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Solid–liquid composites (SLCs) combine the properties of solids and liquids, enhancing functionalities and

expanding potential applications. Traditional methods for creating SLCs often face challenges such as low

mass transfer efficiency, difficulty in controlling separation behavior, and substantial waste production.

Herein, we report a new approach to solve these challenges by using disulfide-based responsive

polymeric capsule shells to make liquid-filled monoliths for carbon capture. The capsules are prepared

through interfacial polymerization and contain either non-polar poly(a-olefin)432 or highly polar 1-hexyl-

3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([HMIM][TFSI]) at 74–82 wt%. Upon gentle heating,

the dynamic disulfide bonds of the isolated capsules undergo bond exchange, leading to the fusion of

capsule shells into free-standing monoliths that retain >89 wt% of their liquid core and remain stable for

at least two weeks. These monoliths demonstrate CO2 absorption rates and capacities comparable to

their capsule counterparts; further, in response to radiofrequency (RF), they reach the CO2 desorption

temperature in only ∼31 s. This innovative system addresses the limitations of conventional SLC

fabrication techniques, offering a versatile and practical approach to fusing polymer capsule shells for

applications across separation, energy storage, and carbon capture applications.
1 Introduction

Solid–liquid composites (SLCs) are an emerging class of mate-
rials that combine a liquid phase within a solid matrix (Scheme
1). They can expand the landscape of materials science by
combining the complementary properties of solid, which
provides mechanical support and ease of handling, and liquid,
which provides a distinct solvating environment, ionic
conductivity, or magnetic responsiveness.1–3 These heteroge-
neous structures can take various forms, including discrete
liquid droplets in a solid, co-continuous solid–liquid networks,
patterned liquid channels embedded in solids, or bulk liquids
encapsulated by solids.1 SLCs provide several advantages over
traditional single-phase materials. The combination of liquid
and solid phases allows for enhanced mechanical properties,
such as exibility and toughness, while maintaining functional
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properties intrinsic to the liquid phase, like electrical or thermal
conductivity.4–6 Moreover, the liquids within SLCs can endow
the material with autonomous healing capabilities, as seen in
systems containing healing agent capsules that self-repair upon
mechanical damage.7 Properties can be ne-tuned by adjusting
the liquid loading and droplet size, offering dened perfor-
mance of the composite materials. The unique properties of
Scheme 1 Overview of conventional syntheses of solid–liquid
composites (SLCs, top) and the work presented herein using liquid-
filled capsule shells of dynamic covalent bonds as feedstocks to
produce SLCs (bottom).
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SLCs make them promising candidates for a wide range of
applications, from energy storage to environmental remedia-
tion and advanced electronics.

Recent developments in SLCs have demonstrated their
broad potential. For instance, Ding et al. reported cold-
compressed and sintered micro-structured composites that
amalgamate ceramics and graphite with a eutectic mixture of
lithium and sodium carbonate, effectively addressing the dual
challenges of chemical compatibility and thermal efficiency—
crucial for advancing energy storage solutions.8 Luo and Huang
et al. developed a method to encapsulate ionic liquids (ILs) in
polyurea capsules, simplifying the handling of the viscous ILs as
solid powder and enabling use for the removal of contaminants
from organic solvents or the capture of CO2 without additional
energy input (e.g., stirring), thereby opening new avenues for
environmental remediation.9–11 Extending this line of innova-
tion, Majidi et al. incorporated liquid metal (LM) droplets
within silicone elastomers.6 This combination not only
enhanced exibility and electrical conductivity but also impar-
ted self-healing properties, signicantly boosting the durability
and adaptability of devices in so electronics and robotics.

Methods to produce SLCs primarily include solid–liquid
phase separation, impregnating liquids into porous structures,
and solidifying the continuous phase of emulsions.1 Each
approach presents unique limitations: phase separation
methods oen lack modularity and exhibit poor control over
separation behavior, where small parameter changes can lead
to process failure.12 Creating porous scaffolds followed by
vacuum-assisted liquid inltration frequently results in
substantial liquid waste and increased energy consumption.3

Although solidifying the continuous phase of emulsions offers
a promising route due to well-established emulsion platforms,
this method requires predetermined geometries and mold
fabrication, leading to inefficiencies in liquid feedstock trans-
portation and limiting exibility in SLC production.9,13 Thus,
despite the advantages of SLCs, traditional methods for their
fabrication have many limitations.

To address these limitations, we previously developed an
innovative approach to encapsulate liquids in capsules with
shells containing hindered urea bonds (HUBs), a type of
dynamic covalent bond,14 which enabled fusion of capsule
shells into monoliths upon compaction and mild heating.15,16

This approach offers several advantages over traditional
methods to produce SLCs, including enhanced modularity due
to emulsion-based preparation, minimal waste through theo-
retically complete liquid encapsulation, and on-demand
production. While these benets and the tunable trans-
formation temperature based on HUB steric demands were
noteworthy, the choice of dynamic covalent bond chemistry
limited what types of liquid could be encapsulated. Specically,
cores of pure IL, of interest in carbon capture,11,17–22 could not be
realized because to the core liquid plasticized the polymer shell,
stabilizing an intermediate of bond exchange and thereby
lowering the transformation temperature and compromising
shell stability under ambient conditions. Moreover, an isocya-
nate is an intermediate of bond exchange with HUBs, which is
highly reactive with nucleophiles, including water,14,23,24 and
29750 | J. Mater. Chem. A, 2024, 12, 29749–29762
thus limits the practicality of this chemistry for broader SLC
applications. Therefore, to signicantly expand the possibilities
of transforming liquid-lled capsules into SLCs, the dynamic
covalent chemistry must be agnostic to the identity of the liquid
core and produce capsules that are stable until triggered by an
external stimulus, thus fusing on demand.

