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Abstract   In  the present  work,  a  series  of  poly(ethylene glycol)  grafted polybutene-1 copolymers  (PB-g-PEG)  were designed and successfully

synthesized with reaction intermediate method, of which the branch densities and length could be tuned independently.  The branch density

varied from 0.39 mol% to 1.23 mol% and the branch length was tuned by employing PEG number-averaged molecular weight (Mn) from 350 Da

to 750 Da and 1000 Da. The non-isothermal crystallization and phase transition behaviors of these butene-1 copolymers with varying branches

were  systematically  explored  by  differential  scanning  calorimeter.  The  results  first  showed  that  compared  with  the  linear  polybutene-1

homopolymer,  presence of  steric  4-[4-(trimethylsilylalkynyl)-phenyl]-1-butene (TMS)  groups suppressed crystallization and phase transition of

copolymers.  Interestingly,  the  introduction  of  long  poly(ethylene  glycol)  (PEG)  branches  with Mn=350−1000  Da  not  only  elevated  the  peak

temperature  of  the  non-isothermal  crystallization  but  also  enhanced  the  II-I  phase  transition,  with  respect  to  copolymers  with  TMS  groups.

Furthermore, the quantitative correlations between phase transition kinetics with the branch parameters (density and length) were explored. It

was found that the phase transition presents a non-monotonic trend with increasing branch density and branch length. In this case, the optimal

branch  density  and  length  obtained  were  0.77  mol%  and  750  Da,  respectively.  Employing  the  small  angle  X-ray  scattering  and  transmission

electron microscopy, a direct correlation between the phase transition kinetics and the long periodicity of separated phase was obtained, which

may be due to the increased internal stress and facilitated stress transport.
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INTRODUCTION

Isotactic  polybutene-1  (PB-1)  is  one  class  of  interesting
polymorphic macromolecules, which can crystallize into various
crystallites,  including  trigonal  phase,  tetragonal  phase,  and
orthorhombic  phase.[1−7] Because  of  the  kinetic  reason,
amorphous  PB-1  melt  prefers  to  crystallize  into  the  tetragonal
modification  of  form  II  under  the  customary  conditions.[8,9]

However,  the  obtained  tetragonal  phase  is  thermodynamically
metastable  and  often  spontaneously  transforms  into  the  most
stable trigonal phase form I.[10−15] Thus, the kinetics of II-I phase
transition process has an important influence on obtaining the
ultimate product of stable form I crystallites, which possess the
elevated  melting  temperature  and  good  mechanical
properties.[16−21]

There are various physical and chemical methods reported
to regulate II-I phase transitions, such as incorporation of de-
signed  structural  co-units,  application  of  mechanical  stress,
and the stepwise thermal annealing.[11,22−29] It was found that

the introduction of structural co-units is one robust approach
to regulate the kinetics of  phase transition,  which is  strongly
dependent  on  the  designed  macromolecular  architec-
tures.[16,22,30,31] The α-olefins  provide  the  suitable  copolyme-
rization  co-monomers  to  introduce  the  well-defined  linear
branches.  As the α-olefin co-monomers of no more than five
carbon  atoms,  including  ethylene,  propylene  and  pentene,
were  randomly  copolymerized  into  the  main  chain  of  poly-
butene-1,  the  obtained  copolymers  showed  the  significantly
accelerated phase transition.[31−35] In addition, those cyclic co-
units are also able to largely affect the phase transition kine-
tics, depending on their sizes and locations incorporated into
main chain.[24,32,36,37]

It is known that II-I phase transition follows the nucleation-
growth  pathway,  of  which  the  former  nucleation  process  is
the  rate-determining  step.  For  semicrystalline  PB-1,  the  crys-
talline  and  amorphous  components  have  different  thermal
expansion  behaviors,  so  the  cooling  post  to  crystallization
generates the internal stress and consequently triggers nucle-
ation  of  the  transformed  form  I  within  the  original  form  II.
Thus, the external stress implemented by mechanical deform-
ation obviously accelerates phase transition. Liu et al. showed
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that  tensile  deformation  at  low  temperatures  can  facilitate
the contraction of interhelix and interplanar distance of (110)
crystal  planes,  thereby  accelerating  II-I  phase  transition.[38]

