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Bio-based vitrimers represent a promising class of thermosetting polymer materials, pairing the recycl-
ability of dynamic covalent networks with the renewability of non-fossil fuel feedstocks. Vanillin, a low-
cost lignin derivative, enables facile construction of polyimine networks marked by rapid exchange and
sensitivity to acid-catalyzed hydrolysis. Furthermore, the aromatic structure makes it a promising candi-
date for the design of highly aromatic networks capable of high-performance thermal and dimensional
stability. Such properties are paramount in polymeric thermal protection systems. Here, we report on the
fabrication of polyimine networks with particularly high aromatic content from a novel trifunctional vanil-
lin monomer prepared from the nucleophilic aromatic substitution of perfluoropyridine (PFP) on a multi-
gram scale (>20 g) in high yield (86%). The trifunctional aromatic scaffold was then crosslinked with
various diamines to demonstrate tunable viscoelastic behavior and thermal properties, with glass tran-
sition temperatures (Tg) ranging from 9 to 147 °C, degradation temperatures (5% mass loss) up to approxi-
mately 370 °C, and excellent char yields up to 68% at 650 °C under nitrogen. Moreover, the vitrimers dis-
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played mechanical reprocessability over five destruction/healing cycles and rapid chemical recyclability
following acidic hydrolysis at mild temperatures. Our findings indicate that vitrimers possessing tunable
properties and high-performance thermomechanical behavior can be easily constructed from vanillin and
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Introduction

The commercialization of polymers (i.e., plastics) in the
century that followed Staudinger’s macromolecular hypothesis
has brought to fruition rapid societal growth through see-
mingly endless innovations." Such innovations are seen in
nearly every facet of modern-day life, including the aerospace
industry.” Plastics are lightweight but durable, boasting a wide
range of service temperatures and conditions where they
remain mechanically and chemically reliable in a host of appli-
cations. However, the longevity of many polymeric materials
has proven to be a challenge in need of innovation, as the life-
time of many polymers persists well beyond their intended
commercial lifecycle,®> and their manufacturing far exceeds
their effective repurposing and remediation.® Polymeric
materials can be divided into two distinct forms: thermoplas-
tics or thermosets. Thermoplastics are comprised of discrete
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electrophilic aromatic scaffolds for applications in heat-shielding materials and ablative coatings.

polymer chains, with interchain connectivity dictated solely by
non-covalent interactions and physical entanglements. Given
enough energy to disrupt these interactions (typically by
heating), the polymer chains can freely flow, allowing thermo-
plastics to be reshaped and recycled. While these materials are
readily recycled and repurposed, the weak interactions
between chains often result in fragility under harsh conditions
(e.g., heat, chemical, or mechanical stress). This limits many
applications, particularly in high-performance uses such as
heat-shielding materials (HSMs) or ablatives, which require
elevated degradation temperatures and significant formation
of inert residual mass following degradation (char yield).?
Conversely, thermosets are composed of a network of polymer
chains are covalently and permanently interconnected. The
most predominant polymeric ablatives and HSMs are fabri-
cated using traditional thermosets like silicones, phenolic
resins, and ethylene-propylene diene rubber (EPDM), which
can be further reinforced with (nano)fillers to augment high-
performance behavior.®™ As such, assimilating the facile pro-
cessability and crucial recyclability of thermoplastics with the
high-performance capabilities of crosslinked networks
remains an important gap to bridge. Liang and coworkers
demonstrated that dynamic networks could be efficiently inte-
grated into composite materials that display excellent ablative

© 2023 The Author(s). Published by the Royal Society of Chemistry
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properties.'® Recently, our group has reported on enaminone-
based vitrimer-POSS nanocomposites wherein the POSS filler
is the monomeric unit itself, allowing for significantly elevated
filler loadings than previously reported. As such, the dynamic
ablative networks displayed good shapeability while boasting
char yields in excess of 50%.""

