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Polyurethane elastomer (PUE) has become an ideal material for vibration damping and noise reduction

due to its outstanding viscoelastic and molecular structural designability. However, existing materials gen-

erally struggle to overcome the effects of temperature changes because of their narrow glass transition

range. Here, we innovatively synthesized a novel chain extender (HDF) using 5-hydroxymethylfurfural and

2,2’-diaminodiphenyl disulfide as raw materials, and introduced it together with isophorone diisocyanate

into the PUE. The PUE cured with HDF exhibits outstanding damping properties, which are mainly attribu-

ted to the reversible exchange of dynamic bonds within its molecular network and the disruption of

segment regularity caused by the irregular alicyclic structure of Isophorone diisocyanate. Experimental

results demonstrate that PUE-HDF exhibits a broad effective damping temperature range of −19 to 115 °C

and a high tan δ of 1.38. Additionally, the tan δ remains above 0.6 over the vibration temperature range of

−15 °C to 40 °C. Notably, the tensile strength and elongation at break of the PUE increased to 19.1 MPa

and 626%, respectively. This study develops a high-performance PUE damping material, aiming to further

advance the development and application of dynamic bonds for reducing vibration and noise.

1. Introduction

The widespread application of mechanical equipment such as
stamping machinery, centrifugal pumps, and household appli-
ances has boosted production efficiency while simultaneously
causing increasingly severe vibration and noise issues. These
problems may lead to reduced equipment precision and pose
potential risks to the surrounding environment and human
health. In this background, developing highly efficient
vibration reduction and noise suppression technologies has
become particularly significant.1,2 Damping materials serve as
the key medium for converting vibrational energy, playing an
indispensable role in suppressing vibrations and extending
equipment service life by transforming mechanical energy into
heat. Polyurethane elastomer (PUE) has been investigated due
to its high viscoelastic properties and high internal friction.3,4

However, the effective damping temperature range (EDTR) of
classical PUE is usually short (20–50 °C), and its damping per-
formance suffers considerably above room temperature. This
severely limits its practical application in common high-temp-

erature scenarios such as industrial production workshops,
tropical outdoor facilities, and automotive engine
compartments.5,6 Thus, how to significantly expand the EDTR
of PUE while maintaining high damping performance has
become a key challenge in enhancing its practical application.

To broaden the applicability of materials over a wide temp-
erature range, it has been demonstrated that rational mole-
cular design and optimization of the microstructure of elasto-
mer components are essential strategies for improving energy
dissipation properties.7 Currently, the main design approaches
include constructing gradient structures,8–10 introducing sus-
pension chains,11–13 establishing interpenetrating polymer
networks,14–16 adding nanofillers,17–19 and incorporating
dynamic bonds,20–22 etc. Dynamic disulfide bonds have
received extensive attention from researchers in recent years
because of their excellent reversible exchange properties.
Current research on dynamic disulfide bonds primarily
focuses on synergistic interactions with catalysts or pendants
to enhance material damping properties.23,24 However, while
pursuing high damping performance, this strategy also brings
the problems of mechanical property degradation and
increased complexity of preparation processes. For instance,
Xiao et al.25 enhanced the damping temperature range and
heat resistance of polyurethane elastomers by introducing
dynamic disulfide bonds and siloxane suspension chains, but
the mechanical properties declined to 6.8 MPa. Tang et al.26

aNational-Provincial Laboratory of Special Function Thin Film Materials, School of

Materials Science and Engineering, Xiangtan University, Xiangtan 411105, China.

E-mail: xlzhong@xtu.edu.cn, fuzhao@xtu.edu.cn
bQingdao Green World New Material Technology Co., Ltd, Qingdao, 266100, China.

E-mail: qifeng2001@126.com

© 2026 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
4/

20
26

 1
1:

09
:2

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal

http://rsc.li/rscapplpolym
http://orcid.org/0000-0003-0288-2425
http://orcid.org/0009-0003-7889-3523
http://orcid.org/0000-0002-2639-9131
http://crossmark.crossref.org/dialog/?doi=10.1039/d6lp00009f&domain=pdf&date_stamp=2026-05-12
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6lp00009f
https://pubs.rsc.org/en/journals/journal/LP


synthesized polar-group-containing side-chain extenders via
end-controlled directed reactions. While this approach
enhanced the damping properties of polyurethane elastomers,
the synthesis of side-chain extenders requires strict control
over drop-acceleration rates and reaction temperatures to
ensure structural precision, significantly increasing the
difficulty of performance regulation. Thus, how to balance the
mechanical properties and damping properties of materials
has become a key factor in promoting progress in this field.

