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ABSTRACT: Neodymium monofluoride dication was studied as a model of
the Nd−F bond in NdFx. Multiconfigurational self-consistent field (MCSCF)
and second order multireference quasi-degenerate perturbation theory
(MCQDPT2) methods were used with a variety of active spaces to elucidate
the roles of the Nd 4f, 5d, and 6s orbitals. Spin−orbit coupling calculations
were performed at the SO-MCQDPT2 level, and potential energy curves were
obtained for the four lowest energy quartet states as well as for the four lowest
doublet states and the lowest sextet state. Inclusion of spin−orbit coupling
splits these states into 30 levels. Equilibrium bond lengths, dissociation energies, transition energies, and crossing points were
determined.

■ INTRODUCTION

Rare earth elements, particularly the lanthanides, are ubiquitous
in modern technology. They can be found in strong permanent
magnets, photovoltaic devices, medical technology, and
catalysts. Neodymium in particular has a wide range of uses
stemming from its unique magnetic properties and catalytic
applications.1 Its magnetic properties are often applied to
electronic devices such as headphones, cell phones, and hard
drives to make them smaller and more efficient. Likewise,
neodymium has found uses in the energy industry in both
traditional and clean technologies as a catalyst or as a
component of turbines, respectively.2 The pervasiveness of
neodymium and other rare earth elements in modern
technology has thus lead to a surge in interest in their study.
Lanthanides are unique in that the 4f shell is essentially part

of the chemical core. As such, lanthanides can maintain
exceptionally high spin states that lead to numerous magnetic
and electrical applications. While low oxidation states of the
lanthanides are known, it is most common for lanthanides to be
found in the 3+ oxidation state, which results in a fn

configuration with n = 0 for La and n = 14 for Lu.3,4 The
lanthanide trihalides, LnX3, are prototypical examples of
Ln(III) compounds. The structure of LnX3 has been studied
experimentally via electron diffraction, IR spectroscopy, and
molecular beam deflection methods,5−7 and it has been shown
that the bond lengths of the trihalides follow the lanthanide
contraction trend observed with the ionic radius of Ln3+, which
is a direct result of the core-like behavior of the f electrons.4,8

While there is disagreement regarding the X−Ln−X bond
angle, the prevailing idea is that LnX3 is planar with D3h
symmetry rather than pyramidal with C3v symmetry. Exper-
imentally, all of the trifluorides have been predicted to be planar
with D3h symmetry with the exception of PrF3, GdF3, and
HoF3, which have C3v symmetry and F−Ln−F bond angles of

102.6, 108.4, and 107.7 degrees, respectively.5 Computational
studies suggest that the trifluorides of the early lanthanides may
prefer a pyramidal structure, though it is posited that this may
be an artifact of the single reference post-HF methods
employed (MP2 and DFT).6 In all cases, the out-of-plane
motion bending mode of the lanthanide trihalides tends to be
less than 100 cm−1 regardless of the level of theory employed.
Thermodynamic properties for many of the trihalides also

have been measured. Enthalpies of formation for LnX3 (X = Cl,
Br, I) are known in the solid state,9 and the enthalpies of
formation also have been measured for many of the trichlorides
in the gas phase.10−12 Lanthanide fluorides are less thoroughly
studied, although the bond dissociation energies of NdF3,
NdF2, and NdF have been measured via Knudsen effusion cell
mass spectroscopy.13

From a computational standpoint, the study of lanthanide
complexes are complicated by the large number of core
electrons, by relativistic effects due to the high nuclear charge,
and by the multiconfigurational nature of the partially filled 4f
shell and quasidegenerate 6s and 5d shells. Pseudopotentials
alleviate the need for a large number of core electrons and an
explicit description of scalar relativistic effects and have been
successfully employed for lanthanide studies.14−18 For species
wherein the lanthanide is formally 3+, e.g., fn metals, an (n,7)
active space is frequently sufficient to describe the multi-
configurational nature of the lanthanide.17,19,20 However, the
choice of active space is not necessarily clear for species with
low oxidation states where the 6s and 5d orbitals may play a
role.21 In addition to the near degeneracy of the localized
lanthanide valence orbitals, other molecular orbitals may also be
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needed to accurately describe bond breaking and bond forming
processes, and an evaluation of suitable active spaces will be
necessary for each molecule. It has even been observed that the
4f orbitals may participate in molecular bonding, such as in
LuF3 even though the lanthanide is formally in the +3 state.22

