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Abstract: Although hindered phenol/polymer-based hybrid damping materials, with excellent
damping performance, attract more and more attention, the poor stability of hindered phenol limits
the application of such promising materials. To solve this problem, a linear hindered phenol with
amorphous state and low polarity was synthesized and related polyurethane-based hybrid materials
were prepared in this study. The structure and state of the hindered phenol were confirmed by
nuclear magnetic resonance spectrum, Fourier transform infrared spectroscopy (FT-IR) and X-ray
diffraction (XRD). The existence of intermolecular hydrogen bonds (HBs) between hindered phenol
and polyurethane was confirmed by FT-IR, and the amorphous state of the hybrids was confirmed
by XRD. Moreover, by a combination of molecular dynamics simulation and dynamic mechanical
analysis, the relationship between the structure optimization of the hindered phenol and the high
damping performance of the hybrids was quantitatively revealed. By constructing the synthetic
hindered phenol, the intramolecular HBs between hindered phenols were restricted, while the
strength and concentration of the intermolecular HBs increased by increasing the amount of hindered
phenol. Thus, intermolecular interactions were enhanced, which lead to the compact chain packing of
polyurethane, extended chain packing of hindered phenol, and good dispersion of hindered phenol
in polyurethane. Therefore, the stability of the hindered phenol and the damping properties of the
hybrids were both improved. The experiment results are expected to provide some useful information
for the design and fabrication of high-performance polymeric damping materials.

Keywords: hindered phenol/polymer-based hybrid damping materials; stability; high damping
performance; structure optimization; damping mechanism

1. Introduction

Nowadays, vibration and noise issues are predominant in engineering systems and affect people’s
health [1–3]. In order to reduce these pollutants, researchers are devoting time to develop damping
materials. Among them, polymer-based damping materials attract the most attention due to their
unique viscoelastic properties [4–6]. For traditional polymer-based damping materials, such as
blending [7], copolymerization [8] and interpenetrating network materials [9], external mechanical
energy dissipated through the internal friction of molecular chains is a major step towards improvement
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of damping properties [10–12]. However, such energy dissipation may find it hard to satisfy the
increasing requirement today [13]. Therefore, the development of polymer-based materials with new
energy dissipation is imperative.

In recent years, the use of dynamic noncovalent bonds to enhance energy dissipation is
proposed [14–17]. Compared with the traditional internal friction mechanism, the reversible destruction
and re-construction of noncovalent bonds additionally convert external mechanical energy into thermal
energy. Thus, the damping properties are remarkably improved [18–23]. So far, this energy dissipation
mechanism mainly exists in hindered phenol/polymer-based hybrid damping systems [19–37].
Hindered phenols, such as AO-60 [19], AO-70 [20,21] and AO-80 [22–24], are added into polar polymers
to form intermolecular hydrogen bonds (HBs). The existence of the intermolecular HBs is qualitatively
verified by means of infrared spectroscopy [28], temperature-dependent infrared spectroscopy [23,25],
two-dimensional infrared spectroscopy [20,21] and nuclear magnetic resonance [19,25]. Moreover, to
reveal the quantitative relationship between intermolecular HBs and damping properties of the hybrids,
molecular dynamics (MD) simulation, with the ability to predict material properties at the atomic or
molecular level, is employed [19–21,23–25,29]. The simulation results show that the damping property
of the hybrids is dominated by the number of intermolecular HBs and the binding energy, as well as
the fractional free volume (FFV). Therefore, the binding energy and FFV are mainly affected by the
intermolecular HBs. A sufficient number of intermolecular HBs are thus required for high-performance
hybrid damping materials. However, due to the high cohesive energy density, the intramolecular HBs
between hindered phenols compete with the intermolecular HBs at room temperature, which leads to
easy self-aggregation and crystallization of hindered phenols in long-term service. As a result, the
damping property dramatically decreases with the decreasing number of intermolecular HBs [30–35].

Therefore, design and optimization of the molecular structure of hindered phenols are necessary to
improve dispersion stability in polymer matrices and are key issues in the practical application of hybrid
damping materials [37]. To our surprise, the design and optimization of the molecular structure have
rarely been reported. Only a few researchers propose the method of increasing the volume of hindered
phenols to improve dispersion stability. For example, by constructing bulk-like structures, such as
grafting hindered phenol to polymer chains [38,39] or to the surface of inorganic nanoparticles [40] and
by synthesizing hyperbranched hindered phenol molecules [41], the intramolecular HBs are remarkably
weakened. Thus, the self-aggregation and crystallization are successfully restricted. However, the
damping property of the hybrids shows little improvement because of the simultaneous steric effects
on the intermolecular HBs [42]. Therefore, a new optimization method of hindered phenol for high
damping performance is urgently required.

As mentioned above, the self-aggregation and crystallization of hindered phenol are mainly
attributed to the high cohesive energy density. The cohesive energy density is mainly affected by
molecular polarity; high polarity leads to high cohesive energy density. Relating to the molecular
structure of the commonly used hindered phenols, such as AO-60, AO-70 and AO-80, the high cohesive
energy density may be attributed to the high density of polar groups in short linear backbones. Thus,
the decrease of the density of polar groups through the increase of the nonpolar backbone length may
lead to a stable hindered phenol. Moreover, as the end groups in the linear chain, the intermolecular
HBs between hydroxyl groups in hindered phenol and polar groups in polymer may be not hindered.
Therefore, the aim was to design a stable and high-performance hindered phenol/polymer-based
damping material, and the molecular structure of a linear hindered phenol was optimized through the
construction of long nonpolar backbone length for the first time, in this study. The damping properties
of the hindered phenol/TPU hybrids were evaluated by a combination of MD simulation and dynamic
mechanical analysis. The purpose of this study is to: (1) design and optimization of the molecular
structure of hindered phenol to improve dispersion stability and damping performance and (2) explore
the relationship between structure optimization and damping property.
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2. Experimental Section

2.1. Materials

Polyester-based TPU (Elastollan S85A11), with hardness 85 shore A and 4,4’-methane diisocyanate
(MDI) within the hard segments, was purchased from Elastogran, BASF group (Lemförde, Germany).
Hindered phenol, triethylene glycol bis(3-tertbutyl-4-hydroxy-5-methylphenyl)propionate (AO-70), in
powder form, was obtained from Beijing Additive Research Institute (Beijing, China). 1,12-Dodecanediol
and ethyl acetate were purchased from Aladdin Industrial Corporation (Industry, CA, USA).
Hydrochloric acid, sodium hydroxide, dichloromethane, cyclohexane, sodium bicarbonate and
p-toluene sulfonic acid were obtained from Chengdu Kelong Chemical Reagent Factory (Chengdu,
China). All the materials were used without further purification.

