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ABSTRACT: Despite the excellent mechanical and electrical performance of MXene—polymer nanocomposites, methods for
producing these materials on a larger scale are limited by low-yielding, delaminated, MXene suspensions that are typically employed
for their synthesis. Moreover, the hydrophilicity of MXenes restricts the production of well-dispersed nanocomposites with many
polymer matrices. In this contribution, we address such limitations and report, for the first time, a simple method to covalently
modify multilayered Ti;C,T, MXenes with isocyanates, which enables their successful dispersion within a hydrophobic thiourethane
matrix. The efficacy of our covalent modification was determined to yield high levels of surface grafts and suggests quantitative
conversion of the oxygen-containing terminations. In situ-polymerized thiourethane “click” matrices were used to demonstrate the
utility of this modification for accessing well-dispersed nanocomposites under ambient conditions. The ease of producing modified,
multilayered, MXenes at scale and the availability of a wide variety of isocyanates render this method scalable and highly modular.
Furthermore, the reported isocyanate treatment was found to be a valuable tool for easily quantifying the concentration of reactive
(oxygen-containing) terminations on MXene surfaces.

H INTRODUCTION Like other 2D nanomaterials, MXenes have shown great

MXenes are a versatile family of two-dimensional, 2D, promise as fillers for polymer nanocomposites (NCs).
transition-metal carbides/nitrides defined by their M,,,X,T, Titanium carbide (Ti;C,T.) MXene—polymer NCs have

Chemistry} where M is an eaﬂy transition metal’ X is carbon been synthesized using a Variety of methods including melt-
and/or nitrogen, and T represents surface terminations such as processing,8 dip—coating,9 electrospinning,10 and freeze-dry-
—0, —OH, or —F. MXenes can be synthesized and employed ing,'" but they are most commonly produced by adding
as multilayer stacks or delaminated sheets in colloidal hydrophilic polymers to aqueous suspensions of delaminated
suspension. The former MXenes are produced by chemically Ti;C,T,, followed by fltration, >'2~1° Nanocomposites from

etching an “A” element (typically Al) from the parent MAX Ti;C,T, have been produced as filtered films using numerous
phase (M,,,AX,) under acidic conditions. Afterward, the polymers, including sodium alginate,® polypyrrole,"* poly(3,4-

multilayer MXenes can be exfoliated into a few- or single-layer ethylenedioxythiophene)—poly(styrene sulfonate),''* polya-
flakes through agitation, intercalation of large cationic species,
or by a combination of these two methods." Since their
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discovery in 2011, MXenes have garnered significant research

attention and found wide utility as nanomaterials for

electromagnetic shielding,” energy storage,® transparent
S . . . 7

conductors,” catalysis,” biomaterials,’ and many other

applications because of their advantageous and diverse

chemical and physical properties.
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Figure 1. MXene thiourethane nanocomposites synthesized through (i) covalent functionalization and expansion of multilayer Ti,C,T, through a
reaction with dodecyl isocyanate, (ii) dispersion of modified Ti;C, T, sheets within a tetrafunctional thiol monomer, and (iii) i situ polymerization
and nanocomposite formation by the addition of a diisocyanate monomer under ambient conditions.

crylamide,'® poly(vinyl alcohol),'® and poly-
(diallyldimethylammonium chloride).'® However, film for-
mation by aqueous filtration is challenging to scale up, waste-
intensive, and limited to water-soluble thermoplastics. More-
over, MXenes can easily restack during filtration processes and
differences in settling times can prevent the uniform
distribution of filler throughout the film thickness. In addition,
passage of a dissolved polymer through the filter creates
difficulty in controlling filler loadings.'” To address some of
these limitations, several reports have instead utilized in situ
polymerizations to prepare MXene—polymer NCs.">'*"*7*% In
such a process, the layered nanomaterial is typically
intercalated with a monomer and then polymerization is
initiated for composite formation. Advantageously, in situ
polymerization has been shown to delaminate layered
nanomaterials and facilitate uniform dispersion of nanosheets
within polymer matrices.'"®™>' Furthermore, unlike filtered
NCs, in situ polymerization uniquely affords cross-linked
polymer networks, enabling the synthesis of thermosetting and
elastomeric MXene—polymer NCs.

