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Coherent vibrational modes promote the ultrafast internal conversion and in-
tersystem crossing in thiobases

Danielle Cristina Teles-Ferreira®®®, lvo HM van Stokkum®, Irene Conti¢, Lucia GanzerY, Cristian Manzoni¢, Marco
Garavellié, Giulio Cerullo®, Artur Nenov®®, Rocio Borrego-Varillas®"* and Ana Maria de Paula®*

1. Spectroscopy of 4TU

Figure S1 a) reports the 4-thiouracil normalized steadyesgdisorption (black curve), pump pulse
profile (red curve), and the photoluminescence (Fhg panels b), ¢) and d) detail the 4-thiouracil
transient absorption spectroscopy (TAS) [1] whiktrongly modulated by coherent oscillations.
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Figure S 1. a) 4-Thiouracil normalized optical absorption irdigy (black curve), normalized pulse spectrum
intensity used as pump in the TAS experiments ¢tede), and normalized PL spectrum intensity (lnlueve

is the fit and blue dots are the data) obtainetl thie pump at 330 nm. b) TAfap; ¢) differential absorption
spectra at selected time delays. d) differentiabgttion dynamics at selected probe wavelengths [1]



2. Energeticsat critical pointsalong the relaxation profile

Table S1. Energies (eV) of the lowest two singlet and triplet state of 4-thiothymidine at
representative geometries

MintSo MinS; MintS;: ClS2/S1 MingT: Minr T

(*rot¥) (*rut¥) (*rut¥) (*nTe*)
So 0,00 0,54 0,58 0,89 0,29 0,55
S1 (*nTT*) 3,19 3,17 2,93 3,73 3,15 2,98
S, (Yrut*) 3,88 3,55 3,70 3,79 3,73 3,71
Ta(3ToT*) 2,91 2,87 0,21 2,73 2,89
T.(3nTt*) 3,23 3,10 3,21 3,03

Table S2. Energies (eV) of the lowest two singlet and triplet state of 4-thiouracil at
representative geometries
MintuSo MinmS; MinmyS: C|Tu52/51 ClTuSz/S1 MinmyT:
(*rot*) (*rut*) (planar) (twisted) (*nTt*)

So 0,00 0,50 0,36 1,19 1,50 0,36
S; (*nTr*) 2,93 2,82 2,72 3,89 4,16 2,79
S, (trut*) 3,84 3,46 3,63 4,05 4,23 3,67
T, (3rut*) 2,90 2,87 2,76 2,69
T, (3nTT*) 3,04 2,95 2,90 2,98



3. Geometric parameters for 4-thiouracil

Table S3. Geometrical parameters of 4-thiouracil at representative geometries

FC Minsz Cl Min51 Minn
N1Ce (A) 1.37 1.38 1.32 141 1.40
CsCs (A) 1.36 142 156 1.39 1.41
C4Gs (A) 1.43 1.38 1.37 1.40 1.40
CaSa (A) 1.66 1.81 1.72 1.76 1.73
CaNs (A) 1.38 1.41 1.45 1.41 1.42
CoNs (A) 1.38 1.38 1.34 1.38 1.38
NG, (A) 1.36 138  1.43 1.37 1.37
N3CaSs (°) 120 112 112 116 119
CsNsH (°) 117 119 110 122 120
0,CaNs (°) 123 123 129 121 122
HCsCeH (°) 0 -4 1 -2 -6
S4CaCsCs () 179 178 179 184 168



4. Geometric parameters for 4-ThioThymidine

Table S4. Geometrical parameters of 4-thiothymidine at representative geometries

FC Minsz Cl Min51 Minn
N1Ce (A) 1.39 1.39 1.34 1.41 1.40
CsCs (A) 1.37 1.40 1.50 1.39 1.44
CaCs (A) 1.44 139 137 1.40 1.39
CsSa (A) 1.66 1.83 1.75 1.76 1.71
CaNs (A) 1.39 1.40 1.44 1.41 1.41
C2Ns (A) 1.39 139 135 1.39 1.38
N1C; (A) 1.39 1.39 1.45 1.38 1.39
N3CaSs (°) 122 114 118 112 119
CsNsH (°) 118 119 116 120 120
0,CN3 (%) 122 122 127 121 122
HsCCsCeH (°) -1 2 -24 -7 -4
S4CaCsCs (°) 179 193 181 157 180

5. Normal mode analysis

To obtain a better idea of the ES vibrational dynamics of 4-ThioUracil (4TU) and 4-ThioThymidine
(4TT) we performed a normal mode analysis. To this aim:
a) S; normal modes were used to project geometrical deformations from the FC to the S;
minimum
b) S, normal modes were used to project geometrical deformations from the S, minimum to the
CI(S2/S1);
c) S1 normal modes were used to project the dynamics in the S1 state from the CI towards the
corresponding minimum;
d) T1 normal modes were used to study the geometrical deformation from the S1 minimum to
the T1 minimum.