2.2. Synthesis of the Linear Hindered Phenol: Dodecane-1,12-diyl bis 3-(3-tertbutyl-4-hydroxy-
5-methylphenyl)propionate (DP)

(1) Synthesis of 3-(3-tertbutyl-4-hydroxy-5-methylphenyl)propionic acid (AO): In a one neck
round bottom flask, 96 g (2.4 mol) sodium hydroxide was dissolved in 800 mL of distilled water, then
176.04 g (0.3 mol) AO-70 was added under stirring. The mixture was stirred at 90 ◦C with a reflux
condenser for 8 h under nitrogen atmosphere. After the reaction, the aqueous phase was extracted
with dichloromethane four times, then was acidized by diluted hydrochloric acid to pH 3.0. White
sediment appeared in the process of hydrochloric acid titration. After stewing for 12 h, the sediment
was filtrated and washed to pH 7.0 with distilled water. The resulting white powder was dried in an
air-circulating oven at 80 ◦C for at least 12 h before use.

(2) Synthesis of DP: In a one neck round bottom flask with 300 mL cyclohexane, 13.13 g (0.065 mol)
1,12-Dodecanediol, 61.36 g (0.26 mol) AO and 0.6565 g p-toluene sulfonic acid were added under
stirring. The mixture was stirred at 95 ◦C with a water separator for 8 h under nitrogen atmosphere.
After the reaction, the solution was titrated with saturated sodium bicarbonate solution to pH 8.0, then
was extracted with ethyl acetate. The organic layer was retained and washed to pH 7.0 with distilled
water. After the evaporation of ethyl acetate in the organic layer by rotary evaporation, the remaining
transparency liquid was dried in an air-circulating oven at 80 ◦C for 12 h. DP with relative molecular
weight of 638 and transparency solid state was then obtained.

2.3. Preparation of TPU/DP Hybrids

The binary hybrids were prepared as follows: (1) The as-received TPU and DP were dried in
a vacuum oven at 80 ◦C and 60 ◦C for 12 h. (2) 50 g dried TPU was first hot sheared in a RM-200C
torque rheometer (HAPPO, China) at a rotor speed of 30 rpm for 2 min at 185 ◦C. (3) DP with weight
of 0, 2.5, 7.5, 12.5 and 17.5 g (i.e., weight ratio of 0, 5, 15, 25 and 35 phr) were added to the sheared
TPU, respectively. (4) The mixtures were mixed in the torque rheometer at a rotor speed of 30 rpm for
another 10 min at 185 ◦C to prepare the binary hybrids. These are designated, respectively, as TDP0
to TDP35.

In order to obtain mixed samples for characterization, the hybrids were first dried at 80 ◦C for
12 h, then preheated at 185 ◦C for 8 min, hot-pressed at 185 ◦C for 4 min under 12 MPa, and then
cool-pressed at room temperature under 12 MPa.

2.4. Characterization

Nuclear magnetic resonance spectroscopy (1H NMR) were recorded on a Bruker Avance III 400
spectrometer (Bruker Daltonics Inc., Karlsruhe, Germany) at room temperature using CDCl3 as solvent.
Fourier transform infrared spectoscopy (FT-IR) data of AO and DP were obtained with KBr Pellets
on a PerkinElmer Spectrum Two instrument (PerkinElmer, Waltham, MA, USA), utilizing a range of
4000 to 400 cm−1 with a resolution of 2 cm−1, and FT-IR data of the hybrids were obtained using the
attenuated total reflectance (ATR) accessory (PerkinElmer, Waltham, MA, USA). The X-ray diffraction
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(XRD) patterns of the samples were measured on a Tongda TD-3500X X-ray diffractometer (Dandong
Tongda Instrument Co., Ltd., Dandong, China) using Cu/Ka radiation (λ = 0.154056 nm) in the 2θ
range from 5◦ to 45◦. Dynamic mechanical analysis (DMA) were acquired using a PerkinElmer Q8000
dynamic mechanical analyzer (PerkinElmer, Waltham, MA, USA) at a fixed frequency of 1 Hz. DMA
analyses were performed in double cantilever mode, using specimens with approximate dimensions of
8 mm (length) × 10 mm (width) × 1 mm (thickness). The samples were heated at temperatures ranging
from −60 to 80 ◦C at a heating rate of 3 ◦C/min.

2.5. MD Simulation for TPU/DP Hybrids

MD simulation was performed by using Amorphous cell, Discover and Forcite modules (Accelrys,
Inc., San Diego, CA, USA) in Material Studio Modeling software (version 7.0) [43]. The condensed-phase
optimized molecular potentials for atomistic simulation studies (COMPASS) forcefield, which had been
widely used to optimize and predict the structural, conformational, and thermophysical condensed
phase properties of polymers [44], was used in this study. The temperature and pressure regulation
depended on the Andersen and Berendsen method [45]. The non-bonded interaction and van der
Waals interactions were determined by standard atom-based simulation method [46].

