
Angewandte Chemie International Edition

How to cite: Angew. Chem. Int. Ed. 2026, e2483808
doi.org/10.1002/anie.2483808

RESEARCH ARTICLE

Hydrogen-Bonding Order Associated With Radical
Delocalization in Layered Organic Cathode Materials
Alae Eddine Lakraychi1,2,3 Zeqian Zhang1,4,5 Oliver Lin6,7 Eric D Walter1,5 Jiaqi Wang1,8

Harshan Reddy Gopidi1,2,3 Eliot F. Woods1,9 Ruozhu Feng1,9 Wei Wang1,9 Pieremanuele Canepa1,2,3

Brett A. Helms1,10,11 Kamila M. Wiaderek1,8 Qian Chen6,7,12 Yan Yao1,2,3,13,14 Ying Chen1,5

1Energy Storage Research Alliance, Argonne National Laboratory, Lemont, Illinois, USA 2Department of Electrical and Computer Engineering, University of
Houston, Houston, Texas, USA 3Texas Center for Superconductivity, University of Houston, Houston, Texas, USA 4Department of Chemistry, University of
Washington, Seattle, Washington, USA 5Physical and Computational Sciences Directorate, Pacific Northwest National Laboratory, Richland, Washington,
USA 6Department of Chemistry, University of Illinois, Urbana, Illinois, USA 7Materials Research Laboratory, University of Illinois, Urbana, Illinois, USA
8X-ray Science Division, Argonne National Laboratory, Lemont, Illinois, USA 9Energy and Environment Directorate, Pacific Northwest National Laboratory,
Richland, Washington, USA 10The Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, California, USA 11Materials Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley, California, USA 12Department of Materials Science and Engineering, University of Illinois, Urbana, Illinois,
USA 13Department of Earth and Environmental Engineering, Columbia University, New York, New York, USA 14Columbia Climate School, Columbia
University, New York, New York, USA

Correspondence: Yan Yao (yy3784@columbia.edu) Ying Chen (chen675@pnnl.gov)

Received: 2 June 2026 Revised: 3 September 2026 Accepted: 7 September 2026

Keywords: EPR spectroscopy | hydrogen bonds | microcrystal electron diffraction | NMR spectroscopy | organic cathode materials

ABSTRACT
Organic electrode materials (OEMs) offer a sustainable alternative to inorganic cathodes but typically suffer from low intrinsic
electronic conductivity. The material historically reported as bis-tetraaminobenzoquinone (TAQ) exhibits bulk conductivity two
orders of magnitude higher than its close analogue tetraaminophenazine-tetraone (TAPT), despite their common precursor and
nearly identical short-range structure. This disparity has previously been attributed to distinct molecular skeletons, with TAQ
proposed to adopt a piperazine-type linkage and TAPT a pyrazine ring. Here, combining synchrotron x-ray scattering, solid-state
15N and 13C nuclear magnetic resonance (NMR), microcrystal electron diffraction (MicroED), continuous-wave and pulsed electron
paramagnetic resonance (EPR) spectroscopy, we show that “TAQ” has the same pyrazine-based molecular structure as TAPT,
with no evidence for piperazine core or keto–enol tautomerization. Their key difference lies in synthesis-dependent degree of
crystallinity: “TAQ” exhibits greater long-range structural coherence and a crystallographically resolved intermolecular hydrogen-
bonding network, whereas TAPT is more disordered. EPR further shows that the higher structural order in “TAQ” is associated
with a strongly delocalized π-spin manifold, while TAPT favors localized or weakly delocalized radicals and stronger local spin
coupling. These findings identify degree of crystallinity and hydrogen-bonding order as key structural features associated with
radical delocalization and enhanced conductivity in organic electrodes.
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Introduction

rganic electrode materials (OEMs), composed of earth-
bundant elements such as C, H, N, O, and S, offer a sustainable
lternative to the metal-oxide electrodes that dominate today’s
ithium-ion batteries [1–5]. This compositional advantage also
omes with a limitation: most OEMs are electronically insulating
<10−10 S cm−1) due to fully occupied valence bands and large
and gaps [2]. Practical electrodes therefore require large
ractions of conductive carbon to achieve adequate utilization,
educing the active material loading and offsetting the energy
ensity advantages that OEMs would otherwise provide [2, 3,
].

trategies to impart electronic conductivity to organic solids
ave been extensively developed in the broad field of organic
onductors [6, 7], where the central challenge is to generate
obile charge carriers while establishing efficient intermolec-

lar conduction pathways [8, 9]. Three architectural strategies
ominate. Covalent polymerization into conjugated or radical-
earing backbones, combined with p- or n-type doping, yields
onducting polymers with conductivities ranging from semi-
onducting to metallic (10−1–103 S cm−1) [10–18]. Coordination
f organic ligands with transition-metal centers produces con-
uctive metal-organic frameworks (MOFs) and coordination
olymers (CPs), in which π–d hybridization enables charge
ransport with conductivities of 10−7–102 S cm−1 [19–26]. Donor-
cceptor co-crystallization yields charge-transfer (CT) complexes,
n which partial electron transfer between molecular components
enerates charge carriers and yields conductivities of 10−6–101

cm−1 [27–31]. Although effective, all three strategies rely on
xternal charge-generation mechanisms—dopants, coordinated
etals, or CT partners—that complicate purification, scaling,

nd electrochemical interpretation. They also consume a portion
f the theoretical capacity and often restrict storage to anions,
aking it difficult to deploy these materials as electrodes in

lkali-ion cells.

