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PREFACE

Luminescent lanthanide coordination complexes gsplaique line-like emission
bands, exhibit substantial Stokes shifts, possesg long luminescence lifetimes,
and emit over the visible and near-IR (NIR) spécttamains. Furthermore, the
fascinating photophysical properties of lanthama&ecular materials render them
appropriate for a host of photonic applicationshsas tunable lasers, amplifiers for
optical communications, luminescent probes for @dimal analysis, and as emitting
materials in multilayer organic light emitting desl Unfortunately, due to the
Laporte forbidden character and intraconfiguratioraure of the #transitions, the
molar absorption coefficients of lanthanide transi are typically very small (less
than 10 M' cm?). To obviate this problem, over the past few yeafforts have
been made to augment the absorption coefficiendstla@reby obtain significantly
more intense lanthanide ion emission. Fortunatdlyis objective can be
accomplished by prudent selection and synthestsgznic ligands with conjugated
motifs. Aromatic carboxylates angtdiketonates are particularly valuable in this
context because such ligands can absorb ultraiglgt and transfer the absorbed
energy to the central lanthanide ions in an appatgly effective manner (the so-
called “antenna effect”). In particular when aratit carboxylates are employed as
the antenna ligands, the coordinated lanthanids exhibit higher luminescent
stabilities than those ligated with other orgargahds. This enhanced stability is of
obvious practical importance in terms of devicdgrenance and stability. Thus, the
primary objective of the present work is to desagrd develop novel visible-light
sensitized lanthanide antenna complexes basedoomatic carboxylate ligands and
to investigate their structure-property relatiopshiThe thesis comprises of four
chapters.

The introductory chapter highlights the need far tievelopment of new class of
lanthanide molecular materials based on aromatibosglate ligands for the
sensitization of EXf and TH" ions. Further, a detailed literature review onréeent
developments in the photophysical properties ofhiamide-carboxylates has been

brought out towards the end of this chapter.

XiX



A new aromatic carboxylate ligand-[4-(9H-carbazol-9yl)butoxy]benzoic acic
(HL), has been synthesized by replacement of tliedxyl hydrogen of -hydroxy
benzoic acid with a 9-buty@H-carbazole moiety. The aniaterived from HL ha:
been used for the support of a series of lanthazodedination compounds [Ln = E
(), Gd (2) and Tb (3. The new lanthanide complexes have been chaizetieby a
variety of spectroscopic techniques and investiyéteir photophy:.cal properties
These results have been incorporated in chaptéoPaplex 3 was structurally
authenticated by singlerystal X-ray diffraction and found to exists as a sol-free
1D coordination polymer with the formula [Tbyg],. The structural data veal that
the terbium atoms in compoui3 reside in an octahedral ligand environment th.
somewhat unusual for a lanthanide. It is intergstm note that each carboxyl:
group exhibits only a bridgi-bidentate mode, with a complete lack of m
comgdex connectivities that are commonly observed fatereded lanthanic-
containing solidstate structures. Examination of the packing diagier 3 revealed
the existence of twdimensional molecular arrays held together by medrSH-1t
interactions. Aromatic carboxylates of the lantllasi are known to exhibit high
efficient luminescence, thus offering the promiseplicability as optical device
However, due to difficulties that arise on accoahttheir polymeric nature, the
practical application is somewhat limited. Accordingsynthetic routes to discre
molecular species are highly desirable. For thisppse, a series of terne
lanthanide complexes was designed, synthesized d@ratacterized, name
[Eu(L)s(phen)] (4), [Eu(Ly(tmphen)] 5), [Tb(L)s(phen)] (6) and [Tb(LYtmphen)]
(7) (phen = 1,1@henanthroline and tmphen = 3,4-tetramethy-1,10-
phenanthroline). The photophysical properties & tbregoing complexes in tl
solid state at room temperature have beeestigated. The quantum yields of
ternary T ]
complexes 4
(9.65%), 5
(21.00%), 6
(14.07%) and
7 (32.42%),

were found to be significantly enhanced in the @nes of bidentate nitrogen don

A e e ©=1407%
13/ . D=145%/

XX



when compared with those of the corresponding Binampound<1 (0.11%) and 3
(1.45%). Presumably this is due to effective enemgysfer from the ancillar

ligands. These results were communicateDalton Trans., 2017).

The third chapter describes the results on thehsgig, characterization a
photophysical [operties of LP*-Xanthene-%arboxyate complexes
[Ln2(XA)s(DMSO)(H20),] (Ln = Eu (1), Tb (2) and Gd (3); HXA = xanthe¢9-
carboxylic acid; DMSO = dimethylsulfoxic. The compoundsl and 2 were
structurally characterized by sin-crystal X-ray diffraction.The crystal structure
of 1 and 2 consist of homodinuclear species thatbaidged by two oxygen ator
from two carboxylate ligands. Each lanthanide isrcoordinated beight oxygen
atoms in an overatlistorted squa-prismatic geometry. Six of the oxygen atoms
furnished bythe carboxylate moieties, and the remaining twogexy atoms ar
provided by water and DMSO moleculeThe photophysical properties of the
complexes n the solic
state at roon
temperature have be:

investigated. Th

&
3
=

-
z

guantum vyields wer
found to be 0.0& 0.01
and 7.30 £ 0.73%or 1
and 2, respectively(These results were publishedlimorg. Chem., 2007, 11025-
11030.

Four new LA* complexes of -thiopheneacetic acid (HTPAC), [Tb(TPA;-H,0],
(1), [GA(TPACY-HO]n (2), [Tb(TPAC)(phen)} (3) and [Tb(TPAC;3(bath)p (4)
(phen = 1,1@@henanthroline; bath = bathophenanthroline) haven bgynthesize

and characterized by various spectroscopic teclkesignd these results are disclo
in chapter 4. The Xay structure ol reveals that each Thion is connected to tw
neighboring ions by six thiopheneacetic acid ligan@stiie carboxylate groups
form an infinite on-dimensional polymer. The unit cell contains onlye
independent crystallographic site for the Tb iofise carboxylate groups of the ¢

molecules of theéhiopheneacetate ligands are coordinated in batéribate bridging

XXi



and tridentate chelateridging modes. Each **ion is coordinated by nine oxyg
atoms in an overall distorted tricapped trig-prismatic geometry. Eight of tt
oxygen atoms are furriied by the carboxylate moieties, and the remainiygen
atom is provided by the water molecule. The quanyigids of3 (4.43 £ 0.44%
and 4(9.06 £ 0.90%) were found to be significantly entethby the presence of t
bidentate nitrogen
donor ligands in
comparison with
that of 1 (0.07 %

0.01%) due to

. |, - [ N—— SN I N | S
effective energy : S e e mm e e

Viimclongshy (merg

transfer from the secondary ligancThese results were publishediar. J. Inorg.
Chem., 2008, 4387-439%4

The relevant references have been cited towardsrnth®f the thesit

XXii
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Chapter 1
I ntroduction

1.1. Photoluminescence of trivalent lanthanides

Recent startling interest for lanthanide Ilumineseens stimulated by the
continuously expanding need for luminescent mdteriaeeting the stringent
requirements for telecommunication, lighting, elelctminescent devices, bio-
analytical sensors and bio-imaging set-ups [Eliaesavd Biinzli 2010] (Figure 1.1).
In 1937, J. H. van Vleck wrote an article entitfdithe Puzzle of Rare-Earth Spectra
in Solids” which perfectly reflects the fascination exertegdtbe intricate optical
properties of the trivalent lanthanides {hn[van Vleck 1937]. The electronic
[Xe]4f" configurations if = 0-14) indeed generate a rich variety of eledtrégvels

as shown in Figure 1.2.

Figure 1.1. Type of emission and related applications of lanithes.

The energies of these levels are well defined dude shielding of the 4f orbitals
by the filled 585p° sub-shells and, in addition, they do not vary mudth the
chemical environments in which the lanthanide ians inserted. As a corollary,

inner-shell 4f-4f transitions are sharp and theitercstate life-times are relatively

3



Chapterl

long (usually within the micro-to-millisecond rangéepending on the ion).
However, because they are forbidden, these transitiexhibit low extinction
coefficients ¢ < 1 M* cm?) [Sabbatiniet al 1993; Samueét al. 2009]. The weak
absorbance can be overcome by coordinating chroanegtontaining ligands to the
metal ion, which, upon irradiation, transfer enetgythe metal center, typicallya
the ligand triplet excited state, populating the*’Lemitting levels in a process

known as the “antenna effect” (Figure 1.3) [Leh®@]9

S 1<

milUL]

o

—
[—

—

—
—_—
—
—
—
 ——

Figure 1.2. A summary of electronic excited state levels fof'lions.

According to the well-known Jablonski diagram (Fgul.4), the sensitization
pathway in luminescent EBh complexes consists of the following steps: (i)
excitation of the coordinated ligand leading to glagon of the ligand’s singlet state
(S1), (ii) singlet excited state subsequently decdy®ugh intersystem crossing
(ISC) to a triplet state of the ligand, (iii) theptet state finally through adfster-
type dipole-dipole exchange mechanism leads topthmuilation of the emissive f
excited state of the [fiion, (iv) a radiative transition in the visible aear-IR
domains,i.e., luminescence emission (EM), which is usually eltarized by the
specific emission of LH ions. Among which, the energy transfer from ttiplet

energy level of the ligands to the metal ions pkysading role in the luminescence
4



Chapter 1

of the lanthanide complexes, affecting ttuminescent intensity, lifetime ai
guantum vyields. Thus, the energy level's matchheftriplet state of the ligands
the corresponding I ion’s exciting states, is one of the key factorsihg impact
on the luminescent properties of the complexnd affords an essential in t
design and modulation of ligands, other than tkkemformation and coordinatic
charactersGutierrezet al 2004; Paret al. 2009].

w}

Absorption
of light

Encrgy transfer

Figure 1.3. Pictorial representation of antenna efi

A wide array of antennchromophores that yield emissive®" complexes have
been studied extensively, including bipyridinfAlpha et al. 1987; "Alpha et al.
1987; Mukkala and Kankare 1992; Sabbaet al. 1993],calixarenes [linzli et al
1993; Binzli and lhringer 1996; Charbonnielet al. 1998] dipicolinic acids
[Lamture et al. 1995 Georgeet al. 2006] and Sdiketonates [de Set al 2000;
Binnemans 2003innemans 2009], to highlight a fe Carboxylate anions are he
Lewis bases and are knowvto bind strongly to L/ cations which possess
pronounced hard Lewis acid character [de Betten-Dias and Viswanathan 20C
Viswanathan and de Bettencc-Dias 2006; Sivakumaet al. 2011]. Commonly,
due to possessing large conjugate-electron syst@s and strong carbox
absorption groups, aromatic carboxylic acids areodgaactivators for th
luminescence of lanthanide ic [Li et al. 2000; Sewarcet al. 2001; Barjaet al.
2003; Wanget al. 2003; Lamet al. 2003; Wanget al. 2004; de Bettencot-Dias
2005; Zhouet al. 200€]. As a consequence, a variety of carboxylate ligaraise

been used as antenna chromophore lige
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A
3o 8,
ISC
T
1 ET
5
AE ; — D,
- 20 D4 fnl
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Figure 1.4. Jablonski diagram for the sensitization pathwaytuiminescent L>*

complexes.

The overaliquantum yield ®overar) for a sensitized LH complex is given by th

equation:

Doveral = PiscPeTPLn (1)

where®d;sc and®et are the respective efficiencies of intersystemsinus(ISC) anc
ligand-to-L** energy transfer (ET), and., is the intrinsic quantum yield of tt

Ln*"ion. In terms of ligand design, this means thatathienna chromophore shoi

0] be efficient at absorbing light (i.e., have lac values),

(i) have an ISC quantum yield near un

(i)  have a triplet state that isose enough in energy to the *fremitting
state to allow for effective liga-to-Ln®* energy transfer (but not :
close that thermal back transfer competes effdgtivith Ln** emission),
and

(iv)  protect the LA* from the quenching effects by preventing tnon-
radiative deactivation by -H, N-H, or CH oscillators in the

coordination environment or in close proximity bétmeta



Chapter 1
1.2. Overview on thevisible emitting luminescent carboxylates

The luminescent properties of Y'rbenzene carboxylate complexes have been
extensively investigated and these data are welliented in many review articles
[Hilder et al. 2009, Latvaet al. 1997]. Excellent correlation between the lowest
triplet state energy level of the various carbote/ligands and L luminescence
guantum yield has been reported by Latva and cdaveflLatvaet al. 1997].

Recent developments in the photoluminescence properties of lanthanide
benzoates: The photophysical properties of lanthanide benzmzmboxylates in the
solid state were systematically investigated byeP&k. Junk and coworkers and the
results are summarized in an excellent review larfidilder et al. 2009]. E4* and
Tb** complexes of benzoic acid, 9-anthracenecarboxgid, 1-naphthoic acid, 2-
naphthoic acid, cinnamic acidy-phenylbenzoic acidp-phenylbenzoic acidp-
methylbenzoic acid, mmethylbenzoic acid, p-methylbenzoic acid, p-tert-
butylbenzoic acid, phthalic acid, isophthalic acand terephthalic acid were
synthesized by aqueous metathesis reactions anmbthpositions were determined
by microanalysis and volumetric methods. The stmattconclusions were drawn
from the powder XRD patterns and FT-IR spectrabhddtshowed that most of the
corresponding Eli and TH* complexes were isomorphous, thus isostructural. The
luminescent properties were determined in the sstide, including the excitation
and emission efficiency, complemented by considetnplet state energies. The
triplet state energies of the alkyl-substitutedboaylates and dicarboxylates are
suitable to populate the emission levBl, of Tb** directly while higher energetic
excited °D1.4 levels of Ed* are populated, resulting in a comparatively lowhiig
output. Conjugation lowers the triplet state eresgo such an extent that at some
stage only the lower energ, state of Eti’ can be populated. Further conjugation
lowers the triplet state to energies below the tegiciD, emission level, not being
able to sensitize Bliemission. It has been shown that a crucial cdtesffecting
ligand sensitized lanthanide emission is the enefghe triplet state. Observations
suggest that the triplet state should be aroun@03¢d® higher than the lanthanoid
resonance level to result in efficient emission. alditional carboxylate substituent

also results in efficiently populaté® states of Etf and TB". The light output of
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the dicarboxylate complexegems to be determined by multiphonon relaxatiah
Ln-Ln energy transfer rather than inefficient populatof the L** resonance level:

Recently, a series of denzyloxybenzoi acidderivatives have been designec
our laboratory and investigateceir structure property relationships with respex
the photophysics of the lanthanide comple[Sivakumaret al. 2010] The benzoat
ligand was modified by including electi-releasing (-OCh) and electro-
withdrawing (-NQ) substituents to produce three novel ligands: -
benzyloxybenzoic acid, Biethoxy-4-benzyloxy benzoic acid, and-nitro-4-
benzyloxy benzoic acid={gure 1.5. The molecular structures of the lanthan4-
benzyloxybenzoates were characterized by crysraphy and shown to be form
by dimeric metallic units that are bridged by twoygen atoms from two benzoe
ligands. It was demonstrated that the photosensitiz of the lanthanide cente
was strongly affected by the type of substituewtsije the eectronreleasing grou

improves the emission, and the elec-withdrawing moiety quenches it by way

an energy dissipation chann
HO (0] HO O HO 0]
f “H OCH, E “NO,
4-benzyloxy benzoic acid ~ 3-methoxy-4-benzyloxy-  3-nitro-4-benzyloxy benzoic acid
benzoic acid

Figure 1.5. Structural formulae of ligands used by Sivakuiet al.2010.

In the subsequent studies Sivakuret al. have designed two new arome
carboxylic acids namely,3,E-bis(benzyloxy)benzoic acid and 3ts(pyridine-2-
ylmethoxy)benzoic acidy replacing the hydroxyl hydrogens of -dihydroxy
benzoicacid with benzyl and pyridyl moieti (Figure 1.6), respectivelysjvakuma

et al.2011]. The anionderived fron these ligandbave been used for the suppor

8
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o OH O OH
Q) o o (]
o X
3.5-bis(benzyloxy)benzoic acid 3.5-bis(pyridine-2-ylmethoxy)-

benzoic acid

Figure 1.6. Structural formulae cligands and complex reportbg Sivakumaet al.
2011.

a series of lanthanide coordinal compoundsAll these compounds are found
exist as infinite or-dimensional coordination polymers and sensitizeir!
luminescence in the visible region. Furthermor¢3,5-bis(pyridine-2-
ylmethoxy)benzoic ac forms unique luminescent coordination polymers watth
Eu®" and TB*ions. These polymers features free Lewis basiaplsites and ma
therefore proved to be useful for the sensing advilemetal ions.The newly
designed benzoate ligands are adec sensitizers for the b ion. Indeed, their
excited statebe at sufficiently high energies in comparisontwibat o the’D, state
to obviate back transfer of energy. £ result, even in the presence of m-bound
water moleculesthe solid state quantum vyields of the sdzed Th®*" complexes are

9
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appreciable (as high as 60%). On other hand, these ligands sensitize®*
luminescencanefficiently, because of the larger energy gapmeen th triplet

states of the ligands anBy level of E:* ion.

