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THE BIGGER PICTURE In the past, the construction of radical materials has been limited to the complex
design and prolonged synthesis of radical building blocks. In this research, by chance, we made a discovery
that some polycyclic aromatic monomers, previously considered to be air-unstable radicals, can be oxidized
to stable radical materials when incorporated into hydrogen-bonded organic frameworks (HOFs). The
intrinsic porosity of HOFs facilitates the formation of radicals with high spin concentrations thorough inter-
actions with redox agents. The stable radical state displays non-observed decomposition in air for months.
The formation of radicals narrows the band gap, transforming HOFs from insulators into typical n-type semi-
conductors. This research not only presents a facile and low-cost method for constructing air-stable radical
HOF materials but also highlights the pivotal role that reticular chemistry can play in advancing radical semi-
conductors.

SUMMARY

Air-stable radical materials have emerged as promising candidates for next-generation electronic materials.
Traditionally, constructing radical materials has required the intricate design and prolonged synthesis of
radical building blocks. Herein, we have discovered a group of polycyclic aromatic monomers, previously
considered to be air-unstable radicals, that can be oxidized to air-stable radical materials according to a
post-synthetic protocol when they are incorporated into solid porous hydrogen-bonded organic frameworks
(HOFs). The inherent porosity and crystallinity of HOFs facilitate extensive interactions with redox agents,
such as tetravalent cerium(IV). These radical HOF materials exhibit high radical concentrations with paramag-
netic behavior equivalent to two monomers sharing an unpaired electron. The HOFs can maintain their radical
nature under ambient conditions on account of spin delocalization along the [rt- - -1t] stacked units. The
radical formation transforms the HOFs from insulators to typical n-type semiconductors. This discovery
opens up avenues for exploring stable radical materials with diverse applications.
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INTRODUCTION

The Pauli exclusion principle’ requires that electrons always be
arranged in pairs in closed-shell systems. Under certain condi-
tions, however, some systems can be transformed into their
open-shell states, characterized by unpaired electrons known?*
as (free) radicals. On the one hand, highly reactive radicals, often
associated with biotoxins,* cause aging and other health issues.
On the other hand, if the radical components are utilized ratio-
nally for the construction of functional organic materials,*®
they can exhibit a range of unique properties distinct from those
of their closed-shell counterparts, offering unparalleled promise
in the fields of organic semiconductors,” magnetic materials,®°
quantum information technologies,®'" and biomedicine.'?

The principal hurdle'®'*in transitioning radical materials from the
laboratory into real-world applications lies in their inherent insta-
bility. Since the first persistent organic radical, triphenylmethyl,
was reported by Gomberg'® in 1900, researchers have developed
numerous strategies for stabilizing radicals. Rational molecular-
structure design provides a pivotal approach to improving radical
stability, involving techniques such as the introduction of bulky pro-
tecting groups, ' the enhancement of spin delocalization,'” and the
creation of electron push-pull systems.'® In addition, noncovalent
interactions,>'® together with the introduction of mechanical
bonds,?° have proven to be effective for enhancing the stability of
radicals when they are encapsulated and stabilized inside mechan-
ically interlocked molecules®' (MIMs). These strategies,” however,
focus predominantly on the radical building blocks and are con-
strained by complex design and prolonged syntheses.

Previously reported radically doped materials®® offer valuable
insights into the design and synthesis of air-stable radicals.
These materials have demonstrated the generation of a limited
number of radicals in solid matrices® when exposed to stimuli
such as light,>* electricity,?® and redox agents,*® leading to the
doping of radicals in closed-shell matrices. Although the radical
concentrations in these materials are typically low,”” they can be
stabilized in solid matrices for extended periods. Electrocrystal-
lization is a well-established technique®® for constructing pery-
lene cation radical salts. Although radical doping can enhance
the electrical conductivity®® of perylene, it comes at the expense
of stability. Moreover, certain reported radicals have been modi-
fied or used as monomers in constructing porous framework ma-
terials®*®" for different applications. In previous research,*” we
discovered a pyrene-based hydrogen-bonded organic frame-
work®*3** (HOF), called PFC-1,%° that showed potential for a
radical cationic state when attached to an electrode for cyclic
voltammetry (CV) measurements. This electrochemical process,
however, does not truly oxidize the entire HOF into radical mate-
rial for subsequent research and application.

