicillamine,
phenylethanethiol, dihydrolipoic acid, mercaptobenzoic acids, cysteamine, L-Cysteine, and 3-

mercaptotrimethoxysilane.* %5 All these are thiolate and amine-based ligands. The binding
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sites of the ligands, along with their conformational diversities and reaction conditions, played
a very crucial role in modulating the photophysical properties of the CuNCs. All these
photophysical modulations contributed in biolabeling, bioimaging, metal ion sensing, and
various other applications. Chang and co-workers used three isomers of mercaptobenzoic acid
as capping agents to synthesize CuNCs.%! By using different positional isomers one can change
the optical properties of nanoclusters. Other than thiolate and amine-based molecules,
carboxylate residue molecules are also reported to be good precursor for synthesizing CuNCs.
Tannic acid, cholic acid, and ascorbic acid have been used to synthesize highly luminescent
CuNCs.*%667 Along with these works, Mukherjee and co-workers showed glutathione-capped
CuNCs to be used as a cell imaging probe for marking cancerous cells and detecting Fe** ions
selectively.®® The same group in 2015, illustrated a blue emitting human serum albumin (HSA)
capped CuNC which showed efficient FRET with coumarin-153 dye and also was fabricated
to be an efficient nanothermometer.®” Purkayastha and his group applied L-cysteine capped
CuNCs to find the nature of various hydrophilic and hydrophobic pockets of BSA protein.”
The same group also showed an efficient photoinduced electron transfer (PET) from transition

metal complexes to cyan-emitting CuNCs.”!

1.2.3. Role of ligands in the nanocluster emission

In the initial phases of nanocluster research, the mechanistic framework of the nanocluster
emission was primarily based on the quantum confinement effect and the metal-centered
excited states. Metal-centered excited states are mainly comprised of the inter-band transitions
from d-band to sp-band; and the quantum confinement effect results in the discretization of the
d-band and sp-band.”>”® The size-dependent emission tunability of nanoclusters also comes
from the quantum confinement effect in the metal-centered excited states. Consequently, the
emission tunability of CuNCs was directly correlated to the spherical Jellium model like the
AuNCs, and the relation between the emission energy and the size of the respective
nanoclusters was given by Eg=Erermi/N'. Prof. Rogach and co-workers have discussed in their
review article that emission properties of copper nanoclusters protected by several nitrogen and
sulfur donor ligands like the poly(methacrylic acid), PVP/dihydrolipoic acid, mercaptobenzoic
acids, penicillamine, are not in accordance with the spherical Jellium model.”* In these cases,
emission energy does not follow the size of the nanoclusters obtained from the mass
spectroscopic techniques. Consequently, the Jellium model is broadly applicable in the

nanoclusters, which are protected with weakly bound ligands and show singlet emission in the
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Figure 1.4. (a) Metal-centered and ligand-centered excited states and their respective
mechanisms, (b) Ligand-assembly-mediated P band intermediate state dominates
photoluminescence emission. The schematic illustrates the ligand exchange process and the
solvent-induced emission (SIE) properties of Au nanoclusters. The inset shows the energy-
level structure of Au nanoclusters in a water and ethanol mixed solution. The p-band, formed
by the overlapping p-orbitals of electron-rich sulfur and oxygen heteroatoms from well-
organized surface ligands, serves as an intermediate or dark state to modulate the optoelectronic
properties. Reused with permission from Springer Nature.””

UV to blue region. In case of strongly protected nanoclusters, Cu-ligand interfacial surface
states have crucial role to play. Further research explores that nitrogen and sulfur-donor-
protected copper nanoclusters have metal-centered excited states and ligand-centered excited
states (Figure 1.4a).”>8 Metal-centered excited states are characterized by a predominant

contribution from metal orbitals, whereas ligand-centered excited states exhibit a higher
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involvement of ligand orbitals. When emission arises from metal-centered excited states
following excitation, it's termed as metal-centered emission (MCE) or intrinsic emission. This
type of emission typically conforms to Kasha’s rule, displaying excitation-independent
emission and falls under the category of fluorescence. Conversely, emission originating from
ligand-centered excited states is referred to as ligand-centered emission (LCE) or extrinsic
emission (Figure 1.4b). LCE is notably red-shifted compared to MCE and encompasses a
mixed emission behavior, combining fluorescence and phosphorescence characteristics. With
appropriate structural adjustments, tuned excited singlet and triplet states may lead to the

observation of delayed fluorescence.

1.2.4. Journey towards emission tunability and emission enhancement

Several methodologies have been explored in order to tune the emission wavelength of the
copper nanoclusters. For instance, metal atom tailoring, ligand engineering, modulation of
electronic effects of the ligands, regulation of intra- and inter-cluster metallophilic interactions,
structural modulations in the self-assembly, and so on. Panda and co-workers reported the
cellulose-directed synthesis of copper nanoclusters, where they obtained size-tailored copper
nanoclusters with metal compositions Cuiz, Cuzo, and Cuss.” These nanoclusters exhibited
sequential color tunability with blue, cyan, and green emissions. Patra and co-workers
synthesized Cuss32 and Cuas from the etching of larger plasmonic Cu nanoparticles.’’ Red
emissive Cuzs.3o clusters were synthesized at room temperature by using excess glutathione
and blue emissive Cuzs cluster was synthesized at higher temperature by digestive ripening
process. Red emissive Cuss.32 clusters also exhibited aggregation-induced emission. Mak and
co-workers recently reported a strategy for the formation of cocrystals of two
carboranylthiolate-protected copper nanoclusters with different metal compositions.®! The
cocrystal exhibits a dual emission comprised of green and orange bands emerging from Cuis
and Cuis clusters, respectively. The incorporation of Cu atoms as dopants also has been
reported to enhance the stability and photoluminescence of gold nanoclusters.®” The emission
tunability has also been achieved by tailoring the electronic effects of the ligands. Zhang and
co-workers synthesized a series of aromatic thiol-templated self-assembled CuNC
architectures, where the electron-donating and electron-withdrawing effects were employed to
tune the yellow-to-red emission of these self-assembled architectures.®® These architectures
were nanoribbons, and they used -F, -Cl, -Br, -CH3s, and -OMe groups as para-substituents of
protecting aromatic thiol ligands. It was found that the degree of orbital hybridization increases

with increasing electron-donating effect of the ligand and sequential red-shift of the emission
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band was observed. Patra and co-workers have shown morphological evolution in the self-
assembly of CuNCs by utilizing the positional isomerism of dimethylbenzenethiol ligand.3*
These morphologies include rods, platelets, and ribbon-like structures. Zhang and co-workers
demonstrated that the self-assembly-induced emission of CuNCs can be modulated by tuning
the inter-nanocluster distance. These modulations can be controlled by carefully arranging the
experimental conditions. In this way, green-to-red emission tunability was achieved.® Hao and
co-workers prepared glutathione-capped copper nanoclusters (GSH-CuNCs) as fluorescent
materials, exploring their assembly in various organic solvents to enhance fluorescence
properties.®® The resulting assemblies exhibit multicolor fluorescence emission, which can be
tuned from yellow to purple by changing the solvent. Additionally, these assemblies serve as
stimuli-responsive nano-switches with reversible control. In their seminal paper, Zhang and co-
workers presented a method to enhance the luminescence intensity of 1-dodecanethiol (DT)-
capped copper nanoclusters (Cu NCs) through self-assembly, leading to strong emission.?” The
compact and ordered assemblies of Cu NCs, formed via self-assembly, enable control over
emission properties, with resulting structures exhibiting mechanochromic and thermochromic
luminescent properties suitable for applications in white light-emitting diodes. The competitive
modulation of inter-cluster and intra-cluster cuprophilic interaction is the key factor in the
emission tuning in this case. Liu and co-workers in another seminal paper, introduced a pH-
guided method to create stable luminescent protein/copper nanocluster hybrids.®® Using I-
cysteine, CuNCs exhibit reversible pH-responsive behavior, forming stable red-emitting
aggregates at pH 3.0 and becoming soluble with weak luminescence at extreme pH values. In
the study reported by Wu et al., it was demonstrated that the self-assembly of ligand-capped
Auis nanoclusters into 2D sheets revealed the role of dipolar and van der Waals attractions.®
By controlling these interactions, the thickness and morphologies of the assembled structures
can be manipulated. Konishi and co-workers showed that [core+exo]-type [Aus]*' clusters shift
from fluorescence to phosphorescence-type emission when they aggregate.”® The aggregated
clusters emit strongly at ~700 nm in the solid state, demonstrating the potential for unique
materials design. Xie and co-workers showed a method to impart amphiphilicity to sub-2-nm
metal nanoclusters by patching hydrophilic clusters with hydrophobic cations.”! By preparing
amphiphilic Au2s(MHA)igs nanoclusters through phase-transfer reactions, the clusters
demonstrate good solubility in solvents with different polarities and self-assemble similarly to
molecular amphiphiles, expanding their potential applications in research. Our group
introduced a new method for producing stable fluorescent copper nanoclusters (CuNCs) using

l-cysteine within reverse micelles.”” The CuNC fluorescence, exhibiting excitation-dependent
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emission, was analyzed through time-correlated single photon counting (TCSPC) and
femtosecond fluorescence up-conversion, revealing intricate dynamics from core and surface

states.

1.3. Importance of triplet-state harvesting for emission enhancement and

thermally activated delayed fluorescence (TADF)

1.3.1. Triplet-state harvesting.

Enhancing the emission yield of luminescent coinage metal-based materials remains a critical
objective across various disciplines such as optoelectronics, photosensitization, and
bioimaging. This pursuit involves concerted efforts to suppress non-radiative decay pathways
in luminescent materials, like self-assembly, and increasing rigidity of the surroundings, etc.,
as mentioned in the previous section. However, a persistent challenge arises from the
fundamental principles of spin statistics governing radiative recombination in luminescent
materials. According to the spin-statistics theorem, electrically excited carrier recombination
inside photoluminescent materials produces 25% of the singlet excitons and 75% of the triplet
excitons.” In conventional organic emitters, 75% of the triplet excitons are lost through non-
radiative decay and only show feeble luminescence at very low temperatures within a solid
matrix.”® As a result, the internal quantum efficiency of the emitter becomes limited to 25%.
Therefore, it’s very important to utilize the triplet excitons through radiative pathways so that
higher internal quantum efficiency can be achieved and this field of utilizing triplet excitons is
called triplet state harvesting. In the case of photo-excitation, the molecule is optically excited
to a higher energy electronic excited state with conserved spin-multiplicity. However, it can
undergo a non-radiative isoenergetic spin-inversion leading to the formation of another excited
state with different spin-multiplicity.”**> The spin-inversion process is not allowed in the
doctrine of non-relativistic quantum mechanics; however, within the framework of relativistic
quantum mechanics, this spin-inversion phenomenon is governed by spin-orbit coupling and
is called intersystem crossing (ISC).”*** In heavy metal complexes, spin-orbit coupling is
reasonably strong primarily due to a larger effective nuclear charge, and as a result, the rate of
intersystem crossing is also much higher compared to organic emitters.’® Therefore, transition
metal complex emitters emerged as a potential candidate for efficient triplet-state harvesting.
In 1998, Forrest and co-workers first reported a red-emitting phosphorescent complex,
2,3,7,8,12,13,17,18-octaethyl-21 H,23 H-porphyrine platinum (II) (PtOEP) which exhibited
23% of internal quantum efficiency (IQE) and 4% of external quantum efficiency (EQE) upon
embedded with a fluorescent host emitter and was used in the organic light-emitting diode
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(OLED).”? Afterward, several platinum (II) and iridium (III) complexes were utilized in the
development of phosphorescent OLEDs and included in commercially processed displays like
mobile phones, television, and so on.’”"!%2 However, the development of these emitters
encountered several significant limitations. These heavy metals are the least earth-abundant
and most expensive; alongside these metals can cause severe contamination of agricultural
lands and water bodies.!®'% Due to the presence of low-energy triplet states, the emission
colors of the phosphorescent OLEDs are limited to green and red in most cases; hence, the
blue-emitting OLEDs are extremely important to producing high-resolution displays.'%
Another intrinsic limitation related to the strong vibrational coupling of triplet excited states,
which results in triplet-polaron annihilation (TPA).'% Polarons are quasiparticles formed due
to the strong interaction of excitons with the phonon modes in the solid state. Polarons with
high energy levels are responsible for the degradation of devices!?®, while unstable radical
cations within the complex lead to either complex isomerization or ligand dissociation!?7-1%,

Therefore, novel methodologies for triplet-state harvesting are needed to develop future-

generation OLED devices.

1.3.2. Thermally activated delayed fluorescence (TADF)

In response to the need for potential candidates for future-generation OLEDs, Adachi and co-
workers introduced TADF as a potential mechanism for fabricating highly efficient OLED
devices.” The phenomenon of TADF or E-type delayed fluorescence has been known for a
long time. It was first noticed in eosin molecules and was marked by the letter "E" which stands
for eosin.!”” The emitter in its singlet excited state can undergo radiationless spin-inversion
induced by spin-orbit coupling and form a triplet state through the ISC process. The energy
difference between singlet and triplet states is given by AEst. When the energy gap (AEsr)
between the singlet and triplet states is minimal and comparable to the thermal energy at room
temperature, the population of triplet states can revert back to the singlet state (Figure 1.5).
Consequently, emission occurs from the singlet state, causing a delay compared to the
fluorescence process, which typically occurs at the nanosecond timescale. This separate
emission mechanism is termed delayed fluorescence (Figure 1.5). The process of transitioning
from the triplet to the singlet state is called reverse intersystem crossing (RISC). Given that the
rate of delayed fluorescence involves a thermally assisted energy uphill process, the energy gap
between the singlet and triplet states is evidently crucial for achieving efficient TADF. The

RISC rate constant kg;sc can be expressed by the Boltzmann distribution relation given as'!’,
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Figure 1.5. Schematic representation of the TADF process. Reused with permission from
Springer Nature.”

AE
krisc % exp (=3=7) Eq 1.1

AEst can be defined as the activation energy gap between the single and lowest triplet state,
and it can be correlated with exchange stabilization energy (Ky; ) according to the following

equations'!!
Es, =hg +hy + Juo + Ku Eq. 1.2
Er, =hyg +hy + Ju, — Ky Eq. 1.3
AEst = 2Ky, Eq. 1.4

i = [f dff dF HED H(T) ;- L) LEE)  Eq. 1S

Ki, = JJ dFy dF5 HG) H(T) 7 L) L) Eq. 1.6

14 |Page


https://www.nature.com/articles/nature11687
https://www.nature.com/articles/nature11687

Here, hy and hi. denote the one-electron energy of the HOMO and LUMO orbitals, respectively,
while Jur is the Coulomb repulsion energy between electron 1 on the HOMO and electron 2 on
the LUMO, and Kur denotes the corresponding electron exchange energy. It is evident from
Eq. 1.4 that the AEst is directly correlated to the exchange stabilization energy. In order to
obtain a small AEsT, the integral Ky between frontier molecular orbitals (FMOs) is required
to be as small as possible, indicating that a very small orbital overlap between the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) is
necessary to induce a strong RISC process.!!? In order to obtain a small AEst, one of the
efficient ways is to design molecules having strong electron-donating and electron-accepting
groups so that the HOMO and LUMO are spatially separated, thereby giving rise to a very
small exchange stabilization energy Kur.!!*!'* Several pioneering works have been reported
since then by using donor-acceptor-based charge-transfer organic emitters where HOMO and

LUMO are spatially well-separated resulting in a very small AEst and high RISC rate.!!>!18

1.3.3. Coinage metal complexes as TADF emitters

The major shortcoming of organic TADF luminophores is their weak spin-orbit coupling
(SOC), which limits the rate of intersystem crossing (ISC). In purely organic molecules, the
radiative decay rate of the lowest singlet state (S1) is typically one to three orders of magnitude
faster than the reverse intersystem crossing (RISC) rate.!'” Consequently, these molecules
exhibit both prompt fluorescence (PF) on a nanosecond timescale and delayed fluorescence
(DF) on a microsecond to millisecond timescale.'?*"1?? The extended lifetime of DF introduces
a significant risk of efficiency roll-off at high current densities in OLEDs.!>"12¢ This issue
arises because the population of triplet excitons becomes saturated in the lowest triplet state
(T1), preventing the consumption of additional excitons and leading to exciton-quenching
processes such as triplet-triplet annihilation, triplet-polaron annihilation, polaron quenching, or
field-induced quenching.'?”'?® On the other hand, organometallic and other coordination
complexes containing transition metals show remarkably stronger SOC compared to purely
organic moieties. As a result, the DF lifetime is significantly reduced, and the efficiency roll-
off effects at higher current densities would be curtailed. In this context, organometallic and
coordination complexes containing coinage metals have emerged as potential candidates due
to their d'° electronic configuration.'?®!3° The d'° configuration has a particular advantage as
it prevents the excited complex from undergoing non-radiative decay via d-d transitions
resulting in an intrinsically high quantum yield. In order to induce sufficient charge transfer

character, the metal is coordinated to a ligand having low-energy vacant n* orbitals. Here, the
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Figure 1.6. (a) Cu(pop)(NN), with pop = bis(2-(diphenylphosphanyl)phenyl)ether and NN =
bis(pyrazol-1-yl)borohydrate (pz2BH>), a blue-cyan TADF emitter and its pictorial depiction
of the TADF mechanism. Reprinted with permission from ref.'**; Copyright (2011) American
Chemical Society. (b) Structures, absorption, and emission spectra of CMA emitters along with

their energy diagram of the device, electroluminescence performances, EQE (%) vs. current

density plot, and transient electroluminescence profiles. From ref'*; Reprinted with

permission from AAAS.

filled d orbitals constitute the highest occupied molecular orbitals and the lowest unoccupied
orbitals are located over the m* orbitals of the ligand. Therefore, the low-energy optical
transitions are metal-to-ligand charge transfer (MLCT) in nature and have sufficient spatial
separation between HOMO and LUMO.!*!"132 As a result, the AEst becomes reasonably lower,
and the complexes can exhibit a higher RISC rate (Figure 1.6a). Consequently, numerous
seminal works have emerged, focusing on coinage metal-based TADF emitters. Peters and co-

workers reported a TADF-active bis(phosphine)diarylamido dinuclear copper(I) complex with
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a 57% quantum yield.'*> OLEDs with the complex as an emissive dopant achieved a maximum
external quantum efficiency of 16.1%, effectively harvesting triplet excitons through delayed
fluorescence. McMillin and co-workers investigated how structural distortions affect the
photophysical properties of copper phenanthroline complexes.!*® Different ligands were
examined, revealing that flattening distortions strongly impact spectroscopic properties,
especially when bulky substituents are absent in the 2,9 positions of the ligand. Steric
interactions and packing forces play crucial roles in determining photoluminescence behavior.
Yersin and co-workers introduced luminescent copper(I) complexes showing high emission
quantum yields of up to 90%.!** Their emission arises from metal-to-ligand charge-transfer
states, with thermally activated delayed fluorescence (TADF) behavior enabling efficient
singlet and triplet exciton harvesting, promising for applications like OLEDs and light-emitting
electrochemical cells (LEEC). Yersin and co-workers in their another paper, discussed TADF
in Cu(I) complexes, emphasizing small energy separations (AEst < 1000 cm™!) for high
quantum yields and short decay times.!*> Efficient TADF results from minimal HOMO-LUMO
overlap, with case studies showing radiative decay times under 5 ps. In 2015, Yersin and co-
workers presented a new class of low-cost, brightly luminescent Cu(I) compounds for OLEDs
and other photonic applications.'*® These materials exhibit over 90% quantum yield with short
emission decay times. Emission arises from both the singlet (80%) and triplet (20%) states due
to TADF, and effective SOC significantly reduces overall decay time and enhances
performance. In 2017, Yersin and co-workers reported an Ag(I) complex exhibiting TADF with
1.4 ps decay time and 100% quantum yield.!3” Its performance is due to a small singlet-triplet
energy gap, highly allowed transitions, and a rigid structure, making it ideal for OLED
applications. In 2017, Yersin and co-workers designed and presented four Ag(I) complexes as
efficient TADF emitters.!3® Among them, the structure with high molecular rigidity showed the
best performance with a 1.4 ps decay time and 100% quantum yield, due to the suppression of
non-radiative decay pathways. Despite the impressive achievements of these emitters, an
intrinsic obstacle is associated with the MLCT excited states that restricts the use of these
complexes in OLED devices and photosensitization applications. In MLCT transitions, an
electron is excited from the metal-centered HOMO to the ligand-centered LUMO. This causes
the metal center, initially in a +1 oxidation state to be transiently oxidized to a +2 oxidation
state (M(II)) with a d’ configuration. Consequently, the complex undergoes a Jahn-Teller
distortion, shifting from a tetrahedral to a square-planar geometry.'*® This significant excited
state distortion leads to substantial energy loss through non-radiative decay, resulting in a weak

emission yield. To mitigate this energy loss, Bochmann and co-workers developed a new class
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of linear coinage metal complexes.!*’ These complexes feature a metal coordinated with a ©
electron-donating amide group on one side and a mw*-accepting cyclic aryl amino carbene
(CAAC) on the other (Figure 1.6b). This class of complexes exhibits low-lying ligand-to-
ligand charge transfer (LL'CT) excited states and have spatially well-separated HOMO and
LUMO, resulting in a small AEst and a high rate of RISC. The absence of metal-centered d
orbitals in the optical transitions of these complexes also eliminates the possibility of Jahn-
Teller-like distortions in the excited state. They fabricated OLED and achieved nearly 100%
internal quantum efficiency and high brightness (Figure 1.6b). These complexes utilize triplet
states efficiently, with luminescence within 350 nanoseconds and a near-zero singlet-triplet
energy gap, maintaining strong oscillator strength. In 2019, Thompson and co-workers in their
seminal  paper, reported two-coordinate CAAC-Cu(l)-amides achieving >99%
photoluminescence efficiency and microsecond lifetimes, resulting in efficient blue-emitting
OLEDs.'"*! These complexes suppress nonradiative decay and reduce reorganization energies,
with temperature-dependent interactions between singlet and triplet states. Eventually, several
pioneering investigations have been reported in this field, including other coinage metals,
modulating the donor substituent effect, modulating conformational flexibility of the donor
moieties, introducing other carbene moieties (monoamido-amino carbenes, diamido carbenes,
N-heterocyclic carbenes), substituting the functional groups in the carbene moieties, regulating
the energy of LL'CT and locally excited (LE) states, and so on,!#143:1527157.144-151 Ty grder to
minimize the excited state distortion another class of coinage metal complexes was introduced.
In these complexes, two metal atoms are connected with two halide atoms, which act as a
bridge between two metal atoms, forming a rhombic M2X> structure coordinated with organic
ligands.!3>!%® The halide-bridged structure provides additional rigidity to coinage metal
complexes, which reduces the extent of the distortions in the excited states. Amongst all the
halides, iodide was found to be the most suitable bridging halide due to its larger size and
higher polarizability compared to other halides.'*® These properties make iodide ideal for
forming stable covalent bonds with two metal atoms simultaneously, thereby stabilizing the
bridged rhombic complex. The fully filled p orbitals of iodide also participate in forming
HOMO of this rhombic structure along with the d orbitals of the metal atom. As a result, the
charge transfer process of this class of complexes is called (metal+halide)-to-ligand charge
transfer (M+X)LCT).!>® Additionally, the spatial separation between HOMO and LUMO
remains unaltered like MLCT complexes, thereby retaining the AEst much lower and the RISC
rate higher. Several higher-order structures of this particular class of complexes were also

synthesized, including cubic clusters, stair-case-shaped trimeric structures, coordination
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polymers, and so on. These structures exhibit excellent thermochromic and mechanochromic

properties, along with finding suitable applications in the field of optoelectronics.

1.4. Triplet state harvesting in Cu(I)-iodide-based clusters, complexes, and
coordination polymers

1.4.1. Cu()-iodide clusters: (Metal+halide)-to-ligand charge transfer (M+X)LCT) and

cluster-centered (CC) emission

The term Cu(I)-iodide cluster typically refers to the Cusl4L4 (L = ligand) cluster. Here, four Cu
atoms and four I atoms are corner-shared in a distorted cubic framework, with each copper
atom coordinated to four organic ligands that have low-lying n* orbitals.!6% 162 In these clusters,
HOMO is located over the Cu (3d) and I (5p) orbitals, on the other hand, the LUMO is situated
over the low-lying * orbitals of the ligand (Figure 1.7a, 1.7¢).!%0"12 As a result, the lowest
energy electronic transition is (M+X)LCT in nature (Figure 1.7a, 1.7¢). This state is comprised
of spatially well-separated electron and hole, thereby reducing the singlet-triplet energy gap
(AEst), and can exhibit TADF. Interestingly, in these clusters, an electron can also be excited
from the HOMO to a higher energy vacant orbital with significant Cu---Cu bonding character,
leading to the formation of another excited state (Figure 1.7b, 1.7d). In this transition, no
ligand-centered orbitals are involved, and the charge density remains confined within the
copper iodide cluster. Therefore, this excited state is called the cluster-centered (CC) excited
state (Figure 1.7b, 1.7d).'9"12 This energy of this state is highly sensitive towards Cu---Cu
bonding interaction, hence a decrease in the Cu-Cu distance can significantly stabilize the
energy of this state. Additionally, this state undergoes a higher distortion upon the vertical
excitation resulting in a large Stokes’ shift compared to (M+X)LCT emission. The *CC state is
populated at the expense of *(M+X)LCT state by overcoming a thermal energy barrier and at
room temperature, and *CC state becomes the most emissive, thereby making (M+X)LCT
emission negligible.!®*162 At lower temperatures, the population of the *(M+X)LCT state
cannot overcome the energy barrier due to a lack of sufficient thermal energy, and the
proportion of the 3(M+X)LCT emission increases. As a consequence, these Cusls cubane-type
clusters exhibit excellent thermochromic properties by virtue of a correlated regulation of
3(M+X)LCT and 3*CC emission bands.!®*!¢2 The geometric and energetic characteristics of
these two states were also explored by means of electronic structure calculations.!6*!%* The

photophysical properties of these clusters have been explored by several means, such as
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(Metal+halide)-to-ligand Cluster-centered emission (3CC)
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(Cu 3d + 1 5p)
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Figure 1.7. Molecular origin of (a) (M+X)LCT emission and (b) CC emission by using
Cusls(PPh3)s4 cluster as an example. (c¢) HOMO-to-LUMO transition for (M+X)LCT excited
state, and (d) HOMO-to-LUMO+24 transition for CC excited state in Cusl4(PPhs)4 cluster.
Adapted with permission from ref.'°; Copyright (2011) American Chemical Society.

modulations in the electronic effects of the ligands, modulation of the accessibility of the low-
lying n* orbitals, and so on. In 2011, Perruchas and co-workers synthesized three Cusls cubane-
type clusters by coordinating with triphenylphosphine (PPhs), tricyclopentylphosphine
(Pcpents), and diphenylpropylphosphine (PPhyPr) as ligands.!®® These three ligands are
electronically different due to differences in the accessibility of low-lying ©* orbitals. Amongst
these three clusters, Pcpents coordinated Cusls did not show any (M+X)LCT emission band
due to a lack of low-lying n* orbitals, but PPh; and PPh,Pr coordinated Cuasls clusters exhibited
both (M+X)LCT and CC emission bands. These two clusters manifest excellent reversible
luminescence thermochromism, and this study represents a thorough demonstration of the

origin of these two different emissions. Another seminal work from the same groups showed
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structural variation between the cubane- and stair-case-type Cusls framework and their
different photophysical characteristics.!®! In 2018, Perruchas and co-workers showed the
energy of (M+X)LCT states can be regulated by modulating electronic effects in PPhs ligand. '
This led to reversible luminescence thermochromism along with emission tunability in these
clusters. Several other ligands like diphenylphosphine substituted dibenzofuran, and pyridine
derivatives have been used as ligands in Cusls cluster formation, which shows excellent

properties like electroluminescence and aggregation-induced emission, and so on.!6>-167