The procedures of MD simulation are shown in Figure 1. Based on our previous study [20] and
the practical structure used in this study, the hard segment (Figure 1a) and soft segment (Figure 1b)
repeating units were firstly predigested constructed. Then, a TPU polymer chain consisting of 18 hard
and soft repeating units was built with five degrees of polymerization adopted (Figure 1c). Secondly,
the amorphous cell containing one energy optimized TPU chain (Figure 1c) and a certain amount of DP
molecule (Figure 1d) was constructed with a periodic boundary (Figure 1e) adopted. The cell was firstly
energy minimized by means of the steepest descent and conjugate gradient method. Subsequently, the
cell was equilibrated in the isothermal–isobaric (NPT) ensemble at 1 atm and 25 ◦C to obtain an energy
equilibrated cell. The structural relaxation process was done for 1 nanosecond (ns) with the dynamics
that was followed by data accumulation running for another 1 ns and the configurations saved for
every 5 picoseconds (ps) (Figure 1f). Finally, the cell was used for counting useful information, such as
the number of HBs (Figure 1g) and FFV (Figure 1h).
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Figure 1. Models for MD simulation of TPU/DP hybrids (grey sphere represents C atom; white sphere
represents H atom; red sphere represents O atom; blue sphere represents N atom and blue dashed line
represents HBs): (a) hard segment repeating unit; (b) soft segment repeating unit; (c) TPU polymer
chain; (d) DP molecule; (e) amorphous cell with a periodic boundary adopted; (f) energy minimization
of amorphous cell; (g) hydrogen bonds calculation and (h) free volume analysis.
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3. Results and Discussion

3.1. Structure of AO and DP

To confirm the structure of AO, 1H NMR and FT-IR were adopted. For the 1H NMR result
in Figure 2a, the double peaks observed at about 6.973 ppm and the singlet at 6.848 ppm are
attributed to Ph-H. The singlet at 4.662 ppm belongs to Ph-OH. The multiple peaks observed between
2.839–2.879 ppm and 2.623–2.662 ppm are attributed to Ph-CH2-CH2-. The singlets at 2.225 ppm and
1.399 ppm belong to Ph-CH3 and Ph-tBu, respectively [42,47,48]. For FT-IR result in Figure 2b, the peak
at 3543.52 cm−1 is attributed to the hindered hydroxyl group and the peaks at about 3200–3000 cm−1

and 1694.15 cm−1 are attributed to the carboxyl group [42,47]. Hence, 1H NMR combined with FT-IR
clearly confirms the structure and functional groups of AO.
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The structure and micromorphology of DP were examined by 1H NMR, FT-IR and XRD. The
results are shown in Figure 3. For the 1H NMR result in Figure 3a, though peaks at 6.944, 6.803, 5.103,
2.817–2.855, 2.559–2.597, 2.169 and 1.393 ppm show a shift compared with that of AO monomer, the
contributors are the same. Besides, the multiple peaks observed between 4.041–4.074 ppm are attributed
to 1- (or 12-) methylene of 1,12-Dodecanediol monomer, and the singlets at 1.590 and 1.264 ppm are
attributed to 2- (or 11-) methylene and 3- to 6- (or 7- to 10-) methylene of 1,12-Dodecanediol monomer,
respectively [49,50]. For the FT-IR result in Figure 3b, the peaks observed at 3495.30 and 1717.56 cm−1

are attributed to the hydroxyl and carbonyl group, respectively, and the peaks observed at 1054.05
and 1028.08 cm−1 are attributed to the ether linkage [51]. Hence, the successful synthesis of DP is
confirmed. For the XRD result in Figure 3c, only a 2θ at about 20◦ can be observed, indicating that
noncrystalline (or amorphous) hindered phenol is obtained [52].
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3.2. The Character of TDP Hybrids

To preliminary study the HBs and micromorphology of TDP hybrids, FT-IR and XRD were
adopted. In Figure 4a, by increasing the amount of DP, an IR peak at about 3480 cm−1, attributed to
the hydrogen bonded hydroxyl group, gradually appears; the peak at about 3327 cm−1 related to the
amino group in TPU shows a blue shift while the peak at about 1728 cm−1 related to the carbonyl group
in TPU shows a red shift [20]. The blue shift indicates the weakness of the intramolecular HBs between
amino and carbonyl group in TPU, while the red shift indicates the enhancement of the intermolecular
HBs between the hydroxyl group in DP and the carbonyl group in TPU. In Figure 4b, the XRD curves
exhibit a single 2θ peak at about 21◦, which indicates the amorphous state of all hybrids [53].
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3.3. MD Simulation of TDP Hybrids

For hindered phenol/polymer-based hybrid damping materials, the reversible destruction and
re-construction of intermolecular HBs combined with the internal friction of molecular chains are the
determining factors for damping performance. To explore the two factors of the amorphous hindered
phenol/TPU hybrids in a quantitative manner, MD simulation, based on an amorphous cell, was
further adopted.

Related to the chemical structure of DP and TPU, two types of proton donators (i.e., urethane
N-H group in the hard segment of TPU (1) and phenolic O-H group in DP (2)) and three types of
proton acceptors (i.e., urethane C=O group in the hard segment of TPU (3), ester C=O group in the soft
segment of TPU (4) and ester C=O group in DP (5)) exist. Thus, the intermolecular HBs within 1-5, 2-3,
2-4 and the intramolecular HBs within 1-3, 1-4, 2-5 may be formed. Therefore, the molar concentration
of the abovementioned HBs was explored; the results are shown in Figure 5. The molar concentration
of HBs (CHBs) is calculated using the following equation:

CHBs =

NHBs
NA
V

(1)

where NHBs, NA and V are the statistical average number of HBs in the periodic cell [29], Avogadro’s
constant and the volume of the periodic cell, respectively. By increasing the amount of DP, the CHBs

between 2 and 4 gradually increases from 0 to 24.5, indicating that more and more intermolecular
HBs between 2 and 4 are formed. The CHBs = 0 for TDP5 may be due to the long backbone length of
DP. The CHBs between 1 and 4 gradually decreases from 34 to 24, indicating that the intramolecular
HBs between 1 and 4 gradually decrease. While the CHBs between 1 and 3 fluctuates in a small range,
indicating that the intramolecular HBs between 1 and 3 change a little. The above simulation results are
in accordance with the FT-IR results, and the blue shift of the amino group can therefore be attributed
to the decrease of the intramolecular HBs between ester C=O group and urethane N-H group in
TPU. Besides, the intermolecular HBs within 1-5, 2-3 and the intramolecular HBs within 2-5 were not
detected for all TDP hybrids; therefore, the results are not depicted here.
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Figure 5. Intermolecular CHBs between phenolic O-H group in DP and ester C=O group in the soft
segment of TPU (a); intramolecular CHBs between urethane N-H group in the hard segment of TPU
and ester C=O group in the soft segment of TPU (b) and intramolecular CHBs between urethane N-H
group in the hard segment of TPU and urethane C=O group in the hard segment of TPU (c) of TDP
hybrids at 298 K.