Starting from the definition of the normal mode matrix
1
Pt = M2V;Q
where P is a matrix whose columns are the normal modes of the system @ expressed in normalized
mass-weighted Cartesian coordinates Q and M is a diagonal matrix with the nuclear masses, one can
reformulate it in terms of finite differences
1

PTAG = M2AQ
Thus, Aq represents the array of unitless displacements d along the normal modes of the system when
the difference is taken with respect to the reference point on the i-the electronic state. Rearranging
gives the final working equation

~ 1

d;, = P"1M2AQ
which allows to estimate how much every normal mode @, has to be displaced to connect two points

in Cartesian coordinate space of the potential energy surface of the i-th electronic state. AQ is the
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difference in Cartesian coordinates between twaorgges. The displacemerds can be related to
spectroscopic parameters like the Huang-Rhys fadipror the reorganization energly, of the
system:
d?w d? w?

Sik = lghkand A=—l§hk
wherew,, is the frequency of thle-th normal mode.
With the normal mode analysis attention shouldddd o global translational and rotational degrees
of freedom which have to be removed prior to conmauthe difference in Cartesian coordinates. To
this end we followed an iterative procedure relyamgthe vectors of inertia in order to minimize the
distance in space between two geometries as oditimeef. [Kurtz, L. Dissertation at the LMU
Muenchen, 2001.].

In Tables 5 and 6 we list the normal modes (bel6@t2cm)! and reorganization energies (in"€m
along the F& T path (following a)-d)) for 4TU and 4TT. Note tHatr 4TT the entire nucleoside
was considered in the calculation of the normal @sodror the sake of a better comparison in Table
7 we also report normal mode analysis on 4TT basedormal modes and frequencies computed
only for the 4-thiothymine chromophore. Color casl@ised to label normal modes with significant
reorganization energies for modes with frequenbtiel®w 1000 crit (i.e. modes which can be
resolved with our experimental set up) Normal modbkigh are observed experimentally following
our analysis are highlighted.

The total reorganization energy resulting from pingjection is compared with the QMMM energy
difference between the two geometries. The valhew/seasonable agreement and demonstrate the
stability and reliability of the projection proce@uThe only discrepancy is observed for the distor
leading from the Sminimum to the Gi(S/S:1) of 4TT where the normal mode projection predicts
triple increase in reorganization energy with respge the QMMM value. This is due to the large
geometrical deformation towards the CI (i.e. metbyk-of-plane) which breaks the harmonic
approximation in which the normal modes are defined

1 High frequency C-H, N-H and O-H stretchings aréinwolved in the structural deformations and #mestleft out
5



4-thioUracil

Table S5. Reorganization energids[cn ] along the normal modes of 4TU along the deforameiFG-Mins;, Mins>—ClI, Cl—Mins; and Mins;—Mint.. Color code
is used to label modes with notable reorganizagitgrgies below 1000 .

FC = Mins; Minsz = CI Cl = Mins: Minsi - Minm
Mode w A Mode w A Mode w A Mode w A
[cm™] [cm™] [cm™] [cm™] [cm™] [cm™] [cm™] [cm™]
1 122.1 1 1 122.1 3 1 121.4 8 1 115.9 39
2 180.3 11 2 180.3 26 2 138.6 13 2 179.2 90
3 226.2 80 Sin-plane bending 3 226.2 1 3 213.4 20 3 220.2 210
4 259.3 0 4 259.3 16 4 222.8 176 4 279.5 101
breathing along the

5 387.2 407 | SaCs--N1H axis 5 387.2 87 5 400.2 0 5 408.9

6 425.3 7 6 425.3 0 6 427.4 21 6 443.6 1
7 491.5 202 O in-plane bending 7 491.5 353 7 486.7 759 7 495.3 1
8 538.1 11 8 538.1 37 8 519.2 10 8 551.8 16
9 564 3 9 564 7 9 575.2 4 9 596.9 2
10 646.4 1 10 646.4 0 10 611.3 29 10 634.4 12

