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ABSTRACT: Synthetic strategies to yield molecular complexes of high-valent lanthanides, other than the ubiquitous Ce4+ ion, are 
exceptionally rare, and thorough, detailed characterization in these systems is limited by complex lifetime and reaction and isolation 
conditions. The synthesis of high-symmetry complexes in high purity with significant lifetimes in solution and solid-state are essential 
for determining the role of ligand-field splitting, multiconfigurational behavior, and covalency in governing the reactivity and physical 
properties of these potentially technologically transformative tetravalent ions. We report the synthesis and physical characterization 
of an S4 symmetric, four-coordinate tetravalent terbium complex, [Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] (where Et is ethyl and 
tBu is tert-butyl). The ligand field in this complex is weak and the metal-ligand bonds sufficiently covalent so that the tetravalent 
terbium ion is stable and accessible via a mild oxidant from the anionic, trivalent, terbium precursor, [(Et2O)K][Tb(NP(1,2-bis-tBu-
diamidoethane)(NEt2))4]. The significant stability of the tetravalent complex enables its thorough characterization. The step-wise 
development of the supporting ligand points to key ligand control elements for further extending the known tetravalent lanthanide 
ions in molecular complexes. Magnetic susceptibility, electron paramagnetic resonance (EPR) spectroscopy, X-ray absorption near-
edge spectroscopy (XAS), and density functional theory studies indicate a 4f7 ground state for [Tb(NP(1,2-bis-tBu-
diamidoethane)(NEt2))4] with considerable zero-field splitting: demonstrating that magnetic, tetravalent lanthanide ions engage in 
covalent metal-ligand bonds. This result has significant implications for the use of tetravalent lanthanide ions in magnetic applications 
since the observed zero-field splitting is intermediate between that observed for the trivalent lanthanides and for the transition metals. 
The similarity of the multiconfigurational behavior in the ground state of [Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] (measured by 
Tb L3-edge XAS) to that observed in TbO2 implicates ligand control of  multiconfigurational behavior as a key component of the 
stability of the complex.

INTRODUCTION 
In molecular complexes, the lanthanides are predominantly 

trivalent (Ln3+). In fact, of the fifteen lanthanide ions, only ce-
rium is known to have significant solution chemistry in its tet-
ravalent oxidation state (Ce4+).1 While examples of low-valent 
lanthanide complexes have been reported,2-6 high-valent ions in 
lanthanide chemistry remain a challenge.7-11 The accessibility 
of high-valent lanthanide chemistry could transform two key in-
dustrial chemical processes: 1) the beneficiation and purifica-
tion of lanthanide ores12 and 2) the separation of the minor ac-
tinides from lanthanide fission products in spent nuclear fuel 
reprocessing.13 As a result, efforts to extend the aqueous solu-
tion chemistry of tetravalent lanthanides to the next two most 
readily oxidized lanthanides, praseodymium and terbium 
(Pr4+/Pr3+= +3.2; Tb4+/Tb3+= +3.1 V vs. NHE),14 have been pur-
sued, but with little success beyond the in situ spectroscopic and 
potentiometric identification of redox processes.15-17 From the 
most fundamental perspective, the isolation of a tetravalent ter-
bium complex is important since it puts a new paramagnetic, 
isotropic ion on the periodic table and allows the crystal field 
effects in the tetravalent lanthanides to be benchmarked against 
the transition metals (Mn2+) and trivalent lanthanides (Gd3+). 

In the absence of isolable molecular, tetravalent praseodym-
ium or terbium complexes, cerium has been used as a surrogate 
to examine the ligand and solvent dependence of the Ln4+/Ln3+ 
redox couple.18-20 Depending on the ligand, supporting cation, 
and solvent, the redox potential can be shifted up to 4 V. Given 
the large change in ionic radii on oxidation from Ce3+ to Ce4+ (~ 
0.14 Å),21 the coordination sphere has also been demonstrated 
to have kinetic control of the redox process.22 This ligand con-
trol has led to rapid growth of tetravalent cerium coordination 
chemistry.23 The use of cerium as a surrogate is validated by the 
demonstration that tetravalent late-actinides, such as berkelium, 
can be preferentially stabilized using similar ligand design prin-
ciples.24, 25 These cerium coordination studies have also inspired 
the attempted oxidation of molecular terbium complexes in an-
aerobic and anhydrous conditions, but these efforts have failed 
in the isolation of a tetravalent terbium complex.26-28 The lim-
ited data on the physical properties of tetravalent terbium are 
derived from studies on solid-state materials including doped-
oxides (e.g. ThO2:Tb4+),29, 30 bulk binary terbium oxides and flu-
orides (TbO2 and TbF4),31, 32 and other extended solids.33-37  
Electron paramagnetic resonance (EPR) and X-ray absorption 
spectroscopy (XAS) studies of these solid-state terbium com-
plexes and related tetravalent lanthanide and actinide com-
plexes indicate that the increased covalent bonding present in  
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Figure 1. Synthesis and structure of terbium imidophosphorane complexes. (A) Resonance structures in tris(piperidinyl)imidophosphorane 
ligand. (B) Resonance structures in 2. (C) Hyperconjugation in 2. (D) Synthesis of 4 from 3. (E) X-ray crystal structures of 3 and 4 with 
thermal ellipsoids at 50% probability. Black, blue, yellow, red, and aqua represent carbon, nitrogen, phosphorous, oxygen and terbium, 
respectively. Metrical data for Tb–N and P–N distances and Tb–N–P angles in each complex.

 
tetravalent f-block metal-ligand bonds can be employed to sta-
bilize reactive tetravalent lanthanide ions.29, 31, 36-39 Here, we re-
port the synthesis and structural characterization of a molecular 
tetravalent terbium complex that is stable both in solution and 
the solid-state. Most importantly, the 4f 7, 8S7/2 ground state is 
validated and probed through EPR, Tb L3-edge XAS, magnetic 
susceptibility, and density functional theory (DFT) studies. 

