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The hypothetical [BiPh]™ anion obtained by a one-electron reduction
from the respective bismuthinidene is proposed as a basis for construct-
ing single-molecule magnets (SMMs) consisting purely of main-group
elements. Based on high-level quantum-chemical calculations, the
[BiPh]~ anion is predicted to be a SMM with an effective barrier of
6418 cm™* for the relaxation of magnetization. This barrier is much
larger than any effective barrier observed so far in any experimentally
characterized SMM. The reduction potential for the [BiPh]~/BiPh couple
is calculated as —1.5 V, which implies that the [BiPh]™ moiety is
accessible from stable bismuthinidenes containing a BiPh moiety and
sufficient steric protection for the reactive Bi atom. Thus, [BiPh]™
provides a blueprint for the realization of purely main-group SMMs
which can surpass in their properties the best known dysprosium-
based SMMs.

Single-molecule magnets (SMMs) are molecular entities with a
bistable magnetic ground state that displays slow relaxation of
magnetization."”® The possibility to manipulate the magnetic
state at a microscopic level can lead to possible applications in
fields such as quantum information processing.””® The upper
limit for the operational temperature of a SMM can be defined
by the blocking temperature, below which the magnetization
can be considered frozen within the timescale of the experi-
ment. Although the blocking temperature does not have a
universally accepted definition, it is a central concept in the
design of new SMMs. An SMM that displays magnetic blocking
at room temperature could be utilized, for example, in the
design of room-temperature quantum computers.’

Currently the most successful approaches to SMMs with
high blocking temperatures are based on dysprosium metallo-
cene complexes and bimetallic dysprosium systems with a one-
electron bond between the dysprosium ions. Both approaches
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have now lead to the observation of blocking temperatures
above the boiling point of liquid nitrogen (77 K).'®'! The strong
spin-orbit coupling (SOC) of lanthanides coupled with a weak
crystal-field interaction enables the construction of strongly
anisotropic magnetic ground states making them ideal candi-
dates for design of SMMs."*** Important advancements have
also been made with complexes of the 3d transition metals
with low coordination numbers and non-aufbau ground
configurations.'>'® However, SMMs with only 4d or 5d transi-
tion metals are much rarer.””>° Despite the stronger SOC
compared to the 3d transition metals, the much larger spatial
extent of the 4d and 5d orbitals leads to strong crystal-field
splitting and metal-ligand covalency. This then leads to stabili-
zation of a low-spin state and quenching of orbital momentum.
The tendency to form covalent bonds is even stronger for the
p-block metals, and to this date no SMMs with only main-group
elements have ever been characterized. Heavier main-group
elements have been successfully used in the construction of
SMMs, but the main magnetic moment still always originates
from a d- or f-block element.>*'”>* The strong SOC of heavier
main-group elements such as the 6p metals, however, should
make it possible to construct SMMs where the main paramag-
netic ion is a p-block element as long as some orbital near-
degeneracy could be retained. This approach has so far not
been considered in the design of SMMs.

Recently Neese, Cornella and co-workers characterized a
mono-coordinate bismuthinidene with a ¢6p2 electron con-
figuration of the Bi(1) ion, where o is the C-Bi bonding orbital,
and 6p, are the two non-bonded 6p orbitals that retain their
p-orbital-like character in the molecule.> The splitting between
the 6p, orbitals due to low-symmetry components of the crystal-
field is weak enough that both orbitals are occupied by a single
electron in a spin-triplet configuration. Strong SOC lifts the
three-fold degeneracy of the spin triplet, leading to a massive
zero-field splitting (ZFS) that stabilizes a non-magnetic ground
state. The strong SOC and the triplet ground spin state indicate
that bismuth could be used to construct SMMs from purely
main-group elements if a degenerate ground state with large
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enough magnetic moment could be stabilized. The SOC con-
stant of the Bi(1) ion was estimated at ~8000 to 9000 cm *.**
This can be compared to the value 1932 cm ™" calculated for the
4f orbitals of a free Dy> © ion or to the value 2405 cm™*
calculated for the 5f orbitals of a Pu® * ion, the heaviest metal
ion used in SMMs.>®

