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S1 Experimental data set

The experimental data has been collected from different sources, presented in the Table [ST]
For computational convenience both core (numbered C atoms of the aromatic core) and
imide substituents are slightly modified (Figure . All the imide substituents at NDI and
PDI derivatives are replaced with a hydrogen atom. We compared experimentally obtained
oxidation potentials of two NDIs substituted at the core with alkyl chains of different length.
In a paper by Roger and Wiirthner, we note the difference between oxidation potential of
two tetraalkylamino NDIs.®? The two NDI derivatives bearing the cyclic diaminoethyl and
hexylamino had oxidation potentials of -0.01 V and 0.01 V, respectively. Therefore, the
shortening of the alkyl chain resulted in a decrease of the oxidation potential of 0.02 eV.
Thalacker, Réger and Wiirthner reported®® oxidation potential for di-substituted NDI core
with octylamino groups of 0.60 V and di-substituted NDI core with one octylamino and one
4-tert-butylphenylamino group of 0.62 V. In this case the oxidation potential increased for

0.02 V with the introduction of an aryl group at one of the substitution spots.
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Figure S1: Structures of the unsubstituted cores that have been used for validation of the
computational results and structures of all the ligands in the paper
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The NDI core is substituted in the following order, first position 2, than 6, 3 and 7. If
represented as a list, the first element of the list corresponds to substitution on position
2, the second element corresponds to substitution position 6, etc.; if we use numbers to
represent substituents as in Figure [SI we can represent NDI derivatives in a short notation
as NDI-11 for 2,6-di-alkylthio-substituted NDI. The PDI core is substituted in the analogous
way at the positions 1, 7, 6 and 12. The PDI-55¢ and PDI-55t are conformational isomers,
where ¢ and t stand for cis (on the same side) and trans (on the other side), which means
that PDI-55¢ is substituted at the positions 1 and 6 while PDI-55¢ at the positions 7 and
12. The experimental values came from different sources; we used raw experimental data
obtained in very similar conditions. All values are obtained with cyclic voltammetry (CV)
in dichloromethane (DCM) with a scan rate of 100 mVs™! (except NDI-59, 20 mVs~! ) and
with tetrabutylammonium hexafluorophosphate (N Bu4 P Fg) as a supporting electrolyte. For
NDI-77 and NDI-66 the oxidation potentials are determined against an SCE electrode and for
other dyes against the ferrocene/ferricenium couple Fe/Fe™ as internal standard (Ag/AgCl
reference electrode).

Here we define absolute potential for used reference electrodes. The reported value for
the Fic/Fct potential is 0.46 V versus SCE in DCM solution (0.1 M N Buy P Fg). 55 The
standard value of SCE versus normal hydrogen electrode (NHE), which is by Bard®!# con-
sidered the same as standard hydrogen electrode (SHE) is 0.24 V. Finally, we can relate the
SHE reference electrode potential to the absolute scale. Sticking to the Fermi-Dirac statistics
for the electron convention, calculated absolute potential for the SHE reference electrode is
4.28 V 51354 Therefore, knowing the relations between the electrodes, the absolute potential

for the SCE electrode is 4.52 V and for Fe/Fet 4.98 V.
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Table S1: Experimentally measured half-wave potentials, £, for core-
substituted NDI and PDI dyes. The potentials are obtained with cyclic voltam-
metry in dicloromethane, with N Bu,PFg as a supporting electrolyte at scan rate
of 100 mVs™! (except NDI-59, 20 mV s~ !) referenced against Fc¢/Fct or SCE. The
reported values are converted to absolute scale®

Name E1)5 |V] vs (Reference Electrode) E®s V] Ref.
NDI-44 1.36 (Fc/Fc') 6.34 5
NDI-54 0.95 (Fe/Fc*) 5.93 =
NDI-55 0.65 (Fe/Fct) 5.63 22
NDI-555 0.41 (Fe/Fct) 5.39 52
NDI-5555 0.01 (Fe/Fc™t) 4.99 52
NDI-58 1.11 (Fe/Fc*) 6.09 i
NDI-59 1.10 (Fc/Fch) 6.08 =
NDI-66 0.98 (SCE) 5.50 >
NDI-77 0.91 (SCE) 5.43 =
PDI 1.32 (Fc/Fct) 6.30 ot
PDI-4444 0.60 (Fc/Fct) 5.58 =
PDI-55c¢ 0.44 (Fc/Fc*) 5.42 =9
PDI-55t 0.29 (Fe/Fct) 5.27 =
PDI-0000 0.93 (Fc/Fc™) 5.91 I
“By)s = 4.98 V (Fe/Fet) + Byjg 5 BYjs = 4.52 V(SCE) + Eys.

