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ABSTRACT: A large array of anhydrous metal ions were tested as catalysts in the 4s2 sty 90£15
\

preparation of shape memory poly(isocyanurate—urethane) (PIR—PUR) aerogels from
the reaction of 1,3,5-tris(6-isocyanatohexyl)-1,3,5-triazinane-2,4,6-trione (Desmodur
N3300A: a well-known isocyanurate-based aliphatic triisocyanate) and triethylene glycol
(TEG) in anhydrous acetonitrile. The reaction yielded wet gels that were dried into
aerogels in an autoclave with supercritical fluid CO,. The catalytic activity was mostly
identified among CH;CN-soluble salts (mainly chlorides) of third-row d-block elements
from iron to zinc, group 13 elements from aluminum to thallium, as well as cadmium,
bismuth, and tin. Tin (''°Sn) NMR indicated that the metal ion complexes with TEG,
followed by reaction with the isocyanate. By using a fixed monomer concentration (20%
w/w) and varying only the chemical identity and concentration of the catalysts, it was
possible to demonstrate that the micromorphology of the resulting aerogels depended only
on the gelation time. That is, for equal gelation times, the morphology was approximately
the same, irrespective of the catalyst. For short gelation times (around S min or less), the aerogel frameworks were bicontinuous,
changing to small spheroids at around 20 min and to large microspheres for gelation times around 75 min or more. Having obtained
control over micromorphology, leaving other material properties such as density and porosity practically unaffected, it was possible
to demonstrate that the bicontinuous structures of PIR—PUR aerogels can be up to 4 times stiffer and up to 2 times better thermal
conductors than structures consisting of microspheres. This finding was attributed to the different widths of the neck zones between
particles, noting that in bicontinuous morphologies, the neck diameters were almost equal to the particle diameters.

3N

bicontinuous spheroidal fused spheres
100-130 kPa 44-84 kPa 27-36 kPa

KEYWORDS: aerogels, polyurethane, shape memory, morphology, bicontinuous, spheroidal

1. INTRODUCTION nanofibers to larger solid microspheres with some fibers
emanating from their surface. Those nano-/micromorpholo-
gies showed a correlation with increasing gelation time in the
order just mentioned."'

Aliphatic polyurethane aerogels made by reacting the same
aliphatic triisocyanate as the polyureas above with short
aliphatic diol derivatives of ethylene glycol display diverse
skeletal morphologies too, yet quite different from those of
polyurea.”>™"> The common morphological denominator with
the corresponding polyureas can be considered the presence of
large, albeit now-bald microspheres. A completely different
structural feature in these aliphatic polyurethane aerogels, not
observed in the corresponding polyurea, was the occasional
appearance of bicontinuous morphologies in which the solid
and porous networks looked similar. It was proposed that all

A hard-to-miss property of aerogels derived from isocyanates,"
including polymer-crosslinked aerogels,2 pristine polyurea,3
polyurethane,” polyimide,” and polyamide aerogels,’ is their
remarkable mechanical strength.7 Among those materials,
aliphatic polyurea aerogels obtained from the reaction of
water with an isocyanate,® specifically a isocyanurate-based
triisocyanate trimer of hexamethylene triisocyanate (Desmodur
N3300A), demonstrate a quite broad array of nanostruc-
tures,”” "' and a significant recent finding was that their
mechanical properties not only depend on the nanostructure,
but most importantly they are not a single-valued function of
the nanomorphology,11 which, as it was speculated, was
determined mainly by the mode of the phase separation of the
polymer as it was formed:'> Phase separation of solid
nanoparticles gives nanoparticulate networks where individual
particles may be either randomly distributed or organized in
caterpillar-like structures of various aspect ratios. On the other
hand, if the developing polymer is phase-separated as an “oily”
phase that gets solidified later, the morphology of the aerogel
skeletal networks can be quite diverse, ranging from thin
nanofilaments to small solid microspheres embedded in
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these microstructures arise from the initial phase separation of
an immiscible oily (i.e., liquid) mixture of oligomers, followed
by solidification later as the reaction within the oily phase
continues.'”

This type of aliphatic polyurethane aerogels are superelastic
materials with glass-transition temperatures in the range of
30—80 °C depending on the diol, ranging from ethylene glycol
to tetraethylene glycol, and demonstrate a stron% shape
memory effect.'*~"° According to that effect,’”"” these
aerogels can be heated above their glass-transition temperature
(Ty) and stretched to a temporary shape; they can retain that
shape indefinitely if they are cooled, under the stretching load,
to temperatures well below the glass-transition temperature;
finally, they can return to their original shape if their
temperature is increased back above T,. Along these lines, it
was discovered that the shape-recovery rate had a direct
relationship with the elastic modulus (stiffness) via a Markus-
type expression.'* Fast shape-recovery rates are a desirable
property for many practical applications, for example, in all
sorts of actuation; therefore, stiffer shape memory materials
were deemed more desirable.'”'® Upon further inspection, it
was noted that the highest elastic moduli were exhibited by
bicontinuous microstructures, and the question became
whether the higher stiffness of bicontinuous structures was
due to that morphology or to other material properties
associated with the particular aerogels that displayed that
morphology. In our initial studies of those materials,
bicontinuous micromorphologies were rather rare and their
presence could be a function of any of the independent system
variables as they were varied according to a statistical design-
of-experiments model. Those system variables included the
type and ratio of the diols in any particular formulation, the
total monomer concentration in the sol, and the chemical
identity of the solvent. All formulations used the same catalyst,
dibutyltin dilaurate (DBTDL), and its mol ratio to the
monomers (e.g., the triisocyanate) was kept constant. Further
along the line, although bicontinuous morphologies were rare,
it was noted that they resulted from formulations with higher
monomer concentrations, and therefore, they were associated
with faster gelling sols and higher density aerogels. On the
other hand, the most common skeletal frameworks consisted of
spheroidal particles. This type of frameworks was associated
with lower monomer concentrations, therefore with slower
gelling sols and lower density aerogels. Clearly then, although
the higher stiffness of bicontinuous samples and the lower
stiffness of spheroidal samples could be attributed to their
morphologies, they could also very well be associated with
their densities'” or even with the different mixtures of diols
used in their formulation.

At this point, it was reasoned that if bicontinuous
morphologies are related only to the gelation time, then in
order to deconvolute the role of the morphology on stiffness
from other material properties, and therefore confirm or reject
the morphology—stiffness hypothesis, all other system
variables, like the sol concentration, should remain constant,
and the only parameter that should be allowed to vary is the
gelation time. The latter is related to the rate of polymer-
ization, and therefore, it should be controllable through the
catalyst: more active catalysts should bring about faster
polymerization and therefore faster solidification of the
phase-separated liquid mixture of oligomers, thus capturing
the structural evolution at or closer to an ideal bicontinuous
morphology; then, if those aerogels are stiffer, their higher
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moduli would be associated only with their morphology. Along
this line of reasoning, a second way to control the rate of
polymerization was by varying the catalyst concentration.
According to the logic set forth here, irrespective of the catalyst
and its concentration, the morphology (and stiffness) of the
resulting aerogels should be similar to one another as long as
they come from sols with similar gelation times. In other
words, gelation time becomes a numerical proxy for the
morphology of the polyurethane aerogels of this study, in the
same conceptual context as the K-index did become previously
the numerical proxy for the morphology of alilphatic polyurea
aerogels derived from the same triisocyanate.'

