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Supplementary Methods

Synthesis of Tris(2-methoxyphenyl)phosphine oxide (L1)'

Tris(2-methoxyphenyl)phosphine (2.0 g, 5.7 mmol) was dissolved in dichloromethane (50 mL) in a
100 mL flask. The solution was cooled in an ice bath and H>O; solution (5 mL) was added slowly to
the solution. The mixture was stirred for 3 h. The product was extracted with dichloromethane and
saturated NaCl aqueous solution. The organic layer was dried with anhydrous MgSOs, and the solvent
was evaporated. The solid powder was washed with ethyl acetate to afford white powder.

Yield: 1.8 g (86%). *H NMR (400 MHz, CDCls) 8/ppm = 7.55-7.41 (m, 6H, Ar), 7.02-6.93 (m, 3H,

Ar), 6.92-6.87 (m, 3H, Ar), 3.57 (s, 9H, CHs).

Synthesis of Tris(3-methoxyphenyl)phosphine oxide (L2)"

Tris(3-methoxyphenyl)phosphine (0.5 g, 0.14 mmol) was dissolved in dichloromethane (20 mL) in a
100 mL flask. The solution was cooled in an ice bath and H,O, solution (5 mL) was added slowly to
the solution. The mixture was stirred for 3 h. The product was extracted with dichloromethane and
saturated NaCl aqueous solution. The organic layer was dried with anhydrous MgSQOs, and the solvent
was evaporated. The precipitate was recrystallized by methanol and ethylacetate.

Yield: 0.42 g (82 %). *H NMR (400 MHz, CDCls) 6/ppm = 7.40-7.24 (m, 6H, Ar), 7.18-7.04 (m, 6H,

Ar), 3.80 (s, 9H, CH).

Synthesis of Tris(4-methoxyphenyl)phosphine oxide (L3)?

Tris(4-methoxyphenyl)phosphine (1.0 g, 0.28 mmol) was dissolved in dichloromethane (30 mL) in a
100 mL flask. The solution was cooled in an ice bath and H>O, solution (5 mL) was added slowly to
the solution. The mixture was stirred for 3 h. The product was extracted with dichloromethane and

saturated NaCl aqueous solution. The organic layer was dried with anhydrous MgSQOs, and the solvent



was evaporated. The obtained oil was precipitated with acetone and hexane. The precipitate was
filtered and washed with acetone to afford white powder.
Yield: 0.55 g (53%). *H NMR (400 MHz, CD3COCD3) 8/ppm = 7.62—7.49 (m, 6H, Ar), 7.12—6.97 (m,

6H, Ar), 3.85 (s, 9H, CHs).

Synthesis of Tris(4-methylphenyl)phosphine oxide (L4)?

Tris(4-methylphenyl)phosphine (1.0 g, 3.3 mmol) was dissolved in dichloromethane (30 mL) in a 100
mL flask. The solution was cooled in an ice bath and H>O» solution (5 mL) was added slowly to the
solution. The mixture was stirred for 3 h. The product was extracted with dichloromethane and
saturated NaCl aqueous solution. The organic layer was dried with anhydrous MgSQOs, and the solvent
was evaporated. The obtained oil was precipitated with acetone and hexane. The precipitate was
filtered and washed with acetone to afford white powder.

Yield: 0.90 g (86%). *H NMR (400 MHz, CD3COCD3) 8/ppm = 7.58—7.47 (m, 6H, Ar), 7.37-7.27 (m,

6H, Ar), 2.38 (s, 9H, CH).

Synthesis of Tris(2,4,6-trimethylphenyl) phosphine oxide (L5)?
Tris(2,4,6-trimethylphenyl)phosphine (0.350 g, 0.9 mmol) was dissolved in dichloromethane (30 mL)
in a 100 mL flask. The solution was cooled in an ice bath and H,O, solution (5 mL) was added slowly
to the solution. The mixture was stirred for 3 h. The product was extracted with dichloromethane and
saturated NaCl aqueous solution. The organic layer was dried with anhydrous MgSQOs, and the solvent
was evaporated. The obtained oil was precipitated with acetone and hexane. The precipitate was
filtered and washed with acetone to afford white powder.

