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Introducing magnetic coupling between lanthanide ions has been
shown to yield better-performing single-molecule magnets (SMMs),
as exemplified by the Cp,*"Ln,l; family of compounds (Cp™*":
pentaisopropylcyclopentadienyl, Ln: Gd, Tb, or Dy). This unique
coupling is mediated through an unpaired electron hosted in a
o-like orbital, that results from the two 5d,. Ln ions, and under-
standing these interactions holds the key to continue advancing the
rational design of SMMs. Here, we focus on the Cp,*"Gd,ls spin-
only system and apply a recently proposed DFT-based decomposi-
tion scheme to assess the chemical and structural factors that
affect the magnetic coupling. Based on these, we propose synthe-
tically feasible systems with increased coupling.

The magnetic exchange interaction (/) is a key element in the
design of materials and molecules with novel magnetic proper-
ties, having been imaginatively leveraged to make advances in a
range of fields, such as organic magnetism,’ spintronics,>
qubits® and single-molecule magnets.* Of particular interest
to this work is the latter, whose defining feature is a capacity to
retain magnetisation at the molecular level. While numerous
strategies have been put forward across the years to design and
synthesize these systems,” the common goal still is to maximise
the time a SMM retains its magnetisation, ideally at ever-
increasing temperatures. This is sought after because it leads
to coercive fields, which provide the SMM with magnetic
bistability and the potential to be used as platforms for high-
density information storage devices.® A well-studied strategy
over the last decade has been to force an indirect coupling
between lanthanide ions through coupling with a radical
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moiety, resulting in Ln-radical-Ln architectures.* Recently,
huge coercive fields have been achieved by introducing a strong
J between two axial lanthanide ions,”® opening up a new and
exciting avenue towards better-performing SMMs. This strong J
has been realised through an exotic coupling between lantha-
nide ions and singly occupied c-like orbital, constituted of the
5d,. orbitals of both ions. This bonding interaction belongs to
class III of the Robin-Day mixed-valence classification’ and
results in an intermediate situation between a three-coupled-
magnetic-centres case and Hund’s rule. Given the central role
that J has in improving the properties of these systems, it seems
appropriate to develop an understanding of what the governing
factors are, as well as proposing strategies that afford its control
through chemical modifications. To that end, we apply a
decomposition scheme," that informs of the different contri-
butions that make up J, to the series Cp,™Gd,X; (Cp =
cyclopentadienyl, iPr = isopropyl, Gd = gadolinium, X = chlor-
ine, bromine, iodine). We also investigate how structural varia-
tions of the parent Cp,*™Gd,I; compound’ impact J,
establishing clear magneto-structural relationships. We focus
on the Gd-derivatives because our methodology is well-defined
for spin-only systems, whilst given the separate origins of Ln
anisotropy and the interaction between their spin component
with the unpaired electron hosted by 5d,. orbital, we hypothe-
sise that our findings are also of relevance across the whole
series.

The present series of compounds implies three magnetic
centres (labelled Gd;, Gd, and o) and their coupling is
described by the Heisenberg-Dirac-van Vleck (HDvV) Hamilto-
IAlian AI‘AIHDVV = *Zfedl-os‘cdl'svc - 2]6-Gd2§c"§Gdz — 2Jcd,~Gd,
Sad,"Sad,- Magnetic exchange coupling may be interpreted as
the competition between three main physical contributions"*
with (i) the direct exchange J, corresponding to the direct
exchange integral between two magnetic centres, (ii) the kinetic
exchange AJxg translating the relaxation of the magnetic cen-
tres in the low spin-states and analogous to Anderson’s super-
exchange mechanism and (iii) the spin polarisation AJsp
reflecting the different responses of the non-magnetic electrons
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to the different spin distribution of the spin states. J, favours a
parallel alignment of the spin of the magnetic centres while
AJxe has the opposite effect. The impact of AJsp on the coupling
depends on the system but is expected to be negligible in
transition metal- or lanthanide-based series of compounds
due to the local nature of the magnetic orbitals. Recent devel-
opments allow extracting these three contributions in density
functional theory (DFT) (methodology and computational
details are presented in the ESIt), and this strategy has been
successfully applied to rationalise couplings in various
situations.'> In systems implying more than two magnetic
centres, these three contributions are used to determine the
overall coupling as Jx = J, + AJsp + Afxe.'°

