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Table S1: Vertical transition energies for the QUEST 1 data set.

Excitation Energy (eV)®

Error (eV)©

Molecule State® TD- spin-flip? TBE TD- spin-flip?
B3LYP SF SA-SF B3LYP SF SA-SF
acetaldehyde ‘1A"(V; n— ") 4.29 443  4.60 4.31 —0.02 0.12 0.29
‘SA”(V; n — ) 3.67 3.09 3.80 3.97 -0.30 -0.88 —0.18
acetylene Yy (Vi — %) 6.60 6.21  6.94 7.10 -0.50 —-0.89 —0.16
AWV — %) 6.76 6.88  7.08 7.44 —-0.68 —0.56 —0.36
1A2(R; n — 3s) 5.96 6.00 7.18 6.59 —-0.63 —0.59 0.59
ammonia 'E(R;n — 3p) 7.21 736  7.60 8.16 —-0.95 —-0.80 —0.56
3A2(R;n — 3s) 5.69 5.99  6.55 6.31 —-0.63 —0.32 0.24
M(Vin — ) 8.55 7.09 824 8.49 0.06 —-1.40 —0.25
carbon monoxide X7 (V;7m — 7*) 9.64 8.35  9.44 9.92 —-0.28 —1.57 —0.48
TI(Vin — %) 6.01 6.75  6.14 6.28 —0.27 047 —0.14
IBi(V;o — %) 6.15 6.09  6.40 6.68 —-0.53 —-0.59 —0.28
cyclopropene 1By (Vi — %) 6.38 6.37  6.50 6.79 —-0.41 —-0.42 —-0.29
3By (Vi — %) 4.08 4.56  4.06 4.38 —0.30 0.18 —0.32
TAy(Vim — %) 3.02 295 3.11 3.14 —0.12 —-0.19 —0.03
diazomethane IB1(R; 7 — 3s) 5.16 4.66  5.58 5.54 —-0.38 —0.88 0.04
AL (V7 — %) 5.93 4.99  5.86 5.90 0.03 —-0.91 —0.04
3Ax(Vym — ) 258 1.85 2.63  2.79 -0.21 —-0.94 —0.16
Mg (Vin — %) 9.29 8.40  9.13 9.34 —-0.05 —-0.94 —0.21
dinitrogen ISy (Vi — %) 9.34 8.50  9.37 9.88 —-0.54 —1.38 —0.51
3LV — ) 7.51 744 785 7.70 —-0.19 —0.26 0.15
B3y (R;m — 3s) 6.63 6.59  6.72 7.39 -0.76 —0.80 —0.67
ethylene IByy(Vym — %) 7.18 723 731 7.93 —-0.75 —-0.70 —0.62
3Biu(V;m — %) 442 481 429 454 —0.12 027 —0.25
TA,(Vin — o) 394 409 422 3.98 —0.04 011 024
formaldehyde IBa(R;n — 3s) 6.38 6.40  6.88 7.23 —-0.85 —0.83 —0.35
3A2(Vin — m*) 3.27 2.69  3.39 3.58 -0.31 —-0.89 —0.19
TA"(Vin — ) 5.57 5.16  5.38 5.65 —-0.08 —-0.49 —0.27
formamide TA'(R;n — 3s) 6.11 6.56  6.87 6.81 —-0.70 —-0.25 0.06
A" (Vin — %) 5.05 4.99  5.51 5.38 —-0.33 —0.39 0.13
hydrogen chloride TI(CT) 7.35 7.54  7.81 7.84 —-0.49 —-0.30 —0.03
TA2(R;n — 4p) 5.75 5.75  5.90 6.18 —0.43 —-0.43 —0.28
hydrogen sulfide IBy(R;n — 4s) 5.97 5.85 6.45 6.24 —-0.27 -0.39 0.21
3A2(R;n — 4p) 5.42 5.72  6.05 5.81 —-0.39 —0.09 0.23
TAo(Vim — %) 3.89 394 4.13 3.85 0.04 0.09 0.28
ketene IBy(R;n — 3s) 5.63 5.54  5.93 6.01 —-0.38 —0.47 0.08
3A2(Vyn — m*) 3.53 3.07  3.65 3.77 —-0.25 —0.70 0.12
ethanamine TA"(Vin — %) 512 527 542 523 —0.11 0.04 019
BA(Vyn — m*) 4.20 3.90 4.50 4.65 —-0.45 —-0.75 —0.15
TA"(Vin — %) 1.92 1.94  1.99 1.96 —0.05 —0.02 0.03
nitrosomethane TA'(Vyn,n — 7, 7%) 5.60 4.74 4.75 4.76 0.84 -0.03 —0.01
BA"(Vin — m*) 0.86 1.37 0.89 1.16 -0.30  0.21 —0.27
streptocyanine-C1 IBo(Vim — %) 7.90 743 713 7.13 0.77 0.30 0.00
3Bo(Vym — %) 5.11 5.74  5.28 5.52 —0.41 0.22 —0.24
IB1(R;n — 3s) 2.23 2.24 246 2.22 0.01 0.02 0.24
thioformaldehyde  1Ba(R;n — 4s) 5.40 4.80 5.86 5.96 —-0.56 —1.16 —0.10
3A2(Vin — m*) 1.67 2.06  1.93 1.95 —0.28 0.11  —0.02
IB1(R;n — 3s) 6.93 6.81 8.14 7.62 —0.69 —0.81 0.51
water 1A2(R; n — 3p) 8.34 8.38 8.53 9.41 —-1.07 —-1.03 —-0.88
3B1(R;n — 3s) 6.58 6.68  7.33 7.25 —0.67 —0.57 0.08
MAE 0.40 0.55 0.25
RMSE 0.48 0.67 0.31
Mean —-0.33 —-0.46 —0.10

