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ABSTRACT

Prace se zabyva strukturou, vlastnostmi, pouzitinzpsacovanim poly(4-methyl-1-
pentenu). lzotakticky poly(4-methyl-1-penten) vylpe polymorfni chovani. Krystalizaci
Z roztoki Ize ziskat pt riznych krystalickych forem v zavislosti na typu romgedla a
tepelné historii. Diky mimi@dnym optickym vlastnostem, vysokému bodu tanikéniz
hustot, dobré chemické odolnosti a vysoké propustnostitplisou moznosti pouZziti
poly(4-methyl-1-pentenu) rozsahlé. VyuzZiva seifldad k vyrol |ékarskych poniicek a
zaizeni, gipraw tepelr® odolnych potravin&kych folii, paihlednych trubicti k izolaci
elektrickych kabei.

This work is focused on structure, properties, i@pgibns and processing of poly(4-
methyl-1-pentene). Five different crystalline formkisotactic poly(4-methyl-1-pentene)
were obtained from crystallization in semidilutdusmns depending on the solvent and
thermal history of the solution. Isotactic poly(4tnyl-1-pentene) has potentially a wide
range of applications, owing to its optical andceieal properties, high melting point, low
density, high chemical resistance, and high peritigato gases. For example, it is being
used for medical equipment, heat resistant fools,ftiansparent pipes or for coating of

electrical wires.
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INTRODUCTION

Polymeric materials are used in nearly all areaslaly life and their production and
fabrication are major worldwide industries. Thesnsumption is still increasing. The birth
of polymer science and technology may be tracket bathe mid-18 Century. However,

the history of stereoregular polymers started atrtiid-2¢" Century. In the 1950s, Karl
Ziegler and Guilio Natta independently developethmily of stereospecific transition-
metal catalysts [1]. Stereoregular polymers of 4hylel-pentene (4-MP-1) were first
reported in 1955 following the discovery thablefins could be polymerized in catalyst
systems of the Ziegler type [2]. Of the numerowmbhed polyolefins higher than polybut-
1l-ene developed in research laboratories sincentik fifties, only poly(4-methyl-1-

pentene) (PMP), introduced in 1965 by ICI (Englandas achieved commercial

importance [3].

Isotactic and syndiotactic poly(4-methyl-1-penteas) semicrystalline polyolefins with a
bulky side group (CHCH(CHs),) [4]. Similar to most highly stereoregulafpolyolefins,
isotactic PMP is polymorphic, i.e. it can crystadliin several crystal unit cells depending

on crystallization conditions [5].

From commercial and application viewpoint, only t&ic poly(4-methyl-1-pentene)
(i-PMP) represents interesting material, partidulaiue to favourable properties, such as
high chemical stability, excellent electrical propes, high melting point and low density
[4]. The values of fundamental mechanical propsrsech as tensile modulus, tensile
strength at yield, tensile strength at break, dadgation at break are comparable to those
of high-density polyethylene (HDPE). However, i-PMPmore brittle than HDPE [5]. In
many respects, i-PMP is a unique polyole@nystalline phase of i-PMP is unusually less
dense at room temperature than its amorphous pHesex = 830 kg/m,
Jamorph = 838 kg/niat 20 °C), in contrast with ordinary crystallinelyroers [6]. Isotactic
PMP is transparent as highly crystalline, indiaguansimilarity in the refractive indices of

amorphous and crystalline phases of the polymer [5]

Isotactic poly(4-methyl-1-pentene) is being prodlceder the trade name TPX. Mitsui
Petrochemical Industries is the only producer BMP. A production of i-PMP does not
exceed 10 000 tons per year [7]. Several possdsiliof processing the polymer exist.
Isotactic PMP can be injection moulded, blow mod|dgast or blown into sheet and film,
extruded for wire coating, and spun into fibers [Sptactic PMP is extensively employed
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for a number of applications, such as medical dmenical equipment, microwave oven

cookware or food packaging [4].
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1 STRUCTURE OF POLY(4-METHYL-1-PENTENE)

1.1 Molecular structure

There are three possibilities of stereochemicarayement of 4-methyl-1-pentene into the

polymeric chains:
= Syndiotactic
= |sotactic

=  Atactic

H3C\CH + HC-C=CH, — +c ch

H,C” k CH
cHy’ H\CHZ
Propylen: Propylen: Poly(4-methy-1-pentene

Figure 1 Reaction of producing poly(4-methyl-1-pentene) by

dimerization of propylene[3]

The stereochemical configuration or “relative haimiess”of successive monomer units in
polyolefins such as poly(4-methyl-1-pentene) carorgfly affect the physical and

mechanical properties of the polymers [5].

The catalyst system employed and the polymerizatondition are used to control

polymer stereoregularity. The tacticity of PMP ti©oagly dependent on the catalyst system
used (transition metal, solid matrix, metal alkydcatalyst, and donor compounds),
polymerization temperature, and reaction diluertie Thature of the diluent can affect
polymerization. The most active process uses thP41 monomer as the diluent, thus
maximizing the monomer concentration. The steradezdy decreases with increasing

polymerization temperature [5].

Several methods can be used to quantify the isotscof PMP. These methods include

selective solvent extraction, infrared spectroscopyay diffraction, NMR spectroscopy.
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Moreover, the atactic PMP cannot crystallize in ¢hgstal structure so the crystallinity of

the sample can reflect the tacticity of a sampje [5

1.1.1 Syndiotactic poly(4-methyl-1-pentene)

The discovery of homogeneous catalysts based on tgpup 4A
metallocene/methylaluminoxane system for the polyragon of 1-alkenes has allowed
the obtainment of new stereoregular hydrocarbogmeis and has induced new structural
studies on polyalkenes. The syndiospecific catalgyistem described by Ewen et [&]

for the polymerization of propene is able to praglhaghly syndiotactic polymers of other
1-alkenes, such as crystalline poly(4-methyl-1-peaj. Also, it has been recently found
that the homogeneous catalyst which promotes thdistactic polymerization of styrene
is able to polymerize several 1,3- alkadienes. drtigular, from the polymerization of
4-methyl-1,3-pentadiene, syndiotactic poly[1,2-(éthyl-1,3-pentadiene)] is obtained.
Catalytic hydrogenation of this polymer constituéesalternative route for the obtainment

of crystalline syndiotactic poly(4-methyl-1-pentgiis-PMP) [8].