more attractive route for battery cathodes would be a single-
omponent, purely organic crystalline solid in which intrinsic
arriers arise from the molecular framework itself, without
xternal dopants or coordinated metals [32–34]. Few such mate-
ials are known [35]. Among them, bis-tetraaminobenzoquinone
TAQ, also referred to as BTABQ or TDT) stands out, with
ts bulk conductivity of at least 10−6 S cm−1 [36–42], approx-
mately two orders of magnitude higher than that of its ana-
ogue tetraaminophenazine-tetraone (TAPT, ∼10−8 S cm−1) [43],
ven though both are synthesized from the same precursor
tetraminobenzoquinone, TABQ) by self-condensation under
ifferent conditions. Previous reports attributed this disparity
o differences in molecular unit, with TAQ proposed to form

piperazine-type linkage [36, 40] and TAPT a pyrazine ring.
et the local atomic structures of the two materials are nearly

ndistinguishable at short range, and the proposed structural
istinction has not been directly tested with hydrogen-resolved
rystallography or solid-state NMR. The structural origin of this
100× conductivity gap therefore remains an open question and
ffers a particularly clean case study for understanding what
ontrols intrinsic conductivity in single-component organic redox
olids.
of 13
In this work, we address this unresolved question by examining
the structural and spectroscopic factors associated with the con-
ductivity difference between TAQ and TAPT using complemen-
tary synchrotron X-ray scattering, solid-state NMR, MicroED,
and EPR spectroscopy. We demonstrate that TAQ has the same
molecular structure as TAPT, with no evidence for piperazine
linkages or keto–enol tautomerization. Thus, TAQ and TAPT are
not distinct molecular compounds, their differences arise from
materials-level structural order: TAQ exhibits a higher degree
of crystallinity and a more ordered intermolecular hydrogen-
bonding network, which are associated with a more delocalized
radical manifold. In contrast, the more disordered TAPT structure
favors localized or weakly delocalized radicals with stronger
spin coupling. These results indicate that synthesis-dependent
structural order, rather than differences in covalent molecular
structure, is associated with radical delocalization and electronic
transport in these organic cathode materials.

2 Results and Discussion

2.1 Distinct Synthesis, Morphology, Crystallinity,
and Electronic Conductivity

Self-condensation of TABQ was conducted under organic and
aqueous conditions to synthesize TAQ and TAPT, respectively,
following previously reported procedures (Figure 1A) [36, 43]. The
resulting powders exhibit distinct morphologies and sizes: TAQ
comprises uniform micro-rods of 2–5 μm, whereas TAPT consists
of irregularly shaped particles of 5–10 μm (Figure 1B).

Synchrotron powder x-ray diffraction (PXRD) patterns of both
compounds display diffraction peaks at identical Bragg positions
(Figure 1C), indicating similar underlying crystal structures, in
agreement with prior reports [36, 43]. However, TAQ exhibits
significantly sharper and more intense reflections, indicative of a
higher degree of crystallinity. This observation was consistently
reproduced across multiple batches (Figure S1), demonstrating
the reproducibility of the difference in structural order. Pair distri-
bution function (PDF) analysis further reveals the distinct degree
of structural organization between TAQ and TAPT (Figure 1D).
In the long-range region (10 to 50 Å), TAQ shows well-defined
features, reflecting extended structural coherence, whereas TAPT
displays broadened and less distinct features, consistent with
reduced long-range order. This difference likely originates from
the distinct crystallization environments provided by the respec-
tive solvents during synthesis, where complete dissolution of the
precursor in DMF enables a homogeneous reaction environment
and more controlled crystal growth, while the limited precursor
solubility in water results in a heterogeneous reaction envi-
ronment that favors rapid precipitation and reduced structural
ordering [44]. In contrast, both compounds exhibit nearly iden-
tical inter-atomic distance distributions in the short-range region
(0 to 10 Å), suggesting that their short-range structures are essen-
tially identical. This interpretation is further supported by Fourier
transform infrared (FTIR), as TAQ and TAPT exhibit highly
similar spectral features (Figure S2). Diffuse reflectance UV-

is-NIR spectroscopy further reveals similar optical absorption
features for TAQ and TAPT (Figure S3), including visible-region
bands and broad near-infrared absorption associated with their
Angewandte Chemie International Edition, 2026



FIGURE 1 Synthesis, morphology, crystallinity, and electronic conductivity of TAQ versus TAPT. (A) Synthetic routes to TAQ and TAPT via self-
condensation of TABQ under organic and aqueous conditions, respectively. (B) SEM images of TAQ and TAPT powders. (C) Corresponding synchrotron
PXRD patterns. (D) Corresponding pair distribution function (PDF) patterns. (E) Room-temperature electronic conductivity of cold-pressed pellets of
TAQ and TAPT measured in a two-probe cell configuration.
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onjugated electronic structures. However, TAQ exhibits sharper
bsorption features than TAPT, consistent with its higher degree
f crystallinity and reduced energetic disorder.

oom-temperature electronic conductivity measurements per-
ormed on cold-pressed pellets reveal a pronounced difference
etween the two compounds (Figure 1E). TAQ exhibits a bulk
onductivity of 4.4×10−6 S cm−1, which is two orders of magnitude
igher than that of TAPT (4.5×10−8 S cm−1), in line with the
eported conductivity difference [36, 38, 40, 41, 43]. We note
hat these values represent effective pellet conductivities rather
han intrinsic single-crystal or intraparticle conductivities. As in
ther polycrystalline organic solids, the bulk conductivity may be
nfluenced by interparticle contacts, grain boundaries, and con-
act resistance. To minimize these effects, TAQ and TAPT pellets
ere prepared using the same pellet preparation procedure and

lectrode contact configuration, and the conductivity difference
as reproduced across independently synthesized batches.

.2 Same Molecular Unit, but More Ordered
ydrogen-Bonding Network for “TAQ”

ince PXRD and PDF analyses are generally not highly sensitive
o proton positions, to directly test the previously proposed
iperazine versus pyrazine distinction between TAQ and TAPT,
e synthesized 15N-labelled analogues of both compounds and
erformed solid-state NMR measurements. In these experiments,

5N direct polarization (DP) detects nitrogen sites independent
f nearby protons, whereas 1H–15N cross-polarization (CP) selec-
ngewandte Chemie International Edition, 2026
tively enhances nitrogen atoms close to protons and is therefore
diagnostic of N─H environments.

