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Characterization of LDPE grafted with Diethylmaleate

by Gamma Radiation: Application of FTIR, GPC and

SSA Techniques

Y. Sánchez,1 C. Albano,*1,2 R. Perera,*3 A. Karam,1 P. Silva4

Summary: The grafting of diethyl maleate onto low-density polyethylene using

gamma irradiation as initiator has been evaluated. The grafting degree was estimated

by FTIR and with the use of a calibration curve. The functionalized polymers were

characterized by DSC, MFI, SSA and GPC. An increase in the grafting degree with the

radiation dose and the concentration of the functional monomer was found.

Branching seemed to be the preferential reaction induced by radiation, causing

an increase in average molecular weights with the consequently reduction of melt

flow index values. The molecular segregation induced by the calorimetric treatment

showed that grafting occurs preferentially through secondary carbon sequences.
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Introduction

The enhanced compatibility properties of

grafted polyethylenes have increased their

interest due to their potential applications,

especially in the improvement of interfacial

adhesion in composites and polymers

blends,[1] as a consequence of the presence

of polar groups able to provide interaction

sites for hydrogen or covalent bonding.[2–5]

Polymer grafting has been reported by

extrusion and solution methods.[3,5–6] Using

these techniques, several functional mono-

mers with unsaturated polar groups have

been tested,[2–11] e.g.: maleic anhydride,

maleic acid, acrylic acid, maleic and fumaric

esters, diethyl maleate, etc. These studies

additionally have shown that other reac-

tions can occur while the functionalization
boratorio de Polı́meros, Centro de Quı́mica, Insti-

to Venezolano de Investigaciones Cientı́ficas

IC)

mail: calbano@ivic.ve

cuela de Ingenierı́a Quı́mica, Facultad de Inge-

erı́a, Universidad Central de Venezuela, Caracas

niversidad Simón Bolı́var. Departamento de Mecá-
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reaction takes place, such as monomer

homopolymerization, crosslinking and cou-

pling reactions. However, some of these

reactions can be prevented using diethyl

maleate, because in this case insertion is the

prevailing mechanism.[4–5]

As it is well known, the grafting

mechanism requires a radical initiator able

to promote the functional monomer inser-

tion.[4] In this sense, the study of the effects

of gamma rays in polymers[12–14] has allowed

proposing grafting by gamma radiation as a

promising method for the insertion of

functional groups into different polymer

matrices, considering its advantages such as

the high radical generation rate with the

additional exclusion of chemical initiator

agents.[15–17]

The study of grafting by gamma irradia-

tion could be similar to other methodolo-

gies used, where the grafting degree is

related to monomer and initiator concen-

tration, chemical nature of the substrate,

with the additional consideration of the

radiation conditions. However, it is well

known that exposition to g-rays can induce

polymer modifications[18–19] Therefore, the

selection of appropriate grafting conditions

is an important task.
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In this sense, interesting results in

preliminary studies have been found in

our laboratory[20] when diethyl maleate

(DEM) was grafted onto low-density poly-

ethylene (LDPE) using different radiation

doses and varying the monomer concentra-

tion. In this work, the grafted polymer was

characterized to determine the degree of

DEM incorporation and the g-ray dose

effects on its properties.
Experimental Part

A commercial low-density polyethylene

(LDPE) supplied by CORAMER, C.A.,

with a MFI of 4.06 dg/min, determined at

190 8C and 2.16 kg according to ASTM

D-1238 standard procedure, was used.

Solutions were prepared at 10% wt/vol

using a blend of cis and trans decahydro-

naphtalene (Decalin 99%), supplied by

Riedel de Haën, as solvent. Ethanol and

n-hexane were employed as washing sol-

vents. Diethyl maleate (DEM), manufac-

tured by Aldrich Chemical Company Inc.

was used as the functional monomer.

Solutions of LDPE and 30% DEM in

decalin were prepared and irradiated with

g-rays from a 60Co source in air at a dose

rate of 4.8 kGy/h at room temperature. The

Integral doses were 50, 100, 200 kGy. The

grafting degree (GD), was determined by

Fourier transform infrared spectroscopy

(FTIR) in a Nicolet Magna-IR 560 spectro-

meter, measuring the ratio of absorption

band areas at 1740 cm�1, corresponding to

the C¼O of the DEM, and at 1460 cm�1

(A�1
1740cm/A�1

1460cm) a band characteristic of

polyethylene. Relative areas of these

absorption bands are proportional to the

concentration of carbonyl groups (C¼O) in

the polymer. The molar concentration

percent (% molar) was estimated using a

calibration curve reported elsewhere,[10]

which relates this area ratio with the molar

concentration of DEM determined experi-

mentally by 13C NMR.

