
ll
OPEN ACCESS
iScience

Article
Donor-Acceptor Conjugated Macrocycles with
Polyradical Character and Global Aromaticity
Md Abdus Sabuj,

Md Masrul Huda,

Neeraj Rai

neerajrai@che.msstate.edu

HIGHLIGHTS
Donor-acceptor

macromolecules with

open-shell polyradical

character are reported.

The antiferromagnetic

coupling between the

unpaired electrons is

modulated with pi-spacer.

The open-shell

macrocycles show Baird’s

aromaticity in the lowest

triplet state.

Open-shell macrocycles

red-shift absorption

spectra.

Sabuj et al., iScience 23,
101675
November 20, 2020 ª 2020
The Author(s).

https://doi.org/10.1016/

j.isci.2020.101675

mailto:neerajrai@che.msstate.edu
https://doi.org/10.1016/j.isci.2020.101675
https://doi.org/10.1016/j.isci.2020.101675
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2020.101675&domain=pdf


iScience

Article

Donor-Acceptor Conjugated Macrocycles
with Polyradical Character
and Global Aromaticity

Md Abdus Sabuj,1 Md Masrul Huda,1 and Neeraj Rai1,2,*

SUMMARY

Polyradical character and global aromaticity are fundamental concepts that
govern the rational design of cyclic conjugated macromolecules for optoelec-
tronic applications. Here, we report donor-acceptor (D�A) conjugatedmacromol-
ecules with and without p-spacer derivatives to tune the antiferromagnetic
couplings between the unpaired electrons. Themacromoleculeswithoutp-spacer
have a closed-shell electronic configuration and show global nonaromatic char-
acter in the singlet and lowest triplet states. However, the derivatives with
p-spacer develop a nearly pure open-shell diradical and a very high polyradical
character, not reported for D�A type macromolecules. Furthermore, the
p-spacer derivatives display global nonaromaticity in the singlet ground state,
but global aromaticity in the lowest triplet state, according to Baird’s rule. The
absorption spectra of the open-shell macromolecules calculated with time-
dependent density functional theory indicate intensive light absorption in the
near-infrared region and broadening to 2,500 nm, making these materials
suitable for numerous optoelectronic applications.

INTRODUCTION

The p-conjugated open-shell organic semiconductors (OSCs) with one or more unpaired electrons in the

degenerate or near-degenerate non-bonding molecular orbitals (NBMOs) exhibit unique electronic, opti-

cal, and magnetic properties (Lewis, 2015; Stuyver et al., 2019; Rudebusch et al., 2016; Dressler et al., 2018;

Gopalakrishna et al., 2018; London et al., 2019; Abe, 2013; Ni et al., 2020a; Rickhaus et al., 2020; Sabuj and

Rai, 2020). The open-shell OSCs with di- or polyradical character are of particular interest as their unique

electronic structure makes them suitable for optoelectronic applications, such as nonlinear optics, photo-

voltaics, charge-storage, and spintronics devices (Rajca, 1994; Abe, 2013; Nakano, 2017; Mas-Torrent et al.,

2009; Wang et al., 2019). Despite their significance for many technologies, the synthetic routes are not well

established for molecules with a higher radical (above diradical) characters. Therefore, new molecular

structures are yet to be designed with a significant polyradical character to understand multiple spin-

spin interactions (Gopalakrishna et al., 2018) with improved magnetic properties. Arrangement of an alter-

nating donor (D) and acceptor (A) units in a conjugated system is a common approach for tuning the elec-

tronic properties. These D�A materials are widely used to design advanced and emerging optoelectronic

devices (Dang et al., 2019; Kanimozhi et al., 2012; Yang et al., 2008; Bronstein et al., 2011; Steckler et al.,

2009). Although it is commonplace to design, synthesize, and characterize linear p-conjugated D�A olig-

omers and polymers, very few instances exist for using D�A motifs to design p-conjugated macromole-

cules with the ring topology.

The traditional approach of designing a diradical molecule is to embed quinoidal units in the p-conjugated

system. The aromatic stabilization energy of these subunits overcomes the covalency of a carbon-carbonp-

bond to provide the necessary potential to create two unpaired electrons (London et al., 2019). Conceptu-

ally, we can expand this process to a larger number of quinoidal units leading to an increased number of

aromatic sextet rings, resulting in a large diradical and even polyradical character (Das et al., 2016). Efforts

toward designing molecules with polyradical character include cyclic tetracyclopenta[def,jkl,pqr,vwx]-tet-

raphenylene (TCPTP) (Figure 1A) and fused p-quinodimethane (p-QDM) with a very small tetraradical char-

acters (Nobusue et al., 2015; Hu et al., 2016). Wu et al. have reported several p-conjugated linear and

macrocyclic molecules with polyradical character (Das et al., 2016; Lu et al., 2016, 2017; Liu et al., 2019;
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Li et al., 2019b, c). They have synthesized a fully fused quinoidal/aromatic carbazole macrocycle showing a

high diradical character with a moderate tetra- and hexaradical characters (Das et al., 2016) (Figure 1B) and

an annulene-within-an-annulene (AWA) super-ring structure with decaradical character (Figure 1C) (Liu

et al., 2018, 2019). This raises an important question if we can achieve the polyradical character above de-

caradical in an alternating D�Amacromolecule. The cornerstone of polyradical character is the subtle bal-

ance between different types of antiferromagnetic (AFM) spin-spin couplings arising within the p-conju-

gated macrocycle backbone (Liu et al., 2018, 2019; Li et al., 2018). Recent synthetic efforts on D�A

macromolecules attempted to tune the highest occupied molecular orbital (HOMO) and lowest unoccu-

pied molecular orbital (LUMO) energy gaps (HOMO-LUMO) by different D�A motifs to analyze optical

properties (Ball and Nuckolls, 2015; Van Raden et al., 2016; Yu et al., 2019; Ball et al., 2016, 2018, 2019; Darzi

et al., 2015; Kuwabara et al., 2015; Li et al., 2019a). However, cyclic D�Amacromolecules with an open-shell

character have not been reported in the literature.

It is evident from the prior work (Nobusue et al., 2015; Das et al., 2016; Liu et al., 2018, 2019) that the ring

topology facilitates the development of polyradical character due to the high symmetry of these molecular

Figure 1. Prototypical Examples of Macromolecular Polyradicaloids

(A–D) (A) TCPTP with a very small tetraradical character; (B) a quinoidal/aromatic carbazolemacrocycle with a moderate tetra- and hexaradical characters; (C)

an 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 p-spacer derivatives, having hexadecaradical character studied in this work.

ll
OPEN ACCESS

2 iScience 23, 101675, November 20, 2020

iScience
Article



structures. In this article, we report D�A motifs comprising p-spacer in the ring topology to achieve sys-

tems with high polyradical character (Figure 1D). Our study reveals that substitution of p-spacers in

D�A molecular backbone can modulate the AFM coupling between the unpaired electrons, developing

high polyradical character in a macromolecular system. The rest of the article is organized as follows: first,

we discuss the choice of D�A moieties followed by structural features of these macrocycles. In the subse-

quent sections, we rationalize the evolution of polyradical character based on the electronic structure fol-

lowed by a discussion on global aromaticity and optical properties.

