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radical active group exhibit unique functionality due to their radical YooY Y sie
pendant site. Compared with the previously studied doped conjugated (... " [ gme
polymers, radical polymers reveal superior processability, stability, and . _
optical properties. Despite the success of organic radical polymer oo

conductors based on the TEMPO radicals, it still requires potential '
design substitutions to meet the fundamental limits of charge transport 2
in the radical polymer. To do so, we demonstrate that the amorphous, 10* Fitting curve
nonconjugated radical polymer with backbone—pendant group § A=EA
interaction and low glass transition temperature enables the macro- o =%

molecules to have rapid charge transport in the solid state, resulting in
conductivity higher than 32 S m™". This charge transport is due to the
formation of the local ordered regime with an energetically favored
orientation caused by the strong coupling between the backbone and pendant group, which can significantly modulate the polymer
packing with active electronic communications. The nonconjugate nature of the radical polymer maintains an optical transparency
up to 98% at a 1.5 pm thick film. Thus, this effort will be a dramatically advanced model in the organic radical community for the
creation of next-generation polymer conductors.
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polymers still needs to improve.””'* To address this point, it is
Air-stable open-shell organic radical polymers are an emerging essential to establ@h the charge transport properties of open-
. : _— ) . shell chemistries with the understanding of structure—function

class of materials for future electronic applications including

17 relationships and design strategies of the alternative chemical

energy storage devices,' "' transparent displays,'*~"” memo . . .
.8 16,1s_gz1 )y onspare P s * structure of radical polymers for the quantification of their
devices, solar cells,” and spintronics. Compared 1
potential impact.

with the conventional conjugated organic materials that require
chemical doping or a high degree of crystallinity for high
electrical conductivity, amorphous, undoped, and nonconju-
gated radical polymers can enable tunable and robust
conductivity and optical transparency for myriad applications.
In radical polymers, the electronic charge transport occurs
through the high-density active radical sites upon reduction—
oxidation self-exchange reactions.”*® The tunable chemical
design of polymeric radicals allows a potentially enormous
range of open-shell groups to be combined with varying
backbones to tune electronic properties in a powerful

In this study, we demonstrate the enhancement of charge
transport in radical polymers by surpassing the limitations
imposed by channel dimensions. The effective channel
distance was upscaled from the microscale to the mesoscale,
aligning directly with the charge transport regime of
amorphous radical polymers achieved through meticulous
molecular design. In particular, polymer poly(TEMPO-
substituted ethylene sulfide) (PTES) was synthesized by

manner.”® PTMA was used as the initial organic radical
conductor. The champion electronic conductivity (~20 S m™") November 27, 2023
of radical polymers was reported in 2018 with the ether- January 24, 2024

January 25, 2024

oxygen-based organic radical polymer within the channel
AS & L February S, 2024

distance of 600 nm or less.”" **” While this poly(4-glycidyloxy-
2,2,6,6-tetramethylpiperidine-1-oxyl) (PTEO) exhibits the
champion performance, the ultimate performance of radical
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Figure 1. Characterization of the amount of open-shell sites in PTES radical polymers. (A) Anionic ring-opening polymerization for the synthesis
of PTES radical polymer. (B) UV—vis spectra of the polymer (in acetone solvent) indicate the presence of a nitroxide pendant group. (C) EPR
spectroscopy signal of a radical polymer thin film. (D) Radical density of the PTES polymer used in this work (radical density of above 99%),
where the radical density was compared to the hTEMPO small organic radical molecule.
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Figure 2. PTES flow, thermal, and percolation properties. (A) DSC curve showing the glass transition temperature of PTES at 50 °C. (B) TGA
curve indicating that the degradation temperature of PTES is about 180 °C. (C) XRD, along with the corresponding schematic illustration, reveals
the amorphous morphology of the aliphatic polymeric backbone with a bulky nitroxide pendant group.

