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Designing molecules with high-spin (quintet, S = 2) ground state for magnetic and spintronic
applications

Md Abdus Sabuj, Chinmoy Saha, Md Masrul Huda, and Neeraj Rai

Design, System, Application statement:

High-spin organic materials, where the ground electronic state possesses two or more unpaired
electrons with parallel spins, are technologically relevant in organic magnetic and spintronic
applications. Most organic materials exclusively have a low-spin singlet ground state, with a
large energy of spin pairing. The challenge in the design and synthesis of high-spin state
materials is to overcome this large energy of spin pairing in the singlet state to generate
unpaired electrons, which is also persistent at ambient conditions. One approach could be to
embed electron-deficient units into the molecular backbone so that recovery of aromatic
stabilization energy can provide the necessary potential to break double bonds to generate
multiple unpaired electrons. In this work, we have used a strong electron-withdrawing 6,6-
dicyanofulvene group fused at the two opposite ends of indacenodinaphthothiophene isomers.
Recovery of aromatic stabilization energy on the naphthothiophenes produces high-spin
guintet ground-state for the linear-configuration, which are synthetic targets for room
temperature magnetic applications.
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High-spin ground-state polyradicals are an important platform due to their potential applications in

magnetic and spintronic devices. However, a low high-to-low spin energy gap limits the population
of the high-spin state, precluding their application at room temperature. Also, design strategies
delineating control of the ground electronic state from closed-shell low-spin to open-shell polyradical
character with the high-spin ground state are not well established. Here, we report indacenodinaph-
thothiophene isomers fused with 6,6-dicyanofulvene group showing a high-spin quintet ground state.
Density functional theory calculations indicate the syn- and anti-configurations have a closed-shell

DOI: 00.0000/XXXXXXXXXX

low-spin singlet ground state. However, the linear-configuration displays a high-spin quintet ground
state, with the energy difference between the high-spin quintet to the nearest low-spin excited states
calculated as large as 0.24 eV (= 5.60 kcal mol™!), exhibiting an exclusive population of high-spin
quintet state at the room temperature. These molecules are compelling synthetic targets for use in
magnetic and spintronic applications.

1 Introduction
0.0.0.1 Design, System, Application High-spin organic ma-
terials, where the ground electronic state possesses two or more
unpaired electrons with parallel spins, are technologically rele-
vant in organic magnetic and spintronic applications. Most or-
ganic materials exclusively have a low-spin singlet ground state,
with a large energy of spin pairing. The challenge in the de-
sign and synthesis of high-spin state materials is to overcome
this large energy of spin pairing in the singlet state to generate
unpaired electrons, which is also persistent at ambient condi-
tions. One approach could be to embed electron-deficient units
into the molecular backbone so that recovery of aromatic stabi-
lization energy can provide the necessary potential to break dou-
ble bonds to generate multiple unpaired electrons. In this work,
we have used a strong electron-withdrawing 6,6-dicyanofulvene
group fused at the two opposite ends of indacenodinaphthoth-
iophene isomers. Recovery of aromatic stabilization energy on
the naphthothiophenes produces high-spin quintet ground-state
for the linear-configuration, which are synthetic targets for room
temperature magnetic applications.

High-spin (total spin quantum number, S > 1) ground-state
open-shell polyradicals have drawn significant interest due to
their potential applications in magneticm and spintronic de-
vices.?™ The weakly interacting unpaired electrons in the high-
spin polyradical materials impart more exotic electronic, mag-
netic, and excited-state properties than their counterpart low-spin
closed-shell materials. Also, an increased number of unpaired
electrons in the high-spin polyradicals can provide the opportu-
nity to investigate multiple spin—-spin interactions,® which may fa-
cilitate the development of new magnetic devices.T Even though
the high-spin ground-state polyradicals have great promises for
next-generation magnetic-based materials and devices, scarcity
of high-spin polyradicals with a large energy gap between the
high-spin state to low-spin excited state precludes their potential
application as room temperature magnetic materials.

If the materials possess more than two unpaired spins, bulk
magnetic properties in organic semiconductors (OSCs) can be re-
alized.® Moreover, the characteristic energy difference between
the high-spin ground-state to low-spin excited state needs to be
larger than 1.0 kcal mol’!, sufficiently surpassing the room tem-
perature thermal energy, RT. 27 Prototypical classes of high-spin
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T Electronic Supplementary Information (ESI) available: [Computed electronic
properties with different functionals, Optimized ground-state geometric param-
eters, HOMA values, NICS-XY values, MO diagrams, FOD plots, and AICD di-
agrams are provided in the electronic supplementary information.]. See DOI:
00.0000/00000000.

polyradicals are developed using ‘spin-centers’ which are con-
nected by ferromagnetic coupling units (FCUs). (see Fig. la-
o)IIZHID By utilizing this approach, high-spin polyradicals have
been developed, where the spin quantum number is extended to
S = 5000.12 However, lack of 7-conjugation and highly localized
bonding induce spin ordering at a very low temperature (< 10.0

