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Abstract

Polyradical character and global aromaticity are fundamental concepts that gov-
ern the rational design of cyclic conjugated macromolecules for optoelectronic appli-
cations. Here, we have designed donor-acceptor (D—A) macromolecules with ring
topology along with their w-spacer derivatives, and analyzed their unique electronic
properties with density functional theory (DFT). The macromolecules with n = 8 and
16 repeat D—A units display similar singlet—triplet energy gap and have closed-shell
electronic configuration with no diradical character (yo = 0). Also, the closed-shell
macromolecules display global nonaromatic character in the singlet and lowest triplet
states, which is supported by NICS(0), AICD, and 2D-ICSS analysis. However, the
derivatives with m-spacer (n = 8-m) develop near pure open-shell character (yo ~ 1)
with increased singlet—triplet energy gap than the closed-shell macromolecules. Fur-
thermore, the m-spacer derivatives display global nonaromaticity in the singlet ground-
state, global aromaticity in the lowest triplet state according to Baird’s rule, and have

a very high polyradical character in the singlet ground-state, which is not reported for



D—A type macromolecules. The calculated absorption spectra of the open-shell macro-
molecules with time-dependent DFT (TDDFT) indicates intensive light absorption in
the near-infrared (NIR) region broadening to 2500 nm. Also, the closed-shell macro-
cycles display a size-dependent absorption maxima when the number of repeat units
increased from n = 8 to 16. Furthermore, due to the development of open-shell char-
acter in the m-spacer derivatives, a significant red-shift in the absorbance wavelength

is observed than the closed-shell macromolecules.

Introduction

The m-conjugated open-shell organic semiconductor (OSCs) with one or more unpaired elec-
trons in the degenerate or near-degenerate molecular orbitals (MOs) exhibit unique elec-
tronic, optical, and magnetic properties.'™® The weakly interacting unpaired electrons fa-
cilitates spin delocalization along the conjugated backbone, improving charge transfer and
thermodynamic stability of the molecule.? Most m-conjugated materials with even numbers of
electrons do not overcome the covalency between the electrons in the frontier MOs (FMOs);
therefore, these have a closed-shell ground-state in the neutral form. Open-shell OSCs with
di- or polyradical character are of particular interest for their potential applications as mag-
netic materials, for nonlinear optics, in the singlet fission process, for charge storage devices,
or in organic spintronics.*®

However, when it comes to designing molecules with higher radical (above diradical) char-
acters, synthetic routes or characterization techniques are not well established. Therefore,
new molecular structures are yet to be designed with significant polyradical character to un-
derstand multiple spin-spin interactions? with improved magnetic properties. Arrangement
of an alternating donor (D) and acceptor (A) units in a conjugated system is a common
approach for tuning the electronic properties of the OSCs. These D—A materials are widely

used to design advanced and emerging optoelectronic devices.®*? Although a large number

of studies have been conducted to design, synthesize, and characterize linear m-conjugated
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Figure 1: Prototypical examples of macromolecular polyradicaliods. (A) TCPTP with a very
small tetraradical character; (B) a quinoidal/aromatic carbazole macrocycle with a moder-
ate tetra- and hexaradical characters; (C) a annulene-within-an-annulene (AWA) super-ring
structure with decaradical character; and (D) the molecular structures of CPDF-(X = O),
CPDT-(X = S), and CPDS-BBT (X = Se) macromolecules with their m-spacer derivatives,
having hexadecaradical character studied in this work.

D—A oligomers and polymers, very few reports are available where D—A motifs are used as
a building block in m-conjugated macromolecules with the ring topology.

The traditional approach of designing a diradical molecule is to embed quinoidal units in
the m-conjugated system; therefore, aromatic stabilization of these subunits overcomes the
covalency of a carbon—carbon m-bond to provide the necessary potential to create two un-
paired electrons.® Recovery of an increased number of aromatic sextet rings achieves higher
driving force to develop large diradical and even polyradical character.* Efforts towards de-
signing molecules with polyradical character include cyclic tetracyclopental|def,jkl, pgr,vwz]-

tetraphenylene (TCPTP) (Fig. 1A) and fused p-quinodimethane (p-QDM) with very small



tetraradical characters.'®'® The reason for such a low polyradical character is the small
driving force obtained from one aromatic sextet ring that is recovered from open-shell di-
radical to tetraradical character. Wu et al. have reported several m-conjugated linear and
macrocyclic molecules with polyradical character.*172! They have synthesized a fully fused
quinoidal /aromatic carbazole macrocycle showing a high diradical character with a moderate
tetra- and hexaradical characters,'* (Fig. 1B) and a annulene-within-an-annulene (AWA)
super-ring structure with decaradical character (Fig. 1C).!%?? This raises an important
question if polyradical character can be expanded above decaradical in an alternating D—A

macromolecule. Recent synthetic efforts on D—A macromolecules attempted to tune the

highest occupied MO (HOMO) and lowest unoccupied MO (LUMO) energy gaps (HOMO-

23731 However, cyclic D—A

LUMO) by different D—A motifs to analyze optical properties.
macromolecules with an open-shell character has not been reported in the literature.

