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Abstract: We demonstrate here a synthetic strategy to prepare two
distinct trimers of antiferromagnetically coupled {Cr;Ni} rings,
substantially varying the magnetic interactions between the spin
centres. The interactions were studied using multi-frequency cw EPR:
in a trimer linked via non-covalent H-bonding interactions no
measurable interaction between rings was seen, while in a trimer
linked via iso-nicotinate groups isotropic and anisotropic exchange
interactions of +0.42 and -0.8 GHz, respectively, were observed. The
latter are the same as those for a simpler hetero-dimer system,
showing how the spin-spin interactions can be built in a predictable
and modular manner in these systems.

Introduction

It has been proposed that electron spins within molecules can be
used as qubits in quantum information processing.l'3l Many
groups have focused on the coherence time of the spins, which
must be sufficiently long to allow the spins to be manipulated.*'"
However, for the qubits to be useful, they must also interact with
other spins in an ensemble. Potentially, chemistry offers
advantages here as by control of linking groups it is possible to
vary interaction energies over a very wide energy scale. Here we
demonstrate this using different links between the same
molecular electron spin qubits. This shows the extreme sensitivity
of such interactions. We also show that the interactions in the
more strongly coupled system are the same as in a hetero-dimer
system with the same connectivity, emphasizing the modularity of
the chemistry and physics.

Previously we proposed that {Cr7Ni} rings of general formula
[(R2NH2)][Cr7NiFs(O2C'Bu)1e] (1) could act as qubits.®! There are
now several classes of heterometallic rings,['? but the {Cr/M}
class are appealing because of their tunable magnetic properties
and chemical funactionalisability.['® These rings can be bound to
other molecules either through functionalizing the secondary
ammonium cation which acts as a thread of a rotaxane or pseudo-

rotaxane,'"*'® or by replacing a carboxylate by a binding group
such as iso-nicotinate and binding that to other metals.['®
Recently we have reported a {Cr7Ni} ring that uses both methods
simultaneously, to bind to a Cu(ll) adduct to form a five qubit
system with two unique levels of interaction.'””! These {Cr7Ni}
rings are green in colour; from hereon we will use this colour to
distinguish them from a related family of rings. EPR spectroscopy
of 1 confirms an S = 1/2 ground state with an average g-value gav
=1.78;"®the low g-value can be explained from vector coupling!'?!
considering the strong nearest-neighbour antiferromagnetic
coupling within the ring.

A different ring of formula [Cr7NiF3(Etglu)(O2CBu)15(OHz2)] 2.H20
forms about a quintuply deprotonated N-ethyl-D-glucamine
(HsEtglu) group, which replaces the R2NH2 thread and five of the
fluorides from the green ring.?% A terminal water molecule is
found on the Ni(ll) site and can be easily exchanged with a pyridyl
group. Inclusion of N-ethyl-D-glucamine results in a chiral {Cr7Ni}
ring. The change in coordination geometry at many of the
chromium sites, and the resultant shift in the Cr(lll) dd transitions,
leads to a colour change to purple.?'! The purple {Cr/Ni} also has
a well-isolated S = 1/2 ground state, but with a slightly higher gav
value of 1.80.2" We have previously linked purple rings together
through di- and poly-imine ligands coordinating at the Ni(ll)
sites.[??

Results and Discussion

Synthesis and Structures

In this work we have prepared two distinct three-ring compounds,
each containing two terminal chiral purple {Cr7Ni} rings and a
central green {Cr7Ni} ring. Bond lengths and angles within the
rings in the trimers are unchanged from those found in the
respective components 1 (R ="Pr) and 2.H20 (see supplementary
information).
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Figure 1. Synthesis for the preparation of multi-spin systems 5 and 7. a) Scheme for synthesis of 5. a(i) DIPEA, DMF, 75° C, 16 h. a(ii) CrF3, xs HO2C'Bu, nickel
carbonate, 160° C, 24 h. a(iii) DCC, DMAP, THF, 50° C, 16h. a(iv) Acetone / pentane. b) Scheme for synthesis of 7. b(i) nPrOH, iso-nicotinic acid 24h. b(ii) Acetone
/ pentane. Insert: Full structure of [Cr7NiFs(O2CBu)1e]” (top left) and [CrzNiFs(Etglu)(O2CBu)1s(OH2)] (bottom left); the coloured spheres correspond to the different
atom types: Cr (green), Ni (lilac), O (red), N (blue), F (yellow), C (silver). Hydrogens omitted for clarity.

