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Nine new complexes are reported involving linked heterometallic 
rings; one ring is designed as a ligand for the second, and the 10 

compounds produced can be regarded as molecular prototypes 
for implementing quantum gates featuring two subtly different 
qubits.  

We have been exploring the idea that heterometallic rings can be 
used as qubits for quantum computing,1 and have developed two 15 

families of heterometallic rings – one that can act as a Lewis 
base,2 and hence be linked via simple Lewis acids such a single 
copper(II) site, and a second family that contains a single 
displaceable ligand and hence can act as a Lewis acid,3 and which 
can be linked by reaction with simple di-imines.4 Here we report 20 

the reaction between these two families of heterometallic rings. 
Other groups are studying other molecular routes towards 
quantum computing, including organic radicals,5 other 
polymetallic complexes6 and simple coordination compounds.7  
 The first family of heterometallic rings,8 which are green in 25 

colour, has the general formula [NEt2H2][Cr7MF8(O2CtBu)16]; 
here we discuss M = Ni, Mn or Zn. The metal sites form an 
octagon with each edge bridged by a fluoride and two pivalate 
ligands. Reaction of these compounds with iso-nicotinic acid 
allows the synthesis of rings that are substituted with a single 30 

iso-nicotinate: [NEt2H2][Cr7MF8(O2CtBu)15(O2C-py)] M = Ni, 
1; Mn, 2; Zn, 3. The relative rates of reaction of 
chromium(III) and the divalent metal9 means that the 
incoming nicotinate group must bind to an edge of the cage 
that contains the divalent metal.  35 

 The second family or rings, which are purple in colour,10 
has the general formula [Cr7M’F3(Etglu)(O2CtBu)15(OEt2)], 
M’ = Ni, 4; Mn, 5; Zn, 6; H5EtGlu = N-ethyl-D-glucamine. 
This family is made from reaction of CrF3. xH2O with pivalic 
acid in the presence of H5EtGlu and a complex of the relevant 40 

divalent metal. Again, the eight metals form an octagon with 
the exterior of the octagon bridged by pivalate; in the centre 
of the ring is the penta-deprotonated EtGlu5- ligand, with each 
alkoxide bridged two metal sites. The key feature of 
complexes 4 – 6 is the presence of a displaceable molecule 45 

(water as made)10 bound to the divalent metal site. 
 
Results and discussion 
 If a functionalised green ring is mixed with a purple ring, 
we obtain dimers of formula: 50 

[NEt2H2][Cr7MF8(O2CtBu)15(O2C-py) 
Cr7M’F3(Etglu)(O2CtBu)15]; we have made all nine members 
of the family, varying both M and M’ (M = M’ = Ni 7); the 

synthesis of the other compounds is described in the 
supplementary information. We can thus make a family of 55 

metal assemblies containing sixteen metals, with up to three 
different identities, knowing precisely where the different 
metals are positioned. The nine compounds are isostructural 
with the individual rings unchanged from the reactants. The 
only change is that in place of the diethylether group in 60 

complexes 4-6, the divalent site is bound to a pyridine from 
iso-nicotinate. The structure of 7 is shown in Figure 1; the 
large molecules pack inefficiently in the lattice and there are 
large voids in the structure which we assume are filled with 
solvent however these are so disordered they could not be 65 

located.  

 
Figure 1. The structure of complex 7 in the crystal; the “green” ring is 
shown to the right of the picture. Colours: Cr, purple; Ni, green; F, 
yellow; O, red; N, light blue; C, black. H atoms and methyl groups 70 

removed for clarity.  

