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Abstract   For  the  solid-solid  transformation  from  form  II  to  form  I  of  isotactic  polybutene-1  (iPB),  the  temperature  dependence  of  form  I

nucleation  and  growth  was  deemed  to  control  the  transformation  process.  However,  the  relationship  between  form  I  formation  and  form  II

disappearance in the transformation process is not clear. In this work, the spontaneous crystal transformation from form II to I of iPB with 81 mol%

mmmm sequence concentration is studied firstly by tracking the two processes, the decay of form II and the yielding of form I in a wide range of

temperature spanning from 0 °C to 50 °C and in a long transformation time ranging from 5 min to 65 days with in situ FTIR and WAXD. Unlike the

literature reports, the decay rate of form II is firstly found to be lower than the yielding rate of form I at all studied temperatures, especially at low

transition temperature. This is attributed to the amorphous chains which locate near crystal lamella participating into the nucleation of form II.

The  regular  chain  folding  and  growth  of iPB  form  I  from  amorphous  chains  containing  short  isotactic  sequences  also  lead  to  an  increase  in

crystallinity of form I compared with that of initial form II crystallized at 60 °C. An increase in the annealing temperature results in decrease in

crystallinity and increase in lamellae thickness of iPB form I.
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INTRODUCTION

Isotactic polybutene-1 (iPB) with superior creep resistance, tou-
ghness,  and  modulus  at  high  temperature  has  attracted  great
attention  for  hot  water  pipes.[1] A  striking  feature  of iPB  that
arouses research interest but also causes trouble in utilization is
the  spontaneous  but  slow  crystal  transition  from  metastable
form II to stable form I in solid state.[2−8] The transition leads to
irreversible  changes  in  physical  properties,  including  not  only
the  good  profits,  like  the  enhanced  hardness,  stiffness,  and
strength, but also the bad results, like shrinkage of the molded
objects.[1,9−11] Work to date from research groups has been ca-
rried  out  to  accelerate  the  transition[12−20] and  understand  the
kinetics of the process.[21−24]

Form I crystal of iPB, the thermodynamically stable one, is a
twined hexagonal/trigonal form with 3/1 helix, and tetragon-
al form II, the metastable one, is an 11/3 helix.[25−27] The spon-
taneous transformation (II to I) has been reported to be tem-
perature  and  time  dependent,[28−30] and  the  formation  of
form  I  is  a  nucleation  controlled  process.[31,32] A  rapid  trans-
formation has been observed at room temperature.[33−35] Low

temperature (−20 °C)  contributes to fast  nucleation of  form I
while high temperature (+20 °C) favors rapid growth of form
I.[36,37] Therefore,  a  previous  nucleation  at  low  temperature
prior to annealing at high temperature enables a rapid trans-
ition.[22]

Unlike  the  melting  crystallization  where  chain  segments
pull out of the disordered melt and sequentially attach to the
growth  front,  the  formation  of  form  I via solid-solid  crystal
transition just involves a local fine tune of chain segments,[38]

progressing  as  the  rearrangements  of  lamellae  and  lamellar
stacks.[21] Under  such  transition  conditions,  form  I  nuclei  are
sometimes found to appear on the twisting point of lamellae
in form II  crystal,  and a few form I  crystals  could form within
one form II crystal.[39] The difference in thermal expansion co-
efficients between crystalline lamellae and amorphous phase
leads  to  the  occurrence  of  internal  stress,  which  was  con-
sidered to induce the nucleation of form I.[37] When temperat-
ure  is  above  glass  transition  temperature,  the  chain  seg-
ments  in  amorphous  region,  including  the  defects  in  chain-
folded structure, tie molecules, chain entanglements, etc., are
still in motion.[36] It is found that faster nucleation of form I oc-
curs in iPB with high molecular weights due to the existence
of more tie molecules.[23] However, the movements of crystal
form  II  was  limited  by  intercrystalline  links  and  entangle-
ments  in  high  molar  mass iPB  samples,  and  thus  the  trans-
formation from metastable form II to form I was retarded.[40]
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Nevertheless, polymer molecules with different regularities
allow chains  to  pack in  different  degrees  of  tightness,  so iPB
copolymers show different crystallization behaviors and tran-
sition  processes.[41−46] Notably,  the  kinetic  controlled  crystal-
lization  process  may  let  some  chains  less  folded  during  the
primary  formation  of  form  II.  Prolonging  the  crystallization
time  or  changing  the  crystallization  conditions,  amorphous
chains  which  locate  near  the  interface  between  amorphous
and  crystal  lamella  are  constrained  by  two  phases  and  may
crystallize  under  some  external  driving  force.[41] So  far,  how-
ever,  the temperature dependence of  the amorphous chains
has not been taken into account in the solid transition.

