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ABSTRACT: Effect of different content of C60 on the melt radical reaction between trimethylol propane triacrylate (TMPTA) and poly-

propylene (PP) was studied by means of Fourier transform infrared, melt torque values, and rheological results. C60 could transfer

most of the reactive PP macroradicals to more stable macroradicals at first due to its higher reaction rate with radicals. Therefore,

the homopolymerization of TMPTA was restrained to some extent. PP samples containing TMPTA, C60, and 2,5-dimethyl-2,5(tert-

butylperoxy) hexane peroxide (DHBP) showed a more obvious influence on increasing the entanglements between PP chains compar-

ing with PP samples containing C60 and DHBP, owing to the synergetic effect between TMPTA and C60 on branching with PP macro-

radicals. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Polypropylene (PP) is one of the most widely produced and

used plastics due to its higher melting temperature, low density,

chemical resistance, and better mechanical properties. However,

commercial isotactic PP, mainly prepared by Ziegler–Natta cata-

lysts, cannot be applied into some processes, where elongational

properties and melt strength are dominant, such as foaming,

blowing, and extrusion coating, mainly because of the linear

structure. Fractions of long chain branched or crosslinked struc-

ture in PP has been verified to be an effective way to confer PP

with obvious strain hardening in extensional flows and enhance

melt strength as a result of the increase of the entanglements

between polymer chains.1–3

Melt mixing is a more convenient and economic approach to pre-

pare high melt strength PP (HMSPP), comparing with in situ

polymerization in a reactor4,5 and high-energy irradiation6,7 due

to the absence of solvent and short processing time. Several meth-

ods have been used to enhance the melt strength of PP via melt

mixing according to the previous reports: chemical reactions

between the grafted groups on PP, such as epoxy and maleic anhy-

dride,8 amine and maleic anhydride,9 and amine and glycidyl;10

blending linear PP with branched PP11,12 or other polymers, like

Polyamide 66;13 radical combination between PP macroradi-

cals14,15 or radical addition between PP macroradical and multi-

functional monomer (mainly containing reactive C¼¼C bonds).16–20

Recently, the method of radical addition was mostly used to pre-

pare HMSPP. However, b-scission of PP macroradicals and

homopolymerization of multifunctional monomers in the

presence of high content of free radicals are the main side reac-

tions.16–19 The former reaction will lead to the chain scission and

reduce the melt strength of PP. The latter reaction will result in the

lower branching efficiency of multifunctional monomers. Thiuram

disulfide16 and dithiocarbamate17,18 were found to effectively pro-

mote the branching reaction between PP macroradicals and trime-

thylol propane triacrylate (TMPTA) and limit the b-scission by

decreasing the instantaneous concentration of free radicals through

reversible radical reaction at high temperature. Heteroaromatic

ring derivatives,19,21,22 with the heteroaromatic ring conjugated

with a double bond bearing electron-attracting groups substituent,

display a high addition rate to the macroradical with the formation

of resonance stabilized radicals, thus can decrease the content of

high reactive PP macroradicals. In our previous research,19 we

found different heteroaromatic ring derivatives, especially 1-cyano-

3-(furan-2-yl)-2-propenoic acid ethyl ester (CFA) and 2-(furan-2-

ylmethylene)malononitrile (FN), could obviously promote the

branching efficiency of TMPTA and increase the chain entangle-

ments between polymer chains.

VC 2012 Wiley Periodicals, Inc.
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As a special nanoparticle of single molecule, fullerene C60 has a

high electron affinity (ca. 2.7–2.8 eV) and is therefore capable

of acting as radical scavengers. C60 has 30 carbon–carbon dou-

ble bonds, which can trap more than 34 free radicals; thus, it is

known as a radical sponge.23 In our previous researches,24,25 we

have demonstrated that the interfacial reaction between C60 and

PP took place in the presence of peroxide by simple melt mix-

ing. Not only the dispersion state of C60 nanoparticles was

improved but also the chain structure of PP changed a lot in

the presence of peroxide. The reaction between methyl radical

and C60 was very fast with the rate constant about 4.6 � 108

M�1 S�1.26 However, the rate constant between methyl radical

and methyl methacrylate was about 105–106 M�1 S�1.27 So, in

principle, C60 can react with PP macroradicals at first and

reduce the concentration of reactive PP macroradicals, and

finally, homopolymerization of TMPTA can be restrained.

