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ABSTRACT: Analogues of Shibasaki’s complexes supported by enantiopure Spinol are synthesized and characterized. The
tris(Spinol) LnIII complexes are generated either by ligand deprotonation followed by complexation with lanthanide triflate salts or
by in situ deprotonation by Ln(N(SiMe3)2)3 salts in the presence of additional base. The resulting complexes are found to be
luminescent and chiroptically active for both circular dichroism and circularly polarized luminescence (CPL), notably producing
strong CPL with dissymmetry factors (glum) of up to 0.50, 0.53, and 0.53 for Sm, Tb, and Dy, respectively. The Sm complex is found
to be CPL-active in the near-infrared (NIR) region at 980 nm, representing the first report of NIR CPL from Sm. Additionally, the
Tb complex, due to efficient sensitization (Φ = 0.846 in tetrahydrofuran) coupled with strong dissymmetry factors, achieves a CPL
brightness (BCPL) of 3760 M−1 cm−1, the highest reported for any CPL-active compound to date. These are rare examples of
compounds that show simultaneous improvement of both CPL metrics (glum and BCPL). Solid-state structural analysis of the
Spinolate complexes and comparisons to other CPL-active analogues of Shibasaki’s complexes also suggest that nondistorted
geometries should generate even stronger metrics.

Unlocking the potential of circularly polarized lumines-
cence (CPL),1 the preferential emission of left or right

circularly polarized light, requires maximizing two key metrics:
the luminescence dissymmetry factor (glum)

2 and the circularly
polarized luminescence brightness (BCPL).

3 This would enable
key advances in spintronic devices,4 enhancing security inks,5
generating three-dimensional displays,6 and CPL microscopy.7

The luminescence dissymmetry factor, defined as glum = 2(IL −
IR)/(IL + IR) (where IL and IR are the intensities of the left and
right circularly polarized light emitted, respectively) is
maximized at ±2, where +2 represents the emission of 100%
left circularly polarized light. The CPL brightness is given by
BCPL = ελ Φ |glum|/2 (where ελ is the extinction coefficient at
the excitation wavelength and Φ is the quantum yield) and can
essentially be unlimited. Considering these two metrics
independently can be misleading, however. For example,
high BCPL (418.5 M−1 cm−1) can be obtained from strongly
absorbing molecular chromium complexes, but their dissym-
metry factors are relatively low (glum = 0.093, representing only
8% preferential polarization),8 while exceptionally strong
dissymmetry factors (glum = 1.38, ∼81% preferential polar-
ization) can be hampered by weak molar absorptivity and
quantum yield (BCPL = 50.7 M−1 cm−1).9 Strategies to
maximize both glum and BCPL simultaneously are thus highly
desirable.
We have recently shown that lanthanide complexes

supported by axially chiral H8-Binolate ligands provided the
highest BCPL reported for terbium (782 M−1 cm−1) with a
strong glum of 0.32 (∼28% preferential polarization).10 We
devised a strategy to increase both glum and BCPL by modifying
the twist angle of the chromophore11 and by improving the
quantum yield by rigidifying the ligand,12 respectively. We
chose 1,1′-spirobiindane-7,7′-diol (Spinol) (Scheme 1) as a

potential ligand because the presence of the spiro sp3 carbon
prevents the rotation of the two phenol planes. We show below
that Spinolate−lanthanide complexes are accessible syntheti-
cally and provide strong metrics for circularly polarized
luminescence. For example, the highest reported glum (0.53,
∼42% preferential polarization) for a terbium complex was
obtained along with the highest BCPL (3760 M−1 cm−1)
reported for any molecule to date. Additionally, strong CPL
metrics from a samarium complex in the near-infrared (NIR)
region were obtained for the first time.
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Scheme 1. Synthesis of [(R-Spinol)3LnNa3(thf)6] (Ln = Sm,
Eu, Tb, Dy)a

