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Abstract

Polycaprolactone-graft-glycidyl methacrylate (PCL-g-GMA) copolymer was prepared by grafting GMA onto PCL in a batch mixer using

benzoyl peroxide as an initiator. The graft content was determined with the 1H-NMR spectroscopy by calculating the relative area of the

characteristic peaks of PCL and GMA. The graft content increased with the increase of GMA concentration. The methine proton peak

appearing at 3.65 ppm in 1H-NMR spectra could be assigned as a grafting site of GMA by the correlation spectra (H,H-COSY). Molecular

weight determination was also carried out for the pure and grafted polymers using gel permeation chromatography to determine chain

scission reaction. The detailed grafting reaction mechanism was discussed based on the results of GPC and NMR measurements. q 2001

Published by Elsevier Science Ltd.
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1. Introduction

Development of biodegradable plastics has been consid-

ered to be an ultimate solution to the environmental problem

caused by the disposal of plastic wastes. Many of the candi-

dates for biodegradable polymers, however, have some

limitations in their properties or costs. Among the many

kinds of candidates including aliphatic polyesters, natural

polymers, and their derivatives, starch is one of the most

promising materials for biodegradable plastics because of

its natural abundance and low cost. However, starch-based

plastics have some drawbacks including poor mechanical

properties and processability for practical applications. To

solve some of these problems, blending of starch-based

plastics with synthetic polymers has been considered

[1±12].

To prepare completely biodegradable blends, starch has

often been blended with aliphatic polyesters such as poly-

caprolactone (PCL) [5±12]. However, due to the hydrophi-

lic nature of starch, blends with PCL have poor mechanical

properties due to poor interfacial adhesion [5±8]. To

enhance the compatibility between PCL and starch, compa-

tibilizers had been synthesized and applied to the blend

[9,10,12]. Their compatibilizing effect on the mechanical

properties of the blend had been also investigated [9,10,12].

The chemical modi®cation of aliphatic polyester by graft-

ing has been also considered as another way of improving

the compatibility between starch and aliphatic polyester in

the blend [13,14].

In this paper, we report on the preparation of the modi®ed

PCL by grafting glycidyl methacrylate (GMA) which is

expected to have a good interaction with starch and on the

characterization of the modi®ed PCL. The grafting reaction

mechanism is also discussed.

2. Experimental

2.1. Preparation of the grafted PCL

Commercial grade PCL (TONE 787) was purchased from

Union Carbide and GMA, benzoyl peroxide (BPO), and

dicumyl peroxide (DCP) were obtained from Aldrich

Chemical.

The graftings were proceeded by melt reaction of PCL

and GMA with a Brabender mixing head. The torque of the

reaction medium was recorded continuously during the

reaction. The 40 g of PCL was premixed with GMA/BPO

solution where the BPO content was ®xed at 10 wt% of the

GMA amount. The GMA content was varied in the range of

5±20 wt% of the PCL weight. The mixture of PCL, GMA,

and BPO was then introduced into the chamber of

Brabender Mixer. Mixing speed was kept constant at
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80 rpm. The grafting reaction was carried out at 1308C for

about 8 min. After completion of the grafting reaction, the

reaction product was dissolved in tetrahydrofuran (THF).

The solution was poured into a large excess of methanol

and the white precipitate, PCL-g-GMA (GPCL), was

obtained and vacuum dried. All the unreacted GMA and

traces of initiator present in the reaction product were

removed by washing with methanol. The obtained GPCLs

are denoted in this paper as GPCLX where X represents the

wt% of GMA in the GPCL.

2.2. NMR spectroscopy

The structural characterization of PCL-g-GMA was

conducted by using one- and two-dimensional NMR spec-

troscopy. The one-dimensional 1H-NMR spectra were

obtained on a Bruker AMX 500 operating at 500 MHz for

proton. The PCL-g-GMA samples were dissolved in CDCl3

for NMR measurements. All the chemical shifts for reso-

nance peaks are reported in parts per million (ppm) using

TMS as a reference.

The two-dimensional homonuclear correlation spectro-

scopy (H,H-COSY) was also used to obtain the detailed

information on the coupled pairs of protons.

2.3. GPC measurements

A waters 600 was used with a refractive index detector to

measure the molecular size of the PCL and the grafted

products. The eluent, THF, was used with a ¯ow rate of

1.0 ml/min through four Waters Styragel columns of HR1,

HR2, HR4, and HR5. The average molecular weight of the

sample was calculated using the calibration curve estab-

lished from standard samples of polystyrene.

