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Supplementary Figure 1. Crystal structures of 1 and 2. ORTEP drawing of the mononuclear 

[ReCl4(MeCN)2] and [ReBr4(bpym)] complexes of 1 (left) and 2 (right) at ambient pressure. The 

ellipsoids are depicted at 30 % occupancy. H atoms and solvent molecules of crystallization have 

been omitted for clarity.  
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Supplementary Figure 2. Packing diagrams for 1 and 2. View along the crystallographic a-axis 

illustrating the layered and herringbone type structures of 1 (left) and 2 (right) in the crystal. Rhenium, 

chlorine, bromine, nitrogen, and carbon atoms are shown as pink, green, red, blue, and grey balls, 

respectively. H atoms and solvent molecules of crystallisation have been omitted for clarity. 
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b) 

 

 
 

Supplementary Figure 3. Axial distortion of the ReIV geometry with pressure. (a) View of the 

axial distortion of the ReIV octahedral geometry with pressure in [ReCl4(MeCN)2] (1). (b) Variation 

of the halide-rhenium-halide angle [X-Re-X, X = Cl(1) and Br(2)] with pressure for 1 (left) and 2 

(right). 
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Supplementary Figure 4. Overlap of the T = 4 K and T = 300 K structures. (a) View of 

[ReCl4(MeCN)2]·MeCN (1) down the a (left) and b (right) axes with the high- and low-temperature 

structures overlapped. The blue structure is at T = 4 K and the red structure is at T = 300 K. (b) View 

of [ReBr4(bpym)] (2) down the a (left) and b axes overlapped. Note the excellent overlap indicating 

minimal structure differences. Compound 1 undergoes a volume contraction of ~4.8 %, while 

compound 2 undergoes a contraction of ~3.2 %. The contraction in both compounds occurs across all 

axes but is more isotropic in compound 2. In compound 1 there is a smaller contraction in the b axis.   
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Supplementary Figure 5. Plot of χMT versus T obtained for compound 1 in the T = 2–300 K 

range. The solid red line represents the best-fit of the experimental data (o) in the temperature range 

20–300 K, with |DEXP| = 37.1 cm-1. The inset shows the temperature dependence of the magnetic 

susceptibility in the T = 2–10 K range.  
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Supplementary Figure 6. Variable-field magnetisation data for 1 at T = 2.0 K. The inset shows 

the hysteresis loop of 1 at 2.0 K in the field range −1.0 to +1.0 T with Hc = 850 G and Mr = 0.068 μB.  
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Supplementary Figure 7. Calculated intermolecular interactions for 1. The three intermolecular 

contacts which can transmit magnetic exchange (J1-J3) in 1. The shortest contacts that are sensitive 

to pressure are displayed as dashed lines. Rhenium, chlorine, nitrogen, carbon and hydrogen atoms 

are shown in pink, green, blue, grey and white balls, respectively. 
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Supplementary Figure 8. Calculated intermolecular interactions for 2. The five intermolecular 

interactions which can transmit magnetic exchange (J1-J5) in 2. The shortest contacts that are pressure 

sensitive are displayed as dashed lines. Rhenium, bromine, nitrogen, carbon and hydrogen atoms are 

shown in pink, red, blue, grey and white balls, respectively.  



 

 

S9 

 

 

 
 

 
Supplementary Figure 9. View of the orientation of the D tensors in 1 and 2. Relative orientation 

of the D tensors on two neighbouring molecules in 1 (a) and 2 (b). In both cases, these orientations 

lead to contacts involving the J1 constant at ambient pressure. The red dashed lines represent the z 

axis of the D tensor.  
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Supplementary Figure 10. Molecular dynamics on 1. Time evolution at 5 K of the αSIM angle (black 

line) and DSIM parameter of the two [ReCl4(MeCN)2] unities (blue and red lines) involved in the J1 

