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Paramagnetic complexes that possess magnetically switchable properties show promise in a number of
applications. A significantly underdeveloped approach is the use of metallocages, whose magnetic pro-
perties can be modulated through host—guest chemistry. Here we show such an example that utilises a
simple [Cu">L,]** lantern complex. Magnetic susceptibility and magnetisation data shows an absence of
exchange in the presence of the diamagnetic guest triflate. However, replacement of the bound triflate by
ReBrg2~ switches on antiferomagnetic exchange between the Cu and Re ions, leading to an S = 1/
2 ground state for the non-covalent complex [ReBrg2~cCu',L41%*. Comparison of this complex to a
“control” palladium-cage host—guest complex, [ReBrg>"cPd',L41%*, shows that the encapsulated ReBrg>~
anions retain the same magnetic anisotropy as in the free salt. Theoretically calculated spin-Hamiltonian
parameters are in close agreement with experiment. Spin density analysis shows the mode of interaction
between the Cu' and Re'" centres is through the Re-Br.--Cu pathway, primarily mediated through the
Cul(dy._,2)|Brsp|Reld,,) interaction. This is further supported by overlap integral calculations between singly
occupied molecular orbitals (SOMOs) of the paramagnetic ions and natural bonding orbitals analysis
where considerable donor-to-acceptor interactions are observed between hybrid 4s4p orbitals of the Br
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Introduction

Amongst the many hundreds of coordination cages to appear
in the past 30 years, the Pd,L, topology, first described by
Steel,' is the simplest, arguably the most versatile and one of
the most well-studied.>” It has been investigated in multiple
contexts, as it’s host-guest chemistry can be tuned to bind
anions,® as well as neutral species.”'® This versatility has
allowed it to be exploited for a number of applications that
involve the binding of drug® and imaging molecules,"" as well
as substrates for catalysis.">"> Paramagnetic M,L, lantern
cages are much less well explored,'* indeed investigations of
the magnetic behaviour of any supramolecular cages remains
virtually unexplored.'> However, the host-guest chemistry of

EaStCHEM School of Chemistry, The University of Edinburgh, David Brewster Road,
Edinburgh, EH9 3F] Scotland, UK. E-mail: msingh2@exseed.ed.ac.uk,
Paul.Lusby@ed. ac.uk, ebrechin@ed.ac.uk

tElectronic supplementary information (ESI) available: Details of materials and
methods, additional figures. CCDC 1570738, 1570741 and 1570740. For ESI and
crystallographic data in CIF or other electronic format see DOI: https://doi.org/
10.1039/d2dt01385a

iCurrent address: Instituto de Ciencia Molecular (ICMol), Universitat de
Valéncia, c/Catedratico José Beltran 2, 46980, Paterna, Valencia, Spain.

This journal is © The Royal Society of Chemistry 2022

ions and the empty 4s and 4p orbitals of the Cu ions.

these systems offers a range of potential advantages for the
exploitation of magnetic materials properties. These include,
for example, the reversible inducement of magnetic exchange
interactions, the encapsulation of unstable/reactive molecules
or those with unusual geometries/coordination numbers,
solid-state dilution, and the tuning of magnetic anisotropy.
Such properties are sought-after for the construction of single-
ion'® and single-molecule magnets,"” electron-spin based
qubits,"® and may find application in magnetic sensing,
switching and molecular recognition.'® Functionalisation of
the organic framework would also aid surface deposition and
the transformation of 0D molecular cages to 2D sheets and/or
3D MOFs imbued with the same physical properties.
Successful ingress of a magnetic guest into a magnetic host
may have little effect on magnetic properties if there are no sig-
nificant interactions between the two, nor any geometrical
change in either component. However, this is unlikely if size/
symmetry/electrostatic matching is efficient. Encapsulation
may solely induce structural changes to the host/guest and this
has previously been shown to have significant impact upon,
for example, the magnetic anisotropy of 3d transition metal
ions in magnetic MOFs,”® and the high spin-low spin tran-
sition temperature in spin crossover materials.”* Indeed,
recent studies of single-ion magnets have shown how crucial
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geometry is in determining magnetisation relaxation
dynamics,** and thus metallosupramolecular cages could play
a key role here if their internal cavity can be designed to suit a
specific d/f metal ion geometry. Covalent bonding through an
intervening organic/inorganic ligand or a short dipolar inter-
action between the metal ions in the host and guest will
mediate a magnetic exchange interaction, the sign and
strength of which can be controlled by the nature of the linker
and the identity of the metal ions. This then allows for control
over the magnetic ground/excited states of the cage, the
manipulation of which underpins application in a breadth of
technologies.*

