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1. X-ray single crystal and powder X-ray diffraction analysis

Structure refinement details. See main text for instrument description.

Colorless plates of evs5075_sq (Dy>moshis) were grown from a dimethylformamide/water solution of the
compound at 22 °C. A crystal of dimensions 0.12 x 0.12 x 0.02 mm was analyzed. The exposure times
were 5 sec. for the low angle images, 45 sec. for the high angle. The integration of the data yielded a total
0f 237733 reflections to a maximum 26 value of 139.17° of which 29633 were independent and 18606 were
greater than 20(/). The final cell constants (Table S2) were based on the xyz centroids of 20032 reflections
above 10c(/). The structure was solved using the space group P2(1)/c with Z = 4 for the formula
C,0sHgoN,,O5Na,Dy,Ga, (C;H,NO), ;(H20), s + [solvent]. Full matrix least-squares refinement based on

F2 converged at R; = 0.0695 and wR> = 0.1637 [based on I > 26(/)], R;=0.1155 and wR> =0.1897 for all
data.

Yellow plates of jl7155 sq (Smznhag) were grown from a dimethylformamide/water solution of the
compound at 20 °C. A crystal of dimensions 0.08 x 0.07 x 0.02 mm was analyzed. A total of 4159 images
were collected with an oscillation width of 1.0° in w. The exposure times were 1 sec. for the low angle
images, 5 sec. for the high angle. The integration of the data yielded a total of 126426 reflections to a
maximum 20 value of 139.49° of which 4181 were independent and 3107 were greater than 26(/). The final
cell constants (Table S2) were based on the xyz centroids of 35090 reflections above 10c(/). The structure
was solved using the space group P4/mnc with Z = 2 for the formula C,, H.,NgO,Na,Ga,Sm,, 5.5(H,0),
[+ solvent]. All non-hydrogen atoms were refined anisotropically with the hydrogen atoms placed in
idealized positions. The structure is characterized by significant disorder. Full matrix least-squares

refinement based on F2 converged at R; =0.0961 and wR> = 0.2989 [based on / > 25(])], R; = 0.1056 and
wR>=10.3083 for all data.

Colorless plates of evs4001c_sq (Tbamshis) were grown from a dimethylformamide/water solution of the
compound at 20 °C. A crystal of dimensions 0.14 x 0.12 x 0.08 mm was analyzed. A total of 2028 images
were collected with an oscillation width of 1.0° in w. The integration of the data yielded a total of 57958
reflections to a maximum 20 value of 138.64° of which 1999 were independent and 1951 were greater than
26([). The final cell constants (Table S2) were based on the xyz centroids of 24925 reflections above 106 (J).
The structure was solved using the space group /4/mmm with Z = 2 for the formula C,(H N, O,,Na,Ga/Tb,

[+ solvent]. Full matrix least-squares refinement based on F 2 converged at R; = 0.0459 and wR>=0.1384
[based on /> 2c({)], R;=0.0466 and wR> = 0.1401 for all data.



Table S1. Refinement parameters forthe Ln,L’g crystal structures.

Sample Smonhag Dy>moshis Tbomshis
Identificationcode J17155 sq evs5075 sq evs4001c sq
Empirical formula Ci120H72GasNsNa»Os3 50Sm: Ci27.50H 145 50GasN1s.50Na2067Dy:2 CosHesGasNsNarOsaThy
Formula weight 3386.29 3940.88 2959.16

Temperature 852)K 852)K 852)K

Wavelength 1.54184 A 1.54184 A 1.54178 A

Crystalsystem, space group

Tetragonal, P4/mnc

Monoclinic, P2(1)/c

Tetragonal, /4/mmm

Unit cell dimensions

a=20.26971(3) A, a=90°
b=20.26971(8) A, f=90°
c=21.0036(2) A,y =90°

a= 2289344 K, a=90°
b=23.28194)A, 5= 108.9833)°
c=31.5425(10)A,y=90°

a=19.28300(10) A, = 90°
b=19.28300(10) A, £ =90°
¢=20.07583) A,y =90°

Volume 8629.57(11) A3 15897.4(7) A3 7464.87(14) A3

Z, Calculated density 2,1.303 mg/m’ 4,1.647 mg/m’ 2,1.317 mg/m’
Absorption coefficient 7.052 mm™’ 7.305mm™’! 6.769 mm™'

F(000) 3340 7924 2904

Crystalsize 0.080x0.070x 0.020 mm 0.120x0.120x 0.020 mm 0.140x0.120x 0.080 mm

O range fordata collection

3.030to 69.744°

2.7871t069.586°

3.241t069.324°

Limiting indices

—23<h<21
—24<k<24
—25<I<25

—27<h=<27
—28<k<28
—38</<38

—23<h<22
—23<k<23
—24</<23

Reflections collected/ unique

126426 /4181 [R(int)=0.0720]

237733/29633 [R(int)=0.1402]

57958/ 1999 [R(int)=0.0529]

Completenessto @®=67.679

100.00%

99.90%

99.90%

Absorption correction

Semi-empirical from equivalents

Semi-empirical from equivalents

Semi-empirical from equivalents

Max.and min. transmission

1.00000 and0.38114

1.00000 and0.50193

1.00000 and 0.52245

Refinementmethod Full-matrix least-squares on /> Full-matrix least-squares on /> Full-matrix least-squares on />
Data / restraints / parameters 4181/252/411 29633/277/2167 1999/6/173
Goodness-of-fit on F* 0.987 1.106 1.145

FinalR indices [>20(/)] R;=0.0961,wR>,=0.2989 R;=0.0695,wR>=0.1637 R;=0.0459,wR,=0.1384
R indices (alldata) R;=0.1056,wR,=0.3083 R;=0.1155wR,=0.1897 R;=0.0466,wR,=0.1401
Extinction coefficient 0.0014(2) n/a 0.00024(4)

Largest diff. peak and hole

1.337and—0.502¢ A"

2.004 and-1.340e A"

1.104and-0.645¢ A




Table S2. Unit cell parameters for Ln2Ls complexes (Ln =Dy, Sm, Gd, Tb; L’ = shi?>-, moshi-, mshi3-,
nha’-).

Complex a(A) b (A) ¢ (A) a(°) B(©) 7 (°) Volume (A?)
“? Dy, shis 14.108 17.581 19.220 113.11 102.70 98.22 4135.39
b Smyshis 14.152 17.741 19.188 112.91 102.71 98.27 4185.38
> Gd,shis 14.104 17.581 19.217 113.09 102.60 98.35 4134.44
® Thyshis 14.105 17.595 19.248 113.24 102.63 98.16 4142.24

“Dy>moshis | 22.893 22.282 31.543 90 108.99 90 15897.40
Smymoshis 22.967 23.318 31.009 90 108.76 90 15725.01
Gdamoshis 23.013 23.428 31.581 90 108.88 90 16110.06
Tbomoshis 22.297 23.333 31.351 90 108.86 90 15870.77
Smymshis 19.422 19.422 20.091 90 90 90 7578.58
Gdomshis 19.494 19.494 19.490 90 90 90 7406.47
“ Tbomshis 19.283 19.283 20.076 90 90 90 7464.87
“ Smynhas 20.27 20.27 21.01 90 90 90 8629.57

“ Full structure was solved for this analogue.  Data previously presented. !
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Figure S1. Powder X-ray diffraction (PXRD) data for novel Ln,L’s complexes: A: L’=moshi, B: L’=mshi,
C: L’=nha. The PXRD spectrum simulated from the crystal structure is presented for comparison. For A,
simulated from crystal structure of Dy>moshis; for B: from Tbamshis; for C: from Smznhas.
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Figure S2. Top-down (left) and side-on (right) views of the Lnashis complex. Color code: Ga, pink; Ln,
green; O, red; N, blue; C, grey. Solvents, counter cations, and hydrogen atoms are omitted for clarity. The
structure was solved previously for the Dy3* analogue.'

Figure S3. Unit cell packing for the Lnashis complex as viewed along the crystallographic a-axis (left) and
c-axis (right).
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Figure S4. Top-down (left) and side-on (right) views of the Lnomoshis complex. Color code: Ga, pink; Ln,
green; O, red; N, blue; C, grey. Solvents, counter cations, and hydrogen atoms are omitted for clarity. This
structure was solved for the Dy?* analogue.
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Figure S5. Unit cell packing for the Lnomoshis complex as viewed along the crystallographic a-axis (left)
and c-axis (right).
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Figure S6. Top-down (left) and side-on (right) views of the Lnznhag complex. Color code: Ga, pink; Ln,
green; O, red; N, blue; C, grey. Solvents, counter cations, and hydrogen atoms are omitted for clarity. The
structure was solved for the Sm** analogue.

Figure S7. Unit cell packing for the Lnanhascomplex as viewed along the crystallographic a-axis (left) and
c-axis (right).
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Figure S8. Top-down (left) and side-on (right) views of the Lnomshis complex. Color code: Ga, pink sphere;
Ln, green sphere; O, red; N, blue; C, grey. Solvents, counter cations, and hydrogen atoms are omitted for
clarity. The structure was solved for the Tb*" analogue. Multiple enantiomeric MC orientations are
disordered within the crystal structure (Figure S10). The second isomer is shown in magenta. Positions of
Ga, Dy, and (partially) bridging isophthalate ligands are shared between isomers.

Figure S9. Unit cell packing for the Lnomshis complex as viewed along the crystallographic a-axis (left)
and c-axis (right). The second isomer is shown in magenta.
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Figure S10. Representation of two distinct MC orientations in the crystal structure of Lnomshis. These are
disordered across the crystal structure, here one isomer is shown in magenta (left). The first is a C
(clockwise) MC ring of [-Ga—N—O-]4 motif (when viewed with Ln3* ion on the opposite side of the ring)
(center). The second complex contains an 4 (anti-clockwise) MC ring of [-Ga—O—N—]4 motif (right). The
nature of these orientations is consistent with an enantiomeric (non-superimposable mirror-image)
relationship between the two isomers such that the above structural description is applicable to both. Their
physical properties will be generally identical.

Figure S11. Example of the plane calculation for the Lnmshis compound, corresponding to the
measurements in Table S2. The upper is the Ln**-carboxylate O4 plane and the lower is the Ln3*-oxime Oy
plane.

Table S3. Os—Ln3* mean plane distance (A) in each molecule, corresponding to the planes shown in Figure
S11.

Distance (A) Dyashis Thamshig Dy:moshis Sm;nhas
Ln3*-oxime O4 plane 1.408 1.474 1.487 1.546
Ln3*-carboxylate O4 plane 1.113 1.129 1.081 1.043

Table S4. Values of several closest (non-equivalent) Ln3*-Ln3* distances (A) in each crystal structure

Ln**-Ln** Distance (A) Dy:shis Tb,mshis Dy>moshis Sm;nhas
Intramolecular 7.210 7.215 7.110 7.010
Closest intermolecular 12.805 13.924 13.385 14.752
2nd closest intermolecular 13.054 16.932 14.370 17.768
3 closest intermolecular 14.820 19.283 15.005 20.270
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SHAPE analysis for the crystal structures.>> Tables S5-S6 are related to the structure of Smonhag, for which
all Ga3* are crystallographically equivalent, and both Sm3* are crystallographically equivalent. Tables S7-
S8 are related to the structure of Tbomshis, for which all Ga’* are crystallographically equivalent, and both
Tb3* are crystallographically equivalent. Tables S9-S18 are related to the structure of Dy>moshis, for which
8 Ga’" are in similar but non-equivalent environments, and for which 2 Dy** are in similar but non-

equivalent environments.

