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Solution chemistry of the lanthanide(III) ions is unexplored and relevant: extraction and recycling 

processes exclusively operates in solution, MRI is a solution phase method,  and bioassay are done 

in solution. However, the molecular structure of the lanthanide(III) ions in solution is poorly 

described, especially for the NIR emitting lanthanides as these are difficult to investigate using 

optical tools, which has limited the availability of experimental data. Here, we report on a custom 

built spectrometer dedicated to investigate lanthanide(III) luminescence in the NIR-region. 

Absorption, luminescence excitation, and luminescence spectra of five complexes of europium(III) 

and neodymium(III) were acquired. The obtained spectra display high spectral resolution and high 

mailto:tjs@chem.ku.dk


 2 

signal to noise ratios. Using the high quality data, a method for determining the electronic structure 

for the thermal ground states and emitting states is proposed. It combines Boltzmann distribution 

with population analysis and uses the experimentally determined relative transition probabilities 

from both excitation and emission data. The method was tested on the five europium(III) 

complexes, and was used to resolve the electronic structure of the ground state and the emitting 

state of neodymium(III) in five different solution complexes. This is the first step towards 

correlating optical spectra with chemical structure in solution for NIR emitting lanthanide 

complexes. 

Introduction 

The lanthanides are critical for many materials used in society. These are used in 

telecommunications,1 upconverters for solar energy2, high power lasers3, lighting (phosphors),4 

light emitting diodes,5 and permanent magnets.6 The rapidly increasing consumption of the 

lanthanides puts pressure on improving the extraction and recycling processes.7 While the 

lanthanide containing materials are solids, the preparation of the raw materials requires solution 

phase processes where our chemical understanding is poor.8 To improve our understanding of the 

solution chemistry of these elements, new tools are required to study them in this medium. For 

this, optical spectroscopy offers an exciting tool that allows us to build structure-property 

relationships in solution.9, 10 Studies of the lanthanide(III) ions that luminesce in the near infrared 

(NIR) region, such as neodymium(III), erbium(III), and ytterbium(III), is, however, still limited 

by low emission intensities and poor detection capabilities.11 

Another important use of the optical properties of lanthanide(III) ions are as coordination 

complexes in solution. In the life science, they offer an advantageous alternative to traditional 
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organic chromophores as probes for bioimaging.1, 12, 13 And in this regard, the NIR emitting probes 

are of particular interest for tracking and localization of biomolecules in vivo.11, 14 Spectroscopy 

and microscopy in the NIR provides longer penetration depth, better spatial resolution, higher 

signal-to-noise ratios, and decreased photobleaching.15 NIR luminescent lanthanide(III) ions such 

as neodymium(III), erbium(III), and ytterbium(III) are promising candidates for making molecular 

probes for NIR bioimaging, but for the development of probes efficient characterization is 

required, and today this area suffers from poor instrumentation.16 Thus, progress in NIR emitting 

molecular probes is currently limited by the same challenges that oppose the field of lanthanide(III) 

extraction and recycling. Specifically, spectroscopic instrumentation in the NIR regions, and for 

the lanthanide(III) based probe, the lack of clear structure-property relationships in the f-block.1, 17 

Structure-property relationships are the direct correlation between molecular structure of the 

lanthanide(III) complex and the electronic structure of the 4f configurations. While the electronic 

structures of the entire series of trivalent lanthanide(III) ions have been mapped – and reported in 

the classical Dieke diagrams – the structural information in an optical spectrum is all found within 

the fine-structure originating in the crystal-field splitting, which with the right instrument can be 

observed in the optical spectra.18  

The Dieke diagrams serve as a starting point when discussing energy levels of the lanthanide(III) 

ions, but it is only a map of the energy of multiplets of states. Each multiplet is denoted with a 

Russel-Saunders term symbol. In neodymium(III), each of the Russel-Saunder terms contains two 

or more electronic states, and the splitting of these are dictated by the crystal field. The 

neodymium(III) Dieke energy map was published in 1961,19 and supported by theoretical 

calculations based on the intermediate coupling scheme by Wybourne in 1963.20 The work was 
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continued by Crosswhite, who re-evaluated the energies and expanded the map to higher energy 

multiplets.21  

The ground state crystal field splitting in neodymium(III) was mapped experimentally already 

in 1953 in Nd(BrO3)3·9H2O.22 Other early examples where the individual Kramers doublets of the 

neodymium(III) ground state are resolved using optical spectroscopy include neodymium in: 

ethylsulfate,23 Y3Al5O12,
24 oxide crystals25, and YAlO3.

26 The level of detail is high in these single 

crystals systems. For single crystals, the coordination spheres and point group symmetries are 

readily determined by x-ray single crystal diffraction, the emission lines well ressolved due to 

small structural fluctuations, and the quantum yields high due to inefficient phonon relaxation 

pathways. These attributes are partially or completely lost in the solution.  

In solution the main problems are, 1) no periodicity which limits the use of x-rays, 2) solvent 

interactions significantly broaden transition lines, 3) chemical equilibrium between multiple 

species or conformers convolute the spectra, and 4) high-energy oscillators of the solvent quench 

the emitting state of the lanthanide(III) ions.10 X-ray based methods such as EXAFS27 and total 

scattering methods28 has proven to report on the solution coordination structures and coordination 

numbers, but lack the level of detail that x-ray techniques offer in the solid phase. The broadening 

observed in solution spectra is inherent and cannot be overcome at ambient temperatures. The 

presence of multiple different species can be assessed with spectroscopic titration series,29 

although the speciation models are seldom trivial and does not completely treat structural 

fluctuations.30 And finally, the emitting states of the lanthanide(III) ions are effectively quenched 

by solvent molecules with high energy vibrations. This include solvent molecules or ligands that 

contain O-H, C-H, and N-H bonds that all act as quenchers.13, 31 The quenching efficiency is 

dependent on the energy gap of the emitting states, which makes NIR emission particularly 
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susceptible.32 Deuteration of the X-H oscillators is the most common method to diminish the 

quenching effect, but design of low-vibration ligand systems has also been explored.33 Historically, 

all these factors has made it difficult to resolve optical spectra of neodymium(III).32 The energies 

of the Russel-Saunders terms has been theoretically and experimentally mapped in studies by 

Carnall in 1965 and 1968.34 However, neodymium(III) lifetimes in solution was not determined 

before 1996,35 and the crystal field splitting in neodymium(III) has to our knowledge never been 

determined in solution.  