The 15N NMR spectra show that TAQ and TAPT contain the
same nitrogen-containing molecular unit, with no evidence for
protonated central N sites in TAQ. In the 15N direct-polarization
spectrum of TAPT, two resonances appear at 70 and 307 ppm
with an integration ratio of 2:1, corresponding to the four amino
N atoms and two pyrazinic N atoms, respectively (Figures 2A
and S4). In contrast, the 1H–15N CP spectrum acquired with
a short contact time of 200 μs shows only the 70 ppm amine
resonance, consistent with the absence of directly bonded protons
on the central N atoms. TAQ shows the same behavior: its 1H–
15N CP spectrum also contains only the amino N signal near
70 ppm (Figure 2B), rather than the additional CP signal expected
for protonated central N sites. No 1H–15N CP signal is observed
between 100 and 1200 ppm, even with a long contact time of 3000
μs (Figure S5). This absence rules out both piperazine linkage and
keto–enol tautomerization that would generate ─C═NH groups,
which should produce 1H–15N CP signals in the 200–350 ppm
region. The 1H–15N Heteronuclear Correlation (HETCOR) spectra
further support this assignment: both TAPT and TAQ show strong
cross-peaks between the 1H resonance centered at 6 ppm and
the 15N resonance at 70 ppm, confirming directly bonded amine
N─H groups while showing no evidence for other protonated N
sites (Figure 2C,D). Therefore, TAQ and TAPT share the same
pyrazine-based molecular structure, suggesting that they are
chemically identical at the molecular level. For clarity and consis-
tency with the existing literature, we refer to the material obtained
through the DMF-based synthesis as “TAQ” to distinguish it from
3 of 13



FIGURE 2 Solid-state NMR shows that “TAQ” and TAPT share the same molecular building unit, while “TAQ” has a more ordered hydrogen-
bonding network. (A, B) Comparison of 1H–15N CP and 15N DP NMR spectra for (A) TAPT and (B) “TAQ”, acquired with a CP contact time of 200 μs. (C,
D) 1H–15N HETCOR spectra for (C) TAPT and (D) “TAQ”, acquired with a contact time of 200 μs. (E) Deconvolution of the resolved amino 15N doublet
in “TAQ”. (F) Comparison of 1H–13C CP spectra of “TAQ” and TAPT. (G) 1H–15N CP spectra of the amino 15N resonance in “TAQ” acquired at varying
CP contact times. (H) Schematic illustration of two distinct amine-based hydrogen-bonding environments in “TAQ”, arising from in-plane orientational
order.

t
q
r
m

A
t
d
d
n
l
p
S
n
“
d
r
r
p
t
m
m
a
a
a
d
e
o

4

he material obtained through water-based synthesis TAPT. The
uotation marks indicate that “TAQ” denotes the historically
eported synthesis-derived material, rather than a distinct TAQ

olecular structure.

lthough “TAQ” and TAPT share the same molecular unit,
heir 15N spectra reveal substantially different distributions and
ynamics of the local nitrogen environments. Three spectral
ifferences support this conclusion. First, “TAQ” exhibits much
arrower 15N linewidths than TAPT: the pyrazinic and amino N

inewidths are approximately 200 and 300 Hz in “TAQ”, com-
ared with approximately 600 and 1100 Hz in TAPT, respectively.
econd, the 15N spin–lattice relaxation time, T1, of the pyrazinic
itrogen increases from approximately 12 s in TAPT to 60 s in
TAQ” (Figure S6), indicating substantially less efficient longitu-
inal relaxation in “TAQ”. This longer T1 is consistent with a more
igid local environment, although differences in paramagnetic
elaxation may also contribute. Quantitative EPR measurements
resented below show that TAPT contains approximately twice
he radical concentration of “TAQ”, however, under a simple

odel assuming equivalent paramagnetic relaxitivity in the two
aterials, this twofold difference in radical concentration cannot

ccount for the approximately fivefold difference in 15N relax-
tion rate. Third, the amino N resonance appears as a resolved
pproximately 1:1 doublet in “TAQ” (Figure 2E), indicating two
istinct but well-defined local environments. In contrast, TAPT
xhibits a broad, unresolved resonance centered near the middle
f the “TAQ” doublet, consistent with a broader distribution of
of 13
local structures. Together with the XRD results in Figure 1C, these
NMR features demonstrate that “TAQ” has more homogeneous
molecular packing and more highly ordered local structure than
TAPT.

The 13C NMR spectra independently support the higher structural
order of “TAQ” and are consistent with the absence of keto–
enol tautomerization. The 1H–13C CP spectrum of “TAQ” exhibits
narrower linewidths than that of TAPT, and the broad singlet at
132 ppm in TAPT resolves into a doublet in “TAQ” (Figure 2F).
The resonance at 145 ppm was previously assigned to a –C═NH
species and interpreted as evidence for keto–enol tautomerization
[36]. However, comparison of the 1H–13C CP buildup and effi-
ciency data supports an alternative assignment to the four carbon
atoms directly bonded to the pyrazinic N atoms (Figure S7).
This resonance exhibits the lowest CP efficiency, indicating the
weakest through-space polarization transfer from nearby protons
and therefore the largest average separation from proton-rich
environments. This assignment is also consistent with the 1H–
15N CP spectra, which show no evidence for protonated imine-like
nitrogen environments.

