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PREFACE

The work encompassed in the thesis entitled “Syntheses, Characterization, and Stimuli-
Responsive Luminescence Behaviors of Ternary Lanthanide(lll) Tris-(B-diketonate)
Complexes Based on Terpyridyl-Imidazole Ligands” has been carried out in the
Department of Chemistry of Jadavpur University during the period between 2019 and

2025. The thesis is comprised of six chapters.

Chapter 1 describes a brief review on the design and syntheses of various
lanthanide(111) complexes and their photophysical behaviors in general and luminescence
characteristics in particular. Special attention has been paid on the design and syntheses
of ternary lanthanide(lll) tris-(B-diketonate) complexes and their stimuli-responsive
luminescence behaviors. Finally, the objective and scope of this thesis have been
demonstrated at the end of the chapter.

Chapter 2 comprises the design of four ternary lanthanide tris-(p-diketonate)
complexes of the form, [Ln(tta)s(tpy-HImzphen)], where Ln=La, Eu, Sm, Th, and their
thorough characterization by standard analytical tools and spectroscopic techniques,
including single-crystal X-ray diffraction analysis. The photophysical behaviors of all the
complexes were thoroughly investigated via absorption and both steady-state and time-
resolved emission spectroscopic techniques. The introduction of the terpyridyl-based
ancillary ligand into the Ln(tta)s moieties led us to observe four distinctive luminescence
responses, when inspected at both room temperature and 77 K. Finally, attempts have
also been made to decipher the role of the said ligand on the photophysical, and in

particular on the luminescence characteristics of the complexes.

Chapter 3 deals with detailed thermosensing and thermochromic behaviors of the
[Eu(tta)s(tpy-HImzphen)] complex as presented in chapter 2. The complex acts as an
excellent thermosensor in terms of both luminescence intensity ratio and lifetime values
within the temperature range of 273-343 K. The dual emissive nature of the complex led
to remarkable thermochromism (red at 268 K, violet at 303 K, and blue at 343 K).

Additionally, various emitting colors, apart from its characteristic red emission, were



observed from the said complex upon varying the nature of the solvents. Finally,
amalgamating the thermochromic and solvatochromic features of the complex, single-
component white light emission was achieved at 283 K. At the end, a plausible energy
transfer mechanism has been proposed, counting on the role of low-lying ligand-to-metal
charge transfer (LMCT) state as the quencher of the Eu'"-centered emission.

Chapter 4 comprises of syntheses, characterization and thorough investigation of
the photophysical properties of a new array of ternary Ln'"' complexes of the type
[Ln(hfa)s(tpy-HImzphen)], where Ln=La, Eu, Sm, Tbh. Incorporation of tpy-HImzphen
ligand onto the Ln-hfa moiety results in a bathochromic shift of the absorption spectral
window of the complexes into the visible region. Detailed steady-state and time-resolved
emission spectroscopic measurements at both RT and 77K indicate four distinctive
behaviors viz. huge red-shift of the ligand-centered peak for La''; almost complete

energy transfer for Eu"""; very little energy transfer for Sm'"

, and reverse energy transfer
in case of Th'"'. The Eu'"'-complex exhibits excellent thermosensing behavior in solution
as well as when doped in poly(methyl methacrylate) (PMMA) matrix. The
thermosensitive luminescence response in solution was further utilized to mimic Set-

Reset Flip-flop Boolean logic operation.

Syntheses and characterization of a new array of four homobimetallic Ln"'-
complexes (where Ln=La, Eu, Sm, Tb) derived from 2-thenoyltrifluoroacetonate (tta) as
antenna and a heteroditopic terpyridine-phenanthroline (phen-Hbzim-tpy) type bridging
ligand, are reported in Chapter 5. Room temperature photophysical properties and
temperature-dependent luminescence spectral behaviors of the complexes together with
phen-Hbzim-tpy ligand, have been thoroughly investigated. The phen-Hbzim-tpy ligand
is found to be thermally activated delayed fluorescence (TADF)-active. All the four
complexes act as efficient thermosensors via their luminescence thermometric attributes.
The La-complex could not sustain the TADF phenomenon, whereas the rest of the
complexes displayed remarkable thermochromism via coupling of this TADF and their
respective dual-emissive characteristics. Attempts have also been made to comprehend
the synergy among the lowest triplet states of both the ligands and the lowest emissive

states of the corresponding Ln'""" ions, which is believed to be responsible for the observed



photophysical and temperature-dependent luminescence spectral behaviors of the

complexes.

Chapter 6 encompasses the design of an analogous series of ternary
homobimetallic Ln"" complexes replacing tta with hexafluoroacetylacetonate (hfa). After
the successful characterization of the complexes, detailed photophysical properties were
explored. Substantial improvements in the absorption, emission quantum yield, lifetime,
and sensitization efficiency were noticed upon the replacement of the antenna ligand. In
fact, unlike the previous case, all four complexes were found to display the TADF
behavior, exploiting which excellent thermosensing and thermochromic properties were
observed. Apart from this TADF-assisted thermochromism, the luminescence spectral
characteristics of the complexes were found to be well-dependent on solvent polarity and
excitation wavelength. Finally, tuning of emitting colors across the entire VIBGYOR
region, as well as room temperature single-component white light emission, was achieved

upon the appropriate exercise of the said three stimuli on the complexes.
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General Introduction and Brief Review on
Luminescent Lanthanide(l11) Tris-(#-Diketonate)
Complexes and

Objective and Scope of the Present Work



Chapter 1

1.1. General Introduction

The appropriate design of various coordination complexes comprising of trivalent
lanthanide ions (Ln"") has always been a matter of interest for chemists due to their
fascinating optical and magnetic properties.'® Both of these properties come from the f-
electrons present in the Ln'" ions. The optical properties in general and the luminescence
properties in particular in the lanthanide complex are generated from the electronic transitions
within their f-shells, called intra-configurational f-f transitions. It is well-known that the f-
electrons are effectively shielded by the 5s? and 5p® subshells. This shielding leaves barely a
chance for the coordinated ligand to perturb the electronic configuration of the Ln'"" ion. That
is why each Ln'"' ion offers some unique, environment-independent, and well-defined
luminescence attributes from their resulting complexes, viz. characteristic atom-like sharp
emission and long excited-state lifetime. These distinctive luminescence features paved the
way for Ln'"' complexes to be suitable in a wide range of applications like magnetic
resonance imaging (MRI), light harvesting materials, sensors for temperature, pressure, pH,
or any analyte and biomedical assays.'%%

Despite having such intriguing luminescence attributes, unfortunately, the f-f intra-
configurational transitions in the Ln"' ions are both spin and parity-forbidden, resulting in
very low absorption coefficients (<10 M™* cm™), which in turn yields very weak luminescence
upon direct Ln'" excitation. To bypass this hurdle, high light-absorbing organic chromophores
(>10,000 M cm?) are coordinated with the Ln'"" ion. The chelating ligand absorbs the energy
and transfers it to the coordinated Ln"" ion, resulting in enhanced luminescence. This indirect

sensitization is referred to as the ‘antenna effect’ (Figure 1.1).%°
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Figure 1.1. Indirect sensitization of Ln'" ions (Antenna effect).
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Chapter 1

Accordingly, substantial attention has already been paid for the design and syntheses
of wvarious antenna ligands, e.g., N- or O-containing chelating ligands, cryptates,
polyaminocarboxylates, cyclams, podands, as well as B-diketonates.?**! From the literature
survey, it appears that most of the earlier reports regarding Ln"' luminescence are mainly
comprised of macrocycles, helicates, supramolecules, coordination polymers, metal-organic
frameworks (Ln-MOFs), etc. By contrast, Ln'"'-based discrete luminescent complexes are
relatively less explored. Among the pyridine-based ligands, 2,2'-bipyridine (bpy) and 1,10-
phenanthroline (phen) have been frequently employed for sensitization of the Ln"" ion. By
contrast, the 2,2".6',2"terpyridine (tpy) type ligands have been less explored in spite of their
favourable structural attributes. In the present dissertation, we have employed terpyridine
coordination motifs covalently connected with other aromatic as well as hetero-aromatic
moieties for effective sensitization of lanthanide ions. We have employed the terpyridine
ligands for the synthesis of wide variety of monometallic as well as bimetallic complexes
using different trivalent lanthanide ions. Following synthesis, all the complexes have been
thoroughly characterized by standard analytical tools and spectroscopic techniques including
single crystallography for representative complexes. The photophysical properties of the
complexes have been studied in detail using absorption and both steady state and time-
resolved emission spectroscopic techniques. In conjunction with experimental demonstration,
theoretical calculations employing density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) were executed to visualize the electronic structure of
representative ligand for the appropriate assignment of the spectral bands.

The photophysical properties of the lanthanide complexes could also be altered in
the presence of various external stimuli, viz. excitation wavelength, solvent, temperature,
pressure, pH, to name a few.?242-8 The stimuli-responsive behaviors have been examined in
detail via multiple optical channels and spectroscopic techniques. The stimuli-responsive
luminescence spectral response was utilized to generate various color emitting materials
which could be potential building blocks for the display devices. Some of the designed
complexes also function as efficient sensors of temperature, which in turn could be employed
in molecular luminescence thermometry. Additionally, the Ln"'-based discrete complexes are
doped in polymer matrices to extricate their stimuli-responsive luminescence attributes for

real practical applications.



Chapter 1

1.2. Background Information about Lanthanide (I111) Luminescence

In 1942, Weismann first observed the lanthanide(l11) complexes (Eu, Sm, and Th)
display luminescence via absorption of light by another constituent within the complex
framework.*® This observation laid the foundation of ‘antenna effect’ offered by the ‘other
constituent’ for a fruitful Ln'" sensitization. In 1964, Melby et al. synthesized various Ln'"
complexes, where they also observed that light absorption takes place by the organic
constituent and subsequent energy transfer takes place to the coordinated Ln"' ion.%
Nevertheless, this indirect photosensitization of Ln'" ions or the antenna effect phenomenon
needed some time to be able to draw the attention of the concerned community. Since the late
1970s, the world has finally become familiar with this indirect Ln'" sensitization via the
antenna effect of the coordinated ligands. Since then, numerous dedicated efforts have been

made to date to design various antenna ligands.

1.3. Overview of Lanthanide (I11) Photophysics
The word ‘lanthanides’, which encompasses lanthanum (s7La) and 14 subsequent

elements altogether, originally came from the Greek word ‘lanthaneien’, which means ‘lying
hidden’. All of the lanthanides possess very similar chemical properties owing to their
common +3 oxidation state. However, considerable differences take place in displaying their
luminescence features. Except for the La'' and Lu', all of the lanthanides have their own
characteristic emissive signatures, viz. Ce'' and Gd"' emit in the ultraviolet region; Sm'"
(emits orange color), Eu"" (red), Tb'"' (green), Dy"" (orange), and Tm'!" (blue) emit in the
visible domain. On the other hand, Nd"!, Er'"!, and Yb'"" display emission in the NIR region.
Some of less discussed Ln'"" ions like Pr''' and Ho'"" also have their characteristic emission in
this NIR domain. Design and synthesis of various antenna molecules started in the late 1970s
by different researchers across the globe. Latva et al first noticed in 1997 that all the
coordinated organic constituents cannot yield an effective Ln"" sensitization. Rather, it very
much depends on the energy gap between the excited state of the organic chromophore
attached to a Ln"" ion and the emissive state of that particular Ln"" jon.>! This observation
further led to a deeper insight into the intramolecular or intercomponent energy transfer
mechanism for the luminescent Ln'"" complexes. But the most well-accepted mechanism was
proposed by Whan and Crosby.*? They proposed that the sensitization process involves three
consecutive steps, viz. (i) spin and parity (Laporte)-allowed light absorption by the organic
chromophoric ligand with high molar absorption coefficient (¢>10000 M? cm®) and

excitation to its first singlet excited state (So—S1), followed by (ii) rapid intersystem crossing

3



Chapter 1

(1SC) to the first triplet excited state (S1—T1) of the ligand and finally, (iii) transferring the
absorbed energy to the lowest emissive state of the central Ln'" ion (T:—Ln*). The singlet
state lifetime is too short for this indirect lanthanide sensitization, although a few such
instances are also reported.>3-%

Some empirical rules are evolved thereafter and found to be quite useful in
elucidating the quantitative aspect for the occurrence of the energy transfer process. The first
one is the Reinhoudt’s rule, which indicates that the required energy gap between the S: and
T1 (AEsim1) of a ligand should be >5000 cm™ for the ISC process to be operative.>” Secondly,
for effective execution of the antenna effect via the ‘Dexter exchange’ pathway,®® it is
postulated that the ligand T1 should be at least ~2500-4000 cm™ higher than the position of
Ln*.5° It is to be noted that following the rules of Latva et al, if the value of AEsi-T1 becomes
<1800 cm, reverse or back energy transfer takes place from Ln* to ligand T instead of an
effective Ln'" sensitization.®%%%3 The emitting excited states (Ln*) of all the trivalent
lanthanide ions (except La"" and Lu'"!, as they are not subjected to such f-f transitions) are
well-defined, and their values are independent of the chelating ligand or surrounding
environment. For example, the values of the lowest emissive states (Ln*) for Eu"" (°Dg), Sm'"
(*Gsr2), and Tb'""' (°D4) have already been estimated to be ~17300, ~17900, and ~20500 cm™,
respectively.®*®® The energy of the S; state of the ligand could be estimated from the onset of
its absorption spectral profile.%”-%° The strategy to estimate the energy of the Ty state of the
ligand is quite interesting. The ligand is first allowed to coordinate with Gd"' salt, and the
resulting complex is then subjected to emit at liquid nitrogen temperature (77K). It is to be
noted that the excited state energy of Gd"" resides at ~32750 cm™, while the value of the T;
states of the common antenna ligands usually lie within the range of ~20000-25000 cm™.
Hence, the ligands are unable to sensitize Gd""; rather, the only option left for it is to get
deactivated from its T state. The observed emission maxima indicate the transition from the
lowest triplet state of the ligand (T1).6”"® Hence, all the above-mentioned criteria should be
borne in mind while designing suitable antenna ligands for the synthesis of highly

luminescent Ln"' complexes (Figure 1.2).

1.4. Developments in the Design of Antenna Ligands: Binary Ln'!

Complexes
Regarding the Ln'""'-sensitization, it appears that oxygen donor containing negatively

charged chelating ligands, viz. acyclic or macrocyclic ligands, were primarily employed for
4
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this purpose. The acyclic ligands incorporate anions like carboxylates, naphthalates,
aminophosphonates, acetonates, phosphinates, polyaminocarboxylates, to name a few.243274-
8 On the other hand, the cyclic ligands encompass cyclens, diazapolyoxabicyclic ligands,
cryptands, azocycloalkanes, podands, helicates, etc.33#1841%0 The main motive of choosing
such design protocol was to protect the Ln"" ion from being coordinated to solvent or water
molecules, which could affect the desired luminescence properties of the Ln'"' complexes.
These resulting Ln'"" complexes were water soluble, thereby immediately drew attention to

various bio-applications.

P &0 ~
TR TN s\ 5
AE S c
AE1 ! /\E»] /\E1
Ty T4 T4
AE2 I?ISC AEz
T AE
— Ln* \\_2_ Ln* Ln*
so-L- s-L — s L AT P A
L mn n 1
Sensitizer Sensitizer " Sensitizer Ln Sensitizer Ln

Figure 1.2. Possible energy transfer pathways within a sensitizer and its coordinated Ln"!
ion.

1.5. Ln-tris(B-diketonate) Complexes: the ‘rose with thorns’

An already reported class of sensitizers suddenly gained attention at ~2000, with a
new spirit and immediately became one of the most explored domains regarding lanthanide
sensitization. Within a very short span of time, various groups across the globe were actively
engaged in the design and thoroughly investigate the photophysical behaviors of a specific
class of complexes, lanthanide(lll) tris-B-diketonate assembly. The simplest B-diketonate is
acetylacetonate (acac). Eventually, it was found that replacing the high-energy oscillating C-
H bonds with more rigid and low-vibrating C-F bonds results in the prevention of energy
dissipation, and at the same time, it can lower the triplet energy level of the corresponding -
diketonate. Because of the cumulative effect of these two factors, the extent of energy
transfer from the [P-diketonate to the coordinated lanthanide(lll) ion gets significantly

improved.®! Since then, various tailoring agendas on the structure of p-diketonate have been
5
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taken to improve their sensitizing ability.’%1%2-19 Consequently, numerous B-diketonate
molecules were found to be designed and explored with regard to lanthanide(lll)
luminescence e.g., trifluoroacetylacetonate (tfaa), hexafluoroacetylacetonate (hfa),
benzoyltrifluoroacetonate (btfa), dibenzoylmethane (dbm), 2-thenoyltrifluoroacetylacetonate
(tta), trifluorofurylacetonate (tfa), etc (Figure 1.3). Singh and colleagues have accumulated

this diversity very explicitly in one of their review articles.*

/”““nr"”s Y N YYD

o O o O o O o o

Hacac Htfa Hhfa Htta

'
"71’\:(@ (ln’\n)@ K
O O o o o o o o
Hbtfa Hdbm Hdtp Hfod /

Figure 1.3. Chemical structures of some common B-diketonate ligands.

But, even after the substitutions with CF3- moiety or aryl groups in the B-diketonate
ligand framework, the maximum desired sensitized luminescence from Ln"" ions was still to
be achieved. It is because the Ln"" ions can't help coordinate the water or solvent molecules
to fulfill their high coordination number. As a result, a considerable portion of the transferred
energy is utilized to vibrate the high-energy oscillators like the O-H bond, which in turn
induces a detrimental impact on the radiative deactivation. Hence, it needed further
development. To circumvent this problem, neutral and high-energy-absorbing chromophores
were brought into play. This incoming ligand, mostly comprised of O- or N-containing
polyaromatic motifs, was termed an ancillary ligand. The ancillary ligand is supposed to
replace the already coordinated water or solvent molecules, resulting in improved
luminescence characteristics in terms of quantum yield or lifetime. This new assembly was
referred to as the ternary lanthanide tris-p-diketonate complex.

It is noteworthy to mention that the ancillary ligands could also directly coordinate
with the Ln"" jons, forming a binary assembly that can also exhibit fluorescence. However,
the resulting complexes counter an unwanted problem of solubility. This very problem is also

6
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noticed to be resolved in the ternary complexes, which offer excellent solubility in solvents

with a wide range of polarity.

1.6. Introduction of the Ancillary Ligands

As soon as the motivation for designing ternary assemblies was established, various
groups across the globe devoted their research interests to designing different types of ternary
mononuclear as well as dinuclear complexes comprising diverse ancillary ligands. The
ancillary ligands employed for this purpose mainly encompass N-, O-, or both N, O-
containing polyaromatic and heterocyclic organic moieties that can bind in mono-, bi-, or
tridentate fashion (Figure 1.4). It is noteworthy to mention that the incoming ancillary ligands
may assist in improving the photophysical characteristics not only via replacing the quencher
molecules coordinated with the corresponding Ln"' ions but also by serving as another

sensitizer or second antenna molecules for the Ln'" ions of the ternary assembly.

r . C A
/
‘\“\\\\O\H Antenna ligand
w "mg—H | ) | w
Ln'-tris-(B—diketonate) complex T Ternary Ln"-tris-(p-diketonate) complex

V )
H . .
Ancillary Ilgand’_‘

Monodentate Bidentate
Figure 1.4. Schematic representation of Ln'" tris-(B-diketonate) complex and its ternary Ln'"!
tris-(B-diketonate) complex comprising mono-, bi-, and tridentate ligands.

1.6.1. Monodentate Ancillary Ligand
Iftikhar and coworkers synthesized a series of ternary Ln'"'-complexes comprising of
La", sm'" Eu" and Tb'"' ions and upon employing hexafluoroacetylacetonate (hfa) as an

antenna ligand as well as pyrazole as the ancillary ligand (Scheme 1.1).1*%%12 From the single
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crystal structures, it was observed that the Ln'"" ions are surrounded by two pyrazole ligands

and three hfa ligands, making them eight-coordinate complexes.

C";:H CF,
N oA
Ln _')
o
NH CF;
3

Ln(hfa);(Pyrazole), ;

Scheme 1.1

In another set of works, they introduced indazole as the ancillary ligand (Scheme
1.2).13115 The crystal structures of the resulting complexes showed that the La, Sm, and Eu
complexes are nine-coordinate owing to the incorporation of three indazole ligands. On the
other hand, probably due to the size factor, the Tbh-ion accommodates only two indazole units,

forming an eight-coordinate assembly.

CF;
O:
N o
H CF,
2.3 3

Ln(hfa)s;(Indazole),_s ;

Scheme 1.2

Hasegawa et al. designed a number of eight-coordinated Eu-tris-hfa complexes by
utilizing triphenylphosphine oxide (TPPO) itself and its methyl, trimethyl, and phenoxy
derivatives as the ancillary ligands (Scheme 1.3). They found that the complex with the
phenoxy-derived ligand offered the highest quantum yield than the others. This was attributed

to effect of the reduction of geometrical symmetry around the Eu'"" ion in the said complex.!®

X,Y,Z=H Eu(hfa)3(TPPO),
:§Fa X=CHs, Y,Z=H  Eu(hfa);(TPPO-Me),
¥

o X,Z=CH;, Y=H  Eu(hfa)s(TPPO-3Me),
X P=O—-Eu v X,Z=H, Y=
o) ’ -0 Eu(hfa);(TPPO-OPh),
v CF,
z 2

Scheme 1.3



Chapter 1

In another set of work, they introduced chrysene in the phosphine oxide ligand
(DPCO) (Scheme 1.4). This said ligand was found to participate in the ligand-to-metal-
charge-transfer (LMCT) process via the luminescence quenching in the resulting Eu-complex

0 CF,
9 @ ory

Eu(hfa)3(DPCO),

Scheme 1.4

upon elevation of temperature.t’

The said group also designed a series of Th-complexes based on substituted
phosphine oxide ligands (Scheme 1.5). They executed temperature dependent emission
spectral measurements. The outcomes of the measurements indicate that the complexes
exhibit thermally assisted back energy transfer to ligands. It is to noted that this is the first

report wherein the Th-hfa complex exhibits thermosensing behaviors via ligand-assisted back

| | CF,
o
X-P=0—LTb P
o
CF,
3
X = N<\:/>— Q_

DPPY BIPHEPO

Scheme 1.5

energy transfer process.®

Labella et al. utilized 4,4-bipyridine N-oxide (bipyMO) and pyrazine N-oxide
(pyrzMO) as the monodentate ancillary ligands to synthesize two series of Eu-complexes
together with tta, dom, btfa, and hfa as the antenna ligands and thoroughly investigated their
photophysical properties (Scheme 1.6). The results of the experiments indicated that the
pyrzMO-based complexes exhibit a higher extent of non-radiative deactivation than that of
the bipyMO-based complexes. They also explored the temperature-dependent luminescence
spectral behaviors of the complexes. The outcomes of the experiments suggest that both back

energy transfer from Eu"" to the antenna, as well as the involvement of LMCT, are operative

9
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in case of the tta and dom series. On the other hand, only the LMCT factor is active for the
btfa and hfa series, as their higher triplet level position could rule out the chance of back

energy transfer.1%°

N I Z

C} ﬂ@ ppOnt
s fopa >
L

2/ \

2

Eu,(B-diketonate)g(pyrzMO),

Ry = CF3, R, = thiophene; tta 2

R, = Ph, R, = Ph; dbm <

R, = CF3, R, = Ph; btfa N

R, = CF3, R, = CF;; hfa Eu,(B-diketonate)g(bipyMO),
Scheme 1.6

1.6.2. Bidentate Ancillary Ligand

Hasegawa and co-workers designed a ternary Sm-hfa complex comprising
phenanthroline as the ancillary ligand (Scheme 1.7). They investigated the solvent effect
upon considering acetone, acetonitrile, and pyridine. The asymmetrical nine-coordinated
structure in pyridine Sm(hfa)s(phen)2(py) was believed to be responsible for enhanced

emission characteristics of the said complex as compared to that in the rest of the solvents.?°

Sm(hfa);(Phen),
Scheme 1.7
In another work, the said group designed a photochromic Eu-hfa complex with an O-

containing bidentate ligand, which can exist both in open and closed chain conformations
(Scheme 1.8).1%

10
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Eu-BTF0O4-0 Eu-BTFO4-C

Scheme 1.8

They also synthesized two Eu-complexes with oxo-linked bidentate phosphine oxide
ligands and thoroughly investigated their solvent-dependent luminescence spectral behaviors
in toluene, chloroform, acetone, and DMF (Scheme 1.9).1%

Eu(hfa);(*Bu-xantpo)

Scheme 1.9

Teotonio et al. reported another TPPO-based ternary Eu-complex where they kept tta
as the antenna ligand and investigated its photoluminescence as well as triboluminescence
properties (Scheme 1.10).58

2
Eu(tta);(TPPO),

Scheme 1.10

Robertson et al. synthesized two tris-hfa complexes of Eu(l11) and Tb(Ill) comprising

a phosphine oxide-based bidentate ancillary ligand (DPEPQO) and studied their photophysical

11
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behaviors (Scheme 1.11). The total photoluminescence quantum yield of the Eu-complex was

estimated to be as high as 0.8.1%

¢ /o

==
}
-t

o Ln

o o

PZ CF,
D S 3

Ln(hfa);(DPEPO)

Scheme 1.11

Vaidyanathan et al. designed a number of 1,10-phenanthroline based ligands upon
incorporating different substitutions on the phenanthroline moiety and utilized them for the
synthesis of Eu-tris-tta type complexes (Scheme 1.12).1241% The resulting complexes
exhibited bright red luminescence. They proposed that the ancillary ligands also act as the
1l

antenna molecule together with tta. An efficient energy transfer from the ligand to Eu™ is

found to take place in almost all the complexes.

-6 &, §

CF;

Eu(tta);(phen-R-Ph)

O Eu(tta);(phen-FI-Ph)

Scheme 1.12

In a following work, they also employed a diphenylamine-functionalized
phenanthroline-based ancillary ligand to design a ternary Eu-tris-tta complex (Scheme
1.13).227 In contrast to the previous case, inefficient energy transfer was noticed herein. On

the other hand, this partial energy migration led to the attainment of single-component white

12
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light emission in solution as well as when conjugated with an LED (395 nm). This was the
first report of single-component white light emission from discrete lanthanide(l11) complexes.

Eu(tta)s(phen-FI-TPA-DPA)

Scheme 1.13

In another work, the same group designed a series of imidazo-bipyridyl-based
ancillary ligands with phenyl (Ph), naphthyl (Np), and triphenylamine (TPA) substitution in
the ligand framework (Scheme 1.14). The photophysical properties of all the complexes were
thoroughly investigated in solution, thin film, as well as in the solid state. The Eu-tta complex
with TPA-substitution was found to exhibit inefficient energy transfer from ligand to the
Eu(l11) unit. But at the same time, the complex exhibits excellent temperature sensitivity as

demonstrated by temperature-dependent emission spectral measurements.*?

:
O g

Eu(tta);R

Scheme 1.14

Gallardo and coworkers designed another thiadiazole-functionalized phenanthroline-
based ancillary ligand to synthesize Eu-tris-tta type complex (Scheme 1.15). The single
crystal X-ray structure indicated that the ligand was coordinating in a bidentate fashion via
the phenanthroline moiety, making an eight-coordinate assembly around the Eu'' ion. They

also executed detailed studies on its photophysical and electrochemical behaviors, where they

13
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found that the complex exhibits brilliant red luminescence both in the solution and solid

state.?

[Eu(tta);(TDPHEN)

Scheme 1.15

Zucchi et al. reported another type of ternary Eu(tta)s complex by employing a
dicarbazolyl-based phenanthroline unit as the ancillary ligand and thoroughly characterized
by standard analytical tools including single crystal X-ray diffraction analysis (Scheme 1.16).
Interestingly, the complex exhibited excellent (bright red) luminescence both in solution and

solid state, even after being excited by visible light.**

Scheme 1.16

Li et al. designed two series of ternary Eu-complexes comprising of four
phenanthroline-based ligands with increased conjugation. One class comprises of tta, while
the other based on dbm derivatives (Scheme 1.17). The single-crystal structures from both
series revealed the existence of face-to-face intermolecular n-7 stacking owing to the large
conjugation planes. They also found a correlation among the quantum yield and the structure
of the ancillary ligands in all the eight complexes. It is observed that the energy of the
emitting triplet state become lower with increase in the conjugation in the ligand within the

complex framework.*3
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[Eu(p-dikeonate);(phen)

- ) R1
N\E 0";
u
-
2 N/ 0
) Ry

[Eu(p-dikeonate);(IPD) [Eu(p-dikeonate);(CIP)

Rq = CFj3, Ry = thenoyl; tta and R;=Ph, R; =Ph; dbm

Scheme 1.17

Yuqing Zhao designed a series of substituted phenanthroline ligands with low triplet
energy levels and utilized those for the design of ternary Eu'"' tris-tta complexes (Scheme
1.18). The resulting Eu" tris-tta complexes induce back energy transfer to the ancillary
ligands. They demonstrated that this sort of energy dissipation, which they termed as ‘the
triplet trap’, could be prevented in the presence of F~ ion, as the latter upon interaction with

the ligands, essentially elevates their triplet energy levels.!3

[Eu(tta)3(phen)

N

Cd

OY@‘

(W N
N

[Eu(tta);(DPOX)

Scheme 1.18

Tsaryuk et al. reported two series of Eu- and Tb-tris-tfa complexes comprising
bipyridine and phenanthroline as the ancillary ligands (Scheme 1.19). They observed that the
photoluminescence responses of all complexes at 77 K significantly improved as compared to
those at 295 K. The observed emission quenching at elevated temperatures was attributed to

the thermally assisted and LMCT-mediated back energy transfer to ligand for Tb"' and Eu'"',
15
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respectively. They also found that the extent of luminescence quenching via the LMCT state

is most prominent when the said state exists near the ligand triplet state.®®

CH, “ CH,
N
N\ O__‘ N\ 0--\
Ln J) /Ln __,)
N/ 0- “ N o
CF; N ! CF3 A
3

[Eu(tfaa)z(phen) [Eu(tfaa);(bpy)

Scheme 1.19

Grachova et al. synthesized a pyridyl-derived pyridazine-based ligand (dppn) to
design a series of Ln-tris-tta complexes (Scheme 1.20). The UV-visible absorption spectral
characteristics of the complexes suggested that the dppn ligand is capable to sensitize the
Ln"" ions along with tta itself. The Eu- and Sm-complexes were found to exhibit intense Ln'!'-

centered emission in their solid state.13?

[Eu(tta)3(dppn)

Scheme 1.20

Apart from the N, N-bidentate ancillary ligands, some groups also synthesized and
reported N, O-based ligands. Huang et al. prepared a mono N-oxide derivative of 2,2'-
bipyridine (Obpy) and explored the electroluminescence behavior of its resulting Eu-tris-tta

complex (Scheme 1.21).134

[Eu(tta);(TDPHEN)

Scheme 1.21
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Wang et al. synthesized 2’-pyridyl derivatives of benzoxazole (PBO), benzimidazole
(PBI), and benzothiazole (PBT) and coordinated them to Eu-tris-tta moiety (Scheme 1.22).
The photoluminescence and electroluminescence behaviors of the complexes were
thoroughly studied. It was observed that the complex containing the benzoxazole (N, O)-

based ligand exhibited the highest quantum yield among the three complexes.**®

N /O\ 0= Y. /N\ o
Eu Eu R
- N/ O-J z N/ o-
N 1 ~ 1 A
Y =

Eu(tta);(PBO) NH, Eu(tta);(PBI)
= S, Eu(tta);(PBT)

Scheme 1.22

Swavey et al. introduced 2,2'-bipyrimidine (bpm) as the ancillary ligand along with tta
and tfa motifs to design two binuclear ternary Eu-tris-(B-diketonate) complexes, whose eight-

coordinate arrangements were revealed from their single crystal structures (Scheme 1.23).1%¢

Ry an . Ry
=0 /N\ N\ by
N Eu I Eu ")
‘0 NNz IN/ o .
R, 2
[ /

Ry =CF3, R, =furyl; tfa
R, = CF3, R, = thenoyl; tta

Scheme 1.23

In another work, they synthesized a polyazine-based ancillary ligand (dpp) which was
coordinated to two Eu(tta)s units, resulting in the formation of another ternary binuclear Ln'"'-
complex (Scheme 1.24).2*7 In both of these works, they explored the temperature-dependent
emission spectral behaviors of the newly synthesized complexes, where the Eu''-centered

emission intensities were found to systematically decrease with rising temperature.

N N
)= »
Eus——— —EUu
N, ,N

-

Eu,(tta)g(n-dpp)

Scheme 1.24

17



Chapter 1

Do et al. utilized dom and tta as the antenna ligand and reported the single crystal
structures of a couple of ternary binuclear Eu(l11)-complexes comprising bpm as the ancillary
ligand (Scheme 1.25). They thoroughly explored the photophysical and electroluminescence

behaviors of the newly synthesized complexes.!3®

3 A2
-0 NS N
(: Eu/ I \Eu
-0 \N’ N/
R, ~ 1
/ K

R, =Ph, R, =Ph;dbm
R, = CF3, R, = thenoyl; tta

Scheme 1.25

Zucchi et al. reported a series of binuclear Ln"" (Sm, Eu, and Tb) complexes
comprising bipyrimidine (bpm) as the ancillary ligand and acac as the antenna ligand
(Scheme 1.26). They also fabricated OLEDs via doping the complexes where they observed

white electroluminescence from the Eu-complex.t3®

H,C ﬂ CH;
-0 NS N O-
(' Ln/ \Ln :)
0 \N/ N/ o
1 CH
H3C 3 \) 3 3

Ln,(acac)g(u-bpm)

Scheme 1.26

They also reported another ternary dinuclear Sm-tta complex, where the Sm''-
centered emission was observed upon excitation with a wide range of wavelengths spanning

from UV (250 nm) to visible (500 nm) domain (Scheme 1.27).14°

T

Smy(tta)g(pn-bpm)

Scheme 1.27
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Vaidyanathan and coworkers functionalized a phenanthroline moiety with a spacer
and substituted it with fluorene and phenyl groups. The two newly synthesized ligands were
employed to design two Eu-tris-tta-based dinuclear complexes (Scheme 1.28). The
photophysical investigations revealed that both of these ligands acted as efficient sensitizers
for Eu"'. Additionally, the sensitizing efficiency of the fluorene-based ligand was found to be
greater (17sns=92%) relative to that of the phenyl-based ligand (y7sens=85%).14*

R =Ph, FI

Scheme 1.28

1.6.3. Tridentate Ancillary Ligand
Accorsi et al. synthesized chloro- and carbazole-appended terpyridyl-based ligands to
design respective ternary Eu(lll) and Tb(Ill) complexes in combination with dbm as the

antenna ligand (Scheme 1.29).142

Ln(dbm);(Cl-tpy); Ln=Eu, Tb

Eu(dbm);(Carb-tpy)

Scheme 1.29

Zheng et al. designed a ternary complex assembly via coupling an Eu(hfa)s unit with a
triazine-based ancillary ligand (tptz) and characterized by single-crystal X-ray diffraction
(Scheme 1.30). The photophysical investigation of this nona-coordinated complex revealed a
high quantum yield value (®=0.6), which they believed to be could be due to cumulative

energy transfer efficacy of both hfa and tptz ligands.*®
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N
\

\ CF3
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— / O.I
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Eu(hfa);(TPTZ)

N
=N N

Scheme 1.30
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Holliday and coworkers developed a pyrazole-pyridine-based ancillary ligand which
they utilized to synthesize a series of Eu(lll)-complexes employing hfa, tta, and btfa as the
antenna ligands (Scheme 1.31). The single crystal structure of the Eu-hfa complex revealed a
low local symmetry around Eu'' ion which in turn is responsible for its enhanced
photoluminescence properties.'#*

)
o

v
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\ CF,
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Scheme 1.31

Hasegawa et al. designed a tridentate O-donor phosphine oxide-based ligand (TPPM)
and synthesized its Eu(l1l) and Sm(Ill) complexes with hfa as the antenna ligand (Scheme
1.32). The single crystal structure of Eu(hfa)s(TPPM) depicted the existence of a C-H/O H-
bonding between the aliphatic H atom of the ligand and the coordinated water and/or acetone
molecule. This interaction, despite being present at the outer coordination sphere of the Eu'"

ion, leads to a slight alteration in the Eu'"'-centered emission pattern in the said complex.1#

Eu(hfa);(DPPPO)
Ln(hfa);(TPPM); Ln=Eu, Sm

Scheme 1.32

Zhang et al. reported a dipyrazolyltriazine-based ternary Eu(lll)-tris-tta complex
{Eu(tta)s(dpbt)}, where the absorption spectral window of the complex was found to extend

up to 460 nm (Scheme 1.33). They demonstrated that the energy transfer occurred via the
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singlet state of the ancillary ligand, contrary to most of the hitherto reported cases wherein
the energy transfer takes place via the triplet state. This was the first report of lanthanide

sensitization via the singlet pathway in a visible-light excited Eu'"'-complex.14®

Eu(tta);(dpbt)

Scheme 1.33

In their subsequent work, they introduced a 2,6-dimethyl substitution on the N,N-
diethylaniline moiety of the aforementioned ligand and synthesized its Eu(lll)-tris-tta
complex {Eu(tta)s(dmpbt)}. The absorption spectral window of the resulting complex was
found to extend even more in the visible region (up to 490 nm) (Scheme 1.34).24

Eu(tta);(dmbpt)

Scheme 1.34

Zheng et al. reported a number of Eu(lll) and Tb(lll) complexes with tptz as the
ancillary ligand and dbm, tta, ta, btfa as the antenna ligands (Scheme 1.35). The structures of
these complexes were established by single-crystal X-ray diffraction studies. The
photophysical investigations of these complexes led them to assume that the bulky tptz ligand
induced a shielding effect on the coordinated Ln'" ions, which prevents the solvent quenching

of lanthanide-centered emission.'*

\
N CFs R;=Ph; R,=Ph:dbm
7 N\ ';l \ \ 0= R, =CF3 R, =thenoyl: tta
= = J o) R;=Ph; R, =CH; : ba
§ N N/ © CF R;=Ph; R, =CF; : btfa
- 3
\N/ 3

Eu(hfa)(TPTZ)

Scheme 1.35
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You et al. synthesized a chiral terpyridyl-type ligand to design two chiral ternary
Eu(ll1)-complexes comprising tta and btfa as the antenna ligands (Scheme 1.36). The
structures of both complexes were established by single-crystal X-ray diffraction studies.
They assumed that the difference in crystal polarities between these two complexes was
responsible for the distinction in their chiral optical properties, like triboluminescence, non-

linear optical (NLO) properties, and ferroelectric behaviors.4°

3

R = thenoyl; tta
= phenyl; btfa

>
$
....V

Scheme 1.36

Bian et al. designed two series of 1,10-phenanthroline- and 2,2'-bipyridine-based
tridentate ligands and explored the electroluminescence properties of Eu(lll)-tris-tta
complexes (Scheme 1.37). Their findings suggest that the tridentate ligands could impart
higher stability in resulting complexes which in turn leads to enhanced electroluminescence

properties in the resulting complexes.**

Eu(tta);Php

Eu(tta);BpoR Eu(tta);PhoR

3 & ¢

Scheme 1.37

Patra et al. prepared another terpyridyl-derived ancillary ligand, which they utilized to

design an Eu(l11)-tta-based ternary complex (Scheme 1.38). The said complex was found to
22
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be highly pH-sensitive and acted as a luminescence sensor for anions in the physiological pH
domain. Moreover, the complex strongly binds with CT-DNA and BSA, which were

visualized via multiple optical channel and spectroscopic techniques. !

Eu(tta);(Naptpy)

Scheme 1.38

In another work, the said group designed furyl, 2-thienyl, and pyrolyl derivatives of
terpyridine and utilized the ligands to synthesize their respective Eu(lll) and Tb(llI)
complexes upon incorporating tta antenna ligand (Scheme 1.39). All the complexes were
structurally characterized by X-ray crystallography and detailed investigations on their

photophysical properties were executed.

X= 0;FTPY
S; TTPY
NH; PTPY

Scheme 1.39

The same group also designed a homoditopic piperazine-phenyl-derived terpyridyl
ligand to synthesize a homobimetallic Eu(lll)-tris-tta complex (Scheme 1.40). Herein, the
ancillary ligand acts as the second antenna ligand. This dual antennae-sensitized Eu(lll)-

luminescence was utilized in pH sensing, binding with DNA and BSA, and cell imaging.*®3

Euy(tta)g[u-pz-(tpy),]

Scheme 1.40
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Labella et al. reported two homobimetallic Eu(l11) and La(lll) complexes comprised
of a pyridyl-N-oxide-derived terpyridyl ligand (pyterpyNO) and tta as the antenna ligand and
thoroughly studied their photophysical properties (Scheme 1.41).1%

?,
N
O:
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o-
/
n

n=2 for Eu & n=3 for La

Ln,(tta)g(pyterpyNO),

Scheme 1.41

1.7. Doping of the Ln'! complexes into Polymer Matrices

In order to extricate the practical utility of remarkable luminescence properties offered
by these lanthanide(l11) complexes, researchers from the concerned community considered
doping them into polymer films, viz., poly(methyl methacrylate) (PMMA), polyvinyl alcohol
(PVA), polyurethane (PU), etc. The criteria for choosing such polymers are associated with
their optically transparent nature, as well as their high mechanical and optical stability.
PMMA is the most widely used polymer in this regard owing to its low cost and ease of
preparation. Besides, this polymer is optically transparent above 250 nm. It is also
noteworthy to mention that two different strategies have been adopted to bring a materialistic
approach to the solution-state luminescence properties of Ln'""'-complexes. One involved the
embedding of Ln-tris-(B-diketonate) assemblies where the carbonyl groups of PMMA
coordinate with the Ln"" ions, replacing the already coordinated water or solvent molecules.
Consequently, the luminescence properties were improved due to the elimination of quencher
molecules. The other strategy comprises of doping the coordinatively saturated Ln''-
complexes into the polymer matrix. Here also the photophysical behaviors of the complexes
are usually enhanced by suppressing the non-radiative deactivations via imposing rigidity
from the polymer matrix.