Herein, we introduce responsive polyurea capsule shells
containing disulde bonds and use thermally induced bond
exchange to produce SLCs and demonstrate the versatility of
this method with two different core materials: the hydrocarbon
lubricant poly(a-olen)432 (PAO-432) and IL 1-hexyl-3-
methylimidazolium bis(triuoromethylsulfonyl)imide
([HMIM][TFSI]), the utility of the latter was demonstrated in
carbon capture.11,25,26 As depicted in Scheme 1, capsules are
prepared via interfacial polymerization in emulsions by reac-
tion of a diisocyanate with cystamine, a diamine containing
a disulde bond, which is chosen for its dynamic nature and is
widely used in responsive synthetic polymers.27–42 These
capsules contain 74–82 wt% core of either nonpolar PAO-432 or
highly polar [HMIM][TFSI], demonstrating the broad applica-
bility of the approach to different core liquids. Upon gentle
heating (100 to 160 °C), the shells undergo bond exchange,
leading to fusion and formation of a free-standing monolith
that retains >89 wt% of the liquid core and is stable under
ambient conditions for at least two weeks. Thus, the integration
of this dynamic covalent chemistry enables the transformation
of a powdery feedstock into free-standing SLCs of nearly any
desired shape, giving access to systems that can address not
only how composition but also how macroscopic structures,
such as shape and surface area, inuence performance-related
properties. We demonstrate that the IL-containing SLCs
absorb CO2 at comparable rates and capacity to the capsule
feedstock and that the temperature required for CO2 desorption
can be rapidly achieved by applying radiofrequency (RF),
thereby enabling efficient and uniform heating for regeneration
compared to conventional convection heating approaches.43

Notably, the presence of disulde bonds also means these
materials can be destroyed on demand using reducing agents.
The work reported herein showcases the versatility and practi-
cality of this capsule system for producing SLCs, with potential
applications across separations,10,13 energy storage,44–50 carbon
capture,11,17–21 and more.

2 Results and discussion
2.1 Synthesis of capsules

Liquid-lled SLC capsules were synthesized employing aqueous
or non-aqueous emulsions as templates, stabilized by graphene
oxide (GO) or 1-octadecylamine-functionalized graphene oxide
(C18–GO), respectively. Notably, these particle surfactants were
selected with the goal to use them to enhance heating in
response to the application of RF.51,52 Adapted from our prior
reports,10,13 capsule synthesis involved a two-step process: one
monomer (diamine or diisocyanate) was incorporated into the
dispersed phase, and then this was introduced to a dispersion
of GO in water or C18–GO in octane followed by shear mixing to
form an emulsion. Then, a complementary monomer
This journal is © The Royal Society of Chemistry 2024
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(diisocyanate or diamine) was added to the continuous phase,
which initiated step-growth polymerization between the
diamine and diisocyanate at the uid–uid interface, thereby
forming a robust polyurea shell, as depicted in Scheme 2. Two
diisocyanates, isophorone diisocyanate (IPDI) and 1,3-bis(2-
isocyanato-2-propyl)benzene (BZDI), were used, and the
diamine used was cystamine (Cys). For control experiments, i.e.,
capsules with shells that did not contain disulde bonds, IPDI
and ethylene diamine (EDA) were used as monomers following
the same method. Detailed experimental procedures can be
found in the Experimental methods.

To assess the impact of core polarity on the formation of
SLCs and disulde bond exchange, capsules with core liquids of
two distinct polarities, PAO-432 (a non-polar hydrocarbon) and
[HMIM][TFSI] (a liquid salt at room temperature), were
prepared. Sample nomenclature is established based on the
shell and core material, formatted as [diisocyanate]×[diamine]_
[core]. For example, IPDI × Cys_PAO denotes a capsule with
a polyurea shell composed of IPDI and cystamine, encapsu-
lating a core of PAO. Fig. S1† shows optical microscopy images
of all emulsions, with either PAO-432 or [HMIM][TFSI] as the
dispersed phase. Aer interfacial polymerization, 1-propyl-
amine was added to quench residual isocyanates, then capsules
Scheme 2 Top: Schematic of PAO and IL capsule synthesis via nanoshe
monomer B is diamine, and GO stabilized the emulsion; for IL capsule
stabilized the emulsion. Bottom: Chemical structures of the monomers
shells.

This journal is © The Royal Society of Chemistry 2024
were isolated by gravity ltration, and their formation was
initially veried by optical microscopy, as shown in Fig. S2.†
2.2 Characterization of PAO capsules

The structural integrity of the synthesized capsules was rst
established, as any compromises in capsule integrity may lead
to leakage of the encapsulated liquid, potentially undermining
performance in intended applications. The scanning electron
microscopy (SEM) images provided in Fig. 1a–c show the
successful synthesis of the three PAO capsules and their
morphologies, with insets showing individual capsules. IPDI ×
Cys_PAO and IPDI × EDA_PAO capsules are spherical, whereas
BZDI × Cys_PAO capsules are more ellipsoidal. The non-
spherical morphology of the BZDI × Cys_PAO capsules may
originate from the hydrolysis of BZDI by water during shear-
mixing, which produces an amine that can react with equiva-
lents of BZDI, thereby maintaining the ellipsoidal shape of the
emulsion droplets, as seen in Fig. S1b.† A signicant difference
in size distribution between the capsules and their precursor
emulsion droplets is observed. For instance, the diameters of
the IPDI × Cys_PAO capsules ranged from 15 to 100 mm,
whereas the corresponding emulsion droplets varied from 5 to
40 mm (compare Fig. 1a and S1a†). For BZDI + PAO, both
et-stabilized emulsions. For PAO capsules, monomer A is diisocyanate,
s, monomer A is diamine, monomer B is diisocyanate, and C18–GO
and core liquids, along with representative polymer chemistry of the

J. Mater. Chem. A, 2024, 12, 29749–29762 | 29751
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Fig. 1 SEM images of capsules: (a) IPDI × Cys_PAO, (b) BZDI × Cys_PAO, and (c) IPDI × EDA_PAO, with insets showing individual capsules. (d)
Particle size distribution of the PAO capsules from laser diffraction. (e) Offset FTIR spectra of the PAO capsules. (f) TGA weight loss profiles of the
PAO capsules.
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capsules and droplets maintained ellipsoidal shapes, with the
long axes of the droplets extending up to 50 mm (Fig. S1b†) and
those of the capsules reaching up to 75 mm (Fig. 1b). The larger
size of the capsules compared to the emulsion droplets may be
attributed to the accumulation of polymer at the droplet inter-
face during interfacial polymerization, which thickens the
polymer shell and increases the overall size of the capsules,53

and/or coalescence of smaller droplets with larger ones, which
enlarges droplet size concurrent with capsules formation.

