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ABSTRACT: Light converting greenhouse films are novel plastic films for agriculture. In this study, 4-methoxy-N-allyl-1,8-

naphthalimide (MOANI) was grafted onto linear low-density polyethylenes (LLDPE-g-MOANI) by melt reactive mixing. The effects

of monomer concentration, chamber temperature, and reaction time on grafting degree were systematically studied. Evidence of the

grafting reaction was determined by 1HNMR, FTIR, UV–Vis, and fluorescence spectrometry. Dynamic rheological properties, isother-

mal crystallization kinetics, surface morphologies of LLDPE, LLDPE-g-MOANI, and blends of LLDPE and MOANI (LLDPE/MOANI)

were also analyzed. In addition, mechanical and fluorescent properties of unpurified LLDPE-g-MOANI films were further studied

after the UV condensation weathering and acceleration migration test, respectively. We demonstrated that the cross-linking of LLDPE

could be inhibited effectively by the graft of MOANI; the grafted MOANI acted as a nucleation agent to accelerate crystallization; the

grafted MOANI effectively inhibited the aging process of LLDPE and the migration of free MOANI to the surface of the unpurified

LLDPE-g-MOANI film. The modified LLDPE showed the potential application in long-term light converting films. VC 2015 Wiley Peri-

odicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42172.
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INTRODUCTION

The global solar radiation which reaches the Earth’s surface con-

tains ultraviolet (UV), photosynthetically active radiation (PAR,

400–700 nm), and near-infrared (NIR). However, plant growth

and photosynthesis depend mainly on PAR and most plants have

maximum photosynthetic sensitivity in the blue–violet and red–

orange regions (400–500 and 600–700 nm).1,2 In addition, UV

can impair photosynthesis in many plants and especially UV-A

(320–400 nm) can significantly decrease photosynthetic parame-

ters by more than 70%.3 Light converting greenhouse films are

agricultural plastic films for shifting inactive solar radiation to

light for photosynthesis by adding fluorescent colorants into the

film,4,5 and undoubtedly, the material used for these films widely

is polyethylene.6 Thus, these films can enhance crop productivity,

advance harvest time, and save energy.2,7–9

Fluorescent colorants for light converting greenhouse films include

the following: inorganic pigments of rare earth elements, rare earth

complex dyes with organic ligands, and fluorescent organic dyes.

Inorganic pigments of rare earth elements are dispersed hard uni-

formly into polyethylene unless its surface is modified;10 the light

and heat stability of rare earth complex dyes are inadequate;11 fluo-

rescent organic dyes are molecular dispersion in the polymer, more

thermostable than rare earth complex dyes, safer about environ-

ment,12 and cheaper than rare earth type fluorescent colorants.

Unfortunately, fluorescent organic dyes lack an affinity for ali-

phatic hydrocarbons, consequently migrate to the surface of

polyolefins,10,13 and even crystallize on the surface (namely

blooming effect14). Many attempts have been made over decades

to improve the dyeablility of polyolefins and avoid dye migra-

tion in polyolefins including the following: (1) blending of pol-

yolefins with polar polymers, dendrimers, and hyperbranched

polymers;13 (2) the encapsulation of the dye in core-shell nano-

or microparticles;14 (3) polymeric dye, obtained by copolymer-

ization of a functionalized dye with given monomers, such as

acrylic monomers.15–18

Additional Supporting Information may be found in the online version of this article.

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4217242172 (1 of 11)

http://www.materialsviews.com/


However, many issues such as the steps of complex, high cost,

and difficult continuous production exist in the above methods.

The preirradiation and reactive extrusion grafting joint technol-

ogy is an effective, low-cost, suitable for industrial production

polyethylene modification method.19 This technology can avoid

the cross-linking of polyethylene compared with the traditional

irradiation method.19 During the last years, many efforts have

been made to modify polyethylene with this method,19–21

whereas no attempt has been made as yet to graft polymerizable

dye onto polyethylene.

4-Alkoxy and 4-acylamino derivatives of 1,8-naphthalimide are

well used as fluorescent brightening agents for polymers with an

intensive blue fluorescence, such as Mikawhite AT.22 Therefore,

these derivatives are also suitable for a fluorescent colorant for

light converting greenhouse films.

In this study, we synthesized 4-methoxy-N-allyl-1,8-naphthali-

mide23 (denoted as MOANI) using a one-pot method (Scheme

S1) and grafted it onto preirradiated linear low-density polyethyl-

ene (LLDPE) with a melt reactive mixing process (Scheme 1), and

charactered spectral, thermo, and rheological properties of the

grafted copolymer (denoted as LLDPE-g-MOANI) obtained in

mixer after purification. In order to demonstrate no blooming

effect for the LLDPE-g-MOANI, surface morphologies of LLDPE-

g-MOANI and the blends of MOANI and LLDPE (denoted as

LLDPE/MOANI) were examined by scanning electron microscope

(SEM). In addition, accelerated migration and UV weathering of

blown films of unpurified LLDPE-g-MOANI obtained in extruder

were tested since in actual industrial production, the purification

process will not be used. These tests can demonstrate that migra-

tion of the free MOANI in unpurified LLDPE-g-MOANI films was

delayed by the grafted MOANI in these films.

