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PREFACE

The fascinating optical properties of Eu3* ions have promoted the use of their complexes
in an increasing number of technological applications ranging from biomedical analysis
to material science. The attractive features of Eu3* ions as luminescent materials include
their intense line like red photoluminescence emission, high quantum yield, long
luminescence lifetime (us-ms range) and low long-term toxicity. The major drawbacks
for most of the luminescent Eu3* complexes is that the optical excitation window is
limited to the UV region. It would be necessary to extend the excitation window towards
the visible region to decrease the effects of excitation phototoxicity especially in life
sciences. Recently this field has become much more important because of the demand for
less-harmful labelling reagents in the life sciences and low-voltage-driven pure-red
emitters in optoelectronic technology. As a result, several longer-wavelength-sensitized
Eu3* complexes have been developed by several groups through the usual triplet
pathway mechanism, with the use of suitably expanded m-conjugation in the complex
molecules by appropriate molecular engineering. However, poor stability in polar
solvents and low luminescence quantum yield (less than 10%) of these complexes make
them unsuitable for many applications. Therefore, the objective of the current research
work is to design and develop efficient visible-light excitable Eu3*-/-diketonates with

superior photophysical properties.

The thesis comprises of four chapters. The first introductory chapter highlights
the need for the development of new class of antenna molecules based on novel S-

diketonates for the visible-light sensitization of Eu3* ions. Further, a detailed literature
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review on the recent advances on the photophysical properties of visible-light excited
Eu3+-p-diketonate complexes will be also be incorporated towards the end of this

chapter.

Chapter 2 deals with the synthesis, characterization and photophysical properties
of a series of europium complexes based on three aminophenyl based polyfluorinated S-
diketonates, namely, 1-(4-aminophenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-
one, 1-(4-(dimethylamino)phenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one
and 1-(4-(diphenylamino)phenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one, and
an ancillary ligand, 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene oxide. The
triphenylamine-based polyfluorinated Eu3+-B-diketonate complexes dramatically red-
shifted the excitation maximum to the visible region (Aexc= 400 nm) with an impressive
quantum yield (40%) as compared to the simple Eu3*-aminophenyl-S-diketonate
complexes (Aexc = 370 nm). This can be explained based on the conjugation between
nitrogen lone pair electrons and the phenyl m-electrons in the f-diketonate ligand
system. On the other hand, the electron-donating dimethylamino group (Hammett
constant: op = —0.83) containing Eu3*-$-diketonate complexes moderately shifted the
excitation maximum in the UV region from 370 to 380 nm as compared to unsubstituted
aminophenyl (Hammett constant: op = —0.66) Eu3* complexes. The displacement of water
molecules in aminophenyl based Eu3*-f-diketonate binary complexes by a rigid
phosphine oxide ligand richly enhances the photoluminescence quantum yields as well
as the excited state lifetime values of the corresponding ternary complexes. As an integral
part of this work, hybrid materials have been developed through a sol-gel route by

encapsulating a ternary Eu3* compound in a silica/polymer hybrid for high-performance
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luminescence applications. In addition, a bright red-emitting diode was fabricated by
coating the designed hybrid material onto a 400 nm emitting InGaN chip and the
photoluminescence was examined. Notably, the current study clearly shows that the
developed triphenylamine-based Eu3+*-f-diketonate complex is an interesting red-
emitting material excited by blue light and therefore may find potential applications in

the fields of biological and materials science.

A p-diketonate ligand, namely, 1-(4'-methoxy-[1,10-biphenyl]-4-yl)-4,4,4-
trifluoro-3-hydroxybut-2-en-1-one (HMeOBPhTFB), which contains a conjugated
methoxy-substituted biphenyl unit, as well as a polyfluorinated alkyl group, was
synthesized and utilized for the construction of two new Eu3* complexes
[Eu(MeOBPhTFB)3(H20)(C2HsOH)] and [Eu(MeOBPhTFB)3(TPY)] where TPY denotes
2,2":6',2"-terpyridine. These results have been described in Chapter 3. The synthesized
compounds were characterized by various spectroscopic techniques, and their solid-
state photophysical properties were investigated. The results disclosed that the
methoxy-substituted biphenyl based polyfluorinated Eu3+-fS-diketonate complexes
significantly red-shifted the excitation maximum to the visible region (Aexc = 400 nm)
with promising solid-state quantum yield (@overan = 62%) as compared to simple Eu3+-
biphenyl -diketonate ternary complex (Aexc = 382 nm). In this work, attempts also have
been made to isolate luminescent molecular plastic materials by incorporating the
unique photophysical properties of the developed visible-light excitable Eu3+-S-
diketonate complex with the mechanical, thermal, and chemical stability, and flexibility
and a film-forming tendency of poly(methylmethacrylate) [PMMA]. The developed

molecular plastic materials were characterized and evaluated their photoluminescence
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properties. Most importantly, the newly constructed polymer films exhibit remarkable
quantum yields (75-79%) under blue-light excitation as compared to many of the

existing Eu3* based polymeric materials.

In Chapter 4, a visible-light excitable A-diketonate ligand, 3-hydroxy-1-(4-
methoxyphenyl)-3-(naphthalen-2-yl)prop-2-en-1-one (HMeOPNP) was synthesized and
utilized for the construction of a series of new Eu3* complexes of the general formula
Eu(MeOPNP)3(L) [where L = H20, 2,2-bipyridine (BPY), 4,4'-dimethoxy-2,2-bipyridine
(MeOBPY) and 4,4'-diphenyl-2,2-bipyridine (PhBPY)] in the presence and the absence of
various derivatives of bipyridines as ancillary ligands. The designed Eu3* complexes have
been characterized by various spectroscopic techniques and investigated their
photophysical properties with a view to understanding the structure-property
relationships in these systems. The substitution of conjugated naphthyl moiety as well as
methoxyphenyl group at 1,3-positions, respectively of the f-diketonate ligand notably
extended the excitation window of the binary complex Eu(MeOPNP)s3(H20): to visible
region (Aexc = 410 nm) with a quantum yield of 6 %. In the presence of an electron-
donating methoxy substituted bipyridine as an ancillary ligand, the excitation window of
Eu(MeOPNP)3(MeOBPY) has been further shifted to longer wavelengths in the visible
region [(Aexc = 420 nm; @Doverall = 32%)] with an enhanced luminescence intensity as
compared to unsubstituted ternary complex Eu(MeOPNP)3(BPY) [(Aexc = 412 nm; Doveral
= 20%)]. The red-shifted excitation window is attributed to the presence of donating
methoxy group, which allows the oxygen electrons to be a part of the whole delocalized
system through resonance and enhances the conjugation of the chromophore. On the

contrary, when electron-withdrawing phenyl groups substituted bipyridine used as an
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ancillary ligand, the excitation window of Eu(MeOPNP)3(PhBPY) has been drastically
shifted to the lower wavelength region (Aexc = 400 nm) with diminished quantum yield
(@Doverall = 9%) as compared to Eu(MeOPNP)3(BPY). This may be due to the fact that the
bulky phenyl substituents on the 4,4'-position of the bipyridine system severely hinders
co-planarity and as a result attenuate any extended m-interactions in this system. As an
integral part of this work, the photophysical properties of the visible light excitable Eu3+*
complex, Eu(MeOPNP)3(MeOBPY) was investigated under biologically relevant pH

conditions [pH 7.4, % DMSO: % PBS=1:99; c=1x 104 M].
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Chapter 1

____________________________________________________________________________________________________________|
Visible-light sensitized luminescent europium(III)-

[-diketonate complexes

Introduction

Visible-light sensitized luminescent Eu3* molecular materials are of considerable
importance because their outstanding photoluminescence properties make them well
suited as labels in fluorescence-based bioassays! and low-voltage driven pure red
emitters in optoelectronic technology? (Figure 1.1). A major challenge in this field is the
development of visible-light sensitizing ligands that can form highly emissive Eu3*
complexes with sufficient stability and aqueous solubility for practical applications.

Europium possess intrinsic luminescence that originates from f-f electron
transitions in the 4f shell of the [Xe]5s25p® configuration and offer unique properties for
optical imaging contrast agents that address current limitations of their organic
counterparts.3 Due to shielding by the 5s and 5p orbitals, the 4f orbitals do not directly
participate in chemical bonding. The emission wavelengths of europium are thus
minimally perturbed by the surrounding matrix and ligand field, resulting in sharp, line-
like emission bands with the same fingerprint wavelengths and narrow peak widths of
the corresponding free Eu3+ salts. Moreover, the f-f transitions are formally forbidden by
the spin and Laporte rule and feature long excited-state lifetimes in the milli- to
microsecond range.3# This property lends luminescent europium to time-gated or time-

resolved live-cell or in vivo imaging. Such an approach enhances signal-to-noise ratios
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through the elimination of interferences from scattering and short-lived

autofluorescence of biological constituents.

Figure 1.1. Applications of europium luminescent complexes.

1.1. Antenna effect

Although the excited-state lifetimes of Eu3* are long, the forbidden f-f
transitions suffer the consequence of weak intrinsic luminescence due to low molar
absorptivity.3# Intense light sources such as lasers are required to populate the excited
states of Ln3* ions by direct excitation and are impractical for most biological imaging
applications. Attachment of a light-harvesting antenna circumvents this limitation by
sensitizing the Eu3+* ion in what has been termed as the “antenna effect”.> The antenna
can be any aromatic or hetero-aromatic highly -conjugated system characterized by high
efficiency of light absorption (high extinction coefficient) and high efficiencies of

intersystem crossing and energy transfer processes.#d In 1942, Weissman® observed that
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the use of organic ligands in europium complexes increased the luminescence intensity
from the lanthanide ion when such complexes were irradiated with ultraviolet (UV) light.
The f-diketonate ligand class is emerging as one of the important “antennas” in terms of
high harvest emissions because of the effectiveness of the energy transfer from this type
of ligand to the Eu3+ cation.” Moreover, -diketonates possess strong absorption over a
substantial wavelength range for the m-m* transition and can therefore sensitize the Eu3+
luminescence effectively.

The sensitization pathway in luminescent europium complexes consists of
excitation of the ligands into their excited singlet states (S1 = lmm*), subsequent
intersystem crossing (ISC) of the ligands to their triplet states (T1 = 3nrr*), and energy
transfer (ET) from the triplet state to the >Dj manifold of the Eu3+ion, followed by internal
conversion to the emitting >Do state and, finally, the Eu3* ion emits when transition to the
ground state occurs (Figure 1.2). Moreover, the electron transition from the higher
excited states, such as °D3 (24,800 cm~1), D2 (21,200 cm-1), and >D1 (19,000 cm-1), to Do
(17,250 cm-1) becomes feasible by internal conversion, and most of the photophysical
processes take place in this orbital. Consequently, most europium complexes give rise to
typical Eu3* emission bands at ~580, 590, 612, 650, 690, 710 and 820 nm corresponding
to the deactivation of the excited state >Do to the ground states 7Fj (] = 0-6) (Figure 1.2).8
Thus, the energy level’s match of the triplet state of the ligands to Do of Eu3* is one of the
key factors which affect the luminescent properties of the europium complexes.
According to Latva’s empirical rule,? an optimal ligand-to-metal transfer process for Eu3*

needs AE(3mmt* - Do) = 2500 cm~1. The intersystem crossing process becomes effective
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when (Inm* - 3nm*) is at least 5000 cm~1 as per Reinhoudt’s empirical rule.1? The overall

quantum yield for a sensitized Eu3* complex is given by the equation:

Doverall = Psens X Prn = Dsens X (Tobs/Trad)
where @overall and @1n represent the ligand-sensitized and intrinsic luminescence
quantum yields of Eu3*; ®@sens represents the efficiency of the ligand-to-metal energy

transfer and 7obs/Trad are the observed and the radiative lifetimes of Eu3* (°Do).
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Figure 1.2. (A) Pictorial representation of antenna effect. (B) The energy transfer
mechanism in europium complexes. Luminescent 4f-4f transitions of europium

complexes and commonly observed emission wavelengths to emit red light are also
represented.

For application in the biological field, luminescent Eu3* complexes capable of

being efficiently sensitized by long-wavelength light have been more focused, because
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the long-wavelength light is less harmful to biological tissue, allowing deep penetration,
causing less background fluorescence.l® However, in many of the reported Eu3*
complexes the excitation window appears to be limited to the near-UV region (generally
below 380 nm) due to the energy constraints posed by the photophysics of sensitized
europium luminescence, as highlighted by Reinhoudt and co-workers.11 Furthermore, no
cheap pump sources are available in the UV. Thus, challenge in the chemistry of the
lanthanide ions is to develop luminescent Eu3* complexes that can be sensitized by
visible light and to determine the energy-transfer process in these systems. The
commonly observed sensitization mechanism for luminescent europium complexes
involves a triplet pathway, in which the transfer of the energy absorbed by the ligand to
the Eu3+* ion takes place from the ligand-centered triplet excited state (T1). With the use
of antenna, chromophoric groups, which have a smaller energy gap between the lowest
singlet excited state (S1) and the triplet (T1) state (e.g. acridone, diaryl ketones),1? it has
been demonstrated by several research groups that the excitation wavelength for Eu3+
complexes can be extended into the visible region through the usual triplet pathway.
Another promising means of longer-wavelength sensitization of Eu3* emission is through
the singlet pathway, in which the excited-state energy of a chromophore is directly
transferred from its S1 state to the luminescent states of the Eu3* center. In this way, the
energetic constraints from the T1 state of the ligand can be avoided.!3 But this mechanism
has rarely been observed. There are mainly two strategies that can be adopted to achieve
visible light excitation via the favorable triplet pathway. One of the approaches is to
introduce a 4d- or 5d-transition metal ion such as Ir(III) or Pt(Il) into the Eu3* complex

molecule, which exhibits an efficient energy transfer to the Ln3* ion (Figure 1.3).14
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Unfortunately, the photoluminescence efficiency of this kind of europium complex based
on the 3MMLCT (metal-metal-to-ligand charge transfer) or 3MLCT (metal-to-ligand
charge transfer) was always very low.1> Another promising approach is to modify the
ligand molecule with an appropriate expanded m-conjugated system to shift the
excitation band of its Eu3* complex to the visible region, and this expanded m-conjugated
system cannot be either too small to absorb visible-light or too big to raise the triplet
state of the ligand to a degree higher than >Do, the lowest excited state energy level of the
central Eu3* ion. The m-conjugation can be expanded either in the primary or in the
ancillary ligands. Some of the examples for such m-conjugated moiety are Michler’s

ketone, phenanlenone, phenanthrene, substituted carbazole etc.l

d-block chromophore f-block luminophore

- Bridging ligand .

Exc.
: -(U\M).
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§,— 44 1

Figure 1.3. Pictorial representation of a d-f system and an energy level diagram.
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1.3. Overview on visible light sensitized Eu3+-f-diketonate complexes-

primary ligand modifications

It is surprising to note that only very few investigations have been found in the
literature on visible-light sensitized Eu3* complexes despite their proven advantages. In
2010, Ma and Wangli reviewed the syntheses, and luminescent properties of organic
lanthanide complexes and have underlined basically the development of europium
complexes capable of being efficiently excited by visible-light or multiphoton absorption
of NIR light. Indeed, some of the recent reports have demonstrated that the excitation-
window can be shifted to longer-wavelengths in Eu3+*-f-diketonate complexes by
appropriate molecular engineering and suitably expanded m-conjugation in the primary
[-diketonate ligand of the complex molecules. In 2013 Reddy and coworkers!® have
reviewed the latest innovations in the syntheses and photophysical properties of visible-
light sensitized Eu3*-f-diketonate complexes and on their application as bioprobes in

cellular imaging.

1.3.1. Luminescence properties of visible-light sensitized fluorene-

based Eu3+-f-diketonate complexes

m-Conjugated polymers and oligomers based on fluorene building blocks have
gained importance as the active materials in various types of organic optoelectronic
devices, especially in organic light-emitting diodes.1” Fluorene is one of the polycyclic
aromatic hydrocarbon which is isoelectronic with carbazole which can be easily modified
at 2,7-positions.18 Inspired by these facts, Reddy and co-workers!® designed a series of
near-visible light sensitized europium complexes Eu(pffpd)s(C2HsOH)(H20),

9
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Eu(pffpd)3(DDXPO) and Eu(pffpd)3(DPEPO) based on a novel (-diketonate ligand,
4,4,5,5,5-pentafluoro-1-(9H-fluoren-2-yl)-1,3-pentanedione (hpffpd), and a chelate
phosphine oxide ligand [where DDXPO refers to 4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene oxide and DPEPO refers to bis(2-(diphenylphosphino)phenyl)ether
oxide]. The single crystal X-ray diffraction analyses of Eu(pffpd)s(DDXPO) and
Eu(pffpd)3(DPEPO) revealed that these complexes are mononuclear with a distorted
square-antiprism structure. The central Eu3* ion is surrounded by eight oxygen atoms,
six of which are from the three bidentate fluorinated S-diketonates and the other two
oxygen atoms from the chelate phosphine oxide. A broad excitation band between 250
and 450 nm (Amax = 390 nm) was observed for the complexes, attributed to the singlet-
singlet m-m* enol absorption of the f-diketonate ligand (Figure 1.4). The displacement of
the solvent molecules from the complex Eu(pffpd)s(C2HsOH)(H20) by the chelating
phosphine oxide, DDXPO, lead to significant enhancement in the emission intensity
(absolute quantum yield 3 to 48%) and lifetime values (328 to 820 ps). This was
attributed to strong coordination of P=0 in DDXPO with the central Eu3+ion (average Eu-
0 = 2.34 A), which might enable efficient energy transfer. On the other hand, in the
presence of DPEPO these values were only moderately enhanced (quantum yield = 28%
and lifetime to 742 ps) due to weak binding of DPEPO to the central Eu3* ion (average
Eu-0 =2.38 A).

In the subsequent studies, Reddy and co-workers2? managed to further extend
the excitation window to the visible region, and constructed a new class of efficient
visible light sensitized antenna complexes of Eu3* based on the highly conjugated g-

diketonates, namely, 1-(1-phenyl)-3-(2-fluoryl)propanedione (HBFPD), 1-(2-naphthyl)-

10
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3-(2-fluoryl)propanedione (HNFPD), 1-(4-biphenyl)-3-(2-fluoryl)propanedione
(HBPFPD) and 2,2'-bis(di-p-tolylphosphino)-1,1'-binaphthyl oxide (TBNPO), as the
ancillary ligand.20 The substitution of the phenyl group with the naphthyl or biphenyl
groups in the 3-position of the fluorenyl based S-diketonate ligand remarkably shifted
the excitation window from 275-440 nm (Aexc = 400 nm) for Eu3* complexes containing
HBFPD to the visible region 300-550 nm with an excitation maximum at 430 nm (for
Eu3* complexes containing HNFPD) and 440 nm (for Eu3* complexes containing
HBPFPD), respectively, in the corresponding Eu3* complexes(Figure 1.5.). The extended
m-conjugation in the S-diketonate ligand lead to shift in the excitation window of the Eu3+
complexes towards the visible region, with an important application in biomedical
analysis and lighting devices. The luminescence intensity of the ternary Eu3* complexes
was greatly enhanced as compared to the hydrated europium f-diketonate complexes by
the displacement of the solvent molecules from the complexes by the rigid chelating
phosphine oxide TBNPO, which in turn reduces the high-frequency oscillators.
Consequently, the quantum yields (19-43%) and lifetime values (769-877 us) of the
ternary Eu3* complexes are found to be significantly enhanced as compared to precursor
Eu3* complexes (quantum yields = 2-7%, lifetime = 399-376 ps).

Further, the visible-light sensitized Eu3* complex based on 1-(4-biphenyl)-3-(2-
fluoryl)propanedione (HBPFPD) was used for the preparation of mesoporous
nanomaterial by covalently immobilizing into the MCM-41 host.2! The newly designed
mesoporous hybrid material exhibited stronger red/orange intensity ratio, higher >Do

quantum efficiency, longer lifetimes, and better thermal stability than the precursor

11
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complex pointing to their prospective use as visible-light excitable red phosphors for

luminescent applications.
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Figure 1.4. Molecular structures of Eu(pffpd)3(DDXPO) (left), Eu(pffpd)s(DPEPO) (right)

and excitation and emission spectra of the complexes.
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Figure 1.5. Molecular structures and excitation emission spectra of Eu(BFPD)3(TBNPO),

Eu(NFPD)3(TBNPO) and Eu(BPFPD)3(TBNPO).
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1.3.2. Visible-light excitable carbazole-based Eu3*-S-diketonate

complexes

The carbazole moiety displays unique advantages for application in
optoelectronic devices because of inexpensive starting material, good chemical stability,
and being tailored with a wide variety of functional groups to tune the optical and
electrical properties.22 The carbazole moiety can be easily modified via its N, C-3, and C-
6 positions (Figure 1.6). There are substantial number of studies on 3,6-substituted
carbazole derivatives and it was concluded that p-diketonates containing 1'3'-
dioxobutyl linked at the 3- and 6- positions could slightly extend their excitation band to
the visible region. In contrast, substitution at 2- or 7-position in the carbazole ring lead
to a longer 7~conjugation length, leading to bathochromic shift in the excitation band. 23
Until now very less research was done on 2,7-substituted carbazole derivatives, probably

due to the lack of an efficient synthesis procedure for these compounds.

=2

Figure 1.6. The structure of the carbazole rings system.

Liu and co-workers developed a new f-diketonate ligand containing carbazole
group, 1-(7-(tert-butyl)-9-ethyl-9H-carbazol-2-yl)-4,4,4-trifluorobutane-1,3-dione (HL),
and utilized it for the synthesis of a new complex, EuL3(phen).24 Photoluminescence

measurements indicated that the Eu3* complex exhibit intense red-emission and extend
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its excitation bands to the visible region. Compared with the similar 3-(f-
diketonato)carbazole complexes, the excitation bands of the complex showed a
bathochromic shift of about 30 nm and were extended to 500 nm. Complex EuLs3(phen)
was employed as a phosphor to fabricate LEDs in a mass ratio of 1:20 of phosphor to
silicone gel with 460 nm-emitting InGaN chips. The emission spectra of the original 460
nm LEDs without phosphor and the LED fabricated with the complex and a 460 nm chip

under 20 mA forward bias are shown in Figure 1.7. The sharp peak at 613 nm is due to

the Eu3* emission from the complex in the LEDs chip.
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Figure 1.7. The molecular structure of EuL3(phen) and emission spectra of the original

InGaN LEDs without phosphor (broken line) and the LEDs with EuLs(phen) (solid line)
under excitation of 20 mA forward bias.