RESULTS

Selection of Donor and Acceptor Units

The cross-conjugated donors with a highly planar molecular backbone have a high degree of electronic

coherence through extended p-conjugation, thereby leading to a small bandgap (London et al., 2017,

2019; Wang et al., 2019; Foster et al., 2014). For example, the cyclopentadithiophene (CPDT) donor,

when conjugated with thiadiazoloquinoxaline (TQ) acceptor unit, provides a vanishingly small singlet-

triplet energy gap upon increasing oligomer length, resulting into triplet to be the ground state at a longer

chain length (London et al., 2019). Here, we have used CPDT and its derivatives cyclopentadifuran (CPDF)

and cyclopentadiselenophene (CPDS) as donors and benzo[1,2-c; 4,5-c’]bis[1,2,5]thiadiazole (BBT)

acceptor to design D�A macrocycles (see Figure 1D). We chose BBT as an acceptor for its high electron

affinity and the fact that it intrinsically behaves as a diradical (Liu et al., 2017). As p-spacers can significantly

alter the electronic structure, we insert thiophene between the donor and the acceptor units. The hetero-

cyclic quinoidal thiophene unit regains aromatic stabilization energy in the open-shell ground state (Ni

et al., 2020b). As a result, macrocycles with thiophene p-spacer achieve a pure diradical character, moder-

ate-to-high polyradical character extending up to hexadecaradical (16 unpaired electrons), and display

global aromaticity in the lowest triplet state, following the Baird’s rule (vide infra) (Baird, 1972). To the

best of our knowledge, this is the first report where CPDF-, CPDT-, and CPDS-BBT are rolled into a D�A

nano-hoop, which shows not only a very high diradical character but also a significant polyradical character.

Effect of Different Donors and p-Spacer on the Molecular Structure

To understand the effect of donor chemistry and oligomer size on the ring topology, we examine the key

geometrical parameters of these macrocycles. The optimized structures of the CPDF-, CPDT-, and CPDS-

BBT macrocycles are shown in Figure 2. The CPDT- and CPDS-BBT (n = 8) macromolecules form a bowl-

shaped configuration, with a dihedral angle of 175� (Figures S1–S6). The CPDT-BBT (n = 16) has a planar

geometry, which improves the p-electron delocalization along the backbone and reduces the reorganiza-

tion energy (Fei et al., 2017). The CPDS-BBT macromolecule (n = 16) adopts a bowl-shaped configuration

with the largest hoop size (58.50 Å) (Williams-Harry et al., 2008). Substitution of the p-spacer (n = 8�p) in-

creases the planarity and hoop size from the macromolecules without p-spacer (n = 8) (Figure 2). Octamer

(n= 8) of the CPDF-BBT leads to concavity in the ring structure, whereas the CPDF-BBTmacromolecule with

n = 16 repeat units form a folded conformation. The difference in the ring topology of CPDF variant with

CPDT and CPDS is due to the small bond length between C and O atoms in the donor cyclopenta rings.

Ab initio molecular dynamics (AIMD) simulation is carried out at T = 298.15 K for CPDT-BBT (n = 8) to test

the stability of the ring structure. Video S1, related to Figure 2, shows the simulation trajectory of CPDT-BBT

(n = 8) macrocycle. The simulation indicates the macromolecule retains its bowl-shaped configuration and

the variations are primarily associated with the solubilizing -CH3 groups. The calculated root-mean-square

deviation (RMSD) indicates a plateau is reached after 600 ps (Figure S7A). Also, the ratio of x and y compo-

nents of the radius of gyration (Rgx/Rgy) indicates the CPDT-BBT macromolecule retains its ring structure

(Figure S7B).

We have analyzed the bond lengths to assess the degree ofp-conjugation in the CPDF-, CPDT-, and CPDS-

BBT macromolecules (Figures S1–S6). The connecting bonds between a donor and adjacent acceptor unit

is 1.39 Å with n = 8 and 16 repeat units, and 1.42 Å for n = 8�p. A smaller linker bond between the donor and

acceptor units (Figures S1, S3, and S5) indicates a strong AFM coupling between the paired electrons in the

frontier MOs, suppressing polyradical character (Liu et al., 2019; Hu et al., 2016). However, insertion of the

thiophene p-spacer increases the length of the linker bonds (1.41–1.42 Å) (Figures S2, S4, and S6), thus

reducing the AFM coupling. This reduction in the AFM coupling leads to polyradical character (Liu et al.,

2019; Hu et al., 2016). The mixed single and double bond characteristics of the CPDF-, CPDT-, and

CPDS-BBT macromolecules indicate a high degree of p-conjugation through the core p framework.
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Therefore, the highly p-conjugated macrocycles facilitate delocalization of highest occupied MO (HOMO)

and lowest occupied MO (LUMO) throughout the backbone of the CPDF-, CPDT-, and CPDS-BBT (Figures

S8–S25), consequently delocalizing the residual charges (Dr = S1�S0) along the rings. The spin density of

the singlet open-shell molecules (n = 8�p) is delocalized along the backbones (Figures S9, S15, and S21),

indicating higher thermodynamic stability of the CPDF-, CPDT-, and CPDS-BBT macromolecules in their

neutral form.

Figure 2. Optimized Configurations of CPDF-, CPDT-, and CPDS-BBT Macromolecules with and without the p-

Spacer at C1 Symmetry

(A–C) (A) CPDF-BBT, (B) CPDT-BBT, and (C) CPDS-BBT polymer. Distances are in Å.

See Video S1.
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The donor bond lengths indicate two distinct bonding patterns for the macromolecules with and without

the p-spacer. For n = 8 and 16 repeat units, the donor units have an alternating single (1.43–1.44 Å) and

double bond (1.37–1.38 Å) character (Figures S1–S6), indicating a quinoidal p-conjugated backbone.

The six-member ring in the BBT acceptor core has bond lengths close to a single bond (1.45 Å), and the

C=N bonds in the thiadiazole rings are 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) displays a closed-shell quinoidal form in the ground state.

However, in the case of the p-spacer derivatives (n = 8�p), the bond length alternation has decreased

significantly (Figures S2, S4, and S6). Nearly equal bonds indicate regaining aromaticity of the heteroat-

om-containing five-member rings in the donor, although quinoidal character exists in the BBT acceptor

core. The thiadiazole rings of the BBT acceptor still have equal C=N bonds, indicating larger aromaticity

in the open-shell systems (n = 8�p). It is clear from the bond lengths of each repeat unit that two additional

aromatic sextet rings are obtained for each donor along with two thiadiazole rings on the BBT acceptor in

the n = 8�p macrocycles. Therefore, the aromatic stabilization energy of the p-spacer derivatives has

increased to compensate the energy penalty to break double bonds, promoting polyradical character in

the CPDF-, CPDT-, and CPDS-BBT macrocycles (n = 8�p).

