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Abstract
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Lanthanide (Ln) ions find use in cellular detection and probing of many analytes, owing to their
unique photophysical properties. However, to make the Ln emission efficient, one has to develop
a light-harvesting antenna, which is an organic chromophore that absorbs and transfers energy
to the Ln. By exciting the Ln complex, photoinduced electron transfer (PeT) from the antenna
to the readily reducible Ln might occur. Usually, PeT is quenching Ln emission intensity. Thus,
the work herein aims to evaluate and distinguish sensitising and quenching pathways in Ln
emission to improve the brightness of Ln luminophores for biological applications.

After presenting an introduction to Ln photophysics and sensitisation in chapter 1, chapter 2
describes our work on Ln octa- and nonacoordinate complexes bearing the same antenna. We
demonstrated that the azide and alkyne reactive groups could be attached to the antenna to make
Ln complexes bioconjugable. The saturation of the Ln coordination environment resulted in
intraligand PeT, which cancelled out the benefits of eliminated quenching from the coordinated
water molecule.

To study the effect of photoredox quenching in Eu emission, we focused on tuning reduction
potentials for a possible response in luminescence properties in chapter 3. Increasing positive
charges of complexes destabilised Eu3+ and decreased Ln emission quantum yields. This
behaviour was due to PeT quenching of the more readily reducible Eu under similar sensitisation
conditions. Fluoride binding boosted Ln emission intensity in the least Eu3+-stabilising ligand
field.

In chapter 4, the role of a tertiary amide linker between the antenna and the metal binding site
was examined. For poorly emissive coumarin-appended complexes quenching via photoinduced
reduction of Eu from the antenna was unlikely, while in carbostyril-sensitised complexes PeT
was efficient.

Ln compounds with lower ligand denticity allowed better fluoride detection via the increased
effect of PeT quenching and the larger number of water molecules, as shown in chapter 5.
However, the presence of cyanide significantly quenched Eu emissions of the same complexes,
making it possible to distinguish cyanide from fluoride.

Chapters 6‒7 were devoted to the sensitisation of Yb luminescence. The NIR emission
intensity increased marginally in the complexes with efficient PeT. The main sensitising
effect originated from phonon-assisted energy transfer favourable in our Yb complexes. When
picolinate donors stimulated intraligand PeT, detrimental to the ligand fluorescence in Yb
compounds, Yb emission was noticeably more intense than in the first series without picolinates.

Keywords: Lanthanide, Luminescence, Sensitisation, Quenching, Energy Transfer, Electron
transfer

Salauat Kiraev, Department of Chemistry - Ångström, Synthetic Molecular Chemistry, 523,
Uppsala University, SE-751 20 Uppsala, Sweden.

© Salauat Kiraev 2022

ISSN 1651-6214
ISBN 978-91-513-1664-2
URN urn:nbn:se:uu:diva-489083 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-489083)



 

Уҡыу ‒ энә менән ҡойо ҡаҙыу   
Башҡорт халыҡ мәҡәле 

 
Learning is digging a well with a needle 

Bashkir folk proverb  
  



 



List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

I. Kovacs, D., Kiraev, S. R., Phipps, D., Orthaber, A., Borbas, K. 
E. (2020) Eu(III) and Tb(III) Complexes of Octa- and Nonaden-
tate Macrocyclic Ligands Carrying Azide, Alkyne and Ester Re-
active Groups. Inorg. Chem., 59(1):106‒117 

II. Kovacs, D.,‡ Mathieu, E.,‡ Kiraev, S. R.,‡ Wells, J. A. L., 
Demeyere, E., Sipos, A., Borbas, K. E. (2020) Coordination En-
vironment-Controlled Photoinduced Electron Transfer Quench-
ing in Luminescent Europium Complexes. J. Am. Chem. Soc., 
142(30):13190‒13200 

III. Kiraev, S. R., Mathieu, E., Siemens, F., Kovacs, D., Demeyere, 
E., Borbas, K. E. (2020) Lanthanide(III) Complexes of Cyclen 
Triacetates and Triamides Bearing Tertiary Amide-Linked An-
tennae. Molecules, 25(22):5282 

IV. Kiraev, S. R., Weber R. R., Wells J. A. L., Orthaber A., Kovacs 
D., Borbas K. E. (2022) Analysis of Anion Binding Effects on 
the Sensitized Luminescence of Macrocyclic Europium(III) 
Complexes. Anal. Sens., 2:e202200015 

V. Mathieu, E.,‡ Kiraev, S. R.,‡ Kovacs, D., Wells, J. A. L., Tomar, 
M., Andres, J., Borbas, K. E. (2022) Sensitization pathways in 
NIR-emitting Yb(III) complexes bearing 0, +1, +2, or +3 
charges. J. Am. Chem. Soc. 144(46): 21056–21067 

VI. Kiraev, S. R., Mathieu, E., Kovacs, D., Wells, J. A. L., Tomar, 
M., Andres, J., Borbas K. E. (2022) Improved emission of 
Yb(III) ions in triazacyclononane-based macrocyclic ligands 
compared to cyclen-based ones. Dalton Trans., 51(43): 16596–
16604 

‡ These authors contributed equally. Reprints were made with permission from 
the respective publishers. Papers I–III were previously discussed in the con-
text of a licentiate thesis defence presented on 19 April 2021: Competing Path-
ways of Quenching in Sensitised Lanthanide Luminescence 



Contribution report 

Paper I Synthesised and characterised CF3-functionalised ligand. Con-
tributed to the synthesis of the nonadentate ligand, Ln(III) com-
plexes characterisation and photophysical measurements. Cor-
rected the manuscript and the ESI. 

Paper II Measured extra luminescent and paramagnetic 1H NMR spectra, 
crystallised Ln(III) complexes. Contributed to the chemical char-
acterisation of synthetic precursors and Ln(III) compounds. 
Measured Ln(III) complexes fluorescence lifetimes. Assisted 
with writing the manuscript and compiling the ESI. 

Paper III Contributed to the synthesis and characterisation of new ligands. 
Performed the synthesis, chemical and photophysical characteri-
sation of new Ln(III) carbostyril complexes. Measured 1H NMR 
spectra and cyclic voltammograms of Ln(III) compounds. Per-
formed photophysical measurements with added fluoride. Con-
tributed to the writing of the manuscript and prepared the ESI. 

Paper IV Synthesised and characterised new ligands and their Ln(III) com-
plexes. Measured paramagnetic 1H NMR and photophysical 
properties of new Ln(III) compounds. Performed the control, flu-
oride- and cyanide-added photophysical experiments of Eu(III) 
complexes. Co-wrote the manuscript and put together the ESI. 

Paper V Performed 1H NMR and extra steady-state emission spectros-
copy experiments of Ln(III) compounds. Measured ligand fluo-
rescence lifetimes on ns time scale of Yb and Lu complexes. 
Contributed to the characterisation of compounds, data analysis, 
manuscript writing and ESI preparation. 

Paper VI Synthesised and characterised Yb(III) complexes and model 
compounds. Crystallised Yb complexes and studied their para-
magnetic 1H NMR spectroscopy. Measured extra ligand-based 
emission spectra and lifetimes of Yb(III) compounds. Contrib-
uted to the manuscript writing, data analysis and shaped the ESI. 



Papers not included in this thesis 

VII. Kovacs, D., Kocsi, D., Wells, J. A. L., Kiraev S. R., Borbas K. 
E. (2021) Electron transfer pathways in photoexcited lantha-
nide(III) complexes of picolinate ligands. Dalton Trans., 
50(12):4244‒4254 

  



 



Contents 

1. Introduction ......................................................................................... 13 
1.1 General information on lanthanides ................................................ 13 
1.2 Sensitised Ln(III) luminescence ...................................................... 14 

1.2.1 Origin of Ln(III) emission ..................................................... 14 
1.2.2 Ln(III) luminescence sensitisation ......................................... 16 
1.2.3 Quenching of sensitised Ln(III) emission .............................. 18 
1.2.4 Photoinduced electron transfer in Ln(III) compounds ........... 20 

1.3 Structural characterisation of macrocyclic Ln(III) complexes ........ 22 
1.4 Applications of Ln(III) compounds photophysical properties ........ 23 
1.5 Aims of the doctoral thesis .............................................................. 25 

2. Lanthanide complexes of bioconjugable ligands (Paper I) .................. 26 
2.1 Reactivity of bioconjugable groups ................................................ 27 
2.2 Photophysical characterisation of Ln(III) compounds .................... 28 
2.3 Conclusions ..................................................................................... 30 

3. Ligand-controlled photoinduced electron transfer quenching of Eu 
emission intensity (Paper II) ......................................................................... 31 

3.1 Structural characterisation of LnLMOM compounds ........................ 32 
3.2 Photophysical properties of LnLMOM complexes ........................... 35 
3.3 Conclusions ..................................................................................... 39 

4. Lanthanide compounds with tertiary amide-linked antennae (Paper 
III) 40 

4.1 Synthesis of new ligands and their Ln(III) complexes .................... 41 
4.2 1H NMR spectroscopy studies of paramagnetic compounds .......... 42 
4.3 Cyclic voltammetry of Eu(III) complexes ...................................... 43 
4.4 Photophysical studies of Ln(III) compounds .................................. 44 
4.5 Conclusions ..................................................................................... 49 

5. Analysis of anion binding effects on the sensitised Eu luminescence 
(Paper IV) ..................................................................................................... 51 

5.1 Synthesis of Lc- and Lt-based Ln(III) complexes .......................... 52 
5.2 Solution structures of LnLt and LnLc compounds ........................ 54 
5.3 Photophysical studies of Ln(III) complexes ................................... 56 

5.3.1 Characterisation of new compounds ...................................... 56 
5.3.2 Fluoride and cyanide binding experiments ............................ 61 



5.4 Conclusions ..................................................................................... 64 

6. Competing sensitisation pathways of Yb(III) NIR luminescence 
(Paper V) ....................................................................................................... 66 

6.1 YbLR complexes solution and solid-state structures ...................... 67 
6.2 Ligand-based and 4f-4f emission properties of YbLR compounds . 69 
6.3 Sensitisation pathways in YbLR complexes ................................... 73 
6.4 Conclusions ..................................................................................... 74 

7. Improved Yb(III) emission in tacn-based complexes compared to 
cyclen derivatives (Paper VI) ........................................................................ 76 

7.1 Structural studies of YbLX complexes in solution and solid state .. 77 
7.2 Photophysical characterisation of YbLX compounds in the UV-
Vis and NIR regions ................................................................................. 79 
7.3 Conclusions ..................................................................................... 82 

8. Concluding remarks and future outlook .............................................. 84 

Popular Science Summary ............................................................................ 86 

Populärvetenskaplig Sammanfattning (Popular Science Summary in 
Swedish) ........................................................................................................ 88 

Научно-популярное краткое изложение (Popular Science Summary in 
Russian) ........................................................................................................ 90 

Acknowledgments......................................................................................... 92 

References ..................................................................................................... 95 

 



Abbreviations 

A Absorbance 
Ant+· Antenna radical cation 
BET Back energy transfer 
BeT Back electron transfer 
COSY NMR correlation spectroscopy 
cyclen 1,4,7,10-tetraazacyclododecane 
rion Effective ionic radius 
DBCO-NH2 Dibenzocyclooctyne-amine 
DO3A Cyclen-1,4,7-triacetate 
DOTA Cyclen-1,4,7,10-tetraacetate 
DTPA Diethylenetriaminepentaacetate 
ED Electric dipole 
ET Energy transfer 
EXSY NMR exchange spectroscopy 
hνabs/L,Eu  Energy of absorbed/emitted photon 
I Integrated emission intensity 
IC Internal conversion 
ICT Internal charge transfer 
ISC Intersystem crossing 
𝑘𝑘ET(S1) Singlet-mediated energy transfer rate constant 
𝑘𝑘f,L Ligand fluorescence rate constant 
𝑘𝑘nr,L Non-radiative ligand decay rate constant  
𝑘𝑘PeT  Photoinduced electron transfer rate constant 
𝑘𝑘rad,L Radiative ligand fluorescence rate constant 
HPLC-MS High-performance liquid chromatography-mass 

spectrometry 
Ln Lanthanide 
Ln(II) Lanthanide(II) ion 
Ln(III) Lanthanide(III) ion 
MD Magnetic dipole 
Me Methyl 
MOM Methoxymethyl 
n Refractive index of the medium 
NHE Normal hydrogen electrode 
NIR Near-infrared 



NMR Nuclear magnetic resonance 
PAET Phonon-assisted energy transfer 
PeT Photoinduced electron transfer 
𝑞𝑞 Hydration state of Ln(III) 
r.t. Room temperature 
S/N Signal-to-noise ratio 
S0 Ground state 
S1 First singlet excited state 
SAP Square-antiprismatic 
tacn 1,4,7-triazacyclononane 
T1 First triplet excited state 
TSAP Twisted-square-antiprismatic 
VT Variable temperature 
Δ𝐺𝐺PeT Free energy change of photoinduced electron 

transfer 
Δ𝐸𝐸Coul Coulombic attraction 
𝐸𝐸oxAnt Antenna oxidation potential 
𝐸𝐸1/2
Ln  Ln(III)/Ln(II) half-wave potential 

𝐸𝐸redLn  Ln(III)/Ln(II) reduction potential 
ε Molar absorption coefficient 
𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 Sensitization efficiency of Ln(III) 
λabs Local absorption maximum, absorption wave-

length 
λem Local emission maximum, emission wavelength 
λem Local excitation maximum, excitation wave-

length 
𝜈𝜈 Vibrational energy level 
𝜏𝜏 Luminescence lifetime 
𝜏𝜏D2O Observed luminescence lifetime in D2O 
𝜏𝜏f,L Ligand fluorescence lifetime 
𝜏𝜏H2O Observed luminescence lifetime in H2O 
𝜏𝜏obs Observed luminescence lifetime 
𝜏𝜏rad Radiative lifetime 
𝜏𝜏rad,L Radiative ligand fluorescence lifetime 
𝛷𝛷L Residual ligand fluorescence quantum yield 
𝛷𝛷Ln Ln(III) overall luminescence quantum yield  
𝛷𝛷LnLn Ln(III) intrinsic quantum yield 
𝜑𝜑L Relative ligand fluorescence quantum yield 
𝜑𝜑Ln Relative Ln(III) emission quantum yield 
𝜓𝜓 NCCN torsion angle 
𝜔𝜔 NCCNpy/NCCO torsion angle 

 



 

 13 

1. Introduction 

1.1 General information on lanthanides 
Lanthanides (Ln) are intriguing and attractive chemical elements for many re-
searchers worldwide due to their multiple unique properties. Ln are a group of 
metal elements that occupy the first row of the f-block from La (Z = 57) to Lu 
(Z = 71) in the periodic table. The first representative has given the original 
name of the group “lanthanoids,” meaning “similar to lanthanum,” despite the 
absence of f-electrons in the valence orbitals of La. Nevertheless, “lantha-
nides” is a commonly used term, including La and the 4f elements (from Ce 
to Lu).[1] Together with Sc and Y, they are referred to as rare-earth metals – 
the traditional name of these elements commonly found within the same ores. 
The history of these metals began in the Swedish village of Ytterby with the 
discovery of the mineral ytterbite by the army officer Carl Axel Arrhenius in 
1787.[2] Later on, this ore was analysed by Johan Gadolin, who extracted yttria 
(Y2O3), which contained the first known rare-earth metal.[3] The mineral, sub-
sequently renamed after him to gadolinite, was also composed of Ln.[4] 

Every lanthanide has a stable +3 oxidation state in aqueous solutions. Ex-
amples of unusual oxidation states are Ce(IV) and Eu(II), stabilised due to 
unoccupied and half-filled 4f orbitals, respectively.[5] In Ln(III) ions, the more 
diffuse 5s and 5p orbitals shield the inner 4f orbitals, preventing their interac-
tion with the ligand field,[6] which explains the chemical similarities of these 
elements.[7] The shielding of 4f orbitals also contributes to a smaller effect of 
balancing out the nuclear charge by the 5s and 5p orbitals. Consequently, the 
latter orbitals have a larger attraction to the nucleus across the series, causing 
the shortening of the Ln effective ionic radius (rion).[8] This phenomenon, 
called lanthanide contraction, is observed for 4f ions of the same oxidation 
state and coordination number (CN, Table 1). 
Table 1. Ln(III) electron configurations and rion [Å] with CN = 9.[1] Pm is omitted. 

Most Ln(III) ions are luminescent. The electrons of the 4f orbitals endow 
Ln(III) with photophysical properties different to those of d-block metals. 

Ln La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

(III) 4f0 4f1 4f2 4f3 4f5 4f6 4f7 4f8 4f9 4f10 4f11 4f12 4f13 4f14 
rion 1.22 1.20 1.18 1.16 1.13 1.12 1.11 1.10 1.08 1.07 1.06 1.05 1.04 1.03 
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Ln(III) are nearly unaffected by crystal field splitting,[7] which means that the 
4f-4f electron transitions are not energetically influenced by the ligand envi-
ronment.[9] Moreover, these transitions are Laporte forbidden.[10] As a result, 
luminescence spectra of Ln(III) compounds consist of sharp and line-like 
peaks with local emission maxima (λem) at fixed wavelengths, often called 
“spectral fingerprints.” The molar absorption coefficients (ε) of Ln(III) are 
small (ε = 0.20–12.5 M−1cm−1),[11] and their direct excitation is inefficient in 
solution.[12] These reasons explain why Ln(III) inorganic salts are mainly col-
ourless or of faint colour, unlike those of d-block metal ions. The forbidden 
nature of 4f-4f transitions is also the cause of the long-lived Ln(III) emission 
lifetimes (τ = 10−6–10−3 s).[13] 

Ln(III) luminescence becomes efficient when the 4f ion is coupled to a 
chromophore, serving as a light-harvesting antenna. The antenna has large ε 
(> 104 M−1cm−1) and sensitises Ln(III) emission by the energy transfer to the 
metal centre.[14] This approach combines the benefits of Ln(III) luminescence 
with strong chromophore absorption. A suitable overlap between Ln(III) and 
antenna excited states yields efficient Ln(III) sensitisation. 

1.2 Sensitised Ln(III) luminescence 

1.2.1 Origin of Ln(III) emission 
All Ln(III) except La(III) and Lu(III) are luminescent, as the former has no f-
electrons, and the latter has filled 4f orbitals.[10] Since Ln(III) are polyelec-
tronic, they have multiple configurations of different energetic levels defined 
as microstates.[7] Term symbols of Ln(III) for these microstates are composed 
of the following quantum numbers: 

𝐿𝐿2𝑆𝑆+1
𝐽𝐽 

where S and L are total spin and total orbital angular momenta quantum num-
bers, respectively, and J is the spin-orbit coupling between L and S. The cor-
responding Ln(III) ground and excited states are denoted using their term sym-
bols.[7,12] 

Ln(III) energetic levels were observed experimentally and explained theo-
retically, and extensive work has been performed to attribute the intensities of 
energy transitions between them.[15–17] The 4f-4f transitions are of electric di-
pole (ED) or magnetic dipole (MD) nature.[18] The Laporte rules permit MD 
transitions and forbid ED ones. Nevertheless, in emission spectra of molecular 
Ln(III) complexes, the Ln(III) luminescence is still observed. This phenome-
non is explained by the impact of the ligand field, which facilitates the mixing 
of 4f orbitals with higher electronic states of opposite parity, and relaxes 
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selection rules.[12] The formally prohibited ED transitions become induced ED 
ones that are partially allowed;[10] the lower the symmetry of the ligand field, 
the more likely the effect of induced ED transitions can take place.[12] In com-
plexes of centrosymmetric point groups, the vibronic coupling is responsible 
for lifting the site symmetry; therefore, ED transitions are still observable.[7] 

Figure 1 shows the energy diagram with the lowest excited and ground 
states of several Ln(III).[15,16] Among these ions, Sm3+, Eu3+ and Tb3+ are phos-
phorescent in the visible region, Yb3+ is fluorescent in the near-infrared (NIR), 
and Gd3+ has no 4f-4f emissions in molecular complexes.[19] The excited state 
of Gd(III) (6P7/2, 32200 cm–1) is energetically higher than that of the com-
monly used antennae. Hence, at room temperature (r.t.), one can observe only 
the antenna fluorescence of the Gd(III) compound. At 77 K, the emission 
spectrum of the same Gd(III) complex features fluorescence and phosphores-
cence bands, which is beneficial for determining the energy levels of the an-
tenna excited states.[20] Thus, the appropriate controls for the antenna spectro-
scopic properties are Gd(III) complexes, lacking sensitised lanthanide lumi-
nescence. 

 
Figure 1. Energy diagram showing the lowest excited (marked with *) and ground 
states (6FJ for Sm3+ are omitted) of chosen Ln3+ ions taken from (Ln3+:LaF3).[15,16] 

The assignment of a typical Eu(III) compound emission spectrum in water is 
shown in Figure 2.[21] The radiative relaxation happens via the transition from 
Eu3+ lowest excited state 5D0 (17300 cm−1) to the final states 7FJ (J = 0‒5). In 
Eu(III) spectra, the energy transition 5D0→7F1 (or ΔJ = 1) is MD, whereas the 
others are of ED origin.[22] The splitting of an energy transition into several 
spectral bands is generated by the Stark effect, which is dependent on the site 
symmetry of Ln(III).[22] The overall colour of the emission is governed by the 
most intense transition of the spectrum, e.g., for Eu(III) in Figure 2, it is red 
(λem = 700 nm, 5D0→7F4). Similarly, the emission colour is green for Tb(III) 
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complexes due to the most intense peak at λem = 546 nm of the 5D4→7F5 tran-
sition.[21] 

The radiative lifetime (𝜏𝜏rad) is a significant parameter specific for the par-
ticular Ln(III) emitting state in the given coordination environment and sol-
vent. If the observed lifetime (𝜏𝜏obs) is smaller than 𝜏𝜏rad, then it is direct evi-
dence for the occurrence of non-radiative deactivation decreasing Ln(III) 
emission intensity. Using Eq. (1),[23,24] 𝜏𝜏rad of the Eu(III) single emitting level 
is calculated with the help of the steady-state emission spectrum, as in the 
assigned example (Figure 2): 

1
𝜏𝜏rad

= 𝐴𝐴MD,0 ∙ 𝑛𝑛3 ∙ �
𝐼𝐼tot
𝐼𝐼MD

�  (1) 

where 𝐴𝐴MD,0 (a constant equal to 14.65 s−1)[22] is the spontaneous emission 
probability for the 5D0→7F1 transition in vacuo, 𝑛𝑛 is the refractive index of the 
solvent, and 𝐼𝐼tot/𝐼𝐼MD is the integrated ratio of the total corrected Eu(III) emis-
sion spectrum to the area of ΔJ = 1.[23,24] Apart from Eu(III), the determination 
of 𝜏𝜏rad for other Ln(III) is not straightforward.[19,23] 

 
Figure 2. Energy levels diagram of 5D0→7FJ (J = 0‒5) transitions (left) and steady-
state emission spectrum (right) of a Eu(III) complex (top right).[21] Energy transition 
arrow colours on the left diagram correspond to band colours of the right spectrum. 

1.2.2 Ln(III) luminescence sensitisation 
In 1942, Weissman discovered that Eu(III) luminescence could be sensitised 
by organic ligands.[14] Since then, the antenna effect has been ubiquitously 
implemented to upgrade the emission properties of 4f elements. However, dif-
ferent ligands gave unequal intensities of Ln(III) luminescence.[14] 
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The optimised ligand structures amplify sensitised 4f-4f emission intensity 
and afford highly luminescent Ln(III) complexes. Among the requirements for 
the chelating ligands is the judicious choice of antenna, providing efficient 
Ln(III) sensitisation and the high affinity for the Ln(III). Furthermore, the or-
ganic ligand should provide the chemical stability of the resulting complex 
and protect the Ln(III) from outer-sphere luminescence quenchers, such as 
water molecules.[25] For biological applications, Ln(III) complexes should also 
stay intact in harsh conditions, such as at low or high pH and in the presence 
of other competing metal ions.[26] 

Several macrocyclic ligands can efficiently chelate Ln(III).[27] The core 
framework 1,4,7,10-tetraazacyclododecane (cyclen) is one of the most widely 
used.[19] N-alkylation of cyclen with substituents carrying coordinating groups 
further increases the complex stability.[28] Moreover, the light-harvesting an-
tenna can be attached to cyclen by similar N-alkylation reactions.[29] In such a 
way, appropriate kinetic stability can be accessed via a macrocyclic binding 
site, and intense light absorption is achieved through the antenna coupled to a 
macrocycle. 

