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Abstract

The f-block ab initio correlation consistent composite approach (f~ccCA) was used to predict the
dissociation energies of lanthanide sulfides and selenides. Geometry optimizations were carried out using
density functional theory (DFT) and coupled cluster singles, doubles, and perturbative triples CCSD(T)
with one-, and two-component Hamiltonians. For the two-component calculations relativistic effects were
accounted for by utilizing a third-order Douglas-Kroll-Hess (DKH3) Hamiltonian. Spin-orbit coupling was
addressed with the Breit-Pauli Hamiltonian within a multireference configuration interaction (MRCI)
approach. The state averaged complete active space self-consistent field (CASSCF) wavefunctions obtained
for the spin-orbit coupling energies were used to assign the ground states of diatomics, and several
diagnostics were used to ascertain the multireference character of the molecules.
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I. Introduction

Lanthanide compounds have a number of important uses such as in catalysis, phosphors and
magnets, with applications in superconductors, hybrid cars, display devices, stealth technology, and
potential anti-cancer agents.' Lanthanide chalcogenide (selenium and sulfur) clusters have been synthesized
>4 for use in optical fibers > and lanthanide sulfides have applications in thermoelectric materials,'’
infrared window materials,'! and photovoltaic energy materials.'”> In all of these applications,
thermodynamic properties such as enthalpies of formation, bond dissociation energies, and reaction
enthalpies, are of paramount important in understanding reactivity. However, fundamental properties such
as such as bond dissociation energies (BDEs) can be difficult to describe for heavy element species.

Gaining structural and energetic insight about lanthanides requires both experiment and theory.
Experimentally, there is a severe lack of small molecule experimental data. One of the reasons for the lack
of experimental studies for some heavy element species is attributed to their radioactivity (for example
promethium in the lanthanide series, and all the actinide series), limiting studies due to special facilities
and/or requirements in their handling. Some elements are not naturally occurring, at least in appreciable
amounts (promethium in the lanthanide series and all but uranium and thorium in the actinide series), and
therefore must be synthesized, which can be a slow (sometimes an atom-at-a-time!) and costly process.

For lanthanide species, historically, the Knusden cell mass-spectrometry has been used to study
equilibrium vapor properties at high temperature. Prior work, largely done from the late 1960’s to the
1980’s, has provided rare-earth gas phase thermodynamic data, including bond dissociation energies.'* '3
However, the bond dissociation energies determined from such experiments were obtained through the use
of the second and third laws of thermodynamics, requiring high precision measurements, which were often
not achieved with the Knusden cell approach. As well, the use of these laws required statistical
thermodynamic assumptions, which led to significant errors for a number of species.'®

Theory provides another route to address lanthanide species. However, due to the energetic
complexity of lanthanide-containing molecules, ab initio calculations on these species can be
computationally prohibitive (in terms of CPU times to obtain results, required memory and disk space) , so
predictions for these species have traditionally been dominated by density functional theory (DFT). For
example, Dolg et. al. performed DFT calculations using the B88 and P86 functionals combined with small
core pseudopotentials (ECP) on lanthanide high spin complexes, specifically on GdX diatomics (X=H, N,
O, F, P, S, Cl, Gd), to predict chemical binding. 17 Luo and coworkers used DFT approaches to predict the
first ionization potentials for lanthanide monosulfides (LnS where Ln = La, Ce, Eu, Gd, Yb and Lu).” Three
density functionals were used: the Becke functional for exchange correlation paired with Perdew (BP),'®
Perdew and Wang (BPW),'*?° and Lee-Yang-Par (BLYP).?' The Perdew functional yielded the smallest
mean absolute deviations from the experimental first ionization potentials, and thus was employed to
calculate bond lengths, vibrational frequencies, populations, and dissociation energies for the diatomic
lanthanide sulfides. Xu et. al** examined the electronic configurations of LnX with Ln=La-Eu, and X=0,
S, Se, and Te using relativistic DFT (VWN, PBE, BP, PW91 and BLYP functionals). The authors used the
fractional occupation number approach to determine the ground state electronic configurations for the
diatomic, concluding that a ¢ molecular orbital is involved in the bonding when the lanthanide atom has
less than three electrons in its 4f orbital shell. The most intensive single reference-based computations to
date were caried out on a set of lanthanum oxide and halides by Solomonik and Smirnov.” The authors
utilized a coupled cluster based scheme that includes core-valence contributions and contributions from full
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triples, and perturbative quadruples, obtaining a mean absolute deviation (MAD) of 1.8 kcal mol™, showing
the utility of the higher order coupled cluster contributions for a subset of the molecules (EuO, YbF, and
Lu0).?

Recent calculations utilizing the Ln54°*%° and An66 sets,?® sets of 54 lanthanide and 66 actinide
enthalpies of formation and dissociation energies, with experimental uncertainties of 5 kcal mol™ or less,
have assessed the utility of a number of density functionals for heavy element species. For lanthanide
molecules, the typical errors for these thermodynamic properties are on the order of 23 kcal mol™'; the errors
for the actinide molecules are on the order of 10 kcal mol™. The smaller errors for actinides are attributed
to the more covalent bonding nature of actinide species, as compared to lanthanides. However, the errors
in either case are not ideal. A leading reason for large errors in lanthanide and actinide chemistry pertains
to the fact that available functionals have not been parameterized for use with the heavy elements. An
additional drawback to the use of DFT is its difficulties in describing systems with degeneracies or near-
degeneracies (multireference systems).”’” Even though approaches to multireference DFT have been
developed, such as multiconfiguration pair-density functional theory (MC-PDFT), only recently have they
begun to be considered for actinide complexes.”® Most forms of DFT are less than ideal for the f~elements,
as their partially filled valence shells often lead to multireference character. As well, as demonstrated in the
Ln54 and An66 studies, the utility of the functionals deviates very substantially from molecule to molecule,
depending upon lanthanide or actinide, ligand, and property, with differences that can be as large as 100
kcal mol' or more for the dissociation energy or enthalpy of formation, complicating the choice of
functional. For example, the enthalpy of formation obtained for the UO3; molecule in the An66 set is -243.8
kcal mol™! when using the SVWN functional, and -141.3 kcal mol" when using the BHLYP functional.?®

High quality experimental data with small experimental error bars has been vital to gauging the
utility of theoretical methods in earlier parts of the periodic table. For the heavy elements, not only are the
numbers of studies limited, even some of the very best results have had large experimental uncertainties.
For example, for diatomic lanthanide sulfides and selenides in particular, there are few experimental
studies® 2 where the bond dissociation energies have been determined. The studies, which occurred in the
1960’s and 1970’s, resulted in errors of ~15 kJ mol™! or 0.2 eV, which is near the value selected for
“lanthanide chemical accuracy” (5 kcal mol™).?* This term was proposed more recently, based upon the
average experimental uncertainties in the determination of enthalpies of formation and bond energies for a
set of 54 lanthanide energies, which were then utilized to gauge predictions by a number of density
functional approaches.”* Such large experimental uncertainties, though somewhat useful (as some data is
better than none), make it more difficult to assess computational methodologies.

