
 
 
 

OPTICAL THERMOMETRY WITH ORGANOEUROPIUM(II) COMPLEXES 
 
 
 
 
 
 
 
 

ROBERTO MANUEL DIAZ-RODRIGUEZ 
 
 
 
 

Thesis submitted to the University of Ottawa  
in partial Fulfillment of the requirements for the  

degree of Doctorate in Philosophy Chemistry 
 
 
 

Department of Chemistry and Biomolecular Sciences 
Faculty of Science 

University of Ottawa 
 
 
 
 
 
 
 
 
 
 
 

© Roberto Manuel Diaz-Rodriguez, Ottawa, Canada, 2026 



 

ii 
 

ABSTRACT 

The measurement of temperature is of critical importance to a diverse array of fields and industries, such 
as heating, ventilation, and cooling, nutrition, molecular biology, medicine, engineering of all 
denominations, chemistry, climate science, and computing technologies, to name a few.  As technologies 
in all these areas progress, measuring temperature more accurately and precisely under increasingly 
challenging conditions is an ever-evolving problem. One strategy to address these challenges is optical 
thermometry, which correlates changes in the optical characteristics (e.g. luminescence intensity, emission 
lifetime, colour, etc.) of a thermosensitive system to changes in temperature. In contrast to common 
thermometric methods employing thermistors, thermocouples, or even infrared thermography, optical 
thermometry is a remote-detection, minimally invasive technique with very high attainable spatial 
resolution, making it well-suited to probing temperature in difficult environments and sensitive systems. 
Due to their favourable (magneto-)optical properties, lanthanide-based materials are well-studied as optical 
thermometers. However, most of these materials operate via a ratiometric approach monitoring 
thermosensitive emission intensities on account of comprising trivalent lanthanides, which exhibit 
characteristic narrow, Laporte-forbidden 4f-4f absorbance and emission bands whose positions are almost 
invariant with temperature. This thesis explores a less-studied approach to lanthanide-based optical 
thermometry, exploring divalent europium and its Laporte-allowed, environment-sensitive, intense and 
broad 5d-4f transitions for thermal sensing, with a focus on emission band-shift. Moreover, organometallic 
complexes were targeted for these studies, as these are also not well-known for optical thermometry and 
the unique structure and bonding of such systems was envisioned to lead to unique properties. 
 Starting from the brightly emissive, synthetically convenient starting material [EuII(BH4)2(THF)2] 
(which was revealed to itself be a well-performing luminescence thermometer), the hemimetallocene dimer 
[Cp*Eu(μ-BH4)(THF)2]2 (Cp* = pentamethylcyclopentadienyl) was prepared and characterized. This 
complex exhibits strongly thermochromic luminescence, with the maximum of the 5d4f emission band 
red-shifting by nearly 1900 cm-1 as the temperature is increased from 60-320 K. This defines a thermometric 
system that demonstrates the highest absolute sensitivity of any lanthanide-based band shift thermometer 
to date, reaching 8.2 cm-1 K-1 at 320 K. An opto-structural correlation study via variable-temperature single-
crystal X-ray diffraction revealed that small changes in metrical parameters with temperature were 
correlated to these rather large changes in emission wavelength/energy, unveiling the potential of 
organoeuropium(II) systems as sensitive luminescence thermometers. 
 Building upon this discovery, a series of isostructural hemimetallocene dimers [CpREu(μ-
BH4)(solv)n]m (solv = tetrahydrofuran, 1,2-dimethoxyethane; n = 1 or 2; m = 2 or ∞) bearing systematically 
varying ligand sets was synthesized and examined for their thermometric performance, with an eye toward 
elucidating some of the factors governing the thermochromic luminescence that is clearly intrinsic to this 
type of system. Members of this series show widely varying emission properties despite their compositional 
similarities, demonstrating the tunability of the europium(II) hemimetallocene architecture. Opto-
structural correlation studies via variable-temperature single-crystal X-ray diffraction revealed a 
convoluted dependence of the emission properties on various factors, which are difficult to disambiguate. 
However, a few factors of particular importance are identified, such as the distance between the 
europium(II) ion and the basal plane of the square-pyramidal coordination polyhedron, the presence of 
pendant electron density that might further interact with the excited-state 5d orbitals, and metal-ligand 
flexibility. These findings represent a step toward enabling the rational design of organoeuropium(II) 
luminescence thermometers for bespoke characteristics.  
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 Finally, one of the substituted cyclopentadienides from the previous study, 1-
(bis(dimethylamino)phosphino)-2,3,4,5-tetramethylcyclopentadienyl, was selected for further 
investigation due to the good thermometric performance exhibited by its hemieuropocene(II), and the 
possibility of further functionalizing the free phosphine moiety. Oxidizing this moiety with elemental 
sulfur, selenium, or tellurium yielded a corresponding series of novel phosphinochalcogenoyl-
cyclopentadienides, which were coordinated to europium(II) to give a family of homoleptic europocenes(II) 
bound by both the cyclopentadienyl fragment and the pendant phosphinochalcogenoyl arms of the ligands. 
These complexes were characterized structurally and optically and, though they are not suited to band-shift 
luminescence thermometry, turn out to be extremely sensitive magneto-optical thermometers via magnetic 
circular dichroism, with relative sensitivity values reaching 170 % K-1 at ultralow temperatures inaccessible 
to conventional luminescence thermometry. This result corroborates our previous work introducing the 
concept of magnetic circular dichroism thermometry, and further strengthens the position of europium(II) 
as a valuable foundation for thermosensitive optical materials. 
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Cp#  1,2,3,4-, OR a 1-substituted 2,3,4,5-, tetramethylcyclopentadienyl 
Cp*  pentamethylcyclopentadienyl  
CSD  Cambridge Structural Database 
CShM  continuous shape measure 
χ  magnetic susceptibility 
χT  magnetic susceptibility-temperature product 
d  doublet [e.g., as an NMR resonance descriptor] 
D  axial zero-field splitting parameter 
DC  direct current 
DEPT  distortionless enhancement by polarization transfer [NMR technique] 
DFT  density functional theory 
DME  1,2-dimethoxyethane [solvent] 
𝛿  chemical shift [NMR spectroscopy] [when used alone] 
Δ  thermometric parameter [when used alone] 
ΔE  change in energy 
E  energy 
E  rhombic zero-field splitting parameter 
𝐸଴  standard electrode potential vs. the standard hydrogen electrode 
EI  electron impact [mass spectrometry] 
ELI  electron localizability indicator 
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eq.  molar equivalents 
eqn.  equation 
esu  estimated standard uncertainty 
Et  ethyl [group, substituent]  
FTIR  Fourier transform infrared [spectroscopy] 
𝑔௃  Landé [total angular momentum] g-factor 
GB  gigabytes [computing] 
GHz  gigahertz 
GP  general procedure 
H  auxiliary magnetic field [also called “applied” or “external” field] 
HAR  Hirshfeld atom refinement  
HMBC  heteronuclear multiple bond correlation [NMR technique] 
hr  hour 
HRMS  high-resolution mass spectrum/spectrometry 
HSQC  heteronuclear single quantum coherence [NMR technique] 
Hz  hertz 
𝐼௡  integrated intensity of a selected spectral region n 
iPr  isopropyl [group, substituent] 
𝐽 total angular momentum quantum number OR magnetic coupling constant OR NMR 

coupling constant 
KHMDS potassium hexamethyldisilazide 
𝐿  total orbital angular momentum quantum number 
𝜆  wavelength 
𝜆௘௠  wavelength at the emission maximum 
𝜆௘௫  excitation wavelength 
lcp  left circularly polarized [light] 
LIR  luminescence intensity ratio 
Ln  lanthanide(s) 
m medium [IR spectral feature descriptor] OR multiplet [e.g. as an NMR resonance 

descriptor] 
M  magnetization 
M  molarity [moles/liter] 
MCD  magnetic circular dichroism 
mdeg  millidegree 
Me  methyl [group, substituent] 
MHz  megahertz 
𝓂ℓ  magnetic quantum number 
MLCT  metal-to-ligand charge transfer 
mmu  milli(mass unit) [x10-3 mass units] 
MOF  metal-organic framework 
mmol  millimole 
MPMS  Magnetic Property Measurement System 
m/z  mass-to-charge ratio 
𝜇஻  Bohr magneton (also written β) 
μs  microsecond 
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n  “normal” [i.e., straight-chain] 
N  Avogadro’s number 
n.c.  no correlation 
n.d.  not determined 
NIR  near-infrared [spectral region] 
NMR  nuclear magnetic resonance [spectroscopy] 
ns  nanosecond 
𝜈෤  spatial frequency 
Oe  Oersted [unit of auxiliary magnetic field H ≈ 0.0001 T] 
Ph  phenyl [group, substituent] 
phen  phenanthroline [ligand] 
PL  photoluminescence 
PmAm  2-amidinopyrimidine [ligand] 
PMT  photomultiplier tube 
ppm  parts per million 
PTFE  poly(tetrafluoroethylene) [Teflon] 
py  pyridine [ligand] 
PyAm  2-amidinopyridine [ligand]] 
quant.  quantitative [≥95%] yield 
RAM  random-access memory [computing] 
RASSI  restricted active-space self-consistent field 
rcp  right circularly polarized [light]  
𝑅௙  chromatographic retention factor 
r.t.  room temperature 
s  singlet [e.g. as an NMR resonance descriptor] OR strong [IR spectral feature descriptor] 
𝑆  total spin quantum number OR sensitivity  
𝑆௔  absolute sensitivity 
𝑆௥  relative sensitivity 
𝑆ଵ  first singlet excited state 
SCF  self-consistent field 
SCXRD  single-crystal X-ray diffraction 
SHE  standard hydrogen electrode 
SOC  spin-orbit coupling 
solv  solvent ligand 
SQUID  superconducting quantum interference device 
SVP  double-zeta valence + polarization [of a basis set] 
𝜎  uncertainty of a measurement 
T  Tesla [unit of magnetic flux density B ≈ 10 000 Oe] 
𝑇ଵ  first triplet excited state 
TD-DFT time-dependent density functional theory 
THF  tetrahydrofuran  
THT  tetrahydrothiophene 
TMEDA N,N,N′,N′-tetramethylethylenediamine 
TMG  trimethylgermanyl [group, substituent] 
TMS  trimethylsilyl [group, substituent] 
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TPPO  triphenylphosphine oxide 
TZVP  triple-zeta valence + polarization [of a basis set] 
TZVPD  diffuse triple-zeta valence + polarization [of a basis set] 
TZVPP  triple-zeta valence + double polarization [of a basis set] 
𝛥𝑇  temperature uncertainty (also written 𝛿𝑇) 
𝜏  excited-state lifetime OR torsional twist angle  
UDEFT  uniform driven equilibrium Fourier transform [NMR technique] 
UV  ultraviolet [spectral region] 
UVA  ultraviolet-A [spectral region], taken as 315-400 nm (31 746–25 000 cm-1) 
V  volt 
𝑉  volume [of a unit cell] 
𝑉௕௨௥  buried volume 
𝑉଴  volume [of a unit cell] at the highest measured temperature 
Vis  visible [spectral region] 
vs  very strong [IR spectral feature descriptor]  
VTVH  variable-temperature and variable-field 
vw  very weak [IR spectral feature descriptor] 
w  weak [IR spectral feature descriptor] 
W  watt 
wt%  percent by weight 
Z  number of formula units (i.e., molecules) in the unit cell of the crystal structure 
ZFS  zero-field splitting 
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CHAPTER 1 
Introduction to Lanthanide Luminescence, Luminescence Thermometry, and the 

Special Properties of Divalent Europium 

1.1 Opening remarks 

The f-block elements, occupying their distinctive position at the foot of the periodic table, are often regarded 
as mere curiosities by many, including many chemists. However, it might be surprising to discover that 
these elements are responsible for numerous phenomena that define our daily lives. High-strength 
permanent magnets used in data storage devices, electric motors, generators, and audio devices such as 
loudspeakers, are made possible by neodymium and samarium. The red, green, and blue pixels in LED 
displays primarily come courtesy of europium and terbium.1 Gadolinium has attracted fame and notoriety 
for its well-known use as a contrast agent for magnetic resonance imaging.2,3 Holmium4,5 and thulium6 are 
used broadly in medical and industrial radiography and lasing technologies. Even radioactive elements have 
their place in society; for example, americium is a common component of smoke detectors.7 Perhaps the 
best-known among these elements are uranium8 and thorium,9 whose radioactive decay can be harnessed 
to provide abundant, low-emission energy to power entire cities or even countries. Indeed the internet, one 
of the most transformative technologies ever developed, depends on the specific properties of erbium and 
praseodymium; their role in long-distance fiber-optic telecommunications is crucial to connecting the 
world at great speed.1,10  

Although the heavy actinides that populate the 5f series do see practical applications in nuclear 
medicine and atomic energy, their oftentimes intense radioactivity and general lack of natural abundance 
limit their utility. The elements of the 4f series on the other hand, given the moniker lanthanides after their 
prototype lanthanum (element 57), are broadly employed in a plethora of critical applications, and are 
among the most important classes of natural resources in the world. As can be inferred from the examples 
given above, the applications of lanthanides arise largely from two factors: their powerful magnetic 
properties, and their unique and interesting luminescence.  

1.2 The electronic structure of lanthanide ions 

The defining feature of the lanthanides (hereinafter abbreviated Ln where appropriate) is the participation 
of 4f orbitals in the valence electron configurations of these elements. Each elemental lanthanide has an 
electronic configuration of [Xe]4fn6s2 (Pr, Nd, Pm, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb) or [Xe]4fn5d16s2 (La, 
Ce, Gd, Lu).11 As a result, the most stable oxidation state for all the lanthanides is +3, and the majority of 
lanthanide compounds are those of the trivalent ions. With a few exceptions (including LaIII itself!), 
lanthanide ions have a valence consisting only of 4f electrons, and this electronic configuration gives rise to 
several factors that form the origin of their sought-after characteristics. 

Firstly, there are seven nf orbitals, corresponding to magnetic quantum numbers 𝓂ℓ =

0, ±1, ±2, ±3; this means that an f-block element can carry up to seven unpaired electrons, the most 
possible for a single ion based on our current understanding of the periodic table. Compounds of 
lanthanides therefore often bear large total spin 𝑆, which is one component of their favourable magnetic 
properties. Secondly, the three nodes present in 4f orbitals and hence the many (4, 6 or 8) small lobes impart 
a strong directionality (Figure 1.1, left), which ultimately results in the electron density of free lanthanide 
ions having a substantial intrinsic anisotropy.12 This characteristic has been thoroughly explored and 
exploited in the field of single-molecule magnetism, where tailored ligand fields designed to maximize the 
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intrinsic anisotropy of a given ion are used to enhance the ability of bespoke lanthanide complexes to 
emulate the behaviour of bulk permanent magnets.13 Thirdly, and perhaps most importantly, the 4f valence 
orbitals have the unusual property of being extremely spatially contracted, held tightly to the lanthanide 
nucleus and buried by a shield of filled 5s and 5p orbitals with greater radial extension (Figure 1.1, right).14–

16 This has two implications. The first is that the chemical properties of the lanthanide elements are broadly 
very similar, which is both an advantage (isostructural materials across the series are often attainable, 
therefore periodic trends can be easily studied) and a challenge (separation of f-block elements from one 
another tends to be very difficult).16–19 The major distinction between the lanthanides is that the 4f valence 
electrons themselves provide ineffective shielding of the nuclear charge, resulting in the well-known 
“lanthanide contraction”: a much larger-than-expected decrease in atomic/ionic radius across the period.19 
The second implication is that the limited radial extension prevents efficient overlap of the 4f valence 
electron density with the electron density of ligands, thus resisting the influence of the coordination sphere 
on the electronic structure of the ion. Consequently, lanthanide ions retain a large total orbital angular 
momentum 𝐿, as the small ligand-field splitting is insufficient to cause appreciable disruption. Lanthanide 
ions therefore exhibit a significant spin-orbit coupling (from 600 to nearly 3000 cm-1),15,16 such that a Russel-
Saunders (𝐿𝑆) “intermediate” coupling scheme and the use of the total angular momentum quantum 
number 𝐽 = 𝐿 + 𝑆 becomes most appropriate to describe their electronic structure.11  
 

  

Figure 1.1. Le: Graphical representations of the general set of 4f orbitals. Reproduced with permission 
from [12]. Right: Radial distribution functions for the 4f, 5s, 5p, 5d, 6s, and 6p orbitals of Nd0, illustrating the 
significantly low radial extension of the 4f orbitals relative to the others. Reproduced from [14] under the 
terms of the Creative Commons Attribution Non-Commercial No Derivatives License.  

Taken together, the above factors give rise to a characteristic energy landscape for the lanthanide 
ions, which can be imagined as a hierarchical perturbation on a “central field”,16,20 illustrated in Figure 1.2.20 
In the case of a LnIII compound, the 4fn electronic configuration is split into several 𝐿ଶௌାଵ  terms by 
interelectronic repulsion of the 4f electrons, which is the most significant effect in the manifold (on the 
order of 104 cm-1). Each of the 𝐿ଶௌାଵ  terms are further split by the spin-orbit coupling into various 𝐿௃

ଶௌାଵ  
levels according to the total angular momentum of the system in question, with a magnitude on the order 
of 1000 cm-1. Finally, the ligand field is applied to split each 𝐿௃

ଶௌାଵ  level into a number of 𝑚௃ states separated 
by some 100s of cm-1. In the presence of an applied magnetic field 𝐻, the Zeeman effect can cause the 𝑚௃ 
states to be even further split, by a few wavenumbers, into ±𝑚௃ sublevels.20 The result of all of this is that 
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the trivalent lanthanide ions exhibit a complex, “ladder-like” pattern of 4f energy levels (see Figure 1.3) 
which, due to the typically minor effect of the ligand field on the highly-shielded 4f valence orbitals, are 
almost invariant with coordination environment for ions of a given element.15  
 

 

Figure 1.2. Schematic representation of the hierarchy of various factors affecting the electronic structure of 
lanthanide ions in coordination compounds. Reproduced with permission from [20]. 

1.3 Luminescence of trivalent lanthanide ions 

The unique pattern of 4f energy levels in trivalent lanthanide ions is responsible for a correspondingly 
unique set of optical properties in LnIII compounds, which in general are extremely well-studied for their 
luminescence. Given the characteristics of 4f orbitals, the particular arrangement of energy levels in the 4fn 
manifold for these ions, and the fact that any alternative electronic configurations tend to be quite 
energetically high-lying, electronic absorption and emission occur primarily via intraconfigurational 4f-4f 
transitions.21 These transitions manifest as distinctive, very narrow bands, many of which fall in the 
ultraviolet (UV) to near-infrared (NIR) spectral regions. Since the positions of the associated levels are 
usually affected very little by changes in the coordination environment, the positions of the absorption and 
emission bands are also little affected; hence, the optical spectra of LnIII compounds are highly diagnostic 
“fingerprints” of the ion(s) involved.20,22  

The optical properties of lanthanide ions can be exploited and studied in the solid state or in 
solution via several matrices, including by doping into various inorganic host lattices, as simple Ln salts, or 
in organic-ligand-bound Ln coordination complexes. A comprehensive picture of the energy landscapes of 
all LnIII were developed using spectroscopic methods, and the landmark studies by Dieke23 and Carnall24 
tabulating values for and assignments of the identities of the energy levels in each LnIII are of particular 
importance. Obtaining information on the energy levels of the true free ions can be achieved by analyzing 
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ionized gases of the elements.25 Doing so would allow full disambiguation of all environmental effects, since 
any coordinating species will have some effect, even if small, on the energy levels. Doping of the ions into a 
fluoride host lattice (e.g. LaF3) is a much more practical alternative, and provides a useful approximation to 
the free-ion behaviour. This is because of the weak ligand field generated by fluoride alongside the 
assumption that the Ln-F interactions are essentially completely ionic with a negligible covalent 
component. Studying the corresponding homoleptic aquo complexes serves a similar purpose. Due to the 
ongoing technological importance of lanthanide luminescence, the values and the associated assignments 
of the energy levels have been continually refined; the most current version to date, prepared by Nielsen 
and Sørensen for LnIII aquo species in 2025, is shown in Figure 1.3.26 

Studies of simple lanthanide salts are useful from a fundamental perspective, and Ln-doped 
inorganic solids are important for a number of applications (phosphors, scintillators, and lasers, for 
example).1 However, in this thesis, we will focus instead on the molecular materials; that is, discrete 
lanthanide coordination complexes with organic ligands. Molecular materials have a distinct advantage 
over other types of systems, in that the coordination environment of a given molecular compound can be 
finely and rationally tuned, and therefore its characteristics can be finely and rationally controlled. 
Furthermore, molecular materials with defined and reproducible structures allow for very detailed 
structural characterization, which can then be correlated to their optical and magnetic (and other) 
properties. These factors form the basis of a “structure-property relationship” approach to investigation. 

Another reason metal-organic complexes are valuable when it comes to the luminescence of 
trivalent lanthanides in particular is related to a fundamental property of the 4f-4f transitions that 
characterize that luminescence. The oscillator strength of a transition (i.e., the probability that a given 
transition will occur) is governed by a set of quantum mechanical principles called selection rules, and 
transitions are either allowed or forbidden according to those rules.16 Crucially, the characteristic 4f-4f 
intraconfigurational transitions of the LnIII are formally forbidden by the Laporte rule and “should” have 
no oscillator strength at all.27 It is important to note that Laporte’s rule is valid specifically for electric dipole-
type transitions in centrosymmetric systems.21,28 Most real transitions do not occur at absolute zero in free 
ions between perfectly pure electronic states, nor in complexes with perfect centrosymmetry, so we can 
rationalize how the 4f-4f transitions can gain a bit of oscillator strength and become observable. 
Nevertheless, these transitions are in most cases very weak, translating to low absorbance and weak emission 
and hampering potential applications. On the other hand, the forbidden nature of these transitions lends 
them long lifetimes relative to e.g. organic chromo/fluorophores, on the order of microseconds up to some 
milliseconds.16  

The limitation of low oscillator strength can be circumvented by choosing ligands for the LnIII ion 
that contain, or are themselves, strong chromophores. The ligand, rather than the metal, can then be excited 
to a singlet excited state with suitable light, then, typically via the first triplet excited state after intersystem 
crossing, transfer the absorbed energy to the appropriate excited states of the coordinated LnIII ion. The 
population of the excited states then relaxes by emission of photons in a manner consistent with the 
aforementioned energetic structure of the 4f levels, leading to a large enhancement in luminescence 
intensity and effectively combining the high oscillator strength of ligand-based transitions with the unique 
nature of lanthanide-centered emission. This arrangement is termed sensitized luminescence, often called 
the “antenna effect” in this context (Figure 1.4, left),20–22 and offers the further benefit of very large pseudo-
Stokes shifts.16 A common ligand set for luminescent LnIII complexes consists of a combination of β-
diketonate (e.g., acetylacetonate, “acac”) and neutral N^N-donor ligands (e.g. phenanthroline, “phen”).16  
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Figure 1.3. Diagram of energy levels for all trivalent lanthanide ions except Pm, obtained via optical 
absorption (blue boxes), photoluminescence excitation (grey boxes), and photoluminescence emission (red 
boxes) spectroscopy performed on the corresponding LnIII aquo species as solutions in 100 mM DClO4 in 
D2O. Reproduced from [26] under the terms of the Creative Commons Attribution Non-Commercial No 
Derivatives License. 
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As a brief example, the emission spectrum of the trivalent terbium complex [TbIII(acac)3(PyAm)] (PyAm = 
2-amidinopyridine)29 is shown in Figure 1.4 (right), which demonstrates all the phenomena described in 
this section. The visible emissions of TbIII originate from the 𝐷ସ

ହ  emitter level and terminate in the 𝐹଻  

manifold, which are separated due to the interelectronic repulsion splitting. The 𝐹଻  term is further split by 
the spin-orbit coupling into seven 𝐹௃

଻  levels with 𝐽 = 0–6, and the 𝐷ସ
ହ → 𝐹௃

଻  transitions produce several 
narrow (a few tens of nanometers wide) bands in the spectrum. The 𝐷ସ

ହ → 𝐹ହ
଻  transition, whose 

barycenter occurs in the green region of the spectrum (~545 nm), is always the most intense, therefore TbIII 
exhibits a characteristic bright green emission.16  
 

 

Figure 1.4. Le: Simplified schematic diagram of the “antenna effect” (“sensitized luminescence”) showing 
the transfer of energy from an excited ligand chromophore to the bound metal center which eventually 
emits. e singlet and triplet excited states of the ligand are set at reasonable arbitrary positions16 above TbIII 

𝐷ସ
ହ , and the Tb manifold is based on the free-ion values from Carnall.24 Right: Solid-state emission 

spectrum (𝜆௘௫ = 323 nm) of TbIII(acac)3(PyAm) at 10 K, showing all seven 𝐷ସ
ହ → 𝐹௃

଻  transitions.  

Moreover, it is evident that the predominant effect of the ligand field splitting in LnIII complexes is to impart 
a fine structure to each of the transition bands (the 𝑚௃ states). The number, intensity, and position of these 
peaks can vary drastically depending on the particular coordination environment of the ion, but do not 
much alter the observed colour of the emission. Nevertheless, these small perturbations applied by the 
ligand field are a rich field of opportunity when it comes to the design, study, and application of lanthanide 
luminophores. 

1.4 The divalent lanthanides, and the special properties of EuII 

Although the +3 oxidation state is the most stable for all the lanthanides, it is not the only one that is 
attainable or interesting. All the lanthanides can be obtained in their divalent forms with varying degrees of 
effort,30,31 and some (Ce, Pr, Tb) have an accessible tetravalent state.16,21 The divalent lanthanides are strongly 
reducing species and are generally unstable to oxygen and especially unstable to water, meaning that they 
are typically synthesized and studied in the solid state and/or under inert, non-aqueous conditions.16 They 
find applications in chemical synthesis; e.g., the well-known blue solution of SmI2(THF)n (THF = 
tetrahydrofuran) in THF is a flexible and selective reductant for a variety of organic functional groups,32 
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and complexes of various LnII are well-studied in photoredox, cross-coupling, and (de-)polymerization 
catalysis.33–41  

Among the LnII, EuII, YbII, and SmII stand out from the others. These are frequently referred to as 
the “classical” divalent lanthanides and are the most thoroughly studied, because they are, in the given 
order, the most stable of the series. The relative stability of these ions can be explained by their electronic 
configurations, and is reflected in their reduction potentials. The reduction of EuIII to EuII is rendered quite 
facile by the generation of a highly stabilized half-filled 4f valence shell, hence the reduction potential of the 
EuII-EuIII redox couple is the smallest of all the Ln at only -0.35 V vs. the standard hydrogen electrode (SHE). 
Similarly, the reduction of YbIII to YbII is facilitated by the generation of a full 4f shell, and the the YbII-YbIII 
redox couple has the second-lowest reduction potential of -1.15 V vs. SHE. Samarium is somewhat of a 
unique case; the reduction of SmIII to SmII generates an “almost half-full” 4f6 configuration that also bears 
zero total angular momentum 𝐽 (vide infra), yielding the third-most stable LnII with a SmII-SmIII redox 
potential of -1.55 V vs. SHE.30 

The divalent ions also have useful optical and magnetic properties that are distinct from those of 
the trivalent ions. Although the LnII also exhibit similarly arranged intraconfigurational 4f-4f transitions in 
their optical spectra, those transitions are lower in energy and experience less splitting than the isoelectronic 
LnIII congeners. This is a consequence of a lower effective nuclear charge in the more reduced species, which 
decreases the magnitude of both the interelectronic repulsion and the spin-orbit splitting.30 However, 
perhaps the most important difference between the LnII and LnIII is the presence of absorption and emission 
from interconfigurational 4f-5d transitions in the former. The 5d excited states are well outside the UV-Vis-
NIR region of the electromagnetic spectrum for most LnIII, but are accessible to LnII, and are a defining 
property of many LnII systems. (CeIII is the chief exception; compounds of this ion are also known for 
characteristic 4f-5d optical features.42–46) Unlike the 4f-4f transitions, 4f-5d transitions are allowed by the 
Laporte selection rule and therefore have much higher oscillator strengths, sometimes dominating the 
observed spectral features of the associated material. They also display shorter lifetimes, up to hundreds of 
nanoseconds in typical cases.46 The 5d excited-state orbitals do not share the stereoelectronic characteristics 
that distinguish the 4f orbitals, being much more diffuse and radially expanded with a greater capacity for 
overlap with other orbitals, and exhibiting greater electron-phonon coupling than the 4f levels.47 The 5d 
orbitals and therefore the energy of the excited states are accordingly strongly affected by the ligand field, 
and vary broadly with coordination environment30,48 as a confluence of several factors. These include but 
are not limited to donor atom identity, metal-donor distance, distortion of the coordination polyhedron, 
metal-ligand covalency, and ligand polarizability.46,49 In stark contrast to the sharp, highly-structured, 
diagnostic emission bands observed for LnIII luminophores, 4f-5d emissions tend to be broad (up to 
hundreds of nm) and featureless (or grossly structured), and vary according to the particularities of each 
unique coordination environment in different compounds of the same ion. To illustrate, Figure 1.5 shows 
photoluminescence spectra for a series of SmII 15-crown-5 iodide complexes50 that, depending on the 
coordination environment, exhibit emission arising from only 4f-4f, only 4f-5d, or both types of transitions 
simultaneously. The environmental sensitivity of 4f-5d transitions allows for tuning of the luminescence 
characteristics of 4f-5d emissive lanthanide materials over a broad range. A comparison of the properties of 
4f-4f and 4f-5d transitions is summarized in Table 1.1. 
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Figure 1.5. Photoluminescence spectra of SmII crown ether complexes in the solid state at 93 K, 
demonstrating emission from different types of transitions. [SmII(15-crown-5)2]I2 (red curve) exhibits 
emission only from intraconfigurational 4f-4f transitions; [SmII(benzo-15-crown-5)2]I2 (green curve) 
exhibits emission only from interconfigurational 4f-5d  transitions; and [SmII(15-crown-5)2]I2·CH3CN (blue 
curve) exhibits emission from a superimposed combination of both types of transition. Adapted with 
permission from [50]. 

Table 1.1. Comparison of the characteristics of 4f-4f and 4f-5d transitions in lanthanide spectroscopy. 

Property 4f-4f 4f-5d 
Bandwidth Narrow (101 nm) Often quite broad (102 nm) 

Laporte selection forbidden allowed 
Intrinsic intensity Very weak Strong to very strong 

Environment sensitivity Low; element-dependent High; coordination-dependent 
Lifetime Long (up to some ms) Moderate (up to ~102 ns) 

With regard to the work presented in this thesis, we are most interested in the particular 
combination of properties exhibited by EuII, which make it an excellent candidate for application-focused 
functional luminescent materials. EuIII already has a suite of unique properties, even among the lanthanides, 
that makes it valuable as a luminophore. For example, it has a 4f6 electron configuration with six unpaired 
electrons, but Hund’s rules dictate that the ground state must have minimum 𝐽 since the shell is less than 
half-full, resulting in a 𝐹଴

଻  ground state for this particular combination of 𝐿 and 𝑆.16 (This also occurs for 
SmII, which is a reason for its relative stability, vide supra.) The lack of total angular momentum means that 
the ion should be diamagnetic,11 making EuIII-based materials generally uninteresting for applications 
focusing on magnetic properties, at least on paper. However, the first-excited 𝐹ଵ

଻  level is very close to 
ground, being separated by only ~300-400 cm-1 from 𝐹଴

଻ ;24 it is only the thermal population of this state 
that imparts a small magnetic susceptibility to EuIII compounds.11 This enables some applications of the 
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magnetic properties of EuIII, such as its complexes often being used as “shift reagents” for nuclear magnetic 
resonance (NMR) spectroscopy.51–53 The visible emissions of EuIII originate from the 𝐷଴

ହ  emitter level, and 
the most intense transition in EuIII compounds tends to be the 𝐷଴

ହ → 𝐹ଶ
଻  centered at ~615 nm, producing 

a distinctive red luminescence.  
In dramatic contrast, the 4f7 configuration of EuII is strongly paramagnetic, having zero 𝐿 due to 

the half-full shell but making full use of its seven unpaired electrons for a ground state described as 𝑆଻/ଶ
଼ , 

isoelectronic with its heavier neighbour, GdIII. As for GdIII, the lowest excited 4f level ( 𝑃଻/ଶ
଺ ) is well into 

the near-UV, so the low-lying 4f65d1 excited state dominates the properties of this ion with a high-intensity, 
often visible, 5d4f emission.30,46,54 Crucially, the energy of this emission is extremely variable with 
coordination environment, and EuII-containing compounds taking various forms have been reported with 
emission maxima that span the near-UV all the way to the near-IR. 48,55–61 On the high end, for example, 
BaAl3BO7:EuII has a 4f6[ 𝐹଴

଻ ]5d14f7[ 𝑆଻/ଶ
଼ ] emission in the UVA, at 360 nm (27 727 cm-1).48,62 EuIII2, a 

common EuII starting material, exhibits blue 5d4f luminescence at 432 nm (~23 148 cm-1).63 Similarly on 
the low end, Ba4Li(BN2)3:EuII shows a broad emission in the near-IR, reaching a maximum at 880 nm 
(11 364 cm-1).64 Further, as described above, the high relative stability of EuII means that its compounds are 
the most synthetically accessible of all LnII, despite ambient stability still being a concern in many cases. 
This expands the chemical space that can be investigated for novel architectures with favourable properties. 
Indeed, molecular complexes of EuII, in particular crown ether/cryptand complexes,55,59,65–81 
pyrazolylborates,57,82–85 and substituted metallocenes,58,60,61,86–89 are also well-studied luminescent materials, 
and demonstrate a similar exquisite tunability of emission properties to the well-understood doped 
inorganic matrices. The fact that EuII has luminescence characteristics that are extremely susceptible to 
modification, in addition to strong paramagnetism, suggests that powerful multifunctional systems might 
be attainable with EuII. That versatility, in our view, makes it an attractive target for new (magneto-)optical 
materials towards applications including theranostics, advanced lighting, spintronics, sensors, and, most 
interestingly to us, luminescence thermometry. 

1.5 Luminescence thermometry 

Control over temperature is of paramount importance to many technological applications, and 
temperature sensors claim, by a significant margin, the largest market share of sensors overall.90 For 
example, the generation and dissipation of heat is a significant (and sometimes the most important) factor 
limiting the performance of high-power computing systems. The importance is further magnified with the 
progression of miniaturization and advent of quantum computing, where increasingly dense packing of 
nanosized (or smaller) electronic or spintronic elements may challenge the ability of a device to dissipate 
generated heat. Thermal stress is also poorly tolerated in biological systems; advanced theranostic 
techniques that examine and treat diseases at or below the cellular level may require temperature control to 
curtail damage or to effect therapeutic outcomes. Generally speaking, the measurement of temperature in 
moving objects is also difficult. In such applications, there is a requirement to measure temperature in 
locations that are difficult to access with conventional thermometric devices, which usually require 
colocation and good contact between the system and the measurement probe. Where this is not possible, 
an alternative measurement method is required. One such method is called luminescence thermometry,91–93 
a term which describes several related approaches whereby temperature is quantified via corresponding 
changes in the electronic emission of a luminescent chemical probe. Luminescence thermometry is a so-
called “remote detection” method, meaning that the probe and the detector do not have to be physically 
coupled, which greatly increases the flexibility of measurement systems and prevents the thermometer itself 
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from disturbing the system under test. Given that the thermometric probe can theoretically consist of any 
emissive species, down to a single molecule,94 luminescence thermometry can achieve ultrahigh spatial 
resolution, making it well-suited to nanoscale applications. As the probe is a chemical entity, myriad 
possible options exist for selecting a probe with the exact physicochemical characteristics necessary for an 
arbitrary application, and burgeoning research continues to expand these options.  

There are several different luminescence characteristics that can be used, alone or in combination, 
for temperature readout.91 When used in this way, these characteristics are termed thermometric parameters 
(Δ). Thermometry can, in principle, be achieved by monitoring the intensity of a single transition, although 
this is seldom practiced. Emission intensities are strongly dependent on the specific conditions of each 
experimental setup and not intuitively proportional to the nature of the emitting species, so it cannot be 
expected that a predictable intensity will be obtained at a given temperature on different batches, different 
instruments, or even at different times. This limitation is handily circumvented by instead using the ratio 
between the intensities of two (or more) different emission bands, a self-calibrating approach termed 
luminescence intensity ratio (LIR) or ratiometric thermometry. As the emission bands in many materials are 
broadened as a direct result of phonon coupling, thermometry is possible via quantitative tracking of 
changes in emission bandwidth with an appropriate system. Some materials exhibit temperature-dependent 
optical polarization, which can similarly be leveraged for temperature quantitation. In band-shift 
thermometry, temperature can be measured based on a correlated change in the position of the barycenter 
or maximum of an emission band. One advantage of this approach is that the emission wavelength is an 
intrinsic property of the emitting species and is thus invariant with experimental conditions, making for a 
robust methodology with high repeatability. Finally, changes in emission lifetime with temperature 
comprise a sensitive thermal probe, despite requiring more complex instrumentation to quantify. 

When evaluating the performance of a given luminescence thermometer, various figures of merit 
are used to enable comparison. Some of the most important ones are described as follows. The sensitivity, 
𝑆, of a thermometer reflects its ability to respond to changes in temperature (higher is better), and usually 
takes a maximum value at some temperature. Two kinds of sensitivities are defined: the absolute sensitivity 
𝑆௔ (Eqn. 1.1), expressed in units of the monitored parameter per increment temperature, 

𝑆௔ =
డ∆

డ்
 (1.1) 

and the relative sensitivity 𝑆௥ (Eqn. 1.2), often expressed as percent per increment temperature, 

𝑆௥(%) = ቈ
ቀ

ങ∆

ങ೅
ቁ

∆
቉ ∙ 100 (1.2) 

A value of 1 % K-1 is usually taken as a threshold of practicality.91,95 The temperature uncertainty Δ𝑇 (Eqn. 
1.3) is a measure of the smallest increment of temperature that can be resolved by the thermometer (lower 
is better), 

∆𝑇 =
ଵ

ௌ
∗ 𝜎 (1.3) 

where 𝜎 =
ஔ୼

୼
 is the uncertainty in the instrumental determination of Δ. Each thermometer will have a 

sensing range representing the limits of temperature that can be measured with it. A larger range is usually 
better, but there exist very sensitive thermometers with very small sensing ranges and relatively insensitive 
thermometers with very broad sensing ranges, which are both still useful depending on the desired 
application. Additional figures of merit are considered depending on the systems at hand and their target 
applications.90 
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Due to their special optical properties, lanthanide-based luminescent materials are a popular choice 
for luminescence thermometry applications across all approaches. Those materials based on LnIII are very 
commonly employed as ratiometric thermometers. Thermometric parameters are traditionally constructed 
as a combination of different emission bands.92 For example, Balabhadra et al. reported a thermometer 
based on the ratio between the thermally-coupled 𝑆ଷ/ଶ

ସ → 𝐼ଵହ/ଶ
ସ  and 𝐻ଵଵ/ଶ

ଶ → 𝐼ଵହ/ଶ
ସ  bands of ErIII in 

SrF2:Yb/Er upconverting nanoparticles (Figure 1.6), giving 𝑆௥ up to ~1.2 % K-1 and Δ𝑇 as low as 0.265 K 
over a sensing range of 298-383 K.96  

 

 

Figure 1.6. Le: Temperature-dependent upconversion emission spectra (𝜆௘௫ = 980 nm at 1.5 W cm-2) of 
SrF2:Yb/Er nanoparticles in the range 303-373 K, demonstrating the thermosensitive intensities of the 

𝑆ଷ/ଶ
ସ → 𝐼ଵହ/ଶ

ସ  (𝐼ଵ) and 𝐻ଵଵ/ଶ
ଶ → 𝐼ଵହ/ଶ

ସ  (𝐼ଶ) bands of ErIII. Right: Temperature dependence of the values 
Δ =

ூభ

ூమ
 obtained from the temperature-dependent emission spectra, as a bare powder (black triangles) and 

as a suspension in water (red inverted triangles). e blue line represents the theoretical relationship 
between the observed intensity ratio and temperature. Adapted with permission from [96]. 

Energy transfer between entirely different emitting centers can be another source of thermosensitive LIRs, 
such as the ratio between EuIII 𝐷଴

ହ → 𝐹ସ
଻  and TbIII 𝐷ସ

ହ → 𝐹ହ
଻  in a Eu-Tb discrete molecular dyad 

reported by Bao et al.,97 which gives an 𝑆௥ of 1.86 % K-1 from 10-298 K and Δ𝑇 less than 1 K above 200 K. 
The intensities of the 𝑚௃ sublevels within a single band can also be used,29 as their relative intensities are 
quite responsive to temperature. This approach is demonstrated e.g. by Gil et al., with the dimeric molecular 
complex {[NdIII(acac)3]2(μ-bpm)} (bpm = 2,2′-bipyrimidine).98 There, a thermometric parameter 
comprising different components of the 𝐹ଷ/ଶ

ସ → 𝐼ଵଵ/ଶ
ସ  band of NdIII yields a maximum 𝑆௥ of 2.1 % K-1 

with a Δ𝑇 of 0.5 K at 85 K, and a sensing range of 85-285 K, when excited via the ligands (Figure 1.7). Since 
the ligand field is the origin of the 𝑚௃ splitting in LnIII, some tuning of the thermometric performance of 
𝑚௃-based thermometers is attainable by modulating the coordination environment. Indeed, our group 
previously demonstrated that the complexes [Dy(acac)3(PyAm)] (𝑆௥ = 2.03 % K-1 at 18.25 K) and 
[Dy(acac)3(PmAm)] (PmAm = 2-amidinopyrimidine) (𝑆௥ = 0.76 % K-1 at 82 K) have dramatically different 
thermometric performances based on the 𝐹ଽ/ଶ

ସ → 𝐻ଵଷ/ଶ
଺  band, despite having ligand sets differing by a  
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Figure 1.7. Le: Temperature-dependent emission spectra (𝜆௘௫ = 370 nm) of {[NdIII(acac)3]2(μ-bpm)} in 
the range 11-310 K, demonstrating the thermosensitive intensities of the 𝑚௃ sublevels in the 𝐹ଷ/ଶ

ସ →

𝐼ଵଵ/ଶ
ସ  band of NdIII. Middle: Temperature dependence of the values Δ =

ூ
భᇲ,ఱᇲ,లᇲ

ூభ,ర,ఱ,ల
 obtained from the 

temperature-dependent emission spectra. e red line represents the best fit to a Boltzmann-type equation. 
Right:  Temperature dependence of the relative sensitivity 𝑆௥ and temperature uncertainty δ𝑇 based on the 
selected Δ. Adapted with permission from [98]. 

mere single atom in the secondary coordination sphere. Alternatively, the ratio between the 
interconfigurational 5d4f and intraconfigurational 4f4f transition bands of a system that exhibits both 
types of transitions simultaneously can be used to define a ratiometric Δ. Via this method, Ćirić et al. 
obtained a very high 𝑆௥ = 4.8 % K-1 at 298 K with a Δ𝑇 of 0.04 K and a sensing range 298-648 K in a coating 
of γ-Al2O3:SmII by using the ratio between the 4f55d14f6 and 𝐷଴

ହ → 𝐹௃
଻  emission bands of SmII in that 

matrix.99 While this type of Δ is often achieved with a LnII luminescent center like SmII or EuII, the energy-
transfer approach described above can also be leveraged for this sort of mixed-mode LIR. This is exemplified 
by Yue et al. in a mixed CeIII-TbIII metal-organic framework (MOF) system, where the ratio between CeIII 
4f05d14f1 and TbIII 𝐷ସ

ହ → 𝐹ହ
଻  gave a thermometer with maximum 𝑆௥ = 1.37 % K-1 at 473 K over a sensing 

range of 313-473 K, with Δ𝑇 as low as 0.36 K.100 
Despite their general success in optical thermometry, Ln-based materials are, on the whole, 

historically understudied as band-shift thermometers. This represents an interesting gap, which exists 
because most studies of Ln-based band-shift thermometry have been conducted with LnIII. The band 
positions (i.e., the emission energies) in most LnIII luminophores are simply not very environment sensitive 
for reasons detailed earlier in this chapter, and therefore fall short of the conditions necessary for good 
thermometric performance.90,92,93,101 The electron-beam excited 𝐷଴

ହ → 𝐹଴
଻  transition of Y2O2S:EuIII was an 

early example, exhibiting 𝑆௔ = 0.04 cm-1 K-1 in the range 257-345 K (i.e., a total ΔE of only ~5 cm-1) with Δ𝑇 
of ~1 K, and was leveraged to measure the temperature of colour television cathode ray tubes in situ.99,102 
Rocha et al. investigated the thermosensitive shift of the NIR 𝐹ଷ/ଶ

ସ → 𝐼ଽ/ଶ
ସ  transition of LaF3:NdIII 

nanoparticles for thermal sensing in simulated human skin, attaining an 𝑆௔ of 0.14 cm-1 K-1 between 283-
333 K with a Δ𝑇 of ~2 K.103 The YVO4:LnIII (for Eu, Dy, Nd) are also well known in this space;104,105 the 

𝐷଴
ହ → 𝐹ଵ

଻  band-shift of the Eu analogue has maximum 𝑆௔ = 0.20 cm-1 K-1 at 733 K in the range 295-733 K, 
the 𝐹ଽ/ଶ

ସ → 𝐻ଵହ/ଶ
଺  band-shift of the Dy analogue has maximum 𝑆௔ = 0.13 cm-1 K-1 at 295 K in the range 

295-653 K, and the 𝐹ଷ/ଶ
ସ → 𝐼ଵଵ/ଶ

ସ  band-shift of the Nd analogue has maximum 𝑆௔ = 0.03 cm-1 K-1 at 
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873 K in the range 123-873 K.[i] All of these examples have rather poor performance when considering the 
magnitude of the band-shift, with very small values <1 cm-1 K-1. 

Unsurprisingly, the 5d4f emissions of LnII are much better suited for band-shift thermometry, 
on account of the higher sensitivity of the 5d excited-state orbitals to the surroundings. In this regard, it is 
interesting to note that the γ-Al2O3:SmII coating reported by Ćirić et al. is also a standout band-shift 
thermometer, having maximum 𝑆௔ of 8 cm-1 K-1 at 298 K in the range 298-648 K when tracking the 
barycenter of the whole SmII emission band (i.e., considering both the 4f55d14f6 and 𝐷଴

ହ → 𝐹௃
଻  emission 

bands of SmII simultaneously). Indeed, prior to the work described in this thesis, this was the best-
performing Ln-based band-shift thermometer reported to date.  

1.6 Thesis scope and outlook 

Given the dominance of the highly environment-sensitive 4f65d14f7 transition in the emission of EuII, 
constructs using this ion are of course other potential candidates for high-performance luminescence 
thermometry. Several examples of EuII-based luminescence thermometers exist, which are summarized in 
Table 1.2. It is notable that despite the favourable properties, there was effectively only one reported 
example of a system demonstrating band-shift thermometry with EuII (the MSr(BH4)xCl1-x:EuII, M = K, Rb, 
Cs, Figure 1.8)106 until January 2022 (the date of the first publication included in this thesis).  
 

 

Figure 1.8. Le: Temperature-dependent emission spectra (𝜆௘௫ = 330 nm) of KSr(BH4)2.8Cl0.2:EuII in the 
range 14-475 K, demonstrating the thermosensitive shiing of the 4f65d14f7 band maximum of EuII. Right: 
Temperature dependence of the values Δ = 𝜆௘௠ obtained from the temperature-dependent emission 
spectra. Adapted with permission from [106]. 

Further, there is a glaring lack of EuII-based band shift thermometers built on discrete molecular platforms, 
and therefore a concomitant lack of knowledge on the structure-property relationships that govern the 
thermometric performance of these systems. With this in mind, the overarching goal of our research was 
to explore exactly this: the potential for discrete molecular, EuII-based optical thermometers, with a focus 
on luminescence thermometry via band-shift. Moreover, we chose to focus on organometallic systems given 
that EuII metallocenes are already established as luminescent materials, and we were inspired by the 
additional layer of unique properties that might be imparted by carbon-donor ligands. We were further 
encouraged by the exciting properties of the simple coordination polymer [EuII(BH4)2(THF)2] originally 
reported by Marks et al.,56 which demonstrates extremely bright cyan emission at room temperature. The 
lanthanide tetrahydroborate THF solvates are well-appreciated as excellent starting materials for the 
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synthesis of tailored molecular architectures due to their stability, solubility, ease of synthesis, and 
favourable reactivity,107 so we surmised that this material would be an excellent platform from which to 
begin our studies. 
 Three projects representing the indicated theme are detailed in this thesis, all of which have 
generated peer-reviewed publications that form the content herein. In Chapter 2, we describe the synthesis 
and opto-structural characterization of the hemimetallocene dimer [Cp*Eu(μ-BH4)(THF)2]2 

(Cp* = pentamethylcyclopentadienyl), the first example of an organometallic, discrete molecular, EuII-
based band-shift thermometer, which also exhibits the highest 𝑆௔ (8.2 cm-1 K-1) reported to date for a 
lanthanide-based band-shift thermometer. We also study the temperature-dependent luminescence of 
[EuII(BH4)2(THF)2] and find that it is a competent band-shift thermometer in its own right. Observing the 
exceptional performance of [Cp*Eu(μ-BH4)(THF)2]2, we then sought to elucidate the design principles that 
would allow for tuning (and perhaps improvement) of its properties. Hence, Chapter 3 describes a 
systematic study where the dimeric EuII-BH4 hemimetallocene architecture was decorated with a range of 
different ligands, and the optical properties were studied and correlated to their thermometric performance. 
Following that study, we became interested in a particular family of substituted cyclopentadienides, namely 
the 1-(bis(dimethylamino)phosphinochalcogenoyl)-2,3,4,5-tetramethylcyclopentadienides, and their 
complexes with EuII. While we intended firstly to obtain EuII-BH4 hemimetallocenes with these ligands, and 
secondly to investigate their performance as band-shift thermometers, we discovered instead a family of 
homoleptic europocenes(II) with excellent performance as magneto-optical thermometers via their 
strongly temperature-dependent magnetic circular dichroism. The synthesis and magneto-optical 
characterization of these complexes is detailed in Chapter 4. Finally, Chapter 5 concludes the thesis with a 
summary of the obtained results and perspectives for the future development of molecular EuII-based 
systems for optical thermometry. Overall, we demonstrate that molecular EuII-based systems are a severely 
understudied but very promising family of materials for remote-detection temperature sensing. 
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Table 1.2. Survey of EuII-based luminescence thermometers until 2022. 

