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Magnetic, Electrochemical and Optical Properties of 

a Sulfate-bridged Co(II) Imidazole Dimer 

Michael J. Murphy,a Pavel M. Usov,a Felix J. Rizzuto,a Cameron J. Keperta and 
Deanna M. D’Alessandro.*a 

The synthesis, as well as the electrochemical, optical and magnetic properties of a sulfate-bridged Co(II) 

dimer, [Co2(DMIM)4(μ2-O
2
,O,O′-SO4)2]·2MeCN (DMIM = 1,2-dimethylimidazole) (2), are reported. The 

crystal structure consists of two distorted pseudo-octahedral Co(II) centres, each ligated by the μ2-

(O-O′-sulfato) and μ2-(O
2
-sulfato) bridging modes of the SO4

2-
 anions. Magnetic studies have identified 

significant antiferromagnetic coupling between the high spin Co(II) centres, with J = –28 cm
-1

. Cyclic 

voltammetry indicated the presence of a quasi-reversible ligand centred oxidation, while the vis-NIR 

spectrum of 2 revealed complex splitting of the adsorption bands due to the tetragonal distortion of the 

octahedral geometry of the Co(II) centres. 

 

Introduction 

Polynuclear complexes incorporating paramagnetic metal 
centres have been extensively investigated for their magnetic, 
optical and redox properties.1-3 In particular, the magnetic 
properties of high spin Co(II) dimers are of interest due to the 
strong orbital angular momentum which, in general, is totally or 
partially quenched in octahedral environments that are 
significantly distorted.4-6 The large magnetic anisotropy of 
these unquenched systems has afforded several single molecule 
and single chain.7,8 
 Dinuclear compounds represent the simplest class of 
materials through which the principles of magnetic exchange 
coupling and ordering may be elucidated.9,10 As such, 
compiling an index of the relative pairing strengths and 
influence of bridging ligand exchange pathways is of 
fundamental interest, as it can be used to interpret the rules for 
spin alignment and to predict the magnitude of the pairing 
strength. While µ2-SO4

2- bridged dimers of transition metals 
have been reported previously, these often include alternative 
super-exchange pathways that are routed through additional 
bridging co-ligands, leading to difficulties in isolating the 
contribution of the sulfate bridge alone.11,12 
 Herein, we report the crystal structure, spectroscopy and 
magnetic properties of a sulfate-bridged Co(II) dimer, 
[Co2(DMIM)4(µ2-O

2,O,O′-SO4)2]·2MeCN (DMIM = 
1,2-dimethylimidazole) (2), as well as its precursor 
[Co(DMIM)4](ClO4)2

 (1) (Figure 1). Magnetic studies 
conducted on 2 indicated significant intra-dimer 
antiferromagnetic ordering between the S = 3/2 Co(II) centres, 

arising most prominently from the short Co–O–Co 
super-exchange pathway. 

 
Figure 1. Schematic diagram of [Co(DMIM)4](ClO4)2

 
(1) and 

[Co2(DMIM)4(µ2-O
2
,O,O'-SO4)2]·2MeCN (2). 

Results and Discussion 

Synthesis and Structure 

We originally began investigating complex 1, which has been 
structurally characterised previously and consists of tetrahedral 
Co(II) centres surrounded by four DMIM ligands,13 for its 
redox activity. Solution-state cyclic voltammetry (CV) 
measurements (Figure S4) identified one quasi-reversible 
oxidation process at 1.1 V vs. Fc0/Fc+, which was initially 
assigned to the Co(II)/Co(III) redox couple. Imidazole 
analogues, however, also undergo a single oxidation process in 
a similar potential range to form a radical species.14 To gain 
further insight into the electrochemical behaviour of the 
complex, chemical oxidation using peroxydisulfate was 
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attempted. Reacting 1 with [TBA]2(S2O8) in acetonitrile caused 
the purple solution to turn green after one week, potentially 
indicating that oxidation was successful. Purple plate-like 
crystals were also recovered from the reaction mixture in 
moderate yields (ca. 60%). Single crystal X-ray diffraction 
studies (vide infra) indicated that the sulfate anions, which 
originate from the breakdown of peroxydisulfate, had displaced 
two DMIM ligands from the original Co(II) complex 1, 
resulting in a sulfate-bridged Co(II) dimer 2. Dimer 2 was 
further investigated for its electrochemical, magnetic and 
optical properties. 
 The structure of 2 consists of two equivalent 
pseudo-octahedral Co(II) centres, each comprising of four O 
atoms from two equivalent chelating SO4

