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ABSTRACT: Capsules with responsive shells that, for example, can be destroyed to
release a payload or fused together to create a monolith are needed to improve
performance in, for example, controlled release, material storage/transport, molecular
separation, and so on. Most commonly, these shells contain pH-responsive functional
groups or temperature-responsive polymers and undergo changes in shell permeability, for
example, upon decreased pH or increased temperature. Herein, we report a new approach
to fabricating responsive capsules for controlled fusion or destruction by the incorporation
of hindered poly(urea-urethane) chemistry into capsule shells. Using a non-aqueous
Pickering emulsion as a template, we demonstrate that interfacial polymerization between
three different secondary diamines and four different diisocyanates can be used to prepare
capsules with a core of polar oil (N,N-dimethylformamide, DMF) or a mixture of DMF
and ionic liquid (IL) with shells containing hindered urea bonds that undergo dynamic
bond exchange in response to slightly elevated temperatures. For the capsules in which the
core is oil, the temperature of responsivity is based on the hindrance of the diamine (35,
55, or 80 °C), consistent with the bulk polymer, and supported by variable-temperature Fourier transform infrared spectroscopy. In
contrast, for capsules in which the core contains IL, the temperature required is significantly decreased, suggesting that the shell is
plasticized with the core liquid. Heating isolated capsules to the relevant temperature leads to capsule shell fusion into a monolith,
whereas addition of a primary amine to dispersed capsules at elevated temperature leads to shell destruction. Scanning electron
microscopy (SEM) and optical microscopy were used to confirm the morphology of capsules, monoliths, or emulsion droplets, and
focused ion beam-SEM was utilized to demonstrate the core-shell structure of the capsules. Furthermore, comparison of mechanical
tests of the capsules and fused monoliths highlight the importance of bond exchange on bulk properties. This work demonstrates
that capsule shells containing dynamic covalent bonds are a new exciting class of materials that can be used to tailor morphology
beyond the traditional use of responsive shells to change permeability.

■ INTRODUCTION
Capsules with responsive shells have earned increasing
attention in the past decades because of their promising
applications in targeted delivery,1,2 controlled release,3−6

energy transport/storage,7 etc. To impart capsule shells with
chemical bond dynamicity, researchers have established various
methodologies, including incorporating stimuli-responsive
small molecules or anchoring reactive molecules and initiators
onto the shell.8−11 For instance, Kitayama and Harada
prepared capsules via interfacial photo-crosslinking of 2-
diethylaminoethyl methacrylate and 2-cinnamoylethyl meth-
acrylate, where protonation and deprotonation of the tertiary
amine group controlled the shrinking and swelling of the
capsules and thus cargo release.9 Additionally, polymer
capsules with surface morphology responsive to temperature
were successfully constructed by Zeng et al. by depositing
polydopamine functionalized with 2-bromoisobutyryl bromide
onto SiO2 particles, followed by surface-initiated growth of
poly-N-isopropylacrylamide.10 Yao et al. prepared “gated”
capsule shells with reversible pore formation controlled by a
photo-sensitive azobenzene-containing surfactant, which could

eliminate excessive reactive oxygen in cellular biomolecules
upon the release of encapsulated cysteamine.11 Most studies in
the area of responsive capsule shells focus on employing
reactive small molecules, functional groups, and stimuli-
responsive polymers for configuration change. Motivated to
expand capsule versatility and to equip capsule shells with
multiple transformation pathways (e.g., shell bonding in a solid
state, morphology change with easy-to-apply stimuli), we
sought to prepare capsules with polymeric shells containing
dynamic covalent bonds and demonstrate both inter-capsule
crosslinking into monoliths and destruction of capsule shells.
Generally, capsules are synthesized by one of three ways: (1)

the hard-template method12−14 or shell formation on a
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sacrificial core and then core removal, (2) the soft-template
method15−17 or interfacial polymerization within an emulsion,
or (3) the microfluidic method18 where liquid monomers are
crosslinked at an emulsion droplet interface produced in flow.
Among these, the soft-templated method has garnered
significant attention due to a relatively simple experimental
procedure and lack of need for complicated infrastructure or
template removal. For example, Yi et al. fabricated micro-
capsules through interfacial and in situ polymerization of a
melamine formaldehyde prepolymer in an oil-in-water
emulsion stabilized by lignin nanoparticles.19 The capsules
were loaded with isophorone diisocyanate and then incorpo-
rated into an epoxy resin, with the capsules holding a “healing
agent” for damage. In a similar vein, Weiss et al. successfully
produced capsules with cores of ionic liquid (IL) using IL-in-
water emulsions stabilized by lignosulfonic acid; in this case,
polycondensation of tetraethoxysilane at the fluid−fluid
interface gave a silica shell and the capsules were used for
the heterogenization of a palladium catalyst for hydrogenation
of alkynes.20 Furthermore, Landfester and colleagues prepared
glycerol-encapsulated nanocapsules through interfacial poly-
addition of glycerol and toluene diisocyanate using an oil-in-
water emulsion stabilized by polyglycerol polyricinoleate,
where the capsules can be used for improving the lubricant
performance in metal−metal contact cases.21 Additionally, the
Pentzer group constructed capsules from Pickering emulsions
stabilized by 2D particles using interfacial polymerization
between diisocyanate and diamine in oil/water,22 oil/oil,23 IL/
water,15 and IL/oil15 systems, with the identity of the two
phases dependent on the nanosheet functionalization. Using
these systems, Luo et al. and Edgehouse et al. produced

capsules with composite shells of polyurea and nanosheets and
cores of IL or polyalpholefin for use in CO2 uptake

