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ABSTRACT

This project aims to synthesise and characterise N-donor ligands, along
with their Cu(l) coordination polymers and complexes, and to
investigate their potential applications. Cu(l) complexes are luminescent
in the UV-visible range upon excitation, and this makes them suitable
for use as emitters in optoelectronic devices. Along with their structural
diversity, they have other applications such as sensing, separation,
adsorption and photocatalysis. In this study, N-donor ligands based on
triphenylamine (TPA) moiety and triazole-TPA-based ligands were
synthesised (L1 and L2). Owing to the structural properties of TPA, L1
and L2 were emissive at room temperature and demonstrated
solvatochromism, acidochromism and mechanochromism.
Additionally, the influence of free phenyl on TPA was examined.
Further, a new ligand, L3, was synthesised with structural modifications
on the TPA backbone. L3 had two pyridyl rings with a free phenyl ring
over nitrogen, similar to TPA. All synthesised ligands were
characterised by mass spectrometry, 'H NMR spectroscopy and
BC{'H}. NMR spectroscopy. Additionally, L1 and L2 were also
characterised by SCXRD. These ligands were then reacted with Cul
with different stoichiometry in various solvents. Reactions of L3 with
Cul gave crystalline, orange luminescent coordination polymer (CP3).
CP3 was characterised by SCXRD. CP3 formed a 2D network of Cuasls
SBU and was insoluble in most of the organic solvents, which showed
emission at 614 nm in the solid state. Interestingly, it was found that
CP3 could be a potential optical dimethylformamide (DMF) sensor. A
significant shift in emissions from orange to cyan-green emission was
observed with DMF. It was also observed that CP3 loses crystallinity
upon drying. PXRD patterns show an increase in crystallinity with the
addition of ACN thereby. Further, to gain insights into the effects of the
free phenyl ring, the reaction of L3 and DPyA with Cu-Ipr carbene and
PPhs was conducted, resulting in the formation of a complex. Carbene
complexes formed were of off-white colour under ambient light and

green luminescence on UV excitation. Due to instability in solvent,

iX



further characterisation was not possible for carbene. However,
complexes formed with PPhs were characterised by H and *C{'H}
NMR. C4 exhibited mechanochromism, which C3 did not show due to
the absence of the free phenyl group.
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Chapter 1: INTRODUCTION

1.1 Ligands

Researchers are currently focusing on developing smart emissive
materials that can undergo reversible alterations in emission when
exposed to different external stimuli like mechanical stress, heat, light,
gas, pH, and solvent. These materials find diverse uses in data storage
tools, sensors, solar cells, LEDs, electrochromic devices, cell bio-
imaging and security papers.™® The origin of reversible emission
changes upon exposure to external stimuli is attributed to structural
alterations in weak interactions, such as H-bonding, n-x interactions, and
C-H-mt interactions with various functional groups within the
molecule.®” Lately, there's been a growing interest in crafting multi-
stimuli responsive (MSR) materials, where a single molecule exhibits
sensitivity to various chemical or physical changes.®® To synthesize
reversible stimuli-responsive materials, various rigid polycyclic
hydrocarbons, such as tetraphenylethene, triphenylamine, pyrene, and
thiophene, along with their derivatives, have been utilized as the central
structural component.**

(a) (b) ()

SO o1

@ )
F

Figure 1: TPA-based MSR active compounds (a, b)!>!'® and used as
ligands (b, c)!¢!7

Particularly, triphenylamine (TPA) is receiving more attention
compared to other chromophores due to its propeller-shaped, non-

coplanar configuration, making it particularly interesting for its



sensitivity to changes such as mechanical force and environmental
conditions** (Figure. 1). TPA-based compounds have demonstrated a
variety of fascinating characteristics, including mechanochromic
luminescence, reversible fluorescence switching, solvatochromism, and
acidochromism.*® Molecules with mechanochromism, acidochromism,
and solvatochromism are generally termed multi-stimuli-responsive
(MSR) materials®®.

Based on these observations, | focused on synthesising MSR materials
by incorporating triazole units on the TPA core. Stimuli-responsive
properties of both ligands were studied, and the effect of the free phenyl
ring was investigated. L1, with its free phenyl ring, was more sensitive
to external stimuli than L2, where all phenyl rings were incorporated
with triazoles. Similar compounds based on Schiff bases have also been
found to be helpful in biological systems.?° Thus, the prepared ligands
could also have biological applications. Given the emission properties
of the TPA core, further, a new ligand was synthesised with structural
variations directly on the TPA core itself, selecting DPyA for this
purpose. DPyA, with its two nitrogen atoms far apart, has many reports
which have shown the formation of coordination polymers (CPs) with
various metallic ions. Consequently, another ligand was synthesised,

and a phenyl ring was substituted over DPyA.

1.2 Copper(I) Coordination compounds:

Luminescent metal complexes and coordination polymers are gaining
popularity due to their potential applications in intelligent, responsive
luminescence devices.?*2® However, most of these compounds rely on
noble metal salts, which come with drawbacks in terms of cost and cause
severe environmental impacts in extracting them in metallurgical
processes, which often outweigh their benefits. Long-term usage of
noble metal complexes like Pt(Il), Ir(ll1), Ru (I1), and Au(l) is not

sustainable due to these challenges.?*?° For these reasons, Industries and



scientists are trying to address these issues by turning to cheaper metal-

based complexes.

(a) (b) (c) (d)

Cuy,l, rhomboid dimer Cugl, trimer Cu,l, cubane Cu,l, stai Cuglg eared cubane hexamer

o o B ek e

Cuglg staircase hexamer  Cu,l; pinwheel heptamer Cu,l; heptamer Cuglg staircase octamer Cuglg double-cubane octamer

(e)

+———— Cu,l, cubane tetramer (~29%)

Cu,l, rhomboid dimer (~57%)
Cu,l, staircase tetramer (~8%)

Others (<2%) Cugl, trimer (~4%)

Figure 2: Types of NCs of Cunl, (taken from reference number 26)

Copper-based metallic complexes are of more interest, particularly
because copper is more abundant, economical, and less toxic than other
heavy metals, presenting a promising alternative as a constituent in
coordination compounds. Copper(l) complex compounds are explored
across various fields, showing their significance and technological

importance.?®

Copper with d*° configuration forms polynuclear metal clusters, which
exhibit metallophilic (Cuprophilic) properties. These are very interesting
properties as metal-metal interaction can respond to various external
stimuli by showing changes in photoluminescent properties.
Cuprophilic interaction is observed when Cu---Cu distances are less than
2.8 A.?7 Attributed to such properties of Cu(l), researchers are drawn to
luminescent Cu(l) complexes for their relatively low toxicity, diverse
structures, and vibrant emission properties, making them increasingly
desirable in applications like light-emitting diodes (OLEDs)?®
Photovoltaics like Dye-Sensitized Solar Cells (DSSC)® and Light-

