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Ultralight aerogels via supramolecular
polymerization of a new chiral perfluoropyridine-
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Chiral and enantiopure perfluorinated sulfonimidamides act as low-molecular weight gelators at low criti-
cal gelation concentration (<1 mg mL™) via supramolecular polymerization in nonpolar organic solvents
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and more heterogenic mixtures, such as biodiesel and oil. Freeze-drying of the organogel leads to ultra-
light aerogel with extremely low density (1 mg mL™). The gelation is driven by hydrogen bonding resulting
in a helical molecular ordering and unique fibre assemblies as confirmed by scanning electron
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Introduction

Small organic molecules can form supramolecular assemblies
that grow into long, anisotropic, three-dimensional
networks."” The formation of these supramolecular polymers
is driven by non-covalent secondary intermolecular inter-
actions, such as hydrogen bonding, n-n interactions, and van
der Waals forces. At a sufficiently high concentration, the
organic molecules can form fibres that entangle into networks
that immobilize the solvent (Fig. 1A).%° The spontaneous for-
mation of these so-called organogels allows reversible assem-
bly/disintegration of the network via energy input such as
heating and light."'® Classical motifs for organogelators
include derivatives of e.g., fatty acids,’””'® amino acids,"
cholesterols,”® sugars,”’>* and anthryl derivatives (Fig. 1B),>*
but the development of new classes of organogelators remains
an important task since functionalized materials of organogels
have found use in many applications®®>® such as
photoelectronics,>**° drug delivery,® and as scaffolds for cell
cultures in tissue engineering. Sulfonimidamides (SIAs) are
the aza-analogues of sulfonamides and were first described by
Levchenko in 1960.327° In the last two decades, an increased
interest in the use of sulfonimidamides as isosteres in
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microscopy, CD spectroscopy, and computational modeling of the supramolecular structure.

A .Principle of supramolecular gel.
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Fig. 1 (A) Simplified cartoon highlighting the process of supramolecular

gelation. (B) Classic motifs for organogelators. (C) Synthesis of perfluori-
nated SIA-based gelators, highlighting critical functional groups for
gelation (this work).
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pharmacological applications®®™*° has led to the development
of new methods for the synthesis of sulfonimidamides and
their derivatives."'™>* Recently, we developed a synthesis of
enantiopure sulfonimidamides via a light-mediated reaction
between perfluoroaryl azides (PPFA) and sulfinamides (SA).>*

Serendipitously, we discovered that one of the synthesized
compounds, (S)-SIA, exhibited gel-forming properties as
revealed by the gelation of the reaction mixture. Due to its
ability to gelate nonpolar solvents, we set out to investigate the
self-assembly properties of low-molecular weight gelators
(LMWG, MW = 285 g mol™") that are based on this novel chiral
sulfonimidamide scaffold (S)-SIA.

In this study, both enantiomers, (S)-SIA and (R)-SIA, display
reversibility in the assembly and disassembly of the supramo-
lecular structure upon heating and cooling of the system.
Scanning electron microscopy revealed the fibrous structure of
the network and its different structural features depended on
the solvents and drying technique used. Molecular dynamics
simulation of the supramolecular assembly revealed the
helical supramolecular structure, which was verified via a com-
parison between calculated and experimental circular dichro-
ism (CD) spectra.

Results and discussion

In our quest to develop photo-mediated reactions between per-
fluorinated aromatic azides and chiral sulfinamides via
nitrene intermediates, we discovered that one of the chiral sul-
fonimidamides, (S)-SIA, had the ability to gel the reaction
medium (a,a,0-trifluorotoluene, CFsPh) (Fig. 1C). Previously,
many organogelators based on small, chiral organic molecules
have been studied,””®* but to the best of our knowledge,
chiral sulfonimidamides have not previously been investigated
as a scaffold for organogelators. Therefore, we set out to inves-
tigate the gelating properties, supramolecular structure, and
functions of these sulfonimidamide compounds. The enantio-