EXPERIMENTAL

Materials

The LLDPE powder (DFDA-7042) was supplied by Jilin Petro-

chemical Co., People’s Republic of China, and was used without

additives with a melt flow rate (MFR) 2.0 g/10 min and a den-

sity of 0.918 g cm23. 4-Chloro-1,8-naphthalic anhydride (CNA,

94% purity/GC), allylamine hydrochloride (>98%), sodium

methylate (30 wt % methanol solution, ca 5 mol L21), and

deuteration chloroform-D1 [99.8% atom % D contains 0.1%

(v/v) TMS] were purchased from alfa aesar, TCI, Aladdin, and

Beijing Chongxi Fine Chemical High-Tech Business Incubator

Co., Ltd, respectively. Other reagents and solvents were of analyti-

cal grade and were purchased from Beijing Chemicals Co., China.

All regents and solvents were used without further purification.

Instruments

The melting point and other thermal properties were measured

from a differential scanning calorimertry (Perkin-Elmer DSC-7).

Mass spectra and purity were determined with an Agilent 5975 gas

chromatograph/mass spectrometer (GC/MS) systems. 1H NMR

and 13C NMR were recorded on a Bruker AV 400 or 600 NMR

spectrometer. Infrared spectrum was recorded with a Bruker Ver-

tex 70 Fourier transform infrared spectrometer, and each spec-

trum was recorded from 400–4000 cm21 with a total of 32 scans.

A Perkin-Elmer Lambda 900 UV/Vis/NIR spectrometer and

HITACHI F-7000 fluorospectrometer was employed for the

absorbance and fluorescence studies, respectively. The rheological

properties were measured using a TA ARES-G2 rheometer on

which a 25-mm-diameter aluminum parallel plate was mounted.

The preparation of LLDPE-g-MOANI and LLDPE/MOANI took

place in a HAPRO Mix-60C mixer with an effective volume of

60 mL and two Roller rotors. The speed ratio of two rotors is 3 : 2.

The master batch of LLDPE-g-MOANI or LLDPE/MOANI was

prepared using a HAPRO EP-20–25C single-screw extruder con-

nected to a rod capillary die. The diameter of the screws was

20 mm and the ratio of length to diameter (L/D) was 25. The

barrel of the extruder is divided into three zones and each zone

of the barrel and die is heated independently.

Blown films were prepared using a HAPRO EP-20–25C single-

screw extruder connected to a blown film die and HAPRO FB-

300 plastic film blowing machine. The blown film was then

cooled by wind ring. The die diameter is 24 mm and the ring

gap of die is 0.3–1.8 mm.

The study on the UV weathering of films was performed in an

Atlas UV Test fluorescent UV condensation weathering device

with fluorescent UV lamps (UVA 340 nm, 40 W).

One-Pot Synthesis of 4-Methoxy-N-Allyl-1,8-Naphthalimide

(MOANI)

A mixture of 4-chloro-1,8-naphthalic anhydride (25.0000 g, 107

mmol), allylamine hydrochloride (12.0650 g, 129 mmol), and trie-

thylamine (TEA, 22.5 mL, 161 mmol) were refluxed in 470 mL of

methanol for 2 h. The solution was cooled to 45�C and then

Scheme 1. Pre-irradiation-induced graft polymerization of MOANI onto LLDPE. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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sodium methylate solution (CH3ONa/CH3OH, 195.5 mL, 978

mmol), copper sulfate pentahydrate (3.2200 g, 12.9 mmol), and

methanol of 30 mL were added. The mixture was heated to reflux

for 2 h. Subsequently, the above mixture poured in 1 L 2 mol L21

muriatic acid and the precipitate collected by suction filtration.

After washing of the residue with 2 mol L21 muriatic acid and

water, the solvent removed in vacuo at 80�C to give MOANI as yel-

low precipitate in 90% yield. Recrystallization from methanol gave

yellow needles, mp 118–122�C (DSC, Supporting Information

Figure S1, lit. 119–120�C24), purity 97.3% (GC); 1H NMR (400

MHz, Chloroform-d, d) 8.64 (d, J 5 7.2 Hz, 1H, Ar H), 8.60 (d,

J 5 8.3 Hz, 2H, Ar H), 7.73 (t, J 5 7.8 Hz, 1H, Ar H), 7.08 (d,

J 5 8.3 Hz, 1H, Ar H), 6.08–5.96 (m, 1H; CH5), 5.33 (d, J 5 17.0

Hz, 1H; CH25), 5.21 (d, J 5 10.3 Hz, 1H; CH25), 4.82 (d, J 5 5.7

Hz, 2H; CH2), 4.15 (s, 2H; CH3); 13C NMR (151 MHz, DMSO, d):

