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A self-assembled, charge-neutral dicopper(i) metallo-macrocycle
with a near degenerate singlet—triplet ground state is a prototype
molecular two-qubit system. The weakly-coupled spin centres
delivered a long phase memory time of 5.4 ps, and each spin can
be selectively switched using an applied potential providing a
convenient means to modulate the quantum levels.

Paramagnetic molecules have been at the forefront of the
exploration of physical phenomena that will ultimately lead
to the realisation of quantum computing.? Although not
inherently primed to feature in a functioning device, examina-
tion of coordination complexes bearing an unpaired electron
has provided significant advancement in the key design criteria
for the basic component, the qubit. This includes an examina-
tion of the spin dynamics measured via the spin-lattice (7;) and
phase memory (Ty) relaxation lifetimes that govern qubit
operation, where providing a rigid framework that isolates
the spin host,® eliminating the nuclear spin bath,** and
phonon effects,® have greatly improved performance. In addi-
tion, paramagnetic molecules have executed elementary quan-
tum logic through manipulation of electronic states using
microwaves,” and electrical or optical tiggers.®*°

More recent molecular prototypes have delivered multi-
qubit systems wherein spin centres are brought together in
chemical entities that modulates their interaction,'" delivering
the requirements for more sophisticated operations such as
error correction and quantum simulation.'® Exemplary work
from Winpenny'® and Aromi'* have produced elegant supra-
molecular assemblies with two or more paramagnetic centres
where electron spins can be addressed independently at
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selected microwave frequencies, known as g-engineering. The
alternative method to generating a multi-level system is to tap
into an available hyperfine manifold known as a qudit,"® neatly

1
exemplified by [Yb(trensal)] with its S = 3 ground state and

5
I =3 nuclear spin of 73yb.'® Combining these two motifs for

developing multi-spin molecules, we have investigated the spin
dynamics in a self-assembled copper metallo-macrocycle,

1
[Cu,(L),] ([1]; Fig. 1), which combines two S = 3 Cu" centres

each bearing an 7 :% manifold. The Cu" ions are linked

through a dithiocarbamate chelate affording a highly covalent
square planar geometry, devoid of deleterious nuclear spins,
which enforces an intermetallic separation that gives weak spin
coupling. Moreover the complex can be oxidised and therein
electrically switched between two, one or no unpaired spins,
providing additional versatility hitherto unexplored for multi-
spin supramolecular qubits.

The synthesis of [1] is carried out in a two-step process. The
bis-amine precursor to the dithiocarbamate ligand is formed by
treating o,0/-dibromo-m-xylene with excess isopropylamine,
and isolated as a colourless oil. Subsequent deprotonation by

Fig. 1 Molecular structure of two-fold symmetric [1] showing the inter-
spin distance and orientation of the principal g-values (Cu, bronze; S,
canary; N, indigo; C, onyx; H, alabaster).
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triethylamine followed by addition of carbon disulfide pro-
duces the bis-dithiocarbamate. Addition of an equimolar
amount of a copper salt gave microcrystalline [1], which is
mildly soluble in chlorinated solvents and acetonitrile, spar-
ingly soluble in aromatics, and insoluble in alcohols and
alkanes. The IR spectrum exhibits the signature 1(C-N) and
1(C-S) stretches at 1446 and 964 cm™ ', respectively, of the
dithiocarbamate moiety."” The electronic spectrum displays a
ligand-field transition at 606 nm and ligand-to-metal charge
transfer band at 432 nm. The intensity of these features is
exactly twice that of the calibrant compound [Cu(dbdtc),]
(dbdtc = N,N-dibenzyl-dithiocarbamate; Fig. S1, ESIf). The
cyclic voltammogram of [1] showed two reversible one-
electron transfer waves at —0.063 V and +0.110 V, respectively
(Fig. S2, ESIY). These processes represent successive oxidation

of the complex to give [1]'" S = % and diamagnetic [1]**.*® The

reversibility is aided by the preservation of planarity at the Cu
centres, and the close separation of oxidative waves of 170 mV
underpins their electronic communication. A reduction process
at E,, = —1.194 V is irreversible due to the inability of the
metallo-macrocycle to give the tetrahedral geometry preferred
by Cu'."

Magnetic susceptibility measurements for [1] show a tem-
perature independent magnetic moment from 25-290 K, yield-
ing a value of ¢ = 2.54 up at room temperature (Fig. S4, ESIT).
Below 25 K the value decreases to ca. 1.7 ug due to exchange
coupling between Cu' centres and intermolecular interactions
within the powder sample. The room temperature magnetic
moment confirms the presence of two Cu" ions (cf, spin-only
value of 2.45 up). Fitting of the susceptibility using the standard
Heisenberg-Dirac-van Vleck Hamiltonian, H = —2J8;-S, +
upgSH, yielded g = 2.077 and J = —0.9 cm ™', describing a pair
of antiferromagnetically coupled Cu" ions. The accuracy of
these spin-Hamiltonian parameters was aided by simultaneous
fitting of variable field magnetisation measurements (Fig. S5,
ESIT). The exchange coupling constant denotes a weak inter-
action between the two Cu" centres, consistent with the lengthy
through-bond and through-space coupling pathways.

