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Abstract

In this study, composite systems of multi-walled carbon nanotube (MWNT) and polydimethylsiloxane
(PDMS) were prepared by employing acid-treated MWNT (A-MWNT) and amine-terminated PDMS (AT-
PDMS). A major focus was to investigate the effect of interfacial interactions between acid groups of
MWNT and amine groups of PDMS on the rheological properties of the composite systems. It was found
that the increase in shear viscosity and dynamic moduli was more pronounced in composite systems con-
taining the pristine MWNT rather than in A-MWNT when the MWNT loading was increased from 0.1 to
0.5 wt.%. However, a synergistic raise of the rheological properties was accomplished by a proper com-
bination of pristine MWNT and A-MWNT at 0.5 wt.% loading. Shear sensitivity of the viscosities was also
influenced by the composition of MWNT and the transition from liquid-like to solid-like behavior was dis-
cussed in the context of variations occurred in terminal slopes of dynamic moduli of the PDMS/MWNT
composite systems.
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1. Introduction

Carbon nanotube(CNT) is an attractive nano-filler to

upgrade the performance of polymer matrices with various

functionalities. A considerable body of literature has been

focused on the development of polymer/CNT composites

to obtain a novel combination of electrical, optical and

mechanical properties (Breur and Sundararaj, 2004). In

addition to utilizing the outstanding strength and conduc-

tivity of CNT, additional purposes of incorporating CNT in

polymer system include the aspects of thermal manage-

ment and flame retardance as well (Biercuk et al., 2002;

Kashiwagi et al., 2002). 

In developing polymer/CNT composites, as is the case

for other conventional composites, a key issue is to achieve

the uniform dispersion of CNT in the matrix along with

strong interfacial adhesion between them, by which one

can minimize the CNT loading and maximize its benefits.

Numerous attempts have been made to improve the com-

patibility and dispersibility of CNT in solvents or polymers

(Tasis et al., 2006; Chen et al, 2001). A useful approach

involves the formation of a covalent bond or Coulombic

type interactions between the nanotube and polymer via

functionalization of nanotube surface. A well-known

method is the acid-functionalization of CNT surface, which

is ready to be mixed with polar polymers or offers a plat-

form for further treatment to introduce other functional

groups (Peng et al., 2003; Hirsch et al., 2005).

In this study, an attempt has been made to generate a

composite system of polydimethylsiloxane (PDMS) and

multi-walled CNT (MWNT) by combining acid-treated

MWNT with an amine-terminated PDMS. Through this

combination, we can expect to optimize the PDMS-

MWNT interfacial interactions owing to the salt formation

between acid and amine groups. Among various classes of

polymer/CNT composites, PDMS/MWNT belongs to a

case of elastomeric composite featuring in the photo-stim-

ulated mechanical response. Such unique function attracted

considerable attention in the development of light-con-

trolled actuators (Lu and Panchapakesan, 2007; Ahir et al.,

2008). Other desirable properties of PDMS/MWNT com-

posites encompass the biocompatibility and capability of

ultrarapid temperature control in the limited space like

micro- and nanochannels (Miyako et al., 2008; Hong et al.,

2010).

Despite of the abovementioned benefits owing to the

existence of MWNT in PDMS phase, relatively little atten-

tion was focused on the rheological behaviors of PDMS/

MWNT composites. Although the dispersion rheology of

MWNTs in PDMS matrix was investigated in detail, only

pristine MWNT and PDMS were used for the analysis
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(Huang et al., 2006). It was, therefore, a major objective of

this work to investigate rheological properties of the

PDMS-MWNT composite systems prepared by employing

acid-treated MWNT and amine-terminated PDMS. No

doubt, such information is valuable to process the com-

posites for various applications. Depending upon the

degree of interfacial interactions within the composite sys-

tem, peculiar responses in rheological characterization

would be revealed in comparison to those of pure PDMS

or simple mixture of unmodified CNT and PDMS. It is

expected that the results found from this study will provide

useful information for the development of high perfor-

mance PDMS.

2. Experimental 

2.1. Materials and sample preparation
MWNT used in this study was purchased from Hanwha

Nanotech (CM-95, purity > 95%). It is prepared by the cat-

alytic chemical vapor deposition technique and its diameter

and length correspond to 10~15 nm and 10~20 µm, respec-

tively. Bis(3-aminopropyl) terminated PDMS (designated

as AT-PDMS, Mw=27,000 g/mol, viscosity=2,000 cSt) and

PDMS having methyl end groups (Mw=13,700 g/mol,

viscosity=350 cSt) were purchased from Aldrich. Sulfuric

acid (H2SO4, 95%) and nitric acid (HNO3, 64%) were pur-

chased from Duksan Pure Chemical. All other chemicals

obtained commercially and used without further purification.

