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1. Experimental Procedures 

 

1.1 General Procedures and Considerations.  

Depleted uranium (primary isotope 238U) is a weak α-emitter (4.197 MeV) with a half-life of 

4.47×109 years; all manipulations involving uranium were carried out in a radiation laboratory 

equipped with α– and β-counting equipment. Unless otherwise specified, all chemical 

manipulations were performed using Schlenk or glovebox techniques under an atmosphere of 

purified argon with rigorous exclusion of water and oxygen. Glassware and Celite® were stored 

in an oven at ca. 150 °C for at least 3 h prior to use. Molecular sieves (4 Å) were activated by 

heating to 200 °C overnight under vacuum prior to storage in a glove box. Proton NMR spectra 

were recorded at room temperature, unless otherwise stated, on Bruker AVB-400, AVQ-400, or 

AV-600 spectrometers. Proton chemical shifts are given relative to residual solvent peaks1 and are 

recorded in units of parts per million (ppm). Default (0.3 Hz) line broadening functions were 

applied to 1H NMR spectra in MestReNova (version 14.1.2), unless stated otherwise. Fourier-

transform infrared (FTIR) spectra were collected inside of a N2 glovebox on polycrystalline 

samples using a Shimadzu IRSpirit FTIR spectrometer operating in ATR mode. Elemental 

analyses were determined at the Microanalytical Facility at the College of Chemistry, University 

of California, Berkeley. UV-Vis-NIR spectra were collected on a Varian Cary® 5000 UV-Vis-

NIR Spectrophotometer. A 1-cm path length quartz cell was used, and a blank was subtracted from 

each run. 

 

1.2 Materials 

 

The solvents diethyl ether, toluene, tetrahydrofuran (THF), n-hexane, and n-pentane, were sparged 

with argon and then dried by passing through alumina columns in a Glass Contour solvent 

purification system from JC Meyer. NMR solvents were purchased from Sigma-Aldrich, and were 

degassed via several freeze-pump-thaw cycles prior to transferring to a glove box, where they were 

stored over molecular sieves to dry for at least 48 h prior to use. The compounds sodium 

pentaisopropylcyclopentadienyl (NaCpiPr5)2,3  and UI3(dioxane)1.5
4 were prepared via  previously 

published methods.  Uranium triiodide (UI3) and UBr3 were was prepared by a modification of the 

method of Cloke and Hitchock.5 Fine uranium powder was synthesized by preparation of UH3
6 

followed by removal of hydrogen under dynamic vacuum at 400 °C. Subsequent heating of the 

resulting metal powder with a stochiometric amount of either HgI2 or HgBr2 (in a sealed tube under 

vacuum at 320 °C) for 2 days afforded the black UI3 and brown UBr3 starting materials. The 

compound 4-tert-butylphenol was purchased from Sigma-Aldrich and purified via vacuum 

sublimation at 50 °C prior to bringing into the glovebox. All other chemicals were purchased from 

commercial sources and used as received. 
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1.3 Syntheses. 

 

Attempted Synthesis of Halide-Bridged Uranium Complexes via Salt Metathesis. Using a 

slightly modified procedure based on the methods used to isolate the halide-bridged dinuclear 

complexes, (CpiPr5)2Ln2I4 (Ln = Y, Gd, Tb, Dy),7 under argon, UBr3 (0.2812 g, 0.5886 mmol) and 

NaCpiPr5 (0.1757 g, 0.5886 mmol) were combined in a 100 mL pressure flask containing a glass-

coated magnetic stirring bar, then toluene (40 mL) was added. The reaction flask was covered in 

aluminum foil and then heated gradually to 80 °C with vigorous stirring. The reaction temperature 

was increased gradually over a period of 8 d, in approximate increments of 5 °C every 24 h, until 

a final temperature of 120 °C was achieved. The resulting brown slurry was filtered hot (~60 °C) 

through a Celite-padded coarse-porosity fritted filter and rinsed with additional hot toluene (3 × 5 

mL), leaving behind a dark brown solid (presumably unreacted UBr3). The resulting pale green 

filtrate was dried under reduced pressure to yield a crude, dark-green solid (0.012 g). X-ray quality 

crystals were grown from concentrated pentane at −25 °C over the course of 12 h, and single crystal 

X-ray diffraction analysis revealed the green solid was the metallocene, (CpiPr5)2UBr (see Figure 

S34). Similar results were obtained when using UI3 or UI3(dioxane)1.5, resulting in the isolation of 

(CpiPr5)2UI.8 

 

KOPhtBu. Under argon, 4-tert-butylphenol (1.0771 g, 7.1702 mmol) was added to a 20-mL 

borosilicate glass scintillation vial containing a Teflon-coated magnetic stirring bar and 10 mL 

THF. A solution of potassium bis(trimethylsilyl)amide (KN(SiMe3)2, 1.4249 g, 7.1430 mmol) in 

THF (8 mL) was subsequently added slowly, in a dropwise fashion, to the stirring 4-tert-

butylphenol solution. The reaction mixture was vigorously stirred at 25 °C for 12 h, after which 

the mixture was filtered through a Celite-padded plug, and the resulting filtrate was placed under 

reduced pressure to remove THF, yielding a white solid. This solid was subsequently washed with 

toluene (3 × 8 mL) and hexane (3 × 5 mL) in order to remove any remaining 4-tert-butylphenol 

reactant, as well as residual ethereal solvent; the washed solid was then placed under reduced-

pressure to dry for 2 h at 100 °C, leaving behind potassium 4-tert-butylphenoxide, KOPhtBu, as an 

analytically pure, white solid (1.2514 g, 93.0% yield).  1H NMR (THF-d8, 400 MHz, 300 K): δ = 

6.89 (d, J = 8.2 Hz, 2 H), 6.24 (d, J = 8.2 Hz, 2 H), 1.19 (s, 9 H). Anal. Calcd for C10H13KO: C, 

63.78; H, 6.96. Found: C, 63.40; H, 6.71. 

 

Modified synthesis of U(BH4)3(THF)2. As a modification of previously reported methods,9,10  a 

200-mL borosilicate glass jar with a Teflon-lined cap was charged with UI3(dioxane)1.5 (5.5000 g, 

7.3315 mmol), KBH4 (1.1338 g, 22.717 mmol), and a Teflon-coated magnetic stirring bar. The 

mixture was dissolved in 150 mL of THF and allowed to stir vigorously at 25 °C for 5 d, over 

which time there was a gradual color change from dark blue to dark red. The mixture was filtered 

through a Celite-padded coarse-porosity fritted filter to remove insoluble KI solids and excess 

KBH4. The resulting filtrate was then placed under reduced-pressure to remove THF, leaving 

behind U(BH4)3(THF)2 as an analytically pure, dark red solid (3.0781 g, 98.1 % yield). Anal. Calcd 

for C8H28B3O2U: C, 22.52; H, 6.61. Found: 22.55; H, 6.57. 

 

(CpiPr5)U(BH4)2(THF). Under argon, U(BH4)3(THF)2 (1.0877 g, 2.5487 mmol) was added to a 

200 mL Schlenk flask containing a Teflon-coated magnetic stirring bar, then dissolved in 50 mL 

of toluene. A suspension of NaCpiPr5 (0.7596 g, 2.545 mmol) in toluene (20 mL) was subsequently 

added dropwise to the U(BH4)3(THF)2 solution, resulting in a gradual color change from dark red 
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to black. The reaction mixture was vigorously stirred at 25 °C for 16 h, after which the mixture 

was placed under reduced pressure to remove toluene, yielding a crude, black solid, which was 

further dried under reduced pressure for 2 h. The Schlenk flask was subsequently transferred to a 

glove box, and the crude solid was dissolved in hexane (50 mL), then filtered through a Celite-

padded coarse-porosity fritted filter to remove insoluble NaBH4 solids. The resulting filtrate was 

then placed under reduced pressure to remove hexane, leaving behind a black solid. This black 

solid was further purified through recrystallization by dissolving the solid in minimal hot hexane 

(18 mL, 60 °C) and then allowing the solution to slowly cool, first at room temperature, then at 

−25 °C for 12 h, yielding (CpiPr5)U(BH4)2(THF) as dark black-green crystals (0.4859 g). The 

remaining mother liquor was subsequently concentrated to a volume of 2 mL, then stored at −25 

°C to yield a second crop of (CpiPr5)U(BH4)2(THF) crystals (0.3327 g, total yield 0.8186 g, 52.3% 

yield). X-ray quality crystals were obtained by storing a concentrated hexane solution of 

(CpiPr5)U(BH4)2(THF) into a 4 mL borosilicate glass scintillation vial −25 °C for 12 h. 1H NMR 

(THF-d8, 400 MHz, 300 K): δ = 9.51 (br s, CH3 from CpiPr5, 15 H), 5.33 (s, CH from CpiPr5, 5 H) 

−13.76 (vbr s, BH4), −22.93 (br s, CH3 from CpiPr5, 15 H). Anal. Calcd for C24H51B2OU: C, 46.85; 

H, 8.35. Found: C, 47.09; H, 8.23. 

 

(CpiPr5)U2(OPhtBu)4. Under argon, (CpiPr5)U(BH4)2(THF) (0.7094 g, 1.153 mmol) was added to a 

200 mL Schlenk flask containing a Teflon-coated magnetic stirring bar, then dissolved in 40 mL 

of toluene. A suspension of KOPhtBu (0.4346 g, 2.308 mmol) in toluene (15 mL) was added 

dropwise to the (CpiPr5)U(BH4)2(THF) solution, resulting in a color change from black to a dark 

red-brown. The reaction mixture was vigorously stirred at 25 °C for 12 h, after which time the 

mixture was placed under reduced pressure to remove toluene, yielding a black, crude solid, which 

was allowed to further dry for 2 h. The Schenk flask was subsequently transferred to a glove box, 

and the crude solid was dissolved in pentane (70 mL), then filtered through a Celite-padded porous 

fritted filter to remove insoluble, gray KBH4 solids.  The resulting dark red-brown filtrate was then 

placed under reduced pressure to remove pentane, and the resulting black solid was allowed to 

further dry for 1 h under reduced pressure at ambient temperature, yielding (CpiPr5)2U2(OPhtBu)4 

as an analytically pure red-brown solid (0.7341 g, 78.4 % yield). X-ray quality crystals were grown 

from a concentrated pentane solution of (CpiPr5)2U2(OPhtBu)4 stored at −25 °C for 2 d. 1H NMR 

(benzene-d6, 400 MHz, 300 K): δ = 24.09, 19.16, 16.44, 14.58, 13.71, 11.34, 10.52, 6.26, 5.72, 

5.04, 2.54, 1.06, 0.29, −2.76, −5.80, −8.68, −25.30, −37.48, −38.83, −50.30. Peak assignments 

were made difficult by the restricted rotation of the U–CpiPr5 bond, resulting in each –iPr 

substituent being inequivalent with respect to the other substituents. In total, 20 out of the 21 total 

possible peaks could be found. Restricted rotation of U–Cp bonds have previously led to 

complicated NMR spectra in uranium metallocenes of the form (CpiPr4H)2UX2 (X = F, Cl, Br, and 

I).11 Proton NMR measurements performed at higher temperatures (Figure S5) did not improve 

our attempts to assign resonances for this complex. Anal. Calcd for C80H122O4U2: C, 59.17; H, 

7.57. Found: C, 59.49; H, 7.47.  

 

(CpiPr5)3U3Cl6 (1-Cl). Under argon, (CpiPr5)2U2(OPhtBu)4 (0.7096 g, 0.4370 mmol) was placed 

inside a 20 mL borosilicate glass scintillation vial with a Teflon-coated magnetic stirring bar, then 

dissolved in 10 mL of toluene. Subsequently, an excess of chlorotrimethylsilane (0.230 g, 2.117 

mmol, 0.269 mL) was added dropwise and the reaction mixture was stirred vigorously at 25 °C 

for 1 week, during which time a gradual color change occurred, from dark red-brown to navy blue. 

The navy blue solution was placed under reduced pressure to remove toluene and unreacted 
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Me3SiCl, yielding a crude, dark blue solid that was allowed to further dry for 1 h under reduced 

pressure at ambient temperature. This crude solid was further purified by dissolving in minimal 

hot pentane (5 mL, 35 °C), then storing at −25 °C for 12 h, yielding (CpiPr5)3U3Cl6 as dark navy 

blue crystals (0.1674 g, 32.8 % yield).  X-ray quality crystals of (CpiPr5)3U3Cl6 were obtained from 

a concentrated pentane solution stored at −25 °C for 2 d. 1H NMR (benzene-d6, 400 MHz, 300 K): 

δ = 13.51 (broad, CH3 from CpiPr5, 45 H), 8.75 (broad, CH from CpiPr5, 15 H), −27.81 (broad, CH3 

from CpiPr5, 45 H). Anal. Calcd for C60H105Cl6U3: C, 41.10; H, 6.04. Found: C, 41.49; H, 6.10.   

 

(CpiPr5)3U3Br6 (1-Br). Under argon, (CpiPr5)2U2(OPhtBu)4 (0.6731 g, 0.4145 mmol) was placed 

inside a 20 mL borosilicate glass scintillation vial with a Teflon-coated magnetic stirring bar, then 

dissolved in 12 mL of toluene.  Subsequently, an excess of bromotrimethylsilane (0.3211 g, 2.097 

mmol, 0.277 mL) was added dropwise and the reaction mixture was stirred vigorously at 25 °C 

for 4 d, during which time a gradual color change occurred, from dark red-brown to navy blue. 

The navy blue solution was placed under reduced pressure to remove toluene and unreacted 

Me3SiBr, yielding a crude, dark blue solid that was allowed to dry for an additional 1 h under 

reduced pressure at ambient temperature. This crude solid was further purified by dissolving in 

minimal hot pentane (10 mL, 35 °C), then storing at −25 °C for 12 h, yielding (CpiPr5)3U3Br6 as 

dark navy blue crystals (0.2254 g). The remaining supernatant was further concentrated to 2 mL, 

then stored at −25 °C for 1 d, yielding a second crop of dark blue crystals (0.1821 g, total mass of 

0.4075 g, 73.0 % yield).  X-ray quality crystals of (CpiPr5)3U3Br6 were obtained from a 

concentrated hexane solution stored at −25 °C for 2 d. 1H-NMR (benzene-d6, 400 MHz, 300 K): δ 

= 13.98 (broad, CH3 from CpiPr5, 45 H), 9.10 (broad, CH from CpiPr5, 15 H), −25.73 (broad, CH3 

from CpiPr5, 45 H). Anal. Calcd for C60H105Br6U3: C, 35.68; H, 5.24. Found: C, 35.89; H, 5.17.   

 

(CpiPr5)3U3I6 (1-I). Under argon, (CpiPr5)2U2(OPhtBu)4 (0.5226 g, 0.3218 mmol) was placed inside 

a 20 mL borosilicate glass scintillation vial with a Teflon-coated magnetic stirring bar, then 

dissolved in 10 mL of toluene.  Subsequently, an excess of iodotrimethylsilane (0.330 g, 1.649 

mmol, 0.235 mL) was added dropwise and the reaction mixture was stirred vigorously at 25 °C 

for 2 d, during which time a color change occurred, from dark red-brown to blue-green. The blue-

green solution was placed under reduced pressure to remove toluene and unreacted Me3SiI, 

yielding a crude solid that was allowed to further dry for 1 h under reduced pressure at ambient 

temperature. This crude solid was then dissolved in pentane (10 mL) and filtered through a Celite-

padded plug to remove insoluble, dark blue solids. The resulting dark green filtrate was 

concentrated to a volume of 1 mL, then stored at −25 °C for 12 h, yielding a teal-blue solid at the 

bottom of the vial. The green mother liquor was decanted from the teal-blue solid, and this solid 

was washed with cold pentane (−25 °C, 3 × 1 mL) until the initially olive-green colored washes 

turned teal-blue. The remaining teal-blue solid, (CpiPr5)3U3I6 was analytically pure by elemental 

analysis (0.044 g, 9.0 % yield). X-ray quality crystals of (CpiPr5)3U3I6 were obtained from a 

concentrated toluene solution stored at −25 °C for 2 d. 1H NMR (benzene-d6, 400 MHz, 300 K): δ 

= 14.39 (v broad, CH3 and CH from CpiPr5, 60 H), −23.43 (v broad, CH3 from CpiPr5, 45 H). Anal. 