Yield: 0.16 g (44%).*H NMR (400 MHz, C,D,Cls) &/ppm = 6.83 (br, 6H), 2.29 (s, 9H, CH3), 2.17 (br,

18H, CHs).



Supplementary Note 1

The NMR spectra of the mixed solution of Eu(tfc)3(H20), (1 mM) and tmpo (0, 1, 2, 3 equivalents)
were measured (Supplementary Figure 1). The low magnetic field region in the NMR signal indicates
the existence of tmpo in the solution. In addition, the tmpo ligands had two kinds of proton, which

indicated that the existence of several conformation in CD,Cl,.
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Supplementary Figure 1. NMR spectra of Eu(+tfc)3;(H20)2 (1 mM) with 0 (a), 1 (b), 2 (¢), and 3 (d)

equivalents of tmpo ligand in CD,Cl,.



Eu(+tfc)-tmpo(3)
Eu(+tfc)-tmpo(2)
Eu(+tfc)-tmpo(1)

Intensity / a.u.

10 20 30 40
20 / deg

Supplementary Figure 2. XRD patterns of Eu(+tfc)-tmpo(1), Eu(+tfc)-tmpo(2), and Eu(+tfc)-

tmpo(3).
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Supplementary Figure 3. DSC pattern of Eu(+tfc)-tmpo(2).



Supplementary Note 2

To understand the factors crucial to the construction of an amorphous Eu(III) structure, five phosphine
oxide ligands (Figure 1) were prepared. Eu(+tfc)s;(H20), (3 mg, 0.003 mmol) and 2 equivalents of L1
(2.4 mg), L2 (2.4 mg), L3 (2.4 mg), L4 (2.2 mg), and L5 (2.8 mg) were dissolved in dichloromethane
(0.1 mL). The solutions were cast onto a glass substrate and allowed to evaporate, yielding the Eu(III)
complexes Eu(+tfc)-L1(2), Eu(+tfc)-L2(2), Eu(+tfc)-L3(2), Eu(+tfc)-L4(2), and Eu(+tfc)-L5(2) in
solid form. The XRD signals of the films exhibited broad peaks (Supplementary Figure 4), which
indicated the low-crystalline state. The results indicate that Eu(tfc); complexes with phosphine oxide-
type ligands tend to form amorphous structures, although the crystal structures of Eu(tfc) with

triphenylphosphine oxide and 4,4-bis(diphenylphosphoryl)biphenyl have been obtained previously.*
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Supplementary Figure 4. XRD spectral patterns of Eu(+tfc)-tmpo(2) (black line), Eu(+tfc)-L1(2)
(red line), Eu(+tfc)-L2(2) (blue line), Eu(+tfc)-L3(2) (green line), Eu(+tfc)-L4(2) (pink line), Eu(+tfc)-

L5(2) (orange line).



Supplementary Note 3

The emission spectra of the *Do—"F transitions of Eu(+tfc)-tmpo(2), Eu(+tfc)-L1(2), Eu(+tfc)-L2(2),,
Eu(+tfc)-L3(2), Eu(+tfc)-L4(2), and Eu(+tfc)-L5(2) are shown in Supplementary Figure 5. The 7F;
energy level of Eu(Ill) ions in a typical eight-coordinate structure (C4y or Dag) splits into two Stark
sublevels.’ The two bands at 584 and 593 nm in the CPL spectra were assigned to the A; — A, and
A1 — E transitions, respectively. The Stark splitting energies (AEss) of Eu(+tfc)-tmpo(2), Eu(+tfc)-
L1(2), Eu(+tfc)-L2(2), , Eu(+tfc)-L3(2), Eu(+tfc)-L4(2), and Eu(+tfc)-L5(2) were estimated to be 274

cm’!, 269 cm, 138 em™!, 126 cm’!, 152 cm™!, and 249 cm! respectively.
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Supplementary Figure 5. Emission spectra (*Do—F; transition) of Eu(+tfc)-tmpo(2) (black line),
Eu(+tfc)-L1(2) (red line), Eu(+tfc)-L2(2) (blue line), Eu(+tfc)-L3(2) (green line), Eu(+tfc)-L4(2) (pink

line), and Eu(+tfc)-L5(2) (orange line).



