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Polymer networks with controlled ratios of neutral and ionic
dynamic crosslink points were prepared from ethylene glycol, boric
acid, and lithium hydroxide. Both neutral and ionic sites led to the
emergence of distinct damping modes separate from the glass
transition. This work highlights the potential of polymer networks
for multimodal damping spectra through dynamic bond selection.

Materials that absorb sound and energy are important for
applications including shockwave dissipation, noise reduction,
and impact management. Polymers have been extensively used
as damping materials, where the primary dissipation process is
the glass transition (T,).! Near Tg, large changes in the storage
(G") and loss (G") modulus occur, and the ratio of these two

o
parameters is the loss tangent (tan & ZF)' By tuning Ty, the

maximum of the loss tangent shifts in frequency and can be
probed by shear rheology either at a constant frequency
(varying temperature) or at a constant temperature (varying
frequency). The latter approach is convenient for determining
the onset of substantial damping behavior at a fixed
temperature, which guides materials applications.

The main approaches to tuning T, of damping materials are
through copolymerization, blending, interpenetration of
networks, or plasticization.? High and low T, monomers can be
used to form statistical copolymers with a T, depending on the
overall composition that generally falls between that of the two
pure homopolymers.1511 Blending of miscible polymers can
also result in a material with an intermediate T, to the two
homopolymers and a controlled peak in loss tangent.116
Immiscible copolymers have been formed as interpenetrating
networks (IPNs) to prevent phase separation and investigated
for their damping properties.’’-2! Such IPNs show enhanced
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dissipation relative to analogous statistical copolymers of the
same composition, attributed to heterogeneity at the
nanoscale. Gradient copolymers have also been investigated for
damping by copolymerizing a second monomer with a syringe
pump to precisely vary the monomer composition during
polymerization.”2223 This approach leads to polymer chains
with sequence variations where the initial chain is composed
primarily of one monomer and gradually transitions to
monomer two. When two monomers such as n-butyl acrylate
and styrene are used, Tys spanning over 100 °C can be realized.

Peaks in tan § can arise from processes other than Ty for
example, secondary relaxations or the rubbery to flow
transition.! Recent work has shown that networks with dynamic
bonds exhibit peaks in tan 3 that arise due to the exchange
process. In hydrogels with two distinct metal-ligand
interactions, two damping modes were observed
corresponding to the fast and slow exchanging bonds.2425 Two
distinct damping modes can also be achieved in polymer
networks with mixed hydrogen bonds and dynamic imines that
exchange on timescales separated by a factor of = 10%,2¢ and
this separation is retained when both bonds are incorporated
into the same network. The value of the loss tangent exceeded
0.3 (a criterion for efficient damping)®?7 for each process when
the contributing dynamic bond comprised at least 50% of the
crosslink points. This value is expected to vary with crosslink
density but has not been systematically investigated.
Interestingly, incorporating fast and slow dynamic bonds into
the same network does not always lead to two damping modes.
Hydrogels with slow and fast boronic esters only exhibit one
damping mode.?® In dense polymer networks with mixed
boronic ester bonds, telechelic networks only show one
damping mode, whereas pendant crosslinked networks show
two well resolved modes.?42°

lonomers are another class of materials used extensively in
damping applications.3%3> The microphase separation of ionic
clusters from the backbone gives rise to heterogeneity which
leads to broader loss tangents and efficient dissipation. Such
clusters can also exchange ionic groups, which ultimately leads
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Figure 1. Synthetic scheme for neutral/trigonal and ionic/tetragonal vitrimers.

to flow and a dynamic process that can lead to an increase in
tan 3. Dynamic bonds bearing ionic charges have been
investigated in polymer networks but not in the context of their
damping performance.3%37 The coupling of ionic interactions
with bond exchange is a promising route to introduce damping
modes and increase the breadth of the damping mode spectra.

Polymer networks of ethylene glycol chains with controlled
ratios of neutral and ionic dynamic crosslink points were
synthesized. A reaction of ethylene glycol with boric acid leads
to neutral boronic esters, whereas the addition of lithium
hydroxide creates anionic boronate junctions with a Li
countercation. The ratio of neutral/ionic sites is determined by
solid-state *'B NMR, and the resulting damping properties were
quantified. In neutral dynamic networks, only a single dynamic
bond related damping peak is observed in addition to the peak
associated with T,. Upon the addition of ionic sites, a new
damping peak emerges due to the distinct exchange rate for
these sites. At the highest ionic contents (50% of the total
dynamic bonds), clustering is observed via wide-angle X-ray
scattering (WAXS), and a fourth damping mode emerges. This
work demonstrates the utility of designing and preparing
polymer networks with multiple dynamic bonds and ionic
interactions for broad, multimodal damping spectra.

