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SPIN STATES

The chemistry of the first-row transition-metals is highly diverse with a multitude of different
reactivity and property patterns. This richness results from the partial occupation of the shell of
d-orbitals, which leads to different oxidation and spin states. Of course, having a different number
of unpaired electrons has a direct effect on the structure, magnetism, and reactivity of molecules.
Especially the spin states remain an enigmatic property that has triggered many studies, and
recently the first text-book (Swart/Costas, Wiley)!!! and COST Action (CM1305) devoted entirely
to it appeared.
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Metal d-orbitals leading to different spin states

The majority of these studies is based on experiment, but computational chemistry plays
increasingly an important role, in giving a description of e.g. spectroscopy or transition-state
structures to lead to a deeper understanding of reaction mechanisms. Being able to reliably describe
the electronic structure of transition-metal complexes through their spin states is a challenge, which
affects both wavefunction theory and density functional theory.

The first systematic study on spin states was reported in 2001 by Trautwein and co-workers?! when
they studied spin-crossover complexes (low-spin at low temperatures, switching over to high-spin
at the transition temperature through cooperative effects), which showed disastrous results for then-
available density functional approximations (DFAs): early-GGA and LDA over-stabilize low-spin
state, and the B3LYP hybrid already showed high-spin at 0K; in the same year, Reiher and co-
workers showed why B3LYP failed.[*) Many follow-up studies were published,**! among which a
series of papers on three Fe(I)-complexes with water, ammonia and bipyridine ligands.[®!% The
total spread between LDA on one extreme and Hartree-Fock (HF) at the other end ranges to 125
kcal'mol™!'; CASPT2 results by Pierloot and co-workers!®l match OPBE results!'” to within 1
kcal-mol!. The performance for two simple Fe(Il) complexes (one low-spin, one high-spin), by ca.
60 DFAs!!! confirms the expected preferences of LDA and early-GGA for low-spin, and high-spin
for hybrids. Only 9 out of all 60 tested DFAs!'!] are able to predict both spin-states correctly.

For wavefunction methods, the choice of orbitals is very important, with a preference for using
DFT orbitals (M.P. Johansson, WATOC2017) or stochastic CASSCF orbitals.!!>!3] A systematic
investigation of the choices made in coupled cluster (CC) calculations is presented by Feldt and
co-workers:['* type of orbitals (HF vs. DFT), unrestricted or restricted orbitals, solving CC
equations in restricted or unrestricted fashion, level of coupled cluster method needed, and
approximations to canonical CC. Based on these results, characteristic trends of local and DLPNO
approximations to CC are observed,!'>!®l which are discussed later by Neese and co-workers!!”]
and Pantazis and co-workers.[!8] Radon with co-workers reported benchmark studies on octahedral
iron complexes!!®2!l and metallocenes?? using reference energies obtained from experimental
data. Their results support high accuracy of the CC calculations. Interestingly, the MVS
functional,?*] advocated as promising by Swart,¥ fell short of the expectations for the studied
Fe(IT) complexes (although it did give encouraging results for Fe(Il) complexes),!'”) while for
[Fe(NCH)s]** the Diffusion Monte Carlo results by Sim, Burke and co-workers!>*! gave results that
are not consistent with high-level coupled cluster and experimental results for a similar Fe(Il)
complex.['”) The (non-)innocence of nitrosyl ligands when bound to transition-metals was shown
to be a complicated situation.2>-2%]
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