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ABSTRACT: We report a microencapsulation procedure
based on rapid solvent evaporation to prepare microcapsules
with hydrophobic core materials and low-ceiling-temperature
polymer shell wall of cyclic poly(phthalaldehyde) (cPPA). We
use and compare microfluidic and bulk emulsions. In both
methods, rapid solvent evaporation following emulsification
resulted in kinetically trapped core−shell microcapsules,
whereas slow evaporation resulted in acorn morphology.
Through the systematic variation of encapsulation parameters,
we found that polymer-to-core weight ratios higher than 1 and
polymer concentrations higher than 4.5 wt % in the oil phase
were required to obtain a core−shell structure. This
microencapsulation procedure enabled the fabrication of
microcapsules with high core loading, controlled size, morphology, and stability. This procedure is versatile, allowing for the
encapsulation of other hydrophobic core materials, i.e., mineral oil and organotin catalyst, or using an alternative low-ceiling-
temperature polymer shell wall, poly(vinyl tert-butyl carbonate sulfone).

KEYWORDS: low-ceiling-temperature polymers, solvent evaporation, hydrophobic payloads, microfluidic emulsification,
bulk emulsification

■ INTRODUCTION

Microcapsule-based self-healing composite materials have been
used to restore mechanical, optical, and electrical properties to
damaged materials.1−7 Mechanical damage triggers the release
of microcapsule payloads into the damage zone, initiating the
healing process. However, the release of payloads on-demand
via nonmechanical triggering events remains an active area of
development in self-healing materials.8−10 For example, pH and
redox responsive microcapsules enable the development of self-
protective coatings by delivering anticorrosive agents in
response to local pH variation or electrochemical reactio-
n.11−13Alternatively, thermoresponsive microcapsules incorpo-
rated in Li-batteries achieve autonomic shutdown at elevated
temperature.14 A promising approach for developing stimuli-
responsive microcapsules is to employ a kinetically stabilized,
low-ceiling-temperature polymer as the shell wall. This class of
polymers undergoes cascade depolymerization when end-
capping groups are removed and/or the polymer backbones
are cleaved by environmental triggers. The polymers rapidly
lose mechanical integrity once triggered and provide a
convenient means for the on-demand delivery of payloads.
Choices for the low-ceiling-temperature polymers are plentiful
and include polycarbamates,15−18 polyaldehydes,19−21 and
poly(olefin sulfone)s.22−25 However, using these low-ceiling-

temperature polymers as the microcapsule shell wall is often
challenging, because of strict requirements on the compatibility
of the shell wall and payload materials, while maintaining shell
wall stability under encapsulation conditions.
In previous studies, fabrication of microcapsules using low-

ceiling-temperature polymers has relied on a water-in-oil-in-
water (W/O/W) double emulsion template generated using a
flow-focusing microfluidic device. Fluoride-responsive micro-
capsules with silyl ether-capped linear poly(phthalaldehyde)
(PPA) as the shell wall were fabricated using this approach.26

Acid-triggered microcapsules have also been demonstrated
using poly(o-(α-methyl)vinylbenzaldehyde) as the shell wall.27

Beyond these few examples, an alternative, scalable method for
the encapsulation of hydrophobic payloads in low-ceiling-
temperature polymers is an important target for on-demand,
environmentally triggered microcapsule release.
Solvent evaporation is a promising route to fabricate polymer

microcapsules with hydrophobic payloads for controlled
release.28−38 Typically, an oil-in-water (O/W) single emulsion
template is generated by agitation, followed by solvent
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evaporation to form microcapsules. The oil phase is a ternary
system, containing a polymer, a volatile solvent (vs) and a
nonvolatile nonsolvent (nvns). The polymer is soluble in the vs
and immiscible with the nvns. Before emulsification, the mixing
ratios of the three components are adjusted to form a
homogeneous solution. After emulsification, the vs is removed
by evaporation, leaving the polymer as the shell wall and the
nvns as the payload. As predicted by canonical spreading
coefficient theory39 a core−shell microcapsule morphology is
thermodynamically favored only when the interfacial tensions
(γ) between polymer (p), core (o), and surfactant (w) satisfy
relations 1−3

