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ABSTRACT: The electronic structure of Eu** compounds results from a
complex combination of strongly correlated electrons and relativistic effects as
well as weak ligand—field interaction. There is tremendous interest in
calculating the electronic structure as nowadays the Eu’* ion is becoming
more and more crucial, for instance, in lighting technologies. Recently, interest
in semiempirical methods to qualitatively evaluate the electronic structure and
to model the optical spectra has gained popularity, although the theoretical
methods strongly rely upon empirical inputs, hindering their prediction
capabilities. Besides, ab initio multireference models are computationally
heavy and demand very elaborative theoretical background. Herein,
application of the ligand—field density functional theory (LFDFT) method
that is recently available in the Amsterdam Modeling Suite is shown: (i) to
elucidate the electronic structure properties on the basis of the multiplet
energy levels of Eu configurations 4" and 4f°5d" and (i) to model the optical
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spectra quite accurately if compared to the conventional time-dependent density functional theory tool. We present a theoretical
study of the molecular Eu(#7°-CyH,), complex and its underlying photoluminescence properties with respect to the Eu 4f—5d
electron transitions. We model the excitation and emission spectra with good agreement with the experiments, opening up the
possibility of modeling lanthanides in complex environment like nanomaterials by means of LFDFT at much-reduced

computational resources and cost.

B INTRODUCTION

Lanthanide elements play an important role in many domains
of chemical science, being useful in many applications, such as
in functional materials, in biosensing and bioimaging, in
catalysis, etc.'”> The divalent europium ion (Eu*") is an
example of a lanthanide ion that is nowadays in the forefront of
inorganic chemistry research and development.®™'* In
particular, Eu** compounds exhibit intense optical responses
that result from the electric-dipole-allowed 4f—5d electron
transitions. Therefore, they are widely explored in lighting
technologies and scintillators.””'" The interest in coordination
compounds with the Eu** ion has considerably increased in
recent years, but calculation of their electronic structure
properties still remains a veritable challenge.

Much attention has been also paid to the development of a
theoretical model. In particular, the emergence of multi-
reference methods including the configuration interaction

algorithm''™'® gives us the opportunity to elucidate the
electronic structure from first-principles and predict the
chemical reactivity and physical properties. However, existing
theoretical models that are effectively adapted to deal with
lanthanide coordination compounds are not trivial. These
compounds are associated with strong electron correlations
(obtained as per the open-shell 4f" electron configuration) and
relativistic effects; therefore, they still pose many questions in
the field of applied computational chemistry.'>'®

In this article, we focus on the calculation of the electronic
structure of the Eu?* ion and the description of the
photoluminescence properties on the basis of the 4f—5d
electron transitions. More precisely, we study the molecular
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Eu(n’-CyHy), complex, motivated by the fact that (i)
organometallic molecules have great potential as building
blocks for functional nanomaterials,"” (ii) the experimental
evidence of the structural and photoluminescence properties of
Eu(1’-CyHy), has been recently proposed,” and (iii) our
results can be used to assess the performance of the quantum
chemistry code, ligand—field density functional theory
(LFDFT),”'™** to predict complex optical spectra close to
the experiments.

LFDFT is a density functional theory (DFT)-based model
that is designed to incorporate the configuration interaction
algorithm by means of a model Hamiltonian.”'~** With
LFDFT, it is possible to calculate the electronic structure of
lanthanide compounds and to predict the photophysical and
magnetic properties. LFDFT is computationally economical
and can be applied to any lanthanide system without limitation
of molecular size or coordination symmetry.”'~>* Therefore, it
has a promising potential to characterize lanthanides in a
complex environment, which may be difficult (if not
impossible) to evaluate using existing theoretical methods.
For instance, semiempirical methods are very popular,”*~*® but
they strongly rely on empirical inputs, hindering their
prediction capabilities. Likewise, multireference methods like
the complete active space self-consistent field (CASSCF) and
related methodologies are also frequently applied and can give
accurate results for large lanthanide complexes,”_18 although
they are computationally heavy and demand a very elaborate
theoretical background.

B METHODS

Our studies require in the first place a structural investigation
of the molecular Eu(#’-CoH,), complex. The structural
investigation consists of determining the stability of the
complex in terms of total DFT energies as well as vibrational
and frequency analysis. We expose two different starting
geometries, i.e. the Eu** ion is coordinated with two
cyclononatetraenyl (7°-CyH,)~ ligands in Dy, and Dy,
symmetries, respectively. Figure 1 shows graphically the

a k b c
Figure 1. Ball-and-stick model of the molecular Eu(#’-CyH,)?
complex (a) showing the structures that belong to the Dy, (b) and

Dy, (c) point groups from the top view. Color code: Eu (in green), C
(in black), and H (in gray).

molecular structures. We ideally optimize the geometry with
the given high-symmetry constraint, but we also allow the
descent in symmetry if a stable electronic structure (stationary
point with a positive-definite Hessian) is not reached. All of the
Eu 4f orbitals are singly occupied with electrons (spin-
unrestricted self-consistent field (SCF)), yielding a ground-
state (GS) electronic structure derived from the ®S muliplet of
the free Eu** ion.

With the most favorable geometry that is determined from
the previous step, we calculate the electronic fine structure by
using the LEDFT method.”'~** LEDFT works with a specific
electron configuration system, operating a model Hamiltonian,

H = Hy + Hgp + Hgo + Hig, on top of DFT. The model
Hamiltonian has four terms that denote the fine structure
resolution that is neglected in the DFT calculation: the
configuration average-energy correction (H,), interelectron
repulsion (Hgyg), spin—orbit coupling (Hp), and ligand—field
splitting (Hypp). Recalling that LEDFT is recently available in
the Amsterdam Density Functional (ADF) code,” ' a
rigorous description of its methodology can be found
elsewhere.*>*?

However, it is noteworthy that we use the ADF** ™' because
it allows rather nonstandard options that are important in the
LFDFT methodology, like the selective occupation of
molecular orbitals and the average of configuration (AOC)-
type calculation.”® This latter insures a statistically averaged
electron density that will be isomorphic with the electron
configuration system that forms the basis of the model
Hamiltonian. In this work, we target two electron configuration
systems: Eu configurations 4f” and 4f°Sd" that play important
roles in the photoluminescence mechanism.®”'" The AOC-
type calculation implies a spin-restricted SCF.”>”* Therefore,
the molecular orbitals that are selectively identified with large
fractional parentage coeflicients for Eu 4f are occupied with 7/
7 = 1 electron, representing the Eu configuration 4f’. Similarly,
the molecular orbitals that are selectively identified with large
fractional parentage coefficients for Eu 4f and 5d, respectively,
are occupied with 6/7 = 0.8571 and 1/5 = 0.2000 electrons,
representing the Eu configuration 4f°5d'. In ADF,” ' the
fractional parentage coeflicients are listed in the output file
along with the molecular orbital energies, and they represent
the portion of the molecular orbitals with the most significant
symmetrized fragment orbitals’ gross population.” "

