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ABSTRACT: Numerous attempts for organic radical stability
mostly entail steric hindrance, spin-delocalization, supramolecular
interaction with the host, π−π interactions, and hydrogen bonding.
To date, there is no report of single crystals containing a hydroxyl
radical (•OH). In this work, we have stabilized •OH in the crystal,
which has been obtained from the filtrate after separating the
precipitate of the chromenopyridine radical (DCP(2)•) from the
reaction mixture. DCP(2)• abstracts a hydrogen atom from
dissolved water in the ethanolic filtrate to grow the single crystal
containing DCPH(2) and •OH in the asymmetric unit. The crystal
packing and computational studies suggest that π−•OH and
•OH···N hydrogen-bonding interactions are responsible for
stabilizing •OH. The presence of •OH has been further confirmed
by mass analysis with the 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) adduct. Solid-state electron paramagnetic resonance
(EPR), solution state nitroblue tetrazolium (NBT) assay, and spin trapping with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) in the
presence of super oxide dismutase suggest •OH formation in the single crystal.
KEYWORDS: carbon-centered radical, hydroxyl radical, single crystal, spin trapping, radical−π interaction

Organic radicals are transient in nature due to their high
energy, and they undergo dimerization, hydrogen

abstraction, or disproportionation. These short-lived species
find utility in material sciences due to their astounding
electronic and magnetic properties, yet their short lifetime
presents challenges.1−3 To increase the lifetime of the radicals,
steric requirements in the synthesis have been designed.4−6 In
addition to the introduction of a sterically demanding group,
supramolecular interactions with cage molecules have been
explored to stabilize radicals.7−10 Intermolecular interactions
like π−π stacking between aromatic rings and van der Waals
forces are known to stabilize the radicals in molecular
aggregates.11−14 Hydrogen bonding has also been reported
to stabilize a biologically relevant flavin radical and other
organic radical anions.15,16 The stabilities of semiquinone and
amino acid radicals have been enhanced due to encapsulation
within a metalloenzyme, a peptide, and protein folds.17−20

In biological systems, radicals are being produced every
moment during cellular processes, out of which reactive oxygen
species (ROS), mainly the superoxide anion (O2

•−) and •OH,
are of utmost importance. Above optimal concentration, ROS
are responsible for the oxidation of DNA and lipids, causing
tissue damage, oxidative stress, aging, and diseases like cancer,
Alzheimer’s, and Parkinson’s.21−25 The ROS are now being
utilized for waste treatment by oxidizing the waste and also for
cancer therapeutics.26,27 In addition to the biological activities
of •OH, it can participate in organic synthesis, modification of

proteins, and polymerization and has very recently demon-
strated to accelerate zeolite crystallization.28 To date, the
synthesis of •OH has been achieved via applying pulse
radiolysis, γ-irradiation on crystalline ice at very low temper-
ature, the Haber−Weiss reaction, the Fenton reaction, and
electrochemical processes.29−32

Despite extensive chemical research, the stability of •OH
remains a challenge due to its short lifespan (∼10−9 s) and its
reliance on fluorophores for detection. One electron reduction
potential of hydroxyl radical is 2.31 V, which makes it a strong
oxidizing agent and makes it unstable.33 Recently, a uranyl
peroxide cluster has been reported to stabilize •OH, but
without any crystal structure.34 To the best of our knowledge,
to date there is no report on capturing and stabilizing •OH in a
crystal. In this work, we successfully crystallize •OH oxygen
(Scheme 1). •OH has been stabilized in the crystal by
exploiting DCPH(2) π−•OH and •OH···N hydrogen-bonding
interactions.35
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In our recent work, we reported julolidine-based chrome-
nopyridine derivatized radicals DCP•, CP•, and DCPC•, where
we obtained DCPC• crystals from the reaction in DMSO.36

The DMSO filtrate contained a superoxide radical as a product
via oxygen-based radical formation. However, we could not
isolate or stabilize the superoxide radical during crystallization
of DCPC•. Taking this forward as an inspiration to stabilize
and crystallize ROS in crystal, we have synthesized the other
two DCP• derivatives, DCP(2)• and DCP(3)•, using 4-
diethylamino salicylaldehyde and 2,4-dihydroxybenzaldehyde,
respectively (Scheme 1).