Typical catalysts for urethane formation are based on metal
ions, tertiary amines (e.g., 1,4-diazobicyclo[2,2,2]octane,
abbreviated as DABCO), and selected organic acids. Among
metal-based catalysts, the most common one has been
DBTDL, which has been also effective in the reaction of
isocyanates with polyether diols.”® Therefore, as mentioned
above, DBTDL was the catalyst of choice for the synthesis of
shape memory polyurethane aerogels from Desmodur N3300A
triisocyanate and short-chain glycols."*~"* Non-tin-based metal
catalysts include acetyl acetonate complexes of Cr**, Fe*,
Cu®, Sn**, Mn*, Zr**, Hf", In**, and Zn>*,”' and they have
also been effective with polyester diols.”” In this study, we used
anhydrous metal salts, mostly chlorides, and the criterion for
their selection was their solubility in the gelation solvent
(acetonitrile). Study of metal ion catalysis of the isocyanate—
butanol reaction dates back in the mid-1960s.”” It was reported
that their effect varied based on steric factors of the isocyanate,
and it was proposed that metal ions increased the electrophilic
character of the isocyanate by coordinating with its oxygen or
nitrogen. This mechanistic route does not seem to be in
operation with the glycols of this study.

Based on the above, the triisocyanate (isocyanurate-based
Desmodur N3300A triisocyanate), the diol (triethylene glycol,
TEG), and their concentration (20% w/w) were kept constant
throughout this study. The reaction rate, and thereby the
gelation time, was varied from minutes to hours, both with the
chemical identity of the metal ion catalyst and its
concentration. The catalyst-to-isocyanate mol ratio of
DBTDL (1:120) in our previous studies with related
materials'>~"> was used as a point of reference. All other
catalyst concentrations are referenced as multiples of that ratio.
The resulting polymeric aerogels were classified as a special
type of polyisocyanurate—polyurethane (PIR—PUR) materials,
in which the isocyanurate ring was introduced as part of the
isocyanate rather than formed in situ (Scheme 1). As
supported by spectroscopic (FTIR and solid-state '*C NMR)
and CHN elemental analysis data, no identifiable amount of
isocyanurate was formed as the result of side trimerization
reactions of the NCO groups of Desmodur N3300A
triisocyanate. In support of the view that gelation follows a
phase separation of a liquid—oligomer path leading first to
smaller spherules that coalesce to larger ones at longer gelation
times,”” it was confirmed that irrespective of the catalyst and its
concentration, aerogels from similar gelation times had similar
microstructures (e.g., consisting of similar size spherical
particles). Bicontinuous morphologies were observed only in
aerogels from very fast gelling sols (<10 min), supporting that
these structures lied along the sequence of events that
eventually furnished spherules. With a reliable approach to
bicontinuous skeletal frameworks, it was possible to confirm
that all bicontinuous structures are stiffer than those consisting
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Scheme 1. Preparation of PIR—PUR Aerogel for This Study
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of spherical microparticles, and since the gelation time became
a predictor of morphology, it was also possible to correlate
stiffness with gelation time.

2. RESULTS AND DISCUSSION

2.1. Preparation of PIR—PUR Aerogels Using Anhy-
drous Metal Salts as Catalysts. The polyurethane aerogels
for this study were obtained by drying polyurethane wet gels in
an autoclave by first extracting the pore filling solvent with
liquid CO, that was then converted to a supercritical fluid
(SCF) and was vented off like a gas.”* Referring to Scheme 1,

Desmodur N3300A and TEG were introduced into the
gelation process at their stoichiometric mol ratio of 2:3. The
gelation solvent was acetonitrile, and the total monomer
concentration (N3300A + TEG) was set at 20% w/w for all
samples—all experiments. Thus, the only variables among all
samples were the chemical identity and the concentration of
the catalyst. Figure 1A shows the elements whose ions were
tested as catalysts.

With the exception of Cd(NOj;),, TI(NOj;)s, and Ni(OTf),
(OTf: triflate), all other metallic ions were introduced as their
anhydrous chloride salts. Stock solutions of these metal salts
were prepared in anhydrous acetonitrile. TEG and N3300A
were dissolved in acetonitrile separately. Predetermined
amounts of each catalyst stock solution were added to each
TEG solution. Then, the TEG/catalyst solutions were mixed
with the triisocyanate solutions to form the sols as described in
the Experimental Section. Color-coding in Figure 1A
designates elements whose salts were considered, but they
were insoluble in acetonitrile (yellow), elements whose salts
were soluble but did not induce gelation (red) and elements
whose salts did induce gelation (blue). Cd(NO;), and BiCly
were not fully soluble in acetonitrile, but they did dissolve in
the presence of TEG. That posed experimental difficulties, so
for comparison purposes, only one concentration of those salts
was tested, the one referred to as “1X”—see below.

The catalytic activity as a function of the metal ion and its
concentration were assessed by the gelation time, £, measured
from the time the triisocyanate solution was added to the
TEG/metal ion solution. There are two ways to obtain fg
Using rheology in the oscillatory mode, t, is defined as the
common crossing point of all tan § (=loss modulus/storage

A.

[ Didn’t Gel
Il Gelled
[ Insoluble

TI(NO,),
BiCl,
Cu,Cl,

Ni(OTf),
ZnCl,
FeCl,

Cd(NO,),
GaCl,

0 100 200 300

Gelation time (min)

250 Il B Phenomenological
[J Rheological

Gelation time (min)

N MM N \ A\ s
Q@o 000 o\)’? 000 1’(\0 O'bo

Figure 1. (A) Metals whose metal salts were tested for catalytic activity in the reaction of Scheme 1. (B) Comparison of rheological (yellow bars)
versus phenomenological gelation times (blue and red bars) for selected salts at various concentrations, which are expressed as multiples for the
reference concentration (1X) of DBTDL—see the text. (Note: all bars start from the bottom. Siting at the front, blue and red bars partially mask
the yellow bars behind them. In all cases except one (GaCl;, 6X), the rheological gelation times (yellow bars) were longer than the
phenomenological gelation times.) (C) Comparison of the phenomenological gelation time of all catalysts at the reference concentration (1x). (D)
Data from frame (C) plotted relative to the position of the elements in the periodic table. DBTDL is shown as a red box outside the frame.
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modulus) for all oscillatory frequencies employed in the
experiment.zs_27 On the other hand, the phenomenological
gelation time is taken as the point when the solution stops
flowing. Figure 1B shows that in general, whenever both types
of t, values were obtained, the phenomenological £, values
were shorter than their rheological counterparts, but they
followed the same pattern with the latter both within the same
catalyst as a function of its concentration and across catalysts.
The ensuing discussion is based on the phenomenological ¢,
values as they were recorded for all catalysts at all
concentrations. For the purposes of Figure 1B, the different
molar concentrations of each catalyst are referred to as
multiples of the standard concentration of DBTDL ([DBTDL]
= 1.94 mM, referred to as 1X (see Table S1 of Appendix I in
the Supporting Information), which was the concentration of
DBTDL in the same monomer concentration sols (20% w/w)
in our previous studies that comprised the impetus of this
work.>™" In turn, Figure 1C shows the relative catalytic
activity of all viable metal ions from Figure 1A, by comparing
the gelation time of the common 20% w/w acetonitrile sol of
this study with all metal ions at the same reference catalyst
concentration (1X). According to Figure 1C, the most active
catalyst was SnCl, (g = 4 min), followed by CuCl, (ty = S
min). The least active catalyst was GaCl; (f, = 24 h). Near-
DBTDL catalytic activity at 1X (t, = 31 min) was displayed
by Cu,Cl, (ty = 29 min) and BiCly (fz = 27 min). Finally,
Figure 1D relates catalytic activity to the position of the
corresponding elements in the periodic table. Catalytic activity
was concentrated mainly across the first row of the d-block
elements and the first group (number 13) of the p-block
elements. Within the third-row d-block elements, tg
decreased, and therefore, the catalytic activity increased from
Fe’ to Cu®, and then te increased, and the catalytic activity
decreased with Zn**. The catalytic activity decreased even
further by moving toward gallium in group 13 of the p-block;
in fact, GaCl; defined the global minimum of catalytic activity
(tgel =24 h). Along group 13, AIC, (tgel = 63 min) showed an
activity between CoCl, (tgel = 46 min) and Ni(OTf), (tgel =76
min), while on the other side of GaCl,, InCl, (tgel = 49 min)
was more active than both AICl; and GaCl;, and the catalytic
activity was increased further by moving to TI(NO;);, which
was the third most active catalyst of all the metal salts tested
(tgel = 19 min), behind only SnCl, and CuCl,.

