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e-pored polydimethylsiloxane
using an isopropyl alcohol and water mixture for
adjustable mechanical, optical, and thermal
properties†

Yeunjun Kwak,‡ Yunsung Kang,‡ Wonkeun Park, Eunhwan Jo and Jongbaeg Kim *

Porous polydimethylsiloxane (PDMS) has garnered interest owing to its large inner surface area, high

deformability, and lightweight, while possessing inherent properties, such as transparency, flexibility,

cost-effectiveness, ease of fabrication, chemical/mechanical stability, and biocompatibility. For

producing porous PDMS, gas foaming, sacrificial template, and emulsion template techniques have been

used extensively. However, the aforementioned methods have difficulty in achieving submicron-sized

inner pores, which is advantageous for improving flexibility and transparency. This study demonstrates

a simple fabrication method for obtaining porous PDMS with fine pores partially down to the sub-micron

scale. This is possible by the use of cheap, volatile, and easily accessible isopropyl alcohol (IPA) as a co-

solvent in water and pre-PDMS emulsion. IPA shows an affinity towards both water and prepolymer,

resulting in an increased distribution of small water particles inside PDMS before curing. These water

particles evaporate while curing the prepolymer emulsion, thereby generating fine pores. The fine size

and number density of pores are controlled by water and the added amount of IPA, resulting in

adjustable mechanical, optical, and thermal properties of porous PDMS.
Introduction

Numerous exible and transparent electronics have evolved for
promising technologies including smart displays, electronic skin,
human–machine interfaces, and wearable devices. In recent
decades, numerous studies primarily focused on developing elec-
trical conductors,1,2 thin-lm transistors,3,4 light-emitting diodes,5,6

chemical sensors,7,8 and strain/pressure sensors9–11 for the above-
mentioned high-end applications requiring exibility and trans-
parency. However, this was not possible without the introduction of
exible and transparent polymer substrates, which enabled elec-
tronic devices to overcome the limitations of rigid and opaque
electronics based on silicon processing. Polydimethylsiloxane
(PDMS), polyethylene terephthalate, and polyimide have been
frequently used as substrate materials. Among them, PDMS has
attracted much interest owing to its transparency, exibility, cost-
effectiveness, ease of fabrication, chemical/mechanical stability,
and biocompatibility.12–14

One of the strategies using PDMS with the abovementioned
characteristics is endowing its porosity inside. This makes it
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possible for PDMS to have additional properties, such as large
surface area, high deformability, and lightweight, to originate
from the inner porous structure. There are ve representative
methods for producing porous structures in PDMS, i.e., sacri-
cial template-, gas foaming-, 3D printing-, phase separation-,
and emulsion template-based techniques.15 Although the
particle leaching method that uses sugar or salt particles as the
sacricial template is the most popular,16–23 emulsion template
techniques mixing water with uncured prepolymer have also been
explored signicantly.24–32 Water molecules are aggregated and
distributed separately inside the PDMS prepolymer, i.e., it behave as
oil during a curing process. Additionally, water vapor can easily
evaporate and permeate through PDMS at the curing temperature,33

resulting in the formation of an inner porous structure, i.e., water
acts as a porogen when fabricating porous PDMS. This method
allows the formation of either interconnected or isolated pore
structures. Open-cell porous PDMSwith a continuous inner channel
has gained signicant interest owing to their various applications,
including exible conductors,34 oil absorbents,27,35 microuidics,36

cell culture,18,37 capacitive pressure sensor,38 and triboelectric energy
harvester.39 However, there is a lack of applications utilizing closed-
cell porous PDMS. Additionally, to the best of our knowledge, an
approach using porous PDMS for its characterization as a exible
and transparent substrate has not yet been reported.