The synergy between chemical redox agents and porous retic-
ular chemistry36 could offer a solution to this conundrum. Herein,
we identified PFC-1 and other polycyclic aromatic HOFs as initial
closed-shell materials. We utilized ceric(IlV) ammonium nitrate
(CAN) as a chemical oxidant because it is capable of penetrating
the channels of PFC-1 and undergoing fast reactions with its build-
ing blocks. The highly ordered crystalline structure of the PFC-1
scaffolds facilitates spin delocalization among the pyrene units, re-
sulting in a significant enhancement in radical stability even when
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exposed to air under ambient conditions for months. The presence
of unpaired electrons was confirmed by electron paramagnetic
resonance (EPR) spectroscopy. The concentration of radicals,
which we determined by counting counterions after single-crystal
X-ray diffraction (SC-XRD) analyses and magnetic measurements,
revealed that two pyrene monomers share one unpaired electron.
The open-shell electronic structure of the radical HOF results in a
narrowed band gap and imparts paramagnetism and semicon-
ducting properties,®”*® including improved electrical conductivity
and near-infrared (NIR) photothermal conversion capabilities.
Furthermore, this strategy can be extended to other polycyclic ar-
omatic HOFs, offering even more possibilities for the construction
of air-stable radical materials.

RESULTS AND DISCUSSION

Synthesis and structure of radical HOFs
1,3,6,8-Tetrakis(benzoic acid)pyrene (TBAPy) was synthesized
via Suzuki coupling. Single crystals of PFC-1 (Figures S1-S5)
were obtained from a solution of TBAPy in N,N-dimethylaceta-
mide/1,2,4-trichlorobenzene at 100°C. PFC-1 crystals were
dispersed in acetonitrile (MeCN) and then mixed with a CAN so-
lution in MeCN. Oxidation resulted in an immediate change in the
mixture’s color from yellow to green, accompanied by notable
fluorescence quenching. These transformations are indicative
of the formation of PFC-1 in a radical state (PFC-1-R). This
oxidation, however, could not be replicated in a TBAPYy solution,
signifying that the ordered solid state is a pivotal factor in gener-
ating and stabilizing the radicals (Figures 1, S6, and S7; Videos
S1, S2, S8, S4, and S5). In contrast to the crystalline porous
HOF, amorphous and nonporous TBAPy particles exhibited
reduced reactivity toward CAN such that radicals occurred
only on the particle surfaces and could be decomposed readily
during solvent washing (Figure S8).

Despite rapid reaction kinetics, oxidation did not disrupt the
crystalline structure, as demonstrated by consistent powder
X-ray diffraction (PXRD) patterns (Figure 2A). More strikingly, the
process underwent a structural transformation—as evidenced
by SC-XRD investigations—in which radical formation did not
induce significant alterations in bond lengths or angles. The dis-
tance between adjacent pyrene units increased slightly (from
3.77t03.79A; Figures S9 and S10; Table S1) because spin delo-
calization occurred parallel to the [t- - - t]-stacked pyrene units.

Therefore, we can conclude that the color change (Figure 2B)
and fluorescence quenching are not attributable to a shift in the
molecular packing mode but are the result of changes in the
electronic structure of PFC-1. A distinct single peak®® (g-factor =
2.003) was observed in the EPR spectrum of PFC-1-R, confirm-
ing the presence of unpaired electrons. Temperature-dependent
EPR measurements, conducted on PFC-1-R over a temperature
range of 100-300 K, revealed*’ a decrease (Figure 2C) in peak-
to-peak intensity as the temperature increased. Additional
evidence for the existence of radicals was obtained from the
"H NMR spectrum (Figure S2) of PFC-1-R recorded in
CD3SOCD3. Although most radicals were quenched upon disso-
lution, the residual radicals in solution still resulted in noticeable
peak broadening®' for the aromatic protons in the 'H NMR
spectrum.



