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1. FT-IR analysis

FT-IR spectra of the samples suspended in KBr pellets were recorded on a Perkin—Elmer
RX I FT-IR spectrometer under the flow of N, at the rate of 20 ml/min and show in Figure
S1. The bands observed at 1608 cm™! and 1548 cm! for 1 (1570 cm™! and 1532 cm™! for 2 and
1608 cm™!' and 1548 cm! for 3) are attributed to the asymmetric stretching vibrations for
carboxylate groups. The characteristic bands observed at 1435 and 1405 cm™! for 1 (1442 and
1381cm! for 2 and 1442 and 1405 cm™' for 3) can be regarded as the symmetric stretching
vibrations of the carboxylate groups. The band at 3596 cm! for 1 (3558 cm! for 2 and 3596
cm! for 3) appeared due to the presence of the OH group, while broad bands around 3430

cm! for all three compounds reveal the presence of water molecules in the compound.

2. Figures
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Figure S1. FT-IR spectra of compounds 1, 2, and 3.
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Figure S2. PXRD pattern of 1 (black) and simulated one from single crystal X-ray data
(blue).
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Figure S3. PXRD pattern of 2 (black) and simulated one from single crystal X-ray data
(blue).
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Figure S4. PXRD pattern of 3 (black) and simulated one from single crystal X-ray data
(blue).
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Figure S5. Room-temperature a) emission spectra excited at 270 nm and 360 nm and b)
excitation spectra monitored at 440 nm, 545 nm, and 575 nm for 2, 3, and free ligand H;L.
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Figure S6. Low-temperature (15 K) a) emission spectra excited at 270 nm and b) excitation
spectra monitored at 440 nm and 545 nm for 2, 3, and free ligand H;L.. The inset in (a) shows
a magnification (x25) of the 400-500 nm range for free ligand H;L.
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Figure S7. Emission decay curves of 2 excited at 310 nm and monitored at 545 nm as function of the temperature.
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Figure S8. Low-temperature (15 K) time-resolved emission spectra excited at 270 nm for a)
2 and b) free ligand Hs;L acquired at distinct starting delay (SD) values: SD=107 s and

SD=5x10"°s.

Nomalized Intensity

"

16000

T T T T 1
18000 20000 22000 24000 26000
Energy (cm™")

Figure S9. Emission spectra (300 K) excited at 365 nm for free ligand H;L and 2. The
vertical lines assign the energy of the vibrational progression characterized by

AE~1300 cm™!.
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Figure S10. Emission decay curves of 2 excited at 270 nm and monitored at 440 nm as a
function of the temperature. The solid lines represent the data best fit using a single
exponential function. The insets show the fit residual plots.
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Figure S11. Emission decay curves of free ligand H;L excited at 270 nm and monitored at
440 nm as a function of the temperature. The solid lines represent the data best fit using a
single exponential function. The insets show the fit residual plots.



3. Table

Table S1. Selected bond lengths [A] and angles [°] for compounds 1 to 3
Bond distances Bond angles
Compound 1
Lal-O1 2.333(4) O1-Lal-03 82.9(1)
Lal-O3 2.222(4) O1-Lal-O7 69.8(1)
Lal-O7 2.321(4) 02-Lal-0O3 85.2(1)
Lal-Ol1 2.452(4) O1-Lal-O1 66.5(1)
Lal-O2 2.408(4) O1-Lal-02 115.0(1)
Lal-03 2.277(4) O1-Lal-03 149.2(1)
Lal-O4 2.329(5) O1-Lal-O4 75.8(1)
Lal-O5 2.300(4) O1-Lal-O5 126.8(1)
03-Lal-0O7 107.0(1)
02-Lal-0O4 106.7(1)
Compound 2
Tb1-0O1 2.361(2) O1-Tb1-03 82.24(7)
Tb1-03 2.258(2) O1-Tb1-07 69.81(8)
Tb1-0O1 2.478(2) O1-Tb1-01 67.0(1)
Tb1-03 2.307(2) O1-Tb1-02 115.03(7)
Tb1-02 2.438(2) O1-Tb1-03 149.09(7)
Tb1-04 2.358(2) O1-Tb1-04 75.85(7)
Tb1-05 2.332(2) O1-Tb1-05 126.14(7)
Tb1-O7 2.363(3) 03-Tb1-07 107.52(8)
Compound 3
Dyl1-0O1 2.376(2) O1-Dy1-03 82.20(8)
Dy1-03 2.267(2) O1-Dy1-07 69.81(8)
Dy1-07 2.377(3) O1-Dyl-0Ol1 67.28(7)
Dyl1-0O1 2.482(2) O1-Dyl1-02 114.97(8)
Dy1-02 2.460(2) O1-Dy1-03 149.05(8)
Dy1-03 2.314(2) O1-Dy1-04 125.98(8)
Dy1-O4 2.343(2) O1-Dyl1-05 76.03(7)
Dy1-05 2.365(2) 03-Dyl1-07 107.70(8)
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03-Dy1-02 162.65(8)
03-Dy1-03 79.41(8)
03-Dyl-04 81.24(8)