using a ring-opening anionic polymerization methodology to
form a radical polymer with a flexible macromolecular
backbone and a relatively low glass transition temperature.
The thermal annealing of the PTES radical polymer leads to
the formation of percolation domains for macroscopic
conductivity with fast charge transfer reactions. The reversible
electronic communication of an open-shell active site can be
realized by repeating the percolation network above the glass
transition temperature (Tg) and insulating the system below T,
in amorphous regimes. This concept is similar to the previous
observation for other radical polymers of PTEO; however, the
advanced chemical design of radical macromolecule is
additionally demonstrated by using the organosulfur backbone
in the radical polymer, where the sulfur group could proceed in
the self-redox reaction by itself in a rational manner.”®
Furthermore, it enhances the overall redox reaction of the
radical polymer with the promotion of a nitroxide pendant
group that can strongly interact with sulfur (S) of the
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backbone, resulting in the enhancement of active units close
enough for self-exchange redox reactions of open-shell moieties
in the microscale channel device. This not only contrasts
strongly with general 7-conjugated organic electronics but also
represents an advanced design paradigm in the radical polymer
electronic society.

The high density of radical active sites is a critical factor in
the synthetic design parameters for high-electrical-conductivity
radical polymers.””*" It is because the conductivity of radical
polymers increased exponentially as the density of the radical
region increased.”’ The well-known strategy to maintain the
high density of radical site is to polymerize the monomer that
includes an open-shell active site directly for the formation of
radical polymer instead of polymerizing a closed-shell
monomer and subsequently converting this closed-shell to
open-shell species.'”'®*”**% To do so, the small radical
molecule monomer including the nitroxide functionality
(thiirane, 1, Figure 1A) is prepared through the reaction

https://doi.org/10.1021/jacsau.3c00743
JACS Au 2024, 4, 690—696


https://pubs.acs.org/doi/10.1021/jacsau.3c00743?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00743?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00743?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00743?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00743?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00743?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00743?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00743?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

PTES (Effective Charge Transfer)

? M o Active
N 7
A Sz B |Nis C 13 N__ < Radical
C-S-C (Sapa2) Site
C-S-C (Sap) 163.8 &V NO' )
164.9 eV 399.6 eV /Lo/\ LA /(0/ <— Linker
- g ~g S S <— Backbone
2 c
§ z S-S Local Charge Transport
o B Interaction
s [sTEMPO = SsTEMPO
> C-S-C (S2p312) = N-O"
5 1es1ev 2 3999 eV
c C-S-C (Sopir2) 9 %)
8 164.21 6V c -
= 7 - [ J b
S-NO' i
Interaction @ Sulfur ¢ ® -
. —SF =g = "
% Backbone, Linker
. Polymer E. { \ b
167 166 165 164 163 162 161 404 402 400 398 396 - @ Active site
[ *
Binding Energy (eV) Binding Energy (eV)

Figure 3. Deconvolution of (A) S,, of monomer and polymer and (B) N of monomer and polymer core level XPS spectra for polymer PTES.
Typical configuration showing the packing network between active pendant groups and the polymer backbone of PTES to transfer the charges
through the local regimes.
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Figure 4. Optimized geometries of repeating units of PTEO and PTES polymers. (A) DFT optimized geometry (left) and charge distribution
(right) of the PTEO repeating unit. (B) DFT optimized geometry (left) and charge distribution (right) of the PTES repeating unit. (C) Bond and
dihedral angles of the backbone of the repeating unit of PTEO. (D) Bond and dihedral angles of the backbone of the repeating unit of PTES.

between 4-glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl This result indicated a negligible loss of radical density during
(GTEMPO) and thiourea (see the Methods section). This the polymerization process and the thermal stability of the

