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Mechanically tunable PDMS-based polyHIPE acoustic
materials

Porous PDMS materials were prepared with emulsion
templating. Acoustic analysis showed that these materials
were able to reduce longitudinal sound speed through the
materials to ~40 m/s.
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Polymer-based acoustic metamaterials possess properties includ-
ing acoustic wave manipulation, cloaking, and sound dampening.
Here, PDMS-based elastomers were prepared using thiol—ene “click
reactions” with emulsion templating. Acoustic analysis showed
these materials achieved sound speed values of ~ 40 m s~ 2, close
to the predicted minimum of ~25 m s ! attainable.

Introduction

Metamaterials are man-made materials that possess properties
not found in nature, for example a negative refractive index"?
or characteristics allowing for the realization of a lens with a
sub-wavelength diffraction limit.> Metamaterials have been
proposed for use in applications which often rely on highly
specific manufacturing of metals"* or composites®” in per-
fectly ordered structures such as high resolution lenses,>®
wireless power transfer,” and cloaking devices.'® While these
technologies possess exciting possibilities, the manufacture of
some metamaterials can be costly due to, for example, the
advanced fabrication protocols required. A class of metamater-
ials described as soft mechanical metamaterials, can be pre-
pared by simple additive manufacturing (or 3D printing)
techniques of elastomeric polymer networks to obtain negative
or zero Poisson’s ratios."'™™* Soft mechanical metamaterials
have been prepared from commercially available polymers
including  poly(lactic  acid),"*>  poly(amide),"*  and
polysiloxanes>'® Furthermore, polysiloxanes have also been
used'” or considered'® for the preparation of soft acoustic
metamaterial waveguides having controlled acoustic wave
manipulation. Specifically, for porous polysiloxane acoustic
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metamaterials,’®>* a strong dependence of the longitudinal

sound speed on the porosity and material properties has been
established. For example, it was reported'® that the stiffness
of a polymer matrix around air-filled voids had a significant
impact on the acoustic dampening performance of porous
elastomers. It was demonstrated that the introduction of air
cavities in stiff poly(styrene-co-divinylbenzene) materials did
not change the speed of an acoustic wave travelling through
the material, while PDMS networks prepared though a hydro-
silation reaction reduced the longitudinal sound speed (Cy) to
around 50 m s~ ' at a porosity of 36% in the material. That
work highlighted the importance for obtaining a wide range
of network stiffnesses to prepare targeted acoustic metama-
terials that have predictable and controllable sound dampen-
ing capabilities. A simple and robust method to prepare both
stiff and soft porous polymer networks is using an emulsion
templating technique known as polymerized high internal
phase emulsions (polyHIPEs).>**” While soft acoustic
polyHIPE-based metadevices have been reported, these exam-
ples have been limited to commercially available curable
PDMSs, where only the volume fraction of the pores in the
final polyHIPEs can be controlled to prepare the targeted
wave shaping capabilities. In the work reported here, we
proposed targeting manipulating the network chemistry of
PDMS-based polyHIPE elastomers to control the storage mod-
ulus of the materials. To achieve this, we used thiol-ene “click
reactions” as a simple and robust polymerization technique to
control the crosslinking in the network which in turn controlled
the moduli of materials, with the goal of ultimately accessing a
wider scope of desirable sound speeds. Thiol-ene reactions®*°
have been widely reported in controlling crosslinking density of
polymeric networks to dictate mechanical properties in applications
such as biomaterials,** covalent adaptable networks®* and soft
electronics.®® Thiol-ene reactions have also been shown to be
compatible with polyHIPE syntheses containing small molecule
components***> and macromolecules.*® For example, in previous
studies from our lab we prepared polyHIPEs using thiol- and vinyl-
functionalized PDMSs.*®
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Results and discussion

In this work, we prepared PDMS elastomers using thiol-ene
click reactions (Scheme 1a) following our reported
protocols,*®*” where the ratio of thiol-functionalized PDMS
and vinyl-terminated PDMS was systematically changed to
control crosslinking density (Scheme 1b).