Journal Name, [year], [vol.], 1 |1
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Fig. 1 Prototypical classes of high-spin state organic materials showing quintet (S =2) (a—c) and triplet (S=

K). Recent works on donor-acceptor (D-A) type polymers promote
large m-conjugation and small band gap, generating high-spin
triplet (S = 1) ground-state, with a small singlet-triplet energy
gap (AEgy << RT).H3H22

Open-shell 0OSCs based on polycyclic hydrocarbons
(PCHs)23723 possess a highly conjugated, rigid, and planar
molecular backbone. These small molecules are easy to syn-
thesize and eliminate the complexities due to impurities and
structural heterogeneity, which gives these materials an edge
over large polymers. As a result, PCHs act as a holy grail for
developing open-shell molecules with interesting electronic and
magnetic properties. However, the majority of the PCHs (with
or without substituted heteroatoms) have a small-to-moderate
open-shell character and possess a singlet (S = 0) ground-state
due to the double-spin polarization?® with low-lying triplet
excited state.>'22127742] Recent studies on high-spin substituted
PCHs report a triplet (S = 1) ground-state (Fig. 1d-e), showing
the possibilities to design hydrocarbon-based materials with
magnetic properties, 43144

Haley and co-workers have introduced an interesting strategy
to modulate the electronic properties of the substituted PCHs by
incorporating s-indacene at the core fused with carbo-cycles and
hetero-cycles.223140 The 7-conjugated s-indacene has a large an-
tiaromatic character (12 n-electrons) with a Co;, symmetry and
is highly unstable.%242 Optimization of s-indacene’s molecular
structure and properties involved the substitution of bulky zert-
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Molecular Systems Design & Engineering

Rajca et al. (1995)

e

t-Bu Wang et al. (2020)

Shimizu et al. (2022)

1) (d—e) ground-state.

butyl groups to kinetically block the reactive sites4® or fusion
of external five-/six-membered rings to extend the 7-conjugation
path served as the most proficient strategies,20-32134140147549 The
fusion of external rings modulates the paratropicity of the s-
indacene core, reducing the highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) energy
gap.21832180 Our recent study=?, where we have thoroughly in-
vestigated the relationship between HOMO-LUMO energy gap
and open-shell character, show molecules with a smaller HOMO-
LUMO energy gap provide more open-shell character. This is
due to the fact that, a small energy gap facilitates admixing of
the frontier MO (FMO) into the ground-state, generating open-
shell character.”!' Open-shell character of the molecules with s-
indacene core indicates a moderate diradical character, obtained
at the spin-projected unrestricted Hartree-Fock (PUHF) method
(see Table S1).24 Due to a large spin-contamination inherent to
the PUHF method, the open-shell diradical character obtained is
largely overestimated.%>2 Therefore, the electronic ground-state
of the available materials with s-indacene core lies in between
the closed-shell and open-shell low-spin singlet state, with a ther-
mally accessible high-spin triplet excited state. 244042

Here, we report end-group functionalized naphthothiophene-
fused s-indacene isomers (Fig. 2 and Fig. S1) with a high-
spin quintet (S = 2) ground state. For the end-group function-
alization, we have used 6,6-dicyanofulvene group substituted at
the ends of the naphthothiophenes. Substitution of the strong
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Fig. 2 Indacenodinaphthothiophene isomers (1-4) with a large antiaromatic core.32 6,6-dicyanofulvene group substituted indacenodinaphthothiophene
isomers with closed-shell singlet state (S1-58) and open-shell quintet state (§9-S12) studied in this work. a, b, and c are the locations on the outer
benzene rings where the 6,6-dicyanofulvene group is substituted. If the sulfur of the thiophene ring and substituents are on the same side (a position),
molecules are termed as syn-isomer (S1-S4), else, molecules are termed as anti-isomer (b position, S5-S8). When substitutions are made along the
molecular backbone (c position), these molecules are termed as linear-isomer (S9-S12). Detailed diagrams of the molecular structures are also can

be found in the Electronic Supplementary Information (see Fig. S1).

electron-withdrawing dicyanomethylene groups can downshift
the LUMO energy level, reducing the FMO energy gap, and gen-
erating open-shell character.>>2 On the other hand, the ad-
dition of the five-membered carbonaceous rings can modulate
the aromatic character along the molecular backbone, generat-
ing an open-shell polyradical character.©%64 Although, there is a

significant amount of work available on molecular-based diradi-
cals, SITH16HI9127-29133134136- 3815015 TIS5165H67 very few studies report

open-shell materials with a large polyradical character, 0010468773

In the open-shell diradicaloid form, the benzenoid ring at the
s-indacene core can regain aromatic stabilization energy at the
expense of the double-bond breaking of the dicyanomethylene
groups (Fig. 3ii). However, as the s-indacene core has a very
high antiaromatic character, in the most stable configuration, the
naphthothiophenes can recover aromatic stabilization energy in
the tetraradicaloid state (Fig. 3iii-iv). This study establishes
design strategy for developing substituted PCHs into high-spin
polyradicals suitable for magnetic and spintronic applications.