5-Hydroxymethylfurfural (HMF) is a biomass platform
chemical that can be efficiently synthesized through dehydra-
tion reactions from inexpensive and abundant natural
resources such as corn starch and fructose, and has a structure
analogous to aromatic chemicals, making HMF an intriguing
research topic in high-performance polymer synthesis.27,28 In
this study, we synthesized a novel chain extender via Schiff
base reaction, using 2,2′-diaminodiphenyl disulfide capped
with HMF, and incorporated it into PUE. Meanwhile, isophor-
one diisocyanate (IPDI) with irregular aliphatic ring structures
was introduced into the system. IPDI can disrupt the symmetry
of the chain extender, forming PUE segments with active
spaces, thus promoting dynamic exchange of imines, disulfide
bonds, and hydrogen bonds.7,29 In summary, PUE modified by
HDF chain extension exhibits outstanding damping properties
and Mechanical properties. Compared to the PUE matrix, the
EDTR and tan δ area (TA) of PUE-T-HDF increased to 134 °C
and 44.2 K, respectively. The tensile strength and elongation at
break of PUE-HDF also improved to 19.1 MPa and 626%.
Moreover, the PUE-T-HDF material has better vibration sup-
pression performance in cantilever beam vibration tests. The
molecular chain mobility of PUE was investigated through
rheological, stress relaxation, and self-healing experiments.
Overall, we anticipate that this research will further advance
the application of 5-hydroxymethylfuran in the fields of
vibration and noise reduction.

2. Experimental
2.1 Materials

Toluene diisocyanate (2,4-TDI, NCO% = 48.2) and Isophorone
diisocyanate (IPDI, NCO% = 37.5) were both purchased from
Yantai Wanhua Chemical Group Co., Ltd (China).
5-Hydroxymethylfurfural (HMF), 2,2′-diaminodiphenyl di-
sulfide (2-DAPS, AR), and methanol (LC) were all supplied by
Shanghai MacLean Biochemical Technology Co., Ltd (China).
Polyethylene glycol propylene glycol adipate (PEPA2000, Mn =
2000) was purchased from Yantai Huada Chemical Industry
Co., Ltd (China). Dibutyltin dilaurate (DBTDL), N,N-dimethyl-
formamide (DMF, AR), and trimethylolpropane (TMP, AR) were
purchased from Shanghai Aladdin Co., Ltd (China).

2.2 Synthesis of PUE

2.2.1 Synthesis of HDF. First, place the measured amount
of 2-DAPS into a three-neck flask containing 50 mL of metha-
nol and heat to 40 °C until completely dissolved. Then, slowly

add HMF dropwise to the aforementioned solution after dis-
solving it in 50 mL of methanol (molar ratio of HMF to
2-DAPS: 2 : 1). The mixture is thoroughly mixed, heated to
60 °C, and then refluxed for 6 h under nitrogen. After the reac-
tion, the solvent was removed by rotary evaporation to afford
the crude product, which was then purified by cold recrystalli-
zation to yield the target compound (HDF) in 83% yield.

2.2.2 Synthesis of prepolymers. First, add metered
amounts of PEPA2000 to a three-neck flask. Under vacuum
conditions of −0.1 MPa and a temperature of 110–120 °C,
perform water removal treatment for 2–3 h until no water
vapor condenses on the inner walls of the three-neck flask,
completing the pretreatment. TDI was then added in the
required amount, and the reaction temperature was main-
tained at 70–80 °C. The mixture was allowed to react at this
temperature for 2.5 h. During the reaction, the isocyanate
(NCO) content was monitored by hydrochloric acid-dibutyl-
amine titration. The reaction was terminated when the NCO
content reached 6%, and the resulting prepolymer was sealed
and stored for subsequent use.