@Characterized as valence (V), Rydberg (R), or charge transfer (CT), according to Ref. 1.
bTDDFT calculations use the aug-cc-pVTZ basis set and TBE values are from Ref. 1.
“Relative to TBE values [Eq. (16)].

dUsing the BH&HLYP functional.
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Table S2: Vertical transition energies for the QUEST 3 data set.

Excitation Energy (eV)®

Error (eV)®

Molecule State TD- spin-flip© TBE TD- spin-flip©
B3LYP SF  MRSF SASF B3LYP = SF MRSF SASF
TAs(n %) 443 458 435 478 447 004 011 012 031
acetone 1By (n — 3s) 576 596  6.02 645  6.46 070 —0.50 —0.44  —0.01
8An(n —+ )  3.84 327 344 399 413 029 -0.86 —0.69 —0.14
TA”(n %) 359 386 358 399 3.8 019 008 —020 021
acrolein LA/ (1 — 7%) 620 560 624 642  6.69 049 —1.09 —0.45 —0.27
BA(n - 7*)  3.06 253 2.83 340  3.51 045 —0.98 —0.68 —0.11
Bou(m — %) 542 440 541 554  5.06 036 —066 035 048
benzene IByy(r —7*)  6.03 587 620 630 645 042 —058 —0.16 —0.15
8Biu(r — ) 419 381 457 466  4.16 0.03 —0.35 041  0.50
Bu(r %) 570 570 577 559  6.22 052 —052 045 —0.63
butadiene 1By (m — 35) 596 580 593 598  6.33 —0.37 —053 —040 —0.35
8Bu(m — ) 317 362 312 347  3.36 019 026 —024 0.1
IS—(r ") 515 496 544 546 580 065 084 036 034
cyanoacetylene IA(r — %) 531 554 551 575 6.07 —0.76 053 —0.56 —0.32
8t(r s w*) 415 4.66 500 522 444 029 022 065  0.78
TA"(n %) 372 390 358 403 3.8l 009 0.09 023 022
cyanoformaldehyde IAY(mr —7*) 548 633 645  6.72  6.46 098 —0.13 —001  0.26
BA"(n —7*)  3.07 246  2.65 325  3.44 —0.37 098 —079  —0.19
I a(r > ") 565 541 599  6.08  6.39 074 —098 —040 031
cyanogen A (r —7*) 586 610 606 636  6.66 ~0.80 —0.56 —0.60 —0.30

u
Bo(r » ) 513 515 524 519 554 041 039 030 —0.35
cyclopentadiene 1A, (m — 3s) 5.34 5.38 5.42 5.38 5.78 —0.44 —0.40 —0.36 —0.40
8By(r — %) 311 354 3.07 335 331 020 023 —024  0.04
Bi(n—n%) 400 406 402 424 426 026 020 024 002
cyclopropenone IAs(n—7*) 550 476 531 537 555 ~0.05 —0.79 —024 —0.18
8Bi(n — %)  3.60 298 343 376  3.93 —033  —095 —0.50 —0.17
TAs(n %) 304 270 341 314 341 037 071 000 027
cyclopropenethione 1By(n—7*) 340 318 350  3.39  3.45 005 -027 005 —0.06
BAg(n — %) 287 240  3.02 307  3.28 041 —0.88 —0.26 —0.21
. So(r - %) 472 456 468 500 533 061  —077 065 024
diacetylene 1 .

Au(r =) 484 509 480 520  5.60 076 —0.51 —0.80 —0.31
TAs (7 — 3s) 553 547 556 568  6.09 056 —0.62 053 041
furan IBy(m —7*) 598 584 607  6.03  6.37 039 —053 —030 —0.34
8By(m — m*) 405 436  3.85 414  4.20 ~0.15 016 —0.35 —0.06
ol TAu(n - %) 257 314 312 310  2.88 031 026 024 022
glyoxa BAu(n — ) 197 209 252 260  2.49 052 —0.40 003 0.1
TA” (7 — 3s) 516 513 574 539 571 —055 —058 003 —032
imidazole LAY (1 — %) 593 585 627 613 641 048 —056 —0.14 —0.28
BA/(m — ) 454 490 566 467 473 —019 017 093  —0.06
B, (7 — 3s) 571 590 616  6.02  6.46 075  —056 030 —0.44
isobutene A1 (7 — 3p) 638 663 640 650  7.01 ~0.63 —038 —0.61 —0.51
8Ai(m — ) 435 478 599 420 453 018 025 146 —0.24
By(m — %) 408 437 438 525 428 020 009 010 097
methylenecyclopropene  1Bj(m — 3s) 4.90 4.94 5.09 5.71 5.44 —-0.54 —-0.50 —0.35 0.27
8By(m — *) 311 357 315 344 3.49 038  0.08 —0.34 —0.05

*TDDFT calculations use the aug-cc-pVTZ basis set and TBE values are from Ref. 2.
bRelative to TBE values [Eq. (16)].
¢Using the BH&HLYP functional.
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Table S3: Continuation of Table S2.

