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and Ryan C. Fortenberry *a

A readily accessible (less than four synthetic steps) dye molecule with potential properties well-beyond the

current state-of-the-art for use in dye-sensitized solar cells (DSCs) is realized from extensive quantum

chemical characterization of nearly 8000 stochastically-derived novel molecules. The synthesized

molecule, 23ed_20b_1ea/WM3, possesses a julolidine electron donor group and promises to exhibit

a 17.5% power conversion efficiency (PCE) if paired with a suitable redox shuttle based on practical

performance analysis (and up to 26.8% in a tandem system). This represents a notable PCE increase for

DSC technology. The stochastic quantum chemical analysis exploring molecular dyes is based on

combinations of electron donors, p-bridges, and electron acceptors to create the D–p–A molecular dye

design. The D–p–A dye combinations are defined via SMILES strings and converted to Cartesian

coordinates. The theoretical dyes then undergo density functional theory geometry optimizations,

absorption computations, and molecular orbital analyses where a least squares fitting of two functionals

minimizes the error with respect to benchmark experiment. While only a small percentage of the

computed, novel molecular dyes have better properties than the current best performing benchmark

molecular dyes, these still represent a notable increase in potential targets for subsequent experiment as

evidenced by the experimental characterization of the synthesized 23ed_20b_1ea/WM3 molecular dye.
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1 Introduction

Solar radiation is 49.0% near-infrared (NIR), 42.3% visible, and
8.7% ultraviolet. The power conversion efficiency (PCE) of
a solar cell will increase if NIR photons can be absorbed with
a larger wavelength crossection of photons compared to just
being able to absorb visible photons. For solar cells, the
maximum theoretical PCE is z32% and is known as the
Shockley–Queisser limit.1,2 Modern GaAs solar cells can achieve
performance nearest to this limit with a PCE of 29.1%.3–5 A close
second, and the most commonly used solar cells, are crystalline
Si cells, which have a PCE of 26.7%.3–5 In spite of such prom-
ising properties, these solar cells have many drawbacks
including manufacturing costs (especially GaAs solar cells),
weight, and end-of-life disposal considerations. Dye sensitized
solar cells (DSCs), on the other hand, are made from organic
materials promising to reduce these three drawbacks. However,
the most efficient DSCs, only have PCE values of less than
15%.6–9

A DSC would need to have an absorption onset between 900
to 1000 nm in order to approach the Shockley–Queissar limit
and the performance of GaAs and Si solar cells.10 To date, the
most efficient dye molecules for use in DSCs are ADEKA-1/LEG4
with a PCE of 14.3% and an incident photon-to-current
Digital Discovery, 2023, 2, 1269–1288 | 1269
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conversion efficiency (IPCE) onset of 750 nm.7 Additionally,
SGT-149/SGT-021 molecules produce a DSC with a PCE of 14.2%
and an IPCE onset of 750 nm.9 A molecule with a sub-500 nm
absorption onset typically cannot exhibit more than a 13% PCE
since the PCE is related directly to IPCE onset. Additionally, the
absorption onset is loosely correlated to the IPCE onset. As
a result, the ideal DSC dye molecule would need an absorption
onset value in the NIR.10–12

Typically, DSCs convert photons to energy in a three-step
process: light absorption, electron transport, and hole trans-
port. In light absorption, the organic dye absorbs the photons
and excites an electron into its lowest unoccupied molecular
orbital (LUMO).2,13 In electron transport, the excited electron
is injected into a semiconductor conduction band. Common
semiconductors include titanium oxide (TiO2), tin oxide
(SnO2), or zinc oxide (ZnO), and their inclusion in the process
converts the electron excitation into electricity.2,14,15 Finally, in
hole transport, a redox shuttle, returns the electrons from
a counter electrode to the organic dye completing the elec-
tronic circuit.2,16 DSCs are the only solar cells that have
a separate material for each step, but this introduces notable
exibility since each material can be modied to improve the
PCE.2,15,16

The light absorption properties of organic dyes can be
theoretically improved by altering the highest occupied
molecular orbital (HOMO) and LUMO energies as a result of
changing the structure of the organic dye molecule. A common
means of constructing a dye molecule is incorporation of an
electron donor (D), p-bridge (p), and electron acceptor (A)
group each into a given organic molecule. The electron donor
is an electron-rich moiety that donates electron density to the
electron acceptor, and the energy of this donation is affected
by the HOMO and LUMO energies.17 Examples of common
donor structures are triphenylamines, and indolines.18 The p-
bridge structure is a p-conjugated system that transfers the
electron from the donor to the acceptor upon photo excitation
and assists with tuning the HOMO–LUMO energy gap. Exam-
ples of common p-bridge structures include benzothiadiazole,
thiophene, and porphyrin.18 The electron acceptor collects the
electrons from the p-bridge upon excitation and is anchored
to the semiconductor.19 Examples of common electron
acceptors include cyanoacrylic acid and benzoic acid.20 In
order to improve the PCE, the HOMO energy level needs to be
below the redox shuttle energy level, and the LUMO energy
level needs to be above the−4.0 eV TiO2 semiconductor energy
level when taking vacuum as −4.5 V versus normal hydrogen
electrode (NHE). However, the PCE is only one such consid-
eration. The loss-in-potential must also be considered and is
dened as the energy difference between the optical gap and
the open circuit voltage of the solar cell. The loss-in-potential
decreases the closer the dye molecule HOMO–LUMO energy
gap is to the redox shuttle-semiconductor band gap. Addi-
tionally, when the HOMO–LUMO energy gap energy is smaller,
the dye will absorb lower energy photons. As a result, modi-
fying the electron donor, p-bridge, and/or electron acceptor
has the possibility to improve the PCE of dye sensitized solar
1270 | Digital Discovery, 2023, 2, 1269–1288
cells by designing organic molecular dyes to maximize the
desired properties.

The ability to manipulate molecular components in dye
sensitizers can lead to an innumerable variation of solar cell
designs. As of now, synthetic chemists manually design dyes
with the help of chemical intuition and density functional
theory (DFT).21 However, nding the perfect combination has
been a slow (and oen expensive) process due to the number of
possible combinations. The pharmaceutical and medical
industries have attempted to solve a similar problem by creating
databases and combinatorial libraries lled with thousands of
novel peptides and using computational chemistry to predict
desired molecular properties.22 A similar strategy for DSCs
would speed up the process for nding the best molecular dye
sensitizer.

A combinatorial approach to nding optimal dye structures
has been used both experimentally and theoretically.23–29

Experimentally, Fuse and coworkers synthesized organic dyes
with a one-pot procedure and made 112 unique DSCs.23 The
procedure utilized the Suzuki–Miyaura coupling procedure to
nd hundreds of combinations of molecular dyes. While
notable for experimental synthesis, such methods are still
limited by the cost of materials, the time-consuming procedure,
and restricted lab bench space. However, computationally
exploring combinations is much cheaper and faster for
composing numerous combinations ahead of investing capital
and time experimentally. Quantum chemical methods can
optimize dye geometries and compute electronic properties of
thousands of dye sensitizers in a matter of months instead of
decades. Quantum chemical modeling can be utilized to search
for optimal dye structures by computing the HOMO/LUMO
energies, electronic excitation energies/wavelengths, and the
electron transfer properties of the organic structure. Past work
has shown that DFT is a valuable tool to optimize an organic dye
molecule's geometry and to compute the HOMO–LUMO energy
gap of the organic dye molecule with less computational costs
than wavefunction methods for these large structures.30 Time-
dependent DFT (TD-DFT) can then be utilized to compute the
electronic properties of a given molecule.11,30–39 A previous study
on a set of 100 visible light absorbing organic dyes shows that
on average CAM-B3LYP is above the experimental absorption
value 0.26 eV above experiment, while PBE0 is below experi-
mental values by an average of 0.97 eV.33–36 The smallest error in
such computations has been shown to be PBE0, which has an
absolute standard deviation from experiment of 0.14 eV for the
sampled molecules.33–36