2.2.3 Chain expansion and forming. First, calculate the
amount of IPDI to be added to adjust the total NCO content in
the system from 6% to 8%. Measured amounts of IPDI, prepo-
lymer, HDF, and DMA are first added to a three-necked flask,
followed by a single drop of dibutyltin dilaurate (DBTDL). The
mixture is stirred thoroughly, and after reacting for 1 h, the
“preliminary chain extended product” is obtained. Then, add
the TMP to the preliminary chain extended product, stir
rapidly to achieve uniform mixing, and then quickly pour the
mixture into a PTFE mold. Transfer the mold to a vacuum
drying oven maintained at 60 °C, evacuate to a vacuum of −0.1
MPa, and degas for 30 min. Once no bubbles are visible in the
flask, raise the temperature to 80 °C and cure for 16 h. The
PUE produced were named according to the different molar
ratios of HDF and TMP: PUE-TMP, PUE-T-5HDF,
PUE-T-10HDF, PUE-T-15HDF, and PUE-T-20HDF. PUE-TMP
indicates zero content of HDF, PUE-T-5HDF means 5% HDF,
with subsequent designations following this pattern.
Additionally, comparative sample PUE-T-20SS indicates that
the molar fraction of 2-DAPS in the chain extender is 20%.
This sample was prepared using the same method as
PUE-T-20HDF, except that the HDF in the chain extender was
replaced with 2-DAPS. The specific reaction process and experi-
mental formulation are illustrated in Fig. 1 and Table S1:

2.3 Characterization

Infrared spectroscopy testing was performed using a Fourier
Transform Infrared (FTIR) Spectrometer (Nicolet iS5, USA)
within the scanning range of 400–4000 cm−1. The spectral
resolution was set to 4 cm−1.

The chemical composition of the chain extender (HDF) was
studied by nuclear magnetic resonance (NMR) hydrogen spec-
troscopy (Avance III 400 MHz, Bruker, Germany) under con-
ditions of 16 scans and deuterated DMSO as the solvent.

To investigate the crystal structure of polyurethane and its
composite materials, experiments were conducted using a
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SmartLab SE X-ray diffractometer (XRD) as the light source.
Testing was performed with a scanning range of 5–90° and a
scanning rate of 10° min−1.

According to the GB/T 18258-2000 standard, use a self-
assembled resonance test system to carry out vibration
measurement on the sample.

The incorporation of dynamic disulfide bonds was con-
firmed within the wavenumber range of 300–1700 cm−1 using
Raman spectroscopy (Horiba LabRAM HR Evolution, 785 nm).

Thermogravimetric analysis (TGA) of PUE samples was con-
ducted using a Q500 instrument manufactured by TA
Instruments under nitrogen purging conditions. The specific
procedure involved heating the samples from 30 °C to 600 °C
at a heating rate of 10 °C min−1.

In accordance with the GB/T 528-2009, tensile tests were
conducted on the samples using a Tensile Testing Machine
(WDW-100C). A total of three tests were performed, and the
results were averaged.

The thermodynamic properties testing was conducted
using a dynamic thermal mechanical (DMA) analyzer manufac-
tured by the German company KBA. The tests were performed
in tensile mode, employing a temperature range of −80 °C to

120 °C with a heating rate of 2 °C min−1 and a constant fre-
quency of 10 Hz.

The rheological performance of the sample was tested uti-
lizing a Haake Mars40 rheometer under the following con-
ditions: fixed strain mode, strain rate of 1.5%, and a frequency
scan range of 0.1–100 rad s−1.

The self-healing behavior of the sample was examined
under an optical microscope. The self-healing efficiency is
defined as:

η ¼ σhealed
σpristine

Among these, σhealed denotes the tensile strength after
repair, while σpristine represents the tensile strength of the orig-
inal sample.

