Meta-aerogels: auxetic shape-memory polyurethane aerogels

Sadeq Malakootil ", ABM Shaheen ud Doulah?, Yao Ren3, Vijay N. Kulkarni3, Rushi U. Soni?,
Vaibhav A. Edlabadkar?, Runyu Zhang?, Stephanie L. Vivod?, Chariklia Sotiriou-Leventis2",

Nicholas Leventis?4~*, Hongbing Lu3"

LNASA Glenn Research Center, 21000 Brookpark Road, Cleveland, OH 44135, USA

2 Department of Chemistry, Missouri University of Science and Technology, Rolla, MO 65409, USA

3 Department of Mechanical Engineering, The University of Texas at Dallas, Richardson, TX 75080, USA
4 Present address: Aspen Aerogels, Inc., 30 Forbes Road, Bldg B, Northborough, MA 01532, USA

T These authors contributed equally to the work.

* Corresponding authors: hongbing.lu@utdallas.edu, nleventis@aerogel.com, cslevent@mst.edu

Abstract. Shape-memory poly(isocyanurate-urethane) (PIR-PUR) aerogels are low-density
monolithic nanoporous solids thatrememberandreturn to their permanentshapethrough a heating
actuation step. Herein, through structural design at the macro scale, the shape-memory response is
augmented with an auxetic effect manifested by a negative Poisson’s ratio of approximately -0.8
at 15% compressive strain. Thus, auxetic shape-memory PIR-PUR monoliths experience volume
contraction upon compression at a temperature above the glass transition temperature of the base
polymer (Ty = 30 °C), and they can be stowed indefinitely in that temporary shape by cooling
below T4. By heating back above Ty, the compressed/shrunk form expands back to their original
shape/size. This technology is relevantto a broad range of industries spanning the commercial,
aeronautical, and aerospace sectors. The materials are referred to as meta-aerogels and their
potential applications include minimally invasive medical devices, soft robotics, and in situations
where volume is at a premium, as for example for storage of deployable space structures and

planetary habitats during transport to the point of service.
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1. Introduction

The shape-memoryeffectisamechanical material property by which a material remembers
and can be triggered to return to a permanent shape after it is deformed to and stored in a so-called
temporary shape. The temporary-to-permanentshapetransition is triggered by an external stimulus
such as heat,! light,2 humidity,3 pH,* or electric and magnetic fields.5> Shape-memory materials
have many potential applications in medical technology,87 implantable and wearable devices,?
robotics,011 and unassisted deployable structures aboard various aerospace platforms.12.13 The
typical trade-off in many of those applications is between mass density and mechanical strength.
Yet lightweight, but at the same time high-toughness structural components are needed in
applications ranging from delicate devices of interest to the reconstructive orthopedic surgery and
implantable cardiovascular devices,4-16 to large structures of interest to the aeronautical, and
aerospace industries.” In that regard, thermally-triggered, shape-memory polymers, are
particularly attractive.18.19 One further refinement in the weight-to-performance ratio of shape-
memory polymers was demonstrated recently by introducing polymeric shape-memory aerogels.

Aerogels are low-density three-dimensional nanostructured solids, mainly pursued for
thermal insulation management in terrestrial, and aerospace, environments.20-22 The “aero” part of
the name “aerogel” points to the fact that they are prepared from wet gels by replacing their pore-
filling solvent with air. This wet-gel origin of aerogels comprises their distinguishing difference
from other aerogel-like micro- or nanocellular structures. In practice, the major concern during the
dryingprocess of wetgelsishowto haltcollapse of the skeletal framework duringsolventremoval
this is carried out by first replacing their pore-filling solvent with a low surface-tension liquid,
such as liquid CO,, which is then converted to a supercritical fluid that is vented off like a gas.

The most well-studied class of aerogels is based on silica.20.23.24 However, silica aerogels are



notorious for their fragility, which limits the range of their applications. One way to address the
fragility issue of oxide aerogelsisto apply aconformal nano-thin polymer coatingover their entire
skeletal framework.2>-28 These materials are referred to as X-aerogels, and their strength-to-mass
ratio renders them suitable even for ballistic protection (armor).2®-31 The topology of the
nanoscopic composition of X-aerogels directed the rational design and development of purely
polymeric aerogels from all major classes of polymers ranging from polyolefins,32 phenolic resins
including polybenzoxazines,33 polyimides,3* polyamides,3> and polyureas,6 to polyurethanes.3-
The latter class of aerogels includes recently reported rubber-like superelastic poly(isocyanurate-
urethane) (PIR-PUR) aerogels that show a strong nanostructure-dependent shape-memory effect
triggered by a temperature swing around their glass transition temperature.40-42

On the other hand, mechanical metamaterials exhibit auxetic physical properties such as
negative Poisson’s ratios,*344 the most striking manifestation of which is that under uniaxial
compression they shrink instead of expanding in the transverse direction.*> Such auxetic material
designs have been utilized in biomedical devices, e.g., as artificial arteries, the wall thickness of
which increases, rather than decreases, under the tension exerted during pulse-driven blood flow,
thus enhancing the artery structural integrity, and thereby its lifespan.46 Overall, materials with a
negative Poisson’s ratio tend to be more resilient to impact and indentation, and thus attractive for
body armor technologies such as in bullet-proof helmets and vests.4748

A large class of auxetic metamaterials comprises macroscopic structures based on blocks
of rubber-like elastic polymers perforated through their bulk by a periodic arrangement of parallel
tubes. i.e., tubes placed at regular intervals.4349 Since shape-memory polymeric aerogels are
superelastic to begin with, it was reasoned that fabrication of such auxetic metastructures with

polymeric aerogels that show the shape-memory effect would comprise a new class of materials,



referred to herewith as meta-aerogels, which will be especially suitable as deployable panels in
aerospace applications as they will contract and occupy less space during stowing in their folded
temporary shape ontheir way to the location of their deployment in their permanent shape.

