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Topology and ground state control in open-shell

donor-acceptor conjugated polymers

Kevin S. Mayer," Daniel J. Adams,” Naresh Eedugurala,’ Molly M. Lockart,”
Paramasivam Mahalingavelar,' Lifeng Huang,' Luke A. Galuska,' Eric R. King," Xiaodan Gu,'

Michael K. Bowman,” and Jason D. Azoulay'34*

SUMMARY

Donor-acceptor (DA) conjugated polymers (CPs) with narrow
bandgaps and open-shell (diradical) character represent an
emerging class of materials whose rich behavior emanates from
their collective electronic properties and diminished electron pair-
ing. However, the structural and electronic heterogeneities that
define these materials complicate bandgap control at low energies
and connections linking topology, exchange interactions, and (opto)
electronic functionality remain nascent. To address these chal-
lenges, we demonstrate structurally rigid and strongly m-conju-
gated copolymers comprised of a solubilizing thiadiazoloquinoxa-
line acceptor and cyclopenta[2,1-b:3,4-b'ldithiophene or dithieno
[3,2-b:2',3'-d]thiophene donors. Atom-specific substitution modu-
lates local aromatic character within the donor resulting in dramatic
differences in structural, physicochemical, electronic, and magnetic
properties of the polymers. These long-range w-mediated interac-
tions facilitate control between low-spin aromatic and high-spin qui-
noidal forms. This work provides a strategy to understand the evo-
lution of the electronic structure within DA CPs, control the
ground state spin multiplicity, tune spin-spin interactions, and artic-
ulate the emergence of their novel properties.

INTRODUCTION

Organic semiconductors (OSCs) with open-shell electronic structures offer a rich
materials space for accessing new properties derived from unpaired electrons
coupled to light elements and the utilization of diverse spin-correlated phenomena
that can be tuned through chemical syntheses.' These materials have enabled
fundamental insight into the nature of w-bonding and electron pairing, the crea-
tion of novel (opto)electronic functionalities, and offered materials relevant in
emerging technologies such as molecular and organic electronics,”® non-linear

optics,” singlet fission,®” 1012 1304

energy conversion and storage, spintronics,
and quantum information.’>'® Diverse classes of materials have been demon-
strated including polycyclic aromatic hydrocarbons (PAHs) and related struc-
tures,”'”"'? open-shell graphene fragments,”® zigzag edge graphene nanoribbons
(ZGNRs),*#?1"2% quinoidal oligothiophenes,”®?” and conjugated polymers (CPs)
(Figures 1A-1C).*"*> These materials share common characteristics including
degenerate or near-degenerate frontier molecular orbitals (MOs), weak intramo-
lecular electron-electron pairing, efficient spin polarization throughout the 7-con-
jugated structure, and a considerable narrowing of the energy gap between spin

states. This results in richer categories of behavior and distinct optical, excited
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Figure 1. Molecules and polymers with delocalized electronic structures and open-shell ground states

(A) Electronic structure of open-shell Kékulé diradicals described by the diradical character index (y), which illustrates the resonance between closed-
and open-shell structures and the energy difference between the singlet ground state and thermally populated triplet state, AEst.
Diindenoanthracenes,”® quinoidal oligothiophene framework,”” anthenes,”” and ZGNRs'® drawn in their open-shell resonance forms (Ar, fused aryl
group; Mes, 2,4,6-trimethylphenyl).

(B) Representative examples of w-extended systems that exhibit high-spin ground states and extensive spin-polarization synthesized using ultrahigh
vacuum conditions.”’

(C) Conjugated DA copolymer with a high-spin ground state and a high-to-low-spin energy gap of 9.30 x 1072 kcal mol™".*"

state, electronic, spin, and magnetic properties not available from their closed-
shell counterparts.

