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Abstract 

Neodymium(III) is a NIR emissive and magnetic ion, which has found use in various high-

technology applications. Yet, accurate predictions of the luminescent and magnetic properties of 

neodymium(III) based on the coordination environment remain to be done. Guideline exists, but 

to build structure-property relationships for this element, more data are needed. Herein, we present 

a high-symmetry starting point. The tris(oxydiacetate) complex of neodymium(III) was prepared 

and crystallised, and access to the experimentally determined structure allows us to quantify the 

symmetry of the compound and to perform calculations directly on the same structure that is 
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investigated experimentally. The luminescent properties were determined and the electronic 

structure was computed using state-of-the-art ab initio methods. All electronic transitions in the 

range from 490 to 1400 nm were mapped experimentally. Using a Boltzmann population analysis, 

the combination of the excitation and emission spectra revealed the crystal field splitting of the 18 

lowest energy Kramers levels that experimentally could be unambiguously resolved. This 

assignment was supported by ab initio calculations and the crystal field splitting was well 

reproduced. The electronic structure reported for the tris(oxydiacetate) complex is used to deduce 

the coordination structure in aqueous solution. Finally, the results are compared to empirical trends 

in the literature for the electronic structure of neodymium(III).  
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Introduction 

Neodymium is today the primary active element used in modern high-power lasers,1-3 and 

permanent magnets.4, 5 These applications exploit the unique and fascinating luminescent and 

magnetic properties found in all lanthanides, but the case of neodymium has proven to 

revolutionize these industries.1-5 Luminescence and magnetism of the lanthanide ions are 

inherently linked, and both arise from the electronic structure dictated by the f-electrons.6 Thus, 

revealing the effects of the coordination environment on the electronic structure is a step further 

into the control and predictability of these societal impactful properties. 

Throughout the periodic table, lanthanide-based luminescence is unique. The visible and NIR 

transitions are atom-like resulting in recognizable narrow bands in both absorption and emission. 

The emissive states are long lived, which can be exploited in bioimaging and biological probes,7-9 

up-conversion materials,10, 11 and ratiometric luminescent thermometry.12-15 The NIR imaging 

lanthanide ions, such as neodymium(III), ytterbium(III), and erbium(III) are of particular 

interest,15-19 since biological tissue is transparent in their optical active range.20-22 Neodymium(III) 

has four emission bands: 4F3/2 → 4I9/2, 4F3/2 → 4I11/2, 4F3/2 → 4I13/2, and 4F3/2 → 4I15/2 extending 

from 850 nm to 1700 nm, and can be excited in wide optical window ranging from deep into the 

UV into the NIR. From the VIS to NIR the bands 4I9/2 → 4F3/2, 4I9/2 → 4F5/2, 4I9/2 → 2H9/2, 4I9/2 → 

4F7/2, 4I9/2 → 2S7/2, 4I9/2 → 4F9/2, 4I9/2 → 2H11/2, 4I9/2 → 4G5/2, 4I9/2 → 4G7/2, 4I9/2 → 2K13/2, and 4I9/2 → 

4G9/2 can be excited from 500 nm to 900 nm and have a wide potential for probing biological 

tissues.23  

Furthermore, the narrow absorption and emission lines of the lanthanides(III) contain valuable 

information on electronic structure that allows us to use optical spectroscopy as a tool to study the 

molecular structure of neodymium(III) containing compounds.23-26 In this work, the electronic 
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structure is unambiguously extracted in solution by careful analysis,27 and the nature and energy 

of each of the 20 electronic states in the 4I9/2, 4I11/2, 4I13/2, and 4F3/2 multiplets of the neodymium(III) 

ion are resolved in combination with ab initio calculations.28 Since the 4f subshell of 

neodymium(III) is filled with an odd number of electrons, all electronic states are doubly 

degenerate and are described as Kramers doublets.23 Ab initio multiconfigurational calculations as 

CASSCF (complete active space self-consistent field) including spin-orbit (SO) coupling have 

already proven to be a reliable and robust approach to calculate the electronic structure of the 

ground state multiplets in lanthanide complexes.29-35 For researches focusing on molecular 

magnetism, luminescence is often used to validate the electronic structure obtained from ab initio 

calculations used to model the magnetic measurements.36, 37 This approach has been extensively 

used on dysprosium(III),31, 32, 38-41 terbium(III),42, 43 and ytterbium(III).33-35, 44-47 These elements are 

commonly studied for their single molecule magnet behaviour. Neodymium(III) can also display 

such behaviour and ab initio calculations at the CASSCF level have been able to map the 5 lowest 

states in the 4I9/2 multiplet, and thus reproduce the observed magnetic behaviour.48-52 However, for 

neodymium(III), limited reports on the performance of ab initio calculated electronic structures 

compared to experimentally determined electronic structures can be found,23 and—to our 

knowledge—no reports on how ab initio calculations reproduce higher energy multiplets in 

neodymium(III) has been published yet.  

