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Abstract

Context This theoretical study reports excited states molecular design of potential singlet fission materials based on homo-
and heterodimers of N-heterocyclic carbenes (NHCs) and their “locked” analogues. We found that the electronic properties
of the investigated compounds can be finely adjusted by an interplay of the following factors: diradical character, topology,
type of substituents, extension of the m-conjugation, excited state aromaticity, length of the latch in the “locked” analogues,
conformation, and even stereoisomerism. With focus on the stereochemical aspects, this work provides new insights into the
molecular design principles for diradicaloid organic materials with attractive electronic and excited state properties. Based
on the comprehensive analysis, seventeen compounds were identified as promising candidates for efficient singlet fission.
Methods Due to the large molecular size of the compounds and the importance of both static and dynamic correlation effects,
the theoretical study is executed using simplified quantum chemistry (sQC) methods as screening tools, demonstrating their
good performance in singlet fission aspect. Excited-state properties and singlet fission propensity of the NHC dimers were
evaluated implementing spin-flip simplified time-dependent density functional theory (SF-sTD-DFT) and unrestricted simpli-
fied TDA (UsTDA) calculations. Vertical excitation energies and diradical characters were determined to assess the energetic
conditions for singlet fission and to rationalize the effect of topology, substitution, and stereochemistry.

Keywords Diradical character - Spin-flip - SF-sTD-DFT - Electron rich olefins - Tetraazafulvalenes - Photovoltaics

Introduction

Lately, the interest in organic photovoltaics has been
renewed because of the renaissance of singlet fission — a
photophysical process, which can boost solar cell efficiency
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beyond the Shockley—Queisser limit [1]. In singlet fission,
the energy of one absorbed photon is converted into two tri-
plet excitons. Therefore, if utilized in solar cells, singlet fis-
sion may improve their performance by doubling the number
of generated charge carriers per absorbed photon [2]. The
implementation of singlet fission augurs a bright future for
organic photovoltaics. Before this potential could be fully
realized, however, we have to unearth the structure-proper-
ties relationship enigmas of the molecules able to undergo
this process.

Indeed, singlet fission chromophores should satisfy a
long list of requirements [3, 4]. First of all, twice the excita-
tion energy from the singlet ground state to the first triplet
excited state should be equal to or less than the excitation
energy to the first singlet excited state, AEgp=2E(T,)—
E(S,) £ 0. Second, twice the excitation energy to the first
triplet excited state must be less than the excitation energy to
the second triplet excited state, AE=2E(T,)—E(T,) <0.
From a thermodynamic point of view, these two require-
ments are the primary singlet fission prerequisites, known
as feasibility conditions (Scheme 1). They ensure that singlet
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Scheme 1 Possible excited states alignments in chromophores, which
satisfy both feasibility conditions for singlet fission (AEgr and AE y).
Singlet fission is a bimolecular process in which a molecule in the
singlet ground state (S;) interacts with a molecule in the first singlet
excited state (S;) to produce two molecules in the first triplet excited
state (T;+T,). A competing and unwanted for solar cell application

fission is both thermodynamically favorable and competes
effectively with other deactivation pathways. In reality, sat-
isfying both provisions simultaneously is challenging, as it
demands a delicate balance between singlet and triplet exci-
tation energies — making proficient singlet fission materials
exceptionally rare. Furthermore, to harvest the maximum
of the solar irradiation, singlet fission chromophores must
be characterized by a bright singlet excited state around
2 eV and, as a consequence of the first feasibility condition,
with E(T;)~1 eV. Finally, to be implemented in a working
solar cell, these molecules should be stable under ambient
conditions and photoexcitation. In summary, compared to
the voluminous group of conventional chromophores, only
a small set of singlet fission chromophores is known and
the structural variety within the set is relatively modest [5].
Advancement in the field can be achieved by collecting more
evidence on the relationship between chemical structure
and singlet fission propensity, as well as by exploring new
strategies for molecular design. Moreover, the discovery of
structurally diverse chromophores will extend the margins of
crystal engineering and will allow for the fine tuneability of
singlet fission propensity at the supramolecular level.

So far, several fruitful strategies for molecular design of
singlet fission compounds have been reported, and one of
the pioneers in the field was Prof. Masayoshi Nakano. In
their seminal paper from 2011 “Diradical character view of
singlet fission”, Nakano and co-workers [6] demonstrated
that open-shell molecules with low to intermediate diradi-
cal character (DRC) are among the best candidates that
satisfy both feasibility conditions for singlet-to-triplets fis-
sion. Subsequently, the DRC-based design strategy inspired
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process is the triplet—triplet annihilation, in which two triplets inter-
act to produce a higher in energy triplet excited state (T,). Thermo-
dynamically, singlet fission will be the dominant process if the first
feasibility condition AE¢r < 0 and the second feasibility condition
AE11 <0 are both satisfied

many scientists working in the field and gave rise to the
discovery of new classes of singlet fission chromophores,
composed mainly of doped or functionalized polycyclic aro-
matic/antiaromatic hydrocarbons (PAHs) [7-18]. Nakano’s
approach was even implemented in a high-throughput and
machine learning-based large-scale screenings for new sin-
glet fission compounds [19, 20].

Another fundamental strategy for the design of singlet
fission molecules rooted in Baird’s excited state aromaticity
[21, 22] was recently demonstrated by Bronstein and Ottos-
son [23-25]. Baird’s rule states that the T, energy decreases
when 4n n-electron cycles are formed in the excited state,
i.e., 4n m-electron cycles are deemed aromatic in the excited
state. For some chromophores, Baird’s rule applies for the
energy of both the S; and T, excited states. By using Baird’s
aromaticity rule, several new singlet fission materials have
been proposed, such as indolonaphthyridine thiophenes,
Cibalackrot-type compounds, and fulvene derivatives.

In this study, we model new dimers of N-heterocyclic
carbenes (NHC) and explore their singlet fission potential
in terms of DRC and Baird’s excited state aromaticity. The
choice of compounds is inspired by the recently confirmed
singlet fission proclivity of cyclic (alkyl)(amino)carbene
(CAAC) dimers [26-28] and boron-doped PAHs [8]. The
design strategy in the case of CAAC dimers is based on
covalently bonded carbene units via n-conjugated cumulenic
bridges of different length and type. The study on boron-
doped PAHs revealed that polycyclic systems with bridge-
head boron atoms belonging to two adjacent rings satisfy
both feasibility conditions and are expected to minimize the
thermal losses in singlet fission. As an amalgam of these two
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design approaches, the carbene based compounds proposed
here consist of two NHCs linked by a carbon—carbon double
bond, each containing a nitrogen atom shared by adjacent
cycles. In the literature, such NHC dimers are also known as
electron-rich olefins, tetraazafulvalenes, and organic electron
donors [29, 30]. Therefore, beside the singlet fission aspect
discussed here, NHC dimers represent attractive materials
for catalysis and redox applications such as greenhouse gas
reduction agents, organic field-effect transistors, and fluo-
rescent materials [31].