emitting electrochemical cells (LEECs).*°



Copper(1)-based complexes, particularly those based on Cu(l)-iodide
complexes, have gathered attention for their remarkable emissive
characteristics and the ability to form various types of metal clusters
with the same ligands under minor changes in the environment like
solvent and stoichiometry, resulting in altogether different geometries.
These metal clusters have a general formula [Cuxlx]. Among these,
[Cu2l2], followed by [Cuals], are one of the most common types of metal
clusters, comprising over three-fourths of the total reported literature on
[Cuxlx] clusters. Subsequently, clusters like [Cusls], [Cusls] and other
variations are reported (Figure. 2). Cul-based metal clusters, often
referred to as nanoclusters (NC) for 0D Cu(l) compounds, possess many
attractive molecular properties on their own. However, constructing
systems of NCs that are connected by the coordination of organic
ligands is still a significant challenge, yet it is a promising strategy. This
approach can construct unique materials with even more intelligent
photochemical and physicochemical properties. This chemistry of
linking NCs to form extended networks, such as in the case of
coordination polymers (CPs)/metal-organic frameworks (MOFsS), is
now known as reticular chemistry. While reticular chemistry is more
related to the 3D network of NCs, similar principles can be applied to
CPs, which are 1D or 2D networks of NCs. This leads to the
development of the concept of a secondary building unit (SBU). Cul-
based NCs can be regarded as useful SBUs, where Cu(l) CPs are known
to respond to various stimuli. This occurs mainly attributed to distinct

changes in structural arrangements.2®



Complexes

Figure 3: Applications of Cu(I) complexes

These SBUs exhibit properties of both ligands and NCs, as ligand acts
as a bridge for NCs. For this reason, there are numerous Cu(l) based CP
and MOFs that are porous and semiconductor. As a result, Cu(l)
compounds have applications in Sensors for small organic molecules®,,
Bioimaging®, Gas storage®, Artificial photosynthesis, Organic
catalysis®*, Energy storage®, Memory devices and many more (Figure.
3). Thus, Cu(l) CPs have a wide range of applications, from addressing
global challenges like climate change to detecting early health issues in
biological systems.*
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Figure 4: (a) N-donor Cu(l) coordination polymer (b) S-donor MSR
Cu(lwith TPA moiety as a ligand (Image taken from reference numbers
and 16 and 17)

Our lab has reported Cu(l) complexes and CPs that have applications in
electrochromic devices®’, energy storage®® and sensors for small organic
compounds.®! There is a limited number of publications on Cu(l) CPs
with TPA-based ligands. Among those, our group reported on how CPs
on TPA (Figure 4b) based ligands can display stimuli-responsive
behaviour, which showed mechanochromism and solvatochromism.®
While there are multiple reports on Cul with DPyA-based ligands.3-42
Some reports show the formation of emissive CPs, while others
demonstrate relatively lesser emissive CPs. However, DPyA-based
ligands used in previous reports were tetradentate®®“!; the only
bidentate example is with DPyA itself.*? Other reports are based on
substituted phenyl rings over amine, while in the remaining reports, the
amine is attached to aliphatic carbon, which has no TPA backbone
(Figure. 5). It was anticipated that different structural interactions would
occur with free phenyl rings in our ligands. Thus, the effect of free
phenyl was investigated among L1 and L2 and of the Complexes formed
of C3 and C4 with DPyA and L3.



Figure 5: (a) Cu(I) CP based on bidentate DPyA-based ligands (b)
Cu(I) CP based on tetradentate DPyA-based ligands (Image taken from
reference number 39 and 42)

Similarly, L3 was synthesised to investigate the potential effect of the
free phenyl ring. Various reactions were carried out with Cul with L1,
L2, and L3 and tried to characterise the complex formed. Out of this,
Cul-L3 (CP3) was successfully characterised. CP3 was a 2D sheet of
Cusls SBU. The presence of the free phenyl ring resulted in multiple
interactions in CP3, leading to an uncommon structure. This interaction
resulted in the parallel stacking of 2D sheets over one another, along
with the interpenetration of 2D sheets from the voids of the primary
sheet. Further reactions were carried out using PPhs, and the influence
of the free phenyl ring (C3 and C4) was investigated, ultimately leading

to mechanochromism in C4.

1.2.1 Overcoming instability of Cu(I) complexes

Although some Cu(l) CPs have demonstrated strong luminescence
similar to well-known emissive Ir(I1l) phosphors, their stability is
generally lower due to the reduced ligand field and inner d*° electronic
configuration compared to noble metal complexes.*® d'° electronic
configuration of copper(l) results in a flexible pseudo tetrahedral
geometry in the complex because of an even distribution of electron
density around the copper centre. In the excited state, the copper(l) ion
is oxidised to copper(ll), which has a d° electronic configuration.
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Figure 6: Pseudo-JTD distortion (Image taken from reference number
34)

This leads to the complex undergoing pseudo-Jahn—Teller distortion,
which causes the flattening of the tetrahedral geometry of the complex
(Figure. 6). This flattened structure is sensitive to interact with
coordinating solvent molecules. This leads to the formation of stable
excimer species, which quenches the luminescence of the complex. ISC
and the flattening distortion occur on a femtosecond to early picosecond
timeframe. When the excited state complex is relaxed, it releases energy
via nonradiative or radiative transition. Since the radiative transition
from the triplet state to the singlet ground state is spin-forbidden, it
occurs more slowly than the singlet excited state. Higher non-radiative
transitions cause more loss in energy. To avoid this loss of energy, an
alternative to tetrahedral complexes is linear complexes, which can
effectively avoid pseudo-JTD. Stabilising two-coordinate copper(l)
complexes poses a considerable challenge. With copper(l) oxidation
state and only two coordination bonds, these complexes are sensitive to
atmospheric oxygen or dissolved oxygen of solvents. The most notable
characteristic of two-coordinated complexes is their lower nonradiative
deactivation rate from the excited state, allowing them to achieve
luminescence quantum yields close to unity. Opposite to four-coordinate
copper(l) complexes, which rarely achieve luminescence quantum yield
of unity, this difference is attributed to the crystal field splitting of the
d® configuration of the copper centre in both geometries. In two-
coordinate copper(l) complexes, the linear geometry prevents the
higher-lying d orbital from being degenerate, thereby avoiding the
pseudo-Jahn—Teller distortion. This distortion stabilises the excited state
in pseudo-tetrahedral geometry, increasing the nonradiative transition to

the ground state.



1.3 Properties of Copper(I) coordination
Polymers:

1.3.1 Solvatochromism in Copper(I) coordination
polymers

Recently, Cu(l) based CP and MOFs have appeared as promising
candidates that can exhibit solvatochromism. In general, Cu(l)
complexes have two energy bands (M+X)LCT (HE) and CC (LE),
making them sensitive to solvents by interactions with ligands or
disrupting Cu---Cu interactions. Cu(l) CPs and MOFs have empty
spaces or cages that can trap solvents; sometimes, the size of cages
increases in such a way that a solvent can be accommodated. Yunfang
Zhao et al. reported that for {[Cusls(TPSA)] }n, the solvent molecules
get trapped in the cages in which they are synthesised. In DEF,
(M+X)LCT is very weak, while CC is very strong, and only a single
peak at around 620 nm is observed (figure. 7a).**

(1)
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Figure 7: (a) Structural changes in DEF and DMF (b) Emission
spectra with DEF (b) Emission spectra with DEF (Image taken from
reference number 44)

However, when this reaction was carried out in DMF, a very different

effect was observed. In the luminescence band, the contribution of



(M+X)LCT increases to such an extent that it dominates CC, and as a
consequence, white emission is observed. The reason for this effect was
that in DEF, the cage is bigger and has space for C-H bond vibrations.
This led to an increase in thermal vibration from ligand-centred

transition, while this effect was not seen with DMF (figure. 7b).

