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Abstract

A review on the general background, coordination properties and optical
properties of trivalent lanthanides is presented, with paaticeimphasis on their
characteristigphotoluminescenproperties. Ln(lll) are excellent emitters which cover
most regions of the visible spectrum and extend to thein®arred (NIR) region, with
long lifetimes andlistinctiveemission profiles. Howevetheir poor ability to absorb light
means an external antenna is required to channel excited energy prior to radiative
deactivation and careful design of the ligand system is necessary to minimize numerous

competitive norradiative processes

This work enompasses the photophysical studies of europium(lll), samarium(lll)
and ytterbium(lll) complexes in a-shromophoric system. The walhown chelaté and
sensitizen 2-thenoyltrifluoroacetate (TTA) and a 1,3%azinebased tridentate ligand
complementshe coordnation of the trivalent lanthanides. The incorporation oNa¥
diethylanilinyl moiety imparts intraligand charge transfer (ILCT) character to the
tridentate ligand which will be discussed following the general syntheses of various

ligands anccomplexes in Chapter 3.

Chapter three focuses on the visible luminescence from the Eu(lll) and Sm(lll)
complexes andvaluateshe sensitization efficiencies and quantum efficiencies between
the TTA and ILCT antennae. As ILCT transitions are solvatoctootiné photophysical
properties were measured in various solvents and discussed in dieteals.found that
in nonpolar solvents such as benzene, ltiminescencejuantum yield of the Sm(lll)

complexes are quite high compared to literature.



As Sm(lll) is duatemissivei emitting in both the visible and NIR regions, the
NIR photophysical properties were investigated. Originating from the same emitting state
as the visible luminescence transitions, the NIR transitions were studied and compared.
In addition to solvatochromic studies, this chapter discusses the validity of the energy gap
law in estimating the extent of quenching by high energy oscillators and thus provide a
blueprint for maximizing the intrinsically weak NIR luminescence by manipulating the
coordination environment. NIR luminescence from the ytterbium(lll) complex was also
presented, as the energy transfer mechanism of Yb(lll) has always been sort of an enigma
due to the large energy difference between the Ylily excited state and thedating

state of common antennae.

Chapter five focuses on the syntheses of a multidentate-s@ltdsle pocket for
lanthanide(lll) complexes. The ligand system extends the aforementioned studies by
using a single mukchelate in place of multiple t/bi-dentate ligands as an effort to
increase the stability of the complexes in solution state and thus creates a platform for
exploring the nosiriplet ILCT energy transfer pathway for lanthanide(lll) luminescence

sensitization in water to expand the scoppaiéntial applications.
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Abbreviations

ACN acetonitrile

a.u. arbitrary unit

PhCI chlorobenzene
CHCls chloroform

CH2Cl> dichloromethane
DMSO dimethyl sulfoxide
DMF dimethylformamide
ESI electron sprayonization
EA ethyl acetate

PhF fluorobenzene

K kelvin

MS mass spectroscopy
m/z massto-charge ratio
MeOH methanol

ns microsecond

mmol millimole

ms millisecond

m multiplet

nm nanometer

ns nanosecond

NMR nuclear magnetic resonance
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THF

TTA

UV-vis

singlet

tetrahydrofuran
2-thenoyltrifluoroacetonate
triplet

ultravioletvisible
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1. Introduction to Lanthanide

1.1. General Background

The lanthanides represent the elements with atomic numbgt Sitting on the
first row of the felements irthe periodic tableTheir 4f orbitals are progressively filled
along the series with table exceptions at gadolinium ([Xe] 4bd' 65 and lutetium
([Xe] 4f** 5d* 65) due to orbital stability brought about by héilled and fulkfilled 4f
subshellsLanthanides are predominantly found in their madable trivalent oxidation
state [n(lll)), and the chemistry of lanthanides hence encompassesldtionic
configuration of [Xe] 4t (n= 071 14), which gives rise to unique p$ical and chemical

properties !

1.2. Electronic Properties

The5s and 5p orbitals of the Xe cdnavea larger radial expansion than the 4f
orbitals and are shielded from the nucleus by the Iatbegs the atomic number increases
along the lanthanide serigle increase in effectivaunlear charge leads to a decrease in
ionic radii ofLn(lll) whi ch is ter med as (Tabledl). fTHeainhi de
electrons, conversely, are wshielded from outermost interaction by the 5s and 5p
electronsandareconsidered to have no participation in bonding, leading to spectroscopic
and magnetigroperties independent of the proximal environmérteractions of the
highly electropositive_n(lIl) ions with ligands are thus mainly ionic with preference for

0 h adomblligands with minimal perturbatida the 4f orbitals.

13
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Table 1.1 lonic radii of Ln(Ill) (pm) !

La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er ™m Yb Lu

103. 101. 99.0 983 970 958 947 938 923 91.2 90.1 89.0 88.0 86.8 86.1

2 0

In the 4f configurations oL.n(lll) ions, each electron can be associated with one
of the seven 4f orbitalsSuch association isharacterizeby a s et of 0t ot a
numbers used in a polyelectronic system(total orbital angular)M. (total magnetic
orbital angular momentum$(total spin angular momentum) aki@d (total magnetic spin)
and is summarized in the form of a spectroscopic tern?Si%. The multiplicity of a
spectroscopic term(2St+1) x (A.+1), denotes the number of micro statessiohilar
energies the term regroups, and the sum of the total micro states every spectroscopic term
contains in an electronic configuration is the degeneracy of the configunatiazh for
the 4f° configuration of Sr(ill) can be calculateds

T8 ¢ A pRA
EATa ¢ £ A VAptT LA

Cmmg

The calculation of all 2002 micro states is feasible but tedious; the calculation of
the ground state term symbol, however, is made dagigoeyingtheHund és rul e, w
states the ground state has 1) the largest spin multphecitl 2) the largest orbital
multiplicity. For Sn{lll), the largest spin multiplicit$sis 5 x 1/2 = 5/2 and the largest
orbital multiplicity L is 5 (as the f electrons are associated with orbitals with magnetic
guantum numbers +3, +2, +1, 0 aidl. The gound state term symbol of $Hh) is thus

°H.
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The RusselSaunders coupling schemg used to approximate the separate
coupling of spin angular moment§) (and orbital angular momengh) in light atomic
systemswith negligible spirorbit coupling. However, in heavy systems like the
lanthanides, spHorbit coupling becomes significant and a new total angular momentum
quantum numbe(J =L + S L + ST 1, é, |L-]) is put forward to account for the
interaction whib further splits the ground state term symbol in various spectroscopic

levels with a multiplicity of (2+1).

The third rul e o flnldlowedtnsenergyif tree ogerndt e s
subshell is less than hdlfled andJmaxis lowest in energy on the contratythe subshell
is half filled, L = 0 andJ = S Thus for Sn(lll), the ground state energy levelPids/.

Similarly, the ground state energy levels oflthélll) series are summarizedTable 12.

Table 1.2 Selected electronic properties of Ln(lll)

Ln(Il) (electronic S 2S+1 L Jmax, Jmin 25+

configuration)
Ce(lll) (4 1/2 2 3 712, 512 ’Fs2
Pr(iin) (4f) 1 3 5 6, 4 3Ha
Nd(lll) (4f) 3/2 4 6 15/2, 9/2 Yo
Pm(Ill) (44 2 5 6 8,4 %14
sm(lll) (4f) 5/2 6 5 15/2, 5/2 ®Hs/2
Eu(lll) (4f5) 3 7 3 6,0 Fo
Gd(lI) (4f7) 712 8 0 712,712 8S112
Th(lll) (4f9) 3 7 3 6, 0 =3
Dy(Ill) (4f%) 5/2 6 5 15/2, 5/2 ®His/2
Ho(lll) (4f1°) 2 5 6 8,4 ®lg
Er(lll) (4f1) 3/2 4 6 15/2, 9/2 #1572
Tm(I) (412 1 3 5 6, 4 *He

15
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Yb(lll) (4f5) Yo 2 3 712, 512 2Fap
Lu(ll) (44 0 1 0 0,0 s

1.3. Coordination Properties

Ln(ll1) ions are highly electropositive Lewis acids with a high charge density that
increases across the series due to lanthanide contrathiert. electrons are localized
Oinsided 5s and 5p or bi t &ad() ineenaadprefecentiallpt par
with hard Lewis basen the order of O > N > $)n an electrostatic fashion, hence the
bonding interaction is nedirectional and the coordination number varies f@t? (89
being most commonyvith steric factorsand the ionicradius of Ln(lll) taken into
consideration as welmultidentate ligands are thus commonly designed to foaivles
Ln(lll) complexes by chelate effecGeleced representative examples am(lll)

coordination ompounds are shown in Figure 1.1

16
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Figure 1.1 Representative examples of chromophoracorporated multidentate ligands?

1.4. Optical Properties

1.4.1. Absorption

In 1934, the absorption spectra of the wHaiélll) series in solution in the range
of 2007 700 nm were obtained by Prandtl and Scheistigwing a symmetric pattern of
a blueshift in absorption from Qdl) and YKIII) towards Gdll). The sharp absorption
bands were attributed to transitions within the" 4fonfiguraton, socalled
intraconfigurationafN-4fN transitiong(simplified as f hereafter) and such transition is
forbidden accor dsthmegnitidl and flna gtates dreeobtbe same pagity
hencethe molar extinction coefficients af(Ill) are quite low ¢ & 1-10 L mot* cm?).

17



The absorption spectra are stildl observabl

rule by spirorbit coupling which is more pronounced in heavier elements.

1.4.2. Emission

The emission of trivalent lanthanides cavarwide spectralange from the UV
(Gd(11)), visible (Pr(1l1), Sm(lll), Eu(ll), Tb(l), Dy(lll) and nearinfrared (Nd(Il),
Er(lll), Yb(ll)), with some being duaémissivei i.e. capable of emitting in Ibio the
visible and NIR region.The nature ofLn(lll) emission ca be characterized as
fluorescencgDS = 0)or phosphorescend®S i 0) yetLn(lll) emission is commonly
referred as luminescenesto avoid confusion with the photophysics of other elements

or organic compounds.

