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iated tuning of electronic and
magnetic properties in heterotrimetallic
cyclooctatetraenyl multidecker self-assemblies†

Zheng Zhou, a James McNeely,b Joshua Greenough,a Zheng Wei, a

Haixiang Han,c Mathieu Rouzières,d Andrey Yu. Rogachev,*e Rodolphe Clérac *d

and Marina A. Petrukhina *a

The synthesis of a novel family of homoleptic COT-based heterotrimetallic self-assemblies bearing the

formula [LnKCa(COT)3(THF)3] (Ln(III) ¼ Gd, Tb, Dy, Ho, Er, Tm, and Yb) is reported followed by their X-ray

crystallographic and magnetic characterization. All crystals conform to the monoclinic P21/c space

group with a slight compression of the unit cell from 3396.4(2) �A3 to 3373.2(4) �A3 along the series. All

complexes exhibit a triple-decker structure having the Ln(III) and K(I) ions sandwiched by three COT2�

ligands with an end-bound {Ca2+(THF)3} moiety to form a non-linear (153.5�) arrangement of three

different metals. The COT2� ligands act in a h8-mode with respect to all metal centers. A detailed

structural comparison of this unique set of heterotrimetallic complexes has revealed consistent trends

along the series. From Gd to Yb, the Ln to ring-centroid distance decreases from 1.961(3) �A to 1.827(2) �A.

In contrast, the separation of K(I) and Ca(II) ions from the COT-centroid (2.443(3) and 1.914(3) �A,

respectively) is not affected by the change of Ln(III) ions. The magnetic property investigation of the

[LnKCa(COT)3(THF)3] series (Ln(III) ¼ Gd, Tb, Dy, Ho, Er, and Tm) reveals that the Dy, Er, and Tm

complexes display slow relaxation of their magnetization, in other words, single-molecule magnet (SMM)

properties. This behaviour is dominated by thermally activated (Orbach-like) and quantum tunneling

processes for [DyKCa(COT)3(THF)3] in contrast to [ErKCa(COT)3(THF)3], in which the thermally activated

and Raman processes appear to be relevant. Details of the electronic structures and magnetic properties

of these complexes are further clarified with the help of DFT and ab initio theoretical calculations.
Introduction

In recent decades, the design of structural platforms capable of
supporting target mixed-metal ion combinations attracted
signicant interest of synthetic and materials chemists from
both fundamental and applied perspectives.1–4 This attention is
not surprising, given the near-innite number of possible
combinations of metals, ligands, and their spatial-orientations.
It is precisely this diversity of constitutional and structural
ny, State University of New York, Albany,

ny.edu

y, Boston, MA, USA

neering, Cornell University, Ithaca, New

erche Paul Pascal, UMR 5031, F-33600,

ux.cnrs.fr

of Technology, Chicago, IL 60616, USA.

gachev@gmail.com

(ESI) available: Details of preparation,
studies. CCDC 2090491–2090497. For
or other electronic format see DOI:

874
possibilities that has given rise to a wide range of physical
properties and applications such as single-molecule magnets
(SMMs),5–9 luminescence,10,11 and catalysis.12,13 Importantly,
with powerful design concepts, the properties of individual
metal centers can be modulated through variations of experi-
mental conditions and the structural environment,14–16 thus
entailing novel responsive compounds, which exhibit proper-
ties superior in complexity to their homometallic analogues and
lower-nuclearity cognates.17,18

Despite the expected diversity of high-nuclearity (three or
more metal centers) heterometallic complexes, a search of the
literature reveals that nearly all reported examples rely on
oxygen or nitrogen-based ligands.6,16,19–21 The vast majority of
structurally characterized complexes fall into the broad family
of coordination polymers,22,23 with most of the remaining
structural scaffolds being either multinuclear metal clusters24

or supramolecular networks.15 Oen these structurally complex
architectures have been shown to evade rational design,25 thus
thwarting control of their physical properties, particularly in
regards to magnetism. This leaves a gap in our fundamental
understanding of how multiple metals of different natures
interact in an organometallic environment.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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One ligand that has shown particular viability for the
construction of heterometallic organometallic complexes is the
aromatic 10 p electron cyclooctatetraenyl (COT2�) ligand.26 The
success of COT2� arises from its high rotational symmetry27 and
unique ability to bind to metal ions that span a wide range of
ionic radii from as large as 1.38�A (K(I))28 to as small as 0.605�A
(V(IV)).29 These favorable properties resulted in the broad use of
COT2� in the synthesis of new organometallic complexes of
lanthanides.28,30–32 The interplay of the different oxidation states
of lanthanides and the ratio between Ln and COT2� ligands has
been efficiently utilized in the preparation of many Ln–COT
complexes with interesting magnetic properties,32,33 including
remarkable mixed-ligand SMMs.33–37

