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ABSTRACT: Thermoset materials sacrifice recyclability and
reshapeability for increased chemical and mechanical robustness
because of an immobilized, cross-linked polymeric matrix. The
robust material properties of thermosets make them well-suited for
applications such as heat-shielding materials (HSMs) or ablatives
where excellent thermal stability, good mechanical strength, and
high charring ability are paramount. Many of these material
properties are characteristic of covalent adaptable networks
(CANs), where the static connectivity of thermosets has been
replaced with dynamic cross-links. This dynamic connectivity
allows network mobility while retaining cross-link connectivity to
permit damage repair and reshaping that are traditionally
inaccessible for thermoset materials. Herein, we report the
synthesis of hybrid inorganic—organic enaminone vitrimers that contain an exceptionally high weight percent of polyhedral
oligomeric silsesquioxane (POSS)-derivatives. Polycondensation of f3-ketoester-containing POSS with various diamine cross-linkers
led to materials with facile tunability, shapeability, predictable glass transition temperatures, good thermal stability, and high residual
char mass following thermal degradation. Furthermore, the char materials show notable retention of their preordained shape
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following decomposition, suggesting their future utility in the design of HSMs with complex detailing.
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B INTRODUCTION

Owing to their permanently cross-linked structure, thermosets
boast impressive resistance to chemical exposure and possess
dimensional, mechanical, and thermooxidative stability.1 These
features make thermosets exceptional candidates for high-
performance materials in aerospace applications such as heat-
shielding materials (HSMs).”> HSMs are responsible for
impeding the transmission of thermal energy to an underlying
protected surface, such as the inner surface of a solid rocket
motor casing or components near engines or heat zones
(Figure 1). HSMs must also be capable of withstanding normal
operating and storage conditions, often for extended periods of
time, prior to a thermal event. A variety of materials serve as
the basis for such thermal protection systems and their binders,
including metals, inorganic polymers or ceramics, and organic
polymer intumescents or ablatives.*”® Polymeric ablative
insulators impart thermal protection to an underlying layer
by virtue of a discrete pyrolysis event that produces a residual
and inert char layer that protects from further thermooxidative
stress.”'’ Some of the most utilized polymeric ablative
insulators include phenolic resins, nitrile butadiene rubber
(NBR), ethylene-propylene diene rubber (EPDM), and
silicone elastomers.''~'® These materials are typically loaded
with a stabilizing filler (SiO,, aramid or carbon fibers, and
various ceramic precursors) to augment the material integrity
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before/during operational use and to boost the charring
ability."*~'¢

Although polymeric ablatives are typically thermoset
materials, the intrinsic permanent structure of traditional
cross-linked materials complicates both material recycling and
the ability to access complex shapes after synthesis. Recent
research in covalent adaptable networks (CANs) potentially
allows such drawbacks to be mitigated.'” CANs are polymer
networks comprised of covalent cross-links that are dynamic/
reversible when exposed to a specific stimulus, the most
common being heat. Upon introduction of heat and/or
mechanical force (e.g, compression or shear), cross-link
exchange dissipates thermal or mechanical energy through
macroscopic flow. These networks possess the robustness of
thermosets while featuring the shapeability and recyclability of
thermoplastics.'®'” CANs are typically segregated into two
distinct classes depending on their mechanism of cross-link
exchange.”® Dissociative CANs are governed by exchange in
which cross-links are in equilibrium with their individual
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Figure 1. (Top) Simplified diagram of the inside of solid rocket
booster (SRB): fuel consumption causing the heat front to propagate
toward the ablative HSM layer (orange cubes), causing pyrolysis
(orange and black cubes) and eventual charring, leading to an inert,
protective barrier (black cubes) (left to right). (Middle) Commer-
cially available “OctaSilane-POSS” (H-POSS), a convenient POSS-
like scaffold with high charring ability. (Bottom) Current work using
H-POSS to synthesize vitrimer networks of shapeable, high-charring
capabilities.

reactive partners and the covalent adduct formed between
them. Dissociative CANs typically,”’ ~** though not al-
ways,”” demonstrate rapid decreases in viscosity at elevated
temperatures. Associative CANs, often referred to as
“vitrimers,” operate by a degenerate exchange reaction in
which reactive moieties within the network react with existing
cross-links to form a new cross-link and liberate an identical
reactive group.”’ >’ This process leads to predictable changes
in viscosity and allows for the cross-link density to be well
maintained during (re)processing.

Vitrimers can operate by a wide variety of dynamic
chemistries to afford associative cross-link exchange. However,
many vitrimer chemistries require external catalysis to facilitate
appreciably rapid exchange, potentially increasing the overall
cost and decreasing the lifetime of the networks through
catalyst degradation or leaching.’’~*> On the other hand,
catalyst-free systems such as silyl ether exchange, dioxabor-
olane and imine metathesis, and transamination of enaminones
accomplish facile bond exchange without the necessity of
additives.”*™’ Enaminone transamination has led to a
burgeoning collection of vitrimer materials due to commercial
availability or facile synthesis of [-ketoester-containing
monomers and multiamine building blocks."~** Recently,
our group has capitalized on this exchange mechanism in
combination with the straightforward synthesis of linear
polymers containing 2-(acetoacetoxy)ethyl methacrylate
(AAEMA), a reactive P-ketoester-containing monomer. "+
Leveraging controlled radical polymerization, we have
demonstrated that modifying the architecture and composition
of cross-linkable macromolecular building blocks allows the
rheological behavior of the final vitrimers to be tuned.***®