24,25 and
benzene removal from water,22 respectively. The ability to
tailor not only the composition of the shell and core of the
capsules but also their responsiveness to external stimuli will
have broad impact across many fields.
Dynamic covalent bonds (DCBs) undergo efficient bond

exchange through an associative or dissociative mechanism in
response to an external stimulus.26,27 The most prevalent DCB
mechanisms are based on boronic esters,28,29 disulfides,30,31

imines,32 Diels-Alder (D-A) adducts,33,34 and olefin meta-
thesis35 reactions. When incorporated into polymers, DCBs
can be used to tune stimuli-responsive properties and produce
materials for specific applications.36 For example, Accardo and
Kalow successfully achieved a photocontrolled hydrogel which
underwent softness-stiffness variation based on boronic ester
crosslinking.37 Alternatively, Konkolewicz et al. fabricated
dynamic interpenetrated networks by combining thermo-
responsive D-A reactions and hydrogen bonds, where the
materials showed great self-healing capabilities and the
mechanical properties were adjusted by changing the cross-
linker content and chain length.38 Similarly, the Sukhishvili lab
employed D-A chemistry to prepare a 3D printable self-healing
and reprogrammable material.39 One intriguing type of DCB is
the hindered urea bond (HUB)40−42 or ureas formed by the
reaction of a secondary amine and isocyanate. In contrast to
ureas produced by the reaction of a primary amine and
isocyanate, HUBs are thermally reversible (Scheme 1A). Such
dynamicity is attributed to the disruption of the planarity of the
urea bond due to the presence of a relatively bulky group
attached to the nitrogen atom.43,44 The specific mechanism of

Scheme 1. (A) Illustration of Irreversibility and Reversibility of Non-Hindered and Hindered Polyurea Chemistries,
Respectively; (B) Schematic of Capsule Preparation, Isolation, and the Use of the Dynamicity of the HUBs in the Capsule
Shell to Produce Monoliths or Destroy Capsule Shells
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reversion of the HUB to the secondary amine and isocyanate is
still not clear and may be associative or dissociative based on
reaction conditions (solvating environment, presence of a
catalyst, identity of amine and isocyanate, etc.).45−47 To date,
HUBs have been incorporated into bulk polymers and used for
self-healing, shape memory, and in coating materials. For
example, Ying et al. prepared a hindered poly(urea-urethane)
which can recover up to 87% of its original mechanical
strength after cutting and healing at 37 °C for 12 h.44 Likewise,
Sun and co-authors incorporated HUBs into PDMS; with the
addition of a graphene filler, a healable and recyclable
conductive composite was produced.48 To date, the focus of
DCBs in polymers has been in bulk systems.
This research presented herein focuses on the application of

dynamic covalent chemistry in polymer capsule shells, rather
than bulk polymers, providing a new class of responsive
material constructs. We report the production of capsules
containing composite shells of hindered poly(urea-urethane)s
(HPUU) templated by water-free Pickering emulsions
stabilized by graphene oxide (GO)-based nanosheets and
examine the temperature-responsive features of capsules with
different shell composition and core materials. This builds
upon our recent communication that capsule shells prepared
with isopropyl ethylenediamine and diisocyanate can have
dynamic exchange ability.23 Capsules with a liquid core and
DCB-containing shell undergo bond exchange to give
monoliths, or destruction to produce simple emulsions
(Scheme 1B). The use of non-aqueous emulsions ensures
that diisocyanate monomers can be used without hydrolysis by
water. Dynamic capsules with different temperatures of
response were obtained by controlling both the steric demands
of the amines and the identity of the liquid core. Capsule shell
fusion provides a new route to transform a powder into a
monolith, which can enable handling of the liquid as a solid
and is relevant for integration of liquids into applications that
require dry feedstock.49 Additionally, these dynamic capsules
could also find use as feedstocks for producing composites by
additive manufacturing (e.g., direct ink writing50,51), without
the use of high temperature, high pressure, or UV irradiation.
Alternatively, shell destruction can be used to release capsule
contents. This new approach to responsive polymer capsule
shells has applications across energy storage/transport,
controlled release, and additive manufacturing and should be
applicable to other emulsion systems, 2D particles, and
reagents.

