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A protocol to correct ab initio calculated luminescence spectra of Nd" complexes is proposed. The emission
spectrum of [Nd"(bipy)(tta)s] was measured to calibrate the optimal correction for the Racah parameters on
top of a CASSCF calculation to attain the best energetic placement of the 3o > Hiz/2_0/2 emission lines. As
interelectronic repulsion is the most important source of error in this calculation, this straightforward
correction results in an accurate placement of transitions, allowing the assignment of a complex spectral
shape in terms of its underlying transitions. Finally, the correction derived for [Nd"(bipy)(tta)s] was directly
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Introduction

Electronic structure calculations are extensively employed in
many fields of chemistry to augment the information extrac-
table from experimental measurements. For instance, reactivity
studies can often identify products and determine information
about reaction rates purely from experimental data, while
detailed mechanistic proposals are often based on electronic
structure calculations." Similar approaches are found in other
fields such as magnetism, where the overall magnetic moment
can be probed experimentally but the microscopic magnetic
interactions responsible for that response are studied
computationally.” In the field of spectroscopy, ab initio calcula-
tions are often exploited to aid in the assignment of spectra
ranging from magnetic resonances to high-energy techniques,
such as X-ray experiments.’

UV/vis absorption and emission spectroscopy studies routi-
nely profit from this experimental and theoretical synergy. The
most common computational method in this area is time
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applied to a different Nd" complex, demonstrating the broad use of this approach.

dependent density functional theory (TD-DFT),* which provides
excitation energies and oscillator strengths at an affordable
computational cost for molecular systems up to a couple
hundred of atoms at the present time. In many cases, the
deviations between experimental and TD-DFT predicted spectra
are systematic and fixed energy shifts are used to force a better
match between experiment and theory.> Such corrections,
although empirical, have proven to be useful enough to become
common practice nowadays, especially for closed shell, organic
molecules.

Inorganic systems, particularly lanthanides, have their own
caveats which complicate the computational production of
spectra that can accurately match experiments, even employing
simple empirical corrections. The most fundamental problem
is the inadequacy of single reference methods, such as DFT, to
provide spectroscopically consistent wave functions.® This can
be solved using multireference methods such as complete
active space self-consistent field (CASSCF), confirmed by the
generalized use of this method in lanthanide magnetism.”™">
However, CASSCF calculations suffer from additional problems
to be accurate in optics. The most important is their lack of
dynamical correlation, which leads to the overestimation of
interelectronic repulsion, resulting in poor relative energies
between 4f multiplets.’® This effect manifests in strong mis-
placements of f-f absorption and emission band wavelengths,
which can be as large as hundreds of nanometres. Even worse,
the relative energy of each pair of multiplets will be displaced
by a different magnitude in a complicated way, preventing the
use of a fixed energy shift to correct the experiment. Interest-
ingly, ligand field and spin-orbit effects are better described in
lanthanide CASSCF calculations,'® so the correction of just
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interelectronic repulsion can yield a dramatic correction of f-f
transition energies.

Recent advances in this field indicate that a good descrip-
tion of lanthanide luminescence requires the calculation of
larger active spaces, including additional orbital shells of the
lanthanide and key ligand orbitals."”*® Perturbative corrections
are also beneficial for a better agreement with experimental
data.’ The main drawback of this path is the increased
computational cost of these more sophisticated approaches
and the need for assessing the proper active space in a case
to case basis.

In this article, we provide a simple procedure to correct
CASSCF calculations to obtain NIR emission spectra with a
good placement of the f-f bands in Nd™ complexes. Thus, this
protocol helps in the assignment of the main features of the
spectra without increasing the computational cost beyond the
one associated with CASSCF. The procedure does not rely on any
symmetry idealization of the coordination environment and can
be thus applied to high- and low-symmetry systems at an equal
footing. This correction is general for any Nd™ system and
was calibrated using the emission spectrum of tris(thenoyl-
trifluoroacetonato)2,2’-dipyridylneodymium(m) ([Nd™(bipy)(tta)s]),
which was synthesized using literature methods® and measured
in our laboratory. CASSCF calculations were performed using the
crystallographic structure deposited in the CCDC database® (see
Fig. 1). The faint nephelauxetic effect present in lanthanides
suggests that the correction of Racah parameters derived for
[Nd"™(bipy)(tta);] will be useful for other Nd™ systems without
the need of recalibrating them in a case-to-case fashion. To prove
this point, we synthesized a new Nd™ complex with a completely
different coordination environment ([Nd™L'(NCS);]) (Fig. 1). Then,
we measured its emission spectrum at room temperature and
applied the corrected CASSCF protocol, achieving a good agree-
ment between experimental and theoretical data.

