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A B S T R A C T   

Porous elastomers possessing gradient morphology or chemistry are needed for new applications including 
biomaterial interfaces, additive manufacturing, and separation membranes. However, elastomers possessing a 
porosity gradient are often difficult to prepare requiring slow multistep synthesis techniques. In this work, 
layered porosity polydimethylsiloxane (PDMS)-based polymerized high internal phase emulsions (polyHIPEs) 
with defined interfaces have been synthesized using one-step reactions. The total porosity, pore size, and surface 
area of the prepared polyHIPEs are controlled by varying the volume of aqueous dispersed phase in the emulsion. 
Analysis of SEM images and pore size calculations of layered porosity polyHIPEs proved the emulsion patterning 
method did not disrupt emulsion morphology and a clear porosity interface was maintained. Total porosity 
values dictate the storage moduli of the polyHIPEs, where highly porous materials possess the lowest observed 
moduli of ~70–90 kPa. Tensile testing shows that the interface between two layers is mechanically robust and 
does not split during elongation at break experiments. This work provides a simple technique to prepare layered 
porosity PDMS-based polyHIPEs having up to five tunable porosity layers with strong interfaces between the 
layers.   

1. Introduction 

Porous elastomers that possess structural or chemical properties in a 
spatially controlled manner are highly desirable for many applications 
including biomaterial interfaces [1–5] additive manufacturing [6,7], 
purification membranes [8], and acoustic manipulation as metamaterial 
wave guides [9,10]. For example, polymeric foams possessing a porosity 
gradient have been prepared for controlled wave front shaping in 
gradient-index acoustic materials [9]. These materials rely on control
ling the porosity within distinct portions of the monolith. However, 
materials with a porosity gradient are often prepared using complex 
multistep synthesis techniques [11–15] or layer-by-layer approaches 
that may result in weak material interfaces [16]. 

One method to prepare highly-porous and gradient porosity mate
rials is using an emulsion templating technique, or polymerized high 
internal phase emulsions (polyHIPEs) [17–23]. PolyHIPEs are defined 
by the amount of internal, or dispersed, phase stabilized within the 
continuous phase during emulsion preparation, and this dictates many 

of the material’s properties [24,25]. The term high is defined as when the 
volume fraction of the dispersed-phase of the emulsion exceeds 74% of 
the total volume resulting in tightly packed droplets. Emulsions with 
24–74% dispersed phase are called medium internal phase emulsions 
(MIPEs) while low internal phase emulsions (LIPEs) contain less than 
24% of dispersed phase by volume [26]. Porous polymer monoliths are 
formed from the emulsion when a polymerizable continuous phase is 
cured followed by removal of the dispersed phase. Relatively few ex
amples have been reported of polyHIPEs prepared with gradients in 
chemistry [27], porosity gradients [9,10,28–30], or a combination of 
both [28,31]. Layered porosity polyHIPEs (LP-polyHIPEs) have been 
prepared where either average pore size [29,31,32] or the total porosity 
is controlled [9,10]. Both approaches require spatial control over the 
final pore morphology. However, layered porosity polyHIPEs often 
require unique synthesis protocols such as microfluidics resulting in 
limited batch quantities [29,30]. 

The most widely reported polyHIPE synthesis technique is thermally 
initiated free radical polymerizations [33–35]. While free radical 
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polymerizations are versatile and robust, a potential limitation of free 
radical polymerization is destabilization of the emulsions due to the 
elevated temperatures impacting emulsion stability or pore size causing 
undesirable final pore morphologies [36–38]. One alternative strategy is 
using orthogonal coupling reactions (or “click chemistry”) [39,40] 
including thiol-ene reactions, typically with low molecular weight re
actants [41–46]. Photoinitiated thiol-ene reactions can occur rapidly at 
room temperature to lock in droplet morphology [41]. Cameron and 
coworkers [31] demonstrated that rapid thiol-ene photopolymerizations 
of low-molecular weight monomers produced polyHIPEs with two layers 
by layering different emulsions together according to their composition, 
although the materials properties of the polyHIPEs were not tested. Well 
defined interfaces were produced that were attributed to limited 
inter-layer mixing due to the high viscosity inherent to HIPEs. In other 
work, Szabo and coworkers [47] patterned an elastomer consisting of 
hard and soft segments layered together. The patterned elastomers did 
not fracture at the interface between layers after curing, producing 
compositionally different layers with strong interfaces. Poly
dimethylsiloxane (PDMS) is often used as a non-porous elastomer, and 
porous PDMS materials have been prepared using polyHIPEs with both 
homogenous [48–51] and gradient [9,10] porosities using hydro
silylation or epoxy-curing reactions. Recently we reported that poly
MIPEs can be prepared by reacting macromolecular thiol- and 
ene-functionalized PDMSs [51]. Building on our previous work with 
PDMS-based polyMIPEs, we investigated the ability to layer multiple 
emulsions together spanning MIPE to HIPE regimes, a currently unex
plored topic. In the work reported here, we have prepared PDMS-based 
layered porosity polyHIPEs (LP-polyHIPEs) in a simple one-step process 
by patterning emulsions to form a single material using rapid thiol-ene 
click-chemistry reactions, as shown in Fig. 1. We have demonstrated 
that these reactions do not require any additional reagents or protocols 
compared to the monolithic polyHIPE synthesis. 