Firstly, we made a rotaxane with a green ring grown about a
thread that has a hydroxide group on each end (Fig. 1, thread A)
to form [HA][Cr/NiFs(O2CBu)is], 3.2°% Next a Steglich
esterification was performed on 3 to add terminal pyridyl groups,
using 3-(4-pyridinyl)propanoic acid to form
[HB][Cr7NiFg(O2C'Bu)1e], 4 (Fig. 1). The terminal pyridyl groups of
4 are both able to bind to purple {CrzNi} rings in a 1:2 reaction with
2.H20 in acetone to form [(4){2}:], 5. Crystals of 5 were grown
from acetone/pentane. The pyridyl groups of the thread bind to
the purple {Cr7Ni} rings at the Ni(ll) site, displacing the H20
molecules (Figs. 1a, S3).

The structure of 5 is asymmetric with different distances (16.72
and 15.78(1) A) between the centroid of the green {Cr-Ni} ring and
the Ni(ll) ions in each purple {Cr7Ni} ring. The plane of the green
{Cr7Ni} ring is offset to the planes of the purple {Cr7Ni} rings by
12.2 and 37.4°, respectively. The angle between the planes of the
two purple {Cr7Ni} rings is 26.3° (Figs. 2a, S7).

Our second approach is via reaction of 1 with iso-nicotinic acid
(HO2C-py) to produce ["Pr2NH2][Cr7NiFs(O2CBu)14(02C-py)2] 6, in
which two of the pivalates attached to the Ni(ll) site are replaced
by iso-nicotinate. The pyridyl groups are trans to one another and
perpendicular to the plane of the ring (Figs. 1b, S5). Reaction of
6 with 2.H20 in a 1:2 reaction gives [(6){2}2], 7. Crystals of 7 were
grown from acetone/pentane. The distances between the
localised Ni(ll) ions in the green {Cr7Ni} ring and the two purple
{Cr7Ni} rings are 8.95(1) and 9.00(1) A. The angles between the
plane of the green {Cr7Ni} ring and those of the purple {Cr7Ni}
rings are 26.31 and 17.59° (Figs. 2b, S8, S9). The angle between
the two purple {Cr7Ni} ring planes is 8.37°.

Both 5 and 7 contain a central green {Cr7Ni} ring and two terminal
purple {Cr7Ni} rings but with different connectivity of the spin
systems. In 5 there is no direct covalent bond pathway between
the green and purple rings while in 7 the substitution connects the
green {Cr7Ni} ring to each purple {Cr7Ni} ring via a short iso-
nicotinate linker.
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Figure 2. The structures in the crystal of (a) 5 and (b) 7, including the angles and distances between the {Cr7Ni} units. Colour scheme: Cr, green; Ni, lilac; O, red;
F, yellow; N. blue; C, grey. H-atoms excluded for clarity. Mean plane of purple rings shown in purple; mean plane of green rings shown in green. Dihedral angles
for each green and purple ring, shown by red arc. Distance between localised Ni(ll) atoms in purples ring, depicted by yellow rod.

smaller than the experimental linewidths. The dominant low-field
EPR Spectroscopy feature is due to g¥; the high-field features are due to overlapping

! g%, and g7 (Figs. 3, S10).
Continuous wave (cw) Q-band EPR (ca. 34 GHz) spectroscopy ,

measurements were performed on compounds 4, 5 and 7 as
powder samples, and for 7 as a 1 mM solution in dry
CH2Clz:toluene (1:1), at 5 K. CW K- and X-band (ca. 23 GHz and
9.5 GHz, respectively) measurements were also performed on 7.
All spectra were simulated using EasySpin.?4!

The spectrum of the [2]rotaxane 4 shows an anisotropic
resonance at ca. g = 1.8 due to the near-axial S = 1/2 ground state
of the green {Cr7Ni} ring (Fig. S7; g7, = 1.78,1.74).'® Spectra of

2.H20 have been reported,’?"! and have better resolution of g
(gf‘" = 1.84,1.78) than for 4. In the hetero-trimer 5, there are two

Normalised intensities

resonances, with a shoulder on the higher field resonance: this
can be simulated using Hamiltonian [1] which simply adds spectra
of purple {Cr7Ni} and green {Cr7Ni} in a 2:1 ratio.

