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Encapsulating an organic phase change material
within emulsion-templated poly(urethane urea)s+

Liora Weinstock,} Rajashekharayya A. Sanguramath (2 *} and Michael S. Silverstein ¢
PolyHIPEs (PHs) are usually porous polymer monoliths templated within high internal phase emulsions
(HIPEs), emulsions containing at least 74% dispersed internal phase, through free radical polymerization.
Truly closed-cell PHs for encapsulating water, aqueous solutions, or inorganic salts have been synthesized
within water-in-oil HIPEs through a judicious selection of HIPE formation and polymerization conditions.
Encapsulating organic phase change materials such as octadecane (OD), within PHs would be advan-
tageous for thermal energy storage and release applications. Here, exceptionally large amounts
(~90 wt%) of OD were encapsulated as micrometer-scale capsules within poly(urethane urea) (PUU) PHs
that were synthesized within oil-in-water HIPEs via interfacial step growth polymerization. The PUU was
based on tannic acid (polyol) and sodium alginate (reactive surfactant), both in the aqueous external
phase, and an isocyanate in the organic internal phase. The PH synthesized using hexamethylene diiso-
cyanate (HDI), exhibited a relatively high thermal energy storage capacity (211 J gsample‘l), a thermal be-
havior that was significantly different from that of OD, and robust mechanical behavior. It is the more
flexible macromolecular structure produced with HDI that enables the successful encapsulation of the
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Introduction

A polyHIPE (PH) is a polymer monolith that is usually tem-
plated within a high internal phase emulsion (HIPE), an emul-
sion containing at least 74% dispersed internal phase, by poly-
merizing monomers in the external phase."™ PHs are usually
prepared via thermally initiated free radical polymerization,
while other polymerization chemistries such as controlled
radical polymerization,>® step growth polymerization
(SGP),>'? and ring-opening polymerization are rarely applied.>
Emulsion templating enables access to a wide variety of mole-
cular architectures and complex PH systems including semi-
crystalline PHs,""  bicontinuous hydrophobic-hydrophilic
PHs,"” hybrid organic-inorganic PHs,*™'° interpenetrating
polymer network PHs,"” inorganics,'®'® nanocomposites,**™>*
and precursors for porous carbons.>*?® PHs usually have
highly interconnected open-cell morphologies, and under
certain synthesis conditions, they can also have truly closed-
cell morphologies.® Open-cell PHs with tunable porosities are
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OD and the associated efficient thermal energy storage and robust mechanical behavior.

useful for a wide range of applications such as tissue engineer-
ing scaffolds,® 3 catalyst supports,>* ¢ water purification,*”*
shape memory foams,**™*! and separations.*>** The synthesis
of closed-cell PHs able to store useful organic liquids and
melts within micrometer-scale capsules is just beginning to be
explored.***?

Truly closed-cell PHs for encapsulating water, aqueous solu-
tions, or inorganic salts have been synthesized within water-in-
oil (w/o) HIPEs through a judicious selection of the locus of
initiation (interfacial vs. external-phase),*® the stabilization
strategy (surfactants vs. nanoparticles),”’ ° the internal phase
volume fraction,”® and the polymerization chemistry.> The
structures of many PHs can appear to be closed-cell based
upon scanning electron microscopy (SEM).”*° However, in
most cases, the internal phase can easily be removed using
vacuum drying or lyophilization, suggesting that interconnec-
tivity does exist on the nanoscale. Elastomers that encapsu-
lated up to 85% water in discrete micrometer-scale capsules
were produced within w/o Pickering HIPEs using interfacially
initiated free radical polymerization.® These PHs exhibited out-
standing water retention, losing only 50% of the stored water
through evaporation in 127 days, and exhibited excellent self-
extinguishing fire retardation. The conditions for achieving
truly closed-cell structures were relatively restrictive and
included both using nanoparticle-based HIPE stabilization
and using interfacially initiated free radical polymerization.

This journal is © The Royal Society of Chemistry 2019
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These results demonstrated that there is unexplored potential
in the production of truly closed-cell PHs for the encapsulation
(and the controlled release) of useful liquids and melts.