We chose to cover a wide range in total porosity from 40% to 80% 
that spans both the MIPE and HIPE regimes, as both pore morphology 
and mechanical properties of the resulting polyHIPEs are impacted over 
this range. The volume of dispersed phase in the emulsion was found to 
dictate the average pore size and morphology as well as the mechanical 
properties after polymerization in a predictable fashion. Finally, the 
strength of the interface between two different formulations was tested 
by monitoring the break-point during tensile testing of the LP- 
polyHIPEs. While some of the materials prepared in this work are 
formally described as polyMIPEs, we are referring to all of the poly
merized materials in this work as polyHIPEs for simplicity in naming and 
describing the layered materials. Furthermore, in the manuscript we 
identify the synthesized polyHIPEs according to their theoretical total 

porosity (Φtheo) rather than their volume of dispersed phase in the 
emulsion templates. 

2. Experimental 

2.1. Materials 

The photoinitiator 2,2-Dimethoxy-2-phenylacetophenone (DMPA) 
and reagent grade dichloromethane (DCM) were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). The random copolymer [13–17% (mer
captopropyl) methylsiloxane]–dimethylsiloxane copolymer (thiolated- 
PDMS), the vinyl terminated polydimethylsiloxane (vinyl-PDMS), and 
(30–35% dodecylmethylsiloxane-[7–10% hydroxy(propethyleneoxy 
(6–9) propyl) methylsiloxane] – (55–65% dimethylsiloxane) terpolymer 
(Silube J208-812) were purchased from Gelest (Morrisville, PA, USA). 
Sodium Chloride (NaCl) was purchased from Oakwood Chemical (Estill, 
SC, USA). The blue dye used for imaging purposes, ORCOSOLVE Blue HF 
Liquid, was obtained from Orco Organic Dyes and Pigments (Lincoln, RI, 
USA). All reagents and chemicals were used as received without any 
modifications. 

2.2. Methods 

Total porosity calculations and density measurements were obtained 
from dried polyHIPE samples using a home-built Archimedes balance. 
Average pore morphology observations were obtained by analysis of 
scanning electron microscopy (SEM) images using a Scanning Electron 
Microscope (Low-Vac) (FEI XL-30) equipped with an EDAX detector. 
Cross sections of the materials were cut from dried polyHIPEs from 
chosen locations and fixed onto aluminum stubs, sputter coated with 
gold/palladium, and imaged at an accelerating voltage of 15 kV. Ultra 
small-angle X-ray scattering (USAXS) studies were carried out at 
beamline 9 ID-C at the Advanced Photon Source, at the Argonne Na
tional Laboratory [52–59]. Samples were prepared and scattering data 
was analyzed as described in our previous paper [51]. Viscoelastic 
properties of dried polyHIPEs were obtained using dynamic mechanical 
analysis (DMA) by a PerkinElmer Dynamic Mechanical Analyzer 8000 
and processed using Pyris software. Sections of dried polyHIPEs were cut 
to ~3 mm thick, ~5 mm wide, and ~8 mm long. Each side of the 
interface and a sample of the interface between the two formulations 
were characterized for layered porosity materials (Fig. S1). Rectangular 
tension frequency sweep experiments (0.1–70 Hz; 0.01 mm strain) were 
run on three replicate samples for each polyHIPE formulation. The 
tensile strength-extension curves were recorded by an INSTRON 5948 
Micro Tester equipped (Norwood, LA, USA) with a 5 N load cell. 

