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Facile preparation of environmentally friendly and
low-cost thermally responsive microspheres
through suspension-emulsion polymerizationt

Jinggang Yang, Dongliang Guo, Liheng Yang, Rong Sun and Peng Xiao (®*

Thermally responsive microspheres (TRMs) have received increasing attention due to their unique
temperature-dependent expansion performance. In this work, the preparation of a non-toxic,
environmentally friendly, and low-cost TRM was investigated using non-nitrile monomers in suspension-
emulsion polymerization. Various TRMs were prepared with different dispersant and emulsifier
concentrations, various core materials and polymerization times to study the thermal expansion
behavior, thermal response and the mechanism of microsphere polymerization, respectively. The
optimized conditions, involving nano-SiO, as a dispersant, sodium dodecyl sulfate as an emulsifier,
azobisisobutyronitrile as an initiator, as well as styrene, methyl acrylate, methacrylic acid, and methyl
methacrylate at a certain mass ratio with a 16-hour reaction time at 65 °C, enabled the production of
TRMs with stable spherical structures, high expansion ratios, and smooth, defect-free surfaces. This work
provides a facile and environmentally friendly strategy for preparing TRM, which has the potential to be

rsc.li/rsc-advances used in industrial applications.

1. Introduction

Polymer microcapsules are small containers with a core-shell
structure that can encapsulate solids, liquids, or gases within
natural or synthetic polymer materials."® Thermally responsive
microspheres (TRMs), as a type of microcapsule material, were
first reported in the 1970s and have since seen rapid
development.®* TRMs consist of a thermoplastic polymer shell
with a low-boiling-point hydrocarbon core.>**** When TRMs are
heated to a specific temperature, the core material vaporizes,
creating internal pressure. This pressure causes the microsphere
to expand as the shell reaches its glass transition temperature
(Ty). At this point, the thermoplastic polymer shell expands under
internal pressure, significantly increasing the microsphere's
volume while reducing its density. Typically, TRMs can expand to
several times their original diameter and up to tens or even
hundreds of times their original volume when heated, and these
microspheres retain this expanded volume upon cooling."”*®
Due to the unique expansion properties, TRMs are widely
used as foaming agents or lightweight fillers and are also applied
in printing inks to create three-dimensional patterns on paper,
wallpaper, and textiles." Moreover, TRMs offer low-pollution and
environmentally friendly properties, making them widely
utilized in inks,*® specialty adhesives,** colorants®»** and novel
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composite materials.'>**** Current research on TRMs primarily
focuses on monomer composition, expansion performance, and
applications, while less attention has been paid to the morpho-
logical evolution and phase separation behavior during poly-
merization.**** This gap makes it challenging to prepare
microspheres with ideal core-shell structures and optimized
expansion properties. Currently, suspension polymerization is
a commonly used method for the preparation of physically
expandable microcapsules.***” However, studies on the effects of
foaming agent types, particle sizes, and dispersants on micro-
capsule performance remain limited. Traditionally, the prepa-
ration of TRMs has relied on monomers such as acrylonitrile
(AN) or methacrylonitrile (MAN).>***** AN is toxic, posing
environmental and health risks, while MAN is costly, limiting its
industrial use. These issues hinder their widespread adoption in
large-scale applications. Addressing toxicity and cost remains
a challenge for improving industrial processes.*** Recent
research efforts have focused on using less toxic and more
affordable monomers to partially replace or reduce the use of
nitrile-containing monomers.*-*-3

In this study, non-nitrile monomers such as methyl acrylate
(MA), methyl methacrylate (MMA), and methacrylic acid (MAA)
were used as raw materials, with sodium dodecyl sulfate (SDS)
as the emulsifier and nano-SiO, as the dispersant. A
suspension-emulsion polymerization method was employed to
prepare thermally responsive microspheres (TRMs), while
replacing the toxic acrylonitrile (AN) with styrene (ST). This
paper investigates the effects of different dispersant and
emulsifier concentrations on microsphere polymerization and
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thermal expansion behavior, examines the influence of various
core materials on the thermal response of the microspheres,
and explores the impact of polymerization time on TRM prep-
aration conditions to optimize the manufacturing process for
TRMs. This work provides a facile and environmental-friendly
strategy for preparing TRMs, with the potential to be used in
industrial applications.

