Open Access Article. Published on 30 July 2024. Downloaded on 11/14/2025 6:18:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

INORGANIC CHEMISTRY

CHINESE

.
CHEMICAL ROYAL SOCIETY

CCS

FRONTIERS

RESEARCH ARTICLE

Cite this: /norg. Chem. Front., 2024,
11, 6028

Received 14th May 2024,
Accepted 28th July 2024

DOI: 10.1039/d4qi01218f

rsc.li/frontiers-inorganic

Introduction

Multielectron transfer (MET) processes have significant bio-
logical and chemical functions'
redox transformations®®

catalytic
storage'* ">
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and photosynthetic systems.>™*> Metal centres
and radical cofactors embedded within specific proteins col-
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Multielectron transfer and field-induced slow
magnetic relaxation in opto-electroactive spin
crossover cobalt(i1) complexes: structure—function
correlationsyi

Renato Rabelo,®® Luminita Toma,® Miguel Julve, (2@ Francesc Lloret,?
Jorge Pasan, (2 ¢ Danielle Cangussu, () ® Rafael Ruiz-Garcia® and Joan Cano () *2

Designing and implementing multielectron transfer and single-molecule magnet properties in spin cross-
over compounds constitute a promising way to obtain a new class of multiresponsive and multifunctional
materials. This contribution uses N-phenyl-substituted pyridine-2,6-diimine (PDI) ligands to explore a
novel family of spin-crossover cobalt(i) complexes, with general formula [ColyJ(ClO4),:xH,O [L =
4-MePhPDI (1, x = 1), 4-MeOPNPDI (2, x = 0), 4-MeSPhPDI (3, x = 0), 4-Me,NPhPDI (4, x = 0.5), and 2,4-
Me,PhPDI (5, x = 0)]. These mononuclear six-coordinate octahedral cobalt(i) bis(chelating) complexes
incorporate tridentate PDI derivatives with various electron-donating substituents at para (X4, = Me, OMe,
SMe, and Me;,N) or ortho and para positions (X, X4 = Me) of terminal phenyl rings. Our investigations
reveal that these complexes exhibit both thermally-induced low-spin (LS)/high-spin (HS) transition and
field-induced slow magnetic relaxation in the LS (S = 1/2) and HS (S = 3/2) states. Moreover, they display a
dual multiredox behaviour featuring one-electron oxidation of the paramagnetic Co" ion to the diamag-

netic Co"

ion and stepwise two-electron reduction of each PDI ligand to the corresponding imine-type
PDI"~ m-radical anion and diimine-type PDI2~ dianion, which positions them as candidates for prototypes

of spin quantum transistors and capacitors, offering potential applications in quantum information processing.

laborate to orchestrate catalytic multielectron redox transform-
ations of small substrates.*” Thus, the coordination chemistry
of redox-active (“non-innocent”) ligands'®™>’ continues to

5 attract attention because of their relevant role as biomimetic

and play a pivotal role in
and artificial energy models of metalloenzymes with radical cofactors and their use
as redox catalysts,”®*® redox flow batteries and capacitors,*”®
as well as photocatalysts and solar cells.**** Furthermore, it is
critical in designing novel electroactive materials for molecular
electronics and spintronics uses.**™*> In particular, spin cross-
over (SCO) transition metal complexes featuring potential

metal- or ligand-based electroactivity are promising contenders
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{Electronic supplementary information (ESI) available: Experimental section
and computational details. Details of powder X-Ray diffraction (Fig. S1) and crys-
tallographic data (Fig. S2-S8 and Tables S1 and S2), structural and spectroscopic
correlations (Fig. S9-S12), and theoretical calculations (Scheme S1 and Tables S3
and S4), EPR spectroscopic (Table S5), magnetic (Fig. S13-S25 and Table S6),
and electrochemical data (Fig. S26 and Table S7). CCDC 1989325,
2333340-2333343. For ESI and crystallographic data in CIF or other electronic
format see DOI: https://doi.org/10.1039/d4qi01218f
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for molecular spin quantum transistors.**>°

Recently, mononuclear iron(u) and cobalt(u) complexes
exhibiting both thermal-assisted HS/LS transitions and field-
induced single-molecule magnet (SMM) behaviour, termed
spin-crossover molecular nanomagnets, have caught our
attention.®®”? In this context, our research on electroactive
spin-crossover molecular nanomagnets is focused on the
ability of pyridine-2,6-diimine (PDI) ligands to provide an
additional reducible capacity to the oxidisable metal centre in
their mononuclear cobalt(i) complexes.”>””> So, a recent study
of ours demonstrated a proof-of-concept of a spin quantum

electro-switch based on this unique class of nanomagnets,®®
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reporting the reversible electro-switching of the SMM behav-
iour through metal oxidation in an octahedral SCO cobalt(u)-
PDI complex. In this paper, we propose to advance our investi-
gation by focusing on ligand reductions instead of metal oxi-
dation. Through this approach, we hope to develop a new type
of molecular spin quantum capacitors based on this family of
electroactive SCO/SMMs.

This report focuses on the details of the synthesis, struc-
tural and spectroscopic characterisation, static (dc) and
dynamic (ac) magnetic studies, and redox properties of a
series of cobalt(i) compounds of formula [Co(4-MePhPDI),]
(Cl04),'H,0 (1), [Co(4-MeOPhPDI),|(ClO4), (2), [Co(4-
MePhSPDI),|(ClO,4), (3), [Co(4-Me,NPhPDI),](ClO,),-1/2H,0
(4), and [Co(2,4-Me,PhPDI),](ClO,), (5), as shown in
Scheme 1. These mononuclear octahedral species feature tri-
dentate PDI ligands with electron-donating group-substituted
phenyl rings at para (X, = Me, OMe, SMe, and Me,N) or both
ortho and para positions (X,, X, = Me). They exhibit ther-
mally-induced spin-crossover and field-induced slow mag-
netic relaxation, similar to the reported related series with
electron-withdrawing halogen-substituted phenyl rings at
para [X, =1 (6), Br (7) and Cl (8)] and meta positions [X; = Br
(9)].7° Finally, we have analysed the influence of steric and
electronic ligand features on this series’ MET, SCO, and SMM
behaviours.

This combined spectroscopic, magnetic,
chemical investigation, along with the information obtained
from the preceding paper,”® allowed us to establish appropri-
ate structure-function correlations, further supported by
density functional theory (DFT) and time-dependent DFT
(TDDFT) calculations, which would aid the design and syn-

and electro-

[Co'(n-XPhPDI),]?*

\

n-XPhPDI X, X,
1 4-MePhPDI Me H
2 4-OMePhPDI OMe H
3 4-SMePhPDI SMe H
4 4-NMe,PhPDI  NMe, H
5  2,4-Me,PhPDI Me Me

Scheme 1 General chemical formula of the cationic mononuclear
octahedral cobalt(i) complexes with PDI ligands accounting with elec-
tron-donating substituents at the terminal phenyl rings.
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thesis of multiresponsive and multifunctional SCO/SMM
materials as potential candidates for multistable charge
storage spintronic devices like molecular spin quantum tran-
sistors and capacitors.