aThe synthesis of the enantiomeric complexes was done analogously
starting from S-Spinol.
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Despite its extensive use as a chiral scaffold, for example as
chiral phosphoric acids,13 diphosphines,14 phosphoramidite,15
or phosphoramide,16 Spinol has not been investigated in the
coordination chemistry of the lanthanides to date. Inspired by
our work on lanthanides supported by axially chiral
ligands,10,17 we synthesized the complexes [(Spi-
nol)3LnNa3(thf)6] (Ln = Sm, Eu, Tb, Dy) either by salt
metathesis utilizing sodium Spinolate and lanthanide trifluor-
omethanesulfonate salts or by the reaction of 3 equiv of Spinol
with Ln(N(SiMe3)2)3 in the presence of 3 equiv of
NaN(SiMe3)2. (Scheme 1) After workup, the complexes
were recrystallized from THF. Despite some paramagnetic
broadening and shifting, the 1H NMR spectra of the complexes
unequivocally indicated the presence of a unique C3-symmetric
species in solution (Figures S3−S7). Single crystals of [(R-
Spinol)3EuNa3(thf)6] were grown from slow diffusion of
pentane into a saturated THF solution. The compound
crystallized in the noncentrosymmetric space group P212121.
Single-crystal X-ray diffraction studies showed that the
europium is six-coordinate, in a highly distorted octahedral
geometry (Figure 1). The ligands are arranged in a propeller
with Λ chirality. The sodium cations bridge the Spinolate
ligands and are further ligated with two THF molecules.

The [(R-Spinol)3EuNa3(thf)6] complex did not display the
typical luminescence expected from Eu3+ ions at room
temperature. This is reminiscent of the results observed
using H8-Binol

10 and may be due to quenching from low-lying
ligand-to-metal charge transfer (LMCT) states or photo-
induced electron transfer (PeT) to the mildly oxidizing
europium. These phenomena have been observed in similarly
electron-rich antennae.18 Luminescence was observed in a
frozen 2-methyltetrahydrofuran glass at 77 K (Figure S15),
further confirming deactivation of the ligand excited state at
room temperature via an LMCT or PeT process.12 Never-
theless, the samarium, terbium, and dysprosium analogues all

displayed typical lanthanide luminescence at room temperature
(Figures S9, S8, and S10, respectively) with good to excellent
quantum yields (2.8%, 84.6%, and 15.5%, respectively). The
low quantum yield of the samarium complex is likely due to a
combination of its ladderlike electronic structure facilitating
nonradiative decay pathways19 and a quenching pathway
similar to but lessened compared with that in the europium
complex, since samarium20 is typically slightly less oxidizing
than europium.21 Despite the low quantum efficiency,
relatively strong samarium emission in the NIR was still
observed (Figure S9). Several factors contribute to the much
stronger quantum yield observed for the terbium complexes
compared to their H8-Binol analogues. First, the excited triplet
energy level of Spinol (obtained from low-temperature
phosphorescence of the analogous gadolinium complex; see
Figure S15) is slightly higher (∼2400 cm−1) than the triplet
energy level of H8-Binol, reducing the energy back-transfer
from the terbium excited state. Additionally, the singlet energy
level of Spinol is also higher than that of H8-Binol (∼2000
cm−1; Figure S15), allowing better energy transfer to higher
excited-state levels of terbium, a phenomenon previously
observed in other highly efficient phenol-supported terbium
emitters.12 Lastly, the higher quantum yield can also be
attributed to the significantly increased rigidity caused by the
spiro carbon of Spinol and lower vibrational quenching.12 Long
lifetimes (69.4, 1180, and 70.9 μs for Sm, Tb, and Dy,
respectively), consistent with typical lanthanide luminescence,
were measured. The decays were found to be monoexponen-
tial, confirming the presence of one major emissive species in
solution.
Circularly polarized luminescence spectra of the [(Spi-

nol)3SmNa3(thf)6] complexes were obtained in dilute THF
solutions (7.1 × 10−4 mol L−1) (Figure 2). Strong to very

strong dissymmetry factors (0.20, 0.50, and 0.12) were
obtained for the visible transitions 4G5/2 → 6HJ (J = 5/2, 7/
2, and 9/2, respectively) and are among the stronger
dissymmetry factors reported to date for samarium complexes.
The CPL brightnesses obtained for our samarium complex are
compiled in Table 1 and are comparable to those of other
strong samarium emitters (see the Supporting Information for
a discussion of BCPL calculations for lanthanide emitters).10,22