The selective molecular orbitals form the active space of the
LFDFT calculation, from which the matrix elements of the
model Hamiltonian are constructed. In practice, we extract
from DFT the configuration-average energy parameter, Slater—
Condon integrals, spin—orbit coupling constants, and the
ligand—field potential, whose quantities parametrize the model
Hamiltonian.””** The multiplet energy levels E© (with i = 1,
2, .., 3432) and E{" (with k = 1, 2, ..., 30030) that arise from
Eu configurations 4f" and 4f°5d', respectively, as well as the
associated multielectronic eigenfunctions ' and y!V that are
expressed as a function of single determinants of spin—orbitals
are outputs of the LFDFT via full diazgonalization of the matrix
element of the model Hamiltonian.”>**

The photoluminescence properties are computed on the
basis of the LEDFT outputs. That is, the excitation spectrum is
obtained by calculating the oscillator strengths of the 4f" —
4f55d" electron transitions. The initial and final states
correspond to the GS multiplet level of Eu 4f, without
temperature effects, and the whole manifold of the multiplet
levels of Eu 4f°5d', respectively. The emission spectrum
involves vibronic coupling® ™’ on top of the 4f°5d' — 4f’
electron transitions, in that the initial and final states
correspond to the lowest-energy multiplet of Eu 4£°5d' and
the GS of Eu 4f'.

B COMPUTATIONAL DETAILS

The present DFT results were obtained using the Local
Density Approximation (LDA) Slater exchange and Vosko—
Wilk—Nusair correlation,”® as well as the Generalized Gradient
Approximation Perdew—Burke—Ernzerhof (PBE)*” and the
hybrid Becke’s three parameters with the Lee—Yang—Parr
correlation (B3LYP)* in the ADF suite of software.”” >’
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Furthermore, in order to check the importance of dispersion
forces, we also used the Grimme corrections associated with
the PBE functional in its D3 formulation and Becke—Johnson
parametrization.41

The molecular orbitals were expanded using the multiple-
zeta Slater-Type Orbitals (STO) functions with polarization
extra functions,” ! ie., TZ2P for the Eu, C, and H atoms.
The smaller TZP basis set has been also used for B3LYP
calculations, leading to a negligible Dy;—Dgy, DFT energy
difference with quasi-identical bond distances and bond angles
(see Supporting Information Tables S1 and S2). The SCF was
set up to take into consideration all electrons. This was
necessary to take into account properly the 4f electrons, which,
although being less involved in the bonding contributions of
orbitals to the geometry, do play a role (3.5% contribution
here on tog of the valence band molecular orbitals (below the
4f band)).”*™* The relativistic corrections were included via
the Zeroth-Order Regular Approximation (ZORA) of the
Dirac equation method.” All calculations were done at the
scalar ZORA relativistic level of theory, and spin—orbit
coupling interaction was included by means of the spin—
orbit ZORA method. We did not included solvation modeling
in our calculations because the solvent used in the experiment
(toluene) is nonpolar.”® Indeed, we assumed that only polar
solvents would lead to modified structures with respect to the
gas phase.

B RESULTS AND DISCUSSION

Structural Analysis. The compound has been isolated in
the crystalline phase by Kawasaki et al,,” and the structure has
been extracted from the Cambridge Crystallographic Data
Center (CCSD) database. From the cif file, one can see on the
one hand a (°-CyH,)” ligand and on the other hand,
symmetrically with respect to the Eu center, a superposition of
two (°-CoH,)~ ligands leading to either a Dg, or a Doy
structure.

The two structures have been taken as inputs for geometry
optimizations at the DFT levels (see the Methods section).
These geometry optimizations in the gas phase led to quasi-
degenerate structures, as can be seen in Table 1. This

Table 1. Calculated Electronic Energies (E°*" in kJ/mol)
Relative to the Global Minimum, Obtained from DFT
Calculation of Eu(#°-C4H,), with Dy, and D,; Point Groups
Together with the Lowest Calculated Vibrational
Frequencies (%@ in cm™)

LDA PBE B3LYP

Doy, Epgr 0 0 0
hw, 12.3 16.4 48.8
haw, 49.7 47.8 62.0

Doy EPFT 0.002 0.06 0.63
ho, 15.6 182 463
ho, 50.4 48.0 56.0

remarkable similarity of the energies of both conformations
suggests excellent flexibility (and stability) of the complex.
Therefore, we attempted to calculate the energy barrier
between the Dy, and the Dy, structures through a linear
transit calculation turning one (1°-CoH,)~ ligand by a 2° step
around the C, axis. We did not find a transition state. Indeed,
with the evolution of the electronic energy along the linear
transit, the energy fluctuation along the rotation was just some

wiggling of an energy potential surface fully planar.
Accordingly, these energies led us to think that the ligands
are allowed to quasi-freely rotate in the gas phase and to be
stabilized by dispersion (packing) forces in the crystalline
phase. Therefore, the experimental observables at least at room
temperature result from the convolution of the properties of
both the Dy, and Dy, structures with some Gaussian. Indeed,
looking more deeply at the structure data in the CCDC, we
could see that the geometry given in the cif file results from a
constrained refinement, but indeed, with less constraints, one
should have toric volumes instead of spherical atoms.

Because of the tiny energy difference between the Dy, and
Dy, structures, we performed supplementary calculations with
increased numerical precision when possible: the TZ2P basis
set (triple-¢ plus two polarization functions) was used for LDA,
PBE, and B3LYP functionals This basis set being already large,
the numerical accuracy was also improved at the PBE level
with more dense numerical integration %rids: good, verygood,
and excellent (in ADF terminology,” " as well as “boost 3”
for the radial integration grid). The results do not show any
significant deviation, underlining the stability of our calculation
(see Supporting Information Tables S1 and S2). From the
crystalline structure obtained at 103 K, Kawasaki et al.*’
noticed a significant disorder on the (17°-CoH,) ring, and they
obtained a ratio of 58/42 for Dy,/Dy,, in agreement with a free
rotation of the (1°-CoH,)” ring and therefore with our
calculations. Indeed, from the ratio 58/42, we can estimate the
equilibrium constant to 1.38, leading to an energy difference
RTIn(K) amounting to 0.8 kJ/mol at room temperature and
0.27 kJ/mol at 103 K. This is fully in agreement with out PBE
calculation (Table 1).

Table 2 lists calculated geometrical parameters of Eu(n’-
CoH,), in Dy, (see also Supporting Information Table S1 for

Table 2. Calculated Geometrical Parameters for Eu(n’-
CyH,), in the Ground Eu Configuration 4f” (GS) within the
Dy, Point Group”

Dy, LDA PBE B3LYP exp.”
d(Eu—-C) 2.779 2.887 2.956 2.900
d(C-X)° 2.039 2.057 2.048 2.036
d(C—-H) 1.095 1.093 1.084 0.950
d(Eu—X)° 1.888 2.026 2.131 2.065
A(X—C-H)* 176.6 177.1 177.7 178.9

“Bond distances are d in A, and bond angles are A in deg. ”Average
values taken from ref 20. °X stands for the centroid of the (°-CyHy)™
ring.

the Dy, structure). Takjng into account the geometries
obtained at the PBE/TZ2P level with excellent numerical
accuracy, the carbon atoms are evidently (because of the Dy,
and Dy, symmetries) located at the same distances from the Eu
atom (see Table 2 and Supporting Information Table S1). At
the same level of theory, an Eu—X, with X standing for the
centroid of the (°-C,H,)” ring, distance of 2.026 A is
obtained in both symmetries, a result that is not imposed by
the symmetry (such as, for instance, the X—Eu—X angle of
180°). The Eu—X distance is larger by 0.14 A than the LDA
distance, smaller by 0.11 A than the B3LYP distance (Table 2),
and close to the experimental one (1.99—2.09).