Considering homometallic organometallic complexes, Ln(IV)
ions prefer to be sandwiched by two COT2� rings (1 : 2 ratio,
Scheme 1a), as in Ce(COT)2.38 Complexes of Ln(III) ions with
COT2� of a 2 : 3 composition (Scheme 1b) are well known,31,32,39

with some new members of this type having recently been
synthesized and structurally characterized by our group.40

Furthermore, the addition of substituents to COT ligands has
been used tomodulate the geometry of such complexes,41 further
enhancing their SMM behaviour.39,42 In addition, a series of the
Ln(II)-based 1D polymers with a 1 : 1 ratio to COT2� has been
reported,43 but their crystal structures remain unknown.

Switching to bimetallic complexes, the 1 : 1 ratio of
Ln(III) : K(I) allows balancing the negative charge of COT2� and
has been realized in two general structural types. The most
popular structural motif is represented by the anionic sandwich
[Ln(COT)2]

� with a contact or solvent-separated M(I) ion
(Scheme 1c).44 In 2013, a report on the SMM properties of
K[Er(COT)2] drove strong attention to this type of complex.45 In
parallel, the use of bulky COT ligands in such structures has
been shown to improve magnetic behaviour.39,42,46 The second
structural type is based on Ln(III)–K(I)–Ln(III)–K(I) tetranuclear
species (Scheme 1d), which was initially synthesized and
structurally characterized back in 1991 28 and further investi-
gated due to their SMM properties in 2014.42 For bimetallic
combinations with Ln(II), several products were reported
(Scheme 1e),47–50 in which Eu(II), Tm(II), or Yb(II) is sandwiched
by two COT2� anions, and the negative charge is balanced by
the side-binding of two M(I) ions.

To date, the highest energy barriers of the Orbach relaxation
for the COT-based SMMs have been observed in mononuclear
Ln complexes and can be attributed to a ne renement of their
crystal eld and local symmetry.51–54 Although assembling larger
molecules containing multiple metal centers is very
Scheme 1 Depiction of crystallographically characterized homoleptic
Ln complexes with the COT2� ligand.

© 2022 The Author(s). Published by the Royal Society of Chemistry
challenging, such extension could facilitate exchange coupling
between metal centers and further enhance magnetic proper-
ties.39,55 Furthermore, introducing more paramagnetic ions
could increase the total magnetic moment, which could also
improve the blocking temperature of lanthanide-based SMMs.42

Until now, there have been no COT-based heterotrimetallic
complexes reported. Inspired by the above seminal studies, we
decided to gradually add structural complexity by increasing the
number of unique metal centers from two to three. We targeted
the preparation of novel heterotrimetallic homoleptic cyclo-
octatetraenyl compounds and used Ca(II) as a source of M(II) in
addition to Ln(III) and K(I). Herein, we report the synthesis and
full characterization of the rst heterotrimetallic cyclo-
octatetraenyl complexes bearing the formula [LnKCa(COT)3(-
THF)3] (Ln ¼ Gd, Tb, Dy, Ho, Er, Tm, and Yb). Their X-ray
crystallographic analysis revealed unique structural features
and systematic trends along the series. The magnetic properties
of the new set of complexes have been investigated, revealing
the SMM behaviour of the Dy, Er, and Tm analogues.
Results and discussion

The preparation of this new class of compounds has been
achieved by a facile one-pot synthesis (Scheme 2). The solution
of K2COT (3 eq.) was added dropwise to an equimolar mixture of
LnCl3 (Ln ¼ Gd, Tb, Dy, Ho, Er, Tm, and Yb) and CaI2 in THF at
room temperature. The reaction was allowed to proceed to
completion over 24 hours. Aer removal of the KI and KCl salts
by ltration, the products were crystallized using slow diffusion
of hexanes to the THF ltrate. Plate-shaped crystals were iso-
lated in good yield aer several days (see the ESI† for more
details). The X-ray diffraction study conrmed that products are
isostructural and conform to a monoclinic P21/c space group
(Table S8†). Notably, as the ionic radius decreases from Gd to
Yb, the unit cell undergoes slight compression with the volume
changing from 3396.4(2) to 3373.2(4) �A3, which is consistent
with the observed shortening of the a and c axes.

