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Experimental and Synthetic Details 

General Considerations 
All reactions were performed at room temperature in a nitrogen filled M. Braun glovebox or using 
standard Schlenk techniques unless otherwise specified. Glassware was oven dried at 140oC for at 
least two hours prior to use, and allowed to cool under vacuum. The N-substituted aryl imidazoles 
pOMeArIm and pNMe2ArIm were synthesized from the corresponding anilines, glyoxal, 
formaldehyde and aqueous ammonia based on a literature procedure.1 pCF3ArIm was prepared from 
the corresponding aniline, thiophosgene and aminoacetylaldehyde diethyl acetal based on an 
adapted literature procedure.1 All aryl imidazoles were further purified by sublimation at 100oC 
under vacuum. Fe(OTf)2(MeCN)2,2 [Fc][OTf]3 and Na[BArF24]4 were prepared according to 
literature procedures. [Fc*][OTf] was prepared by oxidation of Fc* with [Fc][OTf] in 
dichloromethane followed by crystallization from dichloromethane/pentane. LFe3(OTf)3, 
[LFe3O(PhIm)3Fe][OTf]2 (1H) and [LFe3O(PhIm)3Fe] were prepared as previously described.5 All 
other reagents were obtained commercially unless otherwise noted and typically stored over 
activated 4 Å molecular sieves. Tetrahydrofuran was dried using sodium/benzophenone ketyl, 
degassed with three freeze-pump-thaw cycles, vacuum transferred, and stored over 3 Å molecular 
sieves prior to use. Dichloromethane, diethyl ether, benzene, acetonitrile, hexanes, and pentane 
were dried by sparging with nitrogen for at least 15 minutes, then passing through a column of 
activated A2 alumina under positive nitrogen pressure. Dichloromethane-d2 was dried over 
calcium hydride, degassed by three freeze-pump-thaw cycles, and vacuum transferred prior to use. 
1H and 19F NMR spectra were recorded on a Varian 300 or 400 MHz spectrometer. All chemical 
shifts (δ) are reported in ppm, and coupling constants (J) are in hertz. The 1H-NMR spectra were 
referenced using residual H impurity in the deuterated solvent, whereas the 19F chemical shifts are 
reported relative to the internal lock signal. UV-Vis spectra were recorded on a Varian Cary Bio 
50 spectrophotometer. Infrared (ATR-IR) spectra were recorded on a Bruker ALPHA ATR-IR 
spectrometer. Solution ATR-IR spectra were recorded on a Mettler Toledo iC10 ReactIR. 
Elemental analyses were performed at Caltech. 
 
Physical Methods  

Mössbauer Measurements. Zero field 57Fe Mössbauer spectra were recorded in constant 
acceleration on a spectrometer from See Co (Edina, MN) equipped with an SVT-400 cryostat 
(Janis, Wilmington, WA). The quoted isomer shifts are relative to the centroid of the spectrum of 
α-Fe foil at room temperature. Unless otherwise noted, samples were prepared by grinding 
polycrystalline (20-50 mg) into a fine powder and pressed into a homogenous pellet with boron 
nitride in a cup fitted with a screw cap. The data were fitted to Lorentzian lineshapes using the 
program WMOSS (www.wmoss.org).  

EPR Spectroscopy. X-band EPR spectra were collected on a Bruker EMX spectrometer 
equipped with a He flow cryostat. Samples were prepared as frozen glasses in 4:5 
propionitrile/butyronitrile or 2-MeTHF. Spectra were collected with microwave powers ranging 
from 0.5 mW to 8 mW with modulation amplitudes of 4 Gauss. Spectral simulations were 
conducted with EasySpin.6 

Magnetic Measurements. Magnetic measurements were conducted with a Quantum 
Design MPMS3 SQUID Magnetometer at the University of California, Los Angeles. 
Polycrystalline samples were wrapped in plastic film and placed in a gelatin capsule. The capsule 
was then inserted into a plastic straw. Magnetization data at 100 K from 0 to 4 T were collected to 
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confirm the absence of ferromagnetic impurities. Direct current variable temperature magnetic 
susceptibility measurements were collected between 1.8 and 300 K with a 0.1 T field. Reduced 
magnetization data was collected between 1.8 and 9 K at fields between 1 and 7 T. Magnetic 
susceptibility data was corrected for diamagnetism of the sample, estimated using Pascal’s 
constants, as well as the sample holder. Magnetic susceptibility and reduced magnetization data 
was simulated with PHI.7  
 Electrochemical Measurements. CVs were recorded with a Pine Instrument Company 
AFCBP1 bipotentiostat using the AfterMath software package. All measurements were performed 
in a three electrode cell, which consisted of (1) a glassy carbon working electrode, (2) a Pt wire 
counter electrode, and (3) a Ag wire reference electrode. Dry solvent that contained 0.1 M 
nBu4NPF6 was employed as the electrolyte solution for all electrochemical measurements. All 
electrochemical measurements were performed at room temperature in an M. Braun nitrogen filled 
glovebox. The ferrocene/ferrocenium (Fc/Fc+) redox couple was used as an internal standard for 
all measurements.  
 X-ray Crystallography. For compounds 1CF3, 1H, 2CF3, 1H, and 1NMe2, low-temperature 
(100 K) diffraction data (φ-and ω-scans) were collected on a Bruker AXS D8 VENTURE KAPPA 
diffractometer coupled to a PHOTON 100 CMOS detector with Mo Kα radiation (λ = 0.71073 Å) 
or with Cu Kα (λ = 1.54178 Å). All diffractometer manipulations, including data collection, 
integration, and scaling were carried out using the Bruker APEXII software.8 Absorption 
corrections were applied using SADABS.9  Structures were solved by direct methods using 
SHELXS10 and refined against F2 on all data by full-matrix least squares with SHELXL-201411 
interfaced with Olex2-1.2.812 and using established refinement techniques. All non-hydrogen 
atoms were refined anisotropically, except heavily disordered solvent in some cases. All hydrogen 
atoms were included into the model at geometrically calculated positions and refined using a riding 
model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the U 
value of the atoms they are linked to (1.5 times for methyl groups). All disordered atoms were 
refined with the help of similarity restraints on the 1,2- and 1,3-distances and displacement 
parameters as well as enhanced rigid bond restraints for anisotropic displacement parameters. Due 
to the size of the compounds, most crystals included solvent accessible voids, which tended to 
contain disordered solvent. In most cases, this disorder could be modeled satisfactorily. 
Furthermore, the long-range order of these crystals and amount of high angle data was in some 
cases not ideal, due to desolvation of the crystals and/or solvent disorder.  
 Positionally Resolved X-ray Crystallography. Radiation damage was a significant issue 
(Supplementary Fig. 89), and we have only been able to obtain acceptable quality data for 2CF3. 
For 2CF3, Anomalous diffraction data was collected at SSRL beamline 12-2. Samples were 
mounted at 100K and subjected to a “MAD-scan at the Fe K-edge. Wavelenghts for subsequent 
datasets were chosen as +/-10eV around the inflection point. A dataset at 17keV was collected on 
a PILATUS 6M detector at a distance of 188mm to serve as a reference. Subsequently, full spheres 
of diffraction data were collected across the edge from low to high energy. The data were processed 
with XDS and brought on a common scale with XSCALE.13 Structures previously solved and 
refined using SHELX were converted into PDB format using MERCURY. This file was used in 
combination with the XDS_ASCII.HKL from the 17keV dataset to refine the structure in 
PHENIX.14 Setting the geometry target weight wc to zero allows for unrestrained refinement and 
results in an R-factor (5.35%) comparable to the original refinement in SHELXL. This refined 
model was then subjected to refinement against datasets at the energies across the Fe K-edge. The 
only parameters refined were f’ and f” for the individual Fe atoms. 
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Synthetic Procedures 
Preparation of [LFe3O(ArIm-H)n(OTf)3-n][OTf]n Precursors. A solution of the N-aryl 

imidazole ArIm-H (2.34 mmol, 3.1 equiv.) in dichloromethane (3 mL) was added dropwise to a 
stirring suspension of LFe3(OTf)3 (1.01 g, 0.689 mmol, 1 equiv.) in dichloromethane (5 mL). The 
resulting orange solution was allowed to stir for one hour, at which point it was frozen in a 
glovebox cold well. The frozen mixture was removed from the cold well and iodosobenzene (152 
mg, 0.689 mmol, 1 equiv.) was added upon thawing. After stirring for one hour, the resulting dark 
brown solution was concentrated under vacuum. Tetrahydrofuran was added to the residue and the 
suspension was stirred overnight. The precipitate was then collected on a bed of Celite, washed 
with additional tetrahydrofuran, and then eluted with dichloromethane. The volatiles were 
removed under reduced pressure. Prior to use in subsequent reactions, the trimetallic precursors 
[LFe3O(ArIm)n(OTf)3-n][OTf]n were crystallized by diffusion of diethyl ether in concentrated 
dichloromethane solutions of the compound.  

 [LFe3O(pCF3ArIm-H)3][OTf]3, (A). 1H NMR (300 MHz, CD2Cl2) δ 102.04 (b), 99.56 (b), 
97.30 (b), 79.75 (b), 77.62 (b), 74.10 (b), 68.77 (b), 67.29 (b), 65.72 (b), 64.94 (b), 58.13 (b), 49.75 
(b), 48.96 (b), 47.17 (b), 46.14 (b), 44.44 (b), 44.00 (b), 39.36 (b), 16.23 (b), 15.08 (b), 13.81 (b), 
13.12 (b), 12.17 (b), 10.75 (b), 9.11 (b), -1.07 (b), -4.23 (b), -6.97 (b). 19F NMR (300 MHz, CD2Cl2) 
δ -9.16 (s), -63.05 (s), -78.23 (s).  

 [LFe3O(pOMeArIm-H)3][OTf]3, (B). 1H NMR (300 MHz, CD2Cl2) δ 101.64 (b), 99.07 (b), 
96.59 (b), 79.68 (s), 78.40 (b), 77.12 (b), 76.14 (b), 69.14 (b), 66.81 (s). 66.20 (s), 63.56 (s), 57.44 
(s), 50.27 (s), 48.93 (b), 47.57 (s), 46.12 (s), 44.30 (s), 43.76 (s), 42.80 (s), 41.75 (b), 26.24 (b), 
17.06 (s), 16.10 (s), 15.49 (s), 14.37 (s), 13.98 (b), 13.16 (s), 12.24 (s), 11.33 (b), 10.64 (s), 9.95 
(s), 9.68 (b), 8.54 (s), 6.89 (s), 6.52 (s), 0.68 (b), -1.31 (b), -3.48 (b), -6.86 (b). 19F NMR (300 
MHz, CD2Cl2) δ -10.12 (s), -78.01 (s).  

