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PREFACE

Lanthanides possess intrinsic luminescence that originates from f-f
electron transitions in the 4f" shell of the [Xe] 5s25p® configuration and offer
unique properties for potential applications in lighting, optical communications,
photonics and biomedical devices. First, due to shielding by the 5s and 5p
orbitals, the 4f orbitals do not directly participate in chemical bonding. The
emission wavelengths of lanthanides 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 Ln3* salts. Second, 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. Although the excited-state lifetimes of Ln3* complexes
are long, the forbidden f-f transitions suffer the consequence of weak intrinsic
luminescence due to low molar absorptivity. Attachment of a light-harvesting
antenna circumvents this limitation by sensitizing the Ln3*ion in what has been
termed as the antenna effect. In particular, when modified with light-harvesting
moieties, benzoates have proven to be efficient sensitizers for lanthanide ions.
Therefore the objective of the current research work is to design and develop
efficient light emitting materials based on lanthanide aromatic benzoates with
superior photophysical properties.

The present thesis has been divided into four chapters. In the first
chapter, general principles for improving the light harvesting feature in the
design of luminescent Eu3* and Tb3* complexes were discussed with a specific

emphasis on how to take advantage of it for developing “robust antenna

XV



molecules” based on various derivatives of benzoic acid. Of special importance
was to demonstrate the key point of design of lanthanide benzoate coordination
compounds with intriguing structural features and unique photoluminescent
properties for potential utility in various photonic materials. The generation of
white light emission from mixed lanthanide complexes are also described in the
introduction chapter. These white light-emitting materials and devices have
potential applications in solid-state lighting, low-cost back-lighting and full-
color displays. Furthermore, the objectives of the thesis are also briefly
presented in this chapter.

Three new binuclear lanthanide complexes of general formula
[Lnz(L)s(H20)4] (Ln = Tb (1), Eu (2) and Gd (3)) supported by the novel
aromatic carboxylate ligand 4-(dibenzylamino)benzoic acid (HL) have been
synthesized, characterized and investigated their photophysical properties and
these results are described in chapter 2. Complexes 1 and 2 were structurally
characterized by single-crystal X-ray diffraction. Both 1 and 2 crystallize in the
triclinic space group Pi and their molecular structures consist of homodinuclear
species that are bridged by two oxygen atoms from two carboxylate ligands via
different coordination modes. The discrete bridged dimer of 1 is
centrosymmetric and features 8-coordinate terbium atoms, each of which
adopts a distorted square-antiprismatic geometry. Both coordination spheres
comprise two n2-chelating benzoates, two p-nl:nl-carboxylate interactions from
the bridging benzoates, and two water molecules. By contrast, in complex 2 the
Eu3* ion coordination environment is best described as a distorted tricapped-

trigonal prism, each europium ion being coordinated to three mn2-chelating

XVi



benzoate ligands and two water molecules. One of the n2-carboxylate ligand is
involved in a further interaction with an adjacent metal, thus rendering the
overall binding mode bridging tridentate, p-n?:n1. The Tb3* complex 1 exhibits
high green luminescence efficiency in the solid state with a quantum yield of
82%. On the other hand, poor luminescence efficiency has been noted for Eu3+ -
4-(dibenzylamino)benzoate complex.

A new aromatic carboxylate ligand, namely, 4- (dipyridin-2-
yl)aminobenzoic acid (HL), has been designed and employed for the
construction of a series of lanthanide complexes (Eu3* = 1, Tb3* = 2 and Gd3+ =
3). Complexes of 1, 2 and 3 were structurally authenticated by single-crystal X-
ray diffraction and were found to exist as infinite 1D coordination polymers
with the general formulas {[Eu(L)3(H20)2]}a (1), {[Tb(L)3(H20)].(H20)}» (2) and
{[Gd(L)3(H20)2]}n (3). The photophysical properties demonstrated that the
developed 4-(dipyridin-2-yl)aminobenzoate ligand is well suited for the
sensitization of Tb3* emission. On the other hand, the corresponding Eu3*
complex shows weak luminescence efficiency due to poor matching of the
triplet state of the ligand with that of the emissive excited states of the metal
ion. Furthermore, in this work, a mixed lanthanide system featuring Eu3* and
Tb3* ions with the general formula {[EuosTbos(L)3(H20)2]}n (4) was also
synthesized, and the luminescent properties were evaluated and compared with
those of the analogous single-lanthanide ion systems (1 and 2). These results
have been incorporated in chapter 3.

The fourth chapter describes the synthesis of a series of isostructural

mixed Ln3*-4-(dipyridin-2-yl)aminobenzoate coordination polymers [Ln3* =

Xvii



Eu3+ (1), Tb3* (2), and Gd3* (3)], their characterization and photophysical
properties. The results demonstrated that by gently tuning the excitation
wavelength of these mixed lanthanide complexes, white light emission can be
realized with the Commission Internationale de I'Eclairage coordinates (0.32,
0.34). Furthermore, by changing the concentration profiles of lanthanide ions
stiochiometrically in mixed-lanthanide complexes and exciting at particular
wavelength, various emission colours can also be successfully obtained. The
antenna ligand, 4-(dipyridin-2-yl)aminobenzoic acid provides an efficient
energy transfer for the sensitization of Eu3+ and Tb3* complexes and exhibits red
and green emissions, respectively. Most importantly, due to the high energy
(32150 cm™1) of the Gd3* ion lowest-lying emission level, the corresponding
Gd3* complex displays ligand-centered visible emission in blue light region, and
hence it acts as a blue emitter. Therefore, Eu3* and Tb3* complexes in
conjunction with Gd3+ complex is a suitable choice to obtain tunable white-light-
emission from Ln3* coordination polymers. The morphological analyses of the
mixed lanthanide coordination polymers by Transmission Electron Microscopy
(TEM) discloses that these compounds exist as unique crystalline nano-rods
with an average diameter of 200 nm. The developed mixed lanthanide

complexes also exhibit high thermal stability (~ 420 °C).
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Chapter 1

Lanthanide luminescence: An overview

Lanthanides possess intrinsic luminescence that originates from f-f electron
transitions in the 4f" shell of the [Xe]5s25p® configuration and offer unique
properties for potential applications in many areas including solid state lighting
and biomedicine (Figure 1.1) (Heffern et al. 2014; Biinzli and Eliseeva 2013;
Feng and Zhang 2013; Biinzli 2010; Eliseeva and Biinzli 2010; Rocha et al. 2011;
Brunet et al. 2007; de Bettencourt-Dias 2007; Kido and Okamoto 2002; Yan
2012; Armelao et al. 2010). First, due to shielding by the 5s and 5p orbitals, the
4f orbitals do not directly participate in chemical bonding. The emission
wavelengths of lanthanides 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 Ln3+ salts. Second, 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.

Figure 1.1. Applications of lanthanide luminescence.
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Despite these useful features, obtaining the necessary excited states for
lanthanide luminescence in a material can be difficult. Due to their parity-
forbidden nature, the absorption coefficients for f-f-transitions are very low,
which mostly gives ineffective luminescence. Different lanthanide elements in
their trivalent state show diverse luminescence colours and characteristics. This
results in easily predictable and very narrow emissions, as excited and ground
states do hardly differ except in energy, covering a range from UV to NIR that is
characteristic of Ln3* ions, as shown in Figure 1.2 (Heine and Muller-
Buschubaum 2013). A large number of luminescent lanthanide compounds are
based on Tb3* and Eu3* which provide green or red 4f-4f-emissions,
respectively. Additionally, Tb3* and Eu3* ions feature an energy gap between
their main emissive and receiving states that is large enough to avoid
pronounced vibrational quenching. Lanthanide ions such as Nd3+, Er3* or Yb3+
can provide f-f-emissions in technologically relevant ranges such as NIR or
show upconversion effects where two or more NIR photons are combined into
one shorter wavelength. Yet, lanthanides show much richer photophysics than
this, as they are not generally restricted to metal-centred f-f-luminescence. As
an exception, Ce3* can show 5d-4f-transitions as emission in the visible range,
as the energetic level of the d states is reduced by ligand and crystal fields.
These transitions show a much higher dependence on the coordination
environment of the metal ion than f-f transitions, due to participation of d
states. They provide broad absorption and emission bands that do not require
an antenna effect to improve brightness, as the transitions f-d and d-f are parity

allowed. This is also observed for divalent lanthanide ions like Eu2+, as they can
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also commit 5d levels in luminescence processes. Reduction of energy of 5d
states depending on chemical surrounding and the crystal field dominates broad
band processes that are parity allowed and therefore as strong as for Ce3+.
Hence, transitions involving d and f states significantly differ from f-f

transitions.

300 400 500 600 700 800 900 1000 1100
wavelength / nm

Figure 1.2. Wavelength of the main emissive transitions of the trivalent

lanthanide coordination compounds in the near-UV to near-IR range.

1.1. The Antenna Effect

Although the excited-state lifetimes of Ln3* complexes are long, the forbidden
f-f transitions suffer the consequence of weak intrinsic luminescence due to low
molar absorptivity. Intense light sources such as lasers are required to populate
the excited states of Ln3*ions by direct excitation and are impractical for the
majority of biological imaging. Attachment of a light-harvesting antenna

circumvents this limitation by sensitizing the Ln3* ion in what has been termed



Chapter 1

as the antenna effect (Figure 1.3(A)) (Heffern et al. 2014; Lehn 1990; Sabbatini
et al. 1993). Light absorbed to the short-lived singlet excited state of the
antenna (So— S1) can undergo intersystem crossing to the longer-lived triplet
excited state (S1 — Ti). Sensitization occurs by population of the lowest 5D
excited state of the lanthanide through energy transfer from the T state of the
antenna. Energy transfer can also occur from the S; state, but energy transfer
from the T; state is generally accepted as the mechanism due to its longer
lifetime. Electronic transitions from the >Dj excited state to the 7Fj ground state
of the lanthanide emit photons characterized by a series of bands in the visible
(Eu3* and Tb3*) and near-IR (Dy3* and Sm3*) wavelengths. Figure 1.3(B)
(Heffern et al. 2014) depicts the Do — 7Fj transitions (A] = 0, 1, 2, 3, 4, and 5) for
Eu3* and the >D4 —7F) transitions (A] = 2, 3, 4, 5, 6) for Tbh3* with commonly
observed wavelengths.

The overall quantum yield (®overan) for a lanthanide complex treats the
system as a “black box” in which the internal process is not considered
explicitly. Given that the complex absorbs a photon (i.e., the antenna is excited),
the overall quantum yield can be defined as follows (Comby et al. 2004; Xiao et
al. 2001):

Doverall = PiscPETPLn

where ®s5c and ®gr are the respective efficiencies of intersystem crossing (ISC)
and ligand-to-Ln3+* energy transfer (ET), and @, is the intrinsic quantum yield

of the Ln3* ion.
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Figure 1.3. (A) The antenna effect. (B) Luminescent 4f-4f transitions of
europium and terbium complexes and commonly observed emission

wavelengths to emit red and green light, respectively.

1.2. Sensitizing Antennae

The antenna should possess a high molar absorptivity (high eant) for the So— S1
transition. Ideal excitation wavelengths (Aex) should be > 340 nm to permit the
use of quartz optics and minimize interfering excitation by chromophores in
biological media. Antennae for luminescent lanthanides are generally limited to
excitations < 420 nm due to energy requirements, namely a sufficiently small
singlet-triplet state energy gap for efficient ISC and a triplet state energy that is
greater than that of the Ln3* excited state. Upon absorption, ISC from the S; into
the T state must be favoured over competing radiative (antenna fluorescence)
and non-radiative relaxation back to the So ground state to achieve a high ®s.

This is most efficient when the AE between the T: and Si is < 8000 cm-!
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(Steemers et al. 1995; De Silva et al. 2008). The Ln3* ion in the chelate serves as
a sensitizer for ISC to the triplet state (in addition to being an energy acceptor)
due to the increased spin-orbit coupling from the heavy-atom effect, making ISC
faster in a chelated lanthanide than with the free chromophore. The ®gr of the
T1i(antenna) — 5Dj (Ln) transfer is determined by the energy gap between the
two states (Latva et al. 1997). The energy of the triplet state must be slightly
higher in energy than the >Dj of the lanthanide (20400 cm-! for the 5D4 of the
Tb3+ ion and 17250 cm-1for the Do of the Eu3* ion) but with sufficiently large
AE to minimize back-energy transfer. Such thermal repopulation of the Ti
manifold can be avoided with AE = 1850 cm-1. At short ranges of 10 A or less,
when an antenna molecule is within the bonding distance to the lanthanide ion,
a direct electron exchange via a Dexter mechanism is possible. At longer ranges
of up to 10 nm, for example when an antenna molecule or a complex is
embedded as a guest within the framework of a lanthanide-based MOF, a
dipole-dipole exchange via a Forster transfer may be observed (Biinzli and
Piguet 2005; Dexter 1953).

The ‘design’ of suitable antenna ligands is a vital parameter. A number
of principles have emerged from the study of luminescent lanthanide complexes
that can help to guide the search for an appropriate ligand antenna. To achieve
optimal luminescence quantum yields, a ligand with a T state of appropriate
energy equalling or slightly lower than the excited Ln-state should be chosen so
that the energy difference between the ligand’s triplet state and the excited
lanthanide states is around 2500-3500 cm-! (Latva et al. 1997). Aromatic

carboxylic acids (Raphael et al. 2007; Raphael et al. 2008; Shavaleev et al. 2009;
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Shavaleev 2010; Shavaleev et al. 2009; Zhan et al. 2012) and pS-diketones
(Binnemans 2009; Biju et al. 2009; Biju et al. 2009; Biju et al. 2006; Biju et al.
2009; Raj et al. 2010; Raj et al. 2008; Raj et al. 2010; Divya et al. 2010) are
particularly valuable in this context because such ligands can absorb ultraviolet
light and transfer the absorbed energy to the central lanthanide ions in an
appropriately effective manner. In particular, when aromatic carboxylic acids
are employed as the antenna ligands, the coordinated lanthanide ions exhibit
higher luminescent stabilities than those ligated with other organic ligands. This
enhanced stability is of obvious practical importance in terms of device
performance and stability. A number of lanthanide benzoate coordination
complexes with unique photophysical properties and intriguing structural
features have been disclosed in our recent review article (Reddy and Sivakumar

2013).

1.3. Lanthanide complexes derived from various derivatives of

benzoic acid

A new family of lanthanide (Eu3*, Tb3*, and Gd3*) carboxylate complexes:
[Lnz2(L1)e(MeOH)4]n, [Ln(L1)3(DMF)]» (L1 = benzoic acid), [Ln(L2)3(MeOH)z]»
(L2 = 4-trifluoromethylbenzoic acid), [Ln(L3)3(MeOH)2]» (L3 = 4-
trifluoromethoxybenzoic acid), [Ln(L4)3(DMF)(H20)]> (L4 = 4-ethoxybenzoic
acid), and [Ln(L5)2(NO3)(MeOH)z]» (L5 = 4-n-propoxybenzoic acid), based on
benzoic acid and its derivatives (L1-L5, Figure 1.4) have been developed by
Wong and co-workers (Wong et al. 2003). The molecular structures of the
isolated complexes are established by X-ray crystallography, which revealed
that various chelating modes of benzoate ligands are present in the metal

8
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coordination environment, resulting in the formation of dimeric and polymeric
skeletons. Molecular structures of complexes (Eu3+, Gd3*, and Tb3+) are found to
be isostructural with a particular benzoic acid ligand. Comparison of the
photoluminescence properties of lanthanide complexes with various benzoate
ligands indicated that the electron-donating groups such as ethoxy and propoxy
substituted on the fourth position of the benzoic acid increases the stability of
the complexes, resulting in longer lifetimes and stronger luminescent intensities
as compared with simple lanthanide benzoate complex. On the other hand,
relatively shorter lifetimes and weak luminescent intensities were noted for
electron-withdrawing groups such as trifluoromethyl and trifluoromethoxy
substituted ligands. The triplet state energies of benzoic acid derivatives with
para- and ortho- substituted -OH and -NHz groups are found to be in the range
of 23 500 - 25 500 cm™?, which is above the emission level of 5D¢ for Eu3+ and
5D4 for Tb3* ions (Georges and Arnaud 2000). This therefore supports the
observation of stronger sensitization of terbium complexes than of the
europium complexes because of the smaller overlap between the ligand triplet
and Eu3* ion excited states. Based on the above triplet state energy values, Wong
and co-workers (Wong et al. 2003) concluded that aromatic benzoate ligands
are in general sensitizes Tbh3+ effectively than Eu3+.

Ana de Bettencourt-Dias and co-workers (de Bettencourt-Dias and
Viswanathan 2006) have synthesized several complexes of Eu3* and Th3* with o,
m, p-nitrobenzoic acid anions as ligands (L6-L8, Figure 1.5) and investigated
their photophysical properties (Table 1.1). Single crystal X-ray analysis

discloses that Eu3*-o-nitrobenzoate complex is molecular, with two
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homometallic molecules in the unit cell. On other hand, the formation of

coordination polymers is noted with m- and p-nitrobenzoate complexes of Eu3+

and Tb3+.
HO 0 HO 0o HO 0
L1: Benzoic acid OCF;
CF, L3: 4-(trifluoromethoxy)benzoic
L2: 4-(trifluoromethyl)benzoic acid acid
HO O HO O
OEt OPr
L4: 4-eth0xybenzoic acid Ls: 4_pr0p|]xybe|]z|]ic acid
Figure 1.4. Structure of ligands L1-L5.
HO O HO O HO 0
NO,
NO;
NO,
L6: O-nitrobenzoic acid L7: m-nitrobenzoic acid  L8: p-nitrobenzoic acid

Figure 1.5. Structure of ligands L6-L8.
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Relatively short Ln-Ln distances are seen in the complexes which display a
triply coordinated carboxylate as a bridging bidentate ligand. These complexes
are weakly luminescent in solid state, showing a metal-to-ligand ratio of 1:3. In
solution, experimental evidence points to the formation of only 1:1 species. The
quantum yields are ~1% and 3% for Eu3+-and Tb3*, respectively, in methanolic
solution. The moderate quantum yield observed in methanol solution has been
explained by the small stability constant of these species in solution as well as
the large energy gaps between singlet and triplet levels of the ligand, and triplet
level of the ligand and the emissive excited state of the lanthanide ion. Despite
the strong electron-withdrawing effects of the -NO2 group, for spectroscopic
purposes its effect is not strongly dependent on the relative position of this
functional group in the benzoic acid, as triplet and singlet states of ligands in
solution with Ln3* are relatively close. It is also interesting to note that while -
COO- derivatization of benzene leads to a lowering of triplet energy by ~2600
cm-1, -NO; derivatization to a lowering of ~8700 cm-1 and the presence of
both functional group on benzene leads to a decrease of ~4500 cm-! (Lewis and
Kasha 1944).

The first example of luminescent lanthanide complexes with an o-
nitrobenzoic acid based ligand, namely, 2-nitro-4-thiophen-3-yl benzoic acid
(L9, Figure 1.6), was reported by Ana de Bettencourt-Dias and co-workers (de
Bettencourt-Dias and Viswanathan 2004). The structural analysis of Eu3* and
Tb3+-complexes of 2-nitro-4-thiophen-3-yl benzoic acid revealed that these
complexes are isostructural and crystallize in a triclinic centrosymmetric unit

cell. Each complex molecule is dimeric, containing two Ln3+* ions surrounded by

11
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six ligands. The ligand shows three different coordination modes to the Ln3+
ions: bidentate, bridging bidentate, and bidentate with an oxygen atom bridging
two metal atoms and another oxygen atom coordinating to one of the ions
(triply coordinating). The coordination polyhedron around the Ln3* ions can be
described both as a distorted tricapped trigonal prism and as a monocapped
square-antiprism. However, the authors stated that it is difficult to distinguish
these two geometries in these complexes. The quantum yield of the red emitting
Eu3* complex in methanol solution is found to be 1.4%, while the green emitting
solution shows an efficiency of 8.2% (Table 1.1). In the later studies these
authors have evaluated various thiophenyl- derivitized o, m, p-nitro benzoic acid
ligands (L10-L16, Figure 1.6) as possible sensitizers for Eu3* and Tb3*
luminescence (Viswanathan and de Bettencourt-Dias 2006). The resulting
solution and solid-state species were isolated and characterized by X-ray
crystallography and luminescence spectroscopy. The molecular structure of the
complexes is reported as homobimetallic with six ligands in the complex. Four
of these ligands connect the two metal ions. Two of the ligands have p-COO- -
bridging moiety, and the other two are triply coordinated, the triply coordinated
fashion corresponds to a carboxylate moiety showing bidentate coordination to
one metal ion. The fourth ligand coordinates to only one metal ion in a bidentate
fashion. The coordination number of nine around each metal ion is completed
by two solvent molecules in the coordination sphere. The main differences
between these complexes are in the form of different torsion angles, Ln-O bond
lengths, metal-metal distances and coordination polyhedra around the metal

ions. Moderate solution quantum yields between 0.9 and 3.1% for Eu3*
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containing and 4.7 and 9.8% for Tb3+* containing solutions were reported (Table
1.1).