163.36(C5O), 162.71 (C5O), 160.51 (Ar C), 133.49 (Ar C),

133.01 (Ar C), 131.22 (CH5), 128.72 (Ar C), 128.46 (Ar C),

126.52 (Ar C), 122.91 (Ar C), 121.92 (Ar C), 116.28 (CH25),

114.23 (Ar C), 106.42 (Ar C), 56.72 (CH3) 41.62 (CH2); IR(KBr):

3076 (w), 3013 (w), 2949 (w), 1690 (s; imide C5O), 1657 (s;

imide C5O), 1593 (s; ring C5C), 1579 (s; ring C5C), 1514 (m),

1382 (s), 1348 (s), 1269 (s), 1239 (s), 1097(s; mas(CAOAC)), 1071

(m), 917 (m), 780 cm21 (s; x(Ar CAH)); UV–Vis (ethanol): kmax

(e) 5 365 nm (12220); fluorescence (ethanol): kfl
max 5 442 nm;

EIMS (m/z (%)) 267 (34) [M1], 252 (100) [M 2 CH3]1.

Preparation of Preirradiated LLDPE

LLDPE was preirradiated by the electron beam (EB) in the air at

room temperature using a DD-3.0 Dynamitron electron accelera-

tor (Jiangsu Dasheng Electron Accelerator Co., Ltd.), with the

electron energy of 3 MeV, dose rate of 7 kGy s21 and total dose of

12 kGy, respectively. The beam length is 7.5 cm and the scanning

width of beam is 1.2 cm. The beam current was kept constant to a

value of 7.2 mA beam current and the conveyor speed was set to

4.8 m min21. Both hydroperoxide and peroxides (POOH and

POOP) were generated on the LLDPE backbone.25,26

Preparation of LLDPE-g-MOANI for Study of Grafting

Degree (GD)

The preparation of LLDPE-g-MOANI took place in a HAPRO

Mix-60C mixer with an MOANI concentration of 0.5 wt %

based on preirradiated LLDPE as 100 wt % at 190�C and

60 rpm for 7 min. By adjusting monomer concentration (0.5–3

wt %), processing temperature (from 150 to 225�C), and reac-

tion time (from 1.5 to 9.5 min), LLDPE-g-MOANI were

obtained with different degree of grafting.

Purification of Reaction Product

Purification of the graft copolymer is required before study of

GD. The purpose of purification is to remove unreacted mono-

mer and other byproducts of the reaction.

Five grams of grafted LLDPE was dissolved in 300 mL of tolu-

ene, and then the solution was poured into 400 mL of acetone

under stirring. The precipitate was filtered, washed with ace-

tone several times, and dried in vacuum oven at 60�C for 24 h

to give the purified LLDPE-g-MOANI. From now on, we will

define the designation LLDPE-g-MOANI as the purified mate-

rial from that obtained from mixer, which is called

“unpurified”.

Characterization of LLDPE-g-MOANI for Study of GD

The LLDPE-g-MOANI was analyzed by UV/Vis, FTIR spectrom-

eter, and fluorospectrometer. The specimens were compression-

molded into films of 0.11 6 0.02 mm in thickness at 200�C.

The UV/Vis spectra from 250 to 600 nm were recorded with air

as blank. The absorbance of every film in the maximum absorp-

tion wavelength was the average of three measurements at dif-

ferent zones. The fluorescence spectra from 380 to 600 nm were

recorded using front-surface fluorometry at 358 nm as the exci-

tation wavelength, 700 V photomultiplier tube (PMT) voltage,

and 1200 nm min21 scan speed. The FTIR spectra from 400 to

4000 cm21 were recorded with a total of 32 scans and the reso-

lution was 4 cm21. The evidence of grafting was determined by
1H NMR. The LLDPE-g-MOANI and LLDPE spectra were

recorded on a Bruker AV 400 NMR spectrometer at 110�C in o-

dichlorobenzene-d4.

Dynamic rheological properties of melts of LLDPE-g-MOANI,

LLDPE, and preirradiated LLDPE were measured in small

amplitude oscillatory shear (SAOS) tests using a TA ARES-G2

rheometer on which a 25-mm-diameter aluminum parallel plate

was mounted. Samples of the LLDPE and LLDPE-g-MOANI

were molded into discs of 25 mm diameter and 1 mm thickness

at 200�C. The storage modulus [G0(x)] and the loss modulus

[G00(x)] were determined at 190�C and at frequencies (x) rang-

ing from 0.1 to 500 rad s21. The curves of G0(x) and G00(x)

versus x were the average of three measurements. The strain

amplitude was set at 5% and checked to be within linear visco-

elastic range by strain sweeps. The tests were performed under

nitrogen atmosphere to avoid degradation of samples.