We performed the reaction between salicylaldehyde
derivatives with malononitrile in the presence of a piperidine
base. After 2 h of reaction at room temperature, the radical
precipitates were separated. The filtrate was kept for
crystallization and crystals of DCPH(2) and DCPH(3) were
obtained (Scheme 1). Interestingly, DCPH(2) crystallizes
along with •OH, whereas the crystal of DCPH(3) has ethanol
(EtOH) as a solvent. The solid precipitates that had been
obtained from the reaction mixtures showed EPR spectra with
a g value of 2.003 for both DCP(2)• and DCP(3)• (Figures S1
and S2) at 100 K. In the solid-state, visible region absorption
shows peaks at 420 and 525 nm for DCP(2)• (Figure S3) and
at 465 and 495 nm for DCP(3)• (Figure S4). The HRMS data
for both DCP(2)• and DCP(3)• show molecular weight peaks
at 372.1565 and 317.0785, respectively (Figures S5 and S6).
These two radicals show the diamagnetic DCPH(2) or
DCPH(3) NMR in DMSO-d6 (Figures S7−S10) after
abstracting hydrogen, like our previous case with julolidine-
based DCP•.36

The slow evaporation of solvent from the filtrate, after
separating the DCP(2)• precipitate, produces orange-colored
crystals of DCPH(2)•OH (Figure 1). DCPH(2)•OH crystal-
lizes in a triclinic unit cell, P1̅ space group, where an
asymmetric unit contains one molecule of DCPH(2), and •OH
has 0.75 occupancy. The single crystal study shows that
DCPH(2) has a bent shape with two intersecting planes
intersecting with a dihedral angle of 14.51° (Figure S11a). The
bond lengths (Figure S11b) and bond angles (Figure S11c)
around C6 confirm sp3 hybridization of the same atom along
with a CH(CN)2 pendant. The C6−C18 bond (1.588(3) Å)
elongates due to the steric and electrostatic repulsion between

the overhead nitrile group of dicyanomethyl appendage and
middle ring. Computationally predicted DCP• contains a sp2

hybridized carbon atom, and the overall structure is planar,
along with the CH(CN)2 pendant.36

Although DCPH(2) is diamagnetic, the crystals are EPR
active in the solid state (Figure 2), implying that the positive

signal might be due to the presence of the oxygen-based radical
present in the asymmetric unit. The difference Fourier map of
DCPH(2)•OH shows only one highest electron density (Q1)
peak near the O8 atom (Figure S12). It corresponds to a single
hydrogen attached to the atomic position of O8. The presence
of only one free oxygen atom (O8) in the asymmetric unit also
rules out the possibility of superoxide or peroxide among the
ROS in the crystal. However, the limitation of single crystal
data with a hydrogen atom is that they cannot confirm the
•OH radical unambiguously. Crystal packing geometry
suggests weak interactions between the layered structures of
DCPH(2) (Figure S13). The minimum distance of N2 to C21
between the two nearest π rings is 3.388(3) Å.

We further planned to directly capture the •OH present in
the crystal using a radical trapping agent, namely, TEMPO in
dimethylformamide. The DCPH(2)•OH crystal was added to
it, followed by overnight incubation at room temperature. The

Scheme 1. Oxygen-Mediated Syntheses of (a) Previously
Reported and (b) Newly Synthesized Chromenopyridine
Radicals and the Generation of •OH in a Single Crystal

Figure 1. Asymmetric unit of DCPH(2)•OH with 30% thermal
ellipsoids probability (H atoms of DCPH(2) have been omitted for
clarity).

Figure 2. Solid-state EPR at 300 K of DCPH(2)•OH.
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solution was diluted in acetonitrile for spraying onto a mass
spectrometer equipped with a custom-built electrospray
source. The mass spectrum recorded from this spray exhibited
an ion signal at m/z 174.1488 (Figure 3a), which was

attributed to the •OH adduct of TEMPO. The analogous
experiment with TEMPO, but without using the crystal,
exhibited no ion signal of this species (Figure 3b) in the
control experiment, indicating the crystal as the source of •OH.
Moreover, it is important to mention that this •OH did not
appear from the sprayed organic aerosols, as manifested by the
control experiment.37,38 However, TEMPO did not form an
adduct with other bulky organic radicals, probably for steric
reasons.

In the case of DCP(3)• precipitate, similar filtrate results are
obtained in yellow crystals of DCPH(3).EtOH, where the
asymmetric unit contains one molecule of both DCPH(3) and
ethanol (Figure S14). DCPH(3).EtOH crystallizes in a
monoclinic unit cell, the P21/c space group. Similar to the
previous case, DCPH(3) is also nonplanar with a dihedral
angle of 15.15°. In addition, the bond lengths and bond angles
around C6 in DCPH(3) have been found to be in line with
tetrahedral geometry. The diamagnetic DCPH(3).EtOH
crystals are reflected in the EPR silent behavior (Figure S15).