Table SS. SHAPE Analysis for Sm1 in Smznhas

Geometry Code Point Group CShM
Octahedron OP-8 Dgj 30.32650
Heptagonal Pyramid HPY-8 Cn 23.94334
Hexagonal Bipyramid HBPY-8 Deénrystal 14.95499
Cube CU-8 On 7.16208
Square Antiprism SAPR-8 Dy 0.84822
Trigonal Dodecahedron TDD-8 Do 2.34601
Johnson Gyrobifastigium JGBF-8 D2q 16.48152
Johnson Elongated Triangular Bipyramid JETBPY-8 D3y, 29.91867
Johnson Biaugmented Trigonal Prism JBTPR-8 Cov 3.35857
Biaugmented Trigonal Prism BTPR-8 Coy 2.09956
Johnson Snub Diphenoid JSD-8 Da2q 5.84972
Triakis Tetrahedron TT-8 Tq 8.04705
Elongated Trigonal Prism ETBPY-8 Dsj 24.69338
Table S6. SHAPE Analysis for Gal in Smznhag
Shape Shape Code Point Group CShM
Hexagon HP-6 Den 31.76481
Pentagonal Pyramid PPY-6 Csy 27.95355
Octahedron 0C-6 On 0.99955
Trigonal Prism TPR-6 Dsn 15.09858
Johnson Pentagonal Pyramid JPPY-6 Csy 31.63409
Table S7. SHAPE Analysis for Tb1 in Tbomshis
Geometry Code Point Group CShM
Octahedron OP-8 Dgj 30.65895
Heptagonal Pyramid HPY-8 Cn 23.82150
Hexagonal Bipyramid HBPY-8 Den 15.62827
Cube CU-8 On 7.89655
Square Antiprism SAPR-8 Dy 0.66048
Trigonal Dodecahedron TDD-8 Do 2.37312
Johnson Gyrobifastigium JGBF-8 Doy 16.77068
Johnson Elongated Triangular Bipyramid JETBPY-8 Dsp, 29.94317
Johnson Biaugmented Trigonal Prism JBTPR-8 Gy 3.11306
Biaugmented Trigonal Prism BTPR-8 Coy 1.99780
Johnson Snub Diphenoid JSD-8 Dna 5.75595
Triakis Tetrahedron TT-8 Tq 8.77460
Elongated Trigonal Prism ETBPY-8 Dsj 24.92264
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Table S8. SHAPE Analysis for Gal in Tbomshig

Shape Shape Code Point Group CShM
Hexagon HP-6 Den 32.31713
Pentagonal Pyramid PPY-6 Csv 27.75498
Octahedron 0C-6 On 0.96170
Trigonal Prism TPR-6 Dsn 15.86193
Johnson Pentagonal Pyramid JPPY-6 Csy 31.38905
Table S9. SHAPE Analysis for Dyl in Dy>moshig
Geometry Code Point Group CShM
Octahedron OP-8 Dsh 30.98156
Heptagonal Pyramid HPY-8 Crv 23.46135
Hexagonal Bipyramid HBPY-8 Dep 16.19833
Cube CU-8 Oh 8.95510
Square Antiprism SAPR-8 Dy 0.63790
Trigonal Dodecahedron TDD-8 Doy 2.50694
Johnson Gyrobifastigium JGBF-8 Daa 16.72578
Johnson Elongated Triangular Bipyramid JETBPY-8 D3 29.55274
Johnson Biaugmented Trigonal Prism JBTPR-8 Cov 2.94697
Biaugmented Trigonal Prism BTPR-8 Coy 1.81433
Johnson Snub Diphenoid JSD-8 Do 5.63831
Triakis Tetrahedron TT-8 Ta 9.78331
Elongated Trigonal Prism ETBPY-8 D5 25.03373
Table S10. SHAPE Analysis for Dy2 in Dy>moshis
Geometry Code Point Group CShM
Octahedron OP-8 Dgj 30.62656
Heptagonal Pyramid HPY-8 Cn 23.60861
Hexagonal Bipyramid HBPY-8 Dej, 15.99606
Cube CU-8 Oh 8.86717
Square Antiprism SAPR-8 Daa 0.62800
Trigonal Dodecahedron TDD-8 Do 2.49261
Johnson Gyrobifastigium JGBF-8 Doy 16.13797
Johnson Elongated Triangular Bipyramid JETBPY-8 D3y, 29.16131
Johnson Biaugmented Trigonal Prism JBTPR-8 Coy 2.62131
Biaugmented Trigonal Prism BTPR-8 Cov 1.53792
Johnson Snub Diphenoid JSD-8 D2y 5.34228
Triakis Tetrahedron TT-8 Ty 9.68935
Elongated Trigonal Prism ETBPY-8 Dsp 24.76773
Table S11. SHAPE Analysis for Gal in Dy.moshis
Shape Shape Code Point Group CShM
Hexagon HP-6 Den 31.02015
Pentagonal Pyramid PPY-6 Csy 27.43907
Octahedron 0C-6 On 0.44794
Trigonal Prism TPR-6 Dsn 15.00979
Johnson Pentagonal Pyramid JPPY-6 Csy 30.91932
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Table S12. SHAPE Analysis for Ga2 in Dy>.moshig
Shape Shape Code Point Group CShM
Hexagon HP-6 Den 31.22205
Pentagonal Pyramid PPY-6 Csv 28.56046
Octahedron OC-6 On 0.65158
Trigonal Prism TPR-6 Dsn 15.69996
Johnson Pentagonal Pyramid JPPY-6 Csy 31.23117
Table S13. SHAPE Analysis for Ga3 in Dy>moshis
Shape Shape Code Point Group CShM
Hexagon HP-6 Den 31.27522
Pentagonal Pyramid PPY-6 Csy 28.60668
Octahedron 0C-6 On 0.48765
Trigonal Prism TPR-6 Dsn 15.87419
Johnson Pentagonal Pyramid JPPY-6 Csy 31.59006
Table S14. SHAPE Analysis for Ga4 in Dy>.moshis
Shape Shape Code Point Group CShM
Hexagon HP-6 Den 31.98234
Pentagonal Pyramid PPY-6 Csv 28.64919
Octahedron 0C-6 On 0.91569
Trigonal Prism TPR-6 Dsn 16.52504
Johnson Pentagonal Pyramid JPPY-6 Csv 31.61303
Table S15. SHAPE Analysis for Ga5 in Dy>moshis
Shape Shape Code Point Group CShM
Hexagon HP-6 Den 30.84541
Pentagonal Pyramid PPY-6 Csy 28.05878
Octahedron 0C-6 On 0.46023
Trigonal Prism TPR-6 Dsn 15.68476
Johnson Pentagonal Pyramid JPPY-6 Csy 31.30620
Table S16. SHAPE Analysis for Ga6 in Dy.moshis
Shape Shape Code Point Group CShM
Hexagon HP-6 Den 32.05544
Pentagonal Pyramid PPY-6 Csy 28.64493
Octahedron 0C-6 On 0.94096
Trigonal Prism TPR-6 Dsn 16.38985
Johnson Pentagonal Pyramid JPPY-6 Csv 31.78561
Table S17. SHAPE Analysis for Ga7 in Dy>.moshig
Shape Shape Code Point Group CShM
Hexagon HP-6 Den 31.16155
Pentagonal Pyramid PPY-6 Csv 28.09224
Octahedron OC-6 On 0.62507
Trigonal Prism TPR-6 Dsn 16.03971
Johnson Pentagonal Pyramid JPPY-6 Csy 31.44990
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Table S18. SHAPE Analysis for Ga8 in Dy.moshis

Shape Shape Code Point Group CShM
Hexagon HP-6 Den 31.77686
Pentagonal Pyramid PPY-6 Csv 28.62759
Octahedron OC-6 On 0.62700
Trigonal Prism TPR-6 Dsn 15.80307
Johnson Pentagonal Pyramid JPPY-6 Csy 31.29639

2. Thermogravimetric analysis
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Figure S12. Thermogravimetric curves collected for Tb2L’s MCs (L’ = moshi3~, mshi*-, nha*") from 25 °C
to 900 °C under N> atmosphere. The thermogravimetric curve for Dysshis was collected previously and is
included here for comparison.!

3. Photophysical Analysis

Table S19. Ln3*-centered quantum yields (QL ) in the near-infrared range measured for SmpL’s MCs (L’
= shi3-, moshi3-, mshi*-, nha3-) in the solid state.”

MC L (%) : NIR
Smoshis 0.269(3) ¢
Smomshis 0.116(2)°
Smymoshis 0.114(4)°
Smonhag -4

“ At room temperature, 26 values between parentheses. ” From Ref.! © Under excitation at 350 nm. ¢ Could
not be determined.
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Figure S13. Experimental luminescence decay curves of Lnomshig and Lnomoshig (Ln = Sm3*, Tb**) in the
solid state upon excitation at 355 nm and monitoring emission of Tb?* at 545 nm or Sm3* at 597 nm (black
traces). Red traces correspond to mono- or bi-exponential fitting functions, %> <1.9:10%, R?2>0.99.
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Figure S14. Diffuse reflectance spectra represented as a Kubelka—Munk function vs. wavelength of the
[Gd2Gasg(shi)s(iph)4](NHa)2 and [Gd2Gas(L”)s(iph)s]Naz (L” = mshi3-, moshi®*-, nha’~) MCs (5 wt. % in
MgO) at room temperature. Left: normalized to the maximum; right: normalized to the maximum of the
lowest energy band at 317 nm, 325 nm, 341 nm or 375 nm for [Gd2Gas(shi)s(iph)s](NHa),
[Gd2Gag(mshi)s(iph)s]Naz, [Gd2Gas(moshi)s(iph)s]Naz or [Gd2Gas(nap)s(iph)4]Naz, respectively. The
spectra on the right is re-presented here (in addition to being provided in the main text) for clarity.

Table S20. Maxima of the lowest energy diffuse reflectance band (Figure S14) for Gd,L’s MCs (L’ =

shi3-, moshi3-, mshi3-, nha3-).

MC Maximum (nm)
Gdzshig 317
Gd,mshig 325
Gd,moshig 341
Gdanhag 375
) 1.24 —— Gd,moshig
—— Gd,mshig s N
) —— Sm,moshig
1.54 —— Sm,mshig 14 Y .
—— Th,mshi, 2Moshls
o 0.8
S SN
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Figure S15. Diffuse reflectance spectra represented as a Kubelka—Munk function vs. wavelength of the
[Ln2Gas(shi)s(iph)4](NHa4)2 and [ Ln2Gas(L”)s(iph)4]Naz (L” = mshi3-, moshi?-, nha>-) MCs (5 wt. % in MgO)
normalized to the maximum of the lowest energy band at 317 nm, 325 nm, 341 nm or 375 nm for
[Ln2Gas(shi)s(iph)4](NHa4)z, [Ln2Gag(mshi)s(iph)s]Nay, [Ln2Gas(moshi)s(iph)4]Na or
[Ln2Gag(nap)s(iph)4]Nay, respectively, at room temperature. Ln = Gd3*, Sm3*, Tb3*.
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Figure S16. Phosphorescence spectra of Gd2L’s MCs (L’ = shi*~, moshi3-, mshi*-, nha’-) collected at 77K
in the solid state.
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Figure S17. Corrected and normalized excitation spectra collected upon monitoring the emission at 545
nm (°D4—7Fs transition) upon excitation at 340 nm for Tb,L’s MCs (L’ = shi?-, moshi?-, mshi*") in the solid
state at room temperature.
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Figure S18. Corrected and normalized (left) excitation spectra upon monitoring emission at 597 nm
(*Gs;2—%Hy transition) and (right) near-infrared emission spectra upon excitation at 340-370 nm for
Sm,L’g (L’ = shi?-, mshi®>-, moshi®-, nha*") in the solid state at room temperature.
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4. Thermal Dependence of Emission

Table S21. Luminescence lifetimes of Tbomoshig, Smzamoshis and Tbamoshis: Smemoshig (1:1) in the solid
state at several different temperatures. “

MC T,K Level 1, s 2, s Tav, ps?
Th2moshis 298 Ds 69.0(8):75(2)% 16.2(5):25(2)% 65.2
Th2moshis : Sm2moshis 298 Dy 54.3(1):72.0(3)% 9.6(2):28.0(3)% 51.5
Sm2moshis 298 4Gsn 89(2)

Th2moshis : Smzmoshis 298 4Gsp 79(1)

Th2moshis 273 Dy 112(7):69(1)% 26(1):31(1)% 104
Th2moshis : Sm2moshis 273 Ds4 56(1):81(1)% 10.2(1) : 19(1)% 53.8
Sm2moshis 273 4Gsp 86.8(7)

Th2moshis : Sm2moshis 273 4Gsp 95(1)

Th2moshis 250 Ds4 224(5):81(2)% 42.1(1): 19(2)% 216
Th2moshis : Sm2moshis 250 Ds4 143(7):83(3)% 23.8(1):17(3)% 139
Sm2moshis 250 4Gsp 84.6(5)

Th2moshis : Sm2moshis 250 4Gsp 95(1)

Th2moshis 220 Ds4 580(9) :86(2)% 97(1):14(2)% 568
Tb2moshis : Sm2moshis 220 Dy 422(3):82(2)% 64(4):18(2)% 411
Sm2moshis 220 4Gsp 85(2)

Tb2moshis : Sm2moshis 220 4Gsp 96(2)
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Tb2moshis 170 >Ds 1040(1):88.3(2)% 150(1):11.7(2)% 1020
Tb2moshis : Sm2moshis 170 Dy 979(3):86.5(8)% 134(3):13.5(8)% 961
Sm2moshis 170 4Gsp 83.1(8)
Tb2moshis : Sm2moshis 170 4Gsp 92.4(5)
Tb2moshis 120 Dy 1110(40): 88.8(8)% 167(8):11.2(8)% 1090
Tb2moshis : Sm2moshis 120 D4 1170(20):90(1)% 180(6): 10(1)% 1160
Sm2moshis 120 4Gsp 80.7(8)
Tb2moshis : Sm2moshis 120 4Gsp 91(1)

“Under excitation at 355 nm; 20 values between parentheses. Estimated experimental error: 7o, £2%. If a biexponential decay was observed,

Bit; iBai

population parameters P; = in % are given after the colon. * Average lifetime calculated using the formula: 74, =

Yiz, Biti TiBiri’

For measurements of luminescence lifetimes of Lnomoshis MCs at different temperatures, samples were
placed into a closed-cycle Sumitomo cryostat (Janis Research CCS-500/204). The temperature was
controlled by a LakeShore temperature controller (Model 331). Luminescence lifetimes were determined
under excitation at 355 nm provided by a Nd:YAG laser (YG 980; Quantel), the signals in the visible at
490 nm (Tb, °D4 level) and at 700 nm (Sm, *Gs/2 level) were detected by a Hamamatsu R928 PMT connected
to an iHR320 monochromator (Horiba Scientific). The output signals from the detector were fed into a 500
MHz bandpass digital oscilloscope (TDS 754C; Tektronix) and transferred to a PC for data processing
using Origin 8® software. Luminescence lifetimes are averages of three independent measurements.