Figure 3 shows major sensitisation pathways for Ln(III) luminescence in 
Eu(III) cyclen-1,4,7-triacetate (DO3A)-based compound with a 4-methox-
ymethyl-7-aminocarbostyril antenna.[21] The first singlet excited state (S1) of 
the ligand is populated after exciting the Ln(III) complex at the antenna local 
absorption maximum (λabs). From here, direct energy transfer (ET) from S1 to 
the Ln(III) excited state or intersystem crossing (ISC) from S1 to the first tri-
plet excited state (T1) with subsequent ET from T1 to the Ln(III) receiving 
level is possible. While both routes can be efficient,[30] triplet-mediated ET is 
considered the primary pathway for most Ln(III) complexes.[31] Finally, the 
sensitisation terminates with luminescence from the Ln(III) emissive state. 
Residual antenna fluorescence may also be observed (Figure 3, bottom right). 

The Ln(III) emission intensity is quantified in the units of overall quantum 
yield of luminescence (𝛷𝛷Ln). From the measured 𝛷𝛷Ln, one can estimate the 
sensitisation efficiency of the Ln(III) ion (𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) via Eq. (2):[22] 

𝜂𝜂sens = 𝛷𝛷Ln
𝛷𝛷Ln
Ln = 𝛷𝛷Ln ∙

𝜏𝜏rad
𝜏𝜏obs

        (2) 

where 𝛷𝛷LnLn is the Ln(III) intrinsic quantum yield, equal to 𝜏𝜏obs/𝜏𝜏rad.[22] The 
overall 𝜂𝜂sens depends on the combined ISC and ET efficiencies in sensitised 
Ln(III) luminescence.[32] The 𝛷𝛷LnLn value defines the maximum quantum yield 
for a given coordination environment upon direct Ln(III) excitation.[24] Thus, 
𝜂𝜂sens and 𝛷𝛷LnLn describe the effectiveness of the Ln(III) luminescence sensiti-
sation and the ligand structure impact on 4f-4f emission properties, respec-
tively. 

Many research groups focus their work on the optimisation of ET from the 
ligand to the 4f ion in Ln(III) compounds. Latva et al. observed that to achieve 
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maximum 𝛷𝛷Ln, ligand T1 level should be energetically higher than the Ln(III) 
lowest excited state by more than 1850 cm−1 for Tb3+ and 2500–4000 cm−1 for 
Eu3+.[31] Raymond et al. confirmed the sensitivity of 𝛷𝛷Tb to the T1 level in a 
series of analogous Tb(III) complexes, and up to 1600 cm−1 energy gap be-
tween 5D4 and T1 was found to be a compromise.[33] However, to obtain highly 
luminescent Ln(III) complexes, the non-radiative decay processes should be 
considered and minimised. 

 
Figure 3. Jablonski diagram (left) of luminescence sensitisation in Eu(III) DO3A-
based complex (top right) and its normalised absorption and steady-state emission 
spectra in water (bottom right). Solid and dashed arrows depict radiative and non-
radiative processes, respectively. Energy levels are taken from [21]. S0 = ground state, 
IC = internal conversion, hνabs/L,Eu = energy of absorbed/emitted photons. 

1.2.3 Quenching of sensitised Ln(III) emission 
Part of the energy that excites the Ln(III) complex is dissipated non-radia-
tively (grey dashed arrows in Figure 3, left). The quenching of Ln(III) lumi-
nescence is generally dependent on the initial and final states energy levels. 

The X-H oscillators (X = O, N, C) from solvent and organic ligands quench 
the excited states of many luminescent Ln(III).[34] The most prominent O-H 
vibrations (𝜈𝜈 = 3600 cm−1) depopulate Ln(III) emissive levels via phonon cou-
pling.[35] Quenching is less favoured when the energy gap between the initial 
and final states of the Ln(III) is larger.[22] According to that principle, Tb3+ 
luminescence is the most intense among molecular Ln(III) complexes, fol-
lowed by Eu3+ (Figure 4, left). When it comes to NIR emitting Ln(III) ions, an 
inner-sphere water molecule is detrimental to Er3+ luminescence, as only one 
phonon is enough for quenching.[19] The presence of N-H (𝜈𝜈 = 3300 cm−1) and 
C-H (𝜈𝜈 = 2900 cm−1) oscillators in the Ln(III) coordination sphere also de-
creases 4f-4f emission, but to a lesser extent than O-H bonds.[36] 

With a proper ligand design, water molecules can be kept outside the 
Ln(III) coordination sphere. One way to preserve Ln(III) luminescence is to 
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switch protonated solvent to a deuterated one, as X-D phonons (for X = O, 
𝜈𝜈 = 2200 cm−1) are lower in energy.[37] Thus, more phonon levels are required 
to quench Ln(III) emissive states upon inner sphere solvent molecule ex-
change.[34] In deuterated solvents, N-H oscillators are replaced by N-D bonds 
in the coordination environment of Eu(III) complexes.[38,39] Deuteration is ap-
plied to determine the Ln(III) hydration states (𝑞𝑞) from Eq. (3) and (4)[34] in 
the absence of other prominent quenching pathways: 

𝑞𝑞(Tb) = 5�1/𝜏𝜏H2O − 1/𝜏𝜏D2O − 0.06�                     (3) 

𝑞𝑞(Eu) = 1.2�1/𝜏𝜏H2O − 1/𝜏𝜏D2O − 0.25 −𝑚𝑚 ∙ 0.075�       (4) 

where 𝜏𝜏H2O and 𝜏𝜏𝜏𝜏D2O are observed lifetimes in H2O and D2O, respectively, 
and 𝑚𝑚 is the number of N-H bonds in the Eu(III) coordination sphere.[34] 

Another route is the substitution of C-H bonds in the ligand structure with 
energetically lower oscillators, for instance, C-D[34,40–44] or halogenated carbon 
atoms.[45–47] Yet, selective ligand deuteration does not always lead to de-
creased oscillator quenching, as demonstrated for Pr(III)[48] and Tb(III)[34] 
emission. Fluorination alters the energetics of the ligand excited states and 
affects the Ln(III) luminescence sensitisation.[49–51] 

 
Figure 4. Diagram of Ln(III) initial-final state energy gaps vs O-H and O-D phonon 
levels (left)[35] and a scheme of T1 thermal repopulation by BET from 5D4 emissive 
state of Tb3+ leading to O2 quenching (right).[52] 

The second prominent quenching agent of Ln(III) emission is molecular oxy-
gen. It is noteworthy that there is no direct ET between Ln(III) and O2 excited 
states, whether Ln(III) is bound to a complex.[37,53] The sensitivity of Ln(III) 
emission to O2 is due to the susceptibility of the antenna T1 to molecular oxy-
gen quenching. When T1 is within 2000 cm−1 [31,33] of the Tb3+ long-lived 
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emissive state (5D4, 20600 cm−1, τ = 10−3 s), it stimulates thermal repopulation 
by back energy transfer (BET) from the latter to the former excited state (Fig-
ure 4, right).[31,53–57] While a solution of such Tb(III) complex is exposed to 
air, the long-lived T1 is quenched[52] via O2 excited states.[58] If the Ln(III) 
receiving level is short-lived, the quenching by O2 is not favoured even when 
the T1-Ln(III) emissive state energy gap is small, as for Dy3+ (4F9/2, 
21100 cm−1, τ = 10−6 s).[59] 

Collisional quenching with O2 of the long-lived antenna T1 is one of the 
processes deactivating phosphorescence at r.t. in emission spectra of the 
Gd(III) complexes. On the other hand, in luminescent Ln(III), the competition 
between O2 quenching and ET may occur if T1-mediated ET to the Ln(III) 
excited state is slower than the deactivation by the molecular oxygen. Then, 
quenching is irrespective of the energy gap between T1 and the Ln(III) receiv-
ing level.[60–63] The fate of O2 quenching by slow ET or via BET depends on 
the distance between the Ln(III) ion and the sensitising chromophore.[64] 

1.2.4 Photoinduced electron transfer in Ln(III) compounds 
Excitation of the antenna increases its reducing ability, making it susceptible 
to react with an electron acceptor. Photoinduced electron transfer (PeT) can 
occur intramolecularly, during which an electron is transferred from the ex-
cited antenna to Ln(III), leaving them formally oxidised (Ant+·) and reduced 
(Ln(II)), respectively.[65,66] PeT is followed by the subsequent charge recom-
bination via back electron transfer (BeT). Only the more reducible Ln(III) ions 
are affected by PeT (Table 2). Such charge migration forms Ant+·-Ln2+ inter-
mediate state and depopulates the antenna S1 (Figure 5, left). Therefore, PeT 
is a competitive pathway to ligand fluorescence, decreasing the intensity of 
the latter.[67,68] As for the emission of Ln(III), PeT from the antenna excited 
states to Ln(III) can quench or sensitise 4f-4f emission.[69] BeT yields ground 
state Ant-Ln3+, or in the case of Yb, excited Ln(III).[69] 

Table 2. Ln(III)/Ln(II) half-wave potentials (𝐸𝐸1/2
Ln  [V vs NHE]) and the resulting 

Ln(II) electron configurations. 𝐸𝐸1/2
Ln  values for Sm, Eu and Yb are measured in aque-

ous media, the rest are estimated.[70] Pm is omitted. 

Ln Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb 

𝐸𝐸1/2
Ln  ‒3.2 ‒2.7 ‒2.6 ‒1.55 ‒0.35 ‒3.9 ‒3.7 ‒2.6 ‒2.9 ‒3.1 ‒2.3 ‒1.15 

(II) 4f2 4f3 4f4 4f6 4f7 4f8 4f9 4f10 4f11 4f12 4f13 4f14 

PeT is mainly ascribed to complexes with Eu(III)[21,71–76] and Yb(III),[61,68,77–

80] as these ions are the most readily reducible among the Ln(III) species (Ta-
ble 2). The luminescence of Yb(III), which has a single low-lying excited state 
(2F5/2, 10260 cm−1), can be sensitised by a stepwise PeT-BeT process. The lat-
ter was first demonstrated by Horrocks in a parvalbumin protein, where the 
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sensitising antenna was a tryptophan moiety (Trp).[69] There is no spectral 
overlap between the sensitising Trp S1 or T1 and the Yb(III) 2F5/2 excited states. 
The Trp+·-Yb2+ intermediate is higher in energy than the 2F5/2 excited state, 
resulting in the population of the latter and eventual NIR emission. In contrast, 
the Eu(III) 5D0 excited state is higher in energy than Trp+·-Eu2+ and the emis-
sion is quenched (Figure 5, right).[69] 

The feasibility of PeT upon excitation of the Ln(III) complex can be esti-
mated from the Weller equation (Eq. (5)):[66,81,82] 

Δ𝐺𝐺PeT = 𝐸𝐸oxAnt − 𝐸𝐸redLn − 𝐸𝐸S1 − Δ𝐸𝐸Coul                   (5) 

where Δ𝐺𝐺PeT is the free energy change of photoinduced electron transfer, 𝐸𝐸oxAnt 
is the antenna oxidation potential, 𝐸𝐸red

Ln  is the Ln(III)/Ln(II) reduction poten-
tial, 𝐸𝐸S1  is the energy level of S1 and Δ𝐸𝐸Coul is the Coulombic attraction be-
tween Ant+· and the lanthanide(II) ion (Ln(II)).[66] Consequently, a more re-
ducible Ln(III) combined with a more oxidable antenna promotes PeT. 

Apart from Eu(III) and Yb(III), PeT may also diminish the emission inten-
sities of the harder-to-reduce Sm(III), Dy(III) and Nd(III).[21,66] Gd3+ has the 
lowest 𝐸𝐸1/2

Ln  and, hence, the residual ligand fluorescence quantum yield (𝛷𝛷L) 
in Gd(III) complexes would be the largest across the series of analogous 
Ln(III) compounds, in the absence of other processes depleting S1. 𝛷𝛷Tb is un-
affected by PeT quenching (𝐸𝐸1/2

Tb  = ‒3.7 V vs NHE).[66] In exceptional cases, 
PeT can also sensitise Eu(III) emission. Then the sensitisation happens 
through a ligand-to-metal charge transfer state populating the 5D1 receiving 
level[83] or forming a higher-energy Ant+·-Eu(II) intermediate, followed by the 
recombination.[84] 

 

 

Figure 5. General scheme of antenna-to-Ln(III) PeT-BeT upon complex excitation 
(left) and the Horrocks’ energy diagram showing the effect of PeT on Eu3+ and Yb3+ 
luminescence (right).[69] 
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1.3 Structural characterisation of macrocyclic Ln(III) 
complexes 

The complete characterisation of Ln(III) compounds is essential to correlate 
the structure of the coordination complexes with the observed photophysical 
properties. Ln(III) compounds based on macrocyclic ligands with pendant 
arms form several species in solution due to their intrinsic structural dynam-
ics.[85] The macrocycle ring inversion or pendant arm rotation results in the 
presence of several stereoisomers in solution.[85] Depending on the time scale 
of the spectroscopic experiment, the signals from two isomers or their 
weighted average can be detected. For example, Ln(III) complexes of cyclen-
1,4,7,10-tetraacetate (DOTA) can adopt capped square antiprismatic (SAP) or 
twisted SAP (TSAP) geometry (Figure 6, left).[85] 

 

 
capped SAP 

 
capped TSAP 

Figure 6. Scheme of structural dynamics for LnDOTA isomers in solution (left),[85] 
top view of capped SAP (top right)[86] and TSAP (bottom right)[87] polyhedra from 
solid-state structures. Figures were reprinted or reproduced with permission.[85–87] 
Copyright © 2020/1984/1997, American Chemical Society. 

Both diastereomers were observed in solution via 1H NMR spectroscopy, with 
SAP as a major and TSAP as a minor isomer for Eu and Yb complexes.[88–93] 
The conformation of the isomer is described by cyclen ring chirality 
(δδδδ/λλλλ, inner blue circle) or pendant arms helicity (Δ/Λ, outer red circle). 
The distinction between the two conformers in the 1H NMR spectrum is es-
tablished via proton signals of the 12-membered ring: the SAP CH2 reso-
nances are more deshielded than those of the TSAP. The structure-signal as-
signment was achieved by COSY spectra,[89,90] while EXSY[89–91] and VT ex-
periments[88,89,92–94] revealed that these species interconvert on the NMR time 
scale. 
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The geometry of the isomers can be investigated via X-ray crystallography 
to provide further support for the structural data obtained from the studies in 
solution. In the structural analysis of single crystalline DOTA-based Ln(III) 
compounds, both SAP or TSAP geometries can be observed,[95] and several 
SAP or TSAP enantiomers may be found in the crystal lattice (Figure 6, right). 
The identity of the isomer can be determined by measuring the NCCN (ψ) and 
NCCO (ω) torsion angles, which correspond to cyclen ring and pendant arms 
helicities, respectively.[38,94,96,97] A positive or negative pair of torsion angles 
agrees with the TSAP structure, while two torsion angles of the opposite sign 
indicate the SAP isomer (Table 3). 

For EuDOTA (Figure 6, top right)[86] and LaDOTA (Figure 6, bottom 
right)[87] complexes, exhibiting the opposite type of isomers, the structural 
data obtained from NMR spectroscopy were in perfect agreement with solid-
state structures. Thus, these two techniques are complementary to the lumi-
nescent characterisation, as fluorescence spectroscopy cannot be utilised as a 
standalone method to determine the structure of the complex in solution.[93] 
Table 3. Signs of ψ and ω torsion angles and the type of isomers that they form. 

Parameter Sign of ψ and ω torsion angles and type of helicity 
ψ helicity  +, δδδδ −, λλλλ +, δδδδ −, λλλλ 
ω helicity +, Δ −, Λ −, Λ +, Δ 
Isomer Δ(δδδδ), TSAP Λ(λλλλ), TSAP Λ(δδδδ), SAP Δ(λλλλ), SAP 

1.4 Applications of Ln(III) compounds photophysical 
properties 

The luminescence of Ln ions has found applications in many optical-related 
fields. The materials containing 4f ions are components of phosphors in tele-
vision sets, lamps for lightning, lasers,[12] and even security inks for anti-coun-
terfeiting.[98] Molecular Ln(III) complexes require fine-tuning to enable their 
use in cells for probing biological systems[65] or in solutions for analyte detec-
tion.[99] This part briefly describes the latter cases of Ln(III) applications (Fig-
ure 7), as the thesis is devoted to luminescence studies of molecular complexes 
in solution. 

Ln(III) compounds offer spectroscopic tools that are complementary to or-
ganic fluorophores. While the latter have short-lived (10−9 s time scale) fluo-
rescence and broad emission profiles, Ln(III) luminophores are amenable to 
time-resolved detection up to milliseconds; their characteristic narrow spectral 
peaks are readily distinguished from the background in complex media.[100] 
Before entering cells, Ln(III) complexes can be equipped with reactive groups 
for conjugation to target biomolecules.[100–102] In cells, Ln(III) probes can 
measure the local pH[103] or the concentration of key metabolites[104] and en-
zymes.[105,106] At the same time, Ln(III) emission allows cellular imaging via 
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luminescence microscopy[107–109] and the tracking of Ln complex localisation 
in different organelles.[110] 

Analyte detection can occur by a variety of mechanisms.[99] The analytes 
may react with the Ln(III) complex changing its structure and affecting Ln ion 
sensitisation. Ln(III) emission changes were observed after analyte-assisted 
antenna formation,[111] the displacement of inner sphere H2O molecules by 
various anions,[99,112] ligand protonation[54] or deprotonation.[113] Antenna ex-
cited state quenching by O2 can be utilised for ratiometric molecular oxygen 
sensing.[54,60,61,64] Quenching by O2 can form reactive oxygen species, which 
are useful in photodynamic therapy.[56,114,115] 

Ln(III) complexes of 1,4,7-triazacyclononane (tacn) found their use in cel-
lular microscopy imaging.[116,117] The ligand platform based on tacn-1,4,7-
trispicolinate derivative with the π-conjugated system provided the complex 
with immense ε = 60000 M−1cm−1. The latter increased the brightness of 
highly emissive complexes, which allowed the staining of cellular mitochon-
dria by the visible luminescence of Eu(III).[116] The NIR emission of the anal-
ogous Yb(III) complexes was applied for in-depth tissue imaging via two-
photon scanning laser microscopy.[117] As with cyclen derivatives, Ln(III) 
complexes based on tacn ligands can also be pH sensitive[118,119] or generate 
singlet oxygen upon light irradiation.[120] 

As described in this part of the thesis, Ln(III) luminescence is beneficial in 
many aspects of life sciences, proving the necessity of further development in 
the design of bright lanthanide(III) compounds. 

 
Figure 7. Ln(III) complexes for probing biological systems (top)[103,116,117] and for an-
alyte detection (bottom).[105,112] 
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1.5 Aims of the doctoral thesis 
The thesis aimed to establish structure-property relationships in luminescent 
Ln(III) complexes based on cyclen and tacn binding sites. By unravelling this 
connection, we intended to distinguish the processes leading to the quenching 
of 4f-4f emission intensity, estimate the proportion of excitation energy lost 
to the non-radiative decay and propose ways to preserve Ln(III) luminescence. 
To do so, we have set the following plan: 

• Study the solution structures of a library of Ln(III) compounds via 
1H NMR spectroscopy to perceive their possible isomers; 

• Examine their crystal structures utilising X-ray crystallography to 
define the preferential conformers in the solid state; 

• Determine Ln(III)/Ln(II) reduction potentials through cyclic volt-
ammetry to find out which ligands better stabilise the +3 oxidation 
state; 

• Investigate their photophysical properties using steady-state and 
time-resolved luminescence spectroscopy to reveal and explain 
quenching trends of the luminophores with the least and the most 
intense emission; 

• Analyse the sensitisation pathways based on photophysical data 
coupled to calculated rate constants of deactivating or sensitising 
processes.  
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2. Lanthanide complexes of bioconjugable 
ligands (Paper I) 

One of the existing challenges in using Ln(III) complexes for biological visu-
alisation is the targeted delivery of these luminophores into cells. Such Ln(III) 
compounds should have both advantageous photophysical properties and suf-
ficient stability in cellular media and cells. Previous reports were on the syn-
thesis and cellular studies of Ln(III) complexes based on linear polyaminocar-
boxylate ligands with carbostyril antennae functionalised with azide or alkyne 
bioconjugable groups.[121] 

Ln(III) compounds based on macrocyclic ligands are kinetically more sta-
ble than their linear polyaminocarboxylate analogues.[122,123] Thus, the Ln(III) 
complexes of DO3A binding site previously studied in the group (LnL1Me, 
Figure 8, left),[21,49] could represent a more beneficial alternative. In this chap-
ter, we aimed to functionalise LnL1Me complexes with the abovementioned 
bioconjugable groups and to improve their spectroscopic properties for better 
cellular detection. 

 
Figure 8. Ln(III) complexes of octa- (left) and nonadentate (right) ligands studied in 
Paper I. Adapted with permission.[124] Copyright © 2020 American Chemical Society. 

The azide or alkyne reactive handles were connected to the carbostyril by a 
methylene spacer to keep the electronic properties of the antenna in the Ln(III) 
compounds unaltered (LnL1Me-Alk/Az, Figure 8, left). At the same time, we 
focused on increasing the emission intensities of Eu(III) complexes for a 
larger signal-to-noise ratio (S/N) upon cellular detection. The first approach 
was to set an electron-withdrawing CF3 substituent in the 4-position of the 
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carbostyril (LnL1CF3), which would diminish PeT quenching in Eu(III) com-
pounds by making antenna less reducing.[21] Second, we replaced one of the 
monodentate methylcarboxylate arms with a bidentate picolinate pendant arm 
in the macrocyclic binding site to remove the coordinated water molecule. The 
resulting nonadentate ligand should saturate the Ln(III) coordination sphere 
(LnL3Me, Figure 8, right). 

2.1 Reactivity of bioconjugable groups 
The bioconjugable compounds were prepared by Dr. Daniel Kovacs. Strain-
promoted azide-alkyne cycloadditions of the Eu(III) and Tb(III) complexes 
were performed with dibenzocyclooctyne-amine (DBCO-NH2). After 5 h, the 
conversion reached up to 90%, according to HPLC-MS analysis. We observed 
two regioisomers with different retention times, which was consistent with the 
reported cyclooctyne reactivity (Figure 9).[125] We compared the photophysi-
cal properties of the formed triazole compounds with their parent molecules 
(Figure 10). 

 
Figure 9. Strain-promoted cycloaddition of LnL1Me-Az and DBCO-NH2. 

 
Figure 10. Steady-state emission spectra of Eu (left) and Tb (right) complexes before 
and after cycloaddition measured with identical sample absorbance (λex = 345 nm) 
and slit widths. [LnL1Me-Az] = 10 µM in 10 mM PIPES-buffered aqueous solutions  
(pH 6.5). 
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The absorption spectra of complexes were similar despite the formation of the 
DBCO-adduct. Steady-state emission spectra of both compounds were super-
imposable, with slight intensity differences of ligand fluorescence for Eu(III) 
and lanthanide emission for Tb(III) species (Figure 10). Triazole complexes 
had comparable 𝜏𝜏H2O and 𝜏𝜏D2O to those of the original compounds. Hence, the 
conjugation with cyclooctyne did not substantially alter the luminescent prop-
erties of the parent complexes as the methylene spacer separated the modified 
linker from the antenna. 

2.2 Photophysical characterisation of Ln(III) 
compounds 

All photophysical measurements were performed in aqueous 10 mM PIPES-
buffered solutions (pH 6.5) with 10 µM complex concentration. The absorp-
tion spectra of LnL1Me were not affected by the functional groups attached to 
the antenna or Ln(III) type. Replacing the Me with the CF3 substituent in the 
4-position of the carbostyril chromophore led to a 15 nm red shift of λabs for 
both secondary and tertiary amide complexes. The picolinate donor increased 
the absorbance of LnL3Me at 275 nm compared to those of the octadentate 
ligand-based complexes; however, the absorption corresponding to the an-
tenna region remained unchanged. 
Table 4. LnL ligand-based and Ln(III) emission quantum yields, Ln(III) lifetimes and 
hydration states. 

Complex 𝛷𝛷L [%] a 𝛷𝛷Ln [%] a 𝜏𝜏H2O [ms] b 𝜏𝜏D2O [ms] b 𝑞𝑞 c 

EuL1CF3 2.0 d 11 d 0.613 2.03 1.0 
GdL1CF3 4.0 d / / / / 
EuL2CF3 2.5 12 0.640 2.14 1.0 
GdL2CF3 2.7 / / / / 
EuL2Me 1.7 e 5.7 e 0.652 2.16 1.0 
GdL2Me 7.6 e / / / / 
TbL2Me 6.9 e 40 e 1.57 2.47 0.9 
EuL3Me 0.78 d 5.8 d 1.00 1.38 0 
GdL3Me 7.2 d / / / / 
TbL3Me 6.2 d 45 d 1.83 1.95 0 
The values carry relative experimental error of 10%. a Relative to quinine sulfate (𝛷𝛷 = 59% in 
0.05 M H2SO4).[126] b Mean of 3 different measurements. c Calculated using Eq. (3) or (4). 
d Mean of 2 independent measurements. e Mean of 3 independent measurements. 