magnetic exchange.  
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Supplementary Figure 11. Histogram of the average axial zfs parameter value in 1. Distribution 

of the average DSIM value of the [ReCl4(MeCN)2] units, involved in the J1 magnetic exchange, 

obtained from molecular dynamics performed at 5 K. The bars show the number of events for each 

interval value and the solid black line is the best-fit to a Gaussian curve.  
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Supplementary Figure 12. Model illustrating the angles and distances affected by pressure. 
The relevant geometrical parameters in 1 and 2 [X = Cl(1), Br(2)] affected by applied external 
pressure. 
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Supplementary Figure 13. Influence of several geometrical parameters on the axial anisotropy 

parameter (|D|, in cm–1) for 1 (left) and 2 (right). Absolute values of D are provided since the large 

[and overestimated] calculated E/D values that are close to 1/3 can lead to a change in the sign of D. 
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The grey stripe delimits the regions where the experimental values are found, and the dashed line 

shows the average value for the studied geometrical parameter in the experimental ambient structure. 

Blue and green lines are the results obtained from CAS and PBE-DFT methods. CAS [rather than 

NEVPT2] results were used due to problems associated with reaching convergence criterion for some 

of the studied molecular geometries in the latter. The red line shows the evolution of the electronic 

energy (in kcal/mol) with the studied geometrical parameter.  
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Supplementary Figure 14. Variation with pressure of the Tc and J values in 1. Pressure 

dependence of the ordering temperature, Tc (blue circles), and the strongest magnetic coupling, J (red 

circles), in 1.  
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Supplementary Figure 15. Relative intermolecular distances (d) between adjacent 

[ReCl4(MeCN)2] complexes in 1. Variation with pressure of the intermolecular Re···Re, Cl···C, 

Cl···N and Cl···Cl distances involved in the contacts mediating the J1 magnetic exchange between 

two adjacent [ReCl4(MeCN)2] complexes in 1. 
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Supplementary Table 1. Crystallographic details for 1. For all structures: C6H9Cl4N3Re, Mr = 

451.17, orthorhombic, Pnma, Z = 4. Experiments were performed at 300 K. Absorption was corrected 

by multi-scan methods, SADABS (Siemens, 1996). H atom parameters were not refined.  
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Supplementary Table 2. Crystallographic details for 2. For all structures: C8H6Br4N4Re, Mr = 

664.01, orthorhombic, P212121, Z = 4 with the exception of data collected at 3.06 GPa and 3.64 GPa 

which have undergone a transformation to a new phase, monoclinic, P21,  Z = 4. Experiments were 

performed at 298 K. Absorption was corrected by multi-scan methods, SADABS (Siemens, 1996).  H 

atom parameters were not refined. 
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Supplementary Table 3. Void volume changes with pressure in 1. Table containing the % volume 

and the void volume for each studied pressure in compound 1; probe radius 1.2 Å and grid spacing 

0.7 Å.  
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Supplementary Table 4. Shortest intermolecular Re-Cl···Cl-Re distances in 1. Table containing 

selected intermolecular Re-Cl···Cl-Re distances as function of pressure in 1. 
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Supplementary Table 5. Shortest intermolecular Re-Br···Br-Re distances in 2. Table containing 

the shortest intermolecular Re-Br···Br-Re distances as function of pressure in 2. At 3.06 GPa 2 

exhibits a structural transition to a new monoclinic P21 form, and two crystallographically 

independent [ReBr4(bpym)] molecules occur in the asymmetric unit. The data for both are included. 
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Supplementary Table 6. Selected intramolecular angles and bond lengths for 1. Table containing 

intramolecular angles and Re-ligand bond lengths as function of pressure in 1. 
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Supplementary Table 7. Selected intramolecular angles and bond lengths for 2. Table containing 

intramolecular angles and bond lengths as function of pressure in 2. At 3.06 GPa 2 exhibits a structural 

transition, and two crystallographically independent [ReBr4(bpym)] molecules occur in the 

asymmetric unit. The data for both are included. 
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Supplementary Table 8. Crystallographic details for 1 and 2 at T = 4 K. Structural parameters 

obtained for complexes 1 and 2 from single crystal X-ray diffraction at a temperature of 4 K. 
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Supplementary Table 9. Intermolecular magnetic exchange values in 1 and 2. Calculated 

magnetic exchange constants (Ji / cm–1) together with the intermolecular distances (di / Å) at ambient 

pressure and at high pressure. 