This concept is explored here with shape-memory PIR-PUR aerogels prepared via a sol-
gel method with a commercial aliphatic isocyanurate-based triisocyanate (Desmodur N3300A),
and triethylene glycol (TEG). The PIR-PUR sol was cast in suitable molds fabricated using 3D-
printing of the negative of the computer-aided design (CAD) model of the metastructure of interest.
After gelation and demolding, wet-gels were dried to monolithic meta-aerogels perforated with
empty parallel tubes of the desired cross-sectional area, shape,and periodicity. Such meta-aerogels
were programmed using a thermomechanical compressive load starting at a temperature above the
glass transition temperature of the PIR-PUR aerogel. Expressingtheir negative Poisson’sratio, the
PIR-PUR meta-aerogels shrunk under compression; then, while under load, meta-aerogels were
cooled to a temperature well below their glass transition, thus fixing their temporary shape
indefinitely. Meta-aerogels expanded quickly and recovered their original permanent shape via a

heating actuation step back above their glass transition temperature.

2. Results and Discussion

2.1. Design and preparation of meta-aerogels

Itis well-known that compressible polymeric blocks perforated with transverse parallel voids with
specific cross-sectional shape running along the entire length of the blocks at regular intervals
show auxetic properties and negative Poisson’s ratios.4>:50 Recently, Bertoldi et al. studied the
effect of the shape of the cross-section of the tubes on the compressive behavior of such 2D

periodic structures and showed that the negative Poisson’s ratios through buckling instabilities do



depend on the cross-sectional shape of the tubes.*® The cross-sectional shape of the tubes chosen
for this work (Figure 1A — inset) was selected as the one with the most negative Poisson’s ratio
from the shapes investigated by Betroldi.*® That auxetic structure was reconstructed using the
SolidWorks 3D CAD software,>! using a parametric function in polar coordinates with the center-
to-center distance between neighboring holes set at Lo =10 mm); the total porosity due to the tubes
was setat ¢ = 0.47, and the number of repeat unit cells within the structure was setat N =8. Other
details for the design are given in Figure S.1 of Appendix | in Supporting Information. The design

was implemented with additive manufacturing as described below.

Figure 1. (A) Polylactic acid (PLA) mold: negative of the intended auxetic structure. The pillars
become the periodic tubes with the cross-sectional shape shown as an inset. The side faces of the
assembly were wrapped around with aluminum tape, and the sol was poured in from the top. (B)
A poly(isocyanurate urethane) (PIR-PUR) wet gel right after demolding. The greenish color is due
to the copper catalyst. (C) PIR-PUR meta-aerogel after washing and drying of the wet gel shown
in (B). The scale bar in (C) is 2 cm.

Additive manufacturing and specifically desktop 3D printing techniques are emerging as a
strong manufacturing tool for rapid prototyping of objects with complex geometries and
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topologies.>2:53 However, there are still limitations on the types of materials that can be 3D-printed
directly. For example, we are not aware of any reports on 3D printed purely polymer aerogels.>*
57 Thus, the target design (Figures 1 and S.1) was prepared using 3D printing in conjunction with
an inverse-molding process,58 which has been utilized recently to prepare polyimide aerogel based
materials with a LEGO brick shape.>® Accordingly, the desirable meta-structure was used to guide
the fabrication of a mold of its negative by subtracting the meta-structure from a solid body that
envelops the entire meta-structure. All manipulations were carried out with the SolidWorks
software. The mold is shown in Figure 1A. Details for the steps involved in this inverse molding
technique, from design to fabrication, are provided in Figure S.2 of Appendix Il in Supporting
Information. The spikes in the mold that would eventually become the tubes perforating the meta-
aerogel were held in place by the base of the mold, fabricated as an integral part with the spikes;
eventually, thatbase playsthe role of the bottom of the moldingvessel duringthe moldingprocess.
The moldingmaterial for the spikes and the base was polylactic acid (PLA) printed in place directly
using the fused-filament fabrication (FFF) method.6° PLA is an extremely versatile molding
material,®1 and it was chosen because it is not soluble in our acetonitrile-based sol (see below).
The molding vessel was completed by wrapping the outer spikes (i.e., around their perimeter of
the 3D-printed object) with aluminum tape. To facilitate demolding of our wet gels, all internal
surfaces of the mold were spray-coated with ademoldingagent (refer to the Experimental section).
In case of more complex structures, the PLA mold can be removed by dissolving it away with

dichloromethane using Soxhlet extraction.