Thermal properties of LLDPE-g-MOANI were measured from a

DSC. Each sample was melted in the calorimeter at 170�C, hold for

1 min to erase the thermal history, then cooled to 20�C, and

reheated to 170�C. The scan rate was 10�C min21 on heating and

cooling. The crystallization peak, melting peak, and the area of the

endotherm were determined to give the crystallization temperature

(Tc), the melting temperature (Tm), and enthalpy (DHc, DHm).

The surface morphologies of the LLDPE-g-MOANI and LLDPE/

MOANI films were characterized by a FEI XL30 field emission

scanning electron microscope (FESEM). Micrographs were taken

at a 10-kV acceleration voltage. The specimens were

compression-molded into films of 0.11 6 0.02 mm in thickness

at 200�C and were stored for 3 months at room temperature

after the cooling stage. Before SEM observations, the surfaces of

specimens were coated with a thin layer of gold to avoid electri-

cal charging and increase contrast during observation.

Preparation of Unpurified LLDPE-g-MOANI and LLDPE/

MOANI Films

The master batch of unpurified LLDPE-g-MOANI of LLDPE/

MOANI of 1 wt % was prepared and then blended with LLDPE

to materials of different concentrations, with the formulation

and process conditions summarized in Table I using above-

mentioned single-screw extruder.

Blown film (thickness was 0.10 6 0.02 mm) was prepared from

the unpurified LLDPE-g-MOANI or LLDPE/MOANI of differ-

ent concentrations. The rotor speed was 60 rpm and the
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temperature was 150, 190, 200, and 210�C from feed throat to

die, respectively. The blow-up ratio (BUR) and drawn-down

ratio (DDR) were 2.6 and 1.1, respectively. Corresponding cal-

culation formulas of BUR and DDR was referenced from the

book written by Harper.27

Test of Accelerated Migration of MOANI in Films

The most important influence factor to migration of polar addi-

tives in PE greenhouse films is water vapor from the transpira-

tion of plants, so we simulated greenhouse using an 8302

Acceleration Dripping Tester (Gongyi Yuhua Co., Ltd., China) at

60�C. The acceleration dripping tester is a water bath with a

cover which has six round holes in 13 cm diameter for covering

films for measurement of dipping properties of PE greenhouse

films.19 Every once in a while, fluorescence spectra of films were

recorded [excitation wavelength (kex): 358 nm, PMT voltage: 500

V, scan speed: 1200 nm min21] and the fluorescence intensity of

every film in the maximum emission wavelength was the average

of three to five for at least 3 measurements at different zones.

Test of UV Weathering of Films

The study on the UV weathering of films was performed and a

test cycle included 8 h UV at 60 (63)�C black panel tempera-

ture with 0.8 W m22 irradiance, 3.75 h condensation at 45

(63)�C black panel temperature, 0.25 h spray, and 12h dark.

Films were tailored to the rectangle with 12 cm length and

7.5 cm width as specimens.

Every 1–3 days, a group of specimens of films were taken out

from the weathering device, fluorescence spectra of the group of

specimens were recorded (EX WL: 358 nm, PMT voltage 450 V,

scan speed: 1200 nm min21), and the fluorescence intensity of

every film in the maximum emission wavelength was the aver-

age of three measurements at different zones, and then tensile

tests of films were carried out in an INSTRON 1211 tensile

compression testing machine at room temperature and speed of

50 nm min21 with the specimen type 5 according to the ISO

527-3 standard.28 The tensile strength and elongation at break

of films were the average of three measurements.

RESULTS AND DISCUSSION

Spectra of LLDPE-g-MOANI and Proof of MOANI

Grafted on LLDPE

The UV/Vis absorption and fluorescence emission spectra of the

LLDPE-g-MOANI and MOANI are shown in Figure 1 (a,b).

That the absorption and emission of MOANI appear at the

range of 300–600 nm indicates that MOANI has been success-

fully grafted onto the LLDPE backbone, because the purification

of unpurified LLDPE-g-MOANI has been done before spectrum

test and this procedure has been considered to be effective in

past other related researches.29–31 Besides, the FTIR spectra

Table I. Formulation and Process Conditions of the Reactive Extrusion

Experiment
number PE type

Composition (wt %) Temperature (�C)

Rotor speed
(rpm)MOANI PE

1% master
batch T1 T2 T3 Td

1 pi-LLDPE 1 99 _ 150 190 200 210 20

2 LLDPE _ 95 5 50

3 LLDPE _ 85 15 50

4 LLDPE _ 75 25 50

5 LLDPE 1 99 _ 20

6 LLDPE _ 85 15 50

Figure 1. (a) Absorption spectra of MOANI in the EtOH (2.619 3 1025

mol L21) and LLDPE-g-MOANI at room temperature; (b) Fluorescence

spectra of MOANI in the EtOH (2.619 3 1025 mol L21) and LLDPE-g-

MOANI at kex 5 358 nm and room temperature. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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[Supporting Information Figure S3] prove the occurrence of

graft reaction between MOANI and preirradiated LLDPE again.