[LFe3O(pNMe2ArIm-H)3][OTf]3, (C). 1H NMR (300 MHz, CD2Cl2) δ 102.23 (b), 100.31 
(b), 97.97 (b), 95.10 (b), 79.19 (b), 76.20 (b), 73.29 (b), 68.60 (b), 67.29 (s), 65.21 (s), 63.74 (b), 
60.72 (b), 55.83 (s), 49.62 (s), 48.48 (b), 45.87 (s), 45.30 (b), 43.42 (s), 42.69 (s), 41.54 (s), 26.69 
(b), 16.04 (s), 15.49 (s), 15.21 (s), 13.88 (s), 13.67 (s), 13.39 (s), 12.23 (s), 11.85 (s), 10.85 (s), 
10.24 (s), 9.25 (s), 8.54 (b), -0.01 (b), -2.16 (b), -4.53 (b), -8.23 (b). 19F NMR (300 MHz, CD2Cl2) 
δ -8.79 (b), -78.10 (s).  

Preparation of [LFe3O(ArIm)3Fe][OTf]2. A solution of ArIm-H (0.40 mmol, 1 equiv.) in 
3 mL tetrahydrofuran was added to a suspension of [LFe3O(ArIm-H)3][OTf]3 (0.40 mmol, 1 
equiv.) 3 mL of tetrahydrofuran. The mixture was then frozen in a glovebox cold well. The frozen 
mixture was removed from the cold well and a thawing solution of Na[N(SiMe3)2] (232 mg, 1.27 
mmol, 3.2 equiv.) in 2 mL of tetrahydrofuran was added dropwise. After stirring for 1 hour at room 
temperature, the mixture was once again frozen in the cold well. The frozen mixture was then 
removed from the cold well and a thawing slurry of Fe(OTf)2(MeCN)2 (182 mg, 0.42 mmol, 1.05 
equiv.) in 3.5 mL of tetrahydrofuran was added dropwise. After stirring for 22 hours at room 
temperature, the mixture was filtered over a bed of Celite, washed with additional tetrahydrofuran 
and eluted with dichloromethane. The volatiles were removed under reduced pressure to afford 
[LFe3O(ArIm)3Fe][OTf]2 as a dark brown solid. 

 [LFe3O(pCF3ArIm)3Fe][OTf]2, (1CF3). (285 mg, 35% yield). Crystals suitable for X-ray 
diffraction were grown by diffusion of diethyl ether into a dilute solution of the compound in 
dichloromethane/acetonitrile (1:1). 1H NMR (300 MHz, CD2Cl2) δ 114.11 (b), 74.98 (s). 72.14 (s), 
67.45 (b), 49.60 (s), 46.99 (s), 42.82 (s), 26.35 (b), 19.06 (s), 13.48 (s), 12.78 (s), 12.52 (s), -1.23 
(s), -4.76 (s). 19F NMR (300 MHz, CD2Cl2) δ -78.83 (s), -62.93 (s). UV-Vis (CH3CN) [ε (M-1 cm-
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1)]: 447 nm (7.4 x 103). Anal. Calcd (%) for C89H57F15Fe4N12O10S2: C, 52.74; H, 2.83; N, 8.29. 
Found: C, 52.57; H, 3.02; N, 8.26. 

[LFe3O(pOMeArIm)3Fe][OTf]2, (1OMe). (100 mg, 13% yield). Crystals suitable for X-ray 
diffraction were grown by diffusion of diethyl ether into a dilute solution of the compound in 
dichloromethane/acetonitrile (1:1). 1H NMR (300 MHz, CD2Cl2) δ 116.47 (b), 75.69 (s), 73.99 (s), 
70.55 (b), 51.42 (s), 47.08 (s), 46.35 (s), 21.36 (b), 20.18 (s), 14.67 (s), 12.29 (s), -4.30 (s), -6.33 
(s). 19F NMR (300 MHz, CD2Cl2) δ -78.32. UV-Vis (CH2Cl2) [ε (M-1 cm-1)]:  461 nm (8.14 x 103). 
Anal. Calcd (%) for C89H66F6Fe4N12O13S2: C, 55.88; H, 3.48; N, 8.79. Found: C, 55.54; H, 3.66; 
N, 8.51. 

[LFe3O(pNMe2ArIm)3Fe][OTf]2, (1NMe2). (79.4 mg, 10% yield). Crystals suitable for X-ray 
diffraction were grown by diffusion of diethyl ether into a dilute solution of the compound in 
dichloromethane/acetonitrile (1:1). 1H NMR (300 MHz, CD2Cl2) δ 115.72 (b), 74.71 (s), 73.37 (s), 
70.44 (b), 51.16 (s), 46.76 (s), 45.61 (s), 21.71 (b), 20.46 (s), 14.88 (s), 12.35 (s), -3.58 (b), -7.05 
(s). 19F NMR (300 MHz, CD2Cl2) δ -79.33. UV-Vis (acetone) [ε (M-1 cm-1)]: 443 nm (7.85 x 103), 
598 nm (2.90 x 103). Anal. Calcd (%) for C92H75F6Fe4N15O10S2: C, 56.60; H, 3.87; N, 10.76. 
Found: C, 56.00; H, 4.05; N, 10.46. 

[LFe3O(pCF3ArIm)3Fe][OTf], (2CF3). A solution of Cp*2Co (22.3 mg, 0.068 mmol, 1.0 
equiv.) in 1 mL tetrahydrofuran was added dropwise to a stirring suspenion of 
[LFe3O(pCF3ArIm)3Fe][OTf]2 (137.5 mg, 0.068 mmol, 1.0 equiv.) in 4 mL of tetrahydrofuran. After 
one hour, the reaction mixture was filtered over a bed of Celite to remove [Cp*2Co][OTf]. The 
volatiles were removed under reduced pressure to afford [LFe3O(pCF3ArIm)3Fe][OTf] as a pink-
purple solid (110 mg, 86% yield). Crystals suitable for X-ray diffraction were obtained by diffusion 
of diethyl ether into a dilute solution of the compound in 1:1 dichloromethane:acetonitrile. 1H 
NMR (300 MHz, CD2Cl2) δ 95.46 (b), 59.28 (s), 56.86 (s), 39.91 (b), 37.38 (s), 34.98 (s), 29.19 
(s), 23.58 (s), 12.84 (s), 12.31 (s), 11.45 (s), 9.75 (s), -4.75 (s). 19F NMR (300 MHz, CD2Cl2) δ -
77.53 (s), -60.10 (s). UV-Vis (CH2Cl2) [ε (M-1 cm-1)]: 502 nm (4.05 x 103). Anal. Calcd (%) for 
C88H57F12Fe4N12O7S: C, 56.28; H, 3.06; N, 8.95. Found: C, 56.33; H, 3.58; N, 8.98.  

[LFe3O(PhIm)3Fe][BF4], (2H). A solution of [Cp2Co][BF4] (10.3 mg, 0.037 mmol, 1 
equiv.) in minimal acetonitrile was added to a suspension of freshly prepared [LFe3O(PhIm)3Fe] 
(108.8 mg, 0.071 mmol) in thawing tetrahydrofuran (5 mL). After stirring for one hour, the 
volatiles were removed under vacuum and the residue washed with diethyl ether to remove Cp2Co, 
affording [LFe3O(PhIm)3Fe][BF4] as a dark purple solid (102 mg, 89% yield). Crystals suitable 
for X-ray diffraction were obtained by diffusion of diethyl ether into a dilute solution of the 
compound in dichloromethane. 1H NMR (300 MHz, CD2Cl2): identical to that for 
[LFe3O(PhIm)3Fe][OTf] (2-OTf).  19F NMR (300 MHz, CD2Cl2) δ -151.70.  

[LFe3O(pNMe2ArIm)3Fe][OTf], (2NMe2-OTf). A solution of Cp*2Co (10.8 mg, 0.033 
mmol, 1.0 equiv.) in 1 mL tetrahydrofuran was added dropwise to a stirring suspenion of 
[LFe3O(pNMe2ArIm)3Fe][OTf]2 (63.9 mg, 0.033 mmol, 1.0 equiv.) in 4 mL of tetrahydrofuran. After 
stirring for four hours, the resulting black-purple precipitate was collected on a bed of Celite and 
eluted with 1,2-dimethoxyethane. The combined filtrates were concentrated to dryness under 
reduced pressure to afford [LFe3O(pNMe2ArIm)3Fe][OTf] as a black-purple solid (54 mg, 91% 
yield). 1H NMR (300 MHz, CD2Cl2) δ 108.95 (b), 57.97 (s), 43.61 (b), 40.23 (s), 37.57 (s), 35.13 
(s), 25.44 (s), 14.68 (s), 13.33 (s), 12.41 (s), 10.90 (b), -4.94 (b). 19F NMR (300 MHz, CD2Cl2) δ 
-78.95. UV-Vis (CH2Cl2) [ε (M-1 cm-1)]: 566 nm (4.64 x 103), 443 nm (5.60 x 103). Anal. Calcd 
(%) for C92H77Cl2F3Fe4N15O7S: C, 58.53; H, 4.11; N, 11.83. Found: C, 58.75; H, 4.56; N, 11.30. 
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 [LFe3O(pNMe2ArIm)3Fe][BF4], (2NMe2-BF4). A suspension of [LFe3O(pNMe2ArIm)3Fe] 
[OTf]2 (126.5 mg, 0.065 mmol, 1 equiv.) in 5 mL of tetahydrofuran was added to a suspension of 
2% Na(Hg) amalgam (7.5 mg Na, 0.32 mmol, 5 equiv.) in 5 mL of tetrahydrofuran. After stirring 
for four hours, the suspension was decanted from the Na(Hg) amalgam and filtered through a fine 
frit. The metallic blue precipitate was washed with copious amounts of tetrahydrofuran, affording 
[LFe3O(pNMe2ArIm)3Fe] (61.5 mg, 0.037 mmol, 57% yield) which was used immediately without 
further purification.  