We prepared both porous and non-porous materials in this
work, where the non-porous PDMS materials are used as
controls during acoustic measurements to establish the max-
imum sound speed of ultrasonic waves traveling through a non-
porous matrix. We have named our materials on the basis of
the thiol to ene molar ratio used in their synthesis and if the
material is a polyHIPE or the non-porous control material. For
example, we name a polyHIPE prepared using a thiol to ene
ratio of 3:1 as PHj;,; whereas the non-porous PDMS film
prepared using a thiol to ene ratio of 3:1 is denoted as NP;.;.
We varied the functional group molar ratio from a 1:1 thiol/ene
ratio to various degrees of excess thiol or alkene content to
explore a wide range of possible network chemistries. We
selected a constant targeted total porosity value (Pypeo) Of
40% and a constant concentration of the surfactant, Silube,
of 1.0 wt % with respect to total PDMS in the polyHIPEs to
isolate the effects of the thiol-ene ratio on the mechanical
strength of polyHIPEs. We chose these conditions based on our
previous work®® preparing polyHIPEs for acoustic metamater-
ials where a polyHIPE with a targeted total porosity of 40% was
seen to reduce Cp to approximately 40 m s~ '. While conven-
tionally a @, of 40% is formally called a polyMIPE, as it is a
medium internal phase emulsion, we have used the more
common polyHIPEs descriptor for consistency in naming
across other related work. Porous and non-porous materials
were characterized using scanning electron microscopy (SEM),
density measurements, total porosity calculations, dynamic
mechanical analysis (DMA), and ultrasonic acoustic analysis.

The calculated experimental total porosity, @, of the
polyHIPEs was calculated using eqn (1) where p, is the average
density of the bulk PDMS (0.975 g mL™"), p* is the measured
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Scheme 1 Crosslinking reaction between thiolated-PDMS and vinyl-
PDMS for (a) the general thiol-ene polymerization and (b) how cross-
linking density is controlled by increasing the concentration of vinyl-PDMS.
A commercially available surfactant, Silube, was used to stabilize the
emulsions. 2,2-Dimethoxy-2-phenylacetophenone (DMPA) was used as
the photoinitiator for both polyHIPEs and non-porous films.
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Table 1 Measured density and total porosity of PDMS polyHIPEs (PHz.1—

PH1:3)

polyHIPE Measured density (g mL ™) Total porosity” (+2%)
PH;., 0.625 38
PH, o, 0.610 39
PH,., 0.607 38
PH, 5. 0.622 36
PH,., 0.617 38
PHy.s 0.651 42
PH, ., 0.601 40
PH,., - 0.599 37
PH,. 0.625 41

“ Calculated from eqn (1).

density of individual polyHIPE samples, and the results are
shown in Table 1.
p*

g e (1)

Changing the thiol to ene ratio in the polyHIPE series did
not affect the calculated total porosity and the measured
densities, where all samples possessed similar measured den-
sities resulting in polyHIPEs with a total porosity of around
40%. We anticipated little or no change in ®.., when changing
only the cross-linking chemistry within the network, as the
polyHIPE method is a templating process dependent on the
volume of dispersed phase. We observed a density value closely
related to bulk PDMS for the non-porous samples resulting in a
calculated @, of zero (Table S1, ESIf).

Porous polyHIPEs and non-porous materials were character-
ized using SEM to obtain qualitative estimates about pore size
and pore morphology (Fig. 1).

Fig. 1a shows the SEM image of polyHIPE PH;.; possessing a
partially interconnected porous structure with a dispersity in
pore sizes. The dispersity in observed pore sizes and the
spherical nature of the pore structure are direct results of the
templating process caused by the aqueous water droplets
formed during emulsification. We also observe sections of the

Fig. 1 Cross sectional SEM (a and c) and digital (b and d) images of
polyHIPE PHy.; (a and b) and non-porous film NPy.; (c and d). Scale bar is
200 pm for the SEM images. PDMS samples were prepared in a 35 mm x
3 mm (w x h) circular mold.
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material where the surface is smooth consisting of regions of
non-porous bulk PDMS. This partially interconnected pore
structure has been previously observed®**®3” as the aqueous
dispersed phase droplets prefer an aggregated morphology
when Silube is used as the surfactant in water-in-PDMS
emulsions.