Scheme 1. Synthesis of the aliphatic PIR-PUR material that comprises the basis for both the

regular and the meta-aerogels of this report.
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Adopted from our previous publication on ambient-pressure dried highly stretchable
poly(isocyanurate urethane) aerogels,*2 the sol was prepared from an aliphatic isocyanurate-based
triisocyanate (Desmodur N3300A) and triethylene glycol (TEG) mixed in their stoichiometric
amounts (2:3 mol/mol, respectively) in acetonitrile at room temperature (Scheme 1). Unlike in our
previous studies, the urethane forming reaction was catalyzed with anhydrous cupric chloride
(CuCly) in 1:120 mol/mol ratio relative to the triisocyanate. The exact formulations are tabulated
in Table S.1 of Appendix Il in Supporting Information. The choice of CuCl, as the catalyst, over
the more conventional dibutyltin dilaurate (DBTDL), was based on the fact that it was found to be
much more active than the latter for the urethane forming reaction of Scheme 1; in turn, that
allowed shortening of the gelation time and facile creation of gels and aerogels with bicontinuous
micromorphologies that are much stiffer than the spheroidal structures produced by slower
gelation with DBTDL.4! Stiffer materials can store more energy for a given deformation, which

was deemed essential for auxetic structures, which, by design, contain less material, because of



the tubular voids that render the material auxetic in the first place. For meta-aerogels, stiffer
aerogel structures are highly desirable, because, all other factors being equal, at a given strain they
can store more energy with less mass. By being less dense by design relative to their simple shape-
memory counterparts, meta-aerogels can utilize everybit of extra stored energy for shape recovery.

The sol was poured into the molds and the whole assembly was wrapped with parafilm.
Gelation took place within 5 min and the resulting gels were aged in their molds for 1.5 h. Wet
gels were then removed from the molds into acetone (Figure 1B). The greenish color was due to
the copper catalyst. After four acetone washes and four pentane washes (24 h each time at room
temperature), the pentane-filled wet-gels were let to dry for 24 h at room temperature; drying was
completedat50°Cfor5h. (CAUTION: pentane-filled wetgelsare a fire/explosion hazard. Drying
from pentane has to be carried out in a well-ventilated fume hood at room temperature.) A dry
meta-aerogelisshown in Figure 1C. Sometimes, minor defects introducedduringdemolding might
be observed around the edges of the structure. The auxetic/shape-memory performance, however,

as it is described in Section 2.4, remained unaffected.
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Figure 2. (A) FTIR spectrum of a meta PIR-PUR aerogel. (B) Solid-state CPMAS 13C NMR
spectrum of a meta PIR-PUR aerogel. The red-line spectra in frames (A) and (B) are those of
polylactic acid (PLA — the mold material) showing the absence of cross-contamination. “PIR”
refersto features assignable to the isocyanurate ring, and “PUR™ to features assignable to urethane.
(C, D) SEM image of the PIR-PUR aerogel matrix at two different magnifications showing that

the microstructure is bi-continuous. (E) Dynamic mechanical analysis (DMA) at 1 Hz of a PIR-
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PUR aerogel as a function of the temperature for the determination of the glass-transition

temperature (Ty = max tan 6 = 32.9 °C). (F) Five thermomechanical cycles of a PIR-PUR aerogel
showing the shape-memory effect (see Section 2.2). After the first cycle the sample became

slightly stiffer; the traces fromcycles No. 2 to No. 5 coincide.

2.2. Materials characterization

The PIR-PUR aerogels were chemically characterized using Fourier-transform infrared
spectroscopy (FTIR — Figure 2A), and solid-state CPMAS 13C NMR (Figure 2B). The
corresponding spectra of PLA are included with red lines, showing no cross-contamination from
the molds. The FTIR spectra were dominated by the isocyanurate carbonyl stretch at 1680 cm-L
The 2300—2000 cm™! region was clean of any unreacted N=C=0 stretch. The free urethane
carbonyl stretch was observed as a 1729 cm~! shoulder to the intense isocyanurate absorption.
Possible hydrogen-bonded urethane carbonyl stretches wouldappear in the 1600-1640 cm-1 region,
and they were masked by the intense isocyanurate absorption. Methylene (-CH,-) in-plane
bendingwas observed at 764 cm-1.62The urethane N-H stretch was observedas a medium-intensity
peak at 3440 cm-1. N-H bending coupled to C—N stretching gave an absorption at 1530 cm~1.8
The absorptions at 1244, 1120, and 1048 cm~! were attributed to the triethylene glycol and
urethane asymmetric and symmetric C—O—C stretches.®3.64 In cross-reference to Scheme 1, the
resonances in the 14-44 ppm region of the solid-state 13C NMR spectrum correspond to the CH,
carbonscomingfrom Desmodur N3300A. Resonances between 60 and 80 ppm came from the CH,
groups of TEG. The sharp resonance at 149 ppm corresponds to the carbonyl carbon of the
isocyanurate ring. The peak at 156 ppm is attributed to the carbonyl carbons of the urethane
groups.5® In agreement with the FTIR spectrum, no peak corresponding to unreacted N=C=0 was

detectable.

