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Abstract

Propylene was copolymerized with 10-undecen-1-ol with the use of dimethylsilanylbis(2-methyl-4-phenyl-1-inde-

nyl)zirconium dichloride as pre-catalyst metallocene and MAO or MAO and TIBA as cocatalyst. Comonomer in-

corporations from 0.1 to 0.9 mol% or 0.5–3.6 wt% were obtained. With MAO and TIBA as cocatalyst, instead of MAO

alone, the catalyst deactivation was diminished and molar mass was stabilized but the comonomer reactivity was

slightly reduced. Improved adhesive properties relative to polypropylene were demonstrated with a T-peel test, contact

angle measurements, and a paintability test. The surface properties of a blend, that contained a small amount of hy-

droxyl groups was also shown to have improved adhesive properties.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Commercial polypropylene grades are charac-

terized by good impact strength, rigidity and

chemical resistance and are low in cost. The lack of
reactive groups significantly limits the areas in

which it can be applied, however. Introducing

polar groups into normally non-polar polypro-

pylene improves adhesion, paintability, affinity for

dyes and printing agents, and compatibility [1].

Direct polymerization of polar comonomers

using Ziegler–Natta catalysts is limited by the in-

tolerance of the catalysts to Lewis bases, which

leads to catalyst deactivation, polymer degrada-

tion, and comonomer homopolymerization. Me-
tallocene based catalysts offer a way to polymerize

alcohol functional comonomers with propylene

without poisoning the catalyst totally [2–5]. An-

other way is to exploit dienes to introduce terminal

unsaturations, [6–8] which can then be converted

into various functional groups [1]. In post-modifi-

cation as well as in grafting however, polypropyl-

ene is exposed to cross-linking and degradation.
Even with metallocenes the Lewis acid compo-

nents (Zr, Al) tend to form complexes with the
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non-bonded electron pairs of heteroatoms in

preference to reacting with p-electrons of the

double bond of the incoming monomer. The re-

action with heteroatoms can best be eliminated by

selecting catalyst components that are inert to

functional groups, using an excess of aluminum
alkyl compound to change hydroxyl groups into

alkoxyl groups, or insulating the double bond

from the heteroatom with a spacer group [3]. The

undesired reaction can be further minimized by

increasing steric hindrance about the heteroatom

[3] or reducing the electron-donating ability of the

heteroatom. In practice, two or more of these

above mentioned methods are combined to
achieve satisfactory results.

Polar comonomers have only rarely been used in

propylene polymerizations catalyzed with activated

metallocene complexes [2–5,9] or conventional

catalysts [10] but are much more familiar in ethyl-

ene polymerizations [11–15]. Boffa et al. [16] have

written a comprehensive review article on the use of

polar comonomers. Since desirable properties of
technical plastics (e.g. polyamide) such as good

adhesion to aluminum [17] can only be achieved

with polypropylene (PP) by introducing polar

groups, there is increasing interest in new routes to

polar propylene. In addition to the older patents

for Ziegler–Natta catalyzed polar PP, such as the

one held by DuPont [18], and for the post-modifi-

cation of dienes to epoxy groups held byMitsubishi
[7], there is a recent patent application by Mitsui

[19,20] covering the use of metallocenes for the di-

rect copolymerization of polar comonomers with

propylene to achieve adhesive properties.

The aim of this work was to copolymerize pro-

pylene and 10-undecen-1-ol with reasonable activ-

ity and to investigate the effect of the polar hydroxyl

groups on the copolymer properties. In addition,
the effect of small amounts of hydroxyl groups on

promoting adhesive properties was studied by

blending a small quantity of polar propylene with a

commercially available homopolypropylene.

2. Experimental

2.1. Materials

The metallocene used in the polymerizations

was dimethylsilanylbis(2-methyl-4-phenyl-1-inde-

nyl)zirconium dichloride (Boulder Scientific

Company). The comonomer, 10-undecen-1-ol, was

obtained from Fluka and dried with molecular
sieves before use. Toluene (p.a.) was obtained

from Merck and purified by circulating it through

3-�A molecular sieves, BASF R3-11 copper cata-

lyst, and activated Al2O3 columns. Moisture was

removed by refluxing the toluene over sodium and

benzophenone and distilling it under nitrogen be-

fore use. Methylaluminoxane (MAO, a 10 wt%

solution in toluene) and triisobutylaluminum
(TIBA) were obtained from Witco GmbH

(Bergkamen, Germany) and used as received.