Calcd for C60H105I6U3: C, 31.31; H, 4.60. Found: C, 31.69; H, 4.36.   
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2. NMR Spectroscopy 

 

 

Figure S1. Proton NMR spectrum of KOPhtBu in THF-d8. The peak at 0.10 ppm is due to a minor 

amount of hexamethyldisilazane (HN(SiMe3)2) side-product. 
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Figure S2. Proton NMR spectrum of U(BH4)3(THF)2 in THF-d8. The resonance at δ = 86.63 ppm 

is consistent with borohydride protons, as previously reported.9 
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Figure S3. Proton NMR spectrum of (CpiPr5)U(BH4)2(THF) in THF-d8. Minor quantities of 

organic impurities, namely n-pentane (0.87 ppm and 1.24 ppm) appear as much sharper peaks and 

are thus visible despite low concentrations relative to (CpiPr5)U(BH4)2(THF). 
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Figure S4. Proton NMR spectrum of (CpiPr5)2U2(OPhtBu)4 in C6D6 at room temperature. Minor 

quantities of organic impurities, namely n-pentane (0.86 ppm and 1.23 ppm) and toluene (2.10 

ppm) appear as much sharper peaks and are thus visible despite low concentrations relative to 

(CpiPr5)2U2(OPhtBu)4. Peak assignments were made difficult for this complex because of the 

restricted rotation of the U–CpiPr5 bond, such that each –iPr substituent is inequivalent with respect 

to each other, resulting in—when accounting for the two types of –OPhtBu ligands—21 possible 

peaks, in total.  
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Figure S5. Variable-temperature 1H NMR spectra of (CpiPr5)2U2(OPhtBu)4 in C6D6 taken at 65 °C 

(top, blue), 50 °C (middle, green), and 25 °C (bottom, red). Spectra were collected on a Bruker 

AV-600 spectrometer.  
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Figure S6. Proton NMR spectrum of (CpiPr5)3U3Cl6 (1-Cl) in C6D6. Minor quantities of organic 

impurities, namely the trimethyl(4-tert-butylphenoxy)silane (0.21, –SiMe3) side-product, appear 

as much sharper peaks and are thus visible despite low concentrations relative to 1-Cl. 

 

 

 

 

 

 

 

 

 

 

 



S12 
 

 
 

Figure S7. Proton NMR spectrum of (CpiPr5)3U3Br6 (1-Br) in C6D6. Minor quantities of organic 

impurities, namely n-pentane (0.88 ppm and 1.24 ppm), toluene (2.11 ppm), and the trimethyl(4-

tert-butylphenoxy)silane (0.21, –SiMe3) side-product, appear as much sharper peaks and are thus 

visible despite low concentrations relative to 1-Br. 
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Figure S8. Proton NMR spectrum of (CpiPr5)3U3I6 (1-I) in C6D6. Minor quantities of organic 

impurities, namely n-pentane (0.88 ppm and 1.23 ppm) and toluene (2.11 ppm) appear as much 

sharper peaks and are thus visible despite low concentrations relative to 1-I. The peaks assignable 

to 1-I (14.39 ppm and −23.43 ppm) are extremely broad and a 10 Hz line broadening function was 

applied to the spectrum to better assist in identifying them, further revealing the presence of very 

small quantities of unknown impurities at 4.50 ppm and 3.13 ppm, as well as an extremely broad 

paramagnetic feature between 24 ppm and −12 ppm, making accurate comparison of the peak 

integrations for 1-I difficult. 
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3. IR Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S9. IR spectrum of KOPhtBu at 25 °C. 

 

Figure S10. IR spectrum of (CpiPr5)U(BH4)2(THF) at 25 °C. 
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Figure S11. IR spectrum of (CpiPr5)2U2(OPhtBu)4 at 25 °C. 

 

Figure S12. IR spectrum of (CpiPr5)3U3Cl6 (1-Cl) at 25 °C. 
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Figure S13. IR spectrum of (CpiPr5)3U3Br6 (1-Br) at 25 °C. 

 

Figure S14. IR spectrum of (CpiPr5)3U3I6 (1-I) at 25 °C. 
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4. UV-Vis-NIR Spectroscopy 

 

Figure S15. Full UV-Vis-NIR spectrum of (CpiPr5)U(BH4)2(THF) between 230 and 1500 nm, 

collected at 25 °C. 

 

Figure S16. Portion of the UV-Vis-NIR spectrum of (CpiPr5)U(BH4)2(THF) between 230 and 

1500 nm, collected at 25 °C, with focus on absorption features below 2000 M−1cm−1
. 
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Figure S17. Near-IR spectrum of (CpiPr5)U(BH4)2(THF) between 780 and 1500 nm, at 25 °C. The 

narrow spike around 800 nm is an instrument artifact.  

 

 

Figure S18. UV-Vis-NIR spectrum of a 0.1 mM solution of (CpiPr5)2U2(OPhtBu)4 in hexane at 25 

°C. 
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Figure S19. UV-Vis-NIR spectrum of a 0.1 mM solution of (CpiPr5)2U2(OPhtBu)4 in hexane at 25 

°C. 

 

Figure S20. UV-Vis-NIR spectrum of a 0.1 mM solution of (CpiPr5)3U3Cl6 (1-Cl) in hexane at 25 

°C, between 200 and 1500 nm. 
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Figure S21. Expanded view of the UV-Vis-NIR spectrum of a 0.1 mM solution of (CpiPr5)3U3Cl6 

(1-Cl) in hexane at 25 °C (300 to 1500 nm) highlighting visible and near-IR features. 

 

 

Figure S22. Near-IR spectrum of a 1.0 mM solution of (CpiPr5)3U3Cl6 (1-Cl) in hexane at 25 °C, 

between 780 and 1500 nm. 
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Figure S23. UV-Vis-NIR spectrum of a 0.1 mM solution of (CpiPr5)3U3Br6 (1-Br) in hexane at 

25 °C, between 200 and 1500 nm. 

 

Figure S24. Expanded view of the UV-Vis-NIR spectrum of a 0.1 mM solution of (CpiPr5)3U3Br6 

(1-Br) in hexane at 25 °C, between 300 and 1500 nm, highlighting visible and near-IR features. 
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Figure S25. Near-IR spectrum of a 1.0 mM solution of (CpiPr5)3U3Br6 (1-Br) in hexane at 25 °C, 

between 780 and 1500 nm. 

 

Figure S26. Full UV-Vis-NIR spectrum of a 0.1 mM solution of (CpiPr5)3U3I6 (1-I) in hexane at 

25 °C. 
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Figure S27. Expanded view of the UV-Vis-NIR spectrum of a 0.1 mM solution of (CpiPr5)3U3I6 

(1-I) in hexane at 25 °C highlighting visible and near-IR features. 

 

 

Figure S28. Near-IR spectrum of a 0.1 mM solution of (CpiPr5)3U3I6 (1-I) in hexane at 25 °C, 

between 780 and 1500 nm. 
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Figure S29. Near-IR spectrum of a 1.0 mM solution of (CpiPr5)3U3Br6 (1-Br) in hexane at 25 °C, 

between 6670 and 12800 cm−1, with assignments of the f → f transitions, based on features 

previously reported for uranium formate and other uranium complexes.12,13 
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Figure S30. Near-infrared (NIR) spectra of hexane solutions of 1-X, with assignments of the f→f 

transitions made based on previous work on uranium formate and other uranium complexes.12,13  
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Table S1. Energies (in cm−1) of the main feature(s) from the observed f → f transitions in the NIR 

for 1-X (Figure S30). Only the features for the two lowest energy transitions (involving the 4F3/2 

and 4I13/2 multiplets) could be assigned confidently because they are well-resolved. The 2H9/2, 4F5/2, 

and other higher-energy transitions are less-resolved with respect to each other, allowing for only 

a general estimate of their locations with respect to each other.  
 

4I9/2 → 2S+1LJ 1-Cl 1-Br 1-I 
4F3/2 7,146 7,099 7,003 
4I13/2

 7,991 7,985 7,950 

 8,230 8,206 8,139 

 8,408 8,371 8,292 

 

Since compounds 1-X are isostructural, a comparison of their f → f transitions can provide insight 

into the relative crystal field splitting of the ground 4I9/2 multiplet in each complex. The energies 

of the f → f transitions are largely dominated by the strength of the spin-orbit interaction (Figure 

S31; however, the transitions themselves involve excitations from crystal field states, MJ, in the 

ground 4I9/2 multiplet into crystal field states of higher energy 2S+1LJ multiplets (Figure S32).14,15 

Differences in the transition energies for 1-X might thus be reflective of the relative energies of 

these crystal field states in the ground multiplet. The f → f transitions, namely from the 4I9/2 ground 

state to 4F3/2, 4I13/2, and 2H9/2 excited states, all shift to slightly lower energies upon moving from 

1-Cl to 1-I, suggesting that the overall crystal field splitting of the uranium ions decreases moving 

down the halide series. We note that this is highly speculative and would require validation from 

ab initio calculations. In lanthanide complexes, the crystal field splitting can be determined via a 

combination of NIR and luminescence spectroscopies.16 Such measurements are beyond the scope 

of this study, however.  
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Figure S31. Ordering of the spin-orbit coupled states for uranium(III) based on previous work on 

uranium(III) formate.12  
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Figure S32. Qualitative depiction of f → f transitions involving the ground 4I9/2 and excited 4I11/2 

spin orbit coupled states of uranium(III), such as those in 1-X. The effects of magnetic exchange 

coupling are not shown. Our assignment of the MJ states is meant to be qualitative, and we 

highlight two important caveats: (1) the MJ states are not likely pure, but rather admixed as a result 

of the low symmetry of the uranium ions in 1-X,17,18 and (2) it is not always the case that the 

ordering of MJ states in f-element complexes is sequential, with each successive MJ state being 

smaller than the previous state as the energy is increased.19 Many uranium(III) complexes in 

particular possess non-maximal MJ ground states (i.e., MJ = ± 7/2, ± 5/2, etc.).17  Since UV-Vis-

NIR spectra for 1-X were collected in solution, all three uranium ions may be considered 

equivalent. Transitions involving the higher-energy spin orbit coupled states, such as those shown 

in Figure S31, are omitted for clarity. The f → f transitions themselves involve excitations from 

crystal field states (MJ).15 Only transitions involving the ground MJ = ± 9/2 state of the 4I9/2 

multiplet are shown, for simplicity, but transitions involving the excited MJ states also occur. 

Because of the greater number of valence electrons, f → f transitions in uranium(III) are far more 

complicated than for uranium(V) (5f1, 3F5/2), and there are good discussions on this topic in the 

literature.20,21 In principle, for uranium(III), 181 different crystal field states can be involved in f 

→ f transitions across all possible spin-orbit coupled states.14 Because of the large crystal field 

splitting in uranium complexes, however, not all excited MJ states in the 4I9/2 multiplet will be 

thermally occupied, even at room temperature. In the case of 1-X, this is corroborated by the dc 

magnetic susceptibilities at 300 K (Figure 4, upper, in the main text). Because such transitions do 

not satisfy the electric dipole selection rules, they are forbidden and result in very weak absorption 

intensities in the near-infrared region.14  
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Figure S33. UV-Vis-NIR (A, 300 nm to 1500 nm) and NIR (B, 780 to 1500 nm) spectra of the 

complexes (CpiPr5)3U3X6 (1-X, X = Cl, Br, I); C Qualitative diagram for the interaction of uranium 

and halide atomic orbitals, giving rise to bonding orbitals of primarily ligand character, ΨX, and 

uranium character, ΨU.22 The arrows illustrate the proposed transitions giving rise to the LMCT 

feature observed in the visible spectrum. Metal–ligand covalency can be evaluated on the basis of 

the mixing coefficient, λ, which is proportional to both orbital overlap, given by the overlap 

integral, SUX, and the energy difference between the metal and ligand atomic orbitals (E0
U−E0

X). 

Uranium–halide covalency will increase down the halide series because orbital overlap increases 

and the frontier, atomic orbitals of U and X become closer in energy. 
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5. X-ray Crystallography 

Structure solutions were determined by SHELXT using direct methods and these solutions were 

refined via least-square refinement against F2 by SHELXL, as implemented in OLEX2 

crystallographic software.23,24 For all structures, all non-hydrogen atoms were refined 

anisotropically. All hydrogen atoms were placed at geometrically calculated positions using the 

riding model and refined isotropically.  

(CpiPr5)U(BH4)2(THF). The compound crystallized in the space group P21/c with two molecules 

in the asymmetric unit. The structural refinement gives free R factors of R1 = 3.11% and wR2 = 

7.93%. No A or B alerts were found using CheckCIF. 

(CpiPr5)2U2(OPhtBu)4. The compound crystallized in the space group P1̄  with half of a molecule 

in the asymmetric unit and an inversion center located in the middle of two U atoms within the 

molecule. The CpiPr5 ligand showed positional disorder over two sites, and the occupancies of these 

two components were refined while constraining the sum to unity, yielding ratios of 

0.701(7):0.299(7). The application of SIMU restraints to the displacement parameters of the 

cyclopentadienyl carbons, and EADP constraints to the displacement parameters of the disordered 

carbon atoms gave free R factors of R1 = 3.84% and wR2 = 10.23%. In CheckCIF, two level A 

(PLAT971_ALERT_2_A) and one level B alerts (PLAT972_ALERT_2_B) were generated from 

residual density near U atoms. This residual density could not be modelled as any chemically 

reasonable species and likely arises due to strongly absorbing U or due to problems with the 

absorption correction. 

(CpiPr5)3U3Cl6 (1-Cl). The compound crystallized in the space group Pbca with one molecule in 

the asymmetric unit. Three CpiPr5 ligands showed positional disorder over two sites, and the 

occupancies of these two components were refined while constraining the sum to unity, yielding 

ratios of 0.741(8):0.259(8), 0.652(8):0.348(8) and 0.561(7):0.439(7), respectively. The application 

of the standard combination of SIMU, DELU restraints and EADP constraints to the displacement 

parameters of the cyclopentadienyl carbons gave free R factors of R1 = 3.42% and wR2 = 8.78%. 

In CheckCIF, three level A alerts (PLAT971_ALERT_2_A) and one level B alert 

(PLAT971_ALERT_2_B) were generated from positive residual density near U atoms. This 

residual density could not be modelled as any chemically reasonable species and likely arises due 

to strongly absorbing U or due to problems with the absorption correction. 

(CpiPr5)3U3Br6 (1-Br). The compound crystallized in the space group P1̄  with one molecule in 

the asymmetric unit. One of CpiPr5 ligands showed positional disorder over two sites, and the 

occupancies of these two components were refined while constraining the sum to unity, yielding a 

ratio of 0.727(6):0.272(6). The application of the standard combination of SIMU, DELU restraints 

and EADP constraints to the displacement parameters of the cyclopentadienyl carbons gave free 

R factors of R1 = 3.27% and wR2 = 8.66%. No A or B alerts were found in CheckCIF. 

(CpiPr5)3U3I6 (1-I). The compound crystallized in the space group P1̄  with one (CpiPr5)3U3I6 

molecule and two toluene molecules in the asymmetric unit. Two CpiPr5 ligands showed positional 

disorder over two sites, and the occupancies of these two components were refined while 

constraining the sum to unity, yielding a ratio of 0.75(4):0.25(4) and 0.55(3):0.45(3), respectively. 

A solvent mask was calculated and 62 electrons were found in a volume of 327 Å3 in three voids 

per unit cell. This is consistent with the presence of 0.5[C7H8] per unit cell which account for 50 

electrons per unit cell. One toluene molecule in the lattice showed an occupancy of 0.5. This 
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reduced occupancy might be a consequence of either solvent evaporation or solvent masking. The 

application of the standard combination of SIMU, DELU restraints to the displacement parameters 

of the cyclopentadienyl carbons gave free R factors of R1 = 5.16% and wR2 = 12.23%. In 

CheckCIF, four level A alerts (PLAT971_ALERT_2_A and PLAT972_ALERT_2_A) and three 

level B alerts (PLAT971_ALERT_2_B) were generated from residual density near U atoms. This 

residual density could not be modelled as any chemically reasonable species and likely arises due 

to strongly absorbing U or due to problems with the absorption correction. One B alert 

(PLAR250_ALERT_2_B) is generated due to the presence large voids with volatile solvent 

molecules that leads to poor diffraction data, however, these alerts do not affect the main results 

in this manuscript. 