The results of luminescence measurements are summarised in Table 4. These 
experiments were recorded by exciting Ln(III) complexes at the carbostyril 
absorption band. Along with the residual ligand fluorescence observed in all 
compounds, the Ln(III) emission was detected for Eu and Tb complexes. 
Ln(III) compounds with azide or alkyne reactive handles had luminescence 
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quantum yields comparable to their parent LnL1Me species; the differences 
were within 15% of the average 𝛷𝛷Ln (3.3% and 11.3% for Eu and Tb com-
plexes, respectively). While 𝛷𝛷L for Tb(III) compounds were similar (mean 
6.1%), Eu(III) complexes with bioconjugable functions had a smaller intensity 
of ligand fluorescence than EuL1Me (0.15% vs 0.42%). 

Eu(III) compounds with CF3-modified antenna had the largest 𝛷𝛷Eu in the 
series. The electron-withdrawing CF3 substituent might diminish PeT from the 
carbostyril to Eu(III),[21] which was supported by identical 𝛷𝛷L in LnL2CF3 re-
gardless of Ln(III) and 𝜂𝜂sens close to unity (Table 5). Furthermore, a lower T1 
of the antenna (21300 cm−1) could provide a better overlap between the car-
bostyril and Eu(III) excited states and, thus, more efficient ET. A combination 
of these factors increased Eu(III) emission intensity in EuL1CF3 and EuL2CF3 
4-fold and 2-fold, respectively, compared to their Me-substituted analogues. 
The decreased energy level of T1 was detrimental to Tb(III) emission, as it 
enabled thermal BET and, consequently, O2 quenching of the antenna triplet. 

Complexes with the nonadentate ligand were almost as luminescent as their 
LnL2Me rivals. While 𝛷𝛷Tb was slightly larger than that of the octadentate lig-
and-based compound, Eu(III) emission intensity was identical in both com-
plexes. This result contradicted our expectations from eliminated inner sphere 
O-H oscillators. Notably, 𝛷𝛷L in EuL3Me was half of that in EuL2Me, alongside 
a similar ligand fluorescence intensity in Tb(III) compounds. 

The removal of the coordinated H2O was confirmed by 𝑞𝑞 = 0 for LnL3Me, 
whereas LnL2Me had 𝑞𝑞 = 1 (Ln = Eu, Tb). Other structural changes were in-
dicated by altered Ln(III) electronic transitions in steady-state emission spec-
tra (Figure 11). Thus, ΔJ = 2/ΔJ = 1 (r or asymmetry of the Eu3+ site,[24] Table 
5) increased 2.7-fold in Eu(III) spectra, and Stark splitting of Tb(III) 
5D4→7F5,4 transitions was decreased. The methylcarboxylate and water donor 
replacement by the picolinate pendant arm transformed the Ln(III) coordina-
tion environment. 

 
Figure 11. Steady-state emission spectra of LnL2Me and LnL3Me (left, Ln = Eu; right, 
Ln = Tb) measured with identical sample absorbance (λex = 314 nm) and slit widths. 
Reproduced with permission.[124] Copyright © 2020 American Chemical Society. 
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To assess why 𝛷𝛷Eu was not improved for EuL3Me, we investigated the differ-
ences in photophysical properties between EuL2Me and EuL3Me (Table 5). A 
2.3-fold enhanced intrinsic quantum yield was in line with an eliminated inner 
sphere H2O molecule; however, 𝜂𝜂sens was reduced to the same extent. PeT 
from a similar carbostyril antenna could quench 𝛷𝛷Eu.[21] Moreover, picolinic 
acid is known to accept an electron from Eu(II).[127] Therefore, a likely expla-
nation is intraligand PeT from the excited carbostyril to the picolinate via in-
termediate Eu(II) formation. We estimated that 42% of the excitation energy 
could be recovered in the nonadentate complex upon removing the coordi-
nated H2O molecule, based on the difference in the energetic loss from O-H 
quenching between EuL2Me and EuL3Me. 
Table 5. EuL photophysical properties. 

Complex 𝜏𝜏rad [ms] a 𝛷𝛷Ln
Ln [%] b 𝜂𝜂sens [%] b r c Loss [%] d 

EuL1CF3 5.06 12.1 84 1.30 70 
EuL2CF3 5.26 12.2 95 1.19 70 
EuL2Me 5.38 12.1 48 1.16 70 
EuL3Me 3.79 27.2 21 3.08 28 
The values carry relative experimental error of 10%. a Calculated using Eq. (1). b Calculated 
using Eq. (2). c Calculated as a ratio of IJ=2/IJ=1, where IJ=2 and IJ=1 are the integrated emission 
intensities of 5D0→7F2 (604‒644 nm) and 5D0→7F1 (582‒603 nm) transitions, respectively. 
d Calculated as (𝜏𝜏D2O − 𝜏𝜏H2O)/𝜏𝜏D2O.[34] 

2.3 Conclusions 
Luminescent Ln(III) complexes with bioconjugable groups were prepared by 
modification of octadentate ligands. The products of the reactions between 
azide-functionalised compounds and cyclooctyne had similar photophysical 
properties to those of the parent molecules. Eu(III) complexes with CF3-sub-
stituted carbostyril antennae had the largest 4f-4f emission quantum yield (11–
12%) in the set of compounds with the same lanthanide(III) ion. A water mol-
ecule removal from the Ln(III) coordination sphere in nonadentate ligand-
based complexes resulted in a slight increase of Tb emission intensity, but the 
Eu luminescence quantum yield was unchanged. The latter outcome was as-
cribed to intraligand photoinduced electron transfer from the excited antenna 
to picolinate moiety through a reducible Eu(III) centre that could offset the 
effects of removed inner sphere O-H oscillators.  
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3. Ligand-controlled photoinduced electron 
transfer quenching of Eu emission 
intensity (Paper II) 

Several examples of unexpectedly small Eu(III) emission quantum yields 
were interpreted as a consequence of PeT quenching to date.[66] However, this 
mechanism remains an often underestimated deactivation pathway in Ln(III) 
luminescence sensitisation. While energy loss from X-H oscillators is rou-
tinely determined via luminescent measurements in protonated and deuterated 
solvents,[34] PeT contribution to decreased Ln(III) emission intensity has not 
been evaluated. In several cases, the effect of PeT quenching cannot be assur-
edly estimated as the cause of diminished 𝛷𝛷Ln due to changes in the antenna 
S1 energy levels[54] or undetermined 𝐸𝐸oxAnt.[21] 

An alternative scenario of tuning PeT by varying 𝐸𝐸redLn  through the coordi-
nation environment but keeping the same antenna and macrocycle has not yet 
been proposed. In the work of Selvin et al., Ln(III) ions were encapsulated by 
ligands based on DO3A and diethylenetriaminepentaacetate (DTPA).[73] 
Eu(III) emission was sensitised by 4-methyl-7-aminocarbostyril in both com-
plexes. However, 𝛷𝛷Eu in the DO3A-based emitter was 1.7 times weaker than 
in the DTPA complex. While these species had a single coordinated water 
molecule, an extra negative charge of the DTPA ligand better stabilised the 
Eu(III) oxidation state. Thus, the significant reduction of Eu(III) luminescence 
intensity in the DO3A compound was because of more favourable PeT 
quenching than that in the DTPA luminophore.[66] 

To estimate the part of excitation energy lost to PeT quenching, we studied 
the effect of structural variations on photoluminescent properties in the series 
of Ln(III) complexes shown in Figure 12. We chose a known Ln(III) com-
pound of DO3A ligand with a 4-methoxymethylcarbostyril (LMOM, Figure 12) 
antenna as a charge-neutral reference point.[21] We introduced increasing 
amounts of positive charge (balanced by chloride counterions) into a series of 
Ln(III) complexes by successively substituting a negatively charged carbox-
ylate donor with a neutral amide pendant arm. In the molecules carrying +3 
charge, methylation of primary amides afforded secondary and tertiary amide 
complexes with decreased N-H vibrational quenching. The compounds had 
the same antennae, hydration states, and Ln(III)-carbostyril distances to keep 
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Eu sensitisation unchanged. We studied the structural and photophysical be-
haviour of the Ln(III) complexes in detail. 

 
Figure 12. Ln(III) compounds of increasing charge and identical antennae in Paper II. 
Adapted with permission.[128] Copyright © 2020 American Chemical Society. 

3.1 Structural characterisation of LnLMOM compounds 
Ln(III) compounds were prepared by Dr. Daniel Kovacs. Eu(III) complexes 
of DO3A ligands behave similarly in solution as their DOTA-based analogues 
(Figure 6).[85] Hence, up to two types of conformers were expected: SAP and 
TSAP. To determine the isomeric composition of our Ln(III) complexes, we 
explored their structures in solution and solid-state by 1H NMR spectroscopy 
and X-ray crystallography, respectively. 

1H NMR spectra of EuLMOM were recorded in CD3OD at 0 °C to acquire 
well-resolved signals (Figure 13). The resonances of axial cyclen protons be-
longing to SAP and TSAP isomers were found in their designated regions.[85] 
While EuL0‒2MOM were present as mixtures of SAP and TSAP conformers, 
their +3 charged analogues had only SAP geometries in solution (Table 6). 
Nevertheless, the predominant structure in the former compounds was SAP, a 
proportion of which increased from EuL0MOM (SAP:TSAP = 1:0.39) to 
EuL1MOM and EuL2MOM (1:0.22 and 1:0.20, respectively). The most 
deshielded chemical shifts of SAP-related CH2 protons were for the neutral 
complex at 35.61‒41.97 ppm, followed by EuL1,2MOM and EuL3cMOM 
(29.12‒37.72 ppm) and the remaining +3 charged species (28.42‒33.15 ppm) 
reflecting different ligand field effects. TSAP signals resonated at a relatively 
lower frequency at 13.44‒15.46 ppm. 
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Thus, the triamide EuL3MOM compounds existed as SAP enantiomers, 
while EuL0‒2MOM complexes had SAP-TSAP isomeric mixture in solution. 
Based on this outcome, only single geometry of the +3 charged species is ex-
pected to contribute to the photophysical properties, whereas the other com-
pounds would give a weighted average result of the two isomers. However, 
given the different temperatures (0 °C vs r.t.), solvents (CD3OD vs H2O), and 
time scales (10-5 s vs 10-9–10-3 s)[85] of the NMR and fluorescence spectros-
copy techniques, the isomeric composition of EuLMOM complexes might dif-
fer between the two types of experiments. 

 
Figure 13. Stacked 1H NMR spectra of EuLMOM (400 MHz, CD3OD, 0 °C) with cy-
clen axial CH2 protons of SAP and TSAP isomers highlighted in blue and red, respec-
tively. Adapted with permission.[128] Copyright © 2020 American Chemical Society. 

Table 6. Data of EuLMOM isomers extracted from 1H NMR spectra. First row: spectral 
regions of SAP and TSAP isomers signals, second row: their integrated ratios. 

Parameter EuL0MOM EuL1MOM EuL2MOM EuL3aMOM EuL3bMOM EuL3cMOM 

SAP and 
TSAP, ppm 

35.61‒41.97 
14.17‒15.19 

32.10‒37.27 
14.77‒15.46 

29.12‒37.72 
13.44‒13.81 

29.20‒33.15 
- 

28.42‒32.62 
- 

32.75‒36.27 
- 

SAP:TSAP 1:0.39 1:0.22 1:0.20 - - - 

X-ray crystallography was performed by Dr. Jordann Wells. Single crystals 
were obtained for the three types of complexes by slow diffusion of 1,2-di-
methoxyethane into their concentrated aqueous solutions. Among LnLMOM, 
EuL1MOM crystallised as a dimeric molecule with water and methylcarbox-
ylate bridge (μ-AcO−) capping Eu1 and Eu2 centres, respectively (Figure 14, 
left). The polyhedra about the metal atoms were formed by N4 and O4 planes 
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from the cyclen ring and pendant arms, respectively (Figure 14, right). 
Gd,TbL2MOM and EuL3aMOM-F had similar nonacoordinate environments to 
EuL1MOM, except they were monomeric structures with capping H2O or F− on 
Ln(III) centres. KF (4 equiv.) was added to solutions of EuL3aMOM to facili-
tate crystallisation. 

 

 

Figure 14. Solid-state structure of EuL1MOM (left) and coordination environment of 
Eu1 centre (right) with O4 and N4 planes highlighted in red and blue, respectively. 
Protons, chloride counterions, and water molecules were omitted for clarity. Eu1 and 
Eu2 coordinating atoms are ellipsoids at 50% probability, while the rest are capped 
sticks. Reprinted with permission.[128] Copyright © 2020 American Chemical Society. 

To reveal which isomers were in the single crystals, we measured mean ψ and 
ω torsion angles from Ln(III) coordination environments (Figure 14, right).[96] 
Since all pairs of ψ and ω torsion angles were of opposite signs between each 
other in our crystal structures, the defined isomers were Δ(λλλλ) or Λ(δδδδ) 
configurations attributable to SAP enantiomers (Table 7). Such isomeric com-
position correlates with the previously obtained solid-state structures of 
DO3A-based carbostyril complexes containing both molecules related to the 
SAP isomer.[49,124] Crystal structures of Ln(III) compounds exhibiting only 
SAP geometry support the predominance of this isomer in solution as found 
by 1H NMR spectroscopy. Most probably, the SAP conformer made a decisive 
contribution to the observed photophysical properties of Ln(III) complexes. 
Table 7. Data of LnLMOM isomers extracted from X-ray structures. 

Parameter EuL1MOM GdL2MOM TbL2MOM EuL3aMOM-F 

Metal 
centre Eu1 Eu2 Gd1 Gd2 Tb1 Tb2 Eu1 Eu2 

Capping 
ligand H2O μ-AcO− H2O H2O H2O H2O F− F− 

ψ, ° −58.7   60.4   58.4 −59.0 −58.0   59.5   58.6 −59.1 
ω, °   24.3 −24.2 −20.8   23.9   25.3 −24.6 −31.5   29.4 
Isomer Δ(λλλλ) Λ(δδδδ) Λ(δδδδ) Δ(λλλλ) Δ(λλλλ) Λ(δδδδ) Λ(δδδδ) Δ(λλλλ) 
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3.2 Photophysical properties of LnLMOM complexes 
To compare the photophysics of the Ln(III) compounds, we characterised their 
absorption and steady-state and time-resolved emission in aqueous PIPES-
buffered (10 mM, pH 6.5) solutions. The installation of amide arms instead of 
acetates increased LnLMOM relative absorption in the medium UV (260‒
310 nm), whereas the antenna region was unaltered (Figure 15, left). There-
fore, Ln(III) complexes were excited at λabs for luminescence studies. LnLMOM 
had superimposable absorption and excitation spectra in the carbostyril re-
gion, verifying Ln(III) sensitisation from the antenna (Figure 15, right). The 
carbostyril T1 energy levels were at 22600±100 cm‒1, as determined from an-
tenna phosphorescence transitions in the steady-state emission spectra of 
GdLMOM at 77 K. Thus, antenna and Ln(III) excited states were identical in 
LnLMOM. 

 
Figure 15. Superimposed and normalised absorption (left, λabs = 330 nm) and excita-
tion (right, λem = 615 nm) spectra of EuLMOM. Reproduced with permission.[128] Cop-
yright © 2020 American Chemical Society. 

First, we investigated the emissive properties of LnLMOM with hard-to-reduce 
Gd(III) and Tb(III) (Figure 16). The ligand fluorescence intensity varied by 
7% within the mean 𝛷𝛷L in Gd and Tb compounds (6.7% and 5.1%, respec-
tively). The deviation from the average 𝛷𝛷Tb of 26.8% was only 4% (Table 8). 
TbLMOM emission profiles resembled each other, which is expected if the 
Tb(III) ions were in similar coordination environments (Figure 16, right). The 
𝛷𝛷L differences in Gd and TbLMOM were within the expected 10% relative 
experimental error; however, the ligand fluorescence quantum yield was still 
smaller in Tb complexes than in the Gd ones. 

Singlet-mediated EnT to Tb(III) excited state is possible in TbLMOM (Fig-
ure 3),[21,30] and the same pathway is closed in compounds of Gd(III) due to its 
inaccessible 6P7/2 level. To investigate this possibility, we recorded ligand flu-
orescence lifetimes (𝜏𝜏f,L) of Gd,TbLMOM. Tb complexes had shorter 𝜏𝜏f,L than 
the Gd ones (mean 0.33 ns vs 0.41 ns, respectively). By assuming that the rest 
of the non-radiative decay in these compounds is identical, we could estimate 
the rate constants of EnT(S1) (𝑘𝑘EnT(S1)) in TbLMOM from the radiative ligand 
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fluorescence lifetimes (𝜏𝜏rad,L) using Eq. (6), and 𝑘𝑘EnT(S1) could be determined 
from Eq. (7): 

𝜏𝜏rad,L = 𝜏𝜏f,L
𝛷𝛷L

                      (6) 

𝑘𝑘EnT(S1) = 1
𝜏𝜏f,L(Tb)

− 1
𝜏𝜏rad,L(Tb)

− � 1
𝜏𝜏f,L(Gd)

− 1
𝜏𝜏rad,L(Gd)

�        (7) 

 
Figure 16. Steady-state emission spectra of GdLMOM (left) and TbLMOM (right) meas-
ured with identical sample absorbance (λex = 329.5 nm) and slit widths. Reproduced 
with permission.[128] Copyright © 2020 American Chemical Society. 

Table 8. GdLMOM and TbLMOM ligand photophysical properties and 𝛷𝛷Tb. 

Complex 𝛷𝛷L (𝜑𝜑L) [%] a 𝜏𝜏f,L [ns] b 𝜏𝜏rad,L [ns] c 𝑘𝑘EnT(S1) [ns‒1] d 𝛷𝛷Ln (𝜑𝜑Ln) [%] a 

GdL0MOM 7.21 (100) 0.426 5.91 - / 
GdL1MOM 7.01 (97) 0.419 5.98 - / 
GdL2MOM 6.81 (95) 0.413 6.06 - / 
GdL3aMOM 6.52 (91) 0.410 6.29 - / 
GdL3bMOM 6.36 (88) 0.406 6.39 - / 
GdL3cMOM 6.45 (90) 0.409 6.34 - / 
TbL0MOM 5.39 (100) 0.349 6.47 0.53 27.6 (100) 
TbL1MOM 5.25 (97) 0.332 6.32 0.64 27.2 (99) 
TbL2MOM 5.06 (94) 0.322 6.36 0.69 26.4 (96) 
TbL3aMOM 4.84 (90) 0.317 6.55 0.72 26.0 (94) 
TbL3bMOM 4.87 (90) 0.328 6.74 0.59 25.7 (93) 
TbL3cMOM 4.87 (90) 0.327 6.71 0.62 27.7 (100) 
The values carry relative experimental error of 10%. a Relative to quinine sulfate (𝛷𝛷 = 59% in 
0.05 M H2SO4).[126] 𝜑𝜑L and 𝜑𝜑Ln are relative (to LnL0MOM) ligand and Ln(III) emission quan-
tum yields, respectively. b Mean of 2 independent measurements, λex = 315 nm. c Calculated 
using Eq. (6). d Calculated using Eq. (7). 

Thus, larger 𝜏𝜏f,L and 𝛷𝛷L resulted in larger 𝜏𝜏rad,L in Gd complexes than that of 
the Tb analogues (6.2 ns vs 6.5 ns on average). The 𝑘𝑘EnT(S1) differed from the 
smallest for TbL0MOM to the largest for TbL3aMOM (Table 8, 0.53 ns‒1 and 
0.72 ns‒1, respectively). Nevertheless, these rate constants diverted from an 
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average of 0.63 ns–1 only by 13−19%, suggesting some variations in Ln(III) 
sensitisation via antenna S1 in the series of Tb compounds. 

The ligand fluorescence quantum yields for EuLMOM were drastically 
smaller than that of Gd and Tb species (Table 9). 𝛷𝛷L decreased by 94–98% in 
Eu(III) complexes compared to GdLMOM and TbLMOM values. Eu(III) ligand 
fluorescence intensity gradually diminished from neutral to +3 charged mole-
cules; it was slightly recovered only in dimethylated EuL3cMOM. These 
changes somewhat correlated with 𝛷𝛷Eu, which dropped by 27% on average 
(rel. to EuL0MOM) with each methylcarboxylate arm replaced by an amide. 
The mono- and dimethylation of EuL3aMOM increased Eu(III) emission inten-
sity by 11% and 34% (rel. to EuL0MOM) for EuL3bMOM and EuL3cMOM, re-
spectively, due to N-H oscillator removal. However, in the absence of other 
quenching pathways, one would expect 𝛷𝛷Eu of EuL3cMOM to resemble that of 
EuL0MOM, as both compounds had the same number of N-H bonds. Thus, the 
47% smaller 𝛷𝛷Eu in EuL3cMOM than that of EuL0MOM was caused by PeT. 
Table 9. EuLMOM ligand-based and Eu(III) emission quantum yields, Eu(III) lifetimes 
and hydration states. 

Complex 𝛷𝛷L (𝜑𝜑L) [%] a, b 𝛷𝛷Ln (𝜑𝜑Ln) [%] a, b 𝜏𝜏H2O [ms] c 𝜏𝜏D2O [ms] c 𝑞𝑞 d 

EuL0MOM 0.322 (100) 5.07 (100) 0.605 2.16 1.0 
EuL1MOM 0.212 (66) 3.57 (70) 0.572 2.14 1.0 
EuL2MOM 0.168 (52) 2.55 (50) 0.522 1.95 0.9 
EuL3aMOM 0.114 (35) 0.980 (19) 0.439 1.44 1.0 
EuL3bMOM 0.100 (31) 1.54 (30) 0.498 1.68 1.0 
EuL3cMOM 0.232 (72) 2.71 (53) 0.549 1.65 1.1 
EuL3aMOM-F e 0.298 (92) 7.47 (147) 0.980 2.37 0 
The values carry relative experimental error of 10%. a Relative to quinine sulfate (𝛷𝛷 = 59% in 
0.05 M H2SO4),[126] 𝜑𝜑L and 𝜑𝜑Ln are relative to EuL0MOM. b Mean of 2 or 3 independent meas-
urements. c Mean of 3 different measurements. d Calculated using Eq. (4). e Measured with  
0.1 M KF. 

To further support the impact of PeT quenching of Eu(III) luminescence quan-
tum yields, we investigated the photophysical properties of the complexes in 
depth (Table 10). Eu(III) emission bands were alike, showing the same Stark 
splitting of the transitions (Figure 17, left), and 𝜏𝜏rad was similar in EuLMOM, 
which, together with 𝑞𝑞 = 1, supported the structural analogy of Eu(III) com-
pounds. Except for EuL3aMOM, 𝜏𝜏H2O values were within the 10% experi-
mental error. In the +3 charged species, 𝜏𝜏D2O were significantly reduced even 
if these were decoupled from X-H quenching (Table 9). As 𝛷𝛷LnLn is dependent 
on the coordination environment, it decreased from 11.8% to 8.85% due to the 
increasing number of N-H oscillators; 𝛷𝛷LnLn increased to 11.2% in dimethylated 
EuL3cMOM. The latter was in contrast to trends seen for 𝜂𝜂sens, which was still 
1.8-fold larger in EuL0MOM than in EuL3cMOM. Thus, Eu(III) emission inten-
sity in EuL3cMOM was diminished due to less populated antenna S1. As calcu-
lated using Eq. (5) for similar compounds,[129] Δ𝐺𝐺PeT is thermodynamically 
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downhill for the charge-neutral complex (–1.04 eV), and increased 𝐸𝐸redLn  in +3 
charged species would only facilitate this process further (up to –1.32 eV, Ta-
ble 10). 
Table 10. Photophysical properties, 𝐸𝐸redEu  and Δ𝐺𝐺PeT of EuLMOM. 