Fig. 1. Overview of layered polyHIPE synthesis by patterning two emulsions with different total volumes of dispersed phase. Emulsion formulation A (blue) can be 
patterned with emulsion formulation B (red) to produce a layered porosity polyHIPE after polymerization and drying. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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Triplicates for each sample were prepared in molds conforming to ASTM 
D412 – type C. These dog-bone specimens had an overall length of 115 
mm (the gauge length being 25 mm), width of 6 mm, and thickness of 3 
mm approximately. The sample thickness and width were measured 
three times, and the mean value was used for estimating the 
cross-sectional area. The samples were fixed to the test fixture on the 
INSTRON through pneumatic grips with automatically adjusting inlet 
air pressure. To prevent sample breakage while gripping, paper strips 
were placed between the sample and the serrated grips. All samples were 
strained at a crosshead speed of 5 mm/min or 0.2 inch/min during the 
tensile test. Constant tension was applied along the X-axis (Fig. S2) of the 
polyHIPEs to evaluate the strength at the interface of two formulations. 

2.3. Emulsion preparation 

Water-in-PDMS inverse emulsions were prepared using a protocol 
established in our lab [51]. A continuous phase containing equal thiol to 
alkene functional groups was prepared by adding thiolated-PDMS (2.5 g, 
2.86 mmol thiol-functional groups) and vinyl-PDMS (8.57 g, 2.86 mmol 
alkene-functional groups) in a glass vial. Silube (111 mg) (1.0 wt % 
compared to total weight of continuous phase) was added and the 
mixture was vortexed for about 30 s to ensure a homogenous continuous 
phase was formed. A dispersed phase consisting of 1.5% wt/vol NaCl 
solution in ultra-pure Mili-Q water was added in about 1 mL portions to 
the vial containing the continuous phase to the desired volume of 40%– 
80%. After each addition of dispersed phase, the vial was vortexed for 
2–3 min to form the emulsion until the required composition was ob
tained. Due to the increased viscosity, emulsions with >75% volume of 
dispersed phased needed to be prepared using an overhead stirrer with a 
propeller attachment at 800 rpm for 15 min following the same pro
cedure. The size and morphology of dispersed phase droplets from each 
emulsion were characterized using optical microscopy (Fig. S3). 

2.4. PolyHIPE synthesis 

PolyHIPEs with a 1:1 ratio of thiol to alkene functional group were 
prepared using a modified procedure from our lab [51]. The continuous 
phase was first prepared in an appropriately-sized glass vial. 
Thiolated-PDMS (2.5 g, 2.86 mmol thiol-functional group), vinyl-PDMS 
(8.57 g, 2.86 mmol alkene-functional group), and Silube (111 mg, 1.0 wt 
% with respect to weight of continuous phase) were added and vortexed 
to mix. In a separate small glass vial the photoinitiator DMPA (111 mg, 
1.0 wt% with respect to weight of continuous phase) was dissolved in 
approximately 0.2 mL of DCM. This solution was added to the contin
uous phase, vortexed until homogenous as previously described, and 
then protected from light. Nitrogen gas was bubbled through the reac
tion mixture to remove the DCM. The dispersed phase consisting of a 
1.5% wt/vol NaCl solution in Mili-Q water was added in small portions 
and vortexed until a viscous emulsion formed. The emulsion was poured 
into the desired square or dog-bone shaped template and irradiated with 
UV light (λmax = 365 nm, 48 W) for 6 min from all sides in a mirrored 

enclosure and allowed to stand further for 5 min before being removed 
and placed into the vacuum oven and dried for ~ 48 h at 24 ◦C. The 
polyHIPE was removed when a constant mass was obtained during the 
drying process. There was no further purification method performed 
after drying. The final polyHIPEs were characterized using scanning 
electron microscopy, USAXS, dynamic mechanical analysis and tensile 
testing in triplicate. 

2.5. Layered porosity polyHIPE synthesis 

Layered porosity polyHIPEs were prepared using a simple emulsion 
patterning method designed during this work. We first prepared poly
merizable emulsions according to our methods where the volume of 
dispersed phase was varied from 40% to 80%. These emulsions were 
transferred into individual 12 mL syringes to more selectively fill the 
preferred portion of the template. Templates were previously 3D printed 
to have a slight notch along the inner wall to allow for a thin divider to 
be placed separating the two halves. One side of the template was filled 
with the first emulsion (A) and then a second emulsion (B) with a 
different formulation was used to fill the remaining half of the template 
(Fig. S4). The divider was slowly removed before placing the template 
immediately under the UV light source for 6 min. The layered polyHIPE 
was removed from the template and dried for ~48 h at 24 ◦C without 
any further purification. These materials were then cut into roughly 
three equally sized rectangular strips for dynamic mechanical analysis 
with a portion coming from only side A, only side B, and the interface of 
side A and B (Fig. S1). A dog bone-shaped template was used for pre
paring polyHIPEs for tensile testing where the same process of drying 
was followed without any additional cutting of the samples before 
characterization. 