A unique feature ofn(lll) e mi ssi on i s their sharp emis
4f orbitals are welkhielded from the environment and experience great nuclear attraction,
therefore the internuclear distance of the molecule at excited state is very similar to that
at ground sti@, resulting in small or negligible (environmeatépendent) Stokes shift.

Like absorption, f emissions are also governed by parity selection rules. Fhe f
emissiors of Ln(lll) areachieved by either the evgarity magnetic dipole, odparity
electric dipole or the electric quadrupole mechaniSpinorbit coupling relaxes the
Laporteforbidden electric dipole (ED) mechanisas the symmetry is broken through
non-centrosymmetric interactions anbde forbitals would mix with some -drbitals,
hencethe tansition then becomes partially allowescalled aforced eéctric dipole
transition which could be mathematically representeavid$™(i)] + x[4fN-15d(i)] A
y[4tN(H)] + 74N15d(f)] (wherew >> x andy >> 7).56 The oscillator strength of a forced

ED transition is approximately ¥Otimes of a fully allowed ED transitiorMagnetic

18



dipole (MD) and electric quadrupole (EQ) transitigosnsidered simply as two dipoles
arranged in a fashion that cancel out eachrptire parityallowed; the former is weak,
yetthe latter is often too weak to be obsergeith oscillator strengths at around4and
101° times of a fully allowed ED transition)Table 13 describes the selection rules

simplified by Juddand Ofelf for the forced EDransitions.

Table 1.3 Selection rules for #f transitions via ED, MD or QE transitions

Forced Electric Dipole (ED)  Magnetic Dipole Electric Quadrupole (EQ)

Transitions (MD) Transitions Transitions
DY =0 DS=0 DS =0
IDL| OB; DL=0 IDL| O2
IDL|=2,4,6fL=00rL &0
IDJ| O6; DJ=0,+1 |DJ| O2

IDJ| =2, 4, 6f J=00rJ 60

Some ff transitions are very sensitive to the environment such as symmetry and
ligand field, and are referredas hypersensitive transitiad®rgensen and Judd also refer
these transitions as pseugoadrupole transitions as thelgey the selection rules for EQ
transition$ but with intensities larger than ordinary EQ transitions by several orders of
magnitudeThe sensitivity 1is ref |l espectelckhifisandt he
band shapelhe intensity of hypersensitive transitions is zero iflth@ll) is at a center
of symmetry but could also be enhanced 200 times relative tacghaions. Some
transitions which are not usually hypersensitive, such as those of Nd(l1l) and Pr(lIl), show
marked sensitivity to minute changes in the coordination environment, and a possible

explanation is the presence of liganimh the coordination sphere would mediate

19
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pseudohypersensitivity by increasing the oscillator strength of the transitions, suggesting
an increased nephelauxetic effect (4f orbital covaletieg)leads to intensifying the
hypersensitive transitiong&u(lll) is one of the most used trivalent lanthanide emitting
centers for having decent quantum yields and a hypersensitive transition in the visible

region. The {f transitionsfrom the®Do excited statef Eu(lll) are summarized iTable

14.
Table 1.4 Features of ff transitions from °Dy level of Eu(ll1) % 1°
Transition Character  Spectral Relative Remarks
Region Intensity
(nm)
Do A Fo ED 577-581 Very weak  Non-degenerate;msent in
high symmetry
Do A F1 MD 585600 Strong Intensity largely
independent of
environment
Do A F2 ED 610625  Veryweakto Hypersensitive; asent if
very strong Eu(lll) is on inversion
center
Do A F3 ED 640655 Very weak Forbidden transition
Do A "F4 ED 680710 Medium to Sensitive taenvironment
strong
Do A Fs ED 740770 Very weak Forbidden transition
Do A "Fs ED 810-840 Weak Hypersensitive; absent if

Eu(lll) is on inversion
center rarely measured

and observed

20



1.5. Antenna Effect

As mentioned above, the forbidden nature df tfansitions givesLn(lll)
characteristic lindike emission profiles and is also the reason for their long emission
lifetimes. The poor light absorbing ability, however, stands between a convenient
excitationsource and the unique emission properties. Direct excitation(bf) by laser
(high power and narrow spectral width) is possible but not practical for applications. This
problem could be solved by inttacing a chromophore (antenna) at proximal distémc
harvest light andransfer its excited energy towards th€lll) and decay radiativelyia
f-f transitions, a procesdsotermedassensitization A Jablonski diagram depicting the
processes involved in the antenna effect is shown in Figure 1.2.

S
E o

1ET
ISC
3T
BET

SET

NR NR

Ligand Ln(lll)

Figure 1.2 A simplified Jablonski depicting possible processes involved in the antenna effect.
AT absorption, FT1 fluorescence, H phosphorescence, L luminescence, NR non-radiative
deactivation,Si first excited singletstate,*T i lowest excited triplet state, ISQ intersystem
crossing, ETT energy transfer, BET1 back energy transfer. Dotted arrows describe non
radiative processes.
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1.5.1. Energy Transfer Pathways

The most common energy transfer pathway from the chromopboka(lil)
involves the excited triplet state of the formexciation of the chromophore through
Laporte and spirallowed absorptions i®llowed by the formation of an excited triplet
statevia intersystem crossinflSC) i a spinforbidden process faditited! by the spin
orbit coupling of the nearby heavy atom such as Ln(The excited energy is then
transferred t o t he \landevedall mutuslly revexclusipet i n g
mechanisms and subsequent radiative decay would yield charactefigiigsions.
Accor di n g'empiricdl rmle, framdtle library of ligands the authors screened,
the gap between the chromophoreds | owest
should be in the range of 250@000 cn. If the difference itoo large, energy transfer
would not be favorable and if the difference is too small, therapatiynoted back energy

transfer may become efficient.

Energy transfer can alsakeplace from the excited singlet state directly to the
Ln(ll), as proposed b¥leinermart® in 1969after studying the solutions of more than
600 chelate systemgrovided that the accepting levels of Ln(lll) is lower than the lowest
excited singlet state and such energy transfer pathway may predominate if the rate of
intersystencrossing is less than ¥G&ec!. Direct sensitization from the singlet state was
also observed by other groud3! Besides, intrdigand charge transfer stateglod Ln(ll1)
complex and the metal to ligand chatgansfer states of transition metal quexes were

alsoshown to be antennder sensitizng Ln(l1l) luminescence.

22
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1.5.2. Energy Transfer Mechanisms

There are twdlistancedependent mechanisniBigure 1.3)through iwvhich the
excited energy of the chromophore is transferred to the trivalent lantlcemide Firstly,
a doubleelectron exchange mechanism requiring orbital overlap between the
chromophore (donor) and Ln(lll) (acceptor) is proposed by Dexter. Since this interaction
requires physical contact between the two, the separation distaiasé dependence
ofet, The other mechanism, in comparison,
not require orbital overlap, but the overlap of the emission spectrum of donor and the
absorption spectrum of acceptoFdrster mechanisti®. Energ transfer proceedsa a
coulombic interaon in which the dipole momermtf the excited triplet stateduces a
dipole in the acceptawith its rateof transfemproportional tar6. As the absorption of the
f-f transitionsis quite sharp and situated at scattered regions along the spectrum, it is
reasonable that reaching the spectral overlap requiredrfsteF mechanism is less easily
achieved, so the Dexter mechanism, with a harsher distlpsndence, is more common,

directly influencing the design strategy of incorporating the chromoghtr¢he ligand.

;
%

.5‘1\ —+
y \
A L
41 — w* — _

Figure 1.3 Graphical representation of the Forster and Dexter mechanisms
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All excited states involved in the sensitization process areeptisle to
guenching. The excited singlet state of the antenna can be quenched by its own
fluorescence if the rate of intersystem crossing is much lower than its radiative decay. It
could also be quenched by colliding with halide ions, resulting in atr@becansfer from
the halide anion to the excited chromophore. Intramolecular electron transfer may also
occur, with the donor being the excited singlet state and the acceptor another part of the
molecule. The excited triplet state could also be quenishedolecular oxygen, foring

singlet oxygen as a result.

1.6. NonRadiativeQuenching of Excited States

Furthermorethe emitted states of Ln(lll) aedso quenched by harmonics of high
energy vibrational oscillators, such asHON-H, C-H i which are commonlyound in
organic chelates in proximity. The energy gap lafdescribes the relationship between
the DE of the emitting state and the next lower state and the energy of oscillators that may
cause multiphonon relaxatiols a rule of thumt}, the emittinglevel would decay
radiatively if theDE with the next lower energy level exceeds four vibrational quanta of
the highest energy oscillatoinitially developed for aromatic hydrocarbons, it is
applicable onto Ln(lll) compounds as well as the energy learelsunperturbed by the
molecular environment. Neradiative multiphonon relaxation by harmonics of the high
energy oscillators becomes prominent when certain harmonics resonate with the emitting
states of Ln(lll); and the less harmonics required to reesbnance, the more efficient
the quenching. A numerical representation of applying the energy gap law onto trivalent

lanthanides is presented in Table 1.5 and Figure 1.4 show a graphical example of how the
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third harmonic of GH matches with théDo level of Eu(lll), competing with radiative

decay for deactivation of the excited state.
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Figure 1.4 Graphical representation of theDE between the excited states of Eu(lll) and
the next lower state with harmonics of GH and O-D oscillators

Since three vibrational quanta offDoscillator are required only compared to five
of O-D, this explains why europium(lll) complexes have longer simislifetimes and
higher quantum yields in deuterated water. To avoid solNemtainly wateri entering
the first coordination sphere of Ln(lll) and quemghits luminescence, macrocyclic
ligands are often devised to protect the trivalent center frbrersgomolecules by having

a rigid skeleton and fulfilling the coordination capacity of the trivalent lanthanide center.
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Table 1.5 Relationship betweerDE of Ln(lll) and harmonics of O-H and O-D oscillators
in luminescence quenising reflected by emission lifetime$