Recently, new experiments have enabled unprecedented accuracy in the prediction of dissociation,
with an estimated accuracy of ~0.004 eV.*> The Morse group has utilized a predissociation-based two-
photon ionization (R2PI) method* to obtain bond dissociation energies for these species for transition metal
and inner transition metal (f-element) containing silicides,*’ selenides, ** and sulfides.*® The R2PI method
makes use of the spin-orbit and non-adiabatic couplings of the large density of electronic states near the
ground separated atom limit that allow the molecules to predissociate rapidly when the bond dissociation
energy is reached or exceeded. Predissociation in this case is molecular dissociation that occurs long before
the separated atom limit is reached. It is the key phenomenon, that allows bond dissociation energies of
transition metal and inner-transition metal molecules to be measured with high precision. When a
predissociation threshold is observed by a sharp drop in signal in the absorption spectrum of the molecule
of interest, its value directly provides the BDE of the system. The predissociation technique is a significant
breakthrough in the determination accurate thermodynamic data.
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When considering the often-prohibitive computational cost of ab initio electron correlation
calculations on heavy element containing species, composite methods are uniquely suited to provide
accurate results with respect to experimental energies and thermodynamic properties while lowering the
computational cost compared to traditional ab initio methods. Among the most used composite methods
are the Gaussian-n (Gn),”™* Weizmann-n (Wn), ** Complete Basis Set (CBS-n),*>* High accuracy
extrapolated ab initio thermochemistry (HEAT),>>*® Feller-Peterson-Dixon (FPD),” " and our own
correlation consistent Composite Approach (ccCA).** % ccCA was first constructed for use on main group
species; for main group and s-block metals, ccCA was shown to achieve chemical accuracy (£1 kcal mol
"), on average.®* > Later the method was developed for use with 3d transition metals (ccCA-TM)*
achieving transition metal chemical accuracy (£3 kcal mol™), on average, for the prediction of over 200
transition metal enthalpies of formation. Recently, Welch et. al. introduced Super-ccCA (s-ccCA), a
composite method capable of achieving transition metal dissociation energies of <1-2 kcal mol™ within
those from R2PI experiments. s-ccCA utilizes contributions to the composite including higher-level
coupled cluster corrections (triple and quadruple excitations) and spin-orbit contribution/correction from a
Breit-Pauli Hamiltonian.”” The theoretical predictions were compared to experimental R2PI results.*>="707!
Recently, f~ccCA has been applied to lanthanide complexes, namely oxides and halides, which were also
compared to experimental R2PI predissociation energy results.’”>”

A challenge, however, for single reference methodologies, is that they can fail for lanthanide
chemistry, as a single reference determinant may not be able to describe low-lying excited states or may
converge to the wrong ground state. As well, Hartree-Fock orbitals used as initial guess orbitals may not
be able to properly describe the ground state and lead to erroneous convergence issues. '*’° Paired with
composite methods, multiconfigurational approaches are typically necessary for lanthanide complexes, to
obtain accurate thermochemical and spectroscopic properties. The detailed work of Ruedenberg et. al. on
the nature of the chemical bond, localized orbitals, and on Full Optimized Reaction Spaces (FORS), led to
the widely used complete-active-space self-consistent-field (CASSCF)) approach and demonstrated the
importance of multireference approaches.”*” By using multireference approaches, correct energetic
assessment of ground states and spin-orbit contributions can be performed confidently, and will be
considered in this effort.

Herein, f~ccCA has been used for the determination of bond dissociation energies of lanthanide
sulfides and selenides. The highly accurate bond dissociation energies from Morse provide an excellent
gauge of the ability of ccCA to model this molecular property for these lanthanide species.

I1. Computational details

Geometry optimizations were performed for each of the molecules (Ln-S and Ln-Se (Ln = Pr, Nd,
Sm, Eu, Gd, Tb, Er and Lu) using two different methods: the nonlocal exchange-correlation Perdew and
Wang (PW91) functional® and coupled cluster with single, double, and perturbative triple excitations
[CCSD(T)]. PW91 was selected for its demonstrated efficacy for transition metals in bond dissociation
predictions and as guess orbitals, which are important to describe the ground state correctly and for
obtaining accurate thermodynamic properties.®' Even though, Hartree-Fock orbitals are used throughout /-
ccCA, if there are significant differences between these orbitals and natural orbitals, the calculation of
accurate thermodynamic properties can be difficult.”**? For example, for the NdS complex studied herein,
the ground state is composed of a linear combination of four determinants. CCSD(T) was utilized due to its
overall utility in predicting bond dissociation. Two routes were utilized to incorporate relativistic effects.
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The first was the use of a third-order Douglas-Kroll-Hess Hamiltonian (DKH3) which was considered for
PW9I1 and CCSD(T) and will be referred to PW91-DKH3 and CCSD(T)-DKH3, respectively throughout
the discussion.® For these calculations, the cc-pVTZ-DK3% basis set for lanthanides, aug-cc-pV(T+d)Z-
DK% for sulfur, and aug-cc-pVTZ-DK®’ for selenium were utilized. The other route was to use effective
core potentials (ECP) which will be referred to CCSD(T)/ECP. For each lanthanide, an atomic natural
orbital (ANO) basis set was used with the corresponding ECP28MWB®*° pseudopotential, accounting for
scalar relativistic effects. For sulfur and selenium, aug-cc-PV(T+d)Z and aug-cc-pVTZ-PP with a ten
electron ECP (ECP10MDF) were employed, respectively.”!

