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The pursuit of higher solar cell efficiency has sparked considerable interest in singlet fission materials, which
offer the possibility to surpass the Shockley—Queisser limit. Singlet fission (SF) is a multiexciton process in
which a singlet exciton is converted into two triplet excitons, doubling the number of low energy excitons
per absorbed photon. A central bottleneck in the development of SF-enhanced solar cells is the limited
number of chromophores fulfilling the strict energy-matching conditions required for SF. Tetracene and
pentacene remain the most investigated SF materials despite their poor photostability. To address this
challenge, we propose an inverse molecular design protocol to accelerate the discovery of suitable SF
candidates based on fulvene derivatives. The excited-state energies of fulvenes can be modulated by the
electronic nature of substituents and they behave as aromatic molecular chameleons with the ability to
arrange their m-electrons to exhibit aromaticity in both the ground and the lowest triplet state. Using
a best-first search algorithm, we explored the combinatorial chemical compound space to identify
optimal substitution patterns satisfying the primary thermodynamic SF condition (i.e., E(S;) = 2E(T4)). This
approach represents a significant improvement over traditional design methods. Database analysis
revealed 17 fulvene candidates fulfilling all the conditions for SF-enhanced silicon solar cells. Next to

identifying potential SF chromophores, we derived general design rules highlighting the critical role of
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Accepted 1st July 2025 strategically positioning electron-donating and electron-withdrawing groups across the six substitution

sites. The proposed protocol represents a significant step forward in the quest for efficient SF materials,
offering a systematic approach to navigating chemical compound spaces and optimizing molecular
structures with desired properties.
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Introduction

Solar cells are a very important cornerstone in the transition of
the world's energy production from a fossil-based source to
a CO, neutral future.” To push the performance of silicon solar
cells beyond their thermodynamic efficiency limit, the sensiti-
zation of photovoltaic cells using singlet fission materials has
attracted tremendous interest.>* The singlet fission (SF) process
offers the possibility to surpass the Shockley-Queisser limit®
and achieve power conversion efficiencies of approximately
45% due to the ability of doubling the number of low energy
excitons per absorbed photon.*” In the SF process, a singlet
exciton (S;) is converted into two separated triplets (T),
involving a correlated triplet pair state '(T,T,) with singlet
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multiplicity.*® As a spin-allowed process, SF can proceed in the
ultrafast scale, outcompeting most other loss mechanisms and
reaching quantum yields approaching 200%." Notably, triplet
excitons exhibit longer lifetimes compared to singlet ones,
thereby facilitating their migration towards the donor/acceptor
interface.” Nonetheless, the dearth of SF chromophores
combining an efficient SF rate with suitable chemical stability
hampers the realization of commercial SF-enhanced solar
cells.”

The SF process requires chromophores that satisfy strict
energy-matching conditions regarding the arrangement of the
lowest-energy excited states. First, the energy of S; should be at
least equal to twice the energy of T, to subsequently generate
two triplet states:*>**

ES)) = 2E(T)) €y

Ideally, E(S;) — 2E(T;) must be close to zero to minimize the
energy loss during the SF process.®* To hamper S;-to-T, inter-
system crossing," it is desirable that a second thermodynamic
condition is also fulfilled:

E(S)) = E(T) )
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From these two energy criteria it can be deduced that E(T,) >
2E(T,). If the latter is satisfied, triplet-triplet recombination
into the second triplet excited state will be prevented.*® All these
conditions combined imply that 2E(T;) =< E(S;) = E(T,) for
efficient SF chromophores. Finally, sufficiently high triplet
energies are also required to facilitate triplet exciton transfer to
the semiconductor. For silicon,?

E(T) = 1.11eV (3)

Besides the strict energy conditions, strong visible absorp-
tion, long triplet lifetimes, photo- and thermal stability, and
cost-effectiveness constitute important factors in device engi-
neering."" Stability remains a critical challenge for organic
solar cells compared to inorganic counterparts,*® with issues
such as thermal, photochemical, and oxidative degradation
affecting their long-term performance.® Recent work on SF-
sensitized silicon solar cell architectures has demonstrated
their potential to extend device lifetimes by lowering the oper-
ating temperature compared to conventional silicon solar
cells.” This study estimated that incorporating tetracene as
a sensitizer could significantly reduce thermal degradation,
extending the silicon cell lifetime by approximately 3.7 years. In
addition, SF chromophores like tetracene become transparent
upon degradation, allowing the underlying silicon cell to
continue operating with reasonable efficiency.

Unfortunately, most organic molecules fail to meet the
energy-matching conditions primarily due to their relatively
high T; energies,” which significantly limits the pool of SF
chromophores.” Tetracene and pentacene remain the most
intensively investigated SF materials,>*** despite their poor
photostability and sensitivity to oxygen.>** To address these
limitations, various chemical strategies, such as steric protec-
tion, the introduction of electron-withdrawing substituents,
and the captodative effect, have been employed to enhance the
intrinsic stability of SF dyes.>*® As a result, the search for new
SF chromophores is a very active field together with the devel-
opment of general design guidelines”” and innovative strate-
gies®® to accelerate their discovery driven by the urgency to
switch to renewable energy sources.”

The search for SF materials is largely driven by computa-
tional approaches by evaluating the energy-matching condi-
tions outlined above.*" From these studies, the ground-state
diradical character has emerged as the underlying concept for
rendering efficient SF materials.>* Overall, molecules with the
proper amount of open-shell singlet diradical character (y, >
0.1) benefit from lower triplet energies, fulfilling the SF ther-
modynamic requirements.*® In addition, the tetraradical char-
acter (y;) needs to be sufficiently small (i.e., yo/y; > 5) for
a molecule to possess the best electronic arrangement for SF.
Both indices together compose the multiradical character index
(Yo, 1) which is a useful metric for identifying novel SF chro-
mophores, as verified for a pool of 241 potential SF candidates
compiled from the Cambridge Structural Database (CSD).**
However, while open-shell diradical character can enhance SF
efficiency, it might also reduce photochemical stability, limiting
the practical use of certain SF chromophores in device
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fabrication.* A recent study reveals that a balance between the
diradical character and stability is possible for a series of o- and
p-quinomethides and the relationship can be understood
through Clar's sextet theory.* In addition to diradical character,
intrinsic stability is influenced by several factors, including
molecular structure, functionalization, and steric protection, all
of which play crucial roles in determining the reactivity and
long-term stability of organic compounds. To enhance the
chemical stability of SF chromophores, the concept of excited-
state aromaticity has emerged as an alternative guiding prin-
ciple to engineer the excited states of organic materials without
compromising their stability.***® Yet, recent analyses under-
score the importance of solid computational assessments to
render the Baird-aromaticity concept as a useful tool for tuning
the energies of molecular excited states.****

Notwithstanding these discoveries, it is important to high-
light how difficult it is to find organic chromophores that satisfy
the energy-matching conditions. Out of ~40 k molecules
compiled from the CSD database, only 241 structures were
identified as potential SF chromophores representing a success
rate of less than 1%.* Accordingly, it is important to introduce
alternative design approaches to explore more efficiently the
vast and complex chemical compound space (CCS).** Machine
learning models have been recently extended to the field of SF to
assess the thermodynamic driving force (eqn (1)) of larger
databases of polycyclic aromatic hydrocarbons and cibalackrot
derivatives.*"*>*® Recent computational screening studies have
investigated extensive molecular datasets, typically comprising
a broad chemical space, with only a few focusing on a common
core undergoing systematic substitution. Despite these efforts,
success rates have remained low due to the strict energetic
requirements of SF and the dependence on the choice of the
functional.**”~*° In this work, we present an alternative inverse
molecular design (ID) framework to accelerate the discovery of
SF materials. Inverse design approaches reverse the conven-
tional design paradigm by starting with the desired properties
and producing a molecule that fulfills them as an output.”>**
Hence, inverse design involves the optimization of the target
property as a function of the chemical structure.’*** Remark-
ably, only a small fraction of a predefined CCS needs to be
explored using ID to identify new and largely improved struc-
tures, as we recently proved for the discovery of nonlinear
optical (NLO) switches.>*>®