System Approach Δ 𝑆௔  (K-1) 𝑆௥  (% K-1) Sensing Range (K) Δ𝑇 (K) Ref. 
Li4SrCa(SiO4)2:EuII [a] 

LIR 𝐼(EuCa
II ): 𝐼(EuSr

II )[b] 
n.d. 2.87 @ 440 K 370-470 n.d. 108 

Li4SrCa(SiO4)2:EuII [c] n.d. 1.51 @ 460 K 370-470 n.d.  
Li4SrCa(SiO4)2:EuII 0.051 @ 473 K 3.18 @ 423 K 303-473 0.35 109 

 Lifetime EuII 𝜏ସଷଷ 1.47 @ 363 K 15 @ 573 K 363-573 n.d.  

Ca9Mg1.5(PO4)7:(EuII,EuIII)[d] LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ଶ
଻ ) 

8.4 x10-5 n.d. 293-473 n.d. 110 

Ca9Mg1.5(PO4)7:(EuII,EuIII)[e] LIR EuII 𝐼଺଴଴: 𝐼ସଵହ bands 0.064 @383 K 1.19 @ 383 K 293-473 n.d. 110 
Ca2Mg0.5AlSi1.5O7:EuII LIR EuII 𝐼ସଶହ: 𝐼ହଶହ bands n.d. 1.62 @ 350 K 200-425 ~0.05 111 

BaMgAl10O17:EuII “Lifetime”[f] EuII 𝐼ସସହ phase shift [g] [g] 600-841 8.6 112,113 
EuII/CrIII activated oxyfluoride glass 

ceramic LIR 𝐼(EuII 4f65d14f7): 
𝐼(CrIII 𝐸ଶ → 𝐴ଶ

ସ ) 
n.d. 0.8 313-563 n.d. 114 

Ca6BaP4O17:EuII LIR 𝐼(EuCa
II ): 𝐼(EuBa

II )[b] 0.011 @ 430 K 1.53 @ 500 K 250-500 n.d. 115 
SrAl2O4:(EuII,DyIII,TbIII) LPL[h] LIR EuII 𝐼ସସ଺: 𝐼ହଶସ bands 8 @ ~145 K 10 @ 240 K 60-240 n.d. 116 

Ca2Na2La6(SiO4)4(PO4)2O:(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ଶ
଻ ) 

n.d. 2.82 @ 473 K 298-473 n.d. 117 

Sr(HCO2)2:(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ଶ
଻ ) 

0.004 0.38 9-293 n.d. 118 

KSr(BH4)2.80Cl0.20:EuII 
Band-shift 𝜆em(EuII 4f65d14f7) n.d. 

0.029 @ 245 K 14-475 n.d. 106 
RbSr(BH4)2.86Cl0.14:EuII 0.021 @ 324 K 14-463 n.d.  
CsSr(BH4)2.74Cl0.26:EuII 0.015 @ 178 K 14-495 n.d.  

Mg2Al4Si5O18:EuII LIR EuII 𝐼ସସହ: 𝐼଺ଵହ bands n.d. 0.45 @ 673 K 373-673 n.d. 119 

Ca8Mg3Al2Si7O28:(EuII,CeIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(CeIII 4f05d14f1) 

0.019 @250 K 1.35 @ 500 K 200-250 n.d. 120 

Sr4La(PO4)3O:(EuII,SmIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(SmIII 𝐺ହ/ଶ

ସ → 𝐻௃
଺ ) 

7.9 x10-4 @ 573 K 0.48 @ 573 K 293-573 n.d. 121 

Na3Sc2P3O12:(EuII,MnII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(MnII 𝐺ସ → 𝑆଺ ) 

n.d. 1.56 @ 473 K 293-473 n.d. 122 

NaZr2(PO4)3:(K,EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ଵ
଻ ) 

0.026 @ 413 K 3.84 @ 293 K 293-413 0.075 123 

LaGdAlO3:(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ଶ
଻ ) 

0.084 @ 473 K 3.23 @ 303 K 303-473 n.d. 124 

MgAl2O4:(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 0.084 @ 523 K 0.83 @ 473 K 298-523 0.6 125 
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𝐼(EuIII 𝐷଴
ହ → 𝐹ସ

଻ ) 
Sr4Al14O25:EuII LIR EuII 𝐼ସ଴଴: 𝐼ସଽ଴ bands 0.004 @ 373 K 0.62 @ 373 K 293-423 n.d. 126 

Ca9NaZn(PO4)7:EuII LIR 𝐼(EuCa
II ): 𝐼(EuNa

II )[b] 0.023 @ 498 K 0.81 @ 398 K 298-498 n.d. 127 

Ca9Zn1.5(PO4)7:(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ଶ
଻ ) 

0.0034 @ 453 K 1.4 @ 453 K 293-473 n.d. 128 

SrAl2Si2O8:(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ସ
଻ ) 

0.056 @ 583 K 0.30 @ 583 K 303-583 n.d. 129 

Ca2Al2SiO7:(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ସ
଻ ) 

0.024 @ 303 K 2.46 @ 443 K 303-443 n.d. 130 

EuII/EuIII activated oxyfluoride glass 
ceramic LIR 𝐼(EuII 4f65d14f7): 

𝐼(EuIII 𝐷଴
ହ → 𝐹ଶ

଻ ) 
n.d. 4.28 300-563 n.d. 131 

LaAlO3:(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ଶ
଻ ) 

0.014 @ 473 K 1.19 @ 403 K 293-473 n.d. 132 

Sr3P4O13:(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ଵ
଻ ) 

0.008 @ 573 K 1.06 @ 353 K 293-573 n.d. 133 

Ca3Mg3(PO4)4:(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ଶ
଻ ) 

0.049 @ 523 K 0.024 @ 303 K 303-523 n.d. 134 

K5Y(P2O7)2:EuII LIR 𝐼(EuK
II): 𝐼(EuY

II)[b] ~0.03 @ 100 K 1.2 @ 125 K 100-350 0.1 135 
BaY2Si3O10:EuII LIR EuII 𝐼ସଶ଴: 𝐼ହଶ଴ bands 0.0087 0.58 @ 293 K 293-533 n.d. 136 

Ca(EuII,EuIII)Al3O7 LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ସ
଻ ) 

0.069 @ 313 K n.d. 313-573 n.d. 137 

Ba5SiO4Cl6:EuII LIR EuII 𝐼ସସଵ: 𝐼ହ଴଺ bands 0.031 @ 498 K 0.87 @ 498 K 303-498 n.d. 138 

Li2CaSiO4:(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹௃
଻ ) 

0.003 @ 303 K[i] 0.29 @ ~550 K[i] 300-583 0.25 139 

Ca8ZrMg(PO4)6(SiO4):(EuII,EuIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ଵ
଻ ) 

n.d. 5.94 293-473 n.d. 140 

Sc2O3:(EuII,EuIII) 
LIR 

𝐼(EuII 4f65d14f7): 
𝐼(EuIII 𝐷଴

ହ → 𝐹ଶ
଻ ) 

n.d. 3.06 @ 267 K 77-267 n.d. 
141 

Sc2O3:(TbIII,EuII,EuIII) 𝐼(EuII 4f65d14f7): 
𝐼(TbIII 𝐷ସ

ହ → 𝐹ହ
଻ ) 

n.d. 2.65 @ 267 K 137-267 n.d. 

Sr3La(PO4)3:EuII LIR EuII 𝐼ସଶ଴: 𝐼ହହ଴ bands n.d. 1.32 @ 423 K 303-530 n.d. 142 
Li4(SrCa)(SiO4)2:EuII LIR 𝐼(EuCa

II ): 𝐼(EuSr
II )[b] n.d. 1.71 @ 463 K[i] 303-583 n.d. 143 

LiSr4(BO3)3:(CeIII,EuII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(CeIII 4f05d14f1) 

0.057 @ 293 K 4.02 @ 293 K 293-473 0.09 144 
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EuII/EuIII activated (Si,Zn,K,Al) oxide 
glass LIR 𝐼(EuII 4f65d14f7): 

𝐼(EuIII 𝐷଴
ହ → 𝐹ଶ

଻ ) 
0.043 n.d. 298-573 n.d. 145 

CaSrMgSi2O7:(CeIII,EuII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(CeIII 4f05d14f1) 

n.d. 2.43 @ 293 K 293-473 n.d. 146 

SrMg2(PO4)2:(CeIII,EuII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(CeIII 4f05d14f1) 

0.017 @ 568 K 1.57 @ 568 K 298-568 n.d. 147 

CaMgSi2O6:(CeIII,EuII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(CeIII 4f05d14f1) 

0.049 @ 505 K 2.12 @ 480 K 80-505 n.d. 148 

CaSrMgSi2O6:(EuII,TbIII) LIR 𝐼(EuII 4f65d14f7): 
𝐼(TbIII 𝐷ସ

ହ → 𝐹ହ
଻ ) 

0.047 @ 280 K 0.6 @ 280 K 77-280 n.d. 149 

[a] “As-prepared” (never measured). [b] EuE
II denotes EuII occupying an E lattice site of the host. [c] Following UV + thermal treatment. [d] Excited at 254 nm. [e] Excited at 350 nm. 

[f] Not a conventional lifetime thermometry application, but rather an emission phase shift measurement used for thermographic velocimetry in hot gas streams. This application is 
somewhat adjacent to the work discussed herein but is included for comparison purposes. [g] the sensitivity in conventional terms of luminescence thermometry was not specified. 
[h] “Long persistent luminescence”; intensity of the afterglow was used. [i] strongly dependent on dopant concentration; maximum values among all systems studied is given. n.d. = 
not determined.  
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CHAPTER 2 
Toward Opto-Structural Correlation to Investigate Luminescence Thermometry in an 

Organometallic EuII Complex 

2.1 Preface 

 
 
The work detailed in this chapter was published as an Article in Journal of the American Chemical Society 
and is reprinted with permission from Diaz-Rodriguez, R. M., Gálico, D. A., Chartrand, D., Suturina, E. A., 
Murugesu, M., J. Am. Chem. Soc. 2022, 144, 912–921. Copyright 2022 American Chemical Society.  

R. M. Diaz-Rodriguez performed all chemical synthesis; characterized the synthesized complexes 
by IR and NMR spectroscopy; collected and interpreted DC magnetometry data on 2.1; collected, solved 
and refined SCXRD data for basic characterization of 2.1 and 2.2; interpreted all structural data; contributed 
equally with D. A. Gálico to design photoluminescence experimental protocols and to collect and interpret 
photoluminescence spectra for all complexes; and wrote the original manuscript. D. A. Gálico contributed 
writing and editing of parts of the manuscript in addition to the above. D. Chartrand collected, solved and 
refined variable-temperature SCXRD data for 2.1. E. A. Suturina performed and interpreted DFT and ab 
initio calculations. M. Murugesu oversaw all aspects of the project.  

Additional data and discussion pertaining to this chapter are given in Appendix A. 

2.2 Abstract 

Lanthanide-based luminescent materials have unique properties and are well-studied for many potential 
applications. In particular, the characteristic 5d4f emission of divalent lanthanide ions such as EuII allows 
for tunability of the emissive properties via modulation of the coordination environment. We report the 
synthesis and photoluminescence investigation of pentamethylcyclopentadienyl-
europium(II) tetrahydroborate bis(tetrahydrofuran) dimer (2.1), the first example of an organometallic, 
discrete molecular EuII band-shift luminescence thermometer. Complex 2.1 exhibits an absolute sensitivity 
of 8.2 cm-1 K-1

 at 320 K, the highest thus far observed for a lanthanide-based band-shift thermometer. Opto-
structural correlation via variable-temperature single-crystal X-ray diffraction and fluorescence 
spectroscopy allows rationalization of the remarkable thermometric luminescence of complex 2.1 and 
reveals the significant potential of molecular EuII compounds in luminescence thermometry. 
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2.3 Introduction 

In recent years, materials based on molecular systems have shown remarkable optical/luminescent 
properties.29,56,150–154 If such properties can be used to monitor changes in structure and/or temperature of 
the material, then applications employing these materials become viable. To that end, control over the 
interaction between light and matter is key to leading technological advancement in a wide range of fields. 
Molecular systems offer a remarkable advantage over traditional bulk materials when it comes to probing 
structural changes at the molecular level, and enable unparalleled flexibility to fine-tune the coordination 
environment around an emissive metal center. Structural parameters can be probed via single-crystal X-ray 
diffraction, while thermosensitive optical properties can provide subtle spectral changes with varying 
temperature. By careful association between the molecular structure and optical features, opto-structural 
correlation can be performed. Such analysis provides a unique insight into the connection between a 
material’s structure and its optical properties. By taking advantage of such opto-structural correlation, an 
understanding of the factors that govern the change in physical properties is achievable, thus subsequent 
fine-tuneability of the optical properties becomes a reality. 

When it comes to luminescent properties, trivalent lanthanide ions reign supreme, as they exhibit 
long-lived narrow emission lines which enable optical probing.21 That being said, as the most stable divalent 
lanthanide ion, EuII is by far the most studied with respect to luminescence.30 In contrast to most trivalent 
lanthanide ions, the presence of a low-lying 5d state gives rise to a strong df emission, allowed via 
selection rules. Luminescent molecular EuII compounds have been known for a long time, however studies 
involving them mostly focus on basic spectroscopic characterization.55,57,65,80,85,155–158 Hence, applications of 
luminescent molecular EuII compounds60,84,85,159 remain an underexplored area of study with tremendous 
potential. One such application is luminescence thermometry, wherein changes in the luminescence 
behaviour of a chemical probe as a function of temperature are used as a contactless temperature 
measurement technique.20,29,91,97,150,154,160–164 Luminescence parameters of a probe that may vary with 
temperature include: emission peak energy; fluorescence lifetime and/or intensity; or the ratio of intensity 
between multiple emission bands, among others.91–93,165  

In the family of divalent lanthanides, SmII and EuII are especially well-suited to this application, as 
their associated emissive 5d state is very sensitive to the coordination environment.48,166 Although 
luminescence thermometry has previously been achieved in EuII-containing inorganic materials,106,108,110–118 
it is surprising to note that no examples of discrete molecular EuII luminescence thermometers have been 
reported to date. This may be due to the highly air- and moisture-sensitive nature of most molecular 
divalent lanthanide compounds, making the synthesis, isolation and characterization of systems exhibiting 
the desired properties quite challenging. This is especially true of organometallic divalent lanthanide 
compounds, which are nevertheless highly desirable thanks to the unique stereoelectronic characteristics 
accessible using carbon-donor ligands. We therefore sought to explore avenues toward such compounds.  

The small negative reduction potential of the EuII-EuIII redox couple (E° = -0.35 V)167 allows the 
facile synthesis of [EuII(BH4)2(THF)2] from the reaction of EuCl3 with NaBH4, wherein EuIII is reduced in 
situ.56 This complex is unique among the simple lanthanide tetrahydroborates in that it displays intense 
blue luminescence in the solid state,56,168 and yellow-green luminescence in THF solution. This observation 
implies that tetrahydroborate ligands are effective at promoting luminescence in EuII, making this 
compound a good starting point for the application-focused design of luminescent EuII compounds. 
Tetrahydroborate ligands are coordinatively flexible and labile, often acting as pseudohalides in salt 
metathesis reactions, and are consequently well suited to the construction of more sophisticated complexes, 
including organometallic complexes.107 Furthermore, EuII is isoelectronic to GdIII (4f7, with an 𝑆଻/ଶ

଼  ground 
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state) and is accordingly highly paramagnetic. However, it is important to note that GdIII is “optically silent”, 
exhibiting no emissive transitions within the visible spectrum.21 One can, therefore, envision applications 
employing EuII as a highly tunable luminescent analogue to its isoelectronic trivalent congener, the GdIII

 

ion. All considered, we surmised that [EuII(BH4)2(THF)2] could be a useful precursor for the preparation of 
exciting luminescent and optomagnetic molecular compounds. 

In this chapter, we report the synthesis, characterization, and photoluminescence of the divalent 
europium complex [Cp*Eu(μ-BH4)(THF)2]2 (2.1). In the solid state, complex 2.1 acts as a highly sensitive 
band-shift luminescence thermometer operating over a broad temperature range (60-320 K), properties 
which are extremely sought-after for viability in such applications.99 An opto-structural correlation study 
on this unique EuII luminescence thermometer highlights the versatility of molecular organometallic 
systems over traditional inorganic materials. The synthetic flexibility and stereoelectronic tunability 
afforded by organometallic constructs, combined with the remarkable luminescence properties of 2.1, 
demonstrate the great potential of molecular EuII systems as luminescence thermometers, with incipient 
applications in the control of sensitive spintronic devices or organic electronics. 

2.4 Synthesis and structural characterization 

The equimolar reaction of [EuII(BH4)2(THF)2] with potassium pentamethylcyclopentadienide (KCp*) in 
THF led to the formation of complex 2.1 as a microcrystalline yellow solid. Upon recrystallization from 
THF at -20 °C, transparent yellow, blocklike crystals suitable for analysis by X-ray diffraction were isolated. 
Complex 2.1 crystallizes in the monoclinic space group P21/n; the structure is shown in Figure 2.1. 
 

 

Figure 2.1. Molecular structure of 2.1, shown as a ball-and-stick diagram (le) and as a thermal ellipsoid 
diagram (right). Labels are given only for the crystallographically unique atoms which coordinate the EuII 
centre; symmetry-related atoms are indicated elsewhere with a prime (e.g. B1′). Hydrogen atoms bonded 
to carbon are omitted for clarity. Selected bond lengths and angles are provided in Table A1. Packing 
diagrams are shown in Figure A7.  

The solid-state structure of 2.1 consists of a dimer where the EuII centers are bridged by two (μ3-
H)2B(μ2-H)2 units,169 with a monoanionic Cp* ligand and two molecules of THF completing the 
coordination environment of each EuII ion. It is noteworthy that 2.1 is only the second example of a 
bis(tetrahydroborate)-bridged homobimetallic LnII hemimetallocene, the first being the isostructural SmII 
complex [Cp*Sm(μ-BH4)(THF)2]2 reported by Jaroschik et al., obtained via a similar synthetic route.170 In 
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the IR spectrum of 2.1 (Figure 2.2), a group of absorption peaks centered around 2260 cm-1 is observed. 
This spectral feature is reminiscent of that which was previously observed for [(COT)NdIII(BH4)(THF)]2, 
which exhibits the same tetrahydroborate coordination mode as 2.1.171 Additionally, a pair of absorption 
peaks at 2243 and 2191 cm-1 are present, which comprise a doublet (splitting of 52 cm-1) that is highly 
diagnostic of the B-Hbridging stretch of a κ3-tetrahydroborate.172 Coordinated THF is also evidenced by the 
very strong absorption peaks at 881 and 1034 cm-1.  
 

 

Figure 2.2. Infrared spectrum of complex 2.1.  

Attempts to observe 2.1 by 1H NMR spectroscopy (Figure A1) revealed a resonance at +235 ppm 
attributable to the Cp* methyl substituents. The tetrahydroborate ligands could not be observed by 1H or 
11B NMR spectroscopy, even when decoupled. This is unsurprising given the significant paramagnetic 
broadening from the two EuII centers, in conjunction with the quadrupolar broadening intrinsic to boron. 

No decomposition was observed when crystalline 2.1 was stored for several months at -20 °C under 
inert atmosphere. A borodeuteride analogue (2.2) was also prepared, which is discussed in detail below (see 
Section 2.7). 

2.5 Magnetic properties 

The magnetic properties of 2.1 were measured via SQUID magnetometry. From DC measurements, a χT 
product of 15.68 cm3 K mol-1 is observed at 300 K and 1000 Oe (Figure 2.3), which is in good agreement 
with the expected value of 15.76 cm3 K mol-1 for two non-interacting 4f7, 𝑆଻/ଶ

଼
 ions with 𝐿 =  0 and 

𝑔 =  2. The χT value remains essentially constant until approximately 20 K, where it increases slowly to 
16.93 cm3 K mol-1 at 6 K before increasing sharply to a maximum of 20.32 cm3 K mol-1 at 1.8 K. This increase 
in χT below 20 K can be attributed to weak ferromagnetic interactions between spin carriers occurring at 
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low temperatures. This data can be fitted using the Hamiltonian ℋ = −2𝐽𝑆ଵ𝑆ଶ, which yields a small 
positive Eu-Eu coupling constant of 𝐽 = +0.04 cm-1. At 1.9 K, the field-dependent magnetization reaches a 
value of 13.91 μB at a field of 7 T (Figure 2.4), which is in good agreement with the theoretical value of 14 μB 

for a system with ground state ST = 7. As expected for an isotropic system, complex 2.1 is devoid of any slow 
magnetic relaxation dynamics (i.e., no AC signal at zero field or under an applied DC field of 1000 Oe). 
 

 

Figure 2.3. Temperature dependence of the χT product at 1000 Oe (blue points) for complex 2.1, with χ 
representing the molar magnetic susceptibility per molecule defined as M/H. e solid red line represents 
the fit; the calculated J value is +0.04 cm-1. 

 

 

Figure 2.4. Field dependence of the magnetization (le) and reduced magnetization (right) for 2.1 at the 
indicated temperatures.  
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2.6 Photoluminescence 

With the goal of understanding the spectroscopic features of 2.1 and rationalizing the potential of molecular 
organometallic EuII compounds as luminescence thermometers, the solid-state luminescence properties of 
single crystals of 2.1 were studied at varying temperatures. Excitation and emission spectra obtained at 10 K 
are shown in Figure 2.5. 
 

 

Figure 2.5. Excitation (gray) and emission (violet) spectra for 2.1 obtained at 10 K. 

The excitation spectrum reveals bands from the EuII 5d state as well as ligand-based states over the 
UV and blue spectral region. Excitation at 330 nm results in a strong and broad df transition, as expected 
for divalent europium, centered at 669 nm (≈14 959 cm-1). Increasing the temperature does not result in 
any spectral change until 60 K (Figure A5). However, above 60 K, a blue-shift of the band is observed, i.e., 
the band peak shifts to higher energies (Figures 2.6a and c). From 60 to 320 K, the emission maximum is 
shifted from 14 959 to 16 858 cm-1 (ΔE = 1899 cm-1). Correspondingly, the output color of the emission is 
shifted from deep red to orange, as demonstrated on the Commission Internationale de l’éclairage (CIE) 
chromaticity diagram (Figure 2.6b). The observed shift of the band peak can be explored for band-shift 
based luminescence thermometry, as previously demonstrated for SmII, EuIII, and DyIII inorganic solids.99 
The energy shift can be fitted by a Boltzmann function (Eqn. 2.1) as implemented in OriginPro 2018 (see 
Figure 2.6c): 

𝑦 = 𝐴ଶ +
(஺భି஺మ)

ଵା௘[(ೣషೣబ) ೏ೣ⁄ ] (2.1) 

Absolute sensitivity 𝑆௔  (Figure 2.6d) was calculated by taking the first derivative of the fitted function, and 
the maximum absolute sensitivity obtained was 8.2 cm-1 K-1 at 320 K. This is the highest absolute sensitivity 
thus far observed for a lanthanide-based band-shift thermometer.  
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Figure 2.6. Temperature-dependent emission of 2.1. (a) Temperature-dependent emission spectra (𝝀𝒆𝒙 = 
330 nm) obtained in the solid state over the 60-320 K range with steps of 10 K. (b) Relevant section of the 
CIE diagram showing the luminescence colours at selected temperatures. (c) Temperature-dependence of 
the emission peak energy. e red line represents the Boltzmann function (Eqn. 2.1) used to fit the 
experimental data. Best-fitting parameters: 𝑅ଶ = 0.999, 𝐴ଵ = 8583, 𝐴ଶ = 145840, and 𝑥଴ = 2920. (d) 
Absolute sensitivity obtained as the first derivative of the fitted function. 

For intensity-based luminescence thermometry methods, the intensity of a given luminescent probe varies 
with different equipment and experimental conditions. Contrarily, the position of the emission peak is an 
intrinsic property of a compound at a given temperature, independent of other factors. Therefore, absolute 
sensitivity is a reliable metric for comparing the performance of different band-shift thermometers. For 
completeness, we also report the relative sensitivity 𝑆௥ (Figure A6) that shows lower performance compared 
to other Ln-based thermometric systems (see Section 1.5).  

The precursor compound [EuII(BH4)2(THF)2] itself demonstrates thermochromic luminescence 
(Figure 2.7), displaying a shift in the df emission band over the range 30 to 320 K from 19 501 to 
20 679 cm-1 (E = 1178 cm-1); this represents a change in output colour from cyan to green. The maximum 
absolute sensitivity calculated for [EuII(BH4)2(THF)2] is 5.37 cm-1 K-1 at 220 K. Table 2.1 compares the 
thermometric performance of our complex to other high-performing band-shift thermometers in the 
literature. 

Table 2.1. Comparison of the highest-performing band-shift luminescence thermometers reported to date. 
Adapted from [99]. 

Thermometer 𝑆௔ (cm-1 K-1) Sensing Range (K) 
Ag2S quantum dots173 11  295-317 
[Cp*Eu(μ-BH4)(THF)2]2 

[a] 8.2 @ 320 K 60-320 
-Al2O3:SmII 99 8.0 @ 298 K[b] 298-648 
[Cp*Eu(μ-BD4)(THF)2]2 

[a] 7.07 @260 K 30-320 
[Eu(BH4)2(THF)2]56,[a] 5.37 @ 220 K 30-320 
CdTe quantum dots174 5  300-353 

[a] This work. [b] using the barycentre of the entire SmII emission band as the sensor.  
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Figure 2.7. Temperature-dependent emission of [EuII(BH4)2(THF)2]. (a) Temperature-dependent emission 
spectra (𝜆௘௫ = 330 nm) obtained in the solid state over the 30-320 K range with steps of 10 K. (b) Relevant 
section of the CIE diagram showing the luminescence colours at selected temperatures. (c) Temperature-
dependence of the emission peak energy. e red line represents the Boltzmann function (Eqn. 2.1) used to 
fit the experimental data. Best-fitting parameters: 𝑅ଶ = 0.998, 𝐴ଵ = 19336, 𝐴ଶ = 21033, and 𝑥଴ = 219. 
(d) Absolute sensitivity obtained as the first derivative of the fitted function. 

To further evaluate the thermometric performance, the temperature uncertainty 𝛥𝑇, also known as 
the temperature resolution, was estimated. The 𝛥𝑇 parameter is extremely dependent on the instrumental 
setup, and correlates the instrumental error with the thermometer’s sensitivities via Eqn. 1.3: 

∆𝑇 =
ଵ

ௌ
∗ 𝜎 (1.3) 

where the sensitivity 𝑆 may be either absolute (𝑆௔) or relative (𝑆௥), and 𝜎 is the absolute or relative 
instrumental error, depending on the chosen sensitivity. Most of the methodologies presented in the 
literature for calculating 𝛥𝑇 do so for intensity-based thermometric methods. For intensity-based methods, 
𝜎 is related to the detector’s signal-to-noise ratio and is wavelength independent (except at the limits of the 
detector’s wavelength range). Conversely, 𝜎 for band-shift thermometry is extremely dependent on the 
wavelength range. Thus, 𝜎 is associated with the wavelength accuracy and wavelength repeatability of the 
whole spectrofluorometer system (i.e., the monochromator/spectrograph size, gratings, and detector). 
Herein, we propose an estimation of 𝛥𝑇 for a band-shift thermometric setup, considering the wavelength 
dependence of different spectroscopic systems. For this, we select 3 hypothetical but typical instrumental 
peak resolution values: 

 
System 1: 0.5 nm (commonly observed for portable optical detectors). 
System 2: 0.1 nm (commonly observed for typical laboratory spectrometers). 
System 3: 0.025 nm (commonly observed for high-resolution spectrometers). 
 

As the energy values are inversely proportional to the wavelength (Energy = 107/λ), 𝜎 possesses different 
values over different spectral regions (Figure 2.8). Consequently, 𝜎 values are higher in the blue region and 
smaller in the red region. For example, given a wavelength resolution of 0.025 nm (as for a high-resolution 
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spectrometer), the value of 𝜎 is 0.61 cm-1 at 650 nm (red region) and 1.24 cm-1 at 450 nm (blue region). 
Therefore, for different band-shift thermometers possessing the same temperature sensitivity, the one with 
the emission occurring at longer wavelengths/lower energies will result in smaller 𝛥𝑇 (i.e., higher 
temperature resolution). Figures 2.8b-d show the temperature uncertainty for the three complexes studied 
in this work. Values as low as 0.09 K are obtained for 2.1, further confirming it as a highly competent band-
shift luminescence thermometer. 
 

 

Figure 2.8. (a) Wavelength dependence of the instrumental error 𝜎 for three different model spectroscopic 
systems (with wavelength resolution increasing from 0.5 nm in System 1 to 0.1 nm in System 2 to 0.025 nm 
in System 3). Temperature uncertainty 𝛥𝑇 values for (b) 2.1, (c) 2.2, and (d) [EuII(BH4)2(THF)2] (lower is 
better). 

While the thermometric performance of the precursor [EuII(BH4)2(THF)2] already matches that of 
some high-performing quantum-dot based sensors, complex 2.1 undergoes a 67% larger energy shift over 
its sensing range and exhibits a 53% improvement in sensitivity in comparison. Crucially, 2.1 emits in the 
red spectral range, thus has inherently higher temperature resolution than a blue-green emitter such as 
[EuII(BH4)2(THF)2]; this is because the wavelength resolution of optical detectors is higher at longer 
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wavelengths, as described above. As anticipated, 2.1 represents a unique example of an organometallic, 
discrete molecular EuII luminescence thermometer. The present result showcases the value of carbon-donor 
ligands in promoting high thermometric performance and suggests that molecular organometallic EuII 
compounds have tremendous potential as luminescence thermometers. 

2.6 Variable-temperature structural analysis 

To understand such luminescence thermometric behaviour and performance, it is critical to closely 
examine the molecular level. Especially, contrary to trivalent lanthanides, the 5d orbitals involved in the 
4f65d1 excited-state configuration of EuII interact strongly with ligands, and thus the energy of the excited 
state and properties of the metal-centered luminescence are highly sensitive to ligand field effects.30 
Therefore, to elucidate the remarkable temperature-dependent emission of 2.1, we carried out 
luminescence-structural correlation studies through variable-temperature single crystal X-ray diffraction 
within the range where thermometric behaviour was observed. The metrical parameters obtained from 
several crystal structures of 2.1 measured at 90, 175, 200, 203 and 270 K were carefully compared (Table 
2.2, Figures 2.9 and 2.10) and correlated to the corresponding energy of the emission band maximum at 
each temperature. We expected that variations in the Eu-ligand distances with temperature would be major 
contributors to the observed changes in luminescence with temperature, as is frequently the case for LnII-
doped inorganic solids.30,99,106,175 Surprisingly, however, the Eu-Cp*(cent) and Eu-O(THF) distances remain 
almost constant across the measured temperature range (within 0.004 and 0.006 Å, respectively). 
Meanwhile, the Eu-B distances increase by 0.03 Å with increasing temperature, concurrent with an equal 
increase in the B-B′ distances and an increase in the intramolecular Eu-Eu′ distance of 0.06 Å. The 
coordination geometry of a mononuclear fragment of 2.1 was analyzed using SHAPE 2.1 (Table A2 and 
Figure A8) and is best described as a distorted square pyramid around each EuII ion, with the ion above the 
basal plane of the pyramid. Notably, the complex increasingly distorts from the idealized square pyramidal 
geometry with increasing temperature, and furthermore, the EuII ions(s) migrate further from the basal 
plane (by 0.025 Å) with increasing temperature. As might be expected, the unit cell volume increases by 
93.1 Å3 (with a concomitant decrease in the crystal density of -0.06 g/cm3), as does the closest intermolecular 
Eu-Eu distance (by 0.21 Å) with increasing temperature. From these data, a thermal expansion coefficient 
αV = 2.54 x10-4 K-1 can be calculated for crystals of 2.1,106 consistent with the expectation for organic 
crystals.176 Over the selected temperature range (90-270 K), the emission peak energy increases by 1288 cm-

1 (i.e., the emission peak is blue-shifted by 52 nm). 
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Table 2.2. Selected metrical parameters from crystal structures of 2.1 at various temperatures, in comparison to the emission peak energy.  

Temperature (K) Eu-Cp*(cent) 
distance (Å) 

Avg. Eu-
O(THF) 

distance (Å) 

Avg. Eu-B 
distance (Å) 

B1-B1′ 
distance (Å) 

B1-Eu-B1′ 
angle (°) 

Intramolecular 
Eu-Eu′ distance 

(Å) 

Avg. of all Eu-
ligand bonds (Å) 

Unit cell 
volume 

(Å3) 

Crystal 
density 
(g/cm3) 

Closest 
intermolecular Eu-Eu 

distance (Å) 

Emission peak 
energy (cm-1) 

90 2.5259(5) 2.5917(60) 2.8885(132) 3.9258(158) 85.608(351) 4.2387(7) 2.6687(66) 2015.6(2) 1.470 9.3132(8) 15124 

175 2.5224(3) 2.6071(23) 2.9019(41) 3.9547(51) 85.899(108) 4.2483(4) 2.6771(22) 2058.2(1) 1.440 9.4142(4) 15721[b] 

200 2.5226(4) 2.6011(53) 2.9015(105) 3.9399(142) 85.521(278) 4.2606(7) 2.6750(54) 2068.3(2) 1.433 9.4553(6) 15900 

203 2.5185(3) 2.6081(18) 2.9068(31) 3.9547(41) 85.720(81) 4.2616(5) 2.6778(17) 2071.6(2) 1.431 9.4600(5) 15925[b] 

270 2.5222(4) 2.5976(61) 2.9233(134) 3.9594(154) 85.248(283) 4.3022(7) 2.6810(66) 2108.7(2) 1.406 9.5211(6) 16412 

Δ(parameter)[a] - - +0.0349 +0.0336 -0.360 +0.0635 +0.0124 +93.1 -0.064 +0.2079 +1288 

[a] Change in the corresponding parameter over the selected temperature range, expressed in the indicated units. [b] Interpolated using the Boltzmann-type equation described in 
the main text.  

 

Figure 2.9. Plots of the emission peak energy of 2.1 as a function of the Eu-Cp*(cent) distance (a), the average Eu-O(THF) distance (b), the B1-B1′ 
distance (c), the intramolecular Eu-Eu′ distance (d), the average of all Eu-ligand distances (e), and the closest intermolecular Eu-Eu distance (f). e 
open green points represent data collected for a different crystal using the same diffractometer. e open orange points represent data collected on 
a different crystal using a different diffractometer. is demonstrates the consistency of the change in metrical parameters across the entire sample. 
Error bars are shown but overlap the points in some cases. e dashed blue lines are linear fits of the data to the equation 𝑦 = 𝑚𝑥 + 𝑏. Best fitting 
parameters are as follows: (a) no correlation; (b) no correlation; (c) 𝑚 = 27.9, 𝑏 = −94.5, 𝑅ଶ = 0.5989; (d) 𝑚 = 17.6, 𝑏 = −59.0, 𝑅ଶ = 0.7859; 
(e) 𝑚 = 95.8, 𝑏 = −240, 𝑅ଶ = 0.8628; (f) 𝑚 = 5.99, 𝑏 = −40.7, 𝑅ଶ = 0.9832. 
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Figure 2.10. Variable-temperature structural analysis. (a) Temperature dependence of selected bond 
lengths from the crystal structure of 2.1. e structure is truncated for clarity. Green = Eu, red = O, black = 
C, pink = B. Plots of emission peak energy as a function of the average Eu-B distance (b) and the relative 
compression of the lattice (c). (d) Plot of emission peak energy as a function of the distortion of the 
coordination geometry around Eu. e distortion is represented by the continuous shape measure (CShM), 
which quantifies the deviation of the real coordination polyhedron from an idealized square pyramid. A 
value of zero represents exact agreement with the idealized geometry. (e) Plot of emission peak energy as a 
function of the distance between the Eu ion and the basal plane of the coordination pyramid, defined by the 
atoms B1, B1′, O1 and O2 (see Figure 2.1). e solid black points represent data collected from the same 
crystal at varying temperatures. e open green points represent data collected for a different crystal using 
the same diffractometer. e open orange points represent data collected on a different crystal using a 
different diffractometer. is demonstrates the consistency of the change in metrical parameters across the 
entire sample. Error bars are shown but overlap the points in some cases. e dashed blue lines are linear 
fits of the data to the equation 𝑦 = 𝑚𝑥 + 𝑏. Best fitting parameters are as follows: (b) 𝑚 = 35.7, 𝑏 = −87.8, 
𝑅ଶ = 0.9108; (c) 𝑚 = 29.3, 𝑏 = −12.9, 𝑅ଶ = 0.9975; (d) 𝑚 = 7.6, 𝑏 = 6.6, 𝑅ଶ = 0.9875; (e) 𝑚 = 45.4, 
𝑏 = −33.4, 𝑅ଶ = 0.8810. 

2.7 Structural effects on optical properties 

The thermochromism of 2.1 can be considered as a dynamic extension of the well-documented principles 
governing the emission peak energy in EuII-containing inorganic compounds, namely the geometry, ligand 
field splitting, metal-ligand covalency, and ligand polarizability of the coordination environment,42,48,175,177–

180 all of which are interrelated. The excited state configuration is strongly affected by the ligand field, as the 
overlap of the 5d orbitals and the ligand orbitals is considerable.30,42,49 These relatively strong interactions 
lead to significant variability of the 5d manifold energy with the ligand field.166,178 Metal-ligand covalency 
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also increases as the polarizability of the ligand increases, leading to increasing red-shifts of the emitting 
state energy.42,48 The deep red (i.e., low energy) emission of 2.1 at low temperatures is thus a result of the 
large ligand-field splitting imparted by the strongly donating Cp* ligand, in concert with the high 
polarizability of the tetrahydroborate ligands,181 which favour lower-energy emitting states.166 The pliability 
of borohydride lattices has been demonstrated to yield materials that are highly sensitive to pressure180 and 
temperature,106 consistent with the properties of our complex 2.1. The structural changes observed in 2.1 
point to an overall distancing of the ligands from the EuII ion with increasing temperature, e.g., the 
increasing volume of the crystalline lattice and lengthening of Eu-[BH4] distances. It is well known that the 
lengthening of metal-ligand bonds decreases the strength of the ligand field exerted by the ligand(s), thereby 
decreasing the magnitude of the ligand field splitting (in this case, of the EuII 4fn-15d1 state).30 This then 
drives the emitting level (lowest fn-1d1)21 to higher energies and thus shorter emission wavelengths, as 
observed for 2.1 with increasing temperature (Figures 2.10b and 2.11, also see Figure 2.9e). 
 

 

Figure 2.11. Schematic diagram of the general effect of Eu-ligand distance on ligand field splitting and 
emission peak energy in a EuII complex. e energy levels represent generalized “low-” and “high-” energy 
ligand-field states. 

The magnitude of the change in transition energy as a function of Eu-[BH4] bond length in 2.1 (ca. 
37 000 cm-1/Å) is comparable to the analogous change as a function of Ce-Cl distance computed for 
Cs2NaYCl6:CeIII (ca. 30 000 cm-1 Å-1), an archetypal lanthanide-doped inorganic solid with 5d4f 
emission.177 The effects of the distortion of the square-pyramidal EuII coordination geometry (vide supra) 
must also be considered, as the change in position of the ion relative to the basal plane of the pyramid will 
influence the ligand-field splitting in the 5d excited state.182 Indeed, the emission peak energy of 2.1 
correlates strongly to the magnitude of these distortions (Figure 2.10d and e). It has been demonstrated for 
octahedrally-coordinated f-element ions that the metal-ligand bond lengths shorten upon fn-1d(t2g)1fn 
excitation, regardless of the environment.177,183–185 This contraction arises from a combination of the 5d and 
ligand orbital interactions previously described and a stabilization of the 4f hole generated in the excitation 
process via charge-transfer interactions with the ligands.30,186 It is possible that the maximal excited-state 
bond contraction for 2.1 occurs at 60 K, below which no closer approach of the ligands to the central ion is 
possible, leading to the observed invariability of emission peak energy with temperature in the range 10-
60 K. 
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 To further investigate ligand effects on the thermochromic luminescence of 2.1, an analogue 
bearing bridging tetradeuteroborate moieties (2.2) was prepared, and its solid-state luminescence 
properties analyzed. 

 

Figure 2.12. Temperature-dependent emission of 2.2. (a) Temperature-dependent emission spectra 
(𝝀𝒆𝒙 = 330 nm) for 2.2 obtained in the solid state over the 30-320 K range with steps of 10 K. (b) 
Temperature-dependence of the emission peak energy. e red line represents the Boltzmann function (eq. 
2.1) used to fit the experimental data. Best-fitting parameters: 𝑅ଶ = 0.999, 𝐴ଵ = 13362, 𝐴ଶ = 19214, and 
𝑥଴ = 261. (c) Absolute sensitivity obtained as the first derivative of the fitted function. 

Complex 2.2 exhibits slightly red-shifted luminescence at 10 K (674 nm ≅ 14 839 cm-1) cf. 2.1, and a very 
similar blue-shift of the emission band peak with increasing temperature (Figure 2.12a, E = 1858 cm-1). 
However, the band shift of 2.2 begins at 30 K, rather than 60 K as observed for 2.1. While the emission peak 
energies of 2.1 and 2.2 follow virtually the same trend with increasing temperature (Figure 2.12b), the peak 
energies of 2.2 become increasingly lower cf. 2.1 at 150 K and above, though the largest difference in energy 
is only 158 cm-1 at 320 K. These slight differences cause the maximum absolute sensitivity of 2.2 to be 
somewhat lower (7.07 cm-1 K-1) than that of 2.1 and reach this maximum at a lower temperature (260 K) 
(Figure 2.12c). Due to the significantly higher mass of deuterium relative to protium, the vibrational 
energies of a B-D bond will be lower than an otherwise identical B-H bond. Indeed, these differences can 
be readily observed when comparing the IR spectra of 2.1 and 2.2 (Figure 2.13), wherein the BX4 vibrational 
band is shifted to lower energy by 630 cm-1. The differences in emission peak energy between these 
complexes can thus be attributed primarily to the significantly different vibrational energies of the bridging 
BX4 ligands, which manifests most obviously at higher temperatures. Table 2.3 compares the metrical 
parameters of 2.1 and 2.2 from crystal structures of each obtained at the same temperature (203 K). The 
average Eu-O(THF) distance and average of all Eu-ligand distances are longer in 2.2 than 2.1, but the 
average Eu-B distance is identical, and the intramolecular Eu-Eu distance is distinctly shorter. Most notably, 
2.2 has a larger unit cell volume (by 15 Å3) than 2.1, suggesting that the compressibility of crystals of 2.2 
may be higher than those of 2.1. This, combined with the observation that the emission peak of 2.2 begins 
shifting at lower temperature cf. 2.1, supports the premise that the lower limit of the temperature sensing 
range is correlated with the compressibility of the lattice. This comparison further demonstrates the 
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importance of the tetra(hydro/deutero)borate ligand(s) toward the thermochromic luminescence 
properties of these complexes. A comparison of the emission peak energies and sensitivities for each of 
[Eu(BH4)2(THF)2], 2.1, and 2.2 are presented in Figure 2.14. 
 

 

Figure 2.13. Le: Infrared spectrum of complex 2.2. Right: Infrared spectra of 2.1 and 2.2 overlaid for 
comparison. e centre frequency of the BX4 vibration band shis by 630 cm-1 upon substitution of D for 
H, from approx. 2260 cm-1 to approx. 1630 cm-1. A very weak absorbance is observed at 2337 cm-1 in the 
spectrum of 2.2, which is most likely due to a small amount of 1H incorporation from the 98%-D NaBD4 
used in the synthesis. 

Table 2.3. Comparison of metrical parameters between 2.1 and 2.2 at 203 K.  

Parameter 2.1 2.2 
Eu-Cp*(cent) distance (Å) 2.5185(3) 2.5208(6) 

Eu-O(avg) distance (Å) 2.6081(18) 2.6207(30) 
Eu-B(avg) distance (Å) 2.9068(31) 2.9060(58) 

B1-B1' distance (Å) 3.9547(41) 3.9638(76) 
Eu-Eu distance (Å) 4.2616(5) 4.2508(12) 

Avg of Eu-L distances (Å) 2.6778(17) 2.6825(31) 
Unit Cell Volume (Å3) 2071.6(2) 2086.9(1) 
Crystal Density (g/cm3) 1.431 1.433 

 
Time-dependent DFT calculations (Figure A9 and Tables A3 and A4) predict intense 5d4f absorption in 
the range 24-29 000 cm-1, consistent with the experimentally determined excitation profile (vide supra). 
However, these calculations also show a lower-energy charge transfer band involving the THF ligands, 
which is not visible in the excitation profile. The energy of this predicted absorption band also changes 
substantially with increasing temperature (by ~1500 cm-1). The 5d4f absorption bands calculated for the 
90 and 270 K crystal structures of 2.1 have only a small energy shift, suggesting that the origin of the 
thermochromic luminescence might be more complex than a simple change in vertical transition energy; 
charge-transfer states intermediate to the 4f-5d transition may play a role in the observed 
photoluminescence of complex 2.1. The Hirshfeld surfaces of 2.1 at each temperature were analyzed, and 
only weak H-H and H-C intermolecular crystal packing interactions were observed (Figure A10), the  

(2.1) 

(2.2) 
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Figure 2.14. Comparison of the emission peak energy (top) and absolute sensitivity (bottom) of 
[Eu(BH4)2(THF)2], 2.1, and 2.2 as a function of temperature. 

strength and nature of which did not appear to correlate meaningfully with temperature. No intermolecular 
interactions whatsoever involving Eu, O or B were observed. It is thus unlikely that the thermochromic 
luminescence of 2.1 is due to intermolecular interactions. This opto-structural analysis suggests the 
thermochromism of 2.1 is dictated by the overall distortion of the EuII coordination environment with 
temperature, i.e., a simultaneous combination of all effects described above. 

2.8 Conclusions 

In summary, we report a notable example of an organometallic EuII molecular complex that acts as an 
efficient luminescence thermometer over a broad temperature range (60-320 K). The opto-structural 
correlation presented here represents a starting point for understanding how to modulate the thermometric 
performance of molecular EuII compounds. The high absolute sensitivity of 8.2 cm-1 K-1 obtained for 
complex 2.1, the highest reported to date, reveals the potential of EuII compounds as viable molecular 
thermometers. The emission occurring in the red spectral region guarantees high temperature resolution. 
The emission peak energy of 2.1 is correlated with a change in Eu-ligand bond lengths, particularly of Eu-
[BH4] bonds, and other geometric distortions of the EuII coordination environment as a function of 
temperature, though charge-transfer interactions may also play a role in the observed emission. Further 
studies with different EuII complexes are anticipated to elucidate the exact origin of the temperature-
sensitive luminescence and unlock the applicability of these compounds as luminescence thermometers 
through a deep and systematic study of how the structural features affect the band-shift behaviour. 
 

2.1 (BH4) 

2.2 (BD4) 
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2.9 Experimental 

General. All manipulations were conducted under stringently oxygen- and moisture-free conditions under 
argon or nitrogen atmospheres using Schlenk line and glovebox techniques. All solvents were dried on 
columns of activated alumina using a J.C. Meyer Phoenix solvent system and degassed via repeated freeze-
pump-thaw cycles, then stored over activated 4 Å molecular sieves. All reagents were purchased from 
STREM Chemicals, Sigma-Aldrich, or Fisher Scientific and used as received. Potassium 
pentamethylcyclopentadienide (KCp*)187 and [Eu(BH4)2(THF)2]56

 were prepared by reported procedures. 
[Eu(BD4)2(THF)2] was prepared according to the literature,56 using protiated tetrahydrofuran rather than 
deuterated tetrahydrofuran. The NaBD4 used was 98 atom % deuterium (Sigma).  
 
Elemental analysis. Elemental analysis was performed by Midwest Microlab (Indianapolis, USA). 
Organolanthanide complexes, especially those of divalent ions, are well-known to suffer incomplete 
combustion and formation of carbides during microanalysis, yielding consistently and artificially low 
values.60 Complexes bearing solvent ligands are further plagued by artificially low values due to loss of 
coordinated solvent during sample loading and/or combustion, thus microanalysis values should be 
considered within a wider tolerance than usually expected. Here, elemental analysis has been treated in a 
manner consistent with the literature regarding divalent organolanthanide compounds. 
 
Infrared spectroscopy. Fourier transform infrared (FTIR) spectra were recorded in the 𝜈෤ = 4000-525 cm-1 
range on a Nicolet 6700 FTIR spectrometer equipped with an attenuated total reflectance (ATR) 
attachment. Samples comprised suspensions of crushed polycrystalline solid in a thin layer of Parabar 10312 
oil; background spectra were corrected for the presence of the oil. 
 