1.4.2. Cu(I)-iodide complexes

Despite exhibiting excellent thermochromic properties and strong CC emission, Cusl4 cubane-
type clusters suffer from suppressed (M+X)LCT emission. The lowest exchange stabilization
energy is obtained from these charge transfer states, which consequently results in small AEst
and shows TADF properties. However, in Cusls clusters harvesting the excitons through TADF
from *(M+X)LCT states is not feasible. In this context, Cuzlo rthombic complexes play a
crucial role in order to effectively harvest the triplet excitons. These complexes have strong
(M+X)LCT emissions, which have been found to manifest efficient TADF. In 2007, Tsuboyama
and co-workers explored luminescent copper(I)halide complexes with 1,2-
bis[diphenylphosphino]benzene (dppb) as a ligand.!®® These complexes exhibited intense blue-
green photoluminescence in the solid state with microsecond lifetimes. In solution, emission
was weaker with shorter lifetimes and red-shifted spectra. Proposed models explained the
photophysics, and electroluminescence devices using one complex as a green emissive dopant
showed moderate efficiency. In 2010, Peters and co-workers synthesized a
bis(phosphine)diarylamido dinuclear copper(I) complex with a 57% quantum yield showing
E-type delayed fluorescence, confirmed by spectroscopy and photoluminescence decay. In
OLEDs, it achieved a 16.1% external quantum efficiency by efficiently harvesting triplet
excitons. Its function in OLEDs was further examined using EPR, cyclic voltammetry, and
photoluminescence.*> A modular family of highly emissive PyrPHOS-copper iodide
complexes has been synthesized by Brise and co-workers for potential use in OLEDs.!>® These
complexes exhibit excellent photoluminescence properties, with high quantum efficiencies in
both powders and thin films. Preliminary testing in devices confirms their suitability for OLED
applications. Brése, Yersin, and co-workers reported a series of highly luminescent dinuclear
copper(l) complexes featuring a butterfly-shaped metal-halide core and covering the visible

spectrum with quantum yields up to 96%. DFT calculations indicate tunable luminescence via
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Figure 1.8. (a) Bright TADF emission from Cuz(p-I)2(1N-n-butyl-5-diphenyl-phosphino-1,2,4-
triazole); and its mechanism, Reprinted with permission from ref'”>; Copyright (2018)
American Chemical Society. (b) Cu2l2((R/S)-2,2"-bis(diphenylphosphino)-1,1’-binaphthalene),
shows circularly polarized TADF emission. Reprinted with permission from ref.'"'; Copyright
(2021) American Chemical Society.

ligand modifications, with emission maxima from 481 nm to 713 nm. One compound shows
thermally activated delayed fluorescence with a short decay time of 6.5 ps, making these
complexes suitable for singlet harvesting in OLEDs.'®® In 2014, Yersin and co-workers
synthesized di-nuclear Cu(I) compounds with TADF showing over 90% quantum yields at 300
K. Emission comes 80% from the singlet state and 20% from the triplet state, enhanced by
SOC. This dual emission reduces decay time and is promising for OLED applications.'*
Aravena and co-workers reported efficient TADF (=80%) in an iodine-bridged Cul dimeric
complex and its related monomer.!”° Both show similar singlet-triplet splittings (=580 cm™),
with the dimer having a longer triplet lifetime (90.0 ps) compared to the monomer (46.0 pus).
Calculations reveal iodine's role in SOC and the importance of orbital degeneracies, suggesting
design strategies to enhance TADF by modifying nuclearity. Yao and co-workers presented
chiral phosphine-copper iodide hybrid clusters and their crystalline assemblies capable of
amplified CPL (Figure 1.8b).!”! These clusters assemble into chiral crystalline CPL materials,
including hexagonal platelet-shaped microcrystals and highly oriented crystalline films.
Utilizing the high crystalline feature of the thin film, they demonstrate an electroluminescent
device with bright electroluminescence reaching 1200 cdm™. Two luminescent Cul
coordination polymers, Cu-3-tpyb and Cu-4-tpyb, were synthesized by Kato and co-workers.!”
They exhibited blue-to-yellow thermally activated delayed fluorescence (TADF) and
mechanochromic luminescence. Emission switched from TADF to phosphorescence upon

grinding-induced amorphization. Yersin and co-workers in their seminal paper, showed the
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Cu(I) complex Cuxl2(P*N)s exhibits both bright TADF and phosphorescence at room
temperature, boasting a total quantum yield of 85% and an emission decay time of 7 us (Figure
1.82).!" Its small singlet-triplet energy gap of 430 cm™ facilitates short-lived phosphorescence
with a decay time of 52 us (T = 77 K) and distinct zero-field splitting, making it potentially
useful in solution-processed OLEDs for efficient singlet and triplet harvesting. In 2013, Yersin
and co-workers again showed that di-nuclear Cu(I) complexes with aminophosphane ligands
exhibit strong blue and green luminescence with short decay times.!”* At low temperatures,
emission originates from a triplet state, while at higher temperatures, TADF occurs, enabling
efficient harvesting of singlet and triplet excitons for potential OLED applications. The study
by Brise and co-workers reported the effects of substituents and modifications on the
phosphine moiety of NP-bridging ligands in dinuclear Cu(I) complexes, enabling color tuning
across the visible spectrum.!”® Various complexes were synthesized and analyzed, with the best
OLED performance observed for Cu-1b-H, achieving high brightness (5900 cd/m™) and good
current efficiency (3.79 cd/A). Kato and co-workers presented two new luminescent dinuclear
Cu(I) complexes, Cu-py and Cu-pyz, synthesized with N-heteroaromatic diphosphine
ligands.!”® These complexes exhibit solid-state luminescence with emission color tuning from
green to reddish-orange and show thermally activated delayed fluorescence at 298 K. Their
stability in chloroform allows for the creation of emissive films via solution-doping. Glueck
and co-workers synthesized and characterized copper phosphine halide complexes, showing
yellow-green luminescence under UV light.!”” The luminescence, attributed to (M + X)LCT
excited states, was studied using emission spectroscopy and DFT calculations. Dispersion-
corrected DFT provided insights into structural metrics, particularly Cu—Cu distances. Brise,
Baumann and co-workers synthesized a highly stable dinuclear NHetPHOS-complex (complex
1) with a decomposition temperature of 290°C. When incorporated into thin films, complex 1
exhibited very high photoluminescence quantum yield, comparable to other efficient
complexes.'’® Yersin and co-workers used femtosecond time-resolved spectroscopy to study
the ISC dynamics of two Cu(l) dimers, finding significant variation between them.!”
Correlations between structure and photophysical properties suggest potential for predicting
ISC trends, aiding in the development of faster ISC processes for OLEDs. Yao and co-workers
presented copper—iodide cluster hybrids with improved solubility and stability, enabling
smooth solution-processed thin films with high photoluminescence quantum yields (>70%).'%°
These films serve as efficient emissive layers in warm-white LEDs, achieving a maximum

external quantum efficiency of 19.1% and high brightness exceeding 40,000 cdm 2, with a
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good operational lifetime. Additionally, large-area LEDs and color-tunable LEDs demonstrate

the practical potential of these materials for panel displays and solid-state lighting.

1.4.3. Cu(I)-iodide coordination polymers

Cu(I)-iodide coordination polymers are primarily the polymeric form of the dinuclear
complexes. The Cu(I)-iodide coordination chain is coordinated with n* acceptor ligands and
forms 1D crystalline polymers. The ligands with multiple coordination sites can also
simultaneously bind with the Cu(I) centers of two adjacent polymer chains, thereby forming a
2D network. In these polymeric frameworks, the (M+X)LCT nature is retained, and the origin
of emission mostly emerges from these states. There are several other polymeric structures
have also been reported other than the coordination polymer, which could be collectively
designated as organic-inorganic hybrid metal halides. These polymers are structurally rigid,
highly crystalline, stable, and solution-processable. In 2015, Li and co-workers developed
Cu(I)-iodide-based network structures with strong luminescence and enhanced thermal
stability by connecting Cu(I)-iodide thomboid dimers into robust networks (Figure 1.9a).'8!
These materials exhibit high photoluminescence (up to 95% quantum yield) and tunable
emission energy and color through organic component modifications. Cost-effective, scalable
synthesis and high quantum efficiency make these materials promising alternatives for RE-free
phosphors in lighting applications. Lang and co-workers synthesized ((pyridinyl)-1H-
pyrazolyl)pyridine ligands and reacted them with Cu(I)-iodide, producing eleven diverse
complexes with binuclear, 1D, and 2D structures.'®? These complexes, characterized by IR,
elemental analysis, X-ray diffraction, and crystallography, exhibit solid-state luminescence.
The study shows how different ligand coordination sites affect the structures and luminescence
of the Cu(I) complexes. Li and co-workers again in 2017, applied mechanochemical synthesis
to synthesize Cu(I)-iodide rhombic complex-based polymers, which exhibit strong
luminescence with high internal quantum yields, mostly above 66% and up to 92%.'%* This
scalable, cost-effective method reduces the need for auxiliary substances, advancing these
materials towards commercialization. In 2018, Zamora and co-workers reported one-pot
reactions between Cu(I)-iodide and methyl or methyl 2-amino-isonicotinate create
coordination polymers with double zig-zag Cul> chains.!®* These polymers, influenced by NH,
groups, exhibit semiconductor properties and reversible thermo/mechanoluminescence.
Nanofibers formed through fast precipitation enable thin-film composites for optoelectronic
devices. Kato and co-workers reported two luminescent Cu(I)-iodide coordination polymers,

featuring one-dimensional chains with rhombic {Cuzl>(PPhs),} cores and 1,3,5-tris(m-
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Figure 1.9. (a) Different 1D and 2D network of polymers formed by Cuzl> complexes.
Reprinted with permission from ref'8'; Copyright (2015) American Chemical Society. (b)
Closed staircase polymer and Cu(I)-iodide coordination polymer from two different imidazole-
based ligands. The difference in the emission color is also evident. Reprinted with permission
from ref'¥°; Copyright (2021) American Chemical Society.

pyridyl)benzene (m = 3, 4) ligands.'”? They exhibit blue-to-yellow TADF and moderate

quantum yields (0.29 and 0.27). Both also show mechanochromic luminescence, switching
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from TADF to phosphorescence upon grinding. Li and co-workers developed a novel class of
inorganic-organic hybrid semiconductors with multiple-stranded one-dimensional (1D)
structures, promising for energy applications.'®> These structures, formed by coordinating
copper iodide units with strong-binding organic ligands, exhibit enhanced thermal and
photostability and efficient blue excitability. With high internal quantum yields (IQYSs), they
represent a significant advancement in rare-earth element-free phosphors for energy-efficient
lighting devices. Seshadri and co-workers presented three Cu(I) and Ag(I) hybrid iodides with
1,5-naphthyridine and additional triphenylphosphine (PPhs) ligands, exhibiting intense and
adjustable luminescence.!®¢ By substituting Cu with Ag and adding PPhs ligands, the emission
color shifts from red to yellow with significantly improved quantum yield. DFT calculations
reveal the distinct effects of the inorganic module and organic ligand on electronic structure,
offering systematic tuning of bandgap and optical properties. This understanding facilitates the
design of new compounds for general lighting applications. In 2020, Wu and co-workers
reported a Cu(I)-iodide-based polymer with negative thermal quenching (NTQ) driven by
fluctuations in its imidazole ligand .'®” The effect is reversible with temperature changes,
opening possibilities for NTQ-based light-emitting diodes and new studies in coordination
networks. Zou and co-workers synthesized a zero-dimensional organic copper bromide hybrid
with isolated [CuBr2]™ units encircled by tetrabutylammonium cations, showing bright cyan
emission and exceptional antiwater stability.!®® This highlights Cu(I)'s potential for stable,
luminescent materials using suitable organic ligands. Wu and co-workers studied TADF in
Cu(I) coordination polymers (CP1 and CP2) with imidazole or triazole derivatives (Figure
1.9b).!% CP1 exhibited negative thermal quenching (NTQ) from 77-238 K and zero thermal
quenching (ZTQ) from 238318 K, while CP2 did not. This emphasizes the importance of
ligand electronic structure in optimizing luminescent materials. Yao and co-workers presented
quasi-2D hybrid crystals with Cuzlo-dimer/bidentate ligand clusters, emitting near-unity
linearly polarized light.!”® Calculations reveal superaligned transition dipole moments as the
key. Additionally, Cuzl>-dimer-based hybrid nanobelts exhibit high PL quantum yield (up to
64%) and ultrahigh PL polarization degree (~0.99), promising for quantum optics applications.
Ochoa and co-workers synthesized two coordination polymers, [Cul(dapym)], and
[Cuzlx(dapym)]n, forming 1D and 2D structures with Cuxl> double chains in water at room

temperature. '’

Their high insolubility enables nanoscale formation, with interesting
optoelectronic properties responsive to pressure and temperature, suitable for sensors.
Experimental and theoretical studies reveal different emission mechanisms due to structural

differences, with semiconductor behavior observed. The 1D compound exhibits UV absorption
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and intense room temperature emission, suitable for solar cells. In 2022, Seshadri and co-
workers presented ten diverse hybrid Cu(I)-iodides emitting in the green to red region, offering
promising prospects for next-generation lighting technologies without rare-earth elements.!*?
These compounds feature various structures, including 1D Cu(I)-iodide chains, Cuzl> thomboid
dimers, and Cusls tetramers. Those with Cul, or Cusls structures exhibit higher
photoluminescence quantum yields due to optimal inorganic motif condensation, suppressing
nonradiative processes. Electronic structure calculations highlight the influence of inorganic
motifs and organic ligands on band gaps and excitation characteristics. Temperature-dependent
photoluminescence spectra provide insights into luminescence behavior, guiding the rational
design of hybrid phosphors for general lighting applications. Ochoa and co-workers
synthesized a luminescent and semiconducting coordination polymer based on [Cul(PyzBr)],
chains using 2-bromopyrazine ligands and copper iodide.!”® The polymer exhibits reversible
luminescent response to temperature and pressure, with emission increasing as temperature
decreases. Perruchas and co-workers prepared photoluminescent materials by adding
multinuclear copper iodide complexes to a polyurethane matrix, retaining the polymer's
benefits.!”* These materials exhibit room-temperature phosphorescence with emission-
switching properties, such as luminescence thermochromism and solvatochromism, making
them suitable for LED applications. This approach offers enhanced functionalities with low
cost and sustainability. Using 2-(alkylsulfonyl)pyridines, Li and co-workers created 1D Cu(l)-
iodide-based coordination polymers with unique (Cul), chains.!”> These polymers show
efficient TADF, phosphorescence, or dual emission with short decay times (0.4-2.0 us) and
strong X-ray radioluminescence up to 55% quantum efficiency, advancing TADF and triplet

emitter designs.

1.5. Photon up-conversion properties: Importance and non-linear optical
properties of Cu(I)-iodide-based systems

Photon up-conversion is an optical process where the low-energy photons (typically fall under
NIR and IR region) are applied, and consequently, high-energy photons (typically fall under
UV to visible green region) are obtained as the output. The energy of a photon can be up-
converted by photophysical means as well as by employing non-linear optical techniques.
Researchers have recently explored triplet-triplet annihilation (TTA) as a photophysical tool in

photon up-conversion (TTA-UC). Here, the TTA molecule is sensitized by a triplet sensitizer
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Figure 1.10. Schematic representations of (a) second-harmonic generation and (b) third-
harmonic generation.

which absorbs in the visible region (<400 nm). The sensitizer molecule then transfers its energy
to the TTA molecule by the triplet-triplet energy transfer (TTET) process, and finally, the TTA
molecule emits through a higher energy singlet state by the TTA process. Several
phosphorescent metal complexes and organic TADF molecules have been used to develop
efficient TTA-UC and eventually applied in photocatalytic applications.!”®'*> Another way to
increase the energy of photons is by employing non-linear optical techniques. Non-linear optics
is the study of the optical properties of matter (refractive index, polarizability, etc.) upon
application of sufficiently intense laser light. Under exposure to lower-intensity light, the
induced polarization in a dielectric material is directly proportional to the applied electric field.
However, when the intensity is extremely high (obtained from the laser exposure), the induced
polarization is given by a power series of the applied electric field as follows>®,

P = X(l)E + X(Z)EZ 1+ )((3)53 TR Eq. 1.7

where P is the polarizability per unit volume, E is the external electric field, and y ), @), &)
represent first-order, second-order, and third-order non-linear susceptibilities, respectively.
Depending upon the quadratic and cubic dependence of polarizability on the external electric
field, the effects are called second-order and third-order optical non-linearity, respectively. The
frequency of a laser can thus be doubled by applying it to a material where second-order non-
linearity is reasonably high and this is called second-harmonic generation (SHG) (Figure
1.10a). Similarly, the frequency of a laser can also be tripled by applying it to a material with
high third-order non-linearity, which is called third-harmonic generation (THG) (Figure

1.10b). These two phenomena are extremely important and useful in upconverting the photon
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energy. Since its discovery, several materials have been found to exhibit excellent SHG and
THG activities. Perovskite structures are particular to mention amongst them, which show high
non-linear susceptibility values and sustainability towards laser-induced damage. Other metal-
halide structures are comparatively underexplored. In 2005, Cariati and co-workers
investigated new Cul adducts with para-substituted trans-stilbazolic and pyridinic ligands,
revealing that different para-substituents significantly alter the structural motifs, resulting in
novel polymeric and oligomeric forms.?! These complexes exhibit discrete second harmonic
generation observed in the noncentrosymmetric Cul adduct of trans-4'-
(dimethylamino)stilbazole. Stoll and co-workers reported Cu(I)-halide coordination polymers
with mono- and bidentate N-heteroaromatic ligands, forming double-stranded ladder or single-
stranded zigzag structures.’”> These polymers exhibit exceptionally strong second harmonic
generation. He and co-workers synthesized chiral hybrid copper halides with (R)- or (S)-
methylbenzylamine, showing promising applications in optoelectronics due to their unique
optical and electronic properties.”?®> These materials demonstrated highly efficient second
harmonic generation (SHG). DFT calculations explain the giant optical activity, offering
insights into designing chiral materials for advanced photonic device applications. Mao and
co-workers reported three pairs of 2D chiral hybrid Cu(I) halides using (R/S)-piperidine-3-
carboxylic acid, forming noncentrosymmetric structures with tunable optical properties.?**
These materials exhibit strong second harmonic generation, making them promising candidates

for photonic applications.

1.6. Motivation and objectives of the thesis

Despite the reasonable progress in optoelectronics, photosensitization, and non-linear optics,
Cu(I)-based emitters require attention to improve tunable emission and high emission yield.
Emission yield typically decreases with increasing red-shift in the emission, making it
challenging to achieve both broadband tunability and high emission yield simultaneously.
Segregated Cu nanoclusters, which are mostly emissive in solution, are prone to aerial
oxidation, necessitating stability improvements. Aggregation-induced emission in self-
assembled Cu nanoclusters addresses this by enhancing stability and emission yield through
suppression of non-radiative decay pathways. However, this strategy has drawbacks: random
aggregation forms non-uniform assemblies with high surface energy, making them unstable,
and weak interactions among clusters cannot withstand thermal fluctuations, leading to
disintegration. In this context, triplet-state harvesting offers a solution by potentially enhancing

emission yield through the efficient use of triplet excitons. Research on Cu(I)- and Cu(I)-
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halide-based emitters has demonstrated that incorporating triplet states can lead to useful

properties like thermochromism and TADF, thereby increasing emission yield.

The aims and objectives of this thesis are as follows,

1. Achieving broadband emission tunability from a single SLCuNC system remains

challenging due to synthetic complexities and the absence of facile methods. The
mechanisms underlying emission band shifts are poorly understood, and distinguishing
metal-centered from ligand-centered excited states is essential for future applications.
Additionally, large fluctuations in luminescence intensity during emission shifts restrict
the use of many CuNC systems in optoelectronics. Thus, developing straightforward

protocols that enable broadband tunability with high quantum yield is crucial.

. TADF active Cu(I)-iodide dinuclear complexes have been reasonably successful in

avoiding the undesired Jahn-Teller distortions in the Cu(I)-based emitters. Strong Cu-
Cu bonding interactions in these complexes can result in the formation of cluster-
centered emissive states, which reduces the emission yield due to significant excited

state distortions. This particular issue needs to be resolved.

. Despite the high charge-transfer nature and bulk phase polarizability of these

complexes, their non-linear photon up-conversion properties have not been adequately
explored and warrant further investigation. These properties can be characterized by

harmonic generations and multi-photon luminescence.
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Abstract: Enhancement in the emission quantum yield and expansion of the emission
tunability spectrum are the key incentive aspects of an emitter, which directs the evolution of
future generation light harvesting materials. In this regard, small molecular ligand-protected
Cu nanoclusters (SLCuNCs) have emerged as a prospective candidate. Herein, we report
broadband emission tunability in a SLCuNC system, mediated by in-situ ligand replacement.
1,6-hexanedithiol-protected blue emissive discrete Cu nanoclusters (CuNC) and red emissive
CuNC assemblies have been synthesized in one pot. Red emissive CuNC assemblies were
characterized and found to be covalently linked nanocluster superstructures. The blue emissive
CuNC was further converted to green-yellow emissive CuNC over the time by a ligand
replacement process, which was mediated by the oxidized form of the reducing agent, used for
synthesizing the blue emissive nanocluster. Steady-state emission results and fluorescence
dynamics studies were used to elucidate that the ligand replacement process not only modulates
the emission color but also alters the nature of the emission from metal-centered intrinsic to
ligand-centered extrinsic emission. Moreover, time-dependent blue to green-yellow emission

tunability was demonstrated in an optimized reaction condition.

2.1. Introduction

Light is one of the prevalent forms of energy which decides the advancement of the human
civilization. More than 20% of the electrical energy output of the world is invested for light
harvesting.! Phosphor based light emitting diodes (LEDs) are one of the key participants to
play the pronounced role in this regard. Performance of an LED is principally dictated by the
luminescence efficiency of its emissive layer. Considerable attention has been paid to increase
its luminescence efficiency in recent decades by fabricating the emissive layer with several
semiconductor materials and quantum dots.>® Regarding this aspect, small molecular ligand
protected luminescent copper nanoclusters (SLCuNC) have emerged as one of the prospective
candidates owing to its potential applicability over the field of optoelectronics and
photosensitization.”!” Structural and conformational diversity of the protecting ligands have
provided additional rigidity to this potential by enhancing its luminescence output and by
enlarging the spectrum of luminescence tunability.!82* In early period, the photoemission from
all noble metal nanoclusters were believed to be generated only from the metal core due to
quantum confinement effect?>?° until, it was unraveled that enormous shift in emission band
can be achieved by tailoring metal atoms or the protecting ligands.?’>* These results eventually
tempted researchers to look for necessary amendments in traditional mechanistic models for
nanocluster emission which was also applied to explain emission mechanism of SLCuNCs.
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Sequential studies have disclosed that, electronic effects of the surface bound ligands have a
promising role to dictate the nature and color of the emission in SLCuNCs.!®*%3 Moreover, it
was also unveiled that, along with the electronic effects, the ligand directed self-assembly can
lead to the modulation of its emissive properties including emergence of aggregation induced
emission (AIE).>* For instance, several polymers*>, DNA-nanoribbons?? proteins®, peptides®’,
thiolates'?, amino acids etc. have been utilized as templates and ligands to synthesize highly
luminescent CuNC assemblies with AIE properties.

Along with emission enhancement, emission tunability in noble metal nanocluster systems has
gained prominent directional signatures in the field of photosensitization, white LEDs, future-
generation multi-color display technology and photo-printing technology.***! In this regard,

worthwhile recognition has been offered to the gold and silver nanoclusters*>

, nevertheless,
the applicability of copper nanoclusters has recently gathered reasonable attention in these
fields. Researchers have used several methodologies to tune the emission of SLCuNC such as,
by tailoring the metal atoms'?, applying surface engineering techniques*’, modulation of self-
assembly processes®®, regulating intra and inter-cluster cuprophilic interactions!'>*,
modulating the electronic effect of ligands by altering their substituents' etc. Despite of
reasonable progress, broadband emission tunability from a single SLCuNC system became one
of the major challenges because of several synthetic complications, lack of facile methods and
so on. The respective mechanisms and underlying processes during the shift in emission band
are still unexplored. Moreover, the indistinguishable contributions of the metal-centered and
ligand-centered excited states to the resultant emission also need to be unraveled to expand
further applications of SLCuNCs. Furthermore, drastic oscillations in the luminescence
intensity during the emission shift make several CuNC systems ineffective for further
optoelectronic applications. Therefore, it is very crucial to introduce alternative facile protocols
that can manifest broadband tunability in emission as well as reasonably high quantum yield
in the maximum range.

Herein, we introduce in-situ ligand engineering as a medium for tuning the emission color of a
SLCuNC system from blue to green-yellow and explored the versatility in the excited state
properties of the system. Two novel synthetic protocols have been established in this regard.
Protocol 1 (P1) involves the synthesis of SLCuNCs where the protecting ligand itself acts as
reducing agent; on the contrary, in protocol 2 (P2), additional reducing agent was added to
synthesize the nanoclusters. In P1, 1,6-hexanedithiol (1,6-HDT) protected blue emissive

SLCuNC (BCuNC) and red emissive CuNC assemblies (RCuNC) were synthesized in one-pot

via a novel protocol (Scheme 2.1). In P2, we followed the same protocol as we used in case of
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Product
Under UV
BCuNC
(Supernatant)

(pH ~12.5-126)  Ho

N H
50-55°C for ~24 hrs Ho BCuNC
Under UV light

RCuNC
(Precipitate)

Under UV light

Scheme 2.1. Schematic representation for the synthesis of BCuNC, GCuNC and RCuNC.

P1, additionally, L-ascorbic acid (AA) was used as a reducing agent and the reaction was
carried out at slightly higher pH. We monitored the reaction in two pots with different reaction
times, one is up to 2 hrs and another till 24 hrs. In the first pot (with 2 hrs of reaction time), we
obtained similar blue emission like BCuNC as supernatant, but in the second pot (with 24 hrs
of reaction time), surprisingly it led to the formation of green-yellow emissive supernatant
(Scheme 2.1). We have determined this unusual event to be the consequence of an in-situ ligand
replacement process which leads to the formation of green-yellow emissive Cu nanoclusters
(GCuNC). Several experiments were performed to figure out that the ligand replacement is
mediated by the reducing agent added for synthesizing BCuNC. Moreover, we have
demonstrated this process as a unique strategy to alter the nature of emission from metal
centered (intrinsic) to ligand centered (extrinsic). The reaction condition was optimized in such
a way that, reaction time becomes the only determinant factor to generate different emission
colors including blue, cyan and green-yellow; which along with the RCuNC, cover the whole

visible spectrum.

2.2. Experimental Section
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2.2.1. Materials
Copper (II) sulphate pentahydrate (CuSO4.5H20), 1,6-hexanedithiol (97%), L-ascorbic acid
(99%), L-dehydroascorbic acid, 1-octanethiol (98.5%), 3-mercaptopropionic acid (99%), 1,3-

propanedithiol (99%), 1,9-nonanedithiol (95%), single side polished silicon wafers were
purchased from Sigma-Aldrich and the chemicals were used without further purification. Cu
grids with 200 mesh for electron microscopy measurements were purchased from Ted Pella,
Inc. NaOH beads and HPLC grade methanol (99.8%) were purchased from Avantor

Performance Materials India Ltd.

2.2.2. Characterization techniques

HRTEM samples were prepared by drop-casting the diluted CuNC solutions on 200 mesh
carbon coated Cu grids, and then allowed to be dried under vacuum for overnight. Images were
recorded in JEM2200FS, JEOL (200 keV) transmission electron microscope. FESEM samples
were prepared by drop-casting the diluted RCuNC disperse on a small piece of single side
polished silicon wafer, and then allowed to be dried under vacuum for overnight. Images were
recorded in a ZEISS Ultra Plus scanning electron microscope. EDX spectra of RCuNC were
recorded during FESEM analysis in a ZEISS Ultra Plus scanning electron microscope.
MALDI-TOF mass spectra were collected in 4800 Plus MALDI TOF analyzer from Applied
Biosystems by using a-Cyano-4-hydroxycinnamic acid (CHCA) as matrix. Zeta potential and
DLS measurements were performed in Zetasizer Nano series, Nano-2590 (Malvern
instruments, U.K.) with a 655 nm laser. All the samples were passed through 0.2 micron syringe
filter before measurements. Fourier transform infra-red (FT-IR) spectroscopy was carried out
by using solid KBr discs in a NICOLET 6700 FT-IR spectrometer. Raman spectra were
recorded in a Raman microscope (LabRAM HR, HORIBA, Jobin Yvon) with a 50X objective
lens loading solid CuNC samples on glass-slide. X-ray photoelectron spectroscopy (XPS)
characterization was performed with an ESCALAB spectrometer having the Al K, X-ray
source (hv = 1486.6 eV) operating at 150 W (using a Physical Electronics 04-548 dual Mg/Al

anode) and in a UHV system with a base pressure of < 5x10~° Torr.

2.2.3. Steady-state and time-resolved spectroscopic studies

Steady-state absorption measurements in liquid state were carried out in UV-2600 UV-Vis
spectrophotometer, Shimadzu, and solid state absorption measurements of RCuNC were done
using UV-3600 UV-Vis-NIR spectrophotometer, Shimadzu. Steady-state fluorescence

measurements in liquid state were carried out using a FluoroMax-4 spectrofluorometer
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(HORIBA Jobin Yvon, USA). Fluorescence decays (pico- to nanosecond) were collected using
a TCSPC setup from HORIBA Jobin Yvon. Diode lasers (NanoLED-375L and NanoLED-
402L, IBH, UK) having a FWHM of <100 ps were used as excitation sources for lifetime
studies. The fluorescence transients were collected at the magic angle using an MCP-PMT
(Hamamatsu, Japan) detector. The analysis of lifetime (TCSPC) data was done by IBH DAS6
analysis software. Lifetime (TCSPC) data were fitted with a minimum number of exponentials.
The quality of fitting was evaluated by the % value, and the value close to 1 was considered as
a good fit. Solid-state fluorescence measurements (including lifetime) of RCuNC were carried
out in FLS 980 spectrofluorometer, Edinburgh Instruments. For microsecond lifetime
measurements of RCuNC, EPL-405 nanosecond pulsed laser (Edinburgh Instruments) with

FWHM of ~ 4 ns was used as the excitation source.

