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Addressing the global fossil energy crisis necessitates the efficient utilization of sustainable energy
sources. Hydrogen, a green fuel, can be generated using sunlight, water, and a photocatalyst. Employing
sensitizers holds promise for enhancing photocatalyst performance, enabling high rates of hydrogen
evolution through increased visible light absorption. However, sifting through millions of diverse
molecules to identify suitable dyes for specific photocatalysts poses a significant challenge. In this study,
we integrate genetic algorithm and geometry-frequency-noncovalent extended tight binding methods
to efficiently screen 2.6 million potential sensitizers with a D—-n—-A-n—-AA structure within a short
timeframe. Subsequently, these optimized sensitizers are rigorously reassessed by using DFT/TDDFT
methods, elucidating why they may serve as superior dyes compared to the reference dye WS5F, parti-
cularly in terms of light absorption, driving force, binding energy, etc. Additionally, our methodology
uncovers molecular motifs of particular interest, including the furan n-bridge and the double cyano
anchoring acceptor, which are prevalent in the most promising set of molecules. The developed genetic
algorithm workflow and dye design principles can be extended to various compelling projects, such as
dye-sensitized solar cells, organic photovoltaics, photo-induced redox reactions, pharmaceuticals, and
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Introduction

Hydrogen is considered a promising and environmentally
benign energy source; however, its natural abundance on Earth
is low. One viable approach for hydrogen generation involves
the utilization of sunlight and photocatalysts to facilitate water
splitting. Since the initial discovery of TiO," as a photocatalyst
for light-driven water splitting, a plethora of inorganic photo-
catalysts has been investigated, including SrTiO;,>* BivO,,*”
ZrO and CdS.*” One notable challenge associated with these
inorganic photocatalysts is their limited capacity to absorb
visible light. Consequently, various sensitizers have been
explored to broaden the light absorption range, akin to the
strategy employed in dye-sensitized solar cells.*® It is worth
noting that these sensitizing dyes predominantly interface with
the surface of the photocatalysts, thereby constraining the
quantity of dye molecules capable of injecting electrons into the
semiconductor photocatalyst. Recently, purely organic photocata-
lysts, such as carbon nitride,"®"" conjugated microporous
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polymers (CMPs),'* linear conjugated polymers,"”® covalent
triazine-based frameworks (CTFs),"*"* and covalent organic frame-
works (COFs)'®™® have attracted significant attention. Among
these, COFs' have emerged as a focal point of research for water
splitting® and other applications due to their commendable
thermal stability, molecular tunability, and extensive surface
areas.”’ Although conjugated COFs can exhibit broader visible
light absorption compared to many inorganic photocatalysts, their
light absorption profiles generally remain insufficient for harnes-
sing energy in the near-infrared (NIR) region, which constitutes a
substantial portion of the solar spectrum.”>** Notably, Wang
et al"® previously reported hydrogen evolution rates (HERs) of
up to 10.1 mmol g~ " h™" using a dibenzosulfone photocatalyst, FS-
COF. Furthermore, the HER of this COF could be augmented by
over 60% to 16.3 mmol g~ h™" through the incorporation of a NIR
absorbing dye, WS5F, as a sensitizer. However, WS5F exhibits
limited solubility in water and relatively weak intermolecular
interaction with the FS-COF surface, necessitating preloading into
the pores of FS-COF using acetone prior to photocatalysis. Given
the expansive chemical space of organic dyes, it is improbable that
WSS5F represents the optimal sensitizer for FS-COF. However,
a priori design of superior dye sensitizers poses a non-trivial
challenge.