RESULTS AND DISCUSSION 
We recently reported the ability of the tris(piperidinyl)imido-

phosphorane, [NP(pip)3]– (pip = piperidinyl), ligand to dramat-
ically lower the redox potential for the Ce3+/4+ couple by greater 
than 4 V to less than -2.64 V vs. Fc/Fc+ (-2.99 V vs. Fc/Fc+; 
DFT).20 This control of the Ce3+/4+ couple is driven by four key 
aspects of ligand design: 1) destabilization of the trivalent state 
through significant charge localization at the imide nitrogen 

atom due to the zwitterionic character of the ligand (Fig. 1A), 
2) stabilization of the tetravalent product through significant co-
valent character in the metal-ligand bonds enabled by symmetry 
and energy allowed mixing, 3) minimization of complex struc-
tural reorganization during oxidation, and 4) increase of the 
thermodynamic driving force for oxidation via the release of a 
potassium ion from the secondary coordination sphere. Initially, 
the terbium analog of the trivalent cerium complex supported 
by [NP(pip)3]– was prepared (reported in this work) to investi-
gate its redox properties (SI). With the contraction of ionic radii 
across the lanthanide series (Ce3+, 1.01 Å; Tb3+, 0.92 Å),21 the 
coordination geometry in [(Et2O)K][Tb(NP(pip)3)4], 1, diverges 
from its previously reported cerium analog, 
[(Et2O)K][Ce(NP(pip)3)4], 1–Ce.20 The potassium ion hapticity 
is k3, supported by three ligands, in 1 as opposed to k2, sup-
ported by two ligands, in 1–Ce. As a result, three of the  
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Figure 2. Spectroscopic and magnetic analysis of 3 and 4. (A) Terbium L3-edge X-ray absorption spectra of 3 and 4. (B) Variable-temperature 
molar magnetic susceptibility times temperature (cMT) for 3 and 4 collected under dc field (H) of 1 T. (C) X-band electron paramagnetic 
resonance spectrum of 4 in a toluene glass at 12 K. (D) Experimental UV/vis/NIR spectra of 3 and 4 in benzene (solid lines) and their 
computed TD-DFT spectra in the UV/vis region (dashed lines). Vertical bars depict theoretical oscillator strength of single-electron excita-
tions. 

imidophosphorane ligands are bent with Tb–N–P angles span-
ning the range 135.2(4) to 172.5(5)° (Fig. S23-24 and Table 
S6). This coordination geometry reduces electron donation to 
the metal and diminishes the destabilization of the f-orbitals in 
contrast to the k2-geometry observed in 1–Ce. Additionally, this 
potassium coordination mode increases the amount structural 
rearrangement required to form a neutral tetravalent complex. 
In line with these structural observations (but not the redox 
chemistry of 1–Ce), no reactions are observed between 1 and 
mild oxidants such as AgI. 

In light of the structural analysis of 1, a new ligand architec-
ture was developed to address the changes in coordination 
chemistry observed at trivalent terbium. A bulky, chelating di-
amide was incorporated into the imidophosphorane ligand (Fig. 
1B and S1B). This change has two principal effects on the elec-
tronic structure of the imidophosphorane ligand. The chelating 
diamide enforces planarity at the chelating amide nitrogens and 
aligns their N lone pairs with the s* orbital of the P–Nimide bond. 
This hyperconjugative interaction destabilizes the P–Nimide and 
makes the ligand more s basic and is reflected in the increased 
in P–Nimide bond length of the potassium salt of the new ligand, 
K[NP(1,2-bis-tBu-diamidoethane)(NEt2)], 2, in comparison to 
that of the original ligand, K[NP(pip)3] (Table S1 and Fig. S21-

22). The chelating diamide sterically enforces the structural re-
quirement for the zwitterionic resonance structure shown in Fig. 
1B which increases the p basic character of the ligand. These 
electronic and steric modifications of the imidophosphorane 
ligand lead to significant changes in the coordination geometry 
of trivalent terbium. As seen in Fig. 1D, the potassium ion is 
bound k4 by two ligands in the tetrahomoleptic, trivalent, ter-
bium complex [(Et2O)K][Tb(NP(1,2-bis-tBu-
diamidoethane)(NEt2))4], 3 (Fig. S25 and Tables S7-8). Addi-
tionally, since the potassium ion is bound by both an imide ni-
trogen and an amide nitrogen from each ligand, the Tb–N–P an-
gle for the ligand binding the potassium ion is much more linear 
than in 1 at 167.64(8)°. This angle is comparable to that meas-
ured for the non-bridging ligand in 3 at 168.74(8)°. The Tb–N 
distances in 3 are also similar for the bridging and terminal im-
idophosphorane ligand (2.264(1) and 2.231(1) Å, respectively). 
These comparable geometries suggest that minimal complex re-
organization is necessary upon oxidation. 

Complex 3 oxidizes rapidly (< 10 min) with AgI in diethyl 
ether at room temperature to give a deep indigo solution, Ag0, 
and a white precipitate. After filtration and crystallization from 
pentane at -35 °C, dark indigo crystals are isolated. Single-crys-
tal X-ray diffraction studies of these crystals demonstrated the  
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Figure 3. MO energy levels of 3 and 4. Only β MOs are shown to explain the origin of the excitations in the low-energy region of 4. HOMO 
level of 4 is shifted up by 2.37 eV to align with the HOMO of 3 for comparison. The red fraction of the MO lines represents the percentage 
of Tb AOs in the MOs, and the blue lines are the ligand fraction. Degeneracy of the MO energy levels is set to 0.05eV. Combined (α+β) MO 
diagrams are shown in Fig. S35

isolation of [Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4], 4, in 
55% yield (Fig. 1D, Fig. S27, and Table S11-12). The Tb–N–P 
angle in 4 is 164.7(4)°, confirming that little rearrangement was 
necessary to accommodate the oxidation and concomitant con-
traction of the metal ionic radius. The Tb–N distance in 4 is 
2.106(3) Å: a contraction of 0.164 Å and 0.133 Å for the termi-
nal and bridging ligands in 3, respectively. This contraction is 
consistent with a change in the ionic radius from Tb3+ to Tb4+ 
(Tb3+, 0.92 Å; Tb4+, 0.76 Å) and is strong crystallographic evi-
dence that the observed oxidation is metal-centered. It should 
also be noted that the P–Nimide bond in 4 is slightly longer than 
the comparable bonds in 3 (1.555(3) Å compared to 1.528(1) 
and 1.532(1) Å in 3 or 1.526(7) (avg.) Å in 2). This elongation 
could reflect increased electron donation to the metal in the ox-
idized complex. 

The significant stability of these complexes facilitates the di-
rect spectroscopic confirmation of the oxidation of trivalent ter-
bium to tetravalent terbium in 4 via terbium L3-edge XAS stud-
ies at 10 K. Figure 2A shows the background subtracted and 
normalized spectra of 3 and 4. The spectrum of 3 (orange) con-
tains a large edge feature at 7519.3 eV (inflection point, 7517.1 
eV) superimposed on a step-like absorption threshold, typical 
of an L3-edge spectrum of a trivalent lanthanide.5 The spectrum 
of 4 (indigo) exhibits a double-peak structure characteristic of 
L3-edge spectra obtained from other formally Ln4+ com-
plexes.31, 36-38, 40 The inflection point is shifted to higher energy 
by 0.8 eV and the two peak maxima are also shifted to higher 
energy (7520.9 and 7528.3 eV, 7.4 eV splitting) demonstrating 
increased effective nuclear charge at the absorbing atom. This 
double peak structure has been attributed to transitions from 
4fn5d0L and 4fn+15d0L ground states to 4fn5d1L and 4fn+15d1L 

final states (where L represents a ligand hole).20, 31, 38, 40 The fit 
of the spectrum, with Voigt functions and a step-like function 
(Fig. S45 and Table S17), was used to estimate the relative 
amount of 4fn+15d0L character in the ground state via a weighted 
ratio of area under the two peaks giving a value of 0.39(4), sim-
ilar to that observed for TbO2, 0.42(3).31 The spectral features 
of 4 in comparison with 3 and other Ln4+ complexes indicate 
unambiguously that 4 is a tetravalent terbium complex. The 
similarity of the multiconfigurational behavior in the ground 
state of 4 to that observed in TbO2 further indicates that ligand 
control of multiconfigurational behavior is a key component of 
the stability of the complex. 