NdF2+ has been observed in the gas phase as an incidental
finding in a recent experimental study.23 Presently, however,
NdF2+ is examined as a model for NdF3. While the bond length
for the dication will be shorter than the observed bond length
for NdF3 due to the high positive charge on the molecule, a
study of NdF2+ can provide a qualitative picture of the nature of
the Nd−F interaction. Furthermore, the short bond length that
results from the high molecular charge can help elucidate the
potential role of the 4f shell in bonding. A variety of active
spaces are employed to investigate the contribution of the 6s,
5d, and 4f shells on the ground state and low-lying excited
states of NdF2+, and potential energy curves are calculated for
some of the low-lying electronic states. Equilibrium bond
lengths, electronic energy levels, and crossing points are
presented at the MCSCF and MCQDPT2 levels of theory to
examine the effect of dynamical correlation. Spin−orbit effects
are also examined within the L−S coupling scheme, and the
potential energy curves for each of the resultant terms is
presented.

■ COMPUTATIONAL DETAILS
All calculations were performed using GAMESS.24 Model core
potentials (MCPs) were used for both neodymium and fluorine
in conjunction with polarized valence basis sets of double-ζ
quality with additional diffuse s and p functions centered on
fluorine. The double-ζ MCP explicitly treats the 5s, 5p, 4f, 5d,
and 6s shells. The valence basis set for Nd is split-valence plus
polarization, i.e., Nd (8811/6121/315/622)/[4s4p3d3f], and
the contraction scheme for the F MCP valence basis is (31/31/
2)/[2s2p1d].25−28 Triple-ζ MPC valence basis sets that include
g functions on the lanthanide were also tested and found to
offer no appreciable difference in the computed results. Scalar
relativistic effects at the level of Cowan and Griffin’s quasi-
relativistic Hartree−Fock (QRHF)29 were included implicitly
through the use of the model core potetials. Furthermore,
MCPs allow for valence orbitals with the proper nodal structure
as opposed to the nodeless pseudo-orbitals implemented for
use with effective core potentials (ECPs).
MCSCF calculations were performed using fully optimized

reaction space (FORS)30−32/complete active space self-
consistent field (CASSCF)33 type wave functions with a variety
of active spaces for NdF2+. As (n,7) active spaces spanning only
the 4f orbitals with n f electrons are commonly used for
lanthanides, a (3,7) active space was used in the present work.
Other studies have suggested that 6s and 5d orbitals may play a
significant role in bonding to halides.21,34 Therefore, larger
active spaces [(9,16) and (5,8)] were also examined to describe
the Nd−F bond and investigate the role of the 6s and 5d
orbitals on the electronic structure of NdF2+. The (9,16) active
space consists of the 6s, 4f, and 5d orbital sets on Nd and the
2p orbital set on F. The (5,8) active space consists of the seven
4f orbitals on Nd and the 2pz orbital on fluorine, where the z-
axis is defined as the internuclear axis. The Nd 5p subvalence
orbitals and the Nd 4f orbitals have a similar radial extent and
may be expected to play a role in the chemistry of Nd3+.
However, the Nd 5p orbitals were not considered for inclusion
in the active space due to the large difference in orbital energies.
Application of the extended Koopmans’ theorem35 to the Nd3+

ion shows that the 5p orbitals are 210.3 kcal/mol lower in
energy than the 4f orbitals.
MCSCF optimized orbitals were used for subsequent

multiconfigurational quasi-degenerate perturbation theory
(MCQDPT2) and spin−orbit MCQDPT2 (SO-MCQDPT2)
calculations with the (5,8) active space.36−38 Intruder states
were removed by the application of denominator shifts of 0.02
au and 0.10 au to the MCQDPT2 and SO-MCQDPT2
calculations, respectively.39,40 In the MCQDPT2 calculations,
the Nd 4f electrons and the F 2p electrons were correlated (9
correlated electrons). Low-lying quartet states were examined
with each of the active spaces described above. Additionally,
doublet and sextet states were calculated with the (5,8) active
space.
Dunham analyses were performed on seventh order

