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Despite carbon nanotubes (CNTs) have garnered tremendous research interests for enhancing the electrical and thermal
conductivity of polymers, it is still a considerable challenge to achieve the uniform dispersion of carbon nanotubes in polymer
matrix. Herein, inspired by the mussel-inspired chemistry, we adopted the strategy of coating CNTs with polydopamine. And
the polysilsesquioxane-modified CNTs (CNTs-PSQ) were obtained based on the click chemistry reaction. The FT-IR, Raman,
XRD, and TGA collectively demonstrated the successful modification of PSQ on the surface of CNTs. The incorporation of
PSQ could significantly improve the dispersion of CNTs in the silicon rubbers, and a strong interfacial interaction was formed
between CNTs-PSQ and silicon rubber matrix, as observed from TEM images of silicon rubber/CNTs-PSQ nanocomposites.
Meanwhile, compared with the nanocomposites with neat CNTs, the ones with CNTs-PSQ exhibited simultaneously improved
electrical conductivity and insulating performance. This strategy proposed for the preparation of PSQ-modified CNTs provides
insights toward highly insulating and thermal conducting polymers.

1. Introduction

In recent years, with the increasing integration density and
power density of electronic devices, the electronic compo-
nents are subjected to higher heat emissions when they are
in operation. However, most of the existing materials have
poor thermal conductivity, which would prevent the heat
generation inside them from being released and ultimately
degrade the stability and service life of electronic devices
[1–3]. Therefore, how to enhance the thermal conductivity
of materials without sacrificing their insulating performance
has been a significant research focus for next-generation
high-integration, large-area electronic devices. Gao et al.
[4] designed a boron nitride-polyethersulfone/polyvinyli-
dene fluoride (BN-PES/PVDF) composite with a neuron-
like network and highly oriented structure by a facile and
scalable method. This unique microstructure based on Schiff
base and covalent bonds provides effective and robust pho-
non pathways for heat transfer. Guo et al. [5] fabricated a
PA6/BN composite via in situ polymerization and melt
blending with polyamide-6 (PA6). The masterbatch-based

melt lending strategy is conducive to form effective thermal
pathways for phonon transmission and decrease the interfa-
cial thermal resistance of the PA6 matrix. Li et al. [6] pre-
pared a highly thermal-conductive material with
reasonable bonding force on a Cu substrate by sequential
immersion deposition in a dopamine solution and an aque-
ous graphene oxide (GO) suspension.

Recently, CNTs have attracted extensive attention from
the academy and industry due to their distinct advantages
such as high mechanical robustness [7–9], high electrical
conductivity [10, 11], high thermal conductivity [12, 13],
and good compatibility with elastomeric polymers [14]. It
is universally acknowledged that the good dispersion of
CNTs in the polymer matrix was the prerequisite to ensure
the improved mechanical properties of the nanocomposites.
Therefore, the blending process of CNTs in the polymer
matrix is extremely significant. However, the uniform dis-
persion of CNT particles in polymer matrix remains a con-
siderable challenge, accounting for the fact that the high
aspect ratio of nanotubes and large van der Waals force
among tubes easily accelerate the entanglement of CNTs
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[15, 16]. Over the past few decades, tremendous efforts have
been devoted to surface modification of CNTs via the cova-
lent and noncovalent strategies [17–19]. But unfortunately,
the strategies show inevitable disadvantages. For example,
the covalent strategy often involves hazardous chemical
agents, harsh reaction conditions, and complicated fabrica-
tion procedures, while the noncovalent strategy is strongly
dependent on the self-assembly of CNTs and amphiphilic
materials, which largely restricts the application of CNTs
in the functional polymers [20, 21]. Thus, it is an urgent task
to employ a simple and effective approach to uniformly dis-
perse CNT particles in the polymer matrix.