In order to understand the transformation process deeply,
both stages including form II  vanishing and form I formation
were  instantaneously  tracked  at  constant  annealing  temper-
ature ranging from 0 °C to 50 °C in a long transformation time
ranging from 5 min to 65 days. In  situ FTIR,  WAXD,  DSC,  and
SAXS are used to clarify the dependence of transition process
on  time  and  temperature.  Recruiting  amorphous  chains  to
form  I  crystallization  is  firstly  observed  in  the  solid  crystal
transition process, which leads to the inconsistency between
the decay  rate  of  form II  and the  yielding rate  of  form I.  The
crystallinities of form I decreased with the increasing anneal-
ing  temperature  while  lamellar  thickness  increased.  Hope-
fully,  this  study  will  give  a  plentiful  understanding  on  phase
transformation  of iPB  which  benefits  the  enrichment  of  cur-
rent  crystal  transition  theory  to  guide  the  application  of iPB
materials.

EXPERIMENTAL

Materials
Isotactic  polybutene-1  (iPB)  (isotacticity  from  boiling  ether  ex-
traction:  97.7  wt%, Mw =  548  kg·mol−1,  PDI  =  3.9  (obtained  by
GPC),  melt  flow  rate  (MFR,  190  °C,  2.16  kg):  4.32  g/10min)  was
kindly  supplied by Shandong Dongfang Hongye Chemical  Co.,
Ltd. China.

Sample Preparation
The iPB  sample  was  compression  molded  at  180  °C  under
16  MPa  for  5  min  to  obtain  the  designed  film  with  100  µm  in
thickness.  As-obtained iPB  films  with  dimensions  of  10  mm  ×
10 mm were melted at 180 °C for 5 min to erase thermal history,
and  then  cooled  to  60  °C  for  5  min  to  assure  the  complete
isothermal  crystallization  of iPB  for  the  collection  of  form  II.
Subsequently, the temperature dropped from 60 °C to the given
annealing  temperature  ranged  from  0  °C  to  50  °C at  a  cooling
rate of 50 °C·min−1 for different time. The crystallinity and crystal
structure  of  form  II  at  different  temperatures  when  samples
were cooled from 60 °C to the selected annealing temperature
and of form I after iPB underwent 65 days of crystal transition at
the selected annealing temperature were measured.

Structure Characterization and Stepwise
Crystallization (SC) of iPB
Structure  characterization  of iPB  was  conducted  by 13C-NMR
measurement with a Bruker AVANCE III  spectrometer at 120 °C
with  1,2-dichlorobenzene-d4 as  solvent.  The  SC  measurement
was  performed  using  a  differential  scanning  calorimeter  (DSC-
8500,  Perkin  Elmer)  according  to  the  following  procedure:  (1)
About 5−10 mg of sample sealed in an aluminum pan was melt-

ed at 180 °C for 5 min to erase thermal history prior to cooling to
30  °C  at  a  rate  of  10  °C·min−1 to  create  an  initial  "standard"
crystalline  process;  (2)  The  "standard"  sample  was  heated  to  a
prescribed first stepwise crystallization temperature (Ts = 130 °C)
at a rate of 10 °C·min−1 and kept at that temperature for 5 min;
(3) The sample was subsequently cooled to the second stepwise
crystallization temperature (Ts = 120 °C) at a rate of 10 °C·min−1

and  isothermally  maintained  at  this  temperature  for  5  min;  (4)
The above procedures were repeated at intervals of 10 °C till the
temperature  reached  80  °C.  Finally,  the  sample  was  heated  to
180  °C  at  a  rate  of  10  °C·min−1,  and  the  endothermic  curve  of
sample  was  recorded.[47] The  main  thermal  protocols  are  pre-
sent in Scheme 1.

The in  situ FTIR  spectra  of  samples  were  recorded  on  a
Bruker  VERTEX  70  FTIR  spectrometer  from  400  cm−1 to
4000 cm−1 at a resolution of 4 cm−1 with 32 scans. The sample
stage was assembled with a thermostat to control the sample
temperature.

