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ABSTRACT:  The trivalent lanthanide ions show optical transitions between energy levels within the 4f shell. All these transitions are formally 

forbidden according to the quantum mechanical selection rules used in molecular photophysics. Nevertheless, highly luminescent complexes 

can be achieved, and terbium(III) and europium(III) ions are particularly efficient emitters. This report started when an apparent lack of data in 

the literature led us to revisit the fundamental photophysics of europium(III). The photophysical properties of two complexes – 

[Eu.DOTA(MeOH-d4)]- and [Eu(MeOH-d4)9]3+ – were investigated in deuterated methanol at five different temperatures. Absorption spectra 
showed decreased absorbance as the temperature was increased. Luminescence spectra and time-resolved emission decay profiles showed a 

decrease in intensity and lifetime as a temperature was increased. Having corrected the emission spectra for the actual number of absorbed 

photons and differences in the non-radiative pathways, the relative emission probability was revealed. These were found to increase with in-
creasing temperature. The transition probability for luminescence was shown to increase with temperature, while the transition probability for 

light absorption decreased. The changes in transition probabilities were correlated to a change in the symmetry of the absorber or emitter, with 

an average increase in symmetry lowering absorbance and access to more asymmetric structures increasing the emission rate constant. Deter-

mining luminescence quantum yields and the Einstein coefficient for spontaneous emission allowed us to conclude that lowering symmetry 
increases both. Further, it was found that collisional self-quenching is an issue for lanthanide luminescence, when high concentrations are used. 

Finally, detailed analysis revealed results that show the so-called ‘Werts’ method’ for calculating radiative lifetimes and intrinsic quantum yields 

are based on assumptions that do not hold for the two systems investigated here. We conclude that we are lacking a good theoretical description 

of the intraconfigurational f-f transitions, and that there are still aspects of fundamental lanthanide photophysics to be explored.
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Introduction 

Lanthanide luminescence is very intriguing from a standpoint of 

molecular photophysics. The experimentally observed optical tran-
sitions in both absorption and emission spectra are forbidden, and 

we rationalize the intense emission as lack of non-radiative deactiva-

tion processes. The hypothesis is that deactivation only occurs radi-

atively or via energy transfer, typically to overtones of vibrations in 
the solvent, which manifest as quenching. 1, 2 

While we are able to describe allowed electronic transitions from 

first principles, forbidden transitions are more tricky. Therefore, lan-
thanide luminescence is often rationalized using semi-empirical the-

ories of varying quality e.g., some do not operate with conservation 

of energy. Most prominently featured in the literature are Latva's 

rule (empirical),3 Judd-Ofelt theory (J-O theory, semi-empirical),4 
hypersensitivity (exception to J-O theory, empirical),5 and Werts’ 

method (derived from Judd-Ofelt theory)6. Of these, Latva’s work 

and hypersensitivity rest securely on experimental evidence, while J-
O theory describes most observations in solids.7, 8 In our work—and 

starting to appear in the literature— we find data that is at odds with 

these theories. Therefore, we decided to consider the theories in de-

tail by revisiting the fundamental photophysical properties of the 
lanthanide ions. We start with Eu3+, as this is the best candidate for 

increasing our understanding.9  

Figure 1. a) Solution structures of [Eu(MeOH-d4)9]3+ (top) and 

[Eu.DOTA(MeOH-d4)]- (bottom). The structures are a Tricapped 
Trigonal Prism (TTP) and a Capped Square Antiprism (cSAP) respec-

tively. The indicated symmetries represent the point group symmetries 
of the equilibrium structures with the distorted structure symmetries in 

parenthesis. b) Energy levels in Eu3+. The Russel-Saunders terms (left) 

are split by the ligand field to form microstates (right). The number of 
non-degenerate microstates depends on the ligand field symmetry.10, 11 

The main emissive state (5D0) and lowest lying electronic state (7F0) are 
both non-degenerate. 

Eu3+ is the most studied member of the lanthanide series with re-
gards to photophysical properties.6, 9-13 This is due to a number of 

factors reducing the experimental complexity when investigating 

electronic energy levels and the transitions between them: i) The 
main transitions in both absorption and emission lie in the visible 

range allowing the use of widely available instrumentation. ii) The 

lowest lying electronic state (7F0) and main emissive state (5D0) are 

both non-degenerate, significantly simplifying the optical spectra, 
see Figure 1. iii) The excited state lifetime is in the ms range allowing 

for simple experimental detection. And, iv) Compared to other lan-

thanides the intrinsic quantum yield is high. Further motivation for 

the many studies come from a technical standpoint, where the char-
acteristic red luminescence has been used in LED’s, anti-counterfeit-

ing as well as bio-assays and bio-imaging.14-16 Despite the large body 

of work, our detailed studies indicate that the theoretical foundation 
for understanding Eu3+ luminescence is lacking. Thus, we set out to 

probe the fundamental photophysical properties of Eu3+ in two 

model systems: [Eu(MeOH-d4)9](CF3SO3)3 and 
[Eu.DOTA(MeOH-d4)]- in methanol-d4. The structures of the 

complexes are shown in Figure 1 along with the electronic energy 

levels of Eu3+. Methanol-d4 was chosen to remove as many of the pro-

ton mediated non-radiative pathways as possible, and to reduce or 
remove complications from pH, while retaining a well-defined tri-

capped trigonal prismatic (TTP) and capped square anti-prismatic 

(cSAP) coordination geometry, see Figure 1. The CF3SO3
- salt of 

Eu3+ was chosen as it is known to form only outer sphere complexes 

in methanol.17 Similarly, DOTA (1,4,7,10-Tetraazacyclododecane-

1,4,7,10-tetraacetic acid) was chosen as the structure of DOTA 

complexes of the trivalent lanthanide ions have been studied in great 
detail.18, 19 