1200 1250 1300 1350 1400 1450 1500
Ay = Xic1oupSP - g7 B+ 1S9 -g9 - B (11 B/mT

In [1], 879 are the spin operators, and g9 the g-tensors, for the

purple (p) and green (g) {Cr7Ni} (us is the Bohr magneton, B is the .
applied magnetic field). Good agreement is found with g7, = (red). Experimental frequency 34.0047 GHz.

1.775, 1.735 and g} | = 1.825, 1.755, close to those of 4 and 2,
and where L, | refer to the local g-frames where the unique axis
is perpendicular to the {Cr/Ni} planes.['®2"l Hence, any
interactions between green and purple rings is considerably

Figure 3. Q-band EPR spectrum at 5 K for 5 as a powder (black), and simulation

In contrast, the EPR spectra of 7 show significant interactions
between the three spins, as they do not resemble a simple



superposition of those of the components. The solution and solid-
state spectra of 7 are similar, showing three main transitions,
however those in the solid state show additional splitting in the
outer features (at ca. 1300 and 1380 mT at Q-band, Figs. 4, S11).

Normalised Intensities

T T T T
1300 1350 1400 1450

B (mT)

T T
1150 1200 1250 1500

Figure 4. Q-band EPR spectra for 7 at 5 K, measured as a solution (blue) and
solid (black). Calculated spectra for solution (red) and powder (orange) with
model as described in the text. Experimental frequency 34.0972 GHz.

We began by modelling the simpler solution spectra. We have
previously reported a compound closely related to 7, formed from
reaction of the mono-substituted green {Cr7Ni},
["Pr2NH2][Cr7NiFs(02CBu)15(02C-py)], with 2 giving a purple-
green {Cr/Ni} heterodimer linked via iso-nicotinate.”?! Micro-
SQUID magnetisation (at 40 mK, showing a step at ca. 0.16 T)
and cw Q-band EPR measurements (which had the form of a spin
triplet with zero-field splitting, ZFS) were consistent with an
antiferromagnetic interaction between the rings. The data could
be modelled with a simple Hamiltonian for two interacting S = %2
centres:

A, = upS -g? - B+ppS9-g9-B+JS9.87 +89.pex.§p [2]

In equation [2], J is the isotropic exchange interaction and D is
an anisotropic exchange tensor which we assume to have the
traceless and axial form [+1 +1 —2]D®*. This gave J = +0.14 cm™
(+4.2 GHz) and D% = -0.03 cm™ (-0.9 GHz) in this model. Given
that 7 contains the same building blocks (barring two vs. one
substituted carboxylates on the green ring) and the same ring-ring
pathways, we attempted to simulate EPR spectra for 7 with a
similar Hamiltonian, but with the addition of a second purple ring
and with the same parameters:

fly = Ay + Timy (4739 - §91 + 89 - pex . §p4) 3]
Very good agreement is found using equation [3] with these fixed

parameters. A minor adjustment to D® to —0.80 GHz gives a
slightly better match across Q-, K- and X-band (Figs. 4, S12). The
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calculations used g-values for 2 (g7, = 1.845, 1.785) and 6 (g7 =
1.785, 1.745).1'821 \We know from previous studies that the unique
axis of g9 is perpendicular to the {Cr7Ni} plane,['® and we assume
the same is true for g°. Introduction of moderate rotations of the g
or D® matrices (consistent with the crystal structure) make
minimal differences to calculated spectra. Hence, we have taken
g®, g9 and D®* to all be coincident. Slightly better agreements
again are found with a gaussian distribution of D parameters
(FWHM of 40% about -0.80 GHz, Fig. S13).

Energy (GHz)
o

_20 E
A0
1000 1100 1200 1300 1400 1500 1600
B/ mT

Figure 5. Top: experimental Q-band spectrum of 7 in solution at 5 K. Middle:
Calculated spectrum with the model as in Figure S12 (without D** strain effects).
Bottom: Zeeman diagram for Bo along the molecular x-axis, with Q-band EPR
transitions shown. Red, blue and green levels belong to the |$#,8> = |1, 3/2>,
|1, 1/2> and |0, 1/2> total spin states, respectively. Transitions within each state
are shown in the respective colour. The shaded transitions at ca. 1110 and 1560
mT are “forbidden” Am = 1 transitions between the quartet and the lower energy
doublet states (|S,m> = [1/2,+1/2> to |3/2,+3/2> and |3/2,-1/2> to |1/2,+1/2>,
respectively).