Starting with a parent imidazo[1,5-a]pyridine-3-ylidene
NHC dimer, we investigated the effect of topology, sub-
stituents type, symmetry, annulation, ground state diradi-
cal character, excited state aromaticity, conformation, and
stereoisomerism on the singlet fission propensity of the
NHC dimers. In addition, we constructed analogues of NHC
dimers, the so-called “locked” dimers, whose conformation
is fixed by insertion of methylene latches with different
length between the two non-shared nitrogens. The newly
proposed compounds were employed as potent molecular
tinkertoys, revealing new facets of the intricate relationship
between structure and singlet fission propensity. Accounting
for the large molecular size and the importance of both static
and dynamic correlation effects, in this study we proposed
a new protocol using simplified quantum chemistry (sQC)
approaches [32] as screening tools for finding new singlet
fission materials among NHC dimers and their analogues.
The choice of computational sQC schemes was justified
by performing benchmark studies with respect to high-
level computational methods. To our knowledge, this is the

Scheme 2 Brief overview of
the computational protocol
described in the manuscript and
in the supplementary informa-
tion (SI). For the benchmark
study aug-cc-pVDZ and cc-
pVTZ additional basis sets were

also used stda code

Gaussian 09

Diradical character
calculations

EOM-SF-CCSD
cc-pVDZ

E(S,) and E(T,)
SF-sTD-DFT/BH&HLYP
cc-pVDZ

Singl
PUHF/6-31G** it

first study, which demonstrates in detail the effect of such
a wide list of structural factors on the excited state prop-
erties, as well as the relatively good performance of sQC
approaches as computational screening tools in the singlet
fission domain.

The paper is organized as follows. Section “Compu-
tational protocol” summarizes the main theoretical and
computational aspects of ground state and excited state
calculations. Section “Results and discussion” presents and
discusses the excited state design of symmetric NHC dimers
and their analogues, as well as of asymmetric NHC dimers.
Details about the benchmark of the sQC method are pro-
vided in the Supplementary information (SI). Conclusions
and perspectives in singlet fission aspect are drawn in the
section “Summary”.

Computational protocol

A brief summary of the computational protocol is presented
in Scheme 2.

Excited state calculations

We start with the description of the computational proce-
dure for evaluating the energies of the excited states, since
the method and basis set for the ground state optimization
were selected based on the benchmark results for the excited
states. The singlet and triplet excitation energies and the
first feasibility condition (AEgy) for the NHC dimers were

E(T,—T,)
sTDA(y, =0.7)/BH&HLYP
cc-pVDZ

Triplet wavefunction
BH&HLYP/cc-pVDZ

Natural bond
orbital calculations
BH&HLYP
cc-pVDZ

Ground state optimization and
frequencies analysis
BH&HLYP

E(T,—T,)
EOM-EE-CCSD
cc-pVDZ
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evaluated with the spin-flip simplified time-dependent den-
sity functional theory (SF-sTD-DFT) approach [32-34].
This method is a simplification of the popular spin-flip time-
dependent density functional theory (SF-TD-DFT) method
[35-38] that follows the spin-flip scheme introduced by Kry-
lov et al. [39—-43]. The spin-flip formalism recovers a part
of the static correlation missing in single reference meth-
ods by including one doubly excited configuration, thereby
enabling an accurate description of open-shell systems such
as diradicals. In the simplified version of the SF-TD-DFT
method, considering the Tamm-Dancoff approximation and
only collinear exchange—correlation (XC) functionals, the
(iajalaﬁbﬁ) two-electron integrals between o occupied i and
Jj and P unoccupied a and b molecular orbitals are approxi-
mated by short-range damped Coulomb interactions of tran-
sition density monopoles:

(lrx.lot|al3bﬁ = Z Z qaj(,qaubu gﬁ

where qi‘zj and an ,. are transition charges obtained from a
« B-p

Loéwdin orthogonalization and the Mataga — Nishi-

moto — Ohno — Klopman (MNOK) short-range damped Cou-

lomb operator is [44—46]:

o—p 1 Yap
|
AB (RAB)y‘“p + (1.421)(1])_”“ﬁ

where R, is the interatomic distance between atoms A and
B, a, is the amount of Hartree—Fock exchange into the global
hybrid exchange—correlation functional, 0 is the difference
in the chemical hardness values of atoms A and B. The y,_,p
is a globally parametrized function of the amount of exact
exchange a, in the XC functional:

Yoop =8 +0.3

This parameter was globally optimized for a bench-
mark set of nine diradicals [33] and further tested on other
diradical systems to reproduce experimental UV—vis spec-
tra considering expanded indenofluorenes analogues and
diindeno[n]thiophene derivatives [34]. In addition, the space
of single excitations is truncated according to a single energy
threshold (E,,,,,;,) that represents the spectral range from 0
to E,,,,., €V. These approximations drastically reduce the
computational cost while retaining most of its accuracy [33].
The default value of E,,,,,, = 7.0 eV was used all along this
study. The transition dipole moments between the SF states
obtained at the SF-sTD-DFT level of theory were multiplied
by a factor of \/ 2 to correct for the missing excitation in the
o space [33].

To estimate the excitation energy E(T,), the same high-
spin triplet reference was employed to calculate the vertical
excitation energies T — T, with the unrestricted simplified
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time-dependent density functional theory using the Tamm-
Dancoft approximation (UsTDA) [47, 48]. The T, —»T,
energy difference was then added to E(T,) to approximate
the vertical excitation energy S, — T, i.e., E(T,). Thereafter,
the second feasibility condition AE} was also estimated by
using the combination of both the SF-sTD-DFT and UsTDA
schemes.

As stated above, in the present study, the combination
SF-sTD-DFT/UsTDA is particularly useful for screening
big sets of large molecular size compounds because they
provide better treatment of the spin symmetry compared to
the conventional unrestricted DFT method and feature a high
accuracy-to-computational-cost ratio. However, as it is the
first time that the SF-sTD-DFT and UsTDA methods are
employed to describe NHC dimers, we benchmarked the
SF-sTD-DFT/UsTDA approaches against the high-level
equation-of-motion spin-flip coupled-cluster method with
single and double substitutions (EOM-SF-CCSD) and EOM-
EE-CCSD to validate their applicability in this context [37,
39, 49, 50]. We also checked whether the default value of the
parameters in SF-sTD-DFT/UsTDA methods were suitable
for this class of compounds or if they needed any adjust-
ment. A detailed discussion on the benchmark results for
the SF-sTD-DFT/UsTDA approaches can be found in the
Supplementary Information (SI).

The excited states calculations with the sQC approaches
were performed with the BH&HLYP functional [51] and cc-
pVDZ [52] basis set by using the optimized singlet ground
state geometries. The SF-sTD-DFT computations were car-
ried out with the default y,_,; parameters. The UsTDA calcu-
lations were performed considering y;=0.7 in the damping
MNOK function for approximated Coulomb integrals. All
SF-sTD-DFT/sTDA results were obtained with the open-
access std2 program formerly known as stda code [53]. The
Q-CHEM 5.1 [54] program package was used to obtain
high-level EOM-SF-CCSD and EOM-EE-CCSD results for
the benchmarks. The natural transition orbitals (NTOs) from
the spin-flip calculations were visualized by using the JMol
program [55].