Despite the many advantages of CANSs, the dynamic nature
of their cross-links can often result in mechanical properties
that are inferior to static thermosets. Combining the
dynamicity of vitrimers with the reinforcement of discrete
fillers in composite materials has become an increasingly
attractive platform for mitigating such drawbacks.”” Including
fillers in typical commercial thermosets allows facile
augmentation of material properties such as tensile strength,
thermal stability, and thermal or electrical conductivity.**
Fillers including derivatized cellulose and chitosan, carbon
fiber and carbon nanotubes, graphene, and silica nanoparticles
have also been implemented into a variety of vitrimer
materials.”” ™ Although these nanoparticle fillers improve
certain material properties, factors such as filler content,
efficient dispersion, and phase separation can be difficult to
optimize. In many cases, there are diminishing returns on
material enhancement, as high degrees of filler loading or filler
incompatibility in the matrix can hinder efficient topological
rearrangements of the vitrimer network.*®

Polyhedral oligomeric silsesquioxanes (POSS) are nanoscale
inorganic cage-like molecules that serve as convenient
frameworks for the production of high;)}gerformance nano-
composites and preceramic polymers.”” " Facile derivatiza-
tion with organic substituents at the Si-vertices of POSS cages
enables efficient dispersion in a range of polymeric matrices,
with the rigid nanosilica core imparting thermochemical
stability. Such features make POSS an appealing framework
for fabricating vitrimers with high incorporation of inorganic
fillers, thereby yielding materials that combine dynamicity with
stability. However, POSS-based vitrimers have only recently
garnered attention as promising platforms for composite
CANGs.*' ~ Herein, we report the incorporation of novel -
ketoester-functionalized POSS cages to form nanocomposite
vitrimers which, to the best of our knowledge, possess the
highest weight percent POSS to date in vitrimer materials. The
high degree of POSS cross-linked with various diamines led to
vitrimers with tunable viscoelastic flow and glass transition
temperatures (Tg), excellent creep resistance, and high-
performance charring capabilities, potentially making these
materials promising as HSMs with tailorable shapes.

B EXPERIMENTAL SECTION

Materials. OctaSilane POSS (H-POSS, Hybrid Plastics, 98%),
allyl alcohol (Acros Organics, 99+%), platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex solution in xylene (Karstedt’s catalysts,
Millipore Sigma, 2% Pt), 4-vinylbenzyl chloride (VBC, Millipore
Sigma, 90%), sodium acetate (ACS grade, Millipore Sigma), tert-butyl
acetoacetate (TBAA, Millipore Sigma, 98%), anhydrous toluene (ACS
grade, Fisher), dimethyl sulfoxide (DMSO, ACS grade, Fisher),
tetrahydrofuran (THF, ACS grade, Fisher), 200 proof ethanol (ACS
grade, Fisher), xylylene diamine (XDA, Millipore Sigma, 99%),
hexamethylenediamine (HMDA, Millipore Sigma, 98%), and 1,12-
diaminododecane (DADD, Millipore Sigma, 98%) were used as
received.

Synthesis of Octapropanol POSS (OP-POSS). OctaSilane
POSS (H-POSS, 5.09 g, 1.00 equiv) was added to a 25 mL round-
bottomed flask (RBF) containing 17 mL of anhydrous toluene. A stir
bar was added, and the RBF was charged with 3.06 mL of allyl
alcohol. The reaction vessel was placed in an ice bath and allowed to
stir for 10 min. Slowly, 45.0 uL of Karstedt’s catalyst was added
dropwise to the reaction vessel and, upon complete addition, the
solution was allowed to stir for 15 min. The reaction vessel was
removed from the ice bath, equipped with a reflux condenser, and
stirred in a 90 °C oil bath for 22 h. The biphasic solution was
removed from heat, allowed to cool to room temperature, and diluted
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Scheme 1. Synthetic Route to POSS1 (Aliphatic Spacer) and POSS2 (Aromatic Spacer) Monomers from H-POSS
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Figure 2. X1 vitrimer formation and processing. (A) Scheme of network formation via condensation of POSS1 (f-ketoester functionalized cage
with an aliphatic spacer) with difunctional amine m-xylyenediamine (XDA). POSS1 oil product (B) before and (C) after solubilizing in THF. (D)
Organogel formation 15 min after addition of XDA cross-linker. (E) Vitrimer film after curing under vacuum at 85 °C for 6 h. (F) Pulverized
vitrimer shards before processing and (G) the reformed vitrimer after processing at 160 °C under vacuum.

with 20 mL of acetone. A dark gray precipitate was gravity filtered and
the filtrate was rotary evaporated to dryness to give a clear, viscous
yellow oil (7.23 g, 97.5%). 'H NMR (CDCl,, 600 MHz): 5 3.62—3.55
(t, 16H), 1.70—1.60 (p, 16H), 0.65—0.58 (t, 16H), 0.22—0.18 (s,
48H); *C NMR (CDCl,, 600 MHz): § 65, 26, 13, —0.9 (Figure S1A-
B).