A helical conformation of the s-PMP chains withe@jgence of dihedral angles of the kind
(TTGG),, has 1.714 + 0.002 structural units per helix tueach conformational unit
contains two monomeric units with the conformatibBGT. Each monomeric unit is

related to the two neighbouring units two-fold apespendicular to the chain axis [8].

Syndiotactic PMP chains are in a {kzhelical conformation packed in a tetragonal unit
cell with the axea = 1.803 nm. The chain repetition occurs after @@fermational units
repeating helically (24 monomeric units) after sewarns around the chain axis. The

possible packing model for s-PMP with space grodiisiresented in Figure 2 [8].

The calculated density for four chains in the ¢88 monomeric units) is 878 kg#min
accordance with the experimental valuk= 852 kg/nf measured at 25 °C by flotation for

a sample with an X-ray crystallinity of45 %) [8].

It is worth noting that the proposed model of pagkior s-PMP is similar to that for form |
of isotactic poly(4-methyl-1-pentene) in spite ofiet different configuration and
conformations of the chains. This is pointed outtly similarity of their X-ray powder
diffraction spectra. In fact, both the chains iot&tic (having 7 helical symmetry) and

syndiotactic (having (1. helical symmetry) poly(4-methyl-I-pentene) have autside
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envelope similar to that of a cylinder in whichloals and bulges are periodically repeated

as occurs in a screw. Such kinds of helices arergéiy packed in tetragonal lattices [8].

Figure 2 Possible packing model for
s-PMP with space group P4 [ 8]

1.1.2 Isotactic poly(4-methyl-1-pentene)

Isotactic poly(4-methyl-1-pentene) (i-PMP) preseatgomplex polymorphic behaviour.
Five different crystalline forms have been fountieTmodifications of i-PMP are denoted
as I, I, ll; IV and V. They can be obtained fraerystallization in semidilute solutions
[10]. The final solid-state crystalline structure determined by solution concentration,
thermal history of the solution, cooling rate, matof the solvent. Table 1 shows the effect
of solvent on the crystalline structure of i-PMRP/stallized from semidilute solutions
(0.02 <®, < 0.08) after dissolution at temperatufgax. It is interesting to see that
n-alkanes larger than @roduce modification I, which is also obtained frahe melt.
Linear or branched lower alkaness{Cs), as well as cycloalkanes {C,0), produce
modification Ill. Furthermore, crystallization frooyclopentane generates modification 1V
that can also be obtained by annealing form | ab2@@ °C under 450 MPa. Carbon
disulfide solutions produce a mixture of modificetill and Il [5].

Although there seems to be a dependence of théatlinys structure on solvent-polymer

interaction, it is evident that a series of systiétnatudies is needed to determine the
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relationship between the solvent-polymer interactiand the crystalline structure
obtained [5].

Table 1 Effect of solvent on the structure of i-PMP crystallized from semidilute solution [ 5]

Solvent Thax ,» °C Crystal modification
n-Hexadecane 190 I
n-Dodecane 165 I
Xylene/amyl acetate 165 I
n-Nonane 165 I
n-Octane 165 [+11
n-Heptane 135 I
n-Pentane 135 1l
2,2,4-Trimethylpentane 165 11
3,4-Dimethylhexane 135 11
2,4-Dimethylpentane 165 [l
2,3- Dimethylpentane 165 11
3-Ethylpentane 165 11
Cyclooctane 135, 165 1]
Cycloheptane 85 Il
Cyclohexane 85 1
Carbon tetrachloride 85 1]
Cyclopentane 85 vV
Carbon disulfide 85,135 [1+111

Thex IS the maximum temperature used for complete Hiisa. The solution

concentrations were 0.02¢&< 0.08.
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The effect of thermal history of the solution om ttrystalline structure obtained is shown
in Table 2. Low supercooling conditions in xylet@uene, and benzene solutions produce
modification |; on the other hand, high supercogliconditions for the same solutions
generate modification 1ll. Similarly, for solutiongn CCl; or cyclohexane, low
supercooling conditions give rise to modificatidh Wwhereas high supercooling leads to
modification V [5].

Table 2 Effect of thermal history on the structure of i-PMP crystallized from semidilute

solution [5]
Crystal modification
Low supercooling High supercooling
Solvent LOW T max Slow High Tmax Rapid
cooling cooling
n-Octane [+I11 [l
Xylene I "
Toluene I 1]
Benzene I [l
Cyclooctane 1] H+111
Cycloheptane [l H+111
Carbon tetrachlorid i Vv
Cyclohexane 1] Vv
Tetraethylthin [+ I
Tetramethylthin [+111 [l

Thex IS the maximum temperature used for complete Hiisa. The solution

concentrations were 0.02¢&< 0.08.
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1.2 Supermolecular structure of isotactic poly(4-mihayl-1-pentene)

A complete crystal structure has been reported famlyorm | and form IIl. Only tentative
unit cell parameters have been proposed for fordmand 1V. The phase transitions of
forms Il and IV into the most stable form | underetching or annealing prevent the
obtaining of X-ray fiber diffraction patterns whietne essential for the determination of the
chain conformation and, hence, of the crystal stinec In the case of form IV only a
partially oriented fiber, containing a mixture ajrins | and 1V, has been obtained by
swelling a fiber of form | in saturated cyclopergavapour at 50 °C; with the degree of
orientation thus obtained, it was possible to recg some equatorial reflections and
suggest a hexagonal unit cell, but it was not ecigffit for determining the chain
conformation [11].

1.2.1 Form |

Form | is the most stable crystalline form of i-PMBis the only one modification that can
be obtained when i-PMP is crystallized from the tmEurthermore, form | occurs in
extruded fibers; it can be also obtained from @ljigation in solutions of high-boiling
point solvents [10]In this form, i-PMP has a melting temperature a406-2C. Due to the
branched nature of i-PMP, the polymer chains ar& #helical conformation [5] packed

in a tetragonal unit cell with the axes
a=1.866 nm,
c=1.380 nm,

according to the space group P4 [10]. Four chaass prough the unit cell, which contains
28 repeat units [5]. The uniform Telical model of i-PMP is presented in Figure Byt8
deviations from the uniform,7helical conformation and space group P4b2 haven bee
suggested for form | in a refinement of the stree{d0].