Another example is described by Andrey Yu. Baranov, initially
synthesized complexes are highly luminescent because of the solvent
molecule. On grinding, this sample solvent is detached, and the dry
sample of the complexes has a quantum yield (QY) of 10% - 15% with
yellow emission. When this complex is solvated by DCM, ACN or
PhCN, emission shifts to cyan luminescence and a 10-fold increase in
QY to 100% was observed (Figure 8). This increment in QY is due to
increased Franck—Condon factors between the lower energy vibrational
modes of the excited state and the higher energy modes of the electronic

ground state as experienced in the distorted situation.*

(@) 1:-mecn  2:8cH,cl, (D)

3-PhCN 3-1.5Me,CO

—1-MeCN
2.8CH,CI,

— 3.-PhCN

—3.1.5Me,CO

Norm. intensity, a.u.
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Wavelenght, nm
GMeCN 4§ MeCN (Sovecn

=0 7> 7Y ‘7

/7 FAET R
x" 3

parent ground 1 recovered
1-MeCN 1-MeCN

Grinding

Figure 8: (a) Visual images of solvated complexes (b) emission of
solvated complexes (c) effect of solvent (Image taken from reference
number 45).

1.3.2 Thermochromism in Copper(I) coordination
polymers

Several reports of thermochromism in Cu(l) Coordination polymers and

complexes exist. Thermochromism can be divided into two types; in the

10



first case, there is a change in intensity. With decreasing temperature,
vibronic oscillations decrease, leading to a decrease in non-radiative
transition, which leads to higher quantum yield. For instance [Cul(Br-
pyrazine)], a red shift from 549 nm to 589 nm is observed on lowering
the temperature to 180 K; from here, two peaks around 575 nm are
observed. However, the intensity of a band near 450 nm also increases
during this temperature range. This emission is due to (M+X)LCT.
Nevertheless, with Cu---Cu shorter than the sum of Van der Waals radii,
cuprophilic interactions of metal-cluster-centred play a major role in the
change in emission behaviour. More remarkably, a monotonous
increment of emission of as high as 90 times was observed with
decreasing temperature to 7 K (Figure 9). Cuz--I> bonds are flexible and
behave like spring. This distance decreases at low temperatures,
resulting in a loss of flexibility and increasing the system's rigidity. This
rigidity decreases non-radiative transition, and, as a result, an increase
in intensity is observed at low temperatures. Thus, a combination of
(M+X)LCT and CC is responsible for emission in these cases, but CC

dominates for the complete temperature range.*

-400 500 z 600 700 800 900
Wavelength (nm)

400 500 600 700 800 900
Wavelength (nm)

Figure 9: (a) Increase in intensity at low temperature (b) changes in
emission wavelength at low temperature (c) Visual changes on lowering
temperature under UV lamp (Image taken from reference number 46)

However, there is no significant change in emission wavelength because

no other band is observed, and the strength of the other band remains

11



weak compared to the band which dominates at room temperature.
Another type of thermochromism involves an increase in intensity along

with a shift in emission wavelength.

77K —77K
7.,.= 470 nm 100 K
—— 125K

150 K

(a) 1 7.p= 510 nm 7= 350 nm (b)rG

290K

175K
200K
225K
—250K
—290K

intensity (a. u.)

intensity (a. u.)

g

Figure 10: (a) Thermochromism in [CulPPh;.CHCIz]s (b)
thermochromism in the grounded sample (c¢) [CulPPh3.CHCl3]s and
grounded in ambient light, UV irradiation, and at low temperature
(Image taken from reference number 47)

On the contrary, [CulPPh;.CHCI3]4 and a grounded sample of the same
in which the initial cubane isomer (1) is converted to an open chain
isomer (1G), which results in a decrease in Cu---Cu interaction and a
change in emission is observed. However, with decreasing temperature,
the contribution of different bands increases, resulting in Complete
shifting of peaks. For 1, blue emission shifts to green with the shifting
of the complete band, and no new band has emerged. For 1G, a
completely different effect was observed, and at low temperature, a new
band at 420 nm was observed while the intensity of the initial yellow
band decreased (Figure 10). As a result, a complete shifting of yellow

emission to blue was observed in the case of 1G at low temperature
1.3.3 Mechanochromism in Cu(I) coordination complexes

One common factor in the previous two properties was how grinding
influences luminescence in Cu(I) complexes. In the previous examples,

mechanochromism was observed due to a change in the cluster structure,

12



while in another example, mechanochromism was observed due to the
loss of solvent molecules. Another common reason for the observation
of mechanochromism is n-n interactions. Grinding the sample removes
these m-m interactions, resulting in a shift in emission. For instance, Ping
Yu reported that the emission initially appears blue but turns yellow
upon grinding. However, the yellow emission reverts to blue upon
exposure to various solvents. Upon examination of the crystal structure,
multiple n-m interactions were found between pyridine and phenyl.
These interactions were absent in the ground samples as observed in the
SCXRD structure of the grounded sample. Such complexes exhibiting
reversible stimuli-responsive behaviour can find application in coating
electronic devices. For example, the grounded compound was coated on
an LED, which showed a yellow emission, while fuming with acetone
made the LED emit a blue emission. Similarly, such sensitive
compounds can be utilised in security papers. In ambient light, the paper
appears completely white, but under UV radiation, “Cu” can be read on
the paper in the yellow luminescence. Furthermore, this yellow
luminescence is converted to blue luminescence when exposed to

acetone.*® (Figure 11)
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Figure 11: (I) Mechanochromic activity of the complex (II) Possible
application of reversible properties(Image taken from reference number
48)
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Chapter 2: EXPERIMENTAL SECTION

2.1 Material and Instrumentation

Unless otherwise specified, chemicals were used exactly as received.
TLC was used to monitor reaction progress using a Merck 60 F254 pre-
coated silica gel plate (0.25 mm thickness), and the products were
judged in a UV chamber. All *H{*H} and *C{*H} and *'P{*H} NMR
spectra were collected using a Bruker 400/500 spectrometer in CDCls
and DMSO-ds at 400/500 MHz for 'H and BC{*H} NMR. Data for
proton NMR chemical shifts are shown in ppm downfield from
tetramethyl silane and are mentioned in delta () units. CDCls is used as
an internal standard, which shows a peak at 7.26 ppm. The 'H NMR
splitting patterns are singlet (s), doublet (d), triplet (t), and multiplet (m),
and the NMR data was processed by Mestre Nova.

