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Non-Aufbau orbital ordering and spin density modulation
in high-spin donor—acceptor conjugated polymers’

Md Abdus Sabuj, Obinna Muoh, Md Masrul Huda, and Neeraj Rai*

High-spin ground-state organic materials with unique spin topology can significantly impact molecular
magnetism, spintronics, and quantum computing devices. However, strategies to control the spin
topology and alignment of the unpaired spins in different molecular orbitals are not well understood.
Here, we report modulating spin distribution along the molecular backbones in high-spin ground-
state donor—acceptor (D—A) conjugated polymers. Density functional theory calculation indicates
substitution of different heteroatoms (such as C, Si, N, and Se) alters the aromatic character in the
thiadiazole unit of the benzobisthiadiazole (BBT) acceptor and modulates the oligomer length to
obtain a high-spin triplet ground-state, orbital and spin topology. The C, Si, and Se atoms substituted
polymers show a localized spin density at the two opposite ends of the polymers.
delocalized spin distribution is observed in the N substituted polymer. We find that the hybridization
(sp® vs. sp?) of the substituent atom plays an important role in controlling the electronic structure of
these materials. This study shows that atomistic engineering is an efficient technique to tune the spin
topologies and electronic configurations in the high-spin ground-state donor—acceptor conjugated

However, a

polymers, compelling synthetic targets for room-temperature magnetic materials.

1 Introduction

Open-shell organic semiconductors (OSCs) with a high-spin (S >
1) ground-state and localized spin topology defy the perpetual no-
tion of spin-pairing as in chemical bonds and are widely utilized
in numerous emerging optoelectronic and magnetic applications.
OSCs with two (diradicals) or more number of unpaired electrons
(polyradicals) have unique optical, electronic, spin-transport, and
magnetic properties, making them suitable for potential applica-
tions in organic photovoltaic, solar cells, charge-storage devices,
organic spintronics, and magnetic materials. "% Research endeav-
ors mostly directed towards finding novel organic high-spin state
molecules?®17 to understand the core mechanism of magnetism
which may facilitate the development of new technologies with
improved optoelectronic and magnetic properties.* 8. However,
the mechanism to control their spin distribution and alignment of
the unpaired electrons in the MOs are not well studied. 21923
The unpaired electrons in an open-shell OSCs can be in a spin-
paired low-spin singlet (S = 0) ground-state or both spins can
be aligned in spin-parallel high-spin triplet (S = 1) state, over-
coming the effect of double-spin polarization. 192024 The rel-
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ative preferences of a low- and high-spin as ground-state can
be controlled by the electron distribution along the molecular
backbone. 5220125126l The closed-shell materials with a low-spin
ground-state tends to accumulate the spin density at the core
of the molecular backbone, whereas, the open-shell materi-
als with high-spin ground-state show either a delocalized 1221 or
end localized orbital topology.2? However, spin-ordering at room
temperature is controlled by the magnitude of spin localization,
as observed in the edge-modified graphene nanoribbons (GNRs)
or zigzag edge graphene nanoribbons (ZGNRs).2729 Our recent
study on conjugated donor—acceptor (D—A) polymers indicate an
end localized spin topology facilitates a high-spin ground-state
with a significant population of triplet state at room tempera-
ture, 29 which can be synthetic targets for room temperature mag-
netic materials in the pristine form. This indicates not only the
ground-state of OSCs but also their spin-ordering can be manip-
ulated by the spin distribution along the material’s backbones.
Therefore, controlling the spin topology and spin alignment in
the alternating D—A polymers is in the best interest of spintronics
and magnetic devices.

The ordering of electrons in the molecular orbitals (MOs) fol-
lows the widely accepted Aufbau principle, which states the low-
est energy orbitals are filled first, and the singly occupied MOs
(SOMOs) should be higher in energy than the highest occupied
MOs (HOMOs). However, there are exceptions (Fig. la-c) of
this widely accepted principle, where implications of the non-
Aufbau principle are realized due to the unusual SOMO-HOMO
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Fig. 1 (a—c) Prototypical examples of molecules with non-Aufbau orbital ordering in different charged states. (d) Molecular and resonance structures
of the high-spin state (S =1) polymers with a variable spin distribution, where modulation of aromaticity in the auxiliary ring (light purple color) tunes
the spin topology and orbital ordering varying from Aufbau to non-Aufbau studied in this work.

energy level inversion.2%%32 Materials with a non-Aufbau orbital
ordering are technologically relevant in both conducting and
magnetic-based applications.®3 Interestingly, the SOMO-HOMO
energy level inversion is only reported in radical species,20/30-32
and recently been observed in cyclic carbenes.#? One-electron
oxidation of these species produces a high-spin triplet ground-
state. However, the intrinsic non-Aufbau orbital ordering is not
reported for open-shell high-spin ground-state polymers in the
neutral state.

