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maximum and the shoulder of tan δ both shift to low tem-
peratures. In addition, GO increases the coupling effect of 
CIIR, resulting the shoulder merged with the maximum. A 
mechanism, though still needs to be further refined, has been 
proposed to interpret the contradictory results in our case.

Keywords Glass–rubber transition · Segmental 
dynamics · Chlorinated butyl rubber · Graphene oxide · 
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Introduction

Research works on glass–rubber transition are not only 
of great scientific importance but of practical interest for 
the development of damping materials. However, there are 
still open issues in the theoretical and experimental fields 
on this subject [1]. In glass–rubber transition region, the 
segmental dynamics modes change from local segmen-
tal motions (α processes) to slow relaxation processes 
(α′ processes). The first mode is well known as the glass 
transition, while the latter is not totally understood since 
1953 [2]. Ngai et al. [3, 4] proposed the coupling model 
to explain the thermorheological complexity in glass–rub-
ber transition region, and they indicated that glass–rub-
ber transition region consists of at least three segmental 
dynamics modes, namely, local segmental motion, Rouse 
mode, sub-Rouse mode. As described by coupling model, 
Rouse mode (motion of sub-molecular Gauss chains) and 
sub-Rouse mode (motion of those units which are longer 
than segments and shorter than sub-molecular Gauss 
chains) compose the slow relaxation processes (α′ pro-
cesses) [5]. Some relevant studies showed that different 
modes have different responses to external factors, such as 
temperature and frequency. These phenomena are ascribed 

Abstract The glass–rubber transition region in multiple 
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The structure of GO and CIIR/GO nanocomposites was 
studied by Fourier transform infrared spectroscopy (FTIR), 
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transform infrared (ATR-FTIR), scanning electron micros-
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Bound rubber was adopted to study the interfacial interac-
tion between GO and CIIR. Differential scanning calorim-
etry (DSC) and dynamic mechanical analysis (DMA) were 
also performed. Since there were many conflicting results on 
the effect of nanoparticles in relation to the glass transition 
temperature (Tg) of polymer matrixes in correlative litera-
ture, we investigated the effect of GO on that of CIIR. The 
Tg determined by DSC shows slight shifting. However, the 
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to different qualities of these motions [6, 7]. For many 
amorphous polymers, this property has been verified by 
dynamic light scattering [8], low-frequencies mechanics 
spectra [9] and two-dimension analysis [10–12], etc.

The segmental dynamics of many-body systems, such as 
colloids systems [13, 14], hydrogel [15], polymer blends 
[16–19] and polymer composites [20], are a new field for 
studying the nature of glass–rubber transitions [21, 22]. The 
segmental dynamics of polymer composites has become a 
hot topic in the past few years. Because of its multiple com-
ponents, polymer composites often display different proper-
ties in the experiments [23]. As a significant carbon mate-
rial, GO has attracted great attention. However, the effect of 
GO on the glass transition temperature (Tg) of amorphous 
polymers is still complex. Wu et al. [24] reported that GO 
could increase the physical cross-link points which results 
in higher molecular interaction, so the Tg of natural rubber 
(NR)is increased. This is well fitted to the result of GO/
NR nanocomposites reported by Zhan et al. [25]. However, 
Liao et al. [26] suggested that the Tg of nanocomposites 
containing graphene or graphene oxide could be reduced if 
there was no strong interaction between fillers and polymer 
matrixes. In addition, a conclusion based on summarizing 
references in Liao’s work was that GO had no influence on 
Tg of polymers when mixture method was a solution mix-
ture method. A recent master thesis also indicated that GO 
decreased Tg of polybenzoxazine and polyether ether ketone 
[27]. This enables us to suspect the universality of the con-
clusion which was acquired by studying GO/natural rubber 
nanocomposites [25].