A combination of the macroscopic reversibility of thermo-
plastics and the robustness of thermosets now comes in the
form of covalent adaptable networks (CANSs), a polymer class
that has undergone sustained development over the past two
decades."” The macroscopic flow of CANs is enabled by a
dynamic covalent crosslink between the polymer chains.
Under specific stimuli (the simplest being heat and/or
mechanical force), the crosslink can break and reform allow-
ing macroscopic rearrangement of the polymer -chains.
Dissociative CANs operate via an equilibrium between “open”
and “closed” states (e.g., the Diels-Alder adduct)."® This can
result in rapid decreases in viscosity, often (but not
invariably’*'®) due to a concomitant loss in crosslink density
as temperature increases.’®>° On the other hand, associative
CANs rely on a new crosslink being formed while another is
broken. Associative CANs, often referred to as vitrimers, rely
on reactions such as transesterification, transthioetherifica-
tion, transamination of enaminones, and metathesis of olefins
and imines generally showing a linear dependence of viscosity
with respect to temperature.”’° This linear dependence is a
result of the degenerative exchange mechanism, leading to
consistency in crosslink density at any temperature and pre-
dictable viscoelastic behavior based on bond exchange or
architecture of building blocks.***

Recent interest has focused on the amplification of the
promising sustainability of vitrimers by utilizing bio-based
building blocks to fabricate these dynamic networks.**™*° The
ability to synthesize a useful polymer from a renewable
resource is an obvious benefit. As such, bio-based CANs are an
attractive platform for designing sustainable, high-perform-
ance materials.*’** Some of the most popular and well-
explored natural feedstock chemicals for designing CANs are
furfural derivatives, epoxidized vegetable and castor oil deriva-
tives, cellulose, Priamine mixtures, and vanillin - a phenolic
monomer sourced from lignin.*>*® Vanillin is cost-effective
and offers both a nucleophilic handle to fabricate multifunc-
tional monomers and an activated aldehyde to synthesize poly-
imine vitrimers under straightforward, catalyst-free conditions.
A further advantage to bio-derived vitrimers is the exchange
chemistries that enable viscous flow often being susceptible to
mild chemical degradation.®**°”° In this way, an enhanced
decay of the materials may ultimately allow for efficient break-
down into its bio-sourced monomeric units. In particular, the
imine bond is hydrolytically labile under mildly acidic con-
ditions, offering a viable end-of-life treatment process for
disposal.

The aromaticity of vanillin is well-matched for designing
network materials capable of elevated thermal resistance and
greater dimensional stability that can offset some of the
inherent drawbacks of dynamically crosslinked polymers (i.e.,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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material creep or deformation over time).>'>* Additionally, the
nucleophilic phenol can be leveraged to construct monomers
of highly aromatic nature from the nucleophilic aromatic sub-
stitution (SNAR) of scaffolds such as trichlorotriazine (TCT)
and perfluoropyridine (PFP), which have been demonstrated
as valuable building blocks for polymer functionalization and
high-performance materials.>*>°

In this report, we demonstrate that polyimine vitrimers
with high-performance thermal stability and charring behavior
can be conveniently fabricated from fully aromatic trifunc-
tional monomers from the SyAR of PFP and vanillin. We
further demonstrate that both the viscoelastic and thermal be-
havior of the vitrimers can be easily modified by changing the
identity of the diamine used to crosslink the trifunctional
vanillin platform. These high bio-mass (>90 wt%) networks
feature excellent thermal stabilities, outstanding charring be-
havior, and effective mechanical reprocessability and chemical
recyclability - making them promising candidates for
biomass-derived HSMs.

