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Shape stabilization of inorganic salt hydrate phase change materials (PCMs) above their melting point is
required to overcome the leakage problem in the molten state. However, previous strategies in
designing PCM-stabilizing polymer networks, e.g. salogels, resulted in a limited range of temperature
stability (up to 50 °C) and thus could not be applied to PCMs with widely ranging melting temperatures.
In this work, we introduce a polymer salogel system that was not only able to retain PCMs over a wide
temperature range (up to 120 °C) but also provide robust mechanical stabilization allowing creation of
leakage-free, creep-resistant thermal energy storage materials. This salogel system consisted of
a polymer gel formed by the Diels—Alder (DA) reaction between furan-modified polyvinyl alcohol (PVA)
and a bismaleimide crosslinker with an entrapped salt hydrate PCM — either lithium nitrate trihydrate
(LINO3-3H,0, LNH) or magnesium nitrate hexahydrate (Mg(NOsz),-6H,O, MgNH), which were chosen for
their widely different melting temperatures of 29 and 89 °C, respectively. Rheological studies of DA
salogels were compared side-by-side with the salogels stabilized by another type of dynamic covalent
chemistry based on boronate ester bonds. Compared to the viscoelastic boronate ester salogels which
showed poor and dramatically decreasing strain recovery with temperature in creep experiments, DA
salogels exhibited high elasticity, high gel-to-sol transition temperature (Tge > 120 °C) and superior

creep resistance at elevated temperatures (=80% strain recovery at T = 95 °C). Moreover, the DA
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Accepted 10th February 2025 crosslinking preserved the temperature response of gelation above 120 °C, important for end-of-life

material removal in thermal management applications. Finally, DA salogels demonstrated high retention
of latent heat characteristics of neat PCMs due to the high (>90%) content of inorganic salt hydrates and
preserved their thermal properties over 50 melting/crystallization cycles.
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Introduction

Thermal energy storage (TES) technologies are gaining impor-
tance due to their ability to store and release large amounts of
energy to meet the gap between energy demand and supply
brought about by economic growth and climate change.
Compared to sensible heat and thermochemical energy storage
techniques, latent heat thermal energy storage based on solid-
to-liquid phase change materials (PCMs) is preferred due to
their compact volume, isothermal operation, and low cost per
unit of energy stored.”* Among different types of PCMs, inor-
ganic salt hydrates (M,N,-nH,0) stand out due to their high
volumetric energy density, low cost, and non-flammability."*"
However, there is a significant challenge related to the leakage
of inorganic salt hydrates from the thermal storage modules
during multiple melting and crystallization cycles due to the low
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viscosity of these PCMs.*® Therefore, shape stabilization is
pursued to prevent the leakage and flow of the liquid PCM away
from heat transfer surfaces during the solid-liquid phase
transition by trapping the PCM in an appropriate matrix which
can mechanically stabilize the PCM without altering the
thermal properties significantly. Several strategies using inor-
ganic matrices and polymer networks were developed to provide
shape stabilization of the salt hydrates in their liquid state.>®
However, these efforts were mostly focused on developing
materials that were permanently crosslinked,””*> which makes
them difficult to remove from heat exchange modules at the end
of their life cycle.

Our group previously introduced a different class of PCM-
stabilizing polymer matrices which are temperature-
responsive and enable removal of the PCM from the thermal
storage module. The approach is based on the ability of these
polymer matrices to transition from gel to sol above a gel
transition temperature (Tg)."**® These polymer-inorganic salt
hydrate systems, called salogels, were constructed using
hydrogen bonding polymers (such as poly(vinyl alcohol), PVA)
dissolved in the water-scarce environment of the molten salt
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hydrates (e.g. 30% saturation of the primary hydration shells in
LiNO;-3H,0 (LNH) and 33% saturation in Ca(NOs), 4H,0
(CNH)). Due to the scarcity of water, hydrogen-bonding poly-
mers remained strongly dehydrated and could form weak gels
due to enhanced intermolecular hydrogen bonding and poly-
mer-ion interactions.*** While incorporation of hydrogen-
bonding crosslinkers, entanglements, and dynamic boronate
ester bonds could improve salogel thermomechanical proper-
ties, these systems were not mechanically robust even at room
temperature and their viscoelastic temperature response could
only provide moderate shape stabilization of low-melting-point
salt hydrate PCMs over a limited range of temperatures (<50 °©
C).”**® The insufficient elasticity of these salogels makes them
susceptible to creep even at physiological temperatures and
suitable only for limited applications. However, for many other
thermal energy storage applications such as wearable devices,
personal thermal management, and application as patches,
materials which are mechanically robust are required.***>*7~>°
Moreover, the limited temperature range of mechanical stability
makes the previously explored dynamic crosslinking strategies
unsuitable for shape stabilization of medium to high melting
temperature salt hydrate PCMs (melting temperature > 50 °C)
such as sodium acetate trihydrate (CH;COONa-3H,0) and
magnesium nitrate hexahydrate (Mg(NO;),6H,0). These PCMs
are relevant for industrial waste heat recovery such as operation
of fuel cells, space and water heating in buildings, and solar
thermal energy storage applications where temperatures in the
range of 60-100 °C are reached.>**'*” To overcome both these
limitations of current salogel systems, here we explore the use
of another dynamic covalent chemistry which provides a wide-
temperature-range shape stabilization of PCM materials while
preserving their temperature response necessary for end-of-life
removal from a thermal energy storage module.