Samples were characterized by FTIR

using a NICOLET Magna-IR 560 equipment.

Spectra were recorded from compression-
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molded films at 190 8C. The unsaturation

bands were followed, identifying the char-

acteristic bands present in the grafted

polymers and establishing the correspond-

ing band area ratios, using the peak at

1460 cm�1 as the internal standard band

for LDPE.

The average molecular weights and

molecular weight distribution were mea-

sured by gel permeation chromatography

(WATERS Alliance GPCV 2000) at 135 8C
with 1,2,4-trichlorobenzene as mobile phase,

stabilized with 0.25 g/l of butylated hydro-

xytoluene (BHT). The results were ana-

lyzed using a universal calibration curve

based on polystyrene standards.

The distribution of melting points

induced by the self-nucleation annealing

technique (SSA) developed by Muller

et al.[21] was recorded in a Mettler Toledo

DSC 821. Once the thermal history was

erased, the sample was heated at 10 8C/min

up to the selected self-seeding and anneal-

ing temperature (Ts), where it was iso-

thermally kept for 5 min and then cooled

down to 25 8C. Then, the sample was heated

again to a new self-seeding and annealing

temperature, which was 5 8C lower than the

previous Ts and held again for 5 min before

cooling to 25 8C at 10 8C/min. This thermal

treatment was repeated, being each Ts 5 8C
lower than the previous one, until the

minimum temperature selected was reached.

Finally, the sample was heated at 10 8C/min

up to 170 8C and its thermogram recorded.
Results and Discussion

Figure 1 evidences the feasibility of using

gamma radiation as initiator in the functio-

nalization reaction of LDPE with DEM.

The GD, known as the molar concentration

of the functional monomer inserted into the

polymer chains, was found to be dependant

on the radiation dose, increasing as higher

doses were used. The functionalized poly-

mers in this study achieved a maximum

grafting degree of 0.34 molar % at 200 kGy.

That means that the polymer needs higher

radiation energies in order to produce
, Weinheim www.ms-journal.de
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Figure 1.

Grafting degree of LDPE at different radiation doses, using 30% DEM in the solution.
enough number of radicals that can induce

the functional monomer insertion.

FTIR spectra not only allowed identifying

the DEM insertion, but also to identify[22]

and quantify[6] the vinyl unsaturations,

through the absorption bands analysis in

the region 1000–800 cm�1(Figure 2). The

observed bands were assigned to out of

plane C–H vibrations, associated to pen-

dant vinyl groups (R2C¼CH2) at 887 cm�1
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Figure 2.

FTIR of grafted LDPE at different radiation doses, using 3

region.
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and transvinylene groups (RCH¼CHR) at

967 cm�1. The presence of these bands

depends on the radiation dose, because the

transvinylene group is evident only when

high radiation doses are employed. This

group has been related[22] to the generation

of long chain branching and additional

unsaturations, due to the coupling reactions

between radicals that take place, simul-

taneously, with the grafting reaction
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(Figure 3). Theses bands were more

pronounced at 200 kGy, evidencing that

the branching reaction can occur addition-

ally as a consequence of radiation effects.

Table 1 shows that the pendant vinyl

groups are consumed during the grafting

reaction, while the amount of trans-vinyl

groups corresponding to long-branch for-

mation increases, which is a consequence of

coupling allylic radicals.[6] Additionally, the
Figure 3.

Mechanism of long-chain branching and/or crosslinking:

a secondary radical; (c) reaction of products from (a) an

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
content of pendant vinyl groups increase

with the radiation dose at doses higher than

50 kGy, which could be a consequence of

other secondary reactions like branch

scission, as Figure 4 shows. Branch scissions

take place at lower proportions. Thus, their

effect on the molecular-weight distribution

curve is negligible. Additionally, the inter-

connection of the long branches could lead

to crosslinking of the polymeric chains.
(a) allyl hydrogen abstraction; (b) H abstraction to form

d (b) to form long branches.[22]

, Weinheim www.ms-journal.de
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Table 1.
Absorbance area ratios of unsaturations of grafted LDPE at different radiation doses, using 30% DEM in the
solution.

Absorbance Area Ratios of Unsaturations �103

Pendants Vinyls
Group 887 cm�1/1460 cm�1

Trans-Vinyl
Group 967 cm�1/1460 cm�1

0DEM_0kGy 8.9 0.0
30DEM_30kGy 2.7 0.2
30DEM_50kGy 2.8 0.2
30DEM_200kGy 3.5 4.7
30DEM_400kGy 6.7 10.6

Figure 4.