Very high quantum vyielc (88%) have been reported with terbit-
aminobenzoate complexesyhich is somewhat surprising in view of t
coordination of both -NKHand OF; ligands, since such moieties usudlyction as
vibrational deactivators of the excited s [Fiedleret al. 2007].In the later studie
Ramya et al. demonstrated that the replacemenydrbgens of the N, moiety of
p-aminobenzoic acid by benzyl groups (Figure 1.7) aagignificant influence o
the distribution ofre electror density within the ligand systeand resulted in th
development of a novedhotosensitizer for " with an overall quantum yield «
82% [Ramyeet al. 2010].0n the other hand, poor luminescence efficiencydess
noted for the Eti-4-(dibenzylamino)benzate complex. The molecular structures
these compounds consist of homodinuclear specasatle bridged by two oxyge
atoms from two carboxylate ligands via differenbimbnation modes

HO o]

4-(dibenzylamino)
benzoic acid

Figure 1.7. Structural formula olfligand and complex reported Bamy: et al.
2010.

In order to modulate the light harvesting properiié the benzoic acid ligan
benzimidazole moiety has been anchored at ™ position of the benzoic ac
through an alkyl linkage and designed a nevgand namely, 4-((1H-

benzo[d]imidazol-1yl)methyl)benzoic aci and utilized for the synthesis of a sel
10
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of lanthanide complexesLucky et al. 2011. The single crystal -ray diffraction
analysis of the synthesized®* complex indicated that it exists as a one dimerssi
helical chain like coordination polymer consistingf unique unsymmetrici
dinuclear lanthanide building blocks (Figure 1.The 1D chains are further linke
by the significantintermolecular hydroge-bonding interactions to form a t-

dimensional supramolecular network. The®* complex exhibit bright green
luminescence efficiency in the solid state withuamfum yield of 15%. On the oth

hand, poor luminescer efficiency has been noted for Etbenzoate comple

HO

dl

4-((1H-b enzo[d]imidazol-1- ¥1)-
methyl)benzoic acid

Figure 1.8. Structure of4-((1H-benzo[d]imidazol-34)methyl)benzoic aci and
Eu®* complex.

Recently, anovel antenna chromophore ligand for the photosieatibn of Tt*

has been designed based on the highly fluorinat@dbogylate ligand 3-

bis(perfluorobenzyloxy)benzoic ar [Sivakumaret al. 2013 (Figure 1.9. The
results demonstrated that the replacement of-energy GH vibrations with
fluorinated phenyl groupsn the 3,5bis(benzyloxy)benzoate effectively impro

the luminescence intensity and lifetimes of lantlarcomplexe. It is interesting to
note that thalesigned fluorinated carboxylate is well suited tfog sensitization ¢
Tb*" emission ®sen= 52%),thanks to a favourable position of the triplet estat the
ligand as investigated in the ** complex. Onthe other hand, the correspond
Eu®* complex shows weak luminescence efficier®se, = 24%) dur to poor match
of the triplet state of the ligand with the emigsexcited states of the metal ion.

11
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the present work, efforts have also been made to esdlaninescent molecul:
terbium plastic materials byombining the unique optical properties cnthanides
with the mechanical characteristics, ther stability, flexibility and film-forming
tendency of polymers (PMMA). The photoluminescengpeantun yields of
polymerdanthanide hybrid materials are significantly endeth (5-65%) as

compared to that of the T5-3,E-bis(perfluorobenzyloxy)benzoate comp

HO 0

0 (0
F F F F
F F F F

3.5-bis(perfluosrobenzyloxy)benzoic acid
Figure 1.9. Structure of 3,%is(perfluorobenzyloxy)benzoic au.

Previous results suggest that derivatizing benaoic analogues with thiopher
has a beneficial tuning effect the tripletstate of the antenna leading to a hic
emission quantum vyield resulting from a better match betwéee ligand anc
lanthanide ion excited states, as derivatizatic isophthalic acid with thiopher
leads to an average lowerinfjthe triplet state eney by 5000 crit [de Bettencou-
Dias 2005] The photophysic characterization of the solutions shows the efbd
the presence of the thiophederivatization in the antenna ¢time emission behavic
of the coordinated lanthanidesin the later studies tbphene derivatize
nitrobenzoic acid ligands have been evaluated asilple sensitizers for ¥* and
Tb** luminescence\Jiswanathan ande Bettencourt-Dias 20D§Figure 1.10).All
of the isolated compounds are molect in contrast with previouslyisolated

nitrobenzoic acid complexewhich are coordination polymer¥iswanathan ande

12
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Bettencourt-Dia00¢]. Relatively short Ln-n distances are seen in the comple
which display atriply coordinated carboxylate as bridg-bidentate ligant The
complexes are weakly luminesc in the solid state witla mete-to-ligand ratio of
1:3. In solution, only 1:1 speci form. Solution quantum yields between 0.9 .
3.1% for Eu(lll)<containing and 4.7 and 9.8% for Th(-containin¢ solutions were
obtained Although moderate, they are highest reported so far for nitrobenzc-
type ligands. Theimagnitude can be explained by the small stabildgstant of
the species in solution, as well as the unfavorabkrg' gaps between singlet a
triplet levelsof the ligand and tt triplet level of the ligand and emissive exci
state of thdanthanide ion. The strong elect-withdrawing effect of th nitro group
and its position relative to the coordinar carboxylate moiety do not seem
influence stronglythe photophysical properties of the sensitizer, aseffect i¢

counterbalanced by the moderate elec-donating thiophenmoiety.

HOOC NO, NO,
O,N O,N COOH
= = COOH r— = COOH
S A& S S 4 S\ &
2-nitro-3-thiophen-3-yl-  3-nitro-2-thiophen-3-yl- 2-nitro-5-thiophen-3-yl- S-nitro-2-thiophen-3-yl-
benzoic acid benzoic acid benzoic acid benzoic acid
O,N O,N HOOC
COOH
NO,
NO,
—_— g -~ COOH — COOH )
S~ = S /4
2-nitro-4-thiophen-3-yl- ~ 4-nitro-2-thiophen-3-yl- 4-nitro-2-thiophen-3-yl- 3-nitro-5-thiophen-3-yl-
benzoic acid : benzoic acid benzoic acid benzoic acid

Figure 1.10. Ligands studied as sensitizersde Bettencourbias work.

With the graft of carbazolyl group as a f-transport group to benzoic ac
molecule, a new organic ligangp-CZBA, and two novel complexes Ep-
CZB)3(H20), and Tbp-CZB)3(H.0), have been synthesizgduan et al. 2006]
(Figure 1.11).Photoluminescence msurements indicated thptCZBA itself is a

13
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blue emitter under UV radiatic When the effective energy transfer fr the
organic ligand to the central " ions occurs in the binary complestron¢ and
characteristic green emission appears due to’D,—'F, transitions of the 4
electrons of the central ¥hions. Based on the enhanced luminescence inte
and good thermastability of Thp-CZB)3(H20),, it would be considered as
candidate material for fabricati of OLEDs. Eup-CZB)3(H.O), hardly has
fluorescence property, this is because the enef the triplet state of the ligand
not matchable with the energy of the lowest exciteade of E**.

0 OH

p-CZBA

Figure 1.11. The structure of the liga used by Juaat al. 2006.

New thermally stable Iuminescent lanthan-(methoxybenzo)benzoate
complexes, Tbh(MeOBRB)anc Eu(MeOBB}), were synthesized and their abgion
and luminescent properties wereported [Edwardst al1997](Figure 1.12° Single
layer LEDs were fabricated from the Tk Eu complex combined with PVK a
butyl-PBD, and these devices showed EL spectra that tatbuted to emissic
from the TB* or operating voltage of V. The higher brightnessalues of
Tb(MeOBB) devices compared to (MeOBB); LEDs is due to the higher F
guantum efficiency of the Tb comp! and the higher luminous efficiency of the ¢

in the green region of the spectr

14
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0
N
h g

PO AN

Th

2-(4-methoxybenzoyl)benzoic
acid

Figure 1.12. Structurc of 2(4'-methoxy-benzoyenzoic acid and T*-Tris[2(4"-
methoxybenzoyhenzoat].

Remarkable thermal stability of F*

-(4-phosphonobenzoate) and its luminest
properties have been reported [Ruet al. 2009]. The molecular structure of t
complex has been solved by-ray diffraction on a powder sample and is descr
as an inorgaic network in which both carboxylic and phosphoad groups ar
linked to Ed* ions forming a three dimensional architecture. Wrer analysis
performed on this compound has underlined its rkatde thermal stability upt
510°C. Finally the luminesct properties of the compound have been relatete

structure of the materi:

Lanthanide heterocyclic carboxylates: The synthesis, characterization and
molecular structure of the *'-thiophene carboxylate complex indicated f
thiophenecarboxylate ligand chelates to the lanthanoid igi@s the carboxylic
oxygen donors (Figure 1.13) and it also functioms &ridge ligand in the formatic
of a dimeric complex where two identical ** centers are involved [Maltet al.
2004]. The coordirtion polyhedron can be described as a distortedars
antiprism. A rather weak intersystem crossing (sit-to-triplet) in the thiophen
carboxylate ligand is suggested by the high lundees intensity of the banc
arising from the allowed ; - S transitons in the emission spectrum of the®*

complex at 7K. The absence of these bands in the emissionrspecif the E**

15
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and TB" complexes indicates that probably the singlet svétthe ligand plays

role in the energy transfer from the ligand tc Ln*" ions.

0]

N OH
\_s

HTPC

Figure 1.13. The structure of the ligal used by Maltat al. 2004.

In the subsequent studies, Malta and coworkersalsasintroduced -thiophene
acetic acid as a photosensitizer fo** ions [Teotonicet al.2005]. According to th:
single crystal Xray analysis E**-thiophene acetate complex consists of asymm
units forming infinite parallel chains. The unitliceontains two independe
crystallographic sites for Bliions, labeled Eu(1) and Eu(2a), eadordinated tc
three thiophene acetate ligands (Figure 1.14). dihession spectra of lanthanc
ions displayed only narrow bands, indicating amceft luminescent sensitizati

by the thiophene acetic acid anter

s 0
/
=
OH

2-thiophene acetic acid

Figure 1.14. Structure of2-thiophene acetic acid and Ew2-thiophene acets

complex.
16
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Two series of lanthanide complexes coordinated aromatic chromopho-
containing pyrrolederivatized carboxyla ligands vere successfully synthesiz
(Figure 1.15)characterize and invesgated their photophysical properticGa-Lai
Law et al. 2007]. The X-ray diffraction studies reveal that the lanthanide claxgx
that incorporate bidentate carboxylate ligand-methylpyrrole-2-carboxylic acid
and N-methyl-3indoleglyoxylic acid) couldattain highly symmetrical polymer
structureswithout any coordination with luminescer-quenching solve: or water
molecules. Theuropium and terbiu complexesierived from pyrrole carboxylats
were found to be capable of exhibiting s-state luminesence of high intensity

long lifetimes and high efficienc

/ \ \ COOH

N COOH

| N
CH; |
CH,

1-methylpymmole-2-carboxylicacid  N-methyl-3-indoleglyoxylic acid

Figure 1.15. Structual formulae of ligands used I6ya-Lai Lawet al. 2007.

Sterically hindered -aryl-benzimidazole pyridine-2arboxylic acids (aryl :
phenyl, 4biphenyl, -naphthyl) (Figure 1.16)eadily form homoleptic, neutre
ninecoordinate europium complexes which display effitie sensitize
luminescence in solid state and in dichloromethsolation with quantum yield
reaching 59% and have monoexponential and nearypdeatire-independent
lifetimes as long as 2.7 1 [Shavaleevet al 2010]. The ligand:entered absorptic
band with a maximum at 3-342 nm and intensity (50-56)18® M™*cm™ ensures
efficient harvesting of excitation light by the cplexes. Variation of -aryl
chromophore enhances the ligand absorption a-350 nm without changing 1
triplet state energy which amounts to (-21.3) x 16 cm™. Photophysical

properties of europiu complexes benefit from adequate protection of tleeahby
17
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the ligands against nadiative deactivation and efficient lige-to-metal energ;

transfer exceeding 70%.

R

Rl
N
N 1 o
OH N@_R 0 N ; ‘N
\ OH N ‘
HL1: R'=CH,, R=H OH N@ @_Oﬁsﬂ 17

HL4Me: R'=C;H,, R=CH, HLPhOX
HL401: R'=C H,, R=OCH, HLPh: R=H

HLS: R'=C4H,;, R=H HLPhBr: R=Br

HL8R: R'=CgH,,, R=F, CI, Br HLPhBu: R="Bu O
HL8Me: R'=CgH;, R=CH, HLPhOS8: R=0CH

HL8O8: R'=CH,,, R=0C{H,,

HLBiphX

Figure 1.16. Structuralformulae of N-Aryl-Benzimidazole Pyridine-Zarboxylic
Acids used by Shavaleestal. 2010.

Luminescent lanthanide carboxylates with neutral donors. Lanthanide -
flourobenzoate complexes containing -bipyridyl/4,4'bipyridyl or phenanthrolin
have interesting structures (Figure 1.17), withhbdigh stability and intens
fluorescence [Polynovet al.1987; Maet al. 1993; Jiret al 2001;Li and Zot 2003;
Li et al. 2004; Liet al. 2005]. It is interesting to note that these coldmgenerat

Tb** complexes with various structur

Theuse of phenanthroline functionalized organic conmatsuin promoting L**
ion emission has been reported [Qiet al. 2004; Quiciet al. 2005;%_enaertset al.
2005; "Lenaertset al. 2005]. Actually, deduced from the absorption andssion
spectra of sodium salt of @ranobenzoic acid and 1-phenanthroline, the lowe
level triplet energy level is close to that of phenanihe[Li et al. 2006] (Figure
1.18).

18
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OH

F
2-fluorobenzoic acid

— N —
N/__\ LN /_\ }1/

4,4'-bpy 2,2'-bpy

Figure 1.17. Molecular structures of the ligands usecLi et al.200¢.

HO 0

CN
4-Hcba

Figure 1.18. Molecular structur of ligand and complex studidxy Li et al.2006.

Thetriplet energy level of phenanthroline can be eatéd to be at 21640 (. The
lowest lying excited energy levels of **, E** and Dy* are 18200, 17500 ar
21000 cnt, respectively. Thus efficient ligand to metal yetransfer takes plac
for Ln** complexes and cyanobenzoic acid complexes may agbed candidate

for efficient luminescent material
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The influence ofthe distortions of the lanthanide coordination polyloedin
dimeric carboxylates with 1,10-phenanthroline owtpphysical properties of these
compounds was examined in a recent review artitkaryuk et al. 2010]. The
relative contributions of the rates of the radiatand nonradiative processes to the
lifetimes were determined. The lifetime @, of EL** in the temperature range 77 to
295 K and the lifetime olD, of Tb*" at low temperatures are mainly determined by
radiative processes and depend on details of thegehdistribution in the nearest
surroundings of the L% ion that are connected with distortions of cocatiion
polyhedron of LA™ ion. Polyhedron distortions are to a great extenised by the
range of the Ln-O bond lengths related to bridgiyglic carboxylate group that
depends on the type and the size of the carboxgtats. At prominent polyhedron
distortions, as in naphthyl carboxylates, benzoatesfuran carboxylates, the rates
of the radiative processes become higher and ttemsity of the Et °Do-'F.
hypersensitive transition increases. Multiphondaxa&tion is the main nonradiative
process in E{f compounds at 77 to 295 K and in*Ttat 77 K. A back energy
transfer fronTD, state of TB" ion to the lowest triplet state related to pheheoiine
in most of the compounds is the principle nonrageatprocess contributing
noticeably to quenching in b compounds at high temperatures. To increase the
probability of electric dipole transitions, first all, hypersensitive transitions in the
lanthanide carboxylates with phenanthroline, on@dseto create substantial
distortions of Li* coordination polyhedron with the help of volumisazarboxylate
ligands. At the same time, to decrease the infleeat back energy transfer
processes on the quantum vyield of luminescencatively small changes in the Ln-
N bond strengths are sufficient.

Stimulated by high luminescent efficiencies pfaminobenzoates of Tb
(quantum vyield > 80%), detailed structural investigns have been performed to
derive luminescent markers [Fiedler al. 2007]. Typically in the series of Ehp-
aminobenzoate coordination polymers are formed,clwvhare broken down to
molecular species, which can be accomplished bysleeof chelating ligands such
as bipyridine, phenanthroline or terpyridine (Feuf.19). Nevertheless, on
coordination with bipyridine a slight increase inagtum yield (>90%) in the case

of Tb**, while phenanthroline reduces the overall efficie(86%).

20



Chapter 1

OH

H,N

pabaH

bipy phen

Figure 1.19. Molecular structures of the ligands usecFiedleret al 2007.

In terms of the molecular fragment principle, a rgmoary complex
[Tb(BAA),(Phen)(NG)], is assembled based on benzyl acetic acid and-
phenanthroline, characterized and investigated fite@tophysical properties [Bet
al. 2005]. The TB" forms a dimer with a coordination number of ninevinich eact
pair of adjascent TH ions is bridged by four beglzacetate groups via two types
coordination modes (Figure 1.20). The dimer exkibitong green luminescence
Tb>".

Benzyl acetic-
acid

7\ \
—N N
1,10-phenanthroline

Figure 1.20. Molecular tructure of ligands and [Tb(BAA)Phen)(NG)], complex.
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1.3. Scope of the present investigation.