Using average g9 and g° values of 1.77 and 1.81, respectively, the
difference in Zeeman frequency is considerable smaller than J
even at Q-band fields (A»=0.76 GHz for Bo = 1.35 T), hence the
spin system can be discussed in the strongly coupled description.
In the isotropic limit, the zero-field eigenfunctions can then be
written as |3°°,8>, where $P° = §P1 + 8P2 and the total spin S =
S + 89 and are two doublets (|0,1/2> and |1,1/2>, with
eigenvalues 0 and —J, respectively) and a quartet (|1,3/2>, at
+J/2). Hence, the zero-field ground state of 7 is the |1,1/2> doublet
with |0,1/2> at +4.2 GHz and |1,3/2> at +6.3 GHz higher energy.

The anisotropic exchange terms lead to a ZFS of the quartet state
(equivalent to an axial ZFS parameter D = +1.54 GHz in a spin



Hamiltonian for an isolated S = 3/2). The EPR spectra are
dominated by the quartet (giving the three main features at each
frequency; Fig. 5) because, even at X-band, the m = -3/2 sublevel
is the lowest energy state due to the Zeeman interaction in the
applied magnetic fields. The transitions within the two S = %
states are either obscured by the quartet or appear as shoulders
(for example, see Fig. S13).

In some of the EPR spectra there are very weak features in the
wings (Fig. 5). Calculations show these to arise from formally
forbidden (AS = 1, Am = 1) transitions between the lower energy
doublet (]1,1/2>) and the quartet state: in Hamiltonian [3] these
become weakly allowed as a function of the state mixing induced
by the anisotropic exchange. The positions of these transitions
are sensitive to |J|, providing a good handle on this parameter.

The extra structure in the spectra from powder samples suggest
a lower symmetry. As noted above, this structure is not
reproduced by introducing rotations between g, g% and D®* that
would be consistent with the crystal structures. We found that the
extra structure can be introduced reasonably by a rhombicity in
D®*, with trial-and-error giving a best agreement with a matrix of
the form [+1.25 +0.75 —-2]D®** (restricting D®* to being traceless),
and a slightly increased D% = -1.1 GHz (Figs. 4 and S14,S15).
We have shown previously for a series of purple-purple {Cr7Ni}
homo-dimers, where a diimine bridges between the Ni" ions, that
that the magnitude of the ZFS within the coupled triplet is a
function of the local ZFS of the Ni" ions and the Ni...Ni exchange
interaction in a spin Hamiltonian based on all 16 metal ions.? For
the purple-green systems, bridged between the a Cr-Ni edge on
the green ring and the Ni site on purple, it is a function of the local
ZFS and the inter-ring Cr...Ni and Ni...Ni exchange.”® For 7, It is
possible that the symmetry of the quartet ZFS could change
because the relative orientations of the interacting ions (and
hence their local ZFSs) relaxes between solid and solution state.
However, it is possible that other parameterizations of this extra
structure in the solid-state EPR spectra of 7 are possible.

Conclusion

We have coupled three spin clusters in two different chemical
ways, and demonstrated very different magnetic coupling regimes
depending on these pathways. In one, based on a supramolecular
rotaxane structure, the exchange interactions between the rings
are much smaller than the experimental linewidth of cw EPR
spectra. This puts an upper limit of the isotropic exchange of ca.
200 MHz. In practice it may be much smaller; we have measured
interactions of <10 MHz for [3]rotaxanes based on green {Cr7Ni}
rings at similar distances.?”! In the other structure, where the three
components are linked covalently via coordinate bonds we can
measure the interaction by cw EPR as +4.2 GHz, with an
anisotropic interaction of —-800 MHz. The linkage in this three-spin
system is identical to that in a related two-spin system, illustrating
how complex multi-component interactions can be built up in a
modular and predictable manner.
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Experimental