γ γ γ− + <( ) 0wp ow op (1)

γ γ γ− + <( ) 0op wo wp (2)

γ γ γ− + >( ) 0ow po pw (3)

As such, the combinations of polymer, core, and surfactant are
limited and the solvent evaporation method has mostly been
applied in the formation of microcapsules from poly(methyl
methacrylate),40,31 polystyrene,28 poly(lactide),32 and cellu-
lose.41 Here, we report a microencapsulation procedure using
rapid solvent evaporation to prepare microcapsules with
hydrophobic core materials and a low-ceiling-temperature
polymer shell wall, cyclic poly(phthalaldehyde) (cPPA).20 We
demonstrated the ability to fabricate a core−shell microcapsule
via kinetic trapping mechanism as a result of rapid solvent
removal, whereas an acorn-shaped microcapsule morphology
was obtained under slow solvent evaporation (Figure 1). By

tuning the polymer-to-core weight ratios and polymer
concentrations in the oil phase, we identified the boundary
conditions to kinetically trap the core−shell structure. This
method was used to encapsulate a variety of hydrophobic
payloads including a corrosion inhibitor jojoba oil (JJB),33,40

mineral oil (MO), and the organotin catalyst dibutyltin
dilaurate (DBTL). We also examined another low-ceiling-

temperature polymer, poly(vinyl tert-butyl carbonate sulfone)
(PVtBCS),22 as an alternative shell wall material for the
fabrication of stimuli-responsive microcapsules.

■ EXPERIMENTAL SECTION
Materials and Instruments. Unless otherwise noted, all starting

materials were obtained from Sigma-Aldrich and used as received. The
monomer o-phthalaldehyde (o-PA, 98%, Alfa-Aesar) was purified by
hot filtration followed by a single recrystallization according to a
literature procedure.20 tert-Butyl hydroperoxide (t-BuOOH) was
purchased from Sigma-Aldrich as a 5−6 M solution in decane and
was assumed to be 5.5 M for all calculations. Sulfur dioxide
(anhydrous, 99.98%) was purchased from Airgas in lecture bottles.
Dichloromethane was obtained from an anhydrous solvent delivery
system equipped with activated alumina columns. All glassware was
oven-dried prior to use. The synthesis of cyclic poly(phthalaldehyde)
(cPPA) and synthesis of the poly(olefin sulfone)s followed previous
literature procedures with minor modifications.20,22 The polymer
structure was confirmed on 1H NMR spectra using a Varian 500 MHz
spectrometer.

Analytical gel permeation chromatograph (GPC) analyses were
performed with a Waters1515 isocratic HPLC pump, a Waters (2998)
photodiode array detector, a Waters (2414) refractive index detector, a
Waters (2707) 96-well autosampler, and a series of 4 Waters HR
Styragel columns (7.8 × 300 mm, HR1, HR3, HR4, and HR5) in THF
at 30 °C. The GPC was calibrated using monodisperse polystyrene
standards.

The thermal properties of microcapsules were characterized on a
TA Instrument Q50 thermogravimetric analysis (TGA) and a Mettler
Toledo TGA851e. Dynamic TGA experiments were performed by
heating samples from 25 to 650 °C at a rate of 10 °C/min. A purge gas
of N2 at 60 mL/min was used for all experiments.

The loading efficiency is calculated by comparing the actual JJB core
loading (LJJB) in microcapsules with the theoretical JJB core loading
(LJJB

th ) in the microcapsules.

ξ =
L

L
loading efficiency( ) 100%JJB

JJB
th

(4)

The LJJB was determined by the remained wt % from TGA profiles at
250 °C. And the theoretical LJJB

th is calculated from

=
+

L
m

m m
100%JJB

th JJB

JJB cPPA (5)

where mJJB and mcPPA are the initial mass of JJB and cPPA used for
microcapsules preparation.