Carboxylate ligands are highly complementary towdadthanide metal ions
because of the oxophilic nature of the latBulfkampet al. 2007]. Accordingly,
lanthanide benzoates are stable and have condieleatibntion for their potential
use in a wide variety of fields because of theiwveilduminescent and magnetic
properties [Liet al. 2006, Lamet al. 2003, Luckyet al. 2011]. In particular, when
modified with light-harvesting moieties, benzoatesve proven to be efficient
sensitizers for L¥ ions [Ramyaet al. 2011, Sivakumaet al. 2010]. It is well
documented that carbazole moiety incorporated fhtiiketonate ligand acts as an
efficient photosensitizer for lanthanides [Ambilajret al. 2010]. On the other hand,
ligands in which carbazol-9-yl grafted to an aramatrboxylate ligands are scarce
[Juan et al. 2006]. Carbazoles possess a number of desirablgegies, which
include good chemical stability, modest cost arel dbility to tune the optical and
electrical properties by appending with a wide e@riof functional groups
[Grazuleviciuset al. 2003; Morinet al. 2005]. Inspired by the efficient sensitization
of various lanthanide benzoates, herein, a nogahti, namely, 4-[4-(9H-carbazol-
9-yl)butoxy]benzoic acid has been designed andzedlfor the support of a series
of lanthanide coordination polymers featuring®EuGd®* and TB* cations. The
synthesized carbazole appended benzoate complexedanthanides were
structurally characterized by single-crystal X-rdiffraction. The luminescent
properties of designed lanthanide complexes hage bealuated systematically and
correlated with the triplet energy level of the deped new benzoate molecule.
Further in the present study the effect of bidentattrogen donors on the
luminescent properties of Eh4-[4-(9H-carbazol-9-yl)butoxy]benzoate has also
been investigated and correlated with their stmecpoperty relations.

In comparison with the aromatic carboxylic acidsntiened in the forgoing
account, the use of xanthene-9-carboxylic acid plsatosensitizer for L ions has
been far less common. Further, xanthenes are hifgivigrable because of their
excellent photophysical properties, such as higtinetion coefficients, excellent
guantum vyields, great photostability, and relagivédng emission wavelengths
[Chenet al. 2012]. With the aims of understanding the coortiiimachemistry of

xanthene-9-carboxylate ligand and preparing new ern@s$ with interesting
22
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structural topologies and potential photophysicalpprties, in the current work,
xanthene-9-carboxylate ligand has been chosempéasary ligand to react with the
4f metal ions.

It is clear from the literature review that a laglectron pair of big S atom in the
thiophene carboxylate ligand can be more easilgaddized within the heterocycle,
so that the ligand can transfer efficiently therggeof then, n* excited state to the
Ln®*" ions to increase their luminescence quantum yiétthn et al. 2012]. These
factors have motivated to design thiophene acdiased lanthanide coordination
compounds and investigate their photophysical ptmse Furthermore in the
present study the effect of bidentate nitrogen d®oa the luminescent properties of

Ln**-thiophene acetate complexes has also been examined
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Synthesis, crystal structure and photophysical properties of
lanthanide coordination polymers of  4-[4-(9H-carbazol-9-
yl)butoxy]benzoate: The effect of bidentate nitrogen donors on
luminescence

21. Abstract. A new aromatic carboxylate ligand, 4-[4-(9H-carbazol-9-
yl)butoxy]benzoic acid (HL), has been synthesized by replacement of the hydroxyl
hydrogen of 4-hydroxy benzoic acid with a 9-butyl-9H-carbazole moiety. The anion
derived from HL has been used for the support of a series of lanthanide coordination
compounds [Ln = Eu (1), Gd (2) and Tb (3)]. The new lanthanide complexes have
been characterized by a variety of spectroscopic techniques. Complex 3 was
structurally authenticated by single-crystal X-ray diffraction and found to exist as a
solvent-free 1D coordination polymer with the formula [Tb(L)3],. The structural
data reveal that the terbium atoms in compound 3 reside in an octahedral ligand
environment that is somewhat unusual for a lanthanide. It is interesting to note that
each carboxylate group exhibits only a bridging-bidentate mode, with a complete
lack of more complex connectivities that are commonly observed for extended
lanthanide-containing solid-state structures. Examination of the packing diagram for
3 revedled the existence of two-dimensional molecular arrays held together by
means of CH-Ttinteractions. Aromatic carboxylates of the lanthanides are known to
exhibit highly efficient luminescence, thus offering the promise of applicability as

optical devices. However, due to difficulties that arise on account of their polymeric
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nature, their practical application is somewhat limited. Accordingly, synthetic routes
to discreet molecular species are highly desirable. For this purpose, a series of
ternary lanthanide complexes was designed, synthesized and characterized, namely
[Eu(L)s(phen)] (4), [Eu(L)s(tmphen)] (5), [Th(L)s(phen)] (6) and [Th(L)s(tmphen)]
(7) (phen = 1,10-phenanthroline and tmphen = 3,4,7,8-tetramethyl-1,10-
phenanthroline). The photophysical properties of the foregoing complexes in the
solid state at room temperature have been investigated. The quantum yields of the
ternary complexes 4 (9.65%), 5 (21.00%), 6 (14.07%) and 7 (32.42%), were found
to be significantly enhanced in the presence of bidentate nitrogen donors when
compared with those of the corresponding binary compounds 1 (0.11%) and 3
(1.45%). Presumably this is due to effective energy transfer from the ancillary

ligands.

R. Shyni et al., communicated to Dalton Transactions, 2012.
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2.2. Introduction

Recently, several lanthanide benzoate complexe$ witique photophysical
properties and intriguing structural features hiagen reported. In general, benzoate
ligands are able to sensitize *Tlbetter than EUi due to a more favorable match of
the triplet states of the ligands with that of fily excited state of the Efiion
[Eddaoudiet al.2001; Eddaoudet al.2002; Panet al.2004; Li et al.2005; de
Bettencourt-Diaset al.2006; Li et al.2006; Zhanget al.2011]. Furthermore, the
carboxylate groups of the benzoate ligands intesaaingly with the oxophilic
lanthanides and the delocalizedelectron system results in a strongly absorbing
chromophore [Tsaryuét al. 2006; Hilderet al.2009; Wuet al.2011]. Very recently,
our group reported that the replacement of highggneC—H vibrations by
fluorinated phenyl groups in the 3,5-bis(benzyldper)zoate moiety significantly
improves the luminescence intensity and lifetiméghese lanthanide complexes
[Sivakumaret al.2012]. It was also demonstrated that replacemettieohydrogens
of the NH. moiety of p-aminobenzoic acid by benzyl groups had a sigmfica
influence on the distribution ot-electron density within the ligand system and
resulted in the development of a novel solid spitetosensitizer for TH with an
overall quantum yield of 82% [Ramh al.2010]. Subsequent investigations from
our group also revealed that the presence of elecaleasing or electron-
withdrawing groups on position 3 of the 4-benzyldxgnzoic acid ligand has a
profound effect on therelectron density of the ligands and consequentlythe
photosensitization of the Bh ions. Specifically, the presence of a methoxy
substituent in this position results in a signifitaimprovement in the
photoluminescence efficiency of the >Ti8-methoxy-4-benzyloxy benzoate
complex in comparison with that of the 4-benzyldenzoate complex (10-33%).
By contrast, the introduction of a nitro group ihet3 position dramatically
diminishes the photoluminescence efficiency of thk*"-3-nitro-4-benzyloxy
benzoate complex due to the existence of a pathiatypermits dissipation of the
excitation energyia the 1¢*-n transition of the nitro group in conjunction withet
ILCT band [Sivakumaret al.2010]. Studies by de Bettencourt-Diat al.

[Viswanathan and de Bettencourt-Dietsal. 2006] suggest that derivatization of
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benzoic acid analogues with thiophene has a bealefiming effect on the triplet
state of the antenna which results in a higher gonsquantum yieldThis is a
consequence of improved matching of the ligand lanthanide ion excited states.
Inspired by the efficient sensitization of variolasithanide benzoates, herein, the
synthesis of new benzoic acid ligand 4-[4-(9H-cadb®-yl)butoxy]benzoic acid,
which was formed by replacement of the hydroxyl rogen of 4-hydroxy benzoic
acid with a 9-butyl-9H-carbazole moiety has begroreed. Additionally, a series of
new lanthanide coordination polymers featuring'EGd®* and TB" cations was
also reported. The presence of the appended céebaniety in the ligand molecule
widens the absorption profile and serves as a -hgintesting unit, thereby
improving the hole-transporting ability. Moreovéhnere is an increase of solubility
in common organic solvents [Zhergal.2008]. The newly synthesized lanthanide
benzoates have been fully characterized and theimkescent properties have been
investigated in detail.

Aromatic lanthanide carboxylates generally form rdawation-polymeric
networks with corresponding short-range interadiather than existing as isolated
molecular entities. In general, this results in fbemation of poorly soluble and
non-volatile species [Ouclet al. 1988]. In turn this prevents the deposition of
aromatic lanthanide carboxylate thin films by mearfstraditional vacuum and
solution processing methods [Ouehial. 1988; Deacomt al. 2007; Utochnikovaet
al. 2012]. It is well documented that bidentate niemoglonors such as bipyridines
and phenanthrolines, which can serve as both clatoihg and co-sensitizing
ligands, can help to circumvent the aforementiomEdwbacks by inhibiting
polymer formation and by forming discreet molecuaordination complexes. Such
ligands can exclude adventitious solvent molecintas the immediate coordination
sphere of the luminescent metal center, therebydeng a potential quenching
pathway that is frequently encountered in the cakdanthanide carboxylates
[Fiedler et al. 2007]. In the present work, ternary complexes af*i4-[4-(9H-
carbazol-9-yl)butoxy]benzoates have been prepayethé incorporation of either
1,10-phenanthroline  or  3,4,7,8-tetramethyl-1,10Aamthroline. The new
compounds have been fully characterized and theiiriescent properties have been

investigated
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2.3. Experimental Section

Materials and instrumentation

The commercially available chemicals europium(iiijrate hexahydrate (Acros
Organics; purity 99.9%); gadolinium(lll) nitrate Xahydrate (Treibacher; purity
99.9%); terbium(lll) nitrate hexahydrate (Acros @ngcs; purity 99.9%); 4-hydroxy
benzoic acid (Aldrich; purity 99%); carbazole (Atdr; purity 99%); 1,4-
dibromobutane (Aldrich; purity 99%); 1,10-phenaothre (Aldrich; purity 99%)
and 3,4,7,8-tetramethy-1,10-phenanthroline (Aldrigburity 99%) were used
without further purification. All additional chendts were of analytical reagent
grade quality.

Elemental analyses were performed with a PerkineEl®eries 2 Elemental
Analyser 2400. A Nicolet FT-IR 560 Magna Spectragnaising KBr (neat), was
used to obtain the IR spectral data and a BrukérNMBlz NMR spectrometer was
used to record thtH NMR and™C NMR spectra of the new compounds in DMSO-
ds media. The mass spectra were recorded on a JEGL fast atom
bombardment (FAB) high resolution mass spectromgteABMS) and the
thermogravimetric analyses were performed on a BBKA-instrument (Shimadzu,
Japan). The diffuse reflectance spectra of thehémtle complexes and the
phosphor standard were recorded on a Shimadzu, 45@-2 UV-Vis
spectrophotometer using Ba$és a reference. The absorbances of the ligands and
the corresponding lanthanide complexes were easboldied in N,N-dimethyl
acetamide (DMA) and were measured with a UV-Viscsephotometer (Shimadzu,
UV-2450). The X-ray powder patterns (XRD) were meleal in the 2 range of 10-
70° using Cu-K radiation (Philips X’pert). The photoluminescen@d.) spectra
were recorded on a Spex-Fluorolog DM3000F specinofimeter featuring a double
grating 0.22m Spex 1680 monochromator and a 450WaKg as the excitation
source using the front face mode. The lifetime meaments were carried out at
room temperature using a Spex 1040D phosphorimEber.overall quantum yields
(Doverar) Were measured at room temperature using the itpehrfor powdered

samples described elsewhere [Bril and De Jageri¥e&A76], through the

following expression: _
g p overall = 1 rSt XiXCDSr
1-r, A
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where g andrg represent the diffuse reflectance (with respee taed wavelength)
of the complexes and of the standard phosphorecéisply, and®y is the quantum
yield of the standard phosphor. The termsaAd A; represent the areas under the
complex and the standard emission spectra, respBctiro have absolute intensity
values, BaS@was used as the reflecting standard. For measdripgy for Ln**
complexes, Pyrene was employed as a standard, whpsssion spectrum
comprises an intense broad band peaking arounchdi/5vith a constan® value
(61%) for an excitation wavelength of 313 nm [Meditu 1964]. Three
measurements were carried out for each sample.eaod reportedbyerar Value
corresponds to the arithmetic mean of the threaeglThe errors in the quantum
yield values associated with this technique weremesed to lie within +10%
[Carloset al. 2003].The overall quantum yields for the rromplexes were also
measured using an integrating sphere in a SPEXrétg spectrofluorimeter. The
photoluminescence quantum yields in thin filndg,&a1) were determined using a
calibrated integrated sphere system. The Xe-arp las used to excite the thin-
film samples placed in the sphere. Samples werneaped by placing the material
between two quartz cover slips, the quantum yiedd determined by comparing the
spectral intensities of the lamp and the samplesgion as reported in the literature
[de Mello et al. 1997; Palsson and Monkman 2002; Skall. 2006]. Using this
experimental setup and the integrating sphere systiee solid-state fluorescence
guantum vyield of thin film of the standard green EIDL material tris-8-
hydroxyquinolinolato aluminum (Al) was determined to be 19%, which is
consistent with previously reported values [Calal. 2003; Saleesh Kumat al.
2008]. Each sample was measured several times ustightly different
experimental conditions. The estimated error foarqum yields is £10% [Eliseeva
et al. 2008].

Crystallographic Characterization. The X-ray diffraction data were collected at
153 K on a Nonius Kappa CCD diffractometer equippétht an Oxford Cryostream
low-temperature device and a graphite-monochromigti@da radiation sourcel(=
0.71073 A). Corrections were applied for Lorentzl golarization effects. All
structures were solved by direct methods (Sheldri®d) and refined by full-matrix

least-squares cycles &A. All nonhydrogen atoms were allowed anisotropirihal
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motion, and the hydrogen atoms were placed in fixattulated positions using a
riding model (C—H 0.96 A). Selected crystal dataj data collection and refinement
parameters are listed in Tables 2.1 and 2.2. THBC@umber for 3 is 756460.

Synthesis of 4-[4-(9H-car bazol-9-yl)butoxy]benzoic acid.

a) 9-(4-bromobutyl)-9H-carbazole: A mixture containing carbazole (500 mg, 3.00
mmol), benzene (1.5 mL), benzyl triethyl ammoniunioade (25 mg) and aqueous
50% NaOH (1.5 mL) was prepared. A molar excesddliDrelative to carbazole) of
1,4-dibromobutane was added, and the reaction neixtas stirred at 40°C for 1 h.
The benzene was removed by evaporation and thdueesvas extracted with
CHClIs. The CHC} layer was washed with deionized water and driegt NSO,
overnight. The CHGllayer was then evaporated and excess 1,4-dibroraoduwvas
removed by heating to 80°C under a vacuum. Theecprdduct was recrystallised
from benzene. Yield, 831 mg (92%H NMR (500 MHz, CDC}) 8/ppm: 1.91-1.98
(t, 2H, CH), 2.03-2.07 (t, 2H, C}J, 3.14-3.18 (t, 1H, CH), 3.36-3.40 (t, 1H, CH),
4.35-4.36 (d, 2H, Cb), 7.21-7.25 (t, 2H, Ph-H), 7.45-7.49 (t, 4H, Ph-B)09-8.12
(d, 2H, Ph-H).

b) methyl 4-[4-(9H-carbazol-9-yl)butoxy]benzoate: A mixture of 9-(4-
bromobutyl)-H-carbazole (4.95 g, 16 mmol), methyl-4-hydroxybexteo(2.49 g,
16.0 mmol), potassium carbonate (2.34 g, 17 mmuad) k&l (1.00 g) dissolved in
anhydrous acetone (90 mL) was stirred vigorousl¢ heated at reflux for 48 h
under a nitrogen atmosphere. The solvent was retinbyeevaporation, and the
resulting solid was recrystallized from ethanolteld a crop of colourless needles.
Yield, 4.53 g (74%)*H NMR (500 MHz, DMSOds) 5/ppm: 1.89-1.92 (t, 2H, C#},
2.04-2.11 (t, 2H, Ch), 3.82 (s, 3H, O-CH}, 4.11-4.14 (t, 2H, Ch), 4.53-4.56 (t,
2H, CH), 6.97-6.99 (q, 2H, Ph-H), 7.19-7.22 (m, 2H, Ph-H%4-7.47 (m, 2H, Ph-
H), 7.60-7.61 (d, 2H, Ph-H), 7.91-7.93 (q, 2H, Ph-8114-8.15 (t, 2H, Ph-H).

C) 4-[4-(9H-carbazol-9-yl)butoxy]benzoic acid: methyl 4-[4-(9H-carbazol-9-
yh)butoxy]benzoate (1.12 g, 3 mmol) was refluxed 1@ h with NaOH (0.12 g, 3
mmol) in 50 mL of methanol. The reaction mixtureswgured into ice cold water,
acidified with dilute HCI, and the resulting preitgte was filtered, washed, dried

and recrystallized from methanol (Scheme 2.1).i6l86 g (80%)*H NMR (500
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MHz, Acetone-g) 6/ppm: 1.8(-1.83 (t, 2H, CH), 2.00-2.03 (t, 2H, C}J, 3.26 (s,
2H, CH,), 4.004.03 (t, 2H, Ck), 6.91-6.93 (t, 2H, Ph-H), 7.1B22 (t, 2H, P-H),
7.43-7.47 (m, 2H, PH), 7.55-7.56 (d, 2H, Ph-H), 7.8%:91 (t, 2H, P-H), 8.10-
8.12 (d, 2H, Ph-H) (Figur@.1). FAB: m/z 359.40 [M]. Elemental analysis (%
calcd for GsH2iNOs: C, 76.86; H, 5.89; N, 3.90. Found: C, 76.81; B45N, 4.23
¥C NMR (500 MHz, CDGs) dé/ppm: 172.30, 167.99, 145.60, 136.79, 130
127.95, 125.30, 123.94, 119.24, 114.08, 72.87,2473H.82, 30.70. IR (KBr
vma/CM: 2941, 1696, 1605, 1485, 1464, 1326, 1294, 1258511066, 1014, 77

(CH,),Br
H
N N
Br(CH,),Br/Benzene
.
Benzyltriethyl ammonium-
chloride/NaOH(50%)
COOCH; COOH
(‘fﬂz)4Bl‘ COOCIIL
N
O O K,COy/KI MeOH/NaOH
+ — —_—-
Acetone/48h Reflux/12h
(8] 0
b 7/
(CH,), (CHy),
OH
N N
HL

Scheme 2.1. Syntheticprocedures for ligan4-[4-(9H-carbazol-94)butoxy]benzoic

acid.