The increase in catalytic activity from ferric chloride to
CuCl, and the subsequent decrease with ZnCl, parallels the
Irvin—Williams series of thermodynamic stability of the
complexes of the corresponding ions.”® That implies some
sort of association of the starting materials with the catalyst.
Using SnCl, as a proxy for all metal-salt based catalysts, and its
diamagnetic NMR-active nucleus as a probe, we conducted a
1191 NMR study of the interaction of the reactants shown in
Scheme 1 with SnCl, in CD;CN—see Figure 2. A resonance
from SnCl, was observed at —681.96 ppm versus external neat
Sn(CH;), The chemical shift of SnCl, in pure form or in
weakly interacting solvents (e.g, CS, or CH,Cl,) has been
reported at around —150 ppm.”” The large upfield chemical
shift of SnCl, in acetonitrile implies strong interaction
(complexation) with the solvent. When isocyanate was added
to the SnCl, solution in a 1:1 mol/mol ratio, only a slight
downfield change in the chemical shift was observed (to
—680.60 ppm). On the other hand, when TEG was added to
the SnCl, solution, in the same 1:1 mol/mol ratio, the ''*Sn
resonance shifted significantly downfield (to —623.16 ppm)
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Figure 2. Liquid 'Sn NMR of SnCl, in CD;CN with several

additives as shown in 1:1 mol/mol ratio. All spectra were referenced
externally to pure tetramethyltin using a coaxial tube.

that is toward its chemical shift in pure diethyl ether (—606
ppm), as well as its chemical shift in weakly interacting CH,Cl,
containing either a S molar excess of diethyl ether (—599.4
ppm) or an equimolar amount of chelating dimethoxyethane
(—550.0 ppm).” These facts considered together indicate that
TEG interacted strongly with SnCl,. On the other hand, an
aromatic alcohol (resorcinol) did not cause any noteworthy
shift of the '”Sn resonance in acetonitrile (with resorcinol at
1:1 mol/mol ratio in solution: —681.72 ppm). Considering the
structural analogy of TEG to chelating dimethoxyether,” it is
speculated that the interaction of SnCl, with aliphatic TEG
was assisted by its ability to chelate via five-membered rings.
Assuming that TEG interacts with the other metal salts in the
same general fashion provides a reasonable explanation for the
assistance offered by TEG in dissolving the metal salts in
acetonitrile, as noted in particular with Cd(NO;), and BiCl,.
Complexation of the metal ions with TEG puts the interaction
with the isocyanate second in the sequence of events; thereby,
without going into further speculation, the mechanism of
urethane formation catalyzed by the metal ions of Figure 1A
resembles the insertion mechanism of the DBTDL-catalyzed
urethane formation®” and explains adequately well the Irvin-
Williams trend in the d-block elements of the third row,
including the higher activity of harder Cu®* over softer Cu’.
However, the behavior down group 13 of the p-block elements
is more perplexing. Here, the softer metal ions (indium,
thallium) were the most active catalysts, but the behavior of
GaCl;, being globally the least active catalyst, was surprising.
Ga®' is a hard Lewis acid, harder than Zn*", and following the
logic of the Irvin—Williams series, GaCl; would be expected to
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be more active than ZnCl,. Its behavior indicates that the
interaction of the Ga(IIl) metal center with TEG is hindered,
which in turn suggests either that GaCl; (in itself a soft acid)
or its associative complex with acetonitrile does not interact
strongly with TEG. Overall, in spite of the differences in their
interaction with TEG or the isocyanate, the salts of the
elements of Figure 1 comprise a set of catalysts with a widely
variable activity toward the reaction of Scheme 1, with all other
parameters remaining constant.

2.2, Chemical and General Materials Characterization
of the PIR—PUR Aerogels. All PIR-PUR aerogels of this
study were expected to have the same chemical composition,
and that was supported by FTIR and solid-state CPMAS *C
NMR spectroscopy, as well as by CHN elemental analysis data.

Figure 3 shows the FTIR and the solid-state *C NMR
spectra of all aerogels prepared with the catalyst concentrations
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Figure 3. ATR—FTIR (A) and solid-state CPMAS "*C NMR spectra
(B) of polyurethane aerogels prepared according to Scheme 1 and
catalyzed with the metal salts indicated in the figure. All spectra
concern materials obtained with the corresponding catalysts set at the
1X concentration, except GaCl (6X). The integrated isocyanurate-to-
urethane ratios (d/l) are included in (parentheses) with each
spectrum of part B. For other peak assignments, see Scheme 1.

set at IX. All FTIR spectra (Figure 3A) were essentially
identical to one another and were dominated by the
isocyanurate carbonyl stretch near 1680 cm™'. 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 of the intense isocyanurate absorption. H-
bonded urethane carbonyl groups would appear at 1600—1640
cm™!, but they were masked by the intense isocyanurate
absorption. Other important absorptions at lower energies than
the carbonyl include a band at 1530 cm™ that is assigned to
N-H bending coupled to C—N stretching,?’1 and the bands at
1244, 1120, and 1048 cm ™" attributed to the tri-ethylene glycol
and urethane asymmetric and symmetric C-0-C
stretches.”** The methylene (—CH,—) in-plane bending
was observed at 764 cm™'.* At higher energies than the
carbonyl, all C—H stretches appeared at lower energies than
3000 cm™ as two bands at 2900 and 2850 cm™' consistent
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with their aliphatic character. The N—H stretch was broad
extending the region from 3100 to 3800 cm™' and could be
deconvoluted using the Origin 8.7 software package as
described previously'”'* into a band assigned to a free N—H
stretch in the 3423—3545 cm™ range, into a second band
assigned to the N—H stretch of NH H-bonded to carbonyl
(NH--O=C) in the 3331—3341 cm™! range, and a third,
lower intensity band assigned to the N—H stretch of NH H-
bonded to glycol groups (NH--O(CH,),) in the 3204—3234
cm™ range.’* The relative intensities of the deconvoluted
bands were about 3.0-to-7.0-to-0.2 for all materials, suggesting
no significant differences in the chemical environment around
the urethane NH groups among the different metal-salt
catalyzed PIR—PUR aerogels. The ATR—FTIR spectra of
some samples were also obtained after thermomechanical
cycling (see below), and the ratio of the three bands was in
general modified in slight favor of the NH:--O=C hydrogen-
bonded groups at the expense of the free N—H stretch.*

Similarly, the solid-state '*C NMR spectra of the various
samples were practically identical irrespective of the catalyst
(Figure 3B). The resonances in the 15—45 ppm range were
assigned to the CH, carbons coming from the triisocyanate.
The resonances in the 60—80 ppm range correspond to the
CH, carbons from TEG. A sharp resonance at approximately
149 ppm (marked as “d” in Figure 3B) was due to the carbonyl
carbon of the isocyanurate ring of the triisocyanate. The
resonance at 156 ppm (marked as “I” in Figure 3B)
corresponds to the carbonyl carbon of the urethane groups.
The d/] intensity ratios were similar in all materials obtained
with the various catalysts (see Figure 3B).

