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ABSTRACT: To clarify an effect of polymer chain scission on a polystyrene (PS)/multi-wall carbon nanotube (MWNT) composite pho-

todegradation, a relationship between the change of molecular weight and photodegradation behavior was studied. The MWNT load-

ing brought about severe PS chain scission and led to the increase of the low molecular weight (less than 105) fraction. The increase

of the fraction was not proportional to the loading amount and showed the minimum at the 2% loading. The strange behavior was

due to a rheological effect bringing about a decrease of shear stress in the composite preparation. An unsaturated end group was pro-

duced by the chain scission and became the photodegradation initiator leading to auto-oxidation and crosslink reactions. The

MWNT scavenged radical species and worked as an antioxidant. The coexistence of the unsaturated end group and MWNT made the

photodegradation behavior complicated. However, the MWNT radical scavenging ability was considerably poor, and the MWNT had

little ability to inhibit the photodegradation initiation. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40362.
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INTRODUCTION

Carbon nanotube (CNT) is one of the attractive filler materials

for polymer composite from the viewpoints of good electrical,1

mechanical,2,3 and thermal4 properties. CNT is a long filler,

resulting that the entanglement occurs. The entanglement brings

about a three-dimensional network structure (percolation) of

CNT.5 Formation of the percolation in the polymer composite

brings about considerable improvement in the electrical conduc-

tivity even with a small amount of the loading.6–9 For instance,

in the case of polyepoxy matrix, the percolation threshold was

reported to be ca. 0.0025 wt % CNT loading.6 The high aspect

ratio allows other properties to be strongly improved by even a

small loading as well.9–11 Great efforts simultaneously have been

made on oxidative degradation of CNT/polymer composites

from the point of view of an improvement to the resistance.12–

17 However, it seems that the improvement has been not well

developed by a small loading.12–14

Auto-oxidation is one of oxidative degradation and a major

degradation mechanism in polymeric materials.18–22 There is

much literature on the mechanism. Many researchers agree fun-

damentally with the following mechanistic scheme:

Initiation : RH ! R• (1)

Propagation : R•1 O 2 ! ROO • (2)

ROO •1 RH ! R•1 ROOH (3)

Chain branching (including chain scission):

ROOH ! carbonyls 1 R • (4)

The auto-oxidation is mainly composed of the radical reactions.

It is assumed that CNT works as a polymer antioxidant since it

has an ability to scavenge radical species with graphene struc-

ture. In fact, however, the antioxidant effect was quite small for

the composite,12–14 and on the contrary, the CNT worked as

pro-oxidant at a low loading amount.12,14 Several scientists pro-

posed that the pro-oxidant effect was most likely due to the

local increase of the temperature induced by CNTs.13,14 They

concluded that the antagonism between the antioxidant and

pro-oxidant effects produced either the stabilizing or prodegra-

dant one. We have considered that there exists another factor

working as the pro-oxidant. Well-dispersion of multi-wall car-

bon nanotube (MWNT) frequently requires a severe dispersion

treatment such as high speed mixing and combination of soni-

cated and stirred methods,23–25 resulting that scission of the

polymer chain certainly occurs. In fact, P€otschke et al. reported

that there was a decrease in molecular weight of all extruded

poly(caprolactone) (PCL)/MWNT composites as compared to
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unprocessed virgin PCL.26 The chain scission certainly produces

unsaturated and carbonyl groups working as pro-oxidant for

the polymer degradation. It seems that the chain scission con-

siderably affects the degradation behavior. However, the effect

has been not studied yet.

In order to clarify the effect of the chain scission on the polymer

degradation, polystyrene (PS)/MWNT composite was employed,

and a relationship between the change of molecular weight and

photodegradation behavior was studied. In addition, the antioxi-

dant activity of the MWNT in the PS composite was evaluated

using electrical conductivity and molecular weight measurements.