We report D—A conjugated polymers comprising of donor
unit cyclopentadiselenophene (CPDS) and different non(semi)-
metallic elements (C, Si, N, and Se) substituted benzobis[1,2-
c;4,5-c'1bis[1,2,5]thiadiazole (BBT) acceptor, CBBT, SiBBT,
NBBT, and SeBBT, respectively (Fig. 1d). The ease of tunability in
the molecular topology of D—A polymers provide an opportunity
in tailoring their properties and facilitate a broad range of applica-
bility. 423141545 We employed the atomistic engineering technique
by replacing the sulfur atom in one of the thiadiazole units of
the BBT acceptor by C, Si, N, and Se, respectively, which enabled
tuning their orbital topologies. Significant amounts of works have
been conducted based on the idea of atomistic engineering, which
is almost exclusively focused on tuning the molecular band gap
so as to have red-shifted absorption into the solar spectrum.4678
However, a thorough study delineating the effect of heteroatoms
on the spin topology of high-spin ground-state molecules is not
available in the literature.

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

2 Computational details

Geometry optimizations are performed with Gaussian 16 soft-
ware package®? without any symmetry constraints. Molecu-
lar geometries for the electronic singlet (S = 0) and the triplet
(8§ = 1) states of the model oligomers (N = 1 to 8) are optimized
using hybrid density functional, B3LYP.2%ell For the Si and Se
atoms, LANL2DZdp basis set is used along with associated effec-
tive core potentials®2®3 and 6-31G(d,p)®* basis set is used for
other atoms. All parameters for geometry optimizations are set
to default. UltraFine grids are used for numerical integration (see
Table S1 for comparison with other grids). As we can see, increas-
ing the number of grid points does not affect the reported values.
For larger oligomers, geometries are considered optimized once
the forces on all atoms converged to zero.%2 Unless otherwise
specified, analyses are performed with (U)B3LYP level of theory.
Full computational details can be found in these references.220

We have performed a dihedral scan along the connecting bond
of the donor unit and the acceptor unit of a monomer to identify
the lowest energy conformer (see Fig. S1). Therefore, all poly-
mers considered in the present work are arranged according to
their minimum energy conformations. Our previous work shows
that the minimum energy configuration connects the olefin unit
to the donor in an alternating arrangement.% As a result, we ar-
ranged the thiadiazole units in an alternating manner. We have
also performed calculations on a dimer by arranging all the thia-
diazole units on the same side and compared the stability of these
two configurations with the singlet-triplet energy gap (see Table
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S2). As we can see, arranging the thiadiazole units in an alternat-
ing manner results in more stable configuration than arranging all
the thiadiazole units in the same direction, except for the CPDS-
SeBBT, where both configurations are equally likely. However, as
we are taking a difference between the energies of the singlet and
triplet states, the differences in singlet-triplet energy gap (AEst)
are minimal.

A broken-symmetry (BS)©® wave function is used to optimize
and characterize the open-shell singlet state. As spin contamina-
tion is a potential issue, we report the expectation value of the to-
tal spin-squared operator in the Supplementary Information (Ta-
ble S1) for Hartree-Fock (HF) and B3LYP methods. Compared to
the HF, B3LYP provides the expectation values close to 1, which
is the expected value for the broken symmetry approach that ad-
mixes singlet and triplet states.l' The triplet state is optimized
with an unrestricted wave function. The location of the unpaired
spins are predicted with NBO7 program package®”. Isotropic
nucleus independent chemical shift (NICS;s,(1)) 68 jg computed
with gauge-independent atomic orbital (GIA0)®? at 1 A above
rings plane, where a large negative NICS;s,(1) is an indication
of an aromatic structure. Anisotropy of the induced current den-
sity (ACID) methodZ? at CSGT-UB3LYP/6-31G(d,p) level of the-
oryZis used to generate the ring current density and rendering is
performed with a locally developed code. The 2D-ICSS (2D-iso-
chemical shielding surface) maps are generated by the method
developed by Klod et al.”2 The harmonic oscillator model of aro-
maticity (HOMA)Z3 is calculated with:

98.89
HOMA =1— =" Z(R,- —1.397)2 (1)

i=1

where, n is the number of bonds considered in a particular ring,
R; is the optimized bond length at the equilibrium geometry.
HOMA = 1 indicates an aromatic structure.Z374% The optimally
tuned range-separated hybrid functional (OT-RSH) calculations
are performed with LC-wHPBE functional”?, where the range-
separated parameter, o is determined by the ionization potential
(IP)-scheme”®, Molecular orbital diagrams and spin density plots
are generated with VMD.ZZ