Results and discussion

Synthesis and characterization of bio-derived monomer and
vitrimers

To fabricate polyimine vitrimers possessing robust thermal
and dimensional stability, PFP was utilized as a scaffold for
synthesizing a highly aromatic, semi-fluorinated trialdehyde
monomer. PFP was reacted with 3.2 equiv of vanillin, compar-
able to literature conditions reported for similar PFP-based
systems (Fig. 1).%°° The reaction was conveniently monitored
by '°F NMR spectroscopy, showing rapid progression to the di-
substituted product within 3 h, followed by a slower conversion
to the trisubstituted ring after 8 h, a result of fluorine displace-
ment and subsequent deactivation of the ring electrophilicity
(Fig. S1t). The product (TVnFP) was prepared on a multi-gram
scale with high yields and excellent purity after recrystalliza-
tion (Fig. S2-S5%). The synthesis can also be achieved using
the more inexpensive potassium carbonate, albeit in lower
yields (62%). Gratifyingly, the high biomass percentage
(80 wt%) TVnFP is readily solubilized in common organic sol-
vents such as dichloromethane (DCM), chloroform, and tetra-
hydrofuran, allowing for simple preparation of polyimine net-
works with particularly high aromatic character.

Subsequently, the vitrimers were synthesized via catalyst-
free condensation between TVnFP and four commercially avail-
able diamines: m-xylylenediamine (X), hexamethylenediamine
(H), diaminododecane (D), and Priamine 1074 (P), chosen to
demonstrate tunable thermal and viscoelastic properties
(Fig. S6A and S7t). To favor a predominantly imine metathesis
exchange mechanism over transamination, we maintained a
1:1 molar ratio of amine to aldehyde across all network for-
mulations. In this way, the rapid dynamics of the network
operating under transamination pathways can be slowed such
that susceptibility to creep can be abated.*” The vitrimers were
prepared by solution casting from DCM, to provide optimal
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* Reaction progress easily monitored by *°F NMR
Large scale synthesis (>20 g)

Facile work-up and purification

High-yielding (86%)

* High percent biomass (80 wt%)

Fig. 1 Synthetic scheme and conditions with key features of tris(vanillyl)-3,5-difluoropyridine (TVnFP) monomer synthesis.

phase compatibility and mechanical properties.®” Specifically
in the condensation between TVnFP and X, the DCM-swollen
organogel was not dried completely prior to curing to foam
under reduced pressure (Fig. S6A-ET). We anticipated the TVn-
X network would possess a potentially prohibitively high T, for
the efficient healing large fragments, thus a powderized
network with a significantly increased surface area would
provide optimal healing of the processed material.®?
Conversely, the condensations of TVnFP with H, D, and P were
allowed to evaporate fully before curing, resulting in free-
standing, flexible vitrimer films (Fig. S8A-C and S97). The vitri-
mers were compression molded into disk and bar geometries
at elevated temperatures and under reduced pressure. After
2 h, completely healed materials with excellent transparency
and minimal defects were obtained (Fig. 2A-D).

Compression T\/n-X
Molding

A
170 °C Lid

2h

Fig. 2 Compression molding of vitrimer particles from networks of tri-
vanillin monomer crosslinked with (A) m-xylylenediamine (TVn-X), (B)
hexamethylenediamine (TVn-H), (C) diaminododecane (TVn-D), and (D)
Priamine (TVn-P). Resultant disk and bar geometries indicate excellent
healability with minimal defects and high transparency.
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The vitrimers were then characterized by differential scan-
ning calorimetry (DSC), thermogravimetric analysis (TGA),
FT-IR spectroscopy, dynamic mechanical analysis (DMA), and
shear rheology. DSC analysis showed T, values ranging from
147 to 9 °C, decreasing with higher aliphatic content (Fig. 3A
and Fig. S15-S18%). As expected, the TVn-X vitrimer had a
notably high T, value at nearly 150 °C, supporting the antici-
pated benefit of small particle size during processing. FTIR
spectroscopy of all vitrimers showed complete disappearance
of the C=0 stretching of the aldehyde at ~1690 cm™" and the
appearance of the C=N stretching of the imine at ~1648 cm ™"
(Fig. 3B; Fig. S10-S14t). Subsequent TGA analysis of the vitri-
mers showed excellent thermal stability, with onset decompo-
sition temperatures (temperature at 5% mass loss, Tq, so)
ranging from 301 to 366 °C (Fig. 4). Interestingly, TVn-P pos-
sessed the highest decomposition temperature, even when
compared to TVn-X, which we expected to be the most robust
vitrimer system. However, the TVn-P system undergoes an
abrupt decomposition to its residual char, whereas the TVn-X
and -H systems exhibit a uniquely gradual decomposition
profile up to a temperature of 650 °C. Moreover, the TVn-H
vitrimer displayed a noticeably lower T4 5o, and Tgq, 100, COM-
pared to the other systems, perhaps due to incomplete
network formation. After comparing the virgin Tvn-H to the
same vitrimer after five reprocess cycles, the onset degradation
temperature increased to 322 °C (Fig. S197). Gratifyingly, the
TVn-X and -H display outstanding char yields at 650 °C of 68
and 55%, respectively. Predictably, the char yields decreased
substantially as the aliphatic character increased, with residual
masses of 36 and 15% for TVn-D and -P, respectively. To the
best of our knowledge, TVn-X exhibits the highest char yield of
any reported vanillin-based polyimine vitrimer to date,
suggesting that these vitrimer systems are excellent candidates
for ablative materials. Selected properties of the vitrimers are
summarized in Table S1.}