2.2.4. Femtosecond fluorescence up-conversion measurements

The samples were excited at 375 and 420 nm using the second harmonic of a mode-locked Ti-
sapphire laser (Mai Tai, Spectra-Physics). The fundamental beams (750 nm or 840 nm) were
frequency doubled in a nonlinear crystal of B-barium borate (BBO). Samples were loaded in a
1 mm thick rotating sample chamber. Fluorescence emitted from the sample was upconverted
in another nonlinear crystal (BBO) using a gate pulse (750 nm or 840 nm) of the fundamental
beam and passed through a variable delay line before up-conversion. The sum frequency of the
fluorescence and gate pulse was detected as a function of the time delay between excitation
and gate pulses. The angle between the polarization of the pump and gate pulses was
maintained at the magic angle to eliminate effects from rotational diffusion. The upconverted
signal was dispersed in a monochromator and detected using photon-counting electronics. A
cross-correlation function obtained using the Raman scattering from ethanol provided a full
width at half-maximum (FWHM) of ~300 fs. Estimated uncertainties in the up-conversion
measurements are ~15—20%. The average excitation power was varied but was around 8 + 0.5
mW, and an average collection time of 2.5 s was used. No degradation of the sample was
observed as the traces overlapped after each repetition, and the optical absorption
measurements did not show any change before and after the measurements. The fluorescence

decays were deconvoluted using a Gaussian-shaped excitation pulse by Igor Pro 6.0 analysis
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software. The long component lifetime obtained from TCSPC was kept fixed during the

analysis of upconverted decay profiles.

2.2.5. Quantum yield determination of BCuNC, GCuNC and RCuNC.
Relative quantum yield of BCuNC and GCuNC were calculated using the following equation®,

I. A
¢s=¢r_s'_r'n_sz Eq2.1

Where, ¢ =relative quantum yield of the sample, ¢,. = relative quantum yield of the reference,
I; = Integrated PL intensity of the sample, I,. = Integrated PL intensity of the reference, 4, =
absorbance value of the reference at excitation wavelength, A; = absorbance value of the
sample at excitation wavelength, n, = refractive index of the solvent for the sample (in our case
methanol), 1, = refractive index of the solvent for the reference (in our case ethanol).

The calculated relative quantum yield of BCuNC was found to be 0.10 (10%), and relative
quantum yield of GCuNC was found to be 0.30 (30%). Where quantum yield of references are
as following, POPOP (for BCuNC) = 0.97 (97%)>°

Coumarin 30 (for GCuNC) = 0.67 (67%)°".

Absolute quantum yield of RCuNC was measured by using integrating sphere method and
found to be 3% (absolute error + 0.047, relative error + 0.02625).

2.2.6. Calculation of macroscopic rate constant for the formation of GCuNC

Figure 2.9f was plotted by collecting fluorescence intensities at corresponding time from
Figure A2 in Appendix. where, F = fluorescence intensities at reaction time of 2, 6, 10, 14,
18, 22, 26 hrs respectively, collected at 520 nm and Fo = fluorescence intensity at reaction time
of 2 hrs. F/Fo vs. reaction time (hrs) was plotted and fitted with a sigmoid function (eq. 2) by

using Igor Pro 6.0 software.

y=b+% Eq2.2

1+ e k

Where, k is the macroscopic rate constant of the corresponding process, b is the base value of

Ymax—b

Y> Ymax 18 the maximum value of y and Xpq;5 is the value of x at y = .

The parameters obtained from fitting are

(F/Fo)base = 0.68579 £ 0.346 k =2.1421 + 0.241 hrs™!
(F/Fo)max = 12.055 £ 0.443

(Reaction time)nair = 10.686 £ 0.262 hrs
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2.3. Results and discussion

2.3.1. Protocol 1 (P1): Synthesis of BCuNC and RCuNC
In a typical experiment, 4 mL of 10 mM CuS0O4.5H>0 solution was prepared in methanol and
was taken in a 25 mL round bottom (RB) flask. 18.2 uL of 1,6-hexanedithiol (1,6-HDT) was
dissolved in ~150 uL of 0.6 M methanolic NaOH, and was added to the Cu®* solution, which
resulted into instantaneous formation of a yellowish precipitate (The concentration of OH™ ions
and 1,6-HDT in the final mixture were ~20 mM and ~30 mM, respectively). The mixture was
kept under inert and constant stirring condition at ~50-55°C temperature for 4-6 hrs, followed
by centrifugation at 12000 rpm for 10 min. Resulting colorless supernatant appeared as blue

emissive under UV light and the precipitate was red emissive under UV light.

2.3.2. Protocol 2 (P2): Synthesis of green-yellow emissive CuNC (GCuNC)

Two sets of following reaction were prepared. 4 mL of 10 mM CuS0O4.5H>0 solution was taken
ina25 mL RB flask. 18.2 uL of 1,6-hexanedithiol was dissolved in 300 pL of 0.6 M methanolic
NaOH and added to the solution in RB flask, so that the concentration of OH™ ions and 1,6-
HDT in the resulting solution were ~40 mM and ~30 mM, respectively. A yellowish precipitate
was formed instantaneously, and then we have added 14 mg of solid L-ascorbic acid into the
mixture. The first set of reaction was kept under inert condition and constant stirring at 50-55
°C temperature for 2 hrs, and the second set of reaction was kept under same reaction condition
for 24 hrs. The mixtures were then centrifuged at 12000 rpm for 10 min. In the first set, resulting
colorless supernatant appeared as blue emissive under UV light and the precipitate was red
emissive similar to protocol 1 (P1). On the other hand, in second set, resultant supernatant was

found to be bright green emissive and the precipitate was non-emissive.

2.3.3. Characterization of BCuNC, GCuNC and RCuNC

The blue, green-yellow, and red emitting products were characterized by several techniques.
High-resolution transmission electron microscopy (HRTEM) of the blue fluorescent
supernatant reveals the ultra-small nature of synthesized BCuNC with a size of 2-3 nm and an
inter-planar distance of 0.23 nm, which corresponds to the (111) crystal plane of Cu nanocluster
(Figure 2.1a, 2.1b, 2.1¢). Dynamic light scattering (DLS) studies further show the size
distribution of BCuNC with a maximum at 3.7 nm (Figure 2.1d). XPS measurement was
performed to determine the oxidation states of Cu inside BCuNC, where binding energy of
electrons for Cu 2p32 and Cu 2p12 states was obtained at 934.78 and 954.78 eV (Figure 2.1e),
which confirms the oxidation states of Cu inside the cluster to be 0 and +1. No satellite peak at

50| Page



(b)

—
D
S

Cu 2p,;, S 2p
— 301 - P
-] s
§ © Cu 2p,,, &
- -, ~—
2 20 2 2
£ s c
] H S
= 101 (&) S
0+ - T S 7 s . . . T r r v
10 100 1000 930 936 942 948 954 960 160 162 164 166 168 170
Hydrodynamic diameter (nm) Binding energy (eV) Binding energy (eV)
(9) (h) (i)
1000
4000 4000 855.29
- - —~ 800-
= 3000 3 3000 =. 1060.33
s 2 £ 600
2 2000 %‘ 2000+ 2
7] @
s 5 871.27 c 400
£ 1000 T 1000 frrze 2
£ £ u 89322 o £ 200
o . 1137.27
0 0 "'"‘"L“"‘I‘ 0
700 800 900 1000 1100 1200 800 850 900 950 1 0'00 10'50 1 1l00 1150
m/z m/z m/z

Figure 2.1. (a), (b), (c) HRTEM images of BCuNCs, (d) DLS particle size distribution of
BCuNCs, XPS spectra of BCuNC for (e) Cu 2p electrons, (f) S 2p electrons. (g), (h), (i)
MALDI-TOF mass spectrum of BCuNC. Assigned peaks have been shown in (h) and (i).
Estimated compositions of BCuNC, 855.29 = [Cue(1,6-HDT); + Na']", 871.27 = [Cu(1,6-
HDT); + K", 877.26 = [Cue(1,6-HDT); + 2Na” - H']", 893.22 = [Cuy(1,6-HDT); - 2H']",
917.57 = [Cus(1,6-HDT)3 + Na* - H']", 1044.37 = [Cuo(1,6-HDT)3 + Na* - H]", 1060.33 =
[Cuo(1,6-HDT); + K" - H']", 1082.27 = [Cug(1,6-HDT); + Na" + K" - 2H']", 1105.28 =
[Cus(1,6-HDT)4 - 4H']", 1137.27 = [Cug(1,6-HDT)s + Na" + 5H']".

~942 eV also corroborates the absence of Cu(Il) in the cluster. Additionally, another peak at
165.28 eV (Figure 2.1f) corresponds to the binding energy of S 2p electrons, which confirms
the presence of Cu-S bond in the cluster. To determine the number of Cu atoms present in the
cluster, we performed MALDI-TOF mass spectrometry in the positive ion mode, which shows
major peaks at 855, 871, 877, 893,917, 1044, 1060, 1066, 1082, 1105, 1137 m/z (Figure 2.1g,
2.1h, 2.1i). These m/z values clearly indicate the composition of BCuNC to be Cu.9)(1,6-
HDT)@3-4). Further, the FT-IR spectra shows that the -SH stretching band of 1,6-HDT at ~2550
cm’! was divided into two small bands (Figure 2.2a) upon formation of BCuNC indicating

vibrational coupling between two -SH groups. This suggests that one -SH end of the dithiol
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Figure 2.2. (a) FT-IR spectra of BCuNC (S-H stretching frequency of thiol is indicated under
green circles), (b) Zeta potential distribution of BCuNC, (¢) HRTEM images of GCuNCs, and
(d) DLS particle size distribution of GCuNCs.

ligands bind to the nanocluster surface and the -SH groups at the other end remains free. The
doublet in the vibrational band arises due to coupling of those adjacent free -SH groups. Zeta
potential measurement of BCuNC shows a value of -28.5 mV (Figure 2.2b) which arises due
to accumulation of negative charge on the nanocluster surface. The accumulation of the
negative charge is due to free -SH groups present on the nanocluster surface, which also
supports the FT-IR results. A reasonably large negative value of zeta potential also accounts for
the colloidal stability of BCuNC. Alongside, to address the distinct observation of the
formation of green-yellow emissive supernatant, it was characterized under the transmission
electron microscope where the size, inter-planer distance and shape of GCuNC remain similar
as in case of BCuNC. However, the particles were found to be in a contiguous state, which was
not observed in the case of BCuNC (Figure 2.2¢). DLS experiment of GCuNC further indicates
the formation of polydisperse phase, comprised of particle size distributions with maxima at
0.6, 1.8 and 147 nm (Figure 2.2d), where the size distribution around 147 nm further signifies
the formation of aggregates of nanoclusters. RCuNC was characterized by scanning electron
microscopy (FESEM) (Figure 2.3a, 2.3b) and energy dispersive X-ray (EDX) techniques
(Figure 2.3¢), which reveals fibrillar morphology of the precipitate along with estimation of
Cu, C and S contents (Table 2.1). HRTEM images of RCuNC further show the distribution of

ultrasmall clusters, which act as the basic constituting unit for the fibril shaped precipitate
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Figure 2.3. (a), (b) FESEM images, and (c) EDX spectrum of RCuNC

Table 2.1. Atomic and weight percentages of Cu, C and S in RCuNC, obtained from EDX

analysis at the time of FESEM measurements.

Element

CK
SK
Cuk

Totals

Weight%
59.08
16.02

24.90

100.00

Atomic%

84.66
8.60
6.74

(Figure 2.4a, 2.4b). All these results indicate that the red precipitate is mainly comprised of

assembled ultrasmall nanoclusters. Additionally, we have recorded FT-IR spectra of RCuNC

which shows complete disappearance of thiol stretching frequency at ~2550 cm™ (Figure 2.4¢).

It confirms that both the thiol ends participate in the bonding with the nanocluster surface of

RCuNC, unlike in the case of BCuNC, where only one thiol group was attached to the
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Figure 2.4. (a), (b) HRTEM images of RCuNC. Small nanoclusters are marked under white
circles, (c) FT-IR spectra of RCuNC (S-H stretching frequency of thiol is indicated under green
circle), and (d) Blue emissive supernatant and red emissive precipitate when synthesized by
using 1,6-HDT. Only blue emissive supernatant when synthesized by using 1-octanethiol.

nanocluster. FT-IR results also justify the formation of the strongly correlated nanostructure
where the dithiol can simultaneously bind to two nanocluster moieties, and the sequential
binding of these ligands ultimately leads to the formation of fibril-shaped nanocluster
assemblies. To validate the role of dithiol for the formation of RCuNC, we further repeated the
protocol 1 (P1) by using 1-octanethiol as ligand, but only blue supernatant was formed without

formation of any red emissive precipitate (Figure 2.4d).

2.3.4. Steady-state absorption and emission results: metal-centered and ligand-centered
emission

Absorption spectra of BCuNC in methanol exhibited a broad absorption feature along with two
distinct humps at around 310 nm and 345 nm (Figure 2.5a). On the other hand, GCuNC
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Figure 2.5. Absorption and emission spectra of (a) BCuNC, (b) GCuNC. (c) Emission spectra
of BCuNC in n-hexane and water. (d) Excitation-independent emission spectra of BCuNCs. (e)
Schematic diagram of Cu(0) metal core and Cu(I)-thiolate semi-ring. (f) Energy level diagram
of core and surface states. (g) Raman spectra of BCuNC. (h) Emission spectra of 1-OT
templated CuNC, (1) 3-MPA templated CuNC.

displays similar broad absorption features with a peak at ~350 nm (Figure 2.5b). This kind of
broad absorption spectra is one of the key characteristics of noble metal nanoclusters where
inter-band transition takes place from d-band to sp-band.>? Absence of broad absorption peak
in 560-600 nm region for both the nanoclusters confirm that no plasmonic Cu nanoparticles
have been formed.>* Emission spectra of BCuNC in methanol shows three equidistant peaks at
410 nm, 435 nm and 460 nm with a FWHM of ~71 nm (Figure 2.5a). To find out the origin of
the structured emission features, we recorded emission spectra of BCuNC in a non-polar and a
polar solvent along with methanol. Emission spectra in n-hexane remains similar to that of
methanol but in polar solvent like water the structured feature of spectra disappeared and a
broad spectrum was obtained with a maxima at~ 425 nm (Figure 2.5¢). This broadening is due
to several electrostatic interactions of cluster with the solvent molecules that causes the

broadening of individual vibronic bands, and ultimately a broad structureless emission band is
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generated. This kind of modulation in the emission feature with increasing solvent polarity
indicates that three equidistant peaks are originated from the excited state relaxation to different
vibrational levels of the ground state. However, the individual nanoclusters and their
interactions also have an appreciable extent of correlation with the polarity and H-bonding

t.>* The vibrational coarse structures in the emission band

parameters of the dispersing solven
are usually obtained from aromatic fluorophores, which are rarely reported in metal nanocluster
systems.’> Emergence of vibrational coarse structures also suggests the formation of discrete
nanoclusters having minimal electronic interaction with each other. Notably, when BCuNC was
excited in the range of 320-400 nm, no emission band shift was observed (Figure 2.5d);
therefore, the system displays excitation-independent emission characteristics and follows
Kasha’s rule. The thiolate-protected noble metal nanoclusters are usually composed of an M(0)
core and an M(I)-thiolate semi-ring structure surrounding the core part (Figure 2.5e).>
Excitation-independent emission typically evolves from the non-protected or weakly protected
nanoclusters where emission from the metal core is predominant. Here, the quantum
confinement effect is the sole governing factor to control over the luminescence; and the
electronic states are principally comprised of metal orbitals, which results into minimal
spectroscopic heterogeneity in these states. As a result, the emission band exhibits dependence
on the size of the metal core rather than the excitation wavelength (Figure 2.5f). Additionally,
for long-chain alkyl ligand-protected nanoclusters like BCuNC, the electrons might get trapped
into the semi-ring-centered surface states. These electrons undergo non-radiative decay
because of the unbound conformational mobilities in long alkyl chain of 1,6-HDT ligand;
therefore, no ligand-centered emission is observed. Consequentially, the quantum yield of
BCuNC was found out to be 10% (Experimental section 2.2.5). In the context of metal-
centered emission, it is also necessary to show the presence of Cu-Cu bond in the cluster. Thus,
we have recorded Raman spectra of BCuNC, where, Raman peak at 206.6 and 221.2 cm’!

3738 in the cluster core. Moreover, to

(Figure 2.5g) corresponds to Cu-Cu stretching mode
demonstrate the ligand independence over the BCuNC emission, Cu nanoclusters were
synthesized using ligands, such as, 1-octanethiol (1-OT), and 3-mercaptopropionic acid (3-
MPA) (Appendix 2.5.1.1 and 2.5.1.2). Interestingly, all these ligand-capped CuNCs exhibited
the same excitation-independent blue emission band with vibrational coarse structures in
methanol (Figure 2.5h, 2.5i). Steady state emission features of GCuNC follow exactly the
opposite trend as that of BCuNC. At different excitation wavelengths ranging from 390-500

nm, the emission maxima of GCuNC became pervaded over the range of 500-564 nm (Figure

2.6b). The span of excitation-dependent emission band shift reflects the extent of spectroscopic
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Figure 2.6. (a) Time dependent evolution of BCuNC in P1, (b) Excitation-dependent emission
spectra of GCuNCs, (c) Absorption and emission spectra of RCuNC (Excited at 360 nm).
Structure of (d) L-ascorbic acid (AA), (e) L-dehydroascorbic acid (DHAA), (f) L-
dehydroascorbic acid dihydrate. (g) Schematic representation of the cross-check experiment.

heterogeneity present in the bright excited states of GCuNC. This kind of heterogeneity in
photoemission mainly arises from the ligand-centered excited states or surface states, and it
indicates the formation of self-assembled or aggregated nanoclusters. The surface states consist
of several unpassivated metal orbitals, which lead to the formation of trap states as well. >
Presence of these trap states are mostly responsible for the emergence of excitation-dependent
or extrinsic emission. In aggregated or self-assembled state, restricted mobilities of the
protecting ligands drive the electrons to undergo radiative relaxation by suppressing the non-
radiative decay processes. As a result, it produces relatively larger quantum yield of 30%
(AExcitation = 420 nm) compared to BCuNC (Experimental section 2.2.5). In addition to that,
HRTEM and DLS results of GCuNC also suggest the formation of nanocluster aggregates
(Figure 2.2¢, 2.2d). However, the photo-physical properties of RCuNC aggregates are much
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distinct, where it exhibits larger Stokes’ shift as compared to BCuNC and GCuNC. The solid-
state absorption spectra of RCuNC shows broad absorption band with peaks around 300 nm
and 350 nm (Figure 2.6¢) and the emission spectra exhibits a red shifted emission band which
has a peak at 710 nm (Figure 2.6¢). The exceptionally large stokes’ shift also indicates this red
emission to be generated from highly stabilized triplet states. The emission band was found to
be excitation-independent unlike GCuNC, which indicates that the emission emerges from
specific triplet states (Figure Al in Appendix 3). M(I)-thiolate complexes of noble metals
(M=Cu, Au) are found to exhibit phosphorescence due to presence of bright triplet states in
their aggregated state.’%° The stability of these triplet state depends upon intra and inter-cluster
metalophillic interactions and electron-donating properties of ligand. These triplet states
possess larger contributions from metal orbitals and originate due to ligand-to-metal charge
transfer (LMCT) or ligand-to-metal-metal charge transfer (LMMCT) through sulphur atom of
1,6-HDT. We also believe that in these aggregates, due to decrement in Cu(I)...Cu(I) distance
inter and intra-cluster metalophillic interaction also increases'?, which causes a large extent of
stabilization of the triplet states, resulting into a ~360 nm Stokes’ shift. Notably, the absolute
quantum yield of RCuNC was found to be 3% (Experimental section 2.2.5). Furthermore,
generation of the two marginal emission bands from supernatant (BCuNC) and precipitate part
(RCuNC) from a single pot synthesis (P1) is an indication of aggregation induced emission
(AIE) type behaviour of individual monomeric clusters in RCuNC. Here it is necessary to
mention that it is not possible to demonstrate AIE behaviour of RCuNC in a solvent mixture
(such as, 0-90% water/ethanol mixture), as the precipitates cannot be solubilized in common

solvents.

2.3.5. Mechanism for the formation of GCuNC: in-situ ligand replacement

In order to investigate the mechanism of GCuNC formation, we revisited the synthetic protocol
2 (P2), where AA was used as the reducing agent. AA or vitamin C, an environmentally friendly
and mild reducing agent, has been successfully utilized in synthesizing several nanoparticle
and nanocluster systems (Figure 2.6d).5' % AA reduces Cu(II) to Cu(I) and Cu(0), and is itself
oxidized to L-dehydroascorbic acid (DHAA) (Figure 2.6e). Due to the presence of three
adjacent carbonyl groups, the molecule is highly electrophilic and becomes unstable in
nucleophilic environment such as in water and alcohols. As a result, it forms a dihydrate
structure (Figure 2.6f) in this kind of nucleophilic solvents.’* Moreover, due to the presence of
multiple hydroxyl groups, the molecule exhibits multidentate ligating behavior especially in an

alkaline condition. In order to scrutinize the possible role of the DHAA which was formed in-

58 | Page



(b) (c)

-
N
L

Excited at

-
N
-
(=]
n

20 mg of DHAA

added x
b —

Kept for 1 min j

o
)
:
5]
o
r

o
IS
"
S
P

(=]
N
N

0.0 0

PL Intensity (Normalized) o
PL Intensity (Normalized)

o

o

00— .02 , . . - = :
400 450 500 550 600 650 700 420 480 540 600 660 720 0.1 1 10 100 1000
Wavelength (nm) Wavelength (nm) Hydrodynamic diameter (nm)

—
®

S

—

(d)

-
n
N

Excited at
1350 nm ——> 480 nm

-
o

e & 9 ¢
o e O 0

e
=2

PL Intensity (Normalized) =h
o
[--]

(9)
OH
@ HO
e : e 0 . 1 ml NH,-NH,.H,0
- 0e%e pH ~ 12.5-12.6
' ‘ ‘ HO OH OH 5
OH *
Cu? DHAA

DHAA-templated CuNC

Figure 2.7. (a) Blue to green emission switching upon DHAA addition, (b) Emission spectra
of green-yellow emissive CuNC from cross-check experiment, (c) DLS size distribution of
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yellow emissive CuNC from cross-check experiment, (f) Emission spectra of DHA Atemplated
CuNC, (g) synthesis of DHAA-templated CuNCs.

situ as a side product, we performed a cross-check experiment. We synthesized BCuNC
separately by using the same protocol as that of P1, followed by the addition of 20 mg of
DHAA at an elevated pH of ~12.5 under constant stirring condition (Figure 2.6g). Surprisingly,
the solution promptly turned into yellowish green within 1 minute and exhibited bright green-
yellow emission under UV light (Figure 2.7a). However, no blue emission was observed,
signifying a complete transformation of emission from blue to green-yellow, mediated by
DHAA (Figure 2.7a). Furthermore, the emission characteristics of the resultant solution was
excitation dependent (with almost 60 nm of emission band shift) (Figure 2.7b) similar to what

was observed in the case of GCuNC. The DLS study of the sample shows the similar emergence
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of a size distribution (Figure 2.7¢) like GCuNC. Additionally, HRTEM results exhibit that the
size of individual nanoclusters remains unaltered in the blue-to-green transformation, but they
are closely assembled with each other (Figure 2.7d, 2.7e¢). This clearly states that in P2, the
GCuNC was formed from BCuNC which was mediated by the in-situ formed DHAA. To
elucidate the mechanism further, we have designed another protocol where Cu nanocluster was
synthesized by using DHAA as capping agent and hydrazine monohydrate as the reducing
agent (Figure 2.7g). Interestingly, these DHAA-capped CuNCs also exhibited the similar
excitation-dependent green-yellow emission (Figure 2.7f) resembling the emission properties
of GCuNC. We have also characterized the product with DLS technique, HRTEM and FT-IR
spectroscopy. DLS experiment reveals the nature of the nanocluster aggregates with a size >100
nm (Figure 2.8a), which are compatible with the nature of GCuNC. HRTEM images of
DHAA-capped CuNC (Figure 2.8b, 2.8c) also corroborate with the TEM results of GCuNC as
well. Raman spectra of GCuNC and DHAA capped nanoclusters also show similar features
with peaks at ~430 cm™ and ~500 cm™ corresponding to the stretching frequency of Cu-O
bond® (Figure 2.9a), which indicates that oxygen is the binding site for both the nanoclusters.
These results clearly indicate that DHAA itself can act as a protecting ligand and lead to the
successful formation of luminescent Cu nanoclusters, which are structurally and photo-
physically similar to GCuNC. We have also collected MALDI-TOF mass spectrum of GCuNC
(Figure 2.8d), where the derived composition is Cu7.9(DHAA )3, which confirms that GCuNC
is basically the in-situ formed DHAA capped CuNC. To confirm the oxidation states of Cu in
GCuNC, XPS measurement was performed which exhibits two peaks at 934.78 and 954.78 eV
(Figure 2.9b) corresponding to binding energy of electrons for Cu 2p3» and Cu 2pip,
respectively. The data confirms the presence of Cu(0) and Cu(l) in the GCuNC similar as
BCuNC, which also proves that the metallic counterpart is similar for both BCuNC and
GCuNC. In addition to that, another peak at 534.48 eV (Figure 2.9¢) corresponding to the
binding energy of O 1s electrons confirms the presence of Cu-O bond. The collected insights
of all mechanistic investigations culminate that the GCuNC is formed from the BCuNC upon
delaying reaction time in P2, via an in-situ ligand replacement process by the oxidized form of
the reducing agent (AA) present in the reaction medium. In this regard, the formation of
nanocluster aggregates as reflected in the DLS and HRTEM results may be assigned to the
multidentate nature of the DHAA molecule. It has a pair of hydroxyl groups at one end and a
quartet of hydroxyl groups at the other end in its dihydrate structure (Figure 2.6f). Therefore,
it can bind to two nanoclusters simultaneously with its two ends,*® and can form bigger

nanocluster aggregates (Figure 2.9d). The formation of these aggregates leads to the restriction
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Figure 2.8. (a) DLS size distribution, and (b), (c) HRTEM images of DHAA capped CuNC.
(d) MALDI-TOF mass spectrum of GCuNC. Estimated compositions of GCuNC, 1072.77 =
[Cu7(DHAA); — 3H']", 1201.62 = [Cus(DHAA); — H']", 904.46 = [Cu7(DHAA), + KT,
1127.86 = [Cus(DHAA); — 10H']".

in ligand mobilities, which results in the evolution of ligand-centered emission in GCuNC.
Notably, ligand replacement process, a well-known ligand engineering technique, which has
been utilized in the modulation of several properties and functionalities of nanomaterials,®”~7
is severely influenced by pH of the medium and the ligand concentration. To elucidate the pH
dependence, at first, we synthesized BCuNC following P2 with a reaction time of 2 hrs and

monitored the change in emission intensity at 520 nm with sequential addition of methanolic
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Figure 2.9. (a) Raman spectra of GCuNC and DHAA capped CuNC, (b) XPS spectra of
GCuNC for Cu 2p electrons, (c) XPS spectra of GCuNC for O 1s electrons, (d) Plausible
coordination of DHAA with two CuNC, (e) In(F/Fo) vs. pH plot (emission collected at 520 nm),
() F/Fo vs. reaction time plot of protocol 2 (P2) (emission collected at 520 nm).

