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Sommario

Le singolari proprieta delle transizioniffnei complessi trivalenti di Lantanidi

sono la principale ragione delle crescenti applicazioni nel campo del biosensing,
dove la lunga durata di emissionk bande di emissione nitide aciimente
riconoscibili,| 6 ath differenza energetidaa le radiazioni assorbite ed emesse

oltre a brevi tempi di vita delldluorescenza& o n s e nt 0 n\antdggioedn o r me
isolare il loro caratteristicos egnal e di iresideaatafluoreseenza al | 0
di fondo dei campiorbiologici.

Inoltre, i complessi luminescenti di Eu(lll) e (Th) sono i candidati piu impiegati

a causa della bassa sensibilita del loro stato eccitato agli effetti di spegnimento
vibrazionale causati da oscillatori OH, NH o CH, spesso presesite soluzioni

per il campo defimaging.

Alla luce di cig i complessdi Eu(lll) e Th(lll) sono stati ampiamente sfruttati

come sensorper speciemetabolichenel rispetto delle condizioni fisiologiche,
consentendo il rilevamento dilevanti biomarcatori clinici nella diagnostica
biomedica e nell'imaging.

Pe questi scopi,unéelevata resa quanticali luminescenza el idtensita di
rispostasono indispensabili L6el evata intensit”™ del seg
presenza di opportuni ligandaromatici tramite I'effetto dell'antenna, € é
solitamentecorrelata alla concentrazione dell'analita bersaglio.

In questo progetto di dottorato, unauovalibreria di complessiidrosolubili a

base di Eu(lll) e T@ll) costituiti da un nucleo comunehirale di 1,2-
diamminecicloesano (DACH) e statantetizzata con successo, completamente
caratterizzata (anche in soluzione) e impiegata lgerilevazione di importanti
bioanaliti quali: bicarbondo, L-lattato, albumina e citrato principalmente
attraverso luminescea totale (TL) e luminescenza a polarizzazione circolare
(CPL). Questi analiti sono i principali costituenti del liquido extracellulare, come

il siero umano.



Abstract

The unique properties offftransitions in trivalent lanthanide complexes are the
understandable reason of increasing applications in biosensing field, where their
long emission lifetimes, the sharp and easily recognizable emission bands in
addition to the large shift between the absorbed and emitted radiation besides a
shortlived backgound fluorescence permit the great advantage to isolate their
emission signal from the undesired background fluorescence of the biological
samples.

Furthermore, luminescent complexes of Eu(lll) and Tb(lll) are the most employed
candidates due to the lowerssitivity of their excited state to vibrational quenching
effects caused by OH, NH, or CH oscillators, frequently present in solution and
imaging environments.

For these reasons, Eu(lll) and Tb(lll) complexes have been extensively exploited
as sensors ofpecies in physiological conditions, by allowing the detection of
relevant clinical biomarkers in biomedical diagnostics and imaging.

For these purposes, a high luminescence emission quantum yield and overall
luminosity (or brightness) are strongly requireand the intensity of the
luminescent response, that it is enhanced with heteroaromatic ligands via antenna
effect, is usually correlated to the concentration of target analyte.

In this PhD project, a library of new water soluble Eu(lll) and Th(dmplexes
based on the chiral fragment 32¢aminecyclohexane (DACH) has been
successfully synthetized, completely characterized (also in solution) and employed
for analytical detection of important bimnalytes such as: bicarbonate actate,
serum albunm, and citrate through mainly total luminescence (TL) and circularly
polarized luminescence (CPL). These analytes are the main constituents of

extracellular fluid, such as human serum.
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CHAPTER 1- Lanthanide luminescence (TL and CPL)

1.1. Introduction

The lanthanide ions range frofanthanum (Z:57) to lutetium (Z:71) with an
electronical configuration consisting of a xenon core and 4f valence electrons,
[Xe]4f". The states originated from different electronic configuration can be
represent by the terd™*'L; in which S and L are respectively the total electron

spin and orbital angular moment, and J denote the total angular moment. The
mixing of the electrons into the levels by considering the contribution of all
quantum numbers are reported in the Russelh@s Coupling scheme, where

the ground state i s! The gpical edergybdiagrafhu nd o s

obtained for each trivalent lanthanides is reported in the Dieke diagram (Figure 1).