It is important to note that in conventional TD-DFT and
most molecular systems, the first excited singlet state (S)) is
typically the lowest-energy excitation with non-zero oscilla-
tor strength. In contrast, within the SF-sTD-DFT framework,
the low-lying excited states often exhibit mixed character
due to significant double excitations contributions. As a
consequence, such lowest-energy singlet-like states may
be optically dark and strongly spin-contaminated, which
makes their direct identification as S; ambiguous and ham-
pers their excited state character assignment. On the other
hand, multi-configurational calculations on diradicaloids and
singlet fission chromophores have shown that such systems
may naturally possess a dark S, state with double excitation
character [56]. Moreover, despite being optically dark, these
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doubly excited states can be highly beneficial for singlet fis-
sion [57]. Therefore, in this work the S; state is defined as
the lowest energy singlet-like excitation and in cases where
the lowest-energy state is optically dark (f<0.0200), the next
higher-lying bright state was considered, namely S,. The
first feasibility condition is therefore calculated with respect
to both S, and S,. The raw data for the excitation energies,
oscillator strengths and < $2 > values for the first four states
of the dimers, obtained with the SF-sTD-DFT approaches,
are summarized in a separate file (SI).

Ground state calculations and generation
of a high-spin triplet reference function

Once the excited-state methods were verified, we followed
a standard computational protocol for the sQC calculations.
The ground state geometries of the NHC dimers were opti-
mized with the BH&HLYP method and cc-pVDZ basis set
without any symmetry constraints. All optimized structures
were confirmed minima on the potential energy surface by
vibrational frequencies analysis.

To quantify the delocalization effects in the different
isomers, we have also performed second order perturbation
energy calculations in a natural bond orbitals (NBO) basis
set [58]. This allowed us to estimate the donor—acceptor sta-
bilization energy, E(2), associated with i —j delocalization
for configurations, where the NBO donors (i) are the lone
pairs of the nitrogen atoms and the NBO acceptors (j) are the
antibonding n*-orbitals of the nearby double C=C bonds.

The diradical character of all compounds was also esti-
mated by using the spin-projected PUHF theory [59] and
the UNO/6-31G** method [60]. In the spin-projected PUHF

Fig.1 Isomers in the par-

ent NHC dimer sP (prefix s
stands for “symmetric”, i.e.,
homodimer) with respect to
stereochemical configuration
of the methylated nitrogens.
Free energy difference (AG,
kcal/mol) from the most
stable isomer estimated at the
BH&HLYP/cc-pVDZ level of
theory

0.00 kcal/mol

0.74 kcal/mol

theory, the diradical character (y,, i=0) related to HONO
and LUNO can be calculated as:

2T,
1+717

yi=1

where T, represents the overlap integral between the corre-
sponding orbital pairs. T; is estimated from the UHF natural
orbitals occupational numbers (n):

T = HoNO-i — "LUNO+i
L=
2

For the diradical character, the spin-projected PUHF cal-
culations were performed with UHF/6-31G** on top of the
BH&HLYP optimized geometries.

The optimized ground state geometries at the BH&HLYP/
cc-pVDZ level were used to generate high-spin triplet ref-
erence functions for the excited state calculations with the
SF-sTD-DFT/sTDA methods.

All ground state simulations and generation of the high-
spin triplet reference functions were performed with the
Gaussian 09 software [61].

Results and discussion
NHC homodimers
Stereochemistry effects

Figure 1 shows the possible isomers of the parent NHC
dimer, sP, and the free energy difference from the most

R;and Rg=H .
cis-sP
R\
/
2.01 kcal/mol
N N _ N ~wch,
—
Rsm\ CH3
— I .
cis*-sP x
R,
—_—

X minimum not found
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stable form. As illustrated on Fig. 1, the cis—trans isomeri-
zation around the exocyclic double bond in the NHC dimers
triggers a change in the nitrogen stereochemical configura-
tion. The conformational switch in stereochemical configu-
ration is intensively used in the design of the first-generation
molecular motors [62] based on overcrowded alkenes but it
is rarely discussed in the area of NHCs or tetraazafulvalenes.
Indeed, in our NHC dimers, each nitrogen is connected to
four different structural fragments, one of which is the non-
bonding electron pair. Assuming that the bridgehead nitro-
gens have less structural freedom, we concentrate on the
methylated ones. Like this, with respect to stereochemical
configuration of the methylated nitrogen, the parent NHC
homodimer denoted as sP has four isomers (Fig. 1). Among
them we were able to optimize only three forms (Fig. 1)
— one cis (cis-sP) and two trans (trans-sP and trans*-sP),
suggesting that there is a strong steric hindrance of the CH;
groups in the other cis*-sP isomer.

Table 1 contains the results for the excitation energies,
feasibility conditions, ground state geometry, and DRC of
the studied symmetrical NHC dimers. For the parent sP
homodimer, we observe a variation in the singlet fission
propensity as a function of the molecular conformation and
the stereochemical configuration of the methylated nitrogen
atoms. Among the three isomers, cis-sP possesses the low-
est-energy excited states and lowest values of the feasibility
conditions, followed by the trans-sP and trans*-sP forms.
The variation in the excited states energies resulting from
the stereoisomerism of sP, trans or trans*, is estimated to
be ca. 0.3 eV for S, 0.38 eV for T, and 0.18 eV for T,. On
the other hand, the excited state energy differences between
the cis and trans conformations of sP are ca. 0.3 eV for S,
0.26 eV for T}, and 0.12 eV for T,. Consequently, in the sP
series of isomers, the first and second feasibility conditions
vary broadly in the ranges 0.70-1.38 eV and 0.25-1.25 eV,
respectively. Despite this variation, the feasibility conditions
remain highly endothermic for spontaneous singlet fission.
The latter agrees with the ground state DRC values (Table 1)
for the three sP stereoisomers, which classify them as weak
diradicaloids: 0.077 (trans*-sP), 0.111 (cis-sP), and 0.097
(trans-sP). And although the feasibility conditions are posi-
tive and correspond to unfavorable singlet fission processes,
the stereoisomerism-driven strategy for molecular design
deserves to be explored in more detail. Moreover, the results
for the sP isomers reveal that in these systems small differ-
ences in DRC can lead to significant changes in the singlet
fission propensity.