Gong and co-workers?2> were successful in designing two new carbazole-based S-
diketonates with 2- or 2,7-substituted groups in the carbazole ring, 2-(4',4’,4'-trifluoro-
1',3'-dioxobutyl)-carbazole (2-TFDBC) and 2,7-bis(4',4',4'-trifluoro-1',3'-dioxobutyl)-
carbazole (2,7-BTFDBC), and their Eu3* ternary complexes Eu(2-TFDBC)s3(phen) and

Euz(2,7-BTFDBC)3(phen)2. Compared with the similar S-diketonate complexes linked at
14
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3- and 6-positions in the carbazole ring, the excitation bands of Eu(2-TFDBC)3(phen) and
Euz(2,7-BTFDBC)3(phen)2 showed a remarkable red shift by about 30 nm and were
extended to 500 nm because of the larger m-conjugation in the molecules (Figure 1.8).
However, the strongest excitation peak of these two complexes was not long enough to
avoid the photodecomposition efficiently. The ancillary ligand, phen, enhanced the
luminescence intensity and thermal stabilities of the complexes and satisfies the high
coordination number of the central Eu3* ion. The quantum yields are found to be 28% for
Eu(2-TFDBC)3(phen) and 10% for Euz(2,7-BTFDBC)3(phen)z. This quantum yield
reduction can be explained by the closer Eu3*-Eu3* distance in the Euz(2,7-
BTFDBC)3(phen)2 molecule than that in Eu(2-TFDBC)s3(phen), and thus, the
concentration quenching more easily happens in the former molecule. The
decomposition temperatures of the complexes Eu(2-TFDBC)s(phen) and Euz(2,7-
BTFDBC)s3(phen)2 determined by thermo-gravimetric analysis were also quite high
(361.4 and 367.3 °C in air, respectively), indicating the prospects of luminescence

application for these complexes.

To minimize the photodecomposition and also to extend the excitation band to
the blue region, in the subsequent studies, Gong and coworkers2¢ introduced a methoxyl
moiety at the 7-position of f-diketone; thus, a new organic ligand, 1-(9-ethyl-7-methoxyl-
9H-carbazol-2-yl)-4,4,4-trifluorobutane-1,3-dione (EMOCTFBD), and its Eu3* ternary
complex Eu(EMOCTFBD)3(phen) were synthesized and their photophysical properties
have been investigated. The introduction of a methoxyl in the 7-position of the carbazole
ring remarkably enhanced the excitation band intensity in the blue region, and the

complex exhibited intense red emission under blue-light excitation. The integrated
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emission intensity of Eu(EMOCTFBD)3(phen) was enhanced by 60% as compared with
the complex Eu(2-TFDBC)3(phen) without a methoxyl at the 7-position of the ligand.
Substitution of the 7-positional hydrogen atom with a methoxyl leads to the increase of
the electronic density in the carbazole ring, and thus increases the electron transition
probability, which in turn lead to enhanced excitation intensity. Finally, a bright red-
emitting diode was fabricated by coating the complex phosphor onto a ~460 nm emitting
InGaN chip (Figure 1.9). All the results indicated that Eu(EMOCTFBD)s3(phen) is an
interesting red-emitting material excited by blue light, and therefore may be applied in

many fields without UV radiation.

6x10" -
5x10" 4 S a
4x10" 4 el N
i |
3x10" < \‘ Nz
210" ‘ "n| g
5 1x10°
© od- =
b ] : o
T
Q 1.4x10° < DMy M
1) o s ! =
< 1.2x10" P e ”u. (
e 110" s w \
= 8.0x10° 4 {
/'\ v
6.0x10° r {
] / \ R
4.0x10° 4 \ s
2.0x10° - b : ~
0.0 4’ Wi = cuaaeed |
—————
200 250 300 350 400 450 500 550
Wavelength / nm

Figure 1.8. Excitation (a and c) and emission (b and d) spectra of Eu(2-TFDBC)3(phen)
and Euz(2,7-BTFDBC)3(phen): respectively in the solid state (Aexc= 429 nm and Aem= 613

nm).
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Figure 1.9. (i) Molecular structure, (ii) Emission spectra and the photographs of the
original InGaN LED without phosphor (a and left) and the LED with
Eu(EMOCTFBD)3(phen) (b and right) under excitation of 20 mA forward bias. Inset:

photographs of the lighting LEDs.

Reddy and co-workers?? synthesized a series of Eu3* complexes based on novel
carbazole-based fluorinated S-diketones, namely, 4,4,5,5,5-pentafluoro-3-hydroxy-1-(9-
phenyl-9H-carbazol-2-yl)pent-2-en-1-one (L1) and 4,4,5,5,5-pentafluoro-3-hydroxy-1-
(9-(4-methoxyphenyl)-9H-carbazol-2-yl)pent-2-en-1-one (L2) as primary ligands and a
bidentate phosphine oxide molecule, 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
oxide (DDXPO) as ancillary ligand (Figure 1.10). Using the Sparkle/PM3 model, the
molecular geometries of the designed complexes were optimized and the luminescent
parameters were calculated by the LUMPAC software. The results demonstrated that
suitably expanded m-conjugation in the developed Eu3*-carbazole-based f-diketonate
complexes red-shifted the excitation maximum to the visible region (Aexc = 420 nm) with
an impressive quantum yield (34-42%). The obtained results were compared with their

previously reported results of Eu(CPFHP)3(DDXPO), (henceforth, referred to as complex
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A, CPFHP = 1-(9H-Carbazol-2-yl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one Aexc =

390 nm) and found superior.28 The triplet state energy levels of L1 and L2 in the

complexes were higher than that of the lowest excited level of Eu3* ion, Do, so the

photoluminescence mechanism of the Eu3* complexes was proposed as a ligand-

sensitized luminescence process. The predicted luminescent parameters from the

Sparkle/PM3 structures agreed with the experimental data, which confirming the

efficacy of the theoretical models adopted in the study. The improvements in the

photophysical properties and excitation window brought about by the introduction of

extended conjugation and an ancillary ligand emphasize the significance of molecular

engineering of ligand and complexes to achieve desired properties.

=410 nm }"exc=420nm

e =390 nm A
¢overall = 280/0 (1))
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Figure 1.10. Molecular structures of Eu(CPFHP)3(DDXPO) (left), Eu(L1)3(DDXPO)

(middle) and Eu(L2)3(DDXPO) (right).
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1.3.3. Luminescence properties of Vvisible-light excitable

phenanthrene-based Eu3+-f#-diketonate complexes

Reddy and co-workers2? developed a novel 5-diketonate ligand, namely, 4,4,5,5,5-
pentafluoro-3-hydroxy-1-(phenanthren-3-yl)pent-2-en-1-one (Hpfppd), by
incorporating a highly conjugated phenanthrene moiety as well as a polyfluorinated alkyl
group in the complex molecule with a view to improve the quantum efficiency and
especially to shift the excitation window to longer wavelengths in Eu3+-f-diketonate
complexes for use in bioassays.28 The synthesized ligand has been well characterized and
utilized for the construction of two new europium complexes Eu(pfppd)s(H20)2 and
Eu(pfppd)s(tpy) (where tpy = 2,2":6,6"-terpyridine). The photophysical studies
demonstrated that the introduction of conjugated phenanthrene moiety in 3-position of
the S-diketonate ligand remarkably extends the excitation window of the Eu3* complexes
towards the visible region (500 nm). The replacement of high-energy oscillators O-H in
Eu(pfppd)3(H20)2 with an ancillary ligand, terpyridine, lead to an impressive
enhancement in both overall quantum yield (from 31 to 75%) and >Do lifetime (from 0.51
to 1.04 ms) values. The newly developed Eu3* complex also exhibited a strong
photoluminescence (quantum yield = 41%) and a long lifetime (0.88 ms) under
physiological pH conditions (7.4) when excited under blue light (403 nm) and selectively
stains cellular mitochondria of the rat embryonic heart cell line, H9c2. The ternary Eu3+
complex permeates into the H9c2 cells and co-localizes with the mitochondria, as
demonstrated by counterstaining experiments (Figure 1.11). The attractive feature of the
developed Eu3* complex was its chemical stability at ambient temperature and requiring

less incubation time (30 min) compared to commercial Mitotracker, CellLight™
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Mitochondria-GFP (16 h). On the other hand, the commercially available Mitotracker
Green has the typical problem of thawing and freezing and must be stored at =20 °C due
to chemical instability. These properties of the designed Eu3+* ternary complex, together
with its good cell membrane permeability and fast cellular uptake, suggest its potential

as mitochondria targeting probe excitable at visible light.

L (ii)

Eu(pfppd)4(H,0),
Eu(pfppd)4(tpy)

210"

Intensity counts

Figure 1.11. (i) Molecular structure of Eu(pfppd)s(tpy), (ii) excitation and emission
spectrum of Eu(pfppd)s(tpy) and Eu(pfppd)s(H20)2 (a) An image of the H9c2 cells after
16 h incubation with Mitochondria tracker CellLight™ Mitochondria-GFP BacMam 2.0,
(b) An image of the H9c2 cells after incubation with 30 uM of the Eu(pfppd)s(tpy)

complex for 30 min, (c) The merged image. Scale bars: 25 pm.

Further, to improve the electrical, mechanical, and thermal properties, Reddy and
co-workers derived a luminescent nanocomposite based on visible-light sensitized

Eu(pfppd)3(H20)2 and carboxylate modified MWCNTs.3? The designed luminescent

20



Visible-light sensitized luminescent Eu3+-[3-diketonate complexes

nanocomposite material was characterized and exhibited intense red emissions with an
overall quantum yield of 27% under a wide excitation range from UV to visible regions
(330-460 nm) (Figure 1.12). Also, the high dispersibility of luminescent nanocomposites
in polymer matrices make it a promising luminophore for possible application in OLEDs

and in optical amplifiers and waveguides.
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Figure 1.12. The AFM, TEM images of the Eu(pfppd)3(H20)2 complex incorporated into
multi-walled carbon nanotube excited at 415 nm (left). Excitation and emission spectra

of Eu(pfppd)3(Hz0)2 (1) and luminescent composite (right).

1.4. Luminescent behavior of visible-light sensitized Eu3+-f-diketonate
complexes: Ancillary ligand modifications

Werts and co-workers3! were the first time to disclose that the electronic
absorption of Michler’s ketone (MK) and related push-pull sensitizers undergoes a
strong red shift upon coordination with europium-tris(6,6,7,7,8,8,8-heptafluoro-2,2-
dimethyloctane-3,5-dione) [Eu(fod)s] (Figure 1.13), which enables efficient sensitization
of Eu3* luminescence for excitation at long wavelengths extending well into the visible

region (>450 nm).3% Michler’s ketone and Eu(fod)s apparently form a ground state
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complex under the experimental conditions, most likely by the interaction of the electron
rich carbonyl group with the positively charged Eu3* ion. The new absorption band is
probably due to a bathochromic shift of the first singlet-singlet transition of Michler’s
ketone occurring upon complexation. This m-m* transition possesses charge-transfer
character and in the process of excitation, electron density is moved towards the
carbonyl group making the transition solvatochromic. Thus, it is quite likely that the
transition energy is largely affected by the presence of the lanthanide ion. Upon closer
inspection, the coordination of MK to lanthanide $-diketonates was found to occur only
in non-coordinating solvents. The emission spectrum demonstrates that this red glow is
Eu3*luminescence and the sharp peaks are characteristic of lanthanide ion emission, Eu3+
usually having its most intense emission around 615 nm. The corresponding excitation
spectrum is in accordance with the observation that this luminescence can be excited by
visible-light. It extends well beyond 450 nm (Amax = 414 nm, Figure 1.13). The quantum
yield was found to be 0.17 in aerated solution and 0.20 after deoxygenation by four
freeze-pump-thaw cycles (excitation at 420 nm, using quinine bisulfate in 1 M H2S04).
Further, these results clearly point to the occurrence of the ‘usual’ triplet pathway in the

sensitization of Eu3* by MK without resort to more exotic mechanismes.
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Figure 1.13. The molecular structure of Eu(fod)s-MK. Corrected luminescence excitation
(Aem = 612 nm) and emission (Aexc = 450 nm) spectra of a solution of 10->M Michler’s

ketone and 104 M Eu(fod)s in benzene.

It is well documented that longer-wavelength sensitization of Eu3* emission can
be achieved through the singlet pathway, in which the excited-state energy of a
chromophore is directly transferred from its S1 state (singlet state) to the luminescent
states of the Eu3* center. Thus, by this way, the energy constraints from the T1 state
(triplet state) of the ligand can be avoided. Wang and co-workers have demonstrated the
singlet pathway mechanism for the first time in a visible-light-sensitized europium tris-
thenoyltrifluoroacetonato-2-(N,N-diethylanilin-4-yl)-4,6-bis(3,5-dimethyl-pyrazol-1-
yl)-1,3,5-triazine complex [Eu(tta)s(dpbt)] (Figure 1.14).12 32 Upon selective excitation
of the ligand CT band at room temperature, the emission spectrum of Eu(tta)s(dpbt)
complex displays a broad band centered at 430 nm, derived from the coordinated ligand,
and the characteristic sharp peaks associated with the Do — 7Fj transitions of the Eu3+
ion. The overall luminescence quantum yields for the emissions from the Eu3+ion and the

coordinated ligand in toluene are 52% and 27%, respectively (Aexc= 402 nm).3?
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Figure 1.14. The molecular structure of Eu(tta)sdpbt and Eu(tta)sbpt. Energy-level
diagram showing the energy-transfer pathways in complex Eu(tta)sdpbt; isc denotes

intersystem crossing.

Afterwards, Wang and co-workers33 developed a new complex Eu(tta)s(bpt) (tta
= thenoyltrifluoroacetonate; bpt = 2-(N,N-di-ethylanilin-4-yl)-4,6-bis(pyrazol-1-yl)-
1,3,5-triazine) with excellent long-wavelength sensitized luminescent properties, in
which four hydrogen atoms replace the methyl groups at the 3,3'- and 5,5'-positions of
the pyrazolyl rings in a previously reported complex Eu(tta)s(dpbt). The excitation
window of Eu(tta)s(bpt) is much broader than that of Eu(tta)s(dpbt) with a red edge
extending up to 450 nm in a dilute toluene solution (1.0 x 10-> M) and 500 nm in a
concentrated toluene solution (1.0 x 10-2 M). Upon visible-light excitation (Aexc =410 nm)
at 295 K, the quantum yield of Eu(tta)s(bpt) complex was higher by 23% than that of
Eu(tta)s(dpbt). In addition, Eu(tta)s(bpt) exhibits excellent two-photon-excitation
luminescent properties. The different emitting-band shapes of Eu(tta)s3(bpt) and

Eu(tta)s(dpbt) (Figure 1.14) and their high capabilities of long-wavelength sensitized

24



Visible-light sensitized luminescent Eu3*-[-diketonate complexes

luminescence may be applicable in developing new multiplex probes for bioanalysis.

Figure 1.14 also shows the singlet energy-transfer pathways in complex Eu(tta)sdpbt.

\N/

“
YN
~N N~

L;

Figure 1.15. The molecular structure of the ligands Li-La.

In order to improve the visible-light sensitization of luminescent europium
complexes, Raymond Ziessel and co-workers34 have designed a series of new europium
complexes of formula [EuLn(TTA)3] in which TTA refers to 2-thenoyltrifluoroacetonate
and Ln to tridentate ligands with nitrogen containing heterocyclic structure (Figure 1.15),
such as a 2,6-bis(3-methyl-pyrazolyl)-4-(p-toluoyl-ethynyl)-triazine for Li, or
terpyridine functionalized at the 4’ position by a phenyl-vinylene for L2, a p-
dimethylaminophenylene for L3, or a p-aminophenyl-ethynylene for L4 and examined
their photophysical properties. Careful examination of the excitation spectra revealed
the differences in the sensitization efficiencies of the ligands. For complexes of L1 and Lz,
excitation of europium is mainly achieved through the TTA moieties and the
photophysical studies on [EuLi(TTA)3] evidenced a weaker coordination of the

bispyrazolyltriazine tridentate ligand, resulting from a partial decomplexation upon
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dilution. Complexes of L3 and L4 display intense excitation through the tridentate units,
which extend down to 460 nm in the visible region. In the case of L3, selective excitation
reveals the presence of a ligand centered emission band at 520 nm which is likely

ascribed to an L3 centered charge transfer state.
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Figure 1.16. The molecular structure of [Eu(tta)s(DEASPI)].

Shi and co-workers3> described a novel Eu3* complex [trans-4-[p-(N,N-
diethylamino)styryl]-N-methylpyridiniumtetrakis(thenoyltrifluoroacetonato) Eu3+
[Eu(tta)s(DEASPI)] (Figure 1.16) with efficient luminescence at the excitation
wavelength of 1.06 um. In this ternary complex, the important and innovative point is
using trans-4-[p-(N,N-diethylamino) styryl]-N-methylpyridinium (DEASPI) as a one- and
two-photon sensitizer for Eu3+ion, which makes the excitation band of this Eu3* complex
cover the range from the near-infrared and visible to the ultraviolet. The photophysical
properties also demonstrated that the energy transfer from DEASPI to Eu3* is through
the charge-transfer (CT) states of DEASPI. The luminescence of Eu3* sensitized by TPA of
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1.06 mm laser satisfies the need of less-harmful labeling and high-quality deep-

penetrating bioimaging in vivo.
1.5. Objective of the present investigation

Research on the design of adequate ligands for both coordination and
luminescence sensitization of trivalent europium ions has seen a tremendous
development during the past two decades.!** The unique photoluminescence properties
of the trivalent europium ions have been found to be a great application in the design of
bioprobes for live cell imaging. Thus, the development of europium coordination
chemistry in the context of applied bioimaging has been profound. However, a challenge
in the coordination chemistry of the lanthanide ions is to develop luminescent Eu3*
complexes that can be sensitized by visible-light and to determine the energy-transfer
mechanism in these systems owing to the energetic constraints highlighted by Reinhoudt
and co-workers.10 Therefore one of the primary objectives of the present investigation is
to design and develop novel visible-light excitable Eu3*-f-diketonate coordination
compounds and investigate their photophysical properties for possible use in the

bioimaging applications.
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Chapter 2

Tuning of the excitation wavelength in Eu3+-aminophenyl
based polyfluorinated B-diketonate complexes: a red-
emitting Eu3+-complex encapsulated in a silica/polymer

hybrid material excited by blue light

2.1. Abstract

Aexc =370 nm

Aexc =380 nm A

=400 nm

exc

Excitation wavelength

This chapter describes the synthesis, characterization and photophysical properties of a
series of Eu3* complexes based on three aminophenyl based polyfluorinated (3-diketonates,
namely, 1-(4-aminophenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one, 1-(4
(dimethylamino)phenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one and 1-(4
(diphenylamino)phenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one, and an ancillary

ligand, 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene oxide. The results demonstrated
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that the triphenylamine based polyfluorinated Eu3*-[-diketonate complexes dramatically
red-shifted the excitation maximum to the visible region (Aexc = 400 nm) with an impressive
quantum Yyield (40%) as compared to the simple Eu3*-aminophenyl-f-diketonate
complexes (Aexc = 370 nm). This can be explained on the basis of the conjugation between
nitrogen lone pair electrons and the phenyl m-electrons in the -diketonate ligand system.
On the other hand, the electron-donating dimethylamino group (Hammett constant: op =
-0.83) containing Eu3*-f-diketonate complexes moderately shifted the excitation
maximum in the UV region from 370 to 380 nm as compared to unsubstituted aminophenyl
(Hammett constant: op = -0.66) Eu3* complexes. The displacement of water molecules in
aminophenyl based Eu3*-[-diketonate binary complexes by a rigid phosphine oxide ligand
richly enhances the photoluminescence quantum yields as well as the excited state lifetime
values of the corresponding ternary complexes. As an integral part of this work, hybrid
materials have been developed through a sol-gel route by encapsulating a ternary Eu3*
compound in a silica/polymer hybrid for high performance luminescence applications. In
addition, a bright red-emitting diode was fabricated by coating the designed hybrid
material onto a 400 nm emitting InGaN chip and the photoluminescence was examined.
Notably, the current study clearly shows that the developed triphenylamine based Eu3*-[3-
diketonate complex is an interesting red-emitting material excited by blue light and

therefore may find potential applications in the fields of biological and materials science.

T. V. Usha Gangan and M. L. P. Reddy, Dalton Trans., 2015, 44, 15924-15937.
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2.2. Introduction

The unique photoluminescence properties of Eu3* complexes have been attracting
tremendous interest for decades owing to their outstanding potential applications in
medical diagnostics and organic light emitting diodes.1-# The shielding of the f orbitals by
5s2and 5p® closed shells results in narrow line-like emissions of optically pure colors
with long radiative lifetimes. However, the f-f transitions that result in light emission
from the lanthanide ions are both spin- and parity-forbidden, which, in turn, mandates
the use of antenna molecules for the indirect excitation of the metal center. This indirect
excitation, also known as the antenna effect, takes advantage of the coordinated ligands
in the sense that energy transfer from the ligand-centered excited states to the metal
center results in lanthanide ion luminescence.* The $-diketonate ligand class is emerging
as one of the important antenna molecules in terms of high harvest emissions because of
the effectiveness of the energy transfer from this ligand to the Ln3* ion.>

Unfortunately, the excitation window appears to be limited to the near-UV region
in many of the Eu3+-(-diketonate complexes due to the energy constraints imposed by
the photophysics of sensitized Eu3* luminescence, as well documented by Reinhoudt and
coworkers.® Therefore, one of the challenges in this field is to develop luminescent
Eu3* complexes that can be excited by visible-light and this field has become more
important because of the increasing demand for less harmful reagents in life sciences and
low voltage driven pure red emitters in optoelectronic applications. Indeed, some of the
recent literature reports demonstrated that the excitation window can be shifted to the

visible region in Eu3*-f-diketonate complexes by appropriate molecular engineering of
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the ligand systems with suitably expanded m-conjugation in the complex molecules.”
9 However, some of the Eu3*-fS-diketonate complexes reported exhibit poor quantum
yields.7.8ab

Triphenylamine derivatives are widely used as hole-transporting materials in
Organic Light Emitting Diodes (OLEDs) due to their high charge mobility, light-harvesting
unit and high thermal stability.10 It is well documented that the replacement of C-H
bonds in a f-diketonate ligand with lower-energy C-F oscillators is able to lower the
vibration energy of the ligand, which decreases the energy loss caused by ligand vibration
and enhances the emission intensity of the lanthanide ion. Further, due to the heavy-atom
effect, which facilitates intersystem crossing, the lanthanide-centered luminescent
properties are enhanced.!! Based on the above considerations, we conceived a strategy
that simultaneously incorporates highly conjugated triphenylamine and polyfluorinated
alkyl groups into the p-diketonate ligand, expecting to obtain the resultant ligands
possessing high luminescence efficiency and photochemical stability under visible-light
excitation upon coordination with trivalent lanthanides. Thus, a series of novel
aminophenyl based S-diketonate ligands (Figure 2.1), namely, 1-(4-aminophenyl)-
4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one (HAPFP), 1-(4-
(dimethylamino)phenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one (HDMAPFP)
and 1-(4-(diphenylamino)phenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one
(HDPAPFP), have been synthesized and utilized for the construction of Eu3*-f-
diketonate coordination compounds in the presence and absence of an ancillary ligand,
4,5-bis(diphenylphosphino)-9,9-dimethylxanthene oxide (DDXPO), with a view to shift

the excitation window to the visible region. Herein, we demonstrate that these ligands
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are easily accessible, readily coordinate to europium, and efficiently sensitize its
luminescence when excited under visible-light. The origin of the “amino conjugation
effect” on the emission as well as other excited state properties in these complexes has

also been elucidated and discussed.

FF g F

R=—NH,  : HAPFP
R= _NIEHE}E : HDMAPFP
= —N(CgHs), : HDPAPFP

Figure 2.1. Structures of the -diketonate ligands.