Results and discussion
Ligand design and synthetic strategy

Except for 4-MeSPhPD], all ligands used in this work and their
coordination chemistry with transition metal ions are well-
documented.”*®* These ligands were synthesised from the
straightforward condensation of pyridine-2,6-diformaldehyde
and the corresponding aniline derivative with electron-donat-
ing substituents in the para or para and ortho positions
(1:2 molar ratio) in the presence of acid as catalyst.”® All
ligands were isolated as crystalline powders in good yields,
and they were characterised by elemental analyses (C, H, N),
Fourier-transform infrared (FT-IR) and proton nuclear mag-
netic resonance ("H NMR) spectroscopies (see Experimental
section in the ESIf).

Compounds 1-5 were synthesised from the reaction of
cobalt(u) perchlorate hexahydrate and the previously isolated
ligands (1:2 metal-to-ligand molar ratio), as reported pre-
viously for 6-9.7° All of them were isolated as X-ray quality
single crystals in moderate yields by slow evaporation of
ethanol (1) or methanol (4 and 5) solutions or by slow
diffusion methods in a methanol/chloroform (2) or aceto-
nitrile/ethyl acetate/chloroform (3) solvent mixtures. They were
characterised by elemental analyses (C, H, N), Fourier-trans-
form infrared (FT-IR), electronic absorption (UV-Vis), and elec-
tron paramagnetic resonance (EPR) spectroscopies (see
Experimental section in the ESIf). Single-crystal and powder
X-ray diffraction determined the chemical identity of 1-5

(Fig. S11).

Description of the structures

Compounds 1-5 are not isostructural, reflecting thus vari-
ations in the electron-donating substituents’ nature, their
ortho or para substitution, and occasionally, the presence of
crystallisation water molecules. 1 and 3 crystallise in the tri-
clinic P1 space group, while 4 and 5 do in monoclinic P2,/n
and P2,/c space groups, respectively, as occurs in the parent
unsubstituted compound.”” 2 crystallises in the tetragonal P4
space group. Tables S1 and S2} summarise crystallographic
and selected structural data for 1-5.

These structures consist of either one (1, 3-5) or four (2)
crystallographically independent mononuclear cobalt(u)
complex cations, [Co"L,]**, perchlorate anions, and water
molecules of crystallisation (1 and 4), as depicted in Fig. 1 and
S2-56.1

The complex cations in 1-5 exhibit a distorted C,, mole-
cular symmetry (Fig. 1). Nonetheless, in all cases, the PDI
ligands are almost, but not perfectly, perpendicularly oriented
(@ = 72.2-90.0; Table S2%), likely due to moderate to weak
single (1, 2, and 5) or double (3) intramolecular pseudo-face-
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Fig. 1 Perspective views of the crystallographically independent mono-
nuclear complex cations of 1-5 (a—e) with the atom numbering scheme
of the coordination sphere at the cobalt atom. The ligand backbones are
drawn in grey and black colours for clarity whereas the pink and green
cobalt atoms correspond to the LS and HS configuration. The n—x stack-
ing interactions are drawn as dashed lines.

to-face m—x interactions between pyridine and phenyl rings of
different ligands (Fig. 1), being the distance between the cen-
troids of those rings and the dihedral angle between their
mean planes [ = 3.61-3.94 A with 0 = 17.8-29.4°; Table S2}]
below or close to the limiting values for this kind of inter-
action (A < 4.4 A and 6 < 30°). However, two and one crystallo-
graphically independent complex cations in 2 and 4 do not
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show intramolecular contacts [k = 4.2-4.5 A and 6 = 47.8-59.1°;
Table S21].

The two pairs of imine nitrogen atoms (Nj,, and N';,,) from
each PDI ligand define the equatorial plane of the cobalt octa-
hedral coordination sphere, while the two pyridine nitrogen
atoms (Np,) occupy the axial positions. Overall, the Co-N
bonds are grouped into three different classes with two long
Co-Niy, [Ry = 2.085(4)-2.217(2) A], two intermediate Co-N';,,
[R, = 2.029(2)-2.186(2) A], and two short Co-N,, distances [Rs
= 1.872(5)-2.047(2) A; Table S2f]. This strong asymmetry
makes difficult the spin state assignment, but the mean values
in 1, 2, and 4 [R = 2.013-2.066 A] are typical of LS Co" com-
plexes whereas they correspond to HS in 3 and 5 [R =
2.130-2.150 A; Table S2}], according to a greater occupancy of
the e, orbitals, which takes part in antibonding molecular
orbitals with the ligands, in the HS (t;,’e,”) than LS (t,%e,")
configuration. This situation is reflected in the axial and equa-
torial Co-N bond lengths for 1-9, which are almost linearly
dependent on the electron-withdrawing ability of the X substi-
tuent in the ligand, expressed by the Hammett constant (oy),*>
as shown in Fig. S7.} So, by removing or injecting electron
density in the coordination regions of the PDI ligand, the anti-
bonding nature of the molecular orbital is weakened or inten-
sified and thus, the metal-ligand bonds are shortened or
lengthened.

So, 1-5 exhibit a moderately rhombic distortion in their
axially compressed coordination spheres, as evidenced by non-
zero Ar and Sy parameters, being more pronounced in the LS
configuration (Table S21), as anticipated due to the increased
significance of the Jahn-Teller effect for “Eg(t,.’e,') and
*Ty4(t2s"e,”) states. The differences in the rhombic distortion
are also reflected in the metal-to-ligand bond angles, with the
axial Np,,-Co-N,, axis [176.1(1)-178.5(2) vs. 162.38(9)-164.3(8)°;
Table S2}] closer to the linearity in the LS state. However, all
cases display systematic deviations from the ideal 90° angle in
the equatorial plane [Nj,-Co-N'j, = 83.21(10)-92.1(2)° and
N'im—Co-Ni,m = 92.4(2)-101.08(10)°; Table S2i]. Besides, the
two five-membered fused rings resulting from the tridentate
coordination mode of the ligand impose a severe non-planar
ruffling distortion, particularly on the HS ion, as reflected by
its larger mean out-of-plane N, displacements (5 =
0.555-0.560 vs. 0.395-0.430 A; Table S27).

The PDI ligands in 1-5 adopt a helical conformation owing
to the free rotation around the single phenyl carbon-imine
nitrogen bond. Hence, the octahedral cobalt units are chiral,
with both enantiomers occurring in the crystal lattice. The
average torsional angle for the phenylimine ligand fragments
is similar (¢ = 37.7-46.1°; Table S2}) except for 5, where it is
significantly greater (¢ = 63.3°; Table S21), more likely due to
the steric hindrance between the ortho-methyl substituent on
the phenyl rings and the methylene hydrogen atom from the
imine groups.