breathing along the

11 675 1016 | HCs--N3H axis 11 675 9 11 689.1 42 11 704 0
12 702.9 37 12 702.9 7 12 700.8 0 12 714 2
13 791.9 5 13 791.9 10 13 737.8 23 13 766.6 6
14 846 0 14 846 54 14 797.4 68 14 800.1 1
15 902.3 13 | C.-S, stretching 15 902.3 629 |15 944.6 162 | |15 929.7 37
16 990 38 16 990 498 16 987.9 317 16 991.2 4
17 1011.3 585 17 1011.3 492 17 1043.4 188 17 1037.8 30
18 1052.3 2 18 1052.3 519 18 1139.5 767 18 1114.3 18
19 1202.8 15 19 1202.8 29 19 1208.5 147 19 1223.2 0
20 1297 11 20 1297 0 20 1305.9 8 20 1302.6 14
21 1317.9 74 21 1317.9 940 21 1381.2 2187 21 1352.8 15
22 1413.5 593 22 1413.5 169 22 1442.3 1794 22 1445.7 17
23 1430.4 29 23 1430.4 86 23 1469.8 277 23 1481.1 0
24 1514.1 99 24 1514.1 1 24 1506.5 493 24 1508.7 0
25 1539.3 443 25 1539.3 113 25 1528.8 1138 25 1552.7 6
26 1767 11 26 1767 17 26 1756.7 39 26 1764.2 0



A (proj) [em™) 3694 A (proj) [em-1] 4103 A (proj) [cm-1] 8690 A (proj) [cm-1] 622
AE [ecm™] 3710 AE [cm-1] 3952 AE [cm-1] 9597 AE [cm-1] 645



4-thioThymidine
Table S6. Reorganization energigs[cn ] along the normal modes of 4TT along the deforamiFC—Mins;, Mins;—Cl, Cl—Mins; and Minsi—Mint; using the

normal modes of the nucleoside. Color code is tséabel modes with notable reorganization energesw 1000 cm. Mixing of energetically close lying modes
involving the chromophore and the sugar leadinp¢éochromophore deformations being present in titbree modes.

FC = Mins, Minsz = Cl Cl - Mins: Mins: = Minm
Mode W A Mode w A Mode W A Mode W A
[cm™] [cm™] [cm™] [cm™] [cm™] [cm™] [cm™] [cm™]
1 66.1 0 1 66.1 0 1 -43.2 0 1 64.6 0
2 75.2 0 2 75.2 0 2 63 0 2 81.5 0
3 80.6 0 3 80.6 0 3 97 0 3 89.6 0
4 119.2 14 4 119.2 37 4 102.7 1 4 119.7 16
5 127.1 7 5 127.1 9 5 119.5 32 5 125.3 75
6 138.7 6 6 138.7 6 137.4 6 6 141.5 1
+ CH3 OOP 7 150.9 175 7 156.3 43
8 171.7 1 8 171.7 8 166.5 19
9 196.7 0 9 196.7 14 9 193.8 0
10 224.4 13 Sin-plane bending 10 224.4 24 225.4 31
11 243.8 10 11 243.8 2
12 264.7 82 12 264.7 188
13 268.2 61 13 268.2 16 278.3 2
14 295 36 14 295 8 14 296.3 76 292.3 3
15 Sl CHs in-plane bending 326.6 52
16 356.8 19 16 356.8 3 16 347.9 14
17 361.6 18 17 361.6 3 17 363.2 12 17 363.1 6

N1, H(N3)& H(C6) OOP
breathing along the
S4C4--N1H axis + CH3 in-
plane bending

18 397.8 2

19 423.5 5

20 473.1 51 20 473.1 59

[REa02 60 breathing along the

21 451.7 61




234 + Cg pyramidalization

23 517.7 36
24 550.2 28
25 557.3 0
26 620.3

27 643.1 38
28 657.2 282
29 675.8 267
30 727.4 76
31 735.4 4
32 754.7 0
33 766.5 0
34 837.7 6
35 856.4 2
36 893.5 4
37 905.5 8
38 962.3 5
39 985.2 278
40 1003.7 348
41 1008.7 0
42 1030.6 9
43 1043.9 16
44 1054.1 5
45 1057 2
46 1080.8 0
47 1101 3
48 1187.3 2
49 12114 0
50 12321 0
51 1244.4 0
52 1294 0
53 1308 66
54 1314.7 3