It is well-recognized that the bulk properties of nano-
composites are highly dependent on the nanomaterial’s
dispersion.”” The large surface area of nanomaterials provides
improved nanocomposite properties at low loadings but
simultaneously renders them prone to aggreg.;ation.m’24
Aggregation has been identified as one of the greatest obstacles
facing nanocomposite research regardless of the chosen
nanomaterial or intended application.”* > Recently, research-
ers have focused on the surface modification of
MXenes'*'*?”73? to improve their compatibility with solvents,
monomers, and polymers, which has promise for facilitating
the bulk synthesis of well-dispersed MXene—polymer NCs.
Toward this goal, Ti;C,T, MXenes have been covalently
modified by reacting —OH surface terminations with
alkylsilanes,***73¢ alkylphosphonic acids,®’ carboxylic
acids,” and isocyanates.”® Chemical modification is a key
step toward making MXenes useful as intercalated nanoma-
terials or fillers for polymer matrices; however, a scalable
process for modifying MXenes has yet to be developed. Most
studies on the chemical functionalization of Ti;C,T, have been
performed on delaminated MXenes,”*™>"**~**775% which are
produced at relatively low yields using dilute suspensions (10—
20 mg/mL) that hinder their industrial adoption.”” In contrast,
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the covalent surface modification of high-yielding multilayer
Ti;C,T, has rarely been reported,””*® and never with
isocyanates, despite the wide scope of functional isocyanates
that are commercially available. In this context, we view the
modification of multilayers with isocyanates as an untapped
synthetic platform to scalable quantities of surface-modified
MZXenes and well-dispersed MXene—polymer NCs for a variety
of applications and advanced materials.

While surface modification is critical for well-dispersed
nanocomposites and nanofiller compatibility, the underlying
polymerization reaction must also be tolerant to the presence
of filler and highly efficient to ensure proper network
formation. Click chemistries, first described in 2001,°* are a
family of reactions that have been identified as a powerful and
enabling tool for the synthesis of polymer materials because
they are rapid, orthogonal, simple to perform, and proceed to
quantitative conversions with few or little byproducts.”>™°'
The thiol-isocyanate “click” reaction has proven to be
particularly useful in polymer synthesis, offering flexibility
and simplicity for polymer chain extensions,®”** chain-end
modifications,*>®* side group modifications,®” and production
of thiourethane polymer networks for encapsulation®® and
optical materials.”” Thiourethane polymers produced via the
thiol-isocyanate “click” reaction also share many desirable
characteristics with the more common polyurethane (hydrogen
bonding, elasticity, and impact resistance), with the additional
advantages of adhering to many “click” chemistry attributes
including extremely rapid reaction rates (comparable to
amine—isocyanate reactions), high network uniformity, high
monomer conversion, and few or no byproducts produced by
the reaction.’® Uniquely, thiourethane bonds also exhibit
dynamic/reversible character at elevated temperatures and
show promise as a chemistry for fully reprocessable network
polymers with limited impact on mechanical properties.”””’
We envisioned that the thiol-isocyanate “click” reactions may
provide a straightforward and robust route to synthesizing
MZXene—polymer nanocomposites at room temperature under
ambient conditions.