For Eu(Ill) complexes, it is well-known that there is a photophysical relationship between the crystal
field symmetry and the emission intensity ratio SDo—"F2/°Do—’F; (Agp/Awmp).* The emission bands
for the *Do—"F, transitions of Eu(+tfc)-tmpo(2), Eu(+tfc)-L1(2), Eu(+tfc)-L2(2), Eu(+tfc)-L3(2),
Eu(+tfc)-L4(2), and Eu(+tfc)-L5(2) are also shown in Supplementary Figure 6. The Agp/Awmp values
of Eu(+tfc)-tmpo(2), Eu(+tfc)-L1(2), Eu(+tfc)-L2(2), Eu(+tfc)-L3(2), Eu(+tfc)-L4(2), and Eu(+tfc)-
L5(2) were estimated to be 6.5, 10.6, 17.3, 16.7, 17.6 and 18.1, respectively. The FWHM of Eu(+tfc)-
tmpo(2), Eu(+tfc)-L1(2), Eu(+tfc)-L2(2), Eu(+tfc)-L3(2), Eu(+tfc)-L4(2), and Eu(+tfc)-L5(2) were

estimated to be 46 cm™, 67 cm™!, 202 ecm™!, 202 cm!, 199 cm™!, and 88 cm™!, respectively.
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Supplementary Figure 6. Emission spectra (*Do—"F> transition) of Eu(+tfc)-tmpo(2) (black line),
Eu(+tfc)-L1(2) (red line), Eu(+tfc)-L2(2) (blue line), Eu(+tfc)-L3(2) (green line), Eu(+tfc)-L4(2) (pink

line), and Eu(+tfc)-L5(2) (orange line).



The CPL spectra of Eu(+tfc)-tmpo(2), Eu(+tfc)-L1(2), Eu(+tfc)-L2(2), Eu(+tfc)-L3(2), Eu(+tfc)-L4(2),
and Eu(+tfc)-L5(2) are shown in Supplementary Figure 7. The gcpr values of Eu(+tfc)-L1(2),
Eu(+tfc)-L2(2), Eu(+tfc)-L3(2), Eu(+tfc)-L4(2), and Eu(+tfc)-L5(2) were estimated to be —1.2, —1.0,

0.04, 0.07, 0.09, and —0.29, respectively.
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Supplementary Figure 7. CPL spectra of Eu(+tfc)-tmpo(2) (black line), Eu(+tfc)-L1(2) (red line),
Eu(+tfc)-L2(2) (blue line), Eu(+tfc)-L3(2) (green line), Eu(+tfc)-L4(2) (pink line), and Eu(+tfc)-L5(2)

(orange line).

Based on the results (Supplementary Table 1), we found that the Eu(Ill) complex with symmetric and
strong crystal field show large gcpr values. Herein, we compared the photophysical properties of the
Eu(IIl) complex with those of the previous chiral Eu(Ill) complexes. Recently, we observed a large
gerL value (= —1.0) of Eu(+tfc)3(H20): in acetone solution (Eu(+tfc)-acetone) without the presence of
phosphine oxide ligands.® In addition, the gcpr value, the photophysical parameter (AEss, FHWM),
and the Aep/Amp were similar to those of the Eu(+tfc)-L1(2) (Supplementary Table 1). Previously,
Muller observed an exceptionally large gepr value in an Eu(I11)-Cs(I) system with characteristic chiral

B-diketonate ligands containing a camphor framework (tetrakis(3-heptafluorobutylryl-(+)-



camphorato) (gcpL = —1.38).” The compounds also showed a large AEss (Figure 2 in Ref 7), and a

narrow FWHM (Figure 2 in Ref 7).