In this context, the primary function of a sensitizer, as
depicted in Fig. 1, is to capture incident photons and facilitate
the injection of photoexcited electrons into the conduction
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Fig. 1 Typical dye sensitizers with D—n—AA/D—-A-n—AA structure and
new structure D-n—-A-n—-AA (D: donor, n: m-bridge, A: acceptor, AA:
anchoring acceptor).

band of the photocatalyst, thereby augmenting the perfor-
mance of water splitting. Several crucial properties must be
met for a sensitizer to be deemed effective.>*>* Firstly, it must
exhibit optical absorption characteristics that encompass sub-
stantial portions of the visible spectrum, while also extending
into the NIR range. Secondly, the presence of an anchoring
acceptor group, which may be established through either
covalent or non-covalent means, is imperative. This group
serves the purpose of affixing the sensitizer onto the surface
of the photocatalyst in an orientation conducive to charge
injection. Thirdly, the electron affinity (EA) of the dye, denoted
by its exciton ionization potential (IP*), and the ionization
potential (IP), reflected by its exciton electron affinity (EA¥),
should straddle the potentials associated with proton reduction
and the oxidation of water or sacrificial electron donors (SED),
as illustrated in Fig. 2. While other properties relating to
dynamics of excitons are very important, they were not included
in this study due to their time-consuming nature.*
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Fig. 2 Scheme showing idealized EA/IP* and IP of a COF photocatalyst
and a dye sensitizer. The hydrogen reduction potential (H*/H,) and the
sacrificial donor oxidation potential (A/H,A) are marked with dashed lines.
The IP/IP* of good candidate dye should be located, broadly speaking, in
the blue shaded regions of this diagram.
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Many dye sensitizers exhibit a fundamental linear D-n-AA
(D: donor, n: n-bridge, AA: anchoring acceptor) configuration,
with or without a n-bridge, as exemplified in Fig. 1. This structure is
adept at enhancing charge separation and impeding charge recom-
bination. The extent of conjugation in the donor, n-bridge, and
acceptor moieties within the sensitizer, coupled with the particular
functional groups attached, dictates the light absorption character-
istics. The n-bridge connecting the donor and acceptor is pivotal in
facilitating efficient charge separation. Moreover, the anchoring
acceptor group plays a crucial role in determining the strength of
the interaction between the sensitizer and the photocatalyst, a
factor that can significantly influence the charge injection process.
Additionally, the specific attributes of the donor and acceptor
entities will influence their respective ionization potentials (IP
and IP*), which in turn have a profound impact on charge injection
and the regeneration of the dye.

As depicted in Fig. 1, four common building blocks—donor
(D), n-bridge (), acceptor (A) and anchoring acceptor (AA)—can
be systematically combined to create a vast array of potential
sensitizers with diverse structures, including D-n-AA,***’
D-A-1-AA,*%73' and D-n-A-n-AA.*> D-n-AA architecture was
initially introduced as a sensitizer due to its adaptable modula-
tion of intramolecular charge-transfer characteristics.*® Subse-
quently, D-A-n-AA configurations, incorporating various
additional electron-withdrawing groups between the donor
and anchoring acceptor (such as benzothiadiazole, quinoxa-
line, thiazole, triazine, cyanovinyl, substituted phenyl, etc.),
were introduced and widely applied, demonstrating superior
performance compared to D-n-AA. This is attributed to the
several advantages of the D-A-n-AA structure, including facile
adjustment of molecular energy levels, broader light absorption
range, and enhanced photovoltaic efficiency and stability.
D-n-A-n-AA structure combines the advantages of both of
these aforementioned structures. However, there are over three
million potential dye sensitizers in D-n-A-n-AA configuration
when each of the four building block libraries contains only
twenty molecular fragments. Clearly, it is impractical to experi-
mentally synthesize and test more than a minuscule fraction of
these candidates. Furthermore, it is cost-prohibitive to compu-
tationally predict the properties of all 3 million candidate
sensitizer molecules using density functional theory (DFT),
despite its relatively moderate computational expense. There-
fore, we have developed an algorithmic approach to system-
atically explore this vast molecular dye sensitizer space.