Summary of SHAPE analysis for Ln (III) centers in complexes 1 - 3.

Various probable shapes / geometries for coordination number 8:

Vertices Code Label Shape Symmetry
1 OP-8 Octagon Dgy
2 HPY-8 Heptagonal pyramid Csv
8 3 HBPY-8 | Hexagonal bipyramid Dy,
4 CU-8 Cube O,
5 .
SAPR-8 | Square antiprism Dy
6 TDD-8 | Triangular dodecahedron D,y
7 JGBF-8 | Johnson gyrobifastigium J26 D,y
3 JETBPY-8 Johnson elongated triangular Dy,
bipyramid J14
9 JBTPR-8 | Biaugmented trigonal prism C,,
10
BTPR-8 | Biaugmented trigonal prism C,,
11 JSD-8 Snub diphenoid 184 D,y
12 TT-8 Triakis tetrahedron Ty
13 ETBPY-8 | Elongated trigonal bipyramid D3y,
Table S2. (Complex-1)
Structure [MLS | OP-8 HPY-8 HBPY-8 CU-8 SAPR-8 TDD-8
JGBF-8 JETBPY-§ JBTPR-§  BTPR-8 JSD-8 TT-8 ETBPY-8
Lal, 29.802, 21949, 14.399, 9.446, 1.792, 2.964, 13.519, 26.604,
3.281,  2.650, 4939, 10.168, 21.405

11




Table S3. (Complex-2)

Structure [MLS ] OP-8 HPY-8 HBPY-8 CU-8 SAPR-8 TDD-8

JGBF-8 JETBPY-8 JBTPR-8  BTPR-8 JSD-8 TT-8 ETBPY-8

Tbl, 29.784, 21966, 14.388, 9.454, 1.804, 2962, 13.469, 26.627,

3.267, 2.638, 4929, 10.172, 21.420

Table S4. (Complex-3)

Structure [MLS ] OP-8 HPY-8 HBPY-8 CU-8 SAPR-8 TDD-8

JGBF-8 JETBPY-8 JBTPR-8  BTPR-8 JSD-8 TT-8 ETBPY-8

Dy, 29.856, 21.864, 14.347, 9.397, 1.824, 2987, 13.460, 26.668,

3.306, 2.697, 4987, 10.091, 21.399

Table S5. Hydrogen bonds present in the compounds 1 to 3

D-H--A H--A/A D--A/A  D-H-AP
Compound 1

06-H6 ---02 [-x, -y+1, -z+3] 1.95(7) 2.84(6) 170(7)
Compound 2

06-H6...02 [ -X,-y+1,-z+3] 1.87(4) 2.847(3) 178(3)

O7-H7A...05 [x-1,-y+3/2, z-1/2] 1.832(19) 2.650(4) 166(4)

O7-H7B...0100 2.01(3) 2.835(4) 173(3)

O100-H10A...07 [x, -y+3/2,z-1/2] 2.41(2) 3.140(4) 147(4)
Compound 3

06-H6 ---02 [-x+1, -y+1, -z-1] 2.02(5) 2.852(4) 172(4)

O7-H7A---05 [x+1, -y+1/2, z+1/2] 1.835(19) 2.655(3) 161(4)

O7-H7B...0100 2.01(3) 2.830(4) 160(4)

0100-H10A...07 [x, -y+1/2, z+1/2] 2.46(3) 3.143(4) 140(5)

12



4. Theoretical analysis

4.1 In silico experiments

From the crystallographic data, it was extracted the dimeric structure of product 2 (Figure
S12) and the canonical molecular orbitals (CMOs) of the excited states (singlet and triplet,
Figure S13a) were calculated using the time-dependent DFT in Gaussian 09 revision D.01
program !. The functional B3LYP 23 was employed together with the 6-311++G(d,p) Pople’s
basis set 4 to treat O, C, and H atoms for the isolated ligands. The CMO decomposition is
useful to estimate where the donor state is localized and, in this way, the donor-acceptor

distance (RL) can be estimated (Figure S13b).