2.4. Mechanical properties

The PCL-g-GMA samples were compression molded at

1508C to make sheets with 1 mm thickness and then the

specimens for tensile measurements were cut from the

sheets and shaped into dog-bone type bars using a cutter.

The actual dimensions of tensile specimens were the same

as those described in ASTM-D1708 method.

The tensile properties of all samples were measured with

Instron (Model-4204) tensile tester at a crosshead speed of

10 mm/min. A minimum of ®ve specimens was tested and

the results were averaged.

2.5. DSC measurements

DSC thermal analysis was carried out to measure the heat

of fusion of the PCL and the graft product using a Du Pont

2000 thermal analyzer at a heating rate of 108C/min under

nitrogen from 2100 to 1508C.

3. Results and discussion

3.1. Characterization of PCL-g-GMA

Fig. 1 shows the change of torque for the PCL solution

containing various amounts of GMA/BPO with reaction

time during grafting reaction. For the pure PCL, the torque

decreased continuously until it reaches a constant value,

while in the PCL solution containing GMA/BPO the torque

increased signi®cantly after the initial melting of PCL, and

reached a maximum and then decreased with reaction time.

Such an increase in the torque at earlier stage of the reaction

is expected to be due to grafting of GMA onto PCL back-

bone and crosslinking of PCL, since branched or crosslinked

macromolecules having a higher melt viscosity compared to

linear macromolecules would be produced during the reac-

tion. The reaction mechanism that describes the GMA graft-

ing and the PCL crosslinking will be discussed in detail in

the latter section of the manuscript. It is also found that the

torque increase is more pronounced in the grafting reaction

with higher GMA/BPO content. It is because the grafting

reaction becomes more prominent with increase of the

GMA content in the feed.
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Fig. 1. Torque curves obtained during grafting reaction with different

GMA concentration.

Fig. 2. Structure of PCL-g-GMA.



The structure of PCL-g-GMA and its NMR spectrum are

shown in Figs. 2 and 3, respectively. The methylene proton

peaks of PCL, denoted by a to 1, appeared at the chemical

shifts completely separated from those of the proton peaks

of the grafted GMA unit which were denoted by 1±7. From

the relative peak area of the methylene proton of a-carbon

atom to the carbonyl of PCL and the methine proton of

GMA, denoted by 3, we could calculate the content of

GMA grafted onto PCL.

The content of GMA grafted onto PCL is shown in Fig. 4

as a function of GMA content in the feed. It is found that the

graft content increases from 1.6 to 10.1 wt% as the GMA

concentration in the feed varies from 5 to 20 wt% at a melt

temperature of 1308C and screw speed of 80 rpm. This 1H-

NMR result well supports the torque increase with increase

of the GMA content.

The thermal characteristics of the grafted polymers with

different GMA content were investigated by using DSC. As

shown in Fig. 5, the increase of graft content resulted in the

decrease of the crystallinity of PCL. This is due to the

hindrance of PCL crystallization by the increase of chain

structural irregularity caused by grafting reaction.

In addition to structural and thermal characterization,

mechanical properties of the modi®ed PCL were also

considered. The bulk polymers obtained from the grafting

reaction were compression-molded to make 1 mm sheet.

The specimens for tensile measurements were cut from

the sheets and shaped into dog-bone type bars using a cutter.

The tensile properties of the pure and grafted polymers are

summarized in Table 1. The tensile strength and elongation

at break of PCL-g-GMA were comparable to those of the

unmodi®ed PCL except for GPCL10. It indicates that there

is probably no reduction in the molecular weight and thus no

change in the tensile properties. It was also found that the

tensile strength at yield decreased with increase of the GMA

content at least up to 7.5 wt% of GMA content. This

decrease of tensile strength at yield is attributed to the

decrease of crystallinity with the GMA content as is

shown in Fig. 5. For GPCL10, the crosslink by the
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Fig. 3. 1H-NMR spectrum of PCL-g-GMA.

Fig. 4. The in¯uence of GMA concentration on percentage GMA grafted at

1308C.

