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1. Experimental Methods

1.1. Material Preparation

All manipulations were carried out under an atmosphere of argon with rigorous exclusion of air
and water using either standard Schlenk line techniques or a glovebox. Commercial reagents were
used directly without further treatment unless otherwise noted. Anhydrous DyCls was purchased
from Strem Chemicals. The ligand K>BC4Phs was synthesized from PhBC.sPhs and potassium
metal strips following literature procedure.! The ligand precursor PhBCsPhs was synthesized
according to the literature method? from (LiC,Ph2), and dichlorophenylborane (synthesized
according to the literature method® from 1M BCls in heptane (Millipore-Sigma) and tetrapheyltin
(Alfa-Aesar)). The reagent (LiC2Ph2). was synthesized from diphenylacetylene (Alfa-Aesar) and
lithium metal strips according to the literature method.* Lithium and potassium metal pieces were
flattened and cut into strips (~ 20 x 5 x 2 mm) prior to their addition to reaction mixtures.
Tetrahydofuran (THF), benzene, toluene, and diethyl ether were dried and degassed using a JC
Meyer solvent purification system and stored under Argon over 4 A molecular sieves prior to use.
A diethyl ether solution of 18-crown-6 was dried over 4 A sieves for three days prior to use. The
diethyl ether was then removed under reduced pressure to furnish solid, anhydrous 18-crown-6.

1.2. Synthesis of [K(18-crown-6)][Dy(BC4Phs).] (1). In the glovebox, colorless anhydrous DyCls
(30.5 mg, 0.113 mmol) and THF (10 mL) were added to a 20 mL scintillation vial equipped with
a stir bar, and the slurry was stirred for several minutes. The resulting suspension was then added
quickly to a 20 mL scintillation vial containing red KoBC4Phs powder (118 mg, 0.226 mmol, 2.00
equiv). The mixture was allowed to stir for 18 h at ambient temperature. Following the reaction,
the mixture was centrifuged to separate the insoluble colorless solid, presumed to be mostly KCI
with possible traces of unreacted DyCls. The solution was decanted into a separate scintillation
vial. The solvent was removed from this solution under vacuum to yield a red solid residue and the
residue was washed once with diethyl ether. A solution of 18-crown-6 (37 mg, 0.140 mmol) in
THF (5 mL) was then added to the solid. The mixture was agitated until complete dissolution was
achieved. The red color of the solution became more intense than it had been following
centrifugation. The THF solvent was then removed under vacuum, and the resulting solid dark red
residue was washed with diethyl ether (1 mL), and the resulting powder redissolved in THF (1
mL). This solution was layered beneath two volume equivalents of diethyl ether and left to
recrystallize at room temperature. After standing for one day, dark red crystals of 1-2THF had
formed, which were suitable for single-crystal diffraction. Dry yield of 1: 32.0 mg (21%). All
attempts to obtain CHN analysis on both 1 and 1-2THF failed. ICP-OES was used to establish
compositional purity of 1. Dy, K, B ICP-OES. Expected for CgoH74B.DyKOe: 12.0% Dy, 2.89%
K, 1.60% B; Found: 11.52% Dy, 3.05% K, 1.34% B. FT-IR neat: 405(w), 413(m), 420(m), 426(m),
440(w), 458(m), 464(m), 474(m), 479(m), 491(m), 499(m), 507(m), 527(m), 532(m), 542(m),
615(w), 646(m), 666(m), 699(s), 731(m), 768(m), 789(m), 834(m), 854(w), 867(w), 872(w),
884(w), 902(m), 926(w), 960(s), 979(w), 997(m), 1026(m), 1071(m), 1101(s), 1247(m), 1284(m),
1350(m), 1442(w), 1453(w), 1458(w), 1474(w), 1485(m), 1570(m), 1588(m), 2872(m), 2895(m).

1.3. Single Crystal X-Ray Diffraction Analysis

Crystals coated in Paratone-N oil were mounted onto MiTeGen 10 um loops and moved under an
Oxford Cryosystems nitrogen cryostat. Crystals were found to be very sensitive to oxygen, even
under Paratone-N oil, decomposing into colorless material after only a few minutes of sitting in oil
under the microscope. The diffraction patterns were produced using synchrotron radiation at the
Advanced Light Source; Beamline 12.2.1. Unit cell determination and spot integration was
performed using Bruker AXS and SAINT.®> Absorption corrections were applied to spot intensities
using the SADABS package.® Structural solutions were obtained using the Intrinsic Phasing
method as implemented in ShelXT.” Least Squares refinement as implemented in ShelXL was used
to refine structural models against F2.8 Olex2 was used as a graphical front-end for structural
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solution and refinement.® Boron positions were initially assigned by assigning all five ring atoms
as carbon, allowing chemical occupancies of the five-membered ring atoms to vary, and then
selecting the position with the lowest chemical occupancy value to assign as boron. During
preliminary CIF validation, the Hirshfeld rigid-bond test'® detected incorrectly modeled boron
atoms, producing a B-level alert. This alert was no longer present when the B atoms were assigned
correctly.

Two other level B alerts arose during final cif validation as follows.

PLAT230_ALERT_2 B Hirshfeld Test Diff for C025 --C029 . 7.4 s.u.

C025 and C029 correspond to meta and para carbon atoms on one of the phenyl rings of BC4Phs*".
These two atoms are likely disordered across two positions. Attempts to model this disorder using
SPLIT+SAME commands resulted in an unstable refinement with wildly variable thermal
displacement parameters and low chemical occupancy values for one of the disordered phenyl
positions. This instability was unresponsive to restraints, and so the second disordered position was
ultimately not modeled, given its apparent low chemical occupancy and the instability of its
thermal displacement parameters.

PLAT230 ALERT_2_B Hirshfeld Test Diff for C02A --C02J . 11.6 s.u.

CO02A and C02J correspond to meta and para carbon atoms on another one of the phenyl rings of
BC4Phs®". These two atoms are probably disordered across two positions. Attempts to model this
disorder also resulted in an unstable refinement with wildly variable thermal displacement
parameters and small chemical occupancy values for one of the disordered phenyl positions. Again,
this instability was unresponsive to restraints. The second disordered position was not modeled,
given its low chemical occupancy and the instability of its thermal displacement parameters.

1.4. Inductively Coupled Plasma—-Optical Emission Spectrometry

Inductively coupled plasma—optical emission spectrometry was performed on a Perkin Elmer ICP
Optima 7000. Commercial standard solutions (1000 ppm in 5% nitric acid) were purchased from
Inorganic Ventures. Calibration curves were constructed using five standard solutions, each
containing Dy, B and K. The Dy, B, and K concentrations for each of the five standard solutions
are as follows: 0.1 ppm, 1 ppm, 5 ppm, 10 ppm and 15 ppm. Each standard also contained 0.1 ppm
Y as an internal standard. A blank solution only containing 0.1 ppm Y was also prepared to set the
zero-point of the calibration curve. Samples were fully digested overnight with 2 mL of piranha
solution prepared from analytical grade 30% H.O. (Millipore-Sigma) and reagent grade sulfuric
acid (Fisher). It was found that digesting in acid without an oxidant failed to fully dissolve the
boron containing organic material, leading to consistently low boron values. After adding the
internal standard to the acid digest, the solution was diluted with 5% nitric acid to a hominal
concentration of ~10 ppm prior to analysis. Calibration curves for all analytes had R?> 0.999.

1.5. Fourier Transform Infrared Spectroscopy

The Fourier-transform infrared (FTIR) spectrum of 1 was collected inside of an N2 glovebox using
neat crystalline powder and a Shimadzu IRSpirit FTIR spectrometer operating in ATR mode. Peaks
were identified using the multiple peak fitting routine as implemented in Origin 2022.