To test the potential of our ID strategy to identify SF chro-
mophores fulfilling the energy-matching conditions, we focus
on fulvenes with different substitution patterns. The properties
and aromaticity of fulvenes are strongly influenced by the
electronic nature of the substituents at the exocyclic position.*”
Strikingly, they behave as aromatic molecular chameleons since
they can rearrange the m-electrons to exhibit aromatic charac-
teristics in both the ground state (S,) and the lowest triplet state
(T;) according to the Hiickel and Baird rules, respectively
(Scheme 1).°** The adaptive nature of fulvenes can be exploited
to modulate the energies of the relevant states for SF as well as
to assess the role of ground- and excited-state aromaticity on the
properties of excited states.’” Fulvenes are typically highly
reactive,’ but several studies have shown that appropriate
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Scheme 1 Resonance structures that influence the Sq and T, states of
fulvenes, illustrating its behaviour as dipolar aromatic chameleons.
Adapted from ref. 66.

substitution patterns can markedly enhance their stability by
promoting a delocalized m-electronic structure.’”*** Persistent
substituted fulvenes have been synthesized and fully charac-
terized,””**** with 6,6-dicyanofulvenes identified as suitable n-
type additives in bulk heterojunction solar cells.®

Our main goal is to establish an inverse design protocol to
accelerate the discovery of substituted fulvenes for singlet
fission. As a test bed, we consider symmetric fulvenes with two
and three modifiable sites as well as asymmetric fulvenes con-
taining up to six different substituents (Fig. 1). The substituent
library contains 15 different functional groups with varied
electronic nature, including electron-donating (EDG), neutral,
and electron-withdrawing (EWG) groups. Ottosson et al. proved
that these substituents induce a large variation on the S; and T
energies relative to the parent fulvene.*”*® First, a proof-of-
concept study is performed to unveil the impact of the substi-
tution at each position independently (Ry, R,, and R;) on the
lowest-lying excited-state energies as well as on the aromaticity
of the S, and T, states. This subset is employed to assess the
accuracy of our computational protocol and the performance of
electronic, structural, and magnetic criteria to quantify ground-
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and excited-state aromaticity. Second, we search for the optimal
fulvene functionalizations for distinct substitution patterns (c¢f.
Fig. 1) using the best-first search (BFS) algorithm.?"¢676%
Finally, we analyse the database generated from the inverse
design runs to understand the key functionalization patterns
required to fulfill the SF conditions in fulvene derivatives.

Inverse molecular design algorithm

Since our goal is the combinatorial exploration of the fulvene
chemical space towards suitable SF candidates, we employed
the BFS algorithm to find optimal functionalizations for
differently substituted fulvenes (Fig. 1).5* BFS involves a site-by-
site optimization during which chemical functionalizations
from a predefined library are introduced into the selected
molecular framework. Chemical modifications to the molecular
structure are accepted if they lead to an improvement of the
target property.>* The BFS algorithm is a discrete optimization
method implying that only structures corresponding to ‘real’
chemical species are considered for the property optimization,
i.e., functionalized fulvene derivatives.®® Furthermore, the BFS
method is quite efficient for both single-property and multiple-
property optimizations,* and delivers crucial insights on the
influence of the type and location of each functionalization on
the target property since for all the sites the full substituent
library is systematically screened.>

Fig. 2 illustrates schematically how the BFS algorithm works
applied on a symmetric fulvene with three modifiable sites (R,
R,, and R;) and a functionalization library of 5 substituents
depicted as blue-, cyan-, green-, yellow-, and orange-colored
circles. The size of the combinatorial CCS is determined by
the number of functionalizations per modifiable site (for this

51

example, 5°) since all the sites share the same substituent
library. The algorithm starts generating a random starting
structure. Then, site 1 (R,) is optimized by evaluating the 5
possible structures according to the functionalization library.
Here, it is important to note that full geometry optimizations
and vibrational frequency calculations at the selected level of
theory are performed for all generated fulvenes, followed by the
excited-state calculations (Fig. S141). For each structure, the

2 sites

CCS ~ 152 =225

N

3 sites

CCS ~ 15% =3375

6 sites

CCS ~ 156 = 11390625
R, = NMe,, NH,, OH, OMe, SH, Me, SiH,, H, BH,, BF,, F, Cl, CF,, CN, NO, /

Fig. 1 Fulvene test bed with different substitution patterns investigated in this work and the selected substituent library.
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Fig.2 Schematic workflow of the BFS optimization on a symmetric fulvene with three optimization sites (Ry, R,, and Rs) and a functionalization
library of 5 substituents represented as colored circles. Light-colored regions in the property map are more optimal. Adapted from ref. 56.

target property is computed, and its values are used to deter-
mine the largest gradient, as a finite difference approximation,
among the 5 available substituents. BFS presumes that the
largest gradient corresponds to the most promising optimiza-
tion route and accordingly, the substituent leading to the
largest property improvement is implemented. This modified
structure is subsequently used for the optimization of site 2
(Ry), while keeping fixed the other two positions. This procedure
is repeated until all sites have been optimized. Then, the algo-
rithm checks if the input (random starting structure unless
otherwise stated) and output structure are identical. If yes,
convergence is reached and the BFS optimization is complete. If
the input and output structures are different, the BFS reprises
with the output structure as the new input. Generally, the BFS
algorithm takes several global iterations until convergence has
been reached. This iterative process circumvents the often
incorrect assumption that the sites can be optimized indepen-
dently and ensures that the inter-site influences are partially
considered.

Optima are found quite efficiently with this greedy algo-
rithm, as we have previously shown in the optimization of the
HOMO-LUMO gap in diamondoids®»*® and the NLO contrasts
of hexaphyrin-based switches.>**® Nevertheless, when the target
function has multiple local optima, BFS usually converges to the
nearest (local) optimum since it follows the largest gradient.
Therefore, in this work, multiple BFS runs are conducted
varying the starting structure and the site sequence to explore
different regions of CCS. As we aim to derive structure—property
relationships for SF, BFS offers the significant advantage of
searching the CCS locally at each iteration step by only changing
one site at a time while evaluating the full substituent library.

As a target property for the SF chromophore inverse design,
we rely on the first energy-matching condition (eqn (1)), which
is the most fundamental thermodynamic condition to ensure
an efficient SF process.*'>** This figure-of-merit is commonly
used in the screening of chromophores for SF applica-
tions.***>4¢ Initially, we aim to maximize the SF function (eqn

© 2025 The Author(s). Published by the Royal Society of Chemistry

(4)) as this metric helps to achieve the greatest disparity
between the lowest-lying excited energy states. The advantage of
this approach is that it tests the boundary of the function, while
potentially generating a sufficient number of structures with fsp
=0.
Jsr = AEsk = E(S1) — 2E(T)) (4)
Subsequently, to further refine our target function, we target
avalue for E(S,;) — 2E(T,) around 0.1-0.2 eV which is optimal for
reducing energy losses during the SF process.®*” Accordingly,
for the latest BFS runs on six modifiable sites, we minimize the
absolute value of the SF function. The additional SF conditions
outlined in the introduction (eqn (2) and (3)) will be imposed
through filter functions on the generated fulvene database.

Computational details

The fulvene geometries have been fully optimized and charac-
terized using harmonic vibrational frequency calculations with
the M06-2X" functional in combination with the 6-311+G(d,p)
basis set’™”” in gas phase. The geometry optimizations and
frequencies, calculated within the DFT framework, were per-
formed with the Gaussian 16 software package.”” The M06-2X
hybrid functional has been chosen, as it has been demon-
strated to provide relative energies close to chemical accuracy
for various m-conjugated systems,” when compared to the gold
standard canonical CCSD(T) at the extrapolated basis set
limit.”>”” This choice also helps to mitigate the impact of
delocalization error in the description of the electronic struc-
ture of m-conjugated molecules.”®” Based on the optimized
structures, linear-response TD-DFT calculations were per-
formed at the same level of theory to obtain the vertical and
adiabatic excited-state energies based on previous benchmarks
devoted to the screening of SF materials.’”** Notably, a TD-DFT
protocol utilizing M06-2X combined with a triple-{ basis set
demonstrated good accuracy in predicting the S; and T, exci-
tation energies of a diverse set of 100 molecules as compared to
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experimental data (Fig. S5T).** Nonetheless, we caution that the
heavily-parameterized M06-2X meta-GGA hybrid may not be
optimal for all the excitation energies, but a comprehensive
benchmarking study is beyond the scope of this work.