To quantify the distribution of capsule size, the PAO-
containing capsules were dispersed in water and character-
ized by laser diffraction. As depicted in Fig. 1d and detailed in
Table 1, the average volume-equivalent diameter was 54.6 ±

50.0 mm for IPDI × Cys_PAO, 51.9 ± 31.0 mm for BZDI ×

Cys_PAO, and 15.3 ± 8.6 mm for IPDI × EDA_PAO. The
disulde-containing capsules had a broad and bimodal size
Table 1 Characterization of PAO capsules

Capsules Emulsion size (mm) Capsule size (mm) Td,5% (°C)

IPDI × Cys_PAO 5–40 54.6 � 50.0 201
BZDI × Cys_PAO 5–50a 51.9 � 31.0 214
IPDI × EDA_PAO 5–40 15.3 � 8.6 202

a Length of the long axes of the droplets. b Monolith analyzed immediately
for 14 days.

29752 | J. Mater. Chem. A, 2024, 12, 29749–29762
distribution, whereas the control capsules had a narrower
distribution. This irregularity in the disulde-containing
capsules suggests the possibility of inter-capsule fusion
during preparation, potentially triggered by addition of 1-pro-
pylamine, which can facilitate bond exchange by breaking the
disulde bonds through nucleophilic attack and forming thio-
late anions.40,54–57 Residual amine groups may also contribute to
unwanted bond exchange at room temperature.

The chemical composition of the PAO-containing capsules
was investigated using Fourier-transform infrared (FTIR) spec-
troscopy (Fig. 1e), and the thermal stability of these capsules
was assessed by thermogravimetric analysis (TGA, Fig. 1f). The
FTIR spectra all displayed characteristic stretching frequencies
associated with polyurea, including N–H stretching and
bending vibrations at approximately 3320 cm−1 and 1560 cm−1,
and C]O stretching at 1635 cm−1. Notably, no peak due to
Fusion temperature (°C)
Capsule liquid
component (wt%)

Monolith liquid
component (wt%)

140 76.6 � 0.5 68.2 � 4.7b (60.2 � 3.9)c

n/a 65.1 � 0.6 n/a
n/a 59.5 � 2.6 n/a

aer preparation. c Monolith le at ambient conditions on the benchtop

This journal is © The Royal Society of Chemistry 2024
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isocyanate (∼2250 cm−1) was observed, indicating complete
consumption of the isocyanate groups. Furthermore, the
capsules exhibited pronounced sp3 C–H stretching vibrations
between 2850 and 2950 cm−1, supporting the presence of the
saturated hydrocarbon (i.e., PAO) in the core.

From TGA data, all PAO capsules showed 5% weight loss
temperatures (Td,5%) at ∼200 °C (201, 214, and 202 °C for IPDI
× Cys_PAO, BZDI × Cys_PAO, and IPDI × EDA_PAO, respec-
tively), as summarized in Table 1. Evaluation of the rst deriv-
ative of the TGA curves reveals twomain degradation events: the
rst event at around 260 °C corresponds to the loss of the PAO
core, and the second peak at higher temperatures (at 304 and
Fig. 2 (a) Cross-sectional SEM image of IPDI × Cys_PAO monolith, (b) S
EDA_PAO post heat treatment; insets showing photos of the materials af
shaped into (d) a star, (e) the state of Texas, and (f) a heart. (g) Stress–st
capsules and fusedmonoliths with the shaded area representing the stand
monolith and (i) IPDI × EDA_PAO capsules after exposure to DTT.

This journal is © The Royal Society of Chemistry 2024
329 °C for IPDI × Cys_PAO and IPDI × EDA_PAO, respectively)
is attributed to the decomposition of the polyurea shell.
Notably, in the case of BZDI × Cys_PAO, the shell degradation
peak overlaps with that of PAO, thus manifesting a single broad
peak. The TGA proles of the shells and cores are summarized
in the ESI (Fig. S3, S4 and Table S1†). Despite general concerns
regarding the thermal stability of many dynamic covalent
bonds,58,59 the responsive capsules showed similar thermal
stability to the control capsules, highlighting that integration of
dynamic disulde bonds into the polyurea shell does not
compromise the thermal stability of the capsules.
EM image of BZDI × Cys_PAO capsules, and (c) SEM image of IPDI ×
ter heat treatment. Optical images of fused IPDI × Cys_PAOmonoliths
rain curve from the compression testing of IPDI × Cys_PAO compact
ard deviation (n= 3). Optical microscope image of (h) IPDI×Cys_PAO

J. Mater. Chem. A, 2024, 12, 29749–29762 | 29753
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2.3 Fusion and destruction of PAO capsules

The dynamic behavior of the PAO capsule shells, particularly
their ability to fuse into cohesive structures or degrade in
response to reducing agents, is pivotal for their application in
smart materials, including structural composites and
controlled release systems.60 We evaluated the fusion of these
capsule shells by loading them into a silicone mold, lightly
tapping to compact, and then subjecting the sample to incre-
mental heating in an oven, at temperatures between 70 to 160 °
C (see Experimental methods for details). SEM images in
Fig. 2a–c show that IPDI × Cys_PAO capsules successfully fused
into a monolithic structure at 140 °C; in contrast, BZDI ×

Cys_PAO capsules and the control IPDI × EDA_PAO capsules
did not fuse into monoliths but retained their original capsule
morphology.