The distribution coefficient of Nile red in the shell wall cPPA and
the core materials JJB oil is determined by a fluorospectrometer
(HORIBA Scientific, FluoroMax-4). To quantify the Nile red
concentration, the mass of microcapsules samples (bulk emulsification,
mcPPA/mJJB/mDCM = 1/1/13.26) were accurately measured. The
microcapsules were crushed between two glass slides, rinsed repeatedly
with heptane to dissolve the released core materials from the
mechanically crushed microcapsules. The broken shell wall was then
centrifuged, collected, and dried before dissolving in DCM.
Fluorescence intensities of the core Nile red/heptane solution and
shell wall Nile red/DCM solution were measured by the
fluorospectrometer. The concentration of Nile red in the core or
shell wall was determined from the Nile red calibration curve (Figure
S1) in the corresponding solvent. The distribution coefficient (m/m)
of Nile red in JJB/cPPA was calculated as 0.557 ± 0.050 based on
three parallel experiments.

Visualization of microcapsule morphology and triggering experi-
ments was performed on a Leica DMR optical microscope
(fluorescence mode). Scanning electron microscopy (SEM) was
performed using a Hitachi S-4700. Before SEM imaging, samples
were sputter-coated with Au/Pd to eliminate surface charging effects.
ImageJ software was used to measure the diameter of microcapsules.

Figure 1. Schematic illustration of the effect of solvent evaporation
rate on microcapsule formation. Pink circles represent the oil-in-water
droplets; gray dots represent cPPA polymer precipitated in the oil
droplet. (a) Core−shell microcapsules were formed under rapid
solvent evaporation as cPPA migrated to the O/W interface. (b)
Acorn-shaped morphologies were formed under slow evaporation as
cPPA migrated to one side of the O/W droplet, leaving the polymer
shell wall partially enclosing the core (payload). After rinsing the
microcapsules, the payload and polymer were separated, resulting in
hemispherical polymer morphologies.
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The density of polymer was measured by gas pycnometer
(Quantachrome Instrument Ultrapyc 1200e) using pulse mode.
Ternary Phase Diagram. The ternary phase diagram for cPPA,

dichloromethane (DCM, vs) and JJB (nvns) was determined by mixing
accurate amounts of the three components in a 7 mL glass vial.28,34

The total mass of the mixed solution with the glass vial and stir bar was
recorded. Then, the solvent was evaporated while stirring at 25 °C
until the solution became cloudy. The total mass was reweighed
immediately and mass difference was attributed to the evaporation of
DCM only. Weight fractions of cPPA, JJB, and DCM at the phase
boundary were then determined. Fourteen samples were prepared with
different mass compositions to complete the phase boundary diagram.
Microcapsule Fabrication by Microfluidic Emulsification.

cPPA microcapsules were fabricated using a flow-focusing microfluidic
device to prepare emulsions, followed by solvent evaporation. This
technique enables controlled formation of emulsion droplets with
approximately identical geometry,42,43 which is quite useful for
thorough characterization of microcapsules properties. Microfluidic
devices were composed of two tapered cylindrical glass capillaries
inserted into the opposing ends of a square glass capillary (Figure S2).
A homogeneous mixture of various compositions of cPPA, JJB, and
DCM was injected into the left cylindrical capillary. Nile red was
added in the oil phase to facilitate visualization. A 2.5 wt % aqueous
solution of the emulsifier poly(vinyl alcohol) (PVA, Mw = 89 000−
98 000, 99% hydrolyzed) was injected into the region between the
right capillary and square capillary. O/W droplets formed as the two
flows merged at the orifice of the collection tube. The generated
droplets were collected in a round-bottom flask filled with 1 wt % PVA
solution. Immediately after collection, flasks were connected to a
rotary evaporator to remove DCM at reduced pressure for 1 h (rapid
evaporation). For slower evaporation, the emulsion was stirred (<30
rpm) at ambient conditions until evaporation was complete (ca. 24 h).
To monitor DCM evaporation, aliquots of the emulsion were taken