A uniform offset between our 13C chemical shifts and previously
reported “TAQ” values is best explained by different chemical-
shift referencing, not by a different molecular unit. The reported
13C chemical shifts of TAPT closely match our measured values
[43], whereas the reported 13C shifts of “TAQ” are systematically
4.8–5.1 ppm lower than ours for all resonances (Table S1) [36].
Angewandte Chemie International Edition, 2026



FIGURE 3 MicroED crystal structure of “TAQ” reveals a pyrazine core and an ordered hydrogen-bonding network. (A) Electron diffraction pattern
from a “TAQ” particle, showing high crystallinity and diffraction spots up to 0.58 Å, indicated by the yellow circle extending beyond detector edge.
(B) MicroED crystal structure of “TAQ”, with displacement ellipsoids drawn at the 50% probability level and atoms labelled in the asymmetric unit.
Compartmentalized electron conjugation is represented with pyrazine (orange) and peripheral quinone unit (pink). (C) Table includes bond lengths in
Å, noted with the bond order. (D) Difference Fourier map of the structural model without hydrogen assignment, with arrows indicating the location
of hydrogen atoms. (E, F) Intermolecular hydrogen-bonding network, with in-plane (E) and out-of-plane (F) hydrogen bonds highlighted with green
circles. Corresponding hydrogen bond lengths are indicated in the inset chart.
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ecause this offset is nearly constant across the spectrum, it likely
eflects a referencing difference. If “TAQ” contained a piperazine
inkage rather than the pyrazine ring identified here, the change
n ring oxidation state would be expected to alter the relative
3C chemical shifts (Table S1), rather than simply shift the entire
pectrum by an approximately constant amount. Therefore, after
ccounting for the referencing offset, the close correspondence
f the 13C spectral features further supports that the “TAQ”
xamined in this study is structurally equivalent to previously
eported “TAQ”.

he resolved amine doublet in “TAQ” indicates two distinct,
rdered hydrogen-bonding environments within the crystal struc-
ure. To determine the origin of this doublet, we acquired 1H–15N
P spectra of “TAQ” with contact times ranging from 50 to
000 μs (Figure 2G). The 66 ppm component, denoted N-II,
hows faster CP buildup than the 74 ppm component, denoted
-I. Because faster CP buildup generally indicates more efficient
olarization transfer from nearby protons, this result suggests
hat N-I has a longer effective H–N distance or weaker local
H–15N coupling. Since the four amine groups are symmetry-
quivalent within an isolated molecular unit, the two 15N
nvironments must arise from intermolecular interactions rather
han from different covalent structures. The crystal structure of
TAQ” provides a natural explanation (Figure 2H): two amino
roups on the same side of the molecule experience different
ydrogen-bonding environments, with one participating in two
─H⋅⋅⋅O hydrogen bonds and the other participating in only
ne. Previous studies have shown that stronger participation
ngewandte Chemie International Edition, 2026
of an amine group as a proton donor in N─H⋅⋅⋅O hydrogen
bonding can shift its 15N resonance downfield [45, 46]. We
therefore assign the 1:1 doublet to two amino N sites with
different hydrogen-bonding strengths. The downfield N-I site
engages in stronger intermolecular hydrogen-bonding, which
lengthens the N─H bond, slows CP buildup, and shifts the
15N resonance to higher frequency. In contrast, TAPT shows a
broad, unresolved amino 15N resonance centered near the middle
of 1:1 doublet observed in “TAQ”. This does not exclude the
presence of local hydrogen bonding in TAPT; rather, it indicates
that the amino-based hydrogen-bonding geometries in TAPT are
more heterogeneously distributed and are not organized into the
same long-range ordered hydrogen-bonding network resolved for
“TAQ”.

MicroED on “TAQ” produced a hydrogen-atom-resolved crystal
structure that directly confirms the pyrazine assignment from
NMR. High-resolution data collection under cryogenic condi-
tions, coupled with high crystallinity of our samples, allowed
determination of either presence or absence of hydrogen atoms to
visualize the hydrogen-bonding network with kinematical struc-
ture refinement. The diffraction pattern exhibits reflections
extending beyond the detector edge at 0.58 Å (Figure 3A). The
crystal structure was solved by intrinsic phasing using ShelxT
in the monoclinic space group P21/c, with unit cell parameters
a = 4.8936(5) Å, b = 11.285(1) Å, c = 9.841(1) Å, β = 102.097(9)◦,
and V = 531.37(10) Å3, in agreement with literature values
[36, 38]. Refinement proceeded smoothly without significant
constraints (see details in SI), and the final structure is presented
5 of 13
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n Figures 3B and S8. Corresponding bond lengths are shown in
igure 3C and Tables S2–S6.

ond length analysis reveals that “TAQ” crystallizes in the
uinonoid form with a pyrazine core, as evidenced by C─O
ond lengths (C3–O1 = 1.223(6) Å and C6–O2 = 1.243(6) Å) and
─N bond lengths (C4–N3 = 1.323(6) Å and C5–N3’ = 1.316(6)
), consistent with carbonyl (C═O) character and conjugated
═N bonds arising from the pyrazine ring, respectively. Moving

oward the molecular extremities, the amino C─N bonds (C1–
1 = 1.355(6) Å, C2–N2 = 1.341(6) Å) are intermediate between

ypical single (∼1.43 Å) and double (∼1.24 Å) bonds, consis-
ent with partial single-double or conjugated character. Despite
verall molecular planarity, π-electron delocalization is confined
ithin the quinone units and pyrazine core but is interrupted
etween these units, as illustrated in Figure 3B.

ydrogen atoms were determined experimentally from the differ-
nce Fourier map (Figure 3D). Four distinct maxima of positive
lectron density are observed near the amino nitrogen atoms (N1
nd N2). In contrast, no electron density attributable to hydrogen
s detected near the pyrazinic N atoms (N3), further confirming
he pyrazine core. Weaker electron density features in the top-
ight and bottom-left regions of the map, related by inversion
ymmetry, are hydrogen atoms displaced out of the molecular
lane, as discussed below.

he experimentally resolved hydrogen positions were refined
reely and directly enable identification of the hydrogen-bonding
etwork within the “TAQ” crystal. Following the default
ydrogen-bond geometry criteria in SHELX (namely an H⋅⋅⋅A
istance below r(A) + 2.000 Å and a D–H⋅⋅⋅A angle greater
han 110◦, where D, H, and A denote the donor, hydrogen, and
cceptor atoms and r(A) is the van der Waals radius of the
cceptor), five hydrogen bonds were identified: four in-plane
nd one out-of-plane, as illustrated in Figure 3E,F, respectively.
he corresponding bond lengths are summarized in the chart.
he amino N atoms act as hydrogen bond donors, interacting
ith three carbonyl O and one pyrazinic N from neighboring
olecules (Figure 3E). Specifically, H1A on N1 forms a hydrogen

ond I with carbonyl O1, while H1B engages in bifurcated
ydrogen bonding II and III with both pyrazinic N3 and carbonyl
2. H2A shares a hydrogen bond IV with N2. The remaining
ydrogen bond V is formed between H2B, which is slightly tilted
ut of the molecular plane, and an intermolecular carbonyl O2
n the lower plane (Figure 3F). Visualized by the determination
f hydrogen atoms, the interlayer interaction is stronger than van
er Waals interaction and π-π stacking interactions alone.

