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Synopsis
1. Introduction

Over the past few decades, due to rapid population growth, the demand for
optoelectronic devices has increased steadily. A crucial way to address the
existing issue of the energy crisis is to figure out ways to conserve and reuse
the same. The significant advancements have been achieved in the
development of optoelectronic devices, driven by progress in materials
science. The Cu(I) complexes have shown promising potential to substitute
the traditional heavy transition metal complexes. Copper is earth-abundant,
inexpensive, and capable of forming diverse coordination environments,
ranging from tetrahedral, trigonal planar to linear geometries [/—4].
Additionally, the synthesis of Cu(l) complexes has been extensively
explored due to their intriguing photophysical properties, such as tunable
emission, high photoluminescence quantum yields and lifetimes, long-lived
excited states, and less shelf quenching effects due to d'° electronic
configuration /5-7]. Predominantly, these properties of Cu(I) complexes
are subjected to extensive investigation owing to their real-world
application in organic light-emitting diodes (OLEDs), light-emitting
electrochemical cells (LEECs), biological sensors, catalysis in organic

transformations, etc. /8,9/.

Though Cu(I) complexes have been explored largely for the preparation of
luminescent devices, there is no report for application in the development
of electrochromic (EC) devices. The main principle that governs the
electrochromic (EC) materials to change their optical property is the bias-
induced redox mechanism. Cu(I) complexes exhibit fascinating redox and
optical properties that can be easily altered by appropriately using different
ligands. This makes them promising materials for electrochromic devices
and opens up possibilities for designing electrochromic materials with a

broad spectrum of colors and response times.



The thesis attempts to get high performance from ECDs in terms of stability,
switching speeds, contrast value, and coloration efficiency using four, three
and two-coordinated Cu(I) complexes. The presence of reversible redox-
active complexes, different types of ligands, can play essential roles in
tuning emissions and electrochromic properties. To develop Cu(l)
substituted bidentate ligands, such as dicnq, cmdf and PhBz have been
utilized. These ligands provide good conjugation and rigidity, which helps

in better charge transfer transitions during the device's performance.

A comprehensive study has been conducted to explore the electrochromic
applications of newly synthesized Cu(I) complexes, and the summary of the

thesis chapters is discussed as follows:

Chapter 1. General Introduction

This chapter includes an overview of the definite advantages of Cu(I)
complexes, including their photophysical properties, structural flexibility,
and cost-effectiveness derived from the earth-abundant nature of copper.
These attributes collectively validate the selection of the corresponding
materials utilized in this thesis, highlighting their potential for practical
implementation in electrochromic applications. Also, it contains the
introduction of the electrochromism mechanism and electrochromic
materials with their ECD performance. The discussion begins by
emphasizing the crucial need for advanced strategies and the development
of novel materials capable of addressing the inherent limitations of existing
technologies. Furthermore, a brief overview of tetrahedral, trigonal planar
and linear geometries of Cu(I) complexes is presented, with emphasis on
their distinct structural features and photophysical properties, thereby
positioning them as promising candidates for a wide range of real-world

applications.



Chapter 2. Heteroleptic Cu(I) Complex with Vapochromism and its

Application as Electrochromic Material
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Figure Schematic representation of the vapochromic and electrochromic

properties of four-coordinated Cu(I) complexes at room temperature.

This work aims to synthesize four-coordinated heteroleptic Cu(I)
complexes using dicng, a 1,10-phenanthroline-based cyano-substituted
ligand, monodentate PPh3 and a bulky as well as rigid chelating diphosphine
ligands such as DPEphos and Xantphos. The synthesized complexes are
characterized by multinuclear NMR and HRMS and described as
[Cu(PPh3)2(dicng)]PFs (1),  [Cu(DPEphos)(dicng)]PFs (2) and
[Cu(Xantphos)(dicnq)]PFs (3). All complexes exhibit absorption within the
range of 380-500 nm and emit around 700 nm, attributed to the metal-to-
ligand charge transfer transition. Theoretical calculations suggest that the
HOMO is predominantly located on the Cu(l) center, while LUMO is
associated with the dicnq ligand. Furthermore, 3 was found to show
vapoluminescence behavior and blue-shifted emission was observed in the
presence of solvent vapors which show n-w interaction with dicng. Notably,
the complex 3 demonstrates electrochromic activity, prompting the
fabrication of a device (ITO/P3HT/3/ITO) for an in-depth exploration of its
electrochromic properties. The working potential range for the device was
found to be £3V. On and Off states show the device has an impressive
contrast ratio of ~40% and 38% at 520 nm and 800 nm, respectively. In
addition to this, the device shows rapid coloration and bleaching times of

0.8 and 0.5 seconds, respectively. In terms of contrast, switching speed,

Xi



stability, and efficiency values at two different wavelengths, the device

shows good electrochromic results.

Chapter 3. Redox Dependent Color Modulating Copper(I) Complex for

Flexible Electrochromic Device
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Figure Schematic representation of the response of the developed

electrochromic device based on a four-coordinated Cu(I) complex.

This chapter presents the synthesis of heteroleptic copper(I) complexes
[(PPh3)2-Cu-cmdf]PF¢ (4), [DPEphos-Cu-cmdf]PFs (5) and [ Xantphos-Cu-
cmdf]PFs (6), in high yield, using PPhs, DPEphos, Xantphos and cmdf
ligands. The complex has high thermal stability up to 160 °C and displays
low-energy absorption between 360 and 470 nm due to the metal-to-ligand
charge transfer (MLCT) transition. The electrochemical analysis confirmed
the electrochromic properties of 6. A bilayer electrochromic device (ECD)
incorporating P3HT and 6 demonstrated excellent color modulation (45%)
and rapid switching times 0.4 and 1.4 seconds. Furthermore, the flexible
ECD utilizing 6 showed superior performance compared to its solid-state
counterpart, with high efficiency (~200 cm?C), color modulation (69%)
and the same switching times for both coloration and bleaching which is about

0.9 seconds. The high coloration efficiency and fast switching time of the

xii



ECDs developed from stable and cost-effective Cu(I) complex, 6, make it a

promising candidate for real-world electrochromic applications.

Chapter 4. Custom-designed three-coordinated Cu(I) complex for

energy-efficient flexible compatible electrochromic smart devices
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Figure Representation of the ECD performance fabricated from three

coordinated Cu(I) complex.

This chapter highlights the first report of the synthesis and characterization
of two three-coordinated heteroleptic Cu(I) complexes, [SphosCucmdf]PFs
(7) and [XphosCucmdf]PF¢ (8) using bulky phosphine ligands such as
Sphos and Xphos. Both complexes show similar absorption in the range of
350 to 470 nm due to MLCT. Furthermore, both complexes exhibit a vivid
color change by application of external voltage, confirming the
electrochromic nature. Complex 7 exhibits a more prominent redox couple
compared to 8; therefore, 7 was used as EC active layer for the fabrication
of ECD to investigate the EC properties. It demonstrates exceptional
electrochromic performance in both solid-state and flexible devices. The
high color contrast of 42% and a coloration efficiency of 690 cm?*C of the
ECD make it highly promising for various applications. These findings

Xiii



highlight the potential of Cu(I) complexes as viable alternatives to

traditional electrochromic materials.

Chapter 5. Two Coordinated Mono and Bimetallic Cu(I) Complexes

for Electrochromic Devices
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Figure Schematic representation of the tunable emissions and ECD

performance fabricated from two coordinated Cu(I) complex 11a.

This study presents the synthesis and photophysical investigation of two-
coordinated mono- and bimetallic Cu(I) complexes stabilized by sterically
demanding monodentate phosphines such as Sphos and Xphos, while
substituted 2-phenylbenzimidazole (PhBz) ligands act as N-donors.
Monometallic complexes, [SphosCuPhBz]PFs (9), [SphosCuCNPhBz]PFs
(10),  [SphosCuNO.PhBz]PFs (11), [XphosCuPhBz]PFs (12),
[XphosCuCNPhBz]PFs (13), [ XphosCuNO,PhBz]PFs (14) and bimetallic
[(SphosCu)>PhBz]PFs (9a), [(SphosCu)>CNPhBz]PFs (10a),
[(SphosCu)NO2PhBz]PFs  (11a), [(XphosCu)PhBz]PFs  (12a),
[(XphosCu).CNPhBz]PF¢ (13a), [(XphosCu)NO,PhBz]PFs (14a) were
synthesized and thoroughly characterized by multinuclear NMR and
molecular structures of one of the monometallic and bimetallic complexes
were authenticated by SC-XRD analysis. To the best of our knowledge, this
constitutes the first report of bimetallic linear two-coordinated Cu(I)
complexes. These complexes display tunable emission across the UV-
visible range, with nanosecond lifetimes (0.59-2.12 ns). Introduction of
electron-withdrawing substituents such as cyano (CN) and nitro (NO»)

groups on the PhBz ligand framework modulates the electronic structure by

Xiv



stabilizing the LUMO, resulting in progressively narrowed HOMO-LUMO
energy gaps and red-shifted absorption/emission profiles. Furthermore,
complexes 11 and 11a were utilized for the fabrication of monolayer ECDs. The
ECD fabricated from complexes 11 exhibits a coloration efficiency of 58 cm?/C
with 6.6 and 8.5 seconds switching times, whereas the ECD fabricated from
complexes 11a shows a coloration efficiency of 215 ¢m?/C with 11.4 and 2.7
seconds switching times. This analysis confirms the electrochromic behavior of
two coordinated Cu(I) complexes and they show good performances in terms of
color contrast and coloration efficiencies; therefore, they can be used for real-

world ECD applications.

Conclusions

This thesis presents an exploration of the luminescence as well as
electrochromic properties of newly synthesized four, three, and two
coordinated Cu(I) coordination complexes. The findings focus on how their
molecular structures and ligand environment influence their photophysical
properties and potential for optoelectronic applications. The sightings
demonstrate that most of the investigated Cu(I) complexes exhibit
semiconducting behavior, which was successfully utilized in the
development of electrochromic devices. These findings demonstrate the
substantial potential of Cu(I) complexes in these advanced technological
domains but also pave the way for future research aimed at improving their
properties and extending their range of functionalities for real-world

electrochromic applications.
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Fig. 6.1: Schematic illustration of different techniques for
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1.1 General Introduction

The worldwide increase in global population, industrialization, and
urbanization has concurrently heightened the demand for optoelectronic
materials and devices. Scientists and researchers are dedicated to enhancing
energy efficiency in the field of optoelectronics. A critical area of
innovation addresses the increasing energy demands across various sectors,
including buildings, transportation and industries, by developing more
efficient optoelectronic materials, devices and systems. The principal aim
is to reduce energy consumption while improving performance,

contributing to a more sustainable and environmentally responsible future.

Copper is a reddish-brown metal, it has a low cost due to its relatively high
abundance in the earth’s crust (~60 ppm by mass), therefore, it is produced
up to 19,400,000 tonnes per year. The most important feature of copper is
that it can be directly used for various applications in electrical wiring,
motors, transformers, electronic components, and power generation
systems. Additionally, copper-derived materials have comparatively lower
toxicity than other transition metal-based counterparts such as nickel,
cobalt, cadmium and chromium //—4/. From a biochemical point of view,
copper is an essential trace element present in the human body at around 2
mg/kg in cytochrome c oxidase and superoxide dismutase that helps in
various enzymatic processes, redox reactions, and electron transport
mechanisms within living cells. Overall, these properties of copper make it
a highly versatile and indispensable material in industrial, domestic and

biological contexts.

According to Hard and Soft Acids and Bases (HSAB) theory, Copper(I) ion
acts as a soft Lewis acid which can react with N-, S- and P-donor ligands to
form various coordination compounds ranging from discrete molecules to
extended multidimensional (0D to 3D) architecture /5,6/. Therefore,
Copper(I) materials highlight their significance in coordination chemistry

and materials science. The commonly observed coordination geometry for
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the Cu(I) ion is tetrahedral, four-coordinate (18e system), in which the
metal center typically coordinates with four monodentate or two bidentate
ligands. Additionally, other coordination geometries have been studied for
Cu(I) complexes, such as trigonal planar, three-coordinate (16e” system)
and linear, two-coordinate (14¢” system). These low coordinated complexes
can be stabilized by using bulky phosphine and carbene ligands. The
presence of bulky substituents on the ligand provides sufficient steric
hindrance in the complex, which prevents attack by solvent molecules and

stabilizes the complex in air as well as in the solution phase.

ALL THE COPPER IN THE WORLD
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Fig. 1.1 Advantages of Cu(I) complexes.
1.1.1 Properties of Cu(I) complexes
1.1.1.1 Emissive properties

Luminescent materials based on Ir, Pt, Ru, etc. are traditionally used as
emitters in optoelectronic devices, due to excellent emission properties with
good photoluminescence quantum yields (PLQYSs). Because of their high
spin-orbit coupling these materials could achieve up to 100% PLQY. The
main drawback of such materials is the low abundance in the earth’s crust

which leads to high cost. Cu(I) materials present a promising alternative to
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traditional materials for optoelectronic devices. Particularly, Cu(I) has a d'°
electronic configuration; therefore, it does not show d-d transitions and has
less self-quenching effect, which reduces non-radiative transitions, thereby
increasing the PLQYs /[7-9/. These luminescent complexes generally
feature in the emission mechanism of metal-to-ligand charge transfer
(MLCT) via thermally activated delayed fluorescence (TADF) due to a
small AEs.t (less than 0.3 eV), resulting in high PLQY's up to 100% /2,10—
12]. Additionally, the emission behaviour of Cu(I) complexes can be tuned
by changing the ligands and modifying the substituents of the ligands /73—
18].

In the late 1970s, McMillin and coworkers reported the first homoleptic
[Cu(N"N)2] luminescent Cu(I) complexes including Cul /[79/. Upon
photoexcitation, these complexes exhibit flattening distortions (Jahn-Teller
distortions) to form a square-planar coordination geometry and nucleophiles
(solvent molecules) attack on the Cu center leading to the formation of a
five-coordinate exciplex resulting in quenching of emissions, therefore, this
gives low photoluminescence quantum efficiencies. To avoid this problem,
steric hindrance at the 2,9-positions of the 1,10 phenanthroline ligand has
increased and also, synthesis of heteroleptic complexes using phosphine and

N~N donor ligands.

46



Fig. 1.2 Four-coordinated Cu(I) complexes.

In 1978, heteroleptic Cu(I) complexes, [Cu(PPhs)(bpy)]” (Cu2) and
[Cu(dpe)(bpy)]" (Cu3) (dpe = 1,2-bis(diphenyl phosphino)ethene and bpy
= 2,2'-Bipyridine) were reported by Buckner and McMillin, These

complexes show better emission properties compared to previously reported
homoleptic complexes [20]. Moving from homoleptic [Cu(N*N)2]" to
heteroleptic [Cu(P"P)(N"N)]" complexes, photoluminescence behaviour in
terms of PLQY's is improved due to nonradiative transitions, much longer
excited state lifetimes and less flattening distortions /2//. Recently, Yersin,
Robertson and coworkers have reported and compared the photophysical
properties of [Cu(POP)(4,4’-Me:bpy)][BF4] (Cud) and
[Cu(POP)(4,4°,6,6’-Mesbpy)][BF4] (CuS) complexes. They found that the
rigid and steric hindrance at 6,6’-substituents helps in increasing radiative

transitions, leading to increase in the PLQY from 9% to 55% /9].

Though, several four-coordinated Cu(I) complexes have been investigated
but due to pseudo-Jahn—Teller (PJT) distortion in the excited state, ligand
exchange or dissociation, and relatively weak metal-ligand interactions
cause fewer radiative transitions. Because of these limitations, changing the

coordination geometry around the Cu(l) center may be an effective strategy
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to improve the photophysical properties. The reducing coordination number
(three and two) can be achieved by 1) using bulky and sterically demanding
ligands and ii) enriching the electron-donating capability of the ligand to
stabilize the metal center. Furthermore, these three and two-coordinated

Cu(I) complexes are less explored.
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Fig. 1.3 Three-coordinated Cu(I) complexes.

Three coordinated complexes are reported using a sterically demanding N-
heterocyclic carbene (NHC) and bidentate (N*N) ligands. In 2016, Gaillard,
Costa and coworkers reported a series of three coordinated Cu6-CulS
NHC-Cu(I) complexes with 2,2’-dipyridylamine (dpa) derivatives. They
have studied the influence of substituents on the photophysical properties
of heteroleptic copper(I) complexes and observed a high quantum yield up
to 86% [20]. There are some disadvantages regarding these types of
materials in deciding whether TADF or phosphorescence phenomenon is

observed for radiative decay.
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Fig. 1.4 Two-coordinated Cu(I) complexes.

Recently, scientists and researchers have moved towards the synthesis of

two-coordinated Cu(I) complexes using electrophilic carbenes as acceptors

and electron-rich amides as strong electron donors. Such complexes show

emissions via TADF with good quantum efficiencies up to 100%. In 2021,

Armands et al. have reported two coordinated NHC-Cu-Amide complexes

(Cul16-Cul9) using carbazolide and carbene ligands with electron-

accepting sulfonyl groups and achieved up to 90% of quantum yield /21].

Additionally, Thompson group reported a series of two-coordinate CAAC-
Cu-amide complexes (Cu20-Cu27) having >99% PLQY [12].
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1.1.1.2 Electrochemical properties

Copper(I) complexes exhibit exciting reversible electrochemical properties,
in which Cu(l) is converted to Cu(Il). The oxidation potentials of these
complexes are +0.50 V to +1.00 V vs SCE, whereas the reduction potentials
are —1.40 V to —1.80 V vs SCE, suggesting that they can act as stronger
electron donors than acceptors. During the oxidation process, loss of an
electron from the HOMO which is localized on the Cu(I) center, while in
the reduction, an electron gets added to n* orbitals of the LUMO, which is
located on a more electron-withdrawing diimine ligand /9/. Furthermore,
the redox property of these complexes depends on the electronic and steric
effects of both ligands. Electron-withdrawing substituents on the ligands
lowers the LUMO energy level, making redox process convenient. Presence
of bulky and rigid ligands prevent structural distortions during this redox
process. The structural tuning and redox properties of Cu(I) complexes

make it a good candidate for real-world optoelectronic applications.
1.1.1.3 Applications of Cu(I) complexes

Cu(I) complexes have found diverse applications in optoelectronic devices
including emitters in light-emitting diodes (LEDs), organic light-emitting
diodes (OLEDs), light-emitting electrochemical cells (LECs), dye-
sensitized solar cells (DSSCs), sensors for oxygen, and photoredox catalysts

(Fig. 1.5) /9,22-27].
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Fig. 1.5 Applications of Cu(I) complexes. Adapted with permission from
ref. /28] Copyright {2018} Coordination Chemistry Reviews.

1.1.1.4 Optoelectronic Devices (OLEDs and LECs)

The efficient solid-state lighting devices such as LEDs and OLEDs have
relatively complex multicomponent or multilayer devices and have replaced
the earlier optoelectronic technologies. Further, in the mid-1990s, LECs an
alternative viable technology were found. One important difference
between OLEDs and LECs is the nature of the emissive material, i.e., OLED

is made up of neutral materials while LECs contain charged species.

In 2021, Ying et al. have synthesized two coordinated Cu(I) complexes,
[1,3-bis(2,6-diisopropylphenyl)-5,5-dimethyl-4-oxohexahydropyrimidin-

2-y1][9,9-diphenylacridin-10(9H)-yl]copper(I) (MAC*-Cu-DPAC). They
have fabricated an OLED device and achieved a high external quantum
efficiency of 21.1% at a maximum and 20.1% at 1000 units /29]. In 2023,

Wang, Hai-Jie et al. fabricated Vacuum-processed blue OLEDs using Cu(I)
51



complex which contains CF3 substituted indolyl type donor and
monoamido-amido carbene (MAC) acceptor and the device shows decent

EQEs over 20% /[10].

R. D. Costa and S. Gaillard's group fabricated LECs using
[Cu(POP)(py2PMePh)][PFs]> as the luminophore which shows yellow
emission and an efficacy of 0.2 cd A /30].  Furthermore, they have
utilized three coordinated Carbene-Cu(I)-dpa complexes for LEC
fabrications and found that this device shows good efficiency up to 0.29

cd/A because it has high PLQY in the solid state /20].
1.1.1.5 Dye-sensitized solar cells (DSSCs)

The first example of a copper-based DSSC was reported by the Sauvage
group in 1994. They have used homoleptic bis(2,9-diphenyl-1,10-
phenanthroline) copper(I) complex, [Cu(NN):]" as a photosensitizer with
TiO: film and a ZnO ceramic electrode /37]. They provided evidence that
Cu(I) complexes are also effective sensitizers for this class of
semiconductors. In 2008, Housecroft and Constable groups, with the
Gratzel group, reported Cu(I) complexes using 6,6'-disubstituted 2,2'-
bipyridines. These are effective sensitizers for TiO2 and report surprisingly
high incident-photon to current efficiencies (IPCE) for DSSCs /32/. In
2021, the Inomata and Masuda groups reported three homoleptic copper(I)
complexes synthesized from potassium I-2-cyano-3-(6,6'-dimethyl-2,2'-
bipyridine-4-yl)acrylate, 2-(3-(4-(dimethylamino)phenyl)-1H-pyrazol-1-
yl)-6-methylisonicotinic  acid and  6,6'-dimethyl-2,2"-bipyridine-4-
carboxylic acid. They have fabricated a DSSC that reached up to 2.66%
overall efficiency /33].

The first example of heteroleptic Cu(I) complexes for DSSC was reported
by the Robertson group in 2010. They used [CuPOP{4,4'(R)-
bipyridyl}][BF4] and [CuPOP{4,4',6,6'(R)-bipyridyl}][BFs] (R = Me,
COzH, CO:Et) complexes as emitters in DSSCs, which gives very low
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efficiencies up to 0.053% /34]. Recently, the Gardner group reported
heteroleptic Cu(I) complexes with 6,6'-dimethyl-2,2'"-bipyridine-4,4'-
dibenzoic acid (dbda) as anchoring ligand and (dmp, dap, bcp ,dsbtmp
andbiq as ancillary ligands. They accepted the SALSAC method to
synthesize DSSCs and achieved 2.05% overall conversion efficiency from

a system based on bep ligand /35].
1.1.1.6 Sensors for oxygen

Oxygen-responsive luminescent devices fundamentally require two key
features: extended excited-state lifetimes and the presence of oxygen-
permeable voids. Smith, Conor S et al. have synthesized
[Cu(xantphos)(dmp)]tfpb (where xantphos = 4,5-bis(diphenylphosphino)-
9,9-dimethylxanthene; dmp = 2,9-dimethyl-1,10-phenanthroline; tfpb™ =
tetrakis(bis-3,5-trifluoromethylphenylborate) /36/. They have used this
complex for oxygen gas sensing. This complex exhibits a good lifetime up
to ~30 ps with 0.66 PLQY, Ksv value of 5.65, and high response time about
51 ms for the 95% return constant. Furthermore, Medina-Rodriguez,
Santiago, et al. have exchanged the counterion to form a
[Cu(xantphos)(dmp)][PFs] and used it in oxygen sensing. This complex
shows better results in terms of Ksy, the values are found to be 9.74 kPa’!

between 0 to 1 kPa pO, and 5.59 kPa™! between 0 and 10 kPa pO2 /§].
1.1.1.7 Photoredox catalyst

There are several homoleptic [Cu(N"N).]* and heteroleptic
[Cu(N*N)(P"P)]" tri- and tetracoordinated Cu(I) complexes synthesized
from diimine, mono or bisphosphine, hybrid P"N, and N-heterocyclic
carbene (NHC) ligands were used as photoredox catalysts for organic
transformations /37/. In 1987, Sauvage group reported the first example of
a photoredox catalyst based on Cu(I) complex [Cu(dap):]Cl for C—C

coupling of benzylic bromides to form bibenzyl derivatives /38].
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Xiao, Pu, et al. have reported a heteroleptic Cu(l) complex,
[Cu(dmphen)(Xant)]" for polymerization reaction /39]. Additionally, it is
found that three coordinated Cu(I) photocatalysts function as highly potent
oxidizing agent. Marion, Ronan, et al. have reported a series of NHC-based
complexes, out of which [Cu(mdmdpya)(IPr)]PFs complex exhibits an
extremely high ground-state oxidation potential of 1.99 V [40].