Robertson et al. synthesized a series of Eu-complexes with a bidentate phosphine
oxide-based ancillary ligand and five different fluorinated p-diketonates (Scheme 1.42). The
photoluminescence investigations of these complexes, upon doping them into PMMA,
revealed very high quantum yields (@r=0.26-0.85). The value of 0.85 was believed to be the

highest among the related hitherto reported cases.>®
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Scheme 1.42

Reddy et al. embedded another ternary Eu(lll)-tris-(B-diketonate) complex of type
Eu(CPFHP)3(DDXPO) into PMMA in various proportions, viz. 2.5, 7.5, 10, and 15%
(Scheme 1.43). The corresponding @re values were found to alter between 0.79 and 0.84.
From the absorption spectral characteristics of the composites, they surmised that both the
organic chromophore and PMMA polymer absorbed light, which in turn resulted in such a

high luminescence quantum yield.*%

Eu(CPFHP),(DDXPO)

Scheme 1.43

Zucchhi et al. doped an Eu(lll)-complex containing tta and a phenanthroline-based

ancillary ligand into PMMA (Scheme 1.44). The resulting composite material was found to

Scheme 1.44
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be air-stable for at least a few weeks. Besides, brilliant red emission was achieved upon
excitation over a wide range of wavelengths (250-560 nm). The absolute quantum yield of
this material was estimated to be as high as 0.80.1%

Yan et al. designed a new fluorinated and indone-based B-diketonate ligand (5,6-
DTFI) to synthesize its corresponding Eu(l1l) tris-complex and ternary Eu(l1l) complex with
1,10-phenanthroline (phen) (Scheme 1.45). They embedded both complexes into PMMA.
The photophysical investigations demonstrated that PMMA not only acts as a co-sensitizer

but also played a better role than phen in enhancing the Eu-centered luminescence.%®

H3C"O qu

Ln(5,6-DTFI);(Phen);

Scheme 1.45

Iftikhar and coworkers doped a ternary Sm(Ill) complex of type {Sm(hfa)s(Hind)s}
into PMMA and noticed enhancement in its quantum yield and lifetime values as compared to

those in solution state (Scheme 1.46).%7
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Scheme 1.46

The said group also embedded Sm(I11), Eu(l11), and Tb(ll1)-complexes with dbm and
another bidentate ancillary ligand, impy onto PMMA and observed significant improvement

in their luminescence spectral features (Scheme 1.47).18
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Vaidyanathan et al. doped a series of Eu(lll)-tris-tta complexes comprising three
phenanthroline-based ancillary ligands into PMMA (Scheme 1.48). The quantum yield values
of the hybrid thin films were estimated to be as high as 0.76.2°

No Yy Sy =

Eu(tta);(phen-R-TPA)

Scheme 1.48

Wang et al. designed four new p-diketonate ligands to synthesize an array of
bipyrimidine (bpm)-bridged homobimetallic ternary Eu''-complexes (Scheme 1.49). All the
complexes were also doped into PMMA. One of the said complexes is found to exhibit

remarkably high values of lifetime (0.946 ms) and quantum yield (0.72).%°
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Scheme 1.49

Brito et al. prepared a thin film of PMMA upon co-doping [Eu(tta)s(H20).] and
[Tb(acac)z(H20)3]. The photo-stability co-dopped species was found to be enhanced relative
to those of the individual species (Scheme 1.50). PMMA acted as a co-sensitizer here,
resulting in improved photophysical properties. Moreover, the emitting colors of the film

could be fine-tuned by adjusting both composition and excitation wavelength between the

CH;
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Eu(tta);(H,0), Tb(acac);(H,0),

two primary colors, viz. red and green. 6!

Scheme 1.50
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Some other groups have also reported various type of such thin hybrid films
embedded with Ln"'-based discrete molecules and thoroughly investigated their
photophysical and in particular their emission spectral characteristics and summarized their

results in several review articles.162163

1.8. Stimuli-Responsive Photophysical Behaviors of Ln''' Complexes in

Solution and Polymer Matrix

After exploration of the characteristics of diverse antenna ligands as well as ancillary
ligands for effective sensitization of the lanthanide ions, the researchers from this community
are now interested on further modulation of their photophysical, in particular their
luminescence spectral characteristics, in presence of diverse external stimuli. The primary
motive is to utilize the unique and well-defined luminescence properties in sensing
applications. The lanthanide complexes are now being widely utilized for sensing of
pressure, temperature, different analytes, pH, to name a few. Besides, the luminescence
behaviors are also found to be well-dependent on stimuli like current, solvent, and excitation
wavelength. Consequently, the Ln'"-based complexes are capable to generate several emitting
colors, including white light, holding prospects for applications as various light-harvesting
materials. The stimuli-responsive behaviors of discrete Ln'"' complexes have mostly been
explored in their solution states, although a few reports are now available in the literature
wherein the thin hybrid films containing such Ln'"' complexes have been investigated (Figure
1.5).

Temperature
Current
Various S . P Stimuli Excitation
analytes ensing s Wavelength
Solvent
pH

Figure 1.5. Various Stimuli for the Luminescence Properties of Ln'"'-based Discrete
Molecules.
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Among the different stimuli, temperature has been mostly employed for the Ln'
complexes. Eventually, the temperature-dependent luminescence spectral behaviors of these
Ln"" complexes were further utilized in luminescence thermometry. This opened up a broader
window in the thermosensing domain as sensing the temperature with utmost accuracy has
always been a matter of urgency, as far as the significance of temperature in biological and
industrial sectors is concerned. Immediately after the thermosensing ability of Ln'"
complexes had been established, it started outplaying the traditional thermosensors owing to
their several advantageous attributes like thermostability, photostability, non-invasive (non-
contact) nature, high resolution in the nanoscale domain, and functionality even in strong
electromagnetic fields. However, the literature suggests that, primarily, the Ln"'-based
coordination polymers and metal-organic frameworks were mostly utilized for this purpose.
By contrast, Ln""'-based discrete molecules have been far less explored, while terpyridyl-
derived ligand-based reports are even more sparse. Over the preceding couple of decades,
various thermometric parameters have been employed to execute and assess the efficacy of
luminescence thermometry using the Ln'"' complexes. Luminescent intensity ratio (LIR) and
excited state lifetime are the two frontrunners in this regard, followed by area ratio, quantum
yield, bandwidth, emission intensity, etc. From these thermometric parameters, the
thermosensing efficacy of a molecule has been determined by estimating two quantitative
parameters, viz., temperature sensitivity and temperature resolution. The last two parameters
are often applied to visualize the efficacy of a thermosensor. A comparison of the
thermosensing efficacy of several Ln'""'-based discrete thermosensors is depicted in tabular
form (Table 0).

Apart from temperature, solvents also play a crucial role in the luminescence spectral
outcomes of Ln'""" complexes. Hasegawa et al. noticed that the emission spectral properties of
Sm(hfa)s(phen)2 complex differs when the measurements are carried out in three different
solvents, such as acetone, acetonitrile, and pyridine (Scheme 1.51). To be more specific, the

electric dipole transition intensity as well as the radiative rate constant of the said complex

Sm(hfa);(Phen),

Scheme 1.51
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were found to be much higher in pyridine relative to other two solvents. The X-ray crystal
structures of the complex in all three solvents indicated that the formation of an asymmetrical
nine-coordinate structure, Sm(hfa)s(phen)(py) in pyridine might be the plausible reason for
enhanced luminescence properties as compared to the symmetrical 10-coordinate structures
in both acetone and acetonitrile.'?

In subsequent work of the same group, the luminescence properties of a number of
Eu(l1)-tris-hfa complexes comprising phosphine oxide-based ligands were also found to be

well dependent on the nature of the solvents (Scheme 1.52).122164
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Scheme 1.52

Iftikhar et al. investigated the solvent-dependence luminescence spectral behaviors of
Eu(acac)s(pyz). and Sm(acac)s(pyz)2 (pyz=pyrazine) complexes in both non-coordinating
(chloroform) as well as coordinating solvents (ethanol and methanol) (Scheme 1.53). They
found that the electric dipole transition intensities and quantum yields are higher in
chloroform than in ethanol and methanol for both complexes. The poor luminescence
responses in ethanol and methanol were attributed to non-radiative deactivation via high-
energy O-H oscillators, along with quenching of the ligand triplet state via dipole-dipole

coupling among the ligands and the solvent molecules.®®

Sm(hfa);(pyz),

Scheme 1.53

Vaidyanathan et al. investigated the solvent-dependent luminescence spectral

responses of some Eu(lll)-tris-tta complexes containing N-based bidentate ligands, where in
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each case both the ligand- as well as Eu-centered emission signals were observed (Scheme
1.54).128.166 They also found that the quantum yield and lifetime of the Eu-centered emission
are higher in less polar or non-polar solvents relative to that of the polar solvents. The ligand-
centered emission peaks underwent a red-shift upon increasing the polarity of the solvents.
They surmised that the dipole of the ligand's excited state is higher in polar solvents, which in
turn, leads to such shifting of the emission peaks.

Eu(tta);R

Eu(tta)s;(phen-FI-TPA)

Scheme 1.54

Ward and co-workers observed three types of luminescence (red, green, and blue)
from an Eu'' complex with a naphthalimide-derived macrocyclic ligand (Scheme 1.55). They
utilized its solvent-dependent luminescence behaviors and accomplished white light emission
by maintaining the appropriate ratio of acetonitrile and water.*®
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Scheme 1.55

Kitchen and co-workers synthesized a dual-emissive Eu"' complex with another type
of naphthalimide-based ligand (Scheme 1.56). The naphthalimide-based fluorophore exhibits
blue emission, while the respective Eu(l1l) complex displays red emission. They also tuned
the extent of these two emission intensities by changing the excitation wavelengths, which

resulted in an alteration of overall emission colors from red to blue, including white light.*2
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The stimuli-responsive behaviors of the complexes are also studied in their solid state,
especially upon being doped in a polymer matrix. Wong et al. designed and synthesized a
ternary Eu(I11)-tris-tta complex upon coordinating with a pyridazine-triazine-based tridentate
ancillary ligand (Scheme 1.57). They accomplished white electroluminescence from the said
complex in its solid state upon judicious mixing of ligand-centered bluish-green emission and

Eu-centered red emission.**

Eu(tta);(dpbt)

Scheme 1.57

Raithby and co-workers synthesized Eu"- and Tb'"'-based tris-hfa complexes
comprising a benzimidazole-based ligand and doped them onto a poly(urethane) (PU) matrix
(Scheme 1.58). While the Eu-complex showed brilliant red photoluminescence both in
solution and thin films of PU, the Th complex displayed near white light emission in solution
as well as in thin films owing to the presence of its ligand-centered emission. Moreover, the

Eu complex exhibits excellent tuneable electroluminescence (from blue to magenta), and at
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Scheme 1.58
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the same time, the said complex acted as a sensitizer to improve the electroluminescence
performance of a red-emitting iridium complex.'6’

Singh and co-workers doped Eu(dbm)sz(phen) complex into the PMMA matrix and
investigated the temperature-dependent luminescence spectral properties of the hybrid film
(Scheme 1.59). The relative temperature sensitivity of the said film was estimated to be 1.75
% K within the temperature domain of 50-318 K.*3
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Scheme 1.59

In another work, they investigated the effect of temperature on the photoluminescence
behaviors of Eu(tta)s(phen) complex where the average relative temperature sensitivity was
estimated to be 3.67 %K™ in the temperature domain of 50-305 K (Scheme 1.60). They also
doped the same complex into PVA and found that the relative temperature sensitivity of the

film reaches up to 6.5 %K within the temperature domain of 305-340 K168

[Eu(tta)s;(phen)

Scheme 1.60

Lapaev and co-workers prepared a 20 mm-thick vitrified film of a ternary Eu(lll)

complex, sandwiching it between two quartz plates by melting (Scheme 1.61). The said film

Eu(DK12.14)(phen)

Scheme 1.61
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was found to exhibit temperature-dependent luminescence as well as lifetime upon
monitoring at 611 nm within the temperature range of 270-370 K. The highest value of
relative temperature sensitivity was observed to be 0.27 % K at 370 K.16°

1.9. Objective and Scope of the Work
A thorough survey of literature reveals that ligands possessing oxygen donor(s) were
primarily utilized for sensitization of the Ln(II1) ions. A wide variety of such ligands together
with their binary Ln(l1l) complexes were designed by various researchers across the globe.
These complexes were usually soluble in water, and this specificity led them to be utilized in
various bio-applications. As soon as the development of this topic gets started with nitrogen
donor(s) ligands, an unwanted drawback of insolubility of the complexes in most of the
organic solvents arises. Contemporarily, an earlier reported class of Ln'"' sensitizers has
started to gain attention again, which could circumvent this problem. This class is referred to
as the B-diketonates. Consequently, these B-diketonates were employed to synthesize diverse
lanthanide(l11) tris-B-diketonate complexes. Substantial efforts were devoted for the design of
suitable Ln(I11) complexes with enhanced photophysical properties, in particular their
luminescence characteristics. Eventually, it was found that replacing the high-energy
oscillating C-H bonds with more rigid C-F bonds could lead to an improvement in the
sensitization efficacy in the resulting lanthanide complexes. However, the higher coordination
tendency of the Ln"' ions often invites the surrounding water or solvent molecules to
coordinate, which in turn induces the non-radiative deactivation of the excited state upon
light irradiation. As a result, the highest luminescence is still to be achieved. To overcome the
lacuna, the concept of an ancillary ligand was introduced. This sort of ligand not only
replaces the quencher molecules but also can act as another sensitizer to the Ln(l11), provided
they meet the criteria of relevant excited state energy levels. Upon literature survey, it appears
that most of the ligands employed for this purpose are either monodentate or bidentate in
nature. Surprisingly, the tridentate terpyridine-type are found to be far less explored in spite
of their several favourable structural attributes. This set our first major objective of utilizing
terpyridine coordinating motif for the design of luminescent Ln(lll) complexes in
combination with diverse B-diketonate ligands.

To meet our objective, we designed four new series of ternary monometallic as well
as homobimetallic Ln"' complexes (Ln=La, Eu, Sm, and Tb) comprising two terpyridyl-based

ancillary ligands and two different fluorinated p-diketonate ligands as antennas (Figure 1.6).
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Figure 1.6. Chemical structures of the ligands and their ternary Ln'" (B-diketonate)
complexes.

The first ligand, 2-(4-[2,2":6,2"|Terpyridin-4-yl-phenyl)-1H-phenanthro[9,10-d]
imidazole, abbreviated as tpy-HImzphen, was synthesized via refluxing a mixture of 4'-
(pformylphenyl)-2,2":6',2"-terpyridine (tpy-PhCHO) and 9,10-phenanthrenedione in a 1:1
molar ratio in the presence of excess ammonium acetate in acetic acid medium. The second
ligand, 2-(4-(2,6-di(pyridin-2-yl)pyridine-4-yl)phenyl)-1H-imidazole[4,5-f][1,10]
phenanthroline (phen-Hbzim-tpy) is actually a heteroditopic ligand comprising of both
terpyridine and phenanthroline coordinating motif, which was prepared following the same
process, except employing 1,10-phenanthroline-5,6-dione in place of 9,10-
phenanthrenedione. After synthesis, thorough characterization of the complexes will be
carried out via Fourier Transform infrared (FT-IR) spectroscopy, *H muclear magnetic
resonance (NMR) spectroscopy, matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry, high resolution mass spectrometry (HRMS),
thermogravimetric analysis (TGA), powdered X-ray diffraction (PXRD), and in some cases
single crystal X-ray diffraction analysis. Following synthesis and characterizations, detailed
investigations on photophysical behaviors of the all the complexes will be executed via
absorption, and both steady-state and time-resolved emission spectroscopic measurements.

As mentioned earlier, an ancillary ligand can also take part in the Ln"! sensitization
depending on its triplet energy level. In fact, in such ternary assemblies, the extent as well as
direction of energy transfer is very much dependent on the energy level of the ancillary
ligand, despite anchoring a suitable antenna ligand. For example, the Th(Ill) complexes often

encounter back energy transfer to the ancillary ligand owing to its high-lying emissive (°Da)
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level; the Sm'!" complexes often experience poor Ln'"'-centered luminescence as it is very
prone to multi-phonon relaxation due to the low energy gap between its own emissive and
ground state (~7500 cm™?); in the Eu(lll)-complexes, on the other hand, involvement of
ligand-to-metal-charge-transfer (LMCT) state results in substantial energy dissipation from
the lowest emissive level of Eu"' (°Dy). To this end, our main objective will be to employ the
proposed terpyridyl-imidazole based ancillary ligands for effective sensitization of the
coordinated Ln(lll) ions.

We have already pointed out that sensing of temperature with utmost accuracy has
always been a matter of importance, as far as the significance of temperature in biological
and industrial sectors is concerned. Among the different stimuli, temperature has been
frequently employed for the Ln'"' complexes for modulation of their emission spectral
responses. Eventually, the temperature-dependent luminescence spectral behaviors of these
Ln"" complexes were further utilized in luminescence thermometry. We will be interested to
thoroughly investigate the thermosensing behaviors of the designed Ln'"' complexes via
luminescence thermometry. The literature data indicate that the Eu'' complexes has been
mostly employed for this purpose and thereafter the Th''. Sm'"' has been used in very few
cases, while La'" is hardly found to be utilized. Moreover, in most of the reported cases, only
the Ln''-centered luminescence responses have been taken into consideration for this
purpose. But monitoring the alteration of both ligand- as well as Ln'"'-centered luminescence
responses could shed light onto the mechanistic aspect of the temperature-dependent
luminescence phenomena (Figure 1.7). In other words, one can understand the process that
involves thermo-assisted back energy transfer from Ln'" to ligand (which is quite common

for the Th'"'-complexes) or low-lying ligand-to-metal charge transfer (LMCT)-mediated back

S1— Sq— Ise
S, 7]
4| Lmet % Rise Ty
N T4
5 1D, NS, Ln*
Non-radiative Non-radiative
deactivation deactivation
) —— 7 >y —
S F; (J=0-3) sy Fy (J=6-3) soL Y n
Sensitizer Eu'l Sensitizer Tb" Sensitizer Ln"

Figure 1.7. Schematic representation of various temperature-induced energy transfer
pathways within the Ln"' complexes.
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energy transfer from Ln'" to ligand (which applies to the Eu'"'-complexes) or the occurrence
of thermally activated back energy transfer (TADF). It is of interest to note that appropriate
tuning of both the ligand as well as the Ln""-centered emission could lead to the occurrence
of remarkable thermochromism. The thermosensing ability of the present complexes is also
investigated in a thin hybrid film for probable practical utility. Apart from temperature, other
stimuli, like solvent or excitation wavelength, were also employed to modulate the
luminescence spectral responses of the present Ln"' complexes, which in turn result in the
generation of various emitting colors apart from the characteristic colors of the respective
Ln"" ions (Figure 1.8).

Ternary

L™
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alteration lifetime
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emitting colors

Figure 1.8. Schematic representation of stimuli-responsive luminescence behaviors of
ternary Ln""-based complexes.

Chapter 2-6 demonstrates the execution of the above-mentioned objectives via related
investigations. Chapter 2 deals with the synthesis of four ternary lanthanide tris-(B-
diketonate) complexes of the form, [Ln(tta)s(tpy-HImzphen)], where Ln=La, Eu, Sm, Th. All
the four complexes are fully characterized by standard analytical tools and spectroscopic
techniques, including single-crystal X-ray diffraction analysis. The photophysical behaviors
of the complexes were thoroughly investigated via absorption and both steady-state and time-
resolved emission spectroscopic techniques. The incorporation of the terpyridyl-imidazole
based ancillary ligand into the Ln(tta)s moieties leads to the generation of four distinctive

luminescence responses, when inspected at both room temperature and 77 K. In the end,
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attempts are made to decipher the role of the said ligand on the photophysical, in particular
luminescence spectral behaviors of the complexes.

The thermosensing and thermochromic behaviors of the [Eu(tta)s(tpy-HImzphen)]
complex have been thoroughly investigated in Chapter 3. The complex acts as an excellent
thermosensor in terms of both luminescence intensity ratio (Sm=5.78 %K?, Tm=343 K,
8T=0.012 K) and lifetime values (Sm=3.36 %K™, Tm=333 K, §T=0.009 K) within the
temperature range of 273-343 K. The dual emissive nature of the complex leads to
remarkable thermochromism (red at 268 K, violet at 303 K, and blue at 343 K) within the
said temperature domain. Moreover, various emitting colors, apart from its characteristic red
emission, are observed upon varying the nature of the solvents. Finally, amalgamating these
thermochromic and solvatochromic features of the complex, single-component white light
emission is achieved at 283 K. At the end, a plausible energy transfer mechanism has also
been proposed elucidating the role of low-lying ligand-to-metal charge transfer (LMCT) state
for observed quenching of the Eu'"'-centered emission.

Chapter 3 deals with the design, syntheses, and characterization of a new array of
ternary Ln'"' complexes of the type [Ln(hfa)s(tpy-HImzphen)], where Ln=La"!, Eu", Sm'",
Th. The absorption spectroscopic investigation reveals that incorporation of tpy-HImzphen
ligand onto the Ln-hfa moiety results in a bathochromic shift of the absorption spectral
window of the complexes into the visible region (onset at ~450 nm). The steady-state and
time-resolved emission spectral behaviors at both RT and at 77K indicate four distinctive
behaviors upon incorporation of tpy-HIlmzphen onto the Ln(hfa)s motifs, viz. huge red-shift
of the ligand-centered peak for La''; almost complete energy transfer for Eu''; very little
energy transfer for Sm'!, and reverse energy transfer in case of Th'!'. Additionally, the Eu""'-
complex exhibits excellent thermosensing behavior in solution as well as when doped in
poly(methyl methacrylate) (PMMA) matrix. The thermosensitive luminescence response was
further utilized to mimic the operation of Set-Reset Flip-flop Boolean logic.

Syntheses and characterization of a new array of four homobimetallic Ln"'-complexes
(where Ln=La, Eu, Sm, Tb) derived from a heteroditopic terpyridine-phenanthroline (phen-
Hbzim-tpy) bridge together with tta as the antenna ligand are reported in Chapter 5. Detailed
investigations on room temperature photophysical properties as well as temperature-
dependent luminescence spectral behaviors of complexes, together with the free phen-Hbzim-
tpy ligand, have been thoroughly investigated. Interestingly, the phen-Hbzim-tpy bridging
ligand is found to display thermally activated delayed fluorescence (TADF). All the four
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complexes act as efficient thermosensors as evidenced by their favourable luminescence
thermometric attributes. The La(lll) complex cannot sustain the TADF phenomenon, while
the rest of the complexes displayed remarkable thermochromism via coupling of TADF and
respective dual-emission characteristics. Finally, attempts have been made to understand the
synergy among the lowest triplet states of both the ligands and the lowest emissive states of
the respective Ln"" ions, which is believed to be responsible for the observed photophysical
and temperature-dependent luminescence spectral behaviors of the complexes.

Chapter 6 deals with the synthesis of an analogous series of ternary homobimetallic
Ln"" complexes upon replacing tta with hfa. Following synthesis, thorough characterization
of the complexes have been done via standard analytical tools and spectroscopic techniques.
Detailed investigations on the phtophysical properties are also conducted. Substantial
improvement in the absorption and emission spectral characterises (viz. quantum yield and
lifetime), and sensitization efficiency are noticed upon replacement of the antenna ligand
from tta to hfa. In contrary to the previous bimetallic series, all the four complexes herein are
found to display the TADF behavior. Furthermore, the complexes display excellent
thermosensing and thermochromic properties. Apart from TADF-assisted thermochromism,
the luminescence spectral characteristics of the complexes are found to be well-dependent on
the polarity of the solvent as well as on the excitation wavelength. Finally, tuning of emitting
colors across the entire VIBGYOR region, as well as room temperature single-component
white light emission, is achieved upon the appropriate interplay of said three stimuli on the

complexes.
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2.1. Introduction
Appropriate design of trivalent lanthanide complexes is of pivotal importance for the
development of potential light harvesting materials by taking advantage of their fascinating
photo-luminescence properties.!* The lanthanide complexes exhibit typical narrow
monochromatic emission (high colour purity) together with large pseudo-Stokes shift and
long excited-state lifetimes which make them fundamentally distinctive from other regular
fluorescent probes. This is because of the presence of deep-seated 4f electrons, which remain
unperturbed in presence of external ligand field. These properties make the lanthanide
complexes as potential building blocks in diverse field of applications such as in laser
sources, luminescent sensors, bio-imaging, drug delivery and medical diagnosis, to name a
few.>> But because of the symmetry forbidden characteristics of intra-configurational f-f
transitions, the lanthanide complexes usually exhibit very weak luminescence which is the
major deterrent for their potential light harvesting applications.'®!’ Several strategies have
been adopted to overcome the discrepancies as well as to improve the luminescence
characteristics of the lanthanides.2

Among the different strategies, anchoring of judicially chosen light harvesting organic
chromophore with high molar absorption coefficients (s>10000 M cm™) could circumvent
this problem.®® The light absorbed by the organic chromophore could in turn excite the
lanthanide core. This ‘antenna effect’ offers an indirect sensitization of the Ln'" ion and often
provides substantial enhancement of luminescence intensity, quantum yield and lifetime.*81%-
21 Thus, tailored design of appropriate ligands could give rise to lanthanide complexes with
enhanced luminescence characteristics.?2? It is worth-mentioning that the ligand(s) being
employed should possess appropriate singlet and triplet energy levels that should match with
the lowest excited state of corresponding trivalent lanthanide ion in accordance to Reinhoult’s
and Latva’s empirical rules.'??* The photoluminescence generated from the trivalent
lanthanide ions is proportional to the efficacy of energy transfer from the antenna/sensitizer
ligand. In this regard, B-diketonate ligands have been widely employed as these ligands not
only provide charge balance to the metal ions but also sensitize the lanthanide center creating
innocent coordination environment.?> Additionally, one can modulate the energy levels of the
B-diketonates upon substitution of appropriate moiety or by incorporating another
chromophoric segment to cater the need.?>% In spite of presenting themselves as one of the

best candidates for effective sensitization of the lanthanide ions, it has been noted that the 3-
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diketonate ligands lack selectivity towards lanthanide ions in terms of sensitization, thereby
only yield a monochromatic luminescence as anticipated for the respective lanthanides.*

The primary objective of the present work is to utilize polypyridine-based ancillary
ligand in combination with B-diketonates to modulate the photophysics in general and
luminescence characteristics in particular of the resulting lanthanide complexes. Presently,
we have squeezed our interest on three lanthanide ions (viz., Eu", Sm"', Th"") along with
La'! itself in terms of having facility to measure the photophysical properties in the visible
domain. Upon going through the literature, it appears that among the polypyridines, bidentate
bipyridine-type chelating units are mostly employed for the designing of mixed-ligand
lanthanide complexes.?8%¢ By contrast, the systems comprising of tridentate terpyridine-type
chelating motif together with p-diketonate are relatively sparse.'®3"#! Our research group has
been working since last one decade on the design and synthesis of a wide variety of
terpyridine-type ligands covalently coupled with both electron-pushing and electron
withdrawing groups as well as by incorporating different types of aromatic and
heteroaromatic moieties.*>*44¢ We also thoroughly investigated ground- and excited state
photophysical and electrochemical behaviours of 4d and 5d metals {mainly Ru(ll) and
Os(11}.43454749 After careful scrutiny of the structure as well as the absorption and emission
spectral behaviors, we anticipated that one of our previously reported terpyridyl-imidazole-
based receptors, viz. 2-(4-[2,2:6,2"|Terpyridin-4-yl-phenyl)-1H-phenanthro[9,10-d]
imidazole (tpy-HImzphen) might be a good choice to serve our need. The said terpyridine
ligand coupled with phenyl-phenanthro-imidazole spacer appropriately adjusts its excited
state energy position so that effective sensitization of the lanthanide core could be feasible.
Additionally, we have chosen 2-thenoyltrifluoroacetone (Htta) as a favourable B-diketonate,
because of the presence of low-energy C-F bonds, which induce rigidity and thereby limit the
non-radiative deactivation of Ln'"' excited state energy as compared to high-energy
oscillators, viz. C-H, N-H, O-H bonds.!80

Herein, we report synthesis of four lanthanide complexes of the form, Ln(tta)s(tpy-
Himzphen) (Ln= La'", Eu", Sm", and Th"") and their thorough characterization via standard
analytical tools including single crystal X-ray diffraction. The photophysical properties of all
the complexes were thoroughly investigated via absorption and both steady state and time-
resolved emission spectroscopic techniques at room temperature and 77K to understand the
deactivation dynamics of the excited states as well as to elucidate the distinctive
luminescence responses of the lanthanide complexes.
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2.2. Experimental Section

2.2.1. Materials. 2-Theonyltrifluoroacetone (Htta) and all the lanthanide salt
containing either chloride or nitrate counter anions were purchased from Merck. The ligand
precursor,  4-(p-formyl  phenyl)-2,2".6’,2"-terpyridine  (tpy-PhCHO) and  9,10-
phenanthrenedione were synthesized by following the reported literature method.®* All the
photophysical measurements were carried out in dry and decontaminated solvents. We
purified and distilled the solvents following standard literature procedures.>?

2.2.2. Synthesis of the Ligand (tpy-HImdzphen). The ligand was synthesized by
following our reported literature procedure (Scheme 2.1).** A mixture of 4'-(p-
formylphenyl)-2,2":6',2"-terpyridine  (tpy-PhCHO) (337 mg, 1.0 mmol), 9,10-
phenanthrenedione (230 mg, 1.1 mmol), and ammonium acetate (1.6 g, 20 mmol) is refluxed
in acetic acid and produces a pale-yellow solution, which upon pouring into an ice-water
mixture, produces a pale-yellow solid. The solid is collected by filtration, washed several
times with water, and upon recrystallization from a chloroform-methanol (1:1) mixture,
produces a light yellow crystalline solid (370 mg, 0.70 mmol, yield 70%). *H NMR (DMSO-
de, 500 MHz, &/ppm) = 13.60 (s, 1H, NH(imidazole), 8.86 (d, 2H, J = 8.5 Hz, Hy), 8.82 (s,
2H, Ho), 8.79 (d, 2H, J = 4.0 Hz, He), 8.69 (d, 2H, J = 8.0, Hz3), 8.60 (d, 2H, J = 8.0 Hz, H1),
8.53 (d, 2H, J = 8.0 Hz, Hg), 8.20 (d, 2H, J = 8.5 Hz, H7), 8.05 (t, 2H, J = 7.5 Hz, Hy), 7.75 (t,
2H,J=7.5Hz, Hu), 7.65 (t, 2H, J = 7.7 Hz, Hi0), 7.54 (t, 2H, J = 6.0 Hz, Hs). ESI-MS: m/z
525.51 ([tpy-HImdzphen+H]"). Elemental analysis: Anal. Calcd for CssH23Ns: C, 82.26; H,
4.41; N, 13.32. Found: C, 82.18; H, 4.44; N, 13.29.

Scheme 2.1. Synthesis of the Ligand (tpy-HImdzphen)

2.2.3. Synthesis of Ln(tta)s(H20).. All the four lanthanide precursors of the type,
Ln(tta)s(H20),, Ln'"'= La", Eu"', Sm"", and Th'" are synthesized by following the reported
literature procedure (Scheme 2.2).%2 2-theonyltrifluoroacetone (333 mg, 1.5mM) is dissolved
in ethanol-water mixture (1:1, v/v) and kept for a few minutes after adding 1.5 mM aqueous
solution of NaOH. LnClsz-xH>O (x=6 or 7) is then added to the mixture and stirred for 2h at
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60°C. A white crystalline product was found, which was then filtered and dried in a vacuum

desiccator for 2d.

NS LnClz or
{ON Ln(NOg)3 .XxH,O

S CF3

Scheme 2.2. Synthesis of the Ln""" Precursors, Ln(tta)s(H.0), [Ln=La, Eu, Sm, Th]

La(tta)s(H20). LaCls-7H,0 (186 mg, 0.5 mmol). Yield 235 mg (28 %). FT-IR: v (in
cm™) =1610, 3360. Anal. Calcd for C24H16FeS30sla: C, 34.38; H, 1.92. Found: C, 34.26; H,
1.86. 'H NMR (DMSO-ds, 400 MHz, 8/ppm): 8.02 (d, 3H, Hz; J = 8.00 Hz), 7.97 (d, 3H, Ha;
J =8.00 Hz), 7.25 (t, 3H, Hs; J = 4.36 Hz), 6.40 (s, 3H, H1 methine).

Eu(tta)s(H20)2 EuCls-6H20 (183 mg, 0.5 mmol). Yield 252 mg (30 %). FT-IR: v (in
cm™) =1603, 3351. Anal. Calcd for C24H16F9Ss0sEU: C, 33.85; H, 1.89. Found: C, 33.78; H,
1.84. 'H NMR (DMSO-ds, 400 MHz, 8/ppm): 8.00 (d, 3H, Hz; J = 4.80 Hz), 7.95 (d, 3H, Ha;
J=3.92 Hz), 7.24 (t, 3H, Hs; J =4.84 Hz), 1.10 (s, 3H, H1 methine).

Sm(tta)s(H20)2 SmCl3-6H20 (182 mg, 0.5 mmol). Yield 216 mg (25 %). FT-IR: v (in
cm™) =1602, 3353. Anal. Calcd for C24H16F9S30sSm: C, 33.92; H, 1.90; Found: C, 33.86; H,
1.83.'H NMR (DMSO-ds, 400 MHz, §/ppm): 8.13 (s, 3H, H1 methine), 7.55 (s, 3H, Hy), 7.32
(s, 3H, H3), 7.21 (t, 3H, Hs; J = 4.56 Hz).

Th(tta)s(H20). ThCls-6H20 (187 mg, 0.5 mmol). Yield 227 mg (26 %). FT-IR: v (in
cm™) =1601, 3400. Anal. Calcd for C24H16F9S30sTh: C, 33.58; H, 1.88. Found: C, 33.55; H,
1.81. *H NMR (DMSO-ds, 400 MHz, 8/ppm): 95.97 (s, 3H, Hi methine), 29.14 (s, 3H, Hy),
12.22 (s, 3H, Hs), 6.65 (s, 3H, Ha).

2.2.4. Synthesis of the Lanthanide Complexes, Ln(tta)s(tpy-HImzphen). A general
synthetic protocol has been adopted for the synthesis of all the four lanthanide complexes,
Ln(tta)s(tpy-HImzphen), Ln''=La"" (1), Eu' (2), Sm"' (3), and Th"' (4) (Scheme 2.3). To a
stirred suspension of tpy-HImzphen (20 mg, 0.038 mmol) in a chloroform-methanol (1:1 v/v)

mixture, equimolar amount of respective Ln(tta)s(H20). precursor complex is added and
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stirred magnetically for 6h at 60°C. The resulting mixture is vacuum dried and then dissolved
in a small amount (~5 mL) of dichloromethane and layered with hexane. After keeping for a
few hours, the microcrystalline solid that deposited was filtered and then dried in vacuum

desiccators.

L7
[W\
3 CF3

Ln =La (1); Eu(2); Sm(3); Th(4)

Scheme 2.3. The tpy-HImzphen Ligand, Lanthanide Precursors and Four Lanthanide
Complexes Ln(tta)s(tpy-HImzphen) (1-4) under Present Study

La(tta)s(tpy-HImzphen) (1) La(tta)s(H20)2 (32 mg, 0.038 mmol); Yield: 36 mg
(72%). Anal. Calcd. for CeoHssFeS306NsLa: C, 54.26; H, 2.66; N, 5.27. Found: C, 54.17; H,
2.56; N, 5.21. FT-IR: v (in cm™) = 1535, 1605, 3250. MALDI-TOF (DCTB, positive mode):
m/z = 1106.17 (100 %) [M-tta]*. 'H NMR (DMSO-ds, 400 MHz, &/ppm): 13.66 (s, 1H,
NH(imidazole), 8.88 (d, 2H, J = 5.48 Hz, Hiy), 8.85 (s, 2H, Ho), 8.81 (d, 2H, J = 5.3 Hz, Hs),
8.72 (d, 2H, J = 8.3 Hz, Hs), 8.63 (t, 2H, J = 8.0 Hz, His), 8.56 (d, 2H, J = 8.3 Hz, H11), 8.22
(d, 2H, J = 7.4 Hz, Hag), 8.06 (d, 2H, J = 5.9 Hz, He), 7.80 (m, 6H; Hz, Ha), 7.74 (d, 2H, J =
8.0 Hz, Hua), 7.67 (d, 2H, J = 8.0 Hz, Hi3), 7.56 (t, 2H, J = 6.0 Hz, H7), 7.12 (t, 3H, J = 4.0
Hz, Hs), 6.18 (s, 3H, Hi methine).

Eu(tta)s(tpy-HImzphen) (2) Eu(tta)s(H20)2 (33 mg, 0.038 mmol); Yield: 37 mg
(75%). Anal. Calcd for CeoHasF9eS30eNsEU: C, 53.74; H, 2.63; N, 5.22. Found: C, 53.67; H,
2.58; N, 5.18. FT-IR: v (in cm™) = 1534, 1607, 3105. MALDI-TOF (DCTB, positive mode):
m/z = 1120.143 (100%) [M-tta]* *H NMR (DMSO-ds, 400 MHz, &/ppm): 13.66 (s, 1H,
NH(imidazole), 8.85 (s, 2H, Hi2), 8.81 (d, 2H, J = 8.0 Hz, Hg), 8.78 (t, 2H, J = 4.0 Hz, Hs),
8.70 (t, 2H, J = 8.0, Hs), 8.63 (t, 2H, J = 8.0 Hz, H15), 8.55 (d, 2H, J = 8.0 Hz, H11), 8.22 (d,
2H, J = 8.0 Hz, Huo), 8.06 (d, 2H, J = 8.0 Hz, Hg), 7.66 (d, 2H, J = 4.0 Hz, H1a), 7.56 (M, 2H,
His), 7.44 (s, 2H, H7), 7.36 (s, 3H, Ha), 6.48 (s, 3H, Hs), 6.36 (s, 3H, Hy), 4.51 (s, 3H, Hi
methine).

Sm(tta)s(tpy-HImzphen) (3) Sm(tta)s(H20). (32 mg, 0.038 mmol); Yield: 31 mg
(63%). Anal. Calcd for CeoH35F9S30OsNsSm: C, 53.80; H, 2.63; N, 5.23. Found: C, 53.72; H,
2.54: N, 5.18. FT-IR: v (in cm™) = 1536, 1609, 3080. MALDI-TOF (DCTB, positive mode):
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m/z= 1118.18 (100%) [M-tta]* 'H NMR (DMSO-ds, 400 MHz, &/ppm): 13.66 (s, 1H,
NH(imidazole), 8.85 (s, 2H, Hi2), 8.82 (m, 2H, Hg), 8.78 (s, 2H, Hg), 8.70 (s, 2H, Hs), 8.63 (t,
2H, J = 8.0 Hz, His), 8.56 (d, 2H, J = 8.0 Hz, Hu1), 8.22 (d, 2H, J = 8.0 Hz, H1o), 8.13 (s, 3H,
H: methine), 8.06 (d, 2H, J = 8.0 Hz, He), 7.85 (t, 2H, J = 4.0 Hz, Hu4), 7.77 (d, 2H, J = 8.0
Hz, His), 7.67 (d, 2H, J = 4.0 Hz, H7), 7.55 (t, 3H, J = 6.44 Hz, H), 7.32 (s, 3H, H3), 7.21 (s,
3H, Ha).

Th(tta)s(tpy-HImzphen) (4) Tb(tta)s(H20)2 (33 mg, 0.038 mmol); Yield: 33 mg
(67%). Anal. Calcd for CeoHssFeS306NsTh: C, 53.46; H, 2.62; N, 5.20. Found: C, 53.36; H,
2.57; N, 5.13. FT-IR: v (in cm™) = 1538, 1607, 3104. MALDI-TOF (DCTB, positive mode):
m/z= 1126.01 (100%) [M-tta]*. *H NMR (DMSO-ds, 400 MHz, §/ppm): 95.20 (s, 3H, Hi
methine), 29.00 (s, 3H, H), 13.76 (s, 1H, NH(imidazole), 12.16 (s, 3H, Hs), 8.97 (m, 2H,
Hi2), 8.95 (s, 2H, Ho), 8.86 (d, 2H, J = 4.52 Hz, Hg), 8.79 (d, 2H, J = 8.0Hz, Hs), 8.73 (d, 2H,
J = 8.0 Hz, H15), 8.65 (d, 2H, J = 8.0 Hz, Hi1), 8.32 (d, 2H, J = 8.0 Hz, Hyo), 8.08 (t, 2H, J =
8.0 Hz, He), 7.84 (m, 2H, Hi4), 7.72 (m, 2H, H13), 7.58 (m, 2H, Hy), 6.58 (s, 3H, Ha).

2.2.5. Instruments and Physical Methods. Infrared spectra of the complexes were
recorded in the range 4000-400 cm™ with a PerkinElmer FT-IR spectrometer (spectrum two)
with the samples following the attenuated total reflectance (ATR) technique. MALDI was
performed on a Bruker Daltonics Autoflex Speed MALDI-TOF system (GT0263G201) using
trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile  (DCTB) as the
matrix. NMR spectra of the compounds were acquired in DMSO-ds on a Bruker 400 MHz
spectrometer using tetramethylsilane (TMS) as an internal standard, and the data were
analyzed by Mestre Nova software. Thermogravimetric Analysis (TGA) was executed in a
PerkinElmer Thermogravimetric Analyzer (TGA 4000) instrument in a Nz atmosphere
between 30 °C and 800 °C at a heating rate of 10 °C min~!. UV-vis absorption spectra of the
complexes were recorded with a Shimadzu UV 1800 spectrometer. Steady-state
luminescence spectra were recorded from a Horiba Fluoromax-4 spectrofluorimeter.
Luminescence lifetime measurements were carried out by using time—correlated single
photon counting (TCSPC) as well as multi-channel scaling (MCS) set up from Horiba
(Deltaflex), and the luminescence decay data were analyzed by using Eztime software.
Spectrophotometric titrations and solvatochromic studies were carried out with the
compounds having concentration in the order ~10~> M. The relative quantum yield at room

temperature was measured for all the four complexes (1-4) in dichloromethane solvent, using
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quinine sulfate in IN H2SO4 (n=1.338, ® = 0.546) as reference for the system. In this regard,
we have utilized a general equation 2.1%* for the calculation of quantum yield:

Ps Arnils

or  Amil, . (2.0)

where ‘r’ represents the reference and ‘s’ the sample. ‘A’ implies the absorbance at the
excitation wavelength, whereas ‘I’ is the integrated luminescence intensity, and ‘n’ represents
the refractive index of the solution. The refractive index is supposed to be equivalent to that
of the pure solvent (n = 1.424 for dichloromethane). The single-crystal X-ray diffraction data
of complex 5 were collected on a Bruker AXS SMART APEX CCD diffractometer. Data
were integrated using CrysAlis™™ software with a narrow frame algorithm. Data were
subsequently corrected for absorption by the program SCALE3 ABSPACK scaling
algorithm. All the structures were solved by the direct methods in SHELXTL®®® and refined
by the full-matrix least-squares method on F? (SHELXL-2014)%® using the Olex-2
software.>° All the non-hydrogen atoms were refined with anisotropic thermal parameters.
All the hydrogen atoms were included in idealized positions, and a riding model was used.
All the mean plane analyses and crystallographic figures have been generated using the
DIAMOND software (version 3.2k).%%¢ In addition, some disordered solvent molecules were
present in complex 5. We could not solve the disorder of the solvent molecules properly due
to the weak residual Q peaks. So, the Olex-2 mask program was applied to remove the
disordered solvent molecules. The possible masked electron counts for void volumes are
calculated as 58, which is assigned to be two acetonitrile (2x19) and two water molecules
(2x10).