Table 1.1. Solution state photophysical properties of complexes of ligands L6-
L16.

Ea Eb (poverall (%)
(1S)/cm-t (3T)/cm-?

Ligands Eu Tb
o-nitrobenzoic acid (L6) 32760 25620 0.97 3.00
m-nitrobenzoic acid (L7) 32720 25590 1.09 3.14
p-nitrobenzoic acid (L8) 32590 25020 099 291
2-nitro-4-thiophen-3-yl- 31820 21680 140 8.20
benzoic acid (L9)
2-nitro-5-thiophen-3-yl- 32570 20110 1.40 9.80
benzoic acid (L10)
5-nitro-2-thiophen-3-yl- 33090 19770 0.90 weak
benzoic acid (L11)
4-nitro-2-thiophen-3-yl- 32220 not 1.60 4.70
benzoic acid (L12) observed
3-nitro-5-thiophen-3-yl- 32930 26080 weak weak
benzoic acid (L13)
2-nitro-3-thiophen-3-yl- 33130 22600 1.70 7.90
benzoic acid (L14)
3-nitro-4 -thiophen-3-yl- 32910 25760 2.30 weak
benzoic acid (L15)
3-nitro-2 -thiophen-3-yl- 33450 23600 3.10 weak
benzoic acid (L16)

a = singlet energy, b = triplet energy

The reasons for smaller quantum yields noted in these complexes have been

explained by the smaller stability constant of the species in solution, as well as
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the unfavourable energy gaps between triplet level of the ligand and emissive
excited state of the lanthanide ion. Finally the authors concluded that the strong
electron-withdrawing effect of the nitro group and its position relative to the
coordinating carboxylate moiety do not seem to influence strongly the
photophysical properties of the sensitizer as its effect is counter balanced by the

moderate electron-donating thiophene.

HO [8]
NO, HO O
N
\ O:N NO,
S . . . R
L9: 2-nitro-4~(thiophen-3- L10: ZinltratS-.(thlctphen-S- L11: S-nltro-Z-.(thlo.phcn-S- L12: 4-nitro-2-(thiophen-3-
ylbenzoic acid Y)benzoic acid ylbenzoic acid yl)benzoic acid

HO O

NO,

NO;

L13: 3-nitro-5-(thiophen-3- L14: 2-nitro-3-(thiophen-3- | 5. 3-nitro-4-(thiophen-3- L16: 3-nitro-2-(thiophen-3-
yl)benzoic acid yl)benzoic acid vl)benzoic acid vl)benzoic acid

Figure 1.6. Structure of ligands L9-L16.

A new 3D rare-earth hybrid material Eu(L17) has been synthesised by
a hydrothermal route from europium nitrate and the rigid precursor, 4-
phosphonobenzoic acid (Figure 1.7) by Jaffres and co-workers (Jaffres et al
2009). The structure of Eu(L17) has been solved by X-ray diffraction on a

powder sample and is described as an inorganic network in which both
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carboxylic and phosphonic acid groups are linked to Eu3*ions forming a three-
dimensional architecture. Thermal analysis performed on this compound has
underlined its remarkable stability up to 510 °C. The emission spectrum of the
rare earth hybrid material excited at 310 nm exhibits characteristic peaks of
Eu3+ transitions. This indicates that energy transfer from ligand to Eu3* ion is
efficient. The presence of a single peak for the 5Do— 7Fo transition is consistent
with one crystallographic site for Eu3*ion which is consistent with the crystal
structure.

In order to modulate the light harvesting properties of benzoic acid
ligands, herein a novel aromatic carboxylate ligand, namely, 4-((1H-
benzo[d]imidazol-1-yl)methyl)benzoic acid (L18, Figure 1.7) has been
formulated by anchoring benzimidazole moiety at the 4t position of the benzoic
acid through an alkyl linkage and utilized for the development of a series of new

lanthanide complexes featuring Eu3+, Gd3* and Tb3+* (Lucky et al. 2011).

HO O
HO o HO O E ;
//\N N

N
2
HO” NoH

L17: 4-phosphonobenzoic L18: 4-((1H- L19: 4-(9H-carbazol-9-
acid benzo[d]imidazol-1- yl)benzoic acid
yl)methyl)benzoic acid

Figure 1.7. Structure of ligands L17-L19.
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The X-ray single crystal analysis discloses that the Eu3+-complex forms a 1D
helical chain like coordination polymer, consisting of unique unsymmetrical
dinuclear building blocks (Figure 1.8). It is interesting to mention that the ligand
adopts bridging coordination mode around the Eul center. On other hand,
carboxylates ligands adopt three different coordination modes around EuZ2:
bidentate chelating, bridging, and monodentate. Interestingly, the two europium
centers are inter connected by four aromatic carboxylte groups in a bridging
mode resulting in the dinuclear paddle-wheel building blocks with Eul-----Eul

separation of 4.104 A.

Figure 1.8. The 1D coordination polymer chain of Eu3*-4-((1H-
benzo[d]imidazol-1-yl)methyl)benzoate and polyhedra (pink and blue) showing

unsymmetrical dinuclear Eu3* building blocks.

In a similar fashion, the two Eu2:----Eu2 centers are also connected by two

bridging carboxylte groups to give other type of dinuclear paddle-wheel
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building blocks with Eu2----Eu2 separation of 4.869 A. Finally these two
unsymmetrical bulding blocks are inter connected via one of the carboxylate
group through the nitrogen atom of the benzimidazole moiety to form an
infinite one-dimensional (1D) coordination polymer in a helical arrangement.
The 1D chains are further linked by intermolecular hydrogen bonding
interactions to form a two dimensional supra molecular network. The Tb3+-
complex exhibits bright green luminescence efficiency in the solid state with a
quantum yield of 15%. On the other hand, poor luminescence efficiency has
been observed for Eu3*-benzoate complex.

It is well documented that carbazole moiety incorporated into f-
diketone ligand acts as an efficient photosensitizer for lanthanides (Raj et al.
2010; Zheng et al. 2008; Kon et al. 2001; Nie et al. 2007). On the other hand,
ligands in which carbazole grafted into an aromatic carboxylate ligands are
scarce. Carbazole possesses a number of desirable properties, which include
good chemical stability, modest cost, and the ability to tune the optical and
electrical properties by appending with a wide variety of functional groups. A
new carboxylate ligand, 4-(9H-carbazol-9-yl) benzoic acid (L19, Figure 1.7) has
been synthesized for the first time by grafting a carbazole group as a hole-
transporting moiety to a benzoic acid and utilized for the development of two
lanthanide complexes, Tb(L19)3(H20)2 and Eu(L19)3(H20)2 (Bo et al. 2006). The
composition of the complexes has been determined by various spectroscopic
techniques. The PL studies demonstrated that 4-(9H-carbazol-9-yl) benzoic acid
could sensitize Tb3* luminescence efficiently at room temperature. On the other

hand, the luminescent intensity of the Eu3+-complex is very weak. Obviously, the
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triplet state of the ligand is too near to the Eu3* energy level that allows the back
energy transfer happened easily. Based on the good luminescent intensity and
thermal stability of the Tb3+*-complex, it should be considered as a potential
emitting material for the fabrication of OLEDs.

Reddy et al. prepared a series of 4-benzyloxy benzoic acid derivatives to
investigate the influence of electron-releasing and electron-withdrawing
substituents on the photoluminescent properties of corresponding Eu3* and
Tb3* complexes (Sivakumar et al. 2010). With this aim three novel ligands: 4-
benzyloxy benzoic acid; 3-methoxy-4-benzyloxy benzoic acid; 3-nitro-4-
benzyloxy benzoic acid (L20-L22, Figure 1.9) have been designed and utilised

for the construction of lanthanide coordination compounds.

© Q. g ©
S

(0] O
E E (HzCh
L20: 4-(benzyloxy)benzoic L21: 4-(benzyloxy)-3- L22: 4-(benzyloxy)-3- L.23: 4-(4-(9H-carbazol-9-

acid methoxybenzoic acid nitrobenzoic acid yl)butoxy)benzoic acid

Figure 1.9. Structure of ligands L20-L23.

The molecular structures of the Tb3+*-4-benzyloxy benzoate and Tb3*-3-
methoxy-4-benzyloxy benzoate complexes have been investigated by single-
crystal X-ray diffraction. Interestingly, the Tb3*complex based on 4-benzyloxy
benzoate consist of homodinuclear species that are bridged by two oxygen

atoms from two benzoate ligands. By contrast, the X-ray structure of Tb3+-3-
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methoxy-4-benzyloxy benzoate reveals that each Tb3* ion is connected to two
neighboring ions by four methoxy substituted benzoates via the carboxylate
groups in bridging mode to form an infinite one-dimensional coordination
polymer. The incorporation of an electron-releasing substituent on position 3 of
4-benzyloxy benzoic acid increases the electron density of the ligand and
consequently improves the photoluminescence of the Tb3* complexes (®overan =

33%) (Table 1. 2).
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Figure 1.10. Schematic diagram showing the effect of electron-releasing
(—OCHs3) and electron-withdrawing (-NOz) groups on photophysical properties

of Th3+-benzyloxy benzoate complexes.

On the other hand, the presence of an electron-withdrawing group at this
position dramatically decreases the overall sensitization efficiency of the Th3+-
centered luminescence due to dissipation of the excitation energy by means of a

m*-n transition of the NOz substituent along with the participation of the ILCT
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bands (®Poveran = 0.10%) (Figure 1.10). Given the substantial energy gaps
between the triplet states of the various benzoate ligands and the emissive level
of Eu3+, it is not surprising that the Eu3* benzoates exhibit poor luminescence
intensities (Table 1.2) (Latva et al. 1997).

A unique, green luminescent solvent-free terbium coordination
polymer based on a new aromatic carboxylate ligand, 4-[4-(9H-carbazol-9-
yl)butoxy]benzoate (L23, Figure 1.9) has been synthesized and structurally
solved by single-crystal X-ray diffraction (Raphael et al. 2012). The polymer
exhibits an unusually low coordination number for a terbium cation (CN = 6).
The incorporation of a bulky carbazolylbutyl group in the p-hydroxy benzoate
ligand appears to be responsible for the exclusion of solvent from the derived
structure, by inducing the second order steric crowding within the immediate
coordination environment (de Lill and Cahill 2006; Fomina et al. 2012; Buskamp
etal. 2007; Cotton 2006; Rao et al. 2004). The structural data revealed that, the
terbium atoms in the coordination polymer reside in an octahedral ligand
environment that is somewhat unusual for a lanthanide (Figure 1.11). It is
interesting to note that, each carboxylate group exhibits only a bridging-
bidentate mode, with a complete lack of complex connectivities that are
commonly observed for extended lanthanide-containing solid-state structures.
Examination of the packing diagram of the crystal structure revealed the
existence of two-dimensional molecular arrays held together by means of CH-mt
interactions. Photophysical investigations revealed that the presence of
bidentate nitrogen donor ligands significantly enhances the quantum yields of

both the Eu3* and Tb3+* benzoate complexes (Table 1.2). This observation can be
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explained on the basis of additional energy transfer from the ancillary ligand to
the carboxylate ligand in the ternary complexes, which in turn enhances the
overall sensitization efficiency of the complex molecule. This result may be
further explained on the basis of the minimization of nonradiative decay rates in

monomeric complexes in comparison with those of polymeric species.

Figure 1.11. The solvent-free 1D coordination polymer chain in Tb3+-4-[4-(9H-
carbazol-9-yl)butoxy]benzoate complex and the polyhedra showing octahedral

geometry. All hydrogen atoms were omitted for clarity.

It is evident from the photophysical data that europium coordination polymer
displays poor quantum yield (®overas = 0.11%) as compared to terbium analogue
(Doveran = 2.0%), which can be explained on the basis of larger energy gap (AE =
3mm*- 5D = 6673 cm~1) between the excited state level of the Eu3* cation and the
triplet energy level of the ligand (Latva et al. 1997). On the other hand, due to
the smaller energy gap between the >D4 excited state level of the Tbh3+ cation and

the triplet state of the ligand (AE = 3nm*- D4 = 3423 cm~1) Tb3*-complex shows
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an improved quantum yield. However, the overall quantum yields and the
sensitization efficiency noted for both the lanthanide compounds in the current
study are found to be somewhat inferior as compared with various lanthanide
benzoate complexes reported earlier in our laboratory (Sivakumar et al. 2010;
Lucky et al. 2011). The fact that both the lanthanide complexes derived from 4-
[4-(9H-carbazol-9-yl)butoxy]benzoate exhibit residual ligand emission in 375-
475 nm region as can be noted from the respective emission spectra, which
indicates that modest efficiency of energy transfer from the ligand to the
Ln3+center. These spectral features are further supported from the crystal
structure of the Tb3*-complex that the appended carbazole moiety of the new
ligand is away from the central Tb3+ion (11.6 A). Thus the carbazole moiety may
not be able to efficiently transfer energy to the central lanthanide ion, which
results in the residual emission of the ligand. However, incorporation of the
bidentate nitrogen donors phen or tmphen breaks the coordination polymer
into discrete monomeric complexes while simultaneously serving to enhance
the overall quantum yields of these complexes.

The Tb3* complex of 2,6-dihydroxy benzoic acid (L24, Figure 1.12) has
been isolated, structurally characterized and investigated the photophysical
properties by Santos and group (Santos et al. 2003). The single-crystal X-ray
diffraction studies revealed the molecular structure of the Tb3*-complex as
[nBusN]2[Ln(L24)s5(H20)2]. The crystal structure contains one
crystallographically unique metal center coordinated to five 2,6-dihydroxy
benzoate ligands and two water molecules, in a geometry which is best

described as a distorted tricapped trigonal prism. The Tb3*-complex shows
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intense photoluminescence in both solid state and ethanol solution.
Surprisingly, when ground by hand in daylight, single crystals of Tb3+-complex
exhibits green triboluminescence detectable by the naked eye. The Tb3* complex
is a non-centrosymmetric ionic complex and it has been suggested (Chen et al.
1999; Rheingold and King 1989) that triboluminescence arises from charge
separation by partial fracture along oppositely charged planes. Given its
triboluminescence behaviour, the Th3* complex is a potential candidate for the

development of optical sensors.

HO O
HO O
HO OH o 0
L24: 2,6-dihydroxybenzoic acid L25: 3,5-
bis(benzyloxy)benzoic acid
HO 0 HO.__-O
O
0 0
F. F F. F
” N N°» |
<) -~ F F F F
L F
L26: 3,5-bis(pyridin-2- 127 3,5 bis((perfluorophenylymethoxy)}
ylmethoxy)benzoic acid benzoic acid

Figure 1.12. Structure of ligands L24-L27.

Reddy and co-workers have designed two novel photosensitizers for
Ln3* ions, namely, 3,5-bis(benzyloxy)benzoic acid and 3,5-bis(pyridine-2-
ylmethoxy)benzoic acid, which were synthesized by replacing the hydroxyl

hydrogens of 3,5-dihydroxy benzoic acid with benzyl and pyridyl moieties,
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respectively (L25-L26, Figure 1.12) (Sivakumar et al. 2011). The anions derived
from the above ligands have been used for the support of a series of lanthanide
coordination compounds [Eu3*, Tb3*or Gd3+] and the resultant complexes were
characterized on the basis of variety of spectroscopic techniques in conjunction
with the assessment of their photophysical properties. Lanthanide complexes,
which were synthesized from 3,5-bis(pyridine-2-ylmethoxy)benzoic acid, were
structurally authenticated by single-crystal X-ray diffraction. All the compounds
are found to exist as infinite one-dimensional (1-D) coordination polymers of
the general formula {[Ln(L26)3(H20)2]-xH20}, (Figure 1.13). The Ln center is
coordinated to four carboxylate oxygen atoms of the bridging 3,5-bis(pyridine-
2-ylmethoxy)benzoate ligands, two carboxylate oxygen atoms of the chelating
benzoate ligand, and two water molecules. Furthermore, the Ln centers are
doubly bridged by the carboxylate groups of the 3,5-bis(pyridine-2-
ylmethoxy)benzoate ligands thereby forming an infinite 1-D chain. The most
striking feature of these compounds is the presence of free Lewis basic pyridyl
sites within the 1-D coordination polymer (Figure 1.13), this in turn, augurs well
for the potential utility of these compounds for the recognition and sensing of
metal ions. Scrutiny of the packing diagrams of these coordination polymers
revealed the existence of interesting two-dimensional molecular arrays held
together by intermolecular hydrogen-bonding interactions. The newly designed
3,5-bis benzyloxy benzoate derivatives are found to be adequate sensitizers for

the Tb3+ion.
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Free Lewis basic

Figure 1.13. The 1D coordination polymer chain of {[Tb(L26)3(H20)2]-xH20}x

showing free Lewis basic pyridyl sites.

Indeed, their excited states lie at sufficiently high energies in comparison with
that of the 5D4 state to obviate back transfer of energy. As a result, even in the
presence of metal-bound water molecules, the solid state quantum yields
(Doveran = 27-60%) and lifetimes (zbs = 1.16-1.38 ms) of the sensitized Tb3+*
complexes are appreciably higher (Table 1.2). In contrast to the foregoing, the
Eu3+-complexes show poor luminescence efficiencies because of the larger
energy gap between the triplet states of the ligands and >Do excited state level of
Eu3* ion (7259 cm-1) (Latva et al. 1997). Terbium complex based on 3,5-
bis(benzyloxy)benzoic acid exhibits higher quantum yield (®overan = 60%) and
efficient ligand-to-metal energy transfer (®sex = 60%) than Tb3+-3,5-
bis(pyridine-2-ylmethoxy)benzoate because of the better match of the triplet

energy level of the 3,5-bis(benzyloxy)benzoic ligand to that of the Tb3+ emitting
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level.18 The introduction of highly conjugated benzyl groups in 3,5-
bis(benzyloxy)benzoic acid lowers the triplet energy to 24509 cm-1, and
therefore it exhibits superior quantum yields (60%) for Tbh3* ion as compared
to 4-benzyloxybenzoic acid (®overan = 10%). The sensitizing ligands containing
high-energy oscillators, such as C-H, O-H, and N-H bonds, quench the metal
excited states nonradiatively leading to decreased luminescence intensities and
shorter excited-state lifetimes in lanthanide coordination compounds (Artizzu
et al. 2007; Biju et al. 2006; Biju et al. 2009). Accordingly, to eliminate such
quenching effects, highly fluorinated antenna chromophores have been
reported for the sensitization of near-IR emissive lanthanides such as Er3+, Nd3+
and Yb3* (Glover et al. 2007; Mech et al. 2010; Chen et al. 2006; Norton et al.
2009). Approaches involved alkyl chain C-F substitution of -diketonate ligands
are well known for the sensitization of emitting Ln3+-ions (Sun et al. 2006).
However, the effect of fluorination on the luminescence intensities of visible
emitting lanthanide-benzoate complexes (Eu3* and Tb3+*) has not yet been
examined.

Recently Reddy and co-workers have demonstrated that the
replacement of high energy C-H vibrations with fluorinated phenyl groups in the
3,5-bis(benzyloxy benzoate) significantly improves the luminescence intensity
and lifetime of Eu3*-complex (@overan = 6.5%; 7bs = 615 us; Dsen = 24%)
[Sivakumar and Reddy 2012] as compared to the Eu3*-complex of 3,5-
bis(benzyloxy)benzoate (Doveran = 1.1%; zobs = 426 us; Psen= 3.6%) (Sivakumar

etal. 2011).
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Table 1.2. Solid state photophysical properties of complexes of ligands
L20-L29.