In order to introduce carboxylic groups on the surface of

the nanotube, MWNTs (0.5 g) were added to 250 ml of

concentrated H2SO4/HNO3 (3:1 by volume) and ultrason-

icated in a bath type sonicator (frequency=40 kHz, intensity

=0.032 W/cm2) for 2 hr and subsequently stirred for 8 hr at

40oC. The resulting material was designated as A-MWNT.

After acid treatment, MWNTs were was hed using deion-

ized water, filtered in a Teflon filter (pore size =0.1 µm)

until the pH value reached 7 and vacuum-dried at 60oC for

24 hr. As a matrix phase of the composite systems, PDMS

and AT-PDMS were mixed with a volume ratio of 3:1 to

form M-PDMS. It was confirmed during our experiment

that PDMS forms a homogeneous mixture with AT-PDMS

without phase segregation, which is important to construct

a stable composite system. This mixture was dissolved in

THF at a volume ratio of 1:9 and then various amounts of

pristine and A-MWNTs were added. THF solutions con-

taining M-PDMS and MWNTs were ultrasonicated for

30 min and stirred for 1 hr. After mixing process, THF was

completely removed by heating at 60oC for 48 hr to pro-

duce M-PDMS/MWNT composite systems in the form of

viscous fluid. 

2.2. Measurements and analysis
FTIR (Spectrum One, PerkinElmer) analysis was per-

formed to identify the carboxyl groups on the nanotube

surface and its interaction with amine group of PDMS as

well. The samples for FTIR were prepared in pellet form

by pressing the composite with potassium bromide (KBr).

A TA instrument 2950 thermal analyzer was used to inves-

tigate the thermal degradation of the modified MWNT.

Experiments were carried out on 5 mg of samples under

nitrogen at a heating rate of 20oC/min up to 680oC. The

rheological properties of the composite systems were mea-

sured both in steady and the oscillatory shear mode at 25oC

by using a stress-controlled rheometer (AR 2000, TA

Instruments). The measurements were performed in a par-

allel-plate fixture (diameter=40 mm) with a gap distance

of 1 mm. Steady shear sweeps were performed in a step-

wise manner from 0.1 to 100/s and dynamic oscillatory

shear measurement was performed at frequency range of

0.1~200 rad/s. The strain was kept at 4% to ensure linear

viscoelasticity.

In order to determine acid content in A-MWNT, the acid-

base titration was performed according to the method pro-

posed by Hu et al. (2001). In principle, the titration can be

practiced in two ways. In a forward direction, the excess

NaHCO3 is used to form the conjugate bases of acid groups

and remaining NaHCO3 is titrated, while HCl is used to re-

acidify the conjugate bases and remaining HCl is titrated in

a backward direction. In this study, an averaged value from

both titrations was used to report the acid content.

3. Results and Discussion 

From the titration analysis, it was found that the con-

centration of active sites (moles of COOH per g of

MWNT) was 5.3 mmol/g in A-MWNT. This result was

reasonable compared to previous investigations (Lee at al.,

2008; Datsyuk et al., 2008) and the validity of the acid

treatment was also verified from FTIR analysis in which

the intensity of the C=O peak at 1730 cm-1 increased with

the time of acid treatment (results not shown here). Fig. 1

Fig. 1. TGA curves of MWNT: (a) pristine MWNT, (b) A-

MWNT (10 hr acid-treated).
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shows thermal degradation behaviors of pristine MWNT

and A-MWNT. As expected, the weight loss of the A-

MWNT was apparent compared with the degradation

behavior of pristine MWNT. As reported by Datsyuk et al.

(2008), the observed weight loss under 500oC is mainly

associated with the elimination of water and organic moi-

eties such as carboxyl and hydroxyl functionalities, while

thermal oxidation of disordered carbons is dominant at

higher temperatures. It is considered from the TGA data

that the adverse consequences such as nanotube shortening

and additional defect generation in the graphitic network

were inevitable during acid treatment. In fact, the relevant

evidences for defect formation and length shortening of

MWNT under extreme oxidation conditions have been

provided by Datsyuk et al. (2008).