Figure S12. Extraction of the dimer structure for the TD-DFT calculations of singlet and
triplet excited states (energy donors). The dimer structure is composed of 6 ligands.

13
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Figure S13. a) MO compositions for the excited T; and S; states (isosurfaces of 0.04 e/ag ).
The centroid of the unoccupied molecular orbitals (on the right side), for both T; and S, is
more concentrated in the 6-member rings. b) Illustration of the shortest donor-acceptor

distances (RL), the average value was used in the intramolecular energy transfer analysis
(subsection 4.3 Intramolecular energy transfer rates).

4.2 Intensity parameters

The Forced Electric Dipole (FED — Judd-Ofelt theory) and the Dynamic Coupling (DC)
mechanisms are the most effective mechanisms for the 4f-4f intensities when the lanthanide
occupies a non-centrosymmetric site.>”’ The theoretical expressions for the intensity
parameters, e (1= 2,4, and 6), have been described in detail in several references %13, Here

a brief recall is given:

2

Qtheo — (22 + 1 1B B, = BFED 4 gDC

1 =( ) 11 atp = By + By (S1)
t'p

where,

14
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with ¢ and p being the ranks and components of the spherical harmonics (v’ ),

<f||C(2)||f) =-1.366 <f||C(4)||f) =1.128 (f||C(6)||f) ==-127 p is the overlap integral between the
valence subshells of the ligating atom and the 4/ subshell of the lanthanide ion '4, =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" ion.

Eq. S2 is the expression of the Simple Overlap Model (SOM) for the odd part of the ligand
field 1> and the charge factord represents, by means of the product -epd, the shared
charged between the lanthanide 4f'and the ligating atom valence orbitals. In the present work,
g9 was considered equal to 1. The Bond Overlap Model (BOM, Eq. S3) for the Dynamic
Coupling mechanism also takes into account the covalency effect by the overlap
polarizabilities ®op 15, These quantities are closely related to the covalent fraction of a
chemical bond %18 and can be estimated by:

e?p?R?
%or = e

(S4)

where € is the electron charge, R is the length of the bond, and A¢ is the excitation energy

associated with the chemical bond.

The JOYSpectra program!® was employed to calculate the 9" and their FED
contributions (QFED) that are essential for estimates of the intramolecular energy transfer rate
by the dipole-dipole mechanism (Eq. S5). Thus, the set of P obtained (in units of 1020

sz) is: QFgD =0.020; QFED =0.250; QFgD = 0.4—82'

4.3 Intramolecular energy transfer rates

Intramolecular energy transfer (IET) rates were calculated taking into account individual
mechanisms, namely: dipole-dipole (Wd—d), dipole-multipole (Wd -m), and exchange (Wex).
These mechanisms are calculated according to Eqgs. S5-S7.13-20 These calculations also take
into consideration the selection rules on J quantum number, which are of paramount

importance in interpreting experimental results.!?

15



The dipole-dipole contribution can be calculated as,

2
_Si(1-01)"4re?
d=d= 2]+ 1)G h RS

Y0 R Oy (s3)

K

QFED

where the intensity parameters °* K were estimated in subsection 4.2 Intensity parameters.

The dipole-multipole mechanism (2X-pole, K = 2,4, and 6) is calculated as,

_ % 2me’ (r'y? K| £12 205 5 () (g \ 2
Wd-m—m;(lﬁ' DWU”C 1F)“(1 = o)~ T IIUPNIY))°F (S6)

The exchange mechanism is very sensitive to short-range distances, it can be calculated as

(¢

In the above equations, Ry is the donor-acceptor states distance, estimated in subsection 4.1

_ (1 - 00)2 8me’
(2] + 1)G3hRe

2p (S7)

@IS N9 | Y sl ‘ ¢ )
m )

In silico experiments. The values of the squared reduced matrix elements (#J [U[[W)? are
from Carnall et al.2!. 5L is the dipole strength of the ligand transition involved in IET (10~
and 10~ (esw)’cm® for S, and T), respectively'?), the (") are the 4f radial integrals?223, G is
the ligand state degeneracy (G =10r3 for S, or T}, respectively), {/ ICNf) s the reduced
matrix element of Racah’s tensor operators.