The accuracy of our excitation energies was further evaluated
through comparison with multiconfigurational methods.
Single-point multireference calculations were conducted using
the ORCA software package,® employing N-electron valence
state perturbation theory (NEVPT2)** applied to complete active
space self-consistent field CASSCF(12,12) wavefunctions.®>**
These computations were performed with the def2-TZVP basis
set,*®¢ along with the corresponding auxiliary basis sets, on the
previously optimized DFT geometries.

The diradical character was calculated using the Yamaguchi
method (eqn (5)) to determine the y, parameter.®”*® Single-point
calculations at the (U)HF/6-31G(d) level of theory were
employed, as this method effectively reproduces the trends in
diradical character derived from CASSCF(6,6) calculations for
a wide variety of predicted SF materials.>*

2T,‘ —i i
_an dT, = nHONO NLUNO+ (5)
1+T; 2

yi=1-

where nyono and npyno correspond to the occupation number
of the highest occupied natural orbital and lowest unoccupied
natural orbital, respectively. The diradical character (y,
parameter) is obtained by eqn (5) with i = 0 and lies between
0 and 1, representing closed- and open-shell nature, respec-
tively. Higher i values allow for the estimation of tetra-, hexa-,
and higher-order radical character.

The calculation of the electronic aromaticity indices (FLU,
BOA, and MCI) relies on QTAIM atomic partitioning performed
by the AIMAIIl software.®® The atomic overlap matrices (AOM)
resulting from this partition and the molecular geometries
serve as input for the ESI-3D program,®*®> which provides the
aromatic fluctuation index (FLU),”*** the bond-order alternation
(BOA),”* the harmonic oscillator model of aromaticity
(HOMA),” the bond-length alternation (BLA),”***” the multi-
center based index (Iing),”** and the multicenter index (MCI).**
The magnetic current density and the current strengths were
obtained using the gauge including atomic orbital (GIAO)
method™* with the GIMIC program.'®>'** The density current
vector plots were generated at 0.5 A above the molecular plane.
The Paraview 5.10.0 program was used for the visualization of
the current densities.'* For more details, see the ESL.t

Inverse design procedures were performed with the best-first
search algorithm'®**® implemented in the in-house CINDES
program.'*>**° Based on a previous work,*” we selected a frag-
ment library of 15 different substituents going from strongly
electron-donating groups (EDG) to strongly electron-
withdrawing groups (EWG): NMe,, NH,, OH, OMe, Me, SiH3,
H, F, BH,, BF,, SH, Cl, CF;, CN, and NO,. The structures
generated by CINDES are automatically optimized and charac-
terized through harmonic vibrational analysis, using the same
level of theory as described above. After ensuring no imaginary
frequencies are encountered for the optimized geometries, the
excited-state calculations were performed within the framework
of linear response TD-DFT, at the same level of theory. In the

2160 | Digital Discovery, 2025, 4, 2156-2174
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inverse design procedure, vertical energies were used to scru-
tinize different candidates with respect to the first energy-
matching condition (eqn (1) and (4)). For a detailed explana-
tion about the accuracy of our computational approach
including the use of vertical and adiabatic energies, we refer to
the ESL

Results and discussion

Proof-of-concept: the role of aromaticity on the S, and T,
energies of substituted fulvenes

As previously noted by Zeng et al.''* and Ottosson et al.,”” the
parent fulvene is unsuitable for singlet-fission applications due
to its low-lying T, state. Additionally, it undergoes efficient S;/S,
radiationless decay through two possible conical intersec-
tions.">'** Using our TD-DFT protocol, the SF function (eqn (4))
for the parent fulvene is estimated at —1.37 eV, which is
significantly far away than the optimal range of 0.1-0.2 eV
needed for effective SF. Starting with the parent fulvene, in
theory, three strategies can be considered to reduce the SF
function value: (i) significantly increase E(S,) relative to E(T;),
(ii) lowering E(T;) while minimizing the impact on E(S,), or (iii)
reducing both E(S;) and E(T,) until E(S,) is nearly twice as large
as E(Ty).

The first step in designing our protocol for the efficient
search of fulvenes as promising singlet-fission materials was
the rational fine-tuning of E(T;) and E(S;) using excited-state
Baird and ground-state Hiickel aromaticity concepts. For that,
we used our library of 15 different substituents. These substit-
uents were placed on three different positions on the fulvene
scaffold (R;, Ry, and R3) yielding 45 symmetric fulvenes in our
archetype set (Fig. 3). Accordingly, we assessed at each position
independently the substituent effect on the excited-state ener-
gies and aromaticity. As reported by Ottosson and coworkers,*”
the exocyclic R; position (R;-fulvenes subset) has the greatest
impact on the ground-state aromaticity of fulvenes, with
NICS(+1),, s, values spanning a wide range from —19.6 to
9.2 ppm.

In Table 1, we present the ranges of the vertical excitation
energies, NICS(+1),, 5, NICS(%1),, 1, MCI for the ground and
the lowest triplet excited state, the SF function, and the Yama-
guchi index across the different subsets. The exocyclic position
(R,) exerts the largest influence on both the excitation energies
and aromaticity descriptors, with the impact diminishing
across the other substituted positions (R; > R, > Rj). Although
the R; position has the least impact on most of the parameters,
it significantly affects the value of the SF function (eqn (4)),
similar to the effect of the R, position. This trend is also
observed for the aromatic character of both the ground state
and the lowest triplet excited state, with variations decreasing
from R; to R;.

The R;-fulvene subset exhibits the widest range of energies
for the lowest-lying excited states (S; and T,), resulting in
significant variations in the SF function. This group includes
the fulvenes that present the highest S; and T, energy values
among all the fulvenes in our archetype set. Additionally, the
same subset of symmetric fulvenes shows the greatest variation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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R,5 = NMe,, NH,, OH, OMe, SH, Me, SiH,, H, BH,, BF,, F, Cl, CF;, CN, NO,

Fig. 3 Structures of archetype fulvenes with substitution positions
labeled Ry, Ry, and Rs. The selected substituent library is specified at the
bottom of the figure.

in ground- and excited-state aromaticity, with Baird-aromatic
fulvenes being the most optimal for the SF process (see Tables
S4-S127 for specific energy and aromaticity index values). Our
results confirm that w-electron withdrawing groups at the
exocyclic position lead to low-lying T; and S; states, as they
enhance the Baird-aromatic character of these states (Fig. 4).

In Fig. 4, the energies of the lowest-lying excited states of the
R;-fulvene subset are plotted according to their aromatic char-
acter, ranging from highly Hiickel aromatic to highly Hiickel
antiaromatic. NICS(£1),,s, values were used for the color
coding as it is the aromatic index with the most diverse values,
facilitating the distinction between aromatic and antiaromatic
fulvenes. Similar plots for R, and R; positions are provided in
the ESI (see Fig. S6 and S7).f For the ground state, all the
structural and electronic indices correlate quite well with the
magnetic descriptor except for the bond-order alternation index
(Table 2). However, for the first triplet state, the correlations
between the different descriptors drop down significantly
reflecting the fact that these indices were originally designed to
quantify ground-state aromaticity (see Table S137).

Compared to the parent fulvene, the fulvenes in the R,
subset with the strongest EDGs, such as NMe,, NH,, OH, and
OMe, exhibit higher S; and T, energies. In contrast, those with
strong EWGs like NO,, CN, CF;, and Cl display the lowest S; and
T, energies. This variation is closely related to their aromatic
character: the strongest EWGs increase ground-state anti-
aromaticity, while the strongest EDGs enhance ground-state
aromaticity. In other words, exocyclic EDGs enhance the
contribution of the zwitterionic resonance structure in S, with
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Hiickel aromatic 6m-electron five-membered ring, while EWGs
favour the contribution of the zwitterionic resonance structure
with 4m-electron five-membered ring. Interestingly, this differ-
ence in aromaticity of the ground state will have an opposite
effect on the T; state’s aromaticity, in line with the Baird
aromaticity rule. These results demonstrate that the S; and T,
energies can be precisely tuned by the nature of substituents.
Assuming that the S; and T; states are described by the same
electron configuration, except for the multiplicity difference,
a particular EWG at the exocyclic position of a fulvene will have
the same stabilizing effect on S; as on T; when compared to the
parent fulvene as a reference.’” Under this situation, AE(S;-T,)
will remain constant within the series as observed in Fig. 4.