2.2 Synthesis of TPA-based ligands

2.2.1 Synthesis of 4-((E)-((4H-1,2,4-triazol-4-
yDimino)methyl)-N-(4-((E)-((4H-1,2,4-triazol-4-
yDimino)methyl)phenyl)-N-phenylaniline (LL1)

In a two-neck round bottom flask, d-TPA (3.3 mmol, 1000 mg) was
dissolved in 10 mL of toluene. To this solution, 4-amino-1,2,4-triazole
(7.2 mmol, 612.2 mg) was added with 1 mL of acetic acid. The reaction
mixture was stirred for 12 hours under reflux. Upon completion of the
reaction period, a yellow product was formed. The mixture was cooled,
and the resulting mixture was then washed with dichloromethane (5 mL)
two to three times and once with ethanol (5 mL), then dried in a vacuum.
The yellow solid was recrystallized in ethanol to get the pure product.
(Yield: 1.186g, ~80%). IR: 1580 cm™ (n C=N), 1167 cm, 1267 cm™,
1319 cm™ (n C-N), 3080 cm™ (n C—H). *H NMR (500 MHz, DMSO-
de) 8 9.11 (s, 4H), 9.01 (s, 2H), 7.80 (d, J = 8.7 Hz, 4H), 7.45 (t, J = 7.9
Hz, 2H), 7.27 (t, J = 7.5 Hz, 1H), 7.19 (d, J = 7.9 Hz, 2H), 7.16 (d, J =
8.5 Hz, 4H). 3C{*H} NMR (126 MHz, DMSO-ds) & (ppm) 157.28,
149.79, 145.46, 138.93, 130.23, 130.00, 126.51, 126.40, 125.73, 122.90.
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HRMS m/z was calculated for C2sHisNoNa [M+Na]*, 456.1656 and
found 456.1643.

NH,
) CH,COOH

N
N + Toluene, reflux N
o o Y\l—l{? 12 h //\N/Ny A \N’\\
"N 7,
(N NS N‘N/J k\N'

Scheme 1: Synthesis of L1

2.2.2 Synthesis of tris(4-((E)-((4H-1,2,4-triazol-4-
ylimino)methyl)phenyl)amine (1.2)

Similarly, L2 was synthesized where t-TPA (3 mmol, 1000mg) was
mixed in 10 mL of toluene with 4-amino-1,2,4-triazole (9.6 mmol, 820
mg), followed by the addition of 1 mL of acetic acid. The reaction
mixture was stirred for 12 hours under reflux. Further, washing with
dichloromethane (5 mL) two to three times and once with ethanol (5
mL) and recrystallization in ethanol gave the desired product. L2 was
obtained as a light-yellow powder (Yield: 1.36g, ~75%). *H NMR (500
MHz, DMSO-ds) 8 (ppm): 8 9.13 (ppm) (s, 6H), 9.06 (s, 3H), 7.85 (d, J
= 8.5 Hz, 6H), 7.27 (d, J = 8.7 Hz, 6H) *C{'H} NMR (126 MHz,
DMSO-ds) 6 (ppm):d 157.19, 149.15, 138.98, 130.18, 127.70, 124.51.
HRMS m/z calculated for Ci7H2:N1sNa [M+Na]*, 550.1935, found
550.1959.

(N-N
/o
?‘)
O, N,
N
) )
NH,
N CH;COOH
+
N « » Toluene, reflux
o N-N 12h
[oXS -
N N
N ~N
//\N, N N/\\
N‘N _J L\N'N

Scheme 2: Synthesis of L2
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2.3 Synthesis of di(pyridin-4-yl)amine based
ligand

2.3.1 Synthesis of di(pyridin-4-yl)amine

DPyA was synthesized by following the procedure reported by Filip
Bures et al.* Briefly, in 2 neck r.b. 2 g 4-aminopyridine was added in 4
mL PCls, followed by 4 mL pyridine. The reaction mixture was stirred
for 5 hours at 420 K. An orange cake type was formed in r.b. This was
vacuum-dried to remove unreacted pyridine and PCls. Later, 2 mL
EtOH, 2 mL HCIl and 10 mL DI water were added and stirred for 1 hour
at 373K. The liquid was immediately filtered, and the residue was
washed with a 20% HCI solution of 30 mL 3 times. The filtrate was kept
in an ice batch, and the NaOH solution was slowly poured to neutralise
the acid. After a while, white ppts have started to form. On complete
neutralization, the ppts were filtered, dissolved in EtOH, and
recrystallized (Yield 1.8 g, 3 %). LCMS m/z calculated for C1oHoN3,

[M+Na]*, 172.0967, found 172.0869.
NH, H

N
@* e 7 10
—_—
\N \N 5h, 420 K N = =N

Scheme 3: Synthesis of DPyA

2.3.2 Synthesis of N-phenyl-N-(pyridin-4-yl)pyridin-4-
amine (L3)

In a two-neck r.b. DPyA (2000 mg, 11.6 mmol) was added in 2 neck rb.
Containing CuSO4 (360 mg, 2.2 mmol), 18-crown-6 (120 mg, 0.5 mmol)
in diphenyl ether (15 mL), later potassium carbonate (3200mg, 23.4
mmol) was added with bromobenzene (3 mL). The reaction temperature
was maintained at 450K for two days in N2. 2 days later, 200 mL of
DCM and 200 mL of MeOH were added to the reaction mixture and
passed through the celite-pad. Then, this mixture was dried. However,
the mixture was not completely dried because of the diphenyl ether. The
mixture was purified by column chromatography, and a pure product
was obtained in EA. (Yield:2200 mg, ~70%). 'H NMR (500 MHz,
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DMSO-ds) & 8.41 (s, 4H), 7.50 (t, J = 7.7 Hz, 2H), 7.37 (t, J = 7.6 Hz,
1H), 7.23 (d, J = 8.1 Hz, 2H), 6.95 (d, J = 4.7 Hz, 4H). 3C{IH} NMR
(126 MHz, DMSO-ds) & 150.99, 150.16, 143.03, 129.92, 127.17,
126,52, 115.52. LCMS (ESI) m/z calculated for CigHisNs [M+H]*
248.1182, found 248.1201.

H
N + CuSOy, K,CO;
| N I N 18-crown-6 N
N. ~ ~N Ph,0, 450 K
Br

Scheme 4: Synthesis of L3

2.4 Synthesis of coordination polymers (CPs):

2.4.1 Synthesis of CP1

Into a Schenk tube under N condition, Cul (176 mg, 0.92 mmol)
dissolved in acetonitrile was added, to which L1 (100 mg, 0.23 mmol)
dissolved in MeOH was added. Instant yellow precipitates were
observed. This reaction mixture was stirred for 12 hours, after which the
precipitates were filtered and washed with ACN and MeOH to remove
unreacted Cul and ligands. These precipitates were then dissolved in
different solvents to get crystals. Layering, autoclave synthesis, and
slow evaporation were conducted to obtain crystals of the same;

however, no crystals were observed in all cases.