In this work we employ furan-maleimide Diels-Alder (DA)
dynamic covalent chemistry for constructing highly creep-
resistant salogels for shape stabilization of salt hydrate PCMs
with widely varied melting temperatures. The furan-maleimide
DA reactions are “click” in nature, occur without side products
or a catalyst under ambient conditions,*®*?® and can be reversed
by heating above a retro-DA reaction temperature (Typs ~ 120 °
C).***> The dynamic nature of the DA bonds was exploited to
develop self-healing and thermo-responsive materials where
they were included within solvent-free polymer networks or
hydrogels for applications in soft robotics, shape morphing,
and biomedical applications such as cell encapsulation and
tissue engineering.***> However, the use of DA polymer
networks in thermal energy storage applications has been
limited to flammable organic PCMs (e.g. polyethylene glycol
(PEG)*?**** and beeswax*’) which typically yield TES materials
with relatively low (40-83%) PCM content.*”*>** In contrast, this
work explores, to the best of our knowledge for the first time,
the use of furan-maleimide dynamic covalent DA bonds to
create salogels in an inflammable PCM which are based on
inorganic salt hydrates. We demonstrate the construction of
a novel salogel network using DA bonds and its ability to shape
stabilize salt hydrate PCMs over a wide melting temperature
range at a high PCM loading of 90 wt%. The salt hydrates
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chosen for this work were LNH and MgNH, which have melting
points of ~29 °C and 89 °C and high thermal energy storage
capacities of 280 ] g~ " and 162 ] g, respectively.1321232426:43 The
large difference in melting points of LNH and MgNH, along
with the low viscosity of their melts (only 5 mPa s at 35 °C for
LNH and 0.18 mPa s at 95 °C for MgNH)? makes these PCMs
ideal candidates to explore the shape stabilizing capability of
DA chemistry. We study the ability of DA crosslinks to yield
mechanically robust salogels during PCM melting-solidification
cycles while supporting the gel-to-sol transition above Tge| (Tgei
= Tpa) for the end-of-life disposal and benchmark the perfor-
mance of DA salogels against that of boronate ester salogels.

Experimental
Materials

Polyvinyl alcohol (PVA) with a molecular weight of 90 kDa and
degree of hydrolysis of 98% and sodium tetraborate decahy-
drate (ACS, >99%) were purchased from Alfa Aesar. Anhydrous
lithium nitrate (ACS, >99.0%) purchased from Alfa Aesar was
used for preparation of lithium nitrate trihydrate (LNH) by
adding a stoichiometric amount of deionized (DI) water. Fur-
furyl isocyanate (FIC) (97% purity) was purchased from Thermo
Fisher. Anhydrous dimethyl sulfoxide (DMSO), isopropyl
alcohol, triethylamine (TEA), magnesium nitrate hexahydrate
(Mg(NO3),-6H,0, MgNH), deuterium oxide (D,O) with 99.9 D
atom%, and deuterated dimethyl sulfoxide (de-DMSO) were
obtained from Sigma-Aldrich. A bismaleimide crosslinker with
a polyethylene glycol backbone (BM-PEG) of molecular weight 2
kDa was purchased from JenKem Technology, USA. All reagents
except anhydrous lithium nitrate used for preparation of LNH
were used as received.

Furan modification of PVA

DA salogels were made by attaching furan groups to PVA fol-
lowed by crosslinking with a BM-PEG crosslinker in liquid salt
hydrate (LNH or MgNH) as a solvent. Furan modification of PVA
was performed using the well-known hydroxyl-isocyanate
reaction between PVA and FIC which has been reported for
small-molecule hydroxyl compounds and another hydroxyl
polymer, dextran.*»** Specifically, PVA (1 g) was dissolved in
anhydrous DMSO (20 mL) with stirring at 80 °C and then the
solution was cooled to room temperature. FIC (5.56 mmol) and
TEA (5.56 mmol) were then added, and the hydroxyl-isocyanate
reaction was carried out at 70 °C for 6 hours. After allowing the
mixture to cool down to room temperature, the polymer was
precipitated in isopropyl alcohol and washed several times. The
polymer was then dried in vacuum at room temperature. The
furan-modified PVA obtained from this procedure was denoted
as Fx-PVA, where x = 2.5, 5, and 10 denote the mol% of furan
groups on PVA. The covalent attachment of furan groups to the
PVA was also confirmed by ATR-FTIR* and quantified by 'H
NMR (Fig. 1). The degrees of PVA modification above 10 mol%
were not pursued due to deteriorated solubility of the modified
polymers in LNH and MgNH as the hydroxyl groups of PVA were
replaced with the furan moiety.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) *H NMR of PVA, FIC, and F10-PVA and (b) ATR-FTIR spectra
of PVA, FIC, F10-PVA, and F10-PVA/BM-PEG showing successful
attachment of furan groups on PVA and formation of DA bonds. Insets
in (b) show the DA adduct peaks at 1770 cm™ (left) and 1190 cm™*
(right).

Preparation of salogels and hydrogels

DA salogels were prepared by adding 5 wt% Fx-PVA to LNH
while stirring at 70 °C to form a homogeneous solution and
adding the BM-PEG crosslinker at a 1:1 furan-to-maleimide
molar ratio to crosslink the furan groups on the Fx-PVA back-
bone (Scheme 1). The BM-PEG crosslinker dissolved readily
upon heating to 70 °C and gelation occurred within a few
minutes of gentle stirring due to the click nature of the DA
reaction. Mixing was stopped and the samples were annealed
for 3 hours at 70 °C to ensure completion of the crosslinking
reaction. DA hydrogels were made using the same procedure as
described for the salogels, except that the maximum furan
modification was 2.5 mol% since PVA with a higher percentage
of furan groups became insoluble in water. Comparison of DA
hydrogels with DA salogels was done using PVA with the

This journal is © The Royal Society of Chemistry 2025
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matched degree of furan modification (F2.5-PVA). The DA sal-
ogel in magnesium nitrate hexahydrate (MgNH) was prepared at
100 °C using F10-PVA following the same steps as those
described for the salogel in LNH. Note that DA salogels were
formed in PCMs above their melting points, i.e. at 70 °C in the
case of LNH and 100 °C in the case of MgNH and did not
contain residual salt hydrate crystals.