WAXD  analysis  was  operated  on  a  Rigaku/XRD-Uitima  IV
device  using  Cu  Kα radiation  (λ =  0.154  nm)  at  a  generator
voltage  of  40  kV  and  a  current  of  40  mA.  All  measurements
were  conducted  at  the  selective  time.  The  form  I  diffraction
peaks  of iPB  corresponding  to  crystallographic  planes  of
(110),  (300),  and (220 + 211)  can be observed at  2θ of  about
10.0°,  17.5°,  and  20.4°,  respectively.  The  form  II  diffraction
peaks  at  12.0°,  16.9°,  and 18.5°  can be  assigned to  the  (200),
(220),  and  (213)  lattice  planes  of  crystalline  structure  of iPB,
respectively.  The  crystallinity  of  the  transformed  form  I  (Xc,I)
was calculated from the ratio of total intensity of form I crys-
tal  to  that  of  the  total  scattering  including  the  amorphous
background areas.

The  crystallinity  of iPB  sample  was  measured  on  a  diffe-
rential  scanning  calorimeter  (DSC-8500,  Perkin  Elmer).  Sam-
ples  that  were  obtained  after  65  days  of  transformation  at
different  temperatures  were  heated  to  180  °C  at  a  rate  of
10  °C·min−1 to  record  the  melting  curves  of  form  I.  Subse-
quently,  all  melting  samples  were  isothermally  maintained
at  180  °C  for  5  min  prior  to  cooling  to  60  °C  at  a  rate  of
10 °C·min−1 and maintained at this temperature for 5 min for
a  complete  isothermal  crystallization  to  obtain  form  II.  Next,
samples  continued  to  cool  to  the  annealing  temperature
(0−50 °C)  at  a  cooling rate  of  50 °C·min−1 prior  to  heating to
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Scheme 1    SC thermal profiles of iPB.
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180 °C at a rate of 10 °C·min−1 to obtain the melting curves of
form  II.  All  measurements  were  performed  under  a  nitrogen
atmosphere with a flow rate of 50 mL·min−1.

The small-angle X-ray scattering (SAXS) technique (Xeuss of
Xenocs,  France)  was  used  to  measure  the  long  spacing dac,
crystalline  lamellar  thickness dc,  and  amorphous  layer  thick-
ness da of  form  I  crystals  which  were  analyzed  at  room  tem-
perature  after  65  days  of  transformation  at  different  anneal-
ing  temperatures.  The  distance  of  sample-to-detector  was
2430  mm,  the  wavelength  of  X-ray  was  0.154  nm,  and  each
pattern  was  collected  within  3600  s,  which  was  then  back-
ground corrected and normalized using the standard proced-
ure.  The  fitting electron density  correlation function K(z)  can
be derived from the inverse Fourier transformation of the ex-
perimental intensity distribution I(q) as follows:[48,49]

K(z) = ∫∞0 I(q)q2cos(qz)dq
∫∞0 I(q)q2dq

(1)

where z denotes the location measured along a trajectory nor-
mal to the lamellar surfaces, and the multiplication of I(q) with q2

(Lorentz correction) was performed. Specific structural parame-
ters dac, da, and dc were calculated via the correlation function.

RESULTS AND DISCUSSION

Chain Structure Characterization and Stepwise
Crystallization (SC) of iPB
13C-NMR  spectroscopy  was  used  to  characterize  the  chain  se-
quence structure of iPB. As shown in Fig. 1(A), the concentration
of mmmm pentad sequences of iPB based on the signal at 27.5
ppm assigned to CH2 is 81 mol%,[50] and the total concentration
of  mmmr/rmmr/mmrr/mmrm/rmrr/rmrm/rrrr/mrrr/mrrm  sequ-
ences  of iPB with  relatively  high stereoregular  defects  is  about
19 mol%, which indicate the existence of short isotactic sequen-
ces in the iPB chains.