2 Computational details

Geometry optimizations are performed with Gaussian 16 software
package”% at the Cyy, symmetry using hybrid density functional
B3LYPZIZ0 and 6-31G(d,p)ZZ basis set. Frequency calculations
confirm the local minima of all the molecules. All parameters for
geometry optimizations are set to default. Unless otherwise speci-
fied, analyses are performed with (U)B3LYP level of theory. B3LYP
has been used extensively for molecules with open-shell charac-
ter, and generally there is good agreement with experimental ge-
ometric parameters, such as bond lengths.22>078 The high-to-
low spin energy gap calculated with (U)B3LYP method was found

to agree reasonably well with the experimental data. 117879 Qur
study on polymeric material predicted a high-spin ground state
with (U)B3LYP functional for larger repeat units, which is also
verified with experimental data.1® A more detailed discussion on
different functionals can be found in Ref. 18.

A broken-symmetry (BS) 80l wave function is used to character-
ize the open-shell singlet state. The contribution of the open-shell
character is quantified with the multi-radical indexes, y; (i = 0-2),
where y; = 0 indicate a closed-shell configuration, and y; = 1 dic-
tates a pure open-shell structure.>!. The triplet and quintet states
are optimized with an unrestricted wave function and the wave
functions are optimized if instability was observed. The triplet—
quintet energy gap (AETq) of the open-shell molecules are com-
puted with the following equation, which adds correction for spin
contamination. 1
<$%29>-2.0

1
<§$20>-—< 827> =

AE TQ = AE UHF

where, AEyyr is the uncorrected energy difference between the
ground-state quintet and triplet states, and < §2g > and < %1 >
are the expectation values of the spins for the quintet and triplet
states, respectively.

The locations of the unpaired spins are predicted with the
NBO7 program package®l. Nucleus independent chemical shift
(NICS)-XY82%83! scan and NICSzz are computed with the gauge-
independent atomic orbital (GIAO)®% method at 1.7 A above the
plane of the rings, where a large positive NICS value is an indica-
tion of an antiaromatic structure and negative values show aro-
matic configuration. The NICS;s,(1) of the isolated substituents
are computed at 1.0 A above the rings plane. Anisotropy of the

Journal Name, [year], [vol.], 1 |3
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Fig. 3 Resonance diagrams of s-indacene at the Cy, symmetry (top) and resonance diagrams (i-iv) of S9 showing the development of polyradical
character. Recovery of aromatic stabilization energy in the sulfur-containing five-member rings, and the benzenoid rings provides the potential energy

required to break double-bonds.

induced current density (ACID) method® at CSGT-(U)B3LYP/6-
31G(d,p) level of theory®® is used to generate the ring current
density, and rendering is performed with a locally developed
code. The 2D-iso-chemical shielding surface (2D-ICSS) maps are
generated by the method developed by Klod et al.8Z The frac-
tional occupation number weighted electron density (Npop)®® is
calculated with the ORCA®? program package. The harmonic os-
cillator model of aromaticity (HOMA)?? is calculated with:

98.89
HOMA=1——"- ;(R,- —1.397)? 2)

i=1

where, n is the number of bonds considered in a particular
ring, R; is the optimized bond length at the equilibrium geom-
etry. HOMA = 1 indicates an aromatic structure.?%2l Molecular
orbital diagrams and spin density plots are generated with the
VMD. 22

3 Results and Discussion

3.1 Selection of the parent molecules and different sub-
stituents

We have selected the naphthothiophene-fused s-indacene isomers
(1-4 in Fig. 2) as these molecules possess the lowest HOMO-
LUMO energy gap reported on s-indacene derivatives. 3234 A
small HOMO-LUMO gap can admix the frontier MOs into the
ground state, generating an open-shell character. 10550165168/ AJso,
a small FMO gap reduces the energy difference between the high-
to-low spin state, which is required for magnetic switching from
low-spin state to high-spin state 16/I8I21136l68| Eyrthermore, due

4| Journal Name, [year], [vol.], 1

to a large antiaromatic s-indacene core, these molecules are good
candidates for developing open-shell configurations. Indeed, pre-
vious reports on similar materials show moderate open-shell di-
radical character obtained at the PUHF level of theory.2334 Our
calculations with the PUHF method on the parent molecules (1-
4 in Fig. 2) also indicate these isomers possess small diradical
character (see Table S1). However, the conventional density func-
tional theory (DFT) method combined with the broken-symmetry
(BS) approach does not provide an open-shell character. This in-
dicates that the PUHF method overestimates the open-shell char-
acter due to its large spin contamination (Table $2).292/ There-
fore, we have used the BS-DFT method to characterize the open-
shell polyradical character, where the open-shell and closed-shell
molecules are identified according to the polyradical index, y;
(i =0-2). Such as y; = 0 indicates a closed-shell configuration,
and y; = 1 dictates a pure open-shell structure, respectively.