We have previously determined the solution structure of 

[Eu(MeOH-d4)9]3+ to be a TTP. Further, we showed that the 

CF3SO3
- ion does not coordinate in the inner coordination sphere in 

methanolic solutions. Here, these results ensure that the ligand field 

will be defined exclusively by the monodentate methanol ligands, 

and that no equilibria involving coordination has to be considered. 
Note that inner sphere coordination of non-solvent ligands are 

clearly observed in optical spectroscopy and by using the Horrocks 

method.20, 21 

The structure of [Eu.DOTA(MeOH-d4)]- is well known to exist in 
an equilibrium between the C4 symmetric cSAP and cTSAP forms.18, 

22-24 Elucidating the exact distortion is exceedingly complicated and 

beyond the scope of this study – yet any distortion of the ligand 
backbone e.g. on the path converting cSAP to cTSAP, will induce 

decrease in symmetry.18, 22-24 

The TTP and cSAP are the most common structures for 9-coordi-

nated complexes of trivalent lanthanides, as they based on electro-
statics, resemble the two lowest energy conformations.25, 26  

Ln3+ complexes in solution are dynamic systems.19  The ligand ex-

change for trivalent lanthanides is fast – it ocurs on the ns time-
scale.19, 22, 27, 28  As such structural fluctuations play a significant role 

in the observed properties of lanthanide complexes in solution27, 29 

and as we study dynamic systems it is important to consider the 

time-scale of the exchange processes of the system as well as the 
time-scale of the experiment.29  Absorption and emission spectros-

copy both probe electronic transitions but there is a large difference 

in the experimental time-scale. Absorption (fs) can always be con-

sidered instantaneous compared to molecular motion (ns or 
slower), and thus gives a snapshot of the species in solution. In emis-

sion experiments, the excited state lifetime is the determining factor. 

For Eu3+ this can be as long as several ms, which compared to the 
ligand exchange and molecular motion (ns) is a slow process, and 

these may induce significant effect on the observed properties, see 

Figure 2.27, 29  

Here, we study [Eu(MeOH-d4)9]3+ and [Eu.DOTA(MeOH-d4)]- at 

temperatures from 10°C to 50 °C. We expect that the highest sym-
metry form of the complexes has the lowest energy. While an in-

crease in temperature will cause conformational fluctuations to oc-

cur more readily, it will also allow forms with an overall decrease in 

the point group symmetry to become accessible. Whether the aver-
age symmetry of the ligand field increase or decrease as low-sym-

metry, high energy conformations become transiently populated is 
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impossible to know, but we can consider the general effect of tem-

perature on the population of the different forms of the complexes, 
see Figure 2.  

 

Figure 2. a) Illustration of the distorted conformations available in 

[Eu.DOTA(MeOH-d4)]-. At lower temperatures, the exchange be-
tween these is slow. Thus, a species can be temporarily ‘trapped’ in a low 

symmetry conformation. At higher temperatures, the exchange be-
comes fast and the species will move out of the less favorable, less sym-

metric conformation faster. It also allows new, less symmetrical confor-
mations to be populated. The effect is that the average ensemble of 

structures will be more symmetric at higher temperatures, but less sym-
metrical structures will also be populated. As symmetry is directly re-

lated to transition probability, this dictates the spectral changes ob-
served in the experiments (see main text). b) Illustration of the effect of 

weighted averages on the observed emission. Considering three differ-
ent conformations of a complex: 1 (blue), 2 (green) and 3 (orange). 1 

is more symmetric than 2, which is more symmetric than 3. The transi-

tion probability (A) is in the reverse order, as dictated by the ligand field 
symmetry. Because the excited state lifetime is several orders of magni-

tude slower (ms range) compared to molecular motion (ns) range a 
complex may visit all three conformations before emission occurs. If the 

probability of emission is significantly higher for one conformation, 
compared to the other, this will result in an overrepresentation of the 

emission signal from that species. In the example shown here, 1 has a 
population of twice that of 2 and five times that of 3. However, the emis-

sion probability of 1 is half that of 2 and a fifth of that of 3. The resulting 
emission spectra will therefore give an overrepresentation of the asym-

metric species.   

In molecular photophysics the theoretical description of ‘forbidden’ 
electronic transitions remains poor, and similarly our ability to treat 

the lanthanide centered excited states is limited.30 We classify the 

transitions using black body radiation, the Strickler-Berg equations, 

and Einstein’s theory of stimulated absorption and spontaneous 

emission.31, 32  For a given electronic transition the rate constants 

of—or Einstein’s coefficient for—spontaneous  emission A is con-
veniently linked to the quantum mechanical transition dipole oper-

ator, which we in more loosely defined terms can link to the experi-

mentally determined oscillator strength f.33, 34 The oscillator strength 

is a convenient measure as it provides a physical constant that can be 
used on any band, disregarding the number of lines present.35 For 

Eu3+ we can go a step further and use Arel as the emissive state is non-

degenerate, see Figure 1. This allows us to experimentally determine 
transition probabilities and challenge the current theoretical models. 