1.6. Magnetometry

All magnetic measurements were carried out on a Quantum Design MPMS-XL SQUID
magnetometer. Under the conditions used for magnetic sample preparation (described below), at
least partial desolvation of the potassium cation is likely. Thus, in order to avoid ambiguity
regarding the bulk composition of the sample and the quantitative magnetic results, a sample of
1-2THF was fully desolvated before sample preparation. A crystalline sample of 1-2THF was
dried under vacuum for a minimum of 30 min, mechanically ground, and 21.4 mg loaded into a
quartz tube (inner diameter 5 mm outer diameter 7 mm), covered with a solid layer of eicosane
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(56.8 mg), and flame sealed under vacuum. The eicosane was subsequently melted at 40 °C in
order to restrain the sample (prevent crystallite torquing) and to improve thermal conductivity
between the sample and the environment. A second magnetic sample was prepared using a freshly
prepared (and recrystallized) sample of 1-2THF held under dynamic vacuum for only a few
seconds, with the goal of removing surface crystallization solvent while retaining coordinated THF.
The crystals were then crushed to form a microcrystalline powder (sample mass was 12.6 mg) and
the sample prepared as described above (eicosane mass used was 47.0 mg). Work up of dc
susceptibility data collected for this sample assuming the molecular weight for 1-2THF (see
Figures S10 and S11) revealed that the magnitude of the ymT product at 300 K is 17.7 emu-K/mol,
larger than that determined for 1 (15.0 emu-K/mol) and predicted for a free Dy** (14.17
emu-K/mol), which suggests overestimation of the sample mass and likely desolvation of the
sample. Even still, a full suite of ac and dc relaxation data collected for this second sample are
consistent with those obtained for 1 and serve to validate the data for the desolvated compound.
Diamagnetic corrections were calculated using Pascal’s constants,'* and were applied to all
reported magnetic susceptibility values unless otherwise noted.

To collect isothermal magnetization decay data, the samples were initially magnetized under an
applied magnetic field of 7 T for 5 minutes and then the field set to zero, and magnetization
measured for ca. 1600 s. However, we found there was a trapped field in the superconducting
magnet, and magnetization decay curves at 64, 68 and 72 K fully equilibrated during the
measurement time to a negative magnetization value. These negative equilibrium magnetization
values were used to fit a Curie law M(T) = C/T with C = -0.00232 emu K; this corresponds to a
field of approximately —12 Oe. Decay data for 64 K and below were fit using eq S1,'> where M,
was fixed to Meq = —0.00232/T, M, is the first measured data point (set as time zero), t is the time
after the first measured point My, t is the characteristic relaxation time, and g is a stretching parameter
0<p<l).

B
M = Mo + (Mo — Mog)e ™ (S1)

Frequency dependent in-phase (x') and out-of-phase (") magnetic susceptibility data were
collected between 72 and 112 K. The relaxation time for each temperature increment was extracted
using the generalized Debye model (egs S2 and S3) as implemented in CC-FIT2.22 The relaxation
times were then tabulated with those from the magnetization decay experiments and fit using
CCFIT2.3

1+ (wt)*sin (ma/2)

e = (S2)
1+ 2(wt)t~%sin (na/2) + (w1)?72%¢

xX'()=xs+ (r —xs)

(wt)1~%cos (ma/2)

: (S3)
1+ 2(wt)~%sin (ma/2) + (wt)?72¢

X" () = (r — xs)

1.7. Nuclear Magnetic Resonance Spectroscopy

Proton NMR spectra and proton decoupled *C NMR spectra were collected at the UC Berkeley
College of Chemistry NMR Facility on a Bruker Advance 400 MHz spectrometer operating at 9.4
T under ambient temperature. Samples were sealed under an atmosphere of Ar prior to
measurement. Tetrahydrofuran-d8 (99.8%) was purchased from Sigma-Adrich, saturated with
argon using three freeze-pump-thaw cycles, and dried for 72 hrs over 3 A molecular sieves prior
to use.
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1.8. Powder X-Ray Diffraction

A microcrystalline powder sample of 1 was loaded into a 1.0-mm borosilicate capillary inside a
glovebox under an argon atmosphere. The capillary was subsequently flame sealed under Ar prior
to measurement. High-resolution synchrotron X-ray powder diffraction data was collected at
Beamline 17-BM at the Advanced Photon Source at Argonne National Laboratory. The
temperature of the capillary samples was maintained at 298 K during measurement using an Oxford
Cryosystems Cryostream 800. Scattered intensity was measured by a PerkinElmer a-Si flat panel
detector. The average wavelength of all measurements was 0.45236 A.

2. Computational Methods

2.1. Density Functional Theory (DFT) Calculations

Geometry optimization of the crystal structure and normal mode calculations were performed in
the gas-phase on the anion in 1-2THF using the Gaussian 09d software,** with both PBE and PBEO
density functionals and Grimme’s empirical dispersion correction. Dysprosium was substituted for
yttrium with an isotopic mass of 162.5 to aid self-consistent field (SCF) convergence, for which
the Stuttgart RSC 1997 effective core potential (ECP) basis set was used for the 28 core electrons,
with the remaining valence electrons being described by the corresponding valence basis set. The
cc-pVTZ basis set was used for boron and carbon atoms, whilst the cc-pVDZ was applied for
hydrogen atoms.** Geometry optimization and Léwdin population analysis™® was also performed
on the free ligands, as described in the main text, using the Gaussian 09d software employing the
6-31G™ basis set on all atoms.*

2.2. CASSCF-SO Calculations

The OpenMolcas'’ package was used to perform state-averaged complete active space self-
consistent field spin-orbit (CASSCF-SO) calculations on the crystallographic and optimized
structures of the anion, where the active space comprised nine 4f electrons in seven 4f orbitals of
Dy'"!". Basis sets were taken from the ANO-RCC library,'® where the Dy atom had VTZP quality,
the five-membered heterocycle was modelled with VDZP quality, with all other atoms in VDZ
quality. After CASSCF optimization, the states were mixed by spin-orbit coupling using the RASSI
module and the electronic structures projected onto a crystal field Hamiltonian using
SINGLE_ANISO.*

2.3. Spin Dynamics Calculations

To reduce computational demand for spin dynamics calculations, we limited our CASSCF-SO
calculations to the lowest 18 states of sextet multiplicity and used the atomic compact Cholesky
decomposition (acCD) approach to fit the two-electron integrals. To check the validity of this
approximation, we also calculated the electronic structure of 1-PBE and 1-PBEDO at a higher level
considering 21 sextets along with 244 quartets and 490 doublets in the CASSCF step, and 128
quartets and 130 doublets in the spin-orbit coupling step; we found only a trivial difference between
the results (Tables S10-S14). Assuming the harmonic approximation, the maximum displacement
along each mode at 100 K was calculated, and the optimized structure was then distorted along the
normal mode coordinates. The CASSCF-SO calculations were then performed at four evenly
spaced points in the positive and negative direction from the equilibrium position and crystal field
parameters extracted. Following the most recently defined method,?® we employed Bose-Einstein
statistics and expanded the crystal field parameters in a Taylor series. Our approach herein differs
only in the definition of zero-point displacement (ZPD), herein we define the ZPD as specified in
ref. 2 by eq S4, where 7 is the reduced Planck constant, wj is the angular frequency, and y; is the
reduced mass of mode j.

0. = h
P ey
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2.4. Mode-Weighted Analysis

We use the same methodology described in ref. © to decompose total gamma matrices into their
mode-weighted components, where (Hsp) is the spin-phonon coupling, (Q) is the vibrational
occupancy, {(p) is the vibrational density of states and (n) is the effective number of modes. This
enabled the switching of components between 1, [Cp™®Dy"'Cp*][B(CsFs)4],?> and
[Dy(Cp™™)2][B(CsFs)4]?® to form fictitious total rate matrices which were diagonalized to give
fictitious relaxation times. By comparing the fictitious relaxation times to the experimental
relaxation times, we were able to elucidate the factors that most substantially contribute to the
differences in the relaxation between 1 and [Cp'™®Dy"'Cp*][B(CsFs)a] or [Dy(Cp'™)2][B(CsFs)al.
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Figure S1. Fourier-transform infrared spectrum of 1.
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Figure S2. Fourier transform infrared spectrum of putative 1-2THF



110 1

105 -
100 -

% Transmitance

~ Qo (o0] (o] ©
[&)] o ($)] (] (&)
M T e e reees

~l
o

]
3000 2500 2000 1500 1000 500
o (cm™)

Figure S3. Fourier-transform infrared spectrum of K,BC4Phs.
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Figure S4. *H NMR Spectrum of K2BC4Phs. *H NMR (400 MHz, THF) § 7.30 — 7.26 (m, 2H),
6.83—6.71 (m, 15H), 6.61 (ddd, J = 10.2, 5.4, 2.0 Hz, 6H), 6.31 (tt, J = 7.1, 1.4 Hz, 2H).
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Figure S5. 3C NMR spectrum of K2BC4Phs. **C NMR (101 MHz, THF) & 173.03, 150.94,
145.42, 134.97, 131.42, 129.71, 125.75, 125.52, 125.35, 118.97, 67.23, 51.55, 29.47, 25.39.
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Figure S6. Comparison of powder x-ray diffraction pattern obtained for mechanically crushed crystals
of 1 (red trace) with the simulated diffraction pattern based on the single-crystal structure of 1-2THF
(black trace). The sharp peaks in both patterns overlap, suggesting that the bulk structure of desolvated
1 and 1-2THF are the same. The broadness, particularly at low angles, in the experimental pattern for 1
is likely background scattering from the borosilicate sample capillary.
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Figure S7. Comparison of powder x-ray diffraction pattern obtained for K.BC4Phs (red trace) with a
simulated pattern derived from CCDC:701219 (black trace).?*
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Table S1. Unit Cell Parameters and Refinement Metrics for 1-2THF.