 

 

 

Figure S34. Molecular structure of (CpiPr5)2UBr from X-ray diffraction analysis at 100 K, showing 

the connectivity. Hydrogen atoms have been omitted for clarity. Orange, brown, and gray spheres 

represent U, Br, and C atoms, respectively. The product forms as dark, emerald green rectangular 

plates; however, multiple attempts at collecting a structure acceptable for publication only resulted 

in badly twinned diffraction data, so we have not reported a structure for publication. Nevertheless, 

for the purpose of reproducibility by others, we found that this compound crystallizes in a P21 

space group, with unit cell parameters: a = 17.2974(1) Å, b = 22.9848(2) Å, c = 19.6492(2) Å, α 

= γ = 90°, β = 91.619(1)°, and V = 7808.96(11) Å3.  
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Figure S35. Solid-state structure of (CpiPr5)U(BH4)2(THF) with thermal ellipsoids—with the 

exception of hydrogen atoms—at the 50% probability level. Hydrogen atoms (except for those on 

BH4
−) are omitted for clarity. Orange, red, gray, pink, and off-white represent U, O, C, B, and H 

atoms, respectively.  
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Figure S36. Solid-state structure of (CpiPr5)2U2(OPhtBu)4 with thermal ellipsoids at the 50% 

probability level. Hydrogen atoms are omitted for clarity. Orange, red, and gray ellipsoids 

represent U, O, and C atoms, respectively.  
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Figure S37. Solid-state structure of (CpiPr5)3U3Cl6 (1-Cl) with thermal ellipsoids at the 50% 

probability level. Hydrogen atoms are omitted for clarity. Orange, green, and gray ellipsoids 

represent U, Cl, and C atoms, respectively. 
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Figure S38. Solid-state structure of (CpiPr5)3U3Br6 (1-Br) with thermal ellipsoids at the 50% 

probability level. Hydrogen atoms are omitted for clarity. Orange, brown, and gray ellipsoids 

represent U, Br, and C atoms, respectively.  
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Figure S39. Solid-state structure of (CpiPr5)3U3I6 (1-I) with thermal ellipsoids at the 50% 

probability level. Hydrogen atoms, as well as co-crystallized toluene molecules, are omitted for 

clarity. Orange, purple, and gray ellipsoids represent U, I, and C atoms, respectively. 
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Figure S40. Molecular structure of the uranium(III/IV) mixed-valence complex (CpiPr5)3U3I6(μ3-

O) from X-ray diffraction experiments at 100 K, showing connectivity. The isopropyl substituents 

on the Cp rings were badly disordered, and not all q-peaks corresponding to their C atoms could 

easily be identified. Hydrogen atoms have been omitted for clarity. Orange, red, purple, and gray 

spheres represent U, O, I, and C atoms, respectively. The product forms as dark olive-green 

needles; however, multiple attempts at collecting a structure acceptable for publication revealed 

that the crystals are badly twinned, so we have not reported a structure for publication. Based on 

connectivity, the structure of this compound is analogous to structures previously reported for 

[{(CpMe5)3U3I6(μ3-O)}{Li(THF)3}0.5]2[Li(THF)4] and (CpMe4R)3U3I6(μ3-O) (R = Me, H)  by Liddle25 and 

Cloke,26 respectively. Nevertheless, for the purpose of reproducibility by others, our attempts at 

obtaining a crystal structure suggest that this compound crystallizes in a P−3 space group, with 

unit cell parameters: a = b = 15.8519(2) Å, c = 16.1514(3) Å, α = β = 90°, γ = 120°, and V = 

3514.82(9) Å3.  
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Table S2. Crystallographic data for (CpiPr5)U(BH4)2(THF) 

 

Empirical formula  C48H101B4O2U2 

Formula weight  1229.58 

Temperature/K  100(2) 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 9.9306(1) Å α = 90° 

 b = 34.2386(3) Å β = 94.275(1)° 

 c = 16.2466(1) Å γ = 90° 

Volume 5508.63(8) Å
3
 

Z 4 

ρcalc/g/cm3 1.483 

μ/mm−1 16.640 

F(000) 2436.0 

Crystal size 0.24 × 0.16 × 0.06 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection 6.036 to 157.872° 

Index ranges −12 ≤ h ≤ 12, −42 ≤ k ≤ 43, −19 ≤ l ≤ 20 

Reflections collected 60959 

Independent reflections 11646 [Rint = 0.0442, Rsigma = 0.0302] 

Data / restraints / parameters 11646/0/590 

Goodness-of-fit on F2 1.057 

Final R indices [I > 2σ(I)] R1 = 0.0311, wR2 = 0.0778 

Final R indices (all data) R1 = 0.0339, wR2 = 0.0793 

Largest diff. peak and hole 1.97 and −1.11e·Å‒3 

 

 

 

 

 

 

 

 

 

 



S39 
 

Table S3. Crystallographic data for (CpiPr5)2U2(OPhtBu)4 

 

Empirical formula  C40H61O2U 

Formula weight  811.91 

Temperature/K  100(2) 

Crystal system  Triclinic 

Space group  P1̄  

Unit cell dimensions a = 12.7253(3) Å α = 75.640(2)° 

 b = 12.7254(2) Å β = 65.908(2)° 

 c = 14.4410(3) Å γ = 75.654(2)° 

Volume 2039.51(8) Å
3
 

Z 2 

ρcalc/g/cm3 1.322 

μ/mm−1 11.399 

F(000) 818.0 

Crystal size 0.18 × 0.10 × 0.06 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection 7.272 to 159.008° 

Index ranges −16 ≤ h ≤ 16, −12 ≤ k ≤ 16, −18 ≤ l ≤ 18 

Reflections collected 41445 

Independent reflections 8596 [Rint = 0.0542, Rsigma = 0.0294] 

Data / restraints / parameters 8596/240/438 

Goodness-of-fit on F2 1.039 

Final R indices [I > 2σ(I)] R1 = 0.0384, wR2 = 0.1017 

Final R indices (all data) R1 = 0.0396, wR2 = 0.1023 

Largest diff. peak and hole 4.53 and −2.68 e·Å‒3 
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Table S4. Crystallographic data for (CpiPr5)3U3Cl6 (1-Cl) 

 

Empirical formula  C60H105Cl6U3 

Formula weight  1753.22 

Temperature/K  100(2) 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 25.7298(2) Å α = 90° 

 b = 18.9672(1) Å β = 90° 

 c = 27.5268(2) Å γ = 90° 

Volume 13433.7(2) Å
3
 

Z 8 

ρcalc/g/cm3 1.734 

μ/mm−1 22.564 

F(000) 6744.0 

Crystal size 0.12 × 0.08 × 0.02 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection 6.422 to 157.688° 

Index ranges −30 ≤ h ≤ 32, −24 ≤ k ≤ 23, −28 ≤ l ≤ 34 

Reflections collected 83089 

Independent reflections 14249 [Rint = 0.0357, Rsigma = 0.0240] 

Data / restraints / parameters 14249/945/754 

Goodness-of-fit on F2 1.089 

Final R indices [I > 2σ(I)] R1 = 0.0342, wR2 = 0.0867 

Final R indices (all data) R1 = 0.0363, wR2 = 0.0878 

Largest diff. peak and hole 4.32 and −1.54 e·Å‒3 
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Table S5. Crystallographic data for (CpiPr5)3U3Br6 (1-Br) 

 

Empirical formula  C60H105Br6U3 

Formula weight  2019.98 

Temperature/K  100(2) 

Crystal system  Triclinic 

Space group  P1̄  

Unit cell dimensions a = 15.4938(3) Å α = 115.460(1)° 

 b = 15.9558(2) Å β = 91.413(1)° 

 c = 16.6391(1) Å γ = 97.759(1)° 

Volume 3664.22(9) Å
3
 

Z 2 

ρcalc/g/cm3 1.831 

μ/mm−1 22.502  

F(000) 1902.0 

Crystal size 0.23 × 0.12 × 0.06 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection 5.908 to 157.566° 

Index ranges −19 ≤ h ≤ 19, −20 ≤ k ≤ 19, −21 ≤ l ≤ 20 

Reflections collected 78954 

Independent reflections 15479 [Rint = 0.0531, Rsigma = 0.0328] 

Data / restraints / parameters 15479/631/781 

Goodness-of-fit on F2 1.056 

Final R indices [I > 2σ(I)] R1 = 0.0327, wR2 = 0.0849 

Final R indices (all data) R1 = 0.0349, wR2 = 0.0866 

Largest diff. peak and hole 2.37 and −2.58 e·Å‒3 
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Table S6. Crystallographic data for (CpiPr5)3U3I6 (1-I) 

 

Empirical formula  C72.25H118.5I6U3 

Formula weight  2462.65 

Temperature/K  100(2) 

Crystal system  Triclinic 

Space group  P1̄  

Unit cell dimensions a = 16.1304(2) Å α = 94.846(1)° 

 b = 16.2920(2) Å β = 107.637(1)° 

 c = 17.9220(1) Å γ = 107.385(1)° 

Volume 4203.36(8) Å
3
 

Z 2 

ρcalc/g/cm3 1.946 

μ/mm−1 33.629 

F(000) 2292.0 

Crystal size 0.15 × 0.15 × 0.04 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection 5.792 to 158.164° 

Index ranges −20 ≤ h ≤ 20, −20 ≤ k ≤ 20, −20 ≤ l ≤ 22 

Reflections collected 89406 

Independent reflections 17796 [Rint = 0.0490, Rsigma = 0.0298] 

Data / restraints / parameters 17796/936/887 

Goodness-of-fit on F2 1.017 

Final R indices [I > 2σ(I)] R1 = 0.0508, wR2 = 0.1138 

Final R indices (all data) R1 = 0.0551, wR2 = 0.1166 

Largest diff. peak and hole 6.75 and −3.76 e·Å‒3 

 

 

 

 

 

 

 

 

 

 



S43 
 

 

Figure S41. Generalized drawing of the structure of (CpiPr5)3U3X6 (1-X). All three uranium ions 

are inequivalent in the solid-state. The labeling scheme for the halide bridging ligands (for the 

purpose of Tables S7-S10) is as follows: when comparing halides that bridge the same pair of 

uranium ions (e.g., U1 and U3), the halides have the same letter subscript (e.g., XA). When 

comparing halides that bridge different pairs of uranium ions, they are differentiated by the letters 

in their subscripts (e.g., XA versus XB). Bridging halides located below the plane of the uranium 

ions additionally are given the subscript 1, and halides below the plane of the uranium ions are 

given the subscript 2.  

 

Table S7. Selected average bond distances (Å) and angles (°) for (CpiPr5)3U3Cl6 (1-Cl), 

(CpiPr5)3U3Br6 (1-Br), and (CpiPr5)3U3I6 (1-I). The values for the intermolecular U∙∙∙U separations 

tabulated represent the range of separations between nearest-neighbor molecules. 

aThe standard deviation of the average value was estimated from 𝜎 =  √
∑𝜎𝑖

2

𝑁
⁄ , where σi is the standard deviation of 

each bond distance (or angle), i and N is the number of distances (or angles) averaged. 

 

 

 1-Cl 1-Br 1-I 

U∙∙∙U  4.1946(7) 4.3762(5) 4.5700(5) 

U–Cp(cent) 2.4836(5) 2.5046(4) 2.4806(4) 

U–X 2.812(1) 2.9677(7) 3.1914(8) 

U–X–U 96.48(4) 95.01(2) 91.46(2) 

X–U–X    

X1–U–X2 73.11(4) 74.57(2) 76.55(2) 

XA1–U–XB1 78.22(4) 77.69(2) 79.07(2) 

XA1–U–XB2 120.28(4) 121.33(2) 125.26(2) 

X–U–Cp(cent) 119.83(3) 119.24(2) 117.33(2) 

Intermolecular U∙∙∙U 8.5360(6) to 

11.9888(6) 

8.9389(4) to 

12.0261(4) 

9.2002(5) to 

13.5844(5) 
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Table S8. Selected bond distances (Å) and angles (°) for each individual uranium ion in 1-Cl. 

 

 

 

 

 

 

 

 

 

 

 

 

1-Cl U1 U2 U3 

U1∙∙∙U2  4.1964(7)  

U2∙∙∙U3  4.2034(7)  

U3∙∙∙U1  4.1839(7)  

U–Cp(cent) 2.4798(5) 2.4858(5) 2.4850(5) 

U–Cl 

2.813(1) 

2.774(1) 

2.828(1) 

2.824(2) 

2.821(1) 

2.819(1) 

2.844(1) 

2.793(2) 

2.814(1) 

2.806(1) 

2.780(1) 

2.824(2) 

U1–Cl–U2 
 95.97(4) 

96.09(4) 

 

U2–Cl–U3 
 96.72(4) 

96.88(4) 

 

U3–Cl–U1 
 96.07(4) 

97.16(4) 

 

Cl1–U–Cl2 
73.06(4) 

72.20(4) 

72.39(4) 

73.97(4) 

74.49(4) 

72.56(4) 

ClA1–U–ClB1 
77.14(4) 

82.05(4) 

75.61(4) 

80.12(4) 

78.90(4) 

75.51(4) 

ClA1–U–ClB2 
119.17(4) 

123.39(4) 

118.23(4) 

121.65(4) 

119.81(4) 

119.43(4) 

Cl–U–Cp(cent) 

119.27(3) 

116.27(3) 

124.55(3) 

117.34(3) 

125.59(4) 

120.31(3) 

118.02(3) 

116.12(3) 

122.37(3) 

120.83(3) 

119.46(3) 

117.82(3) 
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Table S9. Selected bond distances (Å) and angles (°) for each individual uranium ion in 1-Br. 

 

 

 

 

 

 

 

 

 

 

 

 

1-Br U1 U2 U3 

U1∙∙∙U2  4.4351(5)  

U2∙∙∙U3  4.3114(5)  

U3∙∙∙U1  4.3822(5)  

U–Cp(cent) 2.5266(3) 2.4998(4) 2.4874(4) 

U–Br 

2.9873(7) 

2.9917(8) 

2.9478(8) 

2.9708(7) 

3.0127(7) 

2.9686(6) 

2.9736(8) 

2.9169(7) 

2.9617(7) 

2.9221(8) 

2.9914(7) 

2.9682(6) 

U1–Br–U2 
 96.16(2) 

95.32(2) 

 

U2–Br–U3 
 95.19(2) 

93.17(2) 

 

U3–Br–U1 
 95.10(2) 

95.09(2) 

 

Br1–U–Br2 
72.97(2) 

74.06(2) 

76.94(2) 

72.93(2) 

77.05(2) 

73.47(2) 

BrA1–U–BrB1 
76.40(2) 

80.38(2) 

78.36(2) 

75.83(2) 

77.83(2) 

77.34(2) 

BrA1–U–BrB2 
120.60(2) 

121.30(2) 

120.19(2) 

121.91(2) 

123.06(2) 

120.94(2) 

Br–U–Cp(cent) 

115.97(2) 

116.57(2) 

123.43(2) 

121.85(2) 

117.47(2) 

109.72(2) 

128.26(2) 

122.01(2) 

113.30(2) 

123.36(2) 

115.63(2) 

123.32(2) 
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Table S10. Selected bond distances (Å) and angles (°) for each individual uranium ion in 1-I. 

 

 

 

 

 

 

 

 

 

 

 

 

1-I U1 U2 U3 

U1∙∙∙U2  4.5874(5)  

U2∙∙∙U3  4.5148(5)  

U3∙∙∙U1  4.6077(4)  

U–Cp(cent) 2.4773(4) 2.4949(4) 2.4695(3) 

U–I 

3.2021(7) 

3.1791(9) 

3.2212(8) 

3.1562(6) 

3.1732(8) 

3.2183(9) 

3.192(1) 

3.2211(6) 

3.1738(8) 

3.1747(9) 

3.1876(8) 

3.1974(8) 

U1–I–U2 
 92.05(2) 

91.62(2) 

 

U2–I–U3 
 92.74(2) 

92.18(2) 

 

U3–I–U1 
 89.57(2) 

90.56(2) 

 

I1–U–I2 
76.39(2) 

76.98(2) 

75.96(2) 

76.23(2) 

76.87(2) 

76.88(2) 

IA1–U–IB1 
77.18(2) 

83.05(2) 

78.86(2) 

76.78(2) 

80.52(2) 

78.07(2) 

IA1–U–IB2 
126.26(2) 

127.00(2) 

125.15(2) 

121.30(2) 

127.249(2) 

124.60(2) 

I–U–Cp(cent) 

116.44(2) 

112.56(2) 

120.28(2) 

117.31(2) 

121.56(2) 

121.41(2) 

113.33(2) 

117.06(2) 

116.37(2) 

113.42(2) 

119.33(2) 

118.86(2) 
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6. Magnetic Measurements 

6.1 General. Samples for magnetic measurements were prepared by adding polycrystalline 

powder (23.4 mg (CpiPr5)2U2(OPhtBu)4, 12.7 mg (CpiPr5)3U3Cl6 (1-Cl), 24.7 mg (CpiPr5)3U3Br6 (1-

Br), and 13.1 mg (CpiPr5)3U3Br6 (1-I)) to 7 mm quartz tubes, which were subsequently packed 

with eicosane (25.7 mg for (CpiPr5)2U2(OPhtBu)4, 30.5 mg for 1-Cl, 15.1 mg for 1-Br, and 22.2 mg 

for 1-I) to prevent crystallite torqueing and provide good thermal contact between the samples and 

the bath. Additionally, to show reproducibility, a second solid-state sample of 1-Cl was prepared 

(from a separately synthesized batch of compound), consisting of 10.7 mg of 1-Cl and 21.1 mg of 

eicosane. The tubes were fitted with Teflon sealable adapters, evacuated on a Schlenk line or using 

a glove box vacuum pump, and flame-sealed under static vacuum using a H2/O2 torch. Following 

flame sealing, the solid eicosane was melted in a water bath held at 45 °C. Solution samples of 1-

