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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Particle hydrophilicity affects HIPE 
morphology, viscosity, and the resulting 
PolyHIPE morphology. 

• PolyHIPEs with either a closed or open 
cellular morphology can be obtained by 
adjusting the hydrophilicity of the 
particles. 

• Dissolved particles act as macromolec-
ular surfactants, resulting in PolyHIPEs 
with small but semi-open pores. 

• HIPE viscosity can serve as an indicator 
of the openness of PolyHIPEs. 

• The openness of PolyHIPEs decreases 
when dilatational interfacial elasticity 
decreases due to a reduction in 
hydrophilicity.  
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A B S T R A C T   

This study investigates the use of submicron polymeric particles with varying crosslinking densities as the sole 
stabilizer for producing Polymerized High Internal Phase Emulsions (PolyHIPE). We establish a direct correlation 
between the crosslinking density and the hydrophilicity of the polymer particles. The hydrophilicity of these 
particles significantly influences the morphology and rheology of HIPEs. These differences manifest as various 
morphological variations in the resulting PolyHIPE templates. It was discovered that by increasing the cross-
linker weight percentage in the particles from 0 % to 100 %, PolyHIPEs with semi-open, open, and closed porous 
structures can be obtained. Furthermore, non-crosslinked particles were observed to dissolve in the continuous 
phase, acting as macromolecular surfactants that generate small pores akin to surfactant-stabilized structures in 
PolyHIPE. These findings offer fresh insights into the relationship between particle localization at the interface, 
HIPE rheology, and the formation of pore throats in Pickering PolyHIPEs, leading to the creation of either closed 
or open porous networks. Additionally, interfacial rheological results demonstrate that particles synthesized with 
varying monomer-to-crosslinker ratios exhibit different interfacial elasticities, which are linked to PolyHIPE 
morphology.  
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1. Introduction 

Polymerized High Internal Phase Emulsions (PolyHIPEs) are highly 
porous polymeric materials created using the emulsion templating 
method. This method relies on the production of a stable emulsion and 
its subsequent polymerization, which requires the use of emulsion sta-
bilizers. Traditionally, surfactants serve as the stabilizers for the emul-
sion, resulting in templates with small pores (1–50 µm) and 
interconnected pore throats that connect adjacent pores. [1,2]. Alter-
natively, colloidal particles can be employed to stabilize emulsions, 
known as Pickering emulsions. Since the successful production of 
Pickering PolyHIPEs in 2007 by Menner et al. [3], there has been a 
growing interest in replacing surfactants with colloidal particles due to 
their efficiency in emulsion stabilization [4,5] and their functional 
properties [6,7]. Pickering PolyHIPEs are recognized for their larger 
pore sizes compared to conventional PolyHIPEs but lack pore throats 
[8–10]. Although the formation of pore throats in PolyHIPEs has not 
been fully elucidated, the closed porous structure of Pickering Poly-
HIPEs is attributed to a thick interfacial polymer film that separates 
neighboring pores, unlike conventional PolyHIPEs, which resist 
rupturing during or after polymerization [11,12]. While a closed cellular 
morphology is advantageous in applications requiring encapsulation, it 
limits their use in applications where an interconnected porous structure 
is necessary. For instance, applications involving diffusion, mass trans-
fer, or cell ingrowth require such interconnected porous structures 
[13–15]. 

While Pickering PolyHIPEs are often associated with their closed 
cellular morphology, there have been a few reports demonstrating an 
interconnected pore structure. For instance, to achieve a stable Picker-
ing HIPE, colloidal particles are typically subjected to surface modifi-
cations to adjust their hydrophilicity. This enables the particles to be 
situated at the oil/water interface and serve as emulsion stabilizers. 
Several reports have shown that the degree of surface modification in-
fluences the openness of the resulting templates, ranging from closed to 
interconnected porous structures [16–18]. Additionally, Zhang et al. 
reported that the use of sulfonated styrene particles as a HIPE stabilizer 
results in open and closed cellular morphologies when the continuous 
phase consists of butyl acrylate and styrene, respectively [19]. Assuming 
that particle-monomer interactions are minimal in the mentioned 
studies, both the degree of surface modification of particles and changes 
in the hydrophilicity of the continuous phase are factors influencing 
particle localization at the oil/water interface. Therefore, we hypothe-
size that the localization of particles at the oil/water interface can be a 
determining factor in the openness of Pickering PolyHIPEs. 

The 2-ethylhexyl acrylate/isobornyl acrylate/trimethylolpropane 
triacrylate (EHA/IBOA/TMPTA) blend is a commonly used monomer 
blend for PolyHIPE production due to its tunable mechanical properties 
and ease of manufacture. EHA/IBOA/TMPTA PolyHIPEs have found 
applications in various fields, such as protein immobilization [20], 
serving as scaffolds for bone tissue engineering [21] and in the devel-
opment of microfluidic devices for osteogenesis-on-a-chip [22]. 
Recently, two noteworthy developments have further enhanced the 
utility of EHA/IBOA/TMPTA PolyHIPEs as model porous materials. 
First, a straightforward method for surface functionalization via 
orthogonal photo click chemistry has been established [23]. Second, the 
successful formulation of HIPE-based resin for vat polymerization with 
commercial 3D printers has been achieved [24] which was further 
coated with nickel to obtain highly porous metal-based lattice structures 
[25]. Given the simplicity of manufacturing these PolyHIPEs, they can 
also serve as model systems for advancing our understanding and testing 
new hypotheses in emulsion templating. 