NMR spectroscopy. All NMR spectra were recorded using a Bruker AVANCE II 300 MHz spectrometer. 
Samples were prepared inside the glove box and sealed with a septum, Teflon tape and a layer of Parafilm 
to minimize incursion of air and moisture. 1H chemical shifts are reported in ppm relative to 
tetramethylsilane using the THF-d8 residual solvent signal at δ = 1.72 as an internal standard. 
 
X-ray crystallography. X-ray crystallography of 2.1 and 2.2 were performed using a Bruker AXS KAPPA 
single-crystal diffractometer equipped with an APEX II CCD detector, using graphite-monochromated Mo 
K radiation (λ = 0.71073 Å) from a sealed tube source. The crystals chosen were mounted on the tip of a 
200 μm MicroLoop using Parabar 10312 oil and cooled to 203.15 K. Raw data collection and processing 
were performed with the Bruker APEX II software package.188,189 A multi-scan absorption correction was 
applied (SADABS).190 The crystal structures were solved via direct methods and refined using a full-matrix 
least-squares method on F2 using the SHELXTL program suite191–193 and the Olex2 user interface.194 Non-
hydrogen atoms were refined anisotropically. The positions of all hydrogen atoms except for those bonded 
to boron were calculated based on the geometry of their respective atoms and are included at geometrically 
idealized positions [riding model]. Hydrogen atoms bonded to boron were located in the Fourier difference 
map and allowed to refine freely.  
 
Variable-temperature X-ray structural analysis. Additional crystallographic analysis of 2.1 at varying 
temperatures (90, 175, 200, and 270 K) was performed using a Bruker D8 VENTURE METALJET single-
crystal diffractometer equipped with a Photon III CMOS detector, using Ga K radiation (λ = 1.34139 Å) 
from a liquid Ga source (Bruker METALJET D2 PLUS with HELIOS MX optics). The crystals chosen were 
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mounted on a loop fiber using Parabar 10312 oil and cooled to the indicated temperatures. Raw data 
collection and processing were performed as above, using the Bruker APEX 3 software package.195–197 The 
H atoms of the BH4 moieties were refined with an isotropic displacement parameter with a SADI restraint 
applied on all B-H distances. All other H atoms were generated geometrically and were included in the 
refinement in the riding model approximation; their temperature factors were set to a multiple of the 
equivalent isotropic temperature factors of the parent site (aromatic 1.2 times; methyl 1.5 times the factor). 
There was positional disorder of the Cp* moiety; the occupancy ratio was left to refine freely.  
 
All diagrams were prepared using Diamond 4198,199 or Mercury 2020.1200 and POV-Ray.201 The data has been 
deposited with the Cambridge Crystallographic Data Centre under deposition numbers 2107457-61 and 
2126609. Analysis of the coordination geometry was performed using SHAPE 2.1,202,203 using the THF 
oxygen atoms, centroid of the Cp* ligand, and the central boron atoms of the tetrahydroborate ligands as 
vertices. Hirshfeld surface analysis was performed using CrystalExplorer21.204 
 
Photoluminescence spectroscopy. Photoluminescence data was obtained using a Horiba QuantaMaster 
8075-21 spectrofluorometer. An ozone-free PowerArc 75 W xenon lamp was used as the radiation source. 
The excitation spectra were corrected in real time according to the lamp intensity and the optical system of 
the excitation monochromator using a silicon diode as a reference. The emission spectra were corrected 
according to the optical system of the emission monochromator and the photomultiplier response 
(Hamamatsu R13456 red-extended PMT). Samples were prepared inside the glove box and comprised a 
small amount of crystalline solid placed inside a screw-top quartz cuvette, which was then sealed with an 
additional layer of Teflon tape. Low-temperature measurements were performed with the samples mounted 
inside a CS202*E-DMX-1AL closed-cycle helium cryostat system (Advanced Research Systems), controlled 
via a LakeShore 335 temperature controller. 
 
Magnetometry. Magnetic susceptibility measurements were performed using a Quantum Design MPMS-
XL7 SQUID magnetometer operating in the temperature range 1.8-300 K. DC measurements were 
performed on crushed polycrystalline samples of 2.1 restrained in a matrix of vacuum grease (Corning) and 
wrapped in a polyethylene membrane. The magnetization data were collected at 100 K to check for 
ferromagnetic impurities, which were absent. Diamagnetic corrections were applied for the sample holder, 
and the inherent diamagnetism of the prepared sample was estimated with the use of Pascal’s constants. 
χMT data was fitted using PHI 3.1.5.205 
 
Synthesis of [Cp*Eu(BH4)(THF)2]2 (2.1). In a glove box under a positive pressure of nitrogen gas, 
[Eu(BH4)2(THF)2] (100 mg, 0.31 mmol) and KCp* (54 mg, 0.31 mmol) were dissolved in dry 
tetrahydrofuran (5 mL) with stirring. The solution immediately attained a yellow-orange colour, and 
orange luminescence was observed when the solution was excited with a 405 nm laser pointer. The mixture 
was stirred for 24 hr. at room temperature, during which a substantial quantity of precipitate formed. The 
mixture was filtered over a pad of Celite, and the pad rinsed with several 0.5 mL portions of tetrahydrofuran 
until the washings ran colourless. The filtrate was concentrated in vacuo until incipient crystallization, then 
tetrahydrofuran was added dropwise until all the solid just dissolved. The so-formed saturated solution was 
stored at -20 °C, resulting in the formation of yellow blocklike crystals. These were isolated by decantation 
of the supernatant and dried briefly under vacuum. This process was repeated with the supernatant to give 
2.1 (71 mg, 51% yield over three crops). 1H NMR (300 MHz, THF-d8) δ: 235 ppm (s, Cp* methyl); B(H)4 
was not observed and coordinated THF could not be distinguished from residual THF. IR: 𝜈෤ = 2976 (w), 
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2939 (w), 2904 (w), 2883 (w), 2832 (vw), 2800 (w), 2715 (w), 2360 (m), 2318 (m), 2243 (m), 2191 (m), 
1435 (br, m), 1340 (w), 1292 (w), 1246 (w), 1136 (m), 1105 (s), 1034 (vs), 881 (br, vs), 667 (br, m) cm-1. 
Elemental analysis was consistent with the fully desolvated complex: Anal. calc'd. (%) for C20H38B2Eu2 
(604.07) (2.1 with loss of 4x coordinated THF): C, 39.77; H, 6.34. Found: C, 39.74; H, 6.63.  
 
Synthesis of [Cp*Eu(BD4)(THF)2]2 (2.2). Prepared following the same procedure as for 2.1 with 
[Eu(BD4)2(THF)2] (77 mg, 0.23 mmol) and KCp* (40 mg, 0.23 mmol) to give 2.2 (50 mg, 48% yield over 
two crops). IR: 𝜈෤ = 2980 (s), 2943 (s), 2881 (s), 2839 (w), 2717 (w), 1768 (s), 1740 (s), 1680 (s), 1655 (s), 1576 
(s), 1498 (w), 1435 (br, s), 1340 (w), 1294 (w), 1248 (w), 1176 (w), 1036 (vs), 881 (br, vs), 843 (s, sh), 800 (m, 
sh), 665 (br, s) cm-1. 
 
These compounds are highly air- and moisture-sensitive. Samples coated in Parabar oil appear to have 
increased stability and can be stored under ambient conditions for several days with only very slow 
decomposition. Decomposed samples present as off-white or pinkish powders rather than yellow crystalline 
solid. 
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CHAPTER 3 
Ligand Effects on the Emission Characteristics of Molecular EuII Luminescence 

Thermometers 

3.1 Preface 

 
 
The work detailed in this chapter was published as an Article in Journal of the American Chemical Society 
and is reprinted with permission from Diaz-Rodriguez, R. M., Gálico, D. A., Chartrand, D., Murugesu, M., 
J. Am. Chem. Soc. 2024, 146, 34118–34129. Copyright 2024 American Chemical Society.  

R. M. Diaz-Rodriguez performed all chemical synthesis; characterized the synthesized compounds 
by IR and NMR spectroscopy; collected, solved and refined SCXRD data for basic characterization of all 
EuII complexes and performed NoSpherA2 refinements; interpreted structural data; collected and 
interpreted photoluminescence spectra for all complexes; and wrote the original manuscript. D. A. Gálico 
interpreted photoluminescence and structural data and contributed to writing and editing of parts of the 
manuscript. D. Chartrand collected, solved and refined variable-temperature SCXRD data for complexes 
3.1, 3.2, 3.3 and 3.4. M. Murugesu oversaw all aspects of the project.  

Additional data and discussion pertaining to this chapter are given in Appendix B. 

3.2 Abstract 

Discrete molecular organometallic europium(II) complexes are promising functional materials due to their 
ability to behave as highly sensitive band-shift luminescence thermometers. Furthering our understanding 
of the design principles salient to the emission behaviour of such systems is important for developing them 
in this emerging application. To this end, a series of pseudo-C4v-symmetric organometallic europium(II) 
complexes bearing systematically varying ligand sets was synthesized and characterized to probe the 
influence of subtle structural modification on their optical properties. Opto-structural correlation analyses 
via variable-temperature single-crystal X-ray diffraction and photoluminescence spectroscopy reveal a 
remarkable variability in properties among structurally similar complexes, and a convoluted dependence of 
the emission characteristics on the stereoelectronic properties of the ligands. A few factors of particular 
influence are nevertheless identified, including the distance between the europium(II) ion and the basal 
plane of the square-pyramidal coordination polyhedron, the presence of pendant electron density that 
might further interact with the excited-state 5d orbitals, and, qualitatively, the metal-ligand flexibility of the 
construct. These results help to elucidate principles that govern the luminescence properties of 
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organometallic europium(II) complexes, with an eye to enabling the rational design of high-performance 
luminescence thermometers of this genre. 

3.3 Introduction 

Luminescence thermometry is a remote-detection temperature measurement technique that relies upon a 
change in the emission properties of a luminescent probe, such as a doped solid, nanoparticle, or molecule, 
as a function of temperature.93 This technique has many potential applications in advanced devices, as the 
spatial resolution of a nanosized thermometric probe is unparalleled by any existing thermometric 
technology.92 Luminescent materials based on trivalent lanthanide ions have been extensively studied for 
luminescence thermometry applications91 due to the narrow emission band structure and thermosensitive 
emission intensity of these ions, which allow for a “ratiometric” temperature measurement strategy based 
on emission intensity.29,160,163,206 Additionally, the Laporte-forbidden ff transitions that characterize the 
luminescence of the trivalent lanthanides are very long-lived, allowing for changes in excited-state lifetimes 
with temperature to be employed as an alternative thermometric parameter (“lifetime thermometry”).207–209 
More recently, materials based on divalent lanthanide ions, especially EuII and SmII, have been increasingly 
investigated in this regard, as the luminescence of these ions is dominated by Laporte-allowed df emission 
which are broad and intense.30,43,46,66,210 The shift in energy of these emission bands with changing 
temperature can then be taken as a thermometric parameter for “band-shift” luminescence 
thermometry.99,106,211  

The distinctive luminescence properties of divalent europium have been the subject of a wealth of 
studies. The relationship between structure and emission of EuII doped into myriad inorganic 
matrices46,48,106,108,110–115,117,118,143,166,175,179,180,185,212,213 and in a variety of Werner-type coordination 
complexes,157,211,214–218 e.g., those featuring (pyrazolyl)borate57,82–85,158,219,220 and crown ether/cryptand 
ligands,55,59,65–79,81,221–223 is now well understood. Luminescence studies of organometallic EuII complexes, on 
the other hand, are dominated by metallocenes.58,60,61,86,88,89 However, our group recently reported on the 
organoeuropium(II) complex [Cp*Eu(μ-BH4)(THF)2]2 (2.1), which is distinguished from other luminescent 
organoeuropium(II) systems by its marked thermochromism. It was the first (and, to the best of our 
knowledge, remains the only) example of an organometallic, discrete molecular band-shift luminescence 
thermometer, which also exhibited the highest absolute sensitivity of any lanthanide-based band-shift 
thermometer to date (8.2 cm-1 K-1).224 The thermochromism in the luminescence of this complex was found 
to correlate with a combination of structural distortions with varying temperature, and small structural 
changes had an unexpectedly large effect on the emission band energies. This study revealed the great 
potential that molecular EuII compounds have as luminescence thermometers.  

The singular existing member of this promising category of molecular materials is insufficient to 
gain profound insight into the structural properties that influence its luminescence. Rather, comparing a 
variety of analogues would enable a systematic investigation of that relationship, advancing our currently 
limited understanding of the entire category. Therein lies a significant advantage presented by discrete 
molecular systems: the potential for precise structural control, which can allow targeted investigations of 
structure-property relationships and, eventually, application-focused design of tailored systems. The 
dimeric hemimetallocene architecture exemplified by 2.1 represents an ideal starting point from which to 
forge better optostructural correlations, as it is well-positioned to accommodate a broad variety of 
substituted cyclopentadienyl moieties and supporting solvent ligands. Considering also the high 
thermometric performance demonstrated by 2.1, we envisioned that analysis of analogues of this system 
bearing different ligands could shed light on how the emission characteristics of molecular EuII 
luminescence thermometers could be controlled through engineering of the coordination sphere. To this 
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end, herein we report the synthesis, structural and photoluminescence characterization of several divalent 
europium complexes of the form [CpREu(μ-BH4)(solv)n]m (solv = THF, 1,2-dimethoxyethane (DME); n = 1 
or 2; m = 2 or ∞) with varying ligand sets. All these complexes share a similar square-pyramidal 
coordination geometry, with two solvento oxygen atoms and two tetrahydroborate boron atoms defining 
the basal plane, and the cyclopentadienyl centroid in the axial position. Despite this similarity, the emission 
characteristics and thermometric performance differ greatly across the series; we are therefore able to 
perform the first systematic comparison of the luminescence properties of thermochromic 
organoeuropium(II) complexes as a function of their varying coordination environments. Variable-
temperature single-crystal X-ray diffraction analysis highlights the subtle structural factors that affect the 
emission band energies in these compounds and emphasizes the complex and highly convoluted 
relationship between these parameters.  

3.4 Synthesis and structural characterization of Eu complexes 

The synthetic pathways to the complexes described herein are presented in Figure 3.1.  
 

 

Figure 3.1. Synthesis of organometallic EuII complexes 3.1–3.7 for optostructural correlation investigation.  

To investigate the electronic effect of the organometallic fragment of the complexes on their structural 
features and luminescence, a series of complexes [(5-C5Me4R)Eu(μ-BH4)(THF)2]2 was prepared with R = 
Ph (3.1), SiMe3 (3.2), GeMe3 (3.3), and P(NMe2)2 (3.4). These ligands were selected for their synthetic 
accessibility and to span a range of electronic profiles based on the chosen substituent. The ligand 
precursors K(C5Me4R) were synthesized via either electrophilic addition of R-X (X = Cl or Br) to KCptet (for 
R = SiMe3, GeMe3, and P(NMe2)2; Cptet = [C5Me4H]-)225–227 followed by deprotonation with potassium 
hexamethyldisilazide (KHMDS), or nucleophilic addition of R-Li to 2,3,4,5-tetramethylcyclopenten-2-one 
(for R = Ph)60,187 followed by deprotonation with KHMDS. The equimolar reaction of these K(C5Me4R) with 
[EuII(BH4)2(THF)2] in THF followed by crystallization gave the desired complexes 3.1–3.4 in moderate to 
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good yields. Crystals suitable for X-ray diffraction analysis were obtained for all compounds, and each of 
them crystallized in the triclinic space group P1ത . Complexes 3.1–3.4 are isostructural dimers where the 
square-pyramidal EuII centers are bridged by two (μ3-H)2B(μ2-H)2 units,169 with a monoanionic 
cyclopentadienyl ligand and two molecules of THF completing the coordination environment of each EuII 
ion (Figures B1-8), as previously observed for 2.1.224 Additionally, to better understand the steric effects of 
the organometallic ligand, we chose [C5iPr4H]- (“CpiPr4”)228–230 as a sterically encumbering ligand with which 
to compare to the above series [2.1, 3.1–3.4]. We prepared the corresponding ligand precursor by 
hydrolysis of previously prepared NaCpiPr4 with stoichiometric water to give the parent 
cyclopentadiene,231,232 followed by deprotonation with KHMDS. Unexpectedly, the equimolar reaction of 
KCpiPr4 with [EuII(BH4)2(THF)2] in THF followed by crystallization from THF/alkanes reproducibly gave 
the one-dimensional coordination polymer [CpiPr4Eu(μ-BH4)(THF)2]∞ (3.5), which crystallized in the 
orthorhombic space group Pbcn (Figure 3.3). An analogous reaction using DME as the reaction and 
crystallization solvent instead gave the desired dimer [CpiPr4Eu(μ-BH4)(DME)]2 (3.7), which crystallized in 
the triclinic space group P1ത  (Figures B12-13). The equimolar reaction of less bulky cyclopentadienides, e.g. 
KCp or KCp (Cp = [C5H4(SiMe3)]-), with [EuII(BH4)2(THF)2] in THF failed to completely consume either 
of the starting materials and otherwise gave only intractable, insoluble, and/or non-emissive residues. 
Finally, to examine the effects of the solvent ligand on the luminescence properties of these complexes, we 
prepared the DME-solvated dimer [Cp*Eu(μ-BH4)(DME)]2 (3.6) in an analogous manner to 2.1 and 3.7. 
This complex crystallized in the orthorhombic space group Pbca and is isostructural to the other dimeric 
complexes 2.1, 3.1–3.4 and 3.7 (Figures B10-11). The solid-state structures of the complexes 3.1–3.4 and 
3.6–3.7 are shown in Figure 3.2. 

 

Figure 3.2. Solid-state structures of complexes 3.1–3.4, 3.6 and 3.7 at 200-213 K. Ellipsoid diagrams and 
packing diagrams for all complexes are given in Appendix B. Labels are given only to selected 
crystallographically unique atoms. Hydrogen atoms bonded to carbon have been omitted for clarity.  

Several other solvents were investigated as supporting ligands for these complexes, with little success. 
Reactions of equimolar KCp* and [EuII(BH4)2(THF)2] conducted in tetrahydrothiophene (THT), N-
methylpyrrolidine, tetramethylethylenediamine (TMEDA), or tetrahydropyran were confounded by the 
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poor- or insolubility of [EuII(BH4)2(THF)2] and/or any potential products in those solvents, and no tractable 
or crystalline product was recovered in any case. 

     

Figure 3.3. Le: Solid-state structure of 3.5. Two units of the infinite one-dimensional coordination 
polymer are depicted. Labels are only given to selected, crystallographically unique atoms. Hydrogen atoms 
bonded to carbon have been omitted for clarity. For clarity, only one component of the disordered CpiPr4 
ring is shown. Right: ermal ellipsoid diagram (30% probability for clarity) of 3.5. Large thermal ellipsoids 
are a consequence of the significant disorder present in this structure. Only one repeating unit of the 
polymeric structure and one component of the disorder is shown for clarity. Hydrogen atoms bonded to 
carbon are omitted for clarity. Labels are given only to the crystallographically unique atoms which 
coordinate the EuII centre. Packing diagrams are shown in Figure B9. 

The same reaction was attempted using pyridine as a solvent, which on one occasion gave non-emissive 
red-violet blocklike crystals that decomposed upon attempted isolation, after which the investigation was 
discontinued. Furthermore, the synthesis of [EuII(BH4)2(THT)2] from EuCl3 and NaBH4 in THT was 
attempted, but the reaction did not proceed. We also attempted to exclude the solvent ligand entirely by 
introducing triphenylphosphine oxide (TPPO) as a supporting ligand, given the known strong affinity of 
lanthanide ions for phosphine oxide ligands.233,234 Treatment of 2.1 with 1 eq. TPPO in THF caused an 
instantaneous darkening of the yellow solution and quenching of the visible luminescence thereof. 
Unfortunately, attempts to crystallize the mixture from a variety of solvents and solvent mixtures returned 
only orange-coloured, non-emissive, oily residue that could not be characterized.  

3.5 Photoluminescence 

To determine the emission properties and thermometric performance of the complexes 3.1–3.7, solid-state 
photoluminescence spectra of crystalline samples of each complex were obtained at varying temperatures. 
Excitation and emission spectra of each compound obtained at 10 K are shown in Figures 3.[4, 6, 8, 10, 12, 
14, and 16]. As expected, the emission spectra of all complexes are dominated by a strong, broad df 
emission, varying in colour from yellow-green to red depending on the ligand set. As reported for 2.1, 
excitation to the EuII 5d band is observed alongside ligand-based states in the UV and blue region from the 
excitation spectra of all complexes. As the temperature is increased, each of the complexes demonstrates a 
blue-shift in the energy at the emission band maximum; the temperature-dependent emission spectra of 
each compound are shown in Figures 3.[5, 7, 9, 11, 13, 15, and 17]. 
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Figure 3.4. Solid-state excitation (grey) and emission (red) spectra for 3.1 obtained at 10 K. 

 

Figure 3.5. Temperature-dependent emission spectra (𝜆௘௫ = 357 nm) for 3.1 obtained in the solid state over 
the 100−320 K range with steps of 10 K. 
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Figure 3.6. Solid-state excitation (grey) and emission (blue) spectra for 3.2 obtained at 10 K. 

 

Figure 3.7. Temperature-dependent emission spectra (𝜆௘௫ = 352 nm) for 3.2 obtained in the solid state over 
the 30−300 K range with steps of 10 K. 
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Figure 3.8. Solid-state excitation (grey) and emission (purple) spectra for 3.3 obtained at 10 K. 

 

Figure 3.9. Temperature-dependent emission spectra (𝜆௘௫ = 356 nm) for 3.3 obtained in the solid state over 
the 40−310 K range with steps of 10 K. 
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Figure 3.10. Solid-state excitation (grey) and emission (green) spectra for 3.4 obtained at 10 K. 

 

Figure 3.11. Temperature-dependent emission spectra (𝜆௘௫ = 356 nm) for 3.4 obtained in the solid state 
over the 30−320 K range with steps of 10 K. 



 

46 
 

 

Figure 3.12. Solid-state excitation (grey) and emission (orange) spectra for 3.5 obtained at 10 K. 

 

Figure 3.13. Temperature-dependent emission spectra (𝜆௘௫ = 350 nm) for 3.5 obtained in the solid state 
over the 110−290 K range with steps of 10 K. 
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Figure 3.14. Solid-state excitation (grey) and emission (yellow) spectra for 3.6 obtained at 10 K. 

 

Figure 3.15. Temperature-dependent emission spectra (𝜆௘௫ = 345 nm) for 3.6 obtained in the solid state 
over the 80−320 K range with steps of 10 K. 
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Figure 3.16. Solid-state excitation (grey) and emission (light blue) spectra for 3.7 obtained at 10 K. 

 

Figure 3.17. Temperature-dependent emission spectra (𝜆௘௫ = 355 nm) for 3.7 obtained in the solid state 
over the 120−260 K range with steps of 10 K. 
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Thus, as we previously demonstrated for 2.1, complexes 3.1–3.4, 3.6 and 3.7 act as luminescence 
thermometers, with the temperature-induced band shift acting as the thermometric parameter. On the 
other hand, complex 3.5 exhibits only a minimal band shift over the temperature range probed (2 nm  
60 cm-1), which is insufficient to be considered a luminescence thermometer (vide infra). Figure 3.18 and 
Table 3.1 summarize the relevant luminescence properties of all complexes discussed herein.  

 

 

Figure 3.18. ermometric performance of complexes 3.1–3.7 in comparison to the original complex 2.1. 
(a) Temperature dependence of the energy at the emission band maximum, extracted from the 
temperature-dependent emission spectra. e solid lines represent the Boltzmann function used to fit the 
experimental data. Best-fitting parameters for each dataset are given in Table B1. (b) Absolute sensitivities 
obtained as the first derivative of the fitted functions shown in panel (a). 

Table 3.1. Luminescence properties and thermometric performance of complexes 2.1, 2.2, 3.1–3.7.  

Compound 2.1224 2.2224 3.1[a] 3.2[a] 3.3[a] 3.4[a] 3.5[a] 3.6[a] 3.7[a] 
Organometallic 

ligand Cp* Cp* Cpxph TMSCp# TMGCp# bdpCp# CpiPr4 Cp* CpiPr4  

Solvent ligand THF THF THF THF THF THF THF DME DME 
Bridging group BH4 BD4 BH4 BH4 BH4 BH4 BH4 BH4 BH4 

Nuclearity n 2 2 2 2 2 2 ∞ 2 2 
Sensing Range (K) 60-320 30-320 100-320 30-300 40-310 30-320 110-290 80-320 120-260 

Energy at Band 
Maximum (cm-1)[b] 14 959 14 839 17 331 16 453 16 667 16 039 17 301 16 077 17 833 

 16 858 16 697 17 953 17 803 17 606 17 686 17 361 16 863 18 040 
E (cm-1)[c] 1899 1858 622 1350 939 1647 60 786 207 

𝑆௔ (cm-1 K-1)[d] 8.20 7.07 5.00 7.22 4.51 7.36 1.08 3.15 2.61 
Temp. of max. 𝑆௔ (K) 320 260 243 150 210 113 290 220 260 

𝛥𝑇 (K)[e] 0.35 0.39 0.63 0.40 0.66 0.37 2.79 0.86 1.24 

[a] This work. [b] The first value is the energy at the low-temperature limit of the sensing range, and the second value is the energy 
at the high-temperature limit of the sensing range. [c] Change in the energy at the emission band maximum over the indicated 
sensing range. [d] Maximum value of the absolute sensitivity. [e] Temperature uncertainty at the temperature of maximum 
sensitivity, calculated as described in [224] assuming a wavelength resolution of 0.1 nm. 
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The temperature dependence of the maximum band energies for each complex can be fitted using a 
Boltzmann function (Figure 3.18a), and the absolute sensitivities 𝑆௔ (Table 3.1, Figure 3.18b) are calculated 
from the first derivative of the fitted function, as previously described.224 Despite the complexes 2.1, 3.1–
3.4, 3.6 and 3.7 being isostructural with respect to the atoms bound to Eu, we observe remarkable variability 
in their luminescence characteristics. Thus, we carefully examined each complex in terms of their 
stereoelectronic properties and metrical parameters, seeking correlations that would help us elucidate the 
factors affecting their emission behaviour. 

3.6 Stereoelectronic effects 

The -coordinated Cp* ligand is employed broadly in applications that take advantage of its electron-
richness and steric encumbrance, especially compared to the parent Cp. The former effect is due to the 
inductive donation of electron density into the ring that results from the five additional methyl groups that 
are appended. This increased electron density also leads Cp* to have strong donicity, and therefore cause a 
substantial ligand field splitting of nd states in its complexes. We previously proposed that the significantly 
red-shifted emission of complex 2.1 was in part a result of such large splitting of the 5d excited state leading 
to accordingly low-energy emissive levels.224 The series of complexes 3.1–3.4 each bear a cyclopentadienyl 
ligand [C5Me4R]- that exchanges one methyl group of Cp* (cf. 2.1) for a different substituent (vide supra). 
Using these, we can probe whether modulating the donor strength of the cyclopentadienyl ligand leads to 
a correlated modulation of the emission energy. The comparative donor strength of each of these ligands 
might be estimated by examining the electronics of the substituent R.235 Analysis of the Hammett 𝜎௉ values 
of each substituent predicts that donor strength will increase as P(NMe2)2 << GeMe3  Ph < SiMe3 < Me, 
according to electron-donating potential via both induction and resonance. A similar trend is predicted 
from the modified Swain-Lupton F parameter: P(NMe2)2 < Ph < GeMe3 < SiMe3  Me. A concurring trend 
is again predicted by considering instead the Hammett 𝜎ெ values, which exclude contributions from 
resonance: P(NMe2)2 < Ph < GeMe3 < SiMe3 < Me. The energies at the emission band maxima of complexes 
2.1, 3.1–3.4 at 10 K decrease as Ph > GeMe3 > SiMe3 > P(NMe2)2 >> Me. These trends agree except for the 
position of P(NMe2)2, suggesting that the donor strength of the ligand is inversely proportional to the 
emission energy of the complex, as expected. However, the position of the P(NMe2)2 substituent in the 
experimental series is curious, as the emission energy of the corresponding complex 3.4 is expected to be 
higher than that of the phenyl-substituted complex 3.1 based on substituent electronics alone. Instead, we 
find that 3.4 has the second-lowest energy (after the original complex 2.1) at all temperatures, despite the 
ligand being ostensibly the weakest donor. Indeed, the electron-withdrawing power of the substituent itself 
is surprising, given that the two dimethylamino moieties provide considerable electron density to the 
phosphorous atom, and [bdpCp#]- is considered exceptionally electron-rich among known 
cyclopentadienylphosphanes.227 The high emission energy of 3.1 can be partially rationalized by analysis of 
its crystal structure (Figure B1), which demonstrates that in the solid state, the phenyl substituent is locked 
in a conformation that is not coplanar with the cyclopentadienyl ring (the two rings are canted by ~50). 
This maximizes its electron-withdrawing power by cancelling the mesomeric contribution. The trends 
derived from the electronic parameters of the substituents R correctly predict that the most strongly-
donating ligand Cp* produces the complex with the lowest emission energy (i.e., 2.1). It is, however, 
surprising that the trimethylsilyl-substituted complex 3.2 has emission energies dramatically (>1000 cm-1) 
higher than 2.1 at all temperatures, despite the corresponding substituents being electronically very similar; 
they have identical F parameters (0.01) and differ in 𝜎ெ by only 0.03 units.235 This may be explained by 
considering that R = Me is a much better resonance donor (𝜎௉ = -0.17) than R = SiMe3 (𝜎௉ = -0.07). Finally, 
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it might be expected that an increase in the donicity of the organometallic fragment should lead to a shorter 
Eu-Cp(cent) distance. However, we observe no meaningful correlation between these metrics (Figure B16). 

To further investigate the suitability of extrapolating the ligand donor strength based on substituent 
electronics, we attempted to directly measure the relative donor strength of each of the ligands. To do so, 
we prepared a series of cymantrenes (C5Me4R)MnI(CO)3 bearing each of the ligands of interest, and 
measured the frequency of their 𝐴ଵ carbonyl stretching mode via infrared spectroscopy in the solid state. 
In principle, this value is proportional to the donor strength of the ligand; the measurement is analogous to 
the classical Tolman parameter,236,237 but adapted to a monoanionic, -coordinated ligand framework. This 
analysis suggests an order of donor strength among these ligands of Ph < P(NMe2)2 < SiMe3  Me < GeMe3. 
The result that 3.1 has the highest emission energies among the series is correctly predicted by this method. 
Meanwhile, complex 3.4 still has lower-than-expected emission energies given its position in the donicity 
series. The most surprising result obtained from this probe is the implication that TMGCp# is more donating 
than Cp*. This result is perhaps rationalizable given that the large size and polarizability of the GeMe3 
fragment may lead to increased electron density at the cyclopentadienyl centroid to which it is proximal 
(Ge-Cp(cent) distance 3.1474(3) Å).  It might therefore be expected that the ensuing Eu complex 3.3 should 
have lower emission energy than 2.1, but this is not the case. Additionally, the donor strength of the ligands 
TMSCp# and Cp* are predicted to be virtually identical by this method, concurring with the trend predicted 
from the Swain-Lupton F parameter. One might therefore expect that the trimethylsilyl-substituted 
complex 3.2 would have largely similar emission energies to 2.1. However, as discussed above, 3.2 has 
considerably higher emission energies than 2.1 at all temperatures.  

The use of ν(CO) as a donicity probe in this manner is limited by an additional factor, which is that 
the total shift in frequency between all complexes measured is only 6 cm-1, rendering it neither as sensitive 
nor as accurate as the Tolman parameter. Thus, we examined an alternative method that leverages the same 
(C5Me4R)MnI(CO)3 complexes, this time comparing the chemical shifts of the carbonyl carbon resonances 
as measured by 13C NMR spectroscopy. We surmised that ligands with higher donicity should result in a 
downfield shift of this resonance, in a manner analogous to the now well-established Huynh electronic 
parameter.238 Here, we observe a Δδ of 0.1-0.2 ppm between complexes, and this analysis suggests an order 
of donor strength among these ligands of P(NMe2)2 < Ph  SiMe3 < GeMe3 < Me. This method agrees with 
the Hammett and Swain-Lupton parameters regarding the most- and least-donating substituents, but 
otherwise does not accurately reproduce either the experimental energy series or the trends predicted from 
𝜎௉, 𝜎ெ, or F. A comparison of these different methods is given in Table 3.2. The Hammett 𝜎ெ parameter 
most accurately reproduces the measured emission energies of 2.1, 3.1–3.4, suggesting that substituent 
electronics can provide a reasonable estimation of the effect that a given substituted cyclopentadienyl ligand 
will have on the emission energies of EuII hemimetallocenes. 

Alongside the electronic differences among the cyclopentadienyl ligands of complexes 2.1, 3.1–3.4, 
the accompanying steric differences should also be considered for a more thorough optostructural analysis. 
Figure B17 shows steric maps of each corresponding ligand, generated using SambVca 2.1.239,240 Despite the 
different substituents, the steric profiles of each ligand are relatively similar, with %Vbur in the range 33-35. 
The steric maps demonstrate that the Cp* and TMSCp# ligands are sterically similar in addition to being 
electronically similar, with buried volumes differing by only 0.1%. TMGCp# is the bulkiest ligand in this series 
and Cp* is the least bulky, although there appears to be no meaningful overall correlation between bulkiness 
and emission energy (Figure B18). 
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Table 3.2. Comparison of various methods of estimating the donor strength of cyclopentadienyl ligands 
L = 5-C5Me4R, and evaluation of how accurately each predicts the experimentally-determined emission 
energies of complexes [LEu(μ-BH4)(THF)2]2 (2.1, 3.1–3.4). 

R = Me Ph SiMe3 GeMe3 P(NMe2)2 (Predicted) emission energy trend 
Emission energy 
@ 10 K (cm-1)[a] 

14 959224 17 331 16 453 16 667 16 039 Ph > GeMe3 > SiMe3 > P(NMe2)2 >> Me 

𝜎௉
235 -0.17 -0.01 -0.07 0 +0.25 P(NMe2)2 >> GeMe3  Ph > SiMe3 > Me 

𝝈𝑴
235 -0.07 +0.06 -0.04 0 +0.18 P(NMe2)2 > Ph > GeMe3 > SiMe3 > Me 

F235 +0.01 +0.12 +0.01 +0.03 +0.17 P(NMe2)2 > Ph > GeMe3 > SiMe3  Me 
𝐴ଵ (CO) of 

LMn(CO)3 (cm-1) 
1988 1992 1988 1986 1990 Ph > P(NMe2)2 > SiMe3  Me > GeMe3 

13C δ(CO) of 
LMn(CO)3 (ppm) 226.95 226.52 226.60 226.76 226.42 P(NMe2)2 > Ph  SiMe3 > GeMe3 > Me 

[a] of complexes 2.1, 3.1–3.4, experimentally determined, as in Table 3.1 and Figures 3.[4, 6, 8, 10]. 
 

The preferential formation of the polymeric complex 3.5 from the equimolar reaction of KCpiPr4 
and [EuII(BH4)2(THF)2] in THF confounds further analysis of steric effects on the emission properties, as a 
complex isostructural to 2.1 cannot be obtained with the bulky cyclopentadienide [CpiPr4]-. It seems that the 
large steric profile of CpiPr4 promotes the BH4 ligand to coordinate in a 2-mode rather than a 3-mode,170,172 
leading to the formation of a polymer in THF. To accommodate the polymeric structure, the two THF 
ligands in 3.5 adopt a “trans-disposed” geometry in the EuII coordination sphere. In contrast, the THF 
ligands in the other complexes reported herein are “cis” to each other because of the BH4-bridged dimeric 
structure. Complex 3.7 is forced to adopt a dimeric structure resembling 2.1 and 3.1–3.4 only due to 
chelation by DME.  This suggests that there is an upper limit to the bulkiness of a bound cyclopentadienide 
that can be expected to form μ-BH4 dimeric, THF-solvated complexes, ostensibly with good thermometric 
performance. Taken together, these results suggest that the stereoelectronic characteristics of the 
cyclopentadienyl ligand alone cannot account for the differences in luminescence properties among these 
complexes, though analysis of substituent electronics does have useful predictive power. 

3.7 Variable-temperature structural analysis 

In our previous work with 2.1, variable-temperature single-crystal X-ray diffraction proved to be a valuable 
analytical tool; it demonstrated the significant effect that small geometric changes had on the emission 
energy of the complex and allowed us to determine which geometric distortions were most impactful.224 
Hence, we chose to employ a similar study in this work. Several crystal structures of each complex 3.1–3.4 
and 3.6 were collected at 90, 150, 175, ~210, and 270 K, and metrical parameters were carefully compared. 
A summary of the temperature-dependent structural changes for each complex can be found Tables 3.3-
3.17 and Figures 3.19-3.30. In addition to error bars, we have implemented a code of coloured lines between 
values in Tables 3.[3, 6, 9, 12, and 15] to help visualize statistical significance between measured values. In 
the case that two adjacent values have |∆|  ≥ 3*ඥesu1

2+esu2
2, a blue line is drawn between them to indicate 

that the difference is significant. If this criterion is not met, a red line is drawn between them instead. The 
bottom row of each table (“Δ(parameter)”) is populated with a value only if the difference between the value 
at 90 K and the value at 270 K meets the above criterion; this is independent of the presence of a correlation 
among these values (which is communicated via Tables 3.[4, 5, 7, 8, 10, 11, 13, 14, 16, 17] and visualized in 
Figures 3.19-3.30).
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Table 3.3. Selected metrical parameters from crystal structures of 3.1 at various temperatures, in comparison to the energy at the emission band 
maxima. A statistically significant difference between two values is indicated via coloured dividing lines (vide supra). 

Temperature (K) Eu-Cpxph(cent) 
distance (Å) 

Avg. Eu-
O(THF) 

distance (Å) 

Avg. Eu-B 
distance (Å) 

B1-B1′ 
distance (Å) 

B1-Eu-B1′ 
angle (°) 

Intramolecular 
Eu-Eu′ distance 

(Å) 

Avg. of all Eu-
ligand bonds 

(Å) 

Unit cell 
volume 

(Å3) 

Crystal 
density 
(g/cm3) 

Closest 
intermolecular Eu-Eu 

distance (Å) 

Emission 
band max. 

(cm-1) 

90 2.5515(2) 2.5777(20) 2.8880(27) 3.8711(43) 84.161(76) 4.2871(3) 2.6724(16) 1143.46(7) 1.476 9.3300(4) 17 329 

150 2.5421(4) 2.5740(64) 2.8888(97) 3.8435(157) 83.403(282) 4.3136(5) 2.6683(55) 1154.93(16) 1.462 9.3609(9) 17 358 

175 2.5454(3) 2.5888(50) 2.9043(76) 3.8855(124) 83.969(217) 4.3176(6) 2.6795(43) 1158.73(9) 1.457 9.3721(6) 17 418[b] 

208 2.5488(2) 2.5980(33) 2.9035(38) 3.8488(62) 83.024(109) 4.3484(3) 2.6834(24) 1171.35(11) 1.441 9.4186(6) 17 527[b] 

270 2.5557(2) 2.6041(44) 2.9285(67) 3.8791(107) 82.950(195) 4.3884(4) 2.6961(38) 1188.23(9) 1.421 9.4713(5) 17 824 

Δ(parameter)[a] +0.0042 +0.0264 +0.0405 - - +0.1013 +0.0237 +44.8 -0.055 +0.1413 +495 

[a] Change in the corresponding parameter over the selected temperature range, expressed in the indicated units. A value is given in each cell of this row only if the absolute difference 
between the parameter at 90 K and the parameter at 270 K is equal or greater than 3*ඥesu90

2+esu270
2. [b] Interpolated using the Boltzmann-type equation described above.  

Table 3.4. Best-fitting parameters for the linear fits given in Figure 3.19.  

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) 

𝑚 

n.c. 

1.54 x10-4 1.78 x10-4 

n.c. n.c. 

5.53 x10-4 1.13 x10-4 0.246 -3.12 x10-4 7.80 x10-4 2.13 x10-4 9.10 x10-5 -4.76 x10-4 

𝑏 2.56 2.87 4.23 2.66 1120 1.51 9.25 0.941 1.02 0.975 

𝑅ଶ 0.8828 0.8442 0.9770 0.8358 0.9742 0.9722 0.9630 0.9716 0.9050 0.8411 

Table 3.5. Best-fitting parameters for the linear fits given in Figure 3.20.  

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) 

𝑚 

n.c. 

13.9 11.8 

n.c. n.c. 

5.02 17.8 0.0113 -9.15 3.53 13.5 28.2 

n.c. 𝑏 -18.6 -16.8 -4.24 -30.3 4.32 30.8 -15.6 4.32 -11.7 

𝑅ଶ 0.7253 0.9087 0.9160 0.8910 0.9054 0.8988 0.9190 0.9054 0.8972 

n.c. = no correlation. 
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Figure 3.19. Temperature-dependence of various metrical parameters of 3.1. (a) e Eu-Cpxph(cent) distance; (b) the average Eu-O(THF) distance; 
(c) the average Eu-B distance; (d) the B1-B1′ distance; (e) the B1-Eu-B1′ angle; (f) the intramolecular Eu-Eu′ distance; (g) the average of all Eu-ligand 
distances; (h) the volume of the crystallographic unit cell; (i) the crystallographic density; (j) the closest intermolecular Eu-Eu distance; (k) the relative 
compression of the lattice; (l) the distance between the Eu ion and the basal plane of the coordination pyramid, defined by the atoms B1, B1′, O1, 
and O2; (m) distortion of the coordination geometry around Eu as represented by the continuous shape measure (CShM), which quantifies the 
deviation of the real coordination polyhedron from an idealized square pyramid (a value of zero represents exact agreement with the idealized 
geometry). Error bars (as ±3x esu of the measurement) are shown but overlap the points in some cases. e dashed lines are linear fits of the equation 
𝑦 = 𝑚𝑥 + 𝑏 to the data. Best fitting parameters are given in Table 3.4. 
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Figure 3.20. Plots of the energy at the emission band maximum for 3.1 as a function of (a) e Eu-Cpxph(cent) distance; (b) the average Eu-O(THF) 
distance; (c) the average Eu-B distance; (d) the B1-B1′ distance; (e) the B1-Eu-B1′ angle; (f) the intramolecular Eu-Eu′ distance; (g) the average of all 
Eu-ligand distances; (h) the volume of the crystallographic unit cell; (i) the crystallographic density; (j) the closest intermolecular Eu-Eu distance; 
(k) the relative compression of the lattice; (l) the distance between the Eu ion and the basal plane of the coordination pyramid, defined by the atoms 
B1, B1′, O1, and O2; (m) distortion of the coordination geometry around Eu as represented by the continuous shape measure (CShM), which 
quantifies the deviation of the real coordination polyhedron from an idealized square pyramid (a value of zero represents exact agreement with the 
idealized geometry). Error bars (as ±3x esu of the measurement) are shown but overlap the points in some cases. e dashed lines are linear fits of 
the equation 𝑦 = 𝑚𝑥 + 𝑏 to the data. Best fitting parameters are given in Table 3.5. 
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Table 3.6. Selected metrical parameters from crystal structures of 3.2 at various temperatures, in comparison to the energy at the emission band 
maxima. A statistically significant difference between two values is indicated via coloured dividing lines (vide supra).  

Temperature (K) Eu-
TMSCp#(cent) 
distance (Å) 

Avg. Eu-
O(THF) 

distance (Å) 

Avg. Eu-B 
distance (Å) 

B1-B1′ 
distance (Å) 

B1-Eu-B1′ 
angle (°) 

Intramolecular 
Eu-Eu′ distance 

(Å) 

Avg. of all Eu-
ligand bonds 

(Å) 

Unit cell 
volume 

(Å3) 

Crystal 
density 
(g/cm3) 

Closest 
intermolecular Eu-Eu 

distance (Å) 

Emission 
band max. 

(cm-1) 

90 2.5607(2) 2.5885(20) 2.8874(41) 3.9210(54) 85.514(115) 4.2405(4) 2.6789(21) 1172.67(7) 1.428 9.4323(4) 16 695 

150 2.5552(2) 2.5961(29) 2.9008(46) 3.9284(68) 85.223(125) 4.2702(4) 2.6840(26) 1186.03(9) 1.412 9.4696(5) 17 096 

175 2.5582(2) 2.5968(29) 2.9036(46) 3.9226(68) 84.972(125) 4.2828(4) 2.6862(26) 1195.19(7) 1.402 9.4805(4) 17 273[b] 

213 2.5603(3) 2.6055(20) 2.9123(34) 3.9182(55) 84.536(88) 4.3107(5) 2.6927(19) 1211.70(14) 1.382 9.5365(7) 17 503[b] 

270 2.5566(3) 2.6043(37) 2.9084(59) 3.8930(95) 84.007(170) 4.3229(5) 2.6898(33) 1225.46(12) 1.367 9.5688(6) 17 711 

Δ(parameter)[a] -0.0041 +0.0159 - - -1.507 +0.0824 - +52.8 -0.061 +0.1365 +1016 

 [a] Change in the corresponding parameter over the selected temperature range, expressed in the indicated units. A value is given in each cell of this row only if the absolute difference 
between the parameter at 90 K and the parameter at 270 K is equal or greater than 3*ඥesu90

2+esu270
2. [b] Interpolated using the Boltzmann-type equation described above.  

Table 3.7. Best-fitting parameters for the linear fits given in Figure 3.21.  

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) 

𝑚 

n.c. 

1.13 x10-4 

n.c. n.c. 

-0.00846 4.83 x10-4 8.46 x10-5 0.29 -3.55 x10-4 7.60 x10-4 2.50 x10-4 1.16 x10-4 -5.33 x10-4 

𝑏 2.58 86.4 4.20 2.67 1145 1.46 9.36 0.933 1.11 1.43 

𝑅ଶ 0.8660 0.9599 0.9685 0.7600 0.9800 0.9776 0.9512 0.9795 0.8968 0.9110 

Table 3.8. Best-fitting parameters for the linear fits given in Figure 3.22.  

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) 

𝑚 

n.c. 

54.1 

n.c. n.c. 

-0.635 11.8 67.8 0.0184 -15.9 6.94 22.6 44.3 -9.70 

𝑏 -123 71.1 -33.4 -165 -4.81 39.5 -48.7 -4.81 -32.8 30.2 

𝑅ଶ 0.8936 0.9059 0.9859 0.8090 0.9566 0.9586 0.9272 0.9566 0.7994 0.8092 

n.c. = no correlation. 
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Figure 3.21. Temperature-dependence of various metrical parameters of 3.2. (a) e Eu-TMSCp#(cent) distance; (b) the average Eu-O(THF) distance; 
(c) the average Eu-B distance; (d) the B1-B1′ distance; (e) the B1-Eu-B1′ angle; (f) the intramolecular Eu-Eu′ distance; (g) the average of all Eu-ligand 
distances; (h) the volume of the crystallographic unit cell; (i) the crystallographic density; (j) the closest intermolecular Eu-Eu distance; (k) the relative 
compression of the lattice; (l) the distance between the Eu ion and the basal plane of the coordination pyramid, defined by the atoms B1, B1′, O1, 
and O2; (m) distortion of the coordination geometry around Eu as represented by the continuous shape measure (CShM), which quantifies the 
deviation of the real coordination polyhedron from an idealized square pyramid (a value of zero represents exact agreement with the idealized 
geometry). Error bars (as ±3x esu of the measurement) are shown but overlap the points in some cases. e dashed lines are linear fits of the equation 
𝑦 = 𝑚𝑥 + 𝑏 to the data. Best fitting parameters are given in Table 3.7. 
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Figure 3.22. Plots of the energy at the emission band maximum for 3.2 as a function of (a) e Eu-TMSCp#(cent) distance; (b) the average Eu-O(THF) 
distance; (c) the average Eu-B distance; (d) the B1-B1′ distance; (e) the B1-Eu-B1′ angle; (f) the intramolecular Eu-Eu′ distance; (g) the average of all 
Eu-ligand distances; (h) the volume of the crystallographic unit cell; (i) the crystallographic density; (j) the closest intermolecular Eu-Eu distance; 
(k) the relative compression of the lattice; (l) the distance between the Eu ion and the basal plane of the coordination pyramid, defined by the atoms 
B1, B1′, O1, and O2; (m) distortion of the coordination geometry around Eu as represented by the continuous shape measure (CShM), which 
quantifies the deviation of the real coordination polyhedron from an idealized square pyramid (a value of zero represents exact agreement with the 
idealized geometry). Error bars (as ±3x esu of the measurement) are shown but overlap the points in some cases. e dashed lines are linear fits of 
the equation 𝑦 = 𝑚𝑥 + 𝑏 to the data. Best fitting parameters are given in Table 3.8. 
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Table 3.9. Selected metrical parameters from crystal structures of 3.3 at various temperatures, in comparison to the energy at the emission band 
maxima. A statistically significant difference between two values is indicated via coloured dividing lines (vide supra).  

Temperature (K) Eu-
TMGCp#(cent) 
distance (Å) 

Avg. Eu-
O(THF) 

distance (Å) 

Avg. Eu-B 
distance (Å) 

B1-B1′ 
distance (Å) 

B1-Eu-B1′ 
angle (°) 

Intramolecular 
Eu-Eu′ distance 

(Å) 

Avg. of all Eu-
ligand bonds 

(Å) 

Unit cell 
volume 

(Å3) 

Crystal 
density 
(g/cm3) 

Closest 
intermolecular Eu-Eu 

distance (Å) 

Emission 
band max. 