Formation of pendant unsaturation in tertiary radical.[23]
Figure 5 shows the molecular weigh

distribution curves of the grafted products,

which show a noticeable displacement

towards the fractions of higher molecular

weights. An increase in the high molecular

weight portion of the distribution curve
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Figure 5.

Molecular-weight distribution curves of grafted LDPE

solution.
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with the radiation dose is clearly seen. This

effect was attributed to the branching or

crosslinking reactions that caused an

increase in the average molecular weight

compared to that of the unmodified LDPE,

as shown in Table 2. The polydispersity
8765

 Mw

0 DEM-0kGy

30 DEM-30kGy

30DEM-50kGy

30DEM-100kGy

at different radiation doses, using 30% DEM in the
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Table 2.
Average molecular weights of grafted LDPE at differ-
ent radiation doses, using 30% DEM in the solution.

Radiation Dose Mn Mw PDI

0DEM_0 kGy 8233 158680 19.3
30DEM_30 kGy 13099 239267 18.4
30DEM_50 kGy 20109 387837 19.3
30DEM_100 kGy 28982 410477 14.2
index (PDI) value change only at high

radiation doses, where a reduction in its

value was observed.

The final DSC curves, obtained after

applying the SSA technique, showed the

heterogeneity in the branching distribution,

according to the segregation mechanism

based on similar lengths of linear crystal-

lizable sequences.[21] The final SSA ther-

mograms showed nine fractions (Figure 6),

corresponding to the segregation of the

chains as a function of the branching

content. As it is clearly noticed, the area

under the peak with the highest melting

temperature decreases significantly with

the radiation dose, corresponding to the

increase in grafting degree. This fact

indicates that the insertion of DEM pro-

duced an interruption in the more linear

sequences, showing that the grafting occurs

preferentially in secondary carbons.[21,22,24–25]
Figure 6.

SSA curves of grafted LDPE at different radiation doses
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This fact could be corroborated comparing

the results showed in Table 3, where a

significant reduction in the partial area of

the peak with the highest melting point in

the grafted LDPE is observed, simulta-

neously with an increase in the melting

peak areas of the fractions with higher

branch contents. The maximum area reduc-

tion was observed in the LDPE grafted at

200 kGy. However, this modification could

also be attributed to long-branch genera-

tion, as a consequence of radiation effects,

which are as well able to interrupt the linear

sequences. This fact was evidenced com-

paring the SSA curve of the neat irradiated

LDPE, as shown in Figure 7. Additionally,

no significant changes were observed in the

melting temperatures of each fraction,

which only depended on the chosen self-

seeding temperature.
Conclusions

The characterization results evidenced the

grafting of LDPE by gamma rays. LDPE

needs high radiation doses in order to

produce high grafting degrees. The gen-

eration of branching and unsaturations in

the LDPE molecular structure depends on
, using 30% DEM in the solution.

, Weinheim www.ms-journal.de
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Figure 7.

SSA curves of neat LDPE irradiated at different absorbed doses.

Table 3.
Partial areas and melting peak temperatures of grafted LDPE at different radiation doses, using 30% DEM in the
solution as a function of self-seeding temperature (Ts) and radiation dose.

Ts Radiation Dose (kGy)

% Area Melting Temperature (8C)

0 30 50 100 200 400 0 30 50 100 200 400

112 32.2 25.8 22.5 26.4 25.6 20.0 112 111 111 111 112 112
107 15.0 21.0 18.3 19.1 19.3 22.3 106 106 106 106 107 107
102 12.5 13.9 13.2 13.4 12.2 15.2 101 101 101 101 102 102
97 9.7 10.4 9.8 9.8 10.0 11.6 96 96 96 96 102 97
92 7.2 7.1 8.6 7.8 5.8 8.9 91 91 91 91 91 92
87 5.9 6.2 6.3 6.0 5.8 6.1 86 86 86 86 87 87
82 4.8 5.2 4.5 5.0 5.4 4.7 82 81 81 81 82 83
77 3.9 3.5 4.8 4.2 4.2 3.8 77 76 77 76 77 78
72 3.4 2.7 3.2 2.5 3.5 2.9 72 72 72 72 73 73
the radiation dose and induced a significant

increase in average molecular-weights. The

insertion of DEM produced an interruption

of the more linear sequences, which means

that the functional monomer follows an

insertion mechanism onto the secondary

carbons.
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