2- anions, as well as 
two cis-coordinated DMIM ligands (Figure 2). The two Co(II) 
centres form a dimeric unit as a result of the η1:η2:η1:µ2 

coordination mode of the sulfate anion, with a Co1–Co1 
distance of 3.4753(4) Å and a Co1–O1–Co1 angle of 
101.03(5)°. Two acetonitrile molecules per dimer were 
identified as lattice solvent. 

 
Figure 2. The crystal structure of 2. Hydrogen atoms and solvent molecules have 

been omitted for clarity. Co(II) atoms are shown in purple, C in grey, N in blue, O 

in red and S in yellow. 

 The distortion of the octahedral geometry of each Co(II) 
centre is expressed by the compressed O1–Co1–O1 angles of 
the chelating SO4

2- anions (78.97(5)o), as well as the compacted 
trans-diaxial coordination of the two SO4

2- anions (O2–Co1–
O3 angle of 152.62(5)o). Both distorted angles are orientated 
towards the adjacent Co(II) centre and act to separate the 
bulkier DMIM ligands (N1–Co1–N3 angle of 98.25(7)o). 

Electrochemistry and vis-NIR spectroscopy 

Solid-state cyclic voltammetry (CV) was performed on 2 over 
scan rates in the range 50-200 mV s-1, revealing two oxidation 
peaks at 0.48 and 1.1 V vs. Fc0/Fc+ (Figure 3). The second 
quasi-reversible oxidation process, originally ascribed to the 
Co(II)/Co(III) redox couple, was also observed in the anodic 
sweep of 1 (Figure S4). Due to the differences in coordination 
geometries between 1 and 2, the Co(II)/Co(III) redox couple is 
expected to occur at different potentials. As a result of the 
similarity in oxidation potentials in 1 and 2, this process is 
assigned to the oxidation of the DMIM ligands, which in their 

uncoordinated form are known to form free radical species at 
potentials in this range.14  
 The second, less pronounced, irreversible oxidation peak 
observed at 0.48 V vs. Fc0/Fc+ is assigned to the Co(II)/Co(III) 
couple. This redox wave is broad, indicating that the Co(II) 
centres oxidise simultaneously. 

 
Figure 3. Solid-state CVs of 2 measured at multiple scan rates. 

 Diffuse reflectance vis-NIR spectra were collected on 
powdered samples of 1 and 2 (Figure 4). 1 displayed two 
distinct absorption bands, consistent with its tetrahedral 
geometry; the bands at 8900 and 17400 cm-1 are assigned to 
4A2g→

4T1g(F) and 4A2g→
4T1g(P) transitions, respectively.15 

Both absorption bands are blue shifted relative to the model 
[CoCl4]

2- complex due to the larger d-orbital splitting 
contribution of the DMIM ligands. 

 
Figure 4. Diffuse reflectance vis-NIR spectra of (a) 1 and (b) 2. 

 The spectrum of 2 displayed similar spectroscopic features 
to its precursor 1. The band at 7700 cm-1 is assigned to the 
4T1g(F)→4T2g(P) transition, while the peaks in the visible region 
correspond to the 4T1g(F)→4T1g(P) transition. These transitions 
are split due to the tetragonal distortion of the octahedral crystal 
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field and the angular orbital contribution of the metal ions.16 
The characteristic purple colour of 2 arises from the downfield 
shift of the visible band to lower energy compared to related 
Co(II) complexes.17 

Magnetic Properties 

A polycrystalline sample of the mononuclear Co(II) species 1 
exhibited a room temperature χMT of 2.39 cm3 K mol-1 
(Figure S5). With spin-orbital coupling largely quenched in the 
tetrahedral state, significant deviation from the spin-only value 
is attributed to the anisotropy of the Co(II) ions. With 
decreasing temperature, χMT is steady until 30 K, at which point 
it decreases to a local minimum of 1.89 cm3 K mol-1 at 2 K, 
commensurate with the expected value for a single S = 3/2 spin. 
For mononuclear complexes with anisotropic spins, the 
temperature dependence of χMT reflects the population of Ms 
energy levels for the spin ground state. In the case of Co(II), 
this occurs due to the fluctuation between the Ms = ±3/2 and 
Ms = ±1/2 Kramers doublets. Quantitatively, the energy 
difference between these states can be measured by the axial 
zero-field splitting parameter, D. In the present case, this was 
extracted by the Hamiltonian Ĥ = DŜz