Supplementary Table 1. Summary of photophysical results.

Compounds AEss/cm®  FWHM/cm? Aeo/Avp gepL
Eu(+tfc)-tmpo(2) 274 46 6.5 12
Eu(+tfc)-L1(2) 269 67 10.6 -1.0
Eu(+tfc)-L2(2) 138 202 173 0.04
Eu(+tfc)-L3(2) 126 202 16.7 0.07
Eu(+tfc)-L4(2) 152 199 176 0.09
Eu(+tfc)-L5(2) 249 88 18.1 -0.29
Eu(+tfc)-acetone® 268 67 12.6 -1.0
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Supplementary Note 4
We measured the gcpr value depending on the rotation angle along the light axis, and also measured
the gcpr value depending on the rotation angle along the light axis by reversing the glass containing

the Eu(IIl) film. The gcpr values were almost similar in both cases (Supplementary Figure 8).
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Supplementary Figure 8. gcpr spectra of Eu(+tfc)-tmpo(2) depending on the rotation angle along the
light axis (Black triangle: coated surface is excitation side, Red inverted triangle: coated surface is

detection side).
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Supplementary Note 5

We prepared four films using the spin-coater as follows:

Preparation of film-1: First, the Eu(+tfc)3;(H20), (3 mg) and tmpo (3 mg) were dissolved into CH,Cl,
(0.5 mL) using a vortex, after which the resulting solution was filtered. After filtration, the film on the
quartz glass was prepared using 200 pl of the solution and a spin-coater (1000 rpm, 30 sec), after
which the film was dried under reduced pressure for 4 h.

Preparation of film-2: First, the Eu(+tfc);(H20): (3 mg) and tmpo (3 mg) were dissolved into CH,Cl,
(0.5 mL) using a vortex, after which the resulting solution was filtered. After filtration, the film on
quartz glass is prepared using 200 pl solution and spin-coater (500 rpm, 30 sec), and drying under
reduced pressure for 4h.

Preparation of film-3: First, the Eu(+tfc);(H20), (30 mg) and tmpo (30 mg) were dissolved into
CH>Cl; (5 mL) using a vortex, after which the resulting solution was filtered. After filtration, the film
on quartz glass is prepared using 200 pl solution and spin-coater (1000 rpm, 30 sec), and drying under
reduced pressure for 4h.

Preparation of film-4: First, the Eu(+tfc);(H20), (30 mg) and tmpo (30 mg) were dissolved into
CH>Cl; (5 mL) using a vortex, after which the resulting solution was filtered. After filtration, the film
is prepared using 200 pl solution and spin-coater (1000 rpm, 30 sec), and drying under reduced

pressure for 4h.

The electronic absorption spectra of the films are shown in Supplementary Figure 9. The thickness
was roughly estimated by absorbance at 350 nm. The estimated thickness of the spin-coat film-1, 2, 3,
and 4 were 140, 170, 150, and 130 nm, respectively, which were much lower than those of the cast
films (2340 nm). The emission spectra are shown in Supplementary Figure 10. The emission spectral

shapes of the spin-coat films (AEss: 269 cm™', FWHM: 43 cm™!, Agp/Amp: 6.8 cm!) were similar to

12



those of the cast films, indicating the similar coordination geometry of the spin-coat films and the cast
films. In contrast, the emission lifetime of the spin-coat film (tave = 0.67-0.68 ms, Supplementary Table
2) was longer than that of the cast film (Tave = 0.61 ms). In addition, the emission quantum yield of the
spin-coat film (Pt = 14-16 %) was a little higher than that of the cast film (®i: = 13 %). These results
indicated that the photophysical properties of the film might be affected by the morphology of the film.
Supplementary Figure 11 shows the CPL spectra of the spin-coat films. The estimated gcpr. value of

the spin-coat film was higher than that of the cast film.
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Supplementary Figure 9. Electronic absorption spectra of film-1 (black line), 2 (red line), 3 (blue

line), and 4 (green line).
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Supplementary Figure 10. Emission spectra (Aex = 350 nm) of film-1 (black broken line), 2 (red line),

3 (blue broken line), and 4 (green line).
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Supplementary Figure 11. CPL spectra (Aex = 350 nm) of film-1 (black line), 2 (red line), 3 (blue

broken line), and 4 (green line). Normalized by DC.
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Supplementary Table 2. Photophysical properties of film-1, 2, 3, and 4.