Ligands Ea Eb Tobs (uS) D, (%) Dsen (%) Doverai (%)
(*S)/em=t - (3T)/cmt

Eu Tb Eu Tb Eu Tb Eu Tb
L20 32573 26178 420 1180 15 77 0090 13.00 00.14 10.00
L21 29239 24813 400 1240 25 93 0190 35.00 00.49 33.00
L22 35842 24937 380 1040 24 82 00.17 <0.01 00.04 00.10
L23 23923 28089 344 986 17 62 00.64 0232 00.11 02.00
L23(phen) 1098 1006 41 82 24.00 19.00 10.00 14.00
L23(tmphen) 1176 1262 43 88 49.00 37.00 19.10 33.00
L25 30581 24509 426 1160 41 ~100 03.60 60.00 01.50 60.00
L26 31152 25253 426 1377 17 ~100 0590 27.00 01.00 27.00
L27 30675 24038 615 1151 16 ~100 24.00 52.00 06.50 52.00

a = singlet energy, = triplet energy

A new antenna chromophore 3,5-bis(perfluorophenyl)methoxy)benzoic acid
(L27, Figure 1.12) was designed by replacing the hydroxyl hydrogen atoms in
3,5-dihydroxy benzoic acid with highly fluorinated phenyl groups for the
sensitization of visible emitting Ln3* jons. It is interesting to note that the
designed fluorinated carboxylate is well-suited for the sensitization of Tb3+-
emission (Dsen= 52%) (Figure 1.14), thanks to a favorable position of the triplet
state of the ligand [AE (3mrm*- 5D4) = 3538 cm™!] as investigated in the Gd3*
complex. On the other hand, the corresponding Eu3+*-complex shows weak
luminescence efficiency (®sen = 24%) due to poor match of the triplet state of

the ligand with the emissive excited states of the metal ion [(AE = (3nm*- Do) =

27



Chapter 1

6788 cm~1] (Table 1.2). It is also noted that, the Eu3*-complex is associated with
a large value of non-radiative decay rates (Axr = 1468 s1), which may quench
the effective radiative decay rates thereby decreasing the sensitization
efficiency and overall quantum yield value. Further efforts have also been made
to isolate luminescent molecular terbium plastic materials by combining the
unique optical properties of lanthanides with that of mechanical, thermal
stability, flexibility and film forming tendency of polymers (PMMA). The
emission spectra of PMMA doped with the Tb3*-compound at a variety of
concentrations (6, 8, 10 and 12% w/w) and excited at 320 nm exhibit well
defined emission peaks characteristic of the D4 — 7Fj (J = 6-3) transitions of
Tb3+ ion in the 480-650 nm region (Figure 1.14). The luminescent intensity of
Tb3*emission at 545 nm increases with increasing concentrationTb3+-compound
and reaches a maximum at 8%. The further increase in the terbium content
decreases the luminescent intensity. The energy transfer between the
lanthanide ions themselves is a non-radiative process, which is responsible for
the decrease in the Tbh3+* emission, especially at high metal concentrations (Biju
et al. 2009; Kai et al. 2008). Notably, these terbium molecular plastic materials
derived from highly fluorinated benzoate ligand display bright green
luminescence efficiency with high quantum yields (63-65%) (Figure 1.14) and
lifetime values (1.20-1.49 ms) as compared to precursor Tb3+-compound, thus
making these polymer films an interesting candidate for practical applications
as polymer optical fibers or as dopant in organic light-emitting devices. In
Tb/PMMA polymer films, the long chain of PMMA molecule enwraps the Tb3+*-

3,5-bis(perfluorophenyl)methoxy)benzoate complex making the distance
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between donor and acceptor closer, resulting in efficient intermolecular energy
transfer thereby enhancing the overall quantum yield of Tb3+-doped polymer

films.
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Figure 1.14. Photograph of Tb3+-3,5-bis(perfluorophenyl)methoxy)benzoate

complex and PMMA polymer film doped with 8% Tb3+-complex.

Very high quantum yields have been reported for Tb3*-p-
aminobenzoate complex, which is somewhat surprising in view of the
coordination of both -NH2 and —OH: as ligands, as they are essential vibrational
deactivators of the excited state (Fiedler et al. 2007). However, it should be
noted that both Ln-OH> distance (261 pm) and Ln-NH; distance (276 pm) are
fairly long in the Tb3+-p-aminobenzoate complex and multiphoton emission may
thus be of secondary importance only, which is even more pronounced due to

fairly strong hydrogen bonding.
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1.4. Tunable white light emission in lanthanide metal-organic

frameworks

The interest in white light-emitting materials and devices stems from their
potential applications in solid-state lighting, low-cost back-lighting and full-
color displays. (Reineke et al. 2009; Zhu et al. 2011; Liu et al. 2012; Farinola and
Ragni 2011). High quality white light illumination requires a source with the
Commission internationale de 1'éclairage) (CIE) coordinates (0.333; 0.333), with
correlated color temperature (CCT) between 2500 and 6500 K, and color
rendering index (CRI) above 80.159. In principle, white emission should ideally
be composed of two (blue and yellow) or three (blue, green, and red) primary
colors and cover the whole visible range from 400 to 700 nm, and the emitters
should have the ability to emit primary colors simultaneously and be
comparable in intensity to produce white light and the pure colors separately in
a tunable way (Figure 1.15). Different approaches have been reported to obtain
efficient white-light-emitting materials. They mainly focus on metal-doped or
hybrid inorganic materials, nano-materials, organic molecules, and metal
complexes. However, the emission from organic or inorganic luminescent
materials can only cover part of the visible spectrum. Recently, lanthanide-
containing materials, especially, metal organic frameworks or also known as
coordination polymers (CPs) or coordination networks, which exhibit excellent
sharp-emission luminescence properties with suitable sensitization, have
attracted considerable interest and been effectively used in designing of white-
emitting materials (Song et al. 2013; Ma et al. 2013; Kerbellec et al. 2009; Rao et
al. 2012; Tang et al. 2014; Zhang et al. 2014).
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Figure 1.15. Representation of white emission.

Interestingly, Eu3* and Tb3* based metal complexes exhibit intense red and
green emissions, respectively. On the other hand, Gd3* complex emits in the blue
region in view of its high lowest emitting level (32,150 cm-1). Consequently,
mixed lanthanide complexes (Gd3+, Tb3+ and Eu3*) have potential applications in
generating white-light emission (Ma et al. 2012; Zhang et al. 2013) . The relative
luminescence intensity between the lanthanide ions and antenna chromophore
strongly depends on the nature of the energy transfer, thus allowing the fine-
tuning of the MOFs emission color across the CIE diagram. In addition, the
emission color can also be readily modulated both by chemical factors (Ln3+
types and concentration, ligand structure, coordination status, guest species)
and by physical parameters (excitation wavelength and temperature).
[sostructurality of the complexes in a series of lanthanide complexes is
a prerequisite to achieve efficient doping and thus to obtain lanthanide codoped
systems with tunable emission characteristics, especially white light. For
example, making use of the isostructurality in Gd3+, Eu3* and Tb3* complexes
{[Ln3(bidc)4(phen)2(NO3)]-2H20},» (bidc = benzimidazole-5,6-dicarboxylic acid;
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phen = 1,10-phenanthroline) variations in the relative intensities of blue, green
and red was achieved by adjusting the doping ratios of Gd3*, Tb3*and Eu3+,
respectively. By changing the relative amount of Gd3*, Eu3* and Tb3* in the
doped complexes blue, red and green light emitting components were
systematically incorporated into the materials; with the molar ratio of
98.5:0.5:1 (Gd3*:Eu3*:Tb3*), (1) (Figure 1.16) white light emission with CIE

chromaticity coordinates (0.322, 0.328) was attained (Ma et al. 2012).

Figure 1.16. Representation of tunable white-light emission observed in 1.

Using the aforesaid strategy, stoichiometric ratio of the lanthanide ions in
isostructural =~ mixed-lanthanide = complexes  [Gdix.yEuxTby(pyridine-2,6-
dicarboxylate)s].(H2NMez)3 (2) was adjusted to bring about a fluent change of
emission colors within the full color region including green, blue-green, blue,
pink, white, yellow, orange and red; it is in fact a rare example for obtaining full-
colour luminescent materials based on lanthanide-organic complexes. Also was
attained a strong white light-emission with CIE coordinates of (0.331, 0.337)

and high quantum yield up to 62%. In the doped complex Eu3* and Tb3+* emitting
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species acted as red and green light source while pyridinedicarboxylate linker
served as the blue emitter. The inefficient blue emitting power of the
carboxylate linker was compensated by maintaining a much higher composition
percentage of Gd3* (for example, Gd:Eu:Tb ratio of 0.9365: 0.0370: 0.0265) over
the other two Ln components. This allowed for the dilution of the other two rare
earth ions in the solid state and also to maximize the blue emission (Figure

1.17) (Zhang et al. 2013).

HO /

Figure 1.17. The coordination sphere of 2 and the photographs of the emission
colors obtained by varying the lanthanide composition (excited using a Xe

lamp).

In a yet another example, the emission color of the complex
[Eu0.0040Tbo.0460Gdo.9500(1,3,5-tris(4-carboxyphenyl)-benzene))(DMSO0)2].H20 (3)
switched between blue, white and yellow emission chromaticity, by varying the
excitation wavelength; a rare example of its type in mixed-lanthanide MOF

family (Figure 1.18). Thus, with Aex = 315 nm the material exhibited an orange
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emission with CIE coordinates of (0.41, 0.41), a white emission (0.36, 0.32) at
Aex = 347 nm and a blue emission (0.19, 0.13) at Aex = 365 nm. This excitation-
dependent photoluminescence tuning and the reversible on-off switching in the
blue, yellow and white regions was proposed to be controlled by different

energy transfer processes. The reversible emission switching indicates non-

destructive readout ability in the solid state (Zhang et al. 2014).
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Figure 1.18. Coordination network formed in 3, together with its solid state PL

spectrum obtained by varying excitation wavelength.

Besides Gd complexes, La complexes also exhibit ligand based blue
emission which could be used as a source of blue light to attain white light
emission.  Thus, in  isostructural = complexes of  {[Ln2(5-(3,5-
dicarboxybenzyloxy)isophthalic acid))z]-(H20)3-(Me2NHz)2}» (Ln = La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Ho, Er) (4) the blue-emission of La-complex and the intense
emission from Eu3* and Tb3* ions were employed to tune the emission color.

Accordingly, the materials with the composition Euo.17Tbo.1sLaoes(L) and
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Euo.16Tbo.19Laoss(L) (Figure 1.19) were found to have the CIE coordinates

(0.330, 0.334) and (0.332, 0.338), respectively (Ma etal. 2013).

Er
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Figure 1.19. PXRD patterns confirming the isostructurality of the series of
complexes. The CIE coordinates characteristic to the emission for

Euo.17Tbo.18Lao.es(L) and Euo.16Tbo.19Lao.es(L).

In Tb3+/Eu3+* doped [Laz(pyridine-2,6-dicarboxylate)s3(H20)s] (5) closer
triplet state of ligand (71 = 25,000 cm-1) and the emitting excited state of Tb3+
(°D4 = 20,400 cm~1) invoked an efficient ligand to metal energy transfer and an
enhanced metal-specific emission. Thus, together with the ligand-centered blue
emission, the emission colors were systematically by varying the concentration
of the Tb3* and Eu3* from 0.1% to 10% molar percentage. For the compositions
5: 1.0% Tb3+, 2.0% Eu3* and 5: 1.5% Tb3*, 2.0% Eu3* the complexes emitted in
white light region with the corresponding CIE coordinate (0.3269, 0.3123) and

(0.3109, 0.3332), respectively (Rao et al. 2012).
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1.5. Objectives of the present investigation

The luminescence quantum yield is an important parameter to characterize the
lanthanide luminescence, defined as the ratio between the number of emitted
photons divided by the number of absorbed photons. For luminescent
lanthanide complexes, the overall luminescence quantum yield is determined by
the efficiency of sensitization and by the intrinsic quantum yield of the
lanthanide luminescence. The intrinsic quantum yield is the quantum yield of
the lanthanide-centered luminescence upon direct excitation into the 4f levels,
which reflects the extent of nonradiative relaxation processes occurring both in
the inner- and in the outer-coordination spheres of the lanthanide ion and
depends on the energy gap between the emissive state and the highest sub level
of the ground state of lanthanide ion. It is well documented that due to the
presence of high-energy C-H, N-H and O-H oscillators in the ligands and
solvents, which significantly quench the metal excited states nonradiatively,
leading to decreased luminescence intensities in lanthanide coordination
polymer complexes. To alleviate nonradiative decays in luminescent lanthanide
complexes, a variety of strategies have been adopted in the current work to
shield the ion excited levels to high nonradiative transition probability by O-H,
C-H and N-H oscillators. Recently, among aromatic carboxylate acids,
especially, benzoates have proven to be efficient sensitizers for lanthanide ions
when modified with light-harvesting moieties (Reddy and Sivakumar 2013).
Further, the benzoate ligands were selected on the basis of the fact that

carboxylate groups interact strongly with the oxophilic lanthanides and the
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delocalized m-electron system provides a strongly absorbing chromophore.
Therefore, the primary objective of the present work is to design and develop
novel efficient light emitting materials based on lanthanide benzoates and
investigate their photophysical properties. Yet another objective of the present
investigation is to structural authentification of the designed lanthanide
antenna complexes by X-ray single crystal analysis. Furthermore, the
photoluminescence properties of the designed lanthanide benzoates will be
systematically evaluated and correlate with the triplet energy level of the newly
developed benzoate molecules.

White-light-emitting materials have broad applications in displays and
solid-state lighting. Obtaining such materials has been a considerable challenge.
With judiciously chosen red-(Eu3+) and green-(Tb3+) emissive ions, doped in an
appropriate blue emitting host, it is possible to obtain phosphors which emit
light across the entire visible spectrum with high color purity. Thus another
objective of the present investigation is to develop white-light emitting

materials based on isostructural lanthanide benzoate complexes.
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Synthesis, Crystal Structure and Photoluminescence of
Homodinuclear Lanthanide 4-(Dibenzylamino)benzoate

Complexes

2.1. ABSTRACT

Energy Transfer

Three new binuclear lanthanide complexes of general formula [Lnz(L)e(H20)4]
(Ln =Tb (1), Eu (2) and Gd (3)) supported by the novel aromatic carboxylate
ligand 4-(dibenzylamino)benzoic acid (HL) have been synthesized. Complexes
1 and 2 were structurally characterized by single-crystal X-ray diffraction. Both
1 and 2 crystallize in the triclinic space group P1 and their molecular structures
consist of homodinuclear species that are bridged by two oxygen atoms from
two carboxylate ligands via different coordination modes. The discrete bridged
dimer of 1 is centrosymmetric and features eight-coordinate terbium atoms,

each of which adopts a distorted square-antiprismatic geometry. Both
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coordination spheres comprise two n?-chelating benzoates, two wu-ni:ni-
carboxylate interactions from the bridging benzoates, and two water molecules.
By contrast, in complex 2 the Eu3* ion coordination environment is best
described as a distorted tricapped-trigonal prism, each europium ion being
coordinated to three 7?-chelating benzoate ligands and two water molecules.
One of the 7?-carboxylate ligands is involved in a further interaction with an
adjacent metal, thus rendering the overall binding mode bridging tridentate, u-
n?:nl. Scrutiny of the packing diagrams for 1 and 2 revealed the existence of a
one-dimensional molecular array that is held together by intermolecular
hydrogen-bonding interactions. The Tb3* complex 1 exhibits high green
luminescence efficiency in the solid state with a quantum yield of 82%. On the
other hand, poor luminescence efficiency has been noted for Eu3+-4-

(dibenzylamino)benzoate complex.

Ramya, A. R; Reddy, M. L. P.; Cowley, A. H.; Vasudevan, K. V. Inorganic

Chemistry., 2010, 49, 2407 - 2415.
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2.2. INTRODUCTION

The unique electronic structures of lanthanide cations ligated with conjugated
organic ligands continue to stimulate an ever increasing number of important
technological applications in fields as diverse as biomedicine and materials
science (Binnemans 2009; Brunet et al. 2007; Biinzli 2006; Biinzli and Piguet
2005; de Bettencourt-Dias 2007; Gunnlaugsson and Leonard 2005; Kuriki et al.
2002; Moore et al. 2009; Pandya et al. 2006; Parker 2004; Picot et al. 2008).
Moreover, the long excited-state lifetimes and the high chromaticities of the
lanthanides are also pertinent to applications in the domain of solid-state
photonic materials. For instance, Tb3*, Eu3+, and Tm3* cations are used as green,
red, and blue emitters, respectively, in multicolor displays and organic light-
emitting diodes (OLEDs) (Justel et al. 1998; Hao et al. 2001). However, since f-f
transitions are parity forbidden, unligated luminescent lanthanide cations have
extremely low molar extinction coefficients hence direct lanthanide excitation
results only in modest luminescence intensities (Carnall et al. 1962; Carnall
1963; Carnall et al. 1965; Kim et al. 2006). Therefore, over the past few years,
efforts have been made to augment the absorption coefficients and thereby
obtain significantly more intense lanthanide ion emissions. Fortunately, this
objective can be accomplished by prudent selection and synthesis of organic
ligands with conjugated motifs. Aromatic carboxylic acids (Louise et al. 2007;
Chen et al. 2007; Eddaudi et al. 2001; Pan et al. 2004; Bredol et al. 1991) and S-
diketones (Biju et al. 2006; Binnemans 2009; de Sa et al. 2000; Zheng et al.
2008; Fratini et al. 2008; Binnemans and Gorller-Walrand 2002) are

particularly valuable in this context because such ligands can absorb ultraviolet
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light and transfer the absorbed energy to the central lanthanide ions in an
appropriately effective manner (the so-called antenna effect) (Biinzli and
Piguet 2002; Lehn 1990; Parker 2000; Petoud et al. 2003; Piguet and Bunzli
1999). In particular, when aromatic carboxylic acids are employed as the
antenna ligands, the coordinated lanthanide ions exhibit higher luminescent
stabilities than those ligated with other organic ligands (Raphael et al. 2008;
Raphael et al. 2007). This enhanced stability is of obvious practical importance
in terms of device performance and stability.

A number of lanthanide benzoate coordination complexes with unique
photophysical properties (Hilder et al. 2009; Song et al. 2008; Tsaryuk et al
2006) and intriguing structural features (Busskamp et al. 2007; Deacon et al.
2007; Zhong et al. 2008; Chen et al. 2007) have been disclosed recently. The
benzoate ligands were selected on the basis that carboxylate groups interact
strongly with the oxophilic lanthanoids and the fact that the delocalized #-
electron system provides a strongly absorbing chromophore (de Bettencourt-
Dias and Viswanathan 2006; Hilder et al. 2009; Tsaryuk et al. 2006). Prior
results suggested that derivatization of the benzoic acid analogues with
thiophene had a beneficial effect in terms of tuning the triplet state of the
antenna. In particular, the enhanced emission quantum yield originated from a
better match between the pertinent ligand orbitals and lanthanide ion excited
states (Viswanathan and de Bettencourt-Dias 2006). The intense fluorescent
emissions of homodinuclear lanthanide complexes of 4-cyanobenzoic acid imply
that the ligand-to-Ln3+ energy transfer is efficient and that coordinated water

molecules do not quench the luminescence by nonradiative dissipation of
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energy (Li et al. 2006). Very high quantum yields (88%) have been reported
with terbium-aminobenzoate complexes, which is somewhat surprising in view
of the coordination of both -NH; and OH: ligands (Fiedler et al. 2007), since
such moieties usually function as vibrational deactivators of the excited
state (Sabbatini et al 1993).