O in-plane bending

breathing along the
HCes--N3H axis

C4-S4 stretching

23 517.7 67 23 517.9 19

24 550.2 43 24 532.7 103 24 521 3
25 557.3 182 25 562.8 235 25 533.1 0
26 620.3 10 26 612.8 166 26 556.4 0
27 643.1 0 27 635.6 253 27 611.3 1
28 657.2 0 28 641.9 0 28 642.9 2
29 675.8 333 29 691.6 6 29 689.5 0
30 727.4 6 30 708 0 30 716.5 9
31 735.4 67 31 710.9 9 31 733 1
32 754.7 0 32 734 16 32 742 0
33 766.5 5 33 767.6 5 33 774.6 0
34 837.7 74 34 834.3 185 34 838.3 5
35 856.4 26 35 855.7 53 35 853 1
36 893.5 27 36 887.3 2 36 878.9 67
37 905.5 141 37 908.8 171 37 906.7 0
38 962.3 10 38 961 253 38 960 32
39 985.2 147 39 993.7 9 39 988.3 130
40 1003.7 171 40 1010.1 0 40 994.1 26
41 1008.7 0 41 1029.8 0 41 1009.8 0
42 1030.6 12 42 1033.5 10 42 1030.3 0
43 1043.9 141 43 1053.1 0 43 1040.4 0
44 1054.1 26 44 1056.6 0 44 1041.6 24
45 1057 0 45 1079.1 0 45 1051.9 0
46 1080.8 1 46 1086.2 31 46 1081.6 0
47 1101 24 47 1105.6 37 47 1099.6 0
48 1187.3 473 48 1202.6 0 48 1205.3 10
49 12114 1 49 1210.4 71 49 1211.9 0
50 12321 127 50 1244.2 6 50 1240.7 0
51 1244.4 1 51 1260.3 92 51 1248 64
52 1294 4 52 1295.9 43 52 12731 0
53 1308 0 53 13114 48 53 1296.6 0
54 1314.7 7 54 1317.6 18 54 1317 1




55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

1335.6
1344.7
1360.6
1405.1
1406.5
1411.2
1429.6
1434.7
1461.1
1473.4
1485.5
1492.9
1502.9

1514
1533.3
1576.3
1580.7
17311
1782.8

A (proj) [cm-1]

AE [cm-1]

95
33

34
27
269
45
58
232
18
18
53

40

59

o O -

3572
2742

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

1335.6
1344.7
1360.6
1405.1
1406.5
1411.2
1429.6
1434.7
1461.1
1473.4
1485.5
1492.9
1502.9

1514
1533.3
1576.3
1580.7
17311
1782.8

A (proj) [cm-1]

AE [cm-1]

659
111

26
40

15
31

21

66

221

236

22
71

4600
1694

10

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

1338.9
1350.2
1380.6

1404
1404.9
1412.9
1433.9
1448.2
1451.4
1472.1
1483.6
1488.3
1503.1

1520
1534.6
1573.7
1583.8
1741.7
1766.5

A (proj) [cm-1]

AE [cm-1]

17
31
718

151

33

272

27

98

21

208

570

12
175

6017
6694

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

1340.1
1358.4
1369.5
1391.9
1401.2
1405.2
1413.9
1442.7
1452.7
1484.3
1485.2
1492.5
1504.6
1531.6

1539
1581.4
1608.9
1727.4
1779.4

A (proj) [cm-1]

AE [cm-1]

178

13

11

N

27

o O

45

1454
1613



4-thioThymine (thymine only)
Table S7. Reorganization energigs[cnr?] along the normal modes of 4TT along the deforametiFC-Mins; Mins,—Cl, Cl—=Mins: and Minsi—Min+; using the normal
modes of the 4-ThioThymine chromophore. Color dsdesed to label modes with notable reorganizaizgrgies below 1000 cin

FC = Minsz Minsz = Cl Cl = Mins, Mins: = Minn

Mode W A Mode w A Mode W A Mode W A
[cm™] [em™] [em™] [cm™] [cm™] [em™] [cm™] [em™]

1 111.4 18 1 111.4 401 1 -37.5 0 1 100.1 44

2 157 61 2 157 0o 2 129.8 17 2 164.9 58

S out-of-plane (OOP)
+ CH; OOP 3 200.1 265

4 233.1 29 Sin-plane bending 4 233.1 7 |4 2184 1869

5 258.9 81 5 258.9 317 5 281.9 243 5 277.4 18
CHs in-plane bending 130 |l 6 317.2 353 [ 333 277
N1, H(N3)& H(C¢) OOP 7 334.7 106
8 470.6 14 8 470.6 93 8 421.8 33
breathing along the
S4C4--N1H axis + CH3 in-
plane bending 9 505.4 4 9 451.7 41

breathing along the

CH;Cs--C,0; axis 514 244
11 559.9 41 11 559.9 177 11 530.9 8
O in-plane bending
12 605.6 69 + Ce pyramidalization 12 605.6 15 12 625.5 492
13 668.3 1 13 668.3 296 13 639.8 123 13 621 46
breathing along the HCs--
14 699.7 513 | N3H axis 14 699.7 70 14 706 37 14 712.7 2
15 735 1 15 735 60 15 723.3 0 15 721.6 4
16 861.9 4 16 861.9 136 16 858.8 109 16 854.9 18
17 994.8 685 Cs-Ss stretching 17 994.8 474 17 10314 0 17 956.1 273
18 1029.5 4 18 1029.5 39 18 1055.4 0 18 1039.4 10
19 1056.5 1 19 1056.5 0 19 1061.9 4 19 1040.7 5
20 1152.8 1 20 1152.8 559 20 1202.6 3 20 1203.7 4
21 1228.3 0 21 1228.3 71 21 1235.1 160 21 12254 8