Marine mussels have a superior ability for adhering to
various surfaces [22–25]. The strong adhesive force between
the mussels and surface of materials is due to the existence of
mussel adhesive proteins. Inspired by this, a novel surface
modification strategy had been developed by Lee et al. [26]
in 2007. They demonstrated that dopamine could self-
polymerize under an alkaline solution and form a polydopa-
mine (PDA) coating. The PDA coating could further react
with amino or thiol functional groups through Michael’s
addition reaction [27]. Because of its simplicity, universality,
and effectiveness, mussel-inspired chemistry has emerged as
a very useful surface functionalization strategy, which has
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Figure 1: Schematic representation of the synthetic route from CNTs to CNTs-PDA and CNTs-PSQ.
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been extensively explored for different applications, such as
3D centrifugal spinning [28], hydrogel [29–31], and antibac-
terial materials [32].

Polyhedral oligomeric silsesquioxane (PSQ), as an
organic-inorganic hybrid constituent, shows a unique cage-
like molecular structure and excellent physicochemical
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Figure 2: (a) FT-IR spectra of KH590 and PSQ-SH. (b) FT-IR spectra of pristine CNTs, CNTs-PDA, and CNTs-PSQ. (c) Raman spectra of
pristine CNTs, CNTs-PDA, and CNTs-PSQ. (d) XRD spectra of PSQ-SH, pristine CNTs, CNTs-PDA, and CNTs-PSQ. (e) TGA diagrams of
KH590 and PSQ-SH. (f) TGA diagrams of pristine CNTs, CNTs-PDA, and CNTs-PSQ.
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properties, including good thermal conductivity and insula-
tion performance [33–35]. The inorganic inner core pos-
sesses a cage-like arrangement of silicon and oxygen
atoms, and the organic groups distribute in the outer layer,
which thus provide plenty of reaction sites for further
functionalization.

In view of this mussel-inspired chemistry strategy, we
first prepared polydopamine-coating CNTs and further
obtained PSQ-modified CNTs (CNTs-PSQ) based on the
click chemistry. The modification of PSQ could significantly
enhance the dispersion uniformity of CNTs into the SR
matrix. Surface morphology analyses indicated that a good
interface between the nanofillers and the rubber matrix
was formed. This rubber composite is endowed with higher
thermal conductivity and insulation properties compared
with its counterparts. The mussel-inspired chemistry strat-
egy proposed herein for CNT surface functionalization is
expected to be applied in high-insulation and thermal-
conductive rubber materials.

2. Experimental

2.1. Materials. Multiwalled carbon nanotubes (CNTs,
purity > 95wt%, ID: 2-5 nm, length: 10-30μm) were pro-
vided by Zhongke Times Co., Ltd. Dopamine was supplied
by Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Tris (hydroxymethyl)-methyl aminomethane (Tris,
AR), HCl (38wt % aqueous solution), ethanol (AR), and
NaOH (AR) were all purchased from the Sinopharm Group.
KH590 was purchased from Dow Corning Co. Tetrahydro-
furan and dimethoxy-a-phenyl acetophenone (DMPA) were
supplied by Shanghai Macklin Biochemical Technology Co.,
Ltd. Silicone rubber was purchased from Shenzhen Chuan-
gyou Silicone Rubber Products Co., Ltd.

2.1.1. Polydopamine-Coated CNTs (CNTs-PDA). The prepa-
ration of polydopamine-coated CNTs was described as fol-
lows: 12.1 g of Tris was dissolved into 1 L of water to
obtain a 0.1mol/L Tris solution. 3.1mL of hydrochloric acid
was dissolved into 1 L of water to obtain a 0.1mol/L hydro-
chloric acid solution. Subsequently, 50mL of Tris solution
(0.1mol/L) and 14.7mL of hydrochloric acid solution
(mol/L) were mixed and diluted to 100mL with water to
prepare the Tris buffer solution with a pH value of 8.5. After
that, 0.5 g CNTs were added into the Tris buffer solution
through ultrasonication for 10min, followed by the addition
of 0.5 g of dopamine hydrochloride. To improve the disper-
sion of CNTs, the mixed solution was stirred at room tem-
perature for 24 h and then centrifuged and oven-dried,
followed by filtering with a microporous membrane and
repeated washing with ethanol and deionized water. Finally,
the composites were dried at 60°C for 24 h to remove the
residual solvents and impurities.