Tbzashis
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Figure S19. Temperature-dependent emission spectra of Tbzshis upon excitation at 340 nm. The data are
presented as a 3D plot in the top panel, and as a 2D plot in the bottom left panel. Black = 11 K and red =
400 K. The bottom left panel also shows integration bounds (colored vertical lines) corresponding to the
figure in the bottom right panel. Bottom right: Normalized integrated intensities of Tb3* SDs—"F,; (J= 6-0)
transitions vs. temperature. Integration bounds for each transition of Tb*" are presented as colored vertical
lines in the bottom left panel.
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Figure S20. Temperature-dependent emission spectra of Tbomshig upon excitation at 350 nm. The data are
presented as a 3D plot in the top panel, and as a 2D plot in the bottom left panel. Black = 11 K and red =
400 K. The bottom left panel also shows integration bounds (colored vertical lines) corresponding to the
figure in the bottom right panel. Bottom right: Normalized integrated intensities of Tb** 3Ds—7F, (J= 6-0)
transitions vs. temperature. Integration bounds for each transition of Tb3* are presented as colored vertical
lines in the bottom left panel.
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Figure S21. Temperature-dependent emission spectra for Tbomoshis collected under excitation at 370 nm.
The data are presented as a 3D plot in the top panel, and as a 2D plot in the bottom left panel. Black =11
K and red = 400 K. The bottom left panel also shows integration bounds (colored vertical lines)
corresponding to the figure in the bottom right panel. Bottom right: Normalized integrated intensities of
Tb3* SDs—7F, (J = 6-0) transitions vs. temperature. Integration bounds for each transition of Tb3* are
presented as colored vertical lines in the bottom left panel.
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Figure S22. Temperature-dependent emission spectra for Smashis collected upon excitation at 340 nm. The
data are presented as a 3D plot in the top panel, and as a 2D plot in the bottom left panel. Black =11 K and
red =400 K. The bottom left panel also shows integration bounds (colored vertical lines) corresponding to
the figure in the bottom right panel. Bottom right: Normalized integrated intensities of Sm3* *Gs,—°H; (J
= 9/2-5/2) transitions vs. temperature. Integration bounds for each transition of Sm3* are presented as
colored vertical lines in the bottom left panel.
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Figure S23. Temperature-dependent emission spectra for Smzmshis collected upon excitation at 350 nm.
The data are presented as a 3D plot in the top panel, and as a 2D plot in the bottom left panel. Black =11
K and red = 400 K. The bottom left panel also shows integration bounds (colored vertical lines)
corresponding to the figure in the bottom right panel. Bottom right: Normalized integrated intensities of
Sm3* 4Gs/,—H, (J =9/2-5/2) transitions vs. temperature. Integration bounds for each transition of Sm?* are
presented as colored vertical lines in the bottom left panel.
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Figure S24. Temperature-dependent emission spectra for Smomoshis collected upon excitation at 370 nm.
The data are presented as a 3D plot in the top panel, and as a 2D plot in the bottom left panel. Black =11
K and red = 400 K. The bottom left panel also shows integration bounds (colored vertical lines)
corresponding to the figure in the bottom right panel. Bottom right: Normalized integrated intensities of
Sm3* 4Gs/;,—H, (J =9/2-5/2) transitions vs. temperature. Integration bounds for each transition of Sm** are
presented as colored vertical lines in the bottom left panel.
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Figure S25. Temperature-dependent emission spectra for Smonhag collected upon excitation at 380 nm.
The data are presented as a 3D plot in the top panel, and as a 2D plot in the bottom left panel. Black = 11
K and red = 400 K. The bottom left panel also shows integration bounds (colored vertical lines)
corresponding to the figure in the bottom right panel. Bottom right: Normalized integrated intensities of
Sm3* 4Gs/;,—H, (J =9/2-5/2) transitions vs. temperature. Integration bounds for each transition of Sm** are
presented as colored vertical lines in the bottom left panel. All transitions are expected to have similar
thermal dependence, the discrepancies are likely due to the difficulty in establishing an ideal background
due to the low signal-to-noise ratio (Figure S26). The presented data are truncated for these reasons.
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Figure S26. An example of the emission spectra prior (orange) and after (blue) correcting data for the
baseline drift. Data are converted to eV for the baseline correction and integration because it is a linear
scale to energy. All the thermal traces are provided as an overlay. Left: data for Smyshig are provided as a
typical baseline correction example. Right: Owing to the low-intensity of Sm3* emission in the Smynhag
sample and the relatively low signal to noise ratio, correcting this dataset is more difficult than for the other
ones. The procedure was optimized to create a flat baseline around Sm3* transitions in the range 550-660
nm, and in particular around the *Gs/>—°H7, transition at ca. 600 nm.
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Figure S27. Temperature-dependent emission spectra focusing on the Tb3* D4 —7F;s transition for TboL’s
MCs and the Sm3* 4Gs/;» —°H7p transition for SmyL’s MCs. Black = 11 K — red = 400 K (210 K for

Smonhag).
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5. Thermometric behavior

1:1
Tb2moshis:Sma2moshis

700

Figure S28. Temperature-dependent emission spectra collected fora 1:1 mixture of Tbomoshis: Smymoshig
upon excitation at 370 nm.

Table S22. Parameters obtained by fitting the single-pathway component Mott—Seitz function (eqn 1) to
the A parameters specified in a 1:1 mixture of Tbomoshis:Smomoshis.

A [°Ds —"Fs/*Gsp—Hop| A [’Ds —"Fe/*Gsn—Hop] A [PDs —"F3/*Gsn—Hop]

a 14908.52 3715.91 15475.61
Ey 1407.4 cm’! 1160.57 cm! 1396.23 cm’!
Ao 6.22 3.61 1.36

r’ 0.992 0.987 0.993
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Figure S29. Comparison between two fitting models for the thermal dependence of the emission intensity
of a 1:1 mixture of Tbomoshis:Smomoshis. The top one is a single component model (eqn 1) while the
bottom one is a dual component model (eqn S1). A: The A parameter is obtained by taking the fraction
specified in the legend for each temperature with an integration corresponding to Figure 7 B. The fit for
each curve is overlaid in black (eqn 1). This is identical to Figure 7 C. B: The relative sensitivity for each
A parameter in panel A calculated from eqn 2. This is identical to Figure 7 D. C: The A parameter is
obtained by taking the fraction specified in the legend for each temperature with an integration

200
Temperature (K)
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corresponding to Figure 7 B. The fit for each curve is overlaid in black (dual Mott—Seitz model, eqn S1).
D: The relative sensitivity for each A parameter in panel C calculated from eqn 2.

Dual-component Mott—Seitz equation:

A0

A=
1

S29
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Table S23. Parameters obtained by fitting the dual-pathway component Mott—Seitz function (eqn S1) to
the A parameters specified in a 1:1 mixture of Tbomoshis:Smomoshis.

A [°Ds —"F5/*Gsp—*Hop) A [’Ds —"Fe/*Gsn—Hop] A [PDs —"F3/*Gsn—Hop]
ax 43469.04 29395.31 44647.20
E; 1601.42 cm'! 1502.01 cm™! 1574.93 cm™!
a 9.36 0.91 1.29
E; 560.39 cm! 162.48 cm'! 312.66 cm’!
Ao 6.29 3.83 1.39
r 0.992 0.994 0.994
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Figure S30. A, B, C: The integrated intensity area of the Tb** SD4 —7Fs transition in TboL’g (L’= shi?,
mshi®-, moshi®-) compounds (black circles) as a function of temperature, together with a single-component
Mott-Seitz function fitting (eqn 1). These are compared with the A parameter of 1:1 Tbomoshis: Smamoshig
(D) as dictated in Figure 7, where A = Iv/Ism, I is the integrated intensity of the Tb3* D4 —7Fs transition
and Ismis the integrated intensity of the Sm** 4*Gs;,—®Ho2 transition. The behavior of the thermometer is
dictated mostly by the thermal response of Tb3*. These fitting parameters are gathered in Table S24.
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Table S24. Parameters obtained by fitting the single-pathway component Mott—Seitz function (eqn 1) to
the A parameters specified in TboL’s, and in a 1:1 mixture of Tbamoshig:Smemoshis.

Tb.shis Tb.mshis Tb.moshis Tb2moshis:Sm;moshis
SDs —7F5 SDs —7F5 SDs —7F5 A [°Dy —>7F5/4G5/2—>6H9/z]
ai  1201017.43 275446.58 134935.67 14908.52
E1 3742.08 cm! 2737.56cm™! 1721.39 cm! 1407.4 cm™!
Ao 1.90 0.96 0.96 6.22
r’ 0.937 0.991 0.996 0.992

6. Theoretical modeling methodology

6.1 Theoretical intensity parameters

The forced electric dipole (FED—Judd—Ofelt theory) and dynamic coupling (DC) are the dominant
mechanisms controlling the emission intensities related to the 4/~4ftransitions when the Ln3* occupies a
non-centrosymmetric coordination site.*® The theoretical expressions here used for the intensity
parameters, 25"¢° have been described in detail in several references.”~

| Atp | eqn S2
.cheo (2/1 1) Z Zt + 1 ) B)ltp _ AF{;%D B/ltp
where,
1 t+1 S3
BJED = i( t+1y9 (£, 1) ( 4m ) Z ezpjgj(ZB]-) ) e
Atp T AE 2t+1 - R}F+1 P
(@t D2 e 7
+ + 2
[(Zﬂ] aOPj + a]] (Yt*) 5
Rt+1 p j tA+1

being ¢ and p the ranks and components of the spherical harmonics (ng* ), (f ||C (2)” f)=—1.366,
(fllc®@||f) = 1.128 and (f||c ©@||f) = —1.27. The p is the overlap integral between the valence subshells
of the ligating atom and the 4f subshell of the lanthanide ion in the case of Ln3*—O chemical bonds. These
values have been obtained using the parametric approach from Ref.!? 8 = 1/(1 £ p) is a parameter that
defines the centroid of the electronic density of the chemical bond Ln—X (X = ligating atom), a’ is the
effective polarizability from each ligand around the Ln3*, and g is the charge factor. The eqn S3 is the
expression of the Simple Overlap Model (SOM) for the odd-ranked ligand field'-'? while eqn S4 is related
to the Bond Overlap Model (BOM) for the Dynamic Coupling mechanism.!3-14

The overlap polarizabilities a,p are quantities related to the covalent fraction of a chemical bond, 31317
defined as:
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eqn S5
e2p?R?

Yop = THh,

where e is the electron charge, R (equal to 2.40 A in all cases) is the length of the bond Ln-O, and A¢ is
excitation energy associated with the chemical bond. The p and Ae values were obtained using the approach
described in Ref. !0 Thus, we obtain values of ayp =4.28%10-3 and 3.82x10-3 A3 for Tb—O and Sm—O bonds,
respectively.

The Q, values, as well as the input data for the JOY Spectra program '8 (@' and g), are presented in Table
S25. Each ligating atom label is the same as illustrated in Figure S31.

a) D, point group symmetry

Figure S31. a) Tbashis structure presenting a D4 point group symmetry. The coordination spheres showing
the arrangements of the ligating oxygen atoms for the b) left and c¢) right Ln3" as presented in a). The labels
follow the same indication as Table S25.
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Table S25. Values of &’ (in A3) and g (dimensionless) used for the calculation of 2, (in 102 cm?) for the
Smgshis and Tbashis complexes. The FED contributions (which are the important ones for the energy
transfer rates for the dipole—dipole mechanism) values are in parentheses. Due to the distinct chemical
environments of the two ligands groups (O—Ga and O—C), the values of @' and g must differ.

LIGATING ATOM  LIGAND GROUP a g

0, 0-Ga 4.32 0.99
0: 0-Ga 4.17 0.98
0; 0-C 2.9 0.86
Oy 0-Ga 4.01 1.15
Os 0-Ga 4.48 1.05
Os 0-C 2.9 0.81
0; 0-C 2.84 0.89
Os 0-C 2.87 0.88

2, (QFED) 2.30 (0.36)

Smyshis 2, (QFED) 10.34 (1.29)

Q¢ (QFED) 6.71 (4.80)

2, (QFED) 0.99 (0.20)

Th,shis 2, (QFED) 51.18 (0.46)

Q¢ (QFED) 9.19 (1.46)

The calculated (2, valuesin Table S25 can be used for the other Ln,L.’s MCs with different ligands (L’ =
mshi’-, moshi’-, and nha*-). This can be assumed once the theoretical intensity parameters depend mainly
on the properties of the atoms in the first coordination sphere (sum over j in eqns S3 and S4). Effects of
long-range interactions in the intensity parameters are rarely observed.!%2°

6.2 Ligand-to-Ln’" energy transfer

The intramolecular energy transfer rates (IET) from the excited states S; and Ti to the Ln3* ion were
calculated taking into account the dipole-dipole (W,_ ), dipole-multipole (W,_,,), and exchange
(W,,) mechanisms,®2!

