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Coordination compounds: metal
ion + ligands
The electronic structure results
with open-shell electrons
Standard DFT method does not 
work (near-degeneracy
correlation and multiplet
structure)

Why LFDFT?
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Ligand-field Model

𝐻!"". = 𝐻$% +𝐻&' +𝐻()

The multi-electronic effective Hamiltonian

Inter-electron repulsion
Spin-orbit coupling

Ligand-field interaction

perturbationatomic

3d-3d transitions: M. Atanasov, C. Daul and C. Rauzy, Struct. Bonding 2004, 106, 97.
4f-5d transitions: H. Ramanantoanina, M. Shanoun, A. Barbiero, M. Ferbinteanu and F. Cimpoesu, Phys. Chem. Chem. Phys., 2015, 17, 18547
XAS: H. Ramanantoanina, Phys. Chem. Chem. Phys., 2017, 19, 32481
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Ligand-field Model
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Inter-electron repulsion
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Coefficients

Spin-orbit coupling

𝐻$% =#
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𝜁'!(! 𝑟& 𝑙& + 𝑠&

Spin-orbit coupling constant

Coefficients

Ligand-field interaction

𝐻)* =#
#

#
+

𝐵+# 𝑛𝑙, 𝑛𝑙 𝐶+
(#)

Ligand-field parameters

Coefficients

3d-3d transitions: M. Atanasov, C. Daul and C. Rauzy, Struct. Bonding 2004, 106, 97.
4f-5d transitions: H. Ramanantoanina, M. Shanoun, A. Barbiero, M. Ferbinteanu and F. Cimpoesu, Phys. Chem. Chem. Phys., 2015, 17, 18547
XAS: H. Ramanantoanina, Phys. Chem. Chem. Phys., 2017, 19, 32481
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Ligand-field Model
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Ligand-field parameters

Coefficients

Coefficients for a given configuration are stored in /amshome/atomicdata
Parameters have to be calculated from first principles
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How do we obtain the parameters?

IrrepOccupations
A (average of configuration)

End

Symmetry NOSYM

Single Point DFT calculation (select the active subspace)
Important Keywords
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How do we obtain the parameters?

IrrepOccupations
A (average of configuration)

End

Symmetry NOSYM

Single Point DFT calculation (select the active subspace)
Important Keywords

To represent the electron configuration at hand:

For 3dn, 5 MOs with predominant 3d character
are occupied with n/5 electrons

For 4fn, 7 MOs with predominant 4f character
are occupied with n/7 electrons
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How do we obtain the parameters?

Practical example
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How do we obtain the parameters?

MnF2, crystal structure
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How do we obtain the parameters?

MnF2, crystal structure
Molecular (MnF6)4- cluster

Mn config. 3d5
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How do we obtain the parameters?
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5 MOs with nearly atomic characters
are occupied with fractional electrons 
(Mn config. 3d5)
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How do we obtain the parameters?

vLF 3dxy 3dxz 3dz2 3dyz 3dx2-y2

t2g (#1)
t2g (#2)
eg (#1)

t2g (#3)
eg (#2)

The matrix elements of the ligand-field potential are extracted from the MO 
energies and eigenfunctions

The ligand-field potential parameterizes the Hamiltonian term HLF

eg

t2g
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How do we obtain the parameters?

vLF 3dxy 3dxz 3dz2 3dyz 3dx2-y2

t2g (#1) -0.4000 0.0000 0.0000 0.0000 0.0000

t2g (#2) 0.0000 -0.4000 0.0000 0.0000 0.0000

eg (#1) 0.0000 0.0000 0.6000 0.0000 0.0000

t2g (#3) 0.0000 0.0000 0.0000 -0.4000 0.0000

eg (#2) 0.0000 0.0000 0.0000 0.0000 0.6000

The matrix elements of the ligand-field potential is a matrix with 5 by 5 elements

eg

t2g
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How do we obtain the parameters?

vLF 3dxy 3dxz 3dz2 3dyz 3dx2-y2

t2g (#1) -0.4000 0.0000 0.0000 0.0000 0.0000

t2g (#2) 0.0000 -0.4000 0.0000 0.0000 0.0000

eg (#1) 0.0000 0.0000 0.6000 0.0000 0.0000

t2g (#3) 0.0000 0.0000 0.0000 -0.4000 0.0000

eg (#2) 0.0000 0.0000 0.0000 0.0000 0.6000

10Dq

eg

t2g
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How do we obtain the parameters?
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The Slater integrals and spin-orbit coupling constants are derived from the radial 
functions
These integrals parameterize the Hamiltonian term HER andHSO
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How do we obtain the parameters?
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20926 | Phys. Chem. Chem. Phys., 2017, 19, 20919--20929 This journal is© the Owner Societies 2017

elongation and compression of the Ti–O or Mn–F bond lengths
are the factors that influence the parameters, as tested in
our work.

The molecular orbitals with dominant 2p and 3d characters
of Ti4+ and Mn2+ (see Fig. 4) are associated with radial functions
with different shapes. This depends on the interaction (bonding
regime and covalency) of each component of 2p and 3d with the
ligand orbitals. This is illustrated in Fig. 5 for the 3d orbitals of
Ti4+. The two radial functions with different shapes, namely
R3d,eg

and R3d,t2g
(Fig. 5), are attributed to the splitting of the 3d

orbitals into t2g* and eg* under the effect of the Oh ligand-field
in the 2p53d1 configuration. A similar situation occurs for Mn2+

ions in (MnF6)4!, which can be seen in the ESI,† Fig. S3. The
phenomenology of the nephelauxetic effect of Jørgensen69,70 is
reflected in Fig. 5 and Fig. S3 (ESI†). In particular, the shape of
R3d varies from a free ion to a molecular cluster because of the
expansion of the electron clouds towards the positions of the
ligands. The nephelauxetic effect denotes the reduction of
the values of the inter-electronic repulsion and spin–orbit coupling
parameters obtained for the molecular cluster if compared to the
free ion. However, within the ligand-field scheme, there is no ml
dependency for the atomic basis functions. That is, the electrons
are supposed to move in a central field. Thus, we construct
artificial radial functions, which complies with the fundamental
concept of ligand-field theory,16–19 as follows:

Rnl;av ¼
1

2l þ 1

X2lþ1

i

Rnl;i (16)

where, Rnl,i is the radial function obtained for the component i of
the Kohn–Sham orbitals with a dominant nl character, expanded
in terms of STO functions47 or projected on a numerical grid;68

Rnl,av is the artificial radial function from which the Slater–Condon
parameters are calculated using eqn (3)–(5).

For the 3d orbitals of Ti4+, R3d,av is also graphically represented
in Fig. 5. The calculated Slater–Condon integrals are listed in
Table 3 for systems with (TiO6)8! and (MnF6)4!, obtained from
DFT calculation employing the GGA functional and the ZORA

Fig. 4 Energies of the molecular orbitals with dominant 3d characters of
Ti4+ (up) and Mn2+ (down) in (TiO6)8! and (MnF6)4!, calculated for the 3dn

and 2p53dn+1 configurations, with n = 0 and 5, respectively. Note that in
LFDFT, the trace of the ligand-field potential is zero (i.e. B0

0(3d,3d) = 0).

Table 3 LFDFT parameters (in eV) for systems with (TiO6)8! and (MnF6)4!

having 3dn (GS) and 2p53dn+1 (ES) configurations of Ti4+ and Mn2+, with
n = 0 and 5, respectively, obtained from DFT calculations using the GGA
functional. The parameter b (in [—]) represents the nephelauxetic ratio

(TiO6)8! (MnF6)4!

GGA b GGA b

GS
F2(3d,3d) 0 — 8.404 0.841
F4(3d,3d) 0 — 5.176 0.835
z3d 0 — 0.041 0.911
B4

0(3d,3d) 0 — 2.140 —
B4

1(3d,3d) 0 — 0 —
B4

2(3d,3d) 0 — 0.257i —
B4

3(3d,3d) 0 — 0 —
B4

4(3d,3d) 0 — 1.418 —
B2

0(3d,3d) 0 — 0.323 —
B2

1(3d,3d) 0 — 0 —
B2

2(3d,3d) 0 — 0.390i —

ES
F2(3d,3d) 0 — 8.233 0.773
F4(3d,3d) 0 — 5.084 0.769
G1(2p,3d) 2.986 0.754 3.813 0.863
G3(2p,3d) 1.707 0.753 2.181 0.863
F2(2p,3d) 4.286 0.794 5.346 0.864
z2p 3.915 0.992 7.027 1.000
z3d 0.027 0.771 0.048 0.857
D 460.11 0.991 642.63 1.000
B2

0(2p,2p) 0 — 0.023 —
B2

1(2p,2p) 0 — 0 —
B2

2(2p,2p) 0 — 0.020i —
B4

0(3d,3d) 3.473 — 1.963 —
B4

1(3d,3d) 0 — 0 —
B4

2(3d,3d) 0 — 0.222i —
B4

3(3d,3d) 0 — 0 —
B4

4(3d,3d) 2.076 — 1.314 —
B2

0(3d,3d) 0 — 0.325 —
B2

1(3d,3d) 0 — 0 —
B2

2(3d,3d) 0 — 0.322i —

Fig. 5 Radial functions of the Kohn–Sham orbitals with dominant 3d
character of Ti4+ obtained for the 2p53d1 electron configuration in the
free ion (in black) and in (TiO6)8! embedded in SrTiO3 (in red and blue). The
magenta curve represents the artificial 3d radial function used in the LFDFT
calculation (see the text for details).
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How do we obtain the parameters?

Journal of Electron Spectroscopy and Related Phenomena 249 (2021) 147061
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for the Fe L2,3 edge are presented by [Monney et al., 2013]. Mn based 
magnetism experiments in strained lattices with circularly and linearly 
XAS and XMCD are analysed with MULTIX [110]. Magnetic ground-states 
were studied by circularly polarized XAS [111] and with XMCD on M4,5 
edges of rare earth elements [112,113]. In the adsorption case, it was not 
possible to match experimental findings with point charge parameters 
on atomic sites. It was necessary to involve charges, with proper site 
symmetry, in the graphene p-cloud above the nuclear plane to 
semi-empirically model the ligand-field interaction with the f- electron 
levels. MULTIX has also been applied to inelastic neutron scattering on a 
rare earth element [114]. 

7.3. The LFDFT-ADF multiplet code 

The Ligand Feld Density Functional Theory (LFDFT) methodology has 
been recently implemented in the Amsterdam Density Functional (ADF) 
program packages for the calculation of multiplet energies and ligand 
field effects of open-shell electron configurations. ADF2019 is available at 
htttp://www.scm.com. It is a DFT-based model that aimed at modeling 
the electronic structure and XAS spectra of metal compounds, namely 
transition metal L2,3-edge XAS [115] and lanthanide M4,5-edge XAS 

[116] and XMCD. [117] LFDFT-ADF utilizes a conceptual DFT procedure by 
using the average of configuration concept to resolve the multiplet 
structure, i.e. a non-standard procedure that is possible in ADF by con-
trolling the electron occupation of the reference Kohn-Sham orbitals. 
That is, the Kohn-Sham orbitals calculated with predominant 2p and 3d 
characters of the transition metal ion are populated with fractional 
electron charge. This insures a totally symmetric electron density, under 
which the effective ligand field Hamiltonian is invariant and can be 
operated. The effective ligand field Hamiltonian is used to treat explic-
itly the configuration interaction within the restricted subspace of the 
reference Kohn-Sham orbitals. The success of LFDFT-ADF resides in the 
proper construction of the reference Kohn-Sham orbitals, which must 
contain predominant transition metal 2p and 3d atomic orbitals. In 
LFDFT-ADF, the multiplet structure is non-empirically calculated, and 
reasonable agreement with experiments are obtained for transition 
metal 2p XAS model [115]. 

Fig. 16 shows selective Slater-Condon parameters of series of diva-
lent transition metal ions within configuration 2p53dN+1, compared 
with available reference data taken from the literature [23]. The rep-
resented parameters include the Slater-Condon integrals F2

pd, G1
pd and 

G3
pd and spin-orbit coupling constant, as obtained from LFDFT-ADF cal-

culations using a GGA functional [115]. 
The LFDFT-ADF methodology also enables an accurate description of 

ligand field effects by taking into consideration a small cluster of mol-
ecules or crystal structures into the calculation. The small cluster is 
composed of the transition metal ion center together with its coordi-
nation sphere, which is often composed of electronegative ligating ele-
ments [115]. Fig. 13 shows the change of the radial functions of the 
Kohn-Sham orbitals with predominant 3d characters of Mn2+ ion from 
the free ion to the molecular (MnX6)4− cluster with octahedral sym-
metry, with X = F-, Cl- and Br-, obtained from LFDFT-ADF calculations 
using a GGA functional. Note that the 3d orbitals of Mn2+ ion split into 
three lower and two upper energy molecular orbitals, usually designated 
as t2g and eg irreducible representations of the Oh point group. There-
fore, Fig. 13 shows averaged radial functions that are take into consid-
eration the five components of the Kohn-Sham orbitals with 
predominant Mn 3d characters. That is in LFDFT-ADF, there is no ml de-
pendency of the manifold of the atomic basis functions, i.e. the electrons 
are supposed to move in a central field. 

Fig. 16. Calculated Slater-Condon F2
pd (in blue), G1

pd (in black) and G3
pd (in 

red) integrals and spin-orbit coupling constant (in magenta) for the configu-
ration 2p53dN+1, with n = 2, 3, …, 8, of divalent transition metal ions, obtained 
from LFDFT-ADF calculation (in circle) compared with reference values (in square) 
taken from the literature. [de Groot et al. 1990b.]. 

Fig. 17. Schematic representation of the radial functions of the Kohn-Shan 
orbitals with predominant 3d characters of Mn(II) within configuration 3d5 in 
the free ion (in black) and in the molecular (MnX6)4− cluster, with X = F- (in 
green), Cl- (in red) and Br- (in blue). In the inset, the calculated parameters 
representing the Slater-Condon F2

dd and F4
dd integrals are represented in bar 

diagrams, obtained for Mn2+ within configuration 3d5 in the free ion (a) and in 
the molecular (MnX6)4− cluster, with X = F- (b), Cl- (c) and Br- (d). 