3. Results and discussion
3.1 Material characterization

To verify the successful synthesis of the novel chain extender
(HDF) shown in Fig. 1, the prepared product was subjected to

Fig. 1 Schematic diagram of PUE-T-HDF preparation.
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FTIR, 1H NMR, and Raman spectroscopy analysis. As shown in
Fig. 2a, in the HDF Spectrogram, the characteristic absorption
peak of the N–H stretching vibration absorption band of
2-DAPS (3300–3400 cm−1) and the aldehyde group corres-
ponding to HMF at 1674 cm−1 have both essentially dis-
appeared. Meanwhile, a newly observed absorption peak at
1624 cm−1 is ascribed to the stretching vibration of the imine
bond (CvN).30 This shift provides direct evidence for the for-
mation of HDF through the condensation reaction between
HMF and 2-DAPS. Fig. 2b presents the 1H NMR spectrum of
HDF. The residual DMSO-d6 solvent peak appears at δ

2.50 ppm. Benzene-ring proton signals occur between δ 7.16
and 7.54 ppm, while the resonances at δ 6.53 and 6.71 ppm
are allocated to distinct furan-ring protons. Furthermore, the
peak at δ 8.45 ppm is attributed to the imine proton formed by
the condensation of HMF with 2-DAPS. The characteristic
proton peak of the imine group is in agreement with the FTIR
of HDF in Fig. 2a, further confirming the successful synthesis
of the HDF Schiff base. Additionally, the Raman spectra of
2-DAPS and HDF are displayed in Fig. 2c. It is found that
characteristic Raman peaks of the S–S bond and C–S bond
appear at 510 cm−1 and 670 cm−1 in HDF, indicating the suc-
cessful incorporation of dynamic disulfide bonds into HDF.22

In addition, FTIR characterization was performed on the
raw materials and PUE materials. As shown in Fig. 2d, com-
pared to the FTIR spectrum of TDI, the intensity of the charac-
teristic –NCO peak (2271 cm−1) in the prepolymer was signifi-
cantly reduced. Meanwhile, the characteristic peaks appearing

at 3348 cm−1 and 1727 cm−1 corresponded to N–H and CvO
stretching vibrations, respectively, indicating the successful
formation of urethane bonds. Compared to the prepolymer,
the –NCO group absorption peak at 2271 cm−1 in the PUE has
completely disappeared, suggesting that the chain extender
has fully reacted with the prepolymer.31 To investigate the
effect of HDF introduction on hydrogen bonding, peak-fitting
analysis was performed on the CvO stretching vibration
region (1550–1780 cm−1) for PUE-TMP, PUE-T-20SS, and
PUE-T-20HDF. As seen in Fig. 1e, the CvO absorption band of
PUE-T-20HDF can be divided into four sub-peaks. These sub-
peaks correspond to disordered hydrogen-bonded CvO
(1678 cm−1), free hydrogen-bonded CvO (1731 cm−1) and
ordered hydrogen-bonded CvO (1600 and 1711 cm−1). The
hydrogen-bonded CvO content was evaluated via the ratio of
the sum of peak areas at 1600 cm−1, 1678 cm−1, and
1711 cm−1 to the total carbonyl peak area.29 Results indicate
that the hydrogen bond CvO content of PUE-T-20HDF
reached 83.1%, which was 2.7% and 12.4% greater than that
of PUE-TMP and PUE-T-20SS, respectively (Fig. S1 and
Table S2). In addition, as shown in Fig. S2, with increasing
HDF content, the carbonyl absorption band of PUE near
1734 cm−1 gradually shifted toward lower wavenumbers,
further indicating enhanced hydrogen-bonding interactions in
the system.32 As shown in the XRD pattern in Fig. S3, all
samples exhibit an amorphous structure. Compared to
PUE-TMP, PUE-T-20HDF has lower peak intensity and broader
peak shapes. This may be attributed to the irregular structure

Fig. 2 (a) FTIR spectra of HMF, 2-DAPS, and HDF. (b) 1H NMR spectrum of HDF. (c) Raman spectra of 2-DAPS and HDF. (d) FTIR spectra of PUE. (e)
Peak fitting of the carbonyl peak in PUE-T-20HDF. (f ) TG curves of PUE-TMP, PUE-T-20SS, and PUE-T-20HDF.
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of IPDI and the reversible dynamic bonds, which increase dis-
order within the system.33

As shown in the TG curve in Fig. 2f, the initial decompo-
sition temperature and T5 of PUE-T-20SS are both lower than
those of PUE-TMP. This is primarily attributable to the rela-
tively lower bond energy of the dynamic disulfide bonds,
whose preferential cleavage precipitates the premature onset of
thermal decomposition in the material.34