The main focus of the present work is a situation where an
additional electron is introduced into the 6p, orbitals of a Bi(I)
ion in a bismuthinidene giving a Bi(0) atom with a ¢”6p3
configuration. The addition of one electron will lead to an
odd-electron system that will have a doubly degenerate ground-
state due to Kramers’ theorem. The results will be demon-
strated on the simple bismuthinidene, phenylbismuth (BiPh),
and the reduced anion [BiPh]™. Neither BiPh nor [BiPh]™ as
themselves represent viable synthetic targets as the unpro-
tected mono-coordinated Bi would immediately dimerize or
react further. They should instead be considered as the func-
tional cores of larger molecules where the mono-coordinated Bi
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is sterically protected by large substituents of the phenyl group.
Since the presence of the steric bulk should not affect the
qualitative magnetic properties of the BiPh and [BiPh]™ cores,
the possible substituents are not considered in the calcula-
tions. In order to show that [BiPh]™ can be utilized as a
blueprint for a main-group SMM, it needs to be shown that
(i) reduction of BiPh leads to the electron configuration ¢*6p; at
the Bi atom instead of electron delocalization to the phenyl
group or the formation of a multiple C-Bi bond; (ii) the
configuration ¢”6p3 leads to the stabilization of a pair of states
with large axial magnetic moments; and (iii) the reduction
potential of the [BiPh] /BiPh couple is reasonable so that the
reduction reaction can be carried out in practice.

The geometries of BiPh and [BiPh]™ were optimized using
density functional theory (DFT) with the hybrid PBEO
exchange-correlation functional®*?° as implemented in the
Gaussian 16 code revision C.02.*° The electronic structure
was calculated using multireference ab initio methods utilizing

(a) The most important valence orbitals of BiPh and [BiPh] ™ along with the most important electron configuration in the respective ground states.

The orbitals are state-averaged CASSCF natural orbitals and the orbital energies are expectation values of the generalized Fock operator. (b) The splitting
of pure spin states under the effect of spin—orbit coupling in BiPh showing the non-degenrate ground state with zero magnetic moment. The
percentages indicate the relative contribution from a given pure spin state to the respective spin—orbit coupled state. (c) The splitting of pure spin states
in [BiPh]™ into Kramers doublets showing the stabilization of a ground state with non-zero anisotropic magnetic moment.
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the Orca code version 5.0.2.°"*” First a state-averaged complete
active space self-consistent field (SA-CASSCF) type calculations®
was carried out. The active space consisted of the two 6p,; orbitals,
the g-bonding and anti-bonding combinations and all six phenyl
1 orbitals. In case of BiPh this totals 10 electrons and 10 orbitals,
and in the case of [BiPh] ™ 11 electrons and 10 orbitals. The phenyl
n orbitals were included in the active space so that any charge-
transfer configurations or C-Bi n bonding was properly taken into
account. Electron correlation effects outside the active space were
estimated using the N-electron valence state perturbation theory
at second order (NEVPT2),>*® and SOC was introduced using the
quasi-degenerate perturbation theory (QDPT) approach.®” See the
ESIf for further details.

Both BiPh and [BiPh]™ have a planar C,,-symmetric geome-
try. The calculated orbitals are shown in Fig. 1 along with the
leading electron configuration in the ground state. The orbital
structures of both systems are very similar. The two 6p, orbitals
retain their atomic-like p-orbital character and are nearly
degenerate. The electron configurations can be described as
o*6pZ and ¢>6p3 for BiPh and [BiPh] ™, respectively. No multiple
C-Bi bonding is observable in the orbitals, and the lowest-
energy spin states with significant metal-to-ligand or ligand-to-
metal charge transfer character lie more than 37000 cm ™"
above the respective ground spin states. Thus, the Bi oxidation
states can be rather unambiguously assigned as Bi(1) in BiPh
and Bi(0) in [BiPh]".