Fig. 18. Example of an active space used for XAS calculations of the covalent 
complex Fe(CO)5 [126]. The active space is divided into three subspaces: RAS1 
including Fe 2p orbitals, RAS2 including valence σ3d bonding, n3d 
non-bonding, and σ*3d antibonding combinations, RAS3 containing π*(CO)+Fe 
3d orbitals. Only one core-hole is allowed in RAS1 and only one electron can be 
excited to RAS3, whereas a full configuration interaction calculation is done 
within the RAS2 subspace. 

F.M.F. de Groot et al.                                                                                                                                                                                                                          

F.M.F. de Groot et al, J. Electron Spectrosc. Relat. Phenom. 2021, 249, 147061
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for the Fe L2,3 edge are presented by [Monney et al., 2013]. Mn based 
magnetism experiments in strained lattices with circularly and linearly 
XAS and XMCD are analysed with MULTIX [110]. Magnetic ground-states 
were studied by circularly polarized XAS [111] and with XMCD on M4,5 
edges of rare earth elements [112,113]. In the adsorption case, it was not 
possible to match experimental findings with point charge parameters 
on atomic sites. It was necessary to involve charges, with proper site 
symmetry, in the graphene p-cloud above the nuclear plane to 
semi-empirically model the ligand-field interaction with the f- electron 
levels. MULTIX has also been applied to inelastic neutron scattering on a 
rare earth element [114]. 

7.3. The LFDFT-ADF multiplet code 

The Ligand Feld Density Functional Theory (LFDFT) methodology has 
been recently implemented in the Amsterdam Density Functional (ADF) 
program packages for the calculation of multiplet energies and ligand 
field effects of open-shell electron configurations. ADF2019 is available at 
htttp://www.scm.com. It is a DFT-based model that aimed at modeling 
the electronic structure and XAS spectra of metal compounds, namely 
transition metal L2,3-edge XAS [115] and lanthanide M4,5-edge XAS 

[116] and XMCD. [117] LFDFT-ADF utilizes a conceptual DFT procedure by 
using the average of configuration concept to resolve the multiplet 
structure, i.e. a non-standard procedure that is possible in ADF by con-
trolling the electron occupation of the reference Kohn-Sham orbitals. 
That is, the Kohn-Sham orbitals calculated with predominant 2p and 3d 
characters of the transition metal ion are populated with fractional 
electron charge. This insures a totally symmetric electron density, under 
which the effective ligand field Hamiltonian is invariant and can be 
operated. The effective ligand field Hamiltonian is used to treat explic-
itly the configuration interaction within the restricted subspace of the 
reference Kohn-Sham orbitals. The success of LFDFT-ADF resides in the 
proper construction of the reference Kohn-Sham orbitals, which must 
contain predominant transition metal 2p and 3d atomic orbitals. In 
LFDFT-ADF, the multiplet structure is non-empirically calculated, and 
reasonable agreement with experiments are obtained for transition 
metal 2p XAS model [115]. 

Fig. 16 shows selective Slater-Condon parameters of series of diva-
lent transition metal ions within configuration 2p53dN+1, compared 
with available reference data taken from the literature [23]. The rep-
resented parameters include the Slater-Condon integrals F2

pd, G1
pd and 

G3
pd and spin-orbit coupling constant, as obtained from LFDFT-ADF cal-

culations using a GGA functional [115]. 
The LFDFT-ADF methodology also enables an accurate description of 

ligand field effects by taking into consideration a small cluster of mol-
ecules or crystal structures into the calculation. The small cluster is 
composed of the transition metal ion center together with its coordi-
nation sphere, which is often composed of electronegative ligating ele-
ments [115]. Fig. 13 shows the change of the radial functions of the 
Kohn-Sham orbitals with predominant 3d characters of Mn2+ ion from 
the free ion to the molecular (MnX6)4− cluster with octahedral sym-
metry, with X = F-, Cl- and Br-, obtained from LFDFT-ADF calculations 
using a GGA functional. Note that the 3d orbitals of Mn2+ ion split into 
three lower and two upper energy molecular orbitals, usually designated 
as t2g and eg irreducible representations of the Oh point group. There-
fore, Fig. 13 shows averaged radial functions that are take into consid-
eration the five components of the Kohn-Sham orbitals with 
predominant Mn 3d characters. That is in LFDFT-ADF, there is no ml de-
pendency of the manifold of the atomic basis functions, i.e. the electrons 
are supposed to move in a central field. 

Fig. 16. Calculated Slater-Condon F2
pd (in blue), G1

pd (in black) and G3
pd (in 

red) integrals and spin-orbit coupling constant (in magenta) for the configu-
ration 2p53dN+1, with n = 2, 3, …, 8, of divalent transition metal ions, obtained 
from LFDFT-ADF calculation (in circle) compared with reference values (in square) 
taken from the literature. [de Groot et al. 1990b.]. 

Fig. 17. Schematic representation of the radial functions of the Kohn-Shan 
orbitals with predominant 3d characters of Mn(II) within configuration 3d5 in 
the free ion (in black) and in the molecular (MnX6)4− cluster, with X = F- (in 
green), Cl- (in red) and Br- (in blue). In the inset, the calculated parameters 
representing the Slater-Condon F2

dd and F4
dd integrals are represented in bar 

diagrams, obtained for Mn2+ within configuration 3d5 in the free ion (a) and in 
the molecular (MnX6)4− cluster, with X = F- (b), Cl- (c) and Br- (d). 

Fig. 18. Example of an active space used for XAS calculations of the covalent 
complex Fe(CO)5 [126]. The active space is divided into three subspaces: RAS1 
including Fe 2p orbitals, RAS2 including valence σ3d bonding, n3d 
non-bonding, and σ*3d antibonding combinations, RAS3 containing π*(CO)+Fe 
3d orbitals. Only one core-hole is allowed in RAS1 and only one electron can be 
excited to RAS3, whereas a full configuration interaction calculation is done 
within the RAS2 subspace. 

F.M.F. de Groot et al.                                                                                                                                                                                                                          

F.M.F. de Groot et al, J. Electron Spectrosc. Relat. Phenom. 2021, 249, 147061
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Lanthanide 4f - 4f transitions

J.-C. Bünzli, Chem. Rev., 2010, 110, 2729; J. Dreiser, J. Phys.: Condens. Matter, 2015, 27, 183203
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o Magnets

The LFDFT for two-open-shell f and d electrons 
Non-empirical prediction of the term energy 
of lanthanide ions embedded in a host lattice 

Hamiltonian:  H = H0 + Her + VLF + HSO 
   
where  H0 = kinetic and nuclear attraction energy 

   Her = electrostatic repulsion of d and f electrons 
   VLF = ligandfield potential 
   HSO = spin-orbit coupling 

!"#

LFDFT for two-open-shell system

Dimensionality of the problem and applications of lanthanide ions:

 
 

trivalent Ce3+ Pr3+ Nd3+ Pm3+ Sm3+ Eu3+ Gd3+ 

divalent       Eu2+ 

n 1 2 3 4 5 6 7 

4fn 14 91 364 1001 2002 3003 3432 

4fn-15d1 10 140 910 3640 10010 20020 30030 

! 24 231 1274 4641 12012 23023 33462 
 
  

Eu2+

!"#

The dimensionality of the problem 

H. Ramanantoanina et al., Phys. Chem. Chem. Phys. (2013), 15, 13902-13910. 
H. Ramanantoanina et al., Chem. Phys. Lett. (2013), 588, 260-266. 
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o Lighting technology

suffer from flaws which are tricky to remedy such as the
difficulty in getting near-infrared (NIR) emission for deeper
tissue penetration, the high toxicity of cadmium and sele-
nium, and their short circulation half-time preventing long-
term imaging or cell-tracking studies.3 Trivalent lanthanide
ions, LnIII, present another alternative to organic luminescent
stains in view of their singular properties, enabling easy
spectral and time discrimination of their emission bands
which span both the visible and NIR ranges.

The first staining of biological cells with lanthanides dates
back to 1969 when bacterial smears (Escherichia coli cell
walls) were treated with aqueous ethanolic solutions of
europium thenoyltrifluoroacetonate, henceforth appearing as
bright red spots under mercury lamp illumination,4 but further
experiments had to wait a long time. In fact, attention on
luminescent lanthanide bioprobes started in the mid-1970s
when Finnish researchers in Turku proposed EuIII, SmIII, TbIII,
and DyIII polyaminocarboxylates and !-diketonates as lu-
minescent sensors in time-resolved luminescent (TRL)
immunoassays.5,6 This new technology generated a broad
interest and subsequent developments such as homogeneous
TRL assays,7 optimization of bioconjugation methods for
lanthanide luminescent chelates,8 and time-resolved lumi-
nescence microscopy (TRLM)9 resulted in applications of
lanthanide luminescent bioprobes (LLBs)10,11 in many fields
of biology, biotechnology, and medicine, including analyte
sensing12 and tissue13,14 and cell imaging15,16 as well as
monitoring drug delivery.17

This review addresses the problematic of lanthanide
luminescent bioprobes from the standpoint of their photo-
physical and biochemical properties; a broad overview of
the various applications in which LLBs have been applied
is given. No attempt is made to provide comprehensive
coverage of the extensive literature pertaining to this field;
instead, illustrative examples are described and the reader
is referred to the numerous well-focused review articles
which appeared during the past five years.

2. Lanthanide Luminescence

2.1. Basic Facts
The intricate optical properties of the trivalent lanthanide

ions, hereafter LnIII, are fascinating and originate in the
special features of the electronic [Xe]4fn configurations (n
) 0-14). These configurations generate a rich variety of
electronic levels, the number of which is given by [14!/n!(14
- n)!], translating into 3003 for EuIII and TbIII, for instance.18

They are characterized by three quantum numbers, S, L, and
J, within the frame of Russel-Saunders spin-orbit coupling
scheme. The energies of these levels are well-defined due
to the shielding of the 4f orbitals by the filled 5s25p6

subshells, and they are a little sensitive to the chemical
environments in which the lanthanide ions are inserted. As
a corollary, inner-shell 4f-4f transitions which span both
the visible and near-infrared (NIR) ranges are sharp and
easily recognizable (Figure 1, Table 1). In addition, because
these transitions are formally parity forbidden, the lifetimes
of the excited states are long, which allows the use of time-
resolved detection, a definitive asset for bioassays,19,20 and
luminescence microscopy.9

The only drawback of f-f transitions, their faint oscillator
strengths, may in fact be turned into advantages. Indeed,
Weissman demonstrated in 1942 that excitation of lanthanide
complexes into the ligand states results in metal-centered

luminescence.22 Part of the energy absorbed by the organic
receptor(s) is transferred onto LnIII excited states, and sharp
emission bands originating from the metal ion are detected
after rapid internal conversion to the emitting level. The
phenomenon is termed sensitization of the metal-centered
luminescence (also referred to as antenna effect) and is quite
complex. Several energy migration paths may be involved,
e.g., exchange or superexchange (Dexter), dipole-dipole, or
dipole-multipole (Förster) mechanisms,23 which entail the
participation of several ligand levels, singlet, triplet, and/or
intraligand charge transfer (ILCT) states. A commonly
observed energy migration path though goes through the
long-lived triplet state(s) of the ligand(s).24 Alternatively,
other states may funnel energy onto the metal ion such as
intracomplex ligand-to-metal (LMCT) charge transfer
states,25 4f5d states,26 or metal-to-ligand (1MLCT, 3MLCT)
charge transfer states from chromophores containing d-
transition metal ions27 such as CrIII,28 ReI,29 RuII,30,31 OsII,32,33

CoIII,34 IrIII,35 or PtII.36-38 These d-ions are essentially used
for the sensitization of NIR luminescence.39 The sensitization
process generates two advantages. First, while LnIII ions
display a negligible Stokes’ shift upon direct excitation,
owing to the inner nature of the 4f-orbitals, ligand excitation
results in pseudo Stokes’ shifts which are often far larger
than those of organic fluorophores, henceforth allowing easy
spectral discrimination of the emitted light. Second, LnIII ions
are usually good quenchers of triplet states so that photo-
bleaching is substantially reduced.

Lanthanide ions are involved in three types of transitions,
LMCT, 4f-5d, and intraconfigurational 4f-4f.40 The former
two usually occur at energies too high to be relevant for
bioapplications, so that only the latter are discussed here.
We note, however, that low-lying LMCT states may have
detrimental effect on the emissive properties of easily
reducible LnIII ions (e.g., EuIII, SmIII, or YbIII). Some ions
are fluorescent (∆S ) 0), some are phosphorescent (∆S >
0), and some are both. Similarly to absorption, emission of
light is due to two main types of transitions, the parity
allowed magnetic dipole transitions (MD, selection rules: ∆L
) 0, ∆J ) 0, (1 but J ) 0 to Jʹ ) 0 forbidden), and the
parity forbidden electric dipole transitions (ED; ∆L, ∆J e
6; 2, 4, 6, if J or Jʹ ) 0; J ) 0 to Jʹ ) 0 forbidden). When
the LnIII ion is inserted into a chemical environment,
noncentrosymmetric interactions allow the mixing of elec-
tronic states of opposite parity into the 4f wave functions
and ED transitions become partly allowed; they are termed
induced (or forced) ED transitions. The intensity of some of
these transitions is particularly sensitive to the nature of the
metal-ion environment, and these transitions are called

Figure 1. Luminescence spectra of some lanthanide tris(!-
diketonates). (Redrawn from ref 21. Copyright Wiley.)

2730 Chemical Reviews, 2010, Vol. 110, No. 5 Bünzli
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Luminescence properties versus trivalent lanthanide ions

Based on 4fn – 4fn* transitions, 
the spectral energy range of 
the visible light is entirely 
covered.