To explain this rather unexpected stereochemical effect
on the exited states energies, we analyzed the NBO popula-
tion, dihedral angles and bond lengths. These results for the
parent compounds are summarized in Fig. 2. All these data
reveal that the structures of the sP isomers differ from one
another and that their conjugation pattern depends on the
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nitrogen stereochemistry. Regarding the structural aspect,
the trans*-sP isomer stands out because it is the only one
possessing an inversion center in the middle of the exocy-
clic C=C bond (C; point group), with the lone pairs of the
methylated nitrogens oriented in opposite directions. Moreo-
ver, only in the trans*-sP form, the torsion angle between
the dimer’s moieties is 180°, and its C=C exocyclic double
bond is the shortest among all the isomers (Fig. 2). Con-
sistent with the second-order perturbation analysis in NBO
basis, in trans*-sP the total charge transfer from the nitrogen
lone pairs to the n*-orbital of the exocyclic C=C bond is
weaker (~ 88 kcal/mol) and therefore this bond retains its
bonding character to highest extent (Fig. 2). As a result of
the discussed electronic structure, frans*-sP possesses the
highest excited states energies and the highest value of the
first feasibility condition (Table 1). On the other hand, cis-
sP is characterized with a torsion angle of 22° between the
two moieties of the dimer and the longest C=C exocyclic
bond. In cis-sP, the total donation from the nitrogen lone
pairs to the w*-orbital of the exocyclic C=C bond is larger
(~ 118 kcal/mol), which increases its antibonding charac-
ter and the distance between the dimer’s moieties. Conse-
quently, the cis-sP form has the lowest in energy excited
states and the smallest in value first feasibility condition.
Finally, in structural aspect, frans-sP is very similar to cis-
sP, since both isomers belong to the C, point group. Follow-
ing the structure-properties correlation, the singlet fission
properties of these isomers are also very close. It is interest-
ing to note that despite the negligible steric hindrance of
the methyl groups in the trans-sP form, the dihedral angle
between the dimer’s moieties is just 2° smaller than in the
cis-sP form and the exocyclic C =C bond is slightly shorter.
This structural similarity emphasizes further the role of the
nitrogen stereochemical configuration for the conjugation
pattern and for the singlet fission propensity of the NHC
dimers.

Here, it is also important to note that the NBO analysis for
all three sP forms suggests that the conjugation effects com-
ing from N(CHj;) are more pronounced. The second-order
perturbation energy term associated with donation from the
lone pairs of N(CH;) almost doubles going from trans* to
cis isomer. The more prominent role of the N(CH;) atoms is
reasonable since they have more flexibility than the bridge-
head nitrogens and can finely adjust the planarization within
the heterocycles.

Substituent and annulation effects

Following the analysis of the stereochemical effects, we
explored the role of the substituents. Starting from the iso-
mers of the parent sP compound, we designed new func-
tionalized NHC homodimers (Table 1 and Fig. 3). From
a synthetic point of view, possible active positions for
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Table 1 Symmetrical NHC
dimers: energies [eV] of the:
vertical excitation to the first
and second singlet-like excited
states E(S,/S,), first triplet E(T))
and second triplet E(T,) excited
states; oscillator strengths f for
the Sy — S, transition; first AEgy
and second AEq; singlet fission
feasibility conditions [eV];
bond length of the exocyclic
carbon—carbon bond R [A];
dihedral angle ® [°] between the
carbene moieties, and diradical
character (DRC). The molecular
geometries were optimized

at the BH&HLYP/cc-pVDZ
level. The excited state results
were obtained with the DFT
using the SF-sTD-DFT/UsTDA
approaches. In cases where

the lowest-energy singlet-like
state S is optically forbidden
(<0.0200), the corresponding
characteristics of the lowest
optically accessible higher-
lying state (S,) are additionally
reported

Compound Form E(S,/S,) f E(T,) E(T, AEq AE, © R  DRC

sP frans* 2.60  0.1749 199 273 138 125 180 1346 0.077

sP cis 198 01288 134 243 070 025 22 1353 0.111

sP rans 226 00001 1.61 255 096 0.67 160 1.349 0.097
230  0.1788 0.92 0097

sP5-C=CH trans* 2.15 0.0000 1.74 219 133 129 180 1352 0.132
227 0.0974 1.21

sP5-C=CH cis 150  0.0000 097 186 044 008 34 1359 0.183
1.61 0.0975 0.33

sP5-C=CH rans 142 00001 1.08 173 073 042 145 1359 0.173
168  0.0954 0.48

sP5-C=N trans* 2.08  0.0000 1.63 212 119 114 180 1.350 0.134
218  0.0876 1.08

sP5-C=N cis 142 00000 084 180 026 -0.12 33 1357 0.189
149 0.0819 0.19

sP5-C=N rans 132 0.0001 096 163 061 030 146 1358 0.176
1.55 0.0790 0.73

sP5-C=C-C=CH frans* 189  0.0000 153 194 118 112 180 1351 0.171
2.05 0.0916 1.01

sP5-C=C-C=CH cis 127 00001 076 161 025 —0.09 33 1357 0218
138 0.0675 0.15

sP5-C=C-C=CH rans  1.17 00006 0.88 144 058 031 145 1359 0212
1.45 0.0721 0.30

sP5-C=C-C=N frans* 180  0.0000 144 186 109 102 180 1350 0.171
196  0.0794 0.92

sP5-C=C-C=N cis 112 00002 0.61 149 010 -027 33 1356 0.225
1.23 0.0556 —0.01

sP5-C=C-C=N rans 107 00009 077 134 048 021 146 1358 0.176
134 0.0590 0.21

sP5-C=C-C=C-C=CH trans* 172 00000 141 179 110 1.03 180 1351 0.197
1.91 0.0939 0.91

sP5-C=C-C=C-C=CH cis  1.09 00003 0.62 141 015 —0.17 33 1357 0.241
122 0.0547 0.02

sP5-C=C-C=C-C=CH trans 1.00 00018 0.75 125 050 025 146 1358 0.236
1.31 0.0568 0.20

sP5-C=C-C=C-C=N trans* 1.61 0.0000 131 170 101 092 180 1350 0.199
1.81 0.0855 0.81

sP5-C=C-C=C-C=N cis 094 00009 049 129 004 —031 32 1356 0.247
108 0.0447 -0.10

sP5-C=C-C=C-C=N frans 089 00030 0.65 1.15 041 015 146 1357 0.239
119 0.0455 0.11

sP1-C=CH frans* 253 02229 195 259 137 131 180 1345 0.106

sP1-C=CH cis 189 01611 124 228 059 020 23 1355 0.155

sP1-C=CH frans 227 02310 1.60 249 092 070 160 1.348 0.129

sP1-C=N trans* 2.67 02314 205 276 143 134 180 1.343 0.072

sP1-C=N cis 197  0.1657 127 237 057 017 23 1354 0.132

sP1-C=N frans 242 02422 170 266 097 073 159 1347 0.093

sP1-C=C-C=CH frans* 246 02971 191 250 136 132 180 1345 0.147

sP1-C=C-C=CH cis 182 02037 1.8 217 054 0.9 24 1356 0.203

sP1-C=C-C=CH trans 221 03046 156 241 091 071 160 1348 0.173

sP1-C=C-C=N rans* 252 03210 197 258 142 136 180 1344 0.128

sP1-C=C-C=N cis 185 02207 1.17 219 050 0.5 24 1356 0.194
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Table 1 (continued)

Compound Form E(S,/S,) f E(T,) E(T, AEq AE, © R  DRC
sP1-C=C-C=N trans 227 03310 1.60 249 094 072 159 1.348 0.154
sP1-C=C-C=C-C=CH trans* 2.41 03826 1.88 242 135 134 180 1344 0.178
sP1-C=C-C=C-C=CH ¢is 177 02521 113 206 049 020 24 1356 0.238
sP1-C=C-C=C-C=CH trans 2.15 03896 152 234 090 071 159 1349 0.206
sP1-C=C-C=C-C=N  trans* 2.43 04283 190 243 137 137 180 1344 0.171
sP1-C=C-C=C-C=N ¢is 176 02825 111 204 046 018 24 1357 0239
sP1-C=C-C=C-C=N trans 216 04379 153 235 091 072 159 1.349 0.201
sBP frans* 1.80  0.1941 120 166 059 074 180 1.349 0.347
sBP cis 108 00028 039 152 -030 —074 24 1364 0.444
116 0.1418 -0.38
sBP trans 138 00007 078 160  0.18 —0.04 159 1.357 0.398
1.51 0.2314 0.06

Singlet fission propensity

E(2) [kcal/mol] LP(N-CH,) - BD* (C=C)

OO
4
@fmns*-sP

R
% © N(CH,)-C=C-N(CH,) 180°
R(C=C) 1.346A

exocycl.