In this study, we incorporate GO into CIIR to study the 
effect of GO on different segmental dynamics modes. CIIR 
is a derivative of polyisobutylene, and it has similar seg-
mental dynamics with natural rubber and butyl rubber. As 
described by coupling model, strong coupling effect often 
leads to the merging of different segmental dynamics modes. 
Because CIIR has chlorine side groups, the coupling effect 
of CIIR is slightly higher than that of natural rubber and 
butyl rubber. However, chlorine side groups cause better 
interaction between GO and CIIR than that between GO 
and other two rubber products. The strong interaction is 
contributive to the dispersion of fillers in polymer matrixes. 
In addition, the coupling effect in CIIR is much lower than 
poly(methyl methacrylate) (PMMA) [9, 12, 23], so the 
change of its segmental dynamics should be more obvious 
than that in PMMA. On the whole, CIIR is very suitable 
for investigating the effect of fillers on different segmental 
dynamics in the glass–rubber transition region. To the best 
of our knowledge, GO has not been incorporated into CIIR, 
a rubber with remarkably slow relaxation processes (α′ pro-
cesses). Investigations of the glass–rubber transition region 
of CIIR/GO nanocomposites would benefit both academic 
study and damping materials manufactures [22].

GO is prepared by revised Hummers method [28] at first. 
Then, GO/CIIR nanocomposites are prepared by solution 
mixture method. The structure of GO and CIIR/GO nano-
composites is studied by Fourier transform infrared spec-
troscopy (FTIR), X-ray diffraction (XRD), Attenuated total 
reflectance-Fourier transform infrared (ATR-FTIR), scan-
ning electron microscopy (SEM) and transmission electron 
microscope (TEM). In addition, bound rubber is adopted to 
study the interfacial interaction between GO and CIIR. The 
segmental dynamics in the glass–rubber transition region 
of GO/CIIR nanocomposites is characterized by differen-
tial scanning calorimetry (DSC) and dynamic mechanical 
analysis (DMA). In the end, an alternative explanation has 
been proposed to interpret the results observed in our case.

Experimental

Materials

A commercially available CIIR (Exxon 1068) with a chlo-
rination concentration of 1.26 wt% was purchased from 
by Exxon Corp. (USA). Natural graphite and N,N,N′,N′-
tetramethyl-ethylenediamine (TMEDA, > 99.5%) were pur-
chased from Sigma-Aldrich Corp., (USA). N,N-Dimethyl 
formamide (DMF, 99%), tetrahydrofuran (THF, 99%), con-
centrated vitriol  (H2SO4) (98%), sodium nitrate  (NaNO3), 
potassium permanganate  (KMnO4), hydrogen peroxide 
 (H2O2) (35%), zinc oxide (ZnO) and hydrochloric acid (HCl) 
(36%) were taken from Chengdu Kelong Chemical Corp. 
(China). Bromomethyl-p-tert-octyl phenol formaldehyde 
resin (trade name PF201) was purchased from Jinan Xinyuan 
Chemical Corp. (China). It is widely used as the vulcanizing 
agent of CIIR.

Preparation of GO and nanocomposites

Graphene oxide (GO) was synthesized through a revised Hum-
mers method [28]. In the first step, 230 mL of concentrated 
 H2SO4 was added into a 1000 mL tri-necked round-bottom 
glass reactor. The glass reactor was placed in ice. When the 
temperature of  H2SO4 was decreased below 5 °C, 10 g of 
graphite and 5 g of  NaNO3 were introduced into concentrated 
 H2SO4 solvent with electric stirring speed of 500 rpm. Fur-
thermore, 30 g of  KMnO4 was added into the reactor in six 
portions for 1.5 h. After addition of  KMnO4, the electric stir-
ring was kept about 1 h with constant speed at 35 °C. In the 
next step, 460 mL of ultra-pure water was slowly added into 
the reactor. Then, the reaction temperature was adjusted to 
95 °C for another 15 min. After that, the mixture solution was 
transferred into a 5000 mL glass bulk and a certain amount 
of  H2O2, to terminate the reaction, was dropwise added into 
solution until the color of the mixture turned into yellow. The 
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hydrochloric acid (HCl) was added to dissolve the undis-
solved substances. Finally, the ultra-pure water was used to 
wash the products with centrifuging processes until the pH 
reached about 7. Then, the freeze drying method was adopted 
to remove water and consequently the graphite oxide was 
obtained.