The diradical character index (y) represents the degree of electron correlation or the
effective bond order. This index ranges from 0 < y < 1 and correlates with physico-
chemical properties and (opto)electronic functionality.®*72*313¢ Synthetic and
characterization efforts have capitalized on the discrete nature of well-defined mo-
lecular systems resulting in the elucidation of chemical, structural, and topological
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features that promote diradical character. Design strategies for delocalized Kekulé
diradicals generally include: (1) embedding quinoidal (pro-aromatic) structures
within m-frameworks whereby aromaticity recovery diminishes the covalency of a
m-bond and results in adaptation of an open-shell ground state; (2) topologies
that promote the spatial distribution of frontier MOs; and (3) a narrowing of the
bandgap that results in configurational admixing (Figures 1A-1C).%%#3:25:31.37.38
The unifying features of these materials are structures that resemble a resonance
hybrid of closed- and open-shell forms with a singlet ground state (spin quantum
number, S = 0) and a singlet-triplet gap (AEst) that allows for thermal population
of a high-spin state (S > 1) with spin interactions between w electrons (Fig-
ure 1A).>?%2637 Prototypical non-Kekulé molecules form the basis for high-spin ma-
terials.”>**" These are predominately synthesized using photochemical or redox
reactions on molecular precursors with prearranged topologies. This approach re-
sults in half-occupied degenerate MOs that exhibit strong exchange mediated via
orbitals in close spatial proximity.*® While materials with very high-spin quantum
numbers and emergent spin and magnetic properties have been achieved, nearly
all are unstable, highly localized, and offer limited flexibility in molecular
design.?*?** These well-defined Kekulé and non-Kekulé materials have enabled
important correlations between electronic structure, spin-spin coupling, exchange,
and intermolecular interactions in emerging functional materials. A nascent chal-
lenge exists for larger open-shell wt-systems, whose properties develop as a result
of their collective electronic properties and emanate from spin-spin coupling over
longer distances than in other open-shell materials. Pioneering efforts have demon-
strated atomically precise surface-mediated syntheses of open-shell molecules such
as polynuclear benzenoid species, nanographenes,?>*> ZGNRs,*'*?** and poly-
mers under ultrahigh vacuum conditions (Figures 1A and 1B).*”+*® This has enabled
clear correlations between topological, spin, and magnetic structures with physical
observables. However, the intrinsic instability of these materials precludes bottom-
up "wet-chemical” approaches, limiting practical utilization within thin-film, nano-
structured, and solution-processed technologies.

Donor-acceptor (DA) CPs define a family of materials with exceptional electronic
properties and find broad utility in (opto)electronic technologies as a result of their
strong interactions with light, diverse transport phenomena, chemical stability, and
properties that can be tuned using chemical synthesis.*”>° While most CPs are
closed-shell species accommodating their 7 electrons in bonding orbitals, several
reports have demonstrated that DA copolymers with embedded quinoidal
subunits, extensive delocalization, and very narrow bandgaps show diradical
character.?’**>"*? We previously demonstrated that charge-neutral cyclopentadi-
thiophene-thiadiazoloquinoxaline (CPDT-TQ) copolymers can adopt high-spin
ground states (Figure 1C).>"*% Several attributes of these materials are noteworthy
and offer properties that are otherwise difficult to achieve in other open-shell sys-
tems. In these DA CPs, a high degree of electronic coherence along the m-conju-
gated backbone leads to a narrowing of the bandgap and increased configurational
admixing. The extended mt-system enables topological localization of a- and B-singly
occupied MOs (SOMOs) to opposite sides of the macromolecule, diminishing the
covalency of the ground state and increasing y. Stable, high-spin (S = 1) ground
states are achieved as a result of long-range m-mediated spin-spin interactions.”’
This contrasts with both prototypical non-Kekulé species where strong exchange
and ferromagnetic coupling is mediated through bonds in close proximity*® and Ke-
kulé materials where dynamic spin polarization (DSP) largely results in a singlet
ground state with antiferromagnetically coupled spins (Figure 1A).7*?7->* These spe-
cies are also distinct from doped CPs in which radical species are formed via ion pair
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and ground state charge transfer complex formation.>* The vast majority of open-
shell species are highly unstable owing to their electron-rich nature and localized
radical sites. In DA CPs, there is significant internal charge transfer character be-
tween electron-rich and electron-deficient units along the m-conjugated backbone
resulting in extensive spin-polarization and thermodynamic stability. This picture dif-
fers from electron-rich PAHs, nanographenes, or ZGNRs in which SOMOs populate
zigzag edges, or T-systems that require kinetic blocking of open-shell sites with
sterically bulky substituents that mask important m-7 and spin-spin interactions
(Figure 1A).43:55:57

Approaches to access and tune the properties of open-shell materials with delocal-
ized electronic structures and highly correlated ground states are at the forefront of
advancing our fundamental understanding of the relationship between molecular
structure, electronic topology, and the achievable properties of these complex ma-
terials systems. While DA CPs fill an essential gap, a fundamental knowledge of how
to manipulate the underlying properties that influence y and various interrelated
phenomena remains absent. The chemical, electronic, and structural heterogene-
ities that affect the degree of correlation and conformational disorder in these ma-
terials complicate bandgap control atlow energies, the development of design rules
that favor open-shell ground states, and the topological modulation of exchange
coupling. Furthermore, current state-of-the-art approaches do not adequately ac-
count for magnetic interactions, long-range spin-polarization, Coulomb and Pauli
repulsion, electrostatics, hyperfine interactions, and higher-order electronic and
quantum mechanical correlations that give rise to the properties exhibited by these