3 Results and Discussion

3.1 Selection of donor, acceptor units, and different het-
eroatoms

We have selected the C-bridged cyclopentadiselenophene (CPDS)
as a donor unit, which can increase the z-conjugation, elevate
the highest occupied molecular orbital (HOMO), induce a more
planar molecular backbone, and can increase the quinoidal char-
acter by decreasing the orbital overlap with the 7-system due to a
large C—Se bond in the donor unit. 242 The BBT acceptor, on the
other hand, has a large electron affinity and a lower lowest unoc-
cupied MO (LUMO), which can reduce the HOMO-LUMO energy
gap.2 A smaller energy gap facilitates the admixing of the frontier
MOs (FMOs) into the ground-state, generating open-shell charac-
ter.22178-80 The selection of heteroatoms from different groups
facilitates assessing the effect of various elements in the periodic
table, whereas, previous studies mainly focused on atomistic sub-
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stitution based on one particular group elements.“4%81 Substitu-
tion of different heteroatoms into the thiadiazole unit of the BBT
acceptor changes the hybridization of the particular atoms and
changes the aromatic character of the thiadiazole unit. The C and
Si atoms are sp> hybridized, which reduces the aromatic character
of the thiadiazole unit. On the other hand, the N atom is sp? hy-
bridized, substitution of N atom increases the aromatic character
of the thiadiazole unit. Therefore, changing the hybridization of
the heteroatoms modulates the bond length alternation (BLA) in
the thiadiazole units, hence significantly changing the local aro-
matic/quinoidal character®#8H9 of the BBT acceptor; therefore,
a distinct change in the electronic properties and spin topologies
is observed. A highly quinoidal molecular backbone can increase
the open-shell character and reduce the singlet—triplet energy gap
(AEgr).248 Furthermore, the heteroatom (C, Si, and N) inclusion
facilitates the addition of more solubilizing —CH3 groups, which
not only will increase the solubility in conventional solvents but
also will kinetically block the reactive sites, increasing the stabil-
ity of the polymers. 412123

3.2 Effect of different heteroatoms on the orbital ordering

We have extensively analysed the molecular orbitals (MOs) along
with their energies to gain insights into the nature of SOMO-
HOMO energy level inversion in these different polymers and es-
tablish a design paradigm. This can facilitate designing novel ma-
terials with intriguing orbital ordering in the neutral state. In-
terestingly, the orbital ordering is exclusively modulated by the
different atomistic substitutions. Such as the C, Si, and Se atoms
substituted polymers show a non-Aufbau orbital ordering. How-
ever, the orbitals are ordered according to the increased energy
in the N substituted CPDS-NBBT polymer (See Fig. S2-S21), fol-
lowing Aufbau principle.

In the case of a smaller repeat unit (N = 2) for the C substi-
tuted polymer (Fig. S2), spin-orbital 235 (-SOMO) is higher
in energy and localized at one end of the z-conjugated back-
bone. Therefore, it constitutes one of the unpaired electrons in
the diradical polymer. The f spins are mostly delocalized along
the polymer backbone. However, the frontier spin-orbital 23583
(B-SOMO) has the same spatial distribution and energy with the
2340 (a-SOMO—1) spin-orbital, making these two orbitals resem-
bled as a closed-shell configuration (i.e, a HOMO). Therefore, the
2345 (B-SOMO-1) spin-orbital acts as another unpaired electron,
which indicates the non-Aufbau orbital ordering is visible even in
the smallest repeat unit of the C substituted polymer. Looking at
the spatial orientations and energies of the MOs, there are four
unpaired electrons in the CPDS-CBBT dimer (Fig. S2). However,
there is no polyradical character observed in the studied poly-
mers (Table S3), which is also been reported for other BBT-based
materials.8Z8 This is probably due to the fact that the unpaired
electrons which are deeper in energy do not contribute to the
open-shell character, limiting the open-shell character to diradi-
cal (see Table S3). A similar phenomenon in orbital orientation is
observed for the Si substituted polymer as well (Fig. S6). How-
ever, in the case of smaller units (N = 2) of N and Se substituted
polymers, normal Aufbau orbital ordering is observed (Fig. S10
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Fig. 2 Molecular orbitals (MOs) and their energies at the singlet (S =0) state for CPDS-SiBBT octamer (N =8). The green and red surfaces represent

positive and negative contributions of the MOs at an isovalue = 0.01 au.

and S14).

Increasing the oligomer chain length (N = 4-8) downshifts the
unpaired B spin for C, Si, and Se substituted polymers. Such
as in the case of the CPDS-SiBBT tetramer (N = 4), spin orbital
4663 (B-SOMO-3) is out of phase with the frontier a-SOMO
(Fig. S7). However, for the octamer (N = 8), B-SOMO—6 (931f3)
is similar in orbital pattern with the a-SOMO (Fig. 2). Due to
a large Coulomb repulsion in placing an unpaired electron into
the spatially delocalized SOMO’s, the S-spin is pushed down-
ward in energy, providing a non-Aufbau orbital orientation.1Z We
have also analysed the orbital orientations and energies of CPDS-
SiBBT tetramer (N = 4) with BLYP®?, CAM-B3LYP,82 ¢B97X-D,83
and OT-RSH (LC-wHPBE(w = 0.90)) methods. These functionals
also provide a non-Aufbau orbital configuration (Fig. S18-S21),
which indicates the non-Aufbau orbital orientation is an intrinsic
property of the CPDS-SiBBT polymer. On the other hand, the o-
SOMO and -SOMO of the CPDS-NBBT octamer have different
spatial orientations and energies, which indicates these two spin-
orbitals constitutes the frontier molecular orbitals (Fig. S13). As
a result, the orbital orientation follows the normal Aufbau prin-
ciple according to the increasing in energy. This indicates the

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

orbital arrangement is modulated by different atomistic substi-
tution, which is observed even in the smallest repeat units. In-
terestingly, when an asymmetric arrangement is considered for
the polymers, such as end-capping with donor or acceptor units,
we observed two different scenarios. When the CPDS-SiBBT hep-
tamer (N = 7) is end-capped with acceptor units, the two spin-
orbital a-SOMO—7 (864c) and B-SOMO—13 (861f3) are higher
in energy than the HOMOs (Fig. S22). This indicates the CPDS-
SiBBT polymer when end-capped with the BBT acceptor show
non-Aufbau orbital ordering. However, when the polymer is end-
capped with donor units, the frontier ¢-SOMO (886a) and S-
SOMO (886p) is arranged according to the Aufbau principle (Fig.
S23). Therefore, the Aufbau and non-Aufbau orbital ordering
is also being modulated with different end groups in the CPDS-
SiBBT polymer.