S2 R? sensitivity analysis

We want to check the sensitivity of the R? to the error of & 0.05 eV to the experimental
values. We do that by adding random values from the interval (-0.05, 0.05) eV to the
experimental values to randomize the data set. We then iteratively calculate the value of
R? between the calculated values and randomised data and calculate the MAD for the R?.
We repeat this process increasing the number of iterations to avoid initialisation noise. The

MAD converges to the value of 0.01.
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Figure S2: The mean absolute deviation for R? due to 0.05 €V error for increasing number
of iterations.

S3 Calculation steps of the GSOP strategies and calcu-

lated GSOP values

Direct approach with COSMO includes two steps:

1. Solution-phase geometry optimization with frequencies for the neutral, G2 ,(¢%,) and

_l’_

+ (g ,) molecule.

2. Solution-phase geometry optimization with frequencies for the oxidized, G

From these calculations we can directly obtain the Gibbs free energies, as in Equation (S1)).

AGggSMO = G:ol<9:ol) + Gga8(6_> - Ggol(ggol) (S1)



G (gF) and GY,(¢°,) are solution-phase Gibbs free energies of the oxidized and neutral
molecular species, respectively.
Thermodynamic cycle approach with COSMO (or COSMO-RS) requires nine calcula-

tions shown below to obtain components of equation (S2)), where i denotes neutral (0) and

oxidized (+) molecule. The AGLS is calculated as in equation (|S3)):
COSMO

iol(g;as) = G;as(géas) + AGiolv(g;as) + [Egas<géol> - Egas(g;as)] (SQ)
AGggSMO = G:ol(g;:zs) + Ggas(e_) - Ggol(ggas) (83)

For the neutral molecule:

1. Gas-phase geometry optimization with frequencies, GY,,(90,.) and Egqs(gyq.)

2. Single point on gas-phase geometry in solution, AGY,,(g50,s)

3. Solution-phase geometry optimization, geometry (g2 )
4. Single point on solution-phase geometry in gas, E,qs(g% ;)
For oxidized molecule:

1. Gas-phase geometry optimization with frequencies with charge G, (9,.s)

\)

. Single point on gas-phase geometry in solution with charge, AGjol,U(g;aS)

w

. Single point on gas-phase geometry in gas, Egas(g],,)

S

. Solution-phase geometry optimization with charge, geometry (g7 )

ot

. Single point on solution-phase geometry in gas, Ey.s(g7,)

Thermodynamic cycle with COSMO-RS used for screening includes six steps in total.
For this approach three calculations are needed to calculate the solution-phase Gibbs free
energy Gl ops(9has) for i = 0, + state (Equation (S4). The Gibbs free energy of oxidation

is given in Equation (SH))

GZOZ,CRS(g;as) = Ezol(g;as) + AGiCRS,solv (g;as) (S4>
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AGSC%?;\L}ZQ—RS = G:ol,CRS(g;_as) + Ggas(e_) - G(S)OZ,CRS(QSCLS) (S5)

1. Geometry optimisation in gas-phase with semiempirical quantum mechanical (SQM)
techniques, g;,,

2. Single point on gas-phase geometry in solution (COSMO) on DFT level, EZ (g} ,s)

3. COSMO-RS calculation G%; ¢rs(9bas)

Table S2: The GSOP evaluated with adiabatic approach with different strategies.
The values are calculated using the Equation (S1), (S3) and (S5). All values are
in eV.

Name EXP AchC)SMo AGggSMo AGggSMOfRS AGZ%egﬂgg—Rs
NDI-44 6.34 6.13 6.01 6.10 6.14
NDI-54 5.93 5.68 5.57 5.65 5.66
NDI-55 5.63 5.36 5.26 5.27 5.27
NDI-555 5.39 5.06 5.05 4.95 4.92
NDI-5555  4.99 4.81 4.80 4.63 4.61
NDI-58 6.09 5.94 5.85 5.97 5.97
NDI-59 6.08 5.93 5.84 5.97 5.97
NDI-66 5.50 5.20 5.19 5.12 5.14
NDI-77 5.43 5.09 4.97 4.99 4.95
PDI 6.30 5.77 5.73 5.86 5.86
PDI-55¢ 5.42 5.13 5.10 5.08 5.06
PDI-55t 5.27 4.94 4.94 4.88 4.85
PDI-4444  5.58 5.19 5.09 5.07 5.07
PDI-0000 5.91 5.20 5.19 5.26 5.48

S4 PDI-0000 outlier analysis

Following the automated procedure for AGE§q1,0 and AGLS ¢, /0 strategy to calculate adia-
batic GSOP, molecule PDI-0000 appears as an outlier. We analyse the effective contributions
to the GSOP for the two strategies such as thermal contributions, geometry relaxation due
to solvation and due to oxidation. These effects are not very different compared to other

molecules, therefore do not have large effect on the value of the GSOP. There is a slight differ-
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Table S3: The GSOP evaluated with vertical approach with different strategies.
All values are in eV.