2. Experimental section
2.1 Materials

Sodium dodecyl sulfate (SDS), methyl methacrylate (MMA),
methacrylic acid (MAA), methyl acrylate (MA), styrene (ST),
sodium chloride, sodium nitrite and azobisisobutyronitrile
(AIBN) were purchased from Aladin Chemical Reagent Co., Ltd
(America). SiO, (30 nm) was obtained from Qinhuangdao ENO
High-tech Material Development Co., Ltd (China).

2.2 The preparation of temperature response microspheres

The temperature-responsive microspheres were prepared
according to Scheme 1, following the steps outlined below.

Oil phase: the appropriate amounts of ST, MA, MMA, MAA,
AIBN, and alkane (as detailed in Table 1), were mixed thor-
oughly for later use.

Water phase: 90 mL of deionized water was mixed with
a specific amount of SiO, and SDS (as listed in Table 1), 1.82 g of
sodium chloride, and sodium nitrite (1.53 g, 2.5 wt% water
solution). The mixture was stirred until uniform. The amounts
of SDS and SiO, were based on relevant microsphere studies
and validated through preliminary experiments to ensure their
suitability.>*

After combining the oil and water phases, they were mixed at
6000 rpm for 10 minutes using a high-speed stirrer. Then, the
mixture was transferred to a three-neck flask and reacted for 16
hours at 65 °C with continuous stirring at 300 rpm under
a nitrogen atmosphere, yielding the temperature-responsive
microspheres.

2.3 Characterization

The surface morphologies of TRMs were investigated by FEI F-
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America, GB/T 16594-2008). A focused electron beam scans the
surface of a sample, and secondary electrons emitted from the
sample are detected to produce detailed images of its surface
morphology and structure. This method provides high-
resolution images for studying the topography, composition,
and morphology of materials at the microscopic level. The FT-IR
spectra of TRMs were obtained using an Asheville Nicolet-5700
IR spectrometer (America, GB/T 6040-2019). The sample was
irradiated with infrared light, and the absorption of specific
wavelengths was measured to generate an infrared spectrum.
This spectrum can be analyzed to identify functional groups,
molecular structures, and chemical bonds present in the
sample. The thermal stability testing of TRM was carried out by
thermogravimetric analysis (TGA) on a NETZSCH STA 449F5
instrument (Germany). The particle size distribution of TRM
was measured using dynamic light scattering (DLS). The
method measures the Brownian motion of particles in a solu-
tion by analyzing the fluctuations in the intensity of scattered
light. Using light scattering theory, the particle's diffusion
coefficient is calculated from the frequency variations of the
scattered light, which is then used to determine the particle size
distribution.

3. Results and discussion

Fig. 1(a) illustrated the synthesis process of the temperature-
responsive microspheres. After mixing the oil and water pha-
ses, oil phase droplets were formed under the shearing force of
high-speed stirring. These droplets remained stable in the water
phase due to the dispersing agent. Following AIBN initiation,
the polymerization was initiated, resulting in the formation of
the temperature-responsive microspheres. As shown in
Fig. 1(b), in the 1750-1700 cm ' range, a strong absorption
peak was observed, associated with the C=0O (ester) stretching
vibration in MMA, confirming the incorporation of the ester
groups of MMA into the polymer through the polymerization
reaction. A characteristic absorption peak was also observed in
the 1300-1000 cm ' range, which was related to the C-O bond
in ester compounds, further confirming the retention of the
ester group in the polymer. Additionally, in the 3000-2800 cm ™"

50 field-emission scanning electron microscopy (SEM, range, an absorption peak corresponding to the C-H stretching
Si0, SDS MA MMA MAA
I | I |
|
Water Water phase Alkane Oil phase ST
65°C 16h
TRM

Scheme 1 Preparation process of temperature-responsive microspheres.
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Table 1 Detailed formulation for the preparation of temperature-responsive microspheres

Sample Sio; (g) SDS (g) ST (g) MA (g) MAA (g) MMA (g) AIBN (g) n-Octane (g)
TRM-1 1 2 5 5 3 7 0.43 20
TRM-2 2 1 5 5 3 7 0.43 20
TRM-3 2 2 5 5 3 7 0.43 20
TRM-4 2 0 5 5 3 7 0.43 20
TRM-5 0 2 5 5 3 7 0.43 20

vibration of octane was observed, indicating the successful
encapsulation of octane in the polymer. The analysis of these
characteristic peaks confirmed the typical structural features of
the MMA-styrene copolymer in the infrared spectrum and vali-
dated the effectiveness of the polymerization reaction. The
C=0 and C-O peaks provided key insights into the chemical
composition of the polymer.