The novel molecular architecture and delocalized spin topology of the macrocyclic molecules
expanded the concept of aromaticity from an individual small ring with local aromaticity?
to global aromaticity. 232 Recently, the idea of global aromaticity is explored with a 3D con-
jugated diradicaloid cage and a very large porphyrin nano-rings.?*3* A highly symmetric,
rigid, and extensively m-conjugated cyclic molecule displays unique global aromaticity. The
cornerstone of this global aromatic character is the subtle balance between different types
of antiferromagnetic (AFM) spin-spin coupling arising within the 7-conjugated macrocycle
backbone.'® This complicated correlation between the AFM coupling and global aromaticity
demonstrated in polycyclic aromatic hydrocarbons (PAHs),?? but not reported for alternat-
ing D—A macrocycles.

Recently, we have reported that a particular combination of donor unit cyclopentadithio-
phene (CPDT) and acceptor unit thiadiazoloquinoxaline (TQ) provides a vanishing singlet—
triplet energy gap upon increasing oligomer length, favoring the triplet as the ground elec-

tronic state.® Also, functional modification of CPDT-TQ polymer provides a wide range

of electronic properties, from open-shell to closed-shell structure with a varying singlet—



triplet energy gap. Here, we have designed D—A macromolecules (Fig. 1D) with the
benzol1,2-c;4,5-¢’|bis[1,2,5|thiadiazole (BBT) acceptor and cyclopentadifuran (CPDF), cy-
clopentadithiophene (CPDT), and cyclopentadiselenophene (CPDS) donors, respectively,
and followed oligomer approach to calculate their electronic properties. The choice for BBT
as an acceptor is driven by its high electron affinity and the fact that it intrinsically behaves
as a diradical.®® To identify the effect of m-spacer in the macromolecules, thiophene was in-
serted in between the D and A units. The quinoidal nature of the heterocyclic thiophene unit
regains aromatic stabilization energy in the open-shell ground-state.3® Therefore, the macro-
cycles with thiophene m-spacer achieves near pure diradical character and moderate-to-high
polyradical character extended to hexadecaradical (16 unpaired electrons) and global aro-
maticity in the lowest triplet state, following Baird’s rule.3” To the best of our knowledge,
this is the first report where CPDF-, CPDT-, and CPDS-BBT is rolled to a D—A nano-
hoop, which shows not only a very high diradical character but also a significant polyradical

character as well.

RESULTS

Optimized geometries and structural parameters

The geometry of CPDF-BBT with n = 8 repeat units is twisted along the backbone (Fig. 2).
The twisted geometry is obtained due to a small bond length between C and O in the donor
cyclopenta rings. The observed dihedral angles between a donor and adjacent acceptor unit
(Fig. S1) (@) varies between 170° to 180°. The CPDT- and CPDS-BBT form a bowl-shaped
configuration, with a dihedral angle of 175°. The hoop size increases from CPDF-BBT to
CPDT-BBT to CPDS-BBT due to larger C-S and C-Se bonds than the C—-O bond. The
CPDF-BBT macromolecule with n = 16 units forms a zigzag conformation to minimize

energy, with an approximate distance between two adjacent D and A moieties around 5 A.



Figure 2: Optimized configurations of CPDF-, CPDT-, and CPDS-BBT macromolecules
along their m-spacer derivatives. Geometries shown here: (A) CPDF-BBT, (B) CPDT-BBT,
and (C) CPDS-BBT polymer. Calculated distances are in A.

The CPDT-BBT (n = 16) has a planar geometry, with all the dihedral angles close to 180°.
This type of planar geometry can elongate the m-conjugation length which improves the

m-electron delocalization along the backbone, and reduce the reorganization energy.3® The

CPDS-BBT macromolecule (n = 16) also forms a bowl-shaped geometry with the largest



hoop size (58.50 A) among the macromolecules studied here. Although the observed cavity
size is comparable with ethylene substitute oligothiophenes,?® however, to date, there is no
evidence of such large cavity size in D—A organic macromolecules. Also, increasing the
ring numbers from n = 8§ to 16 reduces the distortion along CPDT-BBT and CPDS-BBT
backbones, whereas the smallest CPPs are reported to be more planer than the larger ones. 4
The w-spacer substituted (n = 8 — 7) CPDF-BBT is highly rigid and circular, CPDT-BBT
is crown-shaped and nonplanar, and CPDS-BBT is completely coplanar. Also, the hoop
size for n = 8 — 7 is just the opposite of n = 8 due to the more circular nature of the n-
spacer substituted CPDF-BBT. The substitution of 7w-spacer does not improve the dihedral
angles of CPDF-BBT from n = 8; however, in the case of CPDT-BBT and CPDS-BBT,
m-spacer substitution improves the dihedral angles from 175° to 180°. Planar geometry of
these macromolecules are obtained probably due to intramolecular non-covalent interactions
between heteroatoms of donor and acceptor (O---N, S---N; and Se---N) and hydrogen-bonding
interactions, interlocking the two adjacent D and A segments.*!