2.1.2. Preparation of Sulfhydryl Polysilsesquioxane (PSQ-SH).
PSQ-SH was prepared by hydrolysis and condensation of
KH590, as depicted as follows: 1.6mL of HCl solution
(0.1mol/L) was added into 80mL of deionized water,
followed by the addition of 10mL of KH590 and continuous
stirring for 18h at room temperature. After that, 0.1mL of
triethylamine was added to the mixed solution and stirred
for 30min, followed by the centrifugal separation, filtering
with microporous membrane, and repeated washing with
ethanol and deionized water. Finally, the resulting PSQ-SH
was dried in the oven at 60°C for 24 h.

2.1.3. Preparation of CNTs-PSQ. CNTs-PSQ was prepared
by the click chemistry according to the following procedures:
0.3 g of PSQ-SH was dissolved in 5mL of PDA-coated CNT

Figure 3: (a) SEM images of raw CNTs. (b) SEM images of CNTs-PDA. (c) SEM images of PSQ-SH particle. (d) SEM images of crushed
PSQ-SH particle. (e, f) SEM images of CNTs-PSQ.
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solution (26mgmL-1 in THF solvent), followed by the addi-
tion of 5mg of DMPA, and reacted for 30min under ultra-
violet light. The resultant products were filtered using a
microporous membrane, washed repeatedly with ethanol
and deionized water, and dried in an oven at 60°C for 24h.

The whole synthesis route of CNTs-PSQ is shown in
Figure 1.

2.2. Characterization

2.2.1. Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
spectra were recorded on a Nicolet FTIR-Magna-750 spec-
trophotometer (Thermo Nicolet Corporation, Madison,
WI, USA) in the range of 4000-400 cm-1 by total reflection
mode.

2.2.2. X-Ray Diffraction (XRD). XRD patterns were carried
out using a Rigaku D/max RB X-ray diffractometer (Tokyo,
Japan) with diffraction angles from 5° to 60°. CuKα
(λ = 0:154nm) was used as the X-ray source with a genera-
tor voltage of 40 kV and a current of 100mA.

2.2.3. Thermogravimetric Analysis (TGA). The TGA analysis
was conducted using a NETZSCH Group 209F1 thermogra-
vimetric analysis instrument (Germany) ranging from 20°C
to 800°C at a heating rate of 10°Cmin-1 under N2 protection.

2.2.4. Scanning Electron Microscopy (SEM). SEM analysis
was performed on a JMS-6700F (JEOL, Mitaka, Japan) scan-
ning microscope equipped with an energy-dispersive X-ray
(EDX ISIS 300, Oxford, UK) microanalytical system. The
samples were cryofractured in liquid nitrogen prior to SEM
testing.

2.2.5. Transmission Electron Microscopy (TEM). For the
transmission electron microscopy (TEM) analysis, the spec-
imens were cut into pieces of ~100nm in thickness through
an ultrathin section using UC7-532319 (Leica, Solms, Ger-
many) microtome under a liquid nitrogen atmosphere.
Then, the observations were carried out on a JEM-3010
(UHR, JEOL, Japan) transmission electron microscope at
an acceleration voltage of 100 kV.

2.2.6. Thermal Conductivity. The thermal conductivity of the
polymer composites was collected from a DTC-300 (TA).

2.2.7. Dielectric Characteristics. Dielectric performance was
analyzed using an Alpha-A (Novocontrol Technologies,
Montabaur, Germany) Novocontrol at a frequency sweeping
from 107 to 10-2Hz with a voltage of 1V at room tempera-
ture. The samples were subjected to gold sputtering for
100 s before testing.

3. Results and Discussion

FT-IR analysis can evaluate the complete polyhedral cages,
incomplete open cages and random network/short ladder
structures of carbon nanotubes, and well-defined siloxane
models. As shown in Figure 2(a), the absorption at
2940 cm-1 is assigned to the characteristic absorption peak
of methylene. The peak at 1089 cm-1 is attributed to the
characteristic absorption peak of Si-O-Si on carboxylic acid,
which is divided into two absorption peaks after the hydro-
lysis polymerization reaction. Generally, the frequency at
1030 cm-1 which arises from the Si-O-Si stretch symmetric
vibration from the inversion point of the (Si-O)n ring is

Figure 4: (a) TEM images of raw CNTs. (b) TEM images of CNTs-PDA. (c, d) TEM images of PSQ-SH particle. (e, f) TEM images of CNTs-
PSQ.