The driving force for this unique orbital orientation is originat-
ing due to the different atoms substituted into the thiadiazole unit
of the BBT acceptor. This is due to the fact that the heteroatom
substitutions modulate the local aromatic character of the thiadi-
azole units, which alters the aromatic/quinoidal character along
the polymer’s backbones. We have analysed the bond lengths
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Fig. 3 Calculated 2D-ICSS maps for the (a) CPDS-CBBT, (b) CPDS-SiBBT, (c) CPDS-NBBT, and (d) CPDS-SeBBT polymers (N = 8) in the triplet
(S=1) state. The change in the aromatic character of the substituted and unsubstituted thiadiazole units for the CPDS-CBBT are highlighted with

the black open circles.

of the substituted BBT acceptor unit and performed NICS;, (1)
and 2D-ICSS calculations to assess the aromatic character. Bond
length analysis indicates substitution of different heteroatoms sig-
nificantly alters the bond lengths of the thiadiazole unit. The N—S
bond of the unsubstituted thiadiazole unit in the singlet state
(S=0) is ~ 1.65 A, whereas, the N-X (X = C, Si, N, and Se)
bond varies as 1.47-1.48, 1.77-1.78, 1.32-1.33, and 1.81-1.82 A,
in the CPDS-CBBT, CPDS-SiBBT, CPDS-NBBT, and CPDS-SeBBT
polymers (N = 8), respectively (see Table S4-S7). The largest
N—X bond is observed in the Se substituted thiadiazole unit due
to a larger atomic size of the Se atom and the smallest N—X bond
is predicted in the CPDS-NBBT polymer. As a result, the Se sub-
stituted thiadiazole unit should show the least aromatic character
and the N substituted thiadiazole unit provides the strongest aro-
maticity. 48l The C—N (L1 and L4 in Table S4-S7) bonds of the
unsubstituted thiadiazole unit is ~ 1.33 A, which is close to a
double-bond. In the case of the C and Si substituted polymers, the
C—N (L5 and L8 in Table S4-S5) bond is more reduced (=~ 1.30
A), increasing the double-bond, and hence the quinoidal charac-
ter of the substituted thiadiazole unit. The largest C—N (L5 and
L8 in Table S6) bond (~ 1.35 A) is observed for the N substituted
polymer, which is also close to the N—N bond (L6 and L7 in Ta-
ble S6). Therefore, the N substitution equalizes the bond lengths
in the thiadiazole unit of the CPDS-NBBT polymer, increasing the
aromatic character of the polymer backbone.

This is been reflected in the observed NICS;s,(1) values as
well (see Table S8-S23). The largest (more negative) calculated
NICS;s, (1) value is observed for the N substituted thiadiazole unit
(ring 8D) (=~ —12.50 ppm), whereas, the smallest (less negative)
NICS;so (1) value is observed for the CPDS-SiBBT polymer (ring
8F) (~ —2.90 ppm) (Table S15 and S19). Although the N substi-

tuted thiadiazole unit provides a large aromatic character due to a
smaller N—N bond, the largest N—Se bond containing thiadiazole
unit (8F) does not show the least aromatic character (NICS;s, (1)
~ —9.88 ppm) (Table S23). In the open-shell form, the hyper-
valent Se atom goes from high-energy N=Se=N to N-Se-N con-
figuration by recovering aromatic stabilization energy in the thia-
diazole unit, which facilitates achieving a high open-shell dirad-
ical character in the CPDS-SeBBT polymer.<Y The 2D-ICSS maps
indicate both the thiadiazole units of the CPDS-SeBBT polymer
are magnetically shielded (negative 2D-ICSS: aromatic) (Fig. 3).
On the other hand, the thiadiazole unit with the substituted het-
eroatoms in the CPDS-CBBT and CPDS-SiBBT polymers are mag-
netically de-shielded (less negative 2D-ICSS: quinoidal), and the
unsubstituted thiadiazole unit is magnetically shielded (Fig. 3).
Therefore, although, the Se substituted polymer has the largest
N-—Se bond, however; the bond polarization is largest in the case
of the Si substituted polymer due to a large difference in the ele-
ment’s electronegativity. 48l Also, due to a change in the elements
hybridization, the aromatic/quinoidal character changes in the
thiadiazole units of the BBT acceptor, which modulates the or-
bital ordering of the studied polymers.