Energy correction procedure

The procedure to generate the corrected spectrum considers
three steps: (i) perform a standard CASSCF(3,7) calculation
considering all quartet (35) and doublet (112) roots, where
the active space includes the 4f shell of the Nd"" ion, (ii) obtain
the corrected energies using orca_lft with the corrected Racah
parameters provided in this article and (iii) perform a new
CASSCF calculation using the corrected energies. The last
calculation can be run on top of the converged wavefunction
of the first step, so the simulation will mark convergence at the
first step and proceed to the spin-orbit coupling part swiftly.
A detailed example of the procedure is provided as ESI.}

The emission spectrum is simulated assuming the following
formula for the intensity (1):**7>*

1= 2l 4 e+ Q) 1)

where 7 is the reduced Planck constant, c is the speed of light,
Ejr is the transition energy between the initial (i) and final state
(f) and u, m and Q are the electric dipolar, magnetic dipolar
and electric quadrupolar transition moments, respectively.
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Fig. 1 Molecular structures of the [Nd" (bipy)ttas] (top) and [Nd"LYNCS)3]
(bottom). Colour code: Nd (light yellow), S (yellow), F (light green), O (red),
N (blue), C (grey) and H (white).

Our calculations indicate that magnetic dipolar and magnetic
quadrupolar contributions are negligible in comparison to u for
the *Fs;, — "L13/211/2,002 transitions, as expected from Richard-
son’s analysis of selection rules.*

To perform the statistical fit of the corrected Racah para-
meters, we synthesized a simple, yet representative emissive
complex, [Nd"™(bipy)(tta);]. The choice of Nd™ is intended to
provide a NIR emission spectrum with several discernible
bands to fit (*F5, — *I, (J = 9/2-13/2)). The function to optimize
was the cross-correlation between the experimental and calcu-
lated emission curves. As the Nd™ spectrum shows three
relevant NIR bands with different intensities, the cross-
correlation was calculated for each peak separately, where
experimental and calculated data were normalised to present
a maximum of 1. Thus, the optimization function to maximize
was the sum of squares of the three cross-correlations. In this
way, the optimization procedure will not be biased towards
adjusting the most intense peak at the expense of the other two.
The maximum of the cross-correlation function was searched
using the LIPO algorithm.?® The curve broadening was chosen
to maximize the objective function at each point of the optimi-
zation, so the final Racah parameters are not affected by the
broadening.
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Results and discussion

The molecular structures of [Nd"™(bipy)(tta);] and [Nd™L'(NCS),]
are presented in Fig. 1, which evidences the differing coordina-
tion environment observed for these two compounds. Starting
from the nature of the donor atoms, [Nd"(bipy)(tta);] exhibits an
0N, motif from the three acetonates and the bipyridine ligand.
In contrast, [Nd™L"'(NCS);] shows a first coordination sphere
composed exclusively by nitrogen atoms.

In terms of geometrical conformation, [Nd™(bipy)(tta),] is
an octacoordinated complex, which can be better described as a
distorted square antiprism (with a Shape measure of 0.651). On
the other hand, [Nd™L'(NCS);] is a nonacoordinate system
close to the muffin and the hula-hoop conformation (3.591
and 3.823, respectively). As discussed later, these differences
were sufficient for obtaining two clearly distinguishable emis-
sion profiles for the most intense band (*Fs, — *I;15). In this
way, we can test if the proposed correction can provide spectral
shapes, which include meaningful features of the coordination
environment besides the bare energy correction of the bands.