Inspired by Ruoff and co-workers who exfoliated graphene
oxide through an isocyanate treatment,”"’” we devised a
powerful new strategy of synthesizing well-dispersed MXene—
polymer NCs via (a) covalent modification of multilayer
MXenes using functional isocyanates and (b) subsequent
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dispersion of the modified MXene in monomers followed by
their polymerization into a cross-linked polymer network
(Figure 1). Specifically, in our approach, hydroxyl terminations
on the surface of multilayer Ti;C,T, were reacted with dodecyl
isocyanate to form an alkyl carbamate surface-functionalized
MXene under mild conditions, as depicted in Figure 1 (step i).
These modified MXenes were dispersed in a tetrafunctional
thiol monomer and were then combined with a comple-
mentary difunctional isocyanate to initiate step-growth
designed our synthesis to use the thiol-isocyanate reaction for
network formation because of its simple, robust, and rapid
nature, which affords the convenience of in situ polymerization
under fully ambient conditions (ie, in air and at room
temperature). Furthermore, our approach uniquely targets the
utilization of higher-yielding, multilayer MXenes, contrary to
significantly lower-yielding, delaminated MXene suspensions,
enabling the production of well-dispersed MXene—polymer
NCs in a more pragmatic and scalable manner. To the best of
our knowledge, this contribution represents the first report of
covalent modification to multilayer MXenes using isocyanates,
as well as the first reported use of isocyanate-modified MXenes
in a polymer NC.

B RESULTS AND DISCUSSION

In the first step of our NC synthesis, we attempted to
functionalize multilayer Ti;C,T, through its hydroxyl termi-
nations using an isocyanate treatment (Figure 1, step i). We
reasoned, from successes with other nanofillers, that a covalent
(nonpolar) surface modification to hydrophilic MXenes would
aid in dispersing these 2D nanomaterials within hydrophobic
polymer matrices.””’* Toward this goal, multilayer TiyC,T,
was stirred at room temperature in dimethylformamide
(DMF) containing dodecyl isocyanate (C;,H,s—NCO) and a
triethylamine catalyst (Et;N) for 24 h, which was then filtered
and thoroughly washed to yield a light-gray powder. To gain
insight into whether the isocyanate treatment caused any
structural changes, X-ray diffraction (XRD) patterns of the
dried MXene product were compared to that of the precursor
multilayer Ti;C,T, and parent MAX phase (Figure 2). The

(002)

Ti,AIC,

(002)

Multilayer Ti,C,T,

Intensity (a.u.)

CioHas-TisCo T,

T T T T
11 12 13 14 15

Figure 2. XRD patterns of the parent Ti;AIC, MAX phase (black),
multilayer Ti;C,T, MXene (red), and modified C,,H,;—Ti;C,T,
multilayer MXene (blue) after isocyanate treatment.
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average spacing between MXene layers was determined
through analysis of the 00! diffraction peak position, which is
frequently used as an indicator of successful etching,
intercalation, hydration, or dispersion of MXenes.'®”>"
Beginning from the parent MAX phase, the 002 peak position
shifted from a 26 value of 9.48 to 7.26° after etching into
multilayer Ti;C,T, using 10 wt % HF. This shift corresponds
to a change in distance between the sheets (dyy,) from 9.3 to
12.2 A, as Al layers were replaced with —O, —OH, and/or —F
terminations.””>

With multilayer MXene in hand, the isocyanate treatment
was next performed. The treatment resulted in an even greater
shift in the 002 peak position from 7.26 to 3.42° yielding a
final dyy, of 25.8 A. These data provide strong evidence for the
successful intercalation of C,H,—NCO between the multi-
layer sheets. The large expansion of the intergallery spacing,
doop was stable despite thorough washing with dichloro-
methane and hexanes, suggesting that covalent modification
may have occurred. Our observed change in dy, aligns with
results of Ghidiu et al, who demonstrated that multilayers
intercalated with structurally similar functionalities (dodecyl-
and hexadecyl-trimethylammonium cations) increased do, to
18.9 A (4.67°) and 38.0 A (2.33°), respectively.”® XRD also
revealed a bimodal peak at ~7° in the C,,H,—Ti;C,T,
pattern, which we determined to be an overlap between the
004 reflection of C;,H,—Ti;C,T, and the 002 reflection of the
unmodified multilayer Ti;C,T,. Deconvolution confirmed that
the majority of multilayer Ti;C,T, was converted to C,,H,s—
Ti;C,T, using the relative intensities of the 002 reflections
within the final product pattern (C;,H,s—Ti;C,T, (blue
arrow)/Ti;C, T, (red arrow) ~7). See Figure S1 for intensities
and deconvolution. Moreover, assignment of the 004 reflection
within the bimodal peak was corroborated by the locations of
the harmonics at 3.42° and 10.3° corresponding to the 002 and
006 reflections of the C,,H,;—Ti;C,T,, respectively.