In the R, subset, fulvenes with strong EDGs still tend to
lower the energies of the lowest-lying excited states compared to
the parent fulvene, although there is no clear trend for the
fulvenes with strong EWGs. Additionally, in this subset, the
relationship between aromaticity and the nature of the
substituents is reversed compared to the R; subset (see
Fig. S6t). Here, fulvenes with strong EDGs are more ground-
state antiaromatic, while those with EWGs show enhanced
aromaticity in the S, state. In the final subgroup (R;), there is no
significant correlation between substituent type and the energy
values compared to the unsubstituted fulvene (see Fig. S71). The
relationship between aromaticity and the nature of the
substituents is similar to that in the R, subgroup, but with less
variation in the NICS(%1),,5, values, indicating smaller differ-
ences in aromaticity induced by the nature of the substituents
in these positions.

To further validate the findings derived from the NICS and
MCI descriptors, we conducted calculations using the gauge-
including magnetically induced currents (GIMIC) method,
which reinforced the initial observations. As shown in Table 1,
a notable reduction in the range of NICS(+1),, values between
the most aromatic and the most antiaromatic fulvenes was
observed for the ground state when progressing from the R; to
R,, and R; modifications (i.e., ranges of the NICS(+1),, amount
to 28.8, 22.3, and 5.3 ppm for R, to Ry, and Rs). A similar trend
was found for the MCI ranges, which decrease from 0.012 to
0.009 to 0.006 for R, to R,, and Rs, respectively. With the trend
aligned according to the NICS(+1),, values in S,, GIMIC
currents were calculated for the most aromatic and anti-
aromatic fulvenes within each subset, revealing differences in

Tablel Range of the computed properties for fulvenes with differently substituted positions (Ry, R», and Rs). The table displays vertical excitation
electronic energies (E,(S1) and E,(T3)), the SF function value (fsg), NICS(+1),,, and MCI values for the ground and triplet states, and the diradical

character index (yo)

Parameter R, |AR, | R, |AR,| R; |AR;|
Ey(Sy) (eV) [2.64, 4.15] 1.51 [2.57, 3.89] 1.32 [3.34, 3.89] 0.55
E(T,) (eV) [1.86, 3.00] 1.14 [1.71, 2.64] 0.93 [2.20, 2.80] 0.60
fsp(eV) [1.86, —1.02] 0.84 [—1.39, —0.64] 0.75 [1.78, —1.06] 0.72
NICS(+£1),,5, (Ppm) [-19.6, 9.2] 28.8 [-12.7, 9.6] 22.3 [-7.7, —2.4] 5.3
NICS(%1),,.7, (ppm) [-8.4,17.0] 25.4 [-11.2, 14.7] 25.9 [3.7, 16.3] 12.6
MCI (S,) [0.003, 0.034] 0.031 [0.006, 0.015] 0.009 [0.007, 0.013] 0.006
MCI (T,) [0.016, 0.038] 0.022 [0.009, 0.026] 0.017 [0.018, 0.023] 0.005
Yo [0.00, 0.06] 0.06 [0.01, 0.06] 0.05 [0.00, 0.04] 0.04

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Correlation (R® values) between the different aromaticity
indices for the archetype fulvene set in the ground state (So)

FLU BOA HOMA BLA Ij,, MCI NICS(+1),
FLU 1
BOA 0.866 1
HOMA 0.928 0.787 1
BLA 0.931 0.817 0.921 1
Ling 0.818 0.552 0.845 0.833 1
MCI 0.859 0.681 0.881 0.839 0.938 1
NICS(+1),, 0.781 0.554 0.790 0.737 0.723 0.723 1

the net ring current strength (RCS,.) between the most
aromatic and most antiaromatic fulvene of 10.4, 8.3, and 1.4 nA
T for Ry, Ry, and R, respectively (Fig. 5). We refer to the ESI
(Fig. S11-S13)} for the GIMIC plots corresponding to the T,
state and the RCS profiles, respectively.

Overall, for the complete archetype fulvene set of 45
compounds, we observe a strong correlation between the low-
lying excited-state energies and the degree of (anti)aromaticity
in the ground state (Fig. 6), in line with previous findings for
a different subset of di- and tetrasubstituted fulvene deriva-
tives.*” Fig. 6 shows that the T; becomes stabilized for Hiickel
antiaromatic fulvenes. Given the good correlation between the
NICS(+£1),, index computed for the S, and T, states (Fig. S107),
this implies that the T; state becomes aromatic for Hiickel
antiaromatic fulvenes in the ground state. Accordingly, the
presence of excited-state aromaticity appears to be a guiding
concept to explain the stabilization of the T; and S; states
induced by certain substituents on the fulvene moiety. It is
important to note that similar trends in the variation of exci-
tation energies as a function of the substituent are observed
when using both vertical and adiabatic T; excitation energies
(Fig. s41). This is important for the inverse design protocol, as
bypassing excited-state geometry optimizations significantly
reduces the computational cost to evaluate the target SF func-
tion (eqn (4)).

To further evaluate the accuracy of our TD-DFT protocol in
determining the excitation energies of fulvene derivatives, we

2162 | Digital Discovery, 2025, 4, 2156-2174

conducted comparisons with both experimental data and mul-
tireference NEVPT2 calculations (see ESIT). The TD-DFT calcu-
lations at the M06-2X/6-311+G(d,p) level of theory show good
agreement with the available experimental measurements with
deviations ranging from 0.01 to 0.31 eV for both S; and T,
energies (Table S1t). Similarly, our computed excitation ener-
gies align well with the NEVPT2 S; and T, energies with devia-
tions smaller than 0.3 eV for most of the investigated fulvenes
(Table S2t). Although the overall trends are preserved, the
deviations between TD-DFT and NEVPT2 excitation energies
will inevitably impact the computed values of fgr. Nevertheless,
given the high computational cost of the inverse design
protocol, TD-DFT remains a practical and effective choice for
exploring a broader chemical compound space.

A symmetric fulvene has three distinct positions that can be
functionalized, while an asymmetric fulvene has six function-
alization sites. By exploring substitutions at a single position,
we found that none of the 45 archetypal fulvenes meet the first
energy-matching condition for SF. Thus, the computed values of
fsr are far from zero. Consequently, we propose that an effective
SF fulvene candidate can be realized by leveraging the additive
or even synergistic effects between the various functionalizable
positions. Considering the six potential substitution sites in an
asymmetric fulvene, a chemical compound space of approxi-
mately 11.4 million (15°) derivatives is estimated for our library
containing 15 substituents. Examining such a vast number of
fulvenes using traditional methods is exceedingly time-
consuming. Therefore, we propose to use inverse molecular
design to streamline the design process and save computational
time. Even by exploring only a small part of the CCS, this
protocol aids to identify optimal functionalizations to render
fulvenes as promising chromophores for SF.

Inverse design

Using traditional direct molecular design approaches, only
small parts of the enormous chemical compound space are
explored. In contrast, ID techniques investigate boarder
regions, strategically leading to better structures compared to
the starting one. Although inverse design may not find the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Current density analysis of the most aromatic (first row) and most antiaromatic (second row) archetypal fulvenes in the ground state. Plot
of vectors at 0.5 A above the molecular plane with the integrated ring current strength through the integration plane, which bisects the carbon—
carbon bond opposite the exocyclic position. RCSet values are given in nA T

ultimate performer, its end structure still improves the target
property.

In this work, we studied three different cases using ID
techniques. Considering symmetric fulvenes, we explore ful-
venes with 2 or 3 substituted positions. As a last case, asym-
metric fulvenes are also considered, i.e., having 6 modifiable
sites (see Fig. 1). For the sake of simplicity, we will deeply
analyse the results of the first BFS procedure with 2 substituted
positions and discuss the remaining two cases more generally.
All generated structures, their vertical energies of the lowest-
lying excited states (S; and T;), and the function value can be
found in Table S15.1 In the final part of this section, we will
estimate the importance and significance of each functionali-
zation towards the fulvene's performance by using a steepest
descent approach.

Case I: ID procedure with two substituted positions. A
random site order was implemented in the ID protocol. In the
initial global iteration, the algorithm starts by modifying the R,
position while keeping the F substituent in the first position
(Fig. 7). The BH, substituent results in the most significant
improvement, achieving a function value reduced to half the
function of the parent fulvene (fsg = —0.7 €V). During the

© 2025 The Author(s). Published by the Royal Society of Chemistry

subsequent step, BH, is fixed in the R, position, and variations
are made to the R; position, where the NO, substituent
performs most effectively (fsg = —0.04 eV). Moreover, posi-
tioning NO, at the R; induces a more substantial change in the
function value than placing BH, at R,. The second global iter-
ation begins by keeping the NO, in R; position and testing all
the different substituents from the library in the R, position,
reaffirming BH, as the optimal choice. The final step, opti-
mizing the R, position, is redundant as convergence has been
reached.