The oxidation by CAN led to the loss of electrons from PFC-1,
necessitating the presence of counterions to maintain charge
conservation within the cationic radical framework. The counting
of counterions not only allowed us to complete the reaction
equations but also quantified the radical concentration within
the HOF structures. The counterions were unfortunately highly
disordered in the pores of the framework, and no satisfactory
disordered model could be obtained according to the SC-XRD
data. Some evidence comes from the characteristic peaks for
NO3;~ observed by X-ray photoelectron spectroscopy (XPS)
and in Fourier-transformed infrared (FT-IR) spectra (Figures
S13 and S14). In order to quantify the NO3;~ content accurately
in PFC-1-R, we employed ion chromatography (IC),*? which re-
vealed a ratio of approximately 2:1 between TBAPy and NO3z™
(see Figure S15). These results support the conclusion that two
TBAPy molecules share one unpaired electron in the crystal
structure. The oxidation leading to radical formation can be
described by the following balanced equation:

2 TBAPy + (NH4)2' [Ce(N03)6] = rI'BAPy]{' . NOg_
+ Ce(N03)3 +2 NH4N03

[TBAPy],*
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Figure 1. Radical formation

(A) Optical and fluorescent images of PFC-1 (left)
and PFC-1-R (right) in single-crystal, powder, and
suspension states.

(B) Molecular packing of PFC-1 (left) and PFC-1-R
(right) according to the SC-XRD data. The green
balls represent the NO3;™ counterions.

(C) Structural formulas of two TBAPy monomers in
PFC-1 and [TBAPy],*" (two TBAPy molecules
share one radical cation) in PFC-1-R.

Furthermore, the presence of counter-
ions caused a reduction in the gas-
adsorption capacity of N, and CO,, as
well as a decrease in the Brunauer-
Emmett-Teller (BET) surface area (see
Figures 2D, 2E, S11, and S12).

The formation of radicals in PFC-1 re-
sulted in significant fluorescence
quenching, as evidenced by a compar-
ison of photoluminescence spectra,
lifetime decay profiles, and quantum
yields (see  Equation  S1 and
Figures S16-S18). This fluorescence-
quenching phenomenon serves as an
indicator of conducting a redox titra-
tion. According to the titration curve,
the ideal reaction equivalent of [CAN]:
[TBAPy] should be 1:2. We dispersed
nanosized PFC-1 in MeCN at an
extremely dilute concentration (10 uM)
to create an approximately homoge-
nous system, whereas we injected
CAN in MeCN solution (1,000 pM) in aliquots. We used photo-
luminescence spectra to monitor fluorescence quenching. Ki-
netic traces (Figure 2F) were generated on the basis of the
normalized emission intensity at 533 nm. During the initial
stages of the titration, a linear correlation was observed be-
tween the fluorescence intensity and the concentration of
CAN. As the titration progressed, this dynamic response satu-
rated gradually and ultimately reached a stoichiometry of 1:2
for [CAN]:[TBAPYy].

We investigated the electrochromic properties of PFC-1 in
detail in order to confirm the cationic nature of PFC-1-R. CV
measurements conducted at slow scanning rates of 0.01 V/s
led an oxidation band to appear at 1.0 V and reach its maximum
intensity at 1.4 V, indicating an oxidation state of PFC-1 (see Fig-
ure S19). Upon continuous charging at 1.4 V for 20 min, the color
of the PFC-1 thin film affixed to the electrode interface changed
gradually from yellow to green (see Video S6). Furthermore, the
noticeable reversal in the Zeta potential from -9.3 to +14 mV
and the enhancement of hydrophilicity reflected in a reduced
static water contact angle (Figures S21 and S22) corroborate
the inversion of surface charges.
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Figure 2. Structural characterization

(A-C) PXRD patterns (A), UV-vis-NIR absorbance
spectra (B), and temperature-dependent EPR
spectra (C) of PRC-1 and PFC-1-R.

(D and E) N, isotherms at 77 K (D) and CO, iso-
therms at 195 K (E) of PRC-1 and PFC-1-R.