GO/CIIR nanocomposites were prepared through solution 
mixture method. At first, the graphite oxide with designed 
mass was mixed with TMEDA at a ratio of 1 mL of TMEDA 
per 1 g of graphite oxide. Then, the mixture was dispersed in 
200 mL of DMF. An ultrasonic exfoliation step was conducted 
on ultrasonic cell smash (JY-90-II, Lingbo Xinzhi Bio-tech. 
Corp., China) at a working power of 300 W, and graphene 
oxide (GO) could be obtained after the exfoliation of graphite 
oxide. An amount of 50 g of CIIR was dissolved into 1000 mL 
of THF. Finally, the CIIR/THF solution and the GO/DMF sus-
pension solution were mixed about 2 h through high-speed 
stirring (1000 rad/min). When it was well mixed, the solvent 
of mixture solution was removed by the reduced pressure dis-
tillation method, followed by a 2 days vacuum drying at the 
temperature of 40 °C. Consequently, a compound of CIIR and 
GO could be obtained.

The compounds of CIIR and GO were mixed with PF201 
and ZnO using a two-roll mill and subsequently subjected to 
compression at 160 °C for 30 min. The main compound for-
mulation is shown in Table 1. The obtained sample sheets were 
cut into specified shapes for characterizations.

Characterization

Fourier transform infrared spectroscopy (FTIR) was carried 
out on Nicolet 6700 (Thermo Fisher Scientific Corp., USA), 
and potassium bromide (KBr) was mixed with GO to prepare 
the sample.

X-ray diffraction (XRD) was performed on XPert PRO 
MPD (PANalytical Corp., The Netherlands) at a generator 
voltage of 35 kV and a generator current of 25 mA. The scan-
ning range was from 5° to 70°, and the scanning speed was 
3.6°/min. The interlayer distance (d-spacing) was estimated 
by Bragg equation, as follows:

(1)2d sin � = n�

where λ = 1.54 Å, which is the wavelength of X-ray; n = 1, 
by a series of diffraction; d is the interlayer spacing.

Attenuated total reflectance-Fourier transform infrared 
(ATR-FTIR) spectra of CIIR/GO nanocomposites were 
recorded using a Thermo Fisher Scientific Nicoleti S50 
attenuated total reflectance-IR spectrometer (Thermo 
Fisher Scientific Inc., USA) over a wavenumber range of 
4000–650 cm−1 with solution of 4 cm−1.

The method to determinate the bound rubber was simi-
lar to previous reports [29, 30]. Small pieces of less than 
0.2 g of CIIR/GO nanocomposite in un-cured state were 
cut and put into a basket. The basket was immersed into 
150 mL of toluene for a week at room temperature. Sub-
sequently, the samples were dried for 1 day at 105 °C. The 
bound rubber was calculated by the following equation:

where m1 is the mass of the empty basket; m2 is the mass 
of the basket plus the unextracted sample; m3 is the mass 
of the basket plus the extracted sample; CPD is the total 
formulation (phr). Each CIIR/GO nanocomposite was tested 
five times, and the value of bound rubber was calculated by 
taking the average.

The morphology of the GO/CIIR nanocomposites was 
studied by scanning electron microscopy (SEM) (Zeiss 
EV0 MA15, Carl Zeiss Microscopy Corp., Deutschland). 
To prepare samples for SEM analysis, the nanocompos-
ites were quenched in liquid nitrogen and cryogenically 
fractured. Before conducting the test, these samples were 
sputtered with gold.

Transmission electron microscope observations (TEM) 
were made to study the micro-morphology of GO slices 
and CIIR/GO nanocomposites. The morphology of GO 
slices was studied by TEM Libra 200 (Carl Zeiss Corp., 
Deutschland) under an acceleration voltage of 200 kV. 
The micro-morphology of CIIR/GO nanocomposites was 
studied by Tecnai G2 F20 S-TWIN (FEI Corp., USA) 
under an acceleration voltage of 200 kV. Ultra-thin sec-
tions of the specimens were cut at − 100 °C using Leica 
Ultracut-R ultramicrotome. The copper grids were used 
to support the GO powder and the thin slices of CIIR/GO 
nanocomposites.

Dynamic mechanical analysis (DMA) was carried out 
on Q800 (TA Instruments, USA) by using a dual cantilever 
clamp and a testing method of temperature step-frequency 
sweep. The testing frequency was 1 Hz.