S, (1 —0,)24me? eqn S6
Yaa =G D6 RezﬂﬁEDw'J'IIU(”IIwJVF
S 2me? (rK)Z eqn
Moo =G k- 206+ D g e Ol a =00 ST
x ') v |2 F
(1 _ 0.0)2 eqn S8

*)ZF

Wes = G176 10 R4<¢/IIS||¢J>ZZI(¢I %1, (D5
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where R, = 4.53 A is the donor—acceptor states distance, QKFP (in eqn S6) are the intensity parameters

with the contribution of the forced electric dipole mechanism (values in parentheses in Table S25). The

quantities (')’ ||U® |[1p]) are reduced matrix elements and their values are tabulated in Ref.22 S, is the

dipole strength of the donor state involved in IET (S or T1). The (rX) are the 4fradial integrals,2* G is
the state degeneracy (1 for S; and 3 for Ti), and (1 — oy ) are the shielding factors,10-25-26

Ineqn S8, s,,, isthe spin operator in the ligand, i, is the dipole operator (its z-component), and{(yp'J'||S||y)])
is the reduced matrix elements of the spin operator for the Ln3* side, which were calculated using free-ion
wavefunctions in the intermediate coupling scheme.?728

The F (in eqns S6-S8) is the spectral overlap factor that contains the energy mismatch conditions. Once the
bandwidth at half-height for the ligands (y;,) is much larger than the lanthanides (y;,, ), v, > Vi, this factor
can simply be obtained as follows:®

2 eqn S9
1 In (2) _(L) In(2)

= — hyy
= e
hy, s

where the 6 is the band maximum energy difference between donor state (D) and lanthanide ion acceptor
state, § = Ep, — E,,. The forward energy transfer rates (W) involving the Ln3* as acceptor are calculated
by the sum over all mechanisms in the same pathway:

eqn S10
W= Wy_q+Wa_m+ Wey
When § is negative, the energy transfer rate is obtained multiplying F (eqn S'9) by the Boltzmann’s factor,
S11
(dsh) e
Fb — Fe kBT

where T is the temperature and kj is Boltzmann’s constant. Therefore, the thermal behavior of the energy
transfer rates is calculated using an energy barrier described by a Boltzmann distribution.

6.3. Tb3*-to-Sm>* energy transfer

The non-radiative energy transfer rates between lanthanide ions were calculated taking into account the
dipole—dipole (Wy_g), the dipole—quadrupole (Wy_g), the quadrupole—quadrupole (W,_,), and the
exchange (W,,) mechanisms:?

_a- aP)?(1—o{')?4m e*

Wd—d = UE]UA] ﬁR_f X <Zﬂ/ll) <¢D]D”U(A)”l/)1§]5)2> eqn S12

x (Z 4 il
A

u<l>||¢A]A>z)F
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eqn S13
X (Zﬂf <¢DJD||U“>||¢515>2><r2>§<¢z/;;
A
+(Zﬂf <wA/Allu<”||¢yz>2)<r2>g<¢wzs UP|lypp)? | F
A
W - 1—o0, )2(1 03 ) 28m et (r2)2(rz)z(f||C(2)||f)4(1/) ; 2
a-q — UD]UA] 5h R, 10 D A DJD eqn S14
X (Wi Y*F
eqn S15

e[

where the intensity parameters (2, are related to the FED contribution (4P values in Table S25). The
W,-4 and W,, mechanisms are independent of the Judd-Ofelt parameters. py_; is the overlap integral
between the 4f subshells of the donor and acceptor lanthanide ions. The values of ps_f for the pair Tb*—
Sm3* as a function of distance were calculated in Ref.3, where the ADF (Amsterdam Density Functional)
program* with the GGA BP86 functional,>® TZ2P Slater-Type basis set,” and the inclusion of ZORA scalar
relativistic effects®1° were employed.

An important quantity to determine the ET transfer rates is the /-factor, which includes contributions from
the nuclear wavefunctions and the density of states. In the case of energy transfer between two lanthanide
ions the following expression for F has been used:?

1

2 2 2
-~ {[@) () ]I“(Z)} | ranS1e
2
((hzf)z an) 5 \2

lz[(m) +(h}1’D) ]1 , (f%) ln(Z)J

where Ay, and hy, correspond to the bandwidths at half-height (in erg) of the donor and acceptor. For the
present analysis, we considered yp, =y, = 400 cm!. A is the energy difference between baricenters of
donor and acceptor transitions, § = E, — E,. Notice that the F-factor is given in erg! and eqn S9 is a
simplified form of egn S16 once the bandwidths at half-height of the donor transitions is (S; and T; states
in the case of Ligand-to-Ln* energy transfer) are larger than the Ln3" transitions.

X exp

The energy transfer mechanisms, pathways and their respective donor and acceptor states were selected
according to energy mismatch conditions (Figure S32) and selection rules on the /| quantum numbers. These
selection rules are |] —J'| < K <] +]' for the multipolar mechanisms (W,_, Wa—q and W_g). For the

exchange mechanism (), the isotropic contribution, no defined selection rules on J appear.

S35



a) 40000 b) 34 Tb3* donor transitions:
] 24 - m 5D, - 7Fg
35000 — 5 . 5D, - 7F,
4 —_— 14 . A 5D4 - 7].:‘1
30000 Back ET . o [ ] .
E 6p, o A L4 . n
o ' -
Sos0004 5Dy g =
3 . — o 2 4 ° LI
] “ L ]
E 20000 o ="— — sp, = « . .,
= Fyy . — 4 i A
S { 6n e A, ® [
3 15000 | ET 4 A e .
g A °
| 5] .
10000 - . L 4, e e
{
5000 {  1sfa—t—— — 7] A a
1 1%5%—_ E 7F T T N T T T T T T 4‘I T T T T
0- ;ﬁ—’ 7F5 GHS = 4Gs/z G?/z 4Mu;/z 4113/2 M17/2 4115/2 4le)/z
Sm3+ Th3+ e ! R Mo hup Fsp MGop %Py,
m

Sm3*+acceptor transition
Figure S32. a) Simplified energy level diagram showing the energy levels of Tb3* and Sm3* ions. b) The
energy difference (6) between donor (Tb3*) and acceptor (Sm?") transitions involved in the energy transfer
process. The energy transfer pathways close to the dashed gray line (6 = 0) are those in good resonance
conditions (e.g., Tb*" [’Ds—7Fs] — Sm3* [*Hsp—*lon] pathway has 6 = — 115 cm™!).

As emphasized through this work, the case of the mixture Smomoshis: Tbomoshig presents a minimal Sm*—
Tb3* distance of R, =7 A, leading to a very low value of Pr—y =3.2X 1079, and we anticipate that at this
distance, the calculated exchange mechanism is W,, = 8.9 x 107 s and could be neglected. Thus, we
will focus on the multipolar mechanisms (W4, Wy 4, and W, _ ) in the evaluation of the Tb-to-Sm energy

transfer rates. Therefore, the energy transfer rate of a given pathway is obtained by the sum over egns S12,
1AL

S13, and S14 (W =Wy_qg+ Wy_g + W, q) multiplying by the barrier factor e_("BT) if § is negative
(Figure S32b). kj is Boltzmann’s constant and T is the temperature (300 K).
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7. Theoretical results

7.1 Energy transfer rates

All pathways listed in Tables S26—S33 take into account the selection rules on J quantum number
(I =J'1 <A <] +] for the dipole-dipole and the dipole-multipole mechanisms, AJ = 0, +1 for the
exchange mechanism)® and they represent the rates for 300 K for the MCs with shi, mshi, moshi, and nha
ligands. Tables S26, S28, S30, and S32 display the rates for Tb-based MCs while the rates for Sm-based
ones are recorded in Tables S27, S29, S31, and S33. Considering the non-zero contributions, 76 energy
transfer pathways (42 for Ligand-to-Tb3* and 34 for Ligand-to-Sm3*) were analyzed for each system (Ln—
shi, —mshi, —moshi, and —nha) at a given constant temperature. Considering the overall procedure (including
the 22 different temperatures in the range of 11425 K), 1672 IET rates were calculated.

It is important to mention that some rates cannot be considered in the overall IET once a high barrier (|5 | >
kpT) from the singlet to the Ln*" level is present. For example, in Table S26 we have not been considered
the IET involving the levels above *Hs because the Si—(’Fs—>Hg) has § = —3043 cm™! (pathway 19),
meaning that this level will not be effectively populated and, consequently, does not make sense as a
backward IET rate ("Fs—>Hg)—S1 0f2.62x103 s7! (by the exchange mechanism). Using the same logic, the
next level °Hs, will also not contribute with a backward IET rate ("Fs—>Hs)—S; of 2.56x10° s~! (pathway
20) which is faster than the overall rate at 300 K. This analysis is similar to the procedure described in
Ref.?°
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Table S26. shi*-to-Tb3" energy transfer rates at 300 K. § is the donor—acceptor energy difference (in cm
Y. Wy_q, Wy_m, and W, arethe dipole—dipole, dipole—multipole, and exchangerates (ins'), respectively.
W and WP are the forward and backward IET.

PATHWA w wb
Y D Olyo AC&EP T 5 Wa_g Wam w,, (FORWA (BACKWARD
LABEL RD) )

1 Si TF¢—D4 7356  1.39E+01  4.91E+02  0.00E+00  5.05E-+02 2.41E-13
2 Si TF¢—>D3 1564  6.52E+02  1.83E+01  0.00E+00  6.70E+02 3.71E-01
3 Si TF6—"Gs 1377  5.47E+04 4.91E+04  1.11E+07 1.12E+07 1.52E+04
4 Si "Fs—3Lio 829 2.97E+04  6.59E+01  0.00E+00  2.97E+04 5.58E+02
5 Si TF¢—>Gs 33 7.44E+03  4.24E+04  6.07E+04 1.11E+05 9.44E+04
6 Si TF6—G4 487  4.66E+03  3.49E+03  0.00E+00  7.88E+02 8.14E+03
7 Si TF¢—°Le  —1810 0.00E+00  0.00E+00  2.60E+03  4.42E-01 2.60E+03
8 Si TFe— H7  —3579  0.00E+00  0.00E+00  1.55E+03
9 S1 "Fé—"Hs  —5091  0.00E+00  0.00E+00  3.68E+04
10 Si TF¢—"Hs  —5967  0.00E+00  0.00E+00  2.13E-12
11 S TF6¢—°Fs —7134  0.00E+00  0.00E+00  2.26E+04
12 Si TF5—Dy 9404  3.18E+00  6.50E+02  1.42E+02  7.95E+02 2.06E-17
13 Si TFs—°D;3 3612  5.93E+02  7.73E+03  0.00E+00  8.33E+03 2.50E-04
14 Si TF5—Gg 3425  2.76E+03  6.75E+04  1.06E+05 1.77E+05 1.30E-02
15 Si TFs—5L1o 2877  5.04E+02  6.08E-01  0.00E+00  5.05E+02 5.14E-04
16 Si TFs—3Gs 2081  3.00E+03  3.00E+03  2.09E+06  2.10E+06 9.71E+01
17 Si TF5—>Gy 1561 1.14E+03  1.72E+04  3.89E+04  5.72E+04 3.21E+01
18 Si TFs—3Lg 238 0.00E+00  0.00E+00  7.33E+01 7.33E+01 2.34E+01
19 Si "Fs—°Hg  —3043  0.00E+00  0.00E+00  2.62E+03
20 Si TFs—°Hs  —3919  0.00E+00  0.00E+00  2.56E+05
21 Si TF5—5Fs -5086  0.00E+00  0.00E+00  2.00E+05

W, 1.37x107

wb 1.21x10°
22 T TF¢— Dy 1536 7.51 2.65E+2 0.00 2.72E+02 1.72E-01
23 T, "F¢—>D3 —4256 1.95 5.49E-2 0.00 2.74E-09 2.01E+00
24 T TFe—°Gs  —4443  1.38E+2 1.24E+2 2.82E+6 1.57E-03 2.82E+06
25 T, "Fe—Lio  —4991  4.59E+1 1.02E-1 0.00 1.85E-09 4.60E+01
26 T "Fe—Gs  —5787 5.64 3.21E+1 4.61E+3 4.11E-09 4.64E+03
27 T TFe—>G4  —6307 222 1.66 0.00 2.83E-13 3.87E+00
28 T, Fe—Ls  —7630 0.00 0.00 3.78E+1 4.85E-15 3.78E+01
29 T TFé—"H7  —9399 0.00 0.00 4.62
30 T, Fé—"Hs —10911 0.00 0.00 2.83E+1
31 T "F¢—>Hs  —11787 0.00 0.00 7.44E-16
32 T, TF¢—Fs  —12954 0.00 0.00 2.78
33 T TF5—°Dy 3584 9.07 1.86E+3 4.80E+4 4.99E+04 1.71E-03
34 T Fs—D3  —2208 9.41 1.23E+2 0.00 3.33E-03 1.32E+02
35 T TF5—3Gg —2395  3.71E+1 9.06E+2 1.69E+5 1.74E+00 1.70E+05
36 T TFs—Lip  —2943 4.14 4.99E-3 0.00 3.08E-06 4.15E+00
37 T Fs—>Gs  —3739  1.21E+1 1.21E+1 9.95E+5 1.62E-02 9.95E+05
38 T TFs—°G4  —4259 2.89 4.35E+1 1.16E+4 1.57E-05 1.16E+04
39 T Fs—Les  —5582 0.00 0.00 6.68 1.58E-11 6.68E+00
40 T, Fs—°Hs  —8863 0.00 0.00 1.26E+1
41 T "Fs—°Hs  —9739 0.00 0.00 5.62E+2
42 T "Fs—Fs  —10906 0.00 0.00 1.54E+2

W, 5.01x10%

wb 4.00x10°
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Table S27. shi*-to-Sm>* energy transfer rates at 300 K. § is the donor—acceptor energy difference (in cm-
Y. Wy_q, Wy_m» and W, arethe dipole—dipole, dipole—multipole,and exchangerates (ins'), respectively.
W and WP are the forward and backward IET.