Variable-temperature dc magnetic susceptibility data for 3 
and 4 are shown in Fig. 2B. The gradual decrease in the product 
of the molar magnetic susceptibility and temperature  (cMT) 
with decreasing temperature for 3 (orange) corresponds to the 
gradual depopulation of low-lying crystal field states and is 
similar in shape and magnitude (room temperature cMT value 
of 14.2 cm3 K mol-1) to cMT data observed for Tb3+, 7F6 ions in 
weak-field complexes.28, 41 The room temperature cMT value of 
8.55 cm3 K mol-1 for 4 (indigo) is consistent with a 8S7/2 ion (the 
theoretical value is 7.94 cm3 K mol-1), and the field dependent 
behavior of 4 arises from increased Zeeman splitting at higher 
fields. Fitting the field dependent behavior of 4 gives a D value 
of 5.5(5) cm-1: an indication of significant zero-field splitting 
(ZFS) (Fig. S33). 

In line with the XAS and susceptibility studies indicating the 
formation of 8S7/2, Kramers ion and, in contrast to Tb3+, 4 pre-
sents an X-band EPR spectrum at 12 K in toluene (Fig. 2C). 
This spectrum diminished at 77 K and completely attenuated at 
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room temperature indicating a significantly shorter T1 in com-
parison to the equivalent trivalent isotropic ion, 8S7/2 Gd3+. In 
the absence of high-frequency and -field EPR (HFEPR) studies 
42, a simple model was employed to fit the observed X-band 
spectrum of 4 using the D and g values from the magnetic sus-
ceptibility fits. The variation of ½E/D½ (Fig. S34) reveals the 
transition from an axial spectrum to the principal features of the 
observed spectrum with the inclusion of rhombic zero-field 
splitting parameters. This type of EPR spectrum, namely one 
with significant axial and rhombic zero-field splitting, as op-
posed to the more isotropic spectrum exhibited by Gd3+ species, 
is indicative of the magnitude of the effective ligand field in 
tetravalent lanthanides in comparison to trivalent lanthanides.20, 

36-38 
The deep indigo color of 4 in solution is driven by an intense, 

broad absorption as shown in the UV/vis/NIR spectrum shown 
in Fig. 2D. The absorption maximum is located at 575 nm with 
an extinction coefficient of e = 3700 cm-1 M-1 and a full-width 
at half-maximum peak of 4.28 eV (290 nm). This absorption 
feature is characteristic of Tb4+ and has been previously as-
signed as a ligand-to-metal charge transfer (LMCT).15, 30 In 
complex 4, the absorption is red-shifted with respect to those 
observed in oxide coordination environments reflecting the 
lower ionization potential of N 2p orbitals in comparison to O 
2p.43 Computed UV/vis spectra of 3 and 4 (see Theoretical Cal-
culations section for details) are in excellent agreement with the 
experimental data (Fig. 2D), confirming the apparent differ-
ences in the absorption spectra of 3 and 4. Specifically, while 
there is no absorption in the low energy region of 3 (up to 260 
nm), theoretical spectrum of 4 exhibits intense electronic exci-
tations in the ~550-775 nm range. According to the natural tran-
sition orbital (NTO) analysis, this broad band is attributed ex-
clusively to the excitations originating from the frontier ligand-
dominant π  molecular orbitals (MOs) (primarily 2p orbitals of 
N atoms, i.e. from HOMO-18 through HOMO-8, Fig. S36) to 
the lowest unoccupied MO (LUMO), which is composed of 
73% 2p orbitals of N and 27% 6s/4f orbitals of Tb (Fig. S38). 
Hence, these excitations can be characterized as a dominant lig-
and-to-ligand charge transfer (LLCT) with an appreciable 
LMCT contribution. In the higher energy region, this type of 
excitation emerges up to 320.2 nm. LMCT excitations from the 
frontier ligand-dominant π MOs to the Tb 4f-dominant LUMOs 
(N 2p → Tb 4f) emerge in the 217-261 nm range. In contrast to 
4, the N 2p → Tb 4f excitations in 3 do not appear in the con-
sidered UV/vis region, and the LLCT bands (N 2p → H 3s) are 
the major excitations in the 207-260 nm range. The exception 
is the excitations from HOMO-8 composed of 34% 2p orbitals 
of N and 66% 6s/4f orbitals of Tb to the ligand-dominant 
LUMO (93% H 3s) appearing at 224.1 nm (Figs. S37, S39).  

The difference in the UV/vis features of 3 and 4 can also be 
explained by comparing their MO levels (Fig. 3). Since the dif-
ference lies in the β MOs, the β electron density is depicted to 
guide the interpretation of the UV/vis spectra. Upon oxidation, 
the HOMO level of 3 goes down by 2.37 eV and the occupied 
HOMO-8 in 3 becomes LUMO in 4. Due to this, the HOMO-
LUMO gap of 5.52 eV in 3 significantly shrinks to 1.28 eV in 
4. Hence, the allowed excitations result in two different energy 
ranges as observed in the experiment for 3 and 4. Specifically, 
these findings support the appearance of the intense excitations 
corresponding to the broad absorption band in the low-energy 
region of 4 (575 nm peak maximum) as well as exclusively 
high-energy excitations occurring in 3 (207-260 nm). 

To understand the difference in electronic structure of these 
complexes, a chemical bonding analysis was developed. Due to 
the complexity of the canonical MOs, which are intrinsically 
difficult to interpret in terms of chemical bonds due to delocal-
ization, a Natural Bond Orbital (NBO) analysis was performed. 
In 3, there are six one-center, one-electron α NBOs (1c-1e α, or 
unpaired α electrons) and a lone electron pair (1c-2e NBO) on 
Tb atom, accounting for a 4f8 configuration of 3 (Fig. S41). The 
six α electrons (Fig. S41A) are pure f-type electrons (99.98% f-
character, Table S15) with occupation number (ON) values 
equal to 1.00 |e|. The lone electron pair on Tb is composed of 
the 1c-1e α (99.98% f-type, ON=1.00 |e|) and 1c-1e β (58% 
6s/42% 4f hybrid, ON=0.96 |e|) NBOs, with overall ON=1.96 
|e| (Fig. S41B). Per NBO, the oxidation of 3 occurs due to the 
removal of this β electron in 3, resulting in a 4f7 ground state 
electronic configuration of 4 with seven f-type 1c-1e α NBOs 
(Fig. S40). This result further supports the conclusion that the 
oxidation of 3 is metal-centered. 