polynomial fits to ab initio energies obtained with the (5,8)
active space near the minimum of each of the potential energy
curves.41 A total of 15 data points were taken for the
polynomial fits over the range of 1.55 to 2.25 Å at intervals
of 0.05 Å in order to capture the anharmonic portion of the
curve. Analyses including additional points taken at intervals of
0.001 Å around the minimum did not show significant
deviation (≤0.02 cm−1) from the values obtained using only
0.05 Å intervals, suggesting that the potential energy minimum
region is sufficiently well described by the more highly
separated data points. The dissociation limit used to calculate
the dissociation energies was assumed to be the limit of the 6H
state (6H5/2 for SO-MCQDPT2) for the 4I states corresponding
to the homolytic dissociation products Nd2+ and F•, with all
unpaired electrons in the alpha spin state. On the basis of the
negligible spin−orbit coupling of the 4Δ and 4Φ states and the
rather high energy crossing of the 6H state with the 4Γ state, the
dissociation limit for the excited quartet states was chosen to be
the energy at 2.7 Å on the respective quartet potential energy
curves. Term symbols were assigned according to the SO-
MCQDPT2 and MCQDPT2 energies obtained with the (5,8)
active space.
The lowest NdF3 quartet state was also examined for

comparison with NdF2+. The geometry was frozen at 2.09 Å in
accordance with the experimental bond length.5 A (5,8) active
space spanning the Nd 4f orbitals and a single F p orbital
directed along the Nd−F bond was employed for a direct
comparison with NdF2+. The other two fluoride fragments were
constrained to be F− with Nd−F distances of 2.09 Å and F−
Nd−F angles of 120°. MCQDPT2 and SO-MCQDPT2
calculations were performed with the optimized MCSCF
orbitals in the same manner as described for NdF2+.

■ RESULTS
MCSCF calculations were performed on the NdF2+ dication.
Initially, a (9,16) active space was chosen that includes the Nd
6s, 4f, and 5d orbitals as well as the F 2p orbitals. It was found
that the Nd 5d orbitals remained essentially unoccupied for the
entire range of internuclear distances examined (1.4−3.5 Å).
The largest d occupation was 0.03 e− and occurred near 2.5 Å.
The 6s orbital was even less significant. The 6s orbital
occupation never exceeded 0.02 e− for the range of internuclear
distances examined. Furthermore, since the z-axis was defined
as the internuclear axis, the F 2px and 2py orbitals cannot form
σ bonds with Nd. Both of these orbitals remain doubly
occupied and localized on F at all internuclear distances. The
occupation of the F 2px and 2py orbitals, together with the low
d orbital occupation on Nd indicates that the F 2px and 2py
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orbitals do not back-donate to the dπ orbitals on Nd. Thus, the
(9,16) active space is unnecessarily large for NdF2+, and all
multireference calculations of NdF2+ discussed herein use either
the (5,8) active space that includes the Nd 4f orbitals and the F
2pz orbital or the (3,7) active space that spans only the Nd 4f
orbital set.
Figure 1 shows the ground state curves obtained with the

(3,7) active space and with the (5,8) active space. The ground
state is 4I in both cases and it is doubly degenerate. The curves
are nearly parallel near the equilibrium bond geometry, and the
equilibrium distance varies by only 0.007 Å, with the (3,7)
active space producing the shorter Nd−F bond. Thus, the (3,7)

active space is sufficient to describe properties of NdFx such as
optimized geometries and frequencies (within the harmonic
oscillator approximation). However, the shape of the curves
diverges in the region near 2.4 Å where the (5,8) curve goes
through an inflection point, while the (3,7) curve remains
concave upward. The inflection point on the (5,8) curve
corresponds to a region where the dominant configurations no
longer have the F 2pz orbital doubly occupied. Since the spin
multiplicity is constrained to be a quartet, the F 2pz orbital
retains the beta electron, and the alpha electron is transferred to
the 4f manifold of Nd. This process cannot occur with the (3,7)
active space since the F 2pz orbital is constrained to be doubly

Figure 1. 4I ground state curves calculated at the MCSCF level with a (3,7) active space and with a (5,8) active space.