We have analyzed the bond lengths to assess the degree of m-conjugation (Fig. S1-S6).
The connecting bonds between a donor and adjacent acceptor unit is 1.39 A with n = 8 and
16 repeat units, and 1.42 A for n = 8 — 7. These bonds are smaller than a C—C single bond
(1.45 A) but larger than a typical double bond (1.35 A).2! The mixed single and double bond
characteristics of these macromolecules indicate a high degree of m-conjugation throughout
the whole 7 framework, which eventually increases the charge transfer through these macro-
molecules. The connecting bonds are smallest in the case of CPDF-BBT (Fig. S1 and
S2), indicating higher quinoidal character in this molecule. Also, the m-spacer substituted
molecules have a larger linker bond (1.41-1.42 A) than the unsubstituted macromolecules
(1.39 A), indicating a reduction of the AFM coupling between the frontier MOs in the former
macromolecules. The bond lengths for the donor and acceptor indicate two distinct bonding
patterns for the macromolecules with and without thiophene m-spacer. For n = 8 and 16

repeat units, the donor units have alternating single (1.43-1.44 A) and double bond (1.37-



1.38 A) characters, indicating a highly quinoidal m-conjugated backbone. The six-member
ring in the BBT acceptor unit has bond lengths close to a single bond (1.45 A), and the
C=N bonds in the thiadiazole ring largely shortened. The increased bond length indicates
an antiaromatic character in the BBT core with increased aromaticity in the thiadiazole
rings. Therefore, a large bond length alternation of these molecules (n = 8 and 16) display
a closed-shell form in the ground-state.

Interestingly, in the case of the m-spacer macromolecules, bond length alternation has
decreased significantly. Nearly equal bonds indicate regaining aromaticity of the heteroatom-
containing five-member rings of the donor; although, the quinoidal character exists in the
m-spacer and BBT acceptor core. The thiadiazole rings of the BBT still have equal C=N
bonds, indicating larger aromaticity on these units. It is clear from the calculated bond
lengths on each repeat unit that, two more additional aromatic sextet rings are obtained in
each donor along with two thiadiazole rings on the BBT acceptor. Therefore, the aromatic
stabilization energy of the m-spacer derivatives has increased to an extent to break a double

bond, promoting open-shell character in these macrocycles.

Energetic difference (AFE) between the ground singlet
(Sy) and higher energy states

The AF of the polymers with other computed electronic properties provided in Table 1 as
a function of the chain length, and an energy diagram of the ground and higher electronic
states for the open-shell molecules is shown in Fig. S7. The calculated AFEsr compares
well with the reported values of Saika et al.*? Interestingly, doubling the number of units
from n = 8 to 16 does not significantly reduce the energy gap between the ground singlet
and triplet state (AFEsr) for the closed-shell macromolecules, a behavior opposite to that
observed in linear D—A polymeric systems.® The smallest AFEsy (0.537 V) in closed-shell

systems obtained for CPDT-BBT with n = 16, probably due to a more planar geometry



Table 1: Calculated electronic properties for the CPDF-, CPDT-, and CPDS-BBT macro-
molecules as a function repeating units. The computed energy gap between singlet-triplet
(AEgr), singlet-quintet (AEgor), singlet-septet (AEgsp), and singlet-nonet (A Egyr) states,
HOMO and LUMO energy values with energetic difference between HOMO-LUMO (E,). All
energy values are in eV.

Polymer n AEST AESQT AESSP AESNT HOMO LUMO Eg
8 0.545 - - - -4.24 -3.01 1.23
CPDF-BBT 8-m 0.636 0.362 1.000 0.928 -4.25 -3.30 0.95
16 0.545 - - - -4.10 -2.96 1.14
8 0.563 - - - -4.52 -3.24 1.28
CPDT-BBT 8- 0.659 0.439 0.675 0.913 -4.39 -3.42 0.97
16 0.537 - - - -4.47 -3.25 1.22
8 0.639 - - - -4.62 -3.22 1.40
CPDS-BBT 8-m 0.649 0.367 1.036 0.971 -4.38 -3.43 0.95
16 0.618 - - - -4.58 -3.23 1.35

of the macrocycle. The calculated AEgr gap for the open-shell systems increased from
the closed-shell macromolecules, which is probably due to the increased electron-electron
repulsions arising from a large number of unpaired electrons within the molecular backbone.
We also optimized the structures for quintet, septet, and nonet state for the open-shell
molecules with m-spacer. A significant reduction in AEgor (singlet-quintet) gap is observed
compared to AFgr due to increased separation of the unpaired spins from each other in the
polymer backbone (Fig. S10, S16, S22, S28-S30). The smallest A Egqor calculated for CPDF-
BBT polymer due to a larger cavity size (Fig. 2A) than the other two macrocycles, which
facilitates larger separation between the unpaired electrons, therefore, decreasing Coulomb
repulsion. Also, a dramatic increase in the AEgpr (singlet-septet) and AEgyr (singlet-
nonet) is observed due to increased electron-electron repulsion in these macromolecules which
originates from the increased unpaired electron density in the small region. Furthermore,
the calculated AFEggr gap is much lower than the singlet closed-shell (SCS) and AEgr (Fig.

S7), indicating the contribution of high tetraradical character in the singlet ground-state.