Due to their poor thermal resistivity, moisture sensitivity and feeble mechanical
strength, the lanthanide complexes are difficult to directly utilize as luminescence
sources in many optoelectronic applications. These inherent problems can be solved by
encapsulating the lanthanide luminescent complexes in suitable solid matrixes including
polymers,2a4d8c12 sol-gel silica,?23¢4d.13 mesoporous materials2a4d.5g8c14 and even carbon
nanotubes.8415 The potential utility of these materials depends on exploiting the synergy
between the excellent luminescence features of lanthanides and the intrinsic
characteristics of sol-gel derived hybrid materials. These materials may find promising
applications such as light emitting devices, active waveguides and biomedical actuators
and sensors. In order to enhance the luminescent properties and improve the stability of

the lanthanide complexes, herein a novel ternary Eu3*luminescent complex was
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embedded into a silica/polymer hybrid material and characterized and its
photoluminescence properties were examined. Additionally, a bright red emitting diode
was fabricated by coating the luminescent hybrid material onto a 400 nm emitting InGaN

chip and the photoluminescence was investigated.

2.3. Experimental section

2.3.1. Materials and instrumentation

The following chemicals were acquired commercially and used without further
purification: europium(IIl) nitrate hexahydrate, 99.9% (Alfa-Aesar); gadolinium(III)
nitrate hexahydrate, 99.9% (Sigma-Aldrich); triphenylamine, 98% (Sigma-Aldrich); 4-
aminoacetophenone, 99% (Alfa-Aesar); sodium hydride, 60% dispersion in mineral oil
(Sigma-Aldrich);  ethyl pentafluoropropionate, 98%  (Sigma-Aldrich);  4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene, 97% (Sigma-Aldrich); iodomethane,
98% (Alfa-Aesar); tetraethyl orthosilicate (TEOS), 98% (Sigma-Aldrich). All the other
chemicals used were of analytical reagent grade without further purification.

Elemental analyses were performed with an Elementar - vario MICRO cube
elemental analyzer. A Perkin-Elmer Spectrum Two FT-IR spectrometer using KBr was
used to obtain the IR spectral data and a Bruker 500 MHz NMR spectrometer was used
to record the 1H NMR (500 MHz), 13C{1H} NMR (125.7 MHz) and 31P{1H} NMR (202.44
MHz) spectra of the new compounds in chloroform-d solution. The chemical shifts are
reported in parts per million relative to tetramethylsilane, SiMes, for 1H NMR and 13C{H}
NMR spectra and with respect to 85% phosphoric acid for 31P{1H} NMR spectra.

Electrospray ionization (ESI) mass spectra were recorded on a Thermo Scientific
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Exactive Benchtop LC/MS Orbitrap Mass Spectrometer. Matrix assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectra were recorded on a KRATOS
analytical spectrometer (Shimadzu Inc.) and the thermogravimetric analyses were
performed on a TG/DTA-6200 (SII Nano Technology Inc., Japan). Scanning electron
microscopy (SEM) of EuC-PMMA-Gel and EuC-Gel was performed on a Zeiss EVO-18
Cryo-SEM instrument. X-ray powder patterns (XRD) were recorded in the 20 range of
10-70° using Cu-Kq« radiation (Philips X'pert Pro). The molar absorption coefficient (&) of
the ligands was measured in THF solution on a UV-vis spectrophotometer (Shimadzu,
UV-2450). The photoluminescence (PL) spectra were recorded on a Spex-Fluorolog FL22
spectrofluorimeter equipped with a double grating 0.22 m Spex 1680 monochromator
and a 450 W Xe lamp as the excitation source operating in the front face mode. The
lifetime measurements were carried out at room temperature using a Spex 1040D
phosphorimeter. The overall quantum yield (@overann) was measured using an integrating
sphere in a SPEX Fluorolog spectrofluorimeter.

The PL quantum yields of thin films (@overal) were determined using a calibrated
integrating sphere system. A Xe-arc lamp was used to excite the thin film samples that
were placed in the sphere. All samples were prepared by drop casting the material placed
between two glass cover slips. The quantum yields were determined by comparing the
spectral intensities of the lamp and the sample emission as reported in the
literature.1® Using this experimental setup and the integrating sphere system, the solid
state fluorescence quantum yield of a thin film of the standard green OLED material tris-
8-hydroxyquinolinolato aluminium (Alqs) was determined to be 0.40, which is consistent

with previously reported values.l” Several measurements were carried out for each
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sample, so that the presented value corresponds to the arithmetic mean value. The

estimated error for the quantum yields is +10%.
2.3.2 Synthetic procedures for the ketones

Synthesis of 1-(4-(dimethylamino)phenyl)ethenone: To a DMF solution of 4-
aminoacetophenone (7.40 mmol), iodomethane (17 mmol) and K2C03 (17 mmol) were
added. The resultant mixture was stirred at 60 °C for 1 day, cooled at room temperature
and quenched with a mixture of ice and water. The product was filtered and washed with
water to afford the compound as a white solid. Yield: 82%.1H NMR (CDCls, 500
MHz) 6 (ppm): 7.87 (d, 2H,J= 8.5 Hz), 6.65 (d, 2H,J = 8.5 Hz), 3.06 (s, 6H), 2.51 (s,
3H). 13C{tH} NMR (CDCls, 125.7 MHz) 6 (ppm): 196.47, 153.17, 130.53, 125.33, 129.60,

110.59, 40.02, 25.98. m/z = 164 (M + H)".

Synthesis of 1-(4-(diphenylamino)phenyl)ethenone: Acetyl chloride (4.08 mmol)
taken in a dichloromethane solution was added dropwise to a slurry of zinc chloride (4.08
mmol) suspended in a solution of triphenylamine (4.08 mmol). After the addition was
completed, the mixture was heated under reflux for 24 h. The reaction mixture was then
poured into cold, dilute hydrochloric acid. The organic layer was separated, washed with
water until the wash water was neutral, and then dried over anhydrous sodium sulphate.
The resulting residue was purified by column chromatography using ethyl
acetate/hexane (10 : 90), thereby affording the desired product as a yellow solid. Yield:
60%. 'H NMR (CDCls, 500 MHz) 6 (ppm): 7.79 (d, 2H, J = 10 Hz), 7.30 (m, 4H), 7.14 (m,
6H), 6.98 (d, 2H, /] = 9 Hz), 2.53 (s, 3H). 13C{1H} NMR (CDCls, 125.7 MHz) 6 (ppm): 196.48,

152.17,146.51, 129.88, 129.60, 125.96, 124.63, 119.68, 26.23. m/z = 288 (M + H)*.
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2.3.3. Synthesis of the ligands

A modified method of the typical Claisen condensation procedure is used for the
synthesis of f-diketonate ligands (Scheme 2.1). The corresponding ketone (1.0 mmol)
and ethyl pentafluoropropionate (1.0 mmol) were added to 20 mL of dry tetrahydrofuran
(THF) and stirred for 10 min at 0 °C in an ice bath. To this reaction mixture, sodium
hydride (60%) was added under an inert atmosphere and stirred for 30 min followed by
further stirring at 65 °C for 24 h. To the resulting solution, 2 M HCI (25 mL) was added,
and extracted thrice with dichloromethane (3 x 25 mL). The organic layer was separated
and dried over Na2S04, and the solvent was evaporated. The crude product thus obtained
was then purified by column chromatography on silica gel with a mixture of ethyl acetate
and hexane (5 : 95 for HAPFP and 2 : 98 for HDMAPFP and HDPAPFP) as the eluent to

obtain the product.

1-(4-Aminophenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one

(HAPFP): Yield: 60%. Elemental analysis (%): calculated for C11HsFsNO2 (281.18): C
46.99, H 2.87, N 4.98; Found: C 46.74, H 2.84, N 4.76. 1H NMR (CDCls, 500 MHz) é (ppm):
15.28 (broad, enol-OH), 8.17 (s, 2H, NH2), 8.04 (d, 2H, /=9 Hz), 7.79 (d, 2H, ] = 8.5 Hz),
6.64 (s, 1H). 13C{1H} NMR (125.7 MHz, CDCIs) 6 (ppm): 196.68, 183.78, 156.39, 139.88,
132.16, 127.21, 117.21, 112.14, 96.82, 77.26-76.75 (CDCl3). IR (KBr) Vimax (cm-1): 3346

(N-H), 1703, 1534, 1333, 1209, 1037, 794. m/z = 281 (M)".

1-(4-(Dimethylamino)phenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one
(HDMAPFP): Yield: 65%. Elemental analysis (%): calculated for C13H12FsNO2 (309.23):

€50.49, H 3.91, N 4.53; Found: C 50.64, H 4.06, N 4.58. 1H NMR (CDCls, 500 MHz) & (ppm):
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15.97 (broad, enol-OH), 7.86 (d, 2H, ] = 9.5 Hz), 6.68 (d, 2H, ] = 10 Hz), 6.48 (s, 1H), 3.11
(s, 6H).13C{tH} NMR (CDCls, 125.7 MHz) & (ppm): 185.68, 175.78, 154.39, 133.88,
130.20, 127.21, 119.21, 111.14, 91.82, 40.02, 77.28-76.78 (CDCl3). IR (KBr) Vmax (cm-1):

2925, 1586,1377,1329,1229, 1011, 741. m/z=310.08 (M + H)*.

1-(4-(Diphenylamino)phenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one

(HDPAPFP): Yield: 85%. Elemental analysis (%): calculated for C23H16FsNO2 (433.37): C
63.74,H 3.72, N 3.23; Found: C 63.90, H 3.84, N 3.35. 1H NMR (CDCl3, 500 MHz) 6 (ppm):
15.71 (broad, enol-0H), 7.78 (d, 2H, = 9 Hz), 7.35 (m, 4H), 7.20 (m, 6H), 6.98 (d, 2H, ] =
8.5 Hz), 6.50 (s, 1H). 13C{1H} NMR (CDCls, 125.7 MHz) § (ppm): 189.63, 185.74, 153.39,
145.83, 130.10, 129.88, 129.79, 129.48, 126.39, 125.42, 123.80, 119.06, 92.45, 77.27-
76.76 (CDCl3). IR (KBr) vmax (cm-1): 3059, 1609, 1585, 1490, 1331, 1265, 1016,

697.m/z =434.22 (M + H)*.

4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene oxide (DDXPO): The
corresponding phosphine (5.0 mmol) was dissolved in 10 mL of 1,4-dioxane solution, to
which 1.0 mL of 30% H202 (10.5 mmol) was added drop wise with vigorous stirring. The
resultant mixture was then stirred for 2 h and then 10 mL of water was added to the
reaction mixture to arrest the reaction. The mixture was extracted with 3 x 30 mL of
dichloromethane. The oily phase was then washed with 2 x 30 mL of water to remove
1,4-dioxane. The dichloromethane layer was dried with Na2SO4. The solvent was
removed in vacuo. The product was recrystallized from dichloromethane. Yield: 95%.
Elemental analysis (%): calculated for C39H3203P2 (610.18): C 76.71, H 5.28; Found: C

76.52, H 5.40. 'H NMR (CDCls, 500 MHz) 6 (ppm): 7.61 (d, 2 H,J = 8 Hz), 7.41 (m, 12 H),
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7.30 (m, 8 H), 6.99 (t, 2 H, ] = 7.5 Hz), 6.77 (q, 2 H, ] = 7.5 Hz), 1.70 (s, 6 H). 3'P{tH} NMR
(CDCls, 202.44 MHz) 6(ppm): 30.97. IR (KBr) vmax (cm-1): 1727, 1670, 1436, 1401, 1229,

1190, 1114, 875, 785,746,719, 694. m/z=611.31 (M + H)*.

o)
C,F5sCOOC,H;
NaHIO°CI1/2h
F f F
THF, 65°ClAr/24h HAPFP
NH,
(o)
o C,FsCOOC,H
2Fs 2Hs
K;COs, CHyl NaHioeciizh_
—_—
DMF, 60°C/24h N THF, 65°C/Ar124h HDMAPEP
NH2 / N

C,F5COOC,H;
ZnCl,, CH;COC! NaHiO°CHtizh N
—
@/N\© DCM, 45°C/24 h N THF, 65°C/Ar124h @ T

Scheme 2.1. Synthetic procedure for the 5-diketonate ligands.

2.3.4. Synthesis of binary complexes

To a solution of f-diketonate ligand (3.0 mmol) in ethanol, NaOH (3.0 mmol) in
water was added and stirred for 5 min. To this mixture, Ln(NO3)3-6(H20) (where Ln =
Eu3+, Gd3*) (1.0 mmol) in 2 mL water was added drop wise and stirred for 12 h at room
temperature. The resultant precipitate formed was filtered off, washed with water and
dried. The products were purified by recrystallization from a chloroform solution and
used for further analysis and photophysical studies. Efforts to grow single crystals of

complexes were not fruitful. The synthesis method is described in Scheme 2.2.
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Eu(APFP)3(Hz0)2 (1). Elemental analysis (%): calculated for C33H2s5F15N30sEu
(1029.06): C 38.54, H 2.45, N 4.09; Found: C 38.35, H 2.53, N 3.93. IR (KBr) Vmax (cm™1):

3435,3320, 1712, 1523, 1328, 1216, 1039, 695. m/z = 1016.28 [Eu(APFP)3 + Na + 1]*.

Eu(DMAPFP)3(H20)2 (2). Elemental analysis (%): calculated for Cs9H37F15N30sEu
(1113.16): C 42.10, H 3.35, N 3.78; Found: C 42.25, H 3.33, N 3.87. IR (KBr) vmax (cm™1):

3443, 2927, 1594, 1370, 1323, 1281, 1014, 671. m/z = 1094.44 [Eu(DMAPFP)3(Hz0)]".

Eu(DPAPFP)3(H20)2 (3). Elemental analysis (%): calculated for Ce9H49F15N308Eu
(1485.25): C 55.80, H 3.33, N 2.83; Found: C 56.01, H 3.45, N 2.91. IR (KBr) vmax (cm-1):
3437, 3049, 1614, 1583, 1492, 1327, 1275, 1013, 678. m/z = 1447.33 [Eu(DPAPFP)3 -

H]*.

Gd(APFP)3(Hz0)2 (7). Elemental analysis (%): calculated for C33H2s5F15N30s8Gd
(1034.06): C 38.34, H 2.44. N 4.06; Found: C 38.20, H 2.18, N 3.91. IR (KBr) vmax (cm™1):

3435,3321, 1711, 1523, 1328, 1216, 1039, 695. m/z = 1016.48 [GA(APFP)3(H20)]*.

Gd(DMAPFP)3(H20):z (8). Elemental analysis (%): calculated for C39H37F15N30sGd
(1118.16): C 41.90, H 3.35. N 3.76; Found: C 42.06, H 3.26, N 3.68. IR (KBr) Vmax (cm™1):
3443, 2927, 1595, 1370, 1323, 1281, 1014, 671. m/z = 1141.89 [Gd(DMAPFP)3(H20)2 +

Na]*.

Gd(DPAPFP)3(Hz0)2 (9). Elemental analysis (%): calculated for C71HssF15sN30sGd
(1454.23): C 55.61, H 3.31. N 2.82; Found: C 55.78, H 3.43, N 2.98. IR (KBr) Vmax (cm™1):

3433,3054, 1615, 1584, 1492, 1327, 1276, 1013, 698. m/z = 1022.30 [Gd(DPAPFP)2]".
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2.3.5. Synthesis of Eu3+ complexes 4-6

Ternary Eu3* complexes were prepared by stirring equimolar solutions of the
corresponding binary complexes and DDXPO in CHCIs solution for 12 h at 70 °C. The
products were isolated by solvent evaporation and purified by recrystallization from a

chloroform mixture. The synthesis procedure is illustrated in Scheme 2.3.

Eu(APFP)3(DDXPO) (4).Elemental analysis (%): calculated for C72Hs309F15N3P2Eu
(1603.22): C 53.94, H 3.33, N 2.62; Found: C 54.06, H 3.44, N 2.65. IR (KBr) Vmax (cm™1):
3060, 1713, 1527, 1333, 1217, 1179, 1019, 696. m/z = 1345.83 [Eu(APFP)2(DDXPO) +

Na]*. 31P NMR (CDCls, 202.44 MHz) § (ppm): —77.55.

Eu(DMAPFP)3(DDXPO) (5). Elemental analysis (%): calculated for C78Hs509F15N3P2Eu
(1687.32): C 54.52, H 3.88, N 2.49; Found: C 54.39, H 4.01, N 2.45. IR (KBr) Vmax (cm™1):
3061, 1596, 1506, 1403, 1330, 1274, 1179, 1014, 676.m/z= 1402.20

[Eu(DMAPFP)2(DDXPO) + Na + 1]*. 31P NMR (CDCl3, 202.44 MHz) 6 (ppm): —82.80.

Eu(DPAPFP)3(DDXPO) (6). Elemental analysis (%): calculated for C108H7709F15N3P2Eu
(2059.67): C 62.98, H 3.77, N 2.04; Found: C 63.02, H 3.92, N 2.11. IR (KBr) Viax (cm-1):
3061, 1622, 1588, 1524, 1492, 1327, 1274, 1178, 1013, 696.m/z= 1628.93

[Eu(DPAPFP)2(DDXPO0)]*. 3P NMR (CDCls, 202.44 MHz) & (ppm): -86.87.
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F NaOH
F OH Ln(N03)36H20

(o) Ethanol/Water, r.t

R
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Ln=Eu (1), Gd (7) Ln = Eu (2), Gd (8) Ln = Eu (3), Gd (9)

Scheme 2.2. Synthesis of Ln3+* (Ln = Eu, Gd) binary complexes.
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Scheme 2.3. Synthesis of ternary Eu3* complexes.
2.3.6. Synthesis of Eu(DPAPFP)3(DDXPO)-gel [EuC-Gel]

Tetraethyl orthosilicate (TEOS) was first mixed with ethanol, and then HCl-
acidified water (pH = 2) was added to the above mixture under magnetic stirring to
initiate the hydrolysis and condensation reaction. The molar ratio of TEOS/ethanol/H20
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was maintained at 1 : 4 : 4. A transparent sol was obtained. After stirring for 3 h, an N,N-
dimethylformamide (DMF) solution containing an appropriate amount of the ternary
complex Eu(DPAPFP)3(DDXPO) (the mass ratio of Eu3* complex (6)/SiOz was 3 : 10) was
added to the sol. The mixture was stirred at room temperature for 4 h. The gel was
allowed to stand for 5 days and then dried at 45 °C. The gel was collected as monolithic

bulks and ground into powdered material for the photophysical studies.
2.3.7. Synthesis of polymer-Eu(DPAPFP)3(DDXPO0)-gel (EuC-PMMA-Gel)

Similar to the EuC-Gel preparation, TEOS was first mixed with ethanol. Then HCI-
acidified water (pH = 2) was added to start the hydrolysis and condensation reaction.
The molar ratio of TEOS/ethanol/H20 was 1 : 4 : 4. After stirring for 3 h, a DMF solution
containing the complex Eu(DPAPFP)3(DDXPO) and a polymer (PMMA) were added to the
sol. The mass ratio of Eu3*complex/PMMA/SiO2 was 3 : 4 : 10. The mixture was stirred
for 4 h at room temperature to make sure uniform mixing and complete hydrolysis, and
then placed in a sealed container, which was kept at 45 °C until the precursor solution
was converted into a monolithic gel and ground into powdered material for the

photophysical studies.

2.4. Results and discussion

2.4.1. Synthesis and characterization of lanthanide complexes

Scheme 2.1 summarizes the protocols used for the synthesis of various -
diketonates that are used in the present study. The $-diketonates (HAPFP, HDMAPFP and
HDPAPFP) were obtained as yellow solids in 60-85% yields by Claisen condensation of

the corresponding ketones with ethyl pentafluoropropionate in the presence of a strong
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base, NaH. Detailed characterization of the synthesized ligands was performed by 'H
NMR, 13C{1H} NMR, 31P{tH} NMR, FT-IR and mass spectroscopic (ESI-MS) methods, as
well as by elemental analysis. 1TH NMR analysis shows that the -diketonate compounds
mainly exist as enol form in deuterated chloroform solutions. In the TH NMR spectrum, a
broad peak around 6 15 ppm is observed which corresponding to enolic -OH. Further,
the appearance of methyne protons (-CH) as a singlet at ~6.5 ppm () confirms the
existence of the ligand in enolic form. The chelating ligand 4,5-bis(diphenylphosphino)-
9,9-dimethylxanthene oxide (DDXPO) was synthesized according to the literature
reports.>ef The synthesis procedures for the Ln3* (Eu3* and Gd3*) complexes are depicted
in Schemes 2.2 and 2.3, respectively. The lanthanide complexes were characterized by
FT-IR, MALDI-TOF and elemental analysis. The elemental analysis and MALDI-TOF
studies of Ln3* complexes (1-9) revealed that the central Ln3+*ion is coordinated to
three (-diketonate ligands. In the case of ternary complexes (4-6), one molecule of the
bidentate phosphine oxide, DDXPO, is also present in the coordination sphere, which was
confirmed by FT-IR analysis. The shift in the P=0 stretching frequency of DDXPO from
1190 cm1to 1179 cmlin ternary complexes 4-6 confirms the participation of
phosphoryl oxygen in complex formation with the metal ion. It has been further
confirmed from the 31P{1H} NMR spectra of complexes 4-6 that the P=0 resonances are
shifted upfield compared to the free ligand, indicating the involvement of phosphoryl
oxygen in the coordination with the Eu3*ion. The broad absorption band noted in the
region 3000-3500 cm~1 of the FT-IR spectra of complexes (1-3 and 7-9) points to the
existence of water molecules in the coordination sphere. On the other hand, the absence

of this broad band in complexes 4-6 suggested that the water molecules have been
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displaced successfully by the chelating phosphine oxide ligand. The carbonyl stretching
frequency of the S-diketonate ligands, HAPFP (1703 cm-1), HDMAPFP (1586 cm-1), and
HDPAPFP (1609 cm-1), is shifted to higher wave numbers in 1-9 (1712 cm-1in 1; 1594
cmlin2; 1614 cmlin3; 1713 cmlin4; 1596 cm-1in5; 1622 cm-lin6, 1711
cm1in 7; 1595 cm-1in 8 and 1615 cm-1in 9), thus confirming the coordination of the
carbonyl oxygen to the Ln3* ions.

