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Abstract (2-RInd)2ZrCl2 (R:Ph,H) catalyst was sup-

ported on MCM-41 and ethylene copolymerization

behavior as well as microstructure of copolymers were

studied. A steady rate–time profile behavior was observed

for homo and copolymerization of ethylene using sup-

ported catalysts. It was noticed that increasing the como-

nomer content can result in lower physical properties. The

obtained results indicated that (2-PhInd)2ZrCl2/MCM-41

had higher ability of comonomer incorporation than the

non-substituted supported catalysts. The CCC, CCE, and

ECC (C: comonomer, E: ethylene) triad sequence distri-

bution in backbone of copolymers were negligible, that

means no evidence could be detected for comonomer

blocks. The polymer characterization revealed that utiliz-

ing 1-octene instead of 1-hexene as the comonomer leads

to more heterogeneous distribution of chemical composi-

tion. The heterogeneity of the chemical composition dis-

tribution and the physical properties were influenced by the

type of comonomer and catalyst. (2-PhInd)2ZrCl2/MCM-

41 produced copolymers containing narrower distribution

of lamellae (0.3–1 nm) than the copolymer produce using

Ind2ZrCl2/MCM-41 (0.3–1.6 nm).

Keywords Metallocene catalyst �
Copolymerization � Copolymer composition

distribution � DSC � Crystallinity

Introduction

Polyolefin market is the largest volume polymer trade in the

world today [1, 2]. Their production is estimated to reach

165 Mt year-1 in 2018 [3]. In this category copolymers of

ethylene with 1-alkenes such as propylene, 1-butene, 1-hex-

ene, and 1-octene are very important commercial products

[4–6]. This type of polymer has many advantages such as good

mechanical properties, low density, and good process ability

[4, 7]. There have been many efforts toward finding more

efficient catalyst to produce copolymers with desired prop-

erties. Conventional Z–N catalysts result in broad molecular

mass distribution, heterogeneous chemical composition dis-

tribution (CCD), and low comonomer incorporation while

metallocene types have shown some indisputable advantages

such as good comonomer incorporation and uniform CCD

[8–10]. These advantages have brought m-LLDPE a high

growth rate comparable to Z–N LLDPE [11].

However, the homogenous form of metallocene has

some disadvantages: high consumption of MAO, lack of

morphology control, and reactor fouling are the most

important ones [12–15]. To overcome these drawbacks, the

metallocene catalyst could be anchored on to inorganic

carries such as silica, MCM-41, MgCl2, or polymeric

supports [16–20]. By using the supported metallocene, the

morphology of polymer particles is modified and reactor

fouling is reduced and they can be used for new technol-

ogies like gas phase process [21, 22].

To be more successful in this filed it was needed to

know the properties of m-LLDPE including the average

S. Ahmadjo (&) � H. Arabi � M. Nekoomanesh � G. Nejabat �
S. M. M. Mortazavi (&)

Department of Catalyst, Iran Polymer and Petrochemical

Institute, P.O. Box 14965/115, Tehran, Iran

e-mail: s.ahmadjo@ippi.ac.ir

S. M. M. Mortazavi

e-mail: m.mortazavi@ippi.ac.ir

G. Zohuri

Department of Chemistry, Faculty of Science, Ferdowsi

University of Mashhad, P.O. Box 1436, Mashhad, Iran

123

J Therm Anal Calorim (2014) 116:417–426

DOI 10.1007/s10973-013-3552-y

Author's personal copy



molecular mass and its distribution, degree of crystallinity

and melting temperature, the chemical composition distri-

bution of polymer, comonomer content (composition)

which in turn essentially depends on polymerization con-

dition (temperature, Al/Zr, and feed composition) and

catalytic system [23]. Thus, the nature of the catalysts (type

of ligand in metallocene and presence of supports) has a

profound influence on the resulting microstructure of the

polymer and therefore on its final properties [24]. To

investigate the microstructure of ethylene copolymers

several powerful techniques can be used. NMR is the most

popular technique which is used to obtain the most precise

and reliable information about comonomer content and its

distribution through the backbone of polymer [25–27].