small molecular product can be refined to a high level to secure radical site in the temperature range 288—323 K for solid-state
a single pendant radical group per monomer unit. This device tests during the heating and cooling of materials.
monomer can participate in an anionic ring-opening polymer- In addition, another critical design criterion for the high
ization (AROP) in high yield (~90%) with the base ("BuSH) electrical conducting radical polymer is that there should be a
as the initiator, generating the well-defined PTES radical large window between the flow transition temperature of the
polymer with a number-average molecular weight of 19.8 kg open-shell radical polymer and the degradation temperatures
mol ™. The security of the pendant radical group was indicated of the pendant group. In this aspect, PTES exhibits a low glass
by the UV—vis absorption peak (Figure 1B). The PTES transition temperature of SO °C (Figure 2A), which is far
maintained a high radical density, above 99%, because the below the degradation temperature of PTES (180 °C, Figure
polymerization does not contain the radical intermediate. In 2B).
addition, with the strong nucleophilicity of the thiolate anion, Due to the high reorganization energies and relatively low
polymerization of the episulfide monomer was performed at electronic coupling to other types of radical moieties, the
ambient temperature without the need for a strong base nitroxide radicals are considered to have some limitation to a
(‘BuOK) as an initiator (Figure 1A). A high spin concentration certain level of charge transfer with the coupling of the active
of the radical in the polymer was determined using electron site in the nonequilibrium amorphous packing structure
paramagnetic resonance (EPR) spectroscopy (Figure 1C,D). (Figure 2C).** In the solid state, the radical site is required
692 https://doi.org/10.1021/jacsau.3c00743
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Figure S. Conducting organic radical and optical properties. (A) Conductivity of PTES at a high-temperature region above

T,. Inset: hysteresis on

electrical conductivity versus temperature for PTES at the channel size of 1.5 ym. (B) Schematic showing the sandwich structure device channel.
(C) UV—vis absorption/transmission profile of a 1.5 ym thick PTES film on an ITO glass substrate.

to be close enough for rapid redox kinetics. To do so, a
molecular design approach to the redox-active radical polymer
is required to promote high charge transfer orientation. The
PTES material with a low glass transition temperature (T})
undergoes a phase change from the solid state to molten state
to create the percolating nitroxide network for charge transport
while keeping it away from the degradation temperature of the
radical. This type of design can be tailored with radical
polymers, as the macromolecular backbone dominates the
mechanical and thermal properties, and pendant chains
separated from the backbone dictate the dominant electro-
chemical properties of the material.”’ In Figure 3A, the S
spectrum of both PTES and the monomer can be analyzed to
reveal two predominant peaks at 164.9 and 163.8 eV,
corresponding to S 2p,,, and S 2p;,, of the —C—S—C—
moiety in the monomer.”” >’ These peaks exhibit a shift to
16421 and 163.1 eV in the polymer, attributed to the
significant inter- or intramolecular interactions. (Figure 3C)
Furthermore, in PTES, the active radical group NO of the
monomer, which initially had a binding energy of 399.6 eV,
underwent a shift to 399.9 eV (Figure 3B). XPS provides
evidence of coupling between the backbone—pendant group
(S—NO) and the pendant group—pendant group (NO—NO)
as depicted in the illustration of Figure 3C. Further
experimental analysis using FT-IR and UV/vis spectroscopy
supports the interaction between sulfur and radical active
groups, characterized by the peak shift of the nitroxide group
from 460 nm (monomer) to 444 nm (polymer). Instead, no
clear peak shift of nitroxide was observed in the FTIR analysis.
PTES shows effective charge transfer due to the strong
couplings which trigger the favorable orientation of the
pendant group with annealing for redox reaction for electronic
communication in an amorphous regime compared to the
PTEO. The energetically preferred orientation due to the
strong coupling between the backbone and the pendant group
can potentially be substantially regulated by the details of the
polymer packing.*®

The origins of PTES’s ability to maintain high conductivity
on a micrometer (um) length scale were further explored
through density functional theory (DFT) simulations. We
performed geometry optimization on repeat units of PTES and
identically on repeat units of PTEO as controls (Figure 4).
Upon examination of the charge distribution in the optimized
structures, it was found that while the oxygen atoms in the