In this work, we studied the influence of the content of C60 on

the melt grafting reaction between PP macroradicals and

TMPTA molecules. The possible reactions and microstructures

of the modified PP samples were proposed according to our ex-

perimental results.

EXPERIMENT

Materials

Additive-free isotactic PP powder (melt flow rate (MFR) ¼
2.0 g/10 min) was supplied by Daqing Petrochemical Corpora-

tion, China. C60 (purity: 99.9%) was purchased from Yongxin

Technology, Henan province, China 2, 5-dimethyl-2, 5(tert-butyl-

peroxy) hexane peroxide (DHBP) was obtained from Aldrich.

TMPTA was obtained from Tianjin Tianjiao Chemical, China.

Other reagents were used without further purification.

Sample Preparation

All samples were prepared via melt mixing at 180�C for 8 min

using a Brabender LH60 internal mixer (Shanghai, China) with

a rotating speed of 64 rpm. The detailed composition of differ-

ent modified PP samples was listed in Table I. Torque curves

were acquired by Brabender mixing software. Before melt mix-

ing, about 45 g PP power with a designed composition of C60,

TMPTA, and DHBP was premixed by high speed pulverator for

2 min. Sample PP was mixed with 0.2 wt % Irganox B215 at

the beginning of melt mixing, and other samples were mixed

with 0.2 wt % B215 after melt mixing about 7 min. After melt

mixing, the samples were shaped into 1 mm thick by compress-

ing molding at 180�C. The resultant samples were designated as

xTyCzD. Herein, T, C, and D denote TMPTA, C60, and DHBP,

respectively; and x, y, and z denote the weight percentage of

TMPTA (�10), C60 (�10), and DHBP (�100), respectively. For

example, 12T12C010D means that the sample contains 1.2 wt

% TMPTA, 1.2 wt % C60, and 0.1 wt % DHBP.

Characterization

Fourier Transform Infrared (FTIR) (Bio-RadFTS-135) was used

to characterize plain PP and modified PP samples. Before meas-

urements, the modified samples were dissolved in xylene for 2 h

at 140�C with 0.2 wt % 2,6-di-tert-butyle-4-methylphenol

(BHT). The extracted solution was charged into acetone at

room temperature. The precipitates were filtrated and extracted

with boiling acetone for 12 h to remove the residual multifunc-

tional monomer. The precipitates were dried at 70�C for at least

24 h under vacuum, and then pressed into thin films at 180�C
for FTIR measurements.

For measuring the content of gel, about 0.5 g modified PP sam-

ple was cut into small pieces and then packed with nylon fabric

of 500 meshes. The weights of PP and nylon fabric were

recorded as w0 and w1, respectively. The packed PP sample was

extracted in boiling xylene for 12 h. After extraction, the nylon

package was dried at 80�C for at least 36 h, and then, the

weight was recorded as w2. The gel content was determined by

the formula:

Gel ¼ w2 � w1

w0

� 100% (1)

The rheological properties were measured on PHYSICA MCR

300 (Anton Paar GmbH, Austria) under nitrogen atmosphere.

Round samples (25 mm in diameter � 1 mm in thickness)

were prepared for frequency scanning at 180�C, with a gap of

0.8 mm and a frequency scope from 0.01 to 100 rad s�1. The

strain was fixed at 1% to make the materials be in the linear

viscoelastic region.

The extensional experiments were performed at 180�C using the

extensional viscosity fixture on ARES-G2 from TA instruments,

America with different Hencky extension rates: 0.05, 0.1, 0.5,

and 1 s�1. Photographs were taken per second to observe the

intermediate state of the sample.