A triple-€ level basis set was utilized for the geometry optimization steps, due to its utility with respect
to experiment and computational cost.”” In prior work on LuF, for example, despite the significant gain in
computational cost incurred by the use of a quadruple- level basis set, the bond length did not improve,
and even the triple-£ level basis set led to a CCSD(T) optimized structure that was within 0.002 A of
experiment.”® In the present work, frequencies were calculated to correct for zero-point energies (ZPEs),
which were also determined at the triple-§ level. For the CCSD(T) geometry optimizations, restricted
Hartree-Fock (RHF) orbitals were generated and then used as guess orbitals for unrestricted CCSD(T)
calculation (for the open-shell systems) and restricted CCSD(T) (closed-shell systems). The calculations
were performed with MOLPRO 2020.” In MOLPRO 2020, the abelian point group, C,, was utilized, as
the full point group symmetry (Cx) is not available for diatomics.

In the second part of this work, the f~ccCA ab initio composite scheme, recently introduced by
Welch et. al, was used to obtain the dissociation energy (Do) for each of the lanthanide compounds.” The
f~ccCA dissociation energy was obtained using Equation 1:

E(f — ccCA) = Ey(f — ccCA) + AE(CC) + AE(CV) + AZPE + AE(SO) (D
where Eo(f-ccCA) corresponds to the reference energy, AE(CC) is the correlation contribution, AE(CV) is
the core-valence and core-core contribution, AZPE is the zero-point vibrational energy, and AE(SO) is the
spin-orbit coupling contribution. The reference energy, Eo(f~ccCA), is composed of the addition of two
contributions: the Hartree-Fock (HF) energy and the Megller-Plesset second-order perturbation theory
(MP2) correlation energy, each extrapolated to the complete basis set (CBS) limit. The HF reference energy
(AHFcgs) is obtained at the complete basis set limit using a two-points extrapolation scheme which was
previously shown to be effective for composite schemes ***°:

E(n) = Ecgs + Aexp(—1.63n) (2)
Using HF energies determined at the triple and quadruple-{ basis set levels (cc-pVnZ-DK3, aug-cc-
pV(n+d)Z-DK and aug-cc-pV(n)Z-DK for Ln, S and Se, respectively). In Equation 2, n represents the basis
set level, E(17) represents the energy at the n™ basis set level, E(CBS) is the CBS limit and A, a coefficient.
The MP2 reference energy (AMP2¢gs) is calculated using the following three-point extrapolation scheme
by Peterson et al.’®:

E(n) = Ecps + Aexp[—(n — 1)] + B exp [-(—n — 1)?] 3)
using energies determined at the double-, triple-, and quadruple-{ basis set levels, using the same basis set
as for the HF references. In Equation 3, A and B are two variables determined during the fitting of the
energies. To account for correlation beyond the MP2 approximation, unrestricted coupled cluster single,
double, and perturbative corrected triple excitations (UCCSD(T)) level calculations were performed at a
triple-C level (AE(CC), see Equation 4):

AE(CC) = E[UCCSD(T)/cc-pVTZ-DK] - E[MP2/cc-pVTZ-DK] 4)
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The core-valence and core-core contribution (AE(CV)) was determined employing UCCSD(T) and the cc-
pwCVDZ* basis set with and without core the electrons:

AE(CV) = E[UCCSD(T,FC1)/cc-pwCVDZ-DK] - E[UCCSD(T)/cc-pwCVDZ-DK] (5)
where FC1 (frozen-core 1) corresponds to the calculation in which sub-valence electrons were included in
the correlation space. For Pr, Nd, Sm, Eu, Tb and Er, the electrons included in the valence correspond
to: 552, 5p°, 65, 4 (where n is the number of electrons). For Gd and Lu, the 54" electrons are also
included in the correlation space. The 3s® and 3p* sulfur sub-valence and 4s% 4p*, and 3d'°
selenium sub-valence electrons are included in the correlation space. For the FC1 calculations, the
following electrons are included in the correlation space: 4s% 4p°, and 44" for lanthanides; 2s?
and 2p® for sulfur, and 3s? and 3p® for selenium. The AZPE correction was obtained from the frequency
calculation at the optimized geometry. The spin-orbit coupling (AE(SO)) is calculated using the following
equation:

AE(SO) = SO(LnX)—ZSO(Xi) 6)

where SO(LnX) is the spin-orbit correction for the molecule and SO(X;) is the spin-orbit correction for each
atom. For atomic spin-orbit (SO(Xj)), the corresponding spin-orbit energies of each ground state were
obtained from the NIST database’’ and are J averaged. The atomic spin-orbit correction is determined
using Equation 7:

socr) = 2T @

;2] + 1)

where J is the total angular momentum of the state and AE; is the energy difference between the ground
state and state J energies. For the molecular spin-orbit correction term SO(LnX)) a multireference
wavefunction (using the complete active space self-consistent field (CASSCF) method) was constructed
for Ln-S and Ln-Se complexes with a mixture of ground and close-lying excited states to obtain spin-orbit
corrections for the ground state.

For the multireference wavefunction calculations, the 41 (f;.2, fiyz, f[y3x2-y2)s fxz?s fox2-y2) frx2-3y2), f23)
and 6s hybrid orbitals of the metal were included in the CASSCF active space, except for gadolinium and

lutetium. For the former, the 5d (d\2.,2, d-2, d.y, d-, d,-) hybrid orbitals were included in conjunction with the
4fand 6s orbitals. For lutetium, only the 54 and 6s hybrid orbitals were included in the active space, because
the 4f'set of hybrid orbitals are occupied by 14 electrons and thus do not have a large contribution towards
spin-orbit coupling. The 3px,,- and 4p., - set of orbitals from sulfur and selenium are doubly occupied at the
equilibrium bond length and were not included in the CASSCF active space. For MRCI, the same active
space that was utilized for the CASSCF calculations was chosen. In addition, the 3p and 4p orbitals for
sulfur and selenium, respectively, were also considered. The inclusion of these p orbitals allows for single
and double excitations from these orbitals to the active space in the MRCI calculations (orbitals were
included at the “core” level in the MOLPRO implementation).”> The spin-orbit coupling energies were
calculated using the Breit-Pauli Hamiltonian and the MRCI wavefunction. The ground and first excited
states were included in the state-averaged CASSCF calculations. Then, the CI vectors and energetics for
MRCI were utilized to gauge potential multireference character in the diatomic by comparing the weight
of configurations. As well, for all of the molecules, the multireference character was assessed by
determining the T, and D, diagnostics®®®, coupled cluster singles and doubles amplitudes (|Timay and
| Tamaxl, respectively)'”, and spin contamination at the triple-( level.
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For several species (TbS, TbSe, ErS and ErSe), CCSD(T)-DKH3 energies were determined at the
double-, triple- and quadruple-§ basis set levels (as described following Equation 3) and were extrapolated
to the CBS limit using Equation 3. Two different guess orbitals (RHF and RPW91) were utilized for
CCSD(T).