structurally and energetically heterogeneous extended 7t-systems.*®

RESULTS

Synthesis of low- and high-spin open-shell DA CPs

These profound experimental and theoretical challenges motivated our efforts to
develop an approach to investigate and understand how properties coalesce in
open-shell DA CPs so as to rationally modulate the ground state electronic structure
and exchange coupling coefficient (J) (J > 0, parallel; J < 0, anti-parallel). Mechanistic
studies of such species and the delineation of key structure-function relationships
are aided by structural rigidity, which helps to articulate how factors such as spin-po-
larization, topology, mechanistic pathways for facilitating exchange, and (opto)elec-
tronic properties emerge.”” Figure 2 displays the copolymers considered in this
study. We targeted DA CPs comprised of a solubilizing TQ acceptor with ancillary
hexadecylthiophene substituents and 4,4-dimethyl-4H-cyclopental2,1-b:3,4-b']di-
thiophene (CPDT) or dithieno[3,2-b:2',3'-d]thiophene (DTT) donors. The TQ
acceptor can impart unique electronic properties to m-conjugated systems such as
anarrow bandgap, high electron affinity, and a tendency to favor quinoidal bonding
patterns®®®'—features that form and stabilize unpaired spins within DA CPs.?"-#*
This particular framework promotes linear backbones that support long-range
T-conjugation and transmission of spin information necessary to compare atom-
specific and subtle effects that influence the properties of the materials.

Our synthetic approach is shown in Figure 2 and begins with the preparation of 1,2-
bis(5-hexadecylthiophen-2-yl)ethane-1,2-dione (1). Linear (—C4¢H33) solubilizing groups
were chosen on the basis of minimizing torsion and promoting sufficient solubility of the
polymer products. The reaction between 2-hexadecylthiophene and oxalyl chloride was
carried out using a Friedel-Crafts acylation in the presence of aluminum trichloride
(AICl3), providing the diketone in 88% yield (Figures 2A and S1). The condensation

4 Cell Reports Physical Science 2, 100467, June 23, 2021

Cell Rerrts )
Physical Science



Cell Reports

Physical Science ¢? CelPress
OPEN ACCESS

A B
Precursor Synthesis Acceptor Synthesis

o)
1
—  Br Br
CH3COOH
CHCl;, 70 °C N

CI)S(CI

CieH33

C16H33\® © CieHa3
\_/ AICl3, Pyridine

CH,Cly, ~10 °C

C E TQBr, Acceptor ()
Synthesis of a High-Spin Conjugated Polymer J = 1.24 cm™! L L GPC Chromatogram

., o0
TQB — P
NN o TR —
/§” S s S{‘\ 3.5% Pd(PPha), P2
xylenes, uW
. Jb
Donor (8%)
CieHa3 C16H33
Synthe3|s of a Low-Spin Conjugated Polymer J=-916 cm™" |
s s N 7 .
AN N TABr /\6/\
- s s7 S~ 3.5% Pd(PPhs), s S n
xylenes, uW N N
P2 Y . . . . .
Dor:\gf(f‘)*) s s 18 20 22 24 26
CigHas™ 7 CieHas Retention Time (min)

Figure 2. Synthesis of high- and low-spin DA CPs using a Stille cross-coupling copolymerization

(A) Synthesis of 1,2-bis(5-hexadecylthiophen-2-yl)ethane-1,2-dione (1): =10°C (20 min) to r.t.

(B) Synthesis of TQBr,: 70°C (5 days).

(C) The rapid polymerization approach used to synthesize the high-spin polymer P1 using a microwave-mediated Stille cross-coupling copolymerization
between (4,4-dimethyl-4H-cyclopental2,1-b:3,4-b'ldithiophene-2,6-diyl)bis(trimethylstannane) (M1) and TQBr,. Conditions: 120°C (5 min), 140°C

(5 min), 170°C (30 min).

(D) Synthesis of low-spin P2 using a microwave-mediated Stille cross-coupling copolymerization between 2,6-bis(trimethylstannyl)dithieno[3,2-b:2’,3’-
dlthiophene (M2) and TQBr,. Conditions: 120°C (5 min), 140°C (5 min), 170°C (45 min).

(E) GPC traces of P1 and P2 obtained at 160°C in 1,2,4-trichlorobenzene.