As  an  effective  method  for  analyzing  the  crystalline  seg-
ments of polymer sample, stepwise crystallization (SC) proce-
dure  was  used to  analyze iPB crystalline  segments  that  have
different thermodynamic stabilities.[47] For the employed iPB,
multiple  melting peaks  are  observed,  and each endothermic
peak  represents  a  population  of  crystals (Fig. 1B).[51] This  in-
dicates that iPB consists  of  different  crystalline domains.  The
strong  melting  peak  at  high  temperature  of  118.3  °C  arises
from the relatively perfect crystalline domains containing re-
latively  long  isotactic  sequences  of iPB.  On  the  other  hand,
the melting peaks at low temperatures of 112.2 and 106.1 °C
originate  from  those  crystalline  domains  with  more  crystal-
line  defects,  which  are  attributed  to  the  crystallization  from
relatively  short  isotactic  sequence  of iPB.  It  is  expected  that
iPB with multiple isotactic sequence segments should receive
a  systematic  view  for  the  understanding  of  crystal  transition
in solid state.

In Situ FTIR
FTIR is a facile and effective technique to monitor the changes in
form II and form I of iPB based on their characteristic adsorption
bands  at  905  and  925  cm−1,  respectively.[17,28] Especially,  the
FTIR  equipped  with  thermostat  is  well  suitable  for in  situ ob-
servation  of  the  dependency  of iPB  crystal  transition  on  time
and temperature.  Samples labeled with 0 h refer to those con-
sisting  of  only  crystal  form  II  after  isothermal  crystallization  at

60  °C.  The  other  samples  labeled with  different  time are  those
having been annealed for the selective time at given tempera-
tures. Because of the existence of crystal form II, a sharp band at
905  cm−1 is  conspicuously  observed  when  samples  are  cooled
from  melt  (Fig. 2).  With  the  spontaneous  transition  (II  to  I)  at
different  temperatures,  a  tiny  band  at  925  cm−1 appears  and
becomes  stronger,  while  the  ones  at  905  cm−1 gradually  dis-
appear  with  annealing time increasing.  Obviously,  the  band at
925 cm−1 first reaches a high value at 25 °C and then levels off
ahead of other temperatures.

The band at  1152 cm−1 remains  unchanged during crystal
transition,  and  the  peak  height  ratios  of H905/H1152 and H925/
H1152 denoted as HII/HC and HI/HC can thereof express the vari-
ations of  crystal  form II  and form I,  respectively.[52] As shown
in Figs. 3(a) and 3(b), no matter what the annealing temperat-
ure  is,  all  samples  exhibit  a  sharp  decrease  in HII/HC and  a
prompt increase in HI/HC in the early stage of transformation.
Although  the HII/HC gap  for  samples  annealed  at  different
temperatures is small in the first 150 h, the value drops faster
when  samples  are  annealed  at  25,  10,  and  35  °C,  and  relat-
ively  slowly  when  samples  are  annealed  at  0  and  50  °C.  The
HII/HC values of samples that are annealed at 25, 10, and 0 °C
reach  nearly  zero  after  600  h  annealing,  while  that  of  the
sample annealed at 50 °C is  still  high after 1300 h annealing.
Notably, form I being absent in the sample annealed at 50 °C
for 24 h indicates the difficult nucleation of form I. In the first

50 40 30 20 10

A

27.6 27.2 26.8 26.4

rm
rm

m
rr

m
m

rr
r

rr
rrrm

rr
m

m
rm

rm
m

r 
+

 m
m

rr

m
m

m
r

m
m

m
m

Chemical shift (ppm)

d

cb

CH2

CH2

CH3

CH
a b

c

d

a

80 100 120 140 160 180

112.2 °C

106.1 °C

118.3 °C

T (°C)

E
n

d
o

H
e

a
t 

fl
o

w

B

 
Fig.  1    (A) 13C-NMR  spectrum  and  (B)  DSC  thermal  curve  after  SC
treatment of iPB.
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Fig. 2    FTIR spectra of iPB samples annealed at different temperatures of (a) 0 °C, (b) 10 °C, (c) 25 °C, (d) 35 °C, and (e) 50 °C for
different time after melting at 180 °C for 5 min and then crystallized at 60 °C for 5 min.

0 150 300 450 600 750 900 1050 1200 1350

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

H
II
/H

C

Annealing time (h)

0 °C

10 °C

25 °C

35 °C

50 °C

a

0 150 300 450 600 750 900 1050 1200 1350

0

1

2

3

4

5

6

7

Annealing time (h)

0 °C

10 °C

25 °C

35 °C

50 °C

H
I/

H
C

b

 
Fig. 3    Contents of (a) form II and (b) form I at different annealing temperatures as a function of annealing time.
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150  h  of  annealing,  the  rapid  increase  in HI/HC is  shown  in
samples  that  are  annealed at  25,  10,  and 35 °C.  In  particular,
samples annealed at 0 and 50 °C show relatively slow forma-
tion  of  form  I  in  the  first  150  h  of  annealing.  However,  after
750  h  annealing,  samples  at  0  °C  have  the  highest  value  of
HI/HC,  while samples at  25 and 50 °C show the lowest values
of HI/HC.  This means that the dependency of the decay tend-
ency of form II and the formation trend of form I on tempera-
ture is inconsistent.