For ErSe, a functional from each of four density functional families - local-density approximation
(LDA), generalized gradient approximation (GGA), meta-GGA(M-GGA) and hybrid M-GGA) - was
employed for bond dissociation energy predictions. The corresponding functionals were PW91 (LDA), Tao,
Perdew, Staroverov, Scuseria (TPSS, GGA),'”' Minnesota 2006 local functional (M06-L, M-GGA)'** and
the Becke, 3-parameter, Lee -Yang -Parr (B3LYP, hybrid M-GGA)'*!'® were utilized at a restricted level
(RKS). These DFT calculations were performed at a triple-£ level as already described.

I1. Results and discussion of results
A. Geometry optimization of sulfides and selenides

In Table I, the optimized bond lengths and vibrational frequencies determined for the PW91 and
CCSD(T) calculations for the sulfide complexes (Pr, Nd, Sm, Eu, Gd, Tb, Er and Lu) are provided. In terms
of bond lengths, though a contraction in bond length is expected while the f'shell is being filled, due to the
complexity of the electronic structure of lanthanide chemistry, this was not observed for the sulfide
diatomics.?* In Table I, CCSD(T) bond lengths for both one- and two-component Hamiltonians are longer
for PrS to GdS, and LuS than for the corresponding PW91 optimized structures. The difference in bond
length for lanthanide sulfides comparing PW91 and CCSD(T) ranges from ~0.01 A (GdS and LuS) to ~0.05
A for EuS. NdS has a 0.02-0.03A shorter bond length than the DFT(ZORA) at triple-( bond length given
by Xu et. al.** This difference is not surprising, as NdS has significant multireference character, requiring
four CI vectors to describe the ground state (Table VII). For RHF and CCSD(T), the lowest electronic

configuration corresponds to having unpaired electrons in the 4f:3, 4f,x2.y2), and 6s orbitals and another

unpaired electron in the 4f;+2.3,2) or 4f;3x2.y2) orbital (Table VII). Even though this configuration is an excited
state at the CAS/MRCI level, it is the ground state electronic structure for RHF and UCCSD(T).

For ErS and TbS complexes, their bond lengths are larger with PW91 than with CCSD(T). The
vibrational frequencies for CCSD(T) with a two-component Hamiltonian are 60.44 and 83.31 cm™ larger
than the PW91-DKH3 frequencies for TbS and ErS, respectively. For the CCSD(T) calculations with a one-
component Hamiltonian and an ECP basis set, there was no convergence for the SCF procedure for TbS
and ErS (which is discussed in the next section).

Overall, the difference in the bond length from one- and two-component Hamiltonian predictions
was not very significant; on average, CCSD(T)-DKH3 bond lengths are ~0.01 A longer than for
CCSD(T)/ECP for all complexes. The results herein are on par with DFT, SCF and CISD bond lengths
predicted in prior studies, and shown in Table 1. However, in comparing theoretical and experimental bond
lengths, there are some substantial differences. For example, for EuS and GdS the differences between
CCSD(T)-DKH3 and experiment are large, ~0.08 A for EuS and ~0.16 or 0.08 A for GdS, depending upon
experiment used for comparison. The substantial difference in bond length can be attributed to the estimated
experimental bond lengths, rather than having direct measurements. For lanthanide sulfides, a one
component Hamiltonian CCSD(T), with a robust ECP basis set can recover most of the electron correlation
needed.
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In Table 2, the optimized geometry for the selenide complexes (Pr, Nd, Sm, Eu, Gd, Tb, Er and Lu)
are provided. For the one-component Hamiltonian predictions, selenide complexes have ten more electrons
than the sulfides, which were treated with an ECP. The shorter bond distances obtained in the calculations
relative to experiment for sulfide complexes also occurs for selenides, but it is not as pronounced. The
difference in bond lengths between PW91 and CCSD(T) is quite large for SmSe, the difference is ~0.14
and ~0.15 A, for one- and two-component Hamiltonian predictions respectively. For the other seven
selenium complexes, the bond lengths differ on average by ~0.01 A between PW91 to CCSD(T), except
for EuSe, which is 0.04 A. NdSe has a shorter bond length than the FON-DFT results using the ZORA
Hamiltonian (0.04-0.05A). The four different CI vectors needed to describe the ground state determinant
make NdSe a multireference system (see Table VII), akin to NdS. For TbSe and ErSe, as for TbS and ErS,
the bond length is larger for PW91 than for CCSD(T), and also, the ground state vibrational frequencies are
smaller for PWO91. In addition, the CCSD(T)/ECP optimization was also not possible due to the non-
convergence of the SCF procedures. Overall, the equilibrium geometries are quite similar when comparing
DFT (PW91) to CCSD(T). Comparing the CCSD(T) one- and two-component Hamiltonian bond length
predictions, the difference is quite small, less than 0.01 A for most complexes, and their vibrational
frequencies differ by a maximum of ~5 cm™. The impact on the BDE predictions among the different
geometries for all complexes is always less than 0.8 kcal mol ™.

Table I. DFT (PW91-DKH3), CCSD(T)/ECP and CCSD(T)-DKH3 optimized bond lengths (A) and
harmonic vibrational frequencies (cm™) (in parenthesis) of sulfide complexes using a triple-( level basis

set.
Previous theoretical
Molecules | PWO1-DKH3 | CCSD(TYECP | CCSD(T)-DKH3 revious teotetica Exp.
predictions
22,a
prs 23154 23291 23310 (1'3324;)22,3
(450.81) (459.21) (455.43) 5 3o
234522
w | | ae e DG
( . B ) ( . ) 2.34022,b
22,a
2.4186 2.4388 2.4378 2414
SmS (393.14) (375.16) (380.34) (390.6) )
' ' ' 2.33422b
2417
7,e
EuS 23879 24315 2.4373 2(336926221 2.51106¢
(384.25) (376.50) (374.56) (383,520 (400)106:4
2.34322b
2.31,2297° 5 15i06e
s 22945 23019 23119 (4317%) 33 16
(436.62) (457.65) (453.89) 2.272-2.342171 e
(412-493)!7 (479) ™
2.3309 23033
T ; ; -
bS (398.22) (458.66)
s 2.3329 2.2834
(372.70) (456.01)
LuS 22572 22611 22762 2277 2.171%6¢
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(448.17) (452.87) (447.03) (4567 2.10106<
(500)106,0
@ FON-DFT calculation using ZORA Hamiltonian at a tiple-{ level. ® FON-DFT calculation using Spin-orbit coupled
calculations © Estimated from empirical relations. ¢ Estimated based on experiments. © DFT calculations using the BP,
BPW and BLYP functional at the triple-( level. fAll electron DFT (LDASIC, B88 and B88P86) calculations and ECP
calculation with SCF, CISD and ACPF at the ANO triple-C level.