To study the elusive NIR luminescence of neodymium(III), we recently built a new spectrometer 

that can record luminescent spectra up to 950 nm.36 In this paper, we expand on the capabilities of 

the spectrometer and test the spectral quality by investigating europium(III) and neodymium(III) 

ions in the five different complexes shown in Figure 1. Two are solvates of D2O and DMSO and 

three are complexes of the multi-dentate ligands DPA, EDTA, and DOTA in water. The generic 

electronic structures of europium(III) and neodymium(III) are included in Figure 1. Europium(III) 

is an efficient probe for molecular structure due the fact that both the 7F0 ground state and the 5D0 

principal emitting state is characterized by just a single electronic state.37 Thus, we use 

europium(III) as a reference point in our investigation of neodymium(III). Here, we start by 

characterizing the new capabilities of the spectrometer by describing the excitation source and 

discussing the necessary calibration procedures that allow us to record high quality excitation 

spectra. This is followed by a discussion of the spectral quality using europium(III) data, before 

we use a combination of peak fitting and Boltzmann analysis to resolve the crystal field splitting. 

Having demonstrated the capabilities of the spectrometer and the new method for resolving the 

crystal field splitting on europium(III), we turn to neodymium(III) and resolve the crystal field 

splitting of 4F3/2 and 4I9/2 in the five complexes. 
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Figure 1. Left: Overview of ligand systems used to make europium(III) and neodymium(III) 

complexes.  Right: Thermal ground and emitting multiplets of europium(III) and neodymium(III).   

Methods and experimental  

Chemicals 

Ten samples have been made for this study. Europium(III) and neodymium(III) in the five 

complexes: D2O, DMSO, DPA, EDTA, and DOTA. All chemicals were used as received.  

Each sample contained 50 mM lanthanide(III); either 89.88 ± 0.2 mg Eu(CF3SO3)3 (98 %, Strem 

Chemicals) or 88.72 ± 0.2 mg Nd(CF3SO3)3 (> 97.0 %, TCI Chemicals) in the 3 mL samples.  

The D2O and DMSO samples were made by dissolving the lanthanide(III) source in 3 mL of 

D2O (Eurisotop 99.90%D) and DMSO (HPLC grade, VWR), respectively. 

The DOTA samples were made by dissolving 60.66 mg H4DOTA (1,4,7,10-

Tetraazacyclododecane-1,4,7,10-tetraacetic, ≥ 97.0 % Sigma Aldrich) in demineralized water 

made slightly basic using NaOH for a total volume of 3 mL.  

The EDTA sample by dissolving 50.43 mg H4EDTA (Own supply) in demineralized water made 

slightly basic using NaOH for a total volume of 3 mL. 
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The DPA samples were made by dissolving 75.20 mg H2DPA (2,6-Pyridinedicarboxylic acid, 

99 % Sigma Aldrich) in 0.8 mL 2 M NaOH until the DPA is dissolved, where 0.2 mL 2 M HCl 

was added. In another sample, the lanthanide(III) source is dissolved in 1 mL 2 M HCl. The 

lanthanide(III) solution is then added to the DPA solution for a total volume of 2 mL. Adding first 

0.6 mL demineralized water and subsequently 0.4 mL 2 M HCl, the pH was adjusted to 

approximately pH = 4 and a total volume of 3 mL.   

Optical Spectroscopy 

All experiments have been done at room temperature and in 10 mm quartz cuvettes (23/Q/10) 

from Starna Scientific. 

Absorption spectra 

Absorption spectra where performed to validate excitation spectra and to verify sample purity. 

They were recorded on a Cary 5000 double beam absorption spectrometer from Agilent 

Technologies. The measurements were done in the 270 – 600 nm range for europium(III) and the 

270 – 950 nm range for neodymium(III). Integration time was set to 0.2 seconds, data interval to 

0.2 nm, and slit width to 0.5 nm. A lamp change is set to occur at 350 nm, a second combined 

detector and grating change occur at 835 nm. For each measurement, the instrument zero/baseline 

was determined for the empty cuvette. Absorbance spectra of the pure solvents, D2O and DMSO 

were manually subtracted from the appropriate sample spectra to obtain the analysed absorbance 

spectra. 

Emission spectra 

Emission spectra where performed on our recently reported custom build spectrometer.36 The 

samples where excited by a supercontinuum laser (NKT SuperK Fianium FIU-15) that was 

coupled to a tunable band pass filter (NKT LLTF Contrast VIS/SWIR HP8). The laser power was 
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set to 90% with maximum repetition rate (78MHz). A 750B grating was used for measurements 

below the 950 nm point, and a 1200B grating was used for measurements above 950 nm. The 

emission slit was set to 25 µm for all measurements. Different acquisitions settings where used for 

europium(III) and neodymium(III). For europium(III), the excitation wavelength was set to 465 

nm, a long pass filter of 500 nm was used, and the center wavelength of the detector was set to 650 

nm or 800 nm for the two regions-of-interest. For neodymium(III), the excitation wavelength was 

set to 580 nm, long pass filter of 800 nm was used, and the center wavelength of the detector set 

to 880 nm or 1050 nm for the two regions-of-interest. All acquisitions uses different exposure 

times and exposures per frames, the details are provided in the Supporting Information. 

Excitation spectra 

Excitation spectra were recorded by changing the wavelength of the excitation source through 

our own Python code that connects to the tunable band pass filter. At each wavelength, an emission 

spectrum was recorded and integrated by summing all data points spanning the region of interest—

the wavelength range chosen. The step size is in all cases 0.25 nm. For europium(III), the excitation 

source were scanned from 450 nm to 640 nm, the exposure time per data point was 100 ms with 1 

exposure per frame, and the data points were summed from 650 to 850 nm. For neodymium(III), 

two different acquisitions where used: 1) The excitation source were scanned from 450 to 835 nm, 

the exposure time was 100 ms with 1 exposure per frame, and the data points were summed from 

840 to 940 nm. 2) The excitation source were scanned from 773 to 920 nm, the exposure time was 

1000 ms with 10 exposures per frame, and the data points were summed from 1040 to 1070 nm.  

Calibrations 

Emission spectra were calibrated according to our earlier reported procedure.36 The excitation 

spectra were constructed by integrating uncorrected emission data. The correction factors are linear 
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with respect to intensity, which yields the same relative intensities as if the excitation spectra were 

produced using corrected emission data. The excitation spectra were corrected for both intensity 

and wavelength. 

Intensity correction. The true relative intensities of the excitation spectrum is convoluted by the 

power of the excitation source and inner filter effects of the sample. The inner filter effects are not 

considered in depth here, but with absorbance higher than 0.1 they cannot be disregarded.38 The 

measured excitation spectrum must, however, be corrected by the flux of the excitation source at 

each wavelength, 𝐽(λ). 