Empirical formula CgsHgoB2Dy0.97KOg
Formula weight 1494.75

Temperature/K 100

Crystal system triclinic

Space group P-1

alA 12.547(5)

b/A 15.210(6)

c/A 20.620(8)

al® 96.799(4)

pl° 100.948(4)

yl° 101.827(4)

Volume/A3 3731(3)

Z 2

Peaicg/cm® 1.331

wmm? 1.155

F(000) 1551.0

Crystal size/mm?® 0.05 x 0.05 x 0.04
Radiation synchrotron (A = 0.7288)
20 range for data collection/° 2.844 t0 54.194

Index ranges —15<h<15,-19<k<18,-25<1<25
Reflections collected 64045

Independent reflections 15231 [Rint = 0.0656, Rsigma = 0.0580]
Data/restraints/parameters 15231/235/1069
Goodness-of-fit on F2 1.031

R:1=0.0572, wR, = 0.1582
R:=0.0721, wR, = 0.1701

Final R indexes [[>=2c (I)]
Final R indexes [all data]
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Table S2. Selected Distances and Angles for 1-2THF.

Anion Index Dy Site Occupancy  Dy—centroid (A) centroid-Dy-centroid

angle (°)

1 Dy1A 0.35523 gggiiﬁgg 155.99(13)
Dy1B 0.12429 gg?ggg 156.5(4)

2 Dy2A 0.46247 g:ﬂgg% 156.18(2)
Dy28B 0.03418 5325% 153.2(3)
Average 2.33£0.09 1561
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Figure S9. Temperature dependence of the molar magnetic susceptibility times temperature (ymT) for

a sample of one 1 cooled under zero dc field. Blue, green, and red symbols correspond to data collected
under dc fields of 1, 0.5, and 0.1 T, respectively.
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Figure S10. (Upper) Temperature dependence of the molar magnetic susceptibility times temperature
(¢mT) for a sample of purported 1-2THF cooled under zero dc field (green symbols) and under a field
of 0.1 T (orange symbols). Data were worked up using the measured sample mass of 12.6 mg and using
the molecular mass of 1498.9 g/mol for 1-2THF. It is clear that the magnitude of the susceptibility is
much higher than that measured for 1 at room temperature (red symbols represent zero-field cooled data
and blue symbols represent field-cooled data, both measured under 0.1 T applied field) and much higher
than predicted for free Dy**, 14.17 emu-K/mol, suggesting the molar mass used does not reflect the
actual composition of the sample. (Lower) Adjusted temperature dependence of the molar magnetic
susceptibility times temperature (ymT) for the sample of purported 1-2THF, where the sample molar
mass was set to that of desolvated 1, 1354.7 g/mol, which brings the magnitude of ymT at 300 K in into
near agreement with that obtained for the fully desolvated sample 1. This suggests that the sample of
1-2THF used to prepare the second magnetic sample desolvates at least partially.
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Figure S11. (Upper) Temperature dependence of the molar magnetic susceptibility times temperature
(emT) for a sample of putative 1-2THF cooled under zero dc field. Blue, green, and red symbols
correspond to data collected under dc fields of 1, 0.5, and 0.1 T, respectively. Data were worked up
using the measured sample mass of 12.6 mg and using the molecular mass of 1498.9 g/mol for 1-2THF.
It is clear that the magnitude of the susceptibility is much higher than that measured for 1 at room
temperature (see Figure S9) and also much higher than predicted for free Dy** (14.17 emu-K/mol),
indicating the molar mass used does not reflect the composition of the sample. (Lower) Adjustment of
the data shown in the upper panel using a molar mass of 1354.7 g/mol, corresponding to desolvated 1,
brings the ymT magnitudes into near agreement with those collected for 1, suggesting that the 1-2THF
used to prepare the second magnetic sample is at least partially desolvated.
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Table S3. Tabulated Decay Fit Parameters for 1. Estimated uncertainties in z at the 1o level were
1.64 tan[Z(1-B)]
from the stretched exponential function, and .. are the limits of the 1o uncertainties.

calculated with 7, = 7 exp{+ } derived in Ref. 22 where t and £ are the fitted values

T (K) T(s) B T, T
2 1277 0.774 1425 673
3 1086 0.710 1739 669
4 1093 0.711 1741 671
5 1094 0.712 1733 671
6 1079 0.716 1673 656
7 1046 0.713 1648 640
8 1024 0.726 1503 609
9 966 0.730 1387 569

10 926 0.741 1250 532
12 826 0.754 1036 460
14 729 0.760 883 399
16 647 0.757 797 357
18 583 0.754 731 324
20 526 0.747 686 208
22 480 0.739 655 277
24 443 0.733 625 259
28 383 0.731 547 225
32 338 0.733 477 198
36 297 0.738 408 172
40 244 0.760 206 134
44 244 0.760 206 134
48 227 0.778 247 118
52 201 0.776 222 105
56 185 0.813 162 86

60 157 0.791 158 79

64 131 0.862 80 50
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Figure S12. Normalized magnetization decay plots for 1 collected at the indicated temperatures. Circles
indicate data points and black lines are fits using eq S1. The sample was initially magnetized under an
applied magnetic field of 7 T for 5 min prior to data collection.
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Figure S13. Normalized magnetization decay plots for 1 collected at the indicated temperatures. Circles
indicate data points and black lines are fits using eq S1. The sample was initially magnetized under an
applied magnetic field of 7 T for 5 min prior to data collection.
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Figure S14: Normalized magnetization decay plots for 1 collected at the indicated temperatures. Circles
indicate data points and black lines are fits using eq S1. The sample was initially magnetized under an
applied magnetic field of 7 T for 5 min prior to data collection.

22



Table S4. Tabulated Decay Fit Parameters obtained for a magnetic sample prepared from crystals of
1-2THF (see Section 1.6). Data are intended to verify reproducibility of data collected for 1 only.
1.64 tan[Z(1-B)] .

—————=2——} derived

(1_3)0.141
in Ref. 22 where 7 and £ are the fitted values from the stretched exponential function, and ., are the

limits of the 1o uncertainties.

Estimated uncertainties in z at the 1o level were calculated with 7, = 7 exp{+

T(K) T (s) B T, T
2 1048 0.688 1884 674
4 988 0.694 1722 628
6 951 0.690 1691 609
8 944 0.698 1618 597

10 883 0.708 1430 546
12 823 0.752 1046 461
14 742 0.721 1119 446
16 693 0.727 1012 412
18 635 0.729 916 375
20 575 0.725 848 343
22 540 0.728 788 320
24 503 0.728 728 297
28 444 0.733 625 260
32 393 0.738 539 227
36 345 0.740 468 198
40 315 0.750 403 177
44 286 0.760 346 157
48 260 0.770 297 139
52 234 0.777 256 122
56 228 0.879 120 79