Table II. DFT (PW91), CCSD(T) with and ECP and CCSD(T)-DKH optimized bond lengths (A) and
harmonic vibrational frequencies (cm™) (in parenthesis) of selenium complexes using a triple- level basis
set.

Molecules | PW91/DKH3 | CCSD(TYECP | CCSD(TYDKH3 | Previous theoretical
predictions™

Prse 24610 24730 2.4781 (38540;1)

(300.15) (308.40) (305.67) ao
2519

2.4745 2.4669 2.4738

NdSe (282.50) (307.38) (306.60) (35552'2)
24347 25761 25831

SmSe (259.35) (252.27) (253.10) 2.508

EuSe 2.5325 2.5457 2.5804 (3355053)
(252.01) (248.01) (248.27) 5o
2.4236 2.4390 24514

GdSe -
(287.53) (302.68) (300.44)
2.4526 2.4426

TbSe (263.78) - (301.41) i

e 2.4852 ] 2.4182 ]
(238.22) (295.43)
23913 23901 2.4059

LuSe -
(288.66) (292.76) (290.31)

* FON-DFT calculation using ZORA Hamiltonian at a tiple-{ level.

B. Bond dissociation energies for lanthanide sulfides and selenides

In this section, using the three different geometries described above, f-ccCA is employed to
calculate BDEs for eight sulfide and selenide complexes, and the BDEs are compared to experiment. The
molecules are separated into three categories, depending upon the error in the f~ccCA dissociation energy
predictions relative to Morse’s experimental data (see ref*®): Cat I (£ 2 kcal mol™), Cat II (= 6 kcal mol™)
and Cat III (> 6 kcal mol™"). These differences are presented in Figure 1. In Table III, a summary of the f-
ccCA dissociation energies determined at each different optimized geometry is provided and compared
with experiment. Moreover, in Tables IV, S1 and S2, the total atomization terms and dissociation energy
predictions for CCSD(T)-DKH3, PW91-DKH3 and CCSD(T)/ECP geometries are shown.

The calculated dissociation energies (Do) for sulfide and selenide complexes are decomposed into
the different contributions that comprise the f~ccCA composite, as described in the methodology section.
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The reference energy (AMP2cgs and AHFcgs), core-valence (ACV), correlation contribution (ACC), and
spin-orbit (ASO) contributions. Table V provides TbS, ErS, TbSe and ErSe bond dissociation energies
calculated with two different approaches: RHF and DFT (PW91) orbitals. In Table VI, dissociation energies
considering different families of DFT are used to predict the most problematic lanthanide complex: ErSe.
Table VII contains the corresponding CI vectors for the spin-orbit correction for each of the sulfide and
selenide complexes. In Table VIII, multireference diagnostic are given for all sulfide and selenide
complexes at CCSD(T)-DKH3 geometries. For PW91-DKH3 and CCSD(T)/ECP geometries, see Tables
S3 and S4 in the supporting information for the corresponding diagnostics.

For the sulfide complexes, f~ccCA was quite successful for PrS, SmS, GdS and LusS, resulting in
differences of 1-2 kcal mol™ from experiment for each of the three investigated geometries (PW91-DKH3,
CCSD(T)/ECP and CCSD(T)-DKH3). These four complexes are part of Cat I. The ground state of these
four complexes has been identified as: PrS (*H), SmS ("A), GdS (°Z") and LuS (*Z"). The AMP2cgs term for
these four complexes ranges between 37 and 51 kcal mol™ and the core-valence term (CV) contributes 1-2
kcal mol™ to the total energy. The correlation term (CC) ranges from -4.75 (SmS) to 6.48 (PrS) considering
CCSD(T)-DKH3 geometries (Table IV). The spin-orbit correction obtained with the Breit-Pauli
Hamiltonian can render a large difference in the final BDEs, with contributions that can be as large as -3.91
kcal mol”, as for LuS. Even though the molecule has small spin-orbit coupling, the individual atoms
account for this large contribution. The choice of method for geometry optimization (PW91-DKH3,
CCSD(T)-DKH3 and CCSD(T)/ECP) has very little impact on the energy, each resulting in a BDE for LuS
within ~ 0.01 kcal mol™ from experiment (Table III).

For NdS (°I) (Cat II), the BDE is ~5 kcal mol™' from experiment when the different optimized
geometries are considered (shown in Tables IV, S1 and S2). When investigating the ground state of the
neodymium atom (Nd), the electronic structure is more complex, which is a hurdle while treating these
molecules with single reference methods. The neodymium ground state is a °I, resulting in 11 ways of
constructing the ground state.”” However, at the Hartree-Fock level, all electronic configurations are not all
balanced in the same way; they are not all degenerate. For neodymium, the lowest energy at Hartree-Fock
was obtained by placing two unpaired electrons in the same symmetry, and the other two in two different
symmetries. In addition, in Table VII, for NdS there are four equally important CI coefficients (0.50),
resulting in a complex ground state. In Table VIII, the D; value is 0.10 and the | Timax| for this complex is
0.13, which is one of the highest among the studied complexes. The reference value for D; and |Tmax| for
transition metals is 0.15 and 0.05 respectively.'® The multireference ground state of NdS, i.e, for large CI
contributions (see Table VII), along with a bad set of guess orbitals for the complex led to predictions that
are ~ 5 kcal mol” from experiment.