A solution of [Cp2Co][BF4] (10.3 mg, 0.037 mmol, 1 equiv.) in minimal acetonitrile was 
added to a suspension of freshly prepared [LFe3O(pNMe2ArIm)3Fe] (31.5 mg, 0.021 mmol) in 
thawing tetrahydrofuran (1 mL). After stirring for one hour, the volatiles were removed under 
vacuum and the residue washed with diethyl ether to remove Cp2Co, affording 
[LFe3O(pNMe2ArIm)3Fe][BF4] as a black-purple solid (59 mg, 92% yield). Crystals suitable for X-
ray diffraction were obtained by diffusion of diethyl ether into a dilute solution of the compound 
in dichloromethane. 1H NMR (300 MHz, CD2Cl2): identical to that for 
[LFe3O(pNMe2ArIm)3Fe][OTf] (2NMe2-OTf).  19F NMR (300 MHz, CD2Cl2) δ -152.91.  
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Spectral Characterization 

 

Figure S1. 1H NMR (300 MHz) of [LFe3O(pCF3ArIm-H)3][OTf]3 (A) in CD2Cl2 

 

Figure S2. 19F NMR (300 MHz) of [LFe3O(pCF3ArIm-H)3][OTf]3 (A) in CD2Cl2 
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Figure S3. 1H NMR (300 MHz) of [LFe3O(pOMeArIm-H)3][OTf]3 (B) in CD2Cl2 

Figure S4. 19F NMR (300 MHz) of [LFe3O(pOMeArIm-H)3][OTf]3 (B) in CD2Cl2 
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Figure S5. 1H NMR (300 MHz) of [LFe3O(pNMe2ArIm-H)3][OTf]3 (C) in CD2Cl2 

Figure S6. 19F NMR (300 MHz) of [LFe3O(pNMe2ArIm-H)3][OTf]3 (C) in CD2Cl2 

 
Figure S7. 1H NMR (300 MHz) of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) in CD2Cl2 
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Figure S8. 19F NMR (300 MHz) of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) in CD2Cl2 

 
Figure S9. 1H NMR (300 MHz) of [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) in CD2Cl2 

Figure S10. 19F NMR (300 MHz) of [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) in CD2Cl2 
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Figure S11. 1H NMR (300 MHz) of [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) in CD2Cl2 

Figure S12. 19F NMR (300 MHz) of [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) in CD2Cl2 
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Figure S13. 1H NMR (300 MHz) of [LFe3O(pCF3ArIm)3Fe][OTf] (2CF3) in CD2Cl2 

 
Figure S14. 19F NMR (300 MHz) of [LFe3O(pCF3ArIm)3Fe][OTf] (2CF3) in CD2Cl2 
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Figure S15. 1H NMR (300 MHz) of [LFe3O(PhIm)3Fe][BF4] (2H) in CD2Cl2 

 
Figure S16. 19F NMR (300 MHz) of [LFe3O(PhIm)3Fe][BF4] (2H) in CD2Cl2 

 

 

 
Figure S17. 1H NMR (300 MHz) of [LFe3O(pNMe2ArIm)3Fe][OTf] (2NMe2-OTf) in CD2Cl2 
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Figure S18. 19F NMR (300 MHz) of [LFe3O(pNMe2ArIm)3Fe][OTf] (2NMe2-OTf) in CD2Cl2 

 
Figure S19. 1H NMR (300 MHz) of [LFe3O(pNMe2ArIm)3Fe][BF4] (2NMe2-BF4) in CD2Cl2 
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Figure S20. 19F NMR (300 MHz) of [LFe3O(pNMe2ArIm)3Fe][BF4] (2NMe2-BF4) in CD2Cl2 

 

Figure S21. Comparison of 1H NMR (300 MHz) of [LFe3O(PhPz)3Fe][OTf]2, 

[LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3), [LFe3O(PhIm)3Fe][OTf]2 (1H), [LFe3O(pOMeArIm)3Fe][OTf]2 

(1OMe), and [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2)   in CD2Cl2 
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Figure S22. Comparison of 1H NMR (300 MHz) of [LFe3O(PhPz)3Fe][OTf], 

[LFe3O(pCF3ArIm)3Fe][OTf] (2CF3), [LFe3O(PhIm)3Fe][OTf] (2H-OTf), [LFe3O(PhIm)3Fe][BF4] 

(2H-BF4), [LFe3O(pNMe2ArIm)3Fe][OTf] (2NMe2-OTf), and [LFe3O(pNMe2ArIm)3Fe][BF4] (2NMe2-

BF4)   in CD2Cl2 
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Variable Temperature IR Spectroscopy 
 
Variable Temperature IR Spectroscopy for [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) under CO 
 
Dry dichloromethane (11.5 mL) was injected into a ReactIR cell under positive pressure of Ar. 
Background spectra were collected at 298 K, 273 K (ice bath) and 195 K (dry ice/acetone bath). 
Under counter flow of Ar, 2 mL of dichloromethane was syringed out of the ReactIR cell and 
replaced with a solution of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3, 76.4 mg) in dichloromethane (2 
mL). IR spectra of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) were collected at 298 K, 273 K (ice bath) 
and 195 K (dry ice/acetone) which revealed no vibrational features in the window of 1850-2200 
cm-1. The ReactIR cell was removed from the probe under counter flow of Ar and sealed. The 
solution was degassed in the cell by three freeze-pump-thaw cycles and then exposed to CO at 195 
K (~ 1.5 atm.). The ReactIR cell was stirred vigorously at 195 K for 15 minutes and then reattached 
to the probe under counter flow of Ar as quickly as possible. IR spectra collected with the cell 
maintained at 195 K under flow of Ar revealed a strong Fe-CO vibration at 1947 cm-1 assignable 
to [LFe3O(pCF3ArIm)3Fe(CO)][OTf]2 (1CF3-CO) and weaker features at 2015 cm-1 and 1961 cm-1 
assignable to [LFe3O(pCF3ArIm)3Fe(CO)2](OTf)2 (1CF3-(CO)2).5 At 273 K, only the signal from 
[LFe3O(pCF3ArIm)3Fe(CO)][OTf]2 (1CF3-CO) at 1947 cm-1 remained. 
 

 
 
Figure S23. VT-IR (ReactIR) spectroscopy of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3, in CH2Cl2) 
starting at 195 K (black) in CO-saturated solution following an Ar purge.  
 
 
 
 



S18 
 

Variable Temperature IR Spectroscopy for [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) under CO 
 
Dry dichloromethane (11.5 mL) was injected into a ReactIR cell under positive pressure of Ar. 
Background spectra were collected at 298 K, 273 K (ice bath) and 195 K (dry ice/acetone bath). 
Under counter flow of Ar, 2 mL of dichloromethane was syringed out of the ReactIR cell and 
replaced with a solution of [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe, 65.0 mg) in dichloromethane (2 
mL). IR spectra of [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) were collected at 298 K, 273 K (ice bath) 
and 195 K (dry ice/acetone) which revealed no vibrational features in the window of 1850-2200 
cm-1. The ReactIR cell was removed from the probe under counter flow of Ar and sealed. The 
solution was degassed in the cell by three freeze-pump-thaw cycles and then exposed to CO at 195 
K (~ 1.5 atm.). The ReactIR cell was stirred vigorously at 195 K for 15 minutes and then reattached 
to the probe under counter flow of Ar as quickly as possible. IR spectra collected with the cell 
maintained at 195 K under flow of Ar revealed a strong Fe-CO vibration at 1942 cm-1 assignable 
to [LFe3O(pOMeArIm)3Fe(CO)][OTf]2 (1OMe-CO) and weaker features at 2013 cm-1 and 1955 cm-1 
assignable to [LFe3O(pOMeArIm)3Fe(CO)2](OTf)2 (1OMe-(CO)2).  
 

 
 
Figure S24. VT-IR (ReactIR) spectroscopy of [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe, in CH2Cl2) 
starting at 195 K (black) in CO-saturated solution following an Ar purge.  
 
 
 
 
 
 
 



S19 
 

Variable Temperature IR Spectroscopy for [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) under CO 
 
Dry dichloromethane (11.5 mL) was injected into a ReactIR cell under positive pressure of Ar. 
Background spectra were collected at 298 K, 273 K (ice bath) and 195 K (dry ice/acetone bath). 
Under counter flow of Ar, 2 mL of dichloromethane was syringed out of the ReactIR cell and 
replaced with a solution of [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2, 66.3 mg) in dichloromethane (2 
mL). IR spectra of [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) were collected at 298 K, 273 K (ice bath) 
and 195 K (dry ice/acetone) which revealed no vibrational features in the window of 1850-2200 
cm-1. The ReactIR cell was removed from the probe under counter flow of Ar and sealed. The 
solution was degassed in the cell by three freeze-pump-thaw cycles and then exposed to CO at 195 
K (~ 1.5 atm.). The ReactIR cell was stirred vigorously at 195 K for 15 minutes and then reattached 
to the probe under counter flow of Ar as quickly as possible. IR spectra collected with the cell 
maintained at 195 K under flow of Ar revealed strong Fe-CO vibration features at 2013 cm-1 and 
1957 cm-1 assignable to [LFe3O(pNMe2ArIm)3Fe(CO)2](OTf)2 (1NMe2-CO)2). After warming to 273 
K, no Fe-CO vibrational features were discernable. 
 

 
Figure S25. VT-IR (ReactIR) spectroscopy of [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2, in CH2Cl2) 
starting at 195 K (black) in CO-saturated solution following an Ar purge.  
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Substituent Effect on υ(CO):  
 

 
 
Figure S26. Correlation of υ(CO) values for [LFe3O(RArIm)3Fe(CO)][OTf]2 with their Hammett 
substituent constants.  
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Figure S27. Correlation of υ(CO) values for [LFe3O(RArIm)3Fe(CO)2][OTf]2 with their 
Hammett substituent constants.  
 
Table S1. Comparison of υ(CO) values for [LFe3O(RArIm)3Fe(CO)][OTf]2 and 
[LFe3O(RArIm)3Fe][OTf]2.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ν(CO) / cm-1 R = NMe2 R = OMe R = H R = CF3

Monocarbonyl --- 1942 1944 1947
Dicarbonyl 1957/2013 1955/2013 1960/2014 1961/2015
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Variable Temperature NMR Spectroscopy and Thermodynamic Measurements 
 
General Considerations: For the NMR experiments reported herein, conditions were selected such 
that at full conversion the pressure of CO gas in the headspace would remain near 1 atm. The J 
Young NMR tubes employed had a sealed volume of ~ 3 mL. All experiments were conducted 
such that the volume of the analyte solution + internal reference solution accounted for ~ 0.45 mL, 
leaving a headspace volume of 2.65 mL. The tubes were degassed by three freeze-pump-thaw 
cycles, with mixing between each cycle. Gas addition was made after equilibrating in a water bath 
held at 293 K. Using PV = nRT, the amount of CO in the headspace is ~ 0.11 mmol, with ~ 0.006 
mmol dissolved in solution at 293 K. For ~ 0.004 mmol cluster delivered to the tube, full 
conversion consumes 0.008 mmol of CO or ~7% of the CO in the tube. After thorough mixing, 
spectra were then recorded at the listed temperatures with the sample equilibrated with spinning 
in the spectrometer for at least 10 minutes. As longer equilibration times did not influence the 
integrations, we assume herein that our method allows for sufficient diffusion of CO from the 
headspace to saturate the solution. We note that for most organic solvents, it appears the solubility 
of CO does not vary by more than 10-15% even over temperature ranges as large as 100 K. All 
changes were fully reversible. 
 
Thermodynamics of CO Binding to [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) in dichloromethane-d2 
A stock solution of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) was prepared by dissolving 10.4 mg of 
[LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) in 0.60 mL dry CD2Cl2. A stock solution of [Fc*][OTf] was 
prepared by dissolving 8.8 mg in 0.92 mL CD2Cl2. A 0.05 mL aliquot of the [Fc*]][OTf] stock 
solution was transferred to a capillary and flame sealed. An aliquot (0.35 mL) of the 
[LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) stock solution and the sealed [Fc*][OTf] capillary were 
transferred to a J. Young tube. After recording the 1H-NMR spectrum in the absence of CO, the 
solution was degassed by three freeze-pump-thaw cycles and then CO (1 atm.) was admitted at 
293 K and spectra were then recorded between 203-308 K. Separately, the VT-1H NMR spectrum 
of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) was measured under N2.  
 