For the damping property of TDP hybrids, the strength of the intermolecular HBs are also a key
factor [54]. Therefore, the strength of the intermolecular HBs between phenolic O-H group in DP and
ester C=O group in the soft segment of TPU was also explored. The strength of HBs can be indirectly
judged through geometric parameters: bond angle and length. Generally speaking, a larger bond
angle and a smaller bond length correspond to stronger HBs [25]. For TDP hybrids, the average angles
of intermolecular HBs in TDP15, TDP25 and TDP35 systems are 136.931◦, 138.255◦ and 139.826◦, with
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the average lengths of 2.216, 2.189 and 2.175 Å, respectively. Therefore, the relative intermolecular HBs
strength is TDP35 > TDP25 > TDP15.

The binding energy (Ebinding), which is defined as the negative of the intermolecular interaction
energy (Einter) between two components, was introduced to further study the TDP hybrids [55]. The
Einter can be evaluated by the total energy (Etotal) of the hybrid and those of the individual components
in the equilibrium state. Thus, the Ebinding of TDP hybrids can be determined as follows:

Ebinding = −Einter = −(Etotal − EDP − ETPU) (2)

where Etotal, EDP and ETPU are the total energy of the TDP hybrid, DP and TPU, respectively. The ETPU

is a constant (−2985.37 kcal mol−1) because of the fixed number of TPU chain in the amorphous cell.
Table 1 displays the binding energies of TDP hybrids. Negative Etotal values indicate that the TDP
hybrids were stable [20,23]. For TDP5, the binding energy was the lowest because of the absence of
intermolecular HBs. By increasing the amount of DP, the binding energy shows a big increase, which
is in accordance with the variation of the intermolecular HBs concentration and strength. Thus, the
existence of the intermolecular HBs leads to the enhancement of the intermolecular interaction energies.

Table 1. Binding energies of TDP hybrids with different numbers of DP.

Sample Name Etotal/kcal mol−1 EDP/kcal mol−1 Ebinding/kcal mol−1

TDP5 −3260.71 −255.07 20.27
TDP15 −3532.09 −461.37 86.09
TDP25 −3748.53 −607.34 155.82
TDP35 −4096.18 −821.52 289.29

The internal friction of molecular chains is mainly influenced by chain packing. To characterize
the efficiency of chain packing, FFV was adopted. A common definition of FFV is:

FFV =
V −V∗

V
(3)

where V and V* are the specific volume and occupied volume, respectively [56]. In Figure 6a, by
increasing the amount of DP, a decrease in FFV can be obviously observed, which indicates that the
chain packing between DP and TPU becomes more and more compact. Compared with the low content
systems, the FFV shows a drastic decreasing degree from TDP25 to TDP35. To explore the variation,
the respective chain packing of TPU and DP was studied with the help of Radius of gyration (Rg)
and the relative concentration of segments. A large Rg indicates an extended chain packing and a
small Rg indicates a compact chain packing. In Figure 6b, the Rg of TPU chain increases first and then
decreases; TDP35 exhibits the lowest value compared with other TDP hybrids. The Rg increase for
TDP5 and TDP15 may because of the relatively low intermolecular interactions and the Rg decrease
for TDP25 and TDP35 because of the high intermolecular interactions. In Figure 6c, the fluctuation of
the relative concentration of TPU chain increases with increasing the amount of DP. The maximum
value appears in TDP35. In relation to the intramolecular HBs variations in TPU, the variation of the
relative concentration may be because of the separation effects of DP to the soft and hard segments of
TPU. In Figure 6d, the Rg of DP chain increases at different rates, which indicates that the linear DP
chains become more and more extended in the soft segments of TPU. Thus, because the TPU chain
becomes more compact in high DP content systems, the DP chain becomes more stable on increasing
the amount of DP, which is benefit for polymer-based damping systems.
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3.4. Damping Property and Mechanism of TDP Hybrids

To explore the damping mechanism of TDP hybrids, the damping properties were explored; the
results are depicted in Figure 7 and Table 2. For TDP hybrids, only one tanδ peak, attributed to the
glass transition of TPU, is observed in the whole temperature range, indicating that TPU and DP are
compatible. By increasing the amount of DP, the peak position gradually shifts to a higher temperature,
while the peak value decreases first and then increases. It should be noted that: (1) the decrease of
the peak value is observed for the first time in linear hindered phenol/polymer-based hybrids and
(2) the peak value shows a large increase for TDP35. Moreover, the TA value shows a similar trend
with that of tanδ, while the variation of ∆T is different. The ∆T value for TDP15 and TDP25 are larger
than that for TDP0, while the value for TDP5 and TDP35 are smaller than that for TDP0. In Figure 7b,
the variation of the storage modulus is in accordance with the variation of tanδ.
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Table 2. Damping parameters of TDP hybrids with different loadings of DP.