1.2 Electrochromic applications

Though the Cu(l) complexes are used in optoelectronic devices,
electrochromic applications remain less explored. In 2024, Hossain et al.
reported a heterometallo-supramolecular polymer with Cu(I) and Fe(II)
(PolyCuFe), which exhibits two reversible redox peaks at 0.29 and 0.78 V
due to Cu(I) /Cu(Il) and Fe(Il) /Fe(IIl) couples, respectively. Furthermore,
they utilized PolyCuFe as an electrochromic active layer in the ECD. This
device exhibits multi-colour electrochromic behaviour at 465 and 575 nm
by applying various potentials (-2.4, 1.6, -1.8 and 2.2 V), based on the
distinct redox potentials of the two metal ions (Fig. 1.6) /41]. Recently, the
same group used the Cu(I)-based metallo-supramolecular polymers
(PolyCu) for ECD and found that the film shows a reversible green-to-black
EC behaviour upon alternate application of -3 to +1 V, but with higher
switching times of 1.35 and 1.04 s, respectively /42].
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Fig. 1.6 Structure of PolyCuFe and electrochromic performance. Adapted

with permission from ref. [41] Copyright {2014} European Journal of
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1.2.1 Electrochromic Properties

With the advancement of modern display technologies, the electrochromic
display, a type of non-emissive display, has garnered significant attention.
In 1930, a color change was observed by Kobosew and Nekrassow from the
electrochemical reduction of a bulk tungsten oxide. Subsequently, in 1961,
Platt documented a shift in the absorption and emission spectra of specific
dyes when subjected to a strong electric field, coining the term
"electrochromism". It can be described as a phenomenon of change in
optical properties (color, transmittance, reflectance and absorbance)
reversibly by applying external electrical bias. In 1969, Deb demonstrated
electrochromism using tungsten oxide films, marking the true inception of
electrochromic technology. In 1971, Blanc and Staebler produced an
electrochromic (EC) effect which is superior to previously reported results
in terms of efficiency and performance. In 1972, Beegle successfully
developed a display incorporating identical counter and working electrodes.
However, from 1973 to till date Deb’s papers are widely cited as this work
is responsible for the true beginning of electrochromic technology. In 1975,
Faughan et al. made substantial improvements in the development of
electrochromic displays and devices (ECDs), contributing to the
enhancement of EC technologies. Interest in EC materials began to expand
significantly in the mid-1980s, particularly with the introduction of power-
efficient EC smart windows in building blocks involving two electrodes and
electrolytes. The ability to precisely control the structure and properties of
EC materials at the molecular level has opened new research opportunities.
This molecular-level manipulation enables the fine-tuning of material
characteristics, enhancing performance and expanding the potential uses
across various fields. Additionally, industries, residential buildings, and
transportation systems are increasingly adopting new technologies and
practices designed to enhance energy efficiency which contribute to cost

savings and environmental benefits.
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1.2.1.1 Electrochromic Devices (ECDs)

The development of efficient electrochromic devices (ECDs) is one of the
most important and speedily rising areas of optoelectronics technique.
ECDs are a device that changes their color and optical state when an electric
potential is applied /24,43]. The field of flexible electronics has been
rapidly evolving, making the development of flexible electrochromic
materials a key research focus /44]. This enables the integration of
electrochromism with the mechanical adaptability of flexible substrates.
Such EC materials can be bent, stretched, or rolled, which enables their
applications in wearable electronics, electronic skins and other next-
generation devices. Therefore, flexible ECDs have gained significant
attention from both academia and industry [45-49]. A typical device

structure of ECDs is shown in Fig. 1.7.

Substrate
Transparent conducting electrode
Ion storage layer
Electrochromic layer
Transparent conducting electrode
Substrate

Rigid ECD Flexible ECD

Fig. 1.7 Schematic representation of ECDs with important constituents.

As shown in Fig. 1.7, the electrochromic layer, an electrolyte and ion
storage are stacked between two transparent conducting electrodes
appropriately to form a solid state ECDs. Based on layers, ECDs can be
classified into two types: a) Single layers ECD (only one electrochromic
layer) b) Double layer ECDs (active and ion storage layers electrochromic

in nature).
1.3 Components of ECD Geometry

1.3.1.1 Electrodes
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The electrode substrates can provide the necessary bias to the devices and
have maximum transmission or minimum absorption in the visible region.
Generally, transparent glass substrates with a coating of indium tin oxide
(ITO) and fluorine-doped tin oxide (FTO) substrates are used as electrodes
for the fabrication of rigid ECDs. Additionally, these substates have
sufficient resistance; ITO-coated and FTO-coated glass substrates have
resistance up to 30-33 and 17-19 Q/cm?. Furthermore, for making flexible
ECDs, ITO-coated glass substrates are replaced by ITO-coated or silver
nanowires-coated polyethylene terephthalate (PET) substrates having a

resistance of 60-65 Q/cm?.
1.3.1.2 Electrolytes

It is one of the most important components in ECD geometry which helps
in charge movement or balancing (reversible color change) and the ion
exchange process occurring during redox processes which occur when bias
is applied to the device. Two types of electrolytes were used: liquid
electrolytes (containing Li*, Na*, K, Zn?*, Mg?*, Ca**, AI**, H', etc., ions)
and gel electrolytes (including hydrogels and organic gels). Liquid
electrolytes contain a suitable solute dissolved in a solvent whereas gel
electrolyte consists of a polymer gel matrix dissolved in an ionic solvent. A
gel electrolyte is better than a liquid electrolyte because it provides
appropriate ionic conduction, has less volatility, toxicity and does not have
a leakage problem in ECDs. Further, gel electrolytes withstand higher

voltages and enable the devices to operate at a higher temperature.
1.3.1.3 Ion storage layer

EC performance can be improved by the addition of an ion storage layer in
ECDs and by controlling microstructure and materials. Several ion storage
layers were used to fabricate ECDs, NPDS: a dense nickel oxide film
(micro-sized NiO particles), a porous NiO film (nano-sized NiO particles)

and a porous antimony tin oxide film (nano-sized ATO particles).
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1.3.1.4 Electrochromic layer

This is the most important layer in the ECD, the EC materials which are
sandwiched between the ion storage and electrode called the electrochromic

layer. The EC materials discussed in 1.3.
1.3.2 Performance Parameters of ECD

The performance of ECDs is measured in terms of device parameters,
including color contrast (CC), optical density (OD), and coloration

efficiency(CE), etc.
1.3.2.1 Color Contrast (CC)

Color contrast is defined to quantify the optical changes that a device
experiences when an external bias is applied. It is generally measured at
specific wavelengths where the most significant color modulation occurs.
By assessing the color contrast at these wavelengths, one can effectively
evaluate the extent of optical response and the degree of color variation
induced by the bias, offering valuable insights into the device's performance
and its capacity for optical manipulation. Color contrast is calculated by the
following equation;

CC = L7 0 S 100% oo |
Torr

where, Ty, represents the transmittance value in the ON condition and Ty f ¢

represents the transmittance value in the OFF condition.
1.3.2.2 Optical Density (OD)

It is related to the optical properties of a material at a particular wavelength,
which can be expressed in terms of absorbance or transmittance values. OD

is expressed as follows:
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1.3.2.3 Switching time

Switching (coloring or bleaching) time, also called response time, which is
a critical factor for judging the ECDs' performance. The time taken by ECD
to switch colors from one state to another is called switching time. In other
words, full-switch contrast and time constant unequivocally define
the switching process. In practical applications, a short switching time or
high switching speed is very important. It depends on the composition of
EC material, conductivity of electrolyte and substrate, applied field

intensity as well as thickness of film and deposition technique used.
1.3.2.4 Coloration Efficiency (1)

This is one of the most important components of ECDs parameters; it is
defined as the ratio of the change in optical density (AOD), at a specified
wavelength (4), to the injected or ejected charge (Q) per unit electrode area.
The unit of coloration efficiency is cm?*/C and can be calculated by the

following equation,

CE = A0 3

C.D.

where CE represents coloration efficiency having unit cm?/C, A OD (1) and
C.D. represents a change in optical density at a specific wavelength and

charge density per unit area, respectively.

The ideal electrochromic material or device would exhibit a large
transmittance change with a small amount of charge, giving rise to a high

CE.
1.3.2.5 Stability or cycle life

The most important parameter of ECDs is stability or cycle life, it reports
how many times an ECD can be switched between the colored states
without significant change in other parameters, including switching range,

switching speed, transmission level of the bleached and colored (and
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intermediate) states. It is usually defined in terms of several absorbance (or
ON/OFF) cycles exhibited by ECDs. Additionally, better cycle life could
be considered without cosmetic defects such as delamination, uneven
coloring or bleaching, and non-switching areas. Applied electric field,
environmental conditions and redox switching states of the device play an

important role in calculating the stability of ECDs.
1.4 Electrochromic (EC) materials

EC materials have gained significant attention in recent years due to their
ability to change optical properties in response to an applied electrical field.
Materials that modulate their optical properties reversibly by applying
external electrical bias are called EC materials. The phenomenon of
electrochromism is attributed to a reversible redox reaction that takes place
within the material, leading to changes in optical properties (Absorption,

reflection, transmission, etc.) /45,50-52].
1.4.1.1 Types of EC materials

There are different types of materials used for the fabrication of ECDs
called electrochromic materials, which are discussed in Fig. 1.8.
Electrochromic materials are classified based on their redox-active nature
of materials. The p-type materials change their optical property on oxidation
(for example, thiophene, pyrrole, nickel oxide, etc.). n-type materials switch
their color on reduction (for example, viologens and oxides of vanadium,
tungsten, etc.) /43,53]. Additionally, several numbers of EC materials have
been explored, which can be categorized into organic molecules and
conjugated organic polymers, inorganic metal oxides /54] (Ta2Os, Nb2Os,
V1203, V205 WO3, NiO, M0o0O3, MnO», CeO2, NaaW4013), hybrid materials,
metal plasmonic, metal (Ag, Au, Bi, Cu, Ni, and Mg) alloys, and transition
metal complexes or polymers of Fe(II), Ru(II), Os(II), Mo(II), Pt(II), Pd(IT),
Cu(Il), etc [46,55,56]. Types of Electrochromic (EC) materials are

discussed in detail.
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Fig. 1.8 Different types of electrochromic materials used in ECDs.

1.4.1.2 Organic Materials

Organic materials have gained significant attention owing to their inherent
solution processability across a diverse array of solvents. This characteristic
facilitates the development of flexible and scalable electronic devices,
which can be fabricated using solution-based techniques such as inkjet
printing, spin coating and roll-to-roll processing. In 2000 Alan J. Heeger,
Alan MacDiarmid and Hideki Shirakawa received the Nobel Prize in
Chemistry for the discovery and development of conducting organic
polymers. Organic EC materials such as poly(3-hexylthiophene-2,5-diyl)
(P3HT), wviologen [57], polyaniline (PANI) /58], polythiophene,
polypyrrole, PCBM, PEDOT, etc. Recently, P3HT and ethyl Viologen (EV)
have been widely used to design and improve an electrochromic device for
practical application purposes due to low operational driving voltage for
color change, high contrast, switchable EC property, and easy cell
construction. Additionally, these materials have another advantages
including inexpensive, lightweight, flexible and good compatibility. The
ECDs fabricated from organic molecules and conjugated polymers exhibit
fast response times, high contrast ratios, and multiple colorations.Though
some of these materials offer excellent electrochromic properties, there are
several disadvantages associated with these materials. For example, organic
polymers require multistep synthetic procedures and usually have poor

stability, poor conductivity, over-oxidation and low optical contrast.
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1.4.1.3 Metal oxides

WO:s is the first discovered EC material and a widely studied metal oxide
for EC applications. Furthermore, different types of metal oxide including
SnO,, Co0304, IrOz, Fe304,V20s5, MnO,, RuO,, Ta0s, NiO, MoOs3,
Nb20s5,TiO2, ZnO, etc. were used to fabricate inorganic ECDs. Small
cations including H", Li", etc, inserted into the lattice of inorganic metal
oxides and show a change in color due to intervalence charge transfer on
the application of bias. Physical and chemical vapour deposition,
hydrothermal synthesis and electrochemical deposition methods are used
for the preparation of Electrodes for conventional ECDs. EC behaviour can
be varied by controlling the thickness and morphology of the deposited
inorganic materials, typically in the form of a thin film. They show higher
switching speeds in electrolytic medium as compared to solid state devices
and have strong adhesion to the substrate. These metal oxides have been
used for EC applications with various techniques developed for improved
switching and color contrast. Metal oxides have a high bandgap, revealing
a challenge to achieving many colors and high production costs and which
is a main drawback. Recently, research has focused on multiple color
generation, improving film thickness, electrical conductivity, strength, and

transparency to improve the device’s performance.
1.4.1.4 Metal Plasmonic and alloys

Metal plasmonic and alloys are broadly used as EC materials such as Ag,
Bi, Cu, Ni, and Mg alloys from their salts in the EC device cell. They have
nanostructures and show reversible electrodeposition as well as insertion
and disinsertion of hydrogen in alloy films. When gold or silver
nanoparticles are deposited on a transparent matrix show plasmonic
absorption in the visible region, flagging the way for their use in EC devices.
Metals plasmonic EC materials have been used to achieve multiple colors
under low electrical voltage. Additionally, there are several metal alloys,

including Ni-Mg, Ag-Cu, Cu-Pb, Bi-Cu, etc., that are generally used as
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metal alloys for the fabrication of ECDs. The drawback associated with
such EC materials pertains to their low optical contrast and stability
regarding size and shape, tendencies toward aggregation and they are quite
rare and expensive. The drawback associated with plasmonic materials
pertains to their low optical contrast and stability regarding size and shape,
primarily due to tendencies toward aggregation. Further, EC film
polarizations (cathodic and anodic) are observed due to the interchange in

optical states via redox reaction occurring in metal alloys.
1.4.1.5 Metal complexes

EC materials based on transition metal complexes including Fe(II), Ru(II),
Os(1I), Mo(II), Pt(II), Pd(II), etc. show distinct color changes due to d—d
transition or ligand-to-metal charge transfer (LMCT), transitions which
involve oxidation and reduction of the metal ions or ligands. Some
complexes change their optical properties due to metal-to-ligand and
ligand-to-ligand charge transfer (MLCT or LLCT) transitions. The color,
stability, and electrochromic properties of metal complexes depend on the
steric and electronic effects of the ligands (electron-withdrawing
substituents decrease the n* orbital energy of the ligand, whereas electron-
donating substituents show the opposite effect). However, the oxidation
states of transition metal ions are distinct and thus only the corresponding
colors can be observed. The alteration in bulkiness and electronic properties
of the ligands affects color, stability, and electrochemical properties of the

corresponding metal-ligand complexes.

The first electrochromic inorganic complex used as EC material is iron(I1I)
hexacyanoferrate(Il) [KFe'[Fe'(CN)¢], also called Prussian blue. It has
three colored electrochemically switchable oxidation states, changing
between colorless, blue and brown as displayed. The electrochromism of
Prussian blue simple but most impressive experiment for teaching purposes
at schools and universities. The electrochemical reaction of Prussian blue

can be described as;
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[MaFe!'Fel(CN)s] 2 [MFe"Fe!(CN)s] + M* +e— 2 [Fe'Fe'(CN)] +2M+

+2e—.

Furthermore, there are several transition metal complexes or polymers of
Fe(II), Ru(II), Os(II), Mo(II), Pt(IT), Pd(II), Cu(Il), etc have been used as
EC materials /46,55]. Metal complexes form a stable, thin film of ECDs
and are insoluble in the electrolyte medium. However, the individual colors
observed in transition metal compounds are directly related to the
significance of their altered oxidation states, this property restricts the
realization of gradual color. Further, Cu(Il) complexes are synthesized
using salen ligands and used as electrochromic materials, but these show
less color intensity compared to Ni and Pd-salen complexes in ECDs. The
high cost and toxicity of other transition metal complexes make them
unfavourable for industrial applications /59/. There is a need to overcome
these issues associated with the development of EC materials with improved

electrochemical performance.
1.5 Applications of ECDs

The potential applications of ECDs are in wearable and deformable
optoelectronics, electronic papers, billboards, smart windows, smart labels,
variable-reflectance mirrors, auto-dimming rearview mitrors, Sensors,
energy storage, etc /60—65]. They are usually used as auto-dimming rear-
view mirrors, variable-reflectance mirrors in automobiles, information
displays, and smart windows. Further, EC displays operate through
fundamentally different mechanisms compared to conventional light-
emitting displays (e.g., LCDs, LEDs, and OLEDs). For example, the light-
absorption/reflection-based operation of EC displays permits many
remarkable characteristics, such as eye friendliness and a wide viewing
angle. The main advantage of EC displays is that we can see-through
displays (known as transparent displays), therefore, many industries have
tried to launch electronics products based on these displays (Google Glass,

OPPO Air Glass, Mi TV LUX see-through television, etc.).
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Fig. 1.9 Real-world applications of ECDs. Adapted with permission from

ref. /65] Copyright {2020} Materials Science and Engineering: R: Reports.

Recently, wearable electronics and electronic skins have been attracting
attention because of the increasing demand for real-time information
communication and human-computer interaction. The low energy
consumption, due to the optical memory effect and low driving voltage,
makes them highly suitable for energy-efficient applications. At the last EC,
displays are used in energy storage. The visualized EC energy storage will
see considerable development as the global energy crisis continues to

escalate and intensify.

Considering these applications of ECDs, there is a need to explore better
performance and device fabrication technologies. Additionally, a deep

understanding of the underlying scientific challenges is essential to
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overcome current limitations and accelerate the commercialization of
electrochromic (EC) displays, thereby enabling their integration into

everyday applications.

1.6 Objectives
Herein, the main objectives are as follows:

= To explore the basic understanding of electrochromic properties of
Cu(I) based materials using different electrochromic device
geometries (rigid and flexible).

= To understand the various device parameters which involved in the
fabrication of ECDs using Cu(l) materials and organic counterparts
(P3HT).

= To explore the coordination geometry around Cu(I) to optimize the
performance of ECDs using a definite device paradigm.

= To explore the possibility of flexible ECDs for real-world
applications in different fields of wearable devices and smart

windows.
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2.1 Introduction

A crucial way to address the existing energy crisis is to find ways to
conserve and reuse energy. Scientists and researchers worldwide are
contributing to the development of technologies such as batteries,
supercapacitors, and solar panels, among others //—4]. electrochromic
devices (ECD) which change color on the application of the bias, stand on
the same list and are being extensively studied as they behave as heat
regulators by blocking or allowing certain components of the
electromagnetic spectra. Among several materials, metal-organic
frameworks with Cu metal have shown potential for the development of

electrochromic materials /5].

Herein, we have synthesized a heteroleptic Cu(I) complexes,
[Cu(PPh3)2(dicng)]PFs (1),  [Cu(DPEphos)(dicng)]PFs (2) and
[Cu(Xantphos)(dicnq)]PFs (3) using different phosphine (PPhs, DPEphos
and Xantphos) and dicnq ligands. The phosphine ligands and rigid =-
conjugated systems of dicnq could prevent the formation of exciplexes and
dimeric aggregates as well as bending or rotation around the skeleton of the
molecule therefore, such types of complexes show higher emission
efficiency /6—9/. These complexes show emission at around 700 nm in both
solid and solution. The complex 3 exhibited vapochromism in the solid state
and was found to show blue-shifted emission in some solvent vapors.
Moreover, complex 3 has been tested for electrochromic behavior and was
found to be electrochromic active. The material has been coupled with
another popular electrochromic active material, namely poly(3-
hexylthiophene-2,5-diyl) (P3HT), in a well-established methodology so that

a more efficient and practically viable device can be fabricated.
2.2 Experimental Section

2.2.1.1 Materials
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Materials obtained from commercial suppliers were used without further
purification unless otherwise stated. All glassware, magnetic stirring bars
were thoroughly dried in a hot air oven. Reactions were monitored using
thin-layer chromatography (TLC). Commercial TLC plates were used, and
the spots were visualized under UV light at 365 nm. The complexation
reactions have been performed using Schlenk techniques under a nitrogen
atmosphere. The Xantphos ligand was purchased from Spectrochem, and
dicnq was synthesized according to the literature procedure [70].

[Cu(CH3CN)4]PFs was synthesized using the reported procedure /11].
2.2.1.2 Characterization methods

'H, BC{'H}, and *'P{'H} NMR were recorded on a Fourier transform
nuclear magnetic resonance spectrometer, model Bruker Avance 500 MHz
spectrometer. 'H and '*C {'"H} NMR spectra were referenced relative to the
residual solvent peak. The abbreviations such as s (singlet), d (doublet), t
(triplet), dd (doublet of doublets), td (triplet of doublets), dt (doublet of
triplet), m (multiplet), etc. are used for the multiplicity assignment. High-
resolution mass spectral analyses (HRMS) were recorded on a Bruker-
Daltonics micrOTOF-Q II mass spectrometer. Single crystal X-ray
structural studies of crystals were performed on a XtaLAB Synergy — 1
Diffraction system (Dual Micro—focus source), made Rigaku Corporation,
Japan. Using Olex 2 [12] the structure was solved with the SHELXT
structure solution program using Intrinsic Phasing and refined with the
SHELXL [13] refinement package using Least Squares minimization.
Thermogravimetric analysis was performed on the powder sample using
METTLER TOLEDO TGA/DSC 1 STARe System having a heating rate of
10 °C min™!. UV-Vis spectroscopy was performed on a 3 mL solution using
the Varian UV—vis spectrophotometer (Cary 100 Bio) in a quartz cuvette (1
cm % 1 cm). Photoluminescence (PL) spectra were recorded by using a
Fluoromax-4 spectrofluorometer (HORIBA Jobin Yvon, model FM100)

with an excitation and emission slit width at 5 nm. The crystal structure of
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[Cu(Xantphos)(dicnq)]PFs was used for geometry optimization. Ground
state DFT calculations were done by the ORCA 5.0.3 program package
developed by Neese and coworkers /74,15] using B3LYP functional with a
def2-TZVP basis set. Cyclic Voltammetry was performed using an
AUTOLAB, PGSTAT 12 (Ecochemie, B.V. Netherlands) with GPES
software (version 4.9) in a conventional blank ITO-coated glass slide as the
working electrode, the CV curve was recorded in a potential range of £3 V

and at a scan rate of 100 mV/s.
2.3 Synthetic Details

2.3.1.1 Synthesis of 6,7-dicyanodipyrido|2,2-d:2°,3’-f] quinoxaline

(dicnq)
/ N N=
Y\ 4/  HN_ NH;  HOAc, EtOH
— 4 — -
NC CN Reflux
o) o

Scheme 2.1 Synthesis of 6,7-dicyanodipyrido[2,2-d:2’,3’-f]quinoxaline
(dicnq).

6,7-dicyanodipyrido[2,2-d:2’,3’-f]quinoxaline (dicnq) was synthesized
using some modification of the literature procedure //0/. In a clean and dry
two-naked round bottom flask, under N> condition, 1 g of 1,10-
phenanthroline-5,6-dione was dissolved in 15 mL of EtOH (ethanol), to this
a solution of 0.756 g of diaminomaleonitrile in 10 mL of EtOH was added.
The solution was stirred at 80 °C for 4 hours. After the reaction was
finished, the solvent was concentrated to 5 mL and cooled to room
temperature, and the brown-colored product was filtered and dried under a
high vacuum to give a pure product with 93% yield. The formation of the
product is confirmed by 'H, *C{'H} and 'H-’C HSQC NMR
spectroscopies (Fig. 2.1-2.3). "TH NMR (500 MHz, DMSO-ds): 6 9.41 (dd,
J=8.2,1.7Hz, 2H), 9.35 (d, J= 5.8 Hz, 2H), 8.04 (dd, J= 8.3, 4.3 Hz, 2H).
BC{'H} NMR (126 MHz, DMSO-d¢): & 154.30, 148.10, 141.03, 133.82,
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131.58, 125.27, 124.68, 114.53. HRMS (ESI, m/z):
[M+nNa]": 305.0546, Found: 305.0546.

Calcd for C¢HgNgNa
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Fig. 2.1 '"H NMR spectrum of dienq in DMSO-de (500 MHz).
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Fig. 2.2 BC{'H} NMR spectrum of dienq in DMSO-ds (126 MHz).
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Fig. 2.3 'H-"3C HSQC spectra of dicnq DMSO-ds (500 MHz).

2.3.1.2 General procedure for Synthesis of complexes

In a clean and dry Schlenk tube, under N> condition, 1 eqv. phosphine ligand
(in case of complex 1, 2 eqv. of PPh3) was dissolved in 4 mL of DCM. To
this solution [Cu(CH3CN)4]PF¢ (1 eqv.) in DCM (4 mL) was added, and the
resulting mixture was stirred for 2 hours at room temperature. After this, the
solution of dicnq ligand (1 eqv.) in 4 mL of DCM was added, then the
reaction mixture was further stirred for 2 hours. The solvent was evaporated
by rotary evaporation and the product was dissolved in a small amount of
DCM and addition of n-Hexane leads to the precipitation of pure compound

as yellow powder.
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[Cu(CH;CN),]PF

+
| N DCM, rt., 4h
N ANy CN >
(X
N/r N~ CN
N

Scheme 2.2 Synthesis of complexes 1-3.
2.3.1.2.1 Synthesis of [Cu(PPh3)2(dicnq)]PFs (1)

Using the general procedure, complex 1 was synthesized using PPhs, [Cu
(CH3CN)4]PFg, and dicng to get pure product as a yellow powder in 75%
yield. The data obtained from different NMR spectroscopies (Fig. 2.4-2.6)
and HRMS confirm the formation of complex 1. 'H NMR (500 MHz,
DMSO-ds) 8 9.55 (d, J = 8.2 Hz, 2H), 9.15 (d, /= 4.9 Hz, 2H), 8.11 (dd, J
=8.2,4.7 Hz, 2H), 7.40 (t, J= 7.4 Hz, 6H), 7.27 (t, J= 7.7 Hz, 12H), 7.17
(s, 12H). BC{'H} NMR (126 MHz, DMSO-ds) & 153.26, 145.12, 140.13,
135.27, 132.73, 132.64, 132.42, 130.17, 128.83, 127.02, 126.14, 114.27.
SP{'H}(202 MHz, DMSO-ds) & 3.23, -144.15. HRMS (ESI, m/z): Calcd
for C34H21CuN6P [(M-PFe)]" with loss of one PPhs ligand: m/z 607.0856.
Found: m/z 607.0897.
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2.3.1.2.2 Synthesis of [Cu(DPEphos)(dicnq)]PFs (2)

The general procedure was used to synthesize complex 2, DPEphos, [Cu
(CH3CN)4]PFg and dicng gave complex 2 as a yellow powder in 90% yield.
The formation of complex 2 is confirmed by multinuclear NMR
spectroscopies (Fig. 2.7-2.9) and HRMS. TH NMR (500 MHz, DMSO-ds)
09.54 (dd, J=8.2, 1.5 Hz, 2H), 9.10 (d, J=4.3 Hz, 2H), 8.07 (dd, /= 8.2,
4.9 Hz, 2H), 7.45 (td, J= 7.7, 1.8 Hz, 2H), 7.30 (t, /= 7.4 Hz, 4H), 7.23 (d,
J=28.1Hz, 2H), 7.18 (t, J= 7.7 Hz, 8H), 7.11 (t, J = 7.8 Hz, 2H), 7.05 —
6.98 (m, 8H), 6.70 (ddp, J=5.8,4.1, 1.8 Hz, 2H). BC{'H} NMR (126 MHz,
DMSO-ds) 6 157.83, 152.82, 145.42, 140.41, 135.25, 133.76, 132.81,
132.59, 132.51, 130.21, 128.89, 127.04, 126.34, 125.33, 122.90, 120.71,
114.47. 3'P{'"H} NMR (202 MHz, DMSO-ds) & -11.38, -144.17. HRMS
(ESI, m/z): Calcd for Cs2H34CuNsOP2 [(M-PFs)]*: 883.1560. Found: m/z
883.1591.

