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Si.

Cartesian coordinates of optimized structures

Unless indicated otherwise, structures were optimized with ®B97XD/6-311++g(2d,p). Xyz coordinates in Angstrom.

Table S1. Thymine
So
C -2.945762 -0.694981
C -1.006839 0.796881
C -1.931606 1.901466
C -3.246071 1.644717
H -3.997808 2.410187
0 -3.382946 -1.801219
O 0.209225 0.881014
C -1.375741 3.253704
H -0.799358 3.230433
H -0.702865 3.591848
H -2.176368 3.985393
N -1.601706 -0.426945
H -0.980810 -1.209955
N -3.739344 0.398552
H -4.733787 0.249670
Table S2. 2tThy
So
C -3.198328 -0.464824
C -1.058615 0.699983
C -1.799969 1.926992
C -3.139461 1.870645
H -3.771371 2.732418
0 0.152447 0.586176
C -1.043652 3.171745
H -0.346482 3.425400
H -0.456498 3.033796
H -1.725327 4.008882
S -4.033142 -1.868345
N -3.810708 0.713089
H -4.817861 0.720266
N -1.846142 -0.413961
H -1.348244 -1.276837
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Table S3. 4tThy
So
C -3.221247 -0.479439
C -1.073380 0.682283
C -1.790402 1.901766
C -3.140215 1.856553
H -3.752045 2.729745
C -1.065961 3.170711
H -0.386627 3.448892
H -0.464721 3.056136
H -1.775177 3.983945
N -3.830194 0.718764
H -4.838448 0.728793
N -1.846007 -0.413492
H -1.365007 -1.283411
S 0.588128 0.528671
0 -3.820621 -1.503284

Table S4. 2,4dtThy
So
N -1.865161 -0.458258
C -3.216156 -0.537940
N -3.863201 0.597728
C -3.225653 1.724129
C -1.882396 1.794635
C -1.124262 0.621277
S -3.993426 -1.916362
S 0.531816 0.490971
C -1.201976 3.037232
H -3.876246 2.554792
H -0.483048 3.390577
H -0.648744 2.844972
H -1.930945 3.825231
H -4.869519 0.590033
H -1.349175 -1.292957
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Table S5.

2tThd
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Table Sé6.

2tThy with 3 water molecules
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.126718
.396042
.196666
.757124
.880581
.279954
.971699
.249410
.522183
.033407
.949164
.483932
.183374
.658884
.450668
.780386

015523
643426
989032
547238

H WDMNWNONRE P OO

|
(@]

-3

.534326
.452389
.703353
. 736460
.625618
.254602
.874022
.155033
.632061
. 733313
.859654
.653001
.586108
.269219
.882155
.297789
.194228
.575274
.201931
.833920
.209928
.332223
.481195
. 747576

.235072
.067461
.437833
.442839
.705460
.011679
. 790754
.050636
.628015
.065404
.636944
.116207
.242954
.068347
.395145
.022251
.237948
.767318
.623647
.401854
.196312
.281580
.503623
.135088

TImOoOTTZmOoOxXTImOmTTO

4tThy with 3 water molecules

T T OO DmOoOO0OnhaonzZzoZaon o QOTT0O00A0N

.281550 -
.030153 -
.251658 -
.573139
.817630
.285935
.951436
.130191
.565478

.440809
.469914

O O O U U1 oy oy O™

.680131

G O NDE&SBDNDDNDOO

1.695662
0.745114
0.614814
0.637889
0.822003
1.820934
2.430420
2.450597
1.526145
1.758322
2.689951
.428963
.386403
.196184
.687670
.283442
.840878
.536487
.343981
.122128
.330084
.340991
.436026
.720195

.612353 1
.744622 0.
.651076 1
.967157 -2.
.585691 -1.
.996683 -1.
.052711 0.
.358039 1
.833311 0.
.664881 -1
.645908 -1.
.250510 -1.