PATHW w wb
AY Doog ACCEPTOR & W, , w,_, W, (FORWAR (BACKWA
LABEL D) RD)
1 S Hsp—*Gsp 9870 0.00E+00  0.00E+00  7.81E+05 7.81E+05 2.16E-15
2 Si *Hsp—*G7 7740 1.06E+02  2.30E+02 1.01E+07 1.01E+07 7.65E-10
3 Sy Hsp—*Top 7241 1.15E+02  2.96E+03 0.00E-+00 3.07E+03 2.54E-12
4 S Hsp—*M1sp 7076 2.59E+03  9.48E-01 0.00E+00  2.59E+03 4.74E-12
5 S *Hsp—*112 6754 1.27E+03  4.65E-01 0.00E+00 1.27E+03 1.09E-11
6 S Hsp—*113n 6257 4.62E+03  3.77E+01 0.00E-+00 4.66E+03 4.33E-10
7 S SHsp—"*Fsp 5600 0.00E+00  0.00E+00  1.27E+08 1.27E+08 2.74E-04
8 Si *Hsp—*M 172 5289 2.40E+03  8.80E-01 0.00E+00  2.41E+03 2.32E-08
9 Sy Hs,—*Gop 5028 1.61E+03 3.01E+01 0.00E+00 1.64E+03 5.53E-08
10 S %Hs/,—OPs) 3769 8.42E+03  1.88E+03  0.00E+00 1.03E+04 1.45E-04
11 Si Hsp—*L13n 3225 1.96E+04  8.32E+02  0.00E+00  2.04E+04 3.91E-03
12 S Hsp—*F7 2906 1.62E+03  8.08E+03  0.00E+00 9.70E+03 8.59E-03
13 S SHsp—OP3) 2837 9.03E+04  2.02E+04  0.00E+00 1.10E+05 1.36E-01
14 Si Hsp—*Ki1n 2700 5.49E+03  5.44E+01 0.00E+00 5.55E+03 1.32E-02
15 Si Hsp—*L1sn 2234 1.46E+04  5.36E+00  0.00E-+00 1.46E+04 3.26E-01
16 S SHsp—*G11 2072 2.83E+03 1.75E+01 0.00E-+00 2.85E+03 1.38E-01
17 S %Hsp—O%P7 1115 2.33E+05  3.98E+02  0.00E+00  2.33E+05 1.11E+03
W 1.38x108
wb 1.11x103
18 T Hsp—*Gsp 4050 0.00 0.00 4.00x108 4.00E+08 1.47E+00
19 T Hspn—4Gpn 1920 8.03E+1 1.75E+2 7.68E+8 7.68E+08 7.69E+04
20 Ty ®Hsp—*Top2 1421 5.58E+1 1.44E+3 0.00 1.49E+03 1.64E+00
21 T Hsp—*M1sp 1256 1.08E+3 3.97E-1 0.00 1.09E+03 2.63E+00
22 Ty Hspn—*1112 934 3.99E+2 1.46E-1 0.00 3.99E+02 4.52E+00
23 T Hsp—*T13n 437 9.29E+2 7.58 0.00 9.37E+02 1.15E+02
24 T %Hsp—"*Fsp =220 0.00 0.00 1.41E4+9 4.91E+08 1.41E+09
25 Ty Hsp—*M 1712 -531 2.03E+2 7.42E-2 0.00 1.59E+01 2.03E+02
26 T, Hsp—*Gop =792 1.08E+2 2.01 0.00 2.46E+00 1.10E+02
27 T, 6Hs/,—5Ps) -2051 1.82E+2 4.06E+1 0.00 1.19E-02 2.22E+02
28 T SHspn—*L13n -2595 2.59E+2 1.10E+1 0.00 1.06E-03 2.70E+02
29 T Hsp—4Fqp 22914 1.62E+1 8.05E+1 0.00 8.24E-05 9.67E+01
30 Ty 6Hs,—5P3) -2983 8.46E+2 1.89E+2 0.00 6.34E-04 1.03E+03
31 T *Hsp—*Kiiz  -3120 4.55E+1 4.51E-1 0.00 1.46E-05 4.59E+01
32 Ty SHsp—4L15p -3586 7.99E+1 2.92E-2 0.00 2.71E-06 7.99E+01
33 T Hsp—*G11 -3748 1.34E+1 8.27E-2 0.00 2.10E-07 1.34E+01
34 T Hs/,—OP7 -4705 4.66E+2 7.96E-1 0.00 7.40E-08 4.66E+02
W, 1.66x10°
w? 1.41x10°
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Table S28. mshi*-to-Tb** energy transfer rates at 300 K. § is the donor—acceptor energy difference (in cm-
Y. Wy_q, Wy_m» and W, arethe dipole—dipole, dipole—multipole,and exchangerates (ins'), respectively.
W and WP are the forward and backward IET.

PATHWA w wb
Y Doog ACSEPT A W, , W, W,.  (FORWARD (BACKWARD
LABEL ) )
1 S TF6— Dy 6456  3.63E+01 1.28E+03  0.00E+00 1.32E+03 4.71E-11
2 Sy TF¢—"D3 664  7.61E+02 2.14E+01  0.00E+00 7.82E+02 3.24E+01
3 S TFe—3Ge 477  6.22E+04 5.58E+04 1.27E+07 1.28E+07 1.30E+06
4 Si "Fe—L1o 271 3.13E+04 6.94E+01  0.00E+00 2.23E+04 3.13E+04
5 S TF¢—>Gs -867  7.02E+03 4.00E+04 5.73E+04 1.63E+03 1.04E+05
6 S Fe—3Gs  -1387  4.09E+03  3.06E+03  0.00E+00 9.24E+00 7.15E+03
7 S TF¢—3Le  -2710 0.00E+00 0.00E+00 1.90E+03 4.32E-03 1.90E+03
8 Sy TFe—>H7 -4479  0.00E+00  0.00E+00  8.89E+02
9 S TFé—"Hs  -5991 0.00E+00 0.00E+00 1.71E~+04
10 S TFe—SHs -6867 0.00E+00  0.00E+00  8.73E-13
11 Si TF¢—°Fs -8034  0.00E+00  0.00E+00  7.90E+03
12 S TFs—5Dy 8504 1.10E+01 2.25E+03  4.92E+02 2.75E+03 5.34E-15
13 S TF5—5D3 2712 9.18E+02  1.20E+04  0.00E+00 1.29E+04 2.90E-02
14 S TF5—5Ge 2525  4.17E+03  1.02E+05 1.61E+05 2.67E+05 1.47E+00
15 Si TFs—>Lio 1977  7.06E+02  8.51E-01  0.00E+00 7.07E+02 5.39E-02
16 S TFs—3Gs 1181  3.76E+03 3.76E+03  2.62E+06 2.63E+06 9.12E+03
17 S TFs—3Gy 661 1.33E+03 2.01E+04 4.54E+04 6.68E+04 2.80E+03
18 Sy TFs—5Lg -662  0.00E+00  0.00E+00 7.11E+01 2.97E+00 7.11E+01
19 S "Fs—°Hs  -3943 0.00E+00 0.00E+00 1.61E+03
20 S TFs—5Hs -4819  0.00E+00  0.00E+00  1.40E+05
21 Si TFs—3Fs -5986  0.00E+00  0.00E+00  9.26E+04
W 1.58%107
wy 1.45x10°
22 T TFe— Dy 1126 8.17 2.88E+2 0.00 2.96E+2 1.34
23 T, TFe—SD3 -4666 1.47 4.14E-2 0.00 2.89E-10 1.51
24 T, TFe—>Gs -4853  1.03E+2 9.26E+1 2.10E+6 1.64E-4 2.10E+6
25 T, TF¢—°L1o  -5401  3.31E+1 7.34E-2 0.00 1.87E-10 3.31E+1
26 T, "F6—>Gs -6197 3.87 2.20E+1 3.15E+3 3.94E-10 3.18E+3
27 T, Fe—Gs  -6717 1.47 1.10 0.00 2.63E-14 2.57
28 Ty TF¢—Le  -8040 0.00 0.00 2.31E+1 4.14E-16 2.31E+1
29 T, "Fe—"H7  -9809 0.00 0.00 2.52 9.35E-21 2.52
30 T TFe— He - 0.00 0.00 1.40E+1 3.69E-23 1.40E+1
11321
31 T, "Fe—SHs = 0.00 0.00 3.49E-16 1.37E-41 3.49E-16
12197
32 Ty TF¢—Fs - 0.00 0.00 1.21 1.77E-28 1.21
13364
33 T, TF5—5Dy 3174  1.12E+1 2.30E+3 5.94E+4 6.17E+4 1.51E-2
34 Ty TFs—5D3 -2618 8.08 1.05E+2 0.00 4.00E-4 1.14E+2
35 T Fs—°Ge  -2805  3.15E+1 7.69E+2 1.43E+5 2.07E-1 1.44E+5
36 T "Fs—Lio  -3353 3.40 4.09E-3 0.00 3.53E-7 3.40
37 T TF5—Gs -4149 9.40 9.40 7.75E+5 1.77E-3 7.75E+5
38 T TFs—°G4  -4669 2.18 3.28E+1 8.75E43 1.66E-6 8.79E+3
39 T, TFs—Le  -5992 0.00 0.00 4.63 1.53E-12 4.63
40 T Fs—°Hs  -9273 0.00 0.00 7.11
41 T TFs—°Hs = 0.00 0.00 3.00E+2
10149
42 T TFs—5Fs - 0.00 0.00 7.62E+1
11316
W, 6.20x10*
wb 3.03x10°
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Table S29. mshi*-to-Sm** energy transfer rates at 300 K. d is the donor—acceptor energy difference (in
ecm ). Wy_gq, Wy_m, and W,, are the dipole—dipole, dipole-multipole, and exchange rates (in s!),
respectively. W and W? are the forward and backward IET.

PATHW w wb
AY Doog ACCEPTOR & W, , w,_, W, (FORWAR (BACKWA
LABEL D) RD)
1 S Hsp—*Gsp 8970 0.00E+00  0.00E+00  2.88E+06 2.88E+06 5.98E-13
2 Si *Hsp—*G7 6840 291E+02  6.33E+02  2.78E+07 2.78E+07 1.57E-07
3 Sy Hsp—*Top 6341 2.95E+02  7.58E+03 0.00E-+00 7.87E+03 4.88E-10
4 S Hsp—*M1sp 6176 6.49E+03  2.37E+00  0.00E+00 6.49E+03 8.89E-10
5 Si Hsp—*111 5854 3.04E+03  1.11E+00  0.00E+00 3.05E+03 1.95E-09
6 S Hsp—*113n 5357 1.03E+04  8.44E+01 0.00E-+00 1.04E+04 7.25E-08
7 S SHsp—"*Fsp 4700 0.00E+00  0.00E+00  2.58E+08 2.58E+08 4.20E-02
8 Si *Hsp—*M 17 4389 4.70E+03  1.72E+00  0.00E+00 4.71E+03 3.40E-06
9 Sy Hs,—*Gop 4128 3.04E+03 5.67E+01 0.00E+00 3.10E+03 7.82E-06
10 S %Hs/,—OPs) 2869 1.33E+04  2.98E+03  0.00E-+00 1.63E+04 1.72E-02
11 Si Hsp—*L13n 2325 2.87E+04  1.22E+03  0.00E-+00 3.00E+04 4.30E-01
12 S Hsp—*F7 2006 2.28E+03  1.14E+04  0.00E+00 1.36E+04 9.05E-01
13 S SHsp—OP3) 1937 1.26E+05  2.81E+04  0.00E+00 1.54E+05 1.42E+01
14 Si Hsp—*Ki1n 1800 7.50E+03  7.43E+01 0.00E+00 7.58E+03 1.35E+00
15 Si Hsp—*L1sn 1334 1.88E+04  6.86E+00  0.00E-+00 1.88E+04 3.12E+01
16 Sy SHspn—*G112 1172 3.55E+03  2.20E+01 0.00E+00 3.57E+03 1.29E+01
17 S %Hsp—O%P7 215 2.55E+05  4.37E+02  0.00E+00 2.56E+05 9.12E+04
W 2.90x108
wb 9.12x10*
18 T *Hsp—*Gsp 3640 0.00 0.00 5.11E+8 5.11E+8 1.34E+1
19 T SHsp—*G7p 1510 8.95E+1 1.95E+2 8.56E+8 8.56E+8 6.13E+5
20 Ty 6Hsp—*Top 1011 6.03E+1 1.55E+3 0.00 1.61E+3 1.26E+1
21 T SHsp—*Misp 846 1.16E+3 4.24E-1 0.00 1.16E+3 2.01E+1
22 T Hsp—111 524 4.17E+2 1.53E-1 0.00 4.18E+2 3.38E+1
23 T Hspn—T13 27 9.43E+2 7.69 0.00 9.51E+2 8.35E+2
24 T Hsp—4Fsp -630 0.00 0.00 1.37E4+9 6.69E+7 1.37E4+9
25 Ty *Hsp—*M 175 -941 1.94E+2 7.09E-2 0.00 2.12 1.94E+2
26 T *Hsp—*Gop -1202 1.01E+2 1.89 0.00 3.23E-1 1.03E4+2
27 T, 6Hs/,—5Ps) -2461 1.58E+2 3.52E+1 0.00 1.44E-3 1.93E+2
28 T Hsp—*L13n -3005 2.17E+2 9.24 0.00 1.25E-4 2.27E+2
29 T SHsp—*F7p -3324 1.33E+1 6.61E+1 0.00 9.47E-6 7.94E+1
30 Ty 6Hs,—5P3) -3393 6.92E+2 1.54E+2 0.00 7.25E-5 8.46E42
31 Ti *Hsp—*Kiiz  -3530 3.69E+1 3.65E-1 0.00 1.65E-6 3.72E+1
32 Ty SHsp—4L15p -3996 6.29E+1 2.30E-2 0.00 2.99E-7 6.29E+1
33 T SHsp—*Grip  -4158 1.04E+1 6.44E-2 0.00 2.29E-8 1.05E+1
34 T 6Hs/,—O%P7) -5115 3.42E+2 5.84E-1 0.00 7.59E-9 3.42E4+2
W, 1.43x10°
w2 1.37x10°
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Table S30. moshi*-to-Tb** energy transfer rates at 300 K. § is the donor—acceptor energy difference (in
em ). Wy_q, Wy_m, and W,, are the dipole—dipole, dipole-multipole, and exchange rates (in s!),
respectively. W and W? are the forward and backward IET.