Single crystals corresponding to modification | @deen extensively studied. It has been

reported that:

¢ Isotactic PMP crystal obtained from 0.06-0.1% xglesolutions by isothermal

growth presented square bases about 10 nm thick.
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% The crystals had folds across the center which esstgg that they grew as hollow
pyramids which collapse upon removal from suspenssimilar to polyethylene

single crystals [5].

Charlet et al. [12] indicated that:

o,

% Isotactic PMP single crystals grown from gradualbpled solutions in xylene are

four-sectored square lamellae.

+« Single crystals obtained from gradually cooled diacsolutions have a shape that
resembles a square with finely serrated edges.eThes due to the successive

development of small sectored lateral outgrowths [5

=0
M ’ A
O~ < RSN
\ ~ A =
b AR P
® FW\*LE /G‘\f e */AC
| () ~
o ) \ ;“

Figure 3 Uniform 7, helical model of i-PMP [ 6]

Electron diffraction and WAXS pattern indicated tth@oth types of crystals had high

perfection and structure corresponding to modiiorat.

Khoury and Barnes [13] reported very interestingutes regarding the growth habits of
I-PMP crystals from 1:1 xylene/amyl acetate sohsidt has been reported that:

s The crystals obtained in the temperature range dmw50 and 90 °C all

correspond to modification 1.

+ Crystals obtained at 90 °C were square mono- otilaygred with a growth habit

identical to very nearly planar four sectored ldaeel
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K/
£ %4

K/
£ %4

In the multilayered crystals, the superimposed ayeemed to develop in spiral
fashion trough screw dislocations in the basal lEmeThese crystals had size of
20 um or less in length. Larger crystals (af) were also observed; however,
these were distinctly curved, having a crescentikefile. Furthermore, the

periphery of the lamellae was described as miceiéat which indicated that the

constituent curved lamellae were also multifac¢séd

Similar curved crystals were also observed by Rydomand Gail [14].

Khoury and Barnes [13] also reported that:

Lowering the crystallization temperature affectied turvature of the crystals.
Upon crystallization at 80 °C, the curvature of tingstals increased.

Lower crystallization temperatures produced crgstéhat resemble hollow
fishbowls. These crystals also presented chairetbldamellae that are

multisectored [5].

Summarizing then, all crystals were multilayeredthwcurved multilayered lamellar

crystals and fourfold symmetrical shapes that ele@ed to one another [5].

Annealing of single crystals also affect their nwlogy. Morrow et al [15] utilized

electron microscopy to study the effect of anngpm solution-grown single crystals of

modification I. The crystals were grown from 0.02&utions in pentyl acetate at 110 °C

and 0.02% solutions toluenek 80 °C. These authors reported that:

X/
L X4

X/
°e

The crystals had the usual square outline withveaislocation growth terraces

and irregular overgrowths and fractures runningpeedicular to the edges.

Annealing of these crystals at 170 - 200 °C cawsetbcrease in the number of

defects and lamellar thickening.

Annealing at higher temperatures (200 - 220 °C)etigped holes, notches, and

lines.

Higher annealing temperatures (240 °C) producesfike and rodlike particles

having widths of 30 nm and lengths of 100 nm [5].

Although the changes were very significant, itrteresting to point out that the polymer

unit cell was not affected, probably due to thet that modification | is the most stable

modification. All these changes in the morpholodytlme single crystals illustrate the
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considerable translational mobility of the polynurains below the melting point of the
polymer. These studies demonstrated the strongndepee of crystalline morphology on

temperature [5].

1.2.2 Form Il

Form Il was prepared for the first tinty isothermal crystallization at 20 °C from dilute
xylene solutions and, more recently, by crystali@afrom tetramethyltin solution, or as a

minor component in a mixed structure crystallized@¢arbon disulfide solutions [10].

In the case of form Il, neither fiber samples nagke crystals can be obtained. Samples of
i-PMP in form Il transform, indeed, into the mogalde form, form I, by stretching.
Therefore, only a few diffraction data from powdamples are available for form II. For
this reason, the crystal structure of form Il has Imeen solved yet, even though tentative
values of the unit cell parameters have been peaptmsg ago. Despite the few diffraction
data available, the crystal structure of form IsHzeen determined by using the X-ray
powder diffraction profile and packing energy c#dtions. Chains in 4 helical

conformation are packed in a monoclinic unit cathvaxes

a=1.049 nm,
b=1.889 nm,
c=0.713 nm,
y=113.7°,

according to the space group:®2 The 4 helical conformation assumed for the chain of i-
PMP in form Il is shown in Figure 4. The calcula@ehsity for this unit cell containing
four chains of i-PMP in #4helical conformation is 862 kgfinin agreement with the
experimental density of 850 kglmmeasured at 25 °C by flotation for a sample Wttay
crystallinity close to 65 % (the density of the aptwus is 830 kg/f) [10].

This structure provides example of “symmetry bragki described for various isotactic
and syndiotactic polymers. Although chains in Helical conformation are generally
packed in tetragonal lattices) the structure of form Il of i-PMP the local #elical

symmetry of the chains is not maintained in th&édatas crystallographic symmetry. The
4, symmetry is losand the tetragonal symmetry is broken. The chaiesiadeed, packed
in a monoclinic lattice having lower symmetry. Besa of the low symmetry of the lattice,

the methyl carbon atoms of two successive monomaiits, related by the local #elical
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symmetry of the chains, are not crystallographjcauivalent. They present different
chemical environments inside the unit cell sincee tbontact distances with the
neighbouring atoms are different, producing twdiddt resonances in the NMR spectrum.
Structural disorder is present in the structargracterized by the statistical substitution of

up and down chains in each site of the lattice.[10]

Figure 4 Sde view
and projection along
the chain axis of the
4 helical
conformation of the
chainsin form Il of i-
PMP [10]
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1.2.3 Form Il

Modification Ill is obtained in linear (5-7 carbon atoms) and bnedq6-9carbon atoms)
alkanes, as well as in carbon tetrachloride antbejkanes containing 6-10 carbon atoms.
This form was already obtained from dilute solusi@m xylene and in decalin [10Tharlet
et al. [12] have proposed, from electron diffraction of singlgstals of form Ill, a

tetragonal unit cell with axes
a=1.938 nm,
c=0.698 nm

with chains in 4 helical conformatioraccording to the space groldy. The projection
along the chain axis and a side view of the moaletHe chain conformation of form Il of

i-PMP are reported in Figure 5 [16].