In Eq. S7, ®m is the spin operator in the ligand and *z is the dipole operator (its 2-
component), the value of the element matrix of these coupled operators is in the order of
1073 (esu)®cm? 1324 The (¥ ISI¥)) is the reduced matrix elements of the spin operator, which
were calculated using free-ion wavefunctions in the intermediate coupling scheme.?3-2¢

The shielding factors (1-9%) are important quantities which are related with the overlap
integrals P between the valence orbitals of the pair Ln—X (X is the ligating atom in the

coordination sphere) and they are calculated using the following expressions, 42

p(2B)KTY  forK+#0

1-0,)= R .
(1-0y) p(ﬂ)m forK=0
R,

(S8)

where 8=(1£p)""! is the parameter which defines the centroid of the Ln-X overlap!! and

Rmnin is the Ln-X minimal distance in the first coordination sphere.

16



The F term Eqs. S5-S7 is the spectral overlap factor that considers the energy mismatch
condition between donor and acceptor states.!32° For the case of ligand-to-metal energy

transfer, ¥ can be estimated by:

- (%)Zln(Z)
e L (59)

where 2 is the band maximum energy difference between donor state and lanthanide ion

acceptor state, A=Ep—Ein The "L is the bandwidth at half-height for the donor state, assumed

_ -1
here a typical value of Y2 =3000¢m ™" fr hoth S, and T, states.
The forward energy transfer rates (W) involving the Tb3* ions as acceptors are calculated

by the sum over Egs. S5-S7 in the same pathway:

W=W,_ +W,_ +W,, (S10)

If A is negative, for a given energy transfer pathway, W must be multiplied by the barrier

factor P&/ k5T) where ¥5 is the Boltzmann constant and T is the temperature.

The IET rates from the ligands to the Tb*' ion were calculated using 22 acceptors
transitions, from the ’F¢ and 7F5 as initial states to Dy, D3, °Gg, °Fs, °Gs, °Gy, *H-, He, “Hs,
Lo, °Lg as final states, localized in the Tb** ion. In this sense, a total of 44 IET pathways (22
for S; — Tb>" and 22 for T; — Tb3") were calculated, as Table S6 shows. One can be noticed
that in the specific case of the {Tb(L)(H,0)}.H,O, there are few pathways with acceptor
states in good energy resonance with donors (A close to zero, i.e. pathways 8, 20, and 21), all

of them pathways belong to the S;—Tb3" energy transfer channel and only pathway 21 is

relevant, with a contribution of ~31% to the wy independent of the temperature. Therefore,
this indicates that temperature changes do not affect the behavior of IET rates. The values of
these rates from 12 to 300 K are shown in Table S7.

It is important to mention that the F5 level is separated approximately by 2000 cm! from
the ground 7Fg level,?! consequently, these levels are not so thermally coupled. However, the
nonradiative decay ’Fs—’F¢ has an abnormally long lifetime, having a non-neglected

population. This is the reason behind that the ’Fs level can be considered as an acceptor

level 26,28-30

17



Table S6. IET rates for the {Tb(L)(H,0)}.H,O. A is the energy difference between donor and acceptor states
(in cm™). Waa Wa-m and Wex are rates for the dipole-dipole, dipole—multipole, and exchange energy

transfer mechanisms (in s™'), respectively. W is the sum over them in each pathway while W’ is the
corresponding backward (from acceptor to donor) energy transfer rate, they are multiplied by the barrier

are the total forward (backward) energy transfer rates from the S; and T, states.