Cul (4 eq)

»
~zN

\N’\\

N ) SN

N

Scheme 5: Synthesis of CP1
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2.4.2 Synthesis of CP2

Into a Schenk tube under N. condition, Cul (216 mg, 1.13 mmol)
dissolved in acetonitrile was added, to which L2 (100 mg, 0.19 mmol)
dissolved in MeOH was added. Instant yellow precipitates were
observed. This reaction mixture was stirred for 12 hours, after which the
precipitates were filtered and washed with ACN and MeOH to remove
unreacted Cul and ligands. These precipitates were then dissolved in
different solvents to get crystals. Layering, autoclave synthesis and slow
evaporation were conducted to obtain crystals of the same; however, no

crystals were observed in all cases.
N-N

(’,’q}\

N

Cul (6 eq)

r

Scheme 6: Synthesis of CP2

2.4.3 Synthesis of CP3

Into a Schenk tube under N2 condition, L3 (100 mg, 0.8 mmol) was
dissolved in DCM, to which Cul (153 mg, 1.6 mmol) dissolved in ACN
was added instant white precipitates of orange luminescence were
observed. The reaction was stirred for 12 hours, after which the
compound was dried and washed with ACN. Yield 200 mg (79%)
Crystals were obtained by slow diffusion of Cul dissolved in ACN over
ligand dissolved in DCM.
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Cul

Scheme 7: Synthesis of CP3

2.5 Synthesis of complexes

2.5.1 Synthesis of C1

In a 50 mL Schlenk tube, IPr-Cu-Cl was added (100 mg, 0.2 mmol) and
dissolved in dichloromethane. DPyA (35.3 mg, 0.3 mmol) was added to
this solution. Then, the reaction mixture was stirred for 12h. After 12h,
green precipitates were observed. KPFg (57 mg, 0.3 mmol) was mixed
and stirred for 2 hours. This reaction mixture was then filtered and
concentrated. Hexane was added to precipitate out the compound. A
white-coloured, green emissive compound was obtained. The formation
of the complex was confirmed by LCMS. However, C1 was unstable in
the solution phase, and further studies could not be conducted. (ESI) m/z
calculated for [C37HasNsCuPFs], [M-PFs]* 622.2965, found 622.2966.

iPr’@ ~2 | Z N iPr’Q
. ‘iPr
iPr IR ! KPF, N =\ PR,
H E >—C”_N\ /
N iPr

N
cu-cl * —_
EN>_ Kel

iPr <‘/ \>
iPru.@ iPru.@ —N

Scheme 8: Synthesis of C1
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2.5.2 Synthesis of C2

In a 50 mL Schlenk tube, under N> flow, IPr-Cu-Cl was added (100 mg,
0.2 mmol) and dissolved in dichloromethane. To this solution L3 (51
mg, 0.2 mmol) was added. Then, the reaction mixture was mixed and
stirred for 12h. After 12h, green precipitates were observed. KPFs (57
mg, 0.3 mmol) was stirred for 2 hours. This reaction mixture was then
filtered and concentrated. Hexane was added to precipitate out the
compound. The white-coloured green emissive compound was obtained.
The formation of the complex was confirmed by LCMS. However, C2
was unstable in the solution phase, and further studies could not be
conducted. (ESI) m/z calculated for [Ci3Hs9NsCuPFs], [M-PFg¢]"
698.3278, found 698.2605.

in’@ N N iP”@o
“iPr “iPr

KPFg N

N

N PF

cu-cl * EE— E Cu—N N 6
EN>_ . KCl N>—

iPr iPr
iPrn.@ iPru.@ N

Scheme 9: Synthesis of C2

2.5.3 Synthesis of C3

In a 100 mL r.b. Cul (165 mg, 0.87 mmol) was dissolved in ACN; to
this solution, PPhs (459 mg, 1.75 mmol) was added, and precipitates
were formed. These precipitates were dissolved by adding more ACN.
Once the complete solution was dissolved, DPyA (50 mg, 0.29 mmol)
dissolved in MeOH was added, and instant precipitates were observed.
This reaction mixture was stirred for 12 hours. The reaction mixture was
filtered, and precipitates were washed with ACN and later with Et,0O.
block-shaped crystals were obtained by slow evaporation of complex C3
in ACN, Yield (80%).*H NMR (500 MHz, CDCls) § 8.35 (d, J = 5.8
Hz, 4H) BC{*H} NMR (126 MHz, CDCls) & 151.16, 134.15, 133.35,
133.15, 129.78, 128.67, 112.27., 7.37 (t, J = 8.9 Hz, 36H), 7.32 (d, J =
7.5 Hz, 18H), 7.22 (d, J = 7.6 Hz, 36H), 6.96 (s, 4H).
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Scheme 10: Synthesis of C3

2.5.4 Synthesis of C4

In a 50 mL Schlenk tube, under N2 flow, Cul (38.5 mg, 0.2 mmol) was
suspended in 4 mL toluene under reflux conditions. To this suspension,
PPhsz (107 mg, 0.4 mmol) was added, and this reaction mixture was
stirred for 10 minutes till the solution became transparent. To this
mixture, L3 (50 mg, 0.2 mmol) was added, and the reaction mixture was
stirred for 12 hours. After the reaction, the mixture was dried, and the
solid product was dissolved in a minimum amount of ACN (4 mL). To
this solution, 10 mL ether and 30 mL hexane were added. When product
is completely precipitated, a few drops of ACN were added to dissolve
unreacted Cul, PPhs and L3. Precipitates were filtered and washed with
ACN and Et;0, Yield (65%). 'H NMR (500 MHz, CDCl3) & 8.48 —
8.40 (m, 4H), 7.51 (t, J = 9.2 Hz, 6H), 7.43 (t, J = 7.9 Hz, 2H), 7.34 (t,
J=7.6 Hz, 4H), 7.26 (t, J = 7.9 Hz, 6H), 7.14 (d, J = 8.2 Hz, 2H), 6.87
(d, J=6.4 Hz, 4H).13C{*H} NMR (126 MHz, CDCl3) 6 152.21, 151.30,
143.52,134.21, 133.41, 133.18, 130.59, 129.75, 128.60, 127.88, 127.62,
116.35.

N Cul, N N

Toluene, reflux
12h

Scheme 11: Synthesis of C4
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Chapter 3: RESULT AND DISCUSSION

3.1 Characterization

3.1.1 Characterization of ligands
3.1.1.1 Characterization of L1

L1 was synthesised according to scheme 2. In the reaction, acetic acid
was used as a catalyst and toluene as a solvent. The final product was a
yellow solid compound with an 81 % yield. The obtained solid product
was characterised by Mass spectrometry (Figure 12) and *H and 3 C{H}
NMR spectroscopy (Figures 13 and 14). Peaks of triazole hydrogen
were observed near nine ppm, thereby confirming that triazole is
attached to the TPA core.

Intens. +MS, 0.1min #4|
3000 456.1653

20007

456.6659
10004 457.1664

° C2aH1sNs, M+nNa, 456.1656|

1+
20001 456.1656

q 1+
1000 457.1682

1+
458.1710
455 456 457 458 459 460 miz

Figure 12: Mass spectrogram of L1
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Figure 14: *C{*H} NMR spectra of L1
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3.1.1.2 Characterization of L2
L1 was synthesised according to scheme 3. In the reaction, acetic acid

was used as a catalyst and toluene as a solvent. The final product was a
yellow solid compound with 75 % yield. The obtained solid product was
characterised by Mass spectrometry (Figure 15) and *H and C{*H}
NMR spectroscopy (Figures 16 and 17). Peaks of triazole hydrogen
were observed near nine ppm, thereby confirming that triazole is
attached to the TPA core. Also, L2 is more symmetric than L1, which
can be easily observed with the number of peaks in *H and **C{*H}. 6
peaks were observed in L1, while only four peaks were observed in L2,
thereby confirming the symmetric nature of L2.