at periodic time intervals and imaged by fluorescence microscopy
(FM) to observe variations in capsules morphology and diameter. A
total of 15−20 droplets were imaged at each time point. Assuming the
volume loss in the droplets was only due to DCM evaporation, and
knowing the initial weight percentage and density of DCM, JJB, and
cPPA, we calculated the residual DCM based on the reduction in
microcapsules diameter (Figure S3).
After evaporation, microcapsules were collected by vacuum filtration

and washed with 500 mL deionized water to remove residual
surfactant followed by another wash with 50 mL of heptane to remove
residual organics. Microcapsules were subsequently dried at room
temperature for 24 h to complete the drying process.
Microcapsule Fabrication by Bulk Emulsification. cPPA

microcapsules were fabricated by bulk emulsification followed by
solvent evaporation. A homogeneous mixture of various compositions
of cPPA, JJB, and DCM was prepared. The mixture was added
dropwise into a 1 wt % PVA solution under 400 rpm agitation. The
container was capped and the O/W emulsion was stirred for another
10 min. The emulsion was then poured into 100 mL of 1 wt % PVA
solution in a round-bottom flask, and the solvent DCM was removed
by rotary evaporation for 1 h at reduced pressure or following slow
evaporation procedure as used in microfluidic method. The resulting
microcapsules were cleaned and dried by the same procedure used in
microfluidic method.
Release Profile Measurement. The release profiles of micro-

capsules were obtained based on the change of Nile red fluorescence
intensity inside the microcapsules, following a previous literature
procedure with minor modifications.27 A sample of 10−20 micro-
capsules was placed in a 96-well plate. Heptane, a nonsolvent for the
shell wall polymer cPPA, was used as a medium to prepare
trifluoroacetic acid (TFA) solutions. It should be noted that heptane
may have a plasticizing effect on cPPA polymers. The TFA-heptane
solution was added to samples of cPPA microcapsules. The well plate
was then sealed to prevent solution evaporation. Fluorescence
microscopy images were captured at designated time intervals over a
period of 48 h. For each sample, all imaging parameters, such as
exposure time, color contrast, and color balance were held constant

during data collection. To determine the release profile, ImageJ was
used to measure the mean gray value of the microcapsules. The change
of mean gray value represents the remaining core percentage by
normalization. For each concentration, at least three samples were
prepared and imaged.

■ RESULTS AND DISCUSSION
Microcapsule Fabrication via Rapid Solvent Evapo-

ration. Core−shell microcapsules were successfully prepared
through the generation of an O/W emulsion followed by rapid
solvent evaporation. Two low-ceiling-temperature polymers,
cPPA and PVtBCS were used as the shell wall materials,
separately. cPPA was synthesized by cationic polymerization
using BF3·OEt2 as an initiator (Mn = 55 kDa, PDI = 1.6, Table
S1).20 PVtBCS was synthesized by free radical polymerization
using tBuOOH as an initiator (Mn = 19 kDa, PDI = 3.2, Table
S2).22 Both microfluidic and bulk emulsification methods were
employed to substantiate our hypothesis of the effect of solvent
evaporation rate on microcapsule morphology. For most
studies, we used cPPA as the shell wall polymer, JJB as core
materials (nvns) and DCM as vs (mcPPA/mJJB/mDCM = 1/1/
13.26). An oil-soluble fluorescence dye, Nile red, was added to
the organic phase to assist visualization.
Before emulsification, a homogeneous oil mixture of cPPA,

JJB, and DCM was prepared with the guidance of a ternary
phase diagram at 25 °C (Figure 2). The phase boundary