Compounds Tave / MS Dot / % gepL
Film-1 0.67 15 -1.3
Film-2 0.67 16 -1.3
Film-3 0.67 15 -1.3
Film-4 0.68 14 -1.3
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Supplementary Note 6

We performed two kinds of stability test on the Eu(+tfc)-tmpo(2) films produced by cast method. First,
we checked the air sensitivity, and exposed the sample to air atmosphere for one week. Then, we
measured the emission spectrum and emission lifetime of the Eu(Ill) ion (Supplementary Figure 12-

13). No visible changes were observed in the emission spectra and emission lifetime.
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Supplementary Figure 12. Emission spectra (Aex = 350 nm) of Eu(+tfc)-tmpo(2) (black broken line),

and one week after exposure to air atmosphere (red line).
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Supplementary Figure 13. Emission lifetimes (Aex = 356 nm) of Eu(+tfc)-tmpo(2) (black line), and

one week after exposure to air atmosphere.
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In addition, we observed the photostability of the Eu(+tfc)-tmpo(2) films under UV irradiation using
UV crosslinker (300 mJ/cm?, CL, 1000L, Funakoshi). No visible change was observed in the emission

spectral and emission lifetime (Supplementary Figure 14-15).

Intensity /a.u.

! . -

580 600 620
Wavelength / nm

Supplementary Figure 14. Emission spectra (Aex = 350 nm) of Eu(+tfc)-tmpo(2) films after exposure

to UV irradiation (black line: O h, red line: 1 h, blue line: 2 h, green line: 3 h, pink line: 4 h, orange

line; 5 h, black broken line: 6h, and red broken line: 7 h).
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Supplementary Figure 15. Averaged emission lifetimes (Aex = 356 nm) of Eu(+tfc)-tmpo(2) films

after exposure to UV irradiation.
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Supplementary Note 7
The CPL spectra of Eu(+tfc)-tmpo(1) and Eu(+tfc)-tmpo(3) films are shown in Supplementary Figure

16. The gepr values are estimated to be —1.0 and —1.2, respectively.
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Supplementary Figure 16. CPL spectra of Eu(+tfc)-tmpo(1) (black line) and Eu(+tfc)-tmpo(3) (blue

line). Normalized by DC voltage.
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Supplementary Note 8

We evaluated the emission spectrum (Supplementary Figure 17), emission lifetime, and CPL spectrum
(Supplementary Figure 18) of the solution containing Eu(tfc);(H2O), and tmpo ligands (toluene,
Eu(tfc)3(H20)2: 1.0 X107 M, tmpo 1.0 X 10-* M). The presence of tmpo ligands in the solution was
expected to induce several coordination geometry around Eu(III) ion. In addition, we also measured
the emission properties of Eu(tfc);(H20).. We confirmed that the existence of the tmpo ligands induced
a strong crystal field splitting in the Do—"F transition, a small Agp/Amp, and a long emission lifetime
(Supplementary Table 3). The long emission lifetime indicates the suppression of the vibrational
quenching of H,O, which indicates the coordination by the tmpo ligand. However, the emission
quantum yield was low (D < 1.0 %), and the gcpr values of the solution containing Eu(+tfc);(H20)»
and tmpo ligands was estimated to be —1.0. The low emission quantum yield and the weaker gcpr. than
that of the Eu(tfc)-tmpo(2) might be caused by the existence of the component with a short emission

lifetime.
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Supplementary Figure 17. Emission spectra of Eu(+tfc)(H20), (black line) and Eu(+tfc)-tmpo(2)

(red line) in toluene.
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Supplementary Figure 18. CPL spectrum of Eu(+tfc)-tmpo(2) in toluene solution (1.0 X107 M).