While past computational studies have created databases for
known DSCs,26,29 the present work establishes a protocol to
compute the molecules or properties needed to populate
a combinatorial library that aims to nd favorable electronic
properties of theoretically generated organic dye molecules.
Once the most promising dyes are determined computationally,
the most synthetically-accesible candidates are produced and
analyzed in order to determine both the validity of the
computational approach as well as a potential new dyemolecule
for enhancing DSC performance.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2 Methods
2.1 Computational details

Seventy-ve benchmark molecular dyes are selected to nd the
most accurate quantum chemical approach to predict the
absorptionmaxima (lmax), the LUMO energy, and charge transfer
properties of the combinatorially-derived, novel, theoretical
molecules for analysis in this work.6,40–73 The LUMO energy is
a primary focus since all high performance DSCs use TiO2, but
the redox shuttle is tunable to the organic dye's HOMO energy.
The choice of lmax will be utilized here since the preferred
absorption onset (lonset) is much more involved to model theo-
retically, and lmax roughly correlates with lonset. Previous work
has shown that B3LYP is a sufficient level of theory for excited
state computations on largermolecules, i.e. those withmore than
a dozen atoms.74–78 Geometry optimizations of the benchmark
dyes utilize B3LYP/6-311G(d,p) within Gaussian09 and
Gaussian16.79,80 The geometry optimizations provide the molec-
ular structures for the subsequent TD-DFT31 excited state
computations producing the approximate lmax (i.e. vertical tran-
sition) and molecular orbital computations needed to determine
the LUMO energy for each dye molecule. The TD-DFT excited
state computations are computed with three TD-DFT methods:
CAM-B3LYP/6-311G(d,p),81 BHandHLYP/6-311G(d,p),82 and PBE0/
6-311G(d,p).83 The molecular orbitals are computed with PBE0/6-
311G(d,p) in order to determine the charge transfer properties.
Previous studies utilized the 6-311G(d,p) basis set with the TD-
DFT computations producing accurate results compared to
experiment leading to its use in this study.56

The three TD-DFTmethods are chosen because they each have
different Hartree–Fock (HF) contributions. The CAM-B3LYP HF
contributions are 19% short range and 65% long range. The
BHandHLYP HF total contribution is 50%, and the PBE0 HF
contribution is 25%. Having these different levels of HF contri-
butions allows for the shortcomings of an individual method to
be corrected with another through using a least-square tting
(LSF, described below) in order to minimize error in the predic-
tions. Thus, these methods, along with the experimentally re-
ported values, are used to construct the LSF to form a more
predictivemodel through their combination. Specically, the LSF
is a statistical parameter that produces a best tting function by
utilizing a set of points and minimizing the error based on the
residuals for the individual points. The set of points come from
the CAM-B3LYP and PBE0 excitation energies, and the resulting
curve is t to the benchmark experimental values. Additionally,
the LUMO energies are also improved through applying a LSF on
the calculated CAM-B3LYP/6-311G(d,p) and PBE0/6-311G(d,p)
results in order to map experimental values more accurately.
Aer acquiring the parameters from the benchmark portion of
this study, the theoretical dyes are sent down this same compu-
tational pipeline of geometry optimizations and electronic
excited state computations. Thus, the dyes are optimized with
B3LYP/6-311G(d,p) and have electronic excited states computed
with CAM-B3LYP/6-311G(d,p), BHandHLYP/6-311G(d,p), and
PBE0/6-311G(d,p). Then, the CAM-B3LYP/6-311G(d,p) and PBE0/
6-311G(d,p) excitation energies are combined using the
© 2023 The Author(s). Published by the Royal Society of Chemistry
coefficients from the least-squares tting on the benchmark dyes
to produce a LSF value.

Furthermore, implicit solvation effects are also incorporated
into the benchmark study to determine if the lmax values are
improved compared to experiment. The three polarized
continuum model (PCM) solvents examined herein are
dichloromethane (DCM), tetrahydrofuran (THF), and N,N-
dimethylformamide (DMF); these are commonly used for the
characterization of molecules utilized in DSCs.84–86

The extent of electron transfer across the molecule is pre-
dicted by summing the atomic orbital coefficients that comprise
the MOs responsible for the electronic transition. Typically, this
transition is a HOMO to LUMO transition. Regardless, by
acquiring the atomic orbitals, the approximate contributions to
the MOs can be computed. The position of the electron can be
determined to specically nd the percent contribution on the
electron acceptor, anchor, and electron donor. Ideally, the
HOMO involved in the electronic excitation should be contained
primarily within the donor portion while the LUMO will be
dominated spatially by the acceptor with some notable
percentage, arbitrarily chosen here to be at least 4%, on the
anchor. Within the electron acceptor portion, the anchor
attached to the semi-conductor should have a maximum electron
density within the LUMO, as well. The probability for the electron
to transfer to the semi-conductor will increase with more orbital
density on the anchor portion of the acceptor. Ultimately, a script
reads the molecular orbitals and the user-dened SMILES strings
to determine which atoms belong to which portion of the
molecule and returns the percentages of the selected pieces for
a given orbital, HOMO or LUMO. The benchmark dyes are used
to determine the numerical values that must be met to permit
favorable charge transfer to the semiconductor.

Once the data for the three metrics are collected, the dyes are
scored to nd the best dyes with equations that test the
absorption wavelength (l), the LUMO energy (u), and the charge
transfer (o) according to the following equations:

s = l + u + o (1)

l ¼ lmax � 600

400
� 100; (2)

uðxÞ ¼

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

0 if x\ � 3:85;

37:68� e
�ðLUMOeVþ3:70Þ2

ð20:15Þ2

ð0:15Þ ffiffiffiffiffiffi
2p

p if � 3:85# x\ � 3:70;

62:67� e
�ðLUMOeVþ3:70Þ2

2ð0:25Þ2

ð0:25Þ ffiffiffiffiffiffi
2p

p if x$ � 3:70:

(3)

o ¼ aþ b

2
; where

a ¼ LUMOacceptor% þ LUMOanchor%

2

b ¼ HOMOdonor% þ LUMOacceptor%

2

(4)
Digital Discovery, 2023, 2, 1269–1288 | 1271
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Such scoring is necessary in order to process large numbers of
theoretical dyes anticipated to be produced in this and
following works. Eqn (1) is written with equal weighting to all
three criteria with the target values of a 1000 nm lmax giving
a score of a 100 from eqn 2, −3.75 eV LUMO energy giving
a score of a 100 from eqn 3, and a complete transfer of charge
from the donor to acceptor scoring a 100 in eqn (4), respectively,
for a maximum of 300. The lmax target value is in relation to the
Shockley–Queissar limit, the LUMO target energy is selected to
give a 250 mV driving force for electron injection into the TiO2,
and the charge transfer percentages maximize the probability of
injection. In more detail, eqn (2) is constructed so that the
minimum value for lmax to be considered is 600 nm. The ideal
Fig. 1 The Gaussian curve for the LUMO energy parameter.

Fig. 2 The 13 electron acceptor substructures that are combined, in pa

1272 | Digital Discovery, 2023, 2, 1269–1288
value is, again, 1000 nm giving 1000–600= 400 which is why the
denominator is a value of 400. This is, then, transformed into
a percentage. For eqn (3), variance about the ideal −3.75 eV
LUMO energy is allowed, but straying beyond −3.85 eV could
lead to experimental study on a molecule where the
experimentally-derived LUMO energy could be closer to
−4.00 eV. Such would render the molecule ineffective at initi-
ating a circuit. Eqn (4) produces a percentage where the anchor
portion is weighted evenly with the charge transfer itself to
make an ideal circumstance where the entire LUMO density
would fall onto the anchor.

Although, the best scoring NIR dye could exhibit a score of
>300 if a lmax value above 1000 nm is obtained, for the purpose
of this study a 300 is considered perfect. The LUMO energy
maximum is −3.75 eV and exponentially decreases if the LUMO
energy increases or decreases from −3.75 eV. Fig. 1 illustrates
a Gaussian curve that implements the LUMO energy scoring.
Since, the dye would not work if the LUMO energy is too close to
the −4.0 eV TiO2 conduction band energy, all of the LUMO
energy values that are less than −3.85 eV return an automatic
zero. Lastly, if the orbital percentage located on the
LUMOacceptor, LUMOanchor, or HOMOdonor is below 4%, then the
dye scores zero. These hard limits are implemented in order to
eliminate dyes that will likely fail to function efficiently beyond
the limits of the accuracy of the quantum chemical methods.
Aer these lters, the highest scoring dyes are presented as
attractive synthetic targets.