As shown in Fig. S1,f the volume of TRM-1 increased
continuously with temperature, while TRM-2 to TRM-5 exhibi-
ted almost no change. To further investigate the reasons behind
the different volume changes, SEM tests were performed on
TRM-1 to TRM-5 both before and after heating.

From Fig. 2(a1)-(e1), it could be observed that the morphology
of temperature-responsive microspheres before heating varied
significantly across different formulations. The microspheres
prepared with the TRM-1 formulation exhibited a complete
spherical structure with a smooth surface and no defects,
demonstrating excellent granulation and morphological
stability. This suggested that the reaction conditions and
component ratio in the TRM-1 formulation were favorable for the
successful formation of microspheres. In contrast, no spherical
structures were observed in the TRM-2 sample, which instead
exhibited irregular block-like structures with noticeable aggre-
gation, indicating that this formulation was unsuitable for the
stable dispersion and formation of microspheres. The TRM-3
formulation produced a small number of microspheres, but
the majority remained as block-like structures. While no signif-
icant aggregation was observed, the granulation effect was still
suboptimal, possibly due to suboptimal component ratios. In
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comparison, the TRM-4 sample not only failed to form spherical
structures but also exhibited a significantly smaller particle size
than TRM-1, suggesting a lower microsphere formation effi-
ciency and limited particle size under these formulation condi-
tions. The TRM-5 sample also failed to form spherical structures
and exhibited more pronounced aggregation, indicating poor
dispersion performance in this formulation system.

From the post-heating images in Fig. 2(a2)-(e2), it was
evident that only the TRM-1 microspheres underwent signifi-
cant expansion, maintaining an ideal spherical shape. This
result indicated that the internal structure of the microspheres
was well-designed, encapsulating the alkane core successfully
and enabling expansion. In contrast, the TRM-3 microspheres
partially expanded; however, most showed surface cracking,
indicating structural instability during the expansion. This
could result in excessive internal stress, causing the micro-
spheres to rupture and lose the structural integrity. Addition-
ally, there was no expansion in the microspheres from the TRM-
2, TRM-4, and TRM-5 formulations. Combining the morpho-
logical analysis from Fig. 2(a1)-(e1), it could be concluded that
the TRM-2, TRM-4, and TRM-5 microspheres from these
formulations did not form spherical structures and failed to
encapsulate the alkane core effectively, leading to alkane
leakage during heating. Alkane leakage might be the primary
reason that these formulations did not exhibit expansion, as the
lack of core expansion inhibited the overall expansion of these
microspheres.

The polymerization process for preparing temperature-
responsive microspheres using AIBN as an initiator could be
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(a). Schematic illustration of the preparation of temperature-responsive microspheres. (b). FT-IR spectra of temperature-responsive
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Before heating

After heating After heating

Fig. 2
spheres after heating (160 °C).

divided into several stages, which sequentially revealed the
mechanisms of alkane and monomer diffusion, nucleation,
particle growth, and the eventual formation of a stable core—
shell structure. At the early stages of polymerization, alkanes
and monomers diffuse from the oil phase into the aqueous
phase. AIBN, acting as the initiator, triggered a free radical
polymerization reaction at the oil-water interface. At this point,
both the alkanes and monomers in the oil phase were in the
form of droplets, and readied to provide a reactive environment
for subsequent nucleation and polymerization. Nucleation in
the aqueous phase was the next crucial step. Small initial nuclei
formed in the aqueous phase, providing a core for further
particle growth. The nucleation process occurred under the
initiation of AIBN and determined the final size and
morphology of the microspheres. After nucleation, the mono-
mers adsorbed onto the nuclei, driving continued particle
growth. The monomers in the aqueous phase gradually adhered
to the initially formed nuclei, enhancing the size and stability of
the particles. As the monomers continued to approach and react
with the nuclei, the particles began to exhibit significant
growth. Over time, particle growth and secondary nucleation
processes became evident. The initially formed nuclei were
enlarged by gradually adsorbing more monomers, and
secondary nucleation might occur, generating new particles. At
this stage, polymer chains formed and gradually. Separated
from the alkanes and monomers. Subsequently, rapid phase
separation occurred as the polymer chains grew and began to
envelop the alkanes. A distinct phase separation between the
alkanes and the formed polymer arose, with the polymer chains
separating from the oil phase and encapsulating the internal
alkanes. This step was crucial for the formation of core-shell
microspheres, as the effective encapsulation of alkanes was
essential for achieving the desired expansion effect. Finally, the
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(al—-el) SEM images of temperature-responsive microspheres before heating. (a2—-e2) SEM images of temperature-responsive micro-