3. Results and discussion 

We first prepared polyHIPEs using single-porosity emulsions with 
five different dispersed phase volume fractions spanning the MIPE and 
HIPE regimes from 40% to 80% volume of dispersed phase as controls 
for the LP-polyHIPEs. We varied the volume of the dispersed phase in 
these formulations as total porosity depends on the amount of dispersed 
phase and we hypothesized that the properties of these polyHIPEs are 
controlled through the total porosity. The aqueous dispersed phase of 
the emulsions was a 1.5 wt % salt solution of NaCl while the continuous 
phase consisted of UV-polymerizable pendent thiolated-PDMS and tel
echelic vinyl-PDMS with DMPA as the photoinitiator for the thiol-ene 
crosslinking reaction (Scheme 1). 

The stoichiometric ratio of thiol to ene functional groups within the 
continuous phase was 1:1 and the concentration of both surfactant and 
photoinitiator were maintained at 1.0 wt % with respect to the contin
uous phase for all the formulations tested. We chose an equal thiol to ene 
ratio in this work as this ratio produced materials with the highest 
storage moduli in our previous study [51]. The droplet morphology in 
the emulsions were characterized before polymerization using optical 

Scheme 1. Crosslinking reaction occurring in the continuous phase between thiolated-PDMS and vinyl-PDMS.  
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microscopy (Fig. S3). All the emulsions showed similar aggregated 
droplets of dispersed phase where the diameter of the largest droplets 
was approximately 200 μm and the diameter of the smallest droplets was 
approximately 10 μm on average. These droplet-droplet interactions 
were expected, as emulsions stabilized by Silube surfactants have been 
reported to result in an aggregated droplets in water-in-PDMS emulsions 
[10,51]. 

We first characterized the single-porosity polyHIPEs with respect to 

their total porosity, pore size, and surface area, and these results are 
presented in Table 1. 

We calculated the total porosity of the polyHIPEs using equation (1) 
where ρ is the average density of the bulk PDMS (0.975 g/mL), ρ* is the 
measured density of individual polyHIPE samples (Table S1), and Φ is 
total porosity. 

1 −
ρ*

ρ = Φ (1) 

For polyHIPEs SP-40 and SP-60, a direct relationship exists where the 
volume of dispersed phase results in the expected total porosity. How
ever, the values of total porosity are lower than expected for polyHIPEs 
SP-70 and SP-75. We explain this decrease in total porosity due to pore 
collapse during the drying process; this has been shown in similar soft 
PDMS-based porous monoliths [60]. The lowest calculated total porosity 
was polyHIPE SP-80, where the calculated total porosity of the material 
was negligible, and the measured density was also similar to that of 
non-porous crosslinked PDMS. 

We calculated the average surface area (SS) with Equation (2), using 
the average pore size, dp, determined from USAXS data and the calcu
lated porosity from equation (1). 

Table 1 
Total porosity, pore size, and surface area results of single porosity (SP-40 – SP- 
80).  

PolyHIPE Theoretical Total 
Porosity Φtheo (%)  

Total 
Porositya Φ 
(%)  

Average Pore 
Sizeb dp (μm) 

Average 
Surface Areac 

(m2/g) 

SP-40 40 40 ± 2 120 ± 0.4 0.035 ± 0.002 
SP-60 60 58 ± 2 34 ± 0.1 0.261 ± 0.015 
SP-70 70 62 ± 2 22 ± 0.1 0.457 ± 0.028 
SP-75 75 53 ± 2 17 ± 0.1 0.416 ± 0.024 
SP-80 80 3 ± 2 43 ± 0.1 0.004 ± 0.003  

a Calculated from equation (1). 
b Calculated from USAXS data. 
c Calculated from equation (2). 