Zheng et al. demonstrated that the component stress perpen-
dicular  to the c-axis  is  the key to enhancing phase transition
in  1-butene/4-methyl-1-pentene  copolymers.[16] Shi et  al.
studied  the  phase  transition  under  the  nano-scale  confine-
ment  condition  by  the  anodic  aluminum  oxide  (AAO)  tem-
plates.[39,40] A  large  mismatch  exists  in  thermal  expansion
between  PB-1  and  AAO  templates,  while  the  resulting  pro-
nounced  internal  stresses  promote  the  nucleation  of  form  I,
leading  to  the  accelerated  II-I  phase  transition.  On  the  other
hand,  phase  transition  was  accelerated  by  enhancing  the
transport of internal stress into lamellar crystallites. Qiao et al.
systematically  studied the phase transition in  PB-1  with  vari-
ous  molecular  weights  and  crystallite  sizes.[2] It  was  clearly
demonstrated  that  the  intercrystalline  links  play  the  crucial
role in transporting internal stress to form II  crystallites to be
transformed.  Then,  An et  al.  synthesized  the  polybutene-1
ionomers to induce the long-chain branch and ionic function-
al  groups.  The results  showed that  the  ion aggregates  acted
as the additional physical cross-links and enhanced the trans-
port  of  internal  stress  to  crystallites,  leading  to  the  signific-
antly promoted II-I phase transition.[41,42]

On the other hand, the presence of secondary co-units of-
ten  decreases  the  regularity  of  main  chain  and  shortens  the
average length of the crystallizable sequences, decreasing the
crystallization rate of copolymers. To prevent a significant de-
crease in crystallization kinetics,  it  was also reported that the
introduction of branched structure may accelerate the crystal-
lization.[43−45] Takamura et  al.  reported  that  the  long  chain-
branched  poly(L-lactide)  exhibited  a  much  raised  nucleation
density.[46] Wang et al.  also found that for poly(L-lactide),  the
introduction  of  branched  structure  can  shorten  the  nucle-
ation  induction  period  and  enhance  the  crystallization  kine-
tics.[44,47] In previous work, the crystallization and phase tran-
sition  behaviors  were  studied  for  the  poly(ethylene  glycol)
grafted  polybutene-1  copolymers.[48] The  presence  of
poly(ethylene glycol) (PEG) branches within molecular weight
from 750 Da to 4000 Da increased the crystallization kinetics
of  copolymers,  but  how  II-I  phase  transition  rate  varied  was
dependent on the length of PEG branch. The quantitative res-
ults  showed  that  the  relatively  short  PEG  branches  with  the
number-averaged  molecular  weight Mn=750  Da  accelerated
phase  transition,  whereas  the  too  long  PEG  branches  with
Mn=4000 Da caused a slower phase transition with respect to
PB-1 homopolymer.[48]

In this work,  the polyethylene glycol  grafted polybutene-1
copolymers were prepared by reaction intermediate method,
and  various  PEG  branches  were  successfully  introduced  into
the  polybutene-1  main  chain.  First  of  all,  the  incorporation
was  varied  within  0.39  mol%−1.23  mol%,  which  determines
the  density  of  branches  introduced.  And  the  branch  length
can be tuned by varying the PEG molecular weight, which in-
cludes the Mn=350, 750 and 1000 Da. The results showed that
the  TMS  groups  slow  down  the  crystallization,  whereas  the
PEG  branches  enhance  crystallization  and  elevate  the  peak
temperature  of  non-isothermal  crystallization.  More  import-
antly,  presence of PEG branches significantly accelerated the
solid  II-I  phase  transition.  It  was  found  that  the  phase  tran-
sition  kinetics  exhibits  the  non-monotonic  dependence  on
the  graft  density  and  branch  length.  Based  on  these  results,
the  optimal  density  and  length  of  branches  could  be  ob-
tained  for  the  design  of  macromolecular  architecture,  in  or-
der to most effectively accelerate the II-I phase transition.

