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1 | INTRODUCTION
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Philip Rohland®** | Martin D. Hager>*

Abstract

Benzo[d]-X-zolyl-pyridinyl (X=0O, S, NH) radicals represent a promising class of
redox-active molecules for organic batteries. We present a multistep screening pro-
cedure to identify the most promising radical candidates. Experimental investigations
and highly correlated wave function-based calculations are performed to determine
benchmark redox potentials. Based on these, the accuracies of different methods
(semi-empirical, density functional theory, wave function-based), solvent models, dis-
persion corrections, and basis sets are evaluated. The developed screening procedure
consists of three steps: First, a conformer search is performed with CREST. The mole-
cules are selected based on the redox potentials calculated using GFN2-xTB. Second,
HOMO energies calculated with reparametrized B3LYP-D3(BJ) and the def2-SVP
basis set are used as selection criteria. The final molecules are selected based on the
redox potentials calculated from Gibbs energies using BP86-D3(BJ)/def2-TZVP. With
this multistep screening approach, promising molecules can be suggested for synthe-

sis, and structure-property relationships can be derived.
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DFT, multi-step screening, organic redox flow battery, polymer-based batteries, viologen

material in both organic RFBs and PBBs (see ESI for more details on
RFBs and PBBs).»* In aqueous solution, TEMPO has an oxidation

In recent years, research on redox flow batteries (RFBs) has shifted
from metal-based to organic active materials.2? Organic materials are
less expensive than metal-based materials,>® cause less environmental
damage,’® and may be synthesized from renewable resources in the
future.* The organic, redox active molecules for RFBs can also be used
in organic polymer-based batteries (PBBs). For example, the most
prominent material, the commonly used 2,2,6,6-tetramethylpiperidin-
1-oxyl (TEMPO), has been employed as a redox-active cathode

potential of 0.722V versus the normal hydrogen electrode (NHE).> A
compatible redox-active anode material must have a significantly
lower potential for its redox reaction. Many different organic mole-
cules are currently being investigated for use as anode material.2*%7
Viologens have demonstrated desirable redox potentials and stability
for use in organic RFBs and PBBs.81® However, it is difficult to chem-
ically modify viologens to optimize their properties, such as their

redox potential. To improve viologens, one of the pyridyl groups is
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1-X-R

SCHEME 1 Schematic representation of the general structure
1-X-R for the molecules studied. 4-(Benzo[d]-X-zol-2-yl)-1-methyl-
1,4-dihydropyridin-4-yl radicals where X=0, S, NH and R=Me, Bn.

replaced by a benzo[d]-X-zolyl group. This leads to the general struc-
ture 1-X-R shown in Scheme 1. Three different heteroatomic groups
can be introduced at the X-position: O, S, and NH. Different organic
groups R can also be introduced. R is the linker to the polymer chain
in PBBs and can be freely chosen for RFBs. In addition, the four
hydrogens at the benzo group can be replaced by functional groups
such as —CH3, —CF3, —CN, —OH, and —OCHas. This results in a large
number of differently substituted 1-X-R-type molecules.

A first experimental study by Savarino et al.X* on the redox proper-
ties of 1-X-R-type molecules with an unsubstituted benzo group is
promising. However, the substituents and substitution pattern are
important for optimizing the properties. In addition to other studies!>¢
we have carried out in the field, our study” on the redox potentials of
a large number of substituted quinones revealed, for example, the non-
intuitive effects of substituents and substituent patterns on the redox
potentials in addition to the expected influences on them. The lowest
redox potentials were not found for the fully substituted quinones.
Inductive effects had only a little influence on the redox potential.
Instead, the substituents with large negative resonance effects (—CN,
—NO,) revealed the strongest impact. We also found that intramolecu-
lar hydrogen bonds allow higher values of the redox potentials. Thus,
the best candidates are not necessarily obvious.

To find the best candidate and novel redox-active molecules for
an organic RFB or PBB, computational screening methods can be
used.?”~2° For example, Li et al.?? screened 660 molecules for a candi-
date with a low reduction potential molecule for a PBB. The authors
used a semi-empirical extended tight binding method together with a
trained Gaussian process regression model to select the 10% with the
lowest reduction potential. These top 10% predicted molecules were
then further calculated with density-functional theory (DFT) to iden-
tify the most promising redox-active molecules. Two other extensive
high-throughput screenings were performed by Cheng et al.2° and
Duke et al.?> In the former, about 1400 organic molecules were
screened in 2015, and in the latter, 43,000 organic molecules were
screened in 2023 for RFBs in a multistep approach based on DFT.
Redox potentials can be predicted faster and with higher accuracy
compared to other properties such as solubility and stability.t”*8
Knowing the redox potentials makes it possible to estimate the maxi-
mum voltage of the battery. The redox potentials are calculated from
the Gibbs energies of the redox reactions.?’ However, Bachmann
et al. showed that the energy of lowest unoccupied orbital (LUMO)
can also be used instead of Gibbs energy.?

CHEMISTRY

In the present study, a computational screening procedure is
developed to determine the oxidation and reduction potentials of
1-X-R-type molecules, which are radicals (Scheme 1). In organic syn-
thesis, cationic species are generated in the first step.?” Therefore,
experimental studies are preferably presented from the perspective of
the cationic species. For a better understanding, however, the theo-
retical study is presented from the perspective of the radical. The aim
of the screening approach is to identify 1-X-R-type radicals
(Scheme 1) that have either a very low oxidation potential or a high
reduction potential. A low oxidation potential enables a higher cell
voltage and, therefore, a higher specific energy density. A higher
reduction potential would make the reduction reaction assessable for
use in the battery. Oxidation and reduction can then take place at the
anode to store two electrons per redox-active molecule. This would
also increase the specific energy density of the battery. As in previous
studies,'” 2> both Gibbs energies and orbital energies approaches are
investigated for the calculation of the redox potentials. Different
methods [semi-empirical, DFT (27 density functionals), and wave
function-based], dispersion corrections (three different ones), and
basis sets are utilized to calculate the oxidation and reduction poten-

tials of 1-X-R-type molecules. Fornari et al.®

identified the implicit
solvent models as the main source of error for DFT-based calculations
of redox potentials. Therefore, nine different implicit solvent models
and settings are investigated in the presented study. Q. Zhang et al.?*
and W. Zhang et al.?® carried out a method validation of density func-
tionals (DFs) for determining the redox potentials of redox-active mol-
ecules. Q. Zhang et al. focused on quinones and made a comparison
with experimental data.?* W. Zhang et al.?® employed the redox
potentials of 10 solvents regularly used in electrolytes for lithium
metal batteries. The benchmark values were generated by W. Zhang
et al. themselves using higher level wave function-based methods.?®
In contrast, this study includes benchmark values from both
experiments and higher-level wave function-based methods in paral-
lel. This provides additional information on the deviations between
calculations and experiments, and allows for the identification of pos-
sible sources of error. Furthermore, additive terms for DFT and differ-
ent parameterizations of DFs for the calculation of the redox
potentials of type 1-X-R molecules are developed in the present
study. Finally, a multistep procedure for the screening of type 1-X-R
molecules is presented. It consists of three steps. First, a conformer
search and screening are performed with a semi-empirical extended
tight binding method. Second, redox potentials are estimated from
orbital energies at the DFT level. Finally, DFT is used to calculate the

Gibbs energies and the redox potentials.

2 | COMPUTATIONAL DETAILS

21 | Molecules of interest and experimental
reference data

The basic structures of the 1-X-R-type molecules selected in the pre-

sent study are shown in Scheme 2. The experimental oxidation and

85U0|7 SUOWIWOD aAIeID 3(cedljdde au Aq pausenob ae sejonfe VO ‘@SN JO Sa|nJ 10} A%eiq18uliuO 43I UO (SUORIPUOO-pUe-SWLBYLIY" A8 |1m" AfeIq Ul |UO//:SANY) SUORIPUOD pUe swe 1 8y} 88s *[1202/TT/.z] uo Ariqiiauluo fe|im ‘ErseAun-Bigel1-smsnt Aq 662,z 991/200T 0T/I0p/woo A3 1M Afeiq1jeuljuoy/sdny Wo.j papeojumod ‘vT ‘%202 ‘X.86960T



Journal of

14 | WILEY—

ACHAZI et AL

CHEMISTRY

reduction potential are also given in Scheme 2. The redox potentials
were measured in acetonitrile using a standard three-electrode setup.
Ag/AgNO3 (0.01 M) was used as the reference electrode. A glassy
carbon (GC) electrode served as a working electrode, and a platinum
(Pt) wire served as counter electrode. The electrolyte used was tetra-
butylammonium hexafluorophosphate. More details of the experimen-

tal details are in reference.?”