Boronate ester salogels (in LNH and MgNH) and hydrogels
(in water) with matched mol% of hydroxyl groups crosslinked
were compared with DA salogels and hydrogels. The salogels
and hydrogels were prepared by varying the borax concentration
(0.125, 0.25, and 0.5 wt% borax) using a procedure described
previously.” These gels are represented as PVA/borax-x, where x
= 2.5, 5, and 10, respectively to indicate the mol% of -OH
groups crosslinked. Boronate ester salogels were prepared
under the same conditions as DA salogels (5 wt% PVA dissolved
in LNH at 70 °C) but without additional annealing after addi-
tion of borax. The samples were then cooled down to room
temperature before adding the borax crosslinker. PVA/borax
salogels were prepared by adding borax followed by heating
the mixture to 80 °C while stirring to facilitate the dissolution of
borax and cooling down to room temperature to induce gela-
tion. PVA/borax-10 salogels in MgNH were prepared using the
same steps as described above for the salogels in LNH, except
that all the mixing was done at 100 °C. PVA/borax hydrogels
were prepared the same way as the salogels, except that the
mixing was done at room temperature since borax is easily
soluble in water compared to LNH. Mixing was stopped after the
formation of the gel and the samples were allowed to homog-
enize at room temperature for 24 hours. Because of the known
supercooling effect that is significant in the case of LNH,* no
crystallization occurred in both salogel systems (DA and boro-
nate ester) at room temperature, and freezing temperatures
(—18 °C) were used to induce crystallization of LNH for testing
the performance of the matrix during multiple crystallization/
melting cycles. Supercooling also exists in MgNH, but the
high melting temperature results in crystallization well above
room temperature (62 °C). Due to the crystallized state of MgNH
at room temperature, all room temperature experiments (time
sweep for gelation and creep-recovery at room temperature)
were performed using the DA salogel in LNH.

Materials characterization

ATR-FTIR. ATR-FTIR measurements were performed using
a Bruker Tensor II spectrometer equipped with a mercury
cadmium telluride (MCT) detector and a single-reflection dia-
mond ATR attachment. Spectra were collected in the range of
400-4000 cm " at 4 cm ! resolutions using 64 repetitious scans.
F10-PVA and DA crosslinked (F10-PVA/BM-PEG) samples were
tested on a diamond ATR crystal with a high-pressure clamp
attachment. Note that all FTIR measurements were performed
in the absence of solvent (salt hydrate) to increase the intensity
of the peaks being observed. In the case of F10-PVA the
precipitated polymer after cleaning (see furan modification of
PVA described above) was used to obtain the FTIR spectrum. To
prepare the DA salogel network for FTIR analysis, the salogel
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Scheme 1 Furan modification of PVA using furfurylisocyanate (FIC) and crosslinking of furan-modified PVA with BM-PEG to form DA salogels in

salt hydrate PCMs.

formed in LNH was solvent exchanged with a large quantity of
DI water for 2 weeks to remove the salt with change of water
every 24 hours followed by freeze drying.

'"H NMR. "H NMR measurements were performed using an
Avance Neo 4000 (400 MHz) NMR spectrometer with 16 scans.
Samples were prepared in de-DMSO. The extent of furan
modification was calculated from the ratio of the area of one of
the proton peaks from the furan ring and the area of the CH,
proton from the PVA backbone.

Ag
A,
2

where A, is the area of the furan proton peak g at 7.54 ppm, and
A, is the area of the CH, proton peak a on the PVA backbone
(Fig. 1, S1, and S27).

Rheological measurements. Rheological measurements for
both salogel and hydrogel samples were performed using a TA
Instruments HR2 Discovery Hybrid Rheometer equipped with
a Peltier stage that enabled controlling the temperature within
+0.5 °C. All measurements were performed using a parallel
plate with a 40 mm diameter and a gap of 500 pm, and at
a temperature where the samples were in the gel form where the
salt hydrate in the salogel was in the liquid state. The linear
viscoelastic regime (y;) was determined by oscillation ampli-
tude sweep tests which were conducted at 25 °C for gels in LNH
and 95 °C for MgNH within a strain range of 0.1-100% using
a frequency of 10 rad s~ * (Fig. S31). The oscillation temperature

Furan mol% =

8160 | J Mater. Chem. A, 2025, 13, 8157-8170

ramp and oscillation frequency sweep experiments were per-
formed in the linear viscoelastic regime at a strain of 1% chosen
from the amplitude sweep and frequency of 10 rad s~ . Time
sweep experiments were performed at 70 °C to characterize the
gelation time of the DA salogel in LNH. In this experiment, the
crosslinker (BM-PEG) was added to F10-PVA/LNH solution and
mixed quickly at 70 °C to form a homogeneous mixture and
added to the fixed rheometer plate before starting the
measurement. The completion of crosslinking was determined
by performing time sweep experiments after exposing the DA
salogel to 70 °C for 3 and 12 hours in a vial and observing the
change in moduli. Creep-recovery experiments were performed
at a stress of 100 Pa (determined from the linear viscoelastic
regime) with a creep duration of 5 minutes and recovery of 10
minutes. Creep-recovery comparison of DA and boronate ester
salogels with different crosslinking densities (F2.5-PVA, F5-PVA,
and F10-PVA for the DA salogel and PVA/borax-2.5, PVA/borax-5
and PVA/borax-10 for the boronate ester salogel) was done at 25
°C. The highest crosslinked DA salogel was also studied at
different stress values at 25 °C. Creep-recovery experiments at
higher temperatures (35, 50, and 70 °C) were performed only
with the highest crosslink density (10 mol%) salogels for both
systems. Temperature was kept the same during both creep and
recovery. Creep-recovery experiments for the DA and boronate
ester salogels in MgNH were performed at 95 °C, i.e. above the
melting point of MgNH of 89 °C.