The 6,6-dicyanofulvene group used for the end-
functionalization selected from a computational screening
of different substituents (see Fig. S2). Our target was to
find molecules with a large open-shell diradical or polyradical
character. We find that the external five-membered ring fused
with the indacenodinaphthothiophene is the key to obtaining
open-shell character (Fig. 4 and Table S3-S4). Such as the
mere addition of CN groups into the isomer 1 and 2 did not
produce an open-shell electronic configuration (S13 in Fig. 4
and Table S3, S19 in Table S4). However, the addition of the
carbon-containing five-membered ring develops open-shell char-
acter (S14-S18 in Fig. 4 and Table S3, S20-S24 in Table S4).
Substitution of the different functional groups with the carbon
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Fig. 4 Modulation of the molecular topology tunes the electronic properties of the high-spin polyradicals.

rings modulates low-to-high spin energy gap, HOMO-LUMO
gap, and open-shell polyradical character (see Table S3 and S4).
The largest open-shell polyradical character is obtained when the
dicyanomethylene groups are attached to the carbon-containing
five-membered carbonaceous rings. Also, it is reported that
a strong electron withdrawing group can generate high-spin
materials.#3 Therefore, we have used different substituents with
increasing acceptor strength, indicated by a more downshifted
LUMO energy levels and increasing NICS;s, (1) values (Fig. S2).
The 6,6-dicyanofulvene group has the lowest LUMO energy levels
among the different substituents used in this study. As a result,
the 6,6-dicyanofulvene group substituted molecules produce a
high-spin quintet (S = 2) state. Therefore, the 6,6-dicyanofulvene
group substituents are subjected to further in-depth analysis.
Also, different locations of the substituents on the naphthothio-
phenes modulate the ground-state from closed-shell singlet to
open-shell high-spin polyradicals. Such as substitutions on the

a (isomers S1-S4, syn-configurations) and b (isomers S5-S8,
anti-configurations) bonds (see Fig. 2) produce closed-shell
singlet ground-state. Only substitution on the ¢ (isomers S9-S12,
linear-configurations) bond develops open-shell polyradical
character with a high-spin § = 2 ground-state observed on
isomers S10-S12. This study indicates easy tuning of electronic
properties by simple topological modifications on the available
molecular frameworks.

3.2 Ground-state structure and geometric parameters

Bond lengths are analyzed to get insight into the geometries and
aromatic/antiaromatic character of the parent and designed iso-
mers (see Table 1 and Fig. S3-S6). Due to the antiaromatic na-
ture of the s-indacene core, it possesses a large bond length al-
ternation (BLA).3234 A large BLA is observed in the 1-2 isomers;
however, BLA is reduced in the 3-4 isomers. Addition of the 6,6-
dicyanofulvene group produce a more pronounced BLA for the

Journal Name, [year], [vol.], 1 |5
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Table 1 Bond lengths at the s-indacene core of the different isomers observed at the singlet (S =0) state. Bond indexes are provided in Fig. 3.

Bond lengths A)

a b d e f

1 1.400 1.452 1.380 1.416 1.417 1.419
2 1.400 1.455 1.377 1.419 1.411 1.424
3 1.410 1.426 1.387 1.405 1.420 1.423
4 1.399 1.439 1.375 1.419 1.403 1.443
S1 1.398 1.457 1.372 1.424 1.405 1.432
S2 1.393 1.458 1.373 1.423 1.407 1.430
S3 1.405 1.434 1.378 1.416 1.406 1.439
S4 1.401 1.432 1.380 1.413 1.409 1.437
S5 1.397 1.456 1.373 1.423 1.405 1.432
S6 1.395 1.459 1.372 1.424 1.406 1.431
S7 1.403 1.435 1.378 1.416 1.406 1.439
S8 1.405 1.431 1.380 1.413 1.408 1.437
S9 1.416 1.452 1.389 1.405 1.441 1.400
S10 1.417 1.457 1.387 1.407 1.443 1.400
S11 1.412 1.428 1.386 1.407 1.418 1.428
S12 1.405 1.433 1.379 1.415 1.407 1.440

syn- (S1-S4) and anti-isomers (S5-S8). A larger BLA is an indi-
cation of a closed-shell quinoidal configuration, where the closed-
shell form is in resonance with the open-shell configuration.2Z In
the cases of the linear-isomers, BLA is reduced in the s-indacene
core compared to the parent (1-4), syn-, and anti-isomers (Ta-
ble 1). This indicates the s-indacene core of the linear-isomers
reduces its large antiaromatic character to provide the potential
for bond breaking, generating open-shell polyradical character.
A mixed single and double bond indicates a large m-conjugation
along the molecular backbones, which can reduce the HOMO-
LUMO energy gap. The bond lengths (e in Fig. 3) from the apical
carbon atom to the s-indacene core varies as 1.403-1.420 A in
the parent, 1.405-1.409 A in the syn- and anti-isomers, whereas,
a larger bond lengths (1.407-1.443 A) are observed for the lin-
ear-isomers. It also indicates a large open-shell character in the
linear-isomers than the other molecules.27