Fig. 2 presents the experimental and calculated emission
spectra for [Nd™(bipy)(tta);], which served to calibrate the
corrected Racah parameters, as described in the previous
section. As expected, the CASSCF calculation (olive line) depicts
a strong overestimation of the energy difference between the
“F,,, and the “I multiplets, resulting in a general blueshift of the
bands, which is around 250-400 nm, depending on the band.
The NEVPT2 corrected results (violet) shift closer to the experi-
ment, with a slight difference for the maximum of the *F3, —
111/, transition. The CASSCF corrected spectrum (red) shows an
accurate placement of the bands, consistent with the optimiza-
tion procedure. The shape and relative intensity of the three
bands is reasonably captured by all methods. In the case of the
most intense band (*F5, — *I,15,), there are three discernible

—— Experimental

—— CASSCF (corrected)
CASSCF

1 —— NEVPT2

| /AN
| |

| - I

600 70'0 8(')0 960 10'00 11'00 12'00 13l00 14'00
Wavelength (nm)

Fig. 2 Experimental (black) and calculated emission spectrum for [Nd"'-
(bipy)(tta)s] at 300 K and Aexce = 804 nm. The corrected spectrum is
depicted in red colour. The CASSCF and NEVPT2 spectra are presented
in olive and violet colours, respectively.

Intensity (a.u.)
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peaks which descend in intensity at longer wavelength. This
pattern is captured in all calculations.

Table 1 shows the comparison between the CASSCEF,
NEVPT2, CASSCF optimized, and experimental Racah para-
meters. CASSCF calculations yield a large overestimation of
interelectronic repulsion, as expected by the lack of dynamical
correlation characteristic of this method."® Perturbative
approaches, such as NEVPT2 can correct for this deviation. In
this case, almost matching the reference values. However, the
computational burden of NEVPT2 can significantly extend the
computation time of the bare CASSCF since all quartet (35) and
doublet (112) roots must be corrected. In this case, the total
execution time of the CASSCF run was 2 h while the NEVPT2
calculation took 237 h. The difference in execution time
between NEVPT2 and CASSCF depends strongly on the number
of roots to calculate. In this sense, other emissive lanthanides
have an even larger number of roots (as Eu™ or Tb"™), so the
computational time of NEVPT2 can be even longer. On the
other side, ions like Pr' and Tm™™ have fewer roots to correct so
NEVPT2 should be more accessible.

Corrected CASSCF calculations provide an accurate place-
ment of the emission bands, close to the one obtained from
NEVTP2. Thus, the statistical fit of the emission curve of
[Nd™(bipy)(tta);] produced effective Hamiltonian parameters,
which are close to the ones adjusted to lanthanide elpasolites
in ref. 27 and 28 in accordance with the inner nature and
relative insensitivity of the 4f shell with respect to the coordina-
tion environment.

After establishing the procedure and its comparison with
experiments, we employed the information derived from the
calculation to describe the main features of the emission
spectrum for [Nd™(bipy)(tta);]. Focusing on the most intense
peak (*F3;, — “I1152), we can decompose the contributions from
each Kramers’ doublet to the total emission, either from
the initial (*F3),) or final state (*I;1,,). The maximum splitting
of *F3), and “I,;,, multiplets is two and six, respectively; thus,
the “F5, — “I;;, band can be decomposed in twelve transi-
tions. Fig. 3 shows the decomposition of the emission stem-
ming from the low (blue bands) and high (red bands) energy
Kramers’ doublets of the *F5, multiplet. Clearly, the three peak
pattern is generated by the transitions from the lower energy
doublet of *F;,, to the six components of the *I,;,, multiplet,
which are distributed in three main blocks involving one (1),
two (2, 3) and three (4, 5, 6) Kramers’ doublets (see Dieke
diagram in Fig. 3).

Table 1 Experimental and calculated £*, £2 and E® (Racah) parameters
em™

El EZ E3
CASSCF 6391.5 35.5 679.4
NEVPT2 5071.8 25.1 486.6
Optimized 5106.8 24.7 482.1
Experimental® 4766.5 22.6 476.5

“ Experimental values correspond to lanthanide elpasolites and were
obtained from ref. 27 and 28
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Fig. 3 Top: Decomposition of the 4F3,2 - 4I11/2 band in the contributions
of each pair of Kramers' doublets (top) and calculated Dieke diagram
(bottom) for [Nd"(bipy)(tta)s]. Blue and red colours indicate emission
stemming from the lower and upper energy doublet of the *Fz,, multiplet,
respectively.

The contributions from the upper doublet of *F;, mainly
give intensity to the two more intense peaks and result in a
weak signal at the left end of the band. In the literature, these
peaks are known as hot bands,?**° and are indeed assigned to
emission of high energy states of the emissive doublet.