PATHW w wb
AY D(;)li\I A;:(SIEP 5 Wa_q Wim Wy (FORWARD (BACKWARD
LABEL ) )
1 Si Fe—"Dg 4956 1.36E+02 4.78E+03 0.00E+00 4.92E+03 2.34E-07
2 Si TF¢—SD3 -836 7.46E+02 2.10E+01 0.00E+00 1.39E+01 7.67E+02
3 Si TFe—>Ge  -1023 5.84E+04 5.24E+04 1.19E+07 8.88E+04 1.20E+07
4 Si TFe— Lo -1571 2.59E+04 5.74E+01 0.00E+00 1.38E+01 2.59E+04
5 Si TFe—>Gs  -2367 4.83E+03 2.75E+04 3.94E+04
6 S TFe—Gy4  -2887 2.50E+03 1.87E+03 0.00E-+00
7 S1 TFe—Ls  -4210 0.00E+00 0.00E+00 8.56E+02
8 Si "F¢—>H7  -5979 0.00E+00 0.00E+00 2.66E+02
9 S TFe—"Hg  -7491 0.00E+00 0.00E+00 3.60E+03
10 Si F¢—"Hs  -8367 0.00E+00 0.00E+00 1.50E-13
11 Si TF¢—°Fs  -9534 0.00E+00 0.00E+00 1.04E+03
12 Si Fs—°Dg 7004 6.59E+01 1.35E+04 2.95E+03 1.65E+04 4.26E-11
13 Si TF5—5D3 1212 1.45E+03 1.89E+04 0.00E+00 2.03E+04 6.07E+01
14 Si Fs—°Ge 1025 6.29E+03 1.54E+05 2.42E+05 4.02E+05 2.95E+03
15 Si "Fs—3L1o 477 9.38E+02 1.13E+00 0.00E+00 9.39E+02 9.53E+01
16 S TFs—3Gs -319 4.15E+03 4.15E+03 2.90E+06
17 S1 Fs—°G4  -839 1.31E+03 1.97E+04 4.44E+04
18 Si TFs—3Ls  -2162 0.00E+00 0.00E+00 5.13E+01
19 S "Fs—He  -5443 0.00E-+00 0.00E+00 5.46E+02
20 Si Fs—°Hs  -6319 0.00E+00 0.00E+00 3.86E+04
21 Si TFs—°Fs  -7486 0.00E+00 0.00E+00 1.95E+04
W 5.34x10°
Wy 1.20x107
22 T, Fe—Ds 1196 8.06 2.84E+2 0.00 2.92E+02 9.43E-01
23 T, TFe—°D3  -4596 1.55 4.35E-2 0.00 4.26E-10 1.59E+00
24 T TFe—>Ge  -4783 1.09E+2 9.75E+1 2.21E+6 2.41E-04 2.21E+06
25 T, "Fe—>Lio  -5331 3.50E+1 7.78E-2 0.00 2.77E-10 3.51E+01
26 T Fe—Gs  -6127 4.13 2.35E+1 3.37E+3
27 T TFe—>Gs  -6647 1.58 1.18 0.00
28 T, "F¢—>Ls  -7970 0.00 0.00 2.52E+1
29 T Fe—"H7  -9739 0.00 0.00 2.80
30 T, "Fe—He -11251 0.00 0.00 1.58E+1
31 T, TFé—"Hs -12127 0.00 0.00 3.98E-16
32 T, TF¢—Fs -13294 0.00 0.00 1.40
33 T, Fs—Ds 3244 1.08E+1 2.22E+3 5.74E+4 5.96E+04 1.04E-02
34 T, TFs—SD3  -2548 8.31 1.08E+2 0.00 5.76E-04 1.17E+02
35 T, Fs—>Ge  -2735 3.24E+1 7.92E+2 1.48E+5 2.99E-01 1.49E+05
36 T, TFs—SLig  -3283 3.52 4.24E-3 0.00 5.12E-07 3.52E+00
37 T Fs—°Gs  -4079 9.83 9.83 8.11E+5
38 T, TFs—°G4  -4599 2.29 3.45E+1 9.20E+3
39 T, TFs—°Lg  -5922 0.00 0.00 4.94
40 T Fs—Hs  -9203 0.00 0.00 7.86
41 T, "Fs—Hs -10079 0.00 0.00 3.34E+2
42 T TFs—3Fs  -11246 0.00 0.00 8.61E+1
Wy 5.99x10%
wk 2.36x106
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Table S31. moshi*-to-Sm’* energy transfer rates at 300 K. & is the donor—acceptor energy difference (in
cm ). Wy_4, Wy_m, and W, are the dipole—dipole, dipole-multipole, and exchange rates (in s!),
respectively. W and W? are the forward and backward IET.

PATHW w wb
AY Doog ACCEPTOR & W, , w,_, W, (FORWAR (BACKWA
LABEL D) RD)
1 S Hsp—*Gsp 7470 0.00E+00  0.00E+00  1.93E+07 1.93E+07 2.73E-13
2 S ®Hsp—*G72 5340 1.19E+03  2.59E+03 1.13E+08 1.13E+08 7.48E-8
3 S “Hsp—"Top 4841 1.07E+03  2.76E+04  0.00E+00  2.87E+04 2.34E-10
4 Si “Hsp—*Misp 4676 2.27E+04  8.32E+00  0.00E+00  2.27E+04 4.28E-10
5 Sy Hspn—T112 4354 9.90E+03 3.62E+00 0.00E-+00 9.90E+03 9.46E-10
6 S Hsp—*113n 3857 3.00E+04  2.45E+02  0.00E+00 3.02E+04 3.55E-8
7 S SHsp—*Fsp 3200 0.00E+00  0.00E+00  6.44E+08 6.44E+08 2.08E-2
8 S Hsp—*M 171 2889 1.09E+04  3.99E+00  0.00E-+00 1.09E+04 1.69E-6
9 Si “Hsp—*Gop 2628 6.64E+03  1.24E+02  0.00E+00 6.76E+03 3.92E-6
10 S “Hsp—OPs) 1369 2.18E+04  4.86E+03  0.00E+00  2.66E+04 8.86E-3
11 S Hsp—*L13n 825 4.13E+04  1.76E+03  0.00E+00  4.31E+04 2.23E-1
12 Si SHsp—*F7p 506 3.05E+03  1.52E+04  0.00E+00 1.82E+04 4.73E-1
13 S %Hsp—OP3 437 1.65E+05  3.69E+04  0.00E+00  2.02E+05 7.43
14 Sy Hsp—*Ki1n 300 9.56E+03  9.47E+01 0.00E+00 9.66E+03 7.08E-1
15 S Hsp—*L1sn -166 2.15E+04  7.85E+00  0.00E-+00 9.68E+03 1.65E+1
16 S Hsp—*G11 -328 3.91E+03  2.42E+01 0.00E+00 8.16E+02 6.86
17 Si SHsp—5P7 -1285 2.26E+05  3.86E+02  0.00E+00
W 7.77x108
Wy 5.52x10%
18 T Hsp—4Gsp 3710 0.00 0.00 4.91E+8 4.91E+8 9.19
19 T 5Hsp—G7p 1580 8.80E+1 1.92E+2 8.41E+8 8.41E+8 4.31E+5
20 T Hspn—Top 1081 5.96E+1 1.53E+3 0.00 1.59E+3 8.92
21 T Hsp—*M s 916 1.15E+3 4.20E-1 0.00 1.15E+3 1.42E+1
22 T Hsp—o11 594 4.15E+2 1.52E-1 0.00 4.15E+2 2.40E+1
23 Ti *Hsp—*T131 97 9.42E+2 7.69 0.00 9.50E+2 5.97E+2
24 T 6Hs/p—*Fsp -560 0.00 0.00 1.38E+9 9.43E+7 1.38E+9
25 T Hsp—*M171 -871 1.96E+2 7.16E-2 0.00 3.00 1.96E+2
26 T Hsp—4Gop -1132 1.02E+2 1.91 0.00 4.57E-1 1.04E+2
27 T, 6Hs/,—5Ps) -2391 1.62E+2 3.61E+1 0.00 2.07E-3 1.98E+2
28 T, SHsp—*L13n -2935 2.24E+2 9.54 0.00 1.80E-4 2.34E+2
29 T SHsp,—*F7p -3254 1.38E+1 6.85E+1 0.00 1.37E-5 8.23E+1
30 T Hs,—OP3 -3323 7.17E+2 1.60E+2 0.00 1.05E-4 8.77E+2
31 T Hsp—*Kiip  -3460 3.83E+1 3.79E-1 0.00 2.40E-6 3.87E+1
32 Ty SHsp—4L15p -3926 6.56E+1 2.40E-2 0.00 4.36E-7 6.56E+1
33 T *Hsp—*Grip  -4088 1.09E+1 6.74E-2 0.00 3.35E-8 1.10E+1
34 Ty SHsp—5P7p -5045 3.61E+2 6.17E-1 0.00
W, 1.43%x10°
wb 1.38x10°
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Table S32. nha’-to-Tb* energy transfer rates at 300 K. § is the donor—acceptor energy difference (incm-
Y. Wy_q, Wy_m» and W, arethe dipole—dipole, dipole—multipole,and exchangerates (ins'), respectively.
W and WP are the forward and backward IET.

PATHWA w wb
Y PONO ACCERTO 5 W, , W, w,, (FORWA  (BACKWA
LABEL RD) RD)
1 Si TF¢— Da 2956  4.59E+02 1.62E+04 0.00E+00  1.66E+04 1.16E-02
2 S TF¢—3Ds 22836  4.24E+02 1.19E+01 0.00E+00 5.40E-04 4.36E+02
3 Si TF6—>Ge -3023  3.13E+04  2.81E+04 6.37E+06
4 S1 TFe—>L10 23571 1.17E+04  2.60E+01 0.00E+00
5 Si TF6—>Gs -4367  1.71E+03 9.76E+03 1.40E+04
6 Si TF6— Gy -4887  7.53E+02  5.65E+02 0.00E+00
7 S1 TFe—Ls -6210  0.00E+00  0.00E+00 1.72E+02
8 Si TF¢—>H7 -7979  0.00E+00  0.00E+00 3.09E+01
9 Si TF¢—>Hs -9491  0.00E+00  0.00E+00 2.63E+02
10 Si F¢—>Hs  -10367 0.00E+00  0.00E+00 8.39E-15
11 S "F¢—Fs -11534  0.00E+00  0.00E+00  4.04E+01
12 Si TF5—Dy 5004  4.19E+02 8.58E+04 1.88E+04 1.05E+05 3.97E-06
13 Si TFs—3D3 -788 1.54E+03  2.01E+04 0.00E+00  4.95E+02 2.17E+04
14 S1 TFs—>Gg -975  6.34E+03 1.55E+05 2.44E+05
15 S TFs—3L1g -1523  7.98E+02 9.61E-01 0.00E+00
16 S TFs—3Gs -2319  2.76E+03 2.77E+03 1.93E+06
17 Si TF5—3Gy -2839  7.41E+02 1.12E+04  2.52E+04
18 S "Fs—7Lg -4162  0.00E+00  0.00E-+00 1.94E+01
19 Si TFs—>Hs -7443  0.00E+00  0.00E+00 7.50E+01
20 Si TFs—5Hs -8319  0.00E+00  0.00E+00  4.05E+03
21 Si "Fs—°Fs -9486  0.00E+00  0.00E-+00 1.43E+03
W 1.22x10°
w? 2.21x10%
22 T, TF¢—Ds -2294 6.00 2.12E4+2 0.00 3.63E-3 2.18E+2
23 T, TF¢— D3 -8086 5.12E-2 1.44E-3 0.00 7.58E-19 5.26E-2
24 T "Fe—>Gg -8273 3.25 2.92 6.62E+4
25 T, TF¢—3Lio -8821 7.81E-1 1.73E-3 0.00
26 T, TF6—>Gs -9617 6.00E-2 3.42E-1 4.90E+1
27 T, TF¢—>G4  -10137  1.73E-2 1.30E-2 0.00
28 T, Fe—Ls  -11460 0.00 0.00 1.36E-1
29 T TFe—"H7;  -13229 0.00 0.00 5.84E-3
30 T, Fe—He  -14741 0.00 0.00 1.46E-2
31 Ti Fe—Hs  -15617 0.00 0.00 2.29E-19
32 T, "F6e—Fs -16784 0.00 0.00 4.31E-4
33 T, TFs—5Dy -246 2.43E+1 4.97E+3 1.29E+5 4.10E+4 1.34E+5
34 T "Fs—°D3 -6038 8.26E-1 1.08E+1 0.00 3.08E-12 1.16E+1
35 T, TFs—3Gg -6225 2.92 7.13E+1 1.33E+4
36 T "Fs—°Lio -6773 2.36E-1 2.84E-4 0.00
37 T, TF5—3Gs -7569 4.29E-1 4.29E-1 3.54E+4
38 T, TF5—3Gy4 -8089 7.56E-2 1.14 3.04E+2
39 T TFs—5Lg -9412 0.00 0.00 8.01E-2
40 T, "Fs—He  -12693 0.00 0.00 2.18E-2
41 T Fs—SHs  -13569 0.00 0.00 5.80E-1
42 T, "F5—5Fs -14736 0.00 0.00 7.98E-2
W, 4.10x104
wt 1.34x103
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Table S33. nha’-to-Sm*" energy transfer rates at 300 K. & is the donor-acceptor energy difference (in cm-
Y. Wy_q, Wy_m» and W, arethe dipole—dipole, dipole—multipole,and exchangerates (ins'), respectively.
W and WP are the forward and backward IET.