As a mono-substituent in the fulvene structure at the R,
position, NO, reduces the S; energy more than the T, energy
compared to the parent fulvene (¢f green bars in Fig. 8).
Conversely, BH, as mono-substituent at R, does not affect S; but
lowers Ty (c¢f red bars in Fig. 8). Compared to H_BH,, intro-
ducing NO, at R; lowers S; substantially more than T,, which
agrees with the R; = NO, mono-substitution result. Interest-
ingly, the combination of NO, at R; and BH, at R, results in
a more significant decrease in S; compared to only having NO,
at Ry, to a greater extent than any other substituent (Fig. 7, BFS
step 1). This reduction is even more pronounced for the Ty
energy. This aligns with the third strategy to lower the SF

Digital Discovery, 2025, 4, 2156-2174 | 2163
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Fig. 6 Plots of excited-state energies of S; and T; against degree of (anti)aromaticity in S for the complete archetype fulvene set.

function as stated earlier, i.e., low excitation energy values for
both S; and T;.

This seeming synergy between both substituents becomes
evident when comparing the NO,_BH, result with its additive
version (equal to fsp(parent) — Afsp(parent, H_BH,) — Afsg(parent,
NO,_H)), indicated as purple bars for the former and yellow bars
for the latter in Fig. 8. This synergistic effect is larger for S; than for
T; and amounts to a significant 1.55 eV and 0.92 eV, respectively.

It turns out that this effect of the (NO,, BH,) couple is quite
unique. Based on the mono-substitution values (R;-fulvene
archetype set), alternatives to NO, for the R; position include
CN and BF,. However, they do not show the same behavior. This
can be nicely witnessed from Fig. 9, in which the S; and T,
excitation energies of the last global iteration with either NO, on

R; (NO,_R, series) or BH, on R, (R;_BH, series) are plotted
against the energies of the corresponding archetype analogues
(H_R, and R,_H series, respectively). Except for the S; of R;_H
vs. R;_BH,, we can appreciate good linear correlations in the
energy of the lowest excited states. The couple (H_BH,,
NO,_BH,) is the only outlier. The synergistic effect is demon-
strated by the large horizontal shift to lower values of S; and Ty,
indicated by red arrows in Fig. 9.

We observed that the algorithm converged very quickly due
to few synergetic functional groups. We also affirmed that the
R; position is more critical than R, for identifying a possible
candidate for the SF process.

To assess whether we could further improve the function
beyond the optimum of the first run, we conducted a second

Optimization step

0.0 NO, Bl;; . NO,
40
0.2
— NH
S 04 2
0. OHy¢
= 0.6 -
e OMe
N 08 CN ¢ BF,
-~ NMe.
T 10 Ma :
w10 1 SH
i NO, H
Wb 42 ] F siH,
CF,
14 1
1.6 -
NO,-_ _NO,
1.8 |

Fig.7 Chronological site order of the BFS for maximizing the function fs¢ = E(S;) — 2E(T4), starting from a random symmetric structure with two
substituted sites. The black line separates the global iterations. The site order varies in every global iteration. The current best substituent of each

site optimization, selected for the next iteration, is circled in black.
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BFS run with 2 substituted positions starting with the BH,_NO,
symmetric fulvene (see Fig. S157). We purposely selected NO,
for the R, positions due to its dominant role on R; as observed
in the first BFS run. In this second BFS run, we can see that both
global iterations are the same, meaning that the optimum was
already identified in the first iteration step corresponding to
BF,_NO,. However, it is evident that the associated SF function
value (—0.69 eV) remains far from the ideal. The NO, substit-
uent at the R, positions performs best but not substantially
(e.g., —0.80 eV for BF,_BH,) and a similar conclusion applies to
BF, at the R, positions (e.g., —0.85 eV for SH_NO,).

As a mono-substituent at Ry, BF, lowers S; more than Ty,
comparable to NO, and CN. However, due to the presence of
NO, on Ry, this behavior reverses with now a larger decrease in
the T; energy compared to H_NO, and the parent fulvene. By
examining the correlation between the R;_H and R; NO, ful-
vene series in Fig. S16, we identify BF, NO, as an outlier for
the S, energies with a smaller S, decrease than expected (cf- shift

Synergistic effect NO, — BH,
4.00 ° R?=0.916

3.00

es,
oT,

1.00

mono-substitution energy H_R; (eV)

0.00
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to the right). The other outlier, for both S; and Ty, is R; = BH,.
Although some other functional groups (e.g., CN, NO,, and SH)
can further decrease Ty, this is counterbalanced by an excessive
reduction in S;. Thus, achieving a balance between both exci-
tation energy reductions is crucial for fulfilling the first energy-
matching condition.

Conversely, NO, as a mono-substituent at R, has an almost
negligible effect on S; and moderately lowers the T; energy
compared to the parent fulvene. When combining the best
performing substituents, S; increases significantly with the
inclusion of NO, at R, (compared to BF,_H), with only NMe,
and CF; causing a greater increase. A more moderate increase is
observed for the T; energy, which makes that the function value
of BF,_NO, is closer to zero than that of BF,_H. Note that there
is still a reduction in the S; energy and a notable decrease in the
T, energy compared to the unsubstituted fulvene. While larger
decreases in the T, energy can be obtained with other functional
groups, they are again offset by an even larger decrease in the S;
energy. Comparing H_R, and BF,_R, fulvene series, we observe
that there is no correlation between the two series for either the
S; or T, energies (see Fig. S16%). In conclusion, there is no
evidence from this BFS run of a synergistic effect. The optimum
merely found the best balance between S; and T, reduction.

Case II: ID procedure with three substituted positions. For
this second case, similar to the first, we conducted two BFS runs
starting from a random structure (see Fig. S17 and S18%). The
first one commenced with the NO,_R,_CF; structure, while the
second began with R;_BH,_CF;. In both runs, we observe rapid
convergence to the same optimum, NO,_BH,_SH, which closely
resembles the best performing fulvene from Case I. In addition,
Case 1I suggests that sites R; are the least important, as previ-
ously noted by Ottosson et al.,*” particularly when NO, and BH,
are present on R, and R,, respectively.

The first global iteration of the first BFS run (see Fig. S177)
starts by modifying the R, positions, again identifying BH, at R,
as optimal, consistent with the best-performing structure from

B
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Fig. 9 Correlation between (A) mono-substituted fulvene series H_R, and NO,_R; and (B) mono-substituted fulvene series R;_H and Ry_BH,.
The outlier, indicated in red, is identified as the BFS optimum NO,_BH,. S; excitation energies are highlighted in blue, while the T, excitation

energies are marked in orange.
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the two-site optimization. In the second step, the optimum has
already been found. With NO, at R; and BH, at R,, all S;
energies fall below 2 eV (except for NO,_BH, NO,). Removing
NO, from R; increases the S; energy by 1.3 eV, on average, while
removing BH, from R, results in an average increase of 0.6 eV.
Additionally, having NO, at R; and BH, at R, results in the T
energy being at or below 1 eV (again except for NO,_BH,_NO,).
A similar effect is observed as with S; when either NO, or BH, is
absent. This is a remarkable result, as none of the Case I ful-
venes have these characteristics, with the exception of
NO,_BH,_H. The substantial reduction of both S; and T,
energies seen for the NO,_BH,_R; series has as a consequence
that 11 out of 15 Rz-substituents (or 73%) have a function value
larger than —0.25 eV. Furthermore, functionalizing R; has
a minor impact on the fsr value, with a minimum-maximum
range of only 0.6 eV (except for the outlier NO,_BH, NO,).
Substituents such as SH, OMe, BH,, OH, and CN yield a SF
function value below that of the unsubstituted R, with the first
three having very low T; energies.

Although our focus was on maximizing the function, to see
where its boundary lies, our maximum remains close to the
ideal function value of 0 eV. During the two optimization runs,
we identified 13 unique compounds within a 0.5 eV range
around zero (i.e., —0.25 eV to 0.25 eV). Nonetheless, it is evident
that for structures with NO, at R; and BH, at R,, substitution at
R; is unnecessary to fulfill the first strategy. For the three-site
substitution, no clear correlation with the archetype set trends
is observed. Notably, NO,_BH,_ SH stands out as an outlier in
terms of S; and T, energies compared to all other R;_BH,_SH
structures.