In 1-5, the central pyridinediimine fragments exhibit
average Cp,—Cim [d, = 1.453(8)-1.474(4) A; Table $21] and Cip,~
Nim bond lengths [d; = 1.276(3)-1.291(7) A; Table S21] typical
for single carbon-carbon and double carbon-nitrogen bonds,

This journal is © the Partner Organisations 2024
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while the average Cp,,-N,, length [d; = 1.337(3)-1.349(4) A;
Table S2}] is intermediate between a single and a double
bond, consistent with findings for the related complexes 6-9.”°
Yet, the alternation bond parameter, defined as 44 = d, — (d; +
d;)/2,/* reflects a slightly greater n-electron delocalisation
within the pyridinediimine fragment for the LS ions (44 =
0.135-0.150 vs. 0.156-0.167 A; Table S2%), as observed in
Fig. S8.1 Such a feature is likely attributed to the greater elec-
tron population of t,, shell for the LS (t,,°e,') ions, which
would eventually lead to enhanced n-backbonding interactions
with the empty ligand orbitals.””

In the crystal lattices of 1-5, a segregated arrangement com-
prising complex cations and perchlorate layers are intercon-
nected by electrostatic forces and van der Waals contacts
(Fig. S2-S61). In 1 and 4, additional water molecules of crystal-
lisation occupy the interlayer space, establishing moderate to
weak intermolecular hydrogen-bonding interactions with the
perchlorate anions [O--H-O = 2.922(5)-3.273(4) A] and van der
Waals contacts with the mononuclear cobalt(u) complex
cations.

Mononuclear complexes in 1-5 interact with each other
through moderate to weak intermolecular face-to-face (1-5) or
edge-to-face (3) n-n stacking interactions between their phenyl
rings (Fig. 2), leading to different supramolecular n-bonded
motifs of variable dimensionality (nD, n = 0-2) and topology,
including either discrete (5) or chain arrays (4) of dimers
(Fig. 2e and d), as well as square (2 and 3) or rhombus (1)
grids (Fig. 2a-c). Within each cationic layer of 4 and 5, the
intradimer intermetallic distance through the face-to-face
n-stacking [Co---Co = 10.402 (4) and 10.762 A (5)] are compar-
able to those of the shortest interdimer ones [Co---Co = 10.401
(4) and 11.586 (5)]. Otherwise, the intralayer intermetallic dis-
tances through face-to-face [Co---Co = 8.664-13.110 (1),
9.359-9.759 (2), and 10.211 A (3)] and edge-to-face x-stacking
[Co---Co = 9.635 A (3)] are similar, so that the mononuclear
units are rather well-isolated from each other.

Spectroscopic properties and theoretical calculations

The aim of this study was to investigate the spectroscopic pro-
perties of cobalt(i) complexes 1-9 with PDI ligands to analyse
the effects of electronic nature of the substituents and their
substitution pattern, since phenyl rings in ligands are elec-
tron-donating group-substituted in 1-5 but electron-withdraw-
ing in 6-9.7°

PDI ligands show similar patterns in their 'H NMR spectra.
The central pyridinediimine exhibits the characteristic doublet
and triplet signals of the meta- and para-pyridine hydrogen
atoms [§(p-Hp) = 8.21-8.32 ppm and &m-H,) =
7.86-7.95 ppm], together with a singlet signal corresponding
to the imine hydrogen atom [§(H;,,) = 8.57-8.74 ppm]. The
para-substituted  phenyl  groups  from = 4-MePhPDI,
4-MeOPhPDI,  4-MeSPhPDI,  4-Me,NPhPDI,  4-IPhPD]I,
4-BrPhPDI, and 4-CIPhPDI ligands show two doublet signals
attributed to the ortho- and meta-hydrogen atoms [6(0-Hpp) =
7.06-7.40 ppm and §(m-Hpy) = 6.77-7.75 ppm], while a multi-
plet signal corresponding to the ortho-, meta-, and para-phenyl

This journal is © the Partner Organisations 2024
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Fig. 2 Projection views of the crystal packing of 1-5 (a—e) showing a
layer of cationic mononuclear cobalt units in the array of n-bonded
rhomb grids in 1 and 3 (a and c), square grids in 2 (b), dimers in 4 and 5
(d and e) among the mononuclear units [symmetry operation: (i) =1 — x,
1-y,1-z (i) =1+ x, y, z; (iii) =1 — x, y, z (L and 3); (i) =—x, -y, —z; (ii) =1/
2-x,1/2+y,1/2 — z (iii) =1/2 + x, 1/12 = y, 1/2 + z (2); (i) =—x, =y, —z; (ii)
=1/2 — x, 1/2 + y, 1/2 - z; (iii) =1/2 + x, 1/2 — y, 1/2 + z (4 and 5)]. For
clarity, grey and black colours are used for ligand backbones, pink and
green colours for pink and green for LS and HS cobalt atoms, and
dashed lines for n—x stacking interactions.

hydrogen atoms appears for the 2,4-Me,PDI [5(0,m-Hpy) =
7.04 ppm] and 3-BrPhPDI ligands [6(0,m,p-Hpy) = 7.30 ppm]. In
addition, a singlet signal corresponding to the hydrogen
atoms from the para-dimethylamino, para-methoxy, and para-
or ortho-methyl substituents is observed for 4-MePhPDI [§(p-
Hye) = 2.39 ppm], 4-MeOPhPDI [§(p-Home) = 3.85 ppml,
4-MeSPhPDI [5(p-Hgpe) = 3.85 ppm], 4-Me,NPhPDI [§(p-Hyes)
= 3.01 ppm] and 2,4-Me,PhPDI [§(p-Hpe) = 2.35 ppm and §(o-
Hpe) = 2.40 ppm].

These chemical shifts display a linear correlation with the
substituent oy (Fig. S91). Hence, within the pyridinediimine
fragment, 6(H;y,) and 6(m-Hp,) slightly decrease and increase
with the electron-withdrawing character of the ligand substitu-
ents, whereas §(p-Hpy) remains almost constant. In contrast,
within the terminal phenyl rigs, 5(o-Hpp) and §(p-Hpy) largely
decrease, whereas §(m-Hpy,) increases instead. Overall, these
upfield or downfield shifts reflect the less efficient shielding

Inorg. Chem. Front,, 2024, 11, 6028-6043 | 6031
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effect of the substituent with the increasing distance from the
hydrogen atom.