Since the reactivity of the various catalysts varied widely
(Figure 1C), the spectra of Figure 3 represent materials across
the domain of the gelation time, and the fact that they were
practically identical to one another signifies that the chemical
composition did not depend on the gelation time. Reviewers,
however, noted that the presence of a parallel isocyanate
trimerization reaction that produces additional isocyanurate
rings to those brought in by N3300A could not be ruled out by
the spectroscopic data alone. Since this possibility could have
important implications in the interpretation of the data along
our stiffness—morphology hypothesis, it deserved attention.
Unlike in this study, the PIR part of PIR—PURs is usually
formed in situ by using an excess of NCO groups over OH and
oftentimes is assisted by elevated temperatures.**™*’ When the
trimerization reaction is catalyzed by metal ions, those typically
enter the reaction scheme in specific coordination config-
urations (complexes).*”*" None of these conditions were
present here. Nevertheless, this possibility was tested
experimentally via CHN elemental analysis of two samples
from each catalyst, one obtained with a high- and one obtained
with a low-catalyst concentration (all CHN analysis data are
summarized in Table S2a of Appendix II in the Supporting
Information). It was found that the low-catalyst samples
consisted of C, 53.29 + 1.46%; H, 7.49 + 0.090%; N, 11.32 +
0.095%; and O (by difference from 100%), 27.91 + 1.72%.
Similarly, the high-catalyst samples consisted of C, 53.24 +
1.01%; H, 7.45 + 0.062%; N, 1127 + 0.051%; and O (by
difference from 100%), 28.04 =+ 1.33%. There was no
statistically significant difference (via Student’s t-test—
assuming either equal or unequal variances) between the two
sets of values for each element. Furthermore, these values were
close to the theoretical composition of the polyurethane
expected by mixing N3300A and TEG at the required
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stoichiometric ratio (=2:3) for complete reaction to polyur-
ethane: C, 54.32%; H, 7.81%; N, 11.52%; and O, 26.34%.
(Note that pure polyisocyanurate from Desmodur N3300A
would consist of C, 57.14%; H, 7.14%; N, 16.67%; and O,
19.05%.) Based on these results, diversion of N3300A toward
polyisocyanurate (PIR) was deemed highly unlikely under our
experimental conditions, thereby all materials of this study
share the common chemical composition illustrated in Scheme
1.

Albeit being chemically similar and having been formulated
at the same 20% w/w concentration of monomers in the sol,
the PIR—PUR aerogels of this study did show some small
variations in their basic material properties (see Table S2b of
Appendix II in the Supporting Information). Samples shrunk
linearly relative to the dimensions of their molds, typically in
the 20—30% range. Within each catalyst, in some cases, the
trend was that as the catalyst concentration decreased, that is,
at longer gelation times, shrinkage also decreased (e.g., AlCl,
and Cu,Cl,). In other cases, as the catalyst concentration
decreased, shrinkage first decreased, then increased, and then
decreased again (e.g, CoCl, and FeCly). In yet other cases,
shrinkage varied randomly (case of CuCl,). Higher shrinkages
lead to higher bulk densities, which, however, were all mostly
in the range of 0.3—0.4 g cm™ for all catalysts and all
concentrations. Unlike other PIR—PUR aerogels in which the
PIR functionality was prepared in situ by using a stoichiometric
excess of isocyanate, and where oftentimes the catalyst
concentration defined a directional path for the shrinkage
and the bulk density,”®” the density variation over all samples
of this study followed a random pattern just like shrinkage. The
skeletal densities (p;) of all the PIR—PUR aerogels were
between 1.203 and 1.240 g cm™, and the porosities (II)
calculated from the bulk and skeletal density data via IT = 100
X (ps — pp)/ps were in the range of 69—75% v/v. BET surface
areas were about 1 m® g~' or less (Table S2b), consistent with
a lack of any fine nanostructure inside the micron-sided
skeletal features visible in SEM (see the next section).*”

2.3. Micromorphology of PIR—PUR Aerogels and Its
Relationship to Thermal Conductivity as a Proxy to
other Bulk Material Properties. Representative micro-
structures are shown in Figure 4. Throughout the sample
range, the smallest features were in the micron-size regime.
However, one consistent theme was that at short gelation times
(around S min or less), which could be achieved either with
very active catalysts (Figure 1C) or with high concentrations of
even the less active ones (e.g,, Figure 1B), the microstructures
were bicontinuous, meaning that the solid and the pore
networks looked similar, and in fact, they could be
conceptually interchanged. Interestingly, particles could still
be discerned on bicontinuous frameworks, but now the
diameters of the interparticle connecting necks were
approximately equal to the diameters of the particles
themselves. As the gelation time increased (to 20—30 min or
so), the network consisted of small microspheres intercon-
nected with necks narrower than their diameters. Eventually, at
long gelation times (75 min or more), achievable either with
about the standard (1X) concentration of the less active
catalysts of Figure 1C or with low concentrations of the more
active catalysts (Figure 1B), smaller spheres seem to have
coalesced into larger spherical particles. Polyurethane for-
mation (Scheme 1) is a well-defined step-growth process that
goes from oligomers to polymers.’”** The microstructural
evolution as a function of the gelation time adds another
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gelation time (min)

bicontinuous
100-130 kPa

spheroidal
44-84 kPa

fused spheres
27-36 kPa

Figure 4. Scanning electron microscopy (SEM) of representative
samples across the domain of the catalysts and their concentrations.
Images are segregated in columns according to the gelation time.
Magnification: 10,000X. Scale bars: 5 ym.

element into that process as it bears the signature of an early
separation of a liquid phase of oligomers;*” within that phase,
the metal-salt-catalyzed step-growth polymerization process
continues until the phase gets solidified. Depending on the
catalyst and its concentration, solidification may happen fast,
freezing (chemically) the network into a bicontinuous
morphology, or slow, allowing time for coalescence of the
liquid phase of oligomers into small droplets that coalesce
further into lar§er ones if the reaction (solidification) time is
even slower.'””” The overarching conclusion at this point is
that the use of different catalysts has allowed control over the
morphology of this class of aliphatic polyurethane gels and
leaves little room for doubt that the major if not the only factor
that controls nanomorphology is the gelation time.
Extracting particle diameters from SEM data for small and
large spherical particles was straightforward. However, since
particles were still discernible on bicontinuous frameworks (see
for example, the “4 + 2” column in Figure 4), using the Image]
software package,*’ every concave curve along bicontinuous
frameworks could be fitted to a circle whose diameter was
associated with the diameter of a particle, albeit fused with its
neighbors as described above. Choosing aerogels produced
with CuCl, as an example, Figure SA shows a strong
correlation of particle diameters with the corresponding
gelation times. Subsequently, because all samples of this
study were made with the same amount of material (recall that
the monomer concentration was fixed at 20% w/w throughout
this study), it was reasoned that fewer but large well-separated
spheres leave the least amount of material in the interparticle
neck zones, while at the opposite end, small, merged skeletal
particles with neck diameters close to the particle diameters
place the maximum amount of material in the neck zones. If
this hypothesis is correct, properties like the solid thermal
conduction, 4, are expected to be higher through bicontinuous
materials obtained at short gelation times. Figure 5B,C shows
the total thermal conductivity (Arew — primary data) and the
through-the-solid thermal conductivity (4;) of the various
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Figure S. (A) Correlation of particle diameters calculated from SEM
images via the Image] software,”> and phenomenological gelation
times of CuCl,-catalyzed PIR—PUR aerogels at the concentrations
shown (R* = 0.83). (B) Total thermal conductivity (Aroy, black line,
R? = 0.66) and through-the-solid thermal conductivity (4, red line, R*
= 0.83) of CuCl,-catalyzed samples as a function of the gelation time.
(C) Total thermal conductivity (Areq, black line, R* = 0.82) and
through-the-solid thermal conductivity (1, red line, R* = 0.89) of
CuCl,-catalyzed samples as a function of the particle diameter.
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CuCl,-derived aerogels as functions of either the gelation time
or the diameters of the skeletal particles.