Complex 𝜏𝜏rad [ms] a 𝛷𝛷LnLn [%] b 𝜂𝜂sens [%] b r c 𝐸𝐸redEu  d Δ𝐺𝐺PeT [eV] e 

EuL0MOM 5.14 11.8 43.0 1.21 –0.908 ‒1.04 
EuL1MOM 5.14 11.1 32.2 1.23 –0.800 ‒1.16 
EuL2MOM 4.93 10.6 24.1 1.53 –0.684 ‒1.28 
EuL3aMOM 4.96   8.85 11.1 1.53 –0.643 ‒1.32 
EuL3bMOM 5.11   9.75 15.8 1.30 –0.676 ‒1.26 
EuL3cMOM 4.91 11.2 24.2 1.41 –0.771 ‒1.18 
EuL3aMOM-F f 4.84 20.3 36.8 2.25 - - 
The values carry relative experimental error of 10%. a Calculated using Eq. (1). b Calculated 
using Eq. (2). c Calculated as a ratio of IJ=2/IJ=1, where IJ=2 and IJ=1 are the integrated emission 
intensities of 5D0→7F2 (604‒640 nm) and 5D0→7F1 (582‒603 nm) transitions, respectively.  
d V vs NHE, measured in H2O (0.1 M LiCl, pH 6.4–6.7, 0.10 V/s) with [EuLMOM] = 1 mM.[128] 
e Calculated using Eq. (5), with 𝐸𝐸oxAnt = 1.76 V vs NHE,[130] 𝐸𝐸redEu  from the previous column,  
𝐸𝐸S1 = 3.56 eV,[128] and Δ𝐸𝐸Coul = 0.15 eV.[80] f Measured with 0.1 M KF. 

 
Figure 17. Steady-state emission spectra of EuLMOM (left, λex = 335 nm) and 
EuL3aMOM with and without added excess F– (right, λex = 330 nm) measured with 
identical sample absorbance and slit widths. Reproduced with permission.[128] Copy-
right © 2020 American Chemical Society. 

To stabilise Eu(III) and reduce PeT quenching, we studied the luminescent 
properties of the least emissive EuL3aMOM upon added excess of fluoride 
(104 equiv. KF). Fluoride stoichiometrically replaced Eu-bound H2O, as 
proved by calculated 𝑞𝑞 = 0 and the changes in the steady-state emission spec-
trum (Figure 17, right). The decreased Stark splitting was observed for ΔJ = 1, 
4 transitions, while ΔJ = 2/ΔJ = 1 was 1.5-fold larger. Furthermore, fluoride 
binding boosted 𝛷𝛷L and 𝛷𝛷Eu 2.6-fold and 7.6-fold, respectively, compared to 
H2O-capped EuL3aMOM (Table 9). The origin of the improved Eu(III) emis-
sion intensity was found in the 2.3-fold increased 𝛷𝛷LnLn and the 3.4-fold 



 

 39 

enhanced 𝜂𝜂sens (Table 10). The increased intrinsic quantum yield was due to 
O-H oscillator removal, while the enhanced sensitisation efficiency was at-
tributed to diminished PeT quenching, as 𝛷𝛷Eu of EuL3aMOM-F was still 1.5-
fold larger than that of EuL0MOM. 

3.3 Conclusions 
We thoroughly studied the connection between structural modifications and 
photophysical properties in Ln(III) complexes of increasing charges and iden-
tical sensitising antennae. All compounds had one major SAP isomer in solu-
tion and crystals; this conformer was expected to contribute the most to the 
photoluminescent behaviour. The spectral overlap between the antenna and 
Ln(III) excited states was similar in all complexes. The quantum yields of 
compounds with non-reducible Gd(III) and Tb(III) were close within the set 
of molecules with the same Ln(III) ion. The differences between estimated 
rate constants of singlet-mediated energy transfer in Tb species were minor, 
highlighting the structural similarities of the Ln(III) complexes. 

Eu(III) emission quantum yield was decreased by 47% in the +3 charged 
compound due to PeT quenching since the complex had the same number of 
N-H oscillators as the neutral species. The decrease of Eu(III) emission inten-
sity via PeT was comparable in magnitude with the quenching from a coordi-
nated water molecule (42%, see Chapter 2). Hence, PeT was found to quench 
as much excitation energy as an inner sphere water molecule. Fluoride binding 
boosted the quantum yield of Eu(III) in the compound with primary amide 
arms 7.6-fold via both removed O-H oscillators and reduced PeT quenching. 
The former accounted for a 2.3-fold increased intrinsic quantum yield, while 
the latter was relevant for 3.4-fold raised sensitisation efficiency. 

Apart from few Ln(III), most of them are generally considered redox inac-
tive, and PeT from the excited antenna to the Ln(III) is rarely proposed as the 
cause of the 4f-4f emission intensity decrease. This study shows that this nev-
ertheless can be the case for Eu(III), one of the most commonly used Ln in 
luminophores. We also reveal that the PeT quenching effect can be diminished 
by increasing the anionic ligand coordination sites or by fluoride binding, 
which is beneficial for brighter Eu(III) complexes.  
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4. Lanthanide compounds with tertiary 
amide-linked antennae (Paper III) 

In the previous two chapters, we showed that the Ln(III) emission intensity 
was affected by varying the electronic properties of the antenna or the coordi-
nation environment of the 4f ion. Through these changes, we could control the 
effect of PeT quenching on the Eu(III) emission intensity. However, to obtain 
brighter complexes, we intended to improve the ability of the antenna to sen-
sitise Ln(III) ion. Tertiary amides connecting carbostyril antennae to the 
DO3A framework promoted 38‒94% more excitation energy to Eu(III) than 
secondary amides (Figure 18a).[49] 

 
Figure 18. Structural and 𝛷𝛷Ln differences in Ln(III) complexes with MOM antennae 
attached via secondary or tertiary amide linkers (a).[21,49] Ln(III) compounds with three 
kinds of tertiary amide linkers and two antennae types explored in Paper III (b).[131] 
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While the acetate substituent on the amide linker did not coordinate Ln(III), it 
still enhanced Ln(III) emission. We decided to investigate this phenomenon 
further and enlarge the tertiary amide-linked antennae compounds library to 
triamide complexes, as well as vary the substituent charge on the linker amide 
from negative to neutral and the sensitising antennae from 4-methoxymethyl-
carbostyril to coumarin 2 (Figure 18b). 

4.1 Synthesis of new ligands and their Ln(III) 
complexes 

Triacetate LnL1 complexes were synthesised as reported.[21,49] The prepara-
tion of triamide LnL2cCar and LnL2dCou followed similar methods (Figure 
19). Trialkylation of antenna-appended cyclen molecules 1 and 3 with 2-bro-
moacetamide 2a and an appropriate base-solvent mixture (DIPEA in DMF 
and K2CO3 in CH3CN, respectively) afforded L2cCar and L2dCou with high 
yields (79‒83%). Acidic cleavage of tBu from tertiary amide linker substituent 
in a 1:1 mixture of trifluoroacetic acid (TFA) and CH2Cl2 resulted in the for-
mation of L2aCar with an excellent yield. Ln(III) complexation by the three 
ligands using LnCl3 in H2O:EtOH (1:1) yielded Ln(III) compounds with mod-
erate to quantitative yields. The reaction product between protected L2cCar 
and LnCl3 was a mixture of LnL2aCar and LnL2cCar in a 1:2 ratio according 
to HPLC-MS analysis. 

 
Figure 19. Synthesis of triamide carbostyril (a) and coumarin (b) Ln(III) com-
plexes.[131] 
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4.2 1H NMR spectroscopy studies of paramagnetic 
compounds 

We investigated the 1H NMR spectra of paramagnetic Eu(III) and Yb(III) 
complexes to establish their solution structures. The spectra of Eu(III) species 
were recorded at lower temperatures to increase S/N, while those of Yb(III) 
compounds could be obtained at r.t. As expected, triacetate EuL1aCar and 
EuL1dCou in D2O at 10 °C had CH2 cyclen ring signals which could be as-
signed to the SAP and TSAP isomers (Figure 20). The spectra of their triamide 
analogues EuL2aCar and EuL2dCou in CD3OD at 0 °C contained chemical 
shifts of only SAP species, and so did EuL2cCar. The proportion of the TSAP 
conformer was more pronounced in EuL1dCou (SAP:TSAP = 1:0.34) than in 
EuL1aCar (1:0.22). All SAP isomers had resonances at larger frequencies than 
the TSAP ones, with the former stretched from 29.85 ppm to 36.33 ppm and 
the latter resonated at 11.86‒13.50 ppm (Table 11). 

 
Figure 20. Stacked 1H NMR spectra (400 MHz) of EuL1 in D2O at 10 °C and EuL2 
in CD3OD at 0 °C with cyclen axial CH2 protons of SAP and TSAP isomers high-
lighted in blue and red, respectively.[131] 

Table 11. Data of EuL isomers extracted from 1H NMR spectra. First row: spectral 
regions of SAP and TSAP isomers signals, second row: their integrated ratios. 

Parameter EuL1aCar EuL1dCou EuL2aCar EuL2cCar EuL2dCou 
SAP and 
TSAP, ppm 

32.17‒36.33 
12.61‒12.79 

32.53‒36.26 
11.86‒13.50 

30.58‒33.08 
- 

29.91‒32.80 
- 

29.85‒33.24 
- 

SAP:TSAP 1:0.22 1:0.34 - - - 
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Yb(III) complexes had chemical shifts solely from SAP conformers (Figure 
21). Tricarboxylate YbL1aCar and YbL1dCou had the most deshielded signals 
of SAP-related protons at 112.46‒133.54 ppm, while those of triamide com-
pounds extended from 95.03 ppm to 112.27 ppm. The presence of only one 
isomer type for Yb(III) complexes, as opposed to two for Eu(III) tricarbox-
ylates, indicated a faster pendant arm rotation relative to the cyclen ring in 
YbL, presumably due to Ln(III) contraction.[89,132] SAP signals of coumarin 
compounds had 5 and 8 peaks in Eu(III) and Yb(III) spectra, respectively. No 
more than four chemical shifts were observed in the SAP region for carbostyril 
complexes. The steric hindrance between the 6-Me coumarin substituent and 
the carbonyl group of the tertiary amide linker could point to several SAP 
rotamers in Eu,YbLCou. 

 
Figure 21. Stacked 1H NMR spectra (400 MHz) of YbL1,2aCar and YbL1dCou in D2O, 
YbL2cCar and YbL2dCou in CD3OD at r.t. with cyclen axial CH2 protons of SAP and 
TSAP isomers highlighted in blue and red, respectively.[131] 

4.3 Cyclic voltammetry of Eu(III) complexes 
The electrochemical properties of Eu(III) in different ligand environments and 
the influence of tertiary amide linker substituent on 𝐸𝐸1/2

Ln  were studied by cy-
clic voltammetry of the compounds in aqueous solutions (0.1 M LiCl, pH 6.5, 
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100 mV/s scan rate). The one-electron reduction of Eu3+ in EuL1aCar hap-
pened at ‒948 mV vs NHE, while that in EuL2aCar occurred at more positive 
potentials (‒612 mV vs NHE, Figure 22, left). The latter values were 109 mV 
and 58 mV more cathodic than those of secondary amide-linked EuL1bCar 
and EuL2bCar, respectively. The coumarin-appended complexes had Eu3+ re-
ductions at ‒854 mV vs NHE for EuL1dCou and ‒565 mV vs NHE for 
EuL2dCou. 

 
Figure 22. Cyclic voltammogram of EuL2aCar (1 mM) measured in H2O (left, 0.1 M 
LiCl, pH 6.5, 100 mV/s). Effect of coordination environment (tricarboxylate vs tri-
amide) and amide linker (tertiary vs secondary) on 𝐸𝐸1/2

Ln  in Eu(III) complexes 
(right).[131] 

As the EuL2Car series had the same coordination environment and carbostyril 
antenna, we assessed the impact of -CH2CO2

‒, -CH2CO2
tBu, and -H substitu-

ents on the amide linker to Eu(III) reduction (Figure 22, right). The -CH2CO2
‒ 

substituent resulted in the most cathodic shift of 𝐸𝐸1/2
Ln  in the series. The differ-

ence in Eu(III)/Eu(II) reduction potentials between EuL2cCar and EuL2bCar 
was within measurement error (‒564 mV vs NHE and ‒554 mV vs NHE, re-
spectively). 𝐸𝐸1/2

Ln  was identical for EuL2cCar and EuL2dCou, reflecting the an-
alogical contribution of the ligand field to Eu3+ reduction. Hence, the nega-
tively charged substituent on the tertiary amide linker had the most stabilising 
effect on Eu(III), which might improve the emissive properties of correspond-
ing complexes due to diminished PeT. 

4.4 Photophysical studies of Ln(III) compounds 
The photophysical properties of Ln(III) complexes were measured in aqueous 
PIPES-buffered solutions (10 mM, pH 6.5). The absorption spectra of com-
pounds with the same antennae were similar regardless of the ligand binding 
site or Ln(III). Carbostyril and coumarin-based λabs were at 328 nm and 
319 nm, respectively. The profile of the excitation spectra of the metal-based 
luminescence matched the respective absorption of Ln(III) complexes in the 
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antenna region (Figure 23). Thus, Ln(III) emission was sensitised by either 
carbostyril or coumarin antenna. 

 
Figure 23. Superimposed normalised absorption and excitation (λem = 615 nm) spectra 
of LnLCar (left, λabs = 328 nm) and LnLCou (right, λabs = 319 nm) complexes.[131] 

To verify the similar sensitisation in Ln(III) complexes by the same antennae, 
we defined their T1 energy levels from steady-state emission spectra of Gd(III) 
compounds at 77 K. Excitation at λabs resulted in ligand-based fluorescence 
and phosphorescence (Figure 24). The T1 levels were estimated from 0‒0 pho-
non transitions at 23000 cm‒1 and 22200 cm‒1 for GdLCar and GdLCou com-
plexes, respectively. The former T1 was 400 cm‒1 larger than that in the cor-
responding secondary amide-linked carbostyril antenna.[128] Thus, these lig-
ands had appropriate excited state levels to sensitise several Ln(III).[21] 

 
Figure 24. Superimposed normalised excitation (left, λem = 435 nm; right, 
λem = 462 nm) and steady-state emission spectra of GdLCar (left, λex = 327 nm) and 
GdLCou (right, λex = 315 nm) complexes at 77 K. Dark grey lines are at 0–0 phonon 
transitions of phosphorescent bands (GdLCar λem = 435 nm, GdLCou 
λem = 450 nm).[131] GdL1aCar spectra were plotted for comparison.[49] 

For Ln(III) compounds (Ln = La, Gd, Lu) with ligand-based fluorescence 
alone, the values of 𝛷𝛷L were similar within experimental error (mean 4.6% for 
LnLCar and 0.64% for LnLCou). Yb(III) complexes had the same ligand fluo-
rescence intensity as the latter compounds. 𝛷𝛷L varied greatly in carbostyril 
molecules with 4f-4f emission, while that in coumarin complexes was 
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identical (0.63% on average) regardless of the Ln(III) identity. A smaller 𝛷𝛷L 
in Sm(III) and Eu(III) carbostyril compounds than that in Tb(III) ones might 
be due to PeT from the excited antenna to a more reducible Ln(III). The latter 
effect is even more prominent in triamide EuL2aCar, which retained just 31% 
of the ligand fluorescence intensity of EuL1aCar (Table 12). 
Table 12. Ligand-based and Ln(III) emission quantum yields, Ln(III) lifetimes and 
hydration states of carbostyril and coumarin complexes. 

Complex 𝛷𝛷L [%] a 𝛷𝛷Ln [%] a 𝜏𝜏H2O [ms] b 𝜏𝜏D2O [ms] b 𝑞𝑞 c 

SmL1aCar 3.6 d   0.19 d 0.009 0.032 - 
EuL1aCar e 2.5   8.9 0.66 2.17 1.0 
TbL1aCar e 4.5 45.1 1.81 2.92 0.8 
SmL2aCar 3.4 d   0.21 d 0.010 0.032 - 
EuL2aCar 0.77 f   2.7 f 0.51 2.05 0.9 
TbL2aCar 4.1 36.6 1.50 2.70 1.2 
SmL1dCou 0.64 d   0.059 d 0.010 0.031 - 
EuL1dCou 0.62 f   2.2 f 0.62 1.96 1.0 
TbL1dCou 0.62   1.7 0.47 0.61 - 
SmL2dCou 0.64 d   0.067 d 0.012 0.032 - 
EuL2dCou 0.58 f   1.5 f 0.54 2.01 0.8 
TbL2dCou 0.67   1.0 0.29 0.45 - 
The values carry relative experimental error of 10%. a Relative to quinine sulfate (𝛷𝛷 = 59% in 
0.05 M H2SO4).[126] b Mean of 3 different measurements. c Calculated using Eq. (3) or (4). 
d Mean of 2 independent measurements. e Reprinted data.[49] f Mean of 3 independent measure-
ments. 

The Ln(III) emission spectral shapes were similar in carbostyril and coumarin 
compounds, underscoring their similar Ln(III) coordination environments 
(Figure 25). The replacement of the tricarboxylate with a triamide binding site 
diminished 𝛷𝛷Ln in the case of Eu(III) and Tb(III) complexes, whereas Sm(III) 
emission intensity had a minor change upon increasing molecular charge. The 
latter was due to increased uncertainty in measuring small 𝛷𝛷Sm, comparable 
to the values of secondary amide-linked compounds.[21] Eu(III) emission in-
tensity was 70% smaller in EuL2aCar than in EuL1aCar, while TbL2aCar pre-
served 81% of 𝛷𝛷Tb in TbL1aCar. The latter was supported by the moderate 
sensitivity of Tb(III) emission to N-H oscillators; however, the reduction of 
𝛷𝛷Eu was still too much, considering only the vibrational quenching involved. 
Hence, part of the excitation energy could be lost to PeT in +2 charged 
EuL2aCar. In coumarin complexes, Eu(III) emission intensity was decreased 
only by 32% in EuL2dCou relative to 𝛷𝛷Eu of EuL1dCou. 

Carbostyril compounds had 𝑞𝑞 = 1, which agreed with an octadentate ligand 
structure. The same 𝑞𝑞 value was obtained for Eu(III) complexes with couma-
rin antennae. However, for TbL1,2dCou 𝑞𝑞 could not be determined. The latter 
was due to a small energy gap (1600 cm‒1) between coumarin T1 and the 5D4 
receiving level of Tb3+, which facilitated thermal BET and quenching of 
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antenna triplet by molecular O2. For a similar reason, TbL1dCou and TbL2dCou 
had small 𝛷𝛷Tb (1.7% and 1.0%, respectively). 

 
Figure 25. Steady-state emission spectra of LnLCar (left, λex = 327 nm) and LnLCou 
(right, λex = 315 nm) complexes measured with identical sample absorbance and slit 
widths. Sm and Eu spectra are from 10 mM PIPES-buffered D2O solutions  
(pD 6.9).[131] Eu,TbL1aCar spectra were plotted for comparison.[49] 

As the coumarin compounds were less emissive than the carbostyril ana-
logues, we studied the photophysical properties of the Eu(III) species in more 
detail. Eu(III) emission spectral shape was the same in all molecules having 
similar 𝜏𝜏rad in H2O and D2O (mean 5.2 ms, Table 13). The average 𝛷𝛷LnLn for 
EuL1 and EuL2 complexes was 12% and 10.4%, respectively, due to in-
creased X-H quenching in the latter. The largest 𝜂𝜂sens was found for the most 
emissive EuL1aCar, while that of EuL2aCar was 2.6-fold smaller. Despite 
more destabilised Eu3+ in EuL2dCou than in EuL1dCou, both compounds had 
almost equal 𝜂𝜂sens, which were the smallest in the series (mean 15.9%). 

To decouple from the contribution of X-H oscillators in photophysical pa-
rameters measured in H2O, we performed similar measurements in D2O. 
While ligand fluorescence intensity was not altered upon deuteration, 𝛷𝛷Eu in-
creased in all complexes 4-fold on average. Even without X-H oscillators, 
Eu(III) emission intensity in EuL2aCar was 63% smaller than in EuL1aCar. 
For coumarin compounds, the difference between EuL2dCou and EuL1dCou 
was only a quarter. 𝛷𝛷LnLn in D2O were equal (mean 39.1%, Table 13), and 𝜂𝜂sens 
had the same trends as in H2O, except for an 11% larger gap between the cou-
marin species. Since Eu(III) emission of tricarboxylate and triamide com-
plexes was decoupled from X-H quenching in D2O, the 63% and 26% reduced 
𝛷𝛷Eu in carbostyril and coumarin compounds, respectively, were due to PeT. 
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Table 13. Photophysical properties of Eu(III) carbostyril and coumarin complexes. 

Parameter EuL1aCar EuL2aCar EuL1dCou EuL2dCou 

𝜏𝜏rad [ms] a   5.36   5.11   5.26   5.03 
𝛷𝛷LnLn [%] b 12.2 10.0 11.8 10.7 
𝜂𝜂sens [%] b 72.8 27.6 17.6 14.1 
𝛷𝛷L(D2O) [%] c   2.6   0.83   0.66   0.60 
𝛷𝛷Ln(D2O) [%] c 32.3 11.8   8.5   6.3 
𝜏𝜏rad(D2O) [ms] a   5.39   5.16   5.31   5.11 
𝛷𝛷LnLn(D2O) [%] b 40.3 39.7 36.9 39.3 
𝜂𝜂sens(D2O) [%] b 80.3 29.8 23.0 16.0 
The values carry relative experimental error of 10%. a Calculated using Eq. (1). b Calculated 
using Eq. (2). c Relative to quinine sulfate (𝛷𝛷 = 59% in 0.05 M H2SO4).[126] 

To compare the effects of PeT quenching in the carbostyril and coumarin com-
pounds of Eu(III), we performed analogical luminescence experiments with 
added excess fluoride (104 equiv. KF). While fluoride binding was indicated 
through altered steady-state emission spectra (Figure 26) and by 𝑞𝑞 = 0 deter-
mined for the triamide species, the tricarboxylates retained the H2O ligand. 
The latter was established via the unchanged 𝑞𝑞 = 1 and the superimposable 
emission spectra of EuL1 measured in the presence and absence of fluoride. 
Hence, F‒ binding in negatively charged EuL1aCar and neutral EuL1dCou was 
ineffective. 

 
Figure 26. Steady-state emission spectra of EuL2aCar (left, λex = 327 nm) and 
EuL2dCou (right, λex = 315 nm) with and without added excess F‒ measured with iden-
tical sample absorbance and slit widths.[131] 

Triacetate compounds had similar photophysical properties with and without 
fluoride, while triamide complexes were more emissive upon F‒ addition (Ta-
ble 14). For EuL2aCar-F, the increase in 𝛷𝛷L was 2.7-fold in light and heavy 
water; Eu(III) emission intensity was enhanced 4.6-fold in H2O and 2.7-fold 
in D2O. The former improvement was due to doubled 𝛷𝛷LnLn and 𝜂𝜂sens as the 
outcome of the replaced inner-sphere water molecule and reduced PeT, 
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respectively. The enlargement of 𝛷𝛷Eu in D2O was due to doubled 𝜂𝜂sens via 
hindered PeT quenching, as Eu3+ was more stabilised due to fluoride coordi-
nation. These effects were less pronounced than in secondary amide-linked 
EuL2bCar; however, in EuL2dCou-F, the enhancement in emission intensity 
was even more moderate. While 𝛷𝛷L remained unchanged in both solvents, 
𝛷𝛷Eu increased by a factor of 2.2 in H2O and 1.4 in D2O. This modest improve-
ment was associated with removed O-H vibrations in both cases, as 𝜂𝜂sens val-
ues were comparable to those without added fluoride. Hence, Eu(III) emission 
in coumarin complexes was the least affected by PeT quenching in the series 
of triamide compounds. 
Table 14. Photophysical properties of Eu(III) carbostyril and coumarin complexes in 
the presence of excess fluoride (0.1 M KF). 

Complex 𝛷𝛷L [%] a 𝛷𝛷Ln [%] a 𝜏𝜏obs [ms] b 𝜏𝜏rad [ms] c 𝛷𝛷LnLn [%] d 𝜂𝜂sens [%] d 

EuL1aCar-F 2.5   9.5 0.68 5.33 12.8 73.4 
EuL2aCar-F 2.1 12.3 1.01 4.86 20.7 58.9 
EuL1dCou-F 0.64   2.3 0.69 5.19 13.3 17.3 
EuL2dCou-F 0.65   3.3 1.01 4.81 21.0 15.7 
EuL1aCar-F (D2O) 2.6 32.3 2.29 5.38 42.6 75.7 
EuL2aCar-F (D2O) 2.2 31.3 2.40 4.89 49.1 63.7 
EuL1dCou-F (D2O) 0.67   8.2 2.25 5.29 42.6 19.2 
EuL2dCou-F (D2O) 0.69   8.7 2.39 4.88 48.9 17.8 
The values carry relative experimental error of 10%. a Relative to quinine sulfate (𝛷𝛷 = 59% in 
0.05 M H2SO4).[126] b Mean of 3 different measurements. c Calculated using Eq. (1). d Calculated 
using Eq. (2). 