RESULTS AND DISCUSSION

At first, model experiments were done to investigate the influ-

ence of C60 on the homopolymerization of TMPTA at 180�C.
TMPTA alone polymerized to form a piece of solid crosslinked

polymer at 4 min. However, TMPTA containing 0.1 and 1.0 wt

% C60 polymerized at 6.5 and 16 min under the same condi-

tions, respectively. From the above results, we can conclude that

the reactivity of C60 toward free radicals is much higher than

that of TMPTA. On one hand, C60 can quickly transfer the high

reactive radicals to more stable radicals; on the other hand, the

Table I. The Detailed Composition of Different Modified PP Samples

Sample
TMPTA
(wt %)

C60

(wt %)
DHBP
(wt %)

PP 0 0 0

12C 0 1.2 0

010D 0 0 0.1

01C010D 0 0.1 0.1

05C010D 0 0.5 0.1

12C010D 0 1.2 0.1

12T 1.2 0 0

12T010D 1.2 0 0.1

12T01C010D 1.2 0.1 0.1

12T05C010D 1.2 0.5 0.1

12T12C010D 1.2 1.2 0.1
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stable radicals can not react with the C¼¼C bond in TMPTA

monomer or the reaction proceeds very slowly.

Both C60 and TMPTA can react with more than two PP macro-

radicals; however, their mixing torque curves show much differ-

ences. It is well accepted that the torque value is proportional

to the melt viscosity of the polymer,28 and the chain extension

reactions can increase the mixing torque.18,21 As shown in

Figure 1, without DHBP, Sample 12C showed a slight decrease

of torque values comparing with PP due to the minor degrada-

tion of PP matrix.24 However, Sample 12T had a new torque

peak after complete fusion of PP. It was because that PP macro-

radicals generated from thermal degradation attacked the C¼¼C

bond in the TMPTA and the homopolymerization of TMPTA

[Scheme 1, Reactions (2b), (2c), and (2d)]. In the presence of

DHBP, PP samples containing C60 showed a different changing

trend comparing with those containing TMPTA. Several PP

macroradicals attacked the C¼¼C bonds on the surface of one

C60 molecule or one C60 cluster that led to form long chain

branched structure;24 therefore, a new torque peak of the Sam-

ples 01C010D, 05C010D, and 12C010D appeared. However,

comparing with 12T, the TMPTA molecules in Sample 12T010D

were consumed quickly due to the severe homopolymerization

at a high concentration of free radicals [Scheme 1, Reactions

(3b) and (3f)]. Consequently, the torque values decreased with

the mixing time after complete fusion of PP due to the degrada-

tion of PP chains. However, the torque values of PP samples

containing C60 and TMPTA simultaneously increased obviously

from 90 to 300 s.

For better description of the torque curves, we defined several

variables. As shown in Figure 2, t0 represents the time that the

melt viscosity starts to increase after complete fusion of PP, and

Dt represents the time span between t0 and the time of the

maximum torque value. Tmax and Tend represents the maximum

torque value and the end torque value after complete fusion of

Figure 1. Behavior of the mixing torque for plain PP and modified PP

samples.

Scheme 1. Possible reactions involved during melt radical grafting process.
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PP. Before t0, the melt or degradation of PP chains predomi-