GPC is another method that is generally used for moni-

toring molecular mass and its distribution and finally DSC,

TREF, and Crystaf are the other characterization methods

that are widely used for identifying chemical composition

distribution of the copolymers [28–30].

In continuation of our previous works on microstructural

study of ethylene/a-olefins copolymers produced by (2-

PhInd)2ZrCl2 homogeneous catalyst [31] a similar study is

done on the microstructure of ethylene copolymers that

was produced by (2-PhInd)2ZrCl2/MCM-41 heterogeneous

catalyst.

Experimental

Materials

Spherical MCM-41 support was synthesized according to

Nekoomanesh et al. [32]. Methylaluminoxane (MAO) in

toluene (10 mass%) and triisobutylaluminum (TiBA) were

supplied from Aldrich. (2-RInd)2ZrCl2 (R:Ph,H) was syn-

thesized according to literature [31, 33]. 1-Hexene and

1-octene were provided from Merck Chemical Co.

(Munich, Germany) and all of them were refluxed and

distilled over drying agent before use and kept over 4A/

13X activated molecular sieves. Ethylene was obtained

from Arak Petrochemical Company (Arak, Iran). Toluene

and heptane were dried over CaCl2 by distillation. All the

manipulation involving air and/or water sensitive com-

pounds were performed under atmosphere of dried N2 in a

glove box.

Support treatment

For preparation of MCM-41 pretreated with MAO, 5 g of

MCM-41 was calcinated under atmosphere of N2 at 250 �C

for 5 h. 1 g of the dehydroxylated MCM-41 was suspended

in toluene. Afterward 4 mL of MAO (10 mass% in tolu-

ene) was added to the suspension and stirred over night.

The obtained MCM-41 was washed using toluene and

heptane four times and the final suspension was used as the

support in the polymerization.

Copolymerization

Copolymerization of ethylene with 1-hexene and 1-octene

were carried out in a 1-L Buchi reactor (Buchiglauster

bmd300) equipped with controlling systems of feeding,

temperature, stirring speed, and reaction pressure. Heptane

was introduced into the reactor (450 mL) and saturated

with ethylene (101 kPa pressure) at the reaction tempera-

ture. Polymerization components including TiBA, modified

support, and the catalyst solutions were added, respec-

tively. Sufficient amount of comonomer was added to the

reactor just before introduction of the catalyst itself. For

copolymerization of ethylene with 1-hexene the comono-

mer was introduced at 20 �C following to that the tem-

perature was adjusted to the reaction temperature. At the

end of the polymerization (usually 30 min) the content of

the reactor was poured into an excess of acidified metha-

nol, filtrated and dried at 60 �C.

Polymer characterization

All the DSC results were obtained using Mettler-Toledo

instrument 823e Model, interfaced to a digital computer

equipped with Star E 9.01 software (Sencor FRS5). The

sample was heated from room temperature to 160 �C with

the rate of 10 �C min-1 and remained for 10 min at the

temperature; followed by cooling to 0 �C with a cooling

rate of -10 �C min-1. Finally, the polymer was reheated to

160 �C using the same heating rate. The melting point (Tm)

and crystallinity (X) were determined according to the

results obtained in the last heating cycle. The molecular

masses and their distributions were determined through

high temperature gel permeation chromatography (Waters

GPCV 150?), using 1,2,4-trichlorobenzene as the eluent at

140 �C. 13C NMR analyses of the samples were recorded

using a BRUKER 400 AVANCE NMR Instrument. The

samples were dissolved in a mixture of deuterated o-di-

chlorobenzene and 1,1,2,2-tetrachloroethane at 120 �C.

The comonomer composition distribution (CCD) of the

copolymers was determined through analytical TREF and

stepwise fractionation of samples by DSC.