EXPERIMENTAL

Raw Materials

PS was purchased from Sigma-Aldrich Co. LLC. The gel perme-

ation chromatography (GPC) curve was composed of two

peaks. The weight-average molecular weight (MW) and molecu-

lar weight distribution (Mw/Mn) of the major and minor peaks

were 3.6 3 105 and 1.3 3 103, 3.0, and 1.2, respectively.

MWNT was synthesized through dissociation of methane at

750�C with a Fe2O3 catalyst. The diameter was from about 20

nm to 80 nm, and the length was from 0.1 lm to 3 mm. The

MWNT was well purified and almost no catalyst was on it to

influence the PS degradation behavior. Tetrahydrofuran (THF)

was purchased from Wako Pure Chemical Industries, Ltd.

Preparation of PS/MWNT Composite Film

The PS/MWNT composite film was prepared by solvent-casting

method. The mixture of PS and MWNT was vigorously stirred

with a magnetic stirrer at 300 rpm in 10 wt % THF solution,

and then the solvent was allowed to evaporate for 12 h. The

cast film was further dried under vacuum at room temperature

for 8 h. The thickness was kept at about 600 lm.

Photodegradation Condition

The film was laid on a petri dish. A mercury vapor lamp of 400

W (Toshiba H-400P, luminance value 5 200 cd/cm2) was used

as a UV light source. The distance between specimens and the

lamp was 50 cm. The photodegradation tests were carried out

at 30�C.

Gel Permeation Chromatography Analysis

Sample in a small vial was dissolved in 5 mL of chloroform,

and the sample solution was directly measured by GPC. The

molecular weight was determined by GPC (SHIMADZU, Prom-

inence GPC system) at 40�C using chloroform as a solvent.

Electrical Conductivity Measurement

The electrical conductivity of the film samples with about 600

lm thickness was determined at room temperature by a con-

ventional four-point-probe technique with a resistivity meter

(Loresta-GP MCP-T610, Mitsubishi Chemical Co.).

Fourier Transform Infrared Analysis

The Fourier transform infrared (FTIR) spectrum (one scan) of

the film sample surface was recorded on a JASCO FT/IR-660

plus spectrometer with ATR PRO450-S accessory and ZnSe.

Carbonyl index was obtained from carbonyl (at 1713 cm21)

and aromatic ring breathing (at 1452 cm21) peak absorbance

ratio (A1713 cm
21/A1452 cm

21).

RESULTS AND DISCUSSION

Figure 1 shows the differential and integral molecular weight

distribution curves of the pristine and stirred PS samples. The

differential curve of the stirred PS shows a drastic increase of

the peak intensity in the low molecular weight (less that 105)

region as compared with that of the pristine one. In addition,

the main peak slightly shifts to a higher molecular weight. The

integral molecular weight distribution curves show that the less

than 105 and over 106 fractions in the pristine and stirred PS

samples are 27.4 and 37.1%, and 8.6 and 15.7%, respectively.

When the PS is stirred with a magnetic stirrer at 300 rpm, the

polymer chain scission is certainly caused by the shear stress. As

shown in Scheme 1, the PS chain is mechanically broken by the

shear stress and produces a PS radical species. The radical

Figure 1. Differential and integral molecular weight distribution curves of pristine and stirred PS samples.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4036240362 (2 of 7)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


species disproportionates and produces the PS chain with an

unsaturated end group. The unsaturated end group has a poten-

tial to become a degradation initiating site leading to auto-

oxidation and crosslink reactions.27,28 In fact, the main peak of

the stirred PS slightly shifts to the higher molecular weight,

indicating that a crosslink reaction occurs.

