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Abstract:

The solution-state fluxional behavior of bullvalene, first investigated over 60 years ago, has fascinated
physical organic and supramolecular chemists alike. Little effort, however, has been put into investigating
bullvalene applications in the bulk, partially due to difficulties in characterizing such dynamic systems. To
address this fundamental knowledge gap, herein we probe whether bullvalene Hardy-Cope rearrangements
can be mechanically perturbed in bulk polymer networks. We first demonstrate the impact of bullvalene
fluxionality in bulk thermoset elastomers using modulated differential scanning calorimetry; enhanced
enthalpic relaxation events are observed in the non-reversing heat flow for bullvalene-containing materials
relative to “static” control networks. Then, we use dynamic mechanical analysis to demonstrate that the
activation barrier to glass transition is significantly elevated for bullvalene-containing materials (ca. 90
kcal/mol) relative to “static” control networks (ca. 50 kcal/mol). Furthermore, bullvalene rearrangements
can be “mechanically activated” at low temperature in the glassy region; such behavior facilitates energy
dissipation (at least ca. 3-fold increase in hysteresis energy) and polymer chain alignment to stiffen the
material (at least ca. 2-fold increase in Young’s modulus) under load. Collectively, this work showcases
bullvalene as a reversible chemical mechanophore in the modulation of viscoelastic behaviors.

Introduction:

Ever since the first syntheses by Doering, Roth and Schroder in the 1960s, bullvalene has fascinated
chemists due to its unique molecular architecture.!? Three alkenes emanating from a central carbon atom,
organized symmetrically in a boat conformation, and connected by a strained cyclopropane ring sets up
ideal conditions for rapid Hardy-Cope rearrangements.> Unsubstituted bullvalene has more than 1.2 million
(10/3!) degenerate isomers rapidly interconverting (E, = ca. 11 kcal/mol) at room temperature (Figure
1A).43
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Figure 1: (A) Illustration of rapid bullvalene Hardy-Cope rearrangements; (B) Bullvalene adjusts equilibrium
population upon guest-host interactions; (C) Bullvalene employed as single molecule circuit junction; (D) Proposed
mechanochemical perturbation of bullvalene equilibrium population in bulk polymer networks
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Supramolecular interactions can perturb the interconversion of fluxional isomers for applications in
molecular recognition (Figure 1B).>° Such substituted bullvalenes, when unperturbed, exist in an
equilibrium distribution of valence isomers. Upon addition of analytes, bullvalene engages in guest-host
interactions, shifting to a new equilibrium population. Accessing such multi-substituted bullvalenes,
however, is difficult due to lengthy synthetic sequences.!®!! Recent progress in concisely accessing
substituted bullvalenes reported by Fallon reignited interest for bullvalene applications.'>!* Most
applications of bullvalene explored so far are solution-state, however. Interestingly, examples of bullvalene
rearrangements in the solid-state also exist.!*!> Specifically, dynamic behaviors were observed in
unsubstituted bullvalene single crystals with an activation barrier for Hardy-Cope rearrangements
resembling those in isotropic and liquid crystalline solutions. More recently, Darwish and Fallon
demonstrate that when bullvalene is introduced to a scanning tunneling microscopy breakjunction (STMBJ),
its rapid isomerism facilitates dynamic piezoresistance (Figure 1C).!® Our previous work incorporated
bullvalene into mt-rich thermoplastics showing that stochastic bullvalene isomers could effectively modulate
the rigidity of such polymers but left many unanswered questions about resultant thermomechanical
behaviors."”

Recent advances in polymer mechanochemistry have led to the development of force responsive
materials.'®! Incorporating force-responsive small molecules (e.g., mechanophores) into polymer
networks introduces novel properties such as strain toughening,® cargo release,??>? stress
visualization,?*?%2¢ and tear resistance.?” These systems can generally be separated into two categories —
physical and chemical. Physical systems take advantage of structural adaptations to external forces (i.e.,
bond rotations, non-covalent interactions); specific examples include soft materials containing
“expandable”,?®*** mechanically-interlocked,*!*> hydrogen-bonded,**° and/or metal-ligated elements.*"-
46 Adaptations in these systems are generally reversible with low activation barriers. On the other hand,
systems bearing chemical mechanophores use high energy barrier chemical transformations to adapt to
applied mechanical force (e.g., cyclo-reversion)?*>*2’; such processes are irreversible, however.