Cl and 1-Br were prepared by dissolving the compounds (14.1 mg of 1-Cl and 12.3 mg of 1-Br) 

in toluene (205 mg for 1-Cl and 210.1 mg for 1-Br) into 5 mL glass scintillation vials, which were 

subsequently placed in a −25 °C freezer for 1 h, after which time the solutions were filtered through 

a celite-padded plug to remove any insoluble materials. The filtered solutions were then transferred 

into 7 mm quartz tubes, with total sample masses of 118.5 mg (1-Cl) and 102.0 mg (1-Br). The 

quartz tubes were fitted with Teflon sealable adapters, frozen with liquid nitrogen, evacuated on a 

Schlenk line, then flame-sealed. Unless specified otherwise, all magnetic measurements were 

performed using a Quantum Design MPMS2 superconducting quantum interference device 

(SQUID) magnetometer. All data were corrected for diamagnetic contributions from eicosane (χd 

= −2.4306 × 10−4 cm3·mol−1) or toluene solvent (χd = −6.56 × 10−5 cm3·mol−1), and from the core 

diamagnetism of the sample (χd = −9.68 × 10−4 cm3·mol−1 ((CpiPr5)2U2(OPhtBu)4),  −9.78 × 10−4 

cm3·mol−1 (1-Cl), −1.038 × 10−3 cm3·mol−1 (1-Br), and −1.134 × 10−3 cm3·mol−1 (1-I)), which 

were estimated using Pascal’s constants.27  

6.2 Dc magnetic susceptibility and variable field magnetization measurements. Unless 

otherwise stated, dc magnetic susceptibility data were collected at temperatures ranging from 2 to 

300 K at applied fields of 0.1, 1.0, and 7.0 T for (CpiPr5)2U2(OPhtBu)4 and 1-X (X = Cl, Br, I). In 

the case of the dc magnetic susceptibility data for (CpiPr5)2U2(OPhtBu)4 and 1-I, the 0.1 T data do 

not overlay with the 1 and 7 T data at high temperatures (Figures S42 and S77). This difference is 

due to the presence of a minor ferromagnetic impurity; such impurities are common, and can be 

introduced through, for example, the use of stainless-steel laboratory equipment, which can 

introduce small quantities of metal oxides (such as magnetite and other ferrites).28–31 We corrected 

the dc susceptibility data of (CpiPr5)2U2(OPhtBu)4 and 1-I for the presence of a ferromagnetic 

impurity by performing a least-squares fitting of the susceptibilities at 0.1 and 1 T (Figures S45 

and S81) as described in references 28-31. The fits suggest ferromagnetic impurity contributions 

of 1.74 × 10−5 and 4.99 × 10−5 cm3 for (CpiPr5)2U2(OPhtBu)4 and 1-I, respectively—consistent with 

values determined in references 28-31. Variable-field magnetization measurements were 

performed on all samples in the magnetic field range of ±7 T using an average sweep rate of 140(4) 

Oe/s for |Hdc| > 20 kOe (2 T) and 33(1) Oe/s for |Hdc| < 20 kOe. The sample masses for toluene 

solutions of 1-Cl and 1-Br were estimated from their magnetization values at 7 T and 2 K, which 

were compared with those measured for the polycrystalline samples. For polycrystalline 1-Cl at 7 

T and 2 K, M is 2976.8 cm3/mol; a M value of 0.0103 cm3 was found for the dilute frozen toluene 

solution of 1-Cl at 2 K and 7 T, corresponding to a mass of 6.1 mg of 1-Cl and a concentration of 

26.7 mM. Likewise, for polycrystalline 1-Br at 7 T and 2 K, M is 3245.1 cm3/mol and a M value 

of 0.0083 cm3 was found for the dilute frozen toluene solution, corresponding to a mass of 5.2 mg 
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of 1-Br and a concentration of 23.0 mM. We acknowledge that slight structural changes of 1-Cl 

and 1-Br upon dissolution in toluene will lead to changes in the exchange-coupled ground states 

of the complexes when compared with the properties in the solid-state, including the measured 

magnetization, leading to some errors in using this method to determine sample masses that is not 

typically present when used for mononuclear complexes.11 

 

 
Figure S42. Plot of the molar magnetic susceptibility times temperature (χMT) versus temperature 

(without a ferromagnetic correction) for polycrystalline (CpiPr5)2U2(OPhtBu)4 under dc fields of 0.1 

T (blue circles), 1 T (purple circles), and 7 T (red circles) without a ferromagnetic correction.  
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Figure S43. Plot of the molar magnetic susceptibility (χM) versus temperature (without a 

ferromagnetic correction) for polycrystalline (CpiPr5)2U2(OPhtBu)4 under dc fields of 0.1 T (blue 

circles), 1 T (purple circles), and 7 T (red circles). 

 

Figure S44. Plot of the inverse of the molar magnetic susceptibility (χM
−1) versus temperature 

(without a ferromagnetic correction) for polycrystalline (CpiPr5)2U2(OPhtBu)4 under dc fields of 0.1 

T (blue circles), 1 T (purple circles), and 7 T (red circles).  
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Figure S45. Plot of the molar magnetic susceptibility times temperature (χMT) versus temperature 

for polycrystalline (CpiPr5)2U2(OPhtBu)4 under dc fields of 0.1 T (blue circles), 1 T (purple circles), 

and 7 T (red circles). The susceptibilities have been corrected for the presence of a ferromagnetic 

impurity. The decrease in χMT, particularly at low temperatures, is ascribed to thermal 

depopulation of excited crystal field states (i.e., MJ states) as a result of magnetic anisotropy, as 

well as strong Zeeman splitting. 

 

Figure S46. Plot of the molar magnetic susceptibility (χM) versus temperature for polycrystalline 

(CpiPr5)2U2(OPhtBu)4 under dc fields of 0.1 T (blue circles), 1 T (purple circles), and 7 T (red 

circles). The susceptibilities have been corrected for the presence of a ferromagnetic impurity. 
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Figure S47. Plot of the inverse of the molar magnetic susceptibility (χM
−1) versus temperature for 

polycrystalline (CpiPr5)2U2(OPhtBu)4 under dc fields of 0.1 T (blue circles), 1 T (purple circles), and 

7 T (red circles). The susceptibilities have been corrected for the presence of a ferromagnetic 

impurity. 
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Figure S48. Variable-field magnetization, M, versus field, H, data collected on polycrystalline 

(CpiPr5)2U2(OPhtBu)4 at 2.0 K under applied fields from ± 7 T. Sweep rates of 140(4) Oe/s and 33(1) 

Oe/s were used for |Hdc| > 20 kOe and |Hdc| < 20 kOe, respectively. The steady increase in 

magnetization above 2 T, coupled with the presence of an inflection point near 4 T, is strongly 

suggestive of a thermally-broadened ground state-crossover due to strong Zeeman splitting. 

Specifically, in cases where there is weak antiferromagnetic exchange, strong Zeeman splitting 

results in stabilization of a thermally-accessible ferromagnetic excited state.32 
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Figure S49. Plot of χMT versus T for polycrystalline (CpiPr5)3U3Cl6 (1-Cl) under dc fields of 0.1 T 

(blue circles), 1 T (purple circles), and 7 T (red circles). The decrease in χMT, particularly at low 

temperatures, is the result of a combination of antiferromagnetic exchange coupling, as well as the 

thermal depopulation of excited crystal field states (i.e., MJ states) resulting from magnetic 

anisotropy and strong Zeeman splitting. 

 

Figure S50. Field-cooled (red) and zero-field cooled (blue) χMT versus T data for polycrystalline 

(CpiPr5)3U3Cl6 (1-Cl) under a dc field of 0.1 T. 
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Figure S51. Expanded view of the field-cooled (red) and zero-field cooled (blue) χMT versus T 

data collected for polycrystalline 1-Cl under a dc field of 0.1 T between 2 and 10 K. The divergence 

in the measurements at 2 K is the result of magnetic blocking. 

 
Figure S52. Plot of the molar magnetic susceptibility (χM) versus temperature for polycrystalline 

1-Cl under dc fields of 0.1 T (blue circles), 1 T (purple circles), and 7 T (red circles). 
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Figure S53. Plot χM versus T for polycrystalline 1-Cl under dc fields of 0.1 T (blue circles), 1 T 

(purple circles), and 7 T (red circles) between 2 and 80 K. There are maxima in χM at approx. 28 

K at all applied fields, ascribed to antiferromagnetic coupling between uranium ions.  

 
Figure S54. Plot of χM

−1 versus T for polycrystalline 1-Cl under dc fields of 0.1 T (blue circles), 

1 T (purple circles), and 7 T (red circles).  
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Figure S55. Plot of χMT versus T for a second sample of polycrystalline (CpiPr5)3U3Cl6 (1-Cl), 

which was synthesized in a separate batch. Measurements were performed using a Quantum 

Design MPMS 3 under dc fields of 0.1 T (blue circles), 1 T (purple circles), and 7 T (red circles) 

between 2 and 300 K.  
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Figure S56. Plot of the field-cooled (red) and zero-field cooled (blue) χMT versus T data collected 

on a second polycrystalline sample of 1-Cl. Measurements were performed using a Quantum 

Design MPMS 3 under a dc field of 0.1 T between 1.8 and 4 K (in increments of 0.2 K). The 

divergence in χMT below 3 K is the result of magnetic blocking. 
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Figure S57. Plot of the molar magnetic susceptibility (χM) versus temperature for a second 

polycrystalline sample of 1-Cl under dc fields of 0.1 T (blue circles), 1 T (purple circles), and 7 T 

(red circles). 
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Figure S58. Plot χM versus T for a second polycrystalline sample of 1-Cl under dc fields of 0.1 T 

(blue circles), 1 T (purple circles), and 7 T (red circles) between 2 and 80 K. There are maxima in 

χM at ~28 K at all applied fields, ascribed to antiferromagnetic coupling between uranium ions.  
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Figure S59. Plot of χM

−1 versus T for a second polycrystalline sample of 1-Cl under dc fields of 

0.1 T (blue circles), 1 T (purple circles), and 7 T (red circles).  
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Figure S60. Plot of χM versus T between 0 and 40 K for polycrystalline 1-Cl (filled circles) and a 

26.7 mM frozen toluene frozen solution of 1-Cl (open circles) under a dc field of 7 T. The 

magnitude of the exchange interaction, estimated based on the location of the maximum in χM, 

appears to be weaker for the solution-phase sample, presumably due to a structural change upon 

dissolution in toluene. 
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Figure S61. Variable-field magnetization data for polycrystalline 1-Cl collected under fields 

ranging from ±7 T, showing magnetic hysteresis at 2.0 K. Sweep rates of 140(4) Oe/s and 33(1) 

Oe/s were used for |Hdc| > 20 kOe and |Hdc| < 20 kOe, respectively. 

 

 
Figure S62. Expanded view of the variable-field magnetization data shown in Figure S61, 

highlighting the region between ±0.5 T. The drop in M upon approaching 0 T is ascribed to 

quantum tunneling. 
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Figure S63. Variable-field magnetization of a second polycrystalline sample of 1-Cl at 2.0 K. The 

drop in M upon approaching 0 T is ascribed to quantum tunneling. Sweep rates of 140(4) Oe/s and 

33(1) Oe/s were used for |Hdc| > 20 kOe and |Hdc| < 20 kOe, respectively. 
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Figure S64. Expanded view of the variable-field magnetization of a second polycrystalline sample 

of 1-Cl, highlighting magnetic hysteresis in the region between ±0.5 T at 2.0 K. The drop in M 

upon approaching 0 T is ascribed to quantum tunneling. Sweep rates of 140(4) Oe/s and 33(1) Oe/s 

were used for |Hdc| > 20 kOe and |Hdc| < 20 kOe, respectively. 
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Figure S65. Variable temperature magnetization data collected on a second polycrystalline sample 

of 1-Cl, highlighting magnetic hysteresis in the region between ±0.5 T from 2.0 to 2.5 K. Sweep 

rates of 140(4) Oe/s and 33(1) Oe/s were used for |Hdc| > 20 kOe and |Hdc| < 20 kOe, respectively. 
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Figure S66. Variable-field magnetization data collected on a frozen toluene solution of 1-Cl, 

showing magnetic hysteresis at 2.0 K under applied fields, H, ranging from ±7 T. Sweep rates of 

140(4) Oe/s and 33(1) Oe/s were used for |Hdc| > 20 kOe and |Hdc| < 20 kOe, respectively. 

 

 
Figure S67. Expanded view of the variable-field magnetization data shown in Figure S66. 
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Figure S68. Comparison of the magnetic hysteresis of polycrystalline and frozen toluene solutions 

1-Cl at 2.0 K. 

 

 
Figure S69. Variable field magnetization data collected on a frozen solution sample of 1-Cl, 

revealing hysteresis within the temperature range of 2 to 2.5 K. 
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Figure S70. Plot of χMT versus T for polycrystalline 1-Br under dc fields of 0.1 T (blue circles), 1 

T (purple circles), and 7 T (red circles). The decrease in χMT, particularly at low temperatures, is 

ascribed to antiferromagnetic exchange coupling as well as the thermal depopulation of excited 

crystal field states (i.e., MJ states) as a result of magnetic anisotropy and strong Zeeman splitting. 

 

 
Figure S71. Plot of the molar magnetic susceptibility (χM) versus temperature for polycrystalline 

1-Br under dc fields of 0.1 T (blue circles), 1 T (purple circles), and 7 T (red circles).  
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Figure S72. Plot of χM versus T for polycrystalline 1-Br under dc fields of 0.1 T (blue circles), 1 

T (purple circles), and 7 T (red circles) between 2 and 50 K. The maxima in χM at 17 K (0.1 T and 

1.0 T) or 15 K (7.0 T) are ascribed to antiferromagnetic coupling between uranium ions. The 

decrease in the temperature of this maximum at higher-applied field strengths might be ascribed 

to a greater Zeeman splitting of the ferromagnetic excited state relative to the antiferromagnetic 

ground state, which could lead to a smaller energy gap at higher applied fields.32 

 

Figure S73. Plot of χM
−1 versus T for polycrystalline 1-Br under dc fields of 0.1 T (blue circles), 

1 T (purple circles), and 7 T (red circles).  
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Figure S74. Plot of χM versus T for polycrystalline 1-Br (filled symbols) and a 23.0 mM toluene 

frozen solution of 1-Br (empty symbols) under a dc field 7 T. The maximum in χM decreases from 

15 K (polycrystalline) to 11 K (toluene solution), presumably due to a structural change in solution 

leading to weaker magnetic exchange coupling. 

 
Figure S75. Variable-field magnetization data collected on polycrystalline 1-Br at 2.0 K under 

applied fields from ±7 T. Sweep rates of 140(4) Oe/s and 33(1) Oe/s were used for |Hdc| > 20 kOe 

and |Hdc| < 20 kOe, respectively.  
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Figure S76. Variable-field magnetization data collected on a frozen 23.0 mM solution of 1-Br in 

toluene, at 2.0 K, under applied fields ranging from ± 7 T. Sweep rates of 140(4) Oe/s and 33(1) 

Oe/s were used for |Hdc| > 20 kOe and |Hdc| < 20 kOe, respectively.  
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Figure S77. Plot of χMT versus T (without a ferromagnetic correction) for polycrystalline 1-I under 

dc fields of 0.1 T (blue circles), 1 T (purple circles), and 7 T (red circles). The decrease in χMT, 

particularly at low temperatures, is ascribed to a combination of antiferromagnetic exchange 

coupling as well as the thermal depopulation of excited crystal field states (i.e., MJ states) as a 

result of magnetic anisotropy and strong Zeeman splitting. 

 

Figure S78. Plot of χM versus T (without a ferromagnetic correction) for polycrystalline 1-I under 

dc fields of 0.1 T (blue circles), 1 T (purple circles), and 7 T (red circles). 



S73 
 

 
Figure S79. Plot of χM versus T (without a ferromagnetic correction) for polycrystalline 1-I under 

dc fields of 0.1 T (blue circles), 1 T (purple circles), and 7 T (red circles) between 2 and 30 K.  

 
Figure S80. Plot of χM

−1 versus T (without a ferromagnetic correction) for polycrystalline 1-I under 

dc fields of 0.1 T (blue circles), 1 T (purple circles), and 7 T (red circles).  
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Figure S81. Plot of χMT versus T for polycrystalline 1-I under dc fields of 0.1 T (blue circles), 1 

T (purple circles), and 7 T (red circles). The susceptibilities have been corrected for the presence 

of a ferromagnetic impurity. The decrease in χMT, particularly at low temperatures, is ascribed to 

a combination of antiferromagnetic exchange coupling as well as the thermal depopulation of 

excited crystal field states (i.e., MJ states) as a result of magnetic anisotropy and strong Zeeman 

splitting. 