Excitation Energy (eV)®

Error (eV)?

Molecule State TD- spin-flip© TBE TD- spin-flip®
B3LYP SF MRSF SA-SF B3LYP SF MRSF  SA-SF
1A”(n — ") 3.72 3.91 3.58 4.04 3.80 —0.08 0.11 —0.22 0.24
propynal LA (m — ) 4.70 5.49 5.58 5.87 5.54 —-0.84 —0.05 0.04 0.33
BA"(n — %) 3.12 2.49 2.70 3.31 3.47 —-0.35 —0.98 -0.77  —0.16
Bau(n — 7*) 3.99 4.50 4.51 4.46 4.15 —0.16 0.35 0.36 0.31
pyrazine TAu(n — ) 4.70 4.65 5.46 5.29 4.98 -0.28 —0.33 0.48 0.31
3Bau(n — 1) 3.28 4.11 3.89 3.96 3.59 —0.31 0.52 0.30 0.37
1By (n — ) 3.64 4.02 4.00 3.98 3.83 —0.19 0.19 0.17 0.15
pyridazine TAs(n — 7*) 4.16 4.08 4.49 4.88 4.37 -0.21 —-0.29 0.12 0.51
3B1(n — 7 2.83 3.49 3.16 3.30 3.19 —0.36 0.30 —0.03 0.11
1Bi(n — 7* 4.82 4.97 4.95 5.29 4.95 —0.13 0.02 0.00 0.34
pyridine IBy(m — 7*) 5.11 5.58 5.20 5.77 5.14 —0.03 0.44 0.06 0.63
BAL(m — ) 4.12 4.82 4.11 4.61 4.30 —0.18 0.52 —0.19 0.31
IBy(n — 7*) 4.31 4.68 4.78 4.86 4.44 —0.13 0.24 0.34 0.42
pyrimidine TAs(n — 7*) 4.63 4.78 5.15 5.20 4.85 -0.22 -0.07 0.30 0.35
3B1(n — 7*) 3.79 4.57 4.34 4.54 4.09 —0.30 0.48 0.25 0.45
TAg(m — 3s) 4.73 4.73 5.25 4.91 5.24 —-0.51 —-0.51 0.01 —0.33
pyrrole 1B (m — 3p) 5.44 5.45 5.79 5.64 6.00 —0.56 —0.55 —0.21 —0.36
3B2(7r — ") 4.36 4.66 5.19 4.45 4.51 —0.15 0.15 0.68 —0.06
1Bg,(n — ) 231 281 282 2.75 247 —0.16  0.34 0.35 0.28
tetrazine TAu(n — ) 3.46 3.70 4.28 4.03 3.69 —0.23 0.01 0.59 0.34
3B3u(n — 1) 1.56 2.35 2.23 2.28 1.85 —-0.29 0.50 0.38 0.43
TAs(n — 7*) 2.56 2.59 2.43 2.84 2.53 0.03 0.06 —0.10 0.31
thioacetone 1B2(n — 4s) 4.90 4.49 5.14 5.64 5.56 —-0.66 —1.07 —0.42 0.08
3As(n — ) 210 244  1.84 234 2.33 —0.23 011 —0.49 0.01
YA (m — 7*) 5.67 5.67 5.48 5.66 5.64 0.03 0.03 —0.17 0.02
thiophene TAs(m — 3s) 5.79 5.79 5.68 5.82 5.98 -0.19 -0.19 —0.30 —0.16
3Ba(r — %) 3.79 4.11 3.62 3.92 3.97 —0.18 0.14 —0.35 —0.05
. LA (n — %) 2.01 2.00 1.88 2.21 2.03 —-0.02 —-0.03 —0.15 0.18

thiopropynal 3 A »

A (n — 7*) 1.50 1.91 1.35 1.80 1.80 —0.30 0.11 —0.46 0.00
LAY (n — %) 4.48 4.48 5.04 4.67 4.72 —-0.24 —0.24 0.32 —0.05
triazine LAY (n — %) 459 497 517 487 475 —0.16  0.22 0.42 0.12
SAY(n — %) 3.99 4.36 4.74 4.89 4.33 —0.34 0.03 0.41 0.56
MAE 0.34 0.42 0.35 0.27
RMSE 0.41 0.50 0.43 0.33
Mean -0.33 —0.23 -0.10 0.03

*TDDFT calculations use the aug-cc-pVTZ basis set and TBE values are from Ref. 2.