(cm-1) 

90 2.5348(2) 2.5864(25) 2.8891(45) 3.9002(67) 84.893(122) 4.2642(4) 2.6701(24) 1161.68(9) 1.569 8.8089(5) 16 850 

150 2.5377(5) 2.5915(38) 2.8992(63) 3.9090(95) 84.762(165) 4.2835(7) 2.6761(35) 1176.50(30) 1.549 8.8240(10) 17 023 

175 2.5404(2) 2.5956(29) 2.8992(47) 3.8996(70) 84.508(123) 4.2923(4) 2.6784(26) 1179.32(7) 1.546 8.8175(4) 17 126[b] 

213 2.5414(3) 2.6053(17) 2.9107(28) 3.9053(42) 84.254(74) 4.3178(6) 2.6858(16) 1193.10(20) 1.528 8.8262(9) 17 294[b] 

270 2.5469(5) 2.6106(63) 2.9217(110) 3.9023(166) 83.784(286) 4.3502(8) 2.6930(59) 1206.20(30) 1.511 8.8260(10) 17 551 

Δ(parameter)[a] +0.0121 +0.0242 - - -1.109 +0.0860 +0.0230 +44.5 -0.058 +0.0171 +701 

 [a] Change in the corresponding parameter over the selected temperature range, expressed in the indicated units. A value is given in each cell of this row only if the absolute difference 
between the parameter at 90 K and the parameter at 270 K is equal or greater than 3*ඥesu90

2+esu270
2. [b] Interpolated using the Boltzmann-type equation described above.  

Table 3.10. Best-fitting parameters for the linear fits given in Figure 3.23.  

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) 

𝑚 6.18 x10-5 1.53 x10-4 1.78 x10-4 

n.c. 

-0.00565 4.44 x10-4 1.29 x10-4 0.23 -3.25 x10-4 

n.c. 

2.07 x10-4 2.16 x10-4 

n.c. 𝑏 2.53 2.57 2.87 85.5 4.22 2.66 1140 1.60 0.94 1.11 

𝑅ଶ 0.9661 0.9379 0.9439 0.9361 0.9445 0.9691 0.9726 0.9860 0.9871 0.9588 

Table 3.11. Best-fitting parameters for the linear fits given in Figure 3.24.  

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) 

𝑚 58.6 26.6 21.2 

n.c. 

-0.602 8.01 30.0 0.0157 -12.1 

n.c. 

18.9 18.0 

n.c. 𝑏 -132 -51.9 -44.4 68.0 -17.3 -63.2 -1.39 35.7 -1.39 -3.53 

𝑅ଶ 0.9717 0.9621 0.9733 0.9778 0.9933 0.9923 0.9830 0.9796 0.9830 0.9716 

n.c. = no correlation. 
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Figure 3.23. Temperature-dependence of various metrical parameters of 3.3. (a) e Eu-TMGCp#(cent) distance; (b) the average Eu-O(THF) distance; 
(c) the average Eu-B distance; (d) the B1-B1′ distance; (e) the B1-Eu-B1′ angle; (f) the intramolecular Eu-Eu′ distance; (g) the average of all Eu-ligand 
distances; (h) the volume of the crystallographic unit cell; (i) the crystallographic density; (j) the closest intermolecular Eu-Eu distance; (k) the relative 
compression of the lattice; (l) the distance between the Eu ion and the basal plane of the coordination pyramid, defined by the atoms B1, B1′, O1, 
and O2; (m) distortion of the coordination geometry around Eu as represented by the continuous shape measure (CShM), which quantifies the 
deviation of the real coordination polyhedron from an idealized square pyramid (a value of zero represents exact agreement with the idealized 
geometry). Error bars (as ±3x esu of the measurement) are shown but overlap the points in some cases. e dashed lines are linear fits of the equation 
𝑦 = 𝑚𝑥 + 𝑏 to the data. Best fitting parameters are given in Table 3.10. 



 

 

61
 

 

Figure 3.24. Plots of the energy at the emission band maximum for 3.3 as a function of (a) e Eu-TMGCp#(cent) distance; (b) the average Eu-O(THF) 
distance; (c) the average Eu-B distance; (d) the B1-B1′ distance; (e) the B1-Eu-B1′ angle; (f) the intramolecular Eu-Eu′ distance; (g) the average of all 
Eu-ligand distances; (h) the volume of the crystallographic unit cell; (i) the crystallographic density; (j) the closest intermolecular Eu-Eu distance; 
(k) the relative compression of the lattice; (l) the distance between the Eu ion and the basal plane of the coordination pyramid, defined by the atoms 
B1, B1′, O1, and O2; (m) distortion of the coordination geometry around Eu as represented by the continuous shape measure (CShM), which 
quantifies the deviation of the real coordination polyhedron from an idealized square pyramid (a value of zero represents exact agreement with the 
idealized geometry). Error bars (as ±3x esu of the measurement) are shown but overlap the points in some cases. e dashed lines are linear fits of 
the equation 𝑦 = 𝑚𝑥 + 𝑏 to the data. Best fitting parameters are given in Table 3.11. 
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Table 3.12. Selected metrical parameters from crystal structures of 3.4 at various temperatures, in comparison to the energy at the emission band 
maxima. A statistically significant difference between two values is indicated via coloured dividing lines (vide supra).  

Temperature (K) Eu-
bdpCp#(cent) 
distance (Å) 

Avg. Eu-
O(THF) 

distance (Å) 

Avg. Eu-B 
distance (Å) 

B1-B1′ 
distance (Å) 

B1-Eu-B1′ 
angle (°) 

Intramolecular 
Eu-Eu′ distance 

(Å) 

Avg. of all Eu-
ligand bonds 

(Å) 

Unit cell 
volume 

(Å3) 

Crystal 
density 
(g/cm3) 

Closest 
intermolecular Eu-Eu 

distance (Å) 

Emission 
band max. 

(cm-1) 

90 2.5443(2) 2.5771(24) 2.8859(42) 3.8979(64) 84.946(117) 4.2577(4) 2.6691(23) 1275.81(14) 1.433 8.7649(6) 16 379 

150 2.5485(2) 2.5790(41) 2.8986(65) 3.9095(103) 84.797(174) 4.2815(5) 2.6754(36) 1290.06(9) 1.417 8.7807(5) 16 855 

175 2.5484(3) 2.5866(52) 2.8972(78) 3.8973(123) 84.520(211) 4.2889(5) 2.6774(44) 1300.17(18) 1.406 8.7971(8) 17 004[b] 

213 2.5473(2) 2.5920(18) 2.9161(29) 3.9180(45) 84.402(77) 4.3206(4) 2.6851(16) 1309.99(11) 1.395 8.7998(5) 17 233[b] 

270 2.5456(3) 2.5987(55) 2.9108(77) 3.8766(122) 83.495(209) 4.3436(6) 2.6850(45) 1322.40(20) 1.382 8.8084(8) 17 490 

Δ(parameter)[a] +0.0013 +0.0217 - - -1.451 +0.0859 +0.0159 +46.6 -0.051 +0.0435 +1111 

 [a] Change in the corresponding parameter over the selected temperature range, expressed in the indicated units. A value is given in each cell of this row only if the absolute difference 
between the parameter at 90 K and the parameter at 270 K is equal or greater than 3*ඥesu90

2+esu270
2. [b] Interpolated using the Boltzmann-type equation described above.  

Table 3.13. Best-fitting parameters for the linear fits given in Figure 3.25.  

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) 

𝑚 

n.c. 

1.25 x10-4 2.09 x10-4 

n.c. 

-0.00590 4.93 x10-4 1.17 x10-4 0.274 -2.90 x10-4 2.60 x10-4 2.00 x10-4 1.86 x10-4 

n.c. 𝑏 2.57 2.87 85.6 4.21 2.66 1250 1.46 8.74 0.947 1.05 

𝑅ଶ 0.9388 0.8022 0.7566 0.9675 0.9103 0.9863 0.98836 0.9242 0.9899 0.9433 

Table 3.14. Best-fitting parameters for the linear fits given in Figure 3.26.  

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) 

𝑚 

n.c. 

43.8 31.7 

n.c. 

-0.652 12.0 59.3 0.0232 -21.1 23.5 30.6 32.1 

n.c. 𝑏 -96.4 -75.0 72.1 -34.8 -142 -13.1 46.7 -190 -13.1 -17.9 

𝑅ଶ 0.8524 0.7547 0.7067 0.9270 0.9114 0.9775 0.9802 0.9325 0.9775 0.9716 

n.c. = no correlation. 
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Figure 3.25. Temperature-dependence of various metrical parameters of 3.4. (a) e Eu-bdpCp#(cent) distance; (b) the average Eu-O(THF) distance; 
(c) the average Eu-B distance; (d) the B1-B1′ distance; (e) the B1-Eu-B1′ angle; (f) the intramolecular Eu-Eu′ distance; (g) the average of all Eu-ligand 
distances; (h) the volume of the crystallographic unit cell; (i) the crystallographic density; (j) the closest intermolecular Eu-Eu distance; (k) the relative 
compression of the lattice; (l) the distance between the Eu ion and the basal plane of the coordination pyramid, defined by the atoms B1, B1′, O1, 
and O2; (m) distortion of the coordination geometry around Eu as represented by the continuous shape measure (CShM), which quantifies the 
deviation of the real coordination polyhedron from an idealized square pyramid (a value of zero represents exact agreement with the idealized 
geometry). Error bars (as ±3x esu of the measurement) are shown but overlap the points in some cases. e dashed lines are linear fits of the equation 
𝑦 = 𝑚𝑥 + 𝑏 to the data. Best fitting parameters are given in Table 3.13. 
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Figure 3.26. Plots of the energy at the emission band maximum for 3.4 as a function of (a) e Eu-bdpCp#(cent) distance; (b) the average Eu-O(THF) 
distance; (c) the average Eu-B distance; (d) the B1-B1′ distance; (e) the B1-Eu-B1′ angle; (f) the intramolecular Eu-Eu′ distance; (g) the average of all 
Eu-ligand distances; (h) the volume of the crystallographic unit cell; (i) the crystallographic density; (j) the closest intermolecular Eu-Eu distance; 
(k) the relative compression of the lattice; (l) the distance between the Eu ion and the basal plane of the coordination pyramid, defined by the atoms 
B1, B1′, O1, and O2; (m) distortion of the coordination geometry around Eu as represented by the continuous shape measure (CShM), which 
quantifies the deviation of the real coordination polyhedron from an idealized square pyramid (a value of zero represents exact agreement with the 
idealized geometry). Error bars (as ±3x esu of the measurement) are shown but overlap the points in some cases. e dashed lines are linear fits of 
the equation 𝑦 = 𝑚𝑥 + 𝑏 to the data. Best fitting parameters are given in Table 3.14. 
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Table 3.15. Selected metrical parameters from crystal structures of 3.6 at various temperatures, in comparison to the energy at the emission band 
maxima. A statistically significant difference between two values is indicated via coloured dividing lines (vide supra).  

Temperature (K) Eu-Cp*(cent) 
distance (Å) 

Avg. Eu-
O(DME) 

distance (Å) 

Avg. Eu-B 
distance (Å) 

B1-B1′ 
distance (Å) 

B1-Eu-B1′ 
angle (°) 

Intramolecular 
Eu-Eu′ distance 

(Å) 

Avg. of all Eu-
ligand bonds 

(Å) 

Unit cell 
volume 

(Å3) 

Crystal 
density 
(g/cm3) 

Closest 
intermolecular Eu-Eu 

distance (Å) 

Emission 
band max. 

(cm-1) 

90 2.5077(4) 2.6005(35) 2.8760(49) 4.0044(84) 88.243(166) 4.1291(5) 2.6614(29) 3481.35(40) 1.496 8.5911(6) 16 116 

150 2.5105(3) 2.5981(28) 2.8754(45) 3.9921(63) 87.924(125) 4.1394(4) 2.6613(25) 3512.81(30) 1.483 8.6336(5) 16 276 

175 2.5075(3) 2.5969(35) 2.8758(52) 3.9813(72) 87.610(146) 4.1509(4) 2.6601(30) 3542.76(17) 1.470 8.6795(4) 16 347[b] 

208 2.5124(4) 2.5944(51) 2.8851(81) 3.9764(114) 87.122(227) 4.1813(6) 2.6640(45) 3581.36(78) 1.455 8.7081(9) 16 449[b] 

270 2.4966(3) 2.5955(41) 2.8908(68) 3.9743(93) 86.849(188) 4.1991(4) 2.6609(37) 3630.88(15) 1.435 8.7890(4) 16 639 

Δ(parameter)[a] -0.0111 - - - -1.394 +0.07 - +149.53 -0.061 +0.1979 +523 

[a] Change in the corresponding parameter over the selected temperature range, expressed in the indicated units. A value is given in each cell of this row only if the absolute difference 
between the parameter at 90 K and the parameter at 270 K is equal or greater than 3*ඥesu90

2+esu270
2. [b] Interpolated using the Boltzmann-type equation described above.  

Table 3.16. Best-fitting parameters for the linear fits given in Figure 3.27.  

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) 

𝑚 

n.c. n.c. n.c. 

-1.78 x10-4 -0.00831 4.29 x10-4 

n.c. 

0.902 -3.53 x10-4 0.00115 2.38 x10-4 1.63 x10-4 3.45 x10-5 

𝑏 4.02 89.1 4.08 3386 1.53 8.48 0.935 1.08 1.92 

𝑅ଶ 0.8300 0.9408 0.9165 0.9889 0.9750 0.9818 0.9733 0.9656 0.9138 

Table 3.17. Best-fitting parameters for the linear fits given in Figure 3.28.  

 (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) 

𝑚 

n.c. n.c. n.c. 

-14.5 -0.34 6.44 

n.c. 

0.00332 -8.14 2.57 12.0 17.5 7.83 

𝑏 74.0 45.7 -10.4 4.60 28.3 -5.98 4.60 -3.08 0.843 

𝑅ଶ 0.8110 0.9417 0.9180 0.9816 0.9822 0.9843 0.9816 0.9622 0.8872 

n.c. = no correlation. 
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Figure 3.27. Temperature-dependence of various metrical parameters of 3.6. (a) e Eu-Cp*(cent) distance; (b) the average Eu-O(DME) distance; 
(c) the average Eu-B distance; (d) the B1-B1′ distance; (e) the B1-Eu-B1′ angle; (f) the intramolecular Eu-Eu′ distance; (g) the average of all Eu-ligand 
distances; (h) the volume of the crystallographic unit cell; (i) the crystallographic density; (j) the closest intermolecular Eu-Eu distance; (k) the relative 
compression of the lattice; (l) the distance between the Eu ion and the basal plane of the coordination pyramid, defined by the atoms B1, B1′, O1, 
and O2; (m) distortion of the coordination geometry around Eu as represented by the continuous shape measure (CShM), which quantifies the 
deviation of the real coordination polyhedron from an idealized square pyramid (a value of zero represents exact agreement with the idealized 
geometry). Error bars (as ±3x esu of the measurement) are shown but overlap the points in some cases. e dashed lines are linear fits of the equation 
𝑦 = 𝑚𝑥 + 𝑏 to the data. Best fitting parameters are given in Table 3.16. 
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Figure 3.28. Plots of the energy at the emission band maximum for 3.6 as a function of (a) e Eu-Cp*(cent) distance; (b) the average Eu-O(DME) 
distance; (c) the average Eu-B distance; (d) the B1-B1′ distance; (e) the B1-Eu-B1′ angle; (f) the intramolecular Eu-Eu′ distance; (g) the average of all 
Eu-ligand distances; (h) the volume of the crystallographic unit cell; (i) the crystallographic density; (j) the closest intermolecular Eu-Eu distance; 
(k) the relative compression of the lattice; (l) the distance between the Eu ion and the basal plane of the coordination pyramid, defined by the atoms 
B1, B1′, O1, and O2; (m) distortion of the coordination geometry around Eu as represented by the continuous shape measure (CShM), which 
quantifies the deviation of the real coordination polyhedron from an idealized square pyramid (a value of zero represents exact agreement with the 
idealized geometry). Error bars (as ±3x esu of the measurement) are shown but overlap the points in some cases. e dashed lines are linear fits of 
the equation 𝑦 = 𝑚𝑥 + 𝑏 to the data. Best fitting parameters are given in Table 3.17. 
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Figure 3.29. Plots of the energy at the emission band maximum for all complexes at 90 K as a function of (a) e Eu-Cp(cent) distance at 90 K; (b) 
the average Eu-O(solv) distance at 90 K; (c) the average Eu-B distance at 90 K; (d) the B1-B1′ distance at 90 K; (e) the B1-Eu-B1′ angle at 90 K; (f) 
the intramolecular Eu-Eu′ distance at 90 K; (g) the average of all Eu-ligand distances at 90 K; (h) the volume of the crystallographic unit cell at 90 K; 
(i) the crystallographic density at 90 K; (j) the closest intermolecular Eu-Eu distance at 90 K; (k) the distortion of the coordination geometry around 
Eu at 90 K as represented by the continuous shape measure (CShM), which quantifies the deviation of the real coordination polyhedron from an 
idealized square pyramid (a value of zero represents exact agreement with the idealized geometry). Error bars (as ±3x esu of the measurement) are 
shown but overlap the points in some cases. 
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Figure 3.30. Plots of the energy at the emission band maximum for all complexes at 270 K as a function of (a) e Eu-Cp(cent) distance at 270 K; 
(b) the average Eu-O(solv) distance at 270 K; (c) the average Eu-B distance at 270 K; (d) the B1-B1′ distance at 270 K; (e) the B1-Eu-B1′ angle at 
270 K; (f) the intramolecular Eu-Eu′ distance at 270 K; (g) the average of all Eu-ligand distances at 270 K; (h) the volume of the crystallographic unit 
cell at 270 K; (i) the crystallographic density at 270 K; (j) the closest intermolecular Eu-Eu distance at 270 K; (k) the distance between the Eu ion and 
the basal plane of the coordination pyramid, defined by the atoms B1, B1′, O1, and O2; (l) the distortion of the coordination geometry around Eu at 
270 K as represented by the continuous shape measure (CShM), which quantifies the deviation of the real coordination polyhedron from an idealized 
square pyramid (a value of zero represents exact agreement with the idealized geometry). Error bars (as ±3x esu of the measurement) are shown but 
overlap the points in some cases. e dashed blue lines are linear fits of the equation 𝑦 = 𝑚𝑥 + 𝑏 to the data. Best fitting parameters are (a) 𝑚 =

40.2, 𝑏 = −84.9, 𝑅ଶ = 0.9612 (the point for 3.6 is excluded from the fit); (d) 𝑚 = −13.2, 𝑏 = 68.8, 𝑅ଶ = 0.8435. 
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The temperature-dependence of certain geometric changes are common to all the complexes (including 
2.1). For example, all these complexes exhibit an increase in the intramolecular Eu-Eu distance (ranging 
from 0.06-0.1 Å, Figures 3.[19, 21, 23, 25, 27]f) and an increase in unit cell volume (ranging from 40-150 Å3, 
Figures 3.[19, 21, 23, 25, 27]h) and concomitant decrease in crystal density (ca. -0.06 g/cm3 in all cases, 
Figures 3.[19, 21, 23, 25, 27]i) with increasing temperature. All the complexes show strongly correlated 
decreases in emission energy with increasing lattice compression (Figures 3.[22, 24, 26, 28, 30]k), in an 
analogous fashion to that observed previously for 2.1. Beyond this, there are significantly different trends 
in the temperature-dependent geometric distortions between the complexes over the measured temperature 
range. Whereas the Eu-Cp(cent) distances of 2.1,224 3.1, 3.2, 3.4 and 3.6 are not correlated to the change in 
temperature (Figures 3.[19, 21, 25, 27]a), the Eu-Cp(cent) distance of complex 3.3 increases linearly (by 
0.012 Å) with increasing temperature (Figure 3.23a). The average Eu-O(solv) distances for complexes 3.3 
and 3.4 (and not the others) show correlated increases of 0.024 and 0.022 Å, respectively, with increasing 
temperature (Figures 3.23b, 3.25b), although the uncertainties on these distances are somewhat large. The 
average Eu-B distance of 3.1 shows a uniquely significant correlated increase of 0.041 Å with increasing 
temperature (Figure 3.19c). Most of the complexes show a substantial (0.1-0.2 Å) increase in the closest 
intermolecular Eu-Eu distance with increasing temperature (Figures 3.19j, 3.21j, 3.27j), whereas this 
distance remains comparatively nearly constant for 3.3 (less than 0.02 Å, Figure 3.23j) and changes by only 
a relatively small amount (~0.04 Å, Figure 3.25j) for 3.4.[i]  

The most interesting results are obtained when considering the geometry of the coordination 
polyhedra. Each complex exhibits a square-pyramidal coordination geometry with pseudo-C4v symmetry 
and the EuII ion above the basal plane of the pyramid. A mononuclear fragment of each complex was 
compared to an idealized square pyramid using SHAPE 2.1,203,241 taking the cyclopentadienyl centroid as 
the axial position and using the oxygen and boron atoms of the remaining ligands to define the basal plane. 
For complexes 2.1224 and 3.6 (Figure 3.27m), the true geometry becomes increasingly distorted from the 
idealized geometry with increasing temperature. However, surprisingly, the polyhedral distortion decreases 
(i.e., the true geometry becomes more idealized) with increasing temperature for 3.1 and 3.2 (Figures 3.19m 
and 3.21m), and no correlation is observed between the polyhedral distortion and temperature for 3.3 or 
3.4 (Figures 3.23m and 3.25m). However, the EuII ion is increasingly distanced from the basal plane in all 
cases, though the magnitude of the displacement is somewhat less for 3.1 (less than 0.02 Å, Figure 3.19l) 
than the others (0.03-0.04 Å, Figures 3.[21, 23, 25, 27]l). This is accompanied by correlated increases in 
emission energy with increasing Eu-basal plane distance for all complexes (Figure 3.3). 

3.8 Structural effects on the optical properties 

The results obtained thus far clearly demonstrate that there is no single factor that governs the emission 
energies of these complexes. At 90 K, there is no meaningful correlation across complexes between most of 
the isolated metrical parameters and the corresponding emission energy. It is notable, however, that there 
is a trend towards increasing emission energy with increasing intramolecular Eu-Eu distance (Figure 3.29f); 
complex 3.6 is an outlier due to its substantially shorter (4.1291(5) Å) intramolecular Eu-Eu distance 
compared to the others (4.23 – 4.29 Å). Furthermore, we observe that an increased Eu-basal plane distance 
is strongly linearly correlated with increasing energy at the emission band maximum for complexes 2.1, 3.2, 
3.3 and 3.6, with complexes 3.1 and 3.4 being outliers (Figure 3.31). This is particularly interesting because 
the trend is defined by complexes with distinct characteristics. For example, complexes 2.1 and 3.6 have 
unit cells distinct from the others in the series (3.1–3.4 are triclinic systems with Z =1, whereas 2.1 is a 
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monoclinic system with Z = 2 and ca. double the cell volume of the triclinic examples, and 3.6 is an 
orthorhombic system with Z = 4 and a unit cell about triple the volume of the triclinic examples). Complex 
3.6 also naturally has higher polyhedral distortion than the others, due to the geometric constraints imposed 
by the chelating DME ligand.  
 

 

Figure 3.31. Energy at the emission band maximum for complexes 2.1, 3.1–3.4 and 3.6 as a function of 
their Eu-basal plane distance at 90 K. Error bars are shown as 3x esu of the measurement but overlap the 
points. e dashed blue line is a linear fit of the equation 𝑦 = 𝑚𝑥 + 𝑏 to the data; the points for 3.1 and 3.4 
are excluded from the fit. Best fitting parameters are 𝑚 = 27.9, 𝑏 = −14.7, 𝑅ଶ = 0.9844. 

Table 3.18. Temperature-dependence of the Eu-basal plane distance (in Å) of complexes 2.1, 3.1–3.4 and 
3.6, which are visualized in Figures 3.[20, 21, 22, 23, 24, 25, 26, 27, 28]l, 3.30k, 3.31 and 3.33.  

Temperature (K) 136 2 3 4 5 7 

90 1.0690(5) 1.0294(2) 1.1225(2) 1.1311(2) 1.0667(2) 1.0987(3) 

150 1.0801(3) 1.0295(4) 1.1242(2) 1.1433(3) 1.0792(2) 1.1088(3) 

175 1.0836(3) 1.0364(3) 1.1281(2) 1.1449(2) 1.0878(3) 1.1111(3) 

~200 1.0908(3) 1.0372(2)[b] 1.1334(2)[c] 1.1590(2)[c] 1.0946(2)[c] 1.1210(3)[b] 

270 1.0938(4) 1.0460(2) 1.1426(2) 1.1689(3) 1.0990(2) 1.1270(3) 

Δ(parameter)[a] +0.0248 +0.0166 +0.0201 +0.0378 +0.0323 +0.0283 

[a] Change in the corresponding parameter over the selected temperature range, expressed in the indicated units. A value is given 
in each cell of this row only if the absolute difference between the parameter at 90 K and the parameter at 270 K is equal or greater 
than 3*ඥesu90

2+esu270
2. [b] at 208 K. [c] at 213 K.  
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Given that we also observe correlated increases in emission energy with increasing Eu-basal plane distance 
among all complexes (Figures 3.[20, 22, 24, 26, 28]l), we infer that the spatial arrangement of donor atoms 
about the basal plane of the coordination polyhedron has the greatest relative influence on the emission 
energies of these complexes, particularly at low temperature. This behaviour also suggests that the emission 
in this class of complex may originate from a 5d excited state that involves the dxz and dyz orbitals. This is 
because distortion of the Eu ion out of the basal plane of the coordination pyramid would bring the ligand 
electron density closer to the lobes of these d-orbitals, increasing interelectronic repulsion and therefore 
driving them to higher energy (Figure 3.32).  
 

 

Figure 3.32. Schematic diagram showing how the Eu-basal plane distance in complexes with square-
pyramidal coordination spheres might affect the interactions between the ligands defining the basal plane 
and the electron density in the 5𝑑௫௭ and 5𝑑௬௭ orbitals of EuII. 

As predicted for 2.1, there may be some charge-transfer character to the electronic transitions that lead to 
the observable emissions, which are otherwise predominantly 5d4f in nature. Thus, the different ligand 
sets examined in this study may also modulate the charge-transfer character of the transitions. This may be 
another reason for some of the anomalous behaviour we observe, although the exact nature and magnitude 
of this effect is unclear. 

As a possible rationale for the anomalous behaviour of 3.1 and 3.4 in this correlation, we consider 
that the bdpCp# and Cpxph ligands are unique among the series because they have substituents featuring 
significant -type electron density, i.e., the formally sp3-hybridized lone pair on the phosphorus atom of the 
P(NMe2)2 substituent, or the delocalized -system of the phenyl substituent, respectively. To visualize, the 
90 K crystal structures of 3.1 and 3.4 were refined using NoSpherA2242 and electron localizability indicator 
(ELI-D)243 maps were generated using the computed wavefunction (PBE0/x2c-TZVPP)244–246 (Figure 3.33). 
Electron density from the phosphorus lone pair in 3.4 and the delocalized π-system in 3.1 is clearly visible 
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in the maps, and furthermore, are spatially located in regions that coincide with the second and/or third 
maximum of the expected radial distribution of a EuII 5d orbital.212,247 This suggests that the electron density 
is accumulated close enough to the Eu ion that it could promote appreciable secondary interactions with 
the excited-state 5d orbitals, driving these to higher energy due to increased interelectronic repulsion. 
Under these circumstances, the secondary interactions arising from the pendant electron density can break 
the pseudosymmetry, which may help to explain the unexpectedly high emission energies of 3.1 and 3.4 
relative to their Eu-basal plane distance. 

 

 

Figure 3.33. Electron localizability indicator (ELI-D) maps for 3.4 (le) and 3.1 (right). For 3.4, the selected 
plane is defined by Eu1, C1 (1-position of bdpCp#), and P1. For 3.1, the selected plane is defined by Eu1, C5 
(1-position of Cpxph), C10 (ipso-Ph), and C13 (para-Ph). Each plot is overlaid with a portion of the 
theoretical, normalized radial distribution function for a EuII 5d orbital212,247 from (le) 0 to 4 Å (0 to 7.56 
bohr) or (right) 0 to 7 Å (0 to 13.2 bohr). 

At 270 K, vibronic effects play a much larger role in describing the emission properties of these 
complexes, and even the correlations described above are weakened. However, at this temperature, it is 
notable that the Eu-Cp(cent) distance becomes much more predictive, with 3.6 having a much shorter 
distance (2.4966(3) Å) than the others (2.52 – 2.54 Å) and thus being the only significant outlier to an 
otherwise linear increase in energy at the emission band maximum with increasing distance (Figure 3.30a). 
Aside from a moderately correlated decrease in emission energy with increasing B1-B1 distance (Figure 
3.30d) that also arises at this temperature, the relative influence of each individual metrical parameter is 
obfuscated, and no further interpretation is possible. 

3.9 Thermometric performance 

Gratifyingly, all the complexes [CpREu(μ-BH4)(solv)n]2 exhibit thermochromic luminescence, further 
fortifying the suitability of this architecture for luminescence thermometry applications. Among all 
examples, the original complex 2.1 remains the highest-sensitivity thermometer, and the one with the 
greatest E (the borodeuteride-bridged analogue 2.2 is included for comparison). Exchanging the two THF 
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solvent ligands of 2.1 for DME, as in 3.6, engenders a dramatic reduction in E and sensitivity. Complexes 
3.2 and 3.4 approach the sensitivity of 2.1, with values of 7.22 and 7.36 cm-1 K-1 respectively, while the other 
complexes exhibit much lower values from ~3-5 cm-1 K-1. The temperatures at which each complex attains 
its maximum value of sensitivity also vary widely; for example, complex 3.4 has by far the lowest 
temperature of maximum sensitivity (113 K) while also having the second highest 𝑆௔ in the series. This 
phenomenon is also hypersensitive to the coordination environment, as even the slightest possible 
modification to the ligand field (substitution of BH4 for BD4) leads to a change in the temperature of 
maximum sensitivity of 60 K. It is also noteworthy that complexes 3.2 and 3.3 have very different 
thermometric performance despite being direct congeners. Complex 3.5 exhibits negligible band shift and 
correspondingly low sensitivity.  

Our results indicate that, for this class of complex, there is no single structural parameter that can 
dictate or predict the luminescence thermometric performance. The synergy between temperature-
dependent structural modulations, electronic structure, and vibrational effects can lead to the distinct 
performances observed here. However, in a qualitative sense, it appears that the metal-ligand flexibility of 
the coordination sphere plays an important role in modulating the emission characteristics in these 
complexes. It is notable in this regard that E and 𝑆௔ appear to decrease with increasing rigidity of the 
coordination sphere. Complex 2.1 has arguably the most flexible coordination sphere, as it bears 
monodentate solvent ligands and Cp* is the least sterically encumbering of all the cyclopentadienyl ligands 
investigated herein. Thus, it follows that it displays the largest E and 𝑆௔ among the series. The performance 
is diminished upon rigidification of the coordination sphere by introducing a chelating solvent ligand, as 
in 3.6. Conversely, complex 3.7 has the bulkiest cyclopentadienyl fragment and bears chelating solvent 
ligands, and therefore can be considered to have the most rigid coordination sphere among the dimers; 
accordingly, it has the lowest E and 𝑆௔ by considerable margin. A similar argument can help explain the 
differences between 3.2 and 3.3: the bulkier trimethylgermanyl substituent of 3.3 rigidifies the coordination 
sphere, diminishing the E and 𝑆௔ relative to the smaller trimethylsilyl substituent of 3.2 while all else 
remains equal. Complexes 3.1 and 3.4 emerge again as outliers in this examination, emphasizing that the 
relative importance of the various effects governing the thermometric performance are altered when the 
pseudosymmetry of the coordination sphere is lowered or broken. The bdpCp# ligand is slightly bulkier than 
the TMSCp# ligand, and due to the unique electronic properties of the -P(NMe2)2 fragment, is probably more 
rigid, yet 3.4 has higher E and 𝑆௔ than 3.2. Similarly, Cpxph is not bulkier than TMGCp#, yet 3.1 has a lower 
E but a curiously higher 𝑆௔ than 3.3. These differences may be related to specific ligand-field perturbations 
or excited-state dynamics engendered by the extra pendant -type electron density of these two ligands, as 
described above. Furthermore, an examination of the relationship between thermometric figures of merit 
and the rate of change of emission energy as a function of lattice compression (Figure B19) shows a general 
trend of increasing sensitivity and increasing E as the compressibility of the crystal lattice increases. This 
correlation is preserved across different crystal morphologies, and corroborates our previous observations 
on 2.1.224 

3.10 Conclusion 

In summary, we have expanded the family of organometallic EuII-based luminescence thermometers by six 
additional members, spanning a range of stereoelectronic profiles in an isostructural framework. 
Investigating the factors that govern the optical properties of systems of this nature is key to understanding, 
modulating, and eventually improving them. We have shed some light towards this goal by identifying 
several factors of particular importance within this family of complexes, namely the Eu-basal plane distance, 
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presence of pendant π-type electron density, and metal-ligand flexibility. This study demonstrates that 
thermochromic emission is an intrinsic property of EuII hemimetallocenes and highlights the complex 
interactions that give rise to this property and the challenges in elucidating and disambiguating their 
influence. We expect that the insights gained herein will aid in driving and directing the development of 
increasingly advanced molecular optical materials based on EuII, with finely tunable photophysical 
characteristics. 

3.11 Methods 

General Remarks. All manipulations were conducted under stringently oxygen- and moisture-free 
conditions under argon or nitrogen atmospheres using Schlenk line and glovebox techniques. 
Tetrahydrofuran (THF), hexanes, pentane, 1,2-dimethoxyethane (DME), diethyl ether, and toluene were 
dried on columns of activated alumina using a J.C. Meyer Phoenix solvent system and degassed via repeated 
freeze-pump-thaw cycles, then stored over activated 4 Å molecular sieves. All chemicals were purchased 
from STREM Chemicals, Oakwood Scientific, Sigma-Aldrich, or Fisher Scientific and used as received 
unless otherwise noted. Potassium pentamethylcyclopentadienide (KCp*),187 [Eu(BH4)2(THF)2],56 
potassium tetramethylcyclopentadienide (KCptet),225 potassium 1-(trimethylsilyl)-2,3,4,5-
tetramethylcyclopentadienide (KTMSCp#),226 MnBr(CO)3(py)2,248 and pentamethylcymantrene 
[Cp*Mn(CO)3]249 were prepared according to reported procedures.  
 
Elemental analysis. Elemental analysis was performed by Midwest Microlab (Indianapolis, IN, USA). 
Organolanthanide complexes, especially those of divalent ions, are well known to suffer incomplete 
combustion and formation of carbides during microanalysis, yielding consistently and artificially low 
values. Complexes bearing solvent ligands are further plagued by artificially low values due to loss of 
coordinated solvent during sample loading and/or combustion; thus, microanalysis values should be 
considered within a wider tolerance than usually expected.60,250–256 Here, elemental analysis has been treated 
in a manner consistent with the literature regarding divalent organolanthanide compounds. 
 
Mass spectrometry. Mass spectrometry was performed from solid samples using a Kratos Concept 2S 
magnetic sector electron impact high-resolution mass spectrometer.  
 
NMR spectroscopy. All NMR spectra were recorded using either a Bruker AVANCE II 300 MHz 
spectrometer or a Bruker AVANCE III HD 600 MHz spectrometer equipped with a triple resonance inverse 
5 mm H-C/N-D cryoprobe. 1H chemical shifts are reported in ppm relative to tetramethylsilane using the 
CDCl3 residual solvent signal at δ = 7.26 as an internal standard. 13C NMR spectra recorded on the 300 MHz 
spectrometer were collected using the proton-decoupled UDEFT pulse sequence,257 and chemical shifts are 
reported in ppm relative to tetramethylsilane referenced to the CDCl3 resonance at  = 77.16. 29Si NMR 
spectra were recorded using the DEPT35 pulse sequence, and chemical shifts are reported in ppm, 
externally referenced to tetramethylsilane ( = 0.00). 31P chemical shifts are reported in ppm, externally 
referenced to 85% aqueous H3PO4 ( = 0.00). 
  
Infrared spectroscopy. Fourier transform infrared (FTIR) spectra were recorded in the 𝜈෤ = 4000-525 cm-1 
range on a Nicolet 6700 FTIR spectrometer equipped with an attenuated total reflectance (ATR) 
attachment. Samples of air-sensitive materials comprised suspensions of crushed polycrystalline solid in a 
thin layer of Parabar 10312 oil; background spectra were corrected for the presence of the oil. Air-stable 
materials were measured as is.  
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X-ray crystallography. X-ray crystallography was performed using Bruker AXS KAPPA or SMART single-
crystal diffractometers equipped with APEX II CCD detectors, using graphite-monochromated Mo K 
radiation (λ = 0.710173 Å) from sealed tube sources. The crystals chosen were mounted on the tips of 100 
or 200 μm MicroLoops (depending on the crystal size) using Parabar 10312 oil and cooled to the indicated 
temperatures. Raw data collection and processing were performed with the Bruker APEX II software 
package.188,189 A multiscan absorption correction was applied (SADABS).190 The crystal structures were 
solved via direct methods and refined using a full-matrix least-squares method on F2 using the SHELXTL 
program suite191–193 and the Olex2 user interface.194 Non-hydrogen atoms were refined anisotropically. The 
position of all hydrogen atoms except for those bonded to boron were calculated based on the geometry of 
their respective atoms and are included at geometrically idealized positions [riding model]. Hydrogen 
atoms bonded to boron were located in the Fourier difference map and allowed to refine freely. 
 
Variable-temperature X-ray structural analysis. Additional crystallographic analysis at varying 
temperatures (90, 150, 175, and 270 K) was performed using a Bruker D8 VENTURE METALJET single-
crystal diffractometer equipped with a PHOTON III CMOS detector, using Ga Kα radiation (λ = 1.341 39 
Å) from a liquid Ga source (Bruker METALJET D2 PLUS with HELIOS MX optics). The crystals chosen 
were mounted on a loop fiber using Parabar 10312 oil and cooled to the indicated temperatures. Raw data 
collection and processing were performed as above, using the Bruker APEX 3 software package.195–197 
 
NoSpherA2. The 90 K crystal structures of 3.1 and 3.4 were refined using the non-spherical atom 
refinement protocol NoSpherA2242 as implemented in Olex2. The calculations were performed on a laptop 
computer bearing a 6-core 2.60/4.50 GHz Intel Core i7-9750H with hyperthreading, 16 GB RAM and solid-
state drives. The .tsc wavefunction was calculated using ORCA 5.0258–260 and the following settings: basis set 
x2c-TZVPP;246 method PBE0;244,245 6 threads and 10 GB memory allocation; “Max” integration accuracy; 
“Relativistics”, “H Aniso”, “No Afix”, and “DISP” activated; automatic HAR; SCF threshold “Strong”; SCF 
strategy “Normal”; updated SHELXTL-type weighting scheme activated. EXTI was activated for 3.1 as 
dictated by the original refinement, but not for 3.4. The entire [dimeric] molecule was taken as input for 

the wavefunction calculation, yielding a charge of 0 and a multiplicity of 2 ∗ ቀ
଻

ଶ
+

଻

ଶ
ቁ + 1 = 15, which was 

specified in the calculation settings. 
All diagrams were prepared using Olex2, Diamond 4,198,199 or Mercury 2020.1200 and POV-Ray.201 The data 
have been deposited with the Cambridge Crystallographic Data Centre under the deposition numbers 
2387284 – 2387312. Analysis of coordination geometry was performed using SHAPE 2.1,203,241 using the 
solvent oxygen atoms, centroid of the cyclopentadienyl ligand, and the central boron atoms of the 
tetrahydroborate ligands as vertices. 
 
Photoluminescence spectroscopy. Photoluminescence data was obtained using a Horiba QuantaMaster 
8075-21 spectrofluorometer. An ozone-free PowerArc 75 W xenon lamp was used as the radiation source. 
The excitation spectra were corrected in real time according to the lamp intensity and the optical system of 
the excitation monochromator using a silicon diode as a reference. The emission spectra were corrected 
according to the optical system of the emission monochromator and the photomultiplier response 
(Hamamatsu R13456 red-extended PMT). Samples were prepared inside the glovebox and comprised a 
small amount of crystalline solid placed inside a screw-top quartz cuvette, which was then sealed with 
additional layers of Teflon tape and electrical tape. Low-temperature measurements were performed with 
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the samples mounted inside a CS202*E-DMX-1AL closed-cycle helium cryostat system (Advanced 
Research Systems), controlled via a LakeShore 335 temperature controller. 

3.13 Synthesis 

(1 or 2 or 5)-phenyltetramethylcyclopentadiene (HCpxph). This compound was prepared via a modified 
literature procedure,261 as follows: an oven-dried Schlenk flask was purged with dry argon and charged with 
a stir bar and a 1.9 M solution of phenyllithium in di-n-butyl ether (Aldrich) (4.6 mL, 8.68 mmol, 1.2 eq.), 
then cooled to 0 C using an ice bath. 2,3,4,5-tetramethyl-2-cyclopentenone (1.0 g, 7.24 mmol, 1 eq.) was 
added dropwise via syringe at 0 C. The solution changed from a deep orange to a pale yellow-orange colour 
as the addition proceeded. The reaction mixture was allowed to warm to room temperature while stirring 
overnight, giving a cloudy, straw-coloured suspension. The mixture was poured over ice, then acidified to 
pH 1 via dropwise addition of concentrated HCl (2 mL) with shaking. The solution was extracted with 
diethyl ether and the organic phase dried over anhydrous sodium carbonate. The solvent was evaporated to 
give a yellow oil, which was vacuum-distilled using a short-path apparatus. Residual dibutyl ether was 
collected as a brief colourless forerun and discarded, then the title compound was obtained as a yellow oil 
(1.3 g, 90% yield). The NMR spectrum of this material was consistent with the literature, and comparison 
with the reported resonances indicates our sample contained 80% 2-phenyl-, 18% 1-phenyl-, and ~2% 5-
phenyl cyclopentadiene. The obtained oil was degassed via repeated freeze-pump-thaw cycles and 
transferred into a nitrogen-filled glove box for further manipulation and used in the next step without 
further purification.  
 
Potassium 1-phenyl-2,3,4,5-tetramethylcyclopentadienide (KCpxph). This compound was prepared via a 
modified literature procedure,187,261 as follows: in a glovebox under a positive pressure of nitrogen gas, 
HCpxph (1.3 g, 6.56 mmol, 1 eq.) was dissolved in dry diethyl ether (3.5 mL) and chilled to -20 C. Potassium 
hexamethyldisilazide (KHMDS) (1.7 g, 8.52 mmol, 1.3 eq.) was separately dissolved in dry diethyl ether 
(3.5 mL), and this solution was added dropwise to the stirring, chilled solution of HCpxph. The mixture was 
allowed to warm to room temperature with stirring overnight to give an opaque, pale yellow suspension. 
The solid was collected on a fine-porosity fritted glass filter, washed with hexanes (4x 5 mL), and dried in 
vacuo to give the title compound as a light beige powder (1.43 g, 92% yield) which was used without further 
purification.  
 
Potassium 1-(trimethylgermanyl)-2,3,4,5-tetramethylcyclopentadienide (KTMGCp#). This compound was 
prepared via a modified literature procedure,226 as follows: in a glovebox under a positive pressure of 
nitrogen gas, KCptet (250 mg, 1.56 mmol, 1 eq.) was dissolved in dry toluene (2.5 mL) with stirring. A 
solution of trimethylgermanium bromide (309 mg, 1.56 mmol, 1 eq.) in dry toluene (2.5 mL) was added 
dropwise at room temperature, and the mixture stirred for 48 hr at room temperature to give an opaque, 
pale yellow suspension. Hexanes (5 mL) was added, and the mixture was filtered over a pad of Celite to give 
a clear solution, which was subsequently chilled to -20 C. A solution of KHMDS (312 mg, 1.56 mmol, 1 eq.) 
in dry toluene was added dropwise to the chilled, stirring filtrate, and the mixture was allowed to warm to 
room temperature with stirring overnight. The resulting heavy precipitate was collected on a fine-porosity 
fritted glass filter, washed with hexanes (4x 5 mL), and dried in vacuo to give the title compound as a white 
solid (333 mg, 77% yield) which was used without further purification.  
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Potassium 1-(bis(dimethylamino)phosphino)-2,3,4,5-tetramethylcyclopentadienide (KbdpCp#). This 
compound was prepared via a modified literature procedure,227 as follows: in a glovebox under a positive 
pressure of nitrogen gas, a Schlenk flask was charged with KCptet (996 mg, 6.21 mmol, 1 eq.), dry diethyl 
ether (30 mL), dry hexanes (30 mL), and a stir bar. The flask was sealed with a rubber septum and 
transferred to a Schlenk line under a flow of argon, then cooled to 0 C using an ice bath. 
Bis(dimethylamino)chlorophosphine (1.0 g, 6.21 mmol, 1 eq.) was added via syringe to the stirring 
suspension of KCptet at 0 C. The mixture was allowed to warm to room temperature with stirring overnight, 
giving a cloudy, pale yellow suspension. The diethyl ether was removed in vacuo, and the remaining mixture 
was transferred back into the glovebox for further processing. The mixture was filtered over a pad of Celite 
and the pad rinsed with many small volumes of hexanes to ensure maximal product recovery. The colourless 
filtrate was concentrated to ca. 10 mL and chilled to -20 C (some colourless crystalline 1-
(bis(dimethylamino)phosphino)-2,3,4,5-tetramethylcyclopentadiene formed upon cooling). A solution of 
KHMDS (1.36 g, 6.83 mmol, 1.1 eq.) in 5 mL dry toluene was added dropwise to the stirring, chilled filtrate. 
The filtrate immediately attained a yellow colour and became significantly cloudy at the end of the KHMDS 
addition. The mixture was allowed to warm to room temperature with stirring over 48 hr, giving an opaque, 
yellowish suspension. The solid was collected on a fine-porosity fritted glass filter, washed with pentane (4x 
5 mL), and dried in vacuo to give the title compound as an off-white powder (1.45 g, 84% yield) which was 
used without further purification. 
 
Potassium 1,2,3,4-tetraisopropylcyclopentadienide (KCpiPr4). In a glovebox under a positive pressure of 
nitrogen gas, a Schlenk flask was charged with NaCpiPr4 (1 g, 3.9 mmol), dry THF (10 mL) and a stir bar. 
The flask was sealed with a rubber septum and transferred to a Schlenk line under a flow of argon. Distilled 
water (71 μL, 3.9 mmol, 1 eq) was added with a pipettor, causing the solution to turn cloudy immediately. 
The mixture was stirred under argon for 30 min, then filtered through a column comprising a plug of cotton 
wool, 1 cm of Celite, and 1 cm of Na2SO4 packed in a Pasteur pipette to give a cloudy, pale yellow solution. 
The solution was blown dry under a stream of air to give a white solid, which was redissolved in minimal 
pentane and blown dry again to give a yellowish crystalline solid. Analysis via 1H NMR spectroscopy 
confirmed the identity of this material as HCpiPr4 alongside minor impurities.231 The solid was dissolved in 
minimal pentane once more and the solution filtered through a 0.45 μM PTFE syringe filter to give a clear 
yellow solution, from which the solvent was removed and the residue dried in vacuo overnight before being 
transferred into a nitrogen-filled glove box.  
The crude HCpiPr4 was dissolved in dry hexanes (5 mL) with stirring, and a solution of KHMDS (856 mg, 
4.3 mmol, 1.1 eq. assuming quantitative yield of HCpiPr4) in toluene (3 mL) was added dropwise. The 
mixture rapidly turned yellow and cloudy and was stirred overnight at room temperature to give an opaque, 
yellowish suspension. The solid was collected on a fine-porosity fritted glass filter, washed with pentane (4x 
5 mL), and dried in vacuo to give the title compound as an off-white powder (827 mg, 78% yield) which was 
used without further purification.  
 
[CpxphEu(BH4)(THF)2]2 (3.1). In a glovebox under a positive pressure of nitrogen gas, [Eu(BH4)2(THF)2] 
(40 mg, 0.123 mmol, 1 eq.) and KCpxph (29 mg, 0.123 mmol, 1 eq.) were dissolved in dry THF (3 mL) with 
stirring. The solution immediately attained a yellow-orange colour, and orange luminescence was observed 
when the solution was excited with a 405 nm laser pointer. The mixture was stirred for 48 hr at room 
temperature, during which a substantial quantity of precipitate formed. The mixture was filtered over a pad 
of Celite, and the pad rinsed with several 0.5 mL portions of THF until the washings ran colorless. The 
filtrate was concentrated in vacuo until incipient crystallization; then THF was added dropwise until all the 
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solid just dissolved. The so-formed saturated solution was stored at −20 °C, resulting in the formation of 
yellow-green blocklike crystals. These were isolated by decantation of the supernatant and dried briefly in 
vacuo. This process was repeated with the supernatant to give 3.1 (32 mg, 52% yield over two crops). IR: 
ν෤ = 3056 (vw), 2978 (m), 2939 (m), 2883 (s), 2833 (w), 2719 (vw), 2370 (s), 2316(s), 2249 (s), 2198 (s), 1942 
(vw), 1874 (vw), 1817 (vw), 1668 (vw), 1595 (vs), 1504 (vs, with shoulder at 1477), 1441 (s), 1396 (s), 1338 
(w), 1294 (w), 1244 (w), 1138 (s, with shoulder at 1176), 1103 (s), 1072 (s), 1032 (vs), 980 (vw), 920 (vw), 
876 (vs, with shoulder at 835), 756 (vs), 702 (vs), 665 (s), 644 (w), 634 (m), 590 (m) cm-1. Anal. Calcd. (%) 
for C38H58B2Eu2O2 (872.43) (3.1 with loss of 2x coordinated THF): C, 52.32; H, 6.70. Found: C, 51.25; H, 
6.83.  
 