reaction progressed to the formation of a stable core-shell
structure. As the reaction was completed, the polymer shell fully
formed, successfully enclosing the alkanes within the core of
the microsphere. At this point, the microspheres exhibited
a complete core-shell structure with a smooth, defect-free
surface and a uniform particle size distribution. Microspheres
were capable of significant volume expansion in subsequent
processes, meeting the application requirements. As shown in
Fig. 3, the polymerization process in the aqueous phase, initi-
ated by AIBN, underwent nucleation, growth, phase separation,
and structural stabilization. The efficient phase separation
mechanism in this process ensured the successful expansion of

Alkanes/monomers
Diffusion into O Nucleation
@1©)
—) OO (@) A ‘
water phase 9 Microparticle
growth

Monomer adsorbs
to the nucleus

\

Small number of monomers Secondary nucleation

Alkanes
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Fig. 3 Schematic diagram of the temperature-responsive micro-
sphere polymerization process.
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the microspheres and laid the foundation for future industrial
applications.

To investigate the effect of polymerization time on the
structure of temperature-responsive microspheres, the TRM-1
formulation from Table 1 was used, with AIBN as the initiator
and n-octane as the alkane. The polymerization was conducted
at 65 °C, with recordings made every 4 hours. The morpholog-
ical changes of droplets/polymer microspheres during the 16-
hour polymerization process were observed, as shown in SEM
images in Fig. 4(a)-(d). After 4 hours of polymerization, the
particles mainly existed as microparticles, with a clear core—
shell interface. The shell layer consisted of the formed polymer
solution, and the polymer chains gradually precipitated from
the oil phase, undergoing phase separation to form a very thin,
discontinuous shell. The core of the particles was occupied by
the unreacted monomers and alkane oil phase at the center. As
the reaction time was extended to 8 hours, the microparticles
began to aggregate and grow, forming larger particles. After 12
hours of reaction, the particle morphology changed signifi-
cantly, and a spherical structure appeared, indicating that the
polymerization had reached the mature stage and microspheres
were gradually taking shape. As the reaction continued, AIBN
initiated the monomer reaction in the aqueous phase due to the
lack of aqueous phase inhibitors, causing MMA to migrate from
the oil phase to the aqueous phase, where polymerization
occurred. The secondary microparticles that were generated
gradually adsorbed onto the surface of the microspheres. At the
same time, the migration of monomers from the oil phase and
the increasing alkane concentration accelerated phase separa-
tion of the polymer, with polymer chains moving to the
microsphere surface and gradually merging to form a more
stable shell structure. The alkane diffused to the center of the
droplets, further concentrating in the microsphere core. After
16 hours of reaction, the microspheres formed a typical core-
shell structure (Fig. S5t), with the core composed of alkanes and
the shell made of polymer, showing a complete core-shell
morphology.

To further explore the impact of polymerization time on
microsphere size, particle size analysis was performed, as
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shown in Fig. 5. The SEM images in Fig. 4 and the particle size
distribution graph in Fig. 5 clearly demonstrated that the
morphological changes of the microparticles at different reac-
tion times closely correspond with the trend of particle size
growth. After 4 hours of reaction, the particle size ranged from
500 nm to 1 pm, indicating that the microparticles were still
small and in the early stages of polymerization. At 8 hours, the
particle size increased significantly, with most particles ranging
from 5 pm to 10 um. This result indicated that the particles
underwent significant aggregation and growth, becoming more
stable, and the polymerization reaction promoted further
maturation of the particles. After 12 hours, the particle size
increased further, with a distribution range extending from 10
um to 50 pm. The particle morphology became more mature,
with the microparticles undergoing sufficient aggregation and
polymerization, and the size further increased, indicating that
the spherical effect of the particles was gradually reaching its
optimal state. After 16 hours of reaction, the particle size
stabilized between 10 pm and 50 pm, indicating that particle
growth was essentially completed, and the size distribution was
uniform, reaching the final morphological state (Fig. S47). This
result showed that a 16-hour reaction time was sufficient for the
microparticles to fully expand and mature, forming micro-
spheres with a stable size distribution suitable for subsequent
applications.

