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ABSTRACT: The utility of γ irradiation for generating unstable,
low oxidation state molecular species containing rare-earth metal
ions in frozen solution has been examined. The method was
evaluated by irradiating Ln(III) precursors (Ln = Sc, Y, and La) in a
solid matrix of 2-methyltetrahydrofuran at 77 K with a 700 keV
137Cs source to generate free electrons capable of reducing the
Ln(III) species. These experiments yielded EPR and UV−visible
spectroscopic data that matched those of the known Ln(II) species
[(C5H4SiMe3)3YII]1−, [(C5H4SiMe3)3LaII]1−, and {ScII[N-
(SiMe3)2]3}1−. Irradiation of the La(III) complex LaIII[N(SiMe3)2]3
by this method gave EPR and UV−visible absorption spectra
consistent with {LaII[N(SiMe3)2]3}1−, a species that had previously
eluded preparation by chemical reduction. Specifically, the
irradiation product exhibited an axial EPR spectrum split into eight lines by the I = 7/2 139La nucleus (g⊥ = 1.98, g|| = 2.06, Aave
= 519.1 G). The UV−visible absorption spectrum contains broad bands centered at 390 and 670 nm that are consistent with a
La(II) ion in a trigonal ligand environment based on time-dependent density functional theory which qualitatively reproduces the
observed spectrum. Additionally, the rate of formation of the [(C5H4SiMe3)3YII]1− species during the irradiation of
(C5H4SiMe3)3YIII was monitored by measuring the concentration via UV−visible spectroscopy over time to provide data on the
rate at which a molecular species is reduced in a glass via γ irradiation.

■ INTRODUCTION
One of the major advances in the chemistry of the rare-earth
elements (Ln), that is, scandium, yttrium, and the lanthanides,
was the discovery that the +2 oxidation state was accessible not
only for Eu(II), Yb(II), Sm(II), Tm(II), Dy(II), and
Nd(II)1−5 but also for all the other rare-earth metals except
radioactive promethium.6−9 The new Ln(II) ions were
frequently generated in trigonal ligand environments in
which a dz2 orbital was populated to give 3d1 (Sc), 4d1 (Y),
and 4fn5d1 (lanthanides) electron configurations.5,9,10 These
new Ln(II) species are of interest not only due to their highly
reducing reactivity11−16 but also due to their physical
properties.17−19 Synthesis of complexes of the new Ln(II)
ions generally requires sub-ambient temperatures and short
reaction times. Although many examples of 4fn5d1 Ln(II)
complexes are now known, reduction of some Ln(III)
precursors with alkali metals yields only fleeting color changes
and the Ln(II) products have evaded definitive character-
ization.20−22 Therefore, it is of interest to explore alternative
methods for generating Ln(II) complexes.
Alternative reduction methods were also desirable because

the discovery of molecular complexes of the new Ln(II) ions
raised the question about the potential availability of molecular
complexes containing Ln(I) ions.23,24 Since crystallographically
characterized Ln(0) complexes, Ln(1,3,5-tri−tert-butylben-
zene)2 for Ln = Sc, Y, Gd, and Ho, are already known25−27

as well as an example of a Sc(I) compound, [{(η5-
P3C2

tBu2)Sc}2(μ-η6:η6-P3C3
tBu3)],

28 the pursuit of molecular
Ln(I) coordination compounds for other rare-earth metals is
an intriguing target.
In fact, γ irradiation was previously used in 1966 to provide

evidence for the formation of Sm(I) ions in a KCl matrix. By
subjecting single crystals of Sm(II) doped into a KCl matrix
grown from a melt phase to γ irradiation on the order of 2−20
Mrad (20−200 Gy), data were generated that suggested
reduction of Sm(II) to Sm(I).29 The γ irradiation method was
also applied in the 1960s to Ln(III) ions doped into MF2
matrices (M = Ca, Sr, Ba); the resulting spectra were assigned
to Ln(II) ions for the whole lanthanide series.30,31 Subsequent
studies have shown that γ irradiation of glasses containing
Sm(III) ions results in reduction to Sm(II) ions based on UV−
visible spectroscopy.32,33 These glasses are typically prepared
using a conventional melt/quench process and use Sm2O3 as
the samarium starting material. Upon γ irradiation of the
glasses using dosages on the order of 3−20 Mrad (30−200
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Gy), UV−visible spectroscopy usually shows a single peak
around 320 nm corresponding to a 4f−5d transition typical of
a Sm(II) ion.32