As a model system, we selected a luminescent neodymium(III) tris(oxydiacetate) complex 

Nd(ODA)3, which crystallized as compound Na3[Nd(ODA)3]∙10H2O in a crystallographic phase 

not previously reported. This family of Ln(ODA)3 complexes has been shown to crystallise in an 

array of different phases,53-56 and the structure of the complexes is often reported to adopt a 

tricapped trigonal prismatic (TTP) coordination geometry.56 Previously reported Ln(ODA)3 
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compounds crystallise with three Na+ counter ions in the monoclinic C2/c and Cc space groups. 

These structures have been reported for Eu3+ and Gd3+ (CCDC entries DOFXIF 1143446, 

DOFIX01 209363, and QUMYON 721017).55, 57, 58 However, the neodymium(III) compound was 

found to crystallise in the triclinic P-1 space group (CCDC entry 2303145). Previously, only the 

isostructural cerium(III) compound has been reported with this space group (CCDC entry 

ODACCE01).59 Ln(ODA)3 compounds have already proven their interests in terms of magnetic 

properties, circular polarised luminescence, and supramolecular assemblies,60-63 and the Ln(DPA)3 

coordination backbone of similar structure as Ln(ODA)3 is similarly attracting interest.33, 64, 65 We 

have studied these C3 symmetric coordination backbones as model systems for the electronic 

structure of some lanthanides based on luminescence.66 A recent ab initio work on the electronic 

structure of lanthanide(III) ion calculated the crystal field splitting in an isostructural series of 

Ln(ODA)3 but without any experimental validation, and excluding neodymium(III) from the 

series.67 Here, we resolve the electronic structure of the 18 lowest-lying energy states and the 2 

emitting states in Nd(ODA)3 spectroscopically. We evaluate these results in light of ab initio 

calculations and find the calculations to be in good agreement with experimental results in terms 

of energy splitting for both the lower 4IJ multiplets and the emitting states. Additionally, we deduce 

that the structure of Nd(ODA)3 in solution is identical to the one in the crystal based on similarities 

in the luminescent spectra.33, 64, 65, 68 

Experimental Section 

Synthesis and Crystallisation 

Nd(CF3SO3)3 (1183 mg, 2.000 mmol) (98% from TCI) was used to create a 0.20 M stock 

solution by dissolving the salt in water creating a solution with a volume of 10.0 ± 0.06 ml. H2ODA 

(536.3 mg, 4.00 mmol) (H2ODA from Sigma-Aldrich), H2ODA = 2,2’-oxodiacetate, was used to 

https://doi.org/10.26434/chemrxiv-2024-bd612 ORCID: https://orcid.org/0000-0003-1491-5116 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bd612
https://orcid.org/0000-0003-1491-5116
https://creativecommons.org/licenses/by-nc-nd/4.0/


 6

create a 0.20 M stock solution by dissolving the acid in water to create a solution with a volume 

of 20 ± 0.04 ml with pH = 5 using NaOH (1.0 M). 0.5 ml of the 0.2 M Nd(CF3SO3)3 was added to 

a sample vial with 1.5 ml of the 0.2 M H2ODA stock. The sample was heated at 80°C for 1 h. At 

this point the solution spectra were measured. The sample vial was placed in a container with 

acetone. A lid was then placed on top and the sample was left for acetone diffusion. After 2 days 

crystals had formed. The crystals are shown in Figure S1. 

Single Crystal X-ray Diffraction 

Single-crystal X-ray diffraction data were collected on a Bruker D8 Venture diffractometer 

equipped with a PHOTON 100 CMOS detector, a multilayer X-ray mirror, and a Mo Kα high 

brilliance IμS X-ray tube (λ = 0.71073 Å). The temperature was kept at 100 K using an Oxford 

Cryo system. 

The crystal structure was solved using Olex269 with the ShelXT program70 using intrinsic 

phasing. The ShelXL71 refinement package with least square minimisation was used for refinement 

of the structure. Non-hydrogen atoms were refined anisotropically. Hydrogen atoms from water 

molecules were located using residual density after having assigned the other atoms. The rest of 

the hydrogen atoms were added automatically using a riding model. The crystal data is provided 

in Table S1.  