Recently, we explored the use of IBOA/TMPTA microparticles as the 
sole HIPE stabilizer to produce an open cellular morphology in EHA/ 
IBOA/TMPTA Pickering PolyHIPEs. This observation led us to propose a 
new mechanism for pore throat formation in Pickering PolyHIPEs: the 
partial but arrested coalescence of emulsion droplets. Additionally, we 

investigated the impact of the internal phase ratio, particle size, and 
particle concentration on PolyHIPE morphology and openness [26]. 
However, we did not evaluate the effect of particle hydrophilicity on this 
proposed mechanism. In this study, we aim to investigate the influence 
of particle hydrophilicity on HIPE morphology, rheology, interfacial 
viscoelasticity of the emulsions, and Pickering PolyHIPE morphology. 
We achieved this by using particles with varying compositions of 
TMPTA, ranging from 100 % IBOA to 100 % TMPTA. Tuning the TMPTA 
concentration in the particles allows us to modulate their hydrophilicity, 
as TMPTA is inherently hydrophilic. This approach enables us to 
examine the impact of particle hydrophilicity on the aforementioned 
parameters without requiring additional surface modifications. 

2. Experimental 

2.1. Materials 

EHA, IBOA, TMPTA, Tween 20, potassium persulfate (KPS), and 2- 
hydroxy-2-methylpropiophenone (photoinitiator, PI) were purchased 
from Sigma-Aldrich (Poole, UK). 

2.2. Nomenclature of Samples 

The particles are designated with codes like IBxTMy, where x and y 
represent the weight percentages of IBOA and TMPTA used in particle 
synthesis, respectively. The prefix before the particle code, either (h) or 
(p), indicates whether it’s associated with HIPE or PolyHIPE, respec-
tively. For instance, (p)IB75TM25 signifies a PolyHIPE templated from an 
emulsion stabilized by particles containing 75 % wt IBOA and 25 % wt 
TMPTA. 

2.3. IBOA microparticle synthesis 

The particles were prepared through ultrasound-assisted emulsion 
polymerization. The continuous phase was created by dissolving 0.5 % 
wt of Tween 20 % and 0.2 % wt of KPS in water, using magnetic stirring 
at 500 RPM for 5 min. Subsequently, 2 g of the internal phase, consisting 
of an IBOA/TMPTA blend, and 18 g of the continuous phase were 
combined in a 40 mL plastic tube. The emulsion was formed by sub-
jecting this mixture to ultrasonication at 100 Watts and 30 kHz using a 
Hielscher UP100H ultrasonicator for 2 min. The resulting emulsion 
droplets were thermally polymerized in a convection oven at 65 ◦C for 
16 h. The polymer particles obtained were washed with 30 mL of 
methanol and then centrifuged at 14,000 RPM for 15 min. This washing 
process was repeated twice. After removing the methanol, the particles 
were suspended in 40 mL of water and dried in a convection oven at 
65 ◦C for 24 h. 

2.4. The preparation of PolyHIPE 

The continuous phase was prepared by mixing 4 g of EHA/IBOA/ 
TMPTA (63/21/16 % wt) and 0.2 g of IBOA/TMPTA particles through 
ultrasonication at 100 Watts and 30 kHz for one minute. Subsequently, 
0.1 g of photoinitiator were added to the monomer/particle mixture. 
The internal phase, consisting of 16 g of deionized water, was added to 
the continuous phase using a syringe pump operating at a rate of 0.8 mL/ 
min, while the system was mixed at 500 RPM (Pro40, SciQuip). During 
the emulsification process, the rotor blade was continuously adjusted to 
the top position as the emulsion volume increased. All the HIPEs were 
prepared within a span of 24 min. The resulting HIPEs were transferred 
to a glass petri dish and polymerized using a belt conveyor UV curing 
system (GEW Mini Laboratory, GEW Engineering UV) within one 
minute. 
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2.5. Preparation of thin films 

Thin films were prepared with the same composition of particles for 
conducting water contact angle measurements. One gram of monomer 
blends was mixed with 0.025 g of PI. The monomer blend was squeezed 
between two glass slides and photopolymerized using the UV curing 
system. 

2.6. Characterization 

The IBOA/TMPTA particles were mounted onto double-sided carbon 
tape and coated with an 8 nm thick layer of gold. Subsequently, the 
particles were imaged using a scanning electron microscope (Inspect F, 
FEI) with a 5 kV accelerating voltage and a 3 µm spot size. The sizes of 
200 particles were manually measured from the SEM images using 
ImageJ software. The polydispersity index of the particles was calcu-
lated using the following formula: 

PDI =

(

σ

Dp

)2

(1)  

Where σ is the standard deviation of droplet size and Dpis the average 
droplet size. 

A sessile drop test was performed to measure the water contact angle 
on polymer films with the same particle composition cast onto a glass 
slide. Glass slides were positioned on a flat surface, and images were 
captured using a smartphone (RedMI 10, Xiaomi) mounted on a tripod 
from a distance of approximately 2 cm from the samples. The images 
were subsequently analyzed using ImageJ software, with the assistance 
of the LB-ADSA plugin [27]. The average emulsion droplet size was 
determined by measuring the diameter of 100 droplets using ImageJ 
software. These measurements were taken from optical micrographs 
(CX43, Olympus) of freshly prepared HIPEs. 