For the formation of 1CF3-CO: 

Kp,1 = [1CF3-CO]/[1CF3]*PCO 
[1CF3-CO] = [1CF3]initial – [1CF3]equilibrium –[1CF3-(CO)2]equilibrium 

 
The value of [1CF3]equilibrium is determined according to: 

[1CF3]equilibrium = (IwithCO/InoCO)*[1CF3]initial 

 
Where IwithCO and InoCO are the integrals of 1H-NMR feature for 1CF3 which starts at 26.35 ppm at 
298 K in the presence or absence of CO, respectively, all relative to [Fc*][OTf] internal standard. 
 
The value of [1CF3-(CO)2]equilibrium is determined according to: 
 

[1CF3-(CO)2]equilibrium = (IT/I203K)*[1CF3]initial 

 
Where I203K is the integral of the 1H-NMR feature for 1CF3-(CO)2, relative to [Fc*][OTf] internal 
standard, which starts at 84.59 ppm at 288 K and it is assumed that 100% of 1CF3 has converted to 
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1CF3-(CO)2 by 203 K. IT is the integral relative to [Fc*][OTf] of this feature at the given 
temperature. 
 
Van’t Hoff analysis:          ln(Kp,1) = -ΔH/RT + ΔS/R 

                  Best Fit Line: ln(Kp,1) = -31.2(+/- 0.8) + 9311(+/-216)*1/T 
Yields:  ΔH = -18.5(4) kcal mol-1 

ΔS = -62(2) cal mol-1 K-1 

                Kp,1 (278 K) = 9.3 atm-1 

 
For the formation of 1CF3-(CO)2: 
 

Kp,2 = [1CF3-(CO)2]/[1CF3-CO]*PCO 
Where [1CF3-CO] = [1CF3-(CO)2]initial – [1CF3-(CO)2]equilibrium – [1CF3]equilibrium 

 
Van’t Hoff analysis:          ln(Kp,2) = -ΔH/RT + ΔS/R 

                  Best Fit Line: ln(Kp,2) = -15.6(+/- 0.3) + 3740(+/-74)*1/T 
Yields:  ΔH = -7.4(1) kcal mol-1 

ΔS = -31.3(6) cal mol-1 K-1 

               Kp,2 (278 K) = 0.10 atm-1 

 
 

 
Figure S28. VT-1H NMR (400 MHz) of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) in CD2Cl2 under N2 

between 298 K (top) and 218 K (bottom) in 20 K intervals. 
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Figure S29. Curie plot showing the linear dependence (vs. the inverse temperature) of the 1H 
chemical shift of selected protons (well resolved resonances) in [LFe3O(pCF3ArIm)3Fe][OTf]2  
(1CF3) between 218 and 298 K. The dashed lines are a guide to the eye. 
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Figure S30. VT-1H NMR (400 MHz) of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) in CD2Cl2 under 
CO (1 atm.) between 308 K (top) and 203 K (bottom). 
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Figure S31. Van’t Hoff plot for the formation of 1CF3-CO in dichloromethane-d2 between 263-
308 K. 

 
Figure S32. Van’t Hoff plot for the formation of 1CF3-(CO)2 in dichloromethane-d2 between 
213-278 K. 
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Thermodynamics of CO Binding to [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) in dichloromethane-d2 
A stock solution of [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) was prepared by dissolving 8.4 mg of 
[LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) in 0.50 mL dry CD2Cl2. A stock solution of [Fc*][OTf] was 
prepared by dissolving 11.7 mg in 1.20 mL CD2Cl2. A 0.05 mL aliquot of the [Fc*]][OTf] stock 
solution was transferred to a capillary and flame sealed. An aliquot (0.35 mL) of the 
[LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) stock solution and the sealed [Fc*][OTf] capillary were 
transferred to a J. Young tube. After recording the 1H-NMR spectrum in the absence of CO, the 
solution was degassed by three freeze-pump-thaw cycles and then CO (1 atm.) was admitted at 
293 K and spectra were then recorded between 213-298 K. Separately, the VT-1H NMR spectrum 
of [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) was measured under N2.  
 
For the formation of 1OMe-CO: 

Kp,1 = [1OMe-CO]/[1OMe]*PCO 
[1OMe-CO] = [1OMe]initial – [1OMe]equilibrium –[1OMe-(CO)2]equilibrium 

 
The value of [1OMe]equilibrium is determined according to: 

[1OMe]equilibrium = (IwithCO/InoCO)*[1OMe]initial 

 
Where IwithCO and InoCO are the integrals of 1H-NMR feature for 1OMe which starts at -6.76 ppm at 
288 K in the presence or absence of CO, respectively, all relative to [Fc*][OTf] internal standard. 
 
The value of [1OMe-(CO)2]equilibrium is determined according to: 
 

[1OMe-(CO)2]equilibrium = (IT/I223K)*[1OMe]initial 

 
Where I223K is the integral of the 1H-NMR feature for 1OMe-(CO)2, relative to [Fc*][OTf] internal 
standard, which starts at 86.32 ppm at 288 K and it is assumed that 100% of 1OMe has converted 
to 1OMe-(CO)2 by 223 K. IT is the integral relative to [Fc*][OTf] of this feature at the given 
temperature. 
 
Van’t Hoff analysis:          ln(Kp,1) = -ΔH/RT + ΔS/R 

                  Best Fit Line: ln(Kp,1) = -21.1(+/- 0.4) + 5349(+/-93)*1/T 
Yields:  ΔH = -10.6(2) kcal mol-1 

ΔS = -42(1) cal mol-1 K-1 

                Kp,1 (278 K) = 0.17 atm-1 

 
For the formation of 1OMe-(CO)2: 
 

Kp,2 = [1OMe-(CO)2]/[1OMe-CO]*PCO 
Where [1OMe-CO] = [1OMe-(CO)2]initial – [1OMe-(CO)2]equilibrium – [1OMe]equilibrium 

 
Van’t Hoff analysis:          ln(Kp,2) = -ΔH/RT + ΔS/R 

                  Best Fit Line: ln(Kp,2) = -17.5(+/- 0.7) + 4696(+/- 171)*1/T 
Yields:  ΔH = -9.3(3) kcal mol-1 

ΔS = -35(1) cal mol-1 K-1 

               Kp,2 (278 K) = 0.49 atm-1 
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Figure S33. VT-1H NMR (400 MHz) of [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) in CD2Cl2 under N2 

between 298 K (top) and 198 K (bottom) in 20 K intervals. 
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Figure S34. Curie plot showing the linear dependence (vs. the inverse temperature) of the 1H 
chemical shift of selected protons (well resolved resonances) in [LFe3O(pOMeArIm)3Fe][OTf]2  
(1OMe) between 198 and 298 K. The dashed lines are a guide to the eye. 
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Figure S35. VT-1H NMR (400 MHz) of [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) in CD2Cl2 under 
CO (1 atm.) between 298 K (top) and 213 K (bottom). 
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Figure S36. Van’t Hoff plot for the formation of 1OMe-CO in dichloromethane-d2 between 243-
283 K. 

 
Figure S37. Van’t Hoff plot for the formation of 1OMe-(CO)2 in dichloromethane-d2 between 
243-283 K. 
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Thermodynamics of CO Binding to [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) in dichloromethane-d2 
A stock solution of [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) was prepared by dissolving 8.4 mg of 
[LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) in 0.50 mL dry CD2Cl2. A stock solution of [Fc*][OTf] was 
prepared by dissolving 8.8 mg in 1.00 mL CD2Cl2. A 0.05 mL aliquot of the [Fc*]][OTf] stock 
solution was transferred to a capillary and flame sealed. An aliquot (0.35 mL) of the 
[LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) stock solution and the sealed [Fc*][OTf] capillary were 
transferred to a J. Young tube. After recording the 1H-NMR spectrum in the absence of CO, the 
solution was degassed by three freeze-pump-thaw cycles and then CO (1 atm.) was admitted at 
293 K and spectra were then recorded between 223-298 K. Separately, the VT-1H NMR spectrum 
of [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) was measured under N2.  
 
For the formation of 1NMe2-(CO)2: 

Kp = [1NMe2-(CO)2]/[1NMe2]*PCO 
[1NMe2-(CO)2] = [1NMe2]initial – [1NMe2]equilibrium  

 
The value of [1NMe2]equilibrium is determined according to: 

[1NMe2]equilibrium = (IwithCO/InoCO)*[1NMe2]initial 

 
Where IwithCO and InoCO are the integrals of 1H-NMR feature for 1NMe2 which starts at -7.05 ppm at 
298 K in the presence or absence of CO, respectively, all relative to [Fc*][OTf] internal standard. 
 
Van’t Hoff analysis:          ln(Kp) = -ΔH/RT + ΔS/R 

                  Best Fit Line: ln(Kp) = -44.3(+/- 1.8) + 11710(+/-462)*1/T 
Yields:  ΔH = -23.2(9) kcal mol-1 

ΔS = -88(4) cal mol-1 K-1 

                Kp (278 K) = 0.13 atm-1 
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Figure S38. VT-1H NMR (400 MHz) of [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) in CD2Cl2 under 

N2 between 298 K (top) and 238 K (bottom) in 20 K intervals. 
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Figure S39. Curie plot showing the linear dependence (vs. the inverse temperature) of the 1H 
chemical shift of selected protons (well resolved resonances) in [LFe3O(pNMe2ArIm)3Fe][OTf]2  
(1NMe2) between 238 and 298 K. The dashed lines are a guide to the eye. 
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Figure S40. VT-1H NMR (400 MHz) of [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) in CD2Cl2 under 
CO (1 atm.) between 298 K (top) and 223 K (bottom). 
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Figure S41. Van’t Hoff plot for the formation of 1NMe2-(CO)2 in dichloromethane-d2 between 
243-278 K. 
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Figure S42. Variable temperature 1H-NMR spectroscopy illustrates the influence of ligand 
modifications on the affinity of 1R (R = CF3, H, OMe, NMe2) for binding one vs. two molecules 
of CO. Diagnostic spectral features: 1R (triangles), 1R-CO (circles), 1R-(CO)2 (diamonds). 
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Electrochemistry. The difference in E1/2 values of adjacent electrochemical features (ΔE1/2) is 
commonly referenced as a measure of the thermodynamic stabilization of mixed valence 
compounds that arises from electronic coupling.15 From this perspective, the large ΔE1/2 values 
(0.89-0.94 mV) observed for 1R (R = CF3, H, OMe, NMe2) in dichloromethane/0.1 M 
[nPr4N][BArF24] suggest extensive metal-metal interactions, seemingly incongruent with the 
valence localized description inferred from structural analysis and Mössbauer spectroscopy. 
Indeed, the comproportionation constants (Kc, where ΔGc = - RT ln Kc = -nFΔE1/2) for 1R (R = CF3, 
H, OMe, NMe2)  are on the order of 1015, significantly larger than the commonly accepted limit 
(Kc > 107) for a fully delocalized (class III) system. However, resonance stabilization of mixed 
valence compounds is only one factor that contributes to the magnitude of ΔE1/2 and, thus, Kc.16 
Changes in solvent, electrolyte composition and/or the presence of ion-pairing can shift ΔE1/2 as 
much as 640 mV,17-18 corresponding to variations in Kc of 10 orders of magnitude. To determine 
whether electrostatic contributions to ΔE1/2 for 1R (R = CF3, H, OMe, NMe2)  are significant, cyclic 
voltammograms of 1H in different solvents (dichloromethane, tetrahydrofuran, or acetone) and 
with different electrolyte compositions ([nPr4N][BArF24], Na[BArF24], or [nBu4N][PF6]) can be 
compared. The resulting ΔE1/2 values are in fact dependent on the solvent and electrolyte used, 
with a minimum of 0.69 mV (Kc ~ 1011) in acetone/0.1 M [nBu4N][PF6] (see Supporting 
Information of Ref. 5) and a maximum of 0.94 mV (Kc ~ 1015) in dichloromethane/0.1 M 
[nPr4N][BArF24] (data reported herein). As such, the resonance contribution to Kc cannot be 
determined electrochemically and the extent of valence (de)localization is best determined by 
alternative methods.  