In J-O theory we already know that some bands are poorly de-

scribed, and it was recognized early that it was necessary to separate 

bands in ‘pure’ and ‘hypersensitive’ depending on whether they 
could be described by the theory or not.5 Further, some of the inher-

ent assumption require mixing of isoenergetic excited electronic en-

ergy levels, which is incompatible with experimental data.36 Finally, 

J-O theory predicts the nature of the transitions as electric dipole, 
magnetic dipole, and induced electric dipole. We do not consider 

these assignments to have merit, and assume that all interactions be-

tween light and matter are dominated by an electric field operator.11 
This has significant consequences for the Werts’ method as shown 

below. These consequences should be noted as it is a widely used 

tool in analysis of Eu3+ luminescence. 

This work started as we noticed significant changes in the spectra of 
[Eu(MeOH-d4)9]3+ and [Eu.DOTA(MeOH-d4)]- in methanol-d4 as 

a function of temperature. To investigate further, we determined the 

photophysical properties of Eu3+ in these two complexes at 10, 20, 

30, 40 and 50°C. This was done as a combination of absorption, 

steady state, and time-resolved emission spectroscopies. The data 
was used to determine the changes in absorbance, excited state life-

time, luminescence quantum yield, and the rate constants for spon-

taneous emission and non-radiative deactivation (kr and knr). From 
the data we can conclude that the absorption transition probability 

decreases and the emission transition probability increases with in-

creasing temperature in both systems. This we can explain by the dif-

ferences in the experimental time-scale. We can also conclude that kr 
increases with increasing temperature, while knr remains constant. 

Further, by determining kr we can evaluate the Werts’ method for 

determining this constant in Eu3+ complexes, and we find the 

method does not work for the systems studied here.  

Methods and Materials  

Sample Preparation.  Eu(CF3SO3)3 (98% Strem Chemicals) was 

used as received. H3O[Eu(DOTA)] was prepared by literature pro-

cedure37, 38 and purified using Ion-Exchange Chromatography (see 
SI). Both samples were dissolved in MeOH-d4 (Eurisotop). The 

concentration of the Eu(CF3SO3)3 and H3O[Eu(DOTA)] solutions 

were 0.1M and 0.005M respectively. Samples were kept in 10 mm 
quartz cuvettes from Starna Scientific with a screw top. The cuvettes 

were further sealed with Parafilm M (Sigma-Aldrich). This was done 

to prevent contamination from water. To check the sample integrity, 

the excited state lifetime was evaluated over time, the observed 
change was consistent yet of a magnitude that was deemed insignif-

icantly compared to all other changes observed in these experiments. 

No changes in absorption was detected over time. 
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Optical Spectroscopy . Absorption spectra were recorded using a 

Cary-300 double-beam spectrometer from Agilent Technologies us-

ing air as a reference with zero/baseline correction on the cuvette 

containing only solvent. Slits were kept at 1 nm. Temperature con-
trol was achieved with a water pump and a Cary Single Cell Peltier 

Accessory. A minimum of 30 minutes of equilibration time allowed 

the system to stabilize at each temperature. A constant nitrogen flow 
was sent through the sample chamber to avoid condensation on the 

cuvettes. For [Eu.DOTA(MeOH-d4)]- the average of 5 runs were 

used to reduce noise.  

Emission spectra were carried out on a PTI QuantaMaster 8075 in-
strument from Horiba Scientific using a Xenon lamp for excitation. 

Excitation wavelength was 394 nm. Excitation and emission slits 

were 8 nm and 1.5 nm respectively. The emission intensity was cor-

rected for wavelength-dependent detector sensitivity using a factory 
provided correction file. Fluctuations in lamp intensity was cor-

rected using a reference detector with a factory provided correction 

file. Time-resolved emission decay profiles were recorded on the 
same instrument using a Xenon flash lamp as the excitation source. 

Excitation and emission were done at 394 nm and 700 nm with 8 nm 

excitation slits and 8 nm emission slits. The time-gate was set at 300 

µs to remove all residual signal from the lamp. The decay profiles 

were fitted using a single-exponential decay function in the Origin 

2020 (OriginLab) software package. In the steady-state and time-re-

solved measurements, the temperatures were controlled using a 

Koolance EXT-440 liquid cooling system from Horiba Scientific. A 
minimum of 30 minutes of equilibration time allowed the system to 

stabilize at each temperature. A constant nitrogen flow was sent 

through the sample chamber to avoid condensation on the cuvettes.  

No signals from other Ln3+ ions were detected in any measurements. 

As expected considering the relative energies of the states in-

volved,39-41 we find no evidence of ligand-metal charge transfer or 

back energy transfer in the systems studied here.  

The density of the solvent changes as a function of temperature.42 

This will lead to a decrease in the concentration of the Eu3+ com-

plexes. This will reduce the observed emission intensity and absorp-

tion. We conclude that this effect is negligible compared to the 
changes we assign to complex structure; see Figures S3, S8, S17 & 

S22. The Arel and quantum yield determinations are unaffected by 

changes in density, as these values are corrected number of absorbed 
photons as part of the data treatment. 

Quantum Yield Determination . For Quantum Yield measure-

ments, we attempted the IUPAC recommended, relative, five-point 
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Figure 3. Absorption spectra of 0.1M [Eu(MeOH-d4)9]3+ (a) and 0.005M [Eu.DOTA(MeOH-d4)]- (b) in MeOH-d4 at 10, 20, 30, 40 and 50 °C. 

Integrated absorbance in the excitation window (394 nm ± 8 nm) of 0.1M [Eu(MeOH-d4)9]3+ (c) and 0.005M [Eu.DOTA(MeOH-d4)]- (d) as 
a function of temperature. Lines are a guide for the eyes only. 
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dilution method.43-45 However, due to self-quenching effects (see be-

low), only single point determinations were possible.  Coumarin-
153 in ethanol was used as a reference. No self-quenching or other 

concentration dependent effects were observed for the reference. 