Table 1. Natural Orbital Occupation Numbers for the F 2pz and Nd 4f Orbitals for the (3,7) Active Space and the (5,8) Active
Space (in Parentheses) for the Ground State at Internuclear Distances Ranging from 1.6−2.8 Å; Orbital f(7) Is the Nd 4fz3
Orbital Directed along the Internuclear Axis

1.6 Å 1.8 Å 1.9 Å 2.0 Å 2.2 Å 2.4 Å 2.6 Å 2.8 Å

F 2pz 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
(1.99) (1.98) (1.98) (1.98) (1.97) (1.95) (1.90) (1.74)

Nd f(1) 0.64 0.64 0.64 0.64 0.50 0.50 0.50 0.50
(0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50)

Nd f(2) 0.57 0.58 0.58 0.58 0.50 0.50 0.50 0.50
(0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50)

Nd f(3) 0.57 0.58 0.58 0.58 0.50 0.50 0.50 0.50
(0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50)

Nd f(4) 0.43 0.42 0.42 0.42 0.50 0.50 0.50 0.50
(0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50)

Nd f(5) 0.43 0.42 0.42 0.42 0.33 0.33 0.33 0.33
(0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50)

Nd f(6) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
(0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50) (0.50)

Nd f(7) 0.02 0.03 0.03 0.03 0.33 0.33 0.33 0.33
(0.01) (0.02) (0.02) (0.02) (0.03) (0.05) (0.10) (0.26)
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occupied at all internuclear distances. Thus, the (5,8) active
space allows for homolytic dissociation (Nd2+ + F•), while the
(3,7) active space forces heterolytic dissociation (Nd3+ + F−), a
process that is not stable in the gas phase in the absence on an
external field to stabilize the charge separation. The natural
orbital occupation numbers highlight differences between the
two active spaces along the ground state potential energy curves
(Table 1). In Table 1, it is clear that the F 2pz orbital is always
doubly occupied with the (3,7) active space, whereas the F 2pz
orbital occupation varies gradually from 1.99 electrons at 1.6 Å
to 1.90 electrons at 2.6 Å with the (5,8) active space. Likewise,
the Nd 4f orbitals react to the variation in F 2pz occupation. In
the case of the (3,7) active space, electrons are simply
transferred from the bulk of the Nd 4f set to the 4fz3 orbital
(orbital f(7) in Table 1). However, the electrons are transferred
from the F 2pz orbitals to the Nd 4fz3 orbital (orbital f(7) in
Table 1) when the (5,8) active space is used. All the remaining f
orbitals maintain an occupation of 0.5 electrons for all
internuclear distances when the (5,8) active space is used. In
both cases, there is a relatively large change in the Nd 4fz3
orbital occupation between 2.6 and 2.8 Å where the occupation
is 0.33 electrons with the (3,7) active space and 0.26 electrons
with the (5,8) active space.
Potential energy curves for NdF2+ obtained at the MCSCF

level of theory with the (5,8) active space is shown in Figure 2.
Four quartet states are shown, but each of the quartet states is
also doubly degenerate. The MCSCF quartet states, in order of
increasing energy at the equilibrium distance, re, are X4I, A4Φ,
B4Δ, and C4Γ, and their energies relative to the ground state
(X4I) are 7.1, 14.1, and 30.6 kcal/mol, respectively. Inclusion of
dynamic correlation via MCQDPT2 calculations does not
change the ordering of the quartet states, but the energy

differences relative to the ground state of the A4Φ, B4Δ, and
C4Γ states are lowered to 5.6, 10.5, and 22.5 kcal/mol,
respectively, and the ground state energy is lowered by 14.5
kcal/mol relative to the MCSCF ground state energy. Four
doublet states are also shown, and these states are all doubly
degenerate as well. The doublet states (a2Φ, b2Π, c2Γ, and d2Δ)
are much higher in energy than the quartet states, which should
be expected according to Hund’s rule. The MCSCF energy
differences between the doublet states and the quartet ground
state are 50.1, 55.3, 55.5, and 57.0 kcal/mol for the a2Φ, b2Π,
c2Γ, and d2Δ states, respectively. As with the quartet states,
inclusion of dynamic correlation via MCQDPT2 calculations
lowers the doublet states relative to the ground state energy.
The MCQDPT2 energies of the doublet states at re are 44.6,
46.6, 48.2, and 49.8 kcal/mol for the a2Φ, b2Π, c2Γ, and d2Δ
states, respectively. In addition to lowering the relative energies
of the doublet states, the energy gap between the lowest and
highest doublet states closes by approximately 2 kcal/mol.
Equilibrium bond lengths for each of the quartet and doublet

states are shown in Table 2. At the MCSCF level the
equilibrium bond lengths are approximately the same for each
state and range from 1.905 to 1.912 Å. Inclusion of dynamic
correlation shortens the bond slightly; the MCQDPT2 bond
lengths vary between 1.900 and 1.905 Å. For comparison, the
bond lengths of NdF3 and NdF4