Since bullvalene’s valence isomer distribution can adapt to exogenous stimuli in solution and in the bulk
(Figure 1),5%!%16 we imagined that upon applied mechanical force within a bulk material, the equilibrium
population of bullvalene could adapt to the applied force vector. We envisioned that studying the
thermomechanical properties of these materials would be an ideal way to understand molecular-level
sigmatropic rearrangements within polymer networks. If reversible Hardy-Cope rearrangements can be
perturbed through mechanical force, we might expect unique thermoset properties by bridging the gap
between physically and chemically responsive systems (Figure 1D). Herein, we incorporate bullvalene into
elastomeric polymer networks to study their thermal behavior and temperature-dependent viscoelastic
properties alongside control networks containing “static” crosslinkers. Using a combination of differential
scanning calorimetry (DSC) and dynamic mechanical analysis (DMA), we demonstrate that bullvalene
rearrangements not only increase the glass transition activation barrier, but also lead to distinct stiffening
and energy dissipation behaviors below the glass transition temperature (i.e., glassy region). These
collective thermal and mechanical properties unique to bullvalene thermoset elastomers provide credence
for the consequences of molecular fluxionality on bulk materials properties.

Results and Discussion:

The requisite crosslinked elastomers for thermal and mechanical testing were synthesized from n-butyl
acrylate and an appropriate diacrylate crosslinker under thermal free radical conditions (V-70, 60 °C) that
we have confirmed bullvalene tolerates (Figure S1). We selected a crosslinker loading of 7 mol% to
minimize the impact of chain entanglement and maximize the impact of crosslinker structure and ease of
material preparation. The crosslinker for target bullvalene network (Bull-Net-7), bullvalene diacrylate
(Bull-DA), is derived from dimethanol bullvalene S, the product of Co-catalyzed formal [6+2]
cycloaddition of silyl-protected 2-butyne-1,4-diol 2 and cyclooctatetraecne (COT) after deprotection.>!>4
Photochemical di-n-methane rearrangement*®*°° to 4 and subsequent esterification with acrylic acid
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affords Bull-DA over 5 steps (Scheme 1A). In the selection of control “static” crosslinkers, we first chose
adamantane diacrylate (Ad-DA). Bullvalene and adamantane are both C;o hydrocarbon cages with similar
molar masses. Conveniently, substituents on adamantane are also situated in a non-planar fashion, akin to
bullvalene’s geometry. As Bull-DA and Ad-DA should therefore have similar steric profiles, we can probe
the effect of crosslinker topology and fluxionality on bulk materials properties through synthesis of Ad-
Net-7. Apart from the impact of crosslinker bulkiness, we also controlled for bullvalene substituent sigma-
bond rotations by utilizing commercially available 1,6-hexanediol diacrylate (Hex-DA) as a second control
crosslinker towards Hex-Net-7 (Scheme 1B).
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Scheme 1: (A) Synthesis of bullvalene diacrylate crosslinker (Bull-DA); (B) Preparation of crosslinked n-butyl
acrylate polymer networks (Bull-Net-7, Ad-Net-7, Hex-Net-7); (C) '"H NMR spectra (500 MHz, CDCls) of Bull-DA
at 25 °C and 40 °C

To glean insight to potential temperature-dependent phenomena in Bull-Net-7, solution-state variable
temperature NMR (VIT-NMR) experiments (Scheme 1C) were conducted on Bull-DA that reveals slow
chemical exchange at room temperature consistent with £, = ca. 11 kcal/mol; broad bullvalene vinyl proton
(By), alkyl proton (B,) and methylene linker proton (B;) resonances around 5.9 ppm, 2.3 ppm, and 4.5 ppm,
respectively support this claim. When Bull-DA is cooled to —40 °C, By, B4 and B; resonances sharpen as
the rate of chemical exchange via thermal Hardy-Cope rearrangements decreases further and approach a
static structure. Meanwhile, proton resonances not directly connected to the bullvalene cage (4, A, A”)
actually broaden as bond rotation (£, < 3 kcal/mol) slows on the NMR timescale. The differing dynamics
between the chemical (i.e., bullvalene Hardy-Cope rearrangements) and physical (i.e., bond rotations)
allows us to tame bullvalene fluxionality at lower temperatures, rendering bullvalene nearly static and
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confining it to a smaller quantity of valence isomers. In order to probe mechanochemical activation of
Hardy-Cope rearrangements in bulk materials, we reasoned that experiments needed to be conducted at
lower temperatures where thermal bullvalene fluxionality is suppressed.