 
 

 
 
Figure S43. Scan rate dependence of the CV of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) in 
dichloromethane (0.1 M [nPr4N][BArF24]).  
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Figure S44. Scan rate dependence of the CV of [LFe3O(PhIm)3Fe][OTf]2 (1H) in dichloromethane 
(0.1 M [nPr4N][BArF24]).  
 
 
 



S40 
 

 
 
Figure S45. Scan rate dependence of the CV of [LFe3O(pOMeArIm)3Fe][OTf]2 (1OMe) in 
dichloromethane (0.1 M [nPr4N][BArF24]).  
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Figure S46. Scan rate dependence of the CV of [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) in 
dichloromethane (0.1 M [nPr4N][BArF24]).  
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Figure S47. Comparison of CV data for [LFe3O(RArIm)3Fe][OTf]2 (1R) in dichloromethane (0.1 
M [nPr4N][BArF24], 100 mV scan rate) 
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Figure S48. Correlation of E1/2 values for [LFe3O(RArIm)3Fe(CO)][OTf]2 (1R) with their 
Hammett substituent constants.  
 
Table S2. Comparison of E1/2 values for [LFe3O(RArIm)3Fe][OTf]2 (1R) in dichloromethane (0.1 
M [nBu4N][BArF24]) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Redox Couple (V vs. Fc/Fc+) R = NMe2 R = OMe R = H R = CF3

3+/2+ -0.25 -0.11 -0.08 0.02
2+/1+ -1.18 -1.05 -1.02 -0.87
ΔE 0.93 0.94 0.94 0.89
Kc 5.4E+15 7.9E+15 7.9E+15 1.1E+15
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Magnetic Measurements 
 
General Simulation Details. For mixed valent Fe(II)/Fe(III) pairs, the exchange coupling 
interaction is a superposition of superexchange (J) and double exchange (B) interactions.19-20 For 
the clusters under study here, a complete description of the magnetic properties would require 
determination of up to 10 exchange parameters (6 J values and up to 4 B values). However, these 
parameters cannot be uniquely defined from the experimental susceptibility data. Alternatively, 
the experimental data can be simulated by employing effective exchange coupling constants (Jeff) 
which include contributions from both superexchange and double exchange, reducing the number 
of unknowns to 6. Moreover, based on the pseudosymmetry observed in the solid state structure 
(related to the symmetry of the distribution of redox states), further contraints can be imposed on 
the values of these effective exchange coupling constants which greatly enhance the uniqueness 
of the obtained fits. While magnetostructural correlations for iron clusters with nuclearity ≥ 3 are 
largely limited to the all-ferric redox state,21-30 which is not complicated by the presence of double 
exchange or anisotropic interactions arising from inequivalent population of the d-orbital 
manifold, the effective exchange coupling constants obtained herein are qualitatively reasonable. 
The presence of weak exchange coupling within the triiron core (|Jeff| ≤ 12 cm-1) is consistent with 
previous magnetic studies LFe3(OAc)331 and oxo/alkoxo bridged diiron systems.21, 32-35 Complexes 
featuring pyrazolate bridged FeIII3(µ3-O) cores exhibit antiferromagnetic exchange couplings of J 
~ -30 to -40 cm-1,24, 27, 36 with the larger |J| values reported herein attributed to the short Fe4-O1 
distance and enhanced covalency within the Fe4-imidazolate-Fe(1/2/3) units (see DFT 
computations in Ref. 5). Moreover, the exchange coupling constants derived from simulations of 
the susceptibility data reported herein generally follow the trend that |J|(FeIII-FeIII) > |J|(FeII-FeIII) 
> |J|(FeII-FeII), which we attribute to elongation of the Fe-O1 distances upon reduction and the 
effect of double exchange in the mixed valence pairs. Numerical subscripts were chosen to be 
consistent with atom labels in the crystal structures.  
 
Simulation Details for [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) and 
[LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2): Variable temperature magnetic susceptibility data 
obtained between 1.8 K and 300 K at 0.1 T suggest that this is indeed the case. The values of χMT 
at 300 K (1CF3: 6.96 cm3 K mol-1, 1NMe2: 6.25 cm3 K mol-1) deviate significantly from the spin-
only value (14.75 cm3 K mol-1) anticipated for uncoupled FeII (S = 2) and FeIII (S = 5/2) centers, 
indicating the presence of antiferromagnetic coupling. However, χMT increases gradually as the 
temperature is lowered, eventually reaching a plateau (1CF3: ~8.8 cm3 K mol-1, 1NMe2: ~9.3 cm3 K 
mol-1) near the expected spin-only value for an isolated S = 4 center (10 cm3 K mol-1). The 
qualitative differences in the χMT curves, namely the higher moment at 300 K for 1CF3, its more 
gradual rise, and its smaller low temperature plateau value, suggest that the antiferromagnetic 
interaction of the apical FeIII with Fe1/Fe2/Fe3 is weaker in 1CF3 compared to 1NMe2. A similar 
observation was made by Jackson and Nocera, who showed that electron donating para-
substituents enhance the antiferromagnetic coupling of VIV centers in layered vanadyl 
phosphonates.37 Simulations of the experimental data for 1CF3 and 1NMe2 according to the spin 
Hamiltonian H = Σ{D(Sz,i2-1/3(Si(Si+1)+gµBSi·H)} – 2Jij(Si·Sj) reflect this trend, most notably in 
the value of the apical FeIII-core FeIII exchange coupling constant (1CF3: J24 = -32.2 cm-1; 1NMe2: 
J24 = -69.4 cm-1). Consistent with the assignment of Fe4 in 1CF3 as FeIII, the coupling of the apical 
iron center with the core iron centers is much stronger than the coupling between the iron centers 
in the triiron core. While a satisfactory fit to the low temperature susceptibility data required 
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inclusion of single ion zero-field splitting, the relative magnitude of the exchange coupling 
constants (|Jcore-core| << |Japical-core|) obtained were not significantly affected. Based on these 
parameters, strong antiferromagnetic interactions of the apical FeIII (Fe4) with each of the metal 
centers of the triiron core results in ferromagnetic alignment of the spins on Fe1/Fe2/Fe3 at low 
temperatures, affording an S = 4 ground state. 

 
 
Figure S49. Magnetization data collected at 100 K from 0 to 4 T for 
[LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) to confirm the absence of ferromagnetic impurities. 

 
Figure S50. Direct current variable temperature magnetic susceptibility measurements for 
[LFe3O(pCF3ArIm)3Fe][OTf]2  (1CF3) collected between 1.8 and 300 K with a 0.1 T field after 
diamagnetic correction (black circles). Full Fit parameters: S1 = S3 = 2, S2 = S4 = 5/2; g1 = g2 = 
g3 = g4 = 2.00; |D1| = |D3| = 0.77 cm-1, |D2| = 1.99 cm-1, |D4| = 1.96 cm-1; J14 = J34 = -22.7 cm-1, J24 
= -32.2 cm-1, J12 = J23 = -0.1 cm-1, J13 = -13.5 cm-1.  
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Figure S51. Reduced magnetization data for [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) collected 
between 1.8 and 8 K at field between 1 and 7 T (colored circles). Simulation according to the 
system spin Hamiltonian H = DSz2 + E(Sx2 + Sy2) + gµBS·H with S = 4, g = 2.00, D = -4.10 cm-1, 
|E/D| = 0.195.  
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Figure S52. Magnetization data collected at 100 K from 0 to 4 T for 
[LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) to confirm the absence of ferromagnetic impurities. 
 

 
 
Figure S53. Direct current variable temperature magnetic susceptibility measurements for 
[LFe3O(pNMe2ArIm)3Fe][OTf]2  (1NMe2) collected between 1.8 and 300 K with a 0.1 T field after 
diamagnetic correction (black circles). Best fit parameters including zero-field splitting effects: 
S1 = S3 = 2, S2 = S4 = 5/2; g1 = g2 = g3 = g4 = 2.00; |D1| = |D3| = 5.8 cm-1, |D2| = 0 cm-1, |D4| = 0.8 
cm-1; J14 = J34 = -26.1 cm-1, J24 = -69.4 cm-1, J12 = J23 = -4.5 cm-1, J13 = -10 cm-1. 
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Figure S54. Reduced magnetization data for [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2) collected 
between 1.8 and 8 K at field between 1 and 7 T (colored circles). Simulation according to the 
system spin Hamiltonian H = DSz2 + E(Sx2 + Sy2) + gµBS·H with S = 4, g = 2.00, D = -3.176 cm-

1, |E/D| = 0.251.  
 
Simulation Details for [LFe3O(pCF3ArIm)3Fe][OTf] (2CF3) and [LFe3O(PhIm)3Fe][BF4] (2H ): 
the molar susceptibilities of 2CF3 and 2H decrease monotonically with temperature, reaching values 
of 3.16 cm3 K mol-1 and 1.81 cm3 K mol-1, respectively, at 1.8 K. No plateau is observed in the 
χMT values down to 1.8-5 K, suggests that neither 2CF3 nor 2H possess a well-isolated spin ground 
state. Simulations of the experimental data reveal significantly smaller J14 = J34 coupling constants 
for 2CF3 and 2H (-2.1 cm-1 and -5 cm-1, respectively) compared to 1NMe2 (-29 cm-1). While the 
intracore exchange coupling remains weak (J12 = J23 = -2.3 cm-1, J13 = -0.6 cm-1 for 2CF3; J12 = J23 
= -4.8 cm-1, J13 = -1.3 cm-1 for 2H), the smaller values of J14 = J34 are no longer large enough to 
spin frustrate the triiron core. As a result, the calculated energy level diagrams for 2CF3 and 2H 

indicate multiple low lying excited states with energies as low as c.a. 0.3 cm-1 and 0.6 cm-1, 
respectively (equivalent temperatures 0.4 K and 0.9 K). This is in stark contrast to 2NMe2 for which 
the first excited sextet state is predicted at c.a. 120 cm-1 (equivalent temperature 173 K).  
 