Figure 1. Structure of [(R-Spinol)3EuNa3(thf)6] in the solid state.
Thermal ellipsoids are drawn at 50% probability. Hydrogen atoms
have been omitted for clarity. Figure 2. CPL spectra of [(R-Spinol)3SmNa3(thf)6] (red) and [(S-

Spinol)3SmNa3(thf)6] (blue) in tetrahydrofuran solutions (7.1 × 10−4

mol L−1) at room temperature. See Figure S18 for the glum plot. Total
luminescence is traced in the background. Excitation at 295 nm.
Bandpass: 0.5 nm in the visible and 13 nm in the NIR. The gray area
was not measured.
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The strong luminescence component in the NIR region
allowed us to measure a reliable CPL spectrum from 850 to
1250 nm. While no detectable CPL was observed for the 4G5/2
→ 6FJ (J = 7/2 and 9/2) transitions at 1060 and 1230 nm,
strong CPL was observed at 940 and 980 nm (|glum| = 0.10 and
0.17, respectively). This is the first time that NIR CPL from
samarium is reported. The peak at 980 nm can be
unambiguously attributed to the 4G5/2 → 6F5/2 transition,
while the peak at 940 nm is likely a combination of the 4G5/2
→ 6FJ (J = 1/2, 3/2) and 4G5/2 → 6H13/2 transitions. The
strength of the CPL signal obtained is likely due to the
contribution of the 4G5/2 → 6F3/2 transition, considering its
predicted rotatory strength.23 The CPL brightness in the NIR
is 6.9 M−1 cm−1, which is comparable to those of many
ytterbium-based CPL-NIR emitters.3b
Circularly polarized luminescence spectra of the [(Spi-

nol)3TbNa3(thf)6] complexes were obtained in dilute THF
solutions (7.1 × 10−4 mol L−1) (Figure 3). The overall shape

of the CPL signals is reminiscent of those of the H8-Binol-
supported terbium complex, which indicates that their solution
structures must be similar. However, significantly stronger
dissymmetry factors were obtained. The 5D4 → 7FJ (J = 6, 5, 4,
3) transitions exhibited |glum| = 0.40, 0.53, 0.38, and 0.43,
respectively, which represent the highest dissymmetry factors
observed for any terbium complexes to date. These numbers

translate to CPL brightnesses of up to 3760 M−1 cm−1 (Table
1), the highest number ever reported for any CPL-active
compound.
The [(Spinol)3DyNa3(thf)6] complexes also exhibited

strong dissymmetry factors in the visible region (|glum| = 0.24
and 0.36 at 475 and 670 nm, respectively) (Figure 4). A very

strong dissymmetry factor of 0.53 was observed for the 4F9/2 →
6H9/2 transition in the far-red (765 nm), which is the highest
dissymmetry factor for dysprosium reported to date. While still
the strongest observed to date, the CPL brightness values (up
to 86.9 M−1 cm−1) are still modest due to the fact that the
most luminescent transition (4F9/2 → 6H13/2 at 590 nm)
displays a very weak dissymmetry factor (|glum| = 0.05). Future
synthetic efforts should be directed toward modifying the
symmetry and ligand field to enhance the dissymmetry factor
of this transition and compensate for the less CPL-favorable
selection rules of this transition.23
We sought structural insights to draw hypotheses explaining

the high metrics obtained. We thus compared the octahedra
formed by the H8-Binolate and Spinolate ligands. Deviations of
the O−Ln−O angle, given by the Σ parameter, and distortion
from octahedral to trigonal-prismatic, given by the Θ
parameter, were calculated from the solid-state structures.24
While the structure is still significantly distorted, both the Σ
and Θ values are closer to those for a perfect octahedron in