Including dispersion forces with the PBE-D3(BJ) functional
does not significantly influence distances. The variation of the
X—C—H angle is also estimated with the different calculation
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models. The absolute deviations of the PBE/TZ2P level with
excellent numerical accuracy data with respect to LDA- and
B3LYP-calculated X—C—H angles are 0.5 and 0.6°, respec-
tively. However, adding the effects of dispersion to the PBE
functional with the B3(DJ) corrections leads to changes of
only 0.3°.

Kawasaki et al.”’ performed DFT calculations at the B3LYP
level but with a large core effective potential that could not
take into account the semicore 4f orbitals, which are rather
contracted with respect to Sd orbitals but energetically high.
Our vibrational analysis does not lead to significant differences
with respect to their work;*® therefore, we will not discuss it
more. Nevertheless, the low frequencies at the PBE level are
found to be slightly smaller than the B3LYP ones. We report in
Table 1 these lower frequencies, and we look at the
corresponding modes: it is gratifying to see that the lowest
mode (15 cm™) is related to the (quasi-)free rotation of the
(7°-CyH,)™ rings around the C, axis, whereas the second
lowest frequencies (50 cm™) are related to a wagging mode
between the two (17°-CoHy)™ planes (graphical representations
of these vibrational modes are given in Supporting Information
Figure S1). This low mode allows the deformation of the
complex to be easy even at low temperature and is responsible
for the scattering of the experimental Eu—C distances
(averages of 2.84 A (2.80—2.90 range) and 2.90 A (2.86—
2.96 range)).

Molecular Orbital Diagram. On the basis of the results
described in the previous section, we have decided to set the
structure of Eu(7°-CyHy), to the Dy, symmetry. Therefore, we
continue the investigation with this conformation using the
equilibrium structures obtained from DFT with the LDA, PBE,
and B3LYP functionals (Table 2). Note that we found that the
fluctuation of the local symmetry among the Dy, Dy, and Dy,
does not bring significant changes in our LEDFT results.*®

Because the nine-fold dihedral point groups Dy, Dy, and Dy
are rather rare in coordination chemistry, Table 3 shows all of
the irreducible representations (irreps) that form the basis of
the valence orbitals of the Eu and C atoms in the molecular
Eu(n’-CyHy), complex, as well as the corresponding basis
functions for all of the relevant metal and ligand orbitals.
Under Dy, the degeneracy of the Eu 4f orbitals is lifted,
forming four components that span the a,”, e/’, e,”, and e;’

Table 3. Symmetry transformation of the Eu 4f, 5d and C 2p
atomic orbitals in the molecular Eu(7°-C,H,), complex
within the Dy, Dy, and Dy, point groups

Dy Dy, Dyy
"
Eu a a, ay,
4f,
,
Eu e e e
4f,
”
Eu e, e, e
4f;
Eu ey e e,
4f,
Eu a, a,’ ag
Sd,
Eu e, e, ey
5d,
Eu e, e, o
Sds
C atayt2e+ a’+ta) +e te'+e) agtategte,tey

2p;  2ey + 2e3 + +e" +e +e3" +e +oey ey ey ey,
2e, + e, + ey

irreps. These components correspond to functions with 4f;,
(4f 2, 4fzzy), (4fxyz, 4fz(x2_yz)), and (4fx(x2_3yz), 4fy(3x2_yz)),
respectively.

The ligand—field is comparable in general to the ordering of
molecular orbitals in a linear C,, point group, with ¢, 7, 6, and
@ corresponding to 2%, (2%, 2%), (xyz, z(x* — y*)), and (x(x*
— 3y%), y(3x* — y*)), respectively. In fact, the ligand—field
splitting of Eu 4f and Sd orbitals preserve m; as a good
quantum number in D, (respectively in Dy; and D)
symmetry, the axis of quantization being parallel to the C,
axis of the Eu(#’-C4H,), structure. Therefore, the notation 4f,,
4f,, 45 and 4f, will be used, for simplicity, in the discussion to
express the four components of ligand—field splitting (see
Table 3). Similarly, the degeneracy of the Eu Sd orbitals is also
lifted under Dy, symmetry, resulting in three components with
a,’ (5d2), e, (5d,,, dez), and e,’ (dey, deZ_yz) representa-
tions. They will also be represented using the expression 5d,,
5d,, and Sds of the linear point group, with o, 7, and o
corresponding to 2% (xz, yz), and (xy, x* — y?), respectively.

Figure 2 shows the calculated molecular orbital diagram of
Eu(5’-C4Hy), as a result of the interaction between the Eu 4f

— — — v
_ /e,
2 i _61” €,
e — — e
0 — —% 25 —a
" 7 T 81
5d E——- -
2 %3 26}
S ——
o 4f ——-- 3
> 2
= >
% 4 3-2.77
C
o e " w
= - —_— — 2 o
6 o e, =
28+
s — —
_ & 29 — — &,
—a
— 2
—_— a1
-10

Eu2+ Eu(n®- CgHo),

Figure 2. Representation of the molecular orbital diagram (bars) of
Eu(n’-CoH,), in Dy, symmetry with Eu configuration 4f" (DFT
calculation using the PBE functional), showing the interactions
among Eu 4f, 5d, and 6s with C 2p,. The energy range corresponding
to the ligand—field splitting of the Eu 4f are highlighted (inset). In
that, the energy of the a,” orbital is deliberately shifted for nicer
illustration (see also Table 4 for the correct value). Color code: see
the text for details.

and 5d with the C 2p, of the ligands. The C 2p,, orbitals of the
parallel and planar [(7°-CyH,) ], ligands form the basis of 18
7 molecular orbitals that are denominated with the irreps listed
in Table 3. In order of increasing energy, we obtain the
following: a," < a,” < e/’ <e;" <e) <, <) <e;" <¢/ <
e,”, where up to the e, level (represented with black bars in
Figure 2) the molecular orbitals are fully occupied with
electrons (20 in total). The remaining molecular orbitals with
ey, es”, ey, and e,” irreps (represented with gray bars in Figure
2) are empty.

The results of the DFT calculations of Eu(n’-CoH,), with
Eu configuration 4f” are summarized in Table 4. The selective
molecular orbital energies are listed together with the electron
occupation scheme imposed in DFT and the parentage
coefficients of the molecular complex from Eu 4f atomic
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Table 4. Selective Kohn—Sham Molecular Orbital Energy Levels (Ei © in eV) of the Molecular Eu(77°-CyH,), Complex in the
Dy, Point Group Obtained from DFT Calculation Using the LDA, PBE, and B3LYP Functionals with Eu®>" Configuration 4f’,
Showing Also the Occupation Scheme (ccc. in [—]) Imposed in the DFT Calculation and the Parentage Coefficients (coef. in

%) of Eu(s’-CyH,), from Eu 4f Atomic Orbitals

Eu LDA PBE
4f7 occ. EDFT coef. ERFT
ey 2 -3.2116 87.6 4f, —2.8991
e/ 2 —2.7344 99.2 4f, —2.5322
a,” 1 —2.7202 98.8 4f, —2.5323
e, 2 —2.6453 95.6 4f5 —2.4794

coef.