2 + βgS·H, where Ŝz is the 
directional spin operator, S is the spin, H is the magnetic field 
and any transverse anisotropy (E) is ignored. The magnetic 
susceptibility is therefore an average of the perpendicular 
magnetic susceptibilities, according to the equations 
 

�� = �2�� + ��	/3	
 

�� =
��

���

��

1 + �3��/4�	[1 − exp�−2�/��	]

1 + exp	�−2�/��	
 

�� =
��

���

4��

1 + 9exp	�−2�/��	

1 + exp	�−2�/��	
 

where the axial g-tensors are described as gz ≠ gx = gy and 
constants have their usual meanings.10 
 The best fit to the Hamiltonian produced gx = 1.96, gz = 2.85 
and D = –0.94 cm-1, indicating weak zero-field splitting 
compared with other tetrahedral mononuclear Co(II) 
species,18,19 and anisotropy of the Co(II) ion in 1. 
 Magnetic susceptibility data were also collected on a 
powdered sample of 2 over the range 2-300 K under an applied 
field of 1 kOe and are displayed in Figure 5. Initially, it was 
believed that the distortion of the octahedral symmetry of the 
Co(II) centres in 2 would be sufficient to quench the orbital 
moment of the 4T1g Co(II) ground state; however, the χMT value 
at 300 K (6.06 cm3 K mol-1 per Co(II) dimer) is greater than the 
expected value of 3.75 cm3 K mol-1 for two non-interacting 
high spin Co(II) centres. This high χMT value is indicative of a 
substantial orbital contribution to the magnetic susceptibility of 
2. As the ground state retains an orbital angular momentum 
L = 1, a Hamiltonian expressing the spin pairing of two lone 
S = 3/2 centres is not sufficient. Instead, an isotropic Ising 
model was employed. This model neglects the orbital moving 
and spin-orbit coupling, treating the Co(II) spins as effective 

spins of Seff = 1/2 localised in the ground Kramers doublet. The 
Hamiltonian is consequently expressed as an effective spin=1/2 
dimer with a large anisotropy (i.e., g׀׀ ≠ g┴) and is described by 
Ĥ = 25/9JŜA·ŜB + g0βHz(ŜA,z + ŜB,z), where Hz is the field aligned 
along the z direction, g0 = (10/3 + x) and other parameters have 
their usual meanings. In a similar manner to the mononuclear 
species, the susceptibility is a fractional summation of 
perpendicular χ values.  
 

�� = ��∥ + 2��	/3 

�∥ =
���∥

�

2��

exp	�25 /18��	

cosh	�25 /18��	
 

�� =
18����

�

25 
tanh	�25 /36��	 

 This equation was amended with an uncoupled impurity 
term to account for the lack of downturn in the graph of χM vs. 
temperature. The magnetic susceptibility of 2 is thus described 
by the equation  

�� = �1 − *	�+,�--	 + *�./0/ 

where χpara is the Curie Law term, 

�./0/ =
����1�1 + 1	

3��
 

and p is the percentage of Co(II) impurity present.10,20 

 The best fit of the magnetic data of 2 is shown in Figure 5. 
Parameters were extracted as J = –28 cm-1, g7.19 = ׀׀ and 
g┴ = 5.26, with p = 0.0254. While not absolute values (as the 
equation for χM provides only an approximation of spin-spin 
interactions), significant spin-orbit contributions are reflected in 
the large variances of g from the expected spin-only value of 
g = 2, which qualitatively indicate that the Co(II) anisotropy 
occurs parallel to the applied field. The difference between 
parallel and perpendicular g values is reflective of the 
anisotropy of the Co(II) ions. The negative value of J is 
consistent with the downturn in χMT with decreasing 
temperature, indicating that strong antiferromagnetic 
interactions occur between Co(II) centres within the dimer, 
presumably through the Co–O–Co bridging motif. Extraction of 
a negative value for θ after fitting the data to the Curie-Weiss 
Law further indicated an antiparallel alignment of spins with 
decreasing temperature: the Weiss constant was θ = –37 K and 
the Curie constant was 6.80 cm3 K mol-1.  
 The critical temperature, TN = 14.5 K, was determined from 
the peak of the d(χMT)/dT plot, given the ambiguity in the plot 
of χM vs. temperature (due to the presence of a small Co(II) 
impurity). Inspection of the magnetisation vs. H data 
(Figure S6) furthermore revealed that the magnetisation under 
75 kOe at 2.25 K was only 1.66 Nβ per Co(II) dimer, far from 
the saturation value of ca. 3 Nβ expected for a Co(II) ion with 
Seff = 1/2 and g ≈ 5.21,22 This was taken as further evidence for 
antiferromagnetic coupling in 2. 
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Figure 5. Variable temperature magnetic susceptibility data collected on 2 over 