A genetic algorithm (GA)**® draw inspiration from Dar-
win’s theory of natural selection, wherein individuals that are
better adapted to their environment have a higher likelihood of
survival and passing on their genetic traits. In the realm of
chemistry and materials science, GA approaches prove invalu-
able for addressing various challenges, including copolymer
design and stable phase searching,”*® doping and defects in
crystals,>***® perovskites for water splitting,"" and optimiza-
tion of organic photovoltaic materials.”> GA offers distinct
advantages over machine learning (ML) methods for several
specific problems. First, GA can initiate the optimization
process without the need for pre-existing data, whereas machine
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learning methods often necessitate a substantial database for
model training and testing. Second, GA can yield satisfactory
solutions within relatively short time frames. Last but not least,
GA constitute a direct optimization process wherein solutions
progressively improve with each generation, while the quality of
solutions derived from machine learning hinges on the accuracy of
the trained model. However, there is no doubt that ML will benefit
material searching combining with GA, but it is not the scope of
this research.***

The objective of this study was to employ GA for the optimiza-
tion of a set of theoretical molecules constructed from predefined
building block libraries. The aim was to identify potential dye
sensitizers for the FS-COF photocatalyst that could potentially
surpass the original sensitizer, WS5F."* To accomplish this, we
integrated the recently developed geometry, frequency, noncova-
lent, eXtended tight binding (GFN-XTB) method implemented in
xTB* with calibration to properties obtained by DFT/TD-DFT
methods using a linear model (Fig. S1, ESIt). This approach
enabled us to conduct in silico optimization of dyes to sensitize
the specific photocatalyst, FS-COF, with DFT/TD-DFT level of
accuracy. Previously, Wilbraham et al.*> and Bai et al.*® combined
DFT (TDDFT) with GFN-XTB, employing a tight-binding-based
simplified Tamm-Dancoff approximation (STDA-XTB) and reported
that this hybrid approach could be employed to efficiently screen
thousands of polymers for targeted applications. Additionally, the
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screened dyes were re-evaluated using DFI/TD-DFT methods.
Properties including ionization potential, exciton ionization
potential, light absorption characteristics, solubility, binding
energy, and other excited state properties were calculated with
reference to the ‘starting’ dye, WS5F.'* Consequently, we proposed
three candidate dye structures that hold potential for sensitizing
FS-COF for enhanced photocatalytic hydrogen evolution compared
to WS5F.

Methods

Dye building blocks and architectures

The building blocks featured in our libraries, as illustrated in
Fig. 3, comprise commonplace organic fragments capable of
interconnecting to form various dyes. Through the random
combination of five building blocks derived from these four
distinct libraries, namely donor (D), n-bridge (n), acceptor (A),
and anchoring acceptor (AA) (refer to Fig. 1 and 3), we have the
capacity to generate over 2.6 million unique dye sensitizers, all
adhering to a D-n-A-n-AA template structure.

Methods and properties

XTB and sTDA-XTB methods. The computationally efficient
GFNXTB method, implemented within the xTB package, was
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Building blocks with IDs for D—-n—-A-n—AA dye sensitizer structures. (a) donors, (b) acceptors (c) n-bridges, (d) anchoring acceptors.

Phys. Chem. Chem. Phys., 2024, 26, 16847-16858 | 16849


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01487a

Open Access Article. Published on 28 May 2024. Downloaded on 12/4/2025 6:37:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

employed for optimizing the neutral molecular structures.**
Additionally, for determining the vertical ionization potentials
and electron affinities of the dyes, we utilized IPEA-XTB,*” an
extension of GFN-XTB with distinct parameterization. All xTB
calculations, encompassing both optimization and IP/EA
assessments, were conducted using the generalized Born sur-
face area solvation model, with default parameters for water
provided by the XxTB code. To evaluate dye solubility, we
computed the energy difference between molecules with and
without solvation effects. For rapid and accurate determination
of the lowest energy absorption of dyes, we applied the XTB-
based tight binding simplified Tamm-Dancoff approach
(STDA),*®"® a method implemented in sTDA-XTB.*°