Differential scanning calorimetry (DSC) test was 
performed on a Q20 calorimeter (TA Instruments). The 
sample was heated isothermally at 40 °C for 5 min, then 
cooled towards − 70 °C at a cooling rate of 10 °C/min and 

(2)BdR =

(

m2 − m1

)

−
CPD

100
(m2 − m3)

(m2 − m1)
× 100

Table 1  The compound 
formula

a  The compound, consisting 
of 50  g of CIIR and designing 
mass of GO (1 phr, 2 phr, 3 phr, 
5 phr) was obtained from solu-
tion blending

Ingredient Weight (g)

The  compounda variable
PF201 1.5
ZnO 1
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stabilized for 5 min. A heating process at a heating rate 
of 10 °C/min to 40 °C was performed. The glass transi-
tion temperature (Tg) was determined as the midpoint of 
glass–rubber transition region of the heat flow curve.

Results and discussion

The FTIR spectra of the graphite oxide, graphene oxide 
and the natural graphite are shown in Fig. 1. The differ-
ence of the peak intensity between these spectra indicates 
that the natural graphite is highly oxidized by strong oxi-
dants, namely,  H2SO4,  KMnO4, etc. The broad peaks (dual-
peak structure) around 3413 and 3140 cm−1 and the peaks 
(single-peak structure) around 1399 cm−1 correspond to the 
deformation vibration of O–H. Furthermore, the bands at 
1625 and 1620 cm−1 correspond to the stretching vibration 
of C=O [27]. The bands at 1115 and 1121 cm−1 originate 
from the C–O stretching vibrations [31]. As described above, 
the existence of carboxylic acid groups on the surface of 
graphite oxide and graphene oxide is verified. In addition, 
the peak at 2344 cm−1 is caused by C=O stretching vibra-
tion of carbon dioxide  (CO2), which cannot be observed in 
the natural graphite and graphite oxide curves. The reason 
is that  CO2 could be easily absorbed on the surface of GO 
[31–33]. This result indicates the success of peeling and 
oxidizing procedures.

Figure 2 shows the XRD results of natural graphite and 
graphene oxide. A sharp peak at 2θ of 25.7° (correspond-
ing to the d-spacing of 0.34 nm) can be observed in curve 
‘a’, which could be ascribed to a typical diffraction plane 
peak (0 0 2) of natural graphite. When natural graphite was 

peeled to GO by ultrasonic exfoliation step, the peak inten-
sity was reduced drastically and a new diffraction peak was 
obtained at 2θ = 11.8° in curve ‘b’. The new diffraction 
peak corresponds to (0 0 1) plane with an interlayer distance 
of 0.75 nm. XRD results of CIIR/GO nanocomposites are 
shown in Fig. 3. There are typical diffraction peaks for all 
CIIR/GO nanocomposites at about 9.4°, which corresponds 
to the d-spacing of 0.94 nm. The diffraction peaks should 
be ascribed to GO in nanocomposites. Compared with the 
intrinsic d-spacing of GO, the d-spacing of GO in nanocom-
posites increases, which indicates that CIIR molecule might 
fill in GO interlayer spacing. 

Generally, there are two dominating interaction 
effects between fillers and polymer matrixes, namely, 
chemical interaction and physical interaction. CIIR/GO 

Fig. 1  FTIR spectra of graphite oxide (a), graphene oxide (b), and 
natural graphite (c). For comparison, the spectra have been shifted 
vertically only

Fig. 2  XRD patterns of natural graphite (a) and graphene oxide (b)

Fig. 3  XRD patterns of CIIR/GO nanocomposites: a CIIR, b CIIR/1 
phr GO, c CIIR/2 phr GO, d CIIR/3 phr GO, and e CIIR/5 phr GO
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nanocomposites are investigated by ATR-FTIR, as shown 
in Fig. 4. Peaks at around 3421 and 1439 cm−1 correspond 
to the deformation vibration of O–H. The band at around 
1649 cm−1 corresponds to stretching vibration of C=O. The 
band at 1112 cm−1 refers to the stretching vibrations of C–O. 
The bands at about 2922 and 2851 cm−1 are assigned to the 
stretching vibration of C–H of methylene groups. The band 
at 668 cm−1 corresponds to the stretching vibration of C–Cl 
[34]. A slight red shifting of the band at 1112 cm−1 could 
be observed. Especially, after adding 3 phr GO and 5 phr 
GO, the band shifts to 1105 cm−1. The bands of stretching 
vibrations of C–O are determined for CIIR, CIIR/1phr GO 
nanocomposite, CIIR/2phr GO nanocomposite, CIIR/3phr 
GO nanocomposite, and CIIR/5phr GO nanocomposite at 
1112, 1110, 1110, 1105 and 1105 cm−1, respectively. Gener-
ally, the change of the wavenumber is attributed to the physi-
cal interaction (hydrogen bond, etc.). In addition, no other 
characteristic peaks are observed with introducing GO into 
CIIR. Thus, the interaction between GO and CIIR could be 
mainly ascribed to the physical interaction.

