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Open shell luminescent organic molecules have been gaining attention in recent years for their ability to
access different excited state manifolds compared to their closed shell congeners. However, there has
been little work to expand the design of these systems beyond direct conjugation strategies. Herein, we
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Introduction

The vast majority of organic radicals are non-emissive as
a result of deactivation pathways afforded by a low energy half-
filled orbital. However, there are a growing number of mono-
and multi-radical systems that display high quantum yield
emissions. These open shell lumophores have been considered
for applications in organic light emitting devices as a means to
circumvent the limitations of spin statistics resulting from the
injection of uncorrelated spins at electrode interfaces.** Of
particular interest has been the use of triarylmethyl radicals.?
Chemical manipulation of these triarylmethyl species via the
installation of bulky halide protecting groups,*® pyridyl
groups,”® and electron donor or acceptor moieties (Fig. 1) has
overcome their inherent photo and chemical instabilities and
has produced a variety of highly stable open shell lumophores
with quantum yield emissions near unity.***?

Current strategies to manipulate the ground and excited state
properties of triarylmethyl radicals typically make use of direct
conjugation to either donor or acceptor groups. Kusamoto et al.
contributed an informative review on this area.** Typical donor
groups for triarylmethyl radicals are N-heterocycles, particularly
carbazoles,’ and tuning donor strength is an effective means to
manipulate luminescent properties.’**® To that end, structural
diversity of triarylmethyl radical-based emitters has been rela-
tively limited. We are interested in investigating open-shell
lumophores with additional structural diversity that has been
effective in tuning their closed-shell congeners and thereby
advancing the understanding of these systems.
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ultimately expands the design strategies for synthesizing emissive radical species.

Homoconjugation has been applied to closed-shell systems
to engineer thermally activated delayed fluorescence (TADF)
manifolds.”* This method lowers the excited state singlet-
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triplet energy gap (AEsy) by minimizing the HOMO-LUMO
overlap, and the through-space orbital mixing and spin-orbit
coupling promote intersystem crossing (ISC) of electrons from
the non-luminescent triplet manifold to the luminescent singlet
manifold. Examples of excited state ISC for compounds with
ground state doublet configurations (i.e. monoradicals) are
comparatively rare, as the quartet excited state is generally
thought of as energetically inaccessible (Fig. 1).** Molecules
with doublet ground states and quartet excited states have been
characterized, but in these cases a local excitation occurs in
a spatially separated chromophore.”*>® In other words, these
monoradical quartet excited states are best described as
a photoexcited triplet state tethered to a doublet ground state.
In comparison, excited state ISC in biradical and biradicaloidf
systems (Fig. 1) is common and has been highlighted in recent
years as an important design strategy in the synthesis of opti-
cally addressable, organic molecular quantum bits (qubits).2¢>°
Both the singlet and triplet excited states can be emissive, and
manipulation of these spin states leads to a host of interesting
photophysical properties such as magnetoluminescence®*>*
and spin-dependent emission and absorption.**** Homo-
conjugation in a biradical emitter has been used to produce
symmetry forbidden charge transfer absorptions in the singlet
spin state.*®* However, homoconjugation as a broader design
strategy has not been explored for open shell lumophores.

We describe the optical and magnetic properties of both
mono and biradical species which exhibit homoconjugation via
a [2.2.2] bridging group as well as a non-bridged monoradical
for comparison (Fig. 1). We detail the synthesis and ground
state characterization of both compounds and offer experi-
mental evidence that the biradical has two, nearly non-
interacting, spin centers. Investigations of their excited state
properties, guided by calculations, reveal the prospects of
homoconjugation in the design of radical lumophores.

Results and discussion
Synthesis of iptycenyl radicals

To realize homoconjugation, we designed compounds 1 and 2
to contain a [2.2.2] bridging group based on a heterocyclic tri-
ptycene scaffold. The synthesis of compound 1 and compound 2
(Fig. 2) closely follows a route previously reported by our labo-
ratory to access donor-acceptor TADF iptycene compounds.*®
Radicals are considered electron-deficient moieties. We there-
fore decided to install methoxy groups on the pyrazine ring
system to increase the electron density on this nominally elec-
tron-deficient group to increase interactions with the radical.
Additionally, we chose pyBTM’' as the triarylmethyl radical
because the inclusion of nitrogen in the aromatic ring system
has been shown to improve the photostability of triarylmethyl
radicals‘9,10,13,35,36