5Advances in Polymer Technology



sensitive to the microstructure, as its intensity is large for
low symmetry silsesquioxane structures such as branched
random networks. And the intensity of the frequency at
around 1125 cm-1, which arises from multiple Si-O-Si asym-
metric stretching vibrations, is intensive due to the existence
of (Si-O)4 ring. It can be seen from Figure 2(b) that the
broadband closed to 3443 cm-1 is attributed to the amine
group stretching vibration, and the absorption peak at
1251 cm-1 is ascribed to the hydroxyl stretching vibrations
of benzene. These results collectively demonstrate the suc-
cessful surface modification of CNTs by PDA. Furthermore,
two intensive absorption peaks at 2930 cm-1 and 2853 cm-1

are attributed to the stretching vibration band of methylene,
respectively. And the characteristic peaks at 1030 cm-1 and
1125 cm-1 are ascribed to the Si-O-Si vibration of PSQ,
which illustrate the successful fabrication of CNTs-PSQ.

Raman spectroscopy is utilized to detect the functional
CNTs with the D band and G band, which corresponded
to the peaks at 1353 cm-1 and 1593 cm-1, respectively. The
ID/IG intensity ratio is generally used to appraise the micro-
structural quality of CNTs. From Figure 2(c), compared with
CNTs, the ID/IG of CNTs-PDA and CNTs-PSQ changed
from 0.89 to 0.38, indicating the compensation of some
defects on the CNT surface with negligible change in the
structures of CNTs. The above-mentioned evidences have
clearly demonstrated that the PSQ-SH is successfully grafted
on CNT surface by mussel-inspired chemistry and click
chemistry.

The powder XRD technique is widely used for the struc-
ture analysis of ladder polymers. In this paper, XRD analysis
is carried out to investigate the CNTs and PSQ-SH struc-
tures in detail. As shown in Figure 2(d), the ladder-like poly-
silsesquioxane typically shows two characteristic diffraction
peaks which appeared at 2θ = 7:5° and 2θ = 21:4°. According
to the literature review [30], the peaks at 2θ = 7:5° and 2θ
= 21:4° are attributed to the ladder width and thickness of
the ladder superstructure, respectively, while CNTs possess
two diffraction peaks at the positions of 2θ = 26:2° and
44.3°, corresponding to the (002) and (101) crystal faces of
carbon materials, respectively. The product CNTs-PSQ still
maintains their original structure of the introduction of
CNTs and PSQ.

TGA analysis is adopted to investigate the thermal sta-
bility of the CNTs and PSQ-SH. As shown in Figures 2(e)

Figure 5: (a) SEM images of silicon rubber. (b, c) SEM images of silicon rubber-based nanocomposites with CNTs-PSQ. (d) SEM images of
interface between CNTs, PSQ, and SR matrix.
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and 2(f), the TGA curves of KH590 and PSQ-SH behave
completely different. Compared with KH590, the thermal
stability of PSQ-SH is greatly improved due to its unique
cage structure. The initial thermal decomposition tempera-
ture of PSQ-SH exceeds 350°C, and the cage structure
remains relatively stable even at 800°C. At the same time,
carbon nanotube is a kind of material with excellent thermal
stability. There is no weight loss of pristine CNTs when the
temperature is up to 800°C. After modification with PDA,
with the increase of temperature, it is obvious that CNTs-
PDA gradually decomposes gently and uniformly. Due to
the superposition of polydopamine and PSQ, the thermal
degradation of CNTs-PSQ is further exacerbated. Although
the thermal stability of the modified CNTs decreases, it
could still sustain good thermal stability at 300°C.

To in-depth verify the surface modification of CNTs,
SEM is conducted to detect the change of morphology of
CNTs, CNTs-PDA, and CNTs-PSQ. Compared with
Figures 3(a) and 3(b), it could be seen that the carbon nano-
tubes coated with dopamine become coarser with a certain
disorder. And Figure 3(c) shows the micromorphology of
PSQ-SH particles. The micromorphology of PSQ-SH dis-
plays an obvious spherical structure with the approximate
diameter of 3-5μm. At the same time, the cross-section
image from Figure 3(d) indicates that the microstructure is
a solid sphere. In Figure 3(e), it can be viewed that a good
dispersion effect between the dopamine-coated CNTs and
PSQ microspheres is realized, which means that the PSQ
microspheres can be uniformly coated with carbon nano-
tubes. From the enlarged SEM image of Figure 3(f), there
is a strong interface interaction between carbon nanotubes
and PSQ microspheres, and a small number of carbon nano-
tubes are attached to the surface of PSQ microspheres.