For EuS (®Y") (Cat II), the spin-orbit contribution from the ground state of the complex is large
(4.44 kcal mol™ at the CCSD(T)-DKH3 geometry), though, for europium and sulfur atoms the spin-obit
splitting is zero, and close to zero, respectively. The largest CI coefficient for EuS is 0.99 (Table VII), and
its ground state is a *Z"; here, a difference of 5 kcal mol™! from experiment in the BDE was obtained. At the
CAS/MRCI level, a 4/° 65 electronic configuration is predicted (see Table VII); while at RHF/UCCSD(T),
a 4f6s° configuration is obtained. Single reference methods cannot predict the correct configuration for the
ground state, which leads to a larger difference when compared to experiment. Similarly, for SmS, CASSCF
predicts a ground state that has one electron in the 6s orbital (4/°6s"), rather than in a 4/° configuration. In
addition, at HF/CCSD(T) the ground state converges to a 4f° electronic configuration. However, for SmS,
the impact of electron configuration in the final predicted BDE was small when compared to experiment.
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The last two molecules TbS (*®) and ErS (°A) which are part of Cat III, are the most problematic
complexes to treat with single reference methodologies. TbS primarily has one large contribution to the
ground state, but the Tb (°H) atom is quite multireference in nature. ErS has five main CI contributions to
the ground state (see Table VII), which make it quite complex to address using single reference methods.
In addition, in Table I, these two complexes have two of the largest | Timax| amplitudes, which can generate
issues for Hartree-Fock initial orbital guesses resulting from multireference character. For TbS and ErS, the
AMP2cps term is negative (-30.65 and -68.77 kcal mol™! for PW91-DKH3 and -29.85 and -67.29 kcal mol
! for CCSD(T)-DKH3, respectively), which means that according to MP2, the molecular complexes do not
form, i.e, the atoms are more stable than the complexes. The coupled cluster correction, along with HF/CBS
extrapolation make up for the negative MP2 energetics, and the final f~ccCA values are ~10 and 9 kcal mol
! from experimental energies for TbS and ErS, respectively. Since the f-ccCA procedure is not very accurate
for these complexes likely due to their multireference nature, other approaches to predict bond dissociation
energies were taken.

In Table V, the CCSD(T)/CBS energies obtained at the CCSD(T)-DKH3 and PW91-DKH3
geometries are provided. For TbS, UCCSD(T)/CBS resulted in BDEs that are further from experiment than
the f~ccCA BDEs. For example, UCCSD(T)/CBS using CCSD(T)-DK3 geometry renders a BDE of 137.0
kcal mol ™, f-ccCA with the same geometry renders a BDE of 132.87 kcal mol ™, and the experimental BDE
is 122.0 kcal mol”'. However, for ErS, the BDE was ~6 kcal mol” from experiment. Since Hartree-Fock
provides a bad initial guess for these complexes, DFT orbitals were considered for CCSD(T), probing their
effect on dissociation energy predictions. For TbS, DFT orbitals are a better guess for the complex, however
they are not for ErS. Our best estimate for TbS is 4 kcal mol™ from experiment using PW91 orbitals, but
for ErS, CCSD(T) using RHF orbitals provides the most accurate result (92.5 kcal mol™ obtained using
UCCSD(T)/CBS vs 98.2 kcal mol™ from experiment).

The lanthanide selenides also proved to be challenging for single reference wavefunction-based
methodologies. As seen for the sulfide complexes, the Cat I molecules: PrSe (‘H), SmSe ('A), GdSe (°Z")
and LuSe (°Z") resulted in bond dissociation energies within 1-2 kcal mol' when compared to the
experimental values determined by Sorensen et. al..*® Furthermore, PrSe has the largest |Tama| in Table
VIII which is within the threshold of multi-reference complexes (| Tamax| > 0.15). ' However, the predicted
dissociation energies are still accurate compared to experiment when calculated using single reference
methodologies. In Tables S1 and IV the BDEs for PrSe obtained using the PW91-DKH3 and
CCSD(T)/DKH3 geometries and the f-ccCA composite method are 102.35 and 102.24 kcal mol™,
respectively, compared to the experimentally determined BDE of 103.68 kcal mol™'. Regarding the other
complexes of Cat I: GdSe and LuSe are indicated to be of single reference character based upon the
diagnostics in Table VIII. In addition, they only have one main CI coefficient (see Table VII), so are
expected to perform better with single reference methodologies.

NdSe (Cat II), which has °I ground state and has the same four CI coefficients as NdS, has a ground
state with significant multireference character. It also has a large | T1max| value of 0.13 and D; of 0.10 (Table
VIII). Due to the complexity of the electronic structure of this complex and the mixing of states, the spin-
orbit contribution of this complex is quite large (-3.84 kcal mol™ at the CCSD(T)-DKH3 geometry). The
dissociation energies determined at each of the optimized geometries, are ~5 kcal mol from experiment.*®
For EuSe (8Y") (Cat II), similar observations to those made for EuS are made for the BDE and spin-orbit
contribution: the BDE is ~6 kcal mol™ from experiment, with a large spin-orbit contribution of 2.77 kcal
mol ™. Its ground state also converges to a 4/’ configuration as was seen for EuS, while at the CAS/MRCI
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level a 4/°6s' electronic configuration is observed. For SmSe, the 4/°6s' configuration is also more stable
with a multireference wavefunction (CASSCF) than a 4/° configuration.

Focusing on the Cat III compounds: TbSe and ErSe, the same observations made for TbS and ErS
are again seen here. The AMP2¢gs term is negative for both complexes. For ErSe values of -181.13 and -
183.70 kcal mol' are obtained for the PW91-DKH3 and CCSD(T)-DKH3 optimized structures,
respectively. For TbSe a less negative term is observed (~-35 kcal mol™ for both PW91-DKH3 and
CCSD(T)-DKH3), but according to MP2 the atoms are more stable than the complex. For ErSe, not only
does MP2 fail for this complex, but in contrast to what happens for the sulfides, this large difference is not
corrected by the CCSD(T) calculation (correlation term) with the composite, so large negative values for
the dissociation energy are obtained at f~ccCA level. For TbSe, AHFcgs and ACC terms show that the
complex forms, but it is due to error cancellations. On the contrary to their sulfide counterpart, for ErSe,
the AHFcgs and ACC terms are not enough to compensate for the huge negative AMP2¢ps term, leading to
the negative dissociation energies, which means at f~ccCA level, ErSe does not form. The largest | Timax| and
D; for this complex are 0.25 and 0.18, which correspond to the largest values for these diagnostics found
in Table VIII. In Table V, CCSD(T)/CBS energies are given. The dissociation energy predictions (obtained
using the PW91-DKH3 and CCSD(T)-DHK3 geometries) for TbSe and ErSe are quite far away from
experiment and, for ErSe the complex does not form according to CCSD(T)/CBS. It is clear from this table
how poor the restricted Hartree-Fock guess orbitals are for these complexes. In Table V, for TbSe and ErSe
DFT orbitals are also used as guesses for CCSD(T). For TbSe, these sets of orbitals prove to be of value
and are better guesses for CCSD(T), which put the dissociation energy extrapolated at CCSD(T)/CBS at 4
kcal mol™ from experiment. However, for ErSe, even with DFT orbitals the dissociation energy is still
negative. The use of a multireference wavefunction could help in determining the bond dissociation energy.
The ground state of Er is a *H, which leads to a large number of states generated and can complicate the
determination of the complete dissociation channel (Er *H) + S (°P)). In addition, even MRCI+Q is not a
size extensive method, which carries an additional layer of complexity to these calculations. Since ErSe is
such a difficult complex from an electronic structure perspective, DFT was probed and different functionals
were considered for calculating dissociation energies for ErSe. DFT offers a computationally less costly
theoretical approach than ab initio correlated methods that can lead to an easy comparison to experimental
values. In Table VI, four families of DFT were considered using one representing functional from each
family, and three different levels of basis sets. The meta-GGA functional, M06-L, obtained the closest
results to experiment at a quadruple-C level. However, fortuitous error cancelation is the most likely cause
for these predictions, because when comparing double- and triple-C results a consistent trend is not present.
TPSS and PW91 completely fail predicting the dissociation energies. Finally, for the hybrid functional,
B3LYP, there is a sudden drop in dissociation energy from the triple-§ to quadruple-§ levels. As
demonstrated in ref » the performance of different density functionals for lanthanide containing species
can be erratic at best, and this can be magnified with increasing or decreasing basis set size.** The DFT