While XRD provided indirect support that our isocyanate
treatment was successful, we sought to obtain direct structural
evidence for the surface modification through Fourier
transform infrared (FTIR) spectroscopy and nuclear magnetic
resonance (NMR). FTIR analysis showed that the isocyanate
treatment of MXene indeed exhibited key chemical signatures
supporting carbamate (urethane) formation and covalent
modification (Figure 3a). After purification of our isocya-
nate-treated MXene, a secondary amide stretching vibration
(N—H), an important structural motif of the carbamate
product, was now present in the C;,H,;—Ti;C,T, spectrum at
3338 cm™.”" 7" The carbamate linkage was further supported
by the appearance of two additional signals arising from the
carbonyl stretch (C=O0) at 1613 cm™" and the secondary
amide bend (N—H) at 1573 cm™ in the C;,H,s—Ti;C,T,
product.77’81 Moreover, after purification, signals associated
with the C—H stretching mode of the aliphatic chain
(originating from the C,H,s—NCO reactant) were now
clearly visible in the spectrum of the modified multilayer at
2850, 2923, and 2955 cm™!. For reference, a spectrum of
unmodified multilayer MXene is available in the Supporting
Information (Figure S2).

To bolster the FTIR results, 'H NMR spectra were also
obtained for the C,,H,;c—NCO reactant and modified
C,Hys—TiyC,T, product (Figure 3b). Resonances associated
with the methylene protons adjacent to the isocyanate
remained in the product (after purification) but shifted upfield
following MXene modification (protons “a”: 3.29 — 3.15 ppm;
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Figure 3. (a) FTIR and (b) NMR spectra of reactant C;,H,;—NCO
and modified C,H,s—Ti;C,T, after purification. Inset chemical
structures represent reagent C;,H,s—NCO and the product alkyl
carbamate (urethane) after modification.

protons “b”: 1.61 — 1.50 ppm). These chemical shifts provide
evidence that a reaction took place and that nuclei “a” and “b”
had entered a more shielded environment, likely from their
close proximity to a more electron-rich carbamate and large,
electropositive Ti atom (relative to an isocyanate). This upfield
shift of the methylene protons “a” and “b” was also consistent
with NMR predictive software. As expected, alkyl groups of
greater distance from the reaction site showed essentially no
change in chemical shift (“d” at 0.88 ppm and “c” at 1.2
ppm). Moreover, after purification, the C,,H,;—Ti;C,T,
spectrum showed no evidence of the residual isocyanate
reactant (b’ and a’). "H NMR of unmodified MXene was not
possible due to its poor solubility in chloroform. Taken
collectively, the results from XRD, FTIR, and NMR provide
strong evidence for intercalation and covalent functionalization
of multilayer MXene using isocyanates, which to our
knowledge, has never been reported in the literature.

To estimate the extent of functionalization, thermogravi-
metric analysis (TGA) was performed on the modified and
unmodified multilayers (Figures 4 and S3). As anticipated, the
unmodified Ti;C,T, multilayers showed a negligible change in
mass up to 500 °C. In stark contrast, a significant mass loss was
observed with the modified C,,H,;—Ti;C,T, between 160 and
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Figure 4. Percent mass vs temperature from TGA for multilayer
Ti;C,T, and modified C;,H,;—Ti,C,T,.