2.2 Combinatorial details

The combinatorial library is generated through a python code-
base that connects three substructures together to form a dye
within the D–p–A dye framework. Each dye sensitizer has an
rt, to create theoretical dyes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electron donor (ED), a p-bridge (B), and an electron acceptor
(EA). There are 18 EDs, 38 Bs, and 13 EAs considered in this
work. Fig. 2–4 depict the substructures in a 2D ChemDraw
format. First, each molecular component is given a SMILES
string along with both a p-bridge to acceptor connection point
(BBA) and a p-bridge to donor connection point (BBD) label.
The three SMILES strings are assembled through disconnected
dot syntax, and the pieces are adjoined by converting BBA and
BBD to unique integers to dene connections between the
pieces. Fig. 5 illustrates how the SMILES strings combine and
shows that the format for naming is ED_B_EA. Finally, the
computational package open Babel (OBabel) converts the
SMILES strings into Cartesian coordinates87 for quantum
chemical computations.

There are exactly 7906 unique combinations constructed and
presented in this work. Aer the quantum chemical analysis is
undertaken (described above), the main script creates a JSON
Fig. 3 The 38 p-bridge substructures that are combined to create
theoretical dyes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
le that contains the local ED_BB_EA name, generalized
SMILES string, HOMO energy, LUMO energy, oscillator
strength, and excited state absorption energies. Additionally,
the JSON le ensures there are no repeats and creates the
possibility to store this data remotely for potential open access
to the community. Table S12† lists all of the theoretical dyes'
SMILES strings utilized in this work.

3 Computational results
3.1 Benchmark molecule analysis

3.1.1 Excitation energies. Fig. 6 shows the vacuum phase
excitation energies for the benchmark dyes. The sample set of
these D–p–A, or electron–donor–p–bridge–electron acceptor
(ED-BB-EA), dyes also happens to include what the eld refers to
as high voltage (HV) dyes.88 The HV dyes coincide with the blue
region, and the scoring could easily be set for these dyes if
needed. However, the others are ubiquitously spread throughout
the visible spectrum. In Fig. 6, the highest LSF energy excitation/
shortest wavelength molecular dye is AP11, and the lowest LSF
energy/longest wavelength excitation is FNE32.

In Fig. 6 the CAM-B3LYP and BHandHLYP excitation ener-
gies are shown to overestimate the experimental excitation
energies 85% and 72% of the time, respectively. However, PBE0
underestimates the experimental excitation energies for 98% of
the dyes. By using CAM-B3LYP as an upper energy limit and
PBE0 as a lower energy limit, the combination of these methods
together produces a range in which the experimental value will
fall for 83% of the dyes. Comparatively, if BHandHLYP is an
upper energy limit and PBE0 is a lower energy limit, the prob-
ability of framing experiment drops from 83% to 71%. As
a result, the CAM-B3LYP and PBE0 gap is more likely to produce
a better LSF value than the BHandHLYP to PBE0 range.

Thus, a LSF on the CAM-B3LYP and PBE0 excitation energies
minimizes the error relative to experiment, and the experi-
mental excitation energies that generally fall between the two
methods. Table 1 shows the contributions of CAM-B3LYP and
PBE0 for a constructed LSF with each solvation. Fig. S1, S2, and
S3† show the DCM, THF, and DMF PCM phase excitation
energies. In all cases, the dominate contributor is CAM-B3LYP,
but the PBE0 contribution counters the overestimated CAM-
B3LYP excitation energies and, as a result, improves the pre-
dicted excitation energies. Furthermore, Table 2 shows that the
LSFmean absolute error (MAE) has the best predicted excitation
energies than simply just using a single DFT functional on its
own. Interestingly, BHandHLYP has the best MAE of the
standalone DFT methods but only differs from CAM-B3LYP by
0.012 eV (Tables 3 and 4).

Fig. 7 plots the orbital energies for 25 selected benchmark
dyes. Each selected dye orbital energy is measured through the
same cyclic voltammetry procedure in DCM, leading to the
same electrochemical approximations for orbital
energies.40–42,44,56–58,61 This consistency allows the computed
orbital energies to be empirically corrected through a LSF once
again. Furthermore, all three methods overestimate the LUMO
energies. PBE0 is the closest to the experimentally-derived
values. CAM-B3LYP and BHandHLYP overestimate the HOMO
Digital Discovery, 2023, 2, 1269–1288 | 1273
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Fig. 4 The 18 electron donor substructures that are combined to create theoretical dyes.
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energies, but PBE0 tends to underestimate the HOMO energies.
Interestingly, the pattern for the CAM-B3LYP and PBE0 trend
lines nearly perfectly mirror one another. The HOMO energies
have less error than the LUMO energies for the benchmarked
1274 | Digital Discovery, 2023, 2, 1269–1288
set. The LSF value exhibits the smallest MAE of 0.08 eV for DCM
HOMO energies and 0.11 eV for DCM LUMO energies. When
solvation is not involved, the HOMO orbitals are destabilized,
and the LSF MAE changes from 0.08 eV to 0.10 eV, which is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 An illustration of the dye structure generation naming mechanism.

Fig. 6 The benchmark dyes excitation energies CAM-B3LYP/6-
311G(d,p), BHandHLYP/6-311G(d,p), and PBE0/6-311G(d,p) along with
the calculated LSF model with respect to experiment.

Table 1 The CAM-B3LYP and PBE0 excitation energy contribution
coefficients (c) needed to calculate the LSF

Name CAM-B3LYPc PBE0c

LSFvac 1.31 −0.47
LSFDCM 1.10 −0.17
LSFTHF 1.12 −0.19
LSFDMF 1.05 −0.11

Table 2 The absolute average difference in eV between the experi-
mental lmax and the computed excitation energies in the four envi-
ronments reported

Name MAE LSF MAE CAM MAE BHandLYP MAE PBE

Vacuum 0.13 0.21 0.19 0.36
DCM 0.13 0.16 0.15 0.43
THF 0.13 0.16 0.15 0.42
DMF 0.13 0.16 0.15 0.42

Table 3 The CAM-B3LYP and PBE0 orbital energy contribution
coefficients (c) needed to calculate the LSF values in eV

Name CAM-B3LYPc PBE0c

LSF vacuum HOMO 0.97 −0.12
LSF DCM HOMO 0.21 0.77
LSF vacuum LUMO 0.76 0.67
LSF DCM LUMO 0.47 0.85
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a difference of 0.02 eV. The LUMO energies have a shi from
0.11 eV to 0.16 eV, a difference of 0.05 eV. The minimum and
maximum have a small difference from each other, which
© 2023 The Author(s). Published by the Royal Society of Chemistry
indicates that there are no major outliers. Due to the marginal
benet of using solvation for predicting LUMO and HOMO
orbitals aer applying the LSF, the theoretical study on the D–
p–A design, theoretical dyes will utilize the vacuum model.