Absorption spectra were recorded on the Cary-300 setup (see 

above). For the [Eu.DOTA(MeOH-d4)]- spectra, a five run average 
was used to reduce noise. Slits were kept at 4 nm. The temperature 

was kept constant at 20 °C. A minimum of 30 minutes of equilibra-
tion time allowed the  

system to stabilize at this temperature. Emission spectra were rec-

orded on the PTI QuantaMaster 8075 (see above). Excitation was 
done at 394 nm. Excitation and emission slits were kept constant at 

4 nm and 1.5 nm respectively. Absorption was kept below 0.12 for 

all samples to reduce inner-filter effects. This is slightly above the 

IUPAC recommended 0.1 limit, but did not affect linearity in the 
measurements. Changes in refractive index was not accounted for, 

but is insignificant compared to the experimental uncertainty (± 

<1%).42 

Self-quenching experiments . To further probe the self-quenching 

effects observed in the Quantum Yield determinations (see below) 

a dilution experiment of Eu(CF3SO3)3 in MeOH (HPLC-grade, 

from Sigma-Aldrich) was performed. The absorption and emission 
spectra were recorded on one set of samples, while the lifetime-

measurements were performed on a second set. This was done to 

avoid changing slits and mirrors between steady-state and time-re-

solved settings in the instrument. The absorption and emission spec-
tra were carried out on the instruments described above. Absorption 

slits were kept at 4 nm. Excitation and emission slits were kept at 4 

nm and 1.5 nm respectively. For lifetime measurements excitation 
was done at 394 nm and emission was measured at 700 nm with slits 

set at 4 nm and 8 nm for excitation and emission respectively. No 

temperature control was used for the absorption measurements. For 

the emission and lifetime measurements temperature was kept con-

stant at 20 °C. An additional five-point dilution was performed on 
Coumarin-153 to probe detector linearity.  

Determining Relative Transition Probabilities . In this study, the 

focus is on the transition specific radiative rate constant kr and the 

effect of temperatures on this. kr correlates directly to Einstein’s 

spontaneous emission coefficient, A. Obtaining A is a tedious pro-

cess and requires at least a good experimental determination of lu-
minescence lifetimes, quantum yields, and the energy and intensity 

of the ‘0-0’ transition. This is often exceedingly difficult for Ln3+ ions. 

In order to circumvent these issues we compare the relative changes 

across a set of samples with identical concentrations of the emitter.17, 

29 This allows for a number of simplifications to be applied. We can 

obtain the relative Quantum Yield from equation 1 

𝛷௥௘௟ =
∫ ூಶ(ఒ)ௗఒ

஺௕௦
 , 𝛷௥௘௟

ఒ =
ூಶ

஺௕௦
    eq. 1 

Where Φrel is the relative quantum yield, IE is the emission intensity 
and Abs fraction of absorbed photons in the excitation window. This 

corrects the emission spectra for changes in the number of absorbed 

photons. The quantum yield relates directly to the radiative rate con-
stant kr by equation 2. 

𝛷 =
௞ೝ

௞ೝା௞೙ೝ
=

௞ೝ

௞೚್ೞ
     eq. 2 

Where kr is the radiative rate constant, knr is the rate constant for 
non-radiative deactivation, and kobs is the sum of all radiative and 

non-radiative rate constants leading away from the excited state. As 

kr and A are directly related, the relative quantum yield can thus be 
used to determine the relative transition probability Arel by equation 

3 

𝛷௥௘௟ =
𝑨𝒓𝒆𝒍

௞೚್ೞ
 , 𝑨𝒓𝒆𝒍 = 𝛷௥௘௟ ∙ 𝑘௢௕௦ , 𝑨𝒓𝒆𝒍 =

ఃೝ೐೗

ఛ೚್ೞ
  eq. 3 

Where Arel is the relative transition probability and τobs is the ob-
served excited state lifetime. This corrects for the changes in non-
radiative pathways affecting the emission intensity. It should be 

noted that the Arel obtained is directly proportional - but not equal -

to the Einstein Coefficient of spontaneous emission A. This treat-

ment ensures that the changes observed in the emission spectra are 
only due to changes in the intrinsic emission transition probability 

and are not affected by changes in the number of absorbed photons 

or changes in the non-radiative pathways. Additionally, this method 
is only applicable to Eu3+ since the ground state and main emissive 

states are non-degenerate. In systems with degenerate absorbing or 

emitting states this treatment cannot be used, in particular where 

changes in degeneracy occur 

Horrocks Method. In order to determine if changes in temperature 

affects the coordination number or the ligand equilibrium of 
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Figure 4. Excited state lifetime of 0.1M [Eu(MeOH-d4)9]3+ (a) and 0.005M [Eu.DOTA(MeOH-d4)]- (b) in MeOH-d4 as a function of temper-

ature. The data has been fitted with a mono-exponential decay function.  
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Eu(CF3SO3)3 in MeOH, we determined the number of solvent mol-

ecules coordinated in the inner coordination sphere (q) using the 
Horrocks Method.17, 20, 21 The excited state lifetimes of 0.1M 

Eu(CF3SO3)3 (98% Strem Chemicals) in MeOH (HPCL grade 

from Sigma Aldrich) and MeOD (99% atom D from Sigma Aldrich) 

were measured on the PTI QuantaMaster8075 mentioned above. 
No changes in q were found as a function of temperature, see Figure 

S50. 

Results and Discussion 

Effect of Temperature on Light Absorption.  