Since these previous crystal lattice and glassy matrix rare-
earth metal studies required high-temperature melt/quench
techniques to prepare the precursors, they were not extendable
to molecular species of lower thermal stability. However, γ-
irradiation-based cryoreduction has previously been successful
in bioinorganic systems,34−39 and thus the extension to
molecular rare-earth metal complexes seemed reasonable. In
this study, we report on the viability of γ irradiation of frozen
solutions of molecular rare-earth metal species as a method to
generate reactive Ln(II) species. These preliminary studies
demonstrate the viability of the method and identify a new
La(II) complex previously inaccessible in solution. Sc (I = 7/
2), Y (I = 1/2), and La (I = 7/2) were the rare-earth metals
chosen for this study since their d1 Ln(II) ions exhibit
definitive EPR spectra due to coupling to their nuclear spins.

■ EXPERIMENTAL SECTION
All manipulations and syntheses described below were conducted
with the rigorous exclusion of air and water using standard Schlenk
line and glovebox techniques under an argon atmosphere. Anhydrous
2-Methyltetrahydrofuran (2-MeTHF) was transferred onto dry 3 Å
molecular sieves and degassed in vacuo until solvent evaporation was
observed. UV−visible absorbance spectra were collected on an Agilent
Cary 60 UV−vis. EPR spectra were collected using the X-band
frequency (9.3−9.8 GHz) on a Bruker EMX spectrometer equipped
with an ER4119HS-W1 microwave bridge. ScIII(NR2)3,

40 Cp3′YIII,7

Cp3′LaIII,41 and LaIII(NR2)3
40 were synthesized via literature

procedures (Cp′ = C5H4SiMe3, R = SiMe3).
General γ Irradiation Procedure. In an argon-filled glovebox,

0.3 mL of a 0.05−0.5 M solution of the Ln(III) starting material in 2-
MeTHF was transferred by pipet into an EPR tube. The tube was
sealed with a rubber septum, removed from the inert atmosphere
glovebox, and further sealed by wrapping with parafilm. The tube was
then rapidly (within one second) inserted into a Dewar filled with
liquid nitrogen because slow insertion led to poor solvent glassing and
inhibited characterization attempts. The Dewar was then exposed to
700 keV γ irradiation from a 137Cs source in the UCI Nuclear Reactor
Facility (see Figure S1 for a brief workflow diagram). Caution! γ
irradiation is an ionizing form of electromagnetic irradiation that may
cause biological damage. Studies must be conducted using appropriate
radiological safety equipment and procedures. Following irradiation,
continuous wave, X-band EPR spectra were collected at 77 K in
perpendicular mode.

The following procedure was utilized to collect UV−visible spectra
on the irradiated samples. A finger Dewar was half-filled with liquid
nitrogen and clamped so that the finger was as close as possible to the
detection slit of an Agilent Cary 60 UV−visible spectrophotometer
while remaining vertical (see Figure S2 for positioning and diagram).
The finger was subjected to a stream of nitrogen gas from a high-
pressure cylinder to prevent condensation of atmospheric water. The
sample EPR tube was inserted into the finger Dewar, and a spectrum
was collected at a speed of 300 nm/min. Two more spectra were
collected sequentially using the same rate, and the spectra were
averaged. The final spectrum was obtained by subtracting the average
spectrum of irradiated 2-MeTHF.

■ RESULTS AND DISCUSSION
γ Irradiation of 2-MeTHF. A control sample with no

added Ln(III) compound was exposed to 16 h of γ irradiation
(about 2 Mrad or 20 Gy total). EPR spectroscopy at 77 K
revealed an intense isotropic signal (giso = 2.002; see Figure S3)
associated with irradiated organic solvents.34−39 UV−visible
spectroscopy of the sample showed a broad absorption

increasing beyond the 1000 nm limit of the spectrometer
(see Figure S4), which is consistent with known irradiated
samples of 2-MeTHF, λmax = 2150 nm (ε = 3.9 × 104 M−1

cm−1).42 Attempts to minimize the organic radical EPR signal
in irradiated rare-earth metal samples without perturbing the
Ln(II) signal (see below) via photobleaching and annealing at
195 and 174 K were unsuccessful: only a weak organic radical
signal was observed and no signal from the Ln(II) ion was
observed. Attempts to subtract the EPR spectrum of irradiated
2-MeTHF collected after identical irradiation periods were also
unsuccessful. On the other hand, UV−visible absorption
spectroscopy allowed for relatively simple background
subtraction. Radical absorption could be subtracted in a
straightforward manner by irradiating samples of pure 2-
MeTHF along with the rare-earth samples of interest for the
same amount of time and subtracting the irradiated solvent
spectrum.