All complexes contain three metal centers with a ratio of
1 : 1 : 1 to form [LnKCa(COT)3(THF)3] (Ln ¼ Gd (1-Gd), Tb (2-
Tb), Dy (3-Dy), Ho (4-Ho), Er (5-Er), Tm (6-Tm), and Yb (7-Yb)).
The phase purity of 1–7 has been proven by X-ray powder
diffraction using Le Bail t (Fig. S2–S8, Tables S1–S7†). The
infrared spectra of the crystalline solids show their close simi-
larity for the series with major bands at 677, 876, 888, and
1030 cm�1 (Fig. S1†).
Crystallographic study

Since Dy(III) and Er(III) complexes usually exhibit an interesting
magnetic response such as SMM properties, we rst performed
Scheme 2 Preparation of complexes 1–7 (Ln ¼ Gd–Yb).

Chem. Sci., 2022, 13, 3864–3874 | 3865



Fig. 1 Crystal structure and solid-state packing of [DyKCa(COT)3(THF)3] (3-Dy) at 100 K: (a and c) ball-and-stick and (b and d) space-filling
models.

Table 1 Selected bond length distancesa (�A) and angles (�) in 1–7 along with the Ln(III) ionic radiusb

1-Gd 2-Tb 3-Dy 4-Ho 5-Er 6-Tm 7-Yb

Ionic radius56 1.053 1.040 1.027 1.015 1.004 0.994 0.985
Ln–COT1 1.913(3) 1.891(2) 1.874(8) 1.859(3) 1.846(2) 1.832(2) 1.827(2)
Ln–COT2 1.961(3) 1.939(2) 1.923(8) 1.907(3) 1.896(2) 1.881(2) 1.871(2)
K–COT2 2.479(3) 2.476(2) 2.478(8) 2.476(3) 2.475(2) 2.476(2) 2.478(2)
K–COT3 2.409(3) 2.407(2) 2.408(8) 2.407(3) 2.408(2) 2.409(2) 2.407(2)
Ca–COT3 1.915(2) 1.914(2) 1.912(8) 1.914(2) 1.913(2) 1.916(2) 1.913(2)
:Ln–K–Ca 153.47(2) 153.56(1) 153.52(5) 153.56(2) 153.59(1) 153.62(1) 153.62(1)

a Values are averaged. b The ionic radii correspond to the coordination number 8.

Fig. 2 A 3D chart of the selected M–COTcentroid distances (�A) tabu-
lated in Table 1 for 1–7.
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a detailed structural analysis of 3-Dy and 5-Er and then used
them for comparison with the [LnKCa(COT)3(THF)3] series. In
the crystal structures of 3-Dy (Fig. 1a and b) and 5-Er (Fig. S13†),
the Dy(III) or Er(III) ion is sandwiched by two h8-coordinated
COT2� ligands (COT1 and COT2), with the two rings being
almost parallel to each other (0.9� and 0.8�, respectively).
This small deviation is commonly seen in [Ln(COT)2]

�

complexes with a tilting angle up to 7.9�.28,31,40,42,45,47 The Dy–C
(2.614(8)–2.683(7) �A) and Er–C (2.593(2)–2.644(2) �A) distances
are close (Table 1) to those reported in the literature.33,39,45,46

In the solid-state structures of 3-Dy (Fig. 1c and d) and 5-Er
(Fig. S16†), some weak C–H/p interactions can be identied
along the c axis between the open-ended COT1 decks and
coordinated THF molecules from neighboring molecules, with
the shortest distances of 2.708(5)–2.751(5) �A and 2.693(2)–
2.731(2)�A, respectively. The resulting 1D columns are packed in
opposite directions with no signicant interactions found
between the adjacent columns.

A detailed structural comparison of the extended family of
complexes 1–7 (see Fig. S9–S15† for analogous complexes) was
carried out, revealing consistent trends along the series (Table 1
and Fig. 2).56 From 1-Gd to 7-Yb, the Ln to ring-centroid distance
systematically decreases from 1.913(3)�A to 1.827(2)�A and from
1.961(3) �A to 1.871(2) �A (for COT1 and COT2, respectively),
which is consistent with the decrease of the Ln(III) ionic radius.56

The Ln(III) ion sits closer to COT1 than COT2, with the
3866 | Chem. Sci., 2022, 13, 3864–3874
Ln–COTcentroid bond length difference averaging at 0.048 �A. In
contrast, the K–COTcentroid and Ca–COT3centroid (averaged to
1.914(3) �A) distances are not affected by the change of Ln(III)
ions. As mentioned, the K(I) to the COT3-centroid distance
(averaged to 2.477(3) �A) is shorter than that to COT2 (averaged
to 2.408(3)�A). The average Ln–K–Ca angle is 153.6�, which is not
affected by the change of lanthanide ions in this series. In the
solid-state structures of 1–7 (Fig. S16†), 1D columns are formed
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 Photoluminescence excitation (PLE, blue lines) and photoluminescence emission (PL, red dotted lines) spectra of 1–7 in THF at 20 �C.