The Ay, data of Figure 5 were obtained using the hot plate
method as described in the Experimental Section. A photo-
graph of the thermal conductivity apparatus is shown in Figure
S1 of Appendix III in the Supporting Information. The solid
thermal conductivity was calculated via A, = Ay — 4 (All
Arow data and the data needed for the calculation of the 4,
correction toward A, are summarized in Table S3 of Appendix
Il in the Supporting Information). Owing to the similar
porosities and pore sizes of the various samples of this study,
the correction for the gaseous thermal conductivity (4,) upon
Arotal Was similar for all samples (near the thermal conductivity
of the open still air), and therefore, both Ap,, and A, followed
the same trend with both the gelation time and the particle
diameter—only the correlation improved when considering A
(see the legend of Figure S). Specifically, both Ary, and A
exhibited inverse relationships with gelation time and the
diameter of the skeletal particles; the highest thermal
conductivity values were observed in the bicontinuous samples
(Figure SB,C). This is consistent with the fact that restrictions
along a thermal conductor, for example, in the form of necks
along the strings of spheres, comprise thermal resistors. The
dependence of the thermal conductivity on the skeletal particle
size of PIR—PUR aerogels in which the PIR part was formed in
situ was discussed recently by Merillas et al.: in contrast to our
findings, they observed an increase in particle size (from 25 to
82 nm) with increasing catalyst concentration.”® The thermal
conductivity of their structures reached its maximum at the
maximum catalyst concentration, corresponding to their largest
particles. The range of the particle size alone indicates a
different gelation mechanism, most likely involving rapid phase
separation of solid colloidal particles, forming a primary
skeletal framework on which more polymer accumulated
through further reactions of unreacted monomers and
oligomers with surface functional groups. This type of apparent
increase in particle size due to additional polymer accumu-
lation on a primary skeletal framework has been reported
before in conjunction with higher monomer concentration sols
that gel fast.”"" Skeletal frameworks consisting of such merged
particles due to post-gelation polymer accumulation resemble
the bicontinuous morphology of this work, leading to the
conclusion that bicontinuous and bicontinuous-like morphol-
ogies, no matter how they are reached, bottom-up or top-
down, are better thermal conductors.

Further support for the role of the bicontinuous versus the
spheroidal morphologies on macroscopic properties that
depend on the interparticle neck zones is found through the
mechanical characterization of the PIR—PUR aerogels of this
study.

2.4. Mechanical Properties as a Function of the
Morphology of the PIR—PUR Aerogels of This Study.
2.4.1. Thermomechanical Analysis and the Shape Memory
Effect. The study of the mechanical properties of the PIR—
PUR aerogels of this work was guided by the shape memory
effect expected from this kind of materials'*~'* and was carried
out using dynamic mechanical analysis (DMA) in the tension
mode as a function of the temperature (see the Experimental
Section). For this, first, it was investigated whether the glass-
transition temperatures (T,) were in line with what it was
expected from this type of materials.'””~"> At temperatures
lower than their T,’s, all samples displayed storage moduli (E")
approximately 10X higher than their loss moduli (E”). T, was
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Figure 6. (A) Typical five-cycle thermomechanical experiment between deformation temperature (T3) and fixing temperature (T—see text). (B—
D) Average values of the three figures of merit (strain fixity, strain recovery, and fill factor) over cycles 2—S5, for each catalyst over all their
formulations and therefore gelation times and morphologies. (Note the negligible variability within each catalyst, but the non-insignificant variation

across catalysts.)

defined as the temperature of the maximum value of the energy
dissipation parameter, tan 6 = E”/E". The T, values of all
samples of this study were confined in a narrow range (30—
34.5 °C) consistent with the fact that we are dealing with the
same chemical composition throughout the materials domain
of this study, as discussed in Section 2.2.

Once T, had been determined, fresh, the as-prepared
samples were heated to and equilibrated at their deformation
temperature, Tg = T, + 10 °C. Subsequently, they were
stretched to near their break point (about 60% strain,
determined previously with other samples), and the stress—
strain curve was recorded (Figure 6A, segment 1). While under
constant stress at their maximum elongation (strain), the
samples were cooled to their fixation temperature, Ty (=T, —
20 °C)—see Figure 6A, segment 2. At Ty stress was removed
(Figure 6A, segment 3), and the samples were allowed to
equilibrate at T¢ at the foot of segments 3 for 15 min. As noted
in Figure 6A, segment 3, the samples retained most of the
strain even though stress had been removed. Finally, the
samples were heated back up to their recovery temperature (T,
= T4 = T, + 10 °C—see Figure 6A, segment 4). Strain was
recorded and is reported throughout all the four phases of the
experiment of Figure 6A. In general, during this first
thermomechanical cycle, strain recovery was not complete; a
small amount of residual strain was retained within the samples
due to molecular settling phenomena."*~"> The stretch-cool/
fix—recover cycle was repeated another four times. Post-
settling, the stress—strain—temperature curves of Figure 6A
practically coincided with one another, and the strain recovery
after each cycle was complete.

The shape memory effect of the samples of this study is
assessed via three figures of merit: the strain fixity and the
strain recovery ratios and the fill factor. Of interest is also the
elastic modulus. The figures of merit of all samples for all the
five cycles are given in Tables S4—S6 of Appendix IV in the
Supporting Information. Elastic moduli were obtained from
the slopes of segment 1 of Figure 6A-type of data for every
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material and are provided in Table S7 of Appendix V in the
Supporting Information.

Quantitatively, the strain fixity ratio, R{IN), quantifies how
well a sample retains its temporary (stretched) shape at the
foot of segment 3 of Figure 6A, that is, at temperatures
sufficiently lower than T, after stress is removed and samples
are given time to equilibrate. R(N) was calculated for each

cycle, N, via eq 1

£,(N)
e (N) (1)

where &,(N) is the equilibrium strain in the sample at the
bottom of segment 3 of the curve of Figure 64, and &,(N) is
the maximum strain imposed on a sample at T, of each cycle.
In general, for PIR-PUR shape memory aerogels, R(N) is
near 100%."°~" Indeed, the strain fixity ratio of all samples
from all catalysts of this study was around 99% (Figure 6B).

The strain recovery ratio, R,(N), quantifies the ability of the
samples to recover their initial dimensions (shape) after each
thermomechanical cycle. R,(N) was calculated for each cycle,
N, via eq 2

X 100

R¢(N) =

R (N) = M X 100
' €n(N)

)

where SP(N) is the residual strain at the end of segment 4 of
the curve of Figure 6A. All R(N) values of all the different
samples of this study are summarized in bar graph form
(Figure 6C) as averages of post-settling cycles 2—5 of all
samples within each catalyst. Based on the small standard
deviations, it was concluded that there was no significant
variation in strain recovery among samples from various
concentrations of the same catalyst; therefore, there was no
significant variation in strain recovery as a function of the
gelation time and morphology, but there was some variability
between the various catalysts. The lowest average R(N) value
was noted for the samples prepared with ZnCl, (85%), and the

https://doi.org/10.1021/acsapm.3c00882
ACS Appl. Polym. Mater. 2023, 5, 6851-6863


https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c00882/suppl_file/ap3c00882_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c00882/suppl_file/ap3c00882_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00882?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00882?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00882?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00882?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.3c00882?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

highest R.(N) values were obtained with GaCl; (93%) and
CuCl, (94%).