Molecular orbitals (MOs) and HOMO-LUMO (E,) en-

ergy gap

Molecular orbitals of the macromolecules show that the highest occupied MO (HOMO)
and the lowest unoccupied MO (LUMO) are delocalized along the backbone of the whole
macromolecule (Fig. S7-S21), indicating uniform charge transfer, which is predicted by the
density difference between the ground to the first singlet excited-state (Ap = Sy — Sp). For
the closed-shell macromolecules, both the thiadiazole rings of the BBT acceptor units are
charge deficient, and the residual charges delocalized along the 7m-conjugation path. However,
the open-shell macromolecules show clear charge transfer from the donor to the acceptor
moieties. The singly occupied MO (SOMO) of triplet state for n = 8 and 16 is more localized
than SOMO-1, whereas the two unpaired electrons completely delocalized in the n = 87
macromolecule. Spin density distribution of the triplet state indicates the accumulation
of the two unpaired electrons in a small region, which increases the spin-spin repulsions.
Therefore, this increases the singlet-triplet energy gaps for n = 8 and 16. The spin density
of the singlet open-shell molecules is well delocalized along the backbone (Fig. S9, S15, S21),
indicating higher thermodynamic stability of these macromolecules in their neutral form.
The SOMOs of the higher energy states (i.e., quintet, septet, and nonet) are segregated and
localized in different segments of the D—A macromolecules.

Due to the symmetric structure of all the macrocycles, higher energy orbitals are found to
be degenerate (Fig. 3, S26-S27). This orbital degeneracy facilitates developing polyradical
character, which is extended to hexadecaradical. A similar degeneracy is observed in all
macromolecules, except for CPDF-BBT (n = 16), where no degeneracy exists in the MOs
(Fig. S26). This is due to a zigzag conformation of the macromolecule. For the n = 8
repeat units, the both HOMO and LUMO energies are lowered as we go from CPDF- to
CPDT- to CPDS-BBT (Table 1). The lowering of HOMO energy value is significant (0.38
eV) for CPDS-BBT than CPDT-BBT from CPDF-BBT polymer. The E, values follow the

10
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Figure 3: Energy diagram of the frontier and higher degenerate MOs for CPDT-BBT macro-
molecules obtained as a function of chain length. For n = 8 and n = 8-7, the orbital degen-
eracy continues until H-5 (L+5) and H-6 (L+6), however, in case of n = 16, it is extended
up to H-13 (L+13) and H-14 (L+14). The HOMO-LUMO gaps continues to decrease as
we added more repeat units to the backbone, smallest values are obtained in the open-shell
systems. Here, H = HOMO, and L. = LUMO.

following rank order: CPDF-BBT < CPDT-BBT < CPDS-BBT. Increasing the number of
repeat units from n = 8 to 16 increases the HOMO energy levels for all macromolecules. A
similar trend in the Ej is observed for both n = 8 and 16 repeat units, which is opposite to
that reported for linear polymers, where larger atomic substitution in acceptor unit reduced
the energy gap.?® In the case of the m-spacer derivatives, the LUMO energies decreased
significantly from n = 8 and 16 repeat units, and an increase in the HOMO energy is
observed for CBDT-BBT and CPDS-BBT oligomers; therefore, the calculated £, decreased
significantly. Both CPDF-BBT and CPDS-BBT have the same E,; values (0.95 eV), slightly
different from the CPDT-BBT molecule. To the best of our knowledge, this is the lowest
HOMO-LUMO energy gap of any D—A cyclic macromolecules reported. Comparing the £,

values of the closed-shell (n = 8 and 16) and open-shell macromolecules, significant reduction
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Table 2: Calculated polyradical character of the CPDF-, CPDT-, and CPDS-BBT with 7-
spacers (n = 8-m). The radical characters reported as the occupation numbers of the lowest
unoccupied natural orbitals (LUNO+1).

Polymer Yo (i Y2 Y3 Y4 Ys Y6 Y7

CPDF-BBT 0.992 0.517 0.517 0.268 0.268 0.170 0.170 0.144
CPDT-BBT 0.916 0.525 0.525 0.279 0.279 0.179 0.179 0.153
CPDS-BBT 0.937 0.516 0.516 0.267 0.267 0.167 0.167 0.140

in E, is observed for the latter one. Previous studies on macromolecules have shown that
a reduction in the number of repeat unit or small loop size fine-tunes the HOMO-LUMO

energy gaps.1®

Polyradical character (y;)

The y; values for the macromolecules (n = 8-m) presented in Table 2. It is reported that
a moderate AFM coupling between the unpaired electrons leads to polyradical character in
macrocyclic molecules; however, a very strong AFM coupling diminishes polyradical charac-
ter. 1619 The macrocycles with n = 8 and 16 repeat units do not have an open-shell character,
which is due to very strong AFM coupling between the unpaired electrons in the frontier
MOs, as evidenced by reduced linker bonds between the donor and acceptor units. However,
insertion of the thiophene m-spacer leads tp polyradical character in the molecules. All the
macromolecules (n = 8-7) have near pure-open shell diradical character, indicated by yo val-
ues, which is close to 1. The CPDF-BBT has higher y, than the other two macromolecules,
lowest value is obtained for CPDT-BBT. This is due to a larger cavity size of the CPDF-BBT
macrocycle compared to the other two macromolecules, which increases the distance between
the unpaired electrons, consequently, decreasing the electron-electron coupling. This is also
reflected by a lower singlet-triplet (AFEgsr) energy gap for CPDF-BBT than CPDT-BBT
and CPDS-BBT macromolecules. All the macromolecules have high tetraradical (y;) and
hexaradical (i) characters, moderate octaradical (y3) and decaradical (y,) characters and

low dodeca- (y5), tetradeca- (ys), and hexadecaradical (y7) characters. Although, the calcu-