The pyBTM'-H trityl moiety is first installed using a Suzuki-
Miyaura cross-coupling reaction with either a mono- or di-
borylated anthracene and (2,6-dichloro-3-pyridyl)bis(2,4,6-
trichlorophenyl)methane (pyBTM'-Cl). Then a Diels-Alder
reaction between 1,3-dioxol-2-one and either of the anthracenyl
compounds generates the [2.2.2] bicyclic intermediate which is
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methoxybenzene, EtOH : AcOH (19:1), 100 °C, 1 h; 1H 54% yield, 2H
54% yield. (vi) Tetrabutylammonium hydroxide, THF, 25 °C, 1.5 h, then
silver hexafluoroantimonate, MeCN, 25 °C, 1 h; 1 26% yield, 2 26% yield.
(vii) pyBTM’-Cl, Pd(PPhs)4, K,COs, PhMe : H,O (1:1), 110 °C, 16 h; 3H
97% yield. (viii) Tetrabutylammonium hydroxide, THF, 25 °C, 1.5 h, then
silver hexafluoroantimonate, MeCN, 25 °C, 1 h; 3 71% yield.
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purified by silica gel column chromatography. Hydrolysis of the
carbonate followed by Swern oxidation provides the diketone
which is then condensed with the diamine to form the pyrazine
containing triptycenes 1H and 2H. Purification of the interme-
diates in this last sequence by silica gel column chromatog-
raphy was not feasible as the silica catalyzed a formal retro-
Diels-Alder reaction giving the substituted anthracene as the
only isolated product. Crude reaction products after the initial
Diels-Alder reaction were carried forward, including to the
subsequent radical formation, without the need for purification
via chromatography. Additionally, reducing light exposure
provided higher purity intermediates. Formation of the radical
precursor 3H of the non-bridged species was achieved via
a Suzuki-Miyaura cross-coupling reaction with phenyl boronic

acid and pyBTM'-Cl. All new compounds were fully

© 2026 The Author(s). Published by the Royal Society of Chemistry
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characterized with 1D and 2D nuclear magnetic resonance
(NMR) experiments (Fig. S77-S134) as well as high-resolution
mass spectrometry (Fig. S1-S8).

Formation of the final radical species 1, 2, and 3 from 1H,
2H, and 3H, respectively, was achieved by deprotonating the
trityl proton with tetrabutylammonium hydroxide to produce
deep purple anionic intermediates that are then oxidized with
excess silver hexafluoroantimonate. The final radical species 1,
2, and 3 were all stable under column chromatography condi-
tions on neutral alumina allowing for their purification as dark
yellow solids for subsequent studies. No obvious degradation
was observed for either compound in the solid state when
stored at room temperature, but they degraded in air saturated
toluene solutions with a half-life of 4.2 days for 1 and 6.5 days
for 2 (Fig. S53 and S54). To prevent any degradation, the radical
compounds were stored in the solid state at —40 °C in air and
solutions were stored at —80 °C in air when not in use for
experiments. "H-NMR spectra of both 1 (Fig. S102) and 2 (Fig.
S128) in deuterated dichloromethane show broad resonances
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characteristic of paramagnetic species. The observable reso-
nances in the "H-NMR spectra of compound 1 are attributed to
the phenyl ring on the triptycene that is not bonded to the trityl
radical, the bridgehead protons, and the protons for the pyr-
azine moiety. In contrast, the "H-NMR spectrum of compound 2
only shows observable resonances for the bridgehead protons
and the pyrazine moiety, while 3 was '"H-NMR silent (Fig. S134).
Matrix-assisted laser desorption ionization time of flight
(MALDI-TOF) mass spectrometry further confirmed conversion
of compound 1H to 1 (Fig. S2 and S3) and 2H to 2 (Fig. S7 and
S8), and direct analysis in real time (DART) mass spectrometry
confirmed the conversion of 3H to 3. Thermogravimetric anal-
ysis (Fig. S9 and S10) under a nitrogen atmosphere of 1 and 2
gave thermal degradation temperatures at a 5% weight loss of
T4,5 = 291 °C and T4,5 = 300 °C, respectively, characteristic of
the high thermal stability of triptycene compounds. In
comparison, a similar thermal analysis of compound 3 (Fig.
S11) gave a more depressed thermal degradation temperature at
a 5% weight loss of Tq 5 = 227 °C.