60 148 0.797 144 73

64 147 0.877 79 51

68 105 0.875 57 37
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Figure S15. Normalized magnetization decay plots obtained for a magnetic sample prepared from
crystals of 1-2THF (see Section 1.6). Data are shown only to verify reproducibility of data collected for
1, given the uncertainty in the solvation state of the compound. Circles indicate data points and black
lines are fits using eq S1. The sample was initially magnetized under an applied magnetic field of 7 T
for 5 min prior to data collection.
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Figure S16. Normalized magnetization decay plots obtained for a magnetic sample prepared from
1.2THF. Data are shown only to verify reproducibility of data collected for 1, due to the uncertainty in
the solvation state of the compound. Circles indicate data points and black lines are fits using eq S1.
The sample was initially magnetized under an applied magnetic field of 7 T for 5 min prior to data
collection.
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Figure S17. Normalized magnetization decay plots obtained for a magnetic sample prepared from
1-2THF. Data are only intended to verify reproducibility of data collected for 1, due to the uncertainty
in the solvation state of the compound. Circles indicate data points and black lines are fits using eq S1.
The sample was initially magnetized under an applied magnetic field of 7 T for 5 min prior to data
collection.
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Figure S18. Molar in-phase ac magnetic susceptibility versus frequency data for 1, collected under zero
dc field. Symbols represent experimental data and lines are fits to the generalized Debye model (egs S2
and S3). The susceptibility does not go to zero at the highest frequencies, suggesting that there is a
second, faster relaxation process occurring outside of the measured frequency range.
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Figure S19. Molar out-of-phase ac magnetic susceptibility versus frequency data for 1, collected under
zero dc field. Symbols represent experimental data and lines are fits to the generalized Debye model
(egs S2 and S3).
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Figure S20. Cole-Cole plots for 1 generated from zero-field ac susceptibility data. Symbols represent
experimental data and lines are fits to the generalized Debye model (egs S2 and S3).
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Table S5. Ac susceptibility fit parameters for 1. All ys and y values are reported in emu/mol.

T (K) 7 (S) 7 Error () xs xs Error xT xTError  a  aerror
78 0.48 0.03 0.0979 0.0002 0.144 0.001 026 0.02
80 0.31 0.02 0.0948 0.0003 0.145 0.001 029 0.02
82 0.171 0.008 0.0926 0.0003 0.1417 0.0009 0.29 0.02
84 0.099 0.004 0.0905 0.0004 0.1388 0.0007 0.30 0.02
86 0.058 0.002 0.0880 0.0004 0.1362 0.0007 0.30 0.02
88 0.037 0.002 0.0857 0.0007 0.1349 0.0007 0.31 0.02
90  0.0207 0.0008 0.0841 0.0006 0.1311 0.0005 0.30 0.02
92 0.0121 0.0003  0.0816 0.0003 0.1274 0.0005 0.29 0.01
94 0.0074 0.0003  0.0791 0.0005 0.1255 0.0005 0.32 0.02
96  0.0049 0.0002  0.0784 0.0005 0.1227 0.0004 0.27 0.01
98  0.0031 0.0001  0.0759 0.0005 0.1201 0.0003 0.28 0.01
100  0.0021 0.0001  0.0751 0.0007 0.1173 0.0003 0.26 0.02
102 0.0012 0.0000 0.0720 0.0006 0.1151 0.0002 0.25 0.01
104 0.00093 0.00005 0.073 0.001 0.1131 0.0003 0.24 0.02
106 0.00062 0.00005 0.071 0.001 0.1110 0.0003 0.24 0.03
108 0.00041 0.00003 0.068 0.002 0.1090 0.0003 0.25 0.02
110 0.00026 0.00003 0.064 0.003 0.1066 0.0003 0.23 0.03
112 0.00018 0.00003 0.064 0.003 0.1050 0.0002 0.27 0.03
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Figure S21. Molar in-phase ac magnetic susceptibility versus frequency data obtained under zero
applied field for a magnetic sample prepared from 1-2THF. Based on dc magnetic susceptibility
measured for this sample (Figures S10 and S11), it is likely at least partially desolvated, and so data
serve only to support reproducibility of data collected for 1. Symbols represent experimental data and
lines are fits to the generalized Debye model (eqs S2 and S3). Interestingly, the in-phase ac
susceptibility for this sample approaches zero more closely than the same data for 1 (see Figure S18).
This is the only readily apparent difference between the data obtained for the two samples.
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Figure S22. Molar out-of-phase ac magnetic susceptibility versus frequency data collected under zero
applied field for a magnetic sample prepared from 1-2THF. Based on dc magnetic susceptibility
measured for this sample (Figures S10 and S11), it is likely partially desolvated, and so data serve only
to support reproducibility of data collected for 1. Symbols represent experimental data and lines are fits
to the generalized Debye model (egs S2 and S3).
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Figure S23. Cole-Cole plot of out-of-phase susceptibility versus in-phase susceptibility data collected
under zero applied field for a magnetic sample prepared from 1-2THF. Based on dc magnetic
susceptibility measured for this sample (Figures S10 and S11), it is likely at least partially desolvated,
and so data serve only to support reproducibility of data collected for 1. Symbols represent experimental
data and lines are fits to the generalized Debye model (egs S2 and S3).
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Table S6. Ac susceptibility fit parameters for a magnetic sample prepared from 1-2THF, obtained from
fits to data unadjusted for sample composition (see Figures S10, S11, and Section 1.6), which should
affect only the magnitude of ys and yr (reported in emu/mol), and not the relaxation times or a values.
These data are intended to verify reproducibility of data collected for 1.

T (K) 7(8) 7 Error () Xxs xs Error xT xt Error o o error
30 0.35 0.01 0.0702 0.0005  0.192 0.002 0.29 0.01
82 0.208 0.009 0.0676 0.0007  0.191 0.002 0.32 0.01
84 0.123 0.004 0.0658 0.0007  0.190 0.001 0.31 0.01
86 0.072 0.002 0.0638 0.0007  0.186 0.001 0.31 0.01
88 0.043 0.001 0.0614 0.0009  0.183 0.001 0.32 0.01
90 0.0252 0.0008 0.060 0.001 0.178 0.001 0.32 0.01
92 0.0151 0.0003 0.0575 0.0007 0.174 0.001 0.32 0.01
94 0.0100 0.0003 0.0596 0.0009 0.170 0.001 0.28 0.01
96 0.00597 0.0002 0.056 0.001 0.1672 0.0009 0.30 0.01
98 0.00391 0.0001 0.055 0.001  0.1647 0.0009 0.29 0.01
100 0.00256 0.00008 0.053 0.001 0.1609 0.0007 0.27 0.01
102 0.00178 0.00005 0.054 0.001 0.1567 0.0005 0.26 0.01
104 0.00115 0.00004 0.052 0.001  0.1539 0.0004 0.26 0.01
106 0.00075 0.00004 0.051 0.002  0.1498 0.0006 0.24 0.02
108 0.00052 0.00003 0.052 0.003 0.1474 0.0006 0.23 0.02
110 0.00039 0.00003 0.054 0.003 0.1446 0.0006 0.22 0.02
112 0.00034 0.00002 0.060 0.003 0.1410 0.0004 0.15 0.02
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Table S7. Arrhenius fit parameters for a magnetic sample prepared from 1-2THF, obtained from fits to
data unadjusted for sample composition (see Figures S10, S11, and Section 1.6), which should affect
only the magnitude of ys and yr (reported in emu/mol), and not the relaxation times or a values. These
data are reported to verify reproducibility of data collected for 1.
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Figure S24. (Upper) Arrhenius plot of average relaxation times obtained for a magnetic sample
prepared from 1-2THF as described above (with 1o uncertainties). These data are reported to verify
reproducibility of data collected for 1. Orange circles correspond to relaxation times from magnetization
decay, blue circles correspond to relaxation times from ac susceptibility measurements. (Lower)
Expanded view of the ac region in the upper plot. Fit curve generated using fitted parameters in Table
S7 with Eq 1 from the main text.
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Table S8. Cartesian coordinates of the PBE and PBEOQ optimized structures of the [Dy(BC4Phs)2]~
anion in 1-2THF.