In this study, we demonstrate a method for producing ne-
pored PDMS. In this method, isopropyl alcohol (IPA) was used
RSC Adv., 2021, 11, 18061–18067 | 18061
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as an additional solvent and introduced into the emulsion with
pre-PDMS and DI water, thereby resulting in the reduced size
and increased number density of pores. This enables the
formation of submicron-sized pores, which was rarely achieved
via emulsion template techniques.15 Furthermore, we propose
and explain a pore-generation mechanism in the emulsion
template method when IPA is added to water and PDMS. The
number and size of pores obtained for different weight ratios of
IPA to PDMS were analysed using an image-processing tech-
nique, and the effect of various solvents in conjunction with
deionized water on the formation of porous PDMS was also
evaluated. Finally, we demonstrated that the mechanical exi-
bility, optical transparency, and thermal diffusivity of porous
PDMS can be adjusted by varying the added weight ratio of IPA
to water and prepolymer emulsion. Additionally, the reduced
pore size and increased number density allows closed-cell
porous PDMS to exhibit improved exibility and transparency,
which could be advantageous when utilized as a exible and
transparent substrate.
Experimental methods
Fabrication of porous PDMS

Fig. 1 shows the fabrication process of porous PDMS in this
study.40 First, a PDMS base (Sylgard 184A, Dow Corning) was
mixed with a curing agent (Sylgard 184B, Dow Corning) at a weight
ratio of 10 : 1. DI water and IPAwere poured simultaneously into the
uncured PDMS at weight ratios of 5 : 100 and 0/1 : 100/5 : 100/
10 : 100, respectively. Subsequently, the PDMS/DI water/IPA emul-
sion was vigorously blended for 1 min at 500 rpm using a mechan-
ical stirrer. The emulsion was placed in a customized vacuum
chamber for 30 min to remove the air bubbles generated uninten-
tionally inside itself. Next, the emulsion was placed in a Petri dish
and cured in a convection oven at 70 �C for 1 h. The cured PDMS
Fig. 1 Fabrication process of porous PDMS. PDMS base was mixed with
IPA were simultaneously poured into the uncured PDMS at the weigh
emulsion was blended vigorously for 1 min at 500 rpm using a mechanica
30min to remove air bubbles that were generated unintentionally inside t
a convection oven at 70 �C for 1 h. The cured PDMS was placed in an a
remove any solvents may remain inside.

18062 | RSC Adv., 2021, 11, 18061–18067
was placed in an ambient environment for one day at room
temperature to completely remove any solvents that may remain
inside. Finally, PDMS was carefully prepared into various dimen-
sions for a particular purpose.

Characterization of porous PDMS

To investigate the distribution of pores in PDMS, a cross-section of
the specimen was subjected to scanning electron microscopy (SEM,
IT-500HR, JEOL). The diameter and number of pores were evaluated
from cross-sectional SEM images using a soware program (Image
J).41 The pore size was determined using Feret's diameter, which is
the longest distance between two arbitrary points along each pore.42

The mechanical properties of porous PDMS were investigated using
a universal testing machine (UTM, OTT-001, ORIENTALTM) equip-
ped with both a displacement sensor and a load cell with a capacity
of 100 N. The prepared porous PDMS had a volume of 1� 1� 1.25
cm3 for the compressive tests conducted at a speed of 2 mmmin�1.
The optical transmittance and haze of various specimens having
a thickness of 3 mm were examined in the visible light spectrum
using a UV/vis spectrometer (V-650, JASCO Cooperation) and a spec-
trophotometer (CM-3600d, Konica Minolta), respectively. Thermal
diffusivity of the 1.25 mm thick porous PDMS was measured by the
laser ash method using a commercial equipment (LFA-457,
NETZSCH) at elevated temperatures ranging from 40 to 120 �C.