3.1.2 MO percentages and scoring. Table 5 shows the
absorption score, LUMO score, charge transfer score, MO
percentages, HOMO, LUMO energies, lmax, and total score of
each benchmark dye involved with the excitation analysis. The
rst three columns illustrate the individual score for each piece
of the total score equation. Since, all of the benchmark dyes are
not near a lmax of 1000 nm, most of the absorption scores are
Digital Discovery, 2023, 2, 1269–1288 | 1275
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Table 4 The absolute average difference in eV between the bench-
mark dyes experimental orbital energies and the benchmark dyes
calculated orbital energies

Name MAE CAM MAE BHandLYP MAE PBE MAE LSF

Vacuum HOMO 0.83 0.49 0.16 0.10
DCM HOMO 0.86 0.52 0.11 0.08
Vacuum LUMO 1.52 1.41 0.65 0.16
DCM LUMO 1.46 1.36 0.56 0.11
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small. The best benchmark dye absorption score is NL4 (ref. 58)
with a score of 10. The average benchmark absorption score is 1.
Furthermore, the LUMO score has the highest average score of
the three parameters at 65. Specically, benchmark dyes that
scored a 100 for the LUMO are NL4,58 ND2,57 AP17,41 and AP16.41

The charge transfer average score resides in the middle of the
two parameters and is 48. AP17 and AP16 have the best scoring
charge transfer properties with a score of 68. Lastly, the total
scoring is a combination of all four of these attributes to
determine the dye best for synthesis, as dened previously.
Fig. 7 The benchmark dyes orbital energies for CAM-B3LYP/6-311G(d,p
respect to experiment. The experimental HOMO (Exp. HOMO) is the co
(Exp. LUMO) is the experimental excited state oxidation potential. Both
vacuum under the condition of −4.5 V versus normal hydrogen electrod
HOMO energies, and (D) DCM LUMO energies.

1276 | Digital Discovery, 2023, 2, 1269–1288
The best total score is AP25 at 149, but NL4, NL2, NL5, and
ND1 are relatively close. AP11, AP14, AP16, AP17, C218,44 JD21,44

and JW1 (ref. 56) are computed to produce lmax values below
600 nm. The ND series lmax values are above 600 nm save for
ND2. Furthermore, the ND3 lmax is above 600 nm, but the
LUMO energy is too negative leading to a 0 score. ND1 is the
only dye of that series that scores, and scores a 141. To reiterate,
the maximum target score is 300. Thus, much room for
improvement remains in the design of dye molecules with ideal
properties.
3.2 Novel dyes

3.2.1 Excitation energies. Fig. 8 shows the excitation ener-
gies for the 7906 theoretical dyes constructed in this work. All
four methods exhibit theoretical dyes that have LSF excitation
energies lower than FNE32 (shown in Fig. 9),50 which is known
to produce electricity at exceptionally long wavelengths in DSC
devices. FNE32 the lowest LSF excitation energy for an exam-
ined literature dye at 1.96 eV (633 nm). Specically, the CAM-
B3LYP method produces 2268 theoretical dyes, the BHandH-
LYP method 2682 theoretical dyes, the PBE0 method 3509
), BHandHLYP/6-311G(d,p), PBE0/6-311G(d,p), and calculated LSF with
rrelated ground-state oxidation potential, and the experimental LUMO
the experimental HOMO and experimental LUMO are converted to
e. (A) Vacuum HOMO energies, (B) vacuum LUMO energies, (C) DCM

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The theoretical dyes' excitation energies for the quantum
chemical methods: CAM-B3LYP/6-311G(d,p), BHandHLYP/6-
311G(d,p), and PBE0/6-311G(d,p) along with the calculated LSF model.

Table 5 The benchmark dyes' charge transfer properties, orbital energies, photo physical properties, and scores

Name
Absorption
score

LUMO
score

Charge transfer
score

HOMO
donor

LUMO
acceptor

LUMO
anchor

HOMO
energy

LUMO
energy lmax

Total
score

AP25 1 93 55 63 66 28 −5.30 −3.81 601 149
NL4 10 100 35 59 33 16 −5.29 −3.74 640 145
NL2 4 99 40 63 39 19 −5.35 −3.72 616 143
NL5 2 99 42 71 39 19 −5.39 −3.71 608 142
ND1 2 87 52 64 62 21 −5.31 −3.83 608 141
AP11 0 0 54 42 67 41 −6.35 −3.86 428 0
NL11 0 63 44 69 42 24 −5.34 −3.51 571 0
NL6 0 0 36 64 32 18 −5.58 −3.99 540 0
NL13 0 68 45 61 48 24 −5.38 −3.53 578 0
NL12 0 63 46 75 43 24 −5.28 −3.51 569 0
ND2 0 100 45 24 66 23 −5.56 −3.75 580 0
ND3 0 0 47 44 62 21 −5.38 −3.86 620 0
AP14 0 91 60 50 72 45 −6.17 −3.64 431 0
JW1 0 11 37 60 34 19 −5.17 −3.23 580 0
JD21 0 65 36 36 36 36 −5.93 −3.52 562 0
C218 0 28 47 75 38 38 −5.46 −3.35 506 0
AP17 0 100 68 92 70 42 −6.12 −3.73 396 0
AP16 0 100 68 91 70 42 −6.07 −3.75 405 0
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theoretical dyes, and the LSF method has 2992 theoretical dyes
with excitation energies lower than FNE32. An example of one of
the lowest LSF excitation energy dyes is 6ed_28b_4ea (shown in
Fig. 9) at 1.32 eV (939 nm), which is 0.64 eV lower than FNE32.

The excitation energy is most oen in a range between CAM-
B3LYP and PBE0. For example, the 6ed_28b_4ea CAM-B3LYP
excitation energy is 832 nm, but the PBE0 excitation energy is
918 nm. As a result, the size of the CAM-B3LYP to PBE0 range is
86 nm with a percent change of 11%. Furthermore, the pre-
dicted LSF value is within this 86 nm span, and that provides
bounds for any physical experiment beyond simply the pre-
dicted LSF wavelength. Additionally, the percent difference is
32% for the CAM-B3LYP to PBE0 lmax range for 9ed_12b_1ea
(shown in Fig. 9), and the minimum percent difference size is
4% for 7ed_28b_8ea (shown in Fig. 9). The mode for the percent
© 2023 The Author(s). Published by the Royal Society of Chemistry
change size is 14%, and the absolute average percent range is
15%. As a result, any actual experimental value for these pre-
dicted dyes will more likely fall in between a 15% interval of the
CAM-B3LYP to PBE0 excitation energies.

The main reason that the theoretical dyes have lower LSF
excitation energies than FNE32 is the p-bridge substructure.
The overwhelming majority of the 2992 theoretical dyes with
predicted longer wavelength LSF excitation energies than
FNE32 share the 16b (or a derivative of 16b) p-bridge
substructure. Fig. S5† shows the frequency of each common p-
bridge substructure involved. Specically, 2678 of the theoret-
ical dyes have the p-bridge substructure including 16b, 28b,
29b, 30b, 31b, 33b, 32b, 34b, or 35b, which are all based on the
thienthiadiazole building block. The other 314 theoretical dyes
are predominantly the p-bridge substructures 1b (benzothia-
diazole) or 20b (thienopyrazine).

Additionally, the excitation energy should not be signi-
cantly affected by slight shis in the dihedral angles between
the donors, p-bridges, and acceptor portions. Preliminary
computations on 23ed_20b_1ea twist the donor and acceptor
dihedrals to as much as 90° relative to the p-bridge indepen-
dently as well as both dihedral twists with in the same tested
structure. The excitation energies change by less than 0.005 eV
in all instances in line with previous work.77

3.2.2 Orbital energies. Fig. S6† gives the frontier molecular
orbital energies of the 7906 theoretical dye molecules. The
combination of the three substructures manipulates the
HOMO–LUMO energy gap, which affects the absorption and
efficiency properties of DSCs. The positioning of the band gap is
another important piece of the puzzle for nding efficient NIR
absorbing dyes. Recall, the goal is to nd a dye molecule with
a LUMO energy above the TiO2 semiconductor conduction
band, and this work has 699 long wavelength dyes that have LSF
LUMO levels that meet such a criterion.
Digital Discovery, 2023, 2, 1269–1288 | 1277
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Fig. 9 FNE32 benchmark dye and three theoretical dyes that are discussed for their excitation energy properties.
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The spectral regions are considered as would be used in
tandem or multi-junction devices which are known to give
higher PCE than single chromophore devices.89–93 The 400–
600 nm range is the high voltage region,88 the 600–800 nm range
is the balanced region between current and voltage, and the
800–1000 nm range is the high current region. Combining
a strategically chosen region for the DSC with any solar cell
technology can theoretically improve the performance relative
to single absorber devices.91 Thus, depending on application, all
three regions are valuable, and all three regions require the
LUMO to be near to but more positive than TiO2 on the vacuum
scale for maximum efficiency.