Genetic algorithm

Workflow. Fig. 4 and 5 show the workflow of the GA built by
C"", which could be downloaded from https://github.com/tao
liuliverpool/GA. Initially, a population of dyes (100) was gener-
ated by combining the simplified molecular-input line-entry
system (SMILES)®" notation from five building block libraries
(donor, m-bridge, acceptor, m-bridge, anchoring acceptor).
These notations were then transformed into 3D structures
using the MMFF94 force field, a process facilitated by Open-
Babel®* followed by a conformer search. Subsequently, the
fitness function of each dye was computed. These dyes, along
with their respective fitness functions, were subjected to three
key genetic operators: selection, crossover, and mutation.
These operations produced an equal number of offspring,
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which then replaced the previous generation, thus initiating a
new iteration of the GA cycle. The GA process was set to
terminate either after 50 generations (dependent on the num-
ber of solutions) or when the total fitness difference between
the new generation and its parents’ generation fell below 0.1.

Fitness function

The properties of the dyes were computed by XTB and sTDA-
XTB in the following sequence: IP, IP* driving force
(Eq = Py, — EAcor), solvation energy (E1), light absorption
(Eabs) and then binding energy (E, = Eaye cor — Ecor — Eaye
defined in ESIT)**** as depicted in Fig. 4. If any of the dye’s
properties fail to meet its predefined working criteria (IP >
0.2 eV, IP* < —1.6 eV, E,ps < 2.8 eV, Eg < 0.0 eV, E}, < 0.0 eV),
the fitness function of the dye is set to 0 and the remaining
properties are not computed to conserve computational
resources. Should all properties of a given dye satisfy their
working criteria, the fitness of the dye is then calculated and
proceeded to the GA process to do the optimization and
generate the next generation. To address various interests,
three distinct fitness functions are defined, each covering
different aspects: (a) Eaps (50%) + Ep (50%); (b) Eaps (100%);
(¢) Eq (100%). (a) and (b) are designed to ensure that the
optimized dyes surpass the reference dye (WS5F) in terms of
light absorption (E,ps) and binding energy (Ep). (c) is formu-
lated to guarantee that the dyes outperform WS5F in terms of
charge injection driving force (E4) into FS-COF.

pran e’ Ak

100 dye population N\

Potential

Light absorptio

Oscillator strength

/

Solubility

Fig. 4 Workflow for calculating pre-request properties (IP, IP*, Eso) and the fitness function (Eps, Ep. Eq) in the GA process.
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Fig. 5 GA workflow (a), crossover (b) and mutation (c). P1 and P2 are the selected dyes for crossover, Ol and O2 are the offspring after crossover, O3 is
the offspring after mutation on O1. There are five building blocks in each dye representing by the squares, the number in each building block is the ID in
the library of this building block listed in Fig. 3. Red dash line is the random single locus for crossover. The green building block is the building block

undergoing a mutation.

Operators in GA

The genetic algorithm employed here utilizes the simplest
form, incorporating three fundamental operators: selection,
crossover (specifically, random single-point crossover), and
mutation (also employing random single-point mutation),
together with Elitism (Only the best parent with the highest
fitness score will enter Elitism) as shown in Fig. 5.

1. Selection: this process involves the selection of two dyes
from the population pool for the purpose of generating
offspring. Dyes that exhibit higher fitness score are more likely
to be chosen for the subsequent step, which is crossover.

2. Crossover: this step entails the selection of a random
locus, where the subsequence before and after the locus are
exchanged between two dyes. This operation results in the
creation of two offspring. The crossover rate is set at 0.7.

3. Mutation: in this phase, one building block of the dye is
replaced by another building block chosen at random from its
respective library. The mutation rate is set at 0.01.

Re-evaluation by DFT/TDDFT

The DFT (B3LYP) and TDDFT (CAM-B3LYP) methodologies®®
are employed for re-evaluating the optimized dyes. The IP and
IP* are computed using an adiabatic DFT (TDDFT) approach,
relying on the DFT (TDDFT) energies of the neutral ground
state and excited state dyes, as well as their respective relaxed
cationic counterparts.>® The values of IP and IP* are reported
on the standard hydrogen electrode (SHE) scale.

