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Abstract: In this work, tetrakis(dimethyllamino)ethylene (TDAE) plasticized polynorbornene (PNB)
was used as the matrix, sulfur (S) and dicumyl peroxide (DCP) were simultaneously used as crosslink-
ing agents to construct dual covalent cross-linking networks in PNB. The effects of different amounts
of cross-linkers on the crosslinking degree, mechanical property, glass transition temperature, and
PNB shape memory performance were investigated. Two crosslinking mechanisms were examined
by Fourier transform infrared spectrometer and Raman spectrometer. The results showed that
sulfur-rich cross-linked PNB exhibited a higher crosslinking degree, tensile strength, and slightly
higher glass transition temperature than the DCP-rich system. Cross-linked PNB presented better
shape memory performance than the uncross-linked one. Sulfur-rich cross-linked PNB showed
even better shape memory behavior than the DCP-rich system, both with a shape fixation ratio of
over 99% and a shape recovery ratio of over 90%. The reaction mechanism of sulfur and DCP in
cross-linking PNB was different. Sulfur reacted with the α-H in PNB to form monosulfide bonds,
disulfide bonds, and polysulfide bonds in PNB and the number of polysulfide bonds increased with
increased amounts of sulfur. DCP reacted with the double bonds in PNB to form C-C covalent bond
crosslinking networks. The crosslinking mechanism revealed that the sulfur-containing cross-linked
bonds, especially polysulfide bonds, were more flexible and bore large deformation, which gave the
PNB excellent mechanical properties and ensured a higher shape entropy elastic recovery ratio.

Keywords: polynorbornene; dual covalent cross-linking networks; shape memory performance

1. Introduction

Shape memory polymer (SMP) is a kind of intelligent material, which can change
its original shape and store a temporary shape. SMP can recover to its original shape by
external stimuli (such as temperature, light, electricity, heat, and magnetic and chemical
reagents) [1–5]. In 1951, Chang and Read [6] first observed the shape memory effect in
AuCd alloy materials, and proposed the concept of shape memory. Since then, the discovery
of cross-linked polyethylene had completely opened the door of SMP exploration [7]. SMPs
have the advantages of being light weight and having an adjustable shape, high elasticity,
and high-cost performance. It has broad application prospects in the fields of biology,
chemistry, military, microelectronics, medicine and health [8–10]. Especially in the context
of the increasingly tense international situation and the global new crown epidemic, the
development of shape memory polymers is crucial.

Among them, the thermoplastic shape memory polymer (TSMP) is a relatively mature
and easy-to-control one. It only needs to be placed above the transition temperature
(Ttrans) to cause deformation, and “freeze” to deform after cooling. The temporary shape is
obtained, and the temperature is finally restored. However, due to the need to repeatedly
change the temperature before and after deformation, which consumes extra time and
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energy, people have proposed the concept of reversible plasticity shape memory polymer
(RPSMP) [11,12]. RPSMP is different from the common TSMP in achieving the deformation
and fixation of the material through the reorganization of the chain segment structure
below Ttrans and the constant temperature after forced movement in the glass state [12–14].
However, the Ttrans of RPSMP should not be too low, it is best to be located near room
temperature, which is conducive to the deformation of the material at room temperature. It
can avoid the tedious temperature change process, saving time and energy, and is beneficial
to the deformation of large-size or complex structure products. Lin [15] prepared SMPs
with reversible plastic shape memory properties by introducing hindered phenolic small
molecule additives AO-80 into zinc acrylate (ZDA) vulcanized epoxidized natural rubber
(ENR). The composite material can achieve plastic deformation with a strain of up to 300%
below Tg, and maintain the shape after the external force. When the shape is restored, it
can generate a higher recovery stress than traditional SMPs. Therefore, it has a high driving
force drive and high grip force.