Sample
Name

Tanδmax Tanδ > 0.3

Tg/
◦C Value Tbegin Tend ∆T/◦C TA

TDP0 −27.14 0.73 −35.65 −17.02 18.63 10.22
TDP5 −26.11 0.58 −32.91 −18.55 14.36 7.24
TDP15 −23.74 0.72 −31.90 −10.88 21.02 11.63
TDP25 −21.90 0.88 −30.24 −10.21 20.03 12.17
TDP35 −19.98 1.10 −26.65 −9.79 16.86 12.35

Combined with the MD simulation results above, the damping mechanism of TDP hybrids can
be concluded as follows: Because of the long and low polar chain structure, intermolecular HBs
between DP and TPU in TDP5 cannot be formed. DP only acts as a plasticizer in TPU matrix, which
leads to the extended chain packing of TPU and results in the decrease of the damping property.
In TDP15, the intermolecular HBs are formed with low bond concentration and strength, which have
little effects on the chain packing of TPU; the main energy dissipation is through intermolecular
interactions. Because of the low value of the binding energy, the damping property of TDP15 increases
a little. With the bond concentration and strength of the intermolecular HBs further increasing, the
chain packing of TPU becomes more compact and the DP chains become more extended in the soft
segments of TPU. Thus, the intermolecular interactions and chain friction are increased, which lead to
the improvement of damping property for TDP25. For TDP35, the largest bond concentration and
strength of the intermolecular HBs lead to the strongest intermolecular interactions, which results in
the most compact chain packing of TPU and the most extended chain packing of DP as well as the
closest contact between TPU and DP chains. The energy dissipates through the synergistic effects of
the reversible destruction, re-construction of intermolecular HBs, and internal friction of chains. Thus,
the damping property shows remarkable improvement. Besides, it should be noted that the strongest
intermolecular interactions and the closest chain packing also restrict chain relaxation within a narrow
temperature range.

4. Conclusions

In this study, a linear hindered phenol with amorphous state and low polarity was synthesized,
for the first time, to improve the stability and damping performance of hindered phenol/polymer-based
damping materials. The damping mechanism of the amorphous hindered phenol/TPU hybrid systems
was thus revealed. The conclusions are as follows:

(1) By simply increasing the chain length to decrease the chain polarity of a linear crystalline
hindered phenol, the intramolecular HBs and cohesive energy density are restricted, and an amorphous
hindered phenol is synthesized.

(2) Stable hindered phenol/polymer-based hybrid damping materials is obtained by introduction
of the synthetic hindered phenol. Because of the plasticizing effects of hindered phenol in TDP5,
the damping property of the hybrid shows a decrease. In high DP content systems, stable and
high-performance hybrid damping materials are obtained.

(3) For hybrid damping materials, the chain polarity and chain size of hindered phenol
have significant effects on hydrogen bonding interactions. The concentration and strength of the
intermolecular HBs dominate the chain packing of the hybrids, which then affect the damping
performance. A large bond concentration and strength lead to compact chain packing of the polymer,
extended chain packing of hindered phenol, and close contact between hindered phenol and polymer.
Thus, the synergistic effect of the intermolecular interactions and the internal friction of the chains
results in good damping performance. However, the effects of the small bond concentration and
strength are opposite. Thus, only energy dissipation through intermolecular interactions results in
poor damping performance.



Polymers 2019, 11, 884 11 of 13

Author Contributions: K.X. is in charge of the preparation and testing of the TDP hybrids; Q.H. is in charge of
the design of paper scheme; J.W. and H.Z. is in charge of the preparation of the DP molecule; J.C. is in charge of
the MD simulation.

Funding: This research was funded by [the National Natural Science Foundation of China] grant number
[51703016] and [the Scientific Research Foundation of Chongqing University of Arts and Sciences] grant number
[R2015CH08, R2015CH11].

Acknowledgments: Financial support from the National Natural Science Foundation of China (51703016) and
the Scientific Research Foundation of Chongqing University of Arts and Sciences (R2015CH08, R2015CH11) is
gratefully acknowledged.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lakes, R.-S.; Lee, T.; Bersie, A.; Wang, Y. Extreme damping in composite materials with negative-stiffness
inclusions. Nature 2001, 410, 565–567. [CrossRef]

2. Adams, J.-D.; Erickson, B.-W.; Grossenbacher, J.; Brugger, J.; Nievergelt, A.; Fantner, G.-E. Harnessing the
damping properties of materials for high-speed atomic force microscopy. Nat. Nanotechnol. 2016, 11, 147.
[CrossRef]

3. Eichler, A.; Moser, J.; Chaste, J.; Zdrojek, M.; Wilson-Rae, I.; Bachtold, A. Nonlinear damping in mechanical
resonators made from carbon nanotubes and graphene. Nat. Nanotechnol. 2011, 6, 339–342. [CrossRef]

4. Sun, T.-L.; Kurokawa, T.; Kuroda, S.; Bin Ihsan, A.; Akasaki, T.; Sato, K.; Haque, M.-A.; Nakajima, T.;
Gong, J.-P. Physical hydrogels composed of polyampholytes demonstrate high toughness and viscoelasticity.
Nat. Mater. 2013, 12, 932–937. [CrossRef]

5. Sun, L.; Gibson, R.-F.; Gordaninejad, F.; Suhr, J. Energy absorption capability of nanocomposites: A. review.
Compos. Sci. Technol. 2009, 69, 2392–2409. [CrossRef]

6. Liu, Q.-L.; Li, M.; Gu, Y.-Z.; Wang, S.-K.; Zhang, Y.-Y.; Li, Q.-W.; Gao, L.-M.; Zhang, Z.-G. Interlocked CNT
networks with high damping and storage modulus. Carbon 2015, 86, 46–53. [CrossRef]

7. Wu, J.-H.; Li, C.-H.; Wu, Y.-T.; Leu, M.-T.; Tsai, Y. Thermal resistance and dynamic damping properties of poly
(styrene–butadiene–styrene)/thermoplastic polyurethane composites elastomer material. Compos. Sci. Technol.
2010, 70, 1258–1264. [CrossRef]

8. Yamazaki, H.; Takeda, M.; Kohno, Y.; Ando, H.; Urayama, K.; Takigawa, T. Dynamic viscoelasticity of
poly(butyl acrylate) elastomers containing dangling chains with controlled lengths. Macromolecules 2011, 44,
8829–8834. [CrossRef]

9. Yu, W.; Zhang, D.; Du, M.; Zheng, Q. Role of graded length side chains up to 18 carbons in length on the
damping behavior of polyurethane/epoxy interpenetrating polymer networks. Eur. Polym. J. 2013, 49,
1731–1741. [CrossRef]