2.2 | Computational methods
221 | Conformer search using extended tight-
binding approach

A conformer search for the oxidized (cation), radical (neutral), and
reduced (anion) species of the molecules of interest (Scheme 2) was
performed using the CREST program package.??~3* The aim was to find
the starting structures for the DFT calculations and the calculations of
the redox potentials. The conformer search was performed in two steps.
First, the iterative meta-dynamics with a genetic structure crossing
(iMTD-GC) algorithm was utilized. Then, structure optimization was per-
formed using the extended tight-binding model GFN2-xTB.%2734 The
solvent acetonitrile was simulated in these calculations using the implicit
analytical linearized Poisson-Boltzmann (ALPB) and generalized Born
with surface area (GBSA) solvent models.®>> Conformers up to
125 kJ mol~! above the lowest energy structure at the GFN2-xTB
(ALPB) and GFN2-xTB (GBSA) levels of theory were considered.

2.2.2 | DFT calculations
All calculations were performed using the Turbomole 7.5.1 software
package.®4738 In some cases, the Gaussian 16 C.01 program package

was used,? which is then specifically mentioned.

Conformer search and structural optimization at the DFT level

The conformers found at the GFN2-xTB (ALPB) and (GBSA) levels of
theory, all lowest energy conformers, and other promising conformers
up to 125 kJ mol~! above the lowest energy structure were selected.
Additional promising conformer structures that were not found in the
conformer search were manually generated. This was done for
the oxidized, radical, and reduced species of all molecules of interest
(Scheme 2). From all these conformers, the lowest energy structures
were determined using DFT.

The density functional (DF) used for the structural optimization
was B3LYP*~*% in conjunction with the dispersion correction DFT-
D3% with Becke-Johnson-damping®’ [abbreviated here as B3LYP-D3
(BJ)]. The polarized triple-{ basis set def2-TZVP was employed unless
otherwise stated.*®*” B3LYP is generally considered to be a reliable
DF,*%>% in particular when combined with the D3(BJ) dispersion cor-
rection and the def2-TZVP basis set.> Furthermore, the Resolution-
of-ldentity (RI) approximation,*”°?>% and the “multiple grid” m4 were
utilized (see ESI).>* The dielectric continuum solvent model COSMO

OO T

Ox. Pot.: =1.10 V. Red. Pot.:-1.84 V Ox. Pot.: —1.05 V Red. Pot.:—1.81 V
1-0-Me 1-O-Bn

T O

Ox. Pot.: —1.12 V' Red. Pot.:—1.80 V Ox. Pot.: —1.30 V Red. Pot.:=1.95 V
1-S-Me 1-NH-Me

SCHEME 2 1-X-R-type molecules (see Scheme 1) where X=0, S,
NH; and R=Meg, Bn. The experimental oxidation potential and
reduction potentials were measured in acetonitrile against an
Ag/AgNO;3 (0.01 M) reference electrode.

)>>5¢ was used to simulate the solvent

(conductor-like screening model
acetonitrile (relative permittivity e =37.5°" refractive index
np = 1.3442°%), which was used in the experiments.?” The conver-
gence criteria for the structure optimization were set to 1078 E, and
107* Ej, ap~ ! for the energy and gradient, respectively. The structures
were verified as energetic minima by calculating the vibrational fre-
quencies. The calculations were carried out with the Turbomole script
NumForce, including the fast contribution of the solvent.>”%° At this
B3LYP-D3(BJ)/def2-TZVP (COSMO) level of theory, the lowest
energy structures were selected. These served as starting structures
for all other DFT and wave function-based calculations.

Variation of the dispersion correction, basis set, solvent model

and DF

The preoptimized equilibrium structures were reoptimized and their
energies recalculated with different DFs, dispersion corrections, basis
sets, and solvent models. For the convergence criteria, the energy and
gradient were converged to 107 E;, and 1072 E;, ag ™}, respectively. For
BP86-D3(BJ) (COSMO), the energy and gradient convergence were set
to 1078 E,, and 10 E;, ag~ L. As before, the Rl-approximation and the
grid m4 were used for the calculations.

The dispersion corrections D4%%%2 and VV10°%¢* were utilized in
conjunction with the B3LYP DF, the def2-TZVP basis set, and the
COSMO solvation model. In addition, B3LYP-D3(BJ) (COSMO) calcu-
lations were performed with the def2-XVP (X =S5, Qz)47545°
def2-SVPD,*7%¢ and def2-XVPPD (X = TZ, QZ)**%° basis sets. Finally,
B3LYP-D3(BJ)/def2-TZVP was employed with a total of nine different
solvation models or settings for the solvation model. Four
different variants and settings for the COSMO solvation model were
tested. They are here referred to as “COSMO”, “COSMO-out”,
“COSMO-ion”, and “COSMO-ion-out”. In the first, the values prede-
fined in Turbomole 7.5.1 were selected for all parameters, thus it is
just called “COSMO”. In COSMO-out, the outlying charge correc-
tion®” additionally applied (see ESI for more details). In COSMO-ion,%®
the “ions” keyword is set. It changes the scaling factor f(¢) to describe
charged species better. The results are more similar®® to those of the
integral equation formalism with polarizable continuum model
(IEFPCM).?%7° In COSMO-ion-out equation (S52) and the outlying
charge correction is applied.
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Three different variants and settings of the DCOSMO-RS solva-
tion model’* were tested, referred here as “DCOSMORS”, “DCOS-
MORS-out”, and “DCOSMORS-out-c”. Again, in the first, the values
predefined in Turbomole 7.5.1 were selected for all parameters. The
second also applies the outlying charge correction. In the last one, the
combinatorial term”? is added in addition to the outlying charge cor-
rection. Furthermore, the IEFPCM and the Solvation Model based on
Density (SMD)”2 were tested.

The structure optimizations were performed employing all
the different solvent models and settings. The only exceptions
represent calculations that include the outlying charge correction
and combinatorial term. Both are performed with the converged
SCF cycle of the corresponding COSMO or DCOSMO-RS
calculations.

Calculations with solvent models IEFPCM or SMD were per-
formed with the Gaussian 16 C.01 software package.’’ The
B3LYP implementation in Gaussian 16 C.01 uses the VWN3
functional, whereas Turbomole 7.5.1 uses the VWNS5 func-
tional.*? For comparison, calculations were performed with the
Turbomole 7.5.1 software package at B3LYP-D3(BJ)/def2-TZVP
(COSMO) level of theory, utilizing the VWN3 instead of the
VWNS5 functional. For more details on the calculations with the
solvent models, see ESI.

In addition to calculations using B3LYP DF, structure optimiza-
tions and energy calculations were carried out with 26 other DFs:
LDA [=SVWN(V)],*°"*? BHLYP-D3(BJ),”®> CAM-B3LYP-D3(BJ),"*
B2PLYP-D3(BJ),”> BP86-D3(BJ),”® PBE-D3(BJ),’”"® PBEO-D3(BJ),”’
TPSS-D3(BJ),%° TPSSh-D3(BJ),5* PW6B95-D3(BJ),5? M06-L,2° M06,52
M06-2X.8% MO8-HX2* M11-L% M11% revM112” MN12-L28
MN12-5X,27 MN15-L,°° MN15,° r2SCAN-D4 (see ESI for radial grid
size of SCAN DFs),”? SCAN-D3(BJ),”®> SCANO,”* wB97X,”> and
wB97XD.”¢ Def2-TZVP was employed as the basis set. In addition,
some DFs were used with smaller basis sets for faster prescreening
steps: PBEh-3c/def2-mSVP?” and r2SACN-3¢c/mTZVPP,”® B3LYP-D3
(BJ)*/def2-SVP,”? B3LYP-D3(BJ) /def2-SVP, PBEO-D3(BJ)/def2-SVP,*®
PBEO-D3(BJ)"/def2-SVP, and PBEO-D3(BJ) /def2-SVP. We para-
metrized the B3LYP-D3(BJ)*/~ and PBEO-D3(BJ)™'~, see section:
“Reparametrising DFs.” Also HF-3c/minix!°? calculations were
performed. HF-3c is wave function- and not DFT-based.

In these calculations, the solvent model COSMO was used to sim-
ulate the solvent acetonitrile. M08-HX, wB97X, and wB97XD were
applied using the Gaussian 16 C.01 program package, the IEFPCM sol-
vent model, and without the RI-approximation.

For the double-hybrid functional B2PLYP-D3(BJ), only single
point calculations were performed using the structures optimized at
the B3LYP-D3(BJ)/def2TZVP (COSMO) level of theory.

Reparametrizing DFs

The terms B3LYP-D3(BJ)* and PBEO-D3(BJ)" are used to describe
B3LYP-D3(BJ) and PBEO-D3(BJ) DFs that use a different exact
Hartree-Fock exchange EE’“““ than the original version of these
DFs. Equations (1) and (2) show the different contributions to
these DFs.1°

EBSLYP — (1 —¢)ES +0.72E8%8 1 0.81ELP 1 0.19 EYWN  cEBat (1)

ERe™0 = (1— ) EXF + EPPF 4 c B ()

41 EBSS
X

Ej is the Slater exchange, is gradient correction to the local spin

density approximation for exchange from Becke,*® E'c‘YP and EXWN a

4244 pPBE EPBE
X C

re

both correlation functionals. and are PBE exchange and
correlation functional contributions,”? respectively. In both Equations,
(1) and (2), ¢ gives the amount of Efx“t.