2.3.1.2.3 Synthesis of [Cu(Xantphos)(dicnq)]PFs (3)

A similar general synthetic procedure was used to synthesize complex 3,
Xantphos, [Cu(CH3CN)4]PFe and dicng, a yellow powder was obtained in a
69% yield. The formation of complex 3 is confirmed by results of 'H,
BC{H} and 3'P{'H}NMR spectroscopies (Fig. 2.10-2.12), HRMS
elemental analysis and FT-IR. TH NMR (500 MHz, DMSO-ds): 6 9.51 (d,
J=8.3 Hz, 2H), 8.79 (d, J = 5.4 Hz, 2H), 8.09 (dd, J = 8.3, 4.7 Hz, 2H),
7.89 (d, J= 6.5 Hz, 2H), 7.29 (t, J = 7.6 Hz, 2H), 7.24 (t, J = 7.4 Hz, 4H),
7.10 (t, J=17.6 Hz, 8H), 6.94 (q, J = 5.5 Hz, 8H), 6.75 — 6.65 (m, 2H), 1.75
(s, 6H). BC{IH} NMR (126 MHz, DMSO-d¢): & 153.72, 152.16, 144.68,
139.71, 135.11, 133.33, 132.49, 132.03, 130.43, 129.74, 128.57, 128.16,
127.09, 125.91, 125.07, 118.27, 114.13, 35.50, 28.13. 3'P{'"H} NMR (202
MHz, DMSO-de): & -12.72, -144.20. HRMS (ESI, m/z): Calcd for
CssH3sCuNsOP2 [(M-PFs)]*: 923.1873; Found: m/z 923.1894. Anal. Calc.
for CssH40CuFsNe¢OP3: C, 61.66; H, 3.76; N, 7.84. Found: C, 61.65; H,
3.72; N, 7.79%. FT-IR (cm™) 3061, 2968, 2956, 2348, 2329, 1573, 1508,
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1479, 1460, 1434, 1403, 1372, 1220, 1095, 998, 875, 834, 737, 696, 556,
509, 421.

2.4 Characterisations of 1-3
2.4.1.1 NMR spectra of 1-3

The formation of complexes 1-3 was confirmed by the data obtained from
'H, BC{'H}, *'P{'H} NMR in DMSO-d¢ and HRMS (Fig. 2.4-2.12). In the
'H spectra of complex 1, the protons corresponding to the phenyl rings of
PPhs (12H, 12H, and 6H) were observed at 7.17 ppm, 7.27 ppm, and 7.40
ppm while in the 'H NMR spectrum of complexes 2 and 3, the signals of
phenyl protons preset on DPEphos ligand were observed at 7.5 (m, 8H),
7.18 (t, 8H), 7.30 (t,8H), and phenyl protons of Xantphos ligand show
signals at 6.94 ppm (q, 8H), 7.10 ppm (t, 8H), and 7.24 ppm (t, 4H),
respectively. Additionally, a singlet at 1.75 ppm corresponds to six methyl
protons present on the bridging carbon atom between two phenyl rings of
Xantphos. The downfield doublet signals range from 8.07 to 9.55 ppm,
corresponding to pyridinyl protons of the dicnq ligand present in all

complexes.

BC{'H} NMR spectrum of complexes 1-3 showed the peaks of phenyl
carbons in the range of 120 to 150 ppm, whereas in complex 3 the bridging
carbon atom between two phenyl rings of Xantphos was observed at 35.50
ppm, while methyl groups substituted on this bridging carbon were
observed at 28.13 ppm. The singlet at 3.23, -11.38 and -12.72 ppm in the
SIP{'TH} NMR spectrum of all complexes confirms the coordinated
phosphine ligands, whereas the characteristic septet around -144 ppm
confirms the presence of PFs counterion. HRMS of 1 characteristic isotopic
signature of copper with loss of one PPh; ligand: m/z=607.0897 (607.0856
calcd for [M-PF¢]") while complexes 2 and 3 showed the m/z of 883.1591
and 923.1894 (883.1560, 923.1873 calcd for [M-PFs]").
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Fig. 2.12 3'P{'H} NMR spectrum of 3 in DMSO-ds (202 MHz).
2.4.1.2 Structural analysis

Single crystals of complexes 1 and 2, suitable for single-crystal X-ray
diffraction (SCXRD) studies, were grown from vapor diffusion of DCM
and hexane as an anti-solvent while the crystals of 3 was grown from
acetonitrile solvent. The obtained molecular structures are shown in Fig.
2.13. Complexes 1 and 2 were crystallized in a triclinic crystal system
having P-1 space group whereas complex 3 has monoclinic crystal system
with a P21/n space group. The complete crystallographic data and structure
refinement details are summarized in Table 2.1. The geometry around the
copper center was found to be distorted tetrahedral, in which Cu(I) ion is
coordinated with two phosphorous from phosphine ligands and two

nitrogen of dicnq ligand.
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Fig. 2.13 Molecular structures of the heteroleptic Cu(I) complexes 1-3.

Hydrogen atoms, solvent and counterions are omitted for clarity.

A comparison of bond lengths and angles is tabulated in Table 2.2 and 2.3,

the bond distances between Cu-P are between 2.28 to 2.23 A, whereas the

Cu-N bond distance ranges from 2.06 A to 2.09 A. The bond angles between
P-Cu-P are in the range of 111° to 122° while N-Cu-N bond angles are

around 80°, which is similar to those observed in the previously reported

four coordinated Cu(I) complexes /16,17].

Table 2.1 Crystal and refinement data table of complexes 1-3.

Complex 1 2 3
Empirical formula Cs2H36CuFsN  Cs2H34CuFsNg  Css.sH3g.75CuFeNe.2
6P3 OPs; 5OP3
Formula weight 156.90 1029.30 1079.12
Crystal system triclinic triclinic monoclinic
Space group P-1 P-1 P2i/n
a/A 10.7422(8) 13.5873(10) 11.6633(2)
b/A 16.0390(14)  13.8787(4) 25.6479(4)
c/A 20.3861(16)  16.0252(6) 17.1381(4)
a/° 73.909(7) 111.448(3) 90
p/° 74.945(7) 107.979(6) 100.809(2)
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v/° 81.912(7) 95.907(4) 90

v/ A3 3250.0(5) 2594.6(2) 5035.72(17)

Z 2 2 4

Pealeg/cm™ 1.122 1.317 1.424

p/mm’! 0.578 0.577 0.599

R1 (R1 all data) 0.1445 0.0945 0.0975

[1>26(D)]

wR2 (wR2 all 0.1884 0.1481
0.1930

data)

Data/restraints/pa 9118/0/595 10732/30/722
11864/0/616

rameters

GOF 0.934 1.079 1.025

Table 2.2 Selected bond lengths of complexes 1-3.

Bond length (A) 1 2 3
P1-Cul 2.2887 2.23 2.27
P2-Cul 2.2675 2.23 2.23
NI1-Cul 2.097 2.06 2.06
N2-Cul 2.115 2.05 2.09

Table 2.3 Selected bond angles of complexes 1-3.

Bond Angle (°) 1 2 3
P1-Cul- P2 122.66 111.71 120.61
P1-Cul-N1 110.73 116.80 105.72
P2-Cul-N2 111.56 117.30 111.98
N1-Cul-N2 79.37 80.31 79.95
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2.4.1.3 Thermogravimetric analysis

TGA analyses have been performed to measure the thermal stability of
complexes under N> flow (20 mL/ min) with an increase in temperature of
10 °C/ min (Fig. 2.14). The TGA curve of complexes 1-3 suggests that all
complexes were thermally stable up to 150 °C. It is found that the presence
of bidentate DPEphos and Xantphos ligands provides greater thermal
stability to the complexes as compared to the PPhs. In complexes 1-3, the
first step of decomposition is about 10-12 % weight loss corresponding to
counter ion. Furthermore, the second loss of 26-30% corresponds to the
dicnq ligand and the last degradation of 52-54% represents the loss of the
phosphine ligands. The thermal stability of all complexes, suggesting that

they can endure temperatures up to 100 °C during further applications.

100 -
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100 200 300 400 500 600 700 800

Temperature(°C )

Fig. 2.14 TGA curves of 1-3 under nitrogen atmosphere with the

temperature heating rate of 10 °C min'.
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2.5 Photophysical properties

2.5.1.1 Absorption, emission and theoretical calculations

The UV-Vis spectra of complexes 1-3 were recorded in toluene with 104 M
solution which is displayed in Fig. 2.15a. This shows that high energy
absorption bands between 280 to 350 nm were observed due to the ligand-
centered n-t* transition in both dicnq and phosphine ligands /7/8-24]. The
weak absorption band ranges from 380 to 500 nm, which arises due to the
metal-to-ligand charge transfer transition (MLCT) from the spin-allowed
transition that involves the 3d orbital of the Cu(I) with some involvement
of the phosphine ligand and n* orbital of the dicnq ligand /25-27]. The
emission of complexes 1-3 in solution was recorded in the same solvent, on
the excitation of 360 nm, showing an emission between 680-700 nm (Fig.
2.15b). It has been observed that the presence of a significant charge
transfer character in the excited state results in broadband emission spectra

without distinct vibrational peaks /28].

—_
&
—
—_—

=
—

_.
o
~
o e e =
- o [--] o
s’
oLl

Absorbance (a.u.)

=
(X}
N

Normalized Intensity (a.u.)

o

o
=
o

T T 1 T T T T T T
300 400 500 600 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Fig. 2.15 (a) Absorption spectra and (b) Excitation and Emission spectra

(Aex = 360 nm) of complexes 1-3 in toluene at room temperature.

As all complexes show similar absorption bands, complex 3 was chosen for
theoretical studies, including density functional theory (DFT) and time-
dependent density functional theory (TD-DFT) using the B3LYP/
Def2TZVP basis set. Based on the DFT studies it is found that the HOMO
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is distributed on the 3d orbital of the Cu(I) with a significant contribution
of the Xantphos ligand. In contrast, the LUMO is present on the dicnq ligand
(Fig. 2.19). Therefore, it is concluded that the electronic transition occurs
via metal-to-ligand charge transfer transition (MLCT), i.e., from the Cu(d)
orbital to the m* orbital of the dicnq /29/. The energy of HOMO is -8.092
eV while the energy of LUMO is -5.517 ¢V and the HOMO-LUMO energy
gap is 2.575 eV. Additionally, TD-DFT calculation suggests that the major
orbital composition (HOMO — LUMO) is about 98% is contributed by the
singlet excited state (S1). As a result, it is found that the S| excited state as
emerging from the transition between the HOMO and LUMO frontier
orbitals. However, The S; excited state near the frontier orbitals exhibits CT
behavior and this state is assigned as an (M+L)LCT excited state because
HOMO is present on Cu(I) center and some contribution of Xantphos and

the LUMO is located on the dicng.
2.5.1.2 Solid-state Emission and Vapochromic Properties of Complex 3

In daylight, complex 3 was a pure yellow solid that showed a broad UV-Vis
diffuse reflectance spectrum in the range of 250 to 500 nm in solid-state
(Fig. 2.16a), and emission in the near IR region under UV light. The
emission spectra of 3 were recorded on the photoluminescence (PL) mode
of Raman spectroscopy. It was found that the emission peak was observed
at 700 nm with a shoulder at 740 nm upon the excitation of 532 nm (Fig.
2.16b).
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Fig. 2.16 a) Solid-state UV—visible diffuse reflectance spectra (DRS) at
room temperature, b) Normalized solid-state emission spectra of 3 at an
excitation wavelength of 532 nm, and Vapochromism of 3 with vapours of

different organic solvents.

Several Cu(I) complexes are known to show changes in photophysical
behaviour when subjected to external stimuli such as temperature, pressure,
solvent vapours, etc /30-35]. The photophysical properties of stimuli-
responsive material transform through structural modification, crystalline
to amorphous phase conversion, cuprophilic (Cu-Cu) interaction, formation
of cation-anion exciplex, and interactions with the solvent molecules /36—
41]. When 3 was exposed to different solvent vapours, a substantial change
in luminescence was observed as illustrated in Fig. 2.16b. It was observed
that there is no change in emission in the presence of vapours of
dichloromethane (3PM), methanol (3M¢OH), acetone (3A¢¢t°"¢) and n-hexane
(3Hexane) "however, a blue-shifted emission was observed with acetonitrile
(3ACN), benzonitrile (3PPN) and toluene (3T°"¢"¢) vapours. A maximum of

40 nm blue-shifted emission at 660 nm was observed in 3ACN,

To understand the role of solvents, we have tried to grow crystals under
different solvent systems. Fortunately, we were able to get crystals suitable
for a single-crystal X-ray diffraction (SC-XRD) study under ACN (34CN)
and DCM (3P¢M) solvents. Though the data obtained for 34N was of good

quality, even after several attempts, we could not get good-quality single-
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crystal data for 3°“M, Even with the poor-quality data of 3PM, we could
see the structure, observe atom-to-atom connectivity, and use it for

comparison with 34N, The obtained structures are shown in Fig. 2.17.

Fig. 2.17 Molecular structures of the heteroleptic Cu(I) complexes a) 3PCM

and b) 3ACN, Hydrogen atoms are omitted for clarity.

The geometry around the copper in both 3°M and 34N was found to be
distorted tetrahedral, as expected. In both structures, the bond distances
between Cu-P are between 2.28 to 2.23 A, whereas the Cu-N bond distance
ranges from 2.07 A to 2.09 A. Notably, the P-Cu-P bond angle in 3°M
(113.94°) is found smaller than 34N (120.61°), whereas the N-Cu-N bond
angle, having the more rigid backbone, increased from 78.43° in 3PM to
79.95° in 3ACN, The dihedral angle between the planes of both the ligands
for 3PM is about 82.71° while in 3ACN this angle increased upto 85.76°. A
comparison of bond angles is tabulated in Table 2.4 and bond distance of
3ACN s presented in Table 2.5. Overall, there are no significant changes in
the bond distances but significant changes in bond angles are present around

Cu(I) center.
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For a similar observation of vapochromism with the Cu(I) complex, it is
reported that the structural changes are responsible for blue-shifted
emissions /42]. The crystal structures of 3PM and 3ACN clearly suggest that

the presence of solvent molecules alters the ligands arrangement around the

metal as well as molecular packing (Fig. 2.18 and 2.19).
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Fig. 2.19 Molecular Packing of 3A€N,

Further, the FT-IR spectrum of 3, 3PM and 3ACN (Fig. 3.20) shows
stretching frequencies of C-N triple bond of dicnq ligand at 3061 and 2968
cm!. In ACN solvate complex the additional peak was observed at 2253
cm’! corresponding to the ACN solvent present in the lattice. The bands
1372-1600 cm™ correspond to the stretching frequencies of C-C and C-N of
the ligands. In addition, data obtained from elemental analysis suggests the

presence of solvent molecules (Table 3.6).

Table 2.4 Selected bond angles of 3PM and 3ACN,

Bond Angle (°) 3beMm 3ACN
P1-Cul- P2 113.94 120.61
P1-Cul-N1 107.18 105.72
P2-Cul-N2 114.30 111.98
N1-Cul-N2 78.43 79.95

Table 2.5 Selected bond lengths of 3ACN,

Bond length (A) 3ACN

P1-Cul 2.27
P2-Cul 2.23
N1-Cul 2.06
N2-Cul 2.09
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Fig. 2.20 FTIR spectrum complex 3 and it solvates (3P™ and 3 ACN),

Table 2.6 Elemental analysis data for the characterization of the 3, 3P¢M

and 3ACN,

3 3DCM 3ACN
Calc. for Found Calc. for Found Calc. for Found
CssH40Cu CssH42C12Cu Cs7H43Cu
FsN6OP3 FeN6OP3 FeN70P3
C 61.66 61.65 58.17 58.11 61.54 61.52
H 3.76 3.72 3.66 3.59 3.90 3.90
N 7.84 7.79 7.27 7.20 8.81 8.63
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3DCM HOMO 3ACN

Fig. 2.21 a) and b) Optimized molecular structures and frontier molecular
orbitals (¢ and d) LUMO (e and f) HOMO orbitals of 3PM and 3ACN at
B3LYP/def2-TZVP level of theory(Cu = Brown, P = Orange, N = blue, O

=red, C = black and H = grey). Counter ion is omitted for clarity.
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DFT calculations for 3ACN and 3P®M gyggest no significant change in
energies of frontier orbitals (Fig. 2.21). However, acetonitrile is not
aromatic and cannot exhibit 7-w interaction. In the case of 3ACN, during the
analysis of molecular structure, it is found that, C-N n-bond of acetonitrile
show interaction with the dicnq ligand and the above-mentioned structural
changes, also observed due to the dipole-m interactions of acetonitrile

molecules and dicng. These interactions with ACN are depicted in Fig. 2.22.

Fig. 2.22 Weak Interactions including, C-H---n intermolecular and n---n
interactions observed between ACN (acetonitrile) and dicnq ligands in 3°¢M

and 3ACN

Further, closer observations suggest that blue-shifted emissions were only
observed with solvent vapors that can interact with the dicnq unit through
n-n interactions. There is no shift for other polar/ nonpolar solvents as
mentioned in Table 2.4 and Fig. 2.16b. This observation suggests that n-n

interaction plays a significant role in controlling the emission. Probably, the
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interaction leads to stabilization of ligand m-orbitals and destabilization of
LUMO of 3, present on the dicnq unit (Since the LUMO and LUMO-1 are

located on dicnq), resulting in higher energy emission.
2.6 Electrochemical and Electrochromic Studies

Further, to understand the electrochemical behaviour of complex 3, cyclic
voltametric curves were recorded in a three-electrode cell setup in ACN
solution. For that having 0.5 mg of complex was taken with 0.1 M LiClO4
as a supporting electrolyte. Using a blank ITO-coated glass slide as the
working electrode, the CV curve was recorded in a potential range of £3 V
and at a scan rate of 100 mV/s, as shown in Fig. 2.23a. A distinct redox
couple confirmed its active electrochemical property /43]. Interestingly, the
color of complex 3 was found to change from light yellowish in its initial
state to brownish when a bias of -3 V was applied and the process was found
to be reversible (Fig. 2.23a, inset). This observation indicates that the
complex is electrochromic active and further studies have been carried out

later on to confirm the same.

As previously established, complex 3 was found to be electrochromic active
in the solution state, however, practical application demands results in a
compact solid-state device structure. To obtain the same, a five-layered
ECD has been fabricated following a typical device schematic (Fig. 2.23b)
with the incorporation of a suitable electrolytic layer. During CV scans,
complex 3 was found to behave as an n-type EC material and therefore for
a successful complementary pair formation, a p-type EC material was
required. Polythiophene (P3HT), a very well-studied p-type EC active
polymer therefore employed in the device structure to achieve overall better

performance [44].
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Fig. 2.23 Presentation of the (a) Cyclic voltammogram of 3 in 1 M solution
of LiClO4 in ACN at 100 mV/s scan rate vs Ag/AgCl at 25 °C. (b) EC device

schematic and (c) in-situ absorption curves recorded for the device at £3V.
2.6.1.1 Step-by-step device fabrication recipe:

1. ITO-coated glass slides of 1*2 size were first thoroughly cleaned in
a 1:1:1 solution of Methanol, IPA, and Acetone under
ultrasonication for 10 minutes.

2. A 0.5 wt% solution of complex 3 in DCB was first spin-coated onto
the conducting surface of an ITO glass slide for 120 s duration at
150 rpm and later dried off at 80 °C.

3. The P3HT electrode has been spin-coated over another ITO glass
slide from a 100 pl solution of 0.3 wt% P3HT in DCB solution for
120 s duration at 600 rpm.

4. The two glass slides were then sandwiched together after filling a
0.1 M LiClO4 electrolyte in between them.

2.6.1.2 Electrochromic performance of ECD

The working potential range for the device was found to be £3V. In-situ
absorption spectra recorded from the device (Fig. 2.23¢) in its initial, On,
and Off states show that the device has an impressive contrast ratio of ~40%
and 38% at 520 nm and 800 nm, respectively. In its original state, the color
of the device is maroon (black curve) owing to the strong maroon color from
the P3HT layer. However, during the ON state of the device i.e., on the
application of 3 V bias with respect to the P3HT layer, it gets oxidized and
due to the formation of a bipolaronic state, changes its color to blue.
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Simultaneously, the complex 3 layer being fed with a -3 V gets reduced and
changes color to brownish blue. The overall effects lead the device to appear
bluish as can be seen from the inset images in Fig. 3¢ and the red curve
represents the corresponding absorbance spectra. Upon bias reversal, i.e.,
the OFF condition, the original state of the device is restored, blue curve,

pertaining to good reversibility between the two states.

After having established the EC ability of the device, it was further tested
for performance with the help of device kinematics. For the same, the device
has been fed with a 5 s pulse of +3 V for 500 s and the stability has been
checked (Fig. 2.24a) at 520 nm wavelength. The minute change in
absorbance value towards the end of 100 cycles establishes that the device
has good cycling capacity. Choosing one such cycle, the switching time has
been calculated. The coloration and bleaching times i.e., the time taken by
the device to change to 90% of its maximum absorbance value have been
obtained to be 0.8 s and 0.5 s, respectively (Fig. 2.24b). Furthermore, a very
important parameter, namely coloration efficiency (CE) has been calculated

using the current and potential v/s time graph (Fig. 2.24c¢ and 2.24d).
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Fig. 2.24 Device kinematics recorded from the device at 520 nm wavelength
showing (a) stability (b) switching times (c) potential and current v/s time

graph and (d) coloration efficiency curve.

CE, which refers to the ratio of the change in optical density upon the
amount of intercalated charge, is a parameter that dictates the overall device
performance, and therefore, a value of 230 cm?/C suggests that the ECD
possesses a moderately high efficiency. This value can be further increased
by optimizing a few parameters, like the thickness of EC layers, etc [45].
the details of which are beyond the scope of this work. Following a similar
trail, all the device parameters were also obtained for 800 nm wavelength

(Fig. 2.25) only to find consistent results.
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Fig. 2.25 Device kinematics was studied at 800 nm wavelength using a 5 s
pulse train of £3V showing (a) switching speed (b) device stability (c)

potential and current v/s time and (d) calculation of coloration efficiency.

To consolidate the discussion, the ITO/P3HT/Cu complex/ITO device

shows good EC results in terms of contrast, switching speed, stability, and
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efficiency values, at two different wavelengths, thus establishing the

complex ability to show EC active performance.
2.7 Conclusion

In summary, we have synthesized a series of heteroleptic complexes
[Cu(PPh3)2(dicng)]PFs (1),  [Cu(DPEphos)(dicng)]PFs (2) and
[Cu(Xantphos)(dicnq)]PFs (3) using different phosphine (PPhs, DPEphos
and Xantphos) and dicnq ligands. The synthesized complexes are well
characterized by different characterization techniques. These complexes
show absorption in the UV-visible region (380-500 nm) and emission
around 700 nm. DFT calculations provided insights into electronic
transitions, the distribution of the HOMO is on Cu(l) with some
contribution of phosphine ligands whereas LUMO is present on dicnq
ligand and suggested charge transfer occurs via MLCT, from Cu(I) center
to dicng. In addition, 3 shows vapochromism in the solid state with different
organic solvent vapours. It was observed that solvents that can interact with
dicnq through m-m interactions lead to high-energy emissions due to the
destabilization of LUMO orbitals. Furthermore, complex 3 shows EC
properties which have been understood from its bias-induced color-
changing behaviour during the CV scans as revealed using in-situ
spectroelectrochemical measurements. The same has been later established
by fabricating a bi-layered liquid electrolyte less ECD in association with
another polymer, P3HT. Decent values of stability, switching speeds,
contrast value, and coloration efficiency, finally establish that the complex
can be used as an EC active layer, with much scope for performance
enhancement. This work contributes to the broader landscape of materials
science, offering a new platform for the development of electrochromic
materials. Our further research endeavors will focus on refining the design
and application of Cu(I) complexes to meet the demand of real-world
applications, thereby advancing the practical impact of these materials in

various technological contexts.
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3.1 Introduction

The development of flexible electrochromic devices (FECDs) is one of the
most important and rapidly growing areas of optoelectronics due to their
potential applications in wearable and deformable optoelectronics,
electronic papers, billboards, smart windows, smart labels, variable-
reflectance mirrors, auto-dimming rearview mirrors, sensors, and energy
storage [/—7]. The main difference between rigid and FECDs is device
architecture, i.e., flexible substrate, but fabrication presents significant
challenges such as poor flexibility, performance decay upon deformation,
and electrolyte leakage through mechanical strain or stress. Furthermore,
the field of flexible electronics has been rapidly evolving, making the
development of flexible electrochromic materials a key research focus.[8]
This enables the integration of electrochromism with the mechanical
adaptability of flexible substrates. Such EC materials can be bent, stretched,
or rolled, which enables their applications. Therefore, FECDs have gained

significant attention from both academia and industry /9-13].