Spectroelectrochemistry
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Fig. 3 Cyclic voltammetry: cyclic voltammogram of 1 (0.1 mM), 2 (0.1 mM), and 3 (0.1 mM) in DCM. Supporting electrolyte [nBu4N][PFg] (0.1 M),
glassy carbon working electrode, platinum mesh counter electrode, Ag/Ag* (3 M aq. KC) reference electrode. Scan rate: 100 mV s~ Spec-
troelectrochemistry: UV-vis-NIR spectroscopy of in situ electrochemically reduced and oxidized 1 (top) and 2 (bottom) in DCM. Squid
magnetometry: experimental data of the X,,,T vs. T SQUID measurements for 1 and 2.
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Cyclic voltammetry and spectroelectrochemistry

To provide further confirmation of the successful formation of
monoradical and biradical species, cyclic voltammetry and
spectroelectrochemistry were performed in dichloromethane
(Fig. 3). Compounds 1, 2, and 3 display amphoteric redox
behavior characteristic of organic radicals. Compound 1 has
reversible redox waves centered at E°' = 0.56 V and E™ =
—1.03 V (Fig. S12). Despite containing two radicals, 2 only
exhibited two redox waves at very similar potentials to
compound 1 (Fig. S13). At a scan rate of 100 mV s, the peak-to-
peak separation of the oxidation wave for 1 is 65.4 mV and the
reduction wave is 69.5 mV, slightly higher than the expected
value of 59.2 mV for a fully reversible 1-electron redox event. In
contrast, at the same scan rate, the reduction voltammogram of
compound 2 displays a separation of 91.9 mV and the oxidation
event has a separation of 71.6 mV - both of which are
substantially larger than the theoretical value of 29.6 mV for a 2-
electron redox event (Table S1). In comparison to 1 and 2, the
redox waves for 3 are centered at slightly higher potentials (E®
= 0.61 V and E®® = —1.00 V) indicating a small degree of
electronic differences between the bridged and non-bridged
species.

To confidently assign the oxidation and reduction waves as
2-electron redox events for 2, we turned to UV-vis-NIR spec-
troelectrochemistry (Fig. 3). Reduction of compound 1 at
a slight overpotential provided the monoanion 1~ with a new
lambda 2%9, = 597 nm, and oxidation of a fresh solution of 1
provided the monocation 1* (A%, = 684 nm) with absorption
tailing into the near infrared region. Applying the same
technique to compound 2 yielded qualitatively similar spectra
(A{ﬁgx = 598 nm, Amax = 735 nm) indicative of the formation of
a dianionic species 2~ and a dicationic species 2, respec-
tively. These results suggest that the oxidation and reduction
events observed in the cyclic voltammogram of 2 are indeed 2-
electron redox events, or more likely, each observed reduction
and oxidation event is two 1-electron events that have very
similar redox potentials, indicating weak coupling between the
two radical centers in 2.

SQUID magnetometry

To further validate the quantity of radicals present in each
compound and gain insight into the ground state electronic
configurations in the crystalline state, we measured the
temperature dependence of their magnetic susceptibility with
a superconducting quantum interference device (SQUID)
(Fig. 3). At temperatures above 50 K, polycrystalline 1 exhibits
a roughly constant x,,T close to 0.375 emu K mol ", the theo-
retical value for an isolated single independent spin. The
susceptibility decreases continuously with increasing tempera-
ture and no obvious local maximum is observed, indicating that
intermolecular coupling between $ = 1 monoradicals is rela-
tively weak. Two limiting models were considered (1) a one-
dimensional (1-D) § = 1 Heisenberg chain and (2) pairs of § =
3 radicals (dimers). Plots of x,T vs. T and Xy, vs. T both fit
reasonably well to the 1-D chain model (Fig. S15) giving a small
coupling constant of /'/k = 0.68 £ 0.08 K. The dimer model gave
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poorer fits than the 1-D chain for compound 1 (Table S2).
Similar results were obtained for polycrystalline 3 (Fig. S17,
Table S4) which indicates that both 1 and 3 indeed possess
a single S = 1 spin.