The amount of exact exchange ¢ was changed from 5% (c =0.05)
to 50% (c=0.5) in steps of 1% (c=0.01). For each step, a structural
optimization was performed for the 1-X-R radicals with X=0, R=Me,
Bn; and X=S, R=Me, X=NH, and R=Me (see Scheme 2). The oxida-
tion potential was then calculated from ERdi<al ysing Equation (8), see
section “Redox Potentials from HOMO energies.” The calculated oxi-
dation potentials were compared with the experimental oxidation
potential. This is a reasonable comparison. We showed for X=0 that
these experimental results are almost identical to oxidation and reduc-
tion potential calculated with CCSD(T) in the basis set limit (see the
results section “Wave function-based methods”). The calculated oxi-
dation potentials closest above and below the experimental value
were selected. These two potential values were plotted against their

EBact at which the calculated and

EBct In this way, the value ¢ of
experimental oxidation potentials coincide could be linearly interpo-
lated (see ESI). ¢ was calculated for each molecule individually. Finally,
the average amount of ¢ was taken as the amount of the exact
exchange Efxad for B3LYP-D3(BJ)". The amount ¢ of the exact
exchange EE"a“ for PBEO" was determined in the same way.

Similarly, the optimal amount ¢ of exact exchange Ef"ad was
determined for B3LYP-D3(BJ) and PBEO-D3(BJ) to calculate the
reduction potential from the EANM using Equation (10), see
section Redox Potentials from HOMO energies. The experimental
reduction potentials for the 1-X-R radicals with X=0O, R=Me, Bn; and
X=S, R=Me (see Scheme 2) served as reference date. To distinguish
them from B3LYP-D3(BJ)" and PBEO-D3(BJ)", they are here referred

to as B3LYP-D3(BJ)~ and PBEO-D3(BJ)".

Ro-vibrational contributions to the Gibbs energy and incorporating of
concentration

The ro-vibrational contributions Gi3g'iz  are calculated at the B3LYP-
D3(BJ)/def2-TZVP (COSMO) level of theory, even if Egec is calculated
with a different DF. In cases where Gz is calculated with BP86-
D3(BJ)/def2-TZVP (COSMO), this is explicitly stated. For more details,
see ESI.

2.2.3 | Wave function-based methods

Wave function-based methods were employed to calculate the oxida-
tion and reduction potentials for 1-O-Me. Specifically, the MP2,102
MP2-F12,'%  CCSD(T),*** and CCSD(T)-F12'°* methods were
utilized. In addition, SCS-MP2,2%> SOS-MP2,*% and CCSD'** were
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used. Rl approximations were applied in all cases. The radical species
had to be calculated with ROHF, as the unrestricted Hartree-Fock
(UHF) calculations suffered from spin-contamination. The oxidized
and reduced species were calculated using the restricted Hartree-
Fock (RHF) method. The starting structures were determined at the
B3LYP-D3(BJ)/def2-TZVP (COSMO) level of theory as described
above. For these structures, single point gas phase calculations were
performed using the wave function-based methods. The basis set limit
for Efi‘;g{t for the correlation energies was extrapolated by an approach
described by Helgaker et al. (see ESI).X®” The correlation energy for
this was determined using two basis sets where the cardinal numbers
differ by one. The Hartree-Fock (HF) energy was calculated with the
largest basis set used in the extrapolation. See ESI for further details.
In addition, the extrapolation of EE,?;,Q was done using an approach of
Marshall et al.1°® The correlation energy is extrapolated on the MP2
level as before. Then the difference to CCSD(T) is added (see ESI).
This approach allows even larger basis sets to be used.

The solvation energies of the cation, radical, and anion have to be
added to the wave function-based results to be able to compare them
with the experimental results. The solvation energy that is gained by
bringing the molecule from the gas phase into solution, where the
structure further relaxes, was calculated at the DFT level. Single-point
calculations with B3LYP-D3(BJ)/def2-TZVP in the gas phase were
performed with the same structures used for the (single-point) wave
function-based calculations. The structures were then reoptimized on
the B3LYP-D3(BJ)/def2-TZVP [DCOSMO-RS(acetonitrile)] level of
theory. The energy difference between the gas phase and DCOSMO-
RS-out (Acetonitrile) was added to the electronic energy of the mole-
cule calculated with the wave function-based methods. The G2
values for the wave function-based results were calculated at the
B3LYP-D3(BJ)/def2-TZVP (COSMO) level of theory.

224 |
potentials

Calculations of the oxidation a reduction

Redox potentials from Gibbs energies
The oxidation potentials Eox and reduction potentials Ereq Were calcu-

lated according to the equations

AGo
EOx = _Tx - EAg/AgN03 (3>
ERed = — nFe — Epg/agno, 4)

with the electrode potential Eag/agno,, the Faraday constant F, the
number of electrons n in the half reaction, and the Gibbs energies of
oxidation AGpy and reduction AGgeq. The latter are defined as:

AGox = Gjog 15 (radical) — G3og 15k (€7) — Gog 15k (Cation) (5)

AGred = G39g 15k (anion) — Geg 15 (€7) — Geg 15k (radical).  (6)

(:)N@—(:]@ 1 — RNQ—(:@
(E)NQ—(:@ + @ RNC>—<§]©

SCHEME 3 (A) Schematic representation of the

oxidation reaction considered for obtaining AGoy, (B) reduction
reaction considered for obtaining AGgeq; With X=0, S, NH;
R=Me, Bn.

Ggg15(€7) =—3.632kJmol™" is the Gibbs energy of a free elec-
tron.2® Gggg 15 (cation), Gseg 45« (radical) and Ggg 45 (anion) are the
Gibbs energies for the oxidized, radical and reduced species, respec-
tively, calculated at 298.15K and 1molL™! as described in
Equation (2). Scheme 3A and Scheme 3B show the corresponding
reactions for AGox and AGgeg.

The electrode potential Eag/agno, Of the Ag/AgNOs reference
electrode is calculated using Equation (7).2%7

V. SHE |, FNHE
Eng/agnos = Esfie ™ +EXime + Eag/agnos (7)

The Ag/AgNOs; electrode in acetonitrile has an (experimental)

electrode potential of E':;/ig,\,os =40.548V versus NHE in water.®?

The difference EE between the NHE potential and the standard
hydrogen electrode (SHE) potential is —0.006 V.%¢ However, different
values were proposed for the absolute electrode potential EY?e"™
itself  (4.05V,110111 411110112 491\ 110113 4 9g\/ 114115
4.34V2811¢ 4,42V 4.44V,118 4.47V?417). Therefore, computa-

tional solvent models were designed based on different EY2cm

values.?® For quantum chemical calculations, E{22™ = 4.28V is com-

monly used today.*?° This Eyacum

value is also used in the presented
study, and gives Eag/agno, =4.822 V. This value was used for all calcu-
lations, except those using the IEFPCM solvent model. IEFPCM was
parameterized with E\Slﬁ"g””m =4.47V. This gives Epg/agno, =5.012V,

which was used here for calculations with the IEFPCM solvent model.

Redox potentials from electronic energies

The Gibbs energies of oxidation AGoy and reduction AGgreq can be
approximated by neglecting Ggg2 . [see equation (S4) in ESI]. The
electronic energy Egec is then the only term to be calculated quantum
mechanically. This allows a much faster calculation of the oxidation

and reduction potentials using Equations (3)-(6).

Redox potentials from HOMO energies
The oxidation potential can be estimated from the
energy of the highest occupied orbital (HOMO) of the radi-

Radical.
cal Efomo

85U0|7 SUOWIWOD aAIeID 3(cedljdde au Aq pausenob ae sejonfe VO ‘@SN JO Sa|nJ 10} A%eiq18uliuO 43I UO (SUORIPUOO-pUe-SWLBYLIY" A8 |1m" AfeIq Ul |UO//:SANY) SUORIPUOD pUe swe 1 8y} 88s *[1202/TT/.z] uo Ariqiiauluo fe|im ‘ErseAun-Bigel1-smsnt Aq 662,z 991/200T 0T/I0p/woo A3 1M Afeiq1jeuljuoy/sdny Wo.j papeojumod ‘vT ‘%202 ‘X.86960T



ACHAZI ET AL.