404 Gd === Tb Dy Ho Er T_m— Yb 40
p S .'p( 4
35- — = 135
i Pr Nd Sm Eu = __ b= 1
30 e R — 130
' —— == __ = W i
. 251 _— D, o — - 25
'E - ; T § — — E = — 1
D0 e e ey N — 420
’2 ] S : 4 :_0 ‘ Ssz— ASL‘I
~ 161 D, = G D e " 115
I . — = ‘
101 = *, = = - _ ¥, 110
| =— == =T—% 18
{ ——=F — — — — — — — 10
H, 4, °H Sy, 4y °H /

7FCH 887/2 7F6 °H

ES

92 &2

Figure 1 Partial energy diagrams for thianthanide aquo ions. The main luminescent levels are drawn in
red, and the fundamental level is evidenced in blue.

The unique properties of the lanthanide ions are essentially due to their peculiar
electronic structure, where the 4f orbitals are shielfeth the surroundings

thanks to the filled Bsand 58 orbitals. The poor shielding of nuclear charge

of fered by 4f orbitals it I's the <cause
contractiono, i n which the ©6s el ectrons
resulting in a smaller atomic radius with progressincrease of the atomic
number(Figure 2)
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These feature makes more similar the radius of ldod EF* to that one of Y,
by allowing the comparison between the chemical coordination chemistry of

Yttrium and the rare eartHs.

P(r)

' 5*ad" \“‘
® )
N\, core A
\;wuudme'{;/
el

S~
~~

.| L | | 1 L Il | S 2 |
38 46 54 62 70
r(a.u.)
Figure 2: Square of the radial wavefuncfbdkhs for

The lanthanide ions are conveniently represented by sharp and easily recognizable
spectra, due to theintrisic nature of the core orbitals 4f. As the consequence of
the shielding by the core orbitals, the selection rules forbiddfrigahsitions are
weakly relaxed by the surroundings environment, by keeping their atomic nature.
The monochromatic purityfdanthanide emissidn(Figure 3) in complexes or as

free ions could be efficiently exploited in technological applications.

The more stable oxidation state is +3, although +2 and +4 valences are also

possible in particular conditions.

Ln Excited state” Trag/ms” End state’ Lumin. type? Anm® Emission color
Pr Gy n.a. Hy 4.6 P 1300 NIR
'D, n.a. °F; 2-4 P 890, 1060 NIR
Py n.a. *Hy 4-6 F 525-680 Orange
Nd Fan 0.42 e 9/2-15/2 F 1060 NIR
Sm 1Gsp 6.26 °H; 512-1512 P 590 Orange
Eu Dy 9.67 Fy 0-6 P 620 Red
Gd Pan 109 8Sn P 312 uv
Th Dy 9.02 Fy 6-0 P 550 Green
Dy Fgpn 1.85 °H; 15/2-512 P 570 Yellow-orange
Ho st n.a. 2[1 84 F 970, 1450 NIR
°S, 0.37 *Iy 84 F 540 Green
Er Sy 0.66 I 15/2-9/2 F
Miap n.a. Mg F 1530 NIR
Tm Gy n.a. *H;y 6-4 P
Yh Fep 1.2° Fip F 930 NIR

Figure 3. Main luminescent transition of trivalent lanthanide aquo idns.
a)Main excited states; b) radiative lifetimes; c) Range-@éllies; d) F: fluorescence, P:phosphorescence; e)
Wavelengths of the most intense transitions.

The strong attractiorotvard the nucleus not allows the involvement of the orbitals
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4f in the coordination chemistry of theint hus the available o
coordination with @sh,e g gaamdisSda.re the em
The weak influence of the ligands coordination on thérénsitions is attributed

on the lost in degeneracy of thde¥dels due to the weknown crystal field effect.

This leads to a further splitting of the (2J4#t)d degenerate free ion states into

the secalled Stark levels (or crystéield levels). The strength of the crystal field

determines the magnitude of the splitting, its symmetry the number of Stark levels

that arise. The most common geometry is in low symmetry, in this case the free

ion levels split into (2J+1) Stark levels, for J integer.hié tJ values are half

integer, the Kramers degeneracy is still retained, but the maximum number of

Stark levels is (J+1/2). Despite the mentioned effect, the influence of the crystal

field is relatively weak and the splittings are just in the order 60" (Figure

4).