10



Microscopically, the PIR-PUR meta-aerogels of this study are classified as bicontinuous
materials frozen at an early stage of spherulization along a spinodal-decomposition gelation
process (see Figures 2C and 2D), as the plan was by adopting anhydrous CuCl, as the catalyst.
With a more conventional gelation catalyst like DBTDL, the same sol composition yields similar-
density materials with spheroidal morphologies.42

Bulk material properties of PIR-PUR aerogels and PIP-PUR meta-aerogels are summarized
and compared in Table 1. Both PIR-PUR aerogels and meta-aerogels undergo similar linear
shrinkages relative to their molds (about 25-27%). The entire shrinkage for both types of samples
occurred only during their drying process. The skeletal density was common for both types of
samples (1.23 + 0.002 g/cm3), and their bulk densities were calculated from their weight and
physical dimensions. The bulk density of the PIR-PUR aerogels at the current monomer
concentration was 0.33 g/cm3 with porosity equal to 73.5 % v/v. As-prepared meta-aerogel
samples had a lower density (0.18 g/cm3), and correspondingly a higher porosity (85.4 % v/v).

Table 1. Material properties of PIR-PUR aerogel and meta-aerogel samples.

Linear Porosity Bulk 5 Modl L 0ss Modul
. . orage Modulus 0ss Modulus

Name Shrinkage (%)@ Density (kPa) (kPa)

(%) (o, g/lcm3)
PIR-PUR

b

Aerogel 24.5 73.5 0.33 292 79.4
PIR-PUR 26.6¢ 85.4 0.18 11.9 2.74

Meta-aerogel

aporosity = 100%[(ps—pb) / ps]. The Skeletal Density (ps) of both types of aerogels was 1.23 + 0.002 g/cm?.
b Linear Shrinkage = 100x[(Mold diagonal — Sample diagonal) / Mold diagonal].

¢Linear Shrinkage = 100x[(Mold length — Sample length) / Mold length].

d Using dynamic mechanical analysis (DMA) in compression at 50 °C with excitation frequency = 1 Hz.

The glass transition temperature of the PIR-PUR aerogel material was determined with

dynamic mechanical analysis (DMA) in tension. Figure 2E shows the variation of the storage and
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loss moduli (G” and G”, respectively), as well as of tan 6 (= G”/G’) of a PIR-PUR aerogel sample
at 1 Hz as a function of temperature. At low temperatures, the storage modulus was about 100
times higher than the loss modulus; as the temperature increased, the values of both moduli
decreased, and crossed one another. Eventually, at the high-temperature plateau G’~10 G”. The
glass transition temperature, Ty, of the PIR-PUR aerogel was determined as the peak of tan 6 (32.9
°C). This value was used to set the range for the appropriate Thigh and Tiow temperatures during the
shape-memory thermomechanical cycling. Thus, it was noted that the low-modulus state started
to get stabilized atabout 40 °C, and Thigh Was set equal to that temperature. Correspondingly, Tigy
was set at -10 °C, i.e., about 40 °C lower than Ty. The inherent shape-memory capability of the
PIR-PUR aerogels was confirmed with thermomechanical cycling between Thigh and Tiow as shown
in Figure 2F. In the beginning, an as-prepared (i.e., previously unstretched) sample was first
equilibrated at Thigh = 40 °C for 5 min. Then, in Stage 1 of the curve in Figure 2F, the sample was
stretched near its yield strain (60%). At that point (Stage 2 in Figure 2F), the load (stress) was kept
constant while the temperature was reduced at 5 °C/min to T,y (-10 °C). Subsequently, in Stage 3,
the sample wasunloaded isothermally (at-10 °C). Finally, in Stage 4, strain recovery was recorded
while the temperature was increased to Thigh (at 1 °C/min). After a 15 min isothermal hold at Thig,
the cycle was repeated another 4 times. In agreement with our previous findings based on similar
aerogels with a spheroidal morphology,*04% in the second cycle and beyond the sample settled,
becoming stiffer (modulus = 131 kPa), and all thermomechanical curves coincided with one
another. Previous stress-relaxation experiments of the same PIR-PUR base material (made with a
different catalyst at different morphologies) at T4 + 40 °C, at Ty and at T4 — 40 °C, in conjunction
with ATR-FTIR have shown that settling after the first heating-stressing cycle is accompanied by

maximization of the H-bonding interactions of the NH group with the carbonyl groups along the
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backbone andthe glycol groups from TEG.4%41 VVarious projections of the 3D data of Figure 2F on
the planes of the figure are shown in Figure S.3 of Appendix IV in Supporting Information. Those
projections allow calculation of the figures of merit of the shape-memory effect (see Table S.2 of
Appendix IV in Supporting Information). These figures of merit were found similar to those
reported in our previous studies:4%41 Strain Fixity Ratio ~ 99%; Strain Recovery Ratio ~ 80%;
Strain Recovery Rate ~5 min-1; and, the overall Fill Factor ~ 59%.