But, these transitions are formally forbidden
Also, the 4f electrons have core-like properties. Therefore the luminescence is not really 
affected by chemical environments by the lanthanide center
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DFT by using the GGA PBE functional [37]: the total energies were minimized and the
symmetry was restricted to the point groups that represented the experimental struc-
tures (i.e., C2 [46], D8h [47] and C1 [47] for [Eu(NO3)3(phenanthroline)2], [Ce(COT)2] and
[Ce(COT)2]�, respectively). We note that the [Ce(COT)2]� unit had intrinsically high sym-
metry D8h, but the descent in symmetry to C1 resulted from the presence of the counterion
[Li(tetrahydrofurane)4]+. The optimized structures were confirmed by vibrational analysis,
and no imaginary frequencies have been computed. Schematic representations of the struc-
tures are given in Figure 1. For [Eu(NO3)3(phenanthroline)2], the average Eu-N and Eu-O
optimized bond lengths were 2.588 Å, and 2.559 Å, respectively, close to the experimental
data (2.566 Å, and 2.510 Å) [46,48]. For [Ce(COT)2], the average Ce-C bond lengths was
2.703 Å, in agreement with the experimental data (2.675 Å) [47]. For [Ce(COT)2]�, the
average Ce-C bond lengths was 2.733 Å, also in agreement with the experimental data
(2.741 Å) [47].

Figure 1. Ball-and-stick molecular model of the structures of [Eu(NO3)3(phenanthroline)2] (left-hand-
side) and cerocene (right-hand-side). Color code: grey (carbon), red (oygen), white (hydrogen), blue
(nitrogen), and Orange (Europium and Cerium).

The procedural steps for computing the electronic structure are described as follows.
Based on the geometrical data given by the previous step, we performed single-point
DFT calculations. We used the keyword “IRREPOCCUPATIONS” in ADF [35,36] to set
fractional electron occupations of the molecular orbitals. For [Eu(NO3)3 (phenanthroline)2],
seven molecular orbitals were occupied with fractional 6/7 electrons. These molecular
orbitals were identified with large atomic 4f characters, and therefore constituted the
active subspace of the ligand-field calculation. Figure 2 shows a section of the ADF output
file [35,36] depicting this active subspace of the Kohn–Sham orbitals that were used to
calculate the multiplet structures of Eu configuration 4f 6. For the cerocene molecules, the
calculations were done in two steps. First, we calculated the system with Ce3+ configuration
4f 1 (and subsequently Ce4+ 4f 0), which represented the ground state multiplet structure of
the systems. Seven molecular orbitals with large atomic 4f parentage are populated with
fractional electrons following similar procedure as above. Then, we calculated the systems
with a core-hole, i.e., Ce3+ configuration 3d94f 2 (and subsequently Ce4+ configuration
3d94f 1), which represented the XAS electronic state. For that, three core-orbitals were
occupied with fractional 9/5 electrons. These orbitals were identified with 100% atomic 3d
characters. Additionally, as previously, seven orbitals that have larger atomic 4f characters
were occupied with fractional electrons.

Finally, the ligand-field analyses are performed based on the single-point DFT calcula-
tion. We use the ADF keyword “LFDFT” [35,36] to set up the calculation of the multiplet
energies. In the output of the LFDFT calculation, we obtained the parameters including
the Slater–Condon integrals, the spin-orbit coupling constants and the matrix elements of
the ligand-field potential without empirical corrections [30]. We also obtained the calcu-
lated multiplet energies and projection analysis of all the energy levels on to the atomic

Eu(NO3)3(phenanthroline)2

o The central Eu3+ ion is mainly in a ground 4f6 electron 
configuration (Ground-state in Russel-Saunders 7F) 

o The spin-orbit coupling split this ground state into 7 
components 7F0 + 7F1 + 7F2 + 7F3+ 7F4 + 7F5 + 7F6

o The ligand-field interaction splits the atomic multiplets
the atomic multiplet terms. 

o Exp. Data available (good to validate the method)

H. Ramanantoanina, Computation 2022, 10, 70

Lanthanide 4f - 4f transitions
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DFT by using the GGA PBE functional [37]: the total energies were minimized and the
symmetry was restricted to the point groups that represented the experimental struc-
tures (i.e., C2 [46], D8h [47] and C1 [47] for [Eu(NO3)3(phenanthroline)2], [Ce(COT)2] and
[Ce(COT)2]�, respectively). We note that the [Ce(COT)2]� unit had intrinsically high sym-
metry D8h, but the descent in symmetry to C1 resulted from the presence of the counterion
[Li(tetrahydrofurane)4]+. The optimized structures were confirmed by vibrational analysis,
and no imaginary frequencies have been computed. Schematic representations of the struc-
tures are given in Figure 1. For [Eu(NO3)3(phenanthroline)2], the average Eu-N and Eu-O
optimized bond lengths were 2.588 Å, and 2.559 Å, respectively, close to the experimental
data (2.566 Å, and 2.510 Å) [46,48]. For [Ce(COT)2], the average Ce-C bond lengths was
2.703 Å, in agreement with the experimental data (2.675 Å) [47]. For [Ce(COT)2]�, the
average Ce-C bond lengths was 2.733 Å, also in agreement with the experimental data
(2.741 Å) [47].

Figure 1. Ball-and-stick molecular model of the structures of [Eu(NO3)3(phenanthroline)2] (left-hand-
side) and cerocene (right-hand-side). Color code: grey (carbon), red (oygen), white (hydrogen), blue
(nitrogen), and Orange (Europium and Cerium).

The procedural steps for computing the electronic structure are described as follows.
Based on the geometrical data given by the previous step, we performed single-point
DFT calculations. We used the keyword “IRREPOCCUPATIONS” in ADF [35,36] to set
fractional electron occupations of the molecular orbitals. For [Eu(NO3)3 (phenanthroline)2],
seven molecular orbitals were occupied with fractional 6/7 electrons. These molecular
orbitals were identified with large atomic 4f characters, and therefore constituted the
active subspace of the ligand-field calculation. Figure 2 shows a section of the ADF output
file [35,36] depicting this active subspace of the Kohn–Sham orbitals that were used to
calculate the multiplet structures of Eu configuration 4f 6. For the cerocene molecules, the
calculations were done in two steps. First, we calculated the system with Ce3+ configuration
4f 1 (and subsequently Ce4+ 4f 0), which represented the ground state multiplet structure of
the systems. Seven molecular orbitals with large atomic 4f parentage are populated with
fractional electrons following similar procedure as above. Then, we calculated the systems
with a core-hole, i.e., Ce3+ configuration 3d94f 2 (and subsequently Ce4+ configuration
3d94f 1), which represented the XAS electronic state. For that, three core-orbitals were
occupied with fractional 9/5 electrons. These orbitals were identified with 100% atomic 3d
characters. Additionally, as previously, seven orbitals that have larger atomic 4f characters
were occupied with fractional electrons.

Finally, the ligand-field analyses are performed based on the single-point DFT calcula-
tion. We use the ADF keyword “LFDFT” [35,36] to set up the calculation of the multiplet
energies. In the output of the LFDFT calculation, we obtained the parameters including
the Slater–Condon integrals, the spin-orbit coupling constants and the matrix elements of
the ligand-field potential without empirical corrections [30]. We also obtained the calcu-
lated multiplet energies and projection analysis of all the energy levels on to the atomic

Eu(NO3)3(phenanthroline)2
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the percentage of the Hartree–Fock exchange, the more accurate are the predicted energy
levels, as per the default values of the Hartree–Fock exchange in B3LYP [38] PBE0 [39,40],
and KMLYP [41] equal 20.0%, 25.0% and 55.7%, respectively. We could not modulate
the hybrid functional to include larger percentage of Hartree–Fock exchange, since we
observe that although this helps improve higher-energy excited states, this also makes the
prediction of the lower-energy ones poorer (see Table 1).

Table 1. Selective energy values of the multiplet states of Eu2+ configuration 4f 6 (in cm�1) in the
system [Eu(NO3)3(phenanthroline)2] obtained from LFDFT using the PBE (1) [37], B3LYP (2) [38],
PBE0 (3) [39,40] and KMLYP (4) [41] functional, together with the calculated Percent Error (in%) with
respect to the experimental data (Exp.)

Levels LFDFT Exp. a Percent Error

State I (1) (2) (3) (4) (1) (2) (3) (4)
7F0 A 0 0 0 0 0 - - - -
7F1 A 214 261 273 349 295 �27.46 �11.53 �7.46 18.31

B 393 396 392 368 367 7.08 7.90 6.81 0.27
B 700 523 498 389 444 57.66 17.79 12.16 �12.39

7F2 B 946 971 974 986 947 �0.11 2.53 2.85 4.12
B 1020 975 980 1022 981 3.98 �0.61 -0.10 4.18
A 1047 1117 1108 1023 1016 3.05 9.94 9.06 0.69
A 1288 1134 1109 1027 1080 19.26 5.00 2.69 �4.91
A 1323 1135 1112 1039 1111 19.08 2.16 0.09 �6.48

7F3 B 1882 1884 1874 1839 - - - -
A 1909 1894 1882 1852 - - - -
B 1952 1919 1905 1859 1808 7.96 6.14 5.37 2.82
A 2011 1926 1910 1865 1846 8.94 4.33 3.47 1.03
B 2027 1932 1913 1870 1857 9.15 4.04 3.02 0.70
B 2032 1932 1921 1873 1893 7.34 2.06 1.48 �1.06
A 2137 1985 1962 1874 - - - -

7F4 B 2244 2742 2764 2771 2587 �13.26 5.99 6.84 7.11
A 2473 2812 2818 2780 2603 �4.99 8.03 8.26 6.80
A 2698 2834 2834 2799 2633 2.47 7.63 7.63 6.30
B 2790 2890 2876 2801 2648 5.36 9.14 8.61 5.78
A 2866 2897 2885 2812 2735 4.79 5.92 5.48 2.82
A 2945 2913 2888 2838 2872 2.54 1.43 0.56 �1.18
A 3072 2915 2898 2843 2946 4.28 �1.05 �1.63 �3.50
B 3179 2983 2945 2850 2967 7.15 0.54 �0.74 �3.94
B 3245 2987 2950 2886 3086 5.15 �3.21 �4.41 �6.48

5D0 A 16,081 16,517 16,535 16,874 17,241 �6.73 �4.20 �4.09 �2.13
5D1 A 17,705 18,128 18,143 18,485 18,945 �6.55 �4.31 �4.23 �2.43

B 17,716 18,164 18,176 18,488 - - - -
B 17,806 18,199 18,206 18,493 - - - -

a taken from ref. [52].

At this point, it is worth stressing the following: (1) the energy levels are reasonably pre-
dicted by the LFDFT calculations, the uncertainties vis-à-vis the experiments are relatively small
independent of the choice of the DFT functional. (2) We primarily observe overestimation of the
energy levels (many numbers in the percent error columns of Table 1 have positive sign) that
can be attributed to the self-consistent error in DFT. (3) The inconsistency with experiments
may be removed by using hybrid functional that reduces largely the percent error for many
levels. (4) The inconsistency with experiments can also be removed by different starting
geometries of the molecular complex, by using, for instance, the experimental structure
from X-ray diffraction or other techniques as input.

H. Ramanantoanina, Computation 2022, 10, 70
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DFT by using the GGA PBE functional [37]: the total energies were minimized and the
symmetry was restricted to the point groups that represented the experimental struc-
tures (i.e., C2 [46], D8h [47] and C1 [47] for [Eu(NO3)3(phenanthroline)2], [Ce(COT)2] and
[Ce(COT)2]�, respectively). We note that the [Ce(COT)2]� unit had intrinsically high sym-
metry D8h, but the descent in symmetry to C1 resulted from the presence of the counterion
[Li(tetrahydrofurane)4]+. The optimized structures were confirmed by vibrational analysis,
and no imaginary frequencies have been computed. Schematic representations of the struc-
tures are given in Figure 1. For [Eu(NO3)3(phenanthroline)2], the average Eu-N and Eu-O
optimized bond lengths were 2.588 Å, and 2.559 Å, respectively, close to the experimental
data (2.566 Å, and 2.510 Å) [46,48]. For [Ce(COT)2], the average Ce-C bond lengths was
2.703 Å, in agreement with the experimental data (2.675 Å) [47]. For [Ce(COT)2]�, the
average Ce-C bond lengths was 2.733 Å, also in agreement with the experimental data
(2.741 Å) [47].

Figure 1. Ball-and-stick molecular model of the structures of [Eu(NO3)3(phenanthroline)2] (left-hand-
side) and cerocene (right-hand-side). Color code: grey (carbon), red (oygen), white (hydrogen), blue
(nitrogen), and Orange (Europium and Cerium).

The procedural steps for computing the electronic structure are described as follows.
Based on the geometrical data given by the previous step, we performed single-point
DFT calculations. We used the keyword “IRREPOCCUPATIONS” in ADF [35,36] to set
fractional electron occupations of the molecular orbitals. For [Eu(NO3)3 (phenanthroline)2],
seven molecular orbitals were occupied with fractional 6/7 electrons. These molecular
orbitals were identified with large atomic 4f characters, and therefore constituted the
active subspace of the ligand-field calculation. Figure 2 shows a section of the ADF output
file [35,36] depicting this active subspace of the Kohn–Sham orbitals that were used to
calculate the multiplet structures of Eu configuration 4f 6. For the cerocene molecules, the
calculations were done in two steps. First, we calculated the system with Ce3+ configuration
4f 1 (and subsequently Ce4+ 4f 0), which represented the ground state multiplet structure of
the systems. Seven molecular orbitals with large atomic 4f parentage are populated with
fractional electrons following similar procedure as above. Then, we calculated the systems
with a core-hole, i.e., Ce3+ configuration 3d94f 2 (and subsequently Ce4+ configuration
3d94f 1), which represented the XAS electronic state. For that, three core-orbitals were
occupied with fractional 9/5 electrons. These orbitals were identified with 100% atomic 3d
characters. Additionally, as previously, seven orbitals that have larger atomic 4f characters
were occupied with fractional electrons.