Characterization of the fused IPDI × Cys_PAO structure by
FTIR spectroscopy conrmed the presence of the PAO core and
no distinctive change to the polymers, as shown in Fig. S5a.† The
retention of the liquid core upon fusion was veried and quan-
tied by extracting PAO with hexanes, evaporating hexanes, and
weighing the residue. As highlighted in Table 1, the capsules
were 76.6 ± 0.5 wt% PAO (i.e., pre-fusion), and the monoliths
were 68.2 ± 4.7 wt% PAO (i.e., aer thermally induced shell
fusion). Thus, the core retention aer fusion was as high as 89%.
To assess the long-term stability of the liquid monolith, we le
the IPDI × Cys_PAO monoliths on the benchtop for two weeks.
Aer this period, they still contained 60.2 ± 3.9 wt% PAO, cor-
responding to a 78.6% retention rate compared to the pre-fusion
PAO content. This result demonstrates the efficacy of ourmethod
in creating liquid-containing monoliths with substantial and
prolonged core retention. The versatility of the IPDI × Cys_PAO
monoliths was demonstrated by molding them into various
geometries, such as stars, the state of Texas, or hearts (Fig. 2d–f),
highlighting the potential for custom-shaped applications in
ltration and adsorption systems with enhanced purication
efficiency.61 Compression tests, as illustrated in Fig. 2g, high-
lighted a signicant enhancement in the mechanical properties
of the fused monolith compared to the capsules. The average
compressive modulus of IPDI × Cys_PAO monoliths reached
Fig. 3 (a) Offset solid-state EPR spectra of IPDI × Cys_PAO, BZDI × Cys
shells of IPDI × Cys_PAO, BZDI × Cys_PAO, and IPDI × EDA_PAO. (c)
isolated shells.

29754 | J. Mater. Chem. A, 2024, 12, 29749–29762
1.76 MPa, a substantial increase from the 0.29 MPa measured in
compact capsules without heating. Thus, fusion not only trans-
forms the physical form but also signicantly improves the
mechanical properties.

The disulde bonds within the polymer shell not only give
the ability to fuse the capsules into a monolith, but also enable
shell degradation. Specically, exposure of the capsules/
monoliths to the reducing agent dithiothreitol (DTT) initiated
the reduction of the disulde bonds and, thus, the degradation
of the polyurea and release of the PAO. When the IPDI ×

Cys_PAO monoliths are soaked in water containing DTT, an oil-
in-water emulsion stabilized by GO and fragmented oligomers
is formed (Fig. 2h).15 In contrast, control capsules (IPDI ×

EDA_PAO) lacking disulde bonds maintained their integrity
under the same conditions (Fig. 2i). The ability to degrade the
shells under specic conditions underscores the chemical
responsivity of these materials and their potential utility in
applications requiring controlled release and degradation.

The observation that the disulde-containing shells of BZDI
× Cys_PAO did not form a monolith, despite the application of
elevated temperatures, is surprising. We attribute this anomaly
to the aqueous emulsion preparation process, which could lead
to partial hydrolysis of the isocyanate of BZDI to an amine that
competed with cystamine during shell formation, thus reducing
the number of disulde bonds within the shell that can undergo
exchange. This phenomenon was not observed with IPDI, which
is less susceptible to hydrolysis due to its aliphatic nature, in
contrast to the aromatic BZDI.62 Solid-state electron para-
magnetic resonance (EPR) analysis performed at room
temperature supported this hypothesis; the spectra in Fig. 3a
reveal a strong signal at 3339 G for IPDI × Cys_PAO, indicative
of the presence of unpaired electrons (e.g., formed upon ther-
mally induced homolytic cleavage of the disulde bonds). In
contrast, BZDI × Cys_PAO capsules had a weaker signal at the
same position, suggesting a lower concentration of radicals
which we attribute to fewer disulde bonds, which likely
contributed to the insufficient fusion at elevated temperatures.
The absence of any signal in IPDI × EDA_PAO further high-
lights the lack of dynamic disulde bonds in these capsule
_PAO, and IPDI × EDA_PAO. (b) Offset XPS survey spectra of isolated
High-resolution S 2p peak of IPDI × Cys_PAO and BZDI × Cys_PAO

This journal is © The Royal Society of Chemistry 2024
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shells. The g-value, a dimensionless parameter, indicates the
interaction strength between unpaired electrons and the
magnetic eld. The calculated g-values were 2.002 for both IPDI
× Cys_PAO and BZDI × Cys_PAO, aligning with prior reports of
disulde-containing polymers41,63 and emphasizing the critical
role of disuldes in facilitating inter-capsule fusion and
monolith formation (see ESI eqn (S1) for details†). This g-value
indicates an environment similar to that of a free electron, and
suggests the presence of sulfur-based radicals formed from the
homolytic cleavage of disulde bonds.41,64,65 X-ray photoelectron
spectroscopy (XPS) analysis corroborated these ndings, as the
peak due to the S 2p binding energy (163 eV) was more prom-
inent in the IPDI× Cys_PAO shell, but barely detectable in BZDI
× Cys_PAO, consistent with our hypothesis regarding disulde
bond incorporation (Fig. 3b and c). These analyses also suggest
that aqueous systems provide limited control over the precise
composition, which is crucial for tailoring properties and
functionalities.
2.4 Characterization of IL capsules

In complement to the PAO capsules, IL-containing capsules
could be prepared under water-free conditions and provide
a distinct core environment due to the high polarity of the IL.
Moreover, contrasting the PAO capsules to the IL capsules gives
insight into the inuence of core polarity on capsule
Fig. 4 SEM images of capsules: (a) IPDI × Cys_IL, (b) BZDI × Cys_IL, and
Particle size distribution of the IL capsules determined by laser diffraction
the IL capsules.

This journal is © The Royal Society of Chemistry 2024
morphology and stability, as previously reported for capsule
shells containing hindered urea bonds.15,16 SEM imaging reveals
the morphology of the IL capsules (Fig. 4a–c). BZDI × Cys_IL
capsules, prepared from a non-aqueous emulsion, maintain
a spherical shape (Fig. 4b), whereas the BZDI × Cys_PAO
capsules produced from an aqueous emulsion were ellipsoidal
(Fig. 1b). A comparative analysis with their precursor emulsions
(Fig. S1c and d†) shows a markedly larger size of the capsules,
with droplet sizes ranging from 10–20 mmand capsules∼45 mm,
similar to that observed for the PAO capsules prepared in water.
Laser diffraction analysis quantied the average diameters of
the capsules: 39.4± 40.2 mm for IPDI× Cys_IL, 73.6± 116.5 mm
for BZDI × Cys_IL, and 33.1 ± 20.3 mm for IPDI × EDA_IL, as
shown in Fig. 4d and summarized in Table 2. Similar to the PAO
capsules discussed above, disulde bonds in the capsule shells
led to broader and bimodal size distributions, possibly sug-
gesting that fusion was triggered by 1-propylamine. Addition-
ally, even the non-dynamic IL capsule (IPDI × EDA_IL) showed
slight fusion and loss of spherical shapes (Fig. 4c). This could be
due to the IPDI monomer being soluble in both the dispersed
and continuous phases, which destabilizes the emulsion and
causes irregular shapes.