Rheological and mechanical characterization

The vitrimers were subsequently characterized by DMA and
shear rheology. All three formulations displayed rubbery pla-
teaus (constant storage moduli past Ty) in the DMA thermo-
grams, characteristic of constant crosslink density over the
entire test. T, values, measured at the peak of tan(5), agreed
with those evidenced by DSC (Fig. 5A-D and Fig. S20-S317).
Yet, owing to the exceedingly high T, of TVn-X, the rubbery
plateau of the vitrimer was notably short within the selected

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(A) Stacked differential scanning calorimetry (DSC) plots with marked T, values of networks crosslinked with m-xylylenediamine (TVn-X),

hexamethylenediamine (TVn-H), diaminododecane (TVn-D), and Priamine (TVn-P) showing excellent tunability over a wide temperature range. (B)
Overlayed FTIR spectra of vitrimers with trivanillin monomer (TVnFP), indicating near full disappearance of the aldehyde carbonyl stretch and clear

emergence of characteristic imine stretch.
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Fig. 4 Thermogravimetric analysis (TGA) plots (under N,) of networks
crosslinked with m-xylylenediamine (TVn-X), hexamethylenediamine
(TVn-H), diaminododecane (TVn-D), and Priamine (TVn-P) indicating
excellent stability and outstanding charring behavior.

temperature range of the measurement, warranting a sub-
sequent temperature sweep above 200 °C.

Remarkably, when the temperature range was increased to
260 °C, the Tvn-X vitrimer displayed a dramatic increase in
the storage modulus (Fig. S34Af%). This high-temperature
phenomenon was further verified by DSC analysis, which
exhibited a clear exothermic event occurring at approximately
200-250 °C after only one heating cycle (Fig. S34Bf).
Interestingly, the increase in storage modulus at elevated
temperatures was minor for TVn-H, and the DSC thermogram
displayed a similar exotherm at slightly higher temperatures;
however, this event was present during all three heating cycles

© 2023 The Author(s). Published by the Royal Society of Chemistry

and led to a patent, consistent increase in the apparent T,
(Fig. S35A and Bf). Furthermore, TVn-D and -P displayed no
notable increase in storage modulus at elevated temperatures
and presented no apparent exothermic event at the same
temperatures (Fig. S36A, B and S37A, B}). We hypothesize that
as the network density/free volume increases with respect to
length and flexibility of the diamine crosslinker, the proximity
of any free amine and the unreacted C-F bonds of the fluoro-
pyridine ring increases. Thus, at temperatures exceeding
approximately 185-200 °C (roughly the onset of the exothermic
events of XDA and HMDA, respectively), any residual unreacted
amines undergo SyAR with the C-F sites on the fluoropyridine
ring resulting in permanent crosslinks that increase the cross-
link density and T, of the networks. However, the lengthy
spacers of TVn-D and -P effectively eliminate this bulk
phenomenon. Regardless, the secondary reaction occurring in
the TVn-X vitrimer acts as a self-reinforcement mechanism at
elevated temperatures to further enhance the thermal robust-
ness of the network, as indicated by its strikingly slow degra-
dation profile.