In the absence of diffraction-quality single crystals, a struc-
ture of [1] was obtained by geometry optimisation at the BP86
level of theory. The result was a two-fold symmetric molecule
with identical CuS, centres that are coplanar (Table S4, ESIt).
The average Cu-S distance is in excellent agreement with other
dicopper metallo-macrocycles, as are the dithiocarbamate bite
angles and tetrahedralisation about the metal ion. The Cu- - -Cu
distance at 5.96 A is slightly longer than the experimental value
of 5.42 A,*° but the crystal structure is influenced by lattice
packing excluded from the optimisation. The CuS, plane makes
an angle of 40.6° to the Cu---Cu vector, a parameter added
to the exchange coupling matrix for the EPR simulation
(vide infra). The electronic structure is described by a broken-
symmetry (BS) solution with one unpaired electron in b,
magnetic orbital localised at each CuS, site giving a near
singlet-triplet ground state (Fig. S14, ESIt). This is the Cu-S
c* orbital with 49% Cu d character, underpinning the high
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covalency of this system. The exchange coupling constant is
estimated at Joaeqa = —0.09 cm™?, a consequence of the negli-
gible overlap of the magnetic orbitals where spin propagation is
through the inefficient o bonding pathway. The Mulliken spin
density analysis shows one unpaired electron at each CusS, site
with the majority (60%) resident on sulfur (Fig. S15, ESI{). The
highly covalent in-plane bonding provided by the dithiocarba-
mate results in the long spin-lattice relaxation lifetime. The
magnitude of the exchange interaction is evident in the fluid
solution EPR spectrum. The seven-line hyperfine pattern stems

. . 3
from the coupling of two Cu" centres each with 7 = 5 nuclear

spin from the 100% abundant ****Cu isotopes (Fig. S6, ESIf).
Given the near singlet-triplet ground state, the spectrum was
simulated for S = 1 and gave gi;, = 2.042 and A;, =35 x 10 *em ™.
The corresponding fluid solution spectrum of [Cu(dbdtc),] yielded
gave g, = 2.043 and A;, = 74 x 107* em™?, values synonymous
with Cu™ bis-dithiocarbamates (Fig. S7, ESIT). This gives a bench-
mark hyperfine coupling for a single CuS, centre, which being
double the value for [1], confirms J > A (Fig. S8).

The frozen solution spectrum displays a complicated hyper-
fine pattern that stems from weakly coupled Cu" ions (Fig. S9,
ESIT). Unlike the fluid solution measurement, the weak cou-
pling produces extensive singlet-triplet mixing of the ground
state, leading to the appearance of the “forbidden” half-field
signal. The complicated line broadening is due to the inherent
flexibility of [1] that leads to inhomogeneity in the linewidth,
which is impossible to include in the simulation as it results
from g-, A- and J-strain. Within this limitation, the simulation
has been achieved using the geometry-optimised structure as
the starting point, which is two-fold symmetric giving equiva-
lent Cu" sites (Fig. 1). The computed Cu- - -Cu distance of 5.96 A
and the relative orientation of each CuS, coordination plane to
the Cu---Cu vector at ¢ = 40.6° are included in the dipolar
matrix (Jd). The principal g- and A-values were taken from the
spectrum of [Cu(dbdtc),] (Fig. S10, ESIt), the isotropic
exchange constant from magnetic susceptibility, and these
were systematically varied along with the Cu.--Cu distance
and angle ¢ to achieve a match with the spectral width
(Fig. S11, ESI¥). Such approximations are necessary for simula-
tion of spectra for molecules with weak coupling between
multiple spin centres.”" The best result gave g = (2.03, 2.03,
2.10) and A = (30, 30, 160) x 10~ * cm™", applied to both the
allowed transitions and the half-field signal (Table 1). The
degree of axiality is consistent with all known Cu" bis-
dithiocarbamates and the average values match the isotropic
ones.?> With Cu- - -Cu fixed at 6 A, the angle of each CuS, plane
to this vector was increased to ¢ = 58°. The best fit gave J =
+0.1 cm™*, describing a ferromagnetic coupling between the
Cu" ions, which accords with spin propagation through an even
number of bonds brough about by the meta-substituted aro-
matic linker.>* This is different to J = —0.9 cm™ " from suscepti-
bility, as powder samples will often give an intermolecular
coupling that overrides a smaller intramolecular exchange
interaction. Nevertheless, both estimates of J underscore the
extensive singlet-triplet mixing in the ground state.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Experimental and calculated EPR spin-Hamiltonian parameters

Parameter Experimental Calculated”
o 2.03 2.026
% 2.03 2.034
2 2.10 2.097
(g)” 2.053 2.052
Ry’ 0 0.113
Ag” 0.07 0.071
Anf 30 —-42.9
Ay° 30 —43.6
Af 160 -132.6

o
(4) 73.3 ~73.0
b +0.1 —0.09
" 58° 41°

“ From ZORA-PBEO DFT calculations. * (g) = (g, + g, + £.)/3. © Rhombicity,
Ry = (g, — g/(g. — £). ¢ granisotropy, Ag= g = g °In units 10~* ecm™%,
Ay = (A, + Ay +A;)/3. ¢ In units em ™. " Angle between Cu: - -Cu vector and
CuS,; mean plane.