Powder X-ray Diffraction 

The crystals were chorused into a powder and were dispersed on a low background silica sample 

holder ready for powder x-ray diffraction (PXRD). Powder X-ray diffraction was done on a Bruker 

D8 X-ray diffractometer with a Cu anode, providing an x-ray wavelength of λ = 1.5418Å). The 

PXRD was recorded at 293 K with an integration time of 1 s in the range 2θ = 5 to 50° with a 

https://doi.org/10.26434/chemrxiv-2024-bd612 ORCID: https://orcid.org/0000-0003-1491-5116 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bd612
https://orcid.org/0000-0003-1491-5116
https://creativecommons.org/licenses/by-nc-nd/4.0/


 7

resolution of Δ2θ = 0.0277°. XRD results show that the powder has the same phase as the single 

crystal seen in Figure S2. 

Optical and NIR spectroscopy 

Sample preparation. Single crystals were crushed into a powder and transferred to a 7” NMR 

tube from Bruker where 2-methyltetrahydrofuran was added to disperse the powder ready for 

measurements. Measurements done on powder were performed in these tubes both at room 

temperature (RT) and at 77 K, exposed to air and liquid nitrogen, respectively. Solution samples 

were created similarly to the synthesis of the crystals, but were not put into a bath of acetone. The 

prepared solution samples had 20 mM neodymium(III) and 60 mM H2ODA in a volume of 5 mL. 

The pH was adjusted to 5 using NaOH. 

Solution samples were measured within 2 hours of creation. RT measurements on solution 

samples have been done in 10 mm quartz cuvettes (23/Q/10) from Starna Scientific. Finally, 

solution samples were measured at 77K in the NMR tubes snap-frozen in liquid nitrogen. We 

detected no signals from other lanthanides in any spectra. 

Emission spectra. All measurements were performed on a recently reported spectrometer.72 The 

samples were 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 set to 

100% with maximum repetition rate (78MHz). A 750B grating and a PyLoN detector were used 

for measurements below the 950 nm point, and a 1200B grating and the NIRvana detector were 

used for measurements above 950 nm. The emission slit was set to 10 µm for all emission 

measurements. The 880 nm band was exposed for 2 seconds and the 1060 and 1350 nm bands 

were exposed for 60 seconds. The excitation wavelength was set to 580 nm (with a broadness of 

2 nm), and a long pass filter of 750 nm was used on the emission side. A background has been 
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created for each measurement with identical acquisition and has been used for background 

subtraction. In the entire range we have a spectral resolution of 0.4 nm on the emission side. 

Excitation spectra. At each excitation wavelength, an emission spectrum of the 1060 nm band 

was recorded with a slit size of 200 µm and an exposure rate of 500 ms. The intensities of the 

excitation spectra are the integrated emission of the 1060 nm band (integrated from 1045 to 1070 

nm) for each excitation wavelength. The resolution on the excitation side is 2 nm. 

Ab initio calculations 

The evaluation of the electronic structure was carried out with the software OpenMOLCAS 

(version 22.10).73, 74 State average (SA) complete active space (CAS), and restricted active space 

(RAS) self-consistent field (SCF) approaches were used.75-78 Relativistic corrections at the scalar 

level have been taken into account by the use of the Douglas-Kroll-Hess Hamiltonian79-81 and the 

all-electron atomic natural orbital relativistic contracted (ANO-RCC) basis-set from the Molcas 

library.82, 83 The following contractions were used: [8s7p4d3f2g1h] for the Nd element, [3s2p1d] 

for the C and O elements, and [2s] for the H element. Spin-orbit (SO) coupling has been added 

within the restricted active space state interaction (RASSI) method84 on the number of previously 

calculated roots with the use of the atomic mean field integral (AMFI) theory.85 SA-

CAS(3,7)SCF/RASSI-SO calculations were carried out including three electrons spread in the 

seven 4f orbitals of the neodymium(III) ion. All spin-free states were calculated, that is 35 

quadruplets and 112 doublets for neodymium(III) ion. These calculations were extended by SA-

RAS[3,0,2,0,7,5]SCF/RASSI-SO calculations including the five 5d orbitals of the neodymium(III) 

ion. The ab initio calculations were performed on the molecular structure of Nd(ODA)3 as taken 

from the crystal structure where the position of the hydrogen atoms have been optimized, H-Opt 

Nd(ODA)3. The optimizations were performed using density functional theory (DFT),86 with the 
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GGA-PBE exchange-correlation functional.87 Calculations have been performed with the ADF 

suite (version 2022.101)88, 89 with basis sets at the TZP level for all atoms. The ZORA formalism 

with the MAPA potential was used to describe scalar relativistic effects as implemented in ADF.90, 

91  

The final choice of basis set and geometry included in the calculations specified above was 

decided based on multiple calculations performed. These are briefly discussed in the supporting 

information (See Figure S12 and Tables S15-17). Based on these it was decided to perform the 

SA-RAS[3,0,2,0,7,5]SCF/RASSI-SO level calculations on the H-Opt Nd(ODA)3 which was then 

found to best reproduce the experimentally determined electronic structure. The results from this 

calculation are the only results presented in the main text.  
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Figure 1. ORTEP figure (top) for the [Nd(ODA)3] structure. Thermal ellipsoids are at 50% 

probability. Hydrogen atoms were omitted for clarity. Color code: C = Grey, Nd = purple, and O 

= red. Molecular structure (bottom) of Nd(ODA)3 visualized with the C3 symmetry axis. The C3 

axis is the optimized principal axis of the D3 point group evaluated on the complex. 