12



lated polyradical characters are comparable with the reported values in the literature, 141944

to date, radical characters beyond decaradical is not reported for macrocycles. Interestingly,
polyradical character larger than 1, obtained as pairs, except for hexadecaradical (y;). This
is due to the degeneracy between LUMO+1 and LUMO+2 (for y; and ), LUMO+3 and
LUMO+4 (for y3 and y4) and between LUMO+5 and LUMO+6 (for ys and ys) (Fig. 3,
S26-S27). The degeneracy lifted after LUMO+6 and higher degenerate orbitals are not en-
ergetically accessible. Therefore, the polyradical character developed up to y;. We believe
that, more degenerate orbitals would increase the polyradical character above hexadecarad-
ical, however, DFT calculation is intractable for larger chain lengths with the w-spacer (n
= 16-7). Except the diradical character, higher radical characters of CPDT-BBT are con-
sistently larger than CPDF-BBT and CPDS-BBT macromolecules. This is probably due to

low energy difference between the degenerate occupied and unoccupied MOs (Fig. 3).

Aromaticity of the D—A macrocycles

An interesting feature of the m-conjugated macrocycles is that they display global (anti)aromaticity.
Here, we used the nucleus-independent chemical shift (NICS),*5 anisotropy of the induced
current density (AICD), ¢ and 2D-iso-chemical shielding surface (2D-ICSS)*" methods to an-
alyze the global (anti)aromaticity of the macrocycles. The CPDF-, CPDT-, and CPDS-BBT
macromolecules with n = 8 and 16 repeat units have a NICS(0) value close to 0 (Table S1,
Fig. S1, S3, S5), indicating global nonaromaticity, with local aromaticity on the individual
rings.%® Even though, the macrocycles with n = 8 and 16 repeat units have 967 and 1927
(1287 and 2567 through the hypervalent sulfur of BBT acceptor) (4N ) electrons conjugated
pathway (Fig. 1D), respectively, due to the very high quinoidal character of these macrocy-
cles, aromaticity is localized on the individual rings along the backbone. This localization
of aromaticity can also be observed from the AICD plots and 2D-ICSS maps (Fig. S31,

S33, S35-S53), where the ring current is localized on the individual rings and a significant
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Figure 4: AICD plots (top) and 2D-ICSS (bottom) maps for CPDT-BBT in the (A) singlet
and (B) triplet states, respectively, at n = 8-m. The blue and red arrows along the molecular
backbone indicates counter-clockwise (paratropic) and clockwise (diatropic) ring current
flow, respectively. The direction of the applied magnetic field is perpendicular to the ring
plane and points out through the paper. AICD plots are generated with an isovalue = 0.025
au.

magnetic shielding (negative 2D-ICSS) is observed along the conjugated backbone.
Although the NICS(0) values for the open-shell CPDF-, CPDT-, and CPDS-BBT macro-
molecules (n = 8-7) in the singlet ground-state is close to 0 (Fig. 4, S2, S4, S6), the calcu-
lated NICS(0) in their triplet states are negative (-9.82 ppm, -10.00 ppm, and -10.30 ppm
for CPDF-, CPDT-, and CPDS-BBT, respectively) (Table S2, Fig. S2, S4, S6). Therefore,
the lowest triplet state of the CPDF-, CPDT-, and CPDS-BBT macromolecules with n =

14



8-7 shows a global aromatic character with 4 N7 electrons, a manifestation of Baird’s rule. 37

9 or in a

This phenomenon is reported for a highly conjugated bis-rhodium hexaphyrins,*
AWA super-ring structure,!® but not observed in D—A macromolecules. The AICD plots
for the triplet state unambiguously indicate a unidirectional clockwise (diatropic) current
flow along the 1607 and 1927 (4N ) electrons conjugated pathway, respectively, which in-
dicates a global aromatic character. The 2D-ICSS maps (Fig. 4B, S32B, S34B) show the
inside region of the macrocycles is magnetically shielded (negative 2D-ICSS value), further
supporting global aromaticity in the triplet state. The higher energy (quintet, septet, and
nonet) states have very small NICS(0) values (Table S2), indicating global nonaromaticity.