Name EXP  —€Gino _vag}\?g _ef]‘g}\sfg 90 AET —eono
NDI-44 6.34 8.46 6.84 6.64 6.29 6.33
NDI-54 5.93 7.95 6.32 6.17 5.80 5.87
NDI-55 5.63 7.41 5.83 5.69 5.44 5.51
NDI-555 5.39 7.27 5.79 5.51 5.38 5.44
NDI-5555 4.99 6.84 5.45 5.05 5.09 5.16
NDI-58 6.09 8.34 6.38 6.27 6.04 6.14
NDI-59 6.08 8.17 6.52 6.41 6.03 6.14
NDI-66 5.50 7.24 5.80 5.63 5.37 5.44
NDI-77 5.43 6.84 5.82 5.71 5.14 5.22
PDI 6.30 8.06 6.35 6.27 5.94 6.04
PDI-55¢ 5.42 7.16 5.69 5.56 5.28 5.39
PDI-55t 5.27 7.07 5.58 5.39 5.15 5.24
PDI-4444  5.58 7.01 5.76 5.62 5.29 5.38
PDI-0000 5.91 7.24 6.07 5.99 5.55 5.64

ence compared to the AGES ¢1,0_rs due to the the change in solvation model, COSMO-RS
instead of COSMO. We notice a somewhat larger difference in the Givyerrey. pg model where,
compared to AGLS ¢ 10 ps» geometry optimization is performed with GFN1-xTB instead
of DFT, Table . Wiirthner®* mentions that the tetraphenoxy-substituted PDI preferred
conformation in gas is unclear as many conformational isomers exist in a small energy range,
therefore the conformation in solution will highly depend on solvent effects. For similar
molecules it has been shown®® that the molecule is twisted with the torsion angle around
25 degrees between two naphtalene planes which are forming the PDI core. The procedure
we applied, does not employ conformational search and we assume that the molecule ended
up in one of the local minima. In addition, we notice that the bonding energy in solvent
calculated with COSMO (DC and TC strategies) for the oxidized molecule on oxidized ge-
ometry is larger than for the oxidized molecule on neutral geometry by 0.23 eV, while the

energy difference induced only by geometry change due to oxidation is 0.05 €V as shown in

Table which describes the sensitivity of the molecule’s electronic energy to the solvent
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model. Therefore, we conclude that the discrepancy from the experimental value originates
in the molecule’s sensitivity to the environment in combination with the conformational
uncertainties.

Table S4: The GSOP evaluated with different strategies for PDI-0000 molecule
and the absolute deviation (AD) of PDI-0000 compared to the mean absolute
deviation (MAD) for the rest of the data set for given strategy. All values are
in V.

DC TC TC screening
AGCOSMO AG(C'OSMO AGJC'OS'MO—RS AG(COSJ\/IO—RS

GSOP 5.20 5.19 5.26 0.48
AD 0.67 0.72 0.65 0.43
MAD 0.28 0.35 0.34 0.34

S5 Different contributions to the GOSP in the adiabatic
approach (the Gibbs free energy of the oxidation re-

action)
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Table S5: The solvation contribution to the GSOP for the two methods, DC and
TC.

Name AAGPT [eV]® AAGTS |eV]b

solv solv

NDI-44 -1.62 -1.62
NDI-54 -1.64 -1.64
NDI-55 -1.59 -1.58
NDI-555 -1.48 -1.48
NDI-5555 -1.40 -1.39
NDI-58 -1.80 -1.80
NDI-59 -1.83 -1.82
NDI-66 -1.44 -1.44
NDI-77 -1.03 -1.02
PDI -1.72 -1.71
PDI-4444 -1.48 -1.47
PDI-55c -1.51 -1.50
PDI-55t -1.25 -1.25
PDI-0000 -1.18 -1.17

GAAGQ)% = ACTV;'_OIU (g:;l) - Angol'u (ggol)
bAAGzo?v = Aijolv (g;_as) - AG(s)olv (ggas)
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Table S6: Thermal contributions to the GSOP, for the direct method (frequencies
performed in solution phase) and for TC method (frequencies performed in the
gas phase), at the 7'= 298.15K. The average contribution of the absolute values
of AGP¢ —and AGZLC is 0.04 and 0.03 respectively.