-0.573925
-0.388043

1.042585
1.553194
2.619436
1.927980
1.760326
1.718797
2.977175
0.779791

1.227605
-1.092226
-2.114700
-1.216399
-1.305417

1.988546

1.183487

2.445153
-3.813572
-3.243188
-4.365042
-0.523327
-0.889434
-0.801990

.357229

404692

.355311

125443
638017
464946
746742

.423680

025221

.266869

223699
543515

So structures of thymine derivatives with few water molecules around

-0.101265
-0.106085
-0.086560
-0.075249
-0.059530
-0.079561
-0.970006

0.787667
-0.051674
-0.081663
-0.071265
-0.112170
-0.125000
-0.120970
-0.108985
-0.124583
-0.165775

0.681771
-0.203641
-0.111030

0.582704
-0.243170
-0.225364
-1.080443

2,4dtThy with 2 water molecules

TCTOoOXDITOoOnmzZzonZncon oD OO0

NEENMNNDNNDNNOOOO

.916629
.271180
.873776
.048365
.411664
.351668
.875424
.703164
.621253
.587944
.300138
.893760
.094981
.547072
.105589
.296358
.925332
.513936
.816644
.796766
.498420

0.
-0.
.911065
.729174
.579084
.128750
.258133
.274302
.003453
.313264
.546406
.191999
.283690
.060850
.305516
.999274
.409917
.884473
.206344
-3.
-1.

| I B
NN PFPONRPONREOREDNDREO

w

-2

538434
184288

106957
750642

R OO OO

-0

-1

1

.000263
. 797901
.089263
.601959
.164049
0.
.284510
1.
-0.
-0.
-0.
-1.
0.
1.
1.
.999127
-1.
-1.
1.
.585583
1.

115709

139235
475977
051272
643367
180741
695783
194920
707543

559094
693224
921240

405898
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Sa. Solvent effects of water on the structures and absorption spectra

Table S7. The optimized structure of ground state of 2tThy, 4tThy, and 24dtThy
With water molecules No water molecule
2tThy
4tThy
2,4dtThy
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Figure S1. Absorption spectra with and without explicit water molecules.

(a) Calculated with continuum model; (b) calculated with explicit water molecules plus continuum

model.
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S3. MS-CASPT2 Vertical excitations from optimized S,, S., and T, minima

Table S8. Thy
Geometry State Energy /eV Osc. Str. Character
Opt So So 0.00 *Ak GS
S1 5.00 0.0003 nt*
Sz 5.03 0.3143 Tut*
S3 6.06 0.0496 mut*
Sa 6.36 0.0000 nmt*
Ss 6.60 0.4292 m*
Opt S1 So 0.00 *x GS
water S1 3.82 ok mt*
Sz 4.20 *x nm*
T: 2.56 *k m*
T, 4.17 *k nrt*
Opt S1 So 0.00 ok GS
gas phase S; 3.93 ok nmt*
S; 4.40 ok mt*
T: 3.47 *k n*
T, 3.84 ok nm*
Opt T So 0.00 *x GS
water S1 3.54 ok Tut*
S, 4.19 *x nm*
T1 2.36 ok mt*
T, 4.14 *k nrt*
Table S9. 2tThy
Geometry State Energy /eV Osc. Str. Character
Opt So So 0.00 *Ex GS
S1 3.96 0.0000 nmt*
S; 4.34 0.5784 Tut*
S3 4.73 0.0843 Tut*
Sa 4,78 0.0004 nm*
Opt S1 So 0.00 ok GS
water S1 2.40 *x ek +nm*
S; 3.01 *k n*+m*
T, 2.08 *k nt*
T, 2.32 *k nm*
Opt S1 So 0.00 ok GS
gasphase S 2.52 *x nm*+mo*
S, 3.15 ** ok +nme*
T1 2.30 *k mt*
T, 2.40 *x nm*
OptT1 So 0.00 *k GS