1-PBE 1-PBEO
-0.34436 -0.23783 -0.02990 -0.33466 -0.19237 -0.04002
1.23979 2.41515 2.08639 1.28871 2.37535 2.08167
0.98129 -0.15792 2.21921 0.93754 -0.16858 2.21905
-2.89504 -0.93085 2.23033 -2.94438 -0.80955 2.20391
-0.09890 -1.11564 2.37760 -0.16704 -1.08519 2.35930
0.10150 -2.57534 2.43579 -0.01190 -2.54523 2.43087
-1.43299 -0.34462 2.34964 -1.46436 -0.27537 2.31912
0.43919 116771 2.06680 0.44706 1.16146 2.06255
-1.88190 2.31076  2.04499 -1.81743  2.38097 2.00313
-1.00896 1.11996 2.09665 -0.99203 1.16339 2.07026
-3.16676 -2.09991 1.48283 -3.25538 -1.96763 1.47631
-2.33838 -2.66684 1.04621 -2.45328 -2.56091 1.04395
2.22147  2.62558  3.07293 2.25213 2.55869 3.07616
241072 1.84283 3.80977 2.39838 1.78209 3.81858
1.00874 3.45137 1.16606 1.11346 3.39862 1.15077
0.24956 3.32345 0.39349 0.36787 3.29049  0.37205
173700 4.63862 1.20877 1.87975 4.55103 1.19216
153695 5.41189 0.46241 1.72306 5.31730 0.43909
2.72108 4.82395 2.18257 2.84451 471134 2.17608
3.30070 5.75022 2.21491 3.45268 5.61023 2.20835
295490 3.81107 3.11641 3.02311 3.70919 3.11954
3.71793  3.94277 3.88853 3.77161  3.82155 3.89838
-1.65924 3.43694 2.86510 -1.56065 3.49580 2.81049
-0.80904 3.43229 3.54972 -0.72080 3.46584  3.49555
-3.84396 3.46592 1.13736 -3.71701 3.58991 1.08036
-4.69335 3.45910 0.44856 -4.55686 3.60815 0.39183
-4.01515 -0.27945 2.79352 -4.02885 -0.11621 2.75936
-3.85717 0.62901 3.38041 -3.83692 0.78788 3.32896
-3.00521 2.35395 1.19435 -2.92391 245651 1.15041
-3.22827 149141 0.56189 -3.17131  1.60298 0.52750
-0.73396 -3.37976 3.24082 -0.87314 -3.30999 3.22840
-1.49413 -2.88888 3.85208 -1.62143 -2.79455  3.82067
-5.31429 -0.75299 2.60977 -5.33637 -0.54322 2.58831
-6.15449 -0.21862 3.06330 -6.14976  0.02243  3.03475
-3.59187 4.57839 1.94373 -3.43279 4.69086 1.87518
-4.24270 5.45545 1.89984 -4.04774 558399 1.82142
-4.46432 -2.57234 1.27650 -4.56101 -2.39459 1.28314
-4.62073 -3.46719 0.66721 -4.75094 -3.28521 0.69074
-2.49693 4.54996 2.81265 -2.35201 4.63054  2.74495
-2.28929 5.40812  3.45819 -2.11904 5.47977 3.38104
-5.54985 -1.89803 1.84090 -5.61253 -1.68153 1.84085
-6.56941 -2.26195 1.68691 -6.63772 -2.01021 1.69740
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4.72204
5.28603
3.26537
2.71941
5.38976
6.47620
4.64970
5.14505
0.42002
-0.17796
-0.97799
1.38545
1.86590
0.18588
-0.28921
1.73928
2.49246
1.15127
1.44341

-3.24919
-1.13249
-0.44385
-3.21305
-3.76361
-2.66655
-3.19675
-1.97741
-1.95219
-1.29032
-0.72141
-2.89121
-3.59295
-1.95554
-1.92103
-3.30913
-3.94653
-1.69115
-1.03680
-2.59202
-2.66080
-1.78086
-1.19254
-2.51202
-1.60066
-0.92645
-3.39451
-4.10772
-1.54518
-0.80404
-3.35256
-4.04888
-2.42240
-2.38584

3.83166
2.98665
3.16425
0.91578
1.68797
5.33255
6.12663
3.60668
4.25095
4.59226
4.79481
2.56544
2.39360
5.62153
6.63978
0.82446
1.52664
-0.93655
-1.63494
-0.14816
-0.21343
-1.03076
-1.78972
-2.28526
-3.18662
-2.88155
-2.78075
-2.10174
-4.51434
-5.16742
-4.10752
-4.46468
-4.98032
-6.01692

-0.72006
-2.44491
-1.61267
3.26050
2.72192
0.68756
0.14498
-4.62634
-5.49914
2.53598
3.44838
-4.56295
-5.38835
1.85542
2.23151
4.63897
5.17283
3.25797
2.74217
5.33794
6.41895
4.63627
5.15674
0.45907
-0.10650
-0.90935
1.42808
1.88495
0.29150
-0.15965
1.81597
2.57198
1.25909
1.57845

-3.18530
-1.08339
-0.41141
-3.22998
-3.76817
-2.60746
-3.11361
-1.88474
-1.84195
-1.27910
-0.72508
-2.80037
-3.48568
-1.91506
-1.87164
-3.33683
-3.97083
-1.72630
-1.07554
-2.63445
-2.71186
-1.82617
-1.24960
-2.51167
-1.60180
-0.93244
-3.39052
-4.10124
-1.54347
-0.80302
-3.34655
-4.03935
-2.41763
-2.37953
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Table S9. Normal mode frequencies (cm™) and transition intensities (km mol™) of the vibrational
modes of 1-PBE.

Transition

Frequency T'ransit'ion Frequency intensity Frequency T.ransit.ion

Mode 3 intensity Mode o Mode O intensity

CM km molY (cm™) (km M em mol

mol™)

1 13.618 0.751 120 725.549 10.232 239 1264.483 31.344
2 24.144 0.181 121 725.927 12.957 240 1278.342 2.231
3 25.629 0.166 122 730.005 16.494 241 1279.631 1.262
4 29.330 0.031 123 731.142 9.359 242 1280.357 1.520
5 29.541 0.164 124 746.077 2.942 243 1281.343 1.705
6 31.323 0.350 125 747.638 0.976 244 1282.650 2.246
7 32.207 0.197 126 751.443 5.788 245 1284.385 0.808
8 37.325 1.075 127 755.446 8.256 246 1286.306 5.757
9 40.000 0.801 128 759.224 12.752 247 1289.557 5.617
10 40.576 1.176 129 760.197 24.317 248 1293.258 2.459
11 42.904 1.357 130 761.569 14.778 249 1296.491 9.180
12 45.033 0.115 131 762.928 18.700 250 1307.327 2.021
13 49.650 0.021 132 778.276 17.171 251 1311.470 7.991
14 51.249 0.058 133 780.011 23.301 252 1324.172 1.543
15 52.928 0.549 134 826.261 0.700 253 1325.323 0.649
16 55.547 0.224 135 828.014 0.536 254 1328.122 0.227
17 56.164 0.350 136 829.832 0.850 255 1328.571 4.925
18 57.753 0.010 137 830.933 0.664 256 1329.157 5.228
19 60.000 0.217 138 831.904 0.789 257 1330.933 1.561
20 62.770 2.966 139 832.539 0.646 258 1331.833 0.207
21 75.173 0.335 140 833.176 0.544 259 1332.290 2.988
22 77.843 3.125 141 833.873 1.065 260 1334.900 0.545
23 79.870 0.176 142 836.468 0.369 261 1335.332 1.646
24 82.410 0.102 143 838.692 1.302 262 1343.561 9.792
25 84.512 0.101 144 880.094 2.824 263 1346.709 14.385
26 93.777 0.047 145 880.986 2.227 264 1351.649 10.198
27 96.056 0.238 146 886.322 4.584 265 1353.686 189.023
28 101.202 0.906 147 886.544 1.928 266 1370.348 30.682
29 105.743 3.118 148 886.989 0.363 267 1376.485 13.324
30 108.747 1.185 149 888.253 3.402 268 1411.427 3.812
31 114.694 1.047 150 888.613 5.644 269 1412.766 6.879
32 140.566 4.457 151 889.303 1.550 270 1423.416 0.599
33 140.978 0.297 152 891.434 0.814 271 1424.396 6.609
34 152.034 0.746 153 892.465 13.221 272 1424.562 2.366
35 162.174 2.063 154 893.099 14.736 273 1425.297 2.253
36 167.027 0.241 155 893.608 0.344 274 1426.720 7.706
37 172.612 3.808 156 909.188 0.260 275 1427.543 11.986
38 174.561 4714 157 912.978 0.433 276 1428.029 10.611
39 198.271 11.290 158 926.218 0.751 277 1429.609 4.450
40 201.311 14.209 159 930.282 1.098 278 1465.407 9.074
41 202.163 1.890 160 932.572 0.941 279 1469.201 9.750
42 217.865 0.016 161 933.522 0.986 280 1469.711 11.964
43 218.835 0.113 162 935.692 1.043 281 1470.937 22.344
44 220.457 1.111 163 935.862 0.846 282 1471.710 77.459
45 221.847 0.538 164 937.332 0.862 283 1472.426 57.531
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