Propylene (grade 2.8 from AGA) was purified by

conducting it through columns containing 3-�A
molecular sieves, BASF R3-11 copper catalyst,

and activated Al2O3.

Three commercial polypropylene grades and

one polyamide 6 were used for reference purposes.
The homopolypropylene was HE 125 MO sup-

plied by Borealis Polymers. It has a melt flow rate

(MFR) of 12 g/10 min (2.16 kg, 230 �C) and a

density of 908 kg/m3. The two functional poly-

propylenes were acrylic acid grafted (MFR: 20 g/

10 min, density: 910 kg/m3) and maleic anhydride

grafted (MFR: 3 g/10 min, density: 900 kg/m3)

polypropylene. Details on these materials can be
found in Table 1. Polyamide 6 was Ultramid B4F

Table 1

Specifications of the reference materials

Material Functionality Functionality

content (wt%)

Mw (kg/mol) Mw=Mn Grade Manufacturer

PP – – 670 3.9 HE 125 MO Borealis Polymers

PP-g-MAH Maleic anhydride 0.5 (BA�1) 728 4.5 BB 125 E Borealis Polymers

PP-g-AA Acrylic acid 6.0 332 2.5 Polybond� 1002 Uniroyal Chemicals
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supplied by BASF. The aluminum foil was kindly

supplied by Finncoil Oy, Finland, and had a

thickness of 0.5 mm.

2.2. Polymerization procedure

The polymerization experiments were carried

out in a 0.5 l stainless steel autoclave reactor

equipped with a propeller-like stirrer. The reactor

was evacuated and flushed with nitrogen several

times before the addition of toluene and cocata-

lyst. The total volume of the polymerization me-

dium was 300 ml. After addition of the polar

comonomer, the mixture was stirred for 15 min to
allow the possible formation of complexes between

comonomer and aluminum alkyl. The reaction

mixture was then saturated with propylene. The

polymerization was initiated by the addition of the

toluene solution in which the metallocene was

dissolved. The stirring speed was 500/min, poly-

merization temperature 80 �C, and propylene

overpressure 3.0 bar. Polymerization temperature
was kept constant during reaction by circulating

water in the reactor jacket. Partial pressure of the

monomer was maintained constant with an elec-

tronic pressure controller. Propylene consumption

was monitored during the polymerization. The

polymerization was stopped by cutting off

the propylene feed. The reactor was degassed, and

the polymer was precipitated with a mixture of
ethanol and a small amount of concentrated

hydrochloric acid. The product was isolated by

filtering, washed with ethanol and acetone, and

dried in vacuum at 40 �C.

2.3. Polymer characterization

The molar masses and molar mass distributions
of the polymers were determined with a Waters

Alliance GPCV 2000 gel permeation chromato-

graph operating at 140 �C and equipped with four

Waters Styragel HMW columns (HMW 7,

2�HMW 6, and HMW 2) and a refractive-index

detector. The solvent, 1,2,4-trichlorobenzene, was

applied at a flow rate of 1.0 ml/min. The columns

were calibrated with narrow molar mass distribu-
tion polystyrene standards using a universal cali-

bration method. Polypropylene standard with

known molar mass value was used as a reference in

the selection of Mark–Houwink parameters K and

a for the samples.

Melting temperatures (Tm) and enthalpies

(DHm) were determined with a Mettler Toledo

DSC 821e differential scanning calorimeter. In-
dium was used for the calibration of the temper-

ature scale. The melting endotherms were

measured upon reheating of the polymer sample to

190 �C at a heating rate of 10 �C/min. The ash

contents were measured by burning away the or-

ganic part in the polymer samples during 60 min in

a muffle oven at 600 �C.
The 1H NMR spectra of polypropylenes were

recorded on a Varian Gemini 2000 300 MHz

spectrometer at 120 �C from samples dissolved in

deuterated 1,1,2,2-tetrachloroethane-d2. The sol-

vent resonance was used as an internal reference

and was assigned the chemical shift d 5.91 ppm.