I𝑇𝑟𝑢𝑒(𝜆) =  
I𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝜆)

𝐽(λ)
 , 𝐽(λ) =

P(λ)

𝐸𝑝ℎ𝑜𝑡𝑜𝑛(λ)
 Eq. 1. 

Where I𝑇𝑟𝑢𝑒(𝜆) is the true relative excitation intensity, I𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝜆) is the measured excitation 

intensity, and 𝐽(λ) is the photon flux of the excitation source. The photon flux is calculated from 

the measured power of the excitation source, P(λ), which is corrected by the photon energy, 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛(λ). The power of the excitation source was measured with a PM16-130 power meter from 

Thorlabs. The measurement was done from 450 to 1000 nm with a step size of 0.25 nm and an 

exposure time of 10000. 

Wavelength correction. The excitation system does not output the wavelength that is given as 

input to the software. The wavelength of the measured data must be corrected to the deviation 

between input and output: Δ(λ). 

λ𝑇𝑟𝑢𝑒 = 𝜆𝐼𝑛𝑝𝑢𝑡 + Δ(𝜆) Eq. 2. 

Δ(λ) is obtained by measuring the laser beam scattered from a LUDOX sample in the range from 

450 nm to 1000 nm. The measurement was done from 450 to 1000 nm with a step size of 1 nm, 

and an exposure time of 50 ms using four exposures per frame. 
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The laser profile was then fitted with a Gaussian function, where the center is extracted as the 

real wavelength used to create the calibration file. 

Voigt fitting of optical transitions. 

The observed optical transitions of europium(III) and neodymium(III) was fitted with Voigt 

functions as these were found to describe the data well. For europium(III) the excitation bands 5D0 

← 7F0 and 5D0 ← 7F1 and the emission bands 5D0 → 7F0 and 5D0 → 7F1 were fitted. For 

neodymium(III) the excitation band 4F3/2 ← 4I9/2  and the emission band 4F3/2 → 4I9/2 where fitted. 

The fit procedure used is:  

1. The number of Voigt functions used to describe each transition band was decided by visual 

inspection of the band. The amount of transitions that was resolved as clear peaks in the 

spectrum was compared to the known maximum of lines possible in each band, before a 

number was chosen. Note that the spectra was assumed to be from a single species, and the 

maximum of lines for europium(III) is four, while it is ten for neodymium(III).  

2. The emission band was fitted first. In an effort to reduce fit parameters, and reduce the 

possibility of overfitting, the Lorentzian broadening was shared between all lines in the fits. 

There are thus two parameters related to the fitting of the entire system: the intensity of 

background and Lorentzian broadness, and there are three parameters related to each line in 

the bands: energy (peak position), Gaussian broadness, and integrated intensity (peak area). 

3. The excitation band was fitted second. The peak center and broadness parameters of the 

emission peaks were transferred to the excitation peak fit. The excitation band was then fitted 

to the same amount of lines initially, only refining the integrated intensity. For europium(III) 

then the peak positions were refined. These where not refined for neodymium(III). For 

neodymium(III), many of the peaks where not resolved in the excitation spectra, and refining 
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their position would be meaningless. Further, fixing these parameters reduces the amount of 

fit parameters and ensures that the intensities are directly comparable under the assumption 

that the Stokes shift is negligible. 

3b. To complement the analysis, the absorbance band was also fitted for neodymium(III). This 

was done using the same procedure as for the excitation band. 

These three steps yield two values of interest: The energy of each transitions and the relative 

transition intensities.  

Boltzmann analysis of spectral transitions 

To extract additional information from the Voigt fit, in particular the electronic energy levels, 

three assumptions were made: 

1. The observed optical transition intensities are measured in the steady state limit. Such that 

the sum of all contributions to the change of the total population of the emitting state is 0. 

𝑑[𝐸𝑆]

𝑑𝑡
= − ∑ 𝐵𝑗→𝑖

𝑗

𝑃𝑗 + ∑ ɣ 𝐴𝑗←𝑖

𝑗

𝑃𝑖 − ∑ 𝑂𝑗

𝑗

𝑃𝑗 = 0 Eq. 3. 

Where [ES] is the excited state population, 𝐵𝑗→𝑖 the emission transition probability from j 

to i, 𝑃𝑗 the thermal population of j, ɣ the flux of the excitation source, 𝐴𝑗←𝑖 the excitation 

transition probability from i to j, and 𝑂𝑗 the relaxations from all other sources. The first 

two contributions are measured as the emission and excitation intensities respectively. The 

third contribution vanishes under normalizations in the data analysis. 

2. The transition probability between two states are the same for absorption and emission. 

𝐵𝑗→𝑖 = 𝐴𝑗←𝑖 Eq. 4. 

Where 𝐵𝑗→𝑖 and 𝐴𝑗←𝑖 are the emission transition probability and absorbance transition 

probability respectively. 
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3. The Boltzmann probability distribution describe the relative thermal populations in a 

system of i electronic states with energies ɛ𝑖.  

𝑃𝑖
𝑠𝑦𝑠𝑡𝑒𝑚

=
𝑒

−ɛ𝑖
𝑘𝐵𝑇

 ∑ 𝑒
−ɛ𝑖
𝑘𝐵𝑇𝑆𝑦𝑠𝑡𝑒𝑚

𝑖

 Eq. 5. 

Where 𝑃𝑖
𝑠𝑦𝑠𝑡𝑒𝑚

 is the thermal population of state i relative to the system that is considered, 

ɛ𝑖 is the energy of state i, 𝑘𝐵𝑇 is the Boltzmann constant multiplied with the temperature 

in Kelvin.  

 

The relative transition intensities obtained from the Voigt functions are convoluted by the 

relative transition probability and the thermal population of the emitting electronic state j. The 

relative emission transition probability from j to i is defined as the real transition probability from 

the state j to i divided by the sum of all transition probabilities from state j. 

𝐼𝑗→𝑖
𝑟𝑒𝑙 = 𝐵𝑗→𝑖

𝑟𝑒𝑙  𝑃𝑗
𝑠𝑦𝑠𝑡𝑒𝑚

,       𝐵𝑗→𝑖
𝑟𝑒𝑙 =  

𝐵𝑗→𝑖

∑ 𝐵𝑗→𝑖𝑖
 Eq. 6. 

Where 𝐼𝑗→𝑖
𝑟𝑒𝑙  is the observed relative emission transition intensity from j to i, 𝐵𝑗→𝑖

𝑟𝑒𝑙  the relative 

transition probability from j to i, 𝑃𝑗
𝑠𝑦𝑠𝑡𝑒𝑚

the relative population of state j, and 𝐵𝑗→𝑖 the absolute 

transition probability from j to i. The relative absorption transition intensities are normalized such 

that the area of all transitions is unity, and can be defined by:  

𝐼𝑗←𝑖
𝑟𝑒𝑙 = 𝐴𝑗←𝑖 𝑃𝑖

𝑠𝑦𝑠𝑡𝑒𝑚
 Eq. 7. 