Meanwhile, the T5 and initial decomposition temperature
of PUE-T-20HDF are similar to those of PUE-TMP. The DTG
curve in Fig. S4 indicates that the thermal degradation of PUE
occurs in two stages. The shoulder peak at 280–330 °C corres-
ponds to the thermal degradation of hard segments contain-
ing urethane groups, and the peak at 370–420 °C is due to the
degradation of the soft segment polyester chains and chain
extenders.35 PUE-T-20HDF achieved a maximum pyrolysis
temperature (Tmax) of 399.4 °C and a higher char yield
(Table S3). This improvement may be attributed to the rigid
furan/benzene ring structures in the HDF chain extender,
thereby enhancing the thermal stability of PUE.36

3.2 Damping performance analysis

To analyze the damping properties of PUE materials at
different temperatures, dynamic mechanical testing was uti-
lized. The tan δ is a critical indicator for assessing the
damping properties of materials. Typically, the temperature
corresponding to tan δ > 0.3 is referred to as the effective

damping temperature range (EDTR).37 Detailed damping per-
formance parameters are shown in Table S4. The damping pro-
perties of PUE significantly improve with increasing HDF
content. When the HDF content reached 20%, the material
exhibited optimal damping performance. The EDTR expanded
from 38 °C for PUE-TMP to 134 °C for PUE-T-20HDF, and the
tan δmax increased from 1.05 to 1.38 (Fig. 3a and b).
Additionally, the TA is defined as the integrated area of the
tan δ–T curve within the temperature range where tan δ ≥ 0.3,
expressed as TA ¼ Ð T2

T1
tan δdT , where T1 and T2 are initial and

final temperature of damping temperature range where tan δ is
greater than or equal to 0.3.29 The TA value comprehensively
reflects the energy dissipation capability of the PUE material
(Fig. S5). As shown in Fig. 3c, the TA value of PUE-T-20HDF
was 44.2 K, improving by 277% compared to PUE-TMP. The
enhanced damping performance is mainly attributed to the
reversible hydrogen-bonding interactions, together with the
dynamic exchange of disulfide and imine bonds, which
provide multiple energy dissipation pathways for the PUE
network.38 These results are jointly influenced by the storage
modulus (E′) and loss modulus (E″). As shown in Fig. 3d, all
samples exhibit relatively high E′ values in the glassy region.
With increasing temperature, the gradual unfreezing of
polymer chain segments leads to a marked decrease in E′.
Meanwhile, the thermally activated dynamic exchange of di-
sulfide and imine bonds promotes chain mobility and
network rearrangement. As shown in Fig. S6, PUE-T-20HDF

Fig. 3 (a) Loss factor-temperature curve. (b) EDTA and tan δ variation trend diagram. (c) TA value comparison. (d) Energy storage modulus curve. (e)
Damping performance comparison of PUE-TMP, PUE-T-20SS, and PUE-T-20HDF. (f ) Damping performance comparison of PUE materials from
different literature sources.8,9,14,22,23,39–42
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maintains a relatively high E″ over a broad temperature range,
indicating its superior energy dissipation capability. As shown
in Fig. 3e and f, PUE-T-20HDF demonstrates significant advan-
tages in both EDTR and tan δmax, confirming the effectiveness
of this research strategy in enhancing the damping properties
of the material.

3.3 Mechanical properties analysis

The tensile strength and elongation at break of PUE with
different HDF contents are shown in Fig. 4 and Table S5. The
elongation at break of PUE increased from 326% to 680% as
the HDF content increased. Meanwhile, compared with
PUE-TMP, the tensile strength of samples containing 0–20%
HDF showed some fluctuation but no monotonic downward
trend. At 20% HDF content, the tensile strength and elonga-
tion at break of PUE-T-20HDF were 19.1 MPa and 626%,
respectively, demonstrating a relatively balanced of strength
and elongation. However, when the HDF content was further
increased to 25%, the tensile strength decreased to 12.4 MPa,
possibly due to the excessive incorporation of dynamic bonds,
which promoted chain mobility and network relaxation.43

Additionally, as shown in Fig. S7, the variation in PUE hard-
ness is consistent with the trends observed in the mechanical
tests. Therefore, PUE-T-20HDF was selected for subsequent
study because it showed the best overall balance between
mechanical and damping properties.