90.4 4,
99.5 4f,
99.1 4f,
96.7 4f;

B3LYP
EDFT
—2.6698
—2.5184
—2.5296
—2.5368

coef.

912 4f,
99.0 4f,
99.2 4f,
96.5 4f;

Table 5. Selective Kohn—Sham Molecular Orbital Energy Levels (Ejf " and Eg; © in eV) of the Molecular Eu(5’-CyH,),

Complex in the Dy, Point Group Obtained from DFT Calculation Using the LDA, PBE, and B3LYP Functionals with Eu**
Configuration 4f°5d', Showing Also the Occupation Scheme (occ. in [-]) Imposed in the DFT Calculation and the Parentage
Coefficients (coef. in %) of Eu(s’-CoHy), from Eu 4f and 5d Atomic Orbitals

Eu LDA
4£85d" occ. Eifsa coef.

a,’ 0.8571 —5.0921 98.8 4,
ey 1.7143 —5.1289 98.0 4fw
e’ 1.7143 —5.0506 99.5 4f,
& 17143 ~4.6986 81.1 4f,
a 02 ~2.1586 417 5d,
&) 0.4 ~0.1105 411 5d;
e,” 0.4 1.4595 75.5 5d,

PBE B3LYP

Eifsa coef. B coef.
—4.9422 99.1 4f, —4.5479 99.4 4f,
~4.9105 98.8 4f, —4.4764 98.6 4f,
—4.8751 99.5 4f, —4.4442 99.3 4f,
—4.5934 81.6 4f; —4.5978 80.0 4f;
~1.7261 434 5d, ~1.0493 42,6 54,
—0.0315 60.8 5ds 0.3383 67.3 5ds

1.2189 66.7 5d, 1.4895 71.4 5d,

orbitals. The ligand—field splitting of the Eu 4f orbitals follows
the sequence e;’ (4f,) < e, (4f) < a," (4f,) < e," (4f;)
(represented with the red bars in Figure 2) as results of DFT
using the LDA and PBE functionals. We observe that e;” has
the lowest energy independent of the choice of DFT functional
(Table 4) because the 4f, orbitals have a small interaction with
the molecular orbitals of the ligands. In addition, the 4f,
orbitals are also stabilized by moderate interaction with the
LUMO of the [(°-CoH,)7], ligands that share the same e;’
representation in the Dy, point group (see Figure 2). The LDA
and PBE results show that the e,” is the most destabilized in
energy (Table 4), indicating a strong interaction between the
4f; orbitals with the HOMO of the [(7°-CyHy)™], ligands.
However, we admit that the B3LYP results are a little
counterintuitive because we established a different assumption,
the e, being the most destabilized molecular orbital energy
(see Table 4). We did not find relevant studies of the
electronic structure of Eu(n’-CoH,), addressed with the help
of existing theoretical models. While at this point, let us
mention the recent studies in ref 47 that reported the synthesis
and electronic structure of Ln(5’-CyHy),, with Ln = Yb, Sm,
and Tm. However, we can compare our results to systems with
the ligand (17°-CgHg)*™ that is isoelectronic with the present
(7°-CyHy)™. Many experimental and theoretical studies of
actinide and lanthanide sandwich complexes with (17°-CgHg)*"
are found in the open literature.”*™>°

The molecular U(7®-CgHg), complex is, for instance, an
example of a system that has been extensively investi-
gated.””"*> The spin—orbit configuration interaction model
in ref 49 as well as the DFT calculation in refs 51 and 52 allow
identification of the following sequence: (Sf,) < (5f,) < (5f,) <
(5f5) of the ligand—field splitting of U Sf orbitals. These results
support our LDA and PBE findings, although the chemistry of
the 4f and 5f orbitals are susceptible to variation. A periodic
trend in the magnetism of [Ln(7®-CgHj),]” with trivalent
lanthanide ions as well as a trend in the nonlinear optical

properties is proposed in refs 53 and 56. The electronic
structures are determined from the CASSCF calculation.*®
Stevens parameters are also reported for the representation of
the ligand—field potential,>” in which only the B, BS, and BY
terms do not vanish by symmetry. By reconstructing the
ligand—field potential from these terms, the periodic trend of
the lanthanide 4f ligand—field splitting follows (4f(ﬁ) < (4f,) <
(4f,) < (4fs), corroborating also the LDA and PBE results.
Eventually, the electronic structure of the isostructural Ln(7’-
CyHy),, with Ln = Yb, Sm, and Tm,*” allows one to also obtain
the sequence 4f(,,) < (4f,) < (4f,) < (4f;5), in line with the LDA
and PBE results.

The calculated parentage coefficients of Eu(#7°-CyHy), from
Eu 4f (Table 4) show that the listed molecular orbitals are
mainly of atomic character, independent of the choice of the
DEFT functional. We obtain the percentage coefficients that are
in general larger than 90%, the listed orbitals being well-suited
to resolve the ligand—field states of the Eu configuration 4f’.
Furthermore, the bonding interaction between the Eu 4f
orbitals and the (1°-CoH,)” ligand is relatively weak, in
agreement with the general trend in the bonding regime of
lanthanide complexes that are well-known from previous
studies.”>® In fact, we observe that the lanthanide—ligand
chemical bonding inclines heavily toward the 6s and 5d
orbitals, although the role of the 4f cannot be neglected in
some cases, 7395

The results of the DFT calculations of Eu(n’-CyH,), with
Eu configuration 4f°5d" are shown in Table 5. Table 5 lists
selective molecular orbital energies, together with the electron
occupation schemes that are imposed in DFT and the
parentage coefficients of the molecular complex from Eu 4f
and 5d atomic orbitals. The ligand—field splitting of the Eu 5d
orbitals follows the sequence a," (5d,) < e,’ (5ds) < e, (5d,)
(also represented with the blue bars in Figure 2), the
qualitative picture being, as well, independent to the choice
of the DFT functional.
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The order of the Eu 5d ligand—field is comparable to that
obtained for U 6d, if compared to the previous study of the
U(n®-C4Hg), complex.*”>” However, the 5d energy splitting is
smaller (circa 2/3 of the value obtained for 6d). The Eu 5d,
and Sds orbitals are particularly destabilized through strong
interaction with the ligand orbitals. We note also that the
ligand—field splitting of the Eu 5d orbitals is 30 times larger
than that obtained for Eu 4f, the Eu 5d being more available
for bonding properties.">*’

The calculated parentage coefficients of Eu(5’-CoH,), from
Eu Sd are relatively weak (see Table 5). Namely, we obtained
circa 43% for 5d,. Note that two molecular orbitals share the
same a,’ representation in the energy range close to the Eu 5d
ligand—field splitting (represented with the green and blue bars
in Figure 2). In these two molecular orbitals, the Eu 5d,, and 6s
are partly hybridized together with some ligand contribution.
While empty, the fractions of Eu 5d, and 6s of the two
molecular orbitals are somewhat equivalent as results of the
DFT calculation of the molecular complex with the Eu 4f’
configuration. By selectively occupying the molecular orbital
with an electron, like for the calculation with Eu configuration
4f°5d", the fractions of Eu 5d,, or 6s become predominant.