Eu*

arl S

configu-

i sublevels
ration

J-levels

terms

Coulombic spin-orbit crystal field
interactions coupling splitting

Eiﬁ]stﬂrit(a)n4.6 Diagram representing the interactions leading to the splitting of the electronic energy levels of

The absorption of the light by the lanthanide ions involves essentially electric
dipole transitions (EDyvith odd parity and magnetic dipole (MD) transitions. All

4f" states of the free lanthanide ions have the same parity, consequently the f
transitions through electric dipole are
MD dipole transitions are allowed (in pdiple also electric quadrupol€Jable

1).
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Transition? Dipole character” Wavelength range (nm) Relative intensity® Remarks

5D —T"Fg ED 570-585 vwtos Only observed in Cy, Cpy and Cs symmetry

SDp—+"Fy MD 585-600 s Intensity largely independent of environment

Dp—"Fa ED 610-630 stovs Hypersensitive transition; intensity very strongly dependent on environment
5Dy —"F ED 640-660 vwtow Forbidden transition

5Dy —T7Fy ED 680-710 mtos Intensity dependent on environment, but no hypersensitivity

5Dp—"F5 ED 740-770 W Forbidden transition

5Dp—+7Fg ED 810-840 vwtom Rarely measured and observed

2 Only transitions starting from the Dy level are shown.
b ED=induced magnetic dipole transition, MD = magnetic dipole transition.
© vw=very weak, w=weak, m=medium, s=strong, vs=very strong.

Table 1. Overview of the transitions observed in luminescence spectra of europium(lll) compounds.

In the crystal lattice, if a rarearth occupies a site with inversion symmetry, the
transitions between the"4&vels are strictly forbidden as electdipole transition

(parity selection rule). The only possible transitions are the magpipbte
transitions which obey-1 ffrémeJ=0ste |Je0cis i on
forbidden).

On the other hand, if there is no inversion symmetry in the crystal lattiee, t
electricdipole transitions are not so strictly forbidden. The uneven components of
the crystal field are present exclusively when the lanthanide ion occupies a lattice
without inversion symmetry. Under these conditions, those components mix a
small amant of oppositearity wavefunctions (like 5d) into the 4f
wavefunctions, by allowing, even if in low entity, the intraconfigurationdl 4f
transitions. it can be said that the forbiddem#fransitionsteal the intensity

from the allowed 46d transitio®

The °Do-"F, and°Dy-"F4 transitionsin europium (I1l) ion, particularly sensitive to

the loss of inversion symmetry, are called forced hypersensitive electric dipole
transitions. As already mentioned, the weak effect of the ligands coordination
causeshe crystal field effect. With this in mind, the trivalent Europium ion is one
of the most used lanthanide for many reasons. Firstly, since the groundFate (
and the major emitting excited stat®¢) are nordegenerate, they are not splitted

by the crystatfield effect 2J+1, and consequently the interpretation of the
experimental absorption and luminescence spectra are facilitatedt, the main
advantages of the Europium trivalent ion is the pure and single transition from the
notsplitted emiting excited levePD, (J=0) to the acceptor IeveﬁE(o_e) resulting

in more defined and recognizable transitions, useful for obtaining structural

information.

16



In this contest, theDoY 'Fo transition is useful for the determination of the
presence of neequivalent sites in a host crystal or for determination of the
number of different europium(lll) species in solution, because maximum one peak
is expected for a single site or species, uthe nordegeneracy of th& and

Dy levels

The intensity of the hypersensitive transitioBoY 'F, or the ratio R of the
intensities of théDyY ‘F, and®DyY 'F; transitions, [R= RDoY "Fo)/I(°DoY "Fy)]
is often used as a measure for #sgmmetry degreef the E(J* site. A dominant

hypersensitive transition, connected to a low symmetry around the Eu(Ifl) ion.

In view of the poor probability of the forbiddeff transitions, low molar

absorption coefficients (not above MI* cm) were unfortunatelybserved. A

direct excitation of the lanthanide ions could be possible by employing excitation

source with intense energy, condition not always viable, especially for application

in the biological field. The low efficiency of thef transitions could bewercame

with an indirect excitation source, upon excitation of an organic chromophore
(sensitizer or antenna) followed by the transfer of the excitation energy to the

|l ant hani de i on. The antbnodeffecipracmade s g si s ckreor

represetation is given in the Figure 5.

a
-

EANT N AN N AW A

NR ET'Q_}\

VA AN A AN W S WAV ALY
-
™
=
o

GS,

Figure 5. Schematic diagram othe antenna effect. Aabsorption, F fluorescence, P phosphorescence, L
i luminescence, ISCintersystem crossing, ETenergy transfer, BT back energy transfer, NRnon
radiative deactivation S first excited singlet staté] i lowest excited triplet state, Gyround state, f
excited level of the metal.

In 1942 Weissman discovered that intense nmdateredluminescence was

detected for Eropium(lll) complexes bearing salicylaldehyde, benzoylacetone,

17



dibenzoylmethane and met#robenzoylacetone upon excitation within the
intrinsic absorptiomegion of the organic ligands.