the range 2-300 K, plotting χM (circles) and χMT (squares) vs. temperature. Black 

lines are lines of best fit to the data according to the Hamiltonian Ĥ = 25/9JŜA·ŜB 

+ g0βHz(ŜA,z + ŜB,z).  

 Hence, the distortion of the metal centres in 2 prevents 
orthogonality between paramagnetic Co(II) and diamagnetic 
O2- ions. This results in molecular orbitals that overlap out of 
phase, thus satisfying the criteria for antiferromagnetic 
coupling, as described by Goodenough23,24 and Kanamori.25 
With respect to the magnitude of coupling between Co(II) 
centres, the relatively long Co–O distances (2.245 and 2.258 Å) 
and secondary superexchange pathways (i.e. through the sulfur 
atom) prevents strong spin pairing between metal centres, 
which is typically promoted by short connectivities. 
 While µ2-SO4

2- bridged dimers of transition metals have 
been reported previously, these often include additional 
super-exchange pathways through multiple bridging co-ligands, 
leading to uncertainties in the absolute contribution of the 
sulfate bridge.11,12 In 2, these additional complexities are 
removed, enabling the direct inference of the coupling across 
the sulfate bridge to be determined.  
 Compared to other Co(II) dimers, the antiferromagnetic 
coupling of 2 is intermediate in strength; it is larger than that of 
µ2-OH2 dinuclear complexes, while it is weaker than that 
observed in µ2-OAc complexes.26 

Conclusions 

In summary, we report the structural, electrochemical, 
spectroscopic and magnetic characterisation of a novel Co(II) 
dimer 2, in which Co(II) centres are bridged by the rare 
η1:η2:η1:µ2coordination mode of the sulfate anion.  
 The electrochemical investigation of 2 revealed a 
quasi-reversible ligand centred oxidation, as well as a 
Co(II)/Co(III) redox couple that was absent in its tetrahedral 
precursor 1. Splitting of the absorption bands in the electronic 
spectrum of 2 was observed, reflecting the tetragonal distortion 
of the octahedral geometry of the Co(II) centres. 

 Variable temperature magnetic susceptibility measurements 
conducted on 2 indicated antiferromagnetic coupling of 
intermediate strength between the distorted high spin Co(II) 
octahedra, while 1 showed minimal zero field splitting. 
Significant anisotropy of the high spin Co(II) ions was 
observed in both 1 and 2, and characteristic spin-orbit coupling 
of the 4T1g state was observed in 2. Quantitatively, the magnetic 
exchange coupling associated with the two sulfate anion 
bridges was modelled to be J = –28 cm-1.  

Experimental 

Synthetic procedures 

[TBA]2(S2O8) was synthesised according to the literature 
procedure.27 
[Co(DMIM)4](ClO4)2 (1). Single crystals of 1 were prepared 
by a combination of modified literature procedures.13 A 
solution of Co(ClO4)2�6H2O (3.6 g, 10 mmol) in acetonitrile 
(15 mL) was added dropwise to a solution of DMIM (3.8 g, 
40 mmol), forming a purple solution. A purple solid was 
precipitated by the addition of diethyl ether (100 mL), isolated 
by vacuum filtration and washed with excess diethyl ether to 
yield complex 1 (6.1 g, 9.5 mmol, 95% yield based on Co). 
ESI-MS (ESI+, MeCN): m/z 221.3, [Co(DMIM)4]