Fig.2 Conjugation effects in the parent sP homodimer. NBO and
second order perturbation theory analysis, E(2) [kcal/mol]: donations
from the lone pairs of the N-CH; atoms (blue) and of the bridgehead
N atoms (red) to the corresponding antibonding C=C double bonds.

substitution in sP are 1 and 5. In principle, both n-donor
and m-acceptor types of substituents can be introduced at
these sites. However, according to Hiickel’s rule, the het-
erocycles in the parent NHC dimer contain an odd number
of m-electrons and are thus non-aromatic. Consequently,
it can be expected that symmetric substitution in the NHC
dimers with n-donating substituents would destabilize
the ground state by increasing the antiaromatic charac-
ter of the imidazopyridine system, while n-withdrawing
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Bond length of the exocyclic C=C bond, R [A], and key torsion
angles, 6 [°]. Ranking of the singlet fission propensity of the isomers.
Only symmetry unique data are presented

substituents would enhance its aromatic character. There-
fore, all symmetrically functionalized NHC dimers pro-
posed here accommodate m-acceptor type of substituents
at the active positions. More precisely, we used n-electron-
withdrawing groups containing -C=N and -C=CH linear
fragments of varying conjugation length. The replacement
of hydrogen atoms with larger substituents is motivated
by the possibility for sterically driven twist around the
exocyclic C=C bond, which is expected to stabilize the
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Fig.3 Derivatives of the parent NHC homodimer, sP

diradicaloid form and to decrease the energy of the triplet
excited state.

All tendencies discussed for the parent sP homodimers
are conserved in their symmetrically substituted derivatives
(Fig. 3 and Table 1). Namely, for a given dimer, the excited
states energies and the values of the feasibility conditions
again decrease in the order trans*-sP > trans-sP > cis-sP,
in line with an increase in the DRC. However, new excited
state trends can be outlined for the substituted compounds.
We found that the position of substitution is of paramount
importance for the excited states properties and the singlet
fission propensity of the NHC homodimers. This can be
demonstrated with the introduction of the -C=N group as
a substituent, which is a relatively small and conformation-
ally rigid strong acceptor. For example, when switching
-C=N position from 1 to 5, the first and second feasibility

Fig.4 Resonance structure of
the ground (left) and excited
(right) state in symmetric NHC
dimers as a result of the sub-
stituent position and molecular
topology

condition for the dimers decreases by 0.2-0.4 eV. Obviously,
this observation cannot be explained solely by the electronic
properties of the substituents. The effect of the substituent’s
position on the excited state properties can be rationalized
by the resonance structures and Baird’s rule [22] (Fig. 4).
Functionalization with an acceptor group at position 5 leads
to a charge transfer from the N(CHj) nitrogen to the substitu-
ents, while attaching the same groups at position 1 causes
a charge transfer from the bridgehead nitrogens to the sub-
stituents (Fig. S6, SI) When acceptor groups are attached to
positions 1 of the dimer, both heterocycles become antiaro-
matic (4n+2) in the excited state. On the other hand, the
functionalization at positions 5 causes excited state antiaro-
matization limited only to the five membered rings. There-
fore, in line with Baird’s rule, the T, (and S,) excited state
energies are lower for the isomers functionalized at posi-
tion 5 than for those substituted at position 1. Along with
these resonance effects, substitution at position 5 causes
steric hindrance between the moieties of the dimers. As a
consequence, compared with the unsubstituted sP dimer,
the trans- and cis-forms functionalized at position 5 have
larger torsion angle between the dimer’s moieties (~33°)
and longer exocyclic double bond (1.356-1.359 A). Such a
twist around the exocyclic bond is not induced by substitu-
ents introduced at position 1. These structural results agree
with the DRC values (Table 1), which show that the dimers
functionalized at position 5 have higher DRCs than the cor-
responding dimers with substituents at position 1. And here,
we can conclude again that small differences in DRC cause
significant changes in the singlet fission proclivity.

In addition to the effects of molecular topology, step-
wise elongation of the m-conjugation of the substituents
in the NHC homodimers stabilizes the triplet state and
enhanes the singlet fission potential of the compounds.
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Among all substituted NHC homodimers, the smallest
value of the first feasibility condition is predicted for cis-
sP5-C=C-C=C-C=N, being close to zero, which indi-
cates the possibility for singlet fission without thermal
losses. Actually, all cis-sP isomers functionalized at posi-
tion 5 (except cis-sP5-C=CH) should be prone to slightly
endothermic singlet fission, as revealed by the AE¢; val-
ues below 0.25 eV. Moreover, for all these compounds
the second feasibility condition is already exothermic.
These results confirm again the potential of the sterei-
somerism-based design of singlet fission chromophores.
The improvement in the singlet fission propensity of the
dimers by substitution correlates well with the conjuga-
tion length of the substituent and hence, with the increase
in the DRC values. For example, the unsubstituted cis-sP
dimer has DRC of 0.111, while cis-sP5-C=N and cis-
sP5-C=C-C=C-C=N possess DRC values of 0.189 and
0.247, respectively.

To explore the annulation effects, we modelled NHC
homodimers of imidazoisoquinoline type (sBP, Fig. 3). As
shown in Table 1, annulation of sP has a favorable effect
on the singlet fission propensity of the dimers. Indeed,
cis-sBP becomes the first NHC homodimer with high
singlet fission potential — it shows slightly exothermic
AEgr and exothermic AE;. Moreover, the frans-sBP is
the first stereoisomer of this type with AEgy value nearly
zero and negative AEpr. Such a strong annulation effect
can be explained with an enhanced conjugation within the
heterocycles at the expense of the exocyclic C=C bond as
evidenced by the elongation of the latter. As a result, the
DRC of the annulated forms is the highest in the series of
homodimers, ~0.400 (Table 1), close to the DRC of the
most promising singlet fission material — pentacene [6].

Fig.5 Isomers of the “locked”
analogues of the parent sP
dimer: (CH,),sP (top) and
(CH,);sP (bottom). Free energy

cis-(CH,),sP
Ry

—
difference AG [kcal/mol] ==\
from the more stable isomer 0.00 kcal/mol N\ N /N>
estimated at the BH&HLYP/cc- RS E T
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N /
7 \_
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Ry
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“Locked” analogues of NHC homodimers
Effect of the latch

Encouraged by the revealed structure-properties rela-
tionships discussed above, we constructed sP analogues
“locked” in cis and cis* conformations. Figure 5 shows the
isomers of the “locked” dimers and the free energy differ-
ence from the most stable form. The locking of the dimers
is ensured by the insertion of a latch between the non-
shared nitrogen atoms, which is composed of two or three
CH, groups. The design of “locked” analogues is motivated
by the fact that the latch fixes the stereochemical centers
in the NHC dimers. Here we were able to optimize three
possible stereoisomers with respect to the methylated nitro-
gens (Fig. 5). We found that the most favorable unsubsti-
tuted “locked” dimer is cis in the case of the -(CH,),- latch,
and cis* when a -(CH,);- latch bridges the nitrogen atoms.
Careful analysis of the molecular geometry reveals that the
stronger steric hindrance between the methyl groups in the
cis* forms breaks the overall symmetry, which lowers the
total energy of the systems. Thus, cis*-(CH,);sP belongs to
the C, point group, while cis-(CH,),sP and cis-(CH,);sP
exhibit C, symmetry.