 
Figure 4. Bonding analysis of the Tb–N–P interactions in 4. (A) 
Two-center two-electron Tb–N σ bond. (B) Two-center two-elec-
tron P–N σ bond. (C, D) Three-center two-electron Tb–N–P π 
bonds. ON denotes occupation number. Side groups of the ligands 
(tBu, Et2) are omitted for simplicity. An equivalent set of bonds is 
identified for other three ligands. 

The major bonding interaction between Tb ion and the lig-
ands in 3 occurs due the formation of four two-center two-elec-
tron (2c-2e) Tb–N σ bonds with ON=1.96 |e| (Fig. S40A). These 
bonds are highly polarized towards N atoms (Table S14), ac-
counting for 94.77% of the electron density associated with Tb–
N σ bond. While dominant Tb NBO hybrids of the Tb–N σ 
bonds are composed of d (73.49%) and s (15.27%) characters, 
the f character is non-negligible, accounting for 10.62% (Table 
S15). A similar set of Tb–N σ bonds with similar Tb NBO hy-
brid characters was identified for 4 (Fig. 4). Although the Tb–
N σ bonds in 4 exhibit slightly lower ON values of 1.89 |e| (Fig. 
4), the polarization towards the N atoms decreases (91.69% for 
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N), resulting in a more covalent interaction in 4 due to a higher 
contribution from Tb atoms (0.16 |e| in 4 vs. 0.10 |e| in 3 per Tb–
N σ bond). These data correlate with the shorter Tb–N bonds in 
4 as compared to 3. Importantly, these findings are in concord-
ance with the previous studies on the Ce3+/Ce4+ imidophospho-
rane complexes,20 showing a greater covalent character of the 
M–L bonds in a tetravalent state rather than in the trivalent one.  

While the Tb–N σ interactions account for a single bond or-
der between Tb and N in 3 and 4, there are additional L–M π 
interactions in both complexes found as two Tb–N–P π bonds 
per ligand (Fig. 4C, D, S42C, D). In both cases, the eight Tb–
N–P π bonds originate from the top eight HOMOs (Figs. S36, 
37) with the major contribution coming from N atoms (~93-
96% of the electron density per π bond, Table S14). The L–M π 
donation is found to be larger in 4 (5.69% per Tb–N–P π bond 
in) than in 3 (2.24%), giving rise to stronger interactions be-
tween Tb and N in 4. In both cases, d and f characters are dom-
inant in the Tb hybrids of the Tb–N–P π NBOs (Table S15). 
Since the major contribution to the formation of these bonds 
comes from N atoms, these 3c-2e π bonds can also be viewed 
as pure 1c-2e lone electron pairs on N or 2c-2e N–P π bonds, 
though with lower ON values (Figs. S43-44). The higher ON 
values of the N–P π bonds in 3 vs. 4 (1.89 |e| vs. 1.82 |e| avg., 
respectively) support the shorter N–P bond lengths in 3, con-
firming the increased electron donation to the metal in 4. Over-
all, the NBO results support the greater covalency of the tetra-
valent f-block metal-ligand bonds over the trivalent counter-
parts, in agreement with previous studies on lanthanide ions.29, 

31, 36-39 

CONCLUSION 
The isolation of a molecular tetravalent terbium complex is 

important for the opportunity to understand the bonding driving 
the reactivity and magnetic properties of these rare and previ-
ously unstable ions in molecular complexes. The broad range of 
spectroscopic and physical characterization approaches em-
ployed in this study move beyond establishing the existence of 
a new oxidation state and delineate the structural and electronic 
basis of its stability and its physical properties. The complex 
design principles presented here provide a road map for the iso-
lation and characterization of reactive tetravalent lanthanide 
complexes. In particular, the design methodology, which capi-
talizes on steric and electronic control of imidophosphorane lig-
and donor properties (orbital energy, orbital radial extent, steric 
profile, and complex reorganization energy) in a pseudo-tetra-
hedral environment (S4), maximizes covalent overlap with both 
4f and 5d orbitals. The increased metal-ligand covalency in the 
tetravalent oxidation state – as clearly seen in the EPR, XAS, 
magnetism, and theoretical studies – indicates that significant 
new applications of tetravalent lanthanide ions in magnetism 
and chemical reactivity are possible.  

EXPERIMENTAL SECTION 
General Considerations. Unless otherwise noted, all reagents were 

obtained from commercial suppliers and the syntheses and manipula-
tions were conducted under argon with exclusion of oxygen and water 
using Schlenk techniques or in an inert atmosphere box (Vigor) under 
a dinitrogen (<0.1 ppm O2/H2O) atmosphere. The glovebox is equipped 
with two -35 ˚C freezers.  All glassware and cannulae were stored in an 
oven overnight (>8 h) at a temperature of ca. 160 ˚C. Celite and molec-
ular sieves were dried under vacuum at a temperature >250 ˚C for a 
minimum of 24 h. C6D6 was stored over 3 Å molecular sieves and then 
vacuum-transferred from purple sodium/benzophenone prior to use. 
Diethyl ether, n-pentane, n-hexane, benzene, toluene, tetrahydrofuran, 

and 1,2-dimethoxyethane were purged with UHP-grade argon (Airgas) 
and passed through columns containing Q-5 and molecular sieves in a 
solvent purification system (JC Meyer Solvent Systems). All solvents 
in the glovebox were stored in bottles over 3 Å molecular sieves. Meth-
anol was dried by refluxing over magnesium turnings activated with 
iodine for 12 h and then distilled and stored over 3 Å molecular sieves.  

The starting materials TbI3(THF)3.5, [PN(pip)3]K, and potassium 
benzyl were prepared according to literature procedures.44,20,45 Potas-
sium t-butoxide was sublimed prior to use. NMR spectra were obtained 
on a Bruker Advance III 500 MHz spectrometer at 298 K, unless oth-
erwise noted. 1H, 13C, and 31P NMR chemical shifts are reported in δ, 
parts per million. 1H NMR are referenced to the residual 1H resonances 
of the deutero-solvent. 13C NMR are referenced to the 13C resonance of 
the deuterated solvent.46 Peak position is listed, followed by peak mul-
tiplicity, integration value, and proton assignment, where applicable. 
Multiplicity and shape are indicated by the following abbreviations: s 
(singlet); d (doublet); t (triplet); q (quartet); dd (doublet of doublets); 
td (triplet of doublets); m (multiplet); br (broad). Infrared (IR) samples 
were taken on a Bruker ALPHA FTIR spectrometer from 400 to 4000 
cm-1. IR samples were prepared as Nujol mulls sandwiched between 
two KBr plates. The peaks are listed in wavenumber [cm-1] and inten-
sity using the following abbreviations: vw (very weak); w (weak); m 
(medium); s (strong); vs (very strong); br (broad). UV/visible/NIR 
spectroscopy was performed in Teflon-valve sealed quartz cuvettes 
with a 1 cm path length on a Hitachi UH4150 UV-vis-NIR scanning 
spectrophotometer between 2400-200 nm. Elemental analyses were de-
termined at Robertson Microlit Laboratories (Ledgewood, NJ).  