nated on the melt viscosity. However, during Dt, the influence

of chain extension reaction on the melt viscosity was stronger

than that of chain scission on the melt viscosity. The corre-

sponding results were summarized in Table II. For PP samples

containing C60 and DHBP, the t0 decreased but Dt increased

with the increasing content of C60. C60 is very reactive toward

free radicals, especially carbon-centered radicals.29 Therefore, it

can quickly combine with PP macroradicals and transfer the

high reactive PP macroradicals to more stable macroradicals

[Scheme 1, Reaction (1e)]. Comparatively, the b-scission of PP

macroradicals was restrained [Scheme 1, Reaction (1d)]. The

more C60 added, the more PPC60
� was formed. From Reaction

(1f) in Scheme 1, it can be concluded that the chain extension

reaction was strongly influenced by the concentration of

PPC60
�. Consequently, Sample 12C010D had a smaller t0 and

longer Dt comparing with 01C010D or 05C010D. However,

both t0 and Dt of PP samples containing TMPTA, C60, and

DHBP increased with the content of C60. There was no torque

peak of Sample 12T010D after complete fusion of PP due to the

severe homopolymerization of TMPTA at high concentration of

free radicals [Scheme 1, Reactions (3b) and (3f)].16–18 Further

adding C60, most of the free radicals were converted to more

stable macroradicals [Scheme 1, Reactions (4b) and (4f)], and

the corresponding Reaction (4g) was restrained. The more C60

added, the less PPT� was formed. Though the reactivity of C¼¼C

in C60 is much higher than that in TMPTA toward free radicals,

the viscosity increased quickly for PP samples containing

TMPTA due to the easy homopolymerization of TMPTA mole-

cules. This was verified by the mixing torque curves, PP samples

containing TMPTA, C60, and DHBP had much lower t0 and Dt
than PP samples containing C60 and DHBP. 12T12C010D had

much higher concentration of PPC60
� and lower concentration

of PPT� compared with 12T01C010D or 12T05C010D. There-

fore, during Dt period of the Sample 12T01C010D, the torque

values of PP samples containing TMPTA, C60, and DHBP

decreased, but t0 increased with the increasing content of C60.

The Tmax and Tend of 12T12C010D increased to 22.0 and 11.1

Nm, compared with these of 12C010D (only 15.5 and 10.2 Nm)

owing to the increasing entanglements between polymer chains.

FTIR spectroscopy was used to investigate the possible grafting

mechanism. The unreacted TMPTA monomers and homopoly-

merized TMPTA (without grafting onto PP chains) were

removed with acetone. As shown in Figure 3, there was a new

peak at 723 cm�1 for Samples 12C010D and 12T12C010D,

which belongs to the bending vibration of the CAC bond of

the structure C59�CAC�R.30 It demonstrated that C60 was co-

valently grafted onto PP chains by radical reaction. But, the

peak intensity of Sample 12T12C010D was weaker than that of

12C010D, due to the consumption of some PP macroradicals by

TMPTA. Figure 4 shows the FTIR spectra of the purified sam-

ples. For all the samples modified with TMPTA, there was a

band at about 1745 cm�1 due to the stretching vibration of the

carbonyl group of the ester in the TMPTA molecule, indicating

that TMPTA was grafted onto PP backbone. From the FTIR

spectra, the carbonyl index (CI) was defined as A1745/A1168,

Figure 2. Schematic showing the definition of several variables of torque

curve.

Table II. The Melt Properties and Structural Parameters of PP and Modified PP Samples

Sample t0 (s) Dt (s) Tmax (Nm)
Tend

(Nm)
Gela

(wt %)

GD of
TMPTA
(wt %)

Terminal
slope of G’

g* 0.01 rad s�1

(103 Pas)
G0

0.01 rad s�1

(Pa)
G00

0.01 rad s�1

(Pa)

PP – – – 9.8 0 – 1.38 20.4 19.9 203

12C – – – 8.6 0 – 1.40 10.5 6.27 104

010D – – – 3.4 0 – 1.60 0.6 – –

01C010D 128 99 13.9 7.6 0 – 1.03 17.0 39.8 165

05C010D 123 119 15.3 10.0 0 – 0.71 66.0 319 578

12C010D 119 122 15.5 10.2 0 – 0.72 61.9 279 552

12T 90 39 14.5 9.3 3.38 1.06 1.07 17.7 26.9 175

12T010D – – – 4.3 0 0.99 1.41 1.4 – –

12T01C010D 83 54 20.8 8.0 0 0.81 0.92 20.4 56.4 196

12T05C010D 89 72 21.9 10.9 16.32 0.74 0.54 105.0 732 759

12T12C010D 91 96 22.0 11.1 18.55 0.66 0.64 77.8 465 623

aThe content of gel.
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where A1745 is the absorbance at 1745 cm�1, characteristic of

carbonyl groups of the ester; A1168 is the absorbance at 1168

cm�1, characteristic of the CH3 groups (stretching of the

CACH3 groups on PP chains).21 The CI can be considered as a

measure of the content of grafted TMPTA (either in a single

unit or poly chains) on the PP backbone. Because CI was a rela-

tive value, a calibration curve was constructed to achieve the

grafting degree (GD). The mixtures with known amounts of

TMPTA and PP were prepared by melt mixing. The calibration

curve is presented in Figure 5. According to the CI values and

the calibration curve, the GD of TMPTA was calculated and

listed in Table II. The GD of TMPTA for Sample 12T was 1.06

wt %, suggesting that most of the TMPTA molecules was

grafted onto PP backbone. However, the GD of TMPTA for PP

samples containing TMPTA, C60, and DHBP decreased with

increasing the content of C60.