Results and discussion
Fine pore formation using IPA and water mixture into PDMS

PDMS is well known as a hydrophobic material and it is not
easily miscible with water without a vigorous mixing procedure
to form an emulsion. However, this hydrophobicity also
contributes to the formation of porogens of various sizes
ranging from tens to several microns depending on the weight
ratio of mixed water when fabricating porous PDMS.29 However,
the curing agent at a weight ratio of 10 : 1. Subsequently, DI water and
t ratio of 5 : 100 and 10 : 100, respectively. The PDMS/DI water/IPA
l stirrer. The emulsion was placed in a customized vacuum chamber for
he sample. Then, the emulsionwas poured into a Petri dish and cured in
mbient environment for one day at room temperature to completely

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cross-sectional SEM images of porous PDMS prepared using
water and (a) chloroform, (b) acetone, (c) ethanol, and (d) isopropanol
(scale bar: 50 mm).
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the pore sizes with this range reduces the transparency of
porous PDMS signicantly due to light scattering.26

This makes it difficult for porous PDMS to be used for
applications requiring transparency. To overcome this issue, it
is necessary to develop porous PDMS with enhanced trans-
parency by reducing the pore size down to the submicron level.
Hence, we used a cheap, volatile, and easily accessible solvent,
Table 1 Various properties of selected solvents

Solvent Solubility in water Surface tension (mN m

Chloroform 0.8 g/100 g 26.7
Ethanol Completely miscible 22.0
Acetone Completely miscible 23.0
Isopropanol Completely miscible 23.3
Water — 72.8

Fig. 3 Cross-sectional SEM images of porous PDMS prepared using the
5 : 100, and (d) 10 : 100 IPA to PDMS (scale bar: 50 mm). Photographs o
distribution of porous PDMS from an image processing technique. Red

© 2021 The Author(s). Published by the Royal Society of Chemistry
whose properties showed an affinity towards water and PDMS.
This would result in the formation of minute water particles
inside PDMS upon emulsication. To conrm our approach,
various solvents were added to the pre-PDMS and water
mixture, including chloroform, acetone, ethanol, and IPA. The
added weight ratio of water and IPA to PDMS was xed at 5 : 100
and 10 : 100, respectively. The added weight of other solvents
was adjusted to the same number of moles as that of IPA to
PDMS. The SEM images of various fabricated porous PDMS are
shown in Fig. 2. Table 1 shows various properties of the selected
solvents as a co-solvent.43–46 Chloroform is hardly soluble in
water, which makes it ineffective in reducing the pore size. On
the other hand, the use of acetone, ethanol, and IPA as co-
solvents were efficient in reducing the pore size in PDMS
when compared with the results obtained using water alone
(Fig. 3a). This is because of the lowered surface tension of
a completely miscible mixture of water and solvent.47 Among
these mixtures, IPA showed the best result to achieve the
smallest pore size in PDMS. This could be due to the relatively
high swelling ratio of IPA to PDMS and moderate polarity to
water. A higher swelling ratio of IPA could indicate that
a solvent is more likely to spread inside PDMS. Additionally, the
relatively lower polarity of IPA compared to that of ethanol and
acetone could induce more possibilities for IPA molecules to be
located between polar water and nonpolar pre-PDMS. This
makes it easy to spread water particles. The solubility, surface
�1) Swelling ratio to PDMS Relative polarity to water

1.39 0.259
1.04 0.654
1.06 0.655
1.09 0.546
1.00 1

added weight ratio of water to PDMS (5 : 100) with (a) 0, (b) 1 : 100, (c)
f each sample are shown in the inset (scale bar: 10 cm). (e) Pore size
lines indicate Gaussian distribution of the pore size.