Journal of

_WILEY_| "

Homo _ —Eriono
Eox = Engmenos- (8)

Similarly, the reduction potential can be estimated from the
energy of the LUMO of the radical EXiped

ERadicaI
ELUMO _ _kLuMO E (9)
Red = pF Ag/AgNOs -

Furthermore, the reduction potential can also be estimated from

Anion

the energy of the HOMO of the reduced species Ejjgno

Homo _ —Ehomo
Eped = T Eng/agnoy - (10)

Quantification of the deviation between calculation and experiment
CCSD(T) , CCSD(T)

Aox, Areds Aavgs Aox-HOMO, ARed-LUMOs ARed-HOMO, A5y s Ageq
CCSD(T) , CCSD(T) ccsD(T) ccsD(T) . )
Apve ' Doy Homor ARred-LumMo and Ag4"1dmo are defined to quan

tify the deviation between the calculated and reference [experimental

)

or CCSD(T)] oxidation and reduction potentials, respectively. For more
details see ESI.

3 | RESULTS AND DISCUSSION

3.1 | Method assessment

As a first step, an in-depth method evaluation is performed for 1-O-
Me. The results of this were used in the second part of this study to
design the multistep screening approach. The equilibrium structures
were determined with a conformer search, as described in the compu-
tational details. These structures were used as starting structures for
all other methods. The structures are shown in the electronic supple-
mentary information (ESI) together with the EPMs (Figure S1).

3.1.1 | Wavefunction-based methods
Figure 1 shows the oxidation and reduction potentials of 1-O-Me cal-
culated with MP2, MP2-F12, CCSD(T) and CCSD(T)-F12 in conjunc-
tion with the def2-XVPD (X=S, TZ), (aug-)cc-pVXZ (X=D, T, Q, 5) and
cc-pXVZ-F12 (X=D, T, Q) basis sets. Results with additional basis sets
[def2-XVP (X=S, TZ, QZ), def2-TZVPP, def2-XVPPD (X=TZ, QZ)],
methods (SCS-MP2, SOS-MP2, CCSD) and deviations (Aoy, ARged,
Apvg) to the experimental results are shown in Figures S4-S6. These
calculations were performed as single point calculations. Solvation
effects are taken into account using the DCOSMO-RS-out solvent
model. It was used because it includes physically meaningful contribu-
tions such as hydrogen bonds.

As expected, all methods underestimate the oxidation and reduc-
tion potentials when used with small basis sets (Figures 1 and S4-56).
As the basis set is increased, the calculations approach the experimen-

tal oxidation and reduction potentials. At the basis set limit cbs(aug-

HEMISTRY

cc-pVQZ—aug-cc-pV5Z) [abbreviated as cbs(Q—aV52Z)], extrapolated
from the largest applied basis sets, MP2 overestimates the oxidation
potential by only 0.01V and underestimates the reduction potential
by 0.09V. Using diffuse functions for the basis set limit MP2/cbs
(Q—aV5Z) provides an improvement of 0.02V for the reduction
potential compared to MP2/cbs(Q—V5Z) without diffuse functions.

MP2-F12 with the largest F12 basis set (cc-pVQZ-F12) gives the
same accuracy as MP2 without F12 in the basis set limit cbs(Q—V5Z),
but about four times faster. SCS- and SOS-MP2 are discussed in the
ESI, but they do not improve the Aayg compared to MP2.

The oxidation and reduction potentials calculated at the CCSD(T)
basis set limit, CCSD(T)/cbs(S—TZVPD), have an average deviation
from the experiment of only 0.02V (Aox=0.00V, Ageq=0.04V,
Anvg =0.02V). CCSD(T)-F12/cc-pVDZ-F12 has an equally small devi-
ation (Aox=0.01V,Ageq =0.03V,Ap,; =0.02V). The CCSD(T)/cbs
(S—TZVPD) and the experimental oxidation potential are the same,
meaning Aox =0.00V. The reduction potential calculated at the
CCSD(T)/cbs(S—TZVPD) level of theory is closer to the experiment
than all MP2 calculations. The choice of Ahlrich's def2-type basis sets
over Dunning's correlation consistent basis sets for the CCSD(T) cal-
culations is explained in the ESI.

To extrapolate the basis set limit from a larger basis set, we
employed an approach investigated by Marshall*®8;  CCSD(T)/cbs
(Q—aV52)* adds the difference between CCSD(T) and MP2 for the def2-
TZVPD basis set to the MP2/cbs(Q—aV5Z) correlation energy. With this
approach, the oxidation and reduction potentials get both slightly overes-
timated (Aox =—0.06V, Ageg =—0.03V,Aps =0.05V) but this result
should be the most accurate prediction of the CCSD(T) basis set limit.
The slightly larger deviation (Aayg =0.05V) compared to the CCSD(T)
calculations with smaller basis set could be due to the potential
Eng/ngno, for the Ag/AgNOs; reference electrode or the solvation
model.

The CCSD(T)/cbs(Q—aV52Z)* level's overestimation may be
attributed to selecting E¥A2"™ =4.28V to determine the Ag/AgNO3
reference electrode potential. Further discussion of this issue is pro-
vided in the ESI. The ESI also includes an analysis of the potential mul-
tireference nature of the systems under investigation.

In summary, the experiment and the high-level wave function-
based approach are in excellent agreement. The small deviations may
be due to the fact that the absolute potential of the SHE E¥22“™ for
the solvent model is not well known, to the limited accuracy of the
solvent model itself, or to experimental factors. In the following
the experimental and CCSD(T)/cbs(Q—aV52)* results will be used for
the evaluation of the DFs.

3.1.2 | DFT: Dispersion corrections, basis sets,
solvent models, and DFs

The next step was to test different dispersion corrections, basis sets, sol-
vent models, and DFs by calculating the oxidation and reduction potential
of 1-O-Me. The structures of the differently charged 1-O-Me species
were reoptimized and their electronic energies were calculated with all
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FIGURE 1 Epy and Egeq of 1-O-Me calculated with different wave function-based methods. The solvent effects have been calculated with

the DCOSMO-RS-out model at the B3LYP-D3(BJ)/def2-TZVP level of theory. The oxidation potential Eo, is shown as blue filled boxes
(calculated values), and light blue line (experimental value). The reduction potential Egeq is displayed as orange filled circles (calculated values), and

dark orange line (experimental value).

these methods. The ro-vibrational contributions were calculated on the
B3LYP-D3(BJ)/def2-TZVP (COSMO) level of theory in all cases.

B3LYP, basis functions, and dispersion correction

First, B3LYP-D3(BJ) with the COSMO solvation model was used with
different sized Ahlrich's def2-type basis sets. The results are shown in
Figures 2 and S7 in comparison with the experimental and the CCSD
(T)/cbs(Q—aV52Z)* results.

B3LYP combined with all basis sets underestimates the experi-
mental oxidation and reduction potentials. Consequently, the devia-
tion from the CCSD(T)/cbs(Q—aV5Z)* benchmark values is even
slightly larger. Moreover, the deviation Ageq of the calculated reduc-
tion potential from the experimental value is three to four times larger
than the corresponding deviation Aoy for the oxidation potentials.

Surprisingly, the def2-SVPD basis set leads to the smallest devia-
tions (Aavg=0.23V). A comparison of the total energies indicates
that the def2-SVPD basis set probably adds disproportionately many
basis functions to describe electrons further away from the nuclei. As
a result, the anion is stabilized too much and the cation too little.
Thus, the good agreement with def2-SVPD is probably based on unre-
liable error cancellation. Not taking into account def2-SVPD, increas-
ing the basis set always improves here the agreement with the
experimental values. The largest basis set tested is def2-QZVPPD
(Aox=0.13V,Ageq =0.38V,Apg =0.25V). The deviations with the
def2-TZVP basis set (Aox=0.15V,Apeq =0.42V,Ap=0.29V) are
close to the deviations with the basis set def2-QZVPPD (A =0.25V).
In addition, the structural differences between the def2-TZVP and

-1.4 4 Ox. Potential W
Red. Potential
Exp. Ox. Potential
-1.6 A CCSD(T) Ox. Potential
Exp. Red. Potential
CCSD(T) Red. Potential

Potential vs. Ag/AgNO3 in V
I
®
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F L L NV N
DR A R >
Q Q
FIGURE 2 Epy and Egeq Of 1-O-Me calculated with B3LYP and

COSMO. The basis set and dispersion correction have been varied.
The oxidation potential Egy is shown as blue filled boxes
(calculated with DFT), light blue line (experimental value) and dark
blue line [CCSD(T)/cbs(Q—aV52Z)*]. The reduction potential Egeq is
shown as orange filled circles (calculated with DFT), dark orange
line (experimental value), and brown line [CCSD(T)/cbs
(Q—aV52)*].
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def2-QZVPPD optimized structures are very small, see Table S1 in
the ESI. Thus, def2-TZVP is sufficient for structure optimization and
calculating the energies.

The dispersion corrections D4 and VV10 were also tested
(Figure 2). In contrast to D3(BJ), both take into account the charge of
the system. Therefore, both should improve the agreement with the
experimental and the CCSD(T)/cbs(Q—aV5Z)* benchmark potentials.
Surprisingly, the use of VV10
(Aavg =0.35V) than D3(BJ).