 The family of linked cages creates the opportunity to study 
the exchange interaction in these iso-structural complexes. 
The {Cr7Ni} compounds 1 and 4 are the compounds regarded 
as possible qubits for quantum information processing as they 75 

have S = 1/2 spin ground states. Therefore here we report 
studies of compound 7; and show by a variety of methods that 
there is a weak but measurable interaction between the two 
rings in this molecular ensemble. As the structures of 1 and 4 
are essentially replicated in 7 the only new parameters 80 

involved in fitting data involve the exchange interactions 
between the rings. 
Magnetic susceptibility data of 7 between 2 K and 300 K 
practically coincide with the sum of the susceptibilities of the 
two component rings (Figure S1). However, very low-85 
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temperature magnetization M(H) curves measured with a 
microSQUID clearly show a plateau around zero magnetic 
field H. This demonstrates the presence of an effective 
antiferromagnetic coupling between the two rings in their S 
=1/2 ground states, leading to a ground state singlet (Figure 5 

2). Zero-field specific heat (Figure 3) corroborates this 
finding by showing an upturn below 1 K, corresponding to an 
incipient Schottky anomaly due to the singlet-triplet. 
Conversely, Figure 3 shows that in a sizeable magnetic field 
the Schottky anomaly follows the behavior of isolated rings. 10 

Figure 2 Low temperature magnetization of 7. The plateau at zero 
field is due to antiferromagnetic coupling between the rings. 

 
Figure 3 Temperature and magnetic field dependence of molar specific 
heat C (in gas constant R = 8.314J/mol K units) for 7 (markers). (Solid 15 

lines) simulations of specific heat for 7, calculated as described in the 
text. 

 EPR spectroscopy is very sensitive to weak exchange 
interactions.4 In particular, for 7 the continuous wave EPR 
spectra at X-, Q- and W-band show that the two S = 1/2 20 

centres are magnetically interacting. The resulting spectra 
(Figure 4) are not a clearly resolved triplet, as we have 
previously found for exchange-coupled heterometallic rings.4b 
However, they are not interpretable as simply due to the sum 
of the spectra of 1 and 4. It is noticeable that the weak feature 25 

at ca. 2800 mT is much broader in the experimental spectrum 
than in the simulation.  

These findings can be understood by describing the 
supramolecular dimer with a microscopic Hamiltonian [1] H 
which is the sum of those of single purple and green rings (Hp 30 

and Hg), and of an exchange term between the two rings: 
 

[1]  𝐻 = 𝐻! +  𝐻!+ 𝐽!" ! !!" !  𝒔!" ! ∙ 𝒔!" !  
+ 𝐽!"(!)!!"(!) 𝒔!"(!) ∙ 𝒔!" !  

where the Hamiltonians describing single rings are 

 35 

[2] 𝐻!,! =  𝐽 ∙ 𝒔! ∙ 𝒔!!!!
!!! + 𝐽! 𝒔! ∙ 𝒔!" + 𝒔! ∙ 𝒔!" +

𝑑!  𝑠!!
! +! 𝑒!  (𝑠!!

! − 𝑠!!
! ) +! 𝜇!𝑩 ∙ 𝒈𝒊 ∙  𝒔𝒊! . 

 
Figure 4. W-band (93.95948 GHz) EPR spectrum of 7 (black) with 
simulation (red). The spectra were measured on powder samples at 5 40 

K; the simulations are based on the parameters discussed in the text. 
The inset reports the measured and simulated Q-band (34.1585 GHz) 
spectrum. 
 
The parameters 𝐽, 𝐽!, 𝑑! , 𝑒! and the g tensors for both single 45 

rings have been determined by thermodynamic and 
spectroscopic measurements3,8 and are given in 
Supplementary Table 1. These parameters were fixed in 
modelling the data of 7. 
To understand the coupling between the rings in 7 it is 50 

important to first realise that the exchange involves three 
metal centres (Figure 5). The Ni site in the purple ring is 
coupled to two metal centres in the green ring; one of these 
metal centres is a Cr and the other a Ni. In the S = 1/2 ground 
doublet of each ring, the Ni spin is opposite to the total spin 55 

S,10 whereas the Cr spin involved in inter-ring interaction is 
parallel to S. Hence, the most straightforward way to explain 
the effective antiferromagnetic coupling found by 
microSQUID measurements is to assume that between there 
rings there is a ferromagnetic Ni-Cr interaction (𝐽!" ! !!" ! <60 