PATHW w wb
Ay PON AccEPTOR 5 W, Wy W, ~ (FORWAR (BACKWA
LABEL D) RD)
1 S Hsp—*Gsp 5470 0.00E+00  0.00E+00 1.41E+08 1.41E+08 5.72E-04
2 Si *Hsp—*G7 3340 4.52E+03  9.84E+03  4.32E+08 4.32E+08 4.77E+01
3 Sy Hsp—*Top 2841 3.50E+03 9.01E+04 0.00E+00 9.36E+04 1.13E-01
4 S Hsp—*M1sp 2676 7.06E+04  2.58E+01 0.00E+00 7.06E+04 1.88E-01
5 Si Hsp—*111 2354 2.78E+04  1.02E+01 0.00E+00 2.78E+04 3.48E-01
6 S Hsn— 13 1857 7.23E+04  5.90E+02 0.00E+00 7.29E+04 9.88E+00
7 S SHsp—"*Fsp 1200 0.00E+00  0.00E+00 1.27E+09 1.27E+09 4.01E+06
8 Si *Hsp—*M 172 889 1.95E+04  7.14E+00  0.00E-+00 1.95E+04 2.75E+02
9 Sy Hs,—*Gop 628 1.10E+04  2.04E+02 0.00E+00 1.12E+04 5.49E+02
10 S %Hs/,—OPs) -631 2.44E+04  5.44E+03  0.00E+00 1.45E+03 2.98E+04
11 Si SHsp—*L13n -1175 3.92E+04  1.67E+03  0.00E-+00
12 Sy SHsp—*F7n -1494 2.62E+03 1.30E+04 0.00E+00
13 Si ®Hs»—%P3p -1563 1.39E+05  3.11E+04  0.00E+00
14 Si *Hsp—*Ki1n  -1700  7.71E+03  7.63E+01  0.00E+00
15 Si SHsp—*Lisn 22166 1.50E+04  5.48E+00  0.00E-+00
16 S SHsp—*G11 -2328 2.60E+03 1.61E+01 0.00E-+00
17 Si ®Hs»—%P7n -3285 1.12E+05  1.91E+02  0.00E+00
W 1.84x10°
wb 4.04x109
18 T *Hsp—*Gsp 220 0.00 0.00 1.41E49 1.41E49 4.91E+8
19 T Hsp—4Grp -1910 8.06E+1 1.75E+2 7.70E+8 8.10E+4 7.70E+8
20 Ty 6Hsp—*Top -2409 4.17E+1 1.07E+3 0.00 1.07E-2 1.11E+3
21 T, *Hsp—*Misp  -2574 7.35E4+2 2.69E-1 0.00 3.20E-3 7.36E+2
22 T “Hsp—*1112 -2896 2.23E+2 8.17E-2 0.00 2.08E-4 2.24E+2
23 T *Hsp—*T1312 -3393 3.89E+2 3.17 0.00 3.36E-5 3.92E+2
24 T %Hsp,—Fs -4050 0.00 0.00 4.00E+8 1.47 4.00E+8
25 T, *Hsp—*Mi7n  -4361 4.79E+1 1.75E-2 0.00 3.96E-8 4.80E+1
26 T *Hsn—*Gop -4622 2.18E+1 4.07E-1 0.00 5.24E-9 2.22E+1
27 T, 6Hs/,—5Ps) -5881 1.75E+1 3.91 0.00 1.21E-11 2.14E+1
28 T SHspn—*L13n -6425 1.81E+1 7.71E-1 0.00
29 T %Hsp,—*F7p -6744 9.37E-1 4.66 0.00
30 T, *Hsp—OP3 -6813 4.70E+1 1.05E+1 0.00
31 Ti *Hsp—*Kiiz  -6950 2.33 2.31E-2 0.00
32 Ty SHsp—*Lisn -7416 3.11 1.14E-3 0.00
33 T “Hsp—*Grip  -7578 4.73E-1 2.93E-3 0.00
34 T %Hs,—P7 -8535 9.37 1.60E-2 0.00
W, 1.41x10°
wb 1.66x10°
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Table S34. Th3'-to-Sm’* energy transfer rates (s~1) at 300 K considering the crystallographic closest
distance R, = 7 A. § is the donor—acceptor energy difference (in cm1). W is the sum over all mechanisms

considering the barrier factor (if applicable). One should notice that the energy transfer Tb**[SDs—"Fs] —
Sm3**[°Hs,—*Iox] has the highest contribution (pathway 4, highlighted in bold).
pathway Donor Acceptor

Label (Di—) | (Hsn—) 8 Wa-a Waq Woq w

1 TFe 4Gsp 2514 0 0 0 1.04E-14
2 Fs 4F3p 1563 0 0 0 4.62E-11
3 Fe Gn 384 8.02E-04 2.14E-02 3.11E-01 3.33E-01
4 "Fe “Ton -115 6.56E-04 3.27E-02 3.05 1.78

5 Fe Misp -280 1.07E-02 2.63E-01 0 7.14E-02
6 Fe Tiip -602 2.01E-03 4.95E-02 0 2.87E-03
7 Fe Mizn -1099 7.13E-04 1.75E-02 0 9.38E-05
8 Fe 4Fsp -1756 0 0 0 2.54E-15
9 Fe M7 -2067 2.05E-07 5.05E-06 0 2.60E-10
10 Fe 4Gop -2328 9.32E-09 2.29E-07 0 3.38E-12
11 Fe Tisn -2503 0 0 0 7.17E-20
12 Fe Psp -3587 2.05E-15 5.04E-14 0 1.77E-21
13 TFe Mion -3593 0 0 0 2.16E-28
14 7Fs 4Gsp 466 0 0 0 5.73E-09
15 Fs *Fip -485 0 0 0 5.38E-10
16 "Fs 4Gn -1664 7.46E-06 1.08E-03 1.68E-02 6.11E-06
17 Fs Top -2163 7.29E-08 1.22E-05 1.97E-03 6.18E-08
18 ’Fs Misn -2328 2.75E-07 3.92E-05 0 5.59E-10
19 Fs Tiip -2650 2.97E-09 4.24E-07 0 1.29E-12
20 ’Fs Mz -3147 1.28E-11 1.83E-09 0 5.13E-16
21 7Fs 4Fsp -3804 0 0 0 2.67E-30
22 Fs Mi7n -4115 6.86E-19 9.79E-17 0 2.65E-25
23 ’Fs 4Gop -4376 3.08E-21 4.39E-19 0 3.39E-28
24 "Fs Tisn -4551 0 0 0 9.99E-38
25 Fs Psp -5635 9.54E-33 1.36E-30 0 2.51E-42
26 7Fs Miop -5641 0 0 0 1.90E-50
27 Fyq 1Gsp -801 0 0 0 4.90E-11
28 TF4 “F3p -1752 0 0 0 2.67E-15
29 Fs4 4Gn -2931 1.16E-11 7.45E-11 7.88E-10 6.87E-16
30 F4 “Top -3430 7.32E-15 2.17E-13 5.97E-12 4.44E-19
31 TF4 Misp -3595 1.12E-14 4.81E-14 0 1.93E-21
32 F4 Tiip -3917 2.06E-17 8.88E-17 0 7.60E-25
33 F4 M3 -4414 5.80E-21 2.50E-20 0 1.97E-29
34 TF4 4Fsp -5071 0 0 0 1.62E-43
35 F4 Mi7n -5382 1.53E-30 6.61E-30 0 5.02E-41
36 F4 4Gop -5643 1.64E-33 7.07E-33 0 1.54E-44
37 TFy Tisn -5818 0 0 0 1.00E-52
38 Fy4 Ps)y -6902 5.07E-48 2.19E-47 0 1.13E-61
39 TF4 *Mion -6908 0 0 0 4.82E-68

Wora = Z w 2.18
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To avoid a very large number of tables with all IET pathways for each temperature, Table S35 summarizes

the Wy, W2, Wy, and W values (or range of calculated values). Figure S33 shows the relevant rates for
each Ln-based MC.

Table S35. Calculated forward and backward IET rates (ins') via S1 and T for the studied Ln2L’s MCs.
For the quantities which present temperature dependence, the first number corresponds to the rateat 11 K

while the last corresponds to the rate at 425 K.

Ln | Wy W? Wr W?‘
shi® 7.78%10° 6.43x10%-7.22x103 5.01x10* 4.00x10°
mshi® 1.10x107 3.08x10°-1.97x10* 6.20x10* 3.03x10°
Tb s
moshi™ 1.56x107 1.15x10°-1.81x10° 5.99x10* 3.19x10°
nha* 3.27x10°=1.23%107 1.31x107-1.36x107 10°9-5.81x10% 2.49%x10°
shi” 2.73x107 0—1.42x10! 1.17x10°—1.84x10° 1.41x10°
mshi® 6.65%107 0—3.30x102 1.37x10°=1.53%10° 1.37x10°
Sm
moshi® 2.63x108 0—8.02x10% 1.33x10°—1.54%10° 1.38x10°
nha> 4.41x108 0-—4.71x103 1.41x10° 1.17x10°—1.84x10°
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Figure S33. Temperature-dependent behavior for the relevant IET rates for Ln,L.’s MCs with L’ = shi?- (a),
L’ = mshi*- (b), L’ = moshi3- (¢), and L’ = nha3- (d). The left-side axis corresponds to the Tb,L’s (green
curves) while the right one is for the SmzL’s (red curves) MCs. Only the most relevant temperature-
dependent rates are displayed. See Table S35 for further details.

All forward rates via S1 (Ws) for SmoL’s MCs are orders of magnitudes higher than the backward ones
(W) while the rates via T are in the same order of magnitude Wy ~ W;?. These circumstances imply the
presence of a population equilibrium between the emitting Sm*" *Gs/; and the T levels, and once they have
similar decay lifetimes (in the order of milliseconds), the emission of Sm3*is dependent on its intrinsic
lifetime.

For the Tb,L’s MCs, we observed the trend W? > W, for any case and, specifically, the Tbomoshis also

presents a higher backward energy transfer via Si, W® > Ws. This means that the luminescence of
Tbomoshis is very dependent on the S1 and T lifetimes.

In addition, the Tbomoshis is a special case, presenting the smaller energy gap between Si and T; states
(AEs-1=3760 cm™!) among the other MCs (AEs_t> 5200 cm™"). This may allow the up-conversion (or
reverse) intersystem crossing (UISC or rISC) rates which is a thermally-activated energy transfer from the
T, to the S; states 393!, Thus, based on Fermi’s golden rule, we can estimate this quantity as 32:

eqn S17
2T 5
Wiise = 7|(51|H50|T1)| Prc

where (S;|Hg|T;) is the spin-orbit coupling matrix element and expresses the magnitude of the spin—orbit
interaction between S and T states. pg. is the Franck—Condon-weighted density of states, which in the
context of Marcus—Levich—Jortner theory, can be estimated by 303233
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1 i gn (AEs_r+nhw +2Ap)? eqn S18
_S -
—e

= 4AmkpT
P = i T

n!
n=0
where Aw, S, and A,, are the energy of high-frequency intramolecular vibrations, the Huang—Rhys factors
(the average number of phonons produced by a vertical transition, related to the Aw mode), and the
reorganization energy induced by the energy transfer (also called Marcus reorganization energy). For the
pursuit of simplification, we considered only the first term of this summation (n = 0), leading to:

(AES_T'FAM) 2

2n 1 5 —tS
Woise = = [(SulHsolTy )P == e™1 #AFaT |

ATy kg T
We estimated the W,,q- (Figure S34) using the values [(S;|Hso|T;)| = 0.16 cm™!, S =5, and 4,, =

0.124eV = 1000 cm™?. This will lead to different population kinetics as a function of the temperature, as
we will present in the next section.

eqn S19

Temperature (K)
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Figure S34. Log scale of the direct (red line) and reverse (curved lines) ISC rates as a function of the
temperature for Ln,L’s MCs. For the Lnomoshis, the W is considered as being constant (2.5x108 s!) for
any temperature while the W, 5. reached 2.5x10% s! from temperatures that are higher than 285 K. For the
other Ln,L’s MCs (L’ = nha®-, mshi?-, and shi*-), the W, s can be negligible due to high values of AEs_r.
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7.2 Populations rate equations