(F) Changes in the fluorescence intensity moni-
tored at 533 nm during titration with CAN. Inset:
evolution of photoluminescence spectra of PFC-1
suspension excited by a 375-nm laser during the
titration.
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Narrowed band gap and distinct properties

In contrast to the closed-shell PFC-1, radical formation re-
sulted in a significant reduction in the band gap from 2.42 to
1.30 eV. The narrowed band gap became apparent through
macroscopic alterations in color. PFC-1-R displayed a broad
absorption band, spanning from 550 to 1,400 nm, as
confirmed by solid ultraviolet-visible-NIR (UV-vis-NIR) absor-
bance spectra (Figure 2B) and diffuse reflectance spectros-
copy (DRS). We determined the conduction-band potential
(Ec) and valence-band potential (Ey) for both PFC-1 and
PFC-1-R by a combination of DRS spectra by using a Tauc
plot and Mott-Schottky plots (see Figures 3A and 3B). The for-
mation of radicals raised the Ey, value from —-1.06 eV for PFC-1
to +0.24 eV for PFC-1-R, whereas it barely altered the Eg
value. The semiconducting nature of PFC-1-R was verified
by Hall effect measurements, which revealed a high charge-
carrier density of 5.54 x 10'® cm™3, high Hall electron mobility
up to 2.17 cm?-V~'.s™", and a negative Hall coefficient of —
13.6 cm®/C (see Table S3). Both the Mott-Schottky plots
and the Hall effect measurements indicate that the charge car-
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[CAN]/ [TBAPY]

2 8 efficiency (n). Under irradiation (808 nm/
2 W-cm~%/0.5 cm?), the temperature
increased gradually until it reached a
maximum of 44°C within 16 min and
then gradually decreased over 50 min after the light had been
turned off (Figure S24). The n value of PFC-1-R was calculated
to be 24.6% (Equation S2-S5) according to a previously estab-
lished method.****

The presence of unpaired electrons in PFC-1-R, coupled with
its narrowed band gap,*>“° contributes to its improved electrical
conductivity. In order to quantify the enhanced conductivity, we
compacted powdery PFC-1 and PFC-1-R into thin circular
discs. We constructed electrodes by connecting silver paste
and gold bonding wire to both sides of the discs, forming a cir-
cuit. We obtained linear current-voltage (I-V) profiles by using a
two-probe strategy (Figures 3D and S20), which indicated Ohmic
contact. According to established practice (Equation S6), the
conductivity of PFC-1-R was calculated to be 1.1 x 107 S
cm~". This conductivity value is six orders of magnitude higher
than that (1.5 x 107" S cm™") of the closed-shell PFC-1 and
is comparable to that of many classical semiconductors.*’+*®
The significant improvement in electrical conductivity can be
attributed to the spin delocalization in the radical state, which fa-
cilitates the electronic transfer among TBAPy building blocks.
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Figure 3. Narrowed band gap

(A and B) Tauc plot (A) and Mott-Schottky plots
(B) of PFC-1 and PFC-1-R for estimating the E¢
and Ey, values.

(C) Time course of the temperature rise of PFC-1
and PFC-1-R powders on glass under NIR irradi-
ation (808 nm, 0.5 W cm2).

(D) I-V curves of PFC-1 and PFC-1-R discs.

-1.06

(9}
=)

10 -05 00
Potential / V vs Ag/AgCI

- r delocalization leads to the dispersion of
-1.0 -0.5 0.0 spin density and a reduction in reactivity,
which is considered the primary factor
contributing to the radical stabilization in

lia PFC-1

i
o

o/S-cm™
1.5x 10710 )
lio PFC-1-R 1.1 x 10~ e

° PFC-1-R.
In order to investigate the magnetic
properties of the stable radicals in PFC-

404 0?