A. Properties of SIA-gels in different organic solvents
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meric pairs of sulfonimidamide, (S)-SIA and (R)-SIA, were both
able to form organogels in aromatic and aliphatic nonpolar
organic solvents such as toluene, o-dichlorobenzene (ODCB),
heptane, dodecane, cyclohexane, chloroform etc. (Fig. 2A and
Fig. S2t). The critical gel concentration (CGC) was below 1 mg
mL™" for highly nonpolar aliphatic solvents, such as heptane,
cyclohexane and dodecane (0.6-0.9 mg mL "), while the CGC
was one order of magnitude higher for aromatic solvents
(7-14 mg mL™") and even higher for the more polar chloro-
form (28 mg mL™") (Fig. 2B). Gelation was induced either via
thermal heating or by sonication®® and irrespective of the gela-
tion technique, all gels formed were clear and transparent
except for cyclohexane, which formed an opaque gel at higher
concentrations (Fig. S2t). The SIA-organogelator also formed
gels of mixed nonpolar liquids such as kerosene, biodiesel
(NExXBTL), gasoline (95) and motor oil, indicating its potential
use as a potential phase-selective gelator of oil-spill remedia-
tions (Fig. $21).°*%” Solvents containing hydrogen-bond accep-
tors, such as ethyl acetate, tetrahydrofuran, and alcohols
(ethanol, isopropyl alcohol, 1-octanol, oleyl alcohol), led to dis-
solution and no gel formation was observed even at higher
concentrations (0.1 M). The gelation correlates with the hydro-
gen bonding term in the Hansen solubility parameters (HSP)
for the investigated solvents, while no clear correlation was
found for the dielectric constant (¢f PhCF; and EtOAc)
suggesting that intermolecular hydrogen bonds play a pivotal
role in the formation of the gels. Several features in the sulfo-
nimidamide are critical for its gelating properties. Subtle
modifications of its structure, such as methylation of the
primary amino group, replacement of the ¢-butyl group with a
tolyl group, and removal of the pyridine nitrogen from the per-
fluorinated ring led to complete loss of the gelation abilities
(see Fig. S31). The rheological properties of the gel in heptane
were investigated using dynamic shear oscillation. The storage
modulus (G') and loss modulus (G") of the gel were monitored
in the frequency range from 0.001 to 100 Hz (Fig. 2B). The
results show that the sample of (S)-SIA had a stable storage

B. Rheology measurements
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Fig. 2 (A) Solvent scope for gelation and critical gel concentration (mg mL™); abbreviations: (d) = dissolved, gelation in chloroform (CHCls),
heptane (Hept), and cyclohexane (Cy). (B) Rheology measurements of (S)-SIA. Storage (green triangles) and loss (blue squares) moduli of (S)-SIA
(0.9 mg mL™Y) in heptane as a function of frequency. The frequency sweep was performed at a strain of 3 x 10~® MPa (accordingly within the linear

region from the amplitude sweep test) and temperature (T = 293 K).
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modulus (G') within the frequency range tested and presented
an increasing trend above 10 Hz (high frequencies). The loss
tangent (tané) at 1.0 Hz was 0.18 and was always below 0.2
over the entire frequency range tested (0.001-100 Hz).
Furthermore, the G' is about one order of magnitude larger
than the G”, and no cross-section was found in the frequency
sweep, indicating that the relaxation rate of the sample is slow
and conforms with the typical behavior of a gel with a high
elastic response.®®”7° Overall, the results demonstrate the for-
mation of a stable solid-like network gel. Fig. 2B shows that
the gel has a storage modulus of ca. 90 Pa (at 1.0 Hz), which is
in the range of that for previously reported strong protein
nanofibril hydrogels.”"”*

To gain insight about the structure of the organogel, the
samples were air-dried and the morphologies of the formed
xerogels in different solvents were examined by SEM.