2.3. Results and Discussion

2.3.1. Synthesis and Characterization. All the four Ln'"' complexes were
synthesized in a straightforward manner upon refluxing a 1:1 molar ratio of the terpyridyl-
imidazole ligand with respective lanthanide precursor, Ln(tta)s(H20)2, in chloroform-
methanol (1:1 v/v) mixture. The complexes were finally purified upon diffusing hexane to
their dichloromethane solutions at ambient temperature, and the products were obtained in
reasonably good vyields. All these complexes were thoroughly characterized by elemental

analysis, FT-IR spectroscopy, *H NMR spectroscopy, matrix-assisted laser desorption
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ionization-time of flight (MALDI-TOF) mass spectrometry, and thermogravimetric analysis.
A structure of an in situ-generated complex is also determined via single-crystal X-ray
diffraction analysis.

2.3.2. FT-IR Spectra. IR spectra of the complexes (1-4) together with the lanthanide
precursors and the tpy-HImzphen ligand were acquired, and related spectra as well as
selected stretching frequencies of the complexes are presented in Figure 2.1 and Table 2.1.
The ligand shows a peak at ~1583 cm™ due to C=N stretching of the pyridine moieties and a
characteristic peak at ~3180 cm™ for imidazole N-H stretch. All the lanthanide precursors,
Ln(tta)s(H20). display a characteristic C=0 stretching at ~1602 cm™ and a broad hump
within the spectral domain of 3351-3400 cm™ due to coordinated water molecule. Upon
complexation, the C=0 stretching frequency moves to 1605-1609 cm™, and the broad peak
due to OH stretching within 3351-3400 cm™ of the coordinated water disappears.
Additionally, two new peaks were generated within the spectral range of 1534-1538 cm™ (for
C=N stretch) and 3080-3250 cm due to the imidazole N-H moiety in the complexes.*2

Complex 1 Complex ZT
3250 3105
~ 1605 1607 =— l
X T — 1534
> 1 g | ()
3] 3360 o
& [rawa,2H0 o \‘
k= ‘ o] \
£ £
7 1601 < £ 3351
S (a) a Eu(tta),.2H,0
= S
'_
3180 1583
tpy-Himdzphen 3180
Py P tpy-Himdzphen 1583
T T T T T T
4000 3000 2000 1000 4000 3000 2000 1000
vicm -1 v/cm'l
Complex 3 (d)
3080 3104
1609 =—1536 Complex 4 1607
- r\g 1538
S S
o 8 !
3400
e @ &
] ! E | tbata),2H0
E 3353 g oo 1601~
2 Sm(tta),.2H,0 %
IS i
= =
= 3180
tpy-Himzphen 1583
tpy-Himdzphen 1583
T T T T T T
4000 3000 2000 1000 4000 3000 2000 1000

- -1
vicm™ vicm

Figure 2.1. FT-IR spectra of tpy-Himzphen, all four precursors Ln(tta)s(H20). and all four
complexes, Ln(tta)stpy-Himzphen (1-4).
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Table 2.1. Stretching Frequencies of Selected Groups in Their FT-IR Spectra

Complex  vc=o Vec=N VN-H VoOH
Tpy-HImdzphen - 1583 3180 -
La(tta)s(H20). = 1601 - - 3360

Complex 1 1605 1535 3250 @ -
Eu(tta)s(H20). = 1603 - - 3351

Complex 2 1607 1534 3105 @ -
Sm(tta)s(H20), = 1602 - - 3353

Complex 3 1609 1536 3080 -
Th(tta)s(H2.0), = 1601 - - 3400

Complex 4 1607 1538 3104 =

2.3.3. 'H NMR Spectra. The *H NMR spectra of all the four complexes along with
their tris(p-diketonate) precursors and terpyridyl-imidazole ligand were recorded in DMSO-
ds. *H NMR spectra of all the four complexes together with tentative assignments of all the
proton resonances are presented in Figures 2.2-2.5 and Table 2.2. Upon coordination of the
La(tta)s(H20)2 precursor, the protons associated with tta moiety are found to move towards
up-field region in the resulting complex (Figure 2.2c). Tpy-HImzphen protons, on the other
hand, undergo only minor up-field shift accompanied with change in the multiplicity of the
signals compared with its free form.** The protons in the remaining complexes (2, 3, and 4)
experience unpredictable paramagnetic shifts together with the change in multiplicity. The
tpy-HImzphen protons in these complexes also don't experience remarkable alteration in their
chemical shift values. By contrast, the protons associated with the tta moieties experience a
notable paramagnetic up-field shift as shown in Figures 2.3-2.5. The effect is quite marked
with Tb'" complex (Figure 2.5) relative to Eu"'- and Sm'"" complexes (Figures 2.3 and 2.4,

respectively).
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Figure 2.2. 400 MHz 'H NMR spectra of Htta (a), La(tta)s(H20). (b) and La(tta)s(tpy-
HImzphen) (1) (c) in DMSO-de.
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Figure 2.3. 400 MHz *H NMR spectra of Eu(tta)s(H20). (top) and Eu(tta)s(tpy-HImzphen)
(2) (bottom) in DMSO-ds.
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Figure 2.4. 400 MHz *H NMR spectra of Sm(tta)s(H20). (top) and Sm(tta)s(tpy-HImzphen)
(3) (bottom) in DMSO-ds.
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N-H I3
H1 H2
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Figure 2.5. 400 MHz *H NMR spectra of Th(tta)s(H20) (top) and [Th(tta)s(tpy-HImzphen)]
(4) (bottom) in DMSO-ds.
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Table 2.2. Chemical Shifts of the Protons of All the Four Complexes in DMSO-ds

Chemical shift (ppm) of Lanthanide complexes (1-4) {J = Hz}
Proton 1 2 3 4
Hi 6.18 (s, 3H) 4,51 (s, 3H) 8.13 (s, 3H) 95.20 (s, 3H)
(methine)
H. ~7.80 (m, 3H) 6.36 (s, 3H) 7.55(t,3H,J=6.44 29.00 (s, 3H)
Hz)
Hs 712 (t,3H,J=4.0 6.48 (s, 3H) 7.32 (s, 3H) 12.16 (s, 3H)
Hz)
Ha ~7.80 (m, 3H) 7.36 (s, 3H) 7.21 (s, 3H) 6.58 (s, 3H)
Hs 8.72(d, 2H,J=8.3 8.70 (t,2H, J=8.0) 8.70 (s, 2H) 8.79(d, 2H,J =
Hs 8.06 (d, 2H,J=5.9 8.06 (d, 2H, J=8.0 8.06 (d, 2H, J=8.0 8.08 (t,2H, J =
Hz) Hz) Hz) 8.0 Hz)
H7 7.56 (t, 2H,J=6.0 7.44 (s, 2H) 7.67 (d, 2H,J=4.0 7.58 (m, 2H)
Hz) Hz)
Hs 8.81(d, 2H,J=5.3 8.78 (t,2H, J=4.0 8.78 (s, 2H) 8.86(d, 2H,J =
Hz) Hz) 4.52 Hz)
Hqg 8.85 (s, 2H) 8.81(d, 2H,J=8.0 8.82 (m, 2H) 8.95 (s, 2H)
Hz)
Hio 8.22(d,2H,J=7.4 8.22 (d, 2H,J=8.0 8.22(d, 2H,J=8.0 8.32(d, 2H,J =
Hz) Hz) Hz) 8.0 Hz)
His 8.56 (d, 2H, J=8.3 8.55 (d, 2H, J=8.0 8.56 (d, 2H, J=8.0 8.65 (d, 2H, J =
Hz) Hz) Hz) 8.0 Hz)
Hiz 8.88 (d, 2H, J=5.48 8.85 (s, 2H) 8.85 (s, 2H) 8.97 (m, 2H)
Hz)
His 7.67 (d, 2H,J=8.0 7.56 (m, 2H) 7.77 (d, 2H,J=8.0 7.72 (m, 2H)
Hz) Hz)
His 7.74(d, 2H,J=8.0 7.66 (d, 2H,J=4.0 7.85(t,2H,J=4.0 7.84 (m, 2H)
Hz) Hz) Hz)
His 8.63 (t,2H,J=8.0 8.63 (t,2H,J=8.0 8.63 (t,2H,J=8.0 8.73(d, 2H,J =
Hz) Hz) Hz) 8.0 Hz)
Imidazole- | 13.66 (s, 1H) 13.66 (s, 1H) 13.66 (s, 1H) 13.76 (s, 1H)
NH

2.3.4. Mass Spectra. Matrix-assisted laser desorption ionization time of flight mass
spectra (MALDI-TOF MS) of all the four complexes are recorded in dichloromethane to
further confirm the structure of the complexes in the solution phase. The mass spectra for all
four complexes (1-4) together with the experimental and simulated isotopic distribution
pattern are presented in Figures 2.6-2.9. Good correlation between experimental and
simulated isotopic pattern is observed for all cases. Each of the four complexes displays one
intense peak with its m/z value spanning in the range of 1106.17-1126.01. Additionally, the
separation between successive lines in both the experimental and simulated isotopic pattern is

found to be 1.0 Da and thus corresponds to the mono-positive cations of the type,

[{Ln(tta)s(tpy-HImzphen)}-(tta)]* or [M-tta]*.%
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Figure 2.6. MALDI-TOF-MS of La(tta)stpy-HImzphen (1) in dichloromethane solution
(positive mode). Upper right portion shows the experimentally observed isotopic distribution
pattern and the lower right portion shows the simulated isotopic distribution pattern.
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Figure 2.7. MALDI-TOF-MS of Eu(tta)stpy-HImzphen (2) in dichloromethane solution
(positive mode). Upper right portion shows the experimentally observed isotopic distribution
pattern and the lower right portion shows the simulated isotopic distribution pattern.
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Figure 2.8. MALDI-TOF-MS of Sm(tta)stpy-HImzphen (3) in dichloromethane solution
(positive mode). Upper left portion shows the experimentally observed isotopic distribution
pattern and the lower left portion shows the simulated isotopic distribution pattern.
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Figure 2.9. MALDI-TOF-MS of Tb(tta)stpy-HImzphen (4) in dichloromethane solution
(positive mode). Upper right portion shows the experimentally observed isotopic distribution
pattern and the lower right portion shows the simulated isotopic distribution pattern.
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2.3.5. Thermal Stability of the Complexes. In order to investigate the thermal
stability of the complexes, we also performed their thermogravimetric analysis in nitrogen
atmosphere within the temperature range of 30-800°C and at a heating rate of 10 °C/m. All of
the four complexes exhibit nearly similar pattern in terms of both decomposition and weight
loss (Figure 2.10). The complexes showed a minor weight loss at ~190 °C and two major
weight loss at ~290 °C and ~555 °C but do not show any weight loss at ~100 °C unlike their
respective metal precursors (Figure 2.10a), which recommends that the complexes are
amorphous in nature and lacks any coordinated or lattice-trapped water molecule. The minor
weight loss at ~190 °C may be attributed to the loss of moisture within the sample. At the
onset temperature of ~290 °C, major decomposition starts and continues up to ~400 °C (up to
~50% weight loss), which can be ascribed to loss of ancillary ligand and tta moieties. The
second major weight loss starts at ~555 °C and continues thereafter, probably because of the
formation of the metal oxides. Notably, in cases of the respective Ln(tta)3(H20)2 precursors,
the major decomposition starts at ~250 °C (Figure 2.10a). Hence, it can be concluded that the
complexes are more thermally stable than their corresponding metal precursors and have

adequate thermal stability up to ~300 °C.
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—2
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Figure 2.10. Thermogravimetric analysis of all four metal precursors Ln(tta)s(H20)2 (a) and
their corresponding complexes 1-4 (b).

2.3.6. X-ray Crystallography. We were curious to know the unambiguous structure
of the synthesized complexes through single-crystal X-ray crystallography. Despite numerous
sincere efforts, we were unable to obtain suitable single crystals from the synthesized

complexes. Hence, we performed an in-situ one-pot synthesis of a terbium complex by
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stirring a stoichiometric mixture of TbClz-6H.0O and tpy-HImzphen in a chloroform-methanol
mixture (1:1, v/v) followed by the addition of Htta and triethylamine at RT. The mixture was
evaporated to dryness and dissolved in a small chloroform/acetonitrile mixture (1:1 v/v), and
allowed the solution for slow evaporation for crystallization. Eventually, yellow-colored
single crystals suitable for X-ray crystallography were obtained after ~7 days.

The compound [Th(tta)2(H20)(tpy-HImzphen)](CI) (5) crystallizes in C2/c space
group in monoclinic system. The asymmetric unit possesses the full molecular structure. The

solid-state structure of the complex is presented in Figure 2.11, while the crystallographic

Figure 2.11. (a) The solid-state molecular structure of complex 5 (some H atoms are omitted
for clarity), (b) intermolecular hydrogen bonding interaction between two head-to-tail
fashioned complex cations with partial-atom labelling scheme, (c) square anti-prism
geometry around tb'"" ion, and (d) coordination polyhedra for the lanthanide core.

parameters are presented in Table 2.3. A few specific bond distances and angles of 5 were
provided in Table 2.4. The structural analysis of the complex cation shows that the
terpyridine motif of the terpyridyl-imidazole ligands is coordinated to the Th'"' ion in a
tridentate fashion, two p-diketonate units of [tta]™ are bonded in a bidentate manner as usual,
and one water molecule is also coordinated to Th'"', completing the eight-coordination site
and depicted distorted square antiprism geometry. The Tb-N bond lengths range from
2.495(9) to 2.533(10)A, whereas the Tb-O bond lengths range from 2.279(7) to 2.378A. The

variation of Th-O bond lengths reveals that a better overlap takes place between the tta™ and

71



Chapter 2

Table 2.3. Crystallographic Parameters for 5

Compound 5
CCDC Number 2255186

Empirical formula CsoH34CIFsNsO5S,Th
Formula weight (gmol?) 1181.34

Temperature (K) 108.0

Crystal system Monaoclinic

Space group C2/c

Unit cell lengths (A) a=10.9321(3)

b = 25.1480(7)
¢ = 40.0049(11)

Unit cell angles (°) o= 90
B =93.586(2)
v=90
Volume (A3) 10976.6(5)
Z 8
Density (calculated) 1.430
p(mm™) 8.086
F(000) 47120
Crystal size (mm) 0.16 x 0.12 x 0.09
20 range for data collection (°) | 4.426 to 136.824
Reflections collected 117779
Index ranges -12<h<12,-29<k <30,-48<1<47
Independent reflections 9791 [Rint = 0.1652, Rsigma = 0.0776]
Data/Restraints/Parameter 9791/13/640
Goodness-of-fit on F? 1.165

Final R indices [I1>2sigma(l)] | R1=0.1276, wR2 = 0.2638

Tb" ion compared with the water molecule. The bite angles around Th'"' centre varies
between 64.9 and 152.3°.

It is evident the ligand structure exhibits a strained poly-aromatic system. The
phenanthrene moiety is nearly coplanar with imidazole unit, whereas the three pyridine rings
remain almost in another plane. The dihedral angle between the two planes is 31.36".
Moreover, an intermolecular hydrogen bonding is noticed between the hydrogen atom of
coordinated water molecule and imidazole nitrogen of another moiety [N4-H5B, 2.68 A; N4-
H5B-05, 74.83°] which may be responsible for eight-coordinated bis-tta coordination over

desired nine-coordinated tris-tta coordination.
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Table 2.4. Selected Bond Angles and Bond Distances

Selected Bond distances Selected Bond Angles
A) (0)
Th1-04 2.378(8) 04-Tb1-N2 136.9(3)
Th1-03 2.279(7) | O4-Th1-N1 | 135.6(3)
Th1-O5 2.330(9) 04-Th1-N3 82.7(3)
Th1-02 2.340(8) 03-Th1-0O4 73.2(3)
Th1-01 2.322(9) 03-Th1-05 | 103.6(3)
Th1-N3 2.495(9) 03-Th1-02 82.8(3)
Th1-N2 2.503(8) 03-Th1-01 86.3(3)
Th1-N1 2.533(10) 03-Th1-N2 142.8(3)

03-Th1-N1 78.0(3)
03-Th1-N3 | 152.3(3)
05-Th1-04 73.7(3)
05-Th1-02 | 140.0(3)
05-Tb1-N2 | 74.4(3)
05-Th1-N1 81.3(3)
05-Th1-N3 81.9(3)
02-Th1-04 70.6(3)
02-Th1-N2 | 123.2(3)
02-Th1-N1 | 137.8(3)
02-Th1-N3 76.4(3)
01-Th1-04 | 139.0(3)
0O1-Th1-05 | 146.9(3)
01-Th1-02 | 71.8(3)
O1-Th1-N2 | 78.9(3)
01-Th1-N1 69.8(3)
O1-Th1-N3 | 104.0(3)
N2-Tb1-N1 65.0(3)
N3-Th1-N2 64.9(3)
N3-Tb1-N1 | 129.7(3)
Hydrogen Bond
N4-H5B 2.68 N4-H5B-05 74.83
H5-CI1 2.29 N5-H5-CI1 163.55

2.3.7. Photophysical Properties. The absorption and emission spectra of the
complexes together with the terpyridyl-imidazole ligand are acquired in DCM and related

spectral profiles are presented in Figures 2.12 and 2.13, while the spectral data are

1.0+

= tpy-Himzphen

0.51

Abs.

0.0

300 400 500
Anm

Figure 2.12. Normalized UV-vis absorption spectra of complexes 1-4 along with tpy-
Himzphen in dry DCM.

73



Chapter 2

summarized in Table 2.5. The absorption peak at 370 nm for the ligand is attributed to intra-
ligand charge transfer transition (ILCT), while the peak at 265 nm is due to n-n* transitions
of the aromatic and heteroaromatic moieties in the ligand (Figure 2.12). Upon complexation,
the lowest energy absorption peak of the ligand underwent a hypsochromic shift, the extent of
which depends upon the type of lanthanide ion, while the short wavelength peak remained
practically unaffected.

Table 2.5. Photophysical Properties of tpy-HImzphen and Complexes 1-4 in RT and
77K

Absorption, Amax/nm Amax Quantum
-1 -1 4 - - R
Compounds | (e/M*ecm™)(x10%) Ligand Metal centred Llfz,:l)me (gl,e/lt;) |
centred i
tpy-HImz | 254(6.5), 343(2.52), -
phen 370 (2.6) 446 2.3ns
1 261(7.44), 343(6.45) 505 - 2.8ns 78
— 2 261(9.7), 341(8.15) 446 580, 593, 614,652 | 507 us 10
24
3 261(8.47), 345(6.55) 447 565, 598, 646 73 us 3.2
4 262(7.34), 339(7.05) 446 - 1.9ns 12
1 - 458 - 2.36 ns -
X 2 - 429 579, 593, 614, 652 643 us
N 3 - 433 | 562,597, 644 77 us
4 - 433 490, 545, 585, 620 621 s

The free ligand shows a broad emission peak at 446 nm.** In case of La'"' complex (1),
the said peak shifts to 505 nm but no emission peak due to intra- configurational f-f transition
is observed as La'" possesses no f-electron (Figure 2.13a). The Eu'"' complex (2), on the other
hand, displays characteristic emission peaks at 579, 592, 614 and 652 nm because of intra-
configurational *Do—'Fo, *Do—"F1, °Do—'F2, and *Do—'Fs transition, respectively (Figure
2.13c). The peak at 614 nm due to °Do—'F, transition is the most intense among the four,
because of its electric dipole (ED) character. In addition to its characteristic Eu'"'-centered
emissions, 2 also exhibits weak ligand-centered emission at 445 nm, probably because of
incomplete energy transfer from the ligand to the Eu"' center. In case of Sm'"' complex (3),
the ligand-centered emission peak at 446 nm is found to be predominant, while the intensities
of the Sm''-centered peaks at 564 (°Gsp—°Hsp), 598 (°Gsp—°H72), and 646 nm
(°Gsi—°Hoy2) are very weak, suggesting the extent of energy transfer between tpy-Himzphen
ligand and Sm'" center is very small (Figure 2.13e). The Tb'"'-complex (4), on the other hand,

exhibits only ligand-centered emission at 446 nm with no signature of characteristic emission
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Figure 2.13. Luminescence spectra (a, ¢, €, g)] and lifetime decay plots (b, d, f, h) of 1-4 at
both RT and 77 K.
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peaks for Th"' center (°Ds—'F;, =6-3) (Figure 2.13g). This is probably due to back energy
transfer from Th'"' center to the ancillary ligand. The relative quantum yield (®) of the
complexes (1-4) along with four Ln(tta)s(H20). precursors, are estimated in DCM by using
quinine sulfate as the standard. The value of ® ranges between 3.2% and 78%, depending
upon the nature of lanthanide ion (Table 2.5). It is to be noted that the quantum yield of La
and Th-complexes are primarily due to ligand fluorescence, while for Eu-and Sm-complexes
is the summation of both lanthanide-centered as well as residual ligand-centered emission.

The emission lifetimes of the compounds, acquired in DCM by time correlated single
photon counting (TCSPC) or multi-channel scaling (MCS) methods, are also provided in
Table 2.5. All the compounds exhibit mono-exponential decay as shown in Figures
2.13(b,d,f,h). The ligand and complexes 1 and 4 possess RT lifetimes within the domain of
1.9-2.8 ns, while 2 and 3 are long-lived, having lifetimes in the microsecond domain (73-507
us; Table 2.5). The observed lifetimes suggest that emission in complexes 1 and 4 is
primarily due to radiative deactivation of ligand-centered excited states, while for 2 and 3, it
is because of f-f transitions of the respective lanthanide metal.

In order to understand the deactivation dynamics of the excited states of the
lanthanide complexes, we also recorded their steady-state luminescence spectra as well as
lifetimes at 77 K. Associated data as well as spectra are provided in Table 2.5 and Figure
2.13. No significant change is observed for the La-complex (1) as expected. The ligand-
centred emission peak undergoes only a small blue shift from 470 to 458 nm with almost no
change in its lifetime upon cooling down to 77K (Figures 2.13a and 2.13b). For the Eu"'-
complex (2), a remarkable increase in emission intensity of the peak at 614 nm (Figure
2.13c), as well as in lifetime (507 us— 643us) is observed on passing from RT to 77K
(Figure 2.13d). The Sm'"'-complex (3) follows the same trend as that of the Eu'" (2), albeit to
a small extent. The characteristic f-f transition peaks at ~562 nm, 597 nm, and 644 nm get
enhanced to some extent along with a small increase in lifetime (73 ps—77 ps) (Figures
2.13e and 2.13f). The effect of lowering of temperature is most prominent in case of the Th'''-
complex (4). The characteristic f-f transition peaks for *Ds—'Fs.3 manifolds, which were
absent at RT owing to the thermally-assisted metal to ligand back energy transfer, are
restored at 77K (Figure 2.13g). The observed luminescence lifetime (=621 ps) also confirms

that the decay is lanthanide metal-centric (Figure 2.13h).
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2.3.8. Photophysics of in-situ Generated Lanthanide(l11) Complexes. All the four
lanthanide complexes (1-4) could also be generated in situ upon incremental addition of
respective lanthanide precursor {Ln(tta)s(H20).} to the DCM solution of tpy-HImzphen. The
progress of the formation of the complexes was monitored through the change in absorption,
and both steady-state and time-resolved emission spectroscopy (Figures 2.14-2.17). The
absorbance of both ILCT and n-n* absorption bands of the ligand gradually increases in
intensity with continued addition of the respective lanthanide precursor, and spectral
saturation occurs upon addition of ~1 equiv. of {Ln(tta)z(H20)2}, indicating the formation of
1:1 complexes of the type, Ln(tta)s(tpy-HImzphen). It is to be noted that broad overlapping
bands within the domain of 330-370 nm coalesce to a single band with its maximum at ~340
nm.

In the emission side, gradual quenching of emission intensity takes place in all cases
and spectral saturation also occurs upon addition of 1.2 equiv of {Ln(tta)3s(H20).}. In case of
La'"', the ligand-centered emission gets gradually quenched together with red-shift of the
maximum from 446 nm to 505 nm upon saturation (Figure 2.14b). With Eu(tta)s(H20)>,
systematic quenching of the ligand-centered emission together with concomitant emergence
of the peaks at 579, 592, 614 and 652 nm due to Do —'F; g =0-3) transitions are observed
(Figure 2.15b). The spectral profile for Sm"' is very similar to that of Eu'", except the
intensities of the newly generated characteristic emission peaks for Sm'!' (564, 598 and 646
nm) are less (Figure 2.16b). In contrast to both Eu""' and Sm'", no signature of characteristic
emission peaks for Tb'' is visible during quenching of ligand-centred emission (Figure
2.17b).

15 2x10° e y "
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Figure 2.14. Changes in (a) absorption and (b) photoluminescence spectra (Aex=370nm) of
ligand tpy-HImzphen upon incremental addition of La(tta)s(H20)2 in dry dichloromethane at
RT. The inset shows the change of emitting color during titration.
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Figure 2.15. Changes in (a) absorption and (b) photoluminescence spectra (Aex=370nm) of
ligand tpy-HImzphen upon incremental addition of Eu(tta)s(H20)2 in dry dichloromethane at

RT. The inset shows the change of emitting color during titration.
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Figure 2.16. Changes in (a) absorption and (b) photoluminescence spectra (Aex=370nm) of
ligand tpy-HImzphen upon incremental addition of Sm(tta)s(H20)2 in dry dichloromethane at

RT.
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Figure 2.17. Changes in (a) absorption and (b) photoluminescence spectra (Aex=370nm) of
ligand tpy-HImzphen upon incremental addition of Th(tta)s(H20)2 in dry dichloromethane at

RT.

We also overlaid the absorption spectra of the isolated complexes with those of the in-
situ generated products at saturation (Figure 2.18). Additionally, we provided the overlaid
absorption spectra for the chromophore, lanthanide precursor, and synthesized complex, as

well as the in situ generated complex (all four set in Figure 2.19). It is also observed that the
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Figure 2.18. Overlayed UV-vis spectra of isolated as well as in situ generated complex for all
four cases: (a) La'"; (b) Eu"; (c) Sm'"; (d) Tb"".
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Figure 2.19. Overlayed UV-vis spectra of the chromophore tpy-HImzphen, Ln-tta precursor,
isolated complex as well as in-situ generated complex for all four cases: (a) La""; (b) Eu'"; (c)
sm'"; (d) Tb",
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lifetime values at the end of every titration closely resemble that of the respective isolated
complex as displayed in Figure 2.20. Close similarity of the spectral pattern clearly indicates
a 1:1 complex of lanthanide precursor {Ln(tta)s(H20). and tpy-HImzphen.
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Figure 2.20. Excited state decay profiles at the end of each titration for all four cases: (a)
La""; (b) Eu""; (c) Sm'!"; (d) Tb'.

2.3.9. Elucidation of the Distinctive Responses of Four Lanthanide Complexes.
Since the 4f-4f transitions are both spin and parity (Laporte) forbidden, direct excitation of
the Ln'"" centers leads to very weak absorption (<10 L Mt cm™).32335657 To circumvent this
disadvantage, light-harvesting organic chromophores with a high molar absorption coefficient
(e>10000 L M cm™) are introduced here to indirectly sensitize the central lanthanide ion
(antenna effect) for achieving characteristic 4f-4f emission.®!"18-22 The most well-accepted
energy transfer mechanism for this sort of sensitization involves three steps, viz. Laporte and
spin-allowed ligand absorption and excitation to the first excited state (So—S1), followed by
rapid intersystem crossing to the ligand triplet state (S1—Ti) and finally transferring the
energy from the triplet level of the ligand to the emitting level of the lanthanide metal ion
(T1i—Ln*).1324 The efficacy of the last step critically depends on the relative positions of
both the triplet level of the ligand (T1) and the lanthanide emitting level (Ln*). The singlet
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state lifetime is too short for this energy transfer yet this mechanism is also operative.>®>7 It
has been observed that both B-diketonate ligands as well as m-conjugated organic ligands
could effectively sensitize the lanthanide core.%%8%

It is well-known that the lowest-lying emitting excited level of Eu"'(*Dg), Sm'"
(*Gsr2), and Th"' (°Dy) resides at ~17264, 17900, and 20500 cm™, respectively. In order to
achieve effective sensitization, it is postulated that the energy gap between Si1 and T: of the
ligand should be ~5000 cm (for effective ISC), while the energy gap between the T1 level of
ligand and lowest emitting level of lanthanide metal ion (Ln*) should be maintained within
2500-4000 cm™.2 Now, we estimated the singlet-state energy level of our ancillary tpy-
Himzphen ligand to be ~27027 cm™ from its absorption spectrum,®®5! whereas the triplet-
state energy level of the same is ~20534 cm™, obtained from 77K phosphorescence spectrum

of its Gd"'-analogue (Figure 2.21).%2-% This positioning of the triplet-state energy level of the
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Figure 2.21. Photoluminescence spectrum of Gd'!'-complex at 77K.

ligand is responsible for the observed variation of the photophysical properties of the
complexes (1-4) compared to their metal precursors Ln(tta)s.2H.0. Consequently, we
observed only a ligand-centred emission and lifetime value in the case of La'' ion as
expected. In case of 2, energy transfer from tpy-HImzphen to Eu'"-centre takes place quite
efficiently, although it is not as substantial as could be expected from favourable
thermodynamic parameters (well-matching of the AE(T1—Ln*). Although substantial energy
transfer is taking place from tpy-HImzphen—Eu'", it is not as great as could be expected
from its favourable energy difference, AE(T1—Ln*). We are not very sure about the actual

reason for this. But upon going through the literature on the luminescence characteristics of
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the related lanthanide complexes, we surmise the involvement of closely associated low-lying
ligand-to-metal charge transfer (LMCT) state is a distinct possibility.'*%- In case of 3, the
relative intensity of the induced dipole transition for Sm""" at 646 nm (°Gs,—°Hgy2) together
with its lifetime is much less than that of Eu'"" ion. Here also, the extent of energy transfer is
much less than one could anticipate. This could again be attributed to the presence of nearby
low-lying LMCT state along with multi-phonon relaxation as reported in earlier literature.?%
The AE(T1—Ln*) gap in case of Tb'" ion is practically zero and it is anticipated that back
energy transfer from the emitting level of the lanthanide metal ion to the triplet energy level
of the ligand(s) (Ln*—T2) is taking place wherein AE(T1—Ln*) value is less than 1800 cm™.
An energy level diagram showing distinctive responses of the four lanthanide complexes is
presented below (Scheme 2.4).270-72
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Scheme 2.4. Tentative Energy Transfer Mechanism for the Lanthanide Complexes

2.4. Conclusion

The primary objective of this work is to incorporate a terpyridyl-imidazole based tridentate
ligand into B-diketonate lanthanide(lll) core for improvement of the photophysical and
particularly the luminescence characteristics of the resulting lanthanide complexes. To fulfill
our objective, we synthesized four ternary lanthanide tris-(B-diketonate) complexes of the
type, [Ln(tta)s(tpy-HImzphen)], where Ln=La"", Eu'', Sm""', and Th'"; tta=(2-theonyltrifluoro
acetonate) and tpy-HImzphen=terpyridyl-imidazole based ligand, and thoroughly
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characterized them by standard analytical tools, including single crystal X-ray diffraction.
Herein, we restricted our interest to the above-mentioned four lanthanide ions in terms of
having our facility to measure the photophysical properties in the visible domain. The
photophysical properties of all the complexes were thoroughly investigated via absorption
and both steady state and time-resolved emission spectroscopic techniques. The emission
spectral measurements were carried out in at both room temperature and 77K to understand
the deactivation dynamics of the excited states as well as to elucidate the distinctive
luminescence responses of the lanthanide complexes. La'"'-complex (1) exhibits only ligand-
centred emission as expected as it does not possess any f-electron. For Eu"' (2), efficient
energy transfer takes place from tpy-HImzphen to Eu' centre which is reflected in its
characteristic emission spectrum peaks due to intraconfigurational °Do —'F; (j=0-3) transitions
with concomitant diminution of ligand-centered emission. The spectral profile for Sm'" is
very similar to that of Eu"", except the intensities of its characteristic emission peaks are
much less because of lesser extent of tpy-HImzphen—Sm''" energy transfer. In contrast to
both Eu'"and Sm'"!, no characteristic emission due to °Ds— F; =6-3) transitions are observed
for Th'""" at RT probably because of Th'"'— tpy-HImzphen back energy transfer. The effect of
lowering of temperature to 77K is most prominent in case of Tb'' complex (4) wherein the
characteristic emission peaks due to *Ds— 'F; ¢ = 6.3) transitions are observed for Th'"'-center
during systematic quenching of ligand-centred emission peak at ~446 nm. Thus, the present
terpyridyl-imidazole ligand by virtue of its suitable positioning of the triplet-state energy
level is able to sensitize the lanthanide core quite efficiently and the extent of sensitization in

turn depends upon the nature of the lanthanide ion.
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Chapter 3

3.1. Introduction

Temperature plays a crucial role in diverse aspects of scientific and industrial domains.'
Hence, its precise measurement with utmost accuracy is essential in the related fields.!™
Molecular luminescent thermometers are the next-generation tool in this regard because of
their several favorable advantages over the traditional thermosensors such as very fast
response, high accuracy, non-invasive or non-contact functioning, nanoscale high resolution,
and effectiveness in strong electromagnetic fields. These attributes count them as one of the
promising candidates for various applications such as intracellular thermal imaging and early
tumour detection in biological and medical fields.!® Diverse systems, including organic

10-15

dyes,” metal complexes, ratiometric metal-organic frameworks (MOFs),!%18

1921 and organic-inorganic hybrid materials *?° have shown their

coordination polymers,
credibility as molecular luminescent thermometers across a wide range of temperature,
spanning from cryogenic (T<100 K) to physiological domain (298-323 K). In this regard,
lanthanide complexes play important role due to their high thermal and optical stability.?
While going through the literature, it is noticed that the majority of these optical
thermosensitive systems are either lanthanide-coordination polymers or single lanthanide-
doped or mixed lanthanide-doped MOFs. By contrast, lanthanide-containing discrete or small
molecules are scarcely reported to address the issue.?*° In addition, temperature-sensitive
materials are also important in the fabrication of temperature-responsive paints, wherein the
material's color changes in response to temperature variation.®

Lanthanide complexes also demonstrate their utility in the fabrication of white light-
emitting materials, which are being considered as the next-generation light sources due to
their potential role in cost-effective illumination, liquid crystal display backlights, and full-
color smart displays. Consequently, they hold the promise of replacing conventional
incandescent bulbs and fluorescent lamps.?!* As per our literature knowledge, the white
light emission is primarily achieved via conventional trichromatic (Red-Green-Blue, R-G-B)
approach upon mixing multiple components in lanthanide-based coordination polymers (CPs)
and/or MOFs.!”** By contrast, examples upon utilizing a single-component approach are
relatively sparse, despite of their ease of preparation and stable CIE coordinates.’>” Of

course, a few instances exist wherein this has been demonstrated, either through

38,39 h 40,41
3

electroluminescence, or by altering the excitation wavelengt or by
solvatochromism.*> Hence, the implication of single-component white light-emitting small
molecules is a sector that deserves to be explored explicitly.
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Lanthanide coordination complexes have emerged as prospective candidates for
designing a diverse array of molecular devices, thanks to their exceptional optical****¢ and
magnetic properties.*’*® Due to the presence of 4f electrons, lanthanide ions exhibit some
unique luminescence characteristics, such as distinct narrow emission bands that remain
almost unaltered under the coordinating influence of ligands, together with long-lived excited
states, which in turn make the lanthanide compounds irreplaceable fluorescent probes.*3*¢
Despite these fascinating and well-resolved emission features, one of the major deterrents for
achieving a bright luminescence is the Laporte forbidden nature of f-f transitions in the
trivalent lanthanide ions, which leads to weak emission upon direct excitation. In this regard,
organic chromophore plays an important role, exhibiting light-induced intramolecular energy
transfer (IET) to the emissive excited states of the Ln'"" ion (antenna effect).*~>° B-dikeonates
play a pivotal role as the sensitizers, and with time various substitutions and replacements
have been brought into play to facilitate better energy transfer by judicious choice of the
energy donor states.’! To this end, a great variety of lanthanide-B-dikeonates were studied to
design such potential luminescent probes, and among them, europium (III)-containing
complexes have manifested to be a significant candidate because of their efficient red
emissive properties.’” It is important to mention that the conventional synthesis of lanthanide-
B-dikeonates often leads to the formation of bis-hydrated tris(B-dikeonates) which usually
exhibit weaker emission not only due to non-radiative vibrational deactivation induced by O-
H bonds but also undergo solvent-induced quenching of luminescence.’® To cut down this
detrimental effect, appropriate ancillary ligands,> very often bipyridine- and terpyridine-type
coordinating motifs,>>>* have been incorporated to the lanthanide core.’>> Our group has

been working with various polyheterocyclic ligands during last one decade®’>

and among
them, a terpyridyl-imidazole based tridentate ligand, tpy-Himzphen has demonstrated its
efficacy for the synthesis of various useful platinum metal complexes.®*®! Recently, we have
reported a series of four different lanthanide complexes of the type, Ln(tta)s(tpy-HImzphen)
[Ln= La, Eu, Sm, Tb] derived from the said tpy-Himzphen ligand.®> Among others, one of
our major observations with regard to Eu(tta);(tpy-HImzphen) complex was that the extent of

' is not as high as could be expected from their

energy transfer from tpy-HImzphen to Eu
favorable energy difference. The molecular structure of the said Eu(Ill) complex is provided
in Scheme 3.1. Besides, we also observed that the relative intensity, as well as the excited
state lifetime at 614 nm of the said Eu-complex, was amplified upon lowering the
temperature to 77K as compared to room temperature. These two phenomena motivate us to
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explore whether this complex manifests thermosensitivity at the expense of Eu-centered

luminescence alteration.

CF3

Scheme 3.1. Molecular structure of the Eu(IIl) complex in the present study

Herein, we have thoroughly investigated the thermosensitive behavior of Eu(tta)s(tpy-
HImzphen) complex through steady-state and time-resolved emission spectroscopy. We
found that its relative temperature sensitivity (S,) is the highest among the earlier reported
cases of ternary lanthanide tris-(B-dikeonate) complexes.®*” The unique thermosensing
behavior offered by the Eu-complex also leads to thermochromism, and we hardly found any
example from this genre to show such exceptional thermochromism in the temperature
domain of 263-343 K, among the very few reported thermochromic systems.®%®
Additionally, the complex also displays the emitting color variation quite efficiently upon

variation of solvents in which Eu'!

-complex is no longer compelled to emit its anticipated or
characteristic red color only. Finally, by amalgamating the thermochromic and
solvatochromic responses, we have achieved the white light emission from a single
component, which is also a major accomplishment of this work. In the end, we made an effort
to elucidate the observed thermosensing phenomenon, counting the role of the ligand to metal

charge transfer (LMCT) state.

3.2. Experimental Section

3.2.1. Materials. 2-theonyltrifluoroacetone (Htta) and europium chloride or nitrate
salts were purchased from Merck as their hexa- or pentahydrated forms and used as received.
Solvents were dried and distilled following the standard procedure. 4'-(p-formylphenyl)-
2,2":6',2"-terpyridine (tpy-PhCHO) and 9,10-phenanthrenedione were synthesized by
following reported literature method.”®"

3.2.2. Instruments and Physical Methods. The Diffuse Reflectance Spectroscopic
(DRS) measurements of the samples were collected from a Shimadzu-3600 UV—-Vis-NIR

93



Chapter 3

spectrophotometer. Barium sulfate powder was used as the reflectance standard during the

DRS measurements. The rest of the details have already been presented in Chapter 2.

3.3. Results and Discussions

3.3.1. Synthesis and Characterization. Synthesis and thorough characterization of
the complex, [Eu(tta)s(tpy-HImzphen)], has already been described in chapter 2.5

3.3.2. Thermosensing and Thermochromic Behavior of the Complex.
Intercomponent energy transfer in the lanthanide complexes usually takes place through two
distinct pathways. In the first pathway, there is a transfer of energy from the ligand to the
metal via the ligand's lowest triplet state to the emissive resonance energy level of the
lanthanide ion in accordance with Dexter’s electron exchange interaction theory. In the
second mechanism, energy transfer occurs from the metal to the ligand through a low-lying
ligand-to-metal charge transfer state (LMCT). While there isn't direct proof of this yet,
diffuse reflectance spectroscopy (DRS) serves as a valuable tool for investigating this
phenomenon. Consequently, the second mechanism exhibits a substantial temperature
dependency, leading to thermal quenching of the emission from the lanthanide center as the

temperature rises. In our investigation of the temperature sensitivity of the Eu'"

complex, we
first examined its thermal stability, which has been documented in our previous report, which
reveals that the complex maintains its structural integrity up to 290 °C. Following this, we
have performed temperature-dependent emission spectral measurements of the complex. We
collected both steady-state emission spectra (Aex=340 nm) and the excited-state decay profiles
(Aex=370 nm spectralLED source) for Eu(tta)s;(tpy-HImzphen) in acetonitrile upon varying the
temperature between 268K and 343K (Figures 3.l1a and 3.1b). It is evident that as the
temperature increases the intensity of the europium-centered emission peak at 614 nm
gradually diminishes, and at its expense, the peak at ~465 nm associated with the ligand-
centered emission progressively intensifies. The influence of temperature on the emission

spectral profile of the Eu'l

complex is also depicted in the corresponding chromaticity
diagram as shown in Figure 3.1c. A noticeable change in color from red (at 268 K) to violet
(at 313 K) and finally to blue (at 343 K) is observed upon gradual increase in temperature. In

line with the steady-state spectra, the excited state lifetime of the complex at the monitoring
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Figure 3.1. Temperature-dependent steady-state emission spectra portrayed in both 2D (a)
and 3D (b) mode. (c¢) Corresponding chromaticity diagram and (d) excited-state lifetime
decay plot for Eu(tta)s(tpy-HImzphen) in MeCN.

wavelength of 614 nm (Ax=370 nm), is found to decrease systematically from 549 ps at
268K to 259 s at 343K (Figure 3.1d). Now, the temperature sensing aspect of the Eu(IIl)
complex has been assessed in two different ways, viz., decay time method and intensity ratio
algorithm. The decay time method relies on the temperature-dependent variation in the
lifetime of an emitting excited level, while the intensity ratio algorithm directly utilizes the
intensity of one or more transition(s) to gauge the temperature. When temperature sensing
measurements are carried out based on a single transition band, it could be influenced by
factors like the nature of the excitation source and the detector. To circumvent these
limitations, we assess the thermo-sensitivity of the complex based on the intensity ratio of
two transitions. The intensity of each transition is directly proportional to the total number of
atoms (population) in a specific excited state at temperature T. This relationship can be

expressed by equation (3.1) as follows:
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Iy . (3.1

1+ Aexp (_k{::"a)

I =

where A is connected to the ratio of non-radiative (at T = 0 K) and radiative process rates, k&
represents the Boltzmann constant, and E. stands for the activation energy of the de-
excitation pathway relative to the energy of the *Dy level. A thermometric parameter A at
temperature T is used to quantify the temperature dependence of the complex, which can be
denoted by equation (3.2).