The thermal behavior of the Ln3*complexes was investigated by means of
thermogravimetric analysis (TGA) under a nitrogen atmosphere, and the results are
given in Figures 2.2, 2.3 and 2.4. It is clear from the thermogravimetric analysis data that
complexes 1-3 and 7-9 undergo a mass loss of about 3% in the first step (90-140 °C),
which corresponds to the elimination of the coordinated water molecules. On the other
hand, complexes 4-6 are more stable than the precursor samples 1-3 and do not show
decomposition up to 250 °C. The total weight loss that occurred in the thermal analysis
of all these complexes is much higher than the calculated values for the non-volatile
lanthanide(IlI) oxide, indicating the partial sublimation of these complexes under
atmospheric pressure, which is commonly observed in the case of fluorinated S-

diketonate complexes.5f
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Figure 2.2. Thermogravimetric curves for Eu3* complexes 1 and 4.
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Figure 2.3. Thermogravimetric curves for Eu3* complexes 2 and 5.
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Figure 2.4. Thermogravimetric curves for Ln3* complexes 3 and 6.
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Figure 2.5. Thermogravimetric curves for Gd3* complexes 7-9.
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2.4.2. Electronic spectra of the aminophenyl based p-diketonate ligands and

their corresponding Eu3+ complexes (1-6)

The absorption spectra of the free ligands and the corresponding Eu3* complexes
(1-6) have been recorded in THF solution (c=5 x 10-¢ M) at 298 K and are depicted
in Figure 2.6 and 2.7, respectively. The absorption profiles of the Eu3* complexes in THF
solution are found to be similar to that of the ligands, indicating that the singlet excited
state of the ligand is not significantly affected by complexation to the Eu3+ion. The main
absorption band of all the $-diketonate ligands (singlet-singlet n-m* enolic transition:
290-380 nm in HAPFP with Amax = 350 nm; 340-470 nm in HDMAPFP with Amax = 420
nm; 340-490 nm in HDPAPFP with Amax = 425 nm), on complexation with Eu3+ions,
underwent a hypsochromic shift (~10 nmin 1 and 4; ~35-45nmin 2 and 5; ~38-45 nm
in 3 and 6), while the short wavelength band (7-rm* transition of the aromatic moiety of
the f-diketonate ligand: 250-305 nm in 1 and 4; 275-325 nm in 2 and 5; 275-340 nm
in 3 and 6) remains unaffected. This indicates that the electron density on the diketonate
moiety has been perturbed by the imposed negative charge of deprotonation and the
presence of a Lewis acidic metal centre, while the aromatic part retains the same
strength.>/18 The electronic transitions of the aromatic moiety of the §-diketonate ligand
(peak at ca. 250-320 nm) and the chelated phosphine oxide (peak at ca. 250-300 nm)
units are overlapped. The presence of the ancillary ligand DDXPO not only enhances the
absorption intensity but also satisfies the high coordination number of the central
Eu3*ion and thus improves the coordination and thermal stabilities of ternary

complexes. The extinction coefficients (Table 2.1) of complexes (1-6) are about three
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times higher than that of the free ligand, in line with the formation of 3 : 1 (ligand :

metal). These features point to the ligand being an adequate light-harvesting

chromophore for the sensitization of Eu3* luminescence.>2-88

——HAPFP
—— HDMAPFP
—— HDPAPFP
—— DDXPO
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Figure 2.6. UV-visible absorption spectra of the ligands HAPFP, HDMAPFP, HDPAPFP

and DDXPO in THF (¢ =5 x 10-¢ M).
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Figure 2.7. UV-visible absorption spectra of complexes 1-6 in THF (c=5 x 10-6 M).
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Table 2.1 Molar absorption coefficient for the [-diketonate ligands and their

corresponding Eu3* complexes

Compounds Amax (nm) € (L mol! cm1)
HAPFP 350 2.40 x 104
HDMAPFP 420 2.96 x 104
HDPAPFP 425 3.08 x 10¢
Eu(APFP)3(H20)2 (1) 340 7.30 x 10*
Eu(DMAPFP)3(H20)2  (2) 385 8.91 x 104
Eu(DPAPFP)3(H20)2  (3) 398 9.32 x 10*
Eu(APFP)3(DDXPO)  (4) 340 7.45 x 104
Eu(DMAPFP)3(DDXPO) (5) 375 8.90 x 10*
Eu(DPAPFP)3(DDXPO) (6) 380 9.28 x 10*

2.4.3. Solid-state photophysical properties of Eu3* complexes 1-6

The solid-state normalized excitation spectra of the Eu3* binary (1-3) and ternary
complexes (4-6) recorded at 298 K are displayed in Figures 2.8 and 2.9, respectively. The
excitation profiles were recorded by monitoring the intense >Do— 7F2 (612 nm)
transition of the Eu3+*ion. The excitation spectra of compounds (1-6) exhibit a broad
band between 250 and 500 nm, which is attributable to the m-m* transition of the
coordinated ligands. The absence of any absorption bands due to the f-f transitions of the
Eu3*ion proves that the luminescence sensitization via excitation of the ligand is
effective. The replacement of hydrogen ions in the aminophenyl based -diketonate
ligand with highly conjugated phenyl moieties significantly influences the m-conjugation

in the complex molecules of the Eu3* (3 and 6) and shifts the excitation window to the
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visible region (Aexc = 400 nm), with important applications in biomedical analysis and
lighting devices.1-# The introduction of N-phenyl substituents into the aminophenyl
based f-diketonate ligand results in considerable bathochromic shifts in the excitation
wavelength (~30 nm in 3 and 6), suggesting substantial interactions between the N-
phenyl and aminophenyl f-diketonate moieties. Indeed, it has been suggested, for
triphenylamine and its derivatives, that there is a strong conjugation between the
nitrogen lone pair electrons and the phenyl m-electrons and that the whole molecule is a
new chromophore with characteristic absorption and excitation profiles.10219 Here the
resonance effect plays a major role compared to the electron donating effect in shifting
the excitation maximum. On the other hand, the presence of an electron-donating
dimethylamino group in Eu3* complexes 2 and 5 moderately red shifted the excitation
window in the UV region (Aexx= 380 nm) as compared to the parent
Eu3* complexes 1 and 4 (Aexc = 370 nm).182 The donating capacity can be described by the
Hammett substituent constant, op, which represents a situation where the substituent is
directly attached with the reaction center in an electron demanding state. The Hammett
constants, op = —=0.83 for N(CH3)2 and op = -0.66 for NHz, clearly explain the observed
behaviour.20

The ambient-temperature emission spectra of Eu3* complexes 1-6 excited at
their corresponding excitation maxima (Aexc = 370 nm for complexes 1 and 4; Aexc = 380
nm for complexes 2 and 5; Aexc = 400 nm for complexes 3 and 6) exhibit characteristic
narrow emission bands arising from the intra-configurational SDo— 7F;(J= 0-4)
transitions of the Eu3+ ion (Figure 2.10). No ligand-based emission is noted in the region

400-550 nm, indicating an efficient ligand-to-metal energy transfer process. The five
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narrow emission peaks centered at 579, 592, 612, 652, and 701 nm are assigned
to Do — 7Fo, SDo — 7F1, Do — 7F2, 5Do — 7F3 and Do — 7Fa4 transitions, respectively.
Among the peaks, the intense Do — 7F2 peak points to a highly polarizable chemical
environment around the Eu3* ion and is responsible for the red emission.>821 Moreover,
the presence of single and sharp peaks in the region of the SDo = 7Fo at 579 nm indicates
the existence of a single chemical environment around the Eu3*ion of point group
symmetry Cs, Cn or Cnv.5822 [t can be seen from the emission spectra that the
luminescence intensity of the ternary complexes (4-6) were significantly enhanced (7-
12 fold) as compared to the precursor complexes (1-3) by the displacement of water

molecules from the coordination sphere by the rigid chelating phosphine oxide, DDXPO.
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Figure 2.8. Normalized excitation spectra of Eu3* binary complexes 1-3 in solid state.
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Figure 2.9. Normalized excitation spectra of Eu3* ternary complexes 4-6 in solid state.
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Figure 2.10. 298 K emission spectra of Eu3* complexes 1-6 in solid state.
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The luminescence decay times (7obs) for Eu3*-fS-diketonate complexes (1-6) were
measured at room temperature using an excitation wavelength that maximizes the
Eu3* emission intensity and were monitored by the most intense emission line at 612 nm.
The lifetime profiles for all the complexes fitted with single exponentials, thus indicating
the presence of only one emissive Eu3* centre. Typical decay profiles for complexes 1-
6 are displayed in Figures 2.11, 2.12 and 2.13, respectively. The corresponding lifetime
values are summarized inTable 2.2. The shorter>Dolifetimes noted for
Eu3* complexes 1-3 may be due to the dominant non-radiative decay channels
associated with vibronic coupling on account of the presence of water molecules in the
coordination spheres of these complexes.>823 These values are essentially temperature
dependent, with Tobs (at 77 K, Tobs = 362, 422 and 339 pus in 1-3, respectively) showing
approximately 2-4 fold enhancement in the case of complexes 1-3, while going from 298
to 77 K, thereby reflecting the presence of thermally activated deactivation processes.
This effect has been well documented for several other hydrated Eu3+-f-diketonate
complexes.824 On the other hand, the lifetime values of complexes 4-6 have been
significantly enhanced (3-5 times) as compared to their corresponding binary
complexes. This may be due to the dramatic decrease of non-radiative decay rates as
compared to their precursor complexes. However, the lifetime values of the ternary
complexes (4-6) are almost independent of temperature (Tobs = 551 ps at 298 K; 578 us

in 77 K).
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Figure 2.11 5Do decay profiles for complexes 1 and 4 (solid-state) where emission
monitored around 612 nm. The straight lines are the best fits (r2 = 0.999) considering

single-exponential behavior.
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Figure 2.12. 5Do decay profiles for complexes 2 and 5 (solid-state) where emission
monitored around 612 nm. The straight lines are the best fits (r2 = 0.999) considering

single-exponential behavior.
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Figure 2.13. >Do decay profiles for complexes 3 and 6 (solid-state) where emission
monitored around 612 nm. The straight lines are the best fits (r?2 = 0.999) considering

single-exponential behavior.

In order to quantify the ability of the ligands designed to sensitize the
luminescence of Eu3*, and to draw conclusions about the relationship between the
structure and the photophysical properties, it was appropriate to analyze the emission
in terms of eqn (1), where @overal and @Ln represent the ligand-sensitized and intrinsic
luminescence quantum yields of Eu3*; ®@sens represents the efficiency of the ligand-to-
metal energy transfer and 7obs/Trad are the observed and the radiative lifetimes of

Eu3+ (5DO) +4b-e,2

Doverall = Psens X PLn = Psens % (Tobs/Trad) (1)

The intrinsic quantum yields of Eu3* could not be determined experimentally upon direct
f-f excitation because of the very low absorption intensity.4¢21 Therefore, the radiative

lifetimes of Eu3* (°Do) have been calculated from eqn (2), where n represents the
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refractive index (1.5) of the medium. Amp,0 is the spontaneous emission probability for
the >Do/7F1 transition in vacuo (14.65 s1), and Iwt/Ivp signifies the ratio of the total
integrated intensity of the corrected Eu3* emission spectrum to the integrated intensity

of the magnetic dipole >Do/7F1 transition:2>
1/tTrad = AMp,0 x N3 x (Itot/IMD) (2)

The intrinsic quantum yield for the designed Eu3*-f-diketonate complexes (1-6) has
been estimated from the ratio tobs/Trad and the pertinent values are listed in Table 2. The
overall quantum yields (@overan), radiative (Aran) and non-radiative (Anr) decay rates and
energy transfer efficiencies (®sens) are also presented in Table 2.2. The substitution of
water molecules in [Eu(DPAPFP)3(H20)2] 3 by the chelating ligand (DDXPO) leads to a 4-
fold enhancement in the >Do lifetime (129 to 551 ps) and a 13-fold enhancement in the
solid state quantum vyield (3 to 40%). Similarly, in the case of 1-(4-
(dimethylamino)phenyl)-4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one based
Eu3* complexes, the displacement of water molecules with DDXPO in
[Eu(DMAPFP)3(H20)2] 2 significantly enhances the >Do lifetime (105 to 498 ps) and
overall quantum yields (1 to 25%). On the other hand, a 3-fold enhancement in
the >Do lifetime (275 to 800 ps) and a 5-fold enhancement in the overall quantum yield
(12 to 60%) have been noted in Eu3*complex (4) containing 1-(4-aminophenyl)-

4,4,5,5,5-pentafluoro-3-hydroxypent-2-en-1-one S-diketonate in the presence of DDXPO.

63


http://pubs.rsc.org/en/content/articlehtml/2015/dt/c5dt02371h?page=search#cit25
http://pubs.rsc.org/en/content/articlehtml/2015/dt/c5dt02371h?page=search#tab2
http://pubs.rsc.org/en/content/articlehtml/2015/dt/c5dt02371h?page=search#tab2

Chapter 2

Table 2.2. The radiative (Arap) and non-radiative (Anr) decay rates, Do lifetime (7obs),
intrinsic quantum Yield (@un, %), energy transfer efficiency (@sens, %), and overall

quantum yield (@overan, %) for complexes 1-6 in the solid state

Compounds Arap Anr Tobs Din Dsens  Doverall
(s9) (s (us) (%) (%) (%)
Eu(APFP)3(H20)2 (1) 1082 2649  275%2 29 41 12+1
Eu(DMAPFP)3(H20)2 (2) 963 8667 105%3 10 13 1+0.1
Eu(DPAPFP)3(H20)2  (3) 1505 6416 129+3 19 17 3+0.3
Eu(APFP)3(DDXPO) (4) 786 481 800+3 63 95 60+6
Eu(DMAPFP)3(DDXPO) (5) 1189 826 498 + 2 59 42 25+2

Eu(DPAPFP)3(DDXPO) (6) 1152 676 551+1 63 63 404

2.4.4. Energy transfer between ligands and Eu3+

To demonstrate the energy transfer process of the derived Eu3* complexes, the
energy levels of relevant electronic states of the newly synthesized ligands have been
calculated. The singlet (S1) energy levels of the designed -diketonate and the chelating
phosphine oxide ligands were estimated by referring to the upper wavelengths of the UV-
vis absorption edges of the corresponding Gd3* complexes (Figure 2.14). The pertinent
S1levels of HAPFP, HDMAPFP, HDPAPFP and DDXPO are found to be 25000 (400 nm),
23981 (416 nm), 23148 (432 nm) and 31850 cm~1 (313 nm), respectively. The triplet
(T1) energy levels were calculated from the position of the highest energy band in the
corresponding  phosphorescence spectra of the Gd3*complexes (Figure
2.14).26 Accordingly, the T1 of the ligands HAPFP, HDMAPFP, HDPAPFP and DDXPO were
found to be 21505 (465 nm), 20833 (480 nm), 20202 (495 nm) and 23470 cm~1 (426

nm), respectively. All these values are entirely consistent with the above results that the
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replacement of hydrogen atoms with electron donating methyl or m-conjugated phenyl
groups in aminophenyl based f-diketonate ligands has a profound effect on the singlet
and triplet states of these ligands. The energy gaps between the Eu3* core (°Do ~ 17250
cm~1) and the donor ligand's T1 levels turned out to be 4255, 3583, 2952 and 6220
cm~1 for HAPFP, HDMAPFP, HDPAPFP and DDXPO, respectively. The triplet energy levels
of the ligands appear at appreciably higher energy than that of the 5Do state of Eu3+, thus
indicating that the newly developed f-diketonate ligands can act as efficient sensitizers
for the Eu3+* ion.2¢ On the other hand, the 5D1 state Eu3+ (18800 cm-1) is found to be closer
to the T1 of HDPAPFP (AE(T1-°D1) = 1402 cm~1), which can lead to thermally assisted
back energy transfer.2” However, the Tilevels of HDMAPFP and HAPFP are situated
slightly above the >D1 state of Eu3*. The >D2 of the Eu3* emitting state (21200 cm™1) is
higher than the Ti state of the S-diketonate ligands, which can lead to the thermally
assisted back-energy transfer from the central core.?’ It is also noticed that the energy
gaps between the Siand Tilevels are 3495, 3148, 2946 and 8380 cm-!for HAPFP,
HDMAPFP, HDPAPFP and DDXPO, respectively. Also in the diphenylamino substituted
ligand, the singlet-triplet energy gap is lowered compared to the other ligands as
explained before. According to Reinhoudt's empirical rule,® the intersystem crossing
process becomes effective when AE(S1-T1) is around 5000 cm-!and hence the
intersystem crossing processes are efficient for these ligands. Based on the above
observations the photoluminescence mechanism for the derived Eu3*complexes is
proposed to involve a ligand sensitized luminescence process (antenna effect).>828 The
typical energy level diagram for complex 6 and the plausible energy transfer pathways

are shown in Figure 2.15.
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Figure 2.14. UV-vis absorption spectra at 298 K (left), and 77 K phosphorescence spectra

(right) of the complexes 7-9 in THF (¢ =5 x 10-¢ M).
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Figure 2.15. Schematic energy level diagram and energy transfer processes for the
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triplet state.
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2.4.5. Photostability of the Eu(DPAPFP)3:DDXPO complex

The photostability of the visible light sensitized Eu3* complex 6 was investigated by
measuring the luminescence intensity at 612 nm excited at 400 nm at definite time
intervals (10 min) for 3 h and the results are shown in Figure 2.16. The results
demonstrated that the luminescence intensity of the complex is almost the same even

after 3 h of irradiation, indicating the photostability of the Eu3*complex.
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Figure 2.16. Photoluminescence intensity of the complex Eu(DPAPFP)3DDXPO in solid

state as a function of irradiation time.

2.5. Synthesis, characterization and luminescence studies of the hybrid

materials EuC-Gel and EuC-PMMA-Gel

The photographs of the designed hybrid gel materials are displayed in Figure 2.17.
The FT-IR spectra of the Eu(DPAPFP)3(DDXPO) doped hybrid materials EuC-Gel and EuC-

PMMA-Gel are shown in Figure 2.18.
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(b)

Figure 2.17. Photographs of the EuC-PMMA-Gel (left) and EuC-Gel (right) before (a)

and after (b) UV irradiation.
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Figure 2.18. FT-IR spectra of the EuC-Gel and EuC-PMMA-Gel.

The formation of the Si-O-Si framework in the hybrid materials was confirmed
by the peaks observed around 1077 cm~1 (vas, Si-0-Si), 787 cm~1 (vs, Si-0-Si) and 454

cm-1 (6, Si-0-Si) and in both the hybrid materials which are characteristic of the
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trialkoxysilyl function.134£29 The absorption band noted at 1622 cm-! for both the gels
can be assigned to the C=0 group vibrations of the ligand. A new band at 1736 cm~1 noted
in the IR spectra of EuC-PMMA-Gel, ascribed to the C=0 vibrations of PMMA. The above
results suggest the incorporation of the polymer into hybrid material, which may bring
small changes via coordinating with the central Eu3+* ions.

The XRD patterns from 10 to 70° of the hybrid materials are shown in Figure
2.19, showing that the developed hybrid materials are amorphous. The broad peaks
noted in both the hybrid materials centered at 22.98° and 23.04° can be attributed to the
siliceous backbone of the hybrids.1322%30-31 Fyrther, the absence of any crystalline
regions in these hybrid materials correlates with the presence of host inorganic
networks. The above results clearly indicate that the hybrid materials still hold
disordered sequences even after doping into the PMMA matrix, although the polymeric

carbon chains of the polymers are essentially regularly ordered.

EuC-PMMA-Gel
EuC-Gel

Relative intensity (a.u)

20 30 40 50 60 70
26 (°)

Figure 2.19. XRD patterns of the EuC-Gel and EuC-PMMA-Gel.
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PMMA-Gel.
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The thermal stabilities of EuC-Gel and EuC-PMMA-Gel developed hybrid materials
were investigated by TG and DTA measurements and the results are given in Figure
2.20. The DTA curve shows that the thermal stability of the Eu3+* ternary complex [353 °C
for Eu(DPAPFP)3(DDXPO) decomposition] has been enhanced after incorporating into
the hybrid material [414 °C in EuC-Gel decomposition]. It can be noted from the TG curve
of EuC-PMMA-Gel that PMMA began to decompose at 398 °C. Further, when the
temperature reached 445 °C, the polymer PMMA had departed from the hybrid
material.2% The results revealed that the thermal stability of the hybrid material has been
enhanced after loading into the hybrid material.

The solid-state absorption spectra of the complex (Eu(DPAPFP)3sDDXPO) and the
hybrid materials are displayed in Figure 2.21. Compared to the Eu3* ternary complex, a
red-shift of the major electronic transition (from 439 to 447 nm) occurs in hybrid
materials, which indicates that the electronic distributions of the system have changed
when the complexes are embedded in the matrixes and the perturbation is induced by

the silanol groups in the hybrid materials.
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Figure 2.21. UV-visible absorption spectra of the gels (solid).

The excitation and emission spectra of the isolated hybrid materials as solids at
room temperature are illustrated in Figure 2.22. The excitation spectra of the hybrid
materials, which were obtained by monitoring at 612 nm, exhibit a broad excitation band
between 300 and 515 nm. This band can be assigned to the m-m* electronic transition of
the ligands. In the emission spectra of the hybrid materials, only characteristic emissions
of Eu3* ions are noted, which indicates that the energy transfer from the ligands to the
central Eu3* ions is efficient. The hybrid materials showed characteristic narrow band
emissions of Eu3* corresponding to the 5Do — 7F; (J = 0-4) transitions. The five expected
peaks of the luminescence spectra are well resolved. The content of the Eu3* complex in
hybrid materials and its relative luminescence intensities are listed in Table 2.3. It is
interesting to note that the complex of unit mass in the silica/polymer matrix is found to
be superior to that of the corresponding pure complex. The shortening of lifetimes (obs =

305 ps in EuC-Gel and 361 ps in EuC-PMMA-Gel) in the hybrid materials has been noticed
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as compared to the precursor Eu3* complex (tobs = 551 ps) (Figure 2.23). This might be
due to the quenching of abundant O-H oscillators on the silica matrix surface to the
absorbed complex, which can be clearly seen from the high values of nonradiative decay
rates of the hybrid materials (Anr).2%32 The overall quantum efficiencies of these hybrid
materials have been significantly decreased due to the presence of high frequency
oscillators in the hybrid materials. This might be due to the quenching of abundant O-H
oscillators on the silica matrix surface to the absorbed complex, which can be clearly seen
from the high values of non-radiative decay rates of the hybrid materials (Anr).2%32 The
overall quantum efficiencies of these hybrid materials have been significantly decreased

due to the presence of high frequency oscillators in the hybrid materials.
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Figure 2.22. Room temperature excitation and emission spectra of hybrid materials,

EuC-Gel and EuC-PMMA-Gel (Inset photographs show the gels coated on a glass plate).
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Table 2.3. Luminescence intensities, content of the Eu3* complex, radiative-nonradiative

decay rates and the photoluminescence quantum yields of Eu(DPAPFP)3DDXPO, EuC-

PMMA-Gel and EuC-Gel samples

Compounds Eu(DPAPFP)3sDDXPO EuC-Gel EuC-PMMA-
Gel

Content of the complex 6 (wt 100 938 185

%)

Relative intensity of °Do —7F2 8.02 x 108 4.37 x 108 6.31 x 108

Unit mass luminescence

. . 8.02 x 108 1.84 x 10° 3.41 x10°

intensity

Arap (s1) 1152 1031 953

Anr (s 676 2294 1849

Tobs (LS) 551+1 3052 361+2

Din (%) 63 31 34

Dsens (%) 63 56 63

Doverall (%) 40+ 4 18+ 2 2212

In addition, in the present work, EuC-PMMA-Gel hybrid material has been used as

a phosphor to fabricate LED after coating onto a 400 nm emitting InGaN chip and the

photoluminescence properties have been investigated (Figure 2.24). The LED fabricated

with a 400 nm emitting chip exhibited a strong red-emission. Thus, the results indicate

that EuC-PMMA-Gel hybrid material is an interesting red-emitting material excited by

blue-light, making it a potential candidate for many photonic applications without using

UV radiation for excitation.”b
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Figure 2.23. 5Do decay profiles for EuC-Gel and EuC-PMMA-Gel (solid-state) where

emission monitored around 612 nm. The straight lines are the best fits (r2 = 0.999)

considering single-exponential behavior.
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2.6. Conclusions

» A series of new antenna complexes of Eu3*based on aminophenyl based
polyfluorinated S-diketonate ligands in the absence and presence of a chelating
phosphine oxide has been developed.