Given the important potential applications of lanthanide carboxylates
and the fascinating properties of benzoate ligands, we were prompted to
prepare a new series of lanthanide complexes featuring the 4-
(dibenzylamino)benzoic acid ligand (Figure 2.1) by replacing the hydrogens of
the —NH2 group with benzyl groups. The highly conjugated benzoic acid
functionality has a significant influence on the distribution of 7-electron density
within the ligand system. Accordingly, the effective charges on the atoms
coordinated to the Ln3* ions can be changed and the interaction of the ligand
with metal ion can be modified. As a consequence, the energies of the ligand-
metal charge transfer states (LMCTs) and the position of the triplet level are
changed, which in turn has profound effects on the luminescent properties of
various Ln3* ions. In the present work, a new derivative of benzoic acid has
been designed, characterized and utilized for the synthesis of the desired Th3+,
Eu3* and Gd3* complexes. Two of the new lanthanide 4-
(dibenzylamino)benzoates have been structurally characterized by single-
crystal X-ray diffraction and the photophysical properties of all three of the new
lanthanide benzoate complexes have been investigated and correlated with the

triplet energy levels of the designed ligand.
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HO 0

Figure 2.1. Structure of the ligand 4-(dibenzylamino)benzoic acid.

2.3. EXPERIMENTAL SECTION

2.3.1. Materials

Europium(IIl) nitrate hexahydrate, 99.9%, terbium(III) nitrate hexahydrate,
99.9% and gadolinium(III) nitrate hexahydrate, 99.9% were procured from
Triebacher. Methyl 4-aminobenzoate, 98%, and benzyl bromide, 99.9% were
purchased from Sigma-Aldrich and used without further purification. All the
other chemicals used were of analytical reagent grade.

2.3.2. Characterization and spectroscopic techniques

Elemental analyses were performed with a Perkin-Elmer Series 2 Elemental
Analyzer 2400. A Perkin-Elmer Spectrum One FT-IR spectrometer was used to
obtain the IR spectral data (neat KBr) and a Bruker 500 MHz NMR spectrometer

was used to record the TH NMR and 13C NMR (125 MHz) spectra of the ligand in
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CDCl3 solution. The mass spectra were recorded on a JEOL JSM 600 fast atom
bombardment high resolution mass spectrometer (FAB-MS) and the
thermogravimetric analyses were performed on a TG/DTA-6200 (SII Nano
Technology Inc., Japan). The absorbance of the ligand were measured in CHCl3
solution on a UV-vis spectrophotometer (Shimadzu, UV-2450) and 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 measurements were carried out at room
temperature using a Spex 1040D phosphorimeter.

The overall quantum yields (®overa) were measured using an
integrating sphere in a SPEX Fluorolog spectrofluorimeter. The PL quantum
yields of thin films (®overan) 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 quartz cover slips. The quantum yields were determined by
comparing the spectral intensities of the lamp and the sample emission as
reported in the literature (de Mello et al. 1997; Shah et al. 2006; Palsson and
Monkman 2002). 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 aluminum (Algs) was
determined to be 0.19, which is consistent with previously reported
values (Colle et al. 2003; Saleesh Kumar et al. 2008). Each sample was

measured several times under slightly different experimental conditions. The
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estimated error for the quantum yields is (£10%) (Eliseeva et al. 2008). For
measuring the quantum yield by the relative method, the diffuse reflectance
spectra of the new lanthanide complexes and the standard phosphor were
recorded on a Shimadzu, UV-2450 UV-vis spectrophotometer using BaSO4 as a
reference. The overall quantum yields (®overa), were measured at room
temperature using the technique for powdered samples described by (Bril and

De Jager-Veenis 1976), along with the following expression:

(Doverall = i:—rrSt X % X (Dst
X t

where ry and rs: represent the diffuse reflectance of the complexes and the
standard phosphor, respectively (with respect to a fixed wavelength), and @ is
the quantum yield of the standard phosphor. The terms Ax and As: represent the
areas under the complex and the standard emission spectra, respectively. To
acquire absolute intensity values, BaSO4 was used as a reflecting standard. The
standard phosphor used was pyrene (Aldrich), the emission spectrum of which
comprises a large broadband peaking around 471 nm, with a constant ® value
(Dst = 61%, Aex= 313 nm) (Melhuish 1964). Three measurements were carried
out for each sample, and the reported ®overan value corresponds to the
arithmetic mean value of the three values. The errors in the quantum yield
values associated with this technique were estimated to be within £10% (Carlos
et al. 2003; De Mello Donega et al. 1996).

The X-ray diffraction data were collected at 153 K on a Nonius Kappa

CCD diffractometer equipped with an Oxford Cryostream low-temperature
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device and a graphite-monochromated Mo Ke radiation source (A = 0.71073 A).
Corrections were applied for Lorentz and polarization effects (Sheldrick 1994).
Both structures were solved by direct methods and refined by full-matrix least-
squares cycles on F2. All of the non-hydrogen atoms were allowed anisotropic
thermal motion, and the hydrogen atoms were placed in fixed, calculated
positions using a riding model (C-H, 0.96 A). X-ray crystallographic information
files can be obtained free of charge via
www.ccdc.cam.ac.uk/consts/retrieving.html (or from CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK, fax: +44 1223 336033; e-mail: deposit
@ccdc.cam.ac.uk). The CCDC numbers are 743231 and 746200 for 1 and 2,
respectively. A molecule of DMSO has been added to the molecular formulas of 1
and 2 since in each case it was removed via “Squeeze” due to the extreme
disorder which could not be solved. Furthermore, the water protons were not
located, and the hydroxyl protons have been placed in the positions that were

calculated on the basis of optimum hydrogen bonding.

2.3.3. Synthesis and characterization of the ligand

2.3.3.1. Synthesis of Methyl 4-(dibenzylamino)benzoate. Potassium
carbonate (0.68 g, 4.92 mmol) was added to a solution of methyl 4-amino
benzoate (0.25 g, 1.65 mmol) in freshly distilled DMF (50 mL). The resulting
reaction mixture was refluxed for 30 min, following which benzyl bromide (0.56
g, 3.29 mmol) was added and the solution was refluxed at 78 °C for an additional
48 h. The reaction mixture was then poured into water and the resulting

precipitate was filtered off, washed with water and dried. The resulting residue
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was purified by silica gel column chromatography using hexane/ethyl acetate,
thereby affording the desired product as a white solid. Yield, 0.2 g (36.4%). 'H
NMR (500 MHz, CDCI3): 6 (ppm) 7.85 (d, 2H, ] =9 Hz, Ar-H), 7.34 (t, 4H,] = 7 Hz,
Ar-H), 7.27 (t, 2H,] = 7.5 Hz, Ar-H ), 7.21 (d, 4H, ] = 7 Hz, Ar-H), 6.72 (d, 2H, ] =
9 Hz, Ar-H), 4.71 (S, 4H, -NCH3), 3.83 (S, 3H, -OCH3).13C NMR (125 MHz, CDCl3):
6 (ppm) 167.26, 152.54, 137.37, 131.48, 128.83, 127.24, 126.45, 117.93, 111.26,
53.98, 51.53. FAB-MS: m/z = 332.53 (M+1)*. FT-IR (KBr): Vinax 1690 (vas(C=0)),
1432 (vs(C=0)), 1600, 1530, 1313, 1280, 1174, 1113, 834, 768 cm™1.

2.3.3.2. Synthesis of 4-(Dibenzylamino)benzoic acid (HL). Methyl 4-
(dibenzylamino)benzoate (0.3 g, 0.902 mmol) was refluxed for 24 h in a
solution of KOH (0.15 g, 2.67 mmol) in 50 mL of ethanol. The reaction mixture
was poured into ice cold water, acidified with dilute HCI, and the resulting
precipitate was filtered, washed, dried and recrystallized from CH:Cl,. Yield,
0.25 g (87%) (Scheme 2.1). 1H NMR (500 MHz, CDCl3): 6 (ppm) 7.92 (d, 2H, ] =
9.5 Hz, Ar-H), 7.36 (t, 4H, ] = 7 Hz, Ar-H), 7.29 (t, 2H, ] = 7 Hz, Ar-H), 7.23 (d, 4H,
] =7 Hz, Ar-H), 6.74 (d, 2H, ] = 9 Hz, Ar-H), 4.74 (s, 4H, -NCH2).13C NMR (125
MHz, CDCl3): 6 (ppm) 172.06, 153.17, 137.21, 132.26, 128.87, 127.29, 126.43,
116.92, 111.27, 53.99. FAB-MS: m/z = 318.57 (M+1)*. Elemental analysis (%):
Calcd (found) for C21H1902N (317.38): C, 79.47 (79.00) ; H, 6.03 (6.27); N, 4.41
(4.36). FT-IR (KBr) : vmax 1663 (vas(C=0)), 1450 (vs(C=0)), 1599, 1557, 1529,

1450, 1413, 1363, 1288, 723, 694 cm™1.
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C6H5-CH2-Br » KOH -
cho3 EtOH, 24 h, 68°C N

N
DMF, 48 h, 78°C
NH,

Scheme 2.1. Synthesis of the ligand 4-(dibenzylamino)benzoic acid (HL).

2.3.4. Syntheses of lanthanide complexes

In a typical procedure, an ethanolic solution of Ln(NO3)36H20 (0.5 mmol) (Ln =
Eu, Tb, or Gd) was added to a solution of 4-(dibenzylamino)benzoic acid (1.5
mmol) in ethanol in the presence of NaOH (1.5 mmol). Precipitation took place
immediately, and the reaction mixture was stirred subsequently for 10 h at
room temperature. The crude product was filtered, washed with ethanol and
dried. The resulting complexes were then purified by recrystallization from a
dichloromethane/methanol solvent mixture. Single crystals of the terbium and
europium complexes suitable for X-ray study were obtained from a
dimethylsulfoxide/ethanol/dichloromethane solvent mixture after storage for 3
weeks at ambient temperature.

Tb2z(L)s(H20)4 (1). Elemental analysis (%): calcd (found) for Ci26H116N6O16Tb2
(2288.15): C, 66.14 (66.38); H, 5.11 (4.75); N, 3.67 (3.89). FT-IR (KBr): vmax

3429 (v(0-H)), 1603 (vas(C=0)), 1572 (vas(C=0)), 1402 (vs(C=0)), 1358
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(vs(C=0)), 1503, 1221, 1199, 1072, 783 cm-l. FAB-MS: m/z = 1109.06
(Tb(L)3)+1.

Euz(L)s(H20)4 (2). Elemental analysis (%): calcd (found) for Ci26H116N6O16Eu2
(2274.23): C, 66.54 (66.82); H, 5.14 (4.84); N, 3.70 (3.91). FT-IR (KBr) vmax:
3413 (v(0-H)), 1604 (vas(C=0)), 1518 (vas(C=0)), 1403 (vs(C=0)), 1358
(vs(C=0)), 1495, 1225, 1121, 783 cm-L. FAB-MS: m/z = 1124.70 (Eu(L)3 + Na)
+1.

Gdz(L)6(H20)4 (3). Elemental analysis (%): calcd (found) for Ci26H116N6016Gd2
(2284.79): C, 66.24 (66.60); H, 5.12 (4.85); N, 3.68 (3.84). FT-IR (KBr): vmax
3414 (v(0-H)), 1603 (vas(C=0)), 1574 (vas(C=0)), 1395 (vs(C=0)), 1356
(vs(C=0)), 1513, 1226, 1199, 1078, 946 cm-l FAB-MS: m/z = 1130.49

(Gd(L)3+Na)+1.

2.4. RESULTS AND DISCUSSION

2.4.1. Synthesis and characterization of ligand and Ln3+ complexes
1-3

The ligand 4-(dibenzylamino)benzoic acid (HL) was synthesized in 87% yield
according to the method described in Scheme 2.1. The ligand was
characterized by FT-IR, 1TH NMR, and 13C NMR spectroscopy as well as by
mass spectroscopy (FAB-MS) and elemental analysis. The synthetic
procedures for the Ln3* complexes 1-3 are described in the Experimental
Section. The microanalyses of complexes 1-3 revealed that each Ln3+ ion had
reacted with the HL ligand in a metal-to-ligand mole ratio of 1:3. The FT-IR

spectra of the coordinated ligand HL exhibits two intense bands at
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approximately 1450 and 1663 cm-1, which are attributable to the symmetric
vs(C=0) and anti-symmetric vas(C=0) vibration modes, respectively. In each
case, coordination of the ligand HL to the respective lanthanide ion was
confirmed by the absence of the v(COOH) absorption bands of the ligand at
~1660 cm-1. Moreover, the asymmetric and symmetric stretching vibrational
modes of the carboxylic acid in complexes 1-3 are further split into two
peaks [vs(C=0): 1402, 1358 cm~1; v45(C=0) : 1603, 1572 cm~! in 1; vs(C=0) :
1403, 1358 cm™1 ; v,5(C=0): 1604, 1518 cm~1 in 2; v5(C=0) :1395, 1356 cm~1;
vas(C=0) : 1603, 1574 cm™! in 3]. The difference between the asymmetric
and symmetric stretching vibration modes (Av(c=0) = vas — vs) fall in the
ranges 245-247 and 170-179 cm-1, which in turn implies that the
carboxylate groups are coordinated to the Tb3*or Gd3* ions in two different
ways, namely, via chelating and bidentate bridging (Figure 2.2) (Deacon and
Phillips 1980; Teotonio et al. 2005). On the other hand, the difference
between the asymmetric and symmetric stretching vibration modes is 246
and 115 cm-lin the case of complex 2, indicating that the coordination of
Eu3* with carboxylate groups in chelating and tridentate bridging
modes (Deacon and Phillips 1980; Teotonio et al. 2005). Furthermore, the IR
spectra of 1-3 exhibit a broad band at approximately 3400 cm-1 which is
characteristic of an O-H stretching vibration, thereby indicating the presence

of water molecules in the coordination sphere of each complex.
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Figure 2.2. Different types of binding modes for the ligand HL observed in
Tb and Eu complexes 1 and 2.

The thermal stabilities of complexes 1 and 2 were examined by TGA in
the 30-1000 °C range, and the corresponding thermograms are depicted in
Figure 2.3. It is clear from the thermogravimetric analysis data for 1 and 2
(Figure 2.3) that each complex undergoes a mass loss of approximately 3%
(caled ~ 3.14%) in the first step (120-240 °C), which corresponds to
elimination of the coordinated water molecules (Mahata et al. 2008).
Subsequent thermal decomposition of 1 and 2 takes place in two steps in the
temperature region 240-900 °C which is attributed to the thermal

decomposition of three ligand molecules. The quantity of residue for each
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complex represents approximately 16% of the initial mass and corresponds to

formation of the respective lanthanide oxide.
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Figure 2.3. TG analysis of complexes 1-2.

2.4.2. X-ray crystal structures

The solid state structures of Tb2(L)s(H20)s (1) and Euz(L)s(H20)4 (2) were
determined by single-crystal X-ray diffraction. Figures 2.4 and 2.6 depict the
molecular structures of complexes 1 and 2, respectively. The pertinent data
collection parameters and a listing of significant bond distances and bond angles
for the metal coordination environments are presented in Tables 2.1 and 2.2,
respectively. Compounds 1 and 2 crystallize in the triclinic space group Pi and
their molecular structures consist of homodinuclear species that are bridged by
two oxygen atoms from two carboxylate ligands in different coordination
modes. It is interesting to note that the dimeric structures of the Ln3+-4-

(dibenzylamino)benzoate complexes possess an inversion center of symmetry,
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thus indicating that the Ln(1) and Ln(2) centers reside in equivalent chemical
environments. The distance between the Tb(1) and Tb(2) cations in compound
1 is equal to 4.347 A while the corresponding Eu-Eu distance in 2 is 4.309 A.
These distances fall within the range of 3.785-4.532 A that has been observed
for other Ln3+ carboxylate complexes that feature both bidentate and tridentate
bridging coordination modes. In the case of complex 1, each terbium atom is
coordinated to two 7?-bidentate chelating benzoates, two n!-carboxylate
interactions from the bridging benzoates (the coordination modes can be
viewed in Figure 2.2), which is in good agreement with the IR data. The
coordination polyhedra can be described best as distorted square antiprisms, in
which six oxygen atoms are furnished by the four benzoate moieties and two

oxygen atoms are provided by the two water molecules.

Figure 2.4. ORTEP diagram of complex 1.
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Table 2.1. Crystallographic and refinement data for 1 and 2.

1 2
formula C130 H136N6 02252 Th2 C130H128N6018S2 Euz
fw 2516.41 2430.42
cryst sys Triclinic Triclinic
space group P1 P1
cryst size 0.25x0.22 x 0.15 0.24x0.20x 0.13
Temp/K 153(2) 153(2)
a/(A) 9.829(5) 9.879(5)
b/(A) 17.180(5) 17.259(5)
c/(A) 17.816 (5) 17.896 (5)
a(°) 84.917 (5) 85.264(5)
B(°) 82.794 (5) 83.206 (5)
v (©) 87.271(5) 88.609 (5)
V/A3 2971.2 (19) 3019(2)

Z 1 1
Dcaled, g cm™? 1.406 1.337
u/(Mo,Ka)mm-1 1.288 1.131
F(000) 1296 1252
R1[I> 20(D)] 0.0396 0.0521
WR2 [I> 206(D)] 0.0872 0.1146
R1 (all data) 0.0532 0.0996
wR2 (all data) 0.0915 0.1246
gof 1.093 1.093
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Table 2.2. Selected bond lengths (&) and angles (°) for 1 and 2.

1 2
Tb1-Tb2 4.347 Eul-Eu2 4.309
Tb1-01 2.458(2)  Eul-01 2.483(3)
Tb1-02 2.420(2)  Eul-02 2.435(3)
Tb1-03 2.358(2)  Eul-03 2.390(3)
Tb1-04 2.560(2)  Eul-04 2.577(3)
Tb1-05 2.332(3)  Eul-05 2.362(3)
Tb1-06 2377(2)  Eul-06 2.410(3)
Tb1-07 2330(2)  Eul-07 2.830(3)
Tb1-08 2421(3)  Eul-08 2.455(3)
Eul-07# 2.369(3)

01-Tb1-02 53.75(8)  01-Eul-02 53.25(10)
03-Tb1-04  52.85(7)  03-Eul-04  52.23(10)
08-Tb1-06  77.51(8)  08-Eul-06  78.21(10)
05-Tb1-07 116.08(9) 05-Eul-07  49.29(9)

02-Tb1-05 79.53(8)  07-Eul-07#  68.34(11)
07-Tb1-06  74.56(8)  07-Eul-06  75.24(10)
07-Tb1-08  92.69(9)  07-Eul-08  92.56(10)

The longest Tb-0 bonds involve the oxygen atoms of the bidentate chelating
ligands [Tb(1)-0(1): 2.458 A; Tb(1)-0(2): 2.420 A; Tb(1)-0(4): 2.560 A;
Tb(1)-0(3): 2.358 A] and the shortest such bonds are associated with the
bridging carboxylate ligand [Tb(1)-0(7): 2.330 A&; Tb(1)-0(5): 2.332 A]. On the

other hand, the Tb-O bond distances for the coordinated water molecules
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[Tb(1)-(08): 2.421 A and Tb(1)-0(6): 2.377 A, respectively] are shorter than
those for the bidentate chelating benzoates (Sun et al. 2004).

Scrutiny of the packing diagram for 1 revealed the presence of a 1D
molecular array that is oriented along the c axis. This feature is illustrated by
the intermolecular hydrogen bonding interaction between C28 and 08 through
H28 with a H--0 distance of 2.650 A and a C-H---O angle of 154.97° (Figure

2.5) (Remya et al. 2008; Roesky and Andruh 2003).

Figure 2.5. View of complex 1 showing the intermolecular hydrogen bonding
interactions involving C28-H28 of the phenyl moiety and 08 of the water

molecule.

In the case of complex 2, the 4-(dibenzylamino)benzoate ligands exhibit
two different coordination modes to the Eu3* ions, namely bidentate chelating
(7%-chelating benzoates) and bidentate chelating with an oxygen atom bridging
two metal ions and another oxygen atom coordinating to one of the ions (triply

coordinated; 7?-n!-chelating benzoates) as illustrated in Figure 2.6, thus
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corroborating the IR data. The Eu3* ions are nine coordinate and feature two

bidentate chelating carboxylates and one tridentate bridging carboxylate ligand.

Figure 2.6. ORTEP diagram of complex 2.