Evolution and Origins of Polyradical Character (yi)

As discussed in the previous section, the addition of p-spacer significantly alters the electronic structure,

such as distinct changes in the bond length and aromaticity, which is conducive for the radical character. As

a result, thep-spacer derivatives (n = 8�p) of the CPDF-, CPDT-, and CPDS-BBT show polyradical character

(see Table 1). In conjugated systems, there is a delicate competition between the closed-shell and the

open-shell electronic structures. As the radical formation requires bond breaking, this endothermic pro-

cess needs to be closely coupled with the exothermic process such as aromatization, so that the open-shell

solution is energetically more favorable. Thus, as the number of potential five- and six-member rings

changes from the quinoidal to aromatic resonance structure, so does the ‘‘driving force’’ to create diradical

and polyradical characters (Das et al., 2016). It is also important that the aromaticity is recovered in the

conjugation path along the backbone of macromolecules. As an example, although two aromatic sextet

thiadiazole units are recovered in each BBT unit in the backbone (Figure 3), the CPDF-, CPDT-, and

CPDS-BBT macrocycles with n = 8 repeat units do not show any radical character (yi = 0).

The CPDF-, CPDT-, and CPDS-BBT macromolecules (n = 8�p) have a near-pure open-shell diradical char-

acter (y0 = 0.90–1.0) (Table 1), where the CPDF-BBT has a slightly higher y0 than CPDT- and CPDS-BBTmac-

romolecules. The singlet-triplet (DEST) energy gaps of the open-shell molecules calculated with the spin-

projection method (Kitagawa et al., 2018) indicate the DEST reduced significantly in the open-shell systems

than in the closed-shell systems (Table S1). Also, the CPDF-BBT macromolecule has a lower DEST than the

CPDT- and CPDS-BBT (n = 8�p) macromolecules (Table S1), thus has a higher diradical index. Although

there is no clear trend in the energy gap between the singlet and higher spin states, however, a significant

reduction in DESQT (singlet-quintet) gap is observed in the CPDS-BBT compared with DEST owing to an

increased separation of the unpaired spins from each other in the polymer backbone (Figures S26–S29).

However, an increase in the DESPT (singlet-septet) and DESNT (singlet-nonet) is observed from DEST and

DESQT owing to an increased electron-electron repulsion in the septet and nonet states of the open-shell

CPDF-, CPDT-, and CPDS-BBT (n = 8 �p) macromolecules, which originates from the increased unpaired

electron density in the small region.

The p-derivatives also display a high tetraradical (y1) and hexaradical (y2) character, moderate octaradical

(y3) and decaradical (y4) character, and a low dodeca- (y5), tetradeca- (y6), and hexadecaradical (y7)

Polymer y0 y1 y2 y3 y4 y5 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

Table 1. The Polyradical Character of the CPDF-, CPDT-, and CPDS-BBT with p-Spacers (n = 8�p). The radical characters reported as the occupation

numbers of the lowest unoccupied natural orbitals (LUNO + i).
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character (Table 1). In moving from closed-shell quinoidal form to open-shell configuration, two other ar-

omatic sextet rings in the donor unit gain aromatic stabilization along with the two thiadiazole units in each

BBT acceptor (Figures 4, S29–S32). Also, the quinoidal thiophene unit recovers aromaticity in the open-

shell ground state (Ni et al., 2020b). Therefore, there is a sufficient energetic driving force for the open-shell

form to overcome the covalency to disrupt p bonds. Here, one additional double-bond has been broken to

have diradical (2 unpaired electrons) to tetraradical (4 unpaired electrons) and reaching up to hexadecar-

adical (16 unpaired electrons) characters (Figures S29–S32). Although the polyradical characters are com-

parable with the reported values in the literature (Das et al., 2016; Lu et al., 2018; Liu et al., 2019), to date,

radical characters beyond decaradical is not reported for macrocycles. Owing to the symmetric structure of

all the macrocycles, higher energy orbitals are found to be degenerate (Figures S33––S35). Therefore, with

similar aromatic stabilization energy, unpaired electrons are generated as a multiple of four. These degen-

erate MOs (Figures S33–S35) enable higher polyradical character up to hexadecaradical. Interestingly, pol-

yradical character larger than y0 obtained as pairs, except for the hexadecaradical (y7). This is due to the

degeneracy between LUMO+1 and LUMO+2 (for y1 and y2), LUMO+3 and LUMO+4 (for y3 and y4) and be-

tween LUMO+5 and LUMO+6 (for y5 and y6) (Figures S33–S35). The degeneracy lifted after LUMO+6 and

higher degenerate orbitals are not energetically accessible. Therefore, the polyradical character is devel-

oped up to y7. We believe that more degenerate orbitals would increase the polyradical character above

hexadecaradical; however, DFT calculation is intractable for larger chain lengths with the p-spacer (n =

16 �p).

Effect of Ring Size and p-Spacer on Aromaticity

An interesting feature of the p-conjugated macrocycles is that they display global (anti)aromaticity (Ni

et al., 2020a; Rickhaus et al., 2020). We use the nucleus-independent chemical shift (NICS) (Schleyer

et al., 1996), anisotropy of the induced current density (AICD) (Geuenich et al., 2005), and 2D-iso-chemical

shielding surface (2D-ICSS) (Klod and Kleinpeter, 2001) methods to analyze 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 S2, Figures S1, S3, and S5), indicating global nonaromaticity, with local

aromaticity on the individual rings (Lu et al., 2019). Even though the macrocycles with n = 8 and 16 repeat

units have 96p and 192p (128p and 256p through the hypervalent sulfur of BBT acceptor) (4Np) electrons

conjugated pathway (Figure 1D), respectively, owing to the very high quinoidal character of these macro-

cycles, aromaticity is localized on the individual rings along the molecular backbone. This localization of

aromaticity can also be observed from the AICD plots and 2D-ICSS maps (Figures S36,S38–S40, S42,

and S43–S58), where the ring current is localized on the individual rings and a significant magnetic shielding

(negative 2D-ICSS) is observed along the conjugated backbone.