Substitution of the 6,6-dicyanofulvene group into the parent
isomers leads to different bonding patterns. The bond lengths
of the outer benzenoid ring for the parent isomers vary between
1.375-1.440 A, indicating a more aromatic character (see Fig. S3).
The calculated HOMA values of the outer benzenoid ring of the
parent isomers are close to 1.0 (Fig. S7), which also shows their
aromatic character. In the cases of the syn- and anti-isomers,
bond length variation ranges between 1.360-1.500 A (see Fig. S4—
S5), indicating a more antiaromatic character than the parent iso-
mers and have a closed-shell conformation. HOMA values of the
outer benzenoid ring of the syn- and anti-isomers decreased sig-
nificantly (~ 0.65), confirming their more antiaromatic character
than the parent isomers (see Fig. S8-S9). For the linear-isomers
in the § = 2 ground-state, the bond lengths of the double bonds
have increased (1.42 A), whereas the length of the fusion bonds
between the carbonaceous ring and outer benzenoid ring have
decreased (1.46 Avs. 1.50 A) than the syn- and anti-isomers (Fig.
S4-S6). The calculated HOMA values of the outer benzenoid ring
increased (= 0.90) more than the syn- and anti-isomers (Fig. S8—
S10). These bond lengths and HOMA values indicate a lower

6| Journal Name, [year], [vol.], 1

antiaromatic character of the linear-isomers than the syn- and
anti-isomers, respectively. A reduction of antiaromatic character
provides the necessary potential for double bond breaking, gen-
erating open-shell polyradical character and stabilizing high-spin
S = 2 ground-state in the linear-isomers.

3.3 High-to-low spin energy gap of the parent and designed
isomers

The ground electronic state of a molecule is correlated with
the energy difference between the high-spin and low-spin states
(AEry). Generally, the open-shell molecules possess a smaller
AE1y than the closed-shell molecules.2%62 We have computed the
energy difference between the singlet-triplet (AEgt) and triplet—
quintet (AETq) states to determine the ground electronic state.
All the electronic properties of the parent and designed isomers
are provided in the Table 2. As we can see from Table 2, the par-
ent molecules (1-4) have a large AEst, which shows that the par-
ent molecules have a closed-shell electronic configuration with a
triplet excited state. The computed AETq of the parent molecules
are significantly larger than the AEgr, indicating a low-spin sin-
glet ground-state. Substitution of the 6,6-dicyanofulvene group
reduces both the AEgt and AETq gaps of the designed isomers
(S1-S12) than the parent isomers, which indicates extension of
the m-conjugation length reduces AE;y. Furthermore, the open-
shell isomers have a significantly smaller AE;y than the closed-
shell molecules. Such as, the largest AEgr is observed for isomer
4 (0.947 eV) with a closed-shell configuration, whereas the S10
with an open-shell character possesses the smallest singlet—triplet
energy gap (0.05 eV).

The energy diagram of the $9-S12 molecules indicate the sin-
glet closed-shell (SCS) configuration is significantly higher in en-
ergy than the singlet open-shell (SOS) form (Fig. S11). This in-
dicates the open-shell configuration is more stable in energy than
the closed-shell. Such as, in reference to the quintet (S = 2) state,
the SOS state of the S12 is 0.35 €V higher in energy. However, the
energy difference between the SCS and § = 2 states of $12 is 0.88
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Table 2 Computed electronic properties of the indacenodinaphthothiophene isomers at (U)B3LYP/6-31G(d,p) level of theory and basis set. The
singlet—triplet energy gap (AEst = ET—Es), triplet—quintet energy gap (AETq = EQ—ET), population (Pq) of the quintet (S =2) state at room
temperature, energies of the highest occupied MO (HOMO) and the lowest unoccupied MO (LUMO), energetic difference between the FMOs (Eg),
fractional occupation number weighted electron density (Ngop ), diradical (yo), tetraradical (y;), and hexaradical (y2) character indexes of the molecules.
Energy values are in eV, Ngop, and y;'s are dimensionless quantities. For the closed-shell molecules ( 1-4 and S1-S8) SCS and for the open-shell

molecules (S9-S12) SOS energy was used for AEgT calculation.