» Among the designed complexes, the Eu3*-triphenylamine S-diketonate ternary
complex exhibits intense red-emission under blue light excitation (Aexc = 400 nm)
with an impressive quantum yield (@overan = 40%) and >Do lifetime values (7obs =
551 ps). Suitably expanded m-conjugation in the complex molecules successfully
red-shifted the excitation band of the Eu3+-f-diketonate complexes to the visible
region. Contrary to the above, the electron-donating dimethylamino group
(Hammett constant: op= -0.83) containing Eu3*-f-diketonate complexes
moderately shifted the excitation maximum in the UV region from 370 to 380 nm
as compared to unsubstituted aminophenyl (Hammett constant: op = -0.66)
Eu3* complexes.

» To improve the thermal and mechanical stability, the derived highly luminescent
Eu3* complex has been embedded into a hybrid silica/polymer material by the
sol-gel method. The resultant hybrid material EuC-PMMA-Gel displays efficient
unit mass luminescence emission (3.41 x 109) and greater thermal stability (398
°C) as compared to the precursor ternary Eu3* complex [unit mass luminescence
emission = 8.02 x 108; thermal stability = 353 °(C].

» LED developed by coating the EuC-PMMA-Gel hybrid material on InGaN LED

displays bright red-emission under blue light excitation. The present results
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clearly demonstrate that Eu3+-triphenylamine based S-diketonate complexes may

find potential applications in many optoelectronic technologies.
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Chapter 3

Visible-light excitable highly luminescent molecular plastic
materials derived from Eu3+-biphenyl based S-diketonate

ternary complex and poly(methylmethacrylate)

3.1. Abstract

D,

overall

=79 %
400 nm

In the present work, a p-diketonate ligand, namely, 1-(4'-methoxy-[1,1"-biphenyl]-4-yl)-
4,4,4-trifluoro-3-hydroxybut-2-en-1-one (HMeOBPhTFB), which contains a conjugated
methoxy-substituted biphenyl unit, as well as a polyfluorinated alkyl group, was synthesized
and  utilized  for the  construction of two new  Eu3*  complexes
[Eu(MeOBPhTFB)3(H:20)(C2Hs0H)] 1 and [Eu(MeOBPhTFB)3(TPY)] 2 where TPY denotes
2,2":6"2"-terpyridine. The synthesized compounds are well characterized by various
spectroscopic techniques, and their solid-state photophysical properties were investigated.
For  comparison,  Eu3*  complexes {[Eu(BPhTFB)3(H:0)(C:Hs0H)] 3 and

[Eu(BPhTFB)3(TPY)] 4} were also designed involving an unsubstituted biphenyl based [-
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diketonate ligand, 1-[1,1"-biphenyl]-4-yl)-4,4,4-trifluoro-3-hydroxybut-2-en-1-one
(HBPhTFB). The results disclosed that the methoxy-substituted biphenyl based
polyfluorinated Eu3*-p-diketonate complexes significantly red-shifted the excitation
maximum to the visible region (Aexc = 400 nm) with promising solid-state quantum yield
(Doverail = 62% for 2) as compared to simple Eu3*-biphenyl p-diketonate ternary complex
(Aexc = 382 nm for 3 and 4). In the current work, attempts also have been made to isolate
luminescent molecular plastic materials by incorporating the unique photophysical
properties of the developed visible-light excitable Eu3*-[-diketonate complex (2) with the
mechanical, thermal, and chemical stability, and flexibility and a film-forming tendency of
poly(methylmethacrylate) [PMMA]. The developed molecular plastic materials were
characterized and evaluated their photoluminescence properties. Most importantly, the
newly constructed polymer films exhibit remarkable quantum yields (75-79%) under blue-

light excitation as compared to many of the existing Eu3* based polymeric materials.

T. V. Usha Gangan, S. Sreenadh and M. L. P. Reddy, J. Photochem. Photobiol. A: Chem., 2016,

328,171-181.
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3.2. Introduction

Due to their excellent photophysical properties, Eu3+-f-diketonate complexes are
among the most meticulously studied class of coordination compounds. The considerable
attention they have been attracting until now stems from their ease of synthesis, intense
absorption transitions and the variety of potential practical applications ranging from
biomedicine! to material sciences.2 The forbidden nature of the f-f transitions in trivalent
europium ions results in a very weak intensity of the metal-centered absorption bands.
This weak absorbance can, however, be overcome by coordinating chromophore-
containing ligands to the Eu3*ion which, upon irradiation, transfer energy to the metal
center, typically via the ligand triplet excited state, thereby populating the Eu3* emitting
levels in a process known as the “antenna effect”.3 As a result, a significant number of
Eu3+-f-diketonate complexes have been isolated and investigated their
photoluminescence properties.* However, the optical excitation window for many of the
reported luminescent Eu3* complexes are found to be limited to UV region (<390 nm) due
to the energy constraints arose from the photophysics of Eu3*ions as emphasized by
Reinhoudt et al.> For application in biosensing or bioimaging, over the years great efforts
have been made on the development of luminescent Eu3* complexes that are capable of
being efficiently excited by visible-light, because the blue-light is less harmful to
biological tissue, allowing deep penetration, causing less background fluorescence and
thus lowering the interferences from biological samples.3¢ Thus, one of the challenges in
the photophysics of 4f elements is to design and develop visible-light excitable Eu3+-f-

diketonate complexes, which is in high demand for less-harmful labeling reagents in the
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field of life sciences. Indeed, some of the latest studies have revealed that the excitation
window can be shifted to longer wavelengths in Eu3*-f-diketonate complexes by
appropriate molecular engineering and suitably expanded m-conjugation in the f-
diketonate ligands.3¢® Reddy and coworkers reviewed recent advances on the
development of visible-light sensitized luminescent Eu3+-f-diketonate complexes and
their applications towards bioprobes for cellular imaging.” In this context, Divya and
Reddy have developed a novel visible-light excited red-emitting luminescent Eu3+-
phenathrene-based fluorinated -diketonate complex with high solid-state quantum
yield (75%).8 Recently, a new family of Eu3*-complexes based on aminophenyl
polyfluorinated (-diketonate ligands in the absence and presence of a chelating
phosphine oxide has been isolated in our laboratory and investigated their photophysical
properties.? Among the developed compounds, the Eu3*-triphenylamine based f-
diketonate ternary complex displays intense red emission under blue-light excitation,
(Aexc = 400 nm) with an overall quantum yield of 40%. In the later studies, visible-light
excited carbazole-based Eu3*-fS-diketonate complexes via molecular engineering have
also been disclosed.1? The results demonstrated that suitably expanded m-conjugation in
the developed Eu3+*-carbazole based f(-diketonate complexes with a red-shift in the
excitation maximum to the visible region (Aexc = 420 nm) with a moderate quantum yield
(34-42%). Nevertheless, many of the visible-light excitable Eu3+--diketonate complexes
so far known display poor quantum yields. Thus, there is a growing demand for the
development of new Eu3* complexes with high quantum yields that are based on robust

visible-light excitable 5-diketonate ligands.
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The compounds with aromatic-aromatic bond appended with functional moieties
have attracted considerable interest owing to their intriguing structural motifs and
unique luminescence properties.!! The intermolecular interactions in the solid state may
promote the coplanar arrangements of aromatic rings in the biphenyl compounds, which
may be accountable for the noted conjugation. Further, investigations disclosed that
complexation with cations can control the conformation of the biphenyl.12 It is also well
documented that the incorporation of electron-donating methoxy group on the phenyl
ring of the biphenyl system allows oxygen electrons to be part of the delocalized system
through resonance and increases the conjugation of the chromophore.ti101314 The
replacement of C-H bonds in a [-diketonate ligand with low-energy C-F oscillators
reduces the vibrational energy and further promotes the spin-orbit coupling through
heavy atom effect, which facilitates the intersystem crossing in lanthanide complexes and
thus improves the photoluminescence quantum yield.”»15.16 These factors have inspired
us to incorporate simultaneously highly conjugated methoxy-substituted biphenyl and
trifluoromethyl units into the f-diketonate ligand system and synthesize a -diketonate
ligand. The resultant antenna molecule expected to display efficient luminescence under
visible-light excitation upon coordination with trivalent europium ions. Therefore, in the
current study a B-diketonate ligand, namely, 1-(4’-methoxy-[1,1'-biphenyl]-4-yl)-4,4,4-
trifluoro-3-hydroxybut-2-en-1-one (HMeOBPhTFB) was designed and utilized for the
synthesis of new visible-light excitable Eu3+-$-diketonate complexes in the presence and
absence of an ancillary ligand, 2,2":6',2"-terpyridine and investigated their solid-state
photophysical properties. For comparison, Eu3*-coordination compounds were also

prepared involving an unsubstituted biphenyl based f-diketonate ligand system.
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R = H (HBPhTFB)
OCH; (HMeOBPhTFB)

R

Figure 3.1. Structure of the ligands.

It is noteworthy to mention that the Eu3+-f-diketonate complexes have always
been excluded from the practical applications, mainly due to their low thermal stability,
limited photostability and poor mechanical properties. The polymers are ideal matrices
for Eu3*complexes, because their several attractive features including mechanical
strength, flexibility, ease of processing and controllable cost.21.2416-20 To overcome the
above-cited limitations, in the present study, the newly developed visible-light excitable
Eu3+-B-diketonate compound was embedded into a PMMA matrix and developed

molecular plastic materials and studied their thermal and photophysical properties.

3.3. Experimental Section

3.3.1. Materials and instrumentation

The reagents used in this study were commercially available and used as
purchased: europium(IIl) nitrate hexahydrate, 99.9% (Alfa Aesar); gadolinium(III)

nitrate hexahydrate, 99.999% (Sigma-Aldrich); (4-acetylphenyl)boronic acid, 97%
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(Sigma-Aldrich), iodobenzene, 98% (Sigma-Aldrich), iodoanisole, 96% (Sigma-Aldrich);
ethyl trifluoroacetate, 99% (Sigma-Aldrich); poly(methylmethacrylate), 98% (Sigma-
Aldrich); sodium hydride 60% dispersion in mineral oil (Sigma-Aldrich); sodium
carbonate, 99.5% (Sigma-Aldrich).

Elemental analyses were performed with an Elementar - vario MICRO cube
elemental analyzer. FT-IR spectra were recorded on a Perkin-Elmer Spectrum two FT-IR
spectrometer using KBr pellets. The synthesized compounds were characterized by 1H
NMR (500 MHz) and 13C{1H} NMR (125.7 MHz) using a Bruker 500 MHz NMR
spectrometer in chloroform-d solution. The chemical shifts are reported in parts per
million relative to tetramethylsilane, SiMe4 for 1TH NMR and 13C{1H} NMR spectra. Electro
spray ionization (ESI) mass spectra were recorded on a Thermo Scientific Exactive
Benchtop LC/MS Orbitrap Mass Spectrometer and the thermogravimetric analyses were
performed on a TG/DTA-6200 (SII Nano Technology Inc., Japan). The absorbances of the
ligands were measured in THF solution on a UV-vis spectrophotometer (Shimadzu, UV-
2450). The photoluminescence (PL) spectra were recorded on a Spex-Fluorolog FL22
spectrofluorimeter equipped with a double grating 0.22 m Spex 1680 monochromator
and a 450 W Xe lamp as the excitation source operating in the front face mode. The
lifetime and phosphorescence measurements were carried out by using a SPEX 1040 D
phosphorimeter. The phosphorescence spectra were monitored after a delay after flash
of 50 us. The overall quantum yield (@overal) was measured using an integrating sphere
in a SPEX Fluorolog spectrofluorimeter as previously reported in literature.®21 The

estimated error for the quantum yields is +10%.
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3.3.2 Synthetic procedures for the ketones

The corresponding ketone was prepared by Suzuki-Miyaura coupling reaction. In
a round bottom flask, one equivalent of iodoanisole or iodobenzene was taken and
dissolved in 25 mL of dry THF. To that 1.2 equivalents of (4-acetylphenyl)boronic acid
and 0.06 equivalents of tetrakis-(triphenylphosphine)palladium(0) were added. A
solution of 5% Na2C03 (10 mL) was added to that mixture and refluxed with stirring for
24 h, under the nitrogen atmosphere. After cooling to room temperature, the mixture
was poured into water, and extracted with dichloromethane. The organic layer was dried
over Na2S04. The solvent was removed and the crude product was purified by silica
column chromatography with ethyl acetate: n-hexane as the eluent (1:99) to give the final

product.

1-([1,1'-biphenyl]-4-yl)ethanone. Yield: 72%. 1H NMR (CDCl3, 500 MHz): § (ppm) 7.89
(m, 2H), 7.68 (m, 4H), 7.44 (m, 2H), 7.13 (m, 1H), 2.53 (s, 3H). 13C{H} NMR (125.7 MHz,
CDCl3) § (ppm): 197.77, 145.79, 139.88, 135.86, 128.96, 128.92, 128.24, 127.28, 115.23,
26.66.m/z =197 (M + 1)*.

1-(4'-methoxy-[1,1'-biphenyl]-4-yl)ethanone. Yield: 60%. !H NMR (CDCls,
500 MHz): 6 (ppm) 8.03 (m, 2H), 7.64 (m, 4H), 7.01 (m, 2H), 3.87 (s, 3H) 2.63 (s, 3H).
13C{1H} NMR (125.7 MHz, CDCl3) § (ppm): 196.48, 159.81, 145.51, 135.78, 132.92,

131.03,129.34, 128.60, 114.96, 55.84, 25.53. m/z =227 (M + 1)*.
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3.3.3. Synthesis of ligands

The ligands, 1-([1,1'-biphenyl]-4-y1)-4,4,4-trifluoro-3-hydroxybut-2-en-1-one
(HBPhTFB) and 1-(4'-methoxy-[1,1'-biphenyl]-4-yl)-4,4,4-trifluoro-3-hydroxybut-2-en-
1-one (HMeOBPhTFB) were synthesized by Claisen condensation reaction (Scheme 3.1)

as reported in literature.*?

1-([1,1'-biphenyl]-4-yl)-4,4,4-trifluoro-3-hydroxybut-2-en-1-one (HBPhTFB).
Yield: 64%. Elemental analysis (%): calculated for C16H11F302 (292.25): C 65.76, H 3.59;
Found: C 66.01, H 3.86, 1H NMR (CDCls, 500 MHz) 6 (ppm): 15.15 (broad, enol-OH), 8.03
(d, 2H,J=8.5Hz), 7.74 (d, 2H, ] = 8.5 Hz), 7.65 (m, 2H), 7.48 (m, 3H), 6.62 (S, 1H). 13C{1H}
NMR (125.7 MHz, CDCls) 6 (ppm): 185.66, 177.50, 146.91, 131.50, 129.07, 128.61,
128.23,127.61,127.2,116.05,92.23,77.26-76.76 (CDCl3). FT-IR (KBr) vmax (cm~1): 3033,

2918, 2849, 1605, 1486, 1319, 1288, 1213, 1150, 1066, 772, 689. m/z = 293 (M + 1)*.

1-(4'-methoxy-[1,1'-biphenyl]-4-yl)-4,4,4-trifluoro-3-hydroxybut-2-en-1-one

(HMeOBPhTFB). Yield: 52%. Elemental analysis (%): calculated for
C17H13F303 (322.08): C 63.06, H 4.07; Found: C 63.31, H 3.97,'H NMR (CDCI;s,
500 MHz) 6 (ppm): 15.31 (broad, enol-OH), 8.00 (d, 2H,/=8.5Hz), 7.69 (d,
2H,J=8.5Hz), 7.60 (m, 2H), 7.01 (m, 2H), 6.60 (S, 1H), 3.88 (s, 3H). 13C{1H} NMR
(125.7 MHz, CDCI3) § (ppm): 185.68, 182.10, 160.24, 146.52, 136.42, 131.74, 130.79,
128.42, 128.28, 126.96, 114.53, 92.10, 55.42, 77.27-76.76 (CDCls). FT-IR
(KBr) vmax (cm~1): 3038, 2970, 2917, 2846, 1600, 1496, 1296, 1217, 1150, 1108, 799,

669. m/z =323 (M + 1)*.
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6000, N32003, SUOC, N82003
Pd(PPhg), Pd{PPh3),

THF, 24h, Ar THF, 24h, Ar
| B (o] |
HO” OH /
o) o
() o~ )4 )
/

NaH, 0°C, 1/2h

NaH, 0°C, 1/2h

CF3;CO0C,H; CF4;COO0OC;,H;
THF, 65°C, Ar, 24h THF, 65°C, Ar, 24h
o OH o OH
—
HBPhTFB HMeOBPhTFB

Scheme 3.1. Synthesis of the ligands.
3.3.4. Synthesis of binary complexes

NaOH (3.0 mmol) in water was added to a solution of corresponding -diketonate
ligand (3.0 mmol) in ethanol and stirred for 10 min. To this mixture, Ln(NO3)3-6(H20)
(where Ln = Eu3+, Gd3*) (1.0 mmol) in ethanol was added drop wise and stirred for 12 h
at room temperature. A light yellow colored precipitate was formed by adding excess
amount of water. The resultant precipitate was filtered off, washed with water and dried.
The products were purified by recrystallization from dichloromethane solution and used
for further analysis and photophysical studies. The synthesis procedure is given in

Scheme 3.2.
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F3C

/

OH

O Ln(NO,);.6H,0
_—

s O NaOH, Ethanol/H,0

Ln = Eu, Gd
R=H, OCH3

Eu(MeOBPhTFB);(H,0)(C;HsOH) (1)
Eu(BPhTFB)3(H,0)(C;HsOH) (3)

R Gd(MeOBPhTFB);(H,0)(C,H5O0H) (5)
Gd(BPhTFB)3(H,0)(C;HsOH) (6)

Scheme 3.2. Synthesis of the Ln3* (Ln = Eu, Gd) binary complexes.

Eu(MeOBPhTFB)3(H20)(CzHsOH) (1). Elemental analysis (%): calculated for
Cs3H44F9011Eu (1179.86): C 53.95, H 3.76; Found: C 54.23, H 3.94. FT-IR
(KBr) vmax (cm~1): 3419, 3036, 2959, 2911, 2839, 1615, 1602, 1557, 1530, 1496, 1299,

1199, 1138, 793, 667. m/z = 1116 [Eu(MeOBPhTFB)3]*.

Eu(BPhTFB)3(Hz0)(CzHs0H) (3). Elemental analysis (%): calculated for CsoH3sF9oOsEu
(1089.78): C 55.11, H 3.51; Found: C 54.93, H 3.68. FT-IR (KBr) vmax (cm-1): 3411, 3031,
2928, 1618, 1603, 1557, 1486, 1319, 1296, 1196, 1140, 1073, 766, 689. m/z=1025

[Eu(BPhTFB)s-1]*.

Gd(MeOBPhTFB)3(H20)(CzHs0H) (5). Elemental analysis (%): calculated for
Cs3H44F9011Gd (1185.15): C 53.71, H 3.74; Found: C 54.03, H 3.81. FT-IR
(KBr) vmax (cm~1): 3418, 3061, 2961, 2921, 2841, 1614, 1602, 1560, 1530, 1495, 1317,

1296, 1193, 1138, 790, 667. m/z = 1122 [Gd(MeOBPhTFB)3 + 1]*.
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Gd(BPhTFB)3(H20)(C2zHs0H) (6). Elemental analysis (%): calculated for CsoH3sF90sGd
(1095.07): C 54.84, H 3.50; Found: C 54.87, H 3.46. FT-IR (KBr) vmax (cm-1): 3418, 3032,
2922, 1617, 1601, 1556, 1486, 1316, 1296, 1196, 1140, 1073, 766, 689. m/z = 1054

[GA(BPhTFB)3 + Na + 1]*.
3.3.5. Synthesis of ternary Eu3+ complexes 2 and 4

Like earlier literature reports,+° ternary complexes were synthesized by refluxing
equimolar solutions of corresponding binary complexes and terpyridine in chloroform
solution for 12 h at 70 °C. Solvent was removed in rotary-evaporator and purified by
recrystallization from a chloroform solution. The synthesis procedure is illustrated in

Scheme 3.3.

R=H, OCH, O

= Eu(MeOBPhTFB)3(TPY) (2) R
Eu(BPhTFB);(TPY) (4)

Scheme 3.3. Synthesis of the Eu3* ternary complexes 2 and 4.

98


http://www.sciencedirect.com/science/article/pii/S1010603016303033?np=y#fig0065

Visible-light excitable plastic material derived from Eu3* complex

Eu(MeOBPhTFB)3(TPY) (2). Elemental analysis (%): calculated for CesH4709F9N3Eu
(1349.04): €58.76,H 3.50,N 3.11; Found: C 58.72, H 3.84, N 2.82. FT-IR (KBr) vmax (cm™1):
3034, 2958, 2917, 2847, 1640, 1620, 1602, 1581, 1556, 1492, 1298, 1248, 1184, 1137,

786, 665. m/z = 1027 [Eu(MeOBPhTFB)2(TPY)]*.

