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Abstract

Quantum entanglement between the spin states of a metal centre and radical lig-

ands is suggested in an iron(II) [Fe(dipyvd)2]
2+ compound (dipyvd = 1-isopropyl-3,5-

dipyridil-6-oxoverdazyl). Wavefunction ab initio (Difference Dedicated Configuration

Interaction, DDCI) inspections were carried out to stress the versatility of local spin

states. We named this phenomenon excited state spinmerism, in reference to our pre-

vious work (see Roseiro et. al., ChemPhysChem 2022, e202200478) where we intro-

duced the concept of spinmerism as an extension of mesomerism to spin degrees of

freedom. The construction of localized molecular orbitals allows for a reading of the
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wavefunctions and projections onto the local spin states. The low-energy spectrum is

well-depicted by a Heisenberg picture. A 60 cm−1 ferromagnetic interaction is calcu-

lated between the radical ligands with the Stotal = 0 and 1 states largely dominated

by a local low-spin SFe = 0. In contrast, the higher-lying Stotal = 2 states are super-

positions of the local SFe = 1 (17%, 62%) and SFe = 2 (72%, 21%) spin states. Such

mixing extends the traditional picture of a high-field d6 Tanabe-Sugano diagram. Even

in the absence of spin-orbit coupling, the avoided crossing between different local spin

states is triggered by the field generated by radical ligands. This puzzling scenario

emerges from versatile local spin states in compounds which extend the traditional

views in molecular magnetism.

Introduction

The synthesis and characterization of molecule-based magnetic systems has been an intense

research area for decades, prompted by the need for information storage devices and advances

in quantum technologies (see for example Refs.1–4). The motivations for targeting such

complexes stem from their physical-chemical properties ranging from long coherence time 5–9

to manipulation possibilities.10–15 In the presence of spin-switchable units, the local spin

state of archetypical iron(II) or cobalt(II) (3d6 and 3d7, respectively) ions can be controlled

using external fields such as light or temperature. Important structural modifications

are observed along the Stotal = 0 to Stotal = 2 spin transition, with changes in

bond distances of up to 0.2 Å (i.e. 10 %).16 Furthermore, ab initio calculations

showed that this transition is not restricted to a mere change in the occupation

numbers of the mostly d-type valence molecular orbitals (MOs). Indeed, deep

changes in charge distribution (up to 0.5 electrons) were calculated between

the iron(II) center and its coordination sphere.17 The latter are responsible for

hysteretic behavior in materials18 and are known to be the main characteristic of

valence tautomers.19 More recently, transition metal ions combined with organic ligands

2



have been considered as possible targets in the development of molecular-based quantum

units of information, e.g. qubits or qudits (see for example Refs.1–4). Theoretical studies

have also revealed the potential interest of radical ligands for the manipulation of quantum

information via the entanglement of local spin degrees of freedom.20,21 A prerequisite is

the binding of radical ligands to paramagnetic metal centers without losing their open-shell

character. In this respect, oxoverdazyl-based ligands have proven to fulfill such requirements,

giving rise to a wealth of magnetic coupling schemes.22–24 Furthermore, the ease with

which chemical modifications can be made and the well-established redox activity

of organic-based compounds make such materials particularly interesting. Not

only can inter-unit interactions be modulated with speculated spin-crossover behaviour, 25

but the field generated by several open-shell ligands may give rise to unusual and puzzling

scenarios.

Recently, it has been suggested that the energy spectrum of a cobalt(II) ion coordi-

nated to open-shell radicals may not be readily interpreted. At the crossroads of ex-

change coupled and spin-crossover systems, the cobalt(II) oxoverdazyl compound

[Co(dipyvd)2]2+ (dipyvd=1- isopropyl-3,5-dipyridyl-6-oxoverdazyl) has questioned

the traditional picture of a metal ion as either high-spin or low-spin, in the elec-

trostatic field of neighbouring ligands.20,26 Wavefunction-based calculations supported

that the spin states are characterized by combinations of various local spin states on the