Current / pA
(6}

o

]

'
(&)

PFC-1 1 . 0°

@ o

-3
-000000008000000000000

° 1-R, we conducted a series of supercon-

o ducting quantum interference device
0° (SQUID) measurements. The molecular
weight (M,,) of PFC-1-R was determined
to be 1,427 g-mol~" according to the for-
mula of [TBAPy]>*"+NOz ™. The tempera-

ture-dependent magnetization curve re-

20 = . . . : 2
0 1 2 3 4 5 -1.0
Time / min

05

Spin delocalization
Considering the anisotropy of the HOF crystals, investigating the
relationship between crystal structures and anisotropic conduc-
tivities can contribute to determining the predominant direction
of spin delocalization. We employed conducting atomic force
microscopy (C-AFM) to measure the |-V curves® of a single
crystal of PFC-1-R along different directions (Figure 4A). The
size of the single crystal was determined by scanning electron
microscopy (SEM). Notably, this rod-like single crystal exhibited
substantially higher conductivity along its long axis than along its
short axis. Crystal-face indexing based on the SC-XRD data (Fig-
ure 4B) confirmed that the TBAPy monomers are [rt- - - 7t] stacked
along the long axis and connected by hydrogen bonds forming
2D layers perpendicular to the long axis. This stacking arrange-
ment is also supported by cryoelectron microscopy images of
PFC-1 reported in previous literature.’®®'" Combining these
experimental results, we can conclude that the free electrons
in PFC-1-R migrate preferentially along the [ - - - 7t]-stacked pyr-
ene units in accordance with long-range spin delocalization.
We also conducted density functional theory (DFT) calcula-
tions by using the experimental crystallographic data for PFC-
1-R to gain deeper insight into the microscopic details of spin
delocalization. Figure 4C illustrates the isosurface of the spin
density, which represents the distributions of an unpaired elec-
tron in two adjacent TBAPy monomers. The majority of unpaired
electrons exhibit delocalization along the [rt- - - t]-stacked direc-
tion such that they span both sides of the pyrene rings and
localize on the eight boundary carbons in the pyrene structure.
Furthermore, a smaller portion of unpaired electrons extends
to the substituted benzoic acid functions. This significant spin

Voltage / V

0.0 0.5 10 vealed a sharp increase in magnetic
susceptibility (x) with decreasing temper-
ature (7), indicative of paramagnetism
(Figure 5A). Furthermore, the x+T-T plot
reached a maximum value of approximately 0.375 cm®-K-mol~"
at 300 K (Figure 5B), consistent with a single-spin system.” The
x'-T plot was fitted linearly over the temperature range of 100-
300 K in accordance with the Curie-Weiss law. The nonlinear de-
viations below 100 K (inset in Figure 5A) indicate a certain degree
of antiferromagnetic interactions, which can be attributed to the
influence of spin-spin coupling. At a fixed temperature of 2 K, the
magnetization (M) displayed reversible changes with the applied
magnetic field (H) (see Figure S25). Field-dependent magnetiza-
tion was recorded at temperatures of 2, 3, 5, and 10 K. By using
the scaling parameter (H-T~") as the x coordinate, we fit all
magnetization curves (Figure 5C) measured at different temper-
atures®® in excellent fashion to a single Brillouin function with J =
1/2 (see Equation S7 and Figure S26). In addition, we employed
magnetic force microscopy to visualize the surface magnetic
distribution on a PFC-1-R single crystal (Figure S29), revealing
the band-shaped magnetic interactions.

Radical stability and substrate extension

In order to assess the long-term radical stability of the PFC-1-R,
we stored it in an EPR tube under an atmosphere of air. We moni-
tored the EPR signals over time to track the radical decomposi-
tion process. Remarkably, PFC-1-R exhibited a slow attenuation
of the EPR signals (Figure 5D), signifying its capability to remain
stable in air for months. PFC-1-R also maintained high crystal-
linity even after being stored in air for 1 year (Figure S30). In
contrast, when immersed in solvents, the radical state of PFC-
1-R was quenched within 3 days in MeCN and within 1 day in wa-
ter (see Figure S31). The exceptional radical stability of PFC-1-R
expands its potential applications into real-life scenarios.
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We synthesized a series of polycyclic aromatic HOFs and sub-
jected them to the same treatment with a CAN solution to inves-
tigate the applicability of this strategy. We observed that color
changes and EPR signals also occurred in three HOFs
composed of naphthoic-acid-substituted and ethynylbenzoic-
acid-substituted pyrene, as well as in perylene monomers,
but not in the non-substituted pyrene-based HOF (see Figures
S32-S36). This result indicates that the substitutions on the
monomers also play a critical role in spin delocalization and
are necessary for radical stabilization in this HOF series.