between 1 and 4,7-dibromobenzo|[d][1,2,5]thiadiazole-5,6-diamine®? was carried out in
an acetic acid:chloroform mixture (5:1) providing 4,9-dibromo-6,7-bis(5-hexadecylthio-
phen-2-yl)-[1,2,5]thiadiazolo[3,4-glquinoxaline (TQBr,) in 35% yield (Figures 2B and
$2).%° The donors (4,4-dimethyl-4H-cyclopenta[2,1-b:3,4-b']dithiophene-2,6-diyl)bis(tri-
methylstannane) (M1) and 2,6-bis(trimethylstannyl)-dithieno[3,2-b:2’,3'-d]thiophene
(M2) were prepared according to literature procedures.®*> As shown in Figure 2, the
microwave-assisted Stille cross-coupling copolymerizations were carried out between
M1 and M2 with TQBr,, producing poly(4-(4,4-dimethyl-4H-cyclopenta[2,1-b:3,4-b']dli-
thiophen-2-yl)-6,7-bis(5-hexadecylthiophen-2-yl)-[1,2,5]thiadiazolo[3,4-glquinoxaline)
(P1, Figures 2C and S3) and poly(4-(dithieno[3,2-b:2’,3'-d]thiophen-2-yl)-6,7-bis(5-
hexadecylthiophen-2-yl)-[1,2,5]thiadiazolo[3,4-glquinoxaline) (P2, Figures 2D and
S3), respectively.’’ The utilization of Pd(PPh3), as the catalyst in xylenes resulted
in soluble copolymers following purification via Soxhlet extraction. Gel permeation
chromatography (GPC) at 160°C in 1,2,4-trichlorobenzene showed number
average molar masses (M,) of 14.2 and 30.5 kg mol™" and dispersities (D) of
2.24 and 1.91 for P1 and P2, respectively (Figure 2E).

Cell Reports Physical Science 2, 100467, June 23, 2021 5




Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

>

Absorption (a.u.)

T

T T
0.1 0.4 0.7 1.0 1.3 1.6 19 22 25 2.8 3.1 3.4 37 40
Energy (eV)

(o

0.4

0.24

0.0

-0.2+

Normalized Current
Current (uA)

T T T T T T T T -0.4 T T T T T T T T T
-15 -1.0 -05 0.0 05 1.0 15 20 -1.0 00 1.0 2.0
Potential (V vs. Ag/Ag*) Bias (V)

Figure 3. Solid-state properties of polymer thin films

(A) Absorption spectra of P1 and P2 thin films cast from chlorobenzene onto an NaCl substrate.
(B) Cyclic voltammetry indicates a HOMO-LUMO energy gap of 0.38 and 0.76 eV for P1 and P2.
(C) Current-voltage characteristics in a 30 pum X 1 mm channel with oy of 6.75 x 107 and 7.46 x
10 S cm™ for P1 and P2.

The solubility of P1and P2 enabled solution processing; thus, thin films were prepared by
spin coating 10mgmL™" chlorobenzene solutions of the polymers onto NaCl substrates.
P1 displays a broad absorption profile with an absorption maximum (Amayx) centered at
1.68 um and a band-tail extending throughout the infrared in which vibrational features
are superimposed (Figures 3A and S4). The optical bandgap (Eg"pt) islessthan0.10eV, as
estimated from the thin film absorption onset, comparatively lower than previously re-
ported CPDT-TQ copolymers.*'** This can be attributed to the ancillary thiophene sub-
stituents that raise the highest occupied molecular orbital (HOMO) and minimize torsion
through strategic positioning of solubilizing —C4¢H33 substituents when paired with M1.
The extensive Tt-conjugation and high degree of electronic coherence is evident from an
E4°P thatis among the lowest obtained for conjugated organic materials and lower than
the longest porphyrin arrays (E,°P* = 0.18 eV) that require covalent fusion of the 7t-con-
jugated backbone to overcome conjugation saturation behavior.®® The effect of hetero-
atom substitution indicates a significant perturbation to the electronic and optical prop-
erties. P2 demonstrates a Amax of 1.29 pm with an absorption onset at 1.80 um giving
E°P" = 0.69 eV. Cyclic voltammetry (CV) shows that the HOMO of P1 is located at
—4.41 eV and the lowest unoccupied molecular orbital (LUMO) at—4.03 eV, which gives
an electrochemical bandgap (Ege'ec) of 0.38 eV (Figure 3B). The electrochemical charac-
teristics of P2 show Ejomo = —4.86 eV, E umo = -4.10 eV, and Egelec of 0.76 eV.

The transport properties of the polymers were evaluated using bottom gate, bottom

contact field-effect transistors (FETs). Active layers were deposited by spin-coating
chlorobenzene solutions (10 mg mL™ polymer) onto pre-patterned Si/SiO,
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Figure 4. GIWAXS measurements of polymer thin films

(A and B) Two-dimensional GIWAXS profiles of (A) P1 and (B) P2.

(C) One-dimensional line cuts of the integrated in-plane and out-of-plane GIWAXS profiles
illustrating distinct backbone packing in P1, -7 stacking, and weakly ordered lamellar stacking for
both P1 and P2.