Where 𝐼𝑗←𝑖
𝑟𝑒𝑙  is the observed relative absorption transition intensity, 𝐴𝑗←𝑖 the relative transition 

probability from i to j, and 𝑃𝑖
𝑠𝑦𝑠𝑡𝑒𝑚

the relative population of state i. 

Solving this set of equations, the thermal population of the ground state in europium(III), 7FJ, 

can be calculated based on the relative intensities involving the emitting state 5D0: 



 13 

𝑃𝑖
7FJ = 𝑁

𝐼0←𝑖
𝑟𝑒𝑙

𝐵0→𝑖
𝑟𝑒𝑙  , 𝑁 = (∑

𝐼0←𝑖
𝑟𝑒𝑙

𝐵0→𝑖
𝑟𝑒𝑙

𝑖

) Eq. 8. 

Where 𝑃𝑖
7FJ

 is the thermal population of state i relative to the states in 7FJ, N is a normalization 

constant, 𝐼0←𝑖
𝑟𝑒𝑙  and 𝐵0→𝑖

𝑟𝑒𝑙  are the observed relative emission transition intensity and the relative 

transition probability involving state 0 (in 5D0) and state i (in 7FJ). N is introduced, as the full set 

of transitions in the system is not determined experimentally.  

For neodymium(III), the emitting state consists of two emitting levels and this and the entire 

thermal ground state multiplet was described in the fits. Therefore, the true thermal populations 

were determined. These can be calculated from the absorption intensity into each of the emitting 

states. The population is therefore calculated from absorption and emission, and the displayed 

population was found as a weighted average:  

𝑃𝑖
4𝐼9/2

= ∑
1

 𝜎𝑖←𝑗

𝐼𝑗←𝑖
𝑟𝑒𝑙

𝐵𝑗→𝑖
𝑟𝑒𝑙 (∑ 𝐵𝑗→𝑖

𝑟𝑒𝑙

𝑗

)

𝑗

 Eq. 9. 

Where 𝑃𝑖
4𝐼9/2

 is the thermal population of state i relative to the states in 4I9/2, σ𝑖  is the error 

propagated fit uncertainty of each calculation, 𝐼𝑗←𝑖
𝑟𝑒𝑙  and 𝐵𝑗→𝑖

𝑟𝑒𝑙  is the observed relative emission 

transition intensity and the relative transition probability involving state j (in 4F3/2) and state i (in 

4F9/2). The thermal population was thus calculated from the relative change in the emission and 

excitation spectra in eq. 8 and 9. The thermal population can also be calculated from the Boltzann 

distribution in eq. 5 when the energy and degeneracy of each involved state is known. If each fitted 

Voigt function only corresponds to a single electronic transition, the two populations calculated 

from the relative intensities and from the Boltzmann equation will give the same result. However, 

if the lines are from degenerate electronic states, the two calculations will not match. To evaluate 

deviations between the two, a Loss function was constructed: 
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𝐿 = ∑
(𝑃𝑜𝑏𝑠,𝑖 − 𝑃𝑐𝑎𝑙𝑐,𝑖)

2 

 𝜎𝑖
2

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑡𝑎𝑡𝑒

𝑖

 Eq. 10. 

The Loss function is the weighted vector distance between the thermal populations observed in 

the relative intensities (𝑃𝑜𝑏𝑠,𝑖) and the calculated Boltzmann populations (𝑃𝑐𝑎𝑙𝑐,𝑖). The weights σ𝑖 

are the error propagated fit uncertainty of (𝑃𝑜𝑏𝑠,𝑖 − 𝑃𝑐𝑎𝑙𝑐,𝑖). In systems where not all states split by 

the crystal field according to the Russel-Saunders term descriptions, it is assumed that one or more 

transitions is represented by a single Voigt function in the fit of the spectra. L is calculated for all 

possible permutations of this assumption, and the electronic configuration with the lowest L value 

is assumed correct.  

Results and Discussion 

Calibration of Excitation data 

Before the measured excitation spectra can be used, they must be corrected with respect to the 

excitation system. For an evaluation of the calibration procedure absorption spectra are used, as 

the absorbance and excitation spectra should be identical in most cases cf. the Kasha-Vavilov’s 

rule. The calibrations follows Equations 1 and 2. The excitation intensity calibration function 𝐽(λ) 

is shown along the wavelength calibration function Δ(λ) in Figure 2. 𝐽(λ) is the flux of the 

excitation source and the excitation power is directly proportional to this value within the low 

absorbance limit. This can be measured directly or a fraction of the laser beam can be directed 

only a photodetector with a calibrated response. The power drastically falls off below 520 nm, but 

in the rest of the range the power is above ~1 mW. The LLTF filter changes its grating at 773 nm. 

This change is seen in both calibration curves.  

The wavelength calibration Δ(λ) was obtained from fitting the data of the laser profile scattered 

through a sample of LUDOX to Gaussian functions. The laser scan was done from 450 to 1000 



 15 

nm, and all the data is provided as Supporting Information. A qualitative assessment of the laser 

profiles find that two secondary peaks are observed with centers ± 2 nm from the main peak. The 

contribution of these is only relevant in the high energy range below 500 nm, at 500 nm they only 

contribute <5 %. This low energy range should be used with caution as narrow lines in the 

excitation spectra will be convoluted with the profile of the laser. This effect is clearly seen in the 

intense excitation peak at 465 nm for europium(III), see the Supporting Information. Above 500 

nm the laser profile resembles a Gaussian function, and the fit of the energy profile of the laser 

provide two values of interest: the peak center, Δ(λ), and the Gaussian broadness, σ. From the 

determined peak center values (Figure 2) in the range from 450 nm to 773 nm, it can be seen that 

the output is1 nm below the input value. The change of grating in the LLTF at 773 nm change Δ(λ) 

to around +2 nm, with  a linear decrease from +2 at 773 nm to +1 nm at 1000 nm. Furthermore, 

the peak center deviation is seen slightly oscillate with a period of approximately 70 nm. The 

Gaussian broadness in Figure 2 shows that the broadness of the laser profile drastically increases 

when the LLTF gratings are changed, that is the energy resolution is lower above 773 nm.  