 

  
 

Ambient Pressure 

 

High Pressure 

 Ji di Ji di 

 
Compound 1 

 

J1 

 

– 0.40 

 
d1 = 3.46 
d2 = 3.83 
d3 = 4.01 

 

– 2.09 

 
d1 = 3.10 
d2 = 3.48 
d3 = 3.91 

 

J2 

 

– 0.18 

 
d4 = 3.24 
d5 = 3.45 

 

– 3.71 

 
d4 = 2.89 
d5 = 3.06 

 

J3 

 

– 0.05 

 

d6 = 3.92 

 

– 0.74 

 

d6 = 3.36 

 
Compound 2 

 

J1 

 

– 1.91 

 
d1 = 2.92 
d2 = 3.85 
d3 = 3.28 

 

– 5.52 

 
d1 = 2.62 
d2 = 3.65 
d3 = 2.77 

 

J2 

 

– 1.00 

 
d4 = 3.01 
d5 = 3.92 

 

– 2.55 

 
d4 = 2.71 
d5 = 3.59 

 

J3 

 

+ 0.38 

 
d6 = 3.89 
d7 = 3.57 
d8 = 3.39 
d9 = 3.94 

 

– 0.65 

 

 
d6 = 3.60 
d7 = 3.27 
d8 = 2.81 
d9 = 3.28 

 

J4 

 

– 0.0004 

 
d10 = 2.61 
d11 = 3.11 
d12 = 2.83 
d13 = 2.67 

 

– 0.0007 

 
d10 = 2.30 
d11 = 2.75 
d12 = 2.43 
d13 = 2.36 
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J5 

 

– 0.14 

 
d14 = 2.96 
d15 = 3.07 
d16 = 3.34 

 

– 0.27 

 
d14 = 2.67 
d15 = 2.68 
d16 = 3.30 
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Supplementary Table 10. Intermolecular magnetic exchange values in 1 and 2. Magnetic 

exchange constants (Ji / cm–1) calculated in the gas phase and with a solvent model at ambient 

pressure and at high pressure. 

 

  
 

Ambient Pressure 

 

High Pressure 

 Ji / gas Ji / solvent Ji / gas Ji / solvent 

 
Compound 1 

 

J1 

 

– 0.27 

 

– 0.40 

 

– 1.79 

 

– 2.09 

 

J2 

 

– 0.21 

 

– 0.18 

 

– 3.94 

 

– 3.71 

 

J3 

 

– 0.25 

 

– 0.05 

 

– 2.44 

 

– 0.74 

 
Compound 2 

 

J1 

 

– 2.25 

 

– 1.91 

 

– 6.60 

 

– 5.52 

 

J2 

 

– 1.21 

 

– 1.00 

 

– 3.24 

 

– 2.55 

 

J3 

 

+ 0.41 

 

+ 0.38 

 

– 0.69 

 

– 0.65 

 

J4 

 

– 0.0004 

 

– 0.0004 

 

– 0.0007 

 

– 0.0007 

 

J5 

 

– 0.16 

 

– 0.14 

 

– 0.33 

 

– 0.27 
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Supplementary Table 11. Comparison of the g, D and E/D parameters for 1 and 2. g, D and E/D 

parameters for complexes 1 and 2 calculated through NEVPT2 and CAS methods at ambient pressure 

and at 4.3 GPa.   