− are 2.09 Å5 (or 2.15 Å42) and
2.63 Å,43 respectively. At re, the F 2pz orbital is doubly occupied
in all of the dominant configuration state functions (CSFs), i.e.,
all CSFs with a coefficient greater than 0.07. The quartet states
differ from each other by permutations of f orbital occupations
localized solely on Nd, and therefore the quartet potential
energy curves are all roughly parallel to each other. The F 2pz
orbital is doubly occupied near re for all dominant CSFs for the

Figure 2. Potential energy curves obtained with a (5,8) active space at the MCSCF level of theory. Relative energies are in kcal/mol, and the zero of
the energy scale is set to the lowest point on the MCSCF ground state potential energy curve.
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doublet states. The doublet states differ from each other by
permutations of f occupations, and they differ from the quartet
states by a spin flip, i.e., there is a beta electron in one of the f
orbitals. The potential energy well is relatively flat for all of the
quartet and doublet states.
The remaining potential energy curve depicted in Figure 2 is

a doubly degenerate 6H state. The 6H state corresponds to a
singly occupied F 2pz orbital and four singly occupied Nd 4f
orbitals with all unpaired electrons having parallel spin; thus,
the sextet state leads to the homolytic dissociation products,
Nd2+ + F•. The 4I state crosses the 6H state at 2.509 Å (2.432 Å
at the MCQDPT2 level of theory), and this intersystem
crossing involves a spin flip of the electron that remains in the F
2pz orbital. Dissociation to the homolytic products via
crossover to the 6H state produces dissociation energies of
56.9 and 47.6 kcal/mol at the MCSCF and MCQDPT2 levels
of theory, respectively.
Spin−orbit coupling (SOC) constants obtained at the SO-

MCQDPT2 level of theory are shown in Table 3. The SOC
constants presented correspond to calculations performed at an
internuclear distance of 1.9 Å, but calculation of the SOC
constants over the full range of internuclear distances
considered shows a variation by up to 20% in the SOC
constants. Thus, the SOC constants can only be taken as a
guide as to the strength of the coupling between states. The 4I
ground state exhibits coupling with the 6H state on the order of
200 cm−1. Therefore, intersystem crossing and the spin flip
needed to dissociate to the heterolytic products can occur. This
is also true of the intersystem crossing between the 4Γ and the
6H states. The 4Φ and 4Δ do not couple with the 6H state, and
the crossing is forbidden. However, there is strong coupling
between the 4Φ and the higher quartet states, so transitions
within the quartet excited state manifold are to be expected.
The 4Δ state and the doublet states also exhibit strong
coupling, although the coupling between to the 2Γ is orders of
magnitude weaker than the coupling to other doublet states.

Within the doublet excited state manifold, the coupling
between the states presented herein is generally non-negligible,
although the coupling strength varies by 1−3 orders of
magnitude. Most significantly with respect to the doublet
states, however, is the absence of coupling to the 6H state. It is
likely that the doublets dissociate to an excited repulsive quartet
state, although such a state was not found in this study.
The effect of spin−orbit coupling on the potential energy

curves for each state was examined. Figure 3 illustrates how
each of the states is split upon inclusion of spin−orbit coupling
at the SO-MCQDPT2 level of theory, and the transition
energies at the equilibrium bond length are presented in Table
4. The ordering of states predicted in the present study largely
parallels the ordering of states determined experimentally44 and
theoretically45 for the free Nd3+ ion. The X4I9/2 ground state is
separated from the first excited state (A4I11/2) by 1764 cm−1,
and the next state higher state (B4Φ3/2) is 3301 cm

−1 above the
ground state. Beyond the second excited state (B4Φ3/2), the
separation between quartet states (4I, 4Φ, and 4Δ) is quite
small. The 4Γ states are separated from the lower quartet states
and seem to lie in a distinct band within the excited state
manifold. However, it is likely there are higher quartet states
that also exist in this region, but no attempt was made to isolate
such high-energy quartet states. The doublet states also appear
in a relatively narrow band that spans less than 4000 cm−1

between the lowest and highest doublet states presented here.
The lowest doublet state is the a2Π1/2, which is 17 565 cm−1

above the ground state at equilibrium. Notably, while SOC may
impact the relative ordering of the states, especially within the
doublet manifold, the general shape of the potential energy
curves remains unaltered and the equilibrium bond lengths
correspond to those obtained at the MCQDPT2 level of
theory, i.e., SOC does not affect the equilibrium geometry.
The spectroscopic constants obtained from the Dunham

analysis of the ground state at the MCSCF, MCQDPT2, and
SO-MCQDPT2 levels of theory are reported in Table 5.
Dunham analysis results for additional states are provided in
the Supporting Information. Electron correlation has a
significant effect on the potential energy curves, lowering the
dissociation energy (De) by 9.3 kcal/mol and raising ωe by 5
cm−1. Spin−orbit effects raise the De by 2.0 kcal/mol, while
leaving the remaining diatomic constants unaltered, indicating
limited contribution of spin−orbit effects on the curvature of
the PEC. The zero-point energy (De − D0) of the X