The solvation effect was incorporated using the SMD model
with water as the solvent.®® The DFT calculations employed the
B3LYP density functional in conjunction with the Def2-SVP
basis-set,’" consistent with our prior work."® To account for
long-range effects during excitation, the absorption spectra of
the dye were computed via vertical singlet excitations utilizing

This journal is © the Owner Societies 2024

the TD-CAM-B3LYP method. All DFT/TDDFT calculations were
conducted by Gaussian16.®* Properties such as electron-hole
overlap, coulombic attraction energy, and dipole moment were
derived from TD-CAM-B3LYP results by Multiwfn.®?

Several similar research studies have been conducted by Fan
et al.**® on optimizing substitutions of a main structure for
solar cells. However, our approach offers several advantages: we
use XTB instead of DFTB/DFTB+ to reduce element restrictions,
provide calibrated TB results for fitness scores to minimize
deviations and adopt a selection operator for faster and better
offspring generation.

Results and discussion

The initial step involves selecting the first generation to serve as
the starting population. One hundred distinct dyes, meeting
the criteria for IP, IP*, E,1s, Esol, Eq and Ey, as discussed earlier,
are constructed by randomly selecting five building blocks from
their respective libraries. To ensure the initial population is as
diverse as possible, GA optimizations with 20 different initial
populations have been successfully conducted. The comparison
of GA performance with a random selection process is pre-
sented in Fig. 6. It is evident that GA optimizes the best fitness
function of the lowest-energy absorption to 0.69 by the 7th
generation. Additionally, the average fitness function exhibits a
steady increase over successive generations. In contrast, the
best fitness function attained through random selection only
reaches 0.56 by the 23rd generation, with no further improvement
thereafter.

The performance of the sensitizer is determined by a multi-
tude of parameters, which encompass IP, IP*, Eq4, E,p,s and Ey, to
the photocatalyst, as well as properties of exciton (electron-hole
pair). These crucial factors are visualized in Fig. 7 and 8.
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Fig. 7 5D plot for all optimized sensitizers. x axis is IP* (V), y axis is IP (V),
colour coded by E,ps (nM), the size of the points is proportional to Ey, of the
dye to FS-COF (kcal mol™), distance to right-hand side dash line is Eq4 for
charge injection to photocatalyst FS-COF. Data of WS5F as a reference dye
is in red box. The data on the left-hand side of WS5F blue dash line is
obtained by setting driving force as fitness in GA and the data on the right
of WS5F blue dash line is obtained by setting absorption and/or binding
energy as fitness function in GA. Black dash line at the bottom is the
oxidation potential of sacrificial electron donor, while the black dash line
on the right-hand side is the EA of photocatalyst FS-COF. The data of this
plot are also listed in Table S1 (ESIt). The structures of these optimized
dyes are listed in Fig. S2 (ESI¥).

The IP values of all the optimized dyes (Fig. 7) are found to
be higher than the potential of A/H2A (+0.246 V, indicated by
the dashed line at the bottom). This indicates that all of them
can effectively undergo regeneration by a sacrificial electron
donor like ascorbic acid. Furthermore, the IP* values of all
the selected dyes are more negative than the EA of FS-COF
(—1.366 V, denoted by the dashed line on the right-hand side of
Fig. 7), suggesting that these dyes possess the capability to
inject hot electrons into the photocatalyst. The net potential or
driving force (IPaye — Eox and EAgg cor — IP*gye) is a significant
area of discussion.'®®”"® Previous research by Wang et al.®
demonstrated a 60% enhancement in HER of FS-COF by
incorporating WS5F as a sensitizer, with a difference between
IPgye and Eo of less than 0.1 V, while the difference between
IP*4ye and Er.q was larger than 0.2 V. Conversely, Swierk et al. 69
working on TiO,, concluded that the rutile polymorph
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outperformed anatase TiO, in water splitting with the aid of a
sensitizer, attributing this to the conduction band edge of rutile
being 0.2 eV below that of anatase, providing an increased
driving force for electron injection from dye to TiO,.