predictions are "disturbingly remarkable" and are surely the “right answer for the wrong reason”.'
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Figure 1: f~ccCA BDE divided in three categories based on their difference from
experiment™®: Cat I (+ 2 kcal mol™), Cat II (+ 6 kcal mol™) and Cat III (more than 6 kcal
mol™)
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Table III: f~ccCA dissociation energy for each geometry optimization method and corresponding
experimental data in kcal mol™.

Molecules | PW91/DKH3 | CCSD(T)/ECP | CCSD(T)DKH3 | ExpD,® | ExpD,
Category |

PrS 118.69 118.59 118.57 120.61 112+ 6°
PrSe 102.35 102.29 102.24 103.68 -
SmS 92.70 92.63 92.65 92.52 -
SmSe 78.66 81.41 81.38 80.62 -

121.04 124 + 6

Gds 121.06 120.95 121.80 125 & 4b

GdSe 105.77 105.74 105.63 106.20 102£5

103 + 4°

119.62 120 + 6°

LuS 119.69 119.62 119.70 190 & 4°

106.51 99 + 6°

LuSe 106.51 106.39 106.10 100 4 4°

Category II
116.53 120 + 6°
NdS 116.73 116.50 111.15 112 4"
NdSe 99.21 99.28 99.35 94.53 oL £6

91 +4°

92.43 86 + 6°

EuS 92.35 92.42 87.90 o6 1 4°

82.40 66 + 6

EuSe 82.34 82.32 76.50 1 ¢

Category

TbS 132.13 - 132.87 122.00 -
TbSe 92.02 - 92.47 106.10 -

ErS 89.01 - 89.94 98.20 99 + 4°
ErSe -100.29 - -100.92 82.70 -
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Table I'V. Total atomization terms and dissociation energy obtained with f~ccCA using CCSD(T)-DKH3
geometries, along with all electron basis sets. Theoretical and experimental dissociation energies are in
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kecal mol™.
AMP2cps | AHFcps | ACV ACC ASO | f—ccCADy | ExpDy™ | ExpD,
Category [

PrS 44.69 69.70 1.65 6.48 -2.66 118.57 120.61 112 £ 6°
PrSe 39.44 56.99 2.66 8.83 -4.82 102.24 103.68 -
SmS 50.36 47.06 -0.64 -4.75 1.17 92.65 92.52 -
SmSe 43.52 41.31 0.62 -2.39 -1.32 81.38 80.62 -

124 + 6°
GdS 48.71 79.69 0.61 -4.33 -3.08 120.95 121.80 125 + 4b
GdSe 43.53 68.33 1.49 -2.06 -5.22 105.63 106.20 1025
103 + 4°
120 + 6°
LuS 37.74 88.45 1.22 -3.22 -3.91 119.62 119.70 120 + 4
99 £ 6°
LuSe 36.45 77.54 0.63 -1.69 -6.12 106.39 106.10
100 + 4°
Category 11
120 £ 6°
NdS 29.26 88.39 1.77 -1.47 -0.22 116.50 111.15 112 « 4b
91 +6°
NdSe 24.10 76.28 2.83 0.72 -3.84 99.35 94.53 01 1+ 4¢
86+ 6°

EuS 49.58 43.52 0.36 -4.95 4.44 92.42 87.90 26 1 4

+ a
EuSe 42.89 38.19 1.38 -2.54 2.77 82.32 76.50 06+ 6c
7214

Category II1

TbS -29.85 155.87 -0.63 8.78 -0.71 132.87 122.00 -
TbSe -35.14 144.32 -24.54 11.07 -2.86 92.47 106.10 -
ErS -67.29 130.88 -0.92 27.66 0.17 89.94 98.20 99 + 4°
ErSe -183.70 9.72 32.65 41.80 -1.06 -100.92 82.70 -

“Ref * PRef *° © Ref *!
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Table V. Dissociation energies at CBS in kcal mol™, with CCSD(T), paired with double-, triple- and
quadruple-§ basis sets and two different geometries.

Geometry CBS* CBSP Exp.* Exp. *°
CCSD(T)-DKH3 137.0 126.8
TbS 122.0 -
PW91-DKH3 136.6 126.4
TbS CCSD(T)-DKH3 124.7 110.7 106.1
© PW91-DKH3 124.6 110.6 ’ i
CCSD(T)-DKH3 92.5 81.7
ErS 98.2 99 + 4
PW91-DKH3 91.5 80.7
CCSD(T)-DKH3 -125.8 2.2
ErSe 82.7 -
PW91-DKH3 -129.8 | no convergence

*Using restricted Hartree-Fock as an initial guess for the orbitals
bUsing restricted PW91 as an initial guess for the orbitals

Table VI. Erbium selenide dissociation energies (kcal mol™") using CCSD(T)-DKH3 geometries, paired

with double-, triple- and quadruple-§ basis sets, considering four families of DFT functionals, ZPVE
(CCSD(T)/DKH3 geometry) and spin-orbit corrected.