γ Irradiation of Ln(III) Compounds with Known Ln(II)
Analogues. The Ln(III) compounds ScIII(NR2)3, Cp3′YIII, and
Cp3′LaIII (R = SiMe3, Cp′ = C5H4SiMe3) were chosen to probe
the viability of the method since their corresponding Ln(II)
compounds have been chemically isolated, exhibit distinctive
EPR spectra, and have UV−visible spectra with distinctive
absorptions.7 ,10 ,12 ,21 The known EPR spectra of
[ScII(NR2)3]1−12 and [Cp3′LaII]1−10 were clearly discernible
even in the presence of the irradiated solvent peak, Figure 1,
Table 1, but the hyperfine coupling (A) of [Cp3′YII]1− was
unresolved under these conditions (Figure S5). However, the
UV−visible spectra for the Ln(II) species generated from γ
irradiation of these compounds in all cases were consistent

Figure 1. Normalized EPR spectroscopic comparison of [LnIIA3]1−

species (A = anion) generated from the γ irradiation procedure (blue)
and chemical reduction (black): (a) [ScII(NR2)3]1−; (b) [Cp3′LaII]1−.
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with those generated from chemical reduction, Figure 2, Table
1.

γ Irradiation of LaIII(NR2)3. Given the observed con-
sistency between spectroscopic data obtained after γ irradiation
and chemical reduction experiments with the compounds
above, the characterization of a new Ln(II) species was
attempted. Specifically, generation of [LaII(NR2)3]1− was

pursued since it is a species that previously has not been
observable in chemical reductions.22,43,44 Using the general γ
irradiation procedure outlined above, LaIII(NR2)3 (69 mg, 0.11
mmol) was dissolved in 0.3 mL of 2-MeTHF and exposed to
12 h of γ irradiation for a total of about 1.5 Mrad (150 Gy).
The EPR spectrum of the resulting sample at 77 K exhibited
the characteristic isotropic signal for the radical formed by the
irradiation of 2-MeTHF (giso = 2.002) as well as an eight line
signal (g⊥ = 1.98, g|| = 2.06, Aave = 504.3 G = 1420.4 MHz)
consistent with an unpaired electron in an axial environment
coupled to a 139La nucleus (see Figure 3). The hyperfine
coupling constant is about 3 times greater than that of
[Cp3′LaII]1− (Aave = 164.4 G), which is similar in magnitude to
the differences observed between [YII(NR2)3]1− (A = 110.0
G)42 and [Cp3′YII]1− (A = 36.6 G).10,12,43 The UV−visible
spectrum of the sample contains distinct bands at 390 and 670
nm. The UV−visible spectrum is consistent with metal-based
5d → 6p transitions observed for other [LnII(NR2)3]1−

complexes with 4fn5d1 electron configurations.22,43,44

Theoretical Studies on [LaII(NR2)3]1−. Electronic struc-
ture calculations of the putative La(II) species [LaII(NR2)3]1−

were performed at the density functional level of theory using
the TPSSh hybrid meta-generalized gradient density func-
tional45 with the D3 dispersion correction46,47 and the
resolution of the identity approximation.48 A scalar relativistic
effective core potential with the def2-TZVP basis set49 was
used for lanthanum, and the polarized split-valence basis sets
def2-SV(P) were used for other atoms.50 The continuum
solvent model COSMO51 was used with parameters for THF
(dielectric constant ε = 7.52, refractive index Rind = 1.41).52

TDDFT calculations were performed with an additional diffuse
p primitive added to the La basis set, which was necessary to
accurately simulate the absorption spectrum.44,53−55 All
calculations were performed with the TURBOMOLE package
V7.4.1.56,57 Complete details can be found in the Supporting
Information.
Structure optimizations were initiated from the optimized

structure of [Gd(NR2)3]1−44 by replacing Gd with La. The
resulting ground-state geometry of [LaII(NR2)3]1− had C3
symmetry. The electronic configuration was consistent with a
(5dz2)1 configuration, with the highest occupied molecular
orbital (HOMO) having significant 5dz2-character with 6s
admixture, Figure 4. These results are consistent with previous
studies on [LnII(NR2)3]1− complexes22,44 and other [LaIIA3]1−