To deduce the molecular weight of the dissolved IBOA, we employed 
gel permeation chromatography (GPC) (Viscotek GPCmax VE 2001, 
Malvern Panalytical). The IB100TM0 particles were first dissolved in the 
continuous phase, and the mixture was then centrifuged at 14,000 RPM 
for 5 min to collect a gel-like IBOA. This collected gel-like IBOA was 
subsequently mixed with tetrahydrofuran (THF) before conducting the 
GPC measurement. For the dissolved IB100TM0 particles, 1 H nuclear 
magnetic resonance (NMR) spectra were recorded using an NMR spec-
trometer (Avance AVIII 400 MHz NMR, Bruker) operating at 
400.13 MHz. A 30◦ pulse for excitation was used, with 64 k acquisition 
points over a spectral width of 20 ppm, 16 transients, and a relaxation 
delay of 1 s 

The rheological tests included step flow and frequency sweep tests, 
which were conducted using a rheometer (AR2000, TA Instruments) 
with a cross-hatched steel plate (60 mm, 2◦) at 25 ◦C. The applied shear 
rate ranged from 10 to 0.1 s−1 during the step flow test, and the fre-
quency ranged from 10 to 0.1 Hz during the frequency sweep test. The 
skeletal density of PolyHIPEs was characterized using a pycnometer 
(AccuPyc 1340, Micromeritics). The porosity (P∅) of the samples was 
determined by subtracting the skeletal density (ρsd) from the calculated 
bulk density (ρc) using the following formula [28]: 

P∅ =

(

1−
ρsd

ρc

)

100 (2) 

The bulk density (ρc) was calculated based on a cylindrically molded 
EHA/IBOA/TMPTA monolith, which had a composition similar to the 
continuous phase of the HIPEs. This value was then used to determine 
the porosity according to Eq. (2). 

To characterize the pore size of the PolyHIPEs, the diameter of 200 
pores was measured from SEM images obtained using the same pro-
cedure as for the SEM imaging of particles. Since the PolyHIPE samples 
contain micron-sized pores, they were excluded from the measurement 
by acquiring images at lower magnifications (500x for (p)IB100TM0 and 

100x for the remaining samples). This was achieved by laser cutting the 
samples, which caused the polymer to melt and eliminated the smaller 
features. Additionally, a statistical correction factor was applied to 
reduce errors introduced during uneven sectioning of pores [29,30]. The 
median pore diameter, obtained from the mercury intrusion porosimeter 
(AutoPore V, Micrometrics), was used as the average pore throat size of 
the samples. This is because the pore size provided by the mercury 
intrusion porosimeter corresponds to the pore throat size in PolyHIPEs 
[2]. 

The dilatational rheology of the particle-adsorbed oil-water interface 
was characterized using an optical tensiometer (Attension KSV In-
struments, Biolin Scientific) at room temperature. The pendant drop of 
the aqueous phase was oscillated in the continuous phase containing 
IBOA/TMPTA particles at various frequencies (0.05–0.5 Hz) to obtain 
measurements of interfacial tension variation. Since 0.2 g of IBOA/ 
TMPTA particles, as used in the emulsion formulation, resulted in the 
continuous phase turning white and limited the observation of the 
pendant drop, a reduced quantity of 0.001 g of IBOA/TMPTA particles 
was used for all cases. Fig. S1 shows the transparent oil phase both 
without and with 0.0005 g and 0.001 g of IB0TM100 particles. The 
amplitude was kept constant for all measurements. 

3. Results 

3.1. IBOA microparticles 

SEM images of IBOA microparticles prepared through ultrasound- 
assisted emulsion polymerization are presented in Fig. 1. The particle 
size gradually increased from 199 to 211 nm as the TMPTA content in 
the particles increased from 0 % to 50 %. A further increase in TMPTA 
content resulted in a reduction in the average particle size, reaching 
145 nm for IB25TM75 and 60 nm for IB0TM100 (Fig. 2A). In contrast, the 
PDI of the particles gradually increased as the TMPTA content increased, 
peaking at IB25TM75 and then reducing to 0.12 in IB0TM100. Addition-
ally, although the particles were predominantly spherical, complex 
nonspherical particles were occasionally observed, especially in 
IB50TM50 and IB25TM75. Similar amorphous-shaped particles were pre-
viously observed in a blend of styrene, methyl methacrylate, and acrylic 
acid and were attributed to the incompatibility between constituents 
and subsequent phase separation [31]. Given that TMPTA is a 
water-miscible and relatively hydrophilic component of the organic 
mixture, a similar mechanism might have contributed to increased PDI, 
particularly in IB25TM75, and the formation of nonspherical shapes. 

Contact angle measurements on a thin polymer film, which shares 
the same composition as the particles, were conducted and are presented 
in Fig. 2B. These water contact angle measurements were performed on 
a polymer film instead of on the particles themselves to eliminate the 
influence of surface roughness on the water contact angle. The increase 
in TMPTA content in the polymer composition led to a reduction in the 
contact angle, decreasing from 93.5◦ (IB100TM0) to 54.0◦ (IB0TM100). 
The ability to adjust the water contact angle of the particles by varying 
the IBOA/TMPTA content allows for the investigation of particle 
hydrophilicity’s impact on HIPE/PolyHIPE morphology without the 
need for surface modifications. 

3.2. HIPE 

3.2.1. The continuous phase 
After the particles were dispersed in the continuous organic phase 

through sonication, the continuous phase transformed into an opaque 
whitish liquid, indicating the formation of a suspension. However, the 
dispersion of IB100TM0 resulted in a transparent liquid with an observed 
increase in the viscosity of the continuous phase compared to other 
particle-dispersed continuous phases (Fig. S2 A). It is known that the 
viscosity of particle dispersions increases with particle concentration 
due to heightened interparticle interactions [32,33] However, in this 
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case, only the IB100TM0 dispersion exhibited a noticeable increase in 
viscosity, even though the particle concentration and average particle 
size were similar to IB75TM25 and IB50TM50. This phenomenon aligns 

with the observations made by Tu et al., where a transparent-colored 
continuous phase with increased viscosity was previously noted when 
non-crosslinked styrene particles were dispersed in a styrene solution. 