Fig. 5. Heat of fusion change of PCL-g-GMA as a function of GMA

content.



recombination of macroradicals during the grafting reaction

may occur and thus the tensile strength and the elongation at

break were much lower than those for the other GPCLs

studied. It is due to the limitation of chain orientation and

strain-hardening of GPCL10. The molecular weight change

and the crosslink formation during the grafting reaction will

be discussed in more detail in the following section with the

results of NMR and GPC measurements.

3.2. Grafting mechanism of PCL-g-GMA

The 1H-NMR spectra of GMA, unmodi®ed PCL, and

PCL-g-GMA are shown in Fig. 6. The 1H-NMR spectrum

of the unmodi®ed PCL and the chemical shift for all the

protons were in accordance with the literature data [15].

The peaks 7 and 7 0 shown in Fig. 6(a) corresponding to

the methylene protons in the double bond of GMA appeared

at the different positions in the NMR spectra as shown in

Fig. 6(c) and the peak 6 of GMA is shifted up-®eld. It is due

to the addition of double bond on a macroradical of PCL

generated from the hydrogen abstraction caused by the

action of the homolytic scission of organic peroxide. The

peak position of methylene proton in the main chain of

grafted p-(GMA) would be overlapped with the methylene

proton peak of b- or d-carbon atom of PCL and it could not

be pointed out. From the comparison of the 1H-NMR spec-

tra (a), (b), and (c) in Fig. 6, the peak at d 3.65 ppm desig-

nated by k (Fig. 6(c)) is found to newly appear and can be
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Fig. 6. 1H-NMR spectra of: (a) GMA, (b) unmodi®ed PCL, and (c) PCL-g-GMA.

Table 1

Tensile properties of PCL-g-GMA as a function of GMA content

Tensile strength

at yield (MPa)

Tensile strength

at break (MPa)

Elongation

at break (%)

PCL 15.8 33.0 1330

GPCL2 14.4 33.6 1350

GPCL5 13.9 34.3 1300

GPCL7 11.7 32.5 1290

GPCL10 13.6 27.2 820
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Fig. 7. Correlation spectra (H,H-COSY) of PCL-g-GMA.

Fig. 8. Proposed reaction pathway for the grafting reaction of GMA to PCL.



assigned to the methine protons formed during the grafting

reaction. The previous studies on the grafting mechanism of

maleic anhydride or oxazoline maleinate showed a similar

result that the new peak corresponding to the methine proton

formed from the grafting reaction appears at a similar

chemical shift to the one for the methine protons of PCL-

g-GMA [13,14]. This peak assignment was also con®rmed

by observing the coupling relationship of protons in two-

dimensional NMR spectra (H,H-COSY) of PCL-g-GMA

(Fig. 7). As shown in Fig. 7, the new peak at d 3.65 ppm

was correlated with the methylene proton of b-carbon atom

relative to the carbonyl group in PCL. It indicates that the

PCL free radical formed by the hydrogen abstraction of

the a-carbon atom relative to the carbonyl group in PCL

by the action of the homolytic scission of organic peroxide

will attack the double bond in the methacrylate unit. It is

well known that free radicals from the thermal homolysis of

BPOs can be thought of as having nucleophilic properties

[16], and they can abstract the hydrogen at the a-carbon

atom relative to the carbonyl of PCL, leading to the stabi-

lization of the resulting radical by forming conjugation with

the carbonyl group.

From the above discussion, the possible steps involved in

the grafting reaction can be depicted as shown in Fig. 8. The

reaction starts with the homolytic scission of organic perox-

ide. The peroxy radical can abstract hydrogen at the a-

carbon atom relative to the carbonyl group and form a

PCL macroradical. After the generation of PCL macroradi-

cal, various termination reactions through GMA grafting or

chain-transfer processes, along with other possible reac-

tions, might take place as shown in Fig. 8.

The previous studies suggested that the PCL macro-

radical could undergo quick b-scission with the simul-

taneous formation of a radical chain end and vinylidene

chain end [13,14,17]. If the chain scission reaction takes

place, small linear molecules will be formed and detected

as multiple peaks in chromatograph measurements. To

investigate the change of molecular weight by the grafting

reaction, GPC measurement of pure PCL and PCL-g-GMA

was proceeded. Fig. 9 represents gel permeation chromato-

grams of pure PCL and PCL-g-GMAs and the results are

summarized in Table 2. The molecular weight and

polydispersity of PCL-g-GMA increased with increase of

the GMA content in PCL-g-GMA. As is seen from Fig. 9,

the fractions that have lower molecular weights than the

unmodi®ed PCL were not obtained from PCL-g-GMAs.