22
23
24
25
26
27
28
29
30
31

A (proj) [cm-1]
AE [cm-1]

1313.5

1346
1406.4
1426.8
1442.8

1489
1499.4
1516.3
1625.3
1776.9

34
232
379

57

224
138

3757
2742

22
23
24
25
26
27
28
29
30
31

1313.5

1346
1406.4
1426.8
1442.8

1489
1499.4
1516.3
1625.3
1776.9

A (proj) [cm-1]

AE [cm-1]

17
876
128

32
108
56
101
263
76

4980
1694

12

22
23
24
25
26
27
28
29
30
31

A [cm-1]
AE [cm-1]

1313.6
1377.4
1412.7
1429.5
1461.2
1486.1
1492.8
1519.8
1637.2
1759.1

53
400
331
568

97

54
184
390
276

6553
6694

22
23
24
25
26
27
28
29
30
31

A (proj) [cm-1]
AE [cm-1]

1265.4
1365.7

1390
1404.1
1481.5

1485
1495.3
1576.9
1620.8
1773.1

24
79
211

2172
1613



4-ThioThymidine

MinttSo

S IIIIIITOOOOOZZOW

ITIITITITOOOOOZZ0W0W

Mi
S
O
N
N
C
C
C
C
C
H
H
H

23.752890
21.924515
21.276583
22.649513
21.341791
21.939696
22.082331
22.803227
22.127104
20.750659
23.136015
23.162929
21.755018
21.510541
20.757128

intTSe (Yrott)

23.710825
21.923713
21.269787
22.658333
21.283462
21.943607
22.083329
22.859159
22.092601
20.685385
23.227273
23.117077
21.668054
21.492133
20.751715

nttS1 (*nTr*)

24.089311
21.899163
21.286232
22.681120
21.297059
21.939599
22.021493
22.696742
22.126349
20.685672
22.945317
23.152322

18.541599
22.800902
20.896015
20.740406
19.515323
21.576835
18.725396
19.365467
17.235775
19.066957
21.236719
16.897032
16.740124
16.933016
21.433165

18.493821
22.810992
20.911996
20.741932
19.526131
21.586625
18.721573
19.372992
17.226683
19.100399
21.223226
16.845698
16.743322
16.943031
21.464930

18.714155
22.794057
20.875015
20.768402
19.466786
21.566420
18.691811
19.358801
17.200229
19.018464
21.262399
16.912412

6. Cartesian Coordinates

16.690311
18.400704
19.570888
17.707719
19.683423
18.559874
18.846091
17.772326
19.018651
20.484038
16.955675
19.177031
18.108320
19.875209
20.257262

16.571236
18.388262
19.564861
17.707866
19.703303
18.550960
18.878881
17.926907
19.046005
20.508385
17.004898
19.176191
18.150877
19.919577
20.242240

16.892706
18.422163
19.581584
17.720510
19.671134
18.580771
18.779656
17.746796
18.954850
20.452739
16.865695
19.243450
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H
H
H

21.871722
21.440425
20.771596

MintTT2 (3nTt*)

IITIIIITIITOOOOOZZ0W0W

24.045594
21.872110
21.277292
22.660382
21.306128
21.920645
22.024018
22.686563
22.112686
20.660103
22.969053
23.036169
22.117321
21.255517
20.766743

MintTT1 (Crutt)

IITIIIITIITOOOOO0ZZ0W0m

23.847856
21.939361
21.288471
22.695705
21.309480
21.971428
22.133655
22.849134
22.142240
20.652469
23.195390
22.939571
21.168250
22.277775
20.766214

Cli1S/S1

T O0O0O0O00Z2Z20W0m

23.540166
21.972477
21.302808
22.482803
21.236563
21.959386
22.055690
22.583006
22.209108
20.481775

16.670880
16.859077
21.410172

18.614726
22.798223
20.885912
20.774066
19.482661
21.571054
18.701962
19.362980
17.209913
19.030069
21.279257
16.929923
16.700306
16.846023
21.424089

18.561173
22.807843
20.900428
20.771408
19.507621
21.579803
18.716500
19.369474
17.231911
19.049622
21.276615
16.746053
16.816401
17.015346
21.445878