Fig. 1. SEM images of particles with various IBOA and TMPTA content: IB100TM0 (A), IB75TM25 (B), IB50TM50 (C), IB25TM75 (D) and IB0TM100 (E). Scale bars 
are 2 µm. 

Fig. 2. The size and polydispersity index of IB-TM particles (A). The contact angle measurement of the thin polymeric film shares a similar composition with the IB- 
TM particles (B). 
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This effect was attributed to the swelling of particles within the 
continuous phase [34]. However, since IB100TM0 is not crosslinked, 
there is also the possibility that it might dissolve in the organic phase. To 
assess the dissolution of non-crosslinked IBOA, two cylindrical polymer 
monoliths were synthesized through free-radical polymerization 
(similar to PolyHIPE synthesis) with a composition similar to that of 
IB100TM0 and IB75TM25. These monoliths were kept in the EHA/I-
BOA/TMPTA mixture. The IB100TM0 polymer cylinder completely dis-
solved within the organic mixture within 2 days (Fig. S2 B). 

3.2.2. HIPE stability and droplets 
The HIPEs were successfully prepared, and digital micrographs are 

presented in Fig. S3. A portion of the HIPEs was photopolymerized, 
while the remainder was kept at room temperature to observe emulsion 
stability. Within 15 min after preparation, visible large emulsion drop-
lets were observed in (h)IB25TM75. Furthermore, (h)IB25TM75 experi-
enced sedimentation and emulsion droplet coalescence within a week. 
This was an intriguing observation, as emulsions stabilized by particles 
with lower TMPTA content (IB50TM50) and higher TMPTA content 
(IB0TM100) did not exhibit observable emulsion instability for a week. 
Additionally, (h)IB100TM0 and (h)IB50TM50 only began to show sedi-
mentation after 5 weeks. 

HIPEs were imaged under a light microscope, and the optical mi-
crographs are presented in Fig. 3. The average emulsion droplet sizes are 
provided in Table 1. It has been previously reported that emulsion 
droplet size correlates with particle size [35]. However, the emulsions in 
this experimental setup do not conform to this rule. (h)IB100TM0 
exhibited significantly smaller emulsion droplets with an average size of 

~14 µm, despite the particle size of IB100TM0 being similar to IB75TM25 
and IB50TM50. Such small emulsion droplets are typically observed in 
surfactant-stabilized HIPE emulsions. This discrepancy may be attrib-
uted to the dissolution of IB100TM0 particles within the continuous 
phase, where they function as a macro-molecular surfactant rather than 
a typical Pickering stabilizer. Consequently, (h)IB100TM0 should be 
evaluated separately from the rest of the samples. Additionally, the 
smallest particle, IB0TM100, produced emulsions with the largest 
average droplet size of 146 µm. This is intriguing since previous reports 
have shown that emulsion droplet size correlates well with various sizes 
of IB75TM25 particles (ranging from 100 to 700 µm) [26]. The highest 
PDI of emulsion droplets was observed in (h)IB25TM75, approximately 
equal to 1. The reduced uniformity of emulsion droplets in (h)IB25TM75 
might be due to a combination of the high PDI of IB25TM75 particles and 
the reduced stability of the HIPE. Furthermore, emulsion droplets in all 
samples appear spherical, except for (h)IB0TM100, which exhibits 
deformed spherical emulsion droplets, typically observed in Pickering 
HIPEs (Fig. 3E). 

3.2.3. Rheology of HIPE 
The rheological properties of the samples were measured, and the 

analyzed results are presented in Fig. 4. The frequency sweep results 
(Fig. S4) clearly indicate that all samples exhibit G′ > G" at all fre-
quencies, confirming solid-like behavior, as expected for HIPEs with a 
unimodal droplet size distribution [36]. The viscosity of HIPE samples as 
a function of shear rate is provided in Fig. 4A. An increase in TMPTA 
content from 25 % to 75 % in the particles results in a reduction in 
viscosity. This trend is expected since the increase in emulsion droplet 

Fig. 3. Optical micrographs of HIPEs stabilized by IB-TM particles demonstrating the emulsion droplet size and the droplet shape. Scale bars are 200 µm.  
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size leads to a decrease in viscosity when the internal phase volume of 
the HIPEs remains the same [29,32]. However, IB0TM100 exhibits the 
highest viscosity despite having the largest emulsion droplets (Fig. 4). 
The observed increase in viscosity for (h)IB25IB75 between 1 and 10 s−1 

is attributed to phase separation of the sample during the measurement. 
This is because this particular sample is less stable compared to the other 
HIPE samples. 

The elastic properties of HIPEs scale with Laplace pressure, which is 
calculated as the interfacial tension divided by the droplet size. This 
holds true when the contribution of interdroplet interaction and inter-
facial rheology to bulk elasticity is negligible [37]. The prepared HIPEs 
have relatively large droplet sizes, on the order of tens of micrometers, 
where the effect of interdroplet interaction is very negligible. Deter-
mining the effective interfacial tension when particles are at the inter-
face is not straightforward. Therefore, we compare the elastic properties 
by scaling them with droplet size, as shown in Fig. 4B. In other words, 
we divide the shear modulus (obtained from the G′ plateau in frequency 
sweep data) and yield stress (obtained by fitting the Herschel-Bulkley 
model) by droplet size to better illustrate the effect of interfacial phe-
nomena. To draw a meaningful conclusion, (h)IB100TM0 should be 
excluded from the comparison due to the dissolution of particles in the 
continuous phase. For samples with stable particles, the trend is not 
monotonic. (h)IB0TM100 exhibits the highest scaled shear modulus and 
yield stress among the Pickering HIPE samples, indicating that the 
effective interfacial tension in this sample is the highest and/or the 
interfacial rheology is responsible for the observed trend. This obser-
vation is further discussed in Section 3.4 and attributed to the effective 
interfacial tension. 

