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ABSTRACT: Circularly polarized luminescence (CPL) in two subregions of the near-infrared (NIR) has been achieved. By
leveraging the rigidity and diminishing detrimental vibrations of the heterobimetallic binolate complexes of erbium [(Binol);ErNa,],
species exhibiting an exceptionally high dissymmetry factor (lgj,, |) of 0.47 at 1550 nm were obtained. These erbium complexes are
the first reported examples of CPL observed beyond 1200 nm. Analogous complexes of ytterbium and neodymium also exhibited
strong CPL (lg,| = 0.17, 0.0, respectively) in a higher energy NIR window (800—1200 nm). All complexes exhibit high quantum
yields (Er: 0.58%, Yb: 17%, Nd: 9.3%) and high Bcp; values (Er: 57 M~ ecm™, Yb: 379 M~ cm™, Nd: 29 M™' cm™"). Because of
their strong CPL emission in the telecom band (1550 nm), biologically relevant NIR emission window (800—1100 nm), and
synthetic versatility, the complexes reported here could permit further promising developments in quantum communication

technologies and biologically relevant sensors.

he 1550 nm wavelength is critical for long-distance

telecommunication, as the so-called “1550 nm telecom
band” presents very low transmission loss in optical fibers.'
When combined with polarization control, promising
applications in quantum network” and quantum communica-
tion technologies® can be expected. Circularly polarized
luminescence (CPL) is the preferential emission of light with
right- or left-handed circular polarization. Generating CPL in
the telecom band would therefore be highly desirable.
Synthesis of molecules emitting CPL has grown in interest”
due to their potential in improving spintronic devices,®
enhancing security inks,® and generating three-dimensional
displays.” CPL is quantified by the luminescence dissymmetry
factor (=2 < gm < +2, where g, = +2 indicates pure left-
handed CPL). Obtaining high dissymmetry factors in
molecular complexes remains challenging, as one of the
primary conditions (i.e., similar magnitude in magnetic dipole
transition and electric dipole transition moments) is often hard
to achieve. Lanthanide-based complexes have been the most
successful at generating high dissymmetry factors, particularly
for luminescent transitions that are electric dipole forbidden,
and magnetic dipole allowed (e.g, Eu Dy — ’F;).® Erbium
possesses a luminescent transition (*I;3, = *I;5),) that fulfills
the latter criterion,” and more importantly emits around 1550
nm, making it an excellent candidate for the aforementioned
applications.

Luminescence from near-infrared emitting lanthanides such
as erbium is challenging, since (1) weak absorbances must be
overcome, and (2) quenching for vibrational C—H overtones
must be avoided. The weak absorbances can be overcome by
the so-called antenna effect, where an appropriate chromo-
phore can be ligated to the lanthanide. We recently modified
the so-called Shibasaki complexes [(Binol);LnM;] into the
reduced [(Hg—Binol);LnM;] to match the energy levels of
lanthanide emitting in the visible region.'® Since the emissive
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level of erbium is much lower than the visible lanthanide
emitters, we reasoned that the original nonreduced binolate
complexes could be well-suited for erbium emission. In
addition, we hypothesized that the loss of any Cy,;—H
vibrations and overall rigidity of the system could prevent
some quenching. Recently, other air-stable binolate-lanthanide
complexes with nonalkali metal cations (notably tetramethyl-
guanidinium) have been reported;11 however, to minimize
additional quenching, we decided to prioritize the use of an
alkali-metal and targeted [(Binol);ErNa,].

In addition, due to the potential applications of NIR
luminescence in medical imaging,12 and owing to our interests
in luminescence in other regions of the near-infrared (NIR),"
we also targeted other lanthanide-NIR-emitters: ytterbium and
neodymium. We describe herein the synthesis and chiroptical
properties of NIR-emitting lanthanide complexes [(Bi-
nol);LnNa;] (Ln = Er, Yb, and Nd). Both erbium and
ytterbium complexes show very strong chiroptical properties (|
gium! = 0.47, 0.17, respectively). The erbium complexes
represent the first reported examples of CPL observed beyond
1200 nm.

We synthesized the [(Binol);LnNa,] (Ln = Er, Yb, and Nd)
utilizing modified literature procedures (Figure 1, see
Supporting Information), and isolated the three pairs of
enantiomers. While the complexes of ytterbium and neo-
dymium were previously characterized,''®'* this is the first
report of the erbium analogue. We thus perform single crystal
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Figure 1. Synthesis of [(R-Binol);LnNas(thf)s] (Ln = Er, Yb, Nd) 0.2
from sodium R-Binolate. The corresponding enantiomers are o4 |

obtained analogously from sodium S-Binolate.