Fig. 2. SEM images of cross sections of dried polyHIPEs with varied single total porosity. (a) SP-40, (b) SP-60, (c) SP-70, (d) SP-75, and (e) SP-80. Areas of non- 
porous crosslinked PDMS are highlighted by a yellow arrow in image (a). A yellow dashed circle in image (d) highlights pore window morphology. Scale bar is 200 
μm for images. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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SS =
6 Φ

(1 − Φ)ρdp
∼ 10− 2m2/g (2) 

From the USAXS experiments, we observed a decrease in average 
pore size as Φtheo increased. Specifically, polyHIPE SP-75 had the 
smallest average pore size at 17 μm while polyHIPE SP-40 had the 
largest at 120 μm. This was seen in all formulations besides polyHIPE SP- 
80 due to the significant pore collapse in those materials. As a result of 
the dramatic decrease in pore size, we see a corresponding increase in 
the surface area as we increased Φtheo. For example, while polyHIPE SP- 
75 had the smallest average pore size, the surface area was slightly lower 
than polyHIPE SP-70 due to the lower total porosity. The pore collapse 
in polyHIPE SP-80 was further confirmed by our observation of the 
lowest surface area of 0.004 m2/g for these materials. Our results from 
USAXS and porosity calculations of single porosity polyHIPEs estab
lished that significant changes to the pore size and total porosity were 
obtained over the range of dispersed phases tested. These results show 
that controlling pore size and total porosity can be achieved by simply 
changing the volume of dispersed phase of the emulsion in all cases 
besides emulsions consisting of 80% volume of dispersed phase for this 
system. 

We further characterized single porosity polyHIPEs using SEM, and 
the images are shown in Fig. 2. 

For all formulations, porous monoliths were obtained that had 
interconnected spherical pores with a dispersity in pore sizes. For pol
yHIPE SP-40 with a Φtheo of 40% (Fig. 2a) an interconnected open-pore 
structure was obtained with areas of non-porous crosslinked PDMS, as 
highlighted by the yellow arrow in Fig. 2a. The observed interconnected 
structure support with the observations of the emulsions in optical mi
croscopy, where aggregated water droplets surrounded by the PDMS 
continuous phase results in this observed open-pore structure. The non- 
porous area appears to decrease and a more homogenous spherical pore 
structure is formed as we increase Φtheo to 60% and 70% in polyHIPE SP- 
60 and SP-70 respectively (Fig. 2b and c). When we increased the vol
ume of dispersed phase into the polymerized high internal phase emul
sion regime at a Φtheo of 75% in polyHIPE SP-75 (Fig. 2d), we see an 
entirely interconnected open-pore morphology with no areas of non- 
porous PDMS. The appearance of pore throats between voids are 
observed on a more consistent basis across the entire monolith for this 
formulation highlighted with the dashed yellow circle in Fig. 2d. We do 
not see significant pore collapse in the SEM images for SP-70 and SP-75, 
even though we calculate lower total porosity values than expected from 
the formulation. We ascribe this to the method we used to measure the 
density of the polyHIPEs. Specifically, submerging the materials in 
water during the measurement can introduce error when calculating 
total porosity, as the interconnected porous structure of these highly 
porous materials makes them susceptible to infiltration of water when 
submerged. This causes a larger density to be measured resulting in the 
total porosity to be calculated incorrectly low. While we observed that 
the measured porosity in these materials was lower than the expected 
total porosity, and the discrepancy increases with the dispersed volume 
fraction, using the volume of the dispersed phase to control the total 
porosity of the polymerized material is an effective strategy when 

formulating the emulsion templates. As we further increased Φtheo to 
80% in polyHIPE SP-80, we see a complete loss of the spherical pore 
shape as well as pore windows and it resembled non-porous crosslinked 
PDMS. While the material largely becomes non-porous after calculations 
using density measurements, the SEM images showed a rough surface 
representative of residual collapsed pores. 

Having obtained and characterized the SP-polyHIPEs to act as 
controlled comparisons, we then prepared the layered porosity poly
HIPEs series by patterning two emulsions with different volumes of 
dispersed phases next to each other within a custom-built mold. We 
chose to hold one side of the material constant at a Φtheo of 40% and for 
the remaining side, increased the Φtheo from 60%, 70%, 75% and 80% to 
produce polyHIPEs with two distinct pore morphologies in a single 
material. The layered porosity polyHIPEs were subjected to the same 
porosity characterization as single porosity polyHIPEs and the results 
are detailed in Table 2. 