The coordination sphere is completed by the presence of two water molecules.
The coordination sphere can be described best as a tricapped trigonal prism in
which seven oxygen atoms are provided by four 4-(dibenzylamino)benzoate
ligands and two oxygen atoms are furnished by two water molecules. The Eu-0
bond lengths range from 2.362 to 2.830 A and thus fall within the range
anticipated for this type of complex (Raphael et al. 2007; Viswanathan and de
Bettencourt-Dias 2006). The longest Eu-0 bonds involve the oxygen atoms of

one of the triply coordinated ligands [Eu(1)-0(7): 2.830 A].
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The packing diagram for 2 reveals the presence of a one-dimensional
array that is aligned along the ¢ axis and which involves an intermolecular
hydrogen bonding interaction between the C(28)-H(28) bond of a phenyl ring
of one of the carboxylate ligands and O(8) of a water molecule with a separation
of 2.684 A [H(28)---0(8)] and an angle of 154.44° [C(28)-H(28)-0(8) (Figure

2.7).

Figure 2.7. View of complex 2 showing the intermolecular hydrogen bonding
interactions involving C28-H28 of the phenyl moiety and 08 of the water

molecule.

2.4.3. Electronic states of the ligand and complexes

The UV-vis absorption spectrum of the free ligand HL and those of the
corresponding complexes 1-3 were measured in CHCl3 solution (¢ = 2 x 10-¢ M)
and are displayed in Figure 2.8. The absorption maxima for 1-3 (309 nm),
which are attributable to singlet-singlet -m* absorptions of the aromatic rings,
are slightly blue-shifted with respect to that of the free ligand HL (Amax = 311

nm). No significant changes are apparent in the shapes of the absorption bands
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upon formation of the lanthanide complexes, therefore suggesting that the

coordination of the Ln3* ion does not have a significant influence on the 1m-7*

transition.
—HL
1.5x10° - — [TbyLg(Hp0)4]
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Figure 2.8. UV-visible absorption spectra of the ligand, HL. and Ln3*-complexes

in CHCI3 solution (2 x 10-6 M).

However, a small blue shift that is discernible in the absorption maximum of all
three complexes is attributable to the perturbation induced by the metal
coordination. The molar absorption coefficient values for complexes 1-3 at 309
nm of 1.8 x 105 1.78 x 105 and 1.79 x 10> L mol- cm-1, respectively, are
approximately six times higher than that of the HL ligand (3 x 104 at 311 nm),
which is consistent with the presence of six carboxylate ligands in each complex.
Note also that the large molar absorption coefficient for the HL ligand indicates

that it has a strong ability to absorb light.
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2.4.4. Photophysical properties

In order to understand the energy transfer processes in the new Ln3*
complexes, it was necessary to determine the singlet and triplet energy levels of
the ligand, 4-(dibenzylamino)benzoic acid (HL). The singlet (1mm") energy level
of this ligand was estimated by reference to the wavelength of the UV-vis
absorption edge of the Gd3* complex 3. The pertinent value was found to be 331
nm (30221 cm™1) in the case of the HL ligand. The triplet energy level (3n7") of
this ligand was calculated by reference to the lower wavelength emission edge
(423 nm: 23640 cm~1) from the low-temperature phosphorescence spectra of

the Gd3* complex of the 4-(dibenzylamino)benzoic acid (Figure 2.9).
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Figure 2.9. Phosphorescence spectrum of gadolinium complex 3 at 77 K.
According to Reinhoudt’s empirical rule, the intersystem crossing process

becomes effective when AE (imr*- 3mm™) is at least 5000 cm-! (Steemers et al.
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1995). The energy gap AE (inrr*- 3nm™) for the ligand HL is 6581 cm~1; hence, our
new complexes amply satisfy this condition. As a consequence, the intersystem
crossing process is effective for this ligand. The triplet energy level of HL
appears at appreciably higher energy than D4 for Tb3* or 5Dg for Eu3*, thus
indicating that the designed new ligand can act as antenna for the
photosensitization of trivalent Ln3* ions.

The solid-state excitation and emission spectra of complex 1 recorded
at room-temperature are displayed in Figure 2.10. The excitation spectrum
monitored at the characteristic emission of the Tb3* ion in the solid state
overlaps with the absorption spectrum in the 250-360 nm regions (Figure 2.8),
which indicate that energy transfer from the ligand to the metal ion is operative
(Kawa and Frechet 1998; Sabattini et al. 1991; Li et al. 2002). The excitation
spectrum of 1 exhibits a broad band between 250 and 380 nm which is
attributable to the m-m" transition of the aromatic carboxylate ligand. The
absence of any absorption bands due to the f-f transitions of the Tbh3* cation
proves that luminescence sensitization via excitation of the ligand is effective.
The room-temperature emission spectrum of complex 1 exhibits the
characteristic emission bands of the Tb3* cation (Aex = 334 nm) centered at 488,
545, 585, and 620 nm which result from deactivation of the 5D4 excited state to
the corresponding 7Fj ground state of the Tb3* cation (J = 6, 5, 4, 3) (Carnall
1987; Dieke 1968; Biju et al. 2009; Raphael et al. 2008; Raphael et al. 2007;
Sivakumar et al. 2010; Xia et al. 2007). Interestingly, no emission bands from
the organic ligand were observed, which leads to the conclusion that energy

transfer from the ligand to the Tbh3+* center is very efficient.
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Figure 2.10. Room-temperature excitation and emission spectra for complex 1

(Aex= 334 nm) with emission monitored at approximately 545 nm.

The solid-state excitation and emission spectra for the Eu3* complex 2
at room- temperature are shown in Figure 2.11. The excitation spectrum of the
Eu3* complex of HL has negligible contributions from the ligand and exhibits a
series of sharp lines that are characteristic of the Eu3* energy-level structure
and can therefore be assigned to transitions between the 7Fo,1 and >Le¢and 5D2,1
levels. (Raj et al. 2009; Biju et al. 2006; Pavithran et al. 2005; Steemers et al.
1995). Accordingly, luminescence sensitization of the Eu3* complex via ligand
excitation is not efficient in this case. The ambient-temperature emission
spectrum of the Eu3* complex is characteristic of the metal in the 550-700 nm
region and exhibits well-resolved peaks that are attributable to transitions from
the metal-centered Do excited state to the 7Fj ground-state multiplet. Maximum

peak intensities at 580, 593, 617, 652, and 694 nm, were observed for the ] = 0,
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1, 2, 3, and 4 transitions, respectively, and the ] = 2 so-called “hypersensitive”
transition is intense (Biju et al. 2009; Miyata et al. 2011; Pavithran et al. 2006;

Raj et al. 2008; Werts et al. 2002; Fu et al. 2005; Zucchi et al. 2009).
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Figure 2.11. Room-temperature excitation (inset) and emission spectra for

complex 2 (Aex= 308 nm) with emission monitored at approximately 612 nm.

The intensity of the Do — 7F; transition (electric dipole) is greater than that of
the Do — 7F; transition (magnetic dipole), which indicates that the
coordination environment of the Eu3* ion is devoid of inversion center.
Furthermore, an intense broad band in the region 400-500 nm due to a n-7*
transition of the ligand was evident in the emission spectrum of 2 (Stanley et al.
2010). Such an observation is typically diagnostic of poor sensitization of the

ligand toward the Eu3*ion.
The luminescent lifetimes of Ln3* complexes were measured at both

ambient (298 K) (complexes 1-2) and low temperatures (77 K) (complex 1) on
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the basis of the respective luminescent decay profiles by fitting them with
monoexponential decay curves (Figures 2.12 and 2.13). Collectively, these data
imply the existence of a single chemical environment around the Ln3* ion in
each case. The pertinent values are summarized in Table 2.3. A longer °Dq
lifetime value (zbs = 1.02 ms) was observed in the case of the Th3* complex 1
despite the presence of solvent molecules in the first coordination sphere, since
such molecules are typically vibrational deactivators of the excited states of Ln3+
ions. It is somewhat surprising that the magnitude of the >D4 lifetime for
complex 1 is not very high compared with some recently reported data for
highly luminescent Tb3* complexes (Doverat = 56%; 7obs = 2.63 ms) (Samuel et al.
2008). On the other hand, there is a recent report of a ®overan value of 40% and
Tobs = 0.46 ms for Tb3+-dipivaloylmethanato complexes (Eliseeva et al. 2008).
Furthermore, our group also observed @overan value of 72% and zps = 0.92 ms
for a Tb3+*-4-isobutyryl-3-phenyl-5-isoxazolonate complex (Biju et al. 2009).
The lifetime is the inverse of the total deactivation rate, which in turn is the sum
of the radiative and non-radiative rates. Therefore, the fact that a lanthanide
complex is highly luminescent yet possesses a short lifetime does not represent
a contradiction. It simply means that the radiative rate is rapid as observed in
the case of Tb3*complex 1. Moreover, on account of its electronic structure, the
Tb3+* cation has many energy levels that can mix with appropriate ligand wave
functions, including a relatively low-lying 4f 5d state, which may explain why
the lifetime is relatively short (i.e., it implies that the phosphorescence character

of the transition is partly lost).
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Figure 2.12. Room-temperature luminescence decay profiles for complexes 1

and 2 excited at 334 nm and 308 nm and monitored at 545 nm and 612 nm,

respectively.
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Figure 2.13. Low temperature (77 K) luminescence decay profile of Tb-complex

excited at 334 nm and monitered at approximately 545 nm.
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The somewhat shorter >Dy lifetime value (zbs = 0.33 ms) that was observed for
the Eu3* analogue may be due to the dominant non-radiative decay channels
associated with vibronic coupling due to the presence of solvent molecules.
Similar observations have been made for several europium complexes (Raj et al.
2008).

In order to gain a better understanding of the luminescence efficiencies
of the new 4-(dibenzylamino)benzoate complexes 1 and 2, it was appropriate to
calculate the overall quantum yields. The overall quantum yield (®overan) for a
lanthanide complex treats the system as a “black box” in which the internal
process is not considered explicitly. Given that the complex absorbs a photon
(i.e. the antenna is excited), the overall quantum yield can be defined as follows
(Comby et al. 2004; Xiao and Selvin 2001; Quici et al. 2005):

Doverail = Psen PLn (1)

Here, @, represents the efficiency of the energy transfer from the ligand to the
Ln3*ion and @, represents the intrinsic quantum yield of the Ln3* ion, which

can be calculated as from the following equation.

(DL :( ARAD j: Tobs (2)
! Acap + Awr TRAD

In the case of the Eu3* complex 2, the radiative lifetime (zrap) can be calculated
using Equation (3) (Kim et al. 2006; Viswanathan and de Bettencourt-Dias
2006), assuming that the energy of the Do — 7F; transition (MD) and its

oscillator strength are constant.
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1 I
Agp =—= AMD,O ns( o ) (3)

TRAD o

Hence, Aup,o(14.65 s1) represents the spontaneous emission probability of the
5Do— 7F1transition in vacuo, Itor/Iup is the ratio of the total area of the Eu3+
emission spectrum to the area of the >Do— 7F1 band and n is the refractive
index of the medium. An average index of refraction equal to 1.5 was employed
in the calculation (Pavithran et al. 2006). The intrinsic quantum yield for Tb3+
(®7p) was estimated by means of Equation 4 with the assumption that the decay
process at 77 K in a deuterated solvent is purely radiative (Biju et al. 2009;
Nasso et al. 2008; Sabbatini et al. 1993).
T obs(a08K)

Oy =— (4)

Trap (77K)

The overall quantum yields (@overan), radiative (Arap) and nonradiative (Anr)
decay rates, intrinsic quantum yields (@) and energy transfer efficiencies
(@Dsen) for complexes 1 and 2 are presented in Table 2.3. In the solid state, the
overall quantum yields for these complexes were determined according to the
absolute method of Wrighton et al. (De Mello 1997; Wrington et al. 1974) and
are correlated with the values obtained by relative method. A remarkably high
quantum yield value of 82% has been observed for the Tb3+-4-
(dibenzylamino)benzoate complex 1. This large value is particularly surprising

in view of the presence of four H20 molecules in the first coordination sphere,
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since such solvent molecules typically serve as vibrational deactivators of the
excited states of Ln3*ions.

Table 2.3. Radiative (Arap) and nonradiative (Anr) decay rates, >Do/>D4 lifetimes
(Tobs), radiative lifetimes (trap), intrinsic quantum yields (®1,), energy transfer

efficiencies (®sen), and overall quantum yields (®overan) for complexes 1 and 2.

CompleX ARAD/S'1 ANR/S-1 Tobs/ us ZRAD/ Us (O™ Dgen Doveral
(%) (%) (%)

1 --- --- 1020+ 0.8 1040+0.8 98 84 82+ 82
87 85+ 8b
2 212 2812 3301 47201 7.0 0.14 <0.01b

a Absolute quantum yield; P Relative quantum yield

Only a few Tb3* complexes have been reported to exhibit higher quantum yields
in the solid state (Feidler et al. 2007; Zucchi et al. 2009; Kajiwara et al. 2008).
Recently, our group reported another case of a high quantum yield (72%) for a
4-isobutyryl-3-phenyl-5-isoxazolonate complex of Tb3* that also features
solvent molecules in the primary coordination sphere (Biju et al. 2009). The
energy gap between the luminescent state and the ground state manifold is
approximately 12000 cm! for Eu3* and 14800 cm-1! for Tb3+. Relatively efficient
coupling of the Eu3* excited states occurs to the third vibrational overtone of
proximate O-H oscillators (von ~ 3300-3500 cm™1), and to the fourth harmonic
in the case of Tb3*, which is consistent with the observation of less efficient
quenching for Tb3+, when the Franck-Condon overlap factor is less favourable

(Beeby et al. 1999; Dgssing 2005).
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It is well recognized that the energy-level match between the triplet
states of the ligands to the Dy state of the Ln3* cation is one of the key factors
that governs the luminescence efficiency of Ln3* complexes (Shi et al. 2005; Xin
et al. 2004). Latva’s empirical rule states that an optimal ligand-to-metal energy
transfer process for Ln3* requires AE (3"~ °D4) = 2500-4500 cm~1 for Tb3+ and
2500-4000 cm-! for Eu3* (Latva et al. 1997). On this basis it can be concluded
that the energy transfer to the Tb3+* ion will be more effective for the ligand 4-
(dibenzylamino)benzoic acid, since AE (3wm*- 5D4) for 1 is 3140 cm~L The very
high intrinsic quantum yield (@) and energy transfer efficiency (@sn) for
complex 1 further confirms the view that 4-(dibenzylamino)benzoic acid is an
efficient sensitizer for the Tb3*ion. Poor luminescence efficiency (@overan< 0.01)
is also apparent in complex 2, and may be due to the weak sensitization
efficiency (@sen = 0.14%) of 4-(dibenzylamino)benzoic acid with respect to the
Eu3*ion. The latter observation can be explained on the basis of the large energy
gap between the triplet state of the ligand (6340 cm1) and the Do emitting

level of the Eu3+ion (17300 cm-1).

2.5. CONCLUSIONS

» Three new binuclear lanthanide complexes of general formula
[Lnz(L)s(H20)4] (Ln = Tb (1), Eu (2) and Gd (3)) supported by the novel
aromatic carboxylate ligand 4-(dibenzylamino)benzoic acid (HL) have
been synthesized, characterized and their photophysical properties were

investigated.
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The single-crystal X-ray structures of novel [Lnz(L)s(H20)4] (Ln = Tb (1)
and Eu (2)) complexes was established.

Compounds 1 and 2 crystallize in the triclinic space group P1 and their
molecular structures consist of homodinuclear species that are bridged
by carboxylate ligands in different coordination modes.

The complexes possess intermolecular hydrogen bonding interactions
forming a 1D array.

The sensitization mechanism for the complexes involves a usual triplet
pathway, in which the transfer of energy absorbed by the ligand to the
metal ion takes place from the ligand-centered triplet excited state.

The Tb3* complex 1 exhibits high green luminescence efficiency in the
solid state with a quantum yield of 82%.

On the other hand, poor luminescence efficiency has been noted for Eu3+-

4-(dibenzylamino)benzoate complex.
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Chapter 3

Highly Luminescent and Thermally Stable Lanthanide
Coordination Polymers Designed from 4-(Dipyridin-2-
yl)aminobenzoate: Efficient Energy Transfer from Tb3+
to Eu3+ in a Mixed Lanthanide Coordination Compound

3.1. ABSTRACT

Tb > Eu Energy Transfer

—Tb
Eu
EuTh

hv=612 nm

hv =355 nm

Intanaity {a.u.)
*py—>"F

7
Fy

bp

Herein, a new aromatic carboxylate ligand, namely, 4- (dipyridin-2-
ylJaminobenzoic acid (HL), has been designed and employed for the
construction of a series of lanthanide complexes (Eu3* = 1, Tb3* = 2 and Gd3* =
3). Complexes 1, 2 and 3 were structurally authenticated by single-crystal X-ray
diffraction and were found to exist as infinite 1D coordination polymers with
the general formulas {[Eu(L)3(H20)2]}n (1), {[Tb(L)3(H20)]}n (2) and
{[Gd(L)3(H20)z2]}n (3). All the compounds crystallize in monoclinic space group
C2/c. The photophysical properties demonstrated that the developed 4-

(dipyridin-2-yl)aminobenzoate ligand is well suited for the sensitization of Th3*
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emission (Poveran = 64%), thanks to the favourable position of the triplet state
(3mm*) of the ligand [the energy difference between the triplet state of the ligand
and the excited state of Tb3* (AE) = 3nm* — 5D4 = 3197 cm™1], as investigated in
the Gd3* complex. On the other hand, the corresponding Eu3* complex shows
weak luminescence efficiency (®overan = 7%) due to poor matching of the triplet
state of the ligand with that of the emissive excited states of the metal ion (AE =
3am* - 5Do = 6447 cm™1). Furthermore, in the present work, a mixed lanthanide
system featuring Eu3* and Tb3* ions with the general formula
{[EuosTbos(L)3(H20)2]}n (4) was also synthesized, and the luminescent
properties were evaluated and compared with those of the analogous single-
lanthanide ion systems (1 and 2). The lifetime measurements for 4 strongly
support the premise that efficient energy transfer occurs between Tb3* and Eu3+

in a mixed lanthanide system (1 = 86%).