General methods are described in Supplementary Information.
Compound 3 (0.6 mmol),? 3-(4-
pyridinyl)propanoic acid (3.0 mmol), N,N'-
dicyclohexylcarbodiimide (3.15 mmol) and 4-
dimethylaminopyridine (4.1 mmol) in dry THF (70 mL) were stirred
at 50 °C for 16 h in a 250 mL round bottomed flask under N2z flow.
The solvent was evaporated, and the product isolated by column
chromatography (CH2Cl2/EtOAc). Yield: 36%. ESI MS m/z
(C112H178Cr7FsN3NiOszs, M.W. = 2717.29 g mol''): 2739.7 [M+Na]*.
Elemental Analysis: Calculated (found) for C112H178Cr7FgN3aNiOss:
C, 49.51 (49.80); H, 6.60 (6.64); N, 1.55 (1.75); Cr, 13.39 (12.60);
Ni, 2.16 (2.15).

Synthesis of 4:

Synthesis of 5: Compounds 2 (0.1 mmol)?” and 3 (0.2 mmol)
were dissolved in warm acetone (100 mL) and stirred for 5
minutes. The precipitate was filtered, washed with acetone (100
mL), dissolved in pentane (25 mL) and filtered again. Acetone (10
mL) was added and the solution left undisturbed. Needle-like
crystals suitable for single crystal X-ray analysis were grown
within two weeks. Yield: 17%. Elemental Analysis: Calculated
(Found) for C27sH476Cr21F1aNsNizO106: C, 46.90 (47.88); H, 6.74
(6.99); N, 0.98 (0.93); Cr, 15.34 (13.35); Ni, 2.47 (2.28).

Synthesis of 7: Compounds 6 (0.08 mmol)?82% and 3 (0.17 mmol)
were dissolved in warm acetone for 5 minutes. The mixture was
filtered and the precipitate dissolved in pentane (50 mL). To the
pentane solution, acetone (100 mL) was added and left
undisturbed. Needle-like crystals suitable for single crystal X-ray
analysis were grown within one week. Yield: 23 %. Elemental
Analysis: Calculated (found) for Ca2s4H48Cr21F14NsNizO102: C,
45.28 (45.13); H, 6.70 (6.66); N, 1.04 (1.13); Cr, 16.20 (15.43); Ni,
2.61 (2.67).

Supporting Information

All data further supporting this study is provided in the
Supplementary Information (Sl) file accompanying this paper.
Deposition Numbers 2283570, 2283571 and 2058846 contain the
supplementary crystallographic data for this paper.® The authors
have cited additional references within the Supporting
Information.'-32 The data that support the findings of this study
are available from the corresponding author upon reasonable
request.

Acknowledgements

This work was supported by an EPSRC Established Career
Fellowship (EP/R011079/1) to R.E.P.W. who also thanks the
European Research Council for an Advanced Grant (ERC-2017-
ADG-786734). We also thank the EPSRC for an X-ray
diffractometer (EP/K039547/1), and for access to the EPR NRF
(EP/W014521/1 and EP/V035231/1). This work has received
funding from the European Union’s Horizon 2020 program under
Grant Agreement No. 862893 (FET-OPEN project FATMOLS).



Keywords: Heterometallic rings * Antiferromagnetically coupled
+ Chiral rings « Qubit « Multi-spin system

1
(2

(3]

[4]

(3]

6]

[71

(8]

191

[10]

(11

2]

[13]

[14]

(18]

[16]

|

(8]

[19]

[20]

M. N. Leuenberger, D. Loss, Nature 2001, 410, 789.

S. Nakazawa, S. Nishida, T. Ise, T. Yoshino, N. Mori, R. D. Rahimi, K.
Sato, Y. Morita, K. Toyota, D. Shiomi, M. Kitagawa, H. Hara, P. Carl, P.
Hofer, T. Takui, Angew. Chem. 2012, 124, 9998.

F. Troiani, A. Ghirri, M. Affronte, S. Carretta, P. Santini, G. Amoretti, S.
Piligkos, G. Timco, R. E. P. Winpenny. Phys. Rev. Lett. 2005, 94, 207208.
A. Ardavan, O. Rival, J. J. L. Morton, S. J. Blundell, A. M. Tyryshkin, G.
A. Timco, R. E. P. Winpenny. Phys. Rev. Lett. 2007, 98, 057201

C. J. Wedge, R. E. George, G. A. Timco, F. Tuna, S. Rigby, E. J. L.
Mclnnes, R. E. P. Winpenny, S. J. Blundell, A. Ardavan, Phys. Rev. Lett.
2012, 108, 107204.