Figure 2 shows the result of doing the correction in the raw and the corrected excitation spectra 

of the Nd:DPA sample. The data was compared to the absorbance spectra to evaluate the quality 

of the calibration. Note that the sample was diluted down 5 mM, as the 50 mM sampled used for 

the primary instrument analysis have an absorbance above 0.1, which gives rise to non-negligible 

inner filter effects, see Supporting Information. We conclude that the spectral shape of the 

corrected excitation spectrum matches the absorbance across the entire range. From 820 nm and 

above the data is more noisy, due to data collection in 1060 nm band, which is beyond the 

operational range of the detector. An artifact is observed from 650 to 700 nm in the emission data, 

see the Supporting Information. This is the Raman signal from the solvent, water. This excitation 
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range cannot be measured using detection in  the 880 nm band, and results in distortion in the 

spectra in Figure 2. These are not due artifacts in the excitation system. Finally, the data in Figure 

2 show that very noisy data is obtained below 500 nm. Based on the results shown in Figure 2, we 

conclude that the excitation system and corrections functions as intended in the range from 500 

nm to 1000 nm. The range below 500 nm is limited by both laser power and laser energy profile 

laser, and the range above 1000 nm requires further testing and is currently limited by the detector 

system.  

  

Figure 2.  Top: Photon flux of the excitation system as a function of wavelength  𝐽(λ), and 

deviation between input and output wavelength of laser Δ(λ) shown along the peak width σ. 

Bottom: The raw Imeasured(λ) and the corrected excitation spectrum Itrue(λ) of a 5mM 

neodymium(III) Nd:DPA sample is compared to the absorbance spectrum.  
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VIS/NIR performance and spectra 

With a calibrated excitation source and the energy resolution of the excitation spectra 

determined,  the spectra of the ten europium(III) and neodymium(III) samples were measured.  

Neodymium(III) spectra. Corrected excitation and emission spectra of the five neodymium(III) 

samples are shown in Figure 3. Raw and corrected excitation spectra are availble in the Supporting 

Information. The emission data are measured as two spectra with different settings: from 795 to 

965 nm and from 975 to 1145 nm. The two ranges capture the 4F3/2 → 4I9/2  and 4F3/2 → 4I11/2 bands 

respectively. The quantum efficiency of the detection system is drastically lower in the second 

emission range, which is reflected in the lower data quality of the emission data and the excitation 

data integrated from this band. As the only spectrum in the set, the excitation spectrum for 

Nd·DOTA is not in a quality that can be used for further. Here, the absorption spectra was used 

instead. Finally, the 4F3/2 → 4I13/2 and 4F3/2 → 4I15/2 bands of neodymium(III) cannot be captured 

with the PyLoN detector and therefore only the two emission bands from 4F3/2 → 4I9/2  and 4F3/2 

→ 4I11/2 are shown in Figure 3. The overlay of the emission and excitation spectra of the 4F3/2 → 

4I9/2 and 4F3/2 ← 4I9/2 band reveal that we can resolve a similar number of lines at distinct energies, 

but with differences in the relative intensities due to different populations of the states in the ground 

and emitting multiplet. This is the basis for the analysis performed below. Note that the Stokes 

shift is approaching zero across the five samples. The actual Stokes shifts calculated from both 

emission and excitation and from emission and absorbance are compiled in Table S2 in the 

Supporting Information. In both calculations, the resulting Stokes shift is not considered 

significant assumed to be within the experimental uncertainty. The difference between the shifts 

calculated from the excitation data and absorbance data reveal that although there is a general bias 

toward a larger shift in excitation, it is within the standard deviation and cannot be assigned to the 
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fact that we are at the limit of the calibration. We take this as a validation of the wavelength 

calibration. 

 

Figure 3. Excitation and emission of neodymium(III) in five different samples. Two different 

wavelength ranges are shown for the emission spectra. All spectra are normalized to the maximum 

and the relative intensities between them cannot be compared. 

Europium(III) spectra. The top panel of Figure 4 shows the excitation and absorbance spectra 

of the Eu·DOTA sample. Compared to neodymium(III), europium(III) has a low molar absorbance 

coefficient, which makes it difficult to obtain high quality absorption spectra. The high excitation 

power coupled with the high-sensitivity rapid acquisition spectrometer overcomes these 

limitations. The excitation spectra of europium(III) display a record-breaking signal-to-noise ratio 

and high spectral resolution in the range 500 nm and up. In this range, six excitation bands are 

identified in the five samples. The corrected excitation spectra of Eu·DOTA is shown in Figure 
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4, an overlay of the corrected excitation and the absorbance of the five samples are provided as 

Supporting Information.  

The six bands observed in the excitation spectrum of the Eu·DOTA sample can be assigned to 

the 5D1 ← 7FJ, and 5D0 ← 7FJ bands with J = 0, 1, and 2. The intensity of the transitions originating 

from 7F0 are significantly greater than from 7F1 and 7F2. This is due to the higher energy terms has 

a smaller population at room temperature. An estimate of the mutliplet energies based on the center 

of the bands yield relative energies of 0, 352, and 1010 cm-1 for 7F0, 
7F1, and 7F2 respectively. This 

corresponds to a relative population of 84.4, 15.0, and 0.6 % at 293 K if the all degeneracy in the 

multiplets is ignored. Based on the areas of the bands one might wrongly assign the relative 

transition probability of 5D0 ← 7F1 to be ten times larger than 5D0 ← 7F0 cf. equation 3. To perform 

this analysis, the entire electronic term description must be included the 2J + 1 electronic states in 

each multiplet. This changes both population and transition probabilities. The populations becomes 

63.8 (7F0), 34.0 (7F1), and 2.2 % (7F2) for the three terms. From these thermal weights, combined 

with the fact that 5D0 ← 7F1 contains three electronic states and three transitions, the average 

transition probability of 5D0 ← 7F1 is found to be 3.3 times larger than transition probability of  the 

non-degenerate 5D0 ← 7F0 transition. These considerations are important when transition 

probabilities are extracted from the optical spectra.  

The two inserts in the top panel of Figure 4 show the bands originating from the 2.2 % thermally 

populated 7F2 state magnified ten times. The bands can still be resolved, despite the low population, 

but they are unobservable in the absorption spectrum. Figure 4 displays the energy levels relevant 

in the discussion of thermally populated states of europium(III) at 293 K. The 7F3 term, at an energy 

of approximately 2000 cm-1 above the ground state, has a total population of 0.03 %. Therefore, 

this term, and all terms at higher energy, can be disregarded when analyzing excitation spectra. 
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Similarly, 5D1, which is 1754 cm-1 higher in energy than 5D0, has a thermal population of only 0.1 

%. While this population is high enough for these transitions to be included and analysed, this not 

the aim of this study, and in the following only emission from the 5D0 state is considered. 