4.5 Conclusions 
Ln(III) complexes of cyclen triamide or triacetate binding sites and carbostyril 
or coumarin antennae were developed, and their photophysical properties 
were investigated. After the antennae were connected to the cyclen rings via 
tertiary amide linkers, we studied the impact of the amide substituent on the 
electrochemical and photophysical properties. The paramagnetic 1H NMR 
spectra of the coumarin-based compounds indicated the presence of several 
rotamers in solution, while carbostyril-appended complexes had either one 
species or several isomers rapidly interconverting on the NMR time scale. The 
presence of rotamers was ascribed to the steric hindrance between the couma-
rin 6-Me and the amide carbonyl groups. By contrast, the carbostyril 6-posi-
tion was unsubstituted, allowing the free rotation around the N-C(Ar) bond. 

The largest stabilisation of Eu3+ was induced by a negatively charged 
methylcarboxylate compared to other substituents on a tertiary amide linker. 
Ln(III) carbostyril compounds with a methylcarboxylate group on the linker 
amide were more emissive than their secondary amide-connected analogues 
of the same binding sites. The replacement of tricarboxylate with a triamide 
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ligand facilitated PeT in the latter; however, the quenching effect was less 
significant than in the corresponding complex with a secondary linker amide. 
The diminution of PeT was achieved by 4.6-fold increased Eu(III) emission 
intensity upon fluoride binding of the triamide carbostyril compound in aque-
ous solutions. However, the Eu(III) emission quantum yield of coumarin-sen-
sitised molecules was improved by only 2.2-fold after fluoride addition in wa-
ter. The latter was solely accounted for the O-H vibrations removal, as the 
sensitisation efficiency remained the same. 

This study provides insight into the structure-property relationship of com-
pounds comprising carbostyril and coumarin chromophores. These heterocy-
cles are closely related, but the emissive properties of their complexes can be 
very different. Since coumarin and carbostyril antennae are among the most 
widely used sensitisers of Ln(III) emission, understanding the conformations 
of emitting species is key to finding the correlation between desired lumines-
cent properties and structures of respective compounds.  
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5. Analysis of anion binding effects on the 
sensitised Eu luminescence (Paper IV) 

The quenching by PeT of Eu(III) luminescence intensity was suppressed by 
fluoride binding in triamide cyclen-based complexes, as shown in the previous 
two chapters. We noticed that the structural modifications outside the metal 
binding site still modulate the extent of PeT quenching. Thus, in the secondary 
amide-linked EuL3aMOM, fluoride binding boosted Eu(III) emission intensity 
1.7 times more than in the analogous complex with a tertiary amide linker 
(EuL2aCar). The latter was caused by a similar difference in the increase of 
sensitisation efficiencies, so the luminescence of secondary amide-linked 
complexes was more affected by PeT quenching than that of the tertiary amide 
ones. Hence, we aimed to explore the outcome of anion binding on photophys-
ical parameters and how they change with the varying size of the Ln(III) bind-
ing site, the sensitising antenna, and the overall complex charge. Moreover, 
changes in 𝛷𝛷LnLn and 𝜂𝜂sens could differentiate negatively charged anions such 
as fluoride and cyanide, provided that the same compound shows different 
responses upon analyte binding. 

We prepared two series of Ln(III) complexes based on cyclen and tacn lig-
and platforms (Figure 27). The first series (Lc) was the N,N-dimethylated am-
ide versions of +1 and +2 charged compounds studied in Chapter 3. These 
new structures did not have N-H oscillators in their pendant arms, which di-
minished the vibrational quenching of Ln(III) excited states. The second series 
(Lt) was based on tacn-1,4-diacetate with 4-methyl (Me) or 4-MOM car-
bostyril antenna connected via a secondary or tertiary amide linker (s or t, 
respectively). The ligands were octa- and hexadentate, affording one or three 
available coordination sites for anion binding.[133] 

 
Figure 27. Ln(III) cyclen- and tacn-based complexes for anion binding studies.[134] 
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5.1 Synthesis of Lc- and Lt-based Ln(III) complexes 
The preparation of LnLc complexes based on cyclen derivatives was similar 
to the synthesis of their analogues containing primary amide arms.[128] The 
alkylation of the known precursors 4 and 5[128] by 2-bromo-N,N-dimethyla-
cetamide 2b in the presence of DIPEA in DMF at r.t. formed protected ligands 
6 and 7, respectively, in quantitative yields. In the following step, the tert-
butyl and ethyl groups were cleaved via acidic (TFA in CH2Cl2) and basic 
(NaOH in CH3CN:H2O 1:1 mixture) hydrolyses at r.t. yielding Lc1s,MOM and 
Lc2s,MOM, respectively. Semi-preparative HPLC purification of Lc1s,MOM re-
sulted in a 58% yield, while Lc2s,MOM could be obtained almost quantitively 
in pure form after column chromatography. Complexation of the ligands with 
a slight excess of Eu, Gd, Tb and Yb trichlorides in a water-ethanol 1:1 mix-
ture at 45 °C supplied target Ln(III) compounds (Figure 28). 

 
Figure 28. Synthesis of cyclen-based Ln(III) complexes.[134] 

The synthesis of LnLt complexes commenced with commercially available 
free base tacn (Figure 29). The cyclic 9-membered triamine 8 was reacted with 
chloroacetylated antenna 9t,MOM in CHCl3:DMF (8:1) at r.t. to obtain monoal-
kylated tacn 10t,MOM in a satisfactory yield of 60%. We afforded only a third 
of the expected amount for the 12t,MOM product (29%) by stirring the monoal-
kylated tacn 10t,MOM with two equiv. of tert-butyl bromoacetate 2c in the mix-
ture of DIPEA in DMF at r.t. This reaction resulted in the formation of tetra-
N-alkylated species, and the yield of 12s,MOM via the described procedure was 
too small. 
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Instead of the previous method, we first attached two tert-butyl methylcar-
boxylate groups to the tacn 8. We then alkylated the remaining secondary 
amine in building block 11 with the appropriate chloroacetylated antenna 9s/t,R 
(R = Me, MOM) in the presence of K2CO3 in CH3CN at 60 °C. The Me-an-
tenna-containing products 12s/t,Me of these reactions had moderate yields 
(53%), and that of 12s,MOM was 84%. The deprotection in an acidic environ-
ment by TFA in CH2Cl2 at r.t. removed tBu groups forming a family of Lt 
compounds. In the final ligands, it was crucial to eliminate leftover TFA, 
which negatively affected the complexations with Ln(III). Hence, the ligands 
were precipitated by Et2O from their concentrated solutions in MeOH, allow-
ing the isolation of pure Lt in acceptable yields (>57%). Ln(III) were com-
plexed with the ligands adapting the same procedure from the synthesis of 
cyclen-based compounds. LnLt (Ln = Eu, Gd, Tb and Yb) were isolated in 
quantitative yields. 

 
Figure 29. Synthesis of tacn-based Ln(III) complexes.[134] 

The molecular structures of 12s,Me and Lt1t,MOM were confirmed by single-
crystal X-ray crystallography (Figure 30). The protected ligand 12s,Me crystal-
lised from aqueous-CH3CN filtrate after washing the filter cake from the re-
action mixture, and the crystals of Lt1t,MOM were found in an NMR tube con-
taining a concentrated D2O solution. The angle between the least square planes 
of the linker amide and the carbostyril was 85.9° in Lt1t,MOM, which is com-
parable to the value in the cyclen derivative with the tertiary amide-linked 
antenna.[49] The same parameter was found to be 13.7° for 12s,Me, reflecting 
the better alignment between the secondary linker amide and the antenna. The 
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latter value is expected to be larger in the Ln(III) complexes of Lt1s ligands.[49] 
Notably, the tilt of the carbostyril unit relative to the linker amide was depend-
ent on the nature of the latter (89.0° for the tertiary[135] and 28.8° for the sec-
ondary[130]) in picolinate-appended tacn-based Gd(III) complexes of MOM-
antenna. Thus, the orbital overlap of the heterocycle and the tertiary amide is 
much smaller than that of the secondary linker, which could affect carbostyril 
orientation and the rate of ET from the antenna to Ln(III). 

 
 

Figure 30. Solid-state structures of 12s,Me (left) and Lt1t,MOM (right). Depicted as el-
lipsoids at 50% probability, protons and H2O molecules were omitted for clarity.[134] 

5.2 Solution structures of LnLt and LnLc compounds 
The solution structures of cyclen and tacn-based Ln(III) complexes were stud-
ied by NMR spectroscopy. 1H NMR spectra of EuLc compounds were meas-
ured in similar conditions as their NH2 versions (400 MHz, CD3OD, 0 °C) to 
enable comparison of their structures. As expected, the axial cyclen protons 
of SAP isomers resonated at higher frequencies at 31.11–40.03 ppm than 
those of the TSAP-attributed signals (14.21–19.63 ppm, Figure 31). The iso-
mer ratios were 1:0.54 and 1:0.36 (SAP:TSAP) for +1 and +2 charged com-
plexes, respectively (Table 15). The proportion of the TSAP isomer vs the 
SAP one was 2.5 and 1.8 times larger in EuLc1s,MOM and EuLc2s,MOM, respec-
tively, than in the analogous structures with primary amides (see Chapter 3). 
The latter can be explained by the increased steric demand from N-methyl 
groups, which could slow down the rotation of pendant arms and change their 
helicity (Δ↔Λ), favouring the TSAP structure.[136] 

Yb(III) complexes exhibited pronounced paramagnetic induced shifts in 
the 1H NMR spectra.[137] YbLc had proton signals from 125 ppm to –70 ppm, 
with axial CH2 cyclen resonances of SAP isomers at 108.10–123.41 ppm. Un-
like their Eu(III) versions, no TSAP conformers were observed for YbLc com-
pounds, likely because of the smaller rion of Yb3+ (Chapter 1, Table 1).[89,92] 
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The fully N-methylated Yb(III) cyclen-1,4,7,10-tetraamide also contained 
only SAP isomer in D2O.[138] 

 
Figure 31. 1H NMR spectra (400 MHz) of EuLc (top, 0 °C, CD3OD) and YbLc (bot-
tom, 10 °C, D2O) complexes. The highlighted area in blue and red correspond to cy-
clen axial CH2 protons from SAP and TSAP isomers, respectively.[134] 

Table 15. 1H NMR data extracted from EuLc and YbLc spectra. First row: spectral 
regions of SAP and TSAP isomers signals, second row: their integrated ratios. 

Parameter EuLc1s,MOM EuLc2s,MOM YbLc1s,MOM YbLc2s,MOM 
SAP  
and TSAP, ppm 

34.35–39.12 
14.92–19.63 

31.11–40.03 
14.21–14.63 

109.50–122.32 
- 

108.10–123.41 
- 

SAP:TSAP 1:0.54 1:0.36 - - 

Among the tacn-based complexes, only EuLt1t had well-resolved signals in 
the 1H NMR spectra to examine their structures in solution (400 MHz, D2O). 
The number of major peaks observed in the 1H NMR spectra of EuLt11 cor-
responded to the theoretically expected signals of a single conformer in solu-
tion. Hence, 15 and 16 resonances were counted for EuLt1t,Me and 
EuLt1t,MOM, respectively. The 1H NMR spectrum from the heated solution of 
EuL1t,MOM (50 °C, Figure 32, left) allowed a more precise integration of sig-
nals, which had a better separation than the r.t. spectral pattern. The four aro-
matic CH protons of the carbostyril were assigned to the resonances with the 
highest chemical shifts (7.20–8.33 ppm), followed by CH2 and CH3 of the 
MOM-substituent (5.25 ppm and 3.89 ppm) and CH2 signals from tacn and 
methylcarboxylate groups (from 3.50 ppm to –3.34 ppm). Further support for 
this assignment was established by the COSY NMR spectrum at r.t., where a 
single cross-peak was observed for adjacent aromatic protons, and the rest five 
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peaks were attributed to 1H-1H cross-couplings between the CH2 protons of 
the tacn ring (Figure 32, right). 

Thus, in solution, EuLt1t complexes had one major conformer, while 
EuLc compounds were present as a mixture of major and minor isomers. The 
results of luminescence measurements can be treated from the single species 
of complexes with tacn binding sites, and those of the cyclen-based com-
pounds will give a weighted average of two geometries observed by 1H NMR 
spectroscopy. 

 
Figure 32. 1H (left, 50 °C) and COSY (right, r.t.) NMR spectra (400 MHz, D2O) of 
EuLt1t,MOM. The symmetrical peaks relative to the diagonal ones were kept in the 
COSY spectrum. The peaks in COSY spectrum are not referenced to D2O signal.[134] 

5.3 Photophysical studies of Ln(III) complexes 

5.3.1 Characterisation of new compounds 
The photophysical characterisation of new Lc and Lt-based Ln(III) complexes 
was performed in aqueous 10 mM PIPES buffer solutions (pH 6.5) with ab-
sorbance (A) set to 0.10 at λex. LnLc complexes resembled their NH2 versions 
in the absorption spectra, and the differences between the spectral profiles 
were negligible. The carbostyril π–π* absorption band was superimposable in 
all cyclen-based compounds regardless of the Ln(III) ion or the metal binding 
site with λabs = 332 nm (Figure 33, left). 

The absorption of LnLt complexes was dependent on the linker amide 
structure (s/t) and the antenna substituent (Me/MOM). In the spectra with the 
same carbostyril moiety, the secondary amide red-shifted λabs of n–π* C=O 
and π–π* antenna transitions by 12 nm and 4 nm, respectively, compared to 
their tertiary linker analogues. These bands (258–306 nm and 294–365 nm) 
underwent only a 3 nm hypsochromic shift upon changing the carbostyril sub-
stituent from MOM to Me while keeping the linker amide unaltered. These 
changes were small, considering that only the antenna-centred absorption was 
used to excite Ln(III) complexes (λabs = 324–331 nm, Figure 33, right). LnLt 
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compounds of a single ligand type had uniform absorption spectra despite the 
presence of different Ln(III) in their structures. 

 
Figure 33. Normalised superimposed absorption spectra of EuLc (left, λabs = 332 nm) 
and EuLt (right, λabs = 324 nm, 327 nm, 328 nm and 331 nm) complexes.[134] 

The ligand excited state levels were estimated from 0–0 phonon transitions of 
the phosphorescent bands observed in the steady-state emission spectra of 
Gd(III) complexes at 77 K (Figure 34). The triplets of secondary amide-linked 
compounds with MOM antenna were within the 22520–22620 cm–1 range, 
while those of Lt1s,Me and tertiary amide-containing ligands had T1 at 22900–
23000 cm–1. The T1 levels of GdLt1s,Me and GdLt1s,MOM decreased by  
100 cm–1 and 400 cm–1 than those of their alkylated amide linker analogues. 
Thus, ligand T1 levels of tacn complexes with the same linker amide and an-
tenna were identical to those of cyclen-based compounds (see Chapter 3 and 
4),[21,49,131] pointing out that the size of the binding site does not affect car-
bostyril excited state levels. 

 
Figure 34. Normalised superimposed 77 K steady-state excitation and emission spec-
tra of GdLc (left, λex = 331 nm, λem =442–444 nm) and GdLt1Me (right, λex = 324–
327 nm, λem =435–436 nm) complexes with A = 0.10 sample absorption. Dark grey 
lines are at 0–0 phonon transitions of phosphorescent bands (442 nm and 435 nm).[134] 
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Antenna-based (Ln = Eu, Gd, Tb, Yb) and 4f-4f emissions (Ln = Eu, Tb) were 
observed by exciting Ln(III) complexes at appropriate λex. The ligand fluores-
cence region contained two features in EuLc and all the tacn-based com-
pounds (Figure 35). The first band was identified as S1→S0 transition based 
on Stokes shifts (mean 3300 cm–1 for Me- and 3700 cm–1 for MOM-car-
bostyril) that were similar to the related compounds.[21] 

 
Figure 35. EuLc (left, λex = 330 nm) and EuLt (right, λex = 324‒329 nm) normalised 
superimposed steady-state emission spectra with A = 0.10 sample absorption.[134] 

The second feature was at longer wavelengths, which varied with the antenna 
substituent. The intensity of this band declined with the increasing amounts of 
DMF in H2O:DMF solutions until it was not observable in 100% DMF media. 
Moreover, the steady-state excitation spectrum measured at λem = 475 nm 
showed an energetically lower emitting level than antenna S1 (λex = 352‒
361 nm). These data were consistent with emissions from an internal charge 
transfer (ICT) state.[139–141] For Me-functionalised carbostyrils, λICT was at 
417‒423 nm, while for complexes with MOM antenna, λICT was red-shifted to 
442‒445 nm. The ICT state energy levels were estimated at >25500 cm–1, 
making them unlikely to be involved in the sensitisation of Ln(III) emission 
due to a better overlap of the antenna T1 with Eu(III) and Tb(III) excited states. 

The Ln(III) emission spectral profiles of cyclen and tacn-based complexes 
were not the same. The most pronounced differences were observed in the 
Eu(III) spectra for the coordination environment-sensitive ΔJ = 2 and 4 bands, 
with the former transition being the most intense in EuLt, and the latter in the 
EuLc compounds (Figure 35). The peaks of ΔJ = 5 were detected only for 
complexes with cyclen ligands in aqueous solutions. In TbLc emission spec-
tra, the 5D4→7FJ (J = 3, 4) transitions were split into several peaks, while those 
of TbLt appeared as singlets (Figure 36). 
𝛷𝛷L values were calculated with the help of scaled emission spectra of 

Gd(III) cyclen-based complexes that did not have ICT emission bands (Table 
16).[21,49,128] Overall, the complexes of Gd(III) had the largest values of 𝛷𝛷L in 
both series. The latter was expected, as Gd(III) can neither be involved in PeT 
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nor luminesce in these conditions. The ligand fluorescence intensities of YbLc 
were the second biggest in the LnLc series, as there is no spectral overlap 
between 2F5/2 and antenna excited states, but a 22% decrease in 𝛷𝛷L relative to 
GdLc might indicate the PeT contribution. 

 
Figure 36. TbLc (left, λex = 330 nm) and TbLt (right, λex = 324‒329 nm) normalised 
superimposed steady-state emission spectra with A = 0.10 sample absorption.[134] 

Table 16. Ligand fluorescence and Ln(III) emission quantum yields, lifetimes and hy-
dration states of LnL complexes. 

Complex 𝛷𝛷L [%] a 𝛷𝛷Ln [%] a 𝜏𝜏H2O [ms] b 𝜏𝜏D2O [ms] b 𝑞𝑞 c 
EuLc1s,MOM 0.24   4.3 0.601 2.03 1.0 
EuLc2s,MOM 0.17   3.9 0.602 1.83 1.0 
EuLt1s,Me 2.0   0.30 0.259 1.47 3.4 
EuLt1s,MOM 0.61   1.1 0.265 1.54 3.4 
EuLt1t,Me 1.7   1.6 0.266 1.51 3.4 
EuLt1t,MOM 2.1   4.1 0.267 1.55 3.4 
TbLc1s,MOM 4.9 22.5 0.904 1.42 n.d. d 
TbLc2s,MOM 4.8 24.3 0.979 1.40 1.2 
TbLt1s,Me 4.6   9.9 0.730 0.873 n.d. d 
TbLt1s,MOM 4.9 15.3 0.643 0.774 n.d. d 
TbLt1t,Me 4.5 17.7 0.920 1.67 2.1 
TbLt1t,MOM 4.0 24.5 0.930 2.25 2.9 
The values carry relative experimental error of 10%. a Relative to quinine sulfate (𝛷𝛷 = 59% in 
0.05 M H2SO4).[126] b Mean of 3 different measurements. c Calculated using Eq. (3) or (4). d Not 
determined due to BET. 

TbLc retained 69‒75% of GdLc antenna emission intensity, and the rest 
might have been lost to S1-mediated ET to Tb(III) excited states. EuLc had 
significantly diminished 𝛷𝛷L, only 3% of that in Gd(III) compounds (Table 16). 
Such a drastic difference was not accompanied by a robust Eu(III) emission, 
which suggested PeT quenching of antenna S1. Moreover, 𝛷𝛷Eu values were 
16% and 23% smaller for EuLc1s,MOM and EuLc2s,MOM, respectively, than in 
their tricarboxylate analogue (see Chapter 3). These compounds had the same 
number of X-H oscillators and similar ligand S1 and T1 energy levels, provid-
ing a close overlap between the former and Eu(III) excited states. Hence, 
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EuLc complexes have comparable ET efficiencies, and the reduced 𝛷𝛷Eu ought 
to come from PeT quenching. TbLc quantum yields were within 16% of mean 
𝛷𝛷Tb for TbLMOM, consistent with the inaccessible Tb(II) oxidation state (Ta-
ble 2) for PeT quenching. The Ln(III) coordination environment in the LnLc 
complexes was completed by a single inner-sphere water molecule, estab-
lished by 𝑞𝑞 = 1. 

The analysis of ligand fluorescence intensity for tacn-based compounds 
was not trivial, as the interference from the ICT emission could also depopu-
late antenna S1 apart from other processes quenching 𝛷𝛷L. YbLt1s and YbLt1t 
complexes preserved 45–60% and 88–93% of 𝛷𝛷L in corresponding Gd(III) 
species, respectively. The average antenna fluorescence quantum yield was 
4.5% for TbLt compounds. 𝛷𝛷L values in Eu(III) tacn-based complexes de-
creased in the order EuLt1t,MOM ≈ EuLt1s,Me > EuLt1t,Me > EuLt1s,MOM. The 
tendencies seen in antenna fluorescence intensities for Eu and Tb compounds 
with tacn ligands did not correlate with those of 𝛷𝛷Ln. 

Ln(III) emission quantum yields increased from more to less electron-do-
nating carbostyril substituent (Me vs MOM) and from secondary to tertiary 
amide linker. In EuLt, these phenomena could be explained by the diminished 
reducing ability of the antenna, which disfavoured PeT quenching. By assum-
ing that positively charged EuLt1s and neutral EuLt1t (overall complex 
charges) would have similar 𝐸𝐸red

Eu  to those of EuL1MOM and EuL0MOM, re-
spectively, we calculated the driving force of PeT in each tacn-based Eu(III) 
compound (Table 17). The resulting values of Δ𝐺𝐺PeT followed the same 
course as 𝛷𝛷Eu: the smallest Eu(III) emission quantum yield of 0.30% was for 
the complex with the most negative free energy change of PeT. The smaller 
𝛷𝛷Tb in TbLt1s compounds than in TbLt1t was likely due to BET and subse-
quent oxygen quenching of antenna T1. All Eu(III) complexes of tacn binding 
sites and TbLt1t,MOM had 𝑞𝑞 = 3, confirming the presence of 3 water molecules 
in the first coordination sphere of the Ln(III). 
Table 17. Calculation of free energy change of PeT for EuLt1 complexes. 

Parameter EuLt1s,Me EuLt1s,MOM EuLt1t,Me EuLt1t,MOM 
𝐸𝐸oxAnt [V vs NHE]   1.65 a   1.76 b   1.91 c   1.94 c 
𝐸𝐸redEu  [V vs NHE] ‒0.800 d ‒0.800 d ‒0.908 e ‒0.908 e 
𝐸𝐸S1 [eV] f   3.60   3.56   3.64   3.61 
Δ𝐺𝐺PeT [eV] g ‒1.30 ‒1.15 ‒0.972 ‒0.912 
a Value from [21]. b Value from [130]. c Value from [135]. d Estimated as the value of EuL1MOM.[128] 
e Estimated as the value of EuL0MOM.[128] f Estimated from the 0–0 phonon transitions in GdLt 
steady-state emission spectra at 77 K.[134] g Calculated using Eq. (5), with Δ𝐸𝐸Coul = 0.15 eV.[80] 
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5.3.2 Fluoride and cyanide binding experiments 
The photophysical properties of Eu(III) complexes in the absence and pres-
ence of fluoride or cyanide were determined in 10 mM TRIS-buffered solu-
tions (H2O, pH 8.05) to prevent the release of HCN gas while handling KCN. 
𝛷𝛷L and 𝛷𝛷Eu of EuLc compounds from control experiments were smaller 

in TRIS buffer solutions than in PIPES-containing ones by 17% and 25% on 
average, respectively. The pH titrations under constant ionic strength (0.1 M 
KCl in H2O) revealed that the emission intensity decreased by 12% for 
EuLc1s,MOM and 23% for EuLc2s,MOM at pH > 8.5. The drop of 𝛷𝛷Eu at more 
basic pH is due to the NH deprotonation of the secondary amide linker, which 
was observed for similar complexes.[21,142] Eu(III) compounds of cyclen-based 
ligands had the same 𝜏𝜏rad = 5 ms and 𝑞𝑞 = 1, verifying the similarity of their 
coordination environments. The intrinsic quantum yield and the sensitisation 
efficiency of EuLc2s,MOM were smaller than in EuLc1s,MOM, which was in line 
with the diminished 𝛷𝛷Eu of the former emitter (Table 18). 