(300 nm)/octadecyltrichlorosilane/Au (60 nm) substrates. FET characteristics for P1
and P2, obtained from the transfer and output curves (Figure S5), revealed charge
carrier mobilities (u) of 2.06 X 107* and 7.19 x 10~* cm? V™" s™" and carrier concen-
trations of 2.05 x 10" and 6.49 x 10"® cm™3, respectively. The transfer curves (Fig-
ure S5, inset) do not demonstrate any appreciable off state, which is consistent with
the presence of free carriers. Thus, Figure 3C highlights the room-temperature con-
ductivities (ory) measured without the application of a gate bias. P1 and P2 showed
linear current-voltage (I-V) characteristics with orr = 6.75 X 10*and 7.46 x 107¢S
cm™', respectively. The Ohmic transport in these polymers can be associated with
the narrow bandgaps that promote a low energetic barrier for thermal excitation
of free carriers and extensive delocalization. The higher ogrr of P1 correlates with

the higher carrier concentration obtained for this material.*

Grazing incidence wide-angle X-ray scattering (GIWAXS) profiles for the thermally
annealed films are shown in Figure 4. P1 and P2 films are weakly crystalline, attrib-
uted to the ancillary placement of —C4¢H33 side chains at a site remote from the poly-
mer backbone. The presence of low g peaks (~0.19 A™", ~33.1 A) is due to weakly
ordered lamellar stacking from —C;4H33 side chains as indicated from (100) scat-
tering peaks. In addition, P1 shows additional in-plane (001) peaks at g ~0.54 A~
(d ~11.6 A) and weak (200) peaks at g ~0.38 A", which can be attributed to back-
bone scattering and additional side-chain ordering (Figures 4A and 4C). P1 and
P2 possess clear out-of-plane peaks at g ~1.77 A~ (d ~3.55 A) and g ~1.79 A™’
(d ~3.51 A), respectively, which is attributed to intermolecular ordering due to -
7 stacking with a face-on arrangement. Upon thermal annealing of P2, a weak
(200) in-plane peak became evident (~0.38 A™"); however, no (001) in-plane peak

Cell Reports Physical Science 2, 100467, June 23, 2021 7
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emerged (Figures 4B, 4C, and S6). The presence and intensity of the (001) scattering
peak in P1, compared to P2, indicates a more rigid polymer backbone for P1.

Electron paramagnetic resonance and magnetic susceptibility measurements
These polymers provide advantages over other open-shell materials and DA CPs for
establishing connections between chemical, topological, spin, and magnetic struc-
tures with physicochemical properties and (opto)electronic functionality. These
include: (1) the facile preparation of copolymers that overcome rapid conjugation
saturation behavior and result in extensive delocalization, (2) high chemical stability,
(3) neutral open-shell ground states, (4) solubility that enables processing into thin
films, and (5) spin-spin coupling and electronic communication dominated by intra-
molecular through-bond interactions. These collective attributes are difficult to
achieve from other materials systems.

The magnetic properties of the polymers were studied using a combination of elec-
tron paramagnetic resonance (EPR) spectroscopy and superconducting quantum
interference device (SQUID) magnetometry. At room temperature, continuous
wave (CW) EPR shows a broad single line 3-7 Gauss wide with a g factor (g) of
2.0035 for P1, while P2 displayed a single line with a lower intensity and increased
line width of 5-10 Gauss at g = 2.0039 (Figure 5A). The spin concentrations for P1
and P2 are 1.31 x 10%° and 4.26 x 10"? spins per gram, respectively. EPR measure-
ments of a dilute solution of P1 (~107° M) were used to elucidate the single-chain
behavior. The intensity of the signal increased with cooling indicating a paramag-
netic ground state (Figures 5B and S7). The variable-temperature (VT) EPR data for
P1 was fit to the Bleaney-Bowers equation in the 5-20 K range, giving AEst =
7.10 x 1073 kcal mol™" (Figure 5C).%” This indicates a high-spin ground state that
is nearly degenerate with a thermally accessible low-spin state. The exchange
coupling constant J = 1.24 cm™' is consistent with weak ferromagnetic coupling
(J > 0)." Magnetic susceptibility () measurements on P1 via SQUID magnetometry
demonstrate a decrease in i as temperature increased (Figures 5D, S8A, and S8B),
consistent with the results obtained by EPR. The magnetization (M) versus applied
field (H) plots at 5, 6, and 7 K were fit to the Brillouin function,®’ from which we
find S = 0.99 (Figure 5D, inset).®® This result is consistent with P1 having the high-
spin (S = 1) ground state of an open-shell diradical.

In contrast, the magnetic susceptibility of P2 was primarily diamagnetic in the 3 to 150 K
range, with a sharp upturn, indicating enhancement in the paramagnetic contribution
beginning atapproximately 175 K (Figures 5E, 5F, and S8C). Thus, AEst for P2 was deter-
mined through fitting the x Tversus T data to the Bleaney-Bowers equation, giving AEgt =
—5.24 kcal mol™" with J =-916 cm™ (Figure 5F).°” This indicates a low-spin ground state
with antiferromagnetic coupling (J < 0) and thermal population of a high-spin (triplet)
state with ferromagnetic interactions between unpaired 7 electrons. The literature is
replete with examples of room temperature CW-EPR spectra emanating from CPs that
are attributed to impurities, doping, polaronic species, etc. However, few reports have
considered how these could be diagnostic of different ground state electronic
structures. The AEst obtained for P1 is consistent with ~75% of spins (Boltzmann popu-
lation ratio of 0.98) occupying the lower energy and triply degenerate high-spin manifold
atroom temperature. The EPR signal of P2 is much weaker because only ~0.05% of the
polymers are thermally populated triplets under the same conditions.