B plyled

Figure 5 Sde view and
projection along the chain
axis of the 4; helical
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conformation of the chains
informlll of i-PMP [16]

In the limit-ordered regions of the crystal everyaim is surrounded by four

enantiomorphous and isoclined chaids.small amount of disorder, characterized by
statistical substitution of anticlined helices, lkkbbbe present at boundary regions which
separate pieces of ordered crystals, composed |bypahelices and all down helices,

coherently juxtaposed. One of these boundarigsas/s, as an example, in Figure 6 [17].

Figure 6 Possible model of packing of form I11 of
i-PMP showing a boundary (dashed line) that
separates two pieces of ordered crystals
characterized by all up helices (on the left of the
dashed line) and all down helices (on the right of
the dashed line) [ 17]

This structure has also been considered as an éxarhghe phenomenon of “symmetry
breaking”, for which a mode of packing with low syretry may occur even in the case of
polymers which crystallize in highly symmetric siagrystals. Form Il of i-PMP gives,

indeed, regular square single crystals, indicasingtragonal packing, but the asymmetry
of the corresponding electron diffraction pattendicates low symmetry of the space
group. The low symmetry originates from the present two independent chains, not

related by any element of symmetry, in the tetradjonit cell [10].
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Form 11l transforms into form | after annealingl®0 °C and under stretching [10].

1.2.4 Form IV

Form IV was obtained, in both the unoriented andxially oriented state, by annealing
modification | above 200 °C under pressure 450 MPe same crystalline modification
has also been obtained from cyclopentane solutiinstching of an unoriented sample in
form IV leads to a fiber in form I; however, a pally oriented sample in form IV was
obtained by swelling a fiber of form | in saturategtlopentane vapour at 50 °C. Charlet

and Delmas [18] have proposed for form IV a hexadanit cell with axes
a=2.217 nm,
c=0.65nm

with chains in 3 helical conformation.

Figure 7
Projections along
and perpendicular

to the chain axis
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of the mode
suggested for the
31 helical
conformation  of
form 1V of i-PMP
[11]

The calculated crystalline density for this unill,cgacluding six chains of i-PMP in the 3
helical conformation (18 monomeric units), is 90@/k’, in agreement with the
experimental density of 866 kgltmeasured at 25 °C by flotation on a sample of ft¥m
having an X-ray crystallinity index of 50 %, thend#&y of the amorphous phase is
830 kg/ni). The projections along and perpendicular to theirc axis of the present model
for the 3 helical conformation of form IV of i-PMP are reped in Figure 7. Form IV
transforms into form | by annealing at 130 °C [11].

1.2.5 FormV

Form V has been obtained from concentrated cyclamexels and by crystallization from
cyclohexane and carbon tetrachloride solutions.mF&f transforms into form | by
annealing at 90 °C [10].
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2 PROPERTIES OF ISOTACTIC POLY(4-METHYL-1-PENTENE)

Isotactic poly(4-methyl-1-pentene) is lineapolyolefin with isobutyl branches and with
very interesting properties [5]. It has a high nmgjtpoint of 240 °C and low density, and
the density of the amorphous polymer exceeds thtteocrystalline materiglin the case
of form I) below 50 °C Although crystalline, i-PMP unlike polyethylene (PE&Nnd
polypropylene (PP), readily produces transpardmisfiand moulded articles [19]. From a
practical point of view, i-PMP presents relativeljgh thermal stability and chemical
resistance, in addition to excellent dielectric relcgeristics, microwave transparency and
high optical transparency. Consequently, a widgyeaof applications is possible for this

polymer [5].

2.1 Mechanical properties

Selected fundamental mechanical parameters of i-BiMPcomparison of them with those
of HDPE, and PP are presented in Table 3. The sabiea tensile modulus, tensile
strength at yield, tensile strength at break, dadgation at break are comparable to those
of HDPE, although the values corresponding to i-P&E slightly lower on average.
However, in term of the “upper limit” tensile mods| i-PMP has much lower value than
HDPE. For example, the limit tensile modulus detaesd for drawn i-PMP has been
reported to be 3.6 GPa, whereas that of HDPE hes beported higher than 200 GPa.
Also, i-PMP is more brittle than HDPE [5].

Table 3 Comparison of selected mechanical properties of i-PMP, HDPE, and PP [5]

Property i-PMP HDPE PP
Tensile modulus (GPa) 0.8-1.2 0.4-1.1 1.0-1.7
Tensile strength at yield (MPa) 23-28 - -
Tensile strength at break (MPa) 17-20 18-33 29-30
Elongation at break (%) 10-25 12-700 500-900
Notched impact strength (kJ/m) 100-200 43-750 20-32

Thermoplastic generally lose strength at elevagrdperatures. The extent of the loss

depends upon the molecular weigh, crystallinityd anystal size. This adverse effect of
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elevated temperatures on polymer properties appedrs greater for i-PMP than for PP.
Strength retention versus temperature data forileertumbbells of i-PMP, PP and
commercial polystyrene (PS) are shown in Figur&i&ilar results were obtained with
fiber sample. Isotactic PMP fibers showed 40% tgtenof room temperature breaking
strength at about 90 °C. At the same temperatuPestibwed a 60% retention of room

temperature strength and nylon 66 over 90% retentio
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Figure 8 Adverse effect of temperature on tensile strength of
i-PMP, PP, PS[19]

Table 4 Heat distortion data for various polymers[19]

Polymer Heat distortion temperature, °C| Melting pont, °C
i-PMP 58 240
PP 110 170
Nylon 66 185 260
Polycarbonate 143 263
P3MB1 155 310

The comparatively rapid loss in tensile strengthhwiemperature is in line with the
observation that i-PMP has an abnormally low hestiodion temperature. Comparative
data at 450 kPa (ASTM — D648) are reported in T4{E9].
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It is of interest that the homologue poly-3-methytbutene (P3MB1) has a heat distortion
temperature closer to that which we would expeminfits high melting point. Treating an
i-PMP pad under conditions, which can increasetalysity and spherulite growth, raised
the heat distortion temperature by as much as 88 °C. Effect of treatment on heat
distortion temperature of i-PMP is presented inl&@db. As might be expected, decreasing

crystallinity results in a sharp reduction in heetortion temperature [19].