3.3 Effect of different heteroatoms on the spin density dis-
tribution

Modulation of the spin density distribution controls the ground-
state electronic and magnetic properties.?%% We have analysed
the spin density distribution along with the spin values as a func-
tion of oligomer chain lengths (see Fig. S$24-S48). As can be
seen from Fig. 4, except for the CPDS-NBBT polymer, all the
polymers significantly localize the spin densities at the two op-
posite ends, as observed in the BBT-based polymers.2% The most
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Fig. 4 The optimized ground-state geometries and observed spin density distributions for the BBT-derivatives, (a) CPDS-CBBT, (b) CPDS-SiBBT,
(c) CPDS-NBBT, and (d) CPDS-SeBBT (N = 8) polymers in their triplet (S = 1) state. The blue and green surfaces represent positive and negative
contributions of the spin density at an isovalue = 0.0002 au. The most probable locations of the unpaired electrons are highlighted with open circles.

spin localization is achieved in the CPDS-SiBBT polymer than the
other polymers, where spin localization is visible from the dimer
(N =2) (see Fig. S46). Increasing the oligomer chain lengths
further localizes the unpaired electrons at the two opposite ends
of the C, Si, and Se substituted polymers than the N substituted
polymer due to the delocalized nature of the sp? hybridized N
atom (Fig. 4, S46-S48), which indicates the atomistic substitu-
tion modulates the spin density in the studied polymers.

Analysing the MOs and spin density distribution, we observe
a disparity between the SOMOs and spin density distribution for
the CPDS-CBBT, CPDS-SiBBT, and CPDS-SeBBT polymers, which
have a non-Aufbau orbital ordering. Such as the SOMOs of the
C, Si, and Se substituted polymers located on the same side of
the polymers, whereas, the spin density is localized at the two
opposite ends (Fig. S24-S45). Therefore, the SOMOs have a
very small contributions in the spin density for the C, Si, and Se
polymers than the N substituted polymer. Accumulation of the
fractional contributions from the MOs probably leading to an end
localized spin density distribution on the C, Si, and Se substituted

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

polymers.

Variation of the aromatic character along the polymer backbone
facilitates spin separation in the BBT-based materials.2% To ratio-
nalize the different spin density distributions, we have analysed
the aromatic/quinoidal character with bond lengths along the
polymer’s backbones. The calculated bond lengths along the con-
jugated path (Fig. 5, Table S24-S27) in the benzenoid ring of the
BBT core vary within 1.413-1.493, 1.418-1.546, 1.398-1.448,
and 1.409-1.460 A, in the CPDS-CBBT, CPDS-SiBBT, CPDS-NBBT,
and CPDS-SeBBT polymers, respectively. This indicates the bond
length alternation (BLA) is largest in the CPDS-SiBBT polymer,
whereas BLA is significantly reduced in the N substituted poly-
mer. Therefore, the CPDS-SiBBT polymer has the most quinoidal
backbone compared to the other polymers. As a result, the Si sub-
stituted polymer has the most localized spin density distribution
and spins are significantly polarized than the other polymers. On
the other hand, the CPDS-NBBT polymer show almost delocalized
spin distribution along the whole backbone. The calculated spin
values are largest at the two opposite ends of the polymers, and
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Fig. 5 The calculated bond lengths of the (a) CPDS-CBBT (X = C), (a) CPDS-SiBBT (X = Si), (a) CPDS-NBBT (X = N), and (a) CPDS-SeBBT
(X = Se) polymers (N =8) along the highlighted 7-conjugated path. Bond lengths computed at UB3LYP/6-31G(d,p) level of theory and basis set
are provided for the triplet (S = 1) state. Different atomistic substitution changes the BLA along the conjugation backbone, changing the electronic

properties and spin distribution.

the singlet (S = 0) and triplet (S = 1) states have the same pos-
itive values (Fig. S49-S50). Interestingly, the N atom adjacent
to the C, Si, and Se heteroatoms shows a very high spin value,
whereas, the same N atom has essentially no spin in the CPDS-
NBBT polymer. This also indicates the bond polarization is signif-
icant in the CPDS-CBBT, CPDS-SiBBT, and CPDS-SeBBT polymers
than the CPDS-NBBT polymer. These highly spin-polarized poly-
mers can be used as a building block for spintronic devices.3

Increasing the oligomer chain length increases the quinoidal
character at the core of the polymers, whereas, both ends become
more aromatic (see Table S8-S23). Such as ring 1A of the CPDS-
CBBT octamer has a NICS;s, (1) value of ~ —7.06 ppm, whereas
ring 4A show a significantly reduced aromatic character (=~ —3.60
ppm) (see Table S11). The benzenoid ring (4E) at the poly-
mer core indicates a very small (less negative) NICS;;, (1) value
(~ —0.25 ppm) than the benzenoid ring (8E) at the chain end
(~ —0.96 ppm). Similar phenomena are observed in the CPDS-
SiBBT, CPDS-NBBT, and CPDS-SeBBT polymers as well (see Fig.

S51). The 2D-ICSS maps also show increased magnetic shielding
at both end units, indicating increased aromatic character (Fig.
3). Therefore, the spins are separated from the large quinoidal
core to the more stable aromatic ends, localizing spins to the two
opposite ends of the polymers (Fig. 4 and S46-548).

