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Stable, nitroxide-based organic radicals have gained ~— ~eyerey
tremendous attention in a wide range of research fields, ranging from ik ‘ i e"ff “r/'e'\xx’ kv

solid-state electronics to energy storage devices. While the success of
these organics has been their designer flexibility and the processability
that can fully potentiate the open-shell chemistry, a significant knowledge
gap exists on the solid-state electronics of small-molecular radicals.
Herein, we examine the structure—property relationship that governs the
solid-state electronics of a model nitroxide and its derivatives by seeking
the connection to their well-established, electrolyte-based chemistry. Ebe Control  EWG  Steric Effect
Further, we propose a general strategy of enhancing their solid-state | f.07 oo mrewo  erewro ,!m .,mlmpo no rzaoo
conductivity by systematic humidity control. This study demonstrates an | (e | (A T NN RN |
open—shellt}};lai,foi,m of the devia:Y operation and ungerlying principles \/$"‘°> ¥\£\°> w\'\’?"cms:;;g‘v >\'_J_V\u> 2 >Sh
thereof, which can potentially be applied in a number of future radical-
based electronic devices.
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Small-molecular TEMPO and the derivatives, on the other
hand, also present a key significance in the solid-state

Organic radicals, in which small- or macromolecules bearing . . i )
electronics of organic radicals. The main advantage of such

stable open-shell units transport charges both electronically

- . . radicals compared to the macromolecular ones is their high
and ionically, have emerged as extremely useful active materials . B . . .
. : . . . . radical density owing to the absence of insulating backbone
for various future device applications, including solid-state e ; )
1 10—18 19-22 structures, which is beneficial to the electronic performance of

. 1-10 .
electronics energy storage and electrocatalysis.
’ & & h the resultant devices. Also, as has been found in conjugated

Key advantages of these charge-neutral, nonconjugated
U 5 & ). U8 organics, fundamentals established on small-molecular radicals
(macro)molecules compared to the conventional, conjugated ; . -
are expected to be readily translated into the designer

1) the structural flexibility that benefits the ultimat
ones are (1) ¢ stracturat flext 1.1ty at benetits the uitmare macromolecular radicals, which altogether will realize high-
material processing owing to their noncon]ugated nature, (2) f dical elect ics in th fut 23,28 Th it
the relatively higher degree of freedom in the molecular design ber cf)ri(nanc‘e ra 1tca € e:hrc;mcs n teb?eialr ure. h s
to achieve the desired structure—property relationship, and (3) 18 OF ey rmportance that one estabiisies a comprenensive
understanding of these small-molecular radicals and the

the high electrical con(.iuctlwty without any chemical d(_)p g context they are in, among relevant subfields of open-shell
strategy that may negatively affect the stability and longevity of :
the devices."** chemistry.

Among various organic radicals reported so far, stable The missing gap in the understanding of the small-molecular

nitroxide-based radicals, typified by (2,2,6,6-tetramethylpiper- TEMPOs in 'sohd—staFe electrorycs, however, has'mamly be'en
idin-1-yl)oxyl (TEMPO) and its derivatives, have been of the due. to the d,lﬂiaﬂty 10 measurng their elect_&romc properties,
most intensive research focus mainly due to their excellent owing to their characteristic physical properties. In a previous

stability and fast exchange kinetics.'” While these radicals have paper, we ﬁr.st r.epo.rte.d that the solid—staFe conductivity of a
. S, . TEMPO derivative in its molten state can indeed be measured
conventionally been utilized in the form of both small- and

macromolecules in various wet chemistries (or electrolyte-

based systems), a recent breakthrough in a solid-state June 20, 2022
conductivity of a macromolecular TEMPO has brought July 21, 2022
about a dramatic increase in research interests on the solid- July 27, 2022
state electronics of such organic radicals.”** As such, various August 26, 2022
TEMPO-based radical polymers have been revisited since then

in terms of their solid-state electronics.>*™>’
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Figure 1. Chemistry of nitroxide-based small-molecular radicals. (A) Self-exchange redox reaction of TEMPO derivatives and (B) possible effects
on the electronic properties of TEMPO derivatives. (C) Chemical structure of TEMPO derivatives in this study, and (D) radical density of each

compound.

and is comparable to that of highly conducting macro-
molecular TEMPOs.”® Further, we developed this idea into
electronically and ionically doping the small-molecular radical,
achieving a solid-state conductivity that exceeds that of the
doped macromolecular radicals.”” Building upon the under-
standing of the conduction behavior found in the small-
molecular TEMPO, here we expand the measurement of the
solid-state conductivities of a series of TEMPO derivatives and
compare the observed structure—property relationship with the
electrocatalytic trends reported in wet systems, thereby
connecting the two intensive fields of research.