[TMSCp#Eu(BH4)(THF)2]2 (3.2). In a glovebox under a positive pressure of nitrogen gas, [Eu(BH4)2(THF)2] 
(100 mg, 0.31 mmol, 1 eq.) and KTMSCp# (72 mg, 0.31 mmol, 1 eq.) were dissolved in dry THF (5 mL) with 
stirring. The solution immediately attained a yellow-orange colour, and red-orange luminescence was 
observed when the solution was excited with a 405 nm laser pointer. The mixture was stirred for 48 hr at 
room temperature, during which a substantial quantity of precipitate formed. The mixture was filtered over 
a pad of Celite, and the pad rinsed with several 0.5 mL portions of THF until the washings ran colorless. 
The filtrate was concentrated in vacuo to ca. 2 mL, then crystallized via diffusion of n-hexane vapour into 
the concentrated filtrate at -35 C to give 3.2 (112 mg, 72% yield) as large, greenish-yellow platelike crystals. 
IR: ν෤ = 2970 (s), 2943 (s), 2883 (s), 2831 (w), 2721 (vw), 2380 (m), 2664 (m, br), 2197 (m, br, with shoulder 
at 2163), 1493 (m), 1433 (s), 1402 (m), 1385 (m), 1319 (s, with shoulder at 1340), 1244 (s), 1234 (s), 1117 
(s), 1032 (vs), 910 (m), 877 (s), 827 (vs, with shoulder at 843), 748 (s), 677 (s), 627 (s) cm-1. Despite several 
attempts, no sufficient or repeatable elemental analyses could be obtained from this compound. In addition 
to its high sensitivity to air, moisture and solvent loss, it is likely that this compound is especially prone to 
forming carbides given the presence of reducing organoeuropium(II) and its silicon content. However, 
single crystals were used for all analyses and the infrared and PL spectra are consistent with the expected 
composition.  
 
[TMGCp#Eu(BH4)(THF)2]2 (3.3). In a glovebox under a positive pressure of nitrogen gas, [Eu(BH4)2(THF)2] 
(40 mg, 0.123 mmol, 1 eq.) and KTMGCp# (34 mg, 0.123 mmol, 1 eq.) were dissolved in dry THF (3 mL) with 
stirring. The solution immediately attained a yellow colour, and red-orange luminescence was observed 
when the solution was excited with a 405 nm laser pointer. The mixture was stirred for 48 hr at room 
temperature, during which a substantial quantity of precipitate formed. The mixture was filtered over a pad 
of Celite, and the pad rinsed with several 0.5 mL portions of THF until the washings ran colorless. The 
filtrate was concentrated in vacuo to ca. 2 mL, then crystallized via diffusion of n-hexane vapour into the 
concentrated filtrate at -35 C to give 3.3 (80 mg, 73% yield) as large yellow platelike crystals. IR: ν෤ = 2974 
(s, with shoulder at 2943), 2883 (s), 2833 (m), 2717 (vw), 2372 (s), 2316 (s), 2251 (s), 2197 (s, with shoulder 
at 2171), 1700 (w), 1647 (vw), 1543 (m), 1490 (m), 1431 (s), 1323 (s), 1238 (m), 1226 (s), 1109 (s, with 
shoulders at 1138 and 1174), 1036 (vs), 879 (vs, with shoulder at 910), 818 (vs), 748 (s), 667 (s), 584 (vs), 
563 (vs) cm-1. Anal. Calcd. (%) for C40H82B2Eu2Ge2O4 (1097.90) (3.3 with loss of 4x coordinated THF): C, 
35.61; H, 6.23. Found: C, 33.71; H, 6.10. 
 
[bdpCp#Eu(BH4)(THF)2]2 (3.4). In a glovebox under a positive pressure of nitrogen gas, [Eu(BH4)2(THF)2] 
(40 mg, 0.123 mmol, 1 eq.) and KbdpCp# (34 mg, 0.123 mmol, 1 eq.) were dissolved in dry THF (3 mL) with 
stirring. The solution immediately attained a yellow-orange colour, and red-orange luminescence was 
observed when the solution was excited with a 405 nm laser pointer. The mixture was stirred for 48 hr at 
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room temperature, during which a substantial quantity of precipitate formed. The mixture was filtered over 
a pad of Celite, and the pad rinsed with several 0.5 mL portions of THF until the washings ran colorless. 
The filtrate was concentrated in vacuo until incipient crystallization; then THF was added dropwise until 
all the solid just dissolved. The so-formed saturated solution was stored at −20 °C, resulting in the formation 
of yellow rodlike crystals. These were isolated by decantation of the supernatant and dried briefly in vacuo. 
This process was repeated with the supernatant to give 3.4 (26 mg, 38% yield over two crops). IR: ν෤ = 2978 
(m), 2937 (w), 2877 (s), 2845 (s), 2819 (s), 2777 (m), 2372 (m), 2306 (m), 2249 (m), 2193 (m), 1443 (m), 
1400 (w), 1321 (s), 1255 (s), 1190 (s), 1138 (m), 1109 (m), 1034 (s), 966 (vs), 951 (vs), 897 (s), 877 (s), 823 
(m), 752 (m), 656 (vs), 631 (s) cm-1. Anal. Calcd. (%) for C42H88B2Eu2N4O4P2 (1100.69): C, 45.83; H, 8.06; N, 
5.09. Although the H and N analyses are within a reasonable expanded tolerance given the nature of the 
material and the known limitations of the method,256 analysis repeatedly returned low carbon values for this 
compound despite our best efforts. The best results we obtained are as follows: C, 33.80; H, 7.36; N 4.39. 
 
[CpiPr4Eu(BH4)(THF)2]∞ (3.5). In a glovebox under a positive pressure of nitrogen gas, [Eu(BH4)2(THF)2] 
(40 mg, 0.123 mmol, 1 eq.) and KCpiPr4 (34 mg, 0.123 mmol, 1 eq.) were dissolved in dry THF (3 mL) with 
stirring. The solution immediately attained a yellow-orange colour, and yellowish luminescence was 
observed when the solution was excited with a 405 nm laser pointer. The mixture was stirred for 48 hr at 
room temperature, during which a substantial quantity of precipitate formed. The mixture was filtered over 
a pad of Celite, and the pad rinsed with several 0.5 mL portions of THF until the washings ran colorless. 
The filtrate was concentrated in vacuo to ca. 2 mL, then crystallized via diffusion of pentane vapour into the 
concentrated filtrate at -35 C to give 3.5 (40 mg, 60% yield over two crops) as greenish-yellow blocklike 
crystals. IR: ν෤ = 2970 (m), 2949 (m), 2883 (m), 2862 (m), 2833 (vw), 2397 (m), 2264 (m, with shoulder at 
2299), 2224 (m, with shoulder at 2189), 1527 (vw), 1473 (w), 1441 (m), 1409 (vw), 1373 (m), 1358 (m), 1311 
(w), 1284 (w), 1246 (m), 1188 (m), 1176 (m), 1157 (vw), 1138 (w), 1113 (m), 1066 (vs), 1026 (m), 1014 (m), 
985 (m), 864 (vs), 835 (m), 764 (s), 731 (vw), 679 (s), 661 (w) cm-1. Anal. Calcd. (%) for C25H49BEuO2 (544.44, 
the monomeric unit of the polymer): C, 55.15; H, 9.07. Found: C, 50.22; H, 8.88. 
 
[Cp*Eu(BH4)(DME)]2 (3.6). In a glovebox under a positive pressure of nitrogen gas, [Eu(BH4)2(THF)2] 
(40 mg, 0.123 mmol, 1 eq.) and KCp* (22mg, 0.123 mmol) were dissolved in dry DME (10 mL) with 
stirring. The solution immediately attained a yellow colour, and orange luminescence was observed when 
the solution was excited with a 405 nm laser pointer. (On one occasion, we observed this solution to attain 
an unexpected dark orange colour at this stage, however the expected luminescence remained, and the 
reaction outcome was not affected.) The mixture was stirred for 72 hr at room temperature, during which 
a substantial quantity of precipitate formed. The mixture was filtered over a pad of Celite, and the pad rinsed 
with several 0.5 mL portions of DME until the washings were no longer luminescent. The filtrate was 
concentrated in vacuo until incipient crystallization; then DME was added in small portions with vigorous 
manual shaking until all the solid just dissolved. The so-formed saturated solution was stored at −35 °C, 
resulting in the formation of deep yellow blocklike crystals. These were isolated by decantation of the 
supernatant and dried briefly in vacuo to give 3.6 (36 mg, 60% yield). IR: ν෤ = 3000 (vw), 2972 (vw), 2939 
(m), 2898 (m), 2835 (m), 2723 (vw), 2374 (m), 2322 (m), 2241 (m), 2194 (m, br), 1443 (m, br, with shoulder 
at 1410), 1286 (w), 1242 (m), 1192 (m), 1142 (vw), 1109 (s), 1066 (vs), 1014 (m), 856 (vs), 829 (m), 798 (vw), 
561 (vw) cm-1. Anal. Calcd. (%) for C20H38B2Eu2 (604.07) (3.6 with loss of 2x coordinated DME): C, 39.77; 
H, 6.34. Found: C, 39.54; H, 5.86. 
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[CpiPr4Eu(BH4)(DME)]2 (3.7). In a glovebox under a positive pressure of nitrogen gas, [Eu(BH4)2(THF)2] 
(40 mg, 0.123 mmol, 1 eq.) and KCpiPr4 (34mg, 0.123 mmol, 1 eq.) were dissolved in dry DME (5 mL) with 
stirring. The solution immediately attained a yellow colour, and orange luminescence was observed when 
the solution was excited with a 405 nm laser pointer. The mixture was stirred for 48 hr at room temperature, 
during which a substantial quantity of precipitate formed. The mixture was filtered over a pad of Celite, and 
the pad rinsed with several 0.5 mL portions of DME until the washings were no longer luminescent. The 
filtrate was concentrated in vacuo to ca. 1 mL, then crystallized via diffusion of pentane vapour into the 
concentrated filtrate at -35 C to give 3.7 (19 mg, 32% yield) as bright green blocklike crystals. IR: ν෤ = 2970 
(m), 2949 (s), 2883 (m), 2862 (m), 2832 (w), 2397 (m, br), 2264 (m, br, with shoulder at 2285), 2224 (m, br, 
with shoulder at 2190), 1473 (w), 1440 (m), 1409 (w), 1373 (m), 1358 (m), 1305 (w), 1284 (w), 1246 (m), 
1188 (m), 1176 (m), 1140 (w), 1113 (s), 1066 (vs), 1026 (m), 1014 (m), 985 (m), 864 (vs), 835 (m), 764 (s), 
731 (w), 679 (s), 661 (w) cm-1. Anal. Calcd. (%) for C42H86B2Eu2O4 (980.69): C, 51.44; H, 8.84. Found: C, 
50.70; H, 9.04. 

 
General procedure 1 (GP1) for the synthesis of substituted cymantrenes. Using a modified literature 
procedure,6 a pear-shaped Schlenk flask was charged with MnBr(CO)3(py)2 (40 mg, 0.11 mmol, 1 eq.), the 
corresponding potassium cyclopentadienide (0.13 mmol, 1.2 eq.), and a stir bar in a glovebox under a 
positive pressure of nitrogen gas. THF (2 mL) was added, and the mixture stirred overnight at room 
temperature. The solvent was removed in vacuo, then the solid was treated with a small volume of hexanes 
to remove traces of pyridine before evaporating again. The flask was then sealed with a micro cold finger 
before transferring to a Schlenk line. The crude solid was carefully heated with a heat gun under dynamic 
vacuum to sublime the cymantrene, which was collected from the dry-ice-cooled cold finger in air.  
 
1-phenyl-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.8). Following GP1, the title 
compound was obtained as a yellow microcrystalline solid (36 mg, quantitative yield). 1H NMR (600 MHz, 
CDCl3) δ: 7.44 – 7.28 (m, 5H, phenyl, overlapping CDCl3 residual), 1.96 (s, 6H, 2,5-CH3), 1.85 (s, 6H, 3,4-
CH3). 13C NMR (151 MHz, CDCl3) δ: 226.5 (-CO), [132.8, 131.8, 128.3, 127.7] (aryl C), [101.1, 99.0, 94.8] 
(cyclopentadienyl C), [11.1, 10.5] (-CH3). IR: 𝜈෤େ୓ = 1992, 1898 cm-1. HRMS-EI (m/z): [M]+ calc’d for 
C18H17MnO3: 336.0558; found 336.0583 (32.75% abundance, 2.38 mmu deviation).  
 
1-(trimethylsilyl)-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.9). Following GP1, 
the title compound was obtained as a pale yellow powder (30 mg, 81% yield). 1H NMR (300 MHz, CDCl3) 
δ: 1.91 (s, 6H, cyclopentadienyl -CH3), 1.89 (s, 6H, cyclopentadienyl -CH3), 0.31 (s, 9H, -Si(CH3)3). 13C NMR 
(151 MHz, CDCl3) δ: 226.6 (-CO), [105.1, 99.7, 80.3] (cyclopentadienyl C), [13.1, 10.6] (cyclopentadienyl -
CH3), 2.0 (-Si(CH3)3). 29Si NMR (60 MHz, CDCl3) δ: -3.98 (s). IR: 𝜈෤େ୓ = 1988, 1900 (with shoulder at 
1874) cm-1. HRMS-EI (m/z): [M]+ calc’d for C15H21MnO3Si: 332.0640; found 332.0653 (21.75% abundance, 
1.20 mmu deviation). 
 
1-(trimethylgermanyl)-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.10). Following 
GP1, the title compound was obtained as a pale yellow microcrystalline solid (42 mg, 93% yield). 1H NMR 
(600 MHz, CDCl3) δ: 1.89 (s, 6H, cyclopentadienyl -CH3), 1.88 (s, 6H, cyclopentadienyl -CH3), 0.45 (s, 9H, 
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-Ge(CH3)3). 13C NMR (151 MHz, CDCl3) δ: 226.8 (-CO), [104.2, 99.1, 83.5] (cyclopentadienyl C), [12.9, 
10.6] (cyclopentadienyl -CH3), 1.6 (-Ge(CH3)3). IR: 𝜈෤େ୓ = 1986, 1898 (with shoulder at 1873) cm-1. HRMS-
EI (m/z): [M]+ calc’d for C15H21MnO3

74Ge: 378.0083; found 378.0099 (1.32% abundance, 0.83 mmu 
deviation). 
 
1-(bis(dimethylamino)phosphino)-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.11). 
Following GP1, the title compound was obtained as a pale yellow microcrystalline solid (36 mg, 86% yield). 
1H NMR (300 MHz, CDCl3) δ: 2.65 (d, 12H, -N(CH3)2), 3JP-H = 9 Hz), 1.94 (s, 6H, 2,5-CH3), 1.90 (s, 6H, 3,4-
CH3). 13C NMR (151 MHz, CDCl3) δ: 226.4 (-CO), 101.0 (d, 2JC-P = 9.4 Hz, 2,5-cyclopentadienyl), 97.9 (3,4-
cyclopentadienyl), 92.8 (d, 1JP-C = 12.4 Hz, C-P(NMe2)2), 41.4 (d, -N(CH3)2, 2JP-C = 17.7 Hz), 11.6 (d, 3JC-

P = 3.2 Hz, 2,5-CH3), 10.4 (3,4-CH3). 31P{1H} NMR (122 MHz, CDCl3) δ: 96.6 (s; without decoupling, a 
poorly resolved m). IR: 𝜈෤େ୓ = 1990, 1902 (with shoulder at 1874) cm-1. HRMS-EI (m/z): [M]+ calc’d for 
C16H24MnN2O3P: 378.0905; found 378.0908 (18.65% abundance, 0.28 mmu deviation). 
 
Cymantrenes 3.8, 3.9 and 3.10 were found to be indefinitely stable in the solid state under ambient 
conditions, their NMR spectra unchanged after more than one year of storage. However, 3.11 is only 
moderately air-stable, having intractably decomposed with loss of the -P(NMe2)2 fragment within the same 
time; this compound should be stored under inert gas for best longevity.  
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Endnotes 

[i]. It is perhaps important to note that for 3.4, the crystallographic axes were adjusted to be the same 
across all the different datasets to facilitate comparison, but the b-axis of the unit cell actually contracts 
faster than the a-axis upon cooling. However, we observe no striking anomalies in the temperature-
dependence of the metrical parameters that could be ascribed to this anisotropy in contraction, thus 
we will not consider it further. 
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CHAPTER 4 
Exploring a New Family of (Phosphinochalcogenoyl)Europocenes for Magneto-

Optical Thermometry 

4.1 Preface 

 
 
The work detailed in this chapter was published as an Open-Access Article in Angewandte Chemie 
International Edition and is reprinted from Diaz-Rodriguez, R. M., Gálico, D. A., Murugesu, M., Angew. 
Chem. Int. Ed. 2025, 64, e202517812 under the terms of the Creative Commons Attribution Non-
Commercial No Derivatives License. 

R. M. Diaz-Rodriguez performed all chemical synthesis; characterized the synthesized compounds 
by IR and NMR spectroscopy; performed and interpreted DFT calculations of vibrational spectra for 
KCp#PCh; collected, solved, refined and interpreted all SCXRD data; collected, processed and interpreted 
magnetometry data; collected, processed and interpreted diffuse reflectance, photoluminescence, and MCD 
data; and wrote the original manuscript. D. A. Gálico contributed to and substantially advised on the design 
of MCD thermometry experiments, collection and interpretation of MCD, diffuse reflectance and 
photoluminescence data, as well as writing and editing of parts of the manuscript. M. Murugesu oversaw 
all aspects of the project.  

Additional data and discussion pertaining to this chapter are given in Appendix C. 

4.2 Abstract 

The development of novel materials based on lanthanide metallocenes remains a valuable endeavour, due 
to the synthetic accessibility, compositional tunability, and impressive magnetic and luminescent properties 
of this class of well-studied compounds. Europium(II) complexes are particularly interesting in this regard, 
given the relative stability, strong paramagnetism, and characteristic Laporte-allowed 5d4f emission of 
this ion. In this study, we tap into the powerful class of phosphinocyclopentadienyl ligands to develop a 
novel family of potassium (bis(dimethylamino)phosphinochalcogenoyl)cyclopentadienides 
K[C5Me4(PCh(NMe2)2] of sulfur, selenium, and tellurium, and explore their coordination chemistry with 
EuII. These ligands readily form homoleptic europocenes where the pendant phosphine chalcogenide arms 
also coordinate the europium center, and these are characterized via single-crystal X-ray diffraction, 
absorbance, and photoluminescence spectroscopy. Characterization via magnetic circular dichroism 
(MCD) spectroscopy reveals that these complexes act as extremely sensitive probes for MCD-based 
magneto-optical thermometry, reaching relative thermal sensitivities up to 170 % K-1 at cryogenic 
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temperatures, with temperature uncertainties as low as 0.003 K. These complexes represent the first 
examples of organometallic MCD thermometers, and their remarkable properties and interesting structures 
highlight the promise of this new class of ligands and the utility of the EuII ion in lanthanide-based 
functional materials research. 

4.3 Introduction 

Molecular materials featuring divalent lanthanide ions have attracted significant attention due to their 
remarkable optical30,89,211,262,263 and magnetic264–268 properties. Among the divalent lanthanides, the classical 
EuII is of particular interest for several reasons. It is the most accessible and stable of all divalent lanthanide 
ions, with the EuII-EuIII redox couple having a small negative reduction potential of only -0.35 V vs. the 
standard hydrogen electrode.167 Consequently, the chemistry of the EuII ion is rich,86,269,270 and a variety of 
coordination and organometallic constructs containing EuII have been reported. In terms of optical 
properties, the spectra of divalent ions like EuII are dominated by Laporte-allowed d-f transitions which are 
intense and broad.30,46,54 Unlike the Laporte-forbidden, narrow-bandwidth, and long-lived f-f transitions 
typical of trivalent lanthanide ions, the d-f transitions of a divalent ion are highly sensitive to the 
coordination environment,48,166 given the spatially expanded and diffuse nature of the excited-state 5d 
orbitals.106,271 As a result, molecular systems based on EuII form a family of luminescent materials which 
together cover the entire visible spectrum and encroach upon the near-infrared.55–61 This sensitivity to 
environmental stimulus also means that EuII-based luminescent materials can be employed for band-shift 
luminescence thermometry,106,211,224,270,272 complementarily to the ratiometric or lifetime-based methods 
commonly demonstrated for trivalent lanthanide complexes.91–93,207,209,273 

Additionally, the strong paramagnetism of EuII makes it interesting from a magnetochemical 
perspective as well. EuII is isoelectronic with GdIII, thus has maximal single-ion ground-state spin owing to 
its 4f7, 𝑆଻/ଶ

଼  ground state electronic configuration. EuII-based materials have been successfully employed 
in magnetic resonance imaging274–276 and, despite the formally isotropic electron density distribution of the 
free ion, have even demonstrated slow magnetic relaxation in a tailored ligand field.277 Unlike GdIII, EuII can 
emit in the visible region,21 so multifunctional materials that can simultaneously exhibit interesting optical 
and magnetic properties become accessible with EuII. Thus, developing new (magneto-)optical materials 
based on EuII is a focal point of our research. 

Our endeavours toward novel EuII-based molecular materials led us to the first organoeuropium(II) 
band-shift luminescence thermometer, the hemimetallocene dimer [Cp*Eu(BH4)(THF)2]2,224 and later to a 
systematic study of how different ligands, especially different cyclopentadienides, affect the emission 
properties in complexes of that nature.270 Among these, the ligand bdpCp# (1-
(bis(dimethylamino)phosphino)-2,3,4,5-tetramethylcyclopentadienyl)227 stood out to us because the 
complex [bdpCp#Eu(BH4)(THF)2]2 bearing this esoteric phosphinocyclopentadienide demonstrated the 
second-best thermometric performance of the complexes we investigated. Phosphinocyclopentadienides 
are highly versatile ambident ligands, having already been extensively studied in the coordination and 
organometallic chemistry of main group, transition metal, and f-block elements, and combinations 
thereof;278–287 one need only look at the ubiquity of substituted phosphinoferrocenes as an example.288–297 
Furthermore, the free phosphine moiety of such ligands is poised for further chemical elaboration, offering 
a functional handle from which more diverse and complex systems can be constructed and evaluated for 
their potential favourable properties. 

Phosphinocyclopentadienyl ligands can be conveniently derivatized by transforming the formally 
PIII phosphine component into a tetracoordinate phosphorus analogue. Doing so allows the electronic 
properties of the ligand to be modulated, and offers a way to diversify the nature of the potential 
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phosphorus-based coordinating moiety. Such an approach has generated a variety of lanthanide complexes 
bearing cyclopentadienylideneaminophosphorane ligands298,299 that, by virtue of their nature as 
“constrained-geometry complexes” (CGCs),300,301 have demonstrated utility in small-molecule activation 
and polymerization catalysis.302–304 However, in this sense we are more interested in the ability of phosphines 
to be oxidized to formally PV phosphino(chalcogenoyl) species, e.g. by direct oxidation with elemental 
chalcogens.305 We take inspiration from the binary EuII chalcogenides EuCh (Ch = O, S, Se, Te),306,307 which 
are a famous class of magneto-optical materials that have been thoroughly studied since the 1960s. These 
compounds exhibit interesting properties such as ferromagnetic semiconductivity, magneto-optic Kerr 
effect,308 and strong magnetic circular dichroism (MCD). The bis(dimethylamino)phosphino moiety borne 
by bdpCp# is particularly disposed toward oxidative reactivity with chalcogens because it is highly Lewis basic, 
allowing it to form a stable phosphine selenide or telluride and addressing the lability typically intrinsic to 
such species,305,309–315 thus enabling a survey of structure-property relationships across the whole chalcogen 
group. 

Given that EuII metallocenes are already well-known for their luminescence properties,270 we 
envisioned that combining guidance from the field of solid-state materials with the well-understood 
chemistry of lanthanide metallocenes would be a promising avenue toward new magneto-optical materials. 
Further, despite its advantageous characteristics, bdpCp# is unexpectedly understudied, and to the best of our 
knowledge, there exist only two other reports which discuss it or its derivatives,227,316 and phosphine 
chalcogenide derivatives thereof are heretofore unknown. Thus, we report herein the synthesis and 
characterization of a new family of potassium 1-(bis(dimethylamino)phosphinochalcogenoyl)-
cyclopentadienides. These salts serve as convenient ligand precursors in the synthesis of the corresponding 
homoleptic EuII metallocenes, in which the pendant phosphine chalcogenide moieties are coordinated to 
the Eu center. This work focuses on the heavier chalcogens (S, Se, Te) because we are most interested in 
investigating the properties of soft-donor ligands. These are still less well-studied in lanthanide chemistry 
given the preference of hard lanthanide ions for hard donors, and are advantageous for luminescent 
materials applications due to their lower phonon energy.211,317 Further, EuII is, among lanthanides, a 
relatively large and soft ion, which is more amenable to accommodating a soft-donor ligand like a heavy 
chalcogen.211 The EuII metallocenes are characterized spectroscopically and found to be highly sensitive 
probes for MCD-based thermometry in the cryogenic regime, becoming the first examples of 
organometallic MCD thermometers. 

4.4 Synthesis and characterization of ligand precursors 

Beginning from the phosphinocyclopentadiene HbdpCp#,227 the synthesis of the phosphinochalcogenoyl-
substituted proligands studied here is straightforward and high-yielding at the gram-scale (Figure 4.1). In a 
two-step, one-pot procedure, a toluene solution of HbdpCp# is first oxidized with elemental chalcogen 
(sulfur, selenium, or, gratifyingly, tellurium) to furnish the phosphine chalcogenide, followed immediately 
by deprotonation with potassium hexamethyldisilazide (KHMDS) to give the corresponding potassium 
cyclopentadienide. We designate these compounds KCp#PCh (Ch = S, Se, Te), in analogy to the 
cyclopentadienylphosphazene “CpPN” ligands of Sundermeyer et al.298,302,318 It should be noted that the best 
results are obtained from these protocols when the starting material HbdpCp# is very pure (see Section 4.10). 
Each of the ligand precursors KCp#PCh is well-soluble in polar solvents like tetrahydrofuran (THF) and 
pyridine, but insoluble in aromatic solvents or alkanes.  

Analysis of the multinuclear NMR spectra of all compounds (See Appendix C, Section C.1) in 
pyridine-d5 reveals the expected pattern of resonances, and the spectral features are largely unremarkable.  
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Figure 4.1. Synthesis of (phosphinochalcogenoyl)cyclopentadienides KCp#PCh and their corresponding 
EuII complexes 4.1Ch. 

In the case of KCp#PSe and KCp#PTe, an uncommonly-observed 𝐽C-P
4  coupling is resolved in the 13C 

resonance ascribed to the 3,4-methyl substituents, due to the “rigid W” effect.319 Oxidation of the 
phosphinyl substituent engenders a significant upfield shift in the 31P resonances, which occur within the 
typical range for the corresponding (dimethylamino)phosphine chalcogenide320 in all cases (KCp#PS 
74.8 ppm, KCp#PSe 68.2 ppm, KCp#PTe 28.7 ppm cf. the free phosphine KbdpCp# at 115.9 ppm). A 31P-
coupled doublet at -167 ppm is observed in the 77Se spectrum of KCp#PSe, well downfield of (Me2N)3PSe 
or (Me2N)2PhPSe (ca. -370 ppm). The magnitude of the coupling constant 𝐽P-Se

ଵ  (660 Hz) is rather smaller 
than those observed in (Me2N)3PSe or (Me2N)2PhPSe (ca. 800 Hz), and is instead closer to 1,1′-
bis(alkylphosphino)ferrocene diselenides (ca. 700 Hz) or even Me3PSe (684 Hz). These observations may 
imply a significant contribution of the P=Se multiple-bonded resonance form of the phosphinoselenoyl 
substituent in this compound, compared to the usually predominant dipolar P+-Se- form.321 

A freshly prepared, room-temperature solution of KCp#PTe in pyridine-d5 is golden-yellow and 
shows the expected pattern of 1H resonances, analogously to its lighter congeners. However, the 31P and 
125Te resonances are noticeably broadened and/or diminished in intensity, as are the 13C resonances 
originating from the 1- and (3,4)-carbons of the cyclopentadienyl ring. Further investigation revealed that 
the 31P resonances gradually sharpened upon cooling and broadened upon heating (Figure 4.2), 
accompanied by slight changes in chemical shift. Furthermore, we noticed that the colour of the solution 
changed from golden-yellow to a grey-green colour over several hours, with no apparent change in the 
NMR spectra. This behaviour was reminiscent of that observed previously in solutions of partially 
detellurated mono- or oligophosphine tellurides, where fast exchange of tellurium among various free Lewis 
basic phosphorus sites leads to broadening and loss of observed P-Te coupling.310–313 Hence, we added a 
small amount of elemental Te directly to the NMR sample in an attempt to suppress any potential 
detelluration of KCp#PTe. However, the NMR spectra remained unaffected by this, exhibiting precisely the 
same behaviour. On the other hand, we were surprised to find that these solutions attain a red-violet colour 
upon standing for one week. The NMR spectra at that point exhibited the expected pattern313 of sharp 
resonances for all nuclei at room temperature, with only slight differences in chemical shift cf. the others. 
We therefore ascribe this behaviour to coordinative fluxionality of the phosphinotelluroyl substituent, 
wherein the dissolved species might interconvert between metallocene-like polymers (vide infra), smaller 
oligomers or clusters, and monomers, which eventually reaches a (meta)stable equilibrium. 
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Figure 4.2. Variable-temperature 31P{1H} NMR spectra of KCp#PTe within 6 hr of sample preparation (le) 
and aer one week of stabilization time (right). Spectra are normalized to the room-temperature spectrum 
in both cases. 

4.5 Synthesis of europocenes 

With the ligand precursors in hand, we proceeded to investigate their complexation reactivity with EuII. 
The reaction of [EuII(BH4)2(THF)2]56 with 2 eq. KCp#PS in THF followed by crystallization from 
THF/pentane at -35 °C yielded yellow blocklike crystals suitable for X-ray diffraction analysis, which were 
found to be the metallocene solvate [(Cp#PS)2Eu(THF)]·THF (4.1S·THF, Figures 4.3 and 4.4). The 
lanthanide borohydrides [LnX(BH4)x(THF)2-4] typically exhibit the useful property of allowing stepwise 
exchange of their tetrahydroborate ligands, thus serving as a useful platform for the synthesis of heteroleptic 
complexes.107 Given this, we were surprised to find that we could not obtain any mono(cyclopentadienyl) 
products from the equimolar reaction of [EuII(BH4)2(THF)2] and KCp#PS. Instead, the metallocene product 
was always formed, leaving 0.5 eq. of [EuII(BH4)2(THF)2] unreacted. 

We discovered that crystals of 4.1S·THF are extremely easily desolvated, quickly collapsing to a 
bright orange powder when not protected by their mother liquor or immersed in oil. Indeed, treatment of 
these crystals with an excess of any non-coordinating solvent afforded complete deterioration to give said 
orange powder, which is well-soluble in aromatic solvents. This behaviour precluded any further 
characterization of 4.1S·THF, so this complex will not be discussed further. It is necessary to conduct the 
metathesis reaction in THF to ensure solubility of both precursors. However, removal of THF upon 
completion of the reaction and redissolution of the residue in fluorobenzene gives, after a facile workup, 
the pure, solvent-free homoleptic europocene [(Cp#PS)2Eu] (4.1S) as an orange powder in good yield. 
Accordingly, the corresponding solvent-free phosphinoselenoyl and phosphinotelluroyl complexes 
[(Cp#PSe)2Eu] (4.1Se) and [(Cp#PTe)2Eu] (4.1Te) were synthesized in an analogous manner and were 
obtained as orange powders in good yield. Complexes 4.1Ch are well-soluble in aromatic solvents and 
sparingly soluble in alkanes; their alkane solubility decreases on going down the chalcogen group. These 
complexes were found to be indefinitely stable in the solid state under inert conditions. Notably, solid 4.1Ch 
can be handled briefly in air, decomposing over the course of minutes or hours instead of instantaneously. 
Their resistance towards aerobic decomposition decreases on going down the chalcogen group, as expected. 
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Metrical Parameter Value 

Avg. Eu-Cp(cent) distance 2.6378(3) 

Cp(cent)-Eu-Cp(cent) angle 144.13(1) 

Eu-S1 distance 
Eu-S2 distance 

3.0477(9) 
3.1260(9) 

S-Eu-S angle 166.76(2) 

Torsional twist angle τ 170.3(2) 

Avg. P-C(Cp) distance 1.753(2) 

Avg. P-S distance 1.977(1) 

Avg. P-N distance 1.661(2) 

Avg. N-P-N angle 110.7(1) 

Planarity at N1 

Planarity at N2 
Planarity at N3 
Planarity at N4 

0.238(3) 
0.157(2) 
0.190(3) 
0.086(3) 

Figure 4.3. Solid-state structure of 4.1S·THF. ermal ellipsoids are shown at 50% probability. For clarity, 
only one component of the disorder is shown; hydrogen atoms and THF of solvation are omitted. Selected 
metrical parameters are also given in the appended table (right). Distances are given in Å and angles are 
given in degrees. Twist angle τ is the torsion angle C-Cp(cent)-Cp(cent)-C between the cyclopentadienyl 
carbon atoms directly bound to the P atoms of the phosphinothioyl moiety and the corresponding 
cyclopentadienyl centroids.289 e value obtained for this complex corresponds to an antiperiplanar 
staggered geometry. N planarity is defined as the distance between the nitrogen atom and the plane defined 
by the phosphorus atom and the two methyl carbon atoms on N.293 is complex contains one planarized 
and three pyramidal dimethylamino substituents. 

 

Figure 4.4. Crystallographic packing diagrams of 4.1S·THF, shown along the a) a-axis, b) b-axis, and c) c-
axis of the unit cell. For clarity, only one component of the disorder is shown, and hydrogen atoms are 
omitted.  



 

90 
 

4.6 Structural analysis 

The ease with which 4.1S·THF is desolvated was surprising to us, given that removal of coordinated THF 
from highly oxophilic lanthanide ions, where possible at all, typically requires forcing conditions.322 Such 
behaviour is uncommon but not unprecedented, having been observed in e.g. the bulky thiophenolate 
EuII(SAr*)2 (Ar* = 2,6-bis(2,4,6-triisopropylphenyl)phenyl)),323 the samarocenes (COT)SmIII-
(C5R1

4PR2
2)(THF)n (COT = cyclooctatetraenyl dianion, R1 = H or Me, R2 = Me or Ph, n = 1 or 4),324 and 

other “CGC-type” complexes of cyclopentadienylideneaminophosphoranes.298,325 Clearly, the 
stereoelectronic characteristics of (Cp#PCh)- reduce the affinity of its metallocene complexes to bind solvent 
ligands, thereby avoiding the often undesirable “permanent coordination” of e.g. THF to lanthanide centers. 
This is a valuable characteristic, demonstrated even for a relatively large ion like EuII which would normally 
demand a high coordination number. The solvent-free europocenes 4.1Ch can each be recrystallized from 
fluorobenzene or fluorobenzene/pentane to furnish orange blocklike crystals suitable for X-ray diffraction 
analysis, and their solid-state structures are shown in Figure 4.5.  
 

 

Figure 4.5. Solid-state structures of EuII complexes 4.1Ch. Labels are given only to crystallographically 
unique atoms. ermal ellipsoids are shown at 50% probability; hydrogen atoms are omitted for clarity. 
Packing diagrams are given in Figures C2-4.  

These complexes are isomorphous in terms of molecular geometry but differ in their crystalline 
arrangement. Each complex demonstrates a typical bent-metallocene coordination environment courtesy 
of the two η5-cyclopentadienyl moieties, and the two chalcogen atoms from the pendant 
phosphinochalcogenoyl substituents complete the coordination sphere of Eu. The complexes are helically 
chiral as a result of the coordination of the phosphinochalcogenoyl arms,325,326 but crystallize as racemates 
in non-Sohncke space groups in all cases. These structural features are reminiscent of the remarkable 
ytterbocene [(Ph2P(C5Me4)NAd)2YbII] reported by Petrov et al.325 4.1S crystallizes in the orthorhombic 
space group Pbcn, with one half-molecule in the asymmetric unit. 4.1Te also crystallizes in an 
orthorhombic space group (Pna2ଵ), but with one complete molecule in the asymmetric unit. Meanwhile, 
4.1Se instead crystallizes in the monoclinic space group P2/c, with two halves of two different molecules 
(one of each enantiomer) composing the asymmetric unit (see Figure C5 and Table C1). 
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Although we were unsuccessful in obtaining X-ray quality crystals of any of the ligand precursors 
KCp#PCh, it is important to note that the infrared spectra of the precursors are extremely similar to their 
corresponding complexes 4.1Ch (Figures C8-10). Only small shifts in vibrational frequencies are observed, 
which are ascribable simply to coordination to EuII. This implies that the solid-state structures of KCp#PCh 
probably also contain metallocene-like motifs.327 To corroborate this, the vibrational frequencies of 
KCp#PCh formulated as “half-metallocene” fragments resembling the asymmetric unit of 4.1S (Figure C11) 
were calculated via DFT at the CAM-B3LYP328/def2-TZVPD329,330 level. The calculated frequencies were 
scaled using a single linear scaling equation331 (see Section 4.9), ultimately giving calculated infrared spectra 
that agree well with the experimental spectra (Figures 4.6-4.8). From this analysis, we can observe that the 
vibrational modes most affected by coordination to Eu are those dominated by motions of the -(NMe2)2PCh 
substituent. These results uphold that the most likely solid-state structure of each KCp#PCh consists of 
chains of potassium cations sandwiched between (Cp#PCh)- anions, which also explains the similarity in 
the infrared spectra between KCp#PCh and their corresponding EuII complexes 1-Ch. 

Selected metrical parameters of all 4.1Ch are shown in Table 4.1. The Eu-Cp(cent) distances are, 
overall, average among related europocenes,[i] and become progressively slightly elongated on going down 
the chalcogen group. The Cp(cent)-Eu-Cp(cent) angles are also average among bent europocenes[ii] and 
show no correlation with the identity of the chalcogen. However, 4.1S is distinctly less bent than its heavier 
congeners, which is probably due to decreased steric demand from the comparatively smaller sulfur atoms. 
Similarly, our europocenes are considerably less bent than [(Ph2P(C5Me4)NAd)2YbII] (Cp(cent)-Yb-
Cp(cent) angle 132.6(1)°)325 which bears bulkier ligands.  

Table 4.1. Selected metrical parameters of 4.1Ch. Distances are given in Å and angles are given in degrees. 

 4.1S 4.1Se[a] 4.1Te 
Eu-Cp(cent) distance 2.5337(1) 2.5379(1) 2.5492(4)[b] 
Cp(cent)-Eu-Cp(cent) angle 143.749(1) 137.728(2) 138.83(2) 
Eu-Ch distance 2.951(1) 3.0816(4) 3.2760(5)[b] 
Ch-Eu-Ch angle 111.09(3) 109.91(1) 108.30(1) 
Torsional twist angle τ[c] 85.3(2) 118.8(1) 116.2(1) 
P-C(Cp) distance 1.755(3) 1.764(2) 1.763(2)[b] 
P-Ch distance 1.997(1) 2.1540(6) 2.3967(6)[b] 
Avg. P-N distance 1.654(4) 1.656(2) 1.662(2)[b] 
N-P-N angle 109.9(2) 108.14(8) 109.3(1) 
Planarity at N[d]  0.192(4) 

0.044(4) 
0.217(2) 
0.003(2) 

0.060(2) 
0.269(2) 
0.244(2) 
0.020(2) 

[a] The two half-molecules in the asymmetric unit differ slightly in their metrical parameters but are similar (Figure C5), so one 
molecule is taken as representative. The difference between values is not crystallographically significant (Table C1), so this value is 
given as the average. [b] The asymmetric unit of this structure contains one complete molecule with two slightly different distances 
(or four, in the case of the P-N distance), so this value is given as the average. [c] Torsion angle C-Cp(cent)-Cp(cent)-C between 
the cyclopentadienyl carbon atoms directly bound to the P atoms of the phosphinochalcogenoyl moiety and the corresponding 
cyclopentadienyl centroids.289 [d] The distance between the nitrogen atom and the plane defined by the phosphorus atom and the 
two methyl carbon atoms on N.293 Listed in order of atom labeling, i.e. P1-N1, P1-N2, etc. 

 

With reference to the phosphinochalcogenoyl substituents and torsional angle τ,289,326 complex 4.1S adopts 
a synclinal eclipsed conformation of the cyclopentadienyl rings, whereas complexes 4.1Se and 4.1Te adopt  
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Figure 4.6. Experimental infrared spectrum of KCp#PS (yellow curve) compared to the corresponding 
simulated spectrum (obtained from vibrational frequencies calculated via DFT at the CAM-B3LYP/def2-
TZVPD level) (blue curve). e raw (grey ticks) and scaled (blue ticks) vibrational frequencies are also 
shown. e simulated spectrum was obtained by applying a 4 cm-1 Gaussian broadening to the calculated 
vibrational frequencies. Le: full spectra. Right: closeup of the fingerprint region (525‒1750 cm-1).  

 

 

Figure 4.7. Experimental infrared spectrum of KCp#PSe (brown curve) compared to the corresponding 
simulated spectrum (obtained from vibrational frequencies calculated via DFT at the CAM-B3LYP/def2-
TZVPD level) (blue curve). e raw (grey ticks) and scaled (blue ticks) vibrational frequencies are also 
shown. e simulated spectrum was obtained by applying a 4 cm-1 Gaussian broadening to the calculated 
vibrational frequencies. Le: full spectra. Right: closeup of the fingerprint region (525‒1750 cm-1).  
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Figure 4.8. Experimental infrared spectrum of KCp#PTe (green curve) compared to the corresponding 
simulated spectrum (obtained from vibrational frequencies calculated via DFT at the CAM-B3LYP/def2-
TZVPD level) (blue curve). e raw (grey ticks) and scaled (blue ticks) vibrational frequencies are also 
shown. e simulated spectrum was obtained by applying a 4 cm-1 Gaussian broadening to the calculated 
vibrational frequencies. Le: full spectra. Right: closeup of the fingerprint region (525‒1750 cm-1).  

anticlinal staggered conformations instead (Figure 4.9), which is likely due again to reasons of steric 
demand.  
 

 

Figure 4.9. Top-down view of truncated structures of 4.1S (le), 4.1Se (middle) and 4.1Te (right) 
highlighting the torsional angle τ that defines the metallocene conformation. Hydrogen and chalcogen 
atoms as well as dimethylamino substituents have been omitted. Black = C, orange = P, green = Eu.  

The Eu-Ch distances in 4.1Ch are in all cases shorter than the corresponding sum of covalent radii and are 
average among corresponding EuII-Ch bonds.[iii] Especially for 4.1Se, it is interesting to note that the P-Se 
distance is similar to the average Eu-alkene(cent) distance in the structurally related tethered olefin complex 
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[(C5Me4)SiMe2(CH2CH=CH2)]2EuII] (3.09 Å).332 Due to coordination to Eu, the P-Ch distances in 4.1Ch 
are between that of a typical (alkylamino)phosphine chalcogenide that features some P-Ch multiple bond 
character (S 1.95 Å,[iv] Se 2.11 Å,[v] Te 2.36 Å[vi]) and that of a typical P-Ch single bond (S 2.08 Å,[vii] Se 
2.22 Å,[viii] Te 2.50 Å[ix]). The P-S distance in 4.1S is noticeably longer than the average P-S distance in the 
dithioimidodiphosphinate [EuII{(NSPPh2)2}2(THF)2] (1.96 Å)211 and is more akin to those found in the 
phosphinodithioate [EuII(Ph2PS2)2(DME)2] (2.00 Å)333 or the phosphoranylidene [(EuII{CH(iPr2P–
S)(C9H6N-2)}2)2] (2.01 Å).334 Meanwhile, the P-Se distance in 4.1Se is similar to the average P-Se distance 
in the diselenoimidodiphosphinate [EuII{(NSePPh2)2}2(THF)2] (2.16 Å),211 and the phosphinodiselenoate 
[EuII(Ph2PSe2)2(DME)2] (2.14 Å)333 as well as to the CGC-type zirconocene (η7-C7H7)ZrIV(iPr2PSe(C5H4)) 
(2.15 Å)281 which bears a similar coordinated phosphine selenide arm. We were unable to find any other 
crystallographically-characterized P-Te-Eu fragments with which to compare 4.1Te, but the P-Te distance 
in this complex is slightly shorter than average for metal-bound P-Te motifs.[x] In all cases, each 
phosphinochalcogenoyl moiety of 4.1Ch contains one planarized and one pyramidal dimethylamino 
substituent,315 as observed previously in (dialkylaminophosphino)ferrocene chalcogenides.293 The P-N 
distances are within the expected range for aminophosphines,315 and the P-C(Cp) distance is ~1.76 Å in all 
cases; both metrics are average for a (diaminophosphinochalcogenoyl)cyclopentadienyl motif.[xi] 

4.7 Photoluminescence spectroscopy and luminescence thermometry 

Initially, we were disappointed to observe that crystals of 4.1S·THF exhibited only weak yellow-green 
luminescence, whose intensity and emission colour were, qualitatively, minimally affected by temperature. 
However, no spectroscopic characterization of this complex was possible due to its instability toward 
desolvation. On the other hand, the solvent-free 4.1S exhibited qualitatively much more intense red-orange 
emission, which became red upon cooling to 77 K. It therefore appears that coordination of THF to the EuII 
center in this complex has a deleterious effect on its emission characteristics. This is in direct contrast to 
the behaviour of our previously reported thermochromic emitter [Cp*Eu(BH4)(THF)2]2,224 which loses its 
interesting properties upon loss of its THF ligands. 

The intense and visibly thermochromic emission of 4.1S prompted us to investigate its 
temperature-dependent emission in the solid state, to evaluate its performance for band-shift luminescence 
thermometry. Excitation and emission spectra obtained at 10 K are shown in Figure 4.10. The excitation 
spectrum shows the expected bands from the EuII 5d state in conjunction with ligand-based states over the 
UV and blue spectral region, and excitation at 395 nm results in an intense, broad df emission band 
peaking at 636 nm. Beginning at 70 K, a small blueshift is observed with increasing temperature. The band 
peak shifts from 15 671 to 16 027 cm-1 (ΔE = 356 cm-1) over this temperature range, corroborating the 
observed colour change from red-orange to red (Figure 4.11). As previously described, the temperature-
dependence of the maximum band energy can be fitted using a Boltzmann function, and the absolute 
sensitivity 𝑆௔ can be obtained via the first derivative of the fitted function (Figure 4.12).224 Unfortunately, 
the performance of 4.1S as a luminescence thermometer is greatly diminished relative to our previously-
reported thermochromic emitters [(C5Me4R)EuII(BH4)(solv)n]2,270 exhibiting a small ΔE and maximum 𝑆௔ 
of only 1.5 cm-1 K-1 at 330 K. 

The phosphinoselenoyl analogue 4.1Se shows dramatically different luminescence properties. 
While no visible emission is observed at room temperature, the complex begins to emit bright red upon 
cooling to 77 K. At 10 K in the solid state, the excitation spectrum of 4.1Se shows analogous features to that 
of 4.1S, and the corresponding df emission is redshifted cf. 4.1S to 650 nm (Figure 4.13). Unexpectedly, 
4.1Se is not thermochromic. We observe no band-shift in the temperature-dependent emission spectra of  
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Figure 4.10. Solid-state excitation (grey) and emission (yellow) spectra for 4.1S obtained at 10 K. 

 

Figure 4.11. Temperature-dependent emission spectra (𝜆௘௫ = 395 nm) for 4.1S obtained in the solid state 
over the 70−330 K range with steps of 10 K. 



 

96 
 

 

Figure 4.12. Temperature dependence of the energy at the emission band maximum of 4.1S, extracted from 
the emission spectra shown in Figure 4.11 (le axis). e blue line represents the Boltzmann function fitted 
to the experimental data. Best fitting parameters: 𝐴ଵ = 14838, 𝐴ଶ = 33468, 𝑥଴ = 2308, 𝑅ଶ = 0.9954. 
Absolute sensitivity obtained as the first derivative of the fitted function (right axis). 

 

Figure 4.13. Solid-state excitation (grey) and emission (brown) spectra for 4.1Se obtained at 10 K. 
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Figure 4.14. Temperature-dependent emission spectra (𝜆௘௫ = 395 nm) for 4.1Se obtained in the solid state 
over the 10−120 K range with steps of 10 K. 

4.1Se (Figure 4.14), with the emission band simply broadening and diminishing in intensity with increasing 
temperature until it is no longer measurable above 120 K. More surprisingly, the tellurium analogue 4.1Te 
exhibits no emission whatsoever at any temperature. Given the trend defined by 4.1S and 4.1Se, we 
considered that the emission might be redshifted into the NIR, but no measurable luminescence was 
observed until 1600 nm. 