250 °C, which we attribute to the decomposition of grafted
alkyl chains on the MXene surfaces. Carbamates or urethane
linkages are known to be reversible and to dissociate at
temperatures exceeding 150 °C,*” which in our case, would
generate a rapidly lost decomposition product at the observed
temperatures (e.g, boiling point of dodecyl isocyanate ~160
°C).

After complete decomposition, the residual MXene was
determined to be ~38 wt %. Utilizing this value, we estimate
that ~1.6 alkyl chains were attached to each MXene repeat
unit (ie, [C,Hy,s—NCO]/[TisC,T,] ~ 1.55:1.00), assuming z
= 2 and that the Ti;C,T, terminations were F/O/OH = 0.25/
0.5/0.25, an energetically favorable composition described in
computational studies.*>~* Given that our approximation is
reasonable, these calculations suggest that a stoichiometric
ratio of surface grafts to MXene oxygen terminations exists
(ie, [C1Hys—NCO]/[Toy + To] ~ 1.04:1.00), implying that
the oxygen-based terminations were quantitatively converted
into alkyl carbamate surface functionalities (see the Supporting
Information for detailed calculations). In other words, using
our synthetic conditions, we surmise that the surface chemistry
of Ti;C,T, is likely composed of ~75% reactive surface
terminations (—OH and —O) and 25% unreactive surface
terminations (—F). However, it should be noted that
significant compositional variability exists in the literature
concerning the surface terminations of HF-etched
Ti;C,T,,*>~" which would have minor implications on the
aforementioned calculations. Regardless, we view our surface
modification strategy with isocyanates as a highly efficient and
versatile reaction platform for installing surface functionalities
to MXenes, as well as a facile and quantitative means to
approximate the concentration of oxygen-based terminations
on Ti;C,T, and presumably other MXenes.

The unmodified and modified multilayers were next
incorporated into a “click” curable thiourethane thermoset to
assess differences in nanofiller dispersibility in a polymer matrix
(Figure 1, steps ii—iii). In both cases, NCs were loaded to S wt
% filler (unmodified Ti;C,T, or modified C;,H,s—Ti;C,T,).
The NCs were prepared by first combining filler, tetrathiol, and
Et;N catalyst, followed by homogenization on a planetary
centrifugal mixer (step ii). Isophorone diisocyanate was then
added to initiate polymerization, which was quickly followed
by solidification (step iii). After annealing, dynamic mechanical
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analysis revealed typical thermomechanical behavior for a
thiourethane network, confirming the successful formation of
MXene—polymer NCs (Figure S). We observed that the
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Figure S. Storage modulus (E’) and tan(5) of thiourethane NCs
using unmodified Ti;C,T, and modified C,H,—Ti;C,T, from
dynamic mechanical analysis. A neat thiourethane network is shown
for reference.

storage moduli (E’) of both NCs were similar in magnitude to
the literature®””*”" and that the tan(5) peaks were consistently
narrow (indicating the formation of uniform networks) also in
alignment with the literature.”"

Interestingly, NCs synthesized with modified and unmodi-
fied MXenes both displayed depressed T,’s, approximated at
the max tan(§), compared to a thiourethane control (NCs: T,
~ 120 °C vs neat network: T, &~ 139 °C). This reduction in T,
may result from the nanofiller’s nonpolar surface groups acting
as a plasticizer (in the case of C;,H,s—Ti;C,T,) or from the
generation of “softened” filler—matrix interfaces, which have
depressed T, in other NCs.””™”* While further research is
required to develop an in-depth understanding of the impact of
MXenes on T, and other NC properties (such research efforts
are ongoing), the primary purpose of this contribution was to

develop and outline a facile and scalable method to produce
well-dispersed MXene—polymer NCs.

