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Abstract: Polymers are ideally utilized as damping materials due to the high internal friction of molecular chains, enabling effective suppression
of vibrations and noises in various fields. Current strategies rely on broadening the glass transition region or introducing additional relaxation
components to enhance the energy dissipation capacity of polymeric damping materials. However, it remains a significant challenge to achieve
high damping efficiency through structural control while maintaining dynamic characteristics. In this work, we propose a new strategy to develop
hyperbranched vitrimers (HBVs) containing dense pendant chains and loose dynamic crosslinked networks. A novel yet weak dynamic
transesterification between the carboxyl and boronic acid ester was confirmed and used to prepare HBVs based on poly (hexyl methacrylate-
2-(4-ethenylphenyl)-5,5-dimethyl-1,3,2-dioxaborinane) P(HMA-co-ViCL) copolymers. The AB,-type of macromonomers, the crosslinking points
formed by the dynamic covalent connection via the associative exchange, and the weak yet dynamic exchange reaction are the three keys to
developing high-performance HBV damping materials. We found that P(HMA-co-ViCL) 20k-40-60 HBV exhibited ultrahigh energy-dissipation
performance over a broad frequency and temperature range, attributed to the synergistic effect of dense pendant chains and weak dynamic

covalent crosslinks. This unique design concept will provide a general approach to developing advanced damping materials.

Introduction

Nowadays, vibrations and noises are ubiquitous in the
industrial field, which can cause resonance, malfunctioning, or
fatigue failure and threaten human health.l! The relative
frequency range of these vibration and noise sources
predominantly falls between 0.01 and 300 Hz.[ It is urgent to
develop high-performance damping material over a wide
frequency range to effectively suppress unwanted vibration and
noise interference. Polymers are ideally suited as damping
materials because of the high internal friction of chain relaxation,
enabling effective dissipation of energy as heat during service.!
Manipulating polymer viscoelasticity to enhance internal
molecular frictions is the key to achieving high damping capacity
(tan & = 0.3, which is defined by the ratio of loss modulus ¢ and
storage modulus G’ ). There are two major approaches to
optimize the damping performance of polymers.® One direction
is to shift and broaden the glass transition region with an apparent
tan § peak to the working temperature/frequency range by
blending polymer ! copolymerization,I”! interpenetrating polymer
networks,® and incorporating nanofillers.”! However, materials at
the glass transition region typically possess higher moduli in a
relatively narrow temperature/ frequency range, which limits their
applications in scenarios requiring soft, adaptable materials.[*%
The other direction is introducing additional relaxation
components such as pendant chains,®> entanglements,i*2

dynamic covalent bonds,*3 mechanical bonds,* hydrogen

bonds,* coordination bondsi*® to endow highly damping
capacity. Although these network defects or dynamic reversible
bonds have already been reported to enhance the polymer
damping performance effectively, challenges remain to maximize
the utility of the additional relaxation components. To the best of
our knowledge, none of the previous strategies can synergize
damping, dynamic character, and pendant chains in one polymer.

It is well known that the critical state of sol-gel transition
during the crosslinking of polymers exhibits power-law relaxation.
The storage modulus ¢’ and the loss modulus G" depend on the
frequency with the same power-law exponent, G'~G"'~w™.1 As a
result, the tangent loss becomes independent of frequency
(tan 6~w®) over several decades of frequency. It implies that
suitable design and control of the critical network would be an
efficient approach to obtain desirable damping properties of
polymeric materials. However, it remains a significant challenge
to control the polymer network in the critical crosslinking state
while possessing high damping capacity and dynamic
characteristics. Achieving dynamic characteristics involves
introducing dynamic covalent bonds,® yet there has been no
report on accomplishing a critical crosslinking state while owning
high energy dissipation performance for dynamic crosslinked
polymers. The main reason might be that simply introducing
dynamic covalent bonds makes it difficult to maintain the polymer
network in a critical gel state.