2.4. Blending

The PP/PP-co-OH1 blend was prepared in a co-

rotating twin-screw midiextruder (DSM, capacity

16 cm3, screw length 150 mm) with an extrusion

temperature of 195 �C and a screw speed of 65

rmp. The blend consisted of 90 wt% PP (HE 125

MO) and 10 wt% PP-co-OH (T3). The copolymer

selected for blending contained an average func-

tionality content level, and thus was representative
of the series as a whole. Mixing time was 3 min.

2.5. Peel strength

T-peel strengths of the various samples were

measured using an Instron 4204 universal testing

machine according to the standard ISO 11339:1993

(E). Film samples were prepared by pressing at 195
�C and 150 kN for 3 min, followed by a 3 min

cooling period using the same pressing force. The

thickness of the polymer films was 400� 50 lm.

Before the laminates were prepared, the aluminum

sheets were cleaned with acetone to obtain a clean

surface. The film samples were then melt-pressed

between two aluminum plates (20� 13 cm) (thick-

ness 0.5 mm) at 195 �C and 150 kN for 3 min.
Aluminum was chosen as a substrate due to its high

polarity, which is expected to result in a strong
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interfacial interaction with the polar propylene

copolymers. Before testing, the laminates were

conditioned for three days at 50% RH and 23 �C,
according to standard ISO 291. The 180� T-peel

test was carried out using a crosshead speed of 100

mm/min, and the width of the test strips was 10
mm. The peel strength, expressed in N/m, was ob-

tained from the mean of five measurements.

2.6. Contact angle measurements and paintability

Contact anglemeasurements (water, 295K)were

carried out on the neat polymers and the blend.

Measurements were taken from specimens (2� 20
� 50 mm) melt pressed at 195 �C and 150 kN. A

CAM 200-Optical Surface Tension/Contact Angle

Meter (KSV Instruments) equipped with a high-

speed video camera for image capture was used for

the contact angle measurements. The instrument is

fully computer controlled and the images were an-

alyzed with the computer’s software. Each contact

angle was the average of six measurements.
The procedure used to test paintability was

developed in co-operation with a Finnish paint

manufacturer. Test specimens were the same ones

that were prepared and used for the contact angle

measurements. First, the surfaces were cleaned

with isopropanol, after which a thin layer of

polyurethane-based paint was carefully applied to

the specimen surface. The specimens were then
dried in an oven at 30 �C for 3–4 h and left to dry

overnight at room temperature (23 �C). X-shaped

incisions were made on the surfaces of the speci-

mens with a scalpel. The incisions were deep en-

ough to entirely penetrate the paint layer and

scratch the substrate surface. Each sample was

then separately bent a set distance (20 mm) using a

three-point flexural modulus testing method. The
distance between the supports was 38 mm. After

this, each sample was examined to determine how

well the paint had remained attached to the sub-

strate in the vicinity of the incisions.

3. Results and discussion

Polymerization conditions and results are pre-

sented in Table 2. In the catalyst that was used, the

2-methyl substitution increases the molar mass of

the polymer, as has been shown by Aaltonen et al.

[4], while the 4-aryl substitution lead to excellent

thermal properties, as can be seen from the rea-

sonably active propylene homopolymerization. A

straight long-chain alcohol without any bulky side

groups was selected for the comonomer to mini-
mize the catalyst deactivation and to allow the

polar hydroxyl group in the copolymer to interact

without any shielding.

The proposed copolymer structure is presented

in Fig. 1. In the copolymerizations with 10-unde-

cen-1-ol, a large amounts of aluminum alkyl

compound was needed for complex formation

with the alcohol comonomer to prevent catalyst
deactivation. The typical aluminum/comonomer

ratio was about 6. Two copolymerization series

were run: in the first MAO and in the second a

mixture of MAO and TIBA was used as cocata-

lyst. In the latter, the concentration of MAO was

kept constant (10 mmol/l) independent of the

amount of the comonomer, and the concentration

of TIBA was varied (8–140 mmol/l). The propyl-
ene consumption curves for the most interesting

polymerizations are presented in Figs. 2 and 3.