■ EXPERIMENTAL SECTION
Materials. N,N-Di-tert-butyl ethylenediamine (DTEDA, >98.0%)

was from TCI Chemical. N,N-Di-isopropyl ethylenediamine (DIEDA,
99.0%), hexamethylene diisocyanate (HDI, ≥99.0%), dibutyltin
diacetate (DBTDA), graphite flakes, sulfuric acid (H2SO4), potassium
permanganate (KMnO4, ≥99%), propylamine (98.0%), and hexane
(≥98.5%) were all purchased from Sigma Aldrich. N,N-Di-ethyl
ethylenediamine (DEEDA, 95.0%), 1,3-bis(isocyanatomethyl)-
cyclohexane (CHDI, ≥99.0%), m-xylylene diisocyanate (mXDI,
≥98%), N,N-dimethylformamide (DMF, anhydrous, ≥99.8%), tetra-
(ethylene glycol) (TEG, 99.0%), triethanolamine (TEA, ≥98.0%),
hydrogen peroxide (H2O2, 30% w/w), hexylamine (99%), dodecane
(≥99.0%), isopropanol (≥99.5%), toluene (≥99.5%), and DMF
(≥99.8%) were all bought from Fisher Scientific. 1,3-Bis(2-
isocyanato-2-propyl)benzene (BZDI, ≥97.0%) was purchased from
VWR. Octadecylamine (95.0%) and octane (99.0%) were from
Oakwood Chemical . 1-Hexyl-3-methyl imidazolium bis-
(trifluoromethylsulfonyl)imide ([Hmim][TFSI], 99.0%) was pur-

chased from Iolitec. All reagents were used as received, without
further purification.

Instrumentation. Reagent homogenization for bulky polymer
synthesis was achieved by a Conditioning Mixer purchased from
Thinky Corporation (model AR-100). Sonication was done through
an ultrasonic bath (model CPX 3800) and vortexing was
accomplished by a vortex (model 9454FIALUS), where both were
from Fisherbrand. Centrifugation was performed by a centrifuge from
Thermo Scientific, model 75005703. Blending of GO flakes was done
using a Waring Commercial blender (model 7010S). Emulsification
was completed by a hand-held tissue-tearor from Biospec Product Inc.
(model 985370). Optical microscopy images were taken using a
microscope from Amscope attached with an A35180U3 camera from
Amazon. Fourier transform infrared (FTIR) spectroscopy was
performed using a JASCO FTIR spectrometer, model FTIR-4600LE
MidIR. Variable-temperature FTIR (VT-FTIR) spectroscopy was
performed using the JASCO FTIR equipped with a varied-
temperature setup (Figure S1), where power source (brand
SmoTecQ, model 4336304932), variable resistor (manufacturer
Elenco Electronics Inc., model RS500), test lead set (manufacturer
Elenco-THI, model TL-16), heating plate (brand Zerodis, model
Zerodis7i2r1quwgt-02), and IR resolution thermal camera (manu-
facturer Xintest, model HT-A2) were all from Amazon. Compression
test was achieved using a DMA 850 instrument, and TGA was carried
out using a TGA 5500 instrument from TA Instruments in the Soft
Matter Facility at Texas A&M University. 1H NMR for IL percentage
measurement was done using Avance NEO 400 instruments. Sputter
coating was done by a Cressington 108 Sputter Coater, and scanning
electron microscopy (SEM) characterization was performed using a
Tescan Vega3 instrument in the Microscopy and Imaging Center at
Texas A&M University. Focused ion beam (FIB)-SEM was done
using a Tescan LYRA-3 Model GMH Focused Ion Beam Microscope
in the Materials Characterization Facility and a FEI Helios Nanolab
460F1 Dual-Focused Ion Beam Microscope in the AggieFab
Nanofabrication Facility at Texas A&M University.

Synthesis of Graphene Oxide. The preparation of GO was
achieved through a previously published modified Hummer’s
method.52 Concisely, graphite flakes (1.0 g) were first mixed with
H2SO4 (133.0 mL), followed by very slow addition of KMnO4 (1.0
g). The addition of KMnO4 (1.0 g) was repeated 3 times at 24 h
intervals, and the reaction was kept at 25 °C during the whole
synthesis process, after which a purple product was obtained. The
reaction was quenched by slowly pouring the purple mixture into ice
water (1.0 L), accompanied by continuous stirring, followed by
dropwise addition of H2O2 until the color of the mixture turned light
brown. The brown product was washed with isopropanol until litmus
paper showed the pH reached nearly neutral. The final product was
dried under reduced pressure at room temperature, and the dried
flakes of GO were blended into powder which was stored at 2−8 °C.

Synthesis of Octadecylamine-Functionalized Graphene
Oxide (C18−GO). C18−GO was synthesized through a method
previously reported by the Pentzer lab. Initially, GO powder (96.0
mg) was dispersed in DMF (40.0 mL) by sonication, and
octadecylamine flakes (0.9 g) were dissolved in DMF (60.0 mL) by
stirring at 60 °C. Then, GO dispersion and octadecylamine solution
were mixed and stirred at 55 °C for 30 min, followed by
centrifugation to remove DMF and get dark brown precipitate. The
precipitate was redispersed in toluene (50.0 mL) and mixed with
another batch of octadecylamine (3.0 g dissolved in 50.0 mL of
toluene). The mixture was stirred overnight at 55 °C, after which the
dark brown precipitate was washed with toluene (100.0 mL) and
octane (50.0 mL) twice. The final product was dispersed in 48.0 mL
of octane to prepare a 2.0 mg/mL (standard by parent GO) C18−
GO/octane dispersion.