In order to further investigate the physical interaction 
between GO and CIIR, the quality of interphase was ana-
lyzed by bound rubber, related to the amount of rubber mol-
ecules absorbed onto fillers. It is widely used to evaluate 
the interaction between fillers and polymer matrixes [29]. 
As shown in Fig. 5, the value of bound rubber is at about 
10–20%. With increasing GO loading, the bound rubber of 
CIIR/GO nanocomposites gradually increases. Due to the 
organic groups on the surface of GO and the large surface 
area, some molecules of CIIR would be absorbed onto GO. 
The increment of bound rubber is mainly resulted from 
the increasing of GO loading. Furthermore, the favorable 

dispersion state of GO in CIIR would make rubber mol-
ecules efficiently absorbed onto GO surfaces.

In Fig. 6, the morphology of GO/CIIR nanocomposites 
with different GO loadings was studied by SEM. The width 
of GO slices is at micron order and the thickness of GO is 
nanoscale, resulting in large surface area. There is no appar-
ent agglomeration of GO with increasing GO loading. In 
Fig. 6d, a single GO slice in CIIR matrices was observed 
by SEM. The phase interface between CIIR and GO is 
ambiguous. The results are ascribed to favorable compat-
ibility between GO and CIIR. In addition, a curly structure 
of GO was observed in Fig. 6d. This structure could further 
increase the surface area, so that more rubber molecules 
could be absorbed onto GO surfaces.

Both GO and CIIR/GO nanocomposites were studied by 
TEM. As shown in Fig. 7a, the width of GO slices is at 
micron order and the thickness of the edge is thinner than 
the central. The curly structures at the edge of GO could also 
be observed. In Fig. 7b, GO is finely dispersed in CIIR and 
appears as individual particles. The interface between GO 
and CIIR is ambiguous, which is the same as the results of 
SEM. In Fig. 7b, even though the thickness of GO slices is 
not in the uniform size, the thickness of all GO slices is less 
than 100 nm. This would provide enough surface area and 
energy to absorb rubber molecules.

In order to investigate the effect of GO on the glass tran-
sition temperature (Tg) of CIIR, DSC has been performed. 
In Fig. 8, the Tg of nanocomposites is determined by the 
midpoint of glass–rubber transition region and the value is 
shown on the right side of thermograms. As shown, the Tg 
of nanocomposites moves slightly towards lower tempera-
ture with GO loading increasing. The onset temperature is 
also determined and the value is shown on the left side of 
thermograms. The maximum reduction of Tg and the onset 
temperature is about 1 K. In addition, the heat capacity of 

Fig. 4  FTIR-ATR spectra of CIIR and its nanocomposites: a CIIR, 
b CIIR/1 phr GO, c CIIR/2 phr GO, d CIIR/3 phr GO, and e CIIR/5 
phr GO

Fig. 5  Bound rubber content of CIIR/GO nanocomposites
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CIIR and its nanocomposites is obtained by analyzing DSC 
results, as shown in Table 2. With increasing GO loading, 
the heat capacity, Δcp, reduces gradually. Furthermore, the 
immobilized polymer, χim, could be acquired by the follow-
ing equation [35]:

where Δcp
0 is the heat capacity increment of CIIR and wGO is 

the weight fraction of GO. The immobilized polymer could 
be regarded as bound rubber. It is resulted from the attaching 
rubber molecules onto GO surface and the intercalating rub-
ber molecules into the interlayer space of GO. As presented 
in Table 2, with increasing GO loading, the immobilized 
polymer increases, which resembles the results of bound 
rubber determined by the swelling method. 