Syntheses of L anthanide Complexes.
Syntheses of [Ln(L)3], [Ln = Eu**, Gd** and Tb**] complexes.

To a stirred ethanolic solution of HL (0.60 mmad¥)aOH (0.60 mmol) was addk
and the resulting mixture wistirred for 5 min. To this solution was added drog®
a saturated ethanolic solution of Ln(s)s:.6H.O (0.20 mmol) and the reactis

mixture was stirred for 10 h. Deionized water wasntadded to the reaction mixti
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and the resulting precipitate was filteradashed with deionized water and dried
(Scheme 2.2). Single crystals of the Tb complexewgmown from a solution of
N,N-dimethyl acetamide (DMA).
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Figure 2. 1.*H and™*C NMR spectra of HL in Acetones@nd CDC} solution.

3NaOH
Ln(NOy);.6H;0 + JHL— == [Ln(L)s],

PR o n(L);phen]

LH(NO3)3.6H20
EtOH

3HL + 3NaOH

M,.. [Ln(L);tmphen]

Ln=Tb, Eu and Gd
phen = 1,10-phenanthroline
tmphen = 3,4,7,8-tetramethyl-1,10-phenanthroline

Scheme 2.2. Synthetic procedures for complexes.1-7

[Eu(L)s]n (1). Elemental analysis (%): calcd fogdElsoN3OgEU (1227.16): C, 67.52;
H, 4.92; N, 3.42. Found: C, 67.78; H, 5.03; N, 3.RL(KBr) oma/cm™: 2929, 1605,

1594, 1422, 1252, 1173, 1020, 784 tmv/z = 869.83 (M - LJ.
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[Gd(L)3]n (2). Elemental analysis (%): calcd fogdElsoN3OsGd (1232.45): C, 67.23;
H, 4.90; N, 3.40. Found: C, 67.15; H, 5.23; N, 367 (KBr) vma/cm™: 2940, 1605,
1589, 1416, 1327, 1252, 1174, 1048, #8&.= 873.50 (M - L.

[Tb(L)s]n (3). Elemental analysis (%): calcd fogdElsoN3OgTh (1234.13): C, 67.15;
H, 4.90; N, 3.40. Found: C, 67.45; H, 5.17; N, 3.6 (KBr) vma/cm* 2922, 1605,
1588, 1414, 1327, 1251, 1176, 1151, #@&= 921.49 (M - L+ CG+1)".

Syntheses of Ln(L)s(phen) and Ln(L)s(tmphen) [Ln = Eu* and Tb*]
complexes.

An ethanolic solution of Ln(N€);-6HO (0.25 mmol) and the corresponding neutral
donor (0.25 mmol) [1,10-phenanthroline foradd 6and 3,4,7,8-tetramethyl-1,10-
phenanthroline for and 7 respectively) were added to an aqueous solutiddLof
(0.75 mmol) in the presence of NaOH (0.75 mmol)e Tinmediate formation of a
precipitate was followed by stirring the reactioixture at room temperature for 10
h. The resulting precipitate was then filtered, ek sequentially with deionized
water and ethanol, dried and stored in a desiccator

Eu(L)s(phen) (4). Elemental analysis (%): calcd forgfBlgsEUNsOg (1407.42): C,
69.13; H, 4.87; N, 4.98; found C, 69.24; H, 4.92;3MN02. IR (KBr)vmax 2935,
1615, 1607, 1567, 1526, 1453, 1424, 1344, 1326),1P673, 1152, 1102, 851 ¢
m/z= 1050.24 (M - LJ.

Eu(L)s(tmphen) (5). Elemental analysis (%): calcd fogdEl;6EUNsOg (1463.48): C,
69.76; H, 5.23; N, 4.79; found C, 69.81; H, 5.28; M83. IR (KBr)vmax 2929,
1604, 1558, 1526, 1452, 1416, 1325, 1249, 11729,11@12, 859, 784 cth m/z =
1106.11 (M - LJ.

Tb(L)s(phen) (6). Elemental analysis (%): calcd forglgsTbNsOg (1413.42): C,
68.78; H, 4.85; N, 4.95; found C, 68.64; H, 4.83;M03. IR (KBr)vmax 2937,
1619, 1602, 1568, 1525, 1453, 1424, 1326, 125(0,1851 cm™. m/z= 1056.24 (M

- L)".

Tb(L)s(tmphen) (7). Elemental analysis (%): calcd fogsE76TbNsOg (1470.46): C,
69.43; H, 5.21; N, 4.76; found C, 69.18; H, 5.27;903. IR (KBr)vmax 2928,
1606, 1563, 1527, 1453, 1421, 1325, 1245, 1172),10622, 861, 785 cth m/z =
1112.02 (M - LJ.
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2.4. Results and Discussion

Synthesis and Characterization of Ligand and Ln* Complexes 1-7.

In order to overcome the inherently weak absorptimss sections of the Euand
Tb®* ions and thereby enhance the luminescence efigisnof the lanthanide
complexes, a new antenna molecule was necessatgrdiagly, the new ligand 4-
[4-(9H-carbazol-9-yl)butoxy]benzoic acid with appkea functional peripheries of
the carbazole chromophore was designed and sym#ltesihe overall synthesis
procedure is outlined in Scheme 2.1. The ligand eldained in an overall yield of
80-85% in three steps starting from 4-hydroxybenzmid. The newly designed
ligand was characterized B NMR, **C NMR, mass spectroscopy (FAB-MS) and
elemental analysis. The details of the synthes#iseohew lanthanide complexes are
summarized in the Experimental Section. The eleatertalysis data for the seven
complexes revealed that in each case thé' Lion had reacted with the
corresponding benzoic acid ligand in a metal-testidg mole ratio of 1:3. Moreover,
complexes 4-&lso incorporate one molecule of a bidentate nemodonor ligand.

In order to investigate the mode of coordination tbé 4-[4-(9H-carbazol-9-
yl)butoxy]benzoate ligand to the thions, the infrared spectra of the complexes
were compared with that of the free ligand. Tha, (-COOH) stretching frequency
of the free ligand at 1696 ¢his absent in the IR spectra of complexes 1-7, edwer
the characteristic peaks fegs (C=0) andvs (C=0) are observed at 1594-1525tm
and 1453-1414 ci respectively. The foregoing frequencies implyt e oxygen
atoms of the carboxylate groups are coordinatedhéo Lr* ion. Furthermore,
compounds 1, 2, and &hibit differences of 172, 173, and 174 tmespectively,
betweenv,s (C=0) andvs (C=0) @v). These values strongly suggest that the
carboxylate groups are coordinated to the meta iona bidentate bridging mode
[Deacon and Phillips 1980; Doeudf al. 1987; Zhuet al. 2002; Djerdjet al. 2009].
Conversely, complexes 4-&xhibit an analogous difference 4Af (vas (C=0) —vs
(C=0)) in the range of 101-115 &nthus indicating that the carboxylate groups are
coordinated to the ¥ ions in bidentate chelating modes [Deacon andligsil
1980; Nakamatet al. 1986; Kazuo 1986; Emeleus and Shaafpa. 1977; Yuet al.
2004; Jauret al. 2006; Huanget al. 2007]. The bands at 1644 and 1608*cmhich
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are assigned to the(C=N) stretching frequencies of the free phen and tm
ligands, respectively, also shift to the lower wawabers 161-1604 cn in the
cases of complexes 4-thus suggesting that the nitrogen atoms of thenpdinc
tmphen ligands are also coordinated to tn** ion [Ye et al. 2010]. The absence
a broadband absorption at 32-3500 cnt* confirms that complexes 1&te devoic
of water molecules [Eliseewa al. 2011].

Thermogravimetric analysis (TGA) experiments wemnducted in order t
determine the therah stabilities of complexel-7 under a nitrogen atmosphere
the temperature range -30000°C(Figures 2.2 and 2.3Yhe TGA plots reveal hig
thermal stabilities for complexel-3 with no loss of mass being observed be
38C°C. This result is consiste with the FTIR data and confirms the absence

water molecules in the coordination spheres ofdhthanide ion:

100
|
—4
e 3
80 4
z?
®  60-
L)
T
o
@ 40 -
=
20 4
o | | | I
200 400 600 800 1000
Temperature °C

Figure 2.2. Thermo gravimetric curves for complex1-3.
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Figure 2.3. Thermo gravimetric curves for complex4-7.

At higher temperatures (380 to 6°C), the single weight loss is attributed to
decomposition of complexesl-3 and the formation of lanthanide oxic
Contrastingly, for complexe4-7 (Figure 2.3) there are two primary success
mass loss stages. Tfirst stage takes place between 280 to°€5@For 4 and 5) and
280 to 500C (for 6and7), with a change of mass that is consistent wighltiss of
phen (from 4and § or tmphen (fron5 and 7 ligands along with two of the-[4-
(9H-carbazol-9yl)butoxy]benzoate gr¢ps. The second mass loss occurs in
temperature range of 5-620°C, and corresponds to the elimination of-[4-(9H-

carbazol-9yl)butoxy]benzoate thus resulting in a residual snasrresponding t
that of lanthanide oxid

X-ray Structural Characterization.

The similar Xray powder diffraction patterns of complex1-3 imply that these
compounds are isostructural (Figu2.4). Analysis of the sing-crystal X-ray
diffraction data for compoun3 reveals that it forms a solv«free, infinite one-
dimensional (1D) coordination polymer of formula [Tb(s],. A perspective viev
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of 3is presented in Figure.2 The data collection parameters along with sele
bond lengths and angles are listed in Ta2.1 and 2.2, respectivelZompounc3
crystallizes in the rhombohed space groupR-3. The TB* metal centers ar
coordinated to six carboxylate oxygen atoms in @aleedral geomet. Perhaps th
most noteworthy structural feature 3 is the sole presence of a bident
carboxylate bridging mode and the absence of rcomplex connectivities that a
generally encountered in several lanthanide cailatycoordination polymer
Moreover, the coordination number of six for compo3 is unusually low for ¢
terbium ion [Guseinovet al. 1968; Kistaiahet al. 1981; Furmanovat al. 1984; Lill
and Cahill 2006; Liet al. 2005; Chenet al. 2007; Fominaet al. 2012]. Similar
structural features have been previously observedr fTk3*-1,3,5-
cyclohexanetricarboxylate&i[l and Cabhill 200().

Intensity

Angle (26)

Figure2.4. XRD pattern focomplexesl, 2 and 3
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Figure 2.5. The 1D coordination polymer chi and coordination environment of tf
Tb* ions in comple 3 with atom-labelling schemell hydrogen atoms wer

omitted for clarity.

A search of the Cambridge Structural Database revibat approximately 15
structures have been reported in which the lantleacienter has a coordinati
number of six.The majority of these structures polymeric. However, a few (
them are oligomeric, molecular species. Typicallgse complexes are formed
non-aqueous media and involve sterically demandingntigaThe incorporation of
bulky carbazolylbutyl groL in the p-hydroxy benzoate ligand pears to be
responsible for the exclusion of solvent from thiigicture and the introduction
steric crowding within the immediate coordinatiomvieonmen [Rao et al. 2004,
Cotton 2006; Lill and Cahill 200eBuRkampet al. 2007; Fomineet al. 2012].The
Tbh1-Th2-Tbh1l bondangle of 180° indicates that the carboxylate ligantich is
linked in a onedimensional array, can be best described as arlicie@in. The
interatomic Th..Tb distance i 4.768 A and the TI® bond lengths of the bidentz
bridging carboxylate group of 2.247(4) and 2.256(3)re comparable with those
reported valuesTeotonioet al. 2005; Bul3kamget al. 2007].

A detailed analysis of the packing diagram 3 reveals thatthe coordination
polymers are connected by means «H-z interactions between the benzo

moiety of one ligand and the carbazole moiety ofadjacent ligand (Figur2.6),
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thus resulting in the generation of an infinite tdimensional supramolecular

structure.

Table 2.1. Crystal Data Collection and Structure Refinememtrameters for

complex 3
Parameters 3
empirical formula GeHso N3OgTh
Fw 1234.18
crystal system Rhombohedral
space group R-3
cryst size (mn) 0.20 x0.05 x0.04
Temperature 153(2)
alA 18.865(2)
b/A 18.865(2)
c/A 18.865(2)
a (deg) 117.220
S (deg) 117.220
y (deg) 117.220
VA3 2855.9(6)
z 2
peaicdg ci° 1.435
wlmm* 1.301
F(000) 1264
R1 [l >20(1)] 0.0431
wWR2 I >26(1)] 0.0673
R1 (all data) 0.0951
wR2 (all data) 0.0796
GOF 1.055
UV-vis Spectra.

The UV-Vis absorption spectra of the free ligandd #hose of the corresponding
lanthanide complexes were recorded in N,N-dimettgtmide (DMA) solutionq
= 2x10° M), the results of which are presented in Fig@@&sand 2.8, respectively.
The five peaks at 254, 264, 293, 334 and 345 nnassigned to the—t* transitions
of the carbazole moiety of the ligand [Zhest@l. 2008; Nieet al. 2007; Ambili Raj
et al. 2010].In comparison with the spectrum of the free ligaiid the absorption
bands of the corresponding lanthanide complexesredeshifted. The spectral
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shapes for the complexes in DMA solution are simitathose of the free ligand,
thus indicating that coordination to the lanthanid® does not significantly

influence the energy of the singlet state of thibb@aylate ligand [Shet al. 2005].

Table2.2. Selected bond lengths and bond angles for thelesn3

3
Th1 -O1 2.247(4)
Th2 —-02 2.256(3)
Th(1)-O(1)#1 2.247(4)
Th(1)-O(1)#2 2.247(4)
Th(1)-O(1)#3 2.247(4)
Th(1)-O(1)#4 2.247(4)
Th(1)-O(1)#5 2.247(4)
Th(2)-O(2)#2 2.256(3)
Th(2)-O(2)#6 2.256(3)
Th(2)-O(2)#5 2.256(3)
Th(2)-O(2)#7 2.256(3)
Th(2)-O(2)#8 2.256(3)
O1- Th1 -O1#1 91.00(16)

Ol#1- Th1 -O1#2  91.00(16)
Ol#2—- Tb1-O1#3  91.00(16)
O1#3—Th1 -O1#4  89.00(16)
Ol#4—Tbl-O1#5  91.00(16)
O1#5- Thl -O1 89.00(16)
02— Th2 —O2#2 91.30(16)
O2#2— Th2 -02#5  91.30(16)
O2#5- Th2 —02#8  88.70(16)
O2#8— Th2 -O2#7  88.70(16)
O2#7— Th2 —-02#6  91.30(16)
O2#6— Th2 02 88.70(16)
Th2— Tb1 —Th2 180.00

In the cases of complexes 4-7, the electronic itians of the carboxylate, phen and
tmphen units are overlapped and exhibit much muense carbazole features [Nie
et al. 2007]. Moreover, the molar absorption coefficiatt 267 nm (for 4-7)
increases considerably with the incorporation of thidentate nitrogen donor
[Ascencioet al. 2010]. Furthermore, the large molar absorptionffament (&) for
the ligand 4-[4-(9H-carbazol-9-yl)butoxy]benzoicidaq(1.57x16 L mol* cm?)

implies that the carboxylic acid ligand is a strongromophore. The molar
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absorption coefficient values for compourl-7 appear afimax 4.71 x 1¢, 4.99 x
10%, 4.96 x 16, 4.92 x 16, 4.89 x 1f, 4.77x 10, and 4.80 x 1DL mol™* cm™,
respectively, the magnitudes of which are approsetgathree times higher th
those for the free ligand, thus further confirmitige presence of three ligat

carboxylate moieties in each comp

Figure 2.6. The molecular array formed by tICHeeet interactionsinvolving C4—
H4seeC16 (D-A=3.575A, H-A=2.795 A and angle 142.10°) and GH7++C14
(D-A=3.586A, H-A=2.799A andangle 142.99°\hen viewed along the direction

the b axigsome of the ligand atoms were omitted for clari

PL Properties of Complexes.

In order to elucidate the energy migration pathwéyscomplexesl-7, it was
necessary to determine the singlet and tripletggniewvels of the ligand. These we
estimded by reference to the wavelengths of the-vis absorbance edges and
lower wavelength emission edges of the correspgnphmosphorescence spectre
Gd®** complexes, respectively. Since the lowest excitext@y level of G** (°P;)) is
too high toaccept energy transfer from the ligands, the triplate energy levels
the ligands are not significantly affected by coexaltion to the G** ion [Xu et al.
2006]. In order to determine the triplet energy levirn*) of the ligand, the
phosphorescerc spectrum of the compound [Gds] was measured in DM,
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solution at 77 K (Figure2.9), revealing a triplet state energy level at Z3@a™.
Thus the tripletenergy level of the newly designed carboxylic d@d above th
lowest excited resonance levd both EG* (°Dy = 17300 crit) and the’D, level of
Tb** (20500 cnit), thus demonstrating the sensitization efficacthefligand[Latva
et al. 1997]. The triplet energy level of tmphen is found to 824 cn™ (Figure
2.10).