Finally, the fill factor, FF(N), the overall performance
assessor for the shape memory effect, was calculated as the
ratio of the area under the strain versus temperature curve over
the projection of the entire 3D thermomechanical curves like
those of Figure 6A on the temperature/strain plain. The
FF(N) values depend on the recovery rate, namely, on the
sharpness of the sigmoidal part of the recovery curve on the
temperature/strain plain. Just like R,(N), there was no
significant variation in the average FF(N) values for 2 < N
< 5 among samples from various concentrations of the same
catalyst, which clearly includes samples with different
morphologies, but there was variability between samples
obtained with different catalysts. In addition, although the
differences in the average post-settling values of R, (2 < N <
5) and FF (2 < N < §) among aerogels from different catalysts
were small, nevertheless, they were not statistically insignif-
icant. Since the variation pattern of R, (2 < N < §) was
different from that of FF (2 < N < 5), the variation in the
former cannot be the sole cause for the variation in the latter.
Since FF (2 < N < 5) includes contributions of the rate of
recovery and because the recovery here was driven by the
imposed temperature ramp (1 °C min™"), it is speculated that
part of the variation in the FF (2 £ N £ 5) was due to non-
equilibrium thermal conditions during shape recovery, which
of course is affected by the thermal conductivity that changes
with the morphology as discussed in Section 2.3 above. That
variability of FF (2 < N < 5) among catalysts notwithstanding,
for most samples, the average FF (2 < N < §) values were over
0.55, which furnishes a robust shape memory effect.>™">

2.5. Stiffness and Morphology. As mentioned above, the
elastic modulus, E, of the various PIR-PUR samples was
determined from the slopes of the stress—strain curves at Ty
(Figure 6A, segment 1), and all values for all samples are
provided in Table S7 of Appendix V in the Supporting
Information. The average E values of the post-settling moduli
(cycles 2—5) decreased with increasing gelation time; that is,
samples consisting of bicontinuous networks, coming from the
shortest gelling sols, were stiffer than samples consisting of
spheroidal networks from longer gelling sols, which in turn
were stiffer than samples consisting of larger spheres from the
longest gelling sols. For typical values of the elastic moduli
together with the images of the corresponding morphologies,
refer to Figure 4. Since the gelation time and the skeletal
particle size are related (see, for example, Figure SA), it follows
that the elastic moduli should be related to the particle sizes.
Indeed, as shown in Figure 7, all E values of all samples
prepared with all catalysts at all concentrations are
cumulatively related via an inverse exponential relationship
to the skeletal particle diameters. If the E values get normalized
for either tractable (e.g., small variations in bulk density), or
intractable factors (reflected on small variations in fill factors),
the scatter among experimental points noted in Figure 7 is
reduced albeit by not much (see Figure S2 of Appendix V in
the Supporting Information): the correlation coefficient
increased from 0.59 in Figure 7 to 0.61 and 0.64, respectively,
in Figure S2. The conclusion from Figures 7 and S2 is that the
stiffness increases as the particle size decreases, the limit of
course being when skeletal particles mostly merge to form a
bicontinuous network.

Finally, as it was discussed previously,” and modeled
recently both analytically and numerically by Ratke et al,*” the
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Figure 7. Double-logarithmic plot of the average (over cycles 2—5)
elastic moduli, E, of all samples prepared with all catalysts at all
concentrations vs the particle diameter of each sample. Correlation
coefficient: 0.59. Particle diameters (from Table S2b) were calculated
from the SEM data using the ImageJ software package.* (Refer also
to Figure S2 of Appendix V in the Supporting Information).

stiffness of aerogels consisting of assemblies of interconnected
spherical particles depends on the size of the interparticle
necks, which act as stress concentrators. (The corollary, of
course, is that an assembly of interconnected spheres cannot be
stronger than its weakest points—the interparticle links.) As it
was discussed in Section 2.3, since all samples were made with
the same amount of material (constant monomer concen-
tration at 20% w/w throughout), large, well-separated spheres
leave the least amount of material in the interparticle neck
zones, and the stiffness of those structures is expected,47 and it
was found low (Figure 7). At the opposite end, smaller,
merging skeletal particles with neck diameters close to the
particle diameters can be thought of as coming from larger
spheres by transferring material to the neck zones. These
structures comprise the bicontinuous morphology, and their
stiffness is high. To confirm the relationship of E with the size
of interparticle necks, the average interparticle neck diameters,
dpeqo were calculated from the SEM images using Imagej,45
just like it was done with the particle diameters, d,qic.- The
neck diameter values are included in Table S7 of Appendix V
in the Supporting Information. As it was noted in Section 2.3,
the dy, e —dpeck difference was small (<10%) relative to Aparticle
for bicontinuous morphologies and increased to 60% in
aerogels consisting of large spheres. Equations 3 and 4 express
the neck area (7(d,.q)>/4) within

2

2 p d
Neck area per unit aerogel volume = b= x —2 ;‘—ECk
ps dpa[ﬁcle
)
2 1 Ny
Neck area per unit aerogel mass = b— X — X ;‘—ed{
ps dparticle
(4)

the unit aerogel volume or the unit aerogel mass, respectively,
of any aerogel. Coefficient “b” is the number of interparticle
contacts per skeletal particle and is related to the overall
connectivity of the network and therefore its mass fractal
dimension.”***’ Figure 8 shows a linear relationship between
E and the neck area per unit aerogel mass according to eq 4,
assuming for simplicity b = 1. This relationship supports both
the model of bicontinuous frameworks as strings of mostly
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Figure 8. Average (over cycles 2—5) elastic moduli, E, of all samples
prepared with all catalysts at all concentrations vs the neck area per
unit aerogel mass (calculated via eq 4 assuming b = 1). Correlation

coefficient: 0.77. Units of the horizontal axis: cm® g™' ym™".

merged spheres and the fact that the stiffness of aerogels
consisting of interconnected spherical particles depends on the
interparticle neck zone area, as predicted.***’

3. CONCLUSIONS

Using aliphatic PIR—PUR aerogels as a model system, catalysis
was used as a tool to control morphology. The catalytic activity
of various metal salts, mostly chlorides, was linked to the
skeletal morphology of the aerogels through the gelation time.
All other parameters remaining constant (sol concentration,
solvent), more active catalysts or higher concentrations of the
less active ones brought about fast gelation, and the
corresponding gels had a bicontinuous morphology. As the
gelation time increased, bicontinuous structures underwent
spherulization first into smaller and then larger microspheres.
This sequence is consistent with early phase separation of
oligomers as an oily liquid phase that gets solidified later as
polymerization progresses. Having deconvoluted micromor-
phology from other material properties like density and
porosity, it was possible to show experimentally that the
elastic modulus and the thermal conduction through the solid
were related to the network morphology: bicontinuous
structures were stiffer and better thermal conductors than
structures consisting of small and then of larger microspheres.
This was attributed to the size of the interparticle neck zones,
which in the bicontinuous morphologies are almost as wide as
the diameters of the skeletal particles.