cobalt(II) center. In particular, the ground state displays a structure-sensitive admixture of

low-spin SCo = 1/2 in a dominant high-spin SCo = 3/2 , a feature of entanglement named

spinmerism. The mixing was further interpreted by inspecting a d7 Tanabe-Sugano dia-

gram that exhibits a doublet-quartet crossing in the intermediate ligand field regime. The

spinmerism phenomenon can be seen as an extension of mesomerism to spin degrees of

freedom with entanglement in between two local sub-parts of a molecule. Since the ligand

field includes Coulomb and direct exchange contributions in a complex built on spin-coupled

partners, one may wonder whether different local spin states may coexist on the metal ion.
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Figure 1: [Fe(dipyvd)2]
2+ compound (1) from Ref27. The Xray Fe-Ni distances

i = α− ϕ are 1.98, 1.84, 1.95, 2.00, 1.85 and 1.98 Å, respectively.

The introduction of radical ligands may indeed disrupt the assumption of a given spin state

on the metal centre in the description of ground and excited states.

Inspired by these observations, the pseudo-octahedral iron(II)-oxoverdazyl compound

[Fe(dipyvd)2]
2+, with dipyvd = 1- isopropyl-3,5-dipyridil-6-oxoverdazyl (1) was considered

as another prototype to be examined (see Figure 1).27 Magnetic and spectroscopic proper-

ties were reported in the literature and complemented by density functional theory-based

calculations suggesting a low-spin iron center.27 Bond lengths (for both ligand and

metal ion) are characteristic of a low-spin iron(II) coordinated to neutral radi-

cal verdazyl ligands. In particular, the Fe-N bond distances were reported ca.

1.95 Å as mentioned in Figure 1. Such spin picture is also consistent with the

IR spectrum, and the 5-300 K magnetic susceptibility measurements support a

low-spin metal center. Iron(II) being a spin-crossover metal ion, any intermediate ligand

field should be appropriate to observe the coexistence of a SFe = 0 (low spin) and SFe = 2

(high spin). As seen in Figure 2, the d6 Tanabe-Sugano diagram exhibits a crossing between

the excited triplet and excited quintet states. Therefore, a similar manifestation of spin

states mixing observed in the ground state of cobalt(II) complex might appear in the excited

states of this iron(II) analogue. Guided by this observation in the high-field regime, we

thought that excited state spinmerism might be anticipated, with total spin states resulting
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from combinations of local SFe = 1 and SFe = 2. For all these reasons, ab initio calculations

were carried out to inspect the energy spectrum of 1 (shown in Fig. 1), dominated by local

spins modifications. The examined energy window consists of spin states characterized by

similar charge distributions, leaving out ligand-to-metal and metal-to-ligand charge transfer

states. The eigen-states were constructed using localized molecular orbitals (LMOs) to allow

for projections onto the local spin states of the metal and ligands, SFe and SL, respectively.

The numerical results presented in this work highlight the presence of a strong quantum

entanglement between the local spin states, i.e. a spinmerism effect, of the metal ion and the

radical ligand environment. This evidence reshuffles the standard views in molecular mag-

netism and simultaneously opens up new perspectives for technological development at the

interface of physics and chemistry. The traditional Tanabe-Sugano diagram concepts

might be extended, giving possible out-of-the-box answers to energy spectra

governed by ligand fields displaying open-shell character. In Light-Induced Excited

Spin-State Trapping (LIESST) experiments,28 the long-lived excited states at low tempera-

tures would consist of superpositions of SFe = 1 and SFe = 2. Therefore, the variability

of local spin states could provide a pathway to encode quantum information on

synthetic molecular systems based on this light-induced qubit, presuming that

the access to the different local SFe spin states is available (e.g. Fe-N bond

stretching frequencies).