The physical properties of the resulting networks (ca. 80% monomer conversion) Bull-Net-7, Ad-Net-
7, and Hex-Net-7 were characterized using a variety of analytical techniques. Thermal gravimetric analysis
(TGA, Figure S2) confirms that all materials have similar decomposition temperatures (73= 364 — 377 °C)
and helium pycnometry demonstrates that all materials have the same densities (p = 1.06 — 1.09 g/cm?,
Table S1) at 25 °C. Tensile plateau moduli (£¢) measured using DMA frequency sweep experiments at
20 °C confirm that all materials have £’ (0.261, 0.269, 0.405 MPa for Bull-Net-7, Ad-Net-7, Hex-Net-7,
respectively) on the same order of magnitude, and thus have similar entanglement molecular weights
(Figure 4). The glass transition temperatures of the materials were characterized through modulated
differential scanning calorimetry (MDSC). Analysis of the total heat flow shows that Bull-Net-7 and Ad-
Net-7 have similar 7y psc (—29 °C and —33 °C, respectively) (Figure 2A). Hex-Net-7 has a slightly lower
Tepsc (—42 °C), likely due to reduced crosslinker rigidity.’! We also performed swelling experiments in
several organic solvents (methylene chloride, acetone, ethyl acetate, dimethylformamide) to compare
crosslinking densities across all materials (Figure S3). While Bull-Net-7 consistently has the highest
equilibrium swelling ratios, they are generally within 10 — 15% that of Ad-Net-7. We attribute the
inconsistencies in swelling ratios to differences in crosslinker sterics (in the case of Bull-Net-7 and Ad-
Net-7) and crosslinker fluxionality (in the case of Bull-Net-7) that may facilitate increased swelling.
Nevertheless, due to the similarities in monomer conversion, Tq, p, Tgpsc, and £’ across Bull-Net-7, Ad-
Net-7, and Hex-Net-7, we assume that network structures are comparable for the purposes of
thermomechanical analyses.
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Figure 2: (A) MDSC curves of X-Net-7 materials; (B) Expanded (5x) non-reversing heat flow curves from MDSC

With these comparable thermoset elastomers in hand, we further explored their thermal behavior using
MDSC. Interestingly, we see a different enthalpic relaxation profile in the kinetic process driven, non-
reversing heat flow in Bull-Net-7 (Figure 2B). As Ad-Net-7 and Hex-Net-7 relax to equilibrium following
their respective glass transition events, Bull-Net-7 has a seemingly prolonged relaxation. In addition, both
Ad-Net-7 and Hex-Net-7 show clear glass transitions in the reversing heat flow, but Bull-Net-7 total heat
flow is dominated by enthalpic relaxation; only a small glass transition is seen in the reversing heat flow.

https://doi.org/10.26434/chemrxiv-2024-s9td8 ORCID: https://orcid.org/0000-0001-5848-7366 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-s9td8
https://orcid.org/0000-0001-5848-7366
https://creativecommons.org/licenses/by-nc-nd/4.0/

Accounting for the low bullvalene loading in Bull-Net-7, this difference in relaxation profile could be
caused by the drastic increase in molecular mobility at the onset of Ty psc, thereby bringing additional
degrees of freedom for bullvalene rearrangements and broadening the enthalpic relaxation event.

With an enhanced understanding of Bull-Net-7 thermal behavior, we next turned to thermomechanical
analysis. First, DMA temperature sweep experiments were performed under tension (1 Hz);
thermomechanical 7,pma of Bull-Net-7, Ad-Net-7, and Hex-Net-7 were measured to be 4.6 °C, -9.1 °C
and —18 °C, respectively (Figure 3A), at the apex of each Tan (0) peak. Bull-Net-7 has the broadest Tan ()
peak which suggests a more complex damping mechanism relative to Ad-Net-7 and Hex-Net-7. It should
be noted that while the span of Ty pma values is larger than for Ty psc, the onset of Typma is quite similar
across all materials. To quantify differences in these thermomechanical glass transition processes, the
respective activation energies were calculated through multi-frequency temperature sweep experiments and
fitting to the Arrhenius equation (Figure 3B, Figures S4-S6).”> Here, E, for Bull-Net-7 Typma (89.7
kcal/mol) is ca. 75% higher than for Ad-Net-7 (48.2 kcal/mol) and Hex-Net-7 (51.0 kcal/mol). This
elevated E. for Bull-Net-7 could be caused by an increase in fluxional rearrangements as the material
approaches the glass transition temperature. Below T, pma, long range segmental motion is restricted and
bullvalene has access to only a few immediate isomers that do not bring structural changes to the polymer
network. As the temperature continues to rise while approaching 7, pma, molecular mobility dramatically
increases. Consequently, there are more degrees of freedom for bullvalene to access additional isomers
while adapting to the external force vector through a series of Hardy-Cope rearrangements. In doing so,
energy is dissipated within the bullvalene cage (i.e., additional energy is required for sigmatropic
rearrangements) and the observed £, for Bull-Net-7 is elevated relative to those of the control networks.
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Figure 3: (A) Temperature sweep experiments (1 Hz) of X-Net-7 materials; (B) Arrhenius plots of 7 pma of X-Net-7
materials