3.4 Effect of different heteroatoms on the singlet-triplet en-
ergy gap (AEsr)

The characteristic features of the open-shell materials are best
described with the energy difference between the ground-state
and lowest excited-state, and open-shell character.! All the calcu-
lated electronic properties for the polymers are provided in Table
and Table S3. The trend in the calculated singlettriplet en-
ergy gap (AEgr) provides insights into the addition of different
heteroatoms and the oligomer chain lengths. The observed AEgt
and open-shell character are entirely dependent on the different
heteroatoms substituted into the thiadiazole unit of the BBT ac-
ceptor.
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Table 1 Computed electronic properties at (U)B3LYP/6-31G(d,p) level of theory and basis set for the CPDS-CBBT, CPDS-SiBBT, CPDS-NBBT,
and CPDS-SeBBT polymers as a function of chain length (N). The singlet-triplet energy gap (AEsT = Es—ET), population (P1) of the triplet (S=1)
state at room temperature, energies of the highest occupied MO (HOMO) and the lowest unoccupied MO (LUMO), energetic difference between the
FMOs (Eg), and diradical character index (yo) of the polymers. Energy values are in €V, and yg is a dimensionless quantity.

Polymer N AEgsT Pt HOMO LUMO Eg Yo
2 —5.33x107% 74.63 —4.64 —3.37 1.27 0.974
CPDS-CBBT 4 +2.72x 1077 75.00 —4.58 —3.41 1.17 1.000
6 0.00x 1079 75.00 —4.57 —3.42 1.15 1.000
8 0.00x 1079 75.00 —4.57 —3.43 1.14 1.000
2 +3.90x 10~* 75.27 —4.69 —3.49 1.20 0.999
CPDS-SiBBT 4 0.00x 1079 75.00 —4.64 —3.53 1.11 1.000
6 0.00x 1079 75.00 —4.63 —3.54 1.08 1.000
8 0.00x 1079 75.00 —4.62 —3.55 1.07 1.000
2 —2.13x 107! 0.12 —4.35 —3.11 1.24 0.193
CPDS-NBBT 4 —2.78 x 1072 51.93 —4.15 —-3.19 0.96 0.838
6 —4.01x1073 72.14 —4.09 —-3.22 0.87 0.977
8 —5.82x107* 74.60 —4.07 —3.23 0.85 0.997
2 —1.86x 10~ 60.27 —4.60 —3.45 1.16 0.832
CPDS-SeBBT 4 —5.88x 1073 74.96 —4.49 —3.48 1.00 0.995
6 0.00x 1079 75.00 —4.46 —3.49 0.97 1.000
8 0.00x 1079 75.00 —4.45 —3.50 0.95 1.000

The effect of substituting different heteroatoms on the accep-
tor unit is visible at a smaller oligomer unit from the calculated
AEgr and diradical character (yg). At the monomer unit (N = 1),
AEgt for the Se substituted polymer (CPDS-SeBBT) is 0.114 eV
smaller (Table S3) than our previously reported CPDS-BBT poly-
mer.? This indicates, in a same group of the periodic table, in-
creasing the atomic size and a reduction in the electronegativ-
ity should reduce the singlet-triplet energy gap. Also, a similar
phenomenon is observed for the C and Si substituted polymers,
CPDS-CBBT and CPDS-SiBBT, receptively, where a larger atom
with reduced electronegativity reduces the AEgr and increases
open-shell diradical character. However, this directly contradicts
the recent findings from Wu et al., where it is reported that in-
creasing the heteroatomic sizes increases the AEgr and reduces
diradical character.® On the other hand, the N substituted poly-
mer CPDS-NBBT show a closed-shell (yy = 0) structure with the
largest calculated AEgt (0.657 €V at N = 1) among the studied
polymers (see Table S3). This indicates atomistic substitution can
modulate the electronic properties of the studied polymers.

Increasing the oligomer length reduces the AEgt gap, as ob-
served from previous studies.21220 Except the CPDS-NBBT poly-
mer, the CPDS-CBBT, CPDS-SiBBT, and CPDS-SeBBT polymers
show a large diradical character even at the monomer (N =1 )
unit (see Table S3), which indicates the open-shell form is more
stable in energy than the closed-shell configuration. This is vis-
ible from the energy diagram (Fig. S52), where the closed-shell
state of CPDS-CBBT dimer (N = 2) is 15.4 kcal/mol above the
reference singlet open-shell state. Comparing the energy differ-
ence between the open-shell and closed-shell state in the smaller
repeat unit, the largest value is obtained for the CPDS-SiBBT
dimer (17.3 kecal/mol), indicating a larger diradical character in
a smaller repeat unit. However, the closed-shell configuration of
CPDS-NBBT dimer is close to a degenerate state with its open-
shell configuration, showing a very small diradical character for
this polymer in the smaller repeat unit. As the number of repeat
units are increased, a rapid decrease in the AEgt gap is observed