Computational details

The presence of multiple open-shells on both metal ion and ligands strongly invites the

use of a wavefunction-based method, such as the complete active space self-consistent field

(CASSCF) method. The complete active space should include six electrons from the iron

center and two from the oxoverdazyl ligands in seven molecular orbitals (CAS[8,7]). How-

ever, the active space was reduced to CAS[6,6] by inspecting the occupation numbers of
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Figure 2: Low part of the Tanabe-Sugano diagram of an iron(II) d6 ion in an oc-
tahedral field. The critical ligand field value marking spin-crossover is indicated
by a vertical dotted line. The crossing between the excited SFe = 1 and SFe = 2
states is highlighted.

the active MOs. The CAS[6,6]SCF sextuplet MOs were then transformed into localized

molecular orbitals (LMOs)29 which are shown in Figure 3. Such transformation allows for a

reading of the wavefunctions following a Lewis-like description. In the low-energy spectrum

of 1, we checked that the mostly metal d-type LMOs remained doubly occupied (low-spin

iron(II)) and the active space was even reduced to CAS[2,2]. All CASSCF calculations were

performed on the available Xray structure without any geometry optimization and used the

MolCAS 8.0 package.30 The iron and first coordination sphere atoms were described with

4s3p2d and 3s2p1d basis sets, respectively. Smaller basis sets 3s2p were used for all other

atoms whilst hydrogen atoms were depicted with a 1s basis set. Such basis set affords

for a balanced description of the iron center and the first coordination sphere

atoms fixing the crystal field amplitude. A similar basis set was previously used

in the theoretical analysis of a cobalt(II) analogue.26 The dynamical correlation and

polarization effects were included following the Difference Dedicated Configuration Interac-

tion (DDCI) method31,32 as implemented in the CASDI code.33 Given a set of MOs, the

structures of the spin states can be directly compared from the CI amplitudes. Depending

on the classes of excitations involved in the CI expansion, different levels (CAS + S, CAS +
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DDC2 and CAS + DDCI) can be reached beyond the CAS pictures (CAS[2,2] or CAS[6,6]).

This variational method that follows a step-by-step construction of the wavefunction has

produced a wealth of interpretations and rationalizations with a systematic relaxation of the

wavefunction (so-called ”fully decontracted method”). The resulting CI eigenfunctions were

projected onto the local spin states of the oxoverdazyl ligands pair (SL = 0 or 1) and the iron

ion (SFe = 0, 1 or 2). This procedure allows for a decomposition into the different entan-

gled metal-ligand contributions. To implement these projections and conduct our local spin

analysis, the open access package QuantNBody 34 was used. This numerical python toolbox

has been recently developed by one of us (SY) to facilitate the manipulation of quantum

many-body operators and wavefunctions. Based on this tool, matrix representations (in the

many-electron basis) of the local metal and ligands spin operators Ŝ2
Fe and Ŝ2

L were built and

diagonalized to access the local spin subspaces. This approach makes it possible to design

spin projectors (in the many-electron basis) to target specific local spins contributions for

the metal and the ligands in the multi-reference wavefunction.

Results and Discussion

First, CASSCF calculations were conducted on 1. Inspections based on a CAS[8,7] highlight

the presence of a MO mostly localized on a 3d iron atomic orbital with occupation number

1.99. Thus, the active space was reduced down to [6,6]. The CAS[6,6]SCF MOs were local-

ized either on the metal center or on each individual dipyvd ligand (see Figure 3). Then, the

electronic structure of the environment was inspected following the procedure recently devel-

oped on a [Co(dipyvd)2]
2+ compound (cobalt(II)).20,26 Based on a fictitious [Zn(dipyvd)2]

2+

(closed-shell divalent metal ion) analogue of the cobalt(II) compound, it was shown that

the singlet-triplet energy difference ES−ET is of the order of +2 cm−1.20 Considering the

geometry changes moving to compound 1, a similar inspection was conducted by substitut-

ing iron(II) by zinc(II). A 1.9 cm−1 singlet-triplet energy difference was computed at the
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Figure 3: Representations of the four mostly metal-type and the two mostly
ligand-type LMOs included in the CAS[6,6] generated from a CAS[8,7]SCF cal-
culation for the sextuplet spin state of 1. The mostly 3d-type inactive LMO is
shown below.
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CAS[2,2] + DDCI level. This negligible exchange coupling value between the radical ligands

suggests that any projection of the total spin states of 1 may simultaneously involve the local