This indicates that the chain scission reaction did not

occur during the grafting reaction. Instead, it is found that

the fractions that have higher molecular weight than the

unmodi®ed PCL were produced from the grafting reaction.

It implies that the chain extension (i.e. the crosslinking reac-

tion) through the step (I) in Fig. 8 may occur during the

grafting reaction. The chain extension would increase with

the increase of GMA content since we added the BPO

content proportionally to the GMA content during the

grafting reaction.
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Fig. 9. Gel permeation chromatogram of pure PCL and PCL-g-GMAs at

room temperature using THF as the mobile phase.

Table 2

Summary of grafting reactions at different GMA content

Number average (Mn) Weight average (Mw) PDI (Mw/Mn)

PCL 70,900 120,900 1.71

GPCL2 103,500 202,500 1.96

GPCL5 105,700 256,100 2.42

GPCL7 98,900 321,700 3.25

GPCL10 115,300 403,300 3.50

Fig. 10. Torque curves obtained during the mixing in the batch mixer only

in the presence of organic peroxide.



To investigate the chain extension mechanism through

the step (I) in Fig. 8, we measured torques of the reacting

mixture of the unmodi®ed PCL and the organic peroxide

(BPO or DCP) with reaction time. Fig. 10 shows the torques

of the reacting mixture as a function of reaction time. It is

found from this ®gure that the torque decreases at initial

stage of the reaction due to the melting of PCL and then

increases sharply with reaction time. This is expected to

originate from the increase of the molecular weight through

a chain extension (crosslinking reaction). At the end of the

mixing, the torque decreases and is stabilized since the

temperature of the reaction medium increases and is stabi-

lized by heat generation during mixing process. The chain

extension through the step (I) was also con®rmed by the

NMR spectrum of the PCL mixed with BPO. Figs. 11 and

12 show one- and two-dimensional (H,H-COSY) 1H-NMR

spectra of the PCL which was prepared from the mixing at

1308C with 1 wt% BPO of the PCL amount. It is found from

Fig. 12 that the peak denoted by k at d 3.65 ppm appears and
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Fig. 11. 1H-NMR spectrum of PCL obtained after mixing with BPO.

Fig. 12. Correlation spectra (H,H-COSY) of PCL obtained after mixing with BPO.



is correlated with the methylene peak of b-carbon relative to

the carbonyl group of PCL. This indicates that the radical

from the homolytic scission of BPO abstracts a hydrogen of

the a-carbon atom relative to the carbonyl group to form the

macroradical and this macroradical combines with the other

macroradical through recombination reaction. The molecu-

lar weight of PCL can thus increase and the torque of the

medium becomes increased. This recombination reaction

will be more prominent with the increase of GMA content

in PCL-g-GMA.

The GMA grafting can also take place on the PCL macro-

radical through step (II) or step (III) in the proposed

mechanism (Fig. 8). The step (II) is the addition reaction

of GMA monomer on the macroradical of PCL to transfer

the macroradical to the position of tertiary carbon and thus

the chain propagation will continue until the termination of

the macroradical occurs. The step (III) is the recombination

reaction between the PCL macroradical and the polyGMA

radical which is produced by homopolymerization of GMA.

The GMA is well known to be an active monomer which

can be homopolymerized by a free radical polymerization

[18]. The step (III) could thus be one of the possible

mechanisms for GMA to graft onto the PCL backbone.

The difference in the structure of the graft polymers which

are produced by step (II) or step (III) is in the direction of

GMA addition. For the graft polymers obtained through step

(II), the methylene carbon of GMA is attached to methine

carbon of the PCL backbone, while the quaternary carbon is

attached to methine carbon of the PCL backbone of the graft

polymer produced by step (III). If the GMA grafting

proceeds through the step (II), NMR peak for the methine

proton formed by the grafting reaction would split into quin-

tet. However, as shown in Fig. 6(c), the peak for the methine

proton formed by the grafting reaction, which is denoted by

k in NMR spectra (d 3.65 ppm) splits only into triplet. From

this result, it seems that the GMA grafting can also occur

through the step (III). From the above NMR and GPC

results, it is concluded that the steps (I) and (III) well

describe the grafting reaction of GMA moiety to the PCL

chain.
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