The corrected excitation and emission spectra of the five europium(III) samples are shown in 

the bottom panel of Figure 4. The corrected excitation spectra are made by integrating the total 

area of the emission bands in the range from 650 to 850 nm. The emission spectra of the five 

europium(III) samples are measured in two sets with different settings. The first setting used, was 

from 560 to 740 nm and captures the 5D0 ← 7F0, 
7F1, 

7F2, 
7F3, and 7F4 bands. In this range it is not 

an issue to capture high quality,39, 40 and the spectra was recorded with short integration times of 

0.9 s for Eu·DMSO, 0.9 s for EuDPA, 1.2 s for Eu·D2O, 10 s for Eu·EDTA, and 14 s for the 

Eu·DOTA sample. The details on all acquisitions are available as supporting information. The 

second setting used, was from 730 to 880 nm and captures the 5D0 ← 7F5 and 7F6 bands. These are 

often excluded from the reported europium(III) emission spectra, due to their low intensity 

combined with the difficulties related to detection in the NIR range.41 Figure 4 include a panel 

where only this range is shown to demonstrate that these bands can be observed at high resolution. 

The integration time was increased significantly, up to several minutes to achieve this data. Note 

that integration time is the entire measurement time, and that this still is shorter than the 

measurement time on most commercial spectrometers. 
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Figure 4.  Top left: Corrected excitation spectrum is compared to the absorbance spectrum of 

Eu·DOTA. Both spectra are normalized to the maximum of the displayed wavelength range. Two 

inlets are provided that display a region of the excitation spectrum that has been multiplied by 10. 

Top right: Schematic of the electronic terms investigated and the excitation transitions visualized 

that was observed in spectra. Boltzmann calculations has been done for both the 5DJ states and the 

7FJ states and the relative thermal populations are provided if a single state was present in each and 

if the entire multiplets are considered. Bottom: Excitation and emission spectra of europium(III) 

in five different systems the spectra are normalized to 1. The emission spectra in the 730 to 880 

nm is shown normalized to the maximum in this region to the right. 
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Population analyses of optical transitions 

Figure 5. Left: Electronic structure of europium, Voigt fitting illustration, and plotting of the result 

of a Boltzmann analysis.  Right: Normalised excitation (left) and emission (right) spectra of 

europium(III) in three different systems fitted with sum of Voigt functions. Black dots are 

experimental data and red lines are fits. Electronic energy levels have been aligned to the center 

peaks of the excitation, and the modelled electronic structures including Loss functions are shown 

below the spectra. 

Upon closer inspection of the transitions involving 5D0 and 7FJ (J = 0 and ±1) in Figure 5 it can 

be seen that the spectral shapes are similar in the emission and excitation for all samples. That is 

the same amount of spectral lines are observed at almost the same energies in both excitation and 

emission spectra. The primary difference between excitation and emission spectra from the same 

sample are found in the relative intensities of each line. For instance, all the high-energy lines are 

higher in intensity for the excitation spectra.  

The lack of Stokes shift arises from the atomic nature of lanthanide(III) photophysics. The 4f-

electrons are shielded by the 5s- and 5p-electrons resulting in 4f-electron configurations that only 

are slightly perturbed by the environment. Similarly, the crystal field is not affected by the 
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intraconfigurational 4f-4f transition, and the result is minimal change in molecular structure and 

solvation, when the central lanthanide ion is excited. Thus, the Stokes shift will approach zero, the 

band shape will be identical in excitation and emission, and the transition probability for the 

stimulated absorption that gives rise to excitation and the spontaneous emission will be identical. 

With these arguments, we assign the differences in relative intensities between the excitation and 

emission to the population of the individual states, which is described as a Boltzmann distribution.  

The emission of europium(III) is dominated by the 5D0 state that has a population of 99.9% at 

room temperature. Therefore, the relative emission intensities is equal to the relative transition 

probabilities. The relative intensities in the excitation spectra, however, is determined by a 

combination of the relative populations and the transition probabilities. To quantify the two effects, 

each spectra was fitted with a sum of Voigt functions. The number of functions was chosen as the 

number of lines that was found by cursory inspection of the each band in the spectrum. All fits are 

available as supporting information. Figure 5 shows how bands are resolved by Voigt functions, 

and the cumulative fit of the Eu·EDTA, Eu·DMSO, and Eu·DPA spectra plotted on top of the data. 

Under the assumption that the absolute transition probabilities are the same in both directions, the 

relative populations of each state was calculated by equation 6, 7 and 8 using the relative intensities 

recovered in the fit. The populations were calculated from the line energies recovered in the fit 

using the Boltzmann equation in equation 5. Figure 5 shows that only two lines are resolved by 

the fit for 7F1 band for these three samples. Included in Figure 5 is part of the electronic structure 

of europium(III) which shows that the 7F1 band must contain three lines. That is one of the two 

removed lines must contain two degenerate states. As illustrated in Figure 5 we can resolve which 

state is degenerate by considering the population of each energy level. If one line has an intensity 

larger than expected, it must arise from the degenerate state.  
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Consider the Eu·DMSO sample. Here, the Voigt fit recovers two lines in the 7F1 band, line A 

and line B. The population of the corresponding energy levels has an experimentally determined 

population of 𝑃𝐴
7𝐹1,𝑟𝑒𝑙 = 0.78 ± 0.01 and 𝑃𝐵

7𝐹1,𝑟𝑒𝑙 = 0.20 ± 0.01. For a two state system, the 

Boltzmann distribution should be 0.619 ± 0.002 and 0.381 ± 0.002. Thus Line A must contain two 

states and we have resolved the spectra as line A comes from 7F1(+1, -1) and line B comes from 

7F1(0). Calculating the Boltzmann population, we then get 𝑃+1,−1
7𝐹1,𝑟𝑒𝑙 = 0.765 ± 0.002 and 𝑃0

7𝐹1,𝑟𝑒𝑙 =

 0.235 ± 0.002 much closer to the experimentally determined value. To quantify the goodness of 

fit of the resolved electronic states, the loss value is calculated using equitation 10. The loss 

function is a weighted vector distance between the experimentally observed population and the 

Boltzmann distribution. For the two investigated scenarios above, the loss values are L = 938 and 

L = 34 for the initial guess and final electronic structure, respectively. The loss function is a 

quantitative measure that enables a quick and robust analysis of any model. The analysis was 

repeated for the five europium(III) samples, and the relative transition probabilities and electronic 

energy levels are compiled in Table 1, below. 

 

Figure 6. Lines in the 7F1 band of Eu·DOTA fitted with a sum of two (left) and three (right) Voigt 

functions. The area of the individual excitation lines (solid, front) are displayed while the emission 
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areas (transparent, back) are not. The observed population is calculated and compared to the 

Boltzmann distribution based on the energy extracted from excitation spectra. For the fit with two 

lines, there are three possible electronic configurations and for the fit with three transitions, there 

is one possible electronic transition. The loss value has been calculated for each.  