Preparation of Capsules from DMF-in-Octane and DMF/IL-
in-Octane Emulsion Templates. Taking the DTEDA × HDI
capsule as an example, synthesis steps were as follows. Anhydrous
DMF (dispersed phase, 0.4 mL) was charged in a vial with the
addition of HDI (115 μL, 0.718 mmol), TEG (68 μL, 0.393 mmol),
and TEA (7.6 μL, 0.057 mmol). Reagents were homogenized under

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c00415
Chem. Mater. 2022, 34, 5821−5831

5823

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00415/suppl_file/cm2c00415_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


vortex for 30 s. 2.0 mL of C18−GO/octane dispersion (2.0 mg/mL)
was then added to the vial, followed by emulsification using a hand-
held tissue-tearor for 25 s at maximum power to get a DMF-in-octane
emulsion. Next, DTEDA (0.231 mmol, 50 μL) was dissolved in
octane (0.5 mL), and the solution was added dropwise into the
continuous phase (octane) of the obtained emulsion while swirling by
hand. Finally, 0.7 μL of DBTDA was added. The emulsion was stored
at 2−8 °C for 72 h for the completion of interfacial polymerization,
after which the mixture was flushed with hexane. The reaction was
then quenched by propylamine at 2−8 °C, and hexane was employed
to remove extra propylamine. Finally, dry capsule powder was
obtained under reduced pressure at ∼5 °C. Capsules were stored at
2−8 °C to prevent undesired bond exchange. All other capsules were
synthesized through the same procedure with adjusted diamine and
diisocyanate amounts which can be found in Table S1. DMF/IL-in-
octane-templated capsules were also achieved from the same method,
where 0.1 mL of [Hmim][TFSI] was dissolved in 0.3 mL of DMF.
Capsule Shell Fusion and Destruction. Capsule shell fusion

was performed by charging ∼30 mg of capsules in a vial, where
capsules were compacted through solvent (hexane) evaporation.
Compacted capsules were heated (35 °C for DTEDA × HDI/CHDI/
BZDI/mXDI capsules, 55 °C for DIEDA × HDI/CHDI/BZDI/
mXDI capsules, and 80 °C for DEEDA × HDI/CHDI/BZDI/mXDI
capsules) on a hot plate using a heating block for 24 h, after which
dark monolithic samples can be observed. Capsule shell destruction
was achieved by adding 400 μL of hexylamine to 30 mg capsules
which were dispersed in 2 mL of octane and heating for 24 h at
corresponding temperatures mentioned above.
Synthesis of Bulk Polymers. Bulky polymers were synthesized

through a modified method previously reported from the Cheng
group.46 Taking the DTEDA × HDI bulky polymer as an example,
the specific procedure was as follows. First, anhydrous DMF (0.17
mL, 2.1 mmol) was mixed with HDI (0.66 mL, 4.1 mmol) in a vial

under stirring in an ice bath. Next, DTEDA (0.29 mL, 1.3 mmol) was
added dropwise into the HDI/DMF mixture with the temperature
strictly controlled at 0 °C. After adding the amine, the mixture was
kept at 0 °C and stirred for 20 min. TEA (0.045 mL, 0.34 mmol),
TEG (0.39 mL, 2.3 mmol), and DBTDA (0.0037 mL, 0.014 mmol)
were then added to the above mixture, and all the reagents were
homogenized using the Thinky Mixer at 400 rpm for 2 min. The final
mixture was cured at room temperature under nitrogen gas protection
overnight and then at 60 °C for another 12 h. Finally, a light yellow,
transparent solid was obtained.

The synthesis of the DEEDA × HDI bulky polymer was performed
following the same procedure with the amount of DEEDA as 0.18 mL
and curing at 80 °C.

Compression Test for the Monolithic Sample and Capsule
Powder. 30 mg DTEDA × mXDI capsule powder was put into a KBr
pellet mold, through which a cylinder sample was obtained, as shown
in Figure 6C (left). The cylinder sample was carefully moved to the
DMA testing stage to avoid sample collapse. For the monolithic
sample, 30 mg DTEDA × mXDI capsule powder was also put into the
KBr pellet mold but followed by heating in a vacuum oven at 35 °C
overnight, after which a dark monolithic sample was obtained (Figure
6B left). Samples were compressed from 0 to 45% strain at a rate of
45% per min.

VT-FTIR Spectroscopy. VT-FTIR measurement was achieved
through a setup as shown in Figure S1. A power supply, variable
resistor, heating film, and test lead set were connected to compose a
variable-temperature device which was attached to the JASCO FTIR
instrument. The temperature was controlled by adjusting the variable
resistor and was real-time detected by an IR resolution thermal
camera. When the desired temperature was achieved, samples were
held at the temperature for 5 min before measurement was carried
out.