Well-dispersion of MWNT frequently requires a severe disper-

sion treatment such as high speed mixing and combination of

sonicated and stirred methods.23–25 In addition, MWNT is

much rigid, and its loading certainly brings about severe poly-

mer chain scission. Figure 2 shows the molecular weight curves

and less than 105 molecular weight fractions of PS/MWNT

composites. As shown in the differential molecular weight dis-

tribution curves, the MWNT loading certainly leads to the

increase of the peak intensity in the low molecular weight (less

than 105) region. However, the increase of the less than 105

molecular weight fraction is not proportional to the loading

amount. The fraction value changes from 44% to 58% between

the 1% and 4% MWNT content and shows the minimum one

at 2%. The existence of the minimum value suggests that there

exists other factor contributing to PS chain scission. When

polymer chain encounters MWNT with high rigidity at high

speed, it is surely cut. The encounter frequency definitely

depends on rheology behavior of polymer/MWNT composite.

Guo et al. reported that during melt mixing, a long MWNT

degraded polycarbonate polymer very much, but short ones

barely did it.17 The behavior indicates that there exists a rheo-

logical effect in polymer chain scission induced by MWNT

loading. It seems that the peculiar behavior of the PS chain scis-

sion is due to such a rheological effect. Figure 3 shows the elec-

trical conductivity of the PS/MWNT composite as a function of

the MWNT loading amount. The entanglement brings about

Scheme 1. Production process of degradation initiate site by shear stress.

Figure 2. Differential molecular weight distribution curves and less than 105 molecular weight fractions of PS/MWNT composites.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4036240362 (3 of 7)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


the CNT percolation,5 leading to considerable improvement in

the electrical conductivity even with a small amount of the

loading.6–9 When the electrical conductivity has a sizeable step

of some orders of magnitude above a CNT weight fraction, the

fraction value is called in particular “percolation threshold.”6–9

As shown in Figure 3, the PS/MWNT conductivity shows a

drastic increase between the 1% and 2% of the MWNT content,

indicating that the MWNT percolation structure is formed

between them. It is considered that the percolation structure is

basically completed at the 2% MWNT content. Figure 4 shows

the change of MWNT aggregation structure as a function of the

content. MWNTs are likely to become an aggregation due to

some forces, i.e., the Van der Waals force. As shown in Figure 4,

it seems that the MWNT aggregate is regarded as uniform-size

spherical particle at a low MWNT content such as 1%. When

the content increases, the aggregates with various sizes are

formed. The aggregate with a small size gets between the large

ones, and then the percolation structure is completed. Effects of

particle size distributions on viscosities have been studied by

Chong et al.29 They reported that the fine particle acted like a

ball bearing between large ones. The bearing effect brings about

a decrease of viscosity, leading to the decrease of shear stress. It

seems that the same effect occurs in the preparation of the PS/

MWNT composite. The small size MWNT aggregates act as ball

bearings and lower the shear stress. The effect reaches a maxi-

mum at the 2% MWNT content, implying the decrease in num-

ber of the PS chain scission. The strange behavior showing the

minimum fraction of the less than 105 molecular weight at the

2% MWNT content is due to such rheological effect.

The rheological effect makes the degradation behavior complex.

Figure 5 shows the differential molecular weight distribution

curves of un- and photodegraded PS and PS/MWNT samples.

The PS curve shifts to a lower molecular weight by the 24-h

photodegradation. The PS/MWNT curves do not show the

behavior, and the main peak intensities become higher after the

24-h photodegradation. As shown in Figure 6, the less than 105

molecular weight fractions of the 24-h photodegraded PS/

MWNT samples decrease at 10.4%, 7.6%, 10.0%, and 15.1% in

the 1%, 2%, 3%, and 4% MWNT content ones, respectively,

although that of the 24-h photodegraded PS increases at 0.7%.

The fraction decrease shows that the PS crosslink reaction

occurs by the photodegradation. The crosslink reaction shows

the maximum and minimum at the 4% and 2% MWNT con-

tent samples, respectively. Figure 7 shows the comparisons of

carbonyl index (A1713 cm21/A1452 cm21) values of un- and pho-

todegraded PS and PS/MWNT samples. The different values

Figure 3. Electrical conductivity of PS/MWNT composite as a function of

the MWNT loading amount.