Finally, the ligand-field analyses are performed based on the single-point DFT calcula-
tion. We use the ADF keyword “LFDFT” [35,36] to set up the calculation of the multiplet
energies. In the output of the LFDFT calculation, we obtained the parameters including
the Slater–Condon integrals, the spin-orbit coupling constants and the matrix elements of
the ligand-field potential without empirical corrections [30]. We also obtained the calcu-
lated multiplet energies and projection analysis of all the energy levels on to the atomic
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the percentage of the Hartree–Fock exchange, the more accurate are the predicted energy
levels, as per the default values of the Hartree–Fock exchange in B3LYP [38] PBE0 [39,40],
and KMLYP [41] equal 20.0%, 25.0% and 55.7%, respectively. We could not modulate
the hybrid functional to include larger percentage of Hartree–Fock exchange, since we
observe that although this helps improve higher-energy excited states, this also makes the
prediction of the lower-energy ones poorer (see Table 1).

Table 1. Selective energy values of the multiplet states of Eu2+ configuration 4f 6 (in cm�1) in the
system [Eu(NO3)3(phenanthroline)2] obtained from LFDFT using the PBE (1) [37], B3LYP (2) [38],
PBE0 (3) [39,40] and KMLYP (4) [41] functional, together with the calculated Percent Error (in%) with
respect to the experimental data (Exp.)

Levels LFDFT Exp. a Percent Error

State I (1) (2) (3) (4) (1) (2) (3) (4)
7F0 A 0 0 0 0 0 - - - -
7F1 A 214 261 273 349 295 �27.46 �11.53 �7.46 18.31

B 393 396 392 368 367 7.08 7.90 6.81 0.27
B 700 523 498 389 444 57.66 17.79 12.16 �12.39

7F2 B 946 971 974 986 947 �0.11 2.53 2.85 4.12
B 1020 975 980 1022 981 3.98 �0.61 -0.10 4.18
A 1047 1117 1108 1023 1016 3.05 9.94 9.06 0.69
A 1288 1134 1109 1027 1080 19.26 5.00 2.69 �4.91
A 1323 1135 1112 1039 1111 19.08 2.16 0.09 �6.48

7F3 B 1882 1884 1874 1839 - - - -
A 1909 1894 1882 1852 - - - -
B 1952 1919 1905 1859 1808 7.96 6.14 5.37 2.82
A 2011 1926 1910 1865 1846 8.94 4.33 3.47 1.03
B 2027 1932 1913 1870 1857 9.15 4.04 3.02 0.70
B 2032 1932 1921 1873 1893 7.34 2.06 1.48 �1.06
A 2137 1985 1962 1874 - - - -

7F4 B 2244 2742 2764 2771 2587 �13.26 5.99 6.84 7.11
A 2473 2812 2818 2780 2603 �4.99 8.03 8.26 6.80
A 2698 2834 2834 2799 2633 2.47 7.63 7.63 6.30
B 2790 2890 2876 2801 2648 5.36 9.14 8.61 5.78
A 2866 2897 2885 2812 2735 4.79 5.92 5.48 2.82
A 2945 2913 2888 2838 2872 2.54 1.43 0.56 �1.18
A 3072 2915 2898 2843 2946 4.28 �1.05 �1.63 �3.50
B 3179 2983 2945 2850 2967 7.15 0.54 �0.74 �3.94
B 3245 2987 2950 2886 3086 5.15 �3.21 �4.41 �6.48

5D0 A 16,081 16,517 16,535 16,874 17,241 �6.73 �4.20 �4.09 �2.13
5D1 A 17,705 18,128 18,143 18,485 18,945 �6.55 �4.31 �4.23 �2.43

B 17,716 18,164 18,176 18,488 - - - -
B 17,806 18,199 18,206 18,493 - - - -

a taken from ref. [52].

At this point, it is worth stressing the following: (1) the energy levels are reasonably pre-
dicted by the LFDFT calculations, the uncertainties vis-à-vis the experiments are relatively small
independent of the choice of the DFT functional. (2) We primarily observe overestimation of the
energy levels (many numbers in the percent error columns of Table 1 have positive sign) that
can be attributed to the self-consistent error in DFT. (3) The inconsistency with experiments
may be removed by using hybrid functional that reduces largely the percent error for many
levels. (4) The inconsistency with experiments can also be removed by different starting
geometries of the molecular complex, by using, for instance, the experimental structure
from X-ray diffraction or other techniques as input.
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The molecular Eu(𝜂*-C9H9)2 complex 
possesses high symmetry D9h structure.

Eu(η9-C9H9)2 complex, motivated by the fact that (i)
organometallic molecules have great potential as building
blocks for functional nanomaterials,19 (ii) the experimental
evidence of the structural and photoluminescence properties of
Eu(η9-C9H9)2 has been recently proposed,20 and (iii) our
results can be used to assess the performance of the quantum
chemistry code, ligand−field density functional theory
(LFDFT),21−23 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.21−23 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.21−23 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,24−28 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,11−18 although
they are computationally heavy and demand a very elaborate
theoretical background.

■ METHODS
Our studies require in the first place a structural investigation
of the molecular Eu(η9-C9H9)2 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 Eu2+ ion is coordinated with two
cyclononatetraenyl (η9-C9H9)− ligands in D9h and D9d
symmetries, respectively. Figure 1 shows graphically the

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 8S muliplet of
the free Eu2+ ion.
With the most favorable geometry that is determined from

the previous step, we calculate the electronic fine structure by
using the LFDFT method.21−23 LFDFT works with a specific
electron configuration system, operating a model Hamiltonian,

H = H0 + HER + HSO + HLF, 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 (H0), interelectron
repulsion (HER), spin−orbit coupling (HSO), and ligand−field
splitting (HLF). Recalling that LFDFT is recently available in
the Amsterdam Density Functional (ADF) code,29−31 a
rigorous description of its methodology can be found
elsewhere.32,33

However, it is noteworthy that we use the ADF29−31 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.34 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 4f7 and 4f65d1 that play important
roles in the photoluminescence mechanism.6−10 The AOC-
type calculation implies a spin-restricted SCF.32,33 Therefore,
the molecular orbitals that are selectively identified with large
fractional parentage coefficients for Eu 4f are occupied with 7/
7 = 1 electron, representing the Eu configuration 4f7. 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 4f65d1. In ADF,29−31 the
fractional parentage coefficients 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.29−31

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.32,33 The multiplet energy levels Ei

(0) (with i = 1,
2, ..., 3432) and Ek

(1) (with k = 1, 2, ..., 30030) that arise from
Eu configurations 4f7 and 4f65d1, respectively, as well as the
associated multielectronic eigenfunctions ψi

(0) and ψi
(1) that are

expressed as a function of single determinants of spin−orbitals
are outputs of the LFDFT via full diagonalization of the matrix
element of the model Hamiltonian.32,33

The photoluminescence properties are computed on the
basis of the LFDFT outputs. That is, the excitation spectrum is
obtained by calculating the oscillator strengths of the 4f7 →
4f65d1 electron transitions. The initial and final states
correspond to the GS multiplet level of Eu 4f7, without
temperature effects, and the whole manifold of the multiplet
levels of Eu 4f65d1, respectively. The emission spectrum
involves vibronic coupling35−37 on top of the 4f65d1 → 4f7

electron transitions, in that the initial and final states
correspond to the lowest-energy multiplet of Eu 4f65d1 and
the GS of Eu 4f7.

■ COMPUTATIONAL DETAILS
The present DFT results were obtained using the Local
Density Approximation (LDA) Slater exchange and Vosko−
Wilk−Nusair correlation,38 as well as the Generalized Gradient
Approximation Perdew−Burke−Ernzerhof (PBE)39 and the
hybrid Becke’s three parameters with the Lee−Yang−Parr
correlation (B3LYP)40 in the ADF suite of software.29−31

Figure 1. Ball-and-stick model of the molecular Eu(η9-C9H9)
2

complex (a) showing the structures that belong to the D9h (b) and
D9d (c) point groups from the top view. Color code: Eu (in green), C
(in black), and H (in gray).
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possesses high symmetry D9h structure.

Eu(η9-C9H9)2 complex, motivated by the fact that (i)
organometallic molecules have great potential as building
blocks for functional nanomaterials,19 (ii) the experimental
evidence of the structural and photoluminescence properties of
Eu(η9-C9H9)2 has been recently proposed,20 and (iii) our
results can be used to assess the performance of the quantum
chemistry code, ligand−field density functional theory
(LFDFT),21−23 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.21−23 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.21−23 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,24−28 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,11−18 although
they are computationally heavy and demand a very elaborate
theoretical background.

■ METHODS
Our studies require in the first place a structural investigation
of the molecular Eu(η9-C9H9)2 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 Eu2+ ion is coordinated with two
cyclononatetraenyl (η9-C9H9)− ligands in D9h and D9d
symmetries, respectively. Figure 1 shows graphically the

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 8S muliplet of
the free Eu2+ ion.
With the most favorable geometry that is determined from

the previous step, we calculate the electronic fine structure by
using the LFDFT method.21−23 LFDFT works with a specific
electron configuration system, operating a model Hamiltonian,

H = H0 + HER + HSO + HLF, 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 (H0), interelectron
repulsion (HER), spin−orbit coupling (HSO), and ligand−field
splitting (HLF). Recalling that LFDFT is recently available in
the Amsterdam Density Functional (ADF) code,29−31 a
rigorous description of its methodology can be found
elsewhere.32,33

However, it is noteworthy that we use the ADF29−31 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.34 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 4f7 and 4f65d1 that play important
roles in the photoluminescence mechanism.6−10 The AOC-
type calculation implies a spin-restricted SCF.32,33 Therefore,
the molecular orbitals that are selectively identified with large
fractional parentage coefficients for Eu 4f are occupied with 7/
7 = 1 electron, representing the Eu configuration 4f7. 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 4f65d1. In ADF,29−31 the
fractional parentage coefficients 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.29−31

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.32,33 The multiplet energy levels Ei

(0) (with i = 1,
2, ..., 3432) and Ek

(1) (with k = 1, 2, ..., 30030) that arise from
Eu configurations 4f7 and 4f65d1, respectively, as well as the
associated multielectronic eigenfunctions ψi

(0) and ψi
(1) that are

expressed as a function of single determinants of spin−orbitals
are outputs of the LFDFT via full diagonalization of the matrix
element of the model Hamiltonian.32,33

The photoluminescence properties are computed on the
basis of the LFDFT outputs. That is, the excitation spectrum is
obtained by calculating the oscillator strengths of the 4f7 →
4f65d1 electron transitions. The initial and final states
correspond to the GS multiplet level of Eu 4f7, without
temperature effects, and the whole manifold of the multiplet
levels of Eu 4f65d1, respectively. The emission spectrum
involves vibronic coupling35−37 on top of the 4f65d1 → 4f7

electron transitions, in that the initial and final states
correspond to the lowest-energy multiplet of Eu 4f65d1 and
the GS of Eu 4f7.

■ COMPUTATIONAL DETAILS
The present DFT results were obtained using the Local
Density Approximation (LDA) Slater exchange and Vosko−
Wilk−Nusair correlation,38 as well as the Generalized Gradient
Approximation Perdew−Burke−Ernzerhof (PBE)39 and the
hybrid Becke’s three parameters with the Lee−Yang−Parr
correlation (B3LYP)40 in the ADF suite of software.29−31

Figure 1. Ball-and-stick model of the molecular Eu(η9-C9H9)
2

complex (a) showing the structures that belong to the D9h (b) and
D9d (c) point groups from the top view. Color code: Eu (in green), C
(in black), and H (in gray).
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Eu(η9-C9H9)2 complex, motivated by the fact that (i)
organometallic molecules have great potential as building
blocks for functional nanomaterials,19 (ii) the experimental
evidence of the structural and photoluminescence properties of
Eu(η9-C9H9)2 has been recently proposed,20 and (iii) our
results can be used to assess the performance of the quantum
chemistry code, ligand−field density functional theory
(LFDFT),21−23 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.21−23 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.21−23 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,24−28 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,11−18 although
they are computationally heavy and demand a very elaborate
theoretical background.

■ METHODS
Our studies require in the first place a structural investigation
of the molecular Eu(η9-C9H9)2 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 Eu2+ ion is coordinated with two
cyclononatetraenyl (η9-C9H9)− ligands in D9h and D9d
symmetries, respectively. Figure 1 shows graphically the

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 8S muliplet of
the free Eu2+ ion.
With the most favorable geometry that is determined from

the previous step, we calculate the electronic fine structure by
using the LFDFT method.21−23 LFDFT works with a specific
electron configuration system, operating a model Hamiltonian,

H = H0 + HER + HSO + HLF, 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 (H0), interelectron
repulsion (HER), spin−orbit coupling (HSO), and ligand−field
splitting (HLF). Recalling that LFDFT is recently available in
the Amsterdam Density Functional (ADF) code,29−31 a
rigorous description of its methodology can be found
elsewhere.32,33

However, it is noteworthy that we use the ADF29−31 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.34 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 4f7 and 4f65d1 that play important
roles in the photoluminescence mechanism.6−10 The AOC-
type calculation implies a spin-restricted SCF.32,33 Therefore,
the molecular orbitals that are selectively identified with large
fractional parentage coefficients for Eu 4f are occupied with 7/
7 = 1 electron, representing the Eu configuration 4f7. 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 4f65d1. In ADF,29−31 the
fractional parentage coefficients 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.29−31

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.32,33 The multiplet energy levels Ei

(0) (with i = 1,
2, ..., 3432) and Ek

(1) (with k = 1, 2, ..., 30030) that arise from
Eu configurations 4f7 and 4f65d1, respectively, as well as the
associated multielectronic eigenfunctions ψi

(0) and ψi
(1) that are

expressed as a function of single determinants of spin−orbitals
are outputs of the LFDFT via full diagonalization of the matrix
element of the model Hamiltonian.32,33

The photoluminescence properties are computed on the
basis of the LFDFT outputs. That is, the excitation spectrum is
obtained by calculating the oscillator strengths of the 4f7 →
4f65d1 electron transitions. The initial and final states
correspond to the GS multiplet level of Eu 4f7, without
temperature effects, and the whole manifold of the multiplet
levels of Eu 4f65d1, respectively. The emission spectrum
involves vibronic coupling35−37 on top of the 4f65d1 → 4f7

electron transitions, in that the initial and final states
correspond to the lowest-energy multiplet of Eu 4f65d1 and
the GS of Eu 4f7.