Table 5 Effect of treatment on heat distortion temperature of i-PMP at 450 kPa [ 19]

Treatment of test pad Heat distortion temperature,’C

None (control, 6 min. cooling) 58

Annealing of Control Pad

6 hr. at 155 °C 71
6 hr. at 195 °C 95
Extracted polymer (100% heptane-insoluble, 6 min.

cooling) 79

The creep of i-PMP was studied further by obtaindedlection-time curve at 50 °C. The
initial rate of creep for i-PMP is much greater rththe rate for PP even at the
comparatively low temperature of 50 °C. To someeitthe sensitivity to temperature of
the strength and creep properties of i-PMP may ueetd crystalline phase changes and

spherulite growth phenomena [19].

2.2 Physical properties

Selected physical parameters of i-PMP are presentédble 6.

2.2.1 Density behaviour

Isotactic PMP shows a very interesting densitypacsic volume behaviour in view of its
crystallinity. There is a range of crystalline diénsvalues from 813 to 832 kgfin
Nevertheless, most values fall between 828 anck882°. These values have been mainly
calculated from x-ray diffraction results assumihgt four molecular chains of the [elix
are present in the crystal unit cell. The depenéesfcthe specific volume of i-PMP on
temperature has been studied by Griffit and Ra@by &nd Zoller [21]. Figure 9 shows the
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temperature dependence of specific volume of anmarphand semicrystalline i-PMP

sample.

Table 6 Fundamental physical properties of i-PMP [5]

Property Value
Density at 20°C:  (kg/r)
Crystal 828
Amorphous 838
Heat of fusion (kJ/mol) 5.5-10
Melting point (°C) 240
Glass transition temperature (°C) 40
Specific heat capacity at 25 °C (J/g.K) 1.757
Refractive index at 17 °C 1.4600
Dielectric constant at 25 °C (30-100Hz) 2.1

These plots show a crossover point at about 500°@at at room temperature a higher
crystallinity material occupies a larger volume.isTis owing to the crystalline phase of
i-PMP is less dense than the amorphous phiégg € 830 kg/m, Jamorph = 838 kg/ni at

20 °C) at room temperature. It is interesting tapare the density values of i-PMP with
several isotactic helical polymers as shown in Feégl0. Kusanagi et g22] showed that
the crystalline density of several isotactic polysnalecreased almost linearly with
increasing number of carbon atoms in the side grotipe only exception was i-PMP,
which had a considerably lower crystalline denditgn the “master curve”. However, the
amorphous densities of all these polymers were stintfte same. The low crystalline
density of i-PMP was attributed to the unusuallyse packing of the crystal structure [5].
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Figure 9 Specific volume-temperature curves
of i-PMP: (O) amorphous, (4) 50 %
crystalline [5]
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Figure 10 Density as a function of the number of
carbon atoms in the sidegroups of selected isotactic
polyolefins: (O) amorphous, (@) crystalline. (1) PE;
(2) PP; (3) poly-1-butene (form1); (4) poly-1-butene
(form1); (5) poly-1-pentene; (6) P3MB1; (7) i-PMP;
(8) poly(4-methyl-1-hexene) [ 5]
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2.2.2 Electrical properties

Basic electrical properties of 4-MP-1 polymers d&m@adly similar to those of their
polyolefins. However, the dielectric constant i42.which is notably low, and remains

essentially constant over a wide temperature aglfncy range [2].

2.2.3 Optical properties

Although semicrystalline, i-PMP presents high ogititansparency at room temperature as
its crystalline and amorphous densities are vepseclto each other [4]. Polymers of
poly(4-methyl-1-pentene) which have previously bgeapared on the laboratory scale
have appeared transparent but have, in fact, slaotremsparency of less than about 75 %
(ASTM D 1746-62T). Transmission has been improvedatvalue of 90 %, which is
comparable with that of PS and poly(methylmethate)l Furthermore, this remains
essentially independent of the cooling conditiomsvhich the material is subjected and
thus of the thickness of the article made fron2]t [

2.3 Chemical properties

2.3.1 Resistance to chemicals

Isotactic PMP exhibits resistance to chemical emritents broadly typical of the
polyolefins. 4-methyl-1-pentene polymers are higldgistant to inorganic environments;
they are not attacked by aqueous solutions of ammoysalts, by most mineral acids and
alkalies, even in concentrated solutions. They appreciably affected only by highly
oxidizing reagents [2]. They are resistant to atitehdetergents, oils, fats, boiling water
[3]. They also show good resistivity to many orgaohemicals, although, as with other
polyolefins, in certain cases absorption can oeetin a resulting loss in rigidity, yield
stress, and clarity [2]. Isotactic poly(4-methypé&ntene) is not resistant to ketones,
aromatic and chlorinated hydrocarbons [3]. Theat$fproduced by a variety of chemical

reagents are summarized in Table 7 [2].

2.3.2 Weathering resistance

Because of tertiary carbon atoms, stabilizers mhest used; even so resistance to
weathering is limited. The material yellows andel®#s good mechanical properties [3].
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2.3.3

X/
A X4

X/
°e

X/
A X4

X/
L X4

Permeability

The permeability of isotactic poly(4-methyl-1-pem¢ to gases and water vapour
is considerably higher than that for other polyoief2].

Mueller and Kokesh [23] found that while oxygen amilogen permeabilities were

quite high, the selectivity to one of those gasas poor.

These authors found a large difference betweempénmmeabilities of ethane and
methane. However, when these two gases are ruthtogehe ethane plasticizes
the i-PMP, which increases the permeability of thethane and decreases the

selectivity of the i-PMP for the two gases.