The significantly smaller magnetization saturation values of 2CF3 and 2H (3.5µB and 4.1µB, 
respectively) at 1.8 K and 7 T suggest a spin ground state distinct from that of 2NMe2. However, 
attempts to simulate the experimental data according to the Hamiltonian H = DSz2 + E(Sx2 + Sy2) 
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+ gµBS·H did not afford reasonable simulations assuming S = 3/2, 5/2, or 7/2 (Supplementary Figs. 
58-60 and 64-65). Application of this spin Hamiltonian to multimetallic assemblies is predicated 
on the presence of a well-isolated, pure spin ground state and, thus, strong exchange coupling.38 
The absence of limiting values of χMT for 2CF3 and 2H suggests the presence of low lying excited 
states which are accessible even at these low temperatures, consistent with simulations. Moreover, 
strong magnetic anisotropy, indicated by the non-superimposable isofield curves, mixes low-lying 
levels of different spin, such that 2CF3 and 2H no longer possess pure spin ground states.39-42 The 
absence of significant zero-field splitting in 2NMe2, which differs from 2CF3 and 2H primarily in its 
electronic distribution, suggests that this magnetic anisotropy may be related to the oxidation state 
of the apical metal site. Indeed, a series of mononuclear, trigonal pyramidal FeII complexes 
supported by a tris(pyrrolide)amine ligand have been reported with axial zero-field splitting 
parameters |D| as large as 48 cm-1.43 While the degeneracy of the (xz,yz) orbital set is lifted by a 
Jahn-Teller distortion of the Fe4-CIm bond lengths (Table 1), thereby quenching the orbital 
moment, the presence of low-lying orbital excited states results in significant single-ion zero-field 
splitting at Fe4,44 which contributes to the strong magnetic anisotropy of 2CF3 and 2H. 
 

 
 
Figure S55. Magnetization data collected at 100 K from 0 to 4 T for [LFe3O(pCF3ArIm)3Fe][OTf] 
(2CF3) to confirm the absence of ferromagnetic impurities. 
 
 
 
 



S50 
 

 
 
Figure S56. Direct current variable temperature magnetic susceptibility measurements for 
[LFe3O(pCF3ArIm)3Fe][OTf]  (2CF3) collected between 1.8 and 300 K with a 0.1 T field after 
diamagnetic correction (black circles). Full Fit parameters: S1 = S3 = S4 = 2, S2 = 5/2; g1 = g2 = g3 
= g4 = 2.00; J14 = J34 = -2.1 cm-1, J24 = -37 cm-1, J12 = J23 = -2.3 cm-1, J13 = -0.6 cm-1. 
 

 
Figure S57. Calculated Zeeman diagram for [LFe3O(pCF3ArIm)3Fe][OTf]  (2CF3) using 
parameters derived from simulations of magnetic susceptibility data. The calculated energy level 
diagram indicates excited state doublet, sextet and octet separated by only c.a. 0.3 cm-1, 0.8 cm-1 

and 2.8 cm-1 from the quartet ground state. 
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Figure S58. Reduced magnetization data for [LFe3O(pCF3ArIm)3Fe][OTf]2 (2CF3) collected 
between 1.8 and 8 K at field between 1 and 7 T (colored circles). Attempted simulation 
according to the system spin Hamiltonian H = DSz2 + E(Sx2 + Sy2) + gµBS·H with S = 7/2, g = 
1.33, D = 5.7 cm-1, |E/D| = 0.  

 
Figure S59. Reduced magnetization data for [LFe3O(pCF3ArIm)3Fe][OTf]2 (2CF3) collected 
between 1.8 and 8 K at field between 1 and 7 T (colored circles). Attempted simulation 
according to the system spin Hamiltonian H = DSz2 + E(Sx2 + Sy2) + gµBS·H with S = 5/2, g = 
2.00, D = 14.8 cm-1, |E/D| = 0.  
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Figure S60. Reduced magnetization data for [LFe3O(pCF3ArIm)3Fe][OTf]2 (2CF3) collected 
between 1.8 and 8 K at field between 1 and 7 T (colored circles). Attempted simulation 
according to the system spin Hamiltonian H = DSz2 + E(Sx2 + Sy2) + gµBS·H with S = 3/2, g = 
2.67, D = -6.4 cm-1, |E/D| = 0.  
 

 
 
Figure S61. Magnetization data collected at 100 K from 0 to 4 T for [LFe3O(PhIm)3Fe][OTf] 
(2H) to confirm the absence of ferromagnetic impurities. 
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Figure S62. Direct current variable temperature magnetic susceptibility measurements for 
[LFe3O(PhIm)3Fe][BF4]  (2H) collected between 1.8 and 300 K with a 0.1 T field after 
diamagnetic correction (black circles). Full Fit parameters: S1 = S3 = S4 = 2, S2 = 5/2; g1 = g2 = g3 
= g4 = 2.00; J14 = J34 = -5.0 cm-1, J24 = -40 cm-1, J12 = J23 = -4.8 cm-1, J13 = -1.3 cm-1. 
 

 
Figure S63. Calculated Zeeman diagram for [LFe3O(PhIm)3Fe][OTf]  (2H) using parameters 
derived from simulations of magnetic susceptibility data. The calculated energy level diagram 
indicates excited state quartet, sextet, doublet and sextet separated by only c.a. 0.6 cm-1, 3.7 cm-1, 
6.5 cm-1 and 9.5 cm-1 from the doublet ground state. 
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Figure S64. Reduced magnetization data for [LFe3O(PhIm)3Fe][OTf]2 (2H) collected between 2 
and 9 K at field between 1 and 7 T (colored circles). Attempted simulation according to the 
system spin Hamiltonian H = DSz2 + E(Sx2 + Sy2) + gµBS·H with S = 5/2, g = 2.00, D = 11.1 cm-

1, |E/D| = 0.  
 
 

 
 
Figure S65. Reduced magnetization data for [LFe3O(PhIm)3Fe][OTf]2 (2H) collected between 2 
and 9 K at field between 1 and 7 T (colored circles). Attempted simulation according to the 
system spin Hamiltonian H = DSz2 + E(Sx2 + Sy2) + gµBS·H with S = 3/2, g = 2.57, D = -4.9 cm-

1, |E/D| = 0.  
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Simulation Details for [LFe3O(pNMe2ArIm)3Fe][OTf] (2NMe2): The value of χMT for 2NMe2 at 300 
K (6.35 cm3 K mol-1) deviates significantly from the spin-only value (13.38 cm3 K mol-1) 

anticipated for uncoupled FeII (S = 2) and FeIII (S = 5/2) centers, indicating the presence of 
antiferromagnetic coupling. However, χMT increases gradually as the temperature is lowered, 
eventually reaching a plateau (7.87 cm3 K mol-1) between 10-40 K corresponding to the expected 
spin-only value for an isolated S = 7/2 center (g = 2.00). The near-ideal Curie behavior observed 
between 10-40 K suggests that excited states with S ≠ 7/2 are not thermally accessible. An 
exchange coupling model (J14 = J34; J12 = J23, numerical subscripts chosen to be consistent with 
atom labels in the crystal structures) based on the pseudo-Cs symmetry of the [Fe3(µ4-O)Fe] core 
was employed to simulate the experimental data according to the spin Hamiltonian H = –2Jij(Si·Sj). 
The effective exchange coupling constants obtained from these simulations (J14 = J34 = -29 cm-1, 
J24 = -40 cm-1, J12 = J23 = -3.4 cm-1, J13 = -0.8 cm-1) reveal that the S = 7/2 ground state originates 
from spin frustration of the triiron core due to strong antiferromagnetic interactions of Fe1/Fe2/Fe3 
with the apical FeIII center. The larger value of J24 (compared to J14 = J34) is consistent with the 
shorter Fe2-O1 distance observed in the solid state structure. Consistent with the S = 7/2 ground 
state inferred from magnetic susceptibility measurements, magnetization saturation for 2NMe2 

occurs at 6.6µB at 1.8 K and 7 T, near the expected M = gS limit for g = 2.00. Simulations according 
to the system spin Hamiltonian H = DSz2 + E(Sx2 + Sy2) + gµBS·H best reproduce the experimental 
data assuming S = 7/2 with g = 1.92, D = -0.21 cm-1, and |E/D| = 0, though fits with g = 2.00,  D 
= +0.65 are also reasonable. The small axial magnetic anisotropy (|D| < 1 cm-1) inferred from these 
simulations is consistent with the observation of nearly superimposable isofield curves. 
 

 
 
Figure S66. Magnetization data collected at 100 K from 0 to 4 T for 
[LFe3O(pNMe2ArIm)3Fe][OTf] (2NMe2) to confirm the absence of ferromagnetic impurities. 
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Figure S67. Direct current variable temperature magnetic susceptibility measurements for 
[LFe3O(pNMe2ArIm)3Fe][OTf]  (2NMe2) collected between 1.8 and 300 K with a 0.1 T field after 
diamagnetic correction (black circles). Best fit parameters: S1 = S2 = S3 = 2, S4 = 5/2; g1 = g2 = g3 
= g4 = 2.00; J14 = J34 = -29 cm-1, J24 = -40 cm-1, J12 = J23 = -3.4 cm-1, J13 = -0.8 cm-1. 
 

 
Figure S68. Calculated Zeeman diagram for [LFe3O(pNMe2ArIm)3Fe][OTf]  (2NMe2) using 
parameters derived from simulations of magnetic susceptibility data. The calculated energy level 
diagram indicates a sextet excited state at c.a. 120 cm-1 (equivalent temperature 173 K) higher in 
energy than the S = 7/2 ground state. 
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Figure S69. Reduced magnetization data for [LFe3O(pNMe2ArIm)3Fe][OTf] (2NMe2) collected 
between 1.8 and 8 K at field between 1 and 7 T (colored circles). Simulation according to the 
system spin Hamiltonian H = DSz2 + E(Sx2 + Sy2) + gµBS·H with S = 7/2, g = 1.92, D = -0.21 
cm-1, |E/D| = 0.  