Ln(ll1) DE (cm™?) No. of Phonons Emission Lifetimes §rs)
OH oD H20 D20

Gd(l) 32,100 9 15 2,300 /

Th(lll) 14,800 4 7 467 3,800

Eu(lln) 12,300 3-4 5-6 108 4,100

Yb(ll1) 10,250 3 4.5 0.17 3.95

Dy(I1l) 7,850 2-3 34 2.6 42

Sm(ll) 7,400 2 3 2.7 60

Er(lll) 6,600 2 3 / 0.37

Nd(I1) 5,400 1-2 2-3 0.031 0.14

While multiphonon relaxation quenches Ln(lll) luminescence, it is also a useful
phenomenon in determining the number of coordinated water moleguwdsch could
be measured with the emission lifetimes of the Ln(lll) compounde@adthd DO using

equations derived by various grawpith a general relationship:
g=A[(Q/tH20) T (1kp20)T B]-C

where A, B and C are constants related to the ispbere comibution, presence of
vibrational oscillators around and esphere contribution respectivelyhe number of
other oscillators are also taken into consideration in several faamdaterinsoluble

compounds could also uséet relationship with methanolSelected equations for

determining the number of coordinating water and methanol moler@ethown below:
qFU0" = 1.2[14 H20)-(1/t D20)-0.25-0.075mwH]] %2

qFuM = 1,11 [(1f H20)-(1/t p20)-0.31+0.45(0H)+0.99nNH)+0.075n0=cnH) 23
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q-"" = 5,0[14 H20)-(1/t p20)-0.06]
g>m = 0.026(11 H20)-1.6%

g>™" = 0.0225[1f H20)-(1/t p20)-31.5F°
g = 1.0[1t H20)-(1/t D20)-0.2F°

m"M = A[(14 meor)-(1/t meon)-0.125);A = 8.4,2.4, 0.05msfor Th(lll), Eu(lll),

Sm(lly27-28

1.7. Quantum Yield dfanthanide Luminescence
The emission efficiency of a fluorophore is termeflasescenceuantum yield,

defined as:

£ 0aQONE 0EQAEQO00QQ
EOAQONC 0EDADI €1 ®QQ

B

For lanthanide complexes, the entitiesponsible for absorbing and emitting the
photons are different and therefore the above definition is strictlyapphcable. The
overall quantum yield of a complg ) could also be obtained experimentally by
absolute or relative measurements imfibrmation regarding the efficiency of energy
transfer during antenna efft,luminescence quenching at the Ln(lll) excited state$

other processes involved (Figure 1a?¢ not implied.
g - -0 -0

The overall quantum yield of a lanthanide complex relates the efficiency of

sensitization with the intrinsic quantum vyield of the Ln(lll) center (obtained
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experimentally by direct excitation). The sensitization efficiercy, , is defined as the
product of 1} T the efficiency of populating the donor level which energy transfer to
the Ln(lll) takes place, e.g. the triplet state for a triphediated pathway; and 8) 1

the energy transfer efficiency from the donor level to the Lnét¢gepting stateS he
sensitization efficiency could be measured by obtaining both the overall quantum yield

and intrinsic quantm experimentally, or calculated with lifetimes:

|
Cz|cz

C..
—+‘—i-

The observed lifetime are obtained experimentallyia antenna effect. The
radiative lifetime, on the other hand, relates to the spontaneous emission from an initial
state to a final state, such are the excited and ground state multiplets of Ln(lll), governed
by Ei n s tfi@entnMathematicat derivation of the relationship could be found in
reference9 and 30 and a simplified relationshipregarding Eu(lll) is shown below,

due to theDo A ’F1 transition having a purely magnetic dipole character:

whereAwp,o is the spontaneous emission probably (Einstein coefficient) f6bgw F1
transition(14.65 &Y, nis the refractive index arlé: andivp are the integrateithtensities

of all the®Do A “Fstransitions angustthe®Do A F1 transition respectively.

As a result, with the sensitization efficiency deducible from experimental lifetime
measurements and luminescence spectra, and the overall quantum yield obtained from
relative or absolute measurements, the intrinsic quantelieh gan be found without using
direct excitation means. These parameters provide important information for evaluating
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the sensitization process in antenna effect, as the extent of quenching of the chromophore
and lanthanide excited states can be reveajeth® sensitization efficiency and the

intrinsic quantum yield respectively.

1.8. Spectroscopic Techniques

1.8.1. Luminescenc®uantum Yields

Many radiative andnonradiative deactivation processese involved after
photoexcitation of a chromophopade suprapnd Lminescence quantum yield describes
the probability that the excited state of the chromophore is deactivated through energy
transfer to the trivalent lanthanide center and subsequent lanthaneteigsion. The
most common and convenient way to measuestum yields is by the relative methd,

in which a wellcharacterized standard with a known quantum yietwispared

The ideal praequisite is that both the excitation and emission range of the
standard and the sample should be the same in ordeintmize the difference in
sensitivity of the spectrophotometer in different spectral range. Quantum yield standards
should also be cros=slibrated to ensure of their stability and quality prior to
measurements. It is vital to keep the excitation and somsslit widths the same
throughout the experiment to maintain the validity of the comparison. The absorbances of
the samples should be kept at 0.1 or lower to avoid the -filteer effect, as self
absorption will occur and the ratio of photons absodretiemitted will vary as the effect

decreases with lower concentration.
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The relationship between the quantum yield of the sangpl¢ &nd the standard
(8 ) could be found above, whenas the refractive index ana is the gradient of the
integrated intensities against absorbantablel.6 shows some common quantum yield
standards; note that the quantum yields vary with different solvent, concentration of

sample and excitation wavelength.

The absolute quantum yietan be measured with an integrating spfef&The
interior of the integrating sphere is coated with a material of close to 100 % reflectance
(barium sulfate or Teflonthus the lighthat enters from the sphere to the detector would
be proportionald the total photons emitted for both isotropic and anisotropic emissions.
The absolute quantum yield can be calculated with measurements of the blank and sample
in the integrating sphete

. ‘o ‘00
‘0 00
wherelq, Ip are the integrated intensities of the sample and blank (solvent or specific blank
with identical material as the sphere coating) respectivelyi @the integrated intensity
of the emission spectrum obtained when the excitation light is directedhenteat! of
the integrating sphere whilst the sample is placed within in order to take into account the
possible emission arising from-excitation of the sample by reflected excitation light

inside the sphere.
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Table 1.6 Common quantum yield standards used in relative measurements

Compound Solvent Literature Emission Range Ref.
QY (nm)
Quinine sulfate 0.1 M bSOy 0.546 400600 33
[Ru(bpy)]Cl2 Aerated water  0.028 550-800 34, 35
De-aerated wate 0.043

Cs[Th(dpa}] Aeratedwater  0.22 480670 36, 37
Cs[Eu(dpal] Aerated water  0.24 580-690 36, 37
[Yb(tta)s(H20)2]  Toluene 0.0035 950-1080 38

1.9. Applications of Lanthanide Luminescence

1.9.1. Optical Imaging

Trivalent lanthanides, especially Eu(lll) and Tb(lll) due to their higher quantum
yields, are excelleralternatives for organic fluorophores and quantum twt®ptical
imaging probes due to their various characteristics. First and foremost, they exhibit
sufficiently high quantum yield® serve thenain purpose of imaging. Secqrah(lll) as
emitters do not suffer from photobleaching, a phenomenon in which the flaoeoph
becomes unable to fluoresdue to prolonged phettamage. Third, careful design of
ligand gives the Ln(lll) ompound rigidity,increasedorightness, high watesolubility
and low cytotoxicity.Fourth the long emission lifetimesf Ln(ll), from microseconds
to secondsallow differentiationfrom other background fluorescent entitieclsuas
proteinswith autofluorescence in the nanosecond rdngéme-resolved spectroscopy
a technique utilizing pulsed excitation and tigeged technology to manipulate signal

detection in controlled time windows (Figure 1.5).
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Figure 1.5 Time-resolved emission detectidid

Last but not least, the intrinsic property of hypersensitive emissions coupled with
the above advantages put Ln(lll) as the framtner amongst other fluorophores. By
designingthe sensing and/or @bing sites near the Ln(lll) center with hypersensitive
transitions, the environmental changes which corresponds to structural or geometrical
modifications would be reflected in the intensities of the hypersensitive transitions and
more systematically byhe ratio between the hypersensitive transitions and the
environmentaindependent magnetic dipole transitions; Eu(lll) is an excellent candidate.
Tb(lll), without hypersensitive transitions however, has generally higher quantum yields
than Eu(lll) and aresed commonly as ratiometric probEgcellent reviews on utilizing
the aforementioned properties for optical sensing and imaging purposes can be found in

reference43-47.

While multiphoton excitation is not considered as an intrinsic property of the

lanthanides, it is however a rather ubiquitous idea hioaers aroundheir applications,
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especially optical imagingThe main advantage of multiphoton excitation is the
circumvention of using high energy excitation in the UV regiopreventing tissue
damagéd and replace it with a lower energy excitation source which is also more-tissue

transparent, leading to better excitation efficiency.

1.9.2. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a poweril vivo imaging tool for
visualizing anatomial structures in the medical field without subjecting the live body to
ionization radiation.Protons of water molecwdan the body are aligned by a strong
magnetic field and the unmatched spins are pulsed with a matching radio frequency and
signals will ke detected by a scanner. Different protons in different environments will
produce different signal intensities and result in a tdigeensional image contrast.
Contrast agents are often dde enhance the image contrast by increasing the rate of

relaxaton of water protons.

Gadolinium(lll) compounds are common contrast agents due to the large number
of unpaired electrons (4fconfiguration) and large magnetic momemtf Gd(lll),
efficiently relaxing nearby nuclei and shoriteg T1 relaxation times which involves
through space dipoldipole interaction. The access to insghere water molecules also
leads to larger relaxivity values, hence the design of Gd(lll) compounds must reserve
sufficient space for water molecules to penetitat the inner coordination sphere but

retainadequatestability to the Gd(lll) to prevent toxic leaching of the free ion.