2.3 Deep rubbery-state viscoelastic properties of PIR-PUR and meta-PIR-PUR aerogels
As a preamble to the thermomechanical testing of the meta-aerogels, we looked at the equivalency
of the PIR-PUR aerogels in their regular versusauxetic forms (i.e., perforated with tubes as shown
in Figure 1C). For this, we looked at the effect of the auxetic structure on the dynamic behavior in
the frequency domain of the meta-aerogels in comparison with straight PIR-PUR aerogels in a
deep rubbery state (at 50°C, i.e., well above Ty) where the short-range interactions of the polymer
chains are vanishing. Accordingly, the viscoelastic properties of the PIR-PUR aerogel and the
meta-aerogel samples were measured in the compression mode using Dynamic Mechanical
Analysis (DMA) carried out with an Instron ElectroPuls E10000 load frame equipped with an
environmental chamber as described in the Experimental Section. Using the cyclic displacement
control mode, the samples were tested at 1% compressive strain offset with 0.1% oscillatory strain
amplitude at different frequencies. Figure 3 compares the viscoelastic properties of the PIR-PUR
aerogels and of the meta-aerogel samples at different frequencies. Both sampleswere held at least
for 45 min at the target temperature to reach equilibrium conditions, then the steady-state response
(load) to the harmonic excitation (displacement) was measured. The general trends in storage
moduli of both aerogel and meta-aerogel samples were similar. The storage modulus increased

monotonically with frequency. However, meta-aerogel samples were much softer than the aerogel
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sample due to the inclusion of the macroscopic tubular voids (e.g., the low-frequency storage
modulus of the meta-aerogel was an order of magnitude lower than the aerogel’s corresponding
value). On the other hand, the loss modulus of both samples was non-monotonic with respect to
frequency. This is in contrary to what is expected for glassy polymers, in which, typically, the loss
modulus decreases monotonically with increasing frequency. It is speculated that in their rubbery
state (i.e., above Tyas the case is here), itis more likely to excite high-frequency dissipative modes
leading to the observed non-monotonic behavior for the loss modulus spectrum.% The loss moduli
of both the PIR-PUR aerogel and of the meta-aerogel converged at the high-frequency region
(above 10 Hz). This behavior was only seen for the loss modulus, and therefore the tan ¢ of the
meta-aerogel surpassed the corresponding values for the straight aerogel sample. Such a structure-
dependent dynamic behavior points to the need for further studies of the dynamic propertiesas a
function of different meta-structure parameters such aswall thickness and pore size. Those studies
fall beyond the scope of this report, however, it can be concluded safely that for the present
comparison at the quasi-static frequency domain (frequency—0), meta-aerogels and straight

aerogels are equivalent materials.
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Figure 3. Viscoelastic properties in compression of straight and meta-aerogel PIR-PUR samples
in their rubbery state (50 °C) as indicated.

At the end, after cyclic loading at 50 °C for approximately 2000 cycles, the meta-aeroggel
sample was scanned usinga Nikon 225 kV X-ray micro-computed tomography (CT) system, in
order to investigate the presence of any damage (e.g., development of cracks). No obvious defects
were observed in the meta-structure, pointing to the durability and resilience of those samples
under these loading conditions. Movie S1 in Supporting Information shows cross-sectional slices

of the CT scanned volumetric image of the meta-aerogel sample.
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2.4. Auxetic behavior superimposed with the shape-memory effect
Owing to the specific meta-structure design that was implemented in this work, the auxetic
behavior of the resulting PIR-PUR meta-aerogels was visible only in compression. Thereby, the
shape-memory characteristics of the meta-aerogel were recorded through a shape-memory
thermomechanical cycle analogous to the one of Figure 2F, but in the compression mode instead.
Testing was carried out with the same Instron ElectroPuls E10000 load system used for the study
of the viscoelastic properties in Section 2.3, and a pre-conditioned meta-aerogel sample, 58.21 mm
x 30 mm x 25.4 mm in size, cut from a larger sample similar to the one shown in Figure 1C.
Thermomechanical data are shown in Figure 4A. Thigh and Tiow Were set to 50 °C and 5 °C,
respectively. In the beginning, the meta-aerogel sample was heated to 50 °C and was equilibrated
for 15 min. Then, in Stage 1, the sample was compressed isothermally to -15% strain, showing a
strong auxetic behavior exemplified by progressive contraction in the middle as strain increased
(see Movie S2 in Supporting Information). Next, in Stage 2, the stress was kept constant while the
temperature was lowered to T, and the sample was equilibrated at that temperature for 30 min.
In Stage 3, the meta-aerogel was unloaded, and could remain in the laterally-contracted auxetic
shape indefinitely (see the first frame on the top of Figure 4B). Finally, in Stage 4 the sample was
heated back to Thigh (0.5 °C s). Movie S3 in Supporting Information shows the recovery of the
meta-aerogel from the programmed auxetic shape at -15% strain to its undeformed configuration
at Thigh = 50 °C. Snapshots of the meta-aerogel during Stage 4 were taken every 5 s, and were used
to record the strain during shape recovery. Selected such snapshots during strain recovery are
shown in Figure 4B.

The quality of the shape-memory effect of the meta-aerogel was evaluated via the same