The non-porous material, NP;.;, possesses a smooth surface
with slight ripples due to cutting the film with a razor blade
confirming that the material is non-porous as was expected
(Fig. 1c). Digital images of these materials in Fig. 1b and d show
the clear difference in optical properties between porous and
non-porous samples, where the presence of pores results in an
opaque white foam (Fig. 1b) compared to a transparent film in
the NP;,; material (Fig. 1d). These SEM and digital images are
representative of all the formulations where no differences were
observed when changing the thiol to ene ratio. These SEM
results were similar to those in our previous work,*® which
showed the most significant impact on pore size and morphol-
ogy were due the volume fraction of the dispersed phase in the
emulsion formulation and the concentration of surfactant used
to stabilize the HIPE. We kept these two parameters constant in
this study.

The viscoelastic properties of the materials were character-
ized using frequency sweep experiments to obtain the storage
moduli (G') (Fig. 2). The storage moduli observed in polyHIPEs
with changing stoichiometric molar ratio of thiol to ‘ene’
functional groups are plotted in Fig. 2a. Two trends can be
observed in this data. First, G’ increases as the concentration of
vinyl-terminated PDMS is increased until a 1:1 stoichiometric
ratio is reached. For example, PH3,; had the highest excess thiol
content and a storage modulus of ~ 75 kPa, while PH;.; with no
excess thiol content possessed a storage modulus of ~225 kPa.
We see an increase of around 30 kPa in the storage modulus for
every 0.5 mole ratio increase of ‘ene’ content with respect to the
thiol content. The same trend is observed when excess double
bonds are introduced into the polymer network, but with a
different magnitude in the response. For example, when a
small excess of the vinyl-terminated PDMS was present in the
formulation for polyHIPE PH,; 5, a decrease of ~130 kPa was
observed from PH,,;. This trend continued in polyHIPE PHj.,
and increasing the ratio of vinyl groups to thiols in polyHIPEs
PH,., s and PH,; resulted in materials that were too tacky and
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Fig. 2 Storage modulus versus thiol to ene ratio of (a) polyHIPEs PHz.1—
PH1.3 and (b) non-porous films NPz.;,—NP;.3. During frequency sweeps, no
variation in the storage moduli was observed over the frequency range
used so an average of three replicates at 10 Hz is used.
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weak to be characterized using DMA. We observed the same
trend in storage moduli with stoichiometric ratio of thiol: ene
in the non-porous films as we did for the polyHIPEs, albeit at a
higher magnitude (Fig. 2b). A balanced thiol to ene ratio in
NP, resulted in the highest G’ of ~1150 kPa and excess vinyl-
functional groups reduced the storage moduli of NPy, s,
NP;.1,, and NP;., 5. This effect again caused the formulation
with the highest content of excess vinyl groups, NP, .3, to be too
weak to be characterized using DMA. These results for our
polyHIPEs and non-porous PDMS elastomers show that a
balanced thiol to ene ratio produced materials with the stron-
gest networks regardless of the presence of pores in the net-
work. An increase in storage moduli was observed when varying
the thiol to ene ratios from 3:1 to 1:1 due to increasing
crosslinking density with the increasing vinyl-terminated
PDMS. Further addition of vinyl-terminated PDMS in formula-
tions (thiol to ene ratios from 1:1.5 to 1:3) significantly
decreased the network strength presumably due to unreacted
vinyl-groups acting as network defects in the form of dangling
chain ends.*® Interestingly, these results from mechanical
analysis of our materials differ from other findings in the
literature with crosslinked PDMS elastomers prepared using
thiol-ene click reactions, where it was reported that an excess
thiol content was needed to overcome potential network
defects and weak elastomers.*® In that work, Gautrot and co-
workers®® prepared PDMS films using a high thiol content
poly([mercaptopropylJmethyl siloxane) homopolymer and var-
ious lengths of vinyl terminated PDMS crosslinkers. A molar
ratio of 2: 1 (thiol : ene) thiolated- and vinyl-PDMS produced the
strongest networks independent of the crosslinker, which
the authors attributed to incomplete consumption of the
alkene at equal stoichiometric ratios due to primary network
defects. Our system appears to more closely resemble the
results of thiol-ene crosslinked PDMS from Miiller and
Kunze*’ using a lower thiol-content PDMS copolymer and
an equal thiol to ene ratio produced PDMS elastomers with
the highest crosslink density. Taken together, these results
suggest that the relative density of thiol functional groups
on the PDMS chain may play a role in how network defects
affect the final materials.