The IL-containing capsules were characterized by FTIR
spectroscopy and TGA weight loss proles. FTIR spectra veried
the successful consumption of isocyanate groups, indicated by
(c) IPDI × EDA_IL, with insets showing details of individual capsules. (d)
. (e) Offset FTIR spectra of the IL capsules. (f) TGA weight loss profiles of
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Table 2 Characterization results of the IL capsules

Capsules Emulsion size (mm) Capsule size (mm) Td,5% (°C) Fusion temperature (°C)
Capsule liquid
component (wt%)

Monolith liquid
component (wt%)

IPDI × Cys_IL 10–20 39.4 � 40.2 247 100 82.1 � 0.3 80.1 � 1.9a (79.9 � 0.7)b

BZDI × Cys_IL 10–20 73.6 � 116.5 221 160 74.3 � 1.5 71.3 � 2.8 (75.2 � 2.2)
IPDI × EDA_IL 10–45 33.1 � 20.3 246 n/a 80.9 � 0.8 n/a

a Monoliths analyzed immediately aer preparation. b Monoliths le at room temperature on the benchtop for 14 days.
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the absence of peaks at ∼2250 cm−1, and the presence of pol-
yurea, with peaks similar to those observed in the spectra of
PAO capsules (Fig. 4e and 1e). Notably, the IL capsules also
exhibited a peak at 3150 cm−1, attributed to the sp2 C–H
stretching from the imidazolium cation and supporting
encapsulation of IL. The IL capsules all had Td,5% exceeding
220 °C, as shown in Fig. 4f and Table 2. Given the major weight
loss of [HMIM][TFSI] occurred at 432 °C, we ascribed the major
weight loss near and aer 400 °C to the loss of the IL and weight
loss at lower temperatures to be due to decomposition of pol-
yurea shells (e.g., 269 °C for IPDI × Cys_IL, 223 and 272 °C for
BZDI × Cys_IL, and 311 °C for IPDI × EDA_IL). These data
support the structural integrity and stability of IL capsules
under conditions relevant for many applications.

2.5 Fusion of IL capsules

Based on our prior work to use capsules of IL for carbon
capture,11,17–21 we were inspired to evaluate the fusion of IL
capsules into a monolith and its use as a free-standing CO2

absorbent, that could perhaps be used as lters for direct air
capture. Employing the temperature-based fusion method out-
lined above, the IL capsules were compacted and heated to
induce capsule shell fusion. SEM imaging showed that both
IPDI × Cys_IL and BZDI × Cys_IL capsules successfully fused
into monoliths (Fig. 5a and b), which occurred at 100 °C and
160 °C, respectively. In stark contrast, the control IPDI ×

EDA_IL capsules showed no fusion and maintained the original
individual (Fig. 5c), spherical shape, as expected due to the lack
of disulde bonds in the capsule shell. The compressive moduli
of these monoliths were enhanced compared to the capsule
Fig. 5 SEM images of (a) IPDI × Cys_IL and (b) BZDI × Cys_IL cross-se
showing the photos of the materials after heat treatment.

29756 | J. Mater. Chem. A, 2024, 12, 29749–29762
feedstock, as illustrated in Fig. S6.† The compressive modulus
of IPDI × Cys_IL increased from 0.29 to 0.37 MPa, while that of
BZDI × Cys_IL rose from 0.24 to 0.33 MPa. We attribute the less
signicant increase in compressive moduli to the plasticization
of the polyurea by the encapsulated IL.

To visually capture the fusion process, IPDI × Cys_IL
capsules were incrementally heated from 70 °C to 100 °C on
a glass slide under an optical microscope equipped with
a heating stage and camera. The distinct thermal responsivity of
the capsules is documented in Fig. S7a and b† and shown at
10× speed in Videos S1a–d.†When IPDI× Cys_IL capsules were
heated at 70 °C and 80 °C for 10 minutes (Video S1a and b†), no
obvious fusion was observed. However, at 90 °C, liquid expul-
sion from the shells was noticeable aer 2minutes (Video S1c†).
Upon reaching 100 °C, pronounced fusion occurred within 3
minutes, with the capsules losing their original spherical
morphology and merging into one structure (Video S1d†). In
contrast, the IPDI × EDA_IL capsules show no change in shape
(Fig. S5c and d†), underscoring the fusion behavior is depen-
dent on shell composition.

FTIR analysis of the fused monoliths veried the presence of
IL and the polyurea (Fig. S5b and c†). The IL content was
quantied by extraction using dimethyl sulfoxide-d6 (DMSO-d6)
with mesitylene as an internal standard and characterization by
1H NMR spectroscopy (see Fig. S8† and Experimental methods
for details). As summarized in Table 2, the IPDI × Cys_IL and
BZDI × Cys_IL capsules contain 82.1 ± 0.3 and 74.3 ± 1.5 wt%
IL. Aer fusion, most of the core was retained (80.1 ± 1.9 and
71.3 ± 2.8 wt%), with impressive retention rates of 97 wt% and
96 wt% for IPDI × Cys_IL and BZDI × Cys_IL, respectively, with
ction, and (c) IPDI × EDA_IL capsules after heat treatment with insets

This journal is © The Royal Society of Chemistry 2024
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negligible changes even aer 14 days under ambient condi-
tions. This notable retention may be attributed to strong
interactions between the IL and the polyurea shell (e.g., van der
Waals forces and hydrogen bonding), which contrasts with the
gradual loss observed in the PAO monolith due to weaker
interactions between hydrocarbon solvent and the polar poly-
urea shell.