Eu(BPhTFB)3(TPY) (4). Elemental analysis (%): calculated for Ce3H4106F9N3Eu
(1258.97):€60.10, H 3.28, N 3.34; Found: C 59.82, H 3.47, N 3.08. FT-IR (KBr) vmax (cm™1):
3030, 2919, 2849, 1638, 1621, 1602, 1580, 1555, 1484, 1316, 1295, 1188, 1138, 1071,

764, 687. m/z = 968 [Eu(BPhTFB)2(TPY)]*.
3.3.6. Preparation of luminescent polymer films

PMMA powder and required amount of Eu(MeOBPhTFB)3(TPY) (3, 5, 7 and 9%
(w/w)) were dissolved in 10 mL of chloroform solution. After stirring for 30 min at 70 °C,
the solution was dried at room temperature to obtain the transparent polymer films. The
prepared polymer films were represented as PMMA@3Eu, PMMA@5Eu, PMMA@7Eu

and PMMA@9Eu.
3.4. Results and discussion
3.4.1. Synthesis and characterization of ligands and their corresponding

lanthanide complexes

The ligands 1-([1,1'-biphenyl]-4-yl)-4,4,4-trifluoro-3-hydroxybut-2-en-1-one
(HBPhTFB) and 1-(4'-methoxy-[1,1'-biphenyl]-4-yl)-4,4,4-trifluoro-3-hydroxybut-2-en-
1-one (HMeOBPhTFB) were successfully synthesized in two steps starting from

commercially available 4-acetylphenylboronic acid as summarized in Scheme 3.1. The
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designed biphenyl based f-diketonate ligands were identified by 1H NMR and 13C NMR
spectroscopy, electrospray ionization mass spectrometry (ESI-MS), FT-IR spectroscopy
and elemental analysis. 'TH NMR analysis indicates that both the -diketonate ligands
exist as enol form in chloroform-d solution. This can be confirmed by the presence of
broad peak at 6§ 15.15 ppm for HBPhTFB and 15.31 ppm for HMeOBPhTFB which
corresponding to enolic ~-OH. Further, the absence of methylene protons at ~3.7 ppm
confirms the existence of the ligand in enolic form. The protocols used for the syntheses
of binary and ternary lanthanide complexes (Ln =Eu3*and Gd3+) are outlined in
the Scheme 3.2 and Scheme 3.3, respectively. The elemental analysis and ESI-MS data of
all the lanthanide complexes revealed that in each case Ln3*ion has reacted with the
corresponding 3-diketone ligand in a metal-to-ligand mole ratio of 1:3. In the case of
ternary Eu3+*-f-diketonate complexes (2 and 4), one molecule of terpyridine is also
present in the coordination sphere. The FT-IR spectra of the binary complexes (1, 3,
5 and 6) show a broad absorption band in the 3000-3500 cm~1 region, indicating the
presence of solvent molecules in the coordination sphere of the Ln3+* ion. The presence of
coordinated water molecule in the case of binary Eu3+-f-diketonate complexes has been
further ascertained by 1H NMR analysis (a broad peak noted at about 3.02 ppm in 1 of
Figure 3.2 and 2.50 ppm in 3 of Figure 3.3). However, the absence of the above
broadband in the case of Eu3* ternary complexes implies that the ancillary ligand,
terpyridine displaced the solvent molecules successfully. Also, the strong bands at 1581,
1436 and 736 cm~1 noted in the ternary complexes confirm the presence of coordinated

terpyridine.22
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Figure 3.3. 1H NMR spectrum of Eu(BPhTFB)3(H20)(C2Hs0H) in CDCls.
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The carbonyl stretching frequency of the biphenyl based p-diketonate ligands
(1605 cm-1 for HBPhTFB and 1600 cm-1for HMeOBPhTFB) are shifted to higher
wavenumbers (1615 cm=1in1,1620 cm~1in 2,1618 cm1in 3 and 1621 cm~1in 4) in all
the Eu3* complexes indicating the involvement of carbonyl oxygen in the complex
formation with the Eu3* ion.

The thermal behavior of the synthesized biphenyl based Eu3*-f-diketonate
complexes (1-4) were evaluated by thermogravimetric analysis (30-1000 °C range in a
nitrogen atmosphere), and the corresponding thermograms are depicted in Figure 3.4
and 3.5. It is evident from the thermogravimetric analysis that both the binary
Eu3* complexes 1 and 3 undergoes a mass loss about ~5.3% (calculated ~5.4%) in the
first step (90-140 °C), which corresponds to the loss of coordinated solvent and water
molecules. In contrast, Eu3*ternary complexes 2 and 4 are more stable than binary
complexes, and they undergo decomposition only above 220 °C, indicating that there are
no coordinated solvent molecules in these complexes. These trends are in good
agreement with the FT-IR spectral data. The total weight loss noted in the thermal
analysis of the complexes is found to be much lower than the calculated value for the non-
volatile europium oxide, implying the partial sublimation of these compounds under
atmospheric pressure which is well documented in many of the lanthanide fluorinated £-

diketonate complexes.*e923

102



Visible-light excitable plastic material derived from Eu3* complex

100 - Eu(MeOBPhTFB)3(H20)(C2H50H)
Eu(MeOBPhTFB)3(TPY)
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Figure 3.4. Thermogravimetric curves for Eu3+ complexes

Eu(MeOBPhTFB)3(H20)(CzHs0H) (1) & Eu(MeOBPhTFB)3(TPY) (2).
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Figure 3.5. Thermogravimetric curves for Eu3* complexes Eu(BPhTFB)3(H20)(C2HsOH)

(3) & Eu(BPhTFB)3(TPY) (4).
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3.4.2. Electronic spectra of the Eu3+-f-diketonate complexes

The UV-vis absorption spectra of the f-diketonate ligands and their
corresponding Eu3*complexes, which were recorded in acetonitrile solution
(c=5x%x10-¢M) at 298K, are displayed in Figures 3.6 and 3.7. The pertinent spectral
features are summarized in Table 3.1. The absorption maxima at 345 and 358 nm noted
for the ligands HBPhTFB and HMeOBPhTFB are attributable to the singlet-singlet Imr-m*
enolic transition assigned to the §-diketonate moiety.42b.10.23 [t is notable that the UV-vis
absorption maximum band is red-shifted (13 nm) in the case of methoxy-substituted
biphenyl based f-diketonate ligand, thus pointing out that the degree of conjugation
enhances and that the Im-n* energy level is lowered by the introduction of electron-
donating methoxy moiety at the 4’ position of the biphenyl based pB-diketonate
ligand.®9.10.12 Besides, the molar absorption coefficient of the HMeOBPhTFB ligand also
significantly enhanced as compared to the parent ligand (¢=34463 L mol! cm for
HBPhTFB and 46945 L mol! cm'! for HMeOBPhTFB, calculated at their absorption
maximum). The absorption profiles of the Eu3+-f-diketonate complexes are found to be
identical to that one observed for the free ligands, indicating that the singlet excited
states of the ligands are not significantly affected upon coordination to the Eu3*ion.
However, a small blue shift that is detectable in the absorption maximum of all the
complexes is a consequence of perturbation induced by the coordination of Eu3* ion to
the ligand.4dh6g24 The absorption coefficients for the complexes are three times larger
than those of the free ligands, thus indicating the presence of three -diketonate ligands

in the coordination sphere of the lanthanide ion. Furthermore, the large molar absorption
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coefficients noted for the developed ligands disclose that the -diketonate ligands have a

strong potential to absorb light.

Table 3.1. Molar absorption coefficient for the ligands and their corresponding Eu3+

complexes 1-4

Compounds Amax (nm) € (L mol-1cm1)
HMeOBPhTFB 358 46945
HBPhTFB 345 34463
Eu(MeOBPhTFB)3(H20)(CzHs0H) (1) 345 143205
Eu(MeOBPhTFB)3(TPY) (2) 345 148292
Eu(BPhTFB)3(H20)(C2HsOH) (3) 340 102573
Eu(BPhTFB)3(TPY) (4) 340 105064
HMeOBPhTFB
2.0x10° - Eu(MeOBPhTFB)3(H20)(C2H50H)
Eu(MeOBPhTFB)3(TPY)
——TPY
e 1.5x10° -
‘_O
°
E
=
w

T T T T
250 300 350 400 450
Wavelength (nm)

Figure 3.6. UV-visible absorption spectra of the ligands, HMeOBPhTFB, TPY and

corresponding Eu3* complexes (1-2) in THF (¢ =5 x 10-¢ M).
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Figure 3.7. UV-visible absorption spectra of the ligands, HBPhTFB, TPY and

corresponding Eu3* complexes (3-4) in THF (¢ =5 x 10-¢ M).
3.4.3. Steady state photoluminescence

To understand the energy transfer mechanism in the developed Eu3+-biphenyl
based f-diketonate complexes it is required to determine the singlet and triplet energy
levels of the (-diketonate ligands. The singlet (S1) energy levels of these ligands are
estimated by reference to the wavelengths of the UV-vis absorption edges of the
Gd3+ biphenyl based S-diketonate complexes (5 and 6).25> The relevant values are found
to be 26178 cm~! (382 nm) and 25641 cm~1 (390 nm) for HBPhTFB and HMeOBPhTFB,
respectively (Figure 3.8). The triplet energy levels (T1) of the developed f(-diketonate
ligands were calculated by reference to the lower wavelength emission edges (480 nm:
20833 cm™1, 492 nm: 20325 cm~! for HBPhTFB and HMeOBPhTFB, respectively) from

the low-temperature phosphorescence spectra of the Gd3+ complexes of the pertinent -
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diketonates.66-69 Because there is a large gap (32000 cm-1) between the 8S7/2 ground
state and the first ¢P7,2 excited state of the Gd3* ion, it cannot accept any energy from the
first excited triplet state of the ligand via intramolecular ligand-to-metal energy transfer.
Thus, the phosphorescence spectra of the Gd3* complexes reveal the triplet energy levels
of the f-diketonate ligand in the Eu3* complexes. It is also noticed that the energy gap
between the Si1and Tilevels are 5345, 5316 cm~! for HBPhTFB and HMeOBPhTFB,
respectively. These values are in accordance with the Reinhoudt’s empirical rule,> that
the intersystem crossing process becomes effective when AE(S1-T1) is around 5000 cm-1.
Thus, the intersystem crossing processes are efficient for these ligands. The energy gaps
between the Eu3* core (°Do ~17250 cm~1) and the donor ligand’s T1 levels turns out to be
3583, 3075 cm-! for HBPhTFB and HMeOBPhTFB, respectively. According to the
empirical rule pointed out by Latva, for an optimal ligand-to-metal energy transfer
process 2500 < AE(T1-5Do) <4000 cm~! for Eu3+.2¢ [t is interesting to note that the triplet
energy levels of the developed f-diketonate ligands lay above the energy of the main
emitting level of Do for Eu3+, thus demonstrate that these ligands can act as antenna
molecules for the sensitization of Eu3* ions.

The room-temperature (298 K) solid-state excitation spectra of Eu3*-S-diketonate
complexes (1-4) recorded by monitoring the intense Do — 7F2 transition of Eu3*are
depicted in Figures 3.9a and 3.10a, respectively. The excitation profiles of unsubstituted
biphenyl based Eu3* complexes 3 and 4 exhibit a broad band in the 300-475 nm region
(centered at 382 nm) because of the m-m* electronic transitions of the coordinated S-
diketonate ligand. In addition, a sharp band corresponding to f-f transition is also seen

at 464 nm (°Dz «— 7Fo,1).4¢ Most importantly, in the case of Eu3* complexes 1 and 2 upon
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substitution of electron-donating methoxy group at 4’ position of the biphenyl based g-
diketonate ligand strikingly shifts the excitation window to visible region (300-490 nm)
with an excitation maximum 400 nm. The red-shift observed in the excitation window
can be attributed to the donating methoxy group on the phenyl ring, which allows the
oxygen electrons as a part of the whole delocalization process and enhances conjugation
of the chromophore molecule.710.12 These findings specify that methoxy- substituted
biphenyl based f-diketonate Eu3*complexes (1 and 2) are propitious red-emitting
materials for luminescent applications such as bioimaging and solid-state lighting
without UV radiation.

The emission spectra of Eu3*-f-diketonate complexes (1-4) (Figures 3.9b
and 3.10b) excited at their corresponding excitation maxima (Aexc =382 nm
for 3 and 4 and 400 nm for 1 and 2) show characteristics of the metal ion emissions in
the 550-725 nm wavelength region, and displays well resolved peaks that are due to the
transitions from the metal-centered Do excited state to the 7Fj ground state multiplet.
Maximum peak intensities at 579, 593, 615, 653 and 697 nm were noted for the /=0, 1,
2, 3, 4 transitions, respectively. The so-called ‘hypersensitive transition’ (/ = 2) observed
at 615 nm is found to be intense, and is responsible for the observed red emission in
these complexes. Further, the intensity of the Do — 7F2 transition (electric-dipole) is
greater than that of the Do — 7F1 transition (magnetic-dipole), which indicates that the
coordination environment of the Eu3+ion is devoid of an inversion center.6428-30 [t can
also be noted from the emission spectra that the luminescence intensity of the
Eu3+ ternary complexes (2 and 4) significantly enhanced as compared to the Eu3* binary

complexes (1 and 3) by the displacement of solvent molecules from the complexes by the
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ancillary ligand terpyridine.2%-30 Further, no broad emission bands related to -
diketonate ligands are observed in the blue region, indicating the efficient energy
transfer from the ligand to the emitting level of the metal ion. It is worth mentioning that
the emission intensity specifically at 615 nm of the Eu3* ternary complex (2) with a
methoxy-substitution at the 4’ position (9.03 x 108) has been greatly enhanced (about
three fold) as compared to Eu3+-biphenyl based f-diketonate complex (4) without a
methoxy substitution (3.05 x 108). This enhancement is easily understood by the
modification of the molecular structure of the ligand. The substitution of 4’ positional
hydrogen atom with methoxy moiety leads to increase in electron density in the biphenyl
ring and thus increases the electron transition probability.12-13 Based on their emission
spectra, the CIE chromaticity coordinates (Figure 3.11) for all the Eu3* complexes are
calculated to be the same, x=0.67 andy = 0.32, which are very close to the NTSC

standard CIE values for red (x = 0.67, y = 0.33).12.28b

— GA[BPhTFB)3{H2ONC2HSOH)
— Gd{MeOBPhTFE)3(Hz0)(C2H50H) (a) 104 (b) — Gd{BPhTFB)3{H0HCzH50H)
—— Gd{MeOBPhTFE)3{Hz0){CgH50H)

Absorbance
Normalized intensity

T T
T T T T T
20 00 350 0 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 3.8. (a) UV-vis absorption spectra at 298K and (b) 77K phosphorescence spectra

of the Gd(BPhTFB)3(H20)(C2HsOH) (red) and Gd(MeOBPhTFB)3(H20)(C2HsOH) (blue)

complexes.
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Figure 3.9. 298 K (a) excitation and (b) emission spectra of Eu3* complexes

Eu(MeOBPhTFB)3(H20)(C2zHs0H) (1) and Eu(MeOBPhTFB)3(TPY) (2) in solid-state.
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Figure 3.10. 298 K (a) excitation and (b) emission spectra (b) of Eu3* complexes

Eu(BPhTFB)3(H20)(C2Hs0H) (3) and Eu(BPhTFB)3(TPY) (4) in solid-state.
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Figure 3.11. CIE chromaticity diagram showing the colour of the Eu(MeOBPhTFB)3(TPY)
complex (2).

5 e  Eu(MeOBPhTFB)3(H20)(CaH50H)
s Eu(MeOBPhTFB)a(TPY)

=
—
1

Normalized intensity

o

o

pcy
1

T
0.5 1.0 1.5 2.0
Time (ms)

Figure 3.12. 298 K >Do decay profiles for complexes Eu(MeOBPhTFB)3(H20)(CzHsOH)
(1) and Eu(MeOBPhTFB)3(TPY) (2) (solid-state) (emission monitored around 615 nm).

The straight lines are the best fits (r2 = 0.999) considering single-exponential behavior.
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Figure 3.13. 298 K>Do decay profiles for complexes Eu(BPhTFB)3(H20)(C2HsOH) (3) &
Eu(BPhTFB)3(TPY) (4) (solid-state) (emission monitored around 615 nm). The straight

lines are the best fits (r?2 = 0.999) considering single-exponential behavior.

In the current study, the various photophysical parameters summarized in Table
3.2 of the newly developed Eu3* complexes were calculated by the procedures described
in our previous publications.”?921a The observed luminescence decay profiles (Tobs) for
all the Eu3*-f-diketonate complexes at 298 K (Figures 3.12 and 3.13) are found to be
single exponential functions, indicating the presence of only one emissive Eu3+* center.?20
The relatively shorter lifetime observed for binary Eu3* complexes (1 and 3) may be
caused by dominant non-radiative decay channels associated with the vibronic coupling
due to the presence of solvent molecules, as well documented in many of the binary Eu3+-
p-diketonate complexes.”-10.31 On the other hand, longer lifetime values have been noted
for ternary Eu3* complexes (2 and 4) because of the absence of solvent molecules. These
trends are in good agreement with the observed radiative and non-radiative decay rates

of the complexes (Table 3.2).
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Table 3.2 The radiative (Arap, s'1) and non-radiative (Ang, s'1) decay rates, >Do lifetime
(7obs, us), intrinsic quantum yield (@vn, %), energy transfer efficiency (@sen, %), overall
quantum yield (@overan, %) and colour coordinates for Eu3* complexes in the solid-state

(ﬂexc =400 nm).

Compounds Arap Anr Tobs Dy Dsen Doverall CIE(X.Y)
(s (1) (us) () (%) (%)

Eu(MeOBPhTFB)3(H.0)(C;HsOH) 1152 4608 174+1 20 95 192  0.67,

(1) 0.32
Eu(MeOBPhTFB)3(TPY) (2) 1171 813 506%2 59 ~100 62+6 0.67,
0.32
Eu(BPhTFB)s(H.0)(C-HsO0H) (3) 948 2698 282%1 26 77 20%2  0.66,
0.33
Eu(BPhTFB)s(TPY) (4) 1165 843 499+2 58 91 53%5  0.66,
0.33

The substitution of solvent molecules in the Eu3+-tris(1-(4'-methoxy-[1,1'-biphenyl]-
4-yl)-4,4,4-trifluoro-3-hydroxybut-2-en-1-one) complex1by a chelating ancillary
ligand, 2,2":6',2"-terpyridine leads to an approximately 3-fold enhancement in the
absolute quantum yield (from 19 to 62%). The substantial contribution of the chelating
terpyridine ligand to the overall sensitization of the Eu3+-centered luminescence in 2 is
confirmed by (i) an increase in the intrinsic quantum yield by a factor of 3, which results
from removal of quenching effect of the OH vibrations and (ii) the significant
enhancement of @sens from 95 to 100%. Furthermore, due to the extended conjugation
induced by the substitution of the electron-donating methoxy group at 4’ position of
biphenyl based p-diketonate ligand, Eu3*complex 2 notably exhibits visible-light
sensitized red luminescence with an overall quantum yield 62 + 6% when excited at
400 nm. Indeed, this overall quantum yield also found to be superior to that of parent
Eu3* ternary complex (@overal =53 +5% at 400 nm). Most significantly, the overall

quantum yield obtained in the present investigation is found to be promising as
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compared to many of the recently reported visible-light excited Eu3+*-f-diketonate
complexes (Table 3.3).
Table 3.3. Comparison of the results of the current work with previous reports with

respect to quantum yields (@overal, %) and excitation maxima (Aexc, nm) of various Eu3+-

p-diketonate complexes.

S. Publication | System Solid-state
No. quantum
yield
( Doverall / ﬂexc)
1 Current work | Visible-light excitable highly luminescent
molecular plastic materials derived from Eu3+- |  62% at 400
biphenyl based f-diketonate ternary complex nm
and poly(methylmethacrylate).
2 Dalton Trans., | Tuning of excitation wavelength in Eu3*-
2015, 44, amlnophenyl based polyfluorlr}ated B- 40% at 400
15924 diketonate complexes: Red-emitting Eu3+- nm
complex encapsulated in silica/polymer
hybrid material excited by blue-light
3 RSC Adv., | Achieving v151ble-_11ght excitation in carbazolle 429% at 400
2015, 5, | based Eu3*-f-diketonate complexes via nm
90720 molecular engineering
4 Phys.  Chem. | Synthesis and photophysical properties of
. : 24% at 425
Chem.  Phys. | europium(III)-f-diketonate complexes nm
2014, 16, 695 | applied in LEDs
5 Dalton Trans. | Tuning of the excitation wavelength from UV
2011, 40, | to visible region in Eu3*-f-diketonate | 19% at 400
3257 complexes: Comparison of theoretical and nm
experimental photophysical properties
7 J. Mater. Chem. | Visible-light excited red emitting luminescent
C, 2013, 1, | nanocomposites derived from Eu3+- 0
160 phenathrene-based fluorinated S-diketonate 75 /Onii415
complexes and  multi-walled  carbon
nanotubes
8 ] Lumin., | A red europium(IIll) ternary complex for | 17% at 395
2010, 130, 35 | InGaN-based light-emitting diode nm
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3.4.4. Characterization and photophysical properties of

Eu(MeOBPhTFB)3(TPY) doped PMMA polymer films

PMMA displays superior mechanical and optical properties that aid its application
in optical devices. In addition, PMMA comprises carbonyl groups along with its carbon-
chain that can strongly interact with Eu3*ions and displace ligand water molecules.
Therefore, in the present study visible-light excitable Eu3+-tris(methoxy-substituted
biphenyl-f-diketonate)(terpyridine) complex has been embedded into PMMA polymer
films with a view to improving its mechanical and emission properties.4816-17.32

PMMA was doped with a ternary Eu3+* complex 2 in proportions of 3, 5, 7 and 9%
(w/w), and characterized by FT-IR spectroscopy and the results are shown in Figure
3.14. For the PMMA film and the samples (PMMA@3Eu, PMMA@5Eu PMMA@7Eu
PMMA@9Eu), the absorption bands noted in the range 2900-3000 cm-1 corresponds to
CH vibrations. The band at 1726 cm~1 for the PMMA film belongs to CO vibration,
whereas for the Eu3* complex doped PMMA films, it shifts to 1733 cm~1.17.33 Figure 3.15
displays the TGA thermograms for PMMA film (solution casting) and PMMA film doped
with 7% of Eu3* complex (solution casting). It is observed that the solution cast PMMA
film shows ~10% weight loss at 166 °C, which is attributed to the entrapped solvent
removal from the polymer matrix. Further, Eu3* complex doped PMMA film exhibits
~10% weight loss at 238 °C.16 Thus, TGA infers that the Eu3* complex doped films have

improved thermal stability as compared to precursor PMMA film.
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Figure 3.14. FT-IR Spectra for the PMMA film, 3, 5, 7 and 9 w/w% Eu(MeOBPhTFB)s3(TPY)

doped PMMA films.
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Figure 3.15. Thermogravimetric curves for pure PMMA (black) and Eu3* complex doped

PMMA film (PMMA@7Eu) (red).
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Figure 3.16a illustrates the room temperature (298 K) excitation profiles of
PMMA polymer films embedded with Eu3* complex 2 at different concentrations (3, 5, 7
and 9w/w%), by monitoring the emission at5Do— 7F2 (615 nm) transition. The
excitation spectra are dominated by an intense broad band in the region 300-450 nm
(Aexc = 385 nm) which can be ascribed to absorptions of both PMMA and methoxy-
substituted biphenyl based f-diketonate ligand. However, the excitation spectra of the
polymer film doped with complex 2 are blue-shifted (~15 nm) as compared to solid state
spectrum of the Eu3*complex 2. This behavior may be due to a change of symmetry of the
complex.20 The emission spectra of PMMA doped with Eu3* complex 2 at variety of
concentrations (3,5, 7and 9 w/w%), and excited at 400 nm exhibit well defined emission
peaks characteristic of the Do — 7F; (J = 0-4) transition of Eu3*ion in the wavelength

region 550-715 nm (Figure 3.16).
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2.5x10° - @ Le —_ Pmmgslzu 20010’ () —— PMMA@3Eu
—— PMMA@7Eu o —— PMMA@SEu
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Figure 3.16. 298 K (a) excitation and (b) emission spectra of 3%, 5%, 7% and 9%

Eu(MeOBPhTFB)3(TPY) doped PMMA films.
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As can be noted from the emission profiles, the luminescence intensity at 615 nm
increases with increase in the concentration of Eu3*compound 2 and reaches a
maximum at 7 w/w% (1.7 times). Further, an increase in the Eu3*concentration
decreases the luminescence intensity.4d20.23 This may be due to the energy transfer
between the Eu3* ions themselves is a non-radiative process, which is responsible for the
decrease in the Eu3* emission, especially at 9 w/w%. The overall quantum yield, radiative
and non-radiative decay rates, intrinsic quantum yield and energy transfer efficiencies of
the PMMA film doped with Eu3+* complex 2 at different concentration are summarized
in Table 3.4. The overall quantum yield of the polymer films (75-79%) excited under
blue- light (400 nm) was found to be remarkably enhanced as compared to the precursor

Eu3* complex 2 (@overall = 62%).