In heptane and PhCF;, the fibres were fused together into
a film and no individual fibres of the network were dis-
tinguishable (Fig. S4f). However, in the xerogels formed
from chloroform the SEM analysis revealed a more detailed
picture of the fibrous network. The morphology contained
three distinct features: a network built from about 100 nm
wide fibres (Fig. 3A-C), twisted bundles of threads, and
rolled-up piles of fibres on the surface of the fibrous
network. No helical topology could be distinguished for the
individual fibres at this level of resolution, but for the
bundled fibres there is a clear handedness of the bundles,
suggesting a P-type macroscopic chirality of the helix built
from the (S)-enantiomer. The opposite handedness of the
bundled fibres was observed from the opposite enantiomer,
suggesting an opposite macroscopic helical conformation
(M-type) originating already on the level of the individual
fibres (Fig. S5t). At 30kx magnification, the diameter of the
bundled fibres was determined to be 4.1 + 0.3 pm and the
finer individual fibres within these bundled fibres have dia-
meters of 80 + 9 nm (Fig. 3B, see arrows).

A peculiar feature in the fibrous network of the xerogel was
the rolled-up fibres deposited on the surface of the fibrous
network (Fig. 3C & D), mimicking a rolled-up rope on a dock.
Similar lantern-shaped structures have been observed in xero-
gels of gold(r) complexes of functionalized N-heterocyclic car-
benes.”? The number of turns in the rolled piles differs, from a
few turns up to many turns (15), leading to a cone-like struc-
ture (up to 1500 nm high, see Fig. 3C). The diameter of the
rolled-up piles ranges from roughly 3 to 10 pm (Fig. 3C & D)
and the rolls were likely formed during the drying process of
the gel into the xerogel. Previously, Mears et al. have shown
the influence of the drying process in sample preparation of
hydrogels and that the SEM analysis does not always show the
primary network of fibers but rather depicts the results of
aggregation of the fibers.”* Along these lines, the diversity of
morphology in xerogels from chloroform (carpet-like network,
bundled twisted fibres and rolled-up piles) probably originates
from air-drying processes in which the volume decreases dras-
tically upon solvent evaporation and forms a more dense
material.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Air-dried xerogel from (S)-SIA in chloroform (14 mg mL™2). (B)
Bundles of fibres with clear handedness of the bundles with a P-type
macroscopic chirality from the (S)-enantiomer. (C) Side-view of rolled-
up fibres deposited on the surface of the fibrous network. (D) Top-view
of rolled-up fibres.

To have a more realistic view of the network structure in the
organogel, the formation of aerogels via freeze-drying was
attempted. Neither chloroform nor heptane are suitable sol-
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vents for freeze-dying, but fortunately organogels from cyclo-
hexane produced a brittle aerogel upon lyophilization without
any significant loss of volume (about 10%), which is in stark
contrast to the loss of volume observed in the xerogel from
chloroform (Fig. 4A and Fig. S6, 71). Therefore, we assume that
the formed aerogel structure from cyclohexane better reflects
the three-dimensional network organization of the organogel
in solution. A more detailed analysis of the morphology from
(R)-SIA aerogel using scanning electron microscopy (SEM)
shows a highly porous material (Fig. 4A) that consists of indi-
vidual fibres or fibres that are fused together either into
bundled fibres or fishnet-type structures (Fig. 4B). The individ-
ual fibres have a diameter of 60 + 10 nm, which is slightly
thinner than that in the xerogel from chloroform. The light
-weight of the aerogel is demonstrated by resting the material
(1 mg) on the seed head of a dandelion (Fig. 44, inset). The
estimated density of the aerogel is roughly 1 mg cm™>, which
is one order of magnitude higher than that of
aerographene,””””” which is one of the most light weight
materials in the world. Both the (R)- and the (S)-enantiomer
showed a similar structure of the formed material (Fig. S6 and
71), but no direct indication of helical structure in the individ-
ual fibres was observed using SEM (except for the macroscopic
twisting in the bundled fibres in chloroform). Freeze-drying
non-gelated solutions in concentrations below the critical gel
concentration (0.1 mg mL™") led to larger loss of volume (com-
pared to the solution sample) and a less homogenic fibre
structure (see Fig. S871).