Calculations of "H NMR chemical shifts on the ligands
confirm these conclusions (Table S3}). Thus, 4-MePhPDI and
4-Me,NPhPDI follow the observed correlations with the substi-
tuent’s Hammett constant, but 2,4-Me,PhPDI deviates,
showing a §(imine) less than expected one for 4-MePhPDI.
When a hydrogen atom replaces the ortho-methyl group in 2,4-
Me,PhPDI, which is equivalent to building 4-MePhPDI
keeping the most stable geometry of 2,4-Me,PhPDI, no effect is
observed on §(imine) and less on the pyridine hydrogen
atoms. This last result is apparent evidence that the distortions
originated from steric hindrances diminish the effect of elec-
tronic factors in 2,4-Me,PhPDIL.

The FT-IR spectra of the PDI ligands and cobalt(u) com-
plexes display a moderate band in the ranges of 1618-1626
and 1572-1608 cm™', respectively, assigned to the C=N
stretching vibration. This vibrational frequency linearly
decreases with the electron-withdrawing nature of the ligand
substituent for the complexes (Fig. S10}); but it remains
almost constant through the ligand series. This fact may be
likely explained by the increase of the aforementioned
n-backbonding metal-ligand interactions with increasing the
ligand’s electron-withdrawing nature that would weaken the
C=N bond.

The electronic absorption spectra in acetonitrile solution of
the 4-Me,NPhPDI and 4-CIPhPDI ligands and those of their
cobalt(un) complexes 4 and 8, as representative examples of
these two related series, are compared in Fig. 3.

1-9 exhibit two very intense sharp absorption bands in the
high-energy UV region (4; = 195-199 nm and 4, =
218-258 nm), together with a broad, less intense low-energy
UV band that extends into the visible region (4; = 335-489 nm)
(insets of Fig. 3a and b).

The higher (4; = 195-200 nm and 1, = 217-260 nm) and the
lowest energy (43 = 335-489 nm) UV bands found for the
ligands are formally attributed to intraligand (IL) n-n* and
n-t* transitions, as it was done for the similar para-substi-
tuted phenyl- and azobenzene derivatives.®>*° Although the
transition energies change along the series of ligands (Fig. 4),
the most significant shift occurs for the lowest energy band
(43), which moves to lower energies by increasing the electron-
withdrawing character of the substituent, being confirmed by
TDDFT calculations on the optimised geometries of MePhPDI
and 4-NMe,PhPDI (Table S4%).

Upon the formation of the complexes, once again, this 1,
transition, particularly in 4, undergoes a redshift (Fig. 4). The
resemblance of the spectra of 1-9 to those of their corres-
ponding PDI ligands suggests that the recorded transitions
have mainly IL character (Fig. 4), with shifts attributed to the
involvement of the metal ion, possibly through ligand-to-metal
(LMCT) or metal-to-ligand charge transfers (MLCT). However,
in these electronic transitions involving partial IL charge trans-
fer between the phenyl and pyridinediimine fragments (Fig. 5),
the conformation adopted by the ligand into the complex may
play a crucial role. Thus, a TDDFT calculation restricted to the
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Fig. 3 Electronic absorption spectra of (a) 4-Me,NPhPDI and (b)
4-CIPhPDI ligands (dashed lines) compared to the corresponding cobalt(i)
complexes 4 and 8 (solid lines) in acetonitrile solution at room tempera-
ture. The insets show the lower energy UV-Vis band for 1 (purple),
2 (pink), 3 (green), 4 (pale pink), 5 (blue), 6 (light green), 7 (yellow), 8
(red), and 9 (orange).

conformation of the 4-Me,NPhPDI in the optimised geometry
of its cobalt(n) complex (4) shows the experimentally observed
energy displacement (Table S4}), so that the contribution from
the metal ion is not exclusively electronic. Still, it allows the
approach of two PDI ligands, intensifying the steric effects
already observed in the isolated ligand and thereby modifying
the electronic transitions.

Notably, Canton et al. recently documented a Jahn-Teller
(JT) photoswitching behaviour in the related mononuclear
cobalt(u)-2,2":6',2"-terpyridine (TERPY) complex.”> This intri-
guing phenomenon involving an ultrafast switching between
the axially-elongated LS and axially-compressed HS forms
occurs in aqueous solution at room temperature upon MLCT
excitation under deep violet-blue light, evoking memory of the
light-induced excited spin-state trapping (LIESST and reverse
LIESST) initially observed by Decurtins et al. in octahedral
mononuclear SCO iron(u) complexes,’”®" and later in related
cobalt(u)-dioxolene complexes exhibiting reversible photo-
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Fig. 4 Variation of the transition energy values of the electronic tran-
sitions [1,, with n = 1 (pink), 2 (blue), and 3 (cyan)] for the PDI ligands (O)
and the corresponding cobalt(i) complexes 1-9 (®) with the Hammett
constants (o) of the ligand substituents. The identity of the ligand sub-
stituents is included for clarity. The dotted and solid lines are the linear
fit curves for the ligands and complexes, respectively (see text).

Fig. 5 Natural transition orbitals (NTOs) involved in the more significant
electronic transitions for 4-Me,NPhPDI in the optimised geometry of its
LS complex 4. Isosurfaces are shown setting cut-off at 0.02 e per bohr>.

induced valence tautomerism (VT).”*> These findings open new
exciting perspectives for implementing logic schemes in QIP
through the optical control of quantum coherence (QC) pro-
perties in Co™ SCO/SMMs as prototypes of optically-addressa-
ble qubits.
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The Q-band EPR spectra of 1-5 at 4.0 K, depicted in Fig. 6
(see Experimental section in the ESI}), reveal that, except for 3,
all spectra comprise a strong signal at the high-field region
around g = 2.0 (ca. 12000 G), typical for LS cobalt(u) com-
plexes, which is split as a consequence of the high axiality and
rhombicity present in these compounds. Additionally, 3 and 5
exhibit signals in the low-field region around g = 8.0 (ca. 3000
G), a signature of the presence of HS cobalt(i) complexes in an
octahedral environment, which aligns with the incomplete
spin transition or its absence observed by magnetometry (see
discussion below).

EPR spectra were simulated jointly for the LS and HS frac-
tions. LS contributions were satisfactorily simulated consider-
ing a highly axial (g, = g, # gz) for 2 and 5 and a rhombic octa-
hedron (g, # g, # g-) for the rest. Somehow, there is an inver-
sion of the g values for 5, in which g, value is the closest one to
the free electron g-factor (2.0). This fact suggests that the mag-
netic orbital is defined the d,. orbital instead of the d,._y. one,
as in the other members of the series. Table S5} summarises
the g values used in these simulations.

Among these five compounds, 3 and 5 exhibit an HS frac-
tion at 4.0 K evidenced by the EPR signature with signals at
very low fields in both Q- and X-band spectra. In 5, this signal
is split most likely due to an effect of the field-modulation
amplitude; and thus, the real g value is provided by its mid-
point. The signals at g, = 7.5 (3) and 8.0 (5) are evidence of a

a) b)

Relative Intensity (a.u.)
Relative Intensity (a.u.)

o 5000 10000 15000 o 5000 10000 15000
H (G) H(6)

<) d)

Relative Intensity (a..)
Relative Intensity (a..)