water S1 3.02 *ok n*



Sz 3.40 ok nmc*
T1 2.23 *ok m*
T, 3.44 ok nm*
Table S10. 4tThy
Geometry State Energy /eV Osc. Str. Character
Opt So So 0.00 *x GS
S1 3.04 0.0000 nt*
Sz 4.00 0.6623 Tut*
S3 4.80 0.0194 m*
Sa 5.08 0.0000 nmt*
Opt S1 So 0.00 *x GS
water S1 2.72 ok nmc*
S; 4.00 *k m*
Ty 2.68 *k m*
Ta 2.70 *x nm*
Opt S1 So 0.00 *x GS
gas phase S1 2.75 ok nm*
S; 3.63 *k nt*
T1 2.66 ok mt*
T, 2.70 *k nm*
Opt T So 0.00 *x GS
water S1 1.98 *x nmt*
S; 2.52 *k nt*
T: 1.22 ok mt*
T, 2.01 *x nm*
Table S11. 2,4dtThy
Geometry State Energy /eV Osc. Str. Character
Opt So So 0.00 *k GS
S1 2.97 0.0000 nmt*
Sz 3.72 0.2157 nt*
S3 3.92 0.0000 nmt*
Sq 4.13 0.1564 Tut*
Opt Sy So 0.00 *k GS
water S1 2.64 ok nmt*
S; 3.53 *k mt*
T1 2.60 *k mt*
T, 2.62 *k nmc*
Opt Sy So 0.00 *k GS
Gas phase S 2.58 ok nmt*
S; 3.58 *k mt*
T 2.53 *k nt*
T, 2.57 *k nmc*
Opt Ty So 0.0 ok GS
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water S1 2.53 ok nm*

S, 3.34 *ok mu*
T1 2.28 *x ¥
Tz 2.50 *x nrt*

S4. Oscillator strength analysis
The absorption spectra of 2tThy and 2tThd in water reported in ref. * are shown in Figure S2. The first
band in each one was fitted by a double Gaussian function defined as

2 2
e(AE) =&, exp(—i) + Epaxc2 exp[— AI52 j (S1)

2} @,
The fitting parameters are given in Table S12.

The oscillator strengths for the Gaussian peaks contributing to the bands are also given in Table S3. They

were computed from the fitting parameters as?

f :6.17x105%a)gm, (52)
C

where n = 1.34 is the refractive index of water. In this equation, @ is given in eV and &nax in Mt.cm™. fc

=3n?/(2n?+ 1) is the local field correction as given by the free cavity model.

Using the same procedure, the experimental band maxima and oscillator strengths for all species have

been extracted as well. They are reported in Table S13.

1 2tThy

® o N
NI

£ (10°M'em™)
o N B~ O

T T T
3.5 4.0 4.5 5.0 55

] 2tThd

£ (10°M'em™)
o (4,1

3.5 4.0 4.5 5.0 55
AE (eV)

Figure S2. Gaussian fitting of experimental absorption spectra of 2tThy and 2tThd in water.
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Table S12. Fitting parameters and oscillator strengths for 2tThy and 2tThd in water.

2tThy 2tThd
Peak 1 Peak 2 Peak 1 Peak 2
AE (eV) 4.258 4.642 4.350 4.660
&max (10° Mcm?) 8.568 9.480 17.201 9.971
o (eV) 0.306 0.287 0.317 0.250
f 0.158 0.163 0.327 0.150
Table S13. Experimental band maxima (eV) and oscillator strengths (in parentheses).
Peak 1 Peak 2 Peak 3 Peak 4
Thy 4.641 (0.185) - - -
2tThy 4.258 (0.158) 4.642 (0.163) - -
2tThd 4.350 (0.327) 4.660 (0.150) - -
4tThy 3.720 (0.222) - - ]
2,4dtThy 3.388 (0.096) 3.692 (0.123) 4.426 (0.355) 4.945 (0.182)

We have also fitted the experimental spectra for 2tThy and 2tThd in acetonitrile from ref. 3. The fitting

parameters and the oscillator strengths are given in Table S14.

Table S14. Fitting parameters and oscillator strengths for 2tThy and 2tThd in acetonitrile.

2tThy

2tThd

Peak 1 Peak 2 Peak 1 Peak 2
AE (eV) 4.167 4.567 4.167 4510
&max (103 Mrlem't) 9.491 11.311 4.401 14.137
o (eV) 0.232 0.308 0.185 0.420
f 0.132 0.209 0.049 0.357

The oscillator strength was obtained from the nuclear ensemble simulations by also fitting the spectrum

with a double Gaussian function, Eq. S1. Because these spectra are given in terms of cross sections, rather
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than in terms of molar attenuation coefficients, smax is replaced by omax. In this case, for cross sections

given in A%2.molecule™, the oscillator strength is

f =1.61%0)Gmax. (S3)
C

The fitting results and the oscillator strengths for 2tThy and 2tThd are given in 0 (gas phase) and Table
S16 (water; continuum model only)

Table S15. Nuclear ensemble simulations of 2tThy and 2tThd in the gas phase.