To check the accuracy of the method and its applicability to
other systems, we synthesized the Nd™ analog of a complex
previously published by our group ([Nd™L'(NCS);], according
to the nomenclature of ref. 31). As mentioned earlier, this
complex presents a different coordination number and there-
fore coordination geometry than [Nd™(bipy)(tta);], and the
first coordination sphere is formed by only nitrogen atoms.
Fig. 4 shows the satisfactory performance of the method in this
new system, which even captures the different pattern observed
for the main peak, with two clearly discernible maxima for
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Fig. 4 Experimental (black) and calculated (blue) emission spectra for
INd" (bipy)(tta)s] (top) and [Nd"LYNCS)s] (bottom) at 300 K and Aex =
804 nm. The molecular structures are depicted as the inset; colour code:
Nd (light yellow), S (yellow), F (light green), O (red), N (blue), C (grey) and H
(white). All maximum intensities were normalized to a common factor and
the baseline of the calculated data was displaced for a better visualization.

[Nd™L'(NCS);] instead of the three peaks observed for
[Nd"(bipy)(tta)s -

As evidenced by the decomposition of the *F/, — *I;1,, band
from [Nd™L"(NCS);], the origin of the two-peak patterns relates
to a different pattern in the transition intensities in comparison
to the one observed for [Nd™(bipy)(tta);] (see Fig. 5). In the case
of [Nd™L'(NCS);], there is a very intense transition stemming
from the higher emissive Kramers’ doublet, which dominates
the peak at shorter wavelength (indicated as 4’ in Fig. 5). The
other main peak is exclusively explained by one transition from
the lower emissive state (transition 6 in Fig. 5). Hence, we can
expect a different behaviour of these two peaks with respect to
temperature, following the change in population of their
respective emissive states. This contrasts with the situation
for [Nd"™(bipy)(tta);], where the three peak pattern was mainly
sustained by transitions associated with the lower emissive
doublet.

We conclude this discussion with some general remarks
about the extension of this correction for other lanthanide ions.
In principle, there is no limitation to applying this same

This journal is © the Owner Societies 2025
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Fig. 5 Top: Decomposition of the *Fz/» — *l11/> band in the contributions
of each pair of Kramers' doublets (top) and calculated Dieke diagram
(bottom) for [Nd"'LYNCS)s]. Blue and red colours indicate emission stem-
ming from the lower and upper energy doublet of the “Fz,» multiplet,
respectively.

optimization procedure to spectra for other lanthanides.
However, the optimization of the spectral shape requires that
the source CASSCF calculation can produce transition intensities
that resemble the experimental pattern to provide a meaningful
fit. This is the case for [Nd™(bipy)(tta);] and [Nd™L'(NCS)s],
where the three and two peak patterns for the most intense
transition are reproduced in the bare CASSCF calculations, even
if they are strongly misplaced in energy. This situation is not
expected to be generally extensible for other lanthanide ions,
especially for transitions with mixed electric and magnetic
dipole mechanisms. In such situations, CASSCF will probably
capture the intensity of the magnetic term properly, but will
strongly underestimate the electric term. As both contributions
follow different patterns, the calculated shape will not follow the
observed trend. Thus, it is necessary to develop a method to

This journal is © the Owner Societies 2025
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correct this bias, either by exploring more sophisticated ab initio
methods or introducing ad hoc corrections.

Conclusions

In sum, we optimized Racah parameters to correct CASSCF(3,7)
calculations, obtaining a better placement of the emission bands
of Nd™ complexes. The corrected spectrum was in close agreement
with reference experimental data and with NEVPT2, which is a
more sophisticated and computationally demanding approach.
Furthermore, the shape of the most intense peak was satisfactorily
reproduced for the two studied systems. This level of agreement
allowed the decomposition of the band shape into their individual
contributions and the discovery of the transitions responsible for
the observed pattern. In this way, the three-maxima shape for the
most intense peak of [Nd™(bipy)(tta)s] is related with transitions
originating from the lower emissive doublet of the “F5, multiplet,
while the pattern of [Nd™L'(NCS);] mixes contributions from both
doublets belonging to “Fj,. This analysis suggests a different
thermal dependence of both spectroscopic signals. This kind of
analysis could be useful for luminescence thermometry studies.