DFT functional | Double-¢ | Triple-£ Quadruple-¢ | Exp.*®
TPSS 2453 252.5 193.3
B3LYP 86.3 92.0 70.8 827
MO06-L 134.5 126.4 81.0 ’
PWIl1 234.0 217.2 209.2
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Table VII. CI vectors from CASSCF calculations for the equilibrium bond lengths of sulfide and selenide complexes. 0, o, 2 and
“-” correspond to orbital occupations: zero, one (a-spin), two (doubly occupied), and not included in the active space electrons,
respectively.

&
=y
EW
=
=y

%
3
=y

S
T

Molecules | Coeff. | 4f.2 | 4fu: | 4fiady?) | 452 | 4fe2? | Afe2a?) | 43 Sdzy | Sdvy | Sdyx | 5di2,2 | 5d:2

0.71

(=)
(=}
(=}
(=}

PrS (‘H) —

0.50

-0.50

NaS CD 5y

-0.50

0.87

SmS (8) 540

GdS(°S) | 0.99

EuS YY) | 0.99

TbS () 1.0

0.55

-0.34

-0.34

ErS(°A) | -0.32

0.32

-0.32

0.32

LuSYH | -0.96

PrSe (“H) g;i

0.50

-0.50

NdSe (D) (5

-0.50

0.86

SmSe ("A) 0.50

EuSe *Y) | 0.99

GdSe °Y) | 1.00

TbSe (*®) | 1.00

0.55

-0.34

-0.34

ErSe (A) | -0.32

0.32

-0.32

0.32
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NINVIQR (NVIR (NIR (NINR IR (DR (R R (IR IR (NVINRINIQRINIRQRININ|IR (R |O(R IR (R (|C[(C|O|R
NIRQRININIR(INIR IR IR IRIR IR IR IR |COIR |OIR|OINIR (NINIRINIR IR (IRIR (IR IR (R |OIR IR [C|COR
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RQIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIRIR (IR |R
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B[R (DD (B[ [D B [D|D [R [ D | [D [ (D[ D [D [N (R [ [N [N [ [ [N [N [ [N [N [N [N [N [N [N [ N
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LuSe 59 | 0.94

2 correspond to 3p for sulfur and 4p for selenium

17

Publishing

AlP



AlP

Publiching

Table VIII. Multireference considerations for lanthanide sulfides and selenides using CCSD(T)/DKH3
geometries. T; and D; are common diagnostics, |Timax| and |Tomax| are the absolute values of the largest
amplitudes, and S? is the spin contamination.

T, D, I T tmax| | T 2max| Spin contamination (S?)
PrS 0.03 0.11 0.12 0.20 0.004
NdS 0.03 0.10 0.13 0.11 0.003
SmS 0.03 0.09 0.07 - 0.01
EuS 0.03 0.03 0.08 - 0.003
GdS 0.03 0.10 0.12 - 0.03
TbS 0.03 0.10 0.13 - 0.007
ErS 0.03 0.10 0.13 0.06 0.002
LuS 0.03 0.10 0.13 - 0.001
PrSe 0.04 0.11 0.13 0.20 0.005
NdSe 0.04 0.11 0.13 0.11 0.004
SmSe 0.03 0.10 0.08 - 0.01
EuSe 0.03 0.11 0.09 - 0.003
GdSe 0.03 0.10 0.13 - 0.05
TbSe 0.03 0.10 0.13 - 0.009
ErSe 0.05 0.18 0.25 0.10 0.009
LuSe 0.03 0.11 0.15 - 0.001

IV. Conclusion

In this work, bond dissociation energy predictions of lanthanide sulfides and selenides were
investigated. Three different methods were considered for geometry optimizations. While DFT offers a fast
solution for geometry optimizations, CCSD(T) is a more reliable methodology for lanthanide sulfide and
selenide diatomics. Between one- and two-component Hamiltonian CCSD(T) calculations, the difference
in the optimized geometry was small. A one component Hamiltonian with ECP basis set offers a balance
between speed and reliability that can be used in the future.

f-ccCA is shown here to be a reliable composite scheme. For bond dissociation energy predictions,
eight (Pr, Sm, Gd and Lu complexed with S and Se) of the complexes had energies within 2 kcal mol™ from
the experimental BDEs.It does have some limitations for molecules with significant multireference
character. However, herein some different routes are offered, which can be helpful in addressing these
limitations. A Breit-Pauli Hamiltonian for spin-orbit calculations proved to be paramount to analyze ground
state contributions, orbital occupations, identify state symmetries, and predict accurate spin-orbit
contributions while having a mixture of ground and several excited states. Multireference diagnostics aid
in identifying problematic molecules and help explain differences from experimental values. Four
complexes (EuS, NdS, EuSe and NdSe) had BDEs were within 6 kcal mol”' from experiment. Some of
these complexes have large multireference character, or different RHF/CCSD(T) electronic configurations
for the ground state when compared to those arising from CAS/MRCI, which led to deviations from
experiment. For TbS and TbSe, DFT (PW91) provided better quality orbitals than CCSD(T), for the
description of their ground state. The degree of multireference character observed for ErS and ErSe was not
easily overcome with single reference methods. The use of DFT orbitals in CCSD(T) was not a suitable
route for these complexes and even considering different functionals for energy dissociation predictions led
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to fortuitus results. Even though, M06-L at a quadruple-¢ level is only 1.7 kcal mol” from experiment, for
ErSe this result should be treated with caution based on the inconsistent behavior of DFT for the dissociation
energies of transition metal and lanthanide containing molecules,” as well as the significant and
inconsistent shifts in energy with respect to increasing basis set level.

The complexity of these calculations is tremendous, and the aim of this project was to address gaps
in the literature in terms of the lanthanide chemistry of sulfides and selenides. For EuS, SmS, EuSe and
SmSe at CAS/MRCI a new 47°6s' (x=number of electrons) electronic configuration of the lanthanide was
postulated for the ground state of these complexes. Overall, this study offers routes that are important in
calculating accurate bond dissociation energies for small lanthanide species without significant
multireference wavefunction character, though great care is needed to properly describe the correct ground
states.

Supplementary Material
The data that support the findings of this study are avail- able within the article and its supplementary
material and from the corresponding author upon reasonable request. It is composed of the f~ccCA steps for
each molecules using both the PW91-DK3 and CCSD(T)/ECP geometries as well a the corresponding
multireference diagnostic.
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