SL = 0 and SL = 1 states. Besides, this value can be seen as a reference to quantify the role of

the electronic structure of the bridging metal ion. Indeed, the nature, and more importantly

the spin state, of the metal center are likely to modify the exchange coupling constant value,

a particular issue we wanted to inspect. As reported in the literature, the intramolecular

radical-radical exchange couplings were measured in a series of M(II)-(bipyvdz)2 complexes

(M = Mn, Ni, Cu, Zn) and range from weakly antiferromagnetic (−10 cm−1) to weakly fer-

romagnetic (+2 cm−1).24 Due to the system size and the number of open-shells, a CAS[6,6]

+ DDCI level of calculation is out of reach. Thus, all our conclusions are based on CAS[6,6]

+ DDC2 excitation energies and corresponding wavefunctions analysis, as summarized in

Table 1.

The energy spectrum results from the local spin states SFe = 0, 1, 2 and SL = 0, 1 which

give rise to ten states, namely two singlets (Si, i = 0− 1), four triplets (Ti, i = 0− 3), three

quintets (Qi, i = 0 − 2) and a single heptuplet (H0). From our calculations, the local spin

states display 0, 2 and 4 open-shells on the SFe = 0, SFe = 1 and SFe = 2, respectively

(see Scheme 1). One should stress that the local SFe = 1 spin state involves a

single pair of LMOs, a manifestation of the absence of orbital degeneracy as

schematically shown in Scheme 1. The local spin values can result either from pure

spin states or superpositions of different spin multiplicities as manifested in spinmerism.20,21

Therefore, four different classes can be a priori anticipated in the energy spectrum of 1.

Let us concentrate on the first class of states dominated by pure local spin states SFe and

SL (see light grey (⋆) entry in Table 1). First, the ground state T0 is triplet, dominated by

the local spin states SFe = 0 and SL = 1, respectively, followed by the singlet S0 lying 120

cm−1 above. This picture is consistent with a d6 low-spin metal ion in a high-field environ-

ment. One should note that small admixtures (13−16%) of charge transfers (SFe = 1/2 and

SL = 1/2) are evidently observed. Since the CAS[6,6]SCF occupation numbers of the mostly
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Table 1: Energy spectrum of 1. Quintets and heptuplet energies are calculated
at the CAS[6,6] + DDC2 level. The ground state energy is used as a reference
energy. The spin multiplicities 2Stotal + 1 and SFe

⊗
SL decompositions of the

wavefunctions are given on the local spin states SFe and SL. S, T , Q and H
correspond to singlet, triplet, quintet and heptuplet, respectively. The ⋆ symbol
is used to refer to states consisting of pure local spin states on both metal and
ligand centers. The • symbol refers to states consisting of pure local spin states
on the metal center, and mixed spin values on the ligands. Spin states consisting
of mixed spin values on both metal and ligands do not show any symbol, and
are manifestation of excited state spinmerism.

Label
Energy
(cm−1)

2Stotal + 1 SFe

⊗
SL

Q2 • 10156 5 86% Q
42% S
44% T

S1 ⋆ 8603 1 82% T 82% T
T3 ⋆ 7691 3 83% Q 83% T

T2 • 6705 3 87% T
9% S
78% T

H0 ⋆ 5326 7 100% Q 100% T

T1 • 4972 3 81% T
78% S
3% T

Q1 3323 5
11% Q
10% Q
62% T

11% S
10% T
62% T

Q0 2906 5
39% Q
33% Q
17% T

39% S
33% T
17% T

S0 ⋆ 120 1 84% S 84% S
T0 ⋆ 0 (ref.) 3 87% S 87% T

d-type LMOs are larger than 1.98, the S0 − T0 energy difference was further confirmed from

CAS[2,2] + DDCI calculations (CAS[2,2]SCF triplet MOs) and turned out to be 120 cm−1.