 
 
Figure S70. Reduced magnetization data for [LFe3O(pNMe2ArIm)3Fe][OTf] (2NMe2) collected 
between 1.8 and 8 K at field between 1 and 7 T (colored circles). Simulation according to the 
system spin Hamiltonian H = DSz2 + E(Sx2 + Sy2) + gµBS·H with S = 7/2, g = 2.00, D = 0.65 cm-

1, |E/D| = 0.  
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EPR Spectroscopy 
 
Details for [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) and [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2): 
Integer spin EPR signals may be observed when electronic levels of a spin multiplet are separated 
in zero field by an energy Δ < hν (0.3 cm-1 at X-band). The EPR spectra of 
[LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3) and [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2), collected in 
parallel mode at 4.5 K in a propionitrile/butryonitrile (4:5) glass, exhibit a feature at g ~ 17.2. 
These features have maximum intensity at low temperature and cannot be observed in 
perpendicular mode, demonstrating that they originate from the ground doublet of an integer spin 
system. As line broadening in the EPR spectra of integer spin systems are dominated by strain in 
the zero field splitting parameters D and E (and thus Δ), the narrow linewidth of the g ~ 17.2 
feature is consistent with this ground doublet being nearly degenerate.45-49 For an EPR transition 
within the Ms = +/- 4 doublet of an S = 4 spin system, the resonance field position depends on both 
the zero field splitting and the Zeeman interaction according to (hν)2 = Δ2 + (gµBH)2.50 A nearly 
identical feature was previously observed in the parallel mode EPR spectrum of 
[LFe3O(PhIm)3Fe][OTf]2 (1H) which was shown to have an S = 4 ground state with D < 0 by a 
host of spectroscopic techniques.5  

 

 
Figure S71. Parallel-mode EPR Spectra of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3, purple), 
[LFe3O(PhIm)3Fe][OTf]2 (1H, blue)  and [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2, green) at 4.5 K 
in a propionitrile/butryonitrile (4:5) glass. 
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Mössbauer Spectroscopy 
 
General Mössbauer Simulation Details. All spectra were simulated by four pairs of symmetric 
quadrupole doublets with equal populations and Lorentzian lineshapes, and refined to a minimum 
by the method of least squares optimization (a total of 13 fitting parameters per spectrum). For all 
spectra, the observed resonances spanned the region from -1–3 mm/s. Any resonances appearing 
above 2 mm/s indicate the presence of high spin Fe(II) centers and must correspond to species 
with isomer shifts ~1 mm/s, given the range of observed resonances. Details regarding the fitting 
of individual spectra are given below. In short, the Mössbauer data were modeled to be consistent 
with our previously reported triiron-oxo/hydroxyl clusters,51 and our previously reported 
tetranuclear iron clusters.52 Overall, the observed Mössbauer parameters for the irons in the 
trimetallic core are in-line with those of other six-coordinate FeII/FeIII centers bearing N- and O-
donor atoms.35, 53-57  
 
Simulation Details for [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3): The zero-field Mössbauer spectrum 
(80 K) of 1CF3 is nearly identical to that reported for 1H, indicating a common electronic structure 
in both clusters. Based on their characteristic Mössbauer parameters, the asymmetric Lorentzian 
feature near 3 mm/s suggests the presence of at least high spin, six-coordinate ferrous centers. 
Moreover, the sharp resonances near 0.25 mm/s and 0.70 mm/s suggest the presence of two FeIII 
centers with distinct isomer shifts and/or quadrupole splittings. Indeed, simulation of the 
experimental spectrum assuming three distinct iron subsites in a 2:1:1 ratio results in two 
reasonable models, both of which afford Mössbauer parameters for one subsite (δ ~ 1 mm/s, |ΔEQ| 
~ 3 mm/s, 50% total iron) indicative of two high spin, six-coordinate FeII centers in the basal triiron 
core. Depending on how the resonances near 0.25 and 0.70 mm/s are modelled, the isomer shift of 
one of the subsites (δ = 0.36-0.50 mm/s, 25% total iron) is consistent with the presence of one six-
coordinate, high spin FeIII center in an O/N rich ligand environment.35, 53-57  The quadrupole 
doublet of the remaining subsite has a significantly lower isomer shift (δ = 0.03-0.25 mm/s). Six-
coordinate ferric iron complexes are not known to exhibit isomer shifts in this range, suggesting 
either a low-spin assignment for the remaining FeIII center or a lower coordinate, highly covalent 
ligand field. SQUID magnetometry and EPR spectroscopy indicate an S = 4 ground state for 1CF3, 
which rules out the presence of low- or intermediate-spin ferric centers. Hence, the final model, 
obtained after splitting the quadrupole doublet for the core FeII subsite into two and allowing each 
to refine independently, affords an isomer shift of 0.19 mm/s (|ΔEQ| = 1.24 mm/s for the apical 
ferric site of 1CF3, in line with values reported for high spin, four coordinate FeIII centers.58-63 
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Figure S72. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3, 
microcrystalline material, black dots). The simulation assuming three distinct subsites is shown in 
red, with parameters: (i): δ = 1.14 mm/s, |ΔEQ| = 3.04 mm/s (solid blue trace, 50%); (ii): δ = 0.36 
mm/s, |ΔEQ| = 0.37 mm/s (solid orange trace, 25%); (iii): δ = 0.15 mm/s, |ΔEQ| = 1.30 mm/s (dashed 
orange trace, 25%). 
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Figure S73. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3, 
microcrystalline material, black dots). The simulation assuming three distinct subsites is shown in 
red, with parameters: (i): δ = 1.14 mm/s, |ΔEQ| = 3.03 mm/s (solid blue trace, 50%); (ii): δ = 0.50 
mm/s, |ΔEQ| = 0.63 mm/s (solid orange trace, 25%); (iii): δ = 0.03 mm/s, |ΔEQ| = 1.06 mm/s (dashed 
orange trace, 25%). 
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Figure S74. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3, 
microcrystalline material, black dots). The simulation assuming four distinct subsites is shown in 
red, with parameters: (i): δ = 1.10 mm/s, |ΔEQ| = 3.17 mm/s (solid blue trace, 25%); (ii): δ = 1.16 
mm/s, |ΔEQ| = 2.80 mm/s (solid blue trace, 25%); (iii): δ = 0.39 mm/s, |ΔEQ| = 0.39 mm/s (solid 
orange trace, 25%); (iv): δ = 0.19 mm/s, |ΔEQ| = 1.24 mm/s (dashed orange trace, 25%). 
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Simulation Details for [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2): The Mössbauer spectrum of 
1NMe2 is nearly identical (albeit substantially broader) to that reported previously for 
[LFe3O(PhIm)3Fe][OTf]2 (1NMe2) and was fit similarly. 
 

 

Figure S75. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(pNMe2ArIm)3Fe][OTf]2 (1NMe2, 
microcrystalline material, black dots). The simulation assuming four distinct subsites is shown in 
red, with parameters: (i): δ = 1.02 mm/s, |ΔEQ| = 2.89 mm/s (solid blue trace, 25%); (ii): δ = 1.09 
mm/s, |ΔEQ| = 3.30 mm/s (solid blue trace, 25%); (iii): δ = 0.39 mm/s, |ΔEQ| = 0.45 mm/s (solid 
orange trace, 25%); (iv): δ = 0.22 mm/s, |ΔEQ| = 1.10 mm/s (dashed orange trace, 25%). 

Simulation Details for [LFe3O(pCF3ArIm)3Fe][OTf] (2CF3): The Mössbauer spectrum of 2CF3 (80 
K) features only three well-resolved resonances, albeit with discernable shoulders near the 
Lorentzian features around -0.5 mm/s and 3 mm/s, respectively. A satisfactory simulation of the 
experimental spectrum requires at least three distinct iron subsites which, based on the relative 
intensity of the resonance near 3 mm/s, occur in a 2:1:1 ratio. Two reasonable simulations were 
obtained, both of which afford Mössbauer parameters for one subsite (50% total iron) which are 
consistent with the presence of two high spin, six-coordinate FeII centers (δ ~ 1.1 mm/s, |ΔEQ| ~ 
3.2 mm/s) within the triiron core.5, 52, 64-67 The relative intensity of the sharp resonance near 1 mm/s 
indicates the presence of one ferric ion whose isomer shift and quadrupole splitting depend on how 
the Lorentzian feature near -0.5 mm/s is modelled, with δ bounded between 0.34-0.47 mm/s. 
Isomer shifts in this range are common for high spin, six-coordinate ferric centers in O/N rich 
ligand environments,35, 54-56, 68 suggesting a [FeII2FeIII] redox level for the triiron core identical to 
that inferred from the solid state structure. The shoulder observed to the left of the Lorentzian 
feature around 3 mm/s is attributed a third ferrous site with a lower isomer shift (δ ~ 0.8 mm/s) 
and lower quadrupole splitting (|ΔEQ| ~ 2.7 mm/s). A similar shoulder is observed in the Mössbauer 
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spectra of 2H 5 and [LFe3O(PhPz)3Fe][OTf]52 and has been assigned to a resonance of the apical 
FeII center. The favored simulation of the Mössbauer spectrum of 2H was originally selected based 
on the similarity of the Mössbauer parameters obtained for apical FeII center of 2H (δ = 0.89 mm/s) 
compared to [LFe3O(PhPz)3Fe][OTf] (δ = 0.95 mm/s) and an equivalent fit can be obtained for 
2CF3. However, due to its softer (C rich) ligand environment, a smaller isomer shift is anticipated 
for the apical ferrous site of 2CF3 and 2H compared to [LFe3O(PhPz)3Fe][OTf].58 Indeed, four-
coordinate, high spin FeII centers supported by multidentate N-heterocyclic carbene ligand 
scaffolds are reported to have isomer shifts of ~0.70 mm/s.69-70 A similar value (δ = 0.68 mm/s) 
was observed for the apical FeII center of [LFe3O(PhIm)3Fe], whose spectrum is not complicated 
by the presence of ferric iron signals.5 With these considerations in mind, the final model, obtained 
after splitting the quadrupole doublet for the core Fe(II) subsite into two and allowing each to 
refine independently, affords an isomer shift of 0.73 mm/s (|ΔEQ| ~ 2.76 mm/s) for the trigonal 
pyramidal ferrous site of 2CF3. A similar fit can be obtained for 2H and is presented here as well.  
 

 

Figure S76. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(pCF3ArIm)3Fe][OTf] (2CF3, 
microcrystalline material, black dots). The simulation assuming three distinct subsites is shown in 
red, with parameters: (i): δ = 1.14 mm/s, |ΔEQ| = 3.17 mm/s (solid blue trace, 50%); (ii): δ = 0.47 
mm/s, |ΔEQ| = 1.10 mm/s (solid orange trace, 25%); (iii): δ = 0.81 mm/s, |ΔEQ| = 2.71 mm/s (dashed 
blue trace, 25%). 
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Figure S77. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(pCF3ArIm)3Fe][OTf] (2CF3, 
microcrystalline material, black dots). The simulation assuming three distinct subsites is shown 
in red, with parameters: (i): δ = 1.10 mm/s, |ΔEQ| = 3.25 mm/s (solid blue trace, 50%); (ii): δ = 
0.34 mm/s, |ΔEQ| = 1.37 mm/s (solid orange trace, 25%); (iii): δ = 1.05 mm/s, |ΔEQ| = 2.25 mm/s 
(dashed blue trace, 25%). 
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Figure S78. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(pCF3ArIm)3Fe][OTf] (2CF3, 
microcrystalline material, black dots). The simulation assuming four distinct subsites is shown in 
red, with parameters: (i): δ = 0.99 mm/s, |ΔEQ| = 3.17 mm/s (solid blue trace, 25%); (ii): δ = 1.17 
mm/s, |ΔEQ| = 3.26 mm/s (solid blue trace, 25%); (iii): δ = 0.46 mm/s, |ΔEQ| = 1.12 mm/s (solid 
orange trace, 25%); (iv): δ = 0.90 mm/s, |ΔEQ| = 2.46 mm/s (dashed blue trace, 25%). 
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Figure S79. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(pCF3ArIm)3Fe][OTf] (2CF3, 
microcrystalline material, black dots). The simulation assuming four distinct subsites is shown in 
red, with parameters: (i): δ = 1.11 mm/s, |ΔEQ| = 2.88 mm/s (solid blue trace, 25%); (ii): δ = 1.15 
mm/s, |ΔEQ| = 3.31 mm/s (solid blue trace, 25%); (iii): δ = 0.47 mm/s, |ΔEQ| = 1.09 mm/s (solid 
orange trace, 25%); (iv): δ = 0.73 mm/s, |ΔEQ| = 2.76 mm/s (dashed blue trace, 25%). 
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Figure S80. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe][OTf] (2H, 
microcrystalline material, black dots). The simulation assuming four distinct subsites is shown in 
red, with parameters: (i): δ = 1.12 mm/s, |ΔEQ| = 3.34 mm/s (solid blue trace, 25%); (ii): δ = 1.17 
mm/s, |ΔEQ| = 2.95 mm/s (solid blue trace, 25%); (iii): δ = 0.53 mm/s, |ΔEQ| = 1.08 mm/s (solid 
orange trace, 25%); (iv): δ = 0.68 mm/s, |ΔEQ| = 2.66 mm/s (dashed blue trace, 25%). 