10. Ward, I.-M.; Sweeney, J. Mechanical Properties of Solid Polymers; John Wiley & Sons: Hoboken, NJ, USA, 2012.
11. Gao, Y.; Wang, X.-P.; Liu, M.-J.; Xi, X.; Zhang, X.; Jia, D.-M. Effect of montmorillonite on carboxylated styrene

butadiene rubber/hindered phenol damping material with improved extraction resistance. Mater. Des. 2014,
58, 316–323. [CrossRef]

12. Roland, C.-M. Viscoelastic Behavior of Rubbery Materials; Oxford University Press: Oxford, UK, 2011.
13. Treviso, A.; Van Genechten, B.; Mundo, D.; Tournour, M. Damping in composite materials: Properties and

models. Compos. Part B Eng. 2015, 78, 144–152. [CrossRef]
14. Wu, C.-F.; Yamagishi, T.-A.; Nakamoto, Y.; Ishida, S.; Nitta, K.-H.; Kubota, S. Organic hybrid of chlorinated

polyethylene and hindered phenol. I. Dynamic mechanical properties. J. Polym. Sci. Pol. Phys. 2000, 38,
2285–2295. [CrossRef]

15. Wu, C.-F.; Yamagishi, T.-A.; Nakamoto, Y.; Ishida, S.; Kubota, S.; Nitta, K.-H. Organic hybrid of chlorinated
polyethylene and hindered phenol. II. Influence of the chemical structure of small molecules on viscoelastic
properties. J. Polym. Sci. Pol. Phys. 2000, 38, 1496–1503. [CrossRef]

16. Wu, C.-F.; Yamagishi, T.-A.; Nakamoto, Y.; Ishida, S.; Nitta, K.-H. Organic hybrid of chlorinated polyethylene
and hindered phenol. III. Influence of the molecular weight and chlorine content of the polymer on the
viscoelastic properties. J. Polym. Sci. Pol. Phys. 2000, 38, 2943–2953. [CrossRef]

17. Wu, C.-F. Organic hybrid of chlorinated polyethylene and hindered phenol. IV. Modification on dynamic
mechanical properties by chlorinated paraffin. J. Polym. Sci. Pol. Phys. 2001, 39, 23–31. [CrossRef]

http://dx.doi.org/10.1038/35069035
http://dx.doi.org/10.1038/nnano.2015.254
http://dx.doi.org/10.1038/nnano.2011.71
http://dx.doi.org/10.1038/nmat3713
http://dx.doi.org/10.1016/j.compscitech.2009.06.020
http://dx.doi.org/10.1016/j.carbon.2015.01.014
http://dx.doi.org/10.1016/j.compscitech.2010.03.014
http://dx.doi.org/10.1021/ma201941v
http://dx.doi.org/10.1016/j.eurpolymj.2013.03.024
http://dx.doi.org/10.1016/j.matdes.2014.01.070
http://dx.doi.org/10.1016/j.compositesb.2015.03.081
http://dx.doi.org/10.1002/1099-0488(20000901)38:17&lt;2285::AID-POLB90&gt;3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1099-0488(20000601)38:11&lt;1496::AID-POLB90&gt;3.0.CO;2-X
http://dx.doi.org/10.1002/1099-0488(20001115)38:22&lt;2943::AID-POLB100&gt;3.0.CO;2-K
http://dx.doi.org/10.1002/1099-0488(20010101)39:1&lt;23::AID-POLB30&gt;3.0.CO;2-I


Polymers 2019, 11, 884 12 of 13

18. Song, M.; Zhao, X.-Y.; Li, Y.; Chan, T.-W.; Zhang, L.-Q.; Wu, S.-Z. Effect of acrylonitrile content on compatibility
and damping properties of hindered phenol AO-60/nitrile-butadiene rubber composites: Molecular dynamics
simulation. RSC Adv. 2014, 4, 48472–48479. [CrossRef]

19. Song, M.; Zhao, X.-Y.; Li, Y.; Hu, S.-K.; Zhang, L.-Q.; Wu, S.-Z. Molecular dynamics simulations and
microscopic analysis of the damping performance of hindered phenol AO-60/nitrile-butadiene rubber
composites. RSC Adv. 2014, 4, 6719–6729. [CrossRef]

20. Xu, K.-M.; Zhang, F.-S.; Zhang, X.-L.; Hu, Q.-M.; Wu, H.; Guo, S.-Y. Molecular insights into hydrogen bonds
in polyurethane/hindered phenol hybrids: Evolution and relationship with damping properties. J. Mater.
Chem. A 2014, 2, 8545–8556. [CrossRef]

21. Xu, K.-M.; Zhang, F.-S.; Zhang, X.-L.; Guo, J.-W.; Wu, H.; Guo, S.-Y. Molecular insights into the damping
mechanism of poly (vinyl acetate)/hindered phenol hybrids by a combination of experiment and molecular
dynamics simulation. RSC Adv. 2015, 5, 4200–4209. [CrossRef]

22. Zhao, X.-Y.; Xiang, P.; Tian, M.; Fong, H.; Jin, R.-J.; Zhang, L.-Q. Nitrile butadiene rubber/hindered phenol
nanocomposites with improved strength and high damping performance. Polymer 2007, 48, 6056–6063.
[CrossRef]

23. Qiao, B.; Zhao, X.-Y.; Yue, D.-M.; Zhang, L.-Q.; Wu, S.-Z. A combined experiment and molecular dynamics
simulation study of hydrogen bonds and free volume in nitrile-butadiene rubber/hindered phenol damping
mixtures. J. Mater. Chem. 2012, 22, 12339–12348. [CrossRef]

24. Yang, D.-W.; Zhao, X.-Y.; Chan, T.; Zhang, L.-Q.; Wu, S.-Z. Investigation of the damping properties of
hindered phenol AO-80/polyacrylate hybrids using molecular dynamics simulations in combination with
experimental methods. J. Mater. Sci. 2016, 51, 5760–5774. [CrossRef]