Synthesis of 4-Vinylbenzyl Alcohol (VBA). 4-Vinylbenzyl
chloride (10.3 mL, 1.00 equiv) was added to a SO mL RBF containing
40 mL of DMSO. A stir bar was added, and 6.58 g of sodium acetate
was added. The reaction vessel was capped and placed in a 40 °C oil
bath for 24 h. The reaction was then cooled to room temperature and
poured into 60 mL of DI water. The aqueous solution was extracted
with ethyl acetate (3 X 20 mL), combined, dried with sodium sulfate,

and rotary evaporated to a clear, colorless liquid. The product was
then reconstituted in 30 mL of ethanol, to which 25 mL of 20%
NaOH was added. The reaction vessel was equipped with a condenser
and placed in a 70 °C oil bath for 4 h. The solution was allowed to
cool to room temperature and extracted with ethyl acetate (3 X SO
mL), washed with DI water (2 X 100 mL) and brine (3 X 75 mL).
The organic layers were combined, dried with sodium sulfate, and
rotary evaporated to give a brownish red oil. The product was purified
via column chromatography (2:1 hexanes/ethyl acetate) as a mobile
phase to give a clear, slightly colored oil (4.920 g, 50.4%). 'H NMR
(CDCL, 600 MHz): & 7.50-7.10 (m, 4H), 6.85—6.45 (m, 1H),
5.80—5.50 (d, 1H), 5.25—5.10 (d, 1H), 4.50 (s, 2H), 3.10—3.00 (s,
1H) (Figure S4).
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Figure 3. Nanocomposite vitrimer characterization. (A) X-ray diffraction (XRD) patterns of POSS vitrimers showing amorphous character. (B)
Overlayed FTIR spectra of POSS1 (f-ketoester functionalized cage with aliphatic spacer) vitrimer cross-linked with m-xylyenediamine (X1)
showing the characteristic stretches of the enaminone functional group and consumption of f-ketoester carbonyl. (C) Stacked differential scanning
calorimetry (DSC) plots with marked T, values of POSSI and (D) POSS2 (f-ketoester functionalized cage with an aromatic spacer) vitrimers.

Synthesis of Octabenzylalcohol POSS (OBA-POSS). 4-Vinyl-
benzyl alcohol (4.92 g, 36.6 mmol, 9.00 equiv) was added to a SO mL
RBF containing 17 mL of anhydrous toluene. H-POSS (4.12 g, 4.05
mmol, 1.00 equiv) was added and the solution was stirred in an ice
bath for 10 min. Slowly, 45.0 uL of Karstedt’s catalyst was added
dropwise to the reaction vessel and, upon complete addition, the
solution was allowed to stir for 15 min. The reaction vessel was
removed from the ice bath, equipped with a reflux condenser, and
stirred in a 90 °C oil bath for 20 h. The biphasic solution was
removed from heat, allowed to cool to room temperature, and diluted
with 20 mL of acetone. A dark gray precipitate was gravity filtered and
the filtrate was rotary evaporated at elevated temperatures for 2 h to
give a dark, extremely viscous brown oil with a slight excess of VBA.
The product was used without further purification (8.23 g, 97.2%). 'H
NMR (CDCl,, 600 MHz): § 3.62—3.55 (t, 16H), 1.70—1.60 (p,
16H), 0.65—0.58 (t, 16H), 0.22—0.18 (s, 48H) (Figure SS).

Synthesis of POSS1. Tert-butyl acetoacetate (TBAA, 7.12 mlL,
42.9 mmol, 8.80 equiv) was added to a S0 mL RBF containing OP-
POSS (7.23 g, 4.88 mmol, 1.00 equiv) and a stir bar. The RBF was
equipped with a distillation apparatus and stirred at room temperature
for 10 min. After, the RBF was submerged in a 120 °C oil bath and
stirred for 18 h. The reaction mixture was then placed under reduced
pressure to vacuum distill off the excess TBAA at 125 °C for 2 h,
yielding a clear, very viscous yellow oil (10.2 g, 96.8%). '"H NMR
(CDCI,, 600 MHz): 6 4.18-4.10 (t, 14 H), 3.45-3.40 (s, 14H),

2.28-2.25 (s, 21 H), 1.70—1.60 (p, 16H), 0.65—0.58 (t, 16H), 0.22—
0.18 (s, 48H) (See Scheme 1A and Figure S2 and S3).

Synthesis of POSS2. Tert-butyl acetoacetate (TBAA, 5.78 mL,
34.9 mmol, 8.80 equiv) was added to a S0 mL RBF containing OBA-
POSS (8.23 g, 3.96 mmol, 1.00 equiv) and a stir bar. The RBF was
equipped with a distillation apparatus and stirred at room temperature
for 10 min. After, the RBF was submerged in a 120 °C oil bath and
stirred for 12 h. The reaction mixture was then placed under reduced
pressure to vacuum distill off the excess TBAA at 130 °C for 4 h,
yielding a very viscous yellow oil with slight excess dark, extremely
viscous brown oil with slight excess TBAA present. The product was
used without further purification (10.2 g, 93.2%). '"H NMR (CDCL,,
600 MHz): 5 4.18—4.10 (t, 14 H), 3.45—3.40 (s, 14H), 2.28—2.25 (s,
21 H), 1.70-1.60 (p, 16H), 0.65—0.58 (t, 16H), 0.22—0.18 (s, 48H)
(Scheme 1B and Figure S6—7).