The following is the research conducted by our research team in the early stages
of reversible plastic shape memory polymer (RPSMP). Qu [16] selected polynorbornene
rubber (PNR, containing plasticizing oil and carbon black) and polynorbornene resin
(PNB) as a matrix material, prepared oil-extended PNR, PNR/EPDM blends, low-oil-
extended PNB (Lo-PNB) and PNB composites, and explored the shape memory properties
of PNB composites; Zhang [17] used PNB as the matrix to explore the molecular chain,
temperature, time, and other factors that affect the shape memory performance of materials,
and the shape memory performance of PNB was optimized by blending. Previous studies
showed that PNB is a typical reversible plastic shape memory polymer. First, its ultra-high
molecular weight above 3.0 × 106 can provide conditions for shape fixation. Second,
the glass transition temperature of PNB is around 37.3 ◦C, which can be deformed at
room temperature. Based on the above characteristics, PNB has obvious advantages in
the field of RPSMP. However, PNB must be combined with plasticizing oil to change its
processing performance, and needs to meet the requirements of low energy consumption.
The shape fixation ration still has room for improvement. Therefore, it is necessary to
systematically understand its influencing factors and deformation process. As is known,
the cross-linked network has a very prominent influence on polymer properties. Therefore,
it is particularly critical to explore the influence of the cross-linking network on PNB
shape memory performance. Xiao [18] introduced dicumyl peroxide (DCP) in PNB to
build a cross-linking network in the PNB matrix, which improved the shape recovery
ratio of PNB. Gong [19] prepared polynorbornene/zinc dimethacrylate (ZDMA)/dicumyl
peroxide (DCP) composites and explored the effect of a double covalent cross-linking
network on the shape memory performance of PNB. It was also found that the double cross-
linked network stores more energy during deformation, providing a higher ratio of shape
recovery. In view of the previous study, in this work tetrakis(dimethyllamino)ethylene
(TDAE) plasticized polynorbornene (PNB) is used as the matrix, sulfur (S) and dicumyl
peroxide (DCP) are simultaneously used as crosslinking agents to construct dual covalent
cross-linking networks in PNB. The effects of different amounts of cross-linkers on the
crosslinking degree, mechanical property, glass transition temperature, and PNB shape
memory performance were investigated. Two crosslinking mechanisms were examined by
Fourier transform infrared spectrometer and Raman spectrometer as well. This study is
expected to provide more reference for improving shape memory performance of PNB.

2. Experimental
2.1. Materials

Polynorbornene (PNB) with average molecular weight of 3 × 106 was purchased from
STARTECH Co., Austria; Tetrakis(dimethyllamino)ethylene (TDAE, Grade REPSOL TDAE
1996) with density of 0.950 kg/m3 and viscosity of 16~21 cSt was obtained from Pingxiang
Shenglaite Chemical Technology Co., Pingxiang, China. Sulfur (S); and DCP-40 (DCP
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effective content is 40%, 60% is calcium carbonate carrier) was purchased from Henan
Yixiang Chemical Co., China.

2.2. Preparation of the Samples

Firstly, PNB and TDAE (PNB: TDAE = 80:20) were introduced in a Haake Torque
Rheometer (Haake Rheocord90, Germany) and blended at 70 rpm for 7 min at a temperature
of 70 ◦C. Secondly, sulfur and DCP were added to the mix for 6 min according to the formula
in Table 1. Finally, the above compound was placed on a two-roll mill with a temperature
of 50 ◦C and a roll pitch of 1 mm, and mixed to obtain the samples with a thickness of
1 mm. A flat plate molding machine (XLB, Yadong Machinery, Qingdao, China) was used
to preheat at 170 ◦C for 1 min, and then maintain pressure at 10 MPa for 3 min. Then, a
cold press at 10 MPa and room temperature for 6 min was carried out to obtain samples of
1 mm thick.

Table 1. PNB formula with different amounts of cross-linkers.

Samples S0D0 S0D0.8 S0.2D0.6 S0.4D0.4 S0.6D0.2 S0.8D0

PNB 80.0 80.0 80.0 80.0 80.0 80.0
TDAE 20.0 20.0 20.0 20.0 20.0 20.0

S 0 0 0.2 0.4 0.6 0.8
DCP 0 0.8 0.6 0.4 0.2 0.0

Note: Amounts of all materials are presented in phr. The sample was named SXDY, where X represented the phr
of S and Y represented the phr of DCP; TDAE was used as a plasticizer to improve the processing properties
of PNB.