Fig. 7 illustrates that the reference dye WS5F (dash line in
the middle) separates our optimized dyes into two distinct
groups. Those on the right-hand side of WS5F, optimized by
GA using absorption and/or binding energy as the fitness
function, exhibit driving forces similar to WS5F, approximately
0.1V, on the oxidation half-reaction, and a smaller driving force
than WS5F in the range of 0 to 0.25 V for charge injection into
FS-COF. However, most of them are capable of absorbing lower-
energy light and binding to FS-COF more strongly than WS5F.
Additionally, the data on the left-hand side of WS5F, optimized
using charge injection driving force as the fitness function,
possess significantly larger driving forces than WS5F for both
dye regeneration (0.1 to 0.3 V) and charge injection (0.3 to
0.5 V). Nevertheless, they are unable to capture lower-energy
light as efficiently as WS5F.

Light absorption is undeniably one of the pivotal properties
for designing effective sensitizers. It is imperative that the dye’s
absorption spectrum spans the entire sunlight region and, even
more crucially, extends into the visible to near-infrared region
to harness a greater portion of light with lower energy.”®”*
Fig. 7 is color-coded to represent the lowest energy absorption
of the optimized dyes, where red indicates absorption in the
low energy range, while blue signifies absorption in the high
energy range.

On the right-hand side of WS5F, our findings indicate that:

- 31% of the screened dyes exhibit superior absorption
compared to WS5F (absorption falls within the range of
503 to 531 nm).

- 38% of them demonstrate similar light absorption as
WS5F (absorption within the range of 493 to 501 nm).

- 31% of the optimized dyes have moderate light absorption
relative to WS5F (absorption within the range of 457 to
490 nm); nevertheless, they outperform the light absorption
of FS-COF (403 nm).

It remains plausible that dyes with modest light absorption
may outperform WS5F due to other favourable parameters,
such as higher binding energy, smaller exciton energy, larger
dipole moment, and so on.

On the left-hand side of WS5F, these dyes absorb light with
higher energy compared to WS5F, yet their light absorption
still surpasses that of FS-COF. As discussed earlier, these dyes
boast a greater charge injection driving force towards FS-COF
than WS5F.

Fig. 7 illustrates that a superior charge injection driving
force tends to accompany a less efficient light absorption. This
implies that it is possible to fine-tune light absorption (to lower
energies) by compromising on the driving force, effectively
shifting the dye towards the bottom right of Fig. 7. This
trade-off between light absorption and driving force is crucial.
To achieve a substantial driving force, one could either
lower the IP or elevate EA(IP*). This would result in a wider
physical gap between the highest occupied molecular orbital

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01487a

Open Access Article. Published on 28 May 2024. Downloaded on 12/4/2025 6:37:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

o
o @
S«

IS
S

(b)

DM (Debye)

N
[S]

(c)

Ec (eV)

w el
w s 0 wno

400 420 440 460 480
Light absorption (nm)

View Article Online

Paper

(1)

Fig. 8 The properties of the optimized dyes including S, (a), DM (b) and E. of electron and hole (c) in the first excited state as a function of E,us. Data in
orange is obtained by setting E,ps and/or Ey, as a fitness function, data in blue is obtained by setting E4 as a fitness function, data in black is the referencing
dye WS5F. Promising structures (1)/(2)/(3) are selected by considering both E,ps and S,/DM/E.. The data in this plot is listed in Table S1 (ESIt).

(HOMO, 1P) and lowest unoccupied molecular orbital (LUMO,
IP*/EA). Consequently, the optical gap also expands, causing
the absorption spectrum to shift towards the high-energy (blue)
region, and vice versa. Our findings suggest that there might
not be a single dye that excels in both light absorption and
driving force. Instead, there is likely a balancing point or a
narrow region that optimally considers both driving force and
absorption.