10000
H(6) H(6)

Relative Intensi

1
H(6)

Fig. 6 Experimental Q-band EPR spectra of 1-5 (a—e) in the solid state
at 4.0 K (black solid lines). X-band spectra of 3 and 5 appear as insets.
Red and blue solid lines are the simulated curves for S = 1/2 and aniso-
tropic S = 3/2 approaches (see text).
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uniaxial zfs (D < 0). In this scenario, the two remaining ges
components are expected to adopt values so low that cannot
be observed by Q-band EPR spectroscopy, but they do in
X-band. In fact, the X-band spectra of 3 and 5 show two signals
at high fields with g, = 1.65 (3)/0.85 (5) and g, = 2.30 (3)/1.01
(5). Moreover, when considering a zfs on a quartet spin state,
we could only achieve good simulations for the X-band spectra
with very large or moderate rhombicities. The parameters used
in these simulations [g, = 2.23 (3)/2.15 (5), g, = 2.67 (3)/2.18
(5), g- = 2.90 (3)/2.65 (5), D < 0, and E/D = 0.33 (3)/0.15 (5)]
accord with those found from ab initio calculations for 5 (see
Experimental section in the ESI); but the g values slightly
differ for 3 {ge¢ = [1.35, 1.81, 8.09] (3)/[0.91, 1.06, 8.55] (5) or
g3 = [2.01, 2.27, 2.89] (3)/[2.01, 2.17, 2.96] (5), D = —69.9
(3)/-79.8 (5) cm™", and E/D = 0.252 (3)/0.152 (5)}.

Magnetic properties

To investigate the influence of phenyl substituents on the spin
transition and spin dynamics of mononuclear cobalt(i)-PDI
complexes, the dc and ac magnetic properties of compounds
1-5 were measured and compared to those of reference com-
plexes 6-9.”° This comparison focused on the effects of the
number of substituents, their electron-donating or electron-
withdrawing nature, and their ortho, meta, or para position on
the phenyl ring.

The dc magnetic properties of 1-5 are depicted in Fig. 7 in
the form of the yT vs. T and M vs. H plots (y» and M being
the dc molar magnetic susceptibility and the magnetisation
and T and H, the absolute temperature and the applied mag-
netic field).

The ymT vs. T plots (Fig. 7a) reveal the occurrence of distinct
SCO behaviours for 1, 2, 4, and 5 as well as its absence for 3,
similarly to what was found in 6-9.”°

At room temperature, y\T for 3 and 5 (2.87 and 2.90 cm?
mol ™" K) is within the expected range for a HS Co" ion with an
unquenched orbital momentum contribution, whereas it is
rather lower for 1, 2, and 4. Upon cooling, yuT for 3 decreases
smoothly down to 1.85 cm® mol™ K at 2.0 K, revealing the
occurrence of a significant zf$ arising from the spin-orbit
coupling (SOC) of the HS Co" ion. In contrast, a partial spin
transition occurs for 5, as revealed by the decrease of y\T
around 100 K (T3, = 75 K) until a value of 1.48 cm® mol ™" K at
2.0 K that agrees with an approximate 2 : 1 HS/LS molar ratio.
Instead, compounds 1, 2, and 4 show a complete and gradual
spin transition, as evidenced by the smooth decrease of yT
upon cooling to reach a plateau around 100 (1 and 2) and
150 K (4) with values of 0.49 (1), 0.45 (2), and 0.40 cm® mol™*
K (4) at 2.0 K, consistent with a LS Co™ ion.

This scenario is further supported by the M vs. H plots at
2.0 K for 1-5 (Fig. 7b). Hence, M values at H = 50 kOe are close
(1, 2, and 4) to the value of the saturation magnetisation for a
LS Co" ion (1.10Np for g = 2.2). The reduced magnetisation
curves for 2 and 4 in the temperature range of 2.0-10.0 K per-
fectly superimpose (Fig. S11b and S11d1), as expected for an S
= 1/2 state. On the other hand, the M value of 2.06Np at 50 kOe
for 3 is close to the saturation magnetisation for an effective
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Fig. 7 (a) Temperature dependence of yuT and (b) field dependence of
M at 2.0 K for 1 (purple), 2 (pink), 3 (green), 4 (pale pink), and 5 (blue).
The light green line is the best-fit curve for 3 (see text).

doublet spin state arising from a ground Kramers doublet that
results from a zfs (2.10Np for S = 1/2 and g = 4.2). The
maximum M value for 5 (1.87Np) is close to the calculated sat-
uration magnetisation for a 2:1 HS/LS molar ratio (1.77Np).
Moreover, the lack of superimposition below 10.0 K in the
reduced magnetisation curves for 3 and 5 (Fig. S1ic and
Sile}) supports the occurrence of a significant zfs on the
quartet ground state.

Understanding the lack of SCO behaviour in 3 remains a
challenge. While para-thiomethyl substituents are the least
electron-donating in this series (based on Hammett para-
meters), favouring a less intense ligand field, this would not
necessarily predict SCO behaviour. SCO depends heavily on
both the molecule itself and how it packs in the crystal lattice,
particularly the strength of intermolecular interactions that
determine cooperativity. Studies on related cobalt(n) com-
plexes with electron-withdrawing substituents or the family
discussed here with electron-donating ones have not shown a
clear correlation between ligand character and SCO.”° The only
recurring observed feature is that weak X:--X contacts exist
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exclusively between LS Co" complexes. Beyond halogen-
halogen contacts, other electronic factors from intermolecular
interactions undoubtedly play a crucial role.

The experimental magnetic data for 3 were effectively simu-
lated by the simultaneous analysis of the magnetisation and
magnetic susceptibility data by full-matrix diagonalisation, as
implemented in the PHI program.”® Eqn (1) defines the spin
Hamiltonian used, where D and E are the axial and rhombic
magnetic anisotropy parameters. Since the experimental
measurements were carried out on finely crushed crystal
samples, g, and g, components of the g-factor are indistin-
guishable. Therefore, only perpendicular and parallel com-
ponents were preserved (g, = g, = g, and g, = gy). This approach
usually leads to reasonable estimations of the g factor, the sign
of D and even the E/D quotient, with the latter parameter carry-
ing the most significant uncertainty in its determination. This
fitting (Fig. 7a and S12%) unveiled a large uniaxial zfs (D < 0)
and a high magnetic rhombicity acting on the quartet ground
state of the complex, consistent with the EPR study (as dis-
cussed earlier). Best-fit values of these parameters are g, =
2.32, g, =2.71,D=-59.4 cm™" and E/D = 0.262.