Isomers AEST AETQ PQ HOMO LUMO Eg NFOD Yo Y1 2

1 0.541 2.559 0.00 —4.76 =3.15 1.61 2.29 0.000 0.000 0.000
2 0.499 2.957 0.00 —4.82 —2.97 1.85 2.12 0.000 0.000 0.000
3 0.950 1.991 0.00 —4.83 —2.87 1.96 2.12 0.000 0.000 0.000
4 0.947 2.124 0.00 —4.86 —2.78 2.08 2.00 0.000 0.000 0.000
S1 0.500 0.357 0.00 —5.55 —3.96 1.59 3.98 0.000 0.000 0.000
S2 0.433 0.184 0.00 —5.43 —4.01 1.42 4.00 0.000 0.000 0.000
S3 0.951 —0.163 99.85 —5.48 —3.83 1.65 3.94 0.000 0.000 0.000
S4 0.839 —0.185 99.91 —5.34 —3.86 1.48 3.98 0.000 0.000 0.000
S5 0.542 0.291 0.00 —5.45 —3.85 1.60 4.00 0.000 0.000 0.000
S6 0.383 0.250 0.00 —5.48 —4.07 1.41 4.02 0.000 0.000 0.000
S7 0.903 —0.147 99.73 —5.41 —3.82 1.59 3.95 0.000 0.000 0.000
S8 0.862 —0.220 99.98 —5.45 —3.91 1.54 3.98 0.000 0.000 0.000
S9 0.267 —0.282 100.00 —5.42 —4.02 1.40 5.64 0.986 0.776 0.122
S10 0.050 —0.365 100.00 —5.43 —4.08 1.35 5.40 0.937 0.556 0.111
S11 —0.167 —0.240 99.99 —5.39 —3.96 1.43 5.73 0.958 0.871 0.060
S12 —0.176 —0.240 99.99 —5.39 —4.01 1.38 5.59 0.928 0.800 0.030

eV, significantly higher than the SOS state. The SCS of the S9-
S12 isomers are 0.79 €V-1.09 eV higher in energy than the § =2
state, indicating a large polyradical character inherent to these
molecules (Fig. S11). The SOS state of the S9 isomer is 0.05 eV
lower in energy than the S = 2 state. This indicates the S9 has an
open-shell singlet ground-state with a thermally activated quin-
tet (S = 2) state. Although, isomer S9 has a singlet ground-state,
S$10-S12 isomers show a S =2 ground-state. The SOS state of
the S10 is above 0.24 €V from the reference S = 2 state, whereas,
the triplet (S = 1) is above red0.37 eV from the ground-state, in-
dicating the SOS is the thermally accessible excited state than the
triplet state. In the cases of the S11-S12 isomers, the triplet ex-
cited state is above 0.24 €V from the S = 2 ground-state. At this
large AETq, the population of the § = 2 state is 100 %, showing ex-
clusive population of high-spin quintet state at room temperature.
Calculations performed with CAM-B3LYP?3 and wB97X-D?4 also
indicate a large AETg and S = 2 ground-state (see Table S2), indi-
cating the high-spin quintet state is intrinsic to the linear-isomers.
For the syn- and anti-isomers, the SOS and SCS are degenerate
in energy, indicating a closed-shell low-spin singlet ground-state
with a large AEgt. However, the computed AEtq is significantly
smaller than the AEgy for these isomers. Also, a large AETq is
observed for the S1-S2 and S5-S6 isomers, showing no popula-
tion (Pg = 0.0 %) of the § =2 state at room temperature (see
Table 2). However, in the cases of the S3-S4 and S7-S8 isomers,
significantly reduced AEtq is observed (Pq = 100 %), indicating
a thermally accessible § = 2 excited state.

MO diagrams of the parent isomers indicate the HOMOs are
mostly delocalized along the whole backbones, with a major con-
tribution to the s-indacene core (Fig. S12). On the other hand,
the LUMOs are mainly localized at the s-indacene core. This in-
dicates a large overlap between the frontier MOs of the parent
isomers and a closed-shell configuration, which is indicated by
the polyradical index (y; = 0). As a result, a large AEgT and AETq
are observed (Table 2). Although the HOMOs of the syn- and