Figure 3. Closed-Shell Resonance Structures

Resonance structures are provided for 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.
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The open-shell CPDF-, CPDT-, and CPDS-BBTmacromolecules (n= 8�p) also have nonaromatic character,

indicated by a very small NICS(0) values at the molecular center (Figures 5A, S2, S4, and S6, Table S3). AICD

plots show the ring currents are localized on individual rings, whereas the 2D-ICSS maps show significant

magnetic shielding along the molecular backbone (Figures 5A, S37A, and S41A). Although the NICS(0)

values for the CPDF-, CPDT-, and CPDS-BBT macromolecules (n = 8�p) in the singlet ground state is close

to 0 (Figures 5, S2, S4, and S6), the calculated NICS(0) in their triplet states are negative (�9.82,�10.00, and

�10.30 ppm for CPDF-, CPDT-, and CPDS-BBT, respectively) (Table S3, Figures S2, S4, and S6). Therefore,

the lowest triplet state of the CPDF-, CPDT-, and CPDS-BBT macromolecules with n = 8 �p shows a global

aromatic character with 4Np electrons, a manifestation of Baird’s rule (Baird, 1972). This phenomenon is

reported for a highly conjugated bis-rhodium hexaphyrins (Sung et al., 2015) or in an AWA super-ring struc-

ture (Liu et al., 2019) but not observed in D�A macromolecules. The AICD plots for the triplet state unam-

biguously indicate a unidirectional clockwise (diatropic) current flow along the 160p and 192p (4Np) elec-

trons conjugated pathway, respectively, which indicates a global aromatic character. The 2D-ICSS maps

(Figures 5B, S37B, and S41B) 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 a very small NICS(0) value (Table S3), indicating global nonaromaticity.

NICS(0) calculations of CPDF-, CPDT-, and CPDS-BBT (n = 8) on the individual rings along the backbone

indicate the heteroatom-containing five-member rings on the donor units have small aromaticity

(NICS(0) z�4.00 to �4.70 ppm), whereas the aromaticity has increased substantially (NICS(0) z�7.00 to

�7.75 ppm) in case of the p-spacer derivative (n = 8�p) (Figures S1–S6). Therefore, it is evident that the

heteroatom-containing five-member rings in the donor unit of the CPDF-, CPDT-, and CPDS-BBT (n =

8�p) have regained aromatic character along with the thiadiazole rings in the BBT acceptor unit. The

increased aromaticity of the donor units is also consistent with the calculated bond lengths of the open-

shell macromolecules (Figures S2, S4, and S6), where reduced bond length alternations on the donor indi-

cated the aromatic character of the heteroatom-containing five-member rings. All the thiophene p-spacers

have negative NICS(0) values, recovering aromaticity (Ni et al., 2020b). Therefore, the aromatic stabilization

energy has increased in p-spacer derivatives than the unsubstituted systems, facilitating double bond-

breaking along the p-conjugated backbone and developing polyradical character.

Figure 4. Open-Shell Resonance Structures

Resonance structures are provided for CPDF-(X=O), CPDT-(X= S), and CPDS-BBT (X= Se) macromolecules with n= 8�p repeat units. Gradual development

of radical characters from diradical to hexadecaradical is due to more aromatic sextet rings (highlighted in blue) in the p-framework. The red and green

arrows indicate up- and down-spins, respectively.

See also Figures S29–S32.
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Effect of p-Spacer on the Optical Properties

The optical properties of the macromolecules are explored with the time-dependent density functional

theory (TDDFT). It is evident from the calculated spectra that the absorption occurs in the near-infrared

(NIR) region (Figure 6). Comparing the absorption spectra of the CPDF-, CPDT-, and CPDS-BBTmacromol-

ecules for n = 8 repeat unit, the maximum absorption occurs within 717–756 nm. For the cycloparapheny-

lenes (CPPs), the maximum absorption reported is only around 340 nm (Jasti et al., 2008), making CPPs less

attractive in the optoelectronic devices, whereas in this case, absorption is extended into the NIR region,

which is not reported in the case of cyclic D�A macromolecules (Ball et al., 2016, 2019; Li et al., 2019a). A

small shoulder is present for both CPDT-BBT and CPDS-BBTmacrocycles only with n = 8 repeat units. In the

case of CPDT-BBT, the shoulder corresponds to a double-degenerate absorption at 462 nm, with the

Figure 5. AICD Plots (Top) and 2D-ICSS (Bottom) Maps for CPDT-BBT (n = 8�p)

(A and B) (A) singlet and (B) triplet states. 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.

See also Figures S49–S50.
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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 p-conjugation length is elongated in n = 16 repeat units; therefore, the excitation coefficients

increased by almost three times than n = 8 and n = 8 �p. The maximum absorption occurs 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 and 71 nm from n = 8, respectively. The blue-shift in CPDF-BBT spectra occurs owing to its

folded configuration and weaker p-conjugation along the backbone (Figure 2A), although a reduction in

the HOMO-LUMO gap is observed from n = 8 to n = 16 (Table S1). Therefore, increasing the chain lengths

from n = 8 to 16 facilitates red-shifting the absorption spectra in the CPDT-, and CPDS-BBT macromole-

cules, indicating a size-dependent absorption in the macrocycles (Williams-Harry et al., 2008).

In the case of the p-spacer derivatives (n = 8�p), the LUMO energies decreased significantly from n = 8 and

16 repeat units of the CPDF-, CPDT-, and CPDS-BBT macromolecules, and an increase in the HOMO en-

ergy is observed for CBDT-BBT and CPDS-BBT oligomers; therefore, the calculated Eg decreased signifi-

cantly (z0.95 eV) in the open-shell molecules (Table S1). To the best of our knowledge, this is the lowest

HOMO-LUMO energy gap of any D�A cyclic macromolecules reported. Owing to the narrowing of the

HOMO-LUMO gap, a large red-shift is observed for all p-spacer derivative macromolecules (n = 8�p),

now the absorption maximum varies within 922–974 nm. Here, the absorption spectra red-shifted for

CPDF-, CPDT-, and CPDS-BBT by 218, 166, and 214 nm from n = 8, respectively, and by 227, 73, and

143 nm from n = 16, respectively. Furthermore, the absorption is broadened up to 2,500 nm, showing

extended absorption in the whole near-infrared (NIR) region, which is in accordance with the large polyrad-

ical character of the macrocycles (Liu et al., 2018; Das et al., 2016).