In continuation of our work on exploring the EC performance of Cu(I)
complexes, herein, we synthesize Cu(l) complexes, [Cu(PPhs)(cmdf)]PFs
(4), [Cu(DPEphos)(cmdf)]PFs (5) and [Cu(Xantphos)(cmdf)]PFs (6). The
resulting complexes show absorption between 360 and 470 nm due to
metal-to-ligand charge transfer (MLCT) transitions. As all complexes show
similar absorption properties therefore complex 6 was chosen for studying
the electrochromic properties. The promising results obtained from the EC
performance of 6 prompted us to explore it in the bilayer solid-state and
flexible EC devices. Both devices give excellent performance in terms of
color modulation and switching time, which is comparable to some of the

best-reported inorganic EC devices.
3.2 Experimental Section

3.2.1.1 Materials
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Materials obtained from commercial suppliers and used without further
purification unless otherwise stated. All glassware, magnetic stirring bars,
and needles were thoroughly dried in a convection oven at 70 °C. All
complexes were synthesized using Schlenk techniques under an inert N»
atmosphere. The Cu(I) source [Cu(CH3CN)4]PF¢ was synthesized using the
reported procedure [7/4]. The cmdf ligand was synthesized using
modification in the previously reported method.[15] Commercial grade
chemicals, Xantphos (Spectrochem) polyethylene oxide (PEO, Alfa Aesar,
MW=100,000), poly (3-Hexyl thiophene-2,5 diyl) (P3HT, regioregular,
Sigma Aldrich™), 1,2-Dichlorobenzene (DCB, anhydrous, 99%, Sigma
Aldrich™), lithium perchlorate, and acetonitrile (ACN, anhydrous, 99%,
Sigma Aldrich™) were used for device fabrication. Indium-doped tin oxide
(ITO) coated glass substrate was purchased from Macwin India. ITO-coated

polyethylene terephthalate (PET) was purchased from Sigma Aldrich™.

3.2.1.2. Characterization methods

'H, BC{'H}, and *'P{'H} NMR were recorded on a Fourier transform
nuclear magnetic resonance (NMR) spectrometer, model Bruker Avance
500 MHz spectrometer. '"H and C{'H'NMR spectra were referenced
relative to the residual solvent peak. High-resolution mass spectral analyses
(HRMS) were recorded on a Bruker-Daltonics micrOTOF-Q II mass
spectrometer. Single crystal X-ray analysis was performed on Saxi-
CrysalisPro-abstract goniometer imported SAXI images and the data were
collected at 293(2) K. Using Olex2 [16], the structure was solved with the
SHELXT structure solution program using Intrinsic Phasing and refined
with the SHELXL refinement package using Least Squares minimization
[17]. Thermogravimetric analysis was performed on the powder sample
using METTLER TOLEDO TGA/DSC 1 STARe System having a heating
rate of 10 °C min! under a nitrogen atmosphere. UV-Vis spectroscopy was
performed on Agilent Cary 60 UV—vis spectrophotometer in a quartz

cuvette (1 cm X1 cm). In-situ bias-dependent color modulation was studied
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using a Lambda 365 spectrophotometer (PerkinElmer make) and a Keithley
2450 workstation. The electrochemical measurement was done using a
Metrohm-Multi Autolab M204 potentiostat. The crystal structure of 4 and
6 was used for geometry optimization. Ground state DFT calculations were
done by the ORCA 5.0.3 program package developed by Neese and
coworkers [18,19] using B3LYP functional with a def2-TZVP basis set.
Cyclic Voltammetry was performed using an AUTOLAB, PGSTAT 12
(Ecochemie, B.V. Netherlands) with GPES software (version 4.9) in a
conventional blank ITO-coated glass slide as the working electrode, the CV
curve was recorded in a potential range of £3 V and at a scan rate of 100

mV/s.
3.3 Synthetic Details

3.3.1.1 Synthesis of 4,5-diazafluoren-9-one (DAFO)

O (0] (o]
NaOH, H,0 — A
— >
7\ \
\Y 100°C, 30 min e
- N / N N

Scheme 3.1 Synthesis of DAFO.

DAFO was synthesized using a modified reported procedure /20/, in a 100
mL round-bottom flask, 1,10-phenanthroline-5,6-dione (250 mg, 1.189
mmol) was taken. To this NaOH (142 mg, 3.0 equiv., 3.567 mmol) in 12
mL of water was added. The resulting mixture was stirred at 100 °C for 30
min. The product was extracted with DCM (3x10 mL and the organic part
was washed with brine and dried over anhydrous Na>;SOa4. The solvent was
evaporated by a rotary evaporator to give the DAFO as a yellow powder
with 85% yield. 'TH NMR (500 MHz, CDCls) & 8.80 (dd, J = 5.0, 1.7 Hz,
2H), 8.00 (dd, /= 7.6, 1.7 Hz, 2H), 7.35 (dd, J = 7.6, 5.0 Hz, 2H). HRMS
(ESI): calculated for Ci11HeN>ONa [M+Na]": 205.0372, Found: 205.0377.
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3.3.1.2 Synthesis of 9-dicyanomethylene-4, S-diazafluorene (cmdf)

N Nx
N Ns S~
DMSO _
_/ )/t N _cN — 7
130 °C, 5h |
0 NC” CN

Scheme 3.2 Synthesis of the cmdf ligand.

In a clean round-bottom flask, 4,5-diazafluoren-9-one (0.54 mmol) and
malononitrile (0.81 mmol) were taken and 3 mL of DMSO was added. The
resulting mixture was stirred at 130 °C for 5 hours. After completion of the
reaction, the mixture was cooled to room temperature, and the yellow-
colored needle-shaped crystals were obtained in the solvent. Then the
product was filtered and washed with acetonitrile, and a yellow crystalline
compound was obtained. (Yield = 98%). 'H NMR (500 MHz, CDCls3) &
8.80 (dd, J=5.0, 1.4 Hz, 2H), 8.69 (dd, J= 7.9, 1.5 Hz, 2H), 7.41 (dd, J =
8.0, 5.0 Hz, 2H). BC{IH} NMR (126 MHz, CDCl3) & 159.99, 156.82,
155.55,133.93,129.44,124.91, 112.57, 80.36. HRMS (ESI): calculated for
C14HeN4Na [M+Na]*: 253.0485, Found: 253.0478.
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Fig. 3.2 '"H NMR spectrum of emdf in CDCI; (500 MHz).
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Fig. 3.3 3C{'H} NMR spectrum of emdf in CDCl; (126 MHz).
3.3.1.3 General procedure for Synthesis of complexes

In a clean and dry Schlenk tube, 1 eqv. phosphine ligand (in the case of
complex 4, 2 eqv. of PPh3) was dissolved in 4 mL of DCM. To this solution
of [Cu(CH3CN)4]PFs (1 eqv.) in DCM (4 mL) was added, and the resulting
mixture was stirred for 2 hours at room temperature in the presence of an
inert N atmosphere. After this, the solution of cmdf ligand (1 eqv.) in 4 mL
of DCM was added, then the reaction mixture was stirred further for 2 hours.
The solvent was evaporated by rotary evaporation and the product was
dissolved in a small amount of DCM and precipitated by the addition of n-

Hexane.

123



[Cu(CH3CN)4]PFg
+

DCM, r.t., 4h
| AN :
N={ c¢N
N7 CN

Scheme 3.3 General synthetic procedure of complexes 4-6.
3.3.1.3.1 Synthesis of [Cu(PPh3)2(cmdf)]|PFs (4)

Following the general procedure, using PPhs (1 eqv.), [Cu (CH3CN)4]PFs
(1 eqv.), and cmdf (1 eqv.) gave complex 4 as a brown powder in 65% yield.
"H NMR (500 MHz, DMSO-d6) 8 8.77 (d, J= 5.3 Hz, 2H), 8.60 (d, J= 8.1
Hz, 2H), 7.65 (dd, J= 8.1, 5.0 Hz, 2H), 7.47 (t, /= 7.4 Hz, 6H), 7.37 (t, J =
7.6 Hz, 12H), 7.25 (d, J = 6.1 Hz, 12H). BC{'H} NMR (126 MHz, DMSO-
d6) & 157.61, 155.01, 153.54, 133.92, 133.22, 133.12, 132.07, 131.85,
130.39, 129.21, 128.97, 126.36, 112.43. 3'P{'H} NMR (202 MHz, DMSO-
d6) 6 -1.87, -144.18. HRMS (ESI, m/z): Calcd for CsoH3sCuN4P2 [(M-
PFe)]*: 817.1706. Found: m/z 817.1651.
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3.3.1.3.2 Synthesis of [Cu(DPEphos)(cmdf)]PFs (5)

Complex 5 was synthesized using the general procedure. DPEphos (1 eqv.),
[Cu(CH3CN)4]PF¢ (1 eqv.) and cmdf (1 eqv.) gave complex 5 as a brown
powder in 95% yield. '"H NMR (500 MHz, DMSO-d6) & 8.67 (d, J = 5.2
Hz, 2H), 8.61 (dd, J=7.9, 1.4 Hz, 2H), 7.66 (dd, J=17.9, 5.0 Hz, 2H), 7.42
(d,/J=7.3 Hz, 4H), 7.38 (d, /= 7.6 Hz, 8H), 7.36 (d, /= 1.7 Hz, 2H), 7.23
(q, J =17.5, 6.7 Hz, 8H), 7.07 (d, J = 7.6 Hz, 4H), 6.75 — 6.68 (m, 2H).
BC{'H} NMR (126 MHz, DMSO-d6) & 157.53, 155.22, 153.42, 133.82,
133.71, 133.24, 133.14, 132.18, 130.69, 130.32, 129.18, 128.89, 126.29,
125.00, 123.15, 120.23, 112.46. 3'P{H} NMR (202 MHz, DMSO-d6) 6 -
16.71,-144.19. HRMS (ESI, m/z): Calcd for Cso0H34CuN4OPz [(M-PFs)]*:
831.1498. Found: m/z 831.1471.

3.3.1.3.3 Synthesis of [Cu(Xantphos)(cmdf)]|PFe (6)

A similar general synthetic procedure was used to synthesize complex 6,
Xantphos (1 eqv.), [Cu(CH3CN)4]PFs (1 eqv.) and cmdf (1 eqv.), a brown-
colored powder was obtained in a 90% yield. The formation of complex 6
is confirmed by 'H, '*C{'H} and *'P{'H}NMR spectroscopies (Fig. 3.10-
3.12). TH NMR (500 MHz, DMSO-d6) & 8.77 (d, J= 5.2 Hz, 2H), 8.60 (d,
J=6.9 Hz, 2H), 7.76 (d, J = 6.7 Hz, 2H), 7.63 (dd, J = 8.0, 5.0 Hz, 2H),
742 (t,J=17.4 Hz, 4H), 7.35 (t, J= 7.6 Hz, 8H), 7.26 (q, J = 7.2, 6.7 Hz,
10H), 6.65 (m, J= 8.1, 4.0 Hz, 2H), 1.62 (s, 6H). '3C{'H} NMR (126 MHz,
DMSO-d6) 6 153.70, 133.26, 132.90, 132.83, 132.77, 130.64, 129.94,
128.67, 128.64, 128.60, 127.50, 125.53, 124.81,113.37, 71.99, 40.05, 27.96.
SP{TH} NMR (202 MHz, DMSO-d6) 8 -17.56, -144.19. HRMS (ESI, m/z):
Calcd for Cs3H3sCuN4OP2 [(M-PF4)]™: 871.1811; Found: m/z 871.1836.

3.3.1.4 Characterisations of 4-6.

The purity of complexes 4-6 was confirmed by the data obtained from
multinuclear NMR techniques in DMSO-ds (Fig. 3.4-3.12) and HRMS. In
the 'H NMR spectra of all complexes, the protons corresponding to the

phenyl rings of PPhs, DPEphos and Xantphos were observed in the range
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of 7.23 to 7.63 ppm. Additionally, in complex 6, a singlet (s, 6H) at 1.62
ppm indicates the presence of six methyl protons attached to the bridging
carbon atom between two phenyl rings of Xantphos. In the deshielded
region of all complexes, doublets were observed from 8.77 to 7.65 ppm are
attributed to protons of the cmdf ligand. '*C{'H} NMR spectrum showed
the peaks for the dicyanide group of cmdf ligand observed around 112 and
113 ppm. The remaining aromatic carbon signals (150 to 124 ppm)
correspond to both ligands. Additionally, in complex 6, a signal at 40.05
ppm corresponds to the bridging carbon atom between two phenyl rings of
Xantphos, whereas methyl groups present on these bridging carbon atoms
show signals at 27.96 ppm. In the *'P{'H} NMR spectrum of all complexes
the singlet at -1.87, -16.71 and -17.56 ppm corresponds to the coordinated
phosphine ligands, whereas the characteristic septet around -144 ppm
confirms the presence of PFs counterion. HRMS of 4 shows characteristic
isotopic signature of copper with loss of one PPhs ligand: m/z = 607.0897
(607.0856 caled for [M-PFs]") while complexes 5 and 6 show the m/z of
883.1591 and 923.1894 (883.1560 and 923.1873 calcd for [M-PFs]").
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Fig. 3.4 'H NMR spectra of 4 in DMSO-ds (500 MHz).
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Fig. 3.6 *'P{H} NMR spectra of 4 in DMSO-ds (202 MHz).
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Fig. 3.12 3'P{'H} NMR spectrum of 6 in DMSO-ds (202 MHz).
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3.4 Structural analysis

Single crystals of 4 and 6, suitable for single-crystal X-ray diffraction
analysis were grown from slow evaporation of a DCM solution with
layering of n-hexane at room temperature. The obtained molecular
structures are shown in Fig. 3.13. Complexes 4 and 6 were crystallized in
monoclinic and triclinic crystal systems having Cc and P-1 space groups,
respectively. The complete crystallographic data and structure refinement

details are summarized in Table 3.1.

Fig. 3.13 Molecular structures of complexes 4 and 6. Hydrogen atoms,

solvent and counterions are omitted for clarity.

The coordination geometry around the Cu(I) center is found to be distorted
tetrahedral, in which the Cu(I) atom binds with two nitrogen atoms of the
cmdf ligand and two phosphine atoms from Xantphos ligands similar to
previously reported Cu(l) complexes [2/-24]. A comparison of bond
lengths and angles is tabulated in Tables 3.2 and 3.3. It is found that Cu-P
bond distances lie between 2.22 and 2.29 A, whereas the Cu-N bond
distances are 2.25 and 2.12 A. In addition, the bond angles between P1-Cul-
P2, P1-Cul-N1, P2-Cul-N2, and N1-Cul-N2 are found to be 122.71,
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120.07, 101.78 and 83.04° respectively. Further, the dihedral angle between
the N—Cu—N and P—Cu-P planes is found to be 88.56°, which is close to the
ideal tetrahedral coordination geometry found in previously reported four-
coordinated Cu(I) complexes /25/. Additionally, the inter- and intra-
molecular interactions provide additional stability to the molecular structure

of corresponding molecules.

Table 3.1 Crystal and refinement data table of complexes 4 and 6.

Complex 4 6

Empirical formula Cs1H33ClL,CuFsN4P3  Cs3H3sCuFsN4OP3
Formula weight 1048.20 1016.82
Crystal system monoclinic triclinic
Space group Cc P-1

a/A 10.7632(4) 14.3404(2)
b/A 23.8722(9) 16.9795(3)
c/A 21.5043(7) 24.3539(4)
a/° 90 91.0810(10)
p/° 96.262(3) 95.4240(10)
v/° 90 114.7180(10)
v/ A3 5492.4(3) 5351.36(15)
Z 4 4

Pealcg/cm™ 1.268 1.262

u/mm! 0.638 0.558

R1 (R1 all data) 0.0770

(1> 20(D)] 0.0708

wR2 (wR2 all data) 0.1559 0.2467
Data/restraints/parameter 24521/0/1229
S 9587/171/616

GOF 1.046 1.094
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Table 3.2 Selected bond lengths of complexes 4-6.

Bond length (A) 4 6
P1-Cul 2.2798 2.2212
P2-Cul 2.2754 2.2955
NI1-Cul 2.169 2.258
N2-Cul 2.329 2.126

Table 3.3 Selected bond angles of complexes 4 and 6.

Bond Angle (°) 4 6
P1-Cul- P2 129.05 122.71
P1-Cul-N1 109.22 120.07
P2-Cul-N2 106.29 101.78
N1-Cul-N2 81.78 83.04

3.4.1.1 Weak interactions observed in complexes 4 and 6.

The weak interactions provide good stability to complexes. In complex 4 C-
H-N interactions were observed (2.515 A) between N atom of nitrile and
C-H of phenyl ring present on PPhs ligand, also C-H~'F interactions (2.504
and 2.399 A) between PFs counter ion and C-H of ¢cmdf ligand and DCM
molecule present in the complex (Fig. 3.14). In contrast, complex 6 shows
intermolecular C-H 'm interactions between the C-H atom of one phosphine
ligand and the & cloud of another phosphine ligand with a distance of 2.729
A. Additionally, it shows inter- and intramolecular C-HF interactions
between PFs counter ion and C-H of phosphine ligands, having distances

ranging from 2.362 to 2.578 A (Fig. 3.15).
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Fig. 3.14 C-H "N and C-HF weak interactions observed in complex 4.

Fig. 3.15 C-H &, inter and intramolecular C-H'F interactions in 6.
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3.4.1.2 Thermogravimetric analysis

The TGA curve of complexes 4 and 5 suggests that these complexes were
thermally stable up to 150 °C, whereas complex 6 is thermally stable up to
240 °C (Fig. 3.16). It is found that the presence of bidentate DPEphos and
Xantphos ligands provides greater stability to the complexes as compared
to PPhs-containing counterparts. The first step of decomposition is about
10-15% weight loss corresponding to the counterion, while the 65-70%
weight loss is for the phosphine ligands. Furthermore, decomposition

occurs around 300 °C when the cmdf ligands begin to dissociate.
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Fig. 3.16 TGA curve of 4-6 under nitrogen atmosphere with the temperature
heating rate of 10 °C min'.
3.5 Photophysical properties and theoretical calculations

The UV-Vis absorption of complexes 4-6 was investigated in DCM (0.01

mM), which is depicted in Fig. 3.17a. It consists of two absorption bands,

the high-energy band ranging from 250 nm to 350 nm, and the low-energy
135



band in the 360 to 480 nm range. The high-energy band can be assigned to
the m—x* transition in ligands, whereas the low-energy band arises due to
the spin-allowed metal-to-ligand charge transfer transition (MLCT) from

the 3d orbital of the copper(I) to * orbital of the cmdf ligand /22,26-29].

As in the solution form all complexes show similar absorption; therefore,
only complex 6 was used for further study. The solid-state UV-visible DRS
of 6 was performed on the powder sample exhibiting similar absorption
behaviour with a broad absorption from 220 to 480 nm with a shoulder
around 400 nm (Fig. 3.17b). Based on results obtained from the
Kubelka—Munk method applied to solid-state DRS absorption, the band gap
energy of 6 is found to be 2.89 eV, suggesting the semiconducting nature of

this complex (Fig. 3.17¢) [30-36].
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Fig. 3.17 (a) Room temperature absorption spectra of 4-6 in DCM, (b) Solid
state UV—Visible diffuse reflectance spectra (DRS) at room temperature
and (c) Kubelka—Munk function band gap of 3 obtained from solid-state

DRS.

Density functional theory (DFT) calculations were performed using the
B3LYP functional and Def2TZVP basis set /37,38] to understand the
electronic nature of complexes 4-6. It was found that the HOMO is situated
on the Cu(l) center with some involvement of the phosphine ligands,

whereas the LUMO is positioned on the cmdf ligand (Fig. 3.18).
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Fig. 3.18 Frontier molecular orbitals obtained from B3LYP/def2-TZVP
level of theory (Cu = Brown, P = Orange, N = blue, O = red, C = black and

H = grey). The counterions are omitted for clarity.

Hence, it is concluded that the electronic transitions arise from the 3d orbital
of the copper(l) center to the m* orbital of the cmdf ligand, which is

responsible for the low-energy charge transfer transitions.
3.6.1.1 Electrochemical studies and Electrochromic behaviour of 6.

The electrochemical activity of complex 6 in solution is evaluated from a

three-electrode system consisting of blank ITO as the working, Pt wire as

counter and Ag/AgCl as reference electrodes. The solution was prepared by

adding 5 mg of complex 6 into the 0.1 M LiClO4 in ACN. The cyclic

voltammetry (CV) was carried out in the potential window of +3 V to -3 V
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at a scan rate of 100 mV/s (Fig. 3.19a). Prominent redox couple peaks at -
0.46 V (oxidation) and -1.9 V (reduction) confirmed the redox nature of 3.
During CV, it was observed that the complex was reversibly changing color
from transparent to dark state (Fig. 3.19a inset), which is an important

condition for the material to be called -electrochromic active.
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Fig. 3.19 (a) Cyclic voltammetry curve of 6, (b) Spectro-electrochemical
study of 3/ITO electrode in initial, ON (-2 V) and OFF (2 V) states.

To check the electrochromic behaviour of the 6, the spectro-electrochemical
study has been performed using the same solution and three-electrode setup
as mentioned above by applying the potential of +£2 V (Fig. 3.19b). Initially,
due to the transparent state of ITO, a blue curve was obtained (initial). When
the bias of -2 V is applied to the system (ON state), the color of the ITO
changes from a transparent state to a dark state (Fig. 3.19b, inset), as a
result, the overall absorbance value increases (red curve, Fig. 3.19b).
Again, when the reverse bias of 2 V is applied to the system (OFF state),
the ITO comes back to its transparent state (Fig. 3.19b, inset) as can be seen
from the decreased absorbance values (black curve, Fig. 3.19b). The
above-mentioned spectro-electrochemical analysis of the 6 demonstrates its
potential as a suitable counter ion for the fabrication of electrochromic

devices.
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3.6.1.2 Recipe for Rigid and Flexible ECDs Fabrication

Complex 6 was proved to be an EC active counter ion when tested in a

solution-based electrochemical cell, but practical implementation demands

replication of color modulation performance in a solid-state device. Hence,

a simple solid-state mono-layer ECD in the configuration “ITO/ TTF

//complex 6/ ITO” has been fabricated using TTF(Tetrathiafulvalene) as an

ion storage layer by a flip-chip method /39-43].

1.

a.

Fabrication of solid-state 6-electrochromic device (3-ECD).
Firstly, ITO-coated glass of dimension 2x1 ¢m? was used as an
electrode, which was thoroughly cleaned by ultrasonication in a
solution containing acetone, isopropanol and deionized water in an
equal ratio for 10 minutes.

Approximately 0.5 wt.% complex 6 solution in acetonitrile (ACN)
was spin-coated over the cleaned ITO substrate at 200 rpm for 60
minutes and was dried at 80 °C for a few minutes.

The Tetrathiafulvalene (TTF), an ion storage layer was prepared by
dissolving 0.5 wt.% TTF in ACN and was drop casted (~50 pL) over
ITO and dried at 80 °C for 5 minutes.

The gel electrolyte was prepared by mixing 0.1 M LiClO4 in ACN
and 5 wt.% polyethylene oxide (PEO) in equal proportion. The
prepared gel electrolyte was sandwiched between the two above-
prepared electrodes and was stuck together using the flip-chip
method.

Fabrication of bilayer solid-state P3HT and 6-based electrochromic

device (P3HT-complex 6 ECD).

a. The complex 6-based electrode was prepared using the recipe
discussed in 1b.

b. The P3HT electrode was prepared by dissolving 0.3 wt.%
poly (3-hexylthiophene-2,5-diyl) in dichlorobenzene (DCB) and
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was spin-coated at 600 rpm for 60 minutes and later dried at 80
°C for 5 minutes.

e The above two prepared electrodes were sandwiched together by
filling gel electrolyte (recipe 1d) in between them using the flip-chip
method.

3. Fabrication of flexible P3HT and 6 complex-based electrochromic
device (f~P6HT-complex 6 ECD).

a. For the fabrication of a flexible device, the ITO was replaced
by a PET substrate and the same recipe was adopted for

fabricating f~-P3HT-complex 3 ECD.