After characterizing the thermomechanical behavior of the
NCs, we sought to determine the influence of surface
modification on nanofiller dispersion using XRD and scanning
electron microscopy (SEM). Our analysis showed that a
profound difference in filler dispersion existed between the
NCs produced with unmodified and modified multilayers. As
illustrated in Figure 6a, XRD of the modified MXene system
revealed a nearly featureless pattern after polymerization into a
nanocomposite (blue patterns, C;,H,s—Ti;C,T, » C;,H,s—
Ti;C,T, NC), resembling that of a thiourethane matrix
without MXene (see Figure S4). Since no new low-angle
peaks were observed, our XRD results indicate that the
stacking of the MXene sheets was disrupted and that the
majority of the modified Ti;C,T, was dispersed into the
matrix.”> In contrast, NCs produced with unmodified Ti,C,T,
showed clear persistence of the basal peak at 7.26° with
minimal change in position or intensity (red patterns,
multilayer Ti;C,T, — TiyC,T, NC). This implies that the
modification of Ti;C,T, with isocyanate and the resulting
interlayer expansion were crucial for dispersing Ti;C,T, sheets
in the polymer matrix. For reference, additional XRD patterns
are available of the NCs with intensity values (Figure S5).

To complement XRD, SEM and energy-dispersive spectros-
copy (EDS) were also performed on cross-sectional fracture
surfaces of the NCs to further assess nanofiller dispersion
(Figure 6b). Visually, EDS mapping for Ti confirmed that the
MZXene nanofiller was incorporated throughout both samples
(magenta signal); however, its distribution was greatly
impacted by the covalent modification. For comparison, we
determined the number and size of MXene domains (referred
to as particles) within each NC using the EDS results in
conjunction with image analysis to quantify local, high-
concentration clusters of the Ti signal. Our analysis revealed
that the normalized particle count (per gram of Ti;C,T,) was
reduced by fourfold for the modified NC compared to its
unmodified counterpart (Table S1). Fewer clusters in the
modified NC reinforce our XRD data and the notion that the
nanofiller dispersion was improved by covalent modification
before nanocomposite synthesis. This postulation of improved

(@)

C12H25-TiBCZTZ

A

C1,Hy5-TisC,T, NC

N

Ti,C,T, NC

Intensity (a.u.)

T T T T T T T T

2 3 4 5 6 7 8 9
26 (%)

T T T T T
10 11 12 13 14 15

(b)

Modified: C,,H,5-Ti,C,T, NC

Unmodified: Ti,C,T, NC

Figure 6. (a) Diffraction patterns of NCs synthesized using unmodified Ti;C,T, and modified C;,;H,;—Ti;C,T,. (b) EDS maps of Ti (left) and the
corresponding SEM images of fracture surfaces (right) of modified C,H,s—Ti;C,T, NC (top) and unmodified Ti;C,T, NC (bottom).
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dispersion was further supported by a comparison of fracture
surfaces of the nanocomposites using SEM (Figure 6b). The
fracture surface of the modified C,,H,;—Ti;C,T, NC showed a
distinct roughness as opposed to the smooth fracture surfaces
of the unmodified NC and neat thiourethane without MXene
(Figure S6). A rough fracture surface suggests that the
nanofiller more frequently encountered the propagating gack

front, which is consistent with better filler dispersion.g\ -

B CONCLUSIONS

Herein, for the first time, we demonstrate a straightforward
method for covalent modification of multilayer MXene using
isocyanates and demonstrate the utility of this synthetic
approach for the facile production of well-dispersed MXene—
polymer NCs under ambient conditions. Nanocomposites
produced at 5 wt % filler using modified MXenes, compared to
their unmodified counterparts, exhibited greatly enhanced
nanofiller dispersion within a thiourethane network. Our
results also reveal that the isocyanate treatment can be used as
a tool to produce high grafting density surface modifications to
MZXenes and for the quantification of oxygen-based termi-
nations on Ti;C,T,. We envision that our approach will serve
as a powerful and versatile synthetic platform for the
attachment of various functional moieties to MXene surfaces
and for enabling the development of next-generation nano-
composites with fascinating new properties.