X-ray diffraction studies to confirm their identity. As expected,
the structures are isomorphous to those previously reported,
crystallizing in the noncentrosymmetric P6; space group. The
erbium center is six-coordinate in a distorted trigonal antiprism
with the binolate ligands bridged with sodium ions solvated by
two molecules of tetrahydrofuran (Figure 2). For the [(S-
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Figure 3. Normalized emission spectra of [(S-Binol);ErNa;] (red),
[(S-Binol);YbNa;] (yellow), and [(S-Binol);NdNa,] (blue) in
tetrahydrofuran solutions (1.3 X 107> mol L™') at room temperature.
Excitation at 380 nm. Bandpass: 26 nm for Er, 4.8 nm for Yb, and 10
nm for Nd.
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Figure 2. Structure of [(S-Binol);ErNa;(thf)¢] in the solid state. See
Figure S20 for the structure of [(R-Binol);ErNa;(thf)s]. Thermal
ellipsoids are drawn at 50% probability. Hydrogen atoms are omitted
for clarity.

Binol);ErNa,(thf)4], the binolate ligands generate a propeller
shape at erbium with the A-chirality. As expected, the [(R-
Binol);ErNa,(thf)s] shows a propeller shape at erbium with
the A-chirality.

Upon excitation at 380 nm, all complexes exhibited strong
NIR luminescence (Figure 3). The erbium complex
[(Binol);ErNa;] showed emission ranging from 1430 to
1670 nm arising from the *I,;,, — *I,5), transition, with an
emission maximum at 1540 nm. We note that due to crystal
field splitting, a minimum of four Stark levels are observed.
The luminescence of [(Binol);YbNa,] ranged from 930 to
1100 nm with a maximum at 975 nm resulting from the *F;,
— ’F,, transition. The emission spectrum of the neodymium
complex [(Binol);NdNa;] showed the expected peaks at 915,
1075, and 1335 nm, from the *F;,, — “Iy), ‘15, and *I;5,,
transitions, respectively. The quantum yields were 0.58%, 17%,
and 9.3% for Er, Yb, and Nd, respectively, which are on the
high end of other comparable molecular complexes for erbium
and neodymium (Er: ® ~ 0.01— 2%;"° Yb: @ ~ 4-23%">'9),
and among the hl_/ghest reported to date for neodymium (® ~
0.2—3.29%) 15461

Circularly polarized luminescence spectra of [(R/S-Bino-
1);ErNa,] were collected in tetrahydrofuran solutions (Figure
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4). A tetrasignate pattern was observed with an exceptionally
high maximum dissymmetry factor of +0.47 at 1540 nm for
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Figure 4. Normalized CPL spectra of [(R-Binol);ErNa;] (yellow) and
[(S-Binol);ErNa,] (blue) in tetrahydrofuran solutions (1.3 X 1073
mol L™!) at room temperature. See Figure S14 for g, plot. Total
luminescence is traced in the background. Excitation at 380 nm.
Bandpass: 26 nm.

[(S-Binol);ErNa;]. The spectrum of the enantiomer [(R-
Binol);ErNa,] is a perfect mirror image with a dissymmetry
factor of —0.47 at 1540 nm. This is the first reported example
of CPL observed beyond 1200 nm, and the dissymmetry
factors we obtained are among the highest observed for any
lanthanides. This result also confirms the prediction made by
Zinna and Di Bari, who observed strong circular dichroism
from a similar complex.'® Owing to the strong dissymmetry
factors, the calculated CPL brightness of our erbium complexes
(Bcp, = 57 M™' em™) is high, although no comparison can be
made with other emitters in this region. The strong chiroptical
activities are likely due to a combination of an adequate
luminescent transition (*I;3,, — *I;5/,) fitting the high rotatory
strength and dissymmetry factor predictions,” as well as the
presence of both chirality at metal and at ligands. Interestingly,
the Stark level centered at 1470 nm does not exhibit strong
CPL; this indicates that this transition is unlikely to arise from
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the zero-line transition, but is rather coming from a higher n’
level.