Puelo, Paul, and Wong [24] found that varying ¢hgstallinity by heat treatment
(quenching or annealing) could change the crystslliof i-PMP by 20 %. They
also lowered the crystallinity by chemical croskiing of the i-PMP. Decreasing
the crystallinity increased the permeability i-PMFhe loose crystal structure of
i-PMP might allow gas to permeate through the afilise as well as the

amorphous phase of the polymer.

This would be in contrast to other semicrystaliimdymers in which the crystalline
fraction is considered to be an “inert filler” whitas little if any interaction with

the diffusing gases.

Puelo, Paul, and Wong [24] concluded that there avdisite diffusion of gases
through the crystalline phase although smaller ttreg permeability of the
amorphous phase.

The molecular size of the diffusing gas had a streffect on the diffusion rate

through the crystal.

The crystalline phase has a different selectiwityards gases as compared to the

amorphous phase [5].

The permeability of i-PMP to several different gase shown in Table 8. Permeability

coefficients for the amorphous and crystalline plsakr different gases are shown in
Table 9 [5].
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Table 7 Chemical resistence of isotactic poly(4-methyl-1-pentene)® [ 2]
Inorganic reagent Effect” Organic reagent Effect”
Water A Acetic acid
Salts, saturated solutions A glacial B
Hydrochloric acid dilute A
50% A Acetone B
30% A Amyl acetate C
20% A Benzene C
10% A Carbon tetrachloride C
Sulphuric acid Chlorobenzene C
98% A Citric acid A
60% A Corn oll A
30% A Dioctyl phthalate A
10% A Essential oils A
Chromic acid Ethyl acetate C
dilute A Gasoline B
coned B Isopropyl alcohol A
Nitric acid Linseed oll A
fuming D Motor oll A
70% B Olive oil A
50% A Petroleum ether ( bp 100-140 °C) C
10% A Petroleum spirits C
Sodium hydroxide Phenol (92%) A
dilute A Silicone oll A
coned A Tartaric acid A
Chlorine water D Toluene A
Bromine water D Transformer oil A
Whisky A

4 Exposure of TPX Grade R for 6 months at 20 °C.

P A, negligible effect; B, limited absorption or atka C, extensive absorption; D, extensive

attack.
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Table 8 Permeability of i-PMP to gases[5]

Permeability (Barrer}

Gas

O, 32.3
CO, 92.6
He 101.0
H, 136.0
N> 8.4
CHy 10.79
C,H6 7.24
CoHy 9.74
CoH2 15.79
CsHg 2.37
CsHs 5.26

a1 Barrer = 16° (cm® at STP/
cnt.sec.cmHg )

Table 9 Permeability coefficients computed from the Maxwell equation for the amorphous
and crystalline phases of isotactic poly(4-methyl-1-pentene) [ 5]

Permeability (Barrer}
Gas Amorphous phase Crystalline phase| X =Pcryst / Pamorph
He 130 88 0.68
H» 170 116 0.68
N2 19 2 0.10
Oz 55 17 0.31
CH, 42 4 0.10
CO, 200 38 0.19

21 Barrer = 18°(cm® at STP/ criisec.cmHg )



TBU in Zlin, Faculty of Technology 32

2.34 Thermal degradation

Although studies of the thermal degradation behaviof i-PMP focused on different
aspects of the degradation process, the outcomeated that i-PMP is more easily
degraded thermally than PP and PE [5].

The thermal degradation of i-PMP in vacuum was istlidy Reginato [25, 26ih the
temperature range of 291 - 355 °C. It was repdtiad

« The decomposition products comprised a volatiletioa (9 % of total weight)
consisting of isobutene and propane as major coamgenand a heavy fraction of
higher molecular weight hyrocarbons.

X/

s A mechanism of degradation was proposed on thés lidsfree radical chain

reaction including initiation, transfer, and teraiion steps.

« The initiation step would be caused by breakage nofmal C-C bonds
homolytically by thermal effects, producing two ieals.

% The second step would involve a transfer reactitireeby inter- or intramolecular

“backbiting” mechanism.

« Finally, termination would be a second-order reagtieither by recombination or
disproportionation [5].

Oxidative degradation has been shown to occur nigt@n the i-PMP main chain but also
on the isobutyl pendant units. This is due to thesence of tertiary carbon atoms on the
main chain and on the side groups. Zitomer and @w&rdo [27], using TGA/MS,
suggested that the relative susceptibility to otxataof the tertiary carbon atom on the
polymer backbone is ~ 2 times greater than th#tetertiary carbon atom on the pendant

isobutyl group [5].

« The oxidation mechanism seemed to start with hyehmpdation of the tertiary

carbon atoms.

s Gabbay et al[28] proposed that further oxidation and chain scissiwuld

produce ketones and isobutyraldehyde.

¢ Isobutyraldehyde could also form by a reaction lmvg secondary side-chain
hydrogen abstraction and isomerization.
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% The initiation through the secondary carbon is mieds probable than through a

tertiary carbon.

« Acetaldehyde could be formed by an isomerizatieaction that upon further

oxidation would yield acetic acid.

®,

< Finally, acrolein would result from the decompamsitiand oxidation of an epoxide

intermediate [5].

Gabbay et al[28] studied the degradation products evolved fiithen thermal oxidative
degradation of isotactic PMP and atactic PMP (a-PMPhe presence of dry oxygen. The
major volatile products of degradation were carbimxide, water, isovaleraldehyde, acetic
acid, acetaldehyde, acetone, and acrolein. Théiwvelabundance of these products was
greater for i-PMP than for a-PMP, indicating thd&NP is more susceptible to oxidation
than a-PMP under similar conditions. The catalgstidue plays a role in the thermal
degradation of polymers. It is possible that aedéht catalytic system might have been
used to prepare isotactic or atactic PMP. Therefibie might have been a contributing
factor to obtain different susceptibility to oxidat of i-PMP and a-PMP [5].

Bilingham et al[29] reported that crystallinity had a very impart&ffect on oxidation. In

the crystallinity range of 63 - 71 %, the oxidatiate increased ~ 45 % as crystallinity
increased, indicating that oxidation is not onlgwting in the crystal phase but also at a
faster rate, possibly due to its less dense streicithe crystallinity of i-PMP decreased

dramatically with increasing oxidation time [5].