Insight into the coupling between unpaired electron spins and atomic nuclei along

the polymer chain was provided by pulsed EPR of P1 using the two-pulse electron
spin echo envelope modulation (2P-ESEEM) technique (Figure §9).7071 Figure 6A
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Figure 5. Magnetic properties of the polymers

(A-C) EPR (X-band) spectra (A) of P1 and P2 at room temperature and (B) spectra for P1 from 5 to 25 K with (C) temperature-dependent fit to the Bleaney-

Bowers equation with AEst of 7.10 x 107> kcal mol™".

(D) SQUID magnetometry of solid sample P1. Main plot: Magnetic susceptibility, % versus T, from 2 to 375 K fit to the Curie-Weiss law (red line). Inset:

temperature (T) normalized magnetic field (H) dependence of the magnetization (M) at 5, 6, and 7 K, plotted as M/Ms,, versus H/T, with Brillouin

functions for S = 3/2 (gray dashed line), 1 (red solid line), and 1/2 (gray solid line).
(E) SQUID magnetometry of solid sample P2 showing magnetic susceptibility, % versus T, from 2 to 375 K fit to the Curie-Weiss law (blue line).
(F) Observed x T versus T dependence and the temperature-dependent fit to the Bleaney-Bowers equation with AEst of —5.24 kcal mol~".

shows the spin-echo decay profiles measured with the Hahn echo pulse sequence
(mt/2-1-m-1-echo) at 5 K. The echo decay is modulated by hyperfine interactions be-
tween the electron spin and the nuclear spins of the polymer. The overall decay of
the spin echo shows that motion of the electron along the chain has relatively low
spectral density (decay time <1,000 ns) on the 100-1,000 ns timescale, indicating
a relatively long residence time for the spin on a portion of the chain, rather than
complete delocalization or rapid thermally activated hopping along or between
chains. Fourier-transformed ESEEM spectra are shown in Figure 6B. Dominant peaks
centered at 4 MHz and a weaker intensity peak around 15 MHz indicate hyperfine in-
teractions of the electron spin with "*N and "H, respectively. These hyperfine inter-
actions are static during each spin echo measurement, confirming relatively immo-
bile spins on the polymer. These ESEEM results together with the fairly narrow
EPR line width indicate that each unpaired electron spin is confined to but delocal-
ized over roughly 1-3 repeating units.

Quantum chemical calculations

Density functional theory (DFT) calculations at the unrestricted (U)B3LYP/6-31G**
level of theory’? were carried out on oligomers with an increasing number of repeat
units (n) in order to understand the evolution of the electronic structure and relate
it to the properties of the polymers (Figures S10-523; Tables S1-511). The dimer
(n = 2) of P1 adopts a closed-shell ground state (y = 0) with a mixed aromatic-
quinoidal bonding pattern resulting from the strong, proquinoidal TQ acceptor
(Figure S10; Tables ST and S8). In progressing from n = 2 — 4, the open-shell
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Figure 6. Pulsed EPR spectroscopy measurements of high-spin P1

(A) 2P-ESEEM intensity echo decay of P1 over time generated with a Hahn echo pulse sequence
(inset).

(B) Fourier transformed spectra of powder sample at 5 K and characteristic peaks indicating nuclear
hyperfine interactions.

(unrestricted) solution becomes lower in energy and the tetramer (n = 4) exhibits
moderate diradical character (y = 0.313). Bond-length alternation (BLA) analysis
and nucleus independent chemical shift (NICS) calculations show molecular features
associated with an increase of y upon extension of the conjugation length (Fig-
ure S10; Tables S2-S11). This includes an increase in the quinoidal character of
the oligomer core consistent with NICS values of central TQ benzenoid rings that
decrease from -4.44 ppm at n = 4 (ring 13, Table S4) to —1.45 ppm at n = 8 (ring
29, Table Sé). This is accompanied by a lengthening of long bonds within these rings
from 1.443 A for n =4 (bond 21, Table S9) to 1.453 A for n = 8 (bond 45, Table S11).
NICS values of TQ benzenoid rings located at chain ends of the n = 8 oligomer are
more aromatic (Figures 7A and 7B; Tables S2-Sé). This greater aromatic character is
coincident with regions of localized spin density, consistent with a progressive local-
ization of the a- and B-SOMOs to chain ends as shown in Figure 7. The diradical char-
acter increases rapidly with oligomer length (y = 0.31 — 0.95fromn=4 — 8) with a
concomitant decrease in the bandgap and AEstto 6.0 X 1073 eVatn=8(Table S1;
Figures S10, S15, S17, and S20). Extrapolation of these data indicate stabilization of
the high-spin ground state at a relatively short chain length of n ~10 (M, of ~10 kg
mol=1).25.73