Surprisingly, the temperature required for capsule shell
fusion into a monolith differed in capsules with the same core
liquid. The higher fusion temperature required to fuse BZDI ×
Cys_IL capsules may be attributed to p–p interactions between
the aromatic moieties of the polymer backbone, which could
limit efficient chain mobility and prevent the formation of
bonds between neighboring capsule shells,66 thus necessitating
higher temperatures for comparable levels of fusion. SEM
images of the monoliths with the IL removed support this
hypothesis; IPDI × Cys_IL capsules fused completely, losing
their original texture and showing no artifacts of the capsule
feedstocks (Fig. S9a†), whereas BZDI × Cys_IL capsules gave
monoliths that had obvious spherical shapes (Fig. S9b†). Also
notable is the lower temperature required for fusion of the IL
capsules compared to the PAO capsules; this may be attributed
to: (i) the use of a non-aqueous emulsion to prepare IL capsule
gave higher loading of dynamic bonds; and/or (ii) IL core plas-
ticizes the polyurea shell, stabilizing the transition state of the
disulde bond exchange and reducing the energy barrier for
bond breaking and reformation. Regardless, even though
polymer shells containing disulde bonds can be used to
produce SLCs with varied polarity of the liquid, subtle differ-
ences are observed in shell fusion temperature and stability.

2.6 CO2 capture and RF heating

SLCs containing ILs are employed in a wide array of applica-
tions, from energy storage44,47–50,67 to environmental manage-
ment,9,10,13,48 with their ability to absorb CO2 particularly
notable.11,17–19,21,25,68–73 Our previous studies established that IL
capsules are highly effective CO2 absorbents due to their
increased surface area and enhanced mass transfer rates
compared to bulk, agitated IL.11 Building on these ndings, we
compared the CO2 uptake of the IPDI × Cys_IL and BZDI ×
Fig. 6 (a) Three cycles of gravimetric CO2 absorption and desorption of I
IL (orange). (b) RF heating of the IPDI×Cys_IL monolith (138 MHz at 2.5 W
of the yellow spot). (c) Cyclic heating test of the IPDI × Cys_IL monolith

This journal is © The Royal Society of Chemistry 2024
Cys_IL capsules and their corresponding monoliths to establish
if the latter can be used as free-standing CO2 absorbents (the
capsules must be held in a vessel). The gravimetric CO2 uptake
performance was measured at 1 bar of pure CO2 at 25 °C, and
the results are displayed in Fig. S10.† Notably, IPDI × Cys_IL
exhibited superior CO2 uptake capacity and rate compared to
BZDI × Cys_IL samples, which likely stems from the lower CO2

permeability of the BZDI-based polymer due to p–p stacking, as
previously reported.17 This empirical evidence highlights the
critical impact of small changes in the polymer shell on prop-
erties for CO2 absorption; thus, we focused on the performance
of IPDI × Cys_IL capsules and the corresponding monolith on
CO2 absorption and thermal desorption.

The CO2 uptake and release by IPDI × Cys_IL capsules and
monoliths were evaluated by exposing the sample to a pure CO2

stream (1 bar) at 25 °C until weight gain plateaued (absorption),
then heating the sample to 75 °C under a pure N2 stream until
weight loss plateaued (desorption). Notably, both the capsules
and monoliths demonstrated CO2 uptake capacity surpassing
that of the bulk IL (Fig. 6a). The enhanced capacity can be
attributed to the affinity of the polyurea shell to CO2, due to the
abundance of secondary amine functionalities on the poly-
mer.18 The monolith and capsules exhibited comparable CO2

uptake capacity, both reaching 0.12 mol CO2 per kg of sample
(i.e., polymer and IL combined), although the monolith
required more time to reach full capacity. The extended time
required for monolith to reach saturation compared to the
capsules presumedly results from reduced surface area. Despite
the slower absorption rate, we constantly observed that the CO2

capacity of the monolith slightly exceeded that of the corre-
sponding capsules (Fig. 6a and S10†). We hypothesize that this
enhanced capacity results from the heat treatment during its
formation which not only disrupts disulde bonds but also
hydrogen bond crosslinking between the polyurea chains,
facilitating IL infusion into the shell and expanding the volume
available for CO2 absorption. This heat-induced structural
change might compensate for the lower IL content in the
monolith, resulting in a capacity slightly higher than that of the
capsules. The mechanism of CO2 absorption–desorption in
these monoliths is currently being investigated, but it is clear
PDI× Cys_IL capsules (dark green), monolith (light green), and the bulk
) with inset showing IR image of the heated sample (temperature given
by RF of 138 MHz at 3.2 W.
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that the comparable capacity and rate of uptake underscore the
effectiveness of the monolithic structure in capturing CO2—

a signicant advancement for potential application scalability.
Notably, the monoliths have slightly lower CO2 capacity
compared to previously reported IL capsules, as shown in Table
S2,† it is important to note that this system has not yet been
optimized for CO2 uptake. Ongoing efforts to enhance the
shell's permeability to CO2 are expected to improve its
performance.

In addition to efficient CO2 capturing, a critical challenge for
such systems is the energy-efficient release of CO2.74 This is
commonly achieved by bulk convection heating, which requires
infrastructure and is not typically energy efficient.43,75 Motivated
by this need, we envisioned that RF heating of the monolith
could occur due to the integrated GO-based nanosheets. C18–

GO nanosheets were used as surfactants in the emulsion
templates during preparation and then reduced to reduced
graphene oxide (rGO) during the subsequent heat treatment to
form the monolith. Thus, nanosheets serve dual roles as
surfactants and conductive particles. When subjected to an RF
eld of 138 MHz at 2.5 W, the IPDI × Cys_IL monolith reached
the temperature necessary for CO2 desorption (75 °C) in just 31
seconds (Fig. 6b). When the application of RF was stopped, the
monolith quickly cooled to room temperature and was thus
ready for another CO2 absorption cycle (e.g., within 105
seconds). Importantly, RF heating to a higher temperature of
85 °C with a power of 3.2 W over six cycles was demonstrated,
without any discernible detriment to the structure or heating
efficiency, as demonstrated in Fig. 6c. Thus, the SLC monoliths
enable RF to achieve rapid temperature swing, which is crucial
for efficient CO2 desorption and setting the stage for further
development of these composite materials.