■ COMPUTATIONAL DETAILS
The present DFT results were obtained using the Local
Density Approximation (LDA) Slater exchange and Vosko−
Wilk−Nusair correlation,38 as well as the Generalized Gradient
Approximation Perdew−Burke−Ernzerhof (PBE)39 and the
hybrid Becke’s three parameters with the Lee−Yang−Parr
correlation (B3LYP)40 in the ADF suite of software.29−31
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complex (a) showing the structures that belong to the D9h (b) and
D9d (c) point groups from the top view. Color code: Eu (in green), C
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Eu(η9-C9H9)2 complex, motivated by the fact that (i)
organometallic molecules have great potential as building
blocks for functional nanomaterials,19 (ii) the experimental
evidence of the structural and photoluminescence properties of
Eu(η9-C9H9)2 has been recently proposed,20 and (iii) our
results can be used to assess the performance of the quantum
chemistry code, ligand−field density functional theory
(LFDFT),21−23 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.21−23 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.21−23 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,24−28 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,11−18 although
they are computationally heavy and demand a very elaborate
theoretical background.

■ METHODS
Our studies require in the first place a structural investigation
of the molecular Eu(η9-C9H9)2 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 Eu2+ ion is coordinated with two
cyclononatetraenyl (η9-C9H9)− ligands in D9h and D9d
symmetries, respectively. Figure 1 shows graphically the

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 8S muliplet of
the free Eu2+ ion.
With the most favorable geometry that is determined from

the previous step, we calculate the electronic fine structure by
using the LFDFT method.21−23 LFDFT works with a specific
electron configuration system, operating a model Hamiltonian,

H = H0 + HER + HSO + HLF, 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 (H0), interelectron
repulsion (HER), spin−orbit coupling (HSO), and ligand−field
splitting (HLF). Recalling that LFDFT is recently available in
the Amsterdam Density Functional (ADF) code,29−31 a
rigorous description of its methodology can be found
elsewhere.32,33

However, it is noteworthy that we use the ADF29−31 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.34 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 4f7 and 4f65d1 that play important
roles in the photoluminescence mechanism.6−10 The AOC-
type calculation implies a spin-restricted SCF.32,33 Therefore,
the molecular orbitals that are selectively identified with large
fractional parentage coefficients for Eu 4f are occupied with 7/
7 = 1 electron, representing the Eu configuration 4f7. 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 4f65d1. In ADF,29−31 the
fractional parentage coefficients 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.29−31

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.32,33 The multiplet energy levels Ei

(0) (with i = 1,
2, ..., 3432) and Ek

(1) (with k = 1, 2, ..., 30030) that arise from
Eu configurations 4f7 and 4f65d1, respectively, as well as the
associated multielectronic eigenfunctions ψi

(0) and ψi
(1) that are

expressed as a function of single determinants of spin−orbitals
are outputs of the LFDFT via full diagonalization of the matrix
element of the model Hamiltonian.32,33

The photoluminescence properties are computed on the
basis of the LFDFT outputs. That is, the excitation spectrum is
obtained by calculating the oscillator strengths of the 4f7 →
4f65d1 electron transitions. The initial and final states
correspond to the GS multiplet level of Eu 4f7, without
temperature effects, and the whole manifold of the multiplet
levels of Eu 4f65d1, respectively. The emission spectrum
involves vibronic coupling35−37 on top of the 4f65d1 → 4f7

electron transitions, in that the initial and final states
correspond to the lowest-energy multiplet of Eu 4f65d1 and
the GS of Eu 4f7.

■ COMPUTATIONAL DETAILS
The present DFT results were obtained using the Local
Density Approximation (LDA) Slater exchange and Vosko−
Wilk−Nusair correlation,38 as well as the Generalized Gradient
Approximation Perdew−Burke−Ernzerhof (PBE)39 and the
hybrid Becke’s three parameters with the Lee−Yang−Parr
correlation (B3LYP)40 in the ADF suite of software.29−31

Figure 1. Ball-and-stick model of the molecular Eu(η9-C9H9)
2

complex (a) showing the structures that belong to the D9h (b) and
D9d (c) point groups from the top view. Color code: Eu (in green), C
(in black), and H (in gray).
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with very small energy separations, vis-a-̀vis, the GS (tens of
meV).
The LFDFT calculations indicate that the multiplet

manifolds of the Eu2+ configurations 4f7 and 4f67d1 overlap
in terms of energy (see Figure 3). Most significant, some
energy levels corresponding to 4f67d1 are predicted below the
next levels of the 4f7, 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 Eu2+ materials are tailored to exhibit low-lying 4f67d1

ESs.64 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 Eu2+ atomic spectral terms, in particular, due to the large
ligand−field splitting of the Eu 5d orbitals. Thus, the lowest
4f67d1 Kramer doublets in Figure 3 are characterized by
admixture of the 8,6P, 8,6D, 8,6F, 8,6G, and 8,6H atomic spectral
terms of configuration 4f67d1 resulting from the 4f6 (7F) ⊗ 5d1

(2D) direct product.
Photoluminescence−Excitation Spectrum. Figure 4a

shows the calculated excitation spectra of the molecular Eu(η9-
C9H9)2 complex, obtained from LFDFT on the basis of the Eu
4f7 → 4f67d1 electron transitions. The spectra are obtained by
computing the oscillator strengths of the electric-dipole-
allowed transitions, Ii ≅ |⟨ψi

(1)|d|ψ1
(0)⟩|2 as a function of the

excitation energies, ΔEi
(1) = (Ei

(1) − E1
(0)), with i = 1, 2, 3, ...,

30030, (bars in Figure 4a). The intensity involves the
transition moment function ⟨ψi

(1)|d|ψ1
(0)⟩ and the electric-

dipole moment operator d. In the transition moment function,

Figure 3. Ground and low-lying ESs of the molecular Eu(η9-C9H9)2
complex obtained from LFDFT with LDA (a), PBE (b), and B3LYP
(c) DFT functionals, showing the vertical excitation energies that
result from Eu 4f7 → 4f7 (red bars) and Eu 4f7 → 4f65d1 transitions
(blue bars).

Figure 4. Graphical representations of the calculated excitation spectra of the molecular Eu(η9-C9H9)2 complex (in arbitrary unit) as a function of
the photon energy (in eV), obtained from LFDFT (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 ⟨|ψi

(1)|d|ψ1
(0)|⟩2 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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GS = 4f7 (8S7/2)

We calculate also the 
transition probabilities

	 8	

in relation with the molecular orbital energies listed in 
Table 4 and Table 5. Thus, we propose ∆,lU =
,nef5+6(4@d5P2) − ,nab5+6(4@m), where ,nef5+6(4@d5P2) and ,nab5+6(4@m) 
represent the barycenters of the ligand-field splitting 
manifold of the 5d and 4f orbitals obtained from DFT 
calculations of the molecular complex with Eu 
configurations 4f65d1 and 4f7, respectively. In practice, if 
we employ the former definition of the parameter, we 
obtain ∆,lU  = 4.0692 eV (DFT calculation with PBE 
functional), whereas if we consider the new definition, ∆,lU 
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, 
∆,-

($) = G,-
($) − ,2($)I and ∆,-(2) = G,-

(2) − ,2($)I, that result from 
the Eu 4f7 ® 4f7 (red bars) and 4f7 ® 4f65d1 (blue bars) 
electron transitions, respectively. It shows the energy 
levels that are located in the energy range between 0 eV 
and 3.5 eV, highlighting the calculated ground and low-
lying excited states of Eu(h9-C9H9)2 obtained by means of 
LFDFT using the LDA, PBE and B3LYP DFT functional. 
There are in total 1716 and 15015 Kramers doublets that 
form the multiplet manifold of the Eu configuration 4f7 and 
4f67d1, respectively.  

 
Figure 3. Ground and low-lying excited states of the molecular 
Eu(h9-C9H9)2 complex obtained from LFDFT with LDA (a), PBE 
(b) and B3LYP (c) DFT functional, showing the vertical 
excitation energies that result from Eu 4f7 ® 4f7 (red bars) and Eu 
4f7 ® 4f65d1 transitions (blue bars).  

The ground-state of Eu(h9-C9H9)2 is derived from the 
8S7/2 term of the Eu2+ configuration 4f7. This atomic term is 
split in energy into four Kramers doublets via zero-field 
splitting in the molecular Eu(h9-C9H9)2 complex. These 
four Kramers doublets can be separately discriminated in 
terms of their calculated op values, which values are good 
quantum numbers in the D9h symmetry. Therefore, we 
obtain a state with op  = ±7/2 as the zero of the energy, 
independent to the choice of the DFT functional. We obtain 
also that, in order of increasing energy, the states with op = 
±5/2, op = ±3/2 and op = ±1/2 are low-lying excited states 
with very small energy separations vis-à-vis the ground 
state (tens of meV). 

The LFDFT calculations indicate that the multiplet 
manifolds of the Eu2+ configurations 4f7 and 4f67d1 overlap 
in terms of energy (see Figure 3). Most significant, some 
energy levels corresponding to 4f67d1 are predicted below 
the next levels of the 4f7, independent to the choice of the 
DFT functional. The LDA and PBE results allow 
identifying relatively many excited states in this situation. 
We note that, in general, preferred Eu2+-materials are 
tailored to exhibit low-lying 4f67d1 excited states.64 The 
excitation to and emission from these states are 
fundamental in the mechanism of the visible light 
generation induced by the materials. These excited states 
exhibit strong admixture of Eu2+ atomic spectral terms, in 
particular due to the large ligand-field splitting of the Eu 
5d orbitals. Thus, the lowest 4f67d1 Kramer doublets in 
Figure 3 are characterized by admixture of the 8,6P, 8,6D, 
8,6F, 8,6G and 8,6H atomic spectral terms of configuration 
4f67d1 resulting from the 4f6 (7F) Ä 5d1 (2D) direct product. 

Photoluminescence – Excitation spectrum 

Figure 4a shows the calculated excitation spectra of the 
molecular Eu(h9-C9H9)2 complex, obtained from LFDFT 
on the basis of the Eu 4f7 ® 4f67d1 electron transitions. The 
spectra are obtained by computing the oscillator strengths 
of the electric-dipole allowed transitions, r- ≅ tu4-

(2)tPt42($)vt
9 

as function of the excitation energies, ∆,-(2) = G,-
(2) − ,2($)I, 

with 0  = 1, 2, 3, …, 30030, (bars in Figure 4a). The 
intensity involves the transition moment function 
u4-

(2)tPt42($)v, and the electric-dipole moment operator P. In 
the transition moment function, the initial state (42($) ) 
represents the eightfold quasi degenerate electronic states 
of Eu(h9-C9H9)2 that is derived from the 8S7/2 term of 
configuration 4f7 (see also Figure 3) without considering 
temperature effect. The final states (4-(2), with 0 = 1, 2, 3, 
…, 30030) form the basis of the whole manifold of the 
excited states of Eu(h9-C9H9)2 that arise from Eu2+ 
configuration 4f65d1 (see also Figure 3).  
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Calculated excitation spectra versus DFT functional

with very small energy separations, vis-a-̀vis, the GS (tens of
meV).
The LFDFT calculations indicate that the multiplet

manifolds of the Eu2+ configurations 4f7 and 4f67d1 overlap
in terms of energy (see Figure 3). Most significant, some
energy levels corresponding to 4f67d1 are predicted below the
next levels of the 4f7, 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 Eu2+ materials are tailored to exhibit low-lying 4f67d1

ESs.64 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 Eu2+ atomic spectral terms, in particular, due to the large
ligand−field splitting of the Eu 5d orbitals. Thus, the lowest
4f67d1 Kramer doublets in Figure 3 are characterized by
admixture of the 8,6P, 8,6D, 8,6F, 8,6G, and 8,6H atomic spectral
terms of configuration 4f67d1 resulting from the 4f6 (7F) ⊗ 5d1

(2D) direct product.
Photoluminescence−Excitation Spectrum. Figure 4a

shows the calculated excitation spectra of the molecular Eu(η9-
C9H9)2 complex, obtained from LFDFT on the basis of the Eu
4f7 → 4f67d1 electron transitions. The spectra are obtained by
computing the oscillator strengths of the electric-dipole-
allowed transitions, Ii ≅ |⟨ψi

(1)|d|ψ1
(0)⟩|2 as a function of the

excitation energies, ΔEi
(1) = (Ei

(1) − E1
(0)), with i = 1, 2, 3, ...,

30030, (bars in Figure 4a). The intensity involves the
transition moment function ⟨ψi

(1)|d|ψ1
(0)⟩ and the electric-

dipole moment operator d. In the transition moment function,

Figure 3. Ground and low-lying ESs of the molecular Eu(η9-C9H9)2
complex obtained from LFDFT with LDA (a), PBE (b), and B3LYP
(c) DFT functionals, showing the vertical excitation energies that
result from Eu 4f7 → 4f7 (red bars) and Eu 4f7 → 4f65d1 transitions
(blue bars).