Fig. 2 demonstrates the dispersion stability of A-MWNT

in PDMS/THF solutions. The pictures of the solutions

were taken after 10 days of storage. When there was no

AT-PDMS included in the solution, the agglomeration of

MWNTs was evident (Fig. 2(a)). As AT-PDMS was intro-

duced to the system, however, the dispersion stability was

greatly improved. Such enhanced stability is closely asso-

ciated with the aforementioned salt-type interaction between

acid and amine groups, which was confirmed by FTIR anal-

ysis. In the IR curve of AT-PDMS shown in Fig. 3(a), the

absorption band at 1600 cm-1 is ascribed to the N-H scis-

soring vibration of primary amines in polysiloxanes

(Gutiérrez et al., 2009). This peak was shifted to 1570 cm-1

in IR curve of AT-PDMS/A-MWNT (Fig. 3(b)), which was

contributed by both carboxylic anion and NH3

+, supporting

the protonation of amine groups in PDMS by the car-

boxylic groups in acid-treated MWNT (Wang et al., 2005).

Fig. 4 shows the effect of MWNT content and kind (pris-

tine vs. modified) on the shear viscosities of the composite

systems. In all cases included in Fig. 4, the differences of

viscosities were especially significant at low shear rate. As

an overall estimation, the viscosities of the composite sys-

tems were increased with MWNT contents and became

more sensitive to the shear rate in both kinds of MWNT. At

0.1 wt.% MWNT, the viscosities of the composite system

were slightly increased by the presence of A-MWNT,

while a notable change in viscosities was hardly found in

case of pristine MWNT. At 0.3 wt.% MWNT, viscosities

of the composite systems were increased to a similar extent

by each type of MWNT. A further increase in MWNT

loading resulted in an inversion of viscosity values; in

other words, the viscosities of the composite system con-

taining pristine MWNT were higher than those of A-

MWNT at 0.5 wt.% MWNT. The shear thinning exponents

n (viscosity~shear rate-n) of the composite systems were

calculated in the shear rate range between 0.25 and 1.5 1/s

and summarized in Table 1. A crossover of the shear rate

dependency between pristine MWNT and A-MWNT can

be traced in the increment of MWNT content. Along with

the viscosity profiles, a similar sequence of variations in

regard to the MWNT content and type was also observed

Fig. 2. Photographs of dispersion state of A-MWNT (0.1 wt.%)

in PDMS/THF: (a) PDMS, (b) PDMS/AT-PDMS(5:5), (c)

PDMS/AT-PDMS(2:8), (d) AT-PDMS.

Fig. 3. FTIR spectra of (a) PDMS/AT-PDMS(3:1) and (b)

PDMS/AT-PDMS(3:1) /A-MWNT(0.1%) composite.

Fig. 4. Shear viscosities of M-PDMS/MWNT composites as a

function of shear rate for three MWNT contents.
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in plots of storage modulus (G’) and loss modulus (G”)

versus angular frequency, as presented in Figs. 5 and 6.

The G’ and G’’ of the M-PDMS/MWNT composite sys-

tems were significantly improved relative to the M-PDMS

matrix, particularly at low frequency. However, the

improvement of dynamic moduli with the MWNT loading

was less pronounced in the case of A-MWNT composite

systems than that of pristine MWNT, except when the

MWNT loading was 0.1 wt.%.

As mentioned previously, a major purpose of replacing

pristine MWNT with the functionalized MWNT in poly-

mer matrices is to ameliorate the interfacial interactions;

thereby we can expect at least higher dynamic moduli

owing to the effective load transfer across the interface. A

plausible reason for the results of Figs. 5 and 6 can be

found from the acid-driven deterioration of properties in

MWNTs, as addressed earlier in the analysis of TGA data

(Fig. 2). Once the length of the MWNT is shortened and its

surface is damaged during the surface modification, suf-

ficient reinforcing effect and capability of forming a net-

work-like structure are subject to degenerate in the given

matrix. In order to elucidate this effect in more detail, we

tried to reduce the amount of A-MWNT by combining it

with pristine MWNT at various ratios, while keeping the

total MWNT loading constant as 0.5 wt.%. The rheological

properties from those samples are shown in Figs. 7 and 8.