3 Conclusion

This study introduces an innovative responsive capsule system
that incorporates disulde bonds into polyurea shells and their
temperature-induced fusion into monoliths for carbon capture,
marking a signicant development of high stability, high liquid
content SLCs. Demonstrating the ability to encapsulate liquid
cores ranging in polarity from nonpolar PAO to highly polar IL,
these capsules exhibit a unique capability for inter-shell fusion,
resulting in free-standing, structurally intact, and mechanically
robust liquid monoliths that maintain >89 wt% of the encap-
sulated liquid. This presents a novel pathway for craing SLCs
with high loading comparable to polyHIPEs (polymers synthe-
sized from high internal phase emulsions).76 Furthermore, IL-
containing monoliths, prepared from the IDPI × Cys_IL
capsule feedstock, demonstrated effectiveness in carbon
capture, achieving CO2 absorption capacity surpassing the
unencapsulated IL and comparable to the capsules. The rapid
efficiency of RF heating brings the monolith to the CO2

desorption temperature within only 31 seconds, enhancing the
practicality of the system. The adaptability of this system is
further illustrated through the successful employment of an IR
heating lamp to achieve capsule fusion, as depicted in Fig. S11,†
indicating potential compatibility with selective laser sintering
29758 | J. Mater. Chem. A, 2024, 12, 29749–29762
(SLS) 3D printing techniques. Taken together, this work not
only advances SLC development by elucidating the complex
interplay between core substances, shell compositions, and
manufacturing processes but also opens avenues for applying
responsive materials in making SLCs to address environmental
challenges and beyond.
4 Experimental methods
4.1 Materials

Graphite akes, sulfuric acid (H2SO4), potassium permanganate
(KMnO4, $99%), 1-propylamine (98.0%), isophorone diisocya-
nate (mixture of isomers, 98%), cystamine dihydrochloride
(96%), dichloromethane (DCM), ethylenediamine ($99%), and
hexanes ($98.5%) were purchased from Sigma-Aldrich. N,N-
Dimethylformamide (DMF, anhydrous, $99.8%), hydrogen
peroxide (H2O2, 30% w/w in water), isopropanol ($99.5%), and
toluene ($99.5%), were from Fisher Scientic. 1,3-Bis(2-
isocyanato-2-propyl)benzene (BZDI, $97.0%) was purchased
from VWR. Potassium hydroxide (KOH), octane (99.0%), and
dithiothreitol (99%) were from Oakwood Chemical. 1-Octade-
cylamine was obtained from Alfa Aesar. 1-Hexyl-3-
methylimidazolium bis(triuoromethylsulfonyl)imide
([HMIM][TFSI], 99.0%) was purchased from Iolitec. PAO was
received from ExxonMobil and Chevron Phillips Chemical
Company. All reagents except cystamine dihydrochloride were
used as received without further purication.
4.2 Instrumentation

Fisher brand ultrasonic bath (model CPX 3800) and vortex
(model 9454FIALUS) were used along with a Thermo Scientic
centrifuge, model 75005703. A waring commercial blender
(model 7010S) was used to blend GO akes. Emulsication was
performed by a hand-held tissue-tearor from Biospec Product
Inc. (model 985370). Fourier transform infrared (FTIR) spec-
troscopy was performed using a JASCO FTIR spectrometer,
model FTIR-4600LE MidIR with a diamond-coated ZnSe crystal
in ATR mode. A Cressington 108 Sputter Coater was used for
sputter coating. SEM and EDS analysis was performed on
a TESCAN VEGA SEM equipped with an Oxford Instruments
EDS system. Particle size analysis was conducted on a Horiba
Partica LA-960 particle sizer on samples of capsules dispersed in
water. TGA was run using a TGA 5500 instrument from TA
Instruments under N2, and samples were heated to 100 °C (20 °
C min−1), held for 5 minutes, and heated to 600 °C (10 °
C min−1). Compression tests were achieved using a DMA 850
instrument with a compression clamp. 1H NMR spectroscopy
(for IL percentage measurement) was done using Avance NEO
400 instruments with mesitylene as the internal reference and
DMSO-d6 as the solvent. Solid-state EPR on capsules was done
using a Bruker Elexsys E500 console with a standard resonator.
Optical microscopy images were taken using a microscope from
Amscope equipped with an A35180U3 camera from Amazon,
and the PE120 heating stage apparatus was coupled to a T96
Linkpad Controller and a water circulation pump from Linkam
Scientic. The RF elds were generated using a co-planar
This journal is © The Royal Society of Chemistry 2024
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stationary RF applicator and a signal generator (RIGOL
DSG800). The eld was amplied using an RF power amplier
(Minicircuits HL-100W-GAN+). A cylindrical monolith with
a diameter of ∼5 mm and a height of ∼2 mm was used during
all experiments, and the real-time temperature was recorded
using a thermal camera (FLIR Systems, A655sc). The sample was
exposed to 138 MHz at 2.5 W for a regular heating test. The
same ILmonolith was exposed to an on-and-off RF heating cycle
at 138 MHz and 3.2 W for the cyclic heating test, repeated across
six cycles. XPS was performed using an Omicron X-ray photo-
electron spectrometer employing an Mg/Al sourced X-ray beam.

4.3 Synthesis of GO and C18–GO

The synthesis of GO followed a modied Hummer's method.77

Graphite akes (3.0 g) were dispersed in sulfuric acid (400 mL).
Then, potassium permanganate (KMnO4, 3.0 g) was added to
oxidize the graphene sheets. The potassium permanganate (3.0
g) was added every 24 hours, four times in total. The whole
process was performed at room temperature. Aer four days,
the reaction was poured into an ice bath, and excess KMnO4 was
quenched by adding aqueous hydrogen peroxide dropwise until
the solution turned translucent, with stirring, to prevent over-
heating. The product was isolated by centrifugation and then
washed with isopropanol until litmus paper showed a neutral
pH. Finally, the GO akes were dried under reduced pressure at
room temperature overnight and blended into powder before
being stored at 4 °C.