4I9/2 state is
∼1 kcal/mol, whereas the first excited state, A4I11/2, is 5 kcal/
mol above the ground state. So, even accounting for zero-point
energy, the ground state is moderately separated from the
excited states. Higher in the potential energy manifold, the
states are much closer in energy. Inclusion of zero-point energy

Table 2. Equilibrium Distance (Å) for Bound States
Calculated Using the (5,8) Active Space at the MCSCF and
MCQDPT2 Levels of Theory

MCSCF MCQDPT2

X4I 1.907 1.901
A4Φ 1.912 1.905
B4Δ 1.907 1.902
C4Γ 1.905 1.901
a2Φ 1.909 1.903
b2Π 1.908 1.902
c2Γ 1.905 1.900
d2Δ 1.905 1.900

Table 3. Spin−Orbit Coupling Constants (in cm−1) Computed at the SO-MCQDPT2 Level of Theory

X4I A4Φ B4Δ C4Γ a2Φ b2Π c2Γ d2Δ e6H

X4I 3944 3 3 0 1 27 0 0 207
A4Φ 1955 3302 2983 1927 0 83 683 0
B4Δ 1318 1 374 1153 84 3135 1
C4Γ 2563 1320 8 2742 84 228
a2Φ 161 2 1196 187 0
b2Π 1971 24 635 0
c2Γ 2059 138 0
d2Δ 1886 0
e6H 3246
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and higher vibrational levels can make the excited state
manifold resemble a continuum. The polynomial fits were also
used to determine the crossing points at the MCSCF,
MCQDPT2, and SO-MCQDPT2 levels of theory. Tables of
the crossing points are included in the Supporting Information.
Calculations on the NdF3 quartet were also performed for

comparison. Ideally, a (21,22) active space spanning the Nd 4f,
5d, 6s, and F 2p orbital sets should be used. Such an active
space is prohibitively expensive, so a series of active spaces was
employed to determine a suitable, yet practical, active space. A
(9,16) active space spanning the Nd 4f, 5d, and 6s orbitals as
well as the three F p orbitals directed along the bonding axes
was employed to determine the 5d and 6s occupations. At the
bond distance examined, the F 2p orbitals remain doubly
occupied, and the three unpaired electrons lie exclusively in the
Nd 4f orbitals. Thus, Nd in NdF3 is truly Nd3+ at the
experimental equilibrium geometry. A (21,16) active space was
considered that spans the Nd 4f orbital set as well as the
complete F 2p sets. The F 2p orbitals remain doubly occupied
in this situation, thus reaffirming that the Nd−F bond in NdF3
is primarily ionic. Finally, a (5,8) active space was employed
that is analogous to the (5,8) active space used for the study of
NdF2+ spanning the Nd 4f orbital set and a single F 2p orbital
directed along the Nd−F bond.
Calculations on NdF3 show that there are additional quasi-

degenerate states in the excited state manifold when compared
to NdF2+. The appearance of these states can be attributed to
the 3-fold increase in the number of equivalent Nd−F bonds.
However, the lowest electronic state is suitably separated from
the higher electronic states and can be used to provide a direct
comparison with NdF2+. State averaging over the doubly

degenerate ground state in the SO-MCQDPT2 calculation
provides results in close agreement with the levels that result
from the 4I ground state of NdF2+. The NdF2+ 4I state splits
into the 4I9/2,

4I11/2,
4I13/2, and

4I15/2 levels at 0, 1764, 3301, and
5291 cm−1, respectively. The analogous levels that result for
NdF3 are 0, 1551, 3094, and 5949 cm−1. The agreement
between the NdF2+ model and NdF3 is within 1 kcal/mol for
the lower levels and 2 kcal/mol for the highest level. However,
both models predict a 4−5 kcal/mol separation between the
ground and first excited states.