L . (3.2)

where /1 and I> are the intensities of two different transitions. It is worth noting that many
thermosensitive materials have been designed by combining two distinct lanthanide ions
within metal-organic frameworks or other polymeric structures. For such systems, equation
(2) represents two separate transitions involving the respective lanthanide centers. As far as
our literature knowledge goes, there are very few reports on discrete coordination
environments, and these reports suggest that one can use either Imp/Iep or Im/ILig as the
intensity ratio for such discrete systems.?®®" Here, Iup and Igp represent the emission
intensity of magnetic dipole and electric dipole transitions, while Im and Iriz correspond to the
emission intensity of the lanthanide center and the intensity of the ligand center, respectively.
It's worth noting that the emission from the ligand center is also influenced by temperature,
allowing us to employ the Im/ILig ratio. The relationship between the intensity ratio A (Here,
Im/ILig) and temperature can be best fitted with an empirical polynomial equation as narrated

below (equation 3.3).

A = 0.0034T? — 2.5023T + 461.22 (R* = 0.99) ~(3.3)

where T is the temperature and R? is the correlation coefficient of the best-fitted curve.

In line with intensity-based detection, the temperature-dependent variation of lifetime
at the monitoring wavelength of 614 nm can also be fitted through the following empirical
formula (equation 3.4):

A =—0.06T2+31.403T — 3549.7  (R*>=0.996) . (34)
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The corresponding A vs T plots have been depicted in Figures 3.2 and 3.3.
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Figure 3.2. Change in photoluminescence intensity ratio with varying temperature from 273-
343 K. The dotted line indicates the best-fitted curve.
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Figure 3.3. Change in lifetime values with varying temperature from 273- 343 K. The dotted
line indicates the best-fitted curve.

From these two equations, the thermo-sensing efficiency of our synthesized complex
can be quantified. The temperature-dependent performance could be assessed via different

parameters. Herein, we employed the relative thermal sensitivity (S:) parameter that signifies
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the proportional change in a thermometric parameter A (as defined in equation 5) with per

degree of temperature alteration (% K'!; denoted as S, i.e., relative thermal sensitivity)

S5r = %(%) - (5

The maximum S; value that is observed is referred to as Sm and the corresponding
temperature is designated as Tm. The thermal sensitivity (S;) for the present Eu’*-complex
ranges from 1.86 to 5.78 % K!' (Sm=5.78 % K! at T,=343 K), indicating that our system
undoubtedly serves as one of the best lanthanide-based temperature sensors launched till date

as compared to others reported in the literature (Table 3.1). We have also assessed the

Table 3.1. Comparative Study of Some Earlier Reported Lanthanide (pB-diketonate)

Complexes

Complex Sr Temp. Ref.
(%K) range
[Eu(tta)s(pyphen)];  tta=  thenoyltrifluoroacetone and  pyphen= 1.68 283-323K | 63
pyrazino[2,3-f][1,10]phenanthroline
Eu(CPDK3-5)3phen; CPDK3-5=1-(4-(4-propylcyclohexyl)phenyl)octane- | 2.2-1.5 298-348 K 64
1,3-dione and phen=1,10-phenanthroline

Eu(L)3; L= 1,3-di(thienyl)propane-1,3-diones 0.65 100K< T < 65
400K

Eu-DT; DT= Dinaphthoylmethane (DNM) and trioctylphosphine oxide 2.2 298-318 K 66

[CHOL][Eu(FOD)4]; CHOL=choline and 0.45- 298-368 K 67

FOD= tetrakis-1,1,1,2,2,3,3-heptafluoro-7,7-dimethyloctane-4,6-dionate 7.0

thermal sensitivity (S;) in terms of lifetime values, and the result ranges from 0.25-3.36 % K'!
(Sm=3.36 % K! at T»=333 K), which seems much better than those of the earlier reported
systems. Another critical parameter is the temperature uncertainty (37T), also referred to as

temperature resolution, which can be determined by using equation 6 as described below:

oT = %(%1) . (6)

T

This parameter defines the smallest resolvable change in temperature (6T) that the
thermometer can detect. Our synthesized complex exhibits 6T value of 0.012 K in terms of
intensity ratio and 0.009 K with regard to lifetimes, both of which are well-below the

acceptable limit of 6T<I K. Thus, the complex can be recommended as an excellent
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temperature sensor in a wide temperature domain of 273-343 K covering the physiological
region (298-323 K) in terms of emission intensity ratio, lifetime alteration as well as variation

of its emitting color.

3.3.3. Solvatochromic Behaviors of Eu(tta);(tpy-HImzphen). We are also
interested in investigating the influence of different solvents on the emission characteristics
of the present complex. Taking advantage of fairly good solubility, we acquired the emission
spectrum (Aex=340 nm) as well as the lifetime (Aex=370 nm SpectralLED) of the complex in a
wide variety of solvents, viz. PhCH3, CHCl3, DCM, Me>CO, EtOAc, DMSO, MeCN, EtOH,
MeOH, and the results are summarized in Figure 3.4 and Table 3.2. Although the intensities
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Figure 3.4. Photoluminescence spectrum of the complex in different solvents (a and b).
Corresponding chromaticity diagram (c), lifetime decay profiles (d), and photograph in
different solvents under UV light irradiation (e).
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Table 3.2. Solvatochromic Emission Spectral Parameters of Eu(tta):;(tpy-HImdzphen) at
RT

Solvents Aem, NM Aem, NM T, US CIE colour coordinates
(Ligand-centered) | (Eu®'-centered) | (Aem=614 nm) x y

Toluene 433 579, 593, 614, 652 561 0.35 0.17
Chloroform 447 do 381 0.20 0.12
Dichloromethane 443 do 507 0.37 0.21
Acetone 460 do 588 0.18 0.16
Ethyl acetate 444 do 306 0.18 0.10
Dimethylsulfoxide 478 do 641 0.20 0.27
Acetonitrile 465 do 581 0.35 0.26
Ethanol 460 do 318 0.17 0.20
Methanol 490 do 193 0.24 0.33

of both metal- and ligand-centered emission peaks get altered upon solvent variation, the
peak position of only the ligand-centered emission gets affected. Among all the solvents, the
ligand-centered peak is most intense in Me;CO while least in DCM. By contrast, the
characteristic f-f transition peaks are prominent in almost all the solvents (except EtOH),

which indicates substantial but incomplete ligand—FEu'"

energy transfer (Figure 3.4a). The
hypersensitive peak is most intense in MeCN with respect to its corresponding ligand-
centered peak, while the least intense in EtOH (Figure 3.4b). The latter process may be
attributed to the coordination of solvent molecule and non-radiative quenching associated
with the first vibrational overtone of O-H bond. The other probable reason is the quenching
of the triplet state energy of the ligand by dipole-dipole coupling of ligands with the solvent
molecules.”* On monitoring the lifetime at Aem=614 nm upon irradiation with a 370 nm
SpectraLED source, we observed that the lifetime decay profiles of the complex in all the

solvents are well-fitted with a mono-exponential function as shown in equation (3.7),

indicating the presence of a single emissive species in all cases:

I(t) =1, + Aj exp (_?t) . (3.7)

where A; is the scalar quantity obtained upon curve fitting, ¢ is the time in ms, o = 0 is the

offset value, and 7 is the decay time for the exponential component. The highest lifetime

value is achieved in DMSO (71 =641 ps), whereas the lowest in MeOH (7= 193 pus) (Figure

3.4d) and Table 3.2. This lower lifetime value in methanol can be attributed to the
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coordinating solvent quenching, resulting in non-radiative deactivation via high-energy
oscillators like O-H. The emission spectral response in various solvents is utilized to
construct respective CIE diagrams. It is interesting to note that the tuning of the emission

M_complex is made possible across the entire visible region

color of the present Eu
(blue—green—red) upon varying the nature of the solvents (Figure 3.4c). This variation in
emitting color is because of its dual-emission characteristics. The photograph of different
emission colors that are evolved under UV illumination of the complex in different solvents
is also displayed in Figure 3.4e.

3.3.4. Modulation of the Photophysics by Solvent-Mixing. Solvent-dependent CIE
diagram motivates us to investigate the white-light emission characteristics of the present
Eu(Ill)-complex. The luminescence response of the complex in methanol and hexane is of
particular interest in this regard. Upon illuminating the complex at 340 nm, the hypersensitive
SDo—"F; transition is found to be relatively more intense in hexane with respect to the ligand-
centered emission, leading to its characteristic red color emission with the CIE color

coordinates of x=0.54 and y=0.28 as depicted in Figure 3.5. By contrast, the intensity of the

peak due to the same transition is dramatically less, in fact even less than that of the ligand-

1000
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Figure 3.5. Photoluminescence spectra (a) and lifetime decay profiles (b) of the complex in
hexane and methanol at RT. inset to Figure (a) shows the corresponding CIE diagram.

centered one, in methanol. This may be ascribed to solvent-induced quenching induced by
high-energy oscillator like O-H. However, this dual emission in methanol provides a cyan
colored-emission with CIE color coordinates of x=0.24 and y=0.33 (inset, Figure 3.5a). The
higher excited state lifetime value (Aex=370 nm spectraLED) in hexane (=562 pus) as

compared to that in methanol (=193 us) is also in line with the solvent quenching aspect.
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The relative positions of two points in the CIE plot further guide us to acquire the emission
spectrum of the complex by varying the ratio of the said solvents to achieve white light
emission. We noticed an overall decrease in emission intensity upon a systematic increase in
the ratio of the methanol fraction. Interestingly, our complex exhibits near-white light
emission in a 9:1 (v/v) methanol:hexane mixture (Aex=340 nm) at room temperature (Figure
3.6a and 3.6c). We also acquired the lifetime of the complex (Aex=370 nm spectraLED) upon
systematic increase in the methanol fraction in methanol:hexane mixture at RT (Figure 3.6b).
A gradual decrease in lifetime from 435us to 298 s takes place upon increasing the ratio of
methanol, which is also in good agreement with the acquired lifetime value in both pure

methanol and pure hexane.
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Figure 3.6. Changes in photoluminescence spectra (a) and lifetime decay profiles (b) of the
complex upon varying the relative amount of methanol and hexane at RT.

In the temperature-dependent experiment of Eu(tta);(tpy-HImzphen) in pure MeCN,
we observed a horizontal variation of the emission position in CIE plot upon changing the
temperature as depicted in Figure 3.1c. Here also, we adopted the same strategy in case of 9:1
(v/v) methanol-hexane mixture and carried out the emission spectral measurement (Aex=340

nm) by varying the temperature. Interestingly, we are successful in achieving our desired
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white light emission at 283 K as reflected in the chromaticity diagram of the complex (Figure

3.7).
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Figure 3.7. (a) Changes in photoluminescence spectra of the complex in methanol-hexane
mixture (9:1, v/v) upon varying temperature. (b) Corresponding CIE diagram is presented in
figure b, while white light emission under UV light illumination (Aex=366 nm) is displayed in
figure c.

3.3.5. Elucidation for the Temperature-Sensitive Behavior of FEu(tta)s(tpy-
HImzphen). It is well-known that to achieve effective sensitization of the lanthanide metal,
one should abide by an empirical rule with regard to the energy gap between the T level of
ligand and the lowest emitting state of the lanthanide ion (Ln*) which should preferably be
within the domain of 2500-4000 cm™'. In spite of fulfilling the required condition, the extent

I energy transfer in our recently reported [Eu(tta)s(tpy-HImzphen)]

of tpy-HImzphen—FEu
complex is not as high as could be expected from the favourable energy difference {AE(Ti-
Ln*)} (Msens=37%, Table 3.3). The intrinsic quantum yield (®s), the energy transfer
efficiency of the ligand tpy-HImzphen (nsens), radiative (k;) and non-radiative (kur) rate

constants were calculated using the following equations’:
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ke = Ao (1) .63
IMD
1 ..(3.9
Trad = E (3.9)
1 1
oo = L . (3.10)

Tobs Trad

o1 L (3.11)
obs k?' + k?l?‘

ky Tobs . (3.12)

(p = =
rr k?‘ + km' Trad

Table 3.3. Relative Quantum Yield (®ra), Intrinsic Quantum Yield (®1), Observed
Lifetime (z.»s), Radiative (kr) and Non-Radiative Rate Constants (knr), and the Energy
Transfer Efficiency of the Ligand tpy-HImzphen (nsens)

D1 (%) | Dir (%) | Tobs (ns) ke (s-l) Kor (s-l) Msens (%)
10 27 507 532 1440 37

Besides, we also observed that on lowering the temperature up to 77K, the relative
intensity of the electric dipole transition (*Do—'F2) as well as the excited state lifetime at 614
nm of the said Eu-complex gets substantially enhanced relative to RT. These two phenomena
further motivate us to explore the observed thermosensitivity at the expense of Eu-centered
luminescence quenching. Upon going through the literature, it appears that there could be two
distinct possibilities for quenching of the Eu-centred luminescence, viz. (i) Eu*'—tpy-
HImzphen back-energy-transfer and (ii) involvement of low-lying ligand-to-metal charge
transfer (LMCT) state. In order to investigate the possibility of back-energy-transfer from *Dy
state of Eu' to T, state of tpy-HImzphen, we recorded the lifetime of [Gd(tta)s(tpy-
HImzphen)] complex (since the energy transfer from T state of tpy-HImzphen to the lowest
excited level of Gd'" is not possible) at 77K which is found to be 6.24 ms. The sufficiently
large Ti—Ln* energy gap along with a substantially long lifetime of T prevents us from
believing that this mechanism is responsible for the observed thermosensitive behavior.”!

Hence, we surmise that the involvement of closely associated low-lying LMCT state could be
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a distinct possibility. The formation of the LMCT state could also be feasible because of the
lower reduction potential for Eu"/Eu" couple (-0.35 V).”%"7 In order to acquire direct
support, we recorded the Diffuse Reflectance UV-vis Spectra of Eu(tta)s;(tpy-HImzphen)
along with its Gd**-analogue. From the overlayed spectra, we observed a peak at ~580 nm
(~17240 cm™) in case of the Eu-complex and extracted the peak to get the range of the
LMCT state by following earlier literature (Figure 3.8).”>”7 We observed that the LMCT state

— Gd(tta)3(tpy-HImzphen)
— Eu(tta)3(tpy-HIimzphen)

580 nm

1\

1
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'
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Figure 3.8. UV-diffuse reflectance spectra (DRS) for the LMCT state.

lies between ~15270 cm™ and ~19050 cm™. It is also noteworthy to mention that the position

77,78 77,79

of the LMCT state can play both in constructive as well as in destructive ways in
terms of effective sensitization. But in the present case, the non-radiative LMCT state is lying
below the T energy level of the tpy-HImzphen ligand, and the emissive °Dy state of Eu'"' is
also lying within the range of LMCT. So, the energy can be transferred from either the ligand
T level or the °Dy state of Eu'. In either case, since the population of the Dy state of Eu"!
gets decreased, we are observing a fall in both the emission intensity and lifetime associated
to the *Do—’F, transition at 614 nm. Hence, crossover to this LMCT state is probably
responsible for the quenching of the transferred energy in our case. The energy transfer
pathway is also undergoing slight modification, resulting in this sort of thermosensitive
behaviour. A tentative energy transfer scheme that is operating in the Eu(tta)s(tpy-HImzphen)

complex is presented below in Scheme 3.2.
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Scheme 3.2. Tentative Energy Transfer Mechanism for Eu(tta):(tpy-HImzphen)
Complex

3.4. Conclusion

Detailed investigation on thermochromic as well as solvatochromic behaviour of a terpyridyl-
imidazole based ternary europium tris-(B-diketonate) complex has been thoroughly
investigated in this work. Notably, our investigations revealed that the complex possesses
remarkable thermosensing as well as thermochromic properties. This complex could be
considered a highly promising molecular luminescent thermometer, capable of operating
effectively over a broad temperature range spanning from 273 K to 343 K. In fact, the
complex manifests multichannel thermosensing through emission intensity ratio, lifetimes
and even via change in its emitting colour. Furthermore, via the modulation of its dual
emissive characteristics in response to different solvents, the complex exhibits its merit by
emitting a bunch of colors, along with characteristic red emission. Essentially, the complex
behaves as a chameleon luminophore upon administering suitable stimuli like temperature or
solvent. Finally, by combining its unique thermochromic and solvatochromic features, we
have successfully developed a small molecule based single-component white light emitter.
We have also proposed a plausible energy transfer mechanism where the LMCT state is
supposed to be responsible for the thermal quenching of emission. Hence, this work holds
significant future prospects with regard to modulation of photoluminescence response under

the influence of multiple and appropriate stimuli like temperature and solvent. Besides, if the
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LMCT state is closing a window by its thermal quenching, it also opens up a broader door

towards molecular luminescent thermometers.
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Chapter 4

4.1. Introduction

Lanthanide coordination complexes are now attracting increasing interest to the concerned
community for their appealing features in molecular magnetism as well as in

16 Special attention is being paid to trivalent lanthanide-based

photoluminescence.
luminescent materials owing to their sharp emission with high color purity, large ligand-
induced pseudo-Stokes shift, and longer excited state lifetimes.””'° Despite their attractive and
well-resolved photophysics, lanthanide complexes often face an unwelcome disadvantage of
their weak absorption and emission properties, arising out of spin as well as symmetry

1

forbidden f-f transitions in Ln™ ions. To bypass this pitfall, organic chromophoric ligands

possessing high absorptivity (¢ > 10000 L M cm™), are often brought into play, which could

I core, resulting in an

efficiently absorb light and transfer its energy to the coordinated Ln
indirect sensitization (antenna ligand).”"!” The structures and excited state energy levels of the
antenna ligands play a decisive role in such sensitization process for generating fertile
lanthanide luminescence. Among the variety, B-diketonates are notable building blocks for

the formation of Ln'

-complexes due to their ease of synthesis, uni-negative charge, and
efficient coordinating abilities.!! However, the presence of high-energy oscillators like C-H
and O-H bonds within the B-diketonates often lead to non-radiative quenching of the
sensitized Ln luminescence, resulting in reduced luminescence intensities and shorter
excited-state lifetimes. To overcome the lacuna, several strategies have been adopted, viz.
substitution of CHs moiety with CF3'?, phenyl,' thiophene'* group or other aromatic and
heteroaromatic moieties.!"!>! The maximum desired luminescence is still to be achieved as
lanthanide ions often coordinated with water or solvent molecules to satisfy their higher
coordination, which in turn induces non-radiative luminescence-quenching.!”'® Another
useful strategy is to introduce appropriate chelating ancillary ligands, mostly consisting of O-
or N- donors to protect the lanthanide core from the environment.!*!61826 The extent and
direction of energy transfer in the resulting metal-ligand assembly critically depend on the
excited state energy level of the incoming ancillary ligands.?’* Among the polypyridyl
luminophores, terpyridine and its derivatives exhibit substantial light absorption coefficients,
favorable o electron-donating as well as 7 electron-accepting abilities, and high affinity for

coordination.’*3? To our surprise, reported systems comprising terpyridine-appended Ln'-

complexes are very few, leaving room for extensive exploration,!314:24-26.33-36
Luminescent lanthanide complexes are now emerging as the next-generation tools for

precise measurement of temperature over the traditional thermometers in medical and
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industrial applications, mostly owing to their non-invasive nature and nanoscale
miniaturization.’”*® Lanthanide luminescent thermometers possess all the necessary criteria
to be suitable for luminescence thermometry viz., intense luminescence with high-
temperature sensitivity as well as photostability, a longer decay time, and thermostability.***!
Most of the earlier reported luminescent lanthanide thermometers are either lanthanide-based

43,44

coordination polymers or mix-doped MOFs.?®%4 Ag per our literature survey, Ln'-

d,37’39’47-54 Whlle

based discrete molecule luminescent thermometers are relatively less explore
reports on terpyridyl-ligand-based lanthanide luminescent thermometers are even more
sparse.>

In our recent report, we have designed a series of lanthanide(Ill) complexes
comprising of 2-theonyltrifluoroacetonate (tta) and the same terpyridyl-imidazole ligand (tpy-
HImzphen) and investigated their dissimilar luminescence characteristics.>”> We noticed that

" among the four lanthanides (La, Eu', Sm' and Tb'™) gets substantially

only Eu
sensitized. However, the cumulative energy transfer from tta as well as from tpy-HImzphen
to Eu'! is quite low (Msens=~37%),>> despite maintaining the required energy gap between
lowest triplet state (T1) of the ligands and lowest emissive state of Eu' (°Dy). Herein, we
considered replacing the tta moiety with another fluorinated B-diketonate moiety having a
higher Ty level (~22000 cm™') than that of tta (~21000 cm™) so that intercomponent energy
transfer from ligand-to-metal becomes more facile.

In this work, our major aim is to investigate the sensitization effect of a fluorinated
diketonate (hfa) antenna together with a terpyridyl-imidazole motif (tpy-HImzphen),

M jons. To explore this,

especially how they can alter the customary photophysics of four Ln
we have prepared four lanthanide(IIl) tris-(B-diketonate) complexes of the form,
[Ln(hfa)s(tpy-HImzphen)] where Ln= La'! (1), Eu' (2), Sm"! (3), and Tb"! (4) and thoroughly
characterized via standard analytical tools and spectroscopic techniques. To get insight into
the binding nature of the complexes, we have acquired single-crystal X-ray structures of two
in situ-generated complexes, which will be presented later. The photophysical behaviors of
the complexes have been thoroughly investigated through absorption and both steady-state
and time-resolved emission spectroscopy. Interestingly, the absorption spectral window of the
resulting complexes shifted towards the visible region (with the onset at ~450 nm) in contrast

to most of the reported Ln'"

-based complexes that display their absorption window within the
UV region (<390 nm). Steady-state and time-resolved emission spectral measurements
indicate four distinct behaviors in the complexes. Additionally, by virtue of their suitable
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positioning of triplet energy levels, very efficient inter-component energy transfer (~95%)

" center which is

takes place from the triplet levels of both hfa and tpy-HImzphen to the Eu
much higher relative to our previously reported analogous Eu(lll) complex with tta ligand,
wherein the energy transfer efficiency was found to be only ~37%.

We further delved into the scope of thermosensing characteristics of the Eu'"!

-complex
in solution as well as in a hybrid thin film of poly(methyl methacrylate) (PMMA) for its
probable practical utility. On going through the literature, it is revealed that thermo-sensing
behavior of Ln''-based discrete molecules are very few, while terpyridyl-appended Ln-
complexes are even more sparse, leaving room for its extensive exploration. Additionally, in
most of the earlier reported cases, only the Ln-centered emission responses have been
employed for this purpose. In the present case, simultaneous alteration of ligand (tpy-
Himzphen) as well as Ln-centered emission takes place upon changing the temperature. In
fact, the Ln-centered emission decreases with concomitant enhancement of the ligand-
centered emission upon increase in temperature. Interestingly, by virtue of its dual emissive
nature, the Eu""'-complex becomes a blue-emitter at 273K, while cyan-emitter at 353K. It is
also noteworthy to mention that we propose herein a new thermometric parameter (A),
defined by the ratio of emission intensity and lifetime at a particular wavelength for a given
temperature. Subsequently, we estimated the values of relative thermal sensitivity (Sr) and
temperature resolution (3T), to evaluate the thermosensing efficacy of Eu(lll) complex. It is
postulated that to be a good thermosensor, the Sy value must be greater than 1% K, and the
ST value must be well-below than 1 K. The present terpyridyl-appended Eu''-based
thermosensor not only satisfies the above criteria but also offers far better values than those
of the earlier reported Ln'!-based discrete thermosensors that operate in the physiological
temperature domain. The thermosensitive luminescence response in solution has been further
deployed to emulate Set-Reset Flip-flop logic operation, suitable for fabricating molecular
logic devices which is indeed a growing sector in fields of molecular devices and
machines.®®®” In the end, we have suggested a feasible intercomponent energy transfer
mechanism operating within the complexes, wherein we surmise that the triplet-state energy
levels of both hfa and tpy-HImzphen are responsible for the four distinctive luminescence
behaviors among the analogous complexes. Additionally, the role of the ligand-to-metal-

charge-transfer (LMCT) state is counted for complex 2 for its efficient thermosensitivity.
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4.2. Experimental Section

4.2.1. Materials. Hexafluoroacetylacetone (Hhfa), poly(methyl methacrylate)
(PMMA), and the nitrate or chloride salts of lanthanides were procured from Merck. Solvents
and other regular reagents were dried by adopting standard methods.

4.2.2. Synthesis of the Ligand (tpy-HImdzphen). The detailed synthetic procedure
of the ligand has already been described in chapter 2.%8°

4.2.3. Synthesis of Ln(hfa)s(H20)2. All the four lanthanide precursors of the type,
Ln(hfa)s(H20)2, Ln''= La", Eu"', Sm"" and Tb"" are synthesized by a slight modification of
some reported literature procedures (Scheme 4.1).%%62 Hexafluoroacetylacetone (Hhfaa) is
solidified by dissolving it in water (1:9, v/v) and kept for stirring in an ice bath for 2h to make
Hhfa.2H20. The solid Hhfa.2H»O is then dissolved in 50 mL diethyl ether, and a requisite
amount of 25% ammonia solution is added to it. Then it was extracted in a separating funnel
with a 2 mL aqueous solution of LnClz-xH20 (x=6 or 7) or Ln(NO3)3.xH20 (x=5 or 6) and
the resulting light yellowish oily product was air dried for 1d. Then, it was recrystallized in
hexane and the product was collected after keeping it to air-dry for 1d.

F.C CF Diethyl Ether Q
Y Y Y+ 1w NHoH i 0 o

O O

(0] (0]
Q H,0 CFs
F3C CF 2 O-
e Lo o
o o) Ln

O..l

HzO/ CF,

3

3 mmole HFAA anion

Scheme 4.1. Synthesis of the Ln'""! Precursors and Ln(hfa)s(H20)2 [Ln=La, Eu, Sm, and
Th]

La(hfa)s(H20)2: LaCls-7H20 (186 mg, 0.5 mmol). Yield 239 mg (~60 %). FT-IR: v
(in cm™) =1647, 3490. Anal. Calcd for C1sH7F1s0sLa: C, 22.63; H, 0.89; Found: C, 22.46; H,
0.81. 'H NMR (DMSO-ds, 400 MHz, 8/ppm): 4.32 (s, 3H, Hi methine).

Eu(hfa)s(H20)2: EuCls-6H20 (183 mg, 0.5 mmol). Yield 252 mg (62.2 %). FT-IR: v
(in cm™) =1646, 3457. Anal. Calcd for C1sH/F180gEU: C, 22.27; H, 0.87; Found: C, 22.08; H,
0.79. 'H NMR (DMSO-ds, 400 MHz, 8/ppm): 5.80 (s, 3H, Hi methine).

Sm(hfa)s(H20)2: Sm(NO3)3-6H20 (182 mg, 0.5 mmol). Yield 216 mg (53.5 %). FT-
IR: v (in cm™) =1649, 3430. Anal. Calcd for CisH7F1s0sSm: C, 22.31; H, 0.87; Found: C,
22.16; H, 0.76. 'H NMR (DMSO-ds, 400 MHz, 8/ppm): 5.65 (s, 3H, H1 methine).
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Tb(hfa)3(H20)2: TbCl3-6H>0 (187 mg, 0.5 mmol). Yield 265 mg (65 %). FT-IR: v
(in cm™) =1648, 3450. Anal. Calcd for CsH7F130sTb: C, 22.08; H, 0.86; Found: C, 21.95; H,
0.81. 'TH NMR (DMSO-ds, 400 MHz, 8/ppm): 7.20 (s, 3H, H; methine).

4.2.4. Synthesis of the Lanthanide Complexes. All the four lanthanide complexes of
the type [Ln(hfa);(tpy-HImzphen)] where Ln"'=La'"! (1), Eu' (2), Sm'"! (3), and Tb"! (4) were
prepared by adopting a general synthetic procedure (Scheme 4.2). Respective lanthanide
precursor, Ln(hfa);(H20), was added to a stirred suspension of tpy-HImzphen in a 1:1 molar
ratio in chloroform-methanol (1:1 v/v) mixture, followed by refluxing overnight at 60 °C. The
resulting solution was then evaporated to dryness in a rotary evaporator and poured down into
dichloromethane-hexane (1:1 v/v) mixture. On keeping, a yellow color product deposited
which was filtered off in sintered crucible and kept in vacuum desiccators for 1d. All the
complexes have been thoroughly characterized by standard analytical tools and spectroscopic

techniques.
N\_/ CF \_/
O H,0 3 O N CF;
0 o=
‘ R 7N+ >Ln :,% —_ O \ 4 \N—>L" )
— o — et
O H H,0 CF, O H N/ o CF,
N, 3 / 3

Scheme 4.2. Terpyridyl-Imidazole Ligand, (tpy-HImzphen), Ln'™ Precursors,
[Ln(hfa);(H20)2] and Ternary Ln'" Complexes of the Type, Ln(hfa)3(tpy-HImzphen)]
(1-4)

[La(hfa)s(tpy-HImzphen)] (1). La(hfa);(H20)2 (38 mg, 0.048 mmol); Yield: 38 mg
(62%). Anal. Calcd. for CsiHa6F1sNsOgLa: C, 47.65; H, 2.04; N, 5.45. Found: C, 47.52; H,
1.96; N, 5.36. FT-IR: v (in cm™) = 1525, 1651, 3190. MALDI-TOF (DCTB, positive mode):
m/z =1077.927 (100 %) [M-hfa]". '"H NMR (DMSO-ds, 400 MHz, §/ppm): 8.88 (d, 2H, J =
5.48 Hz, Hy), 8.85 (s, 2H, He), 8.81 (d, 2H, J = 5.3 Hz, Hs), 8.72 (d, 2H, J = 8.3 Hz, H»), 8.63
(t, 2H, J = 8.0 Hz, Hi2), 8.55 (d, 2H, J = 8.3 Hz, Hg), 8.22 (d, 2H, J = 7.4 Hz, Hy), 8.07 (d,
2H, J=5.9 Hz, H3), 7.77 (t, 2H, J= 5.9 Hz, H11), 7.67 (d, 2H, J = 8.0 Hz, Hi¢), 7.56 (d, 2H, J
= 8.0 Hz, Hy), 5.55 (s, 3H, Hi methine).

[Eu(hfa);(tpy-HImzphen)] (2). Eu(hfa);(H20)2 (38 mg, 0.047 mmol); Yield: 37 mg
(61%). Anal. Calcd for CsiH26F1sNsOgEu: C, 47.17; H, 2.02; N, 5.39. Found: C, 46.94; H,
1.88; N, 5.19. FT-IR: v (in cm™) = 1528, 1651, 3015. MALDI-TOF (DCTB, positive mode):
m/z = 1091.739 (100%) [M-hfa]" '"H NMR (DMSO-ds, 400 MHz, §/ppm): 8.89 (s, 2H, Hy),
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8.86 (s, 2H, He), 8.81 (d, 2H, J = 8.0 Hz, Hs), 8.72 (d, 2H, J = 8.0, H>), 8.63 (d, 2H, J = 8.0
Hz, Hi2), 8.56 (d, 2H, J = 8.0 Hz, Hs), 8.23 (d, 2H, J = 8.0 Hz, Hy), 8.07 (d, 2H, J = 8.0 Hz,
Hs), 7.77 (t, 2H, J = 8.0 Hz, H11), 7.67 (t, 2H, J = 8.0 Hz, Hy0), 7.56 (d, 2H, J = 8.0 Hz, Hy),
5.58 (s, 3H, Hi methine).

[Sm(hfa)s(tpy-HImzphen)] (3). Sm(hfa);(H20)2 (38 mg, 0.047 mmol); Yield: 35 mg
(58%). Anal. Calcd for CsiH26F18NsOsSm: C, 47.22; H, 2.02; N, 5.40. Found: C, 47.13; H,
1.94; N, 5.29. FT-IR: v (in cm™) = 1527, 1652, 3450. MALDI-TOF (DCTB, positive mode):
m/z=1090.943 (100%) [M-hfa]" '"H NMR (DMSO-ds, 400 MHz, §/ppm): 8.88 (d, 2H, J = 8.0
Hz, Hy), 8.85 (s, 2H, He), 8.80 (d, 2H, J = 4.8 Hz, Hs), 8.72 (d, 2H, J = 8.0, H»), 8.62 (d, 2H,
J=8.0 Hz, Hi12), 8.55 (d, 2H, J = 8.0 Hz, Hs), 8.22 (d, 2H, J = 8.0 Hz, Hy), 8.07 (t, 2H, J =
8.0 Hz, Hs), 7.77 (t, 2H, J = 8.0 Hz, Hi1), 7.67 (t, 2H, J = 8.0 Hz, Hi¢), 7.57 (d, 2H, J = 8.0
Hz, Hy), 5.72 (s, 3H, H; methine).

[Tbh(hfa)3(tpy-HImzphen)] (4). Tb(hfa);(H20)2 (38 mg, 0.047 mmol); Yield: 42 mg
(68%). Anal. Calcd for CsiH26F1sNsO6Tb: C, 46.91; H, 2.01; N, 5.36. Found: C, 46.77; H,
1.89; N, 5.13. FT-IR: v (in cm™!) = 1526, 1654, 3030. MALDI-TOF (DCTB, positive mode):
m/z= 1097.967 (100%) [M-hfa]*. '"H NMR (DMSO-ds, 400 MHz, §/ppm): 10.14 (s, 3H, H;
methine), 8.87 (s, 2H, Ho), 8.80 (s, 2H, Hs), 8.75 (t, 2H, J = 4.0 Hz, Hs), 8.72 (t, 2H, J=4.0,
H»), 8.65 (t, 2H, J = 4.0 Hz, H12), 8.58 (d, 2H, J = 8.0 Hz, Hs), 8.24 (d, 2H, J = 8.0 Hz, H7),
8.07 (q, 2H, H3), 7.74 (t, 2H, J= 4.0 Hz, H11), 7.67 (d, 2H, J = 8.0 Hz, Hi0), 7.55 (q, 2H, Ha).

4.2.5. Preparation of Hybrid Thin Film of PMMA Embedded with Eu(hfa)s(tpy-
HImzphen) 2Q@PMMA). A general procedure is followed for preparation of all four
composites viz., 2% (2% 2@PMMA), 4% (4% 2@PMMA), 6% (6% 2@PMMA), and 8%
(8% 2@PMMA) from complex 2. The as-purchased PMMA is taken in 50 mL DCM and
requisite amount of complex 2 is then added, resulting in a straw-yellow coloured solution.
The mixture is stirred for 45 min and resulting solution is then drop-casted onto quartz slides
and left overnight to get the films ready after complete evaporation of excess DCM.

4.2.6. Instruments and Physical Methods. The details of this section have already

been discussed in Chapter 2.

4.3. Results and Discussions
4.3.1. Synthesis and Characterization. The reaction of the stoichiometric amount of
respective lanthanide precursor, Ln(hfa);(H20),, with the terpyridyl-imidazole ligand (tpy-

HImzphen) in a 1:1 (v/v) chloroform-methanol mixture afforded the desired mononuclear
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complexes in reasonably good yield. All four synthesized complexes were thoroughly
characterized via standard analytical tools and spectroscopic techniques viz. elemental (C, H,
N) analysis, Fourier Transform infrared (FT-IR) spectroscopy, 'H Nuclear magnetic
resonance (NMR) spectroscopy, matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry as well as by powdered X-ray diffraction (PXRD)
analysis. The outcomes of the above measurements also conclude that all four complexes are
isostructural. Besides, to get insight into the binding mode among the lanthanide(III) ion and
the ligands, we have grown single crystals of two representative complexes upon slow
evaporation of a stoichiometric mixture of tpy-HImzphen, respective lanthanide salts,
hexafluoroacetylacetone, and triethylamine in a 1:1 (v/v) chloroform-methanol mixture. The
structure of the two in situ-generated complexes was elucidated via X-ray diffraction.

4.3.2. FT-IR Spectra. The IR spectra of the resulting complexes, along with their
respective lanthanide precursor and tpy-HImzphen ligand, were acquired within the 400-4000
cm ! region, and related representative spectra for complex 3 as well as selected stretching
frequencies of the complexes are presented in Figure 4.1 and Table 4.1. The ligand exhibited
a peak at ~1583 cm™! due to C=N stretching of the pyridine moieties, whereas a characteristic
peak at ~3180 cm for the imidazole N-H stretch. Due to the presence of the
hexafluoroacetylacetonate unit, all the lanthanide precursors, Ln(hfa);(H20), show a
characteristic C=O stretching within 1645-1649 ¢cm™ region and a broad hump spanning
within 3430-3490 cm™! for the water molecules. The complexes also revealed a sharp peak
within the range of 1651-1654 cm’! associated with C=0O stretching frequency. It is to be
noted that the broad peak for coordinated water molecules disappeared. Simultaneously, two
new peaks emerged within 1525-1528 cm™ and 3015-3450 cm™ domain for C=N and N-H

stretching, respectively in the complexes.

Sm(hfa),(tpy-HImzphen)

3450 16522 X
Sm(hfa),.2H,0 1527

tpy-Himdzphen

Transmittance (%)

3180 1583 =—

4000 3000 2000 1000
vicm-!

Figure 4.1. FT-IR spectra of tpy-HImzphen, Sm(hfa);(H20), and Sm(hfa)stpy-HImzphen (3).
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Table 4.1. Stretching Frequencies of Selected Groups in Their FT-IR Spectra

Complex Vc=0 Vc=N VN.H  VoH
Tpy-HImdzphen - 1583 3180 -
La(hfa);(H20)» 1647 | - - 3490
Complex 1 1651 1525 3190 -
Eu(hfa);(H20)» 1646 | - - 3457
Complex 2 1651 1528 3015 -
Sm(hfa);(H20)» 1649 - - 3430
Complex 3 1652 1527 3450 -
Tb(hfa);(H20)» 1648 | - - 3450
Complex 4 1654 1526 3030 -

4.3.3. '"H NMR Spectra. Thorough characterization of the complexes (1-4 and their
corresponding metal precursors) has been carried out via "H NMR spectroscopy in DMSO-ds.
Representative '"H NMR spectra for 1, along with tentative assignments of the protons, are
presented in Figure 4.2. The chemical shift values for all the proton resonances are also
tabulated in Table 4.2. It is observed that the only the proton associated with the hfa moiety
experienced remarkable chemical shifts without alteration of multiplicity. By contrast, the
peaks associated with the protons of tpy-HImzphen ligand experienced alteration in both
multiplicity and chemical shifts, albeit to a small extent. The methine protons in the free Hhfa
show a singlet at 4.32 ppm, which gets downfield-shifted to 5.50 ppm upon incorporation of

I jon in La(hfa);(H20)> precursor. The very same proton gets further

diamagnetic La
downfield-shifted to 5.55 ppm in the diamagnetic La(hfa)s(tpy-HImzphen) complex (Figure
4.2). Among the other three complexes, this methine proton experiences an up-field shift
from 5.80 to 5.58 ppm in case of Eu'"!, while it gets downfield-shifted from 5.65 to 5.72 ppm
for Sm'" and from 7.20 to 10.14 ppm in case of Tb'! as compared to their respective
Ln(hfa);(H20), precursors, respectively (Table 4.2). The signals due to protons on the
ancillary ligand, on the other hand, experience only a minor shift (either up- or downfield)

together with an alteration in multiplicities.

4.3.4. Mass Spectra. MALDI-TOF mass spectra of the complexes are also
acquired in DCM. A similar spectral pattern is found for all four complexes, with a strong
and prominent peak for the respective [Ln(hfa),(tpy-HImzphen)]" fragment. A representative

spectrum of 2, along with experimental and simulated isotopic patterns, is presented in Figure
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4.3. The correspondence between the experimental and simulated isotopic patterns is also

found to be good in all cases.

H\
HH
F,ChCﬁ
0O O
CF
H,0 3 H
o: 1
>La' :’ Hy
. 48
H0 CF4
3
CF,
0
J’ Hy
-
F3
3
9.0 8.5 8.0 7.5 5.5 5.0 45 4.0

5 (ppm)

Figure 4.2. 400 MHz 'H NMR spectra of free Hhfa (top), La(hfa);(H20), (middle) and
La(hfa)s(tpy-HImzphen) (1) (bottom) in DMSO-db.