The emission quantum yields of EuLt without added fluoride or cyanide 
were similar to those obtained at more acidic pH in PIPES buffer media. The 
Eu(III) complexes of tacn ligands had close values of 𝜏𝜏rad, 𝛷𝛷LnLn and hydration 
states (mean 3.2 ms, 8.2% and 3.5, respectively), supporting the structural re-
semblance of EuLt species. However, 𝜂𝜂sens decreased from the most to the 
least Eu(III) emissive compound, which also correlated with the trends ob-
served in Δ𝐺𝐺PeT. The largest sensitisation efficiency was for the complex with 
the least negative free energy change of PeT, supporting that changes in 𝜂𝜂sens 
mirror the effects of PeT quenching in the Eu(III) emission. 
Table 18. Results of control photophysical measurements for EuLc and EuLt com-
plexes. 

Complex 𝛷𝛷L [%] a 𝛷𝛷Ln [%] a 𝜏𝜏rad [ms] b 𝛷𝛷LnLn [%] c 𝜂𝜂sens [%] c 𝑞𝑞 d 
EuLc1s,MOM 0.203 3.49 5.08 11.6 30.1 1.1 
EuLc2s,MOM 0.139 2.69 5.07 10.0 27.1 1.3 
EuLt1s,Me 1.89 0.341 3.21   7.87   4.33 3.6 
EuLt1s,MOM 0.708 1.19 3.43   7.31 16.3 3.6 
EuLt1t,Me 1.73 1.67 3.13   8.70 19.2 3.3 
EuLt1t,MOM 1.87 4.66 3.05   8.90 52.4 3.4 
The values carry relative experimental error of 10%. a Relative to quinine sulfate (𝛷𝛷 = 59% in 
0.05 M H2SO4).[126] b Calculated using Eq. (1). c Calculated using Eq. (2). d Calculated using 
Eq. (4). 

For EuLc complexes, 0.1 M analyte (F‒ or CN‒) concentration was used for 
binding studies,[128] while for EuLt compounds, [F‒/CN‒] = 1 M to reach the 
maximum response in luminescence intensity. 

The addition of fluoride increased the quantum yields in all complexes (Ta-
ble 19). The 𝛷𝛷L and 𝛷𝛷Eu increase was 2-fold larger in +2 charged EuLc2s,MOM 
than in EuLc1s,MOM compound carrying a positive charge. The origin of 
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boosted Eu(III) emission intensities was in enhanced 𝛷𝛷LnLn and 𝜂𝜂sens: these 
parameters had a 1.4-times stronger effect in +2 than in +1 charged species 
upon fluoride binding. The complete replacement of coordinated H2O by F‒ 
in EuLc2s,MOM was confirmed by determining the number of lost water mole-
cules (Δ𝑞𝑞 = ‒1). Hence, the increased overall charge of the complex resulted 
in a larger emission response in the presence of fluoride, as demonstrated on 
Eu(III) compounds based on cyclen binding sites. 
Table 19. Photophysical properties of EuLc and EuLt complexes with added excess 
of fluoride (0.1 M KF for EuLc and 1 M KF for EuLt). 

Complex 𝛷𝛷L [%] a 𝛷𝛷Ln [%] a 𝛷𝛷LnLn [%] b 𝜂𝜂sens [%] b Δ𝑞𝑞 c 

EuLc1s,MOM-F 0.394 (×1.9)   6.19 (×1.8) 16.1 (×1.4) 38.4 (×1.3) ‒0.6 
EuLc2s,MOM-F 0.530 (×3.8) 10.3 (×3.8) 21.3 (×2.1) 48.4 (×1.8) ‒1.1 
EuLt1s,Me-F 4.03 (×2.1)   2.06 (×6.0) 19.8 (×2.5) 10.4 (×2.4) ‒3.1 
EuLt1s,MOM-F 2.15 (×3.0)   3.30 (×2.8) 19.4 (×2.7) 17.0 (×1.04) ‒3.1 
EuLt1t,Me-F 3.06 (×1.8)   7.84 (×4.7) 21.7 (×2.5) 36.1 (×1.9) ‒2.7 
EuLt1t,MOM-F 3.18 (×1.7) 16.0 (×3.4) 21.8 (×2.4) 73.3 (×1.4) ‒2.8 
The values carry relative experimental error of 10%. In parentheses: fold increase relative to 
the values from Table 18. a Relative to quinine sulfate (𝛷𝛷 = 59% in 0.05 M H2SO4).[126] b Cal-
culated using Eq. (2). c Calculated as 𝑞𝑞(F−) − 𝑞𝑞(H2O). 

 
Figure 37. Normalized superimposed absorption (left) and steady-state emission spec-
tra (right) of EuLt1t,MOM (black, control) with excess fluoride (red, 1 M KF).  
λex = 327 nm, front slit: 2 nm, exit slit: 1.5 nm.[134] 

In EuLt complexes, the largest (6-fold) increase of Eu(III) emission quantum 
yield by the addition of fluoride was in EuLt1s,Me, for which PeT quenching 
was calculated to be the most favourable across the series (Table 17). This 
improvement was reached via a 2.5-fold larger intrinsic quantum yield and 
sensitisation efficiency. The increase in 𝛷𝛷LnLn was due to Δ𝑞𝑞 = ‒3, meaning that 
up to three inner-sphere water molecules were swapped with fluorides, while 
𝜂𝜂sens became larger because of less efficient antenna-to-Eu(III) PeT. All 
EuLt-F species had 2.5-fold increased 𝛷𝛷LnLn and similar 𝜏𝜏rad (mean 20.7% and 
3.9 ms, respectively), revealing similar geometries of the fluoride-bound com-
plexes. The fluoride coordination did not alter the absorption spectra of Ln(III) 
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compounds, and the Eu(III) emission spectral pattern was also similar to the 
one observed for the aqua complex (Figure 37). 

Surprisingly, the addition of cyanide resulted in a significant drop in Eu(III) 
emission intensity, which was accompanied by decreased (EuLc) or increased 
(EuLt) ligand fluorescence quantum yield. While in cyclen-based complexes 
𝛷𝛷LnLn and 𝜂𝜂sens were smaller with added cyanide, the intrinsic quantum yields 
in the compounds with tacn ligands had a 1.4-fold increase on average. The 
larger 𝛷𝛷L values in EuLt were also contrary to the previous results with fluo-
ride. If PeT quenching was involved in diminished 𝛷𝛷Ln, one would expect a 
parallel reduction in the antenna fluorescence intensity. Moreover, the cyanide 
addition replaced only 1 or 2 of the water molecules in EuLt complexes, while 
EuLc compounds retained aqua ligands according to the calculated hydration 
states (Table 20). 
Table 20. Photophysical properties of EuLc and EuLt complexes with added excess 
of cyanide (0.1 M KCN for EuLc and 1 M KCN for EuLt). 

Complex 𝛷𝛷L [%] a 𝛷𝛷Ln [%] a 𝛷𝛷LnLn [%] b 𝜂𝜂sens [%] b 𝑞𝑞 c 

EuLc1s,MOM-CN 0.171 (×0.84) 1.46 (×0.42)   9.20 (×0.79) 15.8 (×0.52) 1.2 
EuLc2s,MOM-CN 0.075 (×0.54) 0.347 (×0.13)   7.05 (×0.71)   4.92 (×0.18) 1.5 
EuLt1s,Me-CN 4.28 (×2.3) 0.154 (×0.45) 10.7 (×1.4)   1.44 (×0.33) 1.2 
EuLt1s,MOM-CN 3.69 (×5.2) 0.435 (×0.37) 11.1 (×1.5)   3.91 (×0.24) 1.2 
EuLt1t,Me-CN 2.86 (×1.7) 1.04 (×0.62) 11.5 (×1.3)   9.01 (×0.47) 2.2 
EuLt1t,MOM-CN 2.12 (×1.1) 1.24 (×0.27) 12.1 (×1.4) 10.3 (×0.20) 2.2 
The values carry relative experimental error of 10%. In parentheses: fold increase relative to 
the values from Table 18. a Relative to quinine sulfate (𝛷𝛷 = 59% in 0.05 M H2SO4).[126] b Cal-
culated using Eq. (2). c Calculated using Eq. (4). 

 
Figure 38. Normalized superimposed absorption (left) and steady-state emission spec-
tra (right) of EuLt1t,MOM (black, control) with excess cyanide (turquoise, 1 M KCN). 
λex = 327 nm (control) and 330 nm (CN‒), front slit: 2 nm, exit slit: 1.5 nm.[134] 

We attempted to identify the possible chemical interactions between the com-
plexes and the cyanide. In the absorption spectra of the cyanide-containing 
samples, antenna π–π* transitions were bathochromically shifted compared to 
aqua compounds (Figure 38, left), indicating the altered electronic structure 
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of complexes in the presence of KCN. In diamagnetic 1H NMR spectra of 
analogous Lu(III) compounds, the aromatic carbostyril proton signals reso-
nated at the same chemical shifts, pointing towards the intact antenna upon 
cyanide addition. 

The cyanide binding is known to give turn-on[143] or off[144] responses with 
the emission of Eu(III) complexes (Figure 39). The turn-on change in EuIII-
Lys-HOPO emission intensity was due to the replacement of all aqua ligands 
with cyanides in the coordination sphere of Ln(III). The turn-off response in 
Ln.1–2 was explained by the reaction between the carbonyl linker and cya-
nide, leading to the formation of cyanohydrin species, which were less emis-
sive than the parent complexes. At the same time, amide-functionalised Ln.5 
did not interact with cyanide.[144] 

 
Figure 39. Eu(III) complexes with turn-on (EuIII-Lys-HOPO),[143] turn-off (Ln.1–2) 
or no change (Ln.5)[144] upon added excess of CN– in solution. 

EuLc and EuLt contain a secondary or a tertiary amide linker, which can ex-
clude the cyanohydrin formation in our complexes, based on observations of 
Faulkner’s group.[144] Then, cyanide may react with the antenna linker and 
functionalise it with a stronger electron-donating group. The latter would ex-
plain the changes in the UV-Vis; however, further investigations of the cova-
lent adducts between our complexes and cyanide are necessary to ascertain 
these statements. 

5.4 Conclusions 
We synthesised and structurally characterised two series of Ln(III) complexes 
designed for anion-binding studies. The first series was based on cyclen octa-
dentate ligands, functionalised with one or two N,N-dimethylamide pendant 
arms, rendering the resulting compounds +1 or +2 charged. The second series 
was built on tacn core structure with two acetate donor groups and a secondary 
or tertiary amide-linked carbostyril antenna, giving the space for three labile 
one-donor atom ligands. The complexes of cyclen binding sites existed as 
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mixtures of two isomers, while a single conformer was identified for tacn-
based compounds in solution. 

All complexes containing Gd and Yb were fluorescent, and those with Eu 
and Tb also showed Ln(III) luminescence. The brightest emission of Eu(III) 
and Tb(III) was for the complexes of the tacn ligand containing a tertiary am-
ide linker and a 4-methoxymethylcarbostyril antenna. These species were the 
least prone to PeT quenching of the Eu(III) luminescence intensity, as shown 
by the calculated free energy change of electron transfer. In aqueous solutions, 
cyclen- and tacn-based complexes had 1 or 3 coordinated water molecules, 
which was determined by the time-resolved studies of Ln(III) emission. 

The fluoride binding increased the Eu(III) emission up to 6-fold via re-
placed aqua ligands and inhibited PeT quenching. The effect was the largest 
for the poorest emitter of the tacn series, where PeT quenching was calculated 
to be the most favourable. In cyclen-based compounds, the higher the overall 
charge of the complex, the larger the increase upon fluoride binding. However, 
cyanide addition quenched the luminescence of all compounds regardless of 
the metal binding site. These changes were attributed to a possible chemical 
reaction of the emitters, with the cyanide creating less emissive molecules than 
their parent structures. Thus, these complexes were proved to be functional to 
detect fluoride and cyanide via turn-on and off changes in the Eu(III) emission 
intensity, respectively. Further structural tuning of the complexes to make 
them more anion-responsive could facilitate the distinction of analytes that are 
still hard to detect, e.g. different halides.  
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6. Competing sensitisation pathways of 
Yb(III) NIR luminescence (Paper V) 

The luminescence of Ln(III) ions in the NIR region is particularly useful for 
the in-depth imaging of biological tissues that are more transparent in this part 
of the electromagnetic spectrum (700‒1200 nm).[117] Among NIR-emissive 
lanthanides, Yb(III) is extraordinary as it has a single 2F5/2 excited state at 
10260 cm‒1 and a relatively large intrinsic quantum yield compared to other 
luminescent Ln(III).[19] As the 2F5/2 excited state is energetically much lower 
than that of the UV-absorbing organic ligands, the sensitisation of Yb(III) NIR 
emission remains unclear in some cases.[21,145] 

The PeT-BeT mechanism suggested by Horrocks (see 1.2.4)[69] was often 
invoked for Yb(III) emitters, where a spectral overlap between the ligand and 
2F5/2 excited states was negligible.[77–80] The PeT pathway was cited as opera-
tional because of the accessible Yb(II) oxidation state, even when the free en-
ergy change of electron transfer was not calculated.[61] In the literature, there 
were no examples of how the Yb(III) luminescence could be tuned by accel-
erating PeT if this process was sensitising. Controlling the sensitisation mech-
anisms through the ligand structure of the emissive Yb(III) complexes is es-
sential to improve their photophysical properties and implement them as bio-
logical tools. 

In this chapter, the strategy of regulating PeT in luminescent Yb(III) com-
plexes is explored in two different ways: by changing either the coordination 
environment of the metal centre or the reducing ability of the sensitising an-
tenna. The former was achieved by successively introducing a positive charge 
in the DO3A-based MOM-carbostyril appended complexes, starting from 
neutral YbL0MOM and ending with +3 charged YbL3MOM (Chapter 3, Figure 
12). We functionalised carbostyrils in the 4-positions from the CF3 substituent 
to Me and MOM groups in charge-neutral YbL0 compounds (R = CF3, Me 
and MOM in Figure 12, Chapter 3) to vary the electronic structure of the an-
tenna. These approaches would modulate the contribution of PeT to the lumi-
nescence sensitisation via altered Yb(III)/Yb(II) reduction or antenna oxida-
tion potentials. The structural composition of Yb(III) complexes was studied 
in solution and solid state before investigating their steady-state UV-Vis and 
NIR electronic spectra, as well as the ligand fluorescence lifetimes. We aimed 
to evaluate the contribution of PeT to the sensitisation of Yb(III) luminescence 
and how to control this process for brighter NIR emission. 
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6.1 YbLR complexes solution and solid-state structures 
Dr. Daniel Kovacs prepared the Yb(III) compounds. The solution structures 
of the Yb(III) complexes were investigated by 1H NMR spectroscopy. These 
studies were performed to verify that neither different antenna substituents 
(YbL0CF3,Me,MOM) nor carboxylate to amide arm replacement (YbL0‒3MOM) 
imposed significant changes in solution structures of the Yb(III) compounds. 

All 1H NMR spectra of YbLR complexes were measured at r.t. and constant 
magnetic field (400 MHz, Figure 40) in D2O. Yb3+ induced significant para-
magnetic shifts on the ligand proton signals stretching between 130 ppm and 
‒75 ppm. The highest frequency chemical shifts were assigned to axial cyclen 
CH2 resonances belonging to SAP isomers. These signals were found at 
111.63‒133.60 ppm for YbL0 compounds, and those of positively charged 
YbL1‒3 species were more shielded at 92.07‒114.47 ppm. The tricarboxylate 
complexes were present as mixtures of SAP and TSAP diastereomers, and the 
chemical shifts of the latter resonated at 54.38‒84.90 ppm. The amount of the 
SAP compared to the TSAP isomer was ~10-fold larger in all three com-
pounds (SAP:TSAP = 1:0.07, 1:0.09, 1:0.08 for YbL0CF3,Me,MOM, Table 21). 
Hence, YbL0 complexes would give the weighted average result of the SAP-
TSAP mixture (with less than 10% of TSAP), provided that the same equilib-
rium occurs during the photoluminescent measurements. At the same time, 
Yb(III) compounds with amide pendant arms would have single contributing 
species of SAP geometry. 

 
Figure 40. 1H NMR spectra of YbLR compounds (400 MHz, D2O, r.t.) with the high-
lighted blue and red areas of SAP and TSAP axial cyclen proton signals.[146] 
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Table 21. Data from 1H NMR spectra of YbLR complexes. First row: spectral regions 
of SAP and TSAP isomers signals, second row: their integrated ratios. 

Parameter YbL0CF3 YbL0Me YbL0MOM YbL1‒3MOM 
SAP and  
TSAP, ppm 

111.63‒130.55 
54.38, 82.64 

112.82‒130.49 
57.18, 84.90 

112.66‒130.60 
55.91, 83.23 

92.07‒114.47 
- 

SAP:TSAP 1:0.07 1:0.09 1:0.08 - 

We obtained single crystals of YbL0CF3 upon the slow diffusion of dioxane 
into its concentrated aqueous solution. There were two significant differences 
in the solid-state structure of YbL0CF3 compared to those of the other Ln(III) 
complexes based on DO3A ligand binding sites with the carbostyril anten-
nae.[49,124] The central ion in YbL0CF3 had CN = 8 instead of the nonacoordi-
nate polyhedra of lighter Dy(III)[49] or Eu(III)[124] due to the smaller rion of Yb3+ 
[rion = 0.99 Å (Yb), 1.03 Å (Dy), 1.07 Å (Eu) for CN = 8, Figure 41].[147] Both 
molecules of YbL0CF3 in the crystal packing were TSAP enantiomers, which 
was revealed by the same signs of ψ and ω torsion angles [+56.8° and +14.2° 
for Λ(λλλλ), and ‒56.8° and ‒14.2° for Δ(δδδδ)]. 

 

 
Top view 

 
Side view 

Figure 41. Solid-state structure of YbL0CF3 (left, Δ(δδδδ) isomer) and the coordination 
environment of Yb3+ (right, view from the top and the side of the polyhedron). Yb and 
coordinating atoms are shown as ellipsoids at 50% probability, the rest of the structure 
is capped sticks. Protons, solvent (H2O) and antisolvent (dioxane) molecules were 
omitted for clarity.[146] 

YbL0CF3 was the first crystal structure containing TSAP isomers of Yb(III) 
cyclen-based complexes, as similar compounds were only reported to 
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crystallise in their capped SAP form.[97] As studied by 1H NMR spectroscopy, 
the DOTA-based Ln(III) compounds could undergo capped SAP-TSAP isom-
erisation with the loss of coordinated water molecule, so we cannot exclude 
that our Yb(III) compounds may have an inner-sphere H2O ligand in solu-
tion.[92] The 1H NMR data proved that YbLR complexes have the same SAP 
geometry of the predominant isomer in solution, affirming the major contrib-
uting species to the photophysical properties. 

6.2 Ligand-based and 4f-4f emission properties of 
YbLR compounds 

All photophysical measurements were performed in 10 mM PIPES-buffered 
aqueous solutions at pH 6.5 unless stated otherwise. The absorption spectra of 
Yb(III) complexes were recorded before the emission spectroscopy experi-
ments. The electron-donating Me and electron-withdrawing CF3 substituents 
on the carbostyril of YbL0 complexes blue- and red-shifted antenna π–π* 
transitions by 3 and 10 nm, respectively, compared to the MOM group (Figure 
42, left). Yb(III) compounds carrying the same 4-MOM-carbostyril had iden-
tical λabs = 331 nm, and small intensity differences were observed in the ab-
sorbance of the higher energy region corresponding to n–π* carbonyl absorp-
tions (Figure 42, right). YbLMOM absorption and excitation spectra were sim-
ilar to those of the Eu(III) complexes containing the same ligands (see Chapter 
3), which means that identical antenna excited states are involved in the sen-
sitisation of Yb(III) complexes. 

 
Figure 42. Normalised superimposed absorption spectra of YbL0 (left, λabs = 328 nm, 
331 nm and 341 nm) and YbLMOM (right, λabs = 331 nm) complexes with A = 0.10.[146] 

All steady-state and time-resolved luminescence spectroscopy experiments 
were performed with A = 0.10 of the solutions at λex to ensure that the samples 
absorbed equal amounts of light. The ligand fluorescence peak positions of 
YbL0 compounds in the steady-state emission spectra correlated well with 
their respective absorptions. While YbL0MOM had λem = 376 nm, complexes 
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with 4-Me and 4-CF3 auxochromes on the carbostyril antenna emitted at 
10 nm lower and 15 nm higher wavelengths, respectively. In the YbLMOM se-
ries, all representatives had the same λem as the neutral species, differing only 
in the intensities of the fluorescence bands (Figure 43). 

 
Figure 43. Steady-state emission spectra of YbL0 (left, λex = 329 nm) and YbLMOM 
(right, λex = 329.5 nm) complexes. Front slit: 2 nm, exit slit: 1.5 nm.[146] 

Along with Yb(III) compounds, we also studied the photophysical properties 
of the analogous Lu(III) complexes with 4-MOM-carbostyrils. Lu(III) was 
chosen as it is the closest neighbour of Yb(III) in rion;[147] hence, these metals 
were supposed to have minimal differences in their complex structures.[89,92] 
Moreover, the ligand photophysics of LuLMOM compounds was not expected 
to be perturbed by PeT or ET to the Ln(III). 

Of the neutral complexes, YbL0MOM had the largest 𝛷𝛷L = 5.9%, while the 
CF3 and Me-derivatives had smaller ligand fluorescence quantum yields 
(4.8% and 4.2%, respectively). Each extra positive charge decreased 𝛷𝛷L in the 
YbLMOM series by 16% on average from the tricarboxylate to the triamide 
compound. The smallest ligand fluorescence quantum yield of YbL3aMOM 
was increased by 7% and 22% after consecutive methylation in YbL3bMOM 
and YbL3cMOM, respectively. Contrary to Yb(III) complexes, 𝛷𝛷L of LuLMOM 
varied by 10% of the mean 7.9%, confirming the inactivity of Lu(III) in the 
photo- and redox processes in these conditions (Table 22). 

The LnLMOM antenna fluorescence lifetimes were also measured. The 𝜏𝜏f,L 
values were determined to estimate the rate constants of the processes that 
depopulate antenna S1 in Yb(III) compounds compared to the Lu(III) ana-
logues. The ligand fluorescence lifetimes of LuLMOM were within ±5% of the 
average 0.45 ns, which was consistent with negligible differences in 𝛷𝛷L across 
the series. The smallest 𝜏𝜏f,L in the set of YbLMOM was for the +3 charged com-
plex, concordant with the more efficient quenching of the antenna S1 than in 
the other Yb(III) compounds. The radiative ligand fluorescence lifetimes of 
LnLMOM were calculated using Eq. (6). While for Lu(III) complexes 𝜏𝜏rad,L 
was the same (mean 5.77 ns), the difference between the largest (YbL3aMOM) 
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and the smallest (YbL0MOM) radiative ligand fluorescence lifetimes of Yb(III) 
species was 2.7 ns. 

The antenna S1 of LnLMOM (≈ 28700 cm–1) were estimated from the 0–0 
phonon transitions in the 77 K steady-state emission spectra of Gd(III) com-
plexes. These energy levels were 18400 cm–1 higher than the 2F5/2 excited state 
of Yb(III). Hence, the ligand singlet is unlikely to be involved in direct reso-
nance ET to the Yb(III) excited state. Therefore, we assumed that only PeT 
would contribute significantly to the non-radiative decay of S1 in YbLMOM, 
apart from other processes that depopulate the singlet excited states in Yb(III) 
and Lu(III) complexes equally. Thus, the differences between the radiationless 
rate constants of YbLMOM and LuLMOM would give 𝑘𝑘PeT, calculated using Eq. 
(7). Neutral and +1 charged Yb(III) complexes had smaller rate constants of 
PeT quenching than the rest of the series. The most significant 𝑘𝑘PeT was cal-
culated for YbL3bMOM, which was 2.8-fold larger than in YbL0MOM (Table 
22). 
Table 22. Measured ligand fluorescence quantum yields, lifetimes, Yb(III) relative 
emission quantum yields and calculated PeT rate constants. 