figuresof merit used forthe evaluation of thateffectin the regular (not auxetic) PIR-PUR aerogels
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(see Section 2.2). Data analysis used to evaluate these figures of merit for the meta-aerogel are
included in Figure S.3, and values are listed in Table S.2 of Appendix IV in Supporting
Information. The Strain Fixity Ratio of the meta-aerogel (99.3%) was practically equal to that of
the straight PIR-PUR aerogels. However, both the Strain Recovery Ratio (~98%) and the Strain
Recovery Rate (~ 15 min-1) of the meta-aerogel were found significantly higher that the values
calculated for the straight PIR-PUR aerogels (~80% and 5 min-1, respectively), which is reflected
to a higher value for the overall figure of merit: Fill Factor of the meta-aerogel =0.69, versus 0.59
for the straight PIR-PUR aerogels. From another perspective though, upon closer inspection of the
strain recovery versus temperature plots of Figures S.4C and S.4.D of the straight versus the meta-
aerogels, respectively, one notices that the recovery of the meta-aerogel starts at about 11-12 °C,
that is well below the glass transition temperature of the PIR-PUR material, while the regular
aerogel samples start recovering their shape at the vicinity of their glass transition temperature.
Furthermore, interestingly, at that lower-temperature range where meta-aerogels start recovering
their shape, the strain values move rapidly through the range: (a) in which there is a hump in the
stress-strain curve duringisothermal compression in Stage 1 (that hump is pointed at with a yellow
arrow in Figure 4A), and (b) that roughly corresponds to the strain range where all tubes have
collapsed under compression (refer to Movie S2 in Supporting Information). Therefore, the early
onset of the meta-aerogel shape recovery must be linked to the meta-structure. In that regard, it is
reasonable to assume that at low-temperatures both the short- and the long-range interactions
between the polymeric segments are attheir lowestenergy states. Accordingto the datathen, short-
range polymeric interactions, which are involved primarily in the material’s intrinsic shape
memory capability, are activatedathigher temperatures—closerto Tq. On the other hand, however,

long-range polymer interactions must be activated at temperatures well below the glass transition
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temperature. During the shape-recovery stage of the meta-aerogels, the long-range polymer
interactions are activated first, turning the meta-aerogel from a stress-free state into a stressed one.
Thereby the initial recovery is due to the fact that the meta-aerogel sample is first releasing its
elastic energy stored in the meta-structure (posthump in Figure 4A), and thus reachesa new stress-
free state similar to that in the regular PIR-PUR aerogels. By further increasing the temperature,
the short-range interactions are coming into play, and finally the meta-aerogel recovers its original
shape. Clearly, the initial low-temperature / high-strain spring-back effect in the meta-aerogel

recovery process doesnot exist in the regular PIR-PUR aerogels.
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Figure 4. (A) A thermomechanical cycle of a preconditioned meta-aerogel sample. Stage 1:
compression to -15% strain at the deformation temperature Thigh = 50 °C; Stage 2: cooling under
constant stress to fixing temperature Ty, =5 °C; Stage 3: stress release at Tyo; and, Stage 4: shape
recovery by heating back to Thigh (0.5 °C s1). Inset: experimental set up at the beginning of the

cycle. Yellow arrow points to a hump along the stress-strain curve discussed in the text. (B)
Snapshots along shape recovery (Stage 4).

In terms of quantifying the auxetic effect, at first, Figure 5A takes a closer look at the
temperature stimulus applied to the meta-aerogel along with the axial and transverse strains of the
meta-aerogel as a function of time during the last stage (Stage 4) of the thermomechanical cycle
of Figure 4A. In reference to Figure 5B, the axial strain (,) is defined as &, = (I — [) /I, and the
transverse strain (g,) is given by &, = (W — wy)/w,. It is noted that these strain definitions are

global and different from their corresponding values at local material points. The axial strain
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history follows the temperature stimulus almost precisely, thus showing that meta-aerogels are

very responsive, which is important for applications in actuation.
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Figure 5. (A) Temperature, axial strain, and transverse strain as a function of time during the last
stage (Stage 4) of the shape-memory thermomechanical cycle of Figure 4A; (B) Reference and
deformed configurations of the meta-aerogel, and definitions relevant to the determination of the

Poisson’s ratio (see text).

Following our global definitions for the axial and transverse strains, the Poisson’s ratio
then becomes v = —&,/¢,,. Figure 6A shows the Poisson’s ratio of the meta-aerogel sample as a
function of the axial strain during the initial isothermal compression stage at 50 °C (Stage 1) as

well as during the shape recovery stage (Stage 4). During Stage 1, the Poisson’s ratio shows a
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sigmoidal decay from a value slightly above zero (Poisson’sratio of about 0.05 at strains less than
-1%) to a Poisson’s ratio of approximately -0.8 at -15% compressive axial strain. However, during
the shape recovery stage (Stage 4), the Poisson’s ratio of the meta-aerogel did not recoverto a
positive value. This is related to the residual strain due to rearrangement of the H-bonding
relationships within the PIR-PUR aerogels as discussed in conjunction with the settling observed
between the first and the subsequent cycles of the shape-memory experiment of Figure 2F.%0 For
reference, the Poisson’s ratio of the meta-aerogel as a function of temperature during Stage 4 is

shown in Figure 6B.
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Poisson’s ratio
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is the best-fit curve. (B) The Poisson’s ratio of the meta-aerogel sample as a function of

temperature during Stage 4 of the shape-memory thermomechanical cycle of Figure 4A.
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Finally, the fact that the auxetic effect of meta-aerogels originates from their molded meta-
structures was further supported by comparing the experimental Poisson’s ratio results during
Stage 1 (Figure 6A) with simulation results obtained from a 2D linearly elastic finite element
method (FEM) using the commercially available finite element code ABAQUS. The effect of
viscoelastic properties on the Poisson’s ratio was not considered in these simulations, thus leaving
only the tubesasthe only relevantparameter for the auxetic effect. Figure 7 compares the evolution
of the experimental and numerical Poisson’s ratios as a function of compressive strain. Despite the
lack of any viscoelastic material property considerations, the FEM simulation predicted the
experimental results well; in fact, at high strains, i.e., where the auxetic effect is most relevant, the
FEM simulations and the experimental results were in excellent agreement. Small deviations
between the experimental and simulation results were observed at small strains (less than 0.05).
The simulations assume a perfect geometry, but in practice, the presence of small defects
introduced during manufacturing process could potentially cause the slight discrepancies.
However, their consistent trend at low strains and perfect matching at high strains clearly indicate

the major role of the metastructure on the global behavior of the meta-aerogels.
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3. Conclusion