Recently, the development d&u(ll), isoelectronic with Gd(lll), as an MRI
contrast agens gaining pacé>®® The Eu(ll) centeris susceptible to oxidatioto form

the diamagnetic Eu(lll) which has little enhancement effect and therefore ligands should
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provide equally sufficient chelate and redox stability to the Eu(ll) ceSelected
examples ofEu(ll)-based and clinically approgteGd(lll)-based* contrast agents are

shown in Figure 1.6.
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Figure 1.6 Selected Eu(ll}based and clinically approved Gd(lll)}-based MRI contrast

agents

1.9.3. Organic Light Emitting Diodes

An organic lght emitting diode (OLED) is a light emitting diode (LED) with an
organic electroluminescent emitting lay&iectrons and holes are injected from the
cathode and anode respectively in the presence of a voltage bias and recombine at the
emissive layer aftebeing transported through the transport layers. Charge recombination
leads to formation of excitons atigey deactivatevia light emission (Figure 1.7). The

emission layer of early OLEDs are made of fluorescent materials (ssigiget
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deactivation) ad theoretically only 25 % of the excitons will be deactivated as
fluorescence whereas the remaining 75 % at the triplet state will decay through non
radiative deactivatioP? Like transition metal complexes, lanthanide complexes offer to
utilize the 75 % bexciton for light emission as well due to their intrinsic properties,
drastically increasing the quantum efficiency and one of the first Gl a Ln(lll)-

based emissive layer is presented by Kidand coworkers in 1990, utilizing a
Tb(acacj(phen) complex. Since then, many research groups have focused on developing
Ln(lll) -based complexes as the emissive layer due to their ability to harness the triplet
excitons as well by antenna effect and high color purity (monochromaticity), such as
Th(111),5” Eu(1l),%8>° Sm(Il) 8 and Dy(l11)** complexesFurthermore, a combination of
several of these Ln(IHpased complexes at a certain ratio to form one emissive layer

would generate white light.

. Cathode | Tb

Electron transport layer SN
- O O
Emissive layer |
/l\)\
Hole transport layer 3
Anode
Tb(acac);

Glass/polymer substrate

Figure 1.7 Diagram showing an OLED device seup and the structure of Th(acac})(phen)
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2. Triazinebased Ligands and Complexes

Triazine is a group of heterocyclic composmdth a general formula of 813 and
3 possible isomers: 1,2{Bazine, 1,2, 4triazine and 1,3friazine &triazine). The work
in this thesis envelopes a ligand structure witls-&mmazine (hereafter referred simply as
triazine) core which is used in extensive applicatibhsuch as materials (plastic and
rubber syntheses), textile, pharmaceultiead, more commonly, pesticiddss use in
coordination chemistry is popular as well and in this work, it is chosen as the core structure
to form an auxiliary tridentate ligand which resembles the commonly21se@® 6 - 6 6 , 2 6 &
terpyridine ligandi a tridentate planar ligand widely used in coordination chemistry.
Despite that terpyridine and its derivatives are commercially available, the variation in
terpyridinerelated ligandss mostly lateral and derivatives with modifications at the 4
position are either expensive or difficult to synthes@riazineoffers much flexibility
in structural modifications due to the relative ease in synthetic procediwsschapter
will discuss about the choice of triazine as the ligand skelatmhthe syntraes of

triazinebasedigands and complexesedfor subsequenthapters.

2.1. General Properties

Cyanuric chloride (2,4;&ichloro-1,3,5triazine) is the starting material used for
the synthees of triazindbased compounds arglcommonly made by the trimeaitzon of
cyanogen chloride (NCCI). Is readilyavailable at commercial sources, so its synthesis
will not be discussed heré.is soluble in acetonitrile, tetrahydrofuran, dioxane, acetic
acid and absolute ethanol, although not stable in the lattesaiwents. It also hydrolyzes
in water into cyanuric acill,3,5triazine2,4,6trione) and hydrochloric acid above 10

°C and interestingly, the hydrolysis does not stop until all threzriclelatoms have been
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hydrolyzed without increasing the temperatua¢her than the three displacements having
incremental activation energies. Reaction with alcohols yields cyanuricaadidhe

corresponding halide along with violent heat generation.

As the acid chloride of cyanuric acid, the chlorine atom is much neareive
than alkyl chloride but is less reactive than acyl chlorides and by no means are they similar
to the inert aromatic halogens such as tB¢hlorobenzene. fie reaction of cyanuric
chloride with secondary amines can be summarized in a rule wibtlleduced from
multiple literature report&®*the sequential substitution of the chlorine atoms could be
estimated as: the first and second chlorine atoms are substituted at 0 °C and afsiund 30
°C respectively, while the third and final chlorine atoray not be substituted at all even
at 100 °C% This relationship does not hold for all experimental conditionghis work,
nonethelesghe rule is adequately applied in tetrahydrofukihile steric factors play a
predominant role in the substitution with aliphatic amines, the basicity should also be
considered for aromatic amines. If the basic character of the aromatic amine is

significantly weakened in the product, then the reactionmaapccur.

2.2. Synthesis di-N-N TridentateTriazineBased Ligands

To mimic the tridentate structure of terpyridine, pyrazole was chosen as the
heterocyte to complement the side undae to their potential ifurthermodificationsat
different positions bthe pyrazole ringcompared to pyridineAccording to the above
information, substitution of the chlorine atoms is, & certain degree, temperature
dependent, so a straightforward attempt is to deprotonate the pyrazole and use it to attack
the triazine ore. Pyrazole, a weak base itsefdeprotonated by potassium metal and the

resultingpyrazolidewas reacted with cyanuric chloride. tetrahydrofuran, which both
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cyanuric chloride and pyrazole were readily soluble, a careful control theer
stoichioméry would give the dsubstituted productWSLOO01 (2-chloro-4,6-bis(3,5
dimethyt1H-pyrazotl-yl)-1,3,5triazine) as the main producteven at refluxing
temperature WSL0OO01 could also be synthesized in a much milder conditidgn
demonstrating the peculiar reactivity of cyanuric chlonddifferent solvent$ with N,N-
diisopropylethylamine (DIPEA) as the base in toluene at room temperatureatiére |
method, however, requires slow addition of 3y@dimethypyrazole to avoidormation

of the trisubstituted product.

©
H

' N ,
R \N R NJ§N R’ R N\N Y

W ® | \ N

cl K )\ /)\ ~ Cl
R 4 '/\l N '\\j N R )\
NTSN 3 equiv. =N N= 2 equiv. 2equiv. N SN
CI” N7 °CI  THF, Reflux WSL001: R'=R=CH, Toluene, 25°C CI© N Cl

12 Hours WSL002: R'=H, R=CHj,4 24 Hours

WSL003: R'=R=H
Scheme 21 Synthetic routes for WSL001003
In this thesis, the main modification$ the chlorine atonon the 2position are
replacing it witha phenyl ring oanN,N-diethylaniline There are twpossibleapproaches:
pyrazolesubstitution first or Zosition modification firsthoweverthe reaavity of the
chlorine atoms variesith different reaction conditions and herseseral syntheticoutes

were investigated:
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2.2.1. n-Butyllithum

Cl

©
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———————n  NSN g WSLO007: R'=H, R=CHj
THF,-78°C  THF,Reflux "X\ THF, Reflux PR WSL008: R'=R=H
Br )\\ /)\ 12 Hours 7/ N7 ONT NN
Cl N Cl =N N=
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Scheme 22 Syntheses of WSL004, WSL0G608 usingn-butyllithium

In Scheme2.2, 4bromoN,N-diethylaniline was deprotonated bybutyllithium
in THF at-78 °C and dropped slowly into cyanuric chloride? °C. The reaction was
very reactive as color change was rapidly observed as soon as the drop entered the
cyanuric chloride solution. The extent of substitution was efficiently controlled by
stoichiomety, temperaturendthe rate ofaddition with the monesubstituted product
obtained as the major prodwath a 40 % yieldWSL004 was then attacked by potassium
3,5-dimethybyrazolide togive WSLO0O06. It should be noted that, reversal of these two
steps will not givéVSLO06 asthehigh basicity of the presence of organolithium reagents
may cleave the ®l bond between the triazine and pyrazole, resulting in undesirable
fragments ané muchlower yield.By changing the pyrazole used in the above scheme,

WSL007 andWSL008 can also be synthesized.
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2.2.2. Grignard Reaction

¢ NN (R N, AN
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Scheme 23 Syntheses of WSLOOD06 using Grignard reagents

The low temperature requirement for the above reaction is critical benause
butyllithium will deprotonate and eventually degrade TiHbur solvent of choice due to
its great solubility and selectivity. Therefommother nucleophile is being considered.
With the same starting material, a Grignagdgent4-(diethylamino)phenylmagnesium
bromide was generatenh situ with magnesium metal in THF, which was subsequently
dropped into cyanuric chloride in THF to giWeSL004 asthe major product if the
reactiontemperature was maintained at 0 °C. The same experimental conehiBomns
applicable to synthesize the phenyl anal§L005 (2,4-dichloro-6-phenytl,3,5triazine)
with commercially available phenylmagnesium bromid8imilarly, subsequent
nucleophilic subtution of the two chlorine atontsy appropriate potassium pyrazolides
gave WSL009 i WSL0011 While Grignard reagents are not as destructive as
organolithium reagents due to their lower basicity, the third chlorine edoid still not
be substitutedeven at reflux temperature. Temperature, however, may naubka
deciding factor as the synthesid/dEL001 could result in the trsubstituted product even
at room temperature. Reports of using Grignard reagents to substitute the third chlorine

atom couldnhot be found as well.
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Scheme 24 Syntheses of WSLO0OD11 using Grignard reagents