Phase change materials (PCMs) are substances that exhibit
relatively large latent heats of phase transition (melting and
crystallization) and can, therefore, be used to store and release
large amounts of thermal energy. The thermal properties of
PCMs can be harnessed for such applications as solar energy
storage, electronic cooling, thermo-regulated textiles, energy
efficient buildings, and food storage.”> Such PCMs are classi-
fied into organic (paraffins and non-paraffins), inorganic (salt
hydrates, metals, and inorganic compounds), and eutectic
mixtures (organic-organic, organic-inorganic, and inorganic-
inorganic). For effective application, several leak-proof
PCM encapsulation techniques have been developed.’*”*
Depending on the size scale of the encapsulation technology,
PCM encapsulations are classified into macro (>1 mm), micro
(1-1000 pm), and nano (up to 1 pm).>

Micro- and nano-encapsulated PCMs exhibit higher heat
transfer areas (higher surface-to-volume-ratios) and superior
structural stabilities, and therefore, they are the most widely
investigated systems for energy storage and release appli-
cations. Microencapsulated PCMs are produced using a variety
of methods that are classified into physical (spray drying),
physical-chemical (coacervation and sol-gel techniques), and
chemical (interfacial, suspension, and emulsion polymeriz-
ations), processes that predominantly produce powders.>>™>’
PCM microencapsulation has been effected using a variety
of shell materials including acrylics,”®*° melamine-formal-
dehyde resins,®®®' urea-formaldehyde resins,’*®* and poly
(urethane urea)s (PUUSs).®*"®® The PCM encapsulation capacity
in these systems, and hence the amount of latent heat avail-
able, is limited by the low PCM contents in the micro- and
nano-encapsulation systems.®”®® The PUU interfacial step
growth polymerization (ISGP) between isocyanates in the dis-
persed phase and water and/or polyols in the continuous
phase is an elegant method of producing core-shell particles
and has been applied in suspensions, miniemulsions, and
microfluidic flows.®*””® Monolithic encapsulation systems that
provide higher PCM storage capacities, higher heat transfer
areas, higher thermal conductivities, and structural robustness
would be advantageous. Recently, an organic phase change
material (~73 wt%) was encapsulated within a hydrogel PH
based on the free radical polymerization of sodium acrylate
within a Pickering HIPE.**

Here, the encapsulation of exceptionally large amounts of
an organic PCM, ~90 wt%, within truly closed-cell PHs syn-
thesized within oil-in-water (o/w) HIPEs using the advan-
tageous ISGP is described for the first time. As shown in Fig. 1,
crosslinked PUU PHs were synthesized through the ISGP of a
renewable resource polyol (tannic acid, TA) and various isocya-
nates in the presence of water (producing both urethane and
urea groups). Since the transition temperature of the encapsu-
lated organic PCM (octadecane, OD) is near room temperature,
the resulting PH is suitable for various “thermal comfort”
applications.”

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 A scheme illustrating the synthesis of PCM-encapsulating PHs
for thermal energy storage and release applications through ISGP within
a HIPE.

Experimental
Materials

The external aqueous phase contained TA (Aldrich, puriss),
which served as the water-soluble polyol, and sodium alginate
(Alg, Aldrich, from brown algae), which served as a reactive sur-
factant (the structures are illustrated in Fig. 2). The major part
of the internal organic phase was comprised of OD (99.0%,
Aldrich). The organic-soluble isocyanates (shown in Fig. 2)
were hexamethylene diisocyanate (HDI, >98.0%, Aldrich), 2,4-
toluene diisocyanate (TDI, 95.0%, Aldrich), and Desmodur©
N75 (kindly donated by Tambour Ltd, Israel). While both TA
and Alg will react with the isocyanates, the term “polyol” is
used to describe TA since it is the dominant component.
Dibutyltin dilaurate (DBTDL, 95.0%, Aldrich) was used as the
polymerization catalyst. Unless stated otherwise, the materials
were used as received. Deionized water was used throughout.