■ CONCLUSIONS

NdF2+ was studied using multireference methods. It was
determined that a (3,7) active space that spans the 4f orbital set
on Nd is not sufficient to describe NdF2+ at long internuclear
distances since heterolytic dissociation to the ionic product,
Nd3+ and F−, is enforced. A large active space that includes the
4f, 5d, and 6s orbitals on Nd as well as the 2p orbital set on F is
unnecessarily large. Examination of the orbital occupations at a
range of internuclear distances (1.4−3.5 Å) suggested that a
(5,8) active space that consists of the Nd 4f orbital set and the
F 2pz orbital is the minimum active space required to
adequately describe the homolytic dissociation of NdF2+.
Homolytic dissociation of NdF2+ occurs via a state crossing

between the 4I (4I9/2) state and the 6H (6H5/2) state.
Dissociation by this method leads to a dissociation energy of
∼47−59 kcal/mol depending on the level of theory employed.
Inclusion of dynamic correlation via perturbation theory lowers
sextet states relative to the quartet states and thus leads to
dissociation energies ∼47 kcal/mol. Inclusion of spin−orbit
coupling via SO-MCQDPT2 raises the dissociation energy for

Figure 3. Potential energy curves obtained for the spin−orbit states at the SO-MCQDPT2 level of theory with a (5,8) active space. Points at 0.05 Å
increments in the internuclear distance are shown, although 0.001 Å increments were used near the equilibrium distance. Relative energies are in
kcal/mol, and the zero of the energy scale is set to the lowest point on the MCSCF (5,8) ground state potential energy curve.
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the 4I9/2 ground state to ∼49 kcal/mol. The SOC constant for
coupling between the 4I and 6H states is on the order of 200
cm−1, indicating that dissociation via the intersystem crossing is
allowed. Stronger coupling exists among higher quartet states
and also among the high-energy doublet states, but the doublet
states do not couple to the 6H state.
The (5,8) active space is shown to be suitable to describe the

lowest levels of NdF3 as well as NdF
2+. The similarity of the

energetic separation of the low-lying excited states for these two
species indicates the potential utility of the dicationic diatomic
in describing the nature of the NdF bond. Furthermore, it is
evident from the results presented here that the nature of the
Nd−F bond in both NdF2+ and NdF3 is primarily ionic rather
than covalent at the equilibrium bond distance.
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(7) Kovaćs, A.; Konings, R. J. M. Structure and Vibrations of
Lanthanide Trihalides: An Assessment of Experimental and Theoreti-
cal Data. J. Phys. Chem. Ref. Data 2004, 33 (1), 377−404.
(8) Greenwod, N. N.; Earnshaw, A. Chemistry of the Elements;
Pergamon: Oxford, U.K., 1984.
(9) Cordfunke, E. H. P.; Konings, R. J. M. The Enthalpies of
Formation of Lanthanide Compounds: I. LnCl3 (cr), LnBr3 (cr) and
LnI3 (cr). Thermochim. Acta 2001, 375, 17−50.
(10) Kudin, L. S.; Pogrebnoi, A. M.; Khasanshin, I. V.; Motalov, V. B.
Thermodynamic Properties of Neutral and Charged Species in High-
Temperature Vapour over Terbium and Thulium Trichlorides. High
Temp.−High Pressures 2000, 32, 557−565.
(11) Pogrebnoi, A. M.; Kudin, L. S.; Motalov, V. B.; Goryushkin, V.
F. Vapour Speciess over Cerium and Samarium Trichlorides,
Enthalpies of Formation of (LnCl3)n Molecules and Cl−(LnCl3)n
Ions. Rapid Commun. Mass Spectrom. 2001, 15, 1662−1671.
(12) Kudin, L. S.; Pogrebnoi, A. M.; Burdukovskaya, G. G. Vapour
Composition and the Thermodynamic Parameters of Lanthanum
Trichloride. Russ. J. Phys. Chem. 2003, 77 (6), 871−878.
(13) Zmbov, K. F.; Margrave, J. L. Mass Spectrometric Studies at
High Temperatures. XI. The Sublimation Pressure of NdF3 and the
Stabilities of Gaseous NdF2 and NdF. J. Chem. Phys. 1966, 45, 3167−
3170.
(14) Dolg, M.; Stoll, H.; Preuss, H. Pseudopotential Study on Rare
Earth Dihalides and Trihalides. J. Mol. Struct. 1991, 235, 67−69.
(15) Cundari, T. R.; Stevens, W. J. Effective Core Potential Methods
for the Lanthanides. J. Chem. Phys. 1993, 98, 5555−5565.