We ascribe this pattern of luminescence behaviour to an energetic overlap of the n‒π* transitions 
of the phosphine chalcogenide moiety with the metal-centered d‒f transitions of EuII. In the solid-state 
diffuse reflectance spectra of 4.1S, a broad peak centered at ~395 nm is observed, which is consistent with 
the excitation spectrum and is assigned generally to the f‒d vertical transitions of EuII (Figure 4.15c). 
Alongside this, an intense tail extending into the ultraviolet is observed, which is assigned to ligand-based 
π‒π* transitions involving the cyclopentadienyl fragment. In 4.1Se, a similar broad band consistent with 
the excitation spectrum and assignable to the metal-centered transitions is observed, but now a partial peak 
is observed inside the spectral window that can be assigned to the P-Se n‒π* transition (Figure 4.15d). The 
spectrum of 4.1Te (shown in Figure 4.15a,b) shows a distinct peak at ~300 nm overlapping the high-energy 
tail, which we ascribe to the P-Te n‒π* transition, and the broad band assigned to EuII-based transitions is 
slightly redshifted to ~405 nm. These assignments are consistent with the known spectral positions of n‒π* 
transitions in tris(dimethylamino)phosphine chalcogenides313,315 and the extended conjugation imparted by 
the appended cyclopentadienide. Therefore, luminescence in 4.1Se and 4.1Te might be quenched either by 
preferential excitation of the P-Ch n‒π* transition or by introduction of an additional nonradiative decay 
pathway via the associated states. To further analyze the quenching pathways operant in these complexes, 
the temperature-dependence of the photoluminescence intensity was interrogated for 4.1S and 4.1Se using 
the Mott-Seitz model (Eqn. 4.1),  
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Figure 4.15. Solid-state diffuse reflectance spectra for 4.1Ch transformed via the Kubelka-Munk function 
(a) and as raw reflectance (b). Comparison of the Kubelka-Munk-transformed diffuse reflectance spectra 
for 4.1S (c) and 4.1Se (d) (yellow and brown lines, respectively) with their solid-state photoluminescence 
excitation spectra at 10 K (blue curve) and room temperature, where applicable (red curve).  
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where ூ

ூబ
 is the photoluminescence intensity normalized to the intensity at the lowest measured temperature, 

𝐴௜  is the ratio between the nonradiative and radiative decay rates in the limit of T  0 K, and ∆𝐸௜ is the 
energy difference between the emitter level and the quencher level (Figure 4.16).335 We find a two-
component model accurately describes the experimental temperature-dependence of the intensities of both 
4.1S and 4.1Se, with crossovers occurring at ΔE = 2479 and 202 cm-1 for 1-S and ΔE = 223 and 50 cm-1 for 
1-Se. These results are consistent with an increased density of states in 1-Se, leading to greater overlap and 
therefore a stronger quenching pathway, and explaining the dramatic diminution of intensity with 
increasing temperature. Following this trend and in combination with the behaviour observed in the diffuse 
reflectance spectra, we hypothesize that the density and overlap of states in 4.1Te is larger still, resulting in 

(a)  (b) 

(c) (d) 
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Figure 4.16. Mott-Seitz plots for the relative photoluminescence intensity of 4.1S (yellow points) and 4.1Se 
(brown points). A double-crossover model was employed, and the best-fitting parameters are as follows: for 
4.1S, 𝐴ଵ = 1.79 x10଺, 𝐴ଶ = 1.29, ∆𝐸ଵ = 2479, ∆𝐸ଶ = 202, 𝑅ଶ = 0.9993; for 4.1Se, 𝐴ଵ = 4.13, 𝐴ଶ =

1090, ∆𝐸ଵ = 50, ∆𝐸ଶ = 223, 𝑅ଶ = 0.9989. 

a complete quenching of the emission even at cryogenic temperatures. 

4.7 Magneto-optical properties and MCD thermometry 

Despite becoming interested in the temperature-dependent emission properties of 4.1Ch upon observing 
intense, visibly thermochromic photoluminescence in the solvent-free 4.1S, we ultimately determined, as 
detailed above, that the photoluminescence characteristics of 4.1Ch are not conducive to their application 
as luminescence thermometers. However, the strong paramagnetism of EuII opens another avenue for 
applications of these complexes based on their optical properties. Namely, such systems are excellent 
candidates as probes for MCD thermometry, a magneto-optical thermometry technique recently 
introduced by our group.336 MCD spectroscopy337 measures the differential absorption (ΔA) of left and right 
circularly polarized components of light (lcp and rcp, respectively), induced by a magnetic field oriented 
parallel (positive H) or antiparallel (negative H) to the direction of the light propagation. The ΔA signal 
results from the magnetic perturbation of the states involved in the optical transitions due to the Zeeman 
effect. Magneto-optical thermometers have the potential to show greatly improved relative sensitivity (𝑆௥) 
compared to typical luminescence thermometers, since the technique relies on the presence of a highly 
temperature-dependent C-term in the MCD spectra of paramagnetic species at low temperature.337,338 This 
behaviour enables magneto-optical thermometers to operate at cryogenic temperatures, complementing 
conventional luminescence thermometers91 that tend to be poorly sensitive in this important temperature 
range for quantum technologies, spintronics, and superconductors. Hence, we aimed to study the variable-
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temperature and variable-field MCD (VTVH-MCD) spectra of 4.1Ch in the solid state to evaluate their 
performance in this area.  

Firstly, the bulk magnetic properties of 4.1Ch were probed via direct current (DC) SQUID 
magnetometry. The DC magnetic susceptibility χ of each complex 4.1Ch was measured at 1000 Oe between 
300 and 1.9 K (Figure 4.17), and the room-temperature χT products (4.1S 7.88, 4.1Se 7.84, 4.1Te 
7.83 cm3 K mol-1) agree well with the theoretical value of 7.88 cm3 K mol-1 for an isolated EuII ion ( 𝑆଻/ଶ

଼ , 
𝑆 = 7/2, 𝑔௃ = 1.997 ≅ 2). The χT product of 4.1S remains expectedly nearly constant over the measured 
temperature range, while the χT products of 4.1Se and 4.1Te decrease gently with decreasing temperature, 
with the latter decreasing more quickly than the former. 

 

 

Figure 4.17. Temperature dependence of the χT product at 1000 Oe for complexes 4.1Ch, with χ 
representing the molar magnetic susceptibility per molecule defined as M/H. 

The isothermal magnetization shows typical field-dependence in all cases (Figure 4.18a,b,c). Molecular 
divalent europium systems tend to exhibit 4f7, 𝑆଻/ଶ

଼  ground states consisting of four Kramers doublets 
separated by a zero-field splitting of up to a few wavenumbers.224,277,339 There is a slight downturn in the χT 
products of all 4.1Ch at very low temperatures and a slight nesting of reduced magnetization isotherms 
(Figure 4.18d,e,f), which are consistent with this model. The saturation magnetization for 4.1S (6.84 Nβ) at 
1.9 K and 7.0 T is close to the expected value (7 Nβ). However, in conjunction with the behaviour of the χT 
product, the saturation values for 4.1Se (6.16 Nβ) and 4.1Te (5.81 Nβ) under the same conditions are lower 
than expected. The polarizability of the chalcogens increases on going down the group, as does the 
polarization of the P-Ch bonds,340 placing progressively greater electron density at the metal-bound 
chalcogen atoms of 4.1Ch. Thus, we attribute the somewhat unusual magnetic behaviour observed in 4.1Se 
and 4.1Te to an increased nephelauxetic effect in these heavier chalcogen analogues.66,277,341 

4.1S 
4.1Se 
4.1Te 
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Figure 4.18. Isothermal field-dependence of the magnetization for 4.1S (a), 4.1Se (b), and 4.1Te (c), and 
reduced magnetization for 4.1S (d), 4.1Se (e), and 4.1Te (f) at the indicated temperatures. 

Next, we recorded the VH-MCD spectra of these complexes, which are shown in Figures 4.19-4.21. 
Following the trend observed from the DC magnetometry data, the MCD intensity of 4.1Ch is strong for 
4.1S and weakens on going down the chalcogen group. Six distinguishable components are selected for 
analysis in all cases, arranged into two positive (lcp-absorption dominated) and two negative (rcp-
absorption dominated) bands. The components are 310.3, 350.6, 380, 393.4, 439.8, and 498.3 nm for 4.1S, 
281.9, 332, 351.5, 394, 447.3, and 490 nm for 4.1Se, and 300, 322, 346.1, 408.5, 475.8, and 497.1 nm for 
4.1Te. In all cases, the transitions observed in the MCD spectra of 4.1Ch correspond with their diffuse 
reflectance spectra and, where applicable, with their photoluminescence excitation spectra (Figure 4.22). As 
observed in the diffuse reflectance spectra, transitions occurring below ~315 nm are predominantly ligand-
based, whereas those occurring above this wavelength are primarily f-d in nature. For 4.1S and 4.1Se, the f-
d transitions giving rise to the greatest emission intensity (especially those around 400 nm) also exhibit the 
greatest MCD intensity. Transitions at 281.9 nm (4.1Se) and 300 nm (4.1Te), assigned as putative P-Ch n‒
π* transitions (see Section 4.7), are likewise clearly visualized in the MCD spectra. The application of an 
equivalent antiparallel magnetic field to all complexes results in the expected mirror images.  

The magnetic isotropy of the EuII ion, combined with the low symmetry of the complexes (𝐶ଶ),342 
the large number of overlapping states, and the known complexity of the energetic landscape of EuII 
systems,186,307 would render disambiguation of the exact nature of each transition infeasible. Hence, we have 
not attempted a more detailed assignment of the MCD spectra. Nevertheless, a highly detailed assignment 
of the MCD spectra is not required for application in MCD thermometry, so we proceeded to analyze the 
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Figure 4.19. Variable-field magnetic circular dichroism (VH-MCD) spectra of 4.1S at 1.9 K (top) and 7.0 K 
(bottom) under applied magnetic fields of 0.1 ‒ 7 T. Spectra were collected with the magnetic field oriented 
parallel to the direction of light propagation (“positive field”, solid lines) and a spectrum was also collected 
with a 1 T magnetic field oriented antiparallel to the direction of light propagation (“negative” 1 T), 
indicated by the dashed line. 
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Figure 4.20. Variable-field magnetic circular dichroism (VH-MCD) spectra of 4.1Se at 1.9 K (top) and 
7.0 K (bottom) under applied magnetic fields of 0.1 ‒ 7 T. Spectra were collected with the magnetic field 
oriented parallel to the direction of light propagation (“positive field”, solid lines) and a spectrum was also 
collected with a 1 T magnetic field oriented antiparallel to the direction of light propagation (“negative” 
1 T), indicated by the dashed line. 
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Figure 4.21. Variable-field magnetic circular dichroism (VH-MCD) spectra of 4.1Te at 1.9 K (top) and 
7.0 K (bottom) under applied magnetic fields of 0.1 ‒ 7 T. Spectra were collected with the magnetic field 
oriented parallel to the direction of light propagation (“positive field”, solid lines) and a spectrum was also 
collected with a 1 T magnetic field oriented antiparallel to the direction of light propagation (“negative” 
1 T), indicated by the dashed line.  
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Figure 4.22. Comparison of VH-MCD spectra at selected fields with solid-state diffuse reflectance 
(coloured lines in lower portion) and photoluminescence excitation spectra (where applicable, filled grey 
curves in lower portion) for 4.1S (top), 4.1Se (middle), and 4.1Te (bottom). Dotted blue lines indicate the 
distinguishable components observed in the MCD spectra, as described in the text.  
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VT-MCD spectra for 4.1Ch under several applied magnetic fields (0.1, 0.25, 0.5 and 1.0 T) (Figures 4.23-
4.25). Upon increasing the temperature, positive bands become less positive and negative bands become 
less negative. Thus, by taking the difference in integrated area between a lcp- and a rcp-dominated 
transition band, we can implement a highly sensitive thermometric parameter ∆ = 𝐼௟௖௣ − 𝐼௥௖௣. In 
accordance with the strong MCD intensity of 4.1S, an acceptable signal-to-noise ratio was obtained at 0.1 T, 
while for 4.1Se and 4.1Te with weaker intensity, the minimum usable field was 0.25 T. A sigmoidal logistic 
function (Eqn. 4.2) was used to fit the Δ parameters:[xii] 

∆ =
஺భି஺మ

ଵାቀ௫
௫బൗ ቁ

೛ − 𝐴ଶ (4.2) 

and 𝑆௥ can then be calculated by dividing the derivative of the fitted function by the fitted  values (Eqn. 
1.2): 

𝑆௥(%) = ቈ
ቀ

ങ∆

ങ೅
ቁ

∆
቉ ∙ 100 (1.2) 

Various thermometric parameters consisting of combinations of 𝐼௟௖௣ and 𝐼௥௖௣ were evaluated to find the 
best performance (Figures 4.26-4.28), and the corresponding 𝑆௥ values were calculated for each 
combination (Figures 4.29-4.31). A summary of the single-parameter thermometric figures of merit of 
4.1Ch is given in Table 4.2. We therefore find that complexes 4.1Ch can behave as extraordinarily sensitive 
MCD thermometers; in particular, 4.1S shows an unprecedented single-parameter maximum 𝑆௥ of 
93.9 % K-1 at T = 1.7 K and H = 0.1 T. To further validate the thermometric performance of these 
complexes, the temperature uncertainty 𝛿𝑇 was calculated as reported previously.336 At the temperature of 
maximum sensitivity, values of 𝛿𝑇 in the range 10-3 – 10-2 K are obtained (Figures 4.32-4.34 and C13-C15). 
In accordance with our previous findings regarding MCD thermometers, these results demonstrate that 
increasing the applied magnetic field broadens the operational range at the expense of maximum 𝑆௥, when 
distinguishable signal-to-noise ratio is taken as the only criterion of merit. For a more quantitative 
comparison, we take a 𝛿𝑇 value of 1.0 K as the “useful” threshold and define the sensing range as the 
temperature range over which 𝛿𝑇 ≤ 1.0 K. 

The thermal sensing performance of these complexes can be further enhanced by considering all 
combinations of 𝐼௟௖௣ and 𝐼௥௖௣ simultaneously, via a multiparametric thermal readout method.343 This 
method applies a multiple non-linear regression to calculate one new 𝑆௥ from the sum of individual 
parameters, according to (Eqn. 4.3): 

𝑆௥,௠௣(%) = ඨ∑ ቈ
ቀ

ങ∆

ങ೅
ቁ

∆
቉

ଶ

௡
௜ୀଵ ∙ 100 (4.3) 

and correspondingly one new 𝛿𝑇 calculated based on the new 𝑆௥.336 Using this approach, dramatic 
improvements in maximum 𝑆௥ and 𝛿𝑇 are achieved in all cases, with 4.1S attaining a maximum 𝑆௥ of 
170 % K-1 with 𝛿𝑇 = 0.003 at T = 1.7 K and H = 0.1 T. Overall, improvements in sensitivity and temperature 
uncertainty of 50-60% are observed using the multiparametric approach, except for 4.1S at 1.0 T and 4.1Te 
at 0.25 T, where the improvements are somewhat less at ca. 25 and 41%, respectively. A summary of the 
thermometric figures of merit obtained from the multiparametric readout approach is also given in Table 
4.2.
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Figure 4.23. Variable-temperature magnetic circular dichroism (VT-MCD) spectra of 1-S under applied magnetic fields of (a) 0.1, (b) 0.25, (c) 0.5, 
and (d) 1.0 T. Regions 𝐼௡ of the spectra from which MCD thermometric parameters Δ are derived are indicated by yellow boxes.

(a) (b) 

(c) (d) 
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Figure 4.24. Variable-temperature magnetic circular dichroism (VT-MCD) spectra of 4.1Se under applied 
magnetic fields of 0.25 (top), 0.5 (middle), and 1.0 T (bottom). Regions 𝐼௡ of the spectra from which MCD 
thermometric parameters Δ are derived are indicated by brown boxes. 
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Figure 4.25. Variable-temperature magnetic circular dichroism (VT-MCD) spectra of 4.1Te under applied 
magnetic fields of 0.25 (top), 0.5 (middle), and 1.0 T (bottom). Regions 𝐼௡ of the spectra from which MCD 
thermometric parameters Δ are derived are indicated by green boxes.



 

 

11
0 

 

Figure 4.26. Temperature-dependence of the Δ parameters of 4.1S under applied magnetic fields of (a) 0.1, (b) 0.25, (c) 0.5, and (d) 1.0 T. e solid 
lines represent the sigmoidal logistic function fitted to the experimental data; best fitting parameters are given in Table C6.

(a) (b) 

(c) (d) 
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Figure 4.27. Temperature-dependence of the Δ parameters of 4.1Se under applied magnetic fields of 0.25 
(top), 0.5 (middle), and 1.0 T (bottom). e solid lines represent the sigmoidal logistic function fitted to the 
experimental data; best fitting parameters are given in Table C6. 
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Figure 4.28. Temperature-dependence of the Δ parameters of 4.1Te under applied magnetic fields of 0.25 
(top), 0.5 (middle), and 1.0 T (bottom). e solid lines represent the sigmoidal logistic function fitted to the 
experimental data; best fitting parameters are given in Table C6.
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Figure 4.29. Relative sensitivities calculated for each Δ parameter of 4.1S under applied magnetic fields of (a) 0.1, (b) 0.25, (c) 0.5, and (d) 1.0 T. e 
blue line labelled “MP” indicates the sensitivity derived from a multiparametric thermal readout method that combines the temperature-dependence 
of all Δ for a given set of conditions into one parameter. 

(a) (b) 

(c) (d) 
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Figure 4.30. Relative sensitivities calculated for each Δ parameter of 4.1Se under applied magnetic fields of 
0.25 (top), 0.5 (middle) and 1.0 T (bottom). e blue line labelled “MP” indicates the sensitivity derived 
from a multiparametric thermal readout method that combines the temperature-dependence of all Δ for a 
given set of conditions into one parameter. 
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Figure 4.31. Relative sensitivities calculated for each Δ parameter of 4.1Te under applied magnetic fields of 
0.25 (top), 0.5 (middle) and 1.0 T (bottom). e blue line labelled “MP” indicates the sensitivity derived 
from a multiparametric thermal readout method that combines the temperature-dependence of all Δ for a 
given set of conditions into one parameter.
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Figure 4.32. Temperature uncertainty 𝛿𝑇 obtained for 4.1S under applied magnetic fields of (a) 0.1, (b) 0.25, (c) 0.5, and (d) 1.0 T, based on the 
temperature-dependent signal fluctuations shown in Figure C13. e dashed grey line indicates the “useful threshold” of 𝛿𝑇 = 1.0 K. 

(a) (b) 

(c) (d) 
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Figure 4.33. Temperature uncertainty 𝜹𝑻 obtained for 4.1Se under applied magnetic fields of 0.25 (top), 
0.5 (middle), and 1.0 T (bottom), based on the temperature-dependent signal fluctuations shown in Figure 
C14. e dashed grey line indicates the “useful threshold” of 𝛿𝑇 = 1.0 K. 
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Figure 4.34. Temperature uncertainty 𝛿𝑇 obtained for 4.1Te under applied magnetic fields of 0.25 (top), 
0.5 (middle), and 1.0 T (bottom), based on the temperature-dependent signal fluctuations shown in Figure 
C15. e dashed grey line indicates the “useful threshold” of 𝛿𝑇 = 1.0 K.
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Table 4.2. Summary of thermometric figures of merit obtained for 4.1Ch applied as probes for MCD-based thermometry. 

  0.1 T 0.25 T 0.5 T 1.0 T 

  
Single-

Parameter 
Multi-

parametric 
Single-

Parameter 
Multi-

parametric 
Single-

Parameter 
Multi-

parametric 
Single-

Parameter 
Multi-

parametric 

4.1S 

Max. 𝑆௥ (% K-1)[a] 93.9 170 60.3 114 53.8 89.9 46.7 61.0 

δT (K)[b] 0.005 0.003 0.02 0.009 0.02 0.01 0.02 0.01 

Sensing Range (K)[c] 1.7 ‒ 3.5 1.7 ‒ 10 1.7 ‒ 12.4 1.7 ‒ 18.7 1.7 ‒ 11.7 1.7 ‒ 17.4 

4.1Se 

Max. 𝑆௥ (% K-1)[a] n.d. 61.5 112 52.6 90.7 34.3 61.2 

δT (K)[b] n.d. 0.05 0.03 0.02 0.01 0.07 0.04 

Sensing Range (K)[c] n.d. 1.7 ‒ 8 1.7 ‒ 15 1.7 ‒ 10.9 

4.1Te 

Max. 𝑆௥ (% K-1)[a] n.d. 85.9 130 50.8 94.4 35.2 59.4 

δT (K)[b] n.d. 0.002 0.001 0.02 0.01 0.02 0.01 

Sensing Range (K)[c] n.d. 1.7 ‒ 6 1.7 ‒ 12.5 1.7 ‒ 13.7 

[a] Maximum 𝑆௥ is attained at 1.7 K under all conditions. [b] Temperature uncertainty at the temperature of maximum 𝑆௥. [c] Temperature range for which 𝛿𝑇 is ≤ 1.0 K. n.d. = not 
determined. 
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Complexes 4.1Ch are thus the first examples of organometallic complexes employed for MCD 
thermometry, and highlight the huge potential of EuII complexes as magneto-optical thermometers. We 
predict that further engineering of EuII complexes will yield magneto-optical materials with higher stability 
and potentially further improvements in thermometric performance. 

4.8 Conclusion 

Three novel potassium cyclopentadienides featuring bis(dimethylamino)phosphinochalcogenoyl 
substituents containing sulfur, selenium, and tellurium, as well as their homoleptic complexes with EuII, 
were prepared and characterized. The chalcogen atom of these ligands coordinates to the lanthanide center 
and, in doing so, disfavours the coordination of solvent ligands. Photoluminescence studies show that the 
identity of the chalcogen atom has an important effect on the luminescence properties of the EuII complexes, 
as the emission is progressively quenched on going down the chalcogen group. These complexes show 
highly temperature-dependent MCD and represent the first examples of organometallic complexes as 
probes for magneto-optical thermometry via MCD spectroscopy. In this application, values of relative 
sensitivity up to 170 % K-1 with temperature uncertainty as low as 0.003 K at cryogenic temperatures are 
obtained, far surpassing what is attainable with conventional luminescence thermometry. Further 
investigation of lanthanide complexes of these useful and interesting ligands is a continuing area of research 
in our group. 

4.9 Methods 

General remarks. All manipulations were conducted under stringently oxygen- and moisture-free 
conditions under argon or nitrogen atmospheres using Schlenk line and glovebox techniques. All chemicals 
were purchased from STREM Chemicals, Oakwood Scientific, Sigma-Aldrich, or Fisher Scientific and used 
as received unless otherwise noted. Tetrahydrofuran (THF), hexanes, pentane, diethyl ether, and toluene 
were dried on columns of activated alumina using a J.C. Meyer Phoenix solvent system and degassed via 
repeated freeze-pump-thaw cycles, then stored over activated 4 Å molecular sieves. Pyridine-d5 was 
degassed via repeated freeze-pump-thaw cycles then stored over activated 4 Å molecular sieves. 
Fluorobenzene was pre-dried by stirring over P2O5 for one week, then distilled under an atmosphere of 
argon, degassed via repeated freeze-pump-thaw cycles, and stored over activated 4 Å molecular sieves. 
Ultrapure barium sulfate (99.998% trace metals basis, Fisher Scientific AA010651) was dried under vacuum 
at 120 °C before use. 1-(bis(dimethylamino)phosphino)-2,3,4,5-tetramethylcyclopentadiene (vide infra, 
Figure 4.35)227,270 and [EuII(BH4)2(THF)2]56 were prepared according to reported procedures.  
 
Elemental analysis. Elemental analysis was performed by Midwest Microlab (Indianapolis, IN, USA). 
Organolanthanide complexes, especially those of divalent ions, are well known to suffer incomplete 
combustion and formation of carbides during microanalysis, yielding consistently and artificially low 
values.60,284 Complexes bearing solvent ligands are further plagued by artificially low values due to loss of 
coordinated solvent during sample loading and/or combustion; thus microanalysis values should be 
considered within a wider tolerance than usually expected.256 Here, elemental analysis has been treated in a 
manner consistent with the literature regarding divalent organolanthanide compounds. 
 
NMR spectroscopy. All NMR spectra were recorded using either a Bruker AVANCE III HD 500 MHz 
spectrometer or a Bruker AVANCE III HD 600 MHz spectrometer equipped with a triple resonance inverse 
5 mm H-C/N-D cryoprobe. 1H chemical shifts are reported in ppm relative to tetramethylsilane using the 
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pyridine-d5 residual solvent signal at δ = 8.74 as an internal standard. 13C chemical shifts are reported in 
ppm relative to tetramethylsilane referenced to the pyridine-d5 resonance at  = 150.35. 31P chemical shifts 
are reported in ppm, externally referenced to 85% aqueous H3PO4 ( = 0.00). 77Se chemical shifts are 
reported in ppm, externally referenced to Me2Se ( = 0.00). 125Te chemical shifts are reported in ppm, 
externally referenced to Me2Te ( = 0.00).  
 
Infrared spectroscopy. Fourier transform infrared (FTIR) spectra were recorded in the 𝜈෤ = 4000-525 cm-1 
range on a Nicolet 6700 FTIR spectrometer equipped with an attenuated total reflectance (ATR) 
attachment. Samples of air-sensitive materials comprised suspensions of crushed polycrystalline solid in a 
thin layer of Cargille Type NVH immersion oil (MiTeGen); background spectra were corrected for the 
presence of the oil.  
 
X-ray crystallography. X-ray crystallography was performed using a Bruker AXS KAPPA single-crystal 
diffractometer equipped with an APEX II CCD detector, using graphite-monochromated Mo K radiation 
(λ = 0.710173 Å) from a sealed tube source. The crystals chosen were mounted on the tips of 100 or 200 μm 
MicroLoops (depending on the crystal size) using Cargille Type NVH immersion oil and cooled to the 
indicated temperatures. Raw data collection and processing were performed with the Bruker APEX II 
software package.195,196 A multiscan absorption correction was applied (SADABS).197 The crystal structures 
were solved via direct methods and refined using a full-matrix least-squares method on F2 using the 
SHELXTL program suite191–193 and the Olex2 user interface.194 Non-hydrogen atoms were refined 
anisotropically. The positions of all hydrogen atoms were calculated based on the geometry of their 
respective atoms and are included at geometrically idealized positions [riding model]. All diagrams were 
prepared using Diamond 4198,199 or Mercury 2024.3.1200 and POV-Ray.201 The data have been deposited with 
the Cambridge Crystallographic Data Centre under the deposition numbers indicated in Section C.2. 
 
SQUID magnetometry. DC magnetic measurements were performed using a Quantum Design MPMS-
XL7 SQUID magnetometer operating in the temperature range 1.8−300 K, on crushed polycrystalline 
samples of 4.1Ch restrained in a matrix of vacuum grease (Corning) and wrapped in a polyethylene 
membrane. The magnetization data were collected at 100 K to check for ferromagnetic impurities, which 
were absent. Diamagnetic corrections were applied for the sample holder, and the inherent diamagnetism 
of the prepared sample was estimated with the use of Pascal’s constants. 
 
Diffuse reflectance spectroscopy. Diffuse reflectance spectra were recorded using an Agilent DRA-2500 
PMT/PbS internal diffuse reflectance accessory mounted inside an Agilent Cary 5000 UV-Vis-NIR 
spectrophotometer. Samples were prepared in the glovebox by diluting the compound of interest to 
5 ± 1 wt% in ultrapure BaSO4 and homogenizing to a very fine powder in an agate mortar and pestle. The 
powder was enclosed in an Agilent “small” powder cell (cat. No. 9910111400) whose base was sealed with 
paraffin wax and whose threads were sealed with several wraps of high-density Teflon tape. The cell was 
jacketed by a gentle flow of argon during data collection to protect the sample. To facilitate comparison, the 
so-obtained reflectance spectra were transformed into pseudo-absorbance spectra by applying the Kubelka-

Munk function344,345 𝐹(𝑅) =
௄

ௌ
=

(ଵିோ)మ

ଶோ
.  

 
Photoluminescence spectroscopy. Photoluminescence data were obtained using a Horiba QuantaMaster 
8075-21 spectrofluorometer. An ozone-free PowerArc 75 W xenon lamp was used as the radiation source. 
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The excitation spectra were corrected in real time according to the lamp intensity and the optical system of 
the excitation monochromator using a silicon diode as a reference. The emission spectra were corrected 
according to the optical system of the emission monochromator and the photomultiplier response 
(Hamamatsu R13456 red-extended PMT). Samples were prepared inside the glovebox and comprised a 
small amount of crystalline solid placed inside a screw-top quartz cuvette, which was then sealed with 
additional layers of high-density Teflon and electrical tapes. Low-temperature measurements were 
performed with the samples mounted inside a CS202*E-DMX-1AL closed-cycle helium cryostat system 
(Advanced Research Systems), controlled via a LakeShore 335 temperature controller. 
 
Magnetic circular dichroism spectroscopy. MCD measurements were performed using a Jasco J-1700 
circular dichroism spectrometer and an Oxford Instruments SpectromagPT cryogen-free magneto-optical 
superconducting magnet system. MCD spectra were recorded on a mull of the solid compound in Cargille 
type NVH immersion oil, prepared in the glovebox. For 4.1S and 4.1Se, a portion of the mull was 
sandwiched between quartz slides. To compensate for the significantly lower MCD intensity of 4.1Te, the 
optical path length was increased by introducing a 2 mm titanium spacer between the quartz slides; the 
intervening space was then filled with the mull. The spectrum in the absence of an applied field was used as 
the background for the measurements. 
 
Computational details. All DFT calculations were performed using Gaussian 09 via the WebMO version 
18.1.002e interface, running on a computing cluster administered by the Woo Lab at the University of 
Ottawa. Geometry optimizations and calculations of vibrational frequencies were carried out at the CAM-
B3LYP328/def2-TZVPD329,330 level of theory. Gaussian 09 does not natively include the Weigend-Ahlrichs 
family of basis sets, so these were downloaded from the Environmental Molecular Sciences Laboratory Basis 
Set Exchange database346–348 and introduced manually to the calculation using the gen instruction. For 
KCp#PTe, an effective core potential included in the def2-TZVPD basis set349 was used on tellurium. As we 
surmised that the solid-state structure of KCp#PCh contained metallocene-like motifs, a molecular 
geometry consisting of an (η5-Cp,κ1-Ch)-coordinated potassium ion was given as input (Figure C11). 
Geometry optimizations converged to energy minima in all cases, as evidenced by the lack of imaginary 
vibrational frequencies, and the resulting optimized geometries exhibited reasonable metrical parameters 
resembling the SCXRD structures of the corresponding Eu complexes 4.1Ch. The calculated vibrational 
frequencies were expectedly systematically overestimated, so they were corrected using a single linear 
scaling equation,331 derived by comparing the experimental and calculated frequencies of several prominent 
vibrations in each spectrum (Figure C12 and Tables C2 and C3). This procedure gave simulated spectra in 
good agreement with the experimental spectra (Figures 4.6-4.8). 

4.10 Synthesis 

Potassium 1-(bis(dimethylamino)phosphinothioyl)-2,3,4,5-tetramethylcyclopentadienide (KCp#PS). 
In a glove box under a positive pressure of nitrogen gas, HbdpCp# (1.0 g, 4.16 mmol, 1 eq.) was dissolved in 
toluene (7 mL) with stirring. Crystalline sulfur (134 mg, 4.16 mmol, 1 eq.) was added, and the mixture was 
stirred at room temperature until the sulfur was fully dissolved (ca. 10 min), then for an additional 2 hr. A 
solution of KHMDS (913 mg, 4.58 mmol, 1.1 eq.) in toluene (8 mL) was then added dropwise, causing the 
solution to become bright yellow and precipitate a large quantity of light-coloured solid. The mixture was 
stirred overnight at room temperature. The resulting precipitate was collected on a fine-porosity fritted 
glass filter, washed with toluene (5x 5 mL) and pentane (5x 5 mL), then dried in vacuo to give the title 
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compound as an off-white powder (1.25 g, quantitative yield). IR: ν෤ = 3007 (vw), 2985 (vw), 2964 (vw), 
2904 (vw), 2852 (w, with shoulder at 2835), 2796 (vw), 2729 (vw), 1433 (vw), 1404 (vw), 1371 (vw), 1298 
(m), 1277 (w, with shoulder at 1250), 1184 (w), 1142 (vw), 1105 (vw), 1063 (vw), 1022 (vw), 966 (s, with 
shoulder at 974), 825 (vw), 769 (m), 694 (vs), 652 (vw), 619 (s), 555 (vw) cm-1. 1H NMR (500 MHz, pyridine-
d5) δ: 3.04 (d, 12H, 3JH-P = 10.4 Hz, -NMe2), 2.44 (s, 6H, 2,5-Cp-CH3), 2.25 (s, 6H, 3,4-Cp-CH3). 13C NMR 
(126 MHz, pyridine-d5) δ: 116.2 (d, 3,4-Cp, 3JC-P = 8.7 Hz), 116.1 (d, 2,5-Cp, 2JC-P = 7.0 Hz), 93.4 (d, 1-Cp, 
1JC-P = 152 Hz), 38.8 (d, -NMe2, 2JC-P = 2.9 Hz), 13.1 (2,5-Cp-CH3), 12.4 (3,4-Cp-CH3). 31P{1H} NMR 
(203 MHz, pyridine-d5) δ: 74.8 (s). Anal. Calcd. (%) for C13H24N2PSK (310.48): C, 50.29; H, 7.79; N 9.02. 
Found: C, 50.01; H, 7.81; N, 9.00. 
 
Unlike sulfur, powdered selenium and tellurium are not soluble in toluene, so the reaction of HbdpCp# with 
these elements is slower and dependent on the particle size of the powder employed in the protocol. As 
detailed below, for KCp#PSe, we used 2 eq. of selenium and a reaction time of 36 hr. in refluxing toluene to 
generate the corresponding phosphine selenide. In the case of KCp#PTe, the oxidation is complete within 
18 hr. due to the more finely divided tellurium we used. 
 
Potassium 1-(bis(dimethylamino)phosphinoselenoyl)-2,3,4,5-tetramethylcyclopentadienide 
(KCp#PSe). In a glove box under a positive pressure of nitrogen gas, HbdpCp# (860 mg, 3.58 mmol, 1 eq.) 
was dissolved in toluene (8 mL) with stirring. Selenium powder (100 mesh, 567 mg, 7.16 mmol, 2 eq.) was 
added, and the mixture was stirred at reflux for 36 hr, during which the solution became pale yellow. The 
mixture was filtered over a pad of Celite to give a clear pale yellow solution, rinsing with toluene until the 
washings ran colourless. To the filtrate, a solution of KHMDS (786 mg, 3.94 mmol, 1.1 eq.) in toluene 
(8 mL) was added dropwise with stirring, causing the filtrate to darken in colour and precipitate a large 
quantity of light-coloured solid. The mixture was stirred overnight at room temperature. The resulting 
precipitate was collected on a fine-porosity fritted glass filter, washed with toluene (5x 5 mL) and pentane 
(5x 5 mL), then dried in vacuo to give the title compound as a white powder (1.11 g, 87% yield). IR: ν෤ = 
2729 (vw), 2794 (vw), 2833 (w), 2852 (w), 2902 (vw), 2985 (vw), 1431 (vw, with shoulder at 1445), 1404 
(vw), 1373 (vw), 1358 (vw), 1298 (m), 1275 (m, with shoulder at 1244), 1182 (m), 1140 (vw), 1105 (vw), 
1084 (vw), 1062 (vw), 1020 (vw), 966 (vs), 825 (vw), 766 (w), 700 (m), 667 (s), 625 (vw), 594 (s), 571 (vw), 
557 (m), 548 (w), 534 (w) cm-1. 1H NMR (500 MHz, pyridine-d5) δ: 3.04 (d, 12H, 3JH-P = 10.7 Hz, -NMe2), 
2.41 (s, 6H, 2,5-Cp-CH3), 2.25 (s, 6H, 3,4-Cp-CH3). 13C NMR (126 MHz, pyridine-d5) δ: 116.5 (d, 3,4-Cp, 
3JC-P = 18.2 Hz), 116.1 (d, 2,5-Cp, 2JC-P = 16.4 Hz), 93.7 (d, 1-Cp, 1JC-P = 141 Hz), 39.2 (d, -NMe2, 2JC-

P = 3.4 Hz), 13.2 (2,5-Cp-CH3), 12.3 (d, 3,4-Cp-CH3, 4JC-P = 2.5 Hz). 31P{1H} NMR (203 MHz, pyridine-d5) 
δ: 68.2 (s with 77Se satellites, 1JP-Se = 660 Hz). 77Se NMR (95 MHz, pyridine-d5) δ: -167.0 (d, 1JP-Se = 660 Hz). 
Anal. Calcd. (%) for C13H24N2PSeK (357.39): C, 43.69; H, 6.77; N 7.84. Found: C, 43.32; H, 6.36; N, 7.58. 
 
Potassium 1-(bis(dimethylamino)phosphinotelluroyl)-2,3,4,5-tetramethylcyclopentadienide 
(KCp#PTe). In a glove box under a positive pressure of nitrogen gas, HbdpCp# (1.00 g, 4.16 mmol, 1 eq.) was 
dissolved in toluene (12 mL) with stirring. Tellurium powder (60 mesh, 1.06 g, 8.32 mmol, 2 eq.) was added, 
upon which the solution immediately became yellow. The mixture was stirred at reflux for 24 hr, during 
which the colour darkened significantly. The mixture was filtered over a pad of Celite to give a clear, deep 
yellow-orange solution, rinsing with toluene until the washings ran colourless. To the filtrate, a solution of 
KHMDS (913 mg, 4.58 mmol, 1.1 eq.) in toluene (7 mL) was added dropwise with stirring, causing the 
filtrate to darken to a brown colour and precipitate a large quantity of brownish solid. The mixture was 
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stirred overnight at room temperature. The resulting precipitate was collected on a fine-porosity fritted 
glass filter, washed with toluene (4x 4 mL) and pentane (5x 5 mL), then dried in vacuo to give the title 
compound as a tan powder (1.41 g, 83% yield). IR: ν෤ = 2900 (vw), 2856 (w), 2845 (w), 2796 (vw), 2727 (vw), 
1495 (vw), 1431 (vw, with shoulder at 1410), 1373 (vw), 1358 (vw), 1292 (s), 1184 (m, with shoulder at 
1157), 1142 (vw), 1103 (vw), 1082 (vw), 1061 (vw), 1022 (vw), 972 (vs, with shoulder at 947), 885 (vw), 825 
(w, with shoulder at 833), 791 (vw), 764 (w), 737 (vw), 702 (w, with shoulder at 694), 663 (vs, with shoulders 
at 644, 634, 627), 600 (vw), 577 (m), 546 (m), 542 (m), 534 (w) cm-1. 1H NMR (500 MHz, pyridine-d5 after 
1 week of stabilization time) δ: 2.97 (d, 12H, 3JH-P = 11.0 Hz, -NMe2), 2.38 (s, 6H, 2,5-Cp-CH3), 2.25 (s, 6H, 
3,4-Cp-CH3). 13C NMR (126 MHz, pyridine-d5 after 1 week of stabilization time) δ: 116.9 (d, 3,4-Cp, 3JC-

P = 17.8 Hz), 116.0 (d, 2,5-Cp, 2JC-P = 16.5 Hz), 95.2 (d, 1-Cp, 1JC-P = 125 Hz), 39.7 (d, -NMe2, 2JC-P = 3.3 Hz), 
13.4 (2,5-Cp-CH3), 12.2 (d, 3,4-Cp-CH3, 4JC-P = 2.5 Hz). 31P{1H} NMR (203 MHz, pyridine-d5 after 1 week 
of stabilization time) δ: 28.6 (s with 125Te satellites, 1JP-Te = 1621 Hz). 125Te{1H} NMR (158 MHz, pyridine-d5 

after 1 week of stabilization time) δ: -433.4 (d, 1JP-Te = 1621 Hz). Anal. Calcd. (%) for C13H24N2PTeK (406.02): 
C, 38.46; H, 5.96; N 6.90. Found: C, 38.63; H, 5.99; N, 6.72. 
  
General procedure 1 (GP1) for the synthesis of homoleptic (Cp#PCh)2Eu complexes. In a glove box under a 
positive pressure of nitrogen gas, [Eu(BH4)2(THF)2] (1 eq.) was dissolved in a minimum volume of THF 
with stirring. A solution of the corresponding KCp#PCh (2 eq.) in an equal volume of THF was added 
dropwise, and the mixture stirred at room temperature for 24 hr. The solvent was removed in vacuo, then 
the solid residue was taken up in fluorobenzene and filtered through a 0.45 μM PTFE syringe filter to give 
a clear solution. These solutions were evaporated in vacuo and the solid residue was triturated with pentane 
(2 mL) to give the title compounds as powders. The powders were isolated via suction filtration on a fine-
porosity fritted glass filter, washed with pentane (3x 2 mL), and dried in vacuo. X-ray quality crystals could 
be obtained from a fluorobenzene solution of the corresponding compound either by slow evaporation or 
by slow diffusion of a pentane layer at -35 °C. 
 
Bis(1-(bis(dimethylamino)phosphinothioyl)-2,3,4,5-tetramethylcyclopentadienyl)europium(II) 
(4.1S). Following GP1, 50 mg (0.153 mmol) [Eu(BH4)2(THF)2] and 96 mg (0.307 mmol) KCp#PS gave the 
title compound as an orange powder or orange crystals (63 mg, 59% yield). IR: ν෤ = 3016 (vw), 2993 (vw), 
2960 (vw), 2889 (w), 2860 (w), 2845 (w), 2800 (vw), 2725 (vw), 1595 (vw), 1506 (vw), 1494 (vw), 1481 (vw), 
1435 (w, with shoulder at 1450), 1410 (w), 1371 (w, with shoulder at 1381), 1358 (vw), 1302 (m, with 
shoulder at 1317), 1282 (w), 1238 (vw), 1217 (vw), 1180 (m), 1142 (w, with shoulder at 1124), 1103 (vw), 
1063 (w), 1024 (vw), 968 (vs, with shoulder at 976), 894 (vw), 860 (vw), 825 (w), 806 (vw), 771 (m, with 
shoulder at 752), 717 (m), 692 (vs, with shoulders at 659 and 642), 611 (s), 561 (w, with shoulder at 548), 
532 (vw) cm-1. Anal. Calcd. (%) for C26H48EuN4P2S2 (694.73): C, 44.95; H, 6.96; N 8.06. Found: C, 42.66; H, 
7.21; N, 7.60. 
 
Bis(1-(bis(dimethylamino)phosphinoselenoyl)-2,3,4,5-tetramethylcyclopentadienyl)europium(II) 
(4.1Se). Following GP1, 50 mg (0.153 mmol) [Eu(BH4)2(THF)2] and 110 mg (0.307 mmol) KCp#PSe gave 
the title compound as an orange powder or orange crystals (80 mg, 66% yield). IR: ν෤ = 3003 (vw), 2964 
(vw), 2883 (w, with shoulder at 2910), 2860 (w), 2841 (w), 2799 (w), 2725 (vw), 1504 (vw), 1481 (vw), 1441 
(w, with shoulder at 1450), 1431 (w), 1408 (w), 1402 (vw), 1377 (vw), 1358 (vw), 1302 (m), 1279 (m), 1174 
(s, with shoulder at 1184), 1140 (w), 1061 (w), 1022 (w), 964 (vs), 827 (w), 806 (vw), 769 (m, with shoulder 
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at 754), 712 (s), 673 (vs, with shoulders at 655 and 642), 586 (s), 555 (m) cm-1. Anal. Calcd. (%) for 
C26H48EuN4P2Se2 (788.51): C, 39.60; H, 6.14; N 7.11. Found: C, 38.47; H, 6.00; N, 6.51. 
 
Bis(1-(bis(dimethylamino)phosphinotelluroyl)-2,3,4,5-tetramethylcyclopentadienyl)europium(II) 
(4.1Te).  Following GP1, 50 mg (0.153 mmol) [Eu(BH4)2(THF)2] and 125 mg (0.307 mmol) KCp#PTe gave 
the title compound as an orange powder or dark orange crystals (109 mg, 80% yield). IR: ν෤ = 3003 (vw), 
2979 (vw), 2964 (vw), 2912 (vw), 2885 (w, with shoulder at 2864), 2841 (vw), 2796 (vw), 2723 (vw), 1674 
(vw), 1635 (vw), 1595 (vw), 1495 (vw, with shoulder at 1504), 1481 (vw), 1441 (w, with shoulder at 1452), 
1431 (w), 1408 (vw), 1402 (vw), 1375 (w, with shoulder at 1385), 1359 (vw), 1302 (m), 1273 (m), 1217 (vw), 
1169 (m, with shoulder at 1180), 1142 (w), 1099 (vw), 1085 (vw), 1059 (w), 1020 (vw), 962 (vs), 895 (vw), 
825 (w), 806 (vw), 768 (m), 752 (vw), 708 (m), 685 (vw), 663 (vs), 579 (ms), 544 (s)  cm-1. Anal. Calcd. (%) 
for C26H48EuN4P2Te2 (885.81): C, 35.25; H, 5.46; N 6.33. Found: C, 35.57; H, 5.66; N, 6.14. 
 
Notes on the synthesis of HbdpCp# 

 

Figure 4.35. Reaction scheme for the synthesis of HbdpCp#. 

We initially used commercial HCptet (Sigma-Aldrich 424471, 85% technical grade) and 
bis(dimethylamino)chlorophosphine (Sigma-Aldrich 750654, 96%, which is discontinued as of the time of 
writing) as received in this protocol. However, it should be noted that the best results are obtained in the 
syntheses of proligands KCp#PCh when the purity of all precursors is as high as possible. For this reason, 
reagents were prepared and purified as follows: 
 
Lithium aluminum hydride350 was extracted into dry diethyl ether in a nitrogen-filled glovebox. The cloudy 
grey suspension was filtered over Celite to give a clear, colourless solution, which was evaporated to give a 
hard white solid residue that was pulverized and dried in vacuo at 60 °C for 3 hr. DANGER: lithium 
aluminum hydride purified in this manner is EXTREMELY reactive with water and highly pyrophoric; it 
should always be stored in a glovebox and handled only under rigorously anhydrous conditions.  
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Phosphorus trichloride350 (Thermo Scientific AA44436) was refluxed for 2 hr under an atmosphere of 
argon and then distilled under argon to give a clear, colourless liquid devoid of impurities by 31P NMR 
spectroscopic analysis. It was stored under argon in a Schlenk storage flask.  
 
Hexamethylphosphorous triamide350 (tris(dimethylamino)phosphine, Thermo Scientific A12571) was 
distilled in vacuo with gentle heating (ca. 50 °C) to give a clear, colourless liquid devoid of impurities by 31P 
NMR spectroscopic analysis. It was stored under argon in a Schlenk storage flask. 
 
2,3,4,5-tetramethylcyclopenten-2-one (Thermo Scientific L09617) was dried over activated 4 Å molecular 
sieves for 48 hr, then distilled in vacuo to give a clear, colourless liquid devoid of impurities by 1H NMR 
spectroscopic analysis. It was stored under argon in a Schlenk storage flask. 
 
Bis(dimethylamino)chlorophosphine was synthesized according to modified literature procedures351–353 
as follows: under an atmosphere of argon, a Schlenk flask was charged with phosphorus trichloride (5.7 mL, 
65 mmol, 1 eq.) and a stir bar and cooled to 0 °C using an ice bath. With stirring, 
tris(dimethylamino)phosphine (21.2 g, 130 mmol, 2 eq.) was added slowly via syringe. White fumes evolved 
above the liquid as the addition proceeded. The mixture was allowed to warm to room temperature with 
stirring overnight, giving a clear, colourless liquid which fumes in air. An aliquot of this mixture was 
analysed by 1H and 31P NMR spectroscopy and found to contain pure bis(dimethylamino)chlorophosphine 
(29.6 g, quant. yield), which was cannulated into a Schlenk storage flask and used without further 
purification. It is indefinitely stable under inert conditions, but even fleeting exposure to air and moisture 
when dispensing from the storage vessel is enough to cause a yellowing of the material over time; it should 
be redistilled when significantly deteriorated. 
 
HCptet was prepared according to a reported procedure354 and distilled in vacuo to give a yellowish oil. This 
material can be successfully used in this synthesis, but purification via chromatography on silica, eluting 
with an alkane (Rf = 0.91 in 20/80 Et2O/hexanes), is probably preferred. 
 
The commercial reagents originally employed in this protocol (and sometimes HCptet synthesized by us) 
tended to be yellow in colour rather than colourless as expected. The impurities giving rise to these yellow 
colours often carried through the protocol, leaving variably yellow coloured, rather than colourless, 
HbdpCp#. The yellow impurity has the same solubility as HbdpCp# (i.e. highly soluble in alkanes even at low 
temperature), meaning it cannot be washed out of the product, even if the product is recrystallized. HbdpCp# 

containing this yellow impurity can still be carried forward to the synthesis of KCp#PCh, and in the case of 
KCp#PS, is washed out during the workup and does not affect the final product. However, KCp#PSe and 
KCp#PTe synthesized using discoloured HbdpCp# were noticeably discoloured compared to the same 
materials synthesized using colourless HbdpCp# made from purified precursors, despite appearing pure via 
NMR spectroscopic analysis. Furthermore, the Eu complexes 4.1Se and 4.1Te prepared from discoloured 
KCp#PSe or KCp#PTe were also irreparably discoloured. Therefore, to prevent potential interference to 
optical measurements, it is crucial that KCp#PCh be synthesized from highly pure HbdpCp#. 
 