Table 1. Table of fitted relative transition probabilities and the energies of transition for 

europium(III) in the five different systems. The uncertainties are the fit uncertainties. If an 

uncertainty is not provided the values where manually extracted from the data. 

Ligand 

𝐵𝑗→𝑖  [a.u.] 

7F0 ← 5D0 

mj = 0 ← mj =0 

7F1 ← 5D0 

(0) ← (0) 

7F1 ← 5D0 

(1) ← (0) 

7F1 ← 5D0 

(2) ← (0) 

DMSO 0 0.064 ± 0.001 0.127 ± 0.001 - 

D2O 0 0.094 ± 0.006 0.356 ± 0.006 - 

EDTA 0.020 ± 0.001 0.029 ± 0.002 0.118 ± 0.003 - 

DOTA 0.017 ± 0.001 0.048 ± 0.002 0.018 ± 0.004 0.103 ± 0.002 

DPA 0 0.047 ± 0.001 0.108 ± 0.001 - 

     

Ligand 

υ̃𝑗←𝑖   [cm-1] 

7F0 ← 5D0 

mj = 0 ← mj =0 

7F1 ← 5D0 

(0) ← (0) 

7F1 ← 5D0 

(1) ← (0) 

7F1 ← 5D0 

(2) ← (0) 

DMSO 17272 16952.7 ± 1.3 16853.6 ± 1.4 - 

D2O 17278 16965.7 ± 0.5 16882.4 ± 0.5 - 

EDTA 17254.2 ± 0.1 16957.7 ± 1.9 16863.2 ± 2.3 - 

DOTA 17253.0 ± 0.2 16993.1 ± 1.2 16916.8 ± 3.9 16835.7 ± 3.7 

DPA 17236 16945.8 ± 0.9 16821.6 ± 0.7 - 
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Eu·DPA and Eu·DOTA both have a large Loss value for the established electronic structure of 

these complexes i.e. with a degenerate 7F1(+1, -1) state higher in energy than the 7F1(0) state. 

Considering that 7F1 band must have three states this can only be explained two ways: 1) One of 

the possible transitions has a transition probability approaching zero, or 2) more than one species 

is giving rise to the experimental data. We know this is the case for the Eu·DPA sample,39 and in 

the Eu·DOTA sample we know that at least two forms of the complex is present in solution.42 

Figure 6 shows the bands to and from the 7F1 term fitted with two peaks and three peaks for 

Eu·DOTA. Qualitatively the three-peak fit looks much better, this however should always be the 

case as fitting with more peaks and thereby more free fit-parameters will give a better fit. However, 

combining the fit results with the Boltzmann analysis it is seen that the three-peak fit also gives a 

very good fit in the thermal populations with a loss value of only 2, compared to 37 for the best fit 

permutation in the two-peak fit. The problem is that we know this to be wrong, as the small band 

most likely come from the minor form of Eu·DOTA, while the two bands we wish to analyse come 

from the major form of Eu·DOTA. This serves as a reminder that photophysical studies must be 

done on samples with a known composition. When we exclude the additional band from the 

analysis, and enforces that there are three state in 7F1 term, we can arrive at the correct electronic 

structure with L = 236 in Figure 6. 

For neodymium(III) the excited state lifetime is much shorter, and weighted averages due to 

fluctuations in speciation during the excited state lifetime will be minimal39, 42. Thus, the 

population analysis was done for neodymium(III) without these consideration. The bands from the 

4F3/2 → 4I9/2 and 4F3/2 ← 4I9/2 transitions were observed to contain the same number of lines in both 

excitation/absorption and emission, and we can again assume that the differences in the spectra 

arise from the population of the individual energy levels. Neodymium(III) is a Kramers ion and in 
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the absence of an external magnetic field the 4F3/2 can be split in two states (0) and (1), while 4I9/2 

can split in five states in a low symmetry crystal field: (0), (1), (2), (3), and (4). This is illustrated 

in Figure 1, above. For the five neodymium(III) samples the splitting of the 4F3/2 can be directly 

observed, see Figure 3. Two strong lines are observed in all spectra, and these match the transitions 

between the lowest energy level of the ground state 4I9/2(0) and the two crystal field levels in 4F3/2: 

4F3/2(0) and 4F3/2(1). These are readily identified as the relative difference in intensity in these two 

transitions are the only ones affected by the population distribution in the emitting states. To 

illustrate the line assignment, the data from the Nd·DPA sample is shown in Figure 7. Here the 

splitting of the 4F3/2 term is determined to be 90 cm-1. Note that all the lines are doubled as 

transitions are observed to and from both 4F3/2(0) and 4F3/2(1). A maximum of 10 lines should be 

used to fit the data, but only seven lines were found in the emission spectrum by cursory inspection. 

After carefully assigning these seven lines in pairs with an energy separation of 90 cm-1, the 

position of an eight line was found, and the emission and excitation data was fitted as described 

above. The fitted relative transition probabilities and transition energies for all samples are 

compiled in Table 2 below, and the fits are available as Supporting Information. Small 

improvements were made as the excitation spectra of Nd·DOTA and Nd·EDTA were found to be 

of poor quality, the absorption spectra was used instead. And in Nd· D2O, the splitting of the 4F3/2 

level is too small to resolve transitions to and from all Kramers levels in the 4I9/2 term.  

Returning to the Nd·DPA data shown in Figure 7, four of the five Kramers levels in of the 4I9/2 

term is resolved, and we can analyze the electronic structure based on the population of each 

Kramers level using equations 6, 7, and 9. By comparing the experimental population to the 

Boltzmann distributions using the loss function in equation 10, we can isolate the most likely 

electronic structure of each of the neodymium(III) complexes. The results for Nd·DPA is shown 
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in Figure 7. Five different models were tested. One with only four Kramers levels in the 4I9/2 

multiplet 4I9/2(0)(1)(2)(3), and all the four possible permutations 4I9/2(0,0)(1)(2)(3), 

4I9/2(0)(1,1)(2)(3), 4I9/2(0)(1)(2,2)(3), 4I9/2(0)(1)(2)(3,3), where one of the Kramers levels are 

degenerate. As a situation with five non-degenerate Kramers levels, 4I9/2(0)(1)(2)(3)(4), could be 

excluded based on the experimental data, this was not tested. 