(green) demarcates solutions that are homogeneous (below)
and biphasic (above). Before emulsification, the mass ratio of
mcPPA/mJJB/mDCM in the oil mixture must be in the
homogeneous regime to achieve a core−shell structure.
Immediately after emulsification, DCM was removed rapidly
under reduced pressure or slowly under ambient pressure in
order to form the microcapsule shell wall.
In our study, we found that the core−shell structure was

favored when DCM was removed rapidly. To illustrate the
effect of solvent evaporation rate, we monitored microcapsule
morphology by microscopy during solvent evaporation (Figure
3). Immediately after microfluidic emulsification, monodisperse
droplets were obtained (Figure 3a). After evaporation under

Figure 2. cPPA-JJB-DCM ternary phase diagram at 25 °C. The green
squares denote cloud points for different compositions of cPPA, JJB,
and DCM. Green line was drawn to guide the visualization. Below the
green line is the homogeneous regime; above the green line is the
biphasic regime.
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reduced pressure for 30 min, sphere-shaped intermediates were
observed (Figure 3b). The diameter was reduced in the
transition from the droplets (416.3 ± 3.0 μm) to the
microcapsules (268.0 ± 4.7 μm), indicating the loss of DCM
(Figure S3). After another 30 min evaporation, the final
products were filtrated, cleaned and dried. SEM images
revealed that the products were monodispersed, sphere-shaped,
core−shell microcapsules (Table S3, Figure S4a−e). In
contrast, when the emulsion was allowed to evaporate under
ambient pressure for 30 min, acorn-shaped morphologies were
observed (Figure 3c). The final products were found to possess
a hemispherical structure (Figure S4l). The O/W droplet
morphology evolution under slow solvent evaporation is
illustrated schematically in Figure 1b. Partially enclosed
structures developed as the polymer phase migrated to one
side of the droplet. Filtering and rinsing the acorn-shaped
structures resulted in the removal of the JJB core and the
formation of hemispherical polymer particles (Figure S4l).
To validate the critical role of solvent evaporation rate on the

formation of core−shell microcapsules, we performed parallel
experiments with bulk emulsification. The O/W emulsion was
generated by mechanical agitation (Figure 3d), followed by
rapid or slow solvent evaporation. Similar to the microfluidic
results, under rapid evaporation, a spherical structure was

formed and a core−shell morphology was obtained (Figure 3e,
Table S4, Figure S5a−c, e, f). When the evaporation rate was
reduced, acorn-shaped morphologies were observed and final
products were hemispherical (Figure 3f, Figure S5k).
Using rapid solvent evaporation to obtain core−shell

structure microcapsules is contradictory to previous studies
by Dowding et al. where slow solvent evaporation yielded
better shell wall structures.28 Their observations are explained
by the canonical spreading coefficient theory developed by
Torza and Mason.39 This theory suggests that obtaining a
core−shell structure after the vs evaporates requires the
interfacial tension (γ) of any two phases in polymer (p), core
(o), and surfactant (w) to satisfy the above-mentioned relations
1−3. Under these relations, the core−shell structure is in a
thermodynamic equilibrium state and a slower solvent
evaporation rate allows enough time for polymers to uniformly
migrate onto the O/W interface,35,36 minimizing kinetic factors
and forming a spherical core−shell structure with better barrier
properties as shown by Dowding et al. In the present work,
however, the acorn-shaped morphologies obtained under slow
evaporation indicated that the spreading of p phase over o
phase resulted in partial enclosure due to the thermodynamic
driving forces; apparently the core−shell structure is a
nonequilibrium state. By increasing the evaporation rate, the

Figure 3. Optical microscopy images of O/W droplets during solvent evaporation. O/W droplets collected immediately after (a) microfluidic
emulsification and (d) bulk emulsification. Sphere-shaped intermediates after 30 min evaporation at reduced pressure (fast evaporation) obtained
from (b) microfluidic emulsification and (e) bulk emulsification. Acorn-shaped morphologies after 30 min evaporation at ambient pressure (slow
evaporation) obtained from (c) microfluidic emulsification and (f) bulk emulsification.