3.4 Molecular chain movement analysis

Unlike fixed crosslinked networks, dynamic bonds can reconfi-
gure the molecular network structure of materials through
reversible breakage and recombination. To investigate the
molecular chain mobility of PUE materials, we employed rheo-
logical testing, stress relaxation, and self-healing experiments
for characterization. As shown in Fig. 5a and Fig. S8, the rheol-
ogy of PUE-TMP, PUE-T-20SS and PUE-T-20HDF was measured
at 100 °C, 120 °C, and 140 °C. For PUE-TMP, G′ was larger
than G″ for the whole frequency region. This is primarily
attributed to the stable three-dimensional network formed by
PUE after TMP chain extension, which severely restricts

segment motion. Compared to PUE-T-20SS, PUE-T-20HDF
exhibits a G′–G″ crosspoint at 120 °C, marking the shift from a
dominant elastic behavior (G′ > G″) to a dominant viscous (G′ <
G″).44 The crossover frequency, ωc, is generally defined as the
characteristic relaxation frequency of the material, and the
corresponding characteristic relaxation time can be estimated
by τc = 1/ωc.

45 PUE-T-20HDF exhibits the G′–G″ crossover at
120 °C and a shorter characteristic relaxation time at the same
temperature (140 °C), indicating that network rearrangement
and stress relaxation occur more readily in this system at high
temperature.

The stress relaxation behavior of the PUE materials was
tested at 80 °C using a dynamic thermal mechanical analyzer.
The relaxation time is the time required for the modulus to
relax to its initial value of 1/e. which directly reflects the
strength of molecular chain motion and rearrangement capa-
bility.46 As indicated in Fig. 5b, PUE-T-20HDF had the shortest
relaxation time (5.1 min), followed by PUE-T-20SS (15.2 min),
while PUE-TMP failed to reach a determinable relaxation time.
The relaxation time of PUE shortens significantly with the
introduction of dynamic bonds, consistent with the rheologi-
cal test. This confirms that the introduction of HDF can effec-
tively enhance the motion and rearrangement of PUE mole-
cular chains. To further study the molecular chain motion of
PUE, scratch repair tests for PUE-TMP, PUE-T-20SS, and
PUE-T-20HDF are performed with a surgical blade. As shown
in Fig. 5c, PUE-T-20HDF displays superior self-healing pro-
perties, with its surface scratches healing after 3 h at 80 °C. As
depicted in Fig. 5d, a 0.4934 g sample of PUE-T-20HDF was cut
and heated at 120 °C for 2 h. The repaired sample withstood a
1 kg load without fracture, demonstrating a load-bearing
capacity approximately 2028 times its own weight. In addition,
as shown in Fig. S9, the cut PUE-T-20HDF specimens were sub-
jected to tensile testing after self-healing at 80 °C for 12 h. The
results showed that the tensile strength recovered to 83.7% of
that of the original sample. The exceptional self-healing pro-
perties of PUE-T-20HDF stem primarily from two factors. First,
the disulfide bonds and imine bonds within the PUE chain
segments undergo reversible dynamic exchange at specific

Fig. 4 Effect of HDF content on the mechanical properties of PUE.
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temperatures. Second, hydrogen bonding interactions form
between the urethane groups along the molecular chains. The
combination of these two mechanisms endows the material
with outstanding self-repair capabilities (Fig. 5e).47 Notably,
this self-healing behavior is consistent with the aforemen-
tioned damping results, indicating that dynamic reversible
bond exchange can not only promote energy dissipation
through bond breaking and reformation, thereby enhancing
the damping performance of the PUE material, but also
promote network reconstruction and endow the material with
self-healing capability.