The lowest-energy spin-state of BiPh is a spin-triplet that is
strongly split under SOC to give a non-degenerate ground state,
and an excited quasi-doublet with two states 3391 cm ' above
the ground state (Fig. 1b). The non-degenerate ground state
consists 83% of the Mg = 0 component of the ground spin-
triplet and is strongly mixed with an excited spin-singlet state.
The results are similar to those observed by Neese, Cornella and
co-workers in a mono-coordinate bismuthinidene, although the
splitting they observed was over twice as large.>* The three
lowest states can be associated with a pseudopin triplet to give
ZFS parameters D = 3391 cm ™' and E = —0.06 cm ™. The large
positive axial ZFS parameter D means that the system will not
behave as an SMM.

The ¢6p3 configuration of the Bi(0) atom in [BiPh]~ leads to
a doublet spin-ground state which is nearly degenerate with the
first excited spin-doublet. The splitting of the two doublets
before the inclusion of SOC is 166 cm™'. The near-degeneracy
leads to unquenched orbital angular momentum, and strong
splitting under SOC. The two spin-doublets mix and split into
two Kramers doublets (KDs) separated by 6418 cm ™" (Fig. 1c).
Each of the states in the two KDs consist of more than 97% of
the states in the two nearly degenerate spin-doublets with no
significant mixing with other excited spin states. The principal
components of the g tensors calculated for the two KDs are
listed in Table 1. The tensor of the ground KD is strongly axial
with small but non-vanishing transverse components. The
principal magnetic axis lies along the molecular C, axis
(Fig. 2). The excited KD is much less axial and its principal
magnetic axis lies at a 90° angle relative to the principal axis of
the ground KD.
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Table 1 Energies and principal components of the g tensors calculated
for the ground and first excited Kramers doublet in [BiPh]~
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Fig. 2 Qualitative barrier for the relaxation of magnetization calculated
for [BiPh]™ along with the principal magnetic axis of the ground Kramers
doublet. The arrows and the corresponding numbers indicate magnitudes
of transition magnetic moment matrix elements between the states in
units of Bohr magneton. The excited state consists of two overlapping
states. The strongest arrows indicate the most probable route for the
relaxation of magnetization.

The qualitative barrier for the relaxation of magnetization in
[BiPh]~ was constructed using the well-established method*®
(Fig. 2). The calculated transition magnetic moments show that
the most probable route for the relaxation of magnetization is
via the excited KD giving rise to an effective energy barrier of
6418 cm ™. This is almost four times as high as the highest
barrier obtained from fits to experimental data.'* The non-
vanishing transverse components of the g tensor in the ground
KD mean that quantum-tunneling of magnetization (QTM) is
not fully blocked"* and will make a contribution to the relaxa-
tion dynamics at low temperatures. In case the blocking
temperature was determined solely by the barrier height, it is
likely that [BiPh]™ would have a higher blocking temperature
than any SMM characterized to date. However, this still
requires study by experimental measurements, as various
spin-phonon mechanisms and QTM can lead to “underbarrier”
relaxation.***"

The reduction potential for the [BiPh] /BiPh couple in
acetonitrile was calculated using an implicit solvation model
as —1.5 V versus the SHE (see the ESIt for further details). The
calculated value suggests that the [BiPh]™ moiety is within the
reach of redox chemistry. To further probe the relative stability
of [BiPh]™, the proton affinities of BiPh and [BiPh]™ in acetoni-
trile were calculated as 1058 kJ mol™' and 1239 kJ mol %,
respectively (see the ESIt for further details). While [BiPh]™ is
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a stronger base than BiPh, the proton affinities of the two
specie are close enough that it is reasonable to assume that if a
molecule containing the BiPh moiety can be sterically stabilized
and isolated, the same also applies to [BiPh] .

In summary, it was shown that SMMs constructed from
purely main-group elements can be realized in practice in a
molecule that contains the [BiPh]™ anion with a Bi(0) atom as
its core. The strong SOC of the 6p element will lead to a very
large effective barrier for the reversal of magnetization that
surpasses all barriers in SMMs characterized so far. The results
demonstrate that main-group chemistry can be used to con-
struct new generations of SMMs, and that, in principle, these
can supersede even dysprosium-based SMMs.
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