Figure 4. Change of MWNT aggregation structure as a function of the content.
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between the un- and photodegraded samples indicate degrees of

the oxidative reaction (auto-oxidation) progress on the surfaces

and are 0.246, 0.140, 0.017, 0.254, and 0.181 for the PS, 1%,

2%, 3% and 4% MWNT content samples, respectively.

Although both the minimum values of the crosslink (the

decrease of less than 105 molecular weight fraction) and oxida-

tive (the different A1713 cm21/A1452 cm21 value) reactions are

observed at the 2% MWNT content sample, the dependencies

of both the values on the MWNT content do not agree well

each other. As mentioned above, there exist the unsaturated end

groups in these samples. The carbon double bonds and allyl

protons next to them become crosslink points30 and initiation

site of auto-oxidation,25,26 respectively. Thus, the unsaturated

end group certainly has a potential to become a degradation

initiator leading to auto-oxidation and crosslink reactions. On

the other hands, MWNT would have an ability to scavenge radi-

cal species and would work as antioxidant because of being

composed of graphene structure with carbon double bond. The

coexistence of the unsaturated end group and MWNT would

lead to an antagonism in the degradation, making the behavior

complicated.

However, the antioxidant effect of MWNT has been not

clarified yet. Watts et al. reported that CNT worked as polymer

antioxidants, and concurrently its effect was quite small for con-

centrations lower than 5%.12 It seems that the ability of the

MWNT radical scavenger is considerably low. It is necessary to

evaluate the antioxidant ability. When the MWNT works as the

radical scavenger, the electrical conductivity must be certainly

lower due to a change of the graphene structure. The electrical

Figure 5. Differential molecular weight distribution curves of un- and photodegraded PS and PS/MWNT samples.

Figure 6. Less than 105 molecular weight fraction of un- and photode-

graded PS and PS/MWNT samples.
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conductivity degradation of the composite would be caused by

a reaction with the generated radical species (i.e., radical reac-

tion). The antioxidant activity of the MWNT in the PS compos-

ite can be evaluated by making a comparison between the

conductivity and PS degradations. Figure 8 shows the changes

of less than 105 molecular weight fraction and of electrical con-

ductivity as a function of photo-irradiation time. The electrical

conductivity is almost constant up to the 12-h photoirradiation

time and then drastically decreases at the 24 h one. On the

other hands, the less than 105 molecular weight fraction drasti-

cally decreases up to the 12 h and increases at the 24 h. The

value shows the ups and downs for the irradiation time. Such

oscillating behavior is due to competition reaction between the

PS chain scission and crosslinking and is typical of PS photode-

gradation.30 The PS degradation is considerably sensitive to the

initial photo-irradiation. The electrical conductivity degradation

is not initially observed and is much insensitive to it. The

MWNT radical scavenging ability is considerably poor although

MWNT certainly works as the radical scavenger. MWNT is a fil-

ler material and is unable to molecularly disperse in polymeric

matrix. The poor dispersity lowers the radical scavenging ability

as compared with common antioxidant such as phenol and hin-

dered amine light stabilizers. The antioxidant effect of MWNT

is poor, and MWNT has little ability to inhibit the degradation

initiation of the polymeric matrix.

CONCLUSIONS

In order to clarify the effect of the chain scission on the poly-

mer degradation, the PS/MWNT composite was employed, and

the relationship between the change of molecular weight and

photodegradation behavior was studied. The MWNT loading

brought about severe PS chain scission, leading to the increase

of the low molecular weight (less than 105) fraction. The

increase was not proportional to the loading amount and

showed the minimum at the 2% loading. The behavior was due

to a bearing effect bringing about the decrease of shear stress.

The unsaturated end group was produced by the chain scission

and became the photodegradation initiator, leading to auto-

oxidation and crosslink reactions. The MWNT scavenged radical

species and worked as antioxidant. The coexistence of the unsat-

urated end group and MWNT made the photodegradation

behavior complicated. However, the MWNT radical scavenging

ability was considerably poor, and the MWNT had little ability

to inhibit the photodegradation initiation.
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