2.2.3. Suzuki Coupling

cl K,COs

=N HO Pd(dppf)CI
N . )—cl + BOR 2 WSL004: R=NEt,
N

HO Dioxane, H20 NN  WSL005: R=H

Cl 90 °C, 3 Hours )|\ PR

Cl N~ CI

Scheme 25 Synthesis of WSL004005 by Suzuki Coupling

The reactivity of the chlorine atom does not limit modificasiby nucleophilic
substitution, the replacement of theGQCbond could be achieved Ipalladiumassisted
crosscoupling®” too, treating it as an aryl chloride. A phemylg can be coupled onto
the cyanuric chloride with good control of stoichiometry, and the temperature has little
effect on the extent of substitution, so the phenyl ring could be coupled after incorporation
of pyrazole on the triazine core. By changing emylboronic acid to 4
(diethylamino)phenylboronic acid/SL004 was also synthesized, although in a lower
yield due to the lower quality of boronic acid available commercid®2¢). The low
yield could also be attributed to the chelation of the palladiatalyst by the tridentate

ligand.
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2.3. Synthesis of-8-S/SN-N TriazineBased Ligands

The previous section discusses the synthesis -0§-W ligands, which are
relatively hard donors that trivalent lanthanide ions prefer to bind, and the first chapter
also dscusses the rather irrelevant roleléctrons play in the bonding of Ln(lli)the
covalency of a Ln(lIBligand bond is at most® %2 Sulfur, situated under oxygen in the
periodic table, is a softer donor than nitrogen. Lanthanidelilfur bonds arenot
extremely rare, though, especially if the complexation takes place ipalansolvents,
with dithiocarbamates (LngENRz)3) and dithiophosphates (Lnf3R:)s) among the
simplest forms. Thiolates of Ln(lll) were also obtained, with the help of Big&pds, in

the form of [Yb(SPhgpys].

To introduce sulfur atomt the triazine core while retaining its properties as a
chromophore, thiophene is chosen due to its aromaticity which extends the conjugated
system of the ligand design and the presence of a sulfur atom. A new series of ligands was
synthesized with thiophentaking the place of either one or both of plyeazoles of the

N-N-N ligands.

2.3.1. Grignard Reaction

The most convenient and straightforward way to incorporate the thiophene moiety
is by Grignard reactiofY,*®which is common ititerature and also proven be effective
against cyanuric chloride for obtaining memw di-substituted product€ommercially
available 2bromothiophenpe and -l@omo5-methylthiophene were reacted with
magnesium metal to generate the Grignard reagent which was used to attgektiie c
chloride. The extent of substitution was controlled by the stoichiometry and more
importantly the temperature, as shown in Sch2rée
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Scheme 26 Syntheses of SulfuContaining WSL012-017

Similarly, the N,N-diethylanilinyl and phenyl moiety were incorporated by coupling
reagent as it is the most suitable route amongst the three discussed above, due to the
difficulty in reacting with the third and final chlorine atofrhe poorer chelatingbility

of the sulfur atom also inhibited chelation towards the palladium catalyst, resulting in

higher reaction yieldshe structure$VSL018-025 areshownbelow.
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Figure 2.1 Structures of SN-S Tridentate LigandsWSL018-025
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2.4. Design of Complex

As mentioned in Chapter 1, the nature of Ln(lll) bonding is predominantly ionic
and their coordination numisesire notgoverned bythe number of bonding electrons but
the nondirectionalelectrostatiénteraction and steric factodsa(lll) luminescence is also
easily quenched by oscillators of solvent molecules in the coordination sphere. To fulfill
the coordination and efficiently protect the Ln(lll) center from solvent coordination,
macrocycles such as the cycleased 1,4,7,1@traazacyclododecaiie4,7,10
tetraacetic acid (DOTA) (see designs of Gd(lll) MRI contrast agents in Chapter 1) serves
both purpose wellThe added stability from chelate effect is also appreciated especially
when watersoluble complexes are devised for biological applications in which leaching

of free Ln(lll) is highly toxic®®"°

However as discussed in the section of energy transfer in antenna effect, the
distance between the chromophore and the Ln(lll)tiemely pivotal in determining the
energy transfer efficiency. Thereforehe incorporation of a chromophorénto
macrocyclesand modifying the chromophore to become one of the donors is a common

strategy teenhance antenna effect by synthetic techniques.

The previous section detad about triazinebased tridentate ligand$ridentate
ligands, like terpyridine, forms EML2]™ or [ML3]™ complex with transition metals.
However, the ionic radii of transition metals are quite different to the LA(9¥.7 pm
of Eu(lll) vs.68 pm of Ru(lll), and due to the ionic nature of Lnfidand interaction,
the space vacatedinsufficient for a third tridentate ligand is likely to be filled by

solvent molecules. Nonetheless, thisralways more than one soloiti to a problemTlo
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complement the coordination, a chromophobraentateb- diketore (1,3diketone) ligand

is introduced thenoyltrifluoroacetonat€l'TA).

A wide range ob- diketones are readily available from commercial sources and
when deprotonatedhe anionic oxygen atoms are hard donors that Ln(lll) psefer
Lanthanide b- diketonates are primarily synthesized in two forms: neutral tris
(Ln(b- diketonate}) and anionic tetrakis form (Lb{diketonate))).”* The tetrakis
complex iseightcoordinated and depending on the structure ofbthaiketone, steric
factors may restrict further coordination. The tris complex is snycoordinated and
usuallyexists as a hydratand the detrimental water molecules can be displaced by the
addition of neutral hard donors. One of the most vikelbwn Ln(lll) b- diketonate
complexes is Eu(ttalphen), where phen is 14henanthroline and tta is the conjugate
base of Zhenoyltrifluoroacetone. A detailed review on lanthanide(ti)diketonate

complexes o the syntheses, luminescence and applications can be fditacainre’? "

b- Diketones are generally good antennae for Eu(lIl) emission, but not particularly
goodfor Th(Ill) due to the energy level of themplet states, whiclare at an appropitia
distance with the accepting states of Eu(fi)1, °Do) with minimalback energy transfer,
but are lower than theDs of Th(lll), resulting in very poor energy transfeithough
certain aliphati¢’® or aromatidb- diketonates with higher energies atse to sensitize
Th(Il) emission’” The excited singlet state, though, has no role to’playthe energy

transferaccording to studies.

Some b-diketonates, such as  tris(1,}fifluoro-4-(2-thienyl)-2,4-

butanediono)aqueuropium(lll) (Eu(ttaj), are quite common and commercially
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available. Fortunately, due to the similar physical properties of the lanthanide(lll) series,
other lanthanidds- diketonates could be synthesized according to old but not obsolete
procedures?8! Neutral lanthanide(l)l b- diketonates, despite primarily being an ionic
compound, have low water solubility and thus can be easily purified from the- water
soluble precursors. Excess HTTA in small amounts could also be removed by

recrystallization in petroleum ether.

The Ln(ttgs wasthen further reacted with a neutral auxiliary ligand to eliminate
water molecules in the coordination sphere and fulfill coordination. It is also reported that
a rigid planar molecular structure would lead to higher luminescence intensities,rtherefo
a neutral, planar ligand with relatively hard donors such as the aforementioned tridentate
ligandswas reacted to give a thermodynamically favorable product in refluxing methanol
(Scheme2.7). The complexes we then purified by dissolving the crude nminimal
amount of diethyl ether and precipitation witthexanes, repeated for three times. The
complex was then characterized by electrogprionization mass spectrometry and

elemental analyses.
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Scheme 27 Synthesis of EuL1 with Eu(ttay and WSL006
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3. Non-Triplet Intrdigand Charge Transfer Sensitization and

Solvent Effect on Europium(lll) and Samarium(lll) Complexes

3.1. Background and Introduction

3.1.1. Europium(lll) and Samarium(lil) as Luminescenters

Trivalent europium has been widely studied in the previous decades due to its
characteristic optical properties (see section 1.4.2) which has yielded a diverse range of
applications from phosphors to kimaging probes. ThéDo A F; transition prdile,
especially the transitions with electric dipole charageoyvides abundant structural
information around the europium(lll) center, especially in solid state materials. An
excellent tutorial review on interpreting the electronic spectra of Eiglélyailable in the

literature ©

Samarium(lll) receives much less attention than europium(lll) and terbium(lil),
most probably because thfe wealer luminescence quantum yialaf its chelatesThis
intrinsic disadvantage is a result of the more complexgnevels of Sifill) than Eu(lll).

As shownin Figure 3.1, the energy gap between the lowest excited state and the next
lower ground state between thieeelLn(lll) varies greatly DE(°®Do A ’Fs) of Eu(lll),
DE(*“Gsi2 A ®F112) of Sm(lll) andDE(°Da A "Fo) of Th(Ill) areca. 12500 cm, 7500 cm

Land 14700 cmrespectively. The smaller gap Sm(lll) requiresless quanta of phonons

for nonradiative quenchingnd vice versa, which explains why Eu(lll) and Tb(lll) are in
general more luminescent amongst tAnthanides. Nevertheless, the accepting state of
Sm(lll), *Gsp, is at a similar position to tl®:1 and°Do accepting states of Eu(lll), it is

therefore reasonable to conjecture chromophores that transfer energy to Eu(lll) would
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decently sensitize Snif) as well and this is precisely the rationale behind this work.
While it is not pragmatic to imagine Sm(lll) having similar luminescence quantum yields
as Eu(lll) in the same ligand system, to enhance Sm(lll) luminescence by improving
antenna effect or mimizing nonradiative deactivation would lead to possible

multiplexing application§?#3

25000 ~
20000 4 4
15000 S

10000 172

Energy / cm’
_I_IU'!I

[
0

Eu(ll) sm(lll) Th(IlI)
Figure 3.1 Energy levels of Eu(lll), Sm(lIl) and Tb(lll)

3.1.2. Intraligand Charge Transf8ensitization Pathway

Sensitization of Ln(lllJuminescence is achieved by energy transfer from & light
harvesting chromophore at proximity to the accepting states of Ln(lll) obppate
energies. There are mefinite and exclusive pathways for energy trandtemust be

stated thanna hef tectmd diasntae® general descrip
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the photoexcitation of the chromophore and before the deactivation of the Ln(lll)
accepting states. As mentioned in section 1.5, there are two distinct parts concerned: 1)
energy transfepathway and 2) nature/mechanism of energy transfer to the accepting

states; and this chapter puts emphasis on the former.