NaOH. In(F/Fo) vs. pH plot (Figure 2.9¢, Table A1 in Appendix 4) shows that with increasing
the pH of the BCuNC solution, the In(F/Fo) increased sharply and gradually became saturated
when pH increased after ~12.4. With the increase in pH, the concentration of the deprotonated
DHAA molecules (which are responsible for the GCuNC formation) increases, thus
accelerating the ligand exchange rate, and thereby results into the emission enhancement at 520
nm. To monitor the evolution kinetics of GCuNC, we have recorded the emission intensity (at
520 nm) of GCuNC samples (synthesized by following P2) at different reaction time periods.
The F/Fy vs. reaction time (hrs) plot was fitted with a sigmoid function, and the macroscopic
rate constant of ligand exchange process was found to be 2.14 + 0.241 hrs™!' (Figure 2.9f, Table
A2 in Appendix 4). To clarify the role of ligand concentration, we synthesized GCuNC with
different AA concentration by following P2 and plotted F/Fo (emission collected at 520 nm)
against respective concentrations of AA (Figure 2.10a, Table A3 in Appendix 4). The
observed linear dependence of the plot suggests that the ligand replacement process also
depends on concentration of DHAA, which is directly proportional to the concentration of AA
added to the reaction mixture. We believe the principal driving force behind the ligand
exchange process to be the thermodynamics of chelation effect. Ligand associated with BCuNC

is a dithiol, which binds to the nanocluster surface with one -SH end, thus behaves as a
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Figure 2.10. (a) F/Fo vs. conc. of AA plot (emission collected at 520 nm), (b) AA capped CuNC
under UV light and after addition of DHAA. Emission spectra of green yellow emissive CuNC
by following P2 and using (c) 1-OT as capping ligand; (d) 1,3-PDT as capping ligand and (e)
1,9-NDT as capping ligand, (f) Time dependent emission spectra of the supernatant (P2) and
emission spectra of RCuNC.

monodentate ligand. On the other hand, DHAA has multiple -OH residues, which is responsible
for the multidentate behaviour of the DHAA. Therefore, during the ligand exchange process, a
single DHAA ligand binds to the nanocluster surface at the cost of dissociation of multiple
dithiol ligands, which leads to the drastic elevation in the entropy of the system, and thus
making the ligand exchange process favorable in terms of thermodynamic parameters. To
support our speculation, we have synthesized blue emissive AA capped CuNC exhibiting
similar emission characteristics like BCuNC and added 20 mg of DHAA into it.
Consequentially, no blue to green-yellow emission switching was observed from the solution
(Figure 2.10b). As AA and DHAA both are multidentate ligands, therefore, ligand exchange
process would have led to negligible change in the entropy, thus making the process
thermodynamically forbidden. Whereas, 1-OT, 1,3-propanedithiol (1,3-PDT), 1,9-
nonanedithiol (1,9-NDT) capped CuNCs, synthesized separately by following the P2 protocol
exhibited the same green-yellow emission (Figure 2.10¢, 2.10d, 2.10e), where these three

ligands manifested monodentate behaviour like 1,6-HDT exhibited in case of BCuNC.

2.3.6. Demonstration of broadband emission tunability
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Figure 2.11. Reaction time dependent emission tuning by resolving GCuNC formation reaction
along with RCuNC.

This dual nanocluster system composed of BCuNC and GCuNC also exhibits broadband
emission tunability in the visible spectrum, where time appears to be the only determining
factor to generate different colors from blue to green-yellow. As, the GCuNC formation
requires longer reaction time, hence, we quenched the reaction (P2) at different time intervals
and collected corresponding emission spectra (Figure 2.10f). Eventually, monitoring the
protocol 2 with time led to the formation of blue, cyan and green-yellow emissive CuNC
assemblies at 4, 10 and 20 hrs of reaction time, respectively (Figure 2.11), which shows an
emission tunability of ~130 nm (Figure 2.10f). To investigate the origin of cyan emission, we
synthesized DHAA-capped CuNC using the previously mentioned procedure (Appendix
2.5.1.4.) with a reaction time of 10-12 hrs. Interestingly, the cyan emission was observed from
the synthesized CuNCs (Figure A2 in Appendix 3), and this observation suggests that the cyan
emission is appeared from the DHAA capped CuNCs in the intermediate reaction time. The
reason of the emergence of two different emissions (cyan and green-yellow) from both the
DHAA capped CuNC and GCuNC is believed to be due to the formation of aggregates having
different dimensions and structures in two different reaction times. To investigate the effect of
AA concentration on emission tuning process we followed the protocol 2 at two different
concentrations of AA, (1) 20 mM and (ii) 50 mM. We observed that emission tuning is
reasonably faster in the reaction mixture with 50 mM A A concentration than that of the reaction
with 20 mM AA concentration (Figure A3 in Appendix 3). This particular observation
corroborates with the evolution kinetics of GCuNC. The rate of GCuNC formation is gradually
enhanced with increasing AA concentration, hence ti2 of the sigmoidal curve (Figure 2.9f,

Experimental Section 2.2.6.) decreases and emission tuning process becomes faster. Thus, our

64| Page



experimental results eventually generalize the ligand replacement mediated emission tuning

model and also prove its applicability in broader aspects.

2.3.7. Excited state dynamics of BCuNC, GCuNC and RCuNC

The ligand exchange process on the surface of BCuNC not only changes its emission colour
but also changes the nature of the emission. We have previously discussed about the origin of
the vibronically resolved intrinsic emission band of BCuNC, which was mainly attributed to
the metal centered excited states or core states. On the other hand, the excitation dependent
extrinsic emission band of GCuNC was assigned to be generated mainly from the ligand
centered semi-ring surface states. To elucidate several processes associated with metal and
ligand centered excited states, we have investigated the fluorescence dynamics with the help
of TCSPC and femtosecond fluorescence up-conversion techniques. TCSPC decay transients
of BCuNC at 410, 435 and 460 nm are bi-exponential in nature with components of 60-80 ps
and 1.35-1.4 ns (Figure 2.12a, Table 2.2). In case of the ideal intrinsic emission, the core state
electrons sequentially undergo decay through vibrational relaxation followed by radiative
recombination. Therefore, ideally, the emission decay transients should be single exponential
which is usually found in highly luminescent metal nanoclusters.”! But in real scenario, a
significant population of the excitons undergo decay through several non-radiative pathways
from the core to surface states or ground state, which leads to the emergence of bi-exponential
fluorescent transients. The longer nanosecond component (1.35-1.4 ns) is assigned to the
radiative relaxation from the core states, relative contribution of which increases with the
ascending collection wavelength from 410 to 460 nm (Table 2.2). This component also remains
almost constant with increasing emission wavelength (410-460 nm) because of the higher
spectroscopic homogeneity in the blue emissive core states. In case of intrinsic emission, the
depopulation of the core states at 60-80 ps time scale originated from several non-radiative
relaxations of excitons from the core to surface states or ground state. Conversely, the effect of
spectroscopic heterogeneity becomes prominent in GCuNCs with multi-emissive surface
states, leading to evolution of tri-exponential emission transient at 520 nm with components of
82 ps, 875 ps and 3.0 ns (Figure 2.12b, Table 2.2). To elucidate the processes associated with
these three components, we collected wavelength dependent fluorescent transients of GCuNC
from 450 nm to 590 nm (Figure 2.12¢, Table 2.3). Two long components of ~0.8-1 ns and ~2-
3 ns represent the radiative recombination process from two different surface states. The
relatively shorter component gradually decreases from ~1 ns to 0.8 ns with a declining relative

contribution while collected the emission from 450 nm to 590 nm wavelength (Table 2.3),
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Figure 2.12. Emission decay transients of (a) BCuNCs and (b) GCuNCs obtained from TCSPC
technique. (c) Emission dependent fluorescence transients of GCuNC by TCSPC. (d)

microsecond photoluminescence decay of RCuNC. Femtosecond fluorescence up-conversion
decay transients of (¢) BCuNCs and, (f) GCuNC.

indicating that the respective relaxation belongs to the excited states, which are relatively
higher in energy. The ~2-3 ns component is attributed to the ligand-centered surface states
residing in the lowest energy regime. This component increases with ascending emission
wavelength due to the participation of more numbers of lower energy surface states. The
quenching of lifetime in the case of ~0.8-1 ns component may be attributed to the increasing
non-radiative decay processes, as the collection wavelength approaches the emission from the
lower energy surface state. The increase in non-radiative processes is mainly attributed to two
factors. Firstly, in the case of the lower energy surface states, the cross-section between the
excited state and ground state potential energy surfaces increases, which results in enhancement
in the non-radiative decay. Secondly, lower energy surface states face enhanced non-radiative
decay pathways due to increased vibrational and rotational mobilities in the ligands associated
with the surface states. We anticipate these two radiative recombination time scales to be
generated due to the presence of aggregates with miscellaneous dimensions, which is also
evident from DLS and HRTEM results discussed earlier. Interestingly, another shorter
component of ~80-90 ps arises in the lifetime profile having an inclining relative contribution
with increasing collection wavelength (Table 2.3). The inclining relative contribution clearly

indicates that the component is sensitive towards the influence of the lower energy surface
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states, and it may be attributed to the carrier trapping onto the surface states due to the presence
of several unpassivated metal orbitals on the surface of nanoclusters which are often regarded
as surface defects’>. We also observe an increase in average lifetime from 450-590 nm
wavelength (Table 2.3), which is attributed to the increasing relative contribution of the carrier
trapping timescale (~80-90 ps) onto the surface states and increase in the long component (~2-
3 ns) with ascending emission wavelength. To look into the ultrafast behaviour of the excited
states, femtosecond fluorescence up-conversion technique was utilized and the ultrafast
components derived out from the BCuNC are of <500 fs, 2-3 ps (Figure 2.12¢, Table 2.4). The
relative contribution of <500 fs component decreases with increasing wavelength (Table 2.4),
which indicates that it is associated with the core state dynamics. This ultrafast component may
be attributed to the intra-band relaxation in the core states. The intra-band relaxation in the core
states is followed by solvent relaxation, and thereby, stabilizing the core states before excitons
undergo a non-radiative transfer onto the surface states.’? In a polar solvent like methanol, this
kind of solvent relaxation occurs at ultrafast time scales which can be attributed to the observed
2-3 ps components. However, 2-3 ps time scale may also include the excited state redistribution
of axial and equatorial Cu-Cu bond lengths.” Up-conversion transient of GCuNC reveals a
component of ~7 ps (Figure 2.12f, Table 2.4), which may be attributed to the non-radiative
relaxations from core states to Cu(I)-thiolate semi-ring surface state. Contrary to BCuNC and
GCuNC, the red emissive RCuNC exhibits much long lifetime components in micro-second
timescale. The decay transient of RCuNC collected at 730 nm shows two components with
0.51 ps and 3.0 ps lifetime (Figure 2.12d, Table 2.5), indicating the phosphorescent nature of
the emission. In these aggregates, due to decrement in Cu(I)...Cu(I) distance inter and intra-
cluster cuprophilic interaction also increases,' and increase in cuprophilic interaction leads to
generation of stable triplet states with longer lifetime in microsecond timescale. We believe
that the triplet states of the system corresponding to the observed decay components become
stabilized with increasing extent of aggregation in the precipitates, and the observed two decay
components may be attributed to the radiative relaxation from two separate triplet states having

distinct charge transfer characters.
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Table 2.2. Lifetime fitting parameters of BCuNC and GCuNC, obtained from TCSPC.

Sample | AEm T1 o1 T2 02 T3 o3 <t>

BCuNC | 410nm | 70.2ps | 0.62 1.39 ns 0.38 - - 1.28 ns
BCuNC | 435nm | 68.2ps | 0.54 1.39 ns 0.46 - - 1.31 ns
BCuNC | 460 nm | 82.3ps |0.51 1.4 ns 0.49 - - 1.32 ns
GCuNC | 520nm | 82.0ps |[0.76 0.875ns | 0.20 30ns [0.04 |1.45ns

Table 2.3. Wavelength-dependent lifetime fitting parameters of GCuNC obtained from

TCSPC.
AEm T T2 o2 T3 o3 <t>
450 nm 87.0 ps 0.53 997 ps 0.36 1.8 ns 0.11 1.19 ns
470 nm 84.5 ps 0.60 962 ps 0.32 2.1 ns 0.08 1.24 ns
490 nm 77.5 ps 0.71 952 ps 0.25 2.6 ns 0.05 1.34 ns
510 nm 85.9 ps 0.74 908 ps 0.22 2.8 ns 0.04 1.33 ns
530 nm 78.6 ps 0.78 852 ps 0.18 3.1ns 0.04 1.53 ns
550 nm 81.9 ps 0.78 815 ps 0.17 3.0 ns 0.04 1.48 ns
570 nm 78.1 ps 0.79 798 ps 0.16 3.0ns 0.04 1.50 ns
590 nm 80.3 ps 0.80 800 ps 0.16 3.0ns 0.04 1.49 ns

Table 2.4. Lifetime fitting parameters of BCuNC and GCuNC obtained from femtosecond
fluorescence up-conversion.

Sample | Agm T1 o1 T2 o2 T3 03
BCuNC | 410 nm 99 fs 97.40% | 2.24ps | 2.51% - -
BCuNC | 435nm | 2974 fs | 79.80% | 2.98ps | 8.05% | 67.4ps | 12.08%
BCuNC | 460 nm 220 fs | 56.96% | 2.89 ps | 25.94% | 57.4ps | 17.08%
GCuNC | 520 nm 70ps |3829% | 82ps |4222% | 875ps | 24.10%
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Table 2.5. Lifetime fitting parameters of RCuNC obtained from TCSPC.

Sample AEm T1 (V51 T2 02

RCuNC 730 nm 0.51 us 0.7 3.0 us 0.3 2.29 us

2.4. Conclusions

In summary, we have been able to develop a unique system where the emission can be tuned
from blue to green-yellow by in situ ligand replacement process. The process has been
mediated by the oxidized form of the reducing agent itself, therefore, in our proposed protocol,
no external agent is required to drive this blue to green-yellow emission tuning. Moreover, blue
and red emitting CuNCs have been synthesized in one-pot which was not reported earlier to
the best of our knowledge. Along with red emission from RCuNC, the emission band of the
whole system covers almost the visible spectrum thus manifests excellent emission tunability
from a single nanocluster system. A significant role of L-ascorbic acid has been explored in our
study, and it has been proved that it can be used to modulate the emission properties of
nanomaterials. This property of L-ascorbic acid can be further extended to several nano-
systems, which may contribute to the field of ligand engineering of nanomaterials. We have
also synthesized a covalently linked CuNC superstructures, which are red emissive in nature
and can be utilized in LED applications. The blue emissive nanocluster exhibits excitation
independent emission which implies it to be originated from metal centered core states. In
contrast, the green-yellow emissive nanocluster shows excitation dependent emission which
signifies that ligand centered surface states are predominantly involved in this process. The
excited state dynamics in nano- and sub-nanosecond regime, along with the ultrafast
spectroscopy further differentiate between these two excited state emissions with contrasting
nature. In case of BCuNC, the emission is originated mainly from the metal centered core
states. The fluorescence dynamics studies also deciphered the involvement of two distinct
surface states in the excited state relaxation of GCuNC. Authors hope that, this particular
nanocluster system along with the developed protocol shall pave the way forward to fabricate
highly efficient future generation LED devices with broadband color tunability and will be

useful to develop multi-color printing technology.
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2.5. Appendices

2.5.1. Appendix 1: Synthesis of 1-OT capped CuNC, 3-MPA capped CulNC and AA capped
CuNC

2.5.1.1. Synthesis of 1-OT capped CuNC

In a typical experiment, 4 mL of 10 mM CuSO4.5H20 solution was prepared in methanol
solvent and was taken in a 25 mL round bottom (RB) flask. 20.8 puL of 1-OT was dissolved in
~150 puL of 0.6 M methanolic NaOH and the resulting disperse was sonicated and added to the
Cu?" solution. It resulted into the formation of a white turbid solution (The conc. of OH" ions
and 1-OT in the final mixture becomes ~20 mM and ~30 mM respectively). The mixture was
kept under inert condition and constant stirring at ~50-55°C temperature for 4-5 hrs. followed
by centrifugation at 12000 rpm for 10 min. Resulting colourless supernatant appeared as blue

emissive under UV light.

2.5.1.2. Synthesis of 3-MPA capped CulNC

In a typical experiment, 4 mL of 10 mM CuSO4.5H>0O solution was prepared in methanol
solvent and was taken in a 25 mL round bottom (RB) flask. 10.4 puL of 3-MPA was dissolved
in ~150 pL of 0.6 M methanolic NaOH and the resulting disperse was sonicated and added to
the Cu?* solution. It resulted into the formation of a white turbid solution (The conc. of OH"
ions and 3-MPA in the final mixture becomes ~20 mM and ~30 mM respectively). The mixture
was kept under inert condition and constant stirring at ~50-55°C temperature for 4-5 hrs.
followed by centrifugation at 12000 rpm for 10 min. Resulting colourless supernatant appeared

as blue emissive under UV light.

2.5.1.3. Synthesis of AA capped CuNC

In a typical experiment, 4 mL of 10 mM CuSO4.5H>0O solution was prepared in methanol
solvent and was taken in a 25 mL round bottom (RB) flask. 21.1 mg of AA was dissolved in
~150 pL of 0.6 M methanolic NaOH and the resulting disperse was sonicated and added to the
Cu?" solution. It resulted into the formation of a deep brown precipitate (The conc. of OH™ ions
and AA in the final mixture becomes ~20 mM and ~30 mM respectively). The mixture was
kept under inert condition and constant stirring at ~50-55°C temperature for 4-5 hrs. followed
by centrifugation at 12000 rpm for 10 min. Resulting colourless supernatant appeared as blue

emissive under UV light.

2.5.1.4. Synthesis of DHAA capped CuNCs
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In a typical experiment, 4 mL of 10 mM CuSO4.5H>0 solution was prepared in methanol
solvent and was taken in a 25 mL round bottom (RB) flask. 20.8 mg of DHAA was dissolved
in ~250 puL of 0.6 M methanolic NaOH and the resulting disperse was sonicated and added to
the Cu" solution resulting into instantaneous formation of a yellowish precipitate (The conc.
of OH  ions and DHAA in the final mixture becomes ~20 mM and ~30 mM respectively). 1 ml
of hydrazine monohydrate was dropwise added to the mixture. The mixture was kept under
inert condition and constant stirring at ~50-55°C temperature for 24 hrs. Bigger particles and
aggregates were removed by centrifugation at 8000 rpm for 10 min. Resulting yellowish green

supernatant appeared as green emissive under UV light.

2.5.2. Appendix 2: Synthesis of green-yellow emissive CuNC by following P2 and using 1-
OT, 1,3-PDT and 1,6-NDT as capping ligands

2.5.2.1. Synthesis of green-yellow emissive CuNC from 1-OT capped CuNC.

4 mL of 10 mM CuSO4.5H>0 solution was prepared in methanol solvent and was taken in a 25
mL RB flask. 20.8 uL of 1-OT was dissolved in 250 pL of 0.6 M methanolic NaOH and added
to the solution in RB flask so that conc. of OH ions and 1-OT in the resulting solution becomes
~40 mM and ~30 mM respectively. White precipitate was formed instantaneously, followed by
an addition of 14 mg (20 mM) of solid L-ascorbic acid into the mixture. The mixture was kept
under inert condition and constant stirring at 50-55°C temperature for 24 hrs. After that, the
mixture was centrifuged at 12000 rpm for 10 min. and resulting yellowish green supernatant

appeared as bright green emissive under UV light.

2.5.2.2. Synthesis of green-yellow emissive CuNC from 1-PDT capped CuNC.

4 mL of 10 mM CuS0O4.5H>0 solution was prepared in methanol solvent and was taken in a 25
mL RB flask. 12 pL of 1,3-PDT was dissolved in 250 pL of 0.6 M methanolic NaOH and added
to the solution in RB flask so that conc. of OH™ ions and 1,3-PDT in the resulting solution
becomes ~40 mM and ~30 mM respectively. White precipitate was formed instantaneously,
followed by an addition of 14 mg (20 mM) of solid L-ascorbic acid into the mixture. The
mixture was kept under inert condition and constant stirring at 50-55°C temperature for 24 hrs.
After that, the mixture was centrifuged at 12000 rpm for 10 min. and resulting yellowish green

supernatant appeared as bright green emissive under UV light.

2.5.2.3. Synthesis of green-yellow emissive CuNC from 1,9-NDT capped CuNC.
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4 mL of 10 mM CuS04.5H>0 solution was prepared in methanol solvent and was taken in a 25
mL RB flask. 24.2 uL of 1,9-NDT was dissolved in 250 pL of 0.6 M methanolic NaOH and
added to the solution in RB flask so that conc. of OH ions and 1,9-NDT in the resulting solution
becomes ~40 mM and ~30 mM respectively. White precipitate was formed instantaneously,
followed by an addition of 14 mg (20 mM) of solid L-ascorbic acid into the mixture. The
mixture was kept under inert condition and constant stirring at 50-55°C temperature for 24 hrs.
After that, the mixture was centrifuged at 12000 rpm for 10 min. and resulting yellowish green

supernatant appeared as bright green emissive under UV light.

2.5.3. Appendix 3: Excitation-independent emission from RCuNC.
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Figure A1. Emission spectra of RCuNC at different excitation wavelengths.
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Figure A2. Emission spectra of (a) cyan emissive CuNC by following P2 at 10 hrs of reaction
time, (b) cyan emissive CuNC by capping with DHAA with a reaction time of 10-12 hrs by
using the same protocol as Appendix 2.5.1.4.

(2)

4-5 hrs 14-16 hrs 22-24 hrs 6-8 hrs 12-14 hrs

Figure A3. (a) Sample images under UV light at different reaction times when concentration
of AA was 20 mM. (b) Sample images under UV light at different reaction times when
concentration of AA was 50 mM.
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2.5.4. Appendix 4: Tables.
Table A1. Plot for In(F/Fo) vs. pH.

pH In(F/Fo)
12.33606 0
12.34986 0.41479
12.36305 0.79452
12.37585 1.08885
12.38846 1.3118
12.40037 1.51603
12.41212 1.58661
12.42357 1.63756
12.43457 1.68362
12.44545 1.67931
Table A2. Plot for F/Fy vs. reaction time (h).
Reaction time (h) F/Fo
2 1
6 1.74812
10 5.80902
14 10.69835
18 11.94964
22 12.94954
26 12.7899
Table A3. Plot for F/Fy vs. conc. of AA (mM).
Conc. of AA (mM) F/Fo
0 1
5 13.6018
10 18.10731
15 25.38834
20 33.03889
25 49.67453
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Chapter 3:

Activation of TADF in Photon Up-converting
Crystals of Dinuclear Cu(l)-iodide Complexes
by Ligand Engineering
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Abstract: In this work, we have reported a novel approach, where ligand engineering can
modulate the triplet harvesting mechanism in iodide-bridged rhombic Cuzl> complexes.
Complex-1, with a smaller Cu-Cu distance (2.64 A), exhibits phosphorescence from
3(M+X)LCT and *CC states with 66% quantum yield; whereas an increased Cu-Cu distance
(3.07 A) in complex-2 results in a switch of the emission from phosphorescence to TADF,
which takes place via *(M+X)LCT states with 83% quantum yield. The TADF property of
complex-2 has been utilized for the fabrication of pc-LED in order to examine the scope of its
utilization in OLED devices, and the designed pc-LED emits efficient warm white light.
Moreover, the high charge transfer nature of these complexes leads to the emergence of several
non-linear photon up-conversion properties, like, third harmonic generation (THG) and two-
photon excited luminescence. Interestingly, complex-1 exhibits efficient third harmonic
generation with a ¥ value of 1.15 x 10718 m2V =2 and LIDT value of 14.73 GW/cm?. In
summary, this work provided a structure-property relationship to achieve an effective harvest
of triplet excitons in iodide-bridged rhombic Cuzl> complexes, and their effective utilization in

OLED device fabrication and non-linear photon up-conversion processes.

3.1. Introduction

Ligand-coordinated Cu(I) and Cu(I)-iodide frameworks have made a revolutionary impact on
triplet state harvesting, thereby expanding the horizon of applications in optoelectronics,
polarized emission and photosensitization.'® Thanks to its structural diversity, facile synthesis,
high crystallinity, and plenty of different radiative decay pathways.!®'® Particularly,
(metal+halide)-to-ligand charge transfer ('*(M+X)LCT), and cluster-centered (*CC) emissive
states of Cu(l)-iodide frameworks having different electronic configurations give rise to
multiple radiative decay pathways that can be effectively utilized in triplet state
harvesting.!%!17:18 Additionally, because of the closed-shell d'° configuration of Cu(I), non-
radiative decay via low-lying metal-centered (MC) states is restricted in these systems,
producing a higher quantum yield.”!!” Several of these excited states have previously been
identified and studied in closed cubane-type Cuasls clusters coordinated with a wide range of
ligands having low-lying w* orbitals, such as pyridine, triphenylphosphine, and their
derivatives.!>!729-23 Stability of the *CC states plays a crucial role in the radiative decay process
of these clusters which is highly dependent on Cu---Cu bonding interactions. These states are

comprised of metal-centered 3d—4s,4p transitions and halide-to-metal charge transfer

(XMCT) transitions.!!**26 A small contraction in the Cu-Cu distance can sufficiently stabilize

the 3CC state, resulting in a substantial red-shift of the emission band; therefore, these clusters
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stand out to exhibit long-range mechanochromic and rigidochromic behavior.*?”*® These
states undergo high degree of geometry distortion compared to (M+X)LCT states, thereby
exhibiting lower energy emission with broad bandwidth. Furthermore, the thermal equilibrium
of the population between the *(M+X)LCT and 3CC states gives rise to intriguing
thermochromic properties in these clusters.'"!> Consequently, they find broad applications in
developing external stimuli-responsive materials and OLED devices.!”-20:2328:29

The high charge transfer nature of the low-lying *(M+X)LCT states also creates spatially well-
separated electron and hole, opening the possibility of thermally activated delayed fluorescence
(TADF).3%3! TADF is unequivocally known to be one of the most competent luminescence
pathways, reaching a maximum of 100% internal efficiency.’”**> However, in Cusls clusters,
3CC states are populated at the expense of 3(M+X)LCT via thermal energy barrier, and *CC
states becomes most emissive at room temperature, thereby making (M+X)LCT emission
negligible.!"!> Therefore, the attempt to utilize the triplet excitons through TADF becomes
unworkable in these clusters. In this regard, the iodide-bridged Cuzl> complexes stand out to
bring about a potential solution owing to its strong (M+X)LCT emission as well as high
quantum yield due to lesser flexibility and higher degree of structural rigidity.!%!%18.303334 The
iodide-bridges also prevents the (M+X)LCT states to undergo large Jahn-Teller flattening
distortion which is observed in mononuclear Cu(I) complexes.*!**> Consequently, “(M+X)LCT
states of these complexes have emerged as the center of interest for the scientific community
in the past few years. Several complexes have been reported where these excited states were
extensively characterized, and the TADF mechanisms were investigated using plenty of

10.12,18,3033.34 However, in Cuzl, complexes with

theoretical and experimental methodologies.
shorter Cu-Cu distance, *CC states have also been reported to take part in the emission process
due to the presence of bonding interactions between two Cu atoms.!%!%3¢ Nevertheless, the
strong (M+X)LCT nature of these complexes can exhibit TADF properties, but, shorter Cu-Cu
distances can increase the contribution of *CC emission, thereby enhancing the radiative decay
through phosphorescence. Additionally, *CC states can suffer from reasonable amount of non-
radiative decay owing to their higher degree of geometry distortion, which can reduce the
emission yield to a greater extent. Therefore, it is an urgent requirement to establish structure-
property relationship, where the selection of appropriate m*-acceptor ligands can direct the
luminescence pathway exclusively via TADF mechanism from "3(M+X)LCT states.
Systematic modulation of the Cu-Cu distance can play a pivotal role in this regard. In addition,

the high charge transfer character of these complexes can give rise to several non-linear optical

(NLO) properties that remain underexplored.?”*® NLO processes are extremely important for
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the up-conversion of photon energy, which is utilized in photosensitization, light manipulation,
laser manufacturing, and other optical technologies.***? Since non-linear susceptibilities in the
bulk phase mostly depend on the polarizability of molecules, charge transfer-based push-pull
luminogens are considered as suitable candidates in this context.?”-*

Here in, we report two rhombic iodide-bridged Cuxl> complexes, where regulation of the Cu-
Cu distance can dictate the triplet harvesting mechanism. At first, the complex-1 was
synthesized by using 3-cyanopyridine as the ligand, where Cu-Cu distance is 2.64 A. This was
followed by the replacement of two 3-cyanopyridines by PPhs ligands, which results in the
elongation of the Cu-Cu distance from 2.64 A to 3.07 A in the newly formed complex-2. The
two complexes have almost overlapping emission bands. Interestingly, the emission
mechanisms of these two complexes are completely different in nature. Complex-1 undergoes
predominant phosphorescence decay with contributions from (M+X)LCT and 3CC states,
whereas complex-2 decays through TADF mechanism associated with 3(M+X)LCT states.
Most importantly, considering nearly overlapping emission bands of two complexes, triplet
harvesting through the TADF process was found to be the most efficient, with an absolute
quantum yield of 83% in complex-2. Additionally, high charge transfer nature of these
complexes prompted us to explore their non-linear photon up-conversion properties. Complex-
1 was found to exhibit efficient third harmonic generation with a non-linear susceptibility ()
value of 1.15 x 107'® m*V2 and a laser-induced damage threshold (LIDT) value of 14.73
GW/cm?. Due to high third-order susceptibility, both complexes are two-photon active in the
crystalline phase, confirming their potential in various two-photon imaging applications. A
phosphor-converted light-emitting diode (pc-LED) was also fabricated with complex-2, which

emits warm white light.