Crystallographic Analyses. Crystals suitable for X-ray diffraction 
were covered in paratone oil in a glove box and transferred to the dif-
fractometer in a 20 mL capped vial. Crystals were mounted on a loop 
with paratone oil on a Bruker D8 VENTURE diffractometer. The crys-
tals were cooled and kept at T = 100(2) K during data collections (ex-
cept for 3 – see the following description – which was collected at T = 
180(2) K). Unless otherwise noted below, the structures were solved 
with the ShelXT structure solution program using the Intrinsic Phasing 
solution method and by using Olex2 as the graphical interface.47, 48 The 
model was refined with version 2014/7 of XL using Least Squares min-
imization.49  

Structure Solution of 3. The crystals of 3 transformed into a multi-
crystalline form on cooling to 100 K. The transformation occurred at 
about 150 K. The data set that was collected at 100 K (3–100K) was 
comprised of reflections from a polycrystalline sample, but a signifi-
cant portion (>25%) the diffraction data was from a single crystal of 
this compound. The data was of high enough quality for a structure 
solution and refinements. The phase change was accompanied by a 
lowering of the symmetry of the structure. The forbidden reflections 
h+k=2n associated with the C-centering were strongly observed. Thus, 
the space group symmetry decreased from C2/c to P2(1)/n (a non-con-
ventional space group was adopted to preserve the same cell axes). The 
Tb structure at 180 K has the C-centered lattice and the Tb and K atoms 
on special positions (sites of 2-fold symmetry) with half the atoms gen-
erated by crystallographic symmetry. Interestingly, on cooling to 100 
K the site symmetry of the Tb atom is reduced and the coordination 
geometry becomes less regular with 4 different Tb–N bond lengths in-
stead of 2 different bond lengths. The lower symmetry structure 3–
100K is included in the SI for comparison. 

Structure solution of 4.  The structure would not solve using the 
standard structure solution programs.  The crystal was not obviously 
twinned and all the reflections appeared to be single. Close inspection 
of the data in XPREP showed that the data appeared to have Laue sym-
metry 4/mmm but true Laue symmetry 4/m.50 Thus the crystal is a mer-
ohedral twin with the twin law being a two-fold axis along the crystal-
lographic direction [110]. The structure was partially solved in the 
space group I-4 (# 82) by the ShelXT structure solution program on de-
twinned data (from XPREP) using the Dual Space Method.47 The struc-
ture was refined as 4-component twin that combined the merohedral 
twinning with inversion twinning (the twin also appears to be a mirror 
along [110]) and refined by Least Squares using version 2018/3 of 
ShelXL.49 All non-hydrogen atoms were refined anisotropically. Hy-
drogen atom positions were calculated geometrically and refined using 
the riding model.  
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EPR. X-band EPR measurements were performed on a Bruker ESP-
300 with an Oxford ESR-900 cryostat and Oxford temperature control-
ler at 9.3640 GHz on a sample of 4 at 12, 30, and 50 K and on a modi-
fied Varian E-9 spectrometer at 77 K (L N2 finger dewar) and at room 
temperature. The liquid helium measurements were performed in both 
toluene and toluene/THF (1:1 v/v). No difference was seen in the spec-
tra between the two solvent systems. EPR simulations used the pro-
gram SPIN (A. Ozarowski, NHMFL). 

Magnetism. Magnetic measurements were performed on a Quantum 
Design MPMS-5S magnetometer. Inside of a glovebox, a measured 
amount of quartz wool (10-20 mg) was loaded and packed tightly into 
a quartz tube. Powdered samples were loaded inside of the tube and 
onto the glass wool plug by tapping the compound through a glass pi-
pet. Another pre-massed amount of quartz wool (10-20 mg) was loaded 
on top of the sample and contents packed tightly again. The top of the 
tube was affixed to an Ultra Torr Swagelok adaptor while the bottom 
was plugged with a piece of snug tubing tightly closed with a stopper 
and copper wire. This was transported from the glovebox to a Schlenk 
line where it was sealed above and below the sample using a O2/H2 
torch while the sample was under vacuum. The vacuum sealed tubing 
was taped to a straw and the straw was loaded into the instrument. Di-
amagnetic corrections for the quartz wool and the ligand were per-
formed using Pascal’s constants.51 Ferromagnetic corrections for resid-
ual iron in samples was performed according to published procedure.52 

Tb L3-edge Measurements. Terbium samples were prepared in an 
argon glovebox at SSRL since both Tb4+ and Tb3+ complexes are air-
sensitive. A mixture of the analyte and boron nitride (BN) was 
weighed, such that the edge jump for the absorbing atom was calculated 
to be at one absorption length in transmission (∼8-12 mg for Tb sam-
ples). The samples were diluted with BN (∼10 mg) that had been dried 
at elevated temperature (250 °C) under vacuum (1×10−3 Torr) for 24 h 
prior to use. Samples were ground with a mortar and pestle. 

Solid-state sample holders for the Tb samples consisted of an alumi-
num plate with a 3 × 15 mm oval window and screw holes. One side of 
the plate was covered with 0.5 mm Kapton tape, and the sample was 
evenly loaded in the window. The powder was then secured by cover-
ing the sample with a second piece of 0.5 mm Kapton tape. A second 
layer of compound was painted onto a third piece of Kapton tape, which 
was subsequently fixed to the backside of the sample holder. The sam-
ple holder was then loaded onto a sample rod, taken out of the glove-
box, and transported to the beamline while submerged within a N2(liq) 
cooling bath. Once at the beam, the rod with the sample was placed at 
45° inside the Oxford He(liq) cryostat, which was precooled at 85 K and 
attached to the SSRL Beamline 11-2 rail. When the cryostat was closed, 
the system was put under vacuum and flushed with helium five times. 
The valve was closed, and the measurements were performed in the 
cryostat at 10 K. 

The solid-state terbium complexes were characterized by metal L3-
edge X-ray measurements. The X-ray absorption measurements were 
made at SSRL, under dedicated operating conditions (3.0 GeV, 5%, 
500 mA using continuous top-off injections) on end station 11-2. With 
the use of a liquid nitrogen-cooled double-crystal Si(220) (φ=0) mon-
ochromator that employed collimating and focusing mirrors, a single 
energy was selected from the incident white beam. For Tb measure-
ments, the beam was fully tuned at 7514 eV and harmonic rejection 
was achieved with a manganese foil. The horizontal slit sizes were 10 
mm and vertical slit sizes were 1 mm in all measurements. 