(A = anion) species.9,12,55

The simulated UV−visible spectrum of [LaII(NR2)3]1−

qualitatively matches the spectrum obtained by γ irradiation
studies, Figure 2. Strong transitions between 650 and 700 nm
are metal-based with 5d → 6p character, consistent with
previous studies on [GdII(NR2)3]1−.44 Hence, it appears that γ
irradiation of LaIII(NR2)3 generated [LaII(NR2)3]1−, which has
been difficult to generate by chemical reduction methods.

Rate of Formation of [Cp3′YII]1−. Given the particularly
good agreement between the electronic absorption spectrum of
[Cp3′YII]1− prepared by either chemical reduction or γ
irradiation and the fact that the spectra of many different
salts of [Cp3′YII]1− are identical regardless of the cation
present,21 the absorption at 530 nm of [Cp3′YII]1− was used to
monitor the growth of Y(II) with increasing dosages of γ
irradiation.7,10,21 A path length of 0.3 cm was determined
experimentally using fluorenone as a known standard (see
Figure S6). Additionally, different starting concentrations
(0.075 vs 0.15 M) of the Y(III) complex Cp3′YIII were used

Table 1. Comparison of Spectroscopic Data of [LnIIA3]1−

Species (A = Anion) Generated from the γ Irradiation
Procedure (a) and Chemical Reduction (b), Where crypt =
2.2.2-Cryptand

λmax (nm) g⊥ g||

Aave
(G, MHz)

(a) [ScII(NR2)3]1− 500 1.96 2.00 225.7,
625.3

(b)
[K(crypt)][ScII(NR2)3]

12
516 1.964 1.997 225, 622.6

(a) [Cp3′YII]1− 530, 700
(b) [Na(crypt)][Cp3′YII]21 390, 530, 700 1.99 2.00 36.6,

100.9
(a) [Cp3′LaII]1− 310, 425, 567,

692
1.96 1.98 164.2,

450.9
(b) [K(crypt)][Cp3′LaII]10 310, 433, 502,

554, 692
1.96 1.99 155.4,

427.3

Figure 2. Normalized UV−visible spectroscopic comparison of
[LnIIA3]1− species (A = anion) generated from the γ irradiation
procedure (blue) and chemical reduction (black): (a) [ScII(NR2)3]1−;
(b) [Cp3′YII]1−; (c) [Cp3′LaII]1−.
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to determine if this affected the rate of Y(II) formation. The
data, recorded in triplicate, are plotted in Figure 5. Though the

relatively large uncertainties prohibit definitive kinetic analysis,
there is clearly a growth of Y(II) over time. This concentration
study showed that after 6.5 h of irradiation, <1% of Cp3′YIII has
been reduced. Further studies aimed at converting the bulk
may benefit from utilizing a higher dosage setup.

■ CONCLUSIONS
γ irradiation of ScIII(NR2)3 and Cp3′LaIII yielded 77 K EPR and
UV−visible absorption spectra indicative of reduction to the
highly reactive Ln(II) complexes, [ScII(NR2)3]1− and
[Cp3′LaII]1−. A significant obstacle for characterization by
EPR spectroscopy is the intense signal associated with the

organic radical formed from irradiating 2-MeTHF. This
obscured the EPR signal of the Cp3′YIII irradiation product,
but [Cp3′YII]1− could be identified by UV−visible spectroscopy.
In general, by studying species containing rare-earth metals
with large nuclear spins (I = 7/2) and large coupling constants,
the Ln(II) species formed by irradiation can be detected via
EPR spectroscopy. This demonstrates the viability of the γ
irradiation reductive technique with molecular rare-earth metal
species. Extension of this method to LaIII(NR2)3 led to
spectroscopic characterization of [LaII(NR2)3]1− for the first
time and shows that this method can be used to demonstrate
the existence of species not yet isolable by chemical reduction.
Hence, γ irradiation should be more widely considered for
generating highly reactive molecular species when the
appropriate spectroscopic assessments can be made.
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