Table 4.2. Chemical Shifts of the Protons of All Four Complexes in DMSO-ds

Chemical shift (ppm) of Lanthanide complexes (1-4) {J/=Hz}
Proton 1 (La™) 2 (Eu™) 3 (Sm™) 4 (Tb™)
H; 5.55(s, 3H) 5.58 (s, 3H) 5.72 (s, 3H) 10.14 (s, 3H)
(methine)

H» 8.72(d, 2H, J=8.3) 8.72(d,2H,J/=8.0) |8.72(d,2H,J=8.0) | 8.72(t,2H,J=4.0)
H3 8.07 (t,2H, J=5.9) 8.07(d,2H, J=8.0) | 8.07 (t,2H, J=38.0) 8.07 (q, 2H)

H,4 7.56 (d, 2H, J=8.0) 7.56 (d,2H,J=8.0) | 7.57(d,2H,J=8.0) | 7.55(q,2H)

Hs 8.81(d,2H, J=5.3) 8.81(d,2H,J/=8.0) | 8.80(d,2H,J=4.8) | 8.75(t,2H,J=4.0)
Hs 8.85 (s, 2H) 8.86 (s, 2H) 8.85 (s, 2H) 8.80 (s, 2H)

Hy 8.22(d,2H,J=17.4) 823(d,2H,J/=8.0) |822(d,2H,J=28.0) | 8.24(d,2H,J=28.0)
Hs 8.55(d, 2H, J=8.3) 8.56(d,2H,J/=8.0) | 8.55(d,2H,J=28.0) | 8.58(d,2H,J=28.0)
Ho 8.88(d,2H,J=548) | 8.89(d,2H,J/=8.0) | 8.88(d,2H,J=28.0) | 8.87(s,2H)

Hio 7.67 (t, 2H, J=8.0) 7.67 (t, 2H, J = 8.0) 7.67 (t, 2H, J = 8.0) 7.67 (d, 2H, J = 8.0)
Hu 7.77 (t, 2H, J = 6.0) 7.77 (t, 2H, J = 8.0) 7.77 (t, 2H, J = 8.0) 7.74 (t, 2H, J=4.0)
Hiz 8.63 (d, 2H, J=8.0) 8.63(d,2H,J/=8.0) | 8.62(d,2H,J=28.0) | 8.65(t,2H,J=4.0)
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Figure 4.3. MALDI-TOF-MS of Tb(hfa);(tpy-HImzphen) (4) in dichloromethane solution
(positive mode). The upper left portion shows the experimentally observed isotopic
distribution pattern (b) and the lower left portion shows the simulated isotopic distribution
pattern (c).

4.3.5. X-ray Crystallography. Single-crystal X-ray structural analysis is carried out
for two in-situ synthesized Tb(III) complexes (5 and 6). Despite our several attempts, we are
unable to grow suitable single crystals with as-synthesized complexes. Alternatively, upon
treatment of tpy-HImzphen with terbium chloride (TbCl3-6H>0) and terbium nitrate
{Tb(NO3)3-6H>0} in CHCI3-MeOH mixture (1:1, v/v) followed by sequential addition of
hexafluoroacetylacetone and triethylamine and allowing the solutions for slow evaporation,
we obtained yellowish needle-shaped tiny crystals suitable for X-ray diffraction.

Both 5 and 6 are crystallized in the C2/c space group with monoclinic system. The
asymmetric unit reveals the entire structural motif. The solid-state molecular structure of the
5 and 6 is shown in Figure 4.4, and the crystallographic parameters are given in Table 4.3.
Both the compounds are neutral and the solvents of crystallization are different. The
structural inspection depicts the incorporation of only two diketonate ligands in both cases,

providing a similar type of core structure of the form, Tb(tpy-HImzphen)(hfa),-X, where X is
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either CF;COO™ or NOs for balancing the charge. It is observed that CF3COO™ motif gets
coordinated to Tb™™! in complex 5, although we do not use any trifluoroacetate salt of Tb. The
exact reason is not clear to us, although in-situ decomposition of hexafluoroacetyl-acetonate
is a finite possibility, which is also precedented in the literature.®® The structure of complex 5
reveals that the terpyridine moiety gets coordinated to the Tb'-center in tridentate fashion,
whereas two diketonates chelate in bidentate mode and one trifluoroacetate unit coordinated
in a monodentate fashion to the central metal ion. Thus, the Tb'! ion has eight coordination
number with a square antiprism geometry. The coordination mode for complex 6 is almost
similar to that of complex 5, with the exception that nitrate ion (NO3") gets coordinated to

Tb(III) in a bidentate chelated mode. Consequently, Tb'! possesses nine-coordination number

Figure 4.4. X-ray crystallographic structure of 5, displaying distorted square anti-prism
geometry around Tb'™ ion (a and b) and 6, wherein Tb'"! ion possessed distorted tricapped
trigonal prism geometry (c and d).

with tri-capped trigonal prism geometry in complex 6. The Tb-N bond length varies within
2.491(6)-2.499(7) A for 5 while between 2.484(5) and 2.514(4) A for 6. The Tb-O bond
distance varies between 2.296(7)-2.401(6) A and 2.334(4)-2.559(5) A for 5 and 6,
respectively. Thus, we can predict that due to the presence of more electron-withdrawing
groups in 5, the average Tb-N and Tb-O distances are shorter than complex 6, suggesting
better overlap with the metal center. The bite angles around Tb'! centre ranges from 64.9(2)

to 147.1(2)° and from 70.12(15) to 149.11(17) for S and 6, respectively.
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Table 4.3. Crystallographic Parameters for 5 and 6

Compound 5 6
CCDC Number 2340054 2340055
Empirical formula CasH2s5F15N506Tb CasHasF12N6O7Tb
Formula weight (gmol ") 1211.66 1160.65
Temperature (K) 105.0 145.03
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c
Unit cell lengths (&) a=43.279(3) 36.109(4)
b =19.4755(7) 15.2718(15)
¢ =23.0492(14) 19.444(2)
Unit cell angles (°) o=90 o=90
B =98.895(4) B =106.848(5)
v=90 vy=90
Volume (A%) 9338.5(11) 10262.2(19)
Z 8 8
Density (calculated) 1.725 1.503
p(mm) 8.497 1.474
F(000) 4776.0 4576.0

Crystal size (mm)

0.1 x0.02 x0.01

0.28 x 0.26 x 0.24

20 range for data collection (°)

4.132to 137.07

4.428 t0 55.078

Reflections collected

166866

57384

Index ranges

-12<h<12,-29<k <30,-48<1<47

-46<h<46,-15<k<19,-25<1<25

Independent reflections

8524 [Rint = 0.1895, Rsigma = 0.0683]

11811 [Rim = 00958, Rsigma = 00852]

Data/Restraints/Parameter

8524/0/676

11811/0/649

Goodness-of-fit on F2

1.108

0.994

Final R indices [I>2sigma(I)]

R1=0.0950, wR2 =0.2353

R1=0.0517, wR2=0.1084

The ligand structure in both cases is almost unaltered, with the exception that the
phenanthrene moiety in 5 gets out of the polypyridyl plane {dihedral angle between the two
planes is 12.18 (5)°} (Figure 4.5), unlike complex 6, where all the polyaromatic ring persists
almost in the same plane. The intermolecular hydrogen bond plays an important role in

forming zig-zag-like architecture for 5 [06-H4, 1.987 (7) A; 06-H4-N4, 171.0 (5)°] as shown

in Figure 4.6.

4.3.6. Thermogravimetric Analysis of the Complexes. The thermal stability of the

complexes was checked via thermogravimetry in N atmosphere within the temperature

domain of 30-800 °C. The rate of heating was maintained at 10 °C/m. Similarity in
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Figure 4.5. Diamond diagram of two planes for complex 5 containing the terpyridyl and
phenanthrene moiety of the ligand tpy-HImzphen, respectively.

Figure 4.6. Diamond diagram of complex S exhibiting the inter-molecular hydrogen bonding
between O6 and H4.

decomposition pattern and weight loss is noticed in all cases (Figure 4.7). Very small weight
loss takes place at ~190 °C, probably because of moisture loss from the samples. Upon
reaching at ~250 °C, decay starts and continues up to ~330 °C (up to ~40% weight loss)
which is probably due to dissociation of tpy-HImzphen. The next major weight-loss begins at
~530 °C and continues thereafter possibly due to generation of the respective metal oxides. It
is to be noted that the synthesized complexes are thermally more stable (onset temperature
~250 °C) than that of their respective lanthanide precursors (onset temperature ~180 °C).

Thus, it seems that the complexes possess adequate thermal stability up to ~250 °C.
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Figure 4.7. Thermogravimetric analysis of all four metal precursors Ln(hfa)3;(H20)> (a) and
their corresponding complexes 1-4 (b).

4.3.7. Powdered X-ray Diffraction (PXRD). We also conducted PXRD analysis for
all the four complexes as shown in Figure 4.8. The PXRD show broad peaks which probably
indicates their amorphous nature. As already mentioned, despite our sincere efforts, we were
unable to obtain single crystal X-ray structure of the complexes probably because of
amorphous nature (Scheme 4.2). This observation is also aligned with earlier literature
findings.®* The similar PXRD pattern observed for complexes 1-4 suggests that they are all

1sostructural.

Intensity (a.u.)

20 (degree)

Figure 4.8. PXRD patterns of complexes 1-4
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4.3.8. Photophysical Properties. The photophysical measurements of all four
lanthanide complexes are carried out in dried dichloromethane, and the relevant spectral data

are presented in Table 4.4. Associated spectra are shown in Figures 4.9-4.11. For free tpy-

Table 4.4. Photophysical Parameters of Complexes 1-4 along with tpy-HImzphen
Ligand at RT and 77K

Absorption, Amax/nm Amax Relative
-1 -1 4 . .
Compounds (e/Mem™)(x10%) Ligand Motal centored Lifetime ngntum
(1) Yield
centered (Drt/%)
tpy-HImz | 254(6.50), 343(2.52), 446 - 2.3 ns -
phen® 370 (2.60)
1 260(4.45), 289(5.30), 532 - 33 ns 57.3
304 (5.10), 380(1.76)
» 2 260(4.70), 290(5.40), 445 579, 593, 614, 473.1 ps 30.4
[~ 304 (5.00), 377(2.33) 652
3 260(6.75), 288(5.70), 444 561, 597, 645 41.3 ps 4.4
307 (4.65), 381(3.05)
4 260(2.79), 288(2.30), 448 545,615 1.7 ns 35.2
307 (1.83), 378(1.14)
1 - 523 - 2.0 ns -
2 - 444 579, 590, 593, 674.2 ps -
M 614, 650
= 3 - 470 562, 596, 643 47.7 ps -
4 - 442 489, 544, 583, 720.4 ps -
620

HImzphen ligand, the lowest energy absorption band at 370 nm (s= 26000 M cm™) is
ascribed to intra-ligand charge transfer (ILCT) transitions whereas the band at 254 nm (e=
65000 M! cm™) is because of n-n* transitions associated with aromatic and heteroaromatic
motifs within the framework (Figure 4.9a).” Besides, the Amax for all four Ln(hfa);(H20)2
precursors appear at ~300 nm (Figure 4.9a). Upon complexation with Ln-hfa moiety, the
lowest energy absorption band underwent a bathochromic shift to ~380 nm (e=11400-30500
M ¢cm™) together with generation of a new band at ~300 nm region (e= 18250-51000 M!
cm™), indicating the incorporation of Ln(hfa); moiety [Amax=301-303 nm] in the complex

backbone (Figure 4.9b). One intriguing aspect here is that the Ln™

complexes often face
criticism because of having their absorption window confined within the UV region (<390
nm). Herein, upon coordination of the Ln-hfa moiety with the tpy-HImzphen ligand, the

absorption window gets expanded into the visible region with the onset at ~450 nm.
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Figure 4.9. UV-visible absorption spectra of the tpy-HImzphen and four Ln(hfa);(H20)
precursors (a) along with complexes 1-4 (b) in dichloromethane at RT.

The emission spectra of the complexes, recorded in dry DCM solvent at room
temperature upon excitation at ~330 nm, are shown in Figure 4.10 (a and b). Free tpy-

I

HImzphen exhibits a broad emission signal centered at 446 nm.>® For the La'! complex (1), a

red-shifted ligand-centered emission is observed at 532 nm, making it a green emitter from

111 111

the non-emissive La™ ion. In case of Eu" complex (2), the lanthanide-centered emission
signals at 579, 592, 614 and 652 nm associated to intra-configurational *Do—'Fo, *Do—F1,
SDo—’F2, and *Do—'F; transitions, are clearly observed. The peak at ~614 nm due to
hypersensitive *Do—'F; electric dipole transition is the most intense among the four peaks

I

which indicate high asymmetry around the central Eu™ ion. Besides, the intensity of the

ligand-centered peak at ~445 nm is almost negligible as compared to the Eu'"

-centered peaks
which manifest an efficient (almost complete) intramolecular ligand-to-metal energy transfer.
For the Sm™ complex (3), the characteristic Sm''-centered peaks at 561 (°Gs»—>Hsp2), 597
(°Gsp—>H72), and 645 nm (°Gs>—>Hoy2) are also observed but the intensities of the peaks are
substantially lower as compared to that of the ligand-associated signal at ~444 nm, suggesting
the occurrence of either very weak ligand-to-metal energy transfer or strong quenching via
some sort of non-radiative deactivation. The Tb"'-complex (4) displays the ligand-centered
broad signal at ~448 nm as the paramount peak with a slight signature of the characteristic
Tb"-centered f-f intra-configurational peaks at ~545 nm and 615 nm, corresponding to
SD4—"Fs and °D4—’F; transition, respectively. This phenomenon indicates reverse or back
energy transfer from the Tb''-center to the ligand moiety. Thus, the observed emission

phenomena reveal that the ancillary tpy-HImzphen ligand drives the Ln™

ions to respond in
four distinct ways. We have estimated the relative quantum yield (@) of the complexes with
reference to quinine sulphate in 0.1 M H2SO4 (Aex=344 nm and ®=0.546) and the values are
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found to be 57.3%, 30.4%, 4.4%, and 35.2%, for 1, 2, 3, and 4, respectively, which resemble
well with those of the earlier reported values.!*%>> We also determined the radiative- (k) and
non-radiative rate constant (ky), lifetime (tra), and intrinsic quantum yield (@) for the Eu'll-
complex (2) and the values presented in Table 4.5. Appropriate analysis of the observed
parameters substantiates that the tpy-HImzphen—FEu®" energy transfer process is very

efﬁCICIlt (f’lsens:’\’95 %) .
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Figure 4.10. Normalized photoluminescence spectra of the complexes 1-4 in
dichloromethane at RT in both 2D (a) and 3D representation (b).

Table 4.5. Lifetime (7obs), Radiative (kr) and Non-radiative Rate Constants (kuar),
Intrinsic Quantum Yield (®1), Relative Quantum Yield (®ra) and Energy Transfer
Efficiency (nsens) of the Eu'"'-complex (2)

Tobs (MS) ke (S_l) kene (S_l) D (%) | Dret (%) Nsens (%)
473.1 | 662.6 | 1440 32 304 95

The emission lifetimes for all the complexes are also acquired in dichloromethane by
time-correlated single photon counting (TCSPC) as well as by multi-channel scaling (MCS)
methods, depending upon the range of lifetime of the complexes, and the associated decay
profiles are presented in Figure 4.11. The complexes are excited either with a 370 nm delta
diode or a spectra LED source. The excited state decay profiles for all four complexes are
best fitted with a mono-exponential function. The lifetimes of 1 and 4 lie within the domain
of 1.7-3.3 ns (Figures 4.11a and 4.11d), while complexes 2 and 3 display substantially longer
lifetimes, viz. 473.1 ps and 41.3 ps, respectively (Figure 4.11b and 4.11c, Table 4.4). Thus,
the observed lifetime values indicate that the radiative deactivation primarily occurs through
the ligand center for complexes 1 and 4. By contrast, due to parity-forbidden f-f transitions in
Ln"ions, complexes 2 and 3 have much longer excited state lifetimes, which range from tens

to hundreds of microseconds.
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Figure 4.11. Luminescence decay profiles of the complexes 1-4 (a-d) in dichloromethane at
RT.

We have also recorded the steady state luminescence spectra and lifetimes of all four
complexes at 77K to elucidate the temperature-assisted non-radiative deactivation as well as
to comprehend the deactivation dynamics of the complexes (Figure 4.12). No significant

change is observed in case of La™

-complex (1), except a small blue shift in the ligand-
centered broad peak from 532 nm to 522 nm, upon cooling down to 77K (Figure 4.12a). In
line with the steady state spectrum, almost no such change in the lifetime value (2 ns) is

M_centered

noticed (Figure 4.12b). In case of Eu'M-complex (2), a huge enhancement of the Eu
peaks is observed at 77K. To our surprise, concomitant enhancement accompanied with small
blue-shift of the ligand-centered emission, also takes place on cooling down to 77K (Figure
4.12¢). The lifetime of 2 also gets considerably increased from 473.1 pus to 674.2 ps, upon
going down to 77K (Figure 4.12d). The Sm"-complex (3), on the contrary, displays a red-
shifted ligand-centered peak at ~470 nm along with an increase in the peak intensities for
Sm'"-center, on passing from RT to 77K. The lifetime of 3 also increases from 41.3 us to
47.7 us as depicted in Figures 4.12¢ and 4.12f. The effect of cooling down the temperature is
found to be most dramatic in case of Tb"-complex (4). On cooling down to 77K, the Tb'-
centered peaks associated with *Ds— "F; (s = 6.3 transitions get immensely intensified with
small blue-shift (448—442 nm) together with diminution of the ligand-centered peak (Figure
4.12g). In addition, the lifetime is found to be as high as 720.4 us at the monitoring
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wavelength of 545 nm, as compared to its ligand-centered lifetime of 1.7 ns at RT (Figure
4.12h). The corresponding values for all four complexes at RT and 77K are summarized in

Table 4.4.
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Figure 4.12. Photoluminescence spectra and lifetime decay plots of 1-4 in ethanol-methanol
(4:1, v/v) glass at 77K.

4.3.9. In-situ Generation of the Ternary Ln'' Complexes. In-situ generation of all
the four complexes is feasible upon gradual addition of respective Ln(hfa)3;(H20), precursor
to the dichloromethane solution of tpy-HImzphen and the progress of the reactions has been

monitored via absorption and emission spectroscopy. Relevant titration profiles are presented

133



Chapter 4

in Figures 4.13-4.16. The lowest energy absorption maximum undergoes a downfield shift,
stretching up to 450 nm region (Figures 4.13a, 4.14a, 4.15a, and 4.16a). It is noticed that
consecutive spectral lines pass through two sharp isosbestic points (at ~340 nm and ~375
nm). Spectral saturation takes place upon addition of 1 equiv. of the lanthanide precursors in

all cases. The spectrum at saturation resemble closely to that of the isolated complexes.
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Figure 4.13. Changes in UV-vis absorption (a) and photoluminescence spectra (Aex=370nm)
(b) of tpy-HImzphen ligand upon gradual addition of La(hfa);(H>O), in dichloromethane at
RT.
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Figure 4.14. Changes in UV-vis absorption (a) and photoluminescence spectra (Aex=370nm)
(b) of tpy-HImzphen ligand upon gradual addition of Eu(hfa);(H20), in dichloromethane at
RT.

In the emission side, upon gradual addition of La(hfa);(H>O),, the ligand-centered
peak at ~446 nm gets systematically quenched, accompanied by a red-shift of the maximum
to 532 nm, and saturation takes place on adding ~I equiv of the La*" precursor (Figure

4.13b). In case of Eu’', systematic quenching in the ligand-centered emission at 448 nm
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occurs and at its expense evolution and gradual intensification in peak intensities at 579, 592,
and 614 nm, due to f-f intraconfigurational >Do—’F j=0-2) transitions, also takes place (Figure
4.14b). The spectral pattern in Sm'" is someway comparable to that of Eu', albeit the
intensities of the signals at ~597 (°Gsp,—°H7z) and 645 nm (°Gsp,—°Hoz) are much less
(Figure 4.15b). In contrast to Eul and Sm!, systematic quenching of only the ligand-
centered emission at 446 nm takes place without any signature of typical Tb'-centered

signals due to Ds—"F=s.3) transitions (Figure 4.16b).
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Figure 4.15. Changes in UV-vis absorption (a) and photoluminescence spectra (Aex=370nm)
(b) of tpy-HImzphen ligand upon incremental addition of Sm(hfa);(H2O): in dried
dichloromethane at RT.
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Figure 4.16. Changes in UV-vis absorption (a) and photoluminescence spectra (Aex=370nm)
(b) of tpy-Hlmzphen ligand upon incremental addition of Tb(hfa)3(H2O), in dried
dichloromethane at RT.

4.3.10. Thermosensing and Thermochromic Behaviors of Eu(hfa)s(tpy-

M among the

HImzphen). The emission spectral analysis clearly indicates that only the Eu
four studied lanthanides, gets effectively sensitized upon incorporation of tpy-HImzphen
ancillary ligand. In addition to the hypersensitive peak at 614 nm due to the Do—’F»
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transition, the Eu(Ill) complex displays a weak but finite band at 445 nm due to ligand-
centered emission. The TGA profile suggests that the Eu-complex remains structurally intact
up to ~250 °C (~523 K). Taking advantage of thermal stability as well as dual emission
characteristics, temperature-dependent emission spectral measurements of the complex are
carried out upon varying the temperature between 273 K and 353 K. Both steady-state and
time-resolved emission spectra are acquired in MeCN in the said temperature domain. It is

M_centered signal at 614

noticed that with an increase in temperature, the intensity of the Eu
nm diminishes systematically while the ligand-centered emission at ~470 nm progressively
intensifies accompanied by a small blue shift (Figures 4.17a and 4.17b). Accordingly, the
emitting color changes from blue (at 273 K) to cyan at 353 K, as depicted in the
corresponding Commission Internationale de 1'Eclairage (CIE) plot (Figure 4.17¢c). In line
with the steady-state emission phenomena, the lifetime of the complex monitored at 614 nm
is found to decrease systematically from 759.2 us at 273K to 475.6 ps at 353K (Figure
4.17d). It is to be noted that in most of the earlier reported cases, only the Ln-centered
emission response have been employed for thermosensing. In the present study, emission

responses of both ligand (tpy-HImzphen) and Ln-centre have been utilized simultaneously to

access the thermosensing efficacy of the Eu(Ill) complex.
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Figure 4.17. Changes in photoluminescence spectrum of 2 in MeCN upon varying
temperature in 2D (a) and 3D (b) representation; corresponding chromaticity diagram (c) and
changes in lifetime at the monitoring wavelength of 614 nm upon varying temperature (d).
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The efficacy of the thermosensing aspect of the lanthanide complexes could be

assessed by monitoring various temperature-dependent parameters (A), viz., widely used

»39,43,73,77 »40,50-52,75-78

‘intensity ratio or ‘lifetime and comparatively less used ‘bandwidth’*® or
‘quantum yield’®®. Herein, we have proposed a new thermometric parameter A (at

temperature T) which can be denoted by equation (4.1).

_ 1gp(T)
T(T) . (4.1)

where /ep(T) is the intensity of >Do—'F transition (at 614 nm) at temperature T, while t(T) is
the excited state lifetime (expressed in seconds) monitored at the same wavelength at
temperature T. The relationship between this ratio, A {/gp(T)/z(T)} and T was found to be

best fitted by an empirical polynomial equation as follows (equation 4.2).

A = 34085xT2 - 4x107T + 10'° (R?=0.9932) (4.2)

where T is the temperature and R? is the correlation coefficient of the best-fitted curve. The A

vs. T plots have been depicted in Figure 4.18.
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Figure 4.18. Change in the ratio A {/ep(T)/ 7(T)} of complex 2 in acetonitrile upon variation
of temperature. The dotted line represents the best-fitted curve.

Now, the thermosensing efficiency of a system can be quantified by some well-known
parameters, viz., relative thermal sensitivity (S:) or temperature resolution (3T). The relative
thermal sensitivity (S;) (expressed in % K') indicates the systematic change in a

thermometric parameter per degree of temperature alteration as defined equation 4.3.
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Sy = i (;) . (43)
The maximum obtained S; value is designated as Sn, and the respective temperature value is
termed as Tm. Here, the thermal sensitivity (S;) for the complex Eu(hfa)s;(tpy-HImzphen)
ranges from 1.32 to 12.52 % K (Sw=12.52 % K! at T»=353 K) which, to the best of our

111

knowledge, is the highest value reported till date among the single Ln""-based small-molecule

temperature sensors operative in physiological temperature domain (Table 4.6).40:43:49-52.73.74.79
Another reliable parameter is the temperature uncertainty (6T), also referred to as temperature

resolution, which can be determined by using equation 4.4 as described below:

or = (%)

T

. (4.9)

This parameter defines the smallest resolvable change in temperature (6T) that the
thermometer can detect, and its value should be as low as possible than 1 K. In our case, we
found that the 3T value is 0.0098 K. Thus, the Eu'-complex can be considered an efficient
luminescent thermo-sensor in a broad temperature range of 273-343 K, in terms of the

standard and widely-used thermosensing efficacy-scaling parameters like S; and oT.

Table 4.6. Comparative Table of Some Earlier Reported Ln'"'-Based Thermosensors

Complex Sm (%K) AT (K) Twm(K) Optical parameter Ref.
[Eu(DK12-14)3phen] 1.0 270-370 270 Lifetime 40
Tb(hfa);(H20), 0.70 200450 K 400 Intensity ratio 43
[Tb(hfa)s(dpbp)]n 0.64
[Eu(hfa);(dpbp)]n <0.05
Eu(keto)3(H.O) 7.0 x 1072 12-300 50 Bandwidth 49
Keto= ketoprofen
Eu(bzac);(H,0), 1.4 188-303 293 Lifetime 50
Eu(CPDKj.5)3phen 2.2 298-348 K 298 Lifetime 51
Eu(tta);(pyphen) 1.7 283-323 323 Lifetime 52
(Eu(HL)X, X =Cl, NO3) 7.7 77-298 85 Intensity ratio 73
H,L= 2-(tosylamino)-
benzylidene-N-
benzoylhydrazone
Ln(btfa)3(H»0), (Ln = Eu, 5.8 295-315 296 Intensity ratio 79
Tb)

I

Interestingly, the photoluminescence response of the Eu™"-complex upon variation of

temperature allows us to configure a “Set-Reset” (SR) flip-flop logic gate consisting of two
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inputs, labelled as Set and Reset (‘S” and ‘R’). The SET input 'S' sets the device or produces
the output 1, and the RESET input 'R' resets the device or produces the output 0. Here, 273K
and 353K are considered Input 1 and Input 2, respectively. The emission peak at 465 nm and
614 nm corresponds to the Outputs (Out 1 and Out 2, respectively) (Figure 4.19a). The
‘write-read-erase-read’ cycle can be established via the appropriate use of these inputs and
outputs.’®” In each cycle, certain temperatures are applied to demonstrate both the Write
(°S’, 273 K) as well as the Erase (‘R’, 353 K) course. When the temperature is 353 K, the
input combination is 0 1, and high output 1 signal (1) and low output 2 signal (0) are
obtained, creating the ‘Write’ process. Similarly, when the temperature is 273 K, the input
combination is 1 0, and low output 1 signal (0) and high output 2 signal (1) are obtained,
generating the ‘Erase’ process (Figure 4.19b). The corresponding truth table is also depicted
in Figure 4.19c. Thus, the thermosensitive emission behaviour of the complex Eu(hfa)s(tpy-
HImzphen) can mimic the function of set-reset flip-flop logic and thus creates room for the

fabrication of molecular logic devices.
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Figure 4.19. Thermosensitive photoluminescence response of complex 2 in MeCN (a);
schematic representation of the responses in Set-Reset Flip-flop logic operation (b);
corresponding truth table (c).

In order to exploit its favorable luminescence characteristics for practical application,
we fabricated a hybrid thin film of the Eu(Ill) complex in poly(methyl methacrylate)
(PMMA) polymer and thoroughly studied its emission characteristics. Keeping in mind about
plausible appearance of turbidity at very high concentrations, we prepared 2%, 4%, 6%, and
8% (w/w) composite of Eu(hfa)s(tpy-HImzphen) in the PMMA matrix. The embedding of

complex 2 onto the PMMA matrix is verified via appropriate analyses of X-ray photoelectron

139



Chapter 4

spectra (XPS), Fourier-transformed infrared spectra (FT-IR), and Scanning Electron
Microscope (SEM) results.

4.3.11. XPS. To characterize the hybrid material based on Eu''-embedded PMMA,
XPS measurements are conducted on both the free PMMA as well as 2@PMMA composite.
The XPS spectrum of the free PMMA polymer exhibits distinct peaks at 283.8 and 531.7,
corresponding to C 1s and O 1s, respectively (Figure 4.20a). Furthermore, the high-resolution
C 1s spectrum is deconvoluted into three subpeaks at 283.5, 284.9 and 287.4 eV,
corresponding to C-C and C-O, and C=0 bonds, respectively (Figure 4.20b), whereas, O 1s
spectrum reveals two sub-peaks for C=0 and O-C=0 bonds at 530.7 and 532.1, respectively
(Figure 4.20c). In contrast, the full range spectrum for 2@PMMA displays peaks in the C Is,
O 1s, and Eu 3d regions, with a relatively weaker N 1s peak (Figure 4.20d). The Eu'!
analogue displays peaks of C 1s (283.24 eV) and O 1s (530.87 eV), in the similar region as
free PMMA (Figure 4.20e and 4.20f) along with weak N 1s peak at 397.62 eV (Figure 4.20g)
which is assigned for the terpyridyl ligand. It is noteworthy to mention that two distinct peaks
at 1134.7 and 1164.5 eV are also observed for Eu, corresponding to 3ds, and 3dsp,
respectively, featuring a stable +3 oxidation state of europium (Figure 4.20d). Notably, these
two peaks are absent in the XPS spectrum of free PMMA. These outcomes via XPS analysis
align with the previously reported Eu-loaded PMMA hybrid materials, confirming the
i

successful incorporation of Eu

4.3.12. FT-IR. We conducted FT-IR characterization on pure PMMA as well as on

-complex into the PMMA matrix.

2@PMMA composite in their solid states, keeping air as the background. In the previous

section, we scrutinized the FT-IR spectra of all four ternary Ln'™

complexes. Those spectra
revealed characteristic peaks in the ranges of 1651 and 1528 cm™, corresponding to C=0 and
C=N bonds, respectively. Here, the distinctive peaks of PMMA emerged within 2700-3000
cm’! assignable as the C—H stretching band and at 1716 cm™, attributed to the vibration of the
C=0 group. Notably, in the 2@PMMA composite, two additional peaks at 1698 and 1539
cm™! are evolved corresponding to the C=0 and C=N bonds present in the free complex
(Figure 4.21). Therefore, the FT-IR analysis also indicates the embedding of complex 2 into
the PMMA matrix.

4.3.13. SEM. We also conducted SEM analysis on the 2@PMMA composite and
compared with the free PMMA polymer. To achieve this, both the free PMMA and
2@PMMA composite are drop-casted using DCM onto the silicon wafers (0.5X0.5 cm)

using the spin-coating method. The SEM images reveal a hollow-sphere architecture for the

140



Chapter 4

(d) Eu@PMA |
—~ O1s
:,: Eu3d,, Eu3d,,
© % |
& ]
P
‘»
=
9
£
0 200 400 600 800 1000 1200
Bindina enerav (eV)
() ce
C 1s_Eu@PMMA I
3
)
>
6
c
9
=
280 285 200 295 300
Binding Energy (eV)
(f) [ 0 1s_Eu@PMMA I
3
8
>
3
C
9
£
520 525 530 535 540 545

Binding Energy (eV)

[N 1s_Eu@PMMA I

o1
(a) * FreePMMAI
— C1s
3
8
Py
‘»
{ o)
9
£ M
0 200 400 600 800 1000 1200
Bindina Enerav (eV)
(b) co
R C s PUMA |
e
S
2>
3
{ o)
9
£
280 285 200 295 300
Binding Energy (eV)
C=0
(©) S
O 1s_PMA |
3
8
>
3
| =
5]
£
520 525 530 535 540 545
Binding Energy (eV)
(2
3
8
>
3
c
5]
=
39 395

400
Binding Energy (eV)

405 410

Figure 4.20. XPS analysis for 4% 2@PMMA.
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Figure 4.21. Comparative IR spectra of free PMMA and 4% 2(@PMMA.

free PMMA, while the Eu*"-embedded material exhibits well-distributed particles on the
hollow spheres, indicating the incorporation of complex 2 into the PMMA matrix (Figure
4.22). Thus, the SEM analysis also supports the embedding of complex 2 into the PMMA

matrix. A schematic representation for the fabrication of the hybrid thin film of 4%

2@PMMA along with its exhibition in daylight and under UV light is presented in Figure
4.22.

Synthesis of Eu"-complex@PMMA Eu"-complex loaded PMMA thin flim at Visble light and UV light

Figure 4.22. Schematic representation for fabrication of the thin hybrid film of PMMA
composed of Eu(hfa);(tpy-HImzphen) (2) (2@PMMA). The upper right portion reveals the
SEM images for the free PMMA as well as 2@PMMA. The lower right portion shows the
film under daylight (straw yellow) and UV light (deep red).
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Upon successful incorporation of the Eu(Ill) complex in PMMA, we first acquired
both steady-state and time-resolved emission spectra of the said four polymer films and

presented them in Figure 4.23. It is of interest to note that the ligand-centered emission peak
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Figure 4.23. Photoluminescence spectra upon excitation at Aex=330 nm (a) and lifetime decay
plot monitored at Aem=614 nm (b) of Eu(hfa)s(tpy-HImzphen) (2) embedded as 2%, 4%, 6%,
and 8% (w/w) in PMMA at RT.

at ~445 nm completely disappeared from all four composites. We surmise that a rigid

I jon efficiently restricts the non-radiative deactivation channels.

atmosphere around the Eu
The emission intensity as well as the lifetime monitored at 614 nm is found to be maximum
for 4% embedded film which is denoted as 4% 2@PMMA as shown in Figures 4.23a and
4.23b. We further checked the photostability of 4% film by monitoring the emission intensity
for up to 6h. No significant fall in the intensity is observed during the said time span (Figure

4.24).
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Figure 4.24. Changes in photoluminescence intensity of 4% 2@PMMA with time at rt.
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Interestingly, upon embedding the complex onto the PMMA matrix, the intrinsic
quantum yield improved dramatically from 32% to 52%, which in turn indicates that the non-
radiative deactivation channels get restricted upon rigidification. The relevant values are

tabulated in Table 4.7.

Table 4.7. Lifetime (7obs), Radiative (kr) and Non-radiative Rate Constants (knr),
Intrinsic Quantum Yield (®#), Relative Quantum Yield (®ra) and Energy Transfer
Efficiency (0sens) of the Eu'"'-complex (2) in PMMA Film

Tobs (1) 7 (us) ke (s Foue (s7") Ot (%)
662.2 1300 759.6 680 52

4.3.14. Thermosensing Behavior of Eu(IIl) Complex in PMMA Film. After
verifying the existence of luminescence properties of the complex on PMMA matrix, we
further tend to investigate whether this thin film can sustain its thermosensing ability. So, we
recorded the photoluminescence behaviour of 4% 2@PMMA film upon varying temperature
from 273 K to 343 K. Just like the responses in solution state, here also we observed a

_centered emission intensities, especially of the peak at 614

systematic diminution in the Eu
nm associated to *Do—’F> transition as well as lifetimes (722.14 us at 273 K to 633.41 us at

333 K) monitored at that wavelength (Figure 4.25).
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Figure 4.25. Change in photoluminescence spectrum (a) and lifetime decay plot (b) of 4%
2@PMMA upon varying temperature.

We have also determined the thermosensing efficiency through the use of equations
4.1, 4.3, and 4.4. The relationship between the thermometric ratio A {/gp(T)/ 7(T)} and T is
found to be well-fitted by the following polynomial equation (equation 4.5).

A =-6597.8xT2 + 3x10°%T - 7x10°  (R*=0.9941) .(4.5)
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The change in the thermometric parameter A as a function of temperature is depicted

in Figure 4.26.

A vs. Temperature
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Figure 4.26. Change in A {Igp(T)/t(T)} of 4% 2@PMMA upon variation of temperature. The
dotted line represents the best-fitted curve.

We found that the relative temperature sensitivity (Sy) ranges from 2.06 to 2.84 % K (Sm=
2.84 % K at Tw=333 K) and the temperature resolution (8T) is 0.0014 K, which is well
below the benchmark value of 1 K. Again, as per our literature survey, we hardly found any
better value of those thermometric parameters in earlier reported cases regarding hybrid thin
film doped with Ln" containing discrete molecules effective in physiological temperature
domain (Table 4.8).3%747830 Hence, the present Eu(Ill) complex (2), by virtue of its desirable
photoluminescence and thermosensing characteristics, could be a suitable candidate for

practical applications.

Table 4.8. Comparison of the Thermosensing Efficiency of Some Previously Reported
Lanthanide Complexes Embedded in a Polymer Matrix

Complex Sr (%K™ Polymer Parameter Temperature Ref.
Matrix range

Eu(DBM)3Phen 1.75 PMMA Intensity ratio 50-318 39
Eu(tta);(DEADIT) 1.3 PMAN Lifetime 274-323 75
Eu(tta); 0.7 PS-A Lifetime 273-363 76
Eu(DTP)3 1.2 3C-PU Lifetime 283-323 77
Eu-tris(dinaphthoylmethane)- 2.2 NPs Lifetime 298-318 78
bis-(trioctylphosphine oxide)
Eu(tta);(dpbt) 0.94 PVMK Quantum Yield 274-339 80
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4.3.15. Interpretation of Dissimilar Luminescence Characteristics in the
Complexes. In order to induce the antenna effect appropriately operative in Ln'-based
complexes via the ‘Dexter exchange’ pathway®!, it is postulated that the triplet energy level
(T1) of the ligand should be ~2500-4000 cm™! higher than that of the lowest emissive state of
Ln™ (Ln*).22 On the other hand, if the energy gap between the T1 and Ln* happens to be
<1800 cm’!, reverse or back energy transfer to the ligand occurs instead of lanthanide
sensitization.?” Now, the lowest-lying emitting excited level of Eu™ (°Dy), Sm™ (*Gs)), and
Tb™ (°D4) in the present study is located at ~17300%°, ~17900%¢ and ~20500%° cm™,
respectively, while the T; state of the ancillary ligand tpy-HImzphen is at ~20534 cm™, as
determined from 77K emission spectrum of its Gd"'-analogue®.

Herein, only the ligand-centered emission as well as lifetime is detected for La(III)
complex (1) as expected. The observation related to Eu(IIl) complex (2) is interesting. In our
previously reported tta analogues,?’ we found that cumulative energy transfer (both from tta

' was not up to the mark as anticipated on the basis of the suitable

and tpy-HImzphen) to Eu
Ti—Ln* energy gap where the T level of tta is situated at ~21000 cm™. In the present study,

the T; level of hfa resides at ~22000 cm™,3¢ and consequently, the extent of energy transfer

111

sens) to Eu™ is found to be substantially improved, in fact, almost complete (~95%). Hence,
(Msens) y imp p

just by replacing the antenna ligand from tta to hfa, a huge modulation of intercomponent

I

energy transfer is achieved in the respective Eu™ complex, which is also mirrored in its

1

photoluminescence spectral behavior. Additionally, diminution of Eu"-centered emission

intensity and lifetime upon temperature rise can be attributed to the involvement of the low-

M_complexes as the reduction

lying LMCT state which is not very unusual in such Eu
potential for Eu"/Eu" couple is very low (-0.35 V).2%-33828790 Op the other hand, a systematic
increase in the ligand-centered emission peak at ~465 nm upon the rise in temperature may
be ascribed to LMCT-state mediated back-energy transfer to S; state of tpy-HImzphen.®
Complex 3 exhibits very low relative emission intensity and lifetime associated with the
Sm'"-centered electric dipole peak at ~646 nm. This very poor extent of energy transfer is
probably because of the low-lying LMCT state as well as multi-phonon deactivation as
mentioned in some previous literature.?>°! Lastly, in case of complex 4, since the T;-Tb*
energy gap is only ~34 cm’!, reverse or back energy transfer to tpy-HImzphen is the
predominant path which is also reflected in its lifetime. Thus, the energetic positions of T
states for both hfa and tpy-HImzphen are responsible for the distinctive luminescence
|

complexes. A tentative energy level diagram is also proposed below
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(Scheme 4.3) to decipher the divergence in luminescence characteristics among the four

lanthanide(III) tris-hfa complexes.

35000 —; S,
30000 —
25000 —
T4
20000 — ~4700 cm™* D
17300 cm’! 17900 cm”!
15000 — meT =TT
10000 — SRR R L
: . P —_—
5000 Y T._I—: L =2
Non-radiative ,': g ;E"“*; i:f
deactivation 1 Y ——'f- 5
— So *Hgp F, —4_ 5

Scheme 4.3. Tentative energy transfer mechanism operating in the Ln™-complexes. The

other excited states for Eu'' °D;~19000 cm™) and Sm™ (*G7,2 ~20000 cm™ and *F3» ~18700
cm!) are omitted for simplification.

4.4. Conclusion

Synthesis, thorough characterization and detailed investigations on the photophysical and in
particular the luminescence behaviors of a new array of four ternary lanthanide (III) tris-
hexafluoroacetylacetonate complexes have been undertaken in this work. The comprehensive
photophysical behaviors of all four complexes are investigated by means of absorption and
both steady-state and time-resolved emission spectroscopic techniques. Interestingly, the
incorporation of terpyridyl-imidazole-based ligand leads to bathochromic shift of the
absorption window in the complexes into the visible domain, which is in contrary to most of
the reported Ln'-based complexes that display their absorption window within the UV
region. Detailed luminescence measurements conducted at both RT and 77 K, elucidate the
deactivation dynamics in the complexes as well as their dissimilar luminescence responses,

viz., almost complete ligand-to-metal energy transfer in Eu'"

, very little energy transfer for
Sm'", while back energy transfer in case of Tb'!,

Additionally, Eu(Ill) complex exhibits excellent thermosensing capability in both
solution state as well as in a hybrid thin film of PMMA, which highlights its probable
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practical utility. Interestingly, upon increase in temperature, the Eu(Ill)-centered emission is
found to decrease gradually and at its expense the ligand-centered emission increases
systematically and this sort of dual-monitoring of thermosensing efficacy of the lanthanide
complexes is unprecedented in the literature. Furthermore, by virtue of its dual emissive

111

nature, the Eu"'-complex becomes a blue-emitter at 273K, while cyan-emitter at 353K. The

thermosensitive luminescence response of the Eu'!