Experimental
Synthesis of [Nd™(bipy)ttas]

Reagent grade chemicals and HPLC quality solvents were used as
received. The synthesis of [Nd™(bipy)(tta);] was performed by
using an Anton Paar microwave reactor MonoWave 200, following
a reported procedure with some modifications,’® which is
described as follows: 2-thenoyltrifluoroacetone (267 mg, 1.2 mmol)
and triethylamine (168 pL, 1.2 mmol) were added to a 30-mL
volume microwave vial containing 15 mL of methanol: ethanol
mixture (1:1). Then, Nd(NO;);-6H,0 (175 mg, 0.4 mmol) was
added and the mixture was stirred for 15 min. Finally, a solution
of 2,2/-bipyridine (bipy) (63.2 mg, 0.4 mmol) in 5 mL of the same
solvent mixture was added, and the resulting solution was irra-
diated in the microwave reactor for 15 min at 100 °C. Purple rod
crystals were obtained by slow evaporation of the reaction solution
after 4 days with a yield of 265 mg (69%).

Synthesis of [Nd""L'(NCS);]

To obtain the mononuclear Nd"™ complex, the template reaction
was done by reproducing a procedure that was previously
published by our group,** which is briefly described as follows:
an ethanolic solution of the lanthanide triflate salt (0.5 mmol/
30 mL) was added to a solution of 2,6-pyridinedicarboxaldehyde
(1 mmol/50 mL acetonitrile), under constant stirring at room
temperature. To close the macrocyclic ligand, ethylenediamine
was added dropwise (1 mmol/50 mL acetonitrile). Finally, to
incorporate the thiocyanate anions, Bu,NSCN was added
(1.5 mmol/20 mL ethanol). The final solution was stirred for
four hours, obtaining a homogeneous solution. Single crystals
were formed from the mother liquor after two or three weeks
(42.7% yield).

Phys. Chem. Chem. Phys., 2025, 27, 9847-9854 | 9851
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Structural and spectroscopic characterization

Powder X-ray diffraction (PXRD) patterns were collected at
room temperature using Bruker D-8 ADVANCE equipment, with
CuKoa1 radiation. This pattern was compared with the calcu-
lated PXRD obtained from the crystal structure®” (Fig. S1, ESI¥).
The agreement of these patterns supports the pure state of the
bulk. The solid-state emission spectrum was recorded on a
spectrofluorimeter (Fluorolog-3, Horiba Scientific) with a diode
laser (Crystal Laser LC) of 804 nm.

Computational details

All calculations were carried out using the ORCA 5.0.4
software.>*** As the crystal structure of [Nd™(bipy)(tta)s] from the
CCDC database™ lacked hydrogen atoms and presented disorder at
the thiophene groups, a geometry optimization of the peripheral
atoms was performed prior to the CASSCF calculations. To avoid
disrupting the coordination environment of the Nd™ ion, the metal
position, all coordinating atoms and carbon atoms forming the
chelate bite were kept frozen at their crystallographic positions. To
avoid convergence problems, the Nd™ ion was replaced by Y™. The
structural relaxation was done by a density functional theory
calculation using the BP86 functional®**® and the Def2-TZVP basis
set,”” including a 28 electron ECP for the Y atom.*® The crystal-
lographic structure of [NdL'(NCS);] was employed without further
optimization. CASSCF(3,7)*° calculations were run on top of the
optimized structure, where the active space was composed of the 4f
electrons. 35 quartets and 112 doublets were considered to saturate
the excitation space. The Def2-TZVP basis set was selected for light
elements and the SARC2-DKH-QZVP* basis set was chosen for
Nd™. NEVPT2'%***? correction was applied on top of the CASSCF
converged wave functions. Racah, spin-orbit coupling and ligand
field parameters were obtained by means of the ab initio ligand
field theory approach.*® Scalar relativistic effects were accounted
for using the DKH Hamiltonian.**** Spin-orbit coupling was
described by means of the Quasi-degenerate perturbation theory.
Calculations were accelerated by using the RI approximation for the
integral transformation step.*®

Magnetic dipole and electric quadrupole contributions were
calculated using the “quad true’” keyword although they were
later discarded from the analysis since their magnitude was
negligible in comparison to the electric dipole term. The
emission spectrum was calculated by extracting the oscillator
strength from the absorption spectrum and weighting the
population of the emissive “F;, multiplet by their Boltzmann
population. The intensity is calculated as in eqn (1).>>*
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