Intens. hchem AR-dp-2-141_GE1_01_21050.d: +MS, 0 3min #17

550.1959

14
2000 5501935
1500
1+
1000 551.1860
500 1+
0 552.1985

548 550 552 554 556 558 m/z

Figure 15: Mass spectrogram of L2
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Figure 16: 'H NMR spectra of L2
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Figure 17: C{*H} NMR spectra of L2
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Both ligands were also characterised by SCXRD techniques (Figure 18).
As expected with TPA, all the rings were non-planar and had an angle
of almost 60°. Further, triazole rings and phenyl rings were also not in
the same plane with varying degrees of angles ranging from 10° to 60°.
Additionally, multiple pi-pi interactions were also identified in L1,
leading it to show mechanochromism. Although no such interactions
were observed with L2.

@c
H
o

N3

Figure 18: SCXRD structures of L1 and L2

3.1.1.3 Characterization of L3
L3 was synthesised according to scheme 5. The final product was a

yellow solid compound with 70 % yield. The obtained solid product was
characterised by Mass spectrometry (Figure 20) and *H and B*C{*H}
NMR spectroscopy. A broader peak in 'H NMR was observed of
hydrogen of carbon attached to Nitrogen in the pyridyl ring of L3.

175 200 225 250 275 300 325 350 mfz

Figure 19: Mass spectrogram of L3
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3.1.2 Characterization of CP3

Slow diffusion of L3 dissolved in DCM with Cul in ACN yielded
fibrous crystals of CP3. The phase purity of the compound was
confirmed by PXRD.

() —simulated-cP3 | (b) 140

—CP3
==—CE3 100

~—~— 1.5%

20

- 33%
70
BN 2 60

34%

Intensity (a.u.)
% Weight loss

50
40

_AJ»_LM.._..A.L R &0 R

10 20 30 40 50 200 400 600 800
20°

Temperature (°C)

Figure 22: (a) PXRD patterns of CP3 (b) TGA of CP3

The asymmetric unit has two molecules of ligand L3, Cuzl, rhomboid
unit and two discrete Cu-I. lodide was in p-1 bridging mode in the Cuals
cluster, thereby forming 2D Cusls SBU. Cu-Cu distances were between
2.624-2.698 A, while Cu-1 were 2.624-2.748 A in the [Cuals(L3)2]n
tetrahedra. While the angle of Cu-1-Cu is mostly around 60° these
values lie within the normal range of the bond distances in other
iodocuprates®®. The Cu-N bond lengths are in the range of 2.023-2.047

A, which can be compared with the corresponding values of other
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copper pyridine bond lengths. These clusters were connected by ligands

from two pyridyl units, thereby forming a 2D network of clusters.

Figure 23: (a) 2D network of Cu4ls SBU (b) Cu4ls as SBU in CP3 (c)
interpenetrating sheet (d) parallel stacking of sheets

Free phenyl ring over Nitrogen showed multiple interactions leading to
the uncommon structural arrangement. Ortho and meta hydrogen of the
free phenyl ring resulted in an interpenetrated sheet which emerged from
the voids of the sheet. This sheet was at 77.75° to the original sheet
(Figure 23 c). Further C-H--I interactions were observed, which led to
parallel stacking of sheets (Figure 23 c). These parallel sheets further
had interpenetrating sheets, thereby forming a 3D network of Cuals
units. Over a period of 2-3 months, CP3 loses its emission and
crystallinity. However, this loss in crystallite is most probably due to the
loss of solvent molecules (confirmed by TGA). However, this doesn’t
affect the purity of CP3, and PXRD still matches the simulated pattern.
Although the PXRD of both samples corresponds to pure compound,
CP3 had lost its crystallinity. This loss in crystallinity can be recovered
to some extent by adding a few drops of ACN. This was previously

observed by Fan et al ®. Analysing TGA showed a loss of 1.5%, which
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was observed at around 150 °C, most probably attributed to the loss of a
solvent molecule of ACN. CP3 shows high thermal stability till 220 °C,
and thus can be used in various applications that require higher operating
temperatures till 200 °C.

=——CP3 non emissive+. ACN
=———CP3 non emissive ———CP3
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Figure 24: (a) Loss in crystallinity of CP3 (b) regaining of crystallinity
of CP3 on adding ACN

3.1.3 Characterization of complexes

3.1.3.1 Characterization of C1
The complex formation of C1 was confirmed by LCMS (Figure. 25),

but this complex was unstable in solvent. The complex was white in
colour when synthesised in the solid state. C1 had good solubility in
most of the solvents. However, in a very short span of time, the solution
turns green, and precipitates are observed. This might have occurred
most probably due to dissolved oxygen in the solvent because of which

further studies were not possible for C1.
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Figure 25: Mass spectrogram of C1
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3.1.3.2 Characterization of C2
The complex formation of C2 was confirmed by LCMS (Figure. 26),

but this complex was unstable in solvent. The complex was white in
colour when synthesised in the solid state. C1 had good solubility in
most of the solvents. However, in a very short span of time, the solution
turns green, and precipitates are observed. This might have occurred
most probably due to dissolved oxygen in the solvent, because of which
further studies were not possible for C2.
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Figure 26: Mass spectrogram of C2

3.1.3.3 Characterization of C3
Single crystals of C3 were grown by slow evaporation of concentrate

solution of C3 in ACN. In the crystal structure, two types of structure
were observed. In both structures, copper was in tetrahedral geometry,
and iodide did not act as a bridging ligand, thereby forming mononuclear
systems. The nitrogen of both pyridyl rings was coordinated on two
different copper atoms. Two units of the copper atom were connected to
two triphenylphosphine units and one lodine. Thus, the mononuclear
system was observed on both sides. Another structure observed in the

crystal structure was in which ACN coordinated to Cu, along with two
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PPhsz and one iodide. NMR (Figures. 27, 28 and 29) of the complex

showed a 1:6 ratio of the ligand and PPhgz, thereby confirming the crystal
structure of the bulk sample.
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Figure 27: 'H NMR spectra of C3
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Figure 28: °C{'"H} NMR spectra of C3
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Figure 29: *'P{'"H} NMR spectra of C3

3.1.3.4 Characterization of C4
Complex C4 was synthesised according to scheme 5. The final product

was a white solid product, which was observed with a 60 % yield. The
obtained solid product was characterised by H, *C{*H} and 3'P{*H}
NMR (Figures. 30, 31 and 32) spectroscopy. Here, NMR suggests 1:1
ratio of ligand PPhs. This could either result in the formation of a dimeric

complex or a coordination polymer.
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3.2 Photoluminescent Studies

3.2.1 Photoluminescence of LL1 and L2

3.2.1.1 Solid state emission, Mechanochromism and Single Crystal
analysis of .1 and L2

Both the ligands were found to be yellow-green emissive under UV light
in the solid state. To investigate the photoluminescent properties, solid-
state emission spectra were recorded at room temperature. Broad
emission and excitation spectra were observed for both L1 and L2.