4. EXPERIMENTAL SECTION

4.1. Sourcing of Materials. All reagents and solvents were used
as received unless noted otherwise. The aliphatic triisocyanate is
available as a pure chemical under the trade name Desmodur N3300A
and was donated generously by Covestro LLC (Pittsburg, PA). TEG,
DBTDL, anhydrous cupric chloride (CuCl,), cuprous chloride
(Cu,Cl,), ferric chloride (FeCly), zinc chloride (ZnCl,), aluminum
chloride (AICly), nickel triflate (Ni(OTf),), cobalt chloride (CoCl,),
tin chloride (SnCl,), gallium chloride (GaCly), indium chloride
(InCl,), thallium nitrate (TI(NOj;);), bismuth chloride (BiCl,),
cadmium nitrate (Cd(NO;),), and anhydrous acetonitrile were
purchased from Sigma-Aldrich. Deuterated acetonitrile (CD;CN)
(99.5% atom D) were purchased from Cambridge Isotope
Laboratories, Inc. (Tewksbury, MA). Siphon-grade CO,, N,
(99.999%), and CO, (99.999%) were purchased from Air Gas Co
(St. Louis, MO).
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4.2. Sol Formulation and Preparation of Shape Memory
PIR—PUR Aerogels. The synthesis of the PIR—PUR aerogels of this
study was carried out at room temperature in anhydrous acetonitrile.
The triisocyanate (Desmodur N3300A) to diol (triethylene glycol,
TEG) ratio was set equal to 2:3 mol/mol, and the total weight
percent of the two monomers in the sol remained constant at 20% w/
w throughout. The only variable among the various sol formulations
was the chemical identity of the catalyst and its concentration. All
catalyst concentrations are referred to as multiples (e.g, 1X, 2%, 1/
2X, and 1/4X) of a reference concentration (designated as 1X), which
was the concentration of DBTDL used in our previous studies of the
shape memory properties of a similar type of PIR—PUR aerogels."* ™"
To set that standard concentration, the amount of DBTDL had been
set equal to the 1/120 mol/mol of Desmodur N33004, and in turn
that amount had been decided based on the fact it gave reasonable
gelation times; for example, at 20% w/w sol concentration, the
gelation time was about 30 min. Thus, in a typical gelation using the
standard (or 1X) concentration of DBTDL as a catalyst, 2.520 g (5.00
mmol) of Desmodur N3300A was weighed in a vial, and 8.55 mL of
acetonitrile was added. Meanwhile, 1.125 g (7.50 mmol) of TEG was
weighed in a 50 mL round-bottom flask, and 10 mL of anhydrous
acetonitrile was added. As soon as TEG was dissolved, 25.0 uL
(0.0266 g, 0.0422 mmol) of neat DBTDL was added directly into the
TEG solution. A few seconds later, after DBTDL had been dissolved,
the isocyanate solution was added, using a syringe, to the round-
bottom flask containing the solution of TEG and DBTDL; the
mixture was stirred for about a minute, and then it was poured in
plastic syringes (Plastic Norm-Ject Syringes, 20 mL, Fisher Scientific
Catalogue no. 14-817-32, 2.53 cm inner diameter) used as molds.

This procedure was adapted to most of the anhydrous metal salts
used as catalysts in this study. For this, stock solutions of the metal
salts were prepared in a glove box using anhydrous acetonitrile as a
solvent and at concentrations that depend on their catalytic activity.
All sol formulations with all salts at all concentrations are presented in
Table S1 of Appendix I in the Supporting Information. The volume of
the stock solution that was transferred for each sol was subtracted
from the volume of acetonitrile used to dissolve the triisocyanate and
the diol, so that the total volume of the sol and thereby the total
monomer concentration in the sol would remain constant. For
example, for making a CuCl, stock solution, anhydrous CuCl, (2.789
g, 0.0207 mol) was weighed inside a glove box and was dissolved in
250 mL of acetonitrile in a volumetric flask ([CuCl,J;, sock solution =
0.0828 M). In order to prepare a sol with about the same
concentration of the catalyst as in the standard DBTDL sol above,
referred to as CuCl,-1X sol, we used 500 uL of this CuCl, stock
solution (containing 0.0414 mmol of CuCl,). Thus, for making that
sol, Desmodur N3300A (2.520 g, 5.00 mmol), was weighed in a vial
and was dissolved with 8.55 mL of anhydrous acetonitrile; meanwhile,
TEG (1.125 g, 7.50 mmol) was weighed directly in a S0 mL three-
neck round-bottom flask and was dissolved under N, with 9.50 mL of
anhydrous acetonitrile at 23 °C. The 500 uL of the stock CuCl,
solution was added to the TEG solution, the mixture was stirred for 1
min, followed by addition of the isocyanate solution. The resulting sol
was stirred for another minute and was poured into plastic syringes
used as molds (see above). The molds were covered with a parafilm
and were stored at room temperature for gelation and aging. The
gelation time varied from about 1 min to around 24 h depending on
the metal catalyst and its concentration. All gelation times along with
other material properties of the resulting aerogels are presented in
Table S2b of Appendix II in the Supporting Information. The aging
time was kept at about 16 h for all samples. This procedure was
repeated several times by varying only the volume of the CuCl, stock
solution that was mixed with the TEG solution, which in turn was
always made with 10 mL of anhydrous acetonitrile minus the volume
of the CuCl, stock catalyst solution that was transferred into it, so that
the total volume of the TEG/ catalyst solution was always equal to 10
mL. As it was mentioned above, the resulting sols are referred to as
4%, 2X, 1X, 1/2X, 1/4X, and so forth depending on the concentration
of the catalyst with respect to the concentration of DBTDL used in
the reference sol as described above. Stock solutions of SnCl,,
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TI(NO,);, Cu,Cl,, CoCl, InCl, AICL, Ni(OTf),, ZnCl,, FeCly, and
GaCl; were prepared in a similar manner as just described for CuCl,
(see Table S1 of Appendix I in the Supporting Information).
Sometimes, sonication of the volumetric flask after it was taken out of
the glove box helped in the dissolution. The cases of BiCl; and
Cd(NO;), were somewhat different. Those two salts were sparingly
soluble in pure anhydrous acetonitrile, but the solubility improved
dramatically in the presence of TEG. Thus, with these two salts, only
the 1X formulation was attempted by weighing and adding the correct
amounts of the solid salts in the TEG solution, following closely the
procedure used with DBTDL.

After aging, wet gels were removed from the molds, washed first
with acetonitrile twice, and then with acetone six times. Each wash
lasted for 8 h, and the volume of the solvent used was 4X the volume
of each wet gel. Finally, acetone-exchanged wet gels were dried with
SCF CO, as described in the next section. The resulting aerogels are
referred to according to the metal salt used as the catalyst and its
relative concentration (2X, 1X, 1/2X, 1/4X, etc.), just like the
corresponding sols.

4.3. Methods. 4.3.1. Gelation Process. The rheological behavior
of several sols was monitored during gelation with a TA Instruments
AR 2000ex Rheometer using a cone (60 mm diameter, 2° angle) and
a Peltier plate geometry with a 500 ym gap between them. The
instrument was operated in the oscillation mode, and time sweep
experiments were performed with a fixed-strain amplitude from the
moment of adding the Desmodur N3300A solution into the TEG/
catalyst solution. The gel point was determined using a dynamic
multiwave method with five superimposed harmonics with
frequencies 1, 2, 4, 8, and 16 rad s™'. The strain of the fundamental
oscillation (1 rad s™') was set at 5%.