Interesting potential guest molecules include the rhenium(wv)
hexahalides, [ReXq]*", that possess very large spin-orbit coup-
ling constants (1 ~ 1000 cm™" in the free ion) that results in
significant magnetic anisotropy. In addition, spin delocalisa-
tion of the electron density from the metal to the halide
imparts significant Re-X---X-Re intermolecular exchange inter-
actions which can be strong enough to induce magnetic order
in the salts of these anions at relatively high temperatures.>***
For example, K,[ReBrs| shows antiferromagnetic order below
14 K.*® Here we show that the [ReBr¢]>~ anion can be encapsu-
lated inside a paramagnetic [Cu",L,]*" (L = 1,3-bis(3-ethynyl-
pyridyl)benzene) cage by reporting the synthesis and character-
isation of three related species, [Cul'L,(H,0)(OTf);](OTf)-MeCN
(1), ReBreC [PAUL,](BF,), (2) and ReBreC [CullL,(OTf),] (3).

Results and discussion

All three cages, 1-3, are made from the self-assembly of four
molar equivalents of ligand molecule L with two molar equiva-
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lents of the corresponding metal salt (1), followed by one
molar equivalent of guest (2-3) (see the ESI for full detailst).
Complex formation was confirmed by electrospray ionization
mass spectrometry (ESI-MS), the spectra showing 1-3 remain
intact in solution (Fig. S1-S37). The "H spectra of [PdYL,](BF,),
shows the expected seven signals,>*” while the 'H spectra of
the host-guest complex 2 show only five signals (Fig. S4-S67).
The missing signals correspond to the cavity protons (H, and
H,) that strongly interact with the paramagnetic guest (H---Br-
Re, distances in the range H,---Br 2.46-3.03 A and H.---Br
2.99-3.25 A). The hydrodynamic radii determined by '"H NMR
DOSY experiments for both [PdYL,](BF,), and the host-guest
complex (2) are ~10 A, confirming that the guest has been
encapsulated in the host cavity (Fig. S77).

Single crystal X-ray crystallography (see the ESI for full
detailst) reveals that 1-3 crystallise in triclinic (1, 2) and mono-
clinic (3) crystal systems and structure solution was performed
in the P1 (1, 2) and P24/c (3) space groups (Table S17). All three
cages possess the same general structure (Fig. 1, Tables S2-
S4t), with the host framework conforming to the well-known
lantern-like [M,L4]*" cage. The Cu" ions in 1 are six coordinate
and in Jahn-Teller (JT) distorted octahedral geometries (Cu-Nj,
= 1.99-2.06 A; Cu-O = 2.32-2.62 A; cis, 87-94° trans,
176-177°), with triflate ions bonded in the outward facing
apical sites and a combination of a single triflate and a water
molecule bound in the inward facing apical positions, presum-
ably because two internally bound anions would be prohibited
due to space constraints. Charge balance is maintained
through the presence of an additional triflate anion that lies
outwith the cage, but with close contacts to both the Ph
groups of the ditopic ligand, L (C(H)---O/F, 3.2-3.6 A) and to
the apical OTf molecule (O/F---O/F, 2.6-2.9 A). The sole MeCN

Fig. 1 Molecular structures of (a) 1, (b) 2 and (c) 3. Colour code: Cu = light blue, C = black, N = dark blue, O = red, S = yellow, F = light green, H =
white, Pd = orange, Br = dark green, Re = purple. Solvents and additional counter anions omitted for clarity.
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of crystallisation is H-bonded to the H,O molecule (O(H)---N,
2.97 A) and therefore partially occupies the cavity of cage, pro-
truding out between two L ligands. The L ligands of neigh-
bouring cages interdigitate with C(Ph)---C(Ph) distances >3.5 A
which, alongside the distorted/flexible Cu geometry and the
presence of anions/solvents, may account for the severe twisting
of the L ligand geometry (Fig. S8t) enforcing a reduction from
the pseudo tetragonal symmetry of the [Pd,L,]'" cage. From
analysis of the extended structures in 2-3, it is clear that both
the guest anion and the crystallographic symmetry also play a
key role in dictating molecular symmetry (Fig. S9T). For
example, there are two orientations of the cage in 3 compared
to one orientation in all the other cages and no uncoordinated
anions, leading to a distinctly different packing arrangement in
the crystal.