 0.0 GPa 4.3 GPa 

Compound 1  NEVPT2 CAS NEVPT2 CAS 

g1 1.763 1.781 1.775 1.799 

g2 1.765 1.783 1.777 1.802 

g3 1.774 1.791 1.783 1.805 

gISO 1.767 1.785 1.778 1.802 

D / cm-1 -30.00 -25.80 -22.70 -18.40 

E / D 0.218 0.276 0.226 0.282 

DSS -0.01 -0.01 -0.01 -0.01 

DSO -30.00 -25.80 -22.70 -18.40 

DQ -5.20 -5.80 -5.80 -6.10 

DD -24.80 -20.30 -16.70 -12.30 

 0.0 GPa 3.6 GPa 

Compound 2  NEVPT2 CAS NEVPT2 CAS 

g1 1.765 1.790 1.765 1.791 

g2 1.767 1.787 1.771 1.793 

g3 1.780 1.796 1.790 1.813 

gISO 1.767 1.785 1.778 1.802 

D / cm-1 -24.00 -22.40 -48.00 -41.50 

E / D 0.229 0.256 0.192 0.246 

DSS 0.00 0.00 0.00 0.00 

DSO -24.00 -22.40 -48.00 -41.50 

DQ -5.60 -7.10 -5.30 -6.30 

DD -18.40 -15.40 -42.70 -35.20 
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Supplementary Table 12. Pertinent geometrical parameters in 1 and 2 affected by applied external pressure. Bond lengths and angles are 

given in angstroms and in degrees, respectively. Average and optimized values are in parentheses and brackets, respectively.  

Pressure (GPa) dax(Re···X)a deq(Re···X) a deq(Re···N)       γ 

Compound 1 

0.0 
2.331; 2.319 

(2.325); [2.353] 

2.299; 2.299 

(2.299); [2.311] 

2.084; 2.084 

(2.084); [2.078] 

86.6; 85.4 

(86.0); [85.6] 

4.3 
2.307; 2.296 

(2.302) 

2.290; 2.290 

(2.290) 

2.011; 2.011 

(2.011) 

84.6; 84.4 

(84.5) 

Compound 2 

0.0 
2.492; 2.457 

(2.475); [2.493] 

2.438; 2.435 

(2.436); [2.471] 

2.164; 2.147 

(2.155); [2.187] 

85.2; 84.0 

(84.6); [84.4] 

4.3 
2.424; 2.392 

(2.408) 

2.504; 2.416 

(2.460) 

2.103; 2.094 

(2.098) 

83.7; 81.7 

(82.7) 

                          aX = Cl or Br



 

 

S32 

 

Supplementary Table 13. Comparison of the carbon-nitrogen and carbon-carbon bond lengths 

in the coordinated acetonitrile molecules in 1 at several applied pressures. The bond lengths (in 

angstroms) are extracted from the crystal structure at each applied pressure, as described in the main 

text.   

Pressure (GPa) dC···N dC···C 

0.0 1.134 1.447 

0.1 1.135 1.434 

0.3 1.132 1.447 

1.2 1.132 1.446 

1.8 1.124 1.458 

2.6 1.118 1.423 

4.3 1.177 1.417 
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Supplementary Note 1 

Prior to the high-pressure studies, dc magnetic susceptibility measurements were carried out at 

ambient pressure on a microcrystalline sample of 1 in the 2–300 K temperature range and different 

external magnetic fields (250 G and 0.1 T). At ambient pressure and temperature, the χMT value is 

1.59 cm3 mol−1 K, a value expected for a magnetically isolated mononuclear ReIV complex (S = 3/2, 

g = 1.8-1.9). Upon cooling, this value continuously decreases, first smoothly in the high temperature 

region and then sharply down to 150 K, to reach a minimum at ca. 6.5 K. At lower temperatures, χMT 

exhibits an abrupt increase and finally decreases at the lowest temperatures (see Supplementary 

