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Abs tract 

Isotactic polybutene-1 (iPB-1) ex hib its ex cel lent phys i cal,
me chan i cal and chem i cal prop er ties de pend ent on its most
im por tant poly mor phic forms called form I, II and III. The
most sta ble form I is gen er ated via solid-state trans for ma -
tion of the tetragonal, kinetically fa voured form II. The
slow trans for ma tion rate of form II to I ac com pa nied by
sam ple shrink at tains its max i mum at 25 °C and takes 7 –
10 days which is a prob lem for iPB-1practical ap pli ca tions. 
Many at tempts have been made to pre pare the sta ble form I
di rectly from the melt, or in crease the II › I trans for ma tion
rate but with a low suc cess. 

In tro ducti on

Isotactic polybutene -1 is a poly mer with good me chan i cal
prop er ties and ex cel lent elas tic re cov ery, re sis tant to many
chem i cals; phys i cal, en vi ron men tal stress crack ing ef fects
and high tem per a tures. These re mark able prop er ties are af -
fected by a rel a tively slow phase II › I trans for ma tion rate.
The growth rate of iPB-1 crys tal line phases was stud ied by
Yamashita and Takahashi [9] who found that the growth
rate of the phase I crys tals is one hun dredth that of phase II
crys tals around 75 °C.

The iPB-1 can ex ist in 3 main crys tal mod i fi ca tions
with a va ri ety of he lix con for ma tions when sub jected to
dif fer ent ther mal and me chan i cal his to ries [1]. The ki net ics 
of the II › I trans for ma tion oc curs via nu cle ation at crys tal
form II sites and the trans for ma tion re sults in im prov ing
phys i cal prop er ties. The crys tal frac tion and crys tal mor -
phol ogy does not change dur ing the tran si tion [2]. 

The two mod i fi ca tions (I and II) have dif fer ent melt ing
points and enthalpies [3]. The melt ing tem per a ture shifts
up about 10-15 °C. The X-ray dif frac tion spec tra of three
crys tal forms of iPB-1 are shown in Fig ure 1. The form II › I 
trans for ma tion of iPB-1 is con nected with densification
and the crys tal phase shrink ing. The 11/3 he li ces of mod i fi -

ca tion II are loosely packed, with a crys tal den sity rII =
0.907 g/cm3 (TmII = 128-131 °C) slightly higher den sity

than that of the amor phous state, ra = 0.868 g/cm3 (Tg =
-54,2 °C). The chain pack ing in the 3/1 he li cal mod i fi ca tion 
of phase I cor re sponds to a crys tal phase with a much

higher den sity, rI = 0.95 g/cm3  (TmI = 141 °C) and iPB-1
crys tals re duce their vol ume by ~ 4%. The vol ume re duc -
tion of the crys tal phase in creases the strain to the attached
amor phous chain por tions at the crys tal-amor phous in ter -
face.

Kopp et al. [6] crys tal lized the phase I in the melt via
ep i taxy on ar o matic ac ids or salts crystals, and dem on -
strated that the phase I can grow in the thin melt even un der
at mo spheric pres sure. Pow ers et al. [7] used phase I, ob -

tained by solid-state trans for ma tion from phase II, as nu clei 
for phase I and expected to ob serve the growth of phase I
crys tals di rectly in the melt. This was not suc cess ful and
Pow ers et al. [7] sup posed that the growth rate of phase I
crys tals is ex ceed ingly slower than that of phase II. Zhang
et al. [8] found that at an el e vated tem per a ture of 110 °C the 
phase I crys tals can be ob tained from iPB-1 mol ten
ultrathin films at at mo spheric pres sure. Yamashita and
Takahashi [9] dem on strated that phase I can grow in the
thin film melt via self-seed ing at at mo spheric pres sure us -
ing so lu tion-grown phase I crys tals as nu clei. Some solid
nu cle at ing agents were par tially suc cess ful mainly in drops
or thin films. Lu and Yang re fer [5] even on sta bi li za tion of
phase II of iPB-1 by evap o rated car bon.

Phase III has mainly a the o ret i cal im por tance be cause it 
can be pre pared only from iPB-1 so lu tions [17].  