1.0

Intensity (a.u.)
[
T

&
Mo
1
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Figure 2.7. UV-visible absorption spectra of ligaHL and complexel-3in DMA
solution (c = 2 x 18 M).

The singlet and triplet energy levels for phen @8D, and 22,100 c?*) were
obtained from the reported literature values [Yd &u 2003; Liet al. 2012]. The
singlet {nn*) energy levels of HL and tmphen were determingddferring to the
UV-vis upper absorption edges of the correspondin®* complexes. The value
were found to be 28089 ¢* and 32786 cf, respectively. According t

Reinhoudt’s empirical rule, e intersystem crossing process becomes effe
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when AE = (an*—3mn*) is at least 5000 c™* [Steemerset al. 1995]. Thus the
present value of 4166 chsuggests that the system has the capability

intersystenctrossing from the singlet to the triplet lev

Normalised Intensity (a.u.)

Wavelength (nm)

Figure 2.8. UV-Visible absorption spectra of liganHL, phen, tmphe and
complexes 4-T DMA solution (c = 2 x 1° M).

The excitation spectra of complexl, 4 and 5were obtained by monitoring tt
°Dy—'F, transition of EG" and the results are displayed in Figu2.11 and2.12,
respectively. The excitation spectrum of comgl features a broad band spann
the 330370 nm region with a maximum at approximately 35%. This spectrun
also features several narrow bands that arise tinenmtraconfigurational transitiot
from the'Fo ground state to the following levels (in nr°Ha (374),°Ls (394),°Ds
(414),°D, (464),°D; (532) andD, (578) [Teotonioet al. 2005; Shyniet al. 2007;
Raphaekt al. 2008; Bijuet al. 2009; Ambili Rajet al. 2009; Sivakumaet al. 2011].

46



Chapter 2

The intraconfigurational transitions exhibit a heghntensty than that of the ligan
band, thus indicating that the indirect excitatignless efficient than the dire
excitation. This phenomenon is further evidencedheyresidual emission observ
from the ligand that is apparent in the emissioecgpim ofcomplex1 [Stanleyet

al. 2010; Ramyaet al. 2010; Sivakumart al. 2012]. On the other hand, tf
excitation spectra of the #* complexes 4ind 5consist of broad bands in the rar
of 250 to 450 nm and are attributed to the ligamdtered singl—singlet transitions.
In addition to this band, narrow bands arising fréi-4f transitions from the grour
state’Fo level to the®Lg (394 nm),’ D3 (414 nm), andD, (464 nm) excited level
are also observed. The relative intensity of theatrband is higher than that aris
from the EG" ion, thus indicating that the indirect extion processes is mo
efficient for these complex [Teotonioet al. 2004]. The room temperature emissi
spectra of the Eticomplexesl, 4and 5excited at 355 nm are displayin Figures
2.11 and 2.12espectively The emission data exhibit intense narrow bands trer
°Dy—'F; transitions (where J =—4) which are dominated by the hypersensi
°Dy—'F, transition at 612 nm. The intensity of ’Dy—'F, electric dipole

Normalised Intensity (a.u.)

400 500 600
Wavelength {nm)

Figure 2.9. Phosphorescence speum of [Gd(L)], at 77 K.
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Figure 2.10. Phosphorescence speum of [Gd(tmphen)(NQ);] at 77 K.

transition is dependent on the degree of asymniettiye environment of the F*

ion, whereas theDy—'F; magnetic dipole transition is unrelated to the
asymmetry. The intensity of the emission band & 6 °Do—'F>) is greater thai
those of the others, indicating that there is n@ision center at the site of the"*
ion [Ye et al. 2010; Eliseeveet al. 2011]. Furthermore, the absence of ligi
emission indicates that the ligand triplet stataypl an important rolen the

luminescence sensitization of the** ion in complexes 4nd 5.

The excitation and emission spectra of terbium dergs3, 6 and 7in the solid
state at room temperature are depicted in Fig2.13 and 214, respectively. Th
excitation spectréor all of the complexes were recorded by monitgtine stronges
emission band of the Thcation. Each complex exhibits a broad band betva&ér
and 450 nm with an excitation maximum at approxetyat355 nm which i

assigned to thaerr* electronic tranition of the ligand [Liet al. 201Z]. The
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characteristic sharp lines of the®* energy level structure, which are attributabli
transitions between tt'Fs and the’Ls, °Gg, °L1o and°Lg levels, were absent in th
spectra, thus proving that luminesceisensitization proceeds via ligand excital
rather than by direct excitation of the ** ion absorption levels. The emissi
spectra for complexe3, 6 and 7exhibit green luminescence and exhibit typ
emission bands at 491, 545, 585 and 622 nm, whietassigned t°Ds — ‘F; (J =
6-3) transitions [Yeet al. 2010; Eliseevat al. 2011]. The dominant band of the
emissions is attributed to the hypersene transition®D, — ‘Fs of the TB" ions,
while the more intense luminescent band correspemdbe®D, — Fs transition
and the two less intense bands are assigned t°Ds; — ‘F, and°Ds — F3
transitions, respectivel It is worth noting that in the cases of comple6 and 7
there is no apparent residual lig-based emission in the 35050 nm region, tht
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Figure 2.11. Room temperature emission spectra of com1, inset shows th

excitation spectra of complel (Aex= 355 nm).
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implying an efficient energy transfer from the Ighexcited states to the terbiur
excited states [Zhang al. 2012]. However, in the case of compl3, a residua
emission due to the ligand was detected in the-450 nm region, thus indicatir
that this indirect excitation processes is notfasient in the case of comple3.
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Figure2.12. Room temperature excitation and emission spectcarmflexes 4 and
5 (Aex= 355 nm).

The excited state lifetime valuesos,y for Do (EUW*) and °Ds (Tb®") were
measured at both ambient (298 K) and low tempesatf77 K) for the L3*
complexes land 3-7 by monitoring the more intense lines of *Dy—'F, and
°D,—'Fs transitions (Figures 2.15 and 2.16). The pertivahies ar summarized it
Table 2.3. The measured luminescence decays of tmsplexes can be descrik
by monoexponential kinetics, which suggests thathese complexes only o

species ests in the excited state. In combination with tHata from the
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photoluminescence intensities, the excited sté#irie values show a correlati
between enhanced luminescence intensities andridifgigme values (Table 2.3
The somewhat shorter Itimes observed for complexesafid 3in comparison witt
those for complexe4-7 may be due to the existence of dominant nonradiatecay
channels associated with the m-to-metal energy transfer processes that
characteristic of polymeric complex Furthermore, the lifetime values for t
terbium compounds at 295 K are marginally lowentti@ corresponding values
77 K, thus reflecting the presence of weak, thelymaltivated deactivatio

processes in the investigated syst
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Figure 2.13. Room temperature emission spectra of com3, inset shows th

excitation spectra of comple3 (hex= 355 nm).

Quantum vyields and sensitisation efficiency. The photoluminescence quant
yield (®@oweran) is an important parameter for evaluation of tifiiciencies of the

emission processes in luminescent materials. Theraivluminescence quantL
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yield (®oweran) Can be determined experimentally by excitation tleé ligand.
However, this approach does not provide informatiegarding the independent
efficiency of ligand sensitization®ns) or that of the lanthanide centered
luminescenced®, ). In fact, it is a product of the ligand sensitiaa efficiency and

the intrinsic quantum yield of the lanthanide luesnence as shown in equation (1):

CI)overall
q)sens = —_— (1)
(DLn
The intrinsic quantum yields of europium could het determined experimentally
upon direct f—f excitation because of the very wahkorption intensity. However,
these quantum yields can be estimated by usingtiequ@) after calculation of the

radiative lifetime faq) [equation (3)]:

— APAD — Z-obs
P ‘[AQAD - ANJ T

1

Ao = = Ao ns(lle (3)

TF\’AD I MD

where Aypo = 14.65 & represents the spontaneous emission probabilitthef
magnetic dipoléDy—'F; transition,n is the refractive index of the mediutior is
the total integrated emission of tiBy—'F; transitions, andyp represents the
integrated emission of tH®—F; transition.Azap andAwg are radiative and non-
radiative decay rates, respectively. The intrirgi@ntum yield for TH (®m,) was
estimated according to equation 4 with the asswngtat the decay process at 77

K in a deuterated solvent is purely radiative [Xaw Selvin 2001].
D1p= Tobs (298 k) Tobs (77 K) (4)

Table 2.3 summarizes tld@erai, Prn, Psen, radiative Arap) and nonradiativeAnr)
decay rates. It is evident from this table thatdQga for the europium oordination
polymer is lower than that of the terbium analogukich may be due in part to the

larger energy gapAE = *nn*— °Do = 6673 cnit) between the excited state level of
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the EJ* cation and the triplet energy level of the liga@uh the other hand, due
the smaller energy gap between °D, excited state level of the ** cation and the
triplet state of the ligandAE = °mn*— D4 = 3423 crif) complex3 shows an
improved quantunyield. However, the overall quantum yields for céexes1 and
3 were found to be somewhat deficient due to the danti nonradiative decs
channels associated with the m-to-metal energy transfer pathways in th
polymeric species. However, incorption of the bidentate nitrogen donors pher
tmphen breaks the coordination polymer into discreenomeric complexes whi
simultaneously serving to enhance the overall quranyields of complexe4-7.
Finally, the presence of tmphen in the cases ofptexes5 and7 results in superior
guantum yields relative to those of the phen basedplexes and can be explair
on the basis of the improved efficiency in enenm@nsfer from the tmphen to tl

primary ligand.
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Figure 2.14. Room temperature excitation and emission spectcamplexe 6 and
7 (Aex= 355 nm).
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Figure 2.15. Experimental luminescence decay profifor complexesl, 4 and 5

monitored around 612m and excited at their maximum emission wave les
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Figure 2.16. Experimental luminescence decay profifor complexes3, 6 and 7

monitored around 548m and excited at their maximum emission wave les.
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Table 2.3. Radiative Azap) and nonradiativeAyr) decay rates’Dy/°D, lifetimes on),
radiative lifetimes {zap), intrinsic quantum yieldsd ), energy transfer efficiencie®y,)

and overall quantum yield$%era) for complexes 1-7

Comp' ARAD/S_l ANR/S-l Tobs/ 98 TRAD/ 98 Py Pe Doverall (%)

ound (%) (%)

1 496 2414 344+10 2016+20 17 0.64 0.11+0.0P

4 375 536 1098+ 10 2666+20 41 24  10.00f1
9.65+ 0.9

5 362 488 1176+ 10 2762+20 43 49  19.10 1
21.00+ 2°

3 986 +10 1175+10 62 2.32 2.00+0%
1.45+0.2

6 1006 +10 1225+16 82 19  14.07+%
16.00 + P

7 1262+ 10 1387+160 88 37 33303
32.42+3

2Absolute quantum yield?Relative quantum yield;77 K.

2.5. Conclusions

In summary, a unique, green luminescent solvemtieebium coordination polymer
based on the new 4-[4-(9H-carbazol-9-yl)butoxy]lmaie ligand has been
synthesized and structurally authenticated by shegystal X-ray diffraction. The
polymer exhibits an unusually low coordination n@nfor a terbium cation (CN =
6). While the reason for this rare coordinationissrvment is unclear, it is possibly
related to the steric influence that results frowa bulky nature of the ligand species.
Photophysical investigations revealed that thegmes of bidentate nitrogen donor
ligands significantly enhances the quantum yieldsboth the E&" and TH*
benzoate complexes. This observation can be exaaim the basis of additional
energy transfer from the ancillary ligand to thebcaylate ligand in the ternary
complexes 4-7which in turn enhances the overall sensitizatidiciehcy of the
complex molecule. This result may be further exmd on the basis of the
minimization of nonradiative decay rates in monameomplexes in comparison

with those of polymeric species (1 and 3).
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Chapter 3

Synthesis, crystal structures and photophysical properties of

homodinuclear lanthanide xanthene-9-car boxylates
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3.1. Abstract. Three new homodinuclear lanthanide(lll) complexéxanthene-9-
carboxylic acid, [La(XA)s(DMSO)(H.0),] (Lh = Eu (1), Tb (2) and Gd (3); HX.
= xanthene-arboxylic acid; DMSO = dimethylsulfoxide), haveepesynthesize(
of which 1 and 2 were structurally characterizedsingle-crystal x-ray diffraction.
These compounds crystallize in the monoclinic s groupP2;/nwith a =17.849(4)
A, b=9.6537(19) Ac = 23.127(5) Ag = 109.06(3)°, and/ = 3766.5(13) Afor 1
anda =17.809(4) Ab = 9.6548(19) Ac = 23.075(5) A = 108.97(3°, andV =
3752.1(13) & for 2. The crystal structures of 1 and 2 consist of homoclear
species that are bridged by two oxygen atoms frwm darboxylate ligands. Tt
two lanthanide ions are related by a center of rsigea. Each lanthanide ion
coordinated byeight oxygen atoms iran overall distorted squa-prismatic
geometry. Six of the oxygen atoms are furnishethe carboxylate moieties, a
the remaining two oxygen atoms are provided by mwatel DMSO moleculesThe
photophysical properties of these complexes instila& stde at room temperatu
have been investigated. The quantum yields wenedfdéo be 0.0t 0.01 and 7.30 *
0.73% for 1 and 2espectively

R. Shyniet al., Inorg. Chem., 2007, 46, 11025-11030.
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3.2. Introduction

Due to the Laporte forbidden character and intnafigarational nature of thef4
transitions, luminescence from lanthanide cations typically highly
monochromatic, exhibits long-lived excited statéetimes when compared to
organic compounds, and is usually insensitive tengting by molecular oxygen,
making these metal ions ideal for many applicationswultidisciplinary fields such
as materials for telecommunications, lighting desicand luminescent probes for
bio-analyses and live cell imaging and sensing §Kmhd Okamoto 2002; de
Bettencourt-Dias 2007; Brunet al 2007; Bunzli 2010]. However, the spin- and
parity forbidden nature of the f-f transitions peev direct excitation of lanthanide
luminescence, these metal ions require sensitizatby suitable organic
chromophores [Lehmt al. 1990]. Accordingly, it is necessary to employ ariga
ligands to function as antennas by absorbing kgt transferring this energy to the
excited states of the central lanthanide ions [Lethal. 1990; Sabbatinet al1993].
The excited lanthanide ions then undergo radidtamsitions to lower energy states
which results in the characteristic multiple narrd@&nd emissions. Since the
emission intensity (brightness) and the colour ld tanthanide emission both
depend on the type of sensitizer employed, newitsgng chromophores are highly
sought after. As a consequence, a number of chrbarmpantenna ligands have
now been developed in an effort to achieve brightet" luminescence. In this
regard, thes-diketonate [Binnemans 2009; Ambili Relj al. 2009;Biju et al. 2009;
Biju et al. 2009; Divyaet al. 2010; Divyaet al. 2011] and aromatic carboxylate
ligands [Ramyeet al. 2010; Sivakumaet al. 2010; Sivakumaet al. 2011] have
received the most attention.

Recently, aromatic carboxylate coordination comesexhat exhibit unique
photophysical properties and intriguing structurédatures have attracted
considerable interest [Eddaouesti al. 2001; Paret al. 2004; Teotonicet al. 2004;
Bilnzli et al. 2007]. For example, a series of benzoic acid deves [Santost al.
2003; Zhanget al.2003; Liet al. 2005; de Bettencourt-Dias aNiswanathan 2006;
Fiedleret al. 2007; BuRkampet al.2007; Ramyaet al.2010; Sivakumaet al.2010;
Sivakumaret al. 2011; Luckyet al. 2011] and pyridine based carboxylate ligands

[Chattertonet al. 2005; Chen and Fukuzumi 20@@henet al.2009; de Fariat al.
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2011]have been evaluated as possible sensitizers fopieum(l11) and terbium(lll)

luminescence.

Xanthenes are important classes of compounds itichube as dyes, fluoresce
materials for visualization and laser technologies to their useful spectroscoj
properties [Johret al. 2006; Chenet al. 2012]. In comparison with the aromai
carboxylic acids mentioned above, the use¢ xanthenebased carboxylic acids

photosensitizer®r lanthanide ior are scarce.

O OH

O

xanthene-9-carboxylic acid

Given the important potential applications of lartlde carboxylates and t
fascinating properties of these ligands, we weosnpted to prepare a new series
lanthanide complexes featuring the xantl-9-carboxylate ligand. Hereinthe
syntheses, characterizatioand photophysical properties of tthomodinuclea

xanthene-®arboxylate complexes of **, Tb**, and Gd" have been describ.

3.3. Experimental Section
Materials and Instrumentation.

The commercidy available chemicals E(Ill) nitrate hexahydrate (Acro®rganics;
purity 99.9%); Gdll) nitrate hexahydrat(Acros Organicspurity 99.9%) Th(lll)
nitrate hexahydrate (Acros Orgar; purity 99.9%); and xanthenee@rboxylic acic
(Aldrich; purity 9899 were used without further purificatic All of the other
chemicals used were of analytical reagent ¢ The other characterizatic
techniques employed in the present work are as sartteat described in chaptt.
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Synthesis of Fbmodinuclear Complexes.