(Figure. 33)
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Figure 33: Excitation and emission spectra of L1 and L2

Excitation spectra of L1 showed two peaks at 365 nm and 450 nm.
While L2 showed a broad descending peak at 355 nm. On excitation of
365 nm, the Amax Was at 529 nm for L1 and at 499 nm for L2,
respectively. On mechanical grinding of L1 on mortar with pestle, the
emission changes from yellow-green to green, displaying a blueshift
from 529 nm to 505 nm. This is rarely observed, as mechanochromism
generally results in redshifts. However, there are many reports on blue-
shifted mechanochromism as well®>%*, Emission maxima red-shifted to
520 nm on fuming with DCM (Figure. 34 (a and b)). Mechanochromism
in L2 was not observed. To further know the mechanism SCXRD
studies were performed. To understand the mechanochromic behaviour
of the L1 and L2 molecular packing, dihedral angle and VVan der Waals

interactions were checked in crystal structures.
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Figure 34: (a) Emission spectra of L1 and L2 (b) visual changes in
luminescence in L1 () SCXRD of L1

In L1 strong multiple and intra-molecular interactions (CH---x (2.89 A),
m-m (3.33 A, 3.76 A), and N-+H (2.48 A, 2.59 A)), (Figure. 34 (c))
between different H-atoms and n-cloud of the phenyl and triazole rings
where observed. On grinding, these multiple C—H---x, n--- interactions
could be removed and as a consequence change in emission is

observed®®®’,

3.2.1.2 Solvatochromism
Both ligands L1 and L2 had different emissions in different solvents,

which probably depended on the polarity of the solvent. To further
confirm polarity dependence, emission spectra of L1 and L2 were
recorded in various solvents. The emissions spectra were recorded at an
excitation wavelength of 365 nm in these solvents, each at a
concentration of 1 mM. Both compounds showed a shift in the emission
spectra. With increasing solvent polarity, a redshift was observed.
Emissions in different solvents with their polarities expressed in E1(30)
are provided in Table 1. The highest redshift was observed in MeOH
where, emission maxima were found to be at 542 nm and 528 nm for L1
and L2, respectively. Meanwhile, in non-polar solvent (dioxane), both
compounds showed maximum emission wavelengths at around 470 nm.
The shift of emission From green to cyan in non-polar solvents was

easily observable under UV lamps (Figure. 35)
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Table 1. Emission maxima (kem) for TPA-Tz1 and TPA-Tz2 in

different solvents

Solvents hem/ hem/
Et(30)/ Aabs/
nm (TPA- nm (TPA-
kcal mol-? nm
Tz1) Tz2)
MeOH 55.4 365 542 528
EtOH 51.9 365 528 514
DMSO 45.1 365 513 502
DMF 41.8 365 512 490
DCE 41.3 365 501 481
THF 37.0 365 474 475
Me-THF 36.5 365 472 475
Dioxane 36.0 365 470 471

E1(30) is solvent polarity parameter®®,
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Figure 35: (a) Solvatochromic visuals of L1 under UV-lamp (b)
Solvatochromic visuals of L2 under UV-lamp (c) Emission spectra of
L1 in different organic solvents (d) Emission spectra of L1 in different
organic solvents
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It is reported that the energy gap reduces with increasing solvent polarity
as polar solvents stabilise the lowest unoccupied molecular orbital
(LUMO) in excited more than the highest occupied molecular orbital
(HOMO)>*980; thus, solvent-dependent shifting is observed in such
molecules. However, there are other reasons for such shifting, and to
find out possible mechanisms, further study was conducted. TPA-based

molecules are known to undergo TICT. To confirm TICT in our

fHexlTHF

0%

| ——10%
—20%

30%

40%

—50%

— 60%

—T70%

80%

Relative Intensity

R T D T . T
400 450 500 550 600 650 700
Wavelenath (nm)
Figure 36: Emission on the addition of hexane in

THEF solution of L1

compounds, the THF/Hexane test was conducted on a preliminary basis.

In the test, L1 showed a blue shift, while such a phenomenon was not

observed in L2.

Further emission intensity was recorded for L1 with an increasing
fraction of hexane. A blue shift of around 20 nm and 23 times increment
in intensity was observed (Figure. 36). Similar phenomena are observed
in TPA-based molecules that are explained by the participation of a
coplanar, high-energy locally excited (LE) state and a low-energy
twisted state. Excited luminogen is stabilised in non-polar solvents in
planar conformation, directing to the LE state. This LE state is higher in
energy, and thus, a blue shift is observed. However, structural rotations

are observed in polar solvents, leading to a TICT state®*¢3, This rotation
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speeds up the intramolecular transfer of electrons for solvatochromism
in L1. Thus, suggesting that L1 display solvatochromism through a
TICT phenomenon.

3.2.1.3 Acidochromism
Change in luminescence in the presence of acid was also observed for

both ligands L1 and L2. To record these gradual changes in emission, a
0.25 mM solution in THF was prepared for L1 and L2. A shift from 475
nm to 533 nm and 518 nm was observed for L1 and L2 on the addition
of 270 eq and 360 eq of TFA, respectively. Along with the redshift, a
decrease in intensity was also observed. The reversibility of change in
emission was confirmed by the addition of TEA in a similar equivalent.
The original emission colour reappeared with the addition of TEA to the
THF/TFA solution of compounds. The emission Amax shifted back to 479
and 475 for L1 and L2, respectively, accompanied by an increase in
intensity. Similar observations were made in solid-state samples of both
ligands. Exposure to TFA leads to a red shift in both L1 and L2, thus
resulting in a similar phenomenon to the solution phase. L1 showed
shifting from 529 nm to 592 nm, while L2 showed a shift from 499 nm
to 543 nm (Figures. 37).

-

Intensity (a.u.)
ﬁ
-

Intensity (a.u.)
Normalised Intensity

|
I
I
I
I
I
- I
400 450 500 550 600 650 700 400 450 500 550 600 650 700 I" 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm) | Wavelength (nm)
I
I
I
I
I
I
I
I

(c) 360 eq (d) 360 eq

\ Hi

T T T ™ T T X H M 0 -
\ 400 450 500 550 600 650 700 400 450 500 550 600 650 700 > 400 450 500 550 600 650 700
A S Wavelength (nm|
i gth (nm) Wavelength (nm) P Wavelength (nm)

- e e e e s e s e e s e e s e s o O

Intensity (a.u.)
Intensity (a.u.)
Normalised Intensity

\\” : TFA g

? 4

Figure 37: (a) Emission spectra of acidochromism with TFA of L1 (b)
Emission spectra of reversible acidochromism with TEA of L1 (c)
Emission spectra of acidochromism with TFA of L2 (d) Emission
spectra of reversible acidochromism with TEA of L2 (e) solid-state

41



reversible acidochromism emission spectra of L1 (f) solid-state
reversible acidochromism emission spectra of L2.

