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I. Synthesis and Characterization Details 

General considerations. All reactions were performed under an atmosphere of N2 or Ar 

using a glovebox or standard Schlenk techniques unless stated otherwise. Pentane, diethyl ether 

(Et2O), and tetrahydrofuran (thf) were dried and degassed using a Pure Process Technologies 

Solvent Purification System. Solvents were then stored over 3 Å sieves in the glovebox. Benzene 

was dried and deoxygenated by distillation from Na/benzophenone ketyl radical and subsequent 

freeze-pump-thaw cycles and stored over activated 3 Å molecular sieves. H2(L1) and H2(L2) were 

prepared as previously described.1, 2 All other chemicals were purchased from commercial vendors 

and used as received.  

Microanalytical data (CHN) were collected using an EAI CE-440 Elemental Analyzer in 

the UI Department of Chemistry Materials Analysis, Testing and Fabrication (MATFab) Facility. 

Infrared (IR) spectra were acquired on a Thermo Scientific Nicolet iS5 using an attenuated total 

reflectance (ATR) accessory equipped with a diamond crystal. UV-vis data were collected using 

an Avantes Starline AvaSpec-2048 spectrometer.  

[Fe(L1)]2 (1). In a glovebox, FeCl2 (0.100 g, 0.789 mmol) was suspended in 15 mL of 

Et2O. To the suspension was added Li[N(SiMe3)2] (0.264 g, 1.578 mmol) dissolved in 5 mL of 

Et2O and the mixture was stirred overnight. The next day the brown solution was filtered through 

Celite and the volatiles were removed under vacuum to result in a tack brown solid. To the solid 

was added H2(L1) (0.273 g, 0.790 mmol) dissolved in 15 mL of thf. The mixture was stirred 

overnight during which time the solution color changed to dark red. The volatiles were removed 

under vacuum to afford a dark red solid that was then dissolved in a minimal amount of benzene. 

Filtration of the dark red solution through Celite and vapor diffusion with pentane resulted in large 

dark red blocks. Yield: 0.241 mg, (67% based on CHN formula weight). Anal. Calcd. for 

C44H48Fe2N8∙(C6H6)1.5: C, 69.36; H, 6.26; N, 12.21. Found: C, 69.30; H, 6.25; N, 12.30. Evans 
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Method (C6D6; 293 K): 7.6 µB. Magnetic susceptibility balance (solid; 294 K): 7.6(1) µB. IR (ATR, 

cm-1): 3052 w, 3004 w, 2957 w, 2871 w, 2830 w, 2780 w, 1586 m, 1568 s, 1472 vs, 1444 s, 1435 

s, 1319 m, 1264 s, 1243 s, 1199 m, 1170 m, 1156 m, 1142 m, 1108 m, 1093 m, 1042 m, 1021 m, 

921 s, 868 w, 846 m, 831 m, 757 m, 733 vs, 682 m. 

[Fe(L2)]2 (2). Prepared in a similar method as 1 using H2(L2) (0.278 g, 0.789 mmol). Dark 

red crystals were grown by vapor diffusion of pentane into a concentrated benzene solution. Yield: 

0.271 g, (85%). Anal. Calcd. for C40H36Fe2N4S4∙(C6H6)1.75: C, 61.11; H, 4.66; N, 6.48. Found: C, 

61.14; H, 4.80; N, 6.29. Evans Method (C6D6; 293 K): 6.3 µB. Magnetic susceptibility balance 

(solid; 294 K): 6.2(1) µB. IR (ATR, cm-1): 3048 w, 2993 w, 2915 w, 1579 m, 1567 s, 1472 s, 1453 

vs, 1426 s, 1321 s, 1282 s, 1249 s, 1233 s, 1206 s, 1176 m, 1153 m, 1123 m, 1103 m, 1068 w, 

1041 m, 1032 s, 969 m, 958 m, 926 w, 906 m, 874 w, 856 w, 839 s, 827 s, 738 vs, 728 vs, 696 s, 

683 s, 653 m.  
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II. X-ray Diffraction Studies  
Single crystals retrieved from benzene/pentane (1, 1a, 2, and 2a) were mounted on a 

MiTeGen micromount with ParatoneN oil. The data were collected on a Bruker Nonius Kappa 