It is clearly seen that a synergistic increase in viscosities

and dynamic moduli was occurred by a combination of A-

MWNT and pristine MWNT. The values of viscosity and

storage modulus of the composite systems were highest at

2:8 ratio of A-MWNT and pristine MWNT among the pre-

scribed compositions. These results strongly support the

desirable efficacy of optimized combination of pristine and

functionalized MWNTs when the MWNT loading is rel-

atively high. Of course, such approach may not be nec-

essary if a different condition was applied to modify the

MWNT with minimal damage. Furthermore, the desig-

Table 1. Shear thinning exponent (n) and slopes of dynamic

moduli(G’, G”)

Materials
n

Slope 

of G'

Slope 

of G"Concentration M W NT

M-PDMS only -0.02 1.34 0.99

0.1 wt%

pristine 

MWNT
-0.01 1.19 0.99

A-MWNT -0.06 0.99 0.96

0.3 wt%

pristine 

MWNT
-0.20 0.94 0.92

A-MWNT -0.16 0.82 0.92

0.5 wt%

pristine 

MWNT
-0.40 0.68 0.81

A-MWNT -0.24 0.74 0.89

A-MWNT/

pristine 

MWNT(2:8)

-0.49 0.50 0.72

A-MWNT/

pristine 

MWNT(4:6)

-0.37 0.68 0.81

A-MWNT/

pristine 

MWNT(6:4)

-0.37 0.68 0.84

A-MWNT/

pristine 

MWNT(8:2)

-0.34 0.64 0.84

Fig. 5. Storage modulus of M-PDMS/MWNT composites as a

function of angular frequency for three MWNT contents.

Fig. 6. Loss modulus of M-PDMS/MWNT composites as a func-

tion of angular frequency for three MWNT contents.
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nated ratio of 2:8 may not be the best composition in the

present study, since we can balance the molar quantities

between the acid and amine groups by changing the com-

positions in a more elaborated manner. Nevertheless, it is

emphasized that a combination of pristine MWNT and A-

MWNT in a certain ratio is an effective way to control the

rheological properties of the M-PDMS/MWNT composite

systems, where A-MWNT is expected to play a role as a

compatibilizer for pristine MWNT and M-PDMS.

An additional point is made with regard to the terminal

slopes of G’ and G” shown in Figs. 5~7 and Table 1, which

is a well-known indication of a major change in micro-

structure of various composites containing CNTs (Huang et

al, 2006; Park et al., 2005; Abdel-Goad and Pötschke,

2005; Wang et al., 2008 ). As summarized in Table 1, the

terminal slopes of G’ decrease from 1.34 to 0.50, while

those of G” decrease from 0.99 to 0.72. Although a distinct

plateau at low frequencies was not reached in the given

range of compositions, the increase of storage modulus and

non-terminal behavior of the M-PDMS/MWNT composite

systems indicate that the material properties are changing

from liquid-like to solid-like behavior depending upon the

composition of MWNTs used in this study. Again, it is

noteworthy that the slopes of dynamic moduli were min-

imum at 2:8 ratio of A-MWNT and pristine MWNT, which

is the indicative of restrained long-range motion of poly-

mer chains owing to the strong polymer-nanotube inter-

actions.

4. Conclusions

A composite system based on PDMS and MWNT was

produced by introducing acid-treated MWNT and AT-

PDMS. It was found that the dispersion stability of MWNT

was greatly improved in a mixed matrix of PDMS and AT-

PDMS when A-MWNT was introduced. It was confirmed

from FTIR analysis that the improved dispersibility of

MWNT was ascribed to the interaction between carboxylic

anions and protonated amine groups. The rheological

responses of the PDMS/MWNT composite systems were

significantly altered depending upon the composition of

pristine MWNT and A-MWNT. It has been found that the

incorporation of MWNT in PDMS matrix results in higher

viscosities, storage modulus, and loss modulus. Shear thin-

ning behavior was observed in the A-PDMS/MWNT com-

posite systems and the terminal slopes of G’ and G”

gradually decreased with increased MWNT loadings.

When the pristine MWNT or A-MWNT was indepen-

dently loaded at 0.5 wt.%, the enhancement of rheological

properties of M-PDMS was substantially superior in case

of the pristine MWNT; however, a greater improvement

was achieved by a suitable combination of the two dif-

ferent MWNTs. By tracing terminal slopes of dynamic

moduli, a gradual transition from liquid-like to solid-like

Fig. 7. Effect of AT-MWNT/ pristine MWNT ratio on (a) shear

viscosities and (b) storage modulus of M-PDMS/MWNT

composites (Total MWNT content was 0.5 wt.%).

Fig. 8. Storage modulus of M-PDMS/MWNT(0.5 wt.%) com-

posite system as a function of weight ratio in A-MWNT

and pristine MWNT.
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properties was observed depending upon the composition

of M-PDMS/MWNT composite systems. It is suggested

that a proper combination of pristine and functionalized

CNTs may offer an effective route to maximize the benefits

from inherent properties of CNT in reinforcing polymer

matrices.
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