Results on the structure, vertical excitation energies,
feasibility conditions, and DRC of the “locked” NHC
homodimers are summarized in Table 2. The unsubstituted
“locked” analogues are very similar to the cis-sP dimer, and
the insertion of a latch between the nitrogen atoms has no
strong impact on the DRC. Nevertheless, the first feasibil-
ity condition decreases slightly for cis*-(CH,);sP but not
in the cases of cis-(CH,),sP and cis-(CH,);sP. This can
be explained with the smaller degree of deplanarization

X

R,and Rg=H
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X minimum not found
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Table2 “Locked” NHC dimers: energies [eV] of the vertical exci-
tation to the first and second singlet-like excited states E(S,/S,),
first triplet E(T,) and second triplet E(T,) excited states; oscillator
strengths f for the S;— S, transition; first AEgr and second AErr sin-
glet fission feasibility conditions [eV]; bond length of the exocyclic
carbon—carbon bond R [A]; dihedral angle ® [°] between the carbene

moieties, and diradical character (DRC). The molecular geometries
were optimized at the BH&HLYP/cc-pVDZ level. The excited states
results were obtained by using the SF-sTD-DFT/UsTDA approaches.
In cases where the lowest-energy singlet-like state S, is optically for-
bidden (f<0.0200), the corresponding characteristics of the lowest
optically accessible higher-lying state (S,) is additionally reported

Compound Form  ES,/Sy)  f E(T) ET,)  AEgq AEq; e} R DRC

(CH,),sP cis 1.87 0.0045  1.42 221 0.97 063 11 1350 0.100
1.99 0.0929 0.93

(CH,)»sP5-C=C-C=C-C=N cis 1.01 0.0047  0.63 1.30 0.25 —0.04 17 1354 0.208
111 0.0329 0.15

(CH,),sBP cis 1.05 0.0004  0.33 1.65 -039  —099 14 1356 0.400
121 0.0811 -0.55

(CH,)ysP cis 2.13 0.1057 155 2.42 0.97 068 15 1348 0.092

(CHpP5-C=C-C=C-C=N  cis 1.27 00421 077 1.50 0.28 004 19 1352 “NA

(CH,),sBP cis 1.29 0.1285  0.60 1.50 -008  —029 16 1354 0.390

(CH,)ysP cis* 2.20 0.0975  1.39 274 0.58 004 25 1353 0.092

(CH,),sP5-C=C-C=C-C=N cis* 1.33 0.0433  0.63 1.37 -007  —011 34 1357 0.194

(CH,);sBP cis* 1.29 00159  0.44 1.89 -041  —101 27 1361 0.403
1.38 0.0852 -0.50

 Convergence problems in the broken-symmetry single point calculation

between the dimer’s moieties in cis-(CH,),sP and cis-
(CH,);sP (11°/15°). Figure 6 illustrates NBO population
results for the “locked” analogues of the parent compounds.
In all unsubstituted “locked” analogues, the total charge
transfer stabilization energy from the nitrogen lone pairs
to the w*-orbital of the exocyclic C=C bond is significant
(> 110 kcal/mol), as in cis-sP.

Substituent and annulation effects

The substituted and annulated “locked” dimers designed
here are represented in Fig. 7.

In general, the substituted “locked” compounds resemble
their functionalized cis-sP analogues. This can be explained
by the fact that in both series of derivatives there is a sig-
nificant deplanarization of the dimer’s moieties and identi-
cal elongation of the exocyclic C=C bond. For all three
isomers, functionalization of the “locked” analogues with
-C=C-C=C-C=N groups at position 5 considerably lowers
the values of the first feasibility condition below 0.28 eV and
results in favorable values of the second feasibility condition
(except cis-(CH,);sP5-C=C-C=C-C=N). In all cases, the
functionalization effect is sufficiently strong to render sin-
glet fission thermodynamically favorable — exothermic or
slightly endothermic.

Further exploration of the molecular design strategies
reveals that annulation has a positive impact on the singlet
fission propensity of the “locked” analogues irrespective
of the type of latch and nitrogens stereochemical con-
figuration. When (CH,),sP and (CH,);sP are annulated,

two possible singlet fission materials emerge, which sat-
isfy both feasibility conditions. However, the annulation
causes a significant unwanted decrease in the first feasi-
bility condition, thus making cis-(CH,),sBP and cis*-
(CH,);sBP singlet fission candidates with thermal losses.
All annulated “locked” homodimers possess DRC in the
range of 0.390-0.400.

NHC heterodimers

In addition to the homodimers, we have also designed a
set of asymmetrical NHC heterodimers (Figs. 8 and 9).
Recently, Kozuch et al. demonstrated that asymmetric sub-
stitution in fulvalenes, which are to some extent similar
to the NHC dimers, has a strong impact on both ground
and excited state aromaticity [63]. Inspired by these find-
ings, we applied a similar asymmetric design strategy and
explored its effect on the singlet fission propensity of the
NHC dimers. As substituents, we used -OCH; (n-donor)
and —-C=N/-C=C-C=C-C=N (n-acceptor). All feasible
isomers with respect to the N(CH;) stereochemical con-
figurations were simulated only in the case in which both
donor and acceptor substituents are at position S, i.e., for
asP50OMeCN (Fig. 8). It turned out that the most stable
isomer of asPSOMeCN is of cis type, while both the trans
and trans* isomers are approximately 2 kcal/mol higher
in energy.

Table 3 contains the results for the excitation energies,
feasibility conditions, ground state geometry, and DRC of
the studied asymmetric NHC dimers. The excited states
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Singlet fission propensity

| E(2) [keal/mol] LP(N-CH;) - BD* (C=C)

£ © N(CH,)-C=C-N(CH,) 11°

R(C=C) 1.350A R(C=C)

exocycl.

Fig.6 Conjugation effects in the “locked” (CH,),sP and (CH,);sP
homodimers. NBO and second order perturbation theory analysis,
E(2) [kcal/mol]: donations from the lone pairs of the N-CH; nitro-
gens (blue) and of the bridgehead N-atoms (red) to the corresponding

results for the asPSOMeCN isomers confirm again the
effect of stereoisomerism on the singlet fission propen-
sity of NHC dimers. The trans*-asPSOMeCN isomer is
the least prone to singlet fission, while the cis and trans
forms emerge as potential photovoltaic candidates. Fig-
ure 10 shows the NBO population and structural results
for asP5OMeCN. The lack of singlet fission propensity
for trans*-asPSOMeCN is again in agreement with the
structural results. Namely, the frans* configuration of
asP50MeCN is characterized with a~ 180° torsion angle
between the dimer’s moieties and the shortest exocyclic
C=C bond. The NBO analysis also suggests weakest total
donation (~ 86 kcal/mol) from the nitrogens’ lone pairs to
the m*-orbital associated with the exocyclic C=C bond
in the case of trans*-asP50MeCN. Therefore, stereoiso-
mers of frans* type were not considered for the design of
more asymmetric NHC dimers. On the contrary, the reso-
nance stabilization in the case of cis/trans-asP50MeCN
is significantly higher (> 115 kcal/mol). This once again
demonstrates that even in the absence of symmetry the
stereoisomerism plays a significant role.