Case III: ID procedure with six substituted positions (asym-
metric structures). Following the procedure used in the two
previous cases, we conducted two complete BFS runs, this time
considering the fulvene structure without symmetry, which
allows for six distinct positions to be substituted (see Fig. S19
and S207). The first one was initiated using a random structure,
while the second began from a structure containing one of the
least visited substituents from the first BFS run for each posi-
tion: NMe,_SiH; Me_OH_NMe, OMe. Note that in the second
BFS run we minimize the SF function in absolute value (Fig. 10).
As with the previous cases, optima are reached quickly. The
optima from both BFS runs (BF,_NH, NH,_SiH; NH, CN and
NO,_OH_OH_CN_H_BH,, with SF function values —0.20 eV and
0.00 eV, respectively) include substituents we have discussed
previously (see optimal fulvenes structures in Fig. 11). An
asymmetric fulvene structure increases the potential for
discovering viable SF candidates, even taking into account that
the property landscape contains more local optima.

From the three cases we investigated, it is important to note
that maximizing the SF function enables the identification of
fulvenes suitable for the SF process. For example, in Case II we
encountered several fulvenes, e.g., NO,_BH, OH with fo =
0.00 eV and NO,_BF,_SH with fsz = 0.04 eV, exhibiting function
values closer to zero than our BFS optimum. Therefore, to
prevent large overshooting of the 0 eV objective when there is
more functionalization flexibility as in Case III, we decided to
improve our BFS protocol by changing the optimization
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objective to the minimization of the absolute value of the SF
function (eqn (4), in absolute value) in our final run. Moreover,
by minimizing |fsg| we also reduce the possibility of having
triplet instability problems. Finally, also local screening of other
functionalized fulvenes was carried out to enlarge our fulvene
database and include larger portions of CCS.

Steepest descent

To better understand to what extent the substituents of asym-
metric fulvene structures contribute to the SF function, we
employed a steepest descent approach. This method involves
following the path of the largest gradient, in a discrete sense,
beginning with the parent fulvene and progressing to the
optimal fulvene by introducing the most impactful functional-
ization of the structure first. The process requires six steps to
reach the minimum, corresponding to the six substitution sites
involved in the optimization.

Table 3 provides detailed information, including S; and T,
energies used to decompose the SF function minimum based
on the position of functionalization of one of our best per-
forming fulvenes: NO,_Me_NMe,_ CF;_NH,_NO, (Fig. 12). Two
measures have been included. The first measure, % Imp(p —
b), tells us for each structure to which degree the 100%
improvement (going from parent to best performing structure)
has been reached. In order to quantify the contribution of
a particular site/functionalization combination, the difference
in % Imp(p — b) between the current combination and the
previous best can be taken. The second measure, % Best it.,
shows how well a certain site/functionalization combination
performs in that iteration step, compared to the iteration's best.

Compared to the parent fulvene, all substitutions result in
a decrease in the SF function. Following the steepest descent
path, the first three substitutions yield a similar improvement
to the parent structure, approximately 23-27% (Fig. 12). Note
that these are also the three best performing in iteration step 1.
Initially, there is a preference for an EDG, followed by an EWG,
and then another EDG. The need for EDG/EWG combination
can also be witnessed from iteration step 2, where these types of
associations are preferred over EDG/EDG couples. The fourth
functionalization, an EWG, brings the SF function value to
—0.16 eV. It is important to note that there is no clear preference
for a single site/functionalization for most steps, having always
one or more alternatives present at minimally 80% of the iter-
ation's best. Moreover, we can see that there is a slight prefer-
ence for functionalizing one of each of the three different
substituted positions first (as if we had symmetry in the struc-
ture), and not all of them being at the same side. Despite the
exocyclic positions being expected to have the highest impact
on the SF function value, they are not the preferred positions for
the first substitution.

When we break down the function contributions to the
changes in the S; and T, energies relative to the current best
fulvene at each step (see Fig. S21}), both S; and T; energies
decrease substantially for the first two functionalizations, with
the former being more pronounced. In the next two function-
alizations, S; energies increase while T; energies continue to

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dd00389f

Open Access Article. Published on 04 July 2025. Downloaded on 4/6/2026 7:19:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Digital Discovery

Optimization step

Ifsel = E(S4)-2E(T) (eV)

s ®,

|
ai
e | e
| e . ®
G @) o o T ] B ]
- I i ) H H 1 H oH
- I OH
L ey WY T W ol o
® o l N _No;
ON’ oH H. OH 2
ox’ ou -

q } \l/ N oy
o’ o @ =
5 | o W I
0.0 ; ’m W 'L a Q : ¢ H °
0 50 OH| g% N0,  No; H 5,  cnoH OH CNyo OH NO, 50 No,

Fig.10 Chronological site order of the BFS for minimization of the function, |fsg| = E(S;) — 2E(T,), starting from NMe,_SiHs_Me_OH_NMe,_OMe
fulvene with six substituted positions, without taking into account the symmetry of the structure. The black line separates the global iterations.
The site order varies in every global iteration. The optimum of each site optimization, selected for the next iteration, is circled in black. There are
four fulvenes (NO,_OH_NMe,_CN_BF,_NO;, NO,_OH_NH,_CN_BF,_NO,, NO,_OH_NMe,_CN_H_NO,, and NO,_OH_NH,_CN_H_NO,)
that present triplet instabilities and should not be considered as potential SF chromophores.

O,N NO, F,B BF,
Casel: H:B BH, ONN NO,
fSF =-0.04 eV fSF =-0.69 eV
NO, NO,
Casell : H.B BH,
HS SH
fsr=0.24 eV
H3Si BF, NC NO,
Casellll : HZN\&NHZ H\&OH
NC NH, OzN OH
fSF =-0.20 eV IfSFI =0.00 eV

Fig. 11 Optimal fulvenes structures for all the three cases of BFS
procedures. The optimum of Case Il was the same in the two different
runs.

decrease. Despite the very different changes in S; and Ty, the
third functionalization has a similar effect on the SF function as
the first two. Think back on the three strategies that can be
considered to bring the SF function value close to 0 eV: (i)
significantly increasing E(S;) relative to E(T,), (ii) decreasing
E(T,) while minimizing the impact on E(S;), or (iii) decreasing
both E(S;) and E(T,), with a sufficiently large reduction in E(T;).
According to these options, the different functionalizations,
following the order in the graph, adopt the subsequent strategy
to lower the SF function to zero: third, third, second, first, third,
and third, respectively.

In step 1, a large reduction of S; energy is favored, but it
should be accompanied by a sufficiently large decrease in T
energy. This holds true for the second step as well. In the third
step, all potential functionalizations increase the S; energy,
which is favorable for a reduction in the function value, further

© 2025 The Author(s). Published by the Royal Society of Chemistry

enhanced when there is a reduction in the T, energy. In the
fourth step, a significant increase in S; energy combined with
a small decrease in T; is preferred over a large reduction in T;,
which seems insufficient to counterbalance the decrease in S;
(¢f NO, on Rg vs. Me on R, and CF; on Ry).

We can also observe that the inclusion of functionalizations
in each step can modify how a new substituent will affect the S;
and T; energies. One example is NMe,, which in step 1 had
a significantly reducing effect on S; and Ty, in step 2 had
a negligible effect, and finally, in the third step increased S;
while decreasing T,. This demonstrates three different impacts
due to the inclusion of other functional groups on the fulvene
scaffold. Another example is Me, which exhibits opposite
behavior in the third step compared to all other steps. Another
steepest descent example is described in the ESL.{

Database analysis

Following the completion of all BFS runs, and incorporating the
structures generated from local CCS screenings, we constructed
a fulvene database containing 1658 systems. All energetic data
regarding the database can be found in the ESI (see Table S15).F
As mentioned before, a promising SF chromophore is charac-
terized by having |fs¢| values close to 0 eV. Considering the
plausible errors of the computational methods on the evalua-
tion of the S; and T; excitation energies, we narrowed our focus
to fulvene derivatives with an absolute value of the SF function
(Ifse|) between 0 and 0.5 eV, resulting in 495 systems within this
range (30% of our database). From this subset, we selected the
top 100 candidates based on their proximity to |fsg| = 0.00 eV
(see Fig. 13), corresponding to 6% of the full dataset.