2+. Elemental 
Analysis: Found: C, 37.45; H, 5.0; N, 17.4; Calculated for 
[Co(DMIM)4](ClO4)2: C, 37.4 ; H, 5.0 ; N, 17.5. 
[Co2(DMIM)4(µ2-O

2,O,O’-SO4)2]·2MeCN (2). A solution of 1 
(64 mg, 0.10 mmol) in acetonitrile (10 mL) was added to a 
solution of [TBA]2(S2O8) (0.14 g, 0.20 mmol) in acetonitrile 
(10 mL). After seven days the purple reaction mixture turned 
green. A purple precipitate was isolated by vacuum filtration 
and washed with excess acetonitrile to yield 2 as plate-like 
purple crystals (25 mg, 0.032 mmol, 65% yield based on 1). 
Elemental Analysis: Found: C, 32.0; H, 5.1; N, 14.9; Calculated 
for [Co2(DMIM)4(SO4)2]·3H2O: C, 32.0 ; H, 5.1 ; N, 14.85. 
Single crystal X-ray diffraction. Measurements on compound 
2 were conducted on a Bruker–Nonius FR591 Kappa Apex II 
diffractometer with Mo–Kα (λ = 0.71073 Å) radiation at 150 K. 
Empirical absorption corrections were applied using 
SADABS.28 Structure solutions were obtained using 
SHELXS-9729 and refined using SHELXL-9730 in the WinGX 
interface.31 Atoms were refined anisotropically where possible, 
with the hydrogen atoms refined using a riding-atom model. 
CCDC 1019336 contains the supplementary crystallographic 
data for this paper. These data can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 
2 Formula C24H38Co2N10O8S2, M = 776.62 g mol-1, monoclinic, space 

group P21/c (#14), a = 10.9888(11), b = 8.6363(9), c = 17.4813(15) Å, β 

= 94.688(4)°, V = 1653.5(3) Å3, Dcalc = 1.560 g cm-3, Z = 2, crystal size = 

0.120 × 0.075 × 0.054 mm, colour = purple, habit = prismatic, 

temperature = 150(2) K, λ(MoKα) = 0.71073 Å, µ(MoKα) = 1.190 mm-1, 

2θ max = 52.84 °, hkl range = -13 to 13, -10 to 10, -21 to 21, N = 49379, 

Nind = 3393 (Rmerge = 0.0342), Nobs = 3155 (I>2σ(I)), Nvar = 213, residuals* 
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R1(F) = 0.0242, wR2(F2) = 0.1010, GoF(all) = 1.179, ∆ρmin,max = -1.046, 

0.651 e Å-3.  

*R1 = ∑||Fo| - |Fc||/∑|Fo| for Fo > 2σ(Fo); wR2 = (∑w(Fo2 - 

Fc2)2/∑(wFc2)2)1/2 all reflections 

 w = 1/[σ2(Fo2)+(0.0630P)2+0.8196P] where P = (Fo2+2Fc2)/3 

Powder X-ray diffraction. Measurements were performed 
over the 5-50° 2θ range with a 0.02° step size and 2° min-1 scan 
rate on a PANalytical X’Pert Pro diffractometer fitted with a 
solid-state PIXcel detector (40 kV, 30 mA, 1° divergence and 
anti-scatter slits, and 0.3 mm receiver and detector slits) using 
Cu-Kα (λ = 1.5406 Å) radiation. Profile fits were performed 
using the Le Bail extraction method in Rietica.32 
Magnetic studies. Magnetic susceptibility measurements were 
carried out on a Quantum Designs Physical Property 
Measurement System with a Vibrating Sample Magnetometer 
attachment. Measurements were collected continuously over 
the temperature range 2-300 K under a static field of 1 kOe. 
Variable field measurements were taken over the field range of 
–75000 to 75000 Oe at 2.25 K. 
Vis-NIR spectroscopy. Vis-NIR diffuse reflectance spectra 
were collected on a Varian CARY 5E UV-Vis-NIR 
spectrophotometer with a Harrick Omni Diff Probe attachment 
using Varian WinUV software V3.0. The data were recorded 
from 5000 to 25000 cm-1 with a scan rate of 6000 cm-1 min-1. 
Samples were supported on high density filter paper, which was 
also used to provide the background reference.  
Electrochemistry. Electrochemical measurements were 
performed using a BASi Epsilon Electrochemical Analyser 
with a standard three-electrode cell. The supporting electrolyte 
was 0.1 M [(n–C4H9)4N]ClO4 in anhydrous acetonitrile 
(degassed with argon). Cyclic voltammograms (CVs) were 
recorded using a glassy carbon working electrode (1.0 mm 
diameter), a Pt wire auxiliary electrode and an Ag wire 
reference electrode. All potentials are reported against Fc0/Fc+, 
which was added as an internal reference. For solution-state 
measurements, ca. 1 mg of [Co(DMIM)4](ClO4)2 (1) was 
dissolved in 3 mL of electrolyte. 2 could not be dissolved in 
acetonitrile; therefore, CVs were measured on powdered 
samples which were mechanically immobilised onto the 
working electrode. 
Solid–state Fourier transform infrared spectroscopy. 