Fig. S6A† gives the MO energies of 980 dyes that have lmax

values between 800 and 1000 nm. Of these, there are 128
proposed dyes that have a more positive LUMO energy than the
TiO2 conduction band, rendering them candidates for the
orbital analysis step. 61 theoretical dye LUMO energies are
above −3.85 eV, and will go on to the scoring procedure.
6ed_29b_7ea (shown in Fig. S20†) has the most positive LUMO
energy in the 800 to 1000 nm group. Specically, the LUMO
energy is −3.44 eV, and the HOMO energy is −4.78 eV.
Furthermore, the theoretical dye with the most negative HOMO
energy and a LUMO energy greater than −3.85 eV is
6ed_16b_5ea. The HOMO energy is −5.16 eV while the LUMO
energy is −3.60 eV making 6ed_16b_5ea an optimal candidate
for the charge transfer step.

Fig. S6B† gives the MO diagram for 2124 theoretical dyes
with lmax values in the 600 to 800 nm range. Typically, when the
wavelength lowers, the energy gap of the dyes will become
1278 | Digital Discovery, 2023, 2, 1269–1288
larger. As a result, there are 330 theoretical dyes that have
LUMO energies above −3.85 eV, which is 269 more dyes than
the 800 to 1000 nm group. 22ed_11b_9ea (shown in Fig. S21†)
has the most positive LUMO energy at −2.67 eV. 21ed_16b_2ea
has the most negative HOMO energy of −5.82 eV with a LUMO
energy of −3.65 eV. Lastly, 13ed_20b_1ea is the most negative
HOMO energy of −5.44 eV with a LUMO energy that is at the
limit of −3.85 eV LUMO energy level.

Fig. S6C† shows the HOMO and LUMO energies for 4346
theoretical dyes with lmax values that reside in the 400 to
600 nm range. This group has the largest band gaps and, as
a result, has the most dye molecules with LUMO energies above
−3.85 eV: 4099 theoretical dyes. The most common goal in this
range is to have a LUMOwell positioned with respect to the TiO2

conduction band, followed by the most negative HOMO
possible since the maximal photovoltage output possible is
related to the HOMO energy level for the dye in question.
22ed_11b_7ea (shown in Fig. S22†) has the most positive LUMO
energy at −0.97 eV. 17ed_22b_4ea also (shown in Fig. S22†)
shows the most negative HOMO energy at −5.98 eV, and
1ed_24b_12ea (in Fig. S22†) has the most positive HOMO
energy at −5.60 eV.

3.2.3 Scoring. Table 6 exhibits the ve criteria and the score
for each theoretical dye that has a lmax value beyond 800 nm. All
of the dyes in the table have LUMO energies greater than
−3.85 eV. However, most of the dyes do not effectively transfer
the electron density to the LUMO anchor. In fact, the electron
density is trapped on the thienothiadiazole p-bridge because
16b, 28b, and 29b are strong electron accepting groups keeping
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 800–1000 nm group charge transfer properties, orbital energies, absorption properties, and derived scores

Name HOMO donor (%) LUMO acceptor (%) LUMO anchor (%) HOMO (eV) LUMO (eV) lmax (nm) Score

22ed_16b_5ea 35 9 4 −5.06 −3.7 807 164
6ed_16b_5ea 30 8 4 −5.16 −3.6 803 147
22ed_29b_7ea 21 1 0 −4.79 −3.51 850 0
22ed_26b_11ea 19 1 0 −5.04 −3.6 903 0
6ed_29b_6ea 17 3 1 −4.91 −3.68 865 0
5ed_29b_7ea 28 2 0 −4.9 −3.66 826 0
6ed_29b_2ea 17 3 1 −4.9 −3.69 866 0
3ed_29b_7ea 11 2 0 −4.88 −3.57 854 0
6ed_29b_10ea 16 3 0 −4.9 −3.64 844 0
10ed_28b_7ea 20 2 0 −4.97 −3.74 839 0
6ed_29b_5ea 16 4 1 −4.88 −3.73 880 0
16ed_29b_7ea 16 2 0 −4.97 −3.66 832 0
9ed_29b_7ea 32 2 0 −4.87 −3.75 852 0
10ed_29b_7ea 18 2 0 −4.86 −3.58 846 0
7ed_29b_7ea 13 2 0 −4.85 −3.53 852 0
20ed_29b_7ea 15 2 0 −4.86 −3.58 845 0
7ed_29b_9ea 12 6 1 −4.9 −3.74 856 0
20ed_28b_7ea 15 2 0 −4.99 −3.74 837 0
7ed_28b_7ea 16 2 0 −4.97 −3.7 850 0
6ed_29b_7ea 17 2 0 −4.78 −3.44 867 0
21ed_29b_7ea 9 2 0 −5.05 −3.68 800 0
6ed_29b_9ea 16 3 1 −4.92 −3.68 846 0
21ed_28b_7ea 8 2 0 −4.99 −3.68 835 0
6ed_29b_11ea 17 3 1 −4.9 −3.7 868 0
6ed_28b_7ea 20 2 0 −4.85 −3.61 872 0
22ed_28b_7ea 25 2 0 −4.91 −3.62 820 0
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the electron density on the p-bridge. As a result, most of the
theoretical dyes score a zero except for 6ed_16b_5ea and
22ed_16b_5ea, but the LUMO anchor barely meets the
threshold for these dyes. Since, the LUMO energy level and the
lmax are strong, the 6ed_16b_5ea and 22ed_16b_5ea theoretical
dyes still score a 164 out of 300 and a 147 out of 300. For both,
the most promising feature is that the lmax is in the NIR range,
and the LUMO energy is above the TiO2 semiconductor
conduction band. However, the anchor will poorly transfer
electrons to the semiconductor.

Table 7 shows the attributes, and score of the top 50 scoring
theoretical dyes that have LUMO energies above−3.85 eV for the
600–800 nmgroup. In the same vein as the 800 to 1000 nmgroup,
the problem is the electron density is oen trapped on the p-
bridge rather than the electron acceptor and its anchor. Case in
point, the 10ed_16b_9ea (Fig. 13) has the best score at 154/300.
The strength of this theoretical dye is the lmax of 755 nm and
a LUMO value of −3.74 eV. The next best candidate has better
charge transfer tendencies, but only has a lmax of 641 nm. The
major difference between the best and next-best scoring dyes is
the lmax and LUMO anchor %, which results in 16b behaving as
a stronger electron sink than 9b (benzothiophene). Since, 9b is
a weaker acceptor, the charge transfer process more efficiently
reaches the anchor. As a result, the 23ed_9b_4ea LUMO has 12%
electron density on the anchor. Finally, the molecules give in
Table 7 are more likely to produce the highest PCE and to
approach the Shockley–Queissar as individual devices.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.3 Selected theoretical dyes

In order to highlight the results of what the combinatorial
analysis has produced, rst, Fig. S24† illustrates the molecular
geometry, the HOMO, and the LUMO for theoretical dye
22ed_16b_5ea, which scored the highest study at 164. The
anchor is a carboxylic acid functionalized onto a 5-membered
ring. Fig. S24A† shows how the HOMO electron density is spread
throughout the molecule. Specically, this dye exhibits 36% of
the electron density of the HOMO on the donor substructure,
38% on the thienothiadiazole group, 9% on the acceptor
substructure, and only 4% on the anchor. The electron density of
the LUMO spreads mostly on the p-conjugated substructure with
78% of the electron density. This highlights that amajority of the
molecular orbitals surrounds thep-bridge. The low percentage of
electron density of the LUMO on the anchor indicates that the
molecule may poorly transfer electrons to the semiconductor.
However, the dye has an excellent LSF lmax of 807 nm, which is
z100 nm longer in wavelength than the most red LSF bench-
mark dye, FNE32, and the LUMO energy is sufficiently above the
TiO2 conduction band, implying that it will minimize loss-in-
potential energy during injection. Specically, in Table S6,† the
absorption score and LUMO score for theoretical dye,
22ed_16b_5ea are 52% and 98%, and the charge transfer scored
the lowest at 14%. In spite of these promising photophysical
features, the presence of the 16b moiety produces other draw-
backs including difficulty in its potential synthesis. Since
disymmetric synthetic examplemolecules with thienothiadiazole
Digital Discovery, 2023, 2, 1269–1288 | 1279
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Table 7 600–800 nm group charge transfer properties, orbital energies, absorption properties, and derived scores