As shown in Table 2, when only MAO was used

as a cocatalyst, polymerization activities ranged

from 5700 to 21,000 kgPP/(molZr h), which were

much lower than the 133,000 kgPP/(molZr h) of

homopolymerization. Lowest activities were ob-

tained with lowest comonomer concentration be-
cause of the low Al/Zr ratio of 3600 mol/mol. A

decrease in the Al/Zr ratio from 25,700 to 12,000

mol/mol had no effect on the polymerization ac-

tivity. On the other hand, the catalyst system was

extremely sensitive to the aluminum/comonomer

ratio. When the ratio was decreased from 6 to 4,

less than 5% of the polymerization activity was

retained. In comparing experiments M4 and M6,
the drastic drop in polymerization activity could

be seen to be an effect of increase in concentration

of the polar comonomer. According to the litera-

ture, TMA plays an important role in complex

formation but also interactions with oligomeric

MAO are present [21,22]. The propylene con-

sumption occurred in a similar way as in homo-

polymerization and a slightly rising trend was
detected in all polymerizations independent of

comonomer concentration in the feed (Fig. 2).
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Table 2

Polymerization resultsa

Run Comonomer

concentration

(mmol/l)

MAO

(mmol/l)

TIBA

(mmol/l)

Al ratio to

comonomer

(mol/mol)

n (Zr)

(lmol)

Al/Zr (MAO)

(mol/mol)

Yield

(g)

Activityb Tm
(�C)

DHm

(kJ/mol)

Mw

(kg/mol)

Mw=Mn Comonomer

incorporationc

Ash

content

(wt%)

PP1 0 10 0 6 0.2 15,000 13.3 133,000 152.7 112 80 1.9 0/0 0.1

M1 3 18 0 6 1.5 3600 4.3 5700 149.7 114 74 2.0 0.2/0.7 <0.1

M2 10 60 0 6 0.7 25,700 4.0 11,000 144.6 101 40 1.8 0.6/2.4

M3 10 60 0 6 1.2 15,000 6.1 10,000 144.6 100 45 1.9 0.6/2.3

M4 10 60 0 6 1.5 12,000 8.2 11,000 145.4 101 46 2.0 0.6/2.3

M5 15 90 0 6 1.7 16,000 17.6 21,000 144.7 105 37 1.9 0.6/2.3 0.1

M6 15 60 0 4 1.7 10,600 0.6 700 138.2 84 44 1.8 2.1/8.6

T1 3 10 8 6 1.2 2500 12.0 20,000 151.4 93 99 2.0 0.1/0.5

T2 10 10 50 6 0.4 7500 7.8 39,000 148.3 87 107 1.9 0.3/1.3

T3 15 10 80 6 1.0 3000 15.1 30,000 146.7 91 105 2.0 0.4/1.7 0.1

T4 15 10 80 6 1.5 2000 14.9 20,000 149.2 49 103 1.9 n.d. 3.0

T5 20 10 110 6 1.5 2000 14.1 19,000 149.0 70 92 1.9 0.6/2.3

T6 30 10 140 5 1.6 1900 8.8 11,000 142.0 65 99 1.9 0.9/3.6

aReactor volume 0.5 l, 300 ml toluene, propylene overpressure 3.0 bar, polymerization temperature 80 �C, polymerization time 30 min, stirring speed 500 rpm.
bActivity measured as kgPP/(molZr h).
cMol%/wt%.
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When a combination of MAO and TIBA was
used as cocatalyst, polymerization activities ran-

ged from 11,000 to 39,000 kgPP/(molZr h). TIBA

could not activate the metallocene by itself, so in

calculating the Al/Zr ratio, aluminum in TIBA was

ignored and only aluminum in MAO was consid-

ered active. Polymerization activity decreased

steadily as the Al/Zr ratio was decreased from

7500 to 3000, 2000, and 1900 mol/mol. The pro-
pylene consumption was constant at high Al/Zr

ratios, but at 2000 a change in polymerization

behavior occurred and the decrease in propylene

consumption became more pronounced when the

Al/Zr ratio was further decreased (Fig. 3). An in-

crease in comonomer concentration in the feed

might have had some influence, but no such be-

havior was observed in polymerizations where

only MAO was used and where the Al/Zr ratio was

sufficiently high for the different comonomer con-

centrations. With TIBA added, polymerizations
were more stable, probably because interactions

between the active center and the polar end group

of the comonomer were more efficiently blocked.