Ramya, A. R;; Sharma, D.; Natarajan, S.; Reddy, M. L. P. Inorganic Chemistry.,
2012, 51, 8818-8826.
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3.2. INTRODUCTION

Carboxylate ligands are highly complementary toward lanthanide metal ions
because of the oxophilic nature of the later (Busskamp et al. 2007; Deacon et al.
2007; Hilder et al. 2009). Accordingly, lanthanide benzoates and their
derivatives are stable and have attracted considerable attention for their
potential use in a wide variety of fields because of their novel luminescent and
magnetic properties (Lam et al. 2003; Li et al. 2006; Lucky et al. 2011). In
particular, when modified with light-harvesting moieties, benzoates have
proven to be efficient sensitizers for lanthanide ions (Li et al 2005;
Viswanathan and de-Bettencourt-Dias 2006; Hilder et al. 2011). In the second
chapter, it was demonstrated that replacement of the hydrogen atoms of the
NH2 moiety of p-aminobenzoic acid by benzyl groups had a significant influence
on the distribution of the m-electron density within the ligand system and
resulted in the development of a novel solid-state photosensitizer for Tb3+ with
an overall quantum yield of 82% (Ramya et al. 2010). Subsequent investigations
from our group also revealed that the presence of electron-releasing or -
withdrawing groups on position 3 of the 4-benzyloxybenzoic acid ligand has a
profound effect on the m-electron density of the ligands and consequently on the
photosensitization of Ln3* ions. Specifically, the presence of a methoxy
substituent in this position results in a significant improvement in the
photoluminescence (PL) efficiency of the terbium(3*) 3-methoxy-4-
benzyloxybenzoate complex in comparison with that of the 4-
benzyloxybenzoate complex (10 - 33%). By contrast, the introduction of a nitro

group in the 3 position dramatically diminishes the PL efficiency of the
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terbium(3+) 3-nitro-4-benzyloxybenzoate complex because of the presence of a
channel that permits dissipation of the excitation energy via the m*-n transition
of the nitro group in conjunction with the intraligand charge-transfer (ILCT)
band (Sivakumar et al. 2010). Our latest communication disclosed that the
replacement of high-energy C-H vibrations with fluorinated phenyl groups in
3,5-bis(benzyloxy)benzoate effectively improves the luminescence intensity and
lifetimes of lanthanide complexes (Sivakumar and Reddy. 2012). Inspired by
the efficient sensitization of various lanthanide benzoates, herein, we have
synthesized a new ligand, namely, 4-(dipyridin- 2-yl)aminobenzoic acid, (Figure
3.1) and utilized it for support of a series of new lanthanide coordination
polymers featuring Eu3*, Gd3+, and Tb3* cations. The designed 4-(dipyridin-2-
yl)- aminobenzoate complexes of lanthanides were structurally characterized
by single-crystal X-ray diffraction. The luminescent properties of the designed
lanthanide benzoates have been systematically investigated and correlated with
the triplet energy level of the newly developed benzoate molecule.
Energy-transfer processes involving two lanthanide ions in
heterodinuclear complexes have been widely studied because they are proving
useful in the design of miniature laser devices (Froidevaux and Binzli 1994;
Bettinelli and Flint 1990; Kellendonk and Blase 1981; Kim Anh and Strek 1988;
Biju et al. 2009). Heterometallic lanthanide complexes are popular as they are
potentially able to incorporate interesting luminescent properties by judicious
choice of metal centers. Remarkable enhancements and quenching of the
photoluminescent emissions have been found recently in various mixed

lanthanide coordination polymers (Choi et al. 2011; Comby et al. 2006; Guo et
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al. 2010 ). Cahill and co-workers reported terbium sensitization of europium in
heterolanthanide coordination polymers (de Lill et al. 2007). The tunable
emission of a widely varied family of lanthanide coordination polymers based
on lanthanide terephthalate has been investigated, and it is proposed that Tb3+
can assist sensitization of Eu3* (Kerbellec et al. 2009). Exploration of PL from
polymer solid solutions has just started to emerge. Herein, we report energy
transfer from 4-(dipyridin-2-yl)aminobenzoate-sensitized Tb3* to Eu3* in

coordination polymers.

h]

“

Fig. 3.1. Structure of the ligand 4-(Dipyridin-2-yl)aminobenzoic acid.

3.3. EXPERIMENTAL SECTION

3.3.1. Materials
Europium(IIl) nitrate hexahydrate, 99.9%, terbium(IIl) nitrate hexahydrate,
99.9% and gadolinium(III) nitrate hexahydrate, 99.9% were procured from

Triebacher. Methyl 4-aminobenzoate, 98% and 2-bromopyridine, 99.9% were
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purchased from Sigma-Aldrich and used without further purification. All the
other chemicals used were of analytical reagent grade.
3.3.2. Characterization and spectroscopic techniques
Powder X-ray diffraction (XRD) patterns were recorded in the 26 range of
10-70° using Cu Ka radiation (Philips X'pert). The quantitative microanalysis of
the mixed lanthanide complex was carried out on an energy-dispersive
spectrometer (Technai G2 30LaBs, ST with EDAX). UV-vis absorption spectra
were recorded with a Shimadzu UV-2450 UV-vis spectrophotometer. All
spectra were corrected for the background spectrum of the solvent. The
absorbances of the ligand and complexes were measured in a CH3CN/water
mixture.

The single-crystal XRD data of complexes 1 and 2 were collected with a
Bruker AXS Smart Apex CCD diffractometer at 293 K. The X-ray generator was
operated at 50 kV and 35 mA using Mo Ka (A = 0.71073 A) radiation. The data
were reduced using SAINT+ (SMART 1994), and an empirical absorption
correction was applied using the SADABS program (Sheldrick 1994). The
structure was solved and refined by using SHELXL-97 in the WINGX suit of
programs (v.1.63.04a) (Sheldrick 1997). All of the hydrogen positions were
initially located in the difference Fourier maps, and for the final refinement, the
hydrogen atoms were placed in geometrically ideal positions and refined in the
riding mode. Final refinement included the atomic positions of all of the atoms,
anisotropic thermal parameters for all of the non-hydrogen atoms, and isotropic
thermal parameters for all of the hydrogen atoms. Full-matrix least-squares

refinement against F2 was carried out using the WINGX package of programs
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(Farrugia 1999). The X-ray diffraction data for ligand and complex 3 was
collected on a Rigaku AFC-12 Saturn 724+ CCD diffractometer equipped with a
graphite-monochromated Mo Ka radiation source (A = 0.71073 A) and a Rigaku
XStream low temperature device cooled to 100 K. Corrections were applied for
Lorentz and polarization effects. The structure was solved by direct methods
and refined by full-matrix least-squares cycles on F? using the Siemens SHELXTL
PLUS 5.0 (PC) (Pflugrath 1999) software package and PLATON. All non-
hydrogen atoms were refined anisotropically, and the hydrogen atoms were
placed in fixed, calculated positions using a riding model. The CCDC numbers for
the ligand and complexes 1-3 are 980347, 904386, 904387 and 975130

respectively. All other characterization techniques are discussed in chapter 2.

3.3.3. Synthesis and characterization of the ligand

3.3.3.1. Synthesis of Methyl 4-(di(pyridin-2-yl)amino)benzoate. The ester
methyl 4-(di(pyridin-2-yl)amino)benzoate was synthesized by a modified
procedure reported elsewhere (Kirin et al. 2007). Potassium carbonate (1g,),
potassium iodide (0.1 g), CuSO4.5H20 (0.1 g) and 1,10-phenanthroline (0.1 g)
were added to a solution of methyl 4-amino benzoate (1 g, 6.6 mmol) in toluene
(50 mL) followed by the addition of 2-bromopyridine (1.25 mL, 13.03 mmol).
The resulting reaction mixture was refluxed for 24 h at 150 °C and the solvents
were evaporated to dryness. The residue was then dissolved in
dichloromethane and washed with water. The resulting aqueous layer was
further extracted with dichloromethane and the combined organic extracts

were dried with sodium sulphate, filtered and evaporated at reduced pressure.
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The resulting residue obtained was purified by silica gel column
chromatography using hexane/ethyl acetate, thereby affording the desired
product as an off- white solid. Yield, 0.8 g (42%). 'H NMR (500 MHz, CDCl3): 6
(ppm) 8.29 (m, 2H, Ar-H), 7.92 (d, 2H, ] = 8.5 Hz, Ar-H ), 7.54 (m, 2H, Ar-H ),
7.10 (d, 2H, ] = 9 Hz, Ar-H), 6.94 (m, 4H, Ar-H), 3.83 (s, 3H, -OCH3).13C NMR
(125 MHz, CDCl3): 6 (ppm) 165.56, 156.65, 148.31, 147.86, 136.92, 129.95,
124.80, 123.90, 118.20, 116.92, 50.96. FAB-MS: m/z = 306.61 (M+1)*. FT-IR
(KBr): vinax 1715 (vas(C=0)), 1587, 1465 (vs(C=0)), 1430, 1289, 1172, 1106, 769,
703,522 cm™1.

3.3.3.2. Synthesis of 4-(Di(pyridin-2-yl)amino)benzoic acid (HL). Methyl 4-
(di(pyridin-2-yl)amino)benzoate (0.8 g 2.62 mmol) was stirred at room
temperature for 24 h in a 50 mL methanolic solution of NaOH (0.63 g, 5.75
mmol). The reaction mixture was poured into ice cold water, and acidified with
dilute HCl, and the resulting precipitate was filtered, washed, dried, and
recrystallized from dichloromethane (Scheme 3.1). Yield, 0.6 g (77%). 1H NMR
(500 MHz, CDCl3): ¢ (ppm) 8.40 (m, 2H, Ar-H), 7.93 (d, 2H, ] = 8.5 Hz, Ar-H),
7.64 (m, 2H, Ar-H), 7.17 (d, 2H, ] = 8.5Hz, Ar-H), 7.05 (m, 4H, Ar-H). 13C NMR
(125 MHz, CDCl3): 6 (ppm) 169.52, 157.49, 149.24, 148.69, 138.21, 131.60,
126.23, 125.28, 119.33, 118.07. FAB-MS: m/z = 292.59 (M+1)*. Elemental
analysis (%): Calcd (found) for C17H1302N3 (291.31): C, 70.09 (70.05) ; H, 4.50
(4.31); N, 14.42 (14.22). FT-IR (KBr) vmax: 1699 (vas(C=0)), 1598, 1466, 1434

(vs(C=0)), 1286, 1172, 1009, 770, 741, 520 cm-.
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4-(di(pyridin-2-yl)amino)benzoic acid

Scheme 3.1. Synthesis of ligand, HL.

3.3.4. Syntheses of lanthanide complexes. All metal complexes were
prepared in a similar manner in air by mixing stoichiometric amounts of ligand
(1.5 mmol) and Ln(NO3)3:6H20 (0.5 mmol; Ln = Eu, Tb, or Gd) in ethanol in the
presence of NaOH (1.5 mmol). Precipitation took place immediately, and the
reaction mixture was stirred subsequently for 12 h at room temperature. The
crude product was filtered, washed with ethanol and dried. The resulting
complexes  were then purified by recrystallization from a
dichloromethane/methanol solvent mixture. Single crystals of the terbium and
europium complexes suitable for single-crystal X-ray study were obtained from
an ethanol/water solvent mixture after storage for 4 weeks at room
temperature.

[Eu(L)3(H20)2](H20) (1). Elemental analysis(%): Calcd (found) for
Cs1H42N9oO9Eu (1076.91) : C, 56.88 (56.66); H, 3.93 (3.66); N, 11.70 (11.45). FT-

IR (KBr): vimax 3402 (v(0-H)), 1643 (vas(C=0)), 1594 (vas(C=0)), 1469, 1426
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(vs(C=0)), 1400 (vs(C=0)), 1321, 1274, 1154, 773 cm~1. FAB-MS: m/z = 1022.22
[Eu(L)3]*.

[Tb(L)3(H20)](H20) (2). Elemental analysis (%): calcd (found) for
Cs51H40N9OgTb (1065.86) : C, 57.46 (57.33); H, 3.78 (3.81); N, 11.82 (11.60). FT-
IR (KBr): vmax 3391 (v(0-H)), 1643 (vas(C=0)), 1594 (vas(C=0)), 1469, 1424
(vs(C=0)), 1404 (vs(C=0)), 1321, 1274, 1154, 773 cm1. FAB-MS: m/z = 1046.64

[Tb(L)s.(H20)]".

[Gd(L)3(H20)2] (3). Elemental analysis (%): calcd (found) for Cs1H40N9OgGd
(1063.75) : C, 57.57 (57.45); H, 3.79 (3.81); N, 11.85 (11.74). FT-IR (KBr): vimax
3409 (v(0-H)), 1643 (vas(C=0)), 1594 (vas(C=0)), 1468, 1428 (vs(C=0)), 1402

(vs(C=0)), 1294, 1153, 774 cm-1. FAB-MS: m/z = 1046.83 [Gd(L).(H20)+1]*.

[Euo.sTbos(L)3(H20)2] (4). Elemental analysis (%): calcd (found) for
Cs1H40N9oOgEuosThos (1062.38): C, 57.66 (57.49); H, 3.79 (3.57); N, 11.86
(12.00). FT-IR (KBr): vmax 3401 (v(O-H)), 1646 (vas(C=0)), 1595 (vas(C=0)),
1469, 1428 (vs(C=0)), 1405 (vs(C=0)), 1320, 1274, 1153, 854, 773 cm-1. FAB-
MS: m/z = 1041.36 [Eu(L)3.(H20)+1]*, 1028.85 [Tb(L)3]*. The 1:1 molar ratios
of Tb3*/Eu3* in a mixed Ln3* complex were further confirmed by energy-

dispersive spectrometry (EDS) analysis (Eu / Tb = 1.02).
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3.4. RESULTS AND DISCUSSION

3.4.1. Synthesis and characterization of ligand and Ln3+ complexes
1-4

The ligand 4-(di(pyridin-2-yl)amino)benzoic acid (HL) was synthesized
(vield: 77%) in two steps starting from commercially available 4-
aminobenzoate, as outlined in Scheme 3.1. The newly designed ligand was
identified on the basis of 1H and 13C NMR spectroscopy, FAB-MS, FT-IR, and
elemental analysis. The protocols used for the syntheses of lanthanide 4-
(di(pyridin-2-yl)amino)benzoate complexes are summarized in the
Experimental Section. The elemental analysis data of the complexes revealed
that in each case the Ln3* ion had reacted with the corresponding benzoate
ligand in a metal-to-ligand mole ratio of 1:3. The FT-IR spectrum of the
ligand evidenced intense absorption bands characteristic of the carboxylate
groups at 1434 and 1699 cm-1, which are assigned to the symmetric vs(C=0)
and asymmetric vas(C=0) vibrations, respectively (Table 3.1). These bands in
the spectrum of the free ligand, which are assigned to the stretching
vibrations of the nonionised carboxylic group, are shifted in the FT-IR
spectra of 1-4, thus confirming that the ligand is completely ionised and,
hence, in accordance with the single crystal X-ray structures. Moreover, the
symmetric and asymmetric stretching vibrational modes of the carboxylate
groups in complexes 1-4 are further split into two peaks. The differences
between the asymmetric and symmetric stretching vibrational modes

(Av(c=0) = vas— Vvs) fall in the ranges 239-243 cm-land 166-170 cm-1, which
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indicates that carboxylate groups are coordinated to Ln3* ions in bidentate

bridging and chelating modes (Deacon and Phillips. 1980; Raphael et al.

2008; Teotonio et al. 2005). The broad band observed at 3400 cm-1! for

complexes 1-4 is attributed to the characteristic vou stretching vibration and

is indicative of the presence of water molecules.

Table 3.1. Infra-red vibrational frequencies for the carboxylate functionalities

of the ligand and complexes 1-4.

Las(C=0) cm-1 Ls(C=0) cm~1  Avp(C=0) cm?
HL 1699 1434 -—--
1 1643, 1594 1426, 1400 243,168
2 1643, 1594 1424, 1404 239,170
3 1643, 1594 1428, 1402 241,166
4 1646, 1595 1428, 1405 241, 167

The 1:1 molar ratios of Tb3*/Eu3* in a mixed Ln3* complex 4 were further

confirmed by EDS analysis (Eu/Tb = 1.02; Figure 3.2 and Table 3.2).
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Figure 3.2. EDS spectrum of {[Euo5Tbo5(L)3(H20)2]}x (4)-

Table 3.2. EDS analysis results for the complex {[Euo.sTbo.s(L)3(H20)2]}» (4).

Complex Element Wt Eu/Tb Eu/Tb
% molar molar
ratio ratio

(EDS) (cacld.)

{[Euo.5Tbo:s(L)3(H20)2]}(4) Eu 507 1.02 1

Tb 49.3

The powder XRD patterns of complexes 1-4 are similar to each other, thus

implying that these complexes are isostructural (Figure 3.3).
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Figure 3.3. Powder XRD patterns for complexes 1-4.

The thermal stabilities of complexes 1, 2, and 4 were examined by TGA
in the 30-1000 °C range, and the corresponding thermograms are depicted in
Figure 3.4. It is interesting to note that compounds 1 and 2 are thermally stable
up to ~ 450 °C, with a first weight loss between 90 and 200 °C in complex 1
(found, 4.70%; calcd, 5.01%), corresponding to the release of one
uncoordinated and two coordinated water molecules. On the other hand, the
loss of two water molecules was noted in the case of complex 2 (found, 3.40%;
calcd, 3.38%) due to the elimination of one lattice and one coordinated water
molecules. It can be noted from the thermogram of complex 4 that it is stable up
to ~ 430 °C, with a first weight loss (found, 3.30%; calcd, 3.39%), which
accounts for the elimination of two coordinated water molecules. The second
weight loss, between 450 and 850 °C for complex 1 (found, 79.80%; calcd,

80.87%), is attributed to the thermal decomposition of three ligand molecules.
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Figure 3.4. TG analysis of complexes 1, 2 and 4.

On the other hand, in the case of complex 2, the second weight loss noted
between 450 and 770 °C (found, 81.90%; calcd, 81.71%) and the loss occuring
between 450 and 850 °C (found, 81.20%; calcd, 81.98%) in complex 4 can also
be due to the loss of three ligand moieties. The total weight losses are
compatible with formulas, and the masses of the final products correspond to
the complete combustion of the complexes to their corresponding metal oxides
(Euz203 or Tb407). The differences observed in TGA of complexes 1 and 2 are
essentially due to the different hydration states of the Ln3* cations and also can
be attributed to lanthanide contraction (Mahata et al. 2008; Soares-Santos et al.

2010).
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3.4.2. X-ray crystal structures

Single-crystal X-ray diffraction studies reveal the 1D coordination polymeric
nature of the complexes 1, 2 and 3 (Figures 3.5, 3.6 and 3.7). However, these
complexes have different coordination environments. The pertinent data
collection parameters and a listing of significant bond distances and angles for
both compounds are depicted in Tables 3.3 and 3.4, respectively. Compounds 1,
2 and 3 crystallize in the monoclinic space group C2/c. The lanthanide centers
in all the compounds are doubly bridged by carboxylate groups of the 4-
(di(pyridin-2-yl)amino)benzoate ligands and thereby form infinite 1D chains. It
is interesting to note that compound 2 forms a 1D wavelike strand; and on the
other hand, compounds 1 and 3 form a straight chain. This may be due to the
differences in their coordination environments. The Ln1 center of 1 and 3 are
coordinated to four carboxylate oxygen atoms of the bridging 4-(di(pyridin-2-
yl)amino)benzoate ligands, two carboxylate oxygen atoms of the chelating 4-
(di(pyridin-2-yl)amino)benzoate ligand, and two water molecules. The
coordination geometry around the Eul and Gd1 centres can be described as a
distorted bicapped trigonal prism with 0-Ln1-0 bond angle ranging from 51.79°
to 163.42° for Eu3* and 52.14° to 162.99° for Gd3*. In contrast to the Ln1 center
in 1 and 3, the Tb1 center of 2 is surrounded by seven oxygen atoms in a
distorted pentagonal-bipyramidal arrangement with O-Tb1-O bond angles
ranging from 53.69° to 156.2°. The Tb1 center in 2 is coordinated to four
carboxylate oxygen atoms from the bridging benzoate ligands, two carboxylate
oxygen atoms from the chelating benzoate ligand and one oxygen atom from the

water molecule.
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Figure 3.5. a) 1D coordination polymer chain of complex 1. b) Coordination

environment of complex 1. All hydrogen atoms are omitted for clarity.

The longest Ln1-0 bonds involve the oxygen atoms of the bidentate chelating
ligands [Eu1-0(3): 2.514 A; Eu1-0(3#): 2.514 A; Tb-0(2): 2.428 A; Th-0(2#):
2.428 A; Gd1-0(33): 2.502 A; Gd1-0(33#): 2.502 A] and the shortest bonds are
associated with bridging carboxylate ligands [Eu-0(1): 2.312 A; Eu-0(2): 2.330
A; Eu-0(1#): 2.312 A; Eu-0(2#): 2.330 A; Tb-0(1): 2.240 A; Tb-0(1#): 2.2404;
Tb-0(3): 2.325 A; Tb-0(3#): 2.325 A; Gd1-0(31): 2.318 A; Gd1-0(27): 2.294
A; Gd1-0(31#): 2.318 A; Gd1-0(27#): 2.294 A]. These trends in the distances
are found to be same as those observed in lanthanide carboxylate complexes
featuring bidentate chelating and bridging modes (Deacon et al. 2007; Liu et al.

2008). The carboxylate bridges also adopt a syn-anti confirmation in all the
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three complexes to exhibit a Ln1-Ln1 distance of 5.122 Ain 1, 5.278 A in 2 and

5.109 A in 3.

b)

O1#

Figure 3.6. a) 1D coordination polymer chain of complex 2. b) Coordination

environment of complex 2. All hydrogen atoms are omitted for clarity.

The distance between adjacent Tb centers is found to be larger than Eul-Eul
and Gd1-Gd1 distance. This can be attributed to the differences in their
coordination environments in view of the presence of two inner sphere water
molecules in complexes 1 and 3, while complex 2 has only one. The most
noteworthy structural features of these compounds are the presence of free
Lewis basic pyridyl sites within the 1D coordination polymers, which may have
a potential utility of these compounds for the recognition and sensing of metal

ions.
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Table 3.3. Crystallographic and refinement data for 1-3.