Upon UV excitation of the ligand, the energy it is transferrethéoexcited state

'S state. This first condition implies high values of molar absorption coefficient of
the ligand (). In literature, Parker and amorkers reported a Elicomplex
possessing avalue of 1500880000 M* cm* at 337 nm?°

Afterwards, theexcited organic molecule could undergo through different
pathways: a) fast internal conversion to the lower vibrational levels otShe
state, for example upon interactions with solvents molecules; b) radiative
deactivation to the ground state (F, fllemence, & ¢ or c) via norradiative
intersystem crossing from the singlet stai¢oShe triplet state 1 This level can

be deactivated radiatively to the ground stajdySthe spirforbidden transition

T.Y &phosphorescence). The latter conditis particularly favored in Gd

ion. It is worth pointing out that the ff transitions of G&" are located at high
energies due to the extreme stability of its 4fidlid f-shell (f'), being the lowest
energ fi f transition around 310 nnkor this reason, in Gd(IHpased complexes

no antenna effect from a common organic chromophorasiglly detected.
Accordingly, Gd(lll) complexes are frequently characterized by emissive
intraligand (IL) states at lower energies. Lanthanide ions produneavyatom

effect to ligands by inducing increased $pirbit coupling. Gd (lll) in particular,

due to its heawatom effect and paramagnetism (the so called paramagnetic metal
effect), can induce a strong singleplet mixing in the ligand$*

As aconsequence, the fluorescence of the ligand is quenched since intersystem
crossing becomes faster, with the final effect to enhance the Phosphorescence (P)
process{T Y o)SFurthermore, the radiative lifetime of the triplet decreases and
the phoshorescene quantum yield grows:*°

Moreover, intraligand phosphorescence of several Gd(lll) complegsear also

at room temperatut&'® revealing the importance for technological applications.
As last step of the antenna effect, the triplet state carfératsexcitation energy

to the excited level of the lanthanide ions, completing the ligand to metal energy
transfer (LMET).

18



1.2. The total luminescence (TL)

I n coordination compooundshe tlhaen tohvaenriadlel |eu
is strictly related to the capability of
and transfer the excitation energy to th
expressed i(la tamel dguati on

& - ¢ Q 86
z— z- QO
6 - z - z- Q1

The exqtuearnntaulmo owiealad | [DaunBnogh@Byess. la
and),il.ce. numb eprh od fo mebietrt eodf i fh,c iidse nd u ep htod
the product of the oD@hndttolgdabat praignetdef
(equattimamt lian turn i s equal to e intri
mul tiplied by the effi cd eancdy boyf tthhee e fnftiec
of the energydditeaqmsfel) processes,

The energy transfer process could takes
which involve direkellyi gordexand edheastax i

the |l ant'hanide i on

One mechanism is called exchange energy transfer mechanism and requires the
superimposition between the donor and the acceptor orbitals. The overlap between
the emission spectrum of the donor (ligand) and the absorption spectrum of the
acceptor (LfY' ion) (gectral overlap) is also required, as in the case of dipole
dipole interaction, which is the second quite common process on the basis of
energy transfer. The efficiency of the exchange process is ruled by the ratio 1/e
where r it is the distance lanthdaiantenna. For this reason, the mechanism is
active in a very short range of lanthara@enna distances.

ET process is due mainly to a dipalgole or dipolemultipole interactions, when
involves a singlet excited state of the ligang.(S

On the cont@ry, when the Texcited state is involved, the exchange interaction

dominates the ET process. This is due to thetenic spin selection rulés.
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The probability of the ET process via dipalgpole interactions (Forster
mechanism) is related to additednfeatures such as: i) probability ofdd
transitions of the donor and the acceptor and the refractive index of the medium.
As the distance dependence is described By where r = distance lanthanide
antenna, this interaction is efficient in a longange & lanthanideantenna
distance$!

According to the aforementioned spectral overlap, in order to have an efficient
energy transfer from the triplet state to the lanthanide, the triplet state should be
located at least 1500 ¢t but preferably 2000 t8500 cmi* above the emittig

level of the lanthanide ioh.

In particular, the undesired thermal repopulation at room temperature of the T
can be avoided with an energy gap betweeradd the acceptor level of the

| anthani de "#Pon O 1850 cm

In the case of too low energy difference between the triplet level and the excited
lanthanide level, an undesirable back transfer (BT) can occur by drastically
decreasing the energy transfer efficiency. On the other hand, if the energy of the
triplet levelis below the lowest emitting level of the lanthanide ion, the energy
transfer will not take place at all. With this in mind, the lanthanide luminescence
in coordination compounds is therefore highly sensitive to the energy position of

the triplet level othe ligand.