Figure 1. CHDI × DTEDA/DIEDA/DEEDA capsules with the DMF core: (A) Optical microscopy images of individual capsules redispersed in
dodecane (i−iii), SEM images of monoliths (iv−vi), and optical microscopy images after shell destruction (vii−ix), scale bars are 50 μm; (B) FTIR
spectra; and (C) TGA curves.
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Determining wt% IL Using 1H NMR Spectroscopy. Measure-
ment of IL% was achieved by extracting the [Hmim][TFSI] out of
capsules using acetone-d6 and calculated using mesitylene as an inner-
standard content. Briefly, 42.9 mg mesitylene was dissolved in 7.0 mL
of acetone-d6, followed by ∼20.0 mg capsules which were dispersed in
1.0 mL of mesitylene/acetone-d6 solution. The mixture was then
vortexed for 10 s and sonicated for 10 s alternately 3 times. A PTFE
syringe filter (25 mm in diameter, 0.22 μm pore size) was then used
to remove capsule shells, and a clear solution was obtained. From the
1H NMR spectrum, the peak integral ratio of the N-methyl of
[Hmim][TFSI] (3.65 ppm) to the methyl of mesitylene (2.09 ppm)
was obtained for the calculation of IL% (Figure S2).
SEM Sample Preparation. A 7 mm × 7 mm conductive carbon

double-sided tape attached stub (Ø12.7 mm × 8 mm pin height) was
used as a sample substrate. For monolith, the 5 × 5 mm sample was
put onto the conductive carbon double side tape with Au (20 nm
thickness) sputter coating; to prepare the powder sample for FIB-
SEM, particles were put onto the tape, and excess powder was blown
away with nitrogen/air gas without any coating.

■ RESULTS AND DISCUSSION

Production of capsules from emulsion templates requires the
use of a surfactant which suitably stabilizes the phase-separated
system and which allows reagents from the continuous and
discontinuous phases to react at the interface. Previous
research in the Pentzer lab demonstrated that GO nanosheets
and their modified derivatives are suitable surfactants: as-
prepared GO can stabilize emulsions in which water is the
continuous phase, whereas GO modified with primary alkyl
amines (alkylated GO) can stabilize emulsions with a
continuous phase of oil (e.g., octane).53 In this work, we
templated capsule formation using water-free emulsions
stabilized by GO modified with octadecylamine (C18−GO),
thereby preventing undesired hydrolysis of isocyanates into
primary amines.
Capsule Formation in DMF-in-Octane Emulsions

Stabilized by C18−GO. GO nanosheets were prepared by
the oxidation of graphite flakes using potassium permanganate
and sulfuric acid at room temperature, that is, a modified
Hummer’s method.52−54 These nanosheets were dispersed in
DMF and functionalized with octadecylamine at 55 °C to
produce alkylated GO which could be isolated by centrifuga-
tion and redispersed in octane. FTIR spectroscopy confirmed
the successful formation of GO and C18−GO (Figure S3).
Oil-in-oil emulsions were formed by adding anhydrous DMF

to an octane dispersion of C18−GO (2.0 mg/mL) and then
agitating using a hand-held tissue-tearor. Capsules were
prepared by dissolving diisocyanate, TEG, and TEA in the
dispersed phase (DMF), forming the emulsion, and then
adding diamine and DBTDA to the continuous octane phase

(mole ratio of diisocyanate and diamine controlled at
approximately 3:1). TEG was used to form the polyurethane
segment, which has been shown to optimize the tensile
property of the polymer and gives a glass transition
temperature that enables efficient bond exchange; TEA was
used to form crosslinks in the polymer, and DBTDA was used
as a catalyst to promote urethane bond formation. Notably,
these reagents are used in the synthesis of bulk polymers
containing HUBs. To evaluate the impact of steric hindrance
of the diamine on the formation and dynamic properties of
capsule shells, secondary diamines with different substituents
were employed: t-butyl groups (DTEDA), iso-propyl groups
(DIEDA), and ethyl groups (DEEDA). To evaluate if
isocyanate identity impacts capsule formation and shell
dynamicity, both aliphatic (HDI and CHDI) and aromatic
(BZDI and mXDI) diisocyanates were used.