There are multiple close contacts between the ortho protons
of both the pyridine and phenyl moieties of L and the Br ions
of the guest (C-H.--Br-Re, ~2.5-3.7 A), in agreement with the
NMR data. The Cu" ions in 3 are 5-coordinate and square pyra-
midal in geometry (Cu-Ny, = 2.01 A; Cu-O = 2.24 A; cis, 88-98°;
trans, 168-174°), with the triflate ions bonded in the outward
facing apical sites and the Br ions of the guest occupying the
positions sitting below the square plane of the Cu" ion
(Cu---Br, ~4.3 A). The Cu---Cu distance is now ~12.2 A com-
pared to ~11.5 A in 1, again reflecting the increased inter-
actions between host-guest when the ReBrs>~ anion is
introduced.

Magnetic properties

Direct current magnetic susceptibility (y) and magnetisation
(M) data for 1-3 were measured in the 7= 270-2 K, B=0.1 T
and T = 2-7 K, B = 0.5-5.0 T temperature and field ranges,
respectively. These are plotted as the yT product versus T and
M versus B in Fig. 2. For the quantitative interpretation of the
magnetic properties of 1-3 we used spin-Hamiltonian (1):

~ A2 A A A
H = D[S, g — Sre(Ske +1)/3]+ g BY gSi—2Y JijSi- 5
i i<j
(1)

where the first term corresponds to the single ion axial an-
isotropy of the Re" ion, the second term is the Zeeman effect
of the applied magnetic field, and the third term the exchange
interaction between the constituent (Cu", Re') metal centres.
The yT product and the variable temperature variable field
magnetisation data for 1-3 were simultaneously fitted to spin-
Hamiltonian (1), affording the best fit parameters collected in
Table 1.

In complex 1, the two Cu" ions sit at a distance of ~11.5 A
and even though they are connected by a conjugated organic
ligand (L) one would not expect to see any significant magnetic
interaction between them. This is reflected in the T data which
is invariant with temperature, and both the susceptibility and
magnetisation data can be simultaneously fitted with Jou_cy =
0.0 cm ™" with g¢, = 2.095. The susceptibility and magnetisation
data for 2 are near identical to those reported in the literature

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Magnetic susceptibility data for 1-3 measured in an applied
field, B = 0.1 T. (b—d) Magnetisation data for 1-3, respectively, in the T =
2-7 Krange in fields up to, B = 5 T. The solid lines represent the simul-
taneous fits of the susceptibility and magnetisation data to spin-
Hamiltonian (1). See the main text and Table 1 for the best fit
parameters.

Table 1 Experimental and calculated best fit parameters for the mag-
netic exchange (J) and axial zero-field splitting (Dgre) parameters in com-
plexes 1-3

3

1 2

Expt Expt Expt Calc
quRe/cm*_*_l1 — — —0.45(1) -0.15
jﬁuc/u/crgl 0.0 — 0.0 0.0

Re/CIM — +21.9(1) +21.9(1) +23.0

Zeu 2.095 — 2.095(1) 2.162
Zre — 1.832(1) 1.832(1) 1.749

for [ReBrg]”~ salts.>* This is to be expected since there has been
little distortion to its geometry upon encapsulation, as shown in
the overlay plots in Fig. S101 and shape analysis (Table S51).>®
Thus a simultaneous fit of the susceptibility and magnetisation
data affords gge = 1.832, Dge = +21.9 cm™", in agreement with
both previously published experimental** and theoretical
values.”® In order to the fit the data for 3, the gcy, £re and Dge
from the fits of compounds 1 and 2 were fixed, and only the
Jcu-re interaction allowed to vary. A simultaneous fit of the sus-
ceptibility and magnetisation data to spin-Hamiltonian (1)
afforded Jcu_re = —0.45 cm™*. The data cannot be fitted without
including exchange between the Cu and Re metal ions. Thus,
the experimental magnetic data suggests: (a) there is no mag-
netic interaction between the Cu" centres (at least for the sensi-
tivity of a SQUID magnetometer). (b) There is a small but finite
antiferromagnetic interaction between the Cu"-Re' ions. (c)
Analogous Dg. values to previously published Re' metal salts
are observed for the encapsulated ReBrg>~ ions, due to retention
of analogous/non-distorted structures. In order to probe these
details further, we now turn to theory.