In an attempt to achieve higher room-temperature solid-
state conductivity of small-molecular TEMPO derivatives, it
was found that their crystal structures minimizing the steric
hindrance act as the major hindrance toward efficient electron
transfer.”” Thus, we hypothesized that an appropriate physical
modification of the packing structure should affect their
electronic behavior significantly, by breaking the symmetry and
modulating the proximity between the active radical sites.
Motivated by the role of water as a plasticizer in a number of
organic films, we apply a systematic variation of the relative
humidity of the system, thereby achieving a reversible
modulation of the solid-state conductivity of the TEMPO
derivatives. Further, we develop this idea into proof-of-concept
TEMPO devices and their utilization as humidity sensors. We
believe our study on the structure—property relationship of the
open-shell chemistry and its expansion toward a more
generalizable concept of conductivity modulation will serve
as a platform for future applications of open-shell organics,
including organic electronics, electrocatalysts, and energy
storage systems.

Small-molecular organic radicals utilized in this effort, which
are designed to demonstrate the structure—property relation-
ship of nitroxide-based radicals in the solid state, include
TEMPO and its derivatives. Upon their electronic conduction,
single-electron transfer from the valence shell leads to a fast
intermolecular charge transport without breaking of the
chemical bond.” Specifically, these chemical species undergo
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a redox reaction by switching between chemical structures,
from a neutral radical to an oxoammonium cation, or to an
aminoxyl anion (Figure 1A).>" The redox reaction occurs in
both the wet and the dry system, although the mechanisms by
which electrons are transferred differ between the two.** While
a series of redox reactions on the active radical sites lead to
charge transfer in the wet system, an electric-field-driven
intermolecular electron hopping adds up to the overall
conduction mechanism in the solid state.'”*® In both cases,
the designing architecture of the molecules plays an important
role in optimizing the properties of the materials for the
desired performance of the device operation."”

In general, the electronic band structure of organic
(semi)conductors is engineered through the modular design
of molecular components.”* In open-shell chemistry, a similar
strategy can be utilized, such that a specific functionality placed
near the stable radical affects the molecular electronic
structure. While the substitution effect may not be as effective
as typical pi-conjugated organics owing to the nonconjugated
nature of the radical species, the previous theoretical approach
has revealed significant modulation of the electronic structure
of TEMPO-based molecules, following chemical modification
in the 4’ position of the TEMPO ring.19 Further, the steric
effect placed near the active radical site of TEMPO has been
shown to dramatically impact the catalytic activity of resultant
TEMPO derivatives, which seems rather unexpected when
judged from the observed redox potential trend of these
molecules.”’ As such, we group different types of TEMPO
derivatives into two and explore the impact of functionality
variation on solid-state electronic conductivity (Figure 1B).

The first group of interest includes TEMPO (T), 4-hydroxy
TEMPO (hT), 4-amino TEMPO (nT), 4-glycidyloxy TEMPO
(¢T), 4-methoxy TEMPO (mT), and 4-oxo TEMPO (oT)
(Figure 1C). The series are designed such that there exists a
significant difference in the effect of electron-donating or
-withdrawing functionality on the active radical site. An
additional subcategorization within the first group was
conceived, where the TEMPO derivatives with hydroxyl and
amino groups (hT and nT) are expected to exhibit
characteristic phase behavior, in addition to the electron-
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Figure 2. Solid-state electronics based on TEMPO derivatives. (A) Schematic illustration of TEMPO-based devices with a channel length of S0 ym
and film thickness of 90 ym. (B) Temperature-dependent conductivity of TEMPO derivatives. (C) DSC thermograms of selected TEMPO

derivatives.

donating effect that the two functionalities provide owing to
the presence of the hydrogen-bonded network (vide infra).”®
The second group under investigation includes sterically less
hindered nitroxides that have frequently been utilized in the
wet chemistry of TEMPO derivatives for alcohol oxidation,'”*'
and it includes 2-azaadamantane N-oxyl (AZADO) and 9-
azabicyclo[3.3.1]nonane-N-oxyl (ABNO) (Figure 1C). Taking
advantage of the small-molecular nature, all of the radicals
featured a high radical content as compared to the pristine T as
an external standard, based on electron spin resonance (ESR)
calculation on each TEMPO derivative (Figure 1D, and
Figures S2—S9).