25. Zhao, X.-Y.; Zhang, G.; Lu, F.; Zhang, L.-Q.; Wu, S.-Z. Molecular-level insight of hindered phenol
AO-70/nitrile-butadiene rubber damping composites through a combination of a molecular dynamics
simulation and experimental method. RSC Adv. 2016, 6, 85994–86005. [CrossRef]

26. Xiao, D.-L.; Zhao, X.-Y.; Feng, Y.-P.; Xiang, P.; Zhang, L.-Q.; Wang, W.-M. The structure and dynamic
properties of thermoplastic polyurethane elastomer/hindered phenol hybrids. J. Appl. Polym. Sci. 2010, 116,
2143–2150. [CrossRef]

27. Zhao, X.-Y.; Lu, Y.-L.; Xiao, D.-L.; Wu, S.-Z.; Zhang, L.-Q. Thermoplastic Ternary Hybrids of Polyurethane,
Hindered Phenol and Hindered Amine with Selective Two-Phase Dispersion. Macromol. Mater. Eng. 2009,
294, 345–351. [CrossRef]

28. Zhao, X.-Y.; Cao, Y.-J.; Zou, H.; Li, J.; Zhang, L.-Q. Structure and dynamic properties of nitrilebutadiene
rubber/hindered phenol composites. J. Appl. Polym. Sci. 2012, 123, 3696–3702. [CrossRef]

29. Zhu, J.; Zhao, X.-Y.; Liu, L.; Yang, R.-N.; Song, M.; Wu, S.-Z. Thermodynamic analyses of the hydrogen
bond dissociation reaction and their effects on damping and compatibility capacities of polar small
molecule/nitrile-butadiene rubber systems: Molecular simulation and experimental study. Polymer 2018, 155,
152–167. [CrossRef]

30. Wu, C.-F.; Kuriyama, T.; Inoue, T. Crystalline structure and morphology of a hindered phenol in a chlorinated
polyethylene matrix. J. Mater. Sci. 2004, 39, 1249–1254. [CrossRef]

31. Lin, T.-F.; Tang, Z.-H.; Guo, B.-C. New Design Strategy for Reversible Plasticity Shape Memory Polymers
with Deformable Glassy Aggregates. ACS Appl. Mater. Interfaces 2014, 6, 21060–21068. [CrossRef]

32. Wu, C.-F.; Saburo, A. Crystallization of a vitrified hindered phenol within chlorinated polyethylene and its
effects on dynamic mechanical properties. J. Polym. Sci. Pol. Phys. 2004, 42, 209–215. [CrossRef]

33. Wu, C.-F. Microstructural development of a vitrified hindered phenol compound during thermal annealing.
Polymer 2003, 44, 1697–1703. [CrossRef]

34. Wu, C.-F.; Mori, K.; Otani, Y.; Namiki, N.; Emi, H. Effects of molecule aggregation state on dynamic
mechanical properties of chlorinated polyethylene/hindered phenol blends. Polymer 2001, 42, 8289–8295.
[CrossRef]

35. Li, C.; Xu, S.-A.; Xiao, F.-Y.; Wu, C.-F. Dynamic mechanical properties of chlorinated butyl rubber blends.
Eur. Polym. J. 2006, 42, 2507–2514. [CrossRef]

36. Zhang, J.-H.; Wang, L.-F.; Zhao, Y.-F. Fabrication of novel hindered phenol/phenol resin/nitrile butadiene
rubber hybrids and their long–period damping properties. Polym. Compos. 2012, 33, 2125–2133. [CrossRef]

37. Shi, G.-P.; Yin, X.-T.; Wu, G.-Z. Thermodynamic phase analysis of acrylic polymer/hindered phenol hybrids:
Effects of hydrogen bonding strength. Polymer 2018, 153, 317–324. [CrossRef]

http://dx.doi.org/10.1039/C4RA10211H
http://dx.doi.org/10.1039/c3ra46275g
http://dx.doi.org/10.1039/C4TA00476K
http://dx.doi.org/10.1039/C4RA06644H
http://dx.doi.org/10.1016/j.polymer.2007.08.011
http://dx.doi.org/10.1039/c2jm31716h
http://dx.doi.org/10.1007/s10853-016-9878-7
http://dx.doi.org/10.1039/C6RA17283K
http://dx.doi.org/10.1002/app.31828
http://dx.doi.org/10.1002/mame.200800375
http://dx.doi.org/10.1002/app.35043
http://dx.doi.org/10.1016/j.polymer.2018.09.040
http://dx.doi.org/10.1023/B:JMSC.0000013882.37125.a2
http://dx.doi.org/10.1021/am505937p
http://dx.doi.org/10.1002/polb.10540
http://dx.doi.org/10.1016/S0032-3861(02)00918-7
http://dx.doi.org/10.1016/S0032-3861(01)00203-8
http://dx.doi.org/10.1016/j.eurpolymj.2006.06.004
http://dx.doi.org/10.1002/pc.22352
http://dx.doi.org/10.1016/j.polymer.2018.08.037


Polymers 2019, 11, 884 13 of 13

38. Zhang, G.; Li, H.-X.; Antenseniner, M.; Chung, T.-C.-M. Synthesis of functional polypropylene containing
hindered phenol stabilizers and applications in metallized polymer film capacitors. Macromolecules 2015, 48,
2925–2934. [CrossRef]

39. Kim, T.-H.; Oh, D.-R. Melt grafting of maleimides having hindered phenol antioxidant onto low molecular
weight polyethylene. Polym. Degrad. Stab. 2004, 84, 499–503. [CrossRef]

40. Shi, X.-M.; Wang, J.-D.; Jiang, B.-B.; Yang, Y.-R. Hindered phenol grafted carbon nanotubes for enhanced
thermal oxidative stability of polyethylene. Polymer 2013, 54, 1167–1176. [CrossRef]

41. Bergenudd, H.; Eriksson, P.; DeArmitt, C.; Stenberg, B.; Jonsson, E.-M. Synthesis and evaluation of
hyperbranched phenolic antioxidants of three different generations. Polym. Degrad. Stab. 2002, 76, 503–509.
[CrossRef]