Figure 4. Core−shell microcapsules characterization. Microcapsules fabricated from microfluidic emulsification (a) before crushing and (b) after
crushing, showing the release of core material JJB (arrow); insets are intact and ruptured microcapsules showing exterior and shell wall
morphologies. Microcapsules fabricated from bulk emulsification (c) before crushing and (d) after crushing, showing the release of core material JJB
(arrow); insets are intact and ruptured microcapsules showing exterior and shell wall morphologies. (e) Thermal analysis of microcapsules fabricated
with microfluidic emulsification (solid blue) and bulk emulsification (dashed blue). Thermal analysis of cPPA (red) and JJB (black) were plotted to
assist the quantification of individual component loading in the microcapsules.
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core−shell structure is kinetically trapped, overcoming the
thermodynamic tendency to form acorn-shaped morpholo-
gies.35,36

Microcapsule Diameter and Shell Wall Thickness.
Using the microfluidics approach, we were able to precisely
tune the microcapsule diameter (D) from 149.3 ± 7.5 μm to
244.1 ± 5.7 μm by adjusting the flow ratio of the water and oil
phases (Qw/Qo) from 120 to 10 (Figure S6), while maintaining
mcPPA/mJJB/mDCM = 1/1/13.26. A linear relationship was found
between the logarithm values of D and Qw/Qo.
The shell wall thickness was measured by imaging manually

ruptured cPPA microcapsules. SEM images revealed that the
shell wall thickness varied from 12.4 ± 1.9 μm to 18.7 ± 4.1 μm
(Figure S7). The shell wall thickness was approximately 10% of
the microcapsule diameter (Table S5, column 4). The ability to
independently control the shell wall thickness of microcapsules
has not been the focus of this study. However, the shell wall

thickness depends on mcPPA/mJJB and the diameters of
generated oil droplets
In bulk emulsification, microcapsules showed a polydisperse

size distribution (Figure S8). When the agitation rate was
maintained at 400 rpm and the oil phase composition was
mcPPA/mJJB/mDCM = 1/1/13.26, the diameter ranged from 10 to
120 μm. Representative shell wall images are shown in Figure
S9. Because of the polydispersity of microcapsules, the ratio of
the shell wall thickness to the microcapsule diameter could not
be estimated.

Core Materials Loading. Successful loading of the target
payload (JJB) was qualitatively examined by fluorescence
microscopy (FM) after compressing few microcapsules
between two glass slides. As shown in Figure 4b, d, fluorescent
liquid (Nile red in JJB) was released upon the rupture of
microcapsules. Thermogravimetric analysis (TGA) was per-
formed to quantify the loading of JJB in microcapsules (Figure

Figure 5. Effect of composition ratios on cPPA encapsulation. The cPPA-JJB-DCM phase boundary (green squares) is replotted from Figure 2. The
results of encapsulations over a range of chemical compositions are denoted on the ternary phase diagram for (a−c) microfluidic emulsification and
(d−f) bulk emulsification. (b, e) are SEM images for mcPPA/mJJB = 0.75. (c, f) SEM images for mcPPA/mJJB = 1.33. Note: the black dashed line is the
midline of the phase diagram triangle, and the composition located on the midline has mcPPA/mJJB value of 1.00.
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4e). Thermal profiles of cPPA microcapsules exhibited distinct
mass loss at ca. 150 °C and at ca. 300 °C, attributed to the
thermal decomposition of cPPA and evaporation of core JJB oil,
respectively. Microcapsules fabricated using microfluidics
contained approximately 44.7 wt % JJB (blue, solid line, ξ =
89.4%) and microcapsules from bulk emulsification contained
36.8 wt % JJB (blue, dashed line, ξ = 73.6%). In contrast, the
thermal profiles of the acorn-shaped microcapsules obtained
from the slow solvent evaporation revealed that less than 20 wt
% JJB was encapsulated in both microfluidic (Figure S10, entry
M12, ξ = 12.4%) and bulk emulsification methods (Figure S11,
entry B11, ξ = 27.2%).
Effect of Component Materials Concentrations on