The cryostat was attached to the beamline 11-2 XAS rail (SSRL), 
which was equipped with three ionization chambers, through which ni-
trogen gas was continually flowed. One chamber was positioned before 
the helium beam pass and the cryostat (10 cm) to monitor the incident 
radiation (I0). The second chamber was positioned after the cryostat (30 
cm) so that sample transmission (I1) could be evaluated against I0 and 
so that the absorption coefficient (μ) could be calculated as ln(I0/I1). 
The third chamber (I2; 30 cm) was positioned downstream from I1 so 
that the XANES of a calibration foil could be measured against I1. A 
potential of 1100 V was applied in series to the ionization chambers. A 
PIPS detector under argon was placed on one side of the cryostat (4 
cm) to detect the fluorescence from the samples. The Tb samples were 
calibrated in situ to the energy of the first inflection point of the K-edge 
of iron foil (7112 eV). Data were acquired in triplicate and averaged. 

Background subtraction and normalization (at 7514 eV) were per-
formed in Athena. 

Curve-fitting was performed in IgorPro 7.0 using a modified version 
of EDG_FIT.53 Derivative spectra were used as guides to determine the 
number and position of peaks, and edge features were modeled by 
Voigt line shapes and an additional function consisting of arctangent 
and error function contributions, which was used to model the absorp-
tion threshold. Deconvoluted spectral models were performed over sev-
eral energy ranges. In the spectrum of 4, 3 Voigts were employed to fit 
the spectrum: p1 (the quadrupole allowed 2p3/2à4f transition), p2 and 
p3 to model the double-white line feature. In the spectrum of 3 a single 
Voigt was employed to model the white-line feature. The area under 
the Voigt functions (defined as the intensity) was calculated with the 
formula ph×fwhm×1/4×([π/ln(2)]1/2+π), where ph = peak height (nor-
malized intensity), fwhm = full-width at half-maximum height (eV), 
and the value 1/4×([π/ln(2)]1/2+π) ≈ 1.318 is a constant associated with 
the Voigt function. The fits are shown in Fig. S45 and summarized in 
Table S17. Relative parameter error estimates are calculated from the 
covariance matrix assuming normally distributed variances in the data. 
Absolute error in nf is about 0.04 or 10%. 

Theoretical Calculations. All the calculations were carried out with 
the PBE054 hybrid functional as implemented in the Gaussian 09 soft-
ware package revision C.01.55 ECP28MWB56 small core quasi-relativ-
istic pseudopotential and ECP28MWB_ANO57 basis set were used to 
describe Tb, and the remaining atoms were described with the all-elec-
tron Pople basis set 6-311G(d).57 The geometries of compounds 3 (ex-
cluding the K(Et2O)+ counter ion fragment) and 4 were optimized in 
gas phase without any constraints. Harmonic frequency calculations 
were performed to confirm that the optimized structures were station-
ary points on the potential energy surface. The computed structural 
metrics are in good agreement with the XRD data, with Tb−N and N−P 
bond distances, as well as Tb−N−P valence angles within 3.9%, 0.4%, 
and 3.3% of the experimental ones, respectively, providing confidence 
to the theoretical model (Table S13). In all calculations, spin contami-
nation was found to be less than 5.2% with ⟨S2⟩ values being close to 
the corresponding values of the considered spin states, i.e. septet for 3 
(C2 point group symmetry) and octet for 4 (S4 point group symmetry). 
Wavefunctions of the studied species were found to be stable indicating 
that the calculations converged to the ground electronic state. Time-
dependent DFT calculations (TD-DFT) of up to 200 excited states were 
carried out to simulate the experimental UV-Vis spectrum of both com-
plexes. The computed UV-Vis spectra were plotted broadening the cal-
culated excitation lines with Gaussian-type peaks using 0.05 eV half-
width at half height. Natural transition orbitals (NTOs),58 which most 
of the time can yield a single electron-hole representations of the elec-
tronic excitations, were employed to interpret the calculated excitation 
spectra. To gain more insight into electronic structure of these com-
plexes, chemical bonding analyses were performed using Natural Bond 
Orbital59, 60 (NBO6) method. The GaussView 661 was used for molecu-
lar orbitals visualization of the NBO results. Chemissian 4.6062 was 
used to plot molecular orbital energy level diagrams. 

 Syntheses. A scheme providing an overview for all syntheses is 
provided in Figure S1.  

N,N’-di-tert-butylethylenediamine, 5. Synthesis of 5 was modified 
from a previous report.63 In air, 1,2-dibromoethane (86 mL, 1 mol) and 
350 mL of water were added to a 2 L round bottom flask equipped with 
a Teflon stir bar. The reaction mixture was chilled to 0 °C, and tert-
butylamine (526 mL, 5 mol) was added dropwise to the solution. The 
reaction mixture was kept in an ice bath for 1 h and then stirred at 25 
°C for 4 d. Solid NaOH was added in 25 g portions until it no longer 
dissolved (no change over 3 h). The biphasic mixture was then decanted 
and stirred over an additional 25 g of ground NaOH for 30 h. The top 
layer was then obtained via separatory funnel and the liquid was filtered 
into a 250 mL Schlenk round bottom flask. Pre-sliced pieces of Na 
metal were added (~ 4 g) and the mixture was distilled at 66 – 69 °C at 
~30 torr to yield a clear, colorless liquid (97.13 g, 56%). 1H NMR (400 
MHz, C6D6):  2.67 (4H, s, (CH2NtBu)), 1.12 (18H, s, (CH2NtBu)).  

[(CH2NtBu)2PCl], 6. Synthesis of 6 was modified from a previous 
report.64 PCl3 (6 mL, 68.6 mmol) was added to a 500 mL Schlenk round 
bottom flask containing 350 mL diethyl ether and a Teflon stir bar. The 
reaction mixture was cooled to -20 °C and triethylamine (50 mL, 360 
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mmol) was added to the reaction mixture and, subsequently, 5 (15 mL, 
69.6 mmol) was added dropwise over 15 min. A thick, white precipitate 
quickly formed. The reaction mixture was stirred for 6 h at 25 °C and 
then transferred to the glovebox where it was filtered through a medium 
porosity frit packed with Celite and washed twice with 30 mL diethyl 
ether to yield a clear, colorless filtrate. The solution was concentrated 
in vacuo and placed inside a -35 °C freezer overnight. Colorless, nee-
dle-like crystals were isolated by decantation and the remaining vola-
tiles removed in vacuo to afford 6 (11.677 g, 72%). 1H NMR (500.3 
MHz, C6D6): 3.07 (2H, m, (CH2NtBu)), 2.79 (2H, m, (CH2NtBu)), 1.24 
(18H, d, J = 2.1 Hz, NC(CH3)3).13C NMR (125.8 MHz, C6D6): 53.2 (d, 
2JCP = 10.9 Hz, NC(CH3)), 44.9 (d, 2JCP = 10.5 Hz, CH2NtBu), 28.4 (d, 
3JCP = 11.9 Hz, NC(CH3)3). 31P NMR (202.5 MHz, C6D6): 157 (s). IR: 
n [cm-1] = 1396 (w), 1376 (m), 1363 (m), 1268 (w), 1256 (w), 1244 
(w), 1221 (s), 1208 (s), 1128 (m), 1120 (m), 1088 (w), 1040 (m), 1026 
(w), 982 (m), 863 (w), 802 (w), 676 (w), 665 (w). Elemental analysis 
found(calculated): C, 50.98(50.74), H, 9.38(9.37), N, 11.97(11.83). 