3.6.1.3 Electrochromic Performances of ECDs

The schematic visualization of the fabricated complex 6-electrochromic
device (6-ECD) is shown in Fig. 3.20a with the actual photographs of the
device in the colored and bleached state obtained under different bias
conditions. The in-situ bias-dependent transmittance spectra of the 6-ECD
have been recorded in the visible range (400 nm to 800 nm) by giving a bias
of 2 V. As seen in the CV curve (Fig. 3.20b), 6 was given a reduction peak
at around -2 V and maximum color change was also observed at -2 V

potential, so 2 V was chosen to study the performance of the device.
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Fig. 3.20 (a) schematic of the control device with its actual photographs in
ON and OFF states (inset), (b) in-situ transmittance spectra of the device
with actual photographs (inset), and (c) switching cyclic stability of the

device with single switching cycle (inset).
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Initially, during the unbiased state, the 6-ECD was transparent (blue curve,
Fig. 3.20b). When a bias of 2 V is applied (ON state), such that the TTF
electrode is getting +2 V and the 6 electrode is getting -2 V, the color of the
device changes to brown color (colored state) (orange curve, Fig. 3.20b).
During this process, the electron given by the TTF molecule is received by
the 6, causing a color change. When the device is again subjected to the
unbiased state, the reverse redox reaction between the electrodes causes the
device to return to its original transparent state (bleached state) (green
curve, Fig. 3.20b). The bias-dependent optical spectra show the maximum

change in color at 430 nm (Fig. 3.20b).

The evaluated color modulation at 430 nm was obtained to be 15%, which
is only due to the color change of the 6. Afterward, the other crucial
parameters of the device were checked. Firstly, the 6-ECD s stability (Fig.
3.20c) was investigated for 45 cycles by giving a pulse train of £2 V and 0
V of 10 seconds each (Fig. 3.21a).
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Fig. 3.21 Pulse train of £2V for each and unbiased state of (a) complex 6-
ECD for 10 seconds (b) P3HT-6 ECD for 5 seconds and (c) f~P3HT-6 ECD

for 5 seconds.

Pulse train of 2V and unbiased state of 10 seconds each for 6-ECD. The
device shows reasonable stability and reversibility throughout the cycle,
with minimum change in absorbance value for 900 s (45 full cycles).
Another important parameter is switching kinematics, that is the time taken
to switch between the two states (transparent <> brown). The switching time
for 3-ECD was found to be 6.9 and 6.7 s for the coloration and bleaching,

respectively, which is calculated at 90% of total coloration and bleaching.
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Even though the electrochromic performance of the device is moderate, as
measured by parameters like switching time, cycle life and color

modulation, the above experiments establish the electrochromic nature of 6.

As the device's performance was not very satisfactory, appropriate
modifications in device architecture must be made to enhance the
performance of 6-based solid-state ECD. Since complex 6 is an n-type EC
active material, hence a complementary p-type material is required and
poly(3-hexylthiophene-2,5-diyl) (P3HT) is one such extensively studied
conducting polymer, which changes color on the application of positive bias
[44,45]. Therefore, a bilayer electrochromic device has been fabricated by
replacing the TTF layer with a P3HT layer which is compatible with EC
active complex 6 for fabricating a solid-state device. The complementary
redox reaction is expected to enhance the overall performance of the device.
Hence, a bilayer ECD in the configuration “ITO/P3HT//complex 6/ITO”
has been fabricated (Recipe 2) and the same schematic is shown in Fig.
3.22a (inset). The in-situ bias-dependent spectra were recorded in the
visible range 400 to 800 nm to study the reversible change in fabricated
solid-state P3HT-6 electrochromic device (P3HT-6 ECD) at +2 V of bias.
The original state of fabricated P3HT-6 ECD is magenta in color due to the
natural color of P3HT and the transparent nature of 6 (red curve, Fig. 3.22a).
When a bias of 2 V (concerning the P3HT electrode) is applied, the device
changes its color from magenta to light brown (colored state) due to the
redox activity taking place between the two active materials (colored state)
(orange curve, Fig. 3.22a). As soon as the bias is applied the P3HT goes to
its bipolaronic state by getting oxidized and simultaneously complex 6 gets
reduced, resulting in a change of color of the device from magenta to brown.
When a reverse bias is applied (-2 V concerning P3HT electrode) the device
regains its original color magenta (bleached state) (blue curve, Fig. 3.22a),
showing excellent reversibility of the device as the curves for unbiased state

and reversed bias state are almost coinciding with each other. The maximum
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variation in transmittance spectra was observed at 515 nm with a high color

modulation of 45%.
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Fig. 3.22 (a) In-situ transmittance spectra with actual photographs and
schematic of the device (inset), (b) cyclic stability, (c) single switching

cycle, and (d) Coloration efficiency of P3HT-6 ECD

Afterward, the stability of the P3HT-6 ECD was checked at 515 nm by
applying a continuous square pulse of £2 V for 5 seconds each (Fig. 3.21b).
This shows high stability for 800 s (80 full cycles of switching) with a slight
change in the absorbance value, which might be due to some charge storage
property of the device(Fig. 3.22b). The switching time was found to be 0.4
and 1.4 s for the bleaching and coloration cycle, respectively (Fig. 3.22¢).
This shows that the switching time has been significantly improved by using
P3HT in the ion storage layer due to the faster redox reaction between the
two electrode materials. Another important factor, coloration efficiency
(CE) found to be 191 cm?/C. The appreciable value of CE shows that the

device is efficient in terms of power consumption. The replacement of the
143



ion storage layer has significantly enhanced the color modulation of the
device due to the complementary redox nature of the two electrochromic
active materials, and the switching time of the device has also been

minimized.
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Fig. 3.23 (a) In-situ transmittance spectra with actual photographs and
schematic of the flexible device (actual device and schematic in inset), (b)
cyclic stability, (c) single switching cycle, and (d) coloration efficiency of

the £-P3HT-6 ECD.

Intrigued with the appreciable performance of P3HT-6 ECD, a flexible
ECD using P3HT and complex 6 has been fabricated (Recipe 3) using ITO-
coated PET as substrate in the structure “PET/P3HT//complex 6/PET”. The
schematic of the device along with actual photographs in ON and OFF state
is shown in Fig. 3.23 (inset). The performance of the f~P3HT-6 ECD was
studied using in-situ bias-dependent transmittance spectra by applying +2
V. Initially, the f~P3HT-6 ECD has a magenta color (black curve, Fig.
3.23a) during the unbiased condition, when 2 V bias is applied (with respect
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to P3HT electrode) the color of device changes from magenta to light brown
(red curve, Fig. 3.23a). Afterward, when -2 V is applied, the device comes
back to its magenta color (blue curve, Fig. 3.23a). The high color
modulation of 69% was evaluated at 515 nm. The stability and the switching
time of the f~P3HT-6 ECD was investigated by applying a square pulse train
of £2 V of 5 seconds each (Fig. 3.21¢). The f~-P3HT-6 ECD shows high
stability for 80 full cycles of switching (800 seconds) (Fig. 3.23b). The time
taken to switch between the colored and bleached state is only 0.9 s,
demonstrating great switching speed due to the rapid redox reaction
between the two electrodes (Fig. 3.23c¢). The CE of the f~P3HT-6 ECD was
found to be 202 ¢cm?/C (Fig. 3.23d). The value is in a similar range to the
solid-state device, establishing that the efficiency is not compromised even
in the flexible state. The f~P3HT-6 ECD also shows appreciable results,

making it suitable for practical application in flexible ECD.

Table 3.4 Comparison of ECD performances with previously reported
ECDs.

Sr. EC systems/materials Color Response time (s) Ref.
No. Modulation  Coloration/
(%) Bleaching
1 ITO/P3HT/3/ITO 45 0.4/1.4 Present
work
2 PET/P3HT//3/PET 69 0.9 Present
work
3 ITO/P3HT/Cu 38 0.8/0.5 [22]
complex/ITO
4 ITO/LiCIO4/PolyCwW/ITO - 1.35/1.04 [4]
5 ITO/  gel electrolyte - 4.8/1.1 [46]
/PolyCuFe/ITO
6 /TO/ WOs3— - 7.0/0.7 [47]
Nb20s/Nb,Os/NiVOx/ ITO
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10

11
12

13
14

15

16
17
18

19
20
21
22

glass/ITO/ 50 13/5 [48]
WOs/TaxOs/NiO/I1TO/glas

S

WOs; film on ITO/PET gel 49 1.6/ 5.88 [49]
electrolyte

V705 EC film, IMLiCIO4— 35 6.3/11.8 [50]
PC, V20s5/rGO EC film

V20s:Fe (1%) EC film 1 M 46.29 2/3.7 [51]
LiClO4

Viologen in ionic liquid 65 5/15 [52]
ITO/ferrocene-Fc* - 0.5/0.9 [53]
/P3HT/viologen/ITO

ITO/P3HT/viologen/ITO - 1.7/1.2 [54]
PANI-PSS//PEDOT-PSS 40 8.8/9.7 [55]
PEO-PC-LiClO4

PProDOTEt,, 75 2/2 [56]
0.IMTBAP/ACN

Os-polypyridyl complex 39 0.5/0.5 [57]
Fe-polypyridyl complex 65 11 [57]
Bithiophene-pyridine - 3.72.3 [58]
Ru(III)-porphycene,

0.1MnBwNPFs—CH>Cl,

ITO/PolyOsRu/ITO 58 0.78/0.34 [59]
ITO/PolyRu-LIIM/ITO 70 1.1 [60]
PolyRuFe/PB ECD 48 0.9/3.6 [61]
CuTCA 0.1 M LiCIO4/PC 65 5 [62]

Overall, the P3HT-3 ECD and f~P3HT-6 ECD show high color modulation
and high switching speed with great stability and appreciable CE, which can

be utilized to make solid-state and flexible ECDs for real-world
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applications. Furthermore, the device performance of f~P3HT-6 ECD in
terms of color modulation and response time with previously reported EC
materials (Table 3.4) and it is found that our device performance is
comparable to that of some of the best-performing EC materials.
Additionally, the use of convenient synthesis and cost-effective precursors
gives synthesized Cu(I) material a significant advantage over others for

fabricating ECD for practical applications.
3.7. Conclusion

In this study, we have synthesized a series of heteroleptic complexes
[Cu(PPh3)2(cmdf)]PFs  (4), [Cu(DPEphos)(cmdf)]PFs  (5) and
[Cu(Xantphos)(cmdf)]PFs (6) using different phosphine (PPhs, DPEphos
and Xantphos) and cmdf ligands. The complexes showed absorption in the
UV-Vis region in the 360 to 480 nm range, assigned to MLCT transition.
All complexes show the same absorption properties hence complex 6 was
used to study the EC performance. Based on electrochemical analysis, 6
possesses reversible electrochromic behaviour. Furthermore, a monolayer
electrochromic device based on 6 demonstrated reversible color change but
limited color modulation. On the other hand, a bilayer electrochromic
device using P3HT and 6 achieves high color modulation of 45% and a fast-
switching time of less than a second, highlighting its potential for
electrochromic applications. Moreover, 6 exhibited excellent compatibility
with flexible substrates, as demonstrated by the fabrication of a flexible
electrochromic device. This flexible device showed better performance than
the solid-state counterpart, with a high efficiency of approximately 200
cm?/C and sub-second switching times. The combination of high stability,
efficiency and flexibility positions this material as a promising candidate
for practical applications, including camouflage systems, flexible
electrochromic displays, and sensors. This study highlights the importance
of Cu(I) complexes as a promising material for the development of next-

generation ECDs.
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4.1 Introduction

Cu(I) ions provide structural flexibility to form two-, three-, and four-
coordinated structures, leading to unique photophysical properties that have
enabled their applications in the development of highly -efficient
optoelectronic devices [/—4]. In previous chapters, we have used four-
coordinated Cu(I)-based EC materials for the fabrication of rigid as well as
flexible ECDS. These devices exhibit moderate performance in terms of
working potential, switching time, coloration efficiency (up to 230 C/cm?)
and contrast ratio (about 40%). Additionally, there is a requirement of a
complementary p-type material, poly(3-hexylthiophene-2,5-diyl) (P3HT)
as an ion storage layer /5,6/. To improve the performance of ECDs, herein,
we synthesized two three-coordinate Cu(l) complexes
[Cu(Sphos)(cmdf)]PFs (7) and [Cu(Xphos)(cmdf)]PFs (8), with 9-
cyanomethylene-4,5-diazafluorene (cmdf), having two CN substituents
make it a strong acceptor unit which helps in better charge transfer transition
in the molecule and bulky phosphine ligands, Dicyclohexyl(2',6'-
dimethoxy[1,1'-biphenyl]-2-yl)phosphane (Sphos) or
Dicyclohexyl[2',4,6'-tris(propan-2-yl)[ 1,1'-biphenyl]-2-yl]phosphane

(Xphos) which provide steric hindrance to stabilize three coordinated Cu(I)
complexes. These complexes have been successfully integrated into both
rigid and flexible ECDs which exhibit excellent electrochromic

performance.
4.2 Experimental Section
4.2.1.1 Materials

Materials purchased from commercial vendors are used without further
purification unless specifically indicated. All glassware is completely dried
in a convection oven at 70 °C. The complex was synthesized under an inert
N> atmosphere using standard Schlenk techniques. The Sphos and Xphos

ligands were purchased from BLD Pharm, Commercial grade chemicals,
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tetrathiafulvalene (TTF) (Sigma AldrichTM), lithium perchlorate(Sigma
AldrichTM), acetonitrile (ACN, anhydrous, 99%, Sigma AldrichTM), and
polyethylene oxide (PEO, Alfa Aesar, MW=100,000) were used as received
for device fabrication. Indium doped tin oxide (ITO) coated glass substrate
was purchased from Macwin India. ITO coated polyethylene terephthalate
(PET) was purchased from Sigma AldrichTM.

4.2.1.2 Characterization methods

'H, BC{'H}, and 3'P{IH} NMR were recorded on a Fourier transform
nuclear magnetic resonance (NMR) spectrometer, model Bruker Avance
500 MHz spectrometers and AVANCE NEO Ascend 400 Bruker BioSpin
International AG. 'H and '*C {1H} NMR spectra were referenced relative to
the residual solvent peak. The abbreviations such as s (singlet), d (doublet),
t (triplet), m (multiplet), etc. are used for the multiplicity assignment. High-
resolution mass spectral analyses (HRMS) were recorded on a Bruker-
Daltonics micrOTOF-Q II mass spectrometer. UV-Vis spectroscopy was
performed on Agilent Cary 60 UV—vis G680A spectrophotometer in a
quartz cuvette (1 cm %1 cm). In-situ bias-dependent transmittance spectra
were recorded using a A = 365 spectrophotometer (PerkinElmer make) and
a Keithley 2450 workstation. The electrochemical measurement was done

using Metrohm-Multi Autolab M204 potentiostat
4.3 Synthetic Details

4.3.1.1 General synthesis method of complexes 7 and 8
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Scheme 4.1 General synthetic procedures of complexes 7 and 8.

To a clean and dry Schenk tube, phosphine ligand (Sphos or Xphos) was
dissolved in DCM and a [Cu (CH3CN)4]PFg¢ solution in DCM was added. It
kept on stirring for 2 hours at room temperature in the presence of an inert
Nz atmosphere. To this, cmdf ligand solution in DCM was added and it was
stirred for a further 2 hours. The solvent was concentrated by rotary
evaporation; the product was purified by recrystallization with a
concentrated DCM solution with the addition of n-hexane to obtain a pure
product. The purity of the complexes was confirmed by data obtained from
multinuclear NMR and FT-IR spectroscopies as well as high-resolution

mass spectrometry (HRMS).

4.3.1.1.1 Synthesis of [Sphos-Cu-cmdf]PF¢ (7):

Complex 7 was synthesized using Scheme 4.1, Sphos (0.268 mmol), [Cu
(CH3CN)4]PFs (0.268 mmol) and cmdf (0.268 mmol) in DCM to give a
yellow crystalline powder with 94% yield. "H NMR (500 MHz, DMSO-
d6) 6 8.83 (bs, 2H), 8.68 (d, J=7.9 Hz, 2H), 7.80 — 7.72 (m, 3H), 7.45 (d,
J=28.7Hz, 2H), 7.03 (s, 1H), 6.98 (q, J = 4.3 Hz, 1H), 6.46 (d, /= 8.9 Hz,
2H), 3.55 (s, 6H), 2.10 (t,J=11.1 Hz, 2H), 1.90 — 1.83 (m, 2H), 1.76 — 1.61
(m, 6H), 1.58 — 1.52 (m, 2H), 1.35-1.26 (m, 4H), 1.14 (d, /= 4.0 Hz, 6H).
BC{'H} NMR (126 MHz, DMSO-d6) & 156.34, 153.66, 142.15, 141.99,
134.17, 132.31, 131.71, 131.65, 130.15, 129.72, 129.35, 127.08, 126.32,
117.91, 112.54, 103.90, 88.91, 55.10, 33.96, 33.78, 30.09, 30.02, 28.41,
26.27,26.15,25.72. 3'"P{'H} NMR (202 MHz, DMSO-d6) § 9.48, -144.19.
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HRMS (ESI, m/z): Calcd for CsoHa1CuN4sO2P [(M-PF¢)]™: 703.2258;
Found: m/z 703.2242. FTIR (ecm) 2921, 2845, 2235, 1577, 1469, 1430,
1409, 1245, 1167, 1105, 1049, 1000, 928, 875, 838, 778, 749, 671, 595,
556, 519, 460.

4.3.1.1.2 Synthesis of [ Xphos-Cu-cmdf]PFs (8)

Complex 8 was synthesized using a similar general synthetic method,
Xphos (0.268 mmol), [Cu (CH3CN)4]PFs (0.268 mmol) and cmdf (0.268
mmol) in DCM to obtain a yellow crystalline powder (95% yield). "H NMR
(400 MHz, DMSO-d6) 6 8.81 (s, 2H), 8.63 (d, /= 8.0 Hz, 2H), 7.85 — 7.80
(m, 1H), 7.68 (dd, J=38.0, 4.5 Hz, 2H), 7.55 - 7.51 (m, 2H), 7.25 (q, /= 4.4
Hz, 1H), 7.09 (s, 2H), 2.85 (m, J = 7.3 Hz, 1H), 2.26 (m, J = 6.8 Hz, 2H),
2.12 - 2.02 (m, 2H), 1.91 (d, J = 10.5 Hz, 2H), 1.72 (d, J = 10.3 Hz, 2H),
1.65 (s, 4H), 1.55 (s, 2H), 1.23 (dd, J = 13.8, 6.8 Hz, 22H), 0.88 (d, /= 6.5
Hz, 6H). BC{'H} NMR (126 MHz, DMSO-d6) & 158.37, 154.13, 148.18,
145.99, 145.09, 134.98, 133.55, 132.77, 132.01, 131.95, 129.86, 128.81,
128.52, 127.45, 127.41, 121.12, 112.59, 89.57, 34.84, 34.66, 33.34, 30.25,
29.77, 29.72, 29.24, 26.42, 26.32, 26.17, 25.81, 25.49, 23.68, 21.87.
SIP{TH} NMR (202 MHz, DMSO-d6) § 5.02, -144.15. HRMS (ESI, m/z):
Calcd for C47HssCuN4P [(M-PFe)]": 769.3455; Found: m/z 769.3486. FTIR
(em) 2927, 2855, 2233, 1575, 1458,1411, 1267, 1173, 1117, 1054, 1000,
922, 834,773, 554, 525, 478.

4.3.1.1.3 Synthesis of [Sphos-Cu-cmdf]ClO4 (7-C104)

A similar general synthetic method was used to synthesize complex 7-ClQO4,
Sphos (0.268 mmol), instead of [Cu(CH3CN)4]PFe, [Cu(CH3CN)4]ClO4
(0.268 mmol) was used as Cu(I) source and cmdf (0.268 mmol) in DCM to
obtain a yellow powder (90% yield). '"H NMR (500 MHz, DMSO-d6) &
8.77 (s, 2H), 8.67 (d, J= 8.1 Hz, 2H), 7.79 — 7.71 (m, 3H), 7.45 (dd, J=6.3,
2.7 Hz, 2H), 7.04 (d, J=9.5 Hz, 1H), 7.01 — 6.97 (m, 1H), 6.47 (d, J=8.9
Hz, 2H), 3.56 (s, 6H), 2.12 (td, J = 12.1, 8.9 Hz, 2H), 1.87 (d, /= 11.1 Hz,
2H), 1.76 — 1.68 (m, 4H), 1.64 (d, /= 11.3 Hz, 2H), 1.55 (d, J = 12.4 Hz,
2H), 1.34 — 1.19 (m, 4H), 1.18 — 1.08 (m, 6H). BC{'H} NMR (126 MHz,
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DMSO-d6) & 157.83, 156.35, 154.83, 153.31, 134.51, 132.35, 131.72,
131.67, 130.19, 129.73, 129.36, 127.10, 127.07, 117.92, 117.85, 112.46,
103.89, 55.13, 33.95, 33.77, 30.12, 28.45, 26.28, 25.74. 3'P{'H} NMR (202
MHz, DMS0-d6) § 9.53.

4.4 Characterisations of complexes 7 and 8

The purity of both complexes was confirmed by data obtained from 'H,
BC{'H} and *'P{'H} NMR spectroscopies (Fig. 4.1-4.6). The 'H NMR
spectra demonstrate characteristic signals of both phosphine and cmdf
ligands. In the "H NMR spectra of complex 7, the appearance of multiplets
in the range of 7.78 to 6.46 ppm corresponds to the seven phenyl protons
and singlets at 3.55 ppm for six methoxy protons, confirming the presence
of Sphos ligand. Similarly, in the "H NMR spectra of complex 8, the Xphos
ligand is confirmed by the presence of six phenyl proton signals between
7.57 to 7.09 ppm and methylene proton of isopropyl group as a multiplet
around 285 to 2.26 ppm while other aliphatic signals ranging from 2.08 to
0.88 ppm. The appearance of highly deshielded signals in 'H NMR spectra
of complex 7 and complex 8 at 8.83 (bs, 2H), 8.68 (d, 2H), 7.45 (d, 2H) and
8.81 (bs, 2H), 8.63 (d, 2H), 7.68 (dd, 2H) confirming the presence of cmdf
ligand in both complexes. In *C{'H} NMR spectra of complex 7, a
characteristic peak of methoxy carbons is observed at 55.10 ppm
confirming the presence of Sphos ligand while in complex 8 the peaks
around 23 ppm corresponding to methyl carbon and peaks at 29 and 33 ppm
methylene carbons of isopropyl groups confirm the appearance of Xphos
ligand. In addition, the peaks around 89 ppm corresponding to carbon
between the two nitrile groups and peaks around 112 ppm concerning
carbon atoms of nitrile group confirm the appearance of cmdf ligand in both
complexes. The remaining characteristic peaks are observed in aromatic as
well as aliphatic regions, confirming the formation of both complexes.
Furthermore, two peaks are observed in *'P{'H} NMR spectra of both

complexes, a singlet at 9.48 ppm and 5.02 ppm corresponding to the
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phosphorous atom of coordinated phosphine ligands and a septet around -
144 ppm with Jpr = ~710 Hz representing the presence of PFs counter ion.
In addition, the HRMS spectrum of complexes 7 and 8 shows [M-PFs]" peak
at 703.2242 (calculated for CsH41CuN4sO2P = 703.2258) and 769.3486
(calculated for C47HssCuN4P = 769.3455), respectively, confirming the

formation of both complexes.

4.4.1.1 Multinuclear NMR Spectra of complexes 7, 8 and 7-Cl104

MMI\QOHMWU\;MQQEI\\DM m Mo~ WUTHOIM MMOABONT™
G8ERRRRITISSaaaTT AnncgdaRnrEcehAnARANARA
WRBRARARANARARAMNANNOOOO Y ~” NN v v e e e e e e e e
LS ~4 N i\ n

T T T y y T T T T T T T T T T T T
1.5 9.0 85 80 75 70 6.5 6.0 5.5 5.0 45 35 3.0 25 20 15 1.0 0.5 0.0 05 -1.0 -

40
f1 (ppm)

Fig. 4.1 'H NMR spectrum of complex 7 in DMSO-d6.
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4.4.1.2 Structural analysis

The molecular structures of both complexes were also authenticated by
single-crystal X-ray diffraction (SC-XRD) analysis (Fig. 4.10). Crystals
suitable for SC-XRD were obtained by the slow diffusion of n-hexane to a
concentrated DCM solution of complexes at room temperature. The
crystallographic data with structure refinement details are provided in
Table 4.1. Complex 7 crystallizes in monoclinic crystal systems having a
P2; space group whereas complex 8 crystallizes in triclinic crystal systems
with a P-1 space group. In the crystalline state, the Cu(I) center is found to
be three-coordinated in which the central Cu(I) atom binds with two
nitrogen atoms from the cmdf ligand and the phosphorous atom of the
phosphine ligands. In both complexes, Cul-P1 and Cul-N1 bond distances
are approximately 2.2 and 2.0 A, respectively, which lie in the average
range of reported Cu(I) complexes /7—10]. Interestingly, Cul-N2 distance
in complexes 7 and 8 is found to be 2.48 A and 2.62 A, respectively. Though
the distance is less than the sum of the van der Waal’s radii of both atoms
but it is significantly higher than the reported Cu-N bond distances /2,11].
Probably the presence of a bulky phosphine ligand pushes one of the
nitrogen atoms of the cmdf ligand away from the Cu atom in the solid state.
This observation is more evident (Cul-N2 = 2.62 A) in complex 8 with a
bulkier Xphos ligand. However, the presence of symmetrical protons of
cmdf ligands in '"H NMR (Fig. 4.1 and 4.4), suggests that both the N atoms
are in a similar environment and equally coordinate with the Cu atom in the
solution. The P1-Cul-N1 bond angles in both complexes are about 152°
while the P1-Cul-N2 bond angles are 119.30° and 118.38°, respectively
(Table 4.2).
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Fig. 4.10 Molecular structures of complexes 7 and 8. Hydrogen atoms and

solvent molecules are omitted for clarity.