Meta-aerogels combine a negative Poisson’s ratio with a thermoresponsive shape-memory effect,
and they are potentially important materials for commercial, aeronautical, and aerospace
applications. Upon cooling well below T4, meta-aerogels maintain the auxetic shape at their
shrunk/negative Poisson’s ratio state that was imposed on them by compression at a temperature
above Ty, and upon heating back above Tg they recover their original configuration. The particular
aerogel material that was used for demonstrating those effects was based on a highly cross-linked
poly(isocyanurate urethane) polymeric backbone and the auxetic form was achieved with parallel
tubular voids running the length of a macroscopic block of a standard aerogel of that material. The
Poisson’s ratio reached -0.8 at -15% compressive strain. The shape recovery of those meta-
aerogelstraced atemperature increaseas fastas 0.5 °C/s. These materials comprise a good platform
for further exploration of applications of additive manufacturing through molding techniques in
the fabrication of functional aerogels. In terms of possible future designs, exploration of tubes with
different cross-sectional shapes is a possible route for further study, while totally different 3D
designs of shape-memory aerogels perforated with multi-dimensional tube designs are also

possible candidates for further investigation.

4. Materials and methods

Materials

All materials were commercially sourcedand used without further processing. Desmodur N3300A
triisocyanate was generously donated in pure form by Covestro LLC (Pittsburg, PA). Triethylene
glycol (TEG), anhydrousacetonitrile, and anhydrous CuCl, were purchased from Fisher Scientific

(Hampton, NH).
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Synthesis of PIR-PUR regular and meta-aerogels

In a typical synthetic procedure, 30 mmol of Desmodur N3300A and 45 mmol of TEG were
dissolved in 207.80 mL of anhydrous acetonitrile (referto Table S.1 of Appendix I11in Supporting
Information). The solution was stirred for 10 min at room temperature. A catalyst stock solution
was prepared by dissolving 2.789 g of anhydrous CuCl,in 250 mL of acetonitrile. Then, 5.6 mL
of the catalyst stock solution was added to the reaction mixture. The resulting solution was stirred
for another 5 min and was poured into the appropriate molds. For regular aerogels the molds were
25 mL plastic vials. For the meta-aerogels, the design of the molds is described in Figures S.1 and
S.2 of Supporting Information. The meta-aerogel mold design was the negative of the desirable
meta-aerogel structure, and it was submitted in the STL (Standard Triangle Language) format to
3D Hubs, an online manufacturing platform®” to be 3D printed with polylactic acid (PLA) with
100 um resolution and 30% infill percentage. The spikes of the mold protruded out and were an
integral part of a PLA base that eventually played the role of the bottom of the gelation container.
The mold was completed by wrapping the outer spikes around with aluminum tape. The entire
inner surface of the mold was sprayed with a mold release spray (Sprayon MR™311, Cleveland,
OH). Wet gels were aged inside the molds for 1.5 h. After aging, wet gels were removed from the
molds and were washed with anhydrous acetone (4 times, 24 h each time), and finally they were
washed with pentane (4 times, 24 h each time). In our current two-dimensional meta-aerogel
design as shown in Figure 1, wet-gels were removed from their molds by lifting the bottom side
of the wet-gel and unplugging it from the mold. The amount of solvent used for each washing step
was equal to four times the volume of the wet gel. Pentane-washed wet gels were dried under
ambient conditions for 24 h. Drying was considered complete after placing the samples in an oven

at 40 °Cfor 3 h.
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Chemical characterization

Attenuated total reflectance (ATR) FTIR spectroscopy was carried out with a Thermo Scientific
Nicolet iS50 FT-IR, equipped with an ATR accessory. Samples were cut to the size of the ATR
diamond crystal, and ATR-FTIR spectra were obtained by pressing them against the crystal with
the ATR unit’s pressure device (gripper).

Solid-state CPMAS 13C NMR spectra were obtained with powdered samples on a Bruker
Avance Il 400 MHz spectrometer with a carbon frequency of 100 MHz using a 7 mm Bruker
MAS probe ata magic angle spinning rate of 5 kHz, with broadband proton suppression, and the
CP TOSS pulse sequence. The Total Suppression of Spinning Sidebands (TOSS) pulse sequence
was applied by using a series of four properly timed 180° pulseson the carbon channel at different
points of a cycle before acquisition of the FID, after an initial excitation with a 90° pulse on the
proton channel. The 90° excitation pulse on the proton and the 180° excitation pulse on carbon
were set to 4.2 and 10 ps, respectively. A contact time of 3 ms was used for cross-polarization.
Solid-state 13C NMR spectra were referenced externally to glycine (carbonyl carbon at 176.03

ppm). Chemical shifts reported versus TMS (0 ppm).