All the optical excitations from the ground to the first singlet excited state (S0/S1) are optically forbidden

(Table 2), indicated by zero oscillator strengths (f = 0.0) for the transition. Similar findings were reported for

cyclic CPPs and other macrocycles (Darzi and Jasti, 2015). This forbidden transition included electronic

excitation from HOMO /LUMO, which indicates the high symmetry of these molecular orbitals involved

in the transition. Interestingly, all the allowed transitions obtained were doubly degenerate both for closed-

and open-shell macromolecules. This is due to the degenerate MOs for CPDF-, CPDT-, and CPDS-BBT

Figure 6. Absorption Spectra of the CPDF-, CPDT-, and CPDS-BBT Macromolecules

(A–F) (A) n = 8, (B) n = 8�p, (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 groundstate geometry in the presence of chloroform.
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macromolecules (Figures S33–S35). The allowed transitions involved excitation from the ground to the sec-

ond and third excited states (S0/S2 and S0/S3) (Table 2), except for CPDF-BBT (n = 16), where all the ex-

citations from lower energy states are allowed, having S6 and S7 excited states as doubly degenerate. For

the closed-shell macromolecules, the allowed transitions assigned as HOMO to LUMO+1, HOMO to

Polymer n Excitations E*g (eV) l (nm) f Orbital Contributions

CPDF-BBT 8 S0/ S1 1.44 862.24 0.00 H/L (37%)

H/L+1 (35%)

H/L+2 (35%)

H/L+4 (30%)

S0/ S2 1.64 757.29 7.25

S0/ S3 1.64 756.22 7.26

S0/ S5 1.97 628.53 2.42

16 S0/ S1 1.41 878.03 0.01 H-1/L+1 (13%)

H-2/L (19%)

H/L+1 (13%)

H/L+3 (16%)

H/L+4 (14%)

H/L+4 (14%)

S0/ S2 1.45 851.59 0.98

S0/ S3 1.46 849.45 1.05

S0/ S5 1.66 747.24 14.96

S0/ S6 1.77 698.62 8.54

S0/ S7 1.77 698.62 8.54

8-p S0/ S1 1.22 1015.70 0.00 H(a)/L(a) (16%) H(b)/L(b) (16%)

S0/ S2 1.27 974.03 5.61 H(a)/L(a)+1 (16%) H(b)-2/L(b) (14%)

S0/ S3 1.27 974.03 5.61 H(a)/L(a)+2 (16%) H(b)-1/L(b) (14%)

8 S0/ S1 1.45 853.95 0.00 H/L (34%)

H/L+1 (34%)

H/L+2 (34%)
CPDT-BBT S0/ S2 1.64 853.95 9.13

S0/ S3 1.64 755.80 9.13

16 S0/ S1 1.40 887.48 0.00 H/L (18%)

H/L+1 (13%)

H/L+2 (13%)
S0/ S2 1.46 849.22 17.69

S0/ S3 1.46 849.22 17.69

8-p S0/ S1 1.30 956.34 0.00 H(a)/L(a) (16%) H(b)/L(b) (16%)

S0/ S2 1.34 921.79 6.03 H(a)/L(a)+1 (12%) H(b)/L(b)+2 (16%)

S0/ S3 1.34 921.79 6.03 H(a)/L(a)+2 (13%) H(b)/L(b)+1 (16%)

CPDS-BBT 8 S0/ S1 1.56 794.60 0.00 H/L (31%)

H/L+1 (31%)

H/L+2 (31%)
S0/ S2 1.73 716.95 9.13

S0/ S3 1.73 716.95 9.13

16 S0/ S1 1.52 817.63 0.00 H/L (16%)

H/L+1 (16%)

H/L+2 (16%)
S0/ S2 1.57 788.39 17.95

S0/ S3 1.57 788.39 17.95

8-p S0/ S1 1.28 967.65 0.00 H(a)/L(a) (16%) H(b)/L(b) (16%)

S0/ S2 1.33 930.79 6.45 H(a)/L(a)+1 (15%) H(b)-2/L(b) (14%)

S0/ S3 1.33 930.79 6.45 H(a)/L(a)+2 (15%) H(b)-2/L(b) (14%)

Table 2. Optical Properties for CPDF-, CPDT-, and CPDS-BBT Macromolecules as a Function of Oligomer Length (n). The calculated excitations from

the ground state, excitation energies (E*
g), the wavelength of the excitations (l), oscillator strength of the excitations (f), MOs involved in the

transitions, and the percent contribution of the individual transitions. Calculations performed at PCM/(U)CAM-B3LYP level and chloroform used as

an implicit solvent.
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LUMO+2, and HOMO to LUMO+4. For CPDF-BBT (n = 16), the maximum 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+6. In the case of the open-shell macromolecules, the HOMO to LUMO transitions

is still forbidden, with allowed transition assigned to HOMO-2 to LUMO, HOMO-1 to LUMO, and the other

allowed transition obtained similar to the closed-shell system.

DISCUSSION

We have designed D�A macromolecules with and without thiophene p-spacer. Macromolecules with the

p-spacer show a near pure diradical character and moderate-to-high polyradical character, not previously

observed in D�A type macrocycles. The closed-shell macromolecules have higher singlet-triplet and

HOMO-LUMO energy gaps and a global nonaromatic character. However, the open-shell molecules

have a significantly reduced singlet-triplet and HOMO-LUMO energy gaps. Although the macromolecules

without p-spacer have a quinoidal character, the p-spacer derivatives benefit from the aromatic stabiliza-

tion energy in the donor units. Therefore, the p-spacer derivatives develop a near pure diradical and mod-

erate-to-high polyradical character, extended to hexadecaradical (16 unpaired electrons). Although the

singlet ground state shows a global nonaromatic character, the lowest triplet state of the open-shell mac-

romolecules indicates a global aromatic character following Baird’s rule, which has not been observed for

the D�A type macromolecules. The delocalized spin density distribution of the open-shell macromole-

cules indicates their thermodynamic stability in the neutral form. Furthermore, the TDDFT calculations

show that the open-shell macromolecules absorb photons in the NIR region with absorption spectra broad-

ening to 2,500 nm. Going from the closed-shell to the open-shell macromolecules, we observe a significant

red-shift in the absorptionmaxima. Our work shows that the CPDF-, CPDT- and CPDS-BBTmacrocycles are

potential synthetic targets for optoelectronic devices, particularly as NIR sensors, charge-storage devices,

and in non-linear optics (NLO) applications.

Limitations of the Study

In this work, we have considered the electronic structure of the isolated gas-phase molecules using density

functionals (B3LYP, CAM-B3LYP, PBE-D3, see supplementary information) that have worked best for a spe-

cific molecular property based on our past experiences. One can use different functionals to calculate mo-

lecular properties provided these functionals exhibit low spin contamination. It is also desirable to

compute ensemble averages for molecular properties and include solvation effects. The large system sizes

(the largest system is approximately 6 nm) considered in the present work precludes ab initio molecular

dynamics simulations with explicit solvent molecules. The solvents used in the synthesis of these materials

tend to non-polar molecules with low dielectric constant. Thus, we expect solvothermal effects to be similar

for macromolecules considered in this work.
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Table S1: Related to Table 1. Calculated electronic properties for the CPDF-, CPDT-, and CPDS-BBT macro-
molecules as a function repeating units.