3.2. Experimental Section

3.2.1. Materials and general protocol for synthesis

Copper(I) iodide powder, 3-cyanopyridine, and triphenylphosphine were purchased from
Sigma Aldrich and used as received. Ethanol, dichloromethane, acetonitrile, toluene, and n-
pentane were purchased from Neelchem Corporation. All syntheses were carried out under an
argon atmosphere and using Schlenk glass apparatus (except those with ethanol). All solvents

were purified and distilled under an inert atmosphere and stored under argon.

3.2.2. Characterization techniques
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"H NMR (at 400 MHz) and '*C NMR (at 100 MHz) data characterizations of all the synthesized
compounds were conducted by using JEOL ECS-400 and Bruker Ascend ™ 400 spectrometer,
taking deuterated chloroform (CDCIl;) as solvent (having residual chloroform) and
tetramethylsilane (TMS) as the internal standard. Chemical shift (d) values were measured in
ppm downfield from CDCl; (§ = 7.26 ppm) for 'H NMR, and relative to central CDCl;
resonance (8 = 77.16 ppm) for 3C NMR. A solution of H3POs 85% weight was used as an
external standard for recording *'P NMR. Thermogravimetric analyses were carried out by
using Perkin-Elmer STA 6000 TGA analyzer and the samples were heated from 30 to 800 °C
under N, atmosphere with a heating rate of 10 °C min™!. Elemental analyses were carried out
in a vario EL cube (Elementar) instrument. Single-crystal diffraction analysis data were
collected at 100K with a BRUKER KAPPA APEX II CCD Duo diffractometer (operated at
1500 W power: 50 kV, 30 mA) using graphite monochromatic Mo Ka radiation (A = 0.71073
A). The structures were solved by direct methods and refined by least-squares against F2
utilizing the software package SHELXL-97.%** More information on crystal structures can
also be obtained from the Cambridge Crystallographic Data Centre under the CCDC deposition
number (2272091). Powder XRD experiments were performed using BRUKER D8 advanced

X-ray diffractometer with a Cu-K, radiation source.

3.2.3. Steady-state and time-resolved spectroscopic studies

Solid-state absorption spectra were measured by using a Shimadzu, UV-3600 UV-NIR
spectrophotometer. Steady-state solution-based absorption spectra were recorded on Shimadzu,
UV-2600 UV spectrophotometer. Steady-state emission spectra and time-gated emission
spectra of all the samples in solution and solid state were recorded in Fluoromax-4C (HORIBA)
and Fluorolog-3 (HORIBA), respectively. Absolute quantum yields were measured in
Fluoromax-4C (HORIBA) instrument by using an integrating sphere. Time-resolved PL decay
profiles have been recorded either using a diode-laser source (for a total time window <50 ps)
or a microsecond flash lamp source (of 1.5-2.5 us bandwidth and in cases where the total time
window > 50 ps) in an Edinburgh FLS980 instrument. Temperature-dependent PL and PL
decay profiles were recorded in an Edinburgh FLS980 Instrument coupled with a cryostat. The
solid samples were placed between two sapphire plates and fixed in a gold-coated copper
sample holder. The sample holder is fixed in a closed cycle He cryostat (Advanced Research
Systems) attached with a Lake Shore 335 temperature controller. A mode-locked Ti-sapphire
laser (Mai-Tai, Spectra-Physics) was used for the two-photon excited luminescence imaging

experiment as the excitation source. Two-photon excited luminescence spectra and
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corresponding excitation spectra were collected by using a multiphoton microscope (Leica,
Germany) at 10X objectives. Complex-1 undergoes polymerization in solution phase starting
at around several pM concentration. Therefore, the photophysical studies in solution phase was

carried out at 60 nM concentration, where it was confirmed that no polymerization takes place.

3.2.4. Synthesis of complex-1

Complex-1 was synthesized by following a reported method* with slight modification in the
crystallization process, which yielded a crystal structure similar to the reported one,* and can
be found against the CCDC number 1990789. 832 mg 3-cyanopyridine (4 eq., 8 mmol) was
taken in a 50 mL RB flask and dissolved into 20 mL of CH3CN. 380 mg of Cul powder (1 eq.,
2 mmol) was added to it and kept under stirring condition at room temperature for 2 h. The
green-yellow precipitate was filtered and washed with excess CH3CN, n-pentane subsequently
dried under vaccuum for 3 h. The obtained green-yellow powder was then taken in a 100 mL
conical flask, dispersed in 15 mL CH3CN and stirred well. The disperse was filtered and green
rhombus-shaped crystals were obtained from the filtrate by keeping it overnight at room
temperature. Yield: 43.06%. The complex was characterized by using '"H NMR, powder X-ray
diffraction (PXRD) analysis, and thermogravimetric analysis (Appendix 1).

'"H NMR (400 MHz, CDCl3): 6 8.99 (d, J=27.7 Hz, 8H), 8.02 (d, J = 7.9 Hz, 4H), 7.50 (dd,
J=1.5,5.2 Hz, 4H).

Elemental analysis: Calculated % of C, 36.15; H, 2.02; N, 14.05. Experimental % of C, 36.16;
H, 1.83; N, 13.93.

L3 (-
NC zN\ &7, /N/

N 20 ml dry CH,CN .
CUI + | > Cu Cu

leq N RT.2h. / N/ N

I N=_-CN
2 mmol, 380 mg 4eq ) N J

8 mmol, 832 mg CN

Scheme 3.1. Synthesis of complex-1

3.2.5. Synthesis of complex-2

832 mg 3-cyanopyridine (4 eq., 8 mmol) was taken in a 50 ml RB flask and dissolved into 20
mL of CH3CN. 380 mg of Cul powder (1 eq., 2 mmol) was added to it and kept under stirring
condition at room temperature for 2 h. The green-yellow precipitate was filtered and washed
with excess CH3CN, n-pentane, and subsequently dried under vaccuum for 3 h. The obtained

green-yellow powder was then taken in a 100 mL RB flask and dispersed in 40 mL CH>Cl.
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448 mg PPhs (2 eq.) was added to it and kept under stirring conditions at room temperature for
24 h. The white precipitate was filtered out, and the filtrate solution was slowly diffused with
n-pentane to get single crystals. Yield: 10.45%. The complex was characterized by using 'H
NMR, 3C NMR, 3!'P NMR, single-crystal X-ray diffraction (SCXRD) analysis, PXRD
analysis, and thermogravimetric analysis (Appendix 1).

'"H NMR (400 MHz, CDCl3): 6 8.91 (d, /= 1.5 Hz, 2H), 8.85 (dd, J = 5.0, 1.5 Hz, 2H), 7.97
(dt,J=7.9, 1.8 Hz, 2H), 7.53 (t, /= 8.7 Hz, 12H), 7.44 (dd, J="7.9, 5.1 Hz, 2H), 7.37 (t, J =
7.2 Hz, 6H), 7.29 (d, /= 7.2 Hz, 12H).

BC{'H} NMR (100 MHz, CDCl3): J 153.78, 153.30, 140.03, 134.82, 134.69, 133.45, 133.14,
130.19, 128.89, 128.80, 124.43, 116.67, 110.94.

3P NMR (161.976 MHz, CDCl3): J -13.34.

Elemental analysis: Calculated % of C, 51.77; H, 3.44; N, 5.03. Experimental % of C, 51.6;
H, 3.27; N, 4.85.

NG 0 Q O
N = NC™N=N !
NC’Q\' I\l'l y 2 eq. of PPh, \ \\\\\\\‘* “, / \©

\( S 40 ml CH,CI, N s ./
p N/ \[/ \N, o RL.24N @ / \l/ \Nz -
O or a0 O

Scheme 3.2. Synthesis of complex-2.

3.2.6. DFT calculations

Crystal structures of both complexes were chosen as the initial geometries for obtaining the
coordinates of the local minima of these complexes. These geometries were optimized
employing the integral equation formalism variant polarizable continuum model (IEFPCM) in
chloroform solvent using the Gaussian09 program package.***® Ground state geometries of
both the complexes were optimized at the Grimmes dispersion corrected B3LYP functional
with def2-SVP basis set with the ultrafine numerical integration grid and tight convergence
criteria. The absence of imaginary harmonic frequency confirms the local minima of these
optimized complexes. The singlet and triplet excited state (S1/T1) geometries of the complexes
were optimized at the TD-B3LYP-D3/def2-SVP level using the respective ground state
geometries of the complexes. Franck-Condon excitation calculations were also performed

using ground-state geometries of the respective complexes. Steric repulsion energy and
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electron delocalization energy between two ligands covalently linked to a single copper atom
of these complexes was calculated using natural steric analysis implemented in the NBO7.0

program.*

Spin-orbit coupling matrix element (SOCME) calculation: The spin-orbit coupling matrix
between different excited singlet and triplet states was calculated using the zeroth-order regular
approximation (ZORA) to the Dirac equation. In this approximation, the SOC operator, Hgo,

is expressed as following,>°

—~ 2
Hsoc -———0- (Vv x p)

(2c2-v)2
Where c, v, o, and p signify the speed of light, Kohn-Sham potential, Pauli spin-matrix vector,
and linear momentum operator, respectively. The first-order perturbation is applied on scalar
relativistic orbitals after the self-consistent field (SCF) and TD-DFT calculations to obtain SOC
effects. Grimmes dispersion corrected B3LYP functional with def2-SVP basis set with the
ultrafine numerical integration grid, and tight convergence criteria were used to calculate

SOCME values. All these calculations were done using the PYSOC program®!.

3.2.7. Calculation of absolute quantum yields

Complex-1:

® = 66%. Absolute error = 0.068, relative error = 0.001.
Complex-2:

® = 83%. Absolute error = 0.052, relative error = 6.22 X 10™%.
20% emitter-doped PMMA film for complex-2:

® = 77%. Absolute error = 0.175, relative error = 0.00226.

3.2.8. Determination of TADF and phosphorescence proportions in complex-2 at variable

temperatures.
_AEst
3+e kBT
TObS = AEST Eq 31
3 1 - kgT

T D
By fitting the lifetime vs. temperature plot with equation 1, we get the parameters as AEsy =
0.076 eV, Ty, = 91.63 us, 75, = 164 ns, k,(S;) = 6.09 x 10° s7*, and k, (Ty) = 1.09 x 10*

st

3.2.9. Calculation of fractional quantum yields of complex-2.
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At room temperature, the percentage of TADF in total emission = 90.5%, and the percentage
of phosphorescence in total emission = 9.5%.

Absolute quantum yield (@) = 83%.

®pr =75.1%

Dphos = 7.8%

3.2.10. Fabrication of emitter-doped PMMA films for complex-2

100 mg of PMMA particles were dissolved in chloroform by heating at 50°C for 10 minutes
under stirring conditions. Thereafter, ~20 mg of complex-2 was added to the PMMA solution,
and 0.2 mL of the resulting solution was used for drop-casting on a quartz substrate. The quartz
substrate was then kept under high vacuum for another 20 minutes prior to photophysical

studies.

3.2.11. Third-harmonic generation

3.2.11.1. Experimental setup for third harmonic generation

The third-harmonic generation in the crystals was investigated by using ultrafast (~50 fs) pulses
of different wavelengths from an optical parametric amplifier (OPA) as the excitation source,
with the 400 um beam spot size. An ultrafast regenerative amplifier (Spitfire Pro XP, Spectra-
Physics) with a pulse width of ~45 fs (FWHM), 1 kHz repetition rate, and 800 nm center
wavelength was used as a pump for the OPA (TOPAS-C, Light Conversion). The amplifier was
seeded with the ~35 fs pulses from a mode-locked Ti:Sapphire oscillator (Tsunami, Spectra-
Physics) of 80 MHz repetition rate and 800 nm central wavelength. The pump beam produced
by the OPA passes through an 800 nm long pass filter for the purity of the pump beam. The
filtered beam was then passed through a neutral density (N.D.) filter for power-dependent
measurements. The incident laser beam passes through an assembly of Glan polarizer and a
half-wave plate for polarization-dependent NLO measurements. The sample was mounted on
a rotating mount with an axis orthogonal to the polarization of the incident source. The pump
pulses upon passing through a half-wave plate focus onto the sample using a 200 mm plano-
convex lens. In the collection path, a 25 mm plano-convex lens was used, followed by a 750
nm short pass filter to filter out the pump beam. The filtered collimated signal was then routed

towards a miniature spectrometer (USB4000, Ocean Optics) coupled to a 400 um optical fiber.
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Scheme 3.3. Schematic of the third harmonic generation setup.

3.2.11.2. Calculation of third-order nonlinear susceptibility and LIDT

The third-order nonlinear susceptibility was calculated by exploiting a relative intensity method

based on nonlinear Maxwell’s equations>>¢:
A=, @) [sC®)
Xs = AR [T Gay Eq3.2
A=, Of30z) [[Gw)
le sz (3601) 1(3(4.)2) Eq 3.3

Where ys® and yi® are the third-order NLO susceptibilities of the sample and reference,
Is(3w) and Iz (3w) are the relative THG emission intensities of the sample and the reference,
Xw, and x,,,* are the third-order susceptibilities at fundamental pump frequencies o1 and
o2, and I (3wq)and I (3w, ) are the respective THG intensities. Using PyPbls as a reference for
¥ and relying on the above two equations (Eq. 3.2 and 3.3), we obtained a ¥ value of 1.15
x 1078 m*V~2 for complex-1 at pump wavelength of 1470 nm.>?

Laser-induced damage threshold (LIDT) is the optical power at which the nonlinear optical
response of a material starts to deviate from its cubic behavior. For determining the laser-
induced damage threshold (LIDT) of our sample, we have used Eq. 3.4, which gives us the
LIDT of around 14.73 GW/cm?’.

Energy per pulse
Pulse width x Ef fective Spot Area

Peak Intensity = vevereennn... EQ. 3.4

Average Power
Where, Energy per pulse = £TETRgE TonE
Repetition Rate

Average Power

LIDT = Peak Intensity = — ; ,
Repetition Ratex Pulse Width x Ef fective Spot Area

3.7x1073w
1000 Hzx 5010715 s x TX(400 X10~6m)2

LIDT = Peak Intensity = 14.73 GW/cm?

LIDT = Peak Intensity =
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3.2.11.3. Polarization dependence of third harmonic generation

The intense electric field, when applied to a dielectric material, induces a nonlinear polarization
in the material. The well-known power series is used to express the polarization of the sample,
where the third-order nonlinear polarization is related to the incident electric field by the
equation’’:

PP = &0 a0 EEEL e Q3.5

where i, j, k, 1 are the Cartesian indices.’’” Here, we have recorded the polarization-dependent
THG response of pump light to understand the structural anisotropy of the material. In Figure
3.13.c, the four-lobed pattern represents the THG response with respect to the pump
polarization angle.>* This nearly equal distribution of intensity of the THG and sudden drop to
near zero value can be due to the high nonlinearity along both axes. This behavior of crystal
lattice with polarized light suggests a high anisotropy of the complex-1 crystal. The polarization

ratio of the complex-1 crystal was found to be 87.4 % using the equation®®:

0= Unmax = Imin)/ Umax + Imin) s eveeesen o EQ. 3.6

3.3. Results and discussion

3.3.1. Design strategy

Steric effect and o-donor effects of the coordinating ligands were harnessed to regulate the Cu-
Cu distance in the complexes (Scheme 3.4). We first synthesized complex-1 by following a
reported protocol with slight modification*, where 3-cyanopyridine was used as coordinating
ligand (Experimental section 3.2.4). This was followed by the replacement of one 3-
cyanopyrdine attached to each Cu atom with PPhs, resulting in the formation of a heteroleptic
complex named complex-2 (Experimental section 3.2.5). The crystallographic details of
complex-1 were previously reported*® and can be found against the CCDC number 1990789.
We mention a few parameters here that are relevant to this particular work. ZN-Cu-N is

10,12,18,30,33,34’ with a

significantly shorter compared to heteroleptic di-nuclear Cuzl> complexes
value of 108.10°. In order to minimize the electronic repulsion, £I-Cu-I becomes relatively
wider with a value of 120.20°, which results in a significant shortening of the Cu-Cu distance
(2.64 A). The crystallographic data of complex-2 is listed in Table A1 of Appendix 1, and the
crystal structure is given in Scheme 3.4. Interestingly in this case, the ZN-Cu-P was found to
be 121.18°, which is much higher compared to the ZN-Cu-N (108.10°) of complex-1.

Consequently, £I-Cu-I becomes much shorter than that of complex-1 with a value of 109.85°.
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Scheme 3.4. Design strategy for complex-1, and complex-2, along with the corresponding
crystal structures (below).

This contraction in the bond angle further led to an increase in the Cu-Cu distance, which was
found to be 3.07 A. In the case of complex-1, all ligands are 3-cyanopyridine; therefore, a
minimum amount of steric hindrance is obtained. In complex-2, the insertion of two PPh;
ligands leads to a significant increase in steric hindrance. Due to the enhanced steric factor, the
£N-Cu-P increases; therefore, in order to neutralize the excess electronic repulsions, £I-Cu-I
undergoes a consequential decrease. The steric effect and o-donor effects were further
quantified for both complexes by performing natural bonding orbital (NBO) calculations
(Experimental section 3.2.6). NBO calculations shows that Cu---Cu distance was increased
from complex-1 to complex-2, as similar to observed in the crystal structures. Steric repulsion
between the two ligands attached to the Cu center increases from 4.49 kcal/mol (complex-1) to
13.60 kcal/mol (complex-2). At the same time, the delocalization of the electron density from
the nitrogen lone-pair of the cyanopyridine ligands to the lone vacant orbital of the Cu center

was found to be similar in both these complexes with the second-order perturbative energy
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Figure 3.1. Hirshfeld surface analysis
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of the complexes. Fingerprint plots revealing

quantitative description of several non-covalent interactions were quantified by using crystal
explorer 3.1 software®®. Fingerprint plots from normalized distance (dnorm) mapped over
Hirshfeld surface to calculate the percentage of each non-covalent interaction for (a) complex-

1, (b) complex-2.

[E®] of ~25-27 kcal/mol. However, the E® values of the delocalization of the phosphorus

lone-pair of the triphenylphosphine ligand to the lone vacant orbital of the Cu center was found

to be ~51 kcal/mol, almost two-folds of the delocalization observed in case of 3-cyanopyridine

ligand. The enhancement in this delocalization can substantially increase the steric repulsion

between the Cu centers in complex-2, thereby increasing the Cu---Cu distance to avoid the steric
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Figure 3.2. Normalized distance (dnorm) mapped over Hirshfeld surface for (a) complex-1, and
(c) complex-2. Histogram of the percentage contributions of different non-covalent interactions
in (b) complex-1 and (d) complex-2.

repulsion between Cu centers. This clearly corroborates our experimentally derived variation

of the Cu-Cu distance from the crystal structure (Scheme 3.4).

3.3.2. Non-covalent interactions in the bulk phase

The triplet harvesting pathways of two complexes were explored in solid-state, therefore it is
worth noting that several non-covalent interactions with high enthalpy values can moderately
increase the ISC processes in the solid phase. To identify some of these interactions, Hirshfeld
surface analysis calculations were carried out using the crystal structures (Figure 3.1). The
normalized distance (dnorm) mapped over the Hirshfeld surface for both complexes is given in
Figures 3.2a and 3.2c¢. The histogram containing the percentage contributions of several
interactions is shown in Figures 3.2b and 3.2d. We observe that in both complexes, strong
interactions such as N---H (enthalpy ~2.97 kJ/mol)*>, C---H (enthalpy ~10.3 kJ/mol)*°, and
I---H (enthalpy ~16-25 kJ/mol)®!' are present in the bulk phase. These strong non-covalent
interactions not only influence the photophysical processes but also dictate the direction of the
polarizability in bulk condensed phase, which has large impact on the NLO properties of the
complexes.®>% The polarizability in the bulk phase is dictated by the charge transfer properties.
Non-covalent interactions with high enthalpy can induce through-space charge transfer in the

bulk phase.®*% NLO properties of the material depend on the polarizability in the bulk phase.
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Figure 3.3. (a) Solid-state absorption spectra of complex-1, (b) excitation and emission spectra
of complex-1, (c) PL decay profile for complex1, and (d) Nanosecond luminescence decay
profile for complex-1.

The non-covalent interactions along a particular direction within the crystal can decide the
direction of the polarizability. As a result, it can induce directional features in the NLO

properties of the material.

3.3.3. Phosphorescence emission from complex-1

Complex-1 manifests green color under UV light in the solid state along with an absorption
peak at 428 nm (Figure 3.3a). It displays a broad emission band having a maximum at ~535
nm (Figure 3.3b), along with an absolute quantum yield of 66% (Experimental section 3.2.7).
Moreover, the PL decay profile exhibits biexponential decay having long lifetime components
of 2.27 ps and 6.43 ps (Figure 3.3c, Table A3 in Appendix 4). Spin-orbit coupling matrix
elements (SOCME) calculations (Experimental section 3.2.6) derived from DFT methods
(B3LYP-D3/def2svp level) show reasonably high values in the excited states for Si-Tn pairs
(~3-130 cm™) (Table A2 in Appendix 4). It suggests the presence of strong spin-orbit coupling,
which subsequently enhances the ISC rate between singlet and triplet states. This is further

supported by the PL decay profile, which consists of only microsecond components and is
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Figure 3.4. (a) Ground state optimized geometry of complex-1 in chloroform along with
corresponding (b) HOMO and (c) LUMO of complex-1, (d) temperature-dependent emission
spectra of complex-1(excited at 400 nm), (e) lifetime vs. temperature plot of complex-1
(lifetime collected by exciting at 405 nm), and (f) schematic Jablonski diagram for complex-1.

devoid of any prompt fluorescence (PF) owing to the high ISC rate (Figure 3.3d). Interestingly,
a significantly high SOCME value between T and So (91.34 cm™) (Table A2 in Appendix 4)
indicates a higher rate of phosphorescence decay in this complex. DFT calculations (B3LYP-
D3/def2svp level) (Experimental section 3.2.6) also reveal that the HOMO is located over Cu
(3d), I (5p) orbitals (Figure 4b) and LUMO is distributed over the n* orbital of the 3-
cyanopyridine ligand (Figure 4c¢), unveiling the (M+X)LCT character of the complex. In order
to identify the character of each triplet level, natural transition orbital (NTO) analysis was
carried out for some of the low-lying singlet and triplet states (S1-Sz and T1-T3) (Figure A3,
A4 in Appendix 3) which shows (M+X)LCT nature of low-lying states. However, a much
shorter Cu-Cu distance of 2.64 A (less than the van der Waals distance of Cu atom) in solid
state is likely to give rise to a strong Cu---Cu bonding character in higher energy excited states,
which can eventually lead to the formation of *CC excited states with low-energy emission.
Notably, the higher analogues of the Cuxlz framework, such as cubane-type Cusls clusters
coordinated with suitable ligands with low-lying n* orbitals, exhibit emission characteristics
derived from a thermal equilibrium between *(M+X)LCT and 3CC states.!'!'> At room
temperature, the emission comes mostly from the CC state at the expense of the population

from the *(M+X)LCT state.!!"!> As the temperature decreases, insufficient thermal energy does
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Figure 3.5. Root-mean square deviation (RMSD) of the ground state geometry in crystalline
phase with (a) the ground state geometry in CHCl3 (depicted in red) and (b) in THF (depicted
in red) for complex-1, calculated and plotted using VMD software. RMSD in case of both
solvents was found to be much higher with a value of ~1.96 A.

not allow the *(M+X)LCT state population to overcome the energy barrier for transition to *CC
state. As a result, the emission intensity of the high-energy *(M+X)LCT band undergoes an
enormous enhancement at lower temperatures.'!> Upon lowering the temperature to 150 K,
the emission intensity of complex-1 was sequentially enhanced, accompanied by a continuous
blue-shift of the spectra (Figure 3.4d). When the temperature was reduced below 150 K,
another hump emerged at ~500 nm (Figure 3.4d). Upon further lowering the temperature to 8
K, the band-splitting became progressively prominent with the emergence of two shoulder
peaks at 500 nm and 530 nm (Figure 3.4d). The extent of enhancement in the emission
intensity was comparatively lower in the 50-8 K temperature range. The sequential blue-shift
and intensity enhancement of the emission band is indicative of an increase in the emission
from 3(M+X)LCT state and simultaneous suppression of *CC emission at lower temperatures.
The origin of the band-splitting at lower temperatures can be attributed to the activation of
ligand-centered (LC) states showing vibrational progression in the emission band. The lifetime
of complex-1 was found to increase from ~6.43 ps to ~37.56 us when the sample was cooled
down from 300 K to 8 K (Figure AS in Appendix 3 and Table A4 in Appendix 4). By virtue
of a high ISC rate, fast thermalization can be assumed to take place in this complex. However,
the lifetime vs. temperature plot shows a sequential increment of the lifetime with temperature
and does not represent any Boltzmann-like thermal distribution of the excited state population
(Figure 3.4e). Hence, the possibility of TADF is effectively ruled out in this case and confirms
the presence of phosphorescence. Previously, Ford and Toriumi reported that >(M+X)LCT and
3CC states do not exhibit large variations in lifetime with temperature.’*®® Therefore, the

comparatively lesser variation in the lifetime with temperature can be attributed to thermal
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Figure 3.6. (a) Emission spectra of complex-1 in CHCl; and THF (excited at 390 nm). (b)
Deconvoluted emission bands of complex-1 in CHCIs. (c) Deconvoluted emission bands of
complex-1 in THF. (The concentration of the solution is 60 nM).

equilibrium between *(M+X)LCT and *CC states (Figure 3.4f). As (M+X)LCT states are
majorly associated with HOMO to LUMO transition, electron-withdrawing group like -CN can
sufficiently stabilize the LUMO energy, and the (M+X)LCT emission gets shifted to longer
wavelength. As a result, the emission energies of *(M+X)LCT and 3CC state become much
closer to each other making them spectrally unresolvable. Interestingly, the stabilization in
LUMO energies leads to a larger energetic barrier between these two states which results in a
strong *(M+X)LCT emission at room temperature coexisting with *CC emission.'> This fact
also explains the occurrence of simultaneous *(M+X)LCT and *CC emission in complex-1 at
room temperature. The presence of >(M+X)LCT and *CC emission is further supported by the
solvent-based theoretical and experimental analysis. DFT calculations in CHCl; and THF
reveal that the ground-state optimized geometry is much distorted in solution compared to that
of the crystalline phase with a large RMSD value of ~1.96 A (Figures 3.5a, 3.5b). In both
CHCIl; and THF, complex-1 exhibited a broad emission band with the maximum located at
~550 nm, which is slightly red-shifted compared to the solid-state emission spectrum owing to
the solvation effect (Figure 3.6a). In addition, another hump was observed in CHCI3 solution
with the maximum at ~650 nm, which emerged as a peak with a maximum at ~675 nm in case
of THF (Figure 3.6a). To completely resolve the emission bands, the emission spectra were
deconvoluted by using minimum number of Gaussian peaks (Figures 3.6b, 3.6¢). The
additional emission peaks in CHCI3 and THF are comprised of bands with reasonably high
bandwidths (B and B' in Figures 3.6b, 3.6¢), which significantly differ from the bandwidth of
the other two high-energy bands (A and A'). The difference in emission bandwidths indicates
the presence of different emissive states based on orbital contributions and relaxation energies.
The previous theoretical and experimental approaches have shown that in Cusls-type cubane

clusters, >*CC state is formed by exciting one electron from HOMO to a high energy vacant
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Figure 3.7. Ground state optimized geometry with Cu-Cu distance of complex-1 in (a) CHCI3,
and in (b) THF.

orbital (LUMO+24), which has a sufficient Cu-Cu bonding character.!">¢7  This state
undergoes a greater extent of geometry relaxation than *(M+X)LCT states. As a result, the
extent of band-broadening is much greater in the case of *CC emission compared to
3(M+X)LCT emission. Therefore, the exceptionally large bandwidth of B and B' in our case
can be directly correlated to higher relaxation energy of *CC states. Interestingly, in this
complex, a high energy vacant orbital (LUMO+19) was identified with a strong Cu---Cu
bonding interaction which has similar characteristics to LUMO+24 of Cuasls clusters (Figure
A6 in Appendix 3). In addition, the ground-state optimized geometry of complex-1 in CHCl;3
and THF shows a Cu-Cu distance of 2.554 A and 2.556 A, respectively, which are significantly
shorter than the distance in the solid phase (2.64 A) (Figure 3.7a, 3.7b, Scheme 3.4). It
suggests that in solution, the Cu---Cu bonding interaction undergoes an enormous increment
compared to the solid state and the LUMO+19 can be further stabilized. The enhanced bonding
interaction can lead to significant stabilization of the CC state, resulting in a major red-shift
in the corresponding emission band. Therefore, the emergence of red-shifted emission peaks
(B and B") in the solution phase can be attributed to a further stabilized *CC state compared to
the solid-phase. Alongside, the high-energy A and A' bands are ascribed to 3(M+X)LCT
emission. As a result, we observe a dual-band emission from complex-1 in the solution phase,
but in the solid state, the individual spectral contributions of these two emissive states are
unresolvable. The dual emissive nature also substantiates the temperature-dependent emission
spectra in solid-phase, where the blue-shift at lower temperatures confirms the presence of
thermal equilibrium between 3(M+X)LCT and *CC states. Therefore, a shorter Cu-Cu distance

plays a key role in dictating emission pathways of (M+X)LCT active Cuzl> complexes.
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Figure 3.8. (a) Solid-state absorption spectra of complex-2, (b) excitation and emission spectra
of complex-2, (c) PL decay profile for complex-2, and (d) Nanosecond luminescence decay
profile for complex-2.