An aqueous solution of Ln(N3)s-6H0 (0.5 mmol) (Ln = Eu, Tb, or Gd) was adc
to a solution of xanthe-9-carboxylic acid (1.5 mmol) in water the presence of
NaOH (1.5 mmol). Precipitation took place immedig, and each reaction mixtu
was stirred subsequently for 10 h at room teiature [Zhanget al 2006] (Scheme
3.1). The product was filtered, washed with water, ¢, and stored in a desiccat
The resulting complexes were thepurified by recrystallization from
dimethylsulfoxide/tetrahydrofuran solvent mixtur@ingle crystals were obtaine
from a dimethylsulfoxide/tetrahydrofuran solvent mixturéiea storage for thre

weeks at ambient temperatt

OH (CH;),8=0 \ / L/ 0=S(CHs),
6'§ g 2 Ln(NO3); 6H,0 / 6 NaOH / —~—

OH
(Recrystallization mcdium?- HIO / 2
(o) DMSO+THF 0 0 \'—/0
_§_< Oy 0
O Y
S !
0 OH I

1
b Ln=Eu, Gd, Th

Xanthene-9-carboxylic acid

Scheme 3.1SyntheticRoute to the Homobimetallic Lanthanidomplexes.

Eu,(XA)s(DMSO),(H20), (1). Elemental analysis (%): Calddr CggH7oEWLO..S,
(1847.56): C, 57.20; H, 3.81; S, 3.47. Found: C157H, 3.67; S, 3.32. IR (KB
vmax 3434, 1602, 1572, 1541, 1479, 1454, 1391, 1259611040, 949, 749 ¢*.
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Th2(XA)s(DMSO),(H20), (2). Elemental analysis (%): Calcd forgdEl70Th,02.S,
(1861.48): C, 56.78; H, 3.79; S, 3.44. Found: C666H, 3.88; S, 3.35. IR (KBr)
Vmax 3351, 1602, 1572, 1542, 1483, 1453, 1405, 126841949, 748 ci.

Gdy(XA)s(DMSO)2(H20), (3). Elemental analysis (%): Calcd fordB70Gh02:S,
(1858.02): C, 56.88; H, 3.79; S, 3.45. Found: C4%B6H, 3.41; S, 3.41. IR (KBr)
Vmax 3395, 1603, 1571, 1545, 1485, 1453, 1387, 13261,11119, 1038, 874, 749

cmt,

3.4. Results and Discussion

Synthesis and Characterization of Complexes-3.

The synthetic procedure for £hcomplexes 1-3 summarized in Scheme 3.1. The
elemental analysis data for Iréveal that each L*fiion has reacted with HXA in a
metal-to-ligand mole ratio of 1:3. The carbonyksthing frequencies for 1-3 appear
at lower energies than that for HXA (1688 ¢n indicating that the carbonyl
oxygen atoms are coordinated to the’’Lion in each case. Furthermore, the IR
spectra of 1-3 show three different values foradadoonyl stretching frequency (for
1: 1602, 1572, 1541 ch 2: 1602, 1572, 1542 ¢m3: 1603, 1571, 1545 ch due

to the fact that the xanthene-9-carboxylate ligaradibit three different
coordination modes (vide infra) [Deacon and Phslli®80; Sivakumaet al. 2010;
Ramyaet al. 2010]. The broad IR band that is apparent in th@038600 cri'
region for 1-3 is indicative of the presence of rclimated water molecules in these
complexes. Likewise, the peaks detected in(@h@30-1040 cni region imply the
presence of coordinated DMSO molecules in theseptaas. These peaks are red-
shifted with respect to that of unligated DMSO (1®#i") [Sivakumaret al.2010].

It is clear from the thermogravimetric analysisaddtat 1-3 (Figure 3.1) undergo a
mass loss of 11% (Calcd: 10.3%) up to 275 °C, whanlnesponds to the elimination
of the coordinated solvent molecules. Further demusition takes place in two
steps, the first of these occurring between 275 26@ °C (59% mass loss for 1,
60% for 2, and 57% for 3) and the second betweé@naBsl 600 °C (10% mass loss
for 1, 9% for 2, and 12% for 3), leaving a resicieapproximately 20% for 1-3,
which corresponds to the lanthanide oxides.
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X-ray Structural Characterization.

The structures of EB(XA)s(DMSO)(H20), (1) and Th(XA)s(DMSO)(H.0), (2)
were determined by single-crystal X-ray diffractiddetails of the crystal data and
data collection parameters are given in Tabledhd, selected bond lengths and bond
angles are listed in Table 3.2. Complexes 1 anck2sastructural and crystallize in
the monoclinic space grolg®2,/n. Each complex molecule is dimeric, containing two
Ln®" ions, surrounded by six xanthene-9-carboxylig@nds. The dimeric structure
features amversion center of symmetry indicating that th¢ )rand Ln(1_3) centers
are in equivalent chemical environments. The Lndistances are 4.108 A (1) and
4.076 A (2). A comparison with structures that available in the CSD [Cambridge
Structural Databasegersion 5.27] reveals that this distance falls initthe range of
3.785-4.532A that has been observed for’[.rcomplexes that feature the bridging

bidentate coordination mode.

100 -

Weightloss (%)

| 1 1 | 1 1 | 1
100 200 300 400 500 600 700 800
Temperature®C

Figure 3.1.Thermo gravimetric curves for the Yisomplexes 1-3.

The ligands show three different coordination motieshe Ln ions: bidentate
chelating, tridentate chelating bridging, and maudte, thus corroborating the IR

data. The asymmetric unit and coordination envirenis of 1 and 2 are shown in
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Figures 3.2-3.5. The atoms O(1) and O(2) belonthéocarboxylate ligand, which
binds in a bidentate fashion to the Eu(1) ion. Caoxylate group bridges the two
Eu ions in a triply coordinated manner. The otreboxylate group, O(3), binds in
a monodentate mode. Different types of binding mofier the HXA ligand
observed in Eu and Tbh complexes 1 and 2 are shoWwigure 3.6. The coordination
sphere of the metal ion is completed by water aMiSD molecules bonding via
O(6) and O(9), producing a coordination number igheat the E&" center. The
coordination polyhedra can be described as distodquare antiprisms of
approximately C,, symmetry in which six oxygen atoms belong to theed
xanthene-9-carboxylate moieties and two oxygen atare provided by one water
and one DMSO molecule. In 1, the Eu—O bond lengthge from 2.249 to 2.609 A,
and in 2 the Th—O bond lengths are in the rangé22t@ 2.591 A, which fall in the
expected range for this type of complex [Zhahgl.2003; Sivakumaet al.2010].

Table 3.1.Crystal Data, Collection, and Structure Refineniartameters for 1 and 2

Parameters 1 2
empirical formula GsH33sEuO1S Cy4H33TbO11S
fw 921.72 928.68
cryst syst monoclinic monoclinic
space group R P2/n
cryst size (mn) 0.20 x 0.15 x 0.15 0.25 x 0.25 x 0.15
temperature (K) 153(2) 153(2)
a(A) 17.849(4) 17.809(4)

b (A) 9.6537(19) 9.6548(19)
c(A) 23.127(5) 23.075(5)
o (deg) 90 90

S (deg) 109.06(3) 108.97(3)
y (deg) 90 90

V (A% 3766.5(13) 3752.1(13)
z 4 2

peaiec (g Cmd) 1.625 1.644

u (mmh) 1.786 2.006
F(000) 1856 1864

R1[l > 25(1)] 0.0437 0.0457
WR2 [I > 26(1)] 0.0900 0.1005

R1 (all data) 0.0949 0.0965
WR2 (all data) 0.1215 0.1317
GOF 1.034 1.022
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Table 3.2. Selected Bond Lengths and Bond Angles for 1 and 2

1 2

Eul-Eul 3 4.1081(8) Tbl-Tb1 3  4.076(1)
Eul-O1 2.531(3) Th1-01 2.522(7)
Eul-02 2.424(3) Th1-02 2.409(7)
Eul-O3 2.249(3) Th1-05 2.591(6)
Eul-05 2.379(3) Th1-04 2.462(6)
Eul-O5#1 2.609(3) Th1-O5#1 2.357(6)
Eul-06 2.402(3) Th1-07 2.242(6)
Eul-O7 2.475(3) Th1-010 2.352(6)
Eul-09 2.367(3) Th1-011 2.388(7)
O3-Eul-09  78.60(12) O7-Tb1-010  78.4(2)
09-Eul-06  78.25(12)  0O10-Tb1-011 78.3(2)
O6-Eul-O5#1 71.47(11)  O11-Tb1-O5# 82.6(2)
O5-Eul-O5#1 69.20(12)  O5-Tb1-O5#  69.1(2)
O5-Eul-0O7  120.26(11) O5-Tb1-O4 51.56(19)
O7-Eul-02  77.03(12)  04-Th1l-O2 76.9(2)
02-Eul-01  52.26(11)  0O2-Th1l-O1 52.4(2)
O1-Eul-03  84.95(12) O1-Th1-O7 84.6(2)

®Eul and Eul_3 and Tbl and Tb1_3 are symmetricallagims.

The longesEu—O bonds involve the oxygen atoms of one of tipdytcoordinated
ligands [Eu(1)-O(5) = 2.609 A, Eu(1)-O(7) = 2.47pakd the shortest such bond is
associated with the monodentate carboxylate ligandl)-O(3) = 2.249 A]. On the
other hand, the Eu-O distances of the coordinatattrnand DMSO molecules
[Eu(1)-O(6) = 2.402 A and Eu(1)-0O(9) = 2.367 Apeively] are shorter than those
of the bidentate and tridentate xanthates. It isr@sting to note that, due to the
coordination of HO and DMSO molecules, one of the terminal carbdgydgoups on
each Ln center ligates in a monodentate fashianil&itrends in bond lengths and
intermetallic distances have been reported by \fisitvean and de Bettencourt-Dias
for dimeric EG* and TB* complexes of thiophenyl-derivatized nitrobenzdigands
[de Bettencourt Dias and Viswanathan 2006; Bul3ketrgd. 2007; Sivakumaet al.
2010].
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Figure 3.2. Asymmetric unit of complel. All of thehydrogen atoms were omitt
for clarity.

Figure 3.3. Coordination environment of the ' ions in 1 with partial ator-
labeling scheme. All of theydrogen atoms were omittfor clarity. Eul and Eul_:

are symmetrical metal atoms.
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Figure 3.4. Asymmetric unit of comple2. All of thehydrogen atoms were omitt
for clarity.

Figure 3.5. Coordination environment of thTb** ions in 2 with partial atom-
labeling scheme. Abbf the hydrogen atoms were omittied clarity. Tb1l and Tb1l 3

aresymmetrical meteatoms.
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M

monodentate mode bidentate chelating mode tridentate chelating-
bridging mode

Figure 3.6. Differenttypes of binding modes for theXA ligand observed iEu**

and TB" complexes 1 and 2.

UV-vis Spectra.

The UV-vis absorption spectra of the free ligand HXA ahe torrespondin
xanthate LA" complexes were measured in DMSO solutic = 1x10° M), and are
displayed in Figure 3.7The absorption maxima fl (290 nm), 2290 nm), an3

(289 nm), which are attributable to sinsinglet'z—z* absorptions of the aromat
rings are slightly red-shiftedvith respect to that of the free ligand HXAnax= 287
nm). The shapes of the spectral bands for the aomplare similar to that of tl
free ligand, suggesting that the coordinationthe Lr** ion does not have

significant influence on thér-z* transition. However, a small red shift observe:
the absorption maximum of each complex is a coresepi of the enlargement

the conjugate structure of the ligands acoordination to the lanthanide ion. T
molar absorption coefficient values) for 1-3 at Amax are 1.67 x 19 1.74 x10,

and 1.69 x 1DL mol™* cm*, respectively, which are about six times than thf
HXA (2.85 x 16 L mol™* cni* at 287 nm), indicating the presence of six xant
ligands per homodinuclear lanthanide complFurthermore, the large mol
absorption coefficient for HXA indicates that thertvoxylic acid ligand has a stro

ability to absorb light.

PL Properties of Complexes 1 and 2
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The normalized stea-state excitation an@mission spectrum of homodinucle
europium complex (in the solid state) at room temperature is shawhigure 3.8
The excitation spectru of 1 exhibits a series of sharp lines characteristithel
Eu®* energylevel structure, and can be assigned to transitietween th¢'Fy ; and
®Ls, D321 levels Dieke 1968; Carnall 1987; Steemessal. 1995; Pavithraret al.
2005; Pavithrart al 2006; Bijuet al.2006; Aebischeet al.200¢].

0.15+

0.10+

0.05 <

Absorbance (a. u.)

) ) )
270 280 290 300 310 320

Wavelength (nm)

Figure 3.7.UV-visible absorption spectra of xanth-9-carboxylic acid (HXA) anc
1-3in DMSOsolution ¢ = 1 x 10° M).

A weak, broad band between 250 and 450 nm is aisler®. This transition is le:
intense than the 4f absorption of the europium wamich proves that luminescen
sensitization via excitation of the ligand is nefficient in 1. The ambient
temperature emission spectruml (1lex= 362 nm) displays characteristically sh
peaks in the 57525 nm regio, which are associated with tF@,—Fo.4 transitions
of the Ed" ion [Carnall 1987; Dieke 196¢Pavithranet al. 2005; Bijuet al. 2006].
The five peaks that are anticipated for °Do—'Fy.4 transitions are well resolve
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and the hypersensitiveDo—F, transition is very intense, pointing to a hig|
polarisable chemical environment around th®" ion. The presence of only oline
for the °Do—'Fy transition strongly indicates the existence of omhg coordinatiol

site for the E& cations, as this transition occurs between nondegeed level:
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Figure 3.8. Roomiemperature (300K) excitaticand emission spectra 1 (lex=

362 nm) with emissionmonitored at approximately 613 r

The excitation spectrum of terbium compl2, monitored around the peak of t
intense’D,—'Fs transition of the T°* ion, exhibits a broad band between 250
450 nm with a maximum at approximately 302 and @ukler at 360 nm (Figur
3.9). The peak at 302 nm can be assigned tc'z—n* transition of the aromati

lr—m* transition of the

ring, and the shoulder at 360 nm is attributable tc
carbonyl group of theHXA ligand. The roontemperature normalized emissi
spectra of terbium compleXexhibit the characteristic emission bands fo®* (Aex
= 302 nm) centered at 490, 545, , and 620 nm, which result from déaation of

the°D, excited state to the corresponding ground <'F; (J = 6, 5, 4, 3) of the T°*
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ion (Figure 3.9. The mos- intense emission is centered at 545 nm and comels;
to the hypersensitive transitic’D,—'Fs [Dieke 1968;Carnal 1987; Biju et al.
2009;Remyaet al.2008;Sivakumaret al.2010; Ramyaet al.2010]
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Figure 3.9. Roomiemperature (300 K) excitation and emission speciri2 (lex =

302 nm) with emissions monitored at approximatdly Bm

The overall quantum yie (@overan) for a lanthanide complex treats the syster
a black box in which the internal process is nqiliexly considered. Given that tf
complex absorbs a photon (, the antenna is excited), the overall quantum \y
can be defined asX[ao and Selvin 2001Charbonniereet al. 2004; Quici et al.
2005]

Doverall= Prransie®PLn (2)

Here, ®yanster is the efficiency of energy transfer from the ligaio Lr**, and®y,

represents the intrinsic quantum yield of the lantle ion. The overall quantu
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yields @overan) for lanthanide complexel and 2 were found to be 0.@60.01 and
7.30 + 0.7%6, respectively. The lifetime value for t°D, level of 2 ¢= 1.11+ 0.01
ms) was determined from the luminescence decaylgratff room temperature t
fitting with a monoexponential curve. A typical @gcprofile for 2 is shown in
Figure 3.100n the other hanca shorter lifetime was observed for 45 <10 18).
The observedquantum vyield and lifetime values, especially thowe the
homodinuclear terbium complex, were found to barpsmc, as compared to tho:
reported recently for a homodinuclear terbium campdf nitrobenzoic acid® =
3.14 % andr = 666.7 + 28.5us in methanol solution)de Bettencou-Dias and
Viswanathan 2006&dnd a homodinuclear terbium complex of thiophenbaeaylic

acid (7= 230s in solid state [Teotonioet al. 2004].

=)
-
1

0.01 -

Normalised Intensity (a.u.)

L)
0.0 0.5 1.0 1.5 20 25 3.0

Time (ms)
Figure 3.10.Luminescence decay profile 2 excited at 302 nm and monitored
approximately 545 nmThe straight lines are the best fit? = 0.99) considerin

single-exponential behaviour.
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Energy Transfer between theLigand and Ln®".

To demonstrate the energy transfer process, phosphorescence spectrum
Gdy(XA)s(DMSO)(H20), was measured for the triplet enelgyel data of HXA.
From the phosphorescence spe((Figure 3.1}, the triplet energy levePrz*) of
G:(XA) 6(DMSO),(H20),;, which corresponds to its lower wavelength ssion
edge, is25839 cn (387 nm). Because the lowest excited s®Py,, of G& is too
high to accept energy from the ligand, the dataiobtl from the phosphcscence
spectra actually reveal the triplet energy leveHXA in lanthanide complex: [Li
et al. 2005; Xin et al 2004]. The singlet state energlz*) level of HXA is

estimated by referencing iupperabsorbance edge, which is 32575 (307nm).

Normalised Intensity (a.u.)

350 400 450 500 550
Wavelength (nm)

Figure 3.11.Phosphorescence spectrun Gd(XA)6-2DMSO-2H,0 at77 K.