Complex 𝛷𝛷L (𝜑𝜑Ln) [%] a, b 𝜏𝜏f,L [ns] b, c 𝜏𝜏rad,L [ns] d 𝑘𝑘PeT [ns‒1] e 𝜑𝜑Ln [%] f 
YbL0CF3 4.77 (81) - - -   77 
YbL0Me 4.20 (72) - - -   82 
YbL0MOM 5.87 (100) 0.343 5.84 0.80   88 
YbL1MOM 5.43 (93) 0.340 6.26 0.86   81 
YbL2MOM 4.31 (73) 0.253 5.87 1.8   83 
YbL3aMOM 3.07 (52) 0.262 8.53 1.7   83 
YbL3bMOM 3.46 (59) 0.226 6.53 2.2   85 
YbL3cMOM 4.35 (74) 0.280 6.44 1.3 100 
LuL0MOM 8.30 (100) 0.468 5.64 / / 
LuL1MOM 8.40 (101) 0.467 5.56 / / 
LuL2MOM 7.97 (96) 0.459 5.76 / / 
LuL3aMOM 7.69 (93) 0.447 5.81 / / 
LuL3bMOM 7.63 (92) 0.447 5.86 / / 
LuL3cMOM 7.15 (86) 0.430 6.01 / / 
The values carry relative experimental error of 10%. a Relative to quinine sulfate (𝛷𝛷 = 59% in 
0.05 M H2SO4).[126] 𝜑𝜑L is relative to LnL0MOM. b Mean of 2 or 3 independent measurements. 
c λex = 341.5 nm. d Calculated using Eq. (6). e Calculated using Eq. (7). f Relative to YbL3cMOM, 
the values are ±1‒2%. 

Dr. Julien Andres measured the photophysical properties of Yb(III) com-
plexes in the NIR region. The NIR emission spectra of YbL0 compounds 
showed three superimposable peaks of the 2F5/2→2F7/2 transition at 981, 996 
and 1027 nm upon antenna excitation. The profiles of Yb(III) emissions were 
unchanged with the identical tricarboxylate binding site, supporting the hy-
pothesis that the geometries around the central ion are the same. The NIR 
emission spectral shapes of YbLMOM were more sensitive to carboxylates re-
placed by amide pendant arms than varied carbostyril substituents in YbL0. 
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The first band of the 4f-4f transition changed intensity, while the two longer 
wavelength components became more intense and lower in energy upon in-
creasing the overall complex charge. The spectral patterns of Yb(III) emission 
were alike in all complexes, indicating similar coordination geometry of the 
emitting species (Figure 44). 

Only relative Yb(III) emission quantum yields were determined due to the 
lack of appropriate reference compounds with NIR luminescence upon UV 
excitation. YbL0CF3 and YbL0MOM were the least and the most NIR-emissive 
neutral complexes, respectively. YbL0Me and YbL1-3bMOM had the same 
𝜑𝜑Yb = 83% within the experimental error. YbL3cMOM had the most intense 
NIR luminescence in the entire series, and 𝜑𝜑Ln values of the other complexes 
were calculated relative to this emitter. The 𝜑𝜑Ln in YbL0MOM was smaller by 
12% than in YbL3cMOM despite the same number of X-H oscillators in these 
molecules (Table 22). 

 
Figure 44. Normalised superimposed steady-state NIR emission spectra of YbL0 
(left) and YbLMOM (right) complexes, λex = 323 nm.[146] 

Table 23. Measured ligand fluorescence and Yb(III) relative emission quantum yields, 
lifetimes and calculated PeT rate constants in D2O (10 mM PIPES, pD 6.9).[131] 

Complex 𝛷𝛷L (𝜑𝜑Ln) [%] a, b 𝜏𝜏f,L [ns] b, c 𝜏𝜏rad,L [ns] d 𝑘𝑘PeT [ns‒1] e 𝜑𝜑Ln [%] f 
YbL0MOM 5.90 (100) 0.313 5.30 1.0   89±6 
YbL3aMOM 3.34 (57) 0.218 6.52 2.4 100 
LuL0MOM 8.35 (100) 0.459 5.49 / / 
LuL3aMOM 7.66 (92) 0.446 5.82 / / 
The values carry relative experimental error of 10%. a Relative to quinine sulfate (𝛷𝛷 = 59% in 
0.05 M H2SO4).[126] 𝜑𝜑L is relative to LnL0MOM. b Mean of 2 or 3 independent measurements. 
c λex = 341.5 nm. d Calculated using Eq. (6). e Calculated using Eq. (7). f Relative to YbL3aMOM. 

We measured the photophysical properties of Ln(III) complexes in D2O to 
eliminate the contribution of X-H quenching. The ligand-based photophysics 
was unchanged upon recording 𝛷𝛷L and 𝜏𝜏f,L in D2O, supporting the insensitiv-
ity of antenna S1 to X-H oscillators (Table 23). The D2O rate constants of PeT 
were also similar to the values obtained in H2O. In +3 charged YbL3aMOM, 
𝑘𝑘PeT was 2.4-fold larger than in neutral YbL0MOM. Most importantly, the 
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relative Yb(III) emission intensity of the former complex was larger by 11% 
than that of the latter, meaning that the close 𝜑𝜑Ln values in H2O were over-
shadowed by the deactivation from X-H bonds (Figure 45, left). 

6.3 Sensitisation pathways in YbLR complexes 
As with antenna S1, the Yb(III) excited state overlaps poorly with the ligand 
triplet energy level. The latter is located at 22600 cm–1, making for a 
12300 cm–1 difference. Hence, sensitisation pathways of Yb(III) lumines-
cence, alternative to direct ET, were explored. 

Antenna S1 could participate in PeT, which might sensitise Yb(III) emis-
sion, as shown by the calculated PeT rate constants (Table 22, Table 23). In 
our systems, PeT is unfavourable from the ligand T1.[21] The free energy 
change of PeT was calculated from antenna S1 (Table 24). In neutral com-
plexes, Δ𝐺𝐺PeT was thermodynamically uphill, and in positively charged 
YbL1MOM, the free energy change of PeT was nearly 0. For +2 and +3 charged 
species, PeT was calculated to be favourable based on the negative values of 
Δ𝐺𝐺PeT. However, the contribution of PeT to Yb(III) sensitisation was minor, 
as 𝜑𝜑Ln values of triamide compounds were only 1.13-fold larger than that of 
YbL0MOM. 

Since PeT was not a plausible route to sensitise Yb(III) emission in the first 
half of the complex series (YbL0R and YbL1MOM), we proposed that the 2F5/2 
excited state could be thermally populated via phonon-assisted energy transfer 
(PAET, Figure 45, right).[148–150] This process represents the radiationless de-
cay of antenna T1 to Yb(III) excited state. Then, the PAET rate constant is 
proportional to the Franck-Condon factor: 

FC(T=0) = �〈𝜒𝜒𝑎𝑎,𝑝𝑝�𝜒𝜒𝑏𝑏,0〉�
2 = 𝑠𝑠−𝑆𝑆×𝑆𝑆𝑝𝑝

𝑝𝑝!
               (8) 

𝑆𝑆 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆
2ℏ𝜔𝜔𝑄𝑄

                       (9) 

where S is the displacement of the higher |𝑏𝑏⟩ state relative to the lower ⟨𝑎𝑎| 
state, also known as the Huang-Rhys factor, p is the reduced energy gap in 
ℏ𝜔𝜔𝑄𝑄 units between the υ = 0 levels of ⟨𝑎𝑎| and |𝑏𝑏⟩.[151,152] 

In our complexes, two non-radiative deactivation pathways are possible 
from T1: decay to 2F5/2 or S0. The former process can result in NIR emission 
from the Yb(III) excited state. The decay from the T1 to S0 state corresponds 
to the ligand phosphorescence, which is up to 6 times slower than the Yb(III) 
emission. Thus, we calculated the Franck-Condon factors for T1→2F5/2 and 
T1→ S0 pathways using Eq. (8) and (9), and the first pathway turned out to be 
7‒9 orders of magnitude larger than the second. This model also correlated 
the decreased 𝜑𝜑Ln of YbL0CF3 with the smallest quotient of the Franck-
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Condon factors in the YbLR series (Table 24). Thus, PAET is a viable sensi-
tisation route even when the PeT process is unlikely. Moreover, PAET is the 
primary pathway yielding Yb(III) luminescence in tricarboxylate complexes. 
Since PeT was favourable to a certain extent in the positively charged Yb(III) 
compounds, the sum of combined sensitisation via PAET and PeT could in-
crease NIR emission intensity, but only marginally. 
Table 24. Calculated free energy change of PeT and the quotient of Franck-Condon 
factors. 

Complex 𝐸𝐸oxAnt a 𝐸𝐸redYb  a, b 𝐸𝐸S1 [eV] c Δ𝐺𝐺PeT [eV] d FC�T1→ F2 5/2�
FC(T1→S0)

 e 

YbL0CF3 >1.75 f ‒2.42 3.42 >0.60 6.55×107 
YbL0Me   1.65 f ‒2.42 3.58   0.34 1.76×109 
YbL0MOM   1.76 g ‒2.42 3.56   0.47 1.19×108 
YbL1MOM   1.76 g ‒1.92 3.57 ‒0.04 1.19×108 
YbL2MOM   1.76 g ‒1.70 3.57 ‒0.26 1.19×108 
YbL3aMOM   1.76 g ‒1.55 3.57 ‒0.41 1.19×108 
YbL3bMOM   1.76 g ‒1.56 3.55 ‒0.38 1.19×108 
YbL3cMOM   1.76 g ‒1.60 3.56 ‒0.35 2.08×108 
a V vs NHE. b Measured in DMF (0.1 M n-Bu4ClO4, 0.10 V/s) with [YbLMOM] = 0.5 mM.[146] 
The values for YbL0CF3 and YbL0Me are approximated to be the same as for YbL0MOM. c 
Estimated from the 0–0 phonon transitions in Gd(III) complexes steady-state emission spectra 
at 77 K.[146] d Calculated using Eq. (5), with Δ𝐸𝐸Coul = 0.15 eV.[80] e Calculated using Eq. (8) and 
(9). f Value from [21]. g Value from [130]. 

  

Figure 45. Steady-state NIR emission spectra of YbL0,3aMOM in D2O (left, 10 mM 
PIPES, pD 6.9),[131] λex = 331 nm, front slit: 14 nm, exit slit: 5 nm and the sensitisation 
pathways of Yb(III) luminescence via PAET or PeT-BeT processes (right).[146] 

6.4 Conclusions 
We analysed the sensitisation pathways of NIR luminescence in the set of 
Yb(III) complexes with the varying electronic structure of the metal binding 
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site or the sensitising antenna. These compounds had one major diastereomer 
in solution as examined by 1H NMR spectroscopy. The structural analogy of 
Yb(III) compounds was confirmed by the similar spectral shapes of the 4f-4f 
emissions. The ligand fluorescence intensities and lifetimes were affected by 
the increasing overall charge of the complex, consistent with facilitated PeT 
in positively charged Yb(III) compounds. The rate constants of PeT in +3 
charged complexes were twice as large as in the neutral species. 

All Yb(III) complexes were NIR-emissive, despite the positive free energy 
change of PeT in neutral compounds. In complexes with inefficient antenna-
to-Ln PeT, phonon-assisted energy transfer was favourable to sensitise Yb(III) 
luminescence. The complexes with sensitisation from combined electron and 
energy transfer pathways were only 11‒12% more emissive than their ana-
logues, wherein PeT was thermodynamically uphill. Nevertheless, the effect 
from PeT sensitisation was similar in +3 charged complexes after removing 
the inner-sphere X-H oscillators. 

This study shows that the literature-acclaimed sensitisation pathways need 
to be verified on every luminescent system to establish methods for improving 
NIR emission properties. This approach would facilitate understanding which 
processes should be accelerated due to the sensitising effects (PAET) and 
which pathways should be avoided for their detrimental impact (X-H quench-
ing). The electron transfer processes contributed to sensitised Yb(III) lumi-
nescence only slightly in our systems (PeT).  
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7. Improved Yb(III) emission in tacn-based 
complexes compared to cyclen derivatives 
(Paper VI) 

In the previous chapter, we showed that PAET was the main pathway leading 
to the sensitised Yb(III) luminescence for our complexes based on cyclen lig-
ands. The NIR emission intensity was moderately increased through PeT com-
pared to the systems where this process was unfavourable. Another way to 
control the Ln(III) luminescence quantum yield is to improve the intrinsic 
ability of the Ln(III) ion to emit.[24] Then, the NIR emission intensity could be 
increased by enhancing the intrinsic quantum yield of Yb(III) complexes, pro-
vided that the sensitisation efficiency of the Ln(III) remains unchanged. 

Eu(III) complexes of tacn-dipicolinate ligands had larger 𝛷𝛷LnLn (mean 17.8% 
for EuLX, Figure 46, left)[130] than those of the cyclen-based compounds (12% 
for EuL0MOM).[128] The values of 𝜂𝜂sens in EuLX were diminished by intralig-
and PeT from the carbostyril antenna to the picolinate moiety (𝜂𝜂sens = 20% 
and 43%, 𝛷𝛷Ln = 3.6% and 5.1% for EuLOMe and EuL0MOM, respec-
tively).[128,130] As the rates of the sensitising and quenching processes are 
Ln(III) dependent, we decided to test the emissive properties of the analogous 
Yb(III) compounds (Figure 46, left). 

 
Figure 46. Yb(III) complexes based on tacn-dipicolinate ligands (left) and cyclen-
based reference structure from Chapter 6 (right).[153] 

YbLX (X = OMe, H, Cl, CF3) complexes were based on known ligands[130] 
consisting of tacn macrocyclic core, equipped with two methylenepicolinate 
donors and a secondary amide-linked 4-MOM-carbostyril antenna. The lig-
ands contained either functionalised pyridylcarboxylates in the para-position 
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with OMe, Cl and CF3 groups or unsubstituted picolinate pendant arms. Along 
with the structural and photoluminescent studies of the tacn-dipicolinate 
Yb(III) complexes, we intended to compare their NIR emission intensities 
with that of the cyclen-based reference structure (Figure 46, right). These lig-
ands are octadentate but vary in their donor sites and can impose different 
geometries on the Ln(III) ion. 

7.1 Structural studies of YbLX complexes in solution 
and solid state 

The new Yb(III) compounds were obtained by the complexation reaction be-
tween the tacn-based LX ligands and YbCl3 in an aqueous-ethanolic 1:1 mix-
ture at 45 °C for 16 h. YbLX complexes were purified by column chromatog-
raphy on neutral alumina using CH3CN:H2O as the eluent mixture and were 
characterised by HPLC-MS and HRMS, confirming their molecular formulae. 

The complete structural characterisation of YbLX compounds via NMR 
spectroscopy was not possible due to their limited solubility. Nevertheless, in 
the 1H NMR spectra of the Yb(III) compounds measured at r.t. in CD3OD, 31‒
37 peaks were observed from 57 ppm to ‒35 ppm (Figure 47, left). Each mag-
netically non-equivalent proton in the Yb(III) complexes would give a sepa-
rate signal[154] (28 resonances for YbLH and 30 for YbLOMe,Cl,CF3). Thus, the 
number of the chemical shifts observed in the 1H NMR spectra agrees with a 
single diastereomer present in solution or a mixture of YbLX stereoisomers 
undergoing fast exchange on the NMR time scale. Due to the helical chirality 
of Yb(III) complexes, each diastereomer was expected to be a racemic mix-
ture. 

 

 

 
Figure 47. 1H NMR spectra of YbLX complexes at r.t. (left). 1H and 19F NMR spectra 
of YbLH and YbLCF3, respectively, at r.t. and at 0 °C (right). All spectra were meas-
ured in CD3OD at 400 MHz for 1H NMR, and at 376 MHz for 19F NMR.[153] 



 

 78 

Cooling down the CD3OD solution of YbLH to 0 °C displaced the proton res-
onances up to 5 ppm relative to the r.t. spectra indicating the influence of the 
paramagnetic shifts induced by Yb3+.[137] Similar effects with a smaller dis-
placement factor (1 ppm) were observed in the 19F NMR spectra of YbLCF3 at 
the same temperature (Figure 47, right). These observations correlated well 
with the results from the NMR spectra of the analogous Eu(III) complexes 
exhibiting either a single diastereomer or a fast equilibrium between several 
species.[130] Since all YbLX complexes had a similar isomeric composition in 
solution, we assumed that the differences in photophysical properties would 
arise from the para-substituents on picolinate pendant arms instead of the 
structural varieties. 

We successfully obtained YbLCF3-F and YbLH single crystals appropriate 
for X-ray crystallography. The single crystals of YbLCF3-F were obtained af-
ter slow vapour diffusion of glyme into the concentrated aqueous solution of 
the complex containing an equiv. of KF. The single crystals of YbLH formed 
without a fluoride source, using dioxane as the antisolvent. The coordination 
polyhedron around the central ion was a distorted tricapped trigonal prism in 
both complexes (CN = 9, Figure 48). F‒ and H2O ligands were capping one of 
the trigonal prismatic faces in YbLCF3-F and YbLH complexes, respectively. 

 

 
Top view 

 
Side view 

Figure 48. Solid-state structure of YbLH (left, Δ(λλλ) isomer) and coordination envi-
ronment of Yb(III) in YbLH from the top and side view (right). Protons, chloride 
counterions and water molecules were omitted for clarity. Yb(III) coordinating atoms 
were depicted as ellipsoids at 50% probability, the remaining structure is shown as 
capped sticks.[153] 
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We measured the ψ and ω torsion angles formed by NCCN of the tacn ring 
and the picolinate pendant arms or NCCO of the carbostyril linker amide. In 
both crystals of Yb(III) compounds, the sign combinations of the ψ and ω 
torsion angles were consistent with Δ(λλλ) and Λ(δδδ) isomers. The presence 
of two enantiomers of a single diastereomer in YbLX was consistent with the 
previous results for Ln(III) complexes of tacn-trispicolinate ligands, which 
also had enantiomeric pairs.[155,156] The X-ray crystallography data corre-
sponded with 1H NMR spectroscopy results reaffirming the presence of a sin-
gle diastereomer in both solid state and solution. The structural similarities of 
YbLX complexes allowed the direct comparison of their photoluminescent 
properties. 

7.2 Photophysical characterisation of YbLX 
compounds in the UV-Vis and NIR regions 

Absorption and steady-state luminescence spectroscopy measurements were 
performed in the aqueous 10 mM PIPES buffer solutions at pH 6.5. The intro-
duction of picolinate groups in YbLX contributed to a more intense absorbance 
at 263‒306 nm compared to the same region in the absorption spectrum of 
YbL1MOM (Figure 49, left). The combined picolinate π‒π* and C=O n‒π* 
transitions increased the absorbance of the higher energy band 1.5‒2 fold in 
the following order: YbLOMe < YbLH ≈ YbLCl < YbLCF3. However, YbLX 
had the carbostyril-centred π‒π* absorption at similar λabs as the related 
Yb(III) complexes carrying the same MOM-antenna. The carbostyril absorp-
tion region was superimposable in all Yb(III) compounds. The excitation 
wavelength used in the luminescence experiments was chosen to excite only 
the antenna. 

Excitation of Yb(III) complexes at λex = 329 nm resulted in ligand-based 
UV-visible and metal-based NIR emission. The residual antenna fluorescence 
was found at the same wavelengths with identical λem as for previously de-
scribed cyclen-based complexes with 4-MOM-carbostyril (Figure 49, right). 
The fluorescence band intensity was dependent on the para-substituents of the 
picolinate pendant arms in YbLX. The largest ligand fluorescence quantum 
yield was for the complex with electron-donating methoxy groups 
(𝛷𝛷L = 4.6%). YbLH had 21% smaller 𝛷𝛷L than its OMe-analogue. In the 
Yb(III) picolinates functionalised with electron-withdrawing Cl and CF3 sub-
stituents, the antenna-based emission intensities decreased 2.3-fold and 4.7-
fold, respectively, compared to that of YbLOMe. Even in the latter complex, 
𝛷𝛷L was 15% smaller than in YbL1MOM (Table 25). Ln(III) complexes of LX 
ligands had a similar trend of decreasing 𝛷𝛷L, which was caused by intraligand 
PeT from the carbostyril antenna to the picolinate pendant arms.[130] More 
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electron-withdrawing substituents rendered picolinate groups more reducible, 
promoting PeT from the carbostyril.[130] 

 
Figure 49. Normalised superimposed absorption spectra of YbL1MOM and YbLX 
(left), λabs = 330‒331 nm and steady-state emission spectra of YbLX complexes 
(right), λex = 329 nm, front slit: 2 nm, exit slit: 1.5 nm.[153] 

The quenching effect of intraligand PeT on the antenna S1 was also noticed in 
the shorter ligand fluorescence lifetimes of YbLX than that of YbL1MOM. 
Among tacn-based Yb(III) complexes, 𝜏𝜏f,L could be determined only for p-
methoxypicolinate (0.26 ns) and the unsubstituted derivative (0.20 ns). 
YbLCl,CF3 antenna fluorescence lifetimes were shorter than the instrumenta-
tion limit (minimum 0.15 ns). YbLX radiative ligand fluorescence lifetimes 
were also shorter than those of the cyclen-based complexes (mean 5.44 ns vs 
6.26 ns for YbL1MOM). To compare the extent of antenna S1 quenching by 
intraligand PeT in YbLX, we calculated the non-radiative ligand decay rate 
constants (𝑘𝑘nr,L) as the difference between the antenna fluorescence and radi-
ative rate constants (𝑘𝑘f,L and 𝑘𝑘rad,L, Table 25). In YbL1MOM, 𝑘𝑘nr,L was 1.3-
fold and 1.7-fold smaller than in YbLOMe and YbLH, respectively, affirming 
the presence of intraligand PeT quenching of the ligand S1 in the Yb(III) pic-
olinates. 
Table 25. Measured ligand fluorescence quantum yields, lifetimes, Yb(III) relative 
emission quantum yields and calculated non-radiative rate constants. 

Complex 𝛷𝛷L (𝜑𝜑Ln) [%] a, b 𝜏𝜏f,L [ns] c 𝜏𝜏rad,L [ns] d 𝑘𝑘nr,L [ns‒1] e 𝜑𝜑Ln [%] f 
YbLOMe 4.62 (100)   0.26 5.55 3.72   96 
YbLH 3.66 (79)   0.20 5.32 4.95   94 
YbLCl 2.01 (44) <0.15 - - 100 
YbLCF3 0.977 (21) <0.15 - -   68 
YbL1MOM 5.43   0.34 b 6.26 2.78   72 
The values carry relative experimental error of 10%. a Relative to quinine sulfate (𝛷𝛷 = 59% in 
0.05 M H2SO4).[126] 𝜑𝜑L is relative to YbLOMe. b Mean of 2 or 3 independent measurements. 
c λex = 341.5 nm. d Calculated using Eq. (6). e Calculated as 1/𝝉𝝉𝐟𝐟,𝐋𝐋 − 1/𝜏𝜏rad,L. f Relative to 
YbLCl, the values are ±1‒2%. 
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The NIR emission spectra of YbLX were alike, indicating a similar coordina-
tion environment of Yb(III). Two peaks centred at 978 nm and 1006 nm of the 
2F5/2→2F7/2 transition were observed instead of the three present in the NIR 
emission spectra of YbLMOM complexes (Figure 50, left). These differences 
are concordant with the structural variations of YbLX and YbLMOM com-
pounds, adopting different geometries. 

Yb(III) complexes based on tacn-dipicolinates (except for YbLCF3) were 
more emissive in the NIR region than their cyclen derivatives. The latter be-
came apparent as the 𝜑𝜑Yb values of YbLMOM had to be multiplied by 0.89 to 
convert them to the same reference as 𝜑𝜑Yb of YbLX. Hence, the strongest cy-
clen-based NIR emitter was 11% less luminescent than YbLCl. Even the sec-
ond and third-best relative Yb(III) luminescence quantum yields in the YbLX 
series were 7% and 5% larger than that of YbL3cMOM, respectively. The only 
Yb(III) picolinate complex having a lower 𝜑𝜑Ln than that in the set of YbLMOM 
compounds was YbLCF3 (𝜑𝜑Yb = 72%, Table 25). 

The likely reason for the small relative Yb(III) emission quantum yield in 
the p-trifluoromethylpicolinate complex is efficient intraligand PeT. The free 
energy change of PeT from carbostyril antenna to picolinate was calculated 
for all YbLX compounds (Table 26). The resulting Δ𝐺𝐺PeT values agreed with 
the antenna fluorescence quantum yields: the largest 𝛷𝛷L was for the complex 
with the least negative free energy change of PeT. Thus, among Yb(III) tacn-
dipicolinates, intraligand PeT was the most efficient in YbLCF3, owing to the 
most negative Δ𝐺𝐺PeT. The latter also explained the smallest 𝜑𝜑Yb of the CF3-
substituted picolinate in the series of YbLX complexes. 