To understand the elemental conditions39 of C, N, and O in
the crystal, XPS has been performed for DCPH(2)•OH
(Figure S16). The XPS spectra for C 1s showed three peaks at
282.3, 284.8, and 287.3 eV. The peak at 284.8 eV is responsible
for C�C, C�C, and C�H.40 C�N and C�N contribute to
the peak at 287.3 eV.41 The peak at 282.3 eV has unusual low
binding energy compared to organic compounds, indicating an
interaction of the π-cloud of the aromatic ring with •OH. The
peak for nitrogen at 397.2 eV is for the pyridine-N, and the
deviation from the position is possibly due to substitution
around it.40 The latter peak of N 1s at 399.7 eV is due to the
pyridine-amine and nitrile group present in DCPH(2).42,43

Further, the spectrum for O 1s shows two peaks positioned at
531.3 and 533.8 eV for C−O−C and •OH, respectively.40,44

To confirm the presence of •OH as ROS, a NBT assay was
performed.45 The absorbance of a solution containing
dissolved DCPH(2)•OH and DCPH(3).EtOH crystals in
NBT solution produced a broad hump at 570 nm with a tail
extended to 700 nm due to formazan selectively forming with
DCPH(2)•OH (Figure S17). In addition, DMPO was
prepared in DMSO, and the DCPH(2)•OH crystals were
directly dissolved in the same solution. The distinct four-peak
signal in solution state EPR at 300 K (Figure S18) confirmed
the presence of •OH in the crystal.46 Further, to confirm •OH
vs O2− among the ROS, EPR was done in the presence of
superoxide dismutase (Figure 4a). The positive signal in the

presence of the enzyme ruled out the possibility of superoxide
as ROS. The variable concentration of the crystal solution was
used in EPR titration (Figure S19) with respect to DMPO to
determine the equivalent of •OH in the solution. The
intersecting straight lines plot suggested the presence of 0.63
equiv of •OH per DCPH(2) molecule (Figures 4b and S19).

Spin quantification has been performed by solid-state
magnetism and compared with well-known radical TEMPO.
From the 1/χ vs T plot in the solid-state, the crystal has shown
a 42% spin quantification at 300 K with respect to S = 1/2 spin
(Figure S20). At a temperature <220 K, the 1/χ vs T plot
shows a deviation from Curie−Weiss behavior. For the S = 1/2
spin, the 1/χ vs T plot (Figure S20) and M vs H plot (Figure
S21) at 100 K show a spin quantification ∼12%. Solution state
spin quantification through EPR has been compared with
DMPO via the Fenton reaction at 300 K. The calibrated EPR
plot in the solution state suggests 25% of spin quantification
(Figure S22). The less amount of spin quantification in these
two experiments suggests the poor stability of the •OH in the
solution state.

Supramolecular interactions47,48 in the crystal are important
factors for the overall stability of •OH. The crystal packing of
DCPH(2)•OH suggests that weak interactions, such as
hydrogen bonding and radical−π interactions, are responsible
for capturing and stabilizing •OH in crystals. The crystal
structure shows that •OH has a supramolecular interaction
with three molecules of DCPH(2) (Figure 5). The amine
hydrogen of one DCPH(2) molecule acts as a hydrogen bond
donor to facilitate hydrogen bonding with the •OH. The N3···
O8 distance is 2.950(3) Å and the N3−H3A---O8 angle is
160.91(2)°. These distance and angle parameters are well
within the limit of Tyr-Asn or Ser-Asn hydrogen bonding N−
H···O interactions.49 The N atom in the nitrile group is
disordered over N4 and N8 in DCPH(2). The N4 atom of the

Figure 3. ESI-MS spectra showing the (a) capture of •OH present in
the crystal by TEMPO and (b) the absence of the •OH in the control
experiment. The unassigned signals do not form the basis of the
TEMPO reaction.

Figure 4. (a) EPR spectrum of DCPH(2)•OH taken in the presence
of superoxide dismutase and DMPO, and (b) DMPO titration spectra
showing the peak intensity at 3333 G with varying the concentration
of DCPH(2)•OH against a constant concentration of DMPO.

JACS Au pubs.acs.org/jacsau Letter

https://doi.org/10.1021/jacsau.4c01115
JACS Au 2025, 5, 61−66

63

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01115/suppl_file/au4c01115_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01115?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01115?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01115?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01115?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


second DCPH(2) molecule participates in hydrogen bonding
with •OH having a N4···O8 bond distance of 3.115(1) Å and a
N4−H8−O8 angle of 164.94(4)°. In addition, the distance
between the O8 atom and centroid of the aromatic ring with
substituted NEt2 is 3.497 Å. The above interactions stabilize
the hydroxyl radical in the crystal lattice.