 

Figure S82. Plot of χM versus T for polycrystalline 1-I under dc fields of 0.1 T (blue circles), 1 T 

(purple circles), and 7 T (red circles). The susceptibilities have been corrected for the presence of 

a ferromagnetic impurity. 
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Figure S83. Plot of χM versus T for polycrystalline 1-I under dc fields of 0.1 T (blue circles), 1 T 

(purple circles), and 7 T (red circles) between 2 and 30 K. The susceptibilities have been corrected 

for the presence of a ferromagnetic impurity. Under applied fields of 1 T and below, there is a 

maximum in χM at 5 K ascribed to antiferromagnetic coupling between uranium ions. Under a 7 T 

field, this maximum disappears, likely as strong Zeeman splitting leads to the ferromagnetically 

coupled excited state becoming the new ground state. 
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Figure S84. Plot of χM

−1 versus T for polycrystalline 1-I under dc fields of 0.1 T (blue circles), 1 

T (purple circles), and 7 T (red circles). The susceptibilities have been corrected for the presence 

of a ferromagnetic impurity. 

 
Figure S85. Variable-field magnetization collected on polycrystalline 1-I at 2.0 K under applied 

fields ranging from ±7 T. Sweep rates of 140(4) Oe/s and 33(1) Oe/s were used for |Hdc| > 20 kOe 

and |Hdc| < 20 kOe, respectively. 
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Figure S86. Variable-field magnetization data for 1-I at 2.0 K under applied fields ranging from 

0 to 7 T. When Hdc ≤ 1.5 T, the magnetization approaches a value consistent with an 

antiferromagnetically-coupled ground state. As the field strength is increased beyond 2 T, M 

increases more dramatically, which we ascribe to a thermally-broadened ground-state crossover, 

as Zeeman splitting leads to a stabilization of a ferromagnetically-coupled ground state.32 
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Figure S87. Differential magnetization, dM/dH, for 1-I at 2.0 K under applied fields ranging from 

±7 T.  A maximum in dM/dH occurs at ± 3.5 T, and this point is known as the critical field, HCF, 

at which the ground state of 1-I changes from antiferromagnetically coupled to ferromagnetically-

coupled.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S79 
 

6.3 EPR Spectroscopy 

 

X-band electron paramagnetic resonance (EPR) spectroscopy data were collected for 1-X using a 

Bruker Elexys E580 spectrometer equipped with a Bruker ER 4118X-MD5 X-band resonator 

operating in CW mode in an Oxford CF935 flow cryostat. Temperature was maintained using a 

ColdEdge Stinger closed-cycle helium recirculator. Samples of 1-X (X = Cl, Br, I) were ground to 

a fine powder and loaded into 3 mm outer diameter quartz tubes that had been pre-sealed at one 

end. Each tube was closed off at the other end using a septum and then flame-sealed after cooling 

with liquid N2. An additional sample of 1-Cl was prepared as a solution of ca. 1 mg in 100 μL 

C6D6. All spectra were recorded with a microwave power of 0.47 mW, a modulation amplitude of 

4 G, and a modulation frequency of 100 MHz. Spectra were recorded at 6 K for all samples, and 

in each case no signal attributable to the uranium complexes was observed between 50 and 1000 

mT. In the spectra obtained for the solid 1-Br sample and solution 1-Cl sample, a small signal at 

g = 2 was present which we have attributed to contamination by a radical impurity. 

 

 
 

 

Figure S88. Representative X-band EPR spectra of powdered 1-Cl (green), 1-Br (cyan), and I-I 

(red) at 6 K. The small signals at 180 mT, present in all spectra, as well as the sharp negative 

signals at 350 mT (in 1-Cl and 1-I), are due to impurities in the sapphire insert of the resonator. 

The latter signal is obscured in 1-Br by a signal originating from an organic radical impurity (g = 

2).  
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Figure S89. X-band EPR spectrum of 1-Cl in C6D6 collected at 6 K. The small signal at 180 mT 

is due to impurities in the sapphire insert of the resonator. These impurities also contribute a sharp 

negative signal at 350 mT, though this is partially obscured by a signal originating from an organic 

radical impurity (g = 2). 
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6.4 Simplified Model of Magnetic Exchange in (CpiPr5)3U3X6 (X = Cl, Br, I) Using the Ising 

Model. The Ising model has been used to model magnetic exchange interactions in many 

anisotropic f-element complexes.33,34 The main assumptions are: (i) the energy of the interaction 

is weak enough that only the ground MJ states of each ion are involved in the exchange 

interaction,35 and (ii) that the MJ states are largely axial (gx, gy = 0), such that only the z-component 

of the exchange interaction can be modelled. A modified form of the Heisenberg Hamiltonian 

(which is used to model an isotropic magnetic exchange interaction) is then used to describe the 

exchange interaction involving the z-component of the MJ state for each interacting ion (Figure 

S73). A further simplification is to treat each MJ state as a pseudospin with a value of ±1/2.35 In 

the case of 1-X, requirement (i) is likely fulfilled—while many uranium(III) complexes are not 

axial, it is still likely the case that gz > gx, gy, given the strong axial anisotropy provided by the 

crystal field splitting from CpiPr5 on each uranium ion.8 This is further corroborated by the EPR-

silent nature of 1-X (Figures S88 and S89), which indicates that the ground states are highly axial 

(i.e., non-zero gx and gy tensors are necessary to observe an EPR signal).36 The z axis for the ground 

MJ state of each uranium ion in 1-X is assumed to be parallel with the U–Cp(cent) bonding axis 

for the same ion.8   

Based on the Ising model for 1-X, antiferromagnetic coupling will result in three, doubly 

degenerate antiferromagnetically coupled states in which there is a non-colinear (i.e., non-parallel) 

alignment of two magnetic moments parallel with respect to each other, and antiparallel with the 

remaining magnetic moment. These antiferromagnetic states will differ in energy with respect to 

each other based on differences in the strength of the exchange interaction, J, between each pair 

of uranium ions. The three uranium ions in each compound are structurally very similar with 

respect to each other (Tables S7-S10), and so these energy differences are likely to be very small 

(Figure S90). As such, it is reasonable to consider these antiferromagnetic states as quasi-

degenerate, similar to what has been observed in triangular, lanthanide Ising complexes.37 These 

quasi-degenerate states will then be separated in energy from the doubly-degenerate, excited, 

ferromagnetic state by a value approximately equal to 2Jz,avg, where Jz,avg is the average exchange 

interaction along the z-direction (assuming JAB ≈ JBC ≈ JAC ≈ Jz,avg; see Figure S90).  

While, in principle, Jz,avg represents magnetic exchange interaction in the z direction, in 1-X, this 

is complicated by the noncolinearity of the z axes for each uranium ion. In triangular lanthanide 

complexes, such as the toroidal magnetic molecule, [Dy3(μ3-OH)2L3Cl2(H2O)4][Dy3(μ3-

OH)2L3Cl(H2O)5]Cl5 ∙19 H2O (HL = o-vanillin),33,38,39 and other structurally analogous 

complexes,40,41 a correction can be made to the Ising Hamiltonian used to fit the solid-state dc 

susceptiblity data to account for non-colinear axes. In the case of such complexes, such as in the 

o-vanillin complexes, ab initio calculations indicate that the z axes for each Dy ion are related to 

each other by approximately 120°. Then, this colinearity can be accounted for within the Lines 

model35 where 𝐽 = 25cosφJ, where φ is the angle between the anisotropy axes between the two 

metal ions involved in the exchange interaction, 𝐽 is the Lines exchange coupling parameter, and 

J is the exchange interaction extracted from fits of the powder susceptibility data using the Ising 

Hamiltonian. In the end, this results in an energy level scheme analogous to that shown in Figure 

S90. The applicability of the Ising model to such complexes is the result of both well-established 

ab initio computational methods that are available to model the electronic structure of Dy(III) (4f9, 
6H15/2) and the highly axial nature of the ground MJ state of Dy(III) in an axial ligand field, resulting 

in anisotropy tensors (gx, gy, gz) that show small deviations from that expected for MJ = ± 15/2 (0, 

0, 20). In such cases, ab initio calculations on mononuclear fragments of the exchange-coupled 
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complexes allows the anisotropy axes (i.e., z axes) for the ground MJ state of each Dy ion to be 

determined, as well as the relative orientations of these axes with respect to the other. Such 

information is crucial in order to accurately apply the Ising model to fit the dc magnetic 

susceptibility data in such highly-anisotropic complexes. The greater complexity of uranium’s 

electronic structure makes analogous computational methods more difficult. To the best of our 

knowledge, such methods have not been used to model magnetic exchange in actinide complexes. 

Attempts at such methods are beyond the scope of this paper, but we note that we plan to pursue 

such methods for the subject of a follow-up study.  

Since we have no knowledge of the anisotropy tensors of the ground MJ state of each uranium ion 

in 1-X, we did not attempt to fit the dc magnetic susceptiblity data using the Ising model. We note 

that the Ising model has previously been used to fit dc susceptibility data in the diimide-bridged 

diuranium(V) complex, [(MeC5H4)3U]2(μ-1,4-N2C6H4)],42 resulting in a J = −19 cm−1  as well as 

in the trinuclear mixed-valence neptunyl(V/VI) complex, (NpVIO2Cl2)[NpVO2Cl(THF)3]2, 

resulting in a J = + 7.5 cm−1 between the Np(V) and Np(VI) ions.43 The modelling of the exchange 

interaction in the former is simplified by the near-colinear nature of the magnetic moments of the 

uranium(V) ions. In the case of the latter, the relatively simpler electronic structures afforded by 

the 5f1 and 5f2 ions of Np(VI) and Np(V), respectively—relative to 5f3 uranium(III)—help 

simplify the number of crystal field parameters needed to describe the MJ states in the complex.  

During our investigation of the dynamic magnetic properties of 1-Cl and 1-Br, we found that the 

temperature dependence of their magnetic relaxation times, τ, extracted from ac susceptibility 

measurements was best fit—all or in part—to an Orbach process, described by the equation τ−1 = 

τ0
−1exp(−Ueff/kBT) where Ueff is the thermal barrier to magnetic relaxation. Furthermore, our 

studies on dilute, frozen solution samples of these complexes indicated that the magnetic relaxation 

rates become faster in solution, which we can attribute, possibly, to structural changes leading to 

weaker magnetic exchange interactions in solution. This strongly suggested that Ueff is correlated 

with the strength of the exchange interaction in these complexes. This is similar to what has been 

observed in radical-bridged multinuclear lanthanide complexes that possess strong magnetic 

exchange interactions.44,45 In such complexes, Ueff is related to the energy needed to flip one of the 

magnetic moments in the ground, exchange-coupled state into the opposite direction. By analogy, 

Ueff for 1-Cl and 1-Br would be related to the energy needed to flip the magnetic moment of the 

antiparallel-aligned magnetic moment within the antiferromagnetic ground state such that it 

becomes near-parallel with the other two magnetic moments. This flip in the direction of the 

magnetic moment will happen along the z axis for each respective uranium ion. Thus, this 

directional flip results in an arrangement consistent with the ferromagnetic excited state described 

by the Ising model. This state is higher in energy than the antiferromagnetic ground state by 

approximately 2Jz,avg. Thus, even though our use of the Ising model does not provide any 

information on the net direction of the magnetic moments of the exchange-coupled states (except 

that it is somewhere in the triangular plane between the three uranium ions) or how the direction 

of these net magnetic moments are related to the anisotropy axes of the individual ions, we can use 

the measured values of Ueff to estimate Jz,avg. Then, assuming that exchange along the x and y axes 

of each uranium ion is negligible in comparison, we can further approximate Jz,avg ≈ Javg, the 

average exchange interaction between uranium ions in 1-X. For 1-Br, we obtained a value of Javg 

= − 10.1 cm−1. Based on the temperature at which χM reaches a maximum for 1-Br, 17 K 

(corresponding thermal energy of kBT = 11.8 cm−1), this exchange value is reasonable. The 

temperature at which χM reaches a maximum is related to the strength of the exchange 
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interaction.34,46 For 1-Cl, two relaxation processes were observed, suggesting that Javg is within the 

range of −15.3 to −22.5 cm−1, but is likely closer to the former because the temperature at which 

χM reaches a maximum is 28 K (19.5 cm−1). The other relaxation process might involve excited MJ 

states, further emphasizing that the 1-X complexes are not perfectly Ising.  

 

The exchange interactions estimated here using Ueff = 2J are likely overestimates of the actual 

exchange interaction.  

  

 
Figure S90. (I) Simplistic illustration of the exchange interactions in 1-X, in which the ground 

Kramers doublet (±MJ state) of each uranium ion interacts with the Kramers doublets of the other 

ions to produce three pairs of quasi-degenerate antiferromagnetic states and one doubly-degenerate 

ferromagnetic excited state. (II) The uranium ions in 1-X are inequivalent with respect to each 

other, resulting in three pairs of exchange interactions. These exchange interactions were modeled 

using a pseudospin Hamiltonian.34,35  
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Figure S91. Exchange-coupled states in 1-X based on the Hamiltonian in Figure S90. Here it is 

assumed that the differences between the exchange interactions involving atoms A, B, and C, are 

likely small, such that the three antiferromagnetic Kramers doublets are pseudo-degenerate.  
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Figure S92. Exchange-coupled states in 1-X based on the Hamiltonian shown in Figure S90. The 

ferromagnetic excited state will interact with an applied magnetic field more strongly than the 

antiferromagnetic ground states, such that upon reaching a critical field, HCF, the ferromagnetic 

state becomes lower in energy that the antiferromagnetic states, such as what is observed in 1-I.32 
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6.5 Estimation of the Dipolar Exchange Strength in 1-X. The dipolar interaction is a through-

space interaction between magnetic moments, and can be modelled using the well-known 

Hamiltonian:47 

 

�̂�dip = 
−�̂�1 ∙  �̂�2  − 3(�̂�1 ∙ �⃑� 12)(�̂�2 ∙ �⃑� 12)

𝑟12
3   

 

Here, �̂�1 and �̂�2 are the magnetic moments of spins 1 and 2, r12 is the distance between the magnetic 

moments, and  �⃑� 12 is a unit vector along the r12 axis. For the f elements, if the dipolar interaction 

is weak relative to the magnetic anisotropy (i.e., crystal field splitting of the ±MJ Kramers 

doublets), then only interactions between the ground Kramers doublet of each metal ion need to 

be considered, and the magnetic moments can be simplified as pseudospins (�̂̃�𝑖 = ½): 

 

�̂�𝑖 = −𝜇𝐵𝑔𝑧𝑖
(𝑖)�̂̃�𝑖𝑧𝑖𝑒 𝑧𝑖 (𝑖 = 1, 2) 

 

Where 𝑔𝑧𝑖
(𝑖)

 is the anisotropy tensor for spin i, and  𝑒 𝑧𝑖 is the principal magnetic axis for spin i. 

Then the dipolar interaction strength, Jdip can be written:  

 

𝐽dip = (
𝜇0

4𝜋
) 𝜇𝐵

2𝑔𝑧1
1 𝑔𝑧2

2
(𝑐𝑜𝑠𝜃12 − 3𝑐𝑜𝑠𝜃1𝑛𝑐𝑜𝑠𝜃2𝑛)

𝑟12
3  

 

Where 𝜃12 is the angle between the principal anisotropy axes of the two spins, 𝜃𝑖𝑛 (i = 1,2) is the 

angle between the principal magnetic axis on center i and the vector  �⃑� 12 connecting the two spins, 

𝜇0 is the vacuum permeability of free space (1.257 × 10−6 kg∙m/s2∙A2), 𝜇B is the Bohr magneton 

(9.274 × 10−24 m2∙A), and r12 is reported in meters, m, resulting in an interaction strength in units 

of Joules, J, that can be related to cm−1 (1 cm−1 = 9.274 × 10−23 J).  