Figure 5). The increase is more pronounced at lower external dc magnetic fields where saturation 

effects are minimized. The variation of χMT in the high-temperature range for 1 reveals an 

antiferromagnetic exchange between ReIV ions. Moreover, the abrupt increase of χMT in the very low-

temperature domain can be attributed to spin canting, that is, non-linearity of the individual spins 

aligned in an anti-parallel fashion by means of intermolecular antiferromagnetic coupling, which has 

been observed in previously studied ReIV complexes. The large anisotropy of the ReIV ion accounts 

for this phenomenon. The magnetic susceptibility data was analysed through the spin-Hamiltonian of 

eqn (1) 

𝐻𝐻� = 𝐷𝐷�𝑆̂𝑆𝑧𝑧2 − 𝑆𝑆(𝑆𝑆 + 1) 3⁄ � + 𝑔𝑔𝑔𝑔�𝐻𝐻𝑧𝑧𝑆̂𝑆𝑧𝑧 + 𝐻𝐻𝑥𝑥𝑆̂𝑆𝑥𝑥 + 𝐻𝐻𝑦𝑦𝑆̂𝑆𝑦𝑦�  (1) 

where the first term accounts for the zero-field splitting (zfs) of the ReIV ion and the last term is the 

Zeeman effect. In order to avoid over-parameterisation, an isotropic g factor was assumed. The best-

fit parameters for 1 at ambient pressure are |DEXP| = 37.1 cm-1, g = 1.81, and R = 2.4 × 10−5 {R is the 

agreement factor defined as Σ[χMTobs(i) – χMTcalc(i)]2 / Σ[χMTobs(i)]2}. The calculated curve reproduces 

the experimental data very well in the temperature range 20–300 K (Supplementary Figure 5).  

The field-cooled magnetisation of 1 at 250 G (see inset in Supplementary Figure 5) shows the 

occurrence of magnetic order below 6.7 K, confirming the long-range ordering of the canted 

antiferromagnet. Indeed, variable-field magnetisation data collected at 2.0 K between −7 and 7 T 

reveals complete reversibility of the magnetisation (Supplementary Figure 6) but without showing 

any evidence of saturation at the highest magnetic field available; this last feature being typical of 

weak ferromagnets. A hysteresis loop is observed at 2.0 K with values of coercive field (Hc) and 

remnant magnetisation (Mr) of 850 G and 0.068 μB, respectively. The evaluation of the canting angle 

(α) can be performed through eqn (2) 
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sin(α/2) = Mw/(2Ms)  (2) 

where Mw is the magnetisation induced by a very weak magnetic field, and Ms is the saturation 

magnetisation. Although no saturation is reached at 7 T, a value of 2.0º can be estimated for 1, by 

assuming extrapolated values of Ms and Mw ≈ Mr at 2.0 K.  
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Supplementary Note 2  

The pertinent geometrical parameters in 1 and 2 that significantly change with pressure are shown in 

Supplementary Table 12 and Supplementary Figures 12 and 13. A theoretical analysis on how each 

parameter changes the zfs was carried out on ideal models of 1 and 2 at pressures of 0.0 GPa and 4.3 

GPa. From these results, several conclusions can be drawn: i) Similar trends were found from both 

PBE-DFT and CAS calculations. ii) The values of the studied structural parameters for the more 

stable molecular geometry are close to those observed in the experimental ambient pressure structure. 