Figure 4 depicts the TEM photographs of CNTs, CNTs-
PDA, and CNTs-PSQ. As presented in Figures 4(a) and 4(b),
carbon nanotubes are easily entangled inorganic nanosized
fillers. The microscopic morphology of spherical PSQ is
shown in Figures 4(c) and 4(d), and the particle size of
PSQ-SH was about 3-5μm, while PSQ also tends to aggre-

gate together before modification. Figures 4(e) and 4(f) show
that the wrapping of carbon nanotubes can facilitate the bet-
ter dispersion of PSQ, and there is a strong interface interac-
tion between CNTs and PSQ. Considering the SEM and
TEM morphologies, we can conclude that the CNTs and
PSQ have good interface effects and dispersion morphology,
which provides a guarantee for achieving good dispersion in
rubber.

The surface morphology of the silicon rubber-based
nanocomposites incorporated with CNTs-PSQ is demon-
strated in Figure 5. The comparison between Figures 5(a)
and 5(b) shows that CNTs (green ring) and PSQ (red ring)
are evenly dispersed in the silicon rubber matrix. And it is
clearly seen in Figure 5(c) that both the CNTs and PSQ
could form strong interfacial interaction with the rubber
matrix. Figure 5(d) shows that there existed obvious interfa-
cial interaction between the silicon rubber, CNTs, and PSQ.
The uniform dispersion of nanoparticles and the good inter-
face between nanoparticles and matrix materials are benefi-
cial for increasing the thermal conductivity of the polymer
matrix.

The dielectric constant (ε′) as a function of frequency for
these nanocomposites is displayed in Figure 6. The ε′ value
increases firstly and then decreases with the increase of filler
contents. However, the change range of the dielectric con-
stant is extremely small, which is considered as the insulat-
ing rubber. In other words, after the addition of
nanofillers, the SR/CNTs-PSQ composites could still dem-
onstrate excellent insulating characteristics.

Figure 7 displays the thermal conductivity of the silicon
rubber-based nanocomposites. It is universally acknowl-
edged that the high thermal conductivity could enhance
the service life of the rubber-based composites by facilitating
heat transfer. As we all know, CNTs have excellent thermal
conductivity (2000-3000Wm-1K-1). Therefore, as expected,
the inclusion of CNTs and PSQ could significantly improve
the thermal conductivity of the silicon rubber-based nano-
composites, which is consistent with the reported literature
[4–6]. However, when CNTs are used alone, the improve-
ment of the thermal conductivity is severely limited due to
the poor dispersion and interfacial interaction of carbon
nanotubes in the rubber matrix. Furthermore, the thermal
conductivity of SR nanocomposites increases steadily by
increasing the concentration of CNTs-PSQ up to 5 phr.
The incorporation of 5 phr CNTs-PSQ into the silicon rub-
ber matrix enhance the thermal conductivity of specimens
by 15.2%.

4. Conclusion

In this work, inspired by the mussel bionic technology and
click chemistry, CNTs-PSQ nanoparticles were fabricated
by chemical bonding between carbon nanotubes and polysil-
sesquioxane, which effectively solved the problems of easy
agglomeration of carbon nanotubes and poor interface
bonding with rubber matrix. The micromorphology and
chemical structures of CNTs-PSQ were determined by com-
bining FT-IR, Raman, XRD, TGA, SEM, and TEM analyses.
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The PSQ coatings could not only significantly enhance the
dispersion uniformity of CNTs into the SR matrix but also
form stronger interfacial interaction between CNT nanopar-
ticles and SR matrix. Therefore, the SR/CNTs-PSQ nano-
composites exhibited simultaneously improved thermal
conductivity and insulation performance, which provides a
novel strategy for the preparation of well-distributed CNTs
and high-performance rubber materials for electronic
components.
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