General Preparation of POSS1 Vitrimers. POSS1 (87.5%
functionalized, 1.00 g, 0.483 mmol, 1.00 equiv) was loaded into a
Petri dish and dissolved in THF (8 mL). In a separate vial, diamine
(1.86 mmol, 3.85 equiv) was diluted with 2 mL of THF. The diamine
solution was added to the Petri dish, and the solvent was evaporated
at room temperature overnight. For vitrimer cross-linked with DADD,
the diamine was heated with a heat gun until mostly solubilized. The
DADD solution was rapidly added to the Petri dish. An additional 2
mL of THF was added to the DADD vial, heated, and added to the
Petri dish. The resulting films were further cured at 85 °C for 6 h
under vacuum. The cured vitrimer films were ground, and
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Chart 1. Vitrimer Formulations and Naming Conventions of POSS1 and POSS2 Crosslinked with Various Diamines

Crosslinker
m-Xylyenediamine
(XDA)
Hexamethylenediamine
(HVIDA)

POSS1

Diaminododecane
(DADD)

POSS2

compression molded at 160 °C under reduced pressure, yielding
yellow, transparent materials (Figure 2 and Figures S8 and S27).

General Preparation of POSS2 Vitrimers. POSS2 (87.5%
functionalized, 1.00 g, 0.362 mmol, 1.00 equiv) was loaded into a
Petri dish and dissolved in THF (8 mL). In a separate vial, diamine
(1.39 mmol, 3.85 equiv) was diluted with 2 mL of THF. The diamine
solution was added to the Petri dish, and the solvent was evaporated
at room temperature overnight. For vitrimer cross-linked with DADD,
the diamine was heated with a heat gun until mostly solubilized. The
DADD solution was rapidly added to the Petri dish. An additional 2
mL of THF was added to the DADD vial, heated, and added to the
Petri dish. The resulting films were cured at 85 °C for 6 h under
vacuum. The cured vitrimer films were ground, and compression
molded at 160 °C under reduced pressure, yielding brownish yellow,
transparent materials. (Figure 3; Figures S11 and S31).

Characterization. NMR spectroscopy was used to characterize
monomers and their monomer precursors. FTIR spectroscopy, and X-
ray diffraction (XRD) were used to characterize the polymers.
Thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), atmospheric thermal degradation, and chemical degradation
were conducted to evaluate thermochemical properties. Dynamic
mechanical analysis (DMA), creep-recovery, and stress-relaxation
were conducted to observe mechanical and viscoelastic behavior.
Swelling experiments evaluated solvent resistance and mesh size/
swelling ratios. The Archimedes method was utilized for density
measurements. The experimental details are summarized in the
Supporting Information.

B RESULTS AND DISCUSSION

Synthesis and Characterization of POSS Derivatives
and Nanocomposite Vitrimers. We sought to fabricate
enaminone-cross-linked vitrimers while maintaining a high
level of POSS filler content, anticipating this would result in
vitrimers that could be easily shaped and reprocessed yet
provide robust thermomechanical stability, features demon-
strated by Liang and co-workers in their report on a dynamic
covalent elastomer composite with excellent ablative proper-
ties.”* We further hypothesized that with high POSS loadings
these networks would provide significant char yields following
pyrolysis. Therefore, POSS derivatives possessing multiple /-
ketoester functional groups were synthesized to allow covalent
incorporation of the inorganic cage into vitrimers using simple
commercial diamines. The degree of functionality of the POSS
precursor should lead to a dense step-growth network capable
of high resistance to deformation (creep) at elevated
temperatures, a necessity for potential HSM candidates. We
envisioned that an aliphatic (propyl) or aromatic (benzyl)
spacer could be integrated into f-ketoester POSS derivatives to
allow for variability in thermomechanical properties of the
vitrimer and overall char yield of the pyrolyzed material. To
this end, nanocage monomers were prepared via a facile and
high-yielding two-step synthesis from commercially available
OctaSilane-POSS (H-POSS). While H-POSS is not strictly
speaking a POSS cage, rather a QzM;" octadimethyl cubic

silane, the ease of monomer synthesis is favorable over the
hydrolytic condensation of trialkoxy-/chlorosilanes necessary
to form true POSS cages. To prepare the two p-ketoester
POSS cages, H-POSS was first subjected to platinum-catalyzed
hydrosilylation with a slight excess (10 mol %) of either allyl
alcohol (POSS1) or 4-vinylbenzyl alcohol (POSS2) (Scheme 1
and Figures S1 and S4). The resultant neat viscous oils were
then treated with tert-butylacetoacetate (TBAA) to furnish
cages bearing, on average, seven p-ketoester groups as
determined by '"H NMR analysis (Figures S2 and S5). Finally,
FTIR spectroscopy indicated the absence of an —OH
stretching band and the presence of a C=0 stretching band
from the f-ketoester functional groups (Figures S6 and S7).
We suspect that with higher excess of TBAA in the alcoholysis
step, full functionalization of the POSS cage is likely
achievable. However, we found even at this extent of excess,
the high viscosity of the POSS1/2 monomers make it
extremely difficult to remove the residual TBAA even under
reduced pressure and elevated temperatures.