It  is  noted  here  that  form  II  decaying  and  form  I  yielding
both proceed fast when samples are annealed at 25,  10,  and
35 °C in the first  150 h annealing.  Among them, samples an-
nealed  at  25  °C  have  the  biggest  decay  rate  of  form  II  and
yielding rate of form I, signifying the highest transition rate in
the  first  150  h  annealing.  This  can  be  ascribed  to  the  forma-
tion  of  form  I  actually  controlled  by  two  processes,  nucle-
ation  and  crystal  growth.  A  low  temperature  contributes  to
the  fast  nucleation  while  high  temperature  favors  the  fast
growth.[23,36] High temperature leads to the difficulty in form I
nucleation,  thus  form  I  is  absent  at  50  °C  in  the  initial  trans-
ition stage (24 h).

In Situ WAXD
In the late stage of crystal transition, adsorption bands of form II
and  form  I  are  overlapped  in  FTIR  spectra,  which  leads  to  the
difficulty in discerning crystal forms. Comparatively, WAXD pat-
tern  is  more  distinct  to  identify  the  crystal  structure  (Fig. 4).
Peaks  at  2θ =  12.0°  representing  (200)  lattice  plane  of  form  II
appear  strongly  and  clearly  in  samples  that  are  annealed  at
0−50  °C  for  6  h  and  first  disappear  for  samples  annealed  at
10 °C  for  840 h.  Peaks  at  2θ =  10.0°  representing the (110)  lat-
tice  planes  of  form  I  are  observed  for  all  samples  annealed  at
different temperatures for 6 h and grow gradually with annea-
ling  time.  Peaks  at  2θ =  12.0°  are  always  observed  even  after
samples are annealed at 35 and 50 °C for 1560 h. This indicates
that  the  annealing  at  high  temperature  contributes  negatively
to the transformation.

Fig. 5 clearly  shows  the  relative  fraction  of  form  I  in  the
crystals (XI) that is calculated through the following equation:

XI = I(110)I/ [I(110)I + RI(200)II] (2)

P3̄ P4b2

where I(110)I and I(200)II are  the  integrated  intensities  of  form
I  (110)  and  form  II  (200)  lattice  planes,  respectively.  Here,  a
correlation  parameter R =  0.67  proposed  by  Men  is  introdu-
ced,[53] in which the crystal structure is showing space groups of
form  I  and  form  II  crystals  as  and  are  referred.[24]

Samples annealed at 10 °C first reach the unity of XI because of
the  fast  transition  (II  to  I).  The  higher  temperature  makes  the
remnant of form II higher in late transition stage (Fig. 5a). Sam-
ples  annealed  at  50  °C  exhibit  the  slowest  growth  of  form I  as
well as the relatively low XI. The intensity changes of form II (200)
lattice  plane and form I  (110)  lattice  plane with  time represent
the decay rate of form II and yielding rate of form I, respectively.
The relative intensities of form II and form I in samples annealed
at  different  temperatures  and  for  different  periods  of  time  are
calculated from the real-time value of form II to its original value
and the real-time value of form I to its ultimate value which are
shown  in Fig. 5(b).  Obviously,  the  rapid  decay  of  form  II  and
rapid  yielding  of  form  I  are  both  observed  in  the  first  150  h
annealing  time,  and  then  the  variations  of  form  II  and  form  I
become slow. The half-life time (t1/2), defined as the time for the

intensity  change to  reach one half  the original  value of  form II
(t1/2,II)  or  one half  the  ultimate  value  of  form I  (t1/2,I),  is  demon-
strated in Table 1.  A greater value of t1/2 indicates a lower vari-
ation rate.  So,  the yielding rate of  form I  is  slightly  higher than
the decay rate of form II for samples annealed at 0−50 °C while a
big  difference  between t1/2,I and t1/2,II is  observed at  annealing
temperature  of  50  °C.  This  inconsistency  between  the  yielding
rate  of  form  I  and  decay  rate  of  form  II  was  also  found  in  our
previous  work.[2] The crystallinity  of  form I  (Xc,I)  slightly  decrea-
sed  with  increasing  annealing  temperature  (max.  1.7%)  during
0−25 °C (Fig. 5c), while a higher annealing temperature ranging
from 35 °C to 50 °C led to a rapid decrease in Xc,I.  We attribute
this phenomenon to the unneglectable residual form II in these
samples at higher annealing temperature.