We first measured the electrical conductivity of the TEMPO
derivatives as a function of temperature in a vacuum (Figure
2A). Briefly, on top of a glass substrate, Cr/Au electrodes (10/
50 nm) were deposited for the current—voltage sweep, with a
measurement unit equipped with a temperature controller.
After the deposition of the electrodes, TEMPO derivatives
were placed in a PDMS mold that leaves room for a connecting
channel between the two electrodes, into which a solution of
each TEMPO was drop-cast and dried. Conductivity values
were then calculated considering the geometric parameters of
the resulting channel (detailed information on conductivity
measurement is described in the Experimental Section). In our
previous report, we described a temperature-dependent
conductivity of hT, where a dramatic change in the apparent
conductivity was observed following a phase transition of hT
from a crystalline phase to a molten solid phase.”® Specifically,
hT featured very low conductivity (107°—107"° S m™) at
room temperature owing to its crystalline nature. In sharp
contrast, the hT at a high temperature close to its melting
point (T,,) displayed a very high conductivity of 107>—~107> S
m™!, showing a difference of >10° S m™" between the two
temperatures. Here, we describe the physical state of TEMPO
derivatives as being a “thermally activated” state when
significantly above room temperature but below T.. It is
thought to provide a fast transport of charges by allowing
increased thermal motion of the molecules, which facilitates
self-exchange redox reaction and/or electron hopping between
active radical sites.
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Systematic measurements on the temperature-dependent
conductivity of TEMPO derivatives indicated that the
observed temperature dependence of hT is a general trend
of small-molecular TEMPOs that are crystalline at room
temperature (Figure 2B). For example, we found that the
TEMPO derivatives having a distinct melting point (nT, mT,
T, oT) show a similar temperature dependence as that of hT
(Figure 2C). Specifically, we found that the molten solid of
each TEMPO derivative exhibits significantly higher con-
ductivity than that at room temperature, for nT (~305 K), mT
(~315K), T (~310 K), and oT (~310 K). On the other hand,
gT, which features no distinct Ty, only showed a thermally
activated insulating behavior, as per its rubbery state above the
glass-transition temperature (T,) within the conductivity
measurement window. Notably, T, appeared in gT due to
the presence of the epoxy group, which minimizes the crystal
nature of the organic radical. The apparent solid-state
conductivity and the conductivity difference between the low
and the high temperatures (which we refer to as a thermal on/
off ratio, in a nonrigorous and descriptive way) were strongly
dependent on the nature of functionality appended to the
TEMPO ring. For example, the observed conductivity of oT
(1077 S m™") featuring a ketone at the 4’ position showed a
sharp contrast to that of hT (107> S m™) at 310 K. Overall,
the measured conductivity values at their thermally activated
state followed the trend of hT> nT> mT> gT> TEMPO> oT>
ABNO. The observed thermal on/off ratios were ~10 for hT,
~10 for nT, ~10 for mT, ~5 for oT, ~10* for TEMPO, and
~10 for ABNO at relevant temperature ranges. Interestingly,
however, the conductivity of the sterically less hindered
TEMPO (ABNO) showed the one that is the lowest among all
of the observed TEMPO derivatives despite its distinct T, that
is comparable to those of nT and hT. Specifically, we found
again a simple, thermally activated insulating behavior from it
without any abrupt increase in conductivity. While the origin
of this behavior is currently unclear, we believe it is closely
related to the short lifetime of free radicals that the sterically
less hindered TEMPO derivatives feature. It indicates that
radical stability, along with the nature of the functionality, plays
an important role in determining the total conductivity of the
radical molecules.

https://doi.org/10.1021/jacsau.2c00361
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Figure 3. Effect of humidity on the solid-state conductivity of selected TEMPO derivatives. (A) Schematic illustration of the TEMPO-based device
under a wet environment. (B) Temperature-dependent conductivity of TEMPO derivatives at RH = 90%. (C) Polarized optical microscopy images
of hT crystals at RH = 0% and RH = 90%. (D) High-resolution X-ray diffraction (XRD) with a simulated parameter for projection of the
orthorhombic unit cell of the hT crystal at RH = 0% and RH = 90%. (E) Summary of the conductivity enhancement of the TEMPO derivatives

under applied humidity.