To identify the most promising SF candidates, we applied
a rigorous set of selection criteria. First, fulvenes with a triplet
ground state were excluded, narrowing the pool to 98 systems.
Next, we applied the second thermodynamic condition for SF to
avoid intersystem crossing (i.e., E(T,) > E(S;)), further refining
the selection to 65 fulvene derivatives. Lastly, we filtered the
derivatives based on the triplet energies to ensure efficient
injection of the triplet exciton into the silicon semiconductor
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Table 3 Steepest descent of NO,_Me_NMe,_CFz_NH,_NO, fulvene. % Imp(p — b) is the percentage-wise improvement of each steepest
descent step taking the parent as the reference structure. % Best it. stands for the percentage-wise improvement of each steepest descent step

taking the current best in each step as the reference

Step Fulvene S; (eV) T, (eV) fsr (eV) % Imp(p — b) % Best it.
Parent HHHHHH 3.64 2.51 -1.37
1 NO, HH H H H 2.92 2.03 —-1.14 17 62
HMe HHHH 3.46 2.38 —-1.30 5 19
H_H NMe, H H H 3.36 2.22 —1.08 21 80
HHHCF; HH 3.40 2.33 —-1.25 8 32
H_H H_H _NH, H 2.92 1.96 —-1.00 27 100
H H H H H NO, 3.59 2.45 —-1.30 5 18
2 NO, H H H NH, H 2.20 1.44 —0.69 50 100
H Me H H NH, H 2.82 1.90 —0.98 28 56
H_H_NMe, H_NH, H 2.93 1.97 —1.01 26 53
H H H CF; NH, H 2.50 1.62 —0.73 47 93
H_H_H_H_NH, NO, 2.93 1.89 —0.85 38 76
3 NO, Me_H_H_NH, H 2.32 1.57 —0.82 40 55
NO,_H_NMe, H NH, H 2.27 1.32 -0.37 73 100
NO, H_H_CF; NH, H 2.26 1.44 —0.63 54 74
NO,_H_H_H_NH,_NO, 2.24 1.39 —0.54 60 83
4 NO, Me_NMe, H_NH, H 2.02 1.11 —0.21 85 96
NO, H_NMe, CF, NH, H 2.10 1.20 —0.30 78 88
NO, H_NMe, H_NH, NO, 2.40 1.28 —0.16 88 100
5 NO, Me_NMe, H_NH, NO, 217 1.10 —0.03 98 100
NO,_H_NMe, CF,_NH, NO, 2.36 1.28 —0.20 86 87
6 NO, Me_NMe, CF; NH, NO, 2.08 1.04 0.00 100 100

(E(T;) = 1.11 eV), yielding a final set of 17 fulvenes fulfilling the
strict energy conditions for SF-enhanced silicon solar cells
(Fig. 14), representing approximately 1% of the original
database.

Our inverse design strategy to find new SF chromophores
offers a satisfactory success rate compared to previously re-
ported high-throughput approaches.?***47~% Ag excitation
energies and success rates are inherently dependent on the
choice of functional and considering the stringent energy
requirements that must be fulfilled, the resulting success rate

remains significant and highlights the effectiveness of our
inverse design strategy within these realistic limitations.
Several computational screening studies have been reported
in the singlet fission field, although most are based on large and
structurally diverse molecular databases. Only a few focus on
a common core with systematic substitution, as done in the
present work. For example, Padula et al.*® investigated 40 K
structurally diverse compounds using traditional screening
techniques and reported a 3% success rate, including candi-
dates that narrowly missed the first SF criterion by up to 0.4 eV.

H_ _NO, F2C_NO,
| |
H,N H H,N CHj
02N NM82 02N NMe2

73%

88% 98%100%
-CH,

-CF,

Fig. 12 Scheme of the steepest descent of one of our best performing structures (fsg = 0.00 eV): NO,_Me_NMe,_CF3z_NH,_NO,.
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100 best candidates

l E(T)) > E(So)

98 structures
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65 structures
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—0.5 A

-1.0"-

’ ; . lE(T1) >1.11eV

17 structures

Fig. 13 Vertical energy of T, state plotted against vertical energy of S; for the complete fulvenes database. Black lines delimitate the area where
[fse] = 0.5 eV. Orange dots represent the 100 best candidates (|fsg| = 0.12 eV), further filtered according to the scheme on the right. The parent

fulvene has been highlighted in red.

In another study, Lopez-Carballeira and Polcar®” screened
nearly 30 K species, identifying 254 molecules (0.9%) that met
the first two energetic criteria for singlet fission (E(S;) = 2E(T;)
and E(S;) = E(Ty). After applying additional practical

Parent BF1 BF2
H. _H
| | |
H H H H F
H H
|fsel = 1.37 |fse| = 0.01 |fsel = 0.01
BF6 BF7 BF8
| | |
H H H CHjy
H4Si
|fsel = 0.03 |fsg] = 0.03 |fsel = 0.04
BF12 BF13 BF14

constraints such as synthetic accessibility and stability, the final
set was reduced to 24 compounds (0.1%), with amino-
anthraquinone derivatives emerging as particularly promising.
Recently, Schaufelberger et al presented an uncertainty-

BF3 BF5
|
H H
Ifsel = 0.02 Ifsel = 0.02 Ifse] = 0.03
BF9 BF10 BF11
F,B.__BF, HS
| |
F OMe CHj;
Ifse] = 0.05 Ifsel = 0.05 |fse| = 0.06
BF15 BF16 BF17

F,B. _SH FB_H
| I | | | |
F OMe H F OMe H H OMe CHj

Ifsel = 0.06 |fse| = 0.08 Ifsel = 0.10

Ifsel = 0.12 Ifse| = 0.12 Ifsel = 0.12

Fig. 14 Structures of the top fulvene candidates identified in this study are depicted. The parent fulvene is inlcuded for reference. Each structure
is labeled with the corresponding absolute value of SF function (eV). Additionally, strong EDGs and EWGs are highlighted in pink and blue,

respectively.
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Table 4 Aromaticity indices for the 17 best candidates in the singlet ground state (So) at M06-2X/6-311+G(d,p) level of theory

Label System FLU BOA HOMA BLA Ling MCI NICS(0),, NICS(+1),,
BF1 NO,_OH_NO,_NO,_H_NH, 0.049 0.283 —0.431 0.089 0.011 0.005 33.5 10.1

BF2 NO,_F_NO, NH, H_NH, 0.037 0.316 0.142 0.079 0.016 0.013 18.4 —2.0

BF3 NO,_SiH;_NO, NH, H_NH, 0.034 0.333 0.085 0.083 0.018 0.014 20.4 —4.5

BF4 CN_SiH;_NMe,_BF,_F_NO, 0.047 0.372 —0.319 0.097 0.013 0.007 28.5 7.4

BF5 NO,_CN_NO,_NH, H_NH, 0.029 0.279 0.311 0.070 0.019 0.017 15.5 —-7.3

BF6 NO,_H_NO, NH, H NH, 0.034 0.338 0.114 0.083 0.018 0.014 21.5 —-3.2

BF7 NO,_CH;_NO, NH, H_NH, 0.035 0.336 0.004 0.087 0.016 0.013 22.4 -1.4

BF8 OH_OH_NH,_NO,_OH_SiH; 0.066 0.444 —0.795 0.117 0.009 0.002 32.3 10.4

BF9 BF, OMe_NMe,_ BF, F _NO, 0.053 0.381 —0.381 0.108 0.011 0.007 27.1 8.6

BF10 CN_SH_NMe, BF, F_NO, 0.048 0.354 —0.284 0.095 0.012 0.008 28.6 8.2

BF11 CN_CH;_NMe, SH_NH, NO, 0.044 0.254 —0.212 0.081 0.011 0.007 32.2 8.4

BF12 SH_OMe_NMe, BF, F_NO, 0.045 0.328 —0.064 0.089 0.014 0.011 19.4 2.6

BF13 NO,_OH_NO,_CN_H_NH, 0.048 0.285 —0.395 0.089 0.011 0.005 34.3 10.8

BF14 H_OMe_NMe,_ BF, F NO, 0.053 0.378 —0.376 0.106 0.011 0.008 25.8 7.5

BF15 NO,_Cl_NO, NH, H_NH, 0.033 0.316 0.140 0.079 0.017 0.014 19.7 —-3.1

BF16 NO,_OMe_NO, NH, H_NH, 0.039 0.302 0.130 0.077 0.015 0.012 18.7 —2.2

BF17 NO,_CH; NMe, NMe, NH, NO, 0.045 0.256 —0.196 0.081 0.010 0.007 32.8 9.1

controlled genetic algorithm powered by machine learning to
efficiently explore a chemical space of over 10" possible mole-
cules for the discovery of novel singlet-fission materials, a task
impossible with high-throughput screening.* Despite focusing
on a narrower chemical space, the proportion of promising
candidates identified in our study underscores the effectiveness
of the inverse design strategy implemented here.