Figure 3 shows the absorption spectra of [Eu(MeOH-d4)9]3+ and 

[Eu.DOTA(MeOH-d4)]- at 10 °C, 20 °C, 30 °C, 40 °C and 50 °C. 
As the temperature increases there is no significant broadening of 

the absorption band, see Tables 1 and 2. This is in contrast to what 

is seen for organic fluorophores as well as transition metal emitters, 
where the vibronic coupling is more pronounced.46 

As the temperature increases, the absorbance decreases. This is un-

expected. Increasing temperatures must lead to increasing structural 

fluctuations. In the assumption that the intra-configurational transi-
tion of Ln3+ ions occur due to a breakdown of symmetry, asymmetric 

structures have higher intrinsic transition probabilities than sym-

metric structures.9, 11, 17, 29, 34, 47, 48 Thus, it would be expected that in-
creased structural fluctuations would lead to a lowering of the sym-

metry, in turn leading to an increase in transition probability. What 

we observe here is the opposite. This can be explained by consider-

ing the different structures in solution and the population of these. 
The increased thermal fluctuations ensure that no complex is 

trapped in asymmetric local minima, and thus lead to a total popula-

tion of complexes that at any given point in time adopt a more sym-

metrical structure ensemble. This leads to an overall decrease in 
transition probability as temperatures increase. The concept is illus-

trated in Figure 2. 

Table 1. Linewidths of optical transition bands in 
[Eu.DOTA(MeOH-d 4)] - in MeOH-d 4 at 10-50°C 

[Eu.DOTA(MeOH-d4)]- 

Absorption 

FWHM (cm-1)a 

 10°C 20°C 30°C 40°C 50°C 

394 nm Band 96 103 103 103 103 

Emission 

FWHM (cm-1)a 

 10°C 20°C 30°C 40°C 50°C 

5D0  7F0 (Full) 50 50 53 50 50 

5D0  7F1 (Full) 297 303 306 308 314 

5D0  7F2 (Peak) 118 121 123 123 123 

5D0  7F2 (Full) 431 431 431 428 428 

5D0  7F3 (Peak) 60 63 65 65 67 

5D0  7F3 (Full) 214 216 219 219 223 

5D0  7F4 (Peak1) 52 57 57 57 57 

5D0  7F4 (Peak2) 57 59 61 61 59 

5D0  7F4 (Full) 493 491 491 491 493 

a We estimate an uncertainty of ±13 cm-1 for absorption 

and ±6 cm-1 for emission experiments based on the step size 

(0.1 nm) 

 

Table 2. Linewidths of optical transition bands in [Eu(MeOH-

d4)9]3+ in MeOH-d 4 at 10-50 °C 

[Eu(MeOH-d4)9]3+ 

Absorption 

FWHM (cm-1)a 

 10°C 20°C 30°C 40°C 50°C 

394 nm Band 90 90 90 97 97 

Emission 

FWHM (cm-1)a 

 10°C 20°C 30°C 40°C 50°C 

5D0  7F1 (Full) 247 250 252 252 255 

5D0  7F2 (Full) 317 322 322 319 322 

5D0  7F3 (Peak) 82 85 87 92 92 

5D0  7F3 (Full) 330 330 332 332 332 

5D0  7F4 (Peak) 81 83 81 83 87 

5D0  7F4 (Full) 324 326 330 334 336 

a We estimate an uncertainty of ±13 cm-1 for absorption 

and ±6 cm-1 for emission experiments based on the step size 
(0.1 nm) 

 

Effect of Temperature on Luminescence.  

Figure 4 shows the excited state lifetimes of [Eu(MeOH-d4)9]3+ and 

[Eu.DOTA(MeOH-d4)]- as a function of temperature. The time-re-

solved emission decay profiles from which the lifetimes were ob-

tained can be found in Figure S4 and S18. As the temperature in-
creases the excited state lifetime decreases. The observed lifetime is 

defined in equation 4. 

𝜏୭ୠୱ =
ଵ

௞౨ା௞౤౨
     eq. 4 

 Thus, the decrease can be the result of an increase in kr and/or  

knr.49 The fact that the overall intensity of the emission spectra de-

creases with increasing temperature (Figures S6-7 and S20-21) 

would indicate that it is due to an increase in knr. However, this is 

where it is important to note that the absorption also decreases as 
temperatures increases, so the decrease in intensity could also be due 

to this. For both [Eu(MeOH-d4)9]3+ and [Eu.DOTA(MeOH-d4)]- 

the decrease in absorption is significantly larger than the observed 
decrease in emission intensity. As in the absorption spectrum, there 

is no significant broadening of the emission spectrum observed at 

the temperature increase, see Tables 1 and 2. 

Figure 5 shows the relative transition probability Arel (see experi-
mental section) of emission of [Eu(MeOH-d4)9]3+ and 

[Eu.DOTA(MeOH-d4)]-. In contrast to the emission intensity, Arel 

increases overall as the temperature is increased. This indicates a de-
crease in the symmetry of the complex. Initially this seems to contra-

dict the observations from the absorption spectra, where the transi-

tion probability decreased with increasing temperatures. However, 
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this can be explained by looking at the experimental timescale of the 

two processes.17, 29 Compared to molecular motion and ligand ex-
change in Ln3+ complexes, which are both in the ns range, absorption 

(fs) can be considered instantaneous. Therefore, the absorption 

spectra give a snapshot of the average structure. Emission is in the 

ms range. This allows for a number of conformations to be visited 
during the excited state lifetime. As probability of emission corre-

lates directly to the symmetry of the ligand field some of these con-

formations will have significantly faster rates of spontaneous emis-
sion, see illustration in Figure 2. The increase in temperature will in-

crease the structure fluctuations as well as the number of times an 

electronically excited Eu3+ can visit a distorted structure. Thus, Arel 

increases as temperature increases. Shifts in coordination number 
and ligand equilibria can be excluded using the Horrocks Method,17, 

20, 21 see Figure S50. 