Ex pe ri men tal

Sam ples. Isotactic poly(bu tene)-1 (iPB-1) sam ples, so lu -
tion poly mer ized us ing Ziegler-Natta het er o ge neous cat a -
lysts, were the com mer cial prod ucts of LyondellBasell
(Neth er lands) in clud ing the homopolymers 110, 300 and
400. The sam ples 110 and 300 have a higher mo lec u lar
weight than the 400 (ac cord ing to the melt ing flow in dex
mea sure ments, see Ta ble I.).  Three kinds of co pol y mers
with eth yl ene were also stud ied (sam ples 8640, 8510 and
8340). All sub stances were in p.a. qual ity. 
X-ray dif frac tion. Wide an gle X-ray dif frac tion pat terns
were mea sured us ing a PANalytical X-pert Prof X-ray dif -

frac tion sys tem (Neth er lands). The CuKa ra di a tion was

Ni-fil tered. The scans (4.5° 2Q/min) in the reflexion mode

were taken in the range 5-30° 2Q. The to tal sam ple
crystallinity X was cal cu lated from the in ten sity ra tio of the 
crys tal dif frac tion peaks and the amor phous back ground
ar eas. The frac tion of phase I in the X value was de ter -
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Fig ure 1. X-ray dif frac tion spec tra of the 3 crys tal forms of
isotactic polybutene -1.



mined com par ing the crys tal peak in ten si ties of each form I
and II. The r value (trans for ma tion half-time) rep re sents
the time when the % I dur ing trans for ma tion equals the %
of the un trans formed phase II (Fig. 2a,b).

The ef fects in fluen cing the II › I phase trans -
for mati on of iPB-1

The phase trans for ma tion rate can be af fected by sev eral
ma jor fac tors, which can be di vided into fol low ing cat e go -
ries:

A. The po ly mer structu re

1. The mo lec u lar weight (based on melt flow in dex
mea sure ments) has a low ef fect on the trans for ma tion rate.
The trans for ma tion rate of sam ple 110 with the higher mo -
lec u lar weight have the r value only 10% lower than sam -
ples 300 and 400 mea sured in H2O vapous en vi ron ment. It
can be ex pected that a larger mo lec u lar chain could con tain
a larger num ber of chain de fects rep re sent ing the phase
trans for ma tion nu clei.  

2. The in creased trans for ma tion rate was found in some
iPB-1 co pol y mers, mainly with eth yl ene [12]. The higher
trans for ma tion rate was found in sam ples with a higher eth -
yl ene con tent (e.g. 8510, r = 0,03 h). In case of a low eth yl -
ene con tent co pol y mers the rate changed to r = 10 h (in
8640) or 20 h (in 8340) in com par i son with r = 39 h for
homopolymer sam ples 110 and 300 with a higher mo lec u -
lar weight.

3. The ef fect of some melt pre pared blends of iPB-1
was also stud ied and it was con firmed, that the ad di tion of 5 
%  par af fin to the sam ple 300 did not in flu enced the trans -
for ma tion rate, but the same amount of lin ear poly eth yl ene
(LPE) in creased the trans for ma tion rate twice (to 24 h).
The blend prep a ra tion from so lu tions is com pli cated by the
fact, that the sol vent it self in flu ences the trans for ma tion
rate also. [4].

B. The ef fect of the mel ting con di ti ons be fo re 
     crys tal li zati on

The melt ing con di tions of the phase II crys tal li za tion in her -
ently in flu ence not only the phase II melt crys tal li za tion but 

also the fol low ing for ma tion of the phase trans for ma tion
nu clei.

1. A higher melt ing tem per a ture led to a lower sam ple
to tal crystallinity af ter the phase II – I trans for ma tion. The
crystallinity de creased from 64 % (for melt ing at 125 °C) to 
55 % (melt ing at 220 °C) in case of the sam ple 110; and
from 68 % (melted at 130 °C) to 57 % (melted at 220 °C)
for sam ple 400) and lead to a slower trans for ma tion rate r
(in the sam ple 110 r in creased from 16 h  (at 120 °C) to r =
78 h (at 220 °C), re spec tively in sam ple 400 r = 46h (at 130
°C) and 70 h (at 220 °C).