Thermal analysis. The melting temperatures and heat of
fusion of the salogels were determined by differential scanning

This journal is © The Royal Society of Chemistry 2025
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calorimetry (DSC) using a TA Instruments Q2000 calorimeter
with a temperature precision of +0.005 °C and calorimetric
precision of £0.25%. Measurements were conducted at a 10 °C
min~"' temperature ramp rate under nitrogen gas purging at

a flow rate of 50 mL min™*.

Thermal cycling, shape stabilization, and self-healing
capabilities of DA salogels

Retention of thermal properties in the DA salogel in LNH and
MgNH over multiple melting and crystallization cycles was
explored by subjecting salogel samples (F10-PVA/BM-PEG)
sealed in a 20 mL vial to appropriate temperatures to induce
melting (50 °C for LNH and 95 °C for MgNH) and crystallization
(—18 °C). DSC scans were performed after 50 cycles to check for
retention of thermal properties (heat of fusion and melting
temperature).

Shape stabilization of LNH and MgNH in DA salogels was
studied using hexagon shaped and rectangle shaped DA salo-
gels by exposing them to temperatures of 70 °C and 95 °C (above
the melting point of LNH and MgNH), respectively in an air-
tight container and observing signs of leakage and retention
of shape over a period of time. A boronate ester salogel hexagon
in LNH was also employed as a control. Leakage prevention of
PCM from the DA salogel was also confirmed by heating small
pieces of the salogel in LNH (75 mg) and MgNH (60 mg) at 70 °C
and 95 °C, respectively, for 12 h in a closed container and
measuring their weights again after the heat treatment. Addi-
tionally, to simulate the creep resistance of the DA salogels we
applied stress by placing three 50 gram weights (total of 150
grams) on the DA salogels in LNH and MgNH at room
temperature when the salogels were in the crystallized state.
The DA salogels with the weights placed on them were then
heated to 70 °C and 95 °C, respectively for LNH and MgNH and
held at this temperature for 10 minutes and then changes in
dimensions due to creep were measured. The ability of the DA
network to prevent leakage of the PCM under load was also
tested from weight measurements of 376 mg and 562 mg of the
LNH and MgNH salogels after 10 minutes of exposure to 70 and
95 °C, respectively.

The self-healing capability of the DA salogel was demon-
strated by heating two pieces of the salogel in LNH to
a temperature close to but below the T;p, to partially break DA
bonds in the network for a short duration of time (~2 min).
During the experiment the samples were sandwiched between
the 40 mm parallel plates of a rheometer, but no stress or strain
was applied. The gap between the plates was set at a value
where the plates would hold the sample stationary. In this state
the samples were heated for two minutes and then cooled to
room temperature. This was followed by visual evaluation of
the self-healing capability by handling the salogels with twee-
zers and optical microscopy imaging of the healed area using
a Nikon TI2-U inverted microscope with a 10x objective. The
mechanical properties of the healed sample were compared
with those of the original sample by performing a time sweep
oscillatory rheology experiment at a strain of 1% and frequency

of 10 rad s %
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Results and discussion

DA salogels were prepared by furan modification of PVA fol-
lowed by dissolution of this polymer in the highly ionic envi-
ronment of a salt hydrate and crosslinking to form the gel
network (Scheme 1). The procedure involved modification of
PVA with furfuryl isocyanate (FIC), followed by the formation of
a salogel network in liquid PCM using a bismaleimide cross-
linker, BM-PEG. Modification of PVA was performed to obtain
polymers with different percentages of furan-modified units;
these polymers are abbreviated as Fx-PVA, where x is 2.5, 5 or 10.

Crosslinking of Fx-PVA polymers with BM-PEG resulted in Fx-
PVA/BM-PEG networks in which crosslinking density was
controlled by the degree of PVA modification. Fig. 1a and b show
the characterization of furan-modified PVA with the highest
content of furan groups, i.e. F10-PVA, using 'H NMR and ATR-
FTIR, respectively. The appearance of the peaks of protons
from the furan ring at 6.19, 6.36, and 7.54 ppm in the 'H NMR
spectrum of F10-PVA in Fig. 1la indicates successful furan
modification. The extent of furan modification was determined
from a ratio of furan proton peak g at 7.54 ppm to the methylene
proton peak a of the PVA backbone at 1.4 ppm (see the Materials
and methods for details). "H NMR spectra of F2.5-PVA and F5-
PVA are shown in Fig. S1 and S2.1 The emergence of the peak
at 1708 cm™ ' associated with the formation of urethane bonds*
in the FTIR spectra of the F-PVA (Fig. 1b) provides evidence of
successful furan modification. The salogels were prepared using
a 5 wt% solution of Fx-PVA polymers in LNH or MgNH, which all
gelled within several minutes after the addition of BM-PEG due to
the formation of DA crosslinks. This concentration was chosen as
it is above the critical overlap concentration of 3.5 wt% as was
determined for PVA of the same molecular weight (90 kDa) in salt
hydrate solvents in a previous paper from our group.** Gelation
and other room temperature experiments were explored in
greater detail using LNH rather than MgNH due to the low
melting point of this PCM. The low melting point enables salogel
preparation at ambient temperature and the existence of the gel
state with a liquid-phase PCM at this temperature. Fig. S4 shows
that in the F10-PVA/LNH system, the “click” nature of the DA
reaction resulted in gelation after ~8.5 minutes after adding the
crosslinker as observed from the crossover of storage (G') and loss
(G") moduli. Fig. S51 shows that the moduli of the DA salogel did
not change between 3 and 12 hours of exposure at 70 °C indi-
cating that the crosslinking was complete after 3 hours. These
conditions were used to prepare all the DA salogels in LNH (DA
salogel in MgNH was prepared at 100 °C, see the Materials and
methods for details). The DA hydrogels which were used as
a control to compare with the DA salogel were prepared using the
same procedure as the salogel. The gelation time for the DA
salogel and the hydrogel was approximately the same from visual
observation, suggesting that the highly ionic environment of the
salt hydrate did not affect the kinetics of the DA reaction. The
formation of DA crosslinks could be observed in ATR-FTIR
spectra with the appearance of furan-maleimide DA adduct
peaks at 1192 and 1770 cm™ " (insets of Fig. 1b, see the Materials
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and methods for a procedure of preparing salt-free DA matrices
used for ATR-FTIR measurements).