K. Bader, D. Dengler, S. Lenz, B. Endeward, S. Jiang, P. Neugebauer,
J. van Slageren. Nature Commun. 2014, 5, 530.

C-J. Yu, M. J. Graham, J. M. Zadrozny, J. Niklas, M. D. Krzyaniak, M. R.
Wasielewski, O. G. Poluektov, D. E. Freedman, J. Am. Chem. Soc. 2016,
138, 14678.

L. C. de Camargo, M. Briganti, F. S. Santana, D. Stinghen, R. R. Ribeiro,
G. G. Nunes, J. F. Soares, E. Salvadori, M. Chiesa, S. Benci, R. Torre,
L. Sorace, F. Totti, R. Sessoli, Angew. Chem. Int. Ed. 2021, 60, 2588.
K. S. Pederson, A. Ariciu, S. McAdams, H. Weihe, J. Bendix, F. Tuna, S.
Piligkos. J. Am. Chem. Soc., 2016, 138, 5801.

A.-M. Ariciu, D. H. Woen, D. N. Huh, L. Nodarki, A. K. Kostopoulos, C. A.
P. Goodwin, N. F. Chilton, E. J. L. Mclnnes, R. E. P. Winpenny, W. J.
Evans, F. Tuna, Nature Commun. 2019, 10, 3330.

K. Kundu, J. R. K. White, S. A. Moehring, J. M. Yu, J. W. Ziller, F. Furche,
W. J. Evans, S. A. Hill. Nature Chem., 2022, 14, 392.

for example: a) R. W. Saalfrank, R. Prakash, H. Maid, F. Hampel, F. W.
Heinemann, A. X. Trautwein, L. H. Bottiger, Chem. Eur. J. 2006, 12,
2428; b) T. T. Boron, J. W. Kampf, V. L. Pecoraro, Inorg. Chem. 2010,
49, 9104; c) L. Ungur, S-Y. Lin, J. Tang, L. Chibotaru, Chem. Soc. Rev.
2014, 43, 6894; d) K. R. Vignesh, S. K. Langley, B. Moubaraki, K. S.
Murray, G. Rajaraman, Chem. Eur. J. 2015, 21, 16364; e) J. Wu, L. Zhao,
L. Zhang, X-L. Li, M. Guo, A.K. Powell, J. Tang, Angew. Chem. Int. Ed.
2016, 55, 15574.

E. J. L. Mclnnes, G. A. Timco, G. F. S. Whitehead, R. E. P. Winpenny,
Angew. Chem. Int. Ed. 2015, 54, 14244.

C.- F. Lee, D. A. Leigh, R. G. Pritchard, D. Schultz, S. J. Teat, G. A.
Timco, R. E. P. Winpenny. Nature, 2009, 458, 314.

S. J. Lockyer, A. J. Fielding, G. F. S. Whitehead, G. A. Timco, R.E. P.
Winpenny, E. J. L. Mclnnes. J. Am. Chem. Soc. 2019, 141, 14633.

G. A. Timco, S. Carretta, F. Troiani, F. Tuna, R. G. Pritchard, E. J. L.
Mclnnes, A. Ghirri, A. Candini, P. Santini, G. Amoretti, M. Affronte, R. E.
P. Winpenny, Nature Nanotech. 2009, 4, 173.

S. J. Lockyer, A. Chiesa, A. Brookfield, G. A. Timco, G. F. S. Whitehead,
E.J. L. McInnes, S. Carretta, R. E. P. Winpenny, J. Am. Chem. Soc. 2022,
144, 16086.

S. Piligkos, H. Weihe, E. Bill, F. Neese, H. EI Mkami, G. M. Smith, D.
Collison, G. Rajaraman, G. A. Timco, R. E. P. Winpenny, E. J. L. McInnes,
Chem. Eur. J. 2009, 15, 3152.