Temperature-Dependent Capsule Shell Bonding and
Destruction. Figure 1Ai−iii shows successful capsule
formation using the diisocyanate CHDI and the three different
diamines (DTEDA, DIEDA, and DEEDA). Capsules were
isolated by gravity filtration and then redispersed in dodecane
and deposited on a glass slide, which showed individual
capsules under an optical microscope. It is obvious that
diamine identity can influence the capsule size and shell
morphology: CHDI × DTEDA capsules range from 5 to 10
μm in diameter, CHDI × DIEDA capsules are 25−50 μm, and
CHDI × DEEDA capsules are 5−20 μm (Table 1, first
column). Further, the CHDI × DEEDA capsules are more
irregular and less spherical compared to the other two. The
differences in size and morphology can be attributed to the
solubility of monomers and oligomers in the two phases, which
likely impacts the location of interfacial polymerization.15,55

FTIR spectroscopy (Figure 1B) and TGA weight loss profiles
(Figure 1C) were employed to characterize the capsules. In
Figure 1B, the peaks at approximately 3310 and 1525 cm−1 are
attributed to the N−H stretching and bending of the urea and
urethane linkages in the polymers, whereas the peaks at 1625
and 1695 cm−1 correspond to the CO bond of urea and
urethane, respectively. These characteristic peaks in the FTIR
spectra indicate the successful fabrication of hindered poly-
(urea-urethane)s shells. The TGA weight loss profiles for all
capsules show a majority of weight loss occurred from 180 to
500 °C, which is consistent with literature values for the bulk
polymer.46

To determine the impact of the HUBs in the capsule shell,
we sought to demonstrate the following: (1) formation of
monoliths by bond exchange between neighboring capsule
shells and (2) destruction of capsule shells by addition of

Table 1. Size Range for Different Capsule Samples as a Function of Diamine and Diisocyanatea

aThe size ranges in parentheses for BZDI column are for capsules with a core of DMF/IL.
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primary alkyl amines. The CHDI capsule family was chosen to
demonstrate these changes. The identity of the diamine
dictated the temperature at which the bonds could be
efficiently exchanged: for capsules with DTEDA, DIEDA,
and DEEDA, shell fusion or destruction occurred at
approximately 35, 55, and 80 °C, respectively. This difference
supports that the dynamic property of the capsule shell is
controlled by the hindrance of the diamine, much like what is
observed with the bulk polymer samples. The shells of dry
capsules were chemically bonded to each other by heating after
compaction via solvent evaporation or being put in a mold.
Figure 1Aiv−vi shows SEM images of samples isolated after
capsule fusion, where monoliths are observed and there are no
individual capsules, though the texture of the monoliths may
be attributed to the initial capsule structure. In contrast, Figure
1Avii−ix shows optical microscopy images after addition of
primary amines and capsule shell destruction. These are
markedly different from the appearance of redispersed
capsules, whereas the capsule surfaces are textured and have
wrinkles, and after destruction, the droplets have a smooth
surface. Unlike the emulsions stabilized only by C18−GO, the
emulsion droplets produced after shell destruction have
different shapes (spherical, elliptical, peanut, irregular, etc.),
which may be attributed to the multiple surfactants that are
present (C18−GO and PUU oligomers). These results
demonstrate that the HUBs in the capsule shell enable bond
exchange for capsule shell fusion and destruction dependent on
the reaction conditions. Additionally, the responsive temper-
atures of efficient bond exchange are quite similar to those in

the homogeneous (bulk) systems, which indicates that the
nonpolar/nonionic solvent does not significantly impact the
dynamicity of the polymer shell.
Figure 2A highlights shell fusion and destruction of capsules

prepared with HDI as the diisocyanate and the same three
diamines. FTIR and TGA characterization data of these
capsules can be found in Figures S4 and S5 and are consistent
with the formation of the expected HPUU. As shown in Figure
2Ai−iii, HDI × DTEDA capsules have diameters ranging from
5 to 25 μm, while HDI × DIEDA capsules have diameters 25−
50 μm, and the majority of HDI × DEEDA capsules are 20−40
μm in diameter (Table 1, second column). The difference of
size distribution among capsules prepared using the same
diamine but different diisocyanates illustrates that the
isocyanate identity can also influence the size of the capsules
formed, with alkyl diisocyanate giving larger capsules in most
cases (Table 1). Comparison of optical microscopy images of
capsules without post-processing (continuous phase removal
and redispersion in dodecane, Figure S6) and with post-
processing (isolated and redispersed Figure 2Ai−iii), supports
that post-processing can impact the sphericity and aggregation
of the capsules, likely due to collapse upon removal of the core
liquid. FIB-SEM images confirm that the capsules have a core-
shell structure and reveal that the shell thickness ranges from
∼1.5 to a few microns (Figure S7); notably, some capsules may
have crosslinks inside, which can be attributed to the diffusion
of diamines into the DMF. For HDI × DTEDA/DIEDA/
DEEDA capsules, shell fusion and destruction were achieved at
35, 55, and 80 °C (Figure 2Aiv−ix), again corresponding to