Polymer n ∆ES T ∆ES QT ∆ES S P ∆ES NT HOMO LUMO Eg

CPDF-BBT
8 -0.545 - - - -4.24 -3.01 1.23
8-π -0.120 -0.119 -0.433 -0.541 -4.25 -3.30 0.95
16 -0.545 - - - -4.10 -2.96 1.14

CPDT-BBT
8 -0.563 - - - -4.52 -3.24 1.28
8-π -0.130 -0.169 -0.402 -0.605 -4.39 -3.42 0.97
16 -0.537 - - - -4.47 -3.25 1.22

CPDS-BBT
8 -0.639 - - - -4.62 -3.22 1.40
8-π -0.122 -0.107 -0.410 -0.642 -4.38 -3.43 0.95
16 -0.618 - - - -4.58 -3.23 1.35

Table S2: Related to Figure 5. NICS(0) (ppm) values for CPDF-, CPDT-, and CPDS-BBT calculated for singlet
and triplet states at the center of the macromolecule.

Polymer n singlet triplet

CPDF-BBT
8 0.28 0.22
16 - -

CPDT-BBT
8 -0.21 -0.24
16 0.06 0.06

CPDS-BBT
8 -0.23 -0.25
16 0.00 0.00

Table S3: Related to Figure 5. NICS(0) (ppm) values for CPDF-, CPDT-, and CPDS-BBT with n = 8−π calculated
at the center of the macromolecule.

Polymer singlet triplet quintet septet nonet
CPDF-BBT -0.12 -9.82 -0.1187 - -0.1149
CPDT-BBT +0.01 -10.00 +0.009 -0.002 +0.009
CPDS-BBT +0.04 -10.30 +0.047 - +0.048



Figure S1: Related to Figure 2. Bond lengths (Å) and NICS(0) (ppm) values for CPDF-BBT (n = 8) calculated at
(U)B3LYP/6-31G** level of theory and basis set.



Figure S2: Related to Figure 2. Bond lengths (Å) and NICS(0) (ppm) values for CPDF-BBT (n = 8− π) calculated
at UB3LYP/6-31G** level of theory and basis set.



Figure S3: Related to Figure 2. Bond lengths (Å) and NICS(0) (ppm) values for CPDT-BBT (n = 8) calculated at
(U)B3LYP/6-31G** level of theory and basis set.



Figure S4: Related to Figure 2. Bond lengths (Å) and NICS(0) (ppm) values for CPDT-BBT (n = 8 − π) calculated
at UB3LYP/6-31G** level of theory and basis set.



Figure S5: Related to Figure 2. Bond lengths (Å) and NICS(0) (ppm) values for CPDS-BBT (n = 8) calculated at
(U)B3LYP/6-31G** level of theory and basis set.



Figure S6: Related to Figure 2. Bond lengths (Å) and NICS(0) (ppm) values for CPDS-BBT (n = 8− π) calculated
at UB3LYP/6-31G** level of theory and basis set.



Figure S7: Related to Figure 2. (A) Root mean square deviation (RMSD) and (B) ratio of x and y component of
radius of gyration (Rgx/Rgy) for CPDT-BBT (n = 8) macromolecule.



Figure S8: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDF-BBT
polymer for n = 8. (A) HOMO and (B) LUMO for the closed-shell singlet state, (C) spin density difference (∆ρ)
between the first singlet excited state and ground electronic state (∆ρ = S 1 − S 0), (D) SOMO and (E) SOMO-1 for the
triplet state, (F) spin density of the triplet state.



Figure S9: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDF-BBT
polymer for n = 8 − π. (A) α-SOMO, (B) β-SOMO, (C) α-LUMO and (D) β-LUMO for the open-shell singlet state,
(E) spin density difference (∆ρ) between the first singlet excited state and ground electronic state (∆ρ = S 1 − S 0), (G)
SOMO and (H) SOMO-1 for the triplet state, (F) and (I) are spin density of the singlet and triplet state.

Figure S10: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDF-BBT
polymer for n = 8 − π. (A) SOMO, (B) SOMO-1, (C) SOMO-2, (D) SOMO-3 for quintet state, (E) spin density of
the quintet state.



Figure S11: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDF-BBT
polymer for n = 8− π. (A) SOMO, (B) SOMO-1, (C) SOMO-2, (D) SOMO-3 (E) SOMO-4, and (F) SOMO-5 for the
septet state, (G) spin density of the septet state.

Figure S12: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDF-BBT
polymer for n = 8 − π. (A) SOMO, (B) SOMO-1, (C) SOMO-2, (D) SOMO-3 (E) SOMO-4, (F) SOMO-5, (G)
SOMO-6, and (H) SOMO-7 for the nonet state, (I) spin density of the nonet state.



Figure S13: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDF-BBT
polymer for n = 16. (A) HOMO and (B) LUMO for the closed-shell singlet state, (C) spin density difference (∆ρ)
between the first singlet excited state and ground electronic state (∆ρ = S 1 − S 0), (D) SOMO and (E) SOMO-1 for the
triplet state, (F) spin density of the triplet state.



Figure S14: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDT-BBT
polymer for n = 8. (A) HOMO and (B) LUMO for the closed-shell singlet state, (C) The spin density difference (∆ρ)
between the first singlet excited and ground electronic state (∆ρ = S 1 − S 0), (D) SOMO and (E) SOMO-1 for the
triplet state, (F) The spin density of the triplet state.



Figure S15: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDT-BBT
polymer for n = 8 − π . (A) α-SOMO, (B) β-SOMO, (C) α-LUMO and (D) β-LUMO for the open-shell singlet state,
(E) The spin density difference (∆ρ) between the first singlet excited and ground electronic state (∆ρ = S 1 − S 0), (G)
SOMO and (H) SOMO-1 for the triplet state, (F) and (I) are spin density of the singlet and triplet state.



Figure S16: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDT-BBT
polymer for n = 8 − π. (A) SOMO, (B) SOMO-1, (C) SOMO-2 and (D) SOMO-3 for quintet state, (E) spin density
of the quintet state.



Figure S17: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDT-BBT
polymer for n = 8− π. (A) SOMO, (B) SOMO-1, (C) SOMO-2, (D) SOMO-3 (E) SOMO-4, and (F) SOMO-5 for the
septet state, (G) spin density of the septet state.



Figure S18: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDT-BBT
polymer for n = 8 − π. (A) SOMO, (B) SOMO-1, (C) SOMO-2, (D) SOMO-3 (E) SOMO-4, (F) SOMO-5, (G)
SOMO-6, and (H) SOMO-7 for the nonet state, (I) spin density of the nonet state.



Figure S19: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDT-BBT
polymer for n = 16. (A) HOMO and (B) LUMO for the closed-shell singlet state, (C) The spin density difference
(∆ρ) between the first singlet excited and ground electronic state (∆ρ = S 1 − S 0), (D) SOMO and (E) SOMO-1 for the
triplet state, (F) spin density of the triplet state.