1
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Figure 1. (a) Chemical structure and schematic representation of the hyperbranched vitrimer (HBV). (b) The possible energy-dissipation
mechanism of HBV is the synergistic effect of the drag motion of dense pendant chains and dynamic bond exchange upon being subjected to

external forces.

Inspired by the connection between rheology and associative
exchange dynamic reaction in polymer networks,*8! we propose
a new strategy to reach the critical state with a weak yet dynamic
polymer precursor, which forms a weakly dynamic crosslinking
network with hyperbranched topologies (hyperbranched vitrimer,
HBV) and considerable amounts of pendant chains, as depicted
in Figure 1a. The chain topology can be obtained and kept near
the critical sol-gel transition by choosing a dynamic reversible
reaction with a lower reaction equilibrium constant K., . The
formation of this particular topology mainly depends on the
dynamic reversible reaction character as well as the molecular
structure factors of the precursor. However, the reported dynamic
reversible reactions usually possess a relatively higher rate
constant,!¥ or a higher reaction equilibrium constant,?® which
leads to the formation of polymer networks with a low amount of
defects. Therefore, finding a new dynamic reversible reaction with
a low K., is the key to constructing dynamic polymer containing

pendant chains.

Herein, we report a new strategy to develop hyperbranched
vitrimers (HBVS) by regulating the structure of the polymer to be
weakly crosslinked yet close to the critical state of sol-gel
transition through the dynamic reversible reaction character
(Figure 1a). In detall, the associative intermediates serve as the
dynamic crosslinking points and one main energy-dissipation
motif, resulting in the formation of loose dynamic crosslinked
networks. The dense pendant chains are formed by a dynamic
associative exchange reaction between the unique AB,-type of
macromonomers with a relatively high molecular weight and
comonomer content. Near critical gel state maximizes the density
of network defects. Under the synergistic effect of the drag motion
of pendant chains and dynamic bond exchange when subjected
to external forces (Figure 1b), the obtained P(HMA-co-ViCL) 20k-
40-60 HBV exhibits excellent energy-dissipation and damping
capacity over a broad frequency and temperature range. We hope
the present study may motivate the further development of high-

performance damping materials.
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Results and Discussion

Model reaction. A relatively weak yet dynamic reversible
reaction is the key to constructing HBV. Different from the
reported dynamic covalent bonds with a large equilibrium
constant or high reaction rate,'%% we explore a special
transesterification reaction between carboxyl and boronic acid
ester. Propanoic acid (PA) and boric acid triethyl ester (BATEE)
were chosen as model small molecules to confirm the possibility
of transesterification. PA and BATEE were mixed in 3:1
stoichiometric ratio at 90 °C for 168 h (Figure 2a). Figure 2b (i, ii,
iii) and Figure S1 showed the *H NMR analysis of the forward
reaction. We found the appearance of signals at 4.08-4.14 ppm
(g, 2H, -O-CHy-), 2.24-2.32 ppm (q, 2H, -CH>-), 1.14-1.22 ppm (t,
3H, -CHs), 0.98-1.06 ppm (m, 3H, -CHs), which correspond to the
target product of ethyl propanoate (EP). Likewise, EP and BA
were chosen as reactants, which could generate PA and BATEE
under the same conditions, as shown in Figure 2b (iv) and Figure
S2. These results confirm the reversibility of the reaction between
carboxyl and boronic acid ester. The conversion yield of the model
reaction was also calculated from *H NMR spectra (Figure S3).
The conversion yields of the forward reaction and backward
reaction after 168 h were close to 44% and 36%, respectively.
However, the model reaction was very slow in the first 40 h, where
both conversion yields were below 10%. In another aspect, it
indicates that the transesterification between carboxyl and
boronic acid ester is rather slow and weak, as compared to the
typical dynamic reversible covalent reactions like dioxaborolane
metathesis.?!!