It is well-established that under similar experimental conditions, 
Pickering HIPEs exhibit higher viscosity compared to surfactant- 
stabilized HIPEs due to attractive interparticle interactions, excluded 
volume effects, and attractive lateral capillary interactions [38]. Addi-
tionally, previous reports have shown that Pickering HIPEs have elastic 
moduli that are several orders of magnitude higher than 
surfactant-stabilized HIPEs [38,39]. In our previous work, we examined 
the rheological behavior of HIPEs stabilized by Hypermer B246 (a sur-
factant), IB75TM25, and silica (a commonly used colloidal stabilizer). We 

found that Hypermer B246 and IB75TM25 stabilized HIPEs exhibited 
comparable viscosity, while silica-stabilized HIPEs had higher viscosity 
despite having significantly larger droplet sizes than both Hypermer 
B246 and IB75TM25-stabilized HIPEs. The distinctive properties of (h) 
IB75TM25 and its atypical morphology (interconnected porous) were 
attributed to the localization of particles at the interface. IB75TM25 
particles were predominantly observed around the pore throats in the 
PolyHIPE, rather than being distributed on the pore surface. Therefore, 
we concluded that the prevention of coalescence of emulsion droplets 
was not due to the typical particle shielding of droplets but rather the 
jamming of particles at the necking region of initially coalesced emul-
sion droplets. This phenomenon provided intermediate viscosity and 
droplet size compared to Hypermer B246 and silica-stabilized HIPEs 
[26]. 

In the case of (h)IB75TM25, (h)IB50TM50, and (h)IB25TM75 samples, 
their behavior aligns with our previous report. Within these three 
samples, as the TMPTA content in the particles increases, the droplet size 
also increases, leading to a decrease in viscosity and emulsion stability. 
However, this observed trend is not followed in the case of (h)IB0TM100. 
In (h)IB0TM100, we observe typical Pickering HIPE properties, including 
large and deformed-spherical emulsion droplets. Despite being stabi-
lized by smaller particles, this sample exhibits increased viscosity as well 
as improved emulsion stability. The transition from atypical properties 
((h)IB75TM25, (h)IB50TM50, and (h)IB25TM75) to typical properties ((h) 
IB0TM100) can be attributed to the particle hydrophilicity in the given 
experimental setup. 

3.3. PolyHIPE 

3.3.1. The porous structure 
PolyHIPEs from IB/TM particle-stabilized HIPEs were successfully 

prepared, and the properties of PolyHIPEs are listed in Table 1. Both the 
skeletal density and the porosity of the samples are nearly the same, with 
no significant differences, except for (p)IB0TM100. Since the skeletal 
density is the density of the material composing the PolyHIPE skeleton, 
it should be the same within all the samples. Additionally, since the 
internal phase volume was equal in all the HIPE samples, the porosity of 

Table 1 
Skeletal density (ρsd), porosity (P∅), emulsion droplet size (d), polydispersity index of emulsion droplet size (PDI d), pore size (Pp), polydispersity index of pore size (PDI 
Pp), pore throat size (Pt), and relative pore throat size (Pt/Pp) of PolyHIPEs.  

Sample ρsd (g/cm3) P∅ d (μm) PDI d Pp (μm) PDI Pp Pt (μm) Pt / Pp 

(p)IB100TM0 0.94 75.04 14.32 0.40 23.68 0.34 3.31 0.14 
(p)IB75TM25 1.03 77.49 44.82 0.39 72.12 0.40 17.37 0.24 
(p)IB50TM50 1.03 77.72 58.12 0.58 79.21 0.44 23.29 0.29 
(p)IB25TM75 1.02 78.58 114.09 1.02 148.36 1.22 58.27 0.39 
(p)IB0TM100 0.33 28.64 146.57 0.40 205.46 0.42 N/A N/A  

Fig. 4. The viscosity of HIPE samples as a function of shear rate obtained from step flow test (A) and, scaled elastic modulus (G′) and yield stress (σ) of HIPE samples 
obtained from frequency sweep test (B). 
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the samples should also be the same. Therefore, the reduced skeletal 
density obtained by the pycnometer and the accordingly calculated 
reduced porosity of (p)IB0TM100 indicate a closed porous structure. This 
suggests that gas could not penetrate into the closed porous structure of 
(p)IB0TM100, thus, the skeletal density was underestimated. Addition-
ally, the bulk densities of all the samples were measured as approxi-
mately 0.22 g/cm3. 