In stark contrast, the substitution of C(CH3), at the donor bridgehead position with
the sulfur atom possessing vacant d-orbitals and lone pairs eliminates the quinoidal
bonding pattern adopted by P1. This is apparent from the local aromaticity within
central donor and acceptor rings in the n = 8 oligomer of P2, which show more aro-
matic NICS values of —-6.09 ppm (ring 34, Table S6) and —6.42 ppm (ring 37, Table
S6), respectively. This can be attributed to the delocalization of the lone pair on sul-
fur within the donor, which affords higher intra-ring aromaticity.”* More negative
NICS values that range between -6 and -7 along the entire t-conjugated backbone
of P2 are consistent with an aromatic bonding pattern (Tables S6 and S11). Thus, P2
possesses a non-zero diradical index (y = 4.2 X 107 only at n = 8 with AEst
converging to approximately —4.68 kcal mol™. This indicates the formation of a
low-spin ground state with minimal diradical character in the polymeric long-chain
(n — ) limit. These data are consistent with the assignment of the ground elec-
tronic state obtained using temperature-dependent EPR and SQUID magnetometry
measurements. The relative values of AEgt for P1 and P2 are consistent with the
magnitudes computed here.
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Figure 7. Electronic structure of the P1 oligomer (n = 8) at the UB3LYP/6-31G** level of theory
(A and B) Calculated (A) -SOMO and (B) B-SOMO profiles of the open-shell singlet.

(C) Spin density distribution of the singlet and (D) triplet states with most probable locations for the unpaired electrons highlighted with open circles

(red: up spin; blue: down spin).

For a singlet diradical, one would expect that significant overlap exists between the
o- and B-SOMOs, whereas a triplet would minimize overlap and diminish effects
associated with DSP. These features are apparent in the topological structures of
P1 and P2 and illustrated in the evolution of the electronic structure of P1, which pro-
gresses from a low-spin species with moderate y (0.313 at n = 4) to the bond disso-
ciation limit (y — 1) at longer chain lengths and then adopts a high-spin ground
state. For P1 and P2 oligomers (n < 4), the frontier MOs show considerable overlap
(Figures S11-S14). Evolution and divergence in the electronic and topological struc-
ture becomes evident upon increasing the chain length. For the P1 singlet, an in-
crease from n = 4 — 8 results in a progressive localization of the a- and B-SOMOs
from the quinoidal core to the oligomer periphery (Figures 7A, 7B, S15, S17, and
S20). As a result, antiferromagnetically coupled spins occupy separate spaces, which
serves to diminish bond covalency, increase y, and mitigate electron repulsion. How-
ever, an extension of the conjugation length also leads to enhanced Coulomb repul-
sion from the spatial overlap of a- and B-SOMOs and a rapid decrease in AEgr.

The triplet is stabilized at longer chain lengths since the increased spacing between
unpaired electrons further reduces Coulomb repulsion.”? This is consistent with the
more localized spin density of the S = 1 octamer (Figures 7C and 7D) and consistent
with the spin-orbit coupling with nitrogen in the 2P ESEEM echo measurements,
g-factor of 2.0035, and weak intramolecular ferromagnetic coupling (J =
1.24 cm™') between spins (Figure 5C).”° In contrast, P2 demonstrates extensive
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Figure 8. Electronic structure of the P2 oligomer (n = 8) at the UB3LYP/6-31G** level of theory
(A and B) Calculated (A) -SOMO and (B) B-SOMO profiles of the open-shell singlet.

(C and D) Spin density distribution of the (C) singlet and (D) triplet states with most probable locations for the unpaired electrons highlighted with open

circles (red: up spin; blue: down spin).

overlap of a- and B-SOMOs along the backbone in both the singlet and triplet states
(Figures 8A-8C). The extensive distribution of spin density is consistent with
enhanced DSP, a singlet ground state, and marginal y. The slight shift in g factor
for P2 also follows from similar observations in the computed triplet of the n = 8 olig-
omer as this would be the species detected in EPR measurements (Figure 8D).