[P(1,2-bis-tBu-diamidoethane)(NEt2)], 7. Inside a glovebox, 6 
(11.59 g, 49 mmol) was added to a 500 mL Schlenk round bottom flask 
equipped with a Teflon stir bar and dissolved in 200 mL of diethyl 
ether. The flask was transferred to the Schlenk line and cooled to 0 °C. 
Diethylamine (20 mL, 196 mmol) was added dropwise to the solution 
over 5 min. A thick, white precipitate quickly formed. The reaction 
mixture was stirred for 20 h at 25 °C and then transferred to the glove-
box where it was filtered through a medium porosity frit packed with 
Celite and washed with two times with 15 mL of diethyl ether to yield 
a clear, colorless filtrate. Volatiles were removed in vacuo to yield a 
clear, colorless, viscous liquid. The liquid was distilled at 55 – 58 °C at 
~170 mtorr to afford the title compound as a clear, colorless liquid 
(12.52 g, 93%). 1H NMR (500 MHz, C6D6): 3.17 (2H, m, CH2NtBu), 
3.06 (4H, p, J = 7.1 Hz, NCH2CH3), 2.86 (2H, m, CH2NtBu), 1.29 (18H, 
s, NC(CH3)3), 1.07 (6H, t, J = 7.1 Hz, NCH2CH3).  13C NMR (MHz, 
C6D6): 52.4 (d, J = 17.9 Hz), 45.4 (d, J = 8.2 Hz), 40.3 (d, J = 20.2 Hz), 
29.5 (d, J = 10.2 Hz), 14.9 (d, J = 3.1 Hz). 31P{1H} NMR (MHz, C6D6): 
101 (s). IR: n [cm-1] = 1458 (w), 1387 (m), 1369 (w), 1358 (m), 1340 
(w), 1288 (w), 1261 (m), 1242 (m), 1219 (m), 1195 (m), 1133 (m), 1094 
(w), 1052 (w), 1031 (w), 1014 (m), 965 (m), 906 (m), 865 (m), 787 (m), 
668 (m), 632 (w). Elemental analysis found(calculated): C, 
61.26(61.50), H, 11.50(11.80), N, 14.64(15.37). 

[HN=P(1,2-bis-tBu-diamidoethane)(NEt2)], 8. The title compound 
was prepared through a one flask, two-step reaction sequence. Inside a 
glove box, 7 (4.058 g, 15 mmol) was dissolved in 25 mL of toluene 
inside a 100 mL Schlenk pear flask equipped with a Teflon stir bar. 
Trimethylsilylazide (32 mmol) was added to the flask and the flask was 
transferred to the Schlenk line. The reaction mixture was refluxed for 
3 d. Volatiles were removed in vacuo to yield a yellow residue. Dry, 
degassed methanol (24 mL, 596 mmol) and 2 drops of 96% H2SO4 were 
added. The yellow solution was stirred at 25 °C for 2 d. Volatiles were 
removed in vacuo to yield a viscous, turbid, yellow liquid. The liquid 
was transferred to a 50 mL Schlenk round bottom flask and distilled at 
75 – 78 °C at 60 mtorr to yield the product as a viscous, clear, colorless 
liquid (1.94 g, 45%). 1H NMR (500 MHz, C6D6): 3.18 (4H, dq, J = 
10.2, 7.1 Hz, NCH2CH3), 2.71 (4H, m, (CH2NtBu)2), 1.29 (18H, s, 
(NC(CH3)3)2), 1.09 (6H, t, J = 7.1 Hz, NCH2CH3), 0.37 (1H, br s, P=N-
H). 13C{1H} NMR (500 MHz, C6D6): 52.6 (d, J = 5.4 Hz, NC(CH3)3), 
40.7 (d, J = 10.8 Hz, CH2NtBu), 40.4 (d, J = 4.6 Hz, NCH2CH3), 28.6 
(d, J = 3.1 Hz, NC(CH3)3), 14.1 (d, J = 2.7 Hz, NCH2CH3). 31P{1H} 
NMR  (500 MHz, C6D6): 30.7 (s). IR: n [cm-1] = 3389 (m), 1479 (m), 
1465 (m), 1391 (s), 1378 (s), 1361 (s), 1268 (s), 1248 (s), 1225 (s), 
1208 (s), 1192 (s), 1150 (s), 1108 (s), 1091 (w), 1052 (s), 1035 (s), 1019 
(w), 979 (s), 944 (s), 869 (s), 800 (m), 789 (w), 693 (m), 645 (m), 617 
(w). Elemental analysis of the air-sensitive liquid was not performed. 
The =NTMS intermediate, [TMSN=P(1,2-bis-tBu-
diamidoethane)(NEt2)], can be isolated, if desired, prior to the addition 
of methanol and sulfuric acid through removal of volatiles in vacuo and 
crystallization from hexanes at -35 °C. 1H NMR (500 MHz, C6D6): 2.99 
(4H, dq, J = 11.1, 7.2 Hz, NCH2CH3), 2.76 (2H, m, CH2NtBu), 2.64 
(2H, m, CH2NtBu), 1.25 (18H, s, NC(CH3)3), 1.04 (6H, t, J = 7.2 Hz), 
0.44 (9H, s, =N-Si(CH3)3). 13C{1H} NMR (500 MHz, C6D6): 52.4 (d, J 
= 4.7 Hz, NC(CH3)3), 40.9 (d, J = 6.4 Hz, CH2NtBu), 40.4 (d, J = 12.6 
Hz, NCH2CH3),14.2 (d, J = 3.0 Hz, NCH2CH3), 4.63 (d, J = 2.5 Hz, 

=N-Si(CH3)3). 31P{1H} NMR (500 MHz, C6D6): -0.25 (s). Elemental 
analysis found(calculated): C, 56.81(56.62), H, 11.34(11.46), N, 
15.55(15.54). 