Figure 2. (A) HDI × DTEDA/DIEDA/DEEDA capsules with the DMF core: optical microscopy images of capsules redispersed in dodecane (i−
iii), SEM images of monoliths (iv−vi), and optical microscopy images after capsule shell destruction (vii−ix), scale bars are 50 μm; (B) normalized
VT-FTIR spectra of the HDI × DTEDA polymer at different temperatures, inset shows spectra from 1685 to 1615 cm−1; and (C) relative intensity
of peaks at ∼1668 cm−1 for HDI × DTEDA and HDI × DEEDA polymer at different temperatures.
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the different hindered diamine used. The temperature required
is similar to that for the CHDI × DTEDA/DIEDA/DEEDA
capsules, indicating that these two isocyanates have limited
impact on the temperature required for bond exchange and the
dynamicity is mainly controlled by the hindered amine.
In addition to CHDI and HDI, the diisocyanate mXDI was

also employed with the same three secondary diamines to
prepare capsules with HUBs in the shells (Figure S8 and Table
1, fourth column). Briefly, similar responsive properties and
diamine-dependent temperature requirements were observed
for these capsules as for the CHDI and HDI capsule families.
These results support that the hindrance of amine is the main
factor that impacts the responsive temperature of the HUBs in
capsule shells.
VT-FTIR Studies of HUB Reversibility. To further

confirm that the dynamic property of the capsule shell
comes from the HPUU chemistry, and the hindrance of
diamine determines the dynamicity, variable-temperature FTIR
spectroscopy was used to evaluate changes in the carbonyl
region during heating (Figures S9 and S10). Figure 2B shows
the normalized FTIR spectra of polymers containing HDI ×
DTEDA at temperatures from 25 to 85 °C (the temperature
for capsule fusion or destruction is 35 °C). Upon increasing
the temperature, a peak at 1668 cm−1 becomes apparent, which
we attribute to a carbonyl-containing intermediate formed
during the bond exchange process (the peak disappears as the
sample is cooled). Figure S11 shows the FTIR spectra over the

same temperature range for the HDI × DEEDA polymer (the
temperature for capsule fusion or destruction is 80 °C),
revealing a similar trend. To better represent this data, Figure
2C compares the relative peak intensity for both polymer
systems as a function of temperature. The HDI × DTEDA
polymer displays an increase in the intensity of the peak at
1668 cm−1 by 11.2% upon heating from 25 to 35 °C; in
contrast, the HDI × DEEDA polymer requires heating to at
least 75 °C to achieve approximately the same peak intensity
increase (9.5%). This difference supports that hindrance of the
diamine controls the responsivity of HUBs.

Capsules with IL in the Core. Our group has shown that
encapsulation of viscous liquids, such as ILs, facilitates their
transport, storage, and application in, for example, energy
storage and gas uptake. As such, we sought to expand the
encapsulation system demonstrated above to include capsules
with IL cores. Initial attempts to use pure IL as the
discontinuous phase did not lead to the formation of capsules
stable at room temperature (i.e., capsule shells would fuse); we
attribute this to a plasticization of the polymer shell with the
IL, which provides a more polar environment; this may
effectively stabilize an intermediate and decrease the activation
energy required for the dynamic bond exchange. With this
information in hand, we then used mixtures of DMF and IL
(3:1 ratio) as the discontinuous phase in the emulsions (i.e.,
droplets), which we found to give stable individual capsules
when cooled to ∼2 °C.

Figure 3. Optical microscopy images of individual capsules redispersed in dodecane (i−iii), SEM images of monoliths (iv−vi), and optical
microscopy images after capsule destruction (vii−ix) for BZDI × DTEDA/DIEDA/DEEDA capsules with a core of DMF. Scale bars are 50 μm.
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Figures 3 and 4 show individual BZDI × DTEDA/DIEDA/
DEEDA capsules and their dynamic behavior with and without
the presence of [Hmim][TFSI] in the core. In the absence of
IL, BZDI × DTEDA capsule diameters are generally ≤10 μm,
BZDI × DIEDA capsules are between 10 and 50 μm, and
BZDI × DEEDA capsules are 10−20 μm. For capsules with
IL/DMF cores, BZDI × DTEDA capsules are larger (20−25
μm), BZDI × DIEDA capsules are similar (15−20 μm), and
BZDI × DEEDA capsules are larger (25−40 μm), as
summarized in the third column of Table 1. This indicates
that not only the monomer identity but also the encapsulated
liquid influences the size of capsules, with the IL-containing
capsules generally being larger and having a narrower size
distribution. The FTIR spectra for BZDI × DTEDA/DIEDA/
DEEDA capsules without IL (Figure S12) are similar to those
of the CHDI/HDI/mXDI × DTEDA/DIEDA/DEEDA
capsules described above. For the IL-containing capsules,
FTIR stretching frequencies at 1348, 1180, and 1136 cm−1

indicate the presence of the IL (Figures S13 and S14). In TGA
weight loss profiles, all capsules show a significant weight loss
from 180 to 500 °C, but the IL-containing capsules have an
additional weight loss from 300 to 450 °C (∼33 wt%, Figure
5). As this higher temperature weight loss is consistent with
neat IL (Figure S15), these data support the successful
encapsulation of [Hmim][TFSI] as a mixture with DMF.
To measure the wt% of encapsulated IL, the core liquid was