RSC Adv., 2021, 11, 18061–18067 | 18063
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tension, swelling ratio, and polarity of the solvent as a co-
solvent should be considered together to adjust the pore size
in porous PDMS. However, porous PDMS was not developed
when only a solvent was used without water, as shown in
Fig. S1.† This indicates the crucial role of water in the emulsion
template technique for fabricating porous PDMS. Fig. 3a–
d show the cross-sectional SEM images of porous PDMS
prepared using emulsions with the weight ratio of water
(5 : 100) and IPA (0, 1 : 100, 5 : 100, and 10 : 100) to PDMS,
respectively. The inset images of Fig. 3a–d display the optical
images of fabricated PDMS. It was conrmed that the addition
of IPA is highly effective for reducing the inner pore size,
thereby resulting in an increase in transparency of PDMS, as
shown in the inset images. The SEM images of porous PDMS at
a low magnication are also presented in Fig. S2.†

The average pore sizes were calculated to be 2.12, 2.07, 1.68,
and 1.37 mm in Fig. 3a–d when the added weight ratio of IPA to
PDMS was 0, 1 : 100, 5 : 100, and 10 : 100, respectively. The
number of pores counted from the four different samples using
an image processing technique is presented as a histogram and
Gaussian distribution in Fig. 3e. In addition, Fig. S3† presents
the distribution of pore size in the relatively small range, and
Table S1† shows the average size and its standard deviation of
pores in the samples of Fig. 3e. The size and the number of
pores decreases and increases quantitatively, respectively, and
this tendency corresponds with the observed SEM images.
Notably, we achieved a part of submicron-sized ne pores by
adding an easily accessible and volatile co-solvent to the
emulsion unlike most of the reported studies based on the
emulsion template technique showing the pore size down to
several microns.15 Additionally, the usage of IPA as a co-solvent
is highly benecial in that it does not persist inside and does
not affect the property of porous PDMS aer polymerization
when considering that volatile organic compounds show high
permeability to PDMS.48,49 Fig. S4† shows an enlarged cross-
sectional SEM image of porous PDMS prepared with the
added weight ratio of water (5 : 100) and IPA (10 : 100) to PDMS.
The manually measured pore size was also distributed around 1
mm, which is consistent with the image processing analysis.
Furthermore, a self-stratifying porous structure with a non-
Fig. 4 Compressive stress–strain curves of PDMS and porous PDMS at
porous PDMS in our study was derived by reducing the pore size.

18064 | RSC Adv., 2021, 11, 18061–18067
porous skin layer32 was also observed in our sample, as shown
in Fig. S5,† originating from the relatively rapid evaporation of
water at the surface. This structure is worth mentioning that
various patterning strategies can be integrated on the top surface of
the fabricated porous PDMS retaining transparency and exibility.
Another considerable aspect, when this skin layer is formed, is the
effect of gravity to water droplet. When considering the effect of
gravity on the water droplet in PDMS emulsion, Stoke's law can be
applied.32,50 According to Stoke's law, the speed of water droplet
sedimentation is expressed as an eqn (1) where Vstokes, rw, rp, g, d,
and mp represent the sedimentation velocity, water density
(1 g cm�3), liquid PDMS density (0.98 g cm�3), the acceleration due
to the gravity (9.8 m s�2), the particle diameter, and the dynamic
viscosity of PDMS (3.5 Pa s, Sylgard 184), respectively.

Vstokes ¼
�
rw � rp

�
gd2

18mp

(1)

For example, when the diameter of water particle is 10 mm,
the descent velocity of it is calculated as approximately 0.3 nm
s�1. The calculated displacement of water particle is approxi-
mately 1.1 mm for the curing time (1 h). Thus, the effect of
gravity on water particles would be negligible to the formation
of skin layer.