Revisiting Europium( III) photophysics.  

By fully appropriating the prevalent theoretical treatment of the in-
traconfigurational f-f transition, Werts—among  others—proposed 

that the 5D0  7F1 transition has purely magnetic dipole character.6, 

8, 50, 51 As magnetic dipole transitions following first principle argu-

ments are symmetry allowed (yet nominally forbidden due to spin-
conservation, momentum conservation, and parity),33, 35, 52 they are 

not affected by the ligand field symmetry. While there is no empirical 

evidence nor traditional photophysical rationale as to why the 5D0 

 7F1 transition should be purely magnetic in nature, Werts’ argu-

ment has led to a methodology where the 5D0  7F1 transition is 

used as an internal anchor for determining photophysical properties 

of Eu3+ complexes. Werts has proposed equation 5 as a method for 

determining the radiative rate constant for Eu3+ complexes.  

𝑘௥ = 𝑨ெ஽ ∙ 𝑛ଷ ∙ 𝐼௧௢௧/𝐼ெ஽    eq. 5 

Where AMD is the Einstein Coefficient of spontaneous emission for 

the 5D0  7F1 transition in vacuo, calculated to be 14.65 s-1, n is the 

refractive index of the solvent, Itot is the total integrated emission in-

tensity (often ignoring the weak bands at 750 and 825 nm), and IMD 

is the intensity of the 5D0  7F1 transition band. Our data has never 

been consistent with this methodology,17, 29 and we decided to doc-
ument this fact here. 

  

 



 

 

8

19000 18000 17000 16000 15000 14000 13000 12000 11000

0

20

40

60

A
re

l (
a.

u.
)

Wavenumber (cm-1)

 10°C
 20°C
 30°C
 40°C
 50°C

[Eu(MeOH-d4)9]
3+

a)

 

19000 18000 17000 16000 15000 14000 13000 12000 11000
0

20

40

60

80

100

120

A
re

l (
a.

u.
)

Wavenumber (cm-1)

 10°C
 20°C
 30°C
 40°C
 50°C

[Eu.DOTA(MeOH-d4)]
-

c)

 

10 20 30 40 50

20

21

22

T
ot

al
 A

re
l A

re
a 

x1
0

3  (
a.

u.
)

Temperature (°C)

[Eu(MeOH)9]
3+

c)

 

10 20 30 40 50

25

30

35

40

45

T
ot

al
 A

re
l A

re
a 

x1
0

3  (
a.

u.
)

Temperature (°C)

[Eu.DOTA(MeOH-d4)]
-

c)

 

10 20 30 40 50

90

95

100

105

110

115

120

A
re

l I
nt

en
si

ty
 R

e
la

tiv
e

 to
 2

0
°C

 (
%

)

Temperature (°C)

 5D0 ® 7F0

 5D0 ® 7F1

 5D0 ® 7F2

 5D0 ® 7F3

 5D0 ® 7F4

[Eu(MeOH-d4)9]
3+e)

 

10 20 30 40 50
90

100

110

120

130

140

150

160

170

180

 5D0 ® 7F0

 5D0 ® 7F1

 5D0 ® 7F2

 5D0 ® 7F3

 5D0 ® 7F4

A
re

l I
nt

en
si

ty
 R

el
at

iv
e

 to
 2

0
°C

 (
%

)

Temperature (°C)

[Eu.DOTA(MeOH-d4)]
-

c)

 

Figure 5. Relative emission probability, Arel (see experimental section) of 0.1M [Eu(MeOH-d4)9]3+ (a) and 0.005M [Eu.DOTA(MeOH-d4)]- 
(b) in MeOH-d4 at 10, 20, 30, 40 and 50°C. Integrated relative emission probability (Arel) as a function of temperature for [Eu(MeOH-d4)9]3+ (c) 

and [Eu.DOTA(MeOH-d4)]- (d) in MeOH-d4. Lines are a guide for the eyes only. Arel intensity (see experimental section) of the individual 
emission bands relative to the intensity at 20 °C of [Eu(MeOH-d4)9]3+ (e) and [Eu.DOTA(MeOH-d4)]- (f) in MeOH-d4 as a function of temper-

ature. Lines are a guide to the eyes only.  
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Figure 6.  a) Excited state lifetime of 0.1M [Eu(MeOH)9]3+ in MeOH 

as a function of temperature. The data has been fitted with mono-expo-
nential decay function. b) Integrated emission intensity of 0.005M 

[Eu(MeOH)9]3+ in MeOH as a function of temperature. The full data 
set has been fitted with a mono-exponential decay function (blue). The 

4 lowest concentration points has been fitted with a linear function 
(red). c) Integrated absorbance of 0.1M [Eu(MeOH)9]3+ in MeOH in 

the excitation window (394 nm ± 4 nm). The data has been fitted with 
a linear function.  

Figure 5 shows Arel of the individual emission bands of [Eu(MeOH-

d4)9]3+ and [Eu.DOTA(MeOH-d4)]- relative to the 20 °C sample. 
Please note that we are using bands and not transitions (lines) to de-

scribe the spectral features. Each band contains several transitions 
between the individual mJ levels, microstates or j-states within each 

Russel-Saunders term. It is only when both Russel-Saunders de-

noted spin-orbit levels are non-degenerate that we observe a line i.e. 
a spectral feature that arise from a single electronic transition. 