Name HOMO donor LUMO acceptor LUMO anchor HOMO LUMO lmax Score

10ed_16b_9ea 32 14 4 −5.14 −3.74 755 154
23ed_9b_4ea 63 48 12 −5.18 −3.72 641 152
23ed_20b_4ea 66 35 9 −5.08 −3.82 706 152
22ed_16b_2ea 43 8 4 −5.24 −3.71 746 151
6ed_8b_12ea 27 50 12 −5.36 −3.75 665 151
10ed_20b_12ea 32 39 10 −5.28 −3.74 681 150
5ed_16b_9ea 45 17 4 −5.14 −3.82 753 148
20ed_16b_5ea 30 9 4 −5.21 −3.82 780 147
9ed_9b_12ea 60 49 12 −5.3 −3.8 638 147
2ed_9b_12ea 20 54 13 −5.47 −3.72 642 145
6ed_1b_12ea 26 34 8 −5.36 −3.7 683 144
20ed_16b_9ea 32 9 4 −5.29 −3.78 725 143
23ed_20b_1ea 72 34 10 −5.09 −3.65 650 142
9ed_20b_1ea 68 33 10 −5.2 −3.68 643 142
23ed_1b_3ea 76 15 7 −5.19 −3.79 664 141
5ed_16b_2ea 59 9 4 −5.26 −3.69 693 140
11ed_20b_1ea 73 32 10 −5.3 −3.79 624 139
5ed_9b_12ea 43 56 14 −5.37 −3.64 621 138
11ed_1b_5ea 67 14 7 −5.25 −3.68 658 137
11ed_26b_8ea 91 22 13 −5.36 −3.65 626 136
5ed_20b_12ea 49 39 10 −5.28 −3.84 677 136
20ed_20b_4ea 37 41 12 −5.41 −3.67 627 135
20ed_20b_12ea 32 47 11 −5.4 −3.66 630 135
7ed_1b_12ea 18 26 6 −5.39 −3.76 667 135
23ed_1b_1ea 72 28 8 −5.16 −3.85 680 134
11ed_1b_9ea 63 26 6 −5.22 −3.65 646 134
11ed_1b_3ea 77 14 6 −5.35 −3.76 623 133
1ed_20b_4ea 53 38 5 −5.46 −3.7 601 132
16ed_20b_4ea 42 41 12 −5.52 −3.66 617 131
20ed_16b_2ea 38 7 4 −5.41 −3.83 719 131
13ed_1b_5ea 61 16 8 −5.35 −3.67 642 130
6ed_1b_4ea 36 31 9 −5.45 −3.64 654 130
5ed_20b_4ea 60 36 4 −5.3 −3.64 624 130
10ed_20b_4ea 43 38 11 −5.39 −3.64 629 130
11ed_1b_11ea 73 12 5 −5.34 −3.7 621 129
23ed_20b_8ea 73 17 10 −5.24 −3.84 659 128
16ed_9b_12ea 30 55 13 −5.48 −3.61 616 128
22ed_20b_4ea 43 42 11 −5.25 −3.58 652 127
2ed_20b_12ea 26 46 11 −5.53 −3.64 617 127
2ed_20b_4ea 32 38 11 −5.57 −3.66 617 127
1ed_20b_12ea 49 45 11 −5.49 −3.83 613 127
9ed_26b_8ea 84 22 13 −5.31 −3.61 624 126
22ed_1b_8ea 52 16 10 −5.57 −3.74 606 125
11ed_20b_3ea 75 17 7 −5.35 −3.68 602 125
10ed_1b_1ea 52 33 10 −5.49 −3.65 603 125
16ed_1b_1ea 50 32 10 −5.63 −3.65 602 124
3ed_1b_4ea 20 24 7 −5.62 −3.8 629 121
16ed_20b_12ea 36 45 10 −5.5 −3.6 611 120
22ed_1b_1ea 50 36 11 −5.35 −3.58 625 119
6ed_26b_8ea 43 22 13 −5.18 −3.61 619 115
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dyes are not readily available and numerous synthetic attempts
by our team to install the thienothiadiazole ring late stage were
unsucessful due to numerous competing reactions when
attempting to synthesize a basic model structure with a carbox-
ylic acid using 16b.

Fig. S25† illustrates the molecular geometry, the HOMO, and
the LUMO for theoretical dye 9ed_20b_1ea which scores 142.
Specically, for 9ed_20b_1ea, 68% of the electron density of the
HOMO is on the donor substructure, 20% is on the p
1280 | Digital Discovery, 2023, 2, 1269–1288
conjugated substructure, 9% is on the acceptor substructure,
and only 3% is on the anchor. Furthermore, the 9ed_20b_1ea
electron density for the LUMO is 18% on the donor, 48% on the
p-bridge, 33% on the acceptor, and 11% on the anchor. Alter-
natively from 22ed_16b_5ea, a majority of the electron density is
either on the HOMO donor or LUMO acceptor, which indicates
this would be an improvement in the electrons transfer to the
semiconductor. This causes the charge transfer score to
increase to 36%, but the lmax score decreases to 11%. However,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthesis of theoretical dye 23ed_20b_1ea (WM3).

Fig. 10 The geometry and selected orbitals for theoretical dye,
23ed_20b_1ea. (A) HOMO and (B) LUMO.
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the lmax is still 10 nm longer than FNE32. Lastly, simlar to
22ed_16b_5ea, the LUMO score is above 90% and is sufficiently
above the TiO2 conduction band, making this a potentially
promising synthetic target.

Fig. 10 illustrates the molecular geometry, the HOMO, and
the LUMO for theoretical dye 23ed_20b_1ea, which scores the
same as 9ed_20b_1ea but with more promising properties.
Specically, 23ed_20b_1ea exhibits 72% of the electron density
of the HOMO on donor substructure, 18% on the p-conjugated
substructure, 6% on the acceptor substructure, and only 2% on
the anchor (Table S7†). Furthermore, the electron density for
the LUMO of 23ed_20b_1ea is 9% on the donor, 48% on the p-
conjugated backbone, 34% on the acceptor, and 11% on the
anchor (Table S7†). The properties for 23ed_20b_1ea are just
slightly better than the properties of 9ed_20b_1ea. The biggest
difference is that 9ed_20b_1ea HOMO energy is −5.20 eV, and
the 23ed_20b_1ea HOMO energy is −5.09 eV, which is a 0.11 eV
energy shi.

Fig. 10A shows that the HOMO electron density resides
between the p-bridge substructure and the electron donor
substructure. Furthermore, Fig. 10B shows that the LUMO
electron density is not on the electron donor region of the
molecule. As mentioned before, the percentage change between
the HOMO and LUMO donor, the HOMO and LUMO acceptor,
and the HOMO and LUMO anchor indicates promising charge
transfer properties. As a result, 23ed_20b_1ea is a promising
synthetic target. Additionally, the synthetic approach for
producing this molecule (discussed below) has the fewest
perceived roadbloacks of the high-scoring dyes theoretically
determined. As a result, this dye is selected for synthesis and
experimental analysis and is coded WM3 once synthesized.
Fig. 11 Solution absorption spectrum of theoretical dye
23ed_20b_1ea (WM3).
4 Synthesis and experimental
characterization

Scheme 1 illustrates a schematic of the synthesis procedure to
reach the target molecular dye, WM3. The target structure
synthesis begins by subjecting 1 to the Horner–Wadsworth–
Emmons reaction using 2 and KHMDS as a base to yield 3 at
91% yield. Subsequently, The borylation of 3 occurs via depro-
tonation with n-butyl lithium and the addition of isopropyl
pinacol borate to yield 4 at 32% yield. While the isolated yield of
© 2023 The Author(s). Published by the Royal Society of Chemistry
this reaction is quite low, both steps of the reaction appear to be
nearly quantitative in conversion (as seen by 1H-NMR moni-
toring), which indicates a much higher reaction yield. Qualita-
tive observations show that the isolated yield diminishes due to
the instability of the product during the column chromatog-
raphy purication process because the puried product
decomposes at a signicant rate on silica as seen via 2D TLC.
With 4 in hand, a double Suzuki reaction is run along with 5 and
6 (synthesized as previously described)94 to yield the aldehyde
precursor, 7, in 10% overall yield. The reaction yield is quite low
because of several side products that include the dicoupled
acceptor, the dicoupled donor, side reactions of 6 and debor-
ylation of both Bpin starting materials. With the aldehyde in
hand though, a Knoevenagel condensation creates the nal
product, WM3, in an excellent 91% yield. Notably, while some of
the yields are low for some steps, the dye is rapidly accessible in
just four linear synthetic steps from the commercial donor 1.