1 2 3
formula Cs1H40N9OgEu Cs51H36N9O9Tb Cs1Ha0N9OsGd
fw 1058.88 1077.81 1064.17
cryst sys Monoclinic Monoclinic Monoclinic
space group C2/c C2/c C2/c

cryst size
Temp/K
a/(A)

b/(A)

c/(A)

(%)

B (%)

v (%)

V/A3

Z

Dcalcd, g cm™1
u/(Mo,Ko)mm-1
F(000)

R1 [I> 20(1)]
WR2 [I> 20(1)]
R1 (all data)
wRZ (all data)
gof

0.12 x 0.04 x 0.03
296 K
30.2598(9)
14.9444(4)
10.2439(3)
90
102.862(1)
90
4516.2(2)
4

1.557
1.457
2144.0
0.0178
0.0448
0.0226
0.0475
1.039

0.12x 0.03x 0.02
293 K
29.502(3)
15.9006(10)
10.0813(8)
90
102.716(9)
90
4613.2(6)

4

1.552

1.602
2168.0
0.0770
0.1547
0.1070
0.1691
0.974

0.30x 0.20 x 0.20
300 K
30.229 (8)
14.919(3)
10.217(3)
90
102.947(3)
90
4490.5(19)
4

1.574
1.545
2148.0
0.0282
0.0651
0.0403
0.0709
1.020
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Table 3.4. Selected bond lengths (A) and angles (°) for 1- 3.

Chapter 3

2 3
Eul-Eul 5.122 Tb1-Tbl  5.278 Gd1- Gd 1 5.109
Eul-01 2.312(2) Tb1-01 2.240(2)  Gd1-027 2.294(19)
Eul-02 2.330(2) Tb1-02 2428(2)  Gd1-031 2.318(18)
Eul-03 2.514(2) Tb1-03 2.325(2)  Gd1-033 2.502(17)
Eul-04 2.539(2) Tb1-04 2.349(2)  Gd1-036 2.518(19)
Eul-01#  2.312(2) Tb1-O1#  2240(2) Gd1-027 # 2.294(19)
Eul-02#  2.330(2) Tb1-02#  2.428(2) Gd1-031# 2.318(18)
Eul-03#  2.514(2) Tb1-03#  2.325(2) Gd1-033# 2.502(17)
Eul-04#  2.539(2) Gd1-036 # 2.518(19)
01- Eul-01 153.60(7) 02-Tb1-02  53.69(2) 031- Gd1-031 162.99(9)
01- Eul-02 82.59(5) O01-Tb1-03  91.55(2) 033- Gd1-033 52.14(8)
01- Eul-02 101.23(5) 03-Tb1-03  156.2(2) 027- Gd1-027 153.50(11)
02-Eul-02 163.42(7) 01-Tb1-04 87.94(12) 036- Gd1-036 68.80(10)
01-Eul-03 74.45(5) 03-Tb1-04 78.10(12) 031- Gd1-033 73.69(6)
01-Eul-03 81.79(5) 01-Tb1-02  91.3(2) 031- Gd1-033 123.13(6)
02-Eul-03 73.68(4) 03-Tb1-02 75.05(17) 033- Gd1-036 150.06(7)
03-Eul-03 51.79(6) 03-Tb1-02 128.74(16) 027- Gd1-033 81.77(7)
01-Eul-04 134.22(5) 02-Tb1-04 153.15(11) 027- Gd1-031 82.90(7)
04-Eul-04 68.77(6) 027- Gd1-036 134.38(7)
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Figure 3.7. a) 1D coordination polymer chains of complex 3. b) Coordination

environment of complex 3. All hydrogen atoms are omitted for clarity.

3.4.3. Electronic states of the ligand and complexes

The absorption spectra of the free ligand and the corresponding Ln3* complexes
(1-4) have been recorded in CH3CN/water mixture (CH3CN, 60%; water, 40%; ¢
= 2 x 10> M) at 298 K and are depicted in Figure 3.8. The ligand displays an
absorption band localized in the UV region with a molar absorption coefficient
(€max) of 1.2 x 104L mollcm~1 (Amax = 305 nm) that is classically observed for
nr* transitions of benzoic acid ligands. The trends in the absorption spectra of
the complexes are identical with those observed for the free ligand. The molar
absorption coefficients of 1-4 are found to be 3.5 x 104, 3.7 x 104, 3.8 x 10%and

3.4 x 10*L mol-1 cm™1, respectively, showing the strong ability of the complexes
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to absorb light in the 250-350 nm region, with maxima at 305 nm. The
absorption coefficients for the complexes are about 3 times higher compared
that to the free ligand, in line with the formation of 3:1 (ligand/metal)
complexes. These features point to the ligand being an adequate light-

harvesting chromophore for the sensitization of lanthanide luminescence.

—HL
—1
3x10° - —2
—3
_ —4
‘_§ 2x10* -
5
£
=
w 1x10* 4
0-
300 350 400

Wavelength (nm)

Figure 3.8. UV-vis absorption spectra of the ligand HL and complexes 1-4 in
CH3CN/water mixture (CH3CN, 60%; water, 40%; c = 2 x 10-> M).

3.4.4. Photophysical properties

In the present study, the Gd3*-4-(di(pyridin-2-yl)aminobenzoate complex (3)
has been utilized to probe the triplet energy level of the newly developed
sensitizer 4-(di(pyridin-2-yl) amino)benzoate to assess its efficiency in the
energy-transfer process to the lanthanides. It is widely recognized that Gd3+
complexes are a popular choice for elucidating triplet energy levels of the ligand

for the following reasons: (1) Because of its heavy atom effect, the Gd3+* ion
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increases the rate of intersystem crossing. (2) The first excited-state electronic
levels of Gd3* are at high energies (°I; at around 36900 cm-1), there is no
gadolinium emission in the visible range, and all luminescence observed is due
to the ligand part of the complex. Thus, radiative decay from a triplet excited
state becomes the predominant energy migration pathway. Compound 3
exhibits ligand phosphorescence as a broad band centered at 435 nm after
excitation at 305 nm at 77 K (Figure 3.9). The triplet energy level (3nrr") of the
ligand was estimated by reference to its lower-wavelength emission edge (422
nm; 23697 cm-1) of the low-temperature phosphorescence spectrum of the Gd3+
complex 3. It can be noted that the triplet energy level of the ligand is found to
be higher than that of the emitting levels of both D4 of Tb3* or 5Dy of Eu3*, thus
indicating that the designed ligand can act as antenna for the photosensitization
of these Ln3* ions (Latva et al. 1997). To elucidate the energy migration
pathways in Ln3* complexes, it was also necessary to determine the singlet
energy level (") of the ligand. The singlet (1nmr") energy level of this ligand
was determined by reference to the UV-vis upper absorption edge of the Gd3+
complex 3 (Figure 3.8) and the value was found to be 346 nm (28900 cm™1). It is
well documented that an efficient ligand-to-metal energy transfer requires a
good intersystem crossing efficiency, which is maximized when the energy
difference between singlet and triplet states, AE (inrr*- 3mrr™), is close to 5000
cm~1 (Steemers et al. 1995). Thus, in the present study it amounts to 5203 cm-1,
and therefore the newly developed ligand has a good intersystem-crossing

efficiency.
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Figure 3.9. Phosphorescence spectrum of gadolinium complex 3 at 77 K.

The excitation spectrum of the Eu3* complex 1 (in the solid state) at
room temperature, monitored around the peak of the intense Do —» 7F;
transition consists of a broad band and several narrow bands (Figure 3.10). The
broad band peaking at 355 nm is attributed to the mm* ligand transition, and the
narrow bands are assigned to transitions of the Eu3* intra-4Fe ion, from 7Fo to 5Le
(394 nm), 5D3 (414 nm), and 5D (464 nm) levels (Armelao et al. 2010; Biju et al.
2006; Zhang et al. 2010; Wan et al. 2009). However, these transitions are
weaker than the absorption of the organic ligand and are overlapped by a broad
excitation band, which proves that luminescence sensitization via excitation of
the ligand is much more efficient than the direct excitation of the Eu3* ion
absorption level. The emission spectrum of 1 was recorded under the maximum
excitation wavelength at 355 nm. The emission spectrum is composed of the

first excited state, Do, and the ground septet, 7Fj (J = 0—4) of Eu3+* (Divya et al.
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2010; Francis et al. 2010; Raj et al. 2010). The transition Do — 7Fy is very weak
and is situated at 582 nm. The moderately strong transition >Do — 7F1 splits into

three peaks at 589, 592 and 596 nm.
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6.0x10"

Intensity (a.u)

4.0x10" 4

2.0x10* -
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I I Ll L) I
300 400 500 600 700
Wavelength (nm)

Figure 3.10. Room-temperature excitation and emission spectra for complex 1

(Aex= 355 nm) with emission monitored at approximately 612 nm.

The hypersensitive transition Do — 7F2 consists of a strong band at 614 nm,
resulting in red luminescence. The peaks at about 650 and 656 nm correspond
to the characteristic SDo — 7F3 transition. It is also noted that four splitting peaks
of the 5Dy — 7F4 transition occurs at 693, 697, 701 and 705 nm.

The steady state excitation and emission spectra of Tb3* complex 2 at
room temperature are depicted in Figure 3.11. The excitation spectrum of 2
monitored around the peak of the intense >D4s— 7Fs transition of the Tb3* ion

displays a broad band between the 250-400 nm range with a maximum at
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approximately 355 nm, which can be assigned to the lmr* transition of the

antenna molecule.
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Figure 3.11. Room-temperature excitation and emission spectra for complex 2

(Aex= 355 nm) with emission monitored at approximately 545 nm.

The absence of any absorption bands due to the f-f transitions of the Tbh3+ cation
proves that luminescence sensitization via excitation of the ligand is more
sensitive than the direct excitation of the Tb3* ion. The room temperature
emission spectrum of Th3* complex exhibits the characteristic emission bands of
Tb3* (Aex= 355 nm) centered at 490, 545, 585, and 620 nm, which result from
deactivation of 5D4 excited state to the corresponding ground state 7F; (] = 6, 5,
4, 3) of the Tb3* ion (Biju et al. 2009; Remya et al. 2008; Xia et al. 2007; Dieke
1968). The more intense transition centered at 545 nm corresponds to the

transition of D4 — 7Fs. Moreover, the ligand-centered emission is not detected,
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thus implying the existence of an efficient ligand-to-metal energy transfer
process in this complex.

The excited state Do (Eu3*) and >D4 (Tb3*) lifetime values (zbs) were
measured at both ambient (298 K) (Figure 3.12) and low temperatures (77 K)
(Figures 3.13 and 3.14) for the Ln3* complexes 1 and 2, by monitoring within the
more intense lines of the SDo— 7F2and >Ds— 7Fstransitions respectively, and
the pertinent values are summarized in Table 3.5. The observed luminescent
decay profiles correspond to single-exponential functions, thus implying the
presence of only one emissive Ln3+ center. The shorter 5Dy lifetime (zobs = 428 +
2 us) noted for Eu3* complex 1 at 298 K may be due to the dominant
nonradiative decay channels associated with vibronic coupling on account of the
presence of two water molecules in the coordination sphere of this
complex (Bijuetal 2009; Raj et al. 2008). This value is essentially temperature
dependent, with s (759 * 7us) approximately doubled upon going from 298 to
77 K, thereby reflecting the presence of thermally activated deactivation
processes. This effect has been well documented for many hydrated europium
carboxylate complexes (Sivakumar et al. 2011). A longer D, lifetime value at
298K (938 = 7 us) has been observed for the Tb3* complex even when the
solvent molecules are present in the first coordination sphere because they are
well known to be vibrational deactivators of the excited states of the Ln3*

ions (Samuel et al. 2008; Biju et al. 2009; Sivakumar et al. 2011).
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Figure 3.12. Luminescence decay profiles (298K) for complexes 1 and 2 excited

at 355 nm and monitored at 612 nm and 545 nm, respectively.
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Figure 3.13. Low temperature (77K) luminescence decay profile of complex 1

excited at 355 nm and monitored at approximately 612 nm.
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Figure 3.14. Low temperature (77K) luminescence decay profile of complex 2

excited at 355 nm and monitored at approximately 545 nm.

The energy gap between the luminescent and ground state manifolds are
approximately 12000 and 14800 cm~1! for Eu3* and Tb3+, respectively. Relatively
efficient coupling of the Eu3* excited states occurs for the third vibrational
overtone of the proximate O-H oscillators (von ~3300-3500 cm-1), and for the
fourth harmonic in the case of Tb3*, which is consistent with the less efficient
quenching observed in the case of Tb3*, where the Franck-Condon overlap
factor is less favourable (Beeby et al. 1999; Dgssing 2005). The D4 lifetime
value of Tbh3* complex is found to be essentially temperature-independent, with
trap (970 + 7ups) varying by ~3% upon going from 298 to 77 K, thereby

reflecting the absence of thermally activated deactivation processes.
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In order to understand the photophysical properties of the designed
ligand, it was necessary to determine the overall quantum yield which was
described in detail in chapter 2. Table 3.5 summarizes the @overanr, @rn, Dsen,
radiative (Arap) and nonradiative (Ang) decay rates.

Table 3.5. Radiative (Arap) and nonradiative (Anr) decay rates, SDo/>Da lifetimes
(obs), radiative lifetimes (trap), intrinsic quantum yields (®.n), energy transfer
efficiencies (®sen), and overall quantum yields (®overan) for complexes 1 and 2 (2

= 77K).

Compl- ARrap ANR/S_1 Tobs/ Us TRAD/ us Dy Dsen Doverall

-exes /st (%) (%) (%)
1 282 2071 428+2 3540 12 58 7+£0.7
759+ 72
2 --- --- 938+7 97072 97 66 64+6

Solid state measurements gave a quantum yield of 64% for the Tb3+-4-
(di(pyridin-2-yl) amino)benzoate complex 2. Conversely, the corresponding
Eu3* complex 1 shows poor luminescent efficiency with low quantum yield
(7%). A poor sensitization efficiency for the Eu3* complex 1 has been noted for
the newly constructed benzoate ligand mainly because of the larger energy gap
between the triplet state and >Do level of Eu3* AE (3mmr*— >Do) = 6447 cm~1for 1.
Therefore, a lower quantum yield has been observed in the Eu3* complex. On the
other hand, complex 2 exhibits a higher quantum yield (®overan =64%) and an

efficient ligand-to-metal energy transfer (®s.n = 66%) because of the superior
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match of the triplet energy level of ligand to that of the Tb3+* emitting level (AE
(3mmr*—>D4) = 3197 cm™1).

3.4.5. Energy Transfer from Tb3+ to Eu3* in mixed lanthanide
complex

The photoluminescence emission spectrum of compound [EuosTbo.s(L)3(H20)2]x
(4) is compiled in Figure 3.15 along with the emission spectrum of coordination
polymers of complexes 1 and 2. The mixed lanthanide complex exhibits an
enhanced luminescent intensity at 614 nm (5.48 fold) corresponding to >Do —
’F transition of Eu3* ion as compared to isostructural Eu3* complex 1 because of
the presence of Tb3* ion in complex 4. On the other hand, a considerable
decrease in the luminescent intensity at 545 nm (22.7 fold) corresponding to
5D4 — 7Fs transition compared to the isostructural Tb3+ complex 2, indicating
the highest efficiency of Tb3+ to Eu3* energy transfer. Furthermore, the colour in
the luminescent image of mixed Ln3*-complex shows bright- red emission under
UV light.

The lifetime measurements of the Ln3* emissions in mixed lanthanide
systems represent an important tool for the demonstration of energy transfer
between the Ln3* ions (Ananias et al. 2004; Elhabiri et al. 1999; Lewis et al
2011; Piguet et al. 1993; Sendor et al. 2003). Lifetime values for the excited state
energy levels for complex 4 were determined from their respective luminescent
decay profiles at room temperature (Figure 3.16). The lifetimes of Tb3+ and Eu3+
emissions in mixed Ln3* system provides further evidence that energy transfer

from the Tb3*+ to Eu3* center is indeed occurring because the lifetime of the Tb3+
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emission decreases by approximately 86% (down to 132 + 1 ps from 938 + 7 ps

in 2).
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Figure 3.15. Room-temperature emission spectra for complexes 1, 2 and 4,

excited at 355 nm.

In contrast, the lifetime of the Eu3* emission increases moderately to 525 + 1 us
(from 428 * 2ps in 1). This can be explained as being due to a decrease of the
concentration quenching by dilution of the the Eu3* ions. The energy-transfer
efficiency (7) for the purely dipole-dipole, through-space-energy-transfer

mechanism can be quantified by eqs 1 and 2 (Lewis et al. 2011):

n=1-(7/n) (1)

n=1/[1+(R/Ro)°] (2)

104



Chapter 3

where 7and 1w are the lifetimes of luminescence of the donor in the presence
and absence of the acceptor, Ry is the distance required for 50% energy transfer,
and R is the actual distance between donor and acceptor. The energy-transfer
efficiency estimated as per the eq 1 was found to be 86% when 7 =132 + 1 us
and 7o = 938 * 7 pus. On the other hand, as per eq 2, the energy-transfer
efficiency of n = 96% was obtained when it has been assumed that R = 5.2 A and
Ro=9.0 A (the value for Ro usually lies between 8 and 10 A for Eu3+-Tb3* pairs in
helicates (Piguet et al. 1993)). This efficiency is approximately similar to the
value calculated experimentally for the mixed complex [EuosTbos(L)3(H20)z2]x»
(4) system based on lifetime values. It is therefore a strong possibility that
intrachain energy transfer occurs predominantly via a dipole-dipole mechanism.
The efficiency of energy-transfer observed in the present system is comparable
to that of heterometallic lanthanide helicates developed by Piguet and Biinzli
and co-workers, which display superior energy-transfer yields of 72% and
82% (Piguetetal 1993).

In addition to the above- mentioned Ln — Ln energy transfer pathways,
it is well demonstrated that the general mechanism for the sensitization of Ln3+
ion luminescence via the “antenna effect” involves the following steps: (i) UV
absorption by the organic chromophore, which results in excitation to the first
excited singlet state (S1); (ii) intersystem crossing from singlet to the triplet
state (T1); (iii) intermolecular energy transfer from the ligand centered triplet
state to the excited 4f states of the Ln3* ions; (iv) radiative transition from the

Ln3* ion emissive states to lower energy states, which results in the
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characteristic Ln3* emission (Binnemans 2009; Biinzli 2010; Bunzli et al. 2000;

Piguet et al. 1993).
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Figure 3.16. Do and >D4 decay profiles (298K) for complex 4 excited at 355 nm

and emission monitored around 612 nm for D¢ and 545 nm for 5D4.

Thus, the intramolecular energy migration efficiency from the organic
chromophore ligand to the central Ln3* ion is one of the key factors that
influence the luminescent properties of these Ln3* complexes. Taking the mixed
Ln3* complex 4 as a typical example, the schematic diagram representing energy

transfer pathways is summarized in Figure 3.17.
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Figure 3.17. Schematic representation of the energy transfer mechanism for

complex 4.

3.5. CONCLUSIONS

» In summary, we have demonstrated the design, synthesis, and
characterization of a new class of highly luminescent thermally stable
lanthanide coordination polymers that utilizes a novel 4-(di(pyridin-2-
yl)amino)benzoic acid ligand to indirectly excite the lanthanide metal
center.

» All the three complexes were structurally authenticated by single-crystal
X-ray diffraction and were found to exist as infinite 1D coordination
polymers.

» The terbium coordination polymer shows high quantum yield (@overan =

64 + 6%) and long lifetime (7obs= 938 + 7 us), supporting the hypothesis
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that the superior match of the triplet state of the ligand with that of the
5Dy excited state level of the metal ion.

In contrast to the foregoing, the Eu3* coordination polymer features a
weak luminescence efficiency (®@overan = 7 + 0.7 %) due to poor matching
of the triplet state of the ligand with the emissive excited states of the
metal ion.