The combination of air-stable radicals and porous HOFs
opens up potential applications in energy conservation and
biomedicine. The presence of stable radicals makes radical
HOFs promising candidates for organic electrodes. Their tunable
electronic properties and high surface area can enhance charge
storage and ion transport. With appropriate functionalization,

6 Chem 11, 102445, July 10, 2025
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Figure 4. Spin delocalization

(A) Anisotropic electrical conductivity of a single
crystal of PFC-1-R measured by C-AFM.

(B) Crystal-face indexing based on the SC-XRD
data.

(C) Calculated spin density of two adjacent TBAPy
monomers in PFC-1-R viewed along the a and b
axes. The isosurface of the spin density is repre-
sented by an isovalue of 0.002 electrons-A~3. The
green and blue isosurfaces indicate the a- and
B-spin electrons, respectively.

0.10

radical HOFs could be tailored for appli-
cations in drug delivery, particularly for
therapies requiring redox-active environ-
ments. In addition, the radical HOFs can
be synthesized under mild conditions,
reducing the energy and cost barriers
for large-scale production.

Conclusions

We have introduced a facile and effective
strategy for the construction of air-stable
radical HOFs through post-synthetic
oxidation. Several key innovations can
be highlighted. (1) The porous nature of
the HOFs allows efficient permeation of
oxidants into the channels, enabling
adequate radical production. This pro-
cess results in a high spin concentration
where every two 1,3,6,8-tetrakis-(ben-
zoic acid)pyrene monomers share one
unpaired electron. (2) These distinctive
radicals can be synthesized exclusively
by solid-state reactions within HOFs, af-
fording a novel perspective for fabricating
unconventional radicals inaccessible
through solution-based approaches. (3)
The extension of spin delocalization
over the conjugated backbone contrib-
utes to the longevity of the radicals, re-
sulting in exceptional radical stability in air and different solvents.
(4) The open-shell electronic structure imparts distinctive physi-
cochemical properties to these materials, such as improved
conductivity, NIR photothermal capacity, and paramagnetism.
(5) This strategy demonstrates its applicability to other polycyclic
aromatic HOFs, unveiling the potential for fabricating stable
radical HOF materials with unprecedented properties. Overall,
this research could contribute to the understanding and devel-
opment of air-stable radical porous materials, holding significant
promise for future research and practical applications.

METHODS
Synthesis of PFC-1-R

CAN (100 mg) was dissolved in MeCN (10 mL) to form a clear so-
lution. When as-synthesized PFC-1 powders (160 mg) were
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° g s assisting us in refining our manuscripts and sharing
Brillouin Fit o . ) ) .
J=05 his insightful stories about science and life. His
0.0¢ . . ; ; ~20001 guiding principle of “people first, science second,
0.0 5.0k 10.0k 15.0k  20.0k 2.02 2.01 2.00 1.99 money third,” as steadfast as the Scottish High-
H-T'/ Oe-K™" g-Value lands, is also a compass for all of us in our careers.

added to the above solution, the color of PFC-1 changed imme-
diately from yellow to green. The mixture was kept at room tem-
perature for 1 day. After being washed three times with MeCN
and being dried under vacuum at room temperature, the green
PFC-1-R was harvested. For more experimental details, refer
to the supplemental information.
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e Air-stable radical porous HOFs have been synthesized

e Spin delocalization contributes to the stability of the radicals

e Radical HOFs show application prospects as organic
semiconductors

e A series of polycyclic aromatic HOFs have the potential to
form stable radicals
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In brief

Highly reactive radicals, commonly linked
to biotoxins, are known to contribute to
aging and various health complications.
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they can exhibit a diverse array of unique
properties. Our research has unveiled
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materials possess the capability to
undergo oxidation and thus yielding air-
stable radicals. These radical materials
hold immense potential in the fields of
organic semiconductors, magnetic
materials, quantum information
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