The viscoelastic properties of the DA salogels were first
studied at room temperature using oscillatory rheology and
compared with those of boronate ester salogels. Note that all
rheological measurements were made in the crystal-free, gel
state of the salogels where the salt hydrate was in the liquid
state. To enable these measurements, the low-melting-point
LNH was used in these experiments as a PCM since MgNH
was in a crystalline state at room temperature. The boronate
ester salogel used as a control dynamic covalent salogel could
not be formed in MgNH due to its Ty being lower than the
melting point of MgNH. Fig. S61 shows room-temperature
frequency sweep rheology experiments for DA and boronate
ester salogels and hydrogels used for comparison. The results
suggest that both the DA gels containing liquid LNH and water
exhibited elastic behavior throughout the 0.1-110 rad s '
frequency range showing that these were true gels (Fig. S6a and
bt). In contrast, the boronate ester gels showed viscoelastic
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behavior with a G'-G” crossover in the 1-10 rad s~ * range, with
the salogel being both stronger and having a higher relaxation
time compared to the hydrogel (Fig. S6c and df). These results
are consistent with those reported in our previous work in
a different salt hydrate (CNH)." It was also interesting to note
that both the boronate ester and DA salogels were stronger than
their corresponding hydrogels. These differences can be
understood from the nature of the solvent (LNH vs. H,0) used
in the salogel and hydrogel. The high ionic content (18 M) and
low water concentration in LNH led to a dehydrated state of PVA
and ions triggering a competition between ions and polymer for
the scarce water resulting in a blue shift of the -OH stretching
peak of F2.5-PVA dissolved in deuterated LNH (LND) as
compared to D,O (Fig. S71).

Further differences in viscoelastic properties between the DA
and boronate ester salogels were revealed in the temperature
dependence experiments (Fig. 2 and S8t). First, the G’ values
were higher and G” values much smaller for the DA salogels
(Fig. 2a and b) when compared with the corresponding values
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Fig. 2 Temperature sweep oscillatory rheology experiments performed at a frequency of 10 rad s~* and 1% strain comparing DA salogels in (a)
LNH and (b) MgNH, and boronate ester salogels in (c) LNH and (d) MgNH. Crosslink density was matched in both salogel systems with 10 mol% of
—OH groups consumed in DA and boronate ester crosslinks. The grey boxes in (a)—(c) indicate the temperature ranges over which the DA and
boronate ester salogels can operate as a shape stabilizing matrix. Polymer (F10-PVA or PVA) concentration was 5 wt%.
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for the boronate ester salogels (Fig. 2c¢ and d). The higher
elasticity endowed to the polymer gel with DA crosslinks as
compared to boronate ester bonds is illustrated by the extremely

"

G
low values of tan ¢ (tan 0= E) of DA salogel systems of both

PCMs (LNH and MgNH) across a wide temperature range
(Fig. S87). Specifically, temperature sweep experiments shown
in Fig. 2a, b and S87 indicate that the elastic DA salogels exhibit
essentially unchanged values of G and G” between room
temperature and 120 °C indicating that DA bonds remained
largely intact. In the case of MgNH, the DA salogel showed a gel-
like behavior between 95 and 120 °C (Fig. 2b) related to melting
of MgNH at 89 °C and successful trapping of liquid MgNH in
the DA network. Beyond 120 °C, the retro-DA reaction started to
occur, and further heating resulted in gel-to-sol transition at
~145 °C in LNH accompanied by two orders of magnitude
reduction in viscosity (Fig. S9at). A temperature ramp DSC
experiment showed a slightly lower T;p, temperature of ~135 °C
(Fig. S10aft). The differences in T from rheology and Typs from
DSC could be due to water evaporation from the sample in the
rheometer due to lack of hermetic sealing. During the gel-sol
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transition the breaking of the thermo-responsive DA bonds
results in the entire system (salt hydrate and polymer) con-
verting to a low viscosity liquid (Fig. S9at) due to the solubility
of the polymer and crosslinker in the salt hydrate. The thermal
response of the DA crosslinks resulting in the formation of a low
viscosity liquid (Fig. S9at) after gel-sol transition facilitates the
removal of the spent salt hydrate PCM at the end-of-life cycle
which is demonstrated using a simple experiment where the DA
salogel flame-sealed in an ampoule was heated using a heat gun
until the gel turned into a liquid and started flowing (Video
S1t). Heating the DA salogel above the T;p, and then cooling
did not affect the melting transition of LNH as observed in the
second heating cycle indicating that in a hermetically sealed
environment the water content in the salt hydrate did not
change (Fig. S10at). Note that in MgNH, the gel-to-sol transition
of the DA polymer network was higher than that of LNH and
could not be observed till the maximum tested temperature of
150 °C, which was also confirmed from DSC. However, a similar
reduction in viscosity was also observed in this system in the
retro-DA reaction temperature region (Fig. S9b¥). At the same
time, melting transition of the PCM (MgNH) was not affected by
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Fig. 3 Creep-recovery experiments performed at 25 °C with (a) F10-PVA/BM-PEG and (b) PVA/borax-10 (salogels containing 10 mol% of —OH
groups consumed by crosslinks). (c) Comparison of strain recovered after 10 minutes by DA and boronate ester salogels after creep with 100 Pa
stress applied as a function of mol% of —OH groups crosslinked. (d) Creep—recovery experiments at different stress levels for the DA salogel
where 10 mol% of —OH groups are crosslinked. Note that the DA salogel in MgNH is not shown here since it is in a crystallized state at room