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

for the C, Si, and Se substituted polymers than the N substituted
polymer. The Se substituted polymer shows a degenerate AEgt
gap at N = 6 repeat unit, whereas, the N substituted polymer has
alarge AEgT gap even at N = 8 (Table 1 and S3). Extrapolation of
the computed AEgt gap with the number of repeat units indicates
an inflection point is achieved at N =9 (Fig. S53), which indi-
cates the CPDS-NBBT has a high-spin triplet (§ = 1) ground-state
at a larger repeat unit. In the case of the C substituted polymer
CPDS-CBBT, a triplet (S = 1) ground-state is observed at N = 3,
whereas, the dimer (N = 2) of CPDS-SiBBT show a triplet ground-
state (Table 1 and S3). However, the larger oligomers of CPDS-
CBBT, CPDS-SiBBT, and CPDS-SeBBT show a degenerate energy
state between the singlet and triplet states. The thermal popu-
lation of the triplet state increases as the oligomer units are in-
creased. The CPDS-NBBT polymer has no triplet state population
for the monomer (N = 1) unit; however, a significant population
(55.99 %) is observed for the CPDS-SiBBT at room temperature
(Table S3). The dimer of the CPDS-SiBBT polymer surpasses the
threshold population of a degenerate state (75.00 %), providing
the largest value (75.27 %) among the studied polymers.

A stronger m-conjugation can increase the electronic coherence
along the polymer backbone.? All the polymers possess small di-
hedral angles between the adjacent donor and acceptor units,
which indicates a strong z-conjugation throughout the 7 frame-
work. The connecting bonds between a donor and adjacent ac-
ceptor units in the triplet state (S = 1) varies within 1.387-1.408,
1.391-1.408, 1.390-1.420, and 1.393-1.415 A, for the CPDS-CBBT,
CPDS-SiBBT, CPDS-NBBT, and CPDS-SeBBT polymers, respec-
tively (Fig. 5, Table S24-S27). This indicates the C and Si sub-
stituted polymers have a larger m-conjugation than the N and Se
substituted polymers, least conjugation is observed for the N sub-
stituted CPDS-NBBT polymer. Therefore, the 7-conjugation of the
CPDS-CBBT, CPDS-SiBBT, CPDS-NBBT, and CPDS-SeBBT poly-
mers are modulated with different atomistic substitutions as well.
The addition of more repeat units increases the distance between
the unpaired electrons of the polymers (Fig. S54), which reduces
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the Coulomb repulsion. As a result, the triplet state (S = 1) be-
comes lower in energy than the singlet (S = 0) state at a larger
repeat unit, generating a high-spin triplet ground-state.

3.5 Effect of different heteroatoms on the open-shell char-
acter

The presence of unpaired electrons in the open-shell OSCs can
be quantitatively described by the radical indexes, y; (i = 0-1).
The yy and y; represents diradical and tetraradical character, re-
spectively, where the indexes ranges from 0 <y; < 1. Such as,
yo = 0 indicates a closed-shell structure, and yy = 1 dictates a pure
open-shell diradical character, respectively.848¢ The calculated
diradical character provided in the Table[l|and in the Supporting
Information (see Table S3) as a function of chain lengths. It is
clear from the calculated diradical character that increasing the
oligomer chain length increases the y, as observed in other stud-
ies.1220 Although the analysis of MOs indicates the presence of
more than two unpaired electrons in these polymers; however,
the calculated tetraradical character is very low (y; < 0.10).

Different atomistic substitutions provide variable open-shell di-
radical character, which is evident in the smaller repeat units.
Such as the Si substituted polymer CPDS-SiBBT show a very high
open-shell character (yy = 0.787) even at the monomer (N = 1)
unit. However, the N substituted polymer CPDS-NBBT shows a
closed-shell configuration (yy = 0.0) (see Table S3). The dimer
of the CPDS-NBBT shows a very small diradical character (yp =
0.193), which indicates the open-shell and closed-shell configu-
rations are degenerate in energy (Fig. S52). Whereas the Se
substituted polymer shows moderate open-shell character for the
smaller repeat units, the open-shell character quickly approaches
the bond dissociation limit (yg = 1.0) for C and Si substituted poly-
mers (Table 1 and S3, Fig. S55). This indicates the preferences for
a high-spin triplet (S = 1) ground-state is largest in the Si and C
substituted polymers, and least in the CPDS-NBBT polymer. This
is readily visible from the calculated AEgt gap as well, where
the AEgy gap is very high even at the octamer (N = 8) of the N
substituted polymer; however, the CPDS-CBBT, CPDS-SiBBT, and
CPDS-SeBBT polymers show a degenerate AEgt gap at the larger
repeat units with a significant population of the triplet state at
room temperature (see Table 1 and S3). Also, the addition of
more repeat units gradually reduces the HOMO-LUMO energy
gap (Table 1 and S3, Fig. S56). A small energy gap facilitates ad-
mixing of the FMOs into the ground-state, developing open-shell
diradical character.