As a starting point, we first calculate and decompose J5 for
the crystal structure of Cp,™™Gd,I;” for both the Gd-Gd
(Jed_ca) and Gd-o (Jgq.o) interactions (Table S1, ESIt). Focus-
ing on Jgq_o, since Jga_ga is comparatively negligible (Js= = —1,
Jo=0,AJsp =0 and AJgxg = —2 cmfi), we find that the originally
reported value of 333 cm ™' is dominated by the direct exchange
(Jo = 350 cm™ '), with the remaining being a negative contribu-
tion from the kinetic exchange part (Ajxg = —17 cm ™) and the
spin polarisation part (AJsp = 0 cm™') playing no role. This
pattern can be understood given that the exchange integral
informs of the spatial overlap of the interacting magnetic
orbitals, which in this case is large. In what follows, we perform
a series of structural distortions (Fig. 2) and chemical modifica-
tions (Fig. 3) on the parent compound, looking for the condi-
tions that concomitantly result in a large J,, a minimised
negative contribution from AJxg and a positive one from AJsp
in order to maximise Js.

First, we perform a series of distortions involving the Gd-Gd
distance while keeping the relative position of all other groups
fixed (Table S2, ESIt and Fig. 2 left). As expected, as the
distance decreases, Jx increases thanks to an increase in J,
(+40 cm™') which is damped by a much faster increase of the
negative, yet smaller, AJiy; values (—17 to —34 cm ™). Similarly,
in increasing the distance between gadolinium centres, Js
decreases due to a reduction in J, and AJxg values. This analysis
shows that while reducing the Gd-Gd distance introduces a
rapidly growing, detrimental contribution from AJxg, its effect

i

Gd-o-Gd
Fig. 1 Schematic representation of the structural and chemical modifica-
tions investigated. Blue (denoted o) and red dots represent the centroids of
the Cp*"> and X3 components, respectively. X refers to halogen atoms
(X =1, Cl, F). Green dashed lines represent the distortions applied to the
structure.
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is masked by the exceedingly larger J,, suggesting that chemical
modifications aimed at reducing the Gd-Gd distance are an
effective way to promote the overall exchange.

Whereas the analysis of linear Gd-Gd distance indicated
that a preferred strategy would be to bring the lanthanide ions
closer, it also showed that pushing them apart makes Ajxg go
towards ever smaller negative values. If this was combined with
changes that did not decrease J,, it would represent a way to
increase the overall exchange in these compounds. To that end,
we looked at how changing the angle between Gd ions and the
centroid of the halogen ions (Fig. 1) affects the exchange
interaction and its contributions - we note here that this
distortion keeps the relative orientation and distance of the
Cp ligands intact with respect to the gadolinium. We first
performed a distortion where both Gd ions are moved symme-
trically relative to the I3 centroid. Fig. 2 (middle) shows sig-
nificant variations in both J, and AJkg contributions. However,
the values of both contributions increase in magnitude result-
ing in almost no variation of the total coupling J5, rendering
this strategy ineffective. The final structural variation focuses
on symmetrically bending the angles between the Cp external
ligand, its centroid (“‘0”” on Fig. 1) and the GdI;Gd moiety - the
Cp ligand pivots around its centroid, and the centroid itself
does not move. As shown Fig. 2 (right), /s presents a quadratic
decrease, which results from the same behaviour of the dom-
inating direct exchange contribution. For the kinetic exchange,
the magnitude also decreases but with a more linear pattern.
Hence, having the Cp ligands at right angles with the GdI;Gd
moiety should be a preferable arrangement to maximise the
coupling. It may be worth noting that this variation has been
done on a model structure close to the X-ray one, explaining
why the relative energies are not equal to zero at 90 degrees.