Mechanical, optical, and thermal properties of porous PDMS

Compressive stress–strain curves of porous PDMS with respect
to the weight ratio of added IPA are presented in Fig. 4. The
hysteresis phenomena of porous PDMS between loading and
unloading stresses originate from the viscoelastic behavior of
polymers.51 As the size and number of pores decreased and
increased, respectively, we observed a tendency of increased
exibility in closed-cell porous PDMS. Generally, open-cell
porous polymers are more exible than closed-cell polymers
because entrapped air can easily escape from interconnected
pores when compressed.52 Likewise, the free volume of pores in
closed-cell porous PDMS decreases due to its air permeability
when the physical pressure is applied.53 Thus, the reduced size
and the increased number of pores could make it easy for
entrapped air to escape from PDMS, resulting in the enhanced
(a) 1st cycle and (b) 3rd cycle. The enhanced flexibility of closed-cell

© 2021 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/d1ra02466c


Fig. 5 (a) Optical transmittance spectra of PDMS and porous PDMS. (b) Transmittance (at 520 nm) and haze of porous PDMS. As the addition of
IPA to water increases, the transparency and haze of porous PDMS significantly increases and decreases, respectively. This enhanced trans-
parency was achieved by reducing the pore size to the submicron level.

Fig. 6 Thermal diffusivity of porous PDMS. The measured thermal
diffusivities of porous PDMS show a decreasing tendency as the added
weight ratio of IPA increases, except 100/5/1 sample, regardless of the
applied temperature ranging from 40 to 120 �C.
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exibility. However, it is difficult to surely say which of the pore
size and number density is more dominant in adjusting
mechanical properties with the presented results. We are now
further studying a method tuning the number density of pores
with a similar size in PDMS, to conrm which one is more
effective in adjusting mechanical properties. Meanwhile,
similar viscoelastic behavior of the porous PDMS was obtained
aer repeated compression, as shown in Fig. 4a and b. The
details of the repeated compressive stress–strain curves of
porous PDMS (100/5/10) are presented in Fig. S6.† These results
indicate that our approach is advantageous for achieving
adjustable exibility in PDMS.

Fig. 5 presents the optical properties of the fabricated porous
PDMS. Porous PDMS prepared using only water exhibits low
transparency of less than 50% in the visible light spectrum,
which is comparable to the values of a study that reported using
water as a porogen to form closed-cell porous PDMS.26 However,
with the addition of IPA to water, the transparency of porous
PDMS increased signicantly, as shown in Fig. 5a. This
enhanced transparency could originate from the reduced pore
size down to the submicron level considering that the light
transmittance through porous materials increases in the spec-
trum below the wavelength of light.54 The average transparency
and haze of porous PDMS prepared with an added weight IPA
ratio to PDMS of 0, 1 : 100, 5 : 100, and 10 : 100 were 41.32/
41.40, 69.05/16.91, 78.44/9.16, and 82.56/8.06, respectively. We
observed that optical haze dened as the ability to scatter
transmitted light decreases as the added weight ratio of IPA
increases. These results illuminate the highly advantageous aspect of
our approach for adjusting the optical properties of porous PDMS.
Meanwhile, the thickness of porous PDMS affect optical properties.
The optical transmittance of porous PDMS with the different thick-
nesses (4 and 5mm) is shown in Fig. S7.† Although the overall visible
light transmittance decreases as the thickness of PDMS increases, we
have conrmed the increasing tendency of transmittance as the
added amount of IPA increases. This is originating from the reduc-
tion of pore size to lower light scattering, as mentioned in above.
Additionally, the values of optical transparency and haze were ob-
tained froma relatively bulky PDMS substrate having a thickness of 3
© 2021 The Author(s). Published by the Royal Society of Chemistry
mm. Thus, the obtained values could be improved by reducing the
thickness of the prepared PDMS to less than a millimeter based on
the particular purpose. Fig. S8† shows the optical transmittance of
porous PDMS prepared under the same conditions as the sample
observed in Fig. 2. Moreover, the porous PDMS prepared by adding
IPA shows the highest transparency compared to those obtained
using other solvents. This also conrms the size of pores plays
a crucial role in achieving increased transparency.