This value is in reasonable agreement with the reported one which may vary depending on

the extraction from density functional theory broken-symmetry calculations. 27 Thus, the

low-energy part of the spectrum of 1 can be viewed as two organic radicals coupled through

a closed-shell iron(II) (see Figure 4). Evidently, a Heisenberg Hamiltonian Ĥ = −2Jŝ1ŝ2

can be derived from the singlet-triplet energy difference. The calculated ferromagnetic

exchange coupling constant J = +60 cm−1 is consistent with the experimental
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Scheme 1: Schematic representations of the leading electronic configurations on
the iron(II) center, whatever the total spin state in the energy spectrum of 1. A
single mostly d-type LMO which remains essentially doubly occupied (inactive)
is shown below. For the sake of simplicity, the maximum spin projections on the
local SFe spin states are shown.

value extracted from the magnetic susceptibility fitting (+82 cm−1).27 This cou-

pling is significantly larger than the reference one we estimated to be +0.95 cm−1 for the

closed-shell hypothetical zinc(II) complex. The filling of the mostly 3d type eg-orbitals

moving from iron(II) (d6 ion) to zinc(II) (d10 ion) deeply modifies the electronic

structure of the bridging unit (i.e., the metal ion). Similar to the effect of struc-

tural modification, such substitution is likely to alter the exchange mechanism

between the two verdazyl spin holders and its impact is difficult to anticipate.

Such contrast is also found with the experimental values reported in a series of compounds,

that not only differ from the relative positions of the verdazyl ligands but also from the ab-

sence of the iron(II) complex in the series.24 The higher-lying states T3, S1 (and evidently the

heptuplet H0) are all characterized by a pure SL = 1 spin state on the coordination sphere.

These states are expected from the traditional d6 Tanabe-Sugano diagram (see Figure 2). In

a triplet SL = 1 high-field regime, the states ordering follows SFe = 0 (T0, reference energy),

SFe = 2 (T3, 7691 cm−1), and SFe = 1 (S1, 8603 cm−1). At this stage, the main difference

with usual picture in coordination chemistry compounds lies in the triplet nature of the lig-

and field, a concept introduced in the literature as ”excited state coordination chemistry”. 35

One should finally mention the presence of 1.6% singlet state on the metal in S1. However,

this negligible contribution arises from an excited open-shell singlet.
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Figure 4: Energy spectrum of 1 reflecting a Heisenberg behaviour in the low-
energy part with T0 and S0 states, whereas excited sate spinmerism is observed
higher in energy with Q0 and Q1 states. The excited quintet states Q0 and Q1

exhibit a strong mixing between the SFe = 1 and SFe = 2 local spin states.

Based on this preliminary observation suggesting a SL = 1 ligand field, we now examine

the third Q1 (2Stotal + 1 = 5) excited state given in Table 1. The iron(II) spin state is

dominated by a SFe = 1 (62%) in the field of a 72% SL = 1. Again, such picture obtained

from the spin projections of the wavefunction is consistent with a high-field d6 Tanabe-Sugano

diagram.36 However, the quintet state Q1 in Figure 4 exhibits non-negligible contributions

from the local SFe = 2 (21%) and SL = 0 (11%) spin states. Such superposition of triplet

and quintet metal spin states in the absence of spin-orbit coupling is a manifestation of the

recently reported spinmerism effect.20 Our analysis supports the appearance of a similar

phenomenon in 1, named as excited state spinmerism. This manifestation results from the

open-shell character of the environment and the energy crossing between the SFe = 1 and

SFe = 2 excited states in the high-field regime of the iron(II) d6 diagram (see Figure 2).

The traditional allowed crossing between different spin multiplicities in the Tanabe-Sugano

diagram is lifted from the presence of two radical ligands. As expected, the energy spectrum

exhibits a second close-in-energy quintet state resulting from this mixing (see Q0 in Figure 4).