The product obtained from the reported synthesis227,270 of HbdpCp# is a crystalline solid, and more specifically, 
is the 2,4-diene isomer which is the kinetic product of the reaction.227 We found that discoloured HbdpCp# 

could be purified fairly conveniently under inert conditions by filtration over a plug of activated alumina, 
eluted with pentane. Although this is a very effective method of removing the yellow impurities, we found 
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that the evaporated eluent gave a mixture of colourless solid and colourless oil. Further investigation 
concluded that contact with alumina and prolonged time in solution causes the cyclopentadiene to 
isomerize such that the product obtained from the alumina plug is mostly (ca. 75%) the thermodynamically 
favoured 1,3-diene isomer. Fortunately, both the 2,4- and 1,3-isomers have essentially identical reactivity 
toward deprotonation, unlike e.g. bis(diphenylphosphino)tetramethylcyclopentadiene, whose 
thermodynamic 1,3-isomer was demonstrated to react extremely slowly cf. the kinetic 2,4-isomer.227  
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Endnotes 

[i]. A search of the Cambridge Structural Database for the terms “europium” and “cyclopentadienyl” 
returned 80 hits, from which 27 structures were selected for comparison that contained metallocene-
like cyclopentadienyleuropium(II) structural motifs where the cyclopentadienyl ligands were fully 
substituted. The Eu-Cp(cent) distances among this population ranged from 2.49‒2.68 Å, with an 
average value of 2.56 Å and standard deviation 0.04 Å. A list of structures used in this analysis is 
included in Appendix C.  

[ii]. A subset of the above population was selected for this comparison, excluding linear metallocenes and 
any complex bearing a polyhapto ligand other than a fully substituted cyclopentadienide (nine 
structures were excluded based on these criteria).  

[iii]. (a) A search of the Cambridge Structural Database for the fragment “Eu-[any bond]-S” returned 91 
hits, from which 17 structures were selected for comparison that contained Eu in oxidation state II. 
The Eu-S distances among this population ranged from 2.80-3.37 Å, with an average value of 3.03 Å 
and standard deviation 0.09 Å. A list of structures used in this analysis is included in Appendix C. (b) 
A search of the Cambridge Structural Database for the fragment “Eu-[any bond]-Se” returned 21 hits, 
from which 8 structures were selected for comparison that contained Eu in oxidation state II. The Eu-
Se distances among this population ranged from 3.06-3.35 Å, with an average value of 3.16 Å and 
standard deviation 0.08 Å. (c) A search of the Cambridge Structural Database for the fragment “Eu-
[any bond]-Te” returned 8 hits, and it is interesting to note that all crystallographically characterized 
Eu-Te contacts to date are in complexes of EuII. The Eu-Te distances ranged from 3.16-3.52 Å, with an 
average value of 3.33 Å and standard deviation 0.09 Å. A list of structures used in this analysis is 
included in Appendix C. 

[iv]. (a) for tris(dimethylamino)phosphine sulfide, CSD refcode NAHWUO (Acta. Chem. Scand. 1996, 50, 
759–744; (b) for 1,1’-bis(bis(dimethylamino(phosphinothioyl))ferrocene, CSD refcode ORIYAQ 
([293]). 

[v]. (a) for tris(dimethylamino)phosphine selenide, CSD refcode DMAPSE (Acta. Chem. Scand. 1979, 33, 
187–197; (b) for 1,1’-bis(bis(dimethylamino(phosphinoselenoyl))ferrocene, CSD refcode ORIXUJ 
([293]). 

[vi]. for tris(pyrrolidino)phosphine telluride, CSD refcode COJFUC, Acta. Chem. Scand. 1984, 38, 349–357. 
[vii]. for bis(hexamethylthiophosphoramido)sulfonium bis(tribromide), CSD refcode HOJMAU (J. Chem. 

Soc. Dalton Trans. 1999, 2225–2230). 
[viii]. for tris(dimethylamino)phosphaneselenide)iodine(I) triiodide, CSD refcode RIJQAC (Acta. Chem. 

Scand. 1997, 51, 689–708). 
[ix]. average distance in bis(tri-tert-butylphosphine)tritellurium bis(hexafluoroantimonate), CSD refcode 

FIWDEU (Chem. Commun. 1987, 1257–1258). 
[x]. A search of the Cambridge Structural Database for the fragment “P-Te-[any metal] returned 87 hits, 

15 of which were excluded that were duplicate structures or did not contain a formally PV-Te-M motif. 
The P-Te distances among the remaining 72 structures ranged from 2.383‒2.509 Å, with an average 
value of 2.44 Å and standard deviation 0.03 Å. A list of structures used in this analysis is included in 
Appendix C. 

[xi]. The analyses were performed on complexes of any metal bearing a (diaminophosphino-
chalcogenoyl)cyclopentadienyl ligand. A list of structures used in this analysis is included in Appendix 
C. The P-N distances fall within the expected range described in ref. [315] and have an average value of 
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1.66 Å with standard deviation 0.02 Å. The P-C(Cp) distances are rather consistent and range from 
1.74-1.80 Å, with an average value of 1.78 Å and standard deviation 0.01 Å. 

[xii]. It should be noted that this equation has no physical significance; it is only used to provide a fit for Δ. 
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CHAPTER 5 
Concluding Remarks and Future Directions 

5.1 Organoeuropium(II) complexes as optical thermometers 

Ever since the discovery of ferrocene, organometallic complexes have been pushing the boundaries of 
chemical synthesis and challenging the paradigms of chemical structure, bonding, and properties. The work 
presented in this thesis investigates a series of discrete molecular, organometallic complexes of EuII, which 
display thermosensitive (magneto-)optical properties that can be leveraged for optical thermometry. The 
field of optical thermometry with EuII-based materials has been saturated with doped inorganic solids and 
thermometers operating on the LIR principle, with a distinct lack of molecular systems and thermometers 
operating via other approaches, such as temperature-induced band-shift. The goal of our studies was to 
uncover previously unexplored EuII-based molecular systems with thermochromic luminescence, 
exploiting the highly environment-sensitive nature of the 4f65d14f7 transition that characterizes this ion 
for non-LIR optical thermometry.  

After having identified [EuII(BH4)2(THF)2] as an optimal starting material for the preparation of 
new luminescent materials, in Chapter 2 we studied its temperature-dependent luminescence. Gratifyingly, 
we discovered that this simple LnII starting material, in addition to all of its existing favourable properties, 
also exhibits substantial temperature-induced band-shift (1178 cm-1 from 30-320 K), to the point where it 
already lands among the best-performing band-shift thermometers reported to date (having a maximum 
𝑆௔ of 5.37 cm-1 K-1 at 220 K with a Δ𝑇 as low as ~0.02 K). The observable colour shift from cyan to green is 
distinctive, and this result further validates the concept that borohydride-based coordination environments 
are well-positioned to yield luminophores with emission characteristics that vary significantly with changes 
in their surroundings. More importantly, substituting 1 eq. of borohydride ligands with Cp* yields the 
hemimetallocene dimer [Cp*Eu(μ-BH4)(THF)2]2 (complex 2.1), a modification which shifts the emission 
towards red and improves the 𝑆௔ by 53% (to 8.2 cm-1 K-1 at 320 K with a Δ𝑇 as low as 0.09 K), yielding the 
highest-performing lanthanide-based band shift thermometer to date. A careful comparison of structural 
metrics as a function of temperature in this complex, and correlation to emission properties, revealed how 
small structural distortions, including as minor a modification as substitution of deuterium for protium, 
could have a large effect on the luminescence. These findings clearly demonstrated the concept that 
organometallic EuII-based systems can behave as excellent optical thermometers.  

Following that discovery, we continued to study how the emission characteristics of EuII 
hemimetallocenes could be modified and controlled. To this end, in Chapter 3 we undertook the synthesis 
and (opto-)structural characterization of seven novel EuII hemimetallocenes [CpREu(μ-BH4)(solv)n]m (solv 
= THF, DME; n = 1 or 2; m = 2 or ∞) (complexes 3.1-3.7) bearing systematically varying ligand sets. Among 
these isostructural complexes, we observed a remarkable variability in luminescence behaviour despite 
sometimes minor substitutional changes, which translated to a similarly wide range of thermometric 
performances. As in Chapter 2, a detailed analysis of temperature-dependent metrical parameters and 
correlation to emission properties in complexes 3.1-3.4 and 3.6 revealed a complex relationship between 
structure and luminescence; a metrical parameter that correlated with emission behaviour in one complex 
did not always affect the others in the same way. We were, however, able to identify a few factors of 
particular influence, including the donor strength of the cyclopentadienyl ligand, the Eu-basal plane 
distance in their square-pyramidal coordination polyhedra, the intramolecular Eu-Eu distance, and the 
metal-ligand flexibility of the construct. Although we were ultimately unsuccessful in identifying a system 
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which improved upon the performance demonstrated by 2.1, we nevertheless showed that EuII 
hemimetallocenes are a highly tunable family of complexes well worth further exploration. 

Finally, the work discussed in Chapter 3 identified a standout substituted cyclopentadienyl moiety, 
the bis(dimethylamino)phosphino-substituted bdpCp#, whose hemimetallocene 3.4 demonstrated very good 
thermometric performance and which we envisioned could be further elaborated by oxidation with 
chalcogens. Additionally, this was an opportunity to study heavy-atom effects, as the aminophosphine 
fragment is well-suited to stabilizing the usually unstable heavy phosphine chalcogenides. Hence, in 
Chapter 4, we discussed the synthesis and characterization of a new family of 
(bis(dimethylamino)phosphinochalcogenoyl)cyclopentadienides [Cp#PCh]- (Ch = S, Se, Te), which can be 
smoothly synthesized on gram scale in excellent yields by oxidation of HbdpCp# with elemental S, Se, or Te. 
When exploring the coordination chemistry of these new ligands with EuII, we were surprised to find that 
they subverted the usual propensities of a) lanthanides to favour saturating themselves with O-donor 
solvent ligands and b) lanthanide borohydrides to allow stepwise substitution of their borohydride ligands 
to make heteroleptic complexes. What ensued were a series of homoleptic europocenes(II) featuring these 
ligands (complexes 4.1Ch), in which Eu bound the pendant phosphinochalcogenoyl arms as well as the η5-
cyclopentadienide. We investigated them for band-shift thermometry and found them to be either poorly 
performing (4.1S), not thermochromic (4.1Se), or not emissive at all (4.1Te). However, we also investigated 
their temperature-dependent MCD spectra and found that they are extremely sensitive cryogenic magneto-
optical thermometers, with relative sensitivities reaching 170% K-1 at ultralow temperatures inaccessible to 
conventional luminescence thermometry. These results further develop our seminal work on MCD 
thermometry336 and also further cement organoeuropium(II) complexes as excellent candidates for optical 
thermometry systems, via approaches that are understudied for lanthanide-based materials.   

5.2 Future directions 

Although the thermometric performance of EuII-based systems is demonstrably impressive, and further 
research into EuII-based luminescence thermometers is already expanding,272 the air- and moisture-
sensitivity of such materials, especially in discrete molecular form, is currently their most major limitation. 
This is exacerbated when considering our finding that a high degree of metal-ligand flexibility tends to 
produce better thermometric performance. Increasing metal-ligand flexibility usually means moving to 
lower coordination numbers or reducing steric encumbrance, both of which necessarily decrease the degree 
of protection that an easily oxidized metal center such as EuII experiences. It is therefore a formidable 
synthetic (and kinetic, and thermodynamic) challenge to produce complexes of this nature that are both 
flexible and stable, but this is the clear path forward both to improving performance and realizing broader 
applications. There already exist air-stable EuII complexes, for example, bound by bespoke 
tris(pyrazolyl)borates57,85 or by crown ether and cryptand-type ligands.66,71 Although bulky 
tris(pyrazolyl)borates and small encapsulating ethers may not be expected to engender high-performance 
thermometers with EuII on account of having rather inflexible coordination spheres, flexible macrocycles 
might indeed be a means of addressing this challenge. To that end, a promising candidate family that 
warrants further investigation are the “mausolate” ligands of Berg and co-workers (Figure 5.1).355 These are 
in fact a direct confluence of a tris(pyrazolyl)borate and a cryptand, have already been shown to be ambident 
ligands for various cations including lanthanides,355,356 and can produce complexes with unusual 
interelement bonding.357 However, this approach would require the “equatorial” pyridine groups of the 
construct to be substituted for something else, as pyridine is a known quencher of the EuII df emission.70 
In keeping with the theme of organometallic systems, N-heterocyclic carbenes (NHCs) and their many 
derivatives might be choice moieties for the next generation of organometallic EuII optical thermometers. 
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These concepts could even be combined, as an NHC-based fragment would be a potential replacement for 
the pyridine, and/or a tris(imidazolylidene)borate or related carbene-based scorpionate358,359 could be used 
in place of the tris(pyrazolyl)borate component, in a mausolate architecture.  
 

 

Figure 5.1. Chemical structure of the “mausolate” dianion.355 

Interest in the areas of molecular (opto)electronics360,361 and quantum devices is burgeoning, thus a 
variety of practical applications for these materials can also be imagined. Molecular systems based on EuII 
have already demonstrated utility as emitters for OLEDs43,71,81,84,85,214,216 and as qubits.268 Organometallic EuII-
based complexes such as ours might therefore be envisioned as spintronic components with the valuable 
ability to report their own temperature; onboard thermal sensors for molecular electronic circuitry 
requiring nanometric resolution; thermochromic phosphors for sensing and lighting applications, and so 
on. The aforementioned limitations due to air- and moisture-sensitivity can nevertheless be reasonably 
circumvented if the device of interest is fully encapsulated. The redox behaviour of Eu might also potentially 
be harnessed, e.g. as part of a molecular capacitor that indicates its charge state via luminescence.360 There 
is also a huge potential for bioimaging applications with a suitable EuII complex stable under ambient 
conditions. The applicability of EuII as a contrast agent for magnetic resonance imaging due to its strong 
paramagnetism,362 as well as its environment-sensitive luminescence, means that there is a possibility to 
realize multimodal magnetic resonance and luminescence imaging with simultaneous temperature readout. 
The technology is nascent, and we anticipate a continued advancement of the fundamental understanding 
of this promising class of material with application-focused intent. 
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APPENDIX A 
Corresponding to Chapter 2 

A.1 Nuclear magnetic resonance spectra 

 

Figure A1. 1H NMR spectrum of complex 2.1 in THF-d8. Note the extremely downfield-shied resonance 
ascribable to the Cp* methyl substituents, in addition to the resonances at 3.66 and 1.79 ppm that are 
attributable to THF. Residual THF and coordinated THF are indistinguishable due to the broadness of the 
resonances.  

A.2 Electronic structure calculations 

Calculations have been carried out using the ORCA 4.1 program package on the crystal structure of 2.1 at 
203.15 K. Energies and corresponding spin densities have been computed with the B3LYP functional and 
def2-TZVP basis set on EuII and def2-SVP for the rest of the molecule. The exchange interaction has been 
computed using the broken-symmetry approach. The broken-symmetry solution is an open-shell singlet 
state, which corresponds to a spin flip on one of the sites. The exchange coupling constant ( J ) is then 
computed as 

 
2 2

HS BS

HS BS

E E
J

S S


 


  (C.1) 

where HSE  and 2

HS
S  are the energy and the expectation value of the squared spin operator of the 

maximum multiplicity state; BSE  is the energy of the open-shell singlet; and 2

BS
S  its non-zero 

expectation value. This approach assumes the ℋ = −2𝐽𝑆ଵ𝑆ଶ Hamiltonian. Zero-field splitting (ZFS) and 
the g-tensor, as well as the energies of the f-f transitions, were calculated with OpenMolcas v19 with all-
electron relativistic basis sets ANO-RCC-VTZP on lanthanides and ANO-RCC-VDZ for the rest of the 
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molecule. One of the EuII ions was substituted by a diamagnetic YbII ion. The active space consists of seven 
4f-orbitals with 7 electrons. 1 octet, 48 sextet and 392 quartet states were calculated and mixed via spin-
orbit coupling with the RASSI module. 

The exchange coupling was found to be ferromagnetic, J = +0.06 cm-1
, that agrees well with the 

experimentally extracted parameter of 0.04 cm-1. 
 
S(High-Spin) =   7.0 
<S**2>(High-Spin) =   56.0169 
<S**2>(BrokenSym) =   7.0168 
E(High-Spin) =  -3182.058714 Eh 
E(BrokenSym) =  -3182.058701 Eh 
 
The spin density plot shows an almost spherical spin distribution about each EuII site, characteristic for the 
half-filled f-shell. There is almost no spin delocalisation onto the bridging BH4 fragments. 
 

 

Figure A2. Spin density plot (iso-value 0.001) of the broken-symmetry solution for 2.1. 

The ZFS of the EuII octet ground state is within 1 cm-1. The exact energies (in cm-1) are:  
 
0.000 
0.000 
0.159 
0.159 
0.386 
0.386 
0.743 
0.743 
 
and this can be described by the relatively small ZFS parameters D = 0.0598 cm-1 and E = 0.0066 cm-1. The 
g-tensor is isotropic, and the g-factor is 1.9972 (≅ 2.00). 
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Figure A3. Computed energies of the excited states arising from f-f transitions in 2.1. 

Ab initio ligand field calculations were performed on monomeric fragments of the 90 K and 270 K crystal 
structures (vide infra) with SOC-CASSCF(7,7)/NEVPT2 using def2-TZVP basis set for Eu and def2-SVP 
for the rest of the molecule. The f-orbital splitting and ligand field parameters are extracted based on the 
energy and wavefunctions of 1 octet and 48 sextet states. 
 

 

Figure A4. Comparison of the 90 K and 270 K crystal structures of a mononuclear fragment of 2.1. 

270 K ligand field parameters: 
F2     =  0.398686471 a.u. =    10.849 eV =   87501.6 cm-1 
F4     =  0.262175443 a.u. =      7.134 eV =   57540.9 cm-1 
F6     =  0.186061113 a.u. =      5.063 eV =   40835.7 cm-1 
 
The ligand field one-electron eigenfunctions: 

Orbital Energy (eV) Energy (cm-1) f-3 f-2 f-1 f0 f+1 f+2 f+3 
1 0.000 0.0 0.270410 0.790765 0.008013 0.351294 -0.176909 0.346090 -0.164386 
2 0.004 35.5 0.428549 -0.214254 0.240480 -0.571289 -0.102834 0.531293 -0.305602 
3 0.013 102.3 0.035528 0.521000 -0.228208 -0.705449 0.104280 -0.395614 0.100865 
4 0.019 157.3 -0.589526 0.135966 0.154814 -0.212454 -0.245708 0.483538 0.520276 
5 0.029 233.3 0.567544 -0.043216 0.348976 0.068088 -0.222140 -0.215457 0.673675 
6 0.038 310.2 0.007398 0.134945 0.390450 0.034509 0.884770 0.160460 0.139743 
7 0.048 389.3 0.268812 -0.137042 -0.769301 0.039991 0.233918 0.368050 0.354059 
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90 K ligand field parameters: 
F2     =  0.398940993 a.u. =    10.856 eV =   87557.4 cm-1 
F4     =  0.262619569 a.u. =      7.146 eV =   57638.3 cm-1 
F6     =  0.186198988 a.u. =      5.067 eV =   40866.0 cm-1 
 
The ligand field one electron eigenfunctions: 

Orbital Energy (eV) Energy (cm-1) f-3 f-2 f-1 f0 f+1 f+2 f+3 
1 0.000 0.0 -0.413362 -0.719885 0.003531 -0.161426    0.181931   -0.443433    0.234725 
2 0.008 65.1 -0.331818 0.387737 -0.331091    0.637455    0.066340   -0.431596    0.181416 
3 0.012 94.8 -0.078206 -0.434326 0.216702    0.679037   -0.136765    0.520968    0.084156 
4 0.022 179.0 -0.527007 0.270000 0.049019   -0.307912   -0.287688    0.356941    0.584791 
5 0.031 251.8 0.630161 -0.016727 0.168905    0.077971   -0.020887   -0.213430    0.722510 
6 0.042 340.4 -0.156983 0.243054 0.598420    0.038706    0.741924    0.068005    0.040009 
7 0.050 404.8 0.115888 -0.102629   -0.674069   -0.064145    0.556905    0.410002    0.198265 

 

The ligand field parameters are very similar for both geometries (the same within the accuracy of the ab 
initio ligand field fitting). 

A.2 Photoluminescence  

 

Figure A5. Solid-state emission spectra of crystalline 2.1 (𝜆௘௫ = 330 nm) obtained in the 10-60 K range. 
Note that the emission peak energy remains constant over this temperature range. 
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Figure A6. Relative sensitivities for 2.1, 2.2, and [EuII(BH4)2(THF)2]. Relative sensitivities were calculated 
with the equation: 𝑆௥ (%) = [(∂Peak position / ∂T) / Peak position] x 100. 

2.2 (BD4) 

2.1 (BH4) 
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A.3 Crystallographic information 

 2.1 2.2 2.1 (VT 90 K) 
CCDC deposition no. 2107457 2126609 210458 
Temperature (K) 203 203 90 
Empirical formula C36H70B2Eu2O4 C36H62D8B2Eu2O4 C36H70B2Eu2O4 
Formula weight (amu) 892.46 900.51 892.46 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21/n P21/n P21/n 
Unit cell dimensions (Å and º) a = 12.1778(6) a = 12.172(4) a = 12.1457(9) 
 b = 13.4959(7) b = 13.562(4) b = 13.2645(9) 
 c = 13.4000(7) c = 13.407(4) c = 13.2504(9) 
  = 90  = 90  = 90 
  = 109.838(1)  = 109.450(5)  = 109.234(4) 
 γ = 90 γ = 90 γ = 90 
Volume (Å3) 2071.6(2) 2086.90(11) 2015.6(2) 
Z 2 2 2 
Density (calc., g/cm3) 1.431 1.433 1.471 
Abs. coefficient (mm-1) 3.032 3.009 16.242 
F(000) 908.0 908.0 908.0 
Crystal size (mm3) 0.330 x 0.300 x 0.240 0.410 x 0.370 x 0.300 0.180 x 0.14 x 0.11 
Radiation (wavelength, Å) Mo Kα (0.71073) Mo Kα (0.71073) Ga Kα (1.34139) 
Theta range (º) 1.955 to 30.666 1.960 to 29.573 3.729 to 55.093 
Index ranges (h,k,l) - 17 to 17, -19 to 19, -19 to 19 -16 to 16, -18 to 18, -18 to 18 -14 to 14, -16 to 15, -16 to 14 
Reflections collected 104787 37801 10258 
Independent reflections 6410 5857 3725 
R(int) 0.0271 0.0293 0.0544 
Completeness (%) to θ = sin-1(0.6λ) 99.9 99.9 96.8 
Max. and min. transmission 0.746 and 0.632 0.746 and 0.384 0.657 and 0.299 
Data / restraints / parameters 6410 / 18 / 220 5857 / 60 / 218 3725 / 467 / 310 
Goodness-of-fit on F2 1.075 1.157 1.091 
R indices (all data) R1 = 0.0308 R1 = 0.0455 R1 = 0.0841 
 wR2 = 0.0568 wR2 = 0.0927 wR2 = 0.2234 
Final R indices [I > 2σ(I)] R1 = 0.0226 R1 = 0.0374 R1 = 0.0688 
 wR2 = 0.0515 wR2 = 0.0849 wR2 = 0.2019 
Largest diff. peak and hole (e.Å-3) 0.74 and -0.83 1.11 and -2.22 2.10 and -1.63 
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 2.1 (VT 175 K) 2.1 (VT 200 K) 2.1 (VT 270 K) 
CCDC deposition no. 210459 210460 2107461 
Temperature (K) 175 200 270 
Empirical formula C36H70B2Eu2O4 C36H70B2Eu2O4 C36H70B2Eu2O4 
Formula weight (amu) 892.46 892.46 892.46 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21/n P21/n P21/n 
Unit cell dimensions (Å and º) a = 12.1622(4) a = 12.2030(7) a = 12.3321(7) 
 b = 13.4570(4) b = 13.4553(8) b = 13.5012(7) 
 c = 13.3393(4) c = 13.3956(7) c = 13.5298(7) 
  = 90  = 90  = 90 
  = 109.486(1)  = 109.887(3)  = 110.596(3) 
 γ = 90 γ = 90 γ = 90 
Volume (Å3) 2058.15(11) 2068.3(2) 2108.7(2) 
Z 2 2 2 
Density (calc., g/cm3) 1.440 1.433 1.406 
Abs. coefficient (mm-1) 16.242 15.827 15.524 
F(000) 908.0 908.0 908.0 
Crystal size (mm3) 0.180 x 0.14 x 0.11 0.180 x 0.140 x 0.110 0.260 x 0.200 x 0.195 
Radiation (wavelength, Å) Ga Kα (1.34139) Ga Kα (1.34139) Ga Kα (1.34139) 
Theta range (º) 3.729 to 55.093 3.688 to 54.852 3.634 to 54.771 
Index ranges (h,k,l) -17 to 16, -18 to 18, -16 to 18 -14 to 14, -16 to 15, -14 to 16 -14 to 14, -16 to 15, -16 to 14 
Reflections collected 34610 10644 10846 
Independent reflections 5983 3848 3915 
R(int) 0.0606 0.0488 0.0497 
Completeness (%) to θ = sin-1(0.6λ) 97.1 97.0 97.1 
Max. and min. transmission 0.258 and 0.091 0.657 and 0.302 0.657 and 0.270 
Data / restraints / parameters 5983 / 85 / 248 3848 / 461 / 311 3915 / 413 / 308 
Goodness-of-fit on F2 1.084 1.082 1.057 
R indices (all data) R1 = 0.0420 R1 = 0.0745 R1 = 0.0837 
 wR2 = 0.1129 wR2 = 0.1613 wR2 = 0.2067 
Final R indices [I > 2σ(I)] R1 = 0.0386 R1 = 0.0585 R1 = 0.0659 
 wR2 = 0.1093 wR2 = 0.1829 wR2 = 0.1818 
Largest diff. peak and hole (e.Å-3) 1.29 and -1.35 1.04 and -1.83 1.44 and -1.54 
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Table A1. Selected bond lengths/interatomic distances and angles around europium of 2.1.  

Bond or Interatomic distance Length (Å) Entry Angle (°) 
Eu1-Cp*(cent) 2.5185(3) Cp*(cent)-Eu1-B1 115.064(59) 

Eu1-O1 2.6064(16) B1-Eu1-O2 85.661(71) 
Eu1-O2 2.6097(20) O2-Eu1-O1 72.878(65) 
Eu1-B1 2.8746(26) O1-Eu1-Cp*(cent) 115.866(46) 
Eu1-B1′ 2.9389(36) O2-Eu1-B1′ 136.792(73) 

Eu1-Eu1′ 4.2616(5) O1-Eu1-B1 128.736(68) 
 

 

Figure A7. Crystallographic packing diagrams of 2.1, shown along the (a) a-axis, (b) b-axis, and (c) c-axis 
of the unit cell. Hydrogen atoms bonded to carbon are omitted for clarity. 

Table A2. Shape analysis of 2.1, from the 203 K crystal structure, using SHAPE 2.1. Values in table are the 
continuous shape measures (dimensionless) for each idealized geometry.  

Complex Pentagon (D5h) Vacant octahedron 
(C4v) 

Trigonal bipyramid 
(D3h) 

Spherical square 
pyramid (C4v) 

Johnson trigonal 
bipyramid J12 (D3h) 

2.1 32.724 4.752 4.856 1.236 8.129 

 

Figure A8. Le: comparison of the idealized square pyramidal geometry (green polyhedron) to the actual 
coordination sphere of 2.1. Right: comparison of the next-best-fitting idealized geometry (vacant 
octahedron, red polyhedron), demonstrating the poor agreement of this model with the real structure. 
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A.4 Absorption spectra calculations 

TD-DFT absorption spectra were calculated for the same monomeric fragments derived from the 90 K and 
270 K crystal structures (Figure A4), with the B3LYP functional and def2-TZVP basis set on Eu and def2-
SVP on the rest of the molecule, considering the first 50 excited states.  
 

 

Figure A9. Computed TD-DFT absorption spectra of 2.1 calculated based on the crystal structures at 90 K 
(black) and 270 K (red). e bars represent vertical electronic transitions, and the envelope is obtained with 
1000 cm-1 Gaussian broadening. 

Small changes in the structure caused by the temperature increase seem to affect the low-lying metal to 
ligand (THF) charge transfer band (15000-17000 cm-1) the most, by shifting it ~1500 cm-1 to lower energy. 
Meanwhile, the 4f-5d bands (some of which are coupled with the MLCT band) exhibit much smaller shifts 
of ~500 cm-1 to higher energies, accompanied by small changes in intensity.  
 
The nature of transitions with large oscillator strength were identified using the difference in electronic 
densities between excited and ground states. 
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Table A3. TD-DFT (B3LYP) calculated vertical excitations for the first 50 electronic transitions, with the 
corresponding oscillator strength and difference densities of 2.1 (truncated structure) measured at 90 K 
(isovalue 0.003). Transitions are sorted by their oscillator strength. 

Excited state Energy (cm-1) Oscillator strength x10-3 Difference density Assignment 

27 24 862 1.49 

 

4f-5d 

30 26 943 1.46 

 

4f-5d + MLCT 

28 25 019 1.36 

 

4f-5d 

19 23 925 1.10 

 

MLCT+4f-5d 

26 24 753 1.10 

 

CT+ 4f-5d 
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39 29 046 0.902 

 

4f-5d 

23 24 331 0.846 

 

4f-5d 

38 28 808 0.758 

 

intraligand +MLCT 

29 26 783 0.720 

 

4f-5d+MLCT 

41 29 282 0.697 

 

intraligand +MLCT 
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15 23 602 0.662 

 

4f-5d 

33 27 446 0.636 

 

4d-5d+MLCT 

16 23 732 0.629   

24 24 489 0.609   

18 23 863 0.592   

13 23 522 0.552   

25 24 706 0.511   

22 24 188 0.482   

20 24 029 0.476   

21 24 054 0.450   

50 30 120 0.436   

36 28 093 0.370   

37 28 523 0.364   

40 29 147 0.362   

46 29 689 0.356   

34 27 517 0.341   

9 23 120 0.317   

42 29 319 0.309   

47 29 861 0.308   

45 29 628 0.282   

12 23 413 0.247   

31 27 287 0.244   

49 29 988 0.244   
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10 23 221 0.223   

5 17 441 0.211   

14 23 572 0.188   

6 17 464 0.177   

1 16 774 0.177   

44 29 576 0.166   

32 27 425 0.165   

35 27 624 0.163   

17 23 789 0.149   

2 16 844 0.148   

11 23 354 0.137   

48 29 915 0.0924   

8 23 032 0.0535   

43 29 471 0.0524   

4 17 333 0.0427   

7 17 630 0.0319   

3 17 225 0.0271   

Table A4. TD-DFT (B3LYP) calculated vertical excitations for the first 50 electronic transitions with the 
corresponding oscillator strength and difference densities of 2.1 (truncated structure) measured at 270 K 
(isovalue 0.003). Transitions are sorted by their oscillator strength. 

Excited state Energy (cm-1) Oscillator strength x10-3 Difference density Assignment 

31 26 911 2.30 

 

4f-5d + MLCT (THF) 

27 25100 1.66E-03 

 

4f-5d + MLCT (Cp*) 
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40 29487 1.46E-03 

 

4f-5d + MLCT (THF) 

28 25287 1.42E-03 

 

4f-5d + MLCT (Cp*) 

19 23740 1.36E-03 

 

4f-5d 

20 23807 1.20E-03 

 

4f-5d 

23 24 593 1.15 

 

4f-5d 
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26 25 039 1.13 

 

4f-5d 

24 24 722 0.992 

 

4f-5d 

36 27 465 0.801 

 

4f-5d +MLCT 

30 26 741 0.731 

 

4f-5d +MLCT 

47 30 360 0.667   

25 24 929 0.660   

18 23 695 0.588   

15 23 364 0.544   

41 29 560 0.471   

32 27 135 0.444   

13 23 232 0.435   

21 23 851 0.412   
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46 30 125 0.347   

22 24 467 0.345   

34 27 333 0.338   

9 22 802 0.331   

29 26 403 0.313   

2 15 542 0.273   

33 27 219 0.231   

16 23 448 0.225   

8 22 720 0.217   

6 16 152 0.214   

10 23 080 0.213   

12 23 204 0.212   

44 30 000 0.205   

45 30 059 0.198   

42 29 780 0.181   

11 23 109 0.177   

43 29 913 0.156   

38 28 201 0.132   

37 27 557 0.110   

14 23 285 0.101   

39 28 907 0.0912   

48 30 466 0.0902   

35 27 394 0.0879   

4 16 031 0.0688   

3 15 923 0.0666   

50 30 675 0.0625   

49 30 554 0.0556   

17 23 485 0.0519   

1 15 479 0.0450   
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5 16 049 0.0288   

7 16 271 0.0286   
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151 
 

 

Figure A10. Visualization of the intermolecular interactions in 2.1 at various temperatures. Le to right: 
Hirshfeld fingerprint plot; sum of intermolecular contacts derived from the Hirshfeld surface analysis; and 
specific intermolecular contacts in the crystal structure, at each indicated temperature. Only the asymmetric 
unit is shown, and components of the molecule that do not participate in any intermolecular contacts are 
omitted for clarity. X-axis labels were added manually for clarity. 
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APPENDIX B 
Corresponding to Chapter 3 

B.1 Infrared spectra 

[CpxphEu(BH4)(THF)2]2 (3.1) 

 

[TMSCp#Eu(BH4)(THF)2]2 (3.2) 
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[TMGCp#Eu(BH4)(THF)2]2 (3.3) 

 

[bdpCp#Eu(BH4)(THF)2]2 (3.4) 
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[CpiPr4Eu(BH4)(THF)2]∞ (3.5) 

 

[Cp*Eu(BH4)(DME)]2 (3.6) 
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[CpiPr4Eu(BH4)(DME)]2 (3.7) 

 

1-phenyl-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.8) 
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1-(trimethylsilyl)-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.9) 

 

1-(trimethylgermanyl)-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.10) 
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1-(bis(dimethylamino)phosphino)-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.11) 
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B.2 Nuclear magnetic resonance spectra 

1-phenyl-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.8) 
1H NMR (600 MHz, CDCl3) 

 
13C NMR (151 MHz, CDCl3) 

 

 

H
2O
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1-(trimethylsilyl)-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.9) 
1H NMR (300 MHz, CDCl3) 

 
13C NMR (151 MHz, CDCl3) 

 

 

H
2O

 

Instrumental artefact 
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29Si DEPT35 NMR (60 MHz, CDCl3) 
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1-(trimethylgermanyl)-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.10) 
1H NMR (600 MHz, CDCl3) 

 
13C NMR (151 MHz, CDCl3) 
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1-(bis(dimethylamino)phosphino)-2,3,4,5-tetramethylcyclopentadienylmanganese(I) tricarbonyl (3.11) 
1H NMR (300 MHz, CDCl3) 

 
13C NMR (151 MHz, CDCl3) 

 
 

31P coupled 

1H{31P} 
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31P{1H} NMR (122 MHz, CDCl3) 

 

 

1H coupled 

31P{1H} 
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B.3 Crystallographic information 

 3.1 (VT 90 K) | NoSpherA2 3.1 (VT 150 K) 3.1 (VT 175 K) 3.1 
CCDC deposition no. 2387284 | 2387285 2387286 2387287 2387288 
Temperature (K) 90 150 175 208 
Empirical formula C46H74B2Eu2O4 C46H74B2Eu2O4 C46H74B2Eu2O4 C46H74B2Eu2O4 
Formula weight (amu) 1016.59 1016.59 1016.59 1016.59 
Crystal system Triclinic Triclinic Triclinic Triclinic 
Space group P1ത P1ത P1ത P1ത 
Unit cell dimensions (Å and º) a = 9.3300(3) a = 9.3609(7) a = 9.3721(4) a = 9.4186(5) 
 b = 10.6241(4) b = 10.6777(8) b = 10.6847(5) b = 10.6972(6) 
 c = 12.6111(5) c = 12.587(1) c = 12.5959(5) c = 12.6534(7) 
 α = 70.761(1) α = 71.188(3) α = 71.258(2) α = 71.205(1) 
 β = 85.438(2) β = 86.138(4) β = 86.304(2) β = 86.288(1) 
 γ = 75.659(1) γ = 75.893(4) γ = 75.978(2) γ = 76.085(1) 
Volume (Å3) 1143.46(7) 1154.93(16) 1158.73(9) 1171.35(11) 
Z 1 1 1 1 
Density (calc., g/cm3) 1.476 1.462 1.457 1.441 
Abs. coefficient (mm-1) 14.365 14.222 14.175 2.691 
F(000) 518.0 518.0 518.0 518.0 
Crystal size (mm3) 0.120 x 0.070 x 0.040 0.113 x 0.076 x 0.050 0.113 x 0.076 x 0.050 0.261 x 0.251 x 0.114 
Radiation (wavelength, Å) Ga Kα (1.34139) Ga Kα (1.34139) Ga Kα (1.34139) Mo Kα (0.71073) 
Theta range (º) 3.229 to 65.986 3.227 to 57.293 3.224 to 62.215 1.7 to 25.5 
Index ranges (h,k,l) -12 to 11, -14 to 11, -17 to 17 -10 to 11, -13 to 13, -14 to 15 -11 to 12, -12 to 13, -16 to 16 -11 to 11, -12 to 12, -15 to 15 
Reflections collected 14470 17795 16286 28016 
Independent reflections 5553 4673 5306 4358 
R(int) 0.0399 0.0583 0.0468 0.0153 
Completeness (%) 91.5 97.7 95.3 99.9 
Max. and min. transmission 0.318 and 0.141 0.458 and 0.279 0.124 and 0.032 0.746 and 0.649 
Data / restraints / parameters 5553 / 0 / 264 | 5553 / 69 / 577 4673 / 516 / 349 5306 / 522 / 349 4605 / 18 / 264 
Goodness-of-fit on F2 1.059 | 1.065 1.110 1.119 1.121 
R indices (all data) R1 = 0.0272 | 0.0255 R1 = 0.0777 R1 = 0.0558 R1 = 0.0267 
 wR2 = 0.0633 | 0.0589 wR2 = 0.1662 wR2 = 0.1433 wR2 = 0.0697 
Final R indices [I > 2σ(I)] R1 = 0.0254 | 0.0237 R1 = 0.0585 R1 = 0.0488 R1 = 0.0254 
 wR2 = 0.0624 | 0.0580 wR2 = 0.1466 wR2 = 0.1347 wR2 = 0.0680 
Largest diff. peak and hole (e.Å-3) 1.36 and -1.14 | 1.34 and -1.29 1.63 and -2.16 1.51 and -2.43 1.53 and -0.65 
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 3.1 (VT 270 K) 3.2 (VT 90 K) 3.2 (VT 150 K) 3.2 (VT 175 K) 
CCDC deposition no. 2387289 2387290 2387291 2387292 
Temperature (K) 270 90 150 175 
Empirical formula C46H74B2Eu2O4 C40H82B2Eu2O4Si2 C40H82B2Eu2O4Si2 C40H82B2Eu2O4Si2 
Formula weight (amu) 1016.59 1008.77 1008.77 1008.77 
Crystal system Triclinic Triclinic Triclinic Triclinic 
Space group P1ത P1ത P1ത P1ത 
Unit cell dimensions (Å and º) a = 9.4713(4) a = 9.4323(3) a = 9.4696(4) a = 9.4805(3) 
 b = 10.7205(5) b = 9.9211(4) b = 9.9544(4) b = 9.9933(3) 
 c = 12.7004(6) c = 13.9777(5) c = 14.0626(6) c = 14.0995(5) 
 α = 71.377(2) α = 88.033(2) α = 87.966(2) α = 87.988(2) 
 β = 86.650(2) β = 76.710(1) β = 76.610(2) β = 76.604(1) 
 γ = 76.527(2) γ = 67.350(1) γ = 67.134(2) γ = 67.144(1) 
Volume (Å3) 1188.23(9) 1172.67(7) 1186.03(9) 1195.19(7) 
Z 1 1 1 1 
Density (calc., g/cm3) 1.421 1.428 1.412 1.402 
Abs. coefficient (mm-1) 13.824 14.310 14.149 14.041 
F(000) 518.0 518.0 518.0 518.0 
Crystal size (mm3) 0.162 x 0.072 x 0.069 0.131 x 0.061 x 0.050 0.120 x 0.084 x 0.077 0.114 x 0.060 x 0.050 
Radiation (wavelength, Å) Ga Kα (1.34139) Ga Kα (1.34139) Ga Kα (1.34139) Ga Kα (1.34139) 
Theta range (º) 3.195 to 58.320 4.759 to 58.343 4.742 to 58.326 4.734 to 58.480 
Index ranges (h,k,l) -11 to 11, -12 to 13, -15 to 15 -11 to 11, -12 to 12, -16 to 16 -12 to 11, -11 to 11, -17 to 17 -11 to 11, -12 to 12, -17 to 17 
Reflections collected 10964 11224 11405 11876 
Independent reflections 4628 4470 4578 4649 
R(int) 0.0424 0.0322 0.0320 0.0389 
Completeness (%) 91.3 89.1 90.2 90.3 
Max. and min. transmission 0.372 and 0.169 0.752 and 0.414 0.372 and 0.235 0.752 and 0.409 
Data / restraints / parameters 4628 / 504 / 350 4470 / 6 / 260 4578 / 6 / 259 4649 / 6 / 260 
Goodness-of-fit on F2 1.084 1.052 1.052 1.050 
R indices (all data) R1 = 0.0437 R1 = 0.0268 R1 = 0.0285 R1 = 0.0307 
 wR2 = 0.1113 wR2 = 0.0664 wR2 = 0.0646 wR2 = 0.0726 
Final R indices [I > 2σ(I)] R1 = 0.0395 R1 = 0.0257 R1 = 0.0262 R1 = 0.0287 
 wR2 = 0.1069 wR2 = 0.0657 wR2 = 0.0636 wR2 = 0.0715 
Largest diff. peak and hole (e.Å-3) 0.76 and -1.37 1.62 and -1.17 1.05 and -0.56 1.04 and -1.51 
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 3.2 3.2 (VT 270 K) 3.3 (VT 90 K) 3.3 (VT 150 K) 
CCDC deposition no. 2387293 2387294 2387295 2387296 
Temperature (K) 213 270 90 150 
Empirical formula C40H82B2Eu2O4Si2 C40H82B2Eu2O4Si2 C40H82B2Eu2Ge2O4 C40H82B2Eu2Ge2O4 
Formula weight (amu) 1008.77 1008.77 1097.77 1097.77 
Crystal system Triclinic Triclinic Triclinic Triclinic 
Space group P1ത P1ത P1ത P1ത 
Unit cell dimensions (Å and º) a = 9.5365(6) a = 9.5688(5) a = 9.2172(4) a = 9.228(2) 
 b = 10.0324(7) b = 10.0867(6) b = 10.5375(5) b = 10.614(2) 
 c = 14.1862(9) c = 14.2469(8) c = 14.0415(6) c = 14.085(2) 
 α = 87.864(2) α = 87.708(3) α = 91.518(2) α = 91.740(6) 
 β = 76.390(2) β = 76.086(3) β = 108.275(2) β = 108.054(6) 
 γ = 66.967(2) γ = 66.903(3) γ = 114.242(2) γ = 114.210(6) 
Volume (Å3) 1211.70(14) 1225.46(12) 1161.68(9) 1176.5(3) 
Z 1 1 1 1 
Density (calc., g/cm3) 1.382 1.367 1.569 1.549 
Abs. coefficient (mm-1) 2.647 13.694 15.048 14.859 
F(000) 518.0 518.0 554.0 554.0 
Crystal size (mm3) 0.216 x 0.138 x 0.092 0.080 x 0.070 x 0.045 0.120 x 0.085 x 0.073 0.110 x 0.070 x 0.040 
Radiation (wavelength, Å) Mo Kα (0.71073) Ga Kα (1.34139) Ga Kα (1.34139) Ga Kα (1.34139) 
Theta range (º) 2.21 to 26.496 4.684 to 58.530 2.931 to 58.182 2.919 to 56.996 
Index ranges (h,k,l) -11 to 11, -12 to 12, -17 to 17 -11 to 11, -12 to 11, -17 to 17 -11 to 11, -12 to 13, -15 to 17 -10 to 10, -12 to 13, -17 to 17 
Reflections collected 27079 12334 10406 11378 
Independent reflections 5011 4786 4396 4501 
R(int) 0.0239 0.0429 0.0319 0.0499 
Completeness (%) 100 90.8 88.7 93.2 
Max. and min. transmission 0.745 and 0.673 0.752 and 0.525 0.308 and 0.147 0.751 and 0.321 
Data / restraints / parameters 5011 / 55 / 268 4786 / 67 / 268 4396 / 0 / 250 4501 / 12 / 250 
Goodness-of-fit on F2 1.036 1.074 1.035 1.060 
R indices (all data) R1 = 0.0210 R1 = 0.0469 R1 = 0.0299 R1 = 0.0436 
 wR2 = 0.0414 wR2 = 0.0855 wR2 = 0.0674 wR2 = 0.1098 
Final R indices [I > 2σ(I)] R1 = 0.0172 R1 = 0.0355 R1 = 0.0259 R1 = 0.0418 
 wR2 = 0.0398 wR2 = 0.0816 wR2 = 0.0658 wR2 = 0.1073 
Largest diff. peak and hole (e.Å-3) 0.98 and -0.35 1.01 and -0.57 1.03 and -1.13 2.09 and -1.68 
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 3.3 (VT 175 K) 3.3 3.3 (VT 270 K) 3.4 (VT 90 K) | NoSpherA2 
CCDC deposition no. 2387297 2387298 2387299 2387300 | 2387301 
Temperature (K) 175 213 270 90 
Empirical formula C40H82B2Eu2Ge2O4 C40H82B2Eu2Ge2O4 C40H82B2Eu2Ge2O4 C42H88B2Eu2N4O4P2 
Formula weight (amu) 1097.77 1097.77 1097.77 1100.64 
Crystal system Triclinic Triclinic Triclinic Triclinic 
Space group P1ത P1ത P1ത P1ത 
Unit cell dimensions (Å and º) a = 9.2265(3) a = 9.2382(9) a = 9.266(1) a = 9.9301(6) 
 b = 10.6361(4) b = 10.7559(10) b = 10.900(2) b = 9.7997(6) 
 c = 14.1029(5) c = 14.1388(13) c = 14.204(2) c = 14.1919(9) 
 α = 91.839(2) α = 92.109(2) α = 92.603(6) α = 75.485(2) 
 β = 108.137(2) β = 108.188(2) β = 108.507(6) β = 84.427(2) 
 γ = 114.179(1) γ = 114.393(2) γ = 114.960(5) γ = 72.658(2) 
Volume (Å3) 1179.32(7) 1193.1(2) 1206.2(3) 1275.81(14) 
Z 1 1 1 1 
Density (calc., g/cm3) 1.546 1.528 1.511 1.433 
Abs. coefficient (mm-1) 14.823 3.874 14.493 13.293 
F(000) 554.0 554.0 554.0 566.0 
Crystal size (mm3) 0.120 x 0.085 x 0.073 0.238 x 0.160 x 0.096 0.150 x 0.140 x 0.130 0.090 x 0.083 x 0.050 
Radiation (wavelength, Å) Ga Kα (1.34139) Mo Kα (0.71073) Ga Kα (1.34139) Ga Kα (1.34139) 
Theta range (º) 2.918 to 58.326 2.118 to 29.573 2.918 to 58.655 2.799 to 58.383 
Index ranges (h,k,l) -11 to 11, -12 to 12, -17 to 17 -12 to 12, -14 to 14, -19 to 19 -11 to 11, -13 to 13, -17 to 17 -11 to 11, -11 to 12, -17 to 17 
Reflections collected 11334 41493 10825 13016 
Independent reflections 4580 6683 4675 4916 
R(int) 0.0345 0.0213 0.0499 0.0337 
Completeness (%) 90.9 100 89.9 90.0 
Max. and min. transmission 0.752 and 0.275 0.746 and 0.586 0.308 and 0.121 0.751 and 0.470 
Data / restraints / parameters 4580 / 17 / 260 6683 / 0 / 249 4675 / 29 / 268 4916 / 0 / 278 | 4915 / 81 / 650 
Goodness-of-fit on F2 1.062 1.027 1.098 1.065 | 1.074 
R indices (all data) R1 = 0.0307 R1 = 0.0217 R1 = 0.0695 R1 = 0.0275 | 0.0259 
 wR2 = 0.0708 wR2 = 0.0460 wR2 = 0.1811 wR2 = 0.0702 | 0.0650 
Final R indices [I > 2σ(I)] R1 = 0.0273 R1 = 0.0184 R1 = 0.0588 R1 = 0.0263 | 0.0246 
 wR2 = 0.0694 wR2 = 0.0443 wR2 = 0.1659 wR2 = 0.0687 | 0.0633 
Largest diff. peak and hole (e.Å-3) 0.87 and -0.78 0.93 and -0.85 1.90 and -1.56 1.36 and -1.30 | 1.42 and -1.28 
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 3.4 (VT 150 K) 3.4 (VT 175 K) 3.4 3.4 (VT 270 K) 
CCDC deposition no. 2387302 2387303 2387304 2387305 
Temperature (K) 150 175 213 270 
Empirical formula C42H88B2Eu2N4O4P2 C42H88B2Eu2N4O4P2 C42H88B2Eu2N4O4P2 C42H88B2Eu2N4O4P2 
Formula weight (amu) 1100.64 1100.64 1100.64 1100.64 
Crystal system Triclinic Triclinic Triclinic Triclinic 
Space group P1ത P1ത P1ത P1ത 
Unit cell dimensions (Å and º) a = 9.9308(4) a = 9.8973(8) a = 9.9374(5) a = 9.9052(9) 
 b = 9.8697(4) b = 9.9064(8) b = 9.9655(5) b = 10.0179(9) 
 c = 14.2559(6) c = 14.299(1) c = 14.3146(7) c = 14.366(1) 
 α = 75.479(2) α = 75.729(4) α = 75.551(1) α = 75.737(4) 
 β = 83.963(2) β = 83.494(4) β = 83.483(1) β = 83.184(4) 
 γ = 72.600(2) γ = 73.319(4) γ = 72.776(1) γ = 73.421(4) 
Volume (Å3) 1290.06(9) 1300.2(2) 1309.99(11) 1322.4(2) 
Z 1 1 1 1 
Density (calc., g/cm3) 1.417 1.406 1.395 1.382 
Abs. coefficient (mm-1) 13.146 13.044 2.472 12.825 
F(000) 566.0 566.0 566.0 566.0 
Crystal size (mm3) 0.099 x 0.057 x 0.040 0.105 x 0.079 x 0.073 0.239 x 0.143 x 0.096 0.105 x 0.079 x 0.073 
Radiation (wavelength, Å) Ga Kα (1.34139) Ga Kα (1.34139) Mo Kα (0.71073) Ga Kα (1.34139) 
Theta range (º) 2.787 to 58.334 4.972 to 58.492 2.148 to 27.484 2.765 to 58.664 
Index ranges (h,k,l) -11 to 11, -12 to 12, -18 to 17 -11 to 11, -12 to 12, -18 to 17 -12 to 12, -12 to 12, -18 to 18 -11 to 11, -12 to 12, -18 to 17 
Reflections collected 12739 12631 31323 12607 
Independent reflections 4986 5061 6001 5152 
R(int) 0.0416 0.0445 0.0192 0.0448 
Completeness (%) 90.4 90.5 100 89.9 
Max. and min. transmission 0.751 and 0.432 0.372 and 0.194 0.746 and 0.656 0.752 and 0.445 
Data / restraints / parameters 4986 / 0 / 278 5061 / 131 / 314 6001 / 10 / 277 5152 / 131 / 315 
Goodness-of-fit on F2 1.086 1.058 1.048 1.084 
R indices (all data) R1 = 0.0366 R1 = 0.0575 R1 = 0.0205 R1 = 0.0523 
 wR2 = 0.0872 wR2 = 0.1515 wR2 = 0.0450 wR2 = 0.1353 
Final R indices [I > 2σ(I)] R1 = 0.0337 R1 = 0.0497 R1 = 0.0178 R1 = 0.0455 
 wR2 = 0.0850 wR2 = 0.1414 wR2 = 0.0434 wR2 = 0.1264 
Largest diff. peak and hole (e.Å-3) 1.04 and -1.23 1.62 and -1.08 1.09 and -0.34 1.50 and -0.95 
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 3.5 3.6 (VT 90 K) 3.6 (VT 150 K) 3.6 (VT 175 K) 
CCDC deposition no. 2387306 2387307 2387308 2387309 
Temperature (K) 200 90 150 175 
Empirical formula C25H48BEuO2 C28H58B2Eu2O4 C28H58B2Eu2O4 C28H58B2Eu2O4 
Formula weight (amu) 543.40 784.28 784.28 784.28 
Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic 
Space group Pbcn Pbca Pbca Pbca 
Unit cell dimensions (Å and º) a = 16.1650(5) a = 15.763(1) a = 15.7534(7) a = 15.7648(4) 
 b = 22.5065(7) b = 13.5204(9) b = 13.6045(6) b = 13.6923(4) 
 c = 14.3146(7) c = 16.335(1) c = 16.3907(7) c = 16.4126(5) 
 α = 90 α = 90 α = 90 α = 90 
 β = 90 β = 90 β = 90 β = 90 
 γ = 90 γ = 90 γ = 90 γ = 90 
Volume (Å3) 6409.7(3) 3481.3(4) 3512.8(3) 3542.8(2) 
Z 8 4 4 4 
Density (calc., g/cm3) 1.126 1.496 1.483 1.470 
Abs. coefficient (mm-1) 1.971 18.753 18.585 18.428 
F(000) 2256 1576.0 1576.0 1576.0 
Crystal size (mm3) 0.320 x 0.190 x 0.140 0.600 x 0.100 x 0.080 0.600 x 0.100 x 0.080 0.145 x 0.093 x 0.084 
Radiation (wavelength, Å) Mo Kα (0.71073) Ga Kα (1.34139) Ga Kα (1.34139) Ga Kα (1.34139) 
Theta range (º) 2.5 to 26.2 4.882 to 60.594 5.293 to 60.743 5.287 to 54.933 
Index ranges (h,k,l) -19 to 15, -26 to 27, -21 to 21 -20 to 20, -17 to 11, -21 to 17 -20 to 16, -17 to 16, -18 to 20 -19 to 19, -16 to 16, -19 to 20 
Reflections collected 69121 18446 25255 25330 
Independent reflections 5964 3965 3983 3358 
R(int) 0.0396 0.0477 0.0456 0.0606 
Completeness (%) 99.9 99.2 98.3 99.5 
Max. and min. transmission 0.745 and 0.663 0.311 and 0.145 0.311 and 0.150 0.512 and 0.302 
Data / restraints / parameters 5964 / 176 / 440 3965 / 0 / 186 3983 / 175 / 206 3358 / 175 / 205 
Goodness-of-fit on F2 1.066 1.044 1.038 1.059 
R indices (all data) R1 = 0.0582 R1 = 0.0473 R1 = 0.0370 R1 = 0.0340 
 wR2 = 0.1291 wR2 = 0.0927 wR2 = 0.0609 wR2 = 0.0824 
Final R indices [I > 2σ(I)] R1 = 0.0446 R1 = 0.0339 R1 = 0.0259 R1 = 0.0306 
 wR2 = 0.1163 wR2 = 0.0856 wR2 = 0.0570 wR2 = 0.0805 
Largest diff. peak and hole (e.Å-3) 2.04 and -0.54 1.52 and -1.25 0.61 and -0.45 0.71 and -1.08 
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 3.6 3.6 (VT 270 K) 3.7 
CCDC deposition no. 2387310 2387311 2387312 
Temperature (K) 208 270 200 
Empirical formula C28H58B2Eu2O4 C28H58B2Eu2O4 C42H86B2Eu2O4 
Formula weight (amu) 784.28 784.28 980.64 
Crystal system Orthorhombic Orthorhombic Triclinic  
Space group Pbca Pbca P1ത 
Unit cell dimensions (Å and º) a = 15.794(2) a = 15.8323(4) a = 8.7437(8) 
 b = 13.7602(18) b = 13.8905(3) b = 12.0548(11) 
 c = 16.479(2) c = 16.5101(4) c = 12.5759(11) 
 α = 90 α = 90 α = 98.283(2) 
 β = 90 β = 90 β = 98.853(2) 
 γ = 90 γ = 90 γ = 109.052(2) 
Volume (Å3) 3581.3(8) 3630.9(2) 1210.9(2) 
Z 4 4 1 
Density (calc., g/cm3) 1.455 1.435 1.345 
Abs. coefficient (mm-1) 3.496 17.981 2.600 
F(000) 1576.0 1576.0 506.0 
Crystal size (mm3) 0.176 x 0.125 x 0.067 0.145 x 0.093 x 0.084 0.178 x 0.173 x 0.095 
Radiation (wavelength, Å) Mo Kα (0.71073) Ga Kα (1.34139) Mo Kα (0.71073) 
Theta range (º) 2.32 to 27.088 4.359 to 60.659 1.675 to 25.681 
Index ranges (h,k,l) -12 to 20, -16 to 17, -21 to 21 -19 to 20, -18 to 17, -13 to 21 -10 to 10, -14 to 14, -15 to 15 
Reflections collected 40798 25421 18957 
Independent reflections 3946 4148 4608 
R(int) 0.0533 0.0438 0.0359 
Completeness (%) 100 99.4 100 
Max. and min. transmission 0.746 and 0.663 0.311 and 0.140 0.745 and 0.605 
Data / restraints / parameters 3946 / 12 / 186 4148 / 450 / 301 4608 / 129 / 414 
Goodness-of-fit on F2 1.079 1.036 1.165 
R indices (all data) R1 = 0.0679 R1 = 0.0387 R1 = 0.0359 
 wR2 = 0.0780 wR2 = 0.0772 wR2 = 0.0533 
Final R indices [I > 2σ(I)] R1 = 0.0305 R1 = 0.0288 R1 = 0.0258 
 wR2 = 0.0622 wR2 = 0.0718 wR2 = 0.0492 
Largest diff. peak and hole (e.Å-3) 1.73 and -0.70 0.79 and -0.38 2.16 and -1.00 
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Figure B1. ermal ellipsoid diagram (50% probability) of 3.1. Hydrogen atoms bonded to carbon are 
omitted for clarity. Labels are given only to the crystallographically unique atoms which coordinate the EuII 
centre.  