Comparing the spectra of LLDPE-g-MOANI and MOANI, the

Stokes shift of LLDPE-g-MOANI is smaller 30 nm than that of

MOANI in alcohol, as a result of the solvatochromism.32,33 Oth-

erwise, absorption and emission of LLDPE-g-MOANI and

LLDPE/MOANI show no significant difference [Supporting

Information Figure S2], which strongly suggest that the group

at the nitrogen of imide almost has no effect on the spectral

property of naphthalene.18 The appearance of several absorption

peaks or shoulders for chromophores in LLDPE-g-MOANI is

attributed to that LLDPE is rigid medium relative to alcohol at

room temperature.33

1HNMR spectra of the LLDPE, LLDPE-g-MOANI, and MOANI

are shown in Figure 2, respectively. Peaks of allyl does not

appear at the range of 4–7 ppm in the spectrum of LLDPE-g-

MOANI and several new peaks appear at the range of 1.5–3

ppm relative to LLDPE and MOANI. This result was further

evidence that MOANI was grafted on LLDPE.

Determination of GD and GE of LLDPE-g-MOANI

GD was determined by UV/Vis spectra. The reason selecting

this method and detailed procedures establishing the calibration

equation was shown in Supporting Information. A linear cali-

bration curve [Figure 3(a)] was established and the calibration

equation could be obtained and shown as follows:

Cm50:10123
A358

A450

20:1330 (1)

where Cm denotes the monomer concentration, A358 and A450

are absorbance at maximum absorption wavelength of MOANI

Figure 2. 1H-NMR spectra of the plain LLDPE, LLDPE-g-MOANI

(GD50.4 wt %), and MOANI. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 3. (a) The relationship between the absorbance ratio (A358/A450) and monomer concentration (the calibration curve); (b–d) Effect of reaction

time, temperature, and initial monomer concentration on grafting degree (GD) of LLDPE-g-MOAN, respectively. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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and baseline absorbance of LLDPE, respectively. Intercept of the

calibration equation is caused by the tilted baseline of the plain

LLDPE [Supporting Information Figure S2(a)].

GD and grafting efficiency (GE) of the purified LLDPE-g-

MOANI is determined by following equations:

GD5Cp (2)

GE5
Mp

MI

5
GD

CI

(3)

where Cp, CI, Mp, and MI denotes the concentration of grafted

and initial monomers and the mass of grafted and initial mono-

mers, respectively.

Effect of Processing Parameters on GD and GE

Effect of Initial Monomer Concentration. Initial monomer

concentration is one of the main process parameters for con-

trolling the GD. With an increase in the monomer concentra-

tion, GD and GE would increase [Figure 3(b)], when initial

monomer concentration was less than 1.5%. The generation

rate of macroradicals unvarying at a certain temperature and

content of macromolecule peroxides, the possibility and rate of

grafting reaction is increasing with increasing initial monomer

concentration. The LLDPE-g-MOANI did not contain the gel.

This shows that the cross-linking could be avoided during the

grafting reaction of monomer onto low-dose preirradiated

LLDPE. When initial monomer concentration exceeds 1.5%,

macroradical concentration reduced remarkably owing to mac-

roradicals reacted with large amount of monomer rapidly. The

rate of grafting reaction was decreasing with further increasing

of monomer concentration, as a result of slow growth of GD

gradually and decrease of GE.

Effect of Chamber Temperature. Chamber temperature is one

of the other main process parameters for controlling the GD. It

can be seen that GD and GE of LLDPE-g-MOANI increase with

an increasing chamber temperature [Figure 3(c)]. According to

Arrhenius equation, this result could be explained as increased

thermal decomposition rate of peroxide on the preirradiated

LLDPE backbone with increasing chamber temperature, leading

to increased LLDPE macroradicals concentration, and thus

enhanced the degree of grafting. Another factor can be faster

monomer diffusion processes in the LLDPE increases with

increasing chamber temperature, enhanced probability of graft-

ing reaction of the monomer, results in higher GD. Owing to

invariant initial monomer concentration, GE also increases with

increasing GD.

Effect of Reaction Time. Type-S curve of growth of GD can be

observed with extension of reaction time [Figure 3(d)]. During

the initial stage of reaction, due to insufficient monomer diffu-

sion, the collision probability of monomer molecules and mac-

roradicals was restricted, resulting in slow growth of GD. After

sufficient monomer diffusion of monomer, with extension of

reaction time, the macromolecular peroxide was decomposing

and the collision probability of monomer molecules and macro-

radicals was increasing meanwhile, and accordingly the growth

of GD slowed gradually. During the later stage of reaction,

monomer concentration became the main factor of controlling

owing to remarkable reduction of monomer concentration. The

rate of grafting reaction was decreasing with further reducing of

monomer concentration, as a result of slow growth of GD

gradually.