his ordered hydrogen-bonding arrangement provides a struc-
ural basis for the two amine environments observed by 15N
MR. In the MicroED structure, amino groups that are cova-

ently equivalent within an isolated “TAQ” molecule become
istinguishable in the crystal because they participate in different

ntermolecular hydrogen-bonding. Some amino hydrogen atoms
re involved in stronger or bifurcated in-plane hydrogen-bonding,
hereas the other hydrogen atom participates in a weaker out-of-
lane interaction. This crystallographically resolved asymmetry
xplains why the amino 15N resonance of “TAQ” splits into a 1:1
oublet, while the less ordered packing in TAPT produces a broad
nresolved amine signal.
of 13
2.3 Crystallinity-Dependent Paramagnetic
Redox Species

Having established that “TAQ” and TAPT share the same molec-
ular unit but differ in long-range structural order, we now ask
why these molecularly similar materials differ by two orders of
magnitude in bulk conductivity. EPR is a particularly informative
probe here because it directly measures the unpaired-electron
carriers responsible for transport in radical-rich organic solids.
Here we used CW and pulsed EPR to determine how crystallinity
and hydrogen-bonding order affect the electronic spin species
in these materials. CW EPR detects unpaired electrons, while
the line shape, linewidth, g tensor, and temperature-dependent
intensity provide information about whether these spins are
localized on individual molecules, weakly delocalized over sev-
eral molecules, or part of a more delocalized conduction-like
spin manifold [47, 48]. In this regard, broad and asymmetric
Dysonian-like signals are commonly associated with strongly
delocalized spins, whereas sharp Lorentzian-like signals are more
characteristic of localized or weakly delocalized organic radicals
[47, 49–51].

Room-temperature CW EPR indicates that “TAQ” is dominated
by a broad delocalized spin component, whereas TAPT contains
a sharp weakly delocalized and a broader component. As reported
previously, “TAQ” exhibits a broad asymmetric EPR signal, which
has been described using a modified Dysonian line shape. We
observe a similar broad signal for “TAQ”, while TAPT displays a
much narrower signal with a more conventional rhombic pow-
der pattern (Figure 4A,B). Although organic radicals are often
approximated using an isotropic g value, the radicals in “TAQ”
and TAPT reside in ordered or partially ordered polycrystalline
solids; therefore, g anisotropy can contribute to the powder EPR
spectra because molecular motion is restricted. We therefore
fitted the spectra using EasySpin with one or two spin systems
and included the microwave phase parameter, mwPhase, as a
phenomenological measure of absorption/dispersion admixture,
where 0 corresponds to pure absorption and π/2 to pure dis-
persion. Detailed fitting procedures are provided in Supporting
Information.

The fitted EPR parameters support a single dominant spin
environment in “TAQ” but two coexisting spin environments
in TAPT. The “TAQ” spectrum is satisfactorily fitted with one
spin system showing axial g anisotropy, with gz ≈ gy = 2.0048,
gx = 2.0031, a Lorentzian linewidth of 14.6 G, and mwPhase= 0.29
(Figure 4A). In contrast, TAPT requires two components for sat-
isfactory fitting (Figure 4B): a sharp component with gz = 2.0058,
gy = 2.0048, gx = 2.0017, and a linewidth of 1.0 G; and a
broader component with giso = 2.0045, a linewidth of 8.3 G, and
mwPhase = 0.19. Interestingly, TAPT*, a less crystalline form
of TAPT with similar interlayer distance (Figure S9), displays
an EPR spectrum qualitatively similar to that of TAPT and still
requires two components for satisfactory fitting, a result further
supported by Q-band EPR (Figure S10). However, relative to
TAPT, the sharp component in TAPT* narrows from 1.0 to 0.8
G, the mwPhase of the broad component decreases from 0.19 to
0.02, and the fraction of the sharp component increases from
approximately 30% to 60%. These trends indicate that multi-
ple linewidth-narrowing and linewidth-broadening mechanisms
coexist. The broad component in TAPT/TAPT*, especially when
Angewandte Chemie International Edition, 2026



FIGURE 4 Temperature-dependent CW EPR reveals that long-range structural coherence controls the balance between delocalized and localized
radical species. (A, B) Room-temperature CW EPR spectra and corresponding simulations for (A) “TAQ” and (B) TAPT. “TAQ” is dominated by a broad
Dysonian-like component, whereas TAPT requires both a sharp weakly delocalized component and a broader component. (C, D) Temperature-dependent
CW EPR spectra of (C) “TAQ” and (D) TAPT. Temperature dependence of (E) the fitted g values for “TAQ”, (F) Lorentzian linewidths for “TAQ” and
TAPT, and (G) mass-normalized DI × T, where DI is the double-integrated EPR intensity. DI × T is approximately constant for Curie-like localized spins,
whereas deviations indicate changes in spin delocalization, coupling, or EPR visibility. (H) Schematic illustration of radical species in “TAQ” and TAPT,
highlighting the predominance of strongly delocalized spins in “TAQ” due to long-range structural coherence and the prevalence of localized or weakly
delocalized spins in TAPT due to reduced structural order.
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he phase contribution is small, is assigned to more localized
adicals at defects or structurally less connected regions, where
nresolved hyperfine interactions, g-strain, and heterogeneous