The gel content of the different samples was listed in Table II.

There was no gel in PP samples containing C60 and DHBP

because the content of DHBP was lower than 0.25 wt %.24

Owing to the serious homopolymerization of TMPTA in the

presence of peroxide, no gel was detected in 12T010D and

12T01C010D. Many domains of TMPTA homopolymers with

the diameter about 100 nm were found in the PP matrix in the

presence of peroxide according to our former report.19 How-

ever, the gel content in 12T05C010D and 12T12C010D was

16.32 and 18.55, respectively.

It is well established that molecular architecture is critical to

polymer melt flow behavior and processing.31,32 Figure 6 shows

the storage modulus (G0) versus angular frequency (x) for plain
PP and modified PP samples at 180�C. The value of G0 and the

terminal slope of G0 at low frequency region, reflecting the lon-

gest relaxation time, are very sensitive to the topological struc-

ture of macromolecules. The value of G0 at 0.01 rad s�1 and the

terminal slope of G0 at low frequency region were summarized

in Table II. Comparing with PP, 12C showed a decrease of G0 at
low frequency region and minor increase in the terminal slope

of G0 due to the thermal degradation of PP matrix at high tem-

perature. However, 12T had larger G0 at low frequency region

and lower terminal slope of G0 than PP due to the branching or

even crosslinking reaction between TMPTA and PP macroradi-

cals generated from thermal degradation. In the presence of

Figure 3. FTIR spectra (500–800 cm�1) of various samples.

Figure 4. FTIR spectra (1100–1800 cm�1) of PP and modified PP samples

after purification.

Figure 5. Calibration curve for the determination of the weight percent-

age of grafted TMPTA monomers.

Figure 6. Storage modulus versus angular frequency for plain PP and

modified PP samples.
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DHBP, 12T010D showed an obvious decrease of G0 at both high

and low frequency region owing to the serious homopolymeri-

zation of TMPTA molecules and dramatic degradation of PP

chains at high content of free radicals. But, PP/C60 nanocompo-

sites containing DHBP showed an obvious increase of G0 at low
frequency region, especially Samples 05C010D and 12C010D,

due to the formation of long chain branched structure. For PP

samples containing TMPTA, C60, and DHBP, C60 could transfer

most of high reactive PP macroradicals to more stable radicals,

and therefore the homopolymerization of TMPTA was

restrained. From the rheological results, the G0 at 0.01 rad s�1

of 12T05C010D increased from 319 Pa to 732 Pa and the termi-

nal slope of G0 decreased from 0.71 to 0.54 comparing with

those of 05C010D due to the synergistic effect between TMPTA

and C60 to branch PP macroradicals and increase chain entan-

glements between PP chains.

Figure 7 shows the loss modulus (G00) versus angular frequency

for plain PP and modified PP samples at 180�C. G00 measures

the energy dissipated as heat, representing the viscous portion.

The curves of G00 had almost the same changing trend with

those of G0. However, G00 is not as sensitive as G0 with the long

chain branched or crosslinked structure. As shown in the Table

II, the G00 at 0.01 rad s�1 of 12T05C010D increased only from

578 to 759 Pa.

The presence of very low amounts of long chain branched

structure can change complex viscosity (g*) at low frequency

region and the degree of shear thinning, when compared with

the linear polymers with similar molecular weight.33 The g*
plots of plain PP and modified PP samples are shown in Figure

8. The black dotted lines in Figure 8 were used to extend the

frequency region of 010D and 12T010D according to cross-

equation written as follows:34,35

g � ðxÞ ¼ g0
½1þ ðkxÞn� (2)

where g0 is the Newtonian viscosity (also called zero-shear vis-

cosity), k is a relaxation time, and n is a shear-thinning index.