anti-isomers have the same delocalization as the parent isomers,
clearly, the LUMOs are localized at the two ends of the isomers
(Fig. S13-S14). Therefore, charge transfer would occur from
the s-indacene core to the outer 6,6-dicyanofulvene group. In the
cases of the linear-isomers at the singlet (S = 0) open-shell state,
both the o- and B-singly occupied MOs (SOMOs) are localized
at the two opposite ends of the molecules (Fig. S15-S18), an
indication of a disjoint character of the MOs. Therefore, the 7-
covalency between the unpaired electrons is reduced, developing
open-shell polyradical character (Table 2). Also, the LUMOs of
the open-shell molecules are segregated from the SOMOs, which
would be beneficial for charge separation. The localization of
the a- and $-SOMOs at the opposite ends reduces the electron—
electron repulsion, therefore, reducing the AEgy gap of the lin-
ear-isomers. For the S = 2 state, SOMO and SOMO-1 are delo-
calized along the whole backbones, whereas, the SOMO—2 and
SOMO-3 are mostly localized at the two ends (Fig. S19-S22).
The spin density distributions of the open-shell molecules at the
S = 2 state indicate the unpaired spins are localized at the two
opposite ends (Fig. 5), reducing the AE1q gap of the open-shell
isomers and stabilizing S = 2 state as a ground-state for the lin-
ear-isomers. Calculation of the most probable locations of the
unpaired electrons indicates major spin contribution is on the
two carbon atoms of the carbonaceous rings (Fig. S23), which
is consistent with the tetraradical canonical form (see Fig. 3iv).
Although, the open-shell molecules show end localized spin den-
sity, installation of large and branched alkyl chains should protect
the reactive sites.2>

3.4 Open-shell polyradical character

The prerequisite of high-spin polyradicals is the generation of
multiple unpaired electrons in a molecule. A large polyrad-
ical character (y; ~ 1.0) is an indication of diminished bond
covalency and reduced electron—electron coupling, required to
develop high-spin molecules. 101821l A5 we can see from Table

Journal Name, [year], [vol.], 1 |7
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Fig. 5 Spin density distribution of (a) S9, (b) S10, (c) S11, and (d) S12 at the S =2 state computed with UB3LYP/6-31G(d,p) level of theory and
basis set. The blue and green surfaces represent the positive and negative contributions at an isovalue = 0.001 a.u., respectively. The most probable
locations of the unpaired electrons are highlighted with red (spin-up) open circles.

2, only the linear-isomers (S9-S12) show open-shell polyradi-
cal character, not observed for the parent (1-4), syn- (S1-S4),
and anti-isomers (S5-S8). The fractional occupation number
weighted electron density (Ngop) indicate the parent isomers
should possess an open-shell character, as indicated by the Nggp
number, which is close to 2.0. The PUHF calculation shows the
parent isomers possess a small open-shell diradical (yy) charac-
ter (see Table S1). Extension of the n-conjugation lengths by the
addition of 6,6-dicyanofulvene group increases the Ngop number,
the largest values observed in the linear-isomers (Table 2). The
PUHF calculation on the syn- and anti-isomers indicates an in-
creased open-shell diradical character than their counterpart par-
ent molecules (Table S1), due to the m-extension of the molecular
backbone. Also, a very small polyradical character is predicted
with the PUHF method for the syn- and anti-isomers, in line with
the Ngop numbers (Table 2 and Table S1). However, there is no
open-shell character predicted with the DFT method for the par-
ent, syn- and anti-isomers. This indicates the parent, syn- and
anti-isomers have mostly closed-shell quinoidal configurations,
where the open-shell form is in resonance with the closed-shell
structure.2” The FOD plots (Fig. $S24-S27) indicate the parent,
syn-, and anti-isomers have a localized electron density, whereas,
the linear-isomers have a delocalized density, an indication of
open-shell polyradical character,2%82

Adding the 6,6-dicyanofulvene group downshift the HOMO
and LUMO energy levels from the parent isomers by 0.48-0.79
eV and 0.70-1.23 eV, respectively. As a result, a significant re-
duction in the HOMO-LUMO energy gap is observed for the syn-,
anti-, and linear-isomers than the parent isomers. However, the
largest reduction is observed for the linear-isomers than the syn-
and anti-isomers. Such as, the calculated HOMO-LUMO energy
gap of the parent molecule 2 is 1.85 eV (Table 2). In the cases
of the syn- (S2) and anti-isomers (S6), this varies between 1.41-
1.42 eV, whereas, the linear-isomer S10 shows a HOMO-LUMO
energy gap of 1.35 eV. This is the smallest HOMO-LUMO en-
ergy gap reported for molecules with s-indacene core.223% This
small HOMO-LUMO energy gap facilitates admixing the frontier

8 | Journal Name, [year], [vol.], 1

molecular orbitals into the ground-state, generating open-shell
polyradical character in the linear-isomers. It is well established
that molecules with a large antiaromatic character tend to reduce
the HOMO-LUMO energy gap.=228/We have utilized the NICS-XY
scan and 2D-ICSS maps to compare the aromatic/antiaromatic
character of the parent and designed molecules. The isomer
1 has the largest antiaromatic core, followed by the s-indacene
molecule (Fig. 6), in line with the recent report. 32 However, all
the designed isomers have a less antiaromatic core than their cor-
responding parent molecules (See Fig. S28). In the cases of the
syn- and anti-isomers, the outside rings have a similar antiaro-
matic character as the s-indacene core (Fig. 6 and Fig. S28), cor-
roborating their closed-shell configurations. Also, the NICS-XY
scan predicts three different regions of varying aromaticity and
antiaromaticity, not observed in the parent and linear-isomers.
These different regions are also visible in the 2D-ICSS maps as
well (Fig. S29-S32).