All materials were then subjected to frequency sweep experiments using DMA. In these experiments,
we studied thermomechanical behavior at room temperature (20 °C, Figures 4A and 4C) where bullvalene
remains fluxional, and below all materials’ 75 pma (—40 °C, Figures 4B and 4D) where bullvalene is virtually
static (Scheme 1C). At 20 °C, only minor mechanical differences are observed across the three materials.
For example, the storage modulus (£°) of Hex-Net-7 is not sensitive to frequency, while Bull-Net-7 and
Ad-Net-7 show a slow increase in £’ above 10 Hz. Across all frequencies, Bull-Net-7 has the highest Tan

(0) values and therefore the highest damping capacity. Despite these minor differences, the moduli of all
materials are similar at 20 °C.
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Figure 4: F” and E” from frequency sweep experiments of X-Net-7 materials at (A) 20 °C, (B) —40 °C; Tan (d) curves
at (C) 20 °C, (D) —40 °C

Interestingly, thermomechanical behaviors become more disparate at —40 °C (Figure 4C and 4D). The
transition between the glassy and rubbery states usually entails large changes in £’. Starting with nearly
identical £’ at 20 °C, Bull-Net-7 and Ad-Net-7 £’ at —40 °C increases to 388 MPa and 137 MPa,
respectively (0.1 Hz). Across all frequencies, Bull-Net-7 also has the lowest Tan (3), signifying an increase
in stored elastic energy relative to heat dissipation. The contrast in Bull-Net-7 Tan (8) between 20 °C and
—40 °C can be explained by the fact that bullvalene is dynamic at room temperature and can rapidly sample
an ensemble of valence isomers. Above T pma at 20 °C, molecular motion is rapid; polymer chains can slide
past one another and the bulky crosslinker can rotate. The rapid bullvalene fluxionality alongside freedom
in molecular and chain mobility renders Bull-Net-7 similar to Ad-Net-7. However at —40 °C, such
macromolecular motion is limited and bullvalenes are largely static. As energy is applied through oscillatory
tension in frequency sweep experiments, bullvalene rearranges to applied mechanical force, storing more
energy elastically at lower frequency. As the frequency increases, the rate of mechanochemical Hardy-Cope
rearrangements become convoluted with the rapid deformation of the material, thus making it difficult to
distinguish Bull-Net-7 from Ad-Net-7 at higher frequency (e.g., 100 Hz).

Further examination of Bull-Net-7 energy dissipation behavior was carried out using DMA via cyclic
loading experiments. At 20 °C, Bull-Net-7, as well as control networks Ad-Net-7 and Hex-Net-7, display
minimal hysteresis (Figure SA, Figure S7 - S9) and have similar Young’s moduli (£ = 0.0022 — 0.0038
MPa, Table S2). When the same cyclic loading experiments were carried out at —40 °C (Figure 5B, Figures
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S10 — S15), all materials display strain-stress curves known for glassy polymer with little immediate
recovery upon unloading.’*>* While Hex-Net-7 is extremely soft, Ad-Net-7 has noticeable energy
dissipation characteristics (Eu = 2110 J/m?); Bull-Net-7 has nearly three-times the hysteresis energy of Ad-
Net-7 (En = 6240 J/m?, Figure 5C) with enhanced stiffening (E = 8.5 MPa, Table S3).
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Figure 5: Cyclic loading of X-Net-7 at (A) 20 °C, (B) 40 °C; (C) Hysteresis energies of X-Net-7 materials (two-
tailed t-test, n = 3; **: p < 0.01, ***: p <0.001) with respective Young’s moduli inset.