Design, synthesis, and structure characterization of
P(HMA-co-ViCL) HBVs. Besides the weak yet dynamic
reversible bond, it is also necessary to design the appropriate
precursors containing the desired functional groups with proper
proportions to prepare an HBV. In this study, we synthesized a
series of P(HMA-co-ViCL) copolymers terminated by single-
ended carboxyl through the reversible addition—fragmentation
chain transfer (RAFT) reaction, with carboxyl-terminated
trithiocarbonates utilized as the RAFT agent, azodiisobutyronitrile
(AIBN) as the initiator, HMA and ViCL as the comonomers (Figure
3a). Meanwhile, two control copolymers, i.e., poly(hexyl
methacrylate-styrene), named P(HMA-co-St), and poly(hexyl
methacrylate-2-(4-ethenylphenyl)-5,5-dimethyl-1,3,2-
dioxaborinane) terminated with phenyl group, named P(HMA-co-
ViCL)-CDB, were prepared for comparison, in which the former
features only contained the terminal carboxyl but without boronic
acid ester, the later one only owned the boronic acid ester but
without terminal carboxyl (Figure 3b). The synthetic procedures of
all monomers and copolymers were summarized in the
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Supporting Information. The actual molecular structure
parameters of copolymers are listed in Table 1. The molecular
weight of copolymers mainly includes two series, i.e., 5 kg/mol
and 20 kg/mol (5k and 20k for short), which could be well
regulated by the usage amount of RAFT agent and AIBN. The

molar ratio of boronic acid ester is about 10% to 60%.
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Figure 2. (a) Transesterification model reaction between PA and BATEE at
90 °C for 168 h. (b) *H NMR spectra of transesterification reaction mixtures at
90 °C for 168 h in DMSO.

In the previous section, we have demonstrated that carboxyl
and boronic acid ester could react according to the model reaction
between PA and BATEE. P(HMA-co-ViCL) copolymers are AB,-
type of macromonomers, which form hyperbranched polymers
with the reaction between carboxyl at the end of molecular chains
and boronic acid ester dangling in the molecular chains. One
possibility of network formation is through the mechanically
interlocked loops, and the other is through the associative
intermediates (Figure 1a). It has been illustrated that the
associative intermediates can act as effective crosslinking
points.'8 Whether the P(HMA-co-ViCL) copolymers could
generate hyperbranched dynamic networks with considerable
amounts of pendent chains is closely related to the molecular
weight and ViCL molar ratio of copolymers.

In addition, the thermal analysis of P(HMA-co-HMA) and
control copolymers were studied by DSC, as shown in Figure S8
and Table 1. All the synthesized copolymers have just one glass

transition temperature (T,), which increases with the increasing

This article is protected by copyright. All rights reserved.

85U801 7 SUOWIWIOD BA 81D 8|qedljdde aup Aq peusenob ae ssppiie O ‘88N Jo S9N 10} Arig1T8ul|uQ A3 UO. (SUO HIPUOD-PUB-SLLRHWOY A8 |IM-AReiq 1 BUIJUD//SENY) SUO HIPUOD Pue WL 83 88S " [7202/70/S2] Lo AriqiTauluo AjIm ‘AiseAun Buoigerr rybueys Aq 2£6901202 @ 1Ue/z00T 0T/10p/wiod A imAreiq1jeut|uo//sdny wouy pepeojumod ‘el ‘€2LETZST



Angewandte Chemie International Edition

molecular weight of copolymers and the molar ratio of ViCL
comonomers. Notably, the T, P(HMA-co-St) without boronic acid
ester is reduced as compared with copolymers having the same

molecular weight and monomer molar ratio. It also suggests that

a
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Figure 3. (a) The synthetic routes of P(HMA-co-ViCL) copolymers terminated
by a single-ended carboxyl group. (b) Chemical structures of two control

copolymers.