224.822
227.713
234.161
235.436
241.850
243.669
244.445
247.050
261.343
263.608
276.227
278.477
355.076
365.273
395.986
399.250
402.446
403.533
404.786
405.531
407.484
408.360
409.605
410.949
411.265
412.464
416.541
422.326
477.813
478.912
494.081
497.087
502.614
508.426
521.968
524.080
529.163
531.745
539.841
542.496
545.458
550.024
606.455
606.815
607.233
608.079
609.111
610.420
611.519
612.047

0.307
0.631
0.679
0.213
1.348
0.134
0.269
0.063
1.191
1.202
0.483
0.264
9.971
22.381
0.117
0.104
0.140
2.313
4.763
1.566
2.021
0.452
1.116
1.600
1.949
1.710
8.649
4.398
0.028
0.035
0.477
0.212
1.097
2.481
9.151
1.117
4.472
6.109
21.055
6.294
15.032
5.174
1.922
0.233
0.957
0.552
2.723
0.087
0.006
0.192

165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

937.606
940.099
944.529
945.164
948.504
950.709
951.726
953.566
953.935
954.490
955.371
957.630
959.171
984.101
984.667
085.268
986.044
986.535
986.669
988.261
088.952
989.217
990.519
1002.558
1003.048
1021.924
1022.144
1022.758
1022.963
1024.325
1025.099
1025.949
1026.165
1036.469
1037.388
1060.670
1060.852
1065.944
1067.318
1069.848
1070.327
1072.342
1073.715
1074.478
1076.276
1098.488
1100.869
1104.909
1105.669
1138.208

1.121
0.453
0.322
1.071
1.569
0.757
5.048
0.431
0.583
3.434
0.871
0.736
1.583
0.124
0.180
0.578
0.068
2.352
0.087
0.048
0.621
0.017
0.325
7.415
1.140
27.785
34.691
4.428
3.025
0.067
2.007
2.006
0.092
0.145
0.036
0.752
0.723
2.657
0.749
7.450
3.535
10.590
25.046
0.729
5.754
7.853
4.407
4.991
12.024
0.811

284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333

1473.737
1475.761
1477.648
1481.044
1552.529
1556.655
1557.115
1558.310
1558.754
1559.753
1560.578
1562.040
1564.199
1566.834
1579.083
1584.070
1585.138
1586.933
1586.981
1588.002
1588.387
1590.115
1591.301
1593.460
3034.419
3057.728
3057.906
3063.702
3064.275
3065.232
3066.054
3066.783
3067.286
3068.146
3070.075
3070.409
3074.130
3074.556
3075.668
3076.005
3076.468
3077.519
3077.949
3081.037
3081.231
3083.522
3086.936
3087.342
3087.882
3088.594

91.297
42.424
38.960
23.630
0.664
2.448
0.508
1.505
3.839
0.888
1.744
1.772
1.766
1.186
13.012
13.754
8.283
38.059
68.397
17.067
103.618
27.221
12.777
21.853
7.807
2.073
5.214
0.990
4.892
2.341
4.902
2.897
3.224
1.566
14.139
3.324
4.442
11.718
15.785
14.223
6.894
12.601
8.426
23.003
10.344
33.033
15.071
43.515
17.512
12.090
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96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

612.853
613.216
622.085
623.845
635.246
637.118
637.772
652.345
654.602
657.581
660.088
661.177
662.271
685.747
692.063
692.455
692.609
693.379
694.914
696.087
696.193
697.145
698.820
700.787

1.847
1.112
0.452
0.037
3.258
2.027
0.482
0.843
2.325
7.041
11.161
29.563
12.116
0.389
28.988
24.343
4.437
48.600
30.030
18.681
36.071
93.803
27.503
74.588

215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238

1138.535
1138.783
1138.904
1139.685
1139.775
1140.278
1140.945
1142.450
1142.891
1143.496
1146.564
1165.358
1166.556
1167.231
1167.637
1169.135
1170.214
1171.298
1171.470
1173.084
1173.268
1194.666
1196.521
1253.799

0.788
0.542
0.853
0.346
0.762
1.516
0.590
1.306
1.577
1.176
0.781
1.776
2.484
3.882
3.447
6.578
3.828
2.289
4.548
1.920
1.823
1.160
0.063
11.425

334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357

3089.483
3090.000
3091.482
3091.597
3094.339
3094.667
3095.132
3096.411
3097.406
3098.354
3099.540
3099.660
3102.065
3103.213
3103.624
3103.982
3104.295
3105.557
3106.204
3106.258
3106.449
3111.286
3112.441
3112.753

33.262
35.757
40.811
23.043
23.564
41.969
26.182
24.776
11.217
13.090
20.124
12.657
19.953

8.115
21.328

2.233
12.589
13.737
19.140
13.772

9.044
10.084

2.285

3.589
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Table S10. Normal mode frequencies (cm™) and transition intensities (km mol™) of the vibrational
modes of 1-PBEQ.

Frequency T_ransit_ion Frequency T.ransit.ion Frequency Transit_ion

Mode cm) mtenslt}/1 Mode (cm) mtenslt}/1 Mode cm) |nten5|t}/1

(km mol™) (km mol™) (km mol™)
1 14.799 0.632 120 752.763 8.292 239 1309.753 31.275
2 24.451 0.195 121 753.874 13.140 240 1317.025 1.921
3 26.727 0.131 122 758.700 14.313 241 1319.293 0.358
4 29.744 0.017 123 760.119 6.973 242 1320.924 1.032
5 30.791 0.155 124 779.341 1.610 243 1321.696 0.677
6 32.698 0.642 125 781.117 1.975 244 1322.074 0.954
7 33.277 0.271 126 786.624 5.302 245 1325.410 5.876
8 37.204 0.974 127 789.315 25.620 246 1325.798 1.436
9 40.171 0.456 128 791.673 27.695 247 1328.862 3.796
10 41.996 2.292 129 792.966 8.405 248 1338.481 6.165
11 43.350 0.732 130 793.615 16.247 249 1343.749 24.558
12 45.666 0.167 131 794.920 25.940 250 1356.410 1.136
13 50.605 0.017 132 812.439 24.546 251 1356.973 0.487
14 52.912 0.035 133 814.033 29.536 252 1357.783 1.322
15 54.103 0.825 134 866.640 0.721 253 1358.860 0.486
16 56.823 0.202 135 868.118 0.960 254 1359.394 0.809
17 57.524 0.434 136 868.424 0.410 255 1359.715 1.146
18 59.524 0.003 137 871.133 0.391 256 1360.023 0.722
19 61.509 0.047 138 871.642 1.017 257 1361.358 0.967
20 64.116 3.730 139 872.037 0.431 258 1361.777 2.206
21 76.200 1.237 140 872.794 0.917 259 1363.148 1.169
22 77.962 3.645 141 874.367 0.795 260 1364.181 0.393
23 81.525 0.192 142 876.250 0.572 261 1365.626 4.794
24 84.327 0.189 143 878.971 1.197 262 1395.722 11.256
25 86.053 0.114 144 922.739 1.629 263 1401.778 10.878
26 96.419 0.028 145 924.603 0.426 264 1407.616 16.666
27 99.035 0.197 146 928.881 2.296 265 1409.778 186.686
28 103.980 0.917 147 929.511 3.124 266 1430.250 18.531
29 108.293 3.489 148 934.036 2.478 267 1437.265 6.183
30 112.483 1.225 149 934.405 0.908 268 1462.297 5.458
31 118.425 1.250 150 934.678 6.078 269 1463.530 9.229
32 145.154 2.641 151 937.255 7.118 270 1474.995 0.442
33 146.100 1.600 152 937.307 1.101 271 1476.010 8.546
34 159.155 0.609 153 938.158 2.157 272 1476.444 3.130
35 170.267 2.290 154 940.719 14.099 273 1477.127 1.259
36 175.444 0.247 155 941.404 15.678 274 1479.012 12.399
37 180.617 4.644 156 943.098 1.446 275 1480.024 16.682
38 182.922 3.354 157 946.564 0.499 276 1481.983 12.657
39 205.176 3.116 158 979.418 0.711 277 1483.556 4.295
40 208.353 5.054 159 984.400 1.112 278 1521.316 7.386
41 210.017 21.832 160 985.893 0.446 279 1524.610 2.784
42 225.392 0.054 161 986.210 1.703 280 1527.100 20.431
43 226.105 0.065 162 988.182 0.550 281 1528.588 20.349
44 229.044 1.180 163 988.312 0.938 282 1529.418 83.900
45 229.454 0.105 164 088.952 1.276 283 1529.953 32.323
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