Results and discussion

Kinetic study

Ethylene copolymers were produced using 1-hexene and

1-octene in feed. The rate/time profiles of copolymerization
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are shown in Figs. 1, 2, and 3. The term ‘‘comonomer effect

factor’’ (CEF) and decay index (DI) are defined as Rpav(co)/

Rpav(homo) and Rp(max)/Rp(min) (Rpav is the average rate of

polymerization, Rp(max) is the maximum rate of polymeri-

zation, and Rp(min) is the rate of polymerization at 30 min),

respectively, which were used to follow the kinetic behavior

of the catalyst. The kinetic results are listed in Table 1. The

observed results of CEF \ 1 indicates that a depression

effect happened on the CEF for polymerization of the sup-

ported catalyst with increasing the monomer concentration

and molar mass of comonomer in feed. The descending trend

observed for CEF in copolymerization may be attributed to a

competitive coordination of the comonomer to the active

center resulting in a possible deactivation of some catalytic

centers [33, 34]. According to Table 1 and Figs. 1, 2, 3 it was

clearly observed that for the supported catalyst, DI values

decreased relative to homogenous form and approached to

one. This reduction in catalyst deactivation was attributed to

the stability of active center by immobilization of catalyst

and reduction of bimolecular process [35, 36].
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Fig. 1 Profile of rate versus

time for copolymerization of

ethylene/a-olefin, conditions:

temp. = 60 �C, monomer

pressure = 600 kPa, [Al]/

[Zr] = 70:1,

heptane = 450 mL,

[Cat] = 1.0 9 10-5 mol Zr

1400

1200

1000

800

600

400

200

0
0 500 1000 1500

Time/sec

Homopolymer

212 mmol/L Oct

C
on

su
m

pt
io

n 
of

 e
th

yl
en

e/
m

L 
m

in
–1

Fig. 2 Comparison of profile of

rate versus time for

homopolymerization and

copolymeriztion of ethylene/1-

octene, conditions:

temp. = 60 �C, monomer

pressure = 600 kPa, [Al]/

[Zr] = 70:1,

heptane = 450 mL,

[Cat] = 1.0 9 10-5 mol Zr
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Study of properties and microstructure of ethylene

copolymers

Table 2 shows the physical properties of ethylene/1-hexene

and ethylene/1-octene copolymers. They include melting

temperature (Tm), crystallinity (X), molecular mass,

molecular mass distribution (MWD), and number of branch

per 1,000 carbon of backbone chain. As can be seen from

the table, as the comonomer content in feed increased,

melting temperature, crystallinity, and molecular mass of

the copolymer decreased. By increasing the comonomer

concentration in polymerization medium and by decreasing

the molecular mass of the used comonomer, which may

result in more chain transfer reactions through b-hydride

Table 1 Kinetic parameters of ethylene copolymerization

Comonomer

concentration/

mmol L-1

Activity (910-3)/

g PE (mmol Zr h)-1
CEF Decay

index

0 11.3 1.00 1.0

106 Hex 5.6 0.49 1.0

Oct 4.5 0.40 1.0

212 Hex 5.2 0.46 1.0

Oct 2.4 0.21 1.0

Oct 0.7 – –

Conditions: temp = 60 �C, monomer pressure = 606 kPa, [Al]MAO/

[Zr] = 70:1, [TiBA] = 2 mmol, toluene = 450 mL, [Ind2ZrCl2] =

1.0 9 10-5 mol Zr, MCM-41 = 100 mg
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Fig. 3 Comparison profile of

rate versus time for

homopolymerization of

ethylene using supported and

non-supported Ind2ZrCl2
catalyst

Table 2 Physical properties of ethylene copolymers

Comonomer

concentration/

mmol L-1

% mol

comonomer

in polymer

Tm/

�C

X/% Mn Mw PDI nb/

1000C

CCC EEC ? CEE CEC ECE ECC ? CCE EEE

Ind2ZrCl2/MCM-41 (ethylene/1-hexene)

106 0.8 129.2 33.4 106,382 689,248 6.5 4.8 0.35 1.24 0.00 0.16 0.00 98.26

212 1.3 126.5 29.5 83,064 484,357 5.8 6.6 0.61 1.93 0.00 0.82 0.00 96.64

(2-PhInd)2ZrCl2/MCM-41(ethylene/1-hexene)

106 2.2 117.4 14.5 163,453 1,297,642 7.9 13.7 1.54 3.51 0.00 2.01 0.49 94.00

212 5.4 114.2 – 155,599 992,939 6.4 32.0 0.00 7.95 0.00 4.20 0.00 86.31

Ind2ZrCl2/MCM-41 (ethylene/1-octene)