Table 3.4 The radiative (Arap, s'1) and non-radiative (Angr, s'1) decay rates, 5Do lifetime
(7obs, us), intrinsic quantum yield (@vn, %), energy transfer efficiency (@sen, %), overall

quantum yield (@overan, %) of 3%, 5%, 7% and 9% Eu3* complex doped PMMA films (Aexc

=400 nm).
Compounds ARrap ANr Tobs Din Dsen Doverall
(s1) (s1) (us) (%) (%) (%)
PMMA@3Eu 994 280 788 £ 4 78 96 75+8
PMMA@5Eu 972 290 792 +5 77 99 76 £+ 8
PMMA@7Eu 980 230 823 +4 81 98 79+8
PMMA@9Eu 982 420 714 +5 70 100 707
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Figure 3.17. 298 K excitation and emission spectra of Eu3* complexes doped PMMA films

(Aex = 385 nm).

1 N

=

2 0.1

g PMMA@3Eu

£ *  PMMA@S5Eu

2 °* PMMA@7Eu

N > PMMA@9Eu

©

50.01—

=2
T T T T T
0.5 1.0 1.5 2.0 25

Time (ms)

Figure 3.18. 5Do decay profiles for 3, 5, 7 and 9 w/w% Eu(MeOBPhTFB)3(TPY) doped
PMMA films, where emission monitored around 615 nm. The straight lines are the best

fits (r2 = 0.999) considering single-exponential behavior.
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(b)

Figure 3.19. Photograph of the transparent PMMA film doped with 7 w/w%

Eu(MeOBPhTFB)3(TPY) a) before UV irradiation and b) after UV irradiation.

To the best of our knowledge, no reports have been seen in the open literature
regarding investigations on the photophysical properties of Eu3*-compounds doped
PMMA polymer films, especially excited under visible-light, which exhibit exceptionally
high photoluminescence quantum yields as noted in the current study. Further, the
intrinsic quantum yields noted in the current hybrid polymer films are found to be
exceptionally higher than that reported elsewhereée for Eu3*-tris(1-(4'-methoxy-[1,1'-
biphenyl]-4-yl)-4,4,4-trifluoro-3-hydroxybut-2-en-1-one)(phen) complex doped into
silicone rubber (38.8%). The quantum yields of the polymer films also have been
calculated at the excitation maximum 385 nm and the corresponding excitation and
emission profiles are given in Figure 3.17. Exceptionally very high quantum yield of about
98% has been noted for the 7 w/w% Eu3*complex doped PMMA polymer film when
excited at 385 nm. The >Do lifetimes of the Eu3* complex doped films (Figure 3.18) are
higher than that of the parent compound 2. In addition, the non-radiative decay rates
have been significantly lowered in the doped films and hence the intrinsic quantum yields

also greatly improved (78-81%) in the doped polymer films. The Photograph of the
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PMMA film doped with 7 w/w% Eu(MeOBPhTFB)s3(TPY) under normal light and after UV

irradiation is shown in Figure 3.19.

3.5. Conclusions

» Insummary, a new visible-light excited (Aexc = 400 nm) Eu3+-tris(1-(4'-methoxy-
[1,1'-biphenyl]-4-yl)-4,4,4-trifluoro-3-hydroxybut-2-en-1-one)(2,2":6',2"-
terpyridine) ternary complex was developed, which display intense metal
centered luminescence with remarkable solid-state quantum yield (62%).
Consequently, the synthesized Eu3*ternary complex may find potential
applications in bioimaging and organic light emitting diodes (OLEDs).

» The newly designed Eu3*ternary complex incorporated PMMA polymer films
exhibit exceptionally high photoluminescence quantum yield under wide
excitation wavelengths (PL quantum yield 98% atAexc=385nm and 79%
at Aexc =400 nm). This indicates that the PMMA with high molecular weight
enwraps the Eu3* ternary complex and keeps the donor-acceptor close, which
results in the effective intermolecular energy transfer and, consequently, the
high quantum yields.

» The photoluminescence quantum yields noted for the Eu3* compound doped
PMMA polymer films under blue-light excitation are found to be promising as
compared to earlier reports. Thus, the derived luminescent molecular plastic
materials show considerable promise for use in polymer light emitting diodes

and active polymer optical fibers.
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Chapter 4

Synthesis, characterization and photoluminescence
properties of Eu3+-S-diketonate complexes derived from 3-
hydroxy-1-(4-methoxyphenyl)-3-(naphthalen-2-yl)prop-2-

en-1-one and various bidentate nitrogen donors

4.1. Abstract
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In this work, a visible-light excitable f-diketonate ligand, 3-hydroxy-1-(4-methoxyphenyl)-
3-(naphthalen-2-yl)prop-2-en-1-one (HMeOPNP) was synthesized and utilized for the
construction of a series of new Eu3* complexes of the general formula Eu(MeOPNP)3(L)
[where L = H20, 2,2-bipyridine (BPY), 4,4'-dimethoxy-2,2-bipyridine (MeOBPY) and 4,4 -
diphenyl-2,2-bipyridine (PhBPY)] in the presence and the absence of various derivatives of
bipyridines as ancillary ligands. The designed Eu3* complexes have been characterized by
various spectroscopic techniques and investigated their photophysical properties with a

view to understanding the structure-property relationships in these systems. The
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substitution of conjugated naphthyl moiety as well as methoxyphenyl group at 1,3-
positions, respectively of the p-diketonate ligand notably extended the excitation window
of the binary complex Eu(MeOPNP)3(H20):2 to visible region (Aexc = 410 nm) with a quantum
yield of 6 %. In the presence of an electron-donating methoxy substituted bipyridine as an
ancillary ligand, the excitation window of Eu(MeOPNP)3;(MeOBPY) has been further shifted
to longer wavelengths in the visible region [(Aexc = 420 nm; @overal = 32% )] with an enhanced
luminescence intensity as compared to unsubstituted ternary complex Eu(MeOPNP)3(BPY)
[(Aexc = 412 nm; Doverail = 20%)]. The red-shifted excitation window is attributed to the
presence of donating methoxy group, which allows the oxygen electrons to be a part of the
whole delocalized system through resonance and enhances the conjugation of the
chromophore. On the contrary, when electron-withdrawing phenyl groups substituted
bipyridine used as an ancillary ligand, the excitation window of Eu(MeOPNP)3(PhBPY) has
been drastically shifted to the lower wavelength region (Aexc = 400 nm) with diminished
quantum yield (@overail = 9%) as compared to Eu(MeOPNP)3(BPY). This may be due to the
fact that the bulky phenyl substituents on the 4,4"-position of the bipyridine system severely
hinders co-planarity and as a result attenuate any extended m-interactions in this system.
As an integral part of this work, the photophysical properties of the visible light excitable
Eu3* complex, Eu(MeOPNP)3(MeOBPY) was investigated under biologically relevant pH

conditions [pH 7.4, % DMSO: % PBS = 1: 99; c =1 x 10-* M].

Communicated to Journal of Photochemistry and Photobiology A: Chemistry
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4.2. Introduction

Since Kido reported the Eu3+-f-diketonate complex-based electroluminescence
devices in 1991, many Eu3+-f-diketonate complexes have received great interest due to
their characteristic luminescence properties and extremely sharp, intense emission in
the visible region.24 However, the excitation window appears to be limited to the near
UV region in most of the popular Eu3+-f-diketonate systems due to the energy constraints
posed by the photophysics of sensitized Eu3* luminescence.> Therefore, one of the
growing challenges in the study of luminescent europium complexes is to develop visible-
light excitable systems, which may find potential applications in fluorescence-based
bioassays.

Polycyclic arene such as naphthalene has an intense 7-  stacking and interacting
tendency owing to its plane and enlarged m-conjugation system, it is considered to be
favorable to enhance molecular interaction and charge transport by directed molecular
self-assembly.® The increased m-conjugation in the chromophoric molecule red-shift the
absorbance spectra and allows visible light absorption, which is less phototoxic
compared to higher energy UV excitation.” Therefore, previously naphthalene appended
chromophoric ligands have been utilized successfully in optoelectronic lanthanide
complexes8 and in visible-light absorbers for temperature sensitive Eu3* complexes.?
Compared to phenyl moiety, the methoxyphenyl counterpart has the same chemical
structure except that the later has an electron-donating methoxy group on the benzene
ring to explore the substituent effect.1 With the above considerations, in the present
work, in order to explore the effect of the appending planar m-system as well as electron-

donating methoxy group, a f-diketonate ligand namely, 3-hydroxy-1-(4-
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methoxyphenyl)-3-(naphthalen-2-yl)prop-2-en-1-one has been designed and utilized for
the construction of a series of coordination complexes of Eu3* and investigated their

photophysical properties.

OH o)
A
0
HMeOPNP

Figure 4.1. Structures of the f-diketonate ligand.

Over the last thirty years 2,2'-bipyridine complexes of virtually every metal ion in
the periodic table have been described. This chelating ligand presents two nitrogen
atoms to the metal centre in an almost identical configuration, with only the rotation in
the pyridyl - pyridyl bond being restricted upon complex formation. This results in
extremely stable species, even with the more labile metal ions.11 Also it is highly possible
to tailor desirable optoelectronic properties of such molecules by manipulation of the
parent chromophore, which includes conjugation length control and the introduction of
electron donating or withdrawing groups into the chemical structure.1? These factors
motivated to develop various derivatives of 2,2'-bipyridine ligand by introducing
electron-withdrawing and electron-donating group at 4,4'-position and utilize as
ancillary ligand in Eu3+*-f-diketonate complexes with an aim to displace successfully
water molecules from the coordination sphere of the hydrated Eu3*-f-diketonate

complexes. In the current study, a series of ternary Eu3* complexes have been isolated,
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characterized and investigated their photophysical properties with a purpose of studying

the structure-property relationships among these complexes.

" l 7 I 0\ ’d O
N~ N N~ |
N~ | N~ | N~ |
N 0/ i
BPY MeOBPY PhBPY

Figure 4.2. Structures of the ancillary ligands.

4.3. Experimental Section

4.3.1. Materials and instrumentations

All the reagents were used as received without further purification and are listed
here: Eu3+ nitrate hexahydrate, 99.9% (Alfa Aesar); gadolinium(III) nitrate hexahydrate,
99.999% (Sigma-Aldrich); lanthanum(III) nitrate hexahydrate, 99.99% (Alfa Aesar); 2-
Naphthoic acid, >98% (TCI Chemicals); 4-methoxyacetophenone, 99% (Sigma-Aldrich);
sodium hydride 60% dispersion in mineral oil (Sigma-Aldrich); 2,2'-bipyridine, 99%
(Sigma-Aldrich); 4,4'-dimethoxy-2,2'-bipyridine, 97% (Sigma-Aldrich); 4,4'-diphenyl-
2,2'-bipyridine, technical grade (Sigma-Aldrich).

Elementar - vario MICRO cube elemental analyzer was used to perform Elemental
analyses. FT-IR spectra were carried out on a Perkin-Elmer Spectrum two FT-IR

spectrometer using KBr pellets. The synthesized compounds were characterized by 1H
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NMR (500 MHz) and 13C NMR (125.7 MHz) using a Bruker 500 MHz NMR spectrometer
in chloroform-d solution. The chemical shifts are reported in ppm reference to
tetramethylsilane, SiMes for 1TH NMR and 13C NMR spectra. Electro spray ionization (ESI)
mass spectra were recorded on a Thermo Scientific Exactive Benchtop LC/MS Orbitrap
Mass Spectrometer and the TG/DTA-6200 (SII Nano Technology Inc., Japan) was used to
study the thermal stability of the prepared complexes. The absorbance of the ligands and
the complexes were measured in THF solution on a UV-vis spectrophotometer
(Shimadzu, UV-2450). The solid-state absorption spectral studies of the S-diketonate
ligand and the europium complexes were carried out in a UV-vis Spectrophotometer
(Shimadzu UV-3600 with an integrating sphere attachment, ISR- 2200) using barium
sulfate as a reference (the reflectance is monitored and converted to absorbance by
Kubelka-Munk equation). The photoluminescence (PL) spectra were recorded on a Spex-
Fluorolog FL22 spectrofluorimeter equipped with a double grating 0.22 m Spex 1680
monochromator and a 450W Xe lamp as the excitation source operating in the front face
mode. The lifetime and phosphorescence measurements were carried out by using a
SPEX 1040 D phosphorimeter. The overall quantum yield (@overail) was measured using
an integrating sphere in a SPEX Fluorolog spectrofluorimeter as reported in the
literature. The estimated error for the quantum yields is + 10%.13

All the spectroscopic measurements were also performed in buffer solution at pH
=7.4[% DMSO: % PBS =1:99; c =1 x 104 M] at room temperature. The overall quantum
yields of the sensitized Eu3* emission of the complexes were measured in a DMSO: PBS
solution at room temperature relative to a reference solution of quinine sulfate in 1 N

H2S04 (Poveral = 54.6%). Corrections were made for the refractive index of the solvent.
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All solvents were of the spectroscopic grade. The overall luminescence quantum yields
of the complexes were calculated according to the well-known equation,14

n ? Aref I

@overall = 2 Al ref
r]ref ref

where n, 4, and [ denote the refractive index of the solvent, the absorbance at the
excitation wavelength and the area of the emission spectrum, respectively, and ®ref
represents the quantum yield of the standard quinine sulfate solution. The subscript ref
denotes the reference, and the absence of a subscript implies an unknown sample. The
refractive index is assumed to be equivalent to that of the pure solvent: 1.33 for water
at room temperature. All data reported are averages of at least three independent

measurements.
4.3.2. Synthetic procedure for the ligand

Synthesis of methyl 2-naphthoate: 2 g of 2-naphthoic acid was dissolved in 20 ml
methanol and added catalytic amounts of conc. H2SO4. The reaction mixture was then
stirred at 70 °C for 48 h (Scheme 4.1). After cooling to room temperature, the mixture
was poured into ice-cold water, ester precipitated out, filtered, dried and used for further
synthesis step.

Yield: 92%. 1H NMR (CDCl3, 500 MHz): 6 (ppm): 8.02 (s, 1H), 7.96 (d, 1H, ] = 7.5 Hz), 7.89
(d, 1H,/ =8.5Hz), 7.87 (d, 2H,J = 7.5 Hz), 7.59 (t, 2H, J = 8 Hz), 3.98 (s, 3H). 13C{'H} NMR
(125 MHz, CDCl3) 6 (ppm): 167.29, 135.52, 132.50, 131.07, 129.36, 128.24, 127.76,

127.40, 126.64, 125.23, 77.26-76.76 (CDCl3), 52.13. m/z = 187 (M+H)*.
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Synthesis of 3-hydroxy-1-(4-methoxyphenyl)-3-(naphthalen-2-yl)prop-2-en-1-
one (HMeOPNP): The ligand was synthesized by Claisen condensation reaction between
methyl 2-naphthoate and 4-methoxyacetophenone as reported in literature (Scheme
4.1)4

Yield: 69%. Elemental analysis (%): calculated for C20H1603 (304.11): C 78.93, H 5.30;
Found: C 78.73, H 5.32. 1H NMR (CDCls, 500 MHz) é (ppm): 17.09 (broad, enol-OH), 8.52
(s, 1H), 8.01 (m, 4H), 7.90 (m, 2H), 7.57 (m, 2H), 6.99 (d, 2H, ] = 9 Hz), 6.94 (s, 1H), 3.89
(s,3H). 13C{1H} NMR (125.7 MHz, CDCI3) 6 (ppm): 186.23,183.79,163.28,135.21, 132.80,
132.79, 129.38, 129.32, 128.41, 128.29, 128.04, 128.00, 127.78, 126.76, 123.23, 114.02,
92.73,77.26-76.76 (CDCl3), 55.51. FT-IR (KBr) vmax (cm1): 3047, 2974, 2936, 2842, 1585,

1520, 1498, 1450, 1344, 1295, 1249, 1175, 1029, 950, 792, 636. m/z = 305 (M+1)*.

0

+
THF, 65°C Ar, 24h

O HMeOPNP

Scheme 4.1. Synthetic procedure for the f-diketonate ligand.
4.3.3. Synthesis of binary complexes 1-3.

The (-diketonate ligand was dissolved in methanol. To that NaOH (3.0 mmol) in
water was added and stirred. After 15 min, Ln(NO3)3-6(H20) (where Ln = Eu, Gd, La) (1.0
mmol) in methanol was added drop-wise and stirred for 12 h at room temperature

(Scheme 4.2). The resultant precipitate was filtered off, washed with water and dried.
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The products were purified by recrystallization from dichloromethane-methanol

solution and used for further analysis and photophysical studies.

Eu(MeOPNP)3(H20)2 (1). Elemental analysis (%): calculated for CesoH49011Eu
(1098.25): C 65.53, H 4.50; Found: C 65.70, H 4.43. FT-IR (KBr) vmax (cm1): 3425,
3053, 2959, 2936, 2834, 1600, 1588, 1524, 1494, 1464, 1343, 1291, 1245, 1174,

1030, 959, 787, 633. m/z = 1062 [Eu(MeOPNP)3+1]*.

Gd(MeOPNP)3(H20)z (2). Elemental analysis (%): calculated for CeoH49011Gd
(1103.25): C 65.32, H 4.48; Found: C 65.43, H 4.68. FT-IR (KBr) vmax (cm1): 3423,
3051, 2958, 2935, 2834, 1601, 1587, 1524, 1496, 1465, 1343, 1292, 1246, 1174,

1033, 959, 786, 634. m/z = 1063 [Gd(MeOPNP)3]*.

La(MeOPNP)3(H20)2 (3). Elemental analysis (%): calculated for CeoH49011La
(1084.23): C 66.42, H 4.55; Found: C 66.50, H 4.42. 'H NMR (CDCls, 500 MHz) &
(ppm): 8.53 (s, 1H), 8.02 (m, 7H), 7.98 (m, 5H), 7.91 (m, 7H), 7.56 (m, 7H), 7.01 (m,
6H), 6.95 (s, 3H), 3.90 (s, 9H), 3.48 (H20). FT-IR (KBr) vmax (cm-1): 3429, 3053,
2957, 2936, 2834, 1603, 1588, 1523, 1494, 1464, 1343, 1291, 1245, 1171, 1030,

958, 785, 633. m/z = 1047 [La(MeOPNP)3-1]".
4.3.4. Synthesis of ternary complexes 4-9.

All these complexes were prepared by stirring equimolar concentration of binary
complexes 1 and 3 with bidentate nitrogen donors in chloroform at 70 °C. After 12
h, the solvent was evaporated and pure product was obtained by recrystallization
from the dichloromethane-methanol mixture. The synthetic procedure is

illustrated in Scheme 4.3.
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Eu(MeOPNP)3(BPY) (4). Elemental analysis (%): calculated for C7oHs309N2Eu
(1218.30): C69.02, H 4.39, N 2.30; Found: C 68.92, H 4.30, N 2.24. FT-IR (KBr) vmax
(cm-1): 3055, 2961, 2936, 2836, 1601, 1588, 1548, 1523, 1494, 1461, 1440, 1343,

1288, 1246, 1172, 1029, 959, 785, 632. m/z = 916.32 [Eu(MeOPNP)2(BPY)+1]*.

Eu(MeOPNP)3(MeOBPY) (5). Elemental analysis (%): calculated for
C72Hs57011N2Eu (1278.32): C 67.66, H 4.49, N 2.19; Found: C 67.54, H 4.59, N 2.08.
FT-IR (KBr) vmax (cm-1): 3055, 2963, 2938, 2836, 1602, 1589, 1549, 1523, 1494,
1461, 1440, 1343, 1287, 1243, 1171, 1033, 959, 786, 633. m/z = 1008.31

[Eu(MeOPNP)2(BPY)+Na]*.

Eu(MeOPNP)3(PhBPY) (6). Elemental analysis (%): calculated for CszHe109N2Eu
(1370.36): C71.87,H 4.49, N 2.04; Found: C 71.69, H 4.29,N 1.93; FT-IR (KBr) vmax
(cm-1): 3055, 2968, 2935, 2836, 1602, 1589, 1548, 1523, 1494, 1461, 1439, 1343,
1288, 1242, 1172, 1140, 1033, 959, 786, 632. m/z = 1068.23

[Eu(MeOPNP)2(PhBPY)+1]*.

La(MeOPNP)s3(BPY) (7). Elemental analysis (%): calculated for C70Hs309N:zLa
(1204.28): C 69.77, H 4.43, N 2.32; Found: C 69.92, H 4.32, N 2.26.'H NMR (CDCl3,
500 MHz) 6 (ppm): 8.53 (s, 3H), 7.99 (m, 14H), 7.91 (m, 9H), 7.56 (m, 9H), 7.00 (m,
7H), 6.95 (s, 3H), 3.95 (s, 9H). FT-IR (KBr) vmax (cm1): 3056, 2963, 2935, 2836,
1601, 1588, 1548, 1523, 1494, 1461, 1440, 1343, 1288, 1246, 1171, 1029, 960,

785, 632. m/z = 902.21 [La(MeOPNP)2(BPY)+1]*.

La(MeOPNP)3(MeOBPY) (8). Elemental analysis (%): calculated for

C72Hs7011N2La (1264.30): C 68.35, H 4.54, N 2.21; Found: C 68.54, H 4.59, N 2.09.
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1H NMR (CDCl3, 500 MHz) & (ppm): 8.55 (s, 3H), 8.02 (m, 12H), 7.88 (m, 7H), 7.50
(m, 5H), 7.01 (m, 6H), 6.95 (s, 6H), 6.83 (s, 3H), 3.91 (s, 9H), 3.83 (s, 6H). FT-IR
(KBr) vmax (cm1): 3055, 2963, 2938, 2836, 1602, 1589, 1549, 1523, 1494, 1462,
1440, 1343, 1287, 1243, 1171, 1035, 959, 786, 634. m/z = 983.23

[La(MeOPNP)2(MeOBPY)+Na]*.

La(MeOPNP)s3(PhBPY) (9). Elemental analysis (%): calculated for Cs2Hs109N2Eu
(1356.34): C 72.56, H 4.53, N 2.06; Found: C 72.69, H 4.29, N 2.13. 1H NMR (CDClI;,
500 MHz) 6 (ppm): 8.73 (m, 2H), 8.53 (s, 3H), 7.96 (m, 24H), 7.57 (m, 12H), 7.00
(m, 8H), 6.95 (s, 3H), 3.90 (s, 9H). FT-IR (KBr) vmax (cm1): 3055, 2968, 2935, 2836,
1602, 1589, 1548, 1523, 1494, 1461, 1439, 1343, 1288, 1242, 1172, 1140, 1033,

959, 786, 632. m/z = 1054.34 [La(MeOPNP)2(PhBPY)+1]".

P &) H
OH o/
/ Ln(NO3)36H20 0\\ / \H
3 > / Ln
O NaOH, Methanol/H,O "'O"
g
$ ) "
3
O— Ln=Eu, Gd, La o T
Eu(MeOPNP);(H,0), (1)
Gd(MeOPNP);(H,0), (2)
La(MeOPNP);(H,0)2(3)

Scheme 4.2. Synthesis of Ln3* (Ln = Eu, Gd, La) binary complexes.
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Scheme 4.3. Synthesis of ternary Ln3* (Ln = Eu, La) complexes 4-9.