-complex has also been utilized to mimic
Set-Reset Flip-flop logic operation. We evaluated thermosensing efficacy of Eu(Ill) complex
by proposing a new thermometric parameter (A), defined by the ratio of emission intensity
and lifetime at a particular wavelength and the estimated values of relative thermal sensitivity
(S,) and temperature resolution (67) are found to be superior over the earlier reported Ln''-

based discrete thermosensors that operate in physiological temperature domain.
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Chapter 5

5.1. Introduction

The design of luminescent trivalent lanthanide coordination complexes has always been
attracting researchers of the concerned community. The motivation behind this is to leverage
their unique and well-defined luminescence spectral features (atom-like sharp emission and

1 jons.! During the course of time, they

long excited state lifetimes) arising out of the Ln
have shown their supremacy over the traditional luminescent probes in varied applications,
viz., fabrication of light-harvesting materials; sensing of temperature, pressure, acid, base, or
specific analytes, as well as in medical diagnostics.®!* Despite their multipurpose utility,

1

direct excitation of the Ln"" ions cannot yield a fruitful emission because of their spin and

parity forbidden intra-configurational f-f transitions. To overcome this pitfall, anchoring

suitable sensitizers is often needed, which can indirectly sensitize the coordinated Ln'"

ion by
transferring its absorbed energy (antenna effect). Since its inception, numerous efforts have
been devoted to design suitable sensitizers for achieving enhanced Ln""-based luminescence.
After several years of this quest, fluorinated B-diketonates have been recognized as one of the
most popular candidates for lanthanide sensitizers, which in turn pushes the momentum for
the design and synthesis of diverse Ln' tris-B-diketonate-based molecular assemblies.
Eventually, several modifications have been made to the structures of f-diketonates that can
put an impact on the excited energy levels as well as sensitization efficacies in the resulting
B-diketonate-based Ln(III)-complexes.!*!® Despite sincere efforts, the utmost desired
luminescence is still to be achieved from Ln' tris-(B-diketonate) moieties as the Ln'" ions
often coordinate with water or neighboring solvent molecules to fulfill their higher
coordination, which in turn invites a detrimental impact on the anticipated enhanced
sensitized luminescence.!” To evade this, Lewis’s bases, usually comprised of N- or O-donors
and connected to polyaromatic organic chromophores, are brought into play (ancillary

1T

ligands).!”?° These ligands are usually capable of coordinating with Ln'" ions by replacing

the coordinated water or solvent molecules, resulting in the formation of a new genre of

luminescent ternary Ln"!

-complexes. Now, the structures and the excited state energy levels
of both B-diketonate and incoming ancillary ligand govern the sensitization outcomes in
terms of both the extent as well as direction of energy transfer. In essence, the cumulative
influences of the two types of ligands can induce an additive or a subtractive impact on the

overall Ln™

sensitization process, which is ultimately governed by the energetic position of
their lowest triplet states (T1).>** Hence, judicious selection of both the antenna and

ancillary ligands is the most important factor for designing such luminescent Ln"-based
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complexes. Literature survey reveals that majority of the ancillary ligands are composed of a
bidentate (bipyridine and/or phenanthroline)-type coordinating motif covalently coupled with
polyaromatic and heteroaromatic moieties.>?*?*?° On the other hand, reports based on

22-24.3438 egpecially on terpyridyl-appended ligands,?>**#! have been found

tridentate motifs,
to be surprisingly very few in spite of their certain favourable structural attributes, leaving
room for further exploration. Also, to the best of our knowledge, there is no report wherein a
heteroditopic bipyridine-terpyridine type ancillary ligand has been employed for effective
lanthanide sensitization.

Luminescent Ln"-based coordination complexes have proven their credibility as
molecular luminescent thermometers, which are now being considered superior to traditional
thermometers, mostly due to their non-invasive nature and efficacy in the nanoscale
domain.****® Accordingly, enormous efforts have now been devoted to the design of efficient
Ln"-based luminescent thermosensors.*>*** While going through the literature, it is noticed

45,48

that either Ln"-based MOFs***" or coordination polymers are mostly employed for this

"_based discrete molecules have been far less explored.**-

purpose. By contrast, Ln
Besides, in dealing with luminescence thermometry, alteration of only the Ln'-based
luminescence is usually considered, leaving aside the residual ancillary ligand-centered

emission. But close scrutiny of the relative intensity of Ln'!

-based emission and ligand-
centered emission, if observed, offers some indications for the occurrence of temperature-
assisted metal-to-ligand back energy transfer®'>® (usually applicable for Tb"-complexes) or
low-lying ligand-to-metal-charge-transfer (LMCT)-state mediated back energy transfer to

ligand®*>*€° (often occurs in case of Eu'll

-complexes). These two phenomena are mostly
responsible for the hitherto reported thermosensitive luminescence behaviors of Ln'!-
complexes.

Thermally-activated delayed fluorescence (TADF) is also a temperature-induced
phenomenon. One can also think of achieving the luminescence thermometric prospect by
exploiting this TADF event, if possible. Several groups across the globe are now actively
engaged in the design of novel TADF-active molecules.’’®> However, amalgamating the

_pased discrete

TADF and luminescence thermometry, especially in the domain of Ln
molecules, is yet to be explored. TADF usually occurs in two ways, viz. (i) triplet-triplet
annihilation (TTA) and (i1) reverse intersystem crossing (RISC). For TTA to happen, the
energy value of the lowest singlet state (S1) of a molecule should be almost double that of its
lowest triplet (T1) state. On the other hand, to have the RISC process operating in a ligand,
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several criteria should be fulfilled. Firstly, the energy gap between the Si and T states (AEsrt)
of the ligand is expected to be <0.25 eV.** To this end, a donor-acceptor (D-A) type
molecular architecture should be maintained while designing such a ligand, which further
generates a charge transfer (CT) character. This CT character, in turn, reduces the HOMO-
LUMO overlap as well as the AEst value in the ligand framework. More specifically, a
mixing between CT and local excitation (LE) character is often desired as pure CT character
could lead to weak fluorescence. Besides, a potential TADF-active molecule is expected to be
highly fluorescent so that sufficient singlet excitons are available after the RISC process.
Hence, molecular rigidity is also supposed to be maintained in the ligand, which could lead to
the suppression of the non-radiative decay pathways. Appropriately designed polypyridyl
ligands could possess all of these prescribed criteria necessary for a molecule to display
TADF activity via the RISC pathway.

Hence, our primary objective is to judiciously choose a polypyridyl ligand that holds
the prospect of displaying TADF by taking advantage of its high-energy lowest triplet (T1)
state. To this end, we have employed a heteroditopic bridging ligand, phen-Hbzim-tpy=2-[4-
(2,6-dipyridin-2-ylpyridin-4-yl)phenyl]-1H-imidazole[4,5-f][ 1,10]phenanthroline,
incorporating both phenanthroline- as well as terpyridine-type coordinating motifs covalently
connected via phenyl-imidazole spacer. The said bridging ligand has been utilized here to

M_complexes of type,

synthesize a new array of four ternary homobimetallic Ln
{(Lnx(tta)s(phen-Hbzim-tpy)} where Ln=La'" (1), Eu'" (2), Sm"" (3), and Tb™ (4), and tta is
2-thenoyltrifluoroacetonate as the antenna ligand.

Following synthesis, thorough characterization of the complexes has been made by
standard analytical tools and spectroscopic techniques. It is to be mentioned here that the
phen-Hbzim-tpy bridging ligand has previously been employed to design luminescent and
redox-active monometallic as well as homo- and hetero-multimetallic complexes of Ru(II)

_gensitizer as well as TADF

and Os(II) by our group.®>%® However, its credibility as an Ln
characteristics are being reported for the first time. Herein, the room temperature
photophysical behaviors and temperature-dependent luminescence spectral characteristics of
the synthesized Ln(IIl) complexes, including the free phen-Hbzim-tpy ligand, have been
thoroughly investigated. Finally, the role of the higher energy T state of the phen-Hbzim-tpy
and the lower-lying T state of the B-diketonate antenna ligand on the RT luminescence
spectral characteristics, as well as TADF-assisted thermo-sensing and thermochromic

behaviors of the complexes, have also been elucidated via plausible energy transfer pathways.
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5.2. Experimental Section

5.2.1. Materials. 2-Theonyltrifluoroacetone (Htta), solvents, and all the
lanthanide(III) salts in their hydrated forms, containing either nitrate or chloride as counter
anions, were procured from Merck. All the solvents were dried well via distillation before
use.

5.2.2. Synthesis of the Ancillary Ligand and Lanthanide(III) Precursors. The
bridging phen-Hbzim-tpy ligand has been synthesized upon condensation of phenanthroline-
5,6-dione and 4'-(p-formyl phenyl)-2,2":6',2"-terpyridine (tpy-PhCHO) in presence of
ammonium acetate and acetic acid, following our previously reported procedure (Scheme
1).% The procedure to synthesize the lanthanide(IIl) tris-(B-diketonate) precursors of type
[Ln(tta)3(H20)2], wherein Ln=La, Eu, Sm, Tb, are already described in Chapter 2.

IZ .2

Scheme 1. Synthesis of the ancillary ligand (phen-Hbzim-tpy)

5.2.3. Synthesis of the Lanthanide Complexes. A general synthetic strategy has
been adopted to synthesize all the four lanthanide complexes, [Lnz(tta)s(phen-Hbzim-tpy)],
where Ln=La'" (1), Eu" (2), Sm™ (3), and Tb™ (4) (Scheme 2). To a stirred suspension of

phen-Hbzim-tpy (20 mg, 0.038 mmol) in a chloroform-methanol (1:1 v/v) mixture, an

87 “°s \_‘. 5N
-— — N
i —0 N 0=
pi ‘ h -'\‘ ". Ay / \N ‘l
I~ -0 N — 0-
H CF4 FiC H —N CF,
1 equiv. N 2 equiv. 3 3 \_ ’
phen-Hbzim-tpy Ln(tta)3(H20)2 Lng(tta)g(phen-Hbzim-tpy); Ln = La" (1); Eu"(2); Sm"(3); Tb"(4)

Scheme 2. Molecular structures of terpyridine-phenanthroline type ancillary ligand
(phen-Hbzim-tpy), Ln"™' precursors, Ln(tta);(H20)2, and homobimetallic complexes,
{Lnz(tta)s(phen-Hbzim-tpy)} (1-4).

appropriate amount of respective lanthanide precursors Ln(tta);(H20), (~67 mg, ~0.078

mmol) is added in a 1:2 ratio and kept under reflux for 6h at ~60 °C. The resulting straw
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yellow solution was then evaporated to dryness in a rotavapor, and the solid residue was
dissolved in an acetonitrile-hexane (1:5 v/v) mixture to get a pale yellow colored product.
The product was filtered, washed several times with hexane, and kept in a vacuum desiccator
for 1d.

[Laz(tta)e((phen-Hbzim-tpy)] (1). La(tta);(H20)2 (66 mg, 0.078 mmol); Yield: 49
mg (61%). Anal. Calcd. for CgH4sF1sN7012S¢Laz: C, 46.19; H, 2.13; N, 4.60. Found: C,
46.09; H, 2.05; N, 4.47. FT-IR: v (in cm™) = 1532, 1604, 3097. HRMS: m/z = 1910.8302
(100 %) [M-tta]*. "H NMR (DMSO-ds, 400 MHz, &/ppm): 9.04 (d, 2H, J = 7.6 Hz, Hi4), 8.84
(s, 2H, Hs), 8.80 (d, 2H, J = 5.0 Hz, Hy), 8.70 (d, 2H, J = 7.8 Hz, Hs), 8.54 (d, 2H, J= 8.2 Hz,
Hi2), 8.19 (d, 2H, J = 8.9 Hz, Hi1), 8.06 (t, 2H, J = 7.7 Hz, Hi0), 7.93 (t, 2H, J = 6.2 Hz, H7),
7.84 (m, 2H, Hi3), 7.84 (m, 6H, H»), 7.84 (m, 6H, H4), 7.55 (t, 2H, J = 6.1 Hz, He), 7.14 (t,
6H, J=4.5 Hz, H3), 6.25 (s, 6H, Hi methine).

[Euz(tta)s(phen-Hbzim-tpy)] (2). Eu(tta);(H20)2 (67 mg, 0.078 mmol); Yield: 52 mg
(63%). Anal. Calcd for CgHasFi1sN7012S¢Eu: C, 45.63; H, 2.10; N, 4.54. Found: C, 45.14;
H, 2.01; N, 4.41. FT-IR: v (in cm™) = 1538, 1601, 3103. HRMS: m/z = 1937.8662 (100 %)
[M-tta]*. '"H NMR (DMSO-de, 400 MHz, §/ppm): 9.05 (s, 2H, Hi4), 8.98 (s, 2H, Hs), 8.84 (s,
2H, Ho), 8.81 (s, 2H, Hg), 8.71 (d, 2H, J = 8.5 Hz, H12), 8.51 (s, 2H, Hi1), 8.24 (d, 2H, J=7.6
Hz, Hi), 8.07 (t, 2H, J = 7.7 Hz, H7), 7.86 (s, 2H, Hi3), 7.56 (t, 2H, J = 6.3 Hz, Hs), 7.44 (s,
6H, H»), 6.48 (s, 6H, H3), 6.31 (s, 6H, Hs), 2.69 (s, 6H, H; methine).

[Smz(tta)s(phen-Hbzim-tpy)] (3). Sm(tta);(H20)2 (67 mg, 0.078 mmol); Yield: 49
mg (60%). Anal. Calcd for Cs2HasFisN7012S6Smy: C, 45.70; H, 2.10; N, 4.55. Found: C,
45.32; H, 1.98; N, 4.27. FT-IR: v (in cm™) = 1537, 1601, 3096. HRMS: m/z = 1934.7539
(100 %) [M-tta]". "H NMR (DMSO-ds, 400 MHz, §/ppm): 9.06 (s, 2H, Hi4), 8.99 (d, 2H, J =
6.6 Hz, Hs), 8.84 (s, 2H, Ho), 8.81 (d, 2H, J = 4.84 Hz, Hg), 8.71 (d, 2H, J = 8.2 Hz, H1»),
8.53 (d, 2H, J=7.9 Hz, Hn), 8.24 (d, 2H, J = 8.2 Hz, Hio), 8.14 (s, 6H, Hi methine), 8.06 (t,
2H, J=17.7 Hz, Hy7), 7.87 (m, 2H, Hi3), 7.87 (m, 6H, H2), 7.56 (t, 2H, J = 6.1 Hz, He), 7.31
(s, 6H, H3), 7.21 (s, 6H, Hy).

[Tb2(tta)s(phen-Hbzim-tpy)] (4). Tb(tta);(H20)2 (68 mg, 0.078 mmol); Yield: 55 mg
(66%). Anal. Calcd for CsoHasFi1sN7012S6Tho: C, 45.34; H, 2.09; N, 4.51. Found: C, 45.03;
H, 2.02; N, 4.37. FT-IR: v (in cm™") = 1540, 1600, 3101. HRMS: m/z = 1950.7737 (100 %)
[M-tta]*. "TH NMR (DMSO-de, 400 MHz, §/ppm): 98.26 (s, 6H, H; methine), 29.91 (s, 6H,
H»), 12.36 (s, 6H, H3), 9.07 (s, 2H, Hi4), 9.02 (s, 2H, Hs), 8.88 (s, 2H, Ho), 8.80 (s, 2H, Hg),
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8.68 (d, 2H, J = 8.2 Hz, Hiy), 8.60 (s, 2H, Hiy), 8.30 (d, 2H, J = 9.1 Hz, Hyo), 7.99 (t, 2H, J =
5.4 Hz, Hy), 7.90 (s, 2H, Hi3), 7.50 (s, 2H, He), 6.49 (s, 6H, Hy).

5.2.4. Theoretical Calculations. The geometry optimization of the phen-Hbzim-tpy
ligand was performed using Gaussian 09 software upon employing a global hybrid functional
PBEO (Perdew-Burke-Ernzerhof). 6-31G* basis set was employed for C, H, and N atoms.
Solvent effects of acetonitrile were included using the PCM (Polarizable Continuum Model).
Time-dependent density functional (TD-DFT) calculations at the same level of theory were
also executed to acquire calculated absorption and emission spectra of ligand. Orbital and
fractional contribution analysis was done with Gauss View 5.0 and Gauss Sum 2.1. The
orbital overlap integral value between HOMO and LUMO was calculated via Multiwfn

software (version 3.8).

5.2.5. Instruments and Physical Methods. The delayed fluorescence and delayed
lifetime data for all compounds were recorded in Edinburgh FLS1000 instrument using a pF-
400 flash lamp and PMT-900 detector. The data were analyzed using Fluoracle software
(version 2.9.3). The relative quantum yield at room temperature was measured for all the four
complexes (1-4) in acetonitrile solvent, using quinine bisulfate in 1N H2SO4 (n = 1.338, Dy
= 54.6%) as reference for the system. In this regard, we have utilized a general equation (5.1)
for the calculation of quantum yield:

o A2

br A, .. (5.1

where ‘r’ represents the reference and ‘s’ the sample. ‘A’ implies the absorbance at the
excitation wavelength, whereas ‘I’ is the integrated luminescence intensity, and ‘n’ represents
the refractive index of the solution. The refractive index is supposed to be equivalent to that
of the pure solvent (n = 1.344 for acetonitrile). The rest of this section have already been

discussed in Chapter 2.

5.3. Results and Discussions

5.3.1. Synthesis and Characterization. The reaction between phen-Hbzim-tpy and
respective lanthanide precursors, Ln(tta);(H20)2 (1:2 molar ratio) in chloroform-methanol
(1:1 v/v) mixture yields the desired dinuclear ternary complexes with good yields. The
resulting complexes are then characterized via standard analytical tools and spectroscopic

techniques, viz. elemental (C, H, N) analysis, FT-IR and '"H NMR spectroscopy, HRMS,
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PXRD, as well as thermogravimetric analysis. Associated figures and tables are provided in
Figures 5.1-5.11 and Tables 5.1-5.2. All the four complexes are found to be isostructural.
5.3.2 FT-IR Spectra. The IR spectra of the resulting complexes along with their
respective lanthanide precursors and phen-Hbzim-tpy ligand were acquired within 400-4000
cm ™! region and related spectra as well as selected stretching frequencies of the complexes

are presented in Figure 5.1 and Table 5.1. The ligand exhibited a peak at ~1586 cm™! due to

@ (D) —

? ;;m ’O\ Complex 4 (Tb") WTW
3 3

8 Tb(tta),(H,0), WW”M‘ 8 Complex 3 (Sm") W
c =

8 |smtta),(H,0), o

."E' c "E Complex 2 (Eu")

o [Eu(tta),(H.0), n

% % Complex 1 (La") W‘W
= |La(tta),(H,0), WM“ =

4000 3000 2000 1000 4000 3000 2000 1000

V/cm-‘] v/Cm'1

Figure 5.1. FT-IR spectra of phen-Hbzim-tpy, and all four Ln(tta);(H2O), precursors (a) and
complexes 1-4 (b).

Table 5.1. Stretching Frequencies of Selected Groups in Their FT-IR spectra

phen-Hbzim-tpy - 1586 3154 -
La(tta)3(H20)2 1601 - - 3360
Complex 1 1604 1532 3097 -
Eu(tta);(H20): | 1603 - - 3351
Complex 2 1601 1538 3103 -
Sm(tta)3(H20)2 1602 - - 3353
Complex 3 1601 1537 3096 -
Tb(tta);(H20)2 1601 - - 3400

Complex 4 1600 1540 3101 -

C=N stretching of the pyridine moieties, whereas a characteristic peak at ~3154 cm™ for the
imidazole N-H stretch. Due to the presence of the 2-thenoyltrifluoroacetylacetonate unit, all
the lanthanide precursors, Ln(tta);(H20)2 show a characteristic C=0 stretching within 1601-
1603 cm™ and a broad hump in the spectral domain of 3350-3400 cm™ for the water

molecules. The complexes also revealed a sharp peak within the range from 1600-1604 cm’!
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associated with C=0 stretching frequency and interestingly the broad peak for coordinated
water is disappeared. Simultaneously, two new peaks emerged within 1532-1540 cm™! and

3096-3103 cm™! for C=N and N-H stretching, respectively in the complexes.

5.3.3. 'H NMR Spectra. Thorough characterization of the complexes 1-4 and their
respective Ln(tta);(H20). precursors is performed via 'H NMR spectroscopy in DMSO-dk.
The '"H NMR spectra along with the tentative assignments of protons are provided in Figures
5.2-5.5, and Table 5.2. It is observed that the protons associated with the tta moiety

H,

0 0 H
an Hs H2 H4 H3

F3C HiHy 8 H,

HigtHa*H, £ o ’
\ o
Hy .
o)
)
Ha Hs
3
Hg
90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 6
5 (ppm)

Figure 5.2. 400 MHz 'H NMR spectra of Htta (top), La(tta)3(H2O), (middle) and
[Lax(tta)s(phen-Hbzim-tpy)] (1) (bottom) in DMSO-de.

experienced huge chemical shifts with unprecedented change in multiplicity, especially in the
three cases comprising of the paramagnetic ions. On the other hand, the protons attached to
the phen-Hbzim-tpy ligand underwent slight alteration in the chemical shift of the signals but

experienced unpredictable alteration in multiplicity. The protons in the free Htta get up-field

shifted from 6.98 (s) ppm to 6.40 (s) ppm upon incorporation of diamagnetic La'" ion in

La(tta)3(H2O), precursor. The very same proton keeps the trend of up-field shifting up to 6.25

1

(s) ppm in the resulting La™'-complex (1) (Figure 5.2). Among the other three complexes, this

methine proton experiences a down-field shift from 1.10 (s) to 2.69 (s) ppm in case of Eu'!
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complex (2), and from 95.96 (s) to 98.26 (s) ppm for the Tb'"-complex (4) while it remains
almost unperturbed {from 8.13 (s) to 8.14 (s) ppm} for the Sm'! complex (3) as compared to

their respective Ln(tta);(H20)2 precursors. The comparative changes in chemical shift values

for all the proton resonances are also presented in Table 5.2.

*Solvent residual peak
H;

|

*Solvent residual peak

L

90 85 80 75 70 65 60 40 35 30 25
5 (ppm)

Figure 5.3. 400 MHz '"H NMR spectra of Eu(tta);(H20): (top) and [Eux(tta)s(phen-Hbzim-
tpy)] (2) (bottom) in DMSO-d.

OH,

2 9.0 8.8 86 84 8.2 8.0
5 (ppm)

Figure 5.4. 400 MHz '"H NMR spectra of Sm(tta);(H20)> (top) and [Smx(tta)e(phen-Hbzim-
tpy)] (3) (bottom) in DMSO-db.

78 76 74 72 7
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OH,
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Figure 5.5. 400 MHz '"H NMR spectra of Tb(tta);(H20): (top) and [Tbx(tta)s(phen-Hbzim-

tpy)] (4) (bottom) in DMSO-ds.

Table 5.2. Chemical Shifts of the Protons of All the Four Complexes in DMSO-de

Chemical shift (ppm) of Lanthanide complexes (1-4) {J= Hz}
Proton 1 (La™) 2 (Eu™) 3 (Sm™) 4 (Tb™)
Hi (methine) | 6.25 (s, 6H) 2.69 (s, 6H) 8.14 (s, 6H) 98.26 (s, 6H)

H> (tta) 7.84 (m, 6H) 7.44 (s, 6H) 7.87 (s, 6H) 29.91 (s, 6H)

Hs (tta) 7.14 (t, 6H, J=4.5) | 6.48 (s, 6H) 7.31 (s, 6H) 12.36 (s, 6H)

Ha (tta) 7.84 (m, 6H) 6.31 (s, 6H) 7.21 (s, 6H) 6.49 (s, 6H)
Hs 8.84 (s, 2H) 8.98 (s,2H) 8.99 (d, 2H, J=6.6) | 9.02 (s, 2H)
Hs 7.55(t,2H,J=6.1) | 7.56 (t,2H,J=6.3) | 7.56 (t,2H,J=6.1) | 7.50 (s, 2H)
Hy 7.93(t,2H,J=6.2) | 8.07 (t,2H,J=7.7) | 8.06 (t,2H,J="7.7) | 7.99 (t,2H, J=5.4)
Hs 8.70 (d, 2H, J=17.8) | 8.81 (s, 2H) 8.81(d, 2H, J=4.8) | 8.80 (s, 2H)
Ho 8.80 (d, 2H, J=5.0) | 8.84 (s, 2H) 8.84 (s, 2H) 8.88 (s, 2H)
Hio 8.06(d,2H,J=7.7) | 824 (d,2H,J=17.6) | 8.24(d,2H,J=8.2) | 8.30(d,2H,J=9.1)
Hp 8.19 (d, 2H, J=8.9) | 8.51 (s, 2H) 8.53(d,2H, J=17.9) | 8.60 (s, 2H)
Hi 8.54(d,2H,J=8.2) | 871 (d,2H,J=8.5) | 8.71 (d,2H, J=8.2) | 8.68 (d, 2H, J=8.2)
His 7.84 (m, 2H) 7.86 (s, 2H) 7.87 (s, 2H) 7.90 (s, 2H)
His 9.04 (d, 2H, J=17.6) | 9.05 (s, 2H) 9.06 (s, 2H) 9.07 (s, 2H)

5.3.4. Mass Spectra. The HRMS data for all four complexes are recorded in CHCl;

to further confirm their stability in solution. Similar spectral patterns are noticed for all cases
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with a prominent peak for respective [{Lnx(tta)s(phen-Hbzim-tpy)}]" or [M-tta]® fragment
(Figures 5.6-5.9). The correspondence between the experimental and simulated isotopic

patterns is also found to be very close in all cases.
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Figure 5.6. HRMS of 1 in dichloromethane. The upper right portion shows the
experimentally observed isotopic distribution pattern for [Lax(tta)s(phen-Hbzim-tpy)]”
fragment and the lower right portion shows the simulated isotopic distribution pattern.
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Figure 5.7. HRMS of 2 in dichloromethane with the experimentally observed and simulated
isotopic distribution pattern for [Eux(tta)s(phen-Hbzim-tpy)]* fragment.
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Figure 5.8. HRMS of 3 in dichloromethane with the experimentally observed and simulated
isotopic distribution pattern for [Sma(tta)s(phen-Hbzim-tpy)]" fragment.
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Figure 5.9. HRMS of 4 in dichloromethane with the experimentally observed and simulated
isotopic distribution pattern for [Tba(tta)s(phen-Hbzim-tpy)]* fragment.
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5.3.5. Powdered X-ray Diffraction (PXRD). The PXRD analysis for all four
complexes shows broad peaks with similar patterns, indicating their amorphous nature

(Figure 5.10). The consistent pattern observed for complexes 1-4 suggests that they are all

1sostructural.

Intensity (a.u.)

20 40 60 80
20 (degree)
Figure 5.10. PXRD patterns of complexes 1-4.

5.3.6. Thermogravimetric Analysis of the Complexes. The thermal stability of the
complexes was inspected via thermogravimetry in N> atmosphere within the temperature
domain of 30-700 °C with a heating rate of 10 °C/m. The similarity in decomposition pattern
and weight loss is noticed in all cases (Figure 5.11). Upon reaching ~300 °C, major decay
starts and continues up to ~400 °C (up to ~40% weight loss), which is probably due to

dissociation of phen-Hbzim-tpy. The next major weight-loss begins at ~550 °C and continues

100+ 100 S————
/~25(|)_ocit 2H.0 ®)
— La(tta),-2H, 75
X 751 — Eu(tta),.2H,0 X
= — Sm(tta),.2H, O c
_g) (a) (tta),.2H, -S) 50
=) — Thb(tta),.2H.O =
()] 3 2 %.)
50-
= 25
25 : : : 0 ' . .
200 400 600 200 400 600
Temperature (°C) Temperature (°C)

Figure 5.11. Thermogravimetric analysis of all four metal precursors Ln(tta)3;(H20)2*? (a) and
their corresponding complexes 1-4 (b).

170



Chapter 5

thereafter possibly due to the generation of the respective metal oxides. It is to be noted that
the synthesized complexes are thermally more stable (onset temperature ~300 °C) than their
respective lanthanide precursors (onset temperature ~250 °C). Thus, it seems that the

complexes possess adequate thermal stability up to ~300 °C.

5.3.7. Absorption and Emission Spectral Characteristics. The photophysical
responses of all the four lanthanide complexes together with the bridging phen-Hbzim-tpy
ligand are recorded in acetonitrile. Associated spectra are shown in Figures 5.12-5.13 and

relevant spectral data are presented in Table 5.3. As the ligand plays a crucial role in

1.5

0.6 ~340 nm - ;a(tta)g(:z(;b ~340 nm — Complex 1 (La")
: — Eu(tta)3(H20); ~280 nm = Complex 2 (Eu")
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Figure 5.12. UV-visible absorption spectra of phen-Hbzim-tpy together with Ln(tta);(H20)2
precursors (a) and complexes 1-4 (b) in dried acetonitrile at RT.
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Figure 5.13. Normalised photoluminescence (Aex=340 nm) spectra of complexes 1-4 in dried
acetonitrile at RT. Insets show the weak ligand-centered emission band of 2 and the weak

Tb"-centered emission peak in 4.
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Table 5.3. Photophysical Parameters of Complexes 1-4 at RT and at 77 K

Absorption, Amaxy/nm Emission, Amax/nm Relative
Complex (e/Mem™)(x10%) Quantum
Ligand Metal Lifetime Yield
centered centered (1) (Pret)
1 270 (7.04), 285 (7.32), 495 - 1=2.6 ns 0.68
= 343 (11.32)
~ 2 274 (7.93), 287 (7.99), 445 579, 589, 11=480.7 pus 0.61
340 (13.52) 612, 651 =551.4 us
3 273 (6.46), 287 (6.35), 445 563,599, 11=28.6 ps 0.04
341 (11.98) 646 1=68.8 us
4 274 (8.58), 287 (8.96), 455 545, 620, 11=0.4 ps 0.46
340 (13.48) 647 =4.6 us
v 4 - - 490, 545, 11=219.0 us -
N 580,620 | 1,=604.8 ps

demonstrating the TADF event, we have thoroughly investigated its ground and excited state
properties. To this end, geometry optimization of phen-Hbzim-tpy ligand has been performed
using Gaussian 09 software upon employing PBEO functional. The optimized geometry is
presented in Figure 5.14. Selected HOMOs and LUMOs are presented in Figure 5.15 and
Table 5.4.

Figure 5.14. Optimized geometry of the free ligand phen-Hbzim-tpy.

e Xy P i
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LUMO LUMO+1 LUMO+2 LUMO+3 LUMO+4

Figure 5.15. Pictorial representation of the molecular orbitals (HOMO and LUMO) in phen-
Hbzim-tpy using PBEO (PBE1PBE) functional.
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Table 5.4. Selected MOs Along with Their Energies and Compositions in the Ground
State of phen-Hbzim-tpy Using PBEO (PBE1PBE)

MO phen-Hbzim-tpy
Energy/eV % of compositions
phenyl | imidazole-phen | tpy

LUMO+5 -0.56 1.13 06. 14 92.71
LUMO+4 -0.97 16.06 46.39 37.53
LUMOA3 -1.24 3.10 74.31 22.58
LUMO+2 -1.46 0.27 96.08 3.63
LUMO+1 -1.53 0.92 0.02 99.05

LUMO -1.87 31.28 22.33 46.38

HOMO -5.98 20.85 75.03 4.10
HOMO-1 -6.66 0.20 0.02 99.78
HOMO-2 -6.89 1.35 98.20 0.43
HOMO-3 -7.23 0.05 99.82 0.11
HOMO-4 -7.24 18.96 16.85 64.18
HOMO-5 -7.30 4.66 0.11 95.21

TD-DFT calculations were also executed in all cases to acquire the calculated absorption
spectra and overlay of the experimental and calculated spectra of ligand are provided in
Figure 5.16. It is of interest to note that agreement between the experimental and calculated
absorption spectrum is very well. Upon close scrutiny of the compositions of HOMOs and
LUMOs, it appears that the experimentally observed absorption band at ~340 nm is due to
intra-ligand charge transfer (ILCT) transitions, whereas the band at ~286 nm is attributed to
n-n* transitions associated with the aromatic and heteroaromatic moieties in the molecular
framework (Table 5.5). Natural transition orbital (NTO) analysis also confirms the ILCT
nature of the band at ~340 nm (Figure 5.17). In line with the absorption spectra, the
agreement between the experimental and calculated emission spectrum is quite good (Figure

5.18). Hence, the observed emission in ligand is due to radiative deactivation of 'ILCT state.
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Figure 5.16. Overlay of the experimental and calculated of absorption spectra of phen-
Hbzim-tpy in acetonitrile via PBEO (PBE1PBE).
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Table 5.5. Selected UV-vis Energy Transitions at the TD-DFT/ PBEO (PBE1PBE) Level
for phen-Hbzim-tpy

Aexp | Excited | Aca | Oscillator Key transitions Character
/nm | State | /nm | strength

phen-Hbzim-tpy

340 S1 353 1.3312 HOMO—LUMO (93%) ILCT

286 S15 | 260 0.4881 H-2— L+2 (70%), HOMO—L+3 (7%), -
HOMO—L+4 (6%)

225 S56 | 215 0.2635 H-8—L+3 (62%), H-8—L+2 (8%) ILCT,  -n*

Natural Transition Orbitals (NTO)
- 5 > Key transition
-4 4 9

J QE 4 g r B3
o ’{ ) V%) [ HOMO—SLUMO (93%)

A)A‘J

o

HOMO LUMO

Figure 5.17. NTOs illustrating the nature of the lowest energy singlet excited states in the
absorption bands of phen-Hbzim-tpy via PBEO(PBE1PBE) functional.
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Figure 5.18. Overlay of the experimental and calculated emission spectra of phen-Hbzim-
tpy in acetonitrile via PBEO (PBE1PBE).

Ln(tta);(H20)2 precursor complexes also possess two absorption bands very close to
that of the ligand (Figure 5.12a). Upon complexation, the absorption window of the
bimetallic Lna(tta)s(phen-Hbzim-tpy) complexes is found to stretch towards the visible region
with the onset at ~435 nm (Figure 5.12b). Additionally, the molar absorptivity (g) of the
complexes gets substantially enhanced (more than double) on going from related

monometallic tris-tta precursor complexes to the bimetallic species, due to chromophore
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additivity. Thus, in contrast to most of the lanthanide complexes, this new array of complexes
can act as better visible light sensitizers, which is quite beneficial for diverse light-harvesting
applications.

The photoluminescence spectra of the complexes are recorded in acetonitrile upon
irradiating at ~340 nm at RT and depicted in Figure 5.13. The broad emission peak for free
phen-Hbzim-tpy at ~440 nm undergoes a red shift to ~495 nm for the La'-complex (1). The

emission spectrum of the Eu'!

complex (2) comprises strong signals at 579, 589, 612, and
651 nm, arising from intra-configurational *Do—'Fo_3 transitions, respectively, typical of the
Eu' jon. Besides, a very weak ligand-centered emission at ~445 nm is observed for 2 (inset
of Figure 5.13), indicating a nearly complete ligand-to-metal energy transfer process. In the
case of Sm'™! complex (3), apart from a low-intensity ligand-centered band at ~445 nm,
intense emission having the peak maxima at 563 (°Gs»—Hsp), 599 (°Gsp—>Hz), and 646
nm (°Gsp—>Hop) is clearly visible. This seems quite interesting as luminescence resulting

70,71 as we

from Sm'! ion is often very prone to quenching owing to multi-phonon relaxation,
have also found in our earlier reported Sm'™! complexes.*>* In contrast to Eu'" and Sm'", the
Tb™ complex (4) displayed only the ligand-centered emission at ~455 nm together with a
very weak peak at ~545 nm (inset of Figure 5.13). This observation is quite common for the
Tb™ complexes, probably because of thermally-assisted back energy transfer to the ligand."
33.3859 The overall relative quantum yields (®@r1) of the complexes are estimated to be 0.68,
0.61, 0.04, and 0.46 for 1, 2, 3, and 4, respectively. The observed values of @ are found to

be much higher compared to our previously reported related mononuclear analogues,***?

while comparable to that of reported Ln'

Table 5.6 5,16,39,54,72-86

-based discrete dinuclear complexes as narrated in

Table 5.6. Comparison of the Quantum Yield Values Among Earlier Reported Ln''-
Based Discrete Molecules with This Work

Absorption, Quantum Method of | References
Amax/nm Yield Value | Estimation
Complex (e/Mem (%)
)(<10%)
Eux(BTP);(DME), 317 (8.00) 13 Relative 16
Eus(BTP)3(bpy)2(CH:Cla)s 325 (7.20) 55
Euy(BTP)s(phen), 327 (7.26) 65
Euy(TOTPY)»(TFA)s 288 (6.89) 18.7 Relative 39
Tby(TOTPY)»(TFA)s 288 (4.79) 17.8
Eux(FTPY)2(TFA)s 294 (6.34) 17.3
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Tbo(FTTPY)2(TFA)s 294 (7.59) 19.2
Eux(TTPY)2(TFA)s 292 (6.18) 15.7
Tba(TTPY)2(TFA)s 292 (6.34) 16.1
Eus(tta)s(bipyMO), - 35 Absolute 54
Eu,(dbm)s(bipyMO), 38
Euy(bta)s(bipyMO) 22
Eux(hfa)s(bipyMO), 10
Eu,L'3 357 (13.0) 5.0 Relative 72
Sm2L13 0.16
H,L'= 1,3-bis(3-phenyl-3-
oxopropanoyl)benzene
[Tba(HoL)2(p-piv)2 298 (3.52) 76.2 Relative 73

(piv)2]-2CHCl;

Euy(BTPE)3(DMSO)4 25 Absolute 74

BTPE= 1,2-bis-

(4,40-bis(4,4,4-trifluoro-1,3-
dioxobutyl))phenoxyl ethane
Euy(hfa)s(4-NIPyNO), - 41.5 Absolute 75
Euy(hfa)s(3-NIPyNO)3 28.6
Eux(dbm)s(bipyMO), - 26 Absolute 76
Eux(tta)s(bipyMO), 44
Eua(hfa)s(bipyMO)3 40
Eux(BTB)3(C2HsOH)2(H,0), - 26 Absolute 77

Eux(BTB)s(bpy)2 47
Eux(BTB)s(phen) 39
Eux(BTB)s(bath), 34
Tb(tmh)s(dpbp) - 56 Absolute 78

Eux(dbm)s(dppeO2) - 50 Absolute 79
Eux(fod)s(dppeO2) 17
Smy(L-2H)3 - 0.03 Absolute 80
L= bis{1-ethyl-2-[(6'-carboxy)pyridin-2'-
yl]benzimidazol-5-yl}-
methane
Eux(phen)a(bza)s(Ac), - 48.51 Absolute 81
Tba(phen)a(bza)s(Ac), 16.17
Smy(phen)z(bza)s(NO3)2 0.35
Eux(phen)z(bza)s(NO3), 44.50
sz(phen)z(bza)4(NO3)2 11.76
Euy(TTA)s{phen(Ph)-Ph-0-C4Hg-0-Ph- - 31.8 Absolute 82
(Ph)phen}
Eux(TTA)s{phen(F1)-Ph-o0-C4Hg-o0-Ph- 324
(Fl)phen}

Eux(btfa)s(bpm) - 54.4 Absolute 83
Eu,(HTH)s(bpm) 342 28.4 Relative 84
Smy(HTH)s(bpm) 342 14

HTH =4,4,5,5,6,6,6-heptafluroro-1-(2-
thienyl)hexane-1,3-dione
Tbay(HXTA),,Nay 300 54 Relative 85
HXTA= (N,N-(2 hydroxy-5-methyl-1,3-
xylylene)bis(N-(carboxymethyl)glycine)
Tbo(L3)2(NO3)2(DMF),]-2DMF - 3.9 Absolute 86

176




Chapter 5

Tby(L)2(NO3)2(DMF),]- 2DMF 10.6
Tbo(L30),(NO3)2(DMF),] 04
Tby(LOOCH;),(NO3)2(DMF),]- 2DMF 13.0
Lax(tta)s(phen-Hbzim-tpy) 343 (11.32) 68.2 Relative This work
Eua(tta)s(phen-Hbzim-tpy) 340 (13.52) 61.1
Smy(tta)s(phen-Hbzim-tpy) 341 (11.98) 4.0
Tha(tta)s(phen-Hbzim-tpy) 340 (13.48) 46.2

The excited state decay profiles of all the four complexes are also acquired in

acetonitrile at RT upon exciting with a 370 nm Deltadiode/SpectralLED source and are

presented in Figure 5.19. The associated lifetime values are listed in Table 5.3. The complex

1 exhibits a lifetime in the nanosecond region (1=2.6 ns), mainly due to the ligand-centered

emission. Complexes 2 and 3, on the other hand, display substantially longer lifetimes, viz.,

11=480.7 us and 1=551.4 ps, and 11=28.6 us and 1.=68.8 ps, respectively, upon monitoring

at the wavelengths associated with their respective electric dipole transitions. By contrast, the

lifetime value for complex 4, obtained upon monitoring at the Tb'-centered emission, is

found to be very low (11=0.4 us and 12=4.6 pus). This again indicates dominant back energy

» Complex 2 (Eu”')
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7,= 551.4 ps (62%)
A, =370 nm
A, =612 nm

@
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» Complex 1 (Lalll)
—~100 B =
0100‘3 A =370 nm 8’100'
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Figure 5.19. Luminescence decay profiles of complex 1-4 (a-d) in dried acetonitrile at RT.
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transfer from the Tb'"" center and deactivation via the ligand center. But upon cooling down to
77K, a huge improvement in emission characteristics is noticed with regard to radiative
deactivation via the Tb'' center. Apart from substantial intensification of the characteristic
emission peaks (corresponding to intra-configurational °Ds—'Fe.3 transitions for Tb'™)
(Figure 5.20a), the lifetime also increases to a remarkably high value (1:=219.0 us and
1,=604.8 us), upon lowering the temperature to 77K (Figure 5.20b). Noteworthy to mention
here that all three Ln"-centred lifetimes contain two components, indicating two

1

asymmetrical emissive Ln™" centres, which is actually in line with the coordination scope of

the heteroditopic bridging ancillary ligand. The longer components are arising probably from

111

the tpy-coordinated Ln'" centres, as there is a better possibility of shielding the Ln'! centres

from solvent quenching.

1x10°  2_=340nm J=5 4 at 77K 1000{\.(b) s 4at77K
5 7 A =370 nm
(a) D,~F, ex
- 4 S =945 nm
S 8x10 100+
4 O
(4] ) r1=219.0 ps (6%)
- 0
- + =604.8 ps (94%)
c J=6 S K
- 4x10*1 3 10
o ’\ @)
0 ; r 1 . . . .
400 500 2 4 6 8 10
A/nm Time/ms

Figure 5.20. Steady-state emission spectrum and excited-state decay profile for complex 4 in
glassy ethanol at 77 K.

5.3.8. Thermosensing as well as Thermochromic Behaviors of the Complexes.
Taking advantage of their distinctive luminescence responses, we are interested in exploring
the thermosensitive luminescence behavior of the complexes along with the phen-Hbzim-tpy
ligand. To this end, both steady-state and time-resolved luminescence spectral measurements
are conducted with the acetonitrile solutions of the compounds upon varying the temperature
between 273 K and 353 K with an interval of 10 K.

In case of the free ligand, upon gradual increase in temperature, a systematic rise in
the ligand-centered emission takes place together with a blue shift of emission maximum
from 445 nm to 435 nm (Figure 5.21a). A small but finite increase in lifetime from 2.10 ns to
2.36 ns also takes place upon temperature increase (Figure 5.21b). The observed phenomena

are quite contrary to expectation, wherein the emission intensity and lifetime usually decrease
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upon the increase in temperature because of thermal quenching or solvent viscosity effect.
The trend observed here is only possible if the population of the lowest emitting excited
singlet state (S1) of the ligand gets considerably enhanced.