Slightly longer metal-ligand bond lengths are observed in some cases because calculations were 

performed in the gas phase where more relaxed molecular geometries are expected, and because DFT 

methods often overestimate the bond lengths. iii) The changes in energy from the molecular 

geometries at 0.0 GPa to those at 4.3 GPa are very small indeed - less than 3 kcal/mol - which supports 

the fact that geometrical changes induced by external pressure are rather easy. iv) The effect of each 

geometrical change on the zfs is qualitatively equivalent in 1 and 2, with the exception of the Re-N 

equatorial distance [deq(Re···N)] and the N-Re-N bite angle. Indeed the change in the deq(Re···N) 

parameter with pressure leads to an increasing D in 2, but to a decreasing D in 1, as observed 

experimentally. 
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Supplementary Methods 

Computational methodology. To estimate the nature and magnitude of the intermolecular magnetic 

exchange interactions in 1 and 2, calculations were performed with the Gaussian09 package using the 

CAM-B3LYP functional (a long range corrected version of B3LYP) and the quadratic convergence 

approach1-5. Double-ζ and Los Alamos effective core potentials, as proposed by Hay and Wadt, were 

used for the ReIV, Cl- and Br- ions6-8. Ahlrichs double-ζ basis set was used for the remaining atoms9. 

Two-electron integrals and their derivatives were computed from Douglas-Kroll-Hess (DKH) 2nd 

order scalar relativistic calculations10,11. An approach based on the use of broken-symmetry (BS) 

functions built from localised orbitals was used to evaluate the energies of several spin states12. The 

BS functions, which provide positive or negative spin densities on the paramagnetic centres, were 

obtained from the guess functions generated with the fragment tool implemented in Gaussian09. The 

full experimental geometries were used for all calculated complexes, which are shown in 

Supplementary Figures 7 and 8. Parameters corresponding to the acetonitrile solvent were included 

to simulate the electronic effects of the surrounding molecules13. However, contrary to what is found 

in systems with other metal ions, the intermolecular magnetic interactions calculated in 1 and 2 in the 

gas phase are similar to those found using a solvent model (Supplementary Table 10).  

Calculations of the zfs parameters were performed with version 3.0 of the ORCA program14. The 

TZVP basis set proposed by Ahlrichs, and tight SCF criteria were used in all cases9. Relativistic 

effects for the ReIV ion were introduced from a zero-order regular approximation (ZORA)15. For 

complete active space (CAS) calculations, this auxiliary basis set was replaced by TZV/C16-18. 

Experimental geometries of 1 and 2 were used in the theoretical calculations. The zfs parameters were 

evaluated from CAS and N-Electron Valence State Perturbation Theory (NEVPT2) calculations by 

including contributions from ten quartet and twenty doublet states generated from electron promotion 

between d orbitals, which corresponds to the full active space built from only the five d orbitals of 

the ReIV ion19-21. 

Molecular dynamics simulations were performed with version 3.2 of the SIESTA22 program starting 

from an optimised structure. A cell with four [ReCl4(MeCN)2] molecules was considered where the 

symmetry was removed, allowing freedom for molecular reorganisation. The disorder of the 

acetonitrile molecules was removed, cleaning those atomic positions that were duplicated. The GGA 

exchange-correlation functional proposed by Perdew, Burke and Erzernhof (PBE)23 with a DZP basis 

set was employed for the external electrons and pseudopotentials generated following the approach 
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proposed by Trouiller and Martins for the internal electrons24. The core radii for the s, p and d, and f 

components of the ReIV ions are 2.67, 2.74 and 2.51 Å, respectively. The cut-off radii were 1.48, 1.25 

and 1.33 Å for N, C and H atoms, respectively, and 1.66 and 1.88 for the s and p, and d and f orbitals 

of the Cl- ions. For the Br- ions, the cut-off radii were 1.84, 2.19, 1.68 and 2.30 for the s, p, d and f 

orbitals, respectively. Values of 50 meV for the energy shift, 400 Ry for mesh cut-off and 5.0 Å for 

the k-grid cut-off were used. Atmospheric pressure and T = 5 K, which were controlled by Parrinello-

Rahman25 and Nose26 methods, respectively, were considered during the simulation employing 1000 

steps at a rate of 1fs per step. In order to generate the distribution diagrams (Figure 5 and 

Supplementary Figure 11), each one of the calculations during the dynamics simulation is considered 

one event. 
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