Logically, in the NHC heterodimers (Fig. 9), the
conformational effects on the singlet fission propen-
sity are even weaker. In fact, the excited state tunabil-
ity in cis/trans NHC heterodimers is due to the different
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topology (Table 3). Longer exocyclic C=C bonds and
more pronounced deplanarization between the dimer’s
moieties are observed for all heterodimers with accep-
tor groups at position 5. Therefore, in agreement with
the excited states results the following isomers: cis/
trans-asP5OMeCN, cis/trans-asP10MeSCN, cis/trans-
asPS5CN, and asP10MeS5(CC),CN appear as potential
candidates for endothermic singlet fission. The values
for the first feasibility conditions of the best heterodi-
mers vary between —(0.18 and 0.07 eV, and in all cases
the second feasibility condition is below zero and hence,
favorable. In contrast, the introduction of the even bulkier
—OCH; group at position 5 does not affect significantly
the ground state structure and does not increase the sin-
glet fission propensity. The importance of the acceptor at
position 5 can be explained again with a charge transfer in
the excited state and Baird’s rule. The possible resonance
structures for this compound are represented on Fig. 11.
When the acceptor group is at position 5, the excited state
charge transfer is represented by a resonance structure
containing one antiaromatic (4n+ 2)-x and one aromatic
(4n)-m heterocycle according to Baird’s rule. The pres-
ence of an aromatic (4n)-x heterocycle in the excited state
causes stabilization of the triplet in regard to the unsub-
stituted parent dimer sP, as well as with respect to the
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Fig.7 Derivatives of the
“locked” NHC homodimers,
(CH,),sP and (CH,);sP
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(CH,),sBP

(CH,),sBP and (CH,);sBP

Ry:H, Rg: H

(CH,),sP5R; and (CH,);sP5R,

homodimer with acceptor groups at position 5. Contra-
riwise, the attachment of an acceptor group at position 1
leads to an excited state resonance structure represented
by one aromatic (4n)-w and two antiaromatic (4n+ 2)-x
heterocycles according to Baird’s rule. The excess of
antiaromatic (4n+ 2)-x cycles destabilizes the excited
state and has a negative impact on the singlet fission pro-
pensity of the heterodimer.

Comparison between the excited state results for
mono- and disubstituted heterodimers, asPSCN and
asP50MeCN, reconfirms the role of the acceptor substit-
uent at position 5. These two dimers have identical and
favorable singlet fission propensity. This suggests that
the effect of a donor group on the excited state properties

is negligible and hence, that an excited state charge trans-
fer is not achievable. Indeed, molecular orbital analysis
reveals that in the asymmetric NHC dimers, the HOMOs
are delocalized, while the LUMOs are strongly localized
on the dimer’s moiety containing the acceptor substituent
(Fig. S8, SI). Such a strong localization of LUMOs signi-
fies a weak electron coupling between dimer’s moieties.
It is also in agreement with the relatively low DRC of
the NHC homodimers despite their large nt-conjugated
system (Table 1), as well as with the lack of conforma-
tional effect on the singlet fission propensity in the case
of heterodimers (Table 3).

Finally, from the perspective of photovoltaics appli-
cation, we should discuss the absorption cross sections
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Fig. 8 Isomers of the heterodi-
mer asPSOMeCN: free energy
difference (AG, kcal/mol)

from the most stable isomer
estimated at the BH&HLYP/
cc-pVDZ level of theory (prefix
as stands for asymmetric, i.e.,
heterodimer)

R

1.92 kcal/mol

0.45 kcal/mol

for the best singlet fission candidates — cis-sP5-C=N,
cis-sP5-C=C-C=CH, cis-sP5-C=C-C=N, cis-sP5-
C=C-C=C-C=(CH, cis-sP5-C=C-C=C-C=N, cis-
sBP, trans-sBP, cis-(CH,),sP5-C=C-C=C-C=N,
cis*-(CH,);sP5-C=C-C=C-C=N, cis/trans-
asP50MeCN, cis/trans-asP10Me5CN, cis/trans-
asP10MeS(CC),CN, and cis/trans-asPSCN. The SF-
sTD-DFT results for the symmetric unlocked dimers
suggest “dark” S; excited states (f<0.0200) lying in the
NIR region. Such dark excited states are usually dou-
bly excited, which, as demonstrated by Casanova, can

Fig.9 Derivatives of the parent
NHC homodimer with asym-
metric substitution, i.e., NHC N
heterodimers, asP \

asP10Me5CN
asP10Me5(CC),CN
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be regarded as an advantage for singlet fission [57]. A
more detailed investigation of the character and proper-
ties of doubly excited states would, however, require
the use of multiconfigurational wavefunction methods
and is therefore outside the scope of this study. Nev-
ertheless, going beyond these “dark” excited state, all
selected compounds absorb simultaneously in both the
NIR (Table 1, 2, 3) and the UV-vis/near-UV region
(Table 4). It can be speculated that the existence of a
singlet fission material absorbing in both the NIR and
UV-vis regions might ensure capturing of a broad range
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Table3 NHC heterodimers: energies [eV] of the vertical excitation
to the first singlet E(S,), first triplet E(T,) and second triplet E(T,)
excited states; oscillator strength f for the Sy— S transition; first
AEg¢r and second AEy; singlet fission feasibility conditions [eV];
bond length of the exocyclic carbon—carbon bond R [A]; dihedral

angle © [°] between the carbene moieties, and diradical character
(DRC). The molecular geometries were optimized at the BH&HLYP/
cc-pVDZ level. The excited states results were obtained with the DFT
using the SF-sTD-DFT/UsTDA approaches

Compound Form ES) f E(T)) E(T,) AEg; AEq; ® R DRC
asP1OMeCN cis 2.00 0.1357 1.29 2.60 0.57 -0.03 23 1.354 0.109
asP1OMeCN trans 2.23 0.0956 1.62 2.12 1.00 111 159 1.350 0.097
asP50MeCN trans* 2.14 0.0416 1.24 3.25 0.35 -0.76 176 1.351 0.110
asP5OMeCN cis 1.53 0.0470 0.75 2.77 -0.02 -1.26 27 1.361 0.137
asP5SOMeCN trans 1.52 0.0438 0.76 276 0.00 -1.24 147 1.358 0.140
asP10Me5CN cis 1.52 0.0525 0.79 2.53 0.07 -0.95 25 1.353 0.146
asP10Me5CN trans 1.51 0.0757 0.70 2.42 -0.11 -1.03 151 1.356 0.157
asP1CN50Me cis 2.16 0.1215 1.35 291 0.54 -021 27 1.354 0.080
asP1CN50Me trans 2.11 0.1021 1.27 2.94 0.44 -0.39 150 1.359 0.091
asP5CN cis 1.50 0.0546 0.77 2.47 0.04 -0.93 27 1.355 0.147
asP5CN trans 1.56 0.0738 0.74 237 -0.07 -0.88 150 1.360 0.154
asPIOMe5(CC),CN  cis 111 0.0318 0.46 224 -0.18 -131 27 1.355 0.198
asP1OMe5(CC),CN  trans 1.13 0.0332 047 2.33 -0.18 -1.38 150 1.360 0.190

of wavelengths from the solar spectrum and this would
have a positive impact on the solar cell efficiency. This
strategy is already successfully implemented in conven-
tional organic solar cells [64]. Moreover, all asymmetric

dimers possess bright singlet excited state around 2 eV,
corresponding to the maximum of the solar irradiation,
which is another advantage of these compounds from
photovoltaic standpoint.