The nanocomposite vitrimers were then prepared via step-
growth polycondensation, cross-linking POSS1 or POSS2 with
various diamines. Specifically, to investigate the consequences
of diamine spacer length and flexibility on material properties,
we prepared vitrimers X1 or 2 from m-xylylene diamine
(XDA), H1 or 2 from hexamethylene diamine (HMDA), and
D1 or 2 from diaminododecane (DADD), where the number 1
or 2 refers to materials prepared from POSS1 or POSS2,
respectively (Chart 1).

Since HSMs require robust dimensional stability at high
operational temperatures, the POSS derivatives were cross-
linked with only 10 mol % excess of amino groups, providing
network materials with appreciable shapeability and reprocess-
ability yet sufficient resistance to creep at elevated temperature.
Vitrimers were synthesized in a straightforward solution-cast
protocol from tetrahydrofuran and cured at 85 °C under
reduced pressure. After curing, the vitrimers were broken into
shards and compression molded into discs and bars at 160 °C
under vacuum to give transparent and homogeneous materials
(Figure 2A—G and Figures S27—S33).

X-ray diffraction (XRD) of the processed vitrimer discs
showed a consistently amorphous broad peak in the range of
20 = 14.5—27° (Figure 3A and Figures $21—526). The lack of
distinct crystalline signals indicates that the nanofillers are
homogeneously distributed with minimal POSS—POSS cage
interactions that could lead to aggregation or heterogeneity at
the macroscopic level; however, the existence of aggregates at
the micron level is possible and would require analysis via
electron microscopy.®® The vitrimer films were then
characterized by thermogravimetric analysis (TGA), differ-
ential scanning calorimetry (DSC), FTIR spectroscopy,
dynamic mechanical analysis (DMA), and shear rheology.
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FTIR spectroscopy of all the vitrimers showed complete
disappearance of the C=0 stretching bands of the f-ketoester
at ~1725 cm™' and displayed the characteristic signals for the
formation of enaminones at ~1600 and ~1650 cm™,
corresponding to the C=C stretching and N—H bending,
respectively. Additionally, retention of the signal at ~1075
cm™! was observed in all cases, corresponding to POSS Si—O—
Si stretching (Figure 3B and Figures S8—S13). DSC analysis
indicated that the T, of the nanocomposites was indeed
influenced by the functionality of the cage vertices and the
nature of the diamine cross-linker (Figure 3C, D and Figures
S14-S19). The T, values of POSSI1 vitrimers ranged from 23
to 39 °C, while those of POSS2 vitrimers were higher, ranging
from 39 to 73 °C. The relatively similar length of the XDA and
HMDA cross-linkers led to comparable T, values for vitrimers
prepared from POSS1 (39 and 37 °C, respectively) and
POSS2 (73 and 66 °C, respectively). Since vitrimers made
with HMDA displayed only slightly lower values of T, than
their XDA counterparts, we conclude that the observed
differences in T, values between POSS1 and POSS2 vitrimers
are due to the higher degrees of freedom of the aliphatic spacer
in the POSSI precursors, resulting in an increase in segmental
mobility of the polymer matrix. As expected, both D1 and D2,
having been cross-linked with the longest and most flexible
diamine, displayed dramatically lower T, values (23 and 39 °C,
respectively). Notably, vitrimer D1 remained flexible at room
temperature after compression molding (Figure S30). Selected
properties of all vitrimer samples are shown in Table 1.

Table 1. Selected Preliminary Properties of POSS Vitrimers

Storage Char
modulus yield at Inorganic/
at 160 650 POSS
°C T%DSC Teoma  Taspmstos “C(N;)  content
Sample (MPa)  ((C)  (*C) (°C) (%) (wt %)
X1 32 39 57 265 41 54
H1 49 37 5§ 267 35 5SS
D1 34 23 40 256 28 41
X2 18 73 76 308 S1 40
H2 27 66 75 308 43 43
D2 16 39 56 312 38 34

Thermooxidative Stability and Shape Retention.
Thorough TGA studies were conducted to test the thermal

stability of the POSS-containing vitrimers. The vitrimers were
initially heated to a maximum temperature of 650 °C under an
inert atmosphere to gain insight into the degradation profiles
of the various formulations prior to complete ablation of
carbon content. The POSSI vitrimers displayed modest
degradation temperatures (i, temperature at which 5%
mass loss is reached, Ty g) of 265, 267, and 256 °C and
demonstrated char yields of 41, 35, and 28% for X1, H1, and
D1, respectively (Figure 4A—C). Multiple modes of degrada-
tion were evidenced for the POSSI aliphatic derivatives.
Gratifyingly, the final char material for POSS1 vitrimers
appeared to retain the distinct shape of the sample prior to
decomposition. D1 seemed to show the best retention of detail
despite its overall decrease in volume and mass loss. As
expected, the increased aromatic character of the POSS2
formulations affected both the Ty 54 and char yield, with onset
temperatures of 305, 305, and 312 °C and char yields of 51, 43,
and 38% for X2, H2, and D2, respectively (Figure 4A—C).
We next extended the thermal stability studies beyond 1000
°C, conditions more relevant to potential HSM applications.
For all of the vitrimers, heating to 1150 °C in a dual TGA/
DSC experiment (under N,) displayed no appreciable change
in the final char yield as compared to the preliminary thermal
stability tests (Figure S35—S40), and the materials again
showed similar retention of the original shape (Figure S60).
The POSS1 materials possessed two distinct decomposition
modes (Figure S41). The first decomposition mode was
similar between X1 and HI, with D1 being the most
pronounced in both rate and magnitude of decomposition, a
consequence of higher aliphatic carbon content and resulting
lower network density. Such molecular features clearly govern
the final char yield of the materials under inert atmosphere.
Furthermore, all POSS1 vitrimers showed DSC thermograms
with three distinct exotherms (Figures S42—44). The first and
smallest occurs at approximately 300 °C, where the major
decomposition of bare H-POSS begins (Figure $34) (T4 59 =
309 °C), as well as the approximate start of the onset
temperatures of the POSS1 vitrimers. This is likely attributable
to thermal cracking of the POSS core and subsequent cross-
linking of Si—O residues.”” The second and larger exotherms
all occur roughly at 450 °C (nearly the same as the onset of the
second decomposition), a result of carbonization of the organic
component of the network. The most pronounced exotherm