Physical characterization
Bulk densities (p,,) were determined from the weight and the physical dimensions of the samples.
Skeletal densities (pg) were determined with helium pycnometry using a Micromeritics AccuPyc
I1 1340 instrument. Porosities (IT) as a percent of empty space were determined from the p, and
ps values via IT= 100 x [(ps — pp)/ ps]-

Scanning electron microscopy (SEM) was conducted with Au/Pd (60/40) coated samples

on a Hitachi Model S-4700 field emission microscope. The sample was placed on the stub with C-
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dot. Thin sticky Cu stripes were cut and placed on the edges and top of the sample leaving a small
area uncovered for observation.

Micro-computed tomography scans were carried out using a Nikon Microfocus 225 kV X-
ray source. The effective pixel resolution was 50 um/pixel. The X-ray projection images were
obtained through rotatingthe frame aroundthe center of the sample, and usingthe Nikon computer
software, these projection images were converted into a 3D object. The 3D object was later sliced

using the free-academic-licensed software Dragonfly to reveal the internal structure of the sample.

Thermomechanical characterization

The glass-transition temperature (Ty) of the PIR-PUR aerogel material was determined using a TA
Instruments Q800 dynamic mechanical analyzer (DMA) in the tension mode performing a
dynamic ramp at 1 Hz from —150 °C to 150 °C at 3 °C min-l. Thermo-mechanical cycling of
regular PIR-PUR aerogels was conducted in tension using the same DMA instrument in the
controlled-force mode as follows: samples were equilibrated at their deformation temperature
(Thigh = 40 °C) for 5 min. Then they were stretched with a small tensile force (0.01 N), and the
length of the sample was measured by the instrument and stored. Next, specimens were stretched
ata constant force rate of 1 N min~! up to near their break point (typically around 60% strain), and
then, while under the final stress, they were cooled at5 °C min~! to the fixation temperature (Tiow
=-10°C « Tg). Samples were equilibrated at Tyo, for 5 min, and the tensile force was reduced to
0.01 N. Samples were allowed to relax (fix) for 15 min (always while at Tjo) While strain was
recorded. Finally, samples were heated at 1 °C min~! to their recovery temperature (Thigh = 40 °C)
while strain was still recorded. Sampleswere held at Thign for 15 min, and the cycle was repeated.

Five such cycles were run successively for each sample.
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Thermomechanical cycling of auxetic meta-aerogels (nominal size of 58.21 mm x 30 mm
x 25.4 mm) was performed in the compression mode on an Instron mechanical testing system
(Instron Inc., Electropuls E10000 load frame, Norwood, MA) equipped with a 500 N load cell
(with an accuracy of 0.5% of the reading), and an Instron Environmental Chamber (Instron, Inc.,
Model 5969, Norwood, MA). During the firstand last step (Figure 4A, Stages 1 and 4), the sample
was monitored continuously with a Nikon camera (Model D7100) kept at a fixed position normal
to the sample (see Movies S2 and S3). During Stage 4, the camera was also recoding
simultaneously the temperature of the sample by placing the display of our thermal couple next to
the Environmental Chamber (see Movie S3). The bottom part of Figure 4A (strain versus
temperature during shape recovery) was constructed by taking a series of digital images every 5 s
from Movie S3 like those shown in Figure 4B. The images were analyzed using the open-source
image-processing package, ImageJ. For this, the total absolute area of the holes was measured in
each digital image, and was divided by the total area of the holes before any compression (from
Movie S2). The strain at each time interval / temperature was set equal to the square root of each
arearatio. Poisson’sratios were also measured from the digital images using ImageJ by comparing
the dimensions of the sample at different stages of deformation with corresponding values for the
undeformed sample before compression (see Figure 5B). Samples were equilibrated at each target
temperature for at least 15 min before moving to the next step. Deep rubbery state DMA
measurements in compression were also performed using the same Instron Electropuls E10000
load frame. Cylindrical samples (with nominal outer diameter of 1 cm as well as length of 1 cm)
were also equilibrated at each target temperature for at least 45 min before the experiment. In a
compression control mode, the steady state response (load) to the harmonic excitation

(displacement) was measured. At least 50 cycles were considered at each frequency.
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Finite element analysis

The topological behavior of the meta-structure was simulated using a 2D linearly elastic finite
element formulation by means of the commercial package Abaqus/Standard 6.14 (Dassault
Systems). For this purpose, a 2D computational model at similar dimensions of the experimental
sample was constructed. Under a displacement control simulation, the bottom of the model was
fixed (encastré boundary condition) and the model was subjected to a compressive displacement
from the top side. No friction was considered between the loading frame and the top side of the

model. The model was compressed up to 15% compressive axial strain.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI:
10.1021/ACSAMI.XXXXXX.

Appendix | (Design of the meta-structure of meta-aerogels); Appendix Il (Steps involved in the
inverse molding technique); Appendix Il (Formulation of PIR-PUR wet gels and aerogels);
Appendix IV (Figures of meritof the shape-memory effect of straightand meta PIR-PUR aerogels)
(PDF)

Movie of cross-sectional slices by Computed Tomography (CT) of a meta-aerogel (MP4)

Movie of the auxetic behavior upon compression of a meta-aerogel during Stage 1 of a
thermomechanical cycle (MP4)

Movie of the shape recovery of a meta-aerogel from its temporary auxetic shape by exposure to a

temperature stimulus (MP4)
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