Table 4.1 The crystallographic data with structure refinement details of

complexes 7 and 8.

Complex Complex 7 Complex 8
Empirical formula C40H41CuFsN4O2P2  CagHs7Cl,CuFN4P>
Formula weight 849.25 1000.35
Temperature/K 298 298

Crystal system Monoclinic Triclinic
Space group P2, P-1

a/A 9.7039(10) 10.2044(5)
b/A 14.6586(14) 12.9024(7)
c/A 14.3010(12) 19.1834(11)
o/° 90 87.228(4)
B/ ° 100.635(9) 89.708(4)
v/° 90 87.177(4)
v/ A3 1999.3(3) 2519.7(2)
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Z

Pealcg/cm™

p/mm’!

R1 (R1 all data)
[I>2a(1)]

wR2 (wR2 all data)
Data/restraints/parame
ters

GOF

CCDC number

1.411
0.694
0.0510

0.1258
6675/1/498

1.051
2431046

1.319
0.661
0.0590

0.1713
8698/18/613

1.052
2431048

Table 4.2 Selected Bond lengths (A) and angles (°) of complexes 7 and 8.

Bond lengths (A) Bond angles (°)

7 8 7 8
P1-Cul 2.18 220  P1-Cul-N1 152.41 152.33
N1-Cul 2.01 1.99 P1-Cul-N2 119.30 118.38
N2-Cul 2485 2.62 N1-Cul-N2 81.74 78.83

4.4.1.3 Weak interactions observed in complexes 7 and 8

Complex 7 exhibits weak intermolecular C-H---N interactions (2.730 A)
involving C-H bond of the methoxy group attached to the biphenyl ring of
the Sphos ligand and the N atom of the nitrile group present on the cmdf
ligand, also it shows C-H---N interaction (2.563 A) between C-H of cmdf
and N of nitrile present on cmdf of another molecule (Fig. 4.11). Further,

complex 8 displays intramolecular C-H---F interactions (2.554 A),
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including C-H of the isopropyl group present on the Xphos ligand with
fluorine of PF¢ counter ion (Fig. 4.12).

Fig. 4.12 Weak C-H " F interactions were observed in complex 8.
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4.4.1.4 Thermogravimetric analysis

Both compounds were found to be stable for several months at room
temperature under ambient conditions. The thermogravimetric analysis
performed on powder samples under an N> atmosphere with 10 °C/min
heating rate suggests thermal stability till 260 and 180 °C for complexes 7
and 8, respectively (Fig. 4.13). As discussed earlier, the presence of bulky
Xphos ligand results in an elongated Cul-N2 distance in 8. So the lower
thermal stability of 8 can be attributed to the steric effect that weakens the
metal-ligand interactions, thereby reducing the overall stability of the

complex and promoting early decomposition of 8.

100

100 200 300 400 500 600 700 800
Temperature (°C)
Fig. 4.13 TGA curve of complexes 7 and 8 under nitrogen atmosphere with

the temperature heating rate of 10 °C min™.
4.5 Photophysical properties and theoretical calculations

UV-Vis spectroscopy was used to study the absorption properties of
complexes 7 and 8 in DCM (0.1 mM) at room temperature and the spectra
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are depicted in Fig. 4.14a. The absorption peaks are observed in the high-
energy region from 258 to 350 nm, which is comparable to previously
reported Cu(I) complexes, assigned as ligand-centered (LC) n-nt* transitions
within the ligands ///-13]. Additionally, the lowest energy band in the
range of 370 to 480 nm which is attributed to the metal-to-ligand charge
transfer transition [/4—16].
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Fig. 4.14 a) Absorption spectrum of complexes 7 and 8, recorded in DCM
at room temperature, b) Solid state UV—Visible diffuse reflectance spectrum
(DRS) of complex 7 at room temperature, ¢) Observed band gap of complex
7 based on Kubelka—Munk method calculated from DRS.

In DCM, both complexes show similar absorption properties; therefore,
further studies were done only with complex 7. The solid-state UV-visible
diffuse reflectance spectrum (DRS) of complex 7 was performed on a
powder sample and it is depicted in Fig. 4.14b. In the solid state, complex
7 shows absorption in the UV-Vis region (230-500 nm). In addition, by
applying the Kubelka—Munk method to DRS spectra (Fig. 4.14¢) /17], the
band gap energy was found to be 2.89 eV, suggesting complex 7 has a
semiconducting nature similar to previously reported Cu(I) materials /78—

21].

As both complexes show similar absorption properties, the density-
functional theory (DFT) and time-dependent density-functional theory
(TDDFT) calculations were carried out on complex 7. The theoretical
calculation begins with the molecular structure obtained from the SCXRD
analysis (Fig. 4.15). It is found that the highest occupied molecular orbital

(HOMO) is mainly distributed on the Cu(I) atom with some contribution of
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Sphos ligand. The lowest unoccupied molecular orbital (LUMO) is located
on the cmdf ligand. The TD-DFT data suggests that the major electronic
transition of the S; state is occurring from HOMO (Cu+Sphos) to LUMO
(cmdf).

Fig. 4.15 a) Optimized molecular structure; b) HOMO and c) LUMO
orbitals obtained from B3LYP/def2-TZVP level of theory (Cu = Brown, P
= Orange, N = blue, O =red, C = black and H = grey). The counter ion is

omitted for clarity.

Hence, it is concluded that the electronic transitions arise from copper(I)
center to the n* orbital of the cmdf ligand, which is responsible for the low-

energy transition.
4.6.1.1 Electrochemical studies

Both complexes show similar absorption properties, therefore, utilized to
study the electrochemical properties. Electrochemical performance was
studied in three electrode configurations with platinum wire as the counter
and Ag/AgCl as the reference electrode. The blank ITO-coated glass
substrate has been used as a working electrode. To prepare the
electrochemical solution, roughly 5 mg of complex was added to 0.1 M

LiClOg4 as a supporting electrolyte in ACN. The cyclic voltammetry (CV)
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was recorded in the potential window of 3 V to -3 V at 100 mV/s scan rate
(Fig. 4.16), Complex 7 shows redox couple at -1.8 V (reduction) and -0.3
V (oxidation), confirming its redox activity under negative potential, while

8 shows redox couple at -1.7 V (reduction) and -0.22 V (oxidation).
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Fig. 4.16 (a) CV of complex 7 and 8 and observable color change (inset)
and (b) CV of complex 7-ClO4 at 100 mV/s scan rate.

During the reduction, a vivid color change was observed which is
completely reversible when the opposite potential is applied for both 7 and
8 (Fig. 4.164a, inset). In the initial condition of complex 7, a light-yellow
which changes to a dark brown color when a negative bias is applied
(approximately -1.5 V), again when a positive bias of the same potential is
applied it comes back to its original light-yellow color. Additionally,
complex 8 changes its color from colorless to brown by the application of
negative potential. This phenomenon is reversible for both complexes
makes them potential candidates for electrochromic applications. As both
complexes are changing their color at negative bias, it should be used as an
n-type EC active counter ion for designing a solid-state ECD. Since
complex 7 exhibits a more prominent redox couple compared to complex 8,
therefore, complex 7 was used as EC active layer for the fabrication of ECD

to investigate the EC properties.

Furthermore, to check the effect of counterion on EC properties, the PFg
counter ion changed by ClO4 and [Sphos-Cu-CMDF]CIO4 (7-C104) was
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synthesised and characterized by NMR spectroscopy (Fig.s 4.7-4.9). The
CV of the 7-Cl04 was recorded using the similar method, which show
reversible redox couple at -1.9 V (reduction) and -0.62 V (oxidation) (Fig.
4.16b). During the CV scan there is no any color change was observed in
the 7-C1O4 by the application of external bias. This experiment suggests the

importance of PFs counterion in the EC properties.
4.6.1.2 Recipe for Rigid and Flexible ECDs Fabrication

Complex 7 proved to be an EC active counter ion when tested in a solution-
based electrochemical cell, but practical implementation demands
replication of color modulation performance in a solid-state device. Hence,
a simple solid-state mono-layer ECD in the configuration “ITO/ TTF
//complex 7/ ITO” has been fabricated using TTF(Tetrathiafulvalene) as an
ion storage layer by a flip-chip method /22-26].
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Fig. 4.17 Schematic of the monolayer complex 7-ECD with an actual
photograph of the device in ON and OFF conditions.

4. Fabrication of solid-state 7-electrochromic device (7-ECD).

e. Firstly, ITO-coated glass of dimension 2x1 cm? was used as an
electrode, which was thoroughly cleaned by ultrasonication in a
solution containing acetone, isopropanol and DI water in an equal

ratio for 10 minutes.
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f. Approximately 0.5 wt.% complex 7 solution in acetonitrile (ACN)
was spin-coated over the cleaned ITO substrate at 200 rpm for 60
minutes and was dried at 80 °C for a few minutes.

g. The Tetrathiafulvalene (TTF) an ion storage layer was prepared by
dissolving 0.5 wt.% TTF in ACN and was drop casted (~50 pL) over
ITO and dried at 80 °C for 5 minutes.

h. The gel electrolyte was prepared by mixing 0.1 M LiClO4 in ACN
and 5 wt.% polyethylene oxide (PEO) in equal proportion. The
prepared gel electrolyte was sandwiched in between the two above-
prepared electrodes and was stuck together using the flip-chip
method.

5. Fabrication of flexible P3HT and complex 7-based electrochromic
device (f~P3HT-complex 7 ECD).

b. For the fabrication of a flexible device, the ITO was replaced

by PET substrate and the same recipe was adopted for

fabricating f~-P3HT-complex 7 ECD.

4.6.1.3 Electrochromic Performances of ECDs

For practical use, complex 7 must be integrated into a solid-state device for
various EC applications. Therefore, a basic solid-state monolayer device
has been fabricated having the structure “I/70O/ complex 7/TTF + gel
electrolyte/ ITO” as shown in the schematic (Fig. 4.17) by following a
device fabrication recipe 1. Since complex 7 was identified as an n-type EC
active counter ion, a suitable p-type material that doesn't change its color
but donates an electron to the active material for reduction is needed. The
TTF (Tetrathiafulvalene) is one such promising material, called ion storage
layer /27,28], which is used as a supporting layer to study the EC behaviour
of complex 7. The fabricated EC device (complex 7-ECD) shows a color
change between light yellow and dark brown color, represented as OFF and

ON states, respectively (Fig. 4.18, insets). During the unbiased condition,
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the fabricated complex 7-ECD was observed to be transparent to light
yellow in color, as soon as the bias of 1.4 V is applied to the TTF layer such
that complex 7 layer is getting -1.4 V, the color of the device changes to
brown color (Fig. 4.17, inset), following the redox mechanism between the
complex 7 and TTF layer. Right after the removal of bias, the complex 7-
ECD regains its original state due to the occurrence of reverse redox
reaction between the TTF and complex 7, demonstrating complete

reversibility.

To further study the above phenomenon of color change between yellow
and brown, a bias-dependent transmittance spectrum of complex 7-ECD
was recorded in the range 0f 400 to 700 nm in the visible region (Fig. 4.18a).
Originally during the OFF or unbiased condition, the device is light-yellow
in color (bleached state) following the green curve, afterward when bias is
applied (ON condition, 1.4 V, concerning TTF) the color of the device
changes to brown color (colored state) following the orange curve (Fig.
4.18a). As seen from the transmittance spectra, the maximum change in
transmittance was observed at 430 nm. In comparison to previously
reported 4-coordinated Cu(I) complexes, less voltage is required for EC
performance. The reduction is facilitated in complex 7 probably due to its
16-electron Cu center which would be difficult with an 18-electron center.
An important EC performance parameter, called color contrast (CC), was

calculated using Eq lin the introduction /23,29].

The calculated value of CC at 430 nm is 42%, which is exclusively due to
the complex 7 material, showing its potential applications in ECDs. Another
essential parameter, namely switching time, which is the time taken by
complex 7-ECD to switch between the two colors (light yellow to brown to
light yellow) was estimated by applying a square pulse of 1.4 V (10 seconds
each). The switching time of complex 7-ECD is found to be 5.3 s for
switching from light yellow to brown (colored state) and 4.5 s to switch

back into light yellow color, which is determined at 90% of the device’s
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total coloration and bleaching phenomenon (Fig. 4.18b). Afterward, the
complex 7-ECD’s cyclic stability was also tested by giving a continuous
pulse train of 1.4 V (10 s). The device shows great cyclic stability for up to
1000 s or 50 cycles (Fig. 4.18c¢).
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Fig. 4.18 (a) In-situ transmittance spectra of complex 7-ECD during ON
and OFF conditions with actual photos of the device (inset) and (b) Single
switching of the device (¢) cyclic stability of the complex 7-ECD for 1000
seconds (d) variation in change in optical density as a function of total

charge used for complex 7-ECD with marked slope.

A critical factor for judging the EC device performance is coloration
efficiency (CE), which is found to be very high, about 690 cm?/C (Fig.
4.18d) calculated from the charge density plot (Fig. 4.19a), which shows
that the device is power efficient for EC display applications. The
performance of complex 7-ECD with previously reported ECDs is

presented in Table 4.5. The superior performance of complex 7-ECD in
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terms of CC and CE demonstrates its potential for real-life application to

make energy-efficient ECDs for various purposes.
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Fig. 4.19 Voltage & current vs time Graph for calculation charge density

for a) 7-ECD and b) f-7-ECD.

Flexible ECDs could be used in the development of next-generation
electronics; therefore, a flexible ECD using complex 7 (f~complex 7-ECD)
was fabricated (Recipe 2). The f~complex 7-ECD has the structure of “PET/
complex 7//TTF + gel electrolyte/PET”. Firstly, the in-situ bias-dependent
transmittance has been recorded by applying 1.4 V to the device in the
wavelength range of 400 to 700 nm (Fig. 4.20a). At the OFF condition
(unbiased), the device changed its color from transparent to light yellow and
traced the pink curve. As the bias of 1.4 V is applied (ON condition), the
device traces the purple curve and turns from light yellow to brown color
due to the redox reaction taking place between the active material and TTF
(Fig. 4.20a, inset). The observed CC (30% at 430 nm) is solely due to the
complex 7 material as TTF is just helping in the redox reaction and not
taking part in the color change. The decrease in CC in flexible form is due
to the comparatively less ITO-coated PET substrate when compared with

ITO-coated glass substrate.
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Fig. 4.20 (a) In-situ bias-dependent transmittance spectra of f~complex 7-
ECD during ON and OFF conditions with actual photos of the device and
(b) Single switching of the device (c¢) cyclic stability of the f~complex 7-
ECD for 1000 seconds (d) Graph for evaluating coloration efficiency of the
Jf-complex 7-ECD with marked slope.

The switching kinematics of the f~complex 7-ECD has been studied by
applying a square pulse of 1.4 V for 10 seconds and the time was calculated
at 90% of total coloration and bleaching. The estimated coloration and
bleaching times are 3 s and 1.4 s, respectively. The f~-complex 7-ECD gives
good switching time when compared with solid-state complex 7-ECD,
which is mainly due to less change in transmittance value. Following that,
to check the cyclic stability of the f~complex 7-ECD, a pulse train of 1.4V
is applied for 1000s (50 cycles). The device gives good cyclic stability up
to 50 cycles with minimal comprise due to the less conducting ITO-coated
PET substrate. The CE was also calculated for the f~complex 7-ECD, giving

a value of 116 cm?/C. The decrease in CE in flexible form is due to the
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lower value of AOD at 430 nm. A minimal compromise in the f~complex 7-
ECD was observed when compared to the solid-state complex 7-ECD,
which is basically due to the less conducting ITO-coated PET substrate. By
thoroughly investigating the performance of ECDs, it is concluded that the
device shows excellent EC behaviour and could be a great choice for real-

life applications for making flexible and wearable electronic devices.

Table 4.3 Comparison of ECD performances with reported EC materials.

Sr. EC systems or CC or Response Coloration Ref.
No materials AT (%)  time (S) Efficiency
Coloration/ (cm?/C)

Bleaching

1 ITO/ complex 7/ 42 5.3/4.5 690 This
TTF/ITO work

2 ITO/P3HT/Cu(l) 45 0.4/1.4 191 [6]
complex/ITO

3 ITO/P3HT/Cu(I) 38 0.8/0.5 230 [30]
complex/ITO

4 ITO/LiClO4 - 1.35/1.04 - [31]
/PolyCu/ITO

5 ITO/ gel - 4.8/1.1 - [32]
electrolyte
/PolyCuFe/ITO

6 ITO/ WOs3— - 7.0/0.7 35.2 [33]
Nb2Os/  NiVOx/
ITO

7 WO3 coated PET/ 21 3.56/11.32 626 [34]
ITO film

8 WOs3/P3HT 60 0.3/0.5 378 [35]

9 V,0s:Fe (1%) EC  46.29 2/3.7 47.3 [36]

film 1 M LiClO4
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24

ITO/ferrocene-
Fc*
/P3HT/viologen/I
TO
ITO/P3HT/violog
en/ITO
PANI-PSS/PC-
LiClO4
PANI-EV
PProDOT-Et
TAZ-3PTZBr
APV@TiO ECDs
Os-polypyridyl
complex
Fe-polypyridyl
complex
bithiophene—pyri
dine complex of
ruthenium(I1I)—po
rphycene
[Ru(TPrPc) (btp)
2]PFe
ITO/PolyOsRw/IT
O
ITO/PolyRu:LII
M (3:5)/ITO
PolyRuFe/PB
ECD

CuTCA MOF
Ni-CHNDI,
MOF-74type

40.2
75

75
82.48
78

39

65

58

52.7

65

0.5/0.9

1.7/1.2

8.8/9.7

0.5/0.8

2/2

0.5/2.5

0.53/0.16

0.5/0.5
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3.7/23

0.34/0.78

0.29/1.71

0.2/0.3

4.8/3.3
2.1/1.9

183

355

222

183

110

505

513.8

374.93

230

207

178

404.39

645

525.1

260
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[41]
[42]
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[44]
[44]

[45]

[46]

[47]

[48]

[49]
[30]



25 Cu-HHTP-30C 40.2 3.2/5.9 632 [51]

26 Zn-NDI-74, 21 14/23 117 [52]
MOF-74type

27  PET/P3HT+Co3O 50 1.2/2.5 420 [53]
4/EV+WO3/PET

28 nanoporous Sb- 58.35 0.5/0.6 440 [54]
doped SnO2

4.7 Conclusion

We have synthesized three-coordinated heteroleptic Cu(I) complexes
[Cu(Sphos)(cmdf)]PF¢ (7) and [Cu(Xphos)(cmdf)]PFs (8). Both complexes
exhibit similar photophysical properties. Furthermore, complex 7 was found
suitable for fabricating a solid-state as well as a flexible electrochromic
device. The solid-state complex 7-ECD achieved a color contrast of 42%
with a coloration efficiency of 690 c¢cm?/C, attributed solely due to the
complex 7, making it suitable for smart window applications. Additionally,
the flexible ECD exhibited appreciable performance, underscoring its
applicability to next-generation flexible smart wearable electronics. This
study emphasizes the potential of Cu(I) complexes in the advancement of
future electronic devices. The integration of such complexes into
multifunctional hybrid materials may further expand their applicability in

energy-efficient optoelectronic technologies.
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5.1 Introduction

Synthesis of two coordinated Cu(I) complexes, one of the most important
and rapidly growing areas due to their excellent performance in
optoelectronics //—4]. Though several monometallic two-coordinated Cu(I)
complexes are reported, bimetallic two-coordinated Cu(I) complexes are
unknown to date /5—7/. In this context, the exploration of bimetallic, two-
coordinate Cu(I) complexes represents a compelling strategy to design
novel photoluminescent systems with efficient emission properties. Though
such types of Cu(I) complexes are used as emitters in light-emitting devices

(OLEDs and LECs), the electrochromic performance is not explored.

In this study, we synthesize monometallic [SphosCuPhBz]PFs (9),
[Cu(Sphos)(CNPhBz)]PFs  (10), [Cu(Sphos)(NO.PhBz)]PFs (11),
[Cu(Xphos)(PhBz)]PFs (12), [Cu(Xphos)(CNPhBz)]PFs (13),
[Cu(Xphos)(NO2PhBz)|PFs (14) and bimetallic [(CuSphos)2(PhBz)]PFs
(9a), [(CuSphos)2(CNPhBz)]PFs (10a), [(CuSphos)2(NO2PhBz)|PF¢ (11a),
[(CuXphos)2(PhBz)]PFs  (12a), [(CuXphos):(CNPhBz)]PFs (13a),
[(CuXphos)2(NO2PhBz)|PFs (14a) Cu(I) complexes. All the synthesized
complexes were characterized by multinuclear NMR spectroscopic
techniques. The structures of 9 and 12a are authenticated by SC-XRD
analysis. Substitution of PhBz ligands with CN and NOz was done to
generalize the synthesis of two-coordinated Cu(I) complexes and
investigate the impact of ligand substitution on their photophysical
properties. The resulting complexes show absorption between 275 and 470
nm due to metal-to-ligand charge transfer (MLCT) transitions. These
complexes display tunable emission across the UV-visible range, with
nanosecond lifetimes (0.58-1.82 ns). To check the electrochromic
properties, complexes 10 and 10a were chosen. Both devices show good
performance in terms of color contrast and switching time. To the best of
our knowledge, this is the first report of electrochromic devices based on

the mono and bimetallic Cu(I) complexes.
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5.2 Experimental Section
5.2.1.1 Materials

Materials obtained from commercial suppliers were used without further
purification unless otherwise stated. All glassware and magnetic stirring
bars were dried in a convection oven at 70 °C. The complexation reactions
were performed using standard schlenk techniques under an inert nitrogen
gas atmosphere. The Sphos and Xphos ligands were purchased from BLD
Pharm, Commercial grade chemicals, tetrathiafulvalene (TTF) (Sigma
AldrichTM), lithium perchlorate(Sigma AldrichTM), acetonitrile (ACN,
anhydrous, 99%, Sigma AldrichTM), and polyethylene oxide (PEO, Alfa
Aesar, MW=100,000) were used as received for device fabrication. Indium
doped tin oxide (ITO) coated glass substrate was purchased from Macwin
India. ITO coated polyethylene terephthalate (PET) was purchased from
Sigma AldrichTM.

5.2.1.2. Characterization methods

'H, BC{'H}, and *'P{'H} NMR were recorded on a Fourier transform
nuclear magnetic resonance (NMR) spectrometer, model Bruker Avance
500 MHz spectrometer. '"H and "*C{'H'NMR spectra were referenced
relative to the residual solvent peak. High-resolution mass spectral analyses
(HRMS) were recorded on a Bruker-Daltonics micrOTOF-Q II mass
spectrometer. Single crystal X-ray analysis was performed on Saxi-
CrysalisPro-abstract goniometer imported SAXI images and the data were
collected at 293(2) K. Using Olex2 /8], the structure was solved with the
SHELXT structure solution program using Intrinsic Phasing and refined
with the SHELXL refinement package using Least Squares minimization
[9]. Thermogravimetric analysis was performed on the powder sample
using METTLER TOLEDO TGA/DSC 1 STARe System having a heating
rate of 10 °C min! under a nitrogen atmosphere. UV-Vis spectroscopy was

performed on Agilent Cary 60 UV—vis spectrophotometer in a quartz
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cuvette (1 cm X1 cm). In-situ bias-dependent color modulation was studied
using a Lambda 365 spectrophotometer (PerkinElmer make) and a Keithley
2450 workstation. The electrochemical measurement was done using a
Metrohm-Multi Autolab M204 potentiostat. Cyclic Voltammetry was
performed using an AUTOLAB, PGSTAT 12 (Ecochemie, B.V.
Netherlands) with GPES software (version 4.9) in a conventional blank
ITO-coated glass slide as the working electrode, the CV curve was recorded

in a potential range of +3 V and at a scan rate of 100 mV/s.
5.3 Synthetic Details
5.3.1.1 General synthetic procedure of CNPhBz and NO2PhBz:

0]

H
NH cat AcOH N
X - CL-O
+ R MeOH, r.t., 12h N

NH,

R =CN, NO, R =CN, NO,

Scheme 5.1 Synthetic procedure of CNPhBz and NO2PhBz ligands.