Creep-recovery experiments were conducted at 150 °C under
a constant force of 5000 Pa for 400 s followed by a recovery
time of 200 s to probe network susceptibility to deformation at
an elevated temperature. All vitrimer formulations evidenced
significant permanent deformation (Fig. 6A). Unsurprisingly,
the vitrimers’ propensity to deformation increased as the T, of
the material decreased. TVn-X and TVn-H exhibited similar
recovery, but when the diamine was dramatically increased in
length with TVn-D and -P, the recovery was diminished
altogether (Table S21). While the deformation drastically
increased for TVn-P at this temperature, it is worth noting that
the permanent deformation was consistent at lower tempera-
tures (Fig. S331). Thus, processing of TVn-P can be easily
achieved with lower energy expenditure. In short, the vitrimers

RSC Appl. Polym., 2023,1,10-18 | 13
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Fig. 5 DMA thermograms of networks crosslinked with (A) m-xylylenediamine (TVn-X), (B) hexamethylenediamine (TVn-H), (C) diaminododecane
(TVn-D), and (D) Priamine (TVn-P) showing tan(é) peaks consistent with T, values from DSC and constant rubbery plateau moduli indicating constant
crosslink density. Inset images of vitrimer bar used in experiments.
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(A) Creep-recovery experiments for networks crosslinked with m-xylylenediamine (TVn-X), hexamethylenediamine (TVn-H), diaminodode-

cane (TVn-D), and Priamine (TVn-P) at 150 °C at a constant force of 5000 Pa (experiments ran in duplicate). (B) Arrhenius plots of stress relaxation
data for networks (r at G/Go = 1/e, in 5 °C increments). Data indicates flow behavior is dependent on diamine functionality. Vitrimer samples in

triplicate.
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displayed predictable creep behavior, with TVn-X displaying
outstanding resistance to deformation at elevated
temperatures.

Stress relaxation experiments displayed similar trends
between vitrimer formulations as those evidenced by creep-
recovery experiments. The temperature sensitivity of the net-
works, or the energy of activation for viscous flow (E,), scaled
similarly with the length and flexibility of the diamine. E,
values of 785, 129, 126, and 71.6 k] mol™" for Tvn-X, -H, -D,
and -P, respectively, were generated after fitting the data to
Arrhenius’ law (Fig. 6B and eqn (S1)}). The extraordinarily
high E, value for TVn-X was likely a result of the competitive
reaction occurring simultaneously, leading to appreciable
levels of irreversible crosslinking at high temperatures. Thus,
at 170 °C the characteristic relaxation time dramatically
increased, and at 165 °C the vitrimer was incapable of reach-
ing 1/e of the initial relaxation modulus leading to the mark-
edly high (and likely inaccurate) E, of TVn-X (Fig. S32Af).
Finally, it is worth noting that the E, values of TVn-H and -D
are quite similar, indicating that the networks are similarly
sensitive to temperature, owing to the similarity of the dia-
mines. However, the characteristic relaxation times of TVn-H
are patently higher than those of TVn-D at all temperatures, a
result of the differences in T, between these two materials
(Fig. S32B and Ct). This was further supported by the lower E,
and relaxation times of TVn-P (Fig. S32Dt). These results indi-
cate the viscoelastic behavior (creep resistance and tempera-
ture sensitivity) can be predictably altered, allowing for vitri-
mer networks with tailorable flow behavior and thermomech-
anical strength.

Finally, we investigated the tensile behavior of the TVn-P
vitrimer, as it displayed promising elastomeric properties.
Tensile specimens were compression molded at 150 °C for 2 h
under reduced pressure, and the samples were tested until
failure (in triplicate). The vitrimer displayed good extensibility
and moderate tensile strength at room temperature, with
average stress and strain at break of 2.9 + 0.78 MPa and 87 +
18%, respectively (Fig. S38 and S39%). Thus, the TVnFP
monomer shows promising utility for fabricating renewable,
polyimine elastomers with excellent thermal stability. We
anticipated the extensibility of the TVn-X, -H, and -D vitrimers
would decrease significantly as a result of their T, values, so
these materials were not considered for further tensile
characterization.