Polycrystalline 2 exhibits a plateau at around 0.75 emu K
mol ™" above 50 K as determined based on the y,,T vs. T plot
(Fig. 3), which is the theoretical value for two isolated S = 1
spins. This is self-consistent with the density of spins in
compound 2 being roughly twice that of compounds 1 and 3.
Fittinga 1-D S = % Heisenberg chain to x,,, 7 vs. T and xp, vs. T
data provided a value for 2j/k = 1.12 £ 0.10 K indicating
a negligible singlet-triplet energy gap for the ground state with
AEgr = 0.002 kcal mol ™" (Fig. $16). This small coupling value
agrees well with the cyclic voltammetry studies and indicates
that the radical moieties in compound 2 behave more like
independent radical centers than a true biradicaloid molecule.
In other words, the redox events for compound 2 are not highly
coupled and occur through a stepwise 1-electron oxidation (or
reduction) scheme. Concurrently, the voltage required to
oxidize 2 to 2" should not be significantly lower in energy than
the voltage required to oxidize 2 to 2**. Hence, redox events in
the CV of compound 2 appear as 2-electron processes instead of
two sequential 1-electron processes that would be anticipated
for coupled radicals. Consistently, fitting the SQUID data of 2 to
the dimer (biradical) model gives slightly inferior results (Table
S3). Taken together, the CV, spectroelectrochemistry, and
SQUID data confirm 1 and 3 as monoradical species and 2 as
a biradical species.

Continuous wave and pulsed electron paramagnetic
resonance (EPR)

Continuous-wave (CW) EPR spectra of biradical 2 do not exhibit
clearly resolved splittings that could be assigned to electron—
electron coupling (Fig. S18), and the spectra of 2 are qualita-
tively similar to those of 1 and 3 (Fig. S18). Pulsed EPR experi-
ments were therefore employed to further investigate the
relaxation (Fig. S19-S21) and spin-spin interactions in 2 and to
compare its behavior directly to the monoradical reference 1.

Nutation experiments reveal a clear and reproducible
distinction between 1 and 2 (Fig. 4). Under identical microwave
power conditions, 2 consistently exhibits a higher nutation
frequency than the monoradical reference 1. This observation
demonstrates that on the timescale of the excitation pulse, the
two unpaired electrons do not behave as fully independent
spins but instead exhibit a degree of correlated response to the
microwave field (Fig. S22). However, the v,/B; ratio remains
below that expected for a strongly exchange-coupled triplet
state, and no distinct half-field (Amg = 2) transition is observed
in CW experiments, indicating that the system does not form
a rigid triplet manifold.

Further insight into the nature of the interaction is obtained
from echo-detected field sweep (EDFS) measurements (Fig. 4).
Compared to the monoradical 1, biradical 2 exhibits a subtle
spectral splitting that becomes apparent only in the gradient of
the EDFS. This weak feature is difficult to resolve in CW EPR
spectra, where saturation effects obscure small electron-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Rabi Oscillations
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Fig. 4 Rabi oscillations: nutation frequency at different microwave powers for compound 1 (left) and 2 (right). Echo detected field sweep
gradient EPR spectrum: experimental and simulated first derivatives of the echo detected field sweep gradient at the X-band and 70 K for

compound 1 (left) and 2 (right).

electron interactions. The splitting can be reproduced by spec-
tral simulations incorporating an electron-electron dipolar
coupling of approximately 17.5 MHz and an isotropic g value of
2.0052. We note that relating this coupling to a specific elec-
tron—electron separation depends on simplified models and is
therefore not uniquely defined.

Double quantum coherence (DQC) experiments on 2 (Fig.
S23 and S24) were also performed to further probe the electron-
electron interaction.’” The DQC analysis using Tikhonov regu-
larization suggests the presence of distance components below
approximately 2 nm. However, the distribution does not exhibit
well-constrained fits, with the L curve (Fig. S24) showing a less
pronounced corner and the major peak appears below 1.5 nm.
The limitation of this analysis arises from several factors. First,
the inferred electron—-electron separation is already close to the
lower distance limit for which DQC has been successfully
applied previously,***° wherein a molecule starts to fall into the
strong-coupled regime. Secondly, at X-band frequencies, the
presence of electron spin echo envelope modulation (ESEEM)

© 2026 The Author(s). Published by the Royal Society of Chemistry

contributions from 'H and *’Cl (Fig. S25) complicates a quan-
titative distance analysis, because hyperfine coupling with these
nuclei makes it challenging to analyze the electron-electron
dipolar coupling.