The most commopathwayis the tripletmediated pathway, in which the excited
singlet state of the chromophore undergoes intersygtessing induced by heavy effect
of the Ln(lll) in a close distandeto give an excited triplet state. Subsequently, the excited
energy is transferred to the accepting staigdifferent mechanisms. The sgiorbidden
transition to yield the excitettiplet state results in a longer lifetime and this offers an
advantage for energy transfer to the Ln(lll) by allowing more time for the transfer to occur.
However, to accommodate for intersystem crossing an@ihketween the accepting
state at an optinm difference at ca. 25004000 cm', the energy of the excited singlet
state would have to be quite high; in other words, the excitahengyrequired would
also have to be high, usually in the UV region. It is not ideal for any applications to use a
high energy excitation source; @dauses photdamage toliving cells in biological

applications and is hazardous in material applications.

To shift the excitation to a longer wavelength, alternate energy transfer pathway
has to be introduced. In late 1966s| e i n e r md prapeseduhatrekergy transfer
from an excited singlet state could dominate intersystem crossing. Progress on more
elucidation or experimental proof have stalled since, though,jmithié 2 century when
research on sensitizatiorofn the singlet delocalized intraligand charge transfer (ILCT)

statepicked up pace and more Ln(l1l) complexes with ILCT sensitization were regérted.

89
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Charge transfer states are generally present in structures with eldatratmng
and accepting moieties conjugated lprsystem (Bp-A) in a pushpull fashionand differ
distinctly from the ground states in both molecular geometry and electronic s#i%étur
hence resulting in a vast difference of the electron density of the donor and acceptor before
and after photoexcitatiohe delocalized nature renders charge transfer states to situate
around the visible light region and the emission can be fusthiéied by modifying the
strength of the donor and/or acceptor. The emission and absorption bands of charge
transfer transitions are broad and structureless and a large Stokes shift is observed due to
the rearrangement of electronic density to giveaiked difference in the dipole moments

of the ground and excited states.

In 2004, Yangetalr eported a oO6direct observati ot
via the singlet pathway usingcuLl from results of timeesolved luminescence
spectroscopic experimen They observed that on the nanosecond timescale, the rise time
of °D1 A ’Fs transition of Eu(lll) matches well with the decay time of theAS S
fluorescence of the ligand (1.8 ns). Furthermore, they cordaletedecay ofD1 A "Fi3
transitions (387s) with the rise o¥Do A F2 transition (392 ns)postulating the transfer
of excited state energy frotd1 to °Do. While these results suggested energy transfer from
the excited singlet state of the ligand to first ¥be then®Do of Eu(lll), the authors also
obtained an emission spectrum of the Eu(lll) complex at 77 K which consisted of a broad
and asymmetric phosphorescence band with a lifetime of 3.9 s; compared to the 0.65 ms
of Eu(lll), they excluded the possibility of thedietmediated energy transfer pathway,

stating it as Oinactiveb.
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The group then followed up with their work by studying the excited state dynamics
of the same comple®. A ligand-to-metal charge transfer (LMCT) stateas proposed
which effectivelyquencheshe excited singlet state by 98 %, dominating over intersystem
crossing,hindering the tripletmediated energy transfer pathway and concluded with a

nontriplet sensitization pathway.

This chapter set out to continue along this direction and furtheidatacthe
character of this notriplet sensitization pathway which seemingly efficiently sensitizes
Eu(lll) luminescence. Sensitization of Th(lUja ILCT transitions are rarely seen due to
the high energy ofDs level, yet the potential of Sm(lll) setigation but this ligand

system will be explored as well.

3.1.3. Solvatochromism

The environment also has a role to play in charge transfer transitions. The polarity
of solvent molecules governs the extent of stabilization of the ground and excited states,
leadirg to a differentDE that would be reflected in absorption and emission sp&ttra.
This phenomenon describing the correlation betweereasingsolvent polarity and the
energy of a molecule is called solvatochromism, as depicted in Bdur# the ground
state is more polar than the excited state, an increase in solvent polarity will stabilize the
ground state to a greater extent than thepaar excited state, resulting in a larger energy
gap and a higher energy absorption band;ishisrmed negative solvatochromism. If the
ground state iess polarelative to the excited state, a smaller energy gap will be observed
in polar environments and the absorption band will be obsenvadigher wavelength
region. Therefore, the naturd solvatochromism could be determined by simply

measuring the absorption spectra in solvents of different poldfities.
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Figure 3. 2 Depiction of negative (left) and positive (right) solvatochromism in polar

environment

In this work, the shift in energy level of the ILCT states would lead to different
sensitization efficiencies of lanthanide luminescence. Optimum sensitization could be
probed in solvatochromic experiments. Various interactions between the charge transfer
chromogore and solvents molecules were investigated and the effects were revealed in

detailed photophysical measurements.
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3.2. Results and Discussion

3.2.1. Structural Characterization

/\N/\
R NN R
M LnL1: R'=R=CH,
T N LnL2: R'=H, R=H
e LnL3: R'=R=H
) O
UL
e
\_s F o

Figure 3. 3 Structures of LnL1-3 used in this work

Europium(lll) and amarium(lll) complexes of the above structures were
synthesized for this studinfortunately, crystal structures could not be obtained. Mass
spectrometry was able to reveal formation of the cempbut obtaining structural
information would aid in correlating the experimental results to elucidate the energy
transfer pathway. A newlgeveloped computation software developed by a research
group in Brazil was used to simulate the structure of ounpbexesi Lanthanide

LUM inescencéACkage Softwar&® %

The structures omL1-3 were optimized by LUMPAQising the Sparkle/RM1
model and are shown in Figure 3.4The molecules are highly asymmetric due to the
0freel yd coor diClasgaee drouf)ltte sigaificantei okfiading out
the geometry lies ithe tridentate ligand. The differing methyl groups on the pyrazole

rings of SmL1-3 have little effect on the overall geometry of the ligand, as expected due
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to their relatively periperal positions. The skeleton from the diethylanilinyl terminus to
the triazine core is planar as well, which would lead us to expatihe rigidity of the

molecule would result in higher energy transfer efficiency.

Figure 3.4 Optimized structure of SmL1
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Figure 3.5 Optimized structure of SmL2
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Figure 3.6 Optimized structure of SmL3

The radii of Eu(lll) and Sm(lll) are very similar, 95.8 and 94.7 pm hence it is

believed the two set of complexes would be isostructural.
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3.2.2. Photophysical Studies

Absorptionand ExcitationSpectra

The absorption and excitation spectra were obtained in various solvents with
different polarityi evaluated by the dipole moment. Besidg®le-dipole interactions,
this study will also look into the effect of hydrogen bonding on the-paieelectros on

the anilinyl nitrogen atorandnucleophilic solvents on the luminescent Ln(lll) center.

The complexeskEulL1-3 and SmL1-3, exhibit consitent absorption profiles in
various solvents. The absorptibandbefore 300 nm corresponds to the* absorption
of the bis(pyrazell-yl)-1,3,5triazine scaffold and another band with its maximum at
around 340 nm is the-p* absorption of the TTA moietyExcitation spectra were
monitored from the most intensd fransitions, which weréDo A ‘F2 for and*Gs/2 Y

®Hor2 for Eu(lll) and Sm(lll) respectively.

The ILCT absorption band, as mentioned previously, is sensitive to the polarity of
the environment ahhence the absorption maximum exhibits a blue shift with increasing
solvent polarity, i.e. negative solvatochromishe shift of the bandnay cause it to
merge with the TTA absorption such as the caszcetone, or remain as far as around
400 nm innon-polar solventsProtic solvents such as methanol, isopropanol and highly
polar solvents like DMSO would also form hydrogen bonds with the pareelectros
on the anilinyl nitrogen, hindering the formation the ILCT transition, as reflected in the
wegkened absorption intensitieAs expected, the excitation spectra did not always
superimpose with the absorption spectra, implyingedsifit extents of sensitization from

the ILCT band.
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ForEuL1, the excitation bands of the TTA moiety are clearly visibline spectra
in all solvents, and showed minimal deviation from the absorption maxima, indicating the
TTAGs insensitivity towards pol adisplayw. The
clear blueshift as the solvent polarity increases. Inpaar ®lvents such as benzene
(Figure 3.9)and toluendFigure 3.17)the ILCT absorption maxima is at around 405 nm.
Increase in solvent polarity from methagigure 3.15khifts the maxima to around 380
nm. Comparison between the absorption and excitativealed that the polarity of the
environment plays an important role in governing whether the ILCT band would be able

to take part in the sensitizah of lanthanide luminescence.

In some solvents, notably acetonitrjleigure 3.8)and DMSO(Figure 3.12) the
ILCT absorption bands are sometimes rather distinct, even though excitation of the band
does not sensitize lanthanide(lll) luminescence. It is believed that their highly polarizing
nature (dielectric constang)(= 37.5 and 46.7 respectively) enhandes ate of charge
transfer from the donor to the acceptor to an extent that dijjodde stabilization
between the solvent and compound is insignificant compared to the time required to reach

electrostatic equilibrium instantaneously.

The absorption speet for EuL2 and EuL3 (Figures 3.18.41) as well as the
Sm(lll) analogs(Figures 3.424.77) are expectedly similar as well, athe methyl
substituents on the pyrazoles are irrelevant to the photophysical properties of both the

TTA and ILCT moieties.
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Emission SpectrdEu(lll))

The emission spectra for the complexes were measured with tiifeend
excitation wavelengths 330, 350 and 390 nm. Irradiation at 330 nm only excites the
TTA moiety and whereas 390 nm would only excite the ILCT transifibns,350 nm
was chosen as a median excitation wavelength which could potentially excite both the
TTA and ILCT transitionsThe®Do A ‘FstransitiongDJ = Oi 4 at 578, 590, 612, 650 and

695 nm respective)ycould be observed as a resulaotenna effect.