PRelative to TBE values [Eq. (16)].
¢Using the BH&HLYP functional.
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Table S4: Vertical transition energies for exotic molecules in the QUEST 4 data set.

Excitation Energy (eV)® Errors (eV)?

Molecule  State TD- spin-flip® TBE TD- spin-flip©
B3LYP SF  SA-SF B3LYP SF SA-SF
CFy0 }Ag 7.09 6.97 7.74 7.31 —0.22 —0.34 0.43
3A5 6.56 5.91 6.77 7.06 —-0.50 —1.15 —0.29
1B, 2.62 2.64 2.49 2.59 0.03 0.05 -0.10
CClz 1A, 4.16 3.42 4.26 4.40 —-0.24 —-1.02 —0.14
3B; 1.12 1.66 1.15 1.22 —0.10 0.44  —0.07
CCIF A7 3.59 3.58 3.38 3.55 0.04 0.03 —0.17
CFy 1B, 5.11 4.97 4.78 5.09 0.02 -0.12 —0.31
3B, 2.52 3.36 2.62 2.77 —0.25 059 —0.15
CFaNo 1B, 3.49 3.69 3.63 3.74 —0.25 —0.05 —0.11
3By 2.59 3.14 2.75 3.03 —0.44 0.11 —0.28
CHFO A7 5.91 5.53 6.31 5.96 —0.05 —0.43 0.35
SA 5.27 4.61 5.40 5.73 —0.46 —1.12  —0.33
HCC1 A" 1.95 2.10 1.96 1.98 —0.03 0.12  —0.02
HCF LAY 2.47 2.62 2.47 2.49 —0.02 0.13  —0.02
HCP ix- 4.67 3.99 4.73 4.84 —0.17 —0.85 —0.11
A 4.67 4.68 4.84 5.15 —0.48 —0.47 —0.31
HPO LAY 2.44 2.57 2.47 2.47 —0.03 0.10 0.00
HPS LAY 1.57 1.60 1.70 1.59 —0.02 0.01 0.11
HSiF A7 3.08 3.30 3.01 3.05 0.03 0.25 —0.04
SiCl, 1B, 3.97 4.03 3.74 3.91 0.06 0.12 —0.17
3B, 2.41 2.86 2.60 2.48 —0.07 0.38 0.12
CH,Si 1A 2.18 2.14 1.94 2.11 0.07 0.03 —0.17
1B, 3.93 3.64 3.75 3.78 0.15 —0.14 —0.03
MAE 0.16 0.35 0.17
RMSE 0.23 0.50 0.21
Mean —0.13 —0.15 —0.08

*TDDFT calculations use the aug-cc-pVTZ basis set and TBE values are from Ref. 3.
bRelative to TBE values [Eq. (16)].
¢Using the BH&HLYP functional.
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Table S5: Vertical transition energies for

radicals in the QUEST 4 data set.

Excitation Energy (eV)?

Error (eV)?