Polymer synthesis

The PHs are denoted TA/HDI, TA/TDI, and TA/N75, where
TA represents the polyol and HDI, TDI, N75 represent the iso-
cyanates. The synthesis of the PUU PHs took place in o/w
HIPEs with the aqueous external phase consisting of
deionized water (21.95 wt%), the reactive surfactant (Alg,
0.50 wt%), and the polyol (TA, 2.49 wt%). The organic internal
phase was added to the external phase in three separate
stages: first the PCM (OD, 72.32 wt%), then the isocyanate
(2.49 wt%), and finally, the catalyst (DBTDL, 0.25 wt%). The
volume ratio between the aqueous external phase and the
organic internal phase was 1.00/4.08. The staged addition of
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Fig. 2 Structures of the aqueous phase components: (a) TA; (b) Alg. Structures of the isocyanates in the organic phase: (c) HDI; (d) TDI; (e) N75.

the internal phase (PCM, isocyanate, catalyst) was used to
prevent premature reaction of the isocyanate with the aqueous
phase components. The aqueous phase (100 mL beaker) was
placed in a water bath at 30 °C to regulate the temperature and
was stirred with a mechanical stirrer (Heidolph RZR 2052) at
200 rpm. The HIPE was generated by adding the OD drop-
wise, at approximately 15 drops per minute, to the aqueous
phase with constant stirring. The isocyanate was then added
dropwise, after which the HIPE was stirred for an additional
minute. The catalyst was then added dropwise with additional
stirring. The resulting HIPE, a viscous, yellowish-white paste,
was covered with aluminum foil and then polymerized in a cir-
culating air oven at 37 °C for 24 h. The resulting PH was dried
in a vacuum oven at room temperature for around 48 h (until a
constant weight was achieved). A stable HIPE could not be pro-
duced without the Alg and a capsule-like structure could not
be produced without the TA. Given the multiplicity of groups
in both TA and Alg that are available to react with the isocya-
nate, it is clear that all the TA and all the Alg were incorporated
into the polymeric structure.

Characterization

The structures of the PHs were characterized using scanning
electron microscopy (SEM) (FEI E-SEM Quanta 200, secondary
electron detector). Cryogenic fracture surfaces, obtained by
immersing the PH samples in liquid nitrogen before fracture
were coated with a gold-palladium layer (Polaron gold coater).
The average OD droplet diameters were calculated by measur-
ing 50 to 90 droplets in the SEM micrographs (the droplet dia-
meter distributions are presented in Fig. S1, ESIT). The average
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droplet diameter was corrected for the random nature of the
section by multiplying by 2/(3?)
were characterized using Fourier transform infrared spec-
troscopy (FTIR) in transmission (Bruker Equinox 55 FTIR
spectrometer) with a resolution of 4 cm™ in absorbance.
Approximately 0.001 g of the sample was ground with approxi-
mately 0.3 g KBr and pressed into pellets for FTIR. A spectrum
from the PUU that forms the encapsulating shells was
obtained by removing the OD (dispersing a finely ground PH
in n-hexane, stirring overnight at room temperature, decanting

.”> The molecular structures

the supernatant, and washing a second time with n-hexane).
Finally, the resulting PUU shell was vacuum dried for at least
3 h at room temperature.

The OD ignition (flash point) and the degradation of the
encapsulating polymer were investigated using thermo-
gravimetric analysis (TGA, TA TGA-Q50), with the samples
heated from room temperature to 600 °C at 10 °C min~" under
air. The mass fraction of OD in the PH (mop) was determined
from the TGA mass loss that was ascribed to the OD. The OD
crystallization and melting were investigated using differential
scanning calorimetry (DSC, TA DSC-Q20), heating from —10 °C
to 100 °C at 10 °C min~" in air (1* heating) and then cooling
from 100 °C to —10 °C at 10 °C min~" (1* cooling) to complete
the first thermal cycle. Four cycles were used to demonstrate
thermal reversibility and the results presented here were taken
from the 1 cooling and the 2™® heating. The thermal analysis
results included the OD melting temperature (7,), the OD
crystallization temperatures (7.), the width of the melting
range (ATy,), the width of the crystallization range (AT.),
and the heats from OD melting and crystallization (AH,, and

This journal is © The Royal Society of Chemistry 2019
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AH,, respectively). ATy, was obtained from the onset and end
of OD melting and AT, was obtained from the onset and end
of OD crystallization.