H =D[S;> — S(S+1)/3] + E(S* +5,%) W
+ PH (gxSx + &Sy + £:5z)

The ac magnetic properties of 1-5 in the presence of an
applied dec magnetic field (Hyc) of 1.0 and 2.5 kOe are shown
in Fig. S13-S17] in the form of the y'v and y"v vs. T plots,
where y'\; and y"\ represent the in-phase and out-of-phase ac
molar magnetic susceptibility. In the absence of Hy., no fre-
quency dependence of y'\; and y"\; signals was observed (data
not shown) more likely due to either fast quantum tunnelling
of magnetisation (QTM)** or intra-Kramer (IK) relaxation on
the ground Kramers doublet of a LS or an easy-plane HS (D >
0) cobalt(u) complex.

Under a small dc magnetic field (Hgq. = 1.0 or 2.5 kOe),
both frequency- and field-dependent y'\ and y"» signals
were observed in all compounds, the last ones being only
incipient at 1.0 kOe for 1, 2 and 4, but shifting towards
higher temperatures at 2.5 kOe, whereas those curves for 3
and 5 remained almost unaltered. These features resemble
the conclusions from a preceding contribution,”® in which
the LS and HS Co(un) complexes accounted for a different
field dependence of the slow magnetic relaxation behaviour.
Besides the low-temperature y"\; incipient signals, a distinct
shoulder developed for 1 at higher temperatures under both
dc magnetic fields would suggest a double magnetic relax-
ation process.

The joint analysis of the y'y; and y"y vs. v plots (Fig. S18-
S22%) through the generalised Debye model provided magnetic
relaxation times (r).”* The occurrence of two relaxation pro-
cesses in 1 required a second contribution for its analysis. As
the temperature increases, the significance of the second low-
temperature (LT) process dimes until it becomes irrelevant at
4.0 K. So, the LT contribution was cut off from the analysis
above this temperature.
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The Arrhenius plots were built from these relaxation times,
as displayed in Fig. S23.} In addition to the notable difference
in 7 between the LS and HS forms, while Hy. strongly influ-
ences it in the LS configuration (1, 2 and 4), its effect is weak
in the HS one (3 and 5), as seen earlier for 6-9.”°

In the LS configuration observed in 1, 2, and 4, character-
ised by a mg = +1/2 ground Kramers doublet, the absence of an
energy barrier governing spin reversal implies that neither
Orbach nor quantum-tunnelling mechanisms will likely
govern the magnetic relaxation. A comparable scenario may
arise in a HS configuration for a Co" ion featuring an easy-
plane zfs, as well as in cases with a uniaxial zfs combined with
pronounced rhombicity, as exemplified by 3 and 5, where the
E/D ratio approaches the limit of 1/3. Furthermore, the In z vs.
In T plots (Fig. 8) show linear dependencies in some tempera-
ture regions. These observations allow the conclusion that
Raman, direct, or temperature-independent IK mechanisms
are primarily involved in the magnetic relaxation of the
studied cobalt(u)-PDI compounds. Consequently, parameters
obtained from the model employed to analyse these plots are
summarised in Table S61 and compared with those found for
6-9 in Fig. 9 and S24.1"°

At the lowest Hg., the IK process prevails for the HS and
mixed LS/HS complexes 3 and 5, respectively, with variable sig-
nificance and relaxation rates at low temperatures, while in the
LS complexes 1, 2, and 4, a Raman mechanism assisted by
optical phonons with 7 ca. 2 govern the relaxation of the mag-
netisation at any applied Hg.. Conversely, acoustic phonons
with n ca. 6 are responsible for the behaviour observed in the
HS complex 3. An intermediate situation was observed for the
mixed LS/HS complex 5, where 7 is close to 5, with optical and
acoustic phonons competing to decide the magnetic relaxation
without the possibility of discerning them. The second LT
relaxation in 1 was simulated by considering a Raman mecha-
nism involving optical phonons (n ~ 2), although the narrow

. ! A 1 1 .
1 1.5 2
InT

Fig. 8 The lnz vs. InT plots for the calculated magnetic relaxation
times (z) of 1 (purple), 2 (pink), 3 (green), 4 (pale pink), and 5 (blue)
under applied dc magnetic fields of 1.0 (O) and 2.5 kOe (®). Solid lines
are the best-fit curves (see text). Vertical error bars denote the standard
deviations.
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Fig. 9 The magnetic relaxation time variation for an IK mechanism (z;x)
under an applied dc magnetic field of 2.5 kOe, plotted against the
Hammett constant (o) of the ligand substituents across cobalt(i)-PDI
complexes 1-3 and 5-9. For clarity, the identity of the ligand substitu-
ents is provided for each data point, which are drawn in red, green, and
blue to distinguish LS, HS, and LS/HS complexes, respectively. The solid
lines are the best-fit exponential curves (see text).

temperature range in which this process is relevant compro-
mises this result (data not shown).

An analysis of the magnetic relaxation parameters for
cobalt(n)-PDI complexes 1-9 reveals some correlations with the
electron-withdrawing character of the ligand substituents
expressed by the Hammett constant (Fig. 9), which depend on
the spin state. That is, the relaxation mechanisms that operate
may be different depending on the spin state, making it
difficult to find correlations. For example, the exponential factor
n in Raman relaxation differs significantly between 3 and 5
compared to 1, 2, and 4, suggesting the involvement of
phonons of different natures. Therefore, correlations between
parameters governing spin relaxations and Hammett constant
should be analysed while considering the spin state. For LS, HS,
or mixed LS/HS complexes, 7ix at the highest Hy., for which
more data are available, increases exponentially with the c-type
inductive electron withdrawing of the para-substituent. So, the
magnetic relaxation rate through the IK mechanism is slowed
down when electron and spin densities are removed from the
metal towards the ligand, independently of the spin configur-
ation. This extensive delocalisation makes spin reversal more
challenging, requiring a synchronised inversion of all local spin
densities distributed throughout the complex.

However, this dependence is palpably more pronounced for
the LS configuration. This situation likely arises from var-
iances in spin delocalisation and spin polarisation effects on
the ligand in LS and HS complexes. Consequently, the mag-
netic relaxation rate within the ground Kramers doublet (mg =
+1/2) is significantly slower than anticipated. So, our DFT
study suggested that this phenomenon is attributable to a
greater degree of electron and spin delocalisation in the HS
than in the LS configuration, as reported earlier.”®
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Similar correlations are sighted when looking at the para-
meters of a Raman relaxation mechanism (Fig. S24%).
However, these results must be used with caution since,
although the exponent 7 should take values close to 2 or in the
range 7-9 depending on the type of phonons (optical or acous-
tic) involved in the process, sometimes intermediate values are
found because of the impossibility of discerning the two com-
peting mechanisms. This problem, therefore, translates to the
values of C closely correlated with those of 7.