Linear viscoelasticity of P(HMA-co-ViCL) HBVSs.
Rheology is a convenient and effective method to reveal the
topology and dynamic characteristics of a polymer. We utilized
the time-temperature superposition (TTS) principle to construct
the master curves for a comprehensive demonstration of linear
viscoelasticity over a wide range of frequencies. Here, it's worth
noting that the master curves were superposed of the polymer
chain segmental motions on the premise of compliance with the
TTS principle.[ Firstly, we investigated the effect of monomer
type and the capping group on the linear viscoelasticity of
copolymers. Fixed the molecular weight as 20 kg/mol, the molar
ratio of HMA as 80%, three kinds of copolymers with different
functional groups were designed, including P(HMA-co-ViCL) 20k-
80-20, P(HMA-co-St) 20k-80-20, and P(HMA-co-ViCL) 20k-80-
20-CDB. Because of the different T4 values of P(HMA-co-ViCL)
and control copolymers, we compared their linear viscoelasticity
in the iso-frictional condition at the reference temperature of
T,y =T,+40 °C. The rheological master curves of storage modulus
(G"), loss modulus (G") and loss factor (tan §) are presented in

Figure 4a-c. The evident failure of TTS above 70 °C was found
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the dangling boronic acid ester in molecular chains plays a crucial
role in the topology construction and performance regulation of
copolymers.

Table 1. Molecular structure parameters of P(HMA-co-ViCL) and control

copolymers.

Sample name % ot M,® PDIFl Ty

(HMA)  (ViCL)  (kg/mol) C)
P(HMA-co-ViCL) 5k-90-10 01 9 72 169  -26
P(HMA-Co-ViCL) 5k-80-20 81 19 7.0 154  -18
P(HMA-co-ViCL) 5k-40-60 38 62 55 130 22
P(HMA-Co-ViCL) 20k-90-10 ) 10 22.9 161 -12
P(HMA-co-ViCL) 20k-80-20 78 22 26.9 173 20
P(HMA-Co-ViCL) 20k-40-60 40 60 14.7 120 28
P(HMA-co-St) 20k-80-20 79 21 15.4 123 -10
P(HMA-co-VICL) 20k-80-20- ” 155 Lo 1o

CcbB

@ n% (molar ratio of comonomer) is calculated from *H NMR spectra. ! M,, and

PDI are obtained from GPC test. [ T is obtained from the DSC test.

for P(HMA-co-ViCL) 20k-80-20. This result has also provided
important evidence for the reversibility of model reaction between
carboxyl and boronic acid ester, while at the same time showing
obvious dynamic behaviors of P(HMA-co-ViCL) 20k-80-20. The
master curve of P(HMA-co-ViCL) 20k-80-20 was established by
superposing the high-frequency part of moduli at higher

temperatures. That is, the master curves were built under the
guidance of high-w G" data, where the shift factors ar .,

reflected the temperature dependence of the modulus contributed
by the Rouse-type motion.l*8! The variation of the horizontal shift

factor (ar,,,) of three copolymers fit the Williams-Landel-Ferry

(WLF) equation well (Figure S9). We found no terminal relaxation
but a gradual trend to show a plateau at the lowest frequency for
P(HMA-co-ViCL) 20k-80-20. Meanwhile, G' and G" are very
close to each other over a wide range of frequencies, as also
illustrated in the weak dependence of tan § on frequency (Figure
4c). This is the characteristic of critical gel according to the Winter-
Chambon criterion.'”l In contrast, the master curves of P(HMA-
co-St)  20k-80-20 and P(HMA-co-VIiCL) 20k-80-20-CDB