Compressive stress-strain measurements were performed
on the PHs using an Instron 3345. The samples (approximately
7 mm x 7 mm x 7 mm) were cut from the PH monoliths. The
measurements were performed at room temperature at a strain
rate of 10% min ™" until a strain of 70% was reached (machine
limitation). The static compressive modulus (E) was calculated
from the linear slope of the stress-strain curve at low strains.
The stress at 70% strain, o-,, which reflected the resistance to
densification at 70% strain, was also determined from the
stress-strain curve.

Results and discussion

Morphology

The structures of TA/HDI, TA/TDI, and TA/N75 are presented
in Fig. 3. TA/HDI and TA/TDI exhibit capsule-like, closed-cell-
like structures with an average capsule size of ~20 and 32 pm,
respectively. TA/N75, on the other hand, exhibits a different
morphology, combining capsules with a layer-like, open-cell
structure. As expected from the open-cell structure of TA/N75,
the OD leaked when it was heated above the OD melting point.
Surprisingly, the OD also leaked from the seemingly closed-
cell structure of TA/TDI when it was heated above the OD
melting point, indicating that the PH structure was not truly
closed-cell. The OD did not leak from TA/HDI, even when
heated above the OD melting point (50 °C) for 30 min, con-
firming that it has a truly closed-cell structure. TA/HDI was,
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therefore, judged as the only PH suitable for practical appli-
cation. The effects of the macromolecular structure and the
nature of the PH’s structure on the PH’s thermal and mechani-
cal properties are quite informative regarding the synthesis of
such systems.

Macromolecular structure

The FTIR spectrum of TA/HDI is presented along with the
spectra for TA and OD in Fig. 4. HDI reacts with TA and Alg to
produce urethane groups and reacts with water to produce
urea groups. The TA/HDI bands associated with the PUU,
however, are much lower in intensity than the bands associ-
ated with OD, which comprises ~90% of the PH (TGA results,
below). Therefore, the encapsulated OD was removed from the
PH to obtain an FTIR spectrum from TA/HDI’s PUU shell. The
bands corresponding to both the urethane and the urea
groups, seen in other PUU PHs, are also observed in TA/HDI.'®
The >C=O0 stretching bands associated with urethane (UT)
and urea (UA) were observed at 1731 and 1627 cm™', respect-
ively. TA/HDI also exhibits bands associated with the urea
CNH at 1576 cm™', with the urethane CN stretching at
1255 em™ ', and with NH stretching (a broad band at around
3333 cm™"). There is no evidence of the isocyanate band at
2260 cm™, indicating that there are no residual isocyanate
groups in TA/HDI.

Thermal properties

OD content and degradation. The mass loss as function of
temperature for OD and for the three PHs are presented in the
TGA thermograms in Fig. 5, with the OD mass fractions in the
PHs that were determined from the TGA results listed in

Fig. 3 Structures (SEM) of the PH monoliths: (a, b) TA/HDI; (c) TA/TDI; (d) TA/N75.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Thermal decomposition in air (TGA) of: (a) OD; (b) TA/HDI; (c)
TA/TDI; (d) TA/N75. Inset: enlargement of the results at low residual
masses.