3.3.4. TADF emission from complex-2

Following the ligand replacement in complex-1, the complex-2 exhibits green-yellow color
under UV light, with an absorption peak at 400 nm (Figure 3.8a) and emission maximum at
~538 nm in the solid phase (Figure 3.8b). DFT calculations show the low-lying excited states
to be (M+X)LCT in nature, where the HOMO and LUMO are spatially well-separated (Figure
3.10b, 3.10c¢). The absorption peak of complex-2 (at 400 nm) lies at higher energy compared
to complex-1 (at 428 nm). This can be attributed to the larger number of 3-cyanopyridine
ligands in complex-1, where the strong electron-withdrawing effect of four -CN groups reduces
the energy of low-lying excited states of complex-1 compared to that of complex-2. The single-
point TDDFT calculation shows that the low-lying excited states are energetically close with a
reasonably small AEst value of 0.03 eV (Figure 3.9b). Additionally, high SOCME values
between Si-Tn pairs (~7-14 cm™) (Table A2 in Appendix 4) indicate a high ISC rate in the
excited states. In addition, the ground-state optimized geometry of complex-2 significantly
overlaps with the geometry in the crystal phase, unlike complex-1 (Figure 3.10a). However,

the crystal structure suggests that the Cu-Cu distance (3.07 A) (Scheme 3.4) is much larger
99 |Page



(a) (b)

A 1s.
53, S4, 35 Ts
T —
S ? >
*q-’— 9’ S, S,
> T3 Ty 3
o g —_—
Q S, 8 T3, T,
< 1T}
11
smmmmmm—_0.03 eV
s1 \ TZ S1! SZ \_
0.017 eV T, T, T,

Figure 3.9. TDDFT single-point energy diagram (in CHCls, using IEFPCM model) of (a)
complex-1, and (b) complex-2 for Si-Ss and T1-Ts.

than the van der Waals radius of the Cu atom, which is indicative of the absence of any Cu---Cu
bonding interaction in the solid phase. The temperature-dependent emission study shows a
sequential red-shift in the emission band along with an increment in intensity upon lowering
the temperature from 300 K to 8 K (Figure 3.10d). The observation of the red-shift is in
complete contrast with complex-1, which can also be realized from the images of the sample
at room temperature and low temperature (Figure 3.4d, 3.10d). The lifetime at room
temperature for this complex was determined to be 6.98 pus (Figure 3.8c, Table A3 in
Appendix 4) in solid phase. Interestingly, the emission lifetime of this sample inclined
enormously to ~94 us upon lowering the temperature to 50 K (Figure 3.10e, Table AS in
Appendix 4). In 50-100 K region the lifetime distribution forms a plateau with high lifetime,
which indicates that the emission exclusively comes from the triplet state as phosphorescence.
Above 100 K, a sharp decrease in lifetime takes place, which indicates that a higher lying state
with a shorter lifetime is thermally activated at higher temperatures. Under the assumption of
a fast thermalization process, the lifetime vs. temperature plot represents a Boltzmann-type

thermal distribution of the population, and fitted with Eq 3.7,3!*® (Figure 3.10f).

_AEgt
3+e keT
Tobs = 3 1 _AEst Eq 3.7
(Ty) * ©(S1)

where, T,ps kg, T(T1),and 7(S;) denotes experimentally observed lifetime, Boltzmann
constant, intrinsic lifetime of triplet state and singlet state, respectively. The particular feature
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Figure 3.10. (a) Ground state optimized geometry of complex-2 in chloroform. Corresponding
(b) HOMO and (¢) LUMO of complex-2. (d) Temperature-dependent emission spectra of
complex-2 (excited at 400 nm), (e) temperature-dependent variation in the lifetime of complex-
2 (lifetime collected by exciting at 405 nm), (f) lifetime vs. temperature plot for complex-2, (g)
gated emission spectra of complex-2 at 300 K and 77 K (excited at 400 nm), (h) proportions of
TADF and phosphorescence at different temperatures, and (i) schematic Jablonski diagram for
complex-2.

of temperature-dependent lifetime variation is related to the thermal equilibrium between
singlet and triplet state population and confirms the presence of TADF in complex-2 within
three-state model. At room temperature, a much shorter lifetime suggests that the emission
yield is predominantly derived from the delayed fluorescence process. The intrinsic lifetimes
of singlet and triplet states were obtained from the fitting parameters of eq. 1 and were
calculated to be 164 ns and 91.63 s, respectively (Experimental section 3.2.8). The AEst was
obtained from the fitting parameters and calculated to be 0.076 eV (Experimental section
3.2.8). Such a lower AEsr clearly shows that following the ISC process, the singlet state can be
thermally repopulated at the cost of the triplet state population at room temperature. The

occurrence of the red-shift in the emission spectra is attributed to the increased triplet emission
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at lower temperature, which has a lower energy than the singlet state. As both states are
(M+X)LCT in nature, therefore, no vibrational structure is observed in this case as is shown by
complex-1. Additionally, the absence of vibrational structure also indicates that the whole
emission is derived from the thermal equilibrium between *(M+X)LCT states and no ligand-
centered emission is involved. Due to a reasonably high ISC rate, prompt fluorescence (PF) is
severely quenched to several picoseconds in this kind of moieties, where strong spin-orbit
coupling is present.’!*%° As a result, no detectable PF was present within the nanosecond decay
profiles of this complex (Figure 3.8d). In this case, ISC rate (kisc) can be qualitatively
estimated to be in the order of 10''-10'% 5!, given that the PF lifetime is in the order of several
picoseconds. The increase in the triplet population at lower temperatures can also be
demonstrated by comparing the gated emission spectra at 300 K and 77 K. At 300 K, the
intensity of the emission band is quenched to a significant extent upon applying a 20 us detector
delay, which suggests that the emissive state has a shorter lifetime at room temperature (Figure
3.10g), which corresponds to predominant delayed fluorescence. Surprisingly, upon lowering
the temperature to 77 K, an immense boost in intensity took place at the same detector delay
(Figure 3.10g). The exceptional increment in the emission intensity clearly shows that at low
temperature, the emissive state has a much longer lifetime corresponding to phosphorescence
emission. Furthermore, we have calculated the temperature-dependent contributions of delayed
fluorescence and phosphorescence to the total emission along with delayed fluorescence

lifetime by using Eq 3.8, 3.9, and 3.10, respectively>*7°.

I(T k.(S,;) =AEsr]*
(1):[1+ r( 1)ekBTl Eq3.8

ITot 3kr(T1)
Y
1(S1) _1_ ll Kk (S1) o KpT l Eq3.9
ITot 3kr(T1)
)
Tpr = 1—DF1 Eq 3.10
Tobs B E

where, k,(S;) and k,.(T;) denote rate of prompt fluorescence and rate of phosphorescence,
respectively. The temperature dependence of the TADF and phosphorescence attributes were
found to follow a similar nature as the lifetime variation, which is complementary to each other
(Figure 3.10h). At room temperature, the contributions of TADF and phosphorescence were
found to be 90.5% and 9.5% of the total emission yield, respectively (Table A6 in Appendix
4). As a result, the majority of triplet excitons are easily recoverable through the delayed
fluorescence process, which gives rise to a high absolute quantum yield of 83% (Experimental
section 3.2.7). The percentage contribution of TADF was sequentially decreased with
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decreasing temperature, along with a simultaneous inclination in phosphorescence contribution
(Figure 3.10h, Table A6 in Appendix 4). Finally, at 50 K, only phosphorescence emission was
observed (Figure 3.10h). The fractional quantum yields for TADF and phosphorescence were
found to be 75.1% and 7.8%, respectively (Experimental section 3.2.9) at room temperature.
The delayed fluorescence lifetime of the complex was found to be 5.6 ps, which is significantly
lower and comparable to other reported Cu(l) TADF complexes.’!*® A high quantum yield
value, along with a shorter delayed fluorescence lifetime, make this complex a suitable
candidate to be utilized in fabricating OLED devices. The exceptionally high delayed
fluorescence yield in this complex is further supported by a feeble SOCME value of 0.0014
cm’! between T and S (Table A2 in Appendix 4). As a result, the phosphorescence decay rate
becomes reasonably lower in this complex, thereby enhancing the RISC rate from T to S;.
Additionally, it should be noted that the quantum yield of this complex is reasonably higher
compared to complex-1. In complex-1, along with the 3(M+X)LCT states, the *CC states act as
an additional radiative pathway through which a significant portion of excitons can be
recovered. The loss in emission yield in complex-1 can be significantly attributed to the
enhanced non-radiative decay owing to the higher reorganization energy of CC states.
Therefore, considering the rudimentary structural framework for both complexes to be the
same, triplet harvesting was found to be more efficient in case of complex-2, which is a
B(M+X)LCT active TADF complex (Figure 3.10i). The photophysical parameters of two
complexes, along with Cu-Cu distances are summarized in Table 3.1. Evidently, a significant
increase in Cu-Cu distance can lead to a complete transition in the emission pathway and
activates TADF in (M+X)LCT complexes with high quantum yield.

Table 3.2. Photophysical parameters of complex-1 and complex-2 in solid phase.

Complex name Cu-Cu distance [A] ~ Emission maxima Lifetime Quantum
[nm] [us] yield

Complex-1 2.64 535 6.43 66%

Complex-2 3.07 538 6.98 83%

3.3.5. Fabrication of emitter-doped PMMA film and warm white light emitting pc-LED
with complex-2.
As complex-2 exhibits TADF, we further went on to fabricate emitter-doped polymethyl

methacrylate (PMMA) films of this complex in order to examine the scope of its utilization in
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Figure 3.11. (a) Emission spectra of 20% (w/w) emitter-doped PMMA film for complex-2
(excited at 400 nm), (b) PL decay profile of 20% (w/w) complex-2-doped PMMA film, (c)
Emission spectra of the pc-LED fabricated with 20% (w/w) complex-2-doped PMMA film, (d)
demonstration of the pc-LED set-up emitting warm white light, and (e) CIE color coordinate
of the pc-LED fabricated with 20% (w/w) emitter-doped PMMA film for complex-2.

OLED devices (Experimental section 3.2.10). PMMA acts as a suitable host matrix with high-
energy triplet states so that no energy transfer can take place between the emitter and PMMA."!
It can also suppress the non-radiative decay rates in the bulk phase, thereby reducing the
concentration-quenching effects in the emitter.”! 20% (w/w) emitter-doped PMMA film for
complex-2 shows a broad emission band with a maximum at ~560 nm (Figure 3.11a) with a
quantum yield of 77% (Experimental section 3.2.7). Interestingly, the lifetime components of
the emitter-doped film were found to be ~2.8 pus, which are much lower compared to the solid-
state lifetime (Figure 3.11b, Table A7 in Appendix 4). The decrement in the lifetime can be
attributed to the increased reverse inter-system crossing (RISC) rate in the polymer matrix film.

For an emitter kzsc is given by’?,
Opr

TprTprKiscPpr

kRISC = Eq 3.11

where, 7pr and @pr are PF lifetime and PF quantum yield, respectively. The tor and kisc may
undergo negligible changes as a consequence of the intrinsically strong spin-orbit coupling of
the complex. From Eq. 3.11, it can be determined that if tpr decreases, the kr;sc would increase

(or vice versa). PMMA matrix prevents the triplet excitons from undergoing non-radiative
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decay by providing rigid environment to the emitter. PMMA has high energy triplet states,
which prohibits the triplet-triplet energy transfer from the emitter. As a result, inside the
polymer matrix availability of triplet excitons for RISC process increases compared to the
emitter in solid phase, and eventually the RISC rate increases. As the quantum yield of
complex-2 remains largely unchanged in the PMMA film, the faster RISC rate is reflected by
a shorter emission lifetime. Copper(I) iodide-based phosphors can also be utilized in fabricating
solution-processable pc-LED.”>"7° In our case we have further fabricated the pc-LED by using
20% emitter-doped PMMA matrix as described above. The CHCI3 solution containing the
polymer and emitter was coated over the InGaN LED chips (Figure A7 in Appendix 3). It was
connected to a battery which resulted in the emission of warm white light from the pc-LED
(Figure 3.11d) with a CIE coordinate of (0.40, 0.40) (Figure 3.11e). The emission spectra was
collected, and the band maximum was found to be at ~560 nm (Figure 3.11c). These results

further uphold the potential utility of this complex in fabricating OLED devices.

3.3.6. Photon up-conversion properties

3.3.6.1. Third harmonic generation

Consequently, the high charge-transfer nature and strong non-covalent interactions in bulk
phase further prompted us to explore non-linear photon up-conversion properties of these
complexes. Despite the presence of high (M+X)LCT character, exploration of NLO responses
of these materials is rarely found in the literature. Second harmonic generation (SHG) is a
second-order nonlinear process and intrinsically most efficient for photon up-conversion.
However, only non-centrosymmetric materials can produce SHG. In contrast, the third
harmonic generation (THG) has no such symmetry limitations.”” THG is a third-order nonlinear
process where the photon energy can be upconverted three-fold in a single step. As these
complexes have a charge-transfer state as the excited electronic state, we anticipate them to
have large polarizability, a requirement for efficient third-order nonlinearity. Hence, we have
investigated the third-order NLO properties of our samples by conducting extensive THG
measurements at a wide range of excitation wavelengths. We used ~50 femtosecond pulses
produced from an ultrafast optical parametric amplifier as the excitation source for all THG
measurements. The experimental details are provided in the Experimental section 3.2.11. We
examined the THG responses of the centrosymmetric crystals of both complex-1 & complex-
2 at various excitation wavelengths ranging from 1380 — 1580 nm at a constant power of 3 mW
for complex-1 and 8 mW for complex-2 (Figures 3.12a, 3.12b). The THG response is

dependent on the excitation wavelength, and we observe a resonance enhancement of THG
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Figure 3.12. Excitation wavelength-dependent THG response of (a) complex-1 and (b)
complex-2. Excitation wavelength was varied from 1380 nm to 1540 nm keeping the average
power of 3 mW for complex-1, and 8 mW for complex-2. THG response (integrated intensity)
vs the excitation pump wavelength for (¢) Complex-1 and (d) Complex-2. Maximum THG
response is observed at excitation wavelength of 1470 nm and 1480 nm for complex-1 and
complex-2, respectively. (e) Excitation power-dependent spectra of the THG response at the
excitation pump wavelength of 1470 nm for complex-2, and (f) comparison of THG response
of reference PyPbls at excitation wavelengths 1440 nm and 1470 nm with the THG response
of the complex-1 at the similar wavelengths.

intensity corresponding to the edge of the absorption spectra. The THG intensity maxima are
at 490 and 495 nm for the complex-1 and complex-2, respectively (Figure 3.12¢, 3.12d).
Complex-1 exhibits an order of magnitude higher resonance-enhanced THG response than that
in complex-2. For complex-1, a dramatic enhancement of the THG is observed near the pump
wavelength of 1470 nm, as it approaches the bandgap resonance.’>’® The THG drops
drastically upon further decrease in pump wavelength due to self-absorption.>*”® Complex-2
shows an intriguing THG response. An equally strong spectrally-overlapping 3-photon
absorption-induced fluorescence accompanies the THG spectra (Figure 3.12e). An efficient
three-photon absorption (a fifth-order nonlinear process) and subsequent fluorescence compete
with the THG process resulting overall lower THG intensity compared to the complex-1 where
such a competition is absent. Due to the complication of deconvoluting the THG intensities
from the complex THG-fluorescence spectra, we could not quantitatively determine the THG

efficiency for complex-2.
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We quantitatively assessed the THG efficiency and the optical stability of complex-1 at the
excitation wavelength corresponding to the maximum THG response. We determined the third-
order nonlinear susceptibility (x®) using a modified relative method derived from nonlinear
Maxwell’s equation®>-* (Experimental section 3.2.11.2). To determine ¥, we have used
pyridinium lead iodide (PyPbls) as the reference as it shows maximum THG response at a
nearby excitation wavelength (1440 nm).>* PyPbl; has a y ®) value of 1.96 x 1078 m*V-2 at 1440
nm. The ¥® value of complex-1 is obtained to be about 0.79 x 107'® m*V-2at 1440 nm. From
the relative THG response of the reference and complex-1 at identical condition (Figure 3.12f),
we determined the ® value of complex-1 to be 1.15 X 107'® m?V-2 at pump wavelength 1470
nm, exhibiting the highest THG response. Complex-1 shows a comparable THG response at
490 nm to PyPbls and other lower-order metal-halide perovskites which are in the limelight for
their efficient NLO properties.>>>*7

Optical stability is another important factor for any material for potential NLO applications.
Laser-induced damage threshold (LIDT) is the quantitative measure of optical stability of a
material and corresponds to the optical damage limit of the material at a source wavelength.°
To determine the LIDT, we recorded the THG response of complex-1 at varied excitation power
at the resonant condition of maximum THG (Apump = 1470 nm) with the laser spot size of 400
um. Figure 3.13a depicts the excitation power-dependent THG spectra at the resonance
excitation condition, whereas Figure 3.13b plots the integrated THG intensities vs the
excitation power. It is evident from Figure 3.13b that the THG response deviates from its usual
cubic dependence beyond excitation power of ~3.7 mW and corresponds to LIDT of complex-
1. This sudden loss in THG is due to the saturation effects such as local heating.”” We obtain a
LIDT value of 14.73 GW/cm? for complex-1 (Experimental section 3.2.11.2), which is almost
comparable to the reported benchmark NLO materials or even higher than that (~11600 x LIDT
of AgGaS,, which is a conventional NLO material for comparison of LIDT measurements).5%8!
Therefore, it is a promising material that shows a satisfactory response in third-order
susceptibility and optical stability and should be further explored.

In addition to higher NLO efficiency and optical stability, intrinsic structural anisotropy is
envisioned as another crucial factor for any material to be used as a potential NLO source.®
This structural anisotropy is examined by the change in polarization of the excitation source.
Here, we determined the THG response with respect to different polarization angles under the
resonant conditions where we observed the maximum THG. Figure 3.13¢ shows the four-lobed
distribution of THG intensity, and the maximum THG corresponds to the orthogonal direction

of the polarization concerning the axis of the crystal.>* On the contrary, there is a negligible
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Figure 3.13. (a) Excitation power-dependent spectra of the THG response at the excitation
pump wavelength of 1470 nm for complex-1, (b) integrated THG intensity vs. excitation power
for complex-1 at pump wavelength of 1470 nm. THG response deviates from its cubic-
dependence on excitation power at ~3.7 mW, and (c) variation of normalized THG intensity
with respect to the change in the polarisation angle of the excitation source.

THG response when the incident pump polarization is parallel to the axis of the crystal. Thus,
we conclude that the THG emission pattern is highly sensitive to the crystal symmetry of the

material.

3.3.6.2. Two-photon excited luminescence properties

Two-photon absorption (TPA) is a prodigious photon up-conversion phenomenon that can
generate high energy photons by using near-IR or IR light sources.®>** TPA is a non-linear
optical process where the material with high energy band-gap is excited from ground state to
excited state by simultaneous absorption of two low energy photons.?* The excitation source is
typically a laser beam in this case, having high density of photons which is required in
simultaneous absorption of multiple photons. Therefore, in case of two-photon active
luminogens, this optical excitation leads to luminescence with an energy that is much higher
than the excitation source. m-conjugated push-pull type luminogens having high charge transfer
nature in their excited state can exhibit strong TPA properties. In this particular work, complex-
1 and complex-2 were found to exhibit efficient two-photon excited luminescence owing to
their high charge transfer character, polarizability, and dipole moments. The dipole moment
and polarizability of complex-1 was found to be 1.71 D and 500.24, respectively; and that of
the complex-2 was calculated 0 D and 860.29, respectively. Although the complex-2 has zero
dipole moment, but the higher polarizability can impart two-photon absorption properties. The
corresponding PL spectra, excitation spectra and microscope images for both complexes were
collected by using multi-photon excitation luminescence set-up. The two-photon excited PL
spectra of both complexes significantly resemble the single-photon excited PL spectra of the

complexes (Figures 3.14a, 3.14b). PL intensity vs. incident laser power plot (Figures 3.14e,
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Figure 3.14. Two-photon excited PL spectra of (a) complex-1 and (b) complex-2 in their
crystalline phases. Two-photon excited luminescence microscopy images of (c) complex-1 and
(d) complex-2 in their crystalline phases. PL intensity vs. laser power plot for (e) complex-1,
and (f) complex-2.

3.14f) for both samples were fitted by using power equation and the order was evaluated from
the fitting parameters. The orders were found to be 1.70 and 1.51 for complex-1 and complex-
2, respectively, which shows that the PL intensity is slightly deviated from the quadratic
relationship with the input laser power (Figures 3.14e, 3.14f). It signifies that the anti-Stokes
emission has a small contribution from the first-order emission, therefore the resultant emission
1s a mixture of two-photon excited luminescence and some residual first-order emission. The
excitation spectra show significant absorption in the range of 700-900 nm (Figure 3.15a,
3.15b) for both complexes. The two-photon excited PL images are given in Figures 3.14¢ and
3.14d, where the single crystals are visible upon excitation at 700 nm and 690 nm, for the
complex-1 and complex-2 respectively. The higher two-photon excited luminescence intensity
of complex-1 than complex-2 can be explained by comparing their y ®) values. In THG section
we have mentioned that y ) of complex-2 is much lower than complex-1 due to a strong three-
photon luminescence response of complex-2 in same excitation range of THG. As two-photon
excited luminescence is also a y® process, therefore two-photon excited luminescence

response of complex-1 is much higher than complex-2.

3.4. Conclusion
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Figure 3.15. (a) Two-photon excited PL excitation spectra of (a) complex-1 and (b) complex-
2. Emission window was as follows: 480 nm-540 nm for both complex-1 and complex-2. 20
nm step size was used during the measurements.

In summary, we have developed an approach where ligand engineering can modulate the triplet
harvesting mechanism in iodide-bridged Cuzl> complexes by keeping the emission energy
almost intact. Replacement of two 3-cyanopyridine ligands in complex-1 with PPh3 results in
an enormous enhancement in the inter-ligand steric hindrance, which increases the Cu-Cu
distance, thereby leading to activation of TADF in complex-2. Complex-1, having a Cu-Cu
distance of 2.64 A, undergoes excited state relaxation via *(M+X)LCT and *CC states, with an
absolute QY of 66%. On the other hand, after replacing two 3-cyanopyridine ligands with PPhs,
the Cu-Cu distance increases to 3.07 A in complex-2. This complex exhibits no sign of cluster-
centered emission; rather, the thermal equilibrium between '(M+X)LCT and *(M+X)LCT
states leads to radiative relaxation through the TADF process with a much higher absolute QY
of 83%. Therefore, larger steric hindrance between ligands can increase the Cu-Cu distance in
these complexes which results into eradication of *CC emission and improve the quantum yield
of the system. Furthermore, complex-1 exhibits highly efficient third harmonic generation with
ay® value of 1.15 x 10718 m2V =2 and LIDT value of 14.73 GW/cm? owing to its high charge
transfer nature and large number of strong non-covalent interactions in bulk phase. The
producibility of the complex-2 in OLED devices was verified by fabricating emitter-doped
PMMA films and the pc-LED, which emits an efficient warm white light. This work sheds light
on an efficient design strategy for developing highly emissive Cuxl> complexes and can pave

the way towards development of efficient OLED devices and photon up-conversion systems.
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3.5. Appendices

3.5.1. Appendix 1: Characterization
'H NMR spectra of complex-1 at ~2 nM concentration
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Complex-1 undergoes polymerization in solution phase at high concentration (even in the order
of several uM concentration). Therefore the 'H NMR spectra was collected at ~2 nM
concentration, where it was confirmed that no polymerization takes place. At this reasonably

lower concentration of the sample, collection of '*C NMR is not feasible. Hence, we are not

able to provide '*C NMR spectra for complex-1.
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'H NMR spectrum of complex-1 upon polymerization (performed using 2 pM

concentration)
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The dinuclear complex coordinated with pyridine may form copper iodide coordination
polymer at higher concentrations. To prove whether there is any polymer formation even at
very low concentrations, '"H NMR studies were carried out. The interaction between the ligands
would be different in monomeric di-nuclear complex and the coordination polymer, therefore,
"H NMR is particularly useful to distinguish between two structures in solution. We compared
the NMR data of two different samples- 1) the polymeric sample with high concentration (2
uM), and 2) the monomeric sample with 2 nM concentration of sample. We found a significant
shift of peaks and J-values, suggesting a change in both the chemical environment and coupling
patterns. Here is a summary of the results we obtained: a) For monomeric sample: 'H NMR
(400 MHz, CDCl3) 6 8.99 (d, J=27.7 Hz, 8H), 8.02 (d, /= 7.9 Hz, 4H), 7.50 (dd, J="7.5, 5.2
Hz, 4H). The patterns here perfectly resemble the chemical environment and splitting pattern
of the protons in the 3-cyano pyridine moiety. On the contrary, b) For polymeric sample: 'H
NMR (400 MHz, CDCls) ¢ 8.86 (dd, J=18.1, 14.4 Hz, 8H), 7.98 (dt, /= 8.0, 1.9 Hz, 4H), 7.46
(ddd, J = 7.9, 5.0, 0.7 Hz, 4H), significantly differing from the predicted NMR pattern of
monomeric species. From this study, therefore, we can confirm, that at low concentrations, we

only observe the monomer, and there is no chance of polymerization.
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'H NMR spectra of complex-2.
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3IP NMR spectra of complex-2.
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Figure A1l. Thermogravimetric analysis (TGA) profile of complex-1 and complex-2.
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Table A1. Crystallographic data of complex-2.

Identification code 3CPTCu212
CCDC 2272091
Empirical formula CoHoCugloNoP9y
Formula weight 1113.66
Temperature/K 100(2)

Crystal system monoclinic
Space group P2i/n

a/A 8.6147(19)
b/A 15.590(3)

c/A 16.529(3)

a/° 90

Bre 93.103(7)

v/° 90

Volume/A? 2216.7(8)

Z 2

Pealcg/cm’ 1.669

pw/mm’! 2.463

F(000) 1996.0
Radiation MoKa (A =0.71073)
20 range for data collection/® 4.936 to 56.754

Index ranges

-11<h<11,-20<k<20,-22<1<22

Reflections collected

71865

Independent reflections

5514 [Rint = 0.0920, Rsigma = 0.0482]

Data/restraints/parameters

5514/0/263

Goodness-of-fit on F?

1.516

Final R indexes [[>=2c (I)]

R1=0.0511, wR> =0.0448

Final R indexes [all data]

R; =0.0800, wR> = 0.0476

Largest diff. peak/hole / e A

0.54/-0.56
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Figure A2. Powder XRD data of (a) complex-1, and (b) complex-2.