Particle hydrophilicity had a major impact on the porous structure as 
well as on the number-averaged pore size distribution of the Pickering 
PolyHIPEs, as shown in Fig. 5. The pore sizes and their uniformity in the 
PolyHIPEs correlate with the emulsion droplets observed in optical 
micrographs. (p)IB100TM0 has the smallest average pore size at 23.7 µm. 
As discussed in the previous section, the stabilization of the HIPE is 
likely due to dissolved IBOA particles functioning as a macromolecular 
surfactant. The dissolution of non-crosslinked particles in the continuous 
phase and its effect on maximum internal phase uptake have been pre-
viously observed [40]. This was confirmed by Hua et al., who reported 
that yet-to-be-dissolved particles were functioning as a stabilizer, while 
the dissolved particles were forming the skeleton of the porous material 
[41]. However, to our knowledge, this is the first time that 
surfactant-stabilized-grade small pore sizes in Pickering PolyHIPEs have 
been obtained by utilizing the dissolution of colloidal particles as an 
emulsion stabilizer. While (p)IB100TM0 exhibits pores with a few pore 
throats (Fig. 5A), there are occasionally observed but extremely large 
and interconnected pores as well (Fig. S5). These atypical pores might be 
due to being stabilized by yet-to-be-dissolved IB100TM0 particles, and 
their existence might depend on both the standing time of the HIPE or 
the sonication duration during the particle dispersion within the 

continuous phase. (p)IB0TM100 is the only Pickering PolyHIPE exhibit-
ing conventional Pickering PolyHIPE morphology: closed and large 
pores compared to conventional surfactant-stabilized PolyHIPEs. The 
pores in (p)IB0TM100 samples exhibit a deformed spherical morphology, 
which correlates well with the corresponding HIPE optical micrographs 
(Fig. 5E). 

3.3.2. The Microstructure 
All the IBOA-TMPTA blend particle-stabilized HIPE templates 

exhibit an interconnected porous structure (Fig. 5B–D). In our previous 
study [26], we attributed pore throat formation under the current 
experimental conditions to arrested coalescence. Similarly, both pore 
throats and pore-pore junctions were densely covered with particles, 
providing evidence of pore throat formation due to the partial coales-
cence of emulsion droplets that were subsequently arrested by particle 
jamming. The interconnected porous structure of Pickering PolyHIPEs, 
except for (p)IB0TM100, has been confirmed, and the average pore throat 
size and distribution have been obtained through mercury intrusion 
porosimetry (Fig. 6). The pore throat size of the samples correlates with 
the pore size. (p)IB100TM0 exhibits a bimodal pore throat size distribu-
tion with peaks at approximately 1 and 6 µm. The second peak at around 
6 µm might be attributed to the occasionally observed extremely large 
and interconnected pores of (p)IB100TM0. (p)IB25TM75 is another sample 
exhibiting a bimodal pore throat size distribution, which is expected 
since (p)IB25TM75 also exhibits a bimodal pore size distribution. 

SEM images of PolyHIPEs focusing on the pore surface and interface 
are presented in Fig. 7. In (p)IB100TM0, a smooth pore surface is 
observed, with particles sporadically observed on the polymer wall but 

Fig. 5. SEM images of laser-cut PolyHIPEs, templated from IB-TM-stabilized HIPEs demonstrating the overall porous structure (A–E). Scale bars are 250 µm.  
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not on the pore surface itself (Fig. 7A). Both (p)IB75TM25 and (p) 
IB50TM50 exhibit similar micromorphology, with submicron pore 
throats especially noticeable on the relatively smaller pores. These 
submicron pore throats are hypothesized to result from the arrested 
coalescence of nearby micron-sized pores (Fig. 7B-C). The micron-sized 
pores are also found at the pore-pore interface. Pores in these samples 
have both smooth and rough patches on their surfaces due to embedded 

particles. Pore throats and pore-pore junctions exhibit a similar 
morphology, densely covered with particles. In contrast, (p)IB25TM75 
shares the micromorphology seen in other IBOA/TMPTA blends, except 
for the pore surface. In (p)IB25TM75, relatively large interconnected 
pores exhibit roughness, while relatively smaller pores have smooth 
surfaces (Fig. 7D). Finally, (p)IB0TM100 exhibits a solid polymer film 
that separates neighboring pores (Fig. 7E). In this case, regardless of 
pore size, the pores have rough surfaces similar to the large pore surfaces 
of (p)IB25TM75. 

Considering that IB0TM100 particles are the most hydrophilic among 
the particles, making them expected to be wetted more by the internal 
water phase, it’s not surprising to observe these particles located to-
wards the void (pore surface). However, the similar localization of 
IB25TM75 particles on the large, interconnected pores of (p)IB25TM75 
remains unexplained. 

Additionally, the effect of leftover Tween 20 on particles is also 
considered. IB100TM0 particles were dissolved in deprotonated chlo-
roform, and NMR analysis was conducted to evaluate whether Tween 20 
was adsorbed onto the particles. The NMR results showed Tween 20 
remnants on the IB100TM0 particles, with a molar ratio of 1–0.15. 
However, the impact of Tween 20 remnants should be minimal for 
several reasons. First, Tween 20 is a hydrophilic surfactant that prefer-
entially stabilizes oil-in-water emulsions. Second, even if all Tween 20 
were absorbed onto the particle surface during particle synthesis, the 
overall weight percentage of Tween 20 in the continuous phase would be 
0.25 %. Experiments showed that neither 0.25 % nor 5 % wt of Tween 20 

Fig. 6. The obtained pore throat diameter (μm) from mercury intrusion 
porosimeter as a function of log differential intrusion (mL/g). 

Fig. 7. The microstructure of PolyHIPE samples. The smooth pore surface and the polymer interface separate pores from each other (A). Pore surface with smooth 
and rough regions, submicron pore throats, and micron-sized pores at the close vicinity of larger pores (B and C). The rough and the smooth pore surface of large and 
small pores, respectively (D). Polymeric film separates two pores and the rough surface of pores (E). Scale bars are 2.5 µm. 
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in the continuous phase is able to stabilize the given HIPE. Finally, all 
the particles were prepared with the same amount of Tween 20; how-
ever, both HIPE and PolyHIPE samples exhibit significant rheological 
and morphological differences. 