The expansion of temperature-responsive microspheres was
primarily due to the vaporization of the alkane core, which
generated internal pressure, causing the microspheres to
expand. Different alkanes had varying boiling points, leading to
distinct expansion response and peak temperatures for each
microsphere  formulation. This experiment examined
temperature-responsive microspheres with varying expansion
response temperatures by incorporating different alkanes
(Table 2).

As the temperature gradually rose, the expansion order of the
microspheres was directly related to the boiling points of the
contained alkanes. The lower the boiling point, the earlier the
vaporization and expansion occurred. Specifically, micro-
spheres with lower boiling-point alkanes began to vaporize and

Fig. 4
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(a—d) SEM images of temperature-responsive microspheres prepared with different reaction times.
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Table 2 Temperature-responsive microspheres using different kinds
of cores and their boiling points (the remaining conditions are the
same as for TRM-1)

Sample Core Boiling point (°C)
TRM-6 n-Heptane 98

TRM-7 n-Octane 125-127

TRM-8 n-Nonane 151

TRM-9 n-Decane 174

expanded at lower temperatures. In contrast, as the boiling
point increased, both vaporization and expansion temperatures
rose. Therefore, temperature-responsive microspheres with
a range of expansion temperatures could be designed to suit
diverse application needs by precisely controlling the boiling
points of the alkanes. As shown in Fig. S2,7 the TRM-6 formu-
lation containing n-heptane (boiling point: 98 °C) began to
expand at approximately 100 °C. With further increases in
temperature, n-heptane continued to vaporize, causing the
microsphere volume to increase until it peaked at 180 °C. TRM-
7, which contained n-octane (boiling point: 125-127 °C), started
expanding around 130 °C, reaching its maximum volume at
180 °C. TRM-8, with n-nonane (boiling point: 151 °C), began
expanding at 140 °C, with peak volume reached at 220 °C. In
contrast, TRM-9, containing n-decane with a higher-boiling-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a—d) Particle size distribution at different times during the preparation of temperature-responsive microspheres.

point of 174 °C, started expanding at about 160 °C and
peaked at 200 °C.

The possible expansion mechanism of the temperature-
responsive microspheres was shown in Fig. S6.f During the
heating process, the polymer became highly elastic when the
temperature exceeded the glass transition temperature. Mean-
while, when the temperature exceeded the boiling point of
alkanes, the pressure generated by alkane gasification caused
the volume of microspheres to expand. By adjusting the alkane
type and corresponding boiling point, different microsphere
formulations could be designed for specific temperature
ranges. For example, microspheres with low-boiling-point
alkanes were suited for rapid expansion in low-temperature
environments, while those with high-boiling-point alkanes
provided stable expansion in high-temperature conditions. This
approach allowed the optimization of alkane types and micro-
sphere formulations to enhance performance across various
applications. Fig. 6 showed that all temperature-responsive
microspheres in Table 2 expanded successfully but exhibited
distinct behaviors at different temperatures. The TRM-6
formulation with low-boiling-point n-heptane (98 °C) showed
a tendency for overexpansion at high temperatures. As the
temperature rose further, the pressure within the microspheres
increased rapidly, exceeding the shell's structural limits and
causing rupture. Due to its lower boiling point, n-heptane
microspheres began expanding at lower temperatures but could
surpass the physical limits at higher temperatures. In contrast,

RSC Adv, 2025, 15, 15832-15841 | 15837
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Fig. 6
spheres after heating.