Semi-crystalline  polymers  have  a  stacked  structure  com-
posed of alternatively arranged crystal lamellae and amorph-
ous region. The cilia and tie molecules in amorphous regions
are in motion state at high temperature.[38] The short isotact-
ic  sequences  of iPB  samples  as  proved  in Fig. 1 would  not
crystallize at 60 °C, but may undergo crystallization when the
temperature further falls to a lower point.[32] In such a case, a
few  crystals  of  form  II  that  originate  from  short  isotactic  se-
quence  would  somewhat  counteract  the  disappearance  of
original form II. As a result, we observe a slightly quicker yiel-
ding of form I than decay of form II.  Moreover,  the lower an-
nealing  temperature  amplifies  the  difference  of  thermal  ex-
pansion  between  amorphous  region  and  crystal  lamellae,
which  induces  the  stronger  internal  stress  and  faster  nucle-
ation of form I in the late transformation stage.

Crystal Structure of the iPB before and after
Transformation

ΔHm/ΔH◦m ΔH◦m(I) ΔH◦m(II)

Fig. 6 shows  the  melting  behaviors  of  crystal  form  I  (Fig. 6a)
and  crystal  form  II  (Fig. 6b).  Form  I  is  obtained  by  samples
undergoing  65  days  of  crystal  transition  at  different  annealing
temperatures.  Crystal  form  II  is  obtained  by iPB  melts  directly
cooled  to  60  °C  for  isothermal  crystallization.  The  crystallinities
of  form I  and form II  measured by DSC were  determined from
the  melting  enthalpies  of  form  I  and  form  II  according  to Xc =

 with  =  141  J·g−1 and  = 62  J·g−1.[22]

Clearly, all samples have the similar crystallinity (39%) of form II.
After  solid-solid  crystal  transition,  the  crystallinities  of  samples,
dominantly in form I, are higher than the initial values of form II.
Moreover,  lower  annealing  temperature  is  accompanied  with
higher increment in crystallinity (Fig. 6c), which is in accordance
with WAXD results. We attribute the increase in iPB crystallinity
to  the  crystallization  of  shorter  isotactic  sequences  which  may
be  in  the  amorphous  state  before  annealing.  When  form  II  is
transformed  to  form  I,  short  isotactic  sequence  would  be  cry-
stallized  into  crystal  II.  The  lower  annealing  temperature  is
beneficial  to recruiting more amorphous chains to form crystal
form II due to more strong driving force of super-cooling. A non-
negligible  phenomenon is  that  the weak melting peaks  of  un-
transformed form II are not observed for samples annealed at 35
and 50 °C. This is due to the re-crystallization of remnant form II
in the heating process.  No significant differences can be found
in the melting peaks of form I and form II for samples annealed
at  different  temperatures,  which  suggests  that  the  stability  of
form I in annealed samples and that of the initial form II should
be the same.
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Fig. 4    WAXD patterns of iPB samples annealed at different temperatures for (a) 6 h, (b) 24 h, (c) 72 h, (d) 168 h, (e) 288 h,
(f) 840 h, (g) 1200 h, and (h) 1560 h after melting at 180 °C for 5 min and then crystallized at 60 °C for 5 min.
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SAXS
To explore the changes in crystal  structure,  the long space dac,
crystalline lamellar thickness dc, and amorphous layer thickness
da of form I obtained at different temperatures are analyzed (Fig.
7).  It is seen that the values of dac and dc of form I (obtained at

0−50  °C)  (Fig. 7c)  slightly  increase  with  the  transition  tempera-
ture increased. As mentioned above, some amorphous chains of
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Fig. 5    (a) Fraction of crystal form I (XI)  for samples annealed at dif-
ferent  temperatures  for  different  time  periods,  (b)  relative  intensi-
ties of  form II  and form I  for samples annealed at different tempera-
tures,  and  (c)  crystallinity  of  form  I  (Xc,I)  for  samples  annealed  at
different  temperatures  for  65  days  after  melting  at  180  °C  for  5  min
and then crystallized at 60 °C for 5 min.
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Fig.  6    DSC  melting  curves  of iPB  samples:  (a)  form  I  obtained  at
different temperatures after 65 days of transformation and (b) form II
annealed at different temperatures for 0 h after melting at 180 °C for
5 min and then crystallized at 60 °C for 5 min; (c) Crystallinity of form I
and form II.