Excitation at 330 and 350 nm produced expectedly good sensitization of Eu(lll)
luminescence, with little residual fluorescence, indicating efficient energy transfer from
TTA. Solvent polarity had minimalfiect towardsthe sensitization proceswhich is

consistent with the absorption spectra.

On the other handhe ILCT band is shifted to higher eneligypolar solventand
is often not at an apprdpte level for energy transfer, resulting in ligand fluorescelmce
nonpolar solvents, the luminescenceeimsities of ILCT excitation in nepolar solvents
were indeed quite high. Taking the molecular structure into consideration, one molecule
of the ILCT-character ligand is able to sensitize Eu(lll) luminescence as much as, if not
higher than, three molecid®fthe weltknown goodsensitizer TTA Even thoughLCT
sensitization is decenligand fluorescenceas sometimestill observed. lis attributed
by the short lifetime of the excited ILCT ndnplet state, resulting in competition

between fluorescence and sensitization as deactivation pathways.

The hypersensitiveDo A ‘F transition of Eu(lll) is extremely sensitive to the

change of cordination environment. Although the determination of coordination
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geometry and structural symmetry is much difficult in solution state than in solid state,
the splitting patterns as well as luminescence intensities in different solvents would be a
useful factor to compare the environment around Eu(lh)benzene and toluene, the
splitting patterns of the hypersensitive transition is consistent for all three excitation
wavelengths, implying that the coordination environment is near identical. The gplittin
patterns are different for 390 nm excitation from 330 and 350 nm excitations in polar
solvents, however, and this indicates that there are at least two sshatierstructures

that are excited by different energies.

The difference in methyl substitusramongst the ligands had minimal effect on
the absorption and excitation spectra in various solvents; but it could be observed from
the splitting patterns from the emission spectra of the same solvent of different complexes,

demonstrating the hypersemgity of the transition.

The asymmetry ratio idefined as the ratio between the integrated intensities of
the®Do A ‘F2 and®Do A 'F1 transitionsof a Eu(Ill) moleculeThe former transition is a
forced electric dipole transition with the transition irdiéy proportional to the square of
ligand dipolar polarizabilit;*® the latter is a magnetic dipole transition which is
independent of the environment around Eu(lll). Theoreticallypdwe 2 transition would
be absent in a centrosymmetric structurerefege the asymmetry ratio is strictly a
measure of deviation from centrosymmetiyowever, solution state structures of
organol anthanide complexes are hardly cent
not restricted, so the asymmetry ratio is commardgd to imply the extent of loss of

symmetry.Table3.1 presents the asymmetry ratioEdL3 in increasing solvent polarity
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to illustrate the different spatial arrangements of ligands around the Eu(lll) center in

various solvents.

A marked difference coulde found between the asymmetry raiio polar and
nonpolar solvents, with 12 and 10 in methanol and DMSO respectively compared to 19.5
in benzene when excited at 350 nm. The asymmetry ratio Hpolan solvents were very
similar when the excitation washanged to 390 nnBome asymmetry ratios were not
measured as the interference from ligand fluorescence on the europium(lll) luminescence
are not negligible. The discrepancy of asymmetry ratios between polar afmblaon
solvents implies, and reconfirnise earlier postulate, that two emitting species that are

excited by dferent energies are present.

It was mentioned in the beginning that the choice of solvents includes nucleophilic
solvents. It is reasonable to deduce that solvent coordination asebsieint displacement
of the tridentate ligand would take place, resulting in a totally different coordination

environment as indicated by the hypersensitive transitions as well as the asymmetry ratio

The oxygen and nitrogen atoms on different solvenésadso relatively hard
donors which the lanthanide(lll) centers prefer. In comparison, the trdearedridentate
ligand has nitrogen donors but are not conjugated with particularly eletrating
groups to increase its donor strength, whereas therganolecules with a higher dipole
momenti and thus higher donating propeftynay displace the ligand and generate new
emitting speciesn situ. Coordination of solvent molecules, which are much smaller in
size than the tridentate ligand, would leadatcsignificant change in coordination
environment due to the rearrangement of spatial distribution among the electrostatically

interacted ligands. The electrolonating properties of the methyl groups give methanol
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and DMSO high coordination strength, thkre giving the lowest asymmetry ratios.
Despite its relatively low dipole moment compared to DMSO, metlesadivesa lower
asymmetry ratio; this once again demonstrates thedivention and stericallgoverned
nature of bonding with Ln(lll) as tharall size of methanol molecules allow flexible

rearrangement of bonding ligands.

In acetonitrile, the asymmetrgtioat 350 nm excitation is quite high, unlike other
polar solventslt is possibly due to the relative softness compared to the oxygensdonor
which may be similar to the nitrogen donor of the pyrazoles, therefore not readily
displacing the tridentate ligand. However, the asymmetry ratio is drastically different
under 390 nm excitation, it is attributed to the poor sensitization which led ® mo
residual ligand fluorescence and thus interfering with the area under curve’f #ye

’F1 transition.

The nonpolar solvents have lower dipole moment as they do not bear any
electronegative atoms (e.g. O, N), therefore displacement of the tridikgaaie is not

expected to happen, retaining a high asymmetry ratio.

Excitation at 390 nm does not excite the TTA at all in any solvents. However, in
somemorepolar solvents, such as ethyl acetate and acetonitrile, the emissions were decent
enough for measing the asymmetry ratio, implying sensitization by the ILCT band.
While the previougparagraphs postulatigand displacement by solvent molecules, it is
also believed that the displacement may not necessarily beigagk should exhibit a
concentrabn-dependencé or complete. The remaining, unperturbed complewdsch
maysomewhatetain the tridentate liganthaythenstill be able to be excited by the ILCT

transition and as a result give lanthanide luminescemt®ut exciting TTA.The low
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ratios, though, is attributed to the interference ofeA ’F1 transition by residual

ligand fluorescence.

Table 3.1 Asymmetry ratio of EUL3 under two excitation wavelengths in various solvents

EuL3 R EuL3 R
Solvents m(D)
(I =350 nm) (I =390 nm)

CCls 0 18.4 18.5
Benzene 0 195 195
Toluene 0.37 19.0 19.2
CHClz 1.04 17.1 16.9
i-PrOH 1.56 15.3 /
CHxClI, 1.6 14.3 12.4
CH3OH 1.7 12.0 /
THF 1.75 16.6 /

EA 1.78 16.0 6.5
DCA 1.8 171 11.6
Acetone 2.88 16.6 /
CHsCN 3.92 19.6 6.7
DMSO 3.96 10.0 /
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Chart 3. 1 Asymmetry ratios of EUL3 under TTA excitation in different solvents
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Chart 3. 2 Asymmetry ratios of EuL3 under ILCT excitation in different solvents
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Luminescence LifetimegEu(lll))

The excited state lifetime is defined as the average time the excited energy resides
at a particular energy level before it decayise measurement of luminescence lifetimes
would indicate the number of radiatively decayspecies present in the medium upon
photoexcitation, which would provide more insight on the issue of multiple emitting

species aforementioned.

Table 3.2 Emission lifetimesand quantum yields of EuL 1-3 in various solvents

m EuL1t (ms) EuL2 t (ms) EuL3t (ms) EuL3 F (%)

Sobent oy 1.=350nm)  (1o=350nm) (1e=350 nm) (I o=350 nm)
Benzene 0 0.541 0.472 0.432 23.8
Toluene  0.37 0.577 0.485 0.425 30.6
0.177: 0.131: 0.116:
CHCl 1.04 0.571 0.49 0.510 n/a
i-PrOH 1.56 0.353 0.353 0.353 17.2
0.041: 0.039: 0.013:
CH.Cl 16 0.394 0.328 0.196 n/a
0.26: 0.239: 0.226
CHsOH L7 0.58 0.55 0.547 2.9
0.315:
CDsOD 1.7 / / 1100 /
THF 1.75 0.374 0.378 0.383 10.7
0.187:
EA 1.78 0.366 0.357 0397 7.1
0.290:
Acetone 2.88 0.624 0.607 0578 7.1
CH:CN 3.92 0.652 0.626 0.618 12.6
0.79: 0.709:
DMSO 3.96 733 L 234 0.752 12.9
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The luminescence lifetimes, monitored at¥eA ’F-transition, were measured
with excitation of the TTA at 350 nm, as excitation of the ILCT bdminot give
luminescence in all solvents. A general trend of decrease in lifetime with increasing dipole
moments of solvents is observed-diponential lifetimed denoting two radiatively

decaying specigswere obtained in chlorinated solvents and seysolar solvents.
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Chart 3. 3 Luminescence lifetimes of EuL13 in various solvents

In methanol, which is strongly coordinating,-éxponential lifetimes were
measured for all three Eu(lll) complexes. This further corroboratts the previous
postulate that displacement of the tridentate ligand by solvent molecule led to the
formation of a new species of different coordination environment. The decaying species
with a shorter lifetime would correspond to the species with sobaamntlination, as high
energy oscillators (e.g.-8, N-H) would effectively quench the excited energy levels of

europium(lll). The longer lifetime could either be the original molecule with the tridentate
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ligand retained or simply lesser coordinating salvealecules. This phenomenon is also
observed in the lifetimes of ethyl acetate and acetokeli3, of which is believed to be

due to solvent coordination of the oxygen atom as well.

