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TBRb DOcORb

Fig. S5. X-ray crystal structure of TBRb and DOcORD (only these two of the three
derivatives could be defined successfully). a-, b-, and c-axis are shown in red, green, and
blue, respectively (in the top row, c-axis is normal to the sheet).



Table S1. Crystallographic data for TBRb and DOcORD.

Compound TBRb DOcORb
empirical formula CssHeo CssHs902
formula weight 757.06 788.05
T (K) 293(2) 346.15
crystal system triclinic monoclinic
space group P1 P12I/m1
a(A) 6.7599(3) 12.0181(5)
b (A) 12.3329(5)  27.3671(10)
c(A) 14.0691(4) 14.8672(6)
a (degree) 92.553(3) 90
p (degree) 99.746(3) 108.077(4)
y (degree) 104.374(3) 90
cell volume (A%) 1115.20(7) 4648.5(3)
Z 1 4
density (g cm™) 1.127 1.126
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Fig. S6. Example of absorption spectrum of PATPTAP:TBRb cast film (concentration
ratio [PATPTAP]:[TBRb] = 1:20000) after baseline correction measured by using the
microspectroscopic system (red line) together with the solution spectrum of PATPTAP in

tetrahydrofuran (blue line). The solution spectrum was scaled to match the film spectrum.
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Fig. S7. (a) Spectrum of laser scattering (red) was totally blocked by inserting a 700-nm
short-pass filter in the detection path (green), and further added two excitation-cut filters
(blue). (b) Emission spectrum of PATPTAP:TBRb film ([sensitizer]:[emitter]=1:2000)
through the 700-nm short-pass filter (green) and further added the two excitation-cut filters
(blue). The 700-nm short-pass filter (Thorlabs FESH0700) was O.D. >5 at 800 nm and the
excitation cut filter (Hoya E-CM500S) was O.D. 3 at 800 nm for a single piece. All data was
excited by 800-nm nanosecond laser pulses (10 ns, 1 kHz, 22 kW cm™ at the sample position)
and detected by the same detection optics except for the filter combinations. A SMA-
connected fiber spectrometer (OceanOptics USB2000) was used instead of the SMA-
connected avalanche photodiode used for the time profile measurements by reconnecting a
SMA-connecter terminated optical fiber from the detection optics. Spectral correction for the
spectrometer was not applied for these data.



Fig. S8. Parallel polarization (left column) and crossed Nicole (right column)
microscopic transmission images of the mixed cast films of the rubrene
derivatives: (a) TBRb, (b)DMeORD, and (c) DOcORb with the molar ratio of
[sensitizer] : [emitter]=1 : 2000. The bars indicate 100 pm.
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(a) (b)

Fig. S9. Microscopic transmission images of the cast films of pristine TBRb, at

different sample positions ((a) and (b)). The bars indicate 100 um.
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Fig. S10. Bidirectional excitation intensity dependence of the upconverted emission of the
mixed cast solid films of (a) PATPTAP:TBRb, (b) PATPTAP:DMeORb, and (c)
PATPTAP: DOcORD, excited at 785 nm by cw irradiation. The concentration ratio was
[PATPTAP]:[emitter] = 1:2000 for all. The excitation intensity increased and then decreased
during the measurement (i.e., round trip).
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Fig. S11. The excitation intensity dependence of upconversion quantum efficiency nyc of

the mixed cast solid films of (a) PATPTAP:TBRb, (b) PATPTAP:DMeORD, and (c)

PATPTAP: DOcORD, excited at 785 nm by cw irradiation. The concentration ratio was

[PATPTAP]:[emitter] = 1:2000 for all. These data were obtained after processing the data in

Fig. 4. The solid curves are the curve fits with the theoretical expression, nyc =

a (1 + —1—M)
bx

maximum UC efficiency for the strong excitation limit [from Y. Murakami, K. Kamada, Phys.
Chem. Chem. Phys. 2021, 23, 18268].