Despite the strong torsions we applied to the structure, the
magnetic exchange coupling between the Gd ions and the &
orbital remains rather unchanged. This may be readily
explained by considering the nature of the o centre; regardless
of the torsion applied to the structure, the ¢ centre would be
composed of the 5d,. orbital of both Gd ions and would result
in similar on-site interactions. This peculiarity motivates us to
focus on how the bridging halogen triangle affects the o-like
orbital and the associated coupling.

To that end, we first performed the decomposition analysis
on the series Cp,"™Gd,X; (X = F, Br, Cl), having simply
substituted the original iodine atoms at the crystal structure,
without geometry optimisation (Fig. 3 — constrained geometry).
Here, we observe an increase of Jx by substituting with lighter
halogen atoms. This trend results from larger direct exchange
contributions while the kinetic exchange ones remain rather
unchanged. One may also note the larger spin polarisation
contribution going from iodine to fluorine. This may be ratio-
nalised thanks to the Mulliken spin and charge populations
over the gadolinium and halogen atoms presented in Table S3
(ESIt) for X = I and F for the determinants defining the
magnetic and core orbitals of the systems (ESIT). In the con-
strained Cp,™Gd,F; structure, the spin population is more
concentrated over the Gd and less over the halogen than in the
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Fig. 3 Contributions to the exchange coupling constants between Gd
centre and o centre in the constrained and relaxed Cp,""5Gd,Xs (X = F, CL,
Br, 1) structures.

Cp,*™Gd,l;. One may readily think this would result in a
greater on-site interaction, leading to larger J, and AJsp. It
may be worth noting that despite this modification of the spin
populations, the kinetic exchange contribution is not impacted.

We then performed geometry optimisations on the diamag-
netic yttrium analogues and applied our decomposition analy-
sis to those structures. We note that the fluorine substituted
system could not be converged to a stationary point. This
suggests that the resulting Gd-Gd environment is not capable
of effectively hosting a o-like orbital with the fluorine atoms
coming too close to the yttrium during the optimisation. Fig. 3
presents the contributions of the decomposition and Js for the
series of optimised Cp,Gd,X; compounds (relaxed geometry
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in Fig. 3). Substituting the iodine atoms with lighter halogen
atoms results in significantly stronger ferromagnetic J, contri-
butions, with increases of 39 em™* and 56 cm™* for Br and Cl
atoms, respectively. The latter change represents a large mod-
ification with an increase of 15%. These chemical substitutions
also provide larger Ajxg in magnitude with lower values of 20
and 24 cm ™' for Br and Cl atoms, respectively. Consequently,
these substitutions enhance the ferromagnetic nature of the
overall Jgq.c coupling by 23 and 14 cm™! for Cl and Br,
respectively, in line with the Gd-Gd distances (Cl: 3.386, Br:
3.496 A).

From all the structural distortions and chemical modifica-
tions investigated, it is apparent that the best strategy to
promote the overall exchange in these compounds is by sub-
stituting the heavy iodide ions with smaller halogens, ideally
chlorine, as very recently shown in uranium-based triangular
complexes.”® In terms of their synthetic feasibility, we argue
that the proposed derivatives are reasonable - the original
synthesis” relies on a salt metathesis between anhydrous
GdI3 and NaCp™™ to form the iodide-bridged dimer precursor,
which after reduction, via the formation of potassium iodide
(KI), results in the crucial single electron bond between the
metals - GdF;,"* GdCl;"> and GdBr;'® are readily available
starting materials, and the reduction of the associated precur-
sor should, in principle, be thermodynamically favoured as
the enthalpy of formation of KF, KCI and KBr are 56, 26 and
15 kecal mol ™" higher than that of KI, respectively.

This work focuses on the Gd-based complexes and the study
of lanthanide ions with stronger local anisotropy implies
tedious theoretical machinery. However, due to the isotropic
nature of the magnetic exchange interaction, one may reason-
ably expect our conclusions to hold for other lanthanide ions
and that the increase in J would result in even larger coercive
fields and longer relaxation times at temperatures ever closer to
ambient conditions. With this, we hope to have provided
compelling enough arguments for skilled chemists to take on
the challenge of synthesising Dy,Cp,"*"Cl; and Tb,Cp,"*Cl,.

This journal is © The Royal Society of Chemistry 2024
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