Still considering the parentage coefficients of Eu(’-CoH,),
from Eu Sd (Table 5), it is clear that the Eu 5d are essentially
responsible for the bonding interaction in the molecular
complex, in line with previous studies of lanthanide
compounds.'”” The reduced fraction of Eu 5d supposes
that the molecular orbitals contain a non-negligible amount of
ligand. It is then clear that we use molecular orbitals that are
strongly mixed with the ligands for the Eu Sd ligand—field
states. This is not a problem itself because in ligand—field
theory the nephelauxetic effect accounts for this specific
situation.”>” Although the nephelauxetic effect implies partial
reduction of the Slater—Condon integrals from the free ion to
the molecular complex in the semiempirical ligand—field
concept,”® we do not perform any corrections or scaling
factors in our LFDFT calculation, all of the parameters being
extracted from first-principles by means of the DFT
calculation.

The energies of the molecular orbitals that have large Eu 4f
fractional parentage coefficients vary from the results with Eu
configuration 4f (Table 4) to that with 4f°5d' (Table 5).
There is a shift of the molecular orbital energies toward lower
values and a flip of the order of the molecular orbitals. We
suppose that the supplementary hole induced in the 4f shell is
a reason that certainly induces the change, leading to a
situation where a screening effect ensures an overall
stabilization of the molecular orbital energies. However, also,
the 4f orbitals become more contracted in configuration 4£55d",
vis-a-vis the formal 4f’.

Ground and Low-Lying Excited States. The molecular
orbitals that are listed in Table 4 are used as the active space of
the LEDFT calculation of Eu configuration 4f” in the molecular
Eu(7’-CoH,), complex. The ligand—field parameters are
derived from the listed orbitals,**** which include the
Slater—Condon integrals (F*(4f4f), F*(4f4f), and F°(4f4f))
and the ligand—field potential (a matrix with 7 X 7 elements).
Besides, the spin—orbit coupling interaction is also incorpo-
rated by performing ZORA calculations at the spin—orbit level
of theory,45 obtaining from DFT the spin—orbit coupling
constant ({4). In the Supporting Information, Tables S3 and
S4 list the calculated parameters that are obtained with DFT
employing the LDA, PBE, and B3LYP functionals.

Similarly, the molecular orbitals listed in Table S are used as
the active space of the LFDFT calculation of Eu configuration
4f°5d" in the molecular Eu(5’-C4H,), complex. The ligand—
field parameters are also extracted from the listed orbitals,*>**
which include the Slater—Condon integrals (F?(4f4f),
E*(4f,4f), Fé(4f4f), G'(4f,5d), G3(4f,5d), G°(4f5d),
F*(4£,5d), and F*(4£,5d)), the ligand—field potential (a matrix
with 12 X 12 elements), and the energy gap (AE,,). The spin—
orbit coupling is also calculated by estimating the constant (¢
and () from the ZORA spin—orbit calculation.” In the
Supporting Information, Tables SS and S6 list the calculated
parameters that are obtained with DFT employing the LDA,
PBE, and B3LYP functionals.

However, it is noteworthy to mention here that we redefine
the calculation of the energy gap (AE,,) parameter.’”*” In
LFDFT, which is implemented in the ADF suite of
software,” ' AE,, represents the difference between DFT
total energies (EP'T), working with the AOC fractional
electron occupation, the molecular complex being at two
different electron configuration states. In other words, we
obtain AE,, = EPFT(4f°5d') — EP¥T(4f"). However, by this
definition, the calculated AE,, parameter is always over-
estimated, giving rise to shifting of the excitation energies to
higher energy if compared to the experiments. This is not
dramatic if we consider all of the recent application of LFDFT
in relation to the X-ray spectroscopy studies of coordination
compounds.”*~* However, for application like the present
photoluminescence properties study, the shift of the excitation
energies is relatively quite large. Therefore, we propose a new
definition of the AE,, parameter, which we obtain directly in
relation with the molecular orbital energies listed in Tables 4
and S. Thus, we propose AE,, = Exi ' (4f°5d") — EjFT(4f),
where Eoj " (4£°5d") and E5FT(4f7) represent the barycenters of
the ligand—field splitting manifold of the Sd and 4f orbitals
obtained from DFT calculations of the molecular complex with
Eu configurations 4f°5d1 and 4f’, respectively. In practice, if we
employ the former definition of the parameter, we obtain AE,,
= 4.0692 eV (DFT calculation with the PBE functional),
whereas if we consider the new definition, AE,, becomes
2.7517 eV, improving considerably the excitation energy
values, enhancing ipso facto the agreement between theoretical
and experimental spectral profiles (vide infra).

Figure 3 shows the calculated excitation energies, AE® =
(B9 — E) and AEW = (EV — E(V), that result from the Eu
4f — 4f (red bars) and 4f — 4£°5d' (blue bars) electron
transitions, respectively. It shows the energy levels that are
located in the energy range between 0 and 3.5 eV, highlighting
the calculated ground and low-lying excited states (ESs) of
Eu(5’-C4H,), obtained by means of LEDFT using the LDA,
PBE, and B3LYP DFT functionals. There are in total 1716 and
15015 Kramers doublets that form the multiplet manifold of
the Eu configurations 4f’ and 4f°7d’, respectively.

The GS of Eu(5’-CoH,), is derived from the ®S,/, term of
the Eu** configuration 4f". This atomic term is split in energy
into four Kramers doublets via zero-field splitting in the
molecular Eu(#°-CyHy), complex. These four Kramers
doublets can be separately discriminated in terms of their
calculated M; values, which are good quantum numbers in Dy,
symmetry. Therefore, we obtain a state with M; = +7/2 as the
zero of the energy, independent of the choice of DFT
functional. We obtain also that, in order of increasing energy,
the states with M; = £5/2, +3/2, and +1/2 are low-lying ESs
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Figure 3. Ground and low-lying ESs of the molecular Eu(;>-CyH,),
complex obtained from LFDFT with LDA (a), PBE (b), and B3LYP
(c) DFT functionals, showing the vertical excitation energies that
result from Eu 4f” — 4f” (red bars) and Eu 4f" — 4{°5d' transitions

with very small energy separations, vis-a-vis, the GS (tens of
meV).

The LFDFT calculations indicate that the multiplet
manifolds of the Eu** configurations 4f7 and 4£°7d" overlap
in terms of energy (see Figure 3). Most significant, some
energy levels corresponding to 4f°7d" are predicted below the
next levels of the 4f’, independent of the choice of DFT
functional. The LDA and PBE results allow identification of
relatively many ESs in this situation. We note that, in general,
preferred Eu** materials are tailored to exhibit low-lying 4f°7d"
ESs.®* The excitation to and emission from these states are
fundamental in the mechanism of the visible light generation
induced by the materials. These ESs exhibit a strong admixture
of Eu** atomic spectral terms, in particular, due to the large
ligand—field splitting of the Eu 5d orbitals. Thus, the lowest
4f°7d" Kramer doublets in Figure 3 are characterized by
admixture of the P, D, 8¢F, G, and ®°H atomic spectral
terms of configuration 4f°7d' resulting from the 4 ('F) ® 5d'
(*D) direct product.