We calculated the total porosity of the material at the interface be
tween the two different formulations by taking a portion containing 
equal sizes of both sides and then performing density measurements. For 
example, the polyHIPE LP-40/60 was predicted to have a Φtheo of 50% 
over the interface between emulsion templates. We found that this 
formulation possessed a total porosity of 48% falling between 40% and 
60% as expected. We saw the same result in polyHIPEs LP-40/70 and LP- 
40/75 where the total porosity of the material at the interface was 
consistently between 40% and 70% or 40% and 75% respectively. Pol
yHIPE LP-40/80 possesses a dramatically decreased total porosity of 
28%, which is again explained by the collapse of the 80% dispersed 
phase material. We performed USAXS experiments on each side of the 
interface (Table 2) for all the polyHIPEs and found that patterning two 
emulsions did not appear to disrupt the pore size or surface area of either 
side with respect to the single porosity control materials. We categorized 
the two sides of the LP-polyHIPEs as “Side A” and “Side B”. In every 
formulation the material from a 40% dispersed phase emulsion template 
is always Side A. The second portion of the LP-polyHIPE, Side B, is 
prepared from either polyHIPE SP-60, SP-70, SP-75, or SP-80 respec
tively. We observed similar trends for the surface area and pore size in 
the layered porosity materials compared to the single-emulsion tem
plated materials, where pore size decreased when increasing the Φtheo 
resulting in an increase in surface area. Interestingly, we also saw the 
side consisting of a Φtheo of 75% in polyHIPE LP-40/75, obtained the 
highest surface area for all materials at 0.707 m2/g. We hypothesize that 
in this case, the 40% porosity side of the interface could be acting as a 
support scaffold and limited the typical pore collapse found in this 
formulation allowing it to maintain a higher porosity, thus higher sur
face area. These results confirm that this emulsion patterning technique 
produced materials that maintained the expected pore morphology 
including pore size, shape, surface area, and overall total porosity in a 
controlled and spatially selective manner. 

We characterized the pore morphology, size, and overall interface of 
LP-polyHIPEs using SEM, and the images are shown in Fig. 3. 

Each LP-polyHIPE formulation produced materials with a defined 
interface highlighted with a yellow dashed line where two distinctly 
different pore morphologies in a single material are obtained 

Table 2 
Total porosity, pore size, and surface area results of layered porosity polyHIPEs (LP-40/60 – LP-40/80).  

PolyHIPE Theoretical Total Porosity Φtheo (%)  Total Porositya Φ (%)  Average Pore Sizeb dp (μm) Average Surface Areac (m2/g) 

Interface Side A Side B Side A Side B 

LP-40/60 50 48 ± 2 90 ± 0.3 41 ± 0.1 0.042 ± 0.003 0.217 ± 0.013 
LP-40/70 55 49 ± 2 91 ± 0.3 18 ± 0.1 0.045 ± 0.003 0.530 ± 0.032 
LP-40/75 57.5 46 ± 2 68 ± 0.2 12 ± 0.1 0.061 ± 0.004 0.707 ± 0.042 
LP-40/80 60 28 ± 2 82 ± 0.3 35 ± 0.1 0.052 ± 0.003 0.259 ± 0.016  

a Calculated from equation (1). 
b Calculated from USAXS data. 
c Calculated from equation (2). 
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(Fig. 3a–d). We observed an interconnected open-pore structure with 
areas of non-porous crosslinked PDMS in the material comprised of a 
Φtheo of 40% (top in Fig. 3a–d), as highlighted by the arrow in Fig. 3a. We 
observed differences comparing either side of the interface in these 
polyHIPEs, and the pore size and morphology change sharply at the 
interface. The non-porous areas appear to decrease, and a more ho
mogenous spherical pore structure is formed on the side of the material 
with higher values of Φtheo (bottom in images 3a-d). This difference in 
pore morphology is best observed in the layered materials with the 
largest differences between the porosity of the two formulations used to 
make the material. Overall, each layer in the LP-polyHIPE series is 

reflective of the SP formulation used to prepare the HIPE. For example, 
in PolyHIPE LP-40/75 (Fig. 3c) when each layer is compared to the 
corresponding single-porosity controls, i.e. SP-40 to Side A and SP-75 to 
Side B, we observe non-porous regions in Side A of the LP-polyHIPE 
where SP-40 had non-porous areas (yellow arrow in Fig. 3c) and SP- 
75 had entirely interconnected spherical pores similar to Side B of the 
LP-polyHIPE. We observe the expected loss of the spherical pore struc
ture on the Φtheo of 80% side in polyHIPE LP-40/80 (bottom Fig. 3d) due 
to pore collapse, and the interface became highly curved due to the 
collapse of the 80% side during the drying process while the Φtheo of 40% 
porosity side of the material remained largely unaffected. This shrinkage 
of the 80% side due to pore collapse causes an entire slice of this material 
to bend (Fig. S5). Therefore, the collapse of the pore structure occurs 
independently of templating multiple emulsions together, and instead is 
a result of the formulation 80% itself. Collectively, SEM analysis of both 
layered and single porosity polyHIPE series, show that the process of 
templating two emulsions together does not disrupt the final pore 
structures but produces a single material with a defined interface. 