A B
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Cc

D1
D2

(D1 before and aofter)

0 200 400 600 0 200
Temperature (°C)

Temperature (°C)

400 600 0 200 400 600
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Figure 4. Low-temperature (N,) thermogravimetric analysis (TGA) plots of (A) POSS1 (f-ketoester functionalized cage with an aliphatic spacer)
and POSS2 (f-ketoester functionalized cage with an aromatic spacer) cages cross-linked with m-xylyenediamine (X1 and 2, respectively); (B)
hexamethylenediamine (H1 and H2, respectively) and (C) diaminododecane (D1 and D2, respectively). TGA plots indicate that onset of
degradation temperature (T so) and char yield (plateau regions at 650 °C) are tunable by nature of POSS vertices (aliphatic versus aromatic) and

diamine cross-linker.
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occurred at approximately 600—700 °C, likely a crystallization
event leading to a carbonaceous amorphous glass. The high-
temperature TGA results for POSS2 vitrimers mostly agree
with the lower temperature results (Figures S44—S46);
however, X2 displays a slow but constant degradation profile,
lacking any distinct exotherms in comparison to all other
formulations (Figures $45—S47). In fact, the char yield at 1150
°C is lower than its POSS1 counterpart. The comparatively
higher aromatic content in X2 leads to an extended
carbonization event. H2 and D2 again showed increased Ty
and char yields compared to H1 and D1, with comparable
exotherms occurring slightly higher at 700—800 °C.

The atmospheric stability of the vitrimers was tested at
temperatures up to 1100 °C. Each sample was placed on an
alumina plate in air and heated to the designated temperature
at 10 °C/min. The samples were held at the designated
temperature for 12 h before natural cooling to room
temperature (the furnace was turned off but left closed).
Relying on the previously obtained TGA/DSC data, each
sample was heated at 300, 650, and 1100 °C (Figure S49).
After heating to 300 °C, all samples became black and shrunk
in size, with some curling at the edges (Figure S55). POSS1
vitrimers appeared to retain the pattern from the Teflon tape
used during compression molding, again with D1 appearing to
have the best retention as seen in preliminary TGA studies.
Moreover, no notable change in size was observed after the
650 or 1100 °C exposures. All formulas were brittle after the
650 °C exposure; however, the small, tough crystals remained
difficult to crush for FT-IR analysis after treatment at 650 and
1100 °C.

Regardless of which POSS monomer or diamine was used
for the nanocomposite vitrimer, the nanofiller cage seemingly
allows for stabilization of the organic content over long heating
periods as well as predictable char yields. Yet, TGA results in
Figure S38 suggest that X2 is a slight outlier in that there are
diminishing returns on aromatic content; the char material
lacked any plateau in weight percent or distinct exotherm near
600—700 °C in the DSC thermogram. We hypothesize that the
increased aromatic character results in significantly higher
carbon content remaining present at these temperatures,
disrupting the crystallization events occurring in the other
vitrimer samples that leads to the final inert char as evidenced
by clear plateaus.

FT-IR analysis of D1 over the course of the heating process
showed clear evidence for the formation of an amorphous glass
(Figure 5). After 12 h at 300 °C, the material showed distinct
C—H stretching signals overlapping with the virgin materials as
well as a subtle, broad absorption at approximately the
frequency of the enaminone functional groups. After 12 h at
650 °C, the material was nearly completely white and
consequently all organic signals were lost in the IR spectrum.
Interestingly, after the treatment at 1100 °C, the Si—O
stretching showed a minor shift to a higher wavenumber,
potentially indicating a new phase of the amorphous silica.
Silica is a complex polymorph that demonstrates a variety of
glassy and crystalline phases with some overlap of temperature
ranges. 8 However, given the long dwell time at 300, 650, and
1100 °C, we expect that tridymite, quartz, and cristobalite,
respectively, are the most likely phases to be present, though
more in-depth DSC and XRD analysis is required.

Vitrimer Density and Mesh Size Determination.
Nanocomposite vitrimer density was measured (X3) by
Archimedes’ principle using eq S1 (Figure 6A and Table
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Figure S. FTIR spectra of POSSI1 (aliphatic spacer) vitrimer cross-
linked with diaminododecane (D1) before and after heating to 300,
650, and 1100 °C (top to bottom, respectively).