Simulation Details for [LFe3O(pNMe2ArIm)3Fe][OTf] (2NMe2): In contrast to the qualitatively 
similar spectra obtained for 2CF3 and 2H, the distinct Mössbauer spectrum of 2NMe2 indicates a 
change in the electronic structure. The spectrum features only two well resolved resonances, with 
a broad shoulder to the right of the Lorentzian feature near -0.5 mm/s. Most notably, the sharp 
resonance near 1 mm/s observed in the spectra of 2CF3, 2H, and [LFe3O(PhPz)3Fe][OTf] is absent. 
Only a sharp, nearly isotropic signal is observed at 0.11 mm/s, indicating a significantly lower 
isomer shift for the ferric subsite of 2NMe2. Six-coordinate, high spin FeIII complexes are not known 
to exhibit isomer shifts lower than ~0.35 mm/s. As such, the quadrupole doublet for the ferric 
subsite does not originate from within the triiron core, indicating instead an FeIII assignment for 
the apical metal center consistent with the solid state structure of 2NMe2. Indeed, isomer shifts of 
~0.20 mm/s are commonly observed for four-coordinate, high spin ferric iron complexes in soft 
ligand environments.59 This assignment infers a [FeII3] redox level for the triion core, which is 
supported spectral simulations which afford Mössbauer parameters of the remaining subsite (δ = 
1.1 mm/s, |ΔEQ| = 3.23 mm/s, 75% total iron) consistent with the presence of three six-coordinate, 
high spin ferrous centers in 2NMe2.  
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Figure S81. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(pNMe2ArIm)3Fe][OTf] (2NMe2, 
microcrystalline material, black dots). The simulation assuming two distinct subsites is shown in 
red, with parameters: (i): δ = 1.10 mm/s, |ΔEQ| = 3.23 mm/s (solid blue trace, 75%); (ii): δ = 0.11 
mm/s, |ΔEQ| = 0.18 mm/s (dashed orange trace, 25%). 
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X-ray Crystallography 

 
Figure S82. Crystal structure of [LFe3O(pCF3ArIm)3Fe][OTf]2 (1CF3). Ellipsoids are shown at the 
50% probability level. Hydrogen atoms and co-crystallized solvent molecules are not shown for 
clarity. 
Special Refinement Details for [LFe3O(pCF3ArIm)3Fe][OTf]2. Compound 1CF3 crystallizes in 
the monoclinic space group P21 with two molecules in the asymmetric unit along with three 
molecules of co-crystallized diethyl ether. One molecule has disorder in one of the trifluoromethyl 
substituents. The diffraction data is not of sufficient quality for a discussion of bond lengths. 
However, it is enough to positively identify 1CF3 as [LFe3O(pCF3ArIm)3Fe][OTf]2. 
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Figure S83. Crystal structure of [LFe3O(pCF3ArIm)3Fe][OTf] (2CF3). Ellipsoids are shown at the 
50% probability level. Hydrogen atoms and co-crystallized solvent molecules are not shown for 
clarity. 
Special Refinement Details for [LFe3O(pCF3ArIm)3Fe][OTf]. Compound 2CF3 crystallizes in the 
monoclinic space group P21/c with one molecule in the asymmetric unit along co-crystallized 
diethyl ether and acetonitrile. The co-crystallized acetonitrile molecule is located near a special 
position (inversion center) and was modelled with the aid of a similarity restraint on the 1,2 
distances and enhanced rigid bond restraints on all components of the disorder. Additionally, the 
triflate counterion is disordered over two positions with occupancies of 63% and 37% and was 
modelled with the help of similarity restraints on the 1,2 distances and enhanced rigid bond 
restraints on all components of the disorder.   
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Figure S84. Crystal structure of [LFe3O(PhIm)3Fe][BF4] (2H). Ellipsoids are shown at the 50% 
probability level. Hydrogen atoms and co-crystallized solvent molecules are not shown for clarity. 
Special Refinement Details for [LFe3O(PhIm)3Fe][BF4]. Compound 2H crystallizes in the 
monoclinic space group C2/c with one molecule in the asymmetric unit along co-crystallized 
diethyl ether. One molecule of diethyl ether is disordered near a special position and was modelled 
isotropically with the aid of enhanced rigid bond restraints on all components of the disorder. 
Additionally, the tetrafluoroborate anion is disordered and was modelled with the help of similarity 
restraints on the 1,2 distances and enhanced rigid bond restraints on all components of the disorder.   
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Figure S85. Crystal structure of [LFe3O(pNMe2ArIm)3Fe][BF4] (2NMe2). Ellipsoids are shown at the 
50% probability level. Hydrogen atoms and co-crystallized solvent molecules are not shown for 
clarity. 
Special Refinement Details for [LFe3O(pNMe2ArIm)3Fe][BF4]. Compound 2NMe2 crystallizes in 
the triclinic space group P-1 with one molecule in the asymmetric unit. Additionally, the 
tetrafluoroborate anion is significantly disordered and was modelled isotropically.  There is 
additional solvent disorder which could not be satisfactorily modelled and was masked in Olex2. 
The volume of the solvent accessible void space was found to be 897.0 Å3 in which 179.4 e- were 
located.  
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X-ray Absorption Data: 

 
Figure S86. Fluorescence detected X-ray Absorption Spectrum of 2CF3 (single crystal, black solid 
line) and 1CF3 (single crystal, black dashed line). 
 
Anomalous Diffraction Data: 
 

 
Figure S87. Plot of refined f ’ values for Fe1 (green), Fe2 (yellow), Fe3 (red) and Fe4(blue) as a 
function of energy for 2CF3. Atom labels are the same as those used in the structure of 2CF3 in 
Figure S84. A table of selected bond lengths is included in the main text (Table 2). 
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Figure S88. Refinement statistics as a function of energy for 2CF3. 
 
Table S3. Summary of anomalous diffraction refinement data 
 

 
 
 
 
 
 
 

E (eV) Fe4 Fe3 Fe2 Fe1 Rsq
7110 -7.6658 -7.647 -7.4462 -7.8527 0.0741
7111 -7.7657 -7.7528 -7.6031 -7.8773 0.0779
7112 -7.713 -7.8285 -7.6397 -7.9909 0.0811
7113 -7.5505 -7.9523 -7.8267 -8.275 0.0916
7114 -7.621 -8.0573 -7.8926 -8.3751 0.0968
7115 -7.9696 -8.1728 -8.0419 -8.6262 0.1007
7116 -8.2109 -8.4083 -8.2986 -8.8248 0.1055
7117 -8.4679 -8.6283 -8.5497 -9.082 0.1076
7118 -8.4627 -8.9617 -8.7418 -9.4796 0.1099
7119 -8.3671 -9.3894 -9.105 -9.7984 0.1138
7120 -8.5345 -9.7419 -9.5145 -9.9351 0.1171
7121 -8.6383 -9.8876 -9.8573 -9.831 0.122
7122 -8.7449 -9.858 -9.928 -9.7808 0.1255
7123 -8.8558 -9.7442 -9.8042 -9.8612 0.1297
7124 -8.8045 -9.6025 -9.5027 -9.757 0.1326
7125 -8.4986 -9.4583 -9.0417 -9.6377 0.1329
7126 -8.2091 -9.2636 -8.6826 -9.4323 0.1376
7127 -7.8941 -8.7553 -8.1316 -9.014 0.1401
7128 -7.7929 -8.0439 -7.5529 -8.5612 0.1478
7129 -7.3077 -7.1166 -6.7189 -7.7701 0.1518



S76 
 

Summary Tables 
 
Table S4: Crystal and refinement data for precursor complexes 1CF3 and 2CF3. 

 

 

 

 

 

 

 

Complex 1CF3 Complex 2CF3

CCDC 1934988 1934989
Empirical formula C190H114F30Fe8N24O23S4 C93H57F12Fe4N12.5O8S
Formula weight 4246.09 1960.97
Temperature/K 100 100.01
Crystal system monoclinic monoclinic
Space group P21 P21/c

a/Å 14.5950(4) 13.3086(8)
b/Å 35.8634(9) 33.274(3)
c/Å 19.7228(4) 20.3326(16)
α/° 90 90
β/° 93.8894(14) 108.717(3)
γ/° 90 90

Volume/Å3 10299.7(4) 8527.7(11)
Z 2 4

ρcalcg/cm3 1.369 1.527
µ/mm-1 5.575 0.784
F(000) 4296 3978

Crystal size/mm3 0.28 × 0.14 × 0.12
Radiation CuKα (λ = 1.54178) MoKα (λ = 0.71073)

2Θ range for data collection/° 6.07 to 162.082 4.424 to 72.51
Index ranges -17 ≤ h ≤ 17, -44 ≤ k ≤ 41, -22 ≤ l ≤ 24 -22 ≤ h ≤ 21, -55 ≤ k ≤ 54, -33 ≤ l ≤ 30

Reflections collected 220688 110097
Independent reflections 38588 [Rint = 0.0858, Rsigma = 0.0772] 40240 [Rint = 0.0509, Rsigma = 0.0660]

Data/restraints/parameters 38588/1/2512 40240/184/1262
Goodness-of-fit on F2 0.991 1.032

Final R indexes [I>=2σ (I)] R1 = 0.0730, wR2 = 0.1788 R1 = 0.0613, wR2 = 0.1550
Final R indexes [all data] R1 = 0.0992, wR2 = 0.1957 R1 = 0.1039, wR2 = 0.1825

Largest diff. peak/hole / e Å-3 0.61/-0.48 1.82/-1.00
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Table S5: Crystal and refinement data for precursor complexes 2H and 2NMe2. 
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