2. In creas ing the melt ing time at 160 °C to 8,5 hours re -
sulted in de creas ing the crystallinity X val ues from orig i nal 
62 % to 58 % and in creas ing the trans for ma tion half-time r
from 48 to 60 hours in case of sam ple 110. Sim i lar re sults
were found in case of sam ple 110 101 times suc ces sively
re peat edly melted 5 min at 160 °C. Such be hav iour is ex -
pected due to the ef fect of the de creased growth and sec -
ond ary nu cle ation rate.

C. The ef fect of some phy s i cal fac tors on the phase 
     II – I trans for mati on 

1.The study of the ef fect of the am bi ent tem per a ture on
the phase trans for ma tion rate proved that the op ti mum is
around 25 °C. The higher or lower tem per a tures de creased
the trans for ma tion rate [10].

2. In creas ing pres sure or sam ple de for ma tion (e.g. by
ten sion or twist) at the room tem per a ture has a pos i tive ef -
fect on the trans for ma tion rate [11].

The long-time elon ga tion (dur ing the whole trans for -
ma tion pe riod) or a short time elon ga tion (10 min) in crease
the trans for ma tion rate. In the sam ple 110, elon gated short
time at room tem per a ture, the tran si tion half-time de -
creased from 48 h to 2 h (for 10 % elon ga tion) and to r = 0,5 
h (for 20 and 30% elon ga tions). The long term elon ga tion
in this sam ple re sults in r= 4 h (at 10% elon ga tion) or r = 2 h 
(at 30% elon ga tion). At a higher elon ga tion tem per a ture
(80 °C) it was af firmed a per ma nent de for ma tion with out
an in creased mo lec u lar chain ori en ta tion in the elon ga tion
di rec tion and so the trans for ma tion rate did not in crease in
such an ex tent as in the case of lower elon ga tion tem per a -
tures. An ex am ple represents the sam ple BP 110 where at
80 °C and 10% elon ga tion the half-time r = 6 h, at 20%
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Fig ure 2. Phase trans for ma tion of the phase II to I – sam ple 110 in H2O va pors (left), phase trans for ma tion of the phase II to I – sam ple
110 in xylene va pors (right).



elon ga tion r = 12,5 h and at 30% r = 11,5 h. Of
course with in creas ing elon ga tion the sam ple
crystallinity de creased (e.g. at sam ple 110 and
10% elon ga tion – the crystallinity was 59%)
with the ex cep tion of long term de for ma tion
cases where, due to sec ond ary crys tal li za tion the
re versed growth of crys tal line phase took place
(e.g. 110 10% elon ga tion – 62% of the crys tal -
line phase) [18].

3. Ap pli ca tion of nu cle ation agents or solid
crys tal ad di tives used for pri mary crystallization
was an ob vi ous choice, be cause any recrystal -
lization may in volve het er o ge neous nu cle ation.
The at tempts were only par tially suc cess ful [4].
E.g. sodium salicylate in creased the trans for ma -
tion rate max i mally 2x [4]. On the other hand
sev eral anti-nu cle ation agents for the II › I trans -
for ma tion were found e.g. talc or Na2CO3, which 
de creased the trans for ma tion rate 2 or 3 times
[4]. The ef fect of de creas ing the phase trans for -
ma tion rate was no ticed also in some en vi ron -
men tal ef fects. 

4. The elec tron and gamma ir ra di a tion of
iPB-1 re sults mainly in chain scission [13-14], the ef fect on 
II › I tran si tion is not re ported uni formly [15]. Gamma ir ra -
di a tion re sulted in both scission and cross link ing but in a
lesser ex tent than with poly propy lene [16]. The beta ir ra di -
a tion of iPB-1 in creases the trans for ma tion rate as can be
seen on the sam ple 110 (in case of 0 kGy the r equals to
39h; in case of 198kGy ir ra di a tion dose the r is equal to 24
h).

5. Also the ef fect of di rect elec tric cur rent fields was
stud ied and the pre lim i nary re sults show that the in crease
of the elec tric field in ten sity lead to a higher trans for ma tion 
rate and to a slight in crease of sam ple crystallinity. For the
sam ple 110 the trans for ma tion rate in creased up to r = 28,1
h (at 500V) and to r = 22,1 (at 1000V) [19]. The ex act ex -
pla na tion and the ef fect of other fields is stud ied in the pres -
ent time.