42. Yang, Y.; Zhao, Y.-F.; Zhan, M.-S.; Wang, J.-W.; Zhao, C.; Liu, X.-Y.; Zhang, J.-H. Nitrile rubber/hindered phenol
exterminated hyperbranched polyester materials with improved damping and mechanical performance.
J. Appl. Polym. Sci. 2015, 132, 42605. [CrossRef]

43. Inada, Y.; Orita, H. Efficiency of numerical basis sets for predicting the binding energies of hydrogen bonded
complexes: Evidence of small basis set superposition error compared to Gaussian basis sets. J. Comput. Chem.
2008, 29, 225–232. [CrossRef]

44. Sun, H. COMPASS: An ab initio force-field optimized for condensed-phase applications overview with
details on alkane and benzene compounds. J. Phys. Chem. B 1998, 102, 7338–7364. [CrossRef]

45. Habasaki, J.; Ueda, A. Molecular dynamics study of one component soft-core system-Analytical expression of
non-equilibrium relaxation in constant pressure conditions. J. Non-Cryst. Solids 2016, 447, 212–222. [CrossRef]

46. Bian, C.; Wang, S.; Liu, Y.; Su, K.; Jing, X. Role of Nonbond Interactions in the Glass Transition of Novolac-Type
Phenolic Resin: A Molecular Dynamics Study. Ind. Eng. Chem. Res. 2016, 55, 9440–9451. [CrossRef]

47. Fuhai, C.; Jincheng, W. Preparation and characterization of hyperbranched polymer modified
montmorillonite/chlorinated butyl rubber damping composites. J. Appl. Polym. Sci. 2016, 133, 43645.
[CrossRef]

48. Domnina, N.-S.; Sergeeva, O.-Y.; Komarova, E.-A.; Mikhailova, M.-E.; Vol’eva, V.-B.; Belostotskaya, I.-S.;
Komissarova, N.-L. Indicator properties of oligoethylene glycol hybrids with sterically hindered phenols.
Russ. J. Org. Chem. 2014, 50, 371–375. [CrossRef]

49. Seuring, J.; Reiss, P.; Koert, U.; Agarwal, S. Synthesis, characterization and properties of a new polymerisable
surfactant: 12-Methacryloyl dodecylphosphocholine. Chem. Phys. Lipids 2010, 163, 367–372. [CrossRef]

50. Barbiroli, G.; Lorenzetti, C.; Berti, C.; Fiorini, M.; Manaresi, P. Polyethylene like polymers. Aliphatic
polyesters of dodecanedioic acid: 1. Synthesis and properties. Eur. Polym. J. 2003, 39, 655–661. [CrossRef]

51. Rodrigues, P.-C.; Cantão, M.-P.; Janissek, P.; Scarpa, P.-C.; Mathias, A.-L.; Ramos, L.-P.; Gomes, M.-A.
Polyaniline/lignin blends: FTIR, MEV and electrochemical characterization. Eur. Polym. J. 2002, 38,
2213–2217. [CrossRef]

52. Bates, S.; Zografi, G.; Engers, D.; Morris, K.; Crowley, K.; Newman, A. Analysis of amorphous and
nanocrystalline solids from their X-ray diffraction patterns. Pharm. Res. 2006, 23, 2333–2349. [CrossRef]

53. Zia, K.-M.; Bhatti, I.-A.; Barikani, M.; Zuber, M.; Bhatti, H.-N. XRD studies of polyurethane elastomers based
on chitin/1, 4-butane diol blends. Carbohydr. Polym. 2009, 76, 183–187. [CrossRef]

54. Yin, X.; Liu, C.; Lin, Y.; Guan, A.; Wu, G. Influence of hydrogen bonding interaction on the damping
properties of poly(n-butyl methacrylate)/small molecule hybrids. J. Appl. Polym. Sci. 2015, 132, 41594–41605.
[CrossRef]

55. Mohammad, S.; Alkorta, I. Competition between nonclassical hydrogen-bonded acceptor sites in complexes
of neutral AH2 radicals (A = B, Al, and Ga): A theoretical investigation. J. Phys. Chem. A 2006, 110,
10817–10821.

56. Wu, C.-F. Cooperative behavior of poly (vinyl alcohol) and water as revealed by molecular dynamics
simulations. Polymer 2010, 51, 4452–4460. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.macromol.5b00439
http://dx.doi.org/10.1016/j.polymdegradstab.2004.01.008
http://dx.doi.org/10.1016/j.polymer.2012.12.062
http://dx.doi.org/10.1016/S0141-3910(02)00071-X
http://dx.doi.org/10.1002/app.42605
http://dx.doi.org/10.1002/jcc.20782
http://dx.doi.org/10.1021/jp980939v
http://dx.doi.org/10.1016/j.jnoncrysol.2016.06.015
http://dx.doi.org/10.1021/acs.iecr.6b02136
http://dx.doi.org/10.1002/app.43645
http://dx.doi.org/10.1134/S1070428014030129
http://dx.doi.org/10.1016/j.chemphyslip.2010.03.001
http://dx.doi.org/10.1016/S0014-3057(02)00280-X
http://dx.doi.org/10.1016/S0014-3057(02)00114-3
http://dx.doi.org/10.1007/s11095-006-9086-2
http://dx.doi.org/10.1016/j.carbpol.2008.10.005
http://dx.doi.org/10.1002/app.41954
http://dx.doi.org/10.1016/j.polymer.2010.07.019
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials 
	Synthesis of the Linear Hindered Phenol: Dodecane-1,12-diyl bis 3-(3-tertbutyl-4-hydroxy- 5-methylphenyl)propionate (DP) 
	Preparation of TPU/DP Hybrids 
	Characterization 
	MD Simulation for TPU/DP Hybrids 

	Results and Discussion 
	Structure of AO and DP 
	The Character of TDP Hybrids 
	MD Simulation of TDP Hybrids 
	Damping Property and Mechanism of TDP Hybrids 

	Conclusions 
	References