For some of the samples, a continuous shear thinning region is

observed in all frequency range, without practically any symp-

tom of leveling off at low frequencies. In these cases, the value

of the parameter g0, which is frequency-independent can hardly

be associated to the linear viscosity of the general linear

Figure 7. Loss modulus versus angular frequency for plain PP and modi-

fied PP samples.

Figure 8. Complex viscosity versus angular frequency for plain PP and

modified PP samples.

Figure 9. Van Gurp–Palmen plots for plain PP and modified PP samples.

Figure 10. Han plots for plain PP and some modified PP samples.
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viscoelastic model.36 Therefore, we have approximated g0 with

the g* measured at x ¼ 0.01 rad s�1, and the results were listed

in Table II. Comparing with PP, adding DHBP alone (Sample

010D) or both DHBP and TMPTA (Sample 12T010D) led to an

obvious reduction of g0 and broader Newtonian-zone, due to

the dramatic degradation of PP chains. However, the g0 of

05C010D was about three times larger than that of PP. What is

more, the g0 of 12T05C010D increased to 105,000 Pas due to

the more remarkable shear-shinning behavior.

The plot of loss angle (d) as a function of the absolute value of

complex modulus (|G*|), the so-called vGP plot proposed by

van Gurp and Palmen,37 can be used to evaluate the topological

structures of polymers.38,39 Materials are almost completely vis-

cous when the d is close to 90� and almost completely elastic

when the d value is close to 0�. As shown in Figure 9, there was

only a little difference between 01C010D and 12T01C010D. It

was because that 0.1 wt % C60 could only consume a small

amount of PP macroradicals, and most of TMPTA molecules

homopolymerized to form gel-like particles in the presence of

high content of radicals. However, 0.5 wt % C60 was enough to

quickly transfer most of the high reactive PP macroradicals to

more stable radicals, and therefore the homopolymerization of

TMPTA molecules was largely restrained. Comparing with

05C010D or 12C010D, further adding TMPTA led the curves to

become level or downturning at low |G*| due to the increasing

entanglements between PP chains.40

The Han plot (log G0 � log G00) has been proven to be a useful

tool to investigate the effects of long chain branched structure on

rheological properties.41,42 Han plot is independent of the melt

temperature and weight average molecular weight for monodis-

persed polymers. As shown in Figure 10, the Han plot of PP and

010D was almost a straight line, and the slope was 1.45 and 1.68,

respectively, implying that the structures of PP and 010D were

linear. However, an upshift from linear sample PP was observed

for 12T, PP/C60, and PP/TMPTA/C60 containing DHBP, espe-

cially for Sample 12T05C010D with the slope at low G00 about
1.01, indicating that a longer relaxation mechanism occurred.

Elongational behavior of polymer melts plays an important role

in the processing techniques. Commercial isotactic PP is not fit

for the process where extensional flows are dominant, such as

foaming, blowing, and extrusion coating, due to the absence of

strain hardening. The curves of elongational viscosity versus

elongational time of PP and some modified PP samples at dif-

ferent Hencky strain rates (e
.
) are presented in Figure 11. Strain

hardening was observed as a sharp increase of elongational vis-

cosity of PP/C60 and PP/TMPTA/C60 containing DHBP with

elongational time at different e
.
. However, there was no obvious

upturn of elongational viscosity for PP and 12C, due to the lin-

ear structure of PP. Strain hardening behavior was also observed

for Sample 12T; nevertheless, the elongational viscosity was only

increased to a small content with elongational time. Comparing

with 05C010D, the inflexion time that corresponds to the

obvious upturn of elongation viscosity of 12T05C010D happens

at an earlier time at the same e
.
, which is ascribed to the increas-

ing degree of entanglements between polymer chains. However,

for Samples 010D and 12T010D, we could not perform elonga-

tional test due to the poor sag resistance. As shown in Figure

12, 010D and 12T010D could not support their own weight and

had serious deformation during the test time. Traditionally,

long chain branched structure can increase the entanglements

between polymer chains and improve the sag resistance.8 Add-

ing 1.2 wt % TMPTA, 0.1 wt % DHBP, and only 0.1 wt % C60

(Sample 12T01C010D) could lead to formation of a small

amount of long chain branched structure, and therefore, the sag

did not influence the elongational tests.