Without knowledge of the relative orientations (and anisotropy tensors) of the Kramers ground 

states in 1-X, we cannot accurately calculate Jdip. Nevertheless, the maximum strength of the 

dipolar interaction arises when the spins are completely parallel with each other and with the axis 

joining them, such that 𝜃12= 𝜃𝑖𝑛 = 0°, allowing us to estimate the maximum possible interaction 

strength in these complexes (in reality, the Kramers doublets will be non-colinear with respect to 

each other, so the real Jdip will be smaller). If we assume that the ground state of each uranium ion 

in 1-X is maximal, such that MJ = ± 9/2, then (gx, gy, gz) = (0, 0, 2∙mJ∙gJ) = (0, 0, 6.55), where gJ is 

the Landé g-factor. Then, the average dipolar interaction strength between two Kramers doublets 

in 1-X, based on the average U∙∙∙U separations in their crystal structures, will be 0.50 cm−1 (1-Cl), 

0.44 cm−1 (1-Br), and 0.39 cm−1 (1-I). Based on the Ising model, the separation between the 

ground, antiferromagnetic states, and the excited, ferromagnetic states, will be roughly equivalent 

to 2J, where J is the magnetic exchange interaction (J = Jdip + Jex). Even in the case that Jdip is 
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maximal, this will only correspond to energy gaps of 1.01 cm−1 (1-Cl), 0.89 cm−1 (1-Br), and 0.79 

cm−1 (1-I), far smaller than the thermal energies (kBT) at which the antiferromagnetic exchange 

begins to dominate the magnetic susceptibility in these complexes: 19.5 cm−1 (T = 28 K for 1-Cl), 

11.8 cm−1 (T = 17 K for 1-Br), and 3.5 cm−1 (T = 5 K for 1-I). As such, it is assumed here that the 

exchange interaction in these complexes is dominated by Jex. 
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6.6 Ac magnetic susceptibility data collection and fitting. Alternating current (ac) magnetic 

susceptibility measurements were performed on samples of (CpiPr5)2U2(OPhtBu)4,, 1-Cl, 1-Br, and 

1-I, using a 4 Oe oscillating ac field under zero dc field and applied dc fields up to 3000 Oe over 

frequencies ranging from 0.1 to 1500 Hz.  Ac susceptibility data were fit using a generalized Debye 

model48 describing a distribution of relaxation times, with the frequency-dependence of the in-

phase (χʹ(ω)) and out-of-phase (χʹʹ(ω)) magnetic susceptibilities being described by equations S1 

and S2:  

 

𝜒ʹ(𝜔) =  𝜒𝑆 + (𝜒𝑇 − 𝜒𝑆)
1+(𝜔𝜏)1−𝛼 sin(

𝜋𝛼

2
)

1+2(𝜔𝜏)1−𝛼 sin(
𝜋𝛼

2
)+(𝜔𝜏)2−2𝛼

   (S1) 

 

 

𝜒ʹʹ(𝜔) = (𝜒𝑇 − 𝜒𝑆)
(𝜔𝜏)1−𝛼 cos(

𝜋𝛼

2
)

1+2(𝜔𝜏)1−𝛼 sin(
𝜋𝛼

2
)+(𝜔𝜏)2−2𝛼

   (S2) 

 

Herein, χS is the adiabatic susceptibility, χT is the isothermal susceptibility, ω is the frequency of 

the oscillating magnetic field, τ is the relaxation time, and α is a variable representing the 

distribution of relaxation times and can range from 0 to 1; values close to zero indicate uniform 

relaxation occurring primarily via one mechanism.  

For 1-Cl and 1-I, ac susceptibility data required fits involving two relaxation processes, 

accomplished through the modification of equations S1 and S2:49 

 

𝜒ʹ(𝜔) =  𝜒𝑆,𝑇𝑜𝑡 + ∆𝜒1

1+(𝜔𝜏1)
1−𝛼1 sin(

𝜋𝛼1
2

)

1+2(𝜔𝜏1)
1−𝛼1 sin(

𝜋𝛼1
2

)+(𝜔𝜏1)
2−2𝛼1

 + ∆𝜒2

1+(𝜔𝜏2)
1−𝛼2 sin(

𝜋𝛼2
2

)

1+2(𝜔𝜏2)
1−𝛼2 sin(

𝜋𝛼2
2

)+(𝜔𝜏2)
2−2𝛼2

  (S3) 

 

 

𝜒ʹʹ(𝜔) =  ∆𝜒1

1+(𝜔𝜏1)
1−𝛼1 cos(

𝜋𝛼1
2

)

1+2(𝜔𝜏1)
1−𝛼1 sin(

𝜋𝛼1
2

)+(𝜔𝜏1)
2−2𝛼1

 + ∆𝜒2

1+(𝜔𝜏2)
1−𝛼2 cos(

𝜋𝛼2
2

)

1+2(𝜔𝜏2)
1−𝛼2 sin(

𝜋𝛼2
2

)+(𝜔𝜏2)
2−2𝛼2

   (S4) 

    

where 𝜒ʹ(𝜔) and 𝜒ʹʹ(𝜔) are the total in-phase and out-of-phase molar magnetic susceptibilities, 

respectively; 𝜒𝑆,𝑇𝑜𝑡 is the total adiabatic susceptibility, ∆𝜒𝑛 (n = 1, 2) is the difference in the 

isothermal (χT) and adiabatic (χS) susceptibilities for relaxation process n, and all other parameters 

are defined the same as for S1 and S2.  

The α values extracted from fits to χʹ and χʹʹ data were used to calculate uncertainty ranges for τ 

according to equation S5:  

            𝜏±(1𝜎) =  𝜏𝜇𝑒
± 1.82√𝛼

1−𝛼      (S5) 

Herein, 𝜏±(1𝜎) is the uncertainty range for one standard deviation from the mean and 𝜏𝜇 is the 

mean relaxation time.50 
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Figure S93. Plot of the in-phase (χMʹ, top) and out-of-phase (χMʹʹ, bottom) molar magnetic 

susceptibility versus the frequency of the 4 Oe oscillating field for polycrystalline 

(CpiPr5)2U2(OPhtBu)4 at 2.0 K. Measurements were performed under frequencies ranging from 1 to 

1500 Hz and applied dc fields ranging from 0 to 3000 Oe. Solid lines are fits of the data.  
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Figure S94. Cole-Cole plots for polycrystalline (CpiPr5)2U2(OPhtBu)4 collected at 2.0 K under static 

dc fields ranging from 0 to 3000 Oe. Measurements were performed with a 4 Oe oscillating field 

under frequencies ranging from 1 to 1500 Hz. Experimental data points are represented by colored 

circles, and the points representing the fit are connected by solid black lines. Note that χʹ does not 

go to zero, suggesting that there is a fast relaxation process happening at frequencies too high to 

be probed by within the range of our ac susceptibility measurements (1–1500 Hz). 

 

Table S11. Parameters used to fit ac magnetic relaxation data for (CpiPr5)2U2(OPhtBu)4  collected 

at 2.0 K under applied magnetic fields ranging from 25 to 3000 Oe, magnetic relaxation times 

extracted from these fits, and uncertainty ranges for the magnetic relaxation times.  

†𝜏±(1𝜎) is the uncertainty range for one standard deviation from the mean 

Hdc (Oe) χT (cm3/mol) χS (cm3/mol) α τ (s) 𝝉+(𝟏𝝈)† (s) 𝝉−(𝟏𝝈)† (s) 

25 0.104 0.0782 0.150 0.0006 0.001 0.0003 

50 0.106 0.0466 0.243 0.0009 0.003 0.0003 

100 0.106 0.0309 0.155 0.0025 0.0059 0.0011 

250 0.104 0.0191 0.132 0.0063 0.013 0.0029 

500 0.109 0.0160 0.166 0.0103 0.0252 0.00430 

1000 0.110 0.0175 0.196 0.0143 0.0389 0.00520 

1500 0.111 0.0160 0.233 0.0165 0.0519 0.00520 

2000 0.109 0.0156 0.229 0.0183 0.0566 0.00590 

2500 0.108 0.0153 0.241 0.0192 0.0621 0.00590 

3000 0.106 0.0154 0.231 0.0189 0.0590 0.00610 
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Figure S95. Field dependence of relaxation times extracted from ac magnetic susceptibility 

measurements on polycrystalline (CpiPr5)2U2(OPhtBu)4 collected at 2.0 K and applied dc fields 

ranging from 25 to 3000 Oe. The rapid rise in relaxation times at low fields is consistent with a 

suppression of quantum tunneling of the magnetization, which arises due to non-axial components 

in the ground crystal field state. The decrease in relaxation times after 2500 Oe is likely a result of 

a more efficient direct relaxation process becoming faster at high applied-field strengths. 
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Figure S96. Plot of the in-phase (χMʹ, top) and out-of-phase (χMʹʹ, bottom) molar magnetic 

susceptibility versus the frequency of the 4 Oe oscillating field for polycrystalline 

(CpiPr5)2U2(OPhtBu)4 under a 1500 Oe dc field. Measurement frequencies range from 1 to 1500 Hz, 

and temperatures range from 2.0 to 5.0 K. Solid lines are fits of the data.  
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Figure S97. Cole-Cole plots for polycrystalline (CpiPr5)2U2(OPhtBu)4 collected under a 1500 Oe 

applied dc field in the temperature range of 2.0 K to 5.0 K.  Experimental data points are 

represented by colored circles, and the points representing the fit are connected by solid black 

lines. Note that χʹ does not go to zero, suggesting that there is a fast relaxation process happening 

at frequencies too high to be probed by within the range of our ac susceptibility measurements (1–

1500 Hz). 

Table S12. Parameters used to fit ac magnetic relaxation data for (CpiPr5)2U2(OPhtBu)4 collected 

under an applied magnetic field of 1500 Oe over the temperature range of 2.0 K to 5.0 K, magnetic 

relaxation times extracted from these fits, and uncertainty ranges for the magnetic relaxation times.  

†𝜏±(1𝜎) is the uncertainty range for one standard deviation from the mean 

 

T (K) χT (cm3/mol) χS (cm3/mol) α τ (s) 𝝉+(𝟏𝝈)† (s) 𝝉−(𝟏𝝈)† (s) 

2.0 0.110 0.0162 0.228 0.0164 0.0507 0.00530 

2.5 0.089 0.0193 0.147 0.0074 0.017 0.0033 

3.0 0.078 0.0210 0.116 0.0032 0.0064 0.0016 

3.5 0.073 0.0227 0.147 0.0015 0.0034 0.00070 

4.0 0.068 0.0238 0.142 0.0007 0.002 0.0003 

4.5 0.064 0.0249 0.096 0.0004 0.0007 0.0002 

5.0 0.061 0.0186 0.168 0.0002 0.0004 0.0001 
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Figure S98. Plot of the in-phase (χMʹ, top) and out-of-phase (χMʹʹ, bottom) molar magnetic 

susceptibility versus the frequency of the 4 Oe oscillating field for polycrystalline 1-Cl under zero 

dc field. Measurement frequencies range from 0.1 to 1500 Hz, and temperatures range from 3 to 4 

K. Solid lines are fits of the data.  

  

 



S95 
 

 
Figure S99. Plot of the out-of-phase (χMʹʹ) molar magnetic susceptibility of polycrystalline 1-Cl 

collected at 3 K under zero dc field including fits involving two relaxation processes.  
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Figure S100. Fit lines illustrating the temperature dependence of the slow and fast relaxation 

processes in the out-of-phase (χMʹʹ) molar magnetic susceptibility of polycrystalline 1-Cl.  

 

 

 

 



S97 
 

 

Figure S101. Cole-Cole plots for polycrystalline 1-Cl collected under zero dc field in the 

temperature range of 3 to 4 K.  Experimental data points are represented by colored circles, and 

the points representing the fit are connected by solid black lines. Note that χʹ does not go to zero, 

suggesting that there is a fast relaxation process happening at frequencies too high to be probed by 

within the range of our ac susceptibility measurements (1–1500 Hz). We note that this behavior 

has been observed in other exchange-coupled actinide single-molecule magnets51,52 and may be 

due to rapid relaxation arising from intermolecular interactions. 

 

Table S13. Parameters used to fit the slow process in the ac susceptibility data for polycrystalline 

1-Cl collected under zero dc field and temperatures from 3 to 4 K, magnetic relaxation times 

extracted from these fits, and uncertainty ranges for the magnetic relaxation times.  

†𝜏±,1(1𝜎) is the uncertainty range for one standard deviation from the mean for the slow process 

 

 

 

 

T (K) Δχ1 (cm3/mol) χS,Total (cm3/mol) α1 τ1 (s) 𝝉+,𝟏(𝟏𝝈)† (s) 𝝉−,𝟏(𝟏𝝈)† (s) 

3.00 0.03 0.087 0.3 0.7 3.5 0.1 

3.25 0.03 0.080 0.5 0.4 4.5 0.04 

3.50 0.03 0.075 0.5 0.2 2.3 0.02 

3.75 0.02 0.069 0.5 0.03 0.4 0.003 

4.00 0.02 0.064 0.3 0.01 0.05 0.003 
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Table S14. Parameters used to fit the fast process in the ac susceptibility data for polycrystalline 

1-Cl collected under zero dc field and temperatures from 3 to 4 K, magnetic relaxation times 

extracted from these fits, and uncertainty ranges for the magnetic relaxation times.  

†𝜏±,2(1𝜎) is the uncertainty range for one standard deviation from the mean for the fast process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T (K) Δχ2 (cm3/mol) χS,Total (cm3/mol) α2 τ2 (s) 𝝉+,𝟐(𝟏𝝈)† (s) 𝝉−,𝟐(𝟏𝝈)† (s) 

3.00 0.03 0.087 0.25 0.013 0.045 0.0038 

3.25 0.03 0.080 0.20 0.006 0.02 0.002 

3.50 0.03 0.075 0.19 0.002 0.006 0.0008 

3.75 0.03 0.069 0.22 0.0008 0.002 0.0003 

4.00 0.03 0.064 0.16 0.0004 0.0009 0.0002 



S99 
 

Figure S102. Plot of the in-phase (χMʹ, top) and out-of-phase (χMʹʹ, bottom) molar magnetic 

susceptibility versus the frequency of the 4 Oe oscillating field for a second polycrystalline sample 

of 1-Cl under zero dc field. Measurement frequencies range from 0.1 to 1500 Hz, and temperatures 

range from 3.25 to 4 K. Solid lines are fits of the data.  
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Figure S103. Side-by-side comparison of the in-phase (χMʹ, top) and out-of-phase (χMʹʹ, bottom) 

molar magnetic susceptibility versus the frequency of the 4 Oe oscillating field for two different 

samples of polycrystalline 1-Cl under zero dc field, showing consistency in the data for the two 

samples. Measurement frequencies range from 0.1 to 1500 Hz. Solid lines are fits of the data.  
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Figure S104. Cole-Cole plots for a second polycrystalline sample of 1-Cl collected under zero dc 

field in the temperature range of 3.25 to 4 K.  Experimental data points are represented by colored 

circles, and the points representing the fit are connected by solid black lines. Note that χʹ does not 

go to zero, suggesting that there is a fast relaxation process happening at frequencies too high to 

be probed by within the range of our ac susceptibility measurements (1–1500 Hz). We note that 

this behavior has been observed in other exchange-coupled actinide single-molecule magnets51,52 

and may be due to rapid relaxation arising from intermolecular interactions. 

 

Table S15. Parameters used to fit the slow process in the ac susceptibility data for a second 

polycrystalline sample of 1-Cl collected under zero dc field in the temperature range of 3.25 to 4 

K, magnetic relaxation times extracted from these fits, and uncertainty ranges for the magnetic 

relaxation times.  

†𝜏±,1(1𝜎) is the uncertainty range for one standard deviation from the mean for the slow process 

 

 

T (K) Δχ1 (cm3/mol) χS,Total (cm3/mol) α1 τ1 (s) 𝝉+,𝟏(𝟏𝝈)† (s) 𝝉−,𝟏(𝟏𝝈)† (s) 

3.25 0.02 0.065 0.3 0.5 2.2 0.09 

3.50 0.03 0.062 0.5 0.2 2.0 0.02 

4.00 0.02 0.057 0.4 0.03 0.15 0.004 
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Table S16. Parameters used to fit the fast process in the ac susceptibility data for a second 

polycrystalline sample of 1-Cl collected under zero dc field in the temperature range of 3.25 to 4 

K, magnetic relaxation times extracted from these fits, and uncertainty ranges for the magnetic 

relaxation times.  

†𝜏±,2(1𝜎) is the uncertainty range for one standard deviation from the mean for the fast process 

 

 

 

 

T (K) Δχ2 (cm3/mol) χS,Total (cm3/mol) α2 τ2 (s) 𝝉+,𝟐(𝟏𝝈)† (s) 𝝉−,𝟐(𝟏𝝈)† (s) 

3.25 0.04 0.065 0.29 0.007 0.03 0.002 

3.50 0.03 0.062 0.18 0.002 0.006 0.0009 

4.00 0.02 0.057 0.08 0.0005 0.0009 0.0003 
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Figure S105. Plot of the in-phase (χMʹ, top) and out-of-phase (χMʹʹ, bottom) molar magnetic 

susceptibility versus the frequency of the 4 Oe oscillating field for polycrystalline 1-Br at 2.0 K. 

Measurements were performed under frequencies ranging from 1 to 1500 Hz and applied dc fields 

ranging from 0 to 2500 Oe. Solid lines are fits of the data.  
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Figure S106. Cole-Cole plots for polycrystalline 1-Br collected at 2.0 K in static dc fields ranging 

from 0 to 2500 Oe. Measurements were performed with a 4 Oe oscillating field under frequencies 

ranging from 1-1500 Hz. Experimental data points are represented by colored circles, and the 

points representing the fit are connected by solid black lines. Note that χʹ does not go to zero, 

suggesting that there is a fast relaxation process happening at frequencies too high to be probed by 

within the range of our ac susceptibility measurements (1–1500 Hz). We note that this behavior 

has been observed in other exchange-coupled actinide single-molecule magnets51,52 and may be 

due to rapid relaxation arising from intermolecular interactions. 