Microcapsule Morphology and Loading. On the basis of
the observations described above, we hypothesized the
existence of a boundary condition for cPPA-JJB-DCM
compositions at which the kinetic trapping effect overcomes
thermodynamic driving forces. To determine the criteria for
obtaining core−shell microcapsules under rapid solvent
evaporation, we tested cPPA-JJB-DCM ternary system with
varied compositions and examined the encapsulation products
by SEM and FM. We summarized microcapsule morphology
with respect to the corresponding cPPA-JJB-DCM composi-
tions in the ternary phase diagram shown in Figure 5.
The effect of polymer-to-core mass ratios (mcPPA/mJJB) was

investigated for a range of values from 1.33 to 0.17 (Table S3,
Figure S4). When 1.00 ≤ mcPPA/mJJB ≤ 1.33, the encapsulation
produced spherical core−shell microcapsules (Table S3, entries
M1−M7). When the mcPPA/mJJB was 0.88 and 0.75, acorn-
shaped microcapsules were obtained (Table S3, entry M8,
M11). Further reduction of the mcPPA/mJJB ratio to 0.44 and
0.17, yielded no microcapsules after evaporation (Table S3,

entry M9, M10). Representative SEM images are shown for
acorn and core−shell microcapsules (Figure 5b, c). These
results indicate that mcPPA/mJJB ≥ 1 is required for obtaining the
core−shell structure.
We also investigated the effect of polymer weight

concentration in the oil phase (mcPPA/moil phase) on micro-
encapsulation. The mcPPA/moil phase ratio was adjusted from
0.010 to 0.084, while maintaining the mcPPA/mJJB value at 1.00
(Table S3, entries M3−M7, Figure S4). When 0.045 ≤ mcPPA/
moil phase ≤ 0.084, monodisperse spherical microcapsules were
produced (Table S3, entries M3−M5). When mcPPA /moil phase
was lowered to 0.024 and 0.010 (Table S3, entries M6−M7),
the encapsulation products were polydisperse spherical micro-
capsules. SEM images also revealed that when mcPPA/moil phase
was lower than 0.024, the shell walls exhibited microcracks
(Figure S4f, g). Therefore, mcPPA /moil phase ≥ 0.045 is another
requirement to obtain a core−shell structure.
To confirm these requirements, we performed bulk

emulsification experiments with varied cPPA-JJB-DCM compo-
sitions (Table S4, Figure S5). In good agreement with the
microfluidic experiments, the composition requirements for
kinetically trapping the core−shell structure were mcPPA/mJJB ≥
1 and mcPPA /moil phase ≥ 0.045 (Figure 5d−f, Table S4, Figure
S5).
The loading of JJB in microcapsules with varied mcPPA/mJJB/

mDCM was examined by TGA (Figure 6). At mcPPA/mJJB = 1.33,
approximately 48.7 and 35.3 wt % JJB oil loading was obtained
by microfluidic and bulk emulsification methods, respectively.
At mcPPA/mJJB = 0.75, approximately 17.2 and 14.4 wt % JJB oil
loading was obtained by microfluidic and bulk emulsification
methods, respectively. Generally, a core−shell morphology led
to higher payload (JJB) content than acorn-shaped structures.

Figure 6. Thermal analysis of microcapsules fabricated by (a) microfluidic emulsification and (b) bulk emulsification. Capsules made with mcPPA/mJJB
= 1.33 (blue) and mcPPA/mJJB = 0.75 (green) are plotted together with neat cPPA (red) and JJB (black).