therm therm

Name AGERC |eV]e  AGLC |eV]°

therm therm
NDI-44 0.05 -0.02
NDI-54 0.05 -0.02
NDI-55 0.07 0.01
NDI-555 0.02 0.02
NDI-5555 0.09 0.06
NDI-58 0.03 -0.03
NDI-59 0.03 -0.02
NDI-66 0.01 0.02
NDI-77 0.04 -0.08
PDI -0.07 -0.07
PDI-4444 0.05 -0.02
PDI-55¢ -0.01 -0.02
PDI-55t -0.002 -0.004
PDI-0000 -0.08 -0.05

aAGDC (T) = G?;zerm(g::)N T) - Ggherm (g(s)ol7 T)

therm

bAGTC (T) = G;LET’m (gg-;_as’ T) - G?herm(ggas? T)

therm
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Table S7: The energy contribution to GSOP from the geometry changes caused
by solvation for neutral and oxidised molecules.

Name AE;)CLS*)SOZ [ev]a AE gas—sol [e\/]b

NDI-44 0.02 -0.03
NDI-54 0.02 -0.04
NDI-55 0.02 -0.02
NDI-555 0.02 0.00
NDI-5555 0.02 0.02
NDI-58 0.02 -0.03
NDI-59 0.02 -0.03
NDI-66 0.02 0.00
NDI-77 0.02 0.02
PDI 0.02 -0.02
PDI-4444 0.02 -0.01
PDI-55¢c 0.03 0.00
PDI-55¢t 0.02 0.01
PDI-0000 0.02 -0.04

:AE‘EJ)GS—}SOZ = EgaS( ) Egas(gqas)
AEJF Egas( ) Egas (ggas)

gas—sol —

Table S8: The contributions to the electronic energy coming from the relaxation
to the oxidized geometry in solution and gas phases

Name AEF . [eV]*  AE§%. [eV]?

NDI-44 0.16 0.21
NDI-54 0.11 0.16
NDI-55 0.10 0.14
NDI-555 0.25 0.26
NDI-5555 0.36 0.36
NDI-58 0.07 0.12
NDI-59 0.07 0.12
NDI-66 0.13 0.15
NDI-77 0.07 0.07
PDI 0.04 0.08
PDI-4444 0.10 0.14
PDI-55c 0.09 0.12
PDI-55t 0.15 0.16
PDI-0000 0.05 0.10

"Ny = Egos(9001) — Egas(921)

gas gas

b as
AEg—H- - Egaé( as) - Egas (g(g)as)
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S6 Suitable dyes for the trial system containing the Ru-

al.>! and TiO, anode.

based water oxidation catalyst designed by Duan et

Table S9: Calculated values for GOSP [V], lowest most intense excitation .,
[eV] and oscillation strength (osc.str) values for all the dyes with suitable GSOP
for the trial system. The left column gives dyes that also fulfil the ESOP cri-
terion. We hereby account for computational errors - underestimation of 0.3 V
for GSOP and overestimation of 0.4 €V for \,,,.-

Num. Name GSOP  \,4: osc.str. | Num. Name GSOP  \,4z osc.str.
1 PTI1-5 6.00 2.90 0.66 67 PDI 5.89 2.43 0.77
2 PTI1-144 588 2.67 058 |68 PTI1-1 6.46 290  0.70
3 PTI1-444 581 267 056 |69 PTI1-4 6.49 290  0.69
4 PTI1-544 591 267 055 |70 PTI1 6.31 288  0.67
5 PTI2-4 6.03 270 055 |71 PTI2 6.39 289  0.67
6 PTI2-44 5.82 2.64 0.54 72 PTI1-14 6.10 2.72 0.58
7 PTI1-54 6.02 272 053 |73 PTI1-44 6.08 272  0.56
8 NDI-125 5.78 2.57 0.45 74 PTI1-11 6.00 2.64 0.44
9 NDI-225 5.84 2.49 0.44 75 NDI-224 5.98 2.48 0.41
10 PTI1-15 5.73 2.49 0.44 76 NDI-422 6.20 2.597 0.40
11 NDI-4622  5.66 2.38 0.43 7 NDI-421 6.11 2.61 0.40
12 PTI1-45 5.67 2.49 0.42 78 NDI-22 6.01 2.43 0.40
13 PTI2-5 5.65 2.47 0.42 79 PTI1-12 6.01 2.54 0.40
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