These findings show the potential to manipulate SMM
and, subsequently, QC properties of LS Co" ions using an
external magnetic field, thus opening the possibility for their
application as molecular spintronic devices in future spin-
based quantum computing machines. Crucially, for a system
with a doublet spin ground state, the magnetic relaxation
time coincides with the spin-lattice relaxation time (T, = 1),
which acts as a limiting factor for the quantum phase
memory time (T, < Ty) varying nearly tenfold at 2.0 K in our
LS cobalt(i)-PDI complexes (from around 10-100 ps to
0.1-1 ms for Hy, = 1.0 and 2.5 kOe, respectively). This signifi-
cant change in relaxation dynamics offers a promising avenue
for developing a new class of magnetic field-effect spin
quantum transistors (MFE-SQT), which, in contrast to conven-
tional electronic transistors in classic computers, relying on
electric voltage for control, would function based on an exter-
nal magnetic field.

Electrochemical properties and theoretical calculations

The electrochemical properties of 1-9 have been investigated
by cyclic voltammetry to analyse the influence of the electron-
donating or withdrawing nature of the phenyl substituents, as
well as their ortho, meta, or para substitution pattern, on the
metal- and ligand-centred, multiredox behaviour. A summary
of the electrochemical data is listed in Table S7.}

The cyclic voltammograms in acetonitrile at room tempera-
ture show a pattern of qualitatively similar redox behaviour
(Fig. 10 and S25%). They exhibit one reversible oxidation wave
(£, from 0.14 to 0.59 V) and two reversible reduction waves (E,
from —0.52 to —0.82 V and E; from —1.38 to —1.67 V) together
with one (1 and 3-9) or two (2) completely irreversible
reduction waves at very high negative formal potentials (E,
from —1.85 to —2.10 V and E5 = —2.19 V). In addition, one com-
pletely irreversible oxidation wave appears at very high positive
formal potentials for 4 (data not shown).

For all compounds, the anodic to cathodic peak separations
for the first two reduction waves (AE, , = 71-95 mV and AE,, ; =
71-93 mV) are comparable to that of the Fc'/Fc redox couple
(AE, = 80 mV) under the same conditions. However, those for
the oxidation wave are somewhat larger (AE,; = 78-260 mV),
with 5 even revealing a two-step oxidation process. Yet, scan
rate-dependence studies for this oxidation wave in the range
20-250 mV s~ (insets of Fig. $251) show a linear dependence
of the difference between the cathodic and anodic peak inten-
sities with the square root of the scan rate in all compounds
(data not shown), indicating reversibility on the voltametric
time-scale.
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Fig. 10 Cyclic voltammograms of (a) 1-5 (from purple to blue) and (b)
6-9 (from light green to orange) in acetonitrile (0.1 M nBu4NPFg) at
25°C and 200 mV s7%.

The assignment of the observed redox processes for 1-9 is
illustrated in Scheme 2.%° The reversible oxidation wave corres-
ponds to the one-electron metal oxidation to afford the cobalt(in)
species (Scheme 2a). In contrast, the first pair of well-separated
reversible reduction waves conform to the ligand’s stepwise
one-electron reduction to give the single and double imide-
type n-radical anion cobalt(u) species (Scheme 2b). That being
so, the second pair of irreversible reduction waves is likely
attributed to the further stepwise one-electron reduction of the
ligands to give the single and double imide-type (non-radical)
dianion cobalt(u) species (Scheme 2c¢).

The o-donor capacity and m-acceptor ability of the PDI
ligands are the leading causes of the dual metal- and ligand-
centred multiredox behaviour of this unique series of com-
plexes. Moreover, they are eventually responsible for the
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!
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Scheme 2 Proposed redox model for the multielectron transfer series
in mononuclear six-coordinate cobalt(i)-PDI complexes as prototypes
of molecular spin quantum transistors and capacitors. The boxed struc-
ture shows redox isomers for the non-innocent PDI ligands.
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observed thermodynamic and kinetic stability of the corres-
ponding cobalt(u) and the single or double imide-type
n-radical anion cobalt(u) species. Hence, the significant separ-
ation between the first pair of reversible reduction waves along
this series (AE,3) points out high thermodynamic stability of
the mixed-valent, one-electron reduced cobalt(u) =n-radical
species resulting from a substantial electronic delocalisation,
as evidenced by the estimated values of the comproportiona-
tion constant (K23 = 2.6-8.2 x 10™%).

There is a linear correlation between the formal redox
potentials for each of the three reversible redox potentials
along 1-9 and the electron-withdrawing nature of the ligand
substituents expressed by the Hammett constant (Fig. 11).%
E,_3; moderately increase with oy, favouring thus the metal oxi-
dation and disfavouring the ligand reduction. The deviation of
5 from this correlation could be attributed to several reasons,
with the most probable cause being the significant distortion
from planarity underwent by the PDI ligand due to steric hin-
drances between imine hydrogen atoms and the ortho-methyl
groups, leading to a loss of ligand aromaticity. Notably, 5 sys-
tematically deviates from all correlations established in this
study between a physical property and oy. This discrepancy is
particularly evident in the correlation for the "H NMR chemi-
cal shift, carried out only on the ligands, supporting the
hypothesis that the ligand distortion is the underlying cause,
as confirmed by theoretical calculations (see discussion
above). It must be emphasised that the Hammett parameter is
applied without considering other factors, such as geometric
changes, which may lead to an inaccurate estimation of the
electron-withdrawing effects of the substituents. Thus, this
electronic feature can be in 5 less than in 1, despite the former
containing an additional electron-donating methyl group,
both groups being not very efficient in the geometry shown.

Thus, our DFT calculations on the wunsubstituted
[Co"(PDI),]** model complex support that the electronic

05 -

E (V)
R

-15 |-

2 p-MeO _—
L p-MeN o,p-Me, l p-Me p-MeS p-l P-Cl m-Br
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OH
Fig. 11 Variation of the formal redox potentials [E;, i = 1 (pink), 2 (blue),
and 3 (cyan)] for the cobalt(n)-PDI complexes 1-9 with the Hammett
constants (oy) of the ligand substituents. The identity of the ligand sub-
stituents is included for clarity. The solid lines are the best linear fits (see
text).
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reductions occur in the ligands instead of the metal ion.
Geometry optimisation on the double reduced species in both
ferromagnetic (F) and antiferromagnetic (AF) states confirm
that the [Co"(PDI'"),] electronic nature is the most stable,”®
exhibiting partial molecular asymmetry that distinguishes
both radicals. For the optimised geometries of the most stable
spin configurations with LS and HS Co" ions, the magnetic
couplings between the PDI'™ radicals and the Co™ ion are F
(J = +299/+309 cm™, H = —J3,-S,) for the LS metal ion and AF
(J ~ —=590/—-579 cm ™) for the HS one (Fig. 12).