Figure 4. Graphical representations of the calculated excitation spectra of the molecular Eu(η9-C9H9)2 complex (in arbitrary unit) as a function of
the photon energy (in eV), obtained from LFDFT (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 ⟨|ψi

(1)|d|ψ1
(0)|⟩2 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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X-ray Absorption Spectroscopy
Mechanism of the XAS process

Continium

5d

4f

3d5/2

3d3/2

X-rays

H. Ramanantoanina, J. Chem. Phys.. 2018, 149, 054104

Ground state config.: 4fn
XAS excited state config.: 3d9 4fn+1

054104-9 Harry Ramanantoanina J. Chem. Phys. 149, 054104 (2018)

FIG. 4. Calculated spectra of lanthanide M4,5-edge X-ray absorption of La3+ (a), Ce3+ (b), Pr3+ (c), Nd3+ (d), Pm3+ (e), Sm3+ (f), Eu3+ (g), Gd3+ (h), Tb3+ (i),
Dy3+ (j), Ho3+ (k), Er3+ (l), Tm3+ (m), and Yb3+ (n) showing the calculated intensity versus excitation energies of the intra-atomic 4f n ! 3d94f n+1 electron
transitions. For each subplot depicted in the figure, the x-coordinate (abscissa) represents the calculated excitation energies (�E) and the y-coordinate (ordinate)
represents the convoluted calculated intensities (I) (black curves) that are shown in arbitrary units. A Lorentzian function is used to broaden the transition
probabilities taking a constant half-width at the half of the maximum parameter, �i = � = 0.4 eV for the all manifolds of the multiplet levels of configuration
3d94f n+1. For clarity, the results that are previously reported in Ref. 8 are reproduced (gray curves) allowing a schematic comparison between the theoretical
and reference spectra. The whole manifold of the multiplet levels of configuration 3d94f n+1 contributes to the intensity calculations following the electric-dipole
moment approximation, i.e., each final X-ray electronic state that has �J = �1, �J = 0, and �J = +1 values with respect to the initial state in Table III possess
non-zero transition probabilities. Their contributions to the total spectrum are represented with the red-, green-, and blue-colored areas for �J = �1, �J = 0, and
�J = +1, respectively. High quality figures are available in Figs. S2–S15 of the supplementary material.

elpasolite structures. The parameters were calculated for con-
figuration 3d94f 3 of Pr3+. The parameters are compared to the
results that are previously listed in Table II for the isolated

FIG. 5. Local atomic structure of the Pr3+ ion in Cs2NaPrX6, with X = F, Cl,
and Br, crystallizing in the elpasolite structure type. Color code: Pr (violet),
X (green), Na (yellow), and Cs (blue).

Pr3+ ion system. In Table V, the quantity � expresses the ratio
between calculated parameters in the molecular cluster and in
the free ion.

The change of the Slater-Condon integrals from free ion
to molecular systems results from the different shape radial

TABLE IV. Calculated energy levels (in meV) of the ground state multiplet
of the Pr3+ ion within configuration 4f 2 in the present elpasolite crystals,
obtained from the DFT calculation using GGA functional, together with some
experimental values.

(PrF6)3 (PrCl6)3 (PrBr6)3

Calc.a Expt.b Calc.a Expt.b Calc.a Expt.b

A1g 0 0 0 0 0 0
T1g 55.3 50 29.2 30 24.1 25
Eg 90.0 88 48.9 52 40.3 43
T2g 164.0 154 84.5 87 71.9 55

aThe calculated parameters Fk (4f, 4f ), ⇣4f and Bk
q(4f , 4f ) of Pr3+ within configuration

4f 2 are listed in Table S2 of the supplementary material.
bThe reference data are taken from Refs. 49, 47, and 48, which relate experimental studies
of Cs2KPrF6, Cs2NaPrCl6, and Cs2NaPrBr6, respectively.

4fn -> 3d9 4fn+1
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spin–orbit coupling (HSO) and ligand-field splitting (HLF) are
constructed.12–17 The input parameters include the energy gap
(DEav), Slater–Condon integrals (Fk(4f,4f), with k = 2, 4 and 6;
Fk(3d,4f), with k = 2 and 4; and Gk(3d,4f), with k = 1, 3 and 5),
spin–orbit coupling constants (z3d and z4f) and ligand-field
potential (a matrix with 12 ! 12 elements), where in total 155
parameter values are non-empirically extracted from the DFT
calculation.12–17 The eigendecomposition of the matrix elements
of the effective Hamiltonian in eqn (1) yields the multiplet
energies (E) and the multi-electronic eigenfunctions (c) that arise
from the open-shell configurations 3d104f n and 3d94f n+1 of the
trivalent lanthanide ions.

In the context of the magnetic dichroism experiment, i.e. in
the presence of an external magnetic field (B), we add an extra
term in eqn (1) that represents the electronic Zeeman interaction
(HZE).20 This term is defined as follows:

HZE = mB(gLL + geS)"B, (2)

where, mB = e!h/(2mc) is the Bohr magneton; L and S are the
orbital angular momentum and spin operators; gL E 1 and
ge E 2 are the electron orbital and spin g-factors, respectively.

We use the electric dipole approximation to model the X-ray
absorption spectrum. The excitation energies and oscillator
strengths of the intra-atomic 3d104f n + hn- 3d94f n+1 electron
transitions are defined as follows:

Eph = DEi, j = Ej # E(0)
i , (3)

lðEÞ ffi 1

Z

XNf

j¼1

XNi

i¼1
exp #E

ð0Þ
i

kBT

 !

cj jdjc
ð0Þ
i

D E!!!
!!!
2
d E # DEi; j

" #
(4)

where, (E(0), c(0)) are the multiplet energies and multi-electronic
eigenfunctions that are calculated for the initial state 3d104f n

electron configuration of the trivalent lanthanide ions; (E, c)
represents the multiplet energies and multi-electronic eigen-
functions that are calculated for the excited state 3d94f n+1

electron configuration; and hcj|d|c(0)
i i is the transition amplitude

between the two states with the electric-dipole moment operator d.
The outer sums run over the number of states Ni and Nf of the
initial 3d104f n and final 3d94f n+1 state configurations and Z is the

partition function Z ¼
PNð3d104fnÞ

k¼1
exp #Eð0Þk =kBT
$ %

. The Boltzmann

distribution in eqn (4) is taken over the manifold of the initial state
configuration to account for finite temperature effects.

The electric dipole moment operator is split into three
components that correspond to ex, ey and ez polarizations with
e the vector of the oscillating electric field. The z term gives the
absorption for the electric vector parallel to the magnetic axis, and
the sum of the x and y terms gives the intensity for the oscillating
electric field perpendicular to the magnetic axis. The XLD is defined
as the difference in absorption of linearly polarized light, XLD =
my# mx, induced by the 4f ligand-field splitting and the resulting
different orbital occupation. On the other hand, the magnetic
circular dichroism is defined as the difference in absorption
with respect to the left circular (m#) and right circular (m+) light

e( ¼ ex ( i " ey
" #& ffiffiffi

2
p

: Hence, XMCD = [m+ # m#], and it is
induced by the presence of a magnetic moment residing in
the 4f shell.

In order to make the calculated absorption spectra comparable
to the experimental ones, they are convoluted with a Lorentzian
function. The full width at half maximum (FWHM) was 1.0 eV and
for simplicity only a single line width function was applied in the
whole energy range to take into account both the core-hole lifetime
and instrumental broadenings.

The DFT calculations were performed by means of the
Amsterdam density functional (ADF) program package.21 Details
about the computational procedure are given in the ESI,†
Computational details section. We used the DFT relaxed structure
of the isolated TbPc2 molecule as input geometry corresponding to
the molecular gas phase. The DFT equilibrium geometry is in good
agreement with the experimental structure22 (cf. ESI,† Fig. S1 and
Table S1). The optimized Cartesian coordinates are given in the
ESI,† Table S2. The calculated energy values of the Kohn–Sham
orbitals of TbPc2 in the #6.125 eV to #4.425 eV energy range are
listed in the ESI,† Table S3 together with the parentage of TbPc2

from Tb 3d and 4f atomic orbitals and the occupation scheme that
was imposed in the DFT calculations. Seven Kohn–Sham Orbitals
have nearly atomic-like Tb 4f character, with percentage characters
larger than 90% (cf. ESI,† Table S3). These orbitals have been used
as the active subspace that resolved the 4f ligand-field states of the
Tb3+ ion. Based on this active subspace together with the Tb core 3d
functions, the non-empirical parameters that are used as input of
the effective ligand-field Hamiltonian in eqn (1) were obtained using
the newly available LFDFT keyword in the ADF program package.21

Their tabulated values are listed in the ESI† (Tables S4–S7) for
both ground state (3d104f8) and excited state (3d94f9) electron
configurations of Tb3+ in the complex TbPc2. Note that the DFT
calculations suggest the presence of hybridization or covalency

Fig. 1 (a) Molecular structure of TbPc2 used as input for the calculations.
View perpendicular to (left) and along (right) the main fourfold symmetry
axis. (b) Experimental geometry used to acquire the X-ray spectra with
normal (y = 01) and grazing (y = 601) X-ray incidence, with s+(s#) denoting
circular right (left) X-ray polarization, and sy(sx) linear vertical (horizontal)
polarization, respectively.
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of Tb 4f orbitals with ligand orbitals in the few percent range.
The hybridization is expected to be slightly overestimated due to
the self-interaction error in DFT.23 However, it does not affect
the LF Hamiltonian, because the ligand contribution to the
wave function is neglected.24

In order to validate the accuracy of the calculations we compare
the simulated XAS, XMCD, and XLD spectra to the ones experi-
mentally recorded on ca. 0.7 monolayers of TbPc2 molecules
(Fig. 1a) deposited on a MgO thin film. We selected this system
because the phthalocyanine–MgO hybridization is expected to be
weak25 resulting in X-ray spectra of close-to-isolated (gas-phase-like,
but spatially ordered) molecules, and because it is well known that
the TbPc2 molecules are arranged in self-assembled islands with
their planar ligands parallel to the surface plane.19 The molecules
were sublimed from a Knudsen cell held at a temperature of 673 K
onto the three monolayer thick film of MgO grown epitaxially on a
Ag(100) crystal which has been cleaned previously by repeated Ar+

ion sputter annealing cycles.
The experimental spectra were recorded on samples prepared

similar to ref. 19 at the X-Treme beamline of the Swiss Light
Source.26 The XAS measurements were performed in normal (y = 01)
and grazing (y = 601) incidence of the X-rays. We fix the frame of
reference such that the z axis is along the X-ray propagation
direction and at normal incidence the xy plane lies in the molecular
plane, that is, in the plane of the phthalocyanine ligands (see
Fig. 1b). All measurements were performed in total electron yield
mode, and the magnetic field was always parallel to the beam
propagation direction. A polynomial background was subtracted
from the spectra.

The calculated XAS and the corresponding XMCD along with the
experimental spectra acquired on the submonolayer of TbPc2 mole-
cules at both normal and grazing geometry are presented in Fig. 2.
Note that the calculated spectra are obtained by means of
LFDFT calculations using the DFT functional following the
generalized gradient approximation formulation (see also the
ESI,† Computational details section) and the optimized structure
of TbPc2 is obtained with the same DFT functional (see also the
ESI,† Table S2). The ESI,† Tables S8 and S9 list the multiplet

energy levels and the ligand-field splitting of the Tb3+ ion in TbPc2

within the atomic ground state (3d104f8) and excited state (3d94f9)
configurations as well as the oscillator strengths of the 3d104f8–
3d94f9 electron transitions. The calculated spectra were normalized
in order to have the same Tb M5 areas in the sum of the helicities as
the experimental ones. Furthermore, the calculated spectra were
shifted in photon energy by!3.1 eV to find the best match with the
experiment. The comparison reveals that the simulated X-ray
spectra are in excellent agreement with the experimental ones.
The calculated differences between the simulated and experimental
spectra, i.e., the residuals, are plotted in the ESI,† Fig. S2, indicating
a larger splitting of the main features of the M5 edge in the
calculations as already visible in Fig. 2. This is most likely due to
a slight overestimation of the Slater–Condon parameters by LFDFT.
Note that the inter-electron repulsion and spin–orbit coupling that
induce the separation between the Tb M5 and M4 edges are
obtained without any empirical correction in the present work.
The strength of the XMCD signal is proportional to the Tb 4f
magnetic moment projected onto the beam propagation vector.1 In
this context the reduced XMCD amplitude at grazing incidence with
respect to normal geometry is in line with the known strong out-of-
plane easy-axis magnetic anisotropy of the TbPc2 molecules. Note
that the XMCD spectra shown in Fig. 2 imply an excellent
reproduction of the TbPc2 magnetic properties by our calculations.

The XLD reflects the angular distribution of the 4f holes, and it
thus provides information on the molecular orientation on the
surface. We acquired the experimental XLD at grazing incidence
(see Fig. 1b) by recording the XAS spectra with linear vertical
polarization ey probing 4f orbitals in the surface plane and linear
horizontal polarization ex probing mostly out-of-plane 4f orbitals.
The comparison of the calculated XLD spectra with the experi-
mental ones is presented in Fig. 3. Both the shape and the
amplitude of the calculated linearly polarized spectra excellently
match the experimental data. The energy of the maximum of the
Tb M5 edge depends on the linear polarization, that is, 1233.6 eV
for the ex polarization and 1235.8 eV for ey, which indicates a
preferential orientation of the TbPc2 molecules on the surface with
the phthalocyanine ligand plane parallel to the surface, as shown

Fig. 2 Comparison of the calculated and experimentally acquired X-ray absorption spectra (top panels) and X-ray magnetic circular dichroism (bottom
panels) at the Tb M4,5 edges of TbPc2 molecules at normal (a) and grazing (b) geometry.
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perform a formal analysis on the effect of temperature on a
molecular level. At room temperature, thermal motion of the
carbon atoms in the crown ether molecules makes achieving a
complete solution to the crystal structures a difficult task, but
more than enough data can be acquired to evaluate the
potential shifting of atoms in the crystal lattice. Models of the
room temperature structures appear in Figure S9 and are
oriented to match the models of the structures most closely at
100.00 K presented in Figure 4. The only discernible
discrepancies between the room temperature and 100.00 K
structures of these crystalline compounds are the distances of
the iodide ions from the Sm(II) metal center. In each
structure, the outer-sphere iodide ions are positioned further
from the metal center at room temperature than at 100.00 K,
with the individual changes in distance falling in the range of
0.0253(19) to 0.146(19) Å. Further investigation of the impact
of the distance of the iodide ions from the metal center was
warranted, and computational analysis was performed to
comprehend the influence of the positioning of the iodide
ions has on the electronic structure of each Sm(II) sandwich
complex.