ocal environments are less effectively averaged. The sharp
omponent is assigned to radicals in more structurally similar
ocal environments that are weakly delocalized or dynamically
veraged among neighboring TAPT units, likely along the π-
tacking direction, leading to partial averaging of hyperfine and
ocal g-tensor variations. In contrast, the broad “TAQ” resonance
s not interpreted as a simple hyperfine-broadened signal from
solated localized radicals. Rather, its larger linewidth, stronger
bsorption/dispersion admixture, higher conductivity, and more
rdered crystalline/hydrogen-bonded framework suggest that
dditional broadening mechanisms dominate in “TAQ”. In par-
icular, the larger mwPhase supports a more spatially extended
ngewandte Chemie International Edition, 2026
spin response within ordered “TAQ” domains that gives rise
to a weak Dysonian-like EPR lineshape. The broad linewidth
may also contain contributions from stronger intermolecular
spin-spin interactions enabled by ordered hydrogen-bonding
network. Note here “Dysonian-like” refers only to the observed
absorption/dispersion admixture and does not imply classical
metallic conduction-electron spin resonance. The measured bulk
conductivity of “TAQ”, σ∼10−6 S cm−1, gives an estimated X-band
skin depth of approximately 0.5 m, far exceeding the 313 μm pellet
thickness. Thus, the observed asymmetry cannot be attributed
to classical bulk Dysonian conduction-electron spin resonance
based on the measured bulk conductivity. Instead, the asym-
metry suggests a local microwave response within structurally
ordered “TAQ” domains that is stronger than expected from the
macroscopic bulk conductivity, reflecting strongly delocalized
7 of 13
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adicals and possibly higher intradomain electronic connectivity
n “TAQ”.

emperature-dependent EPR further shows that the delocalized
pin manifold in “TAQ” is more robust than that in TAPT.
uantitative EPR spectra were collected from 293 to 5 K with
articular care to avoid microwave power saturation, especially at

ow temperature (Figure 4C,D; Figures S11 and S12). For “TAQ”,
he overall line shape changes only modestly with temperature.
he principal g values remain nearly constant, with gz ≈ gy
taying between 2.0049 and 2.0052 and gx decreasing only slightly
rom 2.0031 to 2.0020 between 100 and 75 K (Figure 4E). The
inewidth also remains nearly unchanged, varying only from
3.9 to 15.2 G (Figure 4F). By contrast, mwPhase increases

onotonically from 0.28 at 293 K to 0.56 at 5 K, indicating an
ncreasing dispersion or Dysonian-like contribution upon cooling
Figure S13).

he temperature dependence of the “TAQ” EPR intensity is
onsistent with a dominant delocalized spin contribution plus
smaller localized spin population that is most visible at low

emperature. The double-integrated (DI) EPR intensity is propor-
ional to the EPR-visible magnetic susceptibility. For “TAQ”, DI
emains approximately constant from 293 to 50 K (Figure S14), a
ehavior consistent with a substantial contribution from strongly
elocalized charge carriers. Below 50 K, DI increases upon
ooling, while DI × T becomes nearly temperature-independent
Figure 4G). Since Curie-like localized S = 1/2 spins typically give
emperature-independent DI × T, this low-temperature behavior
ndicates that a residual population of localized or weakly
nteracting spins becomes more apparent below 50 K.

n contrast, TAPT undergoes a much stronger temperature-
ependent change in spin character. Upon cooling from 293 to 5
, the linewidth of the sharp component increases from 1.0 to 6.2
, while the linewidth of the broad component increases from
.3 to 15.6 G (Figure 4F). The g tensor of the sharp component
emains nearly constant, but the g value of the broad component
hanges substantially: it remains near 2.0042 between 293 and 100
, then decreases to 2.0020 at 75 K and further to 2.0006 at 5 K

Figure S15). At the same time, mwPhase fluctuates between 0.19
nd 0.55, and the fitted fraction of the sharp component increases
rom approximately 30% at 293 K to approximately 75% at 5 K.
ecause the TAPT spectra contain two overlapping components
hose linewidths, fractions, and mwPhase contributions all vary
ith temperature, these fitted parameters are partially corre-

ated, especially at low temperature where the sharp component
roadens substantially. Therefore, the exact numerical values
hould not be overinterpreted. Nevertheless, the contrast with
TAQ” is clear: “TAQ” maintains a nearly constant linewidth and
nly minor g-value changes, whereas TAPT shows pronounced
roadening and a strong temperature-dependent shift of the g
alues.

he stronger temperature dependence of TAPT suggests that
tructural disorder promotes carrier trapping, spin localization,
r spin-pairing at low temperatures. DI × T for TAPT decreases
uch faster than for “TAQ” between 293 and 100 K, then becomes

early temperature-independent from 75 to 5 K (Figure 4G).
his behavior is consistent with cooling suppressing motional
veraging and trapping carriers within a more disordered energy
of 13
landscape. As the localized or weakly delocalized radicals become
confined to fewer molecular units, they become more sensitive to
local hyperfine couplings and structural inhomogeneity, produc-
ing broader EPR lines at low temperatures. Thus, although TAPT
exhibits a room-temperature radical concentration twice higher
than that of “TAQ” (Figure S14), its more rapid decrease in DI
× T upon cooling indicates that a substantial fraction of these
additional EPR-visible spins progressively become EPR-silent at
low temperatures, consistent with antiferromagnetic coupling,
singlet formation, and/or other local spin-pairing processes in the
more disordered TAPT lattice.

Overall, EPR reveals that crystallinity and hydrogen-bonding
order are strongly associated with the distribution of radical
environments in “TAQ” and TAPT. As summarized schematically
in Figure 4H, “TAQ” exhibits a broad Dysonian-like EPR signal
consistent with a more spatially extended π-spin response within
the ordered “TAQ” framework that remains comparatively robust
upon cooling. TAPT and TAPT* show progressively sharper
and less Dysonian-like spectra as long-range structural order
decreases, indicating an increasing fraction of localized or weakly
delocalized radicals. Thus, the common π-π stacking distance
of these materials is not sufficient to define their radical char-
acter; instead, long-range crystallinity and hydrogen-bonding
network determine the balance among strongly delocalized,
weakly delocalized or more localized radical species. While quan-
titative models exist for interpreting temperature-dependent EPR
intensities and linewidths, their application requires simplifying
assumptions about carrier identity and the dominant broadening
mechanism. However, because multiple radical populations and
linewidth mechanisms coexist in “TAQ”/TAPT, the present data
do not permit a unique quantitative extraction of spin fractions,
delocalization lengths, or carrier mobilities.