In the case of the most used lanthanide ions, the acceptor excited state is 20400
cm* for the D, of the Tb(Ill) ion and 17200 cthfor the °D of the Eu(lll) ion.

For the aforementioned reasons, the energy for the triplet should be agastd 2

cm’ for the optimal energy transfertothiB,0f t he Tb (1 1 1) i on
cm* for the optimal energy transfer D, of the Eu(lll) ion.

One of the causes of the rratdiative transitions of the lanthanides is attributed to

the presence irhe environment of some vibrational modes characterized by high
energy. These modes are capable t@adeate the excited states of lanthanide

ions by means of th@ultiphonon relaxatiofMRP) process
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The efficiency of the MRP process is dependent oretiexgy gap between the
emitting level and the one just below of the lanthanide ion. MPR is important if

the energy gap is bridged byfethan four vibrational quanfgigure 6)

25,000 Q=N s
X - 503
E/cm”
- 5D2 v=4 _V=7
20,000 SD‘ —_ v=6
B v=3_ v=5
- :
15,000 - { =4
;v-2 w=3
— =2
fv=1 — ¥
10,000 : i
§v=0 w=0
soo04 P11 ’F‘5
I
JE=

Figure 6. Radiative transitions of Eu(lll) and nemadiative quenching through-8& and OD bonds

The °Do emitting state of europium is at 12000 tmbove the highesF; level.

This energy gap is covered by threeHOvibrational quanta (vibrational energy
3600 cnt). On the other hand, for the intrinsic nature of the borB,@he
vibrational energy is lower, and in the case of the deuterium oxide the MPR is less
efficient since five vibration quanta of-D vibration (2200 cri) are necessary to

fill the energy gapf europium. For this reason, water molecules are particularly
effective in the nowadiative quenching of lanthanide excited states.

The number of water molecules bound to the metal (g, hydration number) can be
determined usinglo r r o ¢ k 6 $EquatiqnB)>**0 n

o6z Y0 6 Q&

e : : p p

Yo 0 0 T—T—Qﬁj

where A and B are empirical constants, K

lifetime in water and in deuterium oxide.
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Usually, in biological applications, the metal ion is surrounded by several
biomolecules and for this reason, in addition teHQvibrations of water, other
vibrations, such as 4 (3300 cn) and GH (2900 cn), could significantly
contribute to vibrational quenching of (IH) -centered emissioff.

The coordination numbers of lanthanide ions are usually above @handost
common are 7, 8 andbut they could reach also 2.

In aqueous solution, the coordination number is usually 9 for the early lanthanides
(La-Sm) and 8 for the later ones (Iy), with intermediate lanthanides (Eu, Gd
and Tb) showing either of both or mixtures in equilibrivkrecent stud$/ shows

that n = %or all [Ln(H»0),]** in aqueous solution, apart from Ln = Lu (n = 8).

As previously mentioned, one of the peculiar properties of the lanthanides are the
longer lifetimes respect to that one of the traditional fluorophore. The intensity of
an emission tmasition is usually described in terms of the spontaneous emission
probability (or Einsteindés coefficient o
can be calculated for both MD and ED transisidrough the Jud®felt theory?®

The radiative lifetime ofthe mi t t i ng | ev el (JO6) is charac
ion and it is represented by the foll owi

lower-lying levels.

P

Q
B o ¥

Unfortunately, the observed lifetimes are perturbed by sevadaitional

pathwaysofde x ci t ati on of the emitting | evel J

Upscan be written as depicted in equation (5):

T Qp

where W is the rate of the involved procetke relative importancef radiative
and notradiative transitions is usually expresses by thdiative quantum
efficiency d, al so caleg®,d. ent numbec qtiae

photons / numberby ft haeb sloa mbtehda rpihdbe o n s
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T - Q &p

In an ideal case where the contribution gfjpf¥and Werar e equal ood 0O zer o

i s e g u adnd theadiativegeiantm efficiency should be equal to 100%.