Edge Article Chemical Science
along the c axis through weak C–H/p interactions between
COT1 and THF from adjacent molecules (2.692(1)–2.751(5) �A,
Table S11†), with no noticeable interactions found between the
adjacent columns. The intramolecular Ln–K and Ca–K
distances for this series are 4.348(2)–4.440(2) �A and 4.319(2)–
4.323(2) �A, respectively (Table S12†). The shortest intermolec-
ular Ln–Ln distances between the columns range from 9.260(2)
to 9.277(2) �A. The solid-state packing in 1–7 is tight with the
void space (averaged to 11.8 �A3) being similar for the whole
family.
Fig. 4 Temperature dependence of the cT product for 1–6 at 0.1 T
(c, the dc magnetic susceptibility, is defined as M/H per mole of
complex;M andH being the magnetisation and applied magnetic field,
respectively).
Photoluminescence properties

The heterotrimetallic [LnKCa(COT)3(THF)3] scaffold exhibits
great exibility in accommodating a variety of different lantha-
nide ions, providing a unique platform for the investigation of
the relationship between the lanthanide metal center and optical
properties. In this respect, it offers the feasibility to tune the
electronic structure of such heterotrimetallic compounds by
choosing an appropriate lanthanide metal, since a signicant
contribution comes from their 4f orbitals. Based on photo-
luminescence spectroscopy investigation, compounds 1–7
feature similar PL and PLE proles (Fig. 3). The main excitation
wavelengths for this series fall into a relatively narrow range
between 308 and 362 nm, whereas the corresponding emission
peaks vary broadly from 390 to 592 nm, depending on the
lanthanide ion. Specically, complexes 3–7 (Dy, Ho, Er, Tm, and
Yb) demonstrate typical sharp emission proles with relatively
small Stokes shis ranging from 40 to 82 nm. This stems from
the evidence that the optical responses of lanthanide complexes
are associated with electron transitions within the 4fn orbitals,
which are shielded by the lled 5s2 and 5p2 orbitals. As a result,
the ligand eld strength cannot signicantly affect the energy,
thus leading to a small Stokes shi.57,58 In contrast, complexes 1-
Gd and 2-Tb exhibit larger Stokes shis of 230 and 251 nm,
respectively. This can be associated with the special position Tb
holds among the lanthanide series, as the photoluminescence of
© 2022 The Author(s). Published by the Royal Society of Chemistry
Tb-containing complexes results from the 4f–5d transition, while
ligand-to-metal charge-transfer (LMCT) is the main driving force
for others.59,60 Similar observations have also been reported for
other Tb and Gd-complexes.61 For example, upon excitation at
350 nm, complex [Tb(Cp)3(THF)] (Cp ¼ cyclopentadienyl)
displays a broad photoluminescence band from 545 to 555 nm.62

Similarly, the [Tb(hfa)3(tppo)2] (hfa ¼ hexauoroacetylacetonate,
tppo ¼ triphenylphosphine oxide) complex synthesized by
Hasegawa and co-workers displays photoluminescence at
548 nm upon excitation at 350 nm.63 The versatility of lanthanide
ions results in their unique electronic structures, which can be
further used to tune the optical properties, suggesting potential
applications in photocatalysis, sensing, and bio-imaging.64,65
Magnetic properties

The magnetic properties of complexes 1–6 were studied using
dc and ac susceptibility measurements (see the ESI† for more
details). Around room temperature, the cT product values are
Chem. Sci., 2022, 13, 3864–3874 | 3867