where x and b are the same as in eq. | in the main text but a = n{, the
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Fig. S12. Overlap of the area-normalized fluorescence spectrum
(black curve) of emitter: (a) TBRb, (b)DMeORb, and (c)
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toluene, red curve). The calculated value of overlap integral J is

shown in each panel.
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Fig. S13. Prompt fluorescence decay curves of the pristine (pure) cast solids of TBRb
(symbol) excited at 52010 nm with the double-exponential fit (solid line).
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Fig. S14. Sensitizer concentration dependence of I, for the mixed cast solids with the
rubrene derivatives: PATPTAP:TBRb (red circle), PATPTAP:DMeORDb (green square),
and PATPTAP:DOcORD (blue diamond).
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Fig. S15. Upconversion emission time profile of the mixed films (solid line) of (a)
PATPTAP:TBRb, (b) PATPTAP:DMeORDb, and (c) PATPTAP:DOcORb recorded in
short (-0.1 to 0.4 s, linear) and long (0.4 to 100 ps, logarithmic) time scales plotted to the
same vertical axis. The data are normalized at 0 pus for the short-scale data. Magnitude of the
long-scale data was scaled so that they matched to the short-scale data at the overlap time (0.4
us). The data of each film was vertically shifted for visibility. The dotted lines are also the
long-scale data but plotted with vertical magnification with the shown factors. The
concentration ratio of the samples was [sensitizer]:[emitter] = 1:2000. The samples were

excited by nanosecond pulses at 800 nm (10 ns, 22 kW c¢cm2, at 1 kHz repetition).
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Fig. S16. Nanosecond-scale time profile of upconversion emission of the mixed films of
(a),(d) PATPTAP:TBRb, (b),(d) PATPTAP:DMeORD, and (c),(f) PATPTAP:DOcORDb
with different concentration ratios of the sensitizer and the corresponding emitter as shown
in each panel. The samples were excited by nanosecond pulses at 800 nm (10 ns, at 1 kHz
repetition) with 22 kW ¢cm™ ((a)-(c)) and 6.5 kW cm ((d)—(f)). Emission at the wavelengths
shorter than 700 nm was detected through 700-nm short pass and two excitation cut filters.
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Fig. S17. Time profile of the prompt fluorescence (red solid curve) of the pristine films (no
sensitizer) of (a) TBRb, (b) DMeORb, and (¢c) DOcORb by two-photon excitation with
femtosecond laser pulses (800 nm, 120 fs, 4.2 GW cm). The results of convolution (green
dash-and-dotted curve) of the material response of the exponential decay time constant (7 =
(a) 4 ns, (b) 4 ns, (¢) 5 ns) with the instrumental response function (black dotted curve) are
also presented. The same detection setup was used as for the nanosecond excitation

measurements as in Figs. S15 and S16, S18. Emission at the wavelengths shorter than 700
nm was detected.
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Fig. S18. Emission time profile of TBRb cast films without (pristine, blue dashed curve)
and with PATPTAP ([sensitizer]:[emitter]=1:1000, red solid curve), both excited by
nanosecond laser pulses (10 ns, 1 kHz, 6.5 kW cm™). Emission at the wavelengths shorter
than 700 nm was detected.

19



(a) (b)

Log (Normalized Signal Intensity)
Log (Normalized Signal Intensity)

T T T T 1 T T T T 1
0 20 40 60 80 0 20 40 60 80
Time (us) Time (us)
()
. .
= ) -
‘@
c
]
kS
©
[y
2
0
e}
N -
©
g '
o
=3 ' \
(o))
o
-

I T T T 1
0 20 40 60 80

Time (us)

Fig. S19. Semi-log plot of the microsecond-scale time profiles of UC emission of the mixed
films of (a) PATPTAP:TBRb, (b) PATPTAP:DMeORD, and (c) PATPTAP:DOcORDb with
various concentration ratios (from bottom to top, [sensitizer]:[emitter] = 1:500, 1:2000,
1:5000, 1:10000, 1:20000) excited by nanosecond laser pulses (10 ns, 22 kW cm). One
division of the vertical scale is ten times. Each data was shifted vertically by one division for
readability.
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Table S2. Best fit parameters to the microsecond-scale emission time profile presented in Fig.

S14 by eq. 3.

Emitter A B TR /ps Ty /ps f oY rhast (TreT) ®rer
[S]:[E] / ns / ns / ps
TBRb
1:500 72% 28% 6.6 92.6 0 6.2 40 1.7 90%
1:2000 74% 26% 10.9 90.7 0 9.7 40 2.5 85%
1:5000 78% 22% 17.6 89.5 0 14.7 20 32 80%
1:10000 81% 19% 21.6 93.2 0 17.6 40 33 80%
1:20000 100% 0% — 109 0 109 40 0.0 100%
DMeORb
1:500 64% 36% 0.8 394 0.629 0.8 40 0.3 98%
1:2000 62% 38% 1.1 77.3 0.490 1.1 40 0.4 98%
1:5000 65% 35% 1.4 106.8 0.317 1.4 20 0.5 97%
1:10000 72% 28% 2.0 139.6 0.158 2.0 40 0.5 97%
1:20000 78% 22% 0.0 99.7 0.136 2.0 40 0.4 97%
DOeORb
1:500 64% 36% 32 110.9 0.425 3.1 40 1.1 93%
1:2000 62% 38% 3.8 154.3 0.000 3.7 40 1.4 91%
1:5000 64% 36% 4.7 170.3 0.000 4.6 20 1.7 90%
1:10000 68% 32% 53 195.8 0.000 5.2 40 1.6 90%
1:20000 75% 25% 0.0 193.6 0.000 7.4 40 1.8 89%
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Table S3. Optimized geometry of the singlet ground state of rubrene (Rb) at B3LYP/6-31G(d).
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Table S4. Optimized geometry of the triplet ground state of rubrene (Rb) at B3LYP/6-31G(d).
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Table S5.