temperature. Polymer (F10-PVA or PVA) concentration was 5 wt%.
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heating to 150 °C as observed in the second heating cycle
(Fig. S10bt). In both salt hydrate PCMs, the retro-DA reaction
temperature was higher than the previously reported value of
120-130 °C for furan-maleimide DA networks.** This increase
can be attributed to the effect of the salt hydrate solvent as well
as the flexibility of the PEG-based bismaleimide crosslinker
which was shown to result in a higher retro-DA reaction
temperature compared to that of a stiff crosslinker.*® In contrast
to the thermomechanical behavior of the DA salogel, the boro-
nate ester salogel showed a sharp decrease in storage modulus
(Fig. 2c) and increase in tan¢ (Fig. S8}) with increasing
temperature and underwent gel-to-sol transition at Tge = 65 °C
in LNH, which was 55-65 °C lower than the gel-to-sol transition
temperature of the DA salogel. Note that boronate ester could
not form a gel network in MgNH above its melting point (Fig. 2d
and S8t) due to the thermo-reversible nature of the cross-
links.">**%® We believe that the persistence of DA elasticity
between room temperature and 120 °C is the key for future
applications of DA networks for hosting PCM materials with
widely different melting temperatures while the temperature
responsiveness allows removal of the PCM at the end-of-life
cycle.
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Quantitative insight into DA salogel shape stability is also
important since the PCMs are typically subjected to multiple
melting and crystallization cycles and exposed to temperatures
above the melting point of the PCM over long periods of time.
Loss of shape due to creep during thermal cycling may lead to
leakage of PCM and inefficient heat transfer resulting in
reduced thermal energy storage capability. This feature is
especially important in applications where the shape stabilized
PCM is used as a free-standing thermal energy storage
material.****'""* Thus, we studied the shape stability charac-
teristics of DA salogels and compared them with those of
boronate-ester-based salogels in rheological creep-recovery
experiments. The creep resistance experiments were first per-
formed using the salogels with the highest crosslink density
(Fig. 3a and b) at room temperature. A stress of 100 Pa was
applied for 5 minutes to induce creep after which the stress was
removed, and the gels were allowed to recover for 10 minutes.
The more elastic DA salogel reached a strain of about 8% after
5 min of stress whereas the boronate ester salogel reached
a strain of 20% and did not plateau, indicating a continued
creep behavior (Fig. 3a and b). The behavior of the two salogels
was also drastically different upon removal of stress: while the
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Fig.4 Creep—recovery experiments at different temperatures for (a) F10-PVA/BM-PEG and (b) PVA/borax-10 salogels. (c) Strain recovered after
10 minutes as a function of temperature for the creep—recovery data shown in (a) and (b). (d) Creep—recovery experiment for the F10-PVA/BM-
PEG salogelin MgNH at 95 °C. Polymer (F10-PVA or PVA) concentration was 5 wt%. A stress of 100 Pa was applied during the creep phase of the

experiment.
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boronate ester salogel showed viscoelastic behavior recovering
only 46% of strain, DA salogels demonstrated nearly complete
strain recovery of ~96% after 10 minutes (Fig. 3a and b). These
data show that DA crosslinks resulted in superior creep resis-
tance and excellent recovery behavior of the salogels compared
to the boronate-ester-crosslinked salogels. This was further
highlighted when DA salogels with lower crosslink density (2.5
and 5 mol% of -OH groups consumed in crosslinking) were
compared with the boronate ester salogels. Fig. 3c, S11, and
S121 show that even the lowest-crosslink-density DA salogel
outperformed the strongest boronate ester salogel showing
a strain recovery of 71% compared to the 46% achieved with the
boronate-ester-based salogels. Furthermore, even when the DA
salogel was subjected to higher stresses of 500 and 1000 Pa,

L your O
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high strain recovery percentages of 95% and 92%, respectively,
were achieved due to the elastic nature of the DA salogels
(Fig. 3d).

The potential use of DA chemistry in salogels for shape
stabilization of salt hydrates with a wide range of melting points
above room temperature requires understanding creep perfor-
mance as a function of temperature. Therefore, creep-recovery
experiments were performed at increased temperature with the
stress, creep, and recovery durations kept the same as those at
25 °C. Note that these experiments were performed with only
the highest crosslink density DA and boronate ester salogels
(10 mol%). Fig. 4a shows that the strain in the DA salogel did
not increase with temperature indicating that the DA salogel did
not exhibit significant creep due to the DA bonds being intact

F10-PVA/BM-PEG in LNH

——t

Fig.5 Opticalimages of (a) the hexagon shaped DA salogel showing shape retention and leakage prevention of LNH after 5 minutes at 70 °C, (b)
PVA/borax-10 salogel lacks shape retention at 70 °C and the sol wets the paper underneath resulting in a heterogeneous appearance, and (c)
rectangular shaped DA salogels showing shape retention and leakage prevention of MgNH at 95 °C. The DA salogels in LNH and MgNH are F10-