 

Table S17. Parameters used to fit ac magnetic relaxation data for 1-Br collected at 2.0 K under 

applied magnetic fields ranging from 0 to 2500 Oe, magnetic relaxation times extracted from these 

fits, and uncertainty ranges for the magnetic relaxation times.  

†𝜏±(1𝜎) is the uncertainty range for one standard deviation from the mean 

 

Hdc (Oe) χT (cm3/mol) χS (cm3/mol) α τ (s) 𝝉+(𝟏𝝈)† (s) 𝝉−(𝟏𝝈)† (s) 

0 0.066 0.021 0.16 0.0018 0.0042 0.00070 

500 0.064 0.012 0.16 0.0078 0.018 0.0033 

1000 0.064 0.011 0.16 0.0075 0.018 0.0032 

1500 0.064 0.012 0.15 0.0075 0.017 0.0033 

2000 0.063 0.011 0.13 0.0068 0.015 0.0031 

2500 0.062 0.010 0.13 0.0063 0.014 0.0029 
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Figure S107. Field dependence of relaxation times extracted from ac magnetic susceptibility 

measurements on polycrystalline 1-Br collected at 2.0 K and under applied dc fields ranging from 

0 to 2500 Oe. The rapid rise in relaxation times at low fields is consistent with a suppression of 

quantum tunneling of the magnetization. The slight decrease in relaxation times after 500 Oe is 

likely due to a combination of Zeeman splitting decreasing the energy gap the ground and excited 

exchange-coupled states, as well as a possible direct process becoming active. 
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Figure S108. Plot of the in-phase (χMʹ, top) and out-of-phase (χMʹʹ, bottom) molar magnetic 

susceptibility versus the frequency of the 4 Oe oscillating field for polycrystalline 1-Br under zero 

dc field. Measurement frequencies range from 1 to 1500 Hz, and temperatures range from 1.9 to 

2.75 K. Solid lines are fits of the data.  
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Figure S109. Cole-Cole plots for polycrystalline 1-Br collected under zero dc field in the 

temperature range of 1.9 to 2.75 K.  Experimental data points are represented by colored circles, 

and the points representing the fit are connected by solid black lines. Note that χʹ does not go to 

zero, suggesting that there is a fast relaxation process happening at frequencies too high to be 

probed by within the range of our ac susceptibility measurements (1–1500 Hz). We note that this 

behavior has been observed in other exchange-coupled actinide single-molecule magnets51,52 and 

may be due to rapid relaxation arising from intermolecular interactions. 

 

Table S18. Parameters used to fit ac magnetic relaxation data for 1-Br collected at zero field over 

the temperature range of 1.9 to 2.75 K, magnetic relaxation times extracted from these fits, and 

uncertainty ranges for the magnetic relaxation times.  

†𝜏±(1𝜎) is the uncertainty range for one standard deviation from the mean 

 

T (K) χT (cm3/mol) χS (cm3/mol) α τ (s) 𝝉+(𝟏𝝈)† (s) 𝝉−(𝟏𝝈)† (s) 

1.90 0.076 0.025 0.28 0.0022 0.0081 0.00060 

2.00 0.066 0.021 0.16 0.0018 0.0042 0.00070 

2.25 0.064 0.025 0.06 0.0008 0.001 0.0005 

2.50 0.061 0.018 0.15 0.0002 0.0006 0.0001 

2.75 0.055 0.019 0.06 0.0001 0.0002 0.0001 
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Figure S110. Plot of the in-phase (χMʹ, top) and out-of-phase (χMʹʹ, bottom) molar magnetic 

susceptibility versus the frequency of the 4 Oe oscillating field for polycrystalline 1-Br under a 

500 Oe dc field. Measurement frequencies range from 1 to 1500 Hz, and temperatures range from 

1.9 to 3 K. Solid lines are fits of the data.  
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Figure S111. Cole-Cole plots for polycrystalline 1-Br collected under a 500 Oe dc field in the 

temperature range of 1.9 K to 3 K.  Experimental data points are represented by colored circles, 

and the points representing the fit are connected by solid black lines. Note that χʹ does not go to 

zero, suggesting that there is a fast relaxation process happening at frequencies too high to be 

probed by within the range of our ac susceptibility measurements (1–1500 Hz). We note that this 

behavior has been observed in other exchange-coupled actinide single-molecule magnets51,52 and 

may be due to rapid relaxation arising from intermolecular interactions. 

 

Table S19. Parameters used to fit ac magnetic relaxation data for 1-Br collected under an applied 

magnetic field of 500 Oe over the temperature range of 1.9 to 2.75 K, magnetic relaxation times 

extracted from these fits, and uncertainty ranges for the magnetic relaxation times.  

†𝜏±(1𝜎) is the uncertainty range for one standard deviation from the mean 

 

T (K) χT (cm3/mol) χS (cm3/mol) α τ (s) 𝝉+(𝟏𝝈)† (s) 𝝉−(𝟏𝝈)† (s) 

1.90 0.073 0.014 0.20 0.0180 0.0499 0.00650 

2.00 0.064 0.012 0.16 0.0078 0.018 0.0033 

2.25 0.061 0.013 0.14 0.0025 0.0056 0.0012 

2.50 0.055 0.011 0.21 0.0005 0.0013 0.0002 

2.75 0.051 0.006 0.19 0.0001 0.0003 0.00005 



S110 
 

Figure S112. Plot of the in-phase (χMʹ, top) and out-of-phase (χMʹʹ, bottom) molar magnetic 

susceptibility versus the frequency of the 4 Oe oscillating field for a 23.0 mM frozen toluene 

solution of 1-Br under zero dc field. Measurement frequencies range from 1 to 1500 Hz, and 

temperatures range from 2 to 2.8 K. Solid lines are fits of the data.  
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Figure S113. Cole-Cole plots for a 23.0 mM frozen toluene solution of 1-Br collected under zero 

dc field in the temperature range of 2 K to 2.8 K.  Experimental data points are represented by 

colored circles, and the points representing the fit are connected by solid black lines. Note that χʹ 

does not go to zero, suggesting that there is a fast relaxation process happening at frequencies too 

high to be probed by within the range of our ac susceptibility measurements (1–1500 Hz). We note 

that this behavior has been observed in other exchange-coupled actinide single-molecule 

magnets.51,52  

 

Table S20. Parameters used to fit ac magnetic relaxation data for a 23.0 mM frozen toluene 

solution of 1-Br collected under zero applied dc field over the temperature range of 2 to 2.8 K, 

magnetic relaxation times extracted from these fits, and uncertainty ranges for the magnetic 

relaxation times. Only temperatures at which there is a clear maximum in χMʹʹ (i.e., 2 to 2.4 K) 

were used in subsequent analyses. 

†𝜏±(1𝜎) is the uncertainty range for one standard deviation from the mean 

 

 

T (K) χT (cm3/mol) χS (cm3/mol) α τ (s) 𝝉+(𝟏𝝈)† (s) 𝝉−(𝟏𝝈)† (s) 

2.00 0.16 0.099 0.30 0.0015 0.0064 0.00040 

2.20 0.15 0.088 0.34 0.0007 0.004 0.0002 

2.40 0.14 0.084 0.33 0.0004 0.002 0.0001 
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Figure S114. Plot of the in-phase (χMʹ, top) and out-of-phase (χMʹʹ, bottom) molar magnetic 

susceptibility versus the frequency of the 4 Oe oscillating field for polycrystalline 1-I at 2.0 K. 

Measurements were performed under frequencies ranging from 1 to 1500 Hz and applied dc fields 

ranging from 0 to 2000 Oe. Solid lines, with the exception of Hdc = 0 Oe, are fits of the data.  
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Figure S115. (Upper) Plot of the molar out-of-phase (χMʹʹ) magnetic susceptibility of 

polycrystalline 1-I collected at 2.0 K under a 500 Oe dc field along with fits corresponding to two 

relaxation processes. (Lower) Field dependence of the molar out-of-phase (χMʹʹ) magnetic 

susceptibility plotted together with fits of the slower process, process 1, which illustrate how it 

relates to the total measured out-of-phase susceptibility.  
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Figure S116. Cole-Cole plots for 1-I collected at 2.0 K in static dc fields ranging from 0 to 2000 

Oe. Measurements were performed with a 4 Oe oscillating field under frequencies ranging from 

1-1500 Hz. Experimental data points are represented by colored circles, and the points representing 

the fit are connected by solid black lines. Note that χʹ does not go to zero, suggesting that there is 

a fast relaxation process happening at frequencies too high to be probed by within the range of our 

ac susceptibility measurements (1–1500 Hz). We note that this behavior has been observed in other 

exchange-coupled actinide single-molecule magnets.51,52  
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Figure S117. Field dependence of relaxation times extracted from ac magnetic susceptibility 

measurements on polycrystalline 1-I collected at 2.0 K and applied dc fields ranging from 500 Oe 

to 2000 Oe. For the purpose of comparison with 1-Cl and 1-Br, subsequent, variable-temperature 

ac magnetic susceptibility measurements on 1-I were performed under a 500 Oe dc field.  

 

Table S21. Parameters used to fit process 1 in the ac susceptibility data for polycrystalline 1-I 

collected at 2.0 K under applied magnetic fields ranging from 500 to 2000 Oe, magnetic relaxation 

times extracted from these fits, and uncertainty ranges for the magnetic relaxation times.  

†𝜏±,1(1𝜎) is the uncertainty range for one standard deviation from the mean for process 1 

 

Table S22. Parameters used to fit process 2 in the ac susceptibility data for polycrystalline 1-I 

collected at 2.0 K under applied magnetic fields ranging from 500 to 2000 Oe, magnetic relaxation 

times extracted from these fits, and uncertainty ranges for the magnetic relaxation times.  

†𝜏±,2(1𝜎) is the uncertainty range for one standard deviation from the mean for process 2 

 

H (Oe) Δχ1 (cm3/mol) χS,Total (cm3/mol) α1 τ1 (s) 𝝉+,𝟏(𝟏𝝈)† (s) 𝝉−,𝟏(𝟏𝝈)† (s) 

500 0.045 0.054 0.25 0.0040 0.013 0.0012 

1000 0.043 0.054 0.20 0.0051 0.014 0.0018 

1500 0.043 0.054 0.21 0.0049 0.014 0.0017 

2000 0.044 0.055 0.14 0.0018 0.0040 0.00080 

H (Oe) Δχ2 (cm3/mol) χS,Total (cm3/mol) α2 τ2 (s) 𝝉+,𝟐(𝟏𝝈)† (s) 𝝉−,𝟐(𝟏𝝈)† (s) 

500 0.069 0.054 0.03 0.0001 0.0001 0.0001 

1000 0.068 0.054 0.06 0.0001 0.0002 0.0001 

1500 0.068 0.054 0.05 0.0001 0.0002 0.0001 

2000 0.059 0.055 0.02 0.0001 0.0002 0.0001 



S116 
 

 

Figure S118. Plot of the in-phase (χMʹ, top) and out-of-phase (χMʹʹ, bottom) molar magnetic 

susceptibility versus the frequency of the 4 Oe oscillating field for polycrystalline 1-I. 

Measurements were performed under a 500 Oe applied dc field, at frequencies ranging from 1 to 

1500 Hz, and temperatures ranging from 2.0 to 2.8 K. Solid lines are fits of the data.  
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Figure S119. Plot of the out-of-phase (χMʹʹ, bottom) molar magnetic susceptibility versus the 

frequency of the 4 Oe oscillating field for polycrystalline 1-I. Measurements were performed under 

a 500 Oe applied dc field, at frequencies ranging from 1 to 1500 Hz, and temperatures ranging 

from 2.0 to 2.8 K. Solid lines represent fits to process 1. 
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Figure S120. Cole-Cole plots for polycrystalline 1-I collected under a 500 Oe applied dc field in 

the temperature range of 2.0 to 2.8 K.  Experimental data points are represented by colored circles, 

and the points representing the fit are connected by solid black lines. Note that χʹ does not go to 

zero, suggesting that there is a fast relaxation process happening at frequencies too high to be 

probed by within the range of our ac susceptibility measurements (1–1500 Hz). We note that this 

behavior has been observed in other exchange-coupled actinide single-molecule magnets51,52 and 

may be due to rapid relaxation arising from intermolecular interactions. 

 

Tables S23. Parameters used to fit process 1 in the ac susceptibility data for polycrystalline 1-I 

collected under a 500 Oe dc field in the temperature range of 2 to 2.8 K, magnetic relaxation times 

extracted from these fits, and uncertainty ranges for the magnetic relaxation times.  

†𝜏±,1(1𝜎) is the uncertainty range for one standard deviation from the mean for process 1 

 

 

 

 

 

T (K) Δχ1 (cm3/mol) χS,Total (cm3/mol) α1 τ1 (s) 𝝉+,𝟏(𝟏𝝈)† (s) 𝝉−,𝟏(𝟏𝝈)† (s) 

2.00 0.045 0.054 0.25 0.0040 0.013 0.0012 

2.20 0.039 0.071 0.25 0.0034 0.011 0.0010 

2.40 0.033 0.094 0.19 0.0022 0.0058 0.00080 

2.60 0.028 0.096 0.18 0.0014 0.0037 0.00060 

2.80 0.023 0.100 0.11 0.0009 0.002 0.0005 
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Tables S24. Parameters used to fit process 2 in the ac susceptibility data for polycrystalline 1-I 

collected under a 500 Oe applied magnetic field in the temperature range of 2 to 2.8 K, magnetic 

relaxation times extracted from these fits, and uncertainty ranges for the magnetic relaxation times. 

†𝜏±,2(1𝜎) is the uncertainty range for one standard deviation from the mean for process 2 

 

6.7 Dc Magnetic Relaxation Data. Dc magnetic relaxation data were collected for polycrystalline 

1-Cl after magnetizing the sample at 2 T at 10 K for 5 min and then, after cooling to measurement 

temperature, zeroing the field (or setting the field to 500 Oe; no overshoot, hi-res disabled for both 

cases). The magnetization was then measured at periodic time intervals. Dc magnetic relaxation 

data were fit to a stretched exponential function given by equation S6:48  

𝑀(𝑡) =  𝑀1 + (𝑀0 − 𝑀1)𝑒
(−(𝑡 𝜏⁄ )

𝑛
)
  (S6) 

Where M(t) is the magnetization at time t, M0 is the initial magnetization measured after the field 

has been removed, M1 is the final value of the magnetization at t = ∞, τ is the magnetic relaxation 

time, and n is a free variable. For data collected after the field was set to zero, M1 should equal 

zero, however, non-zero values were obtained for all temperatures, which likely is due to a small 

remnant field being present during the measurement. In these cases, fits of M(t) were made by first 

setting M1 equal to the last value of the magnetization measured for these experiments. However, 

better fits were obtained by treating M1 as a free variable, and a similar fit strategy has been used 

to model dc relaxation in lanthanide-based complexes.44 

The n values extracted from fits to the dc relaxation data were used to determine uncertainty ranges 

in τ according to the following equation:50,53  

𝜏±(1𝜎) =  𝜏𝜇𝑒
± 1.64𝑡𝑎𝑛[

𝜋
2
(1−𝑛)]]

(1−𝑛)0.141   (S7) 

 

 

 

 

 

 

 

T (K) Δχ2 (cm3/mol) χS,Total (cm3/mol) α2 τ2 (s) 𝝉+,𝟐(𝟏𝝈)† (s) 𝝉−,𝟐(𝟏𝝈)† (s) 

2.00 0.069 0.054 0.033 0.0001 0.0001 0.0001 

2.20 0.053 0.071 0.002 0.0001 0.0001 0.0001 

2.40 0.030 0.094 0.001 0.0001 0.0001 0.0001 

2.60 0.028 0.096 0.0001 0.0001 0.0001 0.0001 

2.80 0.026 0.101 0.0005 0.0001 0.0001 0.0001 
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Figure S121. Dc magnetic relaxation data for polycrystalline 1-Cl collected at 1.90 K, 2.25 K, and 

2.50 K at zero field following magnetization at 2 T. Black lines represent fits to the data using 

stretched exponential functions, which were used to extract τ. 

 

Table S25. Parameters used to fit dc magnetic relaxation data for a polycrystalline sample of 1-Cl 

collected under zero applied magnetic field, the magnetic relaxation times extracted from these 

fits, and the uncertainty ranges for the magnetic relaxation times. 

†𝜏±,(1𝜎) is the uncertainty range for one standard deviation from the mean  

 

 

 

T (K) M0 (μB) M1 (μB) n τ (s) 𝝉+(𝟏𝝈)† (s) 𝝉−(𝟏𝝈)† (s) 

1.90 1.4 × 10−3 3.0 × 10−5 0.89 111 165 74.7 

2.25 6.4 × 10−4 1.9 × 10−5  0.81 94 180 49 

2.50 5.2 × 10−4 4.6 × 10−6  1 83 85 81 
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Figure S122. Dc magnetic relaxation data for polycrystalline 1-Cl collected at 1.90 and 2.00 K at 

500 Oe following magnetization at 2 T. Black lines represent fits to the data using stretched 

exponential functions, which were used to extract τ. 