Figure 7. Microcapsules release profiles. (a) Release profile in response to 200 mM TFA in heptane. (b) Release profiles in response to various acid
concentrations and pure heptane.
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Triggered Release from Microcapsules. cPPA is known
as an acid-responsive polymer.44,45 We evaluated the release
profiles of cPPA microcapsules under acidic conditions (Figure
S12). Because the release kinetics can vary with the dimension
of capsules and shell wall thickness, we only tested micro-
capsules fabricated by microfluidic emulsification with
composition of mcPPA/mJJB/mDCM = 1/1/13.26, which has
moderate size and shell wall thickness (Table S3, entry M4).
For release analysis, we selected heptane as the suspension
medium. Heptane is a nonsolvent for cPPA and its hydro-
phobicity will not inhibit JJB oil release. The release of the JJB
oil core was measured by monitoring the fluorescent intensity
of the microcapsules as a function of time. The release of
encapsulated JJB oil in pure heptane at different concentrations
of TFA is plotted in Figure 7. In pure heptane, less than 5%
release of JJB was observed after 48 h, indicating the
microcapsules are stable under neutral conditions. As the
concentration of acid in heptane increased, the core material
(JJB) was released at a faster rate, indicating more rapid
depolymerization of the cPPA shell wall. The core release from
cPPA microcapsules is modeled by fitting the results to an
empirical logistic dose response equation46

=
−

+
+R

R R
t t

R
1 ( / )n

0 f

1/2
f

(6)

where R0 is the initial release value, Rf is the final release value,
t1/2 is the half-life and n is the order exponent. Fitting
parameters are summarized in Table 1. The exponent n of this
logistic fit is found to be ca. 3. A smaller half-life value indicates
a faster payload release rate.

Encapsulation of Other Core Materials. To illustrate the
generality of our approach, we encapsulated other hydrophobic
core materials using microfluidic emulsification and rapid
solvent evaporation. Following one of the compositions
satisfying the kinetic trapping conditions, mcPPA/mJJB/mDCM =
1/1/13.26, we replaced JJB with mineral oil (MO) or a liquid
tin catalyst dibutyltin dilaurate (DBTL). The spherical, core−
shell structure was confirmed by SEM images as shown in
Figure S13. However, for these hydrophobic payloads, the
loading efficiency is hard to estimate because of the lack of
distinct two-stage weight loss as observed in cPPA/JJB
microcapsules.
To further test the generality of the approach, we also

successfully encapsulated JJB in a poly(olefin sulfone) shell
wall. We selected PVtBCS as an alternative shell wall material
because of its responsiveness to thermal stimuli (decomposition
onset temperature is 91 °C).22 Using the condition, mPVtBCS/
mJJB/mCHCl3 = 1/0.75/14.92, we obtained polydisperse core−
shell microcapsules with PVtBCS shell wall via microfluidic
emulsification and rapid solvent evaporation (Figure S13) with
core materials loading about ∼51.5 wt %. By comparing to the
feed ratio of core materials, we estimated the loading efficiency
to be ∼120%. We attributed this number to the loss of shell

wall materials PVtBCS during the encapsulation procedure,
because of its slow degradation in ambient environment.22

■ CONCLUSIONS
We demonstrated a facile and robust methodology to
encapsulate hydrophobic payloads in the low-ceiling-temper-
ature polymer, cPPA. Experimental data suggests that core−
shell microcapsules, obtained by rapid solvent removal, are the
kinetically favored structure. Microcapsule morphology and
core loading were controlled by varying the chemical
composition and polymer concentrations in the oil phase. By
adjusting the ratio of water and oil flow rates, we obtained
monodisperse microcapsules with controllable size. The
microcapsules exhibited stability in neutral conditions and fast
release under acidic conditions. This encapsulation technique is
a powerful tool that is applicable to various core materials and
potentially other low-ceiling-temperature polymers. Addition-
ally, this method is relevant to both microfluidic and bulk
emulsification, opening opportunities for the scalable produc-
tion of stimuli-responsive microcapsules for self-protective
coating applications.
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