PVA/BM-PEG.
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below T;ps. The strain recovery of the DA salogels was greater
than 90% at 35 and 50 °C and only slightly reduced to 85% at 70
°C, still being ~ three-fold higher than that for the boronate
ester salogel at 50 °C (Fig. 4a—c). Note that the boronate ester
salogel was not tested at 70 °C since this temperature was above
the Ty of 65 °C. The creep-recovery behavior can be under-
stood from the temperature sweep experiments in Fig. 2 where
a decrease in moduli for the boronate ester salogel and no
change in moduli for the DA salogel with an increase in
temperature up to 120 °C were observed. The ability of DA
bonds to shape stabilize a high-melting-temperature salt
hydrate PCM was tested by performing creep-recovery experi-
ments on the DA salogel in MgNH. Creep-recovery experiments
at 95 °C showed a strain of 15% and recovery of 80% (Fig. 4d)
indicating that the DA salogel is a good candidate for shape
stabilization of MgNH even at this high temperature.

Shape stabilization and leakage prevention capability of LNH
and MgNH within the DA salogels could also be observed
visually and compared with the boronate ester salogel as
a control (only in LNH). For this purpose, bulk hexagon-shaped
and rectangular-shaped DA salogels were prepared in LNH and
MgNH, respectively, by reacting F10-PVA solution in a molten
PCM with BM-PEG in the corresponding mold and crystallizing
once the gelation was completed. The boronate ester salogel
hexagon was prepared by heating the salogel prepared in a vial
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Paper

to 80 °C, a temperature above the Ty (65 °C), poured into the
hexagon mold and then cooled to room temperature to allow
gelation to occur and then crystallized. The LNH-crystallized DA
and boronate ester salogels were heated to 70 °C, a temperature
well above the melting point of LNH (29 °C) (Fig. 5a and b).
While the DA salogel (Fig. 5a) showed no leakage of LNH and no
loss of shape even after 1 h (Fig. S13+) due to the superior creep
resistance of the DA salogel as demonstrated in Fig. 4a, the
boronate ester salogel (Fig. 5b) could not retain its shape above
its Ty Of 65 °C. Similarly, heating the MgNH-crystallized salogel
to 95 °C (above the melting point of MgNH) did not result in loss
of shape of the salogel due to elasticity endowed by DA bonds
and no leakage of MgNH was observed (Fig. 5b). The ability of
the DA network to prevent the leakage of PCM over an extended
period of time was also confirmed from gravimetric experi-
ments. In these experiments, no weight loss was observed when
75 and 60 mg pieces of LNH and MgNH salogels were heated in
a closed container at 70 and 95 °C, respectively, for 12 hours.
These results also indicate that the DA salogels were able to
accommodate the volume change of the salt hydrate PCMs due
to density changes during phase transitions. Further, we
studied the creep resistance of the bulk DA salogel in LNH and
MgNH at 70 and 95 °C, respectively, by performing an experi-
ment where we applied pressure on rectangle shaped DA salo-
gels by placing three 50 gram weights on the salogel for 10

F10-PVA/BM-PEG in LNH

Fig.6 Opticalimages showing creep demonstration experiments on DA salogels (F10-PVA/BM-PEG) with no loss of shape or leakage of (a) LNH
and (b) MgNH when three 50 gram weights are applied on the salogel for 10 minutes. Polymer (F10-PVA) concentration was 5 wt%.
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minutes (Fig. 6a and b). Both DA salogel samples showed no
loss of shape due to creep (Fig. 6a and b) and no leakage of the
salt hydrate from the polymer network as determined from
weight measurements on separate samples which showed only
a small (~0.5%) weight decrease. These experiments demon-
strate the ability of the DA salogels to work as truly shape stable,
leakage-proof thermal energy storage materials. Thus, the DA
salogels showed the potential to efficiently entrap salt hydrate
PCMs with a wide range of melting temperatures at a low
polymer concentration of 5 wt% without loss of shape. This
behavior was supported by the elasticity of the DA network
between room temperature and the high temperature of the
retro-DA reaction - a feature not available with the boronate
ester salogel due to its low gel-to-sol transition temperature.
In addition, DA salogels demonstrated self-healing ability
which was supported by the dynamic nature of DA bonds. The
self-healing behavior of DA salogels was demonstrated by
heating two pieces of the DA salogel in LNH sandwiched
between the plates of a rheometer with the solvent trap to
ensure no loss of water during the experiment. The salogel
pieces were heated to 140 °C, a temperature where the retro-DA
reaction is occurring but below the T;p, (~145 °C) so as not to
completely melt the polymer network and held at this temper-
ature for two minutes followed by cooling to room temperature.
Fig. S14at shows that the two pieces of the salogel healed and
bonded to each other during this treatment indicating that the
thermo-responsive nature of the DA reaction can enable self-
healing of the salogel. Moreover, these healed pieces could be
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handled with tweezers immediately upon cooling to room
temperature since the click nature of the DA reaction resulted in
the formation of the crosslinks restoring the material's elas-
ticity. The time sweep oscillatory rheology experiment
comparing the healed sample to the original sample in
Fig. S14bt shows ~33% recovery of storage modulus (G') during
this short heat treatment.