According to the equationblis possible tocorrelate thel i with the G, for

calculatingthe secalleds e ns i t i z at(igenn (eefqgf.i c7i)eency

— -z _ 'Qﬁ(

Inanidealcasd, he efficiency ter msd odnd hbey itnhter
energy trandgfaerre peaouweelsstes,1 (usually the

guant uiysyhcedldd be equal to e intrinsic

One of the most common methods for determirtimg total quantum yieldnh
solution involves the use of standards. In the literature, the common employed

standards are quinine bisulfate, fluorescein, and RhiogabG>°

In order to get a reliable value of quantum vyield it is necessary that the emission
specta are corrected.In the modern instrument this operation occurs

automatically; this correction takes into account that the output of the xenon lamp
is not uniform throughout the entire wavelength range and gratings change their

efficiency.

The equation for calculating thetal quantum yield iseported in the following

equation(8).

5 2°0z¢
5 z07¢

z 'Qﬂ_p

The termu is referred to the unknown sample, andgierm to the standard. A is

the absorbance at the excitation wavelength, F is the integrated emission area
across the band, and n is the index of refraction of the solvent. In partigigar n
that one of the unknown sample andsattributed to the staards solvent, both

at the sodium D line and the temperature of the emission measurement. It is

necessary to underline that for this measure, the values of the absorbance of
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sample and standard must be similar and small (e.g. below 0.10). Furthermore, it
should be more appropriate if the unknown sample and standard are in the same
solvent. If this is not possible, a correction for the difference in refractive s;dice

of the solvents must be dorfe.

Suitable standards for comparative determination of lurnérese quantum yields

in solution are reported in Table 2.

Region Compound Solvent. o

270-300 nm Benzene Cyclohexane 0.05+0.02
300-380 nm Tryptophan® Ho0 (pH 7.2) 0.1410.02
300-400 nm Naphthalene Cyclohexane 0.2310.02
315-480 nm 2-Aminopyridine 0.1 N HoSOy4 0.60£0.05
360-480 nm Anthracene Ethanol 0.27+0.03

400-500 nm 9,10-Diphenyl- Cyclohexane 0.90+0.02

anthracene
400-600 nm Quinine 1 NH804 0.546
Bisulfate
600-650 nm Rhodamine 101 Ethanol 1.040.02
600-650 nm Cresyl Violet Methano! 0.54+0.03
Tabl e 2. Fl uor escenc eimvariaus emissionyange bt@5°€.ef er ences

Alternatively, the fluorescence quantum vyield can be measured directly by
employing optical devicesuch as the integrating sphere (also cdléaficht
sphere). An integrating sphere is a spherical cavity with higldftective

(diffusive) surfaces that allows spatial integration of incoming light flux.

These materials show diffused reflectance distetbunearly according the
Lambert law and the total value of reflectance is between 92 and 99 % for
wavelengths from UMB to near IR; it means that during each reflection a

negligible pecentage of light flux is lost:

1.3.  Circularly Polarized Luminescence (B

The circularly polarized luminescence spectroscopy was exploiting since 30 years
ago.CPL is a chiroptical technique which is attracting a great interest due to its

wide range of applications in technological and biomedical fféitfessentially
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by combining the sensitivity of the luminescence compounds with high brightness
and the specificity of chiroptical response.

The possibility to observe the influence of the meialsurroundings on the CPL

and CD (Circularly Dichroism) spectra represent dditeoonal mean to study the
complexity of the interaction between

lanthanide luminescent compounds as probes.

The sophisticated and expensive instrumentations do not allow a routine use, for
these reasons, the use betCPL and CD spectra it is mainly performed by
specialized research group. Furthermore, besides to the above mentioned reasons,
some drawbacks like the presence of optical artefacts from various source, and
electronic problems associated to weak diffeeesignals make more challenging

their use as common techniques.

In order to understand the circularly polarized luminescence phenomenon, it is
fundamental to discuss the basics of the light polarization.

The unpolarized light is an electromagnetic wave constituted by an electric (E)
and magnetic H field perpendicular each otlwed also perpendicular to the axis

of propagation. Both fields are oscillatintpng differentrandom directiori’

In the linealy polarized light, the electric field can be described as a vector which
oscillates along one direction, perpendée to the axis of propagatith(Figure

7).

Figure 7. Schematic representation of a linearly polarized light.

In a linearly polarized lightthe electric field is described by a vector that
according to the parallelogram rulean be representedy thesum ofothertwo
vectors describing the electric fieldstafo circularly polarized radiationsne left
and the otheright-handedFigure 8a).
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When the light interacts with a chiral material, as well as oscdmplexes based
on the chiral 1,xyclohexanediamine, one of the two circularly polarized
components (left or rigittanded) ispreferentiallyabsorbedand thus the vector
describing the electric field of th@abmponent undergoes change of the length
The resulting vectorial sum gives rise dovectorwhich is circularly polarized
(Figure 8b). This is the principle of theircular dichroism The same priciple
applied to the emission of light allows us to understanccifoailarly polarized

luminescence

]
\
'
'
'
'
'
'

'

(a) b e

Figure 8. a) Linearly polarized light. The electric vector is composed by the sum of two \eftemd right-
handedwith the same length. b) Circularly polarized light. The electric vector is composed by the sum of two
vectorsleft andright-handedwith differentlength.