Table 4. SO-MCQDPT2 Transition Energies (cm−1) at the
Ground State (4I9/2) Equilibrium Bond Length for NdF2+

(1.901 Å)

SO-MCQDPT2

X4I9/2 0
A4I11/2 1764
C4I13/2 3527
F4I15/2 5291
B4Φ3/2 3301
D4Φ5/2 4175
E4Φ7/2 5049
H4Φ9/2 5924
G4Δ1/2 5418
I4Δ3/2 6008
J4Δ5/2 6598
K4Δ7/2 7187
L4Γ5/2 8785
M4Γ7/2 9931
N4Γ9/2 11077
O4Γ11/2 12223
c2Φ5/2 18141
d2Φ7/2 18369
b2Γ7/2 18040
g2Γ9/2 20952
a2Π1/2 17565
f2Π3/2 20352
e2Δ3/2 18718
h2Δ5/2 21385
i6H5/2 38224
j6H7/2 38999
k6H9/2 39774
l6H11/2 40549
m6H13/2 41324
n6H15/2 42097

Table 5. Spectroscopic Constants for the Ground State of
NdF2+ (4I for MCSCF and MCQDPT2 and 4I9/2 for SO-
MCQDPT2). The Constants Were Obtained by a Dunham
Analysis of the Ground State Potential Energy Curves for
Each Level of Theory Employed. All Values Are Reported in
cm−1 except for De and D0, Which Are Reported in kcal/mol

ωe ωeχe Be αe De D0

MCSCF 709.1 2.13 0.2767 0.00117 56.9 55.9
MCQDPT2 714.1 2.14 0.2783 0.00117 47.6 46.5
SO-MCQDPT2 714.0 2.13 0.2783 0.00117 49.6 48.6

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp404654d | J. Phys. Chem. A 2013, 117, 10881−1088810887

http://pubs.acs.org
mailto:akwilson@unt.edu
http://www.fas.org/sgp/crs/natsec/R41347.pdf
http://energy.gov/sites/prod/files/edg/news/documents/criticalmaterialsstrategy.pdf
http://energy.gov/sites/prod/files/edg/news/documents/criticalmaterialsstrategy.pdf
http://energy.gov/sites/prod/files/edg/news/documents/criticalmaterialsstrategy.pdf


(16) Infante, I.; Gagliardi, L.; Wang, X.; Andrews, L. Binding Motifs
for Lanthanide Hydrides: A Combined Experimental and Theoretical
Study of the MHx(H2)y Species (M = La−Gd; x = 1−4; y = 0−6). J.
Phys. Chem. A 2009, 113 (11), 2446−2455.
(17) Tsukamoto, S.; Mori, H.; Tatewaki, H.; Miyoshi, E. CASSCF
and CASPT2 Calculations for Lanthanide Trihalides LnX3 Using
Model Core Potentials. Chem. Phys. Lett. 2009, 474, 28−32.
(18) Dolg, M.; Cao, X. Relativistic Pseudopotentials: Their
Development and Scope of Applications. Chem. Rev. 2012, 112,
403−480.
(19) Wang, X.; Cho, H.-G.; Andrews, L.; Chem, M.; Dixon, D. A.;
Hu, H.-S.; Li, J. Matrix Infrared Spectroscopic and Computational
Investigations of the Lanthanide Methylene Complexes CH2LnF2 with
Single Ln−C Bonds. J. Phys. Chem. A 2011, 115, 1913−1921.
(20) Tsuchiya, T.; Taketsugu, T.; Nakano, H.; Hirao, K. Theoretical
Study of Electronic and Geometric Structures of a Series of Lanthanide
Trihalides LnX3 (Ln = La−Lu; X = Cl, F). J. Mol. Struct. 1999, 461−
462, 203−222.
(21) Wang, X.; Andrews, L.; Infante, I.; Gagliardi, L. Matrix Infrared
and Computational Investigation of Late Lanthanide Metal Hydride
Species MHx(H2)y (M = Tb−Lu, x = 1−4, y = 0−3). J. Phys. Chem. A
2009, 113, 12566−12572.
(22) Clavaguera, C.; Dognon, J.-P.; Pyykkö, P. Calculated Lanthanide
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