In general, the sensitization pathway in lumineseemopium complexes consists
excitation of the ligands into their excited singiates, subsequent intersyst

crossing of the ligands to their triplet stateg] anergy transfer from the tripleate
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to the®D; manifold of the Eti ions, followed by internal conversion to the emitt
°D, state. Finally, the E{iion emits whera transition to the ground state occ
[Pavithranet al. 2005; Liet al. 2005; Pavithraret al. 2006} Moreover, electrol
transition from the higher excited states, suc®Ds (24800 crit), °D, (21200 cn™),
and’D; (19000 crit), to °Dg (17500 cnt) becomes feasible by internal conver,
and most of the photophysical processes take ptatkis orbital. Consequentl
most europium complexes give rise to typical emisdbands at ~581, 593, 6!
654, and 702 nntorresponding to the deactivation of °Dg excited state to th’F;
ground stategJ = 0-4). In a similar way, the 4f electrons of the** ion are excitet
to the®D;ion manifold from the ground state. Finally, the**ion emits when the ¢
electrons undergo a transition from the ex«state of’D, to theF; ground state
(J = 6-3). The energy level diagram based on the presenttseantl the possib
energy transfer pathways for the lanthanide homadi@ar complexes are shown
Figure 3.12.
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Figure 3.12.Schematic energy level diagrams and energy trapsteresses fol
and 2. 3 represents the first excited singlet state a; represents the first excit
triplet state.
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The gap between th&wr* and 'zz* states AE = ‘zr**zr*= 6734 cmi) of
xanthene-9-carboxylic acid is favorable for a tgkly efficient intersystem
crossing process [Steematsal. 1995; Bunzli and Piguet 2001]. Latva’s empirical
rule [Latvaet al. 1997] states that an optimal ligand-to-metal enérgysfer process
for Ln** needsAE (zz*- °Dy) = 2506-4000 cni for EU** and 2500-4500 cihfor
Tb**. The triplet energy level of xanthene-9-carboxyitd (25839 cr) is higher
than the’Dy level of EG* (17250 cnt) and the’D, level of TB* (20400 crit). This
therefore supports the observation of strongerisestson of the terbium complexes
than the europium complexes because of the smallerlap between the ligand

triplet and europium ion excited states.

3.5. Conclusions

A series of new lanthanide complexes {EuTb®*, and Gd") of xanthene-9-
carboxylic acid have been synthesized, two of winehe structurally characterized.
The X-ray crystal structures indicate that thé 'Eand TS* complexes are dimeric
and bridged by two carboxylate ions. The coordarapolyhedra can be described
as distorted square antiprisms of approxima@ily symmetry in which six oxygen
atoms belong to the three xanthene-9-carboxylatetias, and two oxygen atoms
are provided by one water and one DMSO moleculerdstingly, three different
carboxylate coordination modes were evident at dacli ion. Relatively short
Ln--Ln distances were observed in these complexes altieet presence of triply
coordinated carboxylates as bridging entities. lnescence studies demonstrated
that the xanthene-9-carboxylate ligand exhibit©adgantennae effect with respect
to the TB" ion due to efficient intersystem crossityE((* 72 rmrt) = 6734 cmt)
and ligand-to-metal energy transfer. The tripletestof the xanthene-9-carboxylate
ligand is located at ~25839 &mwhich results in a sizable sensitization of td*T
centered luminescence (quantum yield 7430@.73%; lifetime 1.11+ 0.01 ms),
whereas the luminescence of’Eis only poorly sensitized (quantum yield 0.86
0.01%; lifetime<10 ps). Thus, the present results demonstrate thatahthene-9-
carboxylic acid complex of TH may find potential applications as a light
conversion molecular device in many photonic agpions.
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2-Thiopheneacetat-based one-dimensionalaordination polymer of
Tb>": Enhancement of terbium-centered luminescence in the
presence of Identate nitrogen donor ligands

=
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4.1. Abstract. Four new lanthanide(lll) complexes ol-thiopheneacetic aci
(HTPAC), [Tb(TPAC3-H,0], (1), [GA(TPAC}Y-H0]x (2), [Th(TPAC3(phen)} (3)
and [Tb(TPAC)(bath), (4) (phen = 1,1@henanthroline; bath

bathophenanthroline) have been synthesized andadatkarzed by variou
spectroscopic techniqu The X-ray structure of teveals that each 3 ion is
connected to two neighboring ions by six thiopheeta acid ligands via tr
carboxylate groups to form an infinite -dimensionalcoordinationpolymer. The
unit cell contains only one independe¢crystallographic site for the Tb ions. T
carboxylate groups of the six molecules of the gheneacetate ligands ¢
coordinated in both bidentate bridging and tridentzhelat-bridging modes. Eac
Tb** ion is coordinated by nine oxygen atoms in anrall distorted tricappe
trigonalprismatic geometry. Eight of the oxygen atoms aweniShed by th
carboxylate moieties, and the remaining oxygen aisnprovided by the wate
molecule. The photophysical properties of thesepieres in the solid statd¢ room
temperature have been investigated. The quantulasyid 3 (4.4 £ 0.44%) and 4
(9.06 £0.90%) were found to be significantly enhanced Ihg presence of tr
bidentate nitrogen donor ligands in comparison wht of1 (0.07 + 0.01%) due to

effecive energy transfer from the secondary liga

R. Shyniet al., Eur. J. Inorg. Chem., 2008 4387-4394.
81



Chapter 4

4 .2.Introduction

The choice of ligand for the so-called “antennaeeff plays a key role in
constructing efficient luminescent lanthanide coempk. Two important
requirements to be considered in selecting an feraeligand are the strength of
binding to the lanthanide metal and the ultravigl$¥) absorption properties of the
ligand. Among a host of organic ligands, carboxylegands are hard Lewis bases
and are known to bind to Bhions strongly [Lehret al. 1990; Sabbatingt al.
1993]. Moreover, such carboxylate groups absorb rdiation strongly and the
absorbed energy is transferred efficiently to thethanide metal center. The
enhanced stability is of obvious practical impoc&am terms of device performance
[Eddaoudiet al. 2001; Paret al. 2004; Cheret al. 2007; Sivakumaet al. 2010].

In particular, ligands containing five-memberedenetycles, such as the anions
2-thiophene carboxylate (TPC), 2-thiophene acet@i®AC) and 2-furane
carboxylate (FUR), are excellent complexing agemtssenting three possible sites
of coordination to metal ions, one from the S (T&@ TPAC) or O (FUR) of the
heterocyclic group and two from the carboxylateugrfZzhanget al. 2002; Zhanget
al. 2003; Teotonicet al. 2004; Cheret al. 2004; Teotonicet al. 2005]. However,
owing to the hard acid behaviour of the’Lions, there is a strong affinity of these
metal ions for hard base, negatively charged caibhtex oxygen donors. In most
Ln**-coordination compounds reported with TPC and Fthi,carboxylate groups
are involved in the metal-ligand bonding by chelgtand bridging coordination
modes, forming dinuclear, polymeric or network staues [Teotoniet al. 2005].

It has been recognized that thiophene-derivatimatio nitrobenzoic and
isophthalic acids exhibited enhanced terbium-cedtéuminescence as compared to
unsubstituted ligandsdg Bettencourt-Dias 2005; Viswanathan and de Betign
Dias 2006]. A preliminary study by Malta and co-wers [Teotonioet al. 2005]
demonstrated that thiophene acetic acid (HTPAC) banused as a potential
sensitizer for lanthanide emissions. However, te test of our knowledge,
systematic investigations of the luminescent pridgeof terbium thiophene acetate
complexes in the presence of bidentate nitrogenomorand the structural
characterization of such complexes by single-ctystay diffraction have not been
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reported previously. This has prompted us to switee a series of terbiu
complexes featuring the thiopht acetc acid ligand. This chapter discloses

synthesescharacterization and photophysical properties oédfterbiur thiophene
acetate complexes that also involve the coordinadbbidentate nitrogen dono!
The TB"-thiopheneacetate aqua complex wstructurally characterized by sin-

crystal X-ray diffraction.

OH

2-thiophene acetic acid

4.3. Experimental section

Materials and Instrumentation.

The commercially available chemicalerbium(lll) nitrate hexahydra (Acros
Organics; purity 99.9% gadolinium(lll) nitrate(Acros Organics; purity 99.9); 2-
thiopheneacetic acid (Aldri; purity 98%); 1,10phenanthroline monohydra
(Merck; purity 99.5%); 4,/€diphenyl-1,10-phenanthroline (Aldrichpurity 97%);
were used without further purification. All the ethchemicals ust were of
analytical reagent grad&he mass spectra were recorded on a JEOL JSM 60
atom bombardment (FAB) high resolution mass spewter (FAE-MS). The other
spectroscopitechniques employed for the characterization ofcthraplexe<l-4 are

sameas that described in the previous cha

Syntheses of Complexesdnc 2.

An ethanolic solution of Ln(N3)3-6H,O (0.5 mmol) (Ln = Tb or Gdyvas added t
a solution of HTPAC (1.5 mmol) in ethanol in pnese of NaOH (1.5 mmol). Tt
resulting reaction mixture was stirred for 24 hr@m temperature (Scheme 4.

After one week colorless crystals o-ray diffraction quality were obtaine
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[Tb(TPAC) 3-H.O]n (1): Elemental analysis (%): Calcd f@igH170;S;Th (600.45):
C, 36.00; H, 2.85S, 15.98. Found: C, 36.24; H, 2.79; 55.84. IR (KBr):vmax =
3451, 1630, 1554, 1412, 1384, 1274, 1252, 112741985, 700 ci ™.
[GA(TPAC) 3-H.0], (2): Elemental analysis (%): Calcd f@gH1,GdO,S; (598.76):
C, 36.10; H, 2.86S, 16.06. Found: C, 36.42; H, 2.66; 55.84 IR (KBr): vmax =
3412, 1607, 1557, 1486, 1426, 1381, 1281, 1105c6 ™.

V4

3NaOH JO-
3_§'< + Ln(NOy);6H,0——— .- S=T1p

&0-
C H-OH -‘.'
OH 2585 / \\\ ". (§)

--...0'
\eo O 0y’
- s
(0} \ N
_§_< - i
OH OH Ln =Th(1), Gd(2)

2-thiophene acetic acid

Scheme 4.1SyntheticRoute to the Lanthanide Complexearid2.

Syntheses of Complex«3 and 4.

An ethanolic solution of Tb(N3)3:6H,O (0.25 mmol) and 1,-phenanthroline or
bathophenanthrolin€d.25 mmol) were added to an aqueous solution oPAT
(0.75 mmol) in the presence of Na (0.75 mmol). Precipitation takes plac
immediately and the reaction mixture was stirredratm temperature for 10
(Scheme 4.2)The solid produced was isolated by filtration,shvad with water

followed by ethanglthen dried and stored in a desicca

Tho(TPAC)s(phen), (3): Elemental analysis (%): Calctbr CgoHseN4O12S5Th,
(1524.01): C, 47.24H4, 3.03; N, 3.67; S, 12.61. Found: 4§.9%, H, 2.95; N, 3.78;
S, 12.58. IR (KBr)vmax = 3411, 1610, 1591, 1563, 1517, 1427, 1401, 13236,
1247, 1103, 923, 848 *. m/iz= 1524.01 (M).
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Th,o(TPAC)s(bath), (4): Elemental analysis (%): Cal for CgsHeaN4O1:S6Th,
(1829.68): C, 55.14; H, 3.4N, 3.06; S, 10.51. Found: C, 54.83; 327; N, 3.01;
S, 10.58. IR (KBr)wvmax = 3435, 1619, 1560, 1520, 1492, 1428, 1393, 13379,
1180, 1091, 935, 853 cmm/z = 1829.96 [M]. Unfortunately, all efforts to gro

single crystals of complex@s4 were unsuccessful.

OH O

Th(NO),.6H,0
T OTEtOH

bath

Scheme 4.2SyntheticRoute to the Lanthanideomplexes 3 and 4.

4 .4. Results and Discussion

Synthesis andCharacterization of Complexes -4.

The synthetic procedurder Ln®* complexes 1-4re summarized in Schers 4.1
and 4.2The elemental analysis and spectroscopic datl and 2indicate that L3*
ion has reacted with HTPAC in a me«to-ligand mol ratio of 1:3. On the oth
hand, the microanalyses and F-MS studies of the compoundsaBd 4 revealed
that TB" ion has reacted with HTPAC in a m«to-ligand mol ratio of 2:6 alon
with two moleculesof the bidentate nitrogen ligand. Similar binuclgarbium
carboxylate complexes, namely [T-FBA)3-2,2'-bpy} and [Tb(2-FBA)-phen} (2-
FBA = 2{luorobenzoate), which also feature bidentate geérodonors have be:

reported elsewhere and character by means of single-crystal d&y analysi [Li
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et al. 2005]. In order to investigate the coordinatioad®s of the HTPAC anion to
the Lr** ion, the IR spectra of 1-were compared with that of the HTPAC ligand.
The FT-IR spectrum of the HTPAC ligand evidences tmtense bands at
approximately 1450 and 1704 cinwhich are attributable to the symmetsi¢C=0)
and anti-symmetricu,d C=0) vibration modes, respectively. In the casethe IR
spectra of 1-4, both of these C=0 vibrational modes shifted to lower wave
numbers and split into two peaks (1384, 1412 and 1554, 1630 crhin 1; 1381,
1426 cm* and 1557, 1607 cthin 2; 1384, 1427 cm and 1563, 1610 crhin 3;
1393, 1428 cit and 1560, 1619 crhin 4), thus indicating coordination of the
carbonyl oxygen to the fications. Furthermore, the IR spectra of these texap
exhibit a separation of the asymmetric and symmetretching vibrationsAv(c-o)

= vas—Vs) at approximately 240 and 142 Thfor 1, 226 and 131 crhfor 2, 226 and
136 cm* for 3, 226 and 132 crth for 4, which implies coordination of the
carboxylate group to the Ehcation in a bidentate bridging and chelate made i
each case [Yonget al. 2005; de Bettencourt-Dias and Viswanathan 2006;
Viswanathan and de Bettencourt-Dias Z00®e IR spectra of And 2also exhibit

a broad band at approximately 3451 and 34172 aonhich is characteristic of an O—
H stretching vibration(O—-H), and thus suggestive of the presence of edowaied
water molecule in both complexes. Moreover, the gleifts observed for the C=N
stretching frequencies of the nitrogen donors éndbmplexes and 4(1591 cm*in

3 and 1590 cat in 4) in comparison with those of the free ligaptien (1613 ci)
and bath (1608 ci) imply coordination of these ligands to the*Tbation in each
case.

The thermal decomposition behaviour of the comekel was investigated by
means of TGA. Although no attempt has been madeldotify the intermediate
products formed during the thermal analysis, itlsar that the first step in the
thermograms of complexesahd 2(Figures 4.1 and 4.2) corresponds to the loss of a
coordinated water molecule in the temperature r&g@00°C. Subsequent thermal
decomposition takes place in two steps, and leawesidue of approximately 60%
of the initial mass for land 2, which corresponds to the formation of the
corresponding lanthanide oxides. In contrast, cemgd 3and 4are stable up to 260
and 275°C, respectively. Both complexes undergomeosition in two steps, and

leave a residue that corresponds to terbium oxd@@&o(for 3and 31% for 4).
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Figure 4.1.Thermo gravimetric curves for tlLn**complexes fnd2.

100
80 - — 3
-~ ‘—4
32
= 604
S
5
o 40+
=
20 -
o ' I

L) Ll 1 Ll ' Ll
100 200 300 400 500 600 700 800
Temperature °C

Figure 4.2.Thermo gravimetric curves for tlLn**complexes &nd4.

The X+ay powder diffraction patterns of complexl and 2 are similar,

indicatingthey are isostructural (Figure ). Similarly, from the XRD patterns «
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complexes 3and 4(Figure 4.4, one can conclude that they are isostructural
crystalline.
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Figure 4.3.XRD pattert of complexes hnd2.
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Figure 4.4.XRD pattert of complexes 3 and 4.
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X-ray Crystal Structure of [Tb(TPAC) 3-H20], (2).