Theory. To elucidate the variable photoluminescence
observed for 1, 2, and 3, their electronic structure and
spectroscopic properties were determined through CASSCF
calculations employing the structures and nomenclature shown
in Figure 4. The first objective was to correctly reproduce the
4f6 ground state configuration for Sm(II) as previous reports
have demonstrated that this is difficult to predict for divalent
lanthanides.73,74 For example, luminescent materials doped
with Ln2+ (Ln = Sm, Eu, Tm, and Yb) have been subjected to
relativistic multiconfigurational calculation studies.73−76 These
studies have shown that the nature of the ground state is
incorrectly predicted by these methods as is the energy of the
4f → 5d transitions. Seijo and Barandiarań have attributed this
issue to the inaccurate treatment of the “radial correlation” and
suggested the inclusion of a second f-shell into the active space
to overcome the problem.73 After accounting for this so-called
radial correlation, our calculations predicted the 4f6 config-
uration for the ground state which corresponds to a
nondegenerate J = 0 state mainly composed by the 7F0
spectroscopic term. The remaining J = 1−6 states (mostly
comprised by the respective 7FJ terms) are spanned over an
∼7000 cm−1 energy window, in agreement with previous
calculations performed on a Sm(II) crown ether system by
using the same level of theory.38

Because the 5d-shell in divalent lanthanides is more
stabilized than that of their trivalent analogues, the excited
4f55d1 configurations in Ln(II) systems significantly decrease
in energy with respect to the ground state. These
configurations are shown to be highly dependent on the
coordination environment.1 In our three models they appear at
∼15300 cm−1 overlaying with the 4f6 states in a complex
continuum of states (Figure 8). Despite their similar energies,
they show important differences in composition. The
electronic structures of 1 and 2 show some weak mixing of
4f55d1 and 4f6 configurations in the first excited multiplet
(∼15300 cm−1) with ∼97% and ∼99% 4f55d1 character,
respectively (Figure 9). Conversely, no mixing is observed in 3
(see Figure 8). Furthermore, the energy of the excited 4f6

quintets is noticeably lower in energy for 1 and 2 compared to
3, which substantially decreases the possibility of 4f → 4f
photoluminescence for the latter. These states are considerably
different for 1 and 2, where the former is almost purely 4f6 in
nature (97%) and the latter shows a strong contribution from
4f55d1 configurations (31%) (Figure 9). Interestingly, 1 is the
only complex that exhibits pure 4f → 4f photoluminescence at
low temperatures and 5d → 4f at higher temperatures (see
Figure S1), whereas 2 seems to show features of both
transitions simultaneously and ultimately 3 exhibits 5d → 4f
only (Figure 7).
In light of the experimental and theoretical results, we

propose that the increased contribution of 4f55d1 config-
urations to the first predominantly 4f6 excited state is
responsible for the observation of a broadened 4f → 4f
photoluminescence in 2. This effect is explained by the Judd−
Ofelt theory that describes the intensity and shape of the
electronic transitions in rare earth ions and the role of the
crystal (ligand) field.70,71 That is to say, the transitions become
less forbidden by the mixing of opposite-parity configurations
(d character). In the case of 1, where the potentially emissive
states have almost pure 4f55d1 and 4f6 character, in addition to
the highly sensitive electronic structure, it is reasonable to
think that these states may vary in energy due to thermal

Figure 7. (a) Solid-state photoluminescence spectra of compounds 1,
2, and 3 at −180 °C. The red spectrum corresponds to [Sm(15-
crown-5)2]I2, blue to [Sm(15-crown-5)2]I2·CH3CN, and green to
[Sm(benzo-15-crown-5)2]I. (b) Calculated photoluminescence spec-
tra of the [Sm(15-crown-5)2]I2 through LFDFT. The crystal structure
geometry was considered (violet) and an idealized D5 system
perturbed by three iodide anions (D3h) (cyan), which has been
modified by a factor of 10 for clarity.
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ions similar to compound 2, and they share the same space
group accordingly. It must be noted that the location of the
iodide ions in relation to the metal complex greatly influences
the symmetry of the molecule, and this observation is
investigated more closely in combination with theory later.
Spectroscopy. Solid state, UV−vis absorption spectrosco-

py was performed on single crystals of 1, 2, and 3 by using a
Craic microspectrophotometer, and spectra were collected at
20 °C (293.15 K, Figure 5A) and −180 °C (93.15 K, Figure
5B) to elucidate the differences in electronic structure between
the complexes. The three compounds each exhibit broad
features in the visible region that are the result of 4f6 → 4f55d1

electronic transitions. While the three spectra at 20 °C all
include a similar broad band around 415 nm, each spectrum
contains noticeable differences that parallel the observed
variations in the positioning of the iodide ions in the crystal
lattice. The compound with iodide ions more closely packed to
the Sm(II) metal center in the equatorial plane of the [Sm(15-
crown-5)2]2+ complex (1) displays the greatest number of
unique transitions of the three spectra. In addition to the broad
feature at λmax = 542 nm, there are two sharper, less intense
peaks at λmax = 456 nm and λmax = 473 nm at 20 °C. When the
same sample is cooled to −180 °C, a similar spectrum is
obtained.
Temperature has a greater influence on the absorption

spectra of 2 and 3. At 20 °C, both 2 and 3 have a broad feature

that is red-shifted compared to the large feature observed in
the room temperature absorption spectrum for 1 (λmax = 567
and 573 nm for 2 and 3, respectively). These two peaks
experience a bathochromic shift to roughly 591 nm upon
cooling the sample to −180 °C, and a consequent color change
occurs in the crystals (Figures S4 and S5). Additionally, 3
begins to display a shoulder on this same peak around 635 nm.
The contrasts in the solid-state absorption data are quite

interesting, particularly in the case of the two compounds
which both contain 15-crown-5 molecules as their only
coordinating ligands. Because the only difference in the
preparation of 1 and 2 was the solvent they were recrystallized
from, it was pertinent to study the solution-phase absorption of
each of the three systems as well. It should be noted that
previous studies such as those by Flowers51,52 have explored
the behavior of SmI2 in organic media (especially in
acetonitrile) and in the presence of crown ethers, including
15-crown-5. The solution-phase absorbance data agree with
the data reported by Flowers for the interactions of SmI2 with
15-crown-5 in acetonitrile in the visible region. For the most
part, the room temperature solution-phase absorption spectra
of these compounds (Figure 6) corroborate the solid-state
analysis. The spectra for [Sm(15-crown-5)2]I2·CH3CN and
[Sm(benzo-15-crown-5)2]I2 are nearly identical, while the
spectrum obtained for [Sm(15-crown-5)2]I2 is dominated by
broad features beginning in the visible region and extending

Figure 4. Positioning of the iodide ions in relation to the Sm(II) metal center in each of the three Sm(II) 15-crown-5/benzo-15-crown-5
complexes is shown for the single-crystal structure data collected at 100 K. The iodide ions are arranged primarily in the equatorial plane for
[Sm(15-crown-5)2]I2 (A), while the other two compounds ([Sm(15-crown-5)2]I2·CH3CN (B) and [Sm(benzo-15-crown-5)2]I2 (C)) exhibit
iodide ions that are aligned more axially to the metal center and consequently offset from the equatorial plane of the molecule. These models also
represent the basis for all discussions in the Theory section.

Inorganic Chemistry pubs.acs.org/IC Article
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developed as representative molecules of the Cr(V) and Cr(VI)
formal oxidation states, respectively.
The square-pyramidal [Na(CrO(CO2CMe2O)2]

22 com-
plex [V.2] and the classical Cr(VI) reference compounds
[Na2CrO4] and [K2CrO4] were additionally measured to extend
the analysis of the Cr-XANES spectra for high oxidation states.
Details regarding the synthesis and the characterization,
including X-ray crystallography, are described in the SI.
Qualitative Description on Changes in Spectroscopic

Features of Cr K-Edge XANES Spectra. Figure 2B displays
the series of XANES spectra of synthesized and commercially
available reference compounds. Figure 2C shows selected
XANES spectra of molecular complexes in the range of
Cr(II)−Cr(VI) oxidation states. The increase in oxidation
state results in a shift of the rising edge to higher energy from

5999 to 6006 eV. The square-planar complex II.1 shows
negligible pre-edge intensities below 5992 eV and a remarkably
intense shoulder with a maximum at 5995.3 eV (marked with *)
before the rising edge. This shoulder can be erroneously
attributed to the pre-edge if compared to the Cr(VI) complex,
but it originates mainly from a 1s to 4pz transition as discussed
later in the next section. Such a shoulder is also marked for
complex III.5 with a planar geometry.
Pre-edge intensity increases along with the oxidation state as

well as for tetrahedral-like geometries in IV.1−VI.1. Complex
VI.1 displays themost intense pre-edge (Figure 2C). Complexes
III.1 and IV.1 show a characteristic splitting in their pre-edge
structure (indicated with ⧫) that unites into a single intense
feature inV.1 and VI.1. This feature is strikingly pronounced for

Figure 2. (A) Molecular Cr(II−VI) complexes investigated experimentally in this work. (B) Experimental Cr K-edge XANES spectra of the series of
crystalline reference complexes. Complex II.1 and III.5 display an intense shoulder (*) before the rising edge. Note that Cr2O3 shows a similar
shoulder (*) in the pre-edge that arises from Cr−O−Cr long-range interactions and should therefore not be used as a reference for Cr(III) molecular
complexes (see Figure S14). (C) XANES spectra for selected molecular Cr complexes II.1−VI.1. Arrows indicate shifts of both the K-edge and pre-
edge toward higher energy. Complex II.1 displays the intense shoulder (*) before the rising edge, and complex III.1 shows a characteristic splitting (⧫)
in the pre-edge. (D) Effects of ligand field changes on the pre-edge shape and intensity in III.1−III.4. The appearance of the weak pre-edge feature in
the formally octahedral complexes III.4 (and III.7) is due to quadrupole transitions accompanied by small dipole contributions from distorted
centrosymmetric ligand fields. All complexes show the characteristic pre-edge splitting (⧫) independent of the ligand field. (E) Effects of the ligand σ-
donor strength on the edge and pre-edge features of tetrahedrally coordinated Cr(IV) complexes IV.1−IV.3. Strongly σ-donating alkyl ligands show
lower edge energies and higher pre-edge intensities.

Journal of the American Chemical Society pubs.acs.org/JACS Article
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all examined Cr(III) complexes, regardless of the choice of the
ligand and the local environment.
To investigate the impact of the local environment on the pre-

edge structure, we compare four Cr(III) complexes. As indicated
in Figure 2D, the octahedral (Oh) III.4, square-base pyramidal
(C4v) III.1, trigonal-bipyramidal (D3h) III.2, and tetrahedral
(Td) III.3 complexes show a characteristic splitting in their pre-
edge structure independent of the local environment. The pre-
edge intensity is the lowest in the octahedral III.4 complex,
whereby both the intensity and the pre-edge splitting are more
pronounced in the square-pyramidal complex III.1 and the
tetrahedral complex III.3 when geometry deviates from
centrosymmetric coordination. Cr2O3 also displays a shoulder
in the pre-edge region, which can be misinterpreted as a pre-
edge splitting. However, the origin of this feature arises from
nonlocal pre-edge transitions mediated by Cr−O−Cr config-
urations and cannot be compared to molecular complexes (see
Figure S14).23

The third important effect, influencing the edge position and
the pre-edge shape, is the σ-donating ability of the ligands. We
investigated this influence on the Cr K-edge by comparing
XANES spectra of three tetrahedral Cr(IV) complexes with
siloxide (IV.1), alkoxide (IV.2), and alkyl (IV.3) ligands. As
indicated in Figure 2E, complex IV.1, with the least σ-donating
ligand, shows the highest edge energy. tert-Butyl alkoxide ligands
are slightly more σ-donating (basic), resulting in a small shift in
the Cr K-edge of 0.1 eV to lower energy. Complex IV.3,
surrounded by four neopentyl ligands, shows a by far greater
ligand influence. Such strongly σ-donating alkyl ligands form
covalent Cr−C bonds and lower the rising edge position by
more than 2.4 eV compared to complex IV.1. The shift to lower
edge energy from complex IV.1 to IV.3 is accompanied by a
significant increase in the overall pre-edge area. Increasing the p-
content with the covalency of the Cr−C bond in IV.3 allows a
more efficient p−d mixing in the tetrahedral ligand field. This
explains the increase in the pre-edge area.
In conclusion, this tailored series of molecular Cr complexes

highlights how subtle differences in both formal oxidation state
of the absorbing atom, local symmetry, and ligand type greatly
affect the shape and intensity of the pre-edge. The mutual
influence of the d-electron count at Cr and the σ-donating
properties of the surrounding ligands makes a detailed analysis
of the pre-edge features indispensable. In the following section,
we will focus on the theoretical molecular orbital analysis to
explain the shape and intensity distribution of pre-edge features
in the Cr K-edge XANES spectra.
Molecular Orbital Understanding of the Pre-Edge

Features of Cr K-Edge XANES Spectra. 3d metals are
characterized by strong electron−electron correlations in the
localized d-shell. For the Phillips catalyst, the range of proposed
catalytically active oxidation states of Cr varies from Cr(II) to
Cr(VI), thus covering d4 to d0 ground state configurations or
1s13d5 to 1s13d1 excited state configurations. The variation of
the pre-edge shape across the excited state configurations is
demonstrated via two approaches. Namely, Figure 3A and B are
based on many-body multiplet simulations where all structure-
related parameters were fixed either to the tetrahedral or
octahedral coordination, with variable electron count in the d-
shell. Figure 5 is based on the one-electron DFT approach,
which underestimates electron−electron correlations but
accounts for the real structure of the complex and provides
intuitively clear assignments for each transition. The combined
approach is demonstrated in Figure 3C.