The latter is found 2906 cm−1 above the ground state, with a dominant SFe = 2 character

(72%), and a significant mixing between the environment SL = 0 (39%) and SL = 1 (50%)

spin states. This second class of states (Q0 and Q1 in Table 1) displays entanglement
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between the spin states of the metal ion and its coordination sphere in the high-field regime.

In agreement with a recent inspection based on a model Hamiltonian21, the emergence of the

two quintet states Q0 and Q1 in Figure 4 from avoided crossing stresses the importance of

not only the magnitude of the ligand field (Coulomb contributions), but also the open-shell

character of such field (decisive exchange contributions).

From these numerical inspections, one may further take advantage of the electronic struc-

ture changes observed in the photo-induced spin-states of spin crossover compounds (LIESST

effect). Under low-temperature irradiation, it is possible to quantitatively achieve a low-spin

to high-spin conversion in iron(II) spin-crossover compounds.28 Very recently, it has been

shown that unusually long relaxation times can be reached (ca. 20 hours) which makes

such complexes particularly encouraging for practical applications.37 Starting from the

ground state T0 in compound 1, the spin-allowed transition would lead to the

photo-generated T1 state dominated by a local SFe = 1 . The Q1 state, and to a

lesser extent the Q0 state, exhibit a large proportion of the SFe = 1 local state

(62% in Table 1). Thus, one may question whether intersystem crossing between

T1 and Q1 would be enhanced by the presence of excited state spinmerism. The

mechanism of light-induced spin crossover was previously studied to calculate intersystem-

crossing rates and concluded on a process mediated by a triplet excited state.38,39 From

the manifestation of the here-proposed excited state spinerism phenomenon, the LIESST

effect would produce local superpositions of iron(II) spin states with potential applications

as spin-qubits.

A third class of states in the energy spectrum of 1 is characterized by a pure local

spin state on the metal and a superposition of SL = 0 and SL = 1 on the environment

(T1, T2, Q2, see dark grey entry (•) in Table 1). Such mixture was previously reported

in noninnocent ligand-based iron(III) compounds40,41 where the ”excited state coordination

chemistry” concept35 was numerically evidenced. In compound 1, charge transfers are small

enough to maintain a formally iron(II) ion with spin crossover behavior, a prerequisite for
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spinmerism manifestation.

Finally, our analysis of the low-lying spin states does not reflect any representative of the

fourth class, characterized by the superposition of SFe values in the field of a pure SL value.

Evidently, a SL = 0 ligand field would not allow the mixing of different SFe values. However,

the absence of a mixed-spin state on the metal in a SL = 1 ligand field is more puzzling at

first. As recently reported, the entanglement between local spin states is directly controlled

by the relative amplitudes of the direct exchange values and conditions which might not be

fulfilled in the examined compound 1.21

Conclusion

The spin states structures of a coordination compound [Fe(dipvdz)2]
2+ built on a spin-

crossover ion (iron(II)) and two radical ligands (oxoverdazyl) were analyzed from DDCI

wavefunctions calculations. The procedure is based on the generation of localized molecular

orbitals and spin projections onto the local spin states. A ground state triplet Stotal = 1

characterized by a SFe = 0 local spin state is found, a reflection of a high-field regime.

A strong ferromagnetic interaction J = +60 cm−1 is calculated featuring the coupling of

organic radical spin holders through a low-spin metal ion. Even though the low-energy part

of the spectrum can be rationalized by a Heisenberg spin Hamiltonian, the magnetic picture

delivered by a d6 Tanabe-Sugano diagram is deeply reshuffled in the next nearest excited

states. The flexibility afforded by the open-shell character of the environment gives rise to

marked superpositions of local spin states SFe = 1 and SFe = 2 in the Stotal = 2 excited

states. The traditional quasi-degeneracy in the high-field regime is lifted by 417 cm−1 with

significant contributions from both SL = 1 and SL = 0 on the ligand pair. This observation,

which we name excited state spinmerism, extends a phenomenon that was reported in a

cobalt(II) analogue. The prerequisite for the manifestation of such entanglement is fulfilled