It has been previously established that in both dye-sensi-
tized photocatalytic hydrogen evolution and dye-sensitized
solar cells (DSSCs), the strong chemical binding between the
dye and the semiconductor surface plays a crucial role in
maximizing the electronic coupling between the excited dye
molecular orbitals and the conduction band of the semi-
conductor. Consequently, sensitizers are firmly anchored to
the semiconductor surface through anchoring acceptor groups
(e.g., carboxylate and phosphonate).>*”>”7* This strong binding
is an additional factor, aside from the driving force, that
significantly influences the rate of charge injection from the
dye to the photocatalyst. Research by Ambrosio et al.”> demon-
strated that a faster injection rate consistently corresponds to a
stronger binding energy. This conclusion was drawn from a
study involving different anchoring acceptor groups and TiO,
in the context of DSSCs. In Fig. 7, the size of the data points
represents the binding energy between the optimized dyes and
FS-COF. Notably, all of the optimized dyes exhibit a stronger
connection with FS-COF (Ep, = —1 to —16 keal mol ') than WS5F
(Ep, = —0.43 keal mol ™ !). Consequently, the enhanced binding
of these dyes to FS-COF results in larger electronic coupling
and faster charge injection into the photocatalyst compared
to WSS5F.

This journal is © the Owner Societies 2024

Electron-hole overlap (S,), shown in Fig. 8(a), provides a
clear representation of electron and hole distribution as well as
their separation. Smaller values are preferable (ranging from
0 to 1; 0.0 indicates no overlap at all, while 1.0 signifies perfect
electron-hole overlap). It’s worth noting that this calculation is
carried out for the first excited state (also with the highest
intensity), considering all excitation contributions with coeffi-
cients larger than 10" to ensure accuracy in determining the
overlap parameter. Fig. 8(a) reveals that the reference dye WS5F
exhibits a relatively small electron-hole overlap (0.76), while the
optimized dyes demonstrate a similar or slightly larger overlap,
falling within the range of 0.76 to 0.85. However, the difference
between WS5F and the other screened dyes is less than 10%.
As an illustration, one of the best dyes, denoted as structure (1),
showcases an S, of 0.76, which is slightly larger than that of
WS5F but with a better light absorption. The smallest S; value
of screened dye is 0.66, which is much smaller than that of
WS5F, but with a poor light absorption. Consequently, relying
solely on the electron-hole overlap is insufficient in determin-
ing the best dye. As mentioned earlier, the overall performance
of the dye is influenced by various parameters, in addition to
the electron-hole overlap.

While electron-hole overlap offers insights into the spatial
distribution of electrons and holes, examining the dipole
moment of the first excited state provides information on the
strength of the separation of electrons and holes. This dipole
moment arises from the excited electron and hole, taking into
account not only their distance but also their respective
charges. In Fig. 8(b), it’s evident that only 12 of the optimized
dyes exhibit a dipole moment equal to or better than that of
the reference dye, falling within the range of 30 to 61 Debye.
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This indicates that these dyes have a higher likelihood of
keeping the electron and hole separated for an extended period
compared to WS5F. This prolonged separation benefits the hot
electrons in their journey to be injected into the conduction
band of the photocatalyst, rather than recombining back to the
ground state. As an illustrative example, one of the best dyes,
denoted as structure (2), is shown in Fig. 8(b).

Once a dye reaches an excited state, it becomes crucial for
the hot electron to be injected into the conduction band of the
photocatalyst rather than recombine with holes, which can lead
to a return to the ground state and is one of a major loss
mechanism. E. between the electron and hole is an important
parameter to assess the strength of this attraction, with smaller
values being more favourable. In Fig. 8(c), it is evident that
approximately 65% of the optimized dyes exhibit a smaller
electron-hole attraction energy compared to the reference dye
WS5F. This suggests that electron-hole separation is likely to
be more successful, with a reduced chance of undergoing
recombination compared to WS5F in the complex process of
water splitting. As an illustrative example, one of the best dyes,
denoted as structure (3), is provided.

Fig. 9 provides a statistical overview of the building blocks
present in the optimized dyes. Notably, 9 out of 26 donors (blue),
10 out of 25 acceptors (grey), and 7 out of 17 n-bridges (orange)
between donors and acceptors are observed in the optimized dyes.
However, none of them stand out significantly when compared to
others. This is attributed to the fact that several parameters
influenced by these three blocks are in competition, impacting
the overall performance of the dye. Flattening the donor, acceptor,
and the n-bridge between them enhances charge separation
(beneficial for charge injection) and conjugated length (favourable
for low-energy light absorption). Simultaneously, this strengthens
charge recombination, and vice versa.