3.4. Interfacial rheology 

The dilatational interfacial rheology was performed to investigate 
the effect of interfacial rheology in the presence of different particles on 
the morphology of PolyHIPEs. The dilatational modulus (E) is defined as 
follows [42,43]: 

E = A0

Δγ

ΔA
(3)  

where A0 is the pendant drop interface area, ΔA is the interface area 
difference, and Δγ is the interfacial tension difference because of the 
volume oscillation. The dilatational elastic modulus (E′) and viscous 
modulus (E′′) are defined as follows [43]: 
E = |E|cos(ϕ)+ i|E|sin(ϕ) = E′ + iE′′ (4)  

where ϕ is the phase angle, E′ = |E|cos(ϕ), and E′′ = |E|sin(ϕ). The 

interfacial tension and interface area oscillation are fitted with a sinu-
soidal function to obtain the interfacial moduli. Fig. S6 shows the typical 
normalized pendant drop interface area and interfacial tension oscilla-
tion curves at 0.5 Hz and 0.1 Hz for the blank interface (i.e., in the 
absence of particles), respectively. As seen, the blank interface also 
shows dilatational rheological properties, which can be attributed to the 
surface activity of monomers and crosslinkers. Fig. S6A shows the 
aqueous phase drop immersed in the clear continuous phase containing 
0.001 g of IB100TM0, whereas Fig. S7B is the aqueous phase drop 
immersed in the translucent continuous phase containing 0.001 g of 
IB0TM100. The typical normalized oscillation curves for 0.001 g 
IB100TM0-adsorbed interface, to which different waiting times were 
applied, are provided in Fig. S8. Fig. S9 shows the typical normalized 
oscillation curves for the 0.001 g IB0TM100-adsorbed interface. Without 
applying the waiting time, the IB100TM0-stabilized interface is already 
viscoelastic (Fig. S8A), indicating quick adsorption of IB100TM0 at the 
interface. Nevertheless, for IB0TM100 particle with 0 h waiting time, the 
shape of the pendant drop almost remains the same during oscillation, 
and the interfacial tension does not show any oscillation (Fig. S9A), 
demonstrating the adsorption of particles at the interface in Pickering 
HIPEs has a slower kinetics compared to soluble polymers. 

The measurements were performed after different waiting times, as 
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Fig. 8. (A) E′ and E′′ of 0.001 g IB100TM0 particle-adsorbed oil-water interface when applying different waiting times of 0, 1, 2, and 4 h. (B) Dilatational elastic and 
viscous moduli of 0.001 g IBOA/TMPTA particles-adsorbed oil-water interface after 4 h waiting. The black points are the moduli of the blank interface. The 
interfacial elastic modulus decreases as decreasing the amount of monomer IBOA in particle synthesis, whereas the interfacial viscous modulus remains unchanged as 
varying the ratio of IBOA and TEMPTA. Additionally, both interfacial elastic and viscous moduli of IBOA/TMPTA particles-adsorbed oil-water interface are inde-
pendent of frequency. (C) Dilatational rheological properties of 0.001 g IBOA/TMPTA particles-adsorbed oil-water interface at 0.5 Hz frequency after 4 h waiting. 
The black solid points show the phase angle, which is dependent on IBOA content. The red solid points are the elastic modulus, which decreases with lowering IBOA 
except for the case of 100 % of IBOA (soluble polymer). The red hollow points are the viscous modulus, which is independent of the IBOA content. (D) HIPE droplet 
size, PolyHIPE pore size, and PolyHIPE pore throat size as a function of dilatational elasticity. The inset shows the Pt / Pp versus interfacial elasticity. The orange 
points are for IB100TM0 particles, which do not follow the trend due to their solubility in the continuous phase. 
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mentioned earlier, from the drop formation moment to evaluate the 
interfacial rheological properties in the equilibrium state (i.e., mini-
mizing transient effects). Fig. S7A typically shows the E′ and E′′ of 
IB100TM0-stabilized interface with different waiting times of 0, 1, 2, and 
4 h at varied frequencies, indicating that the E′ increases as the age of the 
interface increases. However, the E′′ remains almost the same regardless 
of the waiting time. As mentioned earlier, different waiting times, 
including 0, 1, 2, 4, and over 12 h are applied before oscillation for 
particle IB0TM100, as seen in Fig. S10. The E’ increases over time also for 
the IB0TM100 interface (see Fig. S10 inset), although the increase is 
smaller compared to that of the IB100TM0 interface. The results suggest 
that a 4 h waiting time is a good approximation of equilibrium interfa-
cial rheology. 

Fig. 8B shows the E′ and E′′ of the oil-water interface in the presence 
of 0.001 g IBOA/TMPTA particles after applying 4 h of waiting at varied 
frequencies. The interfacial moduli of all samples are independent of the 
frequency. For blank interface, E′ is higher than E′′, and the introduction 
of IBOA/TMPTA particles further increases the elasticity of the interface 
while the viscous contribution remains unchanged. For particles syn-
thesized with less amount of IBOA, the interfacial elastic modulus of the 
oil-water interface is lower, while no change in the viscous contribution 
is observed. The interfacial rheological properties are a function of the 
particle’s hydrophilicity, shape, size, and aggregates [44–48]. Since all 
of these characteristics change among IB75TM25, IB50TM50, IB25TM75, 
and IB0TM100 particles (IB100TM0 was excluded as it dissolves in the 
continuous phase), it is impossible to attribute the observed changes in 
interfacial rheology to the characteristics of the particles. 