from the presence of an iron(II) ion and radical organic ligands. By irradiating the sample
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in the UV-vis or near-IR regions at low temperature, such compounds might be photo-

switched and become original targets. Our analysis may stimulate experimentalists to photo-

generate slowly decaying excited states consisting of SFe = 1 and SFe = 2 spin states

superpositions. Assuming that one can access the proportions of the different

local SFe spin states, the reading of encoded quantum information may become

feasible. Therefore, the variability of local spin states could provide a pathway to encode

quantum information on synthetic molecular systems. This particular class of coordination

chemistry compounds combining versatile local spin states not only enlarges the traditional

pictures in molecular magnetism but might become original targets for spin-qubit generation.

Acknowledgements

This work was supported by the Interdisciplinary Thematic Institute SysChem via the IdEx

Unistra (ANR-10-IDEX-0002) within the program Investissement d’Avenir. P. R. acknowl-

edges the Ecole Doctorale de Sciences Chimiques de Strasbourg, EDSC222, and the french

minister for financial support. D.J.R.B acknowledges the support of the National Science

Foundation Grant CHE-1900491. The authors would like to thank Pr. C. Train, Dr. G.

Novitchi and Dr. S. Stoian for useful discussions.

AUTHOR DECLARATIONS

CONFLICTS OF INTEREST

The authors have no conflicts to disclose.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding author

upon reasonable request.

15



References

(1) Gaita-Ariño, A.; Luis, F.; Hill, S.; Coronado, E. Molecular spins for quantum compu-

tation. Nature chemistry 2019, 11, 301–309.

(2) Troiani, F.; Affronte, M. Molecular spins for quantum information technologies. Chem-

ical Society Reviews 2011, 40, 3119–3129.

(3) Stamp, P. C.; Gaita-Arino, A. Spin-based quantum computers made by chemistry:

hows and whys. Journal of Materials Chemistry 2009, 19, 1718–1730.

(4) McAdams, S. G.; Ariciu, A.-M.; Kostopoulos, A. K.; Walsh, J. P.; Tuna, F. Molecu-

lar single-ion magnets based on lanthanides and actinides: Design considerations and

new advances in the context of quantum technologies. Coordination Chemistry Reviews

2017, 346, 216–239.

(5) Atzori, M.; Morra, E.; Tesi, L.; Albino, A.; Chiesa, M.; Sorace, L.; Sessoli, R. Quantum

coherence times enhancement in vanadium (IV)-based potential molecular qubits: the

key role of the vanadyl moiety. Journal of the American Chemical Society 2016, 138,

11234–11244.

(6) Atzori, M.; Tesi, L.; Morra, E.; Chiesa, M.; Sorace, L.; Sessoli, R. Room-temperature

quantum coherence and rabi oscillations in vanadyl phthalocyanine: toward multifunc-

tional molecular spin qubits. Journal of the American Chemical Society 2016, 138,

2154–2157.

(7) Bader, K.; Dengler, D.; Lenz, S.; Endeward, B.; Jiang, S.-D.; Neugebauer, P.;

Van Slageren, J. Room temperature quantum coherence in a potential molecular qubit.

Nature Communications 2014, 5, 1–5.

(8) Graham, M. J.; Zadrozny, J. M.; Shiddiq, M.; Anderson, J. S.; Fataftah, M. S.; Hill, S.;

Freedman, D. E. Influence of electronic spin and spin–orbit coupling on decoherence

16



in mononuclear transition metal complexes. Journal of the American Chemical Society

2014, 136, 7623–7626.

(9) Atzori, M.; Benci, S.; Morra, E.; Tesi, L.; Chiesa, M.; Torre, R.; Sorace, L.; Sessoli, R.

Structural effects on the spin dynamics of potential molecular qubits. Inorganic Chem-

istry 2018, 57, 731–740.

(10) Bayliss, S.; Laorenza, D.; Mintun, P.; Kovos, B.; Freedman, D. E.; Awschalom, D. Op-

tically addressable molecular spins for quantum information processing. Science 2020,

370, 1309–1312.
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