This article is protected by copyright. All rights reserved.
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conformed well with the TTS principle. The direct comparison
between the three copolymers in Figure 4a-c shows that each of
the three copolymers exhibited indistinguishable behavior in the
glassy-to-rubbery transition zone. This regime is associated with
localized relaxations on the length scale of the monomeric
segments. An apparent deviation begins when a;w < 10 rad/s,
the two control copolymers manifested the liquid-like terminal
relaxation (G'~w? and G"” ~w). Because the critical entanglement
molecular weight (M,) is 19000 g/mol for polystyrene PS and
33100 g/mol for poly (hexyl methacrylate) PHMA, 22 the terminal
relaxation of two control polymers corresponds to the Rouse
relaxation of the unentangled chains. However, P(HMA-co-ViCL)
20k-80-20 requires more than five additional orders of time scales
to achieve ultimate terminal flow. The essential reason for this
difference is attributed to the different molecular structures of the
three copolymers. For P(HMA-co-ViCL) 20k-80-20, the carboxyl
at the end of molecular chains would react with boronic acid ester
in the molecular chains, resulting in hyperbranched topologies
that are close to the critical gel. The hyperbranched molecules are
further crosslinked by the associative intermediates and
interlocked loops. The formed networks have a low crosslinking
density and are abundant in pendant chains. Therefore, the
choice of the comonomer and RAFT agent is the key to
constructing HBVs.

Besides the feasibility and reversibility of novel
transesterification between carboxyl and boronic acid ester, other
influences on the HBVs are the structure factors of copolymers,
including molecular weight and molar ratio of comonomer. With
the fixed number molecular weight as 5 kg/mol and 20 kg/mol, six
kinds of P(HMA-co-ViCL) copolymers with different molecular
weights and monomer molar ratios were obtained by regulating
the VICL content as 10%, 20%, and 60%, respectively. The
dynamic moduli of P(HMA-co-ViCL) copolymers were measured,
and master curves were constructed under the guidance of high-
w G'" data according to the TTS principle, as shown in Figure 4d-
fand Figure S10a. The horizontal shift factors are plotted in Figure
S11, which fit the Williams-Landel-Ferry (WLF) equation well. For
the three P(HMA-co-ViCL) copolymers with M,, =5 kg/mol, their
master curves demonstrate a predominantly viscous response to
the imposed deformation, as G’ remains smaller than G"' at nearly
all frequencies. Failure of TTS is very weak and can be ignored.
The 5k series P(HMA-co-ViCL) copolymers exhibit pronounced
Rouse-like relaxation character, with the scaling relations of the
terminal region (G'~w? and G" ~w). The stress of the three
copolymers could relax completely within a short time scale
(Figure S12a-c), aligning with the results obtained from the

rheological master curves. Nonetheless, we found a close
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terminal relaxation time of P(HMA-co-ViCL) 5k-80-20 and
P(HMA-co-St) 20k-80-20, as presented in Figure S13. It is
ascribed to larger branched molecules formed in P(HMA-co-ViCL)
5k-80-20 due to the dynamic reaction between the carboxyl at
chain ends and boronic acid ester. However, there is no sufficient
evidence of network formation in 5k series of polymers, probably
due to the synergic effect of weak dynamic reaction and short
length of chains.

When the molecular weight was increased to about 20 kg/mol,
the storage modulus G’, loss modulus G", and loss factor tan §
for P(HMA-co-ViCL) copolymers overlap with those 5k samples in
the high-frequency region at arw = 10 rad/s, consistent with the
no influence of chain length on the short time scale dynamics such
as segmental relaxation. However, the comonomer content
strongly affects the long-timescale relaxation behavior when the
molecular weight is large enough. Specifically, for P(HMA-co-
VICL) 20k-90-10, manifested a Rouse-like relaxation process
analogous to 5k series copolymers, but it takes more than two
orders of time scale to achieve terminal relaxation. This
observation was further confirmed by the stress relaxation curves
of P(HMA-co-ViCL) 20k-90-10, where the stress could relax
completely (Figure S12d). For other 20k series P(HMA-co-ViCL)
copolymers, with VIiCL monomer content from 15% to 60%,
obvious failures of TTS were observed when the temperature was
above 70 °C (Figure 4d-f and Figure S14), thereby implying the
simultaneous existence of two relaxation behaviors with different
temperature dependences, namely the dynamic reaction and
chain relaxation. The terminal relaxation time of 20k series
polymers increases with the ViCL content, showing a transition at
around 20%. This transition happens when a plateau appears in
the storage modulus, denoting the dynamic crosslinking of
hyperbranched polymers. As the ViCL content increased to 60%,
the plateau moduli of P(HMA-co-ViCL) copolymers was increased
to about ~20 kPa (Figures S14-S16), which was close to the same
order of plateau moduli for bottlebrush melts and networks.?!
Simultaneously, the stress of P(HMA-co-ViCL) 20k-40-60 could
achieve relaxation while maintaining a plateau over a longer time
scale, which is a characteristic feature of vitrimers (Figure S12f).
Furthermore, we estimated the equilibrium crosslinking density by
the cyclic frequency sweep rheological methods, as
demonstrated in Figures S15 and S16. The average molecular
weight between crosslinks (i.e. associative intermediates), M,
could be estimated according to M,, = pRT /Gy, as summarized in
Table S1. The average molecular weight between crosslinks M,
is increased with the increase in temperature, that is, the
crosslinking density of HBV is decreased with temperature. This