A

Vitrimer Density
1.214
1.208
1.186
=
£ 1.165
~ -
=T+
— 1.143
= 1.138
‘a
c
1]
o
H2 D2
Vitrimer Swelling Ratio (THF)
62.4
S
- 50.2
oo
£
3
E 33.9 34.0
v
]
8 21.4 20.4
: I I
[
(a]
2 D2

Figure 6. (A) Density of vitrimers as determined by Archimedes’ test
and (B) swelling ratios as determined by immersion in THF for 48 h.

S3). A clear relationship was observed between the vitrimer
densities and the length and flexibility of the diamine cross-
linker, where densities range from 1.214 to 1.138 g/mL for
POSS1 samples and 1.208 to 1.143 g/mL for POSS2 samples.

To validate the measured density values for the vitrimers, the
samples were then swollen in THF for 48 h, with the solvent
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Figure 7. Creep-recovery experiments for (A) X1, (B) H1, and (C) D1 vitrimers at 150 °C at a constant force of S000 Pa (vitrimer samples ran in
duplicate) showing excellent creep resistance and DMA thermograms of (D) X1, (E) HI, and (F) D1 vitrimers showing T, values and constant

rubbery plateau moduli.

removed and replenished after 24 h (other solvents tested such
as ethanol, methanol, and diethyl ether gave no appreciable
swelling after 48 h). The swelling percentages were notably
small for all vitrimers, offering further evidence of their highly
densified network structure (Figure 6B). Gratifyingly, the
trends in swelling percentages were consistent with the
measured densities and indicated a predictable inorganic
network density that scaled inversely with the length/flexibility
of the diamine cross-linker. In addition to their shapability, the
density of these materials (comparable to PMMA) and their
solvoresistance potentially make them attractive materials for
lightweight, weather-resistant thermal protective barriers.
Rheological Properties. The thermomechanical proper-
ties of the nanocomposite vitrimers were evaluated by DMA.
Cross-linked networks were evidenced by the rubbery plateaus
observed in all DMA thermograms, displaying constant cross-
link density over a 100 °C range past T, for all POSS1 and
POSS2 samples (Figure 7A—C and Figures S66—S74,
respectively). Markedly, the rubbery plateau moduli were
exceptionally high for all POSS1 vitrimers, indicating that the
network structures were notably dense, a consequence of the
high connectivity and rigidity of the POSS cage repeat unit.
Typically, an increase in cross-link density—observed by an
increase in the storage modulus (E’) of the rubbery plateau—
corresponds with a rise in T, as the segmental mobility of the
polymer is restricted. The T, of the vitrimers determined by
DMA and DSC exhibited a strong dependence on the length
and flexibility of the diamine cross-linker, decreasing slightly
from the XDA vitrimers to HMDA vitrimers and more
dramatically for the vitrimers cross-linked with the lengthy
dodecyl spacer of DADD. Interestingly, the E’ of X1 did not
trend as expected, resulting in the lowest E’ of the three
POSSI1 vitrimers even though X1 contained the shortest and
most rigid cross-linker. We hypothesize that the higher degrees
of freedom/flexibility of the aliphatic diamines could lead to

loop catenations of cross-links, artificially increasing the
observed cross-link density.

Resistance to deformation at elevated temperatures was
evaluated by conducting creep-recovery experiments at 150 °C
under S kPa of force. The vitrimers all displayed excellent
resistance to the applied deformation. After 400 s, the POSS1
vitrimers reached maximum strains ranging from 0.58 to 1.5%
and had similar recoveries of approximately 30% (Figure 7D—
F). The POSS2 materials also displayed similar resistance to
creep, reaching maximum strains between 1.3 and 1.6%
(Figures S75—S77). However, the elasticity of H2 and D2
was markedly pronounced, showing a dramatic increase in
deformation followed by an instantaneous rebound of the
material before entering the viscous flow regime. Moreover, the
apparent recovery was significantly higher than the POSSI
counterparts and appeared to scale similarly to the extent of
the initial elastic deformation.

Stress relaxation experiments were conducted to probe the
temperature sensitivity (or energy of activation for viscous
flow, E,) of the vitrimer networks. Given the creep data, we
were unsurprised to observe extremely long characteristic
relaxation times (7, time when G/G, = 1/e) (Figure S78—85).
We applied stress-relaxation data to Arrhenius’ law, assuming a
single Maxwell model, by plotting In(z) versus inverse
temperature and extracting E, from the slope (eq S2).
POSS1 vitrimers had disparate E, values ranging from 176 to
640 kJ/mol (Figure 8A). These data indicate that the
temperature sensitivity of the nanocomposite vitrimers
(comparable to magnitude of E, and the slope of the linear
regression fit) corresponds to the nature of the diamine (length
and rigidity/flexibility). Furthermore, the much higher E,
values for these vitrimer composites compared to previously
reported enaminone vitrimers confirm a dramatic decrease in
flow behavior as a result of the dense network composition and
structural rigidity of the POSS nanocage. It is worth noting
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Figure 8. Arrhenius plots of stress relaxation data for (A) POSS1 and
(B) POSS2 vitrimers (7 at G/G, = 1/e, in 5 °C increments). Data
indicate sluggish flow behavior, largely dependent on diamine
functionality. Vitrimer samples were ran in duplicate.