[(CH2NtBu)2(Et2N)P=NK], 2. Inside a glovebox, 8 (1.273 g, 4.413 
mmol) was added to a 20 mL scintillation vial equipped with a Teflon 
stir bar and dissolved in 4 mL of hexanes. Potassium benzyl (0.576 g, 
4.420 mmol) was added as a solid. Any remaining potassium benzyl 
was slurried in a small amount (~ 2 mL) of hexanes and added to the 
reaction mixture. The orange slurry was stirred for 1 h then filtered 
through a fine porosity frit packed with Celite. The orange solution was 
concentrated in vacuo and placed inside a -35 °C freezer overnight dur-
ing which colorless crystals formed. The crystals were isolated by de-
cantation and recrystallized from diethyl ether at -35 °C overnight to 
yield 2 as clear, colorless, XRD quality crystals (1.3534 g, 93%). 1H 
NMR (500.3 MHz, C6D6): 2.99-2.97 (4H, m, NCH2CH3), 3.25-3.20 
(4H, m, (CH2NtBu)2), 1.42 (18H, s, (NC(CH3)3)2), 1.21 (6H, t, J = 7.1 
Hz, NCH2CH3). 13C{1H} NMR (500 MHz, C6D6): 51.37 (d, J = 4.9 Hz, 
NC(CH3)3), 41.81 (d, J = 2.4 Hz, CH2NtBu), 41.69 (d, J = 6.9 Hz, 
NCH2CH3), 29.72 (d, J = 2.1 Hz, NC(CH3)3), 15.55 (d, J = 3.1 Hz, 
NCH2CH3). 31P{1H} NMR (500 MHz, C6D6): -10.48 (s). IR: n [cm-1] = 
2041 (w), 1354 (m), 1346 (m), 1266 (m), 1249 (m), 1226 (m), 1202 (s), 
1182 (m), 1146 (m), 1094 (w), 1050 (m), 1020 (m), 967 (m), 946 (w), 
908 (m) 788 (m), 674 (m), 611 (m). Elemental analysis found(calcu-
lated): C, 51.14(51.50), H, 9.77(9.88), N, 16.95(17.16). 

[(Et2O)KTb((pip)3PN)4], 1. Inside a glovebox, TbI3(THF)3.5 (0.170 
g, 0.214 mmol) was added to a 20 mL scintillation vial charged with a 
stir bar and 1 mL THF. [PN(pip)3]K (0.300 g, 0.868 mmol), was added 
as a solution in THF (4 mL) and the reaction mixture was stirred over-
night. The mixture was filtered through a fine porosity frit packed with 
Celite. The filtrate was concentrated in vacuo to give an off white solid. 
The residue was triturated five times with 1 mL n-pentane and then 
taken up in 3 mL diethyl ether and filtered through a pipet filter packed 
with Celite and glass filter paper. The pale, yellow solution was con-
centrated in vacuo and placed inside a -35° C freezer overnight during 
which a white solid precipitated from solution. Isolation of the precip-
itate by decantation and removal of residual volatiles in vacuo afforded 
the title compound (43 %, 0.1278 g). 1H NMR (400 MHz, C6D6): -7.08-
7.43 (m 72 H), -29.20 (s, 48 H, fwhm: 538 Hz). No 13C, or 31P NMR 
signal were observed. IR: n [cm-1] = 1451 (s), 1440 (s), 1323 (s), 1273 
(w), 1256 (m), 1249 (m), 1198 (s), 1159 (s), 1125 (s), 1110 (m), 1057 
(s), 1028 (s), 948 (s), 935 (s), 853 (m), 834 (m), 810 (w), 705 (s), 666 
(w), 563 (w). Elemental analysis found(calculated): C, 50.39(51.93), 
H, 9.16(8.72), N, 15.68(16.15). Carbon was consistently low on multi-
ple burns. XRD quality crystals were grown from evaporation of di-
ethyl ether at -35 °C. 

[(Et2O)K][Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4], (3). In-
side a glovebox, TbI3(THF)3.5 (0.182 g, 0.230 mmol) was added to a 20 
mL scintillation vial charged with a stir bar and 2 mL diethyl ether. 2 
(0.300 g, 0.919 mmol) was added as a solution in diethyl ether (3 mL) 
and the reaction mixture was stirred overnight. The mixture was filtered 
through a fine porosity frit packed with Celite. The filtrate was concen-
trated in vacuo to give a colorless solid. The residue was triturated five 
times with 1 mL n-pentane and then taken up in 3 mL hexanes and 
filtered through a pipet filter packed with Celite and glass fiber filter 
paper. The pale-yellow solution was concentrated in vacuo and placed 
into a -35° C freezer. Overnight colorless crystals formed which were 
isolated by decantation and residual volatiles were removed in vacuo 
to afford the title compound (55%, 0.197 g). Only 3 of the 4 expected 
resonances are observed. 1H NMR (400 MHz, C6D6): 28.00 (s, fwhm: 
99 Hz), 10.57 (s, fwhm: 65 Hz), 4.72 (s, fwhm: 224 Hz). No 13C, or 31P 
NMR signals were observed.  IR: n [cm-1] = 1356(m), 1267 (m), 1250 
(m), 1210 (m), 1196 (m), 1170 (s), 1150 (m), 1094 (w), 1056 (m), 1029 
(m), 975 (m), 927 (m), 916 (w), 868 (m), 795 (m), 691 (m), 627 (w). 
Elemental analysis found(calculated): C, 49.44(49.91), H, 9.36(9.57), 
N, 16.29(16.63). XRD quality crystals were grown from diethyl ether 
at -35 °C. 

[Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4], 4. Inside a glove-
box, 3 (0.1771 g, 0.13 mmol) was dissolved in 2 mL diethyl ether in a 
20 mL scintillation vial charged with a stir bar. AgI (0.034 g, 0.15 
mmol) was added to the scintillation vial as a suspension in diethyl 
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ether (3 mL). Upon addition, the clear, colorless solution turned a deep 
indigo and the reaction mixture was stirred for 5 min. A fine grey pow-
der and a white precipitate were formed during the course of the reac-
tion. The mixture was filtered through a pipet filter packed with Celite 
and glass fiber filter paper and then volatiles were removed in vacuo. 
The residue was triturated 5 times with 1 mL n-pentane. The residue 
was then taken up in diethyl ether, filtered through a pipet filter packed 
with Celite and glass fiber filter paper, concentrated in vacuo, and 
placed into a -35 °C freezer. Overnight indigo crystals formed which 
were isolated by decantation and residual volatiles were removed in 
vacuo to afford the title compound (55%, 0.094 g). No 1H or 31P NMR 
signals were observed. IR: n [cm-1] = 1358 (m), 1268 (m), 1251 (m), 
1227 (w), 1211 (m), 1195 (m), 1152 (w), 1112 (s), 1074 (w), 1059 (m), 
1050 (w), 1026 (m), 980 (m), 935 (m), 921 (w), 871 (w), 799 (m), 703 
(m), 636 (w). Elemental analysis found(calculated): C, 48.68(51.40), 
H, 9.98(9.86), N, 16.33(17.13). Carbon was consistently low on multi-
ple burns. XRD quality crystals were grown from n-pentane at -35 °C. 
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