Because of its excellent sensitivity, DMA has been widely 
used to study dynamically mechanical properties and seg-
mental dynamics of polymer composites. Storage modulus 
(E′) is an important parameter in designing materials. Gen-
erally, the curve of storage modulus shows three different 
regions, namely, the glassy state, the glass–rubber transition 
zone and the rubbery state. The storage modulus of CIIR/
GO nanocomposites is presented in Fig. 9a. With increasing 

(3)�im = 1 −
Δcp

Δc0
p
× (1 − wGO)

temperature, the storage modulus gradually decreases. After 
adding GO into CIIR matrices, the modulus at glassy state 
and the rubbery state is considerably increased, as shown in 
Fig. 9b. The results indicate that the dynamically mechani-
cal properties could be reinforced by introducing GO. This 
is attributed to the favorable compatibility between GO and 
CIIR and rubber molecules attached on the surface of GO.

As shown in the inset of Fig. 10, the tan δ of blank 
CIIR displays a dual-peak structure, with a shoulder peak 
at low temperature side and a maximum peak at high tem-
perature side. The dual-peak structure of blank CIIR has 
been widely reported in references [2–5, 9–14, 19–23]. 
The shoulder corresponds to local segmental motions 
while the maximum corresponds to slow processes (sub-
Rouse mode and Rouse mode). In Fig. 10, the shape of 
tanδ changes into a single-peak structure after adding GO 
into CIIR. Wu et al. [22] reported that the height of the 
maximum was suppressed after adding organic montmoril-
lonite into CIIR, and the maximum shifted to lower tem-
perature while the shoulder kept nearly unchanged. In our 
case, both the maximum and the shoulder of tan δ shift to 
low temperature side after introducing GO and the maxi-
mum of tan δ increases from 1.48 to 2.47. It is obvious 
that different shifting extension of the maximum and the 
shoulder results in the vanishing of dual-peak structure. 

Fig. 6  Morphology of CIIR/GO nanocomposite studied by SEM: a CIIR/1 phr GO, b CIIR/3 phr GO, c CIIR/5 phr GO, d single GO slice in 
CIIR matrixes observed with high amplification
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The shifting to low temperature side of the maximum is 
greater than that of the shoulder, so that the shoulder and 
the maximum would merge with each other.

The decreasing length of glass–rubber transition region 
in temperature scale is usually related to strong coupling 
effects [12]. As described by coupling model, the smaller the 
coupling effects the greater differences would be observed 
in temperature or frequency scale between different relaxa-
tion modes [3]. To estimate the grade of coupling effects, 
comparing the breath of normalized loss modulus curves 
can be used [36–38]. The normalized loss modulus curves of 
CIIR/GO nanocomposites are in Fig. 11. When the value of 
G″/Gmax″ is 0.5, the broadness is represented by B listed in 
Table 3. The breath of all GO/CIIR nanocomposites (closing 
to 0.03) is smaller than that of blank CIIR (closing to 0.04). 
This result suggests that GO increases the coupling effect 

in CIIR, which might be the reason of the disappeared tanδ 
dual-peak structure. 

Generally, the increasing coupling effect would cause 
the increasing of the glass transition temperature (Tg). Fur-
thermore, the glass–rubber transition region determined by 
DSC shares the same molecular motion mechanism with 
the shoulder determined by DMA [22]. The molecular 
motion mechanism is usually attributed to the local seg-
ments motions. Therefore, the change of Tg determined by 
DSC and the change in temperature at the shoulder expect to 
share a similar trend. However, there are some discrepancies 
in our case. The glass transition temperature of CIIR/GO 
nanocomposites shifts to low temperature in our case. For 
qualitative analysis, the Tg determined by DSC and the Tg 
determined by DMA are decreased. Nonetheless, the extent 
of reduction in Tg determined by DSC and DMA is different.

In order to interpret the inconsistent results in our case, 
an alternative mechanism has been proposed. On one hand, 
because of the strong interaction between CIIR and GO, 
more physical cross-linked points might form in the CIIR/
GO nanocomposites, resulting in increases in coupling 
effect. Meanwhile, the increasing coupling effect causes the 
merging of the shoulder (α processes) and the maximum 

Fig. 7  TEM images of GO (a) and CIIR/5 phr GO nanocomposites 
(b)

Fig. 8  DSC thermograms of CIIR/GO nanocomposites. For clarity, 
the thermograms have been shifted vertically only. Each value on the 
right side of thermograms is the glass transition temperature deter-
mined from the thermogram itself; each value on the left side of ther-
mograms is the onset temperature of glass–rubber transition