Results and discussion 

Molecular structure  

The molecular Nd(ODA)3 complex within the Na3[Nd(ODA)3]∙10H2O crystal (CCDC entry 

2303145) is shown in Figure 1 and crystal data are provided in Table S1. The structure was 

analysed with two methodologies to evaluate the coordination geometry: A geometry analysis 
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based on geometry deviation values from ideal polyhedron,92 and a point group symmetry analysis 

based on how well symmetry operations in a point group operate on the structure (Equations S1-

S2 for details).93 With a deviation value of σIdeal(Q,TTP) = 1.15, the first coordination sphere is 

found to adopt a slightly distorted tricapped trigonal prismatic (TTP) geometry (See Table S2 for 

other geometries). This is in agreement with previously reported [Nd(ODA)3]3- compounds.94-98 

The point group of the first coordination sphere is found to be slightly distorted from D3 with a 

deviation value of σSym(Q, D3) = 0.29. Including the entire complex with the three ODA2- molecules 

this deviation value increases to σSym(Q’, D3) = 1.3. Based on our current experience with this 

methodology,66, 93 we conclude that the coordination geometry has D3 symmetry both in the inner 

sphere and in the entire molecular structure. The results of the point group analysis are compiled 

in Table 1. Comparing these results to the symmetry of Ln(ODA)3 molecular structures (Q’’) by 

Connolly et al.67 we find their structure to be of perfect D3 symmetry, with σSym(Q’’, D3) = 0.00 

for all their eight complexes (See Tables S3 and S4). 

  

Table 1. Point group symmetry deviation in the first coordination sphere and in the molecular 

structure of the Nd(ODA)3 structure. 

         

Q G: C4v C4 D3h D3 C3 C2 Ci 

 

First 
coordina-
tion sphere 

3.3 3.5 1.9 0.29 0.35 0.11 41.1 
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Nd(ODA)3
3- 

molecular 
structure  

 

22.82 27.02 11.50 1.30 1.54 0.72 30.1 

 

Spectroscopy data and experimental electronic structure 

The trivalent neodymium(III) ion has an electronic configuration [Xe]4f3. The three valence 

electrons can form 364 individual electronic states in 182 Kramers doublets.23 Interelectronic 

repulsion and spin-orbit coupling split these into 41 multiplets classified with Russel-Saunders 

term symbols. The total energy splitting of these terms span 50,000 cm-1. In Figure 2, the optical 

transitions between these multiplets are shown from 7,000 cm-1 to 20,000 cm-1 for the suspended 

Na3[Nd(ODA)3]∙10H2O powder, determined from PXRD to have the same crystal phase as the 

single crystal in Figure S2 (See also Figures S3-5 and S7-10 for high-resolution spectra). Based 

on information from Carnall,99 we are able to assign 14 bands in this range. 4I9/2 is the lowest 

energy multiplet and all excitations at temperatures from 77 K to RT occur from the five Kramers 

doublets that constitute this multiplet. 4F3/2 is the primary emitting multiplet and with a separation 

of ~1,000 cm-1 from the 4F5/2 and 2H9/2 manifold, it is assumed that all emission observed is from 

the two Kramers doublets in the 4F3/2 multiplet.  
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Figure 2. Excitation following 1045 to 1070 nm emission (top) and emission following 580 ± 1 

nm excitation (bottom) spectra of the Na3[Nd(ODA)3]∙10H2O crystal at  77 K and room 

temperature (RT) dispersed in 2-methyltetrahydrofuran.  