For a LS Co" ion, there is only one contribution, which is
ferromagnetic, as it involves two orthogonal magnetic orbitals,
one n* from the radical and one e, from the metal ion.
Conversely, for a HS Co" ion, although a new F contribution
appears with a second e, orbital from the metal ion, another
AF contribution also arises, involving a t,, orbital that inten-
sely overlaps with that describing the radical and, therefore,
prevails. Since the PDI'™ radical places a large part of its spin
density on the nitrogen donor atoms (Fig. 12), metal ion and
radicals are strongly coupled, as evidenced by the calculated
atomic spin densities (Table S81) and magnetic couplings.

For the same reason, and having a single atom in the
exchange path between the two radicals, their magnetic coup-
ling is non-negligible, being AF or F for an HS or LS configur-
ation of the Co" ion, respectively. While a F coupling is
initially expected due to the accidental orthogonality between
the magnetic orbitals of the radicals, notable electronic trans-
fers occur with HS Co" ion favouring the AF configuration
(Scheme 3), which is overstabilised.”” This fact can partially
distort results for Jy;g and Jrg, requiring careful consider-
ation within its context.

The calculated charge-induced S = 1/2 & S = 3/2 (F) [(LS)-
Co™(PDI),]**/[(LS)-Co™(PDI'7),] or, alternatively, S = 3/2 < S =
1/2 (AF) [(HS)-Co"(PDI),]**/[(HS)-Co"(PDI'~),] magnetic switch-
ing behaviour makes of these opto-electroactive spin crossover
complexes potential prototypes of electric field-effect spin
quantum transistors (EFE-SQTs) for molecular spintronics.
Although SCO and SMM properties do not converge in the

L«/"

Fig. 12 Spin density maps for the optimised geometries of the most
stable spin configurations of the [Co'(PDI*"),] species incorporating (a)
LS and (b) HS Co'" ions. Isosurfaces are shown setting cut-off at 0.006 e
per bohr®. Positive and negative spin densities are displayed in yellow
and blue colours.
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a) LS Co" PDI™ b)

e

HS Co" PDI~

R

R

Ny aglifa;
AF: v

Scheme 3 Simplified visualisation of the most significant partial charge
transfers occurring in the F (top) and AF (down) configurations of the
[Co"(PDI),] species incorporating (a) LS and (b) HS Co" ions. Only con-
tributions that differentiate both states are shown. Fainter arrows are
used for less notable charge transfers.

same temperature range, which will hardly happen in other
systems since only a few SMMs based on organometallic
lanthanide complexes reaching magnetisation-blocking temp-
eratures up to that of N, liquefaction (T}, ca. 80 K) are known,
another stimulus, the electronic reduction or oxidation of the
system, interacts with these two properties. Depending on the
applied electric gate voltage, these compounds can demon-
strate significant changes in electrical conductance when tran-
sitioning from the HS or LS [Co"(PDI),]*" complexes to the
magnetically coupled metal-radical species, [Co"(PDI™),]
(Scheme 2b).

In particular, the tailor-made mononuclear cobalt(u)-4-
SMePhPDI complex is a very appealing candidate for the physi-
cal implementation of EFE-SQTs when integrated into gold-
based molecular junctions because of the presumed high
affinity for gold electrodes through the free sulphur atoms of
the para-substituted thiomethyl groups. Thus, in a related
cobalt(n) complex with a redox-active mercapto-functionalised
TERPY ligand, the single Kondo peak in the current-voltage
(I-V) plots splits after mechanical stretching of the attached
individual molecules anchored between two mobile gold elec-
trodes.*® The authors argued that this unique mechanical
control of the EFE-SQT behaviour eventually originates from
the reduced octahedral cobalt(i) species resulting upon current
flow through the molecule, which would possess a non-negli-
gible uniaxial magnetic anisotropy (D < 0) of the triplet spin
state of the Co' ion.

Yet, the occurrence of a spin transition between HS and LS
Co" ions typical of octahedral bis(terpyridine)cobalt(i) SCO
complexes cannot be discarded, as previously found in the
related iron(un) SCO complexes with the redox-active 2,6-bis
(pyrazol-1-yl)pyridine (dpzpy) and 3,5-bis(pyrazol-1-yl)-4,4'-
bipyridine (dpzbpy) ligands.?” In this other case, the authors
proposed that, upon electrical current flow, the EFE-SQT
behaviour occurs by reduction of the two ancillary ligands,
which indirectly alters the spin state of the Fe'" ion, as sup-
ported by theoretical calculations on a model.*” This charge-
induced SCO is associated to the appearance of a split zero
bias resistance Kondo peak in the electrical conductance for
the diamagnetic LS [Fe"(dpzbpy),]** complex upon increasing

This journal is © the Partner Organisations 2024
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the gate voltage, which would be explained by the zero-field
splitting of the triplet state in [Fe"(dpzbpy ~),] resulting from
an antiferromagnetic coupling between the quintet HS Fe™" ion
and the two n-radical ligands arising from a double reduction.

Conclusions

Ligand tuning has led to the preparation of a unique family of
mononuclear spin crossover cobalt(i1) complexes featuring PDI
ligands with electron-donating and withdrawing substituents
at the para, meta, or ortho positions of the terminal
N-substituted phenyl rings. Depending on the electronic
nature of the substituent, this novel series exhibits a range of
thermally induced spin transitions, including complete,
partial, or no transition, but at the same time also field-
induced slow magnetic relaxation at low temperatures. Key
conclusions regarding their magnetic relaxation dynamics are
as follows: (i) the SMM behaviour is governed by two distinct
regimes, with slower- and faster-relaxing centres depending on
their HS and LS nature; (ii) a strong dual field-dependence of
the SMM behaviour is observed in the LS form, with spin rever-
sal slowing down as the applied magnetic field increases; and
(iif) the slow magnetic relaxation of LS and HS complexes
involves distinct optical and acoustic two-phonon Raman
mechanistic pathways, occasionally competing with an
additional temperature-independent IK mechanism at the
lowest temperatures.

This unique family of redox-active complexes with electron-
donating and withdrawing substituents possesses both metal-
and ligand-centred electrochemical activity because of the
strong o-donor capacity and the n-acceptor character of the PDI
ligand. Throughout this family, an overall correlation between
the redox behaviour and the electron-donating/withdrawing
nature of the ligand’s para-substituent is established.
Otherwise, the distinct redox behaviour of the ortho, para-
dimethyl derivative is likely due to the steric effects of the
ortho-methyl group, so the larger deviations from planarity in
the ligand result in a significant reduction of the n-type induc-
tive donor effects of the para-methyl group.

This new class of triply thermal-, magneto-, and electro-
switchable SCO cobalt(u)-PDI compounds with a field-induced
SMM behaviour possesses multiple metal- or ligand-based
redox and spin states, capable of reversible interconversion
under various external stimuli, including temperature, mag-
netic field, and redox potential. The reported electronic and
magnetic multistabilities underscore the potential of multire-
sponsive and multifunctional SCO/SMMs in the emerging
fields of molecular spintronics and quantum computation.
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