Table 1    Crystal transformation half-life time t1/2 of form II and form I for
samples annealed at different temperatures.

Annealing temperature (°C) t1/2,II (h) t1/2,I (h) t1/2,II − t1/2,I (h)

0 85 79.5 5.5
10 64.5 60 4.5
25 87.5 77 10.5
35 90 82.5 7.5
50 158 102 56
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iPB  are  still  in  motion  state  at  high  temperature,  and  may  cry-
stallize  to  produce  form  II  during  solid  transition  process.  The
lower  transition  temperature  contributes  to  the  secondary
crystallization that makes the amorphous chains recruited more
easily  to  yield  more  form  II  crystals,  which  successively  insert
into the stack of original form II.[47,54] Since each crystal of form II
could  induce  the  production  of  a  few  crystals  of  form  I,[39] the

ultimate  form  I  with  thinner  average  lamella  thickness  is  rea-
sonable.

Crystal  transition  in  solid  state  is  revealed  as  the  confor-
mation  and  packing  mode  change  of  polymer  chains  in  the
confined space. Herein, the yielding of form I could arise from
the solid transition of not only the primary form II but also the
newly  formed  form  II  from  short  isotactic  sequence via re-
cruiting amorphous chains  which locate  near  crystal  lamella.
Therefore, two steps as follows are used to describe the pro-
cess:

Form II → Form I (3)

Amorphous → Form II → Form I (4)
Step 1 refers to the direct crystal  transition from form II  to

form  I,  and  form  II  originates  from  the  primary  isothermal
crystallization  at  60  °C  of  relatively  long  isotactic  sequences
of iPB. The different annealing temperatures lead to different
yielding rates of form I and decay rates of form II, particularly
at the early stage of transformation. Samples annealed at 10,
25, and 35 °C have higher transformation rate due to the syn-
ergy effect of nucleation and growth. However, owing to the
existence  of  multiple  crystalline  sequences  in  employed iPB,
some  amorphous  chains  with  shorter  isotactic  sequence,  es-
pecially  those  locates  near  the  crystal  lamella,  participate  in
regular arrangement to yield form II in the transition process.
Step 2 dominantly increases the crystallinity of the samples. A
higher undercooling offered at lower annealing temperature
enables  an  easier  rearrangement  of  amorphous  chains  to
form II.  Therefore,  compared to  the decay of  form II,  a  faster
yielding  of  form  I  is  observed,  and  a  slight  increase  in  crys-
tallinity of form I is found, particularly at low temperature.

CONCLUSIONS

In summary,  crystal  transition of iPB with 81 mol% mmmm se-
quence  concentration  was  studied  in  a  wide  range  of  tempe-
ratures by tracking the decay of form II and the yielding of form
I.  Different  annealing  temperatures  lead  to  different  yielding
rates of form I and decay rates of form II, particularly at the early
stage  of  transformation.  The  fast  transformation  rate  was  ob-
served at annealing temperatures of 10−35 °C in the first trans-
formation stage due to the synergistic effect of nucleation and
growth,  while  more  remnant  of  form  II  existed  at  higher  an-
nealing  temperatures  in  late  stage.  Owing  to  the  formation  of
form II crystals by recruiting the surrounding amorphous chains
arising from the short  isotactic  sequences  of iPB which locates
near  the  crystal  lamella,  a  higher  yielding  rate  of  form  I  is  ob-
served  compared  to  the  decay  rate  of  form  II.  Meanwhile,  an
increase in the crystallinity of form I after crystal transformation
is also found and its lamellar thickness increases with the tem-
perature increased.
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Fig.  7    (a)  Temperature dependencies  of  selected one-dimensional
scattering  intensity  distribution  profiles,  (b)  the  resultant  correlation
function  curves,  and  (c)  long  spacing dac,  crystalline  lamellae  thick-
ness dc,  and amorphous layer thickness da of form I at different tem-
peratures ranging from 0 °C to 50 °C for 65 days of transformation.
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