CCD with an Apex II charge-coupled-device (CCD) detector (1, 2, and 2a) or a Bruker D8 Venture 

Duo equipped with a Bruker photon III detector (1a). The samples were cooled to 150 K by an 

Oxford Cryostreams 700 low-temperature device (Bruker Nonius Kappa CCD). The 

diffractometers were equipped with a graphite monochromatized Mo K X-ray source ( = 

0.71073). A hemisphere of data was collected using phi and omega scans. Data collection, initial 

indexing, and cell refinement were conducted using COLLECT3 and DENZO/SCALEPACK4 

(Nonius Kappa CCD) or Bruker Apex II suite (Bruker Nonius Kappa CCD). The data were 

corrected for absorption using redundant reflections and the SADABS program.5 Structure 

solution and refinement were performed in Olex26 using SHELXT7 and SHELXL.8 Hydrogen 

atom positions were idealized and allowed to ride on the attached carbon atom. HKL reflections 

with error/esd values 10 were omitted from the models. The final refinement included anisotropic 

temperature factors on all non-hydrogen atoms. Publication figures were generated using Mercury 

CSD 3.10.9 Data collection and refinement details are listed in Table S1.  

Details regarding the data collection and refinement of 1a. Crystals identified as 1a 

were generally of low quality and many were twinned. Data were collected on numerous crystals 

over the course of a week, and the data reported for 1a are the best obtained. The finalized data 

contained in the CIF files did not trigger any A or B level alerts during checkCIF, but we 

acknowledge the relatively high residuals and R factors. Despite the lower quality of the data, we 

feel they are important to report given that the DFT calculations predicted the structure of 1a and 

suggest that it is slightly more favorable than the structure of 1. 
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Crystals of 1a, obtained from benzene using pentane as an antisolvent, has two co-

crystallized benzene molecules in the asymmetric unit cell and what appears to be disordered 

pentane. One of the benzene molecules was constrained to be a regular hexagon that was allowed 

to shrink or expand, and displacement parameters for both benzene molecules were constrained 

using ISOR and DELU commands to obtain satisfactory looking ellipsoids. After accounting for 

the two molecules of benzene, checkCIF indicated remaining solvent voids in the lattice, which 

corresponded to a cluster of weak Q-peaks that appear consistent with disordered pentane. A 

solvent mask was therefore applied. Based on the solvent mask (V = 270 Å; 56 e-; asymmetric unit 

cell), we assume that there is 0.75 pentane per asymmetric unit cell. The values provided in Table 

S1 that depend on formula (e.g., density) do not account for the masked pentane given that we 

have not confirmed its identity or quantity by another method. 
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Table S1. Crystallographic data. 

 1 1a 2 2a 

Formula C44H48Fe2N8ꞏ1.5C6H6 C44H48Fe2N8ꞏC6H6 C40H36Fe2N4S4 C40H36Fe2N4S4ꞏ2C6H6 

Identifier dal20_19 dal22_16 dal18_80 dal18_76 

FW (g mol-1) 917.77 878.71 812.67 968.88 

crystal system monoclinic triclinic monoclinic triclinic 

space group P21/c P-1 P21/n P-1 

a (Å) 14.1280(14) 14.495(4) 14.7925(18) 11.2216(11) 

b (Å) 17.7302(18) 17.190(5) 12.1411(15) 12.4643(12) 

c (Å) 18.8223(18) 20.268(7) 20.679(3) 19.1311(19) 

 (deg) 90 68.265(17) 90 72.756(5) 

 (deg) 101.994(5) 89.15(2) 93.443(5) 80.477(5) 

 (deg) 90 87.363(15) 90 67.034(5) 

volume (Å3) 4611.9(8) 4686(3) 3707.2(8) 968.88 

Z 4 4 4 2 

calc (gꞏcm-3) 1.322 1.245 1.456 1.370 

 (mm-1) 0.675 0.661 1.043 0.836 

F (000) 1932 1848 1680 1008 

 range (deg) 2.212/26.35 1.899/26.595 2.350/24.82 2.502/26.487 

R(int) 0.0261 0.1601 0.0809 0.0338 

data/restraints/parameters 9396/0/576 19187/60/1086 7575/0/455 9528/10/541 

GOF 1.040 1.024 1.030 1.039 

R1 [I > 2(I)]a 0.0274 0.1036 0.0333 0.0425 

wR2 (all data)b 0.0731 0.3180 0.0782 0.1075 

Ext. Coeff. - - - - 

Largest Peak/Hole (eÅ-3) 0.410/-0.390 2.473/-0.772 0.310/-0.411 0.977/-0.526 

Temp (K) 150(2) 150(2) 150(2) 150(2) 

 
aR1 = ∑ |Fo| - |Fc| | / | ∑|Fo| for reflections with Fo

2 > 2 σ(Fo
2)  

bwR2 = [∑w(Fo
2 - Fc

2)2 / ∑(Fo
2)2]1/2 for all reflections. 