Reprocessability and chemical degradability

In regard to sustainability, the capacity of vitrimers to be
damaged, healed, and repetitively reprocessed is arguably their
most defining characteristic - made particularly appealing
when the material is heavily biomass-derived. As such, the
reprocessability of the TVnFP networks was examined by per-
forming DMA experiments over multiple destruction/healing
cycles. The initial TVn-X vitrimer bar (tested up to 200 °C) was
capable of being sufficiently healed, with some surface
defects, while maintaining good transparency (Fig. S43Af).
However, a rubbery plateau was not evidenced within the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature sweep range, and the T, increased dramatically -
further supporting the presence of the proposed secondary
reaction resulting in permanent crosslink formation
(Fig. S40At). The remaining formulations possessed efficient
recyclability over five reprocess cycles with minor defects accu-
mulated and a consistent darkening in color, likely due to oxi-
dation of imines or residual amines (Fig. S43B-Df).
Additionally, they displayed consistent increases in T, and
rubbery plateau moduli after each healing cycle, with TVn-H
and TVn-P showing the largest deviations from the virgin
material over the reprocessing sequence (Fig. S40B-Df).
Finally, FTIR spectroscopy of the reprocessed vitrimers indi-
cated good retention of characteristic stretches as the virgin
material (Fig. S44-S471). With the exception of XDA, the vitri-
mers displayed respectable recyclability over several destruc-
tion and healing steps.

Dynamic covalent crosslinks enable efficient end-of-life
remediation owing to the susceptibility of the exchangeable
bond to chemical reversibility, further bolstering the sustain-
able nature of CANs as promising commodity plastics.
Networks comprised of imine crosslinks enable rapid and
efficient hydrolytic degradation under mildly acidic conditions
and can be further accelerated by elevated temperatures. Thus,
the virgin TVnFP vitrimers were immersed in 0.1 M HCI at
room temperature for 48 h (Fig. S48A, B and S49B, Cf). TVn-H
and -P displayed noticeable degradation under these con-
ditions, whereas TVn-X and -D appeared mostly unaffected.
However, upon heating to 60 °C, all four networks appeared to
fully degrade, and an off-white precipitate was observed
(Fig. S48C and S49Df). Gratifyingly, "H NMR and '°F NMR
analysis showed that the harvested precipitates were indeed
TVnFP (Fig. S50 and S51%). Thus, the TVnFP vitrimers were
demonstrated to undergo efficient and repetitive mechanical
recyclability, generally maintaining the properties of the
parent material (with the exception of TVn-X), and all four
vitrimers were capable of rapid chemical degradability under
mildly acidic conditions.

Conclusion

The preparation of value-added polymer materials from renew-
able resources is a promising avenue for combating the esca-
lating obstacle of sustainability in plastic manufacturing.
However, the ability to design bio-based polymers with notable
high-performance properties worthy of ablative applications
remains an important challenge. The materials in this report
offer a facile route to high aromatic-content polyimine vitri-
mers that demonstrate rapid processability, adjustable T, over
a range of nearly 150 °C, excellent thermal stabilities up to
nearly 370 °C, and outstanding charring behavior attributed to
a secondary crosslinking event that occurs during thermal
degradation. The networks indicated tunable creep-recovery
profiles and Arrhenius-dependent flow behavior. Finally, the
networks displayed both mechanical reprocessability and
chemical recyclability under mildly acidic conditions. Our
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findings are an encouraging addition to the growing field of
bio-based vitrimers, demonstrating that vanillin can be readily
incorporated with high-performance constituent elements
such as PFP to design shapeable, recyclable, and easily reme-
diated thermoset materials with augmented thermomechani-
cal characteristics.
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