3.5 Vibration performance analysis

To evaluate the vibration damping performance of PUE
materials in practical applications, this section presents
vibration tests and ball-drop tests conducted on PUE-TMP,
PUE-T-20SS, and PUE-T-20HDF. Fig. S10 illustrates the sche-
matic diagram of measuring material vibration damping per-
formance using the resonance method. The test procedure is
as follows: first, secure the PUE strip (150 mm × 10 mm ×
1 mm) to a steel bar of 1 mm thickness to form a composite
cantilever beam. Subsequently, a signal generated by the
signal source and amplified by the power amplifier drives the

exciter to apply excitation to the free end of the steel bar. The
vibration acceleration of the composite cantilever beam is col-
lected and recorded by the acceleration sensor at its end. By
analyzing the vibration acceleration–time curve, the vibration
properties of materials can be evaluated. Compared to
PUE-TMP (0.44 mm2 s−1), the initial vibration accelerations of
PUE-T-20SS and PUE-T-20HDF were reduced by 0.36 mm2 s−1

and 0.25 mm2 s−1, respectively (Fig. 6a). Additionally, the
overall acceleration–time curve shows that the PUE-T-20HDF
has excellent vibration damping performance, with its accel-
eration gradually stabilizing after 6 s. The drop ball test results
are displayed in Fig. 6b, Fig. S11 and Videos, where a 43 g steel
ball was dropped freely from a height of 1 m. When the
surface contained no sample material or only PUE-T-20SS, the
ball rebounded to heights of 57 cm and 15 cm, respectively.
However, when 1.2 mm thick PU-T-20HDF was added, the
rebound height was reduced to 2.5 cm. To further assess the
protective properties of PUE, slide glass experiments were
carried out on PUE-TMP, PUE-T-20SS, and PUE-T-20HDF. It
can be observed from Fig. 6c that only the slide glass protected
by PUE-T-20HDF did not break. The results above indicate that
the PUE-T-20HDF displays exceptional vibration damping per-
formance due to its multiple dynamic bond structures that

Fig. 5 (a) Rheological properties of PUE-T-20HDF. (b) Stress relaxation curves of three different PUE. (c) Scratch self-healing images of PUE-TMP,
PUE-T-20SS, and PUE-T-20HDF at 80 °C. (d) Self-healing performance of PUE-T-20HDF at 120 °C. (e) Schematic of the self-healing mechanism for
PUE-T-20HDF.
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efficiently dissipate energy. Consequently, it is particularly
suitable for applications such as vibration damping supports
for precision instruments and isolation/soundproofing bases
for high-end audio equipment.

3.6 Damping mechanism analysis

DMA results indicate that HDF can effectively enhance the
damping performance of PUE. The improved energy dissipa-
tion is mainly attributed to the introduction of the HDF chain
extender, which incorporates dynamic disulfide and imine
bonds into the PUE network. Under external stimuli, these

dynamic bonds dissipate energy through reversible dis-
sociation and recombination, while also promoting segmental
motion of the polymer chains. The enhanced chain mobility
increases the opportunities for polar groups, such as –NH–

and CvO, to associate and dissociate, thereby facilitating the
dynamic breaking and reformation of the hydrogen-bonding
network (Fig. 7 and Fig. S12). Therefore, the combined effect
of dynamic disulfide bonds, imine bonds, and hydrogen
bonding networks is a key factor in enhancing the damping
performance of PUE and broadening its effective damping
temperature range.

Fig. 6 (a) Acceleration–time curves for PUE-TMP, PUE-T-20SS, and PUE-T-20HDF. (b) Drop ball rebound test. (c) Slide impact test.
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4. Conclusion

In this work, we synthesized a novel chain extender (HDF) fea-
turing disulfide and imine bonds by using HMF-terminated
2-DAPS derived from a biomass platform, and incorporated it
into PUE in combination with IPDI. The incorporation of HDF
and IPDI endows PUE materials with outstanding damping
performance. This is mainly contributed by the reversible
dynamic exchange of disulfide bonds, imine bonds, and
hydrogen bonds at specific temperatures, as well as the irregu-
lar aliphatic ring structure of IPDI disrupting the symmetry of
PUE molecular chains, synergistically enhancing the energy
dissipation capability of the material. Compared to PUE-TMP,
the EDTR and tan δmax of PUE-T-20HDF reached 134 °C
(−19 °C to 115 °C) and 1.38, respectively. Meanwhile, cantile-
ver beams coated with PUE-T-20HDF demonstrate exceptional
amplitude attenuation ability. Additionally, PUE-T-20HDF pos-
sesses a tensile strength of 19.1 MPa and an elongation at
break of 626%, while displaying remarkable self-healing ability
at 80 °C. We anticipate that this research will provide new
insights and foster the broader adoption of dynamic bonds in
the field of damping.
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