 
 

Figure 50. Normalised steady-state NIR emission spectra of YbLX, λex = 323 nm 
(left). Sensitisation and quenching pathways in YbLX complexes (right).[153] 

Along with the driving force for intraligand PeT, we estimated the thermody-
namic feasibility of Yb(III) reduction by PeT from the photoexcited car-
bostyril. We assumed that Yb(III)/Yb(II) reduction potentials of positively 
charged YbLX are similar to that of YbL1MOM, as we could not determine the 
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𝐸𝐸red
Yb  of the former complexes. With the Yb(III)/Yb(II) reduction potential of  

‒1.92 V vs NHE, the free energy change of antenna-to-Yb PeT was thermo-
dynamically neutral. Thus, the sensitisation of Yb(III) luminescence could 
happen via PAET. The Franck-Condon factors for the non-radiative decay of 
the antenna T1 to the 2F5/2 excited state were 8‒9 times larger than the phos-
phorescence of the carbostyril in YbLX compounds (Table 26). Notably, the 
quotient of Franck-Condon factors for YbL3cMOM and YbLX (X = H, Cl, CF3) 
were identical, meaning that the improved 𝜑𝜑Yb values of Yb(III) picolinates 
were counterbalanced by intraligand PeT quenching in the CF3-substituted 
complex (Figure 50, right). 
Table 26. Calculated free energy change of PeT and the quotient of Franck-Condon 
factors. 

Complex 𝐸𝐸oxAnt a, b 𝐸𝐸red
Py  a, c 𝐸𝐸S1 [eV] d Δ𝐺𝐺PeT [eV] e FC�T1→ F2 5/2�

FC(T1→S0)
 f 

YbLOMe 1.76 ‒1.88 3.54 ‒0.05 4.05×109 
YbLH 1.76 ‒1.82 3.56 ‒0.13 2.08×108 
YbLCl 1.76 ‒1.66 3.55 ‒0.28 2.08×108 
YbLCF3 1.76 ‒1.51 3.56 ‒0.44 2.08×108 
a V vs NHE. b Value from [130]. c Measured in DMF (0.1 M n-Bu4ClO4, 0.10 V/s) with [YbLX] 
= 0.5 mM.[153] d Estimated from the 0–0 phonon transitions in Gd(III) complexes steady-state 
emission spectra at 77 K.[146] e Calculated using Eq. (5), with Δ𝐸𝐸Coul = 0.15 eV.[80] f Calculated 
using Eq. (8) and (9). 

Among Yb(III) tacn-dipicolinate complexes, YbLCl was the most NIR-emis-
sive, despite having the second-most favourable intraligand PeT quenching. 
The overall NIR emission quantum yield in Yb(III) compounds is the product 
of the efficiency of all the sensitising processes (𝜂𝜂sens) and the intrinsic ability 
of the Ln(III) to luminesce [𝛷𝛷LnLn, Eq. (2)]. We could not determine either of 
these parameters for YbLX; however, in the analogous Eu(III) complexes, the 
Ln(III) intrinsic quantum yields were 1.5-fold larger than in cyclen-based 
compounds with the same carbostyril antenna.[130] Yb(III) may similarly have 
increased 𝛷𝛷LnLn in their tacn complexes compared to the cyclen-based ones, 
which would positively contribute to the NIR emission intensity. Due to the 
detrimental effect of carbostyril-to-picolinate PeT on the NIR luminescence 
of the CF3-functionalised complex, the overall sensitisation efficiency in 
YbLX was expected to be lower than in YbL3cMOM. However, the negative 
consequences of intraligand PeT might have been compensated for by the al-
tered Yb(III) intrinsic quantum yield. 

7.3 Conclusions 
We have prepared and structurally characterised the new series of tacn-based 
dipicolinate Yb(III) complexes appended with a 4-methoxymethylcarbostyril 



 

 83 

antenna. The solution and solid state studies revealed the presence of single 
species with tricapped trigonal prismatic geometry for all Yb(III) compounds. 
The more electron-withdrawing substituents on picolinate pendant arms pro-
moted intraligand photoinduced electron transfer from the excited carbostyril 
antenna to pyridines, as shown by the diminished ligand fluorescence quantum 
yields and lifetimes in the trifluoromethyl-substituted ligands. 

Despite the intraligand PeT quenching, the Yb(III) tacn-dipicolinates were 
appreciably more emissive than the cyclen-based compounds. This result was 
intriguing, as the best NIR emitter of the new complex series had the second-
largest driving force for PeT from the antenna to picolinates. As in the cyclen 
species, the sensitisation of tacn-based Yb(III) complexes was likely to pro-
ceed via PAET, as the metal-centred PeT from the carbostyril was not favour-
able. 

The ligand design plays a decisive role in endowing complexes with the 
target photophysical properties. However, the nature of Ln(III) could make a 
difference in the sensitisation of 4f-4f emission. For example, the introduction 
of pyridylcarboxylate in a cyclen-based Eu(III) complex backfired with in-
traligand PeT from the carbostyril to the picolinate (see Chapter 2). While the 
same process was happening in Yb(III) tacn compounds, they turned out more 
emissive even with more reducible pyridines in the structures. Thus, the in-
trinsic properties of Ln(III) also play a significant role in the design of highly 
emissive complexes.  
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8. Concluding remarks and future outlook 

This thesis investigated the structure-property relationships in a series of 
widely used macrocyclic Ln(III) compounds. Structural characterisation of 
these complexes coupled with quantitative analysis of their electrochemical 
and photophysical properties allowed the establishment of some guidelines for 
creating brighter Ln(III) emitters. Increasing Ln(III) emission intensity via re-
duced quenching could result in a smaller amount of luminophores needed for 
cellular visualisation or analyte detection. We have identified PeT as a major 
quenching pathway, the elimination of which could substantially increase 
Eu(III) luminescence in macrocyclic complexes. Poorly emissive Sm3+ and 
Dy3+ are also sensitive to photoredox quenching, and eliminating possible PeT 
pathways in these emitters could yield a larger library of useful luminescent 
probes. 

By installing bioconjugable groups in the carbostyril part of the ligand, we 
made Ln(III) complexes applicable for targeted conjugation with biomole-
cules. Click reactions between the cyclooctyne and azide-functionalised 
Ln(III) luminophores were possible. Upon saturation of the Eu(III) coordina-
tion sphere with a bidentate picolinate, the effects of intraligand PeT quench-
ing were observed, which offset the impact of the eliminated coordinated wa-
ter molecule and resulted in similarly emissive complexes (Paper I). 

The variation of the Ln(III) coordination sphere from –3 charged to a neu-
tral environment destabilised the Eu +3 oxidation state. Such changes in the 
complex structures correlated with decreasing Eu(III) emission intensity, 
which was the lowest for the +3 charged species containing the most reducible 
Eu(III) centre. Thus, the Ln(III) emission intensity of the complex with more 
readily reducible Eu(III) was diminished due to PeT, as the vibrational 
quenching was of similar magnitude in all these species. Fluoride binding de-
creased PeT quenching through Eu3+ stabilisation, opening up an unstudied 
way of designing anion-responsive probes (Paper II). 

We developed a set of Ln(III) compounds with altered antenna orientation 
by installing a tertiary amide linker. Such complexes with carbostyril antennae 
were appreciably more emissive than their secondary amide-linked analogues, 
and the increase in emissive properties was still maintained even with a more 
reducible Eu(III). Fluoride binding in +2 charged carbostyril-appended com-
pounds improved metal emission quantum yields by preventing PeT, which 
was not the case for +3 charged coumarin-sensitised complexes. So, 
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ostensibly similar emitters might be susceptible to different pathways of lumi-
nescence quenching (Paper III). 

By complexing Ln(III) with the macrocyclic ligands of lower denticity, we 
aimed to introduce more coordination sites for anion binding. Upon fluoride 
addition, the most significant increase in the Eu(III) emission intensity was 
for the complexes with the most efficient PeT quenching and the largest num-
ber of inner-sphere water molecules. Similar experiments with added cyanide 
revealed strong quenching of the Eu(III) luminescence by the anion. Thus, it 
was possible to use the same complexes to detect two anions with identical 
charges via the opposite changes they caused in the Ln(III) emission (Paper 
IV). 

As Yb(III) emission can be sensitised by a process initiated by PeT, we 
made Yb(III) reduction more accessible by creating positively charged com-
plexes and compared them to overall charge-neutral species. The more favour-
able PeT from the antenna to Yb(III) resulted in a moderate increase in the 
NIR luminescence intensity. The NIR emission of Yb(III) complexes that had 
inefficient PeT was sensitised via phonon-assisted energy transfer, which was 
likely the predominant sensitisation pathway for all our Yb(III) systems. 
Hence, Horrock’s PeT process, often assumed to be the main pathway in the 
literature, had a minor contribution to the overall Yb(III) sensitisation effi-
ciency (Paper V). 

Changing the type of binding site from cyclen-based to the picolinate-con-
taining ligand in Yb(III) compounds promoted intraligand PeT from the car-
bostyril antenna to the easily reducible pyridines. This process depopulated 
the ligand first excited states. However, the NIR emission intensity was larger 
than in the other complexes lacking picolinates but sensitised via the same 
antenna. This outcome was attributed to the altered geometry of the Yb(III) 
coordination environment, which could also change the intrinsic ability of the 
Ln(III) ion to emit light (Paper VI). 

Future perspectives created for Ln(III) complexes by this work include the 
determination of binding constants via luminescence titrations, and the analy-
sis of Eu(III) compounds cyclic voltammetry upon fluoride addition. We 
would also like to develop new techniques for following fluoride binding to 
Ln(III) ions. For NIR-emissive lanthanides, we would like to study the intrin-
sic quantum yields and sensitisation efficiencies of Yb(III) complexes to find 
ways to control the intensity of sensitised luminescence. 

To conclude, the design of Ln(III) luminophores has to deal with balancing 
between their structures, photophysics of the sensitising and emitting compo-
nents, and the redox properties of the Ln(III) ions. By establishing harmony 
between all these criteria, complexes with tuneable properties could be created 
for the required optical applications. 
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Popular Science Summary 

A wide range of unsolved medical problems requires novel solutions. Chal-
lenges include (i) the development of new drugs for currently untreatable ill-
nesses, (ii) the creation of early diagnosis tools, and (iii) the molecular-level 
understanding of the mechanisms underpinning health and disease. Resolving 
these challenges is some of the reasons why healthcare workers collaborate 
with biologists, physicists, and chemists to find preventive measures and avoid 
the late-stage development of diseases. 

Luminescence imaging uses light to obtain information about the system 
of interest, and it is a tool that is increasingly utilised for the detection of bio-
logical processes in living organisms or cells. The fundamental base of this 
imaging method is luminescence, which is the light emission of a substance 
when it returns to its ground state from an excited state. The excited state can 
be reached in several ways, including light irradiation, chemical reaction, or 
energy transfer from different excited species. The substances emitting light 
are called luminophores, which are usually chemical compounds. Common 
luminophores consist of organic molecules mainly composed of carbon (plus 
mostly hydrogen, oxygen, and nitrogen). Other types of luminophores include 
metal complexes, macromolecules such as proteins, and even nanoparticles. 

A group of metals that have unique luminescence properties are called lan-
thanides. Lanthanides can give a pure red or green colour of luminescence 
distinct from the blue emission of biomolecules (Figure 51). Furthermore, lan-
thanide emission spectra are characteristic of the metal as a fingerprint. The 
emission of the lanthanides can last up to six times longer than that of common 
organic luminophores, making them useful for time-delayed luminescence de-
tection. This property can significantly improve the signal-to-noise ratio, and 
the reliability of the measurement. Lanthanides are photostable, non-toxic rel-
ative to other heavy metals and can be coupled to luminophores that were 
proven to be biocompatible. Many processes can quench the emission of the 
luminophores, which diminishes their brightness. In this thesis, the ways of 
decreasing the effects of luminescence quenching in lanthanide luminophores 
were investigated. 

We equipped our lanthanide compounds with reactive handles that linked 
these luminophores with the biomolecules. These “click” handles enable at-
tachment to structures carrying a complementary functionality with high pre-
cision. Such modification ensured that the luminophores could be used within 
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cells. We showed that installing these reactive handles and linking the lantha-
nide complexes through them did not diminish the lanthanide emission inten-
sity. 

In the following parts of the thesis, we studied different ways to increase 
the brightness of lanthanide luminophores via inhibiting processes responsible 
for the decrease in emission intensity. Lanthanide complexes are often excited 
by energy transfer from a nearby organic chromophore, the so-called “an-
tenna”. The antenna in its excited state is a strong reductant, which means it 
is prone to donate an electron, and in some cases, can reduce the lanthanide 
ion. For Europium (a red emitter), this decreases the emission intensity, while 
for Ytterbium (which emits in the near-infrared, a biologically attractive re-
gion), it has been assumed to increase the luminescence intensity. 

We modified the chemical structures of lanthanide compounds to prevent 
lanthanide reduction. We could quantify the effect of this process, and we 
could identify structural features that could counteract the lanthanide reduc-
tion upon shining light. In Europium complexes where this process was 
strongly quenching the luminescence, we found that it could be suppressed by 
adding fluoride and, therefore, provide a method for fluoride detection. Fluo-
ride detection is important due to the high toxicity of this anion in high con-
centrations and its being necessary for dental health in small amounts. We also 
noticed that the photoredox quenching of Europium luminescence depends on 
the type of antennae and their orientations relative to the metal centre. Not 
only the nature of lanthanide but also the chemical structure around the metal 
centre is principal in creating bright luminophores. 

We showed that, at least in some cases, Ytterbium could be excited by an-
other previously little studied processes. These pathways were relevant for 
most of the luminescence sensitisation of Ytterbium. At the same time, the 
promoted reduction of Ytterbium in these luminophores had a marginal effect 
on increasing their brightness. Understanding the mechanisms of Ytterbium 
sensitisation is crucial for developing near-infrared bright-emitting lumino-
phores and using them in the biologically attractive region. 

 
Figure 51. Visible emission of a common organic luminophore, and the corresponding 
lanthanide compounds with Terbium, Europium, Dysprosium and Samarium (from 
left to right). Reproduced from http://www.cchem.berkeley.edu/knrgrp/ln.html 
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Populärvetenskaplig Sammanfattning 
(Popular Science Summary in Swedish) 

Ett stort antal svårlösta medicinska problem behöver nya lösningar. Utma-
ningarna inkluderar (i) utveckling av nya läkemedel för sjukdomar som idag 
är obotliga, (ii) framtagande av verktyg som möjliggör tidig diagnos, och (iii) 
förbättrad molekylär förståelse av de bakomliggande mekanismerna om vad 
som ligger till grund för hälsa och sjukdom. Att lösa dessa utmaningar är några 
av skälen till att anställda inom vården samarbetar med biologer, fysiker och 
kemister för att hitta förebyggande åtgärder och undvika att sjukdomarna når 
sena utvecklingstadier. 

Luminescensavbildning använder ljus för att få information om biomole-
kylära system, och det är ett verktyg som i allt högre grad används för in vivo-
detektion av biologiska processer. Den grundläggande basen för denna avbild-
ningsmetod är luminescens, det vill säga emission av ljus från en kemisk för-
ening när den återgår till sitt elektroniska grundtillstånd från ett exciterat till-
stånd. Det exciterade tillståndet kan nås på flera sätt, inklusive ljusexcitation, 
en kemisk reaktion eller energiöverföring från en annan exciterad molekyl. De 
ämnen som avger ljus kallas luminoforer, och är vanligtvis kemiska före-
ningar. Vanliga luminoforer består av organiska molekyler med kol som hu-
vudsaklig beståndsdel (mestadels tillsammans med kväve, syre och väte). 
Andra typer av luminoforer inkluderar metallkomplex, makromolekyler 
såsom proteiner, och till och med nanopartiklar. 

En grupp metaller som har unika luminescensegenskaper kallas lantanider. 
Lantanider kan ge en ren röd eller grön färg av luminescens som är skild från 
den blå emissionen som kommer från biomolekyler. Därutöver är deras emiss-
ionsspektra karakteristiska för metallen, vilket fungerar som ett slags finger-
avtryck. Tidsspannet för emissionen av lantaniderna kan vara upp till sex 
gånger längre än för vanliga organiska luminoforer. Detta gör dem användbara 
för tidsfördröjd luminescensdetektering, vilket kan förbättra signal-brusför-
hållandet avsevärt och därmed öka mätningens tillförlitlighet. Lantanider är 
fotostabila, icke-toxiska i förhållande till andra tungmetaller och kan kopplas 
till luminoforer som har visat sig vara biokompatibla. Flera olika processer 
kan försvaga emissionen från luminoforerna, vilket minskar deras ljusstyrka. 
I min avhandling undersöktes olika tillvägagångssätt för att reducera effek-
terna av luminescensförsvagning i lantanidluminoforer. 
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Vi utrustade våra lantanidföreningar med reaktiva ”handtag” som möjlig-
gjorde att vi kunde koppla samman luminoforerna med biomolekylerna. Dessa 
"klick"-handtag gör det möjligt att med hög precision fästa lantanidkomplexen 
på strukturer som har en kompletterande funktionalitet. Modifieringen säker-
ställde att luminoforerna kunde användas i celler. Vi visade att inkorporering 
av de reaktiva handtagen, och att länkning av lantanidkomplexen via handta-
gen, inte minskade intensiteten hos lantanidemissionen. 

I de efterföljande delarna av avhandlingen undersökte vi olika sätt att öka 
ljusstyrkan hos lantanidluminoforerna genom att inhibera processer som leder 
till minskad emissionsintensitet. Lantanidkomplex exciteras ofta genom ener-
giöverföring från en närliggande organisk kromofor, den så kallade "anten-
nen". Antennen i sitt exciterade tillstånd är starkt reducerande, vilket innebär 
att den är benägen att donera en elektron, och i vissa fall kan den reducera 
lantanidjonen. För europium (en röd sändare) minskar detta emissionsintensi-
teten, medan för ytterbium (som sänder ut i det nära-infraröda, ett biologiskt 
attraktivt område) har man antagit att det ökar luminescensintensiteten. 

Vi modifierade de kemiska strukturerna hos lantanidföreningar för att för-
hindra reduktion av lantaniden. Vi kunde kvantifiera effekten av processen i 
fråga och kunde identifiera strukturella egenskaper som sannolikt kan mot-
verka reduktionsprocessen vid belysning med ljus. I komplex med europium 
där processen kraftigt försvagade luminescensen fann vi att effekten kunde 
vändas till det motsatta genom tillsats av fluoridjoner, vilket resulterade i en 
metod för fluoriddetektion. Detektion av fluoridjoner är viktigt på grund av 
den höga toxiciteten hos dessa när de förekommer i höga koncentrationer, 
samtidigt som fluoridjoner är nödvändiga i små mängder för tandhälsan. Vi 
märkte också att europiumreduktionen och försvagning av lantanidlumi-
nescensen beror på vilken typ av antenner som används och deras orientering 
i förhållande till metallcentret. Inte enbart lantanidenatomens egenskaper utan 
även den kemiska strukturen runt metallcentret är viktiga för att skapa ljus-
starka luminoforer. 

Vi visade att ytterbium kunde exciteras av andra processer som sällan stu-
derats tidigare. Dessa relaxationsprocesser var relevanta för det mesta av lu-
minescensintensiteten hos ytterbium. Samtidigt hade den förbättrade redukt-
ionen av ytterbium i dessa luminoforer en marginell effekt på att öka dess 
ljusstyrka. Att förstå dessa mekanismer är avgörande för att utveckla ljusemit-
terande luminoforer som emitterar i nära-infrarödområdet och använda dem i 
den biologiskt attraktiva regionen. 
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Научно-популярное краткое изложение 
(Popular Science Summary in Russian) 

Широкому диапазону неразрешенных медицинских проблем необходимы 
новые решения. В частности, среди таких проблем разработка новых лекарств 
от пока что неизлечимых болезней, создание устройств для ранней диагностики, 
а также понимание механизмов развития заболеваний на молекулярном уровне. 
Преодоление этих препятствий является одной из нескольких причин 
сотрудничества работников здравоохранения с биологами, физиками и 
химиками, необходимого, чтобы найти профилактические меры и выигрывать 
время на поздних стадиях заболеваний. 

Люминесцентная визуализация использует свет для получения информации 
об интересующих системах, и она является инструметом, который все чаще 
используется для наблюдения за биологическими процессами в живых 
организмах или клетках. Фундаментальной основой этого метода визуализации 
является люминесценция, то есть излучение света веществом при его 
возвращении из возбужденного состояния в основное. Возбужденное состояние 
может достигаться несколькими путями, в том числе при облучении светом, в 
ходе химических реакций или в результате переноса энергии от других 
возбужденных частиц. Химические соединения, которые излучают свет, 
называются люминофорами и обычно представляют собой сложные вещества. 
Чаще всего люминофоры это органические молекулы, то есть построеные из 
углерода (чаще всего в сочетании с водородом, кислородом и азотом). 
Люминофорами также могут быть координационные соединения металлов, 
макромолекулы, такие как белки, и даже наночастицы. 

Группа металлов с уникальными люминесцентными свойствами называется 
лантанидами. Лантаниды обладают люминесценцией чистого красного или 
зеленого цвета, отличимой от синей эмиссии биомолекул. Более того, их спектр 
испускания индивидуален для каждого металла, как отпечаток пальца. 
Излучение лантанидов длится до шести раз дольше по сравнению с обычными 
органическими люминофорами, что делает их удобными для наблюдения за 
люминесценцией с временным разрешением, существенно улучшая отношение 
сигнал/шум, и, следственно, достоверность измерений. Лантаниды 
фотостабильны, нетоксичны по сравнению с другими тяжелыми металлами и 
могут быть совмещены с другими люминофорами с доказанной 
биосовместимостью. Многие процессы могут приводить к гашению 
люминесценции, что снижает яркость люминофоров. В настоящей работе были 
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изучены способы подавления гашения люминесценции в лантанидных 
люминофорах. 

Мы снабдили наши лантанидные комплексы реакционноспособными 
якорями, которые связали эти люминофоры с биомолекулами. Эти «клик»-
якоря позволяли присоединять комплексы к структурам, содержащим 
комплементарные функции, с высокой точностью. Такие модификации 
обеспечили применимость люминофоров внутри клеток. Мы показали, что 
установка этих реакционноспособных якорей и связывание с их помощью 
лантанидных комплексов не приводит к снижению интенсивности излучения 
лантанидов. 

В последующих частях этой работы мы изучили разные способы повышения 
яркости лантанидных люминофоров с помощью подавления процессов, 
ответственных за снижение интенсивности излучения. Лантанидные комплексы 
часто возбуждаются путем переноса энергии от близлежащих органических 
хромофоров, так называемых «антенн». Антенна в своем возбужденном 
состоянии является сильным восстановителем, то есть способна отдавать 
электрон, и в некоторых случаях может восстанавливать ион лантанида. Для 
европия (с красным излучением) этот процесс снижает интенсивность 
излучения, в то время как для иттербия (который излучает в ближней 
инфракрасной области, что привлекательно для применения в биологии) этот 
способ предположительно повышает интенсивность люминесценции. 

Мы модифицировали химические структуры лантанидных соединений 
таким образом, чтобы предотватить в них восстановление лантанида. Мы 
смогли количественно определить эффект от этого процесса и найти 
структурные закономерности, которые смогли бы ему противодействовать. Для 
комплексов европия, в которых этот процесс эффективно гасил 
люминесценцию, мы обнаружили возможность подавлять этот процесс с 
помощью добавления фторида, что можно использовать как метод определения 
этого иона. Количественное опредение фторида важно ввиду его высокой 
токсичности при больших концентрациях вкупе с важной ролью для здоровья 
зубов в небольших количествах. Мы также обнаружили, что восстановление 
европия и гашение люминесценции лантанидов зависит от типа антенны и ее 
ориентации относительно центрального иона металла. Не только природа 
лантанида, но и химическая структура окружения иона металла важна для 
создания ярких люминофоров. 

Мы показали, что по крайней мере в нескольких случаях иттербий 
возбуждается другими, ранее малоизученными путями. Эти механизми были 
ответственны за большую часть интенсивности люминесценции иттербия. В то 
же время усиленное восстановление иттербия в этих люминофорах лишь 
незначительно увиличивало их яркость. Понимание этих механизмов очень 
важно для создания ярких в ближней инфракрасной области люминофоров и 
для их использования в биологически привлекательной области спектра. 
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