Molecule State LR-TDDFT spin-flip® TBE LR-TDDFT spin-flip®
B3LYP BH&HLYP wB97M-V SA-SF SF B3LYP BH&HLYP wB97M-V SA-SF SF
allyl 2B;  3.94 4.34 3.88 3.54 3.53 3.43 0.51 0.91 0.45 0.11 0.10
479 - - - 5.73 5.47 6.01 - - ~  —0.28 —0.54
BeF 21 4.16 4.20 4.01 3.54 3.63 4.15 0.01 0.05 —0.14 —0.61 —0.52
21 2.58 2.61 2.19 2.29 2.23 2.49 0.09 0.12 —0.30 —0.20 —0.26
BeH 211 4.86 5.17 4.64 6.25 6.08 6.45 —1.59 —1.28 —1.81 —0.20 —0.37
411 - - - 590 5.61 5.88 - . - 0.02 —0.26
BH, 2B; 1.34 1.34 0.94 1.08 1.18 1.18 0.16 0.16 —0.24 —0.10 0.00
A, 5.78 5.63 5.36 0.43 0.28
2A 3.23 3.23 3.08 3.01 1.73 2.94 0.29 0.29 0.14 0.07 —1.21
CH 2y—  3.54 3.23 3.22 3.30 3.05 3.31 0.23 —0.08 —0.09 —0.01 —0.26
iy- - - - 1.03 0.95 0.72 - — - 0.31 0.23
CHs 2AY 521 5.74 5.08 6.13 6.14 5.86 —0.65 —0.12 —0.78 0.27 0.28
2/ 6.22 6.85 6.16 7.05 7.15 6.96 —0.74 —0.11 —0.80 0.09 0.19
ON 21 1.21 1.21 0.92 0.56 0.81 1.38 —0.17 —0.17 —0.46 —0.82 —0.57
4yt - - - 6.89 6.62 6.04 - - - 0.85 0.58
co+ 21 3.38 3.86 3.26 2.46 2.66 3.26 0.12 0.60 0.00 —0.80 —0.60
iyt - - - 6.73 7.61 7.28 - - - —0.55 0.33
F2BO 2B; 1.01 0.91 0.91 0.71 0.66 0.71 0.30 0.20 0.20 0.00 —0.05
F2BS 2B, 0.64 0.61 0.34 0.48 0.48 0.48 0.16 0.13 —0.14 0.00 0.00
H>BO 2B; 242 2.16 2.25 0.97 1.02 2.17 0.25 —0.01 0.08 —1.20 —1.15
2A” 2.26 2.40 2.09 2.39 2.29 2.09 0.17 0.31 0.00 0.30 0.19
HCO 2A/ 5.03 5.82 4.90 6.20 6.06 5.45 0.42 0.37 —0.55 0.75 0.61
A7 - - - 6.11 5.70 6.39 - - - —0.26 —0.67
HOC 2A7 111 1.06 0.81 0.85 0.82 0.93 0.18 0.13 —0.12 —0.08 —0.11
A7 3.93 3.76 3.84 0.09 —0.09
277 271 2.89 2.67 2.14 1.92 281 —0.10 0.08 —0.14 —0.67 —0.89
H2PO  2A’  4.36 4.24 4.28 4.63 4.84 4.21 0.15 0.03 0.07 0.42 0.63
A" - - - 5.83 5.43 6.32 - - —  —0.49 —0.89
H,PS 2A” 1.23 1.25 1.15 0.84 0.83 1.15 0.08 0.10 0.00 —0.31 —0.34
AA7 - - - 4.93 4.71 5.12 - - - —0.19 —0.41
NH, 2A; 2.36 2.34 2.33 2.10 2.18 2.12 0.24 0.22 0.21 —0.02 0.06
1B, - - - 7.59 7.29 7.29 - - - 0.30 0.00
CH5NO, 2B, 1.95 2.58 2.33 2.04 1.76 2.05 —0.10 0.53 0.28 —0.01 —0.29
A, - - - 413 3.48 4.34 - - —-  —0.21 —0.86
PH, 2A; 293 2.98 2.63 2.71 2.85 2.77 0.16 0.21 —0.14 —0.06 0.08
1A, - - - 6.26 7.10 6.16 - - - 0.10 0.93
2A” 3.30 3.44 3.14 296 2.96 3.31 —0.01 0.13 —0.17 —0.35 —0.35
vinyl 2A7 451 4.83 4.32 4.25 4.31 469 —0.18 0.14 —0.37 —0.44 —0.38
A/ - - - 428 4.06 4.56 - - - —0.28 —0.50
MAE 0.28 0.27 0.31 0.31 0.37
RMSE 0.43 0.39 0.48 0.44 0.50
Mean —0.03 0.13 —0.20 —0.16 —0.20

*TDDFT calculations use the aug-cc-pVTZ basis set and TBE values are from Ref. 3. Five of the QUEST 4 species
have been removed and are considered separately in Table 4.

Relative to TBE values [Eq. (16)].
¢Using the BH&HLYP functional.
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Table S6: Vertical transition energies for the QUEST 5 data set.