Having identified the most promising SF fulvene candidates
through the combinatorial CCS, we further characterize the
underlying electronic structure of this subset by computing the
vertical energies of the lowest-lying excited states (Ey(S;), E,(Ty),
and E,(T,)), analyzing the diradical character (Table S16t), and
assessing their aromatic character in both the ground state and
lowest triplet state (see Tables 4 and S177). Within this subset, the
T, vertical excitation energies show minimal variation, ranging
from 1.11 to 1.26 eV, while the S; vertical energies display slightly
more variability within a range from 2.14 to 2.45 €V, resulting in
a A(S; — Ty) range of 1.01 to 1.24 eV. Fig. 15 clearly illustrates that
the Ty state is positioned midway between the S; and S, states, in
agreement with our applied selection rule.
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To further validate the accuracy of the TD-DFT predictions,
we computed NEVPT2 excitation energies for the top 17 candi-
dates (Table S31). The deviation between TD-DFT and NEVPT2
is generally larger for the triplet states (0.35-0.68 eV) than for
the singlets (0.06-0.39 eV), which results in a A(S; — T;) range of
0.25 to 0.90 eV. These discrepancies highlight the known limi-
tations of TD-DFT in capturing multiconfigurational effects,
which are better described within the multireference NEVPT2
framework.'** Nevertheless, TD-DFT reliably captures the rela-
tive trends in S; and T; excitation energies across the series with
R? values of 0.902 and 0.964, respectively (Fig. S3T), making it
suitable for the efficient screening of large chemical spaces in
the context of inverse design.

Using the Yamaguchi method,** we evaluated the diradical
character index y, which show values between 0.03 and 0.10,
indicating minimal diradical character with zero spin contam-
ination for all candidates (Table S161). While open-shell dir-
adical character might reduce photochemical stability, other
factors such as functionalization and steric protection also play
important roles in determining the stability and reactivity of the

NICS(1),,

T, =T, =T
T, T2|:' 2 2 g, T, 2|Z|T2 T, -gz ==T,
1S =S, =S, § =S = 5,0 O ===,
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Fig. 15 Electronic energy of the different states of the best 17 SF candidates ordered according to NICS(£),, s, values of the So. Sp and T, states

are colored according their respective aromatic character.

2170 | Digital Discovery, 2025, 4, 2156-2174

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dd00389f

Open Access Article. Published on 04 July 2025. Downloaded on 4/6/2026 7:19:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

proposed fulvene derivatives. For example, the combination of
exocyclic (R;) and endocyclic (Rg) groups with opposite elec-
tronic properties can markedly increase the aromaticity and
stability of fulvenes.**

Further analysis of the electronic and geometric aromaticity
indices revealed that the ground state of the best fulvene
derivatives predominantly exhibits non-aromatic character or
weak antiaromaticity (Table 4). According to GIMIC calcula-
tions, we observe similar patterns in the paramagnetic and
diamagnetic currents of the five-membered ring in these
derivatives (Fig. S26-S29t). Upon integration of the induced
ring currents, the net ring current strength values range from
—2.5t03.7nAT *in Sy and from —1.1 to 3.8 nA T ' in the T,
state (see Fig. S30-S337). These results prove the non-aromatic
nature of the examined fulvenes. Nevertheless, the magnetic
NICS(+£1),, index show a large variation in aromaticity among
the candidates, as shown in Fig. 15. Moving to the aromaticity of
the lowest triplet state, all the aromaticity indices, except
NICS(+1),,, indicate that T, is more aromatic than the ground
state (see Fig. 15, S24, S25 and Table S177).

Concerning the nature of the substituents of the most
promising fulvenes (Fig. 14), we establish a general condition
for the fulvene substitution pattern required for SF. The pres-
ence of a strong EDG paired with a potent EWG in the R;
position is desired, if not indispensable, to satisfy the energy-
matching conditions for SF. The exocyclic R; position has
a strong preference for at least one strong EWG, in many cases
coupled with a strong EDG at R;. The less influential positions
are R,, for which even a hydrogen atom can sufficiently fulfill
this role.

By means of our ID computational study the best fulvene
candidates for single fission have been identified, but the prep-
aration of functionalized fulvenes poses several challenges. These
compounds are often highly reactive,®* and their synthesis
requires precise control over reaction conditions to achieve the
desired substitution patterns without unwanted side reactions.
The methodologies to prepare functionalized fulvenes can be
categorized into two main strategies:*” (a) classical fulvene
synthesis, consisting of the reaction of cyclopentadiene with
various aldehydes or ketones in the presence of a base. This
method allows for the introduction of various functional groups
depending on the aldehyde or ketone used; (b) transition metal-
catalyzed reactions using precious metals like palladium or
rhodium to couple cyclopentadiene derivatives with other organic
halides or pseudohalides, or to promote [2 + 2] or [4 + 2] cyclo-
addition reactions to form the fulvene core.

Controlling selectivity using the described methodologies is
challenging, making the synthesis of some of the most prom-
ising fulvene candidates difficult and, in some cases,
unachievable. This difficulty underscores the need for
advancements in synthetic techniques. Recognizing this issue,
it is anticipated that new experimental methodologies will
emerge in the near future. These innovative approaches may
include improved catalyst design, more efficient protecting
group strategies, and enhanced radical and cycloaddition
reactions. Such advancements will aim to provide greater

© 2025 The Author(s). Published by the Royal Society of Chemistry
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control over reaction pathways, thereby enabling the selective
synthesis of these optimal fulvene candidates.

Conclusions

In summary, our study has clearly demonstrated the efficiency
of inverse design approaches in uncovering promising fulvene
derivatives for singlet fission process. By applying a stepwise
selection strategy based on increasingly strict energetic criteria,
we narrowed our initial set from 1658 to 17 compounds that
fully satisfy the SF energy requirements, representing a final
success rate of approximately 1%. While 30% of the database
meets the first and most important condition (E(S,) = 2E(T,)) at
the M06-2X level of theory, further filters reduce this number
significantly, highlighting the complexity of identifying viable
SF chromophores. Nonetheless, this outcome compares favor-
ably with previously reported screening strategies, which often
involve chemical diversity and lower final success rates.***”*
Our results reaffirm and underscore the immense potential of
computational methods in accelerating the discovery of mate-
rials tailored for SF photovoltaic cells.

This study has established a robust protocol for the appli-
cation of inverse design in the search for novel SF candidates.
From the database generated, we have derived optimal substi-
tution patterns to render fulvene as a promising SF chromo-
phore fulfilling the strict energy-matching conditions. As a rule,
the R; position must be occupied by at least one strong EDG and
one strong EWG, while at least one strong EWG is required in
the exocyclic R; position. The position R,, while influential,
suggests that even a hydrogen atom can effectively serve this
role.

These insights not only offer practical guidelines for future
material design but also deepen our understanding of the
factors governing the excited state energies relevant for singlet
fission, including the diradical character and the ground- and
excited-state aromaticity. Through the integrated use of
computational methodologies with foundational chemical
insights, we are set to drive the advancement of efficient and
sustainable SF-based photovoltaic technologies. We plan to
apply this protocol to the study of larger and more complex
systems, further expanding the frontier of SF materials
research.

Data availability

All data supporting the findings of this study are available in the
published article and/or the ESI of this article.f Additionally,
a public Git repository is available at https:/gitlab.com/
fdevlees/cindes and https://github.com/fdevlees/CINDES, DOI:
https://doi.org/10.5281/zenodo.15753864, which includes the
CINDES program and a complete example illustrating the full
inverse design process used in this study (example: singlet
fission). The version of the code employed for this study is
version 3.0. The repository also contains the Jupyter notebook
Fulvene_analysis.ipynb, used for analyzing the full dataset,
along with a README file providing instructions on the usage
of the program and the specific workflow applied in this
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