Pit:ljz zlly Donor  Acceptor A Wi a Wi m Wy w wb
1 S, TFe—3 Dy 10806 3.32x102 3.94 0.00 3.97 1.24%x1022
2 S, TF¢—3D; 5014 3.31x%10! 3.19 0.00 3.63x10! 1.31x10°
3 S, F¢—3Gg 4827 3.00%103 9.44%103 2.15%10° 2.16x10° 1.91x10*
4 S, 7Fe—3Li 4279 2.16x10°  1.70x10' 0.00 2.18x10°  2.67x10°
5 S, TF¢—Gs 3483 8.43x102  1.66x10*  239x10*  4.14x10*  2.30x103
6 S, TFe—Gy 2963 6.87x102  1.81x10° 0.00 2.49x 103 1.68x 103
7 S, TFe—SLg 1640 0.00 0.00 273%10°  2.73x10° 1.05
8 S F¢—H; -129 0.00 0.00 4.17%103 2.25%103 4.17%103
9 S, "F¢—>Hg -1641 0.00 0.00 2.21%10° 8.43x10! 221%10°
10 S, TF¢—>Hs -2517 0.00 0.00 2.03x10!! 1.16x1016 2.03x10!!
1 S, 7F4—5Fs -3684 0.00 0.00 401x105  852x10°  4.01x10°
12 S TF5—D, 12854 1.85% 103 1.76 3.85x10°! 2.14 3.61x1077
13 S, 7F5—3D; 7062 1.19x100 454102 0.00 4.65%102  9.10x10-3
14 S, TF5—5Gg 6875 5.16x100  437x10°  691x10°  1.I3x10*  5.43x10!!
15 Si TFs—3Lio 6327 1.24%10! 5.27%x102 0.00 1.24x10! 8.25%1013
16 S, TFs—3Gs 5531 1.13x10?2 3.97%10? 2.77%10° 2.78%10° 8.39%107
17 S, TFs—3Gy 5011 5.52%10! 3.00x103 6.80%103 9.85%103 3.60%107
18 S, 7F5—SLg 3688 0.00 0.00 2.59x10'  2.59x10' 5.39x 107
19 S, 7Fs—H, 1919 0.00 0.00 0.00 0.00 0.00
20 S, TFs—Hg 407 0.00 0.00 520x10°  5.29x10° 7.51x102
21 S TFs—SH; -469 0.00 0.00 8.23x10° 8.68x10* 8.23x10°
22 S, TFs—3F5 -1636 0.00 0.00 1.19%10° 4.67x10? 1.19x10°
W 2.60x10° -
wh - 2.64%10°
23 T, TF¢—3Dy 2283 1.79 2.12x10? 0.00 2.14%10? 3.76x10°3
24 T, F¢—3D; -3509 8.88x 10! 8.58x 102 0.00 4.79%108 9.74% 10!
25 T, F¢—3Gg -3696 6.30% 10! 1.98% 102 4.51x10° 9.05%x102 4.51x10°
26 T, 7Fe—Ly 4244 221x100  1.74x10" 0.00 323x108  2.23x10'
27 T, 7F6—3Gs -5040 3.04 5.99x10'  8.60x10°  2.76x107  8.67x103
28 T, TFe—Gy -5560 1.25 3.29 0.00 1.19x 101! 4.53
29 T, TF¢—3L¢ -6883 0.00 0.00 8.74x%10! 4.04%x1013 8.74x%10!
30 T, F¢—H, -8652 0.00 0.00 1.31x10! 1.25%1017 1.31x%10!
31 T, "Fe—>Hg -10164 0.00 0.00 9.52% 10! 6.45%1020 9.52x10!
32 T, 7F¢—>Hs -11040 0.00 0.00 277x1015  2.81x10%8  2.77x10°5
33 T, 7F¢—Fs -12207 0.00 0.00 1.18x10'  4.45x1025  1.18x10'
34 T, 7F5—5D, 4331 1.24 118108 3.05x10*  3.17x10*  3.02x10%
35 T, TF5—D; 1461 3.97 1.52x102 0.00 1.41x10"! 1.56x 102
36 T, TFs—3Gq -1648 1.35%10! 1.14x103 2.14%10° 7.94x10! 2.15%10°
37 T, TFs—3Lio -2196 1.58 6.71x%103 0.00 423%x103 1.58
38 T, TFs—3Gs -2992 5.05 1.78x% 10! 1.47%106 8.62x 10! 1.47%106
39 T, TF5—3G, 3512 1.25 6.80x10'  1.82x10*  8.85x10 1.82x 10
40 T, TF5—SLg 4835 0.00 0.00 122x10"  1.04x10° 1.22x10!
41 T, TF5—SH, 6604 0.00 0.00 0.00 0.00 0.00
42 T, TFs—SHg 8116 0.00 0.00 336x100  4.19x107%6  3.36x10!
43 T, TFs—SH; -8992 0.00 0.00 1.65x103 3.09x1016 1.65%x103
44 T, TFs—3F5 -10159 0.00 0.00 5.18x 102 3.59%101° 5.18% 102
Wy 3.20x10* -
we - 6.22x10°
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Table S7. Total forward and backward IET rates (in s!) and lifetimes* (in ms) with the
change of temperature for the {Tb(L)(H,0)}.H,O material. The “s was fixed at 100 s **,

Temperature (K)

16

20

50
100
150
200
250
275
300

WS
2.51x10°6
2.51x10°6
2.51x10°
2.51x10°6
2.52x10°6
2.54x%106
2.57%x10°
2.59x10°6
2.60x10°

* Experimentally measured.
** Since the S; can be observed within a delay of 10- s, as shown by the time-resolved emission
spectra excited at 270 nm in Figure S8, this value may be acceptable.