Figure S20: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDS-BBT
polymer for n = 8. (A) HOMO and (B) LUMO for the closed-shell singlet state, (C) spin density difference (∆ρ)
between the first singlet excited state and ground electronic state (∆ρ = S 1 − S 0), (D) SOMO and (E) SOMO-1 for the
triplet state, (F) spin density of the triplet state.



Figure S21: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDS-BBT
polymer for n = 8 − π. (A) α-SOMO, (B) β-SOMO, (C) α-LUMO and (D) β-LUMO for the open-shell singlet state,
(E) spin density difference (∆ρ) between the first singlet excited state and ground electronic state (∆ρ = S 1 − S 0), (G)
SOMO and (H) SOMO-1 for the triplet state, (F) and (I) are spin density of the singlet and triplet state.



Figure S22: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDS-BBT
polymer for n = 8 − π. (A) SOMO, (B) SOMO-1, (C) SOMO-2 and (D) SOMO-3 for quintet state, (E) spin density
of the quintet state.



Figure S23: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDS-BBT
polymer for n = 8− π. (A) SOMO, (B) SOMO-1, (C) SOMO-2, (D) SOMO-3 (E) SOMO-4, and (F) SOMO-5 for the
septet state, (G) spin density of the septet state.



Figure S24: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDS-BBT
polymer for n = 8 − π. (A) SOMO, (B) SOMO-1, (C) SOMO-2, (D) SOMO-3 (E) SOMO-4, (F) SOMO-5, (G)
SOMO-6, and (H) SOMO-7 for the nonet state, (I) spin density of the nonet state.



Figure S25: Related to Figure 2. Molecular orbital (MO) diagram and spin density distribution of CPDS-BBT
polymer for n = 16. (A) HOMO and (B) LUMO for the closed-shell singlet state, (C) spin density difference (∆ρ)
between the first singlet excited state and ground electronic state (∆ρ = S 1 − S 0), (D) SOMO and (E) SOMO-1 for the
triplet state, (F) spin density of the triplet state.



Figure S26: Related to Figure 4. The unpaired spins locations of CPDF-BBT on the macrocycle backbone for
n = 8 − π. (A) singlet, (B) triplet, (C) quintet, (D) septet, and (E) nonet state.



Figure S27: Related to Figure 4. The unpaired spins locations of CPDT-BBT on the macrocycle backbone for
n = 8 − π. (A) singlet, (B) triplet, (C) quintet, (D) septet, and (E) nonet state.



Figure S28: Related to Figure 4. The unpaired spins locations of CPDS-BBT on the macrocycle backbone for
n = 8 − π. (A) singlet, (B) triplet, (C) quintet, (D) septet, and (E) nonet state.



Figure S29: Related to Figure 4. Resonance structures of the CPDF-(X = O), CPDT-(X = S), and CPDS-BBT (X =

Se) macromolecules with n = 8 − π repeat units.



Figure S30: Related to Figure 4. Resonance structures of the CPDF-(X = O), CPDT-(X = S), and CPDS-BBT (X =

Se) macromolecules with n = 8 − π repeat units.



Figure S31: Related to Figure 4. Resonance structures of the CPDF-(X = O), CPDT-(X = S), and CPDS-BBT (X =

Se) macromolecules with n = 8 − π repeat units.



Figure S32: Related to Figure 4. Resonance structures of the CPDF-(X = O), CPDT-(X = S), and CPDS-BBT (X =

Se) macromolecules with n = 8 − π repeat units.



Figure S33: Related to Table 1. Energy diagram of the frontier and higher degenerate MOs for CPDF-BBT polymer
obtained as a function of chain length.



Figure S34: Related to Table 1. Energy diagram of the frontier and higher degenerate MOs for CPDT-BBT polymer
obtained as a function of chain length.



Figure S35: Related to Table 1. Energy diagram of the frontier and higher degenerate MOs for CPDS-BBT polymer
obtained as a function of chain length.



Figure S36: Related to Figure 5. AICD plots (top) and 2D-ICSS (bottom) maps for CPDF-BBT in the (A) singlet
and (B) triplet states, respectively, at n = 8.



Figure S37: Related to Figure 5. AICD plots (top) and 2D-ICSS (bottom) maps for CPDF-BBT in the (A) singlet
and (B) triplet states, respectively, at n = 8 − π.



Figure S38: Related to Figure 5. AICD plots (top) and 2D-ICSS (bottom) maps for CPDT-BBT in the (A) singlet
and (B) triplet states, respectively, at n = 8.



Figure S39: Related to Figure 5. AICD plots (top) and 2D-ICSS (bottom) maps for CPDT-BBT in the (A) singlet
and (B) triplet states, respectively, at n = 16.



Figure S40: Related to Figure 5. AICD plots (top) and 2D-ICSS (bottom) maps for CPDS-BBT in the (A) singlet
and (B) triplet states, respectively, at n = 8.



Figure S41: Related to Figure 5. AICD plots (top) and 2D-ICSS (bottom) maps for CPDS-BBT in the (A) singlet
and (B) triplet states, respectively, at n = 8 − π.



Figure S42: Related to Figure 5. AICD plots (top) and 2D-ICSS (bottom) maps for CPDS-BBT in the (A) singlet
and (B) triplet states, respectively, at n = 16.



Figure S43: Related to Figure 5. Magnified AICD plot for CPDF-BBT in the singlet state at n = 8. The arrow
indicate the direction of the applied magnetic field.



Figure S44: Related to Figure 5. Magnified AICD plot for CPDF-BBT in the triplet state at n = 8. The arrow
indicate the direction of the applied magnetic field.



Figure S45: Related to Figure 5. Magnified AICD plot for CPDF-BBT in the singlet state at n = 8 − π. The arrow
indicate the direction of the applied magnetic field.

Figure S46: Related to Figure 5. Magnified AICD plot for CPDF-BBT in the triplet state at n = 8 − π. The arrow
indicate the direction of the applied magnetic field.



Figure S47: Related to Figure 5. Magnified AICD plot for CPDT-BBT in the singlet state at n = 8. The arrow
indicate the direction of the applied magnetic field.

Figure S48: Related to Figure 5. Magnified AICD plot for CPDT-BBT in the triplet state at n = 8. The arrow
indicate the direction of the applied magnetic field.



Figure S49: Related to Figure 5. Magnified AICD plot for CPDT-BBT in the singlet state at n = 8 − π. The arrow
indicate the direction of the applied magnetic field.



Figure S50: Related to Figure 5. Magnified AICD plot for CPDT-BBT in the triplet state at n = 8 − π. The arrow
indicate the direction of the applied magnetic field.



Figure S51: Related to Figure 5. Magnified AICD plot for CPDT-BBT in the singlet state at n = 16. The arrow
indicate the direction of the applied magnetic field.



Figure S52: Related to Figure 5. Magnified AICD plot for CPDT-BBT in the triplet state at n = 16. The arrow
indicate the direction of the applied magnetic field.