Fig. 8C shows the E′ and E′′ of the interface with 0.001 g of different 
IBOA/TMPTA particles at 0.5 Hz after waiting for 4 h. As supporting 
information, the interfacial moduli at 0.05 Hz are provided in Fig. S11. 
The IBOA/TMPTA particles-adsorbed interface is an elastic-dominated 
interface with E′ higher than E′′ at both 0.5 Hz and 0.05 Hz, and the E′′ 

is almost independent of the IBOA content. It should be mentioned that 
E′ is lower for particles synthesized with less amount of IBOA. However, 
IB100TM0 is an exception because these particles are dissolved in the 
continuous phase and act similarly to macromolecular emulsifiers rather 
than Pickering stabilizers. Additionally, the phase angle increases with a 
decrease in IBOA content, as seen in Fig. 8B, indicating that the interface 
becomes more viscous for particles synthesized with less IBOA concen-
tration [43]. According to Fig. 2B, lower IBOA content increases the 
hydrophilicity of IBOA/TMPTA particles. However, since the particle 
positioning at the interface depends on the surface properties of both 
aqueous and oil phases, it is unclear how this phenomenon increases 
interfacial viscoelasticity shown in Fig. 8C. Nevertheless, the formation 
of closed-cell structure, as seen in Fig. 5E, may be attributed to the in-
crease of interfacial viscoelasticity [49]. We hypothesized that the 
non-monotonic trend observed in Fig. 4 for Pickering HIPEs is due to the 
changes in interfacial tension and/or interfacial rheology. However, 
Fig. 8C shows that the interfacial rheology data has a monotonic trend 
when the IBOA content of particle decreases from 75 % to 0 % (Pickering 
HIPEs). Therefore, the highest scaled modulus and yield stress for 
IB0TM100 sample in Fig. 4 can be attributed to changes in effective 
interfacial tension rather than interfacial rheology. 

Fig. 8D shows the HIPE droplet size, PolyHIPE pore size, and Poly-
HIPE pore throat size against interfacial elasticity. As seen, droplet, 
pore, and pore throat sizes decrease for higher interfacial elasticity. To 
cancel out the effect of pore size on the pore throat size, as discussed in 
the work of Zhou et al. [49], the Pt / Pp versus interfacial elasticity 
should be studied, as shown in the inset of Fig. 8D. Similar to surfactant 
stabilized HIPEs studied by Zhou et al. [49], the Pt / Pp ratio decreases 
when the interface elasticity decreases. It should be noted that the 
particle IB100TM0 is highlighted as the orange data points in Fig. 8D 
since they are dissolved in the continuous phase and are different from 
the rest of the IBOA/TMPTA particles. 

4. Conclusion 

We demonstrated the effect of particle hydrophilicity by tuning the 
crosslinker concentration in particles on Pickering PolyHIPE 
morphology. It was observed that particle hydrophilicity has a signifi-
cant impact on emulsion stability, droplet size and shape, and rheology. 
HIPEs stabilized by particles with a water contact angle of 54◦ exhibit 
traditional Pickering HIPE behavior ((h)IB0TM100). On the other hand, 
HIPEs stabilized by particles with a water contact angle of 82–69◦

exhibit reduced droplet size, spherical droplets, and reduced viscosity, 
similar to traditional surfactant-stabilized HIPEs ((h)IB75TM25, (h) 
IB50TM50, and (h)IB25TM75). The difference in HIPE behavior is also 
reflected in the morphological differences in PolyHIPEs. It is concluded 
that it is possible to tune the openness of the PolyHIPE by adjusting the 
particle hydrophilicity from interconnected to closed porous structure. 
Additionally, IBOA/TMPTA particle-stabilized oil-water interfaces 
exhibit viscoelasticity, which is affected by the adsorption time, with the 
elastic modulus higher than the viscous modulus. Furthermore, lower 
IBOA content during particle synthesis results in a decrease in interfacial 
elasticity. Additionally, the dissolution of particles within the contin-
uous phase, functioning as a macromolecular surfactant, is demon-
strated, providing conventional PolyHIPE-grade small pores with a 
semi-open porous structure. These results support the previously pro-
posed mechanism for pore throat formation in Pickering PolyHIPEs by 
arrested coalescence and provide new insights into the relationship 
between the mechanism and particle hydrophilicity. Since the rheology 
of the HIPEs is affected by particle hydrophilicity, and these changes are 
correlated with PolyHIPE openness, rheological measurements can be 
conducted to determine if the HIPE template would be interconnected or 
not. 

The demonstrated surfactant-free Pickering PolyHIPEs can be used in 
applications such as tissue engineering and as catalyst supports due to 
their tunable pore and pore throat size. The research suggests an inno-
vative approach that involves utilizing both hydrophilic and hydro-
phobic particles as emulsion stabilizers to achieve a tailored porous 
structure in PolyHIPE materials. When hydrophilic particles are 
employed, they tend to result in a closed porous structure while deco-
rating the pore surfaces with particles. Conversely, the use of hydro-
phobic particles typically leads to an open-cellular morphology. By 
combining both types of particles as emulsion stabilizers, it becomes 
possible to potentially create a hybrid structure that features open- 
cellular pores while also being adorned with hydrophilic particles. 
This approach holds promise for offering unique advantages, especially 
in incorporating functional particles such as metal-organic frameworks. 
It enables a streamlined, one-pot synthesis method for crafting PolyHIPE 
materials with precisely engineered pore structures and surface deco-
rations, opening up new possibilities for diverse applications. 
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