Evaluation of thermal energy storage materials for potential
applications also involves assessment of the materials' thermal
energy storage capability. The relatively low (5%) content of
polymers in the creep-resistant salogels reported here is an
important feature useful for the preservation of the high volu-
metric energy density of a polymer-entrapped PCM. Melting and
crystallization cycles were performed on a DSC with neat LNH
and neat MgNH, along with the DA and boronate ester salogels
(10 mol% of ~OH groups crosslinked) (Fig. 7a and b and S157).
Table 1 shows the heat of fusion and melting temperatures
obtained from the endothermic melting peak, and the % heat of
fusion of neat PCM retained for the DA salogels. The data for the
boronate ester salogel is shown in Table S1.f Note that the
enthalpies of crystallization do not represent an equilibrium
thermodynamic property due to the large undercooling that
exists in this material. Both DA and boronate ester salogels
retained >85% of the heat of fusion of the PCM in the respective
salogel causing only a 3-6 °C reduction in melting temperature
(Tables 1 and S1%). Overall, the polymer and crosslinker added
as part of the DA salogel did not affect the melting behavior and
thermal properties of LNH and MgNH in the salogel. However,
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Fig. 7 DSC thermograms showing melting and crystallization transitions in (a) neat LNH and DA salogel, and (b) neat MgNH and DA salogels.
Comparison of heat of fusion and melting temperature (T,,,) in the DA salogel in (c) LNH and (d) MgNH before and after thermal cycling. These
experiments were performed with a few grams of DA salogel sealed in a glass vial.
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Table1 Thermal properties obtained from DSC experiments performed with LNH, MgNH, and DA salogel (F10-PVA/BM-PEG) in LNH and MgNH

Heat of fusion Melting temperature Crystallization % heat of fusion wt% PCM in
Sample geg™h (°C) temperature (°C) retained in the salogel the salogel
LNH 280 + 4 29+ 1 —32+6 — N/A
DA salogel in LNH 258 +9 25+1 —6.5+3 91+1 90
MgNH 163 £3 89 +£1 62 £ 2 — N/A
DA salogel in MgNH 143 £ 7 83+1 72+ 4 88+ 3 90

“ These values were used as reference to calculate the % heat of fusion retention of the salt hydrate in the salogel.

the undercooling during thermal cycling, which is a significant
unsolved issue for salt hydrate PCMs*"** and also present in
LNH (~60 °C) (Fig. 7a) and MgNH (~25 °C) (Fig. 7b), was
reduced in the DA salogels (Fig. S167). The crystallization onset
temperature was even lower in the boronate ester salogel
(Fig. S15 and Table S1t) but was increased to about —6 °C (a
more than 25 °C increase compared to that of neat LNH) in the
DA salogel (Fig. S161 and Table 1). A smaller but yet significant
increase of about 10 °C was also observed in the DA salogel in
MgNH with crystallization occurring at 74 °C. The data illustrate
enhanced heterogeneous nucleation of inorganic salt hydrate
crystals on the DA salogel network and demonstrate that the
network can not only work as a shape stabilizing matrix for salt
hydrates over a wide temperature range but could potentially
reduce supercooling as well.

Fig. S177 presents a comparison of the percentage of heat of
fusion retention in the salogels as a function of the amount of
PCM (LNH and MgNH) in the shape stabilizing matrices found
by others and reported in this work. Compared to other DA
networks, which were demonstrated with organic PCMs,*" %%
and the polymer systems containing LNH"*** and MgNH,'®*'~>3
the DA salogels reported here show both high PCM loading and
heat of fusion retention, which is crucial in their application as
thermal energy storage materials.

Finally, Fig. 7c and d and S18+ illustrate the ability of the DA
salogels to retain thermal characteristics that are important for
thermal energy storage applications, over multiple melting and
crystallization cycles in both LNH and MgNH. After 50 cycles,
the melting and crystallization transitions were not altered
(Fig. S18t), and the thermal properties (heat of fusion and
melting temperature) remained unaffected in both LNH and
MgNH salogels (Fig. 7c and d).

The effect of repeated melting and crystallization on
mechanical properties was evaluated by performing the creep-
recovery experiment at 70 °C on the salogel in LNH subjected to
50 cycles. Fig. S191 shows that there was a ~2x reduction in
strain after creep and a 2% improvement in strain recovery.
These results indicate that the polymer network constructed
from just 5% polymer and strengthened using DA crosslinks
(Fig. 2a and 4a) can withstand the stress from repeated cycles of
crystal formation and melting (Fig. S19t). The gel network not
only prevented leakage of liquid salt hydrate from its network
but also retained the thermal properties of the salt hydrate both
of which are crucial for long-term thermal energy storage
applications. These data further confirm that construction of
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DA salogels is a viable strategy for shape stabilization of salt
hydrate PCMs.

Conclusions

In this work, DA crosslinks were used in the highly ionic envi-
ronment of an inorganic salt hydrate PCM to create a mechan-
ically robust, creep-resistant shape stabilizing matrix. The
ability of the DA salogel to achieve shape stabilization at
elevated temperatures was demonstrated using low-viscosity
salt hydrate PCMs with melting temperatures varying from
room temperature (LNH) to 89 °C (MgNH). In comparison to the
viscoelastic behavior of boronate ester salogels, the elastic
nature of the DA crosslinks resulted in robust salogels which
could maintain their moduli over a broad temperature range up
to the onset of retro-DA reaction temperature (120 °C) and
showed excellent creep resistance and strain recovery. Impor-
tantly, this work demonstrated the ability of the DA salogel to
shape stabilize a salt hydrate PCM with a high melting
temperature — a property not achievable with previously devel-
oped salogel materials. In addition, the low polymer concen-
tration of 5 wt% in DA salogels had effective energy storage
capabilities, showing heat of fusion retention of the neat PCM
during multiple melting and crystallization cycles. We believe
that the DA crosslinking strategy can be broadly applied to other
salt hydrate PCM families such as chlorides, phosphates,
acetates, etc. and even organic PCMs via a careful choice of
soluble polymer and furan modification strategy. When used
with high-melting point PCMs, the DA salogels can be useful as
a shape stabilizing matrix for energy harvesting in industrial
processes which involve high temperatures in the range of 60—
90 °C. At the same time integration of DA networks with PCMs
having close-to-physiological melting temperatures yields
robust creep-resistant TES materials for applications in
personal thermal management and wearable devices.
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