 

 
 
Figure S1. Comparison of XRD bond distances (Å) for 2 and the polymorph 2a. 
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III. Magnetic Measurements 

Magnetic susceptibility measurements were initially made on solution samples using the 

Evans method or on solid samples using an MSB Auto magnetic susceptibility balance purchased 

from Sherwood Scientific. Solid samples measured on the susceptibility balance were prepared as 

follows. Single crystals of 1 and 2 were ground with a mortar and pestle in an N2-filled glovebox 

before packing the solids into 3.24 mm inner diameter tubes. The masses of the samples were 98.2 

mg (1) and 95.5 mg (2), and the heights of the packed samples were 17.0 and 13.5 mm for 1 and 

2, respectively. The tubes were plugged with grease, removed from the glovebox, and measured 

on the susceptibility balance in air. A blank tube was prepared in the N2 glovebox the same way 

and used to account for χv of the tube. Reported values and standard deviations were obtained by 

averaging at least eight volume magnetic susceptibility (χv) measurements made on the same 

sample at 21.0 °C. Molecular weights used for the calculations included two benzene molecules 

in the unit formula of 1 and 2 based on EA data and their presence in some of the crystal data. 

Diamagnetic corrections (χD) were calculated and applied using tabulated Pascal’s constants for 

atoms and bonds.10 The χD value of -3.85 x 10-4 emuꞏmol-1 calculated for both complexes did not 

include corrections for C-S and C-N bonds, but the value is relatively close to the check values of 

-4.78 x 10-4 emuꞏmol-1 (1) and -4.84 x 10-4 emuꞏmol-1 (2) calculated using the following 

approximation: 

𝜒 ൎ  െ
𝑀𝑊

2
10ି𝑒𝑚𝑢 ∙ 𝑚𝑜𝑙ିଵ 

where MW is the unitless molecular weight of 1 and 2.10 

SQUID magnetometry. Magnetic susceptibility data were obtained on a Quantum Design 

MPMS3 Superconducting Quantum Interference Device (SQUID) magnetometer. Samples of 1 

and 2 were prepared by covering crushed crystalline solids (31.5 mg, 3.93 x 10−5 mol (1) and 23.00 
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mg, 2.83 x 10−5 mol (2)) with ample molten eicosane (57.3 mg (1) and 57.5 mg (2)) to prevent 

crystallite torquing and to provide good thermal contact between the sample and the bath. The 

samples were sealed airtight and transferred to the magnetometer. All data were corrected for 

diamagnetic contributions from the eicosane, and core diamagnetism was estimated using Pascal’s 

constants.10 Dc susceptibility curves were fit using the Phi software11 written and distributed by 

Nicholas Chilton.  

 
Table S2. Summary of fits of the variable-temperature dc magnetic susceptibility data for 1 to a 

Heisenberg exchange Hamiltonian 𝐻 ൌ  െ2∑ቀ𝑆መ⃑ிሺଵሻ𝐽ி̿ሺଵሻିிሺଶሻ𝑆መ⃑ிሺଶሻቁ  𝜇 ∑ ቀ𝜎𝐿
ሬ⃗
𝐼 ̿ 

ே
ୀଵ

𝑆መ⃗�̿�ቁ 𝐵ሬ⃗  as implemented in Phi.11 𝐽ி̿ሺଵሻିிሺଶሻ accounts for the exchange tensor ascribed to the 

intramolecular FeII–FeII coupling, 𝑆መ⃑ are the spin operators for each FeII ion, 𝜎 is an orbital 

reduction factor, 𝐿ሬ⃗  is the orbital angular momentum operator, 𝐼 ̿is the identity matrix, �̿� is the g 
tensor. Settings for Fe(II) ions were chosen as implemented for Oh symmetry with weak crystal 
field (S = 2, L = 1).  
 