0) and an antiferromagnetic Ni-Ni coupling (𝐽!" ! !!" ! >
0, see Fig. 5). In particular, we find that assuming 
𝐽!" ! !!" ! = −𝐽!" ! !!" ! = 0.17 K allows us to satisfactorily 
interpret specific heat and EPR data (lines in Figures 3 and 4). 
In addition, this model is consistent with the results of ab-65 

initio density functional theory (DFT) calculations (see 
below).  Transitions involving excited states of the single 
rings (with S > 1/2) contribute to the W-band EPR spectrum. 
In particular, the observed transition at about 2.8 T involves 
the S = 3/2 multiplets. Transitions involving excited states 70 

could be at the origin of the observed broadening of the 
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corresponding line.  
 
The magnetic-field dependence of the low-lying energy levels 
of 7 resulting from this model is reported in Figure 6 for B 
perpendicular to the rings. The position of the singlet-triplet 5 

crossing is consistent with the main step in the low-
temperature magnetization curves. 
The experimental results can be also interpreted by assuming 
a single inter-ring parameter 𝐽!" ! !!" ! = 𝐽!" ! !!" ! =
 − 0.62 K. This model allows us to simulate specific heat and 10 

EPR Q-band data with the same level of agreement of Figures 
3 and 4 (inset). However, W-band results are better 
reproduced with the model discussed above. 
 

Figure 6. Calculated magnetic field dependence of the lowest lying 15 

energy levels of 7, with B perpendicular to the rings. 
 
We now proceed with the evaluation of the magnetic coupling 
between the magnetic ions belonging to different rings 
through  the organic linker by DFT  calculations. The results  20 

have been obtained  employing the NWChem  quantum 
chemistry  package.11 In order to account for the electronic  
correlation, we used the B3LYP hybrid exchange-correlation 
functional.12 Broken-symmetry (BS)  magnetic  configurations 
were obtained with the help of the constrained-DFT 25 

method.13,14 
We  follow the  procedure  described  in  reference 15, where  
total   energies of different  broken  symmetry  (BS)  states  
are  mapped  onto  a microscopic spin model Hamiltonian, 
which contains only isotropic Heisenberg exchange terms 30 

(dipolar  interactions are tiny  and spin-orbit  coupling is not 
included in the calculation).16 The problem can be further 
simplified, considering that intra-ring interactions are one 
order of magnitude larger than  inter-ring interactions17-21 
which implies that excited states probed in low-temperature 35 

experiments are associated to variations of the total  spin of 
the dimer, keeping frozen the molecular  spins in each ring.  If 
we consider BS states where the antiferromagnetic intra-ring 
coupling is maintained, total energies of the BS states could 
be rewritten as  40 

 
3)  𝐸 =  𝐸!"#$%+ 𝐽!" ! !!" !  𝑠!"# ! ∙ 𝑠!"# !  

                                             + 𝐽!" ! !!" !  𝑠!"# ! ∙ 𝑠!"# !  
 
where Eintra is a constant energy term, Js are inter-ring  
exchange  parameters, and the various sz are the spin moments  45 

of the three frontier ions (see Figure  1). According to  eq.3, if 
we retain the antiferromagnetic coupling  between  the  spins 
in each of the ring, and flip coherently all the spins in one of 
the ring, we could obtain the total  energies of only two BS 
states, characterized by having the total  spins of the two rings 50 

coupled either ferro- (FM) or antiferromagnetic (AFM)  to 
each other. 
Contrary to the purple-purple dimer case,15 we have here two 
unknown inter-ring exchange constants, JNi(p)−Ni(g) and 
JNi(p)−Cr(g), thus we have more variables than equations. To 55 

overcome this problem,  we make the assumption  that the two 
microscopic interactions Ni(p)−Ni(g) and Ni(p)−Cr(g) could 
be considered, in first approximation, independent from each 
other, i. e. if the Ni(g) is substituted with a different divalent  
ion, the interaction between Ni(p) and Cr(g) remains 60 