The polymeric structure of complexid illustrated in Figures 4.5 and 4.6, and the
details of the crystal data and data collectiorapeaters are given in Table 4.1. A
selection of pertinent bond lengths and bond anglepresented in Table 4.2.
Compound ZIcrystallizes in the orthorhombic space gréupna with a = 7.835(10)
A, b =19.378(10) Ac = 13.539(10) Ap = f =y = 90° andV = 2055.6(3) R The
unit cell features only one crystallographicallgl@pendent site for the Tb cations
and is labeled as Tbl. Interestingly, other polym#niophene acetate complexes of
ce®, PP, Nd**, Snt* and Ed* feature two independent fhcomplexes [Wangt

al. 2004]. The X-ray structure of feveals that each ¥hion is connected to two
neighboring cations by six carboxylate ligandsdorf an infinite one-dimensional
chain along the& axis. Some of the HTPAC ligands are disorderedclvhias been
treated in the normal fashion. The carboxylate gsoof the six molecules of
thiophene acetate exhibit bidentate bridging andemtate chelating-bridging
modes, which corroborates well with the IR speciopsc data. Two of the six
carboxylate groups simultaneously bridge the twd*Tbns, while the other four
carboxylate groups are chelated to two*'Tions and simultaneously bridge two
Tb** ions. Each T is further surrounded by onex® molecule to form an overall
nine coordinate array around the metal. As showRigure 4.6., the coordination
polyhedron of Tbl is a distorted tricapped-trigonalism. The intra-chain
Th1- - Tb1? distance of 4.048 A, is smaller than the Lhn distances reported for
lanthanide thiopheneacetate complexes (4.274—-A3bt Ce**, 4.274-4.312 A for
Nd®*" and 4.159-4.261 A for B{) [Chenet al. 2004; Teotonioet al. 2005]. This
trend can be explained on the basis of the lantleaoontraction. Since the Tbl
Tb1-Thf angle is 150.86° it can be regarded as repreggatiimear chain along the
a axis. The Tbh—O (CO) bond lengths of the bidentaigging carboxylate groups
[2.292(10)-2.406(10) A] are smaller than thosehef tridentate chelating-bridging
moieties [2.453(8)-2.502(7) A]. On the other hatite Tb—O distance of the
coordinated water molecule [2.430(13) A] is shotteain those of the tridentate
bridging ligand and longer than those of bidentatdging ligand. Similar trends in
bond lengths have been reported elsewhere [@haln 2004; Teotonioet al. 2005]
for polymeric thiophene acetate complexes of Cer*, Nd®*, Sn?* and Eg".
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Table 4.1. Crystal Data, Collection, and Structure Refinem@atrameters for

complex 1

Parameters 1

empirical formula G@eH170;S:Th
fw 600.42
crystal system orthorhombic
space group Pnma

cryst size (mn) 0.10x 0.15x 0.10
temperature 153(2)

a (A 7.835(10)

b (A) 19.378(10)
c(R) 13.539(10)

a (deg) 90

$ (deg) 90

y (deg) 90

V(A3 2055.6(3)

Z 4

pcalcd(g Cm3) 1.940

L (mmt) 3.783

F(000) 1176

R1[l > 25(1)] 0.0724

WR2 [I > 26(1)] 0.1410

R1 (all data) 0.1281
wR2 (all data) 0.1552
GOF 1.24

Figure 4.5.Polymeric structure of the complex 1. Thermal slhijols were drawn at

the 30% probability level and H atoms were omifadclarity.
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Table 4.2.Selected BndLengths and Bond angles for 1

Th1-03 2.292(10)
Th1-OF 2.369(7)
Th1-O1' 2.369(7)
Th1-04 2.406(10)
Th1-05 2.430(13)
Th1-02 2.453(8)
Th1-0O1 2.502(7)
Th1-02 2.453(8)
Th-O1 2.502(7)
Th1-Th2? 4.048
02-Th1-01 52.0(2)
05-Th1-01 68.7(3)
04 -Th1-05 141.6(4)
O4-Tb1-01 79.0(2)
02-Tb1-01 52.0(2)
01°~Tb1-02 71.4(2)
03-Th1-O1' 75.9(3)
03-Tb1-Of 75.9(3)
Tb1°>-Tb1-Thf 150.86°

Figure 4.6. Coordination environment of the ** ions in this complex with ato-

labeling scheme. All hydrogen atoms were omitte clarity.
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UV-vis Spectra.

The UV-vis absorption spectra of the free ligandPAT and the corresponding
thiophene acetate lanthanide complexes were mehsar®MSO solution ¢ =
2x10° M), and are displayed in Figures 4.7 and 4.8. @hsorption spectra of the
neutral donors (phen, bath) are shown in Figure Bh@ absorption maxima for 1
(287 nm), 2287 nm), 3286 nm), and 4286 nm) which are attributable to singlet—
singlet'n—* absorptions of the aromatic rings, are slightg-shifted with respect
to that of the free ligand HTPAC{ax = 276 nm). The spectral contours for the
complexes are similar to that of the free ligandygesting that the coordination of
Ln*" ion does not have a significant influence on ther* transition. However, a
small red-shift observed in the absorption bandawh complex is a consequence of
the enlargement of the conjugate structure of igend following coordination to
the metal ion. The molar absorption coefficientuesl ¢) for 1 and 2at imax are
1.64x1¢ and 1.72x16L mol™ cm™, respectively, and thus approximately three
times larger than that of the free ligand HTPAQI&1C at 276 nm), are indicative
of the presence of three HTPAC ligands in both demgs. In contrast, the molar
absorption coefficient values for complexear 4(3.64x1d and 3.72x1HLmol
lem™), are six times larger than that for HTPAC, implyithe presence of six
thiophene acetate ligands. Furthermore, the largmmabsorption coefficient for
HTPAC indicates that the carboxylic acid ligand hagtrong ability to absorb light.

PL Properties of Complexes 1-4.

The photophysical properties of the HTPAC donotestan the TB™ complexes
have been investigated on the basis of the phospbemnce spectrum of the
[GA(TPACX-H20], (2) complex. Because there is a large energy ga@B3g000 cm

1 between théS;;, ground state and the fir¥®;, excited state of the Glion, it
cannot accept any energy from the first excitegldti state of the ligand via
intramolecular ligand-to-metal energy transfer. §itle phosphorescence spectra of
complex 2 actually reveals the triplet energy levéin*) of HTPAC in the TB*
complexes. The excitation spectrum of the complexibitsa broad bandetween
250 and 450 nm (Figure 4.10), with a maximum aro886 nm which may be
attributed to the ligand-centered-SS; (m,n*) transition of the thiophene moiety.

The phosphorescence spectrum of the compl@igaire 4.11) also displays a broad
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band between 350 and 650 nm with a maximum aro60dhd when excited in tt
S—$S; transition (330 nm). On the basis of the phworescence speum of
complex 2 the triplet energy level of HTPAC correspondsthie lowe emission
edge wavelength and appear at 22327 (448 nm). The singlet energy le\
(‘zn*) of HTPAC can be estimated by referencing itshieigabsorption edgwhich
appear at 31250 ¢h(320 nm). It is interesting to note that the tript@ergy leve
of HTPAC is above the energy of the main emittiegel of°D4 of Tb**, indicating
that the HTPAC ligand can act as an antenna toogkasitize the 1°* ion.

:

pe HTPAC

>

:

Normalised Intensity (a.u.)
o o
s @

:

260 280 300 320 340
Wavelength (nm)
Figure 4.7.UV-visible absorption spectra 2-thiophene acetic acid {HPAC) and
complexes And2in DMSO (c = 2 x 10° M).

The normalized excitation spectra for the** complexes, which were record
at 303 K, and monitored around the inte®D,—Fs transition of the T*" ion, are
shown in Figure 4.12The excitation spectra for all three complexedsitaka broac
band between 250 and 450 nm, which is attributeblihe ligand centeredy—S;
(m,m*) transition of the aromatic thiophene mol [Teotonio et al. 200%]. The
excitation spectrum of &lso exhibits a series of sharp bands arising fad—4f
transitions from the ground ste'Fs level to the’Ls (341),°Ls (351),°L1o (369),°Gs
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(378), °Ds (380) and®D, (488) excited. However, these transitions are iesnse
than that of the broad band attributable to thardy levels, which proves th
luminescence sensitization via ligand excitatianmore efficient than tl direct
excitation of the TH ion abseoption levels. Interestingly, in the excitation spa of
complexes 3and 4the intensity of the absorption band at 340 nm tludhe
"Fs—°L¢ 4f—4f transitions (inset of Figur4.12) is considerably less than that of -
free ligand. Thus, thluminescence sensitization via excitation of ligand is more
effective than direct excitation of the ** ion in these particular complex

The emission spectra of the complel, 3and 4(le = 290, 330 and 330 nr

=* and

respectively) exhibit the characteristically narrdand emissions for
correspond to théD,~'F; (J = 6-3) transitions (Figure 4.13The most intens
emission which is centered at ! nm corresponds to th®,—'Fs transition and is
responsible for the brilliant green emission cadbrthese complex: [Binnemans
2005; Bijuet al. 2006; Pavithraret al. 2006] Furthermore, the fact that the liga
emission in the region 2-450 nm could not be detected in the emn spectra of
these complexes indicates that efficient energysfex between the ligand excit

states and the emissive level of thé* ion.

0.8

o
-
1

Normalised Intensity (a.u.)
=) )
Y e

0.0

260 280 300 320 340
Wavelength (nm)

Figure 4.8.UV-visible absorption spectra 2-thiophene acetiacid (HTPAC) and
complexes Znd4 in DMSO (¢ = 2 x 10° M).
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Figure 4.9.UV-visible absorption spectra neutral ligandsh DMSO (c = 2 x 10°
M).
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Figure 4.10.Excitation spectra of comple[Gd(TPAC)- H,O], at 77 K.
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Figure 4.11.Phosphorescence spectrglGd(TPAC)- H,O], at 77 K.
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Figure 4.12. Room temperature excitation spectra of com(1; the inset shows tr
room temperature excitation spectra of complea3 and 4.
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The overall quantum yielt®q.q1) for a lanthanide complex treats the syster
a “black box” in which thenternal process is not considered explicitly. @Gitbat
the complex absorbs a photon (i.e. the antenngciged), the overall quantum yie
can be defined as sho)iao and Selvin 2001; Charbonnieet al. 2004; Quici et
al. 2005]. Oyanger is the eficiency of energy transfer from the ligand to** and
®qp, represents the intrinsic quantum yield for thethanide cation. The over:
quantum yields®qeran) for 1, 3 and 4were found to be 0.07 + 0.01, 4.43.44 and
9.06 + 0.90%, respectively.

cDoverall —= cDtransfeﬁp Tb

1.6-
L 41
‘_E‘h
3 t
S 12- « &
-E. 5 w
ke
£ .
2 %% }
= £
-~
£
> 0.4+

350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 4.13. Room temperature emission spectra of compl1, 3 and4.

It is clear that 1which has water molecules in the dimensional coordinatio
sphere exhibits a lower quantum vyield. This is daethe presence of —H
oscillators in this system, which effectively quikas the luminescence of the®*
cation. Furthermore, the energy transfer betweenahthanide ions themselves i
nonradiative process and would account for the edese in the terbium catic
emissionintensity, particularly when the metal ion concatitm is higl [Li et al.
2001]. In contrast, &nd 4exhibit high quantum yiel, which may be due to ti

formation of dinuclear complexesAdditionally, the bidentate nitrogen dor
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present in the coordination sphere of these coreglexay also cause energy
transfer to the neighboring HTPAC ligand. Followitigis, the HTPAC ligand
subsequently transfers energy to thé' Tdation via the usual triplet pathway thus
explaining the increased luminescence intensithénpresent study. Oféd 4, the
latter exhibits a particularly high quantum yieldedto the extended conjugation
induced by the introduction of two phenyl groupsthe 4' and 7' positions of the
phenanthroline ligand.

The Dy, lifetime values 4psq) Were determined from the luminescent decay
profiles for 1, 3and 4 at room temperature by fitting the data with a mono
exponential curve. This analysis indicated the gmes of single chemical
environment around the emitting ¥tcation. Typical decay profiles for 1,ad 4
are shown in Figures 4.14 and 4.15. The somewlateshlifetime observed for
complex 1than for complexes &nd 4(zr = 1.05 + 0.01 ms for 11.35 + 0.01 ms for
3 and 1.73 £ 0.01 ms for 4) may be due to the dantinonradiative decay channels
associated with vibronic coupling due to the preseof water molecules, as has
been well documented in the case of several hydir@dium complexes. On the
other hand, longer lifetime values were observedcctonplexes 3and 4due to the
absence of nonradiative decay pathways. The obdewantum yields and lifetime
values, especially those for 4, are promising wkempared with the recently
reported 5-(thiophen-3-yl)isophthalate—terbium ctarg® = 7.46% and = 213.9
us in aqueous solution) [de Bettencourt-Dias 20@5hium-thiophenyl-derivatized
nitrobenzoate complexe® (= 4.7-9.8% and = 208-725us in methanol solution)
[Viswanathan and de Bettencourt-Dias 20&] the terbium complex of thiophene
carboxyli cacid £ = 230 s in solid state) [Eddaoudt al. 2001; Paret al. 2004;
Teotonioet al. 2004; Blinzliet al. 2007].

Energy Transfer between Ligands and TB".

In general, the sensitization pathway in lumines¢erbium complexes consists
of excitation of the coordinated ligands into theixcited states, subsequent
intersystem crossing of the ligands to their ttigkates, and energy transfer from the
triplet state of the ligand to tH®; manifold of the TB" cation. This is followed by
internal conversion to the emittintp, state, and finally the Pb cation emits

radiation. Therefore, the energy level match beintbe triplet states of the ligands
99



Chapter 4

Intensity (a.u.)

01

0.0 05 1.0 15 2.0

Time (ms)
Figure 4.14. Experimental luminescence decay profiles of comgdel and 4

monitored around 545 nm and excited at their marinemission wave lengtt
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Figure 4.15. Experimental luminescence decay profiles of com 3 monitored

around 545 nm and excitadl their maximum emission wave leng

100



Chapter 4

to the °D, state of the T°* cation is one of the key factors wh govern the
luminescence properties of terbium comple It is well known the in
organolanthanide complexes neutral ligands oftey plrole interms of absorbing
and transporting energy to other ligands or to deetral metal io [Roesky and
Andruh 2003] It is clear from Figurs 4.16 and 4.17hat there is a large area
overlap between the roc-temperature emission spectrum of the bidentategetr
donor and the phosphorescence spectrum of [Gd(Ts-H2O], and hence any
secondary ligand prest in the coordination sphere of theaBd 4 can efficiently
transfer its absorbed energy to the triplet stdt¢he HTPAC Furthermore, the
bidentate nitrogen donor ligand can also transfergy to itself and thus under
singletiriplet excitation A schematic energy level diagram based on the oing

is presented in Figui4.19.
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Figure 4.16.Emission spectra (phen(solid state) 303 K (a); and emission spe
of [Gd(TPAC)-H,0], 77 K (CDCk solution, b).
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Figure 4.17.Emission spectra of bath (solid state) 303c); and emission spect
of [GA(TPAC)- H,0], 77K (CDCj3solution, b).
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Figure 4.18.Phosphorescence spectreGd(bath)- (NO;); at 77 K.

In order to elucidate the energy transfer proctss phosphorescence spectr:
the complexes [Gd(TPAGH,0], (Figure 4.11) and Gd(battiNOs3); (Figure4.18)

were measured for the triplet energy levels of ligands. On the basis the
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phosphorescence spectra, the triplet energy lew€l§Gd(TPAC3-H,O], and
Gd(bath)(NOg3)s, correspond to their lower emissiedge wavelengths and app
at 22321 cit (448 nm) and 21000 ¢ (476 nm), respectively. The singlet ene
levels {nn*) of HTPAC and bath can be estimated by referencirr higher
absorption edges, which appear at 31257 (320 nm) and 29000 ¢* (344 nm),
respectively. The singlet and triplet energy levelsphen (31000 and 22100 ™)
were taken from the literatt [Yu and Suet al. 2003} According to Reinhoudt’
empirical rule Steemer et al. 1995] the intersystem crossing process becc
effective whemAE (‘zn* — °nn*) is at least 5000 cm. The energy ga| AE (*rn* —
) for HTPAC, phen, bath are 8929, 8900 and 800, respectively. Thus, tt
intersystem crossing processes are effective fafdhe ligands. Latva’s empiric
rule [Latvaet al. 1997]states that an optimal ligand-teetal energy transfer proce
for Ln** needsAE (Pt — °Dj) = 2500-4500 cht for Th**. The energy gaps\E
Crn* — °D,) arefound to bi 1821, 1500 and 500 c¢ifor HTPAC, phen ar bath,
respectively.Thus these energy gap values clearly indicate dhliganc-to-metal
energy transfer process is effective in these systélowever, due to narrow enei
gaps betweefitn* and the®D; energy level of the T ion, back transfer of ener

may also take place.

s
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Figure 4.19. Schematic energy level diagrams and energy transferesses fc
complexes 3 and.£&; represents the first excited singlet state a; represents the

first excited triplet stat
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4.5. Conclusions

Three new complexes of Thwith 2-thiophene acetic acid, and in which 1,10-
phenanthroline or bathophenanthroline serve asgemds have been synthesized
and investigated on the basis of their photophysinaperties. The TH complex 1
crystallizes in the orthorhombic space groRpma with a = 7.835(10) A,b =
19.378(10) Ac = 13.539(10) Ap = # = y = 90° andV = 2055.6(3) A. The unit cell
contains only one crystallographically independgte for TB* cations, contrary to
those of previously reported €g PP, Nd** and EJd" thiophene acetate
coordination polymers. Relatively short Tb—Tbh distas are evident in Which
features a triply coordinated carboxylate as a domglbidentate ligand. Weak
luminescence has been detected for thé&" Twordinated polymer due to the
presence of a water molecule in the coordinatidresg This could also be due to
the transfer of energy between the*Lions themselves which is a nonradiative
process that becomes significant at high lanthaoadeentrations. In the presence
of bidentate nitrogen donor co-ligands, thermatgbke binuclear complexes of the
type [Tb(TPAC)(phen)} or [Tb(TPACX(bath), were produced. The overall
guantum yields of these complexes were signifigagihanced by the displacement
of coordinated water molecules from the coordimatgphere of the thiophene
acetate terbium complex by a highly conjugated ritigke nitrogen donor. Another
factor contributing to the enhanced quantum yietdght be the effective energy
transfer of the secondary ligand to the tripletestaf the primary ligand due to
overlap of the singlet and triplet levels of theddmtate nitrogen ligand and primary
ligand. Moreover, the observed quantum yields #etirhe values, especially those
for 3and 4, were found to be promising when comparel thibse reported recently
for a terbium 5-(thiophen-3-yl)-isophthalate comp(e& = 7.46% and = 213.9us

in aqueous solution)dp Bettencourt-Dias 2005 terbium-thiophenyl-derivatized
nitrobenzoate complexe® (= 4.7-9.8% and = 208—725us in methanol solution)
[Viswanathan and de Bettencourt-Dias 2086d a terbium complex of thiophene
carboxylic acid £ = 230 us in solid state) [Eddaoudi al. 2001; Paret al. 2004;
Bunzli et al. 2007; Teotonioet al. 2004]. However, the luminescent efficiencies

observed in the present systems are found to lionfto thep-aminobenzoate
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complexes of TH in the presence of bidentate nitrogen domor(90%) [Fiedleret
al. 2007].
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