For [Eu(MeOH-d4)9]3+ the 5D0  7F1 band has the lowest variance. 

However, it is not constant. It also has a similar relative change to the 
5D0  7F4 band, which is J-O theory describes as both purely electric 

dipole in nature and hypersensitive (that is the intensity cannot be 
described by Judd-Ofelt theory).5, 8 As such, the same theory Werts 

exploits dictates that the 5D0  7F4 band should highly sensitive to 

changes in ligand field symmetry and the relative change in Arel for 

the 5D0  7F4 band should thus be expected to be significantly higher 

than that for the 5D0  7F1 band.  

For [Eu.DOTA(MeOH-d4)]- the 5D0  7F1 band has a higher rela-

tive change than the 5D0  7F2 band which is also described as hy-

persensitive.5, 10, 53 Hypersensitive transition are supposedly exceed-
ingly sensitive to changes in the ligand field symmetry and should 

thus experience the largest relative change, as is the case in 

[Eu(MeOH-d4)9]3+. These observations show that the 5D0  7F1 

band is not independent on the chemical environment of the Eu3+ 
ion. To examine this further we set out to determine the true radia-

tive transition probability – that is Einstein probabilities for sponta-

neous emission A – by determining the luminescence quantum yield 

of [Eu(MeOH-d4)9]3+ and [Eu.DOTA(MeOH-d4)]-.  

Self-quenching of Europium( III). The IUPAC recommended 5-

point dilution method for relative determination of quantum yields 

was attempted. 43-45 As can be seen in Figure S35 and S40 the absorp-
tion of the complexes is linear as a function of concentration. How-

ever, the integrated emission intensity is not linear, see figure S37 

and S42. Instead it can accurately be described using a mono-expo-

nential decay. As can be seen in Figure S42, the integrated emission 
intensity for [Eu.DOTA(MeOH-d4)]- becomes linear at low con-

centrations. This indicates that the effect comes from self-quench-

ing. To confirm this a dilution experiment using Eu(CF3SO3)3 in 
protonated methanol was performed. The results can be seen in Fig-

ure 6. The absorption (Figure 6C) is linear throughout the dilution 

series. The excited state lifetime (Figure 6A) decreases at higher 

concentrations, while the emission intensity (Figure 6B) is non-lin-
ear. The last four points in the emission series (<0.02M) shows 

some linearity. The self-quenching effect is less pronounced in 

MeOH than in MeOH-d4 due to the longer excited state lifetime in 

MeOH-d4 as this allows more time for collisional self-quenching. Be-
cause of this effect our quantum yield determination is based on sin-

gle point approach. Considering our data, we estimate that the quan-

tum yield of Eu3+ will be independent of concentration at concentra-
tions below 10 mM in protonated solvents and below 4 mM in deu-

terated solvents. 

The photophysical properties are compiled in Table 3, all data is 

provided as Supporting Information. Cursory inspection of Table S2 
shows that the quantum yield of [Eu(MeOH-d4)9]3+ at 0.1 M con-

centration is lower than that for [Eu.DOTA(MeOH-d4)]- at 5 mM. 

At lower concentrations, < 30mM, the quantum yield of 
[Eu(MeOH-d4)9]3+ becomes comparable to that of 

[Eu.DOTA(MeOH-d4)]-. We expect that kr remains constant 
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throughout dilution and that the increase in quantum yield is due to 

a decrease in knr. This is supported by the dilution measurements in 
MeOH, see Table S1. Here the knr decreases as the concentration 

decreases while the kr remains constant within the experimental un-

certainty.  

Having considered the possible artifacts, we are ready to analyze the 
photophysical parameters compiled in Table 3. We note that kr for 

[Eu(MeOH-d4)9]3+ is lower than that for [Eu.DOTA(MeOH-d4)]-. 

This is consistent with the expected point group symmetries of the 
two complexes as the TTP structure and 9O donor set of 

[Eu(MeOH-d4)9]3+ is the more symmetric than the cSAP structure 

and 4O, 4N, 1O‡ donor set of DOTA. From the determined kr we 

can use equation 5 to calculate the AMD value of the 5D0  7F1 tran-

sition. Our experimentally determined AMD values are 20.46s-1 and 
18.45s-1 for [Eu.DOTA(MeOH-d4)]- and [Eu(MeOH-d4)9]3+ re-

spectively. Thus we provide experimental proof that the 5D0  7F1 

band is not insensitive to the environment as the experimentally de-

termined values both change as a function of temperature (Table 4), 
and are significantly different from the 14.65 s-1 proposed by Werts 

(Table 3).  

Table 3. Photophysical data of [Eu.DOTA(MeOH-d 4)] - and 

[Eu(MeOH-d 4)9]3+ in MeOH-d 4 at 20 °C. 

 [Eu.DOTA(MeOH-d4)]- [Eu(MeOH-d4)9]3+ 

τobs (ms) 2.442(0.026) 2.977(0.001) 

Φa 0.47 ±0.05 0.37±0.04 

kr (s-1)  1.92∙102 ±20 1.26∙102 ±13 

knr (s-1)  2.18∙102 ±22 2.10∙102 ±21 

AMD (s-1)  20.46 ±2 18.45 ±2 

a We estimate a relative uncertainty on the determined quantum 

yield based on the statistical error of absorption and emission data of 

the lowest concentration sample (see SI) added to the error on the 
reference quantum yield43.  

 

Effect of Temperature on Europium( III) Photophysics.  