In an oven-dried round bottom flask, phenylenediamine and respective
benzaldehyde (4 cyanobenzaldehyde or 4-nitrobenzaldehyde) were
dissolved in methanol. To this catalytic amount of acetic acid (AcOH) was
added. After stirring the reaction mixture at room temperature for 12 h, it
was poured into cold water. A precipitate formed was subsequently filtered,
washed with deionized water and the product was dried under a vacuum.
5.3.1.1.1 Synthesis of 2-(4-cyanophenyl)benzimidazole (CNPhBz):

A general procedure was used to synthesize CNPhBz, phenylenediamine
(0.013 mol) and 4-cyanobenzaldehyde (0.013 mol) giving a yellow powder
with 97% yield. "TH NMR (500 MHz, DMSO-d6) 6 13.19 (s, 1H), 8.34 (d,
J=28.1Hz, 2H), 8.03 (d, J=8.2 Hz, 2H), 7.72 (d, J= 7.6 Hz, 1H), 7.58 (d,
J=17.6 Hz, 1H), 7.26 (dd, J=17.9, 7.8 Hz, 2H). BC{'H} NMR: (126 MHz,
DMSO-d6) & 149.42, 134.29, 132.99, 127.02, 122.86, 118.66, 111.92.
HRMS (ESI): calculated for C14HioN3[M+H]": 220.0869; found 220.0856.
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5.3.1.1.2 Synthesis of 2-(4-nitrophenyl)benzimidazole (NO2PhBz):

A similar general procedure was used to synthesize NO>PhBz,
phenylenediamine (0.013 mol) and 4-nitrobenzaldehyde (0.013 mol) to
give a red powder with a 94% yield. "H NMR (500 MHz, DMSO-d6) &
13.29 (s, 1H), 8.46 — 8.36 (m, 4H), 7.74 (s, 1H), 7.59 (s, 1H), 7.26 (d, J =
8.2 Hz, 2H). BC{'H} NMR (126 MHz, DMSO-d6) & 148.84, 147.61,
143.68, 135.87, 135.08, 127.21, 124.10, 123.42, 122.15, 119.30, 111.65.
HRMS (ESI) calculated for Ci3HijoN3O, [M+H]": 240.0768; Found:
240.0750.

5.3.1.1.3 'H and BC{'H} NMR spectrum of CNPhBz and NO:PhBz:

—13.19
8.35
33

e
o
-

- - T T T T T T T ' - T - T - r - - .
40 135 130 125 120 115 11.0 105 100 95 9.0 85 8.0 73 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 1.
f1 (ppm)

Fig. 5.1 'H NMR spectrum of CNPhBz in DMSO-d6 (500 MHz).
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Fig. 5.2 BC{'H} NMR spectrum of CNPhBz in DMSO-d6 (126 MHz).
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Fig. 5.3 'H NMR spectrum of NO2PhBz in DMSO-d6 (500 MHz)
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Fig. 5.4 ’C{'H} NMR spectrum of NO2PhBz in DMSO-d6 (126 MHz).
5.3.1.2 General procedure for Synthesis of complexes

Using a standard schlenk technique, all complexes were synthesized in the
presence of N> atmosphere. Monometallic complexes (9-14) were prepared
by the addition of 1 equiv. of phosphine, PhBz/CNPhBz/NO-.PhBz ligands
and [Cu(CH3CN)4]PFs at room temperature. Firstly, [Cu(CH3CN)4]PFs
solution was added to the stirring Sphos or Xphos ligands in 5 mL of DCM
and it was stirred for 2 hours. To this, the solution of
PhBz/CNPhBz/NO,PhBz ligands was added and kept on stirring for 2
hours. After completion of reaction, the solvent was concentrated by rotary
evaporation and n-hexane was added to precipitate the product. The product
was washed with n-hexane and dried under a high vacuum. It is reported
that similar ionic compounds can be converted into neutral compounds in
the presence of a base [/0]. However, when the base was added to the
solution of synthesized complexes 1-3, formation of a white precipitate was
observed which remains insoluble in all organic solvents. Similarly,
bimetallic complexes (9a-14a) were prepared by the addition of 2 equiv. of

phosphine and [Cu(CH3CN)4]PFs and other components are the same as
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monometallic complexes. Probably, the PFs ion abstracts the acidic N-H

proton of the ligand, leading to the formation of bimetallic complexes.

R
" | PFe
Ar m Ar
O |
DCM, rt., 4 h
N NH T + [Cu(CHsCN),PFg] — " o C:u
N
Cry-O
N J N
R =H (PhBz) Y H
CN (CNPhBz2) 2 equiv R=H (9 and 12)
NO,(NO,PhBz) DCM,rt., 4 h CN (10 and 13)

l NO, (11 and 14)

o Nyt

R
R =H (9a and 12a), CN (10a and 13a), NO, (11a and 14a) 9-11 and 9a-11a  12-14 and 12a-14a

Scheme 5.2 Synthetic procedure of complexes 9-14 and 9a-14a.

5.3.1.2.1 Synthesis of [SphosCuPhBz|PFs(9)

A general procedure was used to synthesize complex 9, Sphos (0.268
mmol), Cu(CH3CN)4]PF¢ (0.268 mmol) and PhBz (0.268 mmol) in DCM
to give a white solid product in 91% yield. 'H NMR (500 MHz, DMSO-
d6) 6 8.13 (d, J= 6.9 Hz, 2H), 7.78 (t, J = 8.2 Hz, 1H), 7.61 (s, 5H), 7.47
(d, J=9.2 Hz, 2H), 7.37 (t, J = 6.6 Hz, 2H), 6.98 (p, J = 4.3 Hz, 1H), 6.79
(t, J=9.2 Hz, 1H), 6.16 (d, J= 9.2 Hz, 2H), 3.38 (s, 6H), 2.28 (q, J=12.2
Hz, 2H), 1.98 — 1.88 (m, 2H), 1.74 (t, J = 12.3 Hz, 4H), 1.68 (d, J = 12.7
Hz, 2H), 1.60 (d, J = 14.8 Hz, 2H), 1.35 (q, J = 12.8 Hz, 2H), 1.30 — 1.23
(m, 2H), 1.22 — 1.07 (m, 6H). BC{'H} NMR (126 MHz, DMSO-d6) &
155.90, 150.08, 146.17, 141.90, 141.84, 132.29, 131.59, 131.53, 130.80,
130.71, 129.12, 129.06, 128.52, 127.14, 123.17, 118.12, 117.52, 117.49,
117.46, 116.83, 103.76, 54.75, 33.40, 33.21, 30.40, 28.58, 26.09, 26.00,
25.62. 3'P{'H} NMR (202 MHz, DMSO-d6) & 11.96, -144.18. HRMS
(ESI) calculated for C39HssCuN2O2P [M-PFs]™: 667.2509; Found:
667.2518.
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5.3.1.2.2 Synthesis of [SphosCuCNPhBz|PFe(10)

Using a general procedure, complex 10 was synthesized, Sphos (0.268
mmol), Cu(CH3CN)4]PFs (0.268 mmol) and CNPhBz (0.268 mmol) in
DCM to give yellow powder in 95% yield. 'H NMR (500 MHz, DMSO-
d6) 6 13.40 (s, 1H), 8.32 (d, /= 6.9 Hz, 2H), 8.05 (d, /= 6.4 Hz, 2H), 7.71
(d,J=5.3 Hz, 2H), 7.65 (s, 2H), 7.44 (d, J= 6.3 Hz, 2H), 7.30 (s, 2H), 7.00
(d,J=4.7Hz, 1H), 6.61 (s, 2H), 3.57 (s, 6H), 2.10 (s, 2H), 1.82 (d, J=11.9
Hz, 2H), 1.76 — 1.62 (m, 6H), 1.56 — 1.44 (m, 2H), 1.29 (d, J = 13.1 Hz,
2H), 1.19 (d, J = 14.8 Hz, 2H), 1.10 (d, J = 14.8 Hz, 6H). BC{'H} NMR
(126 MHz, DMSO-d6) & 155.97, 149.81, 145.03, 141.88, 141.74, 135.37,
133.19, 132.75, 132.09, 131.48, 130.05, 129.21, 128.91, 128.68, 127.35,
126.83, 123.18, 118.09, 117.52, 117.45, 112.21, 103.78, 54.76, 33.46,
33.28,29.90, 28.09, 25.97, 25.87, 25.49. 3P{'H} NMR (202 MHz, DMSO-
d6) 5 9.38, -144.19. HRMS (ESI) calculated for C40HasCuN3O2P [M-PFs]":
692.2462; Found: 692.2459.

5.3.1.2.3 Synthesis of complex [SphosCuNO:PhBz]|PFs(11)

Complex 11 was synthesized by using a general procedure, Sphos (0.268
mmol), Cu(CH3CN)4]PFs (0.268 mmol) and NO2PhBz (0.268 mmol) in
DCM to obtain an orange crystalline powder in 80% yield. '"H NMR (500
MHz, DMSO-d6) 6 13.49 (s, 1H), 8.41 (d, /J=6.4 Hz, 4H), 7.71 (d, J="7.5
Hz, 2H), 7.66 (s, 1H), 7.44 (d, J = 6.0 Hz, 2H), 7.32 (s, 2H), 7.27 (s, 1H),
7.00 (s, 1H), 6.61 (s, 2H), 3.59 (s, 6H), 2.09 (dd, J=13.0, 6.0 Hz, 2H), 1.82
(d, J=10.5 Hz, 2H), 1.75 — 1.60 (m, 6H), 1.51 (d, /= 11.7 Hz, 2H), 1.25
(d, J=11.3 Hz, 4H), 1.10 (d, J = 13.3 Hz, 6H). BC{'H} NMR (126 MHz,
DMSO-d6) 6 156.20, 149.18, 148.01, 142.11, 141.74, 135.35, 132.24,
131.66, 130.69, 130.19, 129.43, 128.98, 127.87, 127.44, 127.01, 126.45,
124.23, 123.97, 123.42, 117.72, 103.99, 54.96, 33.72, 33.54, 30.03, 28.19,
26.18, 26.08, 25.69. 3'P{'H} NMR (202 MHz, DMSO-d6) § 9.36, -144.18.
HRMS (ESI) calculated for C30H44CuN3O4P [M-PFg]": 712.2360; Found:
712.2357.
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5.3.1.2.4 Synthesis of [ XphosCuPhBz]PFs(12)

General procedure was used to obtain complex 12, Xphos (0.268 mmol),
Cu(CH3CN)4]PFs (0.268 mmol) and PhBz (0.268 mmol) in DCM to give a
white solid product in 93% yield. '"H NMR (500 MHz, DMSO-d6) § 8.16
(s, 2H), 7.85 (t, J = 8.2 Hz, 1H), 7.65 (s, 2H), 7.57 (s, 4H), 7.54 (s, 2H),
7.29 (d,J=4.4 Hz, 2H), 7.25 (d, J=4.4 Hz, 1H), 6.94 (d, /= 8.2 Hz, 1H),
2.22 (sept, J=6.4 Hz, 3H), 1.96 (d, /= 13.6 Hz, 1H), 1.74 (d, /= 12.2 Hz,
1H), 1.66 (d, J = 11.9 Hz, 4H), 1.61 — 1.55 (m, 2H), 1.23 (d, J = 8.4 Hz,
10H), 1.11 (d,J=7.5 Hz, 6H), 0.98 (d, /= 7.3 Hz, 4H), 0.84 (d, /J=3.4 Hz,
6H), 0.82 (d, J = 3.7 Hz, 2H). ¥C{'H} NMR (101 MHz, DMSO-d6) &
152.77, 147.92, 145.98, 144.93, 134.80, 132.73, 131.89, 131.82, 130.46,
129.96, 129.12, 128.91, 127.99, 127.30, 127.29, 126.81, 122.71, 121.59,
121.11, 114.88, 34.57, 34.33, 33.96, 32.71, 30.72, 30.07, 29.75, 29.42,
28.24,25.68, 25.35, 24.55, 23.08, 21.58, 13.72, 11.01. 3'P{'H} NMR (202
MHz, DMSO-d6) o 6.59, -144.19. HRMS (ESI) calculated for
C16Hs9CuN2P [M-PFs]*: 733.3706; Found: 733.3733.

5.3.1.2.5 Synthesis of complex [XphosCuCNPhBz|PF¢(13)

A general procedure was used to synthesize complex 13, Xphos (0.268
mmol), Cu(CH3CN)4]PFs (0.268 mmol) and CNPhBz (0.268 mmol) in
DCM, a yellow powder was obtained in 89% yield. '"H NMR (500 MHz,
DMSO-D6) 6 13.37 (s, 1H), 8.32 (d, J= 8.1 Hz, 2H), 8.02 (d, /= 7.2 Hz,
2H), 7.82 (t,J="7.2 Hz, 1H), 7.64 (d, J = 8.2 Hz, 2H), 7.53 (d, /= 4.3 Hz,
2H), 7.27 (d, J = 5.2 Hz, 2H), 7.24 (d, J = 4.7 Hz, 1H), 7.04 (s, 2H), 2.22
(sept, J = 6.9 Hz, 3H), 2.10 (s, 2H), 1.96 — 1.89 (m, 2H), 1.73 (d, J = 13.6
Hz, 2H), 1.65 (d, J = 7.5 Hz, 4H), 1.54 (dd, J = 12.1, 5.6 Hz, 2H), 1.31 —
1.23 (m, 6H), 1.18 (d, J = 8.2 Hz, 11H), 1.09 (dd, J = 13.6, 7.2 Hz, 6H),
0.85 (d, J= 7.8 Hz, 6H). BC{'H} NMR (126 MHz, DMSO-d6) & 153.52,
149.65, 147.89, 145.55, 144.86, 134.71, 134.65, 133.79, 132.70, 131.78,
131.72, 129.75, 128.22, 127.27, 127.02, 126.99, 123.50, 123.02, 120.97,
118.17, 111.86, 108.52, 34.62, 33.63, 30.66, 30.01, 29.76, 28.17, 25.61,

25.30,24.48,23.36,22.17,21.76,21.55, 13.85, 13.65, 10.94. 3'P{'"H} NMR
202



(202 MHz, DMSO-d6) & 5.62, -144.19. HRMS (ESI) calculated for
C47HssCuNsP [M-PFs]": 758.3659; Found: 758.3639.

5.3.1.2.6 Synthesis of complex [XphosCuNO2PhBz]|PFe(16)

Using a general procedure complex 14 was synthesized, Xphos (0.268
mmol), Cu(CH3CN)4]PFs (0.268 mmol) and NO2PhBz (0.268 mmol) in
DCM to give an orange powder in 78% yield. '"H NMR (500 MHz, DMSO-
d6) 6 13.37 (s, 1H), 8.41 (d, J= 7.0 Hz, 2H), 7.81 (s, 2H), 7.66 (s, 2H), 7.52
(s, 2H), 7.28 (d, J = 8.2 Hz, 4H), 7.08 (s, 2H), 2.25 (sept, J = 7.4 Hz, 3H),
2.08 (s, 2H), 1.93 (s, 2H), 1.73 (s, 2H), 1.65 (s, 6H), 1.52 (s, 2H), 1.38 (d, J
=7.0 Hz, 4H), 1.22 (s, 10H), 1.10 (d, J=22.6 Hz, 6H), 0.86 (d, /= 7.3 Hz,
6H). BC{!H} NMR (126 MHz, DMSO-d6) & 153.53, 152.00, 151.60,
148.88, 147.67, 147.40, 145.67, 144.65, 142.20, 135.37, 134.49, 132.39,
131.56, 130.09, 129.57, 127.15, 123.79, 123.51, 120.75, 118.97, 34.44,
34.28, 33.66, 32.87, 30.43, 29.78, 29.54, 28.88, 25.38, 25.07, 23.15, 21.54,
21.33, 14.85, 13.42, 10.70. 3'P{'H} NMR (202 MHz, DMSO-d6) & 5.44, -
144.18. HRMS calculated for C46HssCuN3O,P [M-PFg]": 778.3557; Found:
778.3549.

5.3.1.2.7 Synthesis of [(SphosCu)2PhBz]PF¢(9a)

A general procedure was used synthesis of complex 9a, Sphos (0.268
mmol), Cu(CH3CN)4]PF¢ (0.268 mmol) and PhBz (0.134 mmol) in DCM
to obtain a white solid in 93% yield. "TH NMR (500 MHz, DMSO-d6) 6 8.12
(s, 2H), 7.73 (t,J= 7.1 Hz, 2H), 7.61 (s, 4H), 7.45 (d, /= 5.2 Hz, 4H), 7.35
(d, J=6.3 Hz, 2H), 7.11 (s, 1H), 6.99 (d, J= 6.1 Hz, 2H), 6.47 (d, /= 8.4
Hz, 4H), 3.51 (s, 12H), 2.15 (d, J=11.0 Hz, 2H), 1.86 (q, /= 6.9 Hz, 4H),
1.74 (d, J = 10.1 Hz, 6H), 1.66 (d, J = 14.0 Hz, 6H), 1.55 (d, J = 3.7 Hz,
4H), 1.31 (d, J = 10.2 Hz, 4H), 1.25 — 1.16 (m, 6H), 1.12 (d, J = 8.1 Hz,
12H). BC{'H} NMR (101 MHz, DMSO-d6) & 156.14, 146.15, 142.16,
141.97, 132.34, 131.71, 131.64, 131.19, 130.41, 129.36, 129.27, 128.96,
128.58, 127.57, 127.49, 127.19, 123.66, 118.00, 117.71, 117.63, 103.96,

54.86, 34.15, 33.73, 33.49, 30.91, 30.33, 28.44, 26.24, 26.13, 25.75, 22.43,
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22.02,13.91,11.19. 3P{'H} NMR (202 MHz, DMSO-d6) 5 10.12, -140.68.
HRMS calculated for CesH79CuaN20O4P2 [M-PFs]™: 1139.4102; Found:
1139.4085.

5.3.1.2.8 Synthesis of [(SphosCu)2CNPhBz]|PFes(10a)

Complex 10a was synthesized by using a general procedure, Sphos (0.268
mmol), Cu(CH3CN)4]PF¢ (0.268 mmol) and CNPhBz (0.134 mmol) in
DCM to obtain a yellow solid in 79% yield. "H NMR (500 MHz, DMSO-
d6) 6 8.32 (s, 2H), 8.04 (d, J = 7.6 Hz, 2H), 7.70 (s, 2H), 7.62 (s, 2H), 7.44
(t,J=6.9 Hz, 4H), 7.30 (d, /= 8.7 Hz, 4H), 7.02 — 6.99 (m, 2H), 6.69 (d, J
= 3.7 Hz, 4H), 3.59 (s, 12H), 1.81 (d, J = 12.8 Hz, 4H), 1.71 (d, J = 12.5
Hz, 6H), 1.63 (d, J=11.7 Hz, 6H), 1.53 — 1.45 (m, 4H), 1.28 (d, /= 10.8
Hz, 4H), 1.18 (s, 2H), 1.10 (d, J = 5.8 Hz, 4H), 1.08 (d, J = 3.8 Hz, 4H),
1.05 (d, J = 6.1 Hz, 6H). BC{'H} NMR (126 MHz, DMSO-d6) & 156.12,
152.19, 151.21, 147.32, 142.04, 132.84, 132.12, 131.56, 131.51, 131.03,
129.78, 129.38, 126.91, 122.52, 117.89, 117.63, 117.57, 113.38, 112.32,
103.94, 54.89, 30.78, 29.89, 28.30, 28.06, 26.10, 26.00, 25.60, 24.61, 22.30,
21.89,20.42, 13.98, 13.78, 11.06. 3'P{'H} NMR (202 MHz, DMSO-d6) &
9.20, -144.19. HRMS calculated for CescH7sCuaN3OsP2 [M-PF¢]":
1164.4054; Found: 1164.4023.

5.3.1.2.9 Synthesis of [(SphosCu)2NO:PhBz|PF¢(11a)

To obtain complex 11a, a general procedure was used. Sphos (0.268 mmol),
Cu(CH3CN)4]PFs (0.268 mmol) and NO>PhBz (0.134 mmol) in DCM to
give an orange solid in 82% yield. "TH NMR (500 MHz, DMSO-d6) & 8.42
(s,4H), 7.69 (d, J=6.9 Hz, 4H), 7.43 (d, /= 6.6 Hz, 4H), 7.41 (dd, J= 7.5,
2.3 Hz, 2H), 7.33 (dd, J= 6.1, 2.9 Hz, 4H), 7.01 (dd, J=4.2, 2.1 Hz, 2H),
6.65 (d, J=8.7 Hz, 4H), 3.58 (s, 12H), 1.81 (d, /= 8.2 Hz, 4H), 1.71 (d, J
=11.0 Hz, 4H), 1.63 (d, J = 12.8 Hz, 12H), 1.50 (d, J = 6.7 Hz, 4H), 1.27
(d, J=3.1 Hz, 4H), 1.23 (t, J = 3.4 Hz, 4H), 1.07 (d, J = 3.2 Hz, 12H).
BC{'H} NMR (126 MHz, DMSO-d6) & 156.12, 149.38, 147.87, 146.80,
142.04, 141.89, 135.40, 132.07, 131.48, 129.96, 129.37, 127.71, 126.86,
124.13, 123.21, 117.86, 117.62, 114.83, 110.75, 103.93, 54.86, 34.00,

204



33.73, 33.55, 30.76, 27.97, 26.14, 26.09, 25.98, 25.59, 24.58, 22.28, 21.87,
13.75,11.04.3'"P{'H} NMR (202 MHz, DMS0-d6) § 9.01, -144.19. HRMS
calculated for CesH7sCuaN2O6P2 [M-PF]": 1184.3952; Found: 1184.3920.
5.3.1.2.10 Synthesis of [(XphosCu):PhBz|PFs (12a)

Using a general procedure, complex 12a was synthesized, Xphos (0.268
mmol), Cu(CH3CN)4]PF¢ (0.268 mmol) and PhBz (0.134 mmol) in DCM
to obtain a white solid with 87% yield. "H NMR (500 MHz, DMSO-d6) §
8.11 (d, J=6.9 Hz, 2H), 7.82 (d, J = 6.6 Hz, 2H), 7.57 (s, SH), 7.54 (d, J =
4.6 Hz, 4H), 7.29 (d, J = 5.2 Hz, 2H), 7.27 — 7.22 (m, 2H), 7.03 (s, 4H),
2.70 (p, J=17.0 Hz, 2H), 2.23 (h, J= 7.0 Hz, 4H), 2.11 (t, /= 10.6 Hz, 4H),
1.95 (s, 4H), 1.74 (d, J=13.9 Hz, 4H), 1.66 (q, J = 8.5, 7.8 Hz, 10H), 1.56
(dd, J=11.9, 5.3 Hz, 4H), 1.24 (d, J = 3.2 Hz, 18H), 1.18 (d, /= 7.0 Hz,
16H), 1.14 (d, J = 7.0 Hz, 18H). BC{'H} NMR (101 MHz, DMSO-d6) &
154.39, 150.17, 147.89, 145.70, 144.92, 140.60, 134.78, 132.98, 132.68,
131.85, 130.75, 129.83, 128.96, 128.40, 128.02, 127.34, 127.06, 122.97,
121.01, 114.93, 114.50, 34.65, 34.42, 33.93, 32.87, 30.69, 30.04, 29.77,
29.26, 28.21, 26.24, 25.65, 25.33, 24.52, 23.23,22.21, 21.80, 21.56, 13.69,
10.97. 3P{'H} NMR (202 MHz, DMSO-d6) & 5.90, -144.19. HRMS
calculated for C79H107CuzN2P2 [M-PFs]": 1271.6496; Found: 1271.6447.
5.3.1.2.11 Synthesis of [(XphosCu):CNPhBz|PFs (13a)

A general procedure was used to obtain complex 13a, Xphos (0.268 mmol),
Cu(CH3CN)4]PF¢ (0.268 mmol) and CNPhBz (0.134 mmol) in DCM to give
a yellow solid in 74% yield. '"H NMR (500 MHz, DMSO-d6)  8.32 (d,J =
8.4 Hz, 2H), 8.03 (d, /= 7.5 Hz, 2H), 7.81 (d, /=4.7 Hz, 2H), 7.63 (d, J =
8.2 Hz, 2H), 7.51 (d, J = 4.6 Hz, 4H), 7.30 — 7.25 (m, 2H), 7.24 (q, /= 4.5
Hz, 2H), 7.07 (s, 4H), 2.92 — 2.78 (m, 2H), 2.26 — 2.20 (m, 4H), 1.92 (d, J
=11.3 Hz, 4H), 1.73 (d, J= 11.3 Hz, 4H), 1.65 (d, /= 4.9 Hz, 10H), 1.54
(dd, J =10.8, 6.5 Hz, 4H), 1.28 (d, J = 6.0 Hz, 12H), 1.22 (d, J = 8.7 Hz,
32H), 1.14 — 1.04 (m, 12H). BC{'H} NMR (126 MHz, DMSO-d6) &
154.19, 149.80, 147.81, 145.84, 144.76, 141.55, 138.00, 134.59, 133.60,
132.63, 132.48, 131.62, 129.56, 128.80, 127.10, 126.85, 120.81, 117.83,
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117.65, 115.24, 111.71, 35.02, 34.58, 34.34, 33.79, 33.53, 33.06, 30.56,
29.91, 29.60, 28.98, 28.92, 28.08, 26.69, 25.51, 25.20, 24.38, 23.38, 22.07,
21.67,21.48, 13.75, 13.55, 10.84. 3'P{'"H} NMR (202 MHz, DMSO-d6) &
5.46,-144.19. HRMS calculated for CgoH10sCu2N3P2 [M-PFs]": 1296.6448;
Found: 1298.6359.