CD spectroscopy measures the differential absorption of
circularly polarized light and is a powerful tool to determine
molecular conformations and configurations of chiral supra-
molecular systems.”® Therefore, we aimed to use CD spec-
troscopy to establish if a chiral helical arrangement of the
molecules is responsible for the supramolecular polymeriz-
ation of the organogels. The CD spectra were measured at
different concentrations of the organogelator ((S)-SIA) in
heptane, both below and slightly above the critical gel con-
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centration. At concentrations ten times below the CGC
(0.1 mg mL™"), the CD spectra of the two enantiomers show
a strong antipodal maximum/minimum at 240 nm corres-
ponding to the CD signal of the non-assembled monomer of
the respective enantiomers (Fig. 5A). At higher concen-
trations (0.5-1.0 mg mL™"), the spectra change with the
appearance of strong antipodal CD peaks at 216 nm,
235 nm, 250 nm and 270 nm (Fig. 5A). The emergence of
these strong CD signals in the range of the critical gel con-
centration indicates the formation of a supramolecular struc-
ture with a helical arrangement. The two enantiomers of the
SIA show the same spectra, but with opposite signs of all
peaks, which suggests opposite chirality in the supramolecu-
lar structure. In a similar manner, the maximum of the UV-
vis absorbance spectra shows a small shift (5 nm) to longer
wavelengths at the higher concentrations (0.5 and 1.0 mg
mL™") compared to that at the lower concentration (0.1 mg
mL™") (Fig. 5B). The rate of the of organogelation was inves-
tigated using CD spectroscopy by allowing a heated solution
of the monomer (65 °C) to cool down to 25 °C while record-
ing the CD spectrum (Fig. 5C & D). During the first three
scans (corresponding to the time required for the instrument
to adjust to the lower temperature, 140 s), no significant
changes were observed, and the spectra corresponded to
monomers in solution. After 210 seconds, the signals corres-
ponding to a supramolecular structure from the gel rapidly
builds up and after 500 seconds no significant changes were
observed. This shows rapid formation of the supramolecular
structure (in minutes) that also leads to the gel formation at
concentrations above the critical gel concentration. The UV-
vis spectra show the same small redshift (6 nm) during the
supramolecular polymerization that was observed at concen-
trations below and above the critical gel concentration
(Fig. S9t). In addition, the temperature dependence was
measured by variable-temperature CD spectroscopy by step-
wise increasing the temperature from 15 to 65 °C in 5 °C
increments (Fig. 5E). At the lower temperatures (15-25 °C),

Fig. 4 (A) Freeze-dried aerogel of (R)-SIA from cyclohexane. Inset: freeze-dried (R)-SIA (1 mg mL™) resting on the seed head of a dandelion. (B)
View of porous aerogel where the scale bar in the inset in B represents 500 nm.
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Fig. 5 (A) CD spectra of (R)-SIA and (5)-SIA at different concentrations (0.1, 0.5 and 1.0 mg mL™) in heptane. (B) UV-vis spectra of (R)-SIA and (S)-
SIA at different concentrations (0.1, 0.5 and 1.0 mg mL™) in heptane. (C) & (D) Time-dependence of the formation of the macrocyclic structure of
(S)-SIA upon cooling from 65 °C to 25 °C (140 s) as measured by CD and absorbance spectroscopy. (E) Temperature-dependence of the CD spectra
upon incremental heating of (S)-SIA from 15 °C to 65 °C. (F) The melting temperature, T,, was determined by taking the middle point of the min—

max signal from CD spectroscopy (250 nm) and *°F NMR spectroscopy.