Singlet fission propensity

| E(2) [keal/mol] LP(N-CH) -> BD* (C=C) |

@ 2@
& S

7 7
. trans*-asP1OMe5CN

A O N(CH,)-C=C-N(CH,) 176°

R(C=C) 1.351A R(C=C)

exocycl.

Fig. 10 Conjugation effects in the asP5OMeCN heterodimer. NBO
and second order perturbation theory analysis, E(2) [kcal/mol]:
donations from the lone pairs of the N-CH; atoms (blue) and of the
bridgehead N-atoms (red) to the corresponding antibonding C=C

£ © N(CH,)-C=C-N(CH,) 27°

exocycl.

£ O N(CH,)-C=C-N(CH,) 147°

1.361A R(C=C) 1.358A

exocycl.

double bonds. Bond length of the exocyclic C=C bond, R [/0\], and
key torsion angles, 0 [°]. Ranking of the singlet fission propensity of
the isomers
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Fig. 11 Resonance structure in
the ground (left) and excited
(right) state in NHC heterodi-
mers as a consequence of the
molecular topology

Another aspect, which is important for the practical
use of the selected candidates concerns their chemical
reactivity, stability, and synthetic feasibility. From an
experimental point of view, NHC homo- and heterodi-
mers are usually obtained by a reaction between two free
carbenes through the so-called Wanzlick equilibrium [65,
66]. Alternative synthetic routes include dechalcogenation
of NHC thions or cleavage of a small molecule from a
carbene derivative [67, 68]. They are prepared by heating
of two different dimers. From a theoretical perspective ,

@ Springer

one of the factors related to the chemical reactivity is
the diradical character. Our simulations reveal that all of
the symmetric shortlisted compounds possess diradical
characters of approximately 0.4, i.e., in this respect they
are similar to the best-known singlet fission chromo-
phore—pentacene. On the other hand, the diradical char-
acter of the asymmetric candidates varies between 0.1 and
0.2. Therefore, the demonstrated strategy for molecular
design of singlet fission NHC dimers can be adapted to
achieve the desired diradical character range.
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Table 4 SF-sTD-DFT/cc-pVDZ results for the most intense UV-vis
excitations of the best singlet fission candidates: E(S,) [eV] — excita-
tion energy and f — oscillator strength

Compound E(SH)UV/UV—vis f(Sn)UWUV’ViS
cis-sP5-C=EN 3.07 0.0233
cis-P5-C=C-C=CH 3.14 0.0392
cis-P5-C=C-C=N 3.06 0.0254
cis-P5-C=C-C=C-C=CH 2.77 0.0255
cis-P5-C=C-C=C-C=N 2.67 0.0197
cis-BP 2.97 0.0472
trans-BP 3.31 0.2233
cis-(CH,),P5-C=C-C=C-C=N 2.68 0.0325
cis*-(CH,);P5-C=C-C=C-C=N 2.64 0.0212
cis-asPSOMeCN 243 0.0440
trans-asPSOMeCN 2.41 0.0298
cis-asP10OMe5CN 2.20 0.0296
trans-asP10Me5SCN 2.04 0.0168
cis-asP10Me5(CC),CN 2.29 0.0422
trans-asP10Me5(CC),CN 2.30 0.0361
cis-asPSCN 2.13 0.0236
trans-asP5CN 3.31% 0.0894

aThere is a singlet excited state at 2.011 eV with an oscillator strength
close to 0.02 (0.0144)

Summary

We have designed new NHC dimers and their “locked” ana-
logues, which have the potential to serve as singlet fission
chromophores in solar cells. The compounds represent ver-
satile molecular tinkertoys, which allowed us to explore a
variety of structure-properties relationships from a singlet
fission standpoint, such as the individual or combined influ-
ence of the following factors: topology, type of substituents,
symmetry (homo- and heterodimers), excited state aromatic-
ity, conformation and stereoisomerism, annulation, and the
length of the latch in the “locked” analogues. The study con-
firms many of the existing strategies for the design of singlet
fission chromophores, for example the DRC-based approach,
and reports for the first time the role of stereoisomerism for
excited state tunability in these materials. As a result of the
detailed analysis, seventeen promising singlet fission candi-
dates are highlighted. Possible advantage of all shortlisted
compounds is that they and absorb intensely in the NIR,
as well as in the UV—vis/near UV regions. Moreover, most
of the shortlisted candidates, in particular the asymmetric
dimers, possess a bright excited state around 2 eV, which
is around the maximum of the solar irradiation, and in the
same time maintain a relatively low diradical character.
From a methodological point of view, we demonstrate
for the first time the good performance of the sQC methods
like SF-sTD-DFT and UsTDA for the screening of large
in molecular size chromophores with potential photovoltaic

application. The advantage of these sQC methods is that they
offer a reasonable treatment of both static and dynamic cor-
relation effects in diradicaloids at a low computational cost.
In the era of big data [20], such excited state methods, which
allow time-saving and reliable computational exploration of
qualitative trends, will become more and more important.
The screening procedure for qualitative estimation of the sin-
glet fission propensity by means of the sQC methods should
be followed by high-level quantum chemistry calculations
on the shortlisted candidates for a quantitative assessment.
In particular, sophisticated approaches should be applied to
rationalize the singlet fission propensity at both molecular
[8] and supramolecular level [69—71]. In principle, adiabatic
excitation energies should also be investigated to confirm
our theoretical predictions. However, at the current stage
of development, excited-state geometry optimizations with
SF-sTD-DFT are not feasible. Also, going beyond SF-sTD-
DFT approach is challenging due to the molecular size of
the proposed singlet-fission chromophores and their non-
negligible diradical character.

Besides the singlet fission aspect discussed here, NHC
dimers are compounds of much broader application and fun-
damental importance. For example, NHC dimers represent
tetraazafulvalenes, which are building blocks in the design
of super electron donors. In addition, they are also involved
in the Wanzlick’s equilibrium, which is a central problem in
carbene chemistry. Moreover, among the investigated com-
pounds not suitable for singlet fission there are also a few
NHC dimers with a bright S, state and a closely lying T,
which seem promising as thermally activated delayed fluo-
rescent chromophores. Therefore, we believe that our results
give new insights beyond the singlet fission realm.
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