2tThy 2tThd
Peak 1 Peak 2 Peak 1 Peak 2
AE (eV) 4.031 4.739 4.238 4711
omax (A2.molecule™) 0.120 0.698 0.189 0.462
o (eV) 0.358 0.313 0.404 0.266
f 0.069 0.353 0.123 0.198

Table S16. Nuclear ensemble simulations of 2tThy and 2tThd in water.

2tThy 2tThd
Peak 1 Peak 2 Peak 1 Peak 2
AE (eV) 4.284 4.697 4.348 4.694
omax (A2.molecule®) 0.407 0.710 0.464 0.338
o (eV) 0.369 0.232 0.382 0.214
f 0.235 0.258 0.278 0.113

S12



Ss. Relevant molecular orbitals for the absorption spectra

Table S17.

Kohn-Sham = orbitals in the DFT/MRCI calculations.

2tthy

4tthy

24dtthy

2
=
o3+
Yo
R
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Table S18. CASSCF m orbitals in the CASPT2 calculations.

2tthy 4tthy 24dtthy

. 4
e
R
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The CASSCEF frontier occupied molecular orbitals for Si1, T1, and T states at the S; minimum of 2tThy

and 4tThy are shown in Figure S3 (a) and (b) respectively.
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S6. Hickel model and red shift of thio-substituted thymines
The replacement of one or both oxygen atoms in thymine by sulfur leads to a strong red shift in the lowest
electronic transitions (Table S19). We can understand the origin of this shift by considering the Hiickel

model for a C=X bond (X = O or S). The Hamiltonian in this case is simply*

a
H { P } (S4)
By ay
where
a, =a+hp,
(S5)
Py =Ky p.
Table S19. Lowest electronic transition in thio-substituted thymine computed with DFT/MRCI.
X4
| NH
N’J§x2
H X2 Xa AE (eV) Character (% nn-mtL)
Thy 0 0 5.26 88
2tThy S O 4.20 88
4tThy 0 S 3.97 84
2,4dtThy S S 3.61 81

The eigenvalues of H are

gi=a+%(hxiwfhf<+4Kf()ﬁ, (S6)

leading to an electronic energy gap

Agy =g, —& =—fh; +4KZ . (S7)

Considering the Hiickel parameters in Table S20, the ratio between the electronic gap for C=0 ad C=S is

Aso _ [R+4Ks o, (s9)
Agg hZ + 4K
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Thus, Hiickel theory predicts a red-shift factor of 1.4 for a thio-substitution of a C=0 group, basically the
same shift factor predicted by DFT/MRCI for the ratio between transition energies of Thy and 2,4dtThy,
which is 1.5. This factor is also in perfect agreement with the experimental data from ref. !, which is also
1.4.

According to Eq. (S8), the source of the red-shift factor can be traced back mainly to the fact that K, > K

, meaning that the shift is a consequence of the weaker C=S bond as compared to the C=0 bond.

Table S20. Hiickel parameters.

X= C N o) S
hy 000 137 097 046
K, 100 089 106 081
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S7. NBO analysis

Table S21. NBO distribution along C=0 and C=S = bonds.

Analysis based on Kohn-Sham orbitals computed at BHLYP/def2-TZVP level.

7 C2=0/S2) 7 C4=0/S4)

C 0)} S> Csy O4 S4

Thy 0.27 0.74 *x 0.29 0.71 *x
2tThy 0.61 ok 0.39 0.29 0.71 *x
4tThy 0.27 0.73 ow 0.32 ok 0.68
24dtThy 0.61 *x 0.39 0.33 ok 0.67
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S8. SOC matrix elements and frontier occupied molecular orbitals

Table S22. Hyperfine SOC components for Thy, 2tThy, 4tThy and 24dtThy at the S; minima.

S1/T1 (em™) S1/T2 (em™)

Phase  Hgly, | st M5ty Su/taa stse Hsyta,
Thy W 1 0 1 15 2 15

GP 34 10 34 0 0 0
2tThy w 55 69 55 57 73 57

GP 84 84 84 45 48 45
4tThy W 111 13 111 4 1 4

GP 110 13 110 17 3 17
24dtThy W 107 9 107 1 0 1

GP 108 12 108 1 1 1

B O o o o

T1 ' 12

s1

Figure S3. CASSCEF frontier occupied molecular orbitals for SOC of 2tThy and 4tThy.
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