the supramolecular structure is present as indicated by the
strong signals (at 216 nm, 235 nm, 250 nm and 270 nm)
that gradually decrease upon an incremental temperature
increase. The UV-vis spectra at high (65 °C) and low temp-
erature (15 °C) once again show the same redshift (6 nm,
see Fig. S107) as seen for previous monomer-to-supramolecu-
lar transitions. The magnitude of the CD signal was quanti-
fied by calculating the absorptive dissymmetry factor (gaps),
which is the ratio of molar CD to molar extinction coefficient
for unpolarized light. The plot shows a large difference in

This journal is © The Royal Society of Chemistry 2024

|gabs| at high and low temperatures (15 and 65 °C, respect-
ively), which suggests that there is a large increase in chiral
anisotropy upon going from monomers (65 °C) to the aggre-
gated supramolecular polymer (Fig. S117).

The melting temperature T}, of the supramolecular polymer
is reached at 38 °C (measured halfway from the minimum to
maximum of the CD signal at 250 nm). At about 45-50 °C, the
strong CD signals disappear and reach a plateau and the CD
spectrum overlaps with the signals observed at lower concen-
trations (Fig. 5F). This suggests a disassembly of the ordered

Nanoscale, 2024, 16, 7603-7611 | 7607


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr06460c

Open Access Article. Published on 07 March 2024. Downloaded on 11/6/2025 4:27:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Paper

supramolecular structure into monomers at a critical upper
temperature of 45 °C.

In addition to studying the formation of the supramolecu-
lar structure using CD spectroscopy, 9F-NMR spectroscopy
was used to study the gel formation by monitoring the '°F
NMR spectra of (S)-SIA (0.5 mg mL ™) in the temperature range
of 65-15 °C in heptane (Fig. S131). At 65 °C, the two '°F
signals (—=92.55 and —152.22 ppm) correspond to the concen-
tration of the monomer species as previously measured by CD
spectroscopy at the same temperature (no bisignate signal, see
Fig. 5E). The stacked plot of the spectra clearly shows that the
signals of the monomer are decreasing at lower temperatures

A. 30 -
10 4
-10 -
_§’ -30 1
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a -50
o
=70 A ==== Experimental
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(from 65-15 °C) without the appearance of any new signals or
signal peak shifts. This suggests immediate formation of
larger aggregates that due to their large molecular weight and
slow tumbling rate have a short NMR spin-spin relaxation
time (T), which results in large broadening and disappearance
of their NMR signals. The plot of the transition from
monomer to the supramolecular structure has the same
appearance as that measured by CD spectroscopy, except the
expected shift to a lower melting point temperature (35 °C)
due to the lower concentration of (S)-SIA (0.5 mg mL™")
(Fig. 5F). In addition, the concentration-dependence of the
monomer was measured using F NMR spectroscopy upon

B.
d;
d,
side view top view
D.

Fig. 6 (A) Theoretical and experimental CD spectra of (R)-SIA. (B) Intra- and inter-layer hydrogen bond distances as well as fibril diameters. (C)
Solvated fibril. (D) Two fibrils oppositely directed to cancel the dipole moment. (E & F) Fiber thickness, observed from different view angles. All illus-
trations and MD trajectory analyses were performed with the VIAMD software.®®
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dilution of the total concentration at a fixed temperature
(293 K, Fig. S15-17f). Both the temperature- and concen-
tration-dependent curves show the shape of sharp transitions
from monomers to an aggregated structure that is the hall-
mark of a cooperative polymerization mechanism.”®"%!

To correlate the observed CD spectrum to the supramolecu-
lar structure leading to gel formation, we designed and built a
model structure based on a two-layer unit comprised of eight
(R)-SIA molecules and calculated the CD spectra with the use
of VeloxChem program.** To create a hydrogen-bonded
network, four molecules of (R)-SIA were assembled into a one-
layer unit (see Fig. S21 in ESIf) and 16 such monomer units
were stacked vertically to form an M-type helical fibre. In the
formation of this fibre, the hydrogen-bonded network was
completed with the formation of inter-layer hydrogen bonds
(see Fig. S20b¥ for a dimer illustration).