Comparison of i-PMP thermal stability with those of polypropylene and polyethylene

Studies on the oxidative degradation of PE and &re hndicated that the degradation
behaviour is dependent on the crystallinity of godymer. There is evidence suggesting
that oxidative degradation is confined to amorphi@ggons of the polymer. In contrast, i-
PMP showed increased sensitivity to oxidation gstetlinity was increased, implying that
the crystalline regions of i-PMP are more sensitovexidation. This is an important point
when stabilization is considered. In PE, PP, aRMP, the stabilizing additives (UV,
antioxidants, etc.) are rejected from the crystallstructure. For PE and PP this is an
advantage; however, in i-PMP the crystalline regiomould be unprotected by the

antioxidant; therefore, the sensitivity to oxidatimay not be changed significantly [5].
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The different sensitivity to oxidation is reflectedthe induction periodg;, of PP and i-
PMP:

+«+ For oxidation at 150 °C, unstabilized PP presented0.12 h and unstabilized i-
PMP had; = 0.57 h, indicating that i-PMP is more stable.

o,

% Upon stabilization, PP had> 200 h and i-PMP showegd= 14.8 h [5].

Consequently, i-PMP did not improve nearly as mbghaddition of antioxidants. This
suggested that the rejection of stabilizers durmgstallization reduced the stabilizer

efficiency [5].

2.3.5 Radiation stability

Radiation can be used for sterilization of polyroariaterials. In this type of application,

one should be concerned with the effect of radmtm the structure, properties, and
integrity of the material. In other words, it mus¢ known whether radiation-induced

degradation occurs in the form of crosslinking teexs or chain scission. In this sense, it
is known that in an inert atmosphere, polymers aoirig quaternary carbon atoms

undergo radiation-induced chain scission, wheréaset with secondary carbon atoms
principally undergo crosslinking, and those withtigey carbon atoms, such as PP, suffer
chain scission. Isotactic PMP would be expectduhtce behaviour similar to PP [5].

The i-PMP unit contains two tertiary carbon atoorse on the main chain and the other on

the side chain. Consequently, radiation damage tigldifferent in i-PMP:

< If the attack occurred preferentially on the sidein, then there would not be

effective chain scission.
« If the attack occurred on the main chain, chaissson would be eminent [5].

In this context, Goodhead [30] reported that urmdest condition of irradiation (electrons,
x-ray, UV), the predominant species formed in i-Pid@ue to the loss of hydrogen from a
main chain tertiary carbon atom. The stability bistalkyl radical in vacuum at room

temperature is of the order of days, similar testhfound in PP and PE [5].

2.3.6 Flammability

Isotactic PMP burns slowly with a luminous flameigg rise to burning droplets and a
chocking paraffin-like odour [3].
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2.3.7 Toxicological assessment

For i-PMP contact with food is permitted. IsotacRMP can be sterilized and is
physiologically inert [3].

2.3.8 Resistance to stress cracking

Isotactic PMP is susceptible to stress cracking [3]
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3  APPLICATIONS OF ISOTACTIC POLY(4-METHYL-1-
PENTENE)

The unique combinations of properties make i-PM® phastic of the choice for many

applications. It possess especial properties:
A high melting point

RS

S

A high clarity

s A low density

« An excellent electrical properties
% A good chemical resistance

Isotactic poly(4-methyl-1-pentene) is of interest €oating of electrical wires because the
thermal properties are sufficient to use in theingirof commercial buildings without the
danger associated with toxic fumes from PVC duaniiye. Okada et a[31] have found
additives which reduce the brittleness of i-PMPeanoatings, and which make them flame

retardant and nonreactive with copper [5].

3.1 Fibers and films

Isotactic poly(4-methyl-1-pentene) is one of thesimpermeable plastics to gases [5]. It is
still being evaluated for fiber and film applicat®[2]. Numerous patents have been issued
which describe cast films and hollow fiber membmsarend processes for producing such
membranes [5]. Films and coatings designed to allater vapour, but not water itself, to

pass may be useful [2].

3.2 Lighting

Isotactic poly(4-methyl-1-pentene) is not suitalita continuous outdoor exposure.
However, there are many lighting applications wheseultraviolet radiation is present and
where form stability at high temperatures combingtth transparency can make it possible
for more intense light sources to be used. Blow-aea isotactic poly(4-methyl-1-
pentene) lampshades and vacuum-metallized autoenadaillight reflectors have been
made of isotactic poly(4-methyl-1-pentene) [2].
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3.3 Applications utilizing chemical resistance

There are a variety of applications in which isttagoly(4-methyl-1-pentene) is
especially advantageous with its transparency amdh fstability at high temperatures,
combined with its excellent chemical resistanceeSEhproperties provide uses in chemical
laboratory equipment such as cells for spectroscapid optical analysis [5], beakers,
flasks, graduated cylinders, and connectors. Theecor pieces for general chemical
purpose have been moulded from i-PMP. The connectan operate intermittently up to
200 °C and above, and their clarity allows visuaspection of the material being
conveyed. Packing rings for distillation and gasibbing towers made of isotactic
poly(4-methyl-1-pentene) are lightweight and resistto hot corrosive fluids. Isotactic
poly(4-methyl-1-pentene) is used for injection-naed bobbins for the dyeing of polyester
fibers, where aqueous disperse dyeing systemswuoged at temperatures up to 140 °C.
The bobbins have good form stability at these teatpees, and do not readily pick up
dye|[2].