Excitation Energy (eV)? Error (eV)¢
Molecule State® TD- spin-flip% TBE TD- spin-flip%
B3LYP SA-SF SF B3LYP SA-SF SF
1Bsg(Vin — %) 2.80 3.57 3.60 3.14 —0.34 0.43 0.46
aza-napthalene 1 N
Bou(Vim — %) 415 431 3.91 4.28 —0.13 0.03 —0.37
benzoduinone lBlg(V;n — ") 2.51 3.24 3.26  2.82 —0.31 0.42 0.44
Z
4 3B1g(Vin — 7%) 2.04 295 242 2.58 —0.54 0.37 —0.16
TA5(Vin — %) 1.58 1.81 1.70 1.70 —0.12 0.11 0.00
. . IBo(V;m — %) 2.25 298 249 263 —0.38 0.35 —0.14
cyclopentadienethione |
AV — %) 5.03 4.84 3.69 4.96 0.07 -0.12 —1.27
3A2(Vin — %) 1.08 1.44  0.92 147 —-0.39 —-0.03 —-0.55
TA3(Vin — %) 2.73 3.18 329 294 —0.21 0.24 0.35
cyclopentadienone IBo(V;m — %) 3.08 3.84 3.59 3.58 —0.41 0.26 0.01
3By(Vim — %) 1.88 221 234 229 —0.14 —0.08 0.5
IB1(Vin — %) 3.95 3.92  3.89 4.09 —0.47  —0.17 —0.20
TA3(Vio — %) 6.80 572  6.34 7.27 —-0.07 —1.55 —0.93
diazirine IBa(R;n — 3s) 7.37 734 721 744 —-0.47 —0.10 -0.23
1A1(R;n — 3p) 7.56 8.01 7.51 8.03 —0.40 —0.02 —-0.52
3B1(Vin — 7*) 3.09 3.10 344 349 -0.32 —-0.39 -0.05
IBu(Vim — %) 5.05 4.51 494 5.37 —-0.56 —0.86 —0.43
. TAL(R;7m — 3s) 5.23 5,59 498 5.79 -049 —-0.20 -0.81
hexatriene
1Bg(R; ™ — 3p) 5.45 572 527 5.94 —0.22 —0.22 —0.67
3Bu(V;m — %) 2.51 292 299 2.73 —0.38 0.19  0.26
1By (Vin — %) 3.42 4.59 441 3.80 —0.36 0.79 0.61
TA5(Vin — %) 4.16 4.89 5.09 4.52 —0.26 0.37 0.57
maleimide IBy(V;mm — %) 4.63 5.25 5.15 4.89 —0.19 0.36 0.26
IBo(V;m — %) 6.02 6.13 6.28 6.21 —0.55 —0.08 0.07
3B1(Vin — %) 3.02 3.54  3.89 3.57 0.21  —0.03 0.32
IBsu (Vi — 7*) 4.48 4.56  3.95 4.27 —0.36 0.29 —0.32
IBoy (V7 — %) 4.54 4.81  4.88 4.90 —-0.45 —0.09 -0.02
naphthalene 1
Au(R;m — 3s) 5.20 5.53  5.13 5.65 -0.37 —0.12 —0.52
IB1g(Vim — %) 5.47 5.89 523 584 —0.08 0.05 —0.61
TA"(Vin — %) 1.66 1.76  1.72 1.74 —0.62 0.02 —0.02
nitroxyl LA’(R) 5.65 6.25 4.32 6.27 -0.62 —0.02 -1.95
BA"(Vin — %) 0.55 0.61 1.12  0.88 —-0.33 —-0.27 0.24
IBu(Vim — 7*) 4.40 3.89 424 4.78 —-0.38 —0.89 —0.54
octatetraene TAg(Vym — %) 4.86 491  4.38 4.90 —0.04 0.01 —0.52
3Bu(V;m — %) 2.12 2.59  2.60 2.36 —0.25 0.23 0.24
. IBo(V;m — %) 5.79 4.77 515 4.82 0.97 —0.05 0.33
streptocyanine-C3
3B (Vi — %) 3.13 326 3.53 3.44 -0.31 —-0.18 0.09
streptocvanine-C5 IBo(Vym — %) 4.70 3.55 4.01 3.64 1.06 —0.09 0.37
procy; 3By(Vim — 7¥) 2.23 240 254 247 —0.24 —0.07 0.7
thioacrolein TA"(Vin — %) 2.08 234 221 211 —0.03 0.23 0.10
BA"(Vyn — m*) 1.62 1.98 135 1.91 —0.29 0.07 —0.56
MAE 0.35 0.26 0.40
RMSE 0.41 0.39 0.51
Mean —-0.24 —-0.02 -0.16

@Characterized as valence (V) or Rydberg (R), according to Ref. 4.

bTDDFT calculations use the aug-cc-pVTZ basis set and TBE values are from Ref. 4.
“Relative to TBE values [Eq. (16)].

dUsing the BH&HLYP functional.
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Table S7: Tuned range separation parameters for the QUEST 6 molecules, used in TD-LRC-wqppPBE
calculations.

Molecule w (bohr—1)e
aminobenzonitrile 0.312
aniline 0.317
azulene 0.300
B-dipeptide 0.307
benzonitrile 0.319
benzothiadiazole 0.310
DMABN 0.302
dimethylaniline 0.305
dipeptide 0.315
hydrogen chloride 0.439
nitroaniline 0.317
nitrobenzene 0.325
nitrodimethylaniline 0.306
nitropyridine N-oxide 0.330
N-phenylpyrrole 0.297
phthalazine 0.312
quinoxaline 0.310
twisted DMABN 0.302
twisted PP 0.297

*LRC-wPBE/aug-cc-pVTZ
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Table S8: Vertical transition energies for the QUEST 6 data set of intramolecular 'CT excitations.