A. Bencini and D. Gatteschi, Electron Paramagnetic Resonance of
Exchange Coupled Systems, Springer-Verlag, 1990.

G. A. Timco, E. J. L. Mclnnes, R. G. Pritchard, F. Tuna, R. E. P.
Winpenny. Angew. Chem. Int. Ed., 2008, 47, 9681.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

WILEY . vcH

E. Garlatti, M. A. Albring, M. L. Baker, R. J. Docherty, H. Mutka, T. Guidi,
V. G. Sakai, G. F. S. Whitehead, R. G. Pritchard, G. A. Timco, F. Tuna,
G. Amoretti, S. Carretta, P. Santini, G. Lorusso, M. Affronte, E. J. L.
Mclnnes, D. Collison, R. E. P. Winpenny. J. Am. Chem. Soc. 2014, 136,
9763.

T. B. Faust, V. Bellini, A. Candini, S. Carretta, G. Lorusso, D. R. Allan, L.
Carthy, D. Collison, R. J. Docherty, J. Kenyon, J. Machin, E. J. L.
Mclnnes, C. A. Muryn, H. Nowell, R. G. Pritchard, S. J. Teat, G. A. Timco,
F. Tuna, G. F. S. Whitehead, W. Wernsdorfer, M. Affronte, R. E. P.
Winpenny, Chem. Eur. J. 2011, 17, 14020.

D. Asthana, D. Thomas, S. J. Lockyer, A. Brookfield, G. A. Timco, I. J.
Vitorica-Yrezabal, G. F. S. Whitehead, E. J. L. Mclnnes, D. Collison, D.
A. Leigh and R. E. P. Winpenny, Commun. Chem. 2022, 5, 73.

S. Stoll, A. Schweiger, J. Magn. Reson. 2006, 178, 42.

G. Timco, S. Marocchi, E. Garlatti, C. Barker, M. Albring,V. Bellini, F.
Manghi, E. J. L. Mclnnes, R. G. Pritchard, F. Tuna, W. Wernsdorfer, G.
Lorusso, G. Amoretti, S. Carretta, M. Affronte, R. E. P. Winpenny, Dalton
Trans. 2016, 45, 16610.

A. Candini, G. Lorusso, F. Troiani, A. Ghirri, S. Carretta, P. Santini, G.
Amoretti, C. Muryn, F. Tuna, G. Timco, E.J.L. McInnes, R.E.P. Winpenny,
W. Wernsdorfer and M. Affronte, Phys. Rev. Lett. 2010, 104, 037203.
A. Ardavan, A. M. Bowen, A. Fernandez, A. J. Fielding, D. Kaminski, F.
Moro, C. A. Muryn, M. D. Wise, A. Ruggi, E. J. L. Mclnnes, K. Severin,
G. A. Timco, C. R. Timmel, F. Tuna, G. F. S. Whitehead, R. E. P.
Winpenny, npj Quant. Inf. 2015, 1, 15012.

F. K. Larsen, E. J. L. Mclnnes, H. Mkami, J. Overgaard, S. Piligkos, G.
Rajaraman, E. Rentschler, A. A. Smith, G. M. Smith, V. Boote, M.
Jennings, G. A. Timco, R. E. P. Winpenny, Angew. Chem. Int. Ed. 2003,
42,101.

G. F. S. Whitehead, B. Cross, L. Carthy, V. A. Milway, H. Rath, A.
Fernandez, S. L. Heath, C. A. Muryn, R. G. Pritchard, S. J. Teat, G. A.
Timco, R. E. P. Winpenny, Chem. Commun. 2013, 49, 7195.

Deposition numbers 2283570 (for 7) and 2283571 (for 5) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Structures
service.

(a) G. M. Sheldrick, SADABS, empirical absorption correction program
based upon the method of Blessing. (b) L. Krause, R. Herbst-Irmer, G.
M. Sheldrick, D. Stalke, J. Appl. Cryst. 2015, 48, 1907; (c) R. H. Blessing,
Acta Cryst. 1995, A51, 33.

(a) G. M. Sheldrick, Acta Cryst. 2015, C71, 3; (b) O. V. Dolomanov, L. J.
Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl. Cryst.
2009, 42, 339.



WILEY . vcH

Entry for the Table of Contents

Chemical coupling of antiferromagnetic rings into hetero-spin supramolecular structures is reported by different routes: control of
molecule...molecule magnetic interactions is demonstrated with transferability of parameters from simpler building blocks.