6. The trans for ma tion rate II – I is in ev i ta bly in flu enced
by the en vi ron ment, the r val ues var ied in the range be -
tween 3 – 92 h ac cord ing to the en vi ron ment type. The
most sig nif i cant en vi ron men tal ef fect on the trans for ma -
tion rate was ob served in case of sol vents. The va pours of
good sol vents in crease the iPB -1 II – I tran si tion rate sig -
nif i cantly (r = 9-10 h) and also the phase trans for ma tion is
com plete as there are no rem nant of the phase II. 

In chem i cally neu tral (air, ac e tone, eth a nol) en vi ron -
ments the trans for ma tion rate was in the range of r = 29 –
59 h, sim i lar as in alcalic or acid va pours en vi ron ment. The
ex pla na tion of this ef fect is com pli cated by the fact, that in
the term en vi ron ment sev eral fac tors may take place.

The most no ta ble find ing is that the im por tant role in
the phase trans for ma tion pro cess plays the in ter ac tion of
the sol vent vapour with the sam ple amor phous phase. The
sol vent va pours dis solve in the sam ple amor phous phase,
in crease its seg men tal mo bil ity and so sup port the phase
trans for ma tion pro cess. This ef fect of seg men tal mo bil ity
on the trans for ma tion rate was con firmed also in iPB -1 co -
pol y mers with eth yl ene or iPB-1 blends with lin ear poly -
eth yl ene. It is ev i dent that the most im por tant role

rep re sents the level of intermolecular forces be tween the
en vi ron ment el e ments and poly mer.

7. The sam ple age as such sig nif i cantly de creases the
phase tran si tion rate and the to tal crystallinity by inter -
molecular forces. The ex pla na tion could be in a time de -
creased seg men tal mo bil ity. The lower crystallinity val ues
are con nected with a slow growth of amor phous phase at
the ex pense of par tially crys tal line re gions. All this re sulted 
in a de creased phase trans for ma tion rate. The seg men tal or -
der could be fur ther in flu enced by an other re peated melt -
ing. Here, the crystallinity did not change, but the
trans for ma tion rate in creased sub stan tially com pared to the 
sit u at ing af ter sec ond melt ing. The trans for ma tion rate (r =
105 h) in creased to r = 78 h for sam ple 110; or from r = 66 h 
to 40h for the 400 sam ples aged 11 years. 

It is pos si ble to no tice that the struc tural changes char -
ac ter iz ing the age ing pro cess of iPB-1 are con nected
mainly with conformational changes in the amor phous
phase. Tak ing into the ac count the rel a tive large tem per a -
ture dis tance from the poly mer crys tal melt ing tem per a ture, 
the seg men tal mo bil ity is lim ited to shorter chain seg ments
which fa vours rather the con for ma tion changes in the
amor phous phase than the im prove ment of the crys tal line
phase or der.

Conclu si on

The phase tran si tion of iPB-1 is in flu enced by sev eral fac -
tors, which in clude mainly the pro cess of nu cle ation and
phase I growth. Ex cept of the ba sic phys i cal ef fects, which
mainly speed up the phase trans for ma tion rate the ef fects of 
the en vi ron ment ei ther do not in flu ence or sig nif i cantly
fas ten or in few cases slow down the trans for ma tion rate.
The prac ti cal im por tance has the ef fect of good sol vent va -
pours which are able to shorten the II – I phase trans for ma -
tion time from usual tens to mere 1 – 2 hours.
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Sam ple,
La be ling

Densi ty, 
g/cm3

Tm of
phase I,

°C

MFI,
g/10 min,
190°C/
2.16 kg

Com posi ti on

110 0.914 128 0.4 PB-1 ho mo po ly mer

110 III  81. 94 0.4 PB-1 ho mo po ly mer

300 0.915 127 4 PB-1 ho mo po ly mer

400 0.915 126 15 PB-1 ho mo po ly mer

8640 0.906 113 1
ran dom low 
P(B - 1/E) co po ly mer

8340 0.911 113 4
ran dom low 
P(B - 1/E) co po ly mer

8510 0.897 94 40
ran dom high 
P(B - 1/E) co po ly mer

Ta ble I. Sam ple ma te rial characterictics of PB-1
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