While the CW EPR analysis captures the dominant radical species
and their correlation with crystallinity, it is less sensitive to minor
spin populations at low temperatures and local hyperfine envi-
ronments. We therefore turned to low-temperature half-field and
pulsed EPR measurements to probe weakly populated S ≥ 1 states
and more localized or weakly delocalized radical species that are
not fully resolved in the CW spectra. Half-field spectra acquired
in both perpendicular and parallel detection modes show a weak
but distinct signal at the half-field position, corresponding to the
formally forbidden Δms = 2 transition, for “TAQ” from 5 to 35 K
and for TAPT from 5 to 75 K (Figure 5A,B). Such a transition is
characteristic of coupled spin systems with total electron spin S ≥

1, most commonly triplet-like states [47, 52]. In both materials, the
half-field intensity decreases as temperature increases, consistent
with a low-lying or ground-state triplet-like population. However,
this temperature dependence alone is not sufficient to unam-
biguously establish that the triplet is the ground state. Because
strongly delocalized, localized, and spin-coupled species coexist
in both “TAQ” and TAPT, the EPR intensity cannot be assigned
to a single isolated two-spin manifold; therefore, a quantitative
singlet–triplet energy-gap analysis is not warranted here.

The much stronger half-field signal in TAPT indicates that
local spin coupling is favored in the less ordered framework.
In “TAQ”, the half-field signal is extremely weak relative to
the main resonance, consistent with only a small population of
residual spin dimers or clusters. In contrast, the mass-normalized
Angewandte Chemie International Edition, 2026



FIGURE 5 Low-temperature half-field and pulsed EPR measurements reveal minor S ≥ 1 and weakly delocalized π-radicals. (A, B) Half-field EPR
spectra of (A) “TAQ” and (B) TAPT at varying temperatures. (C, D) HYSCORE spectra of natural-abundance (C) “TAQ” and (D) TAPT at 5 K. (E, F)
HYSCORE spectra of 15N-enriched (E) “TAQ” and (F) TAPT at 5 K. The HYSCORE spectra shown here were summed over multiple interpulse delays
(Figure S15) to minimize blind-spot effects.
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alf-field intensity of TAPT is approximately an order of mag-
itude larger than that of “TAQ” and remains observable to
ubstantially higher temperature. This behavior agrees with
he temperature-dependent CW EPR analysis: “TAQ” favors a

ore delocalized π-radical manifold, whereas TAPT more readily
upports local spin coupling between nearby radicals.

ulsed EPR was then used to selectively examine the subset of
adicals that retain measurable spin coherence at low tempera-
ures. Unlike CW EPR, which detects the total EPR-visible spin
nsemble, pulsed EPR detects only spins with sufficiently long
oherence to generate an electron spin echo. Two-pulse electron
pin echo envelope modulation (2P ESEEM) measurements at 5 K
ave comparable phase-memory times (Tm) for “TAQ” and TAPT,
ith Tm values of 0.12 μs and 0.15 μs, respectively (Figure S16).
hese short but measurable Tm values are sufficient for Hyperfine
ublevel Correlation Spectroscopy (HYSCORE), although they
emain shorter than the long coherence times reported for highly
ptimized organic spin systems [53].
ngewandte Chemie International Edition, 2026
Natural-abundance HYSCORE spectra show that the echo-
detectable radicals in “TAQ” and TAPT experience similar nitro-
gen and proton hyperfine environments. At 5 K, the HYSCORE
spectra of natural-abundance “TAQ” and TAPT are very similar
(Figures 5C,D and S17). Both spectra show prominent 14N features
in the (−,+) quadrant, as well as strong cross-peaks near 1.1,
2.2, and 4.4 MHz in the (+,+) quadrant. A diagonal signal near
14.1 MHz is assigned to weakly coupled 1H nuclei. The similarity
of the “TAQ” and TAPT HYSCORE patterns indicates that the
echo-detectable spins in both materials couple to comparable
local nuclear environments, despite the stronger contribution of
delocalized spins in the CW EPR spectrum of “TAQ”.

The weak-to-moderate nitrogen couplings suggest that these
echo-detectable radicals are not confined to a single molecular
unit. The 14N HYSCORE features (Figure 5C,D) resemble the
simulated spectra reported for trimer and tetramer porphyrin
nanoribbons, in which cationic polarons are delocalized over
three to four porphyrin units, corresponding to a coherence
9 of 13
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ength of approximately 2–3 nm [53]. In those systems, distributed
oint-dipole and density-functional theory (DFT)-based simu-

ations reproduced weak-to-moderate 14N hyperfine couplings
f a few MHz, with representative tensors such as [0.24, 0.16,
.47] MHz, quadrupolar coupling constants of approximately
.4 MHz, and asymmetry parameters of 0.6–0.8. This comparison
uggests that the echo-detectable spins in “TAQ” and TAPT are
ot strictly confined to a single molecular unit with large spin
ensity located at the central pyrazinic N sites. Instead, the
YSCORE spectra are more consistent with weakly delocalized

pins that remain distributed over more than one molecular unit
hrough intermolecular electronic coupling along the π-stacking
irection. Unlike the fused porphyrin nanoribbons, however, the
mino nitrogens in “TAQ” and TAPT are not directly embedded
n the main π-conjugated pathway but can still contribute to
he HYSCORE response, making a quantitative extraction of
elocalization length more challenging in the present system.