To validate the experimental observations, we carried out
dispersion-corrected density functional theoretical calculations
of DCPH(2)•OH at the B3LYP-D3/6-311G** level, imple-
mented in the Gaussian 09 suite of programs.50 The
calculations were carried out using the coordinates obtained
from the crystal structure without further optimization. The
interaction of •OH with three units of adjacent DCPH(2) was
considered. The natural bond orbital (NBO) analysis confirms
the presence of two strong hydrogen bond interactions
between •OH and the two units of DCPH(2). In one of
these hydrogen bonds, •OH acts as a hydrogen bond donor
with one of the DCPH(2) molecules and the other as a
hydrogen bond acceptor. The NBO analysis also revealed the
hybridization of the oxygen atom of the hydroxyl radical as sp2

and a weak interaction between the p orbital of the •OH
species with the third DCPH(2) unit (Figure 6a). The similar

changes in hybridization were reported for triarylphosphine
radical cations.51 To know more about the radical−π
interaction, we carried out molecular orbital analysis of the
fragment containing the above DCPH(2)•OH in its doublet
state. The relevant molecular orbital depicting the interaction
between •OH species with the third unit of DCPH(2) is
provided in Figure 6b, showing the interaction of the
unhybridized p orbital of the oxygen atom of the hydroxyl
radical with the DCPH(2) molecule.

It is known that the total density of states of a complex
system and the partial density of states due to the fragments
provide information about the interaction between the units.52

To infer the interaction between the fragments, we calculated
the total density of states (TDOS) of the system along with the
partial density of states (PDOS) of the fragments using the
program Multiwfn.53 The above density of states (Figure S23)
confirms the weak interaction between the DCPH(2) and
•OH species. Further, the atomic charges of various atoms of
the molecule and its fragments are also calculated (Table S2).
The analysis revealed the accumulation of a slight negative
charge on the OH moiety, in contrast to the slight positive
charge of the DCPH(2) unit, suggesting the interaction
between the two units, in agreement with the earlier findings.

Thermogravimetric analysis of DCPH(2)•OH confirms a
slow weight loss up to 160 °C due to •OH and a sharp weight
loss at 160 °C due to the removal of the nitrile functional
group (Figure S24). Similar studies with DCPH(3).EtOH
show a ∼20% weight loss at 200 °C due to removal of ethanol
and a nitrile group (Figure S25). The infrared studies of
DCPH(2)•OH show an additional peak at 3420 cm−1 in
comparison to DCP(2)• (Figure S26) due to the presence of
•OH. The origin of the •OH during crystallization is due to a
reversed hydrogen atom shift from the already present water in
ethanol for crystallization (Scheme 2). Although the hydrogen

atom shift from water to a single molecule of DCP(2)• is
thermodynamically challenging, the stability of the •OH within
crystal packing has been achieved by three molecules of
DCPH(2) through hydrogen bonding and radical−π inter-
actions (Figure 5).

To check the activity of the hydroxyl radical in glutathione
oxidation, we have treated the freshly prepared solution of the
crystal with the glutathione-based hydrogels from our recent
report.54 The hydrogels, which are remarkably stable in the
presence of H2O2, have been converted to sols. The activity of
this •OH has been found to be greater in comparison to H2O2.

In summary, we have captured •OH in crystals along with
the DCPH(2) molecule. The •OH has been stabilized using
crystal packing and the nonbonding interactions between
DCPH(2) and •OH. The •OH formation has been further
investigated with solid-state EPR, solution state NBT assay,
DMPO-based EPR, and TEMPO-based mass analysis. We are
currently working on the reactivity of •OH in organic
reactions.
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Figure 5. Important intermolecular interactions (---) with rings and
hydrogen bonding interactions (···) between •OH and DCPH(2).

Figure 6. (a) Schematic representation of the electrons of oxygen in
three sp2 and one p orbitals for a favorable radical−π interaction, and
(b) a molecular orbital diagram of the asymmetric unit of
DCPH(2)•OH with the β-SOMO orbital showing the radical−π
interaction between the half-filled p orbital of the oxygen of •OH with
the π-cloud of the aromatic ring of DCPH(2).

Scheme 2. Reaction between DCP• and Water to Form
DCPH(2)•OH and Its Reversible Reaction while Drying
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