4.4. Results and discussion

4.4.1. Synthesis and characterization of lanthanide complexes

The preparation process of the f-diketonate ligand and lanthanide complexes are
shown in Schemes 4.1, 4.2 and 4.3, respectively. The synthesized ligand has been
characterized by TH NMR, 13C NMR, FT-IR and mass spectroscopic (ESI-MS) methods, as
well as by elemental analysis. The derived $-diketonate compound mainly exists as enol
form in chloroform-d solutions which is clear from the 'H NMR data. In the TH NMR
spectrum of HMeOPNP, a broad peak at 6 17.09 ppm corresponding to enolic -OH has
been observed. Further, the appearance of methyne protons as a singlet at § 6.94 ppm
confirms the existence of the ligand in enolic form. The lanthanide complexes were
characterized by FT-IR, ESI-MS, and elemental analysis. The elemental analysis and ESI-
MS studies of Ln3+* complexes (1-9) (where Ln = Eu, Gd, La) revealed that the central Ln3*

ion is coordinated to three fB-diketonate ligands. The FT-IR spectral studies for the
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complexes were performed and exhibit a broad absorption band in the region 3000 -
3500 cm! for the binary complexes (1, 2 and 3) indicating the presence of coordinated
water molecules. On the other hand, the absence of this broad band in complexes 4-9
inferred that the water molecules have been displaced successfully by the chelating
bipyridine derivatives. The carbonyl stretching frequency of the f-diketonate ligand,
HMeOPNP (1595 cm1) is shifted to higher wave numbers in 1-9 (~1602 cm-1), thus
disclosing the coordination of the carbonyl oxygen to the Ln3* ions. In the ternary
complexes 4-9, the strong band near 1548 cm1 were attributed to C=N stretching
vibrations of bipyridine derivatives. 1> All these evidences indicate that the Eu3* ion
coordinated to the ligand via the nitrogen atoms of bipyridine and the carbonyl oxygen
atoms of the f-diketonates.1>

In order to further understand the coordination behaviour of europium
complexes, 1TH NMR studies were performed for the lanthanum complexes 3 and 7-9. The
1H NMR spectrum of lanthanum complex La(MeOPNP)3(H20)2 (3) give the characteristic
signals which is in accordance with the presence of three f-diketonate moieties
coordinated to the central lanthanide ion (NMR data is given in the experimental section).
The 1H NMR signal for methyne proton (-CH) of HMeOPNP resonates at 6.95 ppm (6) and
the aromatic protons resonates in the range 8.53 to 7.01 ppm (6). The absence of enolic
-OH peak at § 17.09 ppm in the lanthanum complexes confirms the coordination of
HMeOPNP ligands with the Ln3+ ion. In addition, a broad signal around 3.48 ppm is
observed in the NMR spectrum signifying the presence of coordinated water molecule.
The proton signals appeared in the lanthanum complexes 7-9 indicate the existence of

three HMeOPNP moieties and one bipyridine derivative in the corresponding ternary
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complexes. Moreover, no signals for the coordinated water molecule are noted in the
ternary complexes 7-9, which validates the replacement of coordinated water molecules
by the chelating bipyridine ligands in the complexes.

Thermal behaviour of the synthesized Eu3+-f-diketonate complexes (1 and 4-6)
were investigated by thermogravimetric analysis in the temperature range 30-1000 °C
under nitrogen atmosphere. As shown in Figure 4.3, a weight loss of about ~3.55%
(calculated ~3.27%) was observed in the range 90-150 °C for the binary Eu3+*-f-
diketonate complex 1, corresponding to the loss of bound water molecules. No significant
weight loss was observed for the Eu3* complexes 4-6 until temperature of 230 °C,
indicating that coordinated water molecules are not present in these complexes.1¢ This
observation is in good agreement with the FT-IR spectral data also. Further increase in
temperature lead to decomposition of the complex in the temperature range 240-1000

°C corresponding to the loss of organic moieties present in the complexes.

Weight (%)

1 I I 1
200 400 600 800 1000
Temperature (°C)

Figure 4.3. Thermogravimetric curves for Eu3* complexes 1 and 4-6.

142



Substituent effect on photophysical properties of Eu3* complexes

4.4.2. Electronic spectra of the ligand and Eu3+ complexes

The solid-state UV-vis absorption studies of [-diketonate ligand and Eu3*
complexes were carried out at room temperature to understand the effect of increased
conjugation of organic ligands. The respective spectra are shown in Figure 4.4. The
absorption spectrum of the ligand HMeOPNP shows two intense broad bands in the range
200-300 nm assigned to the m-m* transition of the aromatic moiety of the ligand and 300-
440 nm corresponding to the m-m* transition of the -diketonate part of the ligand. All the
europium complexes (1, 4-6) exhibit spectral features similar to the ligand, indicating
that the complexation of the -diketonate with europium ion does not significantly alter
the energy states of the f-diketonate ligand. However, a red shift is observed in the higher
wavelength absorption band (red shifted up to 470 nm) for the europium complexes;
probably arising from the intense - transition of the conjugated chromophore due to
the chelation between the europium ion and organic ligands. The absorption maximum
of the electron donating dimethoxy bipyridine substituted europium complex 5 show a
bathochromic shift of about ~10 nm towards the visible region (Amax = 420 nm) when
compared to unsubstituted europium complex 4 (Amax =410 nm). In contrast, the electron
withdrawing phenyl group substituted complex 6 display a blue shifted absorption
maximum (Amax = 397 nm). Moreover, co-planarity of the phenyl ring with respect to the
bipyridine moiety is lost due to the bulkiness of the molecules which reduce any
extended conjugation. Red-shifted absorbance allows for visible light absorption, which
is less harmful compared to UV absorption, enhancing the possible applications for the

synthesized complex.
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1.6 ——HMeOPNP
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Figure 4.4. Solid-state UV-vis absorption spectra of the 5-diketonate ligand, HMeOPNP

and Eu3* complexes 4-6.

In order to define the light absorbing ability of the -diketonate ligand, molar
absorption coefficient is calculated from the UV-vis absorption spectra in THF solution at
a concentration, ¢ = 5 x 10-¢ M. The f-diketonate ligand, HMeOPNP display a high
absorption coefficient of 30283 L mol-1 cm-! (calculated at the absorption maximum Amax
= 365 nm) indicate that it has a strong ability to absorb light. The magnitude of molar
absorption coefficient of all the Eu3* complexes are larger than those of the free ligand by
about three times, indicating the presence of three p-diketonate ligands in the
coordination sphere of the lanthanide ion. The molar absorption coefficient values for

the f-diketonate ligand and the corresponding Eu3* complexes are given in Table 4.1.
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Table 4.1 Molar absorption coefficient for the ligand and the corresponding Eu3+

complexes.
Compounds # (ol ) calulated at
HMeOPNP 30223
Eu(MeOPNP)3(H20)2 (1) 92853
Eu( MeOPNP )3(BPY) (4) 96907
Eu( MeOPNP )3(MeOBPY) (5) 97726
Eu( MeOPNP )3(PhBPY) (6) 96454

4.4.3. Steady-state photoluminescence

The solid-state excitation spectra of Eu3* complexes at room temperature were
recorded by monitoring the intense >Do— 7F2 transition of Eu3* at 612 nm and are shown
in Figure 4.5. The results demonstrate that due to the presence of conjugated
naphthalene moiety and electron donating methoxy group on the phenyl counterpart, the
excitation spectrum of the binary Eu3* complex 1 exhibit a broad band between 270 and
500 nm with an excitation maximum of Aexc = 410 nm, corresponding to the m-m*
transition of the coordinated ligands.®10 The introduction of bidentate nitrogen donors
in the coordination sphere of Eu3* complex 1 have a significant influence on the excitation
spectra of the ternary complexes 4-6. The difference in excitation spectra of the
complexes can be ascribed to the different m-* transitions of the coordinated ligands
originating from the various substituents on the pyridyl ring. Compared with binary
complex 1, Eu3* complex 4 exhibit a broad excitation spectrum with Aexc = 412 nm,
whereas, the dimethoxy substituted bipyridine containing Eu3* ternary complex 5

display a notable red-shift of about 10 nm with an excitation maximum of Aexc = 420 nm.

145



Chapter 4

This observed red-shift is due to the presence of two electron donating methoxy groups
on bipyridine moiety which increases the conjugation length of the whole molecule.18
This red-shift would make the complex avoid UV irradiation-induced
photodecomposition in photoluminescence applications. A blue-shift (Aexc = 400 nm) is
observed in the excitation spectrum of complex 6, which can be due to the electron
withdrawing effect and nonplanar arrangement of phenyl group present in the
bipyridine ligand. The steric effect of the bulky substituent hinders the ability for the
peripheral phenyl rings to become coplanar with the bipyridyl fragment and reduce the
intra-ligand delocalization, consequently blue-shifting the excitation maximum.1® The
excitation spectra of all the complexes exhibit a sharp peak at ~464 nm corresponds to
the 5D2 < 7Fo,1 transition of europium ion and is much weaker than the ligand excitation.
This observation suggests that sensitization of europium by ligands are much more
efficient than the direct excitation of the europium complex.172

The emission spectra of Eu3+--diketonate complexes (1, 4-6) (Figure 4.5) excited
at their corresponding excitation maxima show characteristic Eu3* ion emissions in the
550-725 nm wavelength region. The well-resolved peaks observed are due to the f-f
transitions from the metal-centered >Do excited state to the 7Fj ground state multiplet.
Maximum peak intensities at 579, 593, 612, 653 and 697 nm were noted for the /=0, 1,
2, 3, 4 transitions, respectively. A prominent feature that may be noted in these spectra
was the very high intensity of SDo— 7F transition at 612 nm responsible for the observed
red emission in these complexes. Further, the intensity of the Do — 7F2 transition
(electric-dipole) is greater than that of the 5Do —7F1 transition (magnetic-dipole), which

indicates that the coordination environment of the Eu3+* ion is devoid of an inversion
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center.20 It can also be noted from the emission spectra that the luminescence intensity
of the Eu3* ternary complexes (4-6) is significantly enhanced as compared to the Eu3+
binary complexes (1), on displacement of the solvent molecules from the complexes by
the bidentate nitrogen donor. It is clear from the emission spectra that presence of
electron donating methoxy group at the 4,4'-position in the bipyridine molecule has
significantly enhanced the emission intensity of Eu3* complex 5 (8.8 x 108) compared to
simple bipyridine complex 4 (5.7 x 108 at 412 nm). This observation is due to the
enhanced basicity of the coordinating nitrogen atoms upon the substitution with two
electron-donating groups (OCHs).*b On the other hand, the bulky 4,4'-diphenyl-2,2'-
bipyridine substituted Eu3* complex show a lowered emission intensity of 2.0 x 108. The
emission intensity follows the order, complex 1<6<4<5. Further, no broad emission
bands related to f-diketonate ligand is observed in the blue region, indicating the
efficient energy transfer from the ligand to the emitting level of the metal ion. The
intensity ratio of the hypersensitive SDo — 7F2 transition to the magnetic dipole allowed
5Do = 7F1 transition (I7r2/17r1) reflects the nature and symmetry of the first coordination
sphere. The intensity ratio for (I7r2/I7r1) complex 1 is 12.89 in the presence of
coordinated water molecules, while it is increased to 16.98 for 4, 15.86 for 5, and 15.60
for 6. The results indicate that the introduction of bipyridine ligands into the
coordination sphere of the complex 1 leads to an effective reduction of the symmetry
around Eu3* ions.21 However, the high intensity ratio is responsible for the brilliant red

emission of the complexes.
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Figure 4.5. Room temperature excitation and emission spectra of Eu3* complexes 1, 4-6

in the solid-state.

The room temperature luminescence decay curves of the Do level for Eu3*
complexes 1, 4-6 were investigated by monitoring the intense emission at 612 nm (°Do
— 7F2) and are given in Figure 4.6. These curves can be described by single exponential
kinetics, thus indicating that the Eu3* ion in the complexes is located in the same parity
sites. As explained in previous literature reports, luminescence lifetime of ternary
europium complexes 3-5, enhanced up on introduction of bidentate nitrogen donors.
This may be due to the replacement of the coordinated water molecule by bidentate
nitrogen donors, thereby decreasing the non-radiative deactivation, suggesting that the
introduction of secondary ligand enhances the photoluminescence stability of the overall
coordination system.22 The ternary complex 5 also display higher excited state lifetime
value (zbs = 380 £ 1 ps at 298 K for 5) compared to the Eu3* complexes 4 and 6. The

lifetime values for the emission of all Eu3* complexes are listed in Table 4.2.
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To understand more about the sensitization ability of these ligands, further
investigations about the luminescent process were carried out. The overall quantum
yield (@overan) of a europium complex is determined by two aspects: (i) efficiency of
energy transfer from excited state of antenna ligand to emitting Eu3+ level (@sens) and (ii)
efficiency of Eu3+-centered emission, the intrinsic quantum yield (@vn). The values were
calculated according to the emission spectra and room temperature lifetime and are
tabulated in Table 4.2. The substitution of solvent molecules in the complex 1 by a
chelating ancillary ligand, bipyridine leads to an approximately 2-4-fold enhancement in
the absolute quantum yield (from 6% for complex 1 to 9-32% for complexes 4-6,
respectively),23 which is in good agreement with the results from their luminescence
emission intensity. Furthermore, the two methoxy substituents on the bipyridine moiety
enhanced the photoluminescence properties of ternary Eu3* complex 5 in comparison
with other ternary Eu3* complexes, probably due to the increase in electron density
which improve the radiative process.*t Examination of the radiative and
non-radiative decay rate constants, derived from the observed lifetime and quantum
yield, reveals that the increase in quantum yield is due to both an increase in Arap and a

decrease in Anr in complex 5.19
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Figure 4.6 5Do decay profiles for complexes 1 and 4-6 (solid-state) where emission
monitored around 612 nm. The straight lines are the best fits (r?2 = 0.999) considering

single-exponential behavior.

Table 4.2 The radiative (Arap, s'1) and non-radiative (Ang, s'1) decay rates, 5Do lifetime
(7obs, us), intrinsic quantum yield (@vun, %), energy transfer efficiency (@sen, %), overall
quantum yield (@overan, %) and colour coordinates for Eu3* complexes in the solid-state

excited at their excitation maximum.

ARraD Anr Tobs Din Dsen Doverall

Compounds ) ) ) (W) (%) (%)
Eu(MeOPNP),(H,0), (1) 823 3292 2401 20 30 61
Eu(MeOPNP),(BPY) (4) 1031 2093 317+1 33 60 20+2
Eu(MeOPNP),(MeOBPY) (5) 1049 1865 344+2 36 89 32+3
Eu(MeOPNP),(PhBPY) (6) 1025 2391 274+1 30 30 9+1
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The energy levels of the significant electronic states should be estimated in order
to explain the energy transfer processes in europium complexes. The energy transfer is
effective, when there is an energy level match between the triplet states of the ligands
and the ground state of Eu3*. The ligand centered triplet state is determined from the
lower wavelength emission edge of the low temperature phosphorescence spectra of
gadolinium complex (Figure 4.7).24 The triplet state is estimated to be 20121 cm-1 which
corresponds to its lower wavelength emission edge of 496 nm. The singlet energy level
of the ligand was 24571 cm-! (406 nm), which was calculated from the higher wavelength
absorbance edges of the UV-vis spectra of the gadolinium complex (Figure 4.7). Because
the lowest excited state, 6P7/2 (32 000 cm™1), of Gd3* is too high to accept energy from the
ligand, the data obtained from the phosphorescence spectrum actually reveal the triplet
energy level (T1) of HMeOPNP in lanthanide complexes. According to Reinhoudt’s
empirical rule, it is known that intersystem crossing becomes effective when the energy
gap between the S1 and T1 levels AE(S1-T1) is around ~5000 cm-1. The energy gap 4E(S:-
T1) is found to be 4450 cm-l, indicating that the intersystem crossing processes are
efficient for this ligand. The energy gaps between the Eu3* core (Do ~17250 cm1) and
the donor ligand’s T1 levels turn out to be 2870 cm-1. According to the empirical rule
pointed out by Latva, for an optimal ligand-to-metal energy transfer process 2500 <
AE(T1-°Do) < 4000 cm-! for Eu3-. It is interesting to note that the triplet energy levels of
the developed f-diketonate ligands lie above the energy of the main emitting level of Do
for Eu3+, thus demonstrating that this ligand can act as antenna molecules for the
sensitization of Eu3* ions.?# Also, the triplet energies of ancillary ligands are situated

above the metal excited state (T1 of bipyridine derivative ~ 22000 cm-1) indicating that it
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could participate in the energy transfer process in complexes 4, 5 and 6, which makes
the ligand-to-metal energy transfer process efficient. Hence the synthesized ligand obeys

all the necessary criteria for an efficient antenna molecule.
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Figure 4.7. UV-vis absorption spectra at 298 K (left), and 77 K phosphorescence spectra

(right) of the complex 2 in THF (c =5 x 10-¢ M).

4.4.4. Photoluminescence measurement of complex 5 in buffer solution [%

DMSO: % PBS=1:99; c=1x10-4M]

The absorption spectra of the Eu3* complex 5 was investigated in DMSO: PBS
buffer solution (%DMSO: %PBS = 1: 99, ¢ = 1x10-* M) under physiological pH
conditions (pH = 7.4) (Figure 4.8). The absorption profile show similar spectral
features as observed in THF solution indicating that use of DMSO: PBS buffer
solution does not significantly alter the coordination sphere. The Eu3* complex
show a promising molar absorption coefficient observed of 52443 L mol-1 cm~1
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(Amax = 370 nm) indicating that absorption capacity of the HMeOPNP ligand retained

even in DMSO: PBS buffer solution.
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Figure 4.8. UV-visible absorption spectra of the Eu3* complex 5 in buffer solution

(%DMSO: %PBS =1: 99, c = 1x10-4 M).

The excitation and emission profiles of the visible-light excitable europium
complex 4 recorded in buffer solution of pH 7.4 [% DMSO: % PBS =1:99; c=1x 104 M]
at 298 K are shown in Figure 4.9. The excitation spectrum was recorded by monitoring
the Do = 7F2 (612 nm) transition of the Eu3*. The excitation spectrum exhibit a broad
band between 300 to 450 nm, which can be designated to the m-m* transition of the /-
diketonate ligand. The absence of any absorption bands due to the f-f transitions of the
Eu3* ion clearly indicates a very efficient luminescence sensitization via the ligand
excitation. The room temperature (298 K) emission spectrum of the europium complex

was also recorded in a buffer solution (pH = 7.4) at Aexc = 405 nm, which shows the
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characteristic emission peaks of Eu3*. Only a negligible ligand emission is observed in the
emission spectra indicating that the ligand transfers the absorbed energy effectively to

the emitting level of metal ion.
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Figure 4.9. Solution-state excitation (left) and emission spectra (right)
Eu(MeOPNP)3(MeOBPY) in a buffer solution of pH 7.4 [% DMSO : % PBS = 1: 99; ¢ = 1 x
104 M] at 298 K, emission monitored at around 612 nm (Aexc = 405 nm). Inset:
photograph of the complex 5 in buffer solution under day light and UV light with 365 nm

excitation).

The luminescent lifetime of the visible-light excitable Eu3* complex 5 was
measured in buffer solution and is shown in Figure 4.10. The result shows a single
exponential decay curve indicating the presence of only one emitting species in the

coordination sphere. The lifetime observed is zbs = 322 * 2 ps.

154



Substituent effect on photophysical properties of Eu3* complexes

1%
‘ Eu(MeOPNP)3(MeOBPY)

=y e
‘g 0.1-

]

.E S

-U T 4\-:-.~ v

g T=322+2ps |

©

€ 0.014

(=]

=

I 1 1 1 )

1 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time (ms)

Figure 4.10. The 5Do decay profile for the complex 5 in a buffer solution of pH 7.4 [%
DMSO: % PBS =1: 99; ¢ = 1 x 104 M] at 298 K, excited at 405 nm. The emission was

monitored at 612 nm.

The overall quantum yields estimated under biological pH condition excited at
405 nm with respect to the reference standard Quinine Sulfate (in 1 N H2S04, @overanl =

54.6%) was found to be @overan = 24 + 2%.

4.4.5. Photostability of the Eu3* complex Eu(MeOPNP)3(MeOBPY) (5) in
buffer solution

The photo-stability of the Eu3* complex 5 was investigated by measuring
photoluminescence intensity at 612 nm in a buffer solution of pH 7.4 [% DMSO: % PBS =

1:99; c=1x10*M] at 298 K, as a function of irradiation time. The excitation wavelength

was Aexc = 405 nm and irradiated for 5 h. The results are given in Figure 4.11. These
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results confirmed that the emission intensity of the complex at 612 nm remains
approximately the same even after 5 h of continuous irradiation indicating the stability
of the Eu3* complex towards photo-irradiation. These results suggest that the complex 5

can be used as a new class of stable agent for applications in cellular imaging.2>
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Figure 4.11. Photoluminescence intensity of complex 5 at 612 nm in a buffer solution of
pH 7.4 [% DMSO: % PBS = 1: 99; c =1 x 104 M] at 298 K, as a function of irradiation time.

Aexc =405 nm.

4.5. Conclusions

» A series of new ternary Eu3* complexes Eu(MeOPNP)3(MeOBPY),
Eu(MeOPNP)3(BPY) and Eu(MeOPNP)3(PhBPY) based on a visible-light excitable
p-diketonate ligand, 3-hydroxy-1-(4-methoxyphenyl)-3-(naphthalen-2-yl)prop-
2-en-1-one (HMeOPNP) and bidentate nitrogen donors were synthesized.

Photophysical properties of the europium complexes were thoroughly studied in
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order to understand the electronic effect of substituents on the bipyridine
molecules.

» The result demonstrate that all the complexes exhibited visible-light excitation
with Eu(MeOPNP)3(MeOBPY) being the most red shifted (Aexc = 420 nm) followed
by Eu(MeOPNP)3(BPY) (Aexc =412 nm) and Eu(MeOPNP)3(PhBPY) (Aexc =400 nm).
Enhanced conjugation induced by the participation of the lone pair of the oxygen
atom leads to the observed red-shift in Aexc for Eu(MeOPNP)3(MeOBPY), while lack
of co-planarity and hence decreased m-interactions in the chromophore due to
steric effects of the bulky phenyl substituents on the 4,4'-position of the
bipyridine system results in blue-shift in Aexc for Eu(MeOPNP)3(PhBPY).

» The substitution of solvent molecules by bidentate nitrogen ligands in
Eu(MeOPNP)3(H20)2 complex greatly enhances the metal-centered luminescence
quantum yields and lifetime values. Compared to previously reported
naphthalene based systems, the newly synthesized complexes show a redshifted
absorption and excitation spectra with promising quantum yields.

» Photostability investigations under continuous irradiation of the visible-light
excitable complex Eu(MeOPNP)3(MeOBPY) dissolved in buffer solution
mimicking biological media revealed high stability for the complex, rendering the

possibility of its use in applications like bio-imaging.
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