With MAO as cocatalyst, an increasing MAO

concentration along with increasing comonomer

concentration caused a rapid drop in the molar

mass from 80 kg/mol of the homopolymer to 37–

74 kg/mol, because MAO or its components acted
as an effective chain transfer agent. With the

combination of MAO and TIBA, the molar mas-

ses were 92–107 kg/mol throughout the copoly-

merization series, which is even higher than in the

homopolymerization. Molar mass distributions

were narrow, 1.8–2.0, in all the polymerizations.

An increase in comonomer incorporation low-

ered melting temperatures and melting enthalpies.
Decrease in the melting enthalpies was more pro-

nounced in copolymerizations where TIBA was

included, which implies that there were small

amounts of inorganic residues in the polymer. In

most of the examined polymers ash contents were

0.1 wt% or lower. The only exception was the high

ash content of 3.0 wt% of copolymer T4 where

TIBA removal had been insufficient and aluminum

Fig. 2. Propylene consumption in homopolymerization (PP1)

and copolymerizations (M1, M4, and M5) where only MAO

was used as cocatalyst. Al/Zr ratios 3600 or over.

Fig. 1. Proposed structure of propylene-co-10-undecen-1-ol.
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residues caused a melting enthalpy as low as 49 kJ/

mol. It was more difficult to remove TIBA than

MAO, so the hydrochloric acid treatment must be

done with great care when TIBA is employed, to

ensure that the removal of aluminum alkyl is

complete.
Comonomer incorporations were determined

from the 1H NMR spectra. The spectrum of the

propylene-co-10-undecen-1-ol copolymer with

highest comonomer content is presented in Fig. 4.

Two hydrogens attached to the carbon next to

hydroxyl give a clear triplet at d 3.55–3.60 ppm,

which was used in determining the comonomer

incorporations. With MAO, comonomer incor-
porations of 0.6 mol%/2.4 wt% were achieved but

stayed at that level even when the concentration of

the comonomer in the feed was increased. With the

combination of MAO and TIBA, the comonomer

was less reactive, as can be seen from Fig. 5, but

higher concentrations of comonomer in the feed

could be used and the highest comonomer incor-

poration was 0.9 mol%/3.6 wt%.
Comonomer incorporations were on the same

level as in previous work by researchers from our

laboratory [3,4]. The higher polymerization activ-

ities in the present study were due to higher poly-

merization temperature and propylene partial

pressure, as well as to differences in the catalyst

structure. The use of TIBA in combination with 2-

methyl substituted metallocene explains the in-

crease in molar masses. Aaltonen et al. [4] achieved

higher molar masses with some of the metallocenes
they examined, however, it should be noted that

lower polymerization temperature increases the

molar mass significantly.

Fig. 4. 1H NMR spectrum of 10-undecen-1-ol/propylene copolymer.

Fig. 5. Effect of using MAO alone (s) and a combination of

TIBA and MAO (d) as cocatalyst on the incorporation of 10-

undecen-1-ol.
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Fig. 6 shows the relationship between peel

strength and contact angle for the tested materials.

As can be seen, all the polar materials have good

peel strengths and lower contact angles than the

homopolypropylene. Adhesion toward aluminum

was non-existent for homopolypropylene. When

hydroxyl groups were added to homopolypropyl-

ene the adhesion towards aluminum was signifi-
cantly improved, which is in agreement with our

earlier results [2]. This adhesive property is

thought to have resulted from the ability of the

sterically unhindered hydroxyl groups to interact

freely with the oxide layer on the aluminum sur-

face. The absence of bulky side groups around the

polar groups allows them to interact efficiently. It

should also be noted that even a small amount of
functionality is sufficient to produce considerable

improvements in adhesive properties, as is shown

by the PP/PP-co-OH blend, which contained only

0.17 wt% hydroxyl groups. With a narrower molar

mass distribution and a molar mass that was

merely one sixth of the reference PP, the PP-co-

OH chains evidently easily migrate to the surface

during preparation of the specimens. This would
explain the good adhesive properties of the blend,

even though overall it contained very small

amounts of functional groups. The commercial

materials that were tested (PP-g-AA and PP-g-

MAH) displayed somewhat higher peel strengths.