Fig. 5 Field dependence of the magnetisation for 5-Er at low
temperatures between 1.85 and 11 K with applied magnetic field from
�7 to 7 T (main) and from �0.1 to 0.1 T (inset). The magnetisation data
are shown as a M versus H plot with the following field sweep rates:
80 Oe min�1 between 0 and 0.1 T, 170 Oe min�1 between 0.1 and 0.3
T, 400 Oe min�1 between 0.3 and 1 T, 830 Oe min�1 between 1 and 2
T, 2800 Oe min�1 between 2 and 7 T.
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7.7, 10.5, 13.3, 13.3, 11.7 and 7.2 cm3 K mol�1, respectively,
which is coherent with the presence of a single paramagnetic
lanthanide site from Gd(III) to Tm(III) (Fig. 4).66 While the cT
value remains quasi constant down to 1.85 K (7.6 cm3 K mol�1)
for 1-Gd, it shows a more or less marked decrease depending on
the Ln(III) center in the experimental temperature window of
measurements and reaches the values of 0.86 cm3 K mol�1 for
2-Tb, 5.76 cm3 Kmol�1 for 3-Dy, 6.05 cm3 Kmol�1 for 4-Ho, 3.88
cm3 K mol�1 for 5-Er, and 5.91 cm3 K mol�1 for 6-Tm at 1.85 K.
These thermal variations of the cT product conrm the
Fig. 6 In-phase (top) and out-of-phase (bottom) components of the
temperature at different frequencies (left) and as a function of frequency
left plots are a guides for the eye. The solid lines on the right plots are t
(open dots).

3868 | Chem. Sci., 2022, 13, 3864–3874
expected presence of a crystal-eld splitting for the Tb(III),
Dy(III), Ho(III), Er(III), and Tm(III) complexes and a simple Curie
paramagnetic behaviour for the Gd(III) analogue.66 The eld
dependence of magnetisation was also measured below 8 K
(between 0 and 7 T), as shown in Fig. S17–S22.† Under 7 T at
1.85 K, the magnetisations of 1-Gd, 5-Er, and 6-Tm are close to
saturation, while an absence of saturation is clearly observed for
2-Tb, 3-Dy, and 4-Ho containing the most magnetically aniso-
tropic Ln(III) ions, reaching values of 3.13, 5.52, and 6.28 mB,
respectively.

Slow dynamics or blocking of magnetisation was detected by
dc measurements only for the Er(III) complex (5-Er), which is
commonly seen in the reported Er–COT complexes.33,36,42,45,67–69

Field-dependent magnetisation experiments revealed a typical
buttery shapedmagnetic hysteretic loop below 10 K (Fig. 5). The
magnetisation at 1.85 K and 7 T clearly saturates to a value of 5.29
mB. In the reported [Er2(COT00)3] (COT00 ¼ 1,4-bis(trimethylsilyl)
cyclooctatetraene) complex, a signicant magnetic interaction
between two close Er(III) ions (Er–Er: 4.11�A) is observed, resulting
in an s-shaped hysteresis loop that closes at 12 K.42 In contrast,
a similar buttery shaped hysteresis of [K2Er2(COT)4(THF)4]
below 12 K is indicative of very weak interactions between the
Er(III) ions (Er–Er: 8.12 �A).42 Hence, the dynamic relaxation
process of 5-Er should not be inuenced by the Er/Er magnetic
interactions based on the long Er–Er distance (9.26�A) and thus,
the relaxation originates from a magnetically isolated Er(III)
center.

Ac susceptibility was measured for these compounds in
order to probe the magnetisation dynamics and determine the
characteristic relaxation time among this family of complexes.
molar ac magnetic susceptibility of 3-Dy measured as a function of
at different temperatures (right) in zero dc-field. The solid lines on the
he generalized Debye fits71,72 of the experimental ac susceptibility data

© 2022 The Author(s). Published by the Royal Society of Chemistry
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As shown in the following, strong temperature, dc eld and
frequency dependencies of the ac susceptibility, i.e. SMM
properties, are observed for 3-Dy, 5-Er, and 6-Tm, while no out-
of-phase (c00) signal is detected for the other analogues. It can be
noted here that the magnetic properties of 2-Tb are comparable
to the reported Tb-sandwich with the substituted COT ligands,
[Li(DME)3][Tb(COT00)2],70 where no indication of slow magnetic
relaxation or hysteresis was observed.