unaltered. Substituting the Ni on the green ring with a Zn (s = 
0) non magnetic ion, we can thus turn off one of the 
interaction channel, and obtain the Ni(p)−Cr(g) exchange  
constant. Once JNi(p)−Cr(g) is calculated, we determine the 
JNi(p)−Ni(g) exchange coupling, from the FM and AFM BS states  65 

of complex 7. The total energy differences between  AFM and 
FM states are respectively  −2.1 and  −3.1 K, showing that 
low spin states are energetically favored with respect to the 
high spin ones. This is in agreement with the experimental 
finding that in complex 7 the magnetic ground state is a 70 

singlet. The inter-ring  exchange parameters found are 
JNi(p)−Cr(g) = −0.7 K and JNi(p)−Ni(g) = 0.6 K. Interestingly, they 
are not always antiferromagnetic (J > 0) as it happens in the 
purple-purple dimers15 but they can be ferromagnetic as well. 
 75 

The above assumption of transferability of the microscopic 
exchange parameters from one derivative to another, although 
crude at first sight, is based on the widely-used reformulation 
of a multi-spin interaction problems into the sum of pairwise 
spin-spin interactions; the applicability of this approach for 80 

very small interactions, as the one discussed above, is indeed 
a challenge for state-of-the-art DFT calculations and 
represents an issue worth to be analyzed further in multi-ion 
magnetic molecules. In order to get more insight on the 
interaction channel we show in Fig. 7 three-dimensional 85 

contour plot of the spin  polarization density, zooming in the 
interaction region across the nicotinate bridge. From the 

Figure 5 Sketch of the two possible magnetic interaction channels 
across the isonicotinate bridge. Yellows arrows indicate local spins, 
while red arrows represent the total spin of the rings. 
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accurate analysis of the spin-polarized electron density in the 
carboxylate group belonging to the iso-nicotinate bridge in 
Figures 7, a sort of competition emerges between the two 
metallic ions placed  on the green ring of the dimer: the atom 
with the largest absolute value of the spin imposes his own 5 

spin alternation along the iso -nicotinate bridge up to the first 
C atom of the pyridine ring. Such spin polarization must 
match the one across the pyridine ring, which in turn is 
determined by the sign of the spin moment of the divalent ion, 
in this case Ni, of the purple ring.15 In complex 7, the 10 

polarization induced on the nicotinate bridge due to Cr(g) 
overrides the one of Ni(g), this behavior being also reflected 
by the fact that JNi(p)−Cr(g) is larger than  JNi(p)−Ni(g). 

 

Summarizing, ab-initio DFT calculations point to two 15 

microscopic inter-ring exchange interactions having the same 
magnitude but opposite sign, an antiferromagnetic Ni-Ni 
coupling and a ferromagnetic Ni-Cr one. These results are 
therefore fully consistent with the miscroscopic spin 
Hamiltonian used to interpret experimental results. The 20 

discrepancy in the magnitude of the exchange constants is 
within the uncertainty in the determination of the 
intermolecular exchange constants and  consistent with what 
is typically found using the B3LYP functional to account for 
electronic correlations.15,17 25 

 
Conclusion 
This family of supramolecular dimers composed of different 
heterometallic rings constitutes an important step toward the 
use of this kind of systems for quantum information 30 

processing. Indeed, linking molecular qubits with different 
level schemes enables the implementation of important two-
qubit gates like the CNOT gate, where the possibility of 
separately addressing the two qubits is mandatory.5,22,23 One 
issue, which has been considered elsewhere24 is the magnitude 35 

of the exchange interaction and the resulting gate time; here 
the interaction is too strong to be able to manipulate single 
qubits without manipulating both; further synthetic work will 
increase the length of the space between the green and purple 

rings. We also aim to introduce a switchable effective 40 

coupling between the molecular qubits by inclusion of a 
redox-active group between the rings.25 
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