233.492
237.402
242.324
243.835
251.162
253.442
254.838
257.766
270.616
272.595
285.644
288.275
371.503
382.066
413.451
416.751
419.308
420.266
421.155
422.028
424.833
425.699
426.736
427.618
428.694
430.164
434.203
440.506
497.130
498.423
514.691
517.902
523.230
529.861
541.575
543.148
547.923
550.542
561.664
564.832
567.653
573.763
625.838
625.972
626.435
627.475
628.343
629.681
630.820
631.311

0.621
0.680
0.787
0.375
1.494
0.264
0.177
0.031
1.473
1.067
0.542
0.336
10.786
27.552
0.096
0.180
0.801
4.423
4.309
1.129
2.313
0.153
0.833
1.898
0.217
1.073
9.088
4.707
0.013
0.087
0.450
0.200
0.934
3.014
9.237
0.888
4.214
5.423
25.259
6.792
13.154
4.864
1.923
0.076
0.852
0.400
2.476
0.048
0.007
0.149

165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

991.085
992.800
996.729
997.051
1000.003
1000.677
1002.595
1003.747
1004.810
1006.662
1007.150
1008.493
1011.136
1017.541
1018.252
1018.593
1019.115
1019.413
1019.537
1020.710
1021.377
1021.870
1023.039
1037.876
1038.381
1056.971
1057.063
1057.606
1057.841
1059.377
1059.953
1060.669
1060.820
1072.697
1073.076
1096.603
1097.317
1102.476
1103.906
1105.765
1106.082
1108.319
1109.074
1110.312
1112.507
1139.161
1140.744
1145.138
1145.992
1172.232

0.581
0.487
1.502
0.032
0.893
1.393
0.409
3.108
1.236
1.329
2.466
0.661
1.397
0.209
0.289
0.189
0.305
1.066
0.307
0.062
0.125
0.383
0.311
8.854
0.274
31.085
29.994
4.933
0.968
0.059
1.510
0.586
0.381
0.113
0.025
0.573
0.792
3.510
1.289
11.157
1.394
7.286
30.772
0.414
6.241
8.021
2.695
4.381
10.349
0.981

284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333

1531.336
1533.477
1537.334
1540.997
1622.215
1626.019
1627.168
1628.678
1629.703
1630.290
1630.677
1631.341
1634.917
1637.165
1650.519
1654.897
1655.894
1658.012
1658.345
1659.000
1659.267
1661.605
1662.762
1665.181
3127.429
3146.623
3146.863
3152.736
3152.908
3153.638
3154.355
3155.069
3155.822
3156.591
3158.973
3159.541
3162.654
3163.834
3164.676
3165.315
3166.076
3166.603
3166.786
3170.011
3170.137
3173.055
3176.260
3176.830
3177.272
3177.613

128.956
80.374
53.974
27.730

0.664
0.321
2.987
1.913
0.459
6.006
0.993
1.824
1.644
1.166
10.543
8.858
14.399
72.058
51.699
87.514
30.427
30.068
14.183
21.211
9.023
1.369
4.523
3.405
0.858
1.864
4172
2.575
2.419
1.106
2.509
12.806
3.765
10.959
14.580
16.414
5.706
7.144
11.985
24.485
5.118
31.106
15.200
33.146
10.851
50.332
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96 632.065 1.738 215 1172.617 0.316 334 3178.266 9.319
97 632.395 1.063 216 1172.746 2111 335 3179.999 47.683
98 642.346 0.403 217 1172.919 0.624 336 3180.843 13.041
99 643.607 0.078 218 1173.445 0.642 337 3181.349 38.895
100 657.187 0.089 219 1173.708 0.421 338 3183.381 16.532
101 658.221 0.782 220 1174.077 1.355 339 3183.526 38.325
102 661.975 4.090 221 1174.684 0.199 340 3184.684 23.599
103 674.226 0.564 222 1175.980 1.640 341 3186.434 18.748
104 675.632 1.771 223 1177.574 1.342 342 3187.514 8.500
105 684.401 7.181 224 1186.000 0.157 343 3187.862 7.695
106 685.739 6.412 225 1189.043 0.545 344 3188.697 11.221
107 686.368 35.036 226 1202.684 1.491 345 3189.776 17.700
108 691.231 22.945 227 1204.600 1.655 346 3190.917 16.870
109 718.641 0.560 228 1204.913 3.541 347 3192.983 12.272
110 721.057 15.238 229 1205.206 2.579 348 3193.033 14.347
111 722.494 37.005 230 1206.261 2.377 349 3194.627 0.902
112 722.640 24.623 231 1206.409 3.993 350 3194.943 18.073
113 723.433 35.087 232 1207.041 4,501 351 3195.044 16.729
114 724.886 29.536 233 1208.844 3.183 352 3195.087 2.699
115 725.698 14.398 234 1209.230 1.278 353 3195.349 7.917
116 726.292 21.199 235 1210.366 2.438 354 3195.614 6.377
117 727.170 108.415 236 1241.849 2.071 355 3200.355 8.611
118 729.204 35.840 237 1244.154 0.543 356 3201.792 1.415
119 730.527 102.514 238 1302.789 20.529 357 3203.881 2.959
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Figure S25. Vibrational coupling strength (S;)?° of each vibrational mode of 1-PBE in the range of 0 to
1700 cm™. Electronic energy states are shown in blue and transitions between states are given in orange.
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Figure S26. Vibrational coupling strength (S;)% of each vibrational mode of 1-PBEQ in the range of 0
to 1700 cm™L. Electronic energy states are shown in blue and transitions between states are given in
orange.

Table S11. Calculated electronic structure of one of the [Dy(BC4Phs),]™ anions in 1-2THF.

Energy CF Energy

(cm) (cm™) Ox Oy 0: 0 (%) Wavefunction <J>

0.00 0.00 0.00 0.00 20.00 - 100% |+15/2) +7.50
555.22 567.86 0.00 0.00 17.02 195 100% |+13/2) +6.50
891.77 885.11 0.00 0.00 1437 161 99% |£11/2) +5.50
1111.88 1110.64 0.03 0.03 11.77 541 99% |+9/2) +4.49
1300.73 1308.39 0.38 0.41 9.05 9.52 97% [+7/2) + 2% |£3/2) +3.45

147628 148566  3.35 3.61 598 17.28  88% [£5/2) + 7% [+1/2) + 2% |F3/2)  +2.26
162430 162871 239 534 10.84 87.55  73% [+3/2) + 17% |[F1/2) + 6% [F5/2)  +0.95
179059  1787.05 036 129 18.03 88.96 65% [+1/2) + 16% |[F3/2) + 10% [F1/2) +0.18

Table S12. Calculated electronic structure of one of the [Dy(BC4Phs)2]™ anions in 1-2THF using higher
level methodology.

Energy CF Energy

(cm™) (cm™) Ox Oy 0: 0(°) Wavefunction <J>

0.00 0.00 0.00 0.00 19.90 - 100% |£15/2) +7.50
542.59 550.73 0.00 0.00 1699 2.03 100% [£13/2) +6.50
860.06 855.64 0.00 0.00 1435 1.24 99% |+11/2) +5.50
1070.65 1070.05 0.03 0.03 1176 5.67 99% |£9/2) +4.49
1252.31 1257.28 041 044 904 952 96% |£7/2) + 2% |£3/2) +3.44

141920 142518 345 3.73 596 17.59  87% [+5/2) + 8% [+1/2) + 2% [¥3/2)  +2.25
1558.69 156153  2.37 523 10.93 87.59 720 |+3/2) + 17% [F1/2) + 6% |[F5/2)  +0.94
171526 171298 035 1.22 18.00 88.93 64% [+1/2) + 16% |[F3/2) + 10% [F1/2)  +0.18
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Table S13. Electronic structure of 1-PBE.