Excitation Energy (eV)® Error (eV)®
Molecules State SA- LR-TDDFT TBE SA- LR-TDDFT
C _ C _
SF B3LYP LRC SF B3LYP LRC
wPBE¢ wPBE4
aminobenzonitrile Aj(mr — 7*) 5.09 5.10 5.17 5.09 0.00 0.01 0.08
aniline Aj(mr — 7*) 5.30 5.44 5.65 5.50 —-0.20 —0.06 0.15
azulene Aq(m — 7*) 3.48 3.74 3.78 3.85 —0.37 —0.11 —0.08
azulene Bo(m — 7*) 4.73 4.76 4.75 4.50 0.23 0.25 0.25
B-dipeptide A(ng — w3) 8.39 7.27 8.67 8.90 —0.43 —1.70 —0.23
benzonitrile Ax(moy — ) 707 6.21 6.73 7.05 0.02 —0.84 —0.32
benzothiadiazole Bao(m — 7*) 3.86 3.99 4.29 4.29 —0.43 —0.30 0.00
DMABN Aj(mr — 7*) 4.88 4.88 4.95 4.86 0.02 0.02 0.09
. . Ba(m — 7*) 4.71 4.51 4.66 4.39 0.32 0.12 0.27
dimethylaniline
Ai(m — 7*) 5.48 5.06 5.47 5.40 0.08 —-0.34 0.07
dipeptide A (ny — 7*) 7.90 6.34 7.87 8.15 —0.25 —1.81 —0.28
hydrogen chloride II(n — o*) 7.81 7.35 8.08 7.84 —0.03 —0.49 0.24
nitroaniline Aj(m — 7*) 4.16 4.12 4.69 4.40 —0.24 —0.28 0.29
nitrobenzene Aqi(m — 7*) 4.98 4.89 5.33 5.41 —0.43 —0.52 —0.08
nitrodimethylaniline Aj(mr — 7*) 3.95 3.86 4.30 4.14 —0.19 —0.28 0.16
nitropyridine N-oxide Aj(m — 7*) 3.63 4.13 4.30 4.10 —0.47 0.03 0.20
Ba(m — 7*) 5.12 4.79 5.28 5.32 —0.20 —0.53 —0.04
N-phenylpyrrole
Ai(m — 7*) 5.74 5.04 5.62 5.85 —-0.10 —0.81 —0.23
phthalazine Ao(n — 7*) 4.23 3.54 3.95 3.91 0.32 —-0.37 0.04
. . Ba(n — 7*) 4.71 4.21 4.69 4.64 0.07 —0.42 0.05
quinoxaline
Aj(m — 7*) 5.11 5.93 5.95 5.66 —0.55 0.27 0.29
* — —
twisted DMABN Ag(n — 7*) 4.41 3.20 3.93 4.11 0.30 0.91 0.18
Bi(n — 7*) 4.70 3.87 4.75 4.74 —0.04 —0.87 0.01
* . . . . —0. —1. —0.1
cwisted PP Ba(m — %) 554  4.34 541 558 0.04 1.24 0.17
Ai(m — 7*) 5.57 4.44 5.96 5.64 —0.07 —1.20 0.32
MAE 0.22 0.55 0.16
RMSE 0.28 0.74 0.19
Mean —0.11 —0.50 —0.03

*TDDFT calculations use the aug-cc-pVTZ basis set except where noted, and TBE values are from Ref. 5.
bRelative to TBE values [Eq. (16)].

¢Using the BH&HLYP functional.