Table 1. Summary of the Photophysical Properties of [(Spinol)3LnNa3(thf)6]

Ln λ (nm) ε (295 nm) (M−1 cm−1) Φ transition |glum| BCPL (M−1 cm−1)

Sm 565 21160 0.028 4G5/2 → 6H5/2 0.20 6.1
610 4G5/2 → 6H7/2 0.50 19.0
655 4G5/2 → 6H9/2 0.12 14.2
980 4G5/2 → 6F5/2 0.17 6.9

Tb 490 24460 0.846 5D4 → 7F6 0.40 680
545 5D4 → 7F5 0.53 3760
595 5D4 → 7F4 0.38 275
635 5D4 → 7F3 0.43 477

Dy 475 19790 0.155 4F9/2 → 6H15/2 0.24 22.0
590 4F9/2 → 6H13/2 0.07 86.9
670 4F9/2 → 6H11/2 0.36 28.2
760 4F9/2 → 6H9/2 0.53 33.9

Figure 3. CPL spectra of [(R-Spinol)3TbNa3(thf)6] (red) and [(S-
Spinol)3TbNa3(thf)6] (blue) in tetrahydrofuran solutions (7.1 × 10−4

mol L−1) at room temperature. See Figure S19 for the glum plot. Total
luminescence is traced in the background. Excitation at 295 nm.
Bandpass: 0.5 nm.

Figure 4. CPL spectra of [(R-Spinol)3DyNa3(thf)6] (red) and [(S-
Spinol)3DyNa3(thf)6] (blue) in tetrahydrofuran solutions (7.1 × 10−4

mol L−1) at room temperature. See Figure S20 for the glum plot. Total
luminescence is traced in the background. Excitation at 295 nm.
Bandpass: 0.5 nm. Gray areas were not measured.
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[ (Sp ino l ) 3LnNa3 ( th f ) 6 ] compa r ed to [ (H8 -B i -
nol)3LnNa3(thf)6] (Σ = 126.7° vs 137.0° and Θ = 364° vs
378°, respectively). In the complexes, the planes of the
phenolate moieties of H8-Binol and Spinol are virtually
superimposed, while a slight change in the CAr−O−Ln angle
(16°) is observed. The latter impacts the orientation and
strength of the electric dipole transition moment, which
potentially also positively affects the dissymmetry factors. This
suggests that a nondistorted octahedral geometry, combined
with properly engineered chromophore angles, would generate
stronger dissymmetry factors. This is consistent with the fact
that the highest dissymmetry factor to date was also obtained
in a nondistorted eight-coordinate geometry in [Eu(hfbc)4]-
[Cs], which exhibits a perfect square-antiprism geometry.25
We have successfully coordinated Spinol to lanthanide ions,

yielding Spinol-supported analogues of the well-known
Shibasaki complexes. Given the performances of the latter in
asymmetric catalysis,26 our complexes could be investigated in
this context in the future. More importantly, we have obtained
some of the highest reported circularly polarized luminescence
metrics to date. Dissymmetry factors of up to 0.50, 0.53, and
0.53 were obtained for Sm, Tb, and Dy, respectively, yielding
the highest CPL brightness reported to date (3760 M−1 cm−1

for Tb). Our structural analysis suggests that even higher
metrics could be obtained for a perfect octahedral geometry for
six-coordinate species associated with chromophores with an
appropriate angle and strength of their electric dipole
transition moment. Designing and exploring other phenolate-
based axially chiral ligands with the proper bite angle to
achieve such goals would thus be highly beneficial and will be
one of the focuses of our group.
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