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Polymer networks crosslinked with spring-like ortho-phenylene
(oP) foldamers were developed. NMR analysis indicated the oP
crosslinkers were well-folded. Polymer networks with oP-based
crosslinkers showed enhanced energy dissipation and elasticity
compared to divinylbenzene crosslinked networks. The energy
dissipation was attributed to the strain-induced reversible
unfolding of the oP units. Energy dissipation increased with the
number of helical turns in the foldamer.

Energy dissipation and dampening is critical to the function of
synthetic and bio-materials.12 Developing responsive soft materials
with efficient energy dissipation can lead to materials with better
vibration dampening,3 higher toughness* and shock absorbing®
properties. Responsive soft materials have seen significant interest
in the past decade.®’ Responsive materials adapt under stimuli
including heat, light, pH or mechanical forces.8-10 Developing bulk
scale mechanically responsive materials is a critical and ongoing
research topic, where mechanically responsive molecular properties
are amplified into a powerful material.
Mechanically responsive molecules adapt to a force stimulus.611.12
Several approaches to mechanically responsive bulk polymer
materials have been developed. These include linking molecules that
isomerize under mechanical forces,'314 generation of radicals upon
mechanical forces,'> using noncovalent interactions that dissociate
fully upon mechanical forces,6-19 using hydrogen-bonded 2-ureido-
4[1H]-pyrimidinone (UPy) units that are fused through covalent
tethers,2 or the introduction of folded organic molecules?! as
linkers. The latter approach is elegant as it allows for extensive
energy dissipation, while maintaining network integrity, as the non-
covalently bonded linker remains intact even after the breakage of
the non-covalent bonds under mild forces.

Foldamers are non-biological oligomers that fold by analogy with
biomacromolecules.?223 The great majority of reported foldamers
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are based on spring-like helical secondary structural elements.24
Much like proteins, pulling on the ends of single molecules of
helical oligoamide foldamers causes them to unwind, then
rewind very rapidly upon relaxation.2> The folding and unfolding
of foldamers within a polymer network can give materials with
unusual macroscopic responses to strain.2! However, limited
examples exist in the literature, despite the broad range of
synthetic foldamers developed. This work studies the
properties of polymers crosslinked by spring-like helical
foldamers, based on o-phenylenes,?6 as shown in Scheme 1a.
The hypothesis is that applying strain to the materials would
force the foldamer subunits to adopt unstable elongated
conformations that would then refold upon relaxation, yielding
reversible energy dissipation, as proposed in Scheme 1b.
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Scheme 1. a Synthesis of proposed molecular-spring-containing poly(ethyl acrylate)
networks based on helical foldamers DV-oP4 and DV-0P5-OMe, with DVB as a non-folded
control. b Proposed strain induced unfolding of foldamer molecular spring-based
network.
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The o-phenylene foldamers DV-oP*4 and DV-oP%-OMe in
Scheme 1a were used as crosslinkers in an ethyl acrylate (EA)
polymer matrix. 1,4-Divinylbenzene (DVB) was used as a
control, since it has no potential to form a spring-like
conformation. Folding in o-phenylenes is driven by (relatively
weak) aromatic stacking interactions between every third
repeat unit, which favors compact helical conformations. The
folded and unfolded geometries of DV-oP# and DV-oP%-OMe are
shown in Figure 1. In the perfectly folded state, DFT geometry
optimization gives the distance between the vinyl groups as 6.1
A in DV-oP* and 10.1 A in DV-oP5-OMe. On unfolding, the
separation is expected to increase to 11.3 A and 14.4 A,
respectively. Thus, pulling the ends of the o-phenylene should
force it to unfold and it should refold once the strain is removed.
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Figure 1. Optimized geometries of the folded and unfolded states of (a) DV-oP* and (b)
DV-oP¢-OMe (PCM(CHCl;)/B97-D/cc-pVDZ).