NICS(0) calculations of CPDF-BBT, CPDT-BBT and CPDS-BBT (n = 8) on the in-
dividual rings along the backbone indicate the heteroatom-containing five-member rings on
the donor units have small aromaticity (NICS(0) ~ -4.00 to -4.70 ppm), while the aro-
maticity has increased substantially (NICS(0) ~ -7.00 to -7.75 ppm) in case of the m-spacer
derivative (n = 8-7) (Fig. S3-S6). The thiadiazole rings of the BBT acceptor units show in-
creased NICS(0) values in case of the m-spacer derivatives than the macromolecules without
m-spacer (n = 8 amd 16). Therefore, it is evident that the heteroatom-containing five-
member rings in the donor unit of CPDF-BBT, CPDT-BBT and CPDS-BBT (n = 8-m)
have regained aromatic character along with the thiadiazole rings in the BBT acceptor unit.
The aromaticity of the donor units also consistent with the calculated bond lengths of the
macromolecules, where reduced bond length alternations on the donor indicated the aromatic
character of the heteroatom-containing five-member rings. All the thiophene m-spacers have
negative NICS(0) values. Therefore, the aromatic stabilization energy has increased in 7-
spacer derivatives than the unsubstituted systems, facilitating double bond-breaking along
the m-conjugated backbone. These results indicate the polyradical character of the m-spacer

derivatives, but not on n = 8 and 16 repeating units.
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Optical properties
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Figure 5: Absorption spectra of the CPDF-, CPDT-, and CPDS-BBT macromolecules. (A)
n =38, (B) n =28, (C) n =16, (D) CPDF-BBT, (E) CPDT-BBT, and (F) CPDS-BBT.
Calculations are performed with PCM/TD-(U)CAM-B3LYP on the optimized ground-state
geometry in the presence of chloroform.

The optical properties of the macromolecules are explored with the time-dependent den-
sity functional theory (TDDFT). It is evident from the calculated spectra that, the absorp-
tion occurs in the near-infrared (NIR) region (Fig. 5). Comparing the absorption spectra
of CPDF-, CPDT-, and CPDS-BBT macromolecules for n = 8 repeat unit, the maximum
absorption occurs within 717-756 nm, with CPDF-BBT and CPDT-BBT having similar ab-
sorption maximum at 756 nm. For the CPPs, the maximum absorption reported only around
340 nm,*® making CPPs less attractive in the optoelectronic devices, whereas in this case,
absorption is extended into the NIR region, which is not reported in case of cyclic D—A
macromolecules. 262831 A small shoulder is present for both CPDT-BBT and CPDS-BBT
macrocycles only with n = 8 repeat units. In case of CPDT-BBT, the shoulder corresponds
to a double-degenerate absorption at 462 nm, with orbital transition occurring from HOMO
to LUMO+1 and LUMO+2 (f = 0.3476). Similar orbital transitions involved for CPDS-BBT

also, with double-degenerate absorption at 447 nm (f = 0.1861). The m-conjugation length
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Table 3: Tabulated optical properties for CPDF-; CPDT-, and CPDS-BBT macromolecules
provided as a function of oligomer length. The calculated excitations from the ground-state,
excitation energies (F,), the wavelength of the excitations (A), oscillator strengths of the

excitation (f), MOs involved in the transitions, and percent contribution of the individual
transitions. The calculations performed at PCM /(U)CAM-B3LYP level and chloroform used

as an implicit solvent.

p) (14%)
)-1=L(5) (14%)

(B)—L(B)+2 (16%)
(B)—=L(B)+1 (16%)

) (14%)

Polymer n  Excitations FE; (eV) A (nm) f Orbital contributions
So > & 1.44 86224 0.00 H—-L (37%)
3 So — Ss 1.64 75729 725 H—-L+1 (35%)
So— S3  1.64 756.22  7.26  H—L+2 (35%)
So—Ss  1.97 628.53 242 H—oL+4 (30%)
So— S 14l 878.03 0.01 H-1-L+1 (13%)
So — S2 1.45 851.59  0.98 H-2—L (19%)
CPDF-BBT So — S3 1.46 849.45 1.05 H—L+1 (13%)
So— S5 1.66 74724 14.96 HoL+3 (16%)
So =S¢ 1.77 698.62 854 H—L+6 (14%)
So— S 177 698.62 8.54 HoL+6 (14%)
So— S 1.22 1015.70 0.00 H(a)—L(a) (16%)  H(8)—L(8) (16%)
81 So—S 127 974.03 561 H(a)-L(a)+1 (16%) H(8)-2-L(
So— Sy 127 974.03  5.61 H(a)—L(a)+2 (16%) H(3
So—Si 145 853.95 0.00 HoL (31%)
8  So—S 164 755.80  9.13  HoL+1 (34%)
So—S;  1.64 755.80  9.13  H—L+2 (34%)
So—S1 140 887.48  0.00 H-L (18%)
CPDT-BBT 16 So— So 1.46 849.22  17.69 H—L+1 (13%)
Sy — Ss 1.46 849.22  17.69 H—L+2(13%)
So—S1 1.0 956.34  0.00 H(a)—L(a) (16%)  H(3)—L(8) (16%)
81 Sp— S, 134 92179 6.03 H(a)—L(a)+l (12%) H
So—S;  1.34 921.79  6.03 H(a)—L(a)+2 (13%) H
So — 51 1.56 794.60 0.00 H—L (31%)
8 So—S, 173 716.95 913 HoL+1 (31%)
So—S;  1.73 716.95 913 HoL+2 (31%)
So — 51 1.52 817.63 0.00 H—L (16%)
CPDS-BBT 16 Sp— S 1.57 788.39  17.95 H—L+1 (16%)
So—S3 157 78830  17.95 HoL+2 (16%)
So—S1  1.28 967.65 0.00 H(a)—L(a) (16%)  H(3)—L(8) (16%)
81 So—S» 133 930.79 645 H(a)—L(a)+1 (15%) H(B)-2—-L(
So—S;  1.33 930.79  6.45 H(a)—L(a)+2 (15%)