2.3. Crosslinking Characteristic

Tested by Moving Die Rheometer MDR2000 (ALPHA, Livonia, MI, USA), with a
temperature of 170 ◦C for 40 min.

2.4. Glass Transition Temperature

Tested by DSC204F1 differential scanning calorimeter (Netzsch, Selb, Germany); scan-
ning temperature of 50~150 ◦C, and the temperature rise and fall ratio of 10 ◦C/min.

2.5. Physical and Mechanical Properties

Tested by Z005 universal electronic tensile tester (Zwick Company, Ulm, Germany),
with a crosshead speed of 50 mm/min.

2.6. Dynamic Mechanical Properties

Tested by DMA242 thermal analyzer produced (Netzsch, Germany), cut into a spline
with a size of about 20 × 5 × 2 mm, double cantilever mode, frequency 1 Hz, under an air
atmosphere, with a scanning temperature of −50~150 ◦C, and a temperature rise and fall
ratio of 3 ◦C/min.

2.7. Fourier Transform Infrared Spectrometer (FTIR)

Tested by VERTEX70 type Fourier transform infrared spectrometer (BRUKER, Mannheim,
Germany), ATR mode.

2.8. Raman Spectrometer

The specimen was attached to the glass slide. And the measurements were performed
at room temperature using a Raman spectrometer (DM 2500 M Ren) with a 532 nm Nd:
YAG laser excitation source.

2.9. Shape Memory Performance

Tested by DMA-Q800 (TA Company, New Castle, DE, USA), cut into a spline with a
size of about 20 × 5 × 2 mm. Firstly, the temperature was raised to 30 ◦C above the Tg of
the PNB sample, and stabilized for 5 min. The length of the sample was recorded as εp.
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We applied 50% strain to each sample, and the length of the sample was marked as εload.
Then, the temperature was lowered to 30 ◦C below the Tg. The external force was removed,
and the temperature was stabilized for 5 min, and the length of the sample was marked as
ε. Finally, the temperature was raised from Tg−0 ◦C to Tg+30 ◦C, with a heating ratio of
5 ◦C/min, and the shape recovery process of the sample was completed by maintaining a
constant temperature for 30 min. Finally, the length of the sample was marked as εrec.

The shape fixing ratio (Rf) and shape recovery ratio (Rr) were calculated as follows:

Rf = (ε − εp)/(εload − εp) × 100% (1)

Rr = (εload − εrec)/(εload − εp) × 100% (2)

3. Results and Discussions
3.1. Crosslinking Characteristics

Figure 1 shows the cross-linking curves of PNB tested by MDR2000. It can be seen
from Figure 1 that the torque of S0D0 increased with the extension of testing time, which
is caused by the entropic elasticity of the macromolecular structure of the PNB. It is well
known that MH–ML reflected the crosslinking density of cured polymer. It can be seen in
Table 2 that the MH–ML of PNB of S0.8D0 was the highest and that PNB of S0D0.8 was
second highest. The reason for this was that the molar mass of sulfur (32 g/mol) is much
less than that of DCP (270 g/mol); the number of free radicals from sulfur is much larger
than that from the same weight of DCP. Consequently, with the decrease in sulfur content,
the crosslinking network density and t90 of the samples gradually decreased. When the
ratio of sulfur to DCP was 1:1, both the crosslinking network density and t90 had the
minimum value. This might be because the free radicals produced by sulfur and DCP
could combine with each other and terminate, reducing the number of free radicals reacting
with the matrix.

Materials 2021, 14, x 4 of 14 
 

 

2.9. Shape Memory Performance 
Tested by DMA-Q800 (TA Company, New Castle, DE, USA), cut into a spline with a 

size of about 20 * 5 * 2 mm. Firstly, the temperature was raised to 30 °C above the Tg of the 
PNB sample, and stabilized for 5 min. The length of the sample was recorded as εp. We 
applied 50% strain to each sample, and the length of the sample was marked as εload. Then, 
the temperature was lowered to 30 °C below the Tg. The external force was removed, and 
the temperature was stabilized for 5 min, and the length of the sample was marked as ε. 
Finally, the temperature was raised from Tg—0 °C to Tg+30 °C, with a heating ratio of 5 
°C/min, and the shape recovery process of the sample was completed by maintaining a 
constant temperature for 30 min. Finally, the length of the sample was marked as εrec.  