106 0.7 133.0 38.3 140,371 1,027,411 7.3 4.5 0.00 0.78 0.00 0.30 0.00 98.91

212 1.1 129.6 34.3 113,283 784,268 6.9 5.4 0.00 1.38 0.00 0.75 0.00 97.88

(2-PhInd)2ZrCl2/MCM-41 (ethylene/1-octene)

106 2.1 – – – – – 10.8 0.00 2.56 0.00 1.47 0.00 95.97

212 3.7 115.7 15.4 142,636 1,318,415 9.2 21.1 0.00 5.70 0.00 2.75 0.00 91.55

X crystallinity, PDI polydispersity index
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elimination or transfer to comonomer [37–39], the como-

nomer content and therefore the number of branches

increased in the resulting copolymers. 1-Hexene as

comonomer showed higher activity and higher incorpora-

tion into the polymer chains than 1-octene. Higher con-

centration of comonomer increased the possibility of its

incorporation into the polymer chains. Consequently,

higher number of branches in the copolymer caused melt-

ing temperature and crystallinity of the copolymer to

decrease [40–42].

Physical properties and comonomer sequence distribu-

tion show that 2-phenyl substitution on indenyl ligand

causes the catalyst to incorporate more comonomer into the

copolymer chains, which can affect physical properties and

comonomer sequence distribution of comonomer through

the chains. It was observed that the 2-phenyl type catalyst

resulted in higher molecular mass copolymer than non-

substituted one which is in complete accordance with steric

and electronic effects of substituents of ligands in the

catalyst [43].

CCD study of ethylene copolymers using

(2-RInd)2ZrCl2/MCM-41 (R:Ph,H) catalyst

Study of the effect of catalyst type on heterogeneity of

comonomer incorporation is a very important subject

which can result in better understanding of copolymer

Table 3 Lamellar thickness and DI value of ethylene/1-octene

copolymer and its distribution ((Ind)2ZrCl2/MCM-41)

1-Octene

concentration/

mmol L-1

Peak no. Tm/�C lc/nm Mass/% DSCI

106 1 131.2 1.96 45.0 1.00

2 125.8 1.28 32.3 0.72

3 117.5 0.84 9.3 0.21

4 107.8 0.6 8.9 0.20

5 101.2 0.5 0.1 0.01

6 97.0 0.45 1.4 0.01

7 91.1 0.4 0.6 0.01

8 86.1 0.36 2.4 0.05

212 1 128.8 1.59 51.4 1.00

2 122.0 1.03 26.6 0.52

3 114.8 0.75 7.1 0.14

4 108.6 0.61 5.4 0.10

5 102.5 0.52 3.4 0.07

6 96.4 0.45 2.5 0.05

7 90.5 0.4 1.8 0.03

8 84.7 0.35 1.2 0.02

9 78.8 0.32 0.6 0.01

Table 4 Lamellar thickness and DI value of ethylene/1-hexene

copolymer and its distribution ((Ind)2ZrCl2/MCM-41)

1-Hexene

concentration/

mmol L-1

Peak no. Tm/�C lc/nm Mass/% DSCI

106 1 129.0 1.61 54.4 1.00

2 122.1 1.04 25.2 0.46

3 114.8 0.75 6.8 0.13

4 108.7 0.61 5.2 0.10

5 102.5 0.52 3.3 0.06

6 96.6 0.45 2.3 0.04

7 90.7 0.4 1.4 0.03

8 84.8 0.36 1.0 0.02

9 79.2 0.32 0.4 0.01

212 1 127.4 1.43 20.9 0.59

2 121.9 1.03 35.6 1.00

3 114.6 0.75 16.0 0.45

4 108.3 0.61 10.4 0.29

5 102.1 0.51 5.7 0.16

6 96.2 0.44 4.9 0.14

7 90.2 0.39 2.5 0.07

8 84.5 0.35 2.4 0.07

9 78.5 0.32 0.9 0.03

10 73.1 0.29 0.7 0.02

Table 5 Lamellar thickness and DI value of ethylene/1-octene

copolymer and its distribution ((2-PhInd)2ZrCl2/MCM-41)