On closer inspection of Figure 2, it can be seen that the change in temperature has a large impact 

on the excitation. At room temperature, each multiplet has a tail at the low energy side, which is 

not apparent in the low temperature data. This is rationalised from the depopulation of thermally 

populated states in 4I9/2 upon cooling. A similar trend is not found for the emission data. Overall, 

all bands are broadened at room temperature compared to 77 K. Based on these observations and 

scrutiny of the transitions between 4I9/2 and 4F3/2 (see Figure S6), we conclude that these 

temperature dependencies can be described by a model where 4I9/2 is split by approximately 400 

cm-1 and 4F3/2 is split by less than 50 cm-1. 
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Figure 3. Emission of 4F3/2 → 4I9/2 (left), 4F3/2 → 4I11/2 (middle), and 4F3/2 → 4I13/2 (right) at 77 K 

and RT. Each band at 77 K has been fitted with Voigt functions shown in the figure. The final mJ-

states in 4F3/2(0) → 4IJ are highlighted as numbers starting from 0 to the number of possible lines 

equal to J – 1/2 and transitions easily recognized to originate from 4F3/2(1) → 4IJ are highlighted 

with an asterisk.  

Figure 3 shows three of the four luminescence bands observed for neodymium(III): 4F3/2 → 4I9/2, 

4F3/2 → 4I11/2, and 4F3/2 → 4I13/2 recorded at RT and 77K. The difference observed from RT to 77 

K is a sharpening of the bands and changes in the relative intensities. No changes in the position 

of the lines i.e. the energies of the electronic states were observed. We assign the broadening to 

arise from a combination of the inherent properties of the electronic transitions and inhomogeneous 

broadening related to small variations in site symmetry induced by thermal fluctuations. We assign 

the change in relative intensities to arise from differences in the relative thermal population of the 

two emitting states in the 4F3/2 multiplet. This can be used in the deconvolution of the electronic 

structure.27 The method relies on using the Boltzmann population to deconvolute each band into 

individual lines. Briefly, the 4F3/2 → 4I9/2 band has 10 possible lines. Cursory inspection of the 4F3/2 

→ 4I9/2 band in Figure 3 reveals 4 peaks, at 77K each has a shoulder on the high-energy side. The 
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shoulder is higher in relative intensity at RT than at 77 K in all peaks, i.e. the lines corresponding 

to the shoulders are all thermally populated and must be from 4F3/2(1) → 4IJ transitions. Similarly, 

the same trends are found in 4F3/2 → 4I11/2 and 4F3/2 → 4I13/2. These observations can be rationalized 

by a combined model where 4F3/2 is split by ~40 cm-1, which then can be used to deduce the 

splitting of all five Kramers doublets 4I9/2. The model is evaluated for both the emission and 

excitation spectra in Figure S6. Following this model, all lines in the three emission bands are 

fitted with a sum of Voigt functions and these are shown in Figure 3 (See Tables S5-S7 for fit 

details). The fit procedure follows the methodology from previous work.27 The Gaussian 

contribution to the broadness of the Voigt function and the energy splitting between 4F3/2(0) and 

4F3/2(1) were determined as shared global parameters for each band. The fits are included in Figure 

3 and the energies of determined electronic states are compiled in Table 2. We note that the 

splitting of 4F3/2 was found to be 36.5 ± 0.45 cm-1, 40.21 ± 0.08 cm-1, and 39.27 ± 0.08 cm-1 in the 

4F3/2 → 4I9/2, 4F3/2 → 4I11/2, and 4F3/2 → 4I13/2 bands respectively, the difference is assumed to be 

the intrinsic experimental error. A weighted average of the three experimentally obtained values 

obtained from the different bands gives results in 39.5 ± 1.0 cm-1 for the splitting of 4F3/2. 

 

Table 2. The 20 lowest energy (cm-1) Kramers doublets that could be experimentally resolved. The 

experimental values are determined from spectroscopy and the calculated values are computed at 

the RASSCF level. Additionally, the difference between experiment and calculation has been 

provided in both absolute units and as the deviation in percentage. 

State Exp. (cm-1) calc.  (cm-1) Δ (cm-1) Δ (%) 
4I9/2 (0) 0 0 - - 
4I9/2 (1) 24.3 29.5 5.2 19 
4I9/2 (2) 159.3 152.3 -7.0 4 
4I9/2 (3) 298.4 256.8 41.7 15 
4I9/2 (4) 434.3 333.1 101.2 26 
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4I11/2 (0) 1982.1 2192.4 -210.3 10 
4I11/2 (1) 2003.5 2214.4 -210.9 10 
4I11/2 (2) 2039.7 2253.1 -213.4 10 
4I11/2 (3) 2120.1 2311.7 -191.6 9 
4I11/2 (4) 2165.8 2331.8 -166.0 7 
4I11/2 (5) 2210.8 2346.1 -135.3 6 
4I13/2 (0) 3922.5 4417.9 -495.5 12 
4I13/2 (1) 3961.9 4457.2 -495.2 12 
4I13/2 (2) 3984.0 4475.9 -491.9 12 
4I13/2 (3) 4092.0 4562.8 -470.8 11 
4I13/2 (4) 4121.2 4577.3 -456.1 10 
4I13/2 (5) 4163.3 4596.2 -432.9 10 
4I13/2 (6) 4238.2 4639.5 -401.3 9 
4F3/2 (0) 11491.1 16193.7 -4702.6 34 
4F3/2 (1) 11452.1 16251.1 -4799.0 35 
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Figure 4. Experimentally determined energy state and ab initio calculated energy states at the SA-