 

Table S26. Parameters used to fit dc magnetic relaxation data for a polycrystalline sample of 1-Cl 

collected under a 500 Oe applied magnetic field, the magnetic relaxation times extracted from 

these fits, and the uncertainty ranges for the magnetic relaxation times. 

†𝜏±,(1𝜎) is the uncertainty range for one standard deviation from the mean  

 

 

 

 

 

 

T (K) M0 (μB) M1 (μB) n τ (s) 𝝉+(𝟏𝝈)† (s) 𝝉−(𝟏𝝈)† (s) 

1.90 4.5 × 10−2 1.6 × 10−2 0.67 335 992 113 

2.00 2.6 × 10−2 1.4 × 10−2  0.57 339 1480 77.8 
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Figure S123. Dc magnetic relaxation data for a second polycrystalline sample of 1-Cl collected at 

1.90 and 2.50 K at zero field following magnetization at 2 T. Black lines represent fits to the data 

using stretched exponential functions, which were used to extract τ. 

 

Table S27. Parameters used to fit dc magnetic relaxation data for a second polycrystalline sample 

of 1-Cl collected under zero applied magnetic field, the magnetic relaxation times extracted from 

these fits, and the uncertainty ranges for the magnetic relaxation times. 

†𝜏±,(1𝜎) is the uncertainty range for one standard deviation from the mean  

 

 

 

 

 

 

T (K) M0 (μB) M1 (μB) n τ (s) 𝝉+(𝟏𝝈)† (s) 𝝉−(𝟏𝝈)† (s) 

1.90 1.1 × 10−3 2.0 × 10−5 0.74 123 287 52.4 

2.50 5.0 × 10−4 3.6 × 10−6  1 74 78 71 
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6.8 Analysis of Magnetic Relaxation Dynamics. Plots of the natural logarithm of the relaxation 

times, ln(τ), versus the inverse temperature, 1/T, (i.e., Arrhenius plots) for values extracted from 

ac susceptibility data for (CpiPr5)2U2(OPhtBu)4 and 1-X (X = Cl, Br, I) (as well as dc relaxtion data, 

in the case of 1-Cl) were fit to a sum of one more terms describing the mechanism(s) of magnetic 

relaxation according to the equation: 

𝜏−1 = 𝜏0
−1𝑒

−𝑈eff
𝑘𝐵𝑇⁄

+ 𝐶𝑇𝑛 + 𝜏tunnel
−1   

where τ is the magnetic relaxation time, τ0 is the attempt time (for an Orbach relaxation process), 

Ueff is the thermal barrier to magnetization reversal (for Orbach process), kB is the Boltzmann 

constant (0.695 cm−1K−1), T is the temperature (in K), C and n are free-fit parameters that describe 

Raman relaxation, and τtunnel is the relaxation time for quantum tunneling of the magnetization. 

The magnetic relaxation behavior observed for the measured samples can be divided into two 

categories: (1) complexes with weak/negligible magnetic exchange coupling, namely 

(CpiPr5)2U2(OPhtBu)4 and 1-I, for which plots of ln(τ) versus 1/T are non-linear, and can be fit 

adequately using a sum of through-barrier magnetic relaxation processes, namely Raman 

relaxation and quantum tunneling:  

𝜏−1 =  𝐶𝑇𝑛 + 𝜏tunnel
−1    

In contrast, category (2) involves the complexes exhibiting strong magnetic exchange coupling, 1-

Cl and 1-Br, for which all or part of the plots of ln(τ) versus 1/T was found to be linear, and could 

be fit to an Orbach relaxation process, or sum of Orbach and quantum tunneling processes:  

𝜏−1 = 𝜏0
−1𝑒

−𝑈eff
𝑘𝐵𝑇⁄

+ 𝜏tunnel
−1   
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Figure S124. Magnetic relaxation in complexes with relatively weak magnetic exchange 

interactions (using the Ising model). If the exchange-coupling is weak enough, such as in 

(CpiPr5)3U3I6 (1-I), then the excited exchange-coupled states are also thermally populated and 

magnetic relaxation is associated with the magnetic moments of the individual uranium ions. For 

1-I, in which all three uranium ions are inequivalent by symmetry, three relaxation processes are 

possible, in principle. In both cases, through-barrier relaxation processes, namely quantum 

tunneling and Raman relaxation, dominate the magnetization dynamics. 
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Figure S125. Magnetic relaxation in complexes exhibiting relatively strong magnetic exchange 

(using the Ising model). If the exchange-coupling is strong enough for the excited exchange-

coupled states to remain thermally unpopulated, such as is proposed for (CpiPr5)3U3Cl6 (1-Cl) and 

(CpiPr5)3U3Br6 (1-Br), then magnetic relaxation would occur between the exchange-coupled states, 

and the magnetization dynamics would be dominated by Orbach relaxation processes. The 

evidence of quantum tunneling in 1-Cl and 1-Br at very low temperatures in the zero-field ac data 

indicates that the ground MJ states of each uranium ion are not fully axial (if gx, gy > 0, tunnel 

splitting occurs), and therefore the Ising model is not fully valid.48 In perfectly Ising systems, this 

quantum tunneling process will not occur. Nevertheless, assuming that gz > gx, gy in these 

complexes, we have used the measured barrier to relaxation, Ueff, for 1-Cl and 1-Br to approximate 

the average exchange coupling strength in both complexes, using the relation Ueff  ≈ 2Jz,avg ≈ 2Javg 

(Javg is the average exchange interaction), which is valid if the energetic separation between the 

ground antiferromagnetic states are negligible. In the case of 1-Cl, two relaxation processes are 

observed, suggesting that magnetic relaxation may also be occurring via an excited state of an 

individual uranium ion (±MJ
*). 
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Figure S126. Plot of the relaxation time, τ (natural log scale) versus T (inverse scale) for 

(CpiPr5)2U2(OPhtBu)4 collected under a 1500 Oe applied dc field, in the temperature range of 2.0 to 

5.0 K. The black line represents the total fit to the data, while the green and blue dashed lines 

represent the tunneling and Raman components to the total fit, respectively, yielding τtunnel = 

0.0253(9) s, C = 0.36(3) s−1 K−n, and n = 6.00(5). The 𝜏±(1𝜎) uncertainty ranges for each τ value 

are displayed as error bars. 
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Figure S127. Plot of the relaxation time, τ (natural log scale) versus T (inverse scale) for 1-Cl. 

Relaxation times were extracted from fits to the ac susceptibility data collected under zero applied 

field. Relaxation times for the slow and fact process are shown as red and blue circles, respectively. 

Black lines represent fits of the data to an Orbach relaxation process, yielding Ueff = 45.1(1) cm−1 

and 30.49(9) cm−1, and τ0 = 10−8.94(3) s and 10−8.15(2) s for the slow and fast processes, respectively. 

The 𝜏±(1𝜎) uncertainty ranges for each τ value are displayed as error bars. 
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Figure S128. Plot of the relaxation time, τ (natural log scale) versus T (inverse scale) for 

polycrystalline 1-Cl. Relaxation times extracted from ac susceptibility measurements are 

represented by red circles (filled circles for slow process and open circles for fast process); 

relaxation times extracted from dc susceptibility measurements are represented by blue circles (0 

Oe) and violet circles (500 Oe). Dashed green and red lines represent fits to quantum tunneling 

and Orbach relaxation processes, respectively. Solid black lines represent the total fit to the data. 

The 𝜏±(1𝜎) uncertainty ranges for each τ value are displayed as error bars. 

 

Table S28. Parameters used to fit Arrhenius plots for polycrystalline 1-Cl. Values of τ0 and Ueff 

obtained from fitting the zero-field data for the slow process were used as fixed parameters in 

fitting the 500 Oe data to extract τtunnel. 

 

 

 

Process Hdc (Oe) τtunnel (s) τ0 (s) Ueff (cm−1) 

Slow 
0 111(9) 10−8.94(3) 45.1(1) 

500 339(23)  10−8.94(3)  45.1(1) 

Fast 0 − 10−8.15(2) 30.49(9) 
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Figure S129. Plot of the relaxation time, τ (natural log scale) versus T (inverse scale) for 

polycrystalline 1-Cl. Relaxation times extracted from ac susceptibility measurements are 

represented by red circles (filled circles for slow process and open circles for fast process); 

relaxation times extracted from dc susceptibility measurements are represented by blue circles (0 

Oe) and violet circles (500 Oe). Dashed green and red lines represent fits to quantum tunneling 

and Orbach relaxation processes, respectively. Solid black lines represent the total fit to the data. 

The 𝜏±(1𝜎) uncertainty ranges for each τ value are displayed as error bars. 

 

Table S29. Parameters used to fit Arrhenius plots for a second polycrystalline sample of 1-Cl.  

 

 

 

 

 

Process  Hdc (Oe) τtunnel (s) τ0 (s) Ueff (cm−1) 

Slow 0 121.1(7) 10−8.12(1) 41.71(1) 

Fast 0 − 10−8.26(2) 31.86(1) 
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Figure S130. Plot of the relaxation time, τ (natural log scale) versus T (inverse scale) for 

polycrystalline 1-Br collected under both 0 Oe (open circles) and 500 Oe (filled blue circles) 

applied dc field, in the temperature range of 1.9 to 3.0 K. All relaxation times were extracted from 

fits to ac susceptibility data. The black lines represent the total fits to the data, while the green and 

red dashed lines represent the tunneling and Orbach components to the total fit, respectively, 

yielding Ueff = 20.1(1) and 20.7(1) cm−1 and τ0 = 10−8.56(2) and 10−8.50(4) s for the 0 and 500 Oe data, 

respectively (additionally, τtunnel = 0.0027(1) s for the 0 Oe data). The 𝜏±(1𝜎) uncertainty ranges 

for each τ value are displayed as error bars in light gray (for zero field data) or blue (for 500 Oe 

data).  
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Figure S131. Plot of the relaxation time, τ (natural log scale) versus T (inverse scale) for 

polycrystalline 1-Br collected under zero applied field (open circles) and a 500 Oe applied field 

(filled blue circles) in the temperature range of 1.9 to 3.0 K. All relaxation times were extracted 

from fits to ac susceptibility data. Black lines represent fits to a Raman relaxation process, 

according to the equation τ−1 = CTn. In principle, n should have a value of 9 for a Kramers system,54 

but other values have been found in practice, due to the inadequacy of the Debye model to 

adequately describe the phonon density distributions in molecular solids,54,55 and n is therefore 

typically treated as a free-fit parameter.  For the 0 Oe data, we obtained C = 1.7(1) s−1 K−n and n = 

8.45(4). However, fitting the 500 Oe relaxation data to a Raman process resulted in significantly 

different values of C = 0.0119(8) s−1 K−n and n = 13.17(5). In Kramers systems, it has been shown 

that Raman relaxation is largely independent of the strength of the applied field.56 Furthermore, to 

the best of our knowledge, there is no known precedent for an n value greater than 10 to describe 

a Raman process. These results strongly suggest then that a Raman relaxation mechanism is not 

leading to the observed temperature-dependent relaxation in polycrystalline 1-Br.  
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Figure S132. Plot of the relaxation time, τ (natural log scale) versus T (inverse scale) for 

polycrystalline 1-Br collected under zero applied field in the temperature range of 1.9 to 3.0 K. 

Relaxation times were extracted from fits to ac susceptibility data. The black line represents the 

total fit of the data. Here, we attempted to improve upon the Raman fit (under zero field) in Figure 

S4.109 through the inclusion of a tunneling process at low temperatures. The blue and green 

dashed lines correspond to Raman and quantum tunneling processes. In principle, n should have a 

value of 9 for a Kramers system,54 but other values have been found in practice, due to the 

inadequacy of the Debye model to adequately describe the phonon density distributions in 

molecular solids,54,55 and n is therefore typically treated as a free-fit parameter.  However, in order 

to fit this data, we had to relax the constraints such that n values greater than 10 could be possible, 

yielding C = 0.112 (6) s−1 K−n, n = 11.23(3), and τtunnel = 0.0034(2) s. Generally, deviations from 

the Debye model will lead to smaller n values.55 To the best of our knowledge, there is no known 

precedent for values greater than 10. Therefore, a Raman-dominated process does not seem 

reasonable to explain magnetic relaxation in 1-Br under zero field.   
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Figure S133. Plot of the relaxation time, τ (natural log scale) versus T (inverse scale) for a 23.0 

mM frozen toluene solution of 1-Br collected under zero dc field, in the temperature range of 2 to 

2.4 K. Relaxation times were extracted from fits to ac susceptibility data. The black line represents 

the fit of the data to an Orbach relaxation process, yielding Ueff = 10.406(8) cm−1 and τ0 = 10−6.070(2) 

s, and the 𝜏±(1𝜎) uncertainty ranges for each τ value are displayed as error bars. The very small 

temperature range over which relaxation times could be observed during ac susceptibility 

measurements, along with the large uncertainties in the measured relaxation times, makes the 

validity of fitting the relaxation to an Orbach process uncertain. We alternatively found that we 

could fit the relaxation times to a Raman process, yielding C = 5.83(6) s−1 K−n and n = 6.841(6), 

which are also reasonable for uranium-based single-molecule magnets.57  
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Table S30. Parameters used to fit Arrhenius plots for polycrystalline and 23.0 mM frozen toluene 

solutions of 1-Br.  

 

 

Table S31. Estimated values of the average exchange interaction, Javg, for 1-Cl and 1-Br, based 

on their corresponding Ueff values, and comparison with the temperature at which χM reaches a 

maximum (Hdc = 0.1 T for polycrystalline samples; Hdc = 7.0 T for 23.0 mM 1-Br). 

 

 

 

 

 

 

 

 

 

Sample Hdc (Oe) τtunnel (s) τ0 (s) Ueff (cm−1) 

Polycrystalline 
0 0.0027(1) 10−8.56(2) 20.1(1) 

500 −  10−8.50(4)  20.7(1) 

23.0 mM Solution 0 − 10−6.070(2) 10.406(8) 

Sample Hdc (Oe) Ueff (cm−1) J (cm−1) Tχ,max (K) 

Polycrystalline 1-Cl 0 
45.1(1) −22.5(1) 

28 
30.49(9) −15.25(5) 

Polycrystalline 1-Br 
0 20.1(1) −10.1(1) 

17 
500  20.7(1)  −10.3(1) 

23.0 mM 1-Br 0 10.406(8) −5.203(4) 11 
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Figure S134. Plot of the relaxation time, τ (natural log scale) versus T (inverse scale) for 1-I. 

Relaxation times were extracted from ac susceptibility data collected under a 500 Oe dc field, in 

the temperature range of 2 to 2.8 K. The black line represents the total fit to the data, while the 

green and blue dashed lines represent the tunneling and Raman components to the total fit, 

respectively, yielding τtunnel = 0.0071(2) s, C = 1.01(3) s−1 K−n, and n = 6.59(2). The 𝜏±(1𝜎) 

uncertainty ranges for each τ value are displayed as error bars. We note that attempts to fit the 

magnetic relaxation times to a sum of Orbach and tunneling processes yielded a reasonable fit, 

with Ueff = 14.95(5) cm−1, τ0 = 10−6.270(7) s, and τtunnel = 0.00486(7) s, suggesting that a thermal 

barrier to relaxation might be present.58 However, this barrier would imply a Javg = 7.5 cm−1 that is 

larger than what might be expected based on the temperature at which χM reaches a maximum, 5 

K (kBT = 3.5 cm−1). This discrepancy might be due to deviations from Ising behavior; however, 

the value of τ0 for 1-I is also larger than those obtained from fits of the relaxation times for 1-Cl 

and 1-Br, which would imply a weaker spin-phonon interaction in 1-I.59,60 This seems unlikely, 

given the weaker exchange interaction present in 1-I. Furthermore, the presence of another, faster 

relaxation process in the ac measurements on 1-I implies that the uranium ions are relaxing 

independently of each other, suggesting that magnetic relaxation is not occurring between the 

exchange-coupled states, similar to the case in many multinuclear lanthanide complexes with weak 

exchange interactions.61 We acknowledge that a similar argument, based on the magnitude of τ0, 

may hold for the data collected for the solution sample of 1-Br. As mentioned in Figure S133, the 

relaxation behavior for the frozen toluene solution of 1-Br could also reasonably be fit using the 

equation for Raman relaxation. The ambiguity in the mechanism of magnetic relaxation for the 

toluene solution of 1-Br and the polycrystalline sample of 1-I strongly suggests that as the 

magnetic exchange interactions in 1-X become weaker, magnetic relaxation occurs via a Raman 

process associated with individual uranium(III) ions.  
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