 

 

Figure B2. Crystallographic packing diagrams of 3.1, shown along the (a) a-axis, (b) b-axis, and (c) c-axis 
of the unit cell. Hydrogen atoms bonded to carbon are omitted for clarity.  
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Figure B3. ermal ellipsoid diagram (50% probability) of 3.2. Hydrogen atoms bonded to carbon are 
omitted and only one component of the disorder [of O1-THF] is shown for clarity. Labels are given only to 
the crystallographically unique atoms which coordinate the EuII centre.  

 

 

Figure B4. Crystallographic packing diagrams of 3.2, shown along the (a) a-axis, (b) b-axis, and (c) c-axis 
of the unit cell. Hydrogen atoms bonded to carbon are omitted for clarity.  
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Figure B5. ermal ellipsoid diagram (50% probability) of 3.3. Hydrogen atoms bonded to carbon are 
omitted and only one component of the disorder [of O2-THF] is shown for clarity. Labels are given only to 
the crystallographically unique atoms which coordinate the EuII centre.  

 

 

Figure B6. Crystallographic packing diagrams of 3.3, shown along the (a) a-axis, (b) b-axis, and (c) c-axis 
of the unit cell. Hydrogen atoms bonded to carbon are omitted for clarity.  
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Figure B7. ermal ellipsoid diagram (50% probability) of 3.4. Hydrogen atoms bonded to carbon are 
omitted for clarity. Labels are given only to the crystallographically unique atoms which coordinate the EuII 
centre.  

 

 

Figure B8. Crystallographic packing diagrams of 3.4, shown along the (a) a-axis, (b) b-axis, and (c) c-axis 
of the unit cell. Hydrogen atoms bonded to carbon are omitted for clarity.  
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Figure B9. Crystallographic packing diagrams of 3.5, shown along the (a) a-axis, (b) b-axis, and (c) c-axis 
of the unit cell. Only one component of the disorder is shown for clarity. Hydrogen atoms bonded to carbon 
are omitted for clarity.  
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Figure B10. ermal ellipsoid diagram (50% probability) of 3.6. Hydrogen atoms bonded to carbon are 
omitted for clarity. Labels are given only to the crystallographically unique atoms which coordinate the EuII 
centre.  

 

 

Figure B11. Crystallographic packing diagrams of 3.6, shown along the (a) a-axis, (b) b-axis, and (c) c-axis 
of the unit cell. Hydrogen atoms bonded to carbon are omitted for clarity.  
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Figure B12. ermal ellipsoid diagram (50% probability) of 3.7. Only one component of the disorder is 
shown for clarity. Hydrogen atoms bonded to carbon are omitted for clarity. Labels are given only to the 
crystallographically unique atoms which coordinate the EuII centre.  

 

 

Figure B13. Crystallographic packing diagrams of 3.7, shown along the (a) a-axis, (b) b-axis, and (c) c-axis 
of the unit cell. Only one component of the disorder is shown for clarity. Hydrogen atoms bonded to carbon 
are omitted for clarity.  
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B.4 Photoluminescence 

Table B1. Best-fitting parameters for the Boltzmann-type function 𝑦 = 𝐴ଶ +
(஺భି஺మ)

ଵା௘[(ೣషೣబ) ೏ೣ⁄ ] fitted to the 
energies at the emission band maxima for complexes 3.1–3.4, 3.6 and 3.7 (Figure 3.18a). Best-fitting 
parameters for 2.1 are given in Figure 2.6.  

Compound 𝐴ଵ 𝐴ଶ 𝑥଴ 𝑅ଶ 
3.1 17296 18107 245 0.9963 
3.2 16272 17880 147 0.9997 
3.3 16653 17907 210 0.9989 
3.4 15240 17890 113 0.9980 
3.6 15730 17259 223 0.9967 
3.7 17782 286226 928 0.9902 

 

 

Figure B14. Temperature uncertainty of complexes 3.1–3.4, 3.6 and 3.7 in comparison to the original 
complex 2.1, assuming a wavelength resolution of 0.1 nm (lower is better).224  
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Figure B15. ermometric performance of complex 3.5. Top: Temperature dependence of the energy at 
the emission band maximum, extracted from the temperature-dependent emission spectra shown in Figure 
3.13. e solid line represents the Boltzmann function fitted to the experimental data. Best fitting 
parameters: 𝐴ଵ = 17050, 𝐴ଶ = 24466, 𝑥଴ = 1236, 𝑅ଶ = 0.9950. Bottom: Absolute sensitivity obtained 
as the first derivative of the fitted function (le axis), and the temperature uncertainty assuming a 
wavelength resolution of 0.1 nm (right axis).224  
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B.5 Metrical analysis 

 

Figure B16. Distance between the cyclopentadienyl centroid and the Eu ion for complexes 2.1, 3.1–3.4 as 
a function of the donor strength of the cyclopentadienyl ligand C5Me4R, as estimated via the Hammett 𝜎௉ 
parameter (a), the modified Swain-Lupton F parameter (b), and the Hammett 𝜎ெ parameter (c) of the 
substituent R, as well as the 𝐴ଵ carbonyl stretching frequency (d) and the 13C 𝛿CO of the corresponding 
complex (C5Me4R)MnI(CO)3, demonstrating the lack of meaningful correlation between these parameters. 
Error bars are shown as ±3x esu of the measurement. 
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Figure B17. Steric maps of the ligands used in complexes 2.1, 3.1–3.7.  

 

 

Figure B18. Energy at the emission band maximum for complexes 2.1, 3.1–3.4 as a function of steric bulk 
(measured as %Vbur), demonstrating the lack of meaningful correlation between these parameters. e 10 
and 90 K points for 3.1 overlap.  
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Table B2. Thermal expansion coefficients56,176 for complexes studied via variable-temperature SCXRD.  

Complex ௏  (K-1 x10-4) 
2.1224 2.54  

3.1 2.21 
3.2 2.61 
3.3 2.15 
3.4 2.07 
3.6 2.49 

 

 

Figure B19. Total change in emission energy ΔE of each complex 2.1, 3.1–3.4, and 3.6 over the temperature 
range 90-270 K (le) and the maximum values of the absolute sensitivity of 2.1, 3.1–3.4, and 3.6 (right) 
plotted against the slopes of the linear fits calculated for plots of energy vs. relative compression of the lattice 
(i.e., the rate of change of emission energy as a function of lattice compression, see Tables 3.[5, 8, 11, 14, 
17]) of each complex. is demonstrates that in general, complexes with a more compressible lattice are 
expected to show better thermometric performance. Best fitting parameters are (le) 𝑚 = 40.3, 𝑏 = 2.38, 
𝑅ଶ = 0.8963; (right) 𝑚 = 0.23, 𝑏 = 1.09, 𝑅ଶ = 0.7671. 
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APPENDIX C 
Corresponding to Chapter 4 

C.1 Nuclear magnetic resonance spectra 

Potassium 1-(bis(dimethylamino)phosphinothioyl)-2,3,4,5-tetramethylcyclopentadienide (KCp#PS) 
1H NMR (500 MHz, pyridine-d5) 

 
13C NMR (126 MHz, pyridine-d5) 

 

31P coupled 

1H {31P} 
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31P{1H} NMR (203 MHz, pyridine-d5) 

 
 

1H-13C HMBC (black) and HSQC (magenta) (pyridine-d5) 

 
 

1H coupled 

31P{1H} 
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Potassium 1-(bis(dimethylamino)phosphinoselenoyl)-2,3,4,5-tetramethylcyclopentadienide (KCp#PSe) 

1H NMR (500 MHz, pyridine-d5)  

 
 

13C NMR (126 MHz, pyridine-d5) 

 
 

31P coupled 

1H {31P} 
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31P{1H} NMR (203 MHz, pyridine-d5) 

  
 

77Se NMR (95 MHz, pyridine-d5) 

 
 

1H coupled 

31P{1H} 
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1H-13C HMBC (black) and HSQC (magenta) (pyridine-d5) 
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Potassium 1-(bis(dimethylamino)phosphinotelluroyl)-2,3,4,5-tetramethylcyclopentadienide (KCp#PTe) 
1H NMR (500 MHz, pyridine-d5 after 1 week of stabilization time) 

   
13C NMR (126 MHz, pyridine-d5 after 1 week of stabilization time) 

 
 

1H {31P} 

31P coupled 

* 
* * 

* = trace toluene 

** 
* 

* = trace toluene 

* 
* 
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31P{1H} NMR (203 MHz, pyridine-d5 after 1 week of stabilization time) 

  
 

125Te{1H} NMR (158 MHz, pyridine-d5 after 1 week of stabilization time) 
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1H-13C HMBC (black) and HSQC (magenta) (pyridine-d5 after 1 week of stabilization time) 

 
 

 

Figure C1. Variable-temperature 1H NMR spectra of KCp#PTe within 6 hr of sample preparation (le) and 
aer one week of stabilization time (right). Spectra are normalized to the room-temperature spectrum in 
both cases. 
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C.2 Crystallographic information 

 4.1S·THF 4.1S 4.1Se 4.1Te 
CCDC deposition no. 2477059 2477057 2477058 2477060 
Temperature (K) 200 100 100 100 
Empirical formula C34H64EuN4O2P2S2 C26H48EuN4P2S2 C26H48EuN4P2Se2 C26H48EuN4P2Te2 
Formula weight (amu) 838.91 694.70 788.50 885.78 
Crystal system Triclinic Orthorhombic Monoclinic Orthorhombic 
Space group P1ത Pbcn P2/c Pna21 
Unit cell dimensions (Å and º) a = 12.2404(9) a = 18.4146(8) a = 21.0493(12) a = 21.1214(18) 
 b = 12.2684(9) b = 15.9712(7) b = 8.2933(4) b = 8.4038(8) 
 c = 14.6566(11) c = 10.8486(5) c = 20.8630(11) c = 18.2791(15) 
  = 86.165(2)  = 90  = 90  = 90 
  = 69.291(2)  = 90  = 119.627(2)  = 90 
 γ = 80.645(2) γ = 90 γ = 90 γ = 90 
Volume (Å3) 2031.3(3) 3190.6(2) 3165.9(3) 3244.5(5) 
Z 2 4 4 4 
Density (calc., g/cm3) 1.372 1.446 1.654 1.813 
Abs. coefficient (mm-1) 1.758 2.218 4.403 3.815 
F(000) 874.0 1428.0 1572.0 1716.0 
Crystal size (mm3) 0.290 x 0.220 x 0.033 0.173 x 0.134 x 0.120 0.294 x 0.201 x 0.159 0.304 x 0.152 x 0.146 
Radiation (wavelength, Å) Mo Kα (0.71073) Mo Kα (0.71073) Mo Kα (0.71073) Mo Kα (0.71073) 
Theta range (º) 1.485 to 27.103 1.688 to 30.503 1.113 to 38 1.928 to 41.151 
Index ranges (h,k,l) - 15 to 15, -15 to 15, -18 to 18 -26 to 26, -21 to 22, -15 to 15 -36 to 36, -14 to 14, -36 to 36 -39 to 39, -15 to 13, -33 to 33 
Reflections collected 47881 41705 316529 172006 
Independent reflections 8986 4868 17257 21553 
R(int) 0.0340 0.0827 0.0772 0.0608 
Completeness (%) 100 99.7 100 100 
Max. and min. transmission 0.746 and 0.663 0.527 and 0.470 0.558 and 0.433 0.619 and 0.476 
Data / restraints / parameters 8986 / 260 / 485 4868 / 0 / 167 17257 / 0 / 333 21553 / 1 / 333 
Goodness-of-fit on F2 1.030 1.245 1.258 1.066 
R indices (all data) R1 = 0.0338 R1 = 0.0579 R1 = 0.0400 R1 = 0.0230 
 wR2 = 0.0620 wR2 = 0.1335 wR2 = 0.0614 wR2 = 0.0476 
Final R indices [I > 2σ(I)] R1 = 0.0249 R1 = 0.0493 R1 = 0.0302 R1 = 0.0204 
 wR2 = 0.0583 wR2 = 0.1286 wR2 = 0.0587 wR2 = 0.0464 
Largest diff. peak and hole (e.Å-3) 0.80 and -0.37 1.27 and -0.92 1.12 and -0.97 1.63 and -0.53 
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Figure C2. Crystallographic packing diagrams of 4.1S, shown along the (a) a-axis, (b) b-axis, and (c) c-axis 
of the unit cell. Hydrogen atoms are omitted for clarity.  

 

 

Figure C3. Crystallographic packing diagrams of 4.1Se, shown along the (a) a-axis, (b) b-axis, and (c) c-
axis of the unit cell. Hydrogen atoms are omitted for clarity.  

 

 

Figure C4. Crystallographic packing diagrams of 4.1Te, shown along the (a) a-axis, (b) b-axis, and (c) c-
axis of the unit cell. Hydrogen atoms are omitted for clarity.  
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Figure C5. Solid-state structures of both unique molecules in the unit cell of 4.1Se (two half molecules are 
uniquely defined). ese are similar but differ slightly in their metrical parameters; the differences are listed 
in Table C1. ermal ellipsoids are shown at 50% probability, and hydrogen atoms have been omitted for 
clarity.  

Table C1. Comparison of metrical parameters between the two uniquely-defined half-molecules in the 
asymmetric unit of the crystal structure of 4.1Se. “Fragment 1” contains Eu1 and associated atoms, and 
“Fragment 2” contains Eu2 and associated atoms. All distances are given in angstroms, and all angles are 
given in degrees. 

 Fragment 1 Fragment 2  
Eu-Cp(cent) distance 2.5379(1) 2.5385(1)  

Cp(cent)-Eu-Cp(cent) angle 137.728(2) 136.733(3)  
Torsional twist angle τ 118.8(1) 115.0(1)  

    
C1-C2 distance 1.438(2) 1.437(2) C14-C15 distance 
C2-C3 distance 1.408(3) 1.404(2) C15-C16 distance 
C3-C4 distance 1.429(2) 1.426(3) C16-C17 distance 
C4-C5 distance 1.399(3) 1.405(2) C17-C18 distance 
C5-C1 distance 1.437(2) 1.440(2) C18-C14 distance 

    
C2-C6 distance 1.503(2) 1.506(2) C15-C19 distance 
C3-C7 distance 1.504(2) 1.503(2) C16-C20 distance 
C4-C8 distance 1.504(3) 1.503(2) C17-C21 distance 
C5-C9 distance 1.504(2) 1.504(3) C18-C22 distance 

    
C1-P1 distance 1.764(2) 1.763(1) C14-P2 distance 
P1-Se1 distance 2.1540(6) 2.1503(7) P2-Se2 distance 
P1-N1 distance 1.658(2) 1.656(1) P2-N3 distance 
P1-N2 distance 1.654(2) 1.662(2) P2-N4 distance 
N1-P1-N2 angle 108.15(8) 108.51(9) N3-P2-N4 angle 
Eu1-Se1 distance 3.0816(4) 3.0835(3) Eu2-Se2 distance 

Se1′-Eu1-Se1 angle 109.91(1) 109.088(9) Se2′-Eu2-Se2 angle 
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Structural comparisons 

Eu-Cp(cent) distances. A search of the Cambridge Structural Database for the terms “europium” and 
“cyclopentadienyl” returned 80 hits, from which 25 structures were selected for comparison that contained 
metallocene-like cyclopentadienyleuropium(II) structural motifs where the cyclopentadienyl ligands were 
fully substituted: 

BEDMAC JINDOA TUYZAO 
BIJMEM MIZTAQ VEPNIO 
CALXIZ NILROT VISBEG 
CIBMEJ PUYKAX VURHOG 
CIBMIN QIQSAN VURJAU 
DIVYEQ SERGUS YUKDUF 
DUHYIO SERHED ZESRAQ 
HIYKOS TIMWAO TUYZAO 
JACLIJ TUYYOB VEPNIO 

The Eu-Cp(cent) distances among this population ranged from 2.49‒2.68 Å, with an average value of 2.56 Å 
and standard deviation 0.04 Å. 
 
Metal-bound P-Te distances. A search of the Cambridge Structural Database for the fragment “P-Te-[any 
metal] returned 87 hits, 15 of which were excluded that were duplicate structures or did not contain a 
formally PV-Te-M motif. The P-Te distances among the remaining 72 structures:  

AFOGUB DOMMUO NEWZIZ PICCOU SUBZAS WOXREI 
BOYMEI EDIKAE NEXBIC PICCUA TAKMAV WUDSOE 
BOYMIM FAQLOB NUMPES PIWLEN TAKMEZ WUDSUK 
BOYMOS JISPAG OGOHOH PIWLIR TAKMID WUDTAR 
BOYMUY JISRIQ OGOHUN PIWLOX TAKMOJ WUDTEV 
BOYNAF KAWSEH ONEFAQ PODDUI TASHOL WUDTOF 
BOYNEJ KAWSIL ONEFEU PODFEU TASJAZ WUDVAT 
CEPSOG KAWSOR ONEFIY PODFIY TASJED XORYEJ 

CEPVAV01 KOBYOQ ONEFOE PODFOE TASJIH XORYIN 
DEGTIS LUNGIK PICCAG RACQIV TASJON XORYOT 

DOMMEY MECYOJ PICCEK RIWRUL WEMREN XORYUZ 
DOMMIC MECYUP PICCIO RIWSAS WEMRIR XUMXEJ 

ranged from 2.38‒2.51 Å, with an average value of 2.44 Å and standard deviation 0.03 Å. 
 
EuII-S distances. A search of the Cambridge Structural Database for the fragment “Eu-[any bond]-S” 
returned 91 hits, from which 18 structures were selected for comparison that contained Eu in oxidation 
state II:  

AFECAS HOXJIR NOQYOH UBUFOM ZIMZEA ZIPNUH 
CUYPAO LUPGOU PORBIH WAZBIL ZIMZIE ZIPPAP 
HIPLID NERTUD01 TICYIO01 WUVCOI ZIMZOK  

The Eu-S distances among this population ranged from 2.80-3.37 Å, with an average value of 3.03 Å and 
standard deviation 0.09 Å. 
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EuII-Se distances. A search of the Cambridge Structural Database for the fragment “Eu-[any bond]-Se” 
returned 21 hits, from which 8 structures were selected for comparison that contained Eu in oxidation state 
II:  

INOHUR NOQYEX YAVXAU ZIMKUB 
LIBLUD WAZBOR YAVXEY ZIMLAI 

The Eu-Se distances among this population ranged from 3.06-3.35 Å, with an average value of 3.16 Å and 
standard deviation 0.08 Å. 
 
EuII-Te distances. A search of the Cambridge Structural Database for the fragment “Eu-[any bond]-Te” 
returned 8 hits, and it is interesting to note that all crystallographically characterized Eu-Te contacts to date 
are in complexes of EuII:  

FIJJAN FIJJOB LIBCUU PITJOR 
FIJJER FIJJUH LIBDAB TOMTIA 

The Eu-Te distances among this population ranged from 3.16-3.52 Å, with an average value of 3.33 Å and 
standard deviation 0.09 Å. 
 
Distances about P in (diaminophosphinochalcogenoyl)cyclopentadienyl metal complexes. These are:  

FIWPOS FIWQIN FIXDEX HOVXEV ORIXOD VAYPER 
FIWPUY FIWQOT FIXDIB NAYFEY ORIXUJ XUTTAJ 
FIWQAF FIWQUZ FIXDOH NAYFIC ORIYAQ  
FIWQEJ FIWRAG FIXDOH01 ORIXIX UXEHAI  

The P-N distances among this population ranged from 1.63‒1.70 Å, with an average value of 1.66 Å and 
standard deviation 0.02 Å. The P-C(Cp) distances are rather consistent and range from 1.74-1.80 Å, with 
an average value of 1.78 Å and standard deviation 0.01 Å. 
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C.3 Infrared spectra 

 

Figure C6. Infrared spectra of ligand precursors KCp#PCh. Le: full spectra. Right: closeup of the 
fingerprint region (525‒1750 cm-1). 

 

 

Figure C7. Infrared spectra of complexes 4.1Ch.  
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Figure C8. Infrared spectrum of KCp#PS (black curve) compared to the corresponding Eu complex 4.1S 
(yellow curve). Le: full spectra. Right: closeup of the fingerprint region (525‒1750 cm-1). 

 

 

Figure C9. Infrared spectrum of KCp#PSe (black curve) compared to the corresponding Eu complex 4.1Se 
(brown curve). Le: full spectra. Right: closeup of the fingerprint region (525‒1750 cm-1). 

 

4.1S 

4.1Se 
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Figure C10. Infrared spectrum of KCp#PTe (black curve) compared to the corresponding Eu complex 
4.1Te (green curve). Le: full spectra. Right: closeup of the fingerprint region (525‒1750 cm-1). 

 

Figure C11. CAM-B3LYP/def2-TZVPD optimized geometries of KCp#PCh. White = H, black = C, 
blue = N, orange = P, yellow = S, purple = K, brown = Se, light green = Te. 

 

Figure C12. Comparison of experimental and calculated vibrational frequencies for KCp#PS (le), 
KCp#PSe (middle), and KCp#PTe (right) e solid blue lines are linear fits of the equation 𝑦 = 𝑚𝑥 + 𝑏 to 
the data. Best-fitting parameters are given in Table C2. 

 

4.1Te 
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Table C2. Best-fitting parameters for the linear fits given in Figure C12.  

 KCp#PS KCp#PSe KCp#PTe 

𝑚 0.932 ± 0.004 0.939 ± 0.003 0.936 ± 0.003 

𝑏 33 ± 6 28 ± 4 32 ± 4 

𝑅ଶ 0.9998 0.9999 0.9999 

Table C3. Selected vibrational modes used to scale the frequencies of KCp#PCh, and their assignments. 
Raw calculated frequencies were scaled according to the parameters in Table C2.  

 
Experimental 
wavenumber 

(cm-1) 

Raw 
calculated 

wavenumber 
(cm-1) 

Percent 
difference 

Scaled 
calculated 

wavenumber 
(cm-1) 

Percent 
difference Mode number: assignment 

KCp#PS 

555 578 4.06 572 2.93 
37: Symmetric in-plane stretching of ring and 2,5-Me 

with C-C bending of Cp esp. of 1,2,5-Cp 

619 637 2.87 627 1.21 
39: A symmetric mode of several convoluted coupled 

vibrations   

694 713 2.70 697 0.48 
42: Symmetric P-S stretching with P-N stretching and 

“envelope” bending of Cp ring 

769 796 3.45 775 0.74 
44: Symmetric P-C stretching with in-plane stretching 
of Cp along 1,2-, 1,5-, and 3,4-C bonds, stretching of 

3,4-Me, and some P-S stretching 

825 852 3.22 827 0.24 
45: Asymmetric in-plane stretching of Cp along 2,3- 

and 4,5-C bonds, with asymmetric ring Me stretching  

966 1002 3.66 967 0.08 
47: Asymmetric N-C-N stretching of both -P(NMe2)2 

with asymmetric N-P-N stretching 

1022 1047 2.42 1009 1.31 50: Wagging of 3,4-Me with some P-C stretching 

1063 1099 3.33 1057 0.55 
56: Symmetric C-N-C rocking of -NMe2 with some P-N 

wagging 

1142 1182 3.44 1135 0.65 
60: Symmetric bending of 1,2,5-Cp with P-C and 2,5-

Me stretching  

1184 1241 4.70 1190 0.47 65: P-N wagging of -P(NMe2)2 

1277 1325 3.69 1268 0.72 
66/67: overlapping symmetric and asymmetric N-P-N 

stretching of -P(NMe2)2 

1298 1338 3.03 1280 1.40 
68: P-C stretching with symmetric ring 

stretching/bending (elongation of 1,2-, 1,5-, and 3,4-C 
with compression of 2,3- and 4,5-C) 

1433 1505 4.90 1436 0.18 
87/88: Overlapping symmetric and asymmetric methyl 

C-H bending 

2852 3012 5.46 2840 0.41 
100: Symmetric C-H stretching of -NMe2 pointing 

away from ring 

2904 3113 6.95 2935 1.05 113: Asymmetric C-H stretching esp. of 3,4-Me 

2985 3157 5.60 2976 0.32 
118: Symmetric C-H stretching of -NMe2 pointing 

towards ring with some N-C wagging 

RMS error[a] → 86.1  11.9  
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KCp#PSe 

559 572 2.30 565 1.11 37: Symmetric in-plane stretching of ring and 2,5-Me 
with C-C bending of Cp esp. of 1,2,5-Cp 

594 611 2.82 602 1.32 39: A symmetric mode of several convoluted coupled 
vibrations  

667 671 0.60 658 1.32 40: Symmetric out-of-plane ring bending (driven by 
2,5-C motion) with P-N and P-Se stretching  

702 715 1.83 700 0.35 43: Asymmetric in-plane ring twisting (esp. of 2,3,4,5-
C) with in-plane C-P “pendulum” motion and N-P-N 

stretching of -P(NMe2)2 

766 792 3.34 772 0.76 44: Symmetric P-C stretching with in-plane stretching 
of Cp along 1,2-, 1,5-, and 3,4-C bonds, stretching of 

3,4-Me, and some P-S stretching 

825 851 3.10 827 0.27 45: Asymmetric ring Me stretching with in-plane Cp 
stretching (2,3- and 4,5-C bonds) 

968 1009 4.15 976 0.79 48: Symmetric N-C-N stretching of both -P(NMe2)2 

with symmetric N-P-N stretching 

1020 1048 2.71 1012 0.76 50: Wagging of 3,4-Me with some P-C stretching 

1063 1097 3.15 1058 0.45 56: Symmetric C-N-C rocking of -NMe2 with some P-N 
wagging 

1140 1181 3.53 1137 0.25 60: Symmetric bending of 1,2,5-Cp with P-C and 2,5-
Me stretching 

1184 1236 4.30 1189 0.40 65: P-N wagging of -P(NMe2)2 

1275 1323 3.70 1270 0.35 66/67: Overlapping symmetric and asymmetric N-P-N 
stretching of -P(NMe2)2 

1298 1336 2.89 1283 1.19 68: P-C stretching with symmetric ring 
stretching/bending (elongation of 1,2-, 1,5-, and 3,4-C 

with compression of 2,3- and 4,5-C) 

1431 1503 4.91 1440 0.59 87/88: Overlapping symmetric and asymmetric methyl 
C-H bending 

2854 3014 5.45 2858 0.16 100: Symmetric C-H stretching of -NMe2 pointing 
away from ring 

2904 3061 5.26 2903 0.05 106: Asymmetric C-H stretching of -NMe2 

RMS error[a] → 65.8  6.82  

KCp#PTe 

577 599 3.74 592 2.54 
39: A symmetric mode of several convoluted coupled 

vibrations 

663 667 0.60 655 1.15 
40: Symmetric out-of-plane ring bending (driven by 

2,5-C motion) with P-N and P-Te stretching 

700 712 1.70 698 0.35 
43: Asymmetric in-plane ring twisting (esp. of 2,3,4,5-
C) with in-plane C-P “pendulum” motion and N-P-N 

stretching of -P(NMe2)2 

764 792 3.60 772 1.09 
44: Symmetric P-C stretching with in-plane stretching 
of Cp along 1,2-, 1,5-, and 3,4-C bonds, stretching of 

3,4-Me, and some P-S stretching 

825 851 3.10 828 0.31 
45: Asymmetric ring Me stretching with in-plane Cp 

stretching (2,3- and 4,5-C bonds) 

970 1006 3.64 973 0.27 
48: Symmetric N-C-N stretching of both -P(NMe2)2 

with symmetric N-P-N stretching 

1020 1047 2.61 1011 0.89 50: Wagging of 3,4-Me with some P-C stretching 
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1061 1097 3.37 1058 0.31 
56: Symmetric C-N-C rocking of -NMe2 with some P-N 

wagging 

1142 1181 3.36 1136 0.50 
60/61: Symmetric bending of 1,2,5-Cp with P-C and 

2,5-Me stretching, overlapping asymmetric N-C 
wagging of both -NMe2 with N-P-N rocking  

1184 1233 4.06 1185 0.08 65: P-N wagging of -P(NMe2)2 

1290 1334 3.35 1279 0.82 
68: P-C stretching with symmetric ring 

stretching/bending (elongation of 1,2-, 1,5-, and 3,4-C 
with compression of 2,3- and 4,5-C) 

1431 1502 4.84 1437 0.39 
87/88: Overlapping symmetric and asymmetric methyl 

C-H bending 

2846 3018 5.87 2855 0.31 
100: Symmetric C-H stretching of -NMe2 pointing 

away from ring 

2904 3065 5.40 2899 0.18 105: Asymmetric C-H stretching of -NMe2 

RMS error[a] → 71.6  7.28  

[a] RMS error is calculated as ටଵ

௡
∑ (𝜐௜,௖௔௟௖ − 𝜐௜,௘௫௣௧)ଶ௡

௜ .323 The percentage errors given in the columns above are not related to the 

calculation of RMS error, but serve to aid in visualizing the differences between experimental and calculated values. 

C.5 Photoluminescence and luminescence thermometry 

Table C5. Performance comparison of selected band-shift luminescence thermometers. 

Thermometer Ref. Sa (cm-1 K-1) Sensing Range (K) ΔE (cm-1) 

Bromo(methylpyridinium)-
paracyclophane chloride 

363 17.7 @ 178 K 143-223 1046 

Cs6Cu3AgBr10 364 15.3 @ 300 K 80-300 2657 
Ag2S quantum dots 173 11  295-317 500[d] 

[Cp*Eu(μ-BH4)(THF)2]2 224 8.2 @ 320 K 60-320 1899 
-Al2O3:SmII 99 8.0 @ 298 K[b] 298-648 1500[d] 

[bdpCp#Eu(μ-BH4)(THF)2]2 270 7.36 @ 113 K 30-320 1647 
[TMSCp#Eu(μ-BH4)(THF)2]2

 270 7.22 @ 150 K 30-300 1350 
[Cp*Eu(μ-BD4)(THF)2]2 224 7.07 @260 K 30-320 1858 
{EuII[B(CN)4]2·THF}n

[c] 272 5.65 77-500 2450 

 

164 5.57 77-380 1687 

[Eu(BH4)2(THF)2] 56,224 5.37 @ 220 K 30-320 1178 
[CpxphEu(μ-BH4)(THF)2]2 270 5.00 @ 243 K 100-320 622 

CdTe quantum dots 174 5  300-353 283 
[TMGCp#Eu(μ-BH4)(THF)2]2 270 4.51 @ 210 K 40-310 939 

Dipyren-1-yl(2,4,6-
triisopropylphenyl)borane 

365 3.34 223-373 1881[d] 

[Cp*Eu(μ-BH4)(DME)]2 270 3.15 @ 220 K 80-320 786 
[CpiPr4Eu(μ-BH4)(DME)]2 270 2.61 @ 260 K 120-260 207 

Na4Mg(WO4)3:MnIV 366 1.99 @ 300 K 100-300 597 
[(Cp#PS)2Eu] (4.1S) [a] 1.5 @ 330 K 70-330 356 
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[CpiPr4Eu(μ-BH4)(THF)2]n 270 1.08 @ 290 K 110-290 60 
Mg2SiO4:CrIII 367 0.25 @ 310 K 125-330 40[d] 
Mg2TiO4:CrIII 368 0.21[d] @ 460 K 50-460 61 

[a] This work. [b] using the barycentre of the entire SmII emission band as the sensor. [c] without annealing. [d] estimated. 

C.6 Magneto-optical properties and MCD thermometry 

Table C6. Best-fitting parameters for the sigmoidal logistic function ∆ =
஺భି஺మ

ଵାቀ௫
௫బൗ ቁ

೛ − 𝐴ଶ fitted to the 

thermometric parameters Δ shown in Figures 4.26-4.28. 

Figure Δ 𝐴ଵ 𝐴ଶ 𝑥଴ 𝑝 𝑅ଶ 

4.26a 

|𝑰𝟏 − 𝑰𝟐| 844108 615 0.09 1.92 1.0000 

|𝑰𝟏 − 𝑰𝟒| 678007 1508 0.13 1.74 1.0000 

|𝑰𝟐 − 𝑰𝟑| 847771 915 0.08 1.71 1.0000 

|𝑰𝟑 − 𝑰𝟒| 739898 1797 0.12 1.66 1.0000 

4.26b 

|𝑰𝟏 − 𝑰𝟐| 811953 95 0.02 1.05 1.0000 

|𝑰𝟏 − 𝑰𝟒| 99208 0.96 0.52 1.17 1.0000 

|𝑰𝟐 − 𝑰𝟑| 261261 8.50 0.11 1.05 1.0000 

|𝑰𝟑 − 𝑰𝟒| 113102 0.95 0.56 1.17 1.0000 

4.26c 

|𝑰𝟏 − 𝑰𝟐| 227778 11 0.13 0.99 1.0000 

|𝑰𝟏 − 𝑰𝟒| 60086 0.03 1.70 1.27 1.0000 

|𝑰𝟐 − 𝑰𝟑| 93561 161 0.61 1.10 1.0000 

|𝑰𝟑 − 𝑰𝟒| 82259 0.08 1.49 1.23 1.0000 

4.26d 

|𝑰𝟏 − 𝑰𝟐| 787378 -1359 0.02 0.79 1.0000 

|𝑰𝟏 − 𝑰𝟒| 57272 1345 3.90 1.71 1.0000 

|𝑰𝟐 − 𝑰𝟑| 56029 68 2.36 1.25 1.0000 

|𝑰𝟑 − 𝑰𝟒| 70458 2009 4.04 1.75 1.0000 

4.27 top 

|𝑰𝟏 − 𝑰𝟐| 16929 0.12 0.36 1.11 1.0000 

|𝑰𝟏 − 𝑰𝟒| 1855253 -465 0.004 0.97 1.0000 

|𝑰𝟐 − 𝑰𝟑| 17777 0.05 0.63 1.23 1.0000 

|𝑰𝟑 − 𝑰𝟒| 15511 0.02 1.36 1.50 1.0000 

4.27 middle |𝑰𝟏 − 𝑰𝟐| 17509 78 0.68 1.14 1.0000 
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|𝑰𝟏 − 𝑰𝟒| 37917 -328 0.52 1.10 1.0000 

|𝑰𝟐 − 𝑰𝟑| 18439 0.01 1.15 1.22 1.0000 

|𝑰𝟑 − 𝑰𝟒| 15504 0.0008 2.35 1.56 1.0000 

4.27 bottom 

|𝑰𝟏 − 𝑰𝟐| 11460 28 2.14 1.23 1.0000 

|𝑰𝟏 − 𝑰𝟒| 14217 -247 1.66 1.12 1.0000 

|𝑰𝟐 − 𝑰𝟑| 18405 144 2.27 1.27 1.0000 

|𝑰𝟑 − 𝑰𝟒| 16466 0.002 2.75 1.33 1.0000 

4.28 top 

|𝑰𝟏 − 𝑰𝟐| 8727422 -87 0.00003 0.78 0.9990 

|𝑰𝟏 − 𝑰𝟒| 5.0 x107 672 0.007 1.56 0.9874 

|𝑰𝟐 − 𝑰𝟑| 3243 503 2.07 2.29 0.9992 

|𝑰𝟑 − 𝑰𝟒| 3.8 x107 919 0.005 1.37 0.9924 

4.28 middle 

|𝑰𝟏 − 𝑰𝟐| 7432 177 1.58 1.32 0.9981 

|𝑰𝟏 − 𝑰𝟒| 51454 -24 1.21 1.40 0.9974 

|𝑰𝟐 − 𝑰𝟑| 8798 309 1.47 1.62 0.9978 

|𝑰𝟑 − 𝑰𝟒| 68045 471 1.27 1.41 0.9976 

4.28 bottom 

|𝑰𝟏 − 𝑰𝟐| 7587 165 3.35 1.33 1.0000 

|𝑰𝟏 − 𝑰𝟒| 51372 -64 2.30 1.28 1.0000 

|𝑰𝟐 − 𝑰𝟑| 11951 -131 1.60 1.14 0.9999 

|𝑰𝟑 − 𝑰𝟒| 69958 -50 2.32 1.26 1.0000 
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Figure C13. Temperature-dependent signal fluctuation δI/I in the range 675-775 nm (outside the EuII components) for 4.1S under applied magnetic 
fields of (a) 0.1, (b) 0.25, (c) 0.5, and (d) 1.0 T. e solid blue lines are linear fits of the equation 𝑦 = 𝑚𝑥 + 𝑏 to the data. Best-fitting parameters are 
given in Table C7. 

(a) (b) 

(c) (d) 
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Figure C14. Temperature-dependent signal fluctuation δI/I in the range 675-775 nm (outside the EuII 
components) for 4.1Se under applied magnetic fields of 0.25 (top), 0.5 (middle), and 1.0 T (bottom). e 
solid blue lines are linear fits of the equation 𝑦 = 𝑚𝑥 + 𝑏 to the data. Best-fitting parameters are given in 
Table C7. 
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Figure C15. Temperature-dependent signal fluctuation δI/I in the range 675-775 nm (outside the EuII 
components) for 4.1Te under applied magnetic fields of 0.25 (top), 0.5 (middle), and 1.0 T (bottom). e 
solid blue lines are linear fits of the equation 𝑦 = 𝑚𝑥 + 𝑏 to the data. Best-fitting parameters are given in 
Table C7. 
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Table C7. Best-fitting parameters for the linear fits given in Figures C13-15.  

Figure 𝑚 𝑏 𝑅ଶ 

C13a 0.0314 -0.002 0.9973 

C13b 0.0046 0.0005 0.9998 

C13c 0.0044 0.001 0.9994 

C13d 0.0056 -0.004 0.9947 

C14 top 0.0114 0.003 0.9879 

C14 middle 0.0024 0.003 0.9626 

C14 bottom 0.0065 0.005 0.9996 

C15 top 0.0008 0.0002 0.9851 

C15 middle 0.0065 -0.005 0.9979 

C15 bottom 0.0047 -0.002 0.9975 
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Table C8. Performance comparison of magnetic circular dichroism thermometers reported to date. 

  0.1 T 0.25 T 0.5 T 1.0 T 

  Single-
Parameter 

Multi-
parametric 

Single-
Parameter 

Multi-
parametric 

Single-
Parameter 

Multi-
parametric 

Single-
Parameter 

Multi-
parametric 

4.1S 

Max. 𝑆௥  (% K-1)[a] 93.9 170 60.3 114 53.8 89.9 46.7 61.0 

δT (K)[b] 0.005 0.003 0.02 0.009 0.02 0.01 0.02 0.01 

Sensing Range (K)[c] 1.7 ‒ 3.5 1.7 ‒ 10 1.7 ‒ 12.4 1.7 ‒ 18.7 1.7 ‒ 11.7 1.7 ‒ 17.4 

4.1Se 

Max. 𝑆௥  (% K-1)[a] n.d. 61.5 112 52.6 90.7 34.3 61.2 

δT (K)[b] n.d. 0.05 0.03 0.02 0.01 0.07 0.04 

Sensing Range (K)[c] n.d. 1.7 ‒ 8 1.7 ‒ 15 1.7 ‒ 10.9 

4.1Te 

Max. 𝑆௥  (% K-1)[a] n.d. 85.9 130 50.8 94.4 35.2 59.4 

δT (K)[b] n.d. 0.002 0.001 0.02 0.01 0.02 0.01 

Sensing Range (K)[c] n.d. 1.7 ‒ 6 1.7 ‒ 12.5 1.7 ‒ 13.7 

{Nd} 

Max. 𝑆௥  (% K-1) n.d. 
44.8 @ 
2.38 K n.d. 

36.8 @ 
2.66 K n.d. 

24.1 @ 
1.55 K n.d. 

δT (K) n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Sensing Range (K) n.d. 1.55 ‒ 5.0 n.d. 1.55 ‒ 8.0 n.d. 1.55 ‒ 15.0 n.d. 

{Dy} 

Max. 𝑆௥  (% K-1) n.d. 
37.7 @ 
1.55 K n.d. 

22.3 @ 
2.13 K n.d. 

11.2 @ 
5.57 K n.d. 

δT (K) n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Sensing Range (K) n.d. 1.55 ‒ 5.0 n.d. 1.55 ‒ 12.5 n.d. 1.55 ‒ 20.0 n.d. 

{Ho} 

Max. 𝑆௥  (% K-1) n.d. 
42.3 @ 
2.50 K 

95.3 @ 
2.50 K 

22.9 @ 
3.44 K n.d. 

10.3 @ 
4.71 K n.d. 

δT (K) n.d. 0.02 0.008 n.d. n.d. n.d. n.d. 

Sensing Range (K) n.d. 1.55 ‒ 3.5 1.55 ‒ 3.5 1.55 ‒ 9.0 n.d. 1.55 ‒ 20.0 n.d. 

{Ln} = Ln(acac)3(phen) from ref. [336]. [a] Maximum 𝑆௥ is attained at 1.7 K under all conditions. [b] Temperature uncertainty at the 
temperature of maximum 𝑆௥. [c] Temperature range for which 𝛿𝑇 is ≤ 1.0 K. n.d. = not determined. 
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