The shape fixing ratio (Rf) and shape recovery ratio (Rr) were calculated as follows: 

Rf = (ε − εp)/(εload − εp) × 100% (1)

Rr = (εload − εrec)/(εload − εp) × 100% (2)

3. Results and Discussions 
3.1. Crosslinking Characteristics 

Figure 1 shows the cross-linking curves of PNB tested by MDR2000. It can be seen 
from Figure 1 that the torque of S0D0 increased with the extension of testing time, which 
is caused by the entropic elasticity of the macromolecular structure of the PNB. It is well 
known that MH—ML reflected the crosslinking density of cured polymer. It can be seen in 
Table 2 that the MH—ML of PNB of S0.8D0 was the highest and that PNB of S0D0.8 was 
second highest. The reason for this was that the molar mass of sulfur (32 g/mol) is much 
less than that of DCP (270 g/mol); the number of free radicals from sulfur is much larger 
than that from the same weight of DCP. Consequently, with the decrease in sulfur content, 
the crosslinking network density and t90 of the samples gradually decreased. When the 
ratio of sulfur to DCP was 1:1, both the crosslinking network density and t90 had the min-
imum value. This might be because the free radicals produced by sulfur and DCP could 
combine with each other and terminate, reducing the number of free radicals reacting with 
the matrix. 

16

12

8

4

-4
453015

S0.8D0
S0.6D0.2

S0.2D0.6
S0.4D0.4

S0D0.8

To
rq

ue
/d

N
.m

Time/min

S0D0

0

0

 
Figure 1. Cross-linking curves of PNB. 
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Figure 1. Cross-linking curves of PNB.

Table 2. Cross-linking characteristics of PNB.

Samples S0D0 S0D0.8 S0.2D0.6 S0.4D0.4 S0.6D0.2 S0.8D0

t90/min 31.33 11.30 9.95 4.01 6.57 7.50
ML/dN.m 2.22 6.73 5.96 7.94 8.08 8.18
MH/dN.m 2.72 8.75 7.62 8.87 9.78 13.28

MH−ML/dN.m 0.50 2.02 1.56 0.93 1.70 5.10

3.2. Glass Transition Temperature

Figure 2a shows the Tg of pure PNB at 37.3 ◦C. It can be seen from Figure 2b that
the glass transition temperature of PNB (S0D0) decreased to −3 ◦C with 20 phr TDAE.
The plasticizer oil could immerse into the PNB, weaken the interaction between molecular
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chains, and enhance the movement ability of chain segments. Tg for the other PNB samples
did not change significantly, especially the one with only DCP (S0D0.8). However, Tg for
the PNB with only sulfur (S0.8D0) slightly shifted to a higher temperature (from −3.4 ◦C
to −2.7 ◦C), which is attributed to the higher crosslinking density restricting the chain
movement of PNB. The glass transition temperature increased with the addition of sulfur.
It further proved that the same amount of sulfur in PNB obtained a higher crosslinking
degree than that of DCP. From the loss factor diagram of the material in Figure 2c, it can be
seen that all samples had a tanδ peak, the Tg peak (due to the different DMA test modes,
the measured Tg value was different from the DSC, and the DSC test result shall prevail).
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Figure 2. The glass transition temperature of PNB: (a) PNB; (b) PNB with sulfur and DCP by DSC;
(c) PNB with sulfur and DCP by DMA).