Dalton Trans., 2022, 51, 8377-8381 | 8379
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Theoretical calculations

CASSCF/NEVPT2 calculations performed on the ReBrg>~ guest
in 3 suggests that the major contribution to Dg. comes from
the spin-flip transition |d,,, — d.|. Due to the relatively
weak n-donor nature of the Br ion, the splitting between the
dyz/x; and d,, orbitals is found to be rather small, facilitating
strong in-plane anisotropy (Table S6 and Fig. S11, $121).>° In
order to estimate the Jcu-cuy and Jou-re €xchange interactions
DFT calculations have been performed on complexes 1 and 3.
Calculations suggest no interaction between the two Cu" ions
in 1 and 3, but a non-negligible antiferromagnetic Joy-re =
—0.15 cm ™! in 3 leading to an S =1 ground state (Table 1, see
ESI for computational detailst). Spin density analysis shows
the exchange is primarily mediated via the Re"™-Br--Cu"
pathway (Fig. S131). Overlap integral calculations®' > between
singly occupied molecular orbitals (SOMOs) of the paramag-
netic ions, which helps in analysing the sign and magnitude
of magnetic exchange interactions, reveal one moderately
strong orbital interaction between the Rev-Br---Cu" centres
(Cu(d,.—y2)|Br3|Re(d,,); Fig. 3, S14, Table S71) leading to an
antiferromagnetic interaction. In the other two possible inter-
actions (Cu(d,._,:)||Re(dy;) and Cu(d,._,.)||Re(dy,)), the Re'
magnetic orbitals (d.,) are not directly interacting with the
Cu'(de_y:) orbital, rather they interact through the long,
extended n/n* orbitals of L (Fig. S14 and Table S77). The contri-
bution from these two interactions to the magnetic exchange
interaction is thus expected to be minimal. To further confirm
the significance of the Br3 atoms in mediating the exchange

Fig. 3 Computed overlap integral showing the Cu(d,._,)||Re(d,,) inter-
action in 3 mediating the strongest contribution to the antiferro-
magnetic exchange in the Re—Br---Cu moiety.

8380 | Dalton Trans., 2022, 51, 8377-8381
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interaction, we have replaced Br1l and Br2 with point charges
(Fig. S157) and observe a minimal decrease in the magnitude
of antiferromagnetic  magnetic exchange interaction
(=0.15 em™" to —0.12 em™ ). This is also supported by natural
bonding orbitals (NBOs) analysis,*® where considerable
donor — acceptor interactions are observed between hybrid
|4s*¥74p,”%| orbitals of Br3 and the empty 4s and 4p orbitals
on Cu (Table S87).

Conclusions

Lantern-like guestC[M,L,]*" coordination cages, normally
associated with diamagnetic metals ions such as Pd", can also
be made with paramagnetic M" ions, here Cu", through
simple self-assembly of four molar equivalents of the ligand
molecule (L = 1,3-bis(3-ethynylpyridyl)benzene) with two molar
equivalents of the corresponding metal salt, followed by one
molar equivalent of guest, forming [Cu",L4(H,0)(OTf)s]
(OTf)-MeCN (1), ReBrC[Pd",L,](BF,), (2) and
ReBrc[Cu",L,(OTf),] (3), respectively. Complex formation was
confirmed by ESI-MS and 'H NMR, both revealing solution
stability. Magnetic measurements combined with theoretical
calculations show that: (a) there is no magnetic interaction
between the Cu" ions in the “empty” [Cu,L,]*" cage, 1. (b) The
geometry of the encapsulated [ReBry]*~ ion remains essentially
unchanged with respect to its metal salt and thus the axial
zero-field splitting parameter, Dg., also remains the same. (c)
The ingress of the ReBry>~ ion induces a magnetic exchange
interaction between the Re" guest and the Cu™ host, mediated
primarily by the Cu(d,._y.)||Re(d,,) orbitals in the Re-Br---Cu
pathway leading to dominant antiferromagnetic exchange and
an § = ; ground state for the complex. This was confirmed by
overlap integral calculations and NBOs analysis where signifi-
cant donor-to-acceptor interactions are observed between
hybrid |45°%74p,%®| orbitals of the Br ions and the empty 4s,
4p orbitals of the Cu ions. The ability of paramagnetic host
complexes to encapsulate paramagnetic guest complexes high-
lights some interesting possibilities for future work. These
include: (1) the ability to switch on/off magnetic interactions
through simple solution-based/redox chemistry, or through
external perturbation, e.g. light, pressure, magnetic/electric
fields. (2) To specifically design host frameworks able to
isolate/stabilise unstable/reactive magnetic molecules or those
with unusual geometries/coordination numbers. The struc-
tural and physical characterisation of such species will have
potential application across a breadth of electron-spin based
quantum technologies.
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