extracted using acetone-d6 containing mesitylene as an internal

standard, along with 1H NMR spectroscopy (Figure S2). The
peak at 2.09 ppm corresponds to the proton of the methyl
groups of mesitylene, and the peak at 3.65 ppm corresponds to
the protons of the methyl group on the nitrogen of the
imidazolium. Thus, the ratio of the integral of the peak at 2.09
ppm to that of the peak at 3.65 ppm can be used to calculate
the wt% of IL encapsulated (Table S2). Table S3 shows that
the average calculated IL wt% for BZDI × DTEDA/DIEDA/
DEEDA capsules are 33.5, 35.0, and 36.2 wt%, respectively,
which are close to the 33 wt% supported by TGA data, further
proving the successful encapsulation (each sample was
measured 3 times and averaged).
The identity of the core materials also dictates the

temperature-responsive features of the HUB-containing
capsule shells. With capsules in which DMF is the core, the
monoliths formed retained artifacts of the initial capsule
structures, as observed by SEM (Figure 3iv−vi). However,
when capsules with hybrid cores of DMF/IL are treated under
the same conditions, the monoliths are smoother and do not
have identifiable structures that could be attributed to capsules
(Figure 4iv−vi). Another interesting phenomenon observed is
that the temperature for capsule shell bonding and destruction
of the IL-containing capsule is much lower than that of the
same shell with only DMF in the core (∼8 °C for BZDI ×
DTEDA/DIEDA capsules and ∼20 °C for the BZDI ×
DEEDA capsule). Again, this difference may be because the
polarity of the IL can better stabilize charged intermediates

Figure 4. Optical microscopy images of individual capsules redispersed in dodecane (i−iii), SEM images of monoliths (iv−vi), and optical
microscopy images after capsule destruction (vii−ix) for BZDI × DTEDA/DIEDA/DEEDA capsules with a core of DMF/[Hmim][TFSI]. Scale
bars are 50 μm.
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formed during bond exchange, guiding future polymer design
considerations.
Impact of Capsule Fusion. Whereas capsules can benefit

the transport and handling of liquids, access to monolith
samples can be desired for specific applications or operating
conditions. To characterize the macroscopic properties of the
monolith formed upon capsule shell fusion, DMA compression
tests of cylinders were carried out for the capsule powder and
their corresponding monoliths produced upon dynamic bond
exchange for the mXDI × DTEDA system. To test the
powders, cylinders of capsule powder were placed onto the test
stage. To test the monoliths, cylinders were formed by putting
the capsule powder into a cylindrical mold and heating
overnight at 35 °C and then placing it onto the test stage. The
darker color of the monolith sample (Figure 6B) compared to
that of the powder sample (Figure 6C) can be attributed to
slight thermal reduction of the nanosheets during the heating
process. Figure 6A shows stress−strain curves of the two
samples, where the nearly flat red curve is consistent with the
collapsed powder shown in Figure 6C, and the black curve
shows that the monolith can resist compression (0.146 MPa to
45% specimen length change, Figure 6A,B). These data
confirm the successful capsule bonding from the macroscopic
perspective and demonstrate the impact on bulk properties.

■ CONCLUSIONS
In this study, we prepare, for the first time, capsules bearing
dynamic covalent bonds in the polymer shell, with a liquid
core. Shells based on HPUU chemistry were successfully
fabricated, with capsule size and morphology impacted by the

identity of the monomers and core liquid. Mild heating can be
used to fuse the capsules into monolithic materials or destroy
the capsule shell in the presence of a primary amine, changes
that were confirmed by optical microscopy, SEM, and
compression test. For capsules with a core of DMF, the
temperature for bond exchange is controlled by the identity of
the diamine, as with the bulk polymer, which was confirmed by
variable-temperature FTIR spectroscopy. In contrast, capsules
with core mixtures of DMF and IL required significantly lower
temperature for bond exchange, suggesting that the capsule
shell is plasticized with the core material, and indicating a route
forward to controlling responsive properties. The results
presented herein provide a template for preparing thermo-
responsive dynamic capsules which can be generalized to
different emulsion components (continuous phase and
dispersed phase), surfactants, and chemical reagents, as well
as the production of other structures (e.g., hollow capsules),
which have broad relevance to energy storage, molecular
separation, gas storage, biomedicine, and so on. This system is
in direct contrast to most responsive capsules which undergo
changes in shell permeability based on pH or temperature and
opens possibilities, for example, for integration of liquids into
monolithic structures in a single synthetic step.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00415.

Figure 5. TGA weight loss profiles of BZDI × DTEDA/DIEDA/
DEEDA capsules without (A) and with (B) [Hmim][TFSI] in the
core.

Figure 6. (A) DMA compression test results for mXDI × DTEDA
capsule powder (red) and monolith (black), shaded area is error bar;
(B) photographs of the monolithic sample before (left) and after
(right) compression; and (C) photographs of the powder sample
before (left) and after (right) compression.
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Additional FTIR, TGA, optical microscopy, and SEM
characterization of capsules and IL; 1H NMR spectrum
of extraction of [Hmim][TFSI]; variable-temperature
FTIR setup and spectra analysis; FIB-SEM of selected
capsules; list of reagents for producing capsules;
calculation methodology; and calculated IL wt% of IL-
containing capsules (PDF)
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