The maximum GD is 0.4 wt % and the reason why GD of

MOANI is so low was that chain transfer of hydrogen consists

in allyl of MOANI consumed a lot of initial free radicals. But

the allyl was chosen in order to inhibit homopolymerization of

MOANI based on autoinhibition of allylic monomers

(CH2@CHACH2Y).34 The hypothetical reaction mechanism for

MOANI grafting onto LLDPE in the melt is shown in Support-

ing Information Figure S4 and the similar mechanism was

reported by Ciolino and coworkers.35

Rheological Characterizations of LLDPE-g-MOANI

Samples of LLDPE-g-MOANI with a series of GD, preirradiated

LLDPE and LLDPE were tested in SAOS-flow at low strain to

determine the melt properties. Figure 4 shows the evolution of

dynamic elastic modulus G0 and dynamic viscosity g0 (g05 G00/
x, where G00 denotes loss modulus36) with frequency for the

plain LLDPE, preirradiated LLDPE, and selected LLDPE-g-

MOANI samples. At the low-frequency range, the value G0 and

g0 of the pre-irradiated LLDPE are higher than those corre-

sponding to the plain LLDPE. This phenomenon is due to the

weight-average molecular weight increment as a consequence of

the predominance of chain-linking reactions. In the case of the

LLDPE-g-MOANI, the value of G0 and g0 were reduced with

respect to those values of the preirradiated LLDPE. The effect

became even more substantial as the GD of MOANI in the

LLDPE-g-MOANI increased. On the other hand, at the high-

frequency range, elasticities of LLDPE, preirradiated LLDPE,

and LLDPE-g-MOANI are similar but the melt viscosities of

LLDPE-g-MOANI are lower than that of LLDPE and preirradi-

ated LLDPE. The low melt viscosity of LLDPE-g-MOANI at

high shear rates suggests that they have a broader MWD than

LLDPE when the weight-average molecular weight of LLDPE-g-

MOANI is higher than that of LLDPE. Moreover, this result

Figure 4. Dynamic viscosity (g0) and storage modulus (G0) as a function

of frequency (x) of the plain LLDPE, preirradiation LLDPE (pi-LLDPE),

and LLDPE-g-MOANI with a series of grafting degree (GD) at 190�C.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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indicates that LLDPE-g-MOANI have well processability than

LLDPE at high shear rates.

The rheological behavior of the graft LLDPEs can be further

illustrated in the Cole–Cole plot consisting of out-of-phase vis-

cosity g00 (g005 G0/x) versus g0 plot (Figure 5) clearly.37,38 For

the linear polymer molecule, the Cole–Cole plots were close to

a semicircle, and the higher the molecular weight was, the big-

ger the radius was.37 When there are long chain branches (LCB)

on the backbone, the plot deviates from the semicircular shape,

upturns at high viscosity, and the more evident upturning can

qualitatively explain the more branching degrees of the

polymer.38

As shown in Figure 5, the differences of these samples are very

clear. For the plain LLDPE and LLDPE-g-MOANI with low

GD, the Cole–Cole plots were close to a semicircle, and the

lower the GD of MOANI was, the bigger the radius was. The

radius of Cole–Cole plots of preirradiated LLDPE and LLDPE-

g-MOANI with higher GD were bigger than that of the plain

LLDPE as well as LLDPE-g-MOANI and showed more evident

deviation from the semicircular shape at high viscosity. This

phenomenon can be explained that the LCB, formed by low

cross-linking of LLDPE backbones accompanying the graft of

pre-irradiated LLDPE, is reduced or eliminated in the presence

of MOANI, because the change of molecular weight caused by

LCB is larger than that caused by graft of MOANI. These

results suggested that the cross-linking of LLDPE can be inhib-

ited effectively by graft of MOANI and the MOANI cannot

polymerize to LCB. Although there is LCB, LLDPE did not

cross-link since the gel was not found in the purification

process.

Thermal Properties of LLDPE-g-MOANI

The isothermal crystallization behavior of polymers, as the

development of crystallinity versus time, can be described by

Avrami equation, which in its logarithmic form reads as

log f2ln ½12xðtÞ�g5n � log t1log k (4)

where x(t) is the relative crystallinity developed at time t, k con-

tains the rate constants of nucleation and crystal growth, and n

reflects the type of nucleation and the habit of the growing

nuclei. The kinetic parameters evaluated from the Avrami analy-

sis are summarized in Table II, as usual, through the linear fit-

ting of the first portion of the curve log{2ln[12x(t)]} versus

log t in the case where a change in slope occurs. As an example,

the Avrami plots of LLDPE-g-MOANI (GD 5 0.4 wt %)

obtained at different temperatures are shown in Supporting

Information Figure S4. A similar trend was found for the other

LLDPE-g-MOANI with different GD. Values of n in the range

from 2.2 to 3.9 suggests that the crystallization (nucleating and

growing) for all the above-mentioned materials should occur in

the three dimensions.