In order to better articulate the chemical and topological evolution of the electronic
structure and elaborate on the large differences in properties within the context of
strongly correlated m-electron systems, we carried out anisotropy of the induced
current density (ACID) calculations on the oligomer series (Figures S24-529). This
describes the global aromaticity and assists in visualizing the pathway followed by
delocalized electrons.”® At n = 2, the ring currents for both P1 and P2 indicate dia-
tropic (aromatic) circuits within individual donor and acceptor units (Figure S25) in
agreement with NICS calculations. The ring current within the TQ acceptor is largely
retained with considerable delocalization into ancillary thiophene rings. For P1atn=
4, the paratropic (quinoidal) ring current within the central TQ benzenoid unit and
the CPDT donor increases in magnitude, consistent with the concomitant decrease
in NICS values (Table S4; Figure S26). Enhanced inter-ring mt-delocalization becomes
evident between donor and acceptor units in P1 for n > 4, while the pathway
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Figure 9. ACID plots of the P1 and P2 oligomers (n = 8) at the UB3LYP/6-31G** level of theory

(A and B) Isosurface (yellow) and current density vectors (green lines) calculated by ACID for (A) the open-shell triplet state of P1 and (B) open-shell
singlet state of P2. The general aromatic current is indicated by the superimposed clockwise red arrows. The current density vectors plotted on the

ACID isosurface indicate ring current (red: clockwise, aromatic; blue: counterclockwise, anti-aromatic) and prevalent delocalization pathways present.

extending to the ancillary thiophenes begins to degrade. While P2 shows a similar
trend, there is more confinement of electron density within the individual DA repeat
units as the conjugation length increases. While both P1 and P2 demonstrate exten-
sive delocalization along the mt-conjugated backbone, the difference between elec-
tronic pathways becomes more pronounced at longer chain lengths (Figure 9). For
P1 at n = 8, strong paratropic ring currents are evident along the entire backbone,
consistent with quinoidal character and NICS calculations (Figure S28; Table Sé).
In P1, paratropic ring currents within the donor core show substantial ordering, while
outer diatropic currents are largely disrupted by a lack of a conjugation across the
C(CHs), bridgehead (Figure 9A). For P2, the bridgehead sulfur enables more flow
and ordering of outer diatropic currents along the donor periphery (Figures 9B
and S29). While a weak paratropic current in the central benzenoid unit of TQ is
evidentfor P2, itis smaller in magnitude than P1. Taken collectively, the strong para-
tropic ring currents in P1 are consistent with stronger intramolecular DA coupling.
This follows the computed bond-length values between the donor and acceptor
components where P1 has connecting bonds varying between 1.40 and 1.44 A (ap-
proaching a C=C bond length), while P2 varies between 1.44 and 1.45 A (approach-
ing a C-C bond length) (Table S11). The increased single-bond character between
units in P2 permits increased bond rotation between donor and acceptor compo-
nents (dihedral angles of 3.20° and 9.93°, respectively) thereby diminishing the
co-planarity as evident in Figure 9. These results are in agreement with the more or-
dered structure of P1 obtained in GIWAXS measurements.

DISCUSSION

DA CPs with narrow bandgaps and open-shell (diradical) character represent an
emerging class of materials whose rich behavior enables new applications. In
contrast to previous work on Kékulé and non-Kékulé materials, these copolymers
show significant internal charge transfer character between electron-rich and elec-
tron-deficient components, extensive delocalization of electron density, long-range
m-mediated spin-spin interactions, very narrow bandgaps, and high chemical stabil-
ity. Atomistic engineering through substitution of sulfur for carbon at the donor
bridgehead enables modulation of the local aromaticity within the donor, which in
turn enables control of the topological and ground state structure. This is consistent
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with a shift from an aromatic low-spin structure with moderate diradical character
adopted by P2 (S = 0, AEst = =5.24 kcal mol™") to a quinoidal high-spin structure
inP1(S=1, AEst = 7.10 x 1073 kcal mol™). Spectroscopic, transport, GIWAXS,
EPR, and SQUID measurements, complemented by quantum chemical calculations,
provide clear correlations between the chemical, electronic, structural, and mag-
netic features of these materials. The dramatic changes resulting from atom-specific
substitution demonstrate that adaptation of these properties is predicated on long-
range interactions along a linear m-conjugated pathway. Furthermore, these data
indicate the capability to form electronic states with varying energetics (AEst), mag-
nitudes of intramolecular electron-electron pairing (0 < y < 1), and diradicals (y = 1)
with controlled spin alignments. This work provides an approach to develop new
structure-property relationships associated with the novel electronic and topologi-
cal structures adopted by DA CPs, control the ground state configuration, tune dis-
tance-dependent spin-spin interactions, and articulate the emergence of the novel
properties of these materials.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
the Lead Contact, Prof. Jason D. Azoulay (jason.azoulay@usm.edu).

Materials availability

Reagents generated in this study will be made available on request, but we may
require a payment and/or a completed Materials transfer agreement if there is po-
tential for commercial application.

Data and code availability
All data generated and analyzed during this study are included in this article and its
supplemental information.

General procedures

Full descriptions of the synthesis, experimental procedures, data treatment, and
computational methods can be found in the Supplemental experimental proced-
ures. In addition, stability studies for the polymers, along with tabulated half-lives
of different radical species, are provided in Figures S30-S35 and Table S12,
respectively.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100467.
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