18.468942
22.797640
20.862378
20.731867
19.525989
21.562337
18.691929
19.299389
17.265253
19.094566

18.022540
19.741538
20.270634

16.948133
18.401501
19.576503
17.709127
19.682081
18.561114
18.777568
17.728549
18.962786
20.432429
16.878090
19.496514
17.985505
19.545422
20.265264

16.714621
18.432793
19.585914
17.731673
19.711844
18.578140
18.839168
17.836178
19.053104
20.446836
17.000914
18.479806
18.743711
20.122900
20.263525

16.437704
18.463191
19.570262
17.557592
19.685206
18.487718
18.748666
17.642687
19.146108
20.349986
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ITTTT

22.935522
22.592594
22.905974
21.226557
20.819156

4-ThioUracil

MinTuSo

ITITITOWLIZO000Z20

<

ITITTOWLWIZO000Z20

CltuS/S (planar)

C
N
C
C
C
N
H
S
O
H
H
H

17.803042
18.661627
18.410827
17.318758
16.426965
16.752104
17.124179
15.077605
17.941570
19.124280
16.118840
19.485141

inTuS2(trutt)

17.841461
18.697262
18.486346
17.327340
16.493812
16.797775
17.097003
14.984360
17.983607
19.197703
16.105595
19.516149

17.823628
18.641189
18.442081
17.190553
16.409320
16.797610
16.971291
15.005230
18.147040
19.174197
16.113357
19.476749

21.174274
17.220923
16.765023
16.760675
21.425586

18.030324
17.002731
16.057710
16.138658
17.250824
18.128950
15.377005
17.502492
18.789844
15.250151
18.911060
16.940630

18.030227
16.992647
15.999033
16.110150
17.190969
18.168909
15.354621
17.605527
18.769867
15.176184
18.905578
16.941708

18.004384
16.877650
15.910003
16.149969
17.257645
18.174037
15.439154
17.806608
18.679691
15.099225
18.941564
16.876242

16.752828
20.180027
18.465159
19.131795
20.269306

16.491376
16.231633
15.278065
14.477283
14.598700
15.609377
13.740260
13.673507
17.447464
15.226637
15.770608
16.830954

16.523073
16.246535
15.300379
14.482429
14.664435
15.620994
13.731320
13.741444
17.513441
15.300475
15.812271
16.879378

16.604253
16.268697
15.389424
14.484956
14.701938
15.757071
13.684874
13.866585
17.609426
15.335198
15.833937
16.902826
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CltuS/St (twisted)

C
N
C
C
C
N
H
S
O
H
H
H

<

ITITTOWLWIZO000Z20

17.775866
18.590330
18.456784
17.167055
16.461532
16.944524
16.796598
14.989979
18.003918
19.340878
16.256718
19.408063

intTuSi(*nTe*)

17.783876
18.680944
18.502802
17.398420
16.521098
16.738543
17.208777
14.952972
17.886569
19.207094
16.110933
19.483656

MinTuT1(Crut*)

ITITTOWLWIZO000Z20

17.807640
18.699231
18.491513
17.296346
16.425906
16.795806
17.043039
15.101769
17.913509
19.177048
16.109007
19.504517

17.958065
16.798769
15.923791
16.125029
17.358758
18.288548
15.307434
17.725329
18.583541
15.354359
19.036039
16.756509

18.018210
17.024615
16.063421
16.167166
17.250044
18.146136
15.401308
17.351192
18.763153
15.237241
18.935102
16.972405

18.044956
17.032994
16.023161
16.059246
17.143459
18.195080
15.237464
17.384834
18.793336
15.180298
18.919046
16.995436

16.605199
16.362939
15.374630
14.531413
14.579890
15.607065
13.917903
13.902948
17.658927
15.086153
15.798897
17.013222

16.487077
16.215161
15.210466
14.371364
14.525337
15.593152
13.619063
13.742883
17.479225
15.206599
15.774565
16.857698

16.472812
16.224927
15.278067
14.532425
14.669849
15.541649
13.861482
13.584329
17.461401
15.303264
15.780443
16.869577

16



7. DOASand Target Analyses

The superposition model for the Time Resolved Spad®(t, A) is given by the matrix formula [2]:
TRS=C®(8, 4,A)BADS + Cos y u A YA + Sindp y 1 A B +IRF g A DRFAS'

where the population€® are determined by an unknown compartmental maalgl Figure S 2),
which depends upon the unknown kinetic parametersA Gaussian shaped IRF is used, with
parameters for the time of the IRF maximum ardfor the full width at half maximum (FWHM) of
the IRF. The matrice€os@y 4 A and Sin(w,y 1 A )contain the damped oscillations, and the
matrices A and B comprise their amplitudes. In orelimit the number of free parameters, we
assume wavelength independence of the eigenfreguenand of the damping ratg, .