3.3. Mechanical Properties

Figure 3 shows the tensile curves for PNB samples. Table 3 shows the mechanical
properties of PNB at 24 ◦C. It can be seen from Figure 3 that the curves of S0D0 without
the crosslinking network were similar to elastomers (a sharp upward trend at higher
elongation). Because PNB had an ultra-high molecular weight and a long single molecular
chain, the molecular chains of PNB with plasticizer were easy to move during the tensile
test; when the orientation of chains occurred, the stress increased suddenly. After adding
sulfur and DCP, the crosslinking network in PNB restricted the movement of the molecular
chains and the stress of PNB increased in advance. Moreover, the mechanical properties
of PNB with sulfur (S0.8D0) were better than DCP (S0D0.8); both tensile strength and
elongation at break increased greatly [20]. The chemical properties of different crosslinked
bond networks are different. The tensile strength of specimens increased with a decrease in
bond energy, which is related to the bond length. The energy of C-C bonds (351.7 kJ/mol)
is higher than that of polysulfide bonds (267.9 kJ/mol) and the length of C-C bonds
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(1.53 × 102 pm) is shorter than that of polysulfide bonds (1.90~2.07 × 102 pm) [21–23]. The
stress distribution was not uniform during the network deforming; the short bonds (C-C
bonds) suffered stress first [24]. The molecular chains of PNB had no time to orient, causing
a bad mechanical property. Compared with C-C bonds, the single and multi-sulfur bond
crosslinking networks in PNB had lower bond energy, which could break earlier to prevent
stress concentration. Therefore, with the increase in sulfur, the mechanical properties of
PNB gradually improved. It can be seen from Table 2 that the 100% tensile stress of PNB
decreased with the increase in sulfur. This is due to the fact that crosslinking networks of
DCP with lower bond length mainly suffered stress at 100% tensile stress. Figure 4 shows
the schematic diagram of the structural characteristics with DCP crosslinking network.
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3.4. Dynamic Mechanical Performance Analysis

In order to evaluate the shape memory effect for the crosslinked PNB, a DMA test was
carried out as shown in Figure 5. It can be seen from Figure 5 that the curves of different
PNB were basically the same. PNB in a glass state had a high storage modulus at low
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temperature. The storage modulus decreased rapidly when the temperature increased over
the transition temperature of PNB. There were two platforms on the curves (low and high
temperature platforms). PNB was in glass state with higher strength and the modulus at
a low temperature platform. At a high temperature platform, PNB was in a high elastic
state with a lower storage modulus. In the range of 0–25 ◦C, the glass transition of PNB
occurred and the modulus increased sharply from low to high temperature. It can be seen
from Table 4 that the change of E’ had at least two orders of magnitude before and after
glass transition, which was a necessary condition for the material to have shape memory
properties [25]. High E’ at low temperature means that the segments of reversible phase
are frozen during the cooling process and the molecular chains do not have time to relax.
PNB could store more energy with higher stress. Low E’ at high temperature means that
PNB could release more energy. Therefore, it can provide more energy for shape recovery
and the recovery ratio would be faster.
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Table 4. Storage modulus and ratio of PNB @Tg+30 ◦C.

Samples E’Tg−30 ◦C/MPa E’Tg+30 ◦C/MPa E’Tg−0 ◦C/E’Tg+30 ◦C

S0D0 1336.9 4.2 317.9
S0D0.8 1577.9 4.1 389.1

S0.2D0.6 1462.3 4.0 364.3
S0.4D0.4 1393.2 4.6 366.3
S0.6D0.2 1186.8 3.7 320.8
S0.8D0 1394.2 4.7 300.46

The influence of two networks on the properties of PNB was further analyzed for the
high elastic state above 50 ◦C. The high modulus of elasticity of PNB with more sulfur was
almost unchanged with the increase in temperature. It indicated that highly crosslinked
PNB segments were bound by covalent networks. The E’ of PNB with 0.6 and 0.8 phr
sulfur increased slightly around 125 ◦C. The PNB segments were bound by the network of
sulfur; the molecular chains reflected the entropic elasticity recovery trend. In addition, a
small number of polysulfide bonds broke and rearranged at high temperature, forming
monosulfide and disulfide bonds. The bond length became shorter and PNB became
hard. A C-C crosslinking network with a lower crosslinking degree was formed in PNB
with higher DCP content. The segments of PNB were disentangled and the center of
the molecular chains was shifted at high temperature, causing the modulus to decrease
slightly [26–28].