The synthesis of DV-oP# has been previously reported.2’ DV-
oP%-OMe was synthesized as reported in the ESI. The methoxy
groups in DV-oP5-OMe were necessary for solubility during
polymerization.* The folding of DV-oP4 and DV-oPé-OMe in
solution was established by H NMR spectroscopy, which is
particularly useful in characterizing the conformational
behavior of o-phenylenes. As discussed in the ESI, DV-oP# exists
as a mixture of the two conformers in Figure 1la in rapid
exchange (on the NMR timescale), with the well-folded
conformer favored. DV-oP5-OMe is in slow exchange on the
NMR timescale and thus signals are observed from both the
well-folded conformer and partially misfolded conformers that
correspond to fraying of the ends of the helices. In chloroform
at 278 K, the perfectly folded conformer accounts for 33% of the
population with an additional 27% well-folded with frayed
ends.28 The fully misfolded conformer is not significantly
prevalent in solution. Both o-phenylenes favor compact
helically folded conformations in the absence of external
effects, with aromatic stacking between every third unit. Thus,
DV-oP# is expected to act as a single turn spring crosslinker,
while DV-oP%-OMe is anticipated to act as a double turn spring
crosslinker based on the folded molecular geometries.

The linkers were subsequently incorporated into polymer
networks, as shown in Scheme 1a. The EA matrix was chosen
due to its ability to be radically co-polymerized with styrene
analogues and the low glass transition temperature of the
matrix, creating elastic materials which could lead to unfolding
of the oP units under strain. In all cases a crosslink density in the
range of 3 mol% relative to the incorporated EA was used.
Details of polymerizations and conversion can be found in Table
S2. As seen in Table 1 and Figure S1, all synthesized polymers
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have low glass transition temperatures (Tg), determined by
differential scanning calorimetry (DSC), in the order of ca. -15
°C. The crosslinker raised the glass transition temperature from
the uncrosslinked polymer which has a Tg of ca. =25 °C,2°.30
consistent with reduced chain mobility in the network.

Table 1: Material properties of poly(EA) crosslinked with DVB, DV-oP4, and DV-oP¢-OMe.
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Te 2 (%) E (%) E'plat M
Crosslinker (°C) Imm/min  3mm/min (MPa) (g/mol)
DVB -17 12 13 0.75 12000
DV-oP* -11 24 24 1.6 5600
DV-oP®-OMe -14 44 42 1.7 5300

Each polymer network was subjected to tensile testing as seen
in Figures S2-S4. In general, polymers crosslinked with oP based
linkers of DV-oP* and DV-oP%-OMe were more elastic than the
more rigid and less spring-like DVB. This enhanced elasticity
could be due to the folded oP units unfolding with the applied
strain, making the materials less brittle.

To further evaluate the energy dissipative ability, loading-
unloading experiments were performed on materials
crosslinked with DVB, DV-oP4 or DV-oP5-OMe. Energy
dissipation can be calculated by the percent hysteresis (Z), or
the relative area between the loading and unloading branch of
the stress strain curve. This can be calculated as shown below:3?
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Where 0;,44 and 0y, n10aq refer to the stress in the loading andd

unloading branch, respectively, € is strain and & is the strain

where the system transitions from the loading to unloading
. 0 . .

branch. The integral fst Ounioad A€ Yields a negative value.

The loading-unloading analysis at 3 mm/min for poly(EA)
crosslinked with DVB is shown in Figure 2a, for poly(EA)
crosslinked with DV-oP4 in Figure 2b and for poly(EA)
crosslinked with DV-oP%-OMe in Figure 2c. Additionally, Figure
2 gives the 2" |oading curve, which occurs immediately after
the unloading and the loading curve after the material was
relaxed at a strain of 0 for 1 h. Similar analysis at 1 mm/min were
given in Figure S5. The data in Figure 2a shows the DVB
crosslinked material has minimal hysteresis, with relatively
close agreement in the loading and unloading branches. This is
reflected in Table 1 with = values of 12-13%. Small Z values are
expected for networks with limited energy dissipation
mechanisms, since the material is able to store almost 90% of
the input energy. In contrast, the poly(EA) crosslinked with DV-
oP% shows notable hysteresis and a discrepancy between the
first loading and the unloading curve, as well as the second
loading curve. This is reflected in Table 1 with = values of 24%
for DV-oP4, which is substantially higher than for the DVB
crosslinked material, indicating the oP linker is likely causing
energy dissipation. Finally, the poly(EA) crosslinked with DV-
oP%-OMe in Figure 2c shows substantial hysteresis suggesting
significant energy dissipation through the unfolding of the
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spring-like oP unit. = values for the poly(EA) crosslinked with
the two turn spring DV-oP8-OMe are 42-44% as seen in Table 1,
substantially higher than the one-turn spring DV-oP% or the DVB
linker, which cannot act as a spring. Each turn increases the
number of aromatic stacking interactions. The energy
dissipation in oP foldamer based materials is attributed to the
aromatic stacking interactions which dissociate as the material
is strained. Since DV-oP%-OMe has more aromatic stacking
interaction than DV-OP%, and DVB has essentially no aromatic
stacking, the energy dissipation correlates to the energy needed
to break the sum of non-covalent bonds.
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Figure 2: Loading-Unloading Curves at 3 mm/min for poly(EA) crosslinked with DVB (a),
DV-oP* (b) and DV-oP8-OMe (c). Initial loading (1¢t loading), initial unloading, immediate
reloading (2" loading) and loading after the material was allowed to relax at a strain of
0for 1 h (Loading 1h rested).