Building upon establishing a general conductivity trend among
the TEMPO derivatives, we proceeded with a more progressive
idea of enhancing or modulating the solid-state conductivity of
the TEMPO derivatives. In general, TEMPO-based small
molecules are expected to exhibit a crystal structure in their
solid state, which minimizes the steric hindrance from the
bulky substituents near the active radical. One example is that
of hT in our previous work, where it showed a doubly
intercalated packing structure that places the bulky substituent
in an alternating manner.”> This steric restraint among the
TEMPO derivatives has been the main attribute of their failure
being utilized as an effective electronic material, as the
constraint inevitably accompanies considerable distancing
between the active radical sites. Thus, any external stimulus
that reduces the proximity between the active radical sites is
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expected to modulate the electronic properties of these
materials significantly.

Following this idea, we repeated the solid-state conductivity
measurements of the TEMPO derivatives, this time with an
attached humidity controller that can reversibly and precisely
control the relative humidity (RH) of the measurement system
by adjusting the relative amounts of gaseous H,O and N,
(Figure 3). A constant voltage of 1 V was applied throughout
the measurement (experimental details in the Supporting
Information). Figure 3B displays the corresponding temper-
ature-dependent conductivity of the TEMPO derivatives at RH
= 90%. Interestingly, significant modulation of the conductivity
was found for all of the TEMPO derivatives, at all of the
temperature ranges tested. To further explore the mechanistic
aspects of the observed conductivity enhancement, polarized
optical microscopy (POM) and powder X-ray diffraction
(pXRD) measurements were carried out for hT (Figure 3C,D).
POM exhibited a distinct birefringence change that is a

https://doi.org/10.1021/jacsau.2c00361
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Scheme 1. Schematic Illustration Describing the Conductivity Enhancement of the TEMPO Derivatives upon Exposure to a

Humid Environment and High Temperature
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showing a systematic increase in conductivity based on the stability of the oxoammonium cation.

characteristic of the highly crystalline form of hT at RH = 0%.
In stark contrast, we found no clear birefringence change of the
same sample at RH = 90%. The diffraction patterns in pXRD
also corroborated this observation (Figure 3D). Specifically, we
found the sharp peaks from hT at RH = 0% at 20 = 17.1, 12.2,
21.4, and 24.6°, which correspond to (002), (111), (131), and
(222) planes™ of the crystalline hT. The intensity of these
characteristic peaks decreased significantly following the
exposure of hT to RH = 90%. Additionally, we tested the
impact of humidity in the other TEMPO derivatives as well
(XRD and DSC, Figures S10 to S14). Note the consistency
found in the other derivatives. To highlight the conductivity
modulation by the applied humidity, we plotted the difference
in conductivity between RH at 0 and 90%, at room
temperature (Figure 3E). While we found unexpected
differentiation between the conductivity increases among
different types of TEMPO derivatives , we generally observed
a 10'- to 10*-fold increase in the measured conductivity. Note
that we found the highest normalized delta conductivity of
~10° S cm™ for hT.

Based on the experimental observation regarding the
connection between crystallinity and conductivity found in
the TEMPO derivatives, it is clear that the major mechanism
that enhances the apparent conductivity under a humid
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environment is via water infiltration into the crystalline
structure, which results in a partial loss of crystallinity (Scheme
1). The resulting loss of the doubly intercalated structure that
once prevented effective charge transfer among TEMPO
molecules enhances the proximity between active sites and
facilitates conduction.”> The unique structural feature of each
TEMPO derivative then additionally determines the detailed
variation of the observed conductivity. Molecular dynamics
(MD) simulation on our water infiltration model for selected
TEMPO derivatives (hT and T) suggests the resultant distance
between the nitroxides to be ~7 A, which matches well with
the general proximity requirements for the TEMPO-based
macromolecular radical reported previously, strongly support-
ing our hypothesis (Figure S15).7?