To prepare C18–GO, GO (100 mg) was dispersed in DMF (50
mL). The GO dispersion was then added to a 1-octadecylamine
solution in DMF (50 mL, 8 mg mL−1), and the mixture was
heated to 50 °C overnight. The mixture was subsequently
washed with toluene until 1-octadecylamine was no longer
detectable in the supernatant by FTIR analysis. Finally, the
dispersion medium was changed to octane, and the concen-
tration was adjusted based on the original amount of GO used.

4.4 Synthesis of cystamine

Cystamine was recovered from its dihydrochloride salt using
a procedure reported in the literature.39 Cystamine dihydro-
chloride (6.0 g, 26.6 mmol) was dissolved in distilled water (75
mL). Potassium hydroxide (KOH, 4.5 g) was then added to the
solution and stirred at room temperature for 15 minutes. The
mixture was extracted with dichloromethane (DCM) three
times, and the combined organic layers were dried over sodium
sulfate (NaSO4). A pale-yellow oil was obtained (yield: 96%) aer
drying under vacuum. 1H NMR (400 MHz, CDCl3) d 1.31 (br s,
4H), 2.76 (t, 4H), 3.02 (t, 4H).

4.5 Synthesis of the disulde responsive capsules in aqueous
emulsions

For the synthesis of IPDI × Cys_PAO capsules, PAO (dispersed
phase, 1.0 mL) was combined with isophorone diisocyanate
(IPDI, 273 mL, 1.29 mmol) in a 20 mL vial. Graphene oxide (GO)
in water dispersion (5 mL, 2 mg mL−1) and saturated brine (50
mL) were added and homogenized using a hand-held tissue
tearor for three consecutive cycles of 20 seconds with 15 second
This journal is © The Royal Society of Chemistry 2024
intervals to form an oil-in-water (o/w) emulsion. Deionized
water (0.5 mL) was used to dilute the emulsion, and cystamine
(253.2 mg, 1.66 mmol) in water (1.25 mL) was added to the
continuous phase, followed by hand swirling. Aer capped, the
reaction mixture was le undisturbed for three days. Then,
7 vol% aqueous solution of 1-propylamine (40 mL) was added,
and the mixture was allowed to react for an additional 24 hours.
The capsules were then isolated by gravity ltration, washed
with water until neutral ltrate was obtained, and dried under
reduced pressure at room temperature for 120 hours. For BZDI
× Cys_PAO capsules, 1,3-bis(1-isocyanato-1-methylethyl)
benzene (BZDI, 300 mL, 1.30 mmol) was used as the diisocya-
nate monomer; for IPDI × EDA_PAO capsules, ethylene
diamine (111 mL, 1.66 mmol) was used as the diamine
monomer.

4.6 Synthesis of the disulde responsive capsules in non-
aqueous emulsions

Following the procedure outlined for aqueous emulsions, the
non-aqueous synthesis of IPDI× Cys capsules commenced with
mixing the [HMIM][TFSI] (dispersed phase, 1.0 mL) with cyst-
amine (198mg, 1.30 mmol) in a 20 mL vial. C18–GO dispersed in
octane (5 mL, 2 mg mL−1) was added and homogenized using
a hand-held tissue tearor, following the same cycle timings to
create an IL/o emulsion. Aer dilution with octane (0.5 mL),
IPDI (369 mL, 1.66 mmol) in octane (1.25 mL) was added, and
the mixture was le to stand for three days, mirroring the
aqueous capsule synthesis timing. Then, the mixture was
quenched using 7 vol% octane solution of 1-propylamine (40
mL), ltered, and washed with hexanes until neutral. The
capsules were then vacuum-dried at room temperature for 12
hours. For BZDI × Cys_IL capsules, 1,3-bis(1-isocyanato-1-
methylethyl)benzene (BZDI, 383 mL, 1.66 mmol) was used as
the diisocyanate monomer; for IPDI × EDA_IL capsules,
ethylene diamine (87 mL, 1.30 mmol) was used as the diamine
monomer.

4.7 Capsule fusion experiments via an oven or IR irradiation

For all liquid-core capsules, the capsule powders were tapped
into a siliconemold and heated in an oven for 10minutes at 70 °
C. If no fusion occurred, the temperature was increased by 10 °C
increments, with each increment followed by an additional 10
minutes of heating. The fusion temperature was dened as the
temperature at which the capsules fused aer 10 minutes of
heating. This process was continued up to a maximum
temperature of 160 °C. A 250 W IR lamp was used as the heat
source for the irradiation-induced fusion experiments. The
experiment setup was depicted in Fig. S11a.†

4.8 Determining wt% IL via 1H NMR spectroscopy

A known mass (15–50 mg) of ionic liquid (IL) capsules or
monoliths was added to 1 mL of mesitylene in DMSO-d6 solu-
tion (approximately 0.05 M). The IL was extracted from the
capsules by vortexing for 10 seconds, followed by sonication for
10 seconds, repeated alternately 3 times. A PTFE syringe lter
(0.22 mm pore size) was then used to remove capsule shells.
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From the 1H NMR spectrum, the integral ratio of the N-methyl
of [HMIM][TFSI] (3.84 ppm) to the methyl of mesitylene (2.21
ppm) was obtained to calculate IL wt%. Each measurement was
repeated three times.

4.9 Determining wt% of PAO via mass difference

A known mass (15–50 mg) of PAO capsules and monoliths was
dispersed in hexanes. Then, the same extraction and ltration
were performed as described above. The resulting solution was
subjected to rotary evaporation, followed by vacuum drying
overnight. The mass of the core material was subsequently
determined. Each measurement was repeated three times.

4.10 Degradation of monolith and capsules

Approximately 30 mg of monolith or capsules and 20 mg of
dithiothreitol were placed in a 4 mL vial containing 2 mL of
water. The entire mixture was heated at 60 °C for 30 minutes
without stirring.

4.11 SEM sample preparation

A 5 mm × 5 mm piece of conductive carbon double-sided tape
was attached to a stub (12.7 mm in diameter and 8 mm pin
length), which was used as the sample substrate. The samples
were placed onto the conductive carbon double-sided tape and
subsequently sputter-coated with a 10 nm layer of gold (Au).
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