Steady state optical spectroscopy

Fig. 5 shows the electronic absorption spectra of compounds 1,
2, and 3 in toluene at room temperature. When compared to
monoradical 1, the spectrum of biradical 2 is nearly twice as
large as that of the monoradical, typical of weakly coupled
radical dimers,***** and this further corroborates the treat-
ment of 2 as two independent radicals. There is also a clear
difference in the line-shape of the absorption spectra of 3
compared to 1 and 2, indicating an electron difference between
the non-bridged and bridged species. No obvious symmetry
broken charge-transfer band of the S, — S; transition was
observed in the absorption spectra of 2. As explained else-
where,* to observe a singly occupied molecular orbital (SOMO)
to singly unoccupied molecular orbital (SUMO) transition in
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Optical Spectroscopy
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Fig. 5 Optical spectroscopy: UV-vis spectroscopy of the absorption
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lowest energy doublet transition (1, top), triplet transition (2, middle),
and doublet transition (3, bottom) at the UB3LYP-D3(BJ)/def2-SVP/
TDDFT, CPCM(toluene) level of theory. Isosurface = +0.03 e ag>.

a biradical, the two SOMOs must have sufficient overlap to
create a transition dipole. According to calculations (vide infra),
the trityl radicals are not sufficiently delocalized onto the aryl
rings on the triptycene wings to allow for inter-radical homo-
conjugation at the sp® bridgehead carbon. In other words, the
SOMOs for the singlet state are not sufficiently delocalized for
emission from the symmetry broken charge transfer state S, —
S, to be observable.

The photoluminescence emission spectra of 1 and 2 (Fig. 5)
are essentially identical with a A{m."* = 648 nm for both
compounds in toluene. In comparison, there is a hypsochromic
shift of 18 nm in the emission spectra of 3 giving A,

max
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630 nm. This difference further indicates that weak electronic
communication is imparted by the inclusion of the [2.2.2]
bridging group. The photoluminescence quantum yields, ¢py,
for both 1 and 2 are 1.4% in toluene, which suggests minimal
nonradiative contributions from the second pyBTM’ group in 2
(Table S5). Photoluminescence lifetimes in air saturated
toluene for 1, 2, and 3 were 4.9 ns, 4.8 ns, and 6.4 ns, respec-
tively (Fig. S50-S52). Photoluminescence spectra in solvents of
varying polarity show negligible shifts in the peak emission,
indicating negligible charge transfer (CT) character in all 3
compounds (Fig. S26-549).

Theoretical calculations

Geometries were optimized using density functional theory
(DFT) at the UB3LYP-D3BJ/def2-SVP (CPCM, toluene) level of
theory, utilizing a broken symmetry (BS) calculation for the
singlet state of 2 (Fig. S55, Tables S11-S14). Spin density maps
for 1, 2, and 3 (Fig. S56) indicate that the majority of the spin lies
on the central trityl carbon atom with delocalization onto the
three trityl aryl rings and minimal delocalization to the tri-
ptycene (phenyl in the case of 3) aryl rings. Fractional occupa-
tion density (FOD) analyses support significant multireference
character (Fig. S57, Table S6) as anticipated for trityl radicals.
Therefore, complete active space self-consistent field (CASSCF)
calculations (Fig. S58 and S59) were performed to identify the
singlet-triplet energy gap (AEsr = 2J) of compound 2. An active
space of 10 electrons and 10 orbitals (CASSCF(10,10)/def2-SVP)
was employed and gave a negligible AEgr of approximately 0.04
kecal mol™", agreeing with the results from SQUID measure-
ments (vide supra).