Analysis of the WM3 solution photophysical and electro-
chemical properties determines if the dye has suitable ener-
getics to function inside a DSC device. In DCM solution,
absorption spectroscopy reveal the photophysical properties are
an absorption maximum (lmax) of 604 nm for the primary
Digital Discovery, 2023, 2, 1269–1288 | 1281
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Table 8 Solution photophysical and electrochemical properties of WM3 in DCMa

Name lmax (nm) Molar Abs. (M−1 cm−1) lonset (nm) Eoptg (eV) ES+/S (eV) ES+/S* (eV)

WM3 604 27 000 760 1.63 0.6 −1.03

a * see ‘device fabrication’ in the ESI for device manufacturing, electrode, dipping, and electrolyte components.

Fig. 12 Energy diagram of WM3 and AP25 in DCM solution.
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transition. An additional lower energy feature is present at
a higher energy (400 nm, Fig. 11 and Table 8). The experimental
lmax blue shis 46 nm or 0.14 eV (604 nm versus 650 nm, 2.05 eV
versus 1.91 eV) from the theoretical lmax, which is a shi of less
than 7%. Furthermore, the lower energy feature exhibits
a molar absorptivity of 27 000 M−1 cm−1, which is typical of
charge transfer dyes for DSC applications. The combination of
the two overlapping features maintain a respectable molar
absorptivity (>10 000 M−1 cm−1) across the entire visible spec-
trum and demonstrates the potential to be a panchromatic
sensitizer which is a desirable feature in dyes for high current
DSC devices. The absorption spectrum ofWM3 in DCM solution
onsets at 760 nm (via the tangent line of the downward slope on
Fig. 13 J–V plot (left) and IPCE plot (right) of WM3 devices.

1282 | Digital Discovery, 2023, 2, 1269–1288
the low energy side of the lowest energy absorption feature). The
equation Eoptg = 1240/lonset determines the Eoptg to be 1.63 eV.
This is comparable to the absorption onset of other NIR DSC
dyes such as the record setting benchmark dye AP25 (ref. 42)
(Fig. S5†), which has an absorption onset of 780 nm and an
Eoptg of 1.59 eV.

The electrochemical properties of WM3 are analyzed with
cyclovoltammetry in DCM solution that contains a 0.1 M tetra-
butylammonium hexauorophosphate (TBAPF6) electrolyte in
order to determine the oxidation potential (E(S+/S)) of the dye
(Fig. 12, S6,† Table 8). The E(S+/S) value is 0.60 V versus the
normal hydrogen electrode (NHE) when taking ferrocenium/
ferrocene (Fc+/Fc) at 0.70 vs. NHE in DCM.95,96 The exception-
ally electron rich julolidine donor produces a remarkably
negative E(S+/S) value (on the NHE scale) for a DSC dye, which
previous literature supports.97 Using the information from the
solution absorption and cyclic voltammetry experiments, the
equation E(S+/S*) = E(S+/S) − Egopt calculates the excited state
oxidation potential (E(S+/S*)) to be−1.03 eV. As a result, the WM3
E(S+/S*) is 250 mV higher than AP25 (−1.03 V vs. −0.78 V,
respectively) and leaves a generous 530 mV overpotential for
injection of electrons into the conduction band (CB) of TiO2

(Fig. 12). Since many NIR DSC dyes struggle with injection
efficiency due to E(S+/S*) values being too positive versus NHE,
high Li+ loadings are oen required to generate respectable
photocurrent as is the case with AP25, the more negative E(S+/S*)
value of WM3 is an attractive feature since high Li+ loadings are
undesirable because they lower the maximum device VOC by
downward shiing the TiO2 conduction band
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 9 WM3 device measurements using the iodine and cobalt
electrolytes

Name VOC (mV) JSC (mA cm−2) FF (%) PCE (%)

Iodine 472 � 2 7.6 � 0.1 68.5 � 0.1 2.45 � 0.04
Cobalt 434 � 9 8.3 � 0.3 57.8 � 1.2 2.08 � 0.01
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Following the characterization and interpretation of the dye
energetics, WM3 is suitable energetically for incorporation into
a DSC device. The experimental section of the ESI† discusses the
parameters and procedure for how the device is fabricated.
Since the WM3 E(S+/S) value is 0.60 V (Fig. 12 and S6,† Table 8)
a redox shuttle with a more negative redox couple is chosen,
which includes I3

−/I− (I-RS, 0.35 V vs. NHE) and Co(dOMe-
bpy)3

3+/2+ (Co-RS, 0.38 V vs. NHE, synthesized as previously
described98). The WM3 devices produce a photocurrent of 7.6
mA cm−2 for I-RS cells and 8.3 mA cm−2 for Co-RS cells as seen
in the current density–voltage (J–V) plot (Fig. 13, le; Table 9). I-
RS cells produce a slightly higher open-circuit voltage (VOC) than
the Co-RS cells byz40 mV (472 mV versus 434 mV, respectively)
and higher ll factors (FF, 68.5% versus 57.8%, respectively).
The higher VOC and FF of the I-RS cells leads to an overall higher
PCE (determined by the equation PCE = (JSC × VOC × FF)/I0
where I0 is the incident photon ux calibrated to be 1 sun (100
mW cm−2)), with I-RS cells having a PCE of 2.45% versus that of
2.08% observed for the Co-RS containing cells. Both devices
have substantial losses in VOC compared to the theoretical
maximum which is based on the energy difference between the
conduction band of TiO2 (−0.5 V versus NHE, Fig. 13) and the
redox couple of the electrolyte. I-RS-based devices produce 55%
of the theoretical max VOC of 850 mV, and Co-RS-based DSCs
produce 49% of the theoretical max VOC of 880 mV. A
predominant VOC loss mechanism likely originates from
recombination between injected electrons and the oxidized dye
at the TiO2−dye interface due to a low driving force for
Table 10 Extrapolated DSC device performances based on common lite
possible to obtain with selected dyesa

Name of dye Voc (V)

Single active area devices
RR9 1.61
D35 1.09
2ed_4b_8ea 1.60
SGT-149+SGT-021a 0.91
SGT-149+SGT-021 0.89
WM3 0.65

SSM-DSC systems
D35/SGT-149 + SGT-021 2.00
SGT-149 + SGT-021/WM3 1.54
D35/SGT-149 + SGT-021/WM3 2.65
2ed_4b_8ea/SGT-149+SGT-021/
WM3

3.14

a Observed values.9

© 2023 The Author(s). Published by the Royal Society of Chemistry
regeneration (DGreg) of only 250 mV, which is a signicantly low
value for the iodide/triiodide redox couple.99

IPCE measurements are consistent with the J–V plots where
WM3 cells that contain the Co-RS electrolyte for both a higher
JSC and IPCE response than I-RS cells (Fig. 13, right). Co-RS
containing cells have a peak IPCE of just over 40% at
z700 nm while I-RS containing cells has a peak IPCE of just
over 30% at z550 nm. Both electrolyte conditions produce an
impressive IPCE onset with I-RS cells that generate a photocur-
rent out to 900 nm and the Co-RS cells that generate a photo-
current out to 950 nm. The fabrication of a DSC device that
produces electricity until 950 nm and low lithium loadings of
0.05–0.10 M is an exceptional result. Unfortunately, a redox
shuttle is not directly obvious to pair with WM3 to showcase the
exceptional performance the dye can theoretically produce,
since a more negative redox potential system than the I-RS or
Co-RS is needed for efficient regeneration. These two shuttles
are some of the most negative potential shuttles known versus
NHE. A more negative shuttle would increase the DGreg and
undoubtedly boost the peak IPCE value and JSC values
experimentally.