Table 2  The heat capacity increment and the immobilized polymer 
of CIIR and its nanocomposites

GO loading/phr 0 1 2 3 5

Δcp/[J/(g K)] 0.658 0.583 0.573 0.561 0.527
χim/% 0 10.463 11.15 12.075 15.921
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(α′ processes), resulting in the narrowing peak width of tan 
δ. On the other hand, GO is a typical two-dimensional lay-
ered material. The layered structure is held together by van 
der Walls interactions. The weak van der Walls interactions 
between adjacent layers make it possible to form intercala-
tion state or even exfoliation state of fillers. Furthermore, the 
layer of two-dimensional layered fillers could slip to some 
extent [39]. For example, Hu et al. [40] prepared reduced 
graphene oxide/poly(lactic acid) nanocomposites and they 
identified that the slippage of reduced graphene oxide layers 
led to the change in poly(lactic acid) resistance. The reason 
is that the slippage under external forces breaks up the con-
nectivity of conductive networks. In our case, the lamellas of 
GO are easy to slip horizontally because of the weak van der 
Walls interaction and the intercalation of rubber molecules 
into the interlayer space of GO. We describe ‘the slippage’ 
as a horizontal and recoverable lamella vibration. A rough 
schematic diagram is shown in Fig. 12. Even though the 
slippage of GO lamellae could not result in total change in 
GO structure, the slippage of lamellae could increase the 
mobility of polymer chains between two physical cross-
linking points, so the glass transition temperatures of CIIR/
GO nanocomposites shifts towards low temperature side. In 
addition, DMA is more sensitive to the effect of structure 

Fig. 9  Storage modulus curves of CIIR and its nanocomposites with 
different GO contents (a) and the plateau modulus (b) of glassy state 
and rubbery state is calculated by taking the average of 195–210 and 
290–310 K, respectively

Fig. 10  Tan δ curves of CIIR/GO nanocomposites. The inset shows 
the tan δ curve of blank CIIR, and the black arrows have denoted 
where the shoulder and the maximum should be

Fig. 11  Normalized loss modulus curves for estimating coupling 
effect, and Gmax″ is the maximum in the loss modulus (G″) curve. 
The dash line indicates the G″/Gmax″ of 0.5

Table 3  The broadness of 
normalized loss modulus curves 
when the value of G″/Gmax″ 
is 0.5

Samples (loading of 
graphene oxide)/(phr)

B

0 0.040
1 0.034
2 0.030
3 0.030
5 0.033
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vibration of nanocomposites on the glass transition tempera-
ture than DSC [41–44]. Consequently, the Tg determined 
by DMA shifts noticeably to low temperature side and the 
Tg determined by DSC shows slightly shifted. For qualita-
tive analysis, the Tg determined by both techniques shows 
a reduction after introducing GO into CIIR. However, there 
are still questions to be solved. For example, the Tg of CIIR/
GO nanocomposites shifts to low temperature side, but the 
shifting extent is independent of the loading of GO.

Conclusion

In this study, we successfully prepared GO and GO/CIIR 
nanocomposites. The characteristic bands of GO could be 
observed in FTIR. TEM results show that the width of GO 
is at micron order and its thickness is within 100 nm. Based 
on XRD results of CIIR/GO nanocomposites, the CIIR 
molecular chains might intercalate into GO. Both ATR-
FTIR and bound rubber results show that the interaction 
between GO and CIIR is physical interaction which results 
from the organic groups of GO and the large surface area of 
GO. The favorable compatibility and dispersion state of GO 
in CIIR matrices, verified by SEM and TEM, improve the 

dynamically mechanical properties of CIIR/GO nanocom-
posites. In addition, GO has different effects on the shoulder 
and the maximum. The shifting to low temperature side of 
the maximum is greater than that of the shoulder, resulting 
in the vanishing of the dual-peak structure of tanδ. This is 
ascribed to the increasing coupling effect which is resulted 
from the strong interaction between GO and CIIR. However, 
the recoverable slippage of GO lamellae enhances the mobil-
ity of polymer chains between two physical cross-linked 
points, so that the glass transition temperatures of CIIR/GO 
nanocomposites shift to low temperature side. It is still a 
matter that the shifting towards low temperature side of glass 
transition temperature is independent of the loading of GO, 
so that the mechanism still needs to be refined and more 
experiments are envisaged.
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