To demonstrate the effect of noadiative multiphonon quenching by the
oscillators, the luminescence lifetimes were also measured in deuterated methanol, in
which the GH oscillator (nO-H: 3500 cm') was replaced with a lower energy[D
oscillator (nO-D: 3900 cm'). The emission lifetimes oEuL3 in methanolds was
significantly longer than the luminescence lifetime in methanol. According tanthe
equation below (refer to chapter 1), the lifetimes of ordinary and deuterated methanol can
be used to calculathe number of methanol molecules coordinated onto the europium(lil)
center. Tham value was found to be 1.9, hence approximately two methanol molecules

are coordinated onto Eu(lll), implying ligand displacement as well.
mt"M = A[(1/t meor)-(1/t veon)-0.125); A = 2.4ms for Eu(lll)

It is also interesting to note that;éxponential lifetimes were obtained in DMSO
for EuL1 (Figure 3.83andEuL?2 (Figure 3.91)ut notEuL3 (Figure 3.103)The lifetime
of EuL3 in DMSO is similar to the shorter one of ttveo of EuL2 andEuL3. In ethyl
acetate and acetonen the contrary, the lifetimes d&ulLl (Figure 3.84)and EuL2
(Figure 3.92)are moneexponential whereas two decay species were obseniealid
(Figure 3.104)The inconsistency of the number of decaying species in the same solvent
among different compounds implies that donor strength is not the only factor governing
ligand displacement. A shorter lifetime was observed in ethyl acetate and acetone for

EuL3 only, and the longer lifetime could only be observeRuh.1 andEuL2 in DMSO.
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These two sets of lifetimes imply to a better protection of the Eu(lll) center by the
surrounding ligands in which, despite the strength of donor strength of the molecules,
does nolead to ligand displacement EuL1 andEuL2 or incomplete displacement in
EuL3. These results once again demonstrate that steric factors also play a deciding role

in lanthanide(lll) bonding interactions.
Luminescence Quantum Yies{Eu(lIl))

The relative luminescence quantum yiefdsf EuL1-3 were measured against
quinine sulfatef =0.577] ex= 350 nm}°°at excitation of 350 nm. Ideally, the excitation
wavelengths and the emission regions of the standard and the sample should be similar
for ideal comparison; however, the psewBtokes shift of lanthanide(lll) complexes
makes it difficult to find a suitable standard. Hence, the excitation wavelength was chosen
to be constant and the emissions at different regions were corrected to instrumental

response in order to compensate for the different sensitivities.

Fluorescence quantum yield is proporticieethe fluorescence lifetimé(= F /t),
and the relationship is legitimately demonstrated in the luminescence quantum yields and
lifetimes of thecomplexes. Likewise, the luminescence quantum yields were higher in
nonpolar solvents than in polar and/or coordinating solvents. Decent values were
obtained in benzene and toluene and the quantum efficiency in methanol is expectedly

low.

The luminescete quantum yield measured by relative method is fundamentally a
measure of the ratio of photon input to the antenna and the photon output of the lanthanide

center. The antenna effastimplied but not taken into account, it is therefore also more
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approprately the overall quantum yield of the lanthanide(lll) complex system. As
discussed in chapter 1, it is possible to determine the sensitization efficiency by measuring
the overall quantum vyield and the intrinsic quantum yield of the conipke latter
denotes the luminescence quantum yield in which the Ln(lll) was directly excited. The

relationship could also be calculated on theivaf JuddOfelt parameters:

The intrinsic quantum yield® ) were then obtained with the help of luminescence
lifetimes and the emission spectra, and Table 3.3 summarizes the overall and intrinsic
guantum yields as well as the calculated sensitization efficiencies in vaoivests.

Table 3.3 Overall and intrinsic quantum yields and sensitization efficiency

of EuL3 (TTA Excitation at 350 nm)

Solvent m(D) QM Q"n Psens
(%, TTA) (%, TTA) (%, TTA)

CCly 0 / n/a n/a
Benzene O 23.8 40 59.5
Toluene 0.37 30.6 37 82.6
CHCl; 1.04 / n/a n/a
i-PrOH 1.56 17.2 29 59.2
CH:Cl> 1.6 / n/a n/a
CHsOH 1.7 2.9 13.7 21.2
THF 1.75 10.7 33 324
EA 1.78 7.1 13.6 52

Acetone 2.88 7.1 23 31

CH:CN  3.92 12.6 53.8 234
DMSO 3.96 12.9 52.9 24.4

69



The computed intrinsic quantum yiettbncerns the competitive deactivation
pathways of the excited energy of the antenna with energy transfer, compared to directly
exciting the Ln(lll) center without involving the energy levels of the antefina values
are in an apparent trend of decreasing intrinsic quantum yield with increasing solvent

polarity.
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Chart 3. 4 Luminescence quantum yields of EuL3 in various solvents

Thep-p interaction of benzene/toluene molecules and the ptadantate ligand
is an important factor that imparted rigidity to the complex in solution state, minimizing
vibrational energy loss. The inability of the solvent molecules to coordinate also
minimizes norradiative quenching by oscillators, which iscatke case for isopropanol
and tetrahydrofuran, as their molecular size may be too large to coordinate. In other
solvents, the quantum yield decreases noticeably as the solvent coordinating strength

increases, indicating that noadiative quenching by sant oscillators dominatesff

70



transition decay. The same observation that the most polar saleemdt have the lowest

value of intrinsic quantum yiesds consistent with the luminescence lifetimes.

One would notice that in acetonitrile ab#1SO, the ntrinsic quantum yields are
indeed higher than in negpolar solvents, the same exception was observed in
luminescence lifetimes but not overall quantum yields. The results imply the excited
energy at the excited statesloé antennaas a larger probaliii of undergoing radiative
decay. It is postulated that the strong dipdileole interaction between the solvent
molecules and the -A structure would lead to a stabilization effect similamptp
interaction and reduces the flexibility of the moleciNete that excitation of the TTA
does not lead to a charge transfer process henceph& Btructure would be obtained,
which justifies the postulate while the poor sensitization at 390 nm excitation is due to re

distribution of electronic density of the®A structure.

The sensitization efficiency is a ratio of the intrinsic and overall quantum yield,;
while simple, it represents the extent of excited energy loss prior to energy transfer to the
excited states of Ln(lll) upon photoexcitation of the antenima Table 3.3, the
sensitization efficienciesxhibit a different trend than the intrinsic quantum yieldse
efficiency is quite high in benzene and toluene, reasonably due to the rigidity leading to
more efficient energy transfer. In polar solventsytyh, the sensitization efficiencies are

similar and are rather independent of solvent polarity coordination strength.
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Table 3.4 Overall and intrinsic quantum yield and sensitization efficiency of EuL3 (ILCT
Excitation)

Q. Q“"tn Hsens

Solvent m(D)
(%, ILCT) (%, ILCT) (%, ILCT)

CCly 0 31 43 75
Benzene 0 32 53 61
Toluene 0.37 30 51 59
CHCl; 1.04 18 46 37
CHCI: 1.6 6 27 22

Theabsolute overaljuantum yields oEuL3 at excitation of the ILCT bandere
also measured using an integrating sphere. Solvents in which the comgdekle to
show negligible interference from ligand fluorescence were used for measurements and
the resultsincludingthe calculated intrinsic quantum yields and sensitizatiooiefities
are summarized above in Table 3 e absolute and intrinsic quantum yields of benzene

and toluene are quiwmilar.

Compared to excitation of TTA, the overall quantum yields were similar as well,
scientifically confirming the similar intenséts observed in the emission spectra in these
two solvents. The sensitization efficiencies are quite different, though. Aromatic in nature
and with 0 and 0.37 net dipole moments respectively, the interactions between benzene,
toluene and the planar tridetgdigand with ICLT character is believed to be very similar,
neither having any perturbation towards the lone pair electrons dhNkaiethylanilinyl
nitrogen atom. Alternatively, when the chromophore of interest is the TTA, the interaction
between thesolvents and the TTA molecules should be different, according to the

sensitization efficiencies in Table 3.3. The enhanced value in toluene led to a higher
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overall quantum yield in spite of a lower intrinsic quantum yield. It is postulated that the
aromatc thiophene moiety on TTA may interact differently with the benzene and toluene,
in which certain nosradiative quenching processes is facilitated by the former and not

the latter, resulting in the discrepancy.

The absolute quantum yields of the chloridas®lvents demonstrated a clear
relationship of stabilization of the polar ILCT ground state with solvent polarity. As the
dipole moment increases, the ILCT ground state is further stabilized and the mismatch
between energy levels increases; this coultebBected in the gradually drastic decrease
in the overall quantum yields as well as the sensitization efficiencies in from carbon

tetrachloride to dichloromethane.
Emission Spectra (Sm(lll))

The emission spectra for the Sm(lll) complexes were measured with the same
three excitation wavelengths, as the project intended to compare the sensitization of
Sm(lIl) luminescence with Eu(lll) due to their proximal emitting states (Figure 3.1). The
visible “Gs;2 A ®Hjtransitions were obtained by antenna effébe £f transitions of] =
5/2,7/2,9/2, 11/2re found near 563, 599, 646d704 nm, with minute shifts in various

conditions.
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Table 3.5 Asymmetry ratio of SmL3 under two excitation wavelengths in different

solvents
SML3 R SmML3 R
Solvents m(D)
(I =350 nm) (I =390 nm)

CCly 0 10.8 12.8
Benzene 0 10.6 10.2
Toluene 0.37 10.7 10.5
CHCl; 1.04 8.8 6.8
i-PrOH 1.56 2.8 /
CHCI; 1.6 54 3.8
CHsOH 1.7 3.0 /
THF 1.75 5.3 /
EA 1.78 3.7 /
DCA 1.8 4.6 /
Acetone 2.88 2.7 /
CHsCN 3.92 4.7 /
DMSO 3.96 2.1 /

Excitation of the TTA at 330 and 350 nm were also able to sensitize Sm(lll)
luminescence with little residual TTA fluorescenSemilar toEu(lll), it also showed no
intensitydependence with solvent polarity. Sensitizatveas also observed when the
ILCT band was excited at 390 nm in npalar solvents, whereas intense ligand
fluorescence was observed in polar solvents. Thesdstrerere consistent with the
europium(lll) complexes, proving that similar energy transfer pathways were undertaken

by the excited energy to sensitize both Eu(lll) and Sm(lII).
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http://lumpac.pro.br/
http://www.jobinyvon.com/usadivisions/fluorescence/applications/quantumyieldstrad.pdf
http://www.jobinyvon.com/usadivisions/fluorescence/applications/quantumyieldstrad.pdf
