5.3.1.2.12 Synthesis of [(XphosCu):2NO2PhBz]|PF (14a)

General procedure was used to synthesize complex 14a, Xphos (0.268
mmol), Cu(CH3CN)4]PFs (0.268 mmol) and NO2PhBz (0.134 mmol) in
DCM to give an orange powder in 76% yield. '"H NMR (500 MHz, DMSO-
d6) o 8.41 (s, 4H), 7.81 (s, 2H), 7.65 (d, J = 8.9 Hz, 2H), 7.52 (d, J=9.2
Hz, 4H), 7.29 — 7.25 (m, 2H), 7.24 — 7.22 (m, 2H), 7.06 (s, 4H), 2.86 (dd, J
=13.7,7.0 Hz, 2H), 2.22 (q, J = 6.8 Hz, 4H), 1.96 — 1.90 (m, 4H), 1.74 (d,
J=13.0 Hz, 4H), 1.69 — 1.60 (m, 10H), 1.56 — 1.51 (m, 4H), 1.34 — 1.24
(m, 12H), 1.20 (d,J=10.2 Hz, 32H), 1.11 (q,J= 7.2, 6.6 Hz, 12H). BC{'H}
NMR (126 MHz, DMSO-d6) & 156.57, 152.30, 149.40, 147.90, 147.62,
145.80, 144.83, 135.50, 134.67, 134.61, 132.56, 131.75, 131.69, 130.15,
129.73, 127.30, 124.01, 123.69, 120.94, 119.24, 117.72, 34.64, 34.47,
33.88, 30.65, 30.35, 29.99, 29.09, 28.17, 26.78, 25.59, 25.27, 24.47, 23.42,
22.15,21.56,20.28, 19.57, 18.31, 13.84, 13.64, 10.93. 3'P{'H} NMR (202
MHz, DMSO-d6) 6 5.51, -144.19. HRMS calculated for C79H106Cu2N302P>
[M-PF¢]": 1316.6347; Found: 1316.6285.

5.4 Characterisations

All the synthesized complexes are well characterized by multinuclear NMR
spectroscopy and HRMS. The 'H NMR of complexes 9-14 confirms the
presence of both phosphine and PhBz ligands in a 1:1 ratio, whereas in
bimetallic complexes 9a-14a, the phosphine and PhBz ligands are present
in 2:1 ratio. The presence of Sphos ligand in complexes 9-11 and 9a-11a is
confirmed by the appearance of multiplets in the 5.57 to 6.48 ppm range,

which corresponds to the seven phenyl protons and singlets in the range of
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3.38 to 3.59 ppm for six methoxy protons. Similarly, the presence of Xphos
ligand in complexes 12-14 and 12a-14a is confirmed by the six phenyl
proton signals in the range of 6.85 to 7.99 ppm, peaks for methine protons
of isopropyl group appear as a multiplet around 1.9 ppm and methyl protons
as doublets from 1.68 to 0.36 ppm. In addition, the cyclohexyl protons of
both phosphine ligands are observed in the range of 2.67 to 1.21 ppm. In all
complexes, a highly deshielded proton in the range of 8.13 to 8.32 is
attributed to the PhBz ligands. All other aromatic proton signals correspond

to the phenyl rings of both PhBz as well as phosphine ligands.

BC{'H} NMR spectra of all complexes exhibit a characteristic peak in the
range of 152 to 156 ppm, representing the presence of a carbon atom
between two N atoms of the PhBz ligands. In complexes 9-11 and 9a-11a,
the methoxy carbon of the Sphos ligand is observed around 54 ppm, while
in complexes 12-14 and 12a-14a, the methine carbon of the isopropyl group
present on the Xphos ligand is observed around 22-24 ppm, while methyl
carbons appear around 10-12 ppm. The other remaining carbons in an
aromatic region correspond to the phenyl carbons of both ligands.
Furthermore, the *'P{'H} NMR spectra of complexes 9-11 and 9a-11a
exhibit a singlet ranging from 9.01 to 11.96 ppm attributed to the Sphos
ligand, while complexes 12-14 and 12a-14a show a singlet in between 5.51
to 6.59 ppm, which confirms the presence of Xphos ligand. In all
complexes, a characteristic septet around -144 ppm (Jp.x of ~112 Hz) is

observed, which confirms the PFs counterion.
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5.4.1.1 Structural analysis

Single crystals of complexes 9 and 12a, suitable for SC-XRD analysis, were
grown by slow evaporation of a DCM solution with layering of n-hexane at
room temperature. The obtained molecular structures are shown in Fig.
5.41. Both complexes crystallized in monoclinic crystal systems having
P21/n and P21/c space groups, respectively. The complete crystallographic

data and structure refinement details are summarized in Table 5.1.

(b)

Fig. 5.41 Molecular structures of complexes 9 and 12a. Hydrogen atoms

and counterions are omitted for clarity.

In both complexes, the coordination geometry around the Cu(l) center is
found to be linear, in which the Cu(I) atom binds with one nitrogen atom of
the PhBz ligand and one phosphorus atom from the phosphine ligand. In
case of 12a PhBz ligand acts as a bridging ligand between two copper atoms
to form a bimetallic complex. A comparison of bond lengths and angles is
tabulated in Table 5.2. It is found that the Cu-P bond distance in complex
9 is 2.14 A, whereas in complex 12a this distance is around 2.17 A. The
long bond distance in complex 12a could be due to the bulky Xphos ligand
compared to the Sphos ligand. Additionally, the Cu-N bond distances in
both complexes are around 1.9 A. Furthermore, the bond angle between P-
Cu-N is found to be 160°, which confirms the near-linear geometry around
the Cu(l) center, similar to previously reported linear carbene Cu(l)

complexes [1].
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Table 5.1 Crystal and refinement data table of complexes 9 and 12a.

Complex 1 12a
Empirical formula  Cag5Hg 50CuosF3N2OP  C79H1053Cu2FsN2P3
Formula weight 514.70 1417.64
Temperature/K 293(2) 293(2)
Crystal system monoclinic monoclinic
Space group P21/n P21/c

a/A 15.1254(10) 16.4866(4)
b/A 18.8491(9) 20.9077(6)
c/A 15.8516(12) 23.1013(7)
a/° 90 90

p/° 113.960(9) 100.555(3)
v/° 90 90
Volume/ A3 4129.9(5) 7828.2(4)
Z 4 4
Pealcg/cm’ 0.828 1.203
p/mm’! 0.345 0.660

R1 (R1 all data) 0.2160 0.1340
[I>25(D)]

wR2 (WR2 all data) 0.4921 0.3195
Data/restraints/para  7208/660/374 13766/273/864
meters

GOF 1.639 1.035
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Table 5.2 Selected bond lengths of complexes 9 and 12a.

Bond Length Bond Angle
A) ©)
9 P1-Cul 2.144(3) P1-Cul-N1 161.9(5)
N1-Cul 1.873(13)
12a P1-Cul 2.1667(15) P1-Cul-N1 162.04(16)
P2-Cu2 2.1708(15) P2-Cu2-N2 160.83(16)

N1-Cul 1.912(4)
N2-Cu2  1.917(4)

5.4.1.2 Thermogravimetric analysis

The TGA curve suggests that all complexes were thermally stable up to 150-
200 °C. The first step is about 10-15% weight loss due to decomposition of
the counter ion, whereas the 65-70% weight loss is for the phosphine

ligands. Additionally, decomposition of PhBz ligands begins starts from
300 °C.
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Fig. 5.42 TGA curve of a) 9-14 and b) 9a-14a under nitrogen atmosphere

with the temperature heating rate of 10 °C min™..
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5.5 Photophysical properties and theoretical calculations

The UV-Vis absorption of all complexes was studied in acetonitrile (0.01
mM) solution, which is depicted in Fig. 5.43. The UV-Vis absorption
spectra for monometallic and bimetallic complexes exhibit similar profiles,
primarily influenced by the electronic nature of the PhBz ligands.
Complexes containing PhBz ligands (9, 12, 9a and 12a) show absorption at
300 nm, while complexes synthesized using CNPhBz (10, 13, 10a and 13a)
exhibit a bathochromic shift compared to PhBz-containing complexes, with
maximum absorbance at 320 nm. Additionally, complexes containing more
electron-withdrawing NO2PhBz ligands (11, 14, 11a and 14a) show further
red-shifted absorption around 350 nm. These absorption band arises due to
the spin-allowed metal-to-ligand charge transfer transition (MLCT) from

the 3d orbital of the copper(I) to m* orbital of the PhBz ligands /1/-15].
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Fig. 5.43 Absorption spectra of a) 9-11, b) 9a-11a, ¢) 12-14 and 12a-14a in

ACN at room temperature.
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To know the electronic transitions, theoretical calculations such as density
functional theory (DFT) and time-dependent density functional theory (TD-
DFT) were performed using the B3LYP with 6-31G (d, P) as functional and
basis set. Based on the results of theoretical calculations, it was found that
the HOMO is located on the Cu(I) center with some contributions of the
phosphine ligands, whereas the LUMO is present on the PhBz ligands (Fig.
5.44). The calculated HOMO-LUMO energy gaps progressively decrease
with increasing electron-withdrawing character of the ligand substituents,
which is 3.68 eV for 9, 3.20 eV for 10 while 2.94 eV for complex 11,
respectively. This trend highlights the stabilizing effect of electron-
withdrawing groups (e.g., CN, NO>) on the LUMO, thereby narrowing the
energy gap and leading to red-shifted absorption features in complexes 10
and 11 compared to 9. It is concluded that the electronic transitions occur

from the copper(I) center 3d orbitals to the n* orbital of the PhBz ligands.

Fig. 5.44 Frontier molecular orbitals of complexes 9-11 obtained from
B3LYP and 6-31G (d, P) level of theory. The counter ions are omitted for

clarity.
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Furthermore, we have compared the HOMO-LUMO between energy
mono- and bimetallic complexes, which is presented in Fig. 5.45. It is found
that in case of bimetallic complex the HOMO is located on phosphine, Cu(I)
center as well as PhBz ligand whereas the LUMO is present on one of the
phosphine ligand. This observation suggests that the charge transfer occurs
via m-n* transitions. The HOMO-LUMO energy gap is increased in

complex 12a compared to 12.

Fig. 5.45 Comparison between the HOMO-LUMO energy gap of mono (12)

and bimetallic (12a) complexes.

All complexes exhibit emission in solution and the photoluminescence (PL)
studies were performed in ACN solvent. The PL spectra and data are

presented in Fig. 5.46 and Table 5.3.
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Fig. 5.46 Photoluminescence spectra of a) 9-11, b) 9a-11a, c¢) 12-14 and

12a-14a in ACN at room temperature.

The emission spectrum demonstrates a structureless broad band spanning
from UV to the orange region, specifically from 342 to 572 nm, depending
on the electronic properties of PhBz ligands. Complexes 9, 12, 9a and 12a
show emission at 342 nm with quantum yield up to 0.46 and lifetime of 1.69
to 1.74 ns, while complexes 10, 13, 10a and 13a, synthesized using
CNPhBz, exhibit red-shifted emissions in the range of 386 to 389 nm having
quantum yield of 0.11 to 0.17 and lifetime of 0.95 to 2.12 ns. Additionally,
complexes 11, 14, 11a and 14a, which contain more electron-withdrawing
NO>PhBz ligands, show orange emission in between 562 to 572 nm with a
low quantum yield and lifetimes ranging from 0.01 to 0.03 and 0.58 to 0.63
ns. As expected, complexes containing CNPhBz and NO>PhBz ligands
show red-shifted emissions compared to PhBz analogue. The trends

observed in the emission spectrum correlate well with the absorption
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spectra, supporting that the same electronic transitions are responsible for

both processes.

Table 5.3 Photophysical data of ligands and complexes (in acetonitrile at

room temperature).

Complex Absorption Emission (nm) Tem  ®pL?
(nm) (ns)
9 300 342 1.74  0.21
10 320 389 2.12 0.11
11 350 566 0.58 0.03
12 300 342 1.81 0.37
13 320 386 2.82 0.17
14 350 562 0.59 0.02
9a 300 342 1.17  0.16
10a 320 389 2.02 0.12
11a 355 564 0.63 0.03
12a 300 342 1.69 0.46
13a 320 389 095 0.21
14a 350 572 0.60 0.01

Relative quantum yield was calculated using the standard of quinine sulfate

(0.1 M H,S04) /16].

Moreover, it is observed that in complexes 11, 14, 11a and 14a, the lifetime
and quantum yield are significantly low compared to other complexes
which could be due to the formation of twisted excited states, internal
conversions, intermolecular interactions, intermolecular  proton
abstractions, thermal deactivation process, etc [17-22]. All complexes
exhibit nanosecond lifetimes, suggesting a decay with a prompt

fluorescence mechanism.
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5.6 Electrochemical studies and Electrochromic behaviour.

The electrochemical activity of complexes 10, 11, 10a and 11a in solutions
is evaluated from a three-electrode system consisting of blank ITO as the
working, Pt wire as counter and Ag/AgCl as reference electrodes. The
solution was prepared by adding 5 mg of the complex into the 0.1 M LiClO4
in ACN. The cyclic voltammetry (CV) was carried out in the potential
window of +3 V to -3 V at a scan rate of 100 mV/s (Fig. 5.47). As shown
in Fig. 5.47a and b, complexes 10 and 10a show similar redox couple peaks
at -0.75 V (oxidation) and -2.5 V (reduction), confirming the redox nature
of these complexes. During CV, it was observed that the complex was
reversibly changing color from transparent to a dark black state (Fig. 5.47a
and b insets), which is an important condition for the material to be called

electrochromic active.
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Fig. 5.47 Cyclic voltammetry curve of a) 10, b) 10a, c) 11 and d) 11a
studied using respective complex/ITO electrode in initial at ON (-2 V) and
OFF (2 V) states with photographs of actual color change (Inset).

Additionally, complexes 11 and 11a exhibit oxidation at the same potential
of about -0.4 V, whereas different reductions occur at -2.5 and 2.0 V,
respectively. During CV, it was observed that both complexes changed their
colors from faint to a black state (Figure 5.47c and d insets). This study
confirms the EC nature of complexes, suggesting that complexes 10, 10a,

11 and 11a show the color change on the application of +2 V.
5.6.1.1 Recipe for Rigid and Flexible ECDs Fabrication

For practical applications, the fabrication of electrochromic devices (ECDs)
is essential. To this end, one monometallic complex (11) and one bimetallic
complex (11a) were employed to construct a solid-state mono-layer device
using TTF(Tetrathiafulvalene) as an ion storage layer having the

configuration ITO//TTF//11 or 11a//ITO by a flip-chip method [23-27].

6. Fabrication of solid-state 11-ECD or 11a-ECD.

i. Firstly, ITO-coated glass of dimension 2x1 cm? was used as an
electrode, which was thoroughly cleaned by ultrasonication in a
solution containing acetone, isopropanol and DI water in an equal
ratio for 10 minutes.

j.  Approximately 0.5 wt.% complexes solution in acetonitrile (ACN)
was spin-coated over the cleaned ITO substrate at 200 rpm for 60
minutes and was dried at 80 °C for a few minutes.

k. The Tetrathiafulvalene (TTF) an ion storage layer was prepared by
dissolving 0.5 wt.% TTF in ACN and was drop casted (~50 pL) over
ITO and dried at 80 °C for 5 minutes.

1. The gel electrolyte was prepared by mixing 0.1 M LiClO4 in ACN
and 5 wt.% polyethylene oxide (PEO) in equal proportion. The

prepared gel electrolyte was sandwiched in between the two above-

235



prepared electrodes and was stuck together using the flip-chip

method.

5.6.1.2 Electrochromic Performances of ECDs

As shown in Fig. 5.48a, it is observed that a color change between colorless
and brown, a bias-dependent transmittance spectrum of complex 11-ECD
was recorded in the range of 400 to 700 nm in the visible region. During the
OFF or unbiased state, the device is colorless (bleached state) following the
black curve, while bias is applied (ON condition, 2.2 V, concerning TTF)
the color of the device changes to brown color (colored state) following the
red curve (Fig. 5.48a). As seen from the transmittance spectra, the
maximum change in transmittance was observed at 430 nm. The calculated
value of CC at 430 nm is found to be 24%, which is exclusively due to the

complex 11, suggesting a reversible EC nature in ECDs.
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Fig. 5.48 (a) In-situ transmittance spectra of 17-ECD during ON and OFF
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conditions with actual photos of the device (inset) and (b) Single switching
of the device (c) cyclic stability of the 1I-ECD for 1000 seconds (d)
variation in change in optical density as a function of total charge used for

11-ECD with marked slope.

The switching time of I1-ECD is calculated and found to be 6.6 s for
switching from colorless to brown color, whereas 8.5 s is required to switch
back into the colorless state, which is determined at 90% of the device’s
total coloration and bleaching phenomenon (Fig. 5.48b). Furthermore, the
complex 11-ECD’s cyclic stability was also tested by giving a continuous
pulse train of 2.2 V (10 s). The device shows less cyclic stability for up to
1000 s cycles, which could be due to less stability of the two coordinated
Cu(I) complexes (Fig. 5.48¢). Another main parameter of the ECD
performance is coloration efficiency (CE), which is found to be 58 cm?/C
(Fig. 5.48d). The overall study suggests the EC nature of monometallic
complex 11 and may be used for EC display applications.

As the monometallic complex shows moderate results in terms of CC,
stability and EC. To improve the values of device performance, another
rigid ECD using bimetallic complex 11a (/1a-ECD) was fabricated
(Recipe 5.6.1.1). The 11a-ECD has the structure of “ITO/11a//TTF + gel
electrolyte/ITO”. Initially, the in-situ bias-dependent transmittance has
been recorded by applying 2.2 V to the device in the wavelength range of
400 to 700 nm. The device is colorless in the unbiased (OFF) state, the black
curve (Fig. 5.49a). As the bias of 2.2 V is applied (ON condition), the device
color changed from colorless to brown due to the redox reaction taking
place between the 11a and TTF (Fig. 5.49a, red curve and inset). The
calculated CC was found to be 27.6% at 430 nm, which is due to the
complex 11a, because TTF is not taking part in the color change. The device
kinematics has been studied by applying a square pulse of 2.2 V for 10

seconds and the time was calculated at 90% of the total coloration and
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bleaching. The estimated switching times are 11.4 and 2.7 s, respectively,

for coloration and bleaching (Fig. 5.49b).

a .
( )60  Initial
3
Q@ -
b 50 ON =2V OFF state
£ OFF =0V
£40 - 3 ()
2 | i
ki
30 - L
v ON state OFF state
CC (430 nm)= 27.6%
20 — T . .
400 500 600 700 800 80 100
0.9 Wavelength (nm) Time (s)
()™ (d)o.35 4 B
0.8 - 0.30 e
0.7 - 0.25
E o 020
= (0.6 ]
3 2 015 -
<5 010
0.05
04 7 0.00 n= 215 cm?/C
0.3 T v L v 1 v 1 v -005 | 1 I L] I 1
0 200 400 600 800 1000 10 15 20 25 30 35 40 45
Time (s) Charge Density (mClcm?)

Fig. 5.49 (a) In-situ bias-dependent transmittance spectra of I1a-ECD
during ON and OFF conditions with actual photos of the device and (b)
Single switching of the device (c) cyclic stability of the 11a-ECD for 1000
seconds (d) Graph for evaluating coloration efficiency of the 11a-ECD with

marked slope.

Additionally, the cyclic stability of the 11a-ECD was estimated by applying
a pulse train of 2.2 V for 1000s (Fig. 5.49¢) and the calculated EC value for
this device is found to be 215 cm?/C (Fig. 5.49d). The results suggest that
11a-ECD exhibits good performance compared to /I-ECD because the
bimetallic 11a complex is more stable compared to 11 during the operation
of the device. Overall, a bimetallic complex containing ECD exhibits good
results in terms of CC and CE; therefore, it could be used for the practical
application of ECDs fabrication.
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5.7 Conclusion

This work highlights the effectiveness of strategic ligand design in the
development of low-coordinate Cu(l) complexes with tunable
photophysical properties, offering potential for a variety of applications. In
this study, we have synthesized and characterized a series of two-coordinate
mono- and bimetallic Cu(I) complexes stabilized by bulky phosphine
(Sphos and Xphos) and substituted 2-phenylbenzimidazole ligands. To the
best of our knowledge, this is the first report describing two-coordinate
bimetallic Cu(I) complexes with linear geometry. These complexes exhibit
tunable photophysical properties, with fluorescence emission spanning the
UV-visible region. Systematic ligand modification through -electron-
withdrawing substituents (CN and NO;) on the PhBz ligand framework
significantly influences the electronic structure by stabilizing the LUMO,
resulting in a progressive narrowing of the HOMO-LUMO energy gap and
corresponding red-shifted absorption and emission. Computational studies
corroborate experimental trends and confirm the (M+L—L)CT nature of the
emissive excited states. Additionally, complexes 11 and 11a exhibit good
reversible redox couple peaks with good color change from transparent to
brown, which suggests the electrochromic behaviour of these complexes.
The fabricated 11-ECD exhibits CE of 58 cm?/C with 6.6 and 8.5 switching
times, whereas 11-ECD shows a high CE of 215 cm?/C compared to 11-
ECD having 11.4 and 2.7 switching times. By thoroughly investigating the
performance of ECDs, it is concluded that the bimetallic complex
containing devices show good EC properties and could be a great choice for

real-life applications.
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6.1 Conclusions
This thesis reports the systematic design, synthesis, and comprehensive
characterization of a diverse family of two-, three-, and four-coordinate
ionic Cu(I) complexes. The investigated systems include four-coordinate

complexes, [Cu(PPhs3)z(dicnq)]PFs (1), [Cu(DPEphos)(dicnq)]PFs (2) and

[Cu(Xantphos)(dicnq)]PFs 3), [Cu(PPh3)2(cmdf)]PFs 4),
[Cu(DPEphos)(cmdf)]PF¢ (5) and [Cu(Xantphos)(cmdf)]PFs (6); three-
coordinated complexes, [Cu(Sphos)cmdf]PFs (7 and

[Cu(Xphos)(cmdf)]PFs (8); two-coordinate monometallic complexes
[Cu(Sphos)(CNPhBz)]PFs  (10), [Cu(Sphos)(NO,PhBz)|PFs  (11),
[Cu(Xphos)(PhBz)|PFs (12), [Cu(Xphos)(CNPhBz)|PFs (13),
[Cu(Xphos)(NO2PhBz)|PF¢ (14) as well as their corresponding bimetallic
complexes [(CuSphos)2(PhBz)]PFs (9a), [(CuSphos)(CNPhBz)]PFs (10a),
[(CuSphos)2(NO,PhBz)]PFs  (11a), [(CuXphos)(PhBz)|PFs (12a),
[(Cu(Xphos)2(CNPhBz)|PFs (13a), [(CuXphos)2(NO2PhBz)|PFs (14a).
All complexes were rigorously characterized using complementary
spectroscopic, electrochemical, and structural techniques, enabling clear
correlations between coordination environment, ligand architecture and
physicochemical properties.

A major outcome of this work is the successful translation of molecular
Cu(I) complexes into ECDs architectures. Most of the synthesized
complexes were effectively integrated into solid-state as well as flexible
ECD. Their electrochromic performance metrics, including color contrast,
coloration efficiency and switching time were systematically evaluated and
summarized in Table 6.1. These results demonstrate that ionic Cu(l)
complexes can serve as viable electrochromic active materials, offering a
molecular-level alternative to conventional inorganic oxides and polymer-

based systems.
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Table 6.1 Comparison of ECD performance between all the Cu(l)

complexes used for the ECD fabrications.

Complexes EC System Wavelength CC  Response CE
(nm) (%) time (s) (em?/C)

" _l"‘s ITO//P3HT//3//ITO 520 40 0.8/0.5 230
\Q 2 N%( 800 38 2/1 120
i g; T ITO/TTF//6/ITO 515 15 6967 -
ITO//P3HT//6//ITO 515 45 0.4/1.4 191

c:] PFg

ﬁ\ﬁ\ - ITO//TTF//T/ITO 430 42 5.3/4.5 690
= @~S
,«\‘ ITO/TTF/11//ITO 430 24 6.6and 8.5 58

o Y ek
ékcu—g -ﬁ ITO//TTF//11a//ITO 430 27 114 and 215

KO

Notably, the three-coordinate Cu(l) complex exhibit superior
electrochromic performance, particularly in terms of coloration efficiency.
This enhancement can be attributed to their electronically unsaturated
coordination environment, which facilitates reversible redox processes and
efficient charge injection at relatively low operating voltages. The observed
performance is comparable to, and in some cases exceeds, that of previously

reported electrochromic materials.
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Overall, this thesis establishes clear structure-property-function
relationships linking coordination geometry, ligand architecture and device-
level electrochromic behavior. The findings not only expand the
fundamental understanding of Cu(I) coordination chemistry but also
provide practical design principles for the development of next-generation,
low-cost, and energy-efficient electrochromic materials. The modular
nature of the ligand frameworks employed herein offers ample scope for
future optimization, including tuning of redox potentials, enhancement of
long-term device stability, and extension toward multifunctional

applications.

6.2 Future scopes

The outcomes of this thesis establish ionic Cu(I) complexes as promising
molecular platforms for electrochromic and optoelectronic applications,
while simultaneously highlighting several opportunities for further
advancement. One of the most immediate future directions lies in ligand
framework optimization. Systematic incorporation of m-extended, redox-
active, or electronically asymmetric ligands could enable finer control over
redox potentials, optical bandgaps, and color tunability.

The modular nature of the Cu(I) coordination chemistry developed in this
thesis also offers opportunities to expand beyond electrochromism toward
multifunctional materials. Integration of luminescent and electrochromic
properties within a single molecular system could lead to dual-mode devices
for smart displays or adaptive optics. Furthermore, the redox activity and
coordination flexibility of these complexes suggest potential applicability
in chemical sensing, particularly for redox-active gases or vapors, where

simultaneous optical and electrical signal transduction may be exploited.
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In summary, the findings presented in this thesis provide a robust
foundation for continued exploration of Cu(I)-based functional materials.
Through combined advances in molecular design, device engineering, and
mechanistic understanding, this research can be extended toward
technologically relevant, low-cost, and energy-efficient electrochromic and

optoelectronic systems.
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