is primarily because the dissociation reaction is more prone to
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occurring at higher temperatures. These findings further validated
the formation of the hyperbranched vitrimer topologies. But
compared to the complicated synthetic routes of bottlebrush
polymers, the one-step polymerization strategy in our work is
simpler and more convenient to construct supersoft elastomers.
Moreover, from the comparison of master curves, it also reflects
in the time-scale separation between different relaxation modes,
i.e., glass, pendant short chains, crosslinked plateau, and the
terminal relaxation processes. Especially for P(HMA-co-ViCL)
20k-40-60, it requires more than 11 orders of magnitude time
scales to complete the relaxation process of the overall polymer
topology. Therefore, the molecular weight and ViCL content are
the major molecular structure factors to construct dynamic
polymers containing pendant chains. It is worth noting that the
loss factor (tan §) of P(HMA-co-ViCL) 20k-40-60 is above 0.3
over a broad frequency range of nearly 10 orders of magnitude

10.1002/anie.202406937
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(Figure 4f and Figure S10a), which presents excellent energy-
dissipation property. In addition, the temperature dependence
P(HMA-co-ViCL) 20k-40-60 HBV was also assessed by cyclic
temperature ramp tests. As demonstrated in Figure S17, both G’
and G"' dropped by nearly two orders of magnitude when the
temperature was ramped up from 80 to 170 °C. The opposite
process in which the temperature was ramped down led to the
opposite viscoelastic transition. The ramp curves roughly
overlapped with each other, indicative of a relatively good
thermoreversible performance. Importantly, the loss factor tan &
was greater than 0.3 within the tested temperature range,
indicating the remarkable damping capacity of P(HMA-co-ViCL)
20k-40-60 HBV over a wide temperature range. Thus, P(HMA-co-
VICL) 20k-40-60 can be utilized as an excellent damping material,
whose energy dissipation mechanism is also directly associated

with the multiscale dynamic mechanical relaxation character.
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Figure 4. (a) Frequency dependence of storage modulus G', (b) loss modulus G” and (c) loss factor tan & for three copolymers with different functional groups. (d)

Storage modulus G', (e) loss modulus G"" and (f) loss factor tan § master curves of six P(HMA-co-ViCL) copolymers with different molecular weights and

monomer molar ratios. The master curves are superposed of the polymer chain segmental motions in accordance with the TTS principle at the reference

temperature of T,.;=T,+40 °C.

The energy-dissipation property of P(HMA-co-ViCL)
HBVs. We first compared the energy-dissipation properties of
P(HMA-co-ViCL) copolymers with commercial damping materials
and linear polymers by the falling ball tests. As shown in Figure
5a-b, P(HMA-co-ViCL) copolymers owned lower load force,
especially for P(HMA-co-ViCL) 20k-40-60 HBV, the peak of its
load force was ~7 times less than those of the control commercial
damping materials. Moreover, P(HMA-co-ViCL) 20k-40-60 HBV
could reduce the impact force up to 90% within 0.6 s (Figures S18

and S19), indicating excellent energy-dissipation performance.