 1.0 T 
Temperature Range 2-300 K 30-300 K 
g 1.847(2) 1.825(2) 
J (cm−1) −0.300(3) −0.22(3) 

 
 
 
Table S3. Summary of fits of the variable-temperature dc magnetic susceptibility data for 2 to a 

Heisenberg exchange Hamiltonian 𝐻 ൌ  െ2∑ቀ𝑆መ⃑ிሺଵሻ𝐽ி̿ሺଵሻିிሺଶሻ𝑆መ⃑ிሺଶሻቁ  𝜇 ∑ ቀ𝜎𝐿
ሬ⃗
𝐼 ̿ 

ே
ୀଵ

𝑆መ⃗�̿�ቁ 𝐵ሬ⃗  where the first term describes the exchange interaction and the second term the Zeeman 

effect as implemented in Phi.11  
 

 1.0 T 
Temperature Range 2-300 K 30-300 K 
g 2.25(4) 2.31(5) 
J (cm−1) −35(1) −37(1) 
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Figure S2. Variable-temperature dc magnetic susceptibility data for a restrained polycrystalline 
sample of 1 collected under a 1.0 T applied dc field. The black line represents a fit to the data from 
2 to 300 K.   
 

 
 
Figure S3. Variable-temperature dc magnetic susceptibility data for a restrained polycrystalline 
sample of 1 collected under a 1.0 T applied dc field. The black line represents a fit to the data from 
30 to 300 K. 
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Figure S4. Variable-temperature dc magnetic susceptibility data for a restrained polycrystalline 
sample of 2 collected under a 1.0 T applied dc field. The black line represents a fit to the data from 
2 to 300 K.   
  

 
 
Figure S5. Variable-temperature dc magnetic susceptibility data for a restrained polycrystalline 
sample of 2 collected under a 1.0 T applied dc field. The black line represents a fit to the data from 
30 to 300 K.  
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IV. 57Fe Mössbauer Spectroscopy  
Samples for 57Fe Mössbauer spectroscopy were prepared by suspending approximately 30 mg 

of sample in Paratone®-N cryoprotectant oil in a cup and loading into the sample holder under 

liquid N2. Spectra were obtained under zero applied field at the specified temperature (4 K or 20 

K) over a 24-hour period using a See Co. (Minneapolis, MN) constant-acceleration spectrometer 

equipped with a Janis SHI-4 cryostat. Isomer shifts (δ) are reported relative to a 25-μm thick 

sample of α-Fe foil at 295 K. Data folding and fitting routines were performed using the WMOSS-

4F software package.12 

 
 
Figure S6. Comparison of 57Fe Mӧssbauer spectra collected for 1 at 4 K and 20 K. Data points are 
shown as blacks squares and fits are shown as red traces. Fit at 20 K: major component (blue trace; 
83%), δ 0.80, ΔEQ = 1.25 mm/s; minor component (green trace, 17%), δ 0.84, ΔEQ = 2.43 mm/s. 
Fit at 4 K: major component (blue trace; 85%), δ 0.81, ΔEQ = 1.25 mm/s; minor component 1 
(green trace, 7%), δ 1.02, ΔEQ = 2.20 mm/s; minor component 2 (purple trace, 8%), δ 1.28, ΔEQ = 
5.90 mm/s. 
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V. UV-vis Spectra 

 

Figure S7. UV-vis spectra for 1 and 2 in benzene. 
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VI. Computational Details  
The molecular geometry optimizations of all the complexes were carried out using density 

functional theory. The B3LYP13-15 functional in conjunction with the def2-TZVP16 basis set was 

used on all the atoms. For each geometry optimization, the convergence threshold to the cartesian 

gradient was set to 1 x 10-4. Grimme’s D3 dispersion correction with the original damping function 

was used throughout all the calculations.17 All the fully optimized geometries were confirmed as 

minima by harmonic vibrational analysis. The partial optimization of the complex 1′ was 

performed by freezing the coordinates of the metal ions at the experimental positions. To compare 

the sensitivity of the DFT functionals on the relative energy differences between 1′ and 1a, single 

point energies were evaluated with M06,18 PBE0-D3,19 and TPSSh-D320, 21 functionals on the 

B3LYP-D3 computed 1′ and 1a geometries. The resolution of identity (RI)22 approximation was 

also employed for the integral evaluations. All the DFT optimizations were performed with the 

Turbomole program package.23 The information obtained from the Turbomole calculations was 

subjected to Multiwfn24 program to evaluate the Mayer bond-order25 between the metal ions in all 

three complexes.   