D4 improves the agreement with the experimental oxidation and

leads to larger deviations

reduction potential by 0.06 and 0.07V, respectively. This is a larger
effect than the differences between def2-TZVP and def2-QZVPPD
basis sets. The structures deviate on average by 0.3 to 0.8 p.m.
(Table S1) compared to D3(BJ), which is smaller than the structural
changes due to the use of the basis set def2-TZVP. However, when
D4 is employed, it cannot be expected to meet very tight convergence
criteria for energy and gradients in every case.®® This is because the D4
gradient calculations use an approximation (the Axilrod-Teller-Muto
three-body term).3¢%? The methods presented here are intended to be
used for screening large numbers of molecules and calculating vibra-
tional frequencies. Therefore, the more stable D3(BJ) method is used in
the following.

Overall, the dispersion correction D3(BJ) and the basis set
def2-TZVP provide structures close to the improved dispersion cor-
rection D4 and the basis set limit (see Table S1 for RMSD values). The
use of D3(BJ) together with def2-TZVP leads to an underestimation
of the oxidation and reduction potential by 0.08 and 0.11V compared
to employing D4 and def2-QZVVPD.

B3LYP and solvent model

In this section, the performance of different implicit solvent models
for DFT is assessed. The results are shown in Figure 3. Figure S8
includes values for the deviations Aoy, Aged, and Aayg to the experi-
ment. The COSMO, and COSMO-ion have the largest deviation

(Aavg=0.29V) from the experimental oxidation and reduction
potentials.

The largest improvement compared to the COSMO is achieved
the (COMSO-out;
Anvg =0.17V). This improves the agreement with the experimental

by including outlying charge correction
oxidation and reduction potential by 0.09 and 0.15V, respectively.
The COSMO-ion is intended to improve the description of charged
species. However, it improves the agreement with the experimental
reduction potential as much as it worsens the agreement to experi-
mental oxidation potential (0.02V). The reason for this is that the
charged species are both stabilized while the energy of radical species
remains the same. The COSMO-ion is supposed to bring results closer
to the results of the IEFPCM solvent model.®® This is not noticed here
because COSMO and IEFPCM use different atom radii and cavities
types (solvent excluded surface versus van der Waals surface).

COSMO-ion-out differs from COSMO-out in the same way as
COSMO-ion from COSMO. The DCOSMO-RS model includes addi-
tional interactions into the COSMO model (see ESI). It improves the
agreement with the experimental oxidation and reduction potentials
by 0.02 and 0.03V, respectively. Adding the outlying charge
correction to DCOSMO-RS (i.e., DCOSMO-RS-out) gives the same
improvement as for COSMO. Including the combinatorial term
(DCOSMORS-out-c) has no effect on the oxidation and reduction
potential, the deviations (Aox, Ared, Aavg) remain the same. In all these
cases, the calculation underestimated the experimental oxidation and
reduction potentials. Accordingly, BSLYP-D3(BJ)/def2-TZVP underes-
timates the CCSD(T)/cbs(Q—aV5Z)* potentials even more with all
COSMO and DCOSMO-RS variants.

The IEFPCM and SMD model had to be calculated with
B3LYP utilizing the VWN3 instead of the VWNS5 functional and a
slightly different relative primitivity. The change in relative permit-
tivity had basically no effect on oxidation and reduction potentials
see ESI. Switching from VWN5 to VWN3 for B3LYP-D3(BJ)/
def2-TZVP (COSMO) improves agreement with the experimental
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FIGURE 4 Epy and Egeq Of 1-O-Me calculated with different DFs and the basis set def2-TZVP. The solvent effects are included with
COSMO. The exceptions are M08-HX, wB97X, and wB97XD, for which the IEFPCM solvent model was used (which is indicated by the suffix
-PCM). For B3LYP-D3(BJ) with VWN5 and VWNS3, BP86-D3(BJ) and M11-L, the results with the DCOMOS-RS-out solvent model are also given.
The oxidation potential Eoy is displayed as blue filled boxes (DFs with COSMO or IEFPCM), blue empty boxes (DFs with DCOSMO-RS), light blue
line (experimental value), and dark blue line [CCSD(T)/cbs(Q—aV52)*]. The reduction potential Egeq is shown as orange filled circles (DFs with
COSMO or IEFPCM), orange empty circles (DFs with DCOSMO-RS), dark orange line (experimental value), and brown line [CCSD(T)/cbs

(Q—aV52)*].

oxidation and reduction potential by 0.09V each (Apx=0.06V,
Aped =0.33V, Apyg=0.19V). Similarly, the deviations of COSMO-
out, and DCOSMO-RS-out improve by switching from VWNS5
to VWNS3.

Despite the usage of the VWNS3 functional, the IEFPCM model
has the highest (Aox=0.17V,  Apeq=0.51V,
Apvg=0.34V) of all tested solvent models DF combinations in
Figure 3. The COSMO and IEFPCM methods are fairly similar, except
the cavity construction.*?' Therefore, the better agreement for
COSMO indicates that the COSMO solvent models (that includes
DCOSMO-RS) constructs better cavities for the systems of interested.
On average, SMD (Apx=0.23V, Ageq=0.38V, Aa,z=0.30V)
improves upon the IEFPCM model, but still has larger deviations from
the experimental and CCSD(T)/cbs(Q—aV5Z)* results than the
COSMO-based solvation models.

In total, the solvent model that archives the best agreement with
the experimental and CCSD(T)/cbs(Q—aV5Z)* oxidation and reduc-
tion potential is DCOSMO-RS-out. In contrast to the COSMO and
IEFPCM model, the DCOSMO-RS-out includes hydrogen bonds to
the solvent, and in contrast to IEFPCM and SMD it accounts for the
electron density outside the cavity. In addition with good agreement
to the experimental results, this makes DCOSMO-RS-out the ideal
model for the CCSD(T)/cbs(Q—aV52Z)* reference values.

For the potential, B3LYP-D3(BJ)/def2-TZVP
(DCOSMO-RS-out) has still a large deviation to the experimental and
CCSD(T)/cbs(Q—aV52Z)* reference value. Therefore, different DFs are

tested in the next step for the calculation of the oxidation and reduc-

deviations

reduction

tion potential.

DFT functionals

This section tests the performance of 27 different DFs. The selected
functionals include LDA, GGA, meta-GAA, hybrid (meta-)GGA, range-
separate hybrid (meta-)GGA, double-Hybrid GGA, empirical, and
nonempirical functionals. This covers all commonly used density func-
tional types. In all cases, the def2-TZVP basis set is employed. Unless
otherwise stated, the COSMO solvation model is used. The results for
the oxidation and reduction potentials are shown in Figure 4, and the
deviations in Figure S9. Most DFs underestimate the experimental
oxidation and reduction potentials.

The meta-GGA M11-L has the highest agreement with the exper-
iment (Aox=0.02V, Apeq =0.14V, Ap,g =0.08V). Its hybrid variant
M11 is the DF with the fifth highest agreement with the experiment
(Aox=0.04V, Agreq =0.26V, Apyg =0.15V). Thus, the DF which on a
lower rung (M11-L) of the Jacobs Ladder'?? agrees better than its
higher rung variant (M11). The successor of the M11-L DF in the Min-
nesota DF family, MN15-L, belongs to the DFs with the lowest agree-
experiment  (Aox=0.27V, Area=0.40V,
Apvg =0.33V). Method evaluations by Q. Zhang et al.?* and
W. Zhang et al.28 show that the M08-HX DF predicts redox potentials

the best. Their test systems were on quinones and common solvents

ment  with  the

for Li batteries, respectively. Here, M08-HX performs average
(Aox=0.08V, Ageg =0.33V, Apg =0.20V). It was used by us in con-
junction with the IEFPCM model. The results above revealed that the
IEFPCM model performs not as good as COSMO, which was used for
most of the other DFs in the presented study. The use of different
solvent models may explain why the presented results do not agree

with these previous method evaluations.2+2®
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Surprisingly, the DF with the second highest agreement with the
experiment is the LDA functional SVWN (Agx=-0.08V,
ARed =0.13V, Apg =0.11V). One reason for the good performance
could be that the three species have almost the same structure. Errors
due to the inhomogeneity of the electron density are likely to cancel
each other out. However, the methyl group is not as much moved out
of plane in the reduced species as for the other DFs (see Table S2).
The GGA DF BP86-D3(BJ) has the third highest agreement with
the experimental values of redox potentials (Aox=—0.04V,
Ared =0.21V, Apyg =0.12V). The GGA DFs exhibit in most cases bet-
ter agreement with the experiment than their hybrid variant, and the
three DFs with highest agreement are all GGA density functionals.
However, the DF with the lowest agreement is also a GGA DF
(MN12-L). In summary, the results show no correlation between the
type of DF and the agreement with the experimental results of
the redox potentials.