Then, we carried out compressive stress-strain tests to further
characterize the energy-dissipation property of P(HMA-co-ViCL)
20k-40-60 HBV (Figure 5c). From four loading/unloading cycles
(at afixed level of 60%), P(HMA-co-ViCL) 20k-40-60 HBV showed
a significantly raised hysteresis area along with the increase of
the compression rate. The dissipated energy of HBVs increased
from 0.26 MJ/mol at 0.05 s* to 1.20 MJ/mol at 2.08 s, exhibiting
compression rate-dependent mechanical behaviors. Moreover,
the damping capacity of P(HMA-co-ViCL) 20k-40-60 HBV has
exceeded 75%, excellent

showcasing energy-dissipation
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performance. These results imply that P(HMA-co-ViCL) 20k-40-
60 is sensitive to the strain rate and can dissipate energy
effectively during the impact process.

To get a deeper insight into the energy-dissipation property
of P(HMA-co-ViCL) copolymers, a strain-rate frequency
superposition (SRFS) approach was adopted to discern the
effects of strain rate on the time scale of a structural relaxation
process via a rheometer.?4 Specifically, we carried out a series
of frequency-dependent rheological measurements at a constant
strain-rate amplitude (y) ranging from 0.01 to 5.0 s™, as shown in
Figure S20. Under a fixed strain-rate amplitude, a dynamic
oscillatory frequency sweep was performed from high frequency
to low frequency, and the corresponding strain amplitude

increased linearly, equivalent to an increasing force or impact on

different molecular weights and monomer molar ratios (Figure
S21). Based on these experimental results, we can differentiate
the contribution from the stored elastic work (W,) and viscous

dissipated energy (W;) under applied deformation according to Eq.

1041;
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W = [}° ody ~ > G{(yo, 0¥ + = 61 (v, 0¥}

where W is the total work, ¢ is the shear stress, y is the shear
strain, y, is the experimental strain amplitude, w is the angular
frequency, G; and G; are the fundamental in-phase and out-of-
phase harmonic moduli. Here, we mainly consider the moduli
values of the fundamental frequency (n=1) to perform calculations.
The first term on the right side of Eq. 1 denotes the stored elastic

work (W), and the second term denotes the viscous dissipated

. . ) energy (W).
the material. Accordingly, the frequency sweep curves at different
y can be obtained for four P(HMA-co-ViCL) copolymers with
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Figure 5. Comparison of energy-dissipation properties of P(HMA-co-ViCL) copolymers and other commercial damping materials. (a) Scheme of the falling ball test
on selected damping materials. (b) The load force of different damping materials obtained from the falling ball tests at 80 °C. (c) The compressive stress-strain
curves of P(HMA-co-ViCL) 20k-40-60 with different compression rates at 80 °C. (d) Energy dissipation and damping capacity of P(HMA-co-ViCL) 20k-40-60
calculated from their cyclic compressive curves. (e) 3D scatter plots of the viscous dissipated energy (W;) and stored elastic work (WW,) as a function of strain
amplitude (y,) and frequency for four P(HMA-co-ViCL) copolymers with different molecular weights and monomer molar ratios at 80 °C (y= 1.0 s%). (f) The total