4.4 Rate equations

wg
2.64x10°
2.64x10°
2.64x10°
2.64x10°
2.64x10°
2.64x106
2.64x10°
2.64x10°
2.64x10°

Wy
3.19%x104
3.19x10*
3.19x10*
3.19x10*
3.19x104
3.19x104
3.19x104
3.19x104
3.20x10*

Wy
6.22x10°
6.22x10°
6.22%10°
6.22x10°
6.22x10°
6.22x10°
6.22x10°
6.22x10°
6.22x10°

2
0.28
0.28
0.29
0.31
0.31
0.33
0.31
0.32
0.31

Yy
604.17
704.47
682.66
698.71
419.50
123.14

Based on the IET rates and the schematic energy level diagram (Figure 7), is possible to

construct an appropriate set of ordinary differential equations (ODEs) with boundary

conditions and solve it from the initial state (t = 0 s) until reaching the steady-state regime,

where all states are in a dynamic equilibrium. To simplify the setup of the rate equations,

groups of levels are represented in brackets |n) (as depicted in Figure 7) and their respective

population as P, Thus, a 5-level set of ODEs with initial conditions (when t = 0 s) is given

by:

dPt— 1+W
210 = —tWr

T

ODE

)P1(t) + WPy (t) + WEPL(t)

1
%Pz(t) = (— + Wi+ WS)PZ(t) + PPy (t) + WoP,(D)

d
—P3() == Wiy + WP+ WE)P3(1) + WP,y(t)

Ts

Initial

condition

P,(0)=0

Py(0)=0

P,(0)=0

Level

(or Levels)

T,

Si

5D3 to 5F5

(S11)

(S12)

(S13)
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1
%p4(t) — (T_)P4(t) + Wy, Po(t) + WP, (t) P,(0)=0 "D, (S14)
4

d 1 1 1
7500 == @P(6) + —P1 () + —Py(8) + —P4(6) Py(0)=1  S;and7Fs (S15)
Tp g T,

where 7, s, and ™4 are the lifetimes of the Ty, S;, and D, levels, respectively. Wisc is the
intersystem crossing rate S; — Ty, which is sensitive to the energy gap between the S; and T,
state 3! and, in the present case, such energy gap of ~8500 cm™' may lead to a reasonable
value of Wisc~106 s1.3233 W3-4 s the nonradiative decay from upper levels of Tb** to the
emitting 5D, level that is in the order of ~106 s for Ln**-chelates.’> W7 and Ws are the

forward ligand-to-Tb energy transfer rates while the backward Tb-to-ligand rates are
b b
represented by a superscript b (W1 and W), see Table S7.
The pumping rate $~136 s-! was estimated using,

ap Aexc

b= e (S16)

where 0 (~10-1® cm?) is the absorption cross-section of the organic ligands, P (~ 1 W/cm™) is

A

the power density of the excitation source at “exc = 270 nm. The h and ¢ are the constants of

Planck and the speed of light. If the power density is increased (e.g. # =10 W/cm2, leading to
$~1360 g1), it will reflect in a higher depopulation of the ground-level (P 0, Eq. S15) and, of
course, increasing mainly the populations of T; and Dy levels. However, at the equilibrium,
the ratio between the populations Py (n# 0, the ground-level) are the same as those with # =1
W/cm=. This makes the population analysis of the T; and D, independent of the power
density.

The ODEs (Egs. S11-S15) were solved using the fourth-order Runge-Kutta method with

adaptive stepsize.3*

Table S8. Population fractions in the steady-state regime for the 5-levels system represented
as represented in Figure 7.

Temperature (K) Py P, Py Py Py
16 2.79%1073 3.45%10°3 8.78x10° 2.77%102 9.69x 10!
20 2.79%103 3.45%10°3 8.78x10° 2.70x 102 9.70x 10!
50 2.79%103 3.44x%x10-5 8.77x10° 2.85x102 9.69% 10!
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100

150

200

2.79%x103
2.79%x103

2.78x103

3.44%10°
3.43x10°3

3.41%105

8.76x10°
8.77x10¢

8.79%x10¢

3.00x102
2.98x102

3.22x10?

9.67x10!
9.67x10!

9.65%x 10!
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Figure S14. Population fraction as a function of time for the 3Dy, T, (both left-side scale) and the ground state |0) (right-side scale) when the

temperature is changed from 16 to 200 K. The hypothetical case, where the *7 and *s are shorter, is illustrated in the last graph at the bottom.
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