Both samples show a recovery of emission in the solid state upon
exposure to TEA. The wavelength shifted back to 562 nm for L1 and
520 nm for L2. To understand the mechanism, *H NMR studies were
performed with L1. TFA was added to L1 dissolved in DMSO-de.
Deshielding of triazolyl protons (Ha) of 1 ppm was observed, while a
slight deshielding of .1 ppm for iminic protons (Hy) was observed, as
shown in Figure. 38. This suggests the protonation of triazolyl nitrogen
in the presence of acids, which forms an ionic species, resulting in the

deshielding of more affected protons.
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Figure 38: Deshelling of triazolyl hydrogen in the presence of TFA

Such effects on highly conjugated systems have been explained based
on DFT, where in interaction with H*, both HOMO and LUMO are
stabilised due to a deficiency in electrons. However, this decrement in
energy is more prominent for LUMO, thereby decreasing the energy

gap_64,65

3.2.2 Photoluminescent study Cu (I) CPs
3.2.2.1 Emission of CP1 and CP2

Ligands L1 and L2 were very emissive, but corresponding CP1 and
CP2 were very weakly emissive. The only peaks observed here were at
459 nm and 453 nm with CP1 and CP2, respectively. CP1 exhibited
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higher emission maxima than CP2, similar to L1 having higher emission
maxima than L2. This trend was also followed in emission intensity
where CP2, although lower, exhibited higher emission intensity than
CP1 (Figure. 39).
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Figure 39: Emission spectra of CP1 and CP2 with respect to their
corresponding ligands

3.2.2.2 Emission of CP3 at room temperature and low temperature

CP3 was of white colour in ambient light; on irradiating with UV, CP3
showed orange emission. A broader band was observed at around 620
nm. This luminescence is similar to many previous reports with Cuals
cluster having CC transition, which exhibits emission maxima in the
range of 550 nm to 650 nm®®. Along with this CC, another band of one-
third intensity was observed at around 450 nm. (M+X)LCT transition is
responsible for emissions in this region. With two bands in emission
spectra, it was expected for CP3 to show thermochromic behaviour by
increased intensity of the bands. When kept in liquid nitrogen for a
minute, the orange emission of CP3 was shifted to Cyan emission
(Figure 40). This effect could be attributed to the strengthening of the
(M+X)LCT band around 470 nm; thus, a shift in maxima of 120 nm will

be observed on recording further data.
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Figure 40: Thermochromism in CP3

Solvent Dependent emission of CP3

Freshly prepared CP3 exhibited bright orange luminescence at 614 nm.
Over time, CP3 experienced a decline in luminescence, typically within
3 to 4 months, coinciding with a decrease in its crystalline structure.
However, the addition of dichloromethane partially restored its orange
emission. This trend persisted with many other solvents as well. A
change in luminescence was observed in dimethylformamide (DMF),
which displayed a cyan-green emission different from the expected
orange. Further investigation into solvent effects on emission spectra
revealed shifts in emission wavelength when different solvents were
introduced; emission maxima shifts with the broadening of emission
spectra in DMF (Figure 40 a and b).
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Figure 41: (a) Changes in intensity depending on solvents (b) changes
in emission wavelength (c) Sensitivity to DMF of CP3

To assess solvent sensitivity, CP3 was spread and pressed on a black
sheet of paper. A drop of some common solvents was added, and initial
orange emission persisted for most of the papers except for DMF. DMF
showed a completely different emission of cyan-green which was
studied from emission spectra (Figure 41 c¢). Examination of the crystal
structure revealed dichloromethane and ACN molecules within the
voids, with dichloromethane demonstrating Cl---H-C interactions, while
no such interactions were observed with ACN. Owing to
interpenetrations of sheets, the size of the void generated could be

responsible for such changes.

3.2.3 Emission of Cu(I) Complexes

3.2.3.1 Emission of C1 and C2
Both C1 and C2 were of green luminescence; their photophysical

studies showed a green emission at 502 nm for C1 and 516 nm for C2

on excitation at 365 nm (Figure 42). With a phenyl ring over L2, C2 was
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expected to show higher emission wavelength because of a decrease in
the HOMO-LUMO energy gap. C1 oxidises faster than C2 and in both

cases oxidised complexes did not show emissions.
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Figure 42: Emission spectra of (a) C1 and (b) C2

3.2.3.2 Emission of C3
C3 was of white colour under ambient light and showed emission at

459 nm on excitation at 365 nm, thus displaying a blue emission; these
emissions are displayed (M+X)LCT. An interesting property observed
in this case was that when dissolved in DCM and precipitated with
hexane, it displayed green emission. This emission reverted to 480 nm
on adding ACN to the green emissive C3 (Figure 43). The reason for
this could be attributed to the fact that when dissolved in DCM,
solvated ACN was removed, and DCM had different interactions that

led to an increase in emission wavelength.
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Figure 43: (a) Spectral changes in emission of C3(b) Normalised
spectra of emission changes (c) observed visual changes in UV lamp
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3.2.3.3 Emission of C4
C4 was of white colour under ambient light and showed emission at 470

nm on excitation of 365 nm, displaying a cyan emission. This emission
is displayed by (M+X)LCT. This complex exhibited mechanochromism,
and a notable shift of 70 nm was observed on mechanical grinding,
which can easily be reverted by any solvent (Figure 44). Another
remarkable property of this complex is that not only its emission but also
its colour in ambient light is converted to yellowish when mechanical
stress is applied. Thus, this can have wider application in security

papers.
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Figure 44: (a) Changes in emission on mechanical grinding (b)
Normalised intensity of C4 (c) visual changes in UV lamp
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Chapter 4: CONCLUSION AND FUTURE
SCOPE

4.1 CONCLUSION

In summary, | have successfully synthesised and characterised three new
ligands. Among these, L1 and L2 were characterised by NMR and
SCXRD. Their MSR nature was studied along with probable reasons for
those behaviours. Free phenyl ring in L1 led to a more sensitive nature
of L1 to external stimuli in comparison to L2, where all rings were
incorporated with triazole units. Ligand L3 was also synthesised with a
free phenyl ring to investigate the effect of a free phenyl ring. Further,
all synthesised ligands were reacted with Cul salt, out of which only
CP3 was characterised by SCXRD, and a very different structure from
previously reported structures on DPyA was observed. CP3 is a 2D
sheet of Cusls SBU with orange emission in a UV lamp. CP3 is also a
potential candidate for an optical DMF sensor. A further effect of free
phenyl was studied by synthesising two Cu(l) complexes with PPh3 as
an ancillary ligand characterised, and the effect of free phenyl was
investigated. In the case of the MSR nature of L1 and L2 and C3 and
C4, a common effect was observed, which was that free phenyl over
amine enhanced the MSR activity of the compound.

4.2 FUTURE SCOPE

Further, we will try to characterise CP1 and CP2. CP1 and CP2 with
multiple sites of donating can lead to a 2D structure similar to CP3. Such
CPs can show highly selective sensing and could also have applications
in energy storage, like supercapacitors. Thus, both CP1 and CP2 will be
explored for potential application in gas sensing and energy storage.
Additionally, the fluorescence-based sensitivity of CP3 with DMF will

be investigated and compare its selectivity with other organic solvents.
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C1 and C2 oxidise in the solution phase and are highly unstable. But
where stable in the solid state, inert conditions will be tried for the
characterisation of these complexes. Subsequently, their electrochromic
properties will be studied for application in OLED devices.
Characterised C3 and C4 have shown sensitivity to solvent and
mechanical force. Photoluminescent properties of both complexes will
be investigated with possibilities of application in the mechanical sensor

as both compounds showed similar blue emissions.
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