We are now interested in investigating the temperature-dependent emission spectral
responses of the complexes. The observed behavior of La(IIl) complex (1) is found to be just
the opposite of that of the free phen-Hbzim-tpy ligand. Here, a systematic decrease in

emission intensity together with a small blue shift of emission maximum from 500 nm to 490

~435 nm = 10001
. (a) kexc—340 MM — 273k 2 =370 nm Temp. t/ns
1x10° = 283K & e 273K 2.10
— 293K a A =440 nm o 293K 2.10
— — 303K 100 em o 313K 2.14
—_—313K | =
5 = o 333K 2.20
m_ — 323K B e 353K 2.36
S — 333K c
— 5x1 05 — 343K S
< — 353K QO 10/
- (@) 5% o’ o
o Free o I TR e @ °
. phen-Hbzim-tpy phen-Hbzim-tpy
600 10 20 30

Time/ns

Figure 5.21. Changes in photoluminescence (a) (Aex=340 nm) and lifetime (b) at Aem=440 nm
of free phen-Hbzim-tpy in Acetonitrile upon varying temperature.

nm occurs upon gradual increase in temperature (Figure 5.22a). The successive emission
spectrum also passes through an isoemissive point at ~442 nm. But, in case of both Eu(III)
(2) and Sm(IIT) (3) complexes, a systematic decrease in metal-centered emission takes place
upon gradual increase in temperature (Figure 5.22b and 5.22c). At the same time, the ligand-
centered emission is found to increase in both cases, albeit to different extents, accompanied
by a small blue shift of the emission maximum. Notably, the extent of change for the Eu(III)-
centered emission at ~615 nm is found to be more marked relative to that of the Sm(III)-
centered emission at ~646 nm. In case of Tb(II)-complex (4), again systematic increase in
ligand-centered emission is noticed along with a blue shift (~465 nm to ~440 nm) but the
extent of change for the Tb''-centered emission at ~545 nm is almost negligible (Figure
5.22d). Hence, except for the La-complex, the observations on temperature-dependent
emission spectral responses of the complexes are quite similar to that of the free ligand, as far

as the ligand-centered emission is concerned.
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It is quite interesting to note that both Eu(Ill) and Sm(III) complexes can exhibit
ratiometric sensing efficacy, wherein a gradual decrease in metal-centered emission with
concomitant intensification of ligand-centered emission, accompanied by a small blue shift,
takes place. Among the diverse fluorescent thermometers (FTs), ratiometric FTs (RFTs) are
believed to be the most dependable. Instead of monitoring the fluorescence intensity at a
particular wavelength, they employ the ratio of fluorescence intensities at two different
wavelengths to measure the temperature. It is also important to note that RFTs are insensitive

to different factors, viz., dye concentration, excitation light intensity, and autofluorescence.
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1x10° . — gggﬁ ~435 nm
~ ——303K| 5 o
g —313K| @ 10
= — ggg? Six10°y
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j= — 343K | — : oy
1 ~490 nm — 353K i " 'mf."i""":?‘"\“‘"\
& » PORETTVVI T WYY
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400 500 600 400 500 600
1x10° A/nm Anm
©) — 273K , ~440 nm_ Complex 4 (Tb'") ——273K
— 283K ' —_—
— 293K : 4x1 06- (d) xexc=340 nm _ gggi
“8x10°{ Complex — —— 303K . -
= 36Sml,  —313K a2 303K
L — 323K . S — 313K
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Figure 5.22. Changes in photoluminescence (Aex=340 nm) profiles of all four complexes (a-
d) in Acetonitrile upon varying temperature.

However, it is interesting to note that the present lanthanide complexes not only
exhibit thermo-sensitive luminescence properties but also display remarkable thermochromic
behaviors (except the La-complex) within the temperature range of investigation. The
emitting colors, as depicted in the corresponding Commission Internationale de I'Eclairage
(CIE) plots, are found to switch from red (at 273 K) to violet (at 353 K) for the Eu'! (2)
complex (Figure 5.23a); orange (273 K) to violet (323 K) to blue (353 K) for Sm™! complex
(3) (Figure 5.23b), and from blue (273 K) to green (343 K) in case of Tb'' complex (4)
(Figure 5.23c).
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\\\\\\\\\
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CEEY

Figure 5.23. CIE chromaticity diagrams depicting the changes in emitting colors of
complexes 2 (a), 3 (b), and 4 (c) (Aex=340 nm) in Acetonitrile upon varying temperature.

We also monitor the effect of temperature on the excited-state lifetimes of the
complexes. In line with steady state behavior, a small but systematic drop in lifetime (2.66 ns
to 2.23 ns) is noticed for the La(Ill) complex (1) (Figure 5.24a). On the other hand, in line
with free phen-Hbzim-tpy, the lifetime of the ligand-centered emission (at 440 nm) for all the
three remaining complexes is found to increase, albeit to a very small extent [2.12—2.33 ns
for Eu(Ill) (2) (Figure 5.24b); 2.10— 2.32 ns for Sm(III) (3) (Figure 5.24c) and 2.01—2.30
ns for Tb(IIl) (4) (Figure 5.24d)]. The notable observation here is that the response for
complex 1 (La') is just opposite to the free ligand, as well as the other three complexes, just

like the steady-state emission responses discussed in the earlier section.
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Figure 5.24. Changes in lifetime of the ligand-centered emission at Aem=440 nm of all four
complexes (a-d) in Acetonitrile upon varying temperature.
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The observations with regard to Ln'"-centered decay profiles for the Eu and Sm-
complexes as a function of temperature, monitored at their respective electric dipole
transition wavelengths, are also worth mentioning. All the decay profiles are well-fitted with
bi-exponential functions. Upon increasing the temperature up to 353 K, the lifetime values
are found to fall systematically from 11=418.6 us (23%), 12=650.2 us (77%) to 11=75.0 us
(25%), 12=167.6 us (75%) for Eu'" (2) (Figure 5.25a) and from 11=32.2 ps (12%), 12=73.4 ps
(88%) to T1=17.8 us (26%), 12=59.1 ps (74%) for Sm™ (3) (Figure 5.26a) , in line with their
steady-state behaviors. This may be attributed to the traditional thermal quenching. But, more
interestingly, it is observed that after reaching 353 K, when we cool down to 273 K, they
again revert back to their initial or original decay profiles at 273 K with the lifetime values of
11=431.1 ps (23%), 12=651.0 pus (77%) for complex 2 (Figure 5.25b) and 1:=28.8 pus (12%),
1,=74.6 us (88%) for complex 3 (Figure 5.26b).
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o 273K 418.6 (23%) & 650.2 (77%) 0 273K 431.1(23%) & 651.0 (77%)
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313K ! 3 oK :
—~ ' —~ o 333K
o) 100 333K v 8’ 100 9 9 353K 75.0 (25%) & 167.6 (75%)
o 353K 75.0 (25%) & 167.6 (75%) =
@ 7 From 353 K to 273 K
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O oED 00 ;m O QND LLEELOGD 0 o
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Figure 5.25. Changes in lifetime of the Eu'-center (Aem=614 nm) of complex 2 in
acetonitrile upon varying temperature from 273 K to 353 K (a) and from 353 K to 273 K (b).

1000 ¢ 1000 ¢
) (a) Temp. < /us TS Temp.  t/us 7, /us
X o 273K 322 (12%) & 73.4 (88%) o 273K 28.8 (12%) & 74.6 (88%)
o 293K ' ° g?gi A
' ° !
o 313K i i
a 100+ e 333K i 8100‘ o 338K !
o o 353K 17.8 (26%) & 59.1 (74%) o
N N
0 %_=370 nm ®
C ¢ [
S 101 S 10
8 From 273 K 8 From 353 K G o, e
to 353 K O S AT D B D03 to 273 K oG
1 Complex 3 (Sm”l) 9 1 Complex 3 (Sm”l)
0.2 04 0.6 0.8 0.2 04 0.6

Time/ms Time/ms

Figure 5.26. Changes in lifetime of the Sm''-center (Aem=646 nm) of complex 3 in
acetonitrile upon varying temperature from 273 K to 353 K (a) and from 353 K to 273 K (b).
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It is also noteworthy to mention that for all the four complexes, the profiles obtained
in both steady-state and time-resolved emission spectroscopic measurements, after heating up
to 353 K from 273 K followed by cooling down from 353 K to 273 K, resemble well with
their respective original or initial profiles at 273 K. This not only makes these processes
repeatable and reproducible but also suggests the retention of structural integrity of the
complexes within the said temperature domain.

We are also interested in assessing the thermosensing efficacy of the complexes. To
this end, we proposed a new temperature-dependent parameter (A) wherein two well-known
thermosensing efficacy parameters, viz. relative thermosensitivity (S,) and temperature
resolution or uncertainty (67) are taken into consideration (Equations 5.2,5.3). Herein, A is
defined as the ratio of the ligand-centered emission intensity and its lifetime
[L1igand(T)/Tiigand(T)], monitoring at the same wavelength and at a particular temperature.

L

4, = . (5.2)

11,

We have also considered a commonly used thermometric parameter, defined as the
ratio of intensity of the electric dipole (ED) transition as well as the ligand-centered band,

[Zep(T)/higand(T)], at a particular wavelength and temperature.

I
4, =§ . (53)

This parameter is monitored for the cases of Eu, Sm', and Tb"-complexes. The
variation of both the A parameters as a function of temperature for all the four complexes is
displayed in Figures 5.27-5.32 along with their best-fitted equations and corresponding
correlation coefficients (R?). Upon monitoring Ligand(T)/Tiigand(T), the S, and 67T values are
found to be 1.01 and 0.09 for 1; 3.2 and 0.06 for 2; 7.2 and 0.03 for 3; and 2.16 and 0.01 for
4, respectively (Table 5.7). On the other hand, if we monitor /zp(T)/ligana(T), the values for
the same become 11.9 and 0.02 for 2; and 4.6 and 0.06 for 3, respectively. We would like to

1

point out at this stage that among the hitherto reported Ln'"-based thermosensors, Eu'"! is

found to be mostly used, Tb'" is in distant second position, and Sm'" is just in the beginning

stage, whereas La'" is hardly utilized for this purpose. Interestingly, all of the four Ln'" ions

in the present study are found to be very efficient in demonstrating their thermosensing
efficacy. A comparison of the thermosensing efficacy of earlier reported discrete Ln'!

complexes, together with the present dinuclear complexes, is provided in Table 5.8.
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Figure 5.27. Change in the ratio A (ligand/Tiigand) vs T of complex 1 in acetonitrile upon
variation of temperature. The dotted line represents the best-fitted curve.
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Figure 5.28. Change in the ratio A (Liigand/Tiigand) vs T of complex 2 in acetonitrile upon
variation of temperature. The dotted line represents the best-fitted curve.
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Figure 5.29. Change in the ratio A (Ligand/Tiigand) vs T of complex 3 in acetonitrile upon
variation of temperature. The dotted line represents the best-fitted curve.
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I{ligand}/Lifetime(ligand} vs. Temperature
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Figure 5.30. Change in the ratio A (liigand/Tiigand) vs. T of complex 4 in acetonitrile upon
variation of temperature. The dotted line represents the best-fitted curve.
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Figure 5.31. Change in the ratio A (I/ep/liigand) vs. T of complex 2 in acetonitrile upon
variation of temperature. The dotted line represents the best-fitted curve.
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Figure 5.32. Change in the ratio A (Iep/liigand) vs. T of complex 3 in acetonitrile upon
variation of temperature. The dotted line represents the best-fitted curve.
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Table 5.7. Thermometric and Thermosensing Efficacy Parameters for All Four
Thermosensor Complexes (1-4) in the Temperature Domain of 273 K - 343 K

i Tiigand/Tligand Iep/Tiigand

S,

§ S (%K) | T | Sm(%K") | T

1 1.01 353 K - -

2 3.2 313K 11.9 343 K
3 7.2 343 K 4.6 323 K
4 2.16 353K - -

Table 5.8. Comparison of the Thermosensing Efficacy among Earlier Reported Ln'!-

Based Discrete Molecules with this Work

Complex Sm (%KY | AT(K) | Tm Optical Ref.
(K) | Parameter
Mononuclear Discrete Thermosensors
Eu(DBM);L-mCF3;; HDBM=Dibenzoylmethane 4.9 303460 | 323 Intensity 49
L=imidazo-bipyidyl ligand ratio
Eu(bzac);(H>0),; Hbzac= 1-phenyl-1,3-butanedione 5.25 83-303 | 303 Area 50
Eu(CPDK3.5)3phen; 1.2 298-348 | 298 | Lifetime 51
CPDKj3.5=1-(4-(4-propylcyclohexyl)phenyl)octane-
1,3-dione and phen=1,10-phenathroline)
Eu(tta);(pyphen); tta= 2-thenoyltrifluoroacetonate and 1.98 83-303 | 323 Lifetime 52
pyphen= pyrazino[2,3-f][1,10]phenanthroline
Sm(fod)sbath; fod=anion of 6,6,7,7,8,8,8- heptafluoro- 1.14 50-350 60 Intensity 53
2,2-dimethyl-3,5-octanedione
bath=4,7-diphenyl-1,10-phenanthroline
(Eu(HL).Cl 5.1 77-298 185 | Intensity 55
Eu(L)(HL); 7.7 80-260 | 85 ratio
H,L=2-(tosylamino)-benzylidene-N-benzoylhydrazone
Eu(tta);(tpy-HImzphen); Htta=2- 5.78 273-343 | 343 | Intensity 57
thenoyltrifluoroacetone 3.36 273-333 | 333 ratio (this
tpy-HImzphen= 2-(4-[2,2":6',2"] terpyridin-4'-yl- Lifetime | group)
phenyl)-1H-phenanthro[9,10-d]imidazole)
Eu(hfa)s;(tpy-HImzphen); 12.52 273-353 | 353 Iep/teD 33
Hhfa=hexafluoroacetylacetone (this
tpy-HImzphen= 2-(4-[2,2":6',2"] terpyridin-4'-yl- group)
phenyl)-1H-phenanthro[9,10-d]imidazole)
Dinuclear Discrete Thermosensors

Euy(tta)s(pyrzMO), 7.1 223-373 | 353 Area 54
Euz(dbm)s(pyrzMO), 4.9 373
Eua(bta)s(pyrzMO), 7.4 373
Euz(hfa)s(pyrzMO); 4.1 363
Euy(tta)s(bipyMO); 4.8 363
Euz(dbm)e(bipyMO)2 4.9 343
Eua(bta)s(bipyMO), 34 373
Euz(hfa)e(bipyMO), 32 373
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PSS[Tby(TCA4),] 5.25 293-333 - Intensity 56
PSS[Tbx(TCA3),] 2.96
TCA=thiacalix[4]arenes; 4= tetrabrominated
3=dibrominated

Lay(tta)s(phen-Hbzim-tpy) 1.01 273-353 | 353 Liig/Tiig This
Eus(tta)s(phen-Hbzim-tpy) 32 313 work
Smy(tta)s(phen-Hbzim-tpy) 7.2 343
Tba(tta)s(phen-Hbzim-tpy) 2.16 353
Eus(tta)s(phen-Hbzim-tpy) 11.9 273-353 | 343 Iep/liigand This
Smy(tta)s(phen-Hbzim-tpy) 4.6 323 work

5.3.9. Discussions on Plausible Temperature-Dependent Events. We are now
interested to understand the reason behind these temperature-dependent spectral and lifetime
alterations. To this end, we have considered several temperature-dependent phenomena, like
the solvent viscosity effect; involvement of locally excited (LE), intramolecular charge
transfer (ICT or here ILCT), twisted ICT state (TICT), and TADF. At first, we focus on the
solvent viscosity effect. It is a very well-known fact that the viscosity of a solvent drops with
increasing temperature. As a result, the molecules dissolved in that particular solvent get
more freedom to rotate, vibrate, or twist easily, leading to facile deactivation via non-
radiative pathways. Hence, the emission intensities as well as lifetimes of the corresponding
compounds are expected to decrease systematically. But except the La-complex, we observe
gradual intensification of emission bands as well as enhancement in lifetimes, which leads us
to surmise that a simple solvent viscosity effect is not the dominant factor here. TICT could
also be a common possibility here. But one would observe a red shift of the emission bands
upon temperature enhancement. Here, in each case, a blue shift of ~10 nm is observed. So,
TICT also does not seem applicable in the present cases. The blue shift in all the cases here
can be attributed to the suppression of ICT nature, along with more LE-type emission with
increasing temperatures. This is possible when a molecule possesses mixed LE-ICT
character. Besides, it is also well-known for an ICT-type molecule that its polar excited state
is less stabilized by a polar solvent at elevated temperatures (solvent stabilization or
reorientation). This very phenomenon can also cause the blue-shifting of emission maxima
for all cases. Thus, the observed sequence of events suggests the possibility of the occurrence
of the TADF event in the phen-Hbzim-tpy ligand framework. Now, to have this TADF event
operating, a molecule must adopt a donor-acceptor (D-A) or (D-A-D) type architecture,
which in turn leads to a small energy gap between its Si and T; state. In order to have some
insight, we have already executed DFT calculations. The molecular orbital analysis reveals
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that the HOMO being predominantly localized on the phen-imidazole moiety (~75%) (Figure
5.15, Table 5.4), while the LUMO is primarily localized on the terpyridyl-phenyl moiety
(~77%) (Figure 5.15, Table 5.4). NTO analysis also indicates a dominant HOMO—LUMO
transition (ILCT, 93% contribution) (Figure 5.17). Thus, the outcomes of the computational
investigations also suggest the plausibility of pronounced charge transfer between phen-
imidazole donor and terpyridyl-phenyl acceptor moieties, leading to formation of a D-A type
arrangement within the ligand framework. We also calculate the ‘orbital overlap integral’
value to quantitatively determine the spatial separation of HOMO and LUMO. It is well-
known that the said value should be within 0-0.1 for a strong donor-acceptor separation,
which is favourable for the occurrence of the TADF event. Herein, the observed ‘orbital
overlap integral’ value of 0.0012 aligns well with the essential conditions for a molecule to

exhibit TADF.

5.3.10. Determination of AEs.t of phen-Hbzim-tpy Ligand. We further tend to
determine the energetic positions of the lowest energy singlet and triplet states (AEs.t) of the
heteroditopic ligand. The energy value of the S; state for phen-Hbzim-tpy is estimated to be
~3.13 eV, from the onset of the absorption spectrum.®’*® The T level of the said ligand is
located at ~3.05 eV, estimated from the steady-state emission spectrum of its Gd'' complex at
77K (Figure 5.33).87-88 Hence, the AEs.t value is ~0.08 eV. The AEs.t value (0.08 eV) for the
said ligand comfortably lies within the prescribed limit (usually <0.25 eV). Hence, it is
obvious that the ligand phen-Hbzim-tpy can act as a TADF-active molecule via the RISC
pathway.

‘ Gd,(NO,),(phen-Hbzim-tpy) I

4x10°

PL Int. (a.u.)
>éU’I

407 nm=3.05 eV

400 420 440
Anm

Figure 5.33. Photoluminescence spectrum of Gd'"'-complex in glassy ethanol at 77K.
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5.3.11. Measurement of Delayed Fluorescence and Lifetime. To confirm the
occurrence of TADF phenomena, we further recorded the delayed fluorescence spectra
(Figures 5.34a, 5.35) as well as the lifetime of all the four complexes in acetonitrile at RT

(Figures 5.34b, 5.36) together with the free phen-Hbzim-tpy ligand. In our measurements, we

kept the gate at 40-60 us to exclude any prompt fluorescence. In case of the free phen-

(a) — Free phen-Hbzim-tpy 1000 (b) * Free phen-Hbzim-tpy

2%x10* ~440 nm i Gate delay=0.05 ms %, =340 nm
;.‘ @ A, =440 nm
(U f? s e
Sx10*; % 100 7,=5.9 s
€ = ©,=50.6 us
1 3] O
o 5x10 O 104 . .

400 / 500 200 400 600
A/nm Time/us

Figure 5.34. Gated emission spectrum and excited state decay profile of free phen-Hbzim-tpy

(Aex=340 nm) in Acetonitrile at RT.
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:' 3. ex

L ©
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0 . : : 0 : : .
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A/nm Anm
%, =340 nm —3 1x10°{ =340 nm —
1x10"4

=) S 8x10*

O 8x10° L

£ E, o

2 4x10° - 4x10

© (d)
0 . ; . 0 . .
400 500 600 400 500 600
A/lnm A/nm

Figure 5.35. Gated emission spectra of all the four complexes (Aex=340 nm) in acetonitrile at

RT.

189



Chapter 5

Hbzim-tpy, we noticed a bi-exponential delayed decay upon monitoring at 440 nm. We do
not know the actual reason behind this alteration from its mono-exponential nature in our
usual TCSPC measurement, on maintaining the same conditions. We surmise herein that the
ligand undergoes a twist at elevated temperature. The two components in the decay profile
with lifetime 11=5.9 pus and 1.=50.6 us, arise probably due to the existence of phen-Hbzim-
tpy in both planar and twisted conformation. The possibility of this sort of twisting, together
with displaying TADF, has recently been explored in literature.®?

Among the four studied complexes, the delayed lifetime for the La-complex is found
to be much lower (t:=8.1 us, 11=8.4 us) (Figure 5.36a) as compared to free phen-Hbzim-tpy.
This observation is in line with its steady-state and time-resolved emission response.
Interestingly, the remaining three complexes (Eu', Sm™, and Tb'™) exhibit notable delayed
lifetimes in the us domain. Upon monitoring at 440 nm, all three decay profiles are found to
be bi-exponential, with lifetime values of 71=281.1 pus, 11=612.4 ps for the Eu-complex
(Figure 5.36b); 11=30.2 us, 11=80.6 us in the case of the Sm-complex (Figure 5.36¢); and
11=8.1 us and 12=71.1 ps for the Tb-complex (Figure 5.36d).

R (a) Gate delay=0.06 ms % =0. o 2
1000, ) 1 10004 N Gate delay=0.05 ms
, %, =340 nm (b) A, =340 nm
a }Lemzsoo nm a xem=440 nm
S 9100+
P 100+ t=8Aus | @ 1,=281.1 ps
= 1,=8.4 us % 0 1,=612.4 ps
8 10 . O % BooBS .8 2
. 0@;@ DIV 9 1 . 7
100 150 200 0 2 _. 4 6 8
Time/us Time/ms
= ° 3 |
1000, \(¢)  Gate delay=0.04 ms 1 (d) Gatedelay=0.05ms - 4
2, =340nm | 1000 ). =340 nm
2 P~ 4400 | %, =440 nm
P 100 1,=30.2 us ‘(; 100 & 7,=8.1 ps
% 17,=80.6 ps ":E; 7,=71.8 us
o}
O 10/ O 10
200 2% ; 600 800 200 400 600 800
ime/us Time/us

Figure 5.36. Delayed lifetime profiles for all four complexes (Aex=340 nm) in acetonitrile at
RT.
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5.3.12. Plausible Explanations of the Observed Luminescence as well as TADF-
Assisted Thermochromic Behaviors of the Complexes. It is very well-known for the
lanthanide(IIl) sensitization event that some empirical rules actually govern whether a
sensitizer will act as an antenna or a quencher via the triplet pathway.3%% Firstly, the T; level
of the sensitizer is expected to be at least ~0.31-0.50 eV higher than that of the Ln* of the

' jon, according to Reinhoudt’s empirical rule.”’ However, if by any chance,

coordinated Ln
the said energy gap (between the T1 and Ln*) happens to be <0.22 eV, back energy transfer
to the sensitizer occurs instead of a fruitful lanthanide sensitization, according to Latva’s
empirical rule.’® Now, the lowest-lying emitting excited level (Ln*) of Eu (°Dy), Sm'!
(*Gsp), and Tb!™! (°Dy) is located at ~2.14 eV, ~2.22 eV, and ~2.54 eV, respectively, whereas
the position of the T, state of tta ligand is situated at ~2.60 eV, as reported in the literature.
Hence, Eu {A(Eu*-T)=~0.47 eV} and Sm™ {A(Sm*- T;)=~0.40 eV} possess the
prescribed energy gap as mentioned above, while for Tb™ {A(Tb*-T;)=~0.06 eV}, the
observed energy barrier is favourable for thermo-assisted back energy transfer to the T of tta,
leading to non-radiative deactivation. The higher T level position of phen-Hbzim-tpy (~3.05
eV) is too safe to induce a detrimental impact on effective sensitization. So, the extent and
direction of the energy transfer process are now solely dependent on the T; level position of
the antenna tta. Thus, we are observing the occurrence of almost complete energy transfer

phenomenon in case of the Eu"

complex (2) due to fulfilling all the required conditions;
substantial but incomplete energy transfer in case of Sm'" complex (3) as the energy gap here
is somewhat on the marginal side, as well as due to multi-phonon relaxation; but only the
ligand-centered emission for Tb™ complex (4) due to the back-energy transfer process.

We now delve into the thermosensitive luminescence responses of the complexes. In

case of La'l

complex (1), the T; state of tta (~2.54 eV) is located at a much lower position
than that of phen-Hbzim-tpy (~3.05 eV). On the other hand, the AEs.t value for phen-Hbzim-
tpy (0.08 eV) is within the prescribed range of TADF. As a result, the triplet excitons of
phen-Hbzim-tpy encounter two opposing forces, i.e., (i) RISC leading to TADF and (i1)
Dexter-type triplet-triplet energy transfer (TET) leading to thermal quenching. It is obvious
from the corresponding energetic values that the T state of tta can act as a quencher state for
triplet excitons of phen-Hbzim-tpy, especially in case of the La-complex, as the latter
excitons do not seem to have any other way to be transferred. Thus, the Dexter quenching via
TET may be responsible for the systematic drop in emission intensity and lifetime value for

complex 1 upon the rise in temperature. For the rest of the complexes, the ligand-centered
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emission peak gets intensified upon an increase in temperature. Had there been only Eu'" this

phenomenon might have been attributed to ligand-to-metal charge transfer (LMCT) state-

59,60

mediated back energy transfer to S; of phen-Hbzim-tpy since the involvement of the low-

M_complexes owing to its very low reduction

lying LMCT state is quite common in Eu
potential for Eu/Eu'" couple (-0.35 V).6%192 But, for Sm™ or Tb™ and even for free phen-
Hbzim-tpy, the phenomenon of intensification for the ligand-centered emission peak upon
temperature elevation remains similar. This drives us to surmise that thermally activated
delayed fluorescence (TADF) may be a common possibility here, which is thoroughly
supported by the estimated AFEs.r value of phen-Hbzim-tpy, the DFT study, the delayed

111

luminescence, as well as the delayed decay profiles. However, in terms of the Ln"-centered

M_complex exhibits the greatest extent of alteration.

luminescence intensity variation, the Eu
This may be attributed to the additional involvement of the LMCT state, which leads to a
non-radiative deactivation, causing a detrimental impact on the transferred energy from the
ligand to the Eu'! center.’%%% That is why the thermosensing performance of the Eu
complex appears to be the best among the four present complexes. Finally, the tuneable dual-
emissive nature of Eu, Sm, and Tb complexes, along with this TADF phenomenon, result in
remarkable thermochromism while exploring within the temperature range 273 K-353 K. A

tentative energy level diagram is also presented below, which depicts the plausible energy

transfer pathways along with the possibility for the occurrence of TADF (Scheme 2).
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Scheme 5.2 Tentative Energy Level Diagram and Plausible Energy Transfer Pathways

5.4. Conclusion

A new array of four bimetallic lanthanide complexes comprising La, Eu", Sm™, and Tb",

has been designed in this work by employing a heteroditopic phenanthroline-terpyridine type
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bridging ligand, and thorough investigations of their absorption and both steady-state and
time-resolved emission spectroscopic behaviors have been conducted. All four complexes
were found to exhibit excellent thermo-responsive luminescence attributes. Interestingly, the
bridging ligand displayed thermally activated delayed fluorescence (TADF). Among the
resulting four complexes, the La-complex could not sustain the TADF phenomenon, probably
due to Dexter quenching. On the other hand, the remaining three complexes were found to
secure the TADF event, just like the free bridging ligand phen-Hbzim-tpy. Moreover, these
three complexes manifested excellent thermosensing and remarkable thermochromism
properties owing to this TADF event and their respective dual-emissive nature. To the best of
our knowledge, this is the first report of TADF-assisted thermosensing and thermochromism

from Ln'

-based discrete molecules. Hence, TADF can unveil a new genre in the
luminescence thermometry domain for the lanthanide(IIl) complexes via judicious

incorporation of the bridging ancillary ligands.
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6.1. Introduction

The last decade has witnessed a substantial advancement in the design and synthesis of a
wide variety of trivalent lanthanide (Ln™) complexes primarily because of their unique and
interesting emission spectral features.!”” They are often considered special owing to their
atom-like sharp emission and long excited state lifetimes, which in turn make them useful in
a diverse range of applications, viz. laser sources, luminescent sensors and thermometers,
bio-imaging, drug delivery and medical diagnosis, to name a few.*!*> However, direct

M jons cannot yield fruitful emission because of their spin and parity

excitation of the Ln
forbidden f-f transitions. To overcome the lacuna, suitable sensitizers are often anchored to
the Ln"" ions for indirect sensitization (antenna effect). Fluorinated B-diketonates have
emerged as one of the most popular genres for lanthanide sensitizers. Several modifications
have been made to the structures of B-diketonates for appropriate positioning of the excited
energy levels to achieve enhanced luminescence characteristics.!*!® However, the desired
bright luminescence is still to be achieved from Ln'!! tris-(B-diketonate) moieties as the Ln'!
ions often coordinate with water and/or solvent molecules to fulfil their higher coordination,
which in turn invites a detrimental impact on the anticipated sensitized luminescence.!” To
circumvent this, polyaromatic organic Lewis bases, usually comprised of N- or O- O-donors,
and possessing strong light absorptivities, are often brought into play.!®* It is to be noted
that the structures of the incoming ancillary ligands and thereby their excited state energy
levels govern the sensitization outcomes in the resulting metal-ligand assembly in terms of
both the extent as well as direction of energy transfer. In essence, the excited state energy
level positioning, particularly of the lowest triplet state (T1), of the incoming ancillary ligand
can induce either an additive or a subtractive impact on the sensitization in the resulting
complexes as compared to their respective Ln'! tris-(B-diketonate) precursors.?>?’ While
going through the literature, it appears that among the widely used polypyridyl-based
ancillary ligands, terpyridine-type coordinating motifs are found to be surprisingly less
explored for effective sensitization of lanthanide luminescence,!>-22-2427-36

Molecular luminescent thermometers are nowadays considered superior to the
traditional thermometers, mostly due to their non-contact facility as well as efficacy even in
the nanoscale domain. Hence, substantial efforts are now being devoted to the design of

efficient molecular luminescent thermometers.’’** Ln'-based coordination complexes have

emerged as an unavoidable class for this purpose owing to their magnificent luminescence
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3943 Literature survey reveals that Ln'!-based coordination

thermometric features.
polymers*®* or mixed Ln"-based MOFs*** are largely employed for this purpose. By
contrast, Ln'"-based discrete molecules have been less explored,***>? while terpyridyl-
ligand-appended lanthanide luminescent thermosensors are far scarcer.?®*>>? Apart from the

111

temperature stimulus, the luminescence behaviors of Ln"'-based coordination complexes are

t,53’54 t,55

found to be responsive towards other external stimuli, viz. curren solvent,> excitation
wavelength,’® etc. These stimuli could further be strategically implemented for designing
several light-harvesting materials and also for achieving white light emission.

In our previous reports with monometallic Ln(tta)(tpy-HImzphen) complexes, we
observed that the energy transfer was incomplete (for Eu'™), poor (for Sm'"), or in the reverse
direction (for Tb™).27>2 Accordingly, we considered replacing the antenna ligand (tta) with
high T energy possessing hfa, keeping the ancillary ligand intact. It was noticed that
although the problem regarding Eu'" has been managed, cases of Sm'" and Tb™! are yet to be
resolved.?® In view of that, we adopted two strategies concurrently, viz. by replacing the
ancillary ligand and designing its ternary complexes comprising tta. The newly introduced
sensitizing ligand, phen-Hbzim-tpy is heteroditopic in nature, and at the same time, its T
state resides at a higher energetic position relative to each of the tpy-HImzphen, tta, and hfa
ligand moieties. In spite of adopting the said strategy, the extent of energy transfer in the Sm
complex was still not up to the mark, and in case of the Tb complex, again only the ligand-
centered deactivation was observed. Hence, it was realized that just doubling the Ln-tris-tta
moieties and elevating the T state of the ancillary ligand are not enough to have efficient
sensitized luminescence responses. Besides, the luminescence behaviors of our previously

I

reported complexes containing Eu™" ion are found to be well-dependent on stimuli like

temperature or solvent. However, the possibility of offering these features is yet to be

explored for the rest of the deployed Ln' ions, viz., La'™, Sm", and Tb"™. These two factors

prompted us to design a new series of ternary bimetallic Ln'"

complexes upon replacing the
tta with a higher-lying Ti-containing antenna like hfa, followed by carrying out further
investigations.

Hence, we have synthesized herein a new series of homobimetallic Ln!

type {(Lnz(hfa)s(phen-Hbzim-tpy)}, where Ln=La' (1), Eu" (2), Sm'" (3), and Tb'™ (4);

complexes of

hfa=hexafluoroacetylacetonate, and phen-Hbzim-tpy=2-[4-(2,6-dipyridin-2-ylpyridin-4-yl)

phenyl]-1H-imidazole [4,5-f][1,10]phenanthroline. The light-harvesting property of the

present heteroditopic bridging ligand, phen-Hbzim-tpy, has been previously unveiled by our
205



Chapter 6

group during the design of a number of Ru'' and Os'-based mono-, bi- as well as trimetallic
complexes.””® But its thermally assisted delayed fluorescence (TADF) activity as well as
ability to act as a sensitizer of Ln'" ions are yet to be explored. All the four newly synthesized
complexes have been thoroughly characterized via standard analytical tools and spectroscopic
techniques. Substantial improvements in their absorption and emission spectral characteristics
have been noticed, as compared to their related monomeric complexes and homobimetallic
analogues.?”*® Notably, the TADF behavior of the present ancillary ligand has just been
reported by our group, which was found to be inherited in the resulting complexes also

M complex). Here, all four complexes have manifested excellent TADF-

(except the La
assisted thermosensing and remarkable thermochromism, which is not at all that common for
Ln"-based discrete luminescent thermosensors. The luminescence properties of the
complexes are also found to be responsive towards solvent and excitation wavelength.
Consequently, we can fine-tune the luminescence responses of all the four complexes to
achieve the seven colors of the VIBGYOR spectrum along with the white light emission upon
appropriate implementation of said three stimuli. In the end, efforts have been made to
elucidate the improved luminescence characteristics as well as the excellent TADF-assisted

thermosensing efficacy of the complexes by considering plausible energy transfer pathways,

constructing a tentative energy level diagram.

6.2. Experimental Section

6.2.1. Materials. Hexafluoroacetylacetone (Hhfa), and the chloride and nitrate salts of
trivalent lanthanides in hydrated form are procured from Sigma Aldrich (Merck). The
solvents are dried by adopting standard methods.

6.2.2. Synthesis of the Ligand and Lanthanide Precursors. To synthesize the
terpyridyl-bipyridyl-based ligand (phen-Hbzim-tpy), we prepared 4'-(p-formyl phenyl)-
2,2".6'2"-terpyridine (tpy-PhCHO), and 1,10-Phenanthroline-5,6-dione by adopting our

reported literature methods (Scheme 6.1).6%61
N/ N\_/
7 N N
N — X N\
N —
— H
N Ny

Scheme 6.1. Synthesis of the Ancillary Ligand (phen-Hbzim-tpy)
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The procedure for synthesizing the lanthanide(IIl) tris-(B-diketonate) precursors of type
[Ln(hfa); (H20):], wherein Ln=La, Eu, Sm, Tb, and the details of their characterization are
already presented in chapter 4.

6.2.3. Synthesis of the Lanthanide Complexes. A general synthetic scheme has been
adopted to prepare all four lanthanide complexes of type [Lna(hfa)s(phen-Hbzim-tpy)], where
Lo = La" (1), Eu™ (2), Sm™ (3), and Tb™ (4) (Scheme 6.2). To a stirred suspension of
phen-Hbzim-tpy (20 mg, 0.038 mmol) in a chloroform-methanol (1:1 v/v) mixture, an
appropriate amount of the lanthanide precursors Ln(hfa);(H20)2 (~65 mg, ~0.08 mmol) is
added in 1:2 molar ratio and refluxed for ~10h. The resulting straw yellow solution was then
evaporated to dryness in a rotavapor, and the solid residue was dissolved in a
dichloromethane-hexane (1:5 v/v) mixture to get a flesh-tinted colored product. The product

was filtered and kept in a vacuum desiccator for 1d.

FiC
H,0.

CF; o
N o -
N o
N H.0 CFs FiC

1 equiv. N 2 equiv. 3 3

phen-Hbzim-tpy Ln({hfa);(H,0),

I

Scheme 6.2. Heteroditopic ancillary ligand (phen-Hbzim-tpy), Ln'" precursors,
Ln(hfa)3(H20)2, and resulting homobimetallic complexes, {Lnz(hfa)s(phen-Hbzim-tpy)}

[Laz(hfa)s((phen-Hbzim-tpy)] (1). La(hfa);(H20)> (61 mg, 0.076 mmol); Yield: 33
mg (41 %). Anal. Calcd. for Cs4H27F36N7012Laz: C, 37.54; H, 1.33; N, 4.79. Found: C, 37.14;
H, 1.12; N, 4.15. FT-IR: v (in cm™) = 1528, 1652, 3040. MALDI-TOF (DCTB, positive
mode): m/z = 2046.704 (100 %) [M-H]". '"H NMR (DMSO-ds, 400 MHz, 8/ppm): 8.86 (d,
2H, J =10 Hz, Hn), 8.83 (s, 2H, H»), 8.79 (d, 2H, J = 4.4 Hz, Hg), 8.70 (d, 2H, J = 8.8 Hz,
Hs), 8.61 (d, 2H, J = 8.4 Hz, Ho), 8.53 (d, 2H, J = 7.2 Hz, Hg), 8.20 (d, 2H, J = 8.4 Hz, Hy),
8.05 (t, 2H, J = 7.6 Hz, Ha4), 7.75 (t, 2H, J = 8.4 Hz, Hio), 7.55 (t, 2H, J = 4.8 Hz, H3), 5.49
(s, 6H, Hi methine).

[Euz(hfa)s((phen-Hbzim-tpy)]] (2). Eu(hfa);(H20)2 (62 mg, 0.076 mmol); Yield: 36
mg (46 %). Anal. Calcd for Cs4sH27F36N7O012Ew: C, 37.07; H, 1.31; N, 4.73. Found: C, 36.94;
H, 1.08; N, 4.14. FT-IR: v (in cm™) = 1530, 1650, 3070. MALDI-TOF (DCTB, positive
mode): m/z = 2072.493 (100%) [M-H]* '"H NMR (DMSO-ds, 400 MHz, 8/ppm): 8.86 (d, 2H,
J = 8.8 Hz, H11), 8.83 (s, 2H, H>), 8.70 (d, 2H, J = 7.6 Hz, He), 8.61 (d, 2H, J = 8.8 Hz, Hjs),

8.53 (d, 2H, J = 7.2 Hz, Ho), 8.20 (d, 2H, J = 7.6 Hz, Hg), 8.05 (t, 2H, J = 8.0 Hz, Hy), 7.75 (t,
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2H, J=17.6 Hz, Hy), 7.65 (t, 2H, J = 8.0 Hz, Hi¢), 7.54 (t, 2H, J = 5.6 Hz, H3), 5.70 (s, 6H, H,
methine).

[Sm2(hfa)e((phen-Hbzim-tpy)]] (3). Sm(hfa);(H20)2 (62 mg, 0.076 mmol); Yield: 30
mg (38 %). Anal. Calcd for Ce4H27F36N7012Smy: C, 37.12; H, 1.31; N, 4.74. Found: C, 36.93;
H, 1.18; N, 4.38. FT-IR: v (in cm™) = 1528, 1650, 3000. MALDI-TOF (DCTB, positive
mode): m/z= 2074.950 (100%) [M-H]" '"H NMR (DMSO-ds, 400 MHz, &/ppm): 9.04 (s, 2H,
Hn), 9.01 (s, 2H, Hz), 8.80 (s, 2H, Hs), 8.78 (s, 2H, Hs), 8.68 (d, 2H, J = 7.6 Hz, Ho), 8.51 (d,
2H, J = 8.4Hz, Hg), 8.21 (d, 2H, J = 8.0 Hz, Hy), 8.05 (t, 2H, J = 8.4 Hz, Hy), 7.89 (s, 2H,
Hio), 7.54 (t, 2H, J = 5.6 Hz, H3), 5.65 (s, 6H, Hi methine).

[Th2(hfa)s((phen-Hbzim-tpy)]] (4). Tb(hfa);(H20)2 (62 mg, 0.076 mmol); Yield: 35
mg (44 %). Anal. Calcd for Cs4H27F36N7012Tba: C, 36.82; H, 1.30; N, 4.70. Found: C, 36.57,
H, 1.16; N, 4.45. FT-IR: v (in cm™) = 1530, 1652, 2970. MALDI-TOF (DCTB, positive
mode): m/z= 1992.479 (100%) [M-H]*. '"H NMR (DMSO-ds, 400 MHz, &/ppm): 8.84 (s, 2H,
Hi1), 8.81 (s, 2H, H»), 8.73 (s, 2H, He), 8.67 (d, 2H, J = 7.6 Hz, Hs), 8.60 (d, 2H, J = 6.8 Hz,
Ho), 8.53 (d, 2H, J = 8.4 Hz, Hg), 8.18 (d, 2H, J = 8.4 Hz, H7),8.00 (S, 2H, Ha4), 7.69 (s, 2H,
Hio), 7.60 (s, 2H, Hs), 7.48 (s, 6H, Hi methine).

6.2.4. Instruments and Physical Methods. The details have already been narrated in
chapter 2.

6.3. Results And Discussions

6.3.1. Synthesis and Characterization. The respective lanthanide precursor,
Ln(hfa);(H20)2, upon refluxing with phen-Hbzim-tpy in a 2:1 molar ratio in a chloroform-
methanol 1:1 (v/v) mixture, produced the desired dinuclear complexes with fairly good
yields. Following synthesis, all the four complexes are thoroughly characterized via standard
analytical tools and spectroscopic techniques viz. elemental (C, H, N) analysis, Fourier
Transform infrared (FT-IR) spectroscopy, 'H nuclear magnetic resonance (NMR)
spectroscopy, high resolution mass spectrometry (HRMS), powdered X-ray diffraction
(PXRD) analysis as well as by thermogravimetric analysis. The above measurements also
suggest that the four synthesized complexes are isostructural to each other.