The thiadiazole units of the BBT acceptor recover aromatic sta-
bilization energy in the open-shell configuration, as observed in
the previous studies.2%78 However, the substitution of different
heteroatoms significantly alters the local aromatic character of the
thiadiazole units. For example, the calculated NICS;s, (1) value of
the CPDS-BBT (N = 8)'2% unsubstituted thiadiazole unit in the sin-
glet state (S =0) is = —9.8 ppm, which indicates a large local aro-
matic character compared to the six-member benzenoid ring (~
—1.1 ppm). The corresponding NICS;s, (1) value changes accord-
ing to the substituted heteroatoms, smallest value (less negative)
is observed in the Si substituted CPDS-SiBBT polymer (N = 8) (=~
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—2.82 ppm for the 4F unit) (Table S15) and largest values (more
negative) is observed in the N substituted CPDS-NBBT polymer
(N =8) (= —11.32 ppm for the 4D unit) (Table S19). This indi-
cates insertion of the Si atom reduces the aromatic character and
increases the quinoidal character in the thiadiazole unit, which
increases the diradical character. However, the N substitution im-
parts more aromatic character in the CPDS-NBBT polymer back-
bone, reducing the diradical character. The C and Se substituted
polymers show similar reduced aromatic character in the thiadi-
azole units (—5.45 and —9.31 ppm, respectively); however, the
observed NICS;j,, (1) is significantly larger (more negative) than
the Si substituted polymer.

Substitution of different
matic/quinoidal character of the polymer’s backbones, which
consequently modulates the open-shell character and orbital
topology.  Analysis of BLA along the conjugated backbone
indicates the dimer (N = 2) shows a very small BLA compared
to the larger repeat unit (Fig. S57-S72). Different atomistic
substitutions provide a different BLA, the largest BLA is observed
for the Si substituted polymer, whereas the BLA is significantly
reduced for the N substituted polymer. This indicates the
CPDS-SiBBT possesses the largest open-shell diradical character
than the other polymers, which is observed in the calculated
diradical index (Table 1 and S3). In the case of CPDS-SiBBT, the
calculated NICS;,,(1) value for the benzenoid rings are positive
(Table S12-S15, Fig. S51), which indicates the backbone of the
CPDS-SiBBT polymer is more quinoidal than the other polymers,
which is also been reflected in the observed BLA value. The
calculated HOMA values show the CPDS-SiBBT polymer has the
smallest HOMA values (less aromatic), and a larger value (more
aromatic) is observed for the CPDS-NBBT polymer (Fig. S73),
which in line with the NICS;,(1) and BLA calculations. The
ACID plots show the thiadiazole units of the CPDS-NBBT and
CPDS-SeBBT polymers have two clear clockwise (diatropic) ring
currents, which indicates large local aromaticity (Fig. 6). On the
other hand, the heteroatoms substituted thiadiazole units of the
CPDS-CBBT and CPDS-SiBBT polymers show counter-clockwise
(paratropic) ring currents, an indication of reduced aromatic-
ity. Although the cores of the CPDS-CBBT, CPDS-SiBBT, and
CPDS-SeBBT polymers show counter-clockwise ring currents,
clear clockwise ring currents are visible in the CPDS-NBBT
polymer core. This also proves a less quinoidal character in
the N substituted polymer than the other polymers, which is
also validated with BLA, HOMA, NICS;j,,(1), and 2D-ICSS maps
as well. Therefore, the substitution of different heteroatoms
on the BBT acceptor modulates the local aromatic character
of the thiadiazole unit, which leads to aromatic/quinoidal
backbones in these polymers. A large quinoidal character of the
CPDS-CBBT, CPDS-SiBBT, and CPDS-SeBBT facilitate developing
large open-shell diradical character in a smaller repeat unit than
the CPDS-NBBT polymer.

heteroatoms affects the aro-

4 Conclusions

In this work we report novel high-spin ground-state
donor—acceptor conjugated polymers where the orbital and
spin topologies are modulated by different atomistic substitution.

Journal Name, [year], [vol.], 1 |9
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Fig. 6 ACID plots for the (a) CPDS-CBBT, (b) CPDS-SiBBT, (c) CPDS-NBBT, and (d) CPDS-SeBBT polymers (N = 8) in the triplet (S =1) state.
The clockwise (diatropic: aromatic) and counterclockwise (paratropic: quinoidal) ring currents are indicated by red and blue 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.

We utilized the atomistic engineering to tune the aromatic char-
acter in the thiadiazole unit of the BBT acceptor. Substitution of
different heteroatoms modulates the aromatic/quinoidal nature
of the thiadiazole units, which alters the quinoidal character of
the polymer’s backbone. As a result, the singlet-triplet energy
gap, the energy gap of the FMOs, open-shell diradical character,
spin, and orbital topologies are being modulated. The large
quinoidal core and aromatic ends accumulate spin densities at
the two opposite sides of these polymers. Increasing the oligomer
length increases the distance between the unpaired electrons in
the polymers’ backbone. As a result, the Coulomb repulsion is
reduced due to decreased electron—electron repulsions, providing
a triplet ground-state at a larger repeat unit. Furthermore, with
this simple design strategy, the orbital topologies are modulated
The N-substituted CPDS-NBBT
polymer with a relatively larger aromatic backbone shows Aufbau
orbital ordering. However, the C, Si, and Se substituted polymers
with a large quinoidal character show non-Aufbau electronic

from Aufbau to non-Aufbau.

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

configurations. These polymers are intriguing synthetic targets
for spintronics and room-temperature magnetic materials.
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