A visual observation of the laminates indicated

that the failure mode was in all cases predomi-

nately adhesive.

The contact angle measurements provided fur-

ther evidence of changes occurring at the polymer

surface when polar groups were introduced to

polypropylene (Table 3). Being sensitive to chem-

ical and structural changes occurring on the
polymer surface, the contact angle provides a

measure of surface polarity [23]. When more

functional groups are present on the surface, the

surface energy is increased. This enhanced surface

polarity reduces the contact angle and increases

the wetting of the liquid on the polymer surface.

The equilibrium contact angles of PP-co-OH and

the PP/PP-co-OH blend were decreased signifi-
cantly relative to the reference PP. A further de-

crease in contact angles was measured for the

grafted polypropylenes. A clear correlation was

observed between the peel strength and the contact

angles. Surfaces that were measured to have higher

surface energies, than the reference PP, were also

found to have significantly improved peel

strengths. Polyamide 6 was found to have an
equilibrium contact angle of 58.2� 1.2 he (mean

� SE, n ¼ 6), which, as expected, was lower than

the values measured for the polar polypropylenes.

Paintability tests demonstrated that the alcohol-

functionalized polypropylene has significantly

Fig. 6. Peel strength (columns) and contact angle (points) for PP, PP-g-AA, PP-g-MAH, PP-co-OH, and PP/PP-co-OH blend.
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better adhesion towards the tested polyurethane-

based paint than the reference homopolypropylene

(Fig. 7(a)). Once again this was observed by testing

the PP/PP-co-OH blend (Fig. 7(b)) that even a

small amount of hydroxyl groups is sufficient to

bring about such improvement. From the com-

parison samples a and b in Fig. 7, it can be seen
that the paint in the vicinity of the incisions has

been detached from the homopolypropylene sub-

strate, whereas in the case of the PP/PP-co-OH

blend, the paint in the neighborhood of the cuts

remains in close contact with the surface. Both

pictures were taken from unpainted sides of the

specimens. As the samples were transparent, a

qualitative examination could be made as to how
well the paint had adhered to the substrate. The

polyurethane-based paint, which contained isocy-

anate groups, evidently interacted strongly with

the hydroxyl groups on the surface of PP-co-OH

and the PP/PP-co-OH blend, improving the

paintability.

4. Conclusions

Propylene-co-10-undecen-1-ol copolymers were

successfully polymerized with comonomer incor-

porations from 0.1 to 0.9 mol% or 0.5–3.6 wt%.

Copolymerization was confirmed with 1H NMR

and DSC measurements. With a combination of
MAO and TIBA as cocatalyst instead of MAO

alone, the catalyst deactivation was diminished,

because interactions between the active center and

the hydroxyl group at the end of the comonomer

chain were more efficiently blocked. Also, the de-

crease in molar mass with increasing MAO con-

centration along with the increasing comonomer

concentration was eliminated with the addition of
TIBA. As a disadvantage, the comonomer reac-

tivity was slightly reduced.

The propylene-co-10-undecen-1-ol copolymer

exhibited significantly enhanced peel strength and

paintability relative to a reference homopoly-

propylene. Smaller contact angles provided further

evidence of a changed surface polarity. In addi-

tion, it was demonstrated via blending that even
small amounts of hydroxyl groups are sufficient to

bring about such changes. The Technology De-

velopment Centre (TEKES) and the Academy of

Finland (SA 77317) are gratefully acknowledged

for financial support.
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Table 3

Adhesive properties of tested materials

Material Peel strength (N/m) Contact angle (�) Functionality content (wt%)

PP 0 92.6� 1.6 –

PP-g-AA 854� 23 71.7� 1.6 6.0

PP-g-MAH 959� 94 68.5� 3.8 0.5

PP-co-OH (T3) 418� 50 78.8� 1.3 1.7

PP/PP-co-OH (T3) 327� 25 83.4� 0.8 0.17

(mean�SE; n ¼ 5) (mean� SE; n ¼ 6)
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