Photoluminescence—Excitation Spectrum. Figure 4a
shows the calculated excitation spectra of the molecular Eu(s’-
CoH,), complex, obtained from LFDFT on the basis of the Eu
4f" — 4£°7d" electron transitions. The spectra are obtained by
computing the oscillator strengths of the electric-dipole-
allowed transitions, I, 2 [(yVldiyA”)? as a function of the
excitation energies, AE,-(I) = (Ei(l) - E§°>), withi=1,2, 3, ..
30030, (bars in Figure 4a). The intensity involves the
transition moment function (Y Vldly{”) and the electric-
dipole moment operator d. In the transition moment function,

(blue bars).
a
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Energy [eV]

b
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Figure 4. Graphical representations of the calculated excitation spectra of the molecular Eu(#°-CyH,), complex (in arbitrary unit) as a function of
the photon energy (in eV), obtained from LEDFT (a) and TDDFT (b) methods using the LDA (top), PBE (middle), and B3LYP (bottom) DFT
functionals. The excitation spectra result from the broadening of the calculated oscillator strengths with a Gaussian function with a constant half-
width at half-maximum parameter (0.040 eV). In the LFDFT results section, the transition probabilities (wal)ldly/&(’) [)* are shown (cyan, orange,
and magenta bars) in arbitrary unit versus the excitation energies. In the TDDFT results section, the energy occurrences of the predominant intra-
atomic Eu transitions are also shown (cyan, orange, and magenta bars). Experimental data that has been previously reported in ref 20 is reproduced

(gray curves) for comparison.
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the initial state (y{”)) represents the 8-fold quasi-degenerate
electronic states of Eu(r’-CoH,), derived from the ®S,/, term
of configuration 4f’ (see also Figure 3) without considering the
temperature effect. The final states (l//fl), with i = 1, 2, 3, ..,
30030) form the basis of the whole manifold of the ESs of
Eu(7’-CoHy), that arise from Eu®* configuration 4£°5d" (see
also Figure 3).

We use a Gaussian function to broaden the calculated
oscillator strengths (I;) in Figure 4. The Gaussian function
approximates with a constant half-width at half-maximum
parameter the finite experimental energy resolution, generating
a theoretical spectral profile close to the experimental
ﬁnclings.65 In Figure 4a, the LEDFT results that are obtained
with the LDA, PBE, and B3LYP DFT functionals are
represented. The experimental excitation spectrum of Eu(#’-
CyH,), that is taken from ref 20 is also reproduced, for direct
comparison with the theoretical results.

The calculated excitation spectra are characterized by three
main absorption bands because of the large ligand—field
splitting of the 5d orbitals (see Figure 4). The three absorption
bands are well separated in energy. That is, in line with the
ligand—field splitting of the Eu 5d orbitals, which follows the
sequence a," (5d,) < e,’ (5ds) < e,” (5d,), we find that the
first band at circa 3 eV represents the Eu 4f — Sd, transitions.
Similarly, the second band at circa 5 eV represents the Eu 4f —
Sdj transitions. Finally, the third band at circa 6 eV consists of
the Eu 4f — Sd,, transitions. We also observe that on top of the
absorption bands fine structures are also present (see Figure
4a) due to the interelectron repulsion and spin—orbit coupling
terms of the model Hamiltonian.

In the experiment (the excitation spectrum was recorded at
77 K),*° we observe that only a limited range of the whole
spectrum was recorded. This mainly corresponds to the Eu 4f
— 5d,, transitions, where the absorption band is characterized
by three peaks at energies of 2.82 eV, 2.98, and 3.20 eV, as well
as one small shoulder at an energy of 2.65 eV (see Figure 4).
Our theoretical results reveal some concrete resemblance to
the experimental data.

Namely, the theoretical spectral profiles exhibit the same
three peaks and one shoulder representative of the
experimental excitation spectrum. In the LDA and PBE results,
the three peaks and one shoulder are remarkably well resolved,
which are in contrast to the B3LYP results (see Figure 4a). In
addition, we note some energy shift in the calculated excitation
energies, if compared to the experiment. Overall, the PBE
results offer the best theoretical reproduction of the experi-
ment in terms of spectral profile and excitation energies. The
LDA and B3LYP results slightly deviate from the experiment,
obtaining underestimated and overestimated excitation en-
ergies, respectively.

To complement the results obtained from the LFDFT
method, we also report in Figure 4b the results of the TDDFT
calculations of the excitation energies and optical properties of
the molecular Eu(7’-CoH,), complex. The excitation energies
and eigenfunctions of the ESs are determined from
unrestricted TDDFT by using the ADF suite of software.”” ™"
We employ the LDA and PBE functional with the asymptoti-
cally correct statistical average of orbitals model potential
(SAOP),°*” as well as the B3LYP functional. By using the
TDDFT method, we aim at obtaining the excitation energies
that correspond to the 4f — S5d transitions as well as some
charge transfer transitions of ligand-to-metal (7 — 4f, Sd),
metal-to-ligand (4f, Sd — 7*), and ligand-to-ligand (7 — 7*)

kinds. Thus, we aspire to establish a complete understanding of
the photoluminescence properties of Eu(r’-CoHy), on the
basis of all possible electron transitions that are resolved by
both LFDFT and TDDFT methods. Note, however, that we
are limited in the TDDFT calculations to the scalar relativistic
level of theory. In other words, in Figure 4b, no spin—orbit
coupling interaction is taken into consideration.

The spectroscopic trends are quasi-identical for the three
DFT functionals under consideration (see Figure 4b). Thus,
we restrict our discussion of the TDDFT results that are
obtained at the PBE level. The molecular Eu(5°-C4Hy),
complex possesses strongly allowed transitions at 5.8441 eV
onward (as results of the PBE calculation but similarly at
5.9369 and 6.1195 eV for the LDA and B3LYP results,
respectively), which are interpreted as an admixture of ligand-
to-ligand (7 — 7*) charge transfer and Eu 4f — Sd transitions.
Considering the intra-atomic Eu 4f — Sd obtained with
nonzero transition probabilities, we identify transitions with
predominant Eu (4f, — 5d,) at 3.4221 and 4.0829 eV. The
transitions occur at two different energies due to the mixing
between Eu Sd and 6s orbitals, which possess the same a;’
representation in Dy, symmetry (see also Figure 2). Besides,
the calculated oscillator strengths are relatively weak in the
magnitude of 107> au. We also identify transitions with
predominant Eu (4f, — 5d;) and Eu (4f, — 5d;) at 5.8651
and 5.9616 eV, respectively. These transitions are accompanied
by relatively stronger intensity in the magnitude of 107" au.
Other transitions having similar intensity magnitude are found
at 6.3360 and 6.5323 eV, corresponding predominantly to the
Eu (4f5 > 5d,) and Eu (4f, — Sd,), respectively. In Figure 4b,
the energy occurrences of the aforementioned electronic
transitions are individually highlighted. Below 5.8441 eV, we
also observe transitions with weaker intensities. These
transitions principally originate from metal-to-ligand charge
transfer. For instance, we observe the two small bumps at
2.9863 and 3.1901 eV, which represent the (4f; - 7* e;”) and
(4f, — 7* e;") transitions, respectively.