The DFs reveal similar agreement with the CCSD(T)/cbs
(Q—aV52)* results as with the experimental values. However, the
agreement is usually a little lower. The CCSD(T)/cbs(Q—aV5Z)* oxida-
tion and reduction potentials are slightly higher than the experimental
ones, and most DFs already underestimate the experimental poten-
tials. The order of which DFs agree best changes slightly. The best
agreement to the CCSD(T)/cbs(Q—aV5Z)* results has the LDA func-

tional SVWN (AngSD(T):O.O‘?V). M11-L has the second highest

agreement (AL "™ ~0.12V) and BP86-D3(BJ) again has the third

highest (Ages"" =0.13V).

There are two other comparisons of DFs with benchmark values,
we would like to point out. First, the double-hybrid functional
B2PYLP-D3(BJ) is one of the DFs with the lowest agreement with the
experiment (Aox =0.40V, Apeq =0.20V, Apg =0.31V). For the oxi-
dation potential, it has the lowest agreement for of all DFs [to the
experimental values and CCSD(T)/cbs(Q—aV52Z)*]. Second, the rela-
tively new SCAN DF family performs average compared to the other
DFs, with r2SCAN-D4 (Aay =0.18 V) performing the best out of the
three tested.

The previous section demonstrated that of all the solvent models
tested, DCOSMO-RS-out gave the best agreement with the experi-
mental results. Furthermore, the solvent effects for the CCSD(T)/cbs
(Q—aV52)* were also calculated with this solvent model. We there-
fore applied the DCOSMO-RS-out solvent model to the best perform-
ing DFs: M11-L and BP86-D3(BJ). We did not consider LDA, because
of the structural deviations of the anion compared to all other DFs
(Table S2). For both, M11-L and BP86-D3(BJ), the agreement with the
experimental and the CCSD(T)/cbs(Q—aV5Z)* oxidation and reduc-
tion potentials increases. M11-L results have the highest agreement
<AAvg =0.05 V,AisgSD(T) :0.0ZV) and are almost identical to the
CCSD(T)/cbs(Q—aV52Z)* results. In case of BP86-D3(BJ), the reduc-
tion potential is much closer to the experimental value
(Ared =0.04V). The oxidation potential increases but was already too
high for BP86-D3(BJ) (COSMO). Accordingly, the agreement is
reduced(Aox = —0.15V). Nevertheless, the average deviation to the
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FIGURE 5 Eoy and Egeq of 1-O-Me calculated with different

semi-empirical methods, Hartree-Fock, and DFT. The solvent effects
were included with COSMO solvent model. The exception is xTB,
which was carried out with GFN2-xTB and the solvent models ALPB
and GBSA. The oxidation potential Eq, is displayed as blue filled
boxes (calculated value), light blue line (experimental value), and dark
blue line [CCSD(T)/cbs(Q—aV5Z)*]. The reduction potential Egeq is
shown as orange filled circles (calculated value), dark orange line
(experimental value), and brown line [CCSD(T)/cbs(Q—aV5Z)*].

experiment is still reduced by 0.02V and to the CCSD(T)/cbs
(QaV52)" results by 0.05V, (Aag =0.10V,A°T —0.08V).

In addition, to the DFs, we tested methods that are designed for
fast calculations. These are Hatree-Fock and DFT-based methods
optimized for use with smaller basis sets: HF-3c/minix, PBEh-3c/
def2-mSVP, and r2SCAN-3c/def2-mTZVPP. The solvent effects were
again modeled with the COSMO. The oxidation and reduction poten-
tials are shown in Figure 5, and the deviations in Figure S10. HF-3c
predicts the oxidation potential almost perfectly (Aox=0.01V), but
has a large deviation of Ageq=3.37V for the reduction potential. A
reason for this could be that the minimal basis set minix does not pro-
vide adequate basis functions for the outlying charge of the reduced
species. PBEh-3c (Aag =0.23V) and r2SCAN-3c (Aag =0.17V) per-
form averagely compared to the other DFs (Figure 4). Despite the
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FIGURE 6 Epy and Egeq Of 1-O-Me estimated from the orbital energies. Different DFs have been used with the def2-TZVP basis set. The
solvent effects were usually included with COSMO. The exception is BP86D3-DCOS-RSo, which is the BP86-D3(BJ) DF with the DCOSMO-
RS-out solvent model. Furthermore, M08-HX-PCM, wB97X-PCM and wB97XD-PCM utilize the IEFPCM model instead of COSMO. The
oxidation potential Eo, is displayed as blue filled boxes (calculated from the HOMO of the radical), light blue line (experimental value) and dark
blue line [CCSD(T)/cbs(Q—aV52Z)*]. The reduction potential Egeq is shown as purple filled triangles (calculated from the LUMO of the radical),
orange filled circles (calculated from the HOMO of the anion), dark orange line (experimental value), and brown line [CCSD(T)/cbs(Q—aV5Z)*].

smaller basis set, r2SCAN-3c/def2-mTZVPP performs slightly better
than r2SCAN/def2-TZVP (Aag=0.18V). We also test the semi-
empirical GFN2-xTB method with the solvent models ALPB and
GBSA. Both strongly overestimate the oxidation and reduction poten-

tials by about 3.9 and 2.5V, respectively.

Redox potentials from orbital energies

Another way to screen for oxidation and reduction potential is to ana-
lyze the orbital energies. As with Hartree-Fock, the Kohn-Sham DFT
HOMO energies correspond to the ionization energy.'?® Therefore,
the HOMO energies of the radical and reduced species were used to
calculate the oxidation and reduction potentials using Equations (8)
and (10), respectively. The advantage is that it is not necessary to cal-
culate the oxidized species. This would reduce the number of calcula-
tions needed for the screening process by one third. The calculation
of the reduced species can also be omitted if the LUMO energies of
the radical species are used to calculate the reduction potential
[Equation (9)].

In Hartree-Fock theory, the LUMO represents an extra electron
in the field of all the electrons (except itself) of the molecule. This cor-
responds to the electron affinity needed for Equation (9). However, in
Kohn-Sham DFT (LDA; GGA, meta-GGA DFs), the LUMO represents
an electron excited from a lower occupied orbital instead of an added
electron.?* This is due to the correction for the self-interaction error.
Therefore, the LUMO energies do not correspond to the electron
affinity, and Equation (9) cannot be applied. The LUMO energies in
hybrid DFs lies between pure Kohn-Sham DFT and Hartree-Fock.
Assary and coworker?® also used LUMO energies calculated with a

hybrid DF to estimate the reduction potentials, even though the

LUMO does not correspond to the electron affinity. We tested
the same procedure and evaluated the results. Figure 6 shows the oxi-
dation and reduction potentials calculated from the HOMO and
LUMO energies of the radical and reduced species. The deviations are
depicted in Figure S11.

Only two DFs show a good agreement with the experimental
potentials. In both cases, the oxidation and reduction potentials are
calculated from the HOMO energy, while the reduction potentials
estimated from the LUMO showed poor agreement with the experi-
mental value. Furthermore, both DFs are hybrid functionals. GGA and
meta-GGA DFs generally show poor agreement when the HOMO
energy is used. The hybrid GGA B3LYP-D3(BJ) displays the best
agreement with the experimental potentials (Aox-nomo =—0.08V,
ARed-Lumo =0.85V,  Aged_Homo =0.01V), and  CCSD(T)/cbs
(Q—aV52)* SAggszg;AO =-002V, ASSPM) o =0.88V,

€esbm) MN12-SX has the second-best agreement

Aged-romo =0.04V).
(Aox-HomMo =0.08V,  Aped-Lumo =0.48V,  Aged_Homo =0.03V,
CCsD(T

A Mo =014V, AFGE Do =052V, ALEO 0 =0.06 V). It is
screened hybrid meta-GGA functional, which means that the Hartree-
Fock exchange goes to 0% in the long-range part of the DF. The larger
the amount of exact Hartree-Fock exchange, the more the physical
meaning of the LUMO energy corresponds to the electron affinity.
Therefore, we expected that a larger exact Hartree-Fock exchange
would improve agreement for the reduction potential calculated from
the LUMO energy. In particular, the DFs that differ only in the amount
of Hartree-Fock exchange (such as B3LYP and BHYLP, PBE and
PBEO, TPSS and TPSSh) show the opposite. Increasing the exact
Hartree-Fock exchange decreases the agreement between reduction

potential calculated from the LUMO energy and the experiment
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values as well as the CCSD(T)/cbs(Q—aV52Z)* results. The DFs with
the best agreement to the experimental and CCSD(T)/CCSD(T)/cbs
(Q—aV52)* reduction potential, when calculated from the LUMO
energy GGA and meta-GGA functionals, are BP86-D3(BJ)
(Aox-Homo =0.32V,  Aped-Lumo =0.04V,  Aged_Homo =0.39V,
AR 0 =038V, AR, Z007V, AL, =042V) and
the second best agreement is exhibit by using M11-L
(Aox-HoMo =0.31V,  Aged-Lumo =0.06V,  Agred—Homo =0.19V,
AT =037V, ASSET =009V, ASSEW =022 v). Coin-
cidentally, these two functionals also give the best agreement when
the Gibbs energy is used to calculate the oxidation and reduction
potentials.