It should be noted that the mechanism of deformation in materials below glass transition is different
from conventional viscoelastic behavior above 7. Instead of long-range disentanglement through chain
sliding, bond cleavage and local molecular motion generally dominate.>!3334 Repeated cyclic loading of all
X-Net-7 materials at —40 °C does not show loss in mechanical performance, thus confirming that minimal
covalent bond cleavage occurs at low temperature in X-Net-7 materials.

To confirm that this behavior (Figure 5) is not due to variations in material density below Tg,oma, We
performed thermal expansion experiments at —40 °C (Figure S16). As no significant differences were
observed between Bull-Net-7 and Ad-Net-7, corroboration with pycnometry data (Table S1) implies
comparable low temperature densities. Based on these collective data, crosslinker sterics may be more
impactful in regulating low temperature viscoelastic properties as significant hysteresis is observed for both
Bull-Net-7 and Ad-Net-7. In turn, the observed differences in hysteresis energies may be attributed to
differences in the relative stiffness and yield stress of these material. For example, Bull-Net-7 has a much
higher Young’s modulus (8.5 MPa) relative to controls Ad-Net-7 and Hex-Net-7 (3.8 MPa and 0.11 MPa
respectively). We hypothesize that upon cooling, bulky crosslinkers take up more space, aligning the soft
polymer chains tighter than allowed in Hex-Net-7. This steric driven bundling of polymer chains and
subsequent freezing at temperatures below Ty pma ultimately stiffens Ad-Net-7 and Bull-Net-7 (Figure 6A).
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Importantly, unlike sterically demanding adamantane, similarly sized bullvalene rearranges upon applied
mechanical force, (i.e., “molecular ball joint”) to further realign the already packed polymer strands
together and make the material stiffer (Figure 6B). Additionally, without free segmental motion, the initial
input mechanical energy can be first “absorbed” in Bull-Net-7 by bullvalene rearrangements and the
subsequent realignment of polymer chains. The result is that Bull-Net-7 has a much higher yield stress (ca.
6 MPa at ca. 2% strain) compared to Ad-Net-7 (yield stress < 1 MPa at < 1% strain) in the shear yielding
process.>*** In other words, at low temperatures Bull-Net-7 has increased stiffness and yield stress relative
to control networks; these properties contribute to a sigmatropic rearrangement driven, sterically enhanced
high hysteresis energy for Bull-Net-7. These phenomena are not limited to X-Net-7, analogous thermosets
with 2 mol% crosslinker loading (Bull-Net-2 and Ad-Net-2) also have similar tensile properties (Figure
S17 and S18). Furthermore, these processes were all demonstrated to be fully reversible; when X-Net-7
materials are allowed to warm to room temperature between successive loading at —40 °C minimal changes
in the resulting stress-strain curves are observed (Figure S19 — S21).
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Figure 6: (A) Bullvalene adapts to applied force (B) through chain alignment governed by mechanically-guided
Hardy-Cope rearrangements

Conclusion:

In summary, we report the utility of low barrier Hardy-Cope rearrangements under strain in polymer
networks by incorporating fluxional bullvalenes into n-butyl acrylate-based thermoset elastomers. MDSC
demonstrates that the glass transition in Bull-Net-7 materials involve more complex relaxation processes
compared to “static” crosslinked thermosets. DMA temperature sweep experiments quantitatively
demonstrate that bullvalene can dissipate energy more effectively than “static” controls, thereby increasing
the activation energy for the glass transition. While thermomechanical testing supports similar behavior
between bullvalene (Bull-Net-7) and bulky adamantane (Ad-Net-7) crosslinked materials at room
temperature, as the rate of bullvalene Hardy-Cope rearrangements decrease at lower temperature to afford
a nearly static structure, frequency sweep experiments suggest rearrangements can be activated
mechanochemically. Such a paradigm facilitates increased elastic energy storage in Bull-Net-7. Finally,
cyclic loading experiments at —40 °C demonstrate that Bull-Net-7 is much stiffer with high hysteresis
energy. Soft Hex-Net-7 with minimal observed hysteresis supports the hypothesis that low barrier sigma-
bond rotations are not responsible for the observed Bull-Net-7 properties. Comparisons against Ad-Net-7
suggests that the topology of the bulky crosslinker contributes to unique low temperature Bull-Net-7
behavior but is not the only factor. Rather, bullvalene’s ability to rearrange upon applied mechanical force
further facilities chain alignment and stiffens the material upon loading. Overall, having a simple
unimolecular “ball joint” moiety that can dissipate energy through reversible sigmatropic rearrangements
shows great potential for enhancing the durability of existing thermosets and opens new opportunities for
impact and vibration resistant materials.
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