RAS[3,0,2,0,7,5]SCF/RASSI-SO level. Excited states above the emitting state 4F3/2 are not 

individually resolved experimentally. Instead, the position of the multiplets is shown and a purple 

transparent box visualizes the broadness of the observed bands in which the individual Kramers 

doublets are found. Results from calculations are provided for both the free ion and the Nd(ODA)3 

complex. 

The excitation spectra are likewise used to extract the energy of states above 4F3/2 (See Figures 

S7-S10 and Tables S8-14). However, here we are limited by an experimental resolution of 1-2 nm 

and the energy of each Kramers doublet cannot be reported. Figure 4 shows the collection of all 

experimentally determined energy levels of neodymium(III) in the D3 symmetric Nd(ODA)3 

system. The emission spectra have a spectral resolution of 0.4 nm, which makes it possible to 

extract the energies of the individual Kramers doublets. The 1-2 nm resolution of the excitation 

spectra limits us to report only multiplet energies, these are plotted with a purple background that 

illustrates the broadness of the multiplets in which the energies of the individual states can lie.  

Calculated electronic structure 

Calculations of the electronic structure of neodymium(III) have been carried out following 

multiple procedures both at the CASSCF and the RASSCF level as discussed in the supporting 

information (See Tables S15-17). In short, we found the choice of basis set and geometry 

considerations to be of little significance to the calculated properties. However, the inclusion of 

the 5d electrons in the RAS3 space was needed to reproduce two isolated energy states for the 

emitting state 4F3/2. Resultantly, all computational results discussed in the following are performed 

at the SA-RAS[3,0,2,0,7,5]SCF/RASSI-SO level (see computational details) on Nd(ODA)3 

geometry shown in Figure 1 with hydrogen atomic positions optimized with DFT. The 7 average 
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natural orbitals used in the RAS2 space that are of pure 4f character of neodymium(III) ion and 

the 5 average natural orbitals used in the RAS3 space that are primarily of 5d character of 

neodymium(III) ion are shown in Figures S13-14. The composition of the wave functions of the 

4I9/2 term is provided in Table S19. 

Figure 4 compares the computed energy levels for both the free neodymium(III) ion and the 

Nd(ODA)3 complex with the experimentally determined energy levels. An immediate glance 

reveals that the 4IJ levels are accurately positioned in energies, while higher energy levels deviate 

from experimental values. This deviation is increasingly larger as the energy is increased. The 

lowest energy states in the 4I11/2, 4I13/2, and 4F3/2 multiplets are computed to be 210, 496, and 4703 

cm-1
 higher in energy than the experimentally determined values (see Table 2). Despite the larger 

deviations as the energy increases, the relative order of quartets and the relative order of doublets 

follow the expected relative energy patterns within the same spin multiplicity as is expected from 

Carnall.99 However, this is not the case for relative energies between the two spin multiplicities. 

In particular, the 2H9/2 multiplet has a lower energy than the 4F3/2 multiplet and, despite many 

attempts, does not provide an accurate relative energy of the emitting multiplet at this level of 

calculation. To quantify the energy of individual Kramers doublets within 4I9/2, 4I11/2, and 4I13/2 

multiplets are, with an average difference of ~10 % in agreement with the experiment (Table 2), 

while the average difference for the 4F3/2 multiplet is calculated to be 35 %. We conclude that the 

energy levels within 4IJ are well reproduced by calculations, while the levels at higher energies 

require new developments of in theory and methodology. 

Next, we delve into the splitting within each multiplet, i.e. the crystal field splitting. Figure 5 

shows the extracted electronic states in 4I9/2, 4I11/2, and 4I13/2 multiplets superimposed on the 

emission spectra, and 4F3/2 superimposed on the excitation spectra, respectively, compared with 
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the ab initio results. In the figure, the energy of 4I11/2, 4I13/2, and 4F3/2 multiplets are manually 

decreased by 210 cm-1, 496 cm-1, and 4703 cm-1 such that the lowest energy Kramers doublet in 

each multiplet is the same for calculation and experiment. After this adjustment, the calculations 

are found to represent the crystal field splitting very well; the qualitative ordering and energy 

spacing within each multiplet accurately follow the experimental results. The absolute splitting, 

i.e. the energy difference between the highest and lowest Kramers doublets, in the 4IJ multiplets 