After a molecular mechanics (MM) structure optimization
of the solvated fibre in heptane, the central dimer unit was
extracted and its CD spectrum was determined using time-
dependent density functional theory (TDDFT). Details about
the MM and TDDFT calculations can be found in the ESL.{ In
Fig. 6A, the resulting theoretical CD spectrum of the dimer is
shown. The numerous transitions underlying the spectral
bands are of n—n* character. A detailed analysis of the CD spec-
trum intensities (shown in Table S2t) and nature of the tran-
sitions (shown in Fig. S317) reveals that several strongly contri-
buting transitions are of mixed intra- and intermolecular char-
acter, and, furthermore, the intermolecular transitions take
place not only within a layer but also in between layers.
Following a comparison with the corresponding experimental
spectrum, it is noted that the agreement between theory and
experiment is striking. In both cases, we observe four signature
bands with the lowest band showing a negative Cotton effect
positioned at 278 nm in the theoretical spectrum (compared
to 270 nm in the experiment). The second and third bands are
positive and negative and positioned around 250 and 235 nm,
respectively, both in the theoretical and experimental spectra.
Whilst the overall excellent agreement between the theoretical
and experimental CD spectra might be fortuitous and associ-
ated with error cancellation, given the molecular dimer model
and the computational approximations made in the calcu-
lations, the overlap of the qualitative features of the finger-
printing bands provides a strong indication that the theoretical
model correctly represents the underlying microscopic supra-
molecular organization.

Based on the discussed fibrillar structure, nanofibers were
built of progressive thickness ranging up to clusters of
12 helical fibrils. Each fibril in turn comprised 32 layers of
SIAs and the separate fibrils were organized in alternating
directions as to zero the macroscopic dipole moment of the
bundled fibre (see Fig. 6D-F). Molecular dynamics (MD) simu-
lations of the bundled fibres in solution were performed with
the employment of the same MM force field that was used in
the structure optimization discussed above (see the ESI} for
further details). These MD simulations allowed us to assess
the strength of the hydrogen-bonded network and ultimately
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the thermal stability of the fibres. We observed significant
fibre disintegrations already at a temperature of 150 K, which
is far lower than the melting temperature observed in the
experiment. Given that our proposed fibrillar structure satu-
rates the hydrogen bonding in a 3D network and gives rise to a
correct CD response signal, we are inclined to believe that the
observed discrepancy in thermal stability is due to inexact
force-field parameters for non-bonded interactions and/or a
too simplistic fibre bundle model. From the MD trajectories,
the parameters of fibrillar molecular diameters (d;-d; and d,)
were estimated (see Fig. 6B & F, respectively). Based on the
kernel density estimation (KDE) plot, we attribute a value of
2.16 A for the intra-layer hydrogen bond distance d; and the
inter-layer hydrogen bond distance, d,, equals 1.92 A (Fig. S24
and 25%). The fibril diameter, d,, is measured to 17.4 A and
the fibre thickness, d,, is estimated to 80.1 A (Fig. $26 and
2771). The theoretical diameters of the modelled fibres are
similar to those of the experimentally determined diameters
from SEM (60-80 nm).

Conclusion

We have developed and characterized a novel organogelator
scaffold that forms a gel and solidifies at very low critical con-
centrations (1 mg mL™") in nonpolar organic solvents and can
thus be foreseen to open up a diverse array of applications.
The organogelator is based on a chiral, perfluoropyridine-con-
taining sulfonimidamide, which forms a supramolecular struc-
ture where the chirality of the organogelator translates into a
macroscopic chiral arrangement of thin and very uniform ca.
60-80 nm thick polymer fibers encapsulating the solvent and
the freeze-dried material forms ultralight aerogels. The supra-
molecular arrangement of the layered monomers was con-
firmed by comparison of experimental and calculated CD
spectra and a plausible supramolecular structure consisting of
twelve monomeric bundles was modelled by means of mole-
cular mechanics.
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