The final term, which describes the coherent actefeontains a matrixRF(,A") with the zeroth,
first and second derivative of the IRF [3]. Expesmially we found that the widtA'>A. Associated
with each IRF derivative are the columns of HRFAS matrix. The “coherent artefact” (CA) is
described by thdRF (1, A)ORFAS' term. It is clearly visible in the traces at 51@&601 nm in

Figure S 3H,l and Figure S 4H,I, with large conttibns of the IRF derivatives (Figure S 3D and
Figure S 4D).

41T 4TU
s2  EELY
6584 13% 87%
4360 200 BNl s Ell
1600 2248 2835 2424 2833

1 1

1

Figure S 2. Kinetic schemes used for the target analysis of @aft) and 4TU (right) in PBS. All rate constants
in nst. Key 4TT: lifetimes: 67 fs (S2@&*), black), 168 fs (S(*nn*), green), 445 fs (§'nn*), red), 1.76 ps
(T<(3rn*), magenta) and long lived (Brn*), blue). Key 4TU: lifetimes: major fraction (87%d)24 fs
(S(*nm*), black), 353 fs (§'nn*), red), and long lived (K3rn*, blue). Minor fraction (13%) 353 fs (8nn*),
green), and long lived (rn*, blue). Note that with the major fraction of 4TUbranching from Shas been
assumed, with 30% of,$lirectly converting to triplet.

The quality of the fits is demonstrated in the eigipresentative panels in Figure S 3F-I and Figure
S 4F-I. With 4TT, the root mean square error offitteewas 0.123 mOD, which can be judged when
comparing the red and black curves in Figure S.3With 4TU, the root mean square error of the
fits was 0.157 mOD, which can be judged when compahe red and black curves in Figure S 4F-
l.
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In both 4TT and 4TU the Decay Associated Difference Spectra (DADS) depicted in Figure S 3C and
Figure S 4C are complex, indicating that a complex kinetic scheme is necessary. The initial SADS is
interpreted as S2 (black in Figure S 3B and Figure S 4B). The final SADS is equal to the final, long-
lived DADS that is interpreted as T1 (blue in Figure S 3B,C and Figure S 4B,C). Several kinetic
schemes have been tested, until we arrived at the schemes of Figure S 2 with well interpretable SADS
that are in accordance with the theory.
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Figure s 3. DOAS analysis of 4TT in PBS solution excited witBGfs pulse centered at 330 nm. (A) Populations
of the kinetic scheme usesg(re s 2A). Estimated SADS (B, in mOD) and DADS (C, normaetl). Key A-C,
lifetimes: 67 fs (F'nn*), black), 168 fs (S(inn*), green), 445 fs (§inn*), red), 1.76 ps (T(3rn*), magenta)
and long lived (T(3zn*), blue). (D) CA IRF @', 15tand 29 derivative (black, red and blue) (E) IRFAS. Saglin
of the IRFAS is such that the product of the IRF&® the IRF derivative is the contribution to thie(F-I)
Zoom from -0.2 ps to 0.8 ps (after the maximumhef iRF) of the 406, 445, 510, 601 nm data (in md)
and the fit (black). (J-L) Overview of the estinf2OAS and phases. (J) Cosine oscillations withUencies

vn (in /cm) (where n is the DOAS number) and dampatgs )/ (in 1/ps) written in the legend at the left,

using the appropriate color. Scaling of the DOASueh that the product of the DOAS and the damgei-o
lation is the contribution to the fit. (K) Estimat®OAS (with number indicated in the legend atfdrdeft).
(L) Estimated phase profiles of the DOAS. The grestical lines at 413 nm in panels K and L are uised
in the main text.

In 4TT, the SE emission from S, (large negative amplitudes near 420 nm) disappears in two phases
of 67 and 168 fs (black and green DADS in Figure S 3C). This is modelled by the So— S ,—T1—T
pathway, where the final step T 1—T; represents vibrational relaxation of the triplet state. During this
vibrational relaxation ESA disappears around 440 and 640 nm, cf. the magenta DADS in Figure S
3C. This vibrational relaxation is also visible in the 4TT transient absorption data of Fig.1b in [4].
Additionally, 56% of S», and even 73% of S2’, decays via the S; state. The thus estimated red SADS
(Figure S 3B) shows positive ESA around 600 nm and 380 nm that support the interpretation of the
red SADS as belonging to the S; state.