Fourier transform infrared spectra were collected in a potassium 
bromide (KBr) matrix over the range 4000–400 cm–1 using a 
Varian FTS–800 Scimitar series infrared spectrometer. KBr 
was heated at 400 K under vacuum for 24 h prior to analysis, 
with 2-4 mg of material per 200 mg of KBr used for each 
measurement. A KBr background was subtracted from the 
sample scan to obtain a difference spectrum. 
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Table S1. Single crystal X-ray diffraction collection summary for 2. 

Compound 2 

Formula of the Refinement Model C24H38Co2N10O8S2 

Molecular Weight  776.62 

Crystal System  monoclinic 

Space Group  P21/c (#14) 

a / Å 10.9888(11) 

b / Å 8.6363(9) 

c / Å 17.4813(15) 

β / º 94.688(4)º 

V / Å3 1653.5(3) 

Dc / g cm-3 1.560  

Z  2 

Crystal size / mm  0.120 x 0.075 x 0.054 

Crystal colour  purple 

Crystal habit  prismatic 

Temperature / K 150(2)  

λ(Mo-Kα) / Å 0.71073  

µ(Mo-Kα) / mm-1 1.190 

T(SADABS)min,max  0.925, 1.0 

2θmax  / º  52.84 

hkl range  -13 to 13, -10 to 10, -21 to 21 

N  49379 

Nind 3393 (Rmerge 0.0342) 

Nobs 3155 (I > 2σ(I)) 

Nvar 213 

Residuals* R1(F), wR2(F2)  0.0242, 0.1010 

GoF(all)   1.179  

Residual Extrema / e Å-3 -1.046, 0.651 

*R1 = Σ||Fo| - |Fc||/Σ|Fo| for Fo > 2Σ(Fo); wR2 = (Σw(Fo
2 - Fc

2)2/Σ(wFc
2)2)1/2 all 

reflections. w=1/[σ2(Fo
2)+(0.0630P)2+0.8196P] where P=(Fo

2+2Fc
2)/3 
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Figure S1. Le Bail fit of 2: a = 11.025(4), b = 8.698(2), c = 17.677(5) Å, β = 93.29(3)° and 
V = 1692.4(8) Å3. 

 

 

Figure S2. FT-IR spectrum of 2. 
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Figure S3. Le Bail fit of 1: Space group P3221 (#154), a = b = 12.1377(9), c = 17.393(2) Å and 
V = 2219.1(3) Å3.  

 

 

Figure S4. Solution-state cyclic voltammograms of 1 measured at different scan rates. 
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Figure S5. χMT (open circles) and χ-1
M (open squares) vs. temperature plots of 1. Best fits to the 

Heisenberg Hamiltonian and Curie-Weiss Law are shown as red lines. 

 

 

Figure S6. Magnetisation vs. field curve of 2 at 2.25 K. 
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Figure S7. Plot of χ-1
 vs. temperature for 2. Red line is the best fit to the Curie Weiss Law.  

 

 

Figure S8. 1
st
 derivative (dχ/dT) of magnetic susceptibility of 2, indicating the TN = 14.5 K.  
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Graphical Abstract 

 

 

The electrochemical, optical and magnetic properties of a sulfate-bridged high spin Co(II) dimer, 

[Co2(DMIM)4(µ2-O
2
,O,O′-SO4)2]·2MeCN are reported. Antiferromagnetic coupling across the 

µ2-(O
2
-sulfato) bridging mode has been identified with J = –28 cm

-1
.  
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