For the Dy(III) complex (3-Dy), a single relaxation mode is
observed around 2100 Hz at 1.8 K (Fig. 6). This mode is relatively
temperature independent up to 3.5 K, as expected for a mag-
netisation relaxation dominated by quantum tunnelling effects.
Above this temperature, the relaxation is temperature depen-
dent and reaches the limit of the experimental ac frequency
window (10 kHz) around 7 K. When applying a magnetic eld at
5 K, the characteristic relaxation frequency of the relaxation
mode shis from 3500 Hz in zero-dc eld to 420 Hz at 0.1 T
(Fig. S24 and S25†). The relaxation time of the magnetisation, s,
and its estimated standard deviation (ESD) were deduced as
a function of the applied dc-eld at 5 K and as a function of the
temperature at 0 and 0.1 T (Fig. S29†) from the experimental c0

versus n and c00 versus n data (Fig. 6, S23 and S26†) tted to the
generalised Debye model.71,72

Paramagnetic relaxation is a well-known phenomenon,73

which nds its origin in four main mechanisms: Raman,74

direct,73 thermally activated (Arrhenius or Orbach-like)73,75 and
quantum tunnelling of the magnetisation (QTM)76–79 processes.
Based on the analysis of the relaxation time variations (Fig. S29,
see the ESI for equations and detailed discussion,
Fig. S28–S30†), both Orbach-like and QTM relaxation
Fig. 7 In-phase (top) and out-of-phase (bottom) components of the
temperature at different frequencies (left) and as a function of frequency
left plots are a guide for the eye. The solid lines on the right plots are the ge
dots).

© 2022 The Author(s). Published by the Royal Society of Chemistry
mechanisms seem to be present in 3-Dy. Indeed, the dc-eld
dependence of s above 0.1 T could only be potentially repro-
duced by an Orbach-like relaxation, while at low elds below
0.05 T, the relaxation time is compatible with an H2 variation
expected for QTM or Raman mechanisms. Nevertheless,
considering both eld and temperature dependences of s, the
modelling of the experimental data favors Orbach-like and QTM
relaxations (see the ESI†). It is important to note that the origin
of the Orbach-like relaxation with an estimated energy gap of
about 43 K is not obvious for a mononuclear Dy complex, and it
should certainly be challenged in following theoretical studies
(vide infra). Even if the relaxation time can be tted well with the
experimental data using ve adjustable parameters (Fig. S29†)
and similar approaches have already been used for Dy–COT
analogous SMMs,33,39 the physics of the present dynamics might
be better described by alternative models, and thus the current
analysis should be taken with great caution as any similar
modelling of the relaxation for SMMs.

For the Er(III) complex (5-Er), the dynamics of the magnet-
isation is slow enough to be detectable by dc magnetic
measurements below 10 K (Fig. 5). Above this temperature, the
relaxation time reaches the experimental time scale accessible
by the ac susceptibility measurements and thus it can be
accurately measured for complex 5-Er. As shown in Fig. 7, the
single relaxation mode observed at 11 K around 0.018 Hz is
strongly temperature-dependent and reaches 10 kHz around
37 K. When applying a magnetic eld at 27 K, the characteristic
frequency of the relaxation mode stays unchanged suggesting
that the magnetisation relaxation is dominated by an Orbach-
like process in this temperature range. Nevertheless, the ln(s)
molar ac magnetic susceptibility of 5-Er measured as a function of
at different temperatures (right) in zero dc-field. The solid lines on the
neralized Debye fits71,72 of the experimental ac susceptibility data (open

Chem. Sci., 2022, 13, 3864–3874 | 3869



Table 2 Natural population analysis as applied to DFT and
CASSCF(n,7) results

System

CASSCF(n,7) DFT

Charge 4f 5d 6s Charge 4f 5d 6s

1-Gd 1.50 7.01 1.32 0.11 1.31 7.06 1.44 0.11
2-Tb 1.47 8.01 1.34 0.11 1.28 8.08 1.45 0.12
3-Dy 1.47 9.01 1.34 0.12 1.27 9.09 1.44 0.12
4-Ho 1.47 10.01 1.34 0.12 1.29 10.05 1.46 0.12
5-Er 1.46 11.00 1.34 0.12 1.29 11.05 1.46 0.12
6-Tm 1.46 12.00 1.35 0.12 1.27 12.08 1.45 0.13
7-Yb 1.47 13.00 1.34 0.12 1.22 13.21 1.36 0.13

Chemical Science Edge Article
vs. T�1 plot (Fig. S30†) is not perfectly linear revealing a depar-
ture from a simple thermally activated process. A second
relaxation pathway should thus be considered. In zero-dc eld,
only Raman and QTM are active processes but only a model
considering Raman and Orbach-like relaxations was able to t
all the experimental data (Fig. S30†).45 It is worth mentioning
that the characteristics of the Orbach-like process (D/kB ¼
287(16) K) are indeed similar to those estimated in the related
Er–COT complexes.33,42,45

In the case of the Tm(III) analogue (6-Tm), ac measurements
reveal a broad relaxation mode (Fig. S31 and S32†), which is
weakly temperature dependent and disappears rapidly when
a magnetic eld is applied suggesting a dominant quantum
relaxation.