The electronic structure of [1] has been verified through
accurate calculation of the spin-Hamiltonian parameters.
Noticeably the calculated g-values are very close to those used
in the simulation with the same anisotropy and small rhombi-
city provided by the acute bite angle of the dithiocarbamate
ligand (Table 1). Given the two-fold symmetry of the metallo-
macrocycle, the Cu' sites are identical, and the orientation of
the g-matrix is the same for both with g, perpendicular to the
CuS, plane, and g, bisecting the dithiocarbamate ligand
(Fig. 1). This orientation perfectly matches the results obtained
from single-crystal EPR studies of Cu" dithiocarbamates.>
Hyperfine coupling constants obtained via the DFT method
are generally less accurate as is the case here but the degree of
axiality replicates that seen experimentally.

The spin relaxation properties, parameterised by T; and Ty,
were investigated for [1] at a field position corresponding to the
most intense signal in the electron spin echo (ESE)-detected
spectrum at 350 mT (Fig. 2). The solvent system was a 4:1
mixture of CDCl;/CI;CCN, which was chosen as the compound
retains its glass at the measurement temperature as well
as being devoid of nuclear spins.® Inversion recovery data
were collected to assess the temperature dependence of the

T T T T T T T
280 300 320 340 360 380 400
B/mT

Fig. 2 ESE-detected EPR spectrum (blue line) and simulation (dashed line)
of a 0.5 mM solution of the [1] in 4:1 CDCls/CIsCCN recorded at 10 K.
Asterisks indicate field positions for relaxation measurements.
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Fig. 3 Comparison of the temperature dependence of T; (top) and Ty
(bottom) relaxation times for [1] diluted in 4 :1 CDCls/ClzCCN recorded at
Bo = 350 mT. Field dependence of the Ty relaxation.

spin-lattice relaxation between 5 and 50 K (Fig. 3). The curves
are modelled with a biexponential function that yielded values
for the fast (Ty¢) and slow (T} ¢) relaxation processes, assigned
to spectral diffusion and spin-lattice relaxation times, respec-
tively. Overall the T; ; decreases by an order of magnitude from
25.1 ms at 5 K to 2.5 ms at 50 K. The magnitude of T, is similar
to other bimetallic molecular spin qubits, and considerably
longer than Ty.""***° The decay of the Hahn echo also follows a
biexponential profile, giving a phase memory time of 5.35 s at
5 K that is essentially invariant up to 20 K (Fig. 3). The
relaxation time improves by ca. 10% when the field position
is shifted to 346 mT coinciding with a component of the 4,,
hyperfine interaction, but then decreases by a similar amount
when the field is moved further from the echo maximum. The
absence of a field dependent trend is derived from the near
degenerate singlet-triplet ground state. The decline above 20 K
is a consequence of the coupling between the spin centres as T
remains thee orders of magnitude longer at 50 K, though ligand
protons will contribute to the decoherence. This is a different
outcome to a related dicopper(u) complex where the T; and Ty
approach parity at this temperature.’

To demonstrate coherent spin control, echo-detected nuta-
tion experiments were performed by applying a microwave
pulse of duration £, to produce Rabi-like oscillations between
two states that correspond to arbitrary superpositions of the
electron spin (Fig. 4). The physical origin is confirmed by
the linear dependence of the oscillation frequency (2z) with
the applied microwave amplitude (B;), which was varied by
selecting microwave attenuations of 2, 5, 8 and 11 dB (Fig. S19,
ESIT). Changes in the oscillations were observed at ¢, > 400 ns
that derive from interaction with ligand protons and are
independent of the microwave attenuation.®

This dicopper(i) metallo-macrocycle affords enviable phase
memory times for a multi-level molecular qubit. The system is
addressable where an applied potential can switch individual
spin centres “on”” and ‘“off”’, and access different entanglement
opportunities. The major advantage of this bis-dithiocarbamate
linker is the ease with which it can be synthetically modified to
afford a tuneable system. Such adaptations include extending
the aromatic backbone to modulate the spin coupling, mixing
metal ions to give separately addressable spins, and expand the

Chem. Commun., 2025, 61, 685-688 | 687
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Fig. 4 Variable power nutation measurements for [1] in 4:1 CDCls/
ClsCCN at 10 K and 350 mT.

number of spin centres by provide additional coordination sites
via the alkyl group of the amine. Focus will now be directed
towards exploring the chemical space to deliver options aimed
at overcoming the current bottleneck that is the physical
implementation of quantum logic.
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