3.4 Electrical applications

The applications for isotactic poly(4-methyl-1-pem) in the electrical industry arise not
only from its good electrical properties, but alsom its form stability at elevated
temperatures, its low moisture absorption, itsgpamency where visual inspection trough
the item is necessary, and its oil resistance. Thoan be used both for direct dielectric
applications and for items of ancillary equipmelts. high melting point is particularly
important in enabling it to withstand soldering aewicapsulation processes, as well as
operation at elevated temperature. Isotactic pemyédhyl-1-pentene) is particularly useful
for high-frequency applications, such as coaxialnaxtors where low electrical losses and
the ability to withstand soldering and encapsufattemperatures are important. Here,
isotactic poly(4-methyl-1-pentene) may fill the gasrich has long existed between the
lower-melting polyolefins and materials such asyptafluorethylene. At microwave
frequencies spacing discs and bushes of isotaotif4smethyl-1-pentene) combine low
electrical losses with a better resistance to crtbam competitive materials. Ancillary
equipment items include slot closures for electriotors. The extrusion process for
making these closures is simple, and they can Ipeaed to have adequate long-term

stability for continuous operation up to 125 °C.[2]
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3.5 Medical applications

Applications of i-PMP in the medical fields are migibased on its toxicological inertness
[2] and high optical transparency. This allows use bgpmic syringes, blood collection,
transfusion equipment [5]aboratory ware, and respiration equipment madesatctic
poly(4-methyl-1-pentene) in medical applicatiorsnthctic poly(4-methyl-1-pentene) have
the clarity of glass, better impact resistance, witdstand repeated sterilization by steam,
ethylene oxide, dry heat, or radiation [2].

3.6 Packaging

The high permeability of film made from i-PMP tosgs and water vapour, while ruling it
out for general-purpose packaging applications, teay to specialized uses, such as the
packaging of meat and vegetable products where pleneability to oxygen is
advantageous. For prepacked food which requiregbeiheated or cooked at temperature
up to 220 °C containers may be either injection-ltbed, blow-moulded, or shaped from
extruded isotactic poly(4-methyl-1-pentene) filfsotactic poly(4-methyl-1-pentene) may
be a possible replacement for aluminum foil in sapplication; it permits the heating by

hot-air or microwave ovens [2].
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4  PROCESSING OF ISOTACTIC POLY(4-METHYL-1-PENTENE)

Polymer of 4-methyl-1-pentene can be made eitheireseflowing powder blends or as
compounded granules for use in all normal therngijs fabrication processes [2].

The melt-flow properties of the grades which hawerb made available are designed
principally for:

% An injection moulding

% A blow moulding

% An extrusion processes
Processing is characterized by:

< A high melting temperature of the polymer

% A narrow melting range

s A low melt viscosity

A significant thixotropy in the melt

It has been demonstrated that i-PMP can be protegsi ease on conventional
thermoplastics fabrication equipment. Stabilitypabcessing temperature is adequate to
prevent degradation of the polymer in such procgsgeovides the polymer is not
deliberately maintained at elevated temperaturesfcessively long periods; in such a

case discoloration and brittleness of the finabpiai can resul2].

4.1 Injection moulding

Isotactic PMP can be moulded satisfactorily onatigg machines equipped with adequate
heating capacity and good temperature control.|dWwedensity and relatively higher heat
content of isotactic poly(4-methyl-1-pentene) mossttaken into account in calculations of
plasticizing and of “shot” capacity [2]. The higmtkalpy results in the plasticizing
capacity of machinery being only 65% of that for [Bf Basic principles established for
other polyolefins may be employed to establish dmimum conditions and avoid
difficulties such as sink marks, voids, and “shbfg. The optimum conditions of the
injection moulding of i-PMP are presented in Tak@ Mould shrinkage is normally

between 1.5 and 3.0 %, although values in exceshave been recorded in some cases
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of thin — walled mouldings or mouldings where ries¢d gates are used; with very small

mouldings, shrinkage of less than 1.5 % have be&mred [3].

Table 10 Optimum conditions in the course of injection moulding of
isotactic poly(4-methyl-1-pentene) [ 3]

Processing temperatures 280to 310 °C
Mould temperature 70 °C
Shrinkage 1.5t03.0%

4.2 Extrusion

Isotactic PMP can be extruded for wire coating T9je best results are obtained with high-
compression screws having a sharp transition h#anetering zone and a length: diameter
ratio of 20:1 or greater. It is advisable to udeeaker plate and gauzes in order to increase
backpressure. Extruders with a decompression zomenat recommended. Twin-screw

extruders have been used with success [2].

4.3 Finishing

The chemical inertness of isotactic poly(4-methydehtene) necessitates the use of special
processes to prepare the surface of fabricatedlestoefore finishing by printing, painting,
and metallizing. As with PP, satisfactory resulés de obtained by treating the surface
with chromic acid, acidified potassium permanganate specially formulated dipping

primers [2].



TBU in Zlin, Faculty of Technology 41

CONCLUSION

The aim of this Bachelor Thesis was to compile aeraew of structure, properties and
applications of poly(4-methyl-1-pentene). It istarsospecific polymer with the interesting
properties and many possibilities of applicationse stereochemical arrangements of 4-

methyl-1-pentene into the polymeric chains are sadtic, isotactic and atactic.

In the crystalline regions, syndiotactic PMP chaame in a (12, helical conformation

packed in a tetragonal unit cell. Neverthelessctiramercial products are mostly isotactic
produced by Ziegler-Natta polymerization of 4-mdplepntene-1. Isotactic PMP presents
polymorphic behaviour; therefore five different stglline forms of i-PMP are described.

The following conformations has been proposed &wheof them:
% Form | of i-PMP has a tetragonal unit cell with efsain a % helical conformation.

< Form Il of i-PMP has a monoclinic unit cell with @hs in a 4 helical

conformation.

s Form Il of i-PMP has a tetragonal unit cell witthains in a 4 helical

conformation.
s Form IV of i-PMP has a hexagonal unit cell with etgain 3 helical conformation.
« The conformation of form V has not been solved yet.

Isotactic PMP excels mainly owing to its physicabgerties such as low density, high
melting point, high optical transparency and higérnpeability to the gases. These
properties allow, in combination with good chemioasistance, to use i-PMP in medical
field, chemical laboratory ware, microwave oven logare, and insulation material for

wire and cable coating.

Mechanical behaviour is similar to that of PP wghsile modulus of 0.8 - 1.2 GPa, tensile
strength of 23 - 28 MPa, although some values spareding to i-PMP are lower such as
that for elongation at break (10 - 25 %). Isota@®MP is rather brittle under the glass
transition temperature (40 °C) and it is more gadéigraded thermally than PP and PE.

The research concerning PMP has not been finishe@dbgcause some information
available in the literature are not complete. Thedy of poly(4-methyl-1-pentene) is
useful because i-PMP offers special properties witan be employed in a number of

branches.
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