For the wave function-based analysis, the DFT optimized geometry was subjected to the 

complete active space self-consistent field (CASSCF)26, 27 calculations. The active space includes 

eight electrons distributed over sixteen d-orbitals (8e,16o) (Figure S8). The CASSCF calculations 

were performed over the lowest energy singlet, triplet, quintet, septet, and nonet states. The scalar 

relativistic effects were included using the second-order Douglas-Kroll-Hess Hamiltonian28 and 

relativistic all-electron ANO-RCC basis sets.29, 30 The first coordination sphere was treated with 

the ANO-RCC-VTZP basis set, and the remaining elements were described by ANO-RCC-MB 

basis sets. Specifically, we use [6s,5p,3d,2f,1g] contraction for iron, [4s,3p,2d,1f] for nitrogen, 

[5s,4p,2d,1f] for sulfur, [2s,1p] for carbons and [1s] for hydrogens. Cholesky decomposition31 in 
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conjunction with local-exchange screening was used to reduce the computational cost. The 

CASSCF wave functions were subjected to complete active space second-order perturbation 

theory (CASPT2)32, 33 calculations to evaluate the effect of dynamic electron correlation in the spin 

state energetics of the molecule. In the CASPT2 calculations, the standard definition of the zero-

order Hamiltonian (IPEA = 0.25 a.u) is used.34 To exclude the possible intruder states an imaginary 

shift of 0.2 a.u. was applied.  All the CASSCF and CASPT2 calculations were carried out using 

the OpenMolcas software suite.35  

 

Table S4. B3LYP-D3/def2-TZVP computed Fe-Fe and Fe-N distances of the complexes under 
investigation. The respective experimental distances are in brackets. 
 
Complex Fe-Fe (Å) Fe-N (Å) Fe→N (Å) 
1′ 2.507 [2.5072(5)] 2.069 [2.082(1)] 

2.067 [2.097(1)] 
2.355 [2.290(1)] 
2.364 [2.305(1)] 

1a 2.687 [2.627(2)] 2.015 [2.011(6)] 
2.014 [2.029(6)] 

2.631 [2.489(6)] 
2.633 [2.551(7)] 

2 2.807 [2.7666(6)] 2.049 [2.056(2)] 
2.049 [2.051(2)] 

2.346 [2.236(2)] 
2.349 [2.286(2)] 

 
 
Table S5. The total energies computed by the DFT and CASPT2 methods at their respective lowest 
energy state.  Relative energy differences between the 1′ and 1a reported. 
 

Method 2S+1 
E1′ 

a.u. 
E1a 

a.u. 
∆E  
kcal/mol 

B3LYP-D3 9 -4670.60252440 -4670.60784103 3.3 
CASPT2 1 -4677.33874444 -4677.34764062 5.6 

 
 
Table S6. The relative energy differences between 1′ and 1a, computed by M06, TPSSh-D3, and 
PBE0-D3 functionals on the B3LYP-D3 optimized geometries.  
 

Functional 2S+1 
E1′ 

a.u. 
E1a 

a.u. 
∆E  
kcal/mol 

M06 9 -4670.25450586 -4670.25859140 2.6 
PBE0-D3 9 -4669.06093490 -4669.06651858 3.5 
TPSSh-D3 9 -4672.26621350 -4672.27144596 3.3 

 



S15 
 

Table S7. B3LYP-D3/def2-TZVP energies for different spin states computed on the S=4 
geometries of the complexes 1′, 1a, and 2. 

 
2S+1 1′ 1a 2 
 E  

a.u. 
∆E  
kcal/mol 

E  
a.u. 

∆E  
kcal/mol 

E  
a.u. 