Optimized geometry of the singlet ground state of TBRb at B3LYP/6-31G(d).
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Table S6. Optimized geometry of the triplet ground state of TBRb at B3LYP/6-31G(d).
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Table S7. Optimized geometry of the singlet ground state of DMeORb at B3LYP/6-31G(d).
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Table S8. Optimized geometry of the triplet ground state of DMeORDb at B3LYP/6-31G(d).
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.87741
.87726
.97568
.15702
.85157
.15687
.97555
.85141




Table S9. Optimized geometry of the singlet ground state of the model of DOcORb (each octyl
group is replaced with ethyl group) at B3LYP/6-31G(d).

C 3.44543 -0.69309 -0.21368 H -1.20166 -3.63404 -1.15635
C 4.71105 -1.30756 -0.50616 H -2.72070 -2.37197 0.73280
C 5.89235 -0.65927 -0.27291 (0] -5.14186 -1.21011 0.43642
C 5.89273 0.65594 0.27286 (0] -5.14115 1.21299 -0.43673
C 4.71181 1.30489 0.50616 H -2.71929 2.37348 -0.73294
C 3.44583 0.69114 0.21374 H 0.61462 2.39251 -2.52869
C 2.22890 1.39694 0.29682 H 0.46211 4.70935 -3.39204
C 2.25603 2.79490 0.83435 H -0.52087 6.50477 -1.97478
C 1.78092 3.02699 2.13511 H -1.35071 5.95350 0.30552
C 1.86467 4.29322 2.71439 H -1.20019 3.63468 1.15605
C 2.42549 5.35385 2.00126 H 1.34903 -2.20184 -2.69485
C 2.90524 5.13611 0.70808 H 1.49313 -4.44999 -3.72507
C 2.82740 3.86762 0.13365 H 2.48733 -6.34311 -2.44977
C 0.99569 0.72681 0.02839 H 3.33901 -5.95775 -0.14382
C 0.99529 -0.72739 -0.02824 H 3.19899 -3.70679 0.87296
C -0.24504 -1.41614 0.18684 C -5.23315 2.56115 -0.89759
C -0.27547 -2.84968 0.62191 C -5.23465 -2.55813 0.89752
C 0.18665 -3.17565 1.90712 C -6.70738 2.89157 -1.05128
C 0.09795 -4.48061 2.39253 H -4.70188 2.66141 -1.85464
C -0.45652 -5.48659 1.59979 H -4.74937 3.23308 -0.17464
C -0.92437 -5.17558 0.32125 C -6.70907 -2.88751 1.05170
C -0.84046 -3.86894 -0.15949 H -4.70317 -2.65855 1.85443
C -1.45503 -0.70576 0.15967 H -4.75155 -3.23055 0.17456
c -2.72111 -1.34062 0.41197 H -7.22985 -2.78309 0.09476
C -3.90719 -0.68525 0.23073 H -7.18095 -2.21561 1.77537
C -3.90678 0.68745 -0.23092 H -6.82873 -3.91805 1.40329
C -2.72031 1.34214 -0.41208 H -7.18072 2.21712 -1.77162
C -1.45462 0.70656 -0.15969 H -6.82631 3.92073 -1.40712
C -0.24423 1.41626 -0.18677 H -7.22729 2.79175 -0.09337
C -0.27384 2.84980 -0.62190
C 0.18883 3.17549 -1.90698
C 0.10093 4.48048 -2.39246
C -0.45327 5.48677 -1.59993
C -0.92168 5.17603 -0.32152
C -0.83857 3.86936 0.15930
C 2.22810 -1.39821 -0.29671
C 2.25442 -2.79618 -0.83426
C 1.77894 -3.02800 -2.13493
C 1.86191 -4.29426 -2.71425
C 2.42234 -5.35519 -2.00124
C 2.90246 -5.13772 -0.70816
C 2.82539 -3.86920 -0.13370
H 4.72126 -2.31454 -0.90485
H 6.83532 -1.15283 -0.49314
H 6.83599 1.14896 0.49304
H 4.72261 2.31187 0.90485
H 1.35070 2.20106 2.69512
H 1.49616 4.44915 3.72529
H 2.49108 6.34174 2.44976
H 3.34210 5.95591 0.14364
H 3.20071 3.70501 -0.87308
H 0.61264 -2.39290 2.52898
H 0.45871 -4.70969 3.39222
H -0.52474 -6.50458 1.97459
H -1.35359 -5.95282 -0.30594
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Table S10. Optimized geometry of the triplet ground state of the model of DOcORD (each octyl
group is replaced with ethyl group) at B3LYP/6-31G(d).