In LEDFT, multiplet effects are rigorously treated, resulting
from configuration interaction within Eu configuration 4f°5d".
Therefore, a direct comparison between the excitation energies
obtained from LFDFT (Figure 4a) and TDDFT (Figure 4b) is
not practicable. However, in general, the calculated excitation
energies corresponding to the Eu 4f — 5d transitions that we
obtain from TDDFT and LEDFT are found to be in good
agreement. We must point out that it is possible that the
experimental spectral profile combines both intra-atomic Eu 4f
— 5d and metal-to-ligand charge transfer transitions. Because
LFDFT is restricted only to the study of the intra-atomic Eu
transitions, in our perspective, the TDDFT results bring
complementary insight in relation to the possible other
transitions that also play a role in the full photoluminescence
properties of Eu(1’-CygH),.

Photoluminescence—Emission Spectrum. In this sec-
tion, we present a rather simplified account for calculation of
the emission spectra corresponding to the Eu Sd — 4f
transitions. We do not address here a rigorous analysis of the
relaxation process on the basis of many ESs and many possible
paths with nonradiative decay (Kasha’s rule).”® As a simple
assumption, we consider the Sd — 4f emission as the result of
radiation from the calculated lowest multiplet state corre-
sponding to the Eu configuration 4£°3d" to the GS of the Eu
configuration 4f’. In the other words, using the representation
in Figure 3, we idealize the emission from the lowest blue level
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(initial state) to the GS red level (final state) giving rise to a
single zero-phonon line, which is further subjected to vibronic
coupling.”> ™’

We have to consider prior investigation of the emission
radiation itself, a structural relaxation of the molecular Eu(s’-
C,H,), complex in the ES with Eu configuration 4f°5d" as well
as LEDFT calculations of the multiplet energies of both Eu 4f
and 4f°5d" at this excited geometry. We optimize again the
geometry of the molecular Eu(7’-CoH,), complex with a
constraint on the electronic structure. We use the same
procedure as that described in the Methods section, apart that
we now target geometries at the excited Eu configuration
41°5d". The open-shell 4f electrons are treated with fractional
orbital occupations, ie., the seven molecular orbitals with
predominant Eu 4f character are occupied with 6/7 electrons.
This is a rather technical aspect that helps us ensure the SCF
convergence, while the strongly correlated nature of the 4f
electrons cannot be represented by a single determinant.’”>’
The open-shell 5d electrons, on the other hand, are treated by
placing one electron in the molecular orbital with a,’
representation in Dy, that has predominantly Sd, character.
We relax the structure conserving the initial Dy, symmetry. We
note that the selective occupation of the a;,’ orbital with
predominant Eu Sd, helps maintain the symmetry, being a
nondegenerate state ruling out possible distortion of the
atomic structure due to the Jahn—Teller effect.>>’

Table 6 lists the calculated geometries of Eu(57’-CoHy), at
the excited Eu configuration 4f°5d' obtained from DFT

Table 6. Calculated Geometrical Parameters for Eu(#’-
CyH,), in the Excited Eu Configuration 4f°5d" (ES) within
the Dy, Point Group: Bond Distances (d in A) and Bond
Angles (A in deg)

Dy, LDA PBE B3LYP
d(Eu—C) 2.729 2.811 2.899
d(C—x)* 2.038 2.056 2.047
d(C-H) 1.100 1.097 1.086
d(Bu—X)* 1.815 1.917 2.053
A(X—C—H)" 1752 175.9 176.3

“X represents the centroid of the (°-CoH,)™ ring.

calculations using the LDA, PBE, and B3LYP functionals. The
atomic structures of Eu(#’-CyH,), vary from Eu configuration
41" (Table 2) to 4£°5d" (Table 6). More particularly, the 4f —
5d electron excitation leads to a shortening of the Eu—C bond
distances, which signifies that the occupation of the 5d orbitals
strengthens the chemical bonding between Eu and the ligands.
This Eu—C bond length variation results in a small vibrational
frequency, displayed as ring approchement and removal
vibration at 48 and 47 cm™' for Doy and Dy, symmetries,
respectively, with an out-of-plane ring tilting.

The shortening of the Eu—C bond distance is comparable to
that from earlier studies of lanthanide complexes,™**
showing that 4f contributes weakly to the chemical bonding,
where bonding is typically ionic and partly due to donation
effects into the empty Sd. The change in the bond distance is
significant, by about 2% responsible in part of the observation
of the Stokes shift® in the excitation—emission spectra.

The Eu 5d — 4f emission line is coupled to vibrations
because of different GS and ES geometries of Eu(’-CoH,),.
We neglect the thermal occupation of the vibrational ESs in
the electronic 4£°5d" states. That is, at a temperature of 0 K,

the transitions take place only from the vibrational quantum
number n = 0 of the lowest electronic 4f°5d' state to the
manifold of the vibrational quantum number n of the
electronic 4f" GS. The strengths of these transitions are a
priori modeled through the Franck—Condon factors.”’

The Franck—Condon factors are obtained by using the two-
dimensional array method in ref 70 that requires the
calculation of the harmonic frequencies and normal modes at
the two stationary GS and ES points of Eu(#7’-CyHy),. The
correlations between the normal modes of the GS and ES are
constructed by means of the orthonormal Dushinsky matrix.”"
Practically, the displacement vector R that is calculated such
that R = Rgg — Rgg is expressed as’”

R = Z kaIEGS)
k

where w; represents the contribution of the disFlacernent along
the mass-weighted GS normal coordinates (Q{®)) with k = 1,
2, .., 105 (as per the total number of available vibrational
modes). The molecular Eu(1’-CyH,),) complex has 3N — 6 =
105 vibrational modes (where N stands for the total number of
atoms in the molecule, i.e., 37), which are classified according
to the representations of the Dy, point group: 4a," + 12, + 6
e/ +6e) +6e’ +6e,/+2a"+4a, " +5e," +6¢e," +6¢3
+ 6¢,”. Table 7 lists the calculated displacement vector w; with
respect to the DFT functional.