Table 10 showcases the importance of the WM3 discovery by
extrapolating device performances if a well-matched redox
shuttle were found based on parameters from examples of well
matched shuttle dye pairs from literature. This extrapolative
analysis consists of common reasonable values that are based
off of well-studied and highly optimized DSC systems that have
a FF of 70%, a DGreg of 250 mV, a 200 mV voltage loss,100

a 300 mV driving force for injection, and an optimized 90%
IPCE. The equation VOC = Vmax

OC − (DGreg + VlossOC ) extrapolates the
VOC values, where Vmax

OC is the energetic distance from the TiO2

conduction band to the dye oxidation potential (or HOMO) and
VlossOC value accounts for non-ideal device behavior with respect
to the direction of electron transfer (e.g. losses due to recom-
bination). Lastly, the current is calculated at a rate of 7.0 mA
cm−2 per 100 nm and is only applied in measurements beyond
rature parameters to give an idea of the upper bounds of performance

Jsc (mA cm−2) PCE (%) IPCE onset (nm)

7.0 7.9 500
14.0 10.7 600
14.0 15.7 600
20.9 14.2 750
24.5 15.2 750
38.5 17.5 950

12.2 17.1
19.2 20.7
10.4 19.2
12.2 26.8

Digital Discovery, 2023, 2, 1269–1288 | 1283
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Fig. 14 Theoretical dye, 2ed_4b_8ea.
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400 nm in order to compute the JSC term.16 For example, as
mentioned in the introduction section, the highest known PCE
of porphyrin systems is 14.2% from the SGT-149+SGT-021 co-
sensitized DSC system.9 Using the above assumption, the SGT-
149+SGT-021 co-sensitized DSC system PCE would increase
from 14.2% to 15.2% meaning some loss mechanisms could
practically be corrected based on empirically observed literature
values. Furthermore, under the same assumptions, a device that
couples WM3 with a high quality redox shuttle has a PCE of
17.5%, which surpasses the present DSC performance record by
2.2%.7 Critically, the ability of WM3 to generate high photo-
currents and broad absorption properties is important for
sequential series multijunction (SSM)-DSCs.42,89,90,101

Similar to tandem systems, SSM-DSC devices use a single
illuminated area. However, an important note is that tandem
specically refers to the use of 2 active areas and SSM-DSCs, as
constructed in our lab, can have up to 5 active area devices wired
in series. In SSM-DSC devices, The sum of the individual active
layer DSC device voltages is the total voltage, but the smallest
photocurrent output of any active layer is the total amount of
photocurrent. The photocurrent is not summed because the
photons pass through one layer to the next, and the earlier active
layers lter out photons before reaching the lower active layers.
As a result, there is a reduction in the possible amount of
photocurrent between the active layers. Theoretically, a tandem
system using SGT-149+SGT-021/WM3 would give a PCE of 20.7%
which renders DSCs competitive with organic photovoltaics and
perovskites based on PCE analysis alone. Furthermore, a theo-
retical molecular dye that is suitable for a high-voltage device (i.e.
a largely negative HOMO value and a vertical transition centered
at 500 nm), such as 2ed_4b_8ea (shown in Fig. 14), could
improve the PCE to 26.8%. Notably, this higher voltage dye would
be an improvement over current higher voltage systems such as
RR9 and D35 due to a balance between current and photovoltage
that would align well with SGT-149+SGT-021 (Table 10).61 Inter-
estingly, without a target dye approach that can identify prom-
ising targets in all spectral regions, such as that set forward in
this study, it would be difficult to realize such a system especially
given that desirable redox shuttles may not be known for the
high photocurrent and high photovoltage dyes. The probing of
possible DSC devices constructs a best case scenario estimation
that quickly let researchers know the potential return on their
research efforts and showcases the value of a broad combinato-
rial library system that creates new molecular dyes. Also, this
approach claries a direction available for boosting DSC devices
to values beyond 20% PCE.
1284 | Digital Discovery, 2023, 2, 1269–1288
5 Conclusions

From a computational perspective, the D–p–A motif is a viable
means of producing thousands of dye molecules from combi-
nations of dozens of arbitrarily selected parts. While some of
the combinations successfully combine, the work still has
produced 7906 dyes out of 8398 possible combinations. Future
work will continue to employ this approach now that the
methodology has been established and will utilize a larger
selection of molecular constituents for construction and anal-
ysis of a plethora of additional molecular dyes. On top of that,
the structure of the code can be expanded to different types of
dye sensitizers or redox shuttles and even into nding exotic
types of catalysts. These will hopefully exhibit more desirable
properties (i.e., higher scores).

The combination of CAM-B3LYP and PBE0 into a LSF t
predicts relatively accurate excitation energies and has
a common trend that CAM-B3LYP tends to overestimate exci-
tation energies. PBE0 on the other hand underestimates exci-
tation energies. The 25 selected benchmark dyes orbital
energies illustrate that PBE0 agrees with experiment the best
out of the three methods for computing orbital energies. Most
notably, the implementation of the LSF to CAM-B3LYP and
PBE0 forms an accurate predictor as to what the experimental
lmax and LUMO energy could be for automated analysis of novel
dyes.

A major limiting factor in current construction of DSCs
comes in producing a promising molecular dye for inclusion in
the device. This work shows that dye candidates can be har-
vested from combinatorial construction and empirically-
corrected DFT analysis. The hope is that money and time can
be saved from avoiding failed sensitizer experiments by
focusing on select dyes that computational automation and
subsequent quantum chemical investigation are able to
generate.

WM3 (23ed_20b_1ea) is one of hundreds of novel molecules
predicted (out of thousands analyzed) in this work to exhibit
highly favorable properties for improving DSC devices. Overall,
the experimental device data demonstrates that WM3 has
excellent energetics that do not require high Li+ loadings,
exhibits a panchromatic IPCE response, and possesses
a z50 nm lower energy IPCE onset than record setting organic
sensitizers like AP25. The more negative E(S+/S) of WM3,
however, also requires a compatible redox shuttle with a more
negative redox couple than what is currently available. Future
studies should focus on the design of device architectures that
feature NIR dyes with more negative ES+/S* and ES+/S similar to
WM3 which are paired with new redox shuttles having more
negative redox couples. Additionally, the lmax is near the
Shockley–Queissar limit with its onset just into the NIR. These
fortuitous properties are only discovered as a result of the
immense, novel, and automated theoretical characterization
performed in this work.

Case in point, of the 7906 candidates dyes produced in this
work, seven have promising properties that are as good or better
than the standard benchmark, AP25, and even better than the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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synthesized 23ed_20b_1ea (WM3) dye molecule. These include
22ed_16b_5ea, 10ed_16b_9ea, 23ed_9b_4ea, 23ed_20b_4ea,
22ed_16b_2ea, 6ed_8b_12ea, and 10ed_20b_12ea. The experi-
mentally synthesized 23ed_20b_1eamolecule has a score of 142
and is lower than the AP25 score. However, the most promising
property that differs from the highest scoring dye in
22ed_16b_5ea is that the anchor percentage is 10% indicating
better charge transfer properties. These nine candidates and
23ed_20b_1ea have excellent LUMO energies. Furthermore, at
least a dozen more candidates are computed in this work to
have properties similar to 23ed_20b_1ea (WM3) leaving the
door wide open to future synthetic targets that may yet provide
even better dye properties. 2ed_4b_8ea could even increase
efficiencies for high voltage dyes that absorb at shorter wave-
lengths opening options for higher prole further synthetic
targets and energy regimes.
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