Table 1 PH compositions and a summary of the thermal and mechani-
cal properties

oD TA/HDI TA/TDI TA/N75
Mon, Wt% 100 90 90 92
Tey, °C 26 16 21 22
AT, °C 6.2 20.0 15.0 14.0
AHe1, T eample | 250 211 206 204
Tinzy °C 32 35 32 30
ATpms, °C 10.1 31.0 22.0 21.0
AHp, T Zample 248 215 201 209
E, MPa NA 6.7 1.0 0.19
670, MPa NA 20 3.4 0.54
E % NA 85.5 81.7 82.9
Eurr, % NA 95.0 90.8 90.1

1502 | Polym. Chem., 2019, 10, 1498-1507

Table 1. The mass loss occurred in two obvious stages (Fig. 5),
with the first mass loss stage ascribed to the ignition of the
encapsulated OD. Pristine OD ignites at around 203 °C and
the OD encapsulated within TA/HDI, TA/TDI, or TA/N75
ignited at somewhat higher temperatures. The mass losses
upon OD ignition indicate that the OD contents in the PHs are
around 90 wt% (Table 1), significantly higher than those
achieved using micro- and nano-encapsulation (50 to
80%).”%77® The second mass loss stage is ascribed to the degra-
dation of the encapsulating polymer, which varied somewhat
with the nature of the isocyanate (Fig. 5, inset). Degradation
began for the HDI-, TDI-, and N75-based PHs at 305, 266, and
354 °C, respectively. The higher degradation temperature for
TA/N75 reflects N75’s isocyanate functionality of 3, which
increases the extent of crosslinking.

OD crystallization and melting. DSC thermograms from OD
and from the three PHs are presented in Fig. 6. The thermal
behavior of TA/HDI is quite different from those of the other
PHs. TA/HDI exhibits significantly broader crystallization and
melting peaks, with lower peak values, than the other two
PHs. Interestingly, the OD transition temperatures, the tran-
sition temperature ranges, and the energy that is stored or
released are strongly dependent upon the nature of isocyanate
and the resulting macromolecular and porous structures.
TA/TDI and TA/N75 had T.s (21 and 22 °C, respectively) which
were slightly lower than that of the pristine OD (26 °C). The T,
of TA/HDI (16 °C), on the other hand, was significantly lower
than that of the pristine OD. The truly closed-cell structure of
TA/HDI exhibited a larger transition temperature range (AT,
around 20 °C) than those of TA/TDI and TA/N75 (around
14 °C) and a significantly larger AT, than that of pristine OD
(~6 °C). TA/TDI and TA/N75 had T,,s (32 and 30 °C, respect-
ively) were similar to that of pristine OD (32 °C). The T,, of
TA/HDI (35 °C), on the other hand, was somewhat higher and
the AT, was somewhat broader. The encapsulation of OD
within the micrometer-sized capsules of the PH has a signifi-

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Thermal behavior (DSC) from the first cooling and the second
heating of: (a) OD; (b) TA/HDI; (c) TA/TDI; (d) TA/N75.

cant effect on the thermal behavior associated with OD, lower-
ing the T, raising the T,,, and broadening the transitions. All
three of the PHs exhibited similar energy storage capacities,
latent heats of crystallization of ~207 J gsample_l.

The performance of the encapsulated OD for heat storage
and release was described using two parameters, the encapsu-
lation efficiency (£) and the effective encapsulation efficiency
(éegr) (eqn (1) and (2), respectively).””®® & compares the per-
formance of the PH encapsulation system to the performance
of pristine OD.?"®" £ compares the performance of the OD
within the PH encapsulation system to the performance of
pristine OD. All three PHs exhibited ¢ that were greater than
80% and & that were greater than 90% (Table 1) with TA/HDI
exhibiting the highest & (85.5%) and &eg (95.0%). These high
efficiencies demonstrate that the thermal capacity of the PH
system is quite close to that of OD and that encapsulation
within the PH does not delitoriously affect the heat storage
performace of the OD itself.

- (AHI‘H + AI_IC)sample (1)
(AHm + AHc)op
¢
=— 2
geff Mop ( )

Mechanical robustness

Mechanical robustness is essential for the long-term stability
of a leak-proof encapsulation system. During handling,
TA/HDI and TA/TDI seemed relatively robust, while TA/N75 was
relatively brittle and crumbled easily. PHs that possess highly
interconnected, open-cell porous structures typically have com-
pressive stress—-strain curves that exhibit three distinct regions:
a linear elastic region at low strains (from which the Young’s
modulus is derived); a stress plateau region during an accor-

This journal is © The Royal Society of Chemistry 2019
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dion-like collapse; and a densification or crushing region at
high strains that is characterized by a rapid increase in stress.
These OD-encapsulating PHs, however, are not porous, but
instead, consist of closed-cell capsules. Therefore, the mechan-
ical behavior of these PHs is expected to be different from that
of typical, open-cell PHs.