Figure S53: Related to Figure 5. Magnified AICD plot for CPDS-BBT in the singlet state at n = 8. The arrow
indicate the direction of the applied magnetic field.

Figure S54: Related to Figure 5. Magnified AICD plot for CPDS-BBT in the triplet state at n = 8. The arrow
indicate the direction of the applied magnetic field.



Figure S55: Related to Figure 5. Magnified AICD plot for CPDS-BBT in the singlet state at n = 8 − π. The arrow
indicate the direction of the applied magnetic field.



Figure S56: Related to Figure 5. Magnified AICD plot for CPDS-BBT in the triplet state at n = 8 − π. The arrow
indicate the direction of the applied magnetic field.



Figure S57: Related to Figure 5. Magnified AICD plot for CPDS-BBT in the singlet state at n = 16. The arrow
indicate the direction of the applied magnetic field.

Figure S58: Related to Figure 5. Magnified AICD plot for CPDS-BBT in the triplet state at n = 16. The arrow
indicate the direction of the applied magnetic field.



Movie S1: Related to Figure 2. AIMD simulation trajectory for the CPDT-BBT (n = 8)

macrocycle.

Transparent Methods

Computational details

All the calculations are performed with Gaussian 16 software package (Frisch et al., 2016).

Molecular geometries for the singlet and higher electronic states of the model oligomers (n = 8,

16, and 8 − π) are optimized using hybrid density functional, B3LYP (Becke, 1993). Calculation

on CPDF-BBT with n = 8 − π indicates that the C4 symmetric configuration is only 0.05 kJ/mol

lower than the C1 symmetry, C2 and C8 essentially have the same energy as C1. The C1, C2, C4,

and C8 geometries have same Boltzmann weights. Therefore, all the calculations are performed

at C1 symmetry, without any further symmetry search in the CPDF-, CPDT-, and CPDS-BBT

macromolecules. Our study on linear D−A polymer indicates the gas phase calculated properties

corroborate the experimental observation (London et al., 2019); therefore, the geometry optimiza-

tions and electronic properties are calculated in the gas phase. Also, at the computational limit,

the calculated electronic properties on a n = 8 repeat unit reproduces the experimental findings

(London et al., 2019). Therefore, we have started with n = 8 repeat units of CPDF-, CPDT-, and

CPDS-BBT macromolecules and followed the oligomer approach.

For the Se atom, LANL2DZdp basis set is used along with associated effective core poten-

tials (Schuchardt et al., 2007), with 6-31G(d, p) (Francl et al., 1982) basis set for other the atoms.

All parameters for geometry optimizations set to defaults. For the oligomers, geometries con-

sidered optimized once the RMS forces on all atoms converged to zero (Foresman and Frisch,

2015). A single-reference wave function cannot determine the electronic structure of open-shell

molecules (Abe, 2013). Multi-reference configuration schemes are computationally very demand-

ing; therefore, a broken-symmetry (BS) (Noodleman, 1981) wave function used to characterize the

open-shell singlet state. The triplet and higher spin-states are optimized from the BS optimized



geometry using an unrestricted wave function.

A molecule with two unpaired electrons localized at two degenerate or nearly degenerate non-

bonding molecular orbitals (NBMOs) is a diradical (Abe, 2013). The electronic properties of an

open-shell molecule is best defined by a quantitative multi-radical (or polyradical) index, yi (i =

0–7), which is an indication of the degree of localization of pair of electrons at different sites.

A high value of yi indicates a high degree of electron correlation, i.e., doubly-excited electronic

configuration has a higher weight in the ground-state electronic wave function (Nakano, 2017).

Theoretically, yi is defined as the occupation number of the lowest unoccupied natural orbitals

(LUNO+i) (Head-Gordon, 2003). 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 (Nakano, 2017). Therefore, for a closed-shell molecule,

the LUNO+i 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 (yi = 0),

intermediate (0 < yi < 1), and pure (yi = 1) polyradical molecule can be defined by yi values

(London et al., 2019). Here, the polyradical (yi) indexes obtained from population analysis of

natural orbitals as the occupation numbers of lowest unoccupied natural orbitals (LUNOs).

Nucleus independent chemical shift (NICS(0)) (Schleyer et al., 2001) is computed by the

gauge-independent atomic orbital (GIAO) (Ditchfield, 1974) method on the optimized geome-

try by single point energy calculation placing a ghost atom at the center of the macromolecules

and also on each rings along the conjugated backbone. NICS is an excellent probe for the mag-

netic 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 indi-

cates the corresponding molecule as nonaromatic.

NBO6 program package (Glendening et al., 2013) 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 (Yanai et al., 2004) level is used to simulate the lowest 20 singlet excited



states with Tamm-Dancoff approximation (Hirata and Head-Gordon, 1999) in the presence of

implicit solvent. Integral equation formalism (IEFPCM) of the Polarizable Continuum Model

(PCM) (Tomasi et al., 2005) is used with chloroform as the implicit solvent. AICD (anisotropy of

the induced current density) plots are generated by method developed by Herges et al. (Geuenich

et al., 2005) and 2D-ICSS (2D-iso-chemical shielding surface) maps generated by the method

developed by Klod et al. (Klod and Kleinpeter, 2001)

Ab initio molecular dynamics (AIMD) simulations are performed with CP2K software package

with QuickStep module (VandeVondele et al., 2005). AIMD simulations are carried out for 1.30

ps with 0.5 f s time step. One CPDT-BBT macromolecule with n = 8 repeat units is placed in a

large (50 × 50 × 30 Å) periodic box. Simulation is performed with canonical ensemble (NVT ) and

Nosé-Hoover thermostat is used to maintain temperature at 298.15 K (Nosé, 1984; Hoover, 1985).

The core-electronic states are described with Goedecker-Teter-Hutter (GTH) pseudopotentials and

DZVP-MOLOPT basis set is used for all atoms (Goedecker et al., 1996; VandeVondele and Hutter,

2007). 600 Ry energy cutoff is used with the finer mesh cutoff set at 50 Ry. PBE functional is

used for the exchange and correlation interaction with Grimme’s DFT−D3 pair potential (Perdew

et al., 1996; Grimme et al., 2010). SCF cycles are converged at 1 ×10−6 with energy convergence

set to 1 × 10−10.

The root mean square deviation (RMSD) of CPDT-BBT macromolecule (n = 8) is calcu-

lated using MDTraj code (McGibbon et al., 2015). RMSD measures the structural deviation of a

molecule from a reference structure. The optimized geometry of CPDT-BBT from B3LYP func-

tional is used as a reference frame. At each time step, MDTraj aligned structure to eliminate the

translational and orientational changes of the entire structure, which allowed us to quantify the

deviation caused by internal coordinate change. The RMSD is calculated using to the following

equation:



RMS D(t) =

√√
N∑

i=1

1
N

[ri(0) − ri(t)]2 (1)
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