Time dependent DFT (TD-DFT) results (UB3LYP-D3BJ/def2-
SVP, CPCM(toluene)) indicate that the lowest energy transi-
tion D, — D; for compound 1 corresponds to excitation of an
electron located on the donor moiety to the unoccupied radical
orbital (Fig. S60, Table S7). Similar results are observed for the
T, — T, state of compound 2 (Fig. S62, Table S9). The symmetry
broken charge-transfer state S, — S; was calculated to have
a negligible oscillator strength on the order of 102, explaining
the lack of a low-energy, spin-specific absorption band in the
UV-vis spectra. Stated differently, the symmetry broken charge-
transfer state is effectively disallowed because of low orbital
overlap (Fig. S61, Table S8). In comparison to 1 and 2, TD-DFT
results for 3 at the same level of theory indicate that the lowest
energy transition D, — D; for this compound is an excitation of
an electron that is delocalized across all of the aryl rings in the
system (Fig. S63, Table S10). Assuming Kasha's rule for the
emissive species, electron-hole analysis (Fig. S64-S69) of D, —
D, for 1 and T, — T, for 2 of the Franck-Condon state indicates
weak charge transfer character with the electron localizing on
the trityl moiety and the hole localized on the donor. However,
there was also significant hole-electron contribution from the
aryl rings on the triptycene wings, indicating a non-negligible
amount of locally excited character. Analysis of the natural
transition orbitals (NTOs) for 1 and 2 showed significant overlap
at this position between the ground and excited state orbitals
indicating a significant degree of locally excited character

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 5). In contrast, almost the entirety of both the electron and
hole contribution of D, — D, for 3 lies on the trityl aryl rings
(Fig. S70 and S71), indicating that this transition contains
entirely locally excited character. This conclusion is further
supported via analysis of the NTOs of 3 (Fig. 5).

Overall, the donor orbitals for 1 and 2 appear to be localized
on the pyrazine moiety with significant homoconjugation onto
the aryl wings of the triptycene. As a proof of principle, these
results indicate that through-space donor-acceptor conjugation
strategies can feasibly be applied to emissive radical
compounds. Judicious molecular design and improved match-
ing between the donor and acceptor strengths'” are anticipated
to provide facile access to a new class of high-performance
emissive radical species.

Conclusions

We have synthesized and characterized three new emissive
radical species. Cyclic voltammetry, spectroelectrochemistry,
and SQUID magnetometry confirm the presence of one § =1
spin in 1 and 3 and two practically independent spins in 2. The
results from pulsed EPR studies further corroborate the identity
and spin states of these compounds. Optical spectroscopy
experiments indicate that the emission event is predominantly
locally excited in character for 1 and 2, and theoretical calcu-
lations explain this observation as a result of extensive homo-
conjugation of the donor moiety through a [2.2.2] bridge. Going
forward, the design options for luminescent triarylmethyl
radicals need to be expanded with other donor or acceptor
motifs to further modify luminescent properties of emissive
radical species.

Author contributions

A.R.D. and T. M. S. conceived the idea. A. R. D. performed the
synthesis, electrochemistry, —magnetometry, steady-state
measurements, calculations, and wrote the original draft. Y.
Z.and R. G. G. performed and analyzed the EPR measurements.
R. N. S. performed degradation studies. C. H. M. performed the
lifetime fluorimetry measurements. All authors discussed the
results and their interpretation. The manuscript was approved
by all authors.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article have been included as part of
the supplementary information (SI). Supplementary informa-
tion: synthetic procedures, MALDI-TOF, thermal gravimetric
analysis, cyclic voltammetry, SQUID magnetometry, electron
paramagnetic resonance, optical spectroscopy, computational
details, and nuclear magnetic resonance spectra. Additional
references are also included. See DOI: https://doi.org/10.1039/
d6sc00981f.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Acknowledgements

We thank Dr Nathan Man-Wai Wu and Dr Jesus Castro-Esteban
for helpful conversations regarding steady-state optical spec-
troscopy, and we thank Nicolas Matthey for helpful conversa-
tions regarding the electron paramagnetic resonance
experiments. We also thank Professor Robert Gilliard for access
to his research group’s equipment and resources. The authors
acknowledge the MIT Office of Research Computing and Data
(Engaging Cluster) for providing computational resources. NMR
and HRMS were performed at the MIT Department of Chemistry
Instrumentation Facility (DCIF). SQUID measurements were
performed at the MIT.nano Characterization Facilities. C. H. M.
acknowledges the Arnold and Mabel Beckman Foundation for
support of this work. This work was supported by the National
Institutes of Health (GM-132997 and S100D028706).

Notes and references

T While the terms biradical and diradical are often used interchangeably in the
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