∆E 
kcal/mol 

9 
7 
5 
3 
1 

-4670.60252440 
-4670.57516470 
-4670.56360887 
-4670.52827445 
-4670.48796502 

0.0 
17.2 
24.4 
46.6 
71.9 

-4670.60784103 
-4670.57996825 
-4670.54810611 
-4670.53441582 
-4670.48071337 

0.0 
17.5 
37.5 
46.1 
79.8 

-5884.70930239 
-5884.68040344 
-5884.65221595 
-5884.64093331 
-5884.59936830 

0.0 
18.1 
35.8 
42.9 
69.0 

 
 
 
Table S8. <S2> values corresponding to the B3LYP-D3/def2-TZVP calculations in Table S5. 
 

2S+1 Exact <S2>  1′ 1a 2 
9 
7 
5 
3 
1 

20 
12 
6 
2 
0 

20.0 
12.3 
7.2 
3.6 
0.0 

20.0 
12.4 
6.7 
3.8 
0.0 

20.0 
12.3 
6.5 
3.5 
0.0 

 
 
 
Table S9. CASPT2 energies for different spin states computed on the B3LYP-D3/def2-TZVP 
optimized geometries of the complexes 1′, 1a, and 2. 
 

2S+1 

1′ 1a 2 
E  
a.u. 

∆E  
kcal/mol 

E  
a.u. 

∆E  
kcal/mol 

E  
a.u. 

∆E 
kcal/mol 

9 
7 
5 
3 
1 

-4677.33712884 
-4677.33680985 
-4677.33736701 
-4677.33806097 
-4677.33874444 

1.0 
1.2 
0.9 
0.4 
0.0 

-4677.34714632 
-4677.34648882 
-4677.34668182 
-4677.34708231 
-4677.34764062 

0.3 
0.7 
0.6 
0.4 
0.0 

-5895.26934587 
-5895.26863891 
-5895.26880357 
-5895.26921015 
-5895.26975265 

0.3 
0.7 
0.6 
0.3 
0.0 

 
 
Table S10. The Mayer bond-orders between the metal ions in complexes 1′, 1a, and 2. 
 

Complex Bond-Order 
1′ 0.11 
1a 0.13 
2 0.05 
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Table S11. Percent contributions from some of the Hartree-Fock determinants to the CASSCF 
wavefunction for complex 1′ at its singlet spin state. 2 = Doubly Occupied, 0 = Unoccupied, u = 
singly occupied up-spin, d = singly occupied down-spin. 
 

Hartree-Fock Determinants (M.O. 1—16) % Contribution 
2222000000000000 
2202200000000000 
u2d2ud0000000000 
0222020000000000 
0202220000000000 

1.8 
2.6 
2.1 
1.7 
2.3 

 
 
Table S12. Percent contributions from some of the Hartree-Fock determinants to the CASSCF 
wavefunction for complex 1a at its singlet spin state. 2 = Doubly Occupied, 0 = Unoccupied, u = 
singly occupied up-spin, d = singly occupied down-spin. 
 

Hartree-Fock Determinants (M.O. 1—16) % Contribution 
2222000000000000 
2202200000000000 
u2d2ud0000000000 
0222020000000000 
0202220000000000 

1.8 
2.4 
1.9 
1.7 
2.2 

 
 
Table S13. Percent contributions from some of the Hartree-Fock determinants to the CASSCF 
wavefunction for complex 2 at its singlet spin state. 2 = Doubly Occupied, 0 = Unoccupied, u = 
singly occupied up-spin, d = singly occupied down-spin. 
 

Hartree-Fock Determinants (M.O. 1—16) % Contribution 
2022002000000000 
0222002000000000 
uud2d02000000000 
2022020000000000 
0202202000000000 

1.7 
2.0 
2.6 
1.9 
2.3 
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Figure S8. CASSCF active natural orbitals of 1a from the (8e,16o) active space computed for the 
lowest energy singlet state, as determined by the CASPT2 calculations. An isosurface value of 
0.04 a.u. was used. Occupation numbers of the orbitals are included. Active orbitals are not 
reported for the other complexes and spin states since a qualitatively similar picture emerges in all 
cases. 
 
 

 
Figure S9. The B3LYP-D3/def2-TZVP computed HOMO-13 orbitals of complexes (a) 1′, (b) 1a, 
and (c) 2. 
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Figure S10. An overlay diagram of the computed and experimental structures of the complexes 
(a) 1 and 1′, (b) 1a, and (c) 2. The Fe, C, N, and S atoms are in brown, grey, blue, and yellow, 
respectively. The hydrogens are removed for clarity. 
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