As shown in Figure 6, values of crystallization halftime (t1/2) for

the LLDPE was higher than anyone of LLDPE-g-MOANI deter-

mined at the same crystallization temperatures. It means that

the crystallization rates of LLDPE-g-MOANI were higher than

that of LLDPE. DSC cooling and melting traces of LLDPE-g-

MOANI and the plain LLDPE for the sake of comparison are

shown in Figure 7. The crystallization temperatures of LLDPE-

g-MOANI and LLDPE/MOANI are located at higher tempera-

ture than the plain LLDPE [Figure 7(a)] and crystallinity of

LLDPE-g-MOANI was increased with increasing GD of MOANI

[Figure 7(b)]. These results indicate that the MOANI monomers

grafted on LLDPE play the role of nucleating agents.39

The reason that there is not a decrease in t1/2 of LLDPE-g-

MOANI with increasing GD is that LCBs as heterogeneous

nucleation agents accelerate crystallization40 and compete with

MOANI.

Surface Morphologies of LLDPE-g-MOANI and LLDPE/

MOANI Films

In order to demonstrate the blooming effect of MOANI in an

LLDPE matrix and the beneficial effect of LLDPE-g-MOANI,

LLDPE-g-MOANI (GD 5 0.4 wt %) and LLDPE/MOANI with

two content of MOANI (0.15 wt %, 0.25 wt %) were compared

under the same conditions. The film surfaces were examined by

SEM as shown in Figure 8. It can be clearly observed that

toward LLDPE/MOANI, MOANI crystals have been formed on

the film surface during the cooling stage and within 3 months

of storage at room temperature. In contrast, no dye blooming

effect could be noticed under the same conditions for the

LLDPE-g-MOANI film. It turned out that the grafted MOANI

could not migrate to the surface of the LLDPE-g-MOANI film.

Mechanical Properties of Unpurified LLDPE-g-MOANI Films

as Function of UV Weathering Period

Mechanical properties of LLDPE, unpurified LLDPE-g-MOANI,

and LLDPE/MOANI films as function of UV weathering period

are shown in Figure 9, respectively. Before the test of UV weath-

ering, no significant difference in the tensile strength and elon-

gation at break was noted among the three films. After 48 h of

exposure for the three films, LLDPE had lower tensile strength

and elongation at break compared with the unpurified LLDPE-

g-MOANI and LLDPE/MOANI films. In addition, a little

Figure 5. Cole–Cole plot of the plain LLDPE, preirradiation LLDPE (pi-

LLDPE), and LLDPE-g-MOANI with a series of grafting degree (GD) at

190�C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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change appeared on the tensile strength and elongation at break

of the unpurified LLDPE-g-MOANI film of 0.25 wt % initial

monomer concentration. These mean that MOANI acts as the

role of ultraviolet absorber and inhibited the aging process of

LLDPE. The photostabilizing efficiency gradually strengthens

with the increasing concentration of MOANI and weakens with

the photodegradation of MOANI. After 216 h, the tensile

strength and elongation at break of all films decrease

about 50%.

Fluorescent Properties of Unpurified LLDPE-g-MOANI Films

as Function of UV Weathering Period

In this test, there are three environmental factors causing the

fluorescent decay: UV irradiation, temperature, and condensed

water on the surface of PE film. Except for the emission of fluo-

rescence, MOANI can be photodegraded due to molecular

matrix structure damaged by UV irradiation. The rise of tem-

perature would accelerate the migration of free MOANI and

promote the formation of its crystals on the PE surface, and

these crystals would be rinsed by drips formed by condensed

water on the film surface with their rolling down. Thereby, tem-

perature and condensed water on the surface of PE film can

cause the fluorescent decay.

Figure 10 shows the plot of the fluorescence retention ratios vs

test time41 in the UV weathering process of the MOANI in

films. The retention ratios were calculated by the following

equation:41

Rr5
Ft

F0

(5)

where, Rr 5 retention ratio, F0 5 initial maximum fluorescence

intensity at 0 day, Ft 5 maximum fluorescence intensity after t

day test.

For LLDPE/MOANI films, the fluorescence retention ratios

decreased exponentially as a function of test time; whereas for

unpurified LLDPE-g-MOANI films, similar variation trend

appeared from 0 to 120 h and the fluorescent decay strayed

from this trend at the range of exceeding 120 h [Figure 10(a)].

Table II. Isothermal Crystallization Kinetic Parameters of the Plain LLDPE and LLDPE-g-PPMM with a Series of Grafting Degree (GD) at Different

Crystallization Temperature (Tc)

Sample Tc (�C) N K (min2n) t1/2 (min)

LLDPE 111 2.29556 0.042686 3.367734

110 2.36429 0.05372 2.949684

109 2.08553 0.137104 2.174986

108 2.61626 0.180256 1.673312

107 2.521 0.386216 1.261107

LLDPE-g-MOANI (0.07 wt %) 111 2.22331 0.099131 2.398231

110 2.31748 0.159434 1.885406

109 3.19311 0.272308 1.339909

108 2.8458 0.475949 1.141223

107 2.77133 0.651028 1.022878

LLDPE-g-MOANI (0.19 wt %) 111 2.3919 0.094463 2.300772

110 2.64594 0.167121 1.711938

109 3.02697 0.302099 1.315691

108 2.97273 0.560415 1.074123

107 2.96512 0.96241 0.89522

LLDPE-g-MOANI (0.40 wt %) 111 3.30376 0.064564 2.051251

110 2.97309 0.155593 1.65286

109 4.10934 0.31839 1.208423

108 3.45923 0.529298 1.081082

107 3.36674 1.079543 0.876695

Figure 6. Half-time (t1/2) for crystallization of plain and graft LLDPE as a

function of crystallization temperature (Tc). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. (a) DSC cooling and (b) melting traces of the plain LLDPE, pi-