dUsing GDD tuning for w.%
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Table S9: Vertical transition energies for bicyclic systems (QUEST 7 data set).
Excitation Energy (eV)® Error (eV)©
Molecule State® TD- spin-flip? TBE TD- spin-flip?
B3LYP SA-SF SF B3LYP SA-SF SF
IBy(Vym — %) 2.46 2.37 245  2.17 0.29 0.20 0.28
LA (CT;m — 7*) 3.74 3.48 3.11 3.84 —0.10 —-0.36 —0.73
azulene 1By (CT; 7 — 7*) 4.55 4.73 3.88 4.49 0.06 0.24 —-0.61
1A2(R) 4.76 4.81 4.59 4.86 —-0.10 —-0.05 —-0.27
1AL (Vi — %) 4.91 493 498 491 0.00 002 007
3By(Vym — %) 2.00 215 211 219 —0.19 —0.04 —0.08
IBy(V;7m — %) 4.29 3.92 4.14  4.52 —-0.23 —-0.60 —0.38
AL (V7 — %) 4.98 4.99 4.37 491 0.07 0.08 —0.54
BOD TAo(Vin — ) 5.13 5.09 4.75 5.28 -0.15 -0.19 -0.53
1By (Vinjo — 1)  5.50 557 510 5.83 —0.33 —0.26 —0.73
3Boy(Vim — %) 2.50 2.77 2.80 2.74 —0.24 0.03 0.06
IBy(CT; 7w — 7*) 3.99 3.86 3.36  4.23 —-0.24 —-0.37 —-0.87
TAL(V, 7 — 1) 4.59 4.45 4.67 4.36 0.23 0.09 0.31
BTD LA5(Vin — 7*) 4.66 5.04 4.77  4.80 —0.14 0.24 —0.03
IB1(Vin/o — n*)  5.18 5.63  5.37 5.42 —~0.25 0.21 —0.05
BAL(V;m — ) 3.22 3.24 336 3.49 -0.27 —0.25 —0.13
1B (V;m — 7*) 3.60 3.64 3.80 3.54 0.06 0.10 0.26
TAL(Vin — %) 3.75 3.75 3.82  3.86 —-0.11 -0.11 —-0.04
DPP AL (Vi — %) 3.91 426 4.08 3.91 0.00 035 017
1Bg (Vin — 7*) 4.05 4.71 4.55 4.31 —0.26 0.40 0.24
SBu(Vym — %) 1.73 2.06 2.11  1.93 —0.20 0.13 0.18
TA4(R) 5.04 5.17 491 543 —0.40 —-0.26 —0.52
1B, (Vim — 7*) 5.26 5.23 5.23 5.46 —-0.20 -0.23 -0.23
FF I1Bg(R) 5.52 5.58 526 5.86 —-0.34 —-0.28 —-0.60
3Bu(Vym — ) 5.77 5.60 4.19 5.99 —-0.22 —-0.39 -—-1.80
SBu(V;m — %) 3.35 3.60 3.68 3.58 —0.23 0.02 0.10
TA2(CT;n — 7*) 3.54 3.43 3.69 3.87 -0.33 —-0.44 —-0.18
I1B1(CT;n — 1) 4.00 4.23 3.86 4.28 —0.28 —-0.05 —0.42
phthalazine Bo(V;7m — 7*) 4.79 5.30 4.52  5.15 —0.36 0.15 —0.63
1B1(CT;n — 7*) 5.15 5.72 549 5.74 -0.59 —-0.02 -0.25
3A2(CT;n — ) 3.28 3.93 3.35 3.63 —0.35 0.30 —0.28
TA4(R) 4.11 4.36 4.08 4.55 —-044 —-0.19 -—-0.47
1Bg(R) 4.23 4.55 4.26 4.75 —-0.52 —-0.20 —-0.49
PP 1AU(R) 4.61 4.89 4.62 5.13 —0.52 —0.24 —-0.51
1Bg(R) 4.78 5.27 498 5.15 —0.37 0.12 —-0.17
3Bu(V;m — m*) 3.62 3.87 394 3.84 —0.22 0.03  0.10
1B (Vin — %) 3.57 412 410 3.79 —0.22 0.33 031
1A (V7 — %) 4.21 471 416 4.26 —0.05 0.45 —0.10
quinoxaline !By(CT;7 — %) 4.51 511  4.22 4.59 —0.08 0.52 —0.37
LA (Vin — %) 4.84 556 5.33 5.09 —~0.25 0.48  0.25
3B1(V;n — 1) 3.06 3.70 3.83 3.35 —0.29 0.35 0.48
1Bgu (Vi — o) 2.51 3.001  3.08 279 —0.28 022  0.29
IBoy (Vymm — m*) 3.30 3.47 3.64 3.74 —-0.44 —-0.27 -0.10
TTF 1B1g(Vim — o) 3.64 3.88 4.05 3.98 —0.34 —0.10  0.07
1By (mixed) 3.74 412 407 4.05 —0.31 0.07  0.02
3Bru(Vym — %) 2.74 2.91 2.72  2.99 —-0.25 —-0.08 —0.27
IBu(V;m — m*) 4.91 5.00 4.46  4.96 —0.05 —-0.04 —-0.50
1B, (Vim — 7*) 5.01 5.22 5.00 5.22 —0.21 0.00 —0.22
TT IBg(R) 5.16 5.43 5.07 5.41 —-0.25 —-0.02 -—-0.34
A4 (R) 5.16 5.50 5.18 5.52 —0.36 0.02 —-0.30
3Bu(V;m — ) 3.28 3.59  3.64 347 —0.19 0.12  0.17
MAE 0.24 0.20 0.34
RMSE 0.28 0.25 0.45
Mean —0.22 0.01 —0.20

@Characterized as valence (V), Rydberg (R), or charge transfer (CT), according to Ref. 7.

YTDDFT calculations use the aug-cc-pVTZ basis set and TBE values are from Ref. 7.

“Relative to TBE values [Eq. (16)].
dUsing the BH&HLYP functional.
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Table S10: Error statistics for vertical transition energies (from the singlet ground state) in cyclazine deriva-
tives.

" TBE® Error (eV)©
Molecule State (V) spin-fip? (eV) TD-
SF SA-SF B3LYP
1 Sy 2.72 0.20 0.28 0.23
Ty 2.94 —0.02 0.27 —0.21
9 S1 0.98 0.03 0.08 0.29
Ty 1.11 —0.18 0.09 —0.04
3 S1 1.56 0.06 0.09 0.27
Ty 1.66 —0.24 0.12 —-0.10
4 Sy 2.18 0.19 0.09 0.23
Ty 2.30 —0.17 0.13 —0.17
5 S1 2.13 0.12 0.13 0.25
Ty 2.23 —0.24 0.14 —0.15
6 S1 0.83 —0.06 0.01 0.30
T 0.90 —0.33 0.05 -0.03
7 S1 0.69 —0.11 —0.03 0.30
T 0.74 —0.36 0.01 —0.02
8 Sq 0.55 —0.18 —0.05 0.30
Ty 0.58 —0.39 —0.03 —0.01
9 S1 1.26 0.07 0.14 0.31
T 1.46 —0.25 0.15 —0.10
10 S1 1.52 —0.34 0.72 0.30
Ty 1.83 —0.24 0.68 —0.11
MAE 0.19 0.16 0.19
RMSE 0.25 0.22 0.21
Mean 0.15 —0.12 0.09
“Numbering corresponds to Fig. 20.
bFrom Ref. 8.
¢Relative to TBE values [Eq. (16)]. All calculations use the aug-cc-pVTZ
basis set.

dUsing the BH&HLYP functional.
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