3.2 | Developing the multistep screening
procedure

In this section, a multistep screening procedure for the 1-X-R-type
molecules is developed and presented. The aim is to find molecules
that have either a very low oxidation potential or a high reduction
potential. The multistep screening procedure consists of three steps.
In the first step, the oxidation and reduction potential are calculated
for all possible molecules with a fast but less accurate method. The
next two steps will each increase the accuracy, but also the computa-
tional effort. Only the best candidates are used for the next step.

The different methods employed have only limited accuracy.
Therefore, it is not possible to simply select the molecule with the
lowest oxidation or highest reduction potential at a given step.
Instead, all molecules within an estimated error range of the method
have to be considered. In the next section, we will select the methods
and define the error range, that we also refer to as the selection cut-
off. We use the experimental oxidation potentials of 1-O-Me, 1-O-
Bn, 1-S-Me, and 1-NH-Me and the experimental reduction potentials
of 1-O-Me, 1-O-Bn, and 1-S-Me, for comparison.27 The reduction
potential 1-NH-Me is not taking into account because of dimer

formation.?”

3.2.1 | Firststep: Crest and xTB

In the first step, a conformer search is performed with the Crest pro-
gram package. Finally, Crest is used to calculate the total energies of
the molecules with the semi-empirical method GFN2-xTB. The results
can also be used to calculate the oxidation and reduction potentials.
We showed in Figure 5 that GFN2-xTB with the solvent model ALPB
and GBSA strongly overestimate the oxidation potential and reduction
for 1-O-Me by about 3.9 and 2.5V, respectively. However, the 1-X-
R-type molecules have 7 different positions that can be differently
substituted, X, R, and the 4 hydrogens in the benzo[d]-X-zolyl group
(see Figure 10). This leads to tens of thousands of different candidate
molecules. The xTB method allow these to be calculated in a reason-
able time frame, being several orders of magnitude faster than DFT
and wave function-based methods. Furthermore, GFN2-xTB (ALPB)

CHEMISTRY

and GFN2-xTB (GBSA) are much better at predicting the differences
between the molecules, which is our focus. Figure 7A displays the oxi-
dation potentials for 1-O-Me, 1-O-Bn, 1-S-Me, and 1-NH-Me, and
Figure 7B the reduction potentials for 1-O-Me, 1-O-Bn, and 1-S-Me.
The calculated potentials have been shifted by a fixed value to
improve the visibility of the trend. The unshifted data are shown in
Figures S10 and S11. For GFN2-xTB (ALPB) and GFN2-xTB (GBSA)
the oxidation potentials are shifted by —4.89 and —4.91V, respec-
tively. The reduction potentials are shifted by —4.29 and by —4.38V,
respectively. Figures 7, S12 and S13 show the calculated results
(abscissa) plotted against the experimental results (ordinate). When
the calculated and experimental values are the same, they lie on the
black dashed line.

The ALPB and GBSA solvent models gave similar results, with
GFN2-xTB (ALPB) showing a 0.005V smaller deviation from the
experimental trend for the oxidation potential. For both solvent
models, GFN2-xTB incorrectly predicts the order of the 1-X-R-type
molecules for the oxidation potentials. GFN2-xTB (ALPB) incorrectly
predicts 1-S-Me to have a higher oxidation potential than 1-O-Me.
GFN2-xTB (GBSA) even predicts 1-S-Me to have a higher oxidation
potential than 1-O-Me and also 1-O-Bn. The order of the 1-X-R-type
molecules for the reduction potentials is predicted correctly by both
approaches, but the deviations are of a similar magnitude as for the
oxidation potentials.

Since GFN2-xTB (ALPB) predicts the order of the 1-X-R-type
molecules for the oxidation potentials better than GFN2-xTB (GSBA),
we use GFN2-xTB (ALPB) in the screening approach. For the accuracy
of the method, we use the largest error we found for predicting the
difference between two 1-X-R-type molecules. In case of GFN2-xTB
(ALPB) this is the difference between the oxidation potential of 1-S-
Me (overestimated by 0.07V) and 1-NH-Me (underestimated by
0.09 V). The experimental difference Agy, between them is 0.18V, the
calculated difference Ac,ic is 0.32V (see the yellow and orange arrow
in Figure 7). Thus, we estimate that GFN2-xTB (ALPB) has an error of
up to 0.16V (|Agxp — Acalc|)- Since the data set is small, we estimate
the error range for our screening approach to be twice as large, that
is, 0.32V. This means that in the first step of the screening approach,
a conformer search is performed with Crest for all molecules and their
oxidation and reduction potentials are calculated with GFN2-xTB
(ALPB). The molecule with the lowest oxidation potential and all mole-
cules up to 0.32V above, and the molecule with the highest reduction
potential and all molecules 0.32V below are selected for the second

screening step. This is also illustrated in Figure 10.

3.2.2 | Second step: Orbital energies

In the second step, the oxidation and reduction potentials are esti-
mated from the orbital energies of the 1-X-R type molecules. We
showed and discussed that predictions based on the HOMO energy

are more accurate and physically more meaningful. Therefore, we use

the HOMO energies of the radical species ERSic) and reduced spices
EAUcrs to estimate the oxidation and reduction potentials,
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FIGURE 7 (A) Eox of 1-O-Me, 1-O-Bn, 1-S-Me, and 1-NH-Me, (B) Ereq of 1-O-Me, 1-O-Bn, and 1-S-Me. The calculations are performed at
XTB level of theory. For GFN2-xTB (ALPB) and GFN2-xTB (GBSA) the oxidation potentials are shifted by —4.89 and —4.91V, respectively. The
reduction potentials are shifted by —4.29 and by —4.38V, respectively. The unshifted data are presented in Figures S10 and S11. The calculated
value is the abscissa, and the experimental value is the ordinate of the data points. When the calculated and experimental value are equal, they lie
on the black dashed line. The pink and green lines (fit) are the lines of best fit through the GFN2-xTB (ALPB) and GFN2-xTB (GBSA) data points,
respectively. Ag,, and the corresponding yellow arrow is the experimental difference between the oxidation potentials of 1-S-Me, and 1-NH-Me.
Acalc and the corresponding orange arrow is the calculated difference between these reduction potentials.

respectively. The DF B3LYP-D3(BJ) has the best agreement with the
experimental results (Figure 6). To reduce the computational time, the
split-valence basis set def2-SVP is used instead of the more demand-
ing triple-¢ def2-TZVP basis set. In addition, we also employed the DF
PBEO-D3(BJ), because it is nonempirical.

We modified the Hartree-Fock exchange of both to improve the
agreement of the oxidation and reduction potentials for the mole-
cules 1-O-Me, 1-O-Bn, 1-5-Me, and 1-NH-Me as described in the
computational details (also see Figures S14-S21). Modifying the
Hartree-Fock exchange of B3LYP and PBEO is a common prac-
tice.”397:100:125 For example, Reiher et al.?” reparametrized B3LYP
in this way to better describe the low-spin/high-spin energy splitting
for Fe(ll) complexes. Atalla et al.*?° reparametrized PBEO so that its
LUMO energy represents the electron affinity. For the presented
calculation of the oxidation potential the Hartree-Fock exchange of
B3LYP-D3(BJ)/def2-SVP and PBEO-D3(BJ)/def2-SVP were changed
to 20.49% and 16.05%, respectively. To identify them, the func-
tionals are referred to herein as B3LYP-D3(BJ)" and PBEO-D3(BJ)*.
For the calculation of the reduction potential, the Hartree-Fock
exchange of B3LYP-D3(BJ)/def2-SVP and PBEO-D3(BJ)/def2-SVP
were changed to 28.04% and 24.83%, respectively. To identify
them, the modified DF referred to here as B3LYP-D3(BJ)~ and
PBEO-D3(BJ)".

Figure 8 displays the results. For the accuracy of the method, we

again use the largest error we found for predicting the difference

between two 1-X-R type molecules. The errors for the oxidation
potentials are about twice as large as those for reduction potentials.
The largest error of all is the difference between the oxidation poten-
tial of 1-S-Me [which is overestimated by 0.03V with B3LYP-D3(BJ)"
and by 0.04V with PBEO-D3(BJ)"] and 1-NH-Me [which is underesti-
mated by 0.03V with B3LYP-D3(BJ)" and by 0.04V with PBEO-D3
(BJ)*]. Accordingly, the trend between them is off by 0.06V for
B3LYP-D3(BJ)" and 0.08V for PBEO-D3(BJ)*. Since B3LYP-D3(BJ)"
has the smaller deviation, we use the B3LYP-D3(BJ) DF for the
screening. For the screening approach, we again estimate that
the selection cut-off to be twice as large as the largest deviation
found, that is, 0.12 V. Thus, the molecules with the best oxidation and
reduction potential and all molecules within 0.12 V will be selected for
the final step (see also Figure 10).