The acoustic properties of non-porous and polyHIPE mate-
rials were characterized at ultrasonic frequencies to test their
potential use as acoustic metamaterials. For non-porous PDMS
samples NP;,;-NP;.;, the longitudinal sound speeds inside
these samples were similar and ~1000 m s~ (Table S1, ESI})
similar to results in previous studies of non-porous PDMS
materials.®* The acoustic analysis was performed on porous
polyHIPE materials PH;,,-PH;.; and the values are given in
Fig. 3. Unfortunately, measurements could not be performed
on all the polyHIPEs, as those with the lowest moduli (ie.,
PH;,, PH, 54, PHy,5 and PH,;) were too delicate to be
manipulated between the transducers. In these measurements,
the C; measured for non-porous PDMS, ~ 1000 m s~ *, acts as
an upper boundary condition to isolate the impact of matrix
stiffness, i.e., thiol to ene ratio, on C;, when a defined volume of
air-filled pores have been introduced to the matrix.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Sound speed versus thiol to ene ratio of polyHIPEs PH.;—PH;.,.

As can be seen in Fig. 3, for the polyHIPEs that were suitable
for ultrasonic testing, low values of the longitudinal sound
speed of ~ 40 m s~ ' were obtained. These polyHIPE materials
show slower longitudinal sound speeds than comparable gas-
filled siloxane aerogels’”** and gas-filled balloon doped
polyurethanes.”® Specifically, Gross and Fricke’' observed
sound speeds of ~100 m s~ ' while Du and co-workers*> found
aerogels made from siloxanes having pendent backbone func-
tionality resulted in sound speeds of ~ 150 m s~.

Interestingly, in the materials presented in our work, the
sound speed appears to be very weakly dependent on the
storage moduli but exhibits a maximum for the thiol: ene ratio
of 1:1, i.e., when the storage modulus of the non-porous matrix
is the highest as shown in Fig. 2b. Such dependence has been
already observed in soft porous materials by Kovalenko et al.*’
and is well-captured by the Kuster-Toks6z model. These results
agree with our previous work where a PDMS polyHIPE with
similar porosities obtained sounds speeds of ~ 40 m s~ ".%® In
that previous work, only a single polyHIPE was tested for its
acoustic performance. The results from our current work there-
fore represent a more comprehensive study in how the cross-
linking density in polyHIPEs affect their materials properties
and thus their ultimate acoustic performances.

It is worth noting that for very soft porous materials, when
the storage modulus becomes much smaller than the air bulk
modulus (& 130 kPa) the equation linking the sound speed to
the porosity will reduce to:

Kair
= po®(1 — @) @)

This expression is similar to the Wood mixing law tradition-
ally used for bubbly liquids** but that also applies for very soft
porous materials. In this case, the longitudinal sound speed
(Cp) no longer depends on the storage modulus of the material,
as observed in our polyHIPE samples. Considering the porosity
of our samples is approximately 40%, we can calculate that
Cr ~ 25 m s ' using Eqn 2, which can be thought of as the
lowest possible attainable sound speed in soft porous polymer
systems. The polyHIPEs reported here with remarkably low
values of longitudinal sound speeds could be appropriate for

This journal is © The Royal Society of Chemistry 2022
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22,23 Our future work will focus on

use in acoustic metadevices.
preparing PDMS-based polyHIPEs with wider ranges of storage
moduli and at multiple porosities for the realization of acoustic
metadevices that can precisely control the sound speed of

travelling acoustic waves.

Conclusions

The work presented here demonstrates our ability to prepare
porous and non-porous PDMS elastomers possessing mechan-
ical properties that are predictable and dependent on the thiol
to ene ratio of the polymer network. Both porous and non-
porous materials showed identical trends in mechanical prop-
erties where an equal thiol to ene molar ratio produced
materials with the highest storage modulus of ~225 and
~1150 kPa respectively. As expected, non-porous PDMS elasto-
mers were found to all obtain similar longitudinal sound
speeds of ~1000 m s~ ' during ultrasonic characterization.
Acoustic measurements of polyHIPEs show that all materials
obtain exceptionally low values of sound speed of about
40 m s, regardless of the thiol to ene ratio. These results
show that these polyHIPE formulations have promise as acous-
tic metamaterials.
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