Thus, despite structural similarity of complexes 1–7, varia-
tions in magnetic behaviour have been clearly observed,
prompting comprehensive theoretical investigation of the
electronic structures and magnetic properties.
Calculations of electronic structures and magnetic properties

In order to gain further insights into the periodic trends
observed in the electronic structures andmagnetic properties of
the target systems, DFT and ab initio calculations were per-
formed with the ORCA80–82 electronic structure suite. First, we
analysed the correlation between geometrical and electronic
structures by considering nephelauxetic and relativistic neph-
elauxetic reductions for the series using strongly correlated
multireference perturbation theory of the second order in the
NEVPT2 variant (Fig. 8). A similar approach has been recently
used by Aravena et al.83 It can be seen that both reductions
increase when moving from 1-Gd to 7-Yb, which suggests that
the covalency is slightly decreased across the series as the ionic
radius is reduced.

The trend is also supported by atomic charges and atomic
orbital populations calculated within the NBO/NPA framework
at both PBE0 and CASSCF(n,7) levels (Table 2). Both sets suggest
that the covalent component of the bonding is best described as
the interaction between the p-system of the COT ligand and the
Ln 5d shell, although the strength of these bondings appeared
to be nearly constant from 1-Gd to 6-Tm. Average CCOT1–Ln
Fig. 8 Nephelauxetic (black) and relativistic nephelauxetic reductions
(red) calculated at the NEVPT2(n,7) level.
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Wiberg bond orders (WBOs) of 0.19–0.20 are observed for 1–6,
with corresponding WBOs of 0.15–0.16 for CCOT2–Ln bonding
contacts. The tendency in bond orders correlates well with that
observed in natural charges of the Ln centers (Table 2). The
nature of the bonding was further conrmed by the second-
order perturbation analysis of the Fock matrix in the NBO
basis. It was found that the population of 5d shell along the
series correlates with the donor–acceptor stabilization energies
between the p-system of COT and the 5d atomic orbitals of Ln.

Notably, calculations clearly indicated 7-Yb as an outlier. A
large increase in excess 4f population and a corresponding
decrease in the 5d occupation were observed for this system.
Looking at the donor–acceptor interactions between the Yb(III)
center and the COT2� p-systems, two notably occupied formally
virtual lone valence orbitals, namely 5d–4f hybrids, were found
(Fig. 9), thus showing an involvement of the f-shell in the
bonding. The second-order delocalization stabilization energy
imparted by COT2� p-orbitals to these two acceptors was
calculated to be 4.2 kcal mol�1.

This unusual electronic structure of 7-Yb was further
conrmed by ab initio ligand eld theory (AILFT84) analysis of
the systems. The 4f shell splitting diagrams computed at the
NEVPT2(n,7)/QDPT level of theory are presented in Fig. 10.
Notably, a striking discontinuity in the progression of the E2u
(based on the D8h symmetry) energy was observed for 7-Yb. The
MAD of these orbital energies for 1-Gd to 6-Tm is 52 cm�1 when
referring to the barycenter. In the case of 7-Yb, however, this is
more than 660 cm�1 above the 1–6 barycenter. This strongly
hints at orbital interactions with the shell.

Importantly, calculations of the magnetic properties per-
formed at the NEVPT2(n,7)/QDPT level showed good agreement
Fig. 9 Two notably occupied formally virtual lone valence 5d–4f
hybrid orbitals for the 7-Yb system (PBE0/SARC2-ZORA-QZVP/ZORA).

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 10 NEVPT2(n,7)/QDPT AILFT f-orbital splitting (black ¼ Gd, red ¼
Tb, blue ¼ Dy, green ¼ Ho, purple ¼ Er, orange ¼ Tm, brown ¼ Yb). Fig. 12 Blocking diagram from CASSCF(9,7)/QDPT/SINGLE_ANISO

calculations for 3-Dy. Blue lines correspond to Orbach relaxation
mechanisms, green lines correspond to quantum tunneling of mag-
netisation, and red lines correspond to the most likely pathway.
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with experimental results (see Fig. S33–S38†). The calculated
room temperature cT products of 7.8, 11.2, 13.8, 13.4, 11.1, and
6.5 cm3 K mol�1 for 1–6, respectively, agree well with experi-
mentally measured values of 7.7, 10.5, 13.3, 13.3, 11.7, and
7.2 cm3 K mol�1 for the corresponding systems. The reduction
in magnetisation at lower temperatures is also reproduced by
the computational model. These reductions are due to depop-
ulation of excited levels, and their reproduction clearly indicates
that the theoretical model used in this study correctly captures
the splitting in the ground state manifold.