The compressive stress-strain curves from the three PHs
are presented in Fig. 7 and the mechanical properties derived
therefrom are summarized in Table 1. Interestingly, TA/TDI
and TA/N75 exhibit stress-strain curves that are similar to
those of elastomeric open-cell foams.® The solid OD was easily
squeezed out of TA/TDI and TA/N75 during the compression
test, offering little resistance to the applied strain. Therefore,
the PHs possessed significantly lower moduli (1.0 and 0.19
MPa, respectively) and significantly lower stresses at 70%
strain (3.4 and 0.54 MPa, respectively) compared to TA/HDI.
TA/N75 has a significantly lower modulus and a significantly
lower 65, than TA/TDI, reflecting its more open-cell structure
(Fig. 3d) and its more brittle nature, producing multiple
internal fractures during deformation rather than the fracture
of the entire sample. There was no shape recovery once the
stress was removed.

The encapsulated solid OD was not squeezed out of TA/HDI
at low compressive strains. The successful OD encapsulation
limited the PH deformation, resisting the applied strain
and producing a relatively rapid increase in stress. This rela-
tively high resistance to compression produces a relatively
high modulus (6.7 MPa) and a relatively high o5, (20 MPa)
compared to the PHs from which the OD was easily squeezed
out in response to the applied strain. The mechanical behavior
of the truly closed-cell TA/HDI was similar to those seen for
the elastomeric, water-encapsulating, truly closed-cell PHs syn-
thesized within water-in-oil HIPEs. Here, however, there was
no shape recovery once the stress was removed.® Interestingly,
it is the influence of the truly closed-cell structure formed
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Fig. 7 Compressive stress—strain curves from: (a) TA/HDI; (b) TA/TDI;
(c) TA/N75. Inset: enlargement of the results at low strains.
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using aliphatic HDI that dominates the mechanical properties
rather than the stiffer macromolecular structure that is formed
when using aromatic TDI and rather than the stiffer, highly
crosslinked macromolecular structure that is formed when
using the tri-functional N75. It is the more flexible macromol-
ecular structure produced with HDI that enables the successful
encapsulation of the OD and the associated efficient thermal
energy storage and robust mechanical behavior.

Conclusions

Exceptionally large amounts (~90 wt%, as determined using
TGA) of OD, an organic PCM, were encapsulated as micrometer-
scale droplets within truly closed-cell PHs synthesized within
oil-in-water HIPEs through interfacial step growth polymeriz-
ation. The poly(urethane urea) PHs were synthesized using
tannic acid (polyol) and sodium alginate (reactive surfactant) in
the aqueous external phase and using an isocyanate in the
organic internal phase (which was largely OD). TA/HDI, the PH
based on hexamethylene diisocyanate, exhibited a truly closed-
cell structure with a relatively high thermal energy storage
capacity (211 J geampie ), a relatively high encapsulation
efficiency (85.5%), and a relatively high effective encapsulation
efficiency (95.0%). The truly closed-cell structure produced
thermal behavior in the PH that was different from that of pris-
tine OD (a lower crystallization point, a higher melting point,
and broader transitions). TA/HDI was mechanically robust, with
a relatively high compressive modulus (6.7 MPa) and a relatively
high stress at 70% strain (20 MPa) compared to the PHs based
on other isocyanates from which the OD was squeezed out on
application of strain. Interestingly, it is the more flexible macro-
molecular structure produced with HDI that enables the suc-
cessful encapsulation of the OD and the associated efficient
thermal energy storage and robust mechanical behavior. The
encapsulation of such exceptionally high PCM contents within
individual micrometer-scale capsules in mechanically robust
monoliths will be essential for any practical application.
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