he 15N-enriched HYSCORE spectra further support weak nitro-
en hyperfine coupling, likely involving the amino nitrogens.
YSCORE spectra of 15N-enriched “TAQ” and TAPT are also very

imilar (Figures 5E,F and S15). Both spectra exhibit distinct 15N
eatures, including weak parallel ridges in the (−,+) quadrant
nd strong cross-peaks at approximately (0.67, 2.38), (1.36, 1.59),
1.59, 1.40), and (2.38, 0.67) MHz in the (+,+) quadrant. These
atterns are consistent with 15N hyperfine interactions that con-
ain a non-negligible isotropic component and weak-to-moderate
nisotropic coupling, with a maximum effective coupling of
pproximately 1.7 MHz, corresponding to approximately 1.2 MHz
or 14N. This smaller coupling observed in the 15N spectra can
e attributed to the hyperfine coupling with amino nitrogens.
he difference between the dominant 14N and 15N HYSCORE

eatures suggests that the strongest features in the two spectra
o not arise from the same nitrogen site, consistent with the
ifferent sensitivities of 14N and 15N HYSCORE to quadrupolar
nd hyperfine interactions.

verall, low-temperature EPR shows that “TAQ” and TAPT con-
ain both weakly delocalized π-radicals and a smaller population
f coupled spin species, but TAPT favors local spin coupling more
trongly. The half-field measurements reveal minor S ≥ 1, triplet-
ike species in both materials, with a much larger and more ther-

ally persistent contribution in TAPT. In contrast, HYSCORE
hows that the echo-detectable S= 1/2 radicals in both “TAQ” and
APT are weakly delocalized over more than one molecular unit.
hese results reinforce the picture from temperature-dependent
W EPR: the more ordered “TAQ” framework supports a more

obust delocalized π-spin manifold, whereas the less ordered
APT framework promotes localized/weakly delocalized radicals
nd local spin coupling.

onnecting these results to electronic conductivity, which
epends on both charge-carrier concentration and transport
fficiency, we note that TAPT has a room-temperature radical
oncentration approximately twice that of “TAQ”, yet “TAQ”
xhibits a bulk conductivity that is nearly two orders of
agnitude higher. This contrast indicates that the total radical

oncentration cannot explain the conductivity difference and
nstead highlights the importance of radical delocalization and
tructural coherence for efficient charge transport. Thus, the
igher conductivity of “TAQ” may be associated with a more
0 of 13
ordered hydrogen bonding network and long-range structural
order that support radical delocalization.

Hydrogen bonding may influence electronic transport in “TAQ”
in two nonexclusive ways [54]. First, it can serve as a supramolec-
ular organizing interaction that locks neighboring molecular
units into a more uniform in-plane registry, thereby improving
crystallinity, reducing structural disorder, and preserving π–π
overlap across the layered framework [32, 55–58]. Second, hydro-
gen bonding can in some cases be electronically active, because
short or highly ordered hydrogen bonds may modulate redox
state, electron–proton coupling, radical delocalization, and CT
pathways in organic conductors and radical materials [32, 59, 60].
Therefore, while our present data do not prove a direct hydrogen-
bond-mediated transport pathway in “TAQ”, they show that the
resolved hydrogen-bonding network is associated with longer-
range structural coherence and a more delocalized radical mani-
fold. This relationship provides a plausible structural basis for the
higher effective pellet conductivity of “TAQ”, while recognizing
that particle morphology, grain boundaries, and other microstruc-
tural factors may also influence the absolute conductivity.

3 Conclusions

This work shows that “TAQ” and TAPT are not best understood
as fundamentally different molecular structures, but as materials
with the same molecular building unit organized with differ-
ent degrees of long-range order. Although both materials are
synthesized from TABQ and show nearly identical short-range
PDF features and matching PXRD peak positions, “TAQ” exhibits
sharper diffraction peaks, more persistent long-range structural
correlations, and approximately two orders of magnitude higher
bulk electronic conductivity than TAPT.

Solid-state NMR and MicroED confirm that both materials
contain a pyrazine-based quinonoid structure, while “TAQ”
possesses a more ordered hydrogen-bonding network. 15N and
13C NMR show no evidence for protonated central nitrogen
sites or keto–enol tautomerization. MicroED of “TAQ” indepen-
dently supports this assignment through bond-length analysis
and experimentally resolved hydrogen positions, which locate
protons on the amino nitrogens rather than the central pyrazinic
nitrogens. The resolved hydrogen-bonding network in “TAQ”
explains the distinct amine environments observed by 15N NMR.

EPR reveals that this structural order controls the distribution
of radical species. “TAQ” is dominated by a broad, anisotropic,
Dysonian-like signal consistent with a strongly delocalized π-spin
manifold, whereas TAPT contains a larger fraction of localized
or weakly delocalized S = 1/2 radicals. Temperature-dependent
EPR further shows that TAPT undergoes stronger spin local-
ization, trapping, and possible spin-pairing upon cooling, while
the delocalized spin manifold in “TAQ” remains comparatively
robust. Low-temperature half-field and HYSCORE EPR further
show that both materials contain a minor population of coupled
S ≥ 1 spin species, together with echo-detectable S = 1/2 radicals
that are weakly delocalized over more than one molecular unit.

In summary, “TAQ” and TAPT provide an example of how
synthesis-dependent differences in long-range structural order is
Angewandte Chemie International Edition, 2026
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inked to electronic structure and radical delocalization in organic
athode materials. Both materials share the same molecular
tructure, but “TAQ” exhibits a higher degree of crystallinity and a
ore ordered hydrogen-bonding network. This higher structural

rder is associated with a more delocalized radical manifold and
igher bulk conductivity, whereas the less ordered TAPT struc-

ure favors localized and spin-coupled radical species, resulting
n lower bulk conductivity. Because “TAQ” and TAPT also differ
n particle morphology, particle size, defect density, and grain-
oundary structure, the present data do not isolate hydrogen-
ond ordering as the sole origin of the conductivity difference.
ollectively, the X-ray scattering, solid-state NMR, MicroED, and
PR results establish a consistent association among the degree of
rystallinity, hydrogen-bonding order, radical delocalization, and
lectronic conductivity. Looking forward, controlling crystallinity
nd hydrogen-bond topology should provide a practical strategy
or tuning radical delocalization and electronic conductivity in
edox-active OEMs.
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