B B
H(p)-2=L(B) (14%)

H = HOMO; L = LUMO; a = spin-up; = spin-down

is elongated in n = 16 repeat units, therefore, the excitation coefficients increased by almost

three times than n = 8 and n = 8-7 for all macrocycles. The maximum absorption occurs
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within 747-849 nm, with CPDF-BBT absorption blue-shifted by 9 nm, and CPDT-BBT and
CPDS-BBT spectra is red-shifted by 93 nm and 71 nm from n = 8, respectively. The blue-
shift in CPDF-BBT spectra occurs due to its twisted configuration and weaker m-conjugation
along the backbone (Fig. 2A), although a reduction in the HOMO-LUMO gap observed from
n = 8 to 16. Therefore, increasing the chain lengths facilitates red-shifting the absorption
spectra in these macromolecules. In case of the CPPs nano hoops, the absorption maxima
is found to be size-independent.® However, clearly, size-dependent absorption found in this
case.? Also, due to the narrowing of the HOMO-LUMO gap, a large red-shift observed for
all m-spacer derivative macromolecules, now the absorption maximum varies within 922-974
nm. Here, the absorption spectra red-shifted for CPDF-, CPDT-, and CPDS-BBT by 218
nm, 166 nm, and 214 nm from n = 8, respectively and by 227 nm, 73 nm , and 143 nm from
n = 16, respectively. Furthermore, the absorption is broadened up to 2500 nm, showing ex-
tended absorption in the whole near-infrared (NIR) region. This extended absorption is due
to the antiaromatic nature of the ground-state and attributed to the forbidden transitions
in the macrocycles.

All the optical excitations from ground to the first singlet excited-state (Sy — S1) are op-
tically forbidden (Table 3), indicated by zero oscillator strengths (f = 0.0) for the transition.
Similar findings reported for cyclic CPPs and other macrocycle.4? This forbidden transition
included electronic excitation from HOMO—LUMO. This indicates the high symmetry of
these molecular orbitals involved in the transition. Interestingly, all the allowed transitions
obtained as doubly-degenerate both for closed- and open-shell macromolecules. This is due
to the degenerate MOs for all the macromolecules (Fig. 3, S26-S27). In all cases, the al-
lowed transitions involved excitation from the ground to the second and third excited-state
(So — S and Sy — S3), except for CPDF-BBT (n = 16), where all the excitations from
lower energy states are allowed, having Sg and S7 excited-states as doubly-degenerate. For
the closed-shell macromolecules, the allowed transitions assigned as HOMO to LUMO+1,

HOMO to LUMO+2, and HOMO to LUMO+4. For CPDF-BBT (n = 16), the maximum
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Figure 6: Closed-shell resonance structure of the CPDF-(X = O), CPDT-(X = S), and
CPDS-BBT (X = Se) macromolecules with n = 8 repeat units. The aromatic thiadiazole
units are shown in blue.

oscillator strength (f = 14.96) observed in HOMO to LUMO+3 transition, with degenerate
excitation assigned to HOMO to LUMO+5 and HOMO to LUMO+46. In the case of the
open-shell structure, the HOMO to LUMO transitions is still forbidden, with allowed transi-
tion assigned to HOMO-2 to LUMO, HOMO-1 to LUMO, and the other allowed transition

obtained similar to the closed-shell system.

Origin of radical characters

The process of developing polyradical character in a molecule involves the generation of mul-
tiple unpaired electrons by breaking carbon-carbon double bonds within the m-framework.
The driving force required to break a double bond to create a diradical would be much
smaller than breaking multiple double bonds to generate polyradical character. This “driv-
ing force” ascribed to the recovery of aromatic stabilization energy of the quinoidal units in

the backbone, more recovery of the aromatic rings would increase this driving force to create
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HyC” CH,

Figure 7: Resonance structures of the CPDF-(X = O), CPDT-(X = S), and CPDS-BBT (X
= Se) macromolecules with n = 8-7 repeat units. Gradual development of radical characters
from diradical to hexadecaradical is achieved by more aromatic sextet rings (highlighted in
blue) in the w-framework. Red and green arrows indicate up- and down-spins, respectively.

20



diradical and polyradical character.'* The BBT acceptor can show diradical character by the
recovery of additional thiadiazole rings, therefore, BBT has long recognized as an intrinsic
open-shell unit.3%%" Although, two aromatic sextet thiadiazole units recovered in each BBT
units in the backbone (Fig. 6), the macrocycles with n = 8 repeat units does not show any
radical characters (y; = 0). The strong AFM coupling between the spins prohibit developing
unpaired electrons in the m-framework.® Therefore, all the macromolecules with n = 8 and
16 repeat units characterized as a highly quinoidal closed-shell oligomer, and in these cases,
the BBT acceptor did not impart any radical characters in these macrocycles. On the other
hand, by inserting m-spacer in the polymer backbone, two additional aromatic sextet rings
in the donor regained aromatic stabilization energy along with the two thiadiazole units in
each BBT acceptor (Fig. 7, S54-S57). Therefore, sufficient stabilization energy obtained to
transform from closed-shell to the open-shell form. Here, one additional double-bond has
broken to have diradical (2 unpaired electrons) to tetraradical (4 unpaired electrons) and
reaching up to hexadecaradical (16 unpaired electrons) characters in these macromolecules
(Fig. S54-S57). The degenerate MOs fueled the generation of polyradical character extended
up to hexadecaradical. The n = 8 and 16 have enough degenerate MOs (Fig. 3, S26-S27),
but the driving force to overcome the m-bond covalency is not enough to produce polyradical
character. Therefore, the macromolecules with n = 8 and n = 16 repeat units does not show

any radical characters.