In contrast, for the anchoring acceptor (red) and the
n-bridge (yellow) between the acceptor and anchoring acceptor,

16854 | Phys. Chem. Chem. Phys., 2024, 26, 16847-16858

as shown in Fig. 9, it is evident that n-bridge fragment number
n15 (furan) and anchoring acceptor fragment number AA7
(structure with dicyanomethylene) are notably more prevalent
among the optimized dyes. In experimental work, Mao et al.”®
have previously reported that a stable dye with the acceptor
2-(1,1-dicyanomethylene)rhodamine (lacking COOH) is advan-
tageous for DSSCs efficiency and stability. This structure closely
resembles anchoring acceptor fragment number AA7 in our
case. This anchoring acceptor comprises two acceptors (a five-
membered ring and double cyano groups), ensuring a robust
electron-accepting capability. Moreover, the heteroatom is
easily able to chelate to the photocatalyst surface, facilitating
a strong electron coupling between the dye and the photo-
catalyst FS-COF. Additionally, the anchor unit is positioned in
the middle of the anchoring acceptor block, which minimizes
the electron transfer distance from donor to photocatalyst. The
use of the n-bridge fragment furan reduces the dihedral angle
between the acceptor and anchoring acceptor to maximize the
n-conjugated effect, enhancing electron mixing between the
acceptor, m-bridge, and anchoring acceptor. This facilitates
electron diffusion to the anchoring acceptor, resulting in a
substantial electronic coupling between the anchoring acceptor
and the photocatalyst. It is intriguing to note that WS5F
(as shown in Fig. 8) exhibits a similar structure, with a short
furan n-bridge between the acceptor and anchoring acceptor,
and these three groups lie on the same plane.

Conclusion

In this study, a combination of genetic algorithm and GNF-xTB
methods was employed to systematically screen a vast dataset
of 2.6 million dye molecules. The objective was to sensitize the
FS-COF photocatalyst for efficient water splitting. Subsequently,
crucial parameters like ionization potential, electron affinity,
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and light absorption characteristics of the optimized dyes were
rigorously re-evaluated at the DFT/TDDFT level. Additionally,
properties of the first excited state, including electron-hole
overlap, dipole moment, and coulombic attraction energy, were
computed and compared against the reference dye WS5F and
the photocatalyst FS-COF.

Two distinct groups of dye molecules exhibiting superior
properties compared to WS5F were identified. The first group
was optimized with a focus on absorption and/or binding
energy, resulting in dyes with comparable or enhanced absorp-
tion compared to WS5F. The second group was optimized with
an emphasis on charge injection driving force, leading to
dyes with substantially greater driving forces than WSS5F.
Furthermore, dyes in both groups demonstrated superior elec-
tron-hole overlap, coulombic attraction energy, and/or dipole
moment of the excited state, all of which are critical factors in
charge separation and recombination processes.

The analysis of building block statistics revealed that the
relationship between donor, acceptor, and the n-bridge con-
necting them is more intricate compared to the anchoring
acceptor and the n-bridge between the acceptor and anchoring
acceptor. It was observed that the most prevalent anchoring
acceptor molecule features two cyano groups in its library,
while the most frequently employed n-bridge between the
anchoring acceptor and the acceptor is a single furan ring.
This structural arrangement proved beneficial for facilitating
charge separation/injection and enhancing light absorption.

This work not only establishes a robust GA workflow
coupled with GNF-XTB and (TD-)DFT methods for the screening
and optimization of a large number of candidate molecules,
but it also provides valuable insights into the design principles
for anchoring acceptors and the n-bridge between the acceptor
and anchoring acceptor. These findings have far-reaching
implications and can be broadly applied in various materials
science fields, especially in the design of sensitizers, material
screening, and high-throughput applications, with particular
relevance to dye-sensitized solar cells, organic photovoltaics,
and drug design.
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