3.5.2. Appendix 2: Cartesian coordinates of the ground state optimized geometries

Complex-1
I 0.67293800 -0.84626700 -2.27502200
Cu 1.22466400 -0.35551300 0.36479600

116 |Page



T O o0 o @D 0o o @D o@D 0@ 0 o @ o@D 0 T 0 zZ2 zZ2 z2 Z

p—

Cu

QO z z Z Z

1.57552200
1.66110800
2.83559000
6.60768700
1.69081700
1.70342900
1.60660000
1.53584900
4.10154800
4.19325200
5.83645900
1.62572300
1.58446100
1.73242900
1.77672400
5.06345000
5.93495700
1.68995200
3.00582500
2.22150300
1.69517300
4.88469000
3.74960200
3.56414900

1.69214600
5.33439400
1.57668400

3.03731500

3.62844400
4.03619400
2.24989000
1.55648900

2.89517700
3.29977600

2.85049600

2.48275800
1.98540400
4.46704000
5.55157200
-3.16279600
-3.78150100
4.68643600
-2.09831700
-1.86906100
3.88193100
-2.61606700
-1.82734100
-1.39668700

-0.67190700 -0.84686600

-1.22390200

-2.83382800
-6.60524500
-1.57717400
-1.66680900
-4.09867700

-0.35684800
-1.57940700
-3.04244500

1.69046800

5.33276300
-2.89887300

0.55915300
-2.55975400
0.79833800
-1.78989800
1.97947900
2.99095300
1.78160100
2.62314000
2.35941200
3.36851200
-0.94283200
-0.51607200
-1.48901400
0.86828400
0.98076000
1.38850900
1.60980800
-1.59720500
2.02498700
2.75136700
-0.40998000
0.10492400
-0.14475000
-1.13198200
2.27511300
-0.36464600
-0.79823500
1.78962400
-0.55919100
2.55953600
-2.35938200
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Complex-2

I

Cu

O o & O o a o "

-4.18998100
-3.00355200
-2.21931700
-1.69491200
-1.70809600
-1.69495600
-3.74776900
-3.56271700
-5.06051000
-5.93156300
-1.73740900
-1.78298400
-5.83402600
-1.60903500
-1.53753600
-4.88228600
-1.69934400
-1.62822000
-1.58627700

-1.72493300

0.45304700
-0.51504300
-1.69486100
-1.51054600
0.61049600
1.66439700
0.66090800
2.62634900
-1.34908700

-3.30359700
-2.10122300
-1.87142900
3.62654600
4.03422000
4.68473800
-1.83065100
-1.39983100
-3.16710100
-3.78642100
4.46515300
5.54962700
-2.85518100
2.24810100
1.55474200
-2.62017300
3.88016000
248107900
1.98382100

-3.36846800
-2.02487500
-2.75118100
-1.97961200
-2.99111000
1.59701200
0.14475900
1.13199800
-1.38857900
-1.60994500
-0.86846100
-0.98098900
0.94264800
-1.78166200
-2.62317100
-0.10500400
0.40983300
0.51599600
1.48895700

0.03227900 -1.68619100

1.18215600
3.08701900
2.74865700
3.99319100
4.37514100
0.96842800
0.59382100
1.11851100
2.96600100

-0.39219300
0.41665800
1.78604600
-0.83615400
1.10827800
-3.14544200
-3.36353700
-4.15744100
3.12967400
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-0.38576900
3.15257300
3.31986900
4.16475800
5.14347600

-2.93206400

-3.19795000

-3.81861000

-4.77855900
3.90292600
4.66882200
1.89557200
2.17954300

-1.10347000

-0.26430700

-2.62258800

-2.96738300

-1.77737700

-1.45170100
2.04243400

-3.47466000

-4.16501000
0.24250100

-0.74862800

-2.23505400

-1.95299300

-2.87873300

-3.41347400
1.14455400
0.84918700

-3.30265900

3.41427600
1.70119800
1.89950700
1.88654900
2.25009500
2.14826800
1.94071800
1.81058400
1.35063600
1.59704000
1.72343300
3.97105400
2.92139400
3.86508400
3.20759100
4.79557800
4.88586400
4.54803400
4.43899500
0.45336800
2.04536000
1.77224500
5.72388000
6.06005300
2.61344400
2.78095000
5.35276200
5.88040700
6.64730000
7.69446900
5.47122200

3.38199000
-1.54011700
-0.47915700
-2.48143300
-2.16499400

1.48614800

0.44735600

2.50993000

2.26287500
-3.81836900
-4.58553300

1.50525300

1.40309300
-2.17455900
-2.41436000
-0.53201200

0.50067000
-3.18976800
-4.22728900
-6.59644300

3.84632300

4.64809500

1.25250700

0.94176700

4.15345900

5.19572000
-2.87841700
-3.67235900

1.78729300

1.89219700
-1.54999800
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-4.16836700
2.30133500
2.79479500
3.78926400
2.42166800
3.12450700

1.72493300

-0.45304700

0.51504300
1.69486100
1.51054600

-0.61049600

-1.66439700

-0.66090800

-2.62634900
1.34908700
0.38576900

-3.15257300

-3.31986900

-4.16475800

-5.14347600
2.93206400
3.19795000
3.81861000
4.77855900

-3.90292600

-4.66882200

-1.89557200

-2.17954300
1.10347000
0.26430700

6.09170300
0.75698200
4.89514000
4.56500400
6.23517500
6.96010400

-0.03227900

-1.30440300
-5.50648200
2.04737800
2.35845100
2.18718500
2.60585800
1.68619100

-1.18215600 0.39219300

-3.08701900
-2.74865700
-3.99319100
-4.37514100
-0.96842800
-0.59382100
-1.11851100
-2.96600100
-3.41427600
-1.70119800
-1.89950700
-1.88654900
-2.25009500
-2.14826800
-1.94071800
-1.81058400
-1.35063600
-1.59704000
-1.72343300
-3.97105400
-2.92139400
-3.86508400
-3.20759100

-0.41665800
-1.78604600
0.83615400
-1.10827800
3.14544200
3.36353700
4.15744100
-3.12967400
-3.38199000
1.54011700
0.47915700
2.48143300
2.16499400
-1.48614800
-0.44735600
-2.50993000
-2.26287500
3.81836900
4.58553300
-1.50525300
-1.40309300
2.17455900
2.41436000
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2.62258800
2.96738300
1.77737700
1.45170100
-2.04243400
3.47466000
4.16501000
-0.24250100
0.74862800
2.23505400
1.95299300
2.87873300
3.41347400
-1.14455400
-0.84918700
3.30265900
4.16836700
-2.30133500
-2.79479500
-3.78926400
-2.42166800
-3.12450700
-1.92539100
1.92539100

-4.79557800
-4.88586400
-4.54803400
-4.43899500
-0.45336800
-2.04536000
-1.77224500
-5.72388000
-6.06005300
-2.61344400
-2.78095000
-5.35276200
-5.88040700
-6.64730000
-7.69446900
-5.47122200
-6.09170300
-0.75698200
-4.89514000
-4.56500400
-6.23517500
-6.96010400
-1.26425200
1.26425200

0.53201200
-0.50067000
3.18976800
4.22728900
6.59644300
-3.84632300
-4.64809500
-1.25250700
-0.94176700
-4.15345900
-5.19572000
2.87841700
3.67235900
-1.78729300
-1.89219700
1.54999800
1.30440300
5.50648200
-2.04737800
-2.35845100
-2.18718500
-2.60585800
1.86946000
-1.86946000
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3.5.3. Appendix 3: Figures

Figure A4. NTO images of T1, T2, and Ts.
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Figure AS. Temperature-dependent PL decay profile of complex-1.

Figure A6. (a) HOMO, (b) LUMO, and (c) LUMO+19 of complex-1.
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Figure A7. (a) Emission spectra of InGaN chip under 3 V, (b) Circuit diagram of pc-LED set-

up, and (c) Image of the pc-LED set-up.
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Figure A8. CIE coordinate of (a) complex-1, and (b) complex-2.
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Figure A9. Absorption spectra of (a) complex-1, and (b) complex-2 in THF and CHCls.
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Figure A10. (a) Optimized geometry of S; states in complex-1, (a) Optimized geometry of T
state in complex-1.

(a) (b) (c)

Optimized geometry (S,) Optimized geometry (S,) Optimized geometry (T,)

Figure A11. (a) Ground state optimized geometry of complex-2, (b) Optimized geometry of S;
state in complex-2, (¢) Optimized geometry of T, state in complex-2.
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Figure A12. PL decay profile of complex-1 (a) in chloroform, and (b) in THF.
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Figure A13. (a) Emission spectra of complex-2 in chloroform and THF. PL decay profile of
complex-2 (b) in chloroform and (c) in THF.

3.5.4. Appendix 4: Tables
Table A2. Spin-orbit coupling matrix element (SOCME) values of complex-1 and complex-2

for So-Tn (n=1-5) and S;-Ty (n=1-5).

Singlet-triplet pairs | Complex-1 (cm™) | Complex-2 (cm™)
So-T1 91.34439 0.00143
So-T2 8.57142 25.4254
So-T3 12.6917 29.54617
So-Ts 114.6187 0.0001
So-Ts 80.37374 0.00394
S1-Ty 25.52247 0.00021
S1-T> 4.43378 7.16585
S1-Ts 17.92178 14.1312
S1-Ta 129.6307 0.00023
S1-Ts 3.38355 0.00276

Table A3. PL decay profiles of complex-1 and complex-2 in solid state.

Sample Wavelength o1 T1 o2 T2
Complex-1 535 nm 329% | 227 us | 67% | 6.43 us
Complex-2 538 nm 40.0% | 2.63 us | 60.0 % | 6.98 pus
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Table A4: Lifetime of complex-1 at different temperatures.

Temperature | Lifetime (us)
K)
300 6.43
250 14.93
200 16.89
150 20.02
100 23.24
50 24.25
25 25.26
15 28.57
8 37.56

Table AS: Lifetime of complex-2 at different temperatures.

Temperature | Lifetime (us)
K)
300 6.98
250 15.44
200 29.07
150 61.77
100 86.69
50 93.97
25 103.70
15 110.17
8 109.81
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Table A6. Percentage of the TADF and phosphorescence in complex-2 at

temperatures.

Temperature (K) | TADF (%) | Phosphorescence (%)
300 90.5 9.5
250 84.19 15.81
200 68.62 31.38
150 33.2 66.8
100 2.5 97.5
50 0.01 99.99

Table A7. PL decay profiles of 20% (w/w) complex-2-doped PMMA film.

different

Sample Wavelength o1 T1 o2 )
20% (w/w) 560 nm 51.8% | 0.6 us | 48.2% | 2.8 us
complex-2-doped
PMMA film
Table A8. PL decay profiles of complex-1 in solution.
Sample Wavelength a1 T1 a2 )
Complex-1 in 550 nm 98% 51.6ns [ 2% 0.54 ps
CHCl;
Complex-1 in 675 nm 87% 47 ns 13% | 0.52 ps
CHCl;

Complex-1 in THF 550 nm 42.5% | 0.15 us | 57.5% | 0.66 ps
Complex-1 in THF 675 nm 51.6% | 0.19 us [ 48.4% [ 0.67 us
Table A9. PL decay profiles of complex-2 in solution.

Sample Wavelength | gy T1 o2 T2
Complex-2 in CHCI3 600 nm 55% | 21.5ns | 44% | 0.12 ps
Complex-2 in THF 570 nm 33% | 11.3ns | 66% [ 52.2ns
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Chapter 4:

Ligand-mediated Staircase-to-Cubane
Structural Switch in Photon Up-converting
Crystals of Cu(I)-Iodide-based Polymers: From
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Abstract: Organic-inorganic hybrid metal-halides have gained enormous importance in the
field of optoelectronics, sensing, photosensitization, and so on. In this study, we describe a
structural transition from a staircase to a cubane configuration in Cu(I)-iodide-based polymers,
influenced by the coordination behavior of two different m*-acceptor ligands. The staircase
polymer structure, coordinated with 3-cyanopyridine, demonstrates efficient thermally
activated delayed fluorescence (TADF) from (metal+halide)-to-ligand charge transfer
(*(M+X)LCT) states, with a singlet-triplet energy splitting of approximately 0.009 eV.
Conversely, upon replacing the cyano with an amino group at the same position, the cubane
polymer structure is formed, which shows strong cluster-centered (*CC) orange emission at
room temperature. Temperature-dependent photoluminescence studies indicate that the *CC
state behaves as a self-trapped excitonic state with significant exciton-phonon coupling having
a Huang-Rhys factor of 58.6. These polymer crystals also exhibit efficient third-order

nonlinearity which is demonstrated by two-photon excited luminescence properties.

4.1. Introduction

Organic-inorganic hybrid metal-halides have attracted significant attention in the field of
optoelectronics, sensing devices, and artificial photosynthesis owing to the versatility in the
emission mechanisms, robust structural features, thermal stability, structural diversity, and so
on.!™ Particularly, Cu(I)-iodide frameworks stand out to exhibit intriguing characteristics such
as the stability of Cu(I)-iodide frameworks®, as well as the suppression of non-radiative decay
pathways resulting from the absence of d-d electronic transitions in Cu(I).® Consequently, the
inclusion of Cu(I) in these hybrid structures results in intrinsically higher quantum yield.”*
These structures include Cu(I)-iodide staircase coordination polymers, Cusls and associated
clusters, Cuzl> complexes and other heteronuclear complexes. The versatility of the emission
mechanisms in these hybrids is largely attributed to the electronic properties of the coordinating
ligands and the geometry of the Cu(I)-iodide framework.” Ligands with low-energy m*-orbitals
can significantly contribute to the low-lying unoccupied orbitals of the hybrid system.!* Since
the highest occupied molecular orbital (HOMO) primarily consists of the filled d orbitals of Cu
and the filled p orbitals of iodide, the low-lying excited states exhibit (metal+halide)-to-ligand
charge transfer (M+X)LCT) characteristics.'® The 1D staircase coordination polymers exhibit
significant charge-transfer properties!!, while the individual cubane-type Cuals clusters form
an additional distinct excited state known as the cluster-centered state (*CC).!>!3 This excited

state is particularly intriguing, formed by exciting one electron from the HOMO to a high-
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Scheme 4.1. Schematic representation of ligand-mediated structural modulation in Cu(I)-
iodide-based polymeric frameworks and their emission.

energy vacant orbital with significant Cu---Cu bonding character.'? The energy of the *CC
states is highly dependent on the distance between Cu atoms and becomes more stable as the
Cu-Cu distance decreases.!? The thermal equilibrium of (M+X)LCT and 3CC states in these
Cusl4 clusters gives rise to intriguing thermochromic emission features.'>!3

The diversity in the excited states leads to the emergence of several different kinds of emission

9,14

pathways in these materials, such as charge-transfer emission™ ", self-trapped excitonic (STE)

emission'>7, dual emission'®?°

, and so on. The charge-transfer states can also lead to the
emergence of thermally activated delayed fluorescence (TADF) as a result of well-separated
electrons and holes in these moieties.!® The presence of TADF for these systems has been
previously demonstrated in isolated copper iodide complexes and some polymeric systems
where the distinct copper iodide moieties are linked by organic ligands with m*-orbitals.?!*?
Several of these complexes and clusters show excellent emission yield and have been utilized
in fabricating high-performing OLED devices.”?* ?® In these TADF active complexes, the spin-
orbit coupling (SOC) is very strong, and consequently, the intersystem crossing (ISC) rate is
reasonably higher than that of the organic luminophores.?’ The strong SOC gives rise to a
significant shortening in the emission lifetime, thereby making this system more suitable for
robust OLED applications. The efficiency of TADF in these systems has been monitored
previously by modulating the electronic effects of the ligands, steric interactions, and so on.>*
36 However, despite the presence of sufficient charge-transfer character in the Cu(I)-iodide

coordination polymers, the investigation of the TADF remains underexplored in this particular
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framework. On the other hand, STE emission emerges from the spatial distortion of the lattice
by the electron-hole pair.3” STEs are typically known for their broadband emission
characteristics and are widely utilized as phosphors in fabricating white/warm white light-
emitting diodes (WLEDs), scintillators, and so on.>®* In a crystal lattice, electrons and holes
are generated upon the photoexcitation, and they form a bound electron-hole pair by attracting
each other through the Coulomb interaction.*’ The bound electron-hole pair is called exciton,
and it is treated as a neutral quasiparticle. In a soft lattice, photogenerated electrons can strongly
interact with phonon modes, causing excitons to become further stabilized as they get trapped
within the distorted lattice.®® This leads to a highly stabilized trapped state. Carrier
recombination from this trapped state results in low-energy emission, known as STE
emission.’’” The extent of electron-phonon coupling in a crystal lattice is generally quantified
by determining a dimensionless quantity called Huang-Rhys factor (S).*” S is a measurement
of the non-radiative energy loss of the originally formed exciton upon the interaction with the
vibrational modes of the crystal. STE emission band undergoes a distinctive broadening caused
by the strong interaction of the emissive state with the crystal's phonon modes.*® STE emission
is prevalent in metal-halides and organic crystals where the presence of a soft lattice structure
induces a strong interaction between the electron and phonon modes.*'* Several perovskite
structures have been reported to exhibit exceptionally broad emission spectra owing to STE,
which is tunable between cold white to warm white light.3”**%” STE emission has also been
demonstrated in some Cu(I)-halide frameworks, along with quantifying the Huang-Rhys factor
as medium to high.">"17434% However, in organic-inorganic hybrid, Cu(I)-iodide frameworks,
the structure-property relationship largely depends upon the electronic effect and coordination
behavior of the ligands. While various structural types have been reported independently, there
is a lack of a well-established design strategy documented in previous literature.

Here in, we present a structural transition from staircase to cubane in Cu(I)-iodide-based
polymers, influenced by the different coordination properties of two m*-acceptor ligands
(Scheme 4.1). The staircase polymer coordinated with 3-cyanopyridine demonstrates efticient
exciton recovery via TADF from *(M+X)LCT states, with a singlet-triplet splitting of ~0.009
eV. Conversely, the cubane-cluster polymer coordinated with 3-aminopyridine shows strong
3CC yellow-orange emission at room temperature. Temperature-dependent photoluminescence
studies reveal that the *CC state in this structure acts as a self-trapped excitonic state with
significant exciton-phonon coupling. At low temperatures, (M+X)LCT emission also appears,
which is at higher energy compared to the staircase polymer. This indicates the amino group's

much stronger electron-donating effect compared to the cyano group in modulating the
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emission energy of the charge transfer state. The polymers also exhibit efficient third-order

non-linearity which is reflected from their two-photon excited luminescence properties.

4.2. Experimental Section

4.2.1. Materials and general protocol for synthesis
Copper(l) iodide powder, 3-cyanopyridine, and 3-aminopyridine were purchased from Sigma
Aldrich and used as received. Ethanol, acetonitrile, toluene, and n-pentane were purchased

from Neelchem Corporation.

4.2.2. Characterization techniques

Single-crystal diffraction analysis data were collected at 100K with a BRUKER KAPPA APEX
I CCD Duo diffractometer (operated at 1500 W power: 50 kV, 30 mA) using graphite
monochromatic Mo Ka radiation (A = 0.71073 A). The structures were solved by direct
methods and refined by least-squares against F? utilizing the software package SHELXL-
97.5%31 More information on crystal structures can also be obtained from the Cambridge
Crystallographic Data Centre under the CCDC deposition number (2388009). Powder XRD
experiments were performed using BRUKER D8 advanced X-ray diffractometer with a Cu-K,

radiation source.

4.2.3. Steady-state and time-resolved spectroscopic studies

Solid-state absorption spectra were measured by using a Shimadzu, UV-3600 UV-NIR
spectrophotometer. Steady-state solution-based absorption spectra were recorded on Shimadzu,
UV-2600 UV spectrophotometer. Steady-state emission spectra and time-gated emission
spectra of all the samples in solution and solid state were recorded in Fluoromax-4C (HORIBA)
and Fluorolog-3 (HORIBA), respectively. Absolute quantum yields were measured in
Fluoromax-4C (HORIBA) instrument by using an integrating sphere. Time-resolved PL decay
profiles have been recorded either using a diode-laser source (for a total time window <50 ps)
or a microsecond flash lamp source (of 1.5-2.5 ps bandwidth and in cases where the total time
window > 50 ps) in an Edinburgh FLS980 instrument. Temperature-dependent PL and PL
decay profiles were recorded in an Edinburgh FLS980 Instrument coupled with a cryostat. The
solid samples were placed between two sapphire plates and fixed in a gold-coated copper
sample holder. The sample holder is fixed in a closed cycle He cryostat (Advanced Research
Systems) attached with a Lake Shore 335 temperature controller. A mode-locked Ti-sapphire
laser (Mai-Tai, Spectra-Physics) was used as the excitation source for the two-photon excited
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luminescence imaging experiment. Two-photon excited luminescence spectra and
corresponding excitation spectra were collected by using a multiphoton microscope (Leica,

Germany) at 10X objectives.

4.2.4. Synthesis of polymer 1 (P1)

The single crystals were synthesized in a three-layer slow diffusion method. 95 mg of Cul (0.5
mmol) was dissolved in 1 mL saturated aqueous solution of KI. 52 mg (0.5 mmol) of 3-
pyridinecarbonitrile was dissolved in 1 mL of acetone. The aqueous solution was placed in a
glass tube with a diameter of 5 mm and became the bottom layer. 1 mL of pure acetonitrile was
added slowly along the glass wall with a syringe, forming the middle layer. The ligand solution
was added in a similar way over the middle layer. The tube was kept closed overnight, yielding

needle-shaped yellow crystals in the middle layer. The product was characterized by using

SCXRD and PXRD techniques.

Metal salt in water Ligand in acetone

Ligand dissolved 1
ml acetone

-

———> acetonitrile
T Buffer layer

TN

Cul/Kl Fully grown crystals
1 ml aqueous solution

Scheme 4.2. Synthesis of P1.

4.2.5. Synthesis of polymer 2 (P2)

The single crystals were synthesized in a two-layer slow diffusion method. 95 mg of Cul (0.5
mmol) was dissolved in 1 mL saturated aqueous solution of KI. 47 mg (0.5 mmol) of 3-
aminopyridine was dissolved in 1.5 mL of ethanol. The aqueous solution was placed in a glass
tube with a diameter of 5 mm and became the bottom layer. The ligand solution was added very
slowly along the glass wall with a syringe and it formed the upper layer. The tube was kept
closed overnight yielding rhombus-shaped brown crystals in the middle layer. The product was

characterized by using SCXRD and PXRD techniques.
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Scheme 4.3. Synthesis of P2.

4.2.6. DFT calculations

Density functional theory (DFT) calculations were performed using the Vienna Ab initio
Simulation Package®>>* (VASP), version 5.4.4. The Perdew—Burke—Ernzerhof46 (PBE)
functional and projector-augmented wave>>>¢ (PAW) pseudopotentials were used with a plane-
wave cutoff energy of 500 eV. Structure relaxation was performed using the DFT-D3 method®’
with Becke-Johnson damping® for forces <0.01 eV/A. Automatically generated I'-centered
Monkhorst-Pack (MP) grids are used for self-consistent calculations and DOS calculations. For
band-structure calculations, an appropriate k-path was generated using Xcrysden®>*’. Given
the substantial underestimation of band gaps in both compounds by DFT calculations, hybrid
functional®® calculations were employed to achieve better results for P1.

For P1, Heyd-Scuseria-Ernzerhof (HSE) calculation gave a band gap of 2.27 eV. Also, density
of states (DOS) calculations and charge density calculations confirmed the atomic character of
both VB and CB. For P2, the unit cell contains a larger number of atoms. Hence, HSE
calculations were not possible due to the high computational cost. The DFT band gap is 1.95
eV.

4.2.7. Calculation of absolute quantum yields

P1:

® = 27%. Absolute error = + 0.023, relative error =+ 8.55 x 107
P2:

® =31.3%. Absolute error =+ 0.027, relative error =+ 8.51 X 10™%,

4.3. Results and Discussion.

4.3.1. Crystal structures.
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Figure 4.1. Crystal structures of (a) P1, and (b) P2.

The crystal structure of P1 was previously reported®® and can be found under the CCDC number
1990790. Cuzl> thombic moieties are connected in a zigzag staircase fashion and form a
coordination polymer (Figure 4.1a). The Cu centers are coordinated to 3-cyanopyridine
ligands. The Cu-I, Cu-I, Cu-N, and Cu-Cu distances were found to be 2.65 A, 2.63 A, 2.05 A,
and 2.77 A, respectively. The Cu-Cu distance is slightly less than the van der Waals distance
(2.8 A) of the Cu atom, indicating a moderate cuprophilic interaction. The crystal structure of
P2 is shown in Figure 4.1b, and the Cu(I)-iodide inorganic module is entirely different
compared to P1. Here, four Cu(I) and four I are corner-shared in an alternate fashion and form
a distorted Cuasl4 cubic structure. The Cu centers are coordinated to 3-aminopyridine ligands,
and the adjacent Cualy clusters are connected by one bridging 3-aminopyridine ligand, forming

a long 1D polymer of the Cuasls cluster. The formation of such cluster polymer is attributed to
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82784 of the complexes. Fingerprint plots revealing

Figure 4.2. Hirshfeld surface analysis
quantitative descriptions of several non-covalent interactions were quantified by using Crystal
Explorer 3.1 software®. Fingerprint plots from normalized distance (dnorm) mapped over
Hirshfeld surface to calculate the percentage of each non-covalent interaction for (a) P1, (b)

P2.
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Figure 4.3. Normalized distance (dnorm) mapped over Hirshfeld surface for (a) complex-1 and
(c) complex-2. Histogram of the percentagecontributions of different noncovalent interactions
in (b) complex-1 and (d) complex-2.

the 3-aminopyridine having two donor sites: a strong pyridinic nitrogen (sp?) donor and a
relatively weaker aromatic amine nitrogen (sp’) donor. The distinct coordination characteristic
of this ligand makes it suitable for the formation of a robust, novel cluster polymer structure.
Cu-N (pyridinic, nonbridging), Cu-N (pyridinic, bridging), and Cu-N (amine) distances were
foundtobe 2.01 A,2.03 A, and 2.08 A, respectively. The intracluster Cu-I, and Cu-Cu distances
are within the range of 2.6-2.7 A, and 2.5-2.7 A respectively. The small Cu-Cu distance within

the cluster indicates a strong cuprophilic interaction.

4.3.2. Non-covalent interactions in the bulk phase.

Several non-covalent interactions with high enthalpy values can moderately influence several
of the photophysical processes in the solid phase. In order to evaluate these possible influences,
Hirshfeld surface analysis calculations were carried out using the crystal structures (Figure
4.2). The normalized distance (dnorm) mapped over the Hirshfeld surface for both samples is
given in Figure 4.3a and 4.3c. The histogram containing the percentage contributions of
several interactions is shown in Figure 4.3b and Figure 4.3d. We observe that in both
complexes, strong interactions such as N---H (enthalpy ~2.97 kJ/mol)%*, C---H (enthalpy ~10.3
kJ/mol)**, and I---H (enthalpy ~16-25 kJ/mol)® are present in the bulk phase. However, the
total percentage of these three interactions is much higher in P1 (63.5%) than in P2 (33.3%).
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Figure 4.4. (a) Kubelka-Munk transformed absorption spectra of P1, (b) Tauc plot for P1, (c)
excitation and emission spectra for P1, and (d) PL decay profile for P1.

These non-covalent interactions can effectively enhance the ISC rate associated with the singlet
and triplet excited states in the bulk-phase, which is essential for efficient triplet state
harvesting. In addition, strong non-covalent interactions can also dictate the direction of the
polarizability tensor in the bulk condensed phase, which can have a larger impact on the non-

linear optical (NLO) properties of the complexes.5¢-¢7

4.3.3. Photophysical properties of P1.

The absorption spectra in the solid-state shows multiple peaks corresponding to optical
excitations to several conduction bands (Figure 4.4a). The absence of any long absorption tail
in the low-energy band-edge region indicates that no defect states are present within the valance
band and conduction band. The electronic band-gap value is estimated from the Tauc plot and

found to be 2.40 eV (Figure 4.4b). DFT calculations show that the sample has a direct band-
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Figure 4.5. (a) HSE band structure of P1, (b) charge density plot for VBM of P1, and (c) Charge
density plot for CBM of P1.

o)

gap and the theoretically calculated band-gap was found to be 2.27 eV, which corroborates well
with the experimental value (Figure 4.5a). The charge density calculations show that the
valance band maxima (VBM) is comprised of Cu (3d) and I (5p) orbitals; on the other hand,
the conduction band minima (CBM) is comprised of m*-orbitals of the ligand’s aromatic ring,
revealing a (metal+halide)-to-ligand charge transfer (M+X)LCT) nature in the low-energy
excited states (Figure 4.5b, 4.5¢). The sample manifests a bright yellow color under UV light
and exhibits an emission band with a peak at ~560 nm (Figure 4.4c). The quantum yield was
determined to be 27%. Additionally, the PL decay profile of P1 shows a biexponential decay
with lifetime components of 0.29 pus and 1.04 ps, while the average lifetime was found to be
0.6 ps (Figure 4.4d, Table A2 in Appendix), indicating the participation of triplet states in the
emission mechanism. The high charge-transfer nature of the sample is indicated by the spatially
well-separated charge densities in the valance band maxima and conduction band minima
(Figure 4.5b, 4.5¢). This particular observation prompted us to investigate the thermal
equilibrium of the singlet and triplet state populations. Temperature-dependent emission
studies show a sequential increment in the emission intensity with decreasing temperature
which can be partially attributed to the suppression in the non-radiative decay pathways at
lower temperatures (Figure 4.6a). In order to measure the excitonic contribution in the
emission mechanism, integrated emission intensity vs. 1/T was plotted (Figure 4.6b, Table A3

in Appendix) and was fitted to the following equation®,

Iy
(T) = ——— Eq.4.1
1+ Ae ksT
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Figure 4.6. (a) Temperature-dependent emission spectra of P1, (b) integral emission intensity
vs. 1/T plot for P1, (c) tobs. vs. temperature plot for P1, (d) In(ktapr) vs. 1/T plot for P1, (e)
gated emission spectra of P1 at 300 K and 77 K, and (f) schematic representation of emission
mechanism.

where I(T), lo, Ev, and kg represent integrated intensity at temperature T, integrated intensity at
0 K, excitonic binding energy, and Boltzmann constant, respectively. The experimental binding
energy was evaluated from the fitting parameters and was found to be ~19 meV, which is much
less than room-temperature thermal energy. Therefore, the possibility of radiative relaxation
through exciton luminescence is ruled out, and the radiative decay of the excited state
principally occurs through band-edge luminescence. Temperature-dependent lifetime studies
show that the lifetime of P1 increases slowly upon reducing the temperature from 300 K to ~60
K (Figure 4.6c, Table A4 in Appendix). Upon further reducing the temperature, the lifetime
drastically increased up to 24.28 ps in the range of 50-7 K (Figure 4.6¢c, Table A4 in
Appendix). This sharp increase of lifetime in this range clearly indicates the activation of the
low-energy triplet states with longer lifetimes in the lower temperature regime. The much
shorter lifetime at room temperature suggests that excitons predominantly decay through
singlet states via TADF. In the 300-60 K range, the emission is a mixture of TADF and
phosphorescence. The significant increase in lifetime within the 50-7 K range indicates a
substantial enhancement in the phosphorescence contribution. The absence of prompt
fluorescence supports the observation that the intersystem crossing (ISC) rate is higher in these
systems compared to organic molecules due to stronger spin-orbit coupling (SOC). Although
the lifetime versus temperature profile in the 50-7 K range does not reach a plateau
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corresponding to pure phosphorescence, it suggests that a small contribution from the TADF
mechanism persists even at these lower temperatures. Due to the absence of a plateau region,
the dependence of the radiative decay rate upon temperature was analyzed using the Arrhenius
equation (Figure 4.6d, Table AS in Appendix) and was found to be well-fitted to a two-state

TADF model under a fast thermalization process.®

AE
ln(kTADF) = ln(A) - K ?I"r Eq 4.2
B
k k
A= ISC (1 . ISC )
3 ksl + kISC

3Akisc .
s, = klsc——SA ~ 3A, since kigc > A

Krapr = LR , since TADF is the predominant decay pathway at the 300-60 K

TTADF Tobs.

temperature range. ktapr, TTapF, Tobs, ks , and kisc are the rate of TADF, TADF lifetime,

observed lifetime, the intrinsic decay rate of singlet state, and ISC rate, respectively. AEst and

kg were found to be 9 meV and 7.71x10° s (intrinsic lifetime of singlet ~129.7 ns)

1

respectively. The evaluated AEst value is much smaller than the room-temperature thermal
energy, and thus, the triplet state population can revert back to the singlet state by the RISC
process (Figure 4.6f). The increase in the triplet population at lower temperatures can also be
observed by comparing the gated emission spectra at 300 K and 77 K. At 300 K, applying a 20
us detector delay significantly reduces the emission band intensity (Figure 4.6e), indicating a
shorter lifetime of the emissive state, which is characteristic of predominant delayed
fluorescence. However, at 77 K, the emission intensity dramatically increases with the same
detector delay (Figure 4.6e). This significant rise in emission intensity at the low temperature
indicates that the emissive state has a much longer lifetime, corresponding to phosphorescence

emission.