Further, we note two additional factors that affect the solid-
state conductivity of TEMPO in a wet environment rather
significantly: (1) the presence and/or the position of T,,, and
(2) the availability of any type of secondary interaction (e.g,,
hydrogen bond). Specifically, while we generally find a larger
increment in the observed conductivity at room temperature
for the TEMPO derivatives that exhibited a characteristic
crystalline structure, the increases of the amorphous ones (i.e.,
nT and ¢T) were not significant. Additionally, a large
increment was also found for the one that features its T,

https://doi.org/10.1021/jacsau.2c00361
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Figure S. Humidity sensors based on TEMPO derivatives. Response curves for (A) hT, (B) nT, (C) mT, (d) gT, and (E) oT, upon the
consecutive reverse RH sweep. Comparison of (F) the sensor response and (G) the device stability among the TEMPO derivatives tested. (H)
Sensor characteristics of the oT device.

closer to room temperature (e.g,, T). A definitive outlier was derivatives in a wet system. Based on these experimental
hT, which possesses both high crystallinity and the hydrogen- findings, we hypothesized that the solid-state conductivity
bonding moiety, the latter of which facilitates the infiltration of found in the TEMPO derivatives and the trend among them
water molecules significantly. We argue this is why hT showed may have a similar structure—function or structure—property
the largest variation in conductivity. relationship.

Our conductivity measurements reveal that solid-state Figure 4 displays the comparison of the observed solid-state
conductivity under a humid environment follows the order conductivity of the TEMPO derivatives to the key parameters
hT> nT> mT> gT> TEMPO> oT> ABNO> AZADO as in of their wet chemistry, where clear linearity between the
the dry system, albeit with increased values. Overall, we note conductivity and the redox potential (converted to the work
that the main purpose of this study is to provide an indirect function), as well as that with the catalytic activity, was found.
measure of the solid-state conductivities of the TEMPO Note that the comparison was made between the reported
derivatives and connecting them to the trends found in their catalytic activities and the conductivities of the TEMPO
wet chemistry. The observation that the measured conductiv- derivatives at RH = 90%, both at RT. While it may seem
ities of the TEMPO derivatives at elevated temperature (i.e., appropriate that the measured solid-state conductivity has a
thermally activated solid below T,) and in a humid linear relationship with these parameters, we find a more
environment (i.e., RH = 90% at room temperature) matches rigorous consideration on why it should be the case in our
with each other, and that they in turn match with their redox study is necessary. As the two parameter sets (i.e., that of solid-
potential and the catalytic activity trends (vide infra), justifies state conductivity and that of redox potential) are normally
our original hypothesis. independent with each other in conventional (semi)-

To gain insights into the observed solid-state conductivity conductors, no linearity between the two is generally expected.
trend, we sought its connection with the wet chemistry of the Therefore, we attribute the observed linearity here reflects the
TEMPO derivatives that has well been established throughout key charge transfer mechanism of our system that is unique to
the literature.”'” In a recent report by Hickey and co-workers, the conventional ones. Specifically, it indicates that the main
and in a separate work by Zhang and co-workers, both charge transfer mechanism in our system is the self-exchange
experimental and theoretical approaches were made on redox reaction between the active sites of TEMPO, rather than
revealing the structure—function relationship of the TEMPO the one being governed by the Schottky barrier and/or the
derivatives in a wet system.'”” Briefly, the redox potential of Poole—Frenkel mechanism associated with the electric-field-
the TEMPO derivatives toward the alcohol oxidation reaction driven mechanism, as the comparison suggests the inherent
was provided, where they were utilized as catalysts. Further, linkage between charge extraction and conduction.” In the
these potential values were correlated with their catalytic latter cases (i.e., field-driven), for example, it is expected that
activity, where the activity was defined as the ratio between the the loss of linearity between the solid-state conductivity and
anodic (ipa) and cathodic (ipc) currents (iPa/ ipc). Importantly, it the redox potential is expected as per their conceptual
was found that the redox potential displayed global linearity orthogonality, albeit the linearity between the work function
with the catalytic activities measured experimentally, showing a and the catalytic activity remains the same, as has been
robust structure—function relationship governing TEMPO reported previously.'”*
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In general, a nonconjugated substituent affects the oxidation
potential of the TEMPO derivatives by interacting electro-
statically with both the polarized bond present in the parent
nitroxide (i.e, NO) and the formal charge formed upon its
oxidation (i.e, >N*=0).”* Specifically, the orientation and
the magnitude of the substituent dipole influence the
electrostatic stabilization/destabilization of the oxoammonium
cation, which in turn affects the oxidation potential of the
parent nitroxide."” The observation that most of the nitroxides
examined here featured the linear relationship is consistent
with the notion that the electron-donating groups stabilize the
oxoammonium cation (or vice versa), resulting in a lower
oxidation potential and catalytic activities. It should be noted,
however, that the bicyclic nitroxyl derivatives, such as ABNO
and AZADO, tend to have a higher catalytic activity in an
aqueous system although the geometric constraints on them
generally hinder the solid-state electronic conduction.” This is
because, unlike in conjugated systems, the charge transfer site
in organic radicals is heavily localized.