Both series of polyHIPEs were characterized using DMA to obtain the 
storage moduli (G′) of the materials, and the results are detailed in Fig. 4. 
No variation in G′ was observed over the frequency range used so a 
single value at a frequency of 10 Hz is used in Fig. 4 for ease of 
comparison. 

Mechanical analysis showed that the total porosity has an impact on 
the storage modulus, with SP-40 and SP-80 showing statistically sig
nificant different results from the other polyHIPEs. For the single- 
porosity polyHIPEs series, the materials with the highest porosity 
possess the lowest moduli. Specifically, PolyHIPE SP-70 had the lowest 
modulus at 92 kPa while having the highest total porosity of 62%. These 
results were expected as highly porous materials typically have lower 
mechanical properties [61,62]. The impact of pore collapse on the 
storage moduli of the polyHIPEs was observed for polyHIPEs SP-75 and 
SP-80. These materials were designed to have the highest total porosities 
and thus the softest materials, but we observed higher than predicted 
storage moduli of 140 kPa and 1030 kPa respectively due to the collapse 
of the interconnected pores. We performed the same analysis for the 
LP-polyHIPEs, where, as expected, the storage moduli showed no sig
nificant differences between the LP-polyHIPEs. For these measurements 
we recorded data using slices of the LP-polyHIPEs containing the 
interface, and applied the tension in the direction of the interface. The 

Fig. 3. SEM images of cross sections of dried 
polyHIPEs at the interface of layered 
porosity polyHIPEs. (a) LP-40/60, (b) LP- 
40/70, (c) LP-40/75, and (d) LP-40/80 
where the interface between two different 
formulations is highlighted by a yellow 
dashed line in each image. The area above 
the dashed line is always Φtheo of 40% in all 
images. Areas of non-porous crosslinked 
PDMS are highlighted by a yellow arrow in 
image (a) and (c). Scale bar is 1 mm in each 
image. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 4. Storage modulus at a single frequency plot of single porosity polyHIPEs 
(black columns) and the interface of layered porosity polyHIPEs (grey columns) 
where each are plotted as an average of three replicates. The calculated total 
porosity of each material is listed above individual bars. Inset image describes 
the direction of tension being applied (yellow arrow) to the interface (red 
dashed line) of layered porosity polyHIPEs. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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LP-polyHIPEs possessed values of G′ between ~80 and 140 kPa. 
The polyHIPEs were further characterized using tensile testing 

(Fig. S6), where tension was applied in the direction normal to the 
interface (as opposed to the dynamic mechanical analysis experiments), 
and the recorded Young’s Moduli (E), Ultimate Tensile Strength (σult), 
and Fracture Strain (εf) are listed in Table 3. 

As expected, the total porosity had a significant impact on the 
Young’s moduli for the SP-polyHIPEs, where polyHIPE SP-40 and SP-80 
with the lowest porosity possess the highest moduli of 96 kPa and 218 
kPa respectively. The remaining polyHIPEs SP-60, SP-70, and SP-75 all 

obtained similar values of E of approximately 70 kPa as they all have 
similar total porosity values. Similar trends were observed in both the 
ultimate tensile strength (σult) and fracture strain (εf). PolyHIPEs SP-60, 
SP-70, and SP-75, having comparable porosity values, all obtained 
values of σult and εf of approximately 60 kPa and 80% respectively. 
PolyHIPE SP-40 had the lowest values for both σult and εf of 26 kPa and 
28% respectively. As this material is mostly crosslinked bulk PDMS, it 
was expected to have a low fracture strain compared to more porous 
materials theoretically [63]. PolyHIPE SP-80, having the lowest 
porosity, obtained the highest σult of 150 kPa. Interestingly, this material 
also showed a high εf of 78%. We hypothesize this is possibly due to the 
remaining microporous porous structure after the drying process 
allowing the material to remain ductile. Piszczyk and coworkers [64] 
showed the introduction of microporosity into porous poly(urethane)s 
showed a similar increase in the fracture strain. Importantly, when the 
LP-polyHIPEs were examined by tensile testing we do not see any sig
nificant decrease in the value of E, σult, or εf even though we were pulling 
on either side of the interface in the material. In fact, we observed an 
increased or maintained Young’s moduli confirming that the interface 
between the two different porosity values was strong and did not split. 
To further support these observations, we monitored the fracture point 
of each LP-polyHIPE after elongation at break experiments (Fig. 5) and 
found LP-polyHIPEs consistently broke on the side of the interface with 
the highest total porosity. For example, polyHIPE LP-40/75 (Fig. 5c), 
shows a fracture point ~3 mm away from the interface on the side with a 
higher porosity. We observed material failure on the side from the 40% 
porosity in LP-40/80. This result again demonstrates that total porosity 
is dictating the strength of the material. While layered materials 
designed to have a side with a Φtheo of 80% experienced pore collapse, 
the side consisting of a Φtheo of 40% was ultimately the more porous side 
and weaker. 