work of P(HMA-co-ViCL) 20k-40-60 (y= 1.0 s*) at 80 °C, 100 °C, 120 °C, respectively.
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The viscoelasticity is the significant feature of deformation
properties for polymer, which is more closely associated with its
own topology and molecule structure. SRFS approach is a good
combination to investigate energy dissipation with viscoelasticity
for damping materials. The calculated viscous dissipated energy
(W) and stored elastic work (W,) of Eg. 1 were depicted in Figure
5e and Figures S22 and S23, respectively. We observed that the
viscous dissipated energy contributed to the most input energy for
four P(HMA-co-ViCL) copolymers. All the samples dissipated
similar energy under small oscillatory strains, but the dissipated
energy of P(HMA-co-ViCL) 20k-40-60 HBV quickly exceeded
those of the other three copolymers as the oscillatory strain
increased. For instance, at a strain amplitude of 1000% and strain
rate of 1.0 s, the viscous dissipated energy of P(HMA-co-ViCL)
20k-40-60 HBV is about 176 times that of P(HMA-co-ViCL) 5k-80-
20. Meanwhile, the total work of each copolymer increased with
the strain rate increasing from 0.01 to 5.0 s (Figure S22). The
outstanding energy-dissipation property of P(HMA-co-ViCL) 20k-
40-60 could be attributed to the particular hyperbranched dynamic
network. The energy-dissipation is mainly accomplished by the
repeating drag motion of pendant chains under the imposed
stress. Moreover, the reversible destruction and reconstruction of
dynamic covalent bonds in P(HMA-co-ViCL) 20k-40-60 HBV also
provide a potential mechanism for energy dissipation, where the
external mechanical energy can be converted into thermal energy
(Figure 1b). The synergistic effect of these aspects endows an
excellent energy-dissipation property for P(HMA-co-ViCL) 20k-
40-60 HBV.

Furthermore, we investigated the influence of temperature on
the energy-dissipation behavior of P(HMA-co-ViCL) 20k-40-60
HBV. The dynamic oscillatory frequency sweep was carried out
via SRFS approach at 80 °C, 100 °C, 120 °C, respectively
(Figures S24 and S25). The storage moduli (G') were all greater
than the loss moduli (G'"") of P(HMA-co-ViCL) 20k-40-60 HBV at
the three temperatures, G' and G" dropped faster in the low-
frequency region with an increase in the strain rate. The
corresponding viscous dissipated energy (W;) and stored elastic
work (W,) were also calculated by Eq. 1, as shown in Figure 5f
and Figure S26. It can be found that energy dissipation is mainly
dominated by viscous dissipation. Despite a slight drop of viscous
dissipated energy as the temperature rises, P(HMA-co-ViCL) 20k-
40-60 HBV still possesses an excellent energy-dissipation

property at a higher temperature than those of other copolymers.

Conclusion

10.1002/anie.202406937
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In summary, we have presented a new strategy in which
dynamic reaction character is utilized to regulate the structure and
mechanical properties of polymer networks. The hyperbranched
dynamic polymer networks containing dense pendant chains
could be prepared by choosing a weak yet dynamic reversible
bond. The feasibility and reversibility of a novel transesterification
reaction between carboxyl and boronic acid ester were proved by
IH NMR and rheological results. Hyperbranched vitrimers were
obtained from AB, -type of P(HMA-co-ViCL) macromonomers
containing end-capped carboxyl and pendant boronic acid ester,
which could be easily prepared by one-step polymerization. The
linear viscoelasticity revealed the dynamic reversibility of the
reaction, and the transition to power-law relaxation. It is found that
P(HMA-co-ViCL) 20k-40-60 HBV  exhibited ultrahigh energy-
dissipation performance (loss factor larger than 0.3) over a broad
frequency and temperature range, which exceeded typical state-
of-the-art damping materials. The energy-dissipation mechanism
is due to the synergistic effect of the drag motion of pendant
chains and dynamic bond exchange. The successful synthesis
and uniqueness of P(HMA-co-VICL) HBVs provide a new route

for the design and preparation of novel damping materials.
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Broad frequency range: 10 orders of magnitude

Polymers have been utilized as damping materials due to the high internal friction of molecular chains, enabling effectively dissipate
energy as heat during service. Our work firstly presents hyperbranched vitrimers (HBVs) containing dense pendant chains and loose
dynamic crosslinked networks, which exhibit ultrahigh energy-dissipation performance over a broad frequency range of nearly 10 orders
of magnitude. This innovative design concept will provide opportunities for the further development of damping materials with multiple

synergistic effects.
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