Using the luminescence quantum yield of [Eu(MeOH-d4)9]3+ and 

[Eu.DOTA(MeOH-d4)]- determined at 20 °C, we can determine 
the relative luminescence quantum yields for the entire temperature 

series. The results are summarized in Table 4. It should be noted that 

the determined quantum yields are based on a single point determi-

nation as a 5-point determination was not possible due to self-
quenching vide supra. Therefore, the absolute value carries some un-

certainty. However, all measurements were all performed on the 

same sample, in the same equipment, and using the same setting. 

Thus, the reported relative quantities have a small error, and the ef-
fect of temperature was investigated using these data.  

The quantum yield of [Eu.DOTA(MeOH-d4)]- increases signifi-

cantly from 10 °C (46 %) to 50 °C (61 %). This is reflected in a large 
increase in kr, while knr remains constant within error, see Table 4. 

The lack of temperature dependence on knr seems counterintuitive 
at first. However, it can be explained by the FRET-mechanism of 

non-radiative deactivation, which is the main pathways of knr in lan-

thandies1, 2, 54, 55 The FRET-mechanism has no temperature depend-
ent component and thus the knr is largely unaffected by the temper-

ature increase.  

The data in Table 4 show that the increase in kr is significantly lower 

for [Eu(MeOH-d4)9]3+ than it is for [Eu.DOTA(MeOH-d4)]-. This 
can be explained by the lack of symmetry breaking motions of the 

ligand sphere in the [Eu(MeOH-d4)9]3+ complex, see Figure 1. Any 

vibrational modes in the ligand will in [Eu(DOTA)MeOH-d4]- de-

crease the point group symmetry from a C4 symmetry to a C1. In 
[Eu(MeOH-d4)9]3+ any single distortion of the coordinating ligands 

will leave one or more of the rotation axes intact. The 

[Eu.DOTA(MeOH-d4)]- thus goes from a tetragonal class sym-
metry to a triclinic class symmetry, while the [Eu(MeOH-d4)9]3+ 

goes from a hexagonal class symmetry to a rhombic class sym-

metry.11  

knr for [Eu(MeOH-d4)9]3+ is constant within our experimental un-
certainty in the temperature range. This is somewhat surprising 

when considering the self-quenching we observed in the dilution ex-

periments mentioned above. However, in terms of the number of 

collisions per second in solution a temperature increase of 40 °C is 
insignificant.56  

Table 4. Photophysical data of [Eu.DOTA(MeOH-d 4)] - and 

[Eu(MeOH d 4)9]3+ in MeOH-d 4 at 10 °C, 20 °C, 30 °C, 40 °C 

and 50 °C. The data was determined relative to the 20°C data 

from Table 3. 

[Eu.DOTA(MeOH-d4)]-  

Temperature Φa kr (s-1)  knr (s-1)  τobs (ms) AMD (s-1)  

10°C 0.46 189 219 2.45 19.85 

20°C 0.47 192 218 2.44 20.45 

30°C 0.51 214 208 2.37 22.39 

40°C 0.56 256 200 2.19 27.34 

50°C 0.61 323 206 1.89 34.02 

[Eu(MeOH- d4)9]3+  

Temperature Φa kr (s-1)  knr (s-1)  τobs (ms) AMD (s-1)  

10°C 0.36 121 214 2.99 17.95 

20°C 0.37 126 210 2.98 18.45 

30°C 0.38 129 209 2.96 18.65 

40°C 0.38 131 211 2.92 18.77 

50°C 0.38 134 217 2.85 18.85 

a See Table 3.  

 

Conclusion 

As data had suggested that there were fundamental questions in 

Eu3+ photophysics that remained unanswered, we set out to investi-
gate the photophysical properties of [Eu(MeOH-d4)9]3+ and 

[Eu.DOTA(MeOH-d4)]- in MeOH-d4 as a function of temperature 

in great detail.  

We found that the light absorption by the intraconfigurational f-f 
transitions of the Eu3+ ions decreases as the temperature increases. 

This was rationalized by an increase in the symmetry of the average 

structure of the complexes in solution at higher temperatures.  

We observed a significant self-quenching effect in these systems. We 

estimate the effect to be negligible at concentrations below 10mM 

in protonated solvents and below 4mM in deuterated solvents.  
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We saw that the excited state lifetime decreases when temperatures 

increase. This observation was challenged, and we found that it was 
exclusively due to an increase in the radiative rate constant. The in-

crease in the rate of luminescence was much more pronounced for 

[Eu.DOTA(MeOH-d4)]- than for [Eu(MeOH-d4)9]3+. We can con-

clude that the relative transition probability of emission, Arel, in-
creases with increasing temperature in these systems. And we pro-

pose that this is because the higher thermal energy allows the com-

plexes to visit more distorted structures during the excited state life-
time. These distorted structures will have a lower symmetry and thus 

a higher probability of emission. The effect of these high emission 

probability conformations is an overall increase of the observed tran-

sition probability.   

By determining the quantum yield of luminescence, the radiative 

and non-radiative rate constants were calculated. For 

[Eu.DOTA(MeOH-d4)]-, we conclude that kr increases as tempera-

ture increases, while knr remains constant. We arrive at the same con-
clusion for [Eu(MeOH-d4)9]3+ although change in kr is less pro-

nounced.  

Finally, the data allowed us to conclude that the 5D0  7F1 band is 

not independent of the surrounding environment as has previously 
been proposed by Werts.6 And as AMD values of 20.46 s-1 and 18.45 s-

1 were determined here,57 we urge great caution when one considers 

AMD =14.65 s-1 constant across all Eu3+ complexes. 

Thus we show that there are still unexplored aspects of Eu3+ photo-

physics, and we conclude that we need a new theoretical framework 

to rationalize the experimental observations. 
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