For the next step, the CASSCF(n,7)/QDPT/SINGLE_ANISO85–87

approach was used to investigate the ground state multiplets of
the series in order to shed light on the relaxation mechanisms
for 3-Dy and 5-Er. Notably, the blocking diagram for 5-Er
(Fig. 11) with an energy gap of 272 K between theMJ ¼ 15/2 and
MJ ¼ 13/2 state is similar to the diagram recently reported by
Ungur et al.33 for the highly symmetrical Ln–COT2� sandwich-
like systems. The transverse moments connecting the Jz ¼ 15
Fig. 11 Blocking diagram from CASSCF(9,7)/QDPT/SINGLE_ANISO
calculations for 5-Er. Blue lines correspond to Orbach relaxation
mechanisms, green lines correspond to quantum tunneling of mag-
netisation, and red lines correspond to the most likely pathway.
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to Jz ¼�15,�13 states are very small, thus suggesting extremely
small Orbach and QTM rates and increasing the blocking
temperature. This argument is also bolstered by the axiality of
the effective g-values for the Jz ¼ �15, �13 multiplets (see the
ESI, Table S14†).

While the features of the multiplet spectrum for 3-Dy with an
energy gap of 41 K between the ground and the rst excited
microstates (Fig. 12) are qualitatively similar to those reported
by Ungur et al. for the symmetric Dy–COT2� complexes, the
QTM and Orbach transverse moments calculated in this work
are �1

2 of those calculated in ref. 87. Given that the spin-
relaxation processes approximately scale as the square of the
transverse moment connecting states, the Orbach and QTM
rates in the 3-Dy system can be reliably considered as �1

4 of
those in the symmetric Dy–COT2� molecular species. This
reduction in QTM and Orbach rates gives a direct support to the
enhanced energy gap derived in this study.
Conclusions

A novel family of homoleptic cyclooctatetraenyl hetero-
trimetallic complexes, [LnKCa(COT)3(THF)3], has been synthe-
sized and fully characterized using X-ray diffraction,
spectroscopy and magnetic susceptibility measurements. Their
unique triple-decker molecular structure with Ln(III) and K(I)
ions sandwiched by three COT2� ligands with an end-bound
{Ca2+(THF)3} moiety adopts a bent arrangement of three
different metals. Systematic changes in the geometrical
parameters are clearly observed along the series, consistent
with the ionic radii decrease from Gd to Yb. The magnetic
properties study of the [LnKCa(COT)3(THF)3] family (Ln(III) ¼
Gd, Tb, Dy, Ho, Er, and Tm) revealed the single-molecule
magnet (SMM) properties of the Dy, Er, and Tm analogues.
Theoretical modeling at the density functional and ab initio
levels of theory allowed a clear establishment of the magneto-
structural correlations, thus bridging geometrical parameters,
electronic structures and magnetic behavior of these unique
Chem. Sci., 2022, 13, 3864–3874 | 3871



Chemical Science Edge Article
heterotrimetallic triple-decker COT complexes. Competition
between the Orbach relaxation mechanism and quantum
tunneling of magnetisation was investigated with the help of
multireference perturbation theory followed by the construc-
tion of corresponding blocking diagrams. The multifaceted
nature of magnetic relaxation in these systems was conrmed,
thus being in a good agreement with experimental observa-
tions. The accuracy of theoretical calculations was supported by
precise reproduction of experimental cT curves.

Importantly, the new heterotrimetallic scaffold accommo-
dating axially aligned metal ions from groups 1, 2 and 3 in three
different oxidation states provide new synthetic strategies for
building multimetallic SMMs and tuning their intramolecular
magnetic interactions. The designed structural organization of
the heterotrimetallic complexes suggests that the controlled
replacement or elimination of the THF molecules could be the
rst step toward one-dimensional organometallic frameworks
with bridging COT ligands. For the next step, title trimetallic
oligomers could serve as unique precursors for controlled metal
replacement of the M(I) and M(II) sites to afford polymeric or
hetero-spin {Ln(COT)M(COT)}n chains incorporating 3d or 4d
metal ions that could display unusual and advanced SMM
behaviour.72
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