3.5. Shape Memory Performance

The PNB used in this work were mild crosslinked samples. Under slow tension,
the samples always had a thermodynamic equilibrium conformation, which belongs to
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reversible deformation or equilibrium deformation. According to the first law of thermo-
dynamics, the change of internal energy dU is as follows:

dU = dQ − dW (3)

where, dQ is the heat exchange between PNB and the outside environment. According to
the second law of thermodynamics, a constant temperature reversible process is as follows:

dQ = TdS (4)

where, S is the entropy of PNB and dW is the exchange between PNB and the outside environ-
ment, including the expansion of volume change and the elongation of tensile deformation.

dW = pdV − Fdl (5)

dU = Tds − pdV + Fdl (6)

It is assumed that the volume of PNB remains unchanged during the tensile process
(pdV = 0).

dU = Tds + Fdl (7)

(∂U/∂l)T,V = T (∂S/∂l)T,V + F (8)

F = (∂U/∂l)T,V − T (∂S/∂l)T,V (9)

The Formula (9) shows that the internal energy of PNB changes slowly in the tensile
process [29]. It is assumed that there are no intramolecular and intermolecular forces in PNB,
and the internal energy of the system remains unchanged when the elastomer deforms.

F = −T (∂S/∂l)T,V (10)

It shows that the entropic elasticity of the system in the tensile process contributes to
the elastic recovery force of PNB (entropic elasticity). The molecular chains of PNB are
random and curly in the free state. When tensile deformation occurs, the molecular chains
are forced to change from a curly state to a stretched state; the order degree increases while
the conformational entropy decreases. Due to the existence of molecular thermal motion,
the molecular chains have the tendency to spontaneously recover to the original curly state,
resulting in the elastic restoring force. The recovery trend of conformational entropy is
more intense due to the increase in conformational complexity [30].

In the initial free state, due to the existence of thermal motion, the network chains
between the crosslinking points can be regarded as random coil chains whose terminal
distance distribution conforms to Gauss distribution. The PNB has a large conformation
entropy. Under external force, the whole network was deformed. The results showed
that the order degree of the network chains increased while the conformational entropy
decreased when all the chains deformed.

σ = n1 kT(λ−1/λ2) = ρRT/Mc(λ−1/λ2) (11)

The Formula (11) is the equation of the state of the crosslinked elastomer. Where n1
represents the number of chains per unit volume, ρ is the crosslinking density of crosslinked
elastomers, Mc is the average molecular weight of the network chains, λ is the material
tensile ratio, and R is the molar constant of gas.

The Formula (11) shows that the elastic stress is directly proportional to the tempera-
ture when high elastic deformation occurs. The elastic stress increases with the increase
in temperature. The stress is inversely proportional to the average molecular weight of
the network chains. The ability of shape recovery increases with the increase in crosslink-
ing density.
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Figure 6 shows shape memory test samples of PNB. The shape memory properties of
PNB were tested by dynamic thermomechanical analysis (DMA). The PNB was cooled to
Tg−30 ◦C for fixation with the control of 50% strain. Then, the temperature was increased
to Tg+30 ◦C for recovery. The formula was used to calculate the fixation ratio and recovery
ratio (Figure 7). As can be seen from Figure 7a, all of the PNB materials had an excellent
fixation ratio (about 99.7%). This showed that PNB had only a small elastic deformation
recovery after removing the force; PNB could basically maintain the original temporary
shape. When the temperature was above the glass transition temperature of PNB, the
movement ability of the chain segments was enhanced. The molecular chains gradually
returned to the original state under the effect of entropic elasticity after removing the
force. The shape recovery ratio of PNB increased significantly with the addition of the
crosslinking agent. This was because the crosslinking network in PNB increased resilience
and shape recovery ratio. With the increase in sulfur, the density of sulfur crosslinking
network was higher, which provides stronger resilience for shape recovery.
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In order to further characterize the shape memory properties, the PNB were fixed
at Tg−15 ◦C and recovered at Tg+30 ◦C, which is shown in Figure 8. It was found that
the PNB could still maintain great fixation ratio and recovery ratio after increasing the
fixed temperature through calculation. The crosslinking network made the PNB molecular
chains fix by the crosslinking network, ensuring excellent shape memory properties.
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Table 5 shows ratio of infrared absorption peak area. The infrared absorption peak of
C=C appeared at 1600 cm−1 for all three samples. We compared the area of C=C infrared
absorption peak at 1600 cm−1 with –CH2 at 2900 cm−1 and the results. The ratio of S0D0
to S0.8D0 was almost the same, which indicated that the addition of sulfur could not cause
the change of the number of double bonds in PNB. It indicated that the active points of the
sulfur crosslinking reaction in PNB were not double bonds. However, the ratio of S0D2.0
was lower, which indicated that the number of double bonds in PNB decreased with the
addition of DCP. The results showed that the reaction activity of DCP crosslinked with
PNB was a double bond, while the sulfur crosslinking was not a double bond.