When CPL light is emitted, one component of the CP light is preferentially
emitted, giving rise t@a different emission intensity of the two compondpts 9)

where | and k are respectively the left and right circularly polarized light.

Y& 'O 'O QR

The measurement of absolute emission intensityequire long time and
procedures, for this reason the CPL spectra are exprassgepicted in equation
(20):
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Qe m

wheregum is dimensionless and it is known lasninescence dissymmetry factor.

It is connected to the degree of the polarization of the incoming light.

In the presence of chiral ligands,m is different from zero; for the best of our
knowledge the values for Europium (lll) and Terbium (ldpmplexes are
commonly included around 0.1 and 0.5, while for the traditional organic

fluorophores the valuesalimited between 0.01 and 0*1%°

In such cases, even though the greatade distribution of a mixture of chiral
molecules is racemic, it gossible to get the CPL signal if the excited state can be
enriched in one of the enantiomers. This experiment was reported in the work of
C.L Maupin and J.P Rieft.

Since the commercial instrumentation is poorly available, all the CPL
measurements praged in my PhD thesis have been recorded with a homemade

f*3available at Pisa University, in the research group of

spectrofluoropolarimeté
the Prof. Di Batri.

The basic configuration of device dgsed to get CPL is reported imgkre 9.

A laser systenor UV lamp coupled with an excitation monochromator or a
combination of filters is employed as the excitation source. As already mentioned,
some optical artefacts could interfere during the measurements, commonly the
presence of linear polarization in tenission. With this in mind, the signal
emission is collected at an angle of 90ffbm the direction of the excitation

beam, in order to avoid the detection light from the excitation source.

The luminescence from the chiral sample is first directed tiw@ughotoelastic
polarization modulator (PEM), afterwards in a linear polarizer composed by
focusing lenses or filters to prevent birefringence. The role of linear polarizer is to
ensure that the detected light entering the monochromator is always mblarize

the same direction, by preventing artefacts associated with the emission detection

that it is polarization sensitive.
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The PEM is made of an isotropic, clear optical material that generates an
oscillating birefringence at a fixed frequency. This creat@eriodic phase shift at

a frequency, that it is capable to convert either right or left circularly polarized
emitted light to linearly polarized light oriented at 45° to the PEM crystal axis. In
this way, both PEM and linear polarizer permit the pdsalternately left then

right circularly polarized light.

Afterwards, the emission light is detected by a photomultiplier tube and the

originating signal is sent into an amplifidiscriminator.

PEM
Y controller

V'l Linear polarizer

Emission
maonochromator

EMT - - - -3 DC voltage
@ = = = =3 TTL pulse to
gated photon counter

Amplifier/discriminator

Sample cell

PEM

Focusing lenses Filter

[Optics for generation of
circularly polarized excitation]
Ald-wave plate

Linear polarizer '
]

) Laser
Mirrar

fow e e, == Tocomputer

Figure 9. Schematic diagram of an instrument designedetmsare aicularly polarized luminescence
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1.4. EXPERIMENTAL RESULTS Effect of the
counterion on Circularly PolarizedLuminescence
(CPL) of Eu(lll) and Sm(lll) complexes

In this contribution,both enantiopurenitrate [LnL1(L2)2(H,0)] A Nabd triflate
[LNL1(L2)(H,0) ] SGF Eu(lll) compledes; with L1 = NN éis(>
pyridylmethylidene)  1,2(R,R+S,9-cyclohexanediamin&*® L2 = 2
thenoyltrifluoroacetylacetonate (commercially available) and one chiral
tetradentate Schiff base NNNNg&nd (Figure 10 have been synthetized and
characterized, by usinglso chiroptical technique such as Electronic Circular
Dichroism (ECD) and CP[Figure 17.

With the aim to enlarge the repertory of Samarium complexes exhibiting CPL, a
similar study has been performed on analogous Sm(lll) complexes (Figure 13).
The encapsulation of the water insoluble and chira(l[E){L2)>(H-O) ] SGF
complexin PLGA nanoparticles entails a potential advantage, ithéte use of
CPL spectroscofi§as a tool to investigate such biocompatible material.