Table 7. Analysis of the Changes in Geometry of Eu(#’-
CyH,), from Eu 4f” to 4f°5d' (Obtained from DFT Using
the LDA, PBE, and B3LYP Functionals), Listing the
Displacement Vector w; (in amu'/ 2.A) and Huang—Rhys
Factor S; ([—]) as a Function of the Totally Symmetric
Vibrational Modes (a,’) with Frequencies 7@ (in cm™)
Obtained in the GS and ES

haw
GS ES Wy A
LDA

1 125.4 146.1 1.1767 2.5748
2 641.0 673.1 0.0693 0.0456
3 691.8 696.9 —0.0475 0.0231
4 3075.5 3021.0 —0.0175 0.0140
PBE
1 114.9 130.4 1.5936 4.3273
2 647.6 671.7 0.0395 0.0150
3 676.2 684.5 —0.0526 0.0277
4 3090.0 3038.1 —-0.0132 0.0080
B3LYP
1 125.7 - —1.5932 4.7319
2 678.1 - —0.0475 0.0227
3 716.7 — 0.0545 0.0316
4 3081.9 - —0.0134 0.0082

Because the 4f — 5d excitation process conserves the Dy,
symmetry, only the four totally symmetric vibrations (a;’) are
involved in the displacement vector and therefore play a role in
the emission spectra. The graphical representations of these
vibrational modes are shown in the Supporting Information
Figure S2. The dimensionless Huang—Rhys factors (S;) that
represent the strength of the linear vibronic coupling between
the electronic state and the a;” modes are calculated as a
function of w; and the reduced frequencies at the GS
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structure.” In Table 7, we list also the frequencies (@) of the
a;" modes obtained at the GS and ES, together with the
calculated S;. The differences between the frequencies of the
a;” modes at the GS and ES atomic structures are relatively
small as results of the LDA and B3LYP calculations. For the
B3LYP calculation, it was not possible to access frequencies at
ESs. Therefore, we compromise to use the same vibrational
wave functions for both GS and ES.

The Franck—Condon factors are calculated as follows,”*
F k(oy n) =
involved in the displacement vector as a function of the
calculated Huang—Rhys factor (S;) and the GS vibrational
state quantum number n. The 0 notation in the expression of
the Franck—Condon factor means that only the n = 0 ES
vibrational state quantum number is taken into consideration.
The energy occurrences of the Franck—Condon factors are
obtained as follows

~Skgn
‘ pr L with k = 1, .., 4 for the four a,” modes

1
E (0, n) = (B - E{) - [(ﬂ + E)hwcs,k

1
-0+ —|n
( 2) wES,k)

where E{" and E{® are the lowest energy of the 4f°5d’
multiplet manifold and the GS energy of the 4f, respectively,
that are obtained from LFDFT calculations of the ES structure.

Figure 5 shows the calculated emission spectra of the
molecular Eu(5’-CyH,), complex compared with the experi-
ment (the experimental emission spectrum was recorded at 77
K).2° Multiple transitions occur in the emission process, giving
rise to a spectral profile with a slightly antisymmetric Gaussian
shape independent of the DFT functional, which is in
agreement with the experimental data.’® The four a,’
vibrational modes (see the Supporting Information Figure
S1) are responsible for the spectral profile, the associated
Franck—Condon factors being represented by the blue, red,
green, and black bars in Figure 5. The first a;" mode, a
symmetric breathing vibration, has significant contribution to
the antisymmetry of the Gaussian profile of the emission (see
the blue bars in Figure S), having a relatively important
Huang—Rhys factor independent of the choice of the DFT
functional (see Table 7). The other a,” modes are less critical
(for the apparent reason that their associated Franck—Condon
factors almost merge in Figure S) because they are associated
with a relatively small Huang—Rhys factor (see Table 7).
Opverall, the PBE results are the closest to the experimental
data (Figure S), predicting an emission line at 2.434 eV (i.e.,
510 nm) in the blue—green visible light spectral region with
good agreement with the experiment.”’

B CONCLUSIONS

We studied the electronic structure and photoluminescence
properties of the molecular Eu(#’-CyH,), complex on the basis
of the Eu 4f—5d transitions. Eu** compounds have nowadays a
critical impact on the development of future lighting
technologies, with many applications in nanomaterials,
bioimaging, biosensor, photocatalysis, etc. Therefore, an
accurate method to calculate their electronic structure and to
predict their optical properties is very relevant. We employed
our LFDFT method to tackle the present problem with less
computational effort and cost.
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Figure S. Graphical representations of the calculated emission spectra
of Eu(#’-CoHy), (in arbitrary units) as a function of the photon
energy (in eV), obtained from the LFDFT method using the LDA
(cyan curve), PBE (orange curve), and B3LYP (magenta curve) DFT
functional. The emission spectra result from the broadening of the
calculated Franck—Condon factors F(0,n), with k = 1 (blue bars), 2
(red bars), 3 (green bars), and 4 (black bars), for the four a,” modes,
with a Gaussian function with a constant half-width at half-maximum
parameter (0.040 eV). Experimental data that has been previously
reported in ref 20 is reproduced (gray curve) for comparison.

In this work, we have determined the atomic structure of the
molecular Eu(’-CyH,), complex by geometry optimization at
the DFT level, giving rise to quasi-degenerate conformations
with Dy, and Dy; symmetry (see Table 1). We have obtained
the atomic structures with a slight deviation vis-a-vis the
experimental data (see Table 2) at the LDA, generalized
gradient approximation (PBE), and hybrid (B3LYP) DFT
functionals. Moreover, we have calculated the molecular
orbitals diagram of Eu(n’-CyH,),, showing that the Eu 4f
orbitals contribute only weakly to the chemical bonding, where
bonding is typically ionic and partly due to donation effects
into the virtual Eu 5d orbitals, independent of the choice of
DFT functional. The results of the calculation of the GS and
low-lying ESs indicated that the excitation energies of the Eu
4f" — 4f" and Eu 4f — 4£°5d" overlapped in Eu(y’-CoH,),
(see Figure 3). The lowest calculated multiplet states of 4£°5d"
are found below the excited multiplet states of 4f’, making
Eu(n’-C4H,), a good candidate for lighting material, taking
advantage of strong optical effects due to the electric-dipole-
allowed 4f—3d transitions. We have simulated the excitation
and emission spectra of Eu(#’-CyHy), by LEDFT on the basis
of the 47 (3S) — 4f°5d! and 4f°5d' — 4f (®S) transitions,
respectively. The results showed that multiple transitions
occurred at the excitation processes that are particularly
governed by the two-electron repulsion and Sd ligand—field
splitting terms of the model Hamiltonian (see Figure 4), giving
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rise to spectral profiles with multiple absorption bands and fine
structures. The results also showed that the emission process
has a strong vibronic origin (see Figure S), which implied four
totally symmetric vibrational modes on top of the electronic
wave function, leading to a spectral profile with a slight
antisymmetric Gaussian shape. The simulated excitation and
emission spectra are found to be in total agreement with the
experiments, in particular, for the PBE results.

The present work is aimed at presenting the performance of
LFDFT for rather intricate problems in relation to the
electronic structure and electron transition process. We
provided an example for the application and performed
comparative analysis with available experimental data and a
time-dependent DFT tool. LFDFT is limited to the study of
specific electron configuration systems, computing the
multiplet energy levels and multielectronic eigenfunction as a
function of single determinants of spin—orbitals. The LFDFT
calculation is completely parameter-free and does not involve
scaling factors and empirical corrections, enabling us to
develop a fully theoretical model with a high prediction
potential. Future studies include deeper investigation of
lanthanides in the wide range of organometallic materials, in
general, for a better understanding of the electronic structure
and, in particular, for good knowledge of the microscopic
origin of photoluminescence properties.
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