In order to demonstrate that we can prepare layered materials with 
more than two porosities, we prepared multilayer porosity polyHIPEs 
where we increased the number of different layers up to five, an example 
of this is shown in (Fig. 6). 

These materials were produced from patterning emulsions in 
custom-built molds with five sections. For example, we patterned 
emulsions with 60%, 70%, and 75% volume of dispersed phases in the 
order 75% – 70% – 60% – 70% – 75% where the emulsion with 70% 
volume dispersed phase is dyed blue (Fig. 6a). We imaged the patterned 
emulsions before (Fig. 6a) and after (Fig. 6b) polymerization and found 
that defined interfaces were qualitatively observed between each 
emulsion and no inter-layer mixing occurred. These materials demon
strate that the methods described here can make multilayered poly
HIPEs, we expect that the properties of the multilayered materials will 
be reflective of the individual SP-polyHIPEs used to prepare them. We 

Table 3 
Mechanical analysis results of single porosity (SP-40 – SP-80) and layered 
porosity polyHIPEs (LP-40/60 – LP-40/80). These results are from a single 
material rather than an average of replicates.  

PolyHIPE Total 
Porosity Φ 
(%)  

Young’s 
Moduli 
E (kPa) 

Ultimate Tensile 
Strength σult (kPa) 

Fracture 
Strain εf (%) 

SP-40 40 96 26 28 
SP-60 59 70 60 81 
SP-70 62 69 64 78 
SP-75 52 74 57 77 
SP-80 3 218 150 78 
LP-40/60 49 87 43 48 
LP-40/70 49 72 38 52 
LP-40/75 47 92 50 54 
LP-40/80 28 115 52 39  

Fig. 5. Elongation at break results showing the fracture point of LP-polyHIPEs 
(a) LP-40/60, (b) LP-40/70, (c) LP-40/75), and (d) LP-40/80. The black arrow 
in each image shows the interface between two different formulations. 

Fig. 6. Optical images of (a) patterned HIPEs and (b) multilayer polyHIPE after polymerization consisting of 75% (outer left and right), 70% (center left and 
right), and 60% (middle) volumes of dispersed phase. The 70% volume of dispersed phase emulsion was dyed blue to show the interface between different for
mulations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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anticipate that these materials may be applicable to areas including 
tissue engineering scaffolds and we will report their full characterization 
in future publications. 

4. Conclusions 

We have prepared layered porosity PDMS polyHIPEs using photo
initiated thiol-ene polymerization coupled with simple emulsion 
patterning techniques. The volume of the dispersed phased in the 
emulsion dictates the total porosity and average pore size in a predict
able fashion and different desired pore sizes can be imparted into a 
single monolith with a defined interface by selectively patterning 
differing emulsion formulations. The portion of the material containing 
the interface obtains viscoelastic characteristic representative of a blend 
of both compositions when tension is applied along the interface. 
Layered porosity polyHIPEs showed mechanically strong interfaces in 
tensile testing experiments, where the material fails on the softer, more 
porous portion rather than at the interface when tension is applied 
normal to the direction of the interface. This templating technique can 
be used to produce polyHIPEs with up to five patterned emulsions where 
the interface between each formulation is clear. These results prove the 
rapid thiol-ene polymerization occurs between each layer without dis
rupting the desired porous nature producing mechanically robust 
layered porosity materials. 
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[32] M. Sušec, S.C. Ligon, J. Stampfl, R. Liska, P. Krajnc, Hierarchically porous materials 
from layer-by-layer photopolymerization of high internal phase emulsions, 
Macromol. Rapid Commun. 34 (2013) 938–943, https://doi.org/10.1002/ 
marc.201300016. 
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