Since the chiral cyclohexandiamine has been employed in both enantiomeric
forms, it has been possible to exploit trenoparticles PLGA.N(III) -complexes
based on LZ= 2-thenoyltrifluoroacetyacetonatepven for CPL measurements.
Even if the encapsulated complex has not shown CPL activity, further CPL
studies on the single molecule revealed an good CPL activity andexpected

role of the counterion (triflate or nitrate) awd the solvent (dichloromethane,
acetonitrile and methandlj

In all cases, both ligandwe capable to sensitize the luminescence of both metal
ions upon absorption of light around 280d 350 m. Despite their similar Total
Luminescence (TL) and ECD spectra, the CPL activitythe complexes is

strongly influenced by a synergistic effect of the solvent and the counterion.

For this contribution, a recent paper reportedvgda et af® has inspied our
work. In this context they provettat the chiralgeometric environment around
Eu(lll) and also its CPL signaturam undergo a substantial chamggpending on
the addition of further achiral molecules [acetone rgghenylphosphine oxide
(tppo)] which coordinate the metal iott. means thaa simultaneous contribution
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of chiral and achiral ligands can be taken into account when chiroptical activity
such as CPL is concerndd.principle, this is quite unexpected, since usually only
chiral moleculesare capable to determine the chiroptical properties of a

compound.

7
\N‘ o O
l S
|\f L2
N\
L1 P

— Ln=Eu®*, sSm% -
X= NO3-, CF3803-

Figure 1Q Molecular structure of thdigands and Lnrcomplexes under investigation in the present

contribution. Ln = Srmand Eu; X = NQ and CRSG;; n = 0 or 1. Both enantiomers of the ligand have been

employed.

1.4.1. UV-visible Absorption and Electronic Circular Dichroism
(ECD)

Since the U\visible electronic absorption spectra and ECDctjaeof the triflate
complexes [EuLl(L2),(H.O)]CRSO; and [Sni1(L2),(H.O)]CRSOs) in
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acetonitrile are perfectly superimposable, the effect of the employed metal ion

(Sm or Eu)on this chiroptical propertis completely negligibl¢Figure 11).
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Figure 11.UV-visible absorption (left) and ECD (right) spectra of [EW(L2),(H,0) ] &O;Ktop) and
[SmL1(L2),(H,0) ] #&O;kbottom)in acetonitrile. The spectra of tH,Renantiomers are reported in blue

while the spectra of th8,Senantiomers are reported indeBoth U\Vis and ECD spectra are normalized

on the maximum absorbance value of the band centered at 350 nm.

The absorption band around 350 nm can be attributed to the diketeméteed

singletsinglet -

around 280 nm is due to the electronic transitions involving both the pyridine ring

-"* enolic transitiol® whereas the absorption band peaking

and the conjugated C=N group (i.e.*, n-"* transitions) of the ligant1.*® The

sign of the ECD bands reflects the stereochemisttii@thiral ligand_1, which

is also capable to favo a preferred sense of twist of the diketonates, as
demonstrated by a dichroic signal around 350 nm, where only the absorption of tta
takes place

Some slight differences either in the absorption and ECD spectra are detected
upon changing the solveritom acetonitrile to methanol and by using nitrate

instead of triflate as counteranion (Figdtz14).

31



14 0.0015

1 [EuL1(L2),(H,0)]CF:S0s
1.0
0.0005
- g
E o 3
2 S 00000
E J ] \f\/\/
5 °° E
z 2 00005
04|
ot -0.0010
00 . . . -0.0015 . y ;
200 250 300 350 400 200 250 300 350 400
A/nm A/nm
14 0.0015
2] [SML1(L2),(H,0)]CF:SOs o
1.0
0.0005
< osd 3
g 3
N 8 o000
3 . 8
g 06| E
z ] S 00005
-0.0010
02 [SmL1(L2),(H>0)]CF3S0;
0.0 T T T -0.0015 ¢ T T T
200 250 300 350 400 200 250 300 350 400
i nm Alnm

Figure 12 UV-visible Absorption (left) md ECD (right) spectra of [EUL(L2),(H,O) ] &O;Ftop) and
[SmLL(L2),(H,0) ] &0,/ methanol.

Figure 13 UV-visible Absorption (left) and ECD (right) spectra fEuL1(L2),(H,O) ] A Nt@p) and
[SmL1(L2),(H,O) ] A (dd&@vn)in acetonitrile (thecomplexes with R,R stereochemistry are chosen as
representative).
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