4.3.4. Photophysical properties of P2.

The absorption spectra in the solid state shows multiple peaks corresponding to optical
excitations to several conduction bands (Figure 4.7a). The electronic band-gap value is
estimated from the Tauc plot and found to be 2.47 eV (Figure 4.7b). The absence of any long

absorption tail in the low-energy band-edge region indicates that no defect states are present
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Figure 4.7. (a) Kubelka-Munk transformed absorption spectra of P2, (b) Tauc plot for P2, (c)
excitation and emission spectra for P2, and (d) PL decay profile for P2.

within the valance band and conduction band. DFT calculations show that the sample has a
direct band-gap, and the theoretically calculated band-gap was found to be 1.95 eV, which
corroborates well with the experimental value (Figure 4.8a). The charge density calculations
show that the valance band maxima (VBM) is comprised of Cu (3d) orbitals; on the other hand,
the conduction band minima (CBM) is comprised of n*-orbitals of the ligand’s aromatic ring,
revealing a metal-to-ligand charge transfer (MLCT) nature in the low-energy excited states
(Figure 4.8b, 4.8c). The sample shows a bright yellow-orange emission under UV exposure
along with a quantum yield of 31.3%. The emission spectra show an exceptionally broad
emission characteristic with a maximum at ~630 nm (Figure 4.7c). The emission band is also
~254 nm Stokes’ shifted compared to its excitation spectra, which indicates a large
reorganization to take place in the excited state (Figure 4.7¢). The PL decay profile manifests

a bi-exponential fit along with lifetime components of 1.4 us and 8.43 us (Figure 4.7d). At 77
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Figure 4.8. (a) GGA band structure of P2, (b) charge density plot for VBM of P2, (c) charge
density plot for CBM of P2.

K, the emission spectra shows a significant decrement in the fwhm of the Stokes’ shifted broad
peak along with the emergence of another high-energy peak having a maximum at ~470 nm
(Figure 4.9a). P2 has a 1D polymeric chain of Cusls cluster; therefore, the highly Stokes’
shifted broad peak is attributed to the emission from the *CC state. The high-energy peak at
low temperature is thus attributed to the *(M+X)LCT emission emerging as a consequence of
the thermal equilibrium between 3CC and *(M+X)LCT states (Figure 4.9b).!2 It should be
noted that fwhm of the *CC emission band, in this case, undergoes a significant decrement
compared to previously reported other isolated non-polymeric Cu4ls clusters (Figure
4.9¢).1213% A ~240 meV decrement in the fwhm upon decreasing the temperature to 77 K
clearly indicates that the dynamics of this particular state are strongly coupled with the phonon
modes of the cluster polymer (Figure 4.9¢). In order to investigate the role of phonon modes
in the emission temperature-dependent emission studies were conducted. Upon decreasing the
temperature to 180 K, fwhm of the 3CC band undergoes sequential shortening along with a red-
shift and enhancement in the emission intensity (Figure 4.10a). From 180-40 K, the emission
intensity decreased with declining temperature along with the sequential shortening in the
fwhm in the emission band, but the red-shift was found to be masked (Figure 4.10a). From
120 K-40 K, the decrement in the 3CC band intensity was accompanied by a concomitant
emergence of the high-energy 3(M+X)LCT band (Figure 4.10a), which evolves as a result of
the thermal equilibrium between *CC and 3(M+X)LCT population. The sequential declination
of the fwhm of the 3CC band was observed upon the normalization of the temperature-
dependent emission spectra against the *CC peak (Figure 4.10b). The significant decrement in

the fwhm is a consequence of the lower average phonon energy at low temperatures. The
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Figure 4.9. (a) Emission spectra of P2 at 77 K, (b) schematic representation of emission
mechanism for P2, and (c) comparison of fwhm of 3CC emission band at 300 K and 77 K.

temperature dependence of the emission bandwidth in these frameworks is described by the
following equation’’,

¥
FWHM =Ty + 0T+ 5———  Eq43

e keT —1

where I'o, 6, I'Lo, and horo represent the inhomogeneous broadening, the interaction energy
between excitons and acoustic phonons, the interaction energy between excitons and
longitudinal optical phonons, and the average energy of longitudinal optical phonons,
respectively. For P2, the FWHM vs. 1/T plot was fitted with Eq 3, and T'o, o, ['Lo, and horo
were evaluated from the fitting parameters (Figure 4.10c, Table A6 in Appendix).
Temperature-independent inhomogeneous broadening of the emission band is due to some
fundamental properties of the crystal and is attributed to the thermal effect of the optical
excitation, intrinsic defects, and so on. I'g was determined to be 193 meV, which would prevail
at very low temperatures (T—0) when the phonon modes are no longer effective. ¢ was found
to be negligible with a value of 2.4 x 107'° eVK"!, which indicates almost no scattering of
excitons by acoustic phonons. On the other hand, I'Lo was found to have a significant value of
31.8 meV, which indicates a strong interaction between exciton and longitudinal optical
phonons. Therefore, P2 has a strong exciton-LO phonon coupling, which is described by
Frolich interaction and is generally applicable to polar semiconductors. Furthermore, to
evaluate the corresponding Huang-Rhys factor (S), the FWHM vs. T plot was fitted to the
following equation (Figure 4.10d, Table A7 in Appendix)*,

thO)
2Kk T

FWHM = 2.36VShw coth( Eq 4.4
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Figure 4.10. (a) Temperature-dependent emission spectra of P2 from 300 K to 40 K, (b)
temperature-dependent emission spectra of P2 from 300 K to 40 K upon normalization against
3CC emission peak maximum, (c) fwhm vs. 1/T plot for P2, and (d) fwhm vs. T plot for P2.

where S is the Huang-Rhys factor. From the fitting parameters, the S was evaluated to be 58.6,
which is reasonably high for metal-halide semiconductors. The high value of S further confirms
the presence of strong exciton-phonon coupling in P2. Consequently, the *CC emission is
accompanied by an extremely significant phonon interaction and, therefore, emerges as an STE
emission. hwro, in this case, was found to be 11.2 meV, which is assigned to the average
longitudinal optical phonon energy. For Cusls clusters coordinated with several organic ligands,
the 3CC states are described as a state with high energy excitation and higher geometry
distortion. However, there has seldom been a case where it has been represented and
generalized as an excited state exhibiting self-trapped excitonic emission. The STE formation
in P2 is also supported by the densities of the electron and hole corresponding to the electronic

excitation for the 3CC state. Both the electron and hole densities are localized within the Cuals
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Figure 4.11. (a) Two-photon excited emission spectra, (b) microscopic image, and (c)
excitation spectra for P1. (d) Two-photon excited emission spectra, (€) microscopic image, and
(f) excitation spectra for P2.

cluster, which enhances the exciton-phonon coupling. The Huang-Rhys for P2 is comparable
to that of the lead-halide perovskites or even higher than these systems. Lead-halide perovskites
have low Huang-Rhys factor values with a broad range depending on the constituents and
structures.>” However, the Huang-Rhys factor of double perovskite structures has been found

to be much higher (~40).”!

4.3.5. Photon up-conversion properties of P1 and P2.

We have shown two-photon excited luminescence in our samples, which is a prodigious photon
up-conversion process that can generate high-energy photons by utilizing much lower-energy
photons (near IR or IR). Both P1 and P2 were found to exhibit excellent two-photon excited
luminescence owing to their high charge-transfer nature. The PL spectra and the corresponding
microscopic images of the crystals are shown in Figures 4.11a, 4.11b, 4.11d, and 4.11e. The
excitation spectra for both samples also show their significant two-photon absorption in the

near IR and IR regions (Figure 4.11c¢, 4.11f).

4.4. Conclusion.
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In summary, we have applied a ligand engineering methodology to modulate the triplet
harvesting mechanism of Cu(I)-iodide-based polymeric frameworks. Treatment of Cu(I)-
iodide with 3-cyanopyridine results in the formation of a staircase coordination polymer of
Cu(I)-iodide which shows excellent TADF properties with a AEst value of ~9 meV and a
singlet decay rate of 7.71x10% s'. On the other hand, upon replacement of the cyano group by
an amino group at the same position, a structural switch of a staircase-to-cubane cluster was
observed, and a cluster polymer was formed. The cluster polymer has strong exciton-phonon
coupling with a high Huang-Rhys factor of 58.6 and exhibits STE emission. Both samples
manifest excellent third-order nonlinearity, which is evident from their respective two-photon

excited luminescence properties.
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4.5. Appendices

4.5.1. Appendix 1: Characterization.

Table Al. Crystallographic data of P2

Identification code jeS a

CCDC 2388009
Formula weight 1043.81
Temperature/K 100(2)

Crystal system monoclinic
Space group P21/c

a/A 8.7502(17)
b/A 16.583(3)

c/A 17.406(4)

a/° 90

pB/e 98.891(06)

v/° 90

Volume/A3 2495.4(9)

V4 4

Pealeg/cm’ 2.779

w/mm! 8.326

F(000) 1911.2
Radiation MoKa (A =0.71073)
20 range for data collection/° 4.712 to 56.93

Index ranges

-11<h<11,-22<k<22,-23<1<23

Reflections collected

41247

Independent reflections

6310 [Rint = 0.0632, Rsigma = 0.0368]

Data/restraints/parameters

6310/87/221

Goodness-of-fit on F?

1.103

Final R indexes [[>=2c (I)]

R1=0.0424, wR2 = 0.0952

Final R indexes [all data]

R1=0.0514, wR2 =0.0997
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Figure A1. Powder XRD pattern of (a) P1 and (b) P2.
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4.5.2. Appendix 2: Tables.
Table A2. Lifetime parameters of P1 and P2.

Sample Emission at a1 71 (us) a2 T2 (us)
P1 560 nm 0.87 0.29 0.18 1.04
P2 630 nm 0.20 1.40 0.80 8.43

Table A3. Data for I(T) vs. 1000/T plot of P1.
1000/T (K1) I(T) (a.u.)
3.33333 2.2741 x10°
4 2.02248 x10°
5 2.04714 x10°
6.66667 2.72062 x10°
10 3.74276 x10°
13.33333 5.16823 x10°
16.66667 5.03789 x10°
20 5.62607 x10°
40 5.95343 x10°
66.66667 5.56974 x10°
Table A4. Lifetime parameters of P1 from 300 K to 7 K.
Temperature (K) w 71 (pns) a2 T2 (pns) <t> (ns)
300 0.87 0.29 0.18 1.04 0.60
250 0.80 0.25 0.26 0.94 0.62
200 0.85 0.26 0.20 0.91 0.55
150 0.74 0.35 0.27 1.21 0.82
100 0.83 0.68 0.08 2.63 1.21
75 0.76 0.97 0.21 2.86 1.81
60 0.63 1.14 0.18 3.43 2.19
50 7.93
25 11.80
15 17.14
7 24.28
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Table AS. Data for In(ktapr) vs. 1/T plot of P1.

UT (K In(KtaDF)
0.00333 14.32634
0.004 14.29355
0.005 14.41335
0.00667 14.01396
0.01 13.62489
0.01333 13.22218
0.01667 13.03161

Table A6. Data for FWHM vs. 1/T plot.

T (K FWHM (eV)
0.025 0.2179
0.01667 0.2233
0.0125 0.2417
0.01 0.266
0.00833 0.2843
0.00714 0.3081
0.00667 0.325
0.00556 0.3408
0.005 0.3646
0.00455 0.3861
0.00417 0.3937
0.00385 0.4067
0.00357 0.4277
0.00333 0.4357
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Table A7. Data for FWHM vs. T plot.

T (K) FWHM (eV)
40 0.2179
60 0.2233
80 0.2417
100 0.266
120 0.2843
140 0.3081
150 0.325
180 0.3408
200 0.3646
220 0.3861
240 0.3937
260 0.4067
280 0.4277
300 0.4357

4.5.3. Appendix 3. A Non-centrosymmetric Cu(I)-lodide Coordination Polymer

4.5.3.1. Introduction
Crystallographic space groups containing an inversion center are called centrosymmetric space
groups. However, in some cases, the difference in the crystal packing may lead to the lack of

an inversion center and the crystal becomes non-centrosymmetric. Non-centrosymmetric

72,73 74,75

crystal structures may arise in organic molecular crystals’>’”, metal-halides’™’>, and metal-

7677 The emergence of non-centrosymmetry depends upon the

oxide semiconductors
arrangement of the metal, halide, and oxide moieties along with the symmetry elements
associated with the participating molecules and the ligands. Non-centrosymmetry in crystal
structures can lead to the evolution of several intriguing properties, such as second-harmonic

t’8, which cannot be observed in the

generation”*, piezoelectricity’?, and bulk photovoltaic effec
presence of an inversion center. Previously, the phenomena have been broadly studied in halide
perovskite structures’> 8% but other metal-halide structures have remained underexplored.

Here in, we present a non-centrosymmetric Cu(I)-iodide coordination polymer coordinated

with 2-amino-3-methylpyridine having a P2, space group. The bulk crystals were synthesized

159 | Page



by using a two-layer slow diffusion method. The crystal structure and the non-covalent

interactions in the bulk crystal have been explored.

4.5.3.2. Experimental Section

Materials and general protocol for synthesis
Copper(l) iodide powder and 2-amino-3-methylpyridine were purchased from Sigma Aldrich
and used as received. Ethanol, dichloromethane, acetonitrile, toluene, and n-pentane were

purchased from Neelchem Corporation.

Characterization techniques

Single-crystal diffraction analysis data were collected at 100K with a BRUKER KAPPA APEX
I CCD Duo diffractometer (operated at 1500 W power: 50 kV, 30 mA) using graphite
monochromatic Mo Ka radiation (A = 0.71073 A). The structures were solved by direct
methods and refined by least-squares against F? utilizing the software package SHELXL-
97.5%31 More information on crystal structures can also be obtained from the Cambridge
Crystallographic Data Centre under the CCDC deposition number. Powder XRD experiments
were performed using BRUKER D8 advanced X-ray diffractometer with a Cu-K, radiation

source.

Synthesis of polymer 3 (P3)

The single crystals were synthesized in a two-layer slow diffusion method. 95 mg of Cul (0.5
mmol) was dissolved in 1 mL saturated aqueous solution of KI. 101 pL (0.5 mmol) of 2-amino-
3-methylpyridine was dissolved in 1.5 mL of toluene. The aqueous solution was placed in a
glass tube with a diameter of 5 mm and became the bottom layer. The ligand solution was
added very slowly along the glass wall with a syringe and it formed the upper layer. The tube
was kept closed overnight yielding long rectangular colorless crystals in the middle layer. The

product was characterized by using SCXRD and PXRD techniques.
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Scheme A1l. Synthesis of P3.

Fully grown crystals
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Characterization

Table A8. Crystallographic data of P3.

Identification code 3MAPCul
Empirical formula CoHoCunloN»
Formula weight 298.59
Temperature/K 100(2)
Crystal system monoclinic
Space group P2,

a/A 9.344(2)
b/A 4.2401(9)
c/A 10.699(2)
a/° 90

/e 109.254(5)
v/° 90
Volume/A3 400.16(15)
Z 2
pcalcg/cm? 2.478
pw/mm'! 6.509
F(000) 280.0

Crystal size/mm?

0.31 x 0.04 x0.02

Radiation

MoKa (A =10.71073)

20 range for data collection/°

4.032 to 56.876

Index ranges

-12<h<12,-5<k<5,-14<1<14

Reflections collected

4296

Independent reflections

2032 [Rint = 0.0473, Rsigma = 0.0508]

Data/restraints/parameters

2032/1/92

Goodness-of-fit on F?

0.697

Final R indexes [[>=2c (I)]

R1=0.0293, wR2 = 0.0842

Final R indexes [all data]

R1=0.0298, wR2 = 0.0852

Largest diff. peak/hole / e A

0.67/-1.86
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Figure A2. Powder XRD pattern of P3.
Photocurrent measurements.

The photocurrent measurements were performed using an electrochemical workstation
(Metrohm) and using a method described below.®! The crystals (5 mg) of P3 were dispersed in
500 pL ethanol, and naphthol (0.5 wt. %, 10 uL) was added to it, and the disperse was sonicated
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Figure A3. Crystal structure of P3.

for 30 min. Then 50 pL solution was taken from the mixture and drop-casted on a cleaned ITO
glass. The coordination polymer-coated film was obtained after evaporation under vacuum for
1 h. The polymer-coated ITO glass was used as the working electrode, a Pt wire was used as
the counter electrode, and an Ag/AgCl/CI" electrode was used as the reference electrode. A
Na>SO4 aqueous solution (0.2 M) was used as the electrolyte medium. The measurements were

done at a 0 V bias, and 390 nm LED was used as the excitation source.

4.5.3.3. Results and discussion

Crystal structure.

The crystal structure of P3 is shown in Figure A3. Cuzl> thombic moieties are connected in a
zigzag staircase fashion and form a coordination polymer. The Cu centers are coordinated to
2-amino-3-methylpyridine ligands. The Cu-I (along the chain), Cu-I (perpendicular to the
chain), Cu-N, and Cu-Cu distances were found to be 2.62 A and 2.64 A, 2.76 A, 2.03 A, and
3.33 A, respectively. The Cu-Cu distance is much larger than the van der Waals distance (2.8

A) of the Cu atom, indicating the complete absence of cuprophilic interaction.

Non-covalent interactions in the bulk phase.

Several non-covalent interactions with high enthalpy values can moderately influence several
of the photophysical processes in the solid phase. In order to evaluate these possible influences,
Hirshfeld surface analysis calculations were carried out using the crystal structures (Figure
A4). The normalized distance (dnorm) mapped over the Hirshfeld surface is given in Figure

AS5a. The histogram containing the percentage contributions of several interactions is shown in
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Figure A4. Hirshfeld surface analysis of the complexes. Fingerprint plots revealing

quantitative descriptions of several non-covalent interactions were quantified by using Crystal
Explorer 3.1 software®. Fingerprint plots from normalized distance (dnorm) mapped over
Hirshfeld surface to calculate the percentage of each non-covalent interaction for P3.

Figure ASb. We observe that in both complexes, strong interactions such as N---H (enthalpy
~2.97 kJ/mol)®, C---H (enthalpy ~10.3 kJ/mol)**, and I---H (enthalpy ~16-25 kJ/mol)®* are
present in the bulk phase. These non-covalent interactions can effectively enhance the ISC rate
associated with the singlet and triplet excited states in the bulk-phase, which is essential for
efficient triplet state harvesting. In addition, strong non-covalent interactions can also dictate
the direction of the polarizability tensor in the bulk condensed phase, which can have a larger

impact on the non-linear optical (NLO) properties of the complexes.®%-

Photocurrent activities.

Light on-off cycle of photocurrent on P3 was performed where it was observed that upon
exposure of 390 nm LED light the photoinduced current of the sample reached ~1.4 pAcm™ at
a constant bias of 0 V (Figure A6b). The constant current of ~1.4 pAcm™ was retained till 900
s time span. Further studies are going on to characterize the photovoltaic properties of this

sample.
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Figure A6. (a) P3-coated ITO glass, (b) Light on-off cycle of the photocurrent activities of P3.

4.5.3.4. Conclusion and future direction

A non-centrosymmetric Cu(l)-iodide coordination polymer was successfully synthesized with
high purity and crystallinity. The presence of several strong non-covalent interactions within
the bulk phase was identified. There is a large pool of possibilities that can explore several
useful and intriguing properties such as piezoelectric effects, second-harmonic generation, and

bulk photovoltaic effect in this system.
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Chapter 5:

Thesis Summary and Future Outlook
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5.1. Thesis summary

The central motivation of this thesis is to explore the possibility of achieving broadband
emission tunability along with investigating several triplet harvesting pathways and non-linear
photon up-conversion properties in organic-inorganic hybrid Cu(I)-based frameworks. At first,
we showcased that time-dependent broadband emission tunability can be achieved in a thiol-
templated Cu nanocluster system by an in-situ ligand engineering process. Further, we went on
to improve the emission yield of the system by effective utilization of triplet excitons in Cu(I)-
iodide-based frameworks, where the extent of spin-orbit coupling is much higher. Iodide-
bridged Cuzl> complexes have emerged as potential resources of triplet excitons owing to the
strong charge transfer emission and intrinsically high quantum yield. However, shorter Cu-Cu
distance can give rise to cluster-centered emissive states in these complexes due to strong
Cu---Cu bonding interactions, which can significantly quench the emission yield of the
complexes. We proposed a ligand engineering approach, which could successfully eradicate
the Cu---Cu bonding interactions by increasing the Cu-Cu distance and thereby activating
TADF in iodide-bridged Cuzl> complex. We further applied the ligand engineering approach in
higher-order Cu(I)-iodide frameworks to regulate the triplet harvesting pathways and structure-
property relationship. We showcased that a well-designed ligand engineering approach can lead
to a structural switch in Cu(I)-iodide-based organic-inorganic polymers. This approach results
in a complete paradigm shift in the triplet harvesting pathways of these polymers from charge
transfer-based TADF to self-trapped excitonic emission. Moreover, we have explored the non-
linear photon up-conversion properties of these frameworks, which can be utilized in
generating high-energy photons. These phenomena include third-harmonic generation, two-
photon excited luminescence, multi-photon luminescence, and so on, which emerge due to their

high charge transfer nature, bulk-phase polarizability, and crystal packing arrangements.

5.2. Future outlook

Present findings show substantial progress in the field of Cu(I)-based emitters in terms of their
emission tunability, efficiency in optoelectronics, and photosensitization yield. However, there
are several accessible avenues through which further exploration and advancement can take
place. New ligands with high donation strength and low-lying w*-orbitals could be designed to
enhance the stability and emission efficiency of the Cu(I)-halide clusters and complexes. These
ligands include several types of carbenes and their derivatives which are strong o-donor as well

as strong m-acceptor. Exploring the spin-vibronic mechanism of the ISC process of these
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clusters and complexes is another branch of study that remains underexplored. Several ultrafast
spectroscopic techniques, such as transient absorption and time-resolved IR, could be
employed to explore these mechanisms. In the series of Cu(l)-halide emitters and newly
developed carbene-Cu-amide emitters, the emergence of red and near-IR emission and the
structure-property relationship is rarely documented in the literature. It could be another path
of exploration in the near future. Another important and relevant application of these TADF
emitters is in the field of photocatalysis, particularly to activate the bonds with high energy.
These inorganic TADF emitters can also be used to fabricate efficient triplet-triplet
annihilation-upconversion (TTA-UC) system, where a small AEst value can increase the
upconverted photon energy and strong SOC can increase the yield of triplet excitons as well.
As the thesis targets the emission tunability and efficient harvest of triplet excitons through
TADF, the materials can be applied to numerous kinds of reduction reactions. Color-tunable
copper nanoclusters can be used as photocatalysts for organic reduction reactions across the
reduction potentials. The TADF-active complexes can harvest larger number of excitons
compared to other fluorescent molecules, and thus these can be used to improve the yield of

several organic reduction reactions.
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TERMS AND CONDITIONS

The American Physical Society (APS) is pleased to grant the Requestor of this license a non-exclusive, non-transferable permission,
limited to Print and Electronic format, provided all criteria outlined below are followed.

1.

10.

11.

12.

13.

14.

15.

You must also obtain permission from at least one of the lead authors for each separate work, if you haven’t done so
already. The author's name and affiliation can be found on the first page of the published Article.

For electronic format permissions, Requestor agrees to provide a hyperlink from the reprinted APS material using the
source material’s DOI on the web page where the work appears. The hyperlink should use the standard DOI resolution URL,
http://dx.doi.org/{DOI}. The hyperlink may be embedded in the copyright credit line.

. For print format permissions, Requestor agrees to print the required copyright credit line on the first page where the

material appears: "Reprinted (abstract/excerpt/figure) with permission from [(FULL REFERENCE CITATION) as follows:
Author's Names, APS Journal Title, Volume Number, Page Number and Year of Publication.] Copyright (YEAR) by the
American Physical Society."

. Permission granted in this license is for a one-time use and does not include permission for any future editions, updates,

databases, formats or other matters. Permission must be sought for any additional use.

. Use of the material does not and must not imply any endorsement by APS.

. APS does not imply, purport or intend to grant permission to reuse materials to which it does not hold copyright. It is the

requestor’s sole responsibility to ensure the licensed material is original to APS and does not contain the copyright of
another entity, and that the copyright notice of the figure, photograph, cover or table does not indicate it was reprinted by
APS with permission from another source.

. The permission granted herein is personal to the Requestor for the use specified and is not transferable or assignable without

express written permission of APS. This license may not be amended except in writing by APS.

. You may not alter, edit or modify the material in any manner.

. You may translate the materials only when translation rights have been granted.

APS is not responsible for any errors or omissions due to translation.
You may not use the material for promotional, sales, advertising or marketing purposes.

The foregoing license shall not take effect unless and until APS or its agent, Aptara, receives payment in full in accordance
with Aptara Billing and Payment Terms and Conditions, which are incorporated herein by reference.

Should the terms of this license be violated at any time, APS or Aptara may revoke the license with no refund to you and
seek relief to the fullest extent of the laws of the USA. Official written notice will be made using the contact information
provided with the permission request. Failure to receive such notice will not nullify revocation of the permission.

APSreserves all rights not specifically granted herein.

This document, including the Aptara Billing and Payment Terms and Conditions, shall be the entire agreement between the
parties relating to the subject matter hereof.
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Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service").

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User” or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly
authorized by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (i) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis.
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7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties’ rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: “Used with permission of [Rightsholder's name], from [Work’s title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS." CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(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
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
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14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section
14, the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
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.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic 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 no 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 anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
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.

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
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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:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

o 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

o astatement 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.
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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.
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Figure 1.8a
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Dinuclear Cu(l) Complex with Combined Bright TADF and Phosphorescence. Zero-Field Splitting and Spin-
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Figure 1.8b
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Chiral Phosphine-Copper lodide Hybrid Cluster Assemblies for Circularly Polarized Luminescence
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A Family of Highly Efficient Cul-Based Lighting Phosphors Prepared by a Systematic, Bottom-up Synthetic
Approach
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Negative/Zero Thermal Quenching of Luminescence via Electronic Structural Transition in Copper-lodide
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