Table 5. Ratio of infrared absorption peak area.

S0D0 S0D0.8 S0.8D0

0.41 0.37 0.40
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The Raman spectrum of PNB was analyzed in order to further characterize the type of
crosslinking bonds in sulfur crosslinked with PNB (Figure 10). There were absorption peaks
of -C-S- at 485 cm−1 and -S-S- at 690 cm−1 in S0.8D0, respectively. Theoretically, there is
one -C-S- bond and no -S-S- bond in the monosulfide bond of -C-S-C-, so -S-S-:-C-S- should
be 0:2. There is one -S-S- bond and two -C-S- bonds in the disulfide bond of -C-S-S-C-, so
the ratio of -S-S-:-C-S- should be 1:2. If polysulfide bonds of -C-Sx-C exist, then the ratio
would be more than 1:2, as shown in Table 6.
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Table 6. The theoretical peak area ratio at 690 cm−1 (-S-S-) vs. 485 cm−1 (-C-S-).

-C-S-C- -C-S-S-C- -C-Sx-C

0:2 1:2 >1:2

The real absorption peak area ratio at 690 cm−1 vs. 485 cm−1 by Raman spectrometer
is shown in Table 7. It can be seen that the ratio in sulfur-rich samples was greater than 1:2.
This indicated that there were monosulfide bonds, disulfide bonds, and polysulfide bonds
in the sulfur-rich cross-linked PNB. With the increase in sulfur, the ratio further increased,
indicating that the number of polysulfide bonds increased.

Table 7. Raman absorption peak area ratio.

S0.2D0.6 S0.4D0.4 S0.6D0.2 S0.8D0

0.43 0.75 1.21 1.64

The reaction mechanism is shown in Figures 11 and 12. The DCP decomposed to
generate free radicals, causing the double bonds on the main chains of PNB to open
and form new free radicals. The addition of the reaction of free radicals to the adjacent
molecular chains was carried out to realize the cross-linking, forming a polymer which is
similar to the spherical crosslinking network. The sulfur radical reacted with α-H in PNB
to form single sulfur bonds and multi sulfur bonds after the addition of sulfur (Figure 13).
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4. Conclusions

(1) Sulfur and DCP belong to two different types of cross-linking agents, and the re-
action mechanism of cross-linking PNB is different. Through infrared and Raman
spectroscopy analysis of the composite material, it was found that sulfur reacts with
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the α-H on the PNB double bond to produce sulfur-containing crosslinks DCP and
PNB double bonds undergo crosslinking reactions to produce C-C covalent bonds.

(2) There are differences in bond length and bond energy between sulfur-containing
cross-linked bonds and carbon–carbon cross-linked bonds, making PNB materials of
different cross-linking types perform differently in various properties. The carbon–
carbon cross-linked bond produced after DCP cross-linking has a short bond length
and a large bond energy, and adjacent double bonds form an aggregate structure after
the addition of polymerization, which adversely affects the mechanical properties of
the DCP cross-linked PNB composite material.

(3) The sulfur-containing cross-linked bond has a long bond length, a small bond en-
ergy, and a strong ability to bear external forces under large strains. This gives the
sulfur cross-linked PNB material excellent mechanical properties and also ensures its
entropic elasticity deformation in the shape memory test. It has sufficient restoring
force during recovery, high shape recovery ratio, and the material has the best shape
memory performance.
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