DISCUSSION

In conclusion, for the first time, D—A macromolecules are designed and analyzed with com-
putational investigations, which show near pure diradical character and moderate-to-high
polyradical character. The closed-shell molecules show a similar singlet-triplet and HOMO-
LUMO energy gap, and global nonaromatic character. However, open-shell molecules have

higher singlet-triplet and significantly reduced HOMO-LUMO energy gaps. While the macro-
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molecules without m-spacer have significant bond length alternations, indicating high quinoidal
character, the 7 substituted derivatives reduce bond length alternations, indicating regain
of aromatic stabilization energy in the donor units. Therefore, the m-spacer derivatives de-
velop near pure diradical and moderate-to-high polyradical characters, which extended up
to hexadecaradical character. Also, while the singlet ground-state shows a global antiaro-
matic character according to Hiickel’s rule (4Nw electrons), the lowest triplet state of the
open-shell molecules indicates global aromatic character following Baird’s rule, which is not
observed in the D—A type macromolecules. Furthermore, the TDDFT calculations indicate
NIR absorption with absorption spectra broadening to 2500 nm and a significant red-shift in
the absorption maxima observed from closed-shell to open-shell macromolecules. Our work
shows that these molecules can be potential synthetic targets for optoelectronic devices, in

particular, as NIR sensors and non-linear optics (NLO) applications.

Methods

Computational details

All the calculations are performed with Gaussian 16 software package.? Molecular geome-
tries for the singlet and higher electronic states of the model oligomers (n = 8, 16, and 8-7)
are optimized in the gas phase using hybrid density functional, B3LYP.5? For the Se atom,
LANL2DZdp basis set is used along with associated effective core potentials,® with 6-31G(d,
p)%° basis set for other the atoms. All parameters for geometry optimizations set to defaults.
For the oligomers, geometries considered optimized once the RMS forces on all atoms con-
verged to zero.%® A single-reference wave function cannot determine the electronic structure
of open-shell molecules.* Multi-reference configuration schemes are computationally very
demanding; therefore, a broken-symmetry (BS)?" wave function used to characterize the
open-shell singlet state. The triplet and higher spin-states optimized with an unrestricted

wave function.
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A molecule with two unpaired electrons localized at two degenerate or nearly degenerate
non-bonding molecular orbitals (NBMOs) is a diradical.* The electronic properties of an
open-shell molecule is best defined by a quantitative multi-radical (or polyradical) index, y;
(i = 0-7), which is an indication of the degree of localization of pair of electrons at different
sites. A high value of y; indicates a high degree of electron correlation, i.e., doubly-excited
electronic configuration has a higher weight in the ground-state electronic wave function.®
Theoretically, y; is defined as the occupation number of the lowest unoccupied natural or-
bitals (LUNO+4).%® In case of a closed-shell molecule, the orbital occupancy can be either
2 (doubly occupied) or 0 (empty orbital), however, in case of an open-shell molecule, this
occupancy varies in between 0 and 2. Therefore, for a closed-shell molecule, the LUNO+
occupancy is 0 and it increases as the molecule start to develop open-shell character, and
approaches a value of 1 for a pure open-shell molecule. Therefore, a closed-shell (y; = 0), in-
termediate (0 < y; < 1), and pure (y; = 1) polyradical molecule can be defined by y; values.?
Here, the polyradical (y;) indexes obtained from population analysis of natural orbitals as
the occupation numbers of lowest unoccupied natural orbitals (LUNOs).

NICS is an excellent probe for the magnetic index of aromaticity or antiaromaticity of
a molecule. A high negative NICS value indicates molecule as aromatic, a positive NICS
value indicates as antiaromatic, and a 0 (zero) value indicates the corresponding molecule
as nonaromatic. Nucleus independent chemical shift (NICS(0))® is computed by the gauge-
independent atomic orbital (GIAO)® method on the optimized geometry by single point
energy calculation placing a ghost atom at the center of the macromolecules and also on
each rings along the conjugated backbone.

NBOG6 program package®! is used to predict the spin location from natural spin densities
of the Kohn-Sham MOs. Time-dependent DFT (TDDFT) calculation at the (U)CAM-
B3LYP®? level is used to simulate the lowest 20 singlet excited states with Tamm-Dancoff
approximation in the presence of implicit solvent. Integral equation formalism (IEFPCM)

of the Polarizable Continuum Model (PCM)®* is used with chloroform as the implicit solvent.
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AICD (anisotropy of the induced current density) plots are generated by method developed
by Herges et al.%6 and 2D-ICSS (2D-iso-chemical shielding surface) maps generated by the

method developed by Klod et al.*”
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