LLDPE, LLDPE/MOANI, and LLDPE-g-MOANI with a series of GD.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. SEM micrographs of (a) LLDPE-g-MOANI (GD50.4 wt %) and LLDPE/MOANI with the content of MOANI: (b) 0.15 wt %, (c) 0.25 wt %,

after 3 months storage at room temperature.

Figure 9. Changes in tensile strength (rm) and elongation at break (em)

of LLDPE, LLDPE/MOANI and the unpurified LLDPE-g-MOANI (up-

LLDPE-g-MOANI) films with two different initial monomer concentra-

tions during UV weathering: (a) the tensile strength and (b) elongation at

break of LLDPE.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4217242172 (9 of 11)

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


In addition, the deviation increasing with increasing content of

MOANI as shown in Figure 10(b). The reason appearing devia-

tion could be that the migration of the free MOANI was

restrained by the grafted MOANI.

Migration of Free MOANI in Unpurified LLDPE-g-MOANI

Films

In the test of accelerated migration, just only two environmental

factors—temperature and condensed water on the surface of PE

film—can impact migration of MOANI in films, due to thermal

motion of MOANI molecule and rinse of dripping formed by

condensed water.

Figure 11 shows the plot of the fluorescence retention ratios vs

time in the accelerated migration process of the MOANI in

films. It was found that the fluorescent decayed rate of unpuri-

fied LLDPE-g-MOANI films was smaller than that of LLDPE/

MOANI films in the same initial concentration of MOANI.

Furthermore, the lower the initial concentration of MOANI

was, the faster the fluorescent decay of unpurified LLDPE-g-

MOANI became. Above results suggested that the migration of

the free MOANI in films was delayed by the grafted MOANI in

films, due to existence of the intermolecular dipole–dipole inter-

actions33 between the free MOANI and the grafted MOANI

(MOANI belonging to one of 1,8-naphthalimide derivatives is a

donor–p–acceptor [D–p–A] bipolar molecule42). Moreover, the

reason why the fluorescence retention ratio of 0.25 wt %

unpurified LLDPE-g-MOANI at fourth and ninth day exceeded

1 is that the fluorescence concentration quenching occurred at

0 day.

CONCLUSIONS

MOANI has been synthesized using a one-pot method and suc-

cessfully grafted onto molten preirradiated LLDPE obtained by

b-ray irradiance in a mixer or single-screw extruder. The GD

was determined by the UV/Vis spectra. The grafting degree of

MOANI in LLDPE-g-MOANI increased with increasing MOANI

monomer concentration, temperature, and reaction time. The

initial monomer concentration and chamber temperature are

the main processing parameters for controlling the grafting

degree. The rheological behavior of LLDPE-g-MOANI suggests

that the cross-linking of LLDPE can be inhibited effectively by

graft of MOANI and the MOANI cannot polymerize to LCB. In

addition, this result also shows that LLDPE-g-MOANI has well

processability than LLDPE at high shear rates. The grafted

MOANI monomer acts as a nucleation agent, which improves

the crystallization rates of LLDPE molecular chains. Surface

morphologies of LLDPE-g-MOANI and LLDPE/MOANI dem-

onstrating the grafted MOANI are difficult to migrate to the

surface of the LLDPE-g-MOANI film. Mechanical properties of

unpurified LLDPE-g-MOANI films as function of UV weather-

ing period mean that MOANI acts as the role of ultraviolet

absorber and inhibited the aging process of LLDPE. The test

results of accelerated migration and UV weathering indicate

that migration processes of the free MOANI in unpurified

Figure 10. (a) Plot of the fluorescence retention ratios vs time in the UV

weathering tests of the up-LLDPE-g-MOANI and LLDPE/MOANI films.

(b) Plot of the fluorescence retention ratios vs time in the UV weathering

tests of the up-LLDPE-g-MOANI films with different initial monomer

concentration. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 11. Plot of the fluorescence retention ratios vs time in the acceler-

ated migration tests of the LLDPE/MOANI film and up-LLDPE-g-MOANI

films with different initial monomer concentration. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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LLDPE-g-MOANI films were delayed effectively by the grafted

MOANI in these films. Real images of LLDPE-g-MOANI film

and LLDPE/MOANI film are shown in Supporting Information

Figure S6 under sunlight and UV 364 nm. It is expected that

the modified LLDPE could be a promising candidate for long-

term light converting films.
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