Thermal diffusivity of the fabricated porous PDMS, which is
dened as the ratio of thermal conductivity to the product of
density and specic heat capacity, is presented in Fig. 6 (refer to
Fig. S9† which displays thermal diffusivity in a two-dimensional
view). The measured thermal diffusivities of porous PDMS
showed a decreasing tendency as the added weight ratio of IPA
increased, except the 100/5/1 sample, regardless of the applied
RSC Adv., 2021, 11, 18061–18067 | 18065
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temperature ranging from 40 to 120 �C. As the porosity of
porous media increases, the thermal conductivity decreases
owing to phonon scattering at pore sites,55 and the density of
materials also decreases. Our porous PDMS prepared with
different preparation methods exhibit similar porosity,40 i.e.,
show no signicant difference in density, and hence the
decrease in thermal diffusivity mainly would be induced by the
decrease in thermal conductivity from phonon scattering. Thus,
a higher number density of ne pores would indicate higher
probabilities of phonon scattering, resulting in the decreased
thermal conductivity. On the other hand, the size of pores also
affects the thermal conductivity of porous material like the
number density.55 However, it is likewise difficult to say which
of the pore size and number density is more dominant in
adjusting thermal properties with the presented results. We are
now further studying this like the aforementioned mechanical
characterization. Even so, the lowered thermal conductivity and
diffusivity of porous PDMS prepared with the added weight
ratio of water (5 : 100) and IPA (10 : 100) may be favorable for
a thermal insulator or a substrate of wearable heater requiring
transparency and exibility.56,57 Additionally, we demonstrated
that the thermal properties of porous PDMS are adjustable.

Hence, we expect that closed-cell porous PDMS can be
candidate for a exible and transparent material with improved
mechanical exibility, transparency, and thermal insulation.
For example, a recently reported exible thermoelectric gener-
ator uses structural support of porous PDMS as a exible ller to
maintain the difference in temperatures.58 However, the used
porous PDMS was not transparent. Thus, the presented porous
PDMS with enhanced thermal insulation in this study can be
used as the ller in the vertically-aligned thermoelectric
generator,59 requiring transparency and exibility. Meanwhile,
micro-voids in elastomers have received an attention as
acoustic-wave absorbing materials in an underwater environ-
ment.60,61 With the potential development of a method to
fabricate periodic pores, our porous PDMS can be utilized for
sound-absorbing materials. Another possible application of
closed-cell PDMS could be impact energy absorbing materials
with an addition of specic microspheres.62 This addition
would allow efficient energy absorption while taking advantage
of the exible and transparent properties of PDMS in this study.

Conclusions

In this study, we demonstrated ne-pored PDMS, whose pore
size was reduced partially down to the submicron level. Various
solvents were used and tested as co-solvents for dispersing
water particles in the PDMS prepolymer to reduce the inner
pore size. However, mixing IPA with water was most effective in
reducing the pore size in the fabricated PDMS. Furthermore,
solubility, surface tension, swelling ratio, and polarity of
solvents were considered to analyze the mechanism of reducing
the pore size when mixed with IPA and water in PDMS. Various
weight ratios of IPA to uncured PDMS at constant water content
were evaluated for developing porous PDMS with reduced size
and increased number density of pores. The results indicated that the
most reduced size and increased number density of pores were
18066 | RSC Adv., 2021, 11, 18061–18067
obtainedwhen theweight ratio of IPA (10 : 100) andwater (5 : 100)were
added to the prepolymer. Finally, adjustable mechanical, optical, and
thermal properties of porousPDMSpreparedwithdifferent ratios of IPA
at a constantwater ratiowerepresented.Weobserved that theexibility/
transparency and thermal diffusivity of the fabricated porous PDMS
increased and decreased, as the size and number density of pores
decreased and increased, respectively. This implies that the proposed
method using IPA as an additional co-solvent in the water–pre-PDMS
emulsion is highly advantageous for achieving improved exibility,
transparency, and thermal insulation properties. Given the simple
fabrication process, cost-effectiveness, and enhanced exibility/
transparency, our approach of using porous PDMS as the substrate
could be expected to be a promising candidate for various exible and
transparent electronics.
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