693

PTEO repeat unit had a relatively greater concentration of
electrons, the overall distribution of charges was even
throughout the unit (Figure 4A). Compared to the charge
distribution observed in PTEOQ, the distribution near the sulfur
atom of PTES’s backbone chain exhibited the most significant
difference, with almost no charges detected near the sulfur
atom and a noticeable concentration of electrons toward the
adjacent carbon atoms on both sides (Figure 4B). The
electron-donating nature of the sulfur-containing backbone in
PTES has the potential to impact intermolecular interactions
between polymer chains, which could lead to improved
packing and overall material stability. In addition, upon
comparison of the bond and dihedral angles of PTES and
PTEO backbones (Figures 4C and 4D), it was observed that
there was no significant difference in the bond angle. However,
in terms of the dihedral angle, the PTEO backbone containing
oxygen was curved at around 70°, while the PTES backbone
containing sulfur was almost flat at approximately 175°. That is
to say, the PTES backbone containing flexible and planar
thioethers (C—S—C) is believed to provide greater structural
diversity by virtue of its ability to adopt various conformations.
This is in line with molecular simulation results that optimize
polymer structures with geometric variables for torsion angles
and tacticity between repeat units based on the DFT optimized
structure. Examining the relative conformational energy,
defined as the difference between the potential energy of the
initial configuration and the optimized configuration, reveals
that PTES exhibits more robust conformational flexibility, as it
has a lower conformational energy compared to PTEO
(Figures SS and S$6). The strong conformational flexibility
enables them to possess a wider range of potential percolation
pathways for conductivity.

The thermally activated conductivity behavior of PTES was
scanned from the low to high charge transport regime versus
time during the real transition state of PTES from the glassy
state into the molten state. We note that understanding charge
transport in radical polymers involves radical-mediated
hopping through active pendant groups through the redox
self-exchange reaction, forming percolation domains for
efficient nanometer- to micrometer-scale charge transport.
Influential factors include the molecular structure, polymer
morphology, doping, impurities, and temperature. Optimizing
these factors is crucial for tailoring the electrical properties.
The PTES thin film stayed at its glassy state below T, before
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raising the temperature. When the temperature was greater
than T, the conductivity of PTES increased by more than 9
orders of magnitude; that is, it went from ~1.8 X 107° to 1.92
S m™' (Figure SA). The conductivity was calculated with
Ohm’s law of 6 = L/RA (o is conductivity, R is resistance, L is
channel length, and A is channel area) extracted by the slope of
the IV curve from DC measurement. The device construction
is shown in the inset of Figure 5B with a thickness channel size
of 1.5 um. Interestingly, the radical polymer exhibited
reversible electronic conducting behavior following the heating
and cooling process. It demonstrates that charge transport
regimes occur through the increased chain dynamics of the
radical polymer that has a amorphous morphology, which
activates the strong interaction between radical pendant groups
to communicate with each other.” Alternative electrode
materials were used to observe the varying conductivity of
PTES. The electrical conductivity of PTES was experimentally
extracted to be 1.92, 12.1, 26.4, and 32.0 S m™! for electrode
materials of platinum (Pt), copper (Cu), silver (Ag), and gold
(Au), respectively (Figure S7A) (contact resistance = 0.2 X 10*
Q, Figure S8), which exceed the conductivity of radical
polymer of PTEO even in the micrometer channel with air
stability (Figure S9). To explain this observation, the SOMO
of PTES was extrapolated to be 5.09 eV through a cyclic
voltammetry plot (Figure S10). In general, besides the
molecular structure, band/energy level modulation in the
junction of metal/molecules is a critical factor governing the
current molecular electronics.*”*' As shown in the schematic
energy band diagram (Figure S7B), the lowest difference in
barrier height between the Au work function and the SOMO
energy of the radical polymer is attributed to the favoring of
charge transport, resulting in the high collected current for
PTES under junction contact.”” Such a large electronic
conductivity value also provides evidence of the good electron
transfer of the PTES radical polymer to the Au electrode.

In summary, we have developed the advanced design of a
radical polymer of poly(TEMPO-substituted ethylene sulfide)
(PTES) working as the transparent conductor sustained over a
micrometer (um) length scale. The complementary backbone
design tailored the electrical conductivity values of the
nonconjugated open-shell radical polymer above 32 S m™ as
optically transparent, charge-neutral conductors. The effective
charge transport performance of radical polymers is system-
atically demonstrated by examining their physical and chemical
characteristics. The presence of this regime offers a unique
method for controlling the structure of future generations of
such macromolecules containing unpaired electrons through
molecular engineering.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00743.

Additional experimental details, methods, materials
characterizations, detailed data evaluation, and detail
spectral assignment reference (PDF)
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