3.2.3 | Third step: Gibbs energies

In the last step, the oxidation and reduction potentials are calculated
based on the Gibbs energies of the redox reactions [Equations (5)
and (6)]. As shown, M11-L/def2-TZVP and BP86-D3(BJ)/def2-TZVP
show the best agreement with the experimental redox potentials
and the theoretical benchmark values. In contrast to the DFT-D3
(BJ) approach, the M11-L DF has been overserved to not properly

describe London dispersion.*2® Since our experimental investigation
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indicates the formation of van der Waals bound dimers for 1-NH-
Me and its derivatives,”” we decided to use BP86-D3(BJ)/
def2-TZVP. The solvent effects are included with DCOSMO-RS-out.

ones.

As shown,

The results are shown in Figure 9 in gray. The calculated oxida-

tion and reduction potentials are plotted against the experimental

BP86-D3(BJ)/def2-TZVP (DCOSMO-RS-out)
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FIGURE 10

Schematic depiction of the multistep screening procedure from left to right, with the method for each step explained. In the

three screening steps, the oxidation and reduction potentials of the candidate molecules are calculated. The molecules that fit the selection
criteria are moved to the next step. The red boxes give the criteria for a molecule to not be considered for the next step: The calculated oxidation

potential Eoy is larger than the lowest calculated oxidation potential Eg")';"

added with the estimated error range, and the molecule has also a

max

calculated reduction potential Ereq that is smaller than the highest calculated reduction potential Ezsy subtracted by the estimated error range.

slightly overestimates the oxidation potential, and slightly under-
estimates the reduction potential. However, the deviation from
the experimental trend of the oxidation and reduction potentials is
even smaller. We shifted the oxidation potentials by —0.159V and
the reduction potentials by +0.040V for better visualization. The
shifted values are displayed in pink and the unshifted in gray in
Figure 9. In contrast to the first two steps of the screening, the correct
order of the molecules is predicted for the oxidation and reduction
potentials. The largest error is the difference between the oxidation
potential of 1-S-Me (overestimated by 0.02V) and 1-NH-Me (under-
estimated by 0.01V). The trend between them is off by 0.03V.
Accordingly, we estimate the error range for this step of the screening
approach to be 0.06V as shown in Figure 10, this is independent of
the shifts we used for the visualization. The entire screening proce-

dure is explained below.

3.24 | The multistep screening procedure

Figure 10 shows the screening procedure for the 1-X-R-type mole-
cules. Initially, a large number of possible 1-X-R-type molecules with
different hetero atoms X, linkers R, and also substituent Y are gener-
ated. These molecules go through a three-step screening process. At
each step, the molecule with lowest oxidation potential, and the mole-
cules with the highest reduction potential are selected for the next
step. In addition, all molecules whose oxidation or reduction potentials
differs by less than the estimated error range of the method from the

oxidation or reduction potential of the best candidate are also

considered. In the first step a conformer search is performed with
Crest. The oxidation or reduction potentials are calculated at the
GFN2-xTB (ALPB) level of theory with an estimated error range of
0.32V. In the second step, the oxidation and reduction potentials are
estimated from the HOMO energies of the radical and reduced spe-
cies. B3LYP-D3(BJ)"/def2-SVP is used for the oxidation, and the
B3LYP-D3(BJ)"/def2-SVP for the reduction potential. For both, the
error is here estimated to be 0.12V. In the final step, the oxidation
and reduction potentials are calculated from Gibbs energies of the
redox reactions with BP86-D3(BJ)/def2-TZVP (DCOSMO-RS-out).
The error here is estimated to be 0.06V. The molecules selected in
the last step are subsequently investigated experimentally and deeply
theoretically. Additional questions that have already arisen (see Ref.
27) or will arise during the experimental investigation can also be
investigated at, for example, BP86-D3(BJ)/def2-TZVP (DCOSMO-RS-
out) level of theory. Possible investigations could be, for example,
dimer formation, interaction with electrolyte, solvent, and the influ-
ence of the polymer chain. Stability or reactivity can also be assessed.

During the screening, the oxidation and reduction potentials of a
large number of molecules are calculated. These can be used to gain
insight into the structure-property-relationship of 1-X-R-type mole-
cules as we found in study®” of substituted quinones. Machine learn-
ing tools could potentially be used to analyze these data. The results
of the structure-property-relationships, the experimental investiga-
tion, and the investigation of the additional questions can also be used
to create design principles and design a new set of possible molecules.
This new set can then be again screened using the multistep screening

procedure with possibly adjusted error ranges.

85U0|7 SUOWIWOD aAIeID 3(cedljdde au Aq pausenob ae sejonfe VO ‘@SN JO Sa|nJ 10} A%eiq18uliuO 43I UO (SUORIPUOO-pUe-SWLBYLIY" A8 |1m" AfeIq Ul |UO//:SANY) SUORIPUOD pUe swe 1 8y} 88s *[1202/TT/.z] uo Ariqiiauluo fe|im ‘ErseAun-Bigel1-smsnt Aq 662,z 991/200T 0T/I0p/woo A3 1M Afeiq1jeuljuoy/sdny Wo.j papeojumod ‘vT ‘%202 ‘X.86960T



ACHAZI ET AL.

Journal of

_WILEY_| "

4 | CONCLUSIONS

Viologens have shown desirable properties for use in organic RFBs
and PBBs.21® 1-X-R-type molecules (Scheme 1) represent
improved viologens in which three different heteroatomic groups
X, organic linker R, and functional groups at the benzo group can
be introduced. Thus, thousands differently substituted 1-X-R-type
molecules are possible. To identify the most promising candidates,
an in silico multistep screening procedure is developed in the pre-
sented study. Experimental data?’ are used as reference data
throughout the study.

In the first part, wave function-based methods are used to deter-
mine additional reference data. Oxidation and reduction potentials
calculated with CCSD(T)/cbs(Q—aV5Z)* in conjunction with the
DCOSMO-RS solvent model with outlying charge correction are sub-
sequently used together with corresponding experimental values as a
reference for a method evaluation. Different methods (semi-empirical,
DFT, wave function-based), solvent models, dispersion corrections,
and basis sets for the calculation of oxidation and reduction potentials
of 1-X-R-type molecular derivatives are evaluated.

Solvent models revealed better agreement with experi-
mental and CCSD(T)/cbs(Q—aV5Z)* reference from left to right:
IEFPCM < SMD < COSMO ~ COSMO-ion < DCSOMO-RS < COSMO-
out ~ COSMO-ion-out < DCOSMO-RS-out ~ DCOSMO-RS-out-c. At
the DFT level, the basis set limit was basically reached at the def2-QZVP
level. Additional polarization or diffuse functions are not required. With
def2-TZVP the DFT calculations underestimate the oxidation and reduc-
tion potentials by 0.02 and 0.04 V, respectively, compared to the DFT
basis set limit. Dispersion corrections in conjunction with the B3LYP
DF revealed better agreement with experiment along the order:
VV10 < D3(BJ) < D4. D4 was the best, but it may have problems with
frequency calculations. Therefore, we recommend D3(BJ) for screen-
ing purposes. Twenty-nine different DFs were evaluated, including all
commonly used types. In addition, the Hartree-Fock-based HF-3c/
minix approach was assessed. M11-L, SVWN, and BP86-D3
(BJ) showed the best agreement with the reference data.

The HOMO and LUMO energies of the radical and reduced spe-
cies calculated with 27 DFs were used to estimate the oxidation and
reduction potentials. For the calculation of the reduction potential
from the LUMO energy, the GGA and meta-GGA DFs, in particular
M11-L and BP86-D3(BJ), show the best agreement with the reference
data. The hybrid functionals B3LYP and MN12-SX give the best
agreement with the experimental values, when the HOMO energies
are used to estimate the oxidation and reduction potentials.

In the second part, we propose a multistep screening procedure
of redox-active organic molecules for PBBs and RFBs. The molecules
are selected according to their oxidation or reduction potential. With
each step, the method becomes more accurate, but also more time
consuming. In the first step, a conformer search is performed with
Crest and the oxidation or reduction potentials are calculated
with GFN2-xTB (ALPB). Second, the oxidation and reduction potential
are estimated form the HOMO energies calculated with B3LYP-D3
(BJ)*/def2-SVP and B3LYP-D3(BJ) /def2-SVP. These are B3LYP DFs
with optimized Hartree-Fock exchange. In the final step, the oxidation

CHEMISTRY

and reduction potential are calculated from the Gibbs energies of the
redox reactions with BP86-D3(BJ)/def2-TZVP.

Next, we will apply our proposed multistep procedure to a large
number of differently substituted 1-X-R-type molecules to find suit-
able candidates. We also assume that this multiscreening procedure
can be transferred to other organic redox active molecules and in par-
ticular aromatic molecules/radicals. Considering other redox active
molecules, we recommend checking and adjusting the selection cut-

offs estimated in this study for 1-X-R-type molecules.
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