C -3.47866 0.68401 -0.21282 H 2.72438 2.36919 0.69713
C -4.71651 1.30203 -0.47994 (0] 5.16086 1.23575 0.40842
C -5.92665 0.64761 -0.25294 (0] 5.16161 -1.23260 -0.40856
C -5.92622 -0.65115 0.25340 H 2.72583 -2.36751 -0.69732
C -4.71565 -1.30483 0.48025 H -0.81739 -2.31555 -2.51765
C -3.47822 -0.68604 0.21298 H -0.74454 -4.60505 -3.45676
C -2.21794 -1.39636 0.32063 H 0.35357 -6.44126 -2.18276
C -2.21818 -2.76517 0.91442 H 1.37246 -5.95691 0.03545
C -1.63031 -2.95830 2.17652 H 1.29923 -3.66726 0.96407
C -1.66317 -4.20408 2.80226 H -1.15420 2.11552 -2.66975
C -2.28298 -5.28712 2.17667 H -1.21206 4.32585 -3.78267
C -2.87057 -5.11143 0.92220 H -2.31307 6.25797 -2.66197
C -2.84429 -3.86319 0.30120 H -3.35232 5.94791 -0.42211
C -0.99427 -0.73390 0.02342 H -3.29586 3.73675 0.67957
C -0.99471 0.73336 -0.02364 C 5.23405 -2.58936 -0.84489
C 0.22770 1.41242 0.22363 C 5.23247 2.59253 0.84484
C 0.23480 2.82368 0.71010 C 6.70429 -2.94293 -0.98745
C -0.34160 3.11485 1.95834 H 4.70679 -2.70180 -1.80286
C -0.29985 4.40498 2.48632 H 4.74088 -3.24414 -0.11227
C 0.31842 5.43453 1.77482 C 6.70249 2.94697 0.98748
C 0.89498 5.16117 0.53273 H 4.70510 2.70460 1.80279
C 0.85926 3.86901 0.00930 H 4.73894 3.24706 0.11223
C 1.48280 0.69398 0.16539 H 7.22069 2.83437 0.03010
C 2.72351 1.33304 0.39084 H 7.18687 2.29359 1.71975
C 3.93569 0.67771 0.21390 H 6.80823 3.98472 1.32191
C 3.93610 -0.67531 -0.21405 H 7.18831 -2.28931 -1.71975
C 2.72433 -1.33137 -0.39101 H 6.81067 -3.98064 -1.32181
C 1.48322 -0.69306 -0.16558 H 7.22238 -2.82995 -0.03005
C 0.22854 -1.41224 -0.22383
C 0.23644 -2.82355 -0.71014
C -0.33951 -3.11514 -1.95850
C -0.29703 -4.40531 -2.48630
C 0.32150 -5.43450 -1.77451
C 0.89759 -5.16073 -0.53229
C 0.86115 -3.86852 -0.00903
C -2.21882 1.39508 -0.32069
C -2.21998 2.76388 -0.91451
C -1.63277 2.95725 -2.17688
C -1.66654 4.20299 -2.80266
C -2.28661 5.28575 -2.17684
C -2.87354 5.10982 -0.92209
C -2.84636 3.86161 -0.30106
H -4.73035 2.31705 -0.85785
H -6.86235 1.15913 -0.46196
H -6.86158 -1.16325 0.46253
H -4.72881 -2.31987 0.85814
H -1.15193 -2.11634 2.66920
H -1.20818 -4.32675 3.78205
H -2.30874 -6.25938 2.66178
H -3.34916 -5.94974 0.42240
H -3.29429 -3.73851 -0.67921
H -0.81927 2.314098 2.51726
H -0.74772 4.60439 3.45668
H 0.34992 6.44126 2.18320
H 1.36966 5.95763 -0.03477
H 1.29773 3.66807 -0.96369

30