are calculated to be 333 cm-1, 154 cm-1, and 222 cm-1, slightly smaller than anticipated from the 

experiment, where they are found to be 434 cm-1, 229 cm-1, and 316 cm-1 respectively. However, 

an error of this relative magnitude is commonly observed for calculations at this level of theory 

and similar discrepancies in absolute crystal field splitting have been reported elsewhere.29 It is 

concluded that the qualitatively observed splitting is well reproduced, although the calculated total 

splitting of the multiplets is lower in the calculation. We thus report here that the ab initio crystal 

field calculation of the 18 lowest Kramers doublets and the two emitting Kramers doublets of 

neodymium(III) in the Nd(ODA)3 complex is in good agreement with experiments.  
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Figure 5. Comparison of the experimentally obtained energy levels of 4I9/2 (top left), 4I11/2 (bottom 

left), 4I13/2 (top right), and 4F3/2 (bottom right) with the SA-RAS[3,0,2,0,7,5]SCF/RASSI-SO 

calculated energy levels. For visual purposes, the emission spectra collected at 77 K corresponding 

to each transition are provided. The energy of each calculated Kramers doublet is manually 

decreased such that the energy of the lowest Kramers doublet is the same as in the experiment. 

There are reduced by 0, 210, 493, and 4740 cm-1 for 4I9/2, 4I11/2, 4I13/2 and 4F3/2 respectively. 
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Figure 6. Emission spectra of 20mM Nd(III) in a 60 mM H2ODA/D2O solution. a) Compared to 

the emission spectra of Na3[Nd(ODA)3]∙10H2O crystals dispersed in 2-methyltetrahydrofuran 

measured at RT (top) and 77 K (bottom). The spectra are normalized to the lowest energy 

transition, as this does not display any reabsorption. b) The solution spectra at 77 K, excitation 

(top) and emission (bottom) have been fitted with a sum of Voigt functions. The inlet shows the 

fit model.  

A comment on solution structure 

Now that the electronic structure of neodymium(III) in the Nd(ODA)3 has been examined 

experimentally and compared with ab initio evaluation we dare expand on these results to 

comment on the possible solution structure of this complex. Figure 6a shows the luminescence 

spectra of Nd(ODA)3 in deuterated water and the dispersed crystalline powder at both RT and 77 

K (see Figure S15 for the excitation spectra). Two significant differences are observed between 

the dispersed powder and the solution, i.e. the relative intensity of the first band is significantly 

greater in solution, and the bands are broader in solution. Looking at the data in Figure 6a, it should 
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be noted that a significant degree of reabsorption (cf. inner filter effect) was observed in the low 

energy band for the powder samples (see Figure S11). The solution spectra are measured at 20 

mM and do not have an absorbance above 0.1, and thus no significant inner filter effects. The 

broadening observed in solution can be attributed to a greater degree of structural fluctuation than 

in the solid state. 

To quantify, the spectra were fitted and compared. A fitting procedure similar to what is done for 

the dispersed powder at 77 K (see Figure 3) is performed. In Figure 6b, the excitation spectra and 

the emission spectra of the frozen solution have been fitted with five sets of two Voigt functions 

separated with a global parameter for the energy splitting in 4F3/2 multiplet. Contrary to the powder 

spectra, it was not possible to fully resolve all 10 lines in the emission spectrum due to the slightly 

broader peaks. However, with the inclusion of the excitation spectrum in the analysis the splitting 

can be elucidated. At 77 K only two states are populated in 4I9/2 and therefore only transitions from 

these can be seen in the excitation spectra. These states are very close in energy (see Figure 6b). 

Fully refining the sum of Voigt functions the model shown in Figure 6b is obtained (see Tables 

S20-21 for fit details). The crystal field splitting in the emitting multiplet 4F3/2 and lowest energy 

multiplet 4I9/2 are found to be nearly identical in the solution and the solid state. In fact, if all peak 

positions are fixed to the model found in Figure 3, the fit still provides reasonable and statistically 

acceptable results (see Figure S16 and Tables S22-24). On average the Gaussian and Lorentzian 

width increase from 16 to 49 cm-1 and from 57 to 58 cm-1 at 300 K respectively. At 77 K the 

increase is 11 to 24 cm-1 and 27 to 58 cm-1. We thus conclude that the solution structure of 

Nd(ODA)3 in water is very similar—if not identical—to the powder structure and that the 

difference in peak broadness can be explained by structural fluctuation alone. 

Empirical trends in crystal field splitting  
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With the electronic structure of the D3 symmetric Nd(ODA)3 complex mapped, we provide one 

of the puzzle pieces needed to build strong structure-property relationships for the trivalent 

neodymium ion. Figure 7 shows the electronic structure of the lowest energy multiplet, 4I9/2, of 10 

neodymium(III) complexes found in the literature27, 100-112 including the results reported in this 

work. The point group symmetry analysis, as detailed above, is applied to all 10 complexes and 

the structures have been grouped based on their determined point group symmetry (See Tables 

S25-26).  