The kinetics of the IET process includes an equilibrium between the rates of absorption, IET (both forward
and backward energy transfer) rates, radiative and non-radiative decay rates. This kinetics can be defined
by an appropriate set of ordinary differential equations (ODEs). However, sometimes it is difficult to
describe and include the population of all levels of the Ln** ion. To simplify the setup of the rate equations,
groups of levels will be represented by [n) (as depicted in Figure 8) and their respective populations as P,.
Thus, based on the IET rates and the schematic energy level diagram, a 5-level set of ODEs with initial
conditions (when t =0 s) is given by:

. .. Level
ODE Initial condition (or Levels)
S20
d 1 1 1 So and Ln’* ground can
GhO=—$RO+—PO +—RO+ RO (0 =1 levels
iP(t):-(i+W +W, )P(t)+W P, (t) o
h T T risc |11 1sct2 P (0)=0 T
+WPR (1)
iP(t)——(i+W +W)P(t)+¢>P(t) R
2= e Isc s )2 0 P,(0)=0 Si
+WPP () + WyyscP ()
S23
. SDsto 5Fs (Tb¥) 0"
—_ = — b b P(0) =0
dtP3 ®) Wy + WP + WSB () + WPB,(2) 3(0) *F3nto “P7n (Sm*")
S24
d 1 D4 (Tb™) e
dt B =- (?) P (t) + W3, P (8) + WP (B) £ (0 =0 *Gsp (Sm™)

where 77 (~1073s), g (~107%), and 7 (see Table 1) are the lifetimes of the Ti, S, and emitting levels
(*Gs/2 and °Dy), respectively. Wge and W, s are the intersystem crossing rate S; — Ti and the reversed
one Ty — Si, which are both sensitive to the energy gap between the S; and T, states AEs 1393134 and such
an energy gap around 5200-5800 cm~! (for MCs with shi, mshi, and nha) may lead to a reasonable value
of W;sc~10¢ s whereas the W, o~ 0 s7! 3536 Duetoits small AEs T, only the Lnomoshis presented relevant
W, sc rates, as discussed before. W;_,, is the nonradiative energy decay from the upper levels of Ln?* to
the emitting ones (*°D4 and *Gs/2) that is in the order of ~10° s~! for Ln** chelates.’

The pumping rate ¢p~102 s was estimated using

o-plexc eqn S25
hc

where g (~10-1¢ cm?) is the typical average absorption cross-section of the organic sensitizers, p (~ 1 W/cm~
2) is the power density of the excitation source at 4,,. = 340, 350, 370, and 380 nm for shi, mshi, moshi,
and nha Ln-based MCs, respectively. If the power density is increased (e.g. p = 10 W/cm2, leading to
¢~103 s71), it will reflect in a higher depopulation of the ground-level (P,, eqn S20) and increasing mainly
the populations in the T; and Ln?* emitting levels. Thus, to standardize our population analysis, we adopt
the value of p = 1 W/ecm2 for all simulations. The ODEs (eqns S20-S24) were numerically solved using
the Radau method.3”
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As an example, Figure S35 shows the transient behavior of the population fractions of the Tb3* 3Dy excited
level vs. the temperature for the Tbamoshis. In this specific case, each curve represents a fixed temperature,
and it is observed a strong tendency in decreasing the Tb** 3D, population due to the competition between
Wr and Wasc. Thus, at lower temperatures, we have Wr > Wasc. The Wrsc becomes dominating at
temperatures above 220 K and this promotes a fast depopulation of the Tb3* 3Dy level, quenching the
emission signal arising from the D4 — 7F; transition, as we observed in the temperature-dependent emission

spectra (Figure S21). Table S36 shows the populations in the steady-state regime (when %P4 (t) = 0) for

all samples in this work.

Table S36. Values for the emitting level population fraction P, (in 10-3) for all studied Ln2L.’s MCs .

Ln = Tb** Ln = Sm*

T (K) L’ = shi* mshi* moshi* nha* L’ = shi* mshi> moshi* nha*
11 1.92 2.77 3.84 0.05 0.58 0.90 5.24 2.06
25 1.92 2.77 3.84 0.06 0.58 0.90 5.24 1.82
45 1.92 2.77 3.84 0.08 0.58 0.90 5.24 1.76
65 1.92 2.77 3.84 0.21 0.58 0.90 5.24 1.71
85 1.92 2.77 3.84 0.35 0.58 0.90 5.24 1.59
105 1.92 2.77 3.84 0.42 0.58 0.90 5.24 1.47
125 1.92 2.77 3.76 0.46 0.58 0.90 5.24 1.29
145 1.92 2.77 3.61 0.49 0.58 0.90 5.24 1.18
165 1.92 2.77 3.45 0.51 0.58 0.90 5.24 1.06
185 1.92 2.77 3.26 0.52 0.58 0.90 5.24 0.88
205 1.92 2.77 2.93 0.54 0.58 0.90 5.24 0.65
225 1.90 2.55 1.15 0.55 0.58 0.90 5.24 0.53
245 1.87 2.11 0.13 0.56 0.58 0.90 5.23 0.29
265 1.85 2.05 0.05 0.56 0.58 0.90 5.17 0.18
285 1.82 2.00 0.04 0.57 0.58 0.90 4.74 0.12
305 1.79 1.94 0.04 0.58 0.58 0.90 4.74 0.06
325 1.77 1.89 0.04 0.58 0.58 0.90 4.74 0.06
345 1.74 1.83 0.04 0.59 0.58 0.90 4.74 0.06
365 1.72 1.77 0.04 0.59 0.58 0.90 4.74 0.06
385 1.69 1.72 0.04 0.59 0.58 0.90 4.74 0.06
405 1.67 1.66 0.04 0.60 0.58 0.90 4.74 0.06
425 1.64 1.62 0.13 0.60 0.58 0.90 4.74 0.06
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Figure S35. Transient curves of the Tb3* >Ds4 emitting level (left panel) and Ti (right panel) population
fractions as a function of the time when the temperature is increased (from top to bottom) for the Tbomoshig
MC.

7.3 Radiative rates and thermometric parameter

Once the theoretical intensity parameters ) were determined (see section 6.1 Theoretical intensity
parameters), it is possible to calculate the individual radiative rate 4;_, ;7

B 4e2(w]_,]r)3 n(n?+ 2)?

3 S26
Ay = 3Ac3(2/ + 1) 9 Sea ¥ 1°Sma eqn
where,
Sea= ). QM ylU@ vy can 527
1=2,4,6
h N N/ 17\2
Sma = Imic? (NYJIIL + 28IV y')') eqn S28

are the electric and magnetic dipole strength, respectively. The squared matrix elements
(N ||lUP]|1N ')y can be found in Ref. 38 and the (INyJ||L + 2S|[IN)'J') for the Tb’* SDs—7Fs can be
calculated from the date in Ref. 27. Due to the selection rules on J quantum number, the
(INYJNIL + 2SIV 4']") matrix elements for the Tb3* SDs—7F¢ and Sm3* *Gsp—¢Hop are equal to zero. The
w is the angular frequency of the transition |[N]) — |IN1']'), m, is the electron mass, n is the refractive
index of the medium (we consider equal to 1.5). The set of radiative rates obtained are: A4, = 140 s™1
(°Ds—"Fg); Ass =304s™ 1 (SDs—"Fs); Au3 =77s™t (°Ds—"F3); and As/29/2 = 35 s71
(*Gs;2—°Hop).

The emissions of interest may be calculated by:

I]-’]' =A]—>]'P4 eqn S29
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using the values of the emitting levels populations P, (in the steady-state regime) (Table S36), we can

. . . . . I
estimate the intensities I, and I}, and, subsequently, the theoretical thermometric parameter A= Iﬂ Thus,
Eu

_ In(PDy =) A, <P4(Tb)) eqn S30
ISm(4GS/2 - 6Hg/z) A5/2->9/2 P, (Sm)
eqn S31

4e2(w,.,)° 21 9)2
telloy) [n A Dy (D, UD 7+ 75,0

402 (ws/2002) [n(n2 + 2)2 2
3hC35(/52-|-9/12) nn 9 ) ZA,=2,4,6QAI<4G5/2”U('m”6H9/2) +n35;rrig
=0
9 (P4(Tb))
P,(Sm)
ST L o e Ve N
Ws/2-9/2 [Tl(nz + 2)22/1,=2,4,69/1r<4G5/2”Uu')”6H9/2>2] Py (Sm)
Azg( Wiy >< Si=2as " DAlUP|7E, can 533
3\Ws/2-9/2 ZA/=2,4,6QAI(4G5/2”U(m||6H9/2)2
N 9n2h(SD,IIL + 251 7F,,)* <P4 (Th) )
4mZc2(n? + 2)2 %5, 3.4. 60 (1Gs)o U6, 5)° ) VP2 (ST)

P4 (Th)
Py(Sm)
the temperature, unless the Ln** occupies a center of inversion 23. However, depending on the Tb** Dy—7E,
transition (the choice of J”), three thermometric parameters can be derived from eqn S33:

2( W46 >3< ZA=2,4,6'Q/1<5D4”U(D||7F6>2 >X(P4(Tb)> eqn S34

eqn $33 may be simplified once all terms before the population ratio ( ), a priori, does not depend on

A1—3

Ws/2-9/2 21,22’4'69/1,(4(;5/2||U(/1/) ||6H9/2)2 P, (Sm)
A,= E( Wyss >3 ( Ta=24,6 U (DU || 7F5)? eqn 835
3 \Ws /25972 ZAI=2,4,6Q/1/<4G5/2||U('1')”6H9/2)2
9n2h(5D,||L + 28| 7F5)? <P4(Tb))
dmzc2(n? +2)2Xp=2,46 W/ <4G5/2 ”U(m ” 61'19/2)2 Py (Sm)
A= E( W3 >3 ( z:’1=2,4,69/1(51)4”(](/1) I7F;)? eqn 536
3 Ws/2-9/2 Zm=2,4,6ﬂm(4c‘5/2”U(A')”6H9/2)2
9n2h(5D,|IL + 2S]| 7F5)? y (P4(Tb))
4mZc2(n? + 2)2 %534 60 (1Gs)o U6, 5)° ) VP2 (ST)
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Considering n = 1.5 and the values of {*Gs 5 [|U*”||®H, /2)2 equal to 0.0096, 0.0061, and 0.0019 ford’ =
2,4,and 6, respectively. The amplitude of each A parameter is rationalized owing to three factors: 1)

(5D, ||U(’D ||7F],>2, ii) angular frequency w,_, ,, and iii) (5D, IIL + 25||7F],>.

2
1) The Tb3*" D4 — 7Fs emission has the highest values of (5D4||U(’D||7F],) (0.0142,
0.0013,0.0022)

i1) W6 > W45 > Whss3
iii)  (°D4lIL + 2SI17F3)2 > (SD,IIL + 2SI 7F5)2 > (°D,IIL + 2SIl 7F¢)? (0.68 > 0.16 >
0.00)

8. Commentary on the Th** 5Dy lifetime in the presence of Sm**

On question can be naturally raised about the changing of the Tb3* 5Dj4 lifetime with temperature in the
mixture Tbomoshis:Smomoshis sample (Table S21). The first intuitive explanation can be attributed to the
Tb3*-to-Sm3* energy transfer, however, each metallacrown molecular unit is formed by one Ln3* type (Tb**
or Sm3*) and the minimum distance between two Ln3* centers in adjacent molecular units is 7 A, which is
considered a long distance for the Ln-Ln interactions.

Our theoretical calculations (section 6.3. Tb3*-to-Sm?" energy transfer and Table S34) show that the Tb3*-
to-Sm3* energy transfer is indeed negligible (W = 2.2 s1). Furthermore, it is apparent that, were the Tb3"-
to-Sm3* energy transfer mechanism operative, the emission of Sm3* 4Gs;»—°Ho should rise with the
temperature and this does not happen for the Tbomoshis: Smamoshis sample (Figure 7b).

Based on the points above and on the Ligand-to-Ln3* energy transfer rates (intramolecular energy transfer),
we can rationalize the changing of the Tb3* 3Dy level lifetime as follow:

1) WP > Wiy for the Tbomoshis contributes to the population increase of the T; state

ii)  The Ti of the Tbomoshig molecule can transfer energy to the Ti of the Smymoshis (intermolecular
energy transfer process) through a Forster-Dexter process.

iii)  Once the T; is localized on the borders of the metallacrown compounds (Ln3* ions could be seen
in the focus of an ellipse), the intermolecular interaction between Ti-to-T; should reach shorter
distances (< 7 A), leading to fast energy transfer rates.

iv)  Once the energy migrates from Tbomoshis to the adjacent Smomoshigs molecule, the Sm3* ion
enters in a dynamic equilibrium with the T; state due to Wy = W. This equilibrium is not
affected by the presence of the Tbomoshis once Wy = Wy stands for the intramolecular

interaction.

The four points above can be visualized in the energy level diagram in Figure S36.
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Figure S36. Schematic energy level diagram showing the energy migration in the Tbomoshig:Smamoshig
mixture. The Tb** Dy has a lifetime decreasing in the presence of Smamoshis metallacrow due to the faster
backward energy transfer to the T; state (W in the Tbomoshis side) and afterward, the intermolecular
energy transfer (energy migration from Tbomoshis to Smomoshis) between Ti states from different
molecules could occur. If the direct Tb3*-to-Sm3* energy transfer is operative, the Sm3* emission intensity
should be increased and this is not observed (see Figure 7B).
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