1-Octene

concentration/

mmol L-1

Peak no. Tm/�C lc/nm Mass/% DSCI

106 1 134.2 2.76 2.1 0.09

2 128.3 1.53 1.0 0.04

3 121.3 1 11.7 0.50

4 115.4 0.77 23.2 1.00

5 109.1 0.62 21.9 0.94

6 102.9 0.52 15.8 0.68

7 96.7 0.45 9.7 0.42

8 90.6 0.4 6.5 0.28

9 84.6 0.35 4.3 0.19

10 79.0 0.32 2.1 0.09

11 73.5 0.3 1.6 0.07

212 1 134.0 2.69 10.8 0.78

2 128.4 1.54 6.6 0.48

3 121.1 0.99 9.0 0.65

4 114.8 0.75 12.0 0.87

5 108.5 0.61 13.9 1.00

6 102.4 0.52 12.0 0.87

7 96.3 0.45 10.8 0.78

8 90.3 0.39 11.4 0.83

9 84.4 0.35 9.0 0.65

10 78.5 0.32 4.2 0.30
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behavior. The short chain branch distribution (SCBD), also

referred as CCD, of copolymers significantly affects the

physical and thermal properties of copolymers [44, 45]. It

is therefore necessary to have quantitative methods to find

the heterogeneity of microstructure of copolymers. The

most common technique for this purpose is temperature

rising elution fractionation (TREF) which has been used

for several years [46–49]. Through the very tedious pro-

cedure of TREF, other new and easier techniques such as

crystallization analysis fractionation (Crystaf), stepwise

DSC were developed and used as common technique in

polyolefin characterization [50–53]. In this method during

the isothermal crystallization steps, the separation of the

crystalline material into groups of lamellae of different

thicknesses occurs depending on the amount and distribu-

tion of the a-olefin units in the macromolecular chains.

The DSC curves were deconvoluted to weighted sum-

mation of standard Lorentzian distribution functions. The

multiplicity of the endotherm peak is related to different

lamellar thicknesses of the sample used. For determination

of the heterogeneity of the copolymer the DSC index

Table 6 Lamellar thickness and DI value of ethylene/1-hexene

copolymer and its distribution ((2-PhInd)2ZrCl2/MCM-41)

1-Hexene

concentration/

mmol L-1

Peak no. Tm/�C lc/nm Mass/% DSCI

106 1 127.1 1.4 0.2 0.01

2 121.5 1.01 12.4 0.52

3 115.5 0.77 23.8 1.00

4 109.3 0.63 23.5 0.99

5 103.0 0.52 15.8 0.66

6 96.8 0.45 9.7 0.41

7 90.7 0.4 6.4 0.27

8 84.6 0.35 4.4 0.18

9 78.8 0.32 2.2 0.09

10 72.7 0.29 1.5 0.06

212 1 121.1 0.99 1.1 0.04

2 114.8 0.75 4.9 0.19

3 108.7 0.61 9.3 0.36

4 102.6 0.52 12.1 0.46

5 96.6 0.45 17.5 0.67

6 90.8 0.4 26.2 1.00

7 84.9 0.36 19.9 0.76

8 78.9 0.32 9.0 0.34

Table 7 Mass, numerical average, and polydispersity of lamellae thickness distribution

Ind2ZrCl2/MCM-41 (2-PhInd)2ZrCl2/MCM-41

Hexene Octene Hexene Octene

Comonomer concentration/mmol L-1 106 212 106 212 106 212 106 212

ln 10.58 7.79 11.71 10.17 5.78 4.26 5.85 5.82

lm 12.60 9.21 14.45 12.19 6.40 4.50 6.84 8.59

PDI 1.191 1.183 1.234 1.199 1.107 1.057 1.170 1.47

50
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(b)
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Fig. 4 Effect of 1-octane (a) and 1-hexene (b) concentrations on the

melting curves of ethylene copolymers obtained using (Ind)2ZrCl2/

MCM-41 catalyst and the SSA method
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(DSCI) is very often used [31, 51, 54]. Similar DSCI values

close to one are indicative of relatively homogeneous

incorporation of the comonomer in the polymer chain. The

thickness of different lamellae can be calculated from the

Thomson–Gibbs’ equation [55]:

Tm ¼ Tm
� 1� 2de=DH � lcð Þ; ð1Þ

where Tm is the observed melting point (K), Tm� is the

equilibrium melting point of an infinite polyethylene

crystal (414.5 K), de is the surface energy of a

polyethylene crystal (70 9 10e-3 J m-2), DH is the

enthalpy of fusion of 100 % crystalline polyethylene per

unit volume (288 9 10e6 J m-3), and lc (m) is the

thickness of the lamellae with melting point Tm. Mass

average, lm, and number average, ln, lamellae thickness are

defined as [56]:

Lm ¼
X

mili; ð2Þ

ln ¼ 1=
X

mi=li

� �
; ð3Þ

Polydispersity ¼ lm=ln; ð4Þ

50 70 90 110 130 150
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H
ea

t f
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w
/m

W
 E

nd
o

1–Hexene

1–Octene

Vh = 10 °C min–1

Fig. 5 Comparison of the

melting curves of ethylene/

octene and hexene

(106 mmol L-1) copolymers

using (Ind)ZrCl2/MCM-41

catalyst and the SSA method
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Fig. 6 Comparison of the

melting curves of ethylene/1-

hexene (106 mmol L-1)

copolymers obtained using

(Ind)2ZrCl2/MCM-41 and (2-

PhInd)2ZrCl2/MCM-41

catalysts via the SSA method
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where mi is the mass fraction of lamella with thickness of li.

The results of lamellae thickness distribution and DSCI

Values for the ethylene copolymers that were produced by

two kind of indenyl-based metallocene catalysts are listed

in Tables 3–7. The results show that the lamellae thickness

distribution of ethylene/1-hexene copolymers was more

narrow than ethylene 1-octene ones. Table 7 denotes that

the (Ind)2ZrCl2 synthesized copolymers possess broader

distribution of lamellae thickness than the (2-PhInd)2ZrCl2
synthesized samples. These results confirm the pervious

results [31] that showed (2-PhInd)2ZrCl2 has a magnificent

ability in comonomer incorporation and the supporting

procedure do not affect its comonomer incorporation

ability.

Moreover it was clearly observed that 1-octene resulted

in more heterogeneous ethylene copolymers than 1-hexene.

This behavior may be attributed to higher reactivity ratio of

1-hexene relative to 1-octene and low steric interference of

1-hexene [57]. Doubtless type and quantity of comonomer

and type of catalyst have direct influence of distribution of

lamellae thickness distribution.

The fractionated DSC endotherms for copolymers are

shown in Fig. 4a, b. It can be seen that by increasing the

comonomer content the heterogeneity of CCD decreased.

Furthermore it was observed that 1-hexene copolymers have

more homogeneous CCD rather than 1-octene copolymers

(Fig. 5). In addition, Fig. 6 shows that the CCD of copoly-

mers synthesized using (2-PhInd)2ZrCl2 is more homoge-

neous than the copolymer synthesized using (Ind)2ZrCl2.

Conclusions

(2-RInd)2ZrCl2 catalysts were supported on MCM-41

through in situ method and copolymerization performance

of them was investigated. The following conclusions were

obtained from the kinetic and microstructure study.

The comonomer effect factor (CEF) was decreased by

increasing comonomer content and comonomer molar

mass to lower value than one. The decay indexes (DI) of

supported catalysts were near to one and showed the

kinetic stability of the copolymerization. Addition of

comonomers 1-hexene and 1-octene, decreased polymeri-

zation activity, crystallinity, density, molecular mass, and

the melting point of the obtained copolymers. These

behaviors were related to branching of the polymer chain.

The higher the concentration of the comonomers, the lower

the lamellar thickness and the smaller the crystalline length

obtained. The lower value of CEF indicated that a negative

comonomer effect was prevailing in copolymerization.

It was noticed that 1-hexene produced narrower lamellae

thickness distribution ethylene copolymer than 1-octene

and ethylene/1-octene copolymers have more heterogene-

ity than 1-hexene/ethylene copolymer. By increasing the

comonomer content and decreasing of comonomer molar

mass the heterogeneity of CCD decreased.

These results show 2-phenyl substituent in indenyl-

based metallocene catalyst improve comonomer incorpo-

ration and the supporting procedure did not affect this

behavior.
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