Normalized by DC voltage.

Supplementary Table 3. Photophysical properties in toluene.

Compounds AEss/cm? FWHM/cm?®  Aep/Avp T OcprL

0.11 (33 %),

Eu(+tfc)s(Hz0), 143 134 102 0.02 (49 %), -

0.006 (18%)

0.47 (96 %),

Eu(+tfc)-tmpo(2) 277 67 8.2 -1.0
0.01 (4 %)

a: We cannot estimate the gcpr because of the very weak signal.
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Supplementary Note 9

At first, we explored structures of Eu(+tfc);(H2O)(tmpo) and Eu(+tfc)s(tmpo), systematically to
discuss the stabilities of complexes coordinated by the tmpo ligand. In this procedure, electronic
structure calculations and automated structure searches were done by the GFN2-xTB method?
implemented in the Orca program® and the SC-AFIR method'? implemented in the GRRM program!!,
respectively. As a result, 139 and 39 local minimum structures were obtained, respectively. The reason
why the number of structures for Eu(+tfc);(tmpo), was small would be because the tmpo ligand is
bulky and the structural fractionality around the Eu center is small when two of them coexist.
Important structures were further reoptimized at the wB97X-D//BP86-D3/Def2-SV(P) level of the
Gaussian 16 program'2. Supplementary Figure 19 shows (a) the most stable Eu(+tfc);(H20)(tmpo)
structure, (b) the most stable Eu(+tfc)s;(tmpo), structure, and (c) the second most stable
Eu(+tfc)s(tmpo). structure. Their relative free energy values are presented below these structures,
where vibrational frequencies v; for modes having v; smaller than 50 cm™" were set as 50 cm™! in the
vibrational entropy calculations. We note that these are gas-phase calculations and not used for
quantitative comparisons with experimental data. Nevertheless, these results provided qualitative

interpretations for experimental results as discussed below.
(b)

T stack « :

\

11.1 kd mol™* 0.0 kJ mol™* 12.5 kJ mol™!
Supplementary Figure 19. (a) The most stable Eu(+tfc)3;(H.O)(tmpo) structure (Supplementary Data
1), (b) the most stable Eu(+tfc)s(tmpo) structure (Supplementary Data 2), and (c) the second most
stable Eu(+tfc)s(tmpo), structure (Supplementary Data 3). Relative free energy at room temperature

is shown below each structure.
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These results show that Eu(+tfc)s;(tmpo), is more stable than Eu(+tfc);(H2O)(tmpo). This suggests
that both of the two H>O molecules are likely substituted when the same amount of tmpo ligand is
added, and this is consistent to the fact that there is only a small difference between experimental
spectra obtained with two and three equivalent tmpo ligand. On the other hand, the energy gap between
Eu(+tfc)s(tmpo), and Eu(+tfc);(H,O)(tmpo) are only 11 kJ mol™!. This suggests that a small amount
(~1% with the Boltzmann distribution) of Eu(+tfc);(H,O)(tmpo) should coexist when two equivalent
tmpo ligand is introduced. This would explain the small difference between the experimental spectra
of the two and three equivalent cases. The small amount of Eu(+tfc);(H>O)(tmpo) also explains the
short lifetime component seen in the experiment in toluene. Besides, Supplementary Figure 19 shows
that there are two stable configurations in Eu(+tfc)s(tmpo).. In the most stable configuration, the
complex is stabilized by a 7 stacking interaction between aromatic rings in adjacent tmpo ligands. On
the other hand, in the second most stable configuration, the two tmpo ligands avoid to each other to
reduce their repulsion. The existence of two stable configurations would be a cause of formation of

the amorphous structure and multiple lifetime components in the present material.
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