The literature on the electronic structure of neodymium(III) is not as rich in information as it is 

for e.g. europium(III), where strong empirical correlations are found between the electronic 

structure and the point group of the coordination complex.24, 113 Yet, by cursory inspection of the 

energy diagram in Figure 7, it appears that trends between the crystal field splitting in 4I9/2 and the 

point group symmetries of the complexes can be observed. The four complexes of D3h symmetry 

share the same qualitative splitting with the five Kramers doublets grouped in a (1, 2, 2) structure. 

By removing the horizontal mirror plane in the D3h group, the symmetry can be reduced to D3, C3v, 

and C3. It is found that none of the four complexes with these point groups can be classified with 

a (1, 2, 2) grouping. Furthermore, it is found that the two structures with D3 symmetry, one of 

which is the Nd(ODA)3 reported here, share a splitting that appears to group into a (2, 1, 1, 1) 

grouping. Moving away from the C3 symmetric structures altogether, S4 and D4, are found to bear 

little resemblance to the other structures, but share a similar overall crystal field splitting. The 10 

structures presented here are not sufficient to construct strict empirical symmetry rules relating 

property, electronic structure, and site symmetry, but it is an empirical starting point in the 

structure-property relationships for the trivalent neodymium(III) ion. 

 

https://doi.org/10.26434/chemrxiv-2024-bd612 ORCID: https://orcid.org/0000-0003-1491-5116 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bd612
https://orcid.org/0000-0003-1491-5116
https://creativecommons.org/licenses/by-nc-nd/4.0/


 24

 

Figure 7. The splitting of the lowest energy multiplet 4I9/2 of 9 neodymium(III) complexes from 
the literature (black) and the Nd(ODA)3 complex reported in this work (purple). The complexes 
are grouped by point group symmetry. The Kramers doublets are reported for: Nd:LaCl3,100 
(Nd(C2H5SO4)3)(H2O)9,101 C2H10N2[Nd2(N3)8],102 Nd(BrO3)3(H2O)9,103 solid state Nd(ODA)3 (this 
work), aqueous Nd(ODA)3 (this work), Nd(DPA)3,27 Nd:La2O3,104 Nd(btmsm)3,105 Nd:LiLuF4,106 
and Nd:YAG.107 

 

Conclusion 

The crystal structure, symmetry, luminescent properties, and electronic structure of a 

neodymium(III) tris(oxydiacetate) complex were reported, and the results were used to evaluate 

the extent to which ab initio calculations provide an electronic structure comparable to that 

measured. High-resolution optical spectroscopy, near-infrared excitation and emission spectra 

were used to determine all electronic transitions of neodymium(III) in the range 500 nm to 1400 

nm. A Boltzmann analysis and a spectral deconvolution of all 20 Kramers doublets in the emitting 

4F3/2 multiplet, and the three low energy 4I9/2, 4I11/2, and 4I13/2 multiplets were experimentally 

determined. In particular, the crystal field splitting of the 4I9/2 multiplet is reported as 0, 24, 159, 

298, and 434, or a (2, 1, 1, 1) grouping of Kramers doublets for the D3 symmetric complex. 
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The assignment of energy levels was critically evaluated with ab initio calculations at the RASSCF 

level to investigate the accuracy of which the experimental energy levels were reproduced. Despite 

difficulties in the calculation of energy levels with higher energies than the emissive 4F3/2 multiplet, 

we report accurate reproduced relative energies for all Kramers doublets within the 4I9/2, 4I11/2, 

4I13/2, and 4F3/2 multiplets with a ~10 % absolute difference from the experimentally determined 

values in 4IJ. In particular, we found the crystal field splitting, which is directly tied to the chemical 

structure, to be well described. We conclude that the ab initio calculations at the RASSCF level 

fully reproduce the electronic structure in the 4IJ multiplets.  

Furthermore, we examine the subtle changes in the emission spectra of the Nd(ODA)3 complex 

in the solution phase. Our findings indicate that the electronic structure extracted experimentally 

is a near-perfect match to the solid state suggesting that the complex maintains its structural 

integrity when dissolved in water. 

The work presented here provides what is—to our knowledge—the most comprehensive 

evaluation of the electronic structure of neodymium(III) resolved from luminescence 

spectroscopy. We also collected the well-resolved crystal field splitting of nine neodymium(III) 

complexes from the literature as a first step towards elucidating the structure-property relationships 

governing the neodymium(III) ion. 
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