6.3.2. FT-IR Spectra. The IR spectra of the resulting complexes, along with their
respective lanthanide precursor and phen-Hbzim-tpy ligand were acquired within the 400-
4000 cm! region. A representative spectrum is presented in Figure 6.1, and selected

stretching frequencies of the complexes are presented in Table 6.1. The ligand exhibited a
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peak at ~1586 cm™! due to C=N stretching of the pyridine moieties, whereas a characteristic
peak at ~3154 cm™! was observed for the imidazole N-H stretch. Due to the presence of the
hexafluoroacetylacetonate unit, all the lanthanide precursors, Ln(hfa);(H>O),, show a
characteristic C=0 stretching with 1645-1650 cm™ domain and a broad hump in the range
between 3500 and 3550 cm™! for the water molecules. The complexes also revealed a sharp
peak within the range of 1650-1652 cm™, associated with C=0 stretching frequency. It is to
be noted that the broad peak for coordinated water disappeared upon complexation.
Additionally, two new peaks emerged within 1528-1530 cm™ and 2960-3100 cm™ for C=N

and N-H stretching, respectively, in the complexes.

— [Eu,(hfa) (phen-Hbzim-tpy)]
X
N 3070
()
(&) 1650 1530
% Eu(hfa),(H,0),
=
é 3}; 1645 <—
g phen-Hbzim-tpy
o WW
| S
I_ 3154 1586
4000 3000 2000 1000

vicm-

Figure 6.1. FT-IR spectra of phen-Hbzim-tpy, Eu(hfa);(H20), and [Euz(hfa)s (phen-Hbzim-
tpy)] (2).

Table 6.1. Stretching Frequencies of Selected Groups in Their FT-IR Spectra

Complex Vc=0 Vc=N VN-H VoH
phen-Hbzim-tpy - 1586 3154 -
La(hfa);(H.0). 1646 - - 3503

Complex 1 1652 1528 3040 -

Eu(hfa);(H:0); 1645 - - 3490

Complex 2 1650 1530 3070 -

Sm(hfa);(H:0): 1650 - - 3424
Complex 3 1650 1528 3000 -
Tb(hfa);(H:0): 1648 - - 3461

Complex 4 1652 1530 2970 -
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6.3.3. '"H NMR Spectra. 'H NMR spectra of all four bimetallic lanthanide complexes
(1-4), together with their respective Ln(hfa);(H2O)> precursors, are acquired in DMSO-dé.
Representative 'H NMR spectra for 1, along with tentative assignments of the protons, are
presented in Figure 6.2. The chemical shift values for all the proton resonances are also
tabulated in Table 6.2. The methine proton in free Hhfa shows a singlet at 4.32 ppm, which
I

gets downfield-shifted to 5.50 ppm upon incorporation of diamagnetic La" ion

La(hfa);(H20): precursor. The same proton also leaves its signature in the resulting La'!l-
complex (1) at 5.49 ppm (Figure 6.2). Among the other three complexes, this methine proton

' (2), while it remains

experiences an up-field shift from 5.80 to 5.70 ppm in case of Eu
almost unaltered (from 5.65 to 5.64 ppm) for Sm'" (3). In case of Tb'! (4), it undergoes a
downfield shift from 7.20 to 7.48 ppm, as compared to its Tb(hfa)3(H20), precursor. The
proton signals attached to the phen-Hbzim-tpy ligand experienced unpredictable alteration in

multiplicity as well as chemical shifts, dependent on the type of metal ion incorporated.

90 88 86 84 82 80 78 76 74 656 54 52 50 48 46 44 42 40
5 (ppm)

Figure 6.2. 400 MHz 'H NMR spectra of Hfa (top), La(hfa);(H20): (middle) and
[Laz(hfa)s(phen-Hbzim-tpy)] (1) (bottom) in DMSO-db.
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Table 6.2. Chemical Shifts of the Protons of All Four Complexes in DMSO-ds

Chemical shift (ppm) of Lanthanide complexes (1-4) {/=Hz}
Proton 1 (La™) 2 (Eu'™y 3 (Sm'™ 4 (Tb'™)
H, (methine) | 5.49 (s, 6H) 5.70 (s, 6H) 5.64 (s, 6H) 7.48 (s, 6H)
H» 8.83 (s,2H) 8.83 (s,2H) 9.02 (s) 8.81 (s, 2H)
H; 7.55(t,2H,J=4.8) | 7.54 (t,2H,J=5.6) | 7.54 (t,2H,J=5.6) | 7.59 (s, 2H)
H, 8.06 (t,2H,J=7.6) | 7.75(t,2H,J=7.6) | 8.05(t,2H, J=8.4) | 8.00 (s, 2H)
Hs 8.70 (d, 2H, J=8.8) | 8.61(d,2H,J=28.8) | 8.78 (s,2H) 8.67 (d, 2H, J=1.6)
Hs 8.79 (d, 2H, J=4.4) 8.70 (d, 2H, J=7.6) | 8.81 (s, 2H) 8.73 (s, 2H)
Hy 8.20(d,2H,J/=84) | 8.05(d,2H,J/=8.0) | 8.21(d,2H,J=8.0) | 8.18 (d,2H, J=8.4)
Hg 8.54(d,2H,J=172) | 820(d,2H,J=7.6) | 8.51(d,2H,J=8.4) | 8.53(d,2H, J=8.4)
Ho 8.61(d,2H,J/=84) | 853(d,2H,J=7.2) | 8.68(d,2H,J=7.6) | 8.60 (d, 2H, J=6.8)
Hio 7.75 (t,2H, J=8.4) | 7.65(t,2H,J=8.0) | 7.90 (s, 2H) 7.69 (s, 2H)
Hu 8.86 (t, 2H, J=10.0) | 8.86 (t, 2H, J=8.8) | 9.04 (s, 2H) 8.84 (s, 2H)

6.3.4. Mass Spectra. The HRMS data for all four complexes are recorded in
chloroform to further confirm the stability in solution. Similar spectral patterns are noticed for
all cases with a prominent peak for the respective [{Lnz(hfa)s(phen-Hbzim-tpy)}]" or [M-
hfa]" fragment. A representative spectrum of 2, along with experimental and simulated
isotopic patterns, is presented in Figure 6.3. The correspondence between the experimental
and simulated isotopic patterns is also found to be good in all cases.

6.3.5. Powdered X-ray Diffraction (PXRD). The PXRD analysis for all four
complexes depicts broad peaks having almost similar patterns, indicating that they are
isostructural to each other, and at the same time, all of them are amorphous in nature (Figure
6.4).

6.3.6. Thermogravimetric Analysis of the Complexes. The thermal stability of the
complexes was examined through thermogravimetric analysis in N> atmosphere in the
temperature range between 30 and 800 °C, maintaining the heating rate at 10 °C/m. Close
similarity in the dissociation pattern is observed for all the complexes (Figure 6.5). The first
major dissociation starts at ~320 °C and continues up to 360 °C. During this course, up to
40% of weight loss occurs in each case, which is most probably because of the dissociation of

phen-Hbzim-tpy moiety. The next major weight-loss starts at ~540 °C and continues to
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decrease, probably because of the formation of their respective metal oxide. Hence, the

complexes are found to be thermally more stable (onset temperature at ~320 °C) than their

respective precursors (onset temperature at ~180 °C).
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Figure 6.3. HRMS of [Euz(hfa)s(phen-Hbzim-tpy)] (2) in dichloromethane with the
experimentally observed and simulated isotopic distribution pattern for [M-tta] fragment.
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Figure 6.4. PXRD patterns of complexes 1-4
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Figure 6.5. Thermogravimetric analysis of all four metal precursors Ln(hfa)s;(H20)*® (a) and
their corresponding complexes 1-4 (b).

6.3.7. Photophysical Properties. Absorption and emission spectral characteristics of
the lanthanide complexes are recorded in dichloromethane, and relevant spectral data are
presented in Table 6.3. Associated spectra are displayed in Figures 6.6-6.8. The free phen-
Hbzim-tpy ligand exhibits an intense band at ~341 nm, ascribed to intra-ligand charge
transfer (ILCT) as well as at ~280 nm due to m-m* transitions within the aromatic and
heteroaromatic moieties (Figure 6.6a).° All four lanthanide precursors, Ln(hfa);(H20)2, on
the other hand, display an intense band with their maximum at ~300 nm (Amax) (Figure 6.6a).
It is of interest to note that, in contrast to most of the hitherto reported lanthanide(III)
complexes,

the absorption spectral window of the present Lnz(hfa);(phen-Hbzim-tpy)

complexes is found to extend towards the visible region with the onset at ~425 nm

Table 6.3. Photophysical Parameters of Complexes 1-4 at RT and 77K

Absorption, Amax/nm Emission, Amax/nm Relative
Complexes (e/Mem ) (x10%) Ligand Motal contered Lifetime ngn‘;um
d () Yield
centere (Do %)
» 1 288(4.81), 303(4.65), 455 - 2.0 ns 524
& 328(3.61), 360(2.22)
2 288(6.69), 331(4.24) 416 579, 589, 594, 615, 650 | 785.4 us 37.2
3 288(5.91), 331(3.90) 444 561, 597, 645 56.7 us 4.6
4 287(7.92), 330(4.89) 455 490, 545, 584, 615 11.7 ps 45.5
1 - 490 - 11.0 ns -
M 2 - 407 579, 589, 594, 615 830.2 ps -
= 3 - 445 562, 599, 646 59.0 us -
4 - 435 488, 544, 584, 620 795.7 us -
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Figure 6.6. UV-visible absorption spectra of the ancillary ligand phen-Hbzim-tpy along with
Ln(hfa)3;(H20). precursors (a) and complexes 1-4 (b) in dried dichloromethane at RT.

(Figure 6.6b), which is beneficial for their probable use as visible light absorbing
chromophores. Additionally, the molar absorptivity values (€) of the resulting complexes are
found to be more than double relative to their respective Ln(hfa);(H20)2 precursors {2.02x10*
for La(hfa)3(H20)2, 3.47x10* for Eu(hfa);(H20)s, 2.57x10* for Sm(hfa);(H20), and 3.85x10*
for Tb(hfa);(H20).}, highlighting the utility of the complexes as efficient light absorbers.

The photoluminescence spectra of the complexes are recorded in dichloromethane at
RT upon irradiating at 330 nm and depicted in Figures 6.7a and 6.7b. The broad emission
band of phen-Hbzim-tpy, having its maximum at ~428 nm,®® undergoes a red shift to 455 nm

I

in the La™-complex (1). The emission signals of the Eu' complex (2) are comprised of

strong signals at 579, 592, 614, and 652 nm, arising out of intra-configurational *Do—'Fo.3
transitions, respectively, characteristics of the Eu'! ion. Besides, only a very weak ligand-
centered emission signal at ~420 nm is observed, indicating an almost complete ligand-to-
metal energy transfer process. The observations regarding Sm'™ (3) and Tb™ (4) are worth

noting. In both cases, the relative intensity of the Ln'

-centered emission signals is much
higher than that of the ligand-centered broad signal at ~450 nm. In case of Sm' (3), apart
from a weak ligand-centered signal at ~444 nm, intense Sm'-centered emission is clearly
visible at 561 nm (°Gs2—>Hop), 597 nm (°Gsp—>H72), and 646 nm (°Gsx—>Hop). It is to be

noted that the Sm'!-centered emissions are usually very prone to quenching owing to multi-

2 27,28,63

phonon relaxation,’? as we have also found in our earlier monometallic complexes.
Even after replacing the ancillary ligand with a heteroditopic ligand possessing a much higher
T1 energy level, we observed a moderate extent of energy transfer in the resulting tta-based

dinuclear Sm™" complex.? But, herein, upon replacing tta with hfa, which having a higher T}
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Figure 6.7. Normalized photoluminescence spectra of complex 1-4 in dried dichloromethane
at RT in 2D (a) and 3D representation (b).

state than tta, we noticed an almost complete energy transfer to Sm'!. The Tb'"-complex (4)
also displayed strong Tb'"-centered f-f intra-configurational peaks at 490, 545, 585, and 616
nm associated with *Ds—'Fg.; transitions, respectively, along with a substantially reduced
ligand-centered signal at ~455 nm. Of particular interest to note that in our previous works
regarding the mononuclear complexes, as well as the tta-containing analogous dinuclear Tb-

complex,?’?’

we observed only ligand-centered emission mainly due to back-energy transfer.
By contrast, a remarkable enhancement in the emission spectral characteristics in terms of the
existence of Tb"-centered emission peaks has been achieved herein. Upon lowering the
temperature to 77 K, this sensitized emission gets further improved via intensification of the
Tb"-centered emission with almost negligible existence of the ligand-centered broad peak
(Figure 6.7a). Besides, the lifetime of the Tb'" center is enhanced up to 795.7 us (Figure

6.8b). We also noticed a considerable enhancement in the overall (or total) quantum yields

(a) g, — 4at77K N® ; a0nm ¢ 4at7iK
~5x10°) 2,,=330 nm __100{ @ *,,=545nm
o D, =2 ©=795.7 ps
~ 5 | _ =
— 3x10 =6 P
> £ o .
T 2x10° 3 i, o

J=4 |, =
0 : ' 1 ' ' '
400 500 600 2 4 6 3 10
Alnm Time/ms

Figure 6.8. Steady-state emission spectrum and excited state decay profile for complex 4 in
glassy ethanol at 77K.
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(Dret) of the present complexes, viz. 52.3%, 41.3%, 4.9%, and 47.5%, for 1, 2, 3, and 4,
respectively, as compared to their nearest monomeric analogues.?® These values are found to

be comparable to the earlier reported Ln"-based discrete dimeric complexes as presented in

Table 6.4 ,5-33-36.64-73

Table 6.4. Comparison of Relative Quantum Yield Values Among Some Earlier
Reported Dinuclear Ln'"-Based Discrete Molecules with This Work

Complex Absorption, Quantum Method of References
@ /M)f'g;;/?)r?x 10% Yield Value Estimation
Eux(BTP);(DME), 317 (8.00) 13 Relative 16
Euy(BTP)3(bpy)2(CH2Cl)» 325(7.20) 55
Euz(BTP)3(phen); 327 (7.26) 65
Euy(TOTPY)y(TFA)s 288 (6.89) 18.7 Relative 34
Tby(TOTPY)»(TFA)s 288 (4.79) 17.8
Euy(FTPY),(TFA)s 294 (6.34) 17.3
Tby(FTTPY)(TFA)s 294 (7.59) 19.2
Euy(TTPY)»(TFA)s 292 (6.18) 15.7
Tba(TTPY)2(TFA)s 292 (6.34) 16.1
EuwL'; 357 (13.0) 5.0 Relative 80
Sm2L13 016
H,L!= 1,3-bis(3-phenyl-3-
oxopropanoyl)benzene
[Tba(HoL)2(-piv)2 298 (3.52) 76.2 Relative 65
(piv)2]-2CHCl;
Eu,(HTH)s(bpm) 342 28.4 Relative 67
Smy(HTH)s(bpm) 342 1.4

HTH = 4,4,5,5,6,6,6-
heptafluroro-1-(2-
thienyl)hexane-1,3-dione

Tba(HXTA),,Nay 300 54 Relative 70
HXTA= (N,N-(2 hydroxy-5-
methyl-1,3-xylylene)bis(N-
(carboxymethyl)glycine)

Lay(tta)s(phen-Hbzim-tpy) 343 (6.32) 66.4 Relative Previous
Euy(tta)s(phen-Hbzim-tpy) 341 (6.90) 31.7 work
Smy(tta)s(phen-Hbzim-tpy) 342 (6.51) 4.2 29
Thby(tta)s(phen-Hbzim-tpy) 341 (7.32) 42.3

The time-resolved emission decay profiles of all the four complexes are also acquired
in dichloromethane, and associated decays as well as lifetimes are presented in Figure 6.9 and
Table 6.3. All the complexes are excited with a 370 nm light source, and excited-state decay
profiles are found to be well-fitted with mono-exponential function. Complex 1 exhibits a
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lifetime of only 2 ns associated with the ligand-centered emission. The remaining three
complexes, on the other hand, display substantially longer lifetimes, viz., 785.4 us, 56.7 us,
and 11.7 ps, for 2, 3, and 4, respectively.

1000 & 1000

2, =370 nm o IRF o 2atRT
- hp=4550m  © AART %,,=370 nm
P 1004 =2.0 ns g 100 %, =614 nm
e ;m/ ©=785.4 s
S 10 S 10
o o
O @ ;-Owﬂ o O

1 . . 1 ; . .
10 20 30 2 4 6 8
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k=370 NM ° 3atRT i %,=370 nm ° 4atRT
. A, =646 nm A, =545 nm
o 100 1=56.7 ps =2 1=11.7 ps
o P 10
S 10 =
o o 90 049
o " & s oo o

= - - - - 1 :
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Time/us Time/us
Figure 6.9. Luminescence decay profiles of complex 1-4 (a-d) in dried dichloromethane at
RT.

It is noteworthy to mention again that in the Tb"' complexes, back-energy transfer
from Tb'™ center to the ligand usually takes place, and as a result of which lifetime of the
resulting complexes remains in the nanosecond time domain. Interestingly, by employing hfa
as the antenna ligand, we are able to restrict herein the back energy transfer phenomenon to a
certain extent. This is also reflected in its elevated lifetime value in the microsecond time
region at RT as compared to earlier reported analogues possessing their lifetime in the
nanosecond time domain. Thus, the observed results clearly indicate that incorporation of hfa
and phen-Hbzim-tpy, owing to their higher lying T; states, induced improvements in the
photosensitization efficacy, together with enhanced luminescence characteristics of the
homobimetallic lanthanide(IIl) complexes.

6.3.8. In-situ Generation of the Ternary Bimetallic Ln'"" Complexes. All four

complexes can also be generated in situ upon gradual addition of the respective
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Ln(hfa);(H20), precursor to the solution of phen-Hbzim-tpy. The progress of the reaction is
monitored via absorption and emission spectroscopy. A representative titration is shown in
Figure 6.10. The spectral saturation takes place upon the addition of ~2 equiv. of the
lanthanide precursor in all cases, further confirming their stoichiometry to be 1:2. The spectra

at saturation closely resemble their respective isolated complexes.

1.0{(a)

~2 eqv.

u.)

5 4x10°
Eu(hfa),(H,0), :

0.5

Abs.

PL Int. (a
R
801

0.0

300 400 500
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Figure 6.10. Changes in UV-vis absorption (a) and photoluminescence spectra (Aex=340nm)
(b) of phen-Hbzim-tpy ligand upon incremental addition of Eu(hfa);(H20): in dried
dichloromethane at RT.

6.3.9. Thermally Activated Delayed Fluorescence (TADF)-Assisted Thermo-
sensing and Thermochromic Behaviors of Complexes. After noticing the excellent
luminescence responses from complexes 1-4, we further tend to explore their luminescence
thermometric prospects. Both steady-state and time-resolved luminescence measurements of
all four complexes are performed in MeCN upon varying the temperature between 273 K and
353 K. In each case, a systematic rise in the ligand-centered emission signal takes place upon
gradual increase in temperature. Based on our previous observation regarding the free phen-
Hbzim-tpy ligand, we believe that this is the thermally activated delayed fluorescence

(TADF) phenomenon. The successive luminescence spectra pass through an iso-emissive

I I

point in case of the La™ complex, whereas systematic diminution of the Ln"-centered
emission peaks is also noticed for the other three complexes upon the rise in temperature.
Consequently, all four complexes display remarkable thermochromism. The steady-state and
time-resolved emission spectral profiles of complex 2, as the representative one, are shown in
Figure 6.11. The emitting color, as depicted in the corresponding Commission Internationale
de I'Eclairage (CIE) plots, switches from blue (at 273 K) to green (at 353 K) for La™ (1) and

Tb™ (4) complexes; from red (at 273 K) to violet (at 313 K) to blue (at 353 K) in case of Eu'!
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(2); while from green (at 273 K) to yellow (at 353 K) for Sm'! (3). In accordance with their

_centered emissions also decreases for all the

steady-state behaviors, the lifetime of the Ln
complexes upon gradual increase in temperature, albeit to different extent, viz. 692.3 us
(273K)—268.4 ps (353K) for 2; 34.6 us (273K)—22.5 ps (353K) for 3; and 10.9 us
(273K)—0.6 us (353K) for 4. On the other hand, the lifetime of the ligand-centered emission
is found to systematically increase in all four cases, albeit to a limited extent, with rising
temperature, viz., 2.09 ns (273K)—2.39 ns (353K) for 1; 2.09 ns (273K)—2.36 ns (353K) for
2; 2.25 ns (273K)—2.44 ns (353K) for 3; and 2.25 ns (273K)—2.42 ns (353K) for 4 (Figure
6.12). It is also noteworthy to mention that in each case the lifetime values remain practically
unaltered on going from 273K to RT. Just after crossing the RT, systematic enhancement of

lifetime takes place up to 353 K. Hence, overall, the observed trend of enhancement in

lifetime upon increasing the temperature is the testimony to the possible occurrence of TADF

event.
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Figure 6.11. Changes in photoluminescence (Aex=330 nm) of 2 in MeCN upon varying
temperature in 2D (a) and 3D (b) representation; corresponding chromaticity diagram (c) and
changes in lifetime at Aem=614 nm (d) upon varying temperature.
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Figure 6.12. Changes in lifetime of the ligand center for Complex 2 (a), 3 (b), and 4 (c) upon
varying temperature in MeCN.

6.3.10. Measurement of Delayed Fluorescence and Lifetime. To confirm the

occurrence of TADF phenomena, we further recorded the delayed fluorescence spectra

(Figure 6.13) as well as the delayed lifetimes (Figure 6.14) of all the four complexes in

MeCN at RT. During the course of the measurement, we kept the gate at 40-60 us to

eradicate any prompt fluorescence signal.
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Figure 6.13. Gated emission spectra of all four complexes (Aex=330 nm) in MeCN at RT.
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Previously, we have noticed a bi-exponential delayed decay for the free phen-Hbzim-
tpy ligand upon monitoring at 440 nm.? The reason behind this alteration from its mono-
exponential nature in usual TCSPC measurement, on maintaining the same conditions, is not
very clear to us. We surmise herein that the ligand undergoes a twist at elevated temperature,
resulting in the formation of both planar and twisted conformations, which in turn could gives
rise to two components of its lifetime. A recent report also suggests that such twisting of
molecules may result in displaying TADF.”*

All four complexes also exhibit bi-exponential decay in delayed lifetime
measurements upon monitoring at 440 nm. The lifetime values for the La complex are 5.8 pus
and 44.1 ps, which are comparable to those of the free phen-Hbzim-tpy ligand (5.9 us and
50.6 ps). On the other hand, it is 187.7 us and 622.8 pus for Eu complex, 35.4 us and 94.6 us
for Sm complex, while 4.9 ps and 44.6 us for Tb complex. We do not know the actual reason
behind the bi-exponential nature of the decays. But we believe that the excited states of the
hfa ligand (S; and T1) may also assist in repopulating the S; state of phen-Hbzim-tpy, which

in turn results in the evolution of another component in their lifetime profiles.
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Figure 6.14. Delayed lifetime profiles for all four complexes (Aex=340 nm) in MeCN at RT.
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6.3.11. Assessment of Thermosensing Efficacy of the Complexes. We are also
interested in assessing the thermosensing efficacy of the complexes. In order to do so, four
temperature-dependent parameters (A) have been employed, viz. two types of luminescence
intensity ratios (/ep/Iup and Iep/liigana) and lifetime (7), together with our newly proposed
parameter {ligand(T)/Tiigana(T)}. The latest thermometric parameter is directly related to the
TADF-assisted luminescence behaviors and has been utilized in our previous work. The first

two parameters, viz., Igp/Iup and Igp/ligana, are not applicable for La™, Sm™, and Tb™

1 I

complexes. It is because La™" ion does not possess any Ln""-centered emission peak, whereas
the intensities of the electric dipole transition peak for Sm'! and Tb' ions are noticed to get
overshadowed by the remarkable enhancement of the ligand-centered broad peak upon the
temperature rise. In each case, the relative thermosensitivity (S,) and temperature resolution
or uncertainty (67) have been estimated. The best S, and 07 values obtained from four

complexes are presented in Table 6.5. The highest S, values are determined to be 4.35, 10.06,

Table 6.5. Thermometric and Thermosensing Efficacy Parameters for All Four
Thermosensor Complexes (1-4) in the Temperature Domain of 273-353 K

LIR (IED/ IMD) LIR (IED/ Iligand) Lifetime Iligand/ Tligand

Su(%K) | Tw | Su(%K) | Tuw |Su(%KY) | Twn |Su(%K')| T

- - - - 0.41 353K 4.35 273 K
1.46 353K 6.19 273K 2.39 353K 10.06 273K
- - - - 0.81 273 K 8.52 353K
- - - - 1.65 333K 5.02 353K

ol w| o] —| Complex

8.52, and 5.02, for complexes 1, 2, 3, and 4, respectively. Notably, all of these high values are
based upon monitoring the newly proposed parameter, i.e., {/jigand(T)/Tiigana(T)}. In order to be
considered an efficient thermosensor, the S, value should be >1% K-!, while the 57 value
should be as low as possible than 1 K. Interestingly, all four complexes satisfactorily fulfil
those criteria and thereby can be considered as efficient thermosensors within the temperature
range of 273-353 K. The performance of the Eu" complex (2) is found to be the best,
followed by Sm'™ (3), Tb™ (4), and La™ (1) complexes, respectively. Moreover, the

thermosensing efficacies of these present complexes are found to be much better than the
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111

earlier reported Ln""-based discrete luminescent thermosensors, including their tta-based

9

analogues?’, as revealed from Table 6.6.

Table 6.6. Comparison of Some Earlier Reported Ln'""-Based Discrete Thermosensors

Complex Sm AT (K) T Optical Ref.
(%K) (K) | Parameter

Mononuclear Discrete Thermosensors

Eu(DBM);L-mCF3; HDBM=Dibenzoylmethane 4.9 303-460 | 323 | Intensity 45
L=imidazo-bipyidyl ligand ratio

Eu(bzac);(H20),; Hbzac= 1-phenyl-1,3-butanedione 5.25 83-303 | 303 Area 46
Eu(CPDKj.5)sphen; 1.2 298-348 | 298 Lifetime 47

CPDKj3.5=1-(4-(4-propylcyclohexyl)phenyl)octane-1,3-
dione and phen=1,10-phenathroline)
Eu(tta);(pyphen); tta= 2-thenoyltrifluoroacetonate and 1.98 83-303 | 323 Lifetime 48

pyphen= pyrazino[2,3-f][1,10]phenanthroline

(Eu(HL),Cl 5.1 77-298 185 Intensity 49
Eu(L)(HL); 7.7 80-260 | 85 ratio
H,L=2-(tosylamino)-benzylidene-N-benzoylhydrazone

Sm(fod)sbath; fod=anion of 6,6,7,7,8,8,8- heptafluoro- 1.14 50-350 60 Intensity 51

2,2-dimethyl-3,5-octanedione
bath=4,7-diphenyl-1,10-phenanthroline

Eu(tta);(tpy-HImzphen); Htta=2- 5.78 273-343 | 343 | Intensity 52
thenoyltrifluoroacetone ratio,
tpy-HImzphen= 2-(4-[2,2":6',2"] terpyridin-4'-yl- 3.36 273-333 | 333 Lifetime
phenyl)-1H-phenanthro[9,10-d]imidazole)

Eu(hfa)s;(tpy-HImzphen); 12.52 | 273-353 | 353 Iep/teD 28

Hhfa=hexafluoroacetylacetone

tpy-HImzphen= 2-(4-[2,2":6',2"] terpyridin-4'-yl-

phenyl)-1H-phenanthro[9,10-d]imidazole)
Dinuclear Discrete Thermosensors

Euy(tta)s(pyrzMO), 7.1 223-373 | 353 Area 50
Euy(dbm)s(pyrzMO), 4.9 373

Eua(bta)s(pyrzMO), 7.4 373

Eux(hfa)s(pyrzMO), 4.1 363

Eux(tta)s(bipyMO), 4.8 363

Euz(dbm)s(bipyMO)2 4.9 343

Eux(bta)s(bipyMO), 34 373

Euz(hfa)s(bipyMO); 3.2 373
Las(tta)s(phen-Hbzim-tpy) 1.01 273-353 | 353 | liigand/Tligand 29
Euy(tta)s(phen-Hbzim-tpy) 3.2 313
Smy(tta)s(phen-Hbzim-tpy) 7.2 343
Thby(tta)s(phen-Hbzim-tpy) 2.16 353
Euy(tta)s(phen-Hbzim-tpy) 11.9 273-353 | 343 | Iep/ligana 29
Smy(tta)s(phen-Hbzim-tpy) 4.6 323
Lay(hfa)s(phen-Hbzim-tpy) 4.35 273-353 | 273 | ligand/Tiigana | This
Eu(hfa)s(phen-Hbzim-tpy) 10.06 273 work
Smy(hfa)s(phen-Hbzim-tpy) 8.52 273
Tba(hfa)s(phen-Hbzim-tpy) 5.02 273
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It is of particular interest to note that in most of the earlier reported cases, only the
Ln"-centered emission responses have been adopted to showcase their thermosensing
behaviors. But, simultaneous monitoring of the luminescence response for the ancillary
ligand could also shed some light on elucidating the mechanistic aspect of the temperature-
dependent energy transfer processes. Herein, the luminescence responses of both phen-

111

Hbzim-tpy ligand as well as respective Ln"-centres are taken into consideration for this

111

purpose. Moreover, the literature reveals that the thermosensing ability of Eu™ complexes has

been mostly explored among the lanthanides, followed by that of the Tb complexes. But,

the present Sm'" and La™

complexes are also capable of displaying thermosensing behaviors,
which, to the best of our knowledge, are quite unprecedented in the literature.

6.3.12. Solvatochromic Behaviors of Complexes. We further tend to investigate the
potential solvent effect on the photoluminescence spectral behaviors of the complexes.
Taking advantage of their adequate solubility in a wide variety of solvents, we recorded the
photoluminescence spectral responses of all four complexes in toluene, chloroform, acetone,
ethyl acetoacetate, dimethylsulphoxide, acetonitrile, ethanol, and methanol, covering a wide
range of polarities. We monitored the alteration of both ligand-centered as well as
characteristic lanthanide-centered sharp emission peaks, upon variation of the solvents. The
emitting color of the complexes is found to stretch within a wide domain, primarily because

of the interplay of both ligand- and Ln-centered emissions. Even the La'!

complex (1),
possessing no lanthanide-centered emission, displays various emitting colors like blue,
indigo, cyan, green, and yellow. The Eu" complex, on the other hand, exhibits violet, blue,
indigo, and greenish-yellow along with its characteristic red color (Figure 6.15). The Sm'!
complex emits blue, indigo, and green colors apart from its characteristic orange emission;
while the Tb™ complex displays blue, indigo, and yellow emission together with its
characteristic green region. The observed solvatochromic behaviors of the complexes
probably arise due to dipole-dipole interaction between the phen-Hbzim-tpy framework and
solvent molecules’®, which in turn leads to alteration of position and intensity of the ligand-

centered peak. At the same time, the Ln'

-centered emission peaks can also undergo
alteration in their intensities depending upon the coordination possibility of the associated
solvent. Both these factors seem to contribute to the observed photoluminescence spectral

outcomes of the complexes.
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Figure 6.15. Photoluminescence spectral profiles of 2 in various solvents in 2D (a) and 3D

(b) representation; corresponding chromaticity diagram (c) and changes in lifetime at
Aem=614 nm.

6.3.13. Excitation Wavelength Dependent Luminescence Spectral Behaviors of
the Complexes. We are also curious to see the dependence of excitation wavelength on the
photoluminescence behaviors of the complexes. To this end, the emission spectra of the four
complexes are acquired upon varying the excitation wavelength within the domain of 320-
380 nm (Figure 6.16a, c, e, and g), and associated CIE plots are presented in Figure 6.16b, d,

f, and h. The emission color of La™

complex (1) is found to vary from blue to green region,
while that of the Eu'" complex (2) remains almost unperturbed upon variation of excitation
wavelength, probably because of its very intense emission peak at ~614 nm. The observation
with regard to Sm™ complex (3) is worth noting. While it exhibits its characteristic orange
emission within 320-330 nm, it offers white light emission upon exciting within the
wavelength domain of 350-370 nm. The emitting color of the Tb™ complex (4) also varies,
from blue to near-white light region.

6.3.14. Accomplishment of VIBGYOR and White Light Emission via Interplay of

Three External Stimuli. From the foregoing observations, it is quite evident that the

luminescence spectral characteristics, especially the steady-state behaviors, of all four
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complexes are well-dependent on various stimuli like temperature, solvent, and excitation

wavelength. Consequently, all of them emit a bunch of emission colors, under appropriate
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Figure 6.16. Changes in photoluminescence spectral profiles of 1-4 (a, ¢, e, g) and their
corresponding chromaticity diagrams (b, d, f, h) upon varying excitation wavelength.
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interplay of the said three stimuli. For example, complex 1 (La'!) and 4 (Tb'!!) generate four
colors, viz., blue, indigo, green, and yellow, while complex 2 (Eu') produces five colors,
viz., violet, blue, indigo, yellow, and red. More intriguingly, complex 3 (Sm') can yield as
many as six colors (except red) of the VIBGYOR spectrum. Additionally, the Sm™ complex
is capable of displaying white light emission at RT upon varying the excitation wavelength
between 350 and 370 nm. Table 6.7 presents concise information regarding the emitting
colors of all the four complexes under the influence of different stimuli. A CIE chromaticity
diagram is also presented, showing under which conditions all of these emitting colors in
VIBGYOR spectrum together with white light emission are accomplished from the four
complexes (Figure 6.17).

Table 6.7. Cumulative Presentation of All the Conditions to Achieve the Seven Colors of

VIBGYOR along with White Light

1 2 3 4
- hex=330 nm, 293-303 Aex=380 nm, RT. -
- 2ex=330 nm, CHClL.
2ex=350, 380 nm, RT; 2ex=330 nm, Acetone. Aex=330 nm, MeCN. Aex=320-330 nm, RT;
S Aex=330 nm, 313 K; Aex=330 nm, 333 K;;
E Aex=330 nm, Toluene, Aex=330 nm, Acetone.
MeCN.
2ex=320-340 nm, RT; Aex=330 nm, 323-353 2ex=330 nm, Toluene, Aex=370-380 nm, RT;
hex=330 nm, 273-293 K; CHCl, EtOAc. hex=330 nm, 273-323
E K; Aex=330 nm, EtOAc, K;
= 2ex=330 nm, CHCl3, MeCN, MeOH. Aex=330 nm, Toluene,
EtOAc, MeOH. CHCls, EtOAc.
hex=360, 370 nm, RT; - Aex=330 nm, 273-293 hex=330 nm, 343-353
hex=330 nm, 333-353 K; K;
;‘3 K; 2ex=330 nm, Acetone, Aex=330 nm, 77 K;
© Aex=330 nm, Acetone, EtOH, MeOH. Aex=330 nm, MeCN,
DMSO. EtOH, MeOH.
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Figure 6.17. Exhibition of all seven colors of the VIBGYOR spectra along with white light
emission upon application of appropriate stimuli on four complexes.

6.3.15. Elucidation of the Luminescence Spectral Behaviors and TADF-assisted

_pased sensitizers

Thermosensing Features of the Complexes. The antenna effect in the Ln
could be operative via "Dexter exchange" pathway,’® if the position of lowest triplet energy
level (T1) of the sensitizer is at ~2500-4000 cm™! higher than that of the lowest emissive state
of respective Ln"! (*Ln'"), according to Reinhoudt’s empirical rule.®?> On the other hand, if
the said energy gap (between the T; and *Ln") happens to be <1800 cm™, back energy
transfer to the sensitizer occurs, instead of a fruitful lanthanide(III) sensitization, according to
Latva’s empirical rule.?> Now, the lowest-lying emitting excited level (*Ln'") of Eu' (°Dy),

Sm'™ (*Gs)), and Tb™ (°Da) is located at ~17300, ~17900, and ~20500 cm’!, respectively. In

our previous set of works regarding mononuclear complexes with tpy-HImzphen, the

228




Chapter 6

1272852, was lower than

energetic position for the T state of the ancillary ligand (~20534 cm’
that of the T; states of both tta*”>? (~21000 cm™') and hfa?®4° (~22000 cm™), thereby closest
to the “Tb'", followed by "Sm'" and "Eu'™. As a result, the extent of energy transfer was found
to be very poor for Sm'", while in case of Tb'!!, the energy transfer takes place in the reverse
direction, yielding only the ligand-centered emission. Even after replacing the ancillary
ligand with a terpyridine-bipyridine-based bridging ligand (whose T state resides at ~24570
cm!), the problems regarding Sm™ and Tb™ ions remained unresolved in their dinuclear
complexes containing tta as the antenna ligand. The low-lying T; state of the tta ligand
seemed responsible for this, which could act as a quencher state. But, in the present work,
both the hfa and phen-Hbzim-tpy are expected not to induce any detrimental impact on the
efficient energy transfer process due to their much higher T; level positions. Rather, phen-
Hbzim-tpy works as an additional antenna together with hfa for effective sensitization. Thus,
the cumulative influences of ancillary and antenna ligands, together with the doubling of Ln-
hfa moieties, are responsible for the substantial improvement of the absorption, as well as
sensitized emission characteristics in the resulting dinuclear complexes. However, it should
be mentioned that, although the sensitized luminescence from the present dinuclear Tb'™
complex is better than its tta-based analogue?, it is not as efficient as one can anticipate from
the suitable energy differences. This may be attributed to the predominance of thermally-
assisted back energy transfer to the ligand, which seems to be outplayed by its sensitized
luminescence outcomes at 77 K.

The energy transfer pathways, based on which all four complexes exhibit
multichannel thermosensing and thermochromism are worth discussing. In our latest report
on the tta-based analogous dinuclear series, we noticed that the ancillary ligand can display
thermally activated delayed fluorescence (TADF) via reverse intersystem crossing (RISC)
pathway, which is supported by the small difference between its S; and T; state (~750 cm™).
The said gap for phen-Hbzim-tpy was estimated from the absorption spectrum (for Si)”"7®
and steady-state emission spectrum at 77K (for Ti) of a complex with Gd"Cl3.6H>O or
Gd"(NO3)3.6H,0 precursors.>!36378-80 The delayed lifetime profile was bi-exponential in
nature, which we surmised to be an effect of possible molecular twisting. However, in case of
La™ complex, the low-lying T; state of tta seemed to have prohibited the TADF
phenomenon. But, herein, the higher position of the T state of hfa drives all four complexes
to sustain the TADF event. As a result, systematic intensification of the ligand-centered broad

emission peak is noticed for all complexes. Moreover, the delayed lifetimes of all the four
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cases are bi-exponential in nature, with their values in the microsecond domain. Interestingly,
the second components of the lifetime values are found to be comparable to the observed
values in time-resolved MCS measurements. We do not know the actual reason for this shift
from mono-exponential to bi-exponential delayed decay. But we surmise that the S; state of
phen-Hbzim-tpy could be populated in two ways during the delayed fluorescence event. One
is via the RISC pathway. The other one involves the involvement of the hfa Ty or S; state-
mediated energy transfer to the S; state of phen-Hbzim-tpy. Before reaching a concluding
remark on this, further investigations regarding excited-state dynamics via transient
absorption and emission spectroscopy are required. However, the systematic rise in the
ligand-peak intensity yielding from TADF, together with the gradual diminution of Ln'
centered peaks, results in the exhibition of remarkable thermochromism upon inspection
within the temperature domain of 273 K- 353 K. It is also noteworthy to mention that the

111

quenching of Eu"'-centered emission in complex 2 may very well associated with the low-

lying ligand-to-metal charge transfer (LMCT) state, as the involvement of the LMCT state is

M_complexes owing to very low Eu/Eu" reduction potential (-0.35

quite common in Eu
V).18:32.81-83 Hence, this involvement of LMCT acts as the x-factor for the Eu'"-complex along
with TADF, which makes it superior to the rest three thermosensor complexes here. This is
also reflected in their corresponding S, and 67 values. A tentative energy level diagram is
also proposed below to understand the improved sensitized emission efficiency along with

the feasibility for the occurrence of TADF (Scheme 6.3).

F 3
s
oo St !
— ~25320 cm’! \ "
: . —~25320 cm
> i
B0 ~24570 cm'! Ty e
EJ ~20500 cm! p
: ~17300 cm? J ;
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Scheme 6.3. Plausible Energy Transfer Phenomena Operating in the Complexes
Counting the RISC Process
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6.4. Conclusion

Synthesis, thorough characterization, and detailed investigations on the stimuli-
responsive luminescence spectral behaviors of a new array of four dimeric lanthanide(III)
complexes comprising a heteroditopic phenanthroline-terpyridine type bridging ancillary
ligand and hexafluoroacetylacetonate as the capping antenna ligands, have been undertaken
in this work. Contrary to most of the earlier reported systems wherein the absorption spectral
window usually remains in the UV region, the present bimetallic lanthanide(II) complexes
display absorptions stretching up to the visible region. Additionally, by virtue of the presence
of two Ln-tris(hfa) units, the resulting complexes are capable of absorbing more light as
reflected by their enhanced molar extinction coefficient parameters. The luminescence
spectral characteristics (quantum yield and lifetime) of the complexes are also found to be
substantially enhanced relative to their analogous monometallic complexes. The cumulative
extent of ligand-to-metal energy transfer in the dinuclear complexes has also been improved
by judicious choice of bridging ancillary ligand as well as fluorinated antenna ligand,
possessing high-lying T, states. The sensitization effect is found to be much better than their
related mononuclear complexes as well as dinuclear analogues. The elevated position of T
state of the hfa ligand seemed to have encouraged the TADF-assisted thermosensing and
thermochromic responses of the complexes, which mainly originates from the phen-Hbzim-
tpy ligand itself. We hardly found any other earlier instance in the literature wherein TADF

M _pased discrete molecules. The

has been utilized in luminescence thermometry from Ln
luminescence properties of the complexes are also found to be responsive towards solvent
and excitation wavelength. Finally, the luminescence responses of all four complexes were
also employed to achieve all of the seven colors of the VIBGYOR spectrum, along with
single-component white light emission upon appropriate introduction of the said three

stimuli.
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