 From the Loss values, it is seen that by far the best-fit corresponds to 4I9/2(0,0)(1)(2)(3). It must 

be stressed that this does not confirm that the Kramers level is fully degenerate, but we can 

conclude from the observed intensity for the optical transitions to/from 4I9/2(0,0) dictates that there 

are two Kramers levels within the resolution of the experiment. Thus, we can construct the 

electronic structure of neodymium(III) in a DPA as five energy levels at 0, 0, 155, 295, and 478 

cm-1.The full analysis for all five samples and the results are available as Supporting Information.  

 

Figure 7. Left: Excitation and emission spectra of neodymium(III) in DPA fitted with sum of 

Voigt functions. Black dots are experimental data and the red line is the fit. The spectra are 

normalized to the area and are shown in the same energy range. Electronic energy levels have been 
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aligned to the center peaks of the excitation. Right: Nd·DPA excitation spectra overlaid with the 

observed thermal population and the best fit calculated Boltzmann population, and observed 

thermal population and the Boltzmann populations for all permutations for the electronic 

configurations. The loss value is shown in the legend of each configuration. 

Table 2. Table of fitted relative transition probabilities and the energies of transition for 

neodymium(III) in the five different systems. The uncertainties are the fit uncertainties. 

Ligand 
𝐵𝑗→𝑖  [a.u.] 4F3/2 → 4I9/2 

(0) ← (0) (0) ← (1) (1) ← (0) (1) ← (1) (2) ← (0) (2) ← (1) (3) ← (0) (3) ← (1) 

DMSO 0.18 ± 

0.01 

0.55 ± 

0.03 

0.15 ± 

0.05 

0.32 ± 

0.04 

0.67 ± 

0.04 

0.14 ± 

0.07 

- - 

D2O 0.43 ± 

0.01 

0.26 ± 

0.01 

0.24 ± 

0.01 

- 0.41 ± 

0.01 

- - - 

EDTA 0.52 ± 

0.01 

0.29 ± 

0.01 

0.30 ± 

0.02 

0.26 ± 

0.03 

0.22 ± 

0.00 

0.40 ± 

0.01 

- - 

DOTA 0.36 ± 

0.02 

0.47 ± 

0.02 

0.14 ± 

0.01 

0.19 ± 

0.01 

0.33 ± 

0.02 

0.31 ± 

0.08 

0.07 ± 

0.04 

0.23 ± 

0.01 

DPA 0.54 ± 

0.09 

0.24 ± 

0.04 

0.13 ± 

0.16 

0.31 ± 

0.06 

0.14 ± 

0.04 

0.11 ± 

0.32 

0.12 ± 

0.02 

0.44 ± 

0.08 

 
υ̃𝑗←𝑖   [cm-1] 4F3/2 ← 4I9/2  

Ligand (0) ← (0) (0) ← (1) (1) ← (0) (1) ← (1) (2) ← (0) (2) ← (1) (3) ← (0) (3) ← (1) 

DMSO 11450.7 ± 

0.3 

11512.6 ± 

0.3 

11293.6 ± 

4.7 

11374.8 ± 

3.9 

11178.2 ± 

4.6 

11232.7 ± 

10.0 

- - 

D2O 11563.7 ± 

0.6 

11602.4 ± 

0.9 

11438.5 ± 

1.0 

11228.1 ± 

0.5 

- 11228.1 ± 

0.5 

- - 

EDTA 11486.3 ± 

0.0 

11563.4 ± 

0.0 

11244.8 ± 

3.8 

11357.6 ± 

5.3 

11061.5 ± 

0.0 

11139.8 ± 

0.0 

10995.5 ± 

2.0 

11199.6 ± 

4.4 

DOTA 11452.2 ± 

0.1 

11583.4 ± 

0.3 

11369.9 ± 

1.4 

11518.0 ± 

0.8 

11115.2 ± 

0.6 

11255.7 ± 

9.1 

10995.5 ± 

2.0 

11199.6 ± 

4.4 

DPA 11461.1 ± 

0.1 

11550.9 ± 

0.4 

11311.6 ± 

1.5 

11393.8 ± 

0.6 

11171.5 ± 

0.7 

11271.8 ± 

3.6 

10983.5 ± 

0.3 

11079.1 ± 

0.6 
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Recovered electronic structure of europium(III) and neodymium(III)  

 

Figure 8. Room temperature electronic structure of the ground state and emitting state of 

europium(III) (left) and the ground multiplet and emitting multiplet of neodymium(III) (right). The 

levels resolved by the population analysis is shown in bold, the states known from literature are 

dashed. 

The electronic structure of the ten samples that was resolved in the population analysis is 

shown in Figure 8. Energy levels resolved with the Boltzmann analysis is plotted 15 cm-1 above 

the fitted center energy. For neodymium(III) we report an energy splitting of the 4I9/2 term in the 

range of 275 – 500 cm-1, which is in the similar to what is reported in other work on solution 

spectra by Satten and Dieke that reported 382 cm-1 in Nd(BrO3)3·9H2O and 248 cm-1 in NdCl3.
19, 

22  

For a qualitative interpretation of the electronic structure recovered for europium(III) and 

neodymium(III) it can be seen that it is similar in the DMSO and D2O samples. The coordination 
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chemistry of lanthanide(III) ions are largely dominated by non-directional and electrostatic 

attraction. The coordination motifs within the inner sphere of the lanthanide(III) ion can be 

predicted  by evaluating the Thomson problem while considering the sterics of  coordinating 

ligands.43 Simple solvates with low denticity, such as water, experience little steric hindrance, 

and is found to be CN = 9 and coordinate in TTP geometry for the large lanthanide(III) ions, 

while the latter part of the 4f-series may be CN = 8 in a SAP geometry.44 It is generally accepted 

that the simple ligand D2O, coordinate around neodymium(III) in the TTP symmetry. DMSO is 

also a simple, monodentate donor molecule, which would suggest TTP symmetry, but its larger 

size may affect the structure. Based on the electronic structure shown in Figure 8, there is no 

indication of this for either neodymium(III) or europium(III). However, a detailed analysis of the 

electronic structure this is outside scope here, as it requires extensive theoretical work. What is 

demonstrated here is a method to resolve the electronic structure from high-resolution optical 

spectra. 

Conclusion 

The methodology needed to measure intensity and wavelength corrected excitation spectra in the 

range 500 to 1000 nm on our custom build spectrometer was developed and tested on ten 

samples. High resolution emission and excitation spectra of five europium(III) complexes and 

five neodymium(III) complexes. With the spectra in hand, we realized that the electronic 

structure of the absorbing and emitting multiplets could be determined based on the population 

of the individual states. A method for combining spectra deconvolution using Voigt functions, 

population analysis and Boltzmann distributions was developed and tested, and we conclude that 

it allows the electronic structure to be determined from e.g. neodymium(III) spectra recorded at 

room temperature in solution. 
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