CF Energy

Iigne:_%/ (cm™) X Oy 0: 0 (°) Wavefunction <J>
0.00 0.00 0.00 0.00 20.00 -- 100% |+15/2) +7.50
488.59 498.50 0.00 0.00 1706 1.94 100% |+13/2) +6.50
784.44 779.74 0.00 0.00 1442 1.01 99% |+11/2) +5.50
984.25 982.90 0.02 0.02 1180 5.04 99% [+9/2) +4.50
1158.42 1163.86 013 015 9.05 887 97% [+7/2) + 2% |+3/2) +3.45
1317.09 1324.68 3.66 413 591 2298  86% [+5/2) + 9% |+1/2) + 2% |F3/2) +2.21
1450.04 1454.95 2.15 536 11.36 89.89 70% |+3/2) + 19% |+1/2) + 8% |¥5/2) +0.84
1628.98 1625.53 0.24 0.76  18.36 89.65 66% |+1/2) + 20% |[+3/2) + 5% |+1/2) £0.10
Table S14. Electronic structure of 1-PBE using higher level methodology.
Ii:rilr‘%;/ CI:(C?i;gy X Oy 0: 4(°) Wavefunction <J>
0.00 0.00 0.00 0.00 19.89 -- 100% |+15/2) +7.50
475.46 481.82 0.00 0.00 17.03 1.99 100% |+13/2) +6.50
755.40 752.32 0.00 0.00 14.39 0.75 99% |+11/2) +5.50
946.94 946.17 0.02 0.02 11.78 5.29 99% |+9/2) +4.49
1114.46 1117.95 0.18 0.19 09.04 8.91 97% |£7/2) + 2% |+3/2) +3.44
1265.34 127023 379 422 590 2431  85%|+5/2) + 10% |+1/2) + 2% |F3/2)  +2.20
1391.21 1394.44 211 521 1144  89.88 70% [+3/2) + 18% |+1/2) + 8% |+5/2) +0.83
1559.99 1557.71 023 0.71 1831 89.63  65% |+1/2) + 20% |F3/2) + 6% |F1/2)  +0.10
Table S15. Electronic structure of 1-PBEQ.
E(S;r-%)y CF( Clirfl;gy X dy 0: 0 (°) Wavefunction <J>
0.00 0.00 0.00 0.00 20.00 -- 100% |+15/2) +7.50
508.38 519.61 0.00 0.00 17.05 2.07 100% |+13/2) +6.50
805.69 800.09 0.00 0.00 1442 1.13 99% |+11/2) +5.50
1001.08 999.64 0.02 0.03 11.82 5.65 99% |+9/2) +4.49
1174.73 1181.03 0.10 0.14 9.07 9.40 97% |£7/2) + 2% |£3/2) +3.45
1339.36 1347.96 346 391 5.93 19.90 87% [£5/2) + 9% |+1/2) + 2% |+3/2) +224
1480.04 148507 225 548 11.05 89.73  71% |+3/2) + 18% |F1/2) + 7% |¥5/2)  +0.88
1659.86 1656.15 028 094 18.22 89.83 69% |+1/2) + 20% |+3/2) + 3% |+1/2) +0.11
Table S16. Electronic structure of 1-PBEO using higher level methodology.
I?:;[%]))/ CF(C?:el;gy X Oy 0: 0(°) Wavefunction <J>
0.00 0.00 0.00 0.00 19.90 -- 100% |+15/2) +7.50
494 .97 502.14 0.00 0.00 1702 214 100% |+13/2) +6.50
775.54 771.88 0.00 0.00 1439 0.83 99% |+11/2) +5.50
962.96 962.16 0.02 0.02 1180 592 99% |+9/2) +4.49
1130.25 1134.28 0.14 0.17 9.06 9.46 97% |£7/2) + 2% |£3/2) +344
1286.92 1292.43 358 401 592 20.89  86% |[+5/2) + 9% |+1/2) + 2% |F3/2) +2.23
1419.87 1423.15 222 534 1114 89.75 71% |+3/2) + 18% |F1/2) + 7% |¥5/2)  +0.87
1589.24 1586.81 0.27 0.88 18.18 89.82 68% |£1/2) + 20% |+3/2) + 4% |+1/2) +0.11
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Figure S27. Calculated relaxation rates of 1-PBE with fixed FWHM linewidths of 5 cm™ (green), 10
cmt (blue) and 20 cm™ (orange) in the temperature range of 82-112 K.
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Figure S28. Temperature dependence of calculated relaxation rates for 1-PBEO (red line, FWHM = 10
cm™) and experimental relaxation rates for 1 (blue symbols). Error bars are 1o estimated standard
deviations from the generalized Debye model.*?
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Figure S29. Temperature dependence of (a) experimental and (b) calculated relaxation rates for the 1-
PBE model (black), [Dy(Cp'™®)(CpM®)]* (A; purple), and [Dy(Cp™*).]* (B; red). Calculations were all
performed using a consistent methodology as for 1-PBE with FWHM = 10 cm™,

Table S17. Mode-weighted comparison of 1-PBE with [Dy(Cp™™®)(CpMe)]* (A) performed at 100 K

with FWHM =10 cm™.

(Hsp) Q) (P (n) T /Y
A 1-PBE | 1-PBE | 1-PBE | 3.91x10? 0.45
1-PBE | 1-PBE A 1-PBE | 8.49x10? 0.98
1-PBE | 1-PBE | 1-PBE | 1-PBE | 8.64x10? 1.00
1-PBE | 1-PBE | 1-PBE A 8.81x10? 1.02
1-PBE A 1-PBE | 1-PBE | 1.22x10° 141
(Hsp) (Q) (p) (n) (™Y | /e,
A A 1-PBE A 1.21x10? 0.22
A A A 1-PBE | 3.40x10? 0.61
A A A A 5.61x10? 1.00
A 1-PBE A A 5.91x10? 1.05
1-PBE A A A 2.84x10° 5.06
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Table S18. Mode-weighted comparison of 1-PBE with [Dy(Cp™™),]* (B), performed at 100 K with
FWHM =10 cm™.

(Hsp) | (Q) (P @ iy | Yy
1-PBE 1-PBE 1-PBE B 6.64x10? 0.77

1-PBE | 1-PBE | 1-PBE | 1-PBE | 8.64x10? 1.00

1-PBE | 1-PBE B 1-PBE | 1.02x10° 1.18
B 1-PBE | 1-PBE | 1-PBE | 1.04x10° 1.20

1-PBE B 1-PBE | 1-PBE | 8.27x10° 9.57

(Hgp) Q) () (1) (™ [T

B 1-PBE B B 4.16x10? 0.07
B B 1-PBE B 3.04x10° 0.49
B B B 1-PBE | 4.70x10° 0.76
B B B B 6.17x10° 1.00
1-PBE B B B 1.90x10* 3.08

Table S19. Calculated Léwdin charges for [CsBPhs]?-, [Cp™™®] and [Cp*]™ ligands.

[C«BPhs]*” [Cp™™1 [CpT

c10 7

c4 C3
c9 cs

i L2 Gy L0 i L G LI g, LU G Lo
B -037 Ph(C5) -026 Cl -012 'pyce) -0.08 CL -0.4 Me(C6) -0.07
Cl  -009 Ph(C6) -028 C2 -012 'pyc7) —008 C2 -0.13 Me(C7) —0.06
C2  -008 Ph(C7) -025 C3 -012 'pycg) —0.08 C3 -0.14 Me(C8) —0.06
C3 -008 Ph(C8 -021 C4 -012 'pycg) —008 C4 -0.13 Me(C9) —0.07
C4 009 Ph(C9) -029 C5 -012 'prcl0) —0.08 C5 -0.14 Me(Cl0) -0.06

C,Btotal —0.71 C, total —0.60 C,total —0.68
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Table S20. Calculated Léwdin charges for [Cp™] and [P(C'BuCMe)]" ligands.

[Cp™” [P(C'BuMe);]”

jom L Gy L0 pom Loty Lo
C1 -029 c6-Bu  —0.10 P -0.09 c5-'By —0.07
c2 -012 c7-'Bu 0.0 c1 024 C6-Me  -0.04
C3 -0.12  cs8'Bu -0.10 C2 -0.10 C7-Me  —-0.04
C4 -0.28 C3 010 cg'By -0.07
C5 -0.11 C4 -0.24

C,total  —0.90 C,pPtotal —0.77
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