Owing to the strong luminescence of the [(Binol);YbNaj]
complexes, CPL spectra were collected with narrow bandpass,
increasing resolution of the Stark levels (Figure S). The F;,,
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Figure 5. Normalized CPL spectra of [(R-Binol);YbNa,] (yellow)
and [(S-Binol);YbNa,] (blue) in tetrahydrofuran solutions (1.3 X
107 mol L") at room temperature. See Figure S15 for g, plot.
Total luminescence is traced in the background. Excitation at 380 nm.
Bandpass: 4.8 nm.

and °F,, levels of ytterbium can be split by crystal field into
three (0',1’,2") and four (0, 1, 2, 3) doubly degenerate levels,
respectively. On the basis of the typical magnitude of the
crystal field splitting observed in ytterbium complexes (AE ~
300 cm™),"?8%° all twelve of the transitions from the thermally
accessible 0/, 1’, and 2’ states should be observed. Indeed,
modeling of the emission profile provided an estimation of the
difference in energy between levels, and the population
distribution for the excited states (see Figure S30). The
spectrum of the [(S-Binol);YbNa;] complex showed a strong
dissymmetry factor of +0.17 at 975 nm. Interestingly, a larger
dissymmetry factor was observed at 1040 nm (g, = —0.19).
These results are on the high end of most Yb-based CPL-
emitters reported to date (0.02 < g < 0.18),"°%"'? but are
marginally lower than the recently reported CsYb(hfbc), value
(gum = 0.38)."® We also note that this value is significantly
stronger than the one observed by Zinna and Di Bari for an
analogous complex [(S-Binol);Yb(TMGH),] (TMGH =
tetramethylguanidinium) (g, = 0.066)."* Structural compar-
ison between the two species (Na vs TMGH) showed a
significant change in the coordination geometry in the solid-
state (see Figure S21 and SI for detailed comparison). The
behavior in solution is likely to be slightly different, but the
large difference in CPL suggests that the sodium cation
remains coordinated to the binolates in solution. This
highlights the importance of the nature of the cation, a
phenomenon reminiscent of what is observed in circular
dichroism.”" The CPL brightness calculated for our complexes
(BcpL = 379 M~ cm™) is two orders of magnitude higher than
the average Bcpy reported for Yb complexes.””

While the predicted chiroptical activities of the luminescent
transition of neodymium are not expected to be strong,’ we
examined the circularly polarized luminescence of the *F;,, —
*Ly, and *Fy, — *I;;), transitions. As expected, the CPL
spectrum of [(S-Binol);NdNa,] showed modest chiroptical
activity for both transitions (g, < 0.05, Bepy <29 M~ ecm™)
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(Figure 6). Interestingly, in the *F,,, — *Iy),, all Stark levels
appear to have the same CPL sign, while in the *F;,, — *I;;),
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Figure 6. Normalized CPL spectra of [(R-Binol);NdNa;] (yellow)
and [(S-Binol);NdNa;] (blue) in tetrahydrofuran solutions (1.3 X
107 mol L") at room temperature. See Figure S16 for g, plot.
Total luminescence is traced in the background. Excitation at 380 nm.
Bandpass: 10 nm.

transition, a bisignate pattern was observed. This contrasts with
the only other reported neodymium CPL spectrum showing
bisignate signals for both observed transitions."”®

We have synthesized molecular lanthanide complexes
[(Binol);LnNa;] (Ln = Er, Yb, and Nd) emitting CPL in
the NIR (see Table 1 for a summary of the data). The erbium

Table 1. Summary of the Photophysical Properties of
[(Binol);LnNa,]

A e (M! Bep, (M!
Ln (nm) cm™) [} transition I Giam! cm™')
Er 1540 42000  0.0058  *I;3, = ‘5, 047 57.3
Yb 975 26000  0.17 ’Fg;, = ’F, 017 379
Nd 900 35000  0.093 Fyp = L, 004 286
1040 *Fyp = 1, 0.03 23.9

complexes synthesized here are the first reported examples of
CPL observed beyond 1200 nm, and the emission is
importantly centered within the 1550 nm telecom band.
Additionally, the CPL magnitudes observed are exceptionally
high (Igyml = 0.47). Strong CPL is also observed for the
ytterbium analogues, with an improvement of two orders of
magnitude for their CPL brightness. We also observed that the
cation significantly impacts CPL magnitude. Thorough cation/
CPL activity relationship studies complemented by theoretical
calculations are currently ongoing in our laboratories. Owing
to the simplicity and tunability of the present system, we
predict a bright future for CPL active NIR emitters beyond
1200 nm.
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