Another noteworthy feature from the current study is an efficient Th3+-
to-Eu3+* energy transferability in heteronuclear lanthanide complex, (n =
86%), and hence it is a potential candidate for applications in the field of

colour displays, luminescence sensors, and structural probes.
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Chapter 4

Tunable White-Light Emission from a Mixed Lanthanide
(Eu3+, Gd3+, Tb3+) Coordination Polymers Derived from

4-(Dipyridin-2-yl)amino benzoate
]

4.1. ABSTRACT

l A,_=355-375 nm

400 450 500 550 600 650 700

Herein, we have developed a series of isostructural mixed Ln3+*-4-(dipyridin-2-
yl)aminobenzoate coordination polymers [Ln3* = Eu3* (1), Tb3+(2), and Gd3*
(3)], characterized and investigated their photophysical properties. The results
demonstrated that by gently tuning the excitation wavelength of these mixed
lanthanide complexes, white light emission can be realized with the Commission
Internationale de I'Eclairage coordinates (0.32, 0.34). Furthermore, by changing
the concentration profiles of lanthanide ions stiochiometrically in mixed-
lanthanide complexes and exciting at particular wavelength, various emission
colours can also be successfully obtained. The antenna ligand, 4-(dipyridin-2-
yl)aminobenzoic acid provides an efficient energy transfer for the sensitization

of Eu3* and Tb3+* complexes and exhibits red and green emissions, respectively.
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Most importantly, due to the high energy (32150 cm1) of the Gd3* ion lowest-
lying emission level, the corresponding Gd3* complex displays ligand-centered
visible emission in blue light region, and hence it acts as a blue emitter.
Therefore, Eu3* and Tb3* complexes in conjunction with Gd3* complex is a
suitable choice to obtain tunable white-light-emission from Ln3*+ coordination
polymers. The morphological analyses of the mixed lanthanide coordination
polymers by Transmission Electron Microscopy (TEM) discloses that these
compounds exist as unique crystalline nano-rods with an average diameter of
200 nm. The developed mixed lanthanide complexes also exhibit high thermal

stability (~ 420 °C).

Ramya, A. R.; Sunil Varughese; Reddy, M. L. P. Dalton Trans., 2014, 43, 10940-

10946.
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4. 2. INTRODUCTION

White-light emitting materials and devices have recently attracted
considerable interest because of their potential applications in solid-state
lighting, low-cost back-lighting and full-color displays (Reineke et al. 2009;
Zhu et al. 2011; Liu et al. 2012; Farinola and Ragni 2011). The lanthanide
based molecular materials display unique optical properties such as sharp
and intense luminescence, long excited state life times, emissions in the
primary color range (red, green and blue) that fully spans in the entire
visible spectrum and therefore can be well suitable for designing white-light
emitting materials (Guo et al. 2010; Rocha et al. 2011; Shunmugam and Tew
2008; Eliseeva and Biinzli 2010; Song et al. 2013). Interestingly, Eu3* and
Tb3+ions emit intense red and green light, respectively. On the other hand,
Gd3* complex emits in the blue region in view of its high lowest emitting level
(32,150 cm-1). Consequently, mixed lanthanide complexes (Gd3+, Tb3* and
Eu3+*) have potential applications in generating white-light emission (Dang et
al. 2012; Balmurugan et al. 2009; Zhang et al. 2014; Tang et al. 2014). The
aromatic carboxylate ligands not only play a role as new building blocks for
the coordination networks of lanthanides, but also act as efficient sensitizers
for Ln3* ions via an “antenna effect” (Reddy et al. 2013). Zhang and co-
workers have reported a strong white-light emission based on isostructural
mixed-lanthanide metal-organic complexes by varying the stoichiometric
ratio of the lanthanide ions (Zhang et al. 2013). Previously, efforts have been
made to generate white-light emission by adjusting the doping concentration

of Eu3* and Tb3* ions in the Gd3*-coordination polymer constructed based on
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benzimidazole-5,6-dicarboxylic acid, and 1,10-phenanthroline (Ma et al.
2012). In recent years, metal-organic frameworks (MOFs) with exceptional
tenability and structural diversity, represent a new class of light-emitting
materials, with the possibility of color tuning of the light emission, including
the production of white light (Rao et al. 2012; Zhang et al. 2014; Ma et al.
2013). Single-phase white light emitters based on MOFs have also been
reported (Liu et al. 2012). However, developing suitable lanthanide
coordination compounds capable of generating white light is still a
challenging task because the blue and yellow light emitters or blue, green
and red light emitters should compensate exactly through the dichromatic
and trichromatic approaches, respectively.

In this work, we report the preparation of a series of mixed lanthanide
complexes based on earlier reported three new Ln3+-4-(dipyridin-2-yl)amino
benzoate coordination polymers [Ln3* = Eu3+ (1), Tb3*(2), and Gd3*(3)] (Ramya
et al. 2012). In these complexes, 4-(dipyridin-2-yl)aminobenzoate is utilized, not
only as an energy absorption antenna for the red Eu3* and green Tb3* emissions,
but also as a blue emission source. To maximize the blue emission, the
composition percentage of Gd3* is much higher than the other two components
to dilute the other two lanthanide ions in the solid state. With careful
adjustment of the relative concentration of the lanthanide ions and excitation
wavelength, the color of the luminescence can be modulated, and white light-
emission can indeed be achieved. The mechanisms possibly responsible for the

observed photophysical properties of these mixed complexes are also discussed.
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4.3. EXPERIMENTAL SECTION

4.3.1. Materials

The following chemicals were procured commercially and used without
subsequent purification: Europium(III) nitrate hexahydrate, 99.9%, terbium(III)
nitrate hexahydrate, 99.9% and gadolinium(IIl) nitrate hexahydrate , 99.9%
were procured from Triebacher. Methyl 4-aminobenzoate, 98%, and 2-
bromopyridine, 99.9% were purchased from Sigma-Aldrich and used without
further purification. All the other chemicals used were of analytical reagent
grade.

4.3.2. Characterization and spectroscopic techniques

TEM and SEM were used to determine the morphology and particle size. TEM
analyses were done on a JEOL 2010 (300 kV). A pinch of material was
suspended in acetone and sonicated for 10 min, then dropped in a carbon-
coated grid and allowed to dry at room temperature. Scanning electron
microscopy (SEM) was performed on a ZEISS EVO-18 Cryo-SEM instrument.
4.3.3. Synthesis of the ligand and lanthanide complexes

The ligand 4-(dipyridin-2-yl-amino)benzoic acid and their corresponding
lanthanide complexes (1-3) were synthesized in our lab and has been
characterized by various spectral techniques as described in chapter 3. The
mixed lanthanide complexes 4-11 were synthesized by means of the following
general procedure: 1 mmol of the lanthanide nitrate mixture (Ln = Eu3+, Th3+
and Gd3*) in 2 mL of ethanol was added to an ethanolic solution of 3 mmol of

ligand and 3 mmol of NaOH in 5 mL of water. Precipitation took place
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immediately, and the reaction mixture was stirred subsequently for 12 h at
room temperature. The product was collected on a filter, washed with ethanol,
and dried in vacuo. The resulting complexes were then purified by
recrystallization from a dichloromethane/methanol solvent mixture.

The molar ratios of Gd3+/Eu3*/Tb3* in the resulting mixed-lanthanide complexes

is exclusively confirmed by energy-dispersive spectrometry (EDS) analysis.

4.4. RESULTS AND DISCUSSION

4.4.1. Synthesis and Characterization of ligand and Ln3* complexes
1-3

The elemental analysis data of the complexes 4-11 revealed that in each case
the Ln3* ion had reacted with the corresponding benzoate ligand in a metal-to-
ligand mole ratio of 1:3 (Table 4.1). The metal compositions of the designed
mixed lanthanide complexes were confirmed by energy-dispersive
spectrometry (EDS) analysis and found to be matching with the initial
compositions of the metal ions (Figure 4.1 and Table 4.2). The FT-IR spectrum
of the coordinated benzoate ligand exhibits two intense bands at approximately
1434 and 1699 cm-1, which are attributable to the symmetric vs(C=0) and anti-
symmetric vas(C=0) vibration modes, respectively. The coordination of the
ligand to the respective lanthanide ion in compound 6 was confirmed by the
absence of the v(COOH) absorption bands of the ligand at ~1699 cm-l.
Moreover, the asymmetric and symmetric stretching vibrational modes of the
benzoate ligand in complex 6 further split into two peaks [vs(C=0): 1428, 1407

cm1; v45(C=0): 1648, 1595 cm-1].
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Table 4.1. Elemental analysis for mixed complexes 4-11.

Elemental Analyses : Calcd (Found)

Compounds C H N
4 56.27 (56.15)  3.88(3.95) 11.58(11.40)
5 56.68 (56.77)  3.92(3.78) 11.66 (11.44)
6 56.67 (56.68) 3.92(3.74) 11.66 (11.38)
7 56.67 (56.77)  3.92(3.77) 11.66 (11.64)
8 56.62 (56.58) 3.91(3.80) 11.65 (11.42)
9 56.79 (57.05) 3.92(3.90) 11.68 (11.61)

10 56.62 (56.60) 3.91(3.81) 11.65 (11.47)

11 56.62 (56.55)  3.91(3.85) 11.65 (11.59)

Table 4.2. Molar ratios of multi component Gd3+/Eu3*/Tb3* for complexes
4-11 by EDS analysis.

Molar ratios of multi-components

Compounds  Gd Tb Eu
4 0.208 0.602 0.190
5 0.283 0.555 0.162
6 0.520 0.392 0.088
7 0.570 0.132 0.298
8 0.665 0.245 0.091
9 0.755 0.121 0.124
10 0.828 0.102 0.070
11 0.870 0.068 0.062

The difference between the asymmetric and symmetric stretching vibration

modes (Av(c-0) = Vas— Vs) is 241 and 167 cm-1, which indicates that carboxylate
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groups are coordinated to Ln3* ions in a bidentate bridging and chelating modes.
A broad band observed above 3000 cm~! (maximum at 3400 cm-1) in the FT-IR
spectrum of the typical complex 6 is attributed to the characteristic v(OH)

stretching vibration and is indicative of the presence of water molecules.
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Figure 4.1. EDS spectrum for complex 6.

The thermal stability of the typical mixed lanthanide complex 6 was
examined by means of thermogravimetric analysis (TGA) in the temperature

range 30-1000 °C and the corresponding thermogram is depicted in Figure 4.2.
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Figure 4.2. Thermogravimetric plot for complex 6.

The onset of weight loss occurs between 100 and 260 °C (Found: 4.65%) for
compound 6. This weight loss corresponds to the release of lattice and
coordinated water molecules (Calcd: 4.99%). The second weight loss, between
420 and 830 °C for complex 6 (found, 77.35%; calcd, 80.67%), is attributed to
the thermal decomposition of three ligand molecules. The final residue for each
complex corresponds to the formation of the respective lanthanide oxide. The
mixed lanthanide complex is found to be thermally stable up to ~420 °C.

The powder XRD pattern of typical mixed complex 6 was found to be similar to

that of complexes 1-3, thus implying that all these complexes are isostructural

(Figure 4.3)
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Figure 4.3. PXRD patterns for complexes 1, 2, 3 and 6.

The SEM and TEM micrographs of Gd complex 3 and mixed lanthanide
complex 6 are displayed in Figure 4.4 and 4.5, respectively. It is interesting to
note that both the complexes exhibit a rod-like morphology with an average
diameter of 200 nm. Thus, this observation suggests that the flexible
coordination mode of the 4-(dipyridin-2-yl)aminobenzoic acid ligand in
combination with the high coordination number of the Ln3* ions favours the

formation of a 1D rod-like structure.
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Figure 4.4. a) SEM and b) TEM micrographs of complex 3.

Figure 4.5. a) SEM and b) TEM micrographs of complex 6.
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4.4.2. Photophysical properties

The solid-state excitation and emission spectra of Eu3*, Tb3* and Gd3*
coordination polymers (1-3) recorded at room-temperature are displayed in
Figure 4.6. The red emission of the pure Eu3* compound 1 is due to the most
intense peak at 614 nm for a Do — 7F> transition, and the green colour of the
pure Tb3* compound 2 is due to the most intense peak at 545 nm for a D4 —
’Fs transition. Compound 1 exhibits emission peaks at 582, 590, 614, 655,
and 701 nm related to Do — 7Fj transitions of Eu3*, where | = 0-4,
respectively when excited at Aex= 355 nm (Raj et al. 2010). On the other
hand, the compound 2 displays typical emission bands at 490, 545, 585, and
620 nm, corresponding to transitions from 5Ds—7F; (where ] = 6-3,
respectively) of Tb3+* (Aex= 355 nm) (Sivakumar et al. 2011; Sivakumar et al.
2010). Gd3* compound 3 shows a broad violet-blue emission band between
380 to 430 nm. As the lowest excited states of the Gd3+* (°P7,2) are too high to
accept energy from the ligand, its characteristic 4f-4f transition at 311 nm is
not visible and hence the broad violet-blue emission noted can be assigned to
the ligand emission. Furthermore, the absence of ligand-centered emission
bands in the emission spectra of 1 and 2, indicating the efficient ligand-to-
Ln3+ ion energy transfer in these complexes. The antenna ligand, 4-
(dipyridin-2-yl)aminobenzoic acid has a high efficiency of light absorption
(Amax = 305 nm, € = 1.2 x 10*L mol-1 cm-1) and the energy of its triplet
excited state (23697 cm-1) is higher than the lowest emitting level of the
Eu3* (17500 cm-1) and Tb3+* (20500 cm-1). However, it is lower than that of

Gd3* (32150 cm™1). Thus the terbium compound 2 exhibits higher quantum
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yield (Poveranl = 64%) and lifetime values (938 + 7 us) because of the superior
match of the triplet state of the 4-(dipyridin-2-yl)aminobenzoic acid ligand to
that of the Tb3* emitting level (°D4) as compared to compound 1. The Eu3*
compound displays a moderate quantum yield (®overan = 7%) and life time
(428 = 2ps) values because of the poor match of the triplet energy level of
the ligand with that of 5Do excited state level as described in chapter 3

(Ramya et al. 2012).

1.4x10°
1.2x10" 4
1.2x10° * (b) -
1.0x10"
1.0x10° - - j;
3 T sox10* 22
& 30x10" &, o=
: = I
Z  6oxt0' 2 6.0x10 -
2 2 . A
£ soxio*4 = 4.0x10" l'!i.
2.0x10"- 2.0x10°+ "nﬂ E‘
0.0 0.0
30K 400 S0 00

Wavelength (nm)

Intensity (a.u)

380 a0 420 440 460
Wavelength (nm)

Figure 4.6. The room-temperature excitation and emission profiles of

complexes 1(a), 2(b) and 3(c) [(c) Room-temperature excitation (inset)].
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The emission profiles of mixed lanthanide compounds 4-11 excited
at 355 nm are shown in Figure 4.7. The mixed lanthanide compounds
consists of multiple luminescent dopants display mixed emission patterns
with different relative peak intensities depending on the ratios of the Tb3+,
Eu3* and Gd3* ions, resulting in a fluent change of their visible
photoluminescence emission colours between green, blue and red. Multiple
colours from green, greenish yellow, yellow, yellowish orange, orange yellow,
pink to red were thus realized by varying the intensity ratio of RGB
emissions. The emission colours for 4-11 are illustrated in the CIE
chromaticity diagram (Figure 4.8), while their CIE colour coordinates are

listed in Table 4.3.
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Figure 4.7. Emission spectra for compounds 4-11, excited at 355 nm.
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CIE Chromaticity
Di iqqram

Figure 4.8. CIE chromaticity diagram showing the location of the multi-

coloured lanthanide mixed complexes (excited at 355 nm).

The emission behaviour of mixed lanthanide compound 6 has been
investigated by varying the excitation wavelength between 355 and 375 nm and
the resulting emission profiles are displayed in Figure 4.9. As shown in Figure
4.9, when excited at 355 nm, light yellow emission with CIE coordinate of (0.36,
0.46) is obtained. With the increase in excitation wavelength, the relative
intensity of green and red emissions gradually decreases and at the same time
the blue emission increases and as a result white emission with the CIE
coordinate (0.32, 0.34) emerges upon excitation at 375 nm. The current concept
of excitation dependent photoluminescence tuning in the blue, yellow and white

regions is controlled by different energy transfer processes.
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Table 4.3. Colour coordinates of 1-11 according to CIE 1931 at 355 nm

excitation wavelength with the approximate colour regions.

Complexes CIE coordinates Approximate
colour regions

1 (0.60, 0.33) Red
2 (0.30, 0.58) Green
3 (0.17,0.08) Bluish violet
4 (0.48, 0.45) Orange yellow
5 (0.42, 0.48) Yellow
6 (0.36, 0.46) Light yellow
7 (0.50, 0.29) Pink
8 (0.37,0.50) Greenish Yellow
9 (0.46,0.43) Yellowish orange
10 (0.38,0.50) Greeish Yellow
11 (0.41, 0.45) Yellow

In the case of higher energy absorption, the usual “antenna effect” dominates,
which generates a yellow light emission. On the other hand, when the
absorbed energy is too low to allow intersystem crossing to occur, the ligand
fluorescence in the blue region dominates. Thus, a white light emission can
be realized through a combination of the usual triplet pathway and a ligand
fluorescence process, when an intermediate energy is absorbed. White-light
emission thus can be obtained by precisely controlling the concentration

profiles of Gd/Eu/Tb and excitation wavelengths.

126



Chapter 4

a) 8.0x10°

6.0x10° -

4.0x10° -

Intensity (a.u.)

2.0x10° -

0.0

500 550 600 650 700
Wavelength (nm)

400 450

b)

CIE Chromaticeity
Diagram

Figure 4.9. a) Emission spectra for compound 6 at 355-375 nm excitation
wavelengths. b) Variation of colour coordinate value [355 nm: (0.36, 0.46),

360 nm: (0.36, 0.44), 365 nm: (0.35, 0.40), 370 nm: (0.36, 0.38), 375 nm:
(0.32, 0.34)].

127



a) 1.0-

0.84

0.6 4

0.44

Normalized Intensity

0.2+

b)

L
400

1
450

L)
500

1
550

Wavelength (nm)

CIE Chromaticity

Diagram

» = e
600 650

Chapter 4

Figure 4.10. a) Emission spectra for compounds 4-11, excited at 375 nm. b)

The CIE coordinates characteristic to the emission for 4-11 at 375nm.
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The CIE chromaticity coordinates of 6 are found to be (0.32, 0.34), which is
very close to that for pure white light (0.33, 0.33) according to the 1931 CIE
coordinate diagram. Furthermore near white-light is generated by all the
mixed-lanthanide complexes (irrespective of their composition), when
excited them at 375 nm (Figure 4.10 and Table 4.4). Hence, the chromaticity
coordinates of white light are depending on the excitation wavelength (Aex),
enabling a potential approach to regulate the white-light property by means
of such dual-emissive compound.

Table 4.4. Colour coordinates of 4-11 according to CIE 1931 at 375 nm

excitation wavelength with the approximate colour regions.

Complexes CIE coordinates Approximate

colour regions

4 (0.36,0.34) Near white
5 (0.33,0.34) White

6 (0.32,0.34) White

7 (0.29, 0.28) Near white
8 (0.27,0.33) Near white
9 (0.29, 0.27) Near white
10 (0.27,0.34) Near white
11 (0.26,0.27) Near white

The present investigation highlights that development of full-colour photo-
luminescent materials based on mixed-lanthanide metal-organic complexes
would be a promising strategy in the design of RGB-photo luminescent

materials for use in the display devices.
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CONCLUSIONS

A new series of mixed lanthanide metal-organic complexes
[Eu3+/Tb3+/ Gd3* ] were synthesized based on novel a aromatic
carboxylate ligand, namely, 4-(dipyridin-2-yl)aminobenzoic acid.

All lanthanide metal-organic complexes are isostructural based upon
the analyses of single crystal and powder X-ray diffractions.

The designed mixed lanthanide metal-organic complexes are
thermally stable and exhibit unique nano-rod like morphology.

Most importantly, by varying concentration profiles of Ln3* in mixed
lanthanide metal-organic complexes and also varying the excitation
wavelengths, white-light emission was achieved.

In particular, precisely tuning the white-light emission of RGB-color
systems will lead to promising applications in color displays, sensing

and labelling.
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