B EXPERIMENTAL SECTION

MAX Phase Synthesis. The Ti;AlC, MAX phase was synthesized
with TiC, Al, and Ti powders at a molar ratio of 2:1.05:1, respectively.
The powders were ball-milled for 24 h, then transferred to an alumina
(AL,05) boat, and heated in an Al,O; tube furnace to 1350 °C with a
heating rate of 5 °C/min under argon flow. After 2 h, the sample was
cooled passively to room temperature. The resulting porous sintered
brick was milled into a powder using a drill press. The resulting
powder was passed through a 400 mesh sieve to ensure that only
particle sizes <38 pum were left.

MXene Synthesis. Multilayer Ti;C,T, was produced following
methods described previously."® In short, 1.08 g of lithium chloride
(LiCl) was slowly added to a bottle containing 10 mL of 10 wt %
hydrofluoric acid. Once the LiCl was fully dissolved, 1 g of Ti;AlC,
powder was added to the solution and the mixture was left to stir at
300 rpm at room temperature for 24 h. After etching was complete,
the solution was divided into two 50 mL centrifuge tubes—S mL per
tube—and centrifuged at 3500 rpm for 60 s. The supernatant was
decanted and replaced with 40 mL of deionized (DI) water. The
tubes were each vortexed for 30 s to redisperse the sediment and were
then again centrifuged for 3500 rpm for 60 s. This process was
repeated until a pH of 6, as measured by pH paper, was reached. After
washing, the sediment was redispersed in 20 mL of DI water and was
filtered onto a polypropylene membrane and then was dried in a
vacuum oven at 100 °C for 12 h.

Modification of MXenes with C,,H,5—NCO. The modification
of Ti;C,T, with C,H,s—NCO was performed as follows: The
experiment was formulated assuming an equal concentration of —OH,
—O, and —F terminations on Ti;C,T, and using a molar ratio of
[C\,H,s—NCO]/[-OH] = 10/1. Therefore, 0.125 g of multilayer
Ti,C,T,, 0.03 mmol Et;N, and 4.72 g of dried DMF were first added
to a 50 mL round-bottom flask containing a magnetic stir bar. The
sealed round-bottom flask was subsequently placed in an ultra-
sonication bath and sonicated and sparged with N, gas for 1 h. Using
a syringe, C;,H,s—NCO was added to the round-bottom flask in a
dropwise fashion. The round-bottom flask was immediately trans-
ferred to a stir plate and the reaction mixture was allowed to stir at
room temperature for 24 h. The suspension was then transferred to a
vacuum filtration setup and was filtered and thoroughly washed using
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60 mL of dichloromethane followed by 60 mL of hexanes. The
resulting film was dried in a vacuum oven at 23 °C overnight.

Nanocomposite Synthesis. Neat and nanocomposite samples
were produced as follows: Nanocomposite samples were formulated
with § wt % filler (Ti;C,T, or C,H,s—Ti;C,T, with respect to
monomer) and at an equimolar ratio of thiol and isocyanate groups
for the polymer matrix ([SH]/[NCO] = 1). Dried Ti;C,T, or
C,Hys—TiyC,T, powder, TEA (0.125 mol % catalyst for composite
samples and 0.025 mol % for neat samples), and pentaerythritol
tetrakis(3-mercaptopropionate) were added to a 20 mL scintillation
vial. The scintillation vial was mixed on a planetary centrifugal mixer
(ARE-310, THINKY) at 2000 rpm for S min. Once the solution was
homogenized, isophorone diisocyanate was added to the vial using a
syringe. The solution was agitated using a vortex mixer for 10 s and
was subsequently cast into a silicone tensile mold. Samples were
allowed to rest in the mold for 1 h and then were annealed for 24 h at
90 °C.
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