TRM-7, which contained n-octane (125-127 °C), underwent
a milder expansion process, although some microspheres still
ruptured under excessive internal pressure at higher tempera-
tures. While TRM-7 showed less rupture than TRM-6, stability
issues remained. TRM-8, containing n-nonane (151 °C), fell
between TRM-7 and TRM-9 in behavior, with fewer ruptures and
better thermal stability. After cooling, TRM-8 microspheres
exhibited surface wrinkles, but with minimal shrinkage,
showing good structural retention. TRM-9, containing higher-
boiling-point n-decane (174 °C), demonstrated the highest
heat resistance. These microspheres did not rupture during
heating and maintained structural integrity even at high
temperatures. However, some shrinkage occurred and created
surface wrinkles during cooling, indicating that the cooling
phase affected the microsphere structure.
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(al-d1) SEM images of temperature-responsive microspheres before heating. (a2—-d2) SEM images of temperature-responsive micro-

DSC curves of TRM-6 to TRM-9 was shown in Fig. S31 and the
enthalpies of phase transitions and their phase transition
temperatures was presented in Table S1.f The results indicated
that TRM-6 to TRM-9 underwent phase transition at different
temperatures and the enthalpies of phase transitions were
21.149, 37.538, 37.028 and 26.996 ] g, respectively. This meant
that the phase transition of the core led to the expansion of the
microsphere volume, which was consistent with previous
results.

To further investigate the expansion and thermal stability of
the temperature-responsive microspheres from Table 2, ther-
mogravimetric analysis was conducted on TRM-6, TRM-7, and
TRM-9. As shown in Fig. 7, variations in core material types and
boiling points resulted in distinct response temperatures. The
boiling point of each core material directly influenced the onset
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Fig. 7 (a—c) TG and DTG curves of TRM-6, TRM-7 and TRM-9.

15838 | RSC Adv, 2025, 15, 15832-15841

Temperature (°C)

Temperature (°C)

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01101a

Open Access Article. Published on 14 May 2025. Downloaded on 3/9/2026 2:47:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

temperature of microsphere expansion. For TRM-6, with a low-
boiling-point core (n-heptane, approximately 100 °C), the
expansion began at 100 °C, marked by a significant weight loss as
the core material was released. This result indicated that TRM-6's
temperature response was triggered at a lower temperature,
allowing early-stage core release. In comparison, TRM-7, with
a higher-boiling-point core (n-octane), began expanding around
150 °C, indicating a delayed temperature response and requiring
a higher temperature to initiate the internal phase change and
expansion. This result reflected that higher boiling points could
effectively delay the microsphere response temperature, main-
taining stability at elevated temperatures. TRM-9, with the
highest boiling-point core (n-decane), only began expanding at
200 °C, which was later than TRM-6 and TRM-7, demonstrating
enhanced thermal stability. TRM-9 retained structural integrity
longer, only expanding significantly above 200 °C, making it
particularly suitable for high-heat applications. Notably, all
microspheres started decomposing at around 300 °C, confirming
good thermal stability under high-temperature conditions. Even
after exceeding their expansion points, TRM-6, TRM-7, and TRM-
9 microspheres maintained structural stability until higher
temperatures were reached where thermal decomposition
occurred.

4. Conclusion

In this study, a temperature-responsive microsphere (TRM) with
excellent expansion properties was prepared successfully by
systematically optimizing formulation, reaction conditions, and
polymerization time. Among the formulations tested, TRM-1
demonstrated the best morphological stability and expansion
performance. The optimized conditions involving 1 g nano-SiO,
(as a dispersant), 2 g SDS (as an emulsifier), 5 g ST, 5 g MA, 3 g
MAA, 7 g MMA, and 0.43 g AIBN (as an initiator), with a 16-hour
reaction at 65 °C, enabled the production of microspheres with
stable spherical structures, high expansion ratios, and smooth,
defect-free surfaces. In contrast, other formulations exhibited
higher rates of rupture and shrinkage, suggesting lower structural
stability. Furthermore, the polymerization time was found to
influence particle size and structural maturity significantly, with
a 16-hour duration yielding optimal expansion and consistent
particle size distribution. In addition, it was possible to tailor the
response temperature of the TRM to suit specific application
needs by selecting different core materials. Overall, this work
provided valuable insights for the development and optimization
of temperature-responsive materials, supporting the potential use
in a wide range of applications, including lightweight materials,
phase-change materials, and the textile industry.
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