To further explore the utility of the structure—property
relationship of TEMPO derivatives in a more practical
application, we tested their usage as active materials for a
humidity sensor. Sensors based on each TEMPO derivative
were fabricated similarly to the conductivity measurement
system with the humidity controller, and the changes in
resistance (R) were recorded and compared. For the
measurement, a constant read voltage of 1 V and subsequent
reverse RH sweeps from 10 to 90% were applied (experimental
details in the Supporting Information). We note that the
humidity sensing for all of the TEMPO derivatives tested was
carried out in the RH range from 10 to 90%, due mainly to the
reversibility issues. Figure 5 shows the sensor properties of the
five sensors based on hT, nT, mT, gT, and oT. In general, all of
the TEMPO derivatives tested showed decreasing resistance
upon increasing RH, displaying a negative sensing behavior.
Sensitivity, which is defined as AR/R, in our experimental
setup, showed a major to minor variation among different
TEMPO species. For example, while the former four sensors
showed sensitivity below ~5, a notably large value of sensitivity
(19.4) was found for oT (Figure SF). For comparison, we
tabulated the performance of our device with other organic
material-based humidity sensors (Table $2).**> Note that the
sensitivity found in our device features outstanding perform-
ance, which is one of the highest among various types of
humidity sensors reported in the literature based on organic
materials. Furthermore, relative device stability (y) estimated
for each device showed the highest value for the oT, while the
former four displayed relatively low values of y (detailed
estimation process described in the Supporting Information).
This is well-reflected in their sensing behavior, where a
significant level of hysteresis, inefficient adsorption/desorption
of water molecules, or the baseline shifts were present among
the first four. In contrast, oT showed a markedly small amount
of hysteresis upon prolonged RH sweep, showing a minimal
baseline shift even after repeated cycles. We further note that,
while the largest change in the observed conductivity was
found for hT (Figure 5), oT showed the largest humidity-
sensing ability in the range tested (RH = 10% to RH = 90%)
(Figure S16). We further characterized the sensor character-
istics of oT based on its high performance and stability (Figure
SH). Response and recovery times, which are defined as the
time required to reach 90% of the equilibrium response upon
humidification/dehumidification, were measured to be 175—

2095

195 and 180—200 s, respectively. Overall, we believe the high
performance of the oT-based device is based on its
characteristic humidity-sensing mechanism, which is not
limited to a simple adsorption—desorption of infiltrated
water molecules that most other devices are based on (Figures
2 and 4). Specifically, we notice that the T, of oT, which leads
to a large variation in conductivity, occurs around room
temperature at RH = 0%, the temperature at which the sensor
experiments were carried out (Figure 2). Regarding the device
stability of oT, we find that the oT is much less hygroscopic
than the other four TEMPO derivatives tested, the nature of
which should clearly affect the effective adsorption/desorption
of water molecules upon exposure at a high RH value.

While significant research efforts have been made on the
macromolecular forms of organic radicals and the wet
chemistry of small-molecular radicals, solid-state organic
radicals have largely been unexplored. We presented a
comprehensive description of organic radicals in general by
demonstrating the structure—property relationship governing
the small-molecular radicals and illustrated the context they are
in, in the subfields of open-shell chemistry. We believe our
work can serve as an initiative in searching for different types of
designer small- and macromolecular radicals, targeting exciting
opportunities that future open-shell electronics present.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00361.
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