In Figure 3A and B, we simulated the transition probabilities
for the multiplets arising from 1s13dn+1 electronic configurations
in idealized tetrahedral and octahedral Cr coordination spheres.
The typical values for the crystal field energies of molecular
complexes are 0.5−1.0 eV. We found that this parameter has
minor effects on the shape of the calculated spectra. Therefore,
only calculations for 0.5 eV are shown. Such model simulations
are useful to assign the most intense transitions according to
their term symbols without spin−orbit coupling. We found that
high-spin states are lower in energy for all configurations under
study (see Tables S11 and S12). Only quadrupole transitions
have nonzero intensities in the case ofOh symmetry (Figure 3A).
The tetrahedral complexes display both quadrupole and dipole
transitions (Figure 3B), the latter being triggered by an
admixture of Cr 4p into 3d orbitals. For the empty 3d-shell of
Cr(VI), only two transitions are expected, corresponding to the
2-fold and 3-fold degenerate molecular orbitals (eg and t2g in Oh
and e and t2 in Td). These two transitions, 1T2 and 1E in the
octahedral symmetry, are separated by a crystal field. The
relative intensity is determined by the degeneracy of the states
and the hybridization of 3d and ligand orbitals, i.e., the
covalency. In the tetrahedral field the t2 states are hybridized
with Cr 4p states and only one strong dipole transition (1T2)
dominates in the calculated spectrum. For lower oxidation
states, Cr(III)−Cr(V), the pre-edge transition consists of two
well-separated groups of multiplets. The energy splitting
between them increases with the number of unpaired electrons
in the d-shell due to stronger electron−electron exchange
interactions and becomes largest for the 1s13d5 electronic
configuration in Cr(II). The lowest energy transition in Cr(II),
for both Td and Oh geometries, is a 5A1 many-electron state. In
this case, the value for the orbital momentum is zero, due to the
single occupation of all possible d-states in the excited state
configuration.
The real complexes in our library are distorted from ideal

tetrahedral or octahedral symmetry and contain up to 100
atoms. In Figure 3C we use a ligand field DFT (LFDFT)

Figure 3. (A, B) Idealized multiplet calculations for Cr(II)−Cr(VI)
ions in the octahedral and tetrahedral crystal field with 0.5 eV strength.
Term symbols are assigned for the most intense transitions according to
their 1s13dn+1 electronic configuration. To account for covalency
effects, the amplitudes for the transitionmatrix elements were estimated
from DFT calculation of tetrahedral (Cr(OH)4)2+ and octahedral
(Cr(H2O)6)

6+model complexes (see Tables S8−S10). (C) Ligand field
multiplet calculations for selected and experimentally measured
(symbols) complexes.
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Resonant Inelastic X-ray Scattering
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Valence

Mechanism of the X-ray absorption

X-rays

3d3/2

3d5/2

4f5/2

4f7/2

5f

6d

Continuum

3d3/2

3d5/2

4f5/2

4f7/2

5f

6d

Continuum

HR-XANES 
X-rays

3d3/2

3d5/2

4f5/2

4f7/2

5f

6d

Continuum

Initial State Intermediate State Final State

Electric-dipole

Mechanism of the RIXS process

(Ground-state)
GS: 3d104f145fn

IS: 3d94f145fn+1

FS: 3d104f135fn+1

Multi-configurational problem
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Mo#va#on
o This project consists of developing a DFT-based method for calcula9ng ac9nide M4,5-edge RIXS maps and HR-XANES spectra. For that, we are extending the scope of the LFDFT code [1] to calculate

mul9plet energies from first principles.

o We consider the systems UO2 and AmO2 as well as the binary system UO2: Am as examples for applica9on.

o The outcome of our project will be important for characterizing experimental findings by means of the theore9cal data, and bringing new insight into the bonding mechanism between ac9nide ions and
the oxygen ligands. [2]

Mechanism of the Ac#nide M4,5 RIXS
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Valence

Mechanism of the X-ray absorption

X-rays

3d3/2

3d5/2

4f5/2

4f7/2

5f

6d

Continuum

3d3/2

3d5/2

4f5/2

4f7/2

5f

6d

Continuum

HR-XANES 
X-rays

3d3/2

3d5/2

4f5/2

4f7/2

5f

6d

Continuum

Initial State Intermediate State Final State

Electric-dipole

ADF

Table 1. Calculated LFDFT parameters (in eV) for the Slater-Condon Integrals, spin-orbit coupling and ligand-field potential of the atomic U4+/Am4+ and molecular (UO8)12-

/(AmO8)12- systems in the initial state U/Am 5fn electron configurations, compared with reference data taken from the literature. 

 

 U4+ (UO8)12    U ref. Am4+ (AmO8)12-    Am ref. 

  (1) (2) (3) Av.   (1) (2) (3) Av.  

n 2 2 2 2  2 5 5 5 5  5 
!!(5$, 5$) 8.7396 7.6128 9.0153 9.0301 8.4163 9.514 9.9148 7.4525 9.0452 6.0604 7.9362 10.642 
!"(5$, 5$) 5.6987 4.8704 5.7925 5.7839 5.3961 6.224 6.4934 4.8263 5.8614 3.9303 5.1419 6.982 
!#(5$, 5$) 4.1774 3.5424 4.2201 4.2094 3.9281 4.569 4.7724 3.5300 4.2881 2.8767 3.7616 5.136 

'$% 0.2476 - - - 0.2268 0.261 0.3595 - - - 0.3072 0.373 
(&"(5$, 5$) 0 - - - -1.5290 -0.93 0 - - - -1.1981 -0.84 
(&#(5$, 5$) 0 - - - 0.3437 0.35 0 - - - 0.3489 0.27 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 2. Calculated LFDFT parameters (in eV) for the Slater-Condon Integrals, spin-orbit coupling and ligand-field potential of the atomic U4+/Am4+ and molecular (UO8)12-

/(AmO8)12- systems in the intermediate state U/Am 3d9 5fn+1 electron configurations, compared with reference data taken from the literature. 
 

 U4+ (UO8)12    U ref. Am4+ (AmO8)12-    Am ref. 

  (1) (2) (3) Av.   (1) (2) (3) Av.  

n 2 2 2 2  2 5 5 5 5  5 
!!(5$, 5$) 8.9382 7.7324 8.9505 7.6879 8.2481 10.025 10.0765 6.4277 8.9193 4.4867 7.2182 11.093 
!"(5$, 5$) 5.8501 4.9928 5.7893 4.9661 5.3303 6.572 6.6149 4.1763 5.7974 2.9181 4.6913 7.289 
!#(5$, 5$) 4.2975 3.6469 4.2315 3.6287 3.8948 4.831 4.8685 3.0600 4.2482 2.1393 3.4377 5.366 
)'(3+, 5$) 1.8500 1.6250 1.7537 1.6434 1.6828 2.003 2.2995 1.7587 2.0692 1.4886 1.8532 2.439 
)((3+, 5$) 1.1239 0.9871 1.0654 0.9984 1.0223 1.211 1.4004 1.0710 1.2600 0.9066 1.1285 1.478 
)$(3+, 5$) 0.7878 0.6919 0.7467 0.6998 0.7165 0.847 0.9827 0.7515 0.8841 0.6361 0.7918 1.035 
!!(3+, 5$) 2.3853 2.1044 2.2704 2.1264 2.1787 2.564 2.9314 2.2507 2.6479 1.9037 2.3714 3.085 
!"(3+, 5$) 1.1122 0.9771 1.0545 0.9883 1.0119 1.190 1.3803 1.0561 1.2424 0.8940 1.1128 1.447 

'() 70.6757 - - - 70.6765 73.384 82.5732 - - - 82.5743 85.649 
'$% 0.2791 - - - 0.2539 0.301 0.3948 - - - 0.3172 0.418 

(&"(5$, 5$) 0 - - - -1.2517 -0.93 0 - - - -1.1365 -0.84 
(&#(5$, 5$) 0 - - - 0.3217 0.35 0 - - - 0.3193 0.27 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 3. Calculated LFDFT parameters (in eV) for the Slater-Condon Integrals, spin-orbit coupling and ligand-field potential of the atomic U4+/Am4+ and molecular (UO8)12-

/(AmO8)12- systems in the final state U/Am 4f13 5fn+1 electron configurations, compared with reference data taken from the literature. 
 

 U4+ (UO8)12    U ref. Am4+ (AmO8)12-    Am ref. 

  (1) (2) (3) Av.   (1) (2) (3) Av.  

n 2 2 2 2  2 5 5 5 5  5 
!!(5$, 5$) 8.9289 7.7171 8.9391 7.7152 8.2405 9.963 10.0672 6.4311 8.9022 4.5231 7.2176 11.031 
!"(5$, 5$) 5.8462 4.9837 5.7833 4.9846 5.3265 6.534 6.6114 4.1798 5.7881 2.9426 4.6923 7.250 
!#(5$, 5$) 4.2956 3.6407 4.2277 3.6427 3.8926 4.804 4.8671 3.0631 4.2423 2.1577 3.4391 5.339 
)&(4$, 5$) 1.2921 1.1364 1.2270 1.1510 1.1773 1.380 1.5395 1.1814 1.3886 1.0027 1.2447 1.601 
)!(4$, 5$) 1.6164 1.4197 1.5323 1.4406 1.4709 1.721 1.9512 1.4963 1.7578 1.2720 1.5763 2.024 
)"(4$, 5$) 1.2634 1.1092 1.1971 1.1260 1.1493 1.343 1.5334 1.1756 1.3809 0.9997 1.2385 1.588 
)#(4$, 5$) 0.9878 0.8671 0.9358 0.8803 0.8984 1.050 1.2022 0.9215 1.0824 0.7838 0.9708 1.245 
!!(4$, 5$) 4.8512 4.3149 4.6551 4.3636 4.4677 5.209 5.7657 4.4630 5.2449 3.7826 4.7009 6.062 
!"(4$, 5$) 2.1040   1.8533 2.0001 1.8797 1.9200 2.255 2.5516 1.9610 2.3038 1.6664 2.0658 2.670 
!#(4$, 5$) 1.3043 1.1463 1.2370 1.1635 1.1876 1.394 1.5906 1.2203 1.4334 1.0377 1.2855 1.658 

'"% 3.0451 - - - 3.0442 3.078 3.7504 - - - 3.7492 3.785 
'$% 0.2758 - - - 0.2507 0.294 0.3903 - - - 0.3137 0.409 

(&"(5$, 5$) 0 - - - -1.2710 -0.93 0 - - - -1.1492 -0.84 
(&#(5$, 5$) 0 - - - 0.3280 0.35 0 - - - 0.3275 0.27 

 
 
 
 

GS: 5fn IS: 3d9 5fn+1 FS: 4f13 5fn+1

o We start with DFT with the Average of Configura9on-type calcula9ons: [1] i.e. frac9onal
occupa9on of electrons to mimic the electron configura9on systems at hand (GS, IS and FS).

o From the DFT results, we construct an effec9ve ligand-field Hamiltonian, which ac9ve space spans
the ac9nide 3d, 4f and 5f orbitals. The effec9ve Hamiltonian includes the inter-electron repulsion
interac9ons (ER), rela9vis9c spin-orbit coupling (SO) and ligand-field poten9al (LF):

o All the parameters are obtained from DFT without empirical correc9ons or scaling factors.

o We obtain the mul9plet energies and eigenvectors for the GS, IS and FS by diagonalizing the
matrix elements of the effec9ve Hamiltonian. And the RIXS maps are simulated from the
polarizability tensor for inelas9c sca\ering (via the Kramers-Heisenberg formula):

2#--. = 2./ +2)0 +21(

Figure 1. Calculated Am 5f radial func5ons obtained from the DFT 
calcula5ons of the atomic Am4+ ion and the molecular (AmO8)12-
cluster (le?); Calculated PDOS of and the molecular (AmO8)12-
cluster as func5on of the GS, IS and FS (right)

o DFT code available in the ADF2021 program package (www.scm.com)
o DFT func9onal: GGA-PBE and Hybrid PBE0
o Basis set: all-electron Slater-Type Orbitals of TZ2P kind for all elements
o Rela9vis9c correc9ons: Zeroth Order Regular Approxima9on (ZORA) of the 

Dirac equa9on at the Scalar and Spin-Orbit level of theory
o Matlab and the Matlab Parallel Toolbox

Figure 2. Calculated U M4 (right) and M5 (le?) RIXS maps obtained from the LFDFT calcula5ons of the molecular 
(UO8)12- cluster.
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Calculation of the RIXS cross section:

Final state wavefunction

Operator of the light-matter 
interaction

Ground state wavefunction

Intermediate state
wavefunction

Lorentzian
broadening
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𝜀 // 𝑧 ↔ 𝑌.,0

𝜀 // 𝑥 ↔
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2

𝑌.,1. − 𝑌.,2.

𝜀 // 𝑦 ↔
2
2 𝑖 𝑌.,1. + 𝑌.,2.

Resonant Inelastic X-ray Scattering
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HER = 0 (no 3d-5f and 4f-5f interaction) HER  25% of atomic U6+
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Uranyl Bromide experiment

Resonant Inelastic X-ray Scattering
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DEMO
o Part 0: AMSGUI, build molecular complex (e.g. Mn(5-crown ether)2+) with Mn

3d^5

o Part 1: Ground state configuration Mn 3d^5: LFDFT without and with spin-orbit
coupling.

o Part 2: Mn L2,3-edge XAS: XAS excited state configuration Mn 2p^5 3d^6 and
electric-dipole transitions 3d^5 -> 2p^5 3d^6.

o Part 3: Mn L2,3-edge XMCD: XAS with magnetic field