The linear-isomers display a very high open-shell diradical
character. Such as S9 shows the largest open-shell diradical char-
acter (yp = 0.986), whereas S12 possesses the smallest diradical
character (yp = 0.928) among the molecules. This trend is re-
flected with the PUHF method as well (see Table S1), where the
predicted diradical character (yy = 0.986) is the largest in the S9
isomer. In the cases of the S9 and S10 isomers, a small hexaradi-
cal (y, =0.122 and 0.111, respectively) character is observed, not
predicted for the S11 and S12 isomers (Table 2). Both S11 and
S12 isomers have a large tetraradical character (y; = 0.871 and
0.800, respectively), which is consistent with their large AE1q en-
ergy gap. Recovery of aromatic stabilization energy on the outer
benzenoid rings develops open-shell polyradical character for the
linear-isomers. The NICS-XY scan indicates the core of the S9
isomer shows increased antiaromaticity than the other open-shell
molecules (Fig. 6 and Fig. S28d), however, the outer benzenoid
rings have a similar increased aromaticity (NICSzz = —14 to —17
ppm). On the other hand, the syn-, and anti-isomers have a large
antiaromatic character on the outer rings, indicating a closed-
shell configuration (Fig. S33-S36). The ACID plots indicate the
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Fig. 6 NICS-XY scan values of s-indacene (black), 1 (green), S1 (blue), S5 (red), S9 (gold), S10 (purple), S11 (olive), and S12 (violet). NICS-XY
calculation is performed by connecting the geometric centres of the individual rings along the molecular backbone at (U)B3LYP/6-31G(d,p) level of

theory and basis set.

parent isomers have a diatropic current density at the outer ben-
zenoid rings and a clear paratropic current at the s-indacene core
(Fig. S37), which is in line with the BLA, HOMA values, NICS-
XY scan, NICSzz(1.7) values, and 2D-ICSS maps. This paratropic
current density is also visible at the core for the syn-, anti-, and
linear-isomers (Fig. 7 and Fig. S38-S39), indicating a large an-
tiaromatic character of the s-indacene. In the cases of the open-
shell polyradicals, the outer benzenoid rings show a clear diat-
ropic global ring current (Fig. 7). Therefore, many aromatic sex-
tet rings are recovered in the cases of the S9-S12 isomers than
the other molecules, increasing the open-shell polyradical charac-
ter for the linear-isomers. A large polyradical character decouples
and localizes the unpaired electrons on individual sites (Fig. 3iv
and 5, Fig. S23), resulting in a higher degree of electronic co-
herence. Therefore, a parallel arrangements of the unpaired elec-
trons reduces electron—electron repulsions and stabilize high-spin
S = 2 ground-state, 1611844

4 Conclusions

We report s-indacene core containing indacenodinaphthothio-
phene isomers with a high-spin quintet (S = 2) ground state.
Substitution of the strong electron accepting 6,6-dicyanofulvene
group at the two ends changes the aromatic character along
the conjugated backbone of the linear-isomers. Recovery of the
aromatic stabilization energy on the outer benzenoid rings pro-
vides the necessary potential for double bond breaking, gener-
ating open-shell polyradical character. Also, the addition of the
6,6-dicyanofulvene group downshifted both HOMO and LUMO
energy levels. The most significant reduction is observed for the
linear-isomers. As a result, the HOMO-LUMO energy gap is re-
duced for the linear-isomers than the other molecules. A smaller
HOMO-LUMO energy gap facilitates admixing of the frontier or-
bitals into the ground state, generating open-shell polyradical
character. A large polyradical character indicates the localiza-
tion of the unpaired electrons into individual sites, diminishing
the bond covalency and reducing electron-electron repulsions.
As a result, parallel alignment of the unpaired electrons reduces

Journal Name, [year], [vol.], 1 |9
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Fig. 7 ACID plots for (a) §9, (b) S10, (c) S11, and (d) S12 at the S =2 state. The clockwise (diatropic: aromatic) and counterclockwise (paratropic:
antiaromatic) ring currents are indicated by blue and red arrows, respectively. The applied magnetic field is perpendicular to the molecular backbone
and pointed out through the molecule plane. ACID plots generated with an isovalue = 0.015 a.u.

the energy, stabilizing the high-spin § = 2 ground-state. A large
AETq inherent to these molecules show an exclusive population
of the § = 2 state at room temperature. However, the syn- and
anti-isomers have an extensive antiaromatic backbone and show
a closed-shell low-spin singlet ground state. Our design strategy
indicates easy tuning of molecular topology to develop novel ma-
terials with a high-spin quintet ground-state, which are potential
candidates for spintronic and room-temperature magnetic appli-
cations.
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