that X1 could only be plotted with three temperature points
due to inability to reach its characteristic relaxation time below
165 °C and yielded an unusually high E, value in comparison
to analogous CAN systems. While temperatures exceeding 175
°C could be probed, we observed rapid discoloration of the
materials at such elevated temperatures, which we attribute to
decomposition or oxidation of the amine content (Figure S86).
Furthermore, the relaxation curves for D1 do not obey typical
logarithmic decay and the data points deviate from linearity,
indicating complex flow behavior that does not obey an
Arrhenius relationship (Figures S81 and S82). Similarly
sluggish stress relaxation was demonstrated by the X2 and
H2 vitrimers (Figure 8B), while D2 failed to reach its
characteristic relaxation time below 175 °C (Figure S83).
The particularly high weight percent of inorganic filler, the
high degree of functionality of the POSS cages, and the
relatively low mol % excess amine led to dramatically
perturbed vitrimer flow behavior. These results suggest there
may be limitations to filler weight percent in dynamic
nanocomposites, with flow potentially being dictated more
by the nanofiller than the dynamic component. Nevertheless,

flow could potentially be enhanced by increasing the excess
amine content, which has also be shown to illicit an effect on
the mechanism of cross-link exchange.’ Typically, this would
be seen as a considerable drawback for a vitrimer system.
However, considering the harsh (deformative force and/or
elevated temperatures) and long-term storage conditions
HSMs are subjected to, these vitrimers may be suitable for
use as additive components to thermal protection systems.

Reprocessability and Mild Chemical Degradation. To
evaluate the reprocessability of the networks, we conducted
DMA studies to measure the E’ and T, of bars of the virgin
networks that were broken and healed up to four times for the
POSS1 vitrimers. The first two reprocess cycles (Rx1 and Rx2)
were conducted at 160 °C with the subsequent two at 175 °C,
due to the increase in T, after two cycles. Values of the plateau
storage modulus were extrapolated from the rubbery plateau
region of the thermogram, and values of T, were measured at
the peak of tan(5) (Figures S87—S104). X1 showed a slight
increase in both T, and rubbery plateau modulus over
reprocessing cycles, likely a result of amine oxidation and
subsequent loss of the productive species for exchange. H1
showed the least consistent reprocessability with variability in
T, and E’ across healing cycles. Gratifyingly, D1 showed good
reprocessability, with only a moderate increase in the T, and
good retention of the original E’ over each healing cycle.

The reprocessability of the POSS2 vitrimers was less notable
than that of POSS1, as efficient healing could only be achieved
up to three cycles for only the X1 vitrimer. Nevertheless, the
reprocessed bars appeared to have only relatively minor defects
accumulating after healing and retained good transparency
(Figure S104). FTIR analysis of reprocessed bars of both
POSS1 and POSS2 vitrimers were near identical with the
virgin material, indicating retention of the enaminone func-
tional group and inorganic cage (Figure S105—110). We
suspect the lability of the benzylic carbon of the ester could be
contributing to the marked decrease in reprocessability of the
POSS2 vitrimers, which could be a site for permanent cross-
link formation via Sy2 displacement by free amines.

Another attractive feature of dynamic covalent networks is
the potential for chemical degradation and recycling. The
enaminone bond has been shown to degrade efficiently in the
presence of excess monofunctional amine.””** Additionally,
the bond is hydrolytically labile under acidic conditions.””
Therefore, we chose X1 to observe mild degradation by both
methods (Figure S111). No swelling or dissolution was
observed when a disk of X1 was submerged in THF for 48
h. The addition of either hexylamine or aqueous HCI resulted
in the vitrimers being near completely solubilized with trace
amounts of intractable solids (Figure S112). These results
suggest the POSS nanocomposite vitrimers can also be
effectively degraded under mild conditions, allowing for facile
end-of-life management and potential chemical recycling.

B CONCLUSIONS

Nanocomposite vitrimers are an emerging platform for
fabricating dynamic covalent networks with enhanced material
properties, thermooxidative stability, and reprocessability.
Until recently, POSS-based vitrimers have found only limited
use as scaffolds for designing such nanocomposites. These
results demonstrate new routes for the synthesis and utility of
multifunctional S-ketoester-POSS nanocages for the fabrica-
tion of novel nanocomposite enaminone vitrimers of diverse
architectures. The final vitrimer properties can be tuned by
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virtue of the POSS-vertex functionality (aliphatic versus
aromatic) and the choice of multiamine cross-linker. Indeed,
the structure—property relationships elucidated in these studies
indicate that such nanocomposite vitrimer materials can be
specifically designed for rapid reprocessability to give largely
defect-free films with excellent transparency, thermal stability,
char yield, adjustable T,, and facile shapeability. Following
thermal degradation up to 650 °C in N, and 300 °C in air, the
final char materials showed marked retention of the imprinted
shape of the parent material. Moreover, their complex network
structure endowed the networks with a strong resistance to
deformation at elevated temperature. One caveat, however, is
that the remarkably high weight percent of POSS filler may
retard relaxation of shear stress, indicating a threshold above
which flow behavior is particularly hampered. The thermo-
mechanical behavior of these POSS vitrimers is under
continued investigation, but given our initial findings, we
believe these nanocomposite vitrimers could serve as a useful
platform for designing heat-shielding materials capable of
straightforward shapeability.
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