As shown in the synthetic scheme (Fig. 1), vitrimers (B-6EG-s)
were synthesized by step-growth polymerization between
boronic acid (B(OH)3;) and hexaethylene glycol (6EG). Three
different vitrimer formulations were prepared by mixing B(OH)3
and 6EG, while changing the ratio of neutral to ionic junctions
denoted by the variable s. For instance, LiOH was added to B-

. . S U150
6EG-25 based on this relation (s = B, 0.25), followed

by adding 6EG to balance stoichiometry where each boric acid
group can react with either three alcohol groups (neutral) or
four alcohol/hydroxide groups (ionic). The B-6EG-25 and B-6EG-
50 have 25% and 50% ionic/tetragonal crosslinking sites,
compared to B-6EG-0 which has only neutral/trigonal
crosslinking sites. Thermal gravimetric analysis (TGA) was
performed to obtain degradation temperature (T, 954) and to
confirm the complete elimination of water (Fig. S1). Each
sample was heated from 30°C to 500°C under N, at 10°C/min,
and no significant mass loss was observed up to 200°C,
indicating high conversion networks with no further reactions
that produce water. Ty 9554 decreased upon adding LiOH, and the
residual mass at 500°C increased due to the formation of
lithium oxide. Differential scanning calorimetry (DSC) was used
to determine T, (Fig. S2) which increased with increasing
crosslinking density due to suppressed chain mobility as
previously reported38-4°. The T,s also increased from -59°C to -
45°C upon adding LiOH, due to the higher crosslinking density
induced by ionic/tetragonal junctions. WAXS was used to
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investigate the nanoscale morphology after addition of LiOH
(Fig. S3). The amorphous halo (15 nm) is observed for all
vitrimers, while new peaks at 4.5 nm™? and 8 nm?! were
observed upon adding LiOH attributed to the aggregation of
ionic cross-linkers*? >> and ions*% 5, respectively.

The formation of the tetragonal ionic junction in the vitrimers
was further confirmed by 11B solid-state NMR spectroscopy (Fig.
2). A broad peak around 20 ppm was observed in neutral
vitrimers corresponding to trigonal junctions (Fig. 2a). However,
a sharper and higher intensity peak around 2.5 ppm emerged
after the addition of LiOH, indicating the formation of
ionic/tetragonal crosslinking junctions. As the ionic sites
increased, the neutral sites became less prominent in the
spectrum (Fig. 2b). The composition of each junction was
quantitatively calculated using deconvolution analysis through
MestReNova software. The neutral/trigonal and
ionic/tetragonal peaks were fit using a generalized Lorentzian
shape (Fig. S4), as previously reported.*34 The fitted
parameters are tabulated in Table S1, and demonstrate that the
ratio of neutral/ionic junctions was controlled via LiOH and 6EG
stoichiometry. This is essential to understanding the effects of
neutral and ionic crosslinking sites on multiple energy
dissipation modes. The ratio was calculated assuming the two
sites have the same spin relaxation times, which may not be
true in the solid states. However, the qualitative trends in ionic
contents are not affected by this assumption.
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Figure 2. ''B solid-state NMR. (a) B-6EG-0 (neutral) and (b) B-6EG-50 (ionic). Two
distinguishable peaks at around 20 ppm and 2.5 ppm are observed, which can be
assigned to neutral and ionic boronic junctions, respectively.

To investigate the dynamic mechanical properties of the
vitrimers, oscillatory linear viscoelastic (LVE) experiments were
conducted at various temperatures. As shown in Fig. 3a, the

storage (G’) and loss (G") modulus were measured from 100
rad/s to 0.01 rad/s at -20 °C (higher temperatures shown in Fig.

S5). The reciprocal of the crossover frequency (@w.), where G’

(w) is equivalent to G ”(a)), is taken as the characteristic
relaxation time (T¢). The neutral vitrimer (B-6EG-0) exhibits a
Maxwellian terminal regime in which G (w) ~ @? and G '(w) ~
w! at frequencies below 1/7¢. Fig. S6a also shows that a single
Maxwell model can describe the relaxation behavior of the
neutral vitrimer. Upon increasing ionic content to 25%, the B-
6EG-25 vitrimer continues to show terminal scaling, but the
rubbery plateau to flow transition is broadened and not as flat
as in the neutral network. The B-6EG-50 vitrimer shows an even
greater broadening of the rubber to flow transition, and a small
region where G' and G" are nearly parallel. The non-Maxwellian
behavior is further highlighted in Figs. S6b and S6c. In the ionic
vitrimers, the storage modulus follows a power law behavior
instead of a smooth transition from rubbery plateau to terminal