4.3.2. Drying. Drying of wet gels was carried out in an autoclave
(SPIDRY Jumbo Supercritical Point Dryer, SPI Supplies, Inc. West
Chester, PA, or a Spe-edSFE system, Applied Separations, Allentown,
PA). Samples were loaded into the autoclave at room temperature
submerged in fresh acetone filling the sample boat. The pressure
vessel was closed, and liquid CO, was allowed in at room
temperature. Acetone was drained out from the pressure vessel
while more liquid CO, was allowed in. Samples were kept under
liquid CO, for 30 min under 80—90 bar pressure at 14 °C. Then,
liquid CO, was drained out while more liquid CO, was allowed in the
vessel. The 30 min stay/drain cycle was repeated several times until all
acetone was extracted from the pores of the samples; at that point,
CO, coming out from drain formed a stream of dry ice. Subsequently,
the temperature of the autoclave was raised to 40 °C (well above the
critical temperature of CO,), and that condition was maintained for 1
h. Finally, the SCF CO, was vented off the autoclave slowly, behaving
like a gas.

4.3.3. Chemical Characterization. CHN elemental analysis was
conducted at Galbraith Laboratories (Knoxville, TN 37921) using a
combustion method. Data are summarized in Table S2a of Appendix
IT in the Supporting Information.

Attenuated total reflectance (ATR) FTIR spectroscopy was carried
out with a Nicolet iS50 FT-IR, equipped with an ATR accessory
model 0012-3XXT. The samples were cut to small chunks that were
placed on the diamond crystal (2.8 mm in diameter, with a sampling
zone of 2 mm), and ATR—FTIR spectra were obtained by pressing
the samples against the crystal with the ATR unit’s pressure device
(gripper). The maximum throughput of the infrared beam to the
detector was achieved via optical alignment that was performed with
no sample on the crystal. Data were collected at an incident beam
angle of 45° using 32 scans with a resolution of 2 cm™". In the ATR
mode, the penetration depth (pd) and thereby the effective path
length (=number of reflections X pd) of the infrared beam are directly
proportional to the wavelength. Thus, an ATR correction was applied
by the software of the instrument to the raw data by multiplying the
spectra with a wavelength-dependent factor (roughly 4/S) that
adjusted the relative peak intensities. The v(N—H) bands of several
randomly selected spectra were deconvoluted into three Gaussian-

shaped peaks using the Origin 9.7 software package.
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Liquid-phase '"?Sn NMR spectra were recorded with a 400 MHz
Varian Unity Inova NMR instrument (*°Sn frequency of 149 MHz).
Liquid-phase ''?Sn NMR spectra were referenced externally using a
coaxial tube to tetramethyltin (0 ppm). Solid-state CP TOSS “*C
NMR spectra were obtained with a Bruker AVANCE III 400 MHz
spectrometer (3C frequency of 100 MHz), using a 7 mm Bruker
MAS probe at a magic-angle spinning rate of S kHz, with broadband
proton suppression. For this, the aerogel samples were cut in small
chunks and were pressed in the rotor. The relaxation delay was set at
5 s. Solid-state '*C NMR spectra were referenced externally to glycine
(carbonyl carbon at 176.03 ppm). Chemical shifts are reported versus
tetramethylsilane (0 ppm).

4.3.4. Physical Characterization. Bulk densities (p,) were
calculated from the weight and physical dimensions of the samples.
Skeletal densities (p,) were determined with helium pycnometry using
a Micromeritics AccuPyc II 1340 instrument. Porosities (IT), as
percent of empty space, were calculated from the p, and p; values via
IT =100 X [(p, — pv)/ps]. Samples were outgassed for 24 h, at 40 °C,
under vacuum, before skeletal density determinations.

4.3.5. Structural Characterization. Structural characterization was
carried out with SEM with Au/Pd (60/40)-coated samples on a
Hitachi field-emission microscope model S-4700. The samples were
placed on the stub using C-dot. Thin sticky copper strips were cut and
placed on the edges and top of the sample, leaving a small area
uncovered for observation.

4.3.6. Thermomechanical Characterization. Thermomechanical
characterization was carried out in the tension mode with a TA
Instruments Q800 Dynamic Mechanical Analyzer (DMA) equipped
with a tension clamp (TA Instruments part no. 984016.901, load cell
18 N). All specimens for testing had a rectangular geometry (length
20 mm, width 15 mm, and thickness 4—5 mm) in the spirit of ASTM
D790-10 and ASTM D4065. The samples were cut off with a knife
from larger cylindrical samples dipped in liquid N, and were sanded
with a 3 M sandpaper (320 grit, part no. 98401) while still at
cryogenic temperature.

For the determination of glass-transition temperatures (Tg),
specimens were placed in the load cell at room temperature, and a
small tensile force (0.01 N) prevented them from bending. The
temperature was stepped to the initial testing temperature, and
samples were equilibrated at that temperature for S min. Glass-
transition temperatures ( Tg) were extracted from the viscoelastic
properties of the samples, which were measured by applying a
continuous sinusoidal oscillation (1 Hz) with a strain amplitude equal
to 0.3%, while the temperature was ramped from —150 to 150 °C at 3
°C min~". During this time, the loss and storage moduli (E”, and E/,
respectively) were recorded as functions of temperature. T, was
identified as the maximum of the tan § (=E”/E’) plot as a function of
temperature.

The shape memory behavior was studied in the controlled force
mode. Samples were fixed in the load cell at room temperature, and
then they were equilibrated at their deformation temperature (T = T,
+10 °C) for 5 min. Subsequently, samples were stretched with a small
tensile force (0.01 N); their length was measured by the instrument
and was stored as the starting point. Next, specimens were stretched
at a constant force rate of 1 N min™' up to near their break point
(typically around 60% strain, which was determined previously with
an independent test and another sample), and then they were cooled
at 5 °C min~!, while under the final stress, to their fixation
temperature (T; < T, typically Tr = T, — 20 °C). At that point (Ty),
the samples were equilibrated for S min, and the tensile force was
reduced to 0.01 N. The samples were allowed to relax (fix) under the
new stress condition for 15 min (always at T;), while strain was
recorded continuously. Finally, the samples were heated at 1 °C min™"
to their recovery temperature (T, = T) while strain was still recorded.
The samples were held at T4 for 15 min, and the cycle was repeated.
Five such cycles were run successively for each sample, and data were
analyzed to extract the elastic moduli and the figures of merit of the
shape memory effect (strain fixity, strain recovery, and fill factors) in
each cycle. Fill factors (FF(N)) were obtained for each
thermomechanical cycle (N) using the Image] software package®
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to calculate the ratio of the area underneath the temperature/strain
curves over the area under the projection of the entire 3D
thermomechanical curve onto the temperature/strain plane."*'*

4.3.7. Thermal Conductivity. The total thermal conductivities,
Atotap Of the CuCl,-catalyzed PIR—PUR aerogels were measured using
a custom-made heat flowmeter that includes in sequence from top to
bottom:'* a 10 cm X 10 cm hotplate (at 37.5 °C, bottom), the PIR—
PUR aerogel sample, a NIST-calibrated reference sample,” and a cold
surface (an ice—water bucket)—a photograph of this experimental
setup is shown in Figure S1 of Appendix III in the Supporting
Information. The PIR—PUR aerogel samples used in that
configuration were cast as large panels (10 cm X 10 cm X 1 cm)
by scaling up the formulations of Table SI in the Supporting
Information. Those panels were used to cover the 10 cm X 10 cm
stage of the hotplate. Solid thermal conductivities, A, were calculated
via A = Ao — Ay Whereas gaseous thermal conductivities, 4, were
calculated using the Knudsen equation,” and assuming negligible
heat transfer by radiation (4;, ~ 0).
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