18



A - B ns C 2
o %
o]
D
-+ 8} [0}
o [} o |
J: (o (e
a w [sm]
o}
o B
0 e \

0

T T T T T T T T T 1 T T T T T T 1 T T T T T T 1
.0 0.2 04 06 0.8 1.0 1.2 14 1.6 1.8 2.0 350 400 450 500 S50 600 650 700 350 400 450 S00 550 600 650 700

o

Wavelength (nm)

Time (ps) Wavelength (nm) F

D~ E e o
_'AA
© i
. £ 10|
: E c
L
) W : W <
o <
o]
g T T T 1 g T T T T T T 1 e T T T 1
-0.2 0.0 0.2 04 0.6 0.8 350 400 450 5S00 550 600 6S0 700 -0.2 0.0 0.2 0.4 0.6 0.8
6 o Time (ps) H e Wavelength (nm) I oo Time (ps)

445 nm
510 nm
I
£
%>
600 nm
=
>\§

= [¢e]
T

T T T
0.2 0.0 0.2 04 0.6 0.8 -0.2 0.0 0.2 0.4 0.6 0.8 4 5 .
J Time (ps) K —my Time (ps) L @- _ Time (ps)
52: 490 il 2 S
e 12 = 5 ' \ ‘
a = 2
5 ;
- [2)
; : J
] £ | Senaior |
® a
% wn Y
I T T T 1 < T T T T T T ﬁ T T T T T T T 1
-0.1 0.0 0.1 0.2 0.3 350 400 450 500 SS0 600 650 700 350 400 450 SO0 S50 600 650 700
Time (ps) Wavelength (nm) Wavelength (nm)

Figure s 4. DOAS analysis of 4TU in PBS solution excited witB@fs pulse centered at 330 nm. (A) Popula-
tions of the kinetic scheme usedre s 2B). Estimated SADS (B) and DADS (C). Key A-C, lifaes: major
fraction (87%) 124 fs (S2f&*), black), 353 fs (§nn*), red), and long lived (3rn*, blue). Minor fraction
(13%) 353 fs (K'nn*), green), and long lived (Crn*, blue). The SADS of black and green are equa). (D
CA IRF 0", 1tand 29 derivative (black, red and blue) (E) IRFAS. Scglof the IRFAS is such that the
product of the IRFAS and the IRF derivative is toatribution to the fit. (F-1) Zoom from -0.2 ps @8 ps
(after the maximum of the IRF) of the 406, 445, 5@ nm data (in mOD, red) and the fit (blackjL)J
Overview of the estimated DOAS and phases. (J)r@asscillations with frequencidé (in /cm) (where n
is the DOAS number) and damping rat§s (in 1/ps) written in the legend at the left, usthg appropriate
color. Scaling of the DOAS is such that the prodiiche DOAS and the damped oscillation is the icoat
tion to the fit. (K) Estimated DOAS (with numbewinated in the legend at the far left). (L) Estiethphase
profiles of the DOAS. The grey vertical lines aB4dnd 511 nm in panels K and L are discussed iméia
text.

In 4TU the 353 fs decay process is decomposed in two components, green and red. The shape of the
green DADS is identical to the shape of the black DADS (Figure S 4C), but the amplitude is much
smaller. The green is assumed to represent a small fraction (13%) of more slowly decaying S»,
whereas the black DADS (124 fs) represents the major fraction (87%) of S2 that decays to S1. In turn
Si decays to T also in 353 fs. The red 353 fs SADS (Figure S 4B) shows positive ESA amplitude
around 630 nm and 380 nm. These features evidence the interpretation of the red SADS as belonging
to the S; state.
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8. Target 4TU SADS analyses and assignments of the bands

The 4TU calculated decay path explanation is strongly supported by the good matching between the
stimulated emission (SE) and photoinduced absorption (PA) estimations along the relaxation route
and the experimental SADS signals. Figure S5 shows these correspondences, referring on the
computational results depicted in Figure 2.

PA 633(1.05)
PA 383(1.22) 1

A
] 4
]
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L
]
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. . r g . Ty - » PA 670(0.67)
PA 355(0.62) <—-=-==-]

w o

(]

< —— 124 fs, S,('nn*)

w ——353fs, S,('nn*)

-10 ——L.L, T,Crn*) 1

SE 419(2.34) « ™~ 400 450 500 550 600 650 700

Wavelength (nm)

Figure S5. SADS black line, corresponding to the first time constant (124 fs), shows an intense neg-
ative band matching exactly with the reported SE value, calculated on top of the MintySz(*Tut*) and
documented in Figure 2. The red line positive peaks lie in the same region of the PA calculated en-
ergy value, on top of the MinTuSz(*nTt*). The blue line should represent the final T1 triplet population
(3rut*): this is confirmed by the PA calculated signals, which are matching with the experimental
bands.
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