Figure 2 shows that the rested DVB, DV-oP* and DV-oP%-OMe
crosslinked materials recovered to the original loading curve
after being rested at a strain of 0 for 1h. This indicates that the
damage incurred in the loading curve is reversible after a resting
period, consistent with the refolding of the oP unit and chain
relaxation, albeit the refolding rate in the polymer network
could be slower than in solution. Full multicycle loading curves

This journal is © The Royal Society of Chemistry 20xx
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seenin Figures S6-11, shows that the hysteresis primarily occurs
between the first loading and unloading, and that minimal
ratcheting is observed even over 5 cycles.

In addition to loading-unloading analysis, the poly(EA) materials
crosslinked with DVB, DV-oP%, or DV-oP%-OMe were subjected
to dynamic mechanical analysis. Figure 3 shows the frequency
sweep data at 50 °C and Figure S12 shows the frequency sweep
data at 25 °C. The frequency sweep data of Figure 3a show that
all materials have a plateau rubbery modulus of ca. 1 MPa. The
plateau modulus of the DV-oP* and DV-oP5-OMe crosslinked
polymers are slightly higher than the DVB crosslinked material.
Using the equation:32

3pRT
M, ="~

Elplat @)
the molar mass between crosslinks was estimated, assuming
incompressibility of the network, where T is the absolute
temperature, R is the universal gas constant, p is the bulk
polymer density and E’yja is the plateau modulus, taken to be
the average of the lowest decade in the frequency sweep data
of Figure 3a. Table 1 shows that the molar mass between
crosslinks for the DV-oP* and DV-oP5-OMe based materials is
similar at ~5000-6000 g/mol, while the DVB based material has
a molar mass between crosslinks 2 times higher at ~12000
g/mol. The smaller molar mass between crosslinks in oP-based
materials causes a higher E’y.: compared to the DVB based
material.
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Figure 3: Elastic moduli E’ (a) and damping coefficient tan & (b) for poly(EA)
crosslinked with either DVB, DV-oP4 or DV-oP6-OMe performed at 50 °C.

When considering the dampening coefficient tan 6 = E”/E’ in
Figure 3b and Figure S12, the DV-oP5-OMe based material has
the highest dampening, or most potential for energy
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dissipation, with DV-oP4 having intermediate energy dissipation
capability, and DVB having very low tan d values, suggesting a
primarily elastic response with little energy dissipation
potential. This difference in energy dissipation is likely due to
unfolding of the spring-like oP based crosslinkers rather than
through relaxation of Gaussian chains between crosslinks. Since
the DVB crosslinked material had the highest molar mass
between crosslinks, or greatest freedom of the polymer chains,
but also the lowest potential for energy dissipation, this
suggests that the spring-like oP linkers, not the backbone-
forming polymer, is primarily responsible for energy dissipation.
Overall, the results of the DMA are consistent with the loading-
unloading analysis, both suggesting that the oP-based linkers
are capable of acting as springs which unfold and dissipate
energy with applied load. Longer oP units, with more turns in
the foldamer, have greater potential to unfold under load and
lead to greater energy dissipation.

Well defined aromatic foldamers were synthesized based on
ortho-phenylene cores and incorporated into polymer networks
as spring-like crosslinkers. Conformational analysis indicates
that the oP-based linkers are well folded, giving spring-like
crosslinks. The mechanical responses of the polymers in both
loading-unloading and dynamic mechanical analysis indicate
that the spring-like oP based crosslinkers enhance energy
dissipation compared to a non-folded conventional crosslinker.
The energy dissipation was reversible, at moderate strain, and
increased with the number of turns in the crosslinker.
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