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Rheological characterization of boronic-ester neutral/ionic vitrimers. (a)
Dynamic oscillatory linear viscoelastic measurements at 20°C and (b) tan & with
temperature ramp.

regime as exhibited by many other soft materials.*>47-54
Deviations from typical Maxwell behavior in the ionic vitrimers
arise due to the contribution of both neutral and ionic crosslink
junctions which have two distinct exchange rates, and the fact
that the ionic crosslinks raise the modulus due to their higher
functionality. The 50% ionic junction vitrimer (B-6EG-50)
exhibits a second tan & peak around -17°C (Fig. 3b) with a
magnitude larger than 0.5. In general, tan & values greater than
0.3 are considered sufficient for damping in polymeric
materials*®. The T, related damping peak is also shifted to
higher temperatures for B-6EG-50. The large increase in tan 6
at high temperatures arises due to the flow of the material,
which is governed by the relaxation of the slower neutral site
exchange process. Although minor variations in T, values are
observed from rheometery and DSC measurements, the trend
of Ty is consistent for all DSC measurements.

To further investigate the relaxation modes with the
introduction of ionic junctions, relaxation spectra were
obtained from the oscillatory LVE experiments using TRIOS
software. The relaxation time spectra over a range of
temperatures between -20 °C and 40 °C are shown in Fig. 4. The
frequency sweep data was fit with a regularized high-density
continuous spectrum. The detailed equations for nonlinear
regularization fitting are shown in the Supplementary
Information (Fig. S7). The range of relaxation times in the

spectra was determined based on guidelines given by
e—T/2

/2
Anderssen and Davies (we—< T < ), in addition to

accounting for the normal force sensitivity (0.005 N) and
diameter of rheometer plates (8 mm). As shown in Fig. 4, as
temperature decreases the relaxation peaks shift to longer
timescales due to slower dynamic bond exchange and
segmental dynamics of polymer chains. The vitrimers with ionic
junctions are shifted more than the neutral vitrimers in the
same temperature range, which is also reflected in the slopes of
Arrhenius plots of crossover times (Fig. S8). Arrhenius plot
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Figure 4. Relaxation time spectra at various temperatures for boronic-ester vitrimers
with different ionic junction compositions. (a) 0%, (b) 50%.
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slopes represent the activation energy of dynamic bond
exchange and increase with more ionic junctions. These
observations are attributed to the clustering of ionic sites which
make bond exchange more difficult even for neutral junctions.
Initially, addition of salt speeds up the crossover time due to the
presence of faster exchanging ionic sites, which provide free
alcohol groups to exchange with the neutral sites. Ultimately, at
50% ionic junctions, the sites begin to cluster and the crossover
time increases. The relaxation time spectrum for B-6EG-50
demonstrates four distinct energy dissipation modes due to
ionic junctions, although only three can be observed at a single
temperature due to the frequency window of the rheology
experiments. At -20 °C, the slowest relaxation time peak around
20 seconds (only partially resolved) arises due to the neutral
crosslinker which accounts for the slowest process. The fastest
relaxation peak around 0.1 seconds arises due to the segmental
motions of the polymer chains when the temperature
approaches T,. The peak in B-6EG-50 at ~0.4 seconds is
attributed to the exchange of ionic sites. Finally, the peak at ~3
seconds arises due to the exchange of ionic groups between
aggregates which are observed in WAXS and should be slower
than the exchange of the single ionic sites. Exchange times for
neutral and ionic networks are found to be approximately two
orders of magnitude different in the B-6EG-25 sample (Fig. S9).
Although it is difficult to resolve the presence of the ionic
aggregate peak in B-6EG-25, there is a slight shoulder near 0.5
seconds in between the modes for neutral and ionic bond
exchange. The neutral sites relax slower than the ionic sites
based on three pieces of experimental evidence. First, the new
tan 0 peak with salt addition is at a lower temperature than the flow
regime corresponding to a faster relaxation time. Second, the
crossover time is similar in B-6EG-0 and B-6EG-25 (Figure 3a) and is
controlled by the neutral site exchange. Third, ionic vitrimers show
increased G" in the rubbery regime, indicating that the ionic bonds
are contributing in this frequency range.

In summary, polymer networks with controlled ratios of
neutral and ionic dynamic crosslinks were synthesized, and the
ratio was determined using solid-state 11B NMR. The resulting
damping mode properties were quantified using shear rheology
as a function of temperature and frequency. Networks with
solely neutral dynamic bonds exhibited a single damping peak
alongside the T, peak. On the other hand, introducing ionic sites
led to the emergence of a new damping peak with a distinct
exchange rate and the appearance of a fourth damping mode.
This study highlights the versatility of polymer networks with
multiple dynamic bonds and ionic interactions in designing
materials with broad, multimodal damping spectra.
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