From the above results, we can conclude that both TMPTA and

C60 can react with PP macroradicals to introduce long chain

branched structure. The C¼¼C bonds in TMPTA are easy to

react with each other to form gel-like particles in the presence

of high content of radicals [Scheme 1, Reactions (3b) and (3f)].

Considering the reaction characteristic of TMPTA and the

Figure 11. Elongational viscosity as a function of time at different

Hencky strain rates.

Figure 12. The photographs of plain PP and some modified PP samples during the elongational test at 180�C: (a) PP, (b) 010D, (c)12T010D, and

(d)12T01C010D.
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results of FTIR and rheological properties, the possible micro-

structure in 12T010D was proposed. As shown in Figure 13(a),

some TMPTA grains with several C¼¼C bonds on the surface

reacted with PP macroradicals and few unreacted TMPTA mole-

cules can be found in the system. This was verified by by scan-

ning electron microscope (SEM) that some gel-like particles

were found in the PP sample containing TMPTA and DHBP.19

The G0 and g* of 12T010D at low frequency region decreased

greatly comparing with PP due to the serious degradation of PP

chains and low branching efficiency of TMPTA.

Comparing with C¼¼C bonds of TMPTA, these of C60 are more

reactive but not easy to homopolymerize toward free radicals.

C60 can quickly react with PP macroradicals with the formation

of resonance stabilized radicals [Scheme 1, Reaction (1e)], like

heteroaromatic ring derivatives.19,21,22 As shown in Figure 13(b),

the b-scission of PP chains was restrained, and more importantly,

long chain branched structure was formed during melt radical

reaction [Scheme 1, Reaction (1f)]. Therefore, the relaxation

time of PP/C60 containing DHBP was largely increased.

For PP samples containing TMPTA, C60, and DHBP, most of

the PP macroradicals could react with C60 to form more stable

radicals at first [Scheme 1, Reaction (4f)], and therefore, the

homopolymerization of TMPTA was restrained to some extent

due to the decreasing content of high reactive radicals. From

the above FTIR results, the GD of TMPTA decreased with

increasing content of C60, but from the rheological analysis, the

contribution of TMPTA in 12T05C010D and 12T12C010D on

increasing G0
0.01 rad s�1 and g*0.01 rad s�1 was greater than that in

12T01C010D. As shown in Scheme 1, C60 can partially combine

with PP macroradicals [Reaction (4f)] and the residual PP mac-

roradicals undergo b-scission reaction [Reaction (4e)] or graft-

ing reaction with TMPTA [Reaction (4g)]. The proportion of

Reactions (4e) and (4g) in Sample 12T01C010D was higher

than these in Sample 12T05C010D, therefore, as shown in Fig-

ure 13(c, d), more TMPTA molecules in Sample 12T01C010D

reacted with each other to form homopolymers than these in

Samples 12T05C010D or 12T12C010D.

CONCLUSION

Both C60 and TMTPA could react with PP macroradicals to pre-

pare HMSPP. However, TMPTA alone underwent homopolyme-

rization to form gel-like particles in the presence of high con-

tent of PP macroradicals. Further adding C60, most of the

reactive PP macroradicals could be transferred to more stable

radicals, and therefore, the homopolymerization of TMPTA was

restrained to some extent. From the rheological results, C60 and

TMPTA showed a synergetic effect on promoting the branching

reaction of PP macroradicals and increasing the chain entangle-

ments between PP chains. Considering the functionality of C60

in electro-optical properties and improving thermal stabilization

for polymers, it is possible to use the resultant HMSPP in the

preparation of high-performance nanocomposite foam. How-

ever, taking the high price of C60 into account, this method has

the potential to be further developed by using other reactive

nanoparticles in displacement of C60.
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