EXPERIMENTAL

Materials
The  materials  studied  in  this  work  include  polybutene-1
homopolymer,  1-butene/4-[4-(trimethylsilylalkynyl)-phenyl]-1-
butene  copolymers  (PB-TMS)  with  the  steric  side  groups,  and
polyethylene  glycol  grafted  polybutene-1  copolymers  (PB-g-
PEG)  with  PEG  branch.  First  of  all,  {Me2Si(2,5-Me2-3-(2-
MePh)cyclopento[2,3-b]thiophen-6-yl)2}ZrCl2/[Ph3C][B(C6F5)4]
catalytic  system was employed to copolymerize  1-butene with
4-[4-(trimethylsilylalkynyl)-phenyl]-1-butene  (Ph-TMS),  where
the  obtained  copolymers  was  referred  to  PB-TMS,  see Fig.  1.
Then,  the  tetrabutylammonium  was  used  as  the  catalyst  to
remove  trimethylsilyl  from  the  PB-TMS  copolymers,  and  the
azido-terminated  poly(ethylene  glycol)  was  grafted  onto  the
copolymers  by  the  copper(b)  bromide/pentamethyldiethyl
catalytic  system.  The  methoxy  poly(ethylene  glycol)  is  used  as
the  grafting  co-units  to  prevent  crosslinking.  In  this  way,  the
incorporation of branches in PB-g-PEG copolymers is equivalent
to that of PB-TMS copolymers, so the density of PEG graft could
be regulated by the incorporation degree of  the initial  Ph-TMS
co-units. In this work, the incorporation of TMS groups and PEG
branches varied within the range of 0.39 mol%−1.23 mol%. On
the  other  hand,  the  molecular  weight  (Mn)  of  PEG  was  also
varied from 350 Da to 750 Da and 1000 Da,  in order to further
tune  the  branch  length  in  PB-g-PEG  copolymers.  The
copolymerization  methods  have  been  described  in  detail
previously.[48−51]
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Fig. 1    (a) Synthesis route to PB-g-PEG copolymers; (b) The PB-g-PEG copolymers were prepared with different graft densities and graft lengths.
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The  incorporation  of  Ph-TMS  co-units  and  degree  of  PEG
grafting  were  determined  by  high  temperature 1H  nuclear
magnetic resonance (Bruker 400 MHz spectrometer). The mo-
lecular  weight and distribution were measured by high tem-
perature  gel  permeation  chromatography  (PL-GPC  220).  The
molecular properties of the polymers studied in this work are
given in Table 1.
 
Table  1    Molecular  properties  of  PB-1  homopolymer  and  PB-TMS
copolymers.

Sample Incorporation of
Ph-TMS (mol%)

Mw (×103 Da) Mw/Mn

PB-1 0 534 2.8
PB0.39-TMS 0.39 466 2.6
PB0.77-TMS 0.77 340 2.7
PB1.23-TMS 1.23 438 2.7

 
 

Differential  scanning  calorimetry  (DSC)  measurements
were carried out with DSC Q20 (TA Instrument) under a nitro-
gen  atmosphere.  The  nitrogen  flow  was  kept  constant  at  50
mL/min. The temperature of DSC was calibrated with indium.
The samples were first annealed at 180 °C for 10 min to erase
the thermal history and then cooled at 10 °C/min to allow the
completion  of  non-isothermal  crystallization.  The  obtained
tetragonal  form  II  was  aged  at  25  °C  to  transform  into  the
thermodynamically stable trigonal form I. After various aging
durations  were  designed,  polymers  were  heated  again  at  5
°C/min to examine the degree of II-I phase transition.

Fourier  transform  infrared  spectroscopy  (FTIR)  measure-
ments were performed by the IRTracer 100 (Shimadzu Instru-
ment) with a resolution of 4 cm−1. The spectra were acquired
by co-adding 45 scans.

Transmission  electron  microscopy  (TEM)  measurements
were conducted using a JEOL 2100plus transmission electron
microscope  operated  at  acceleration  voltage  of  200  kV.  The
samples dissolved into toluene and mixed with a tetrahydro-
furan  solution  of  gold  nanoparticles  with  4-mercaptophenol
ligands.  The  mixed  solution  was  applied  dropwise  on  a  cop-
per  mesh  and  left  at  room  temperature  for  6  h  to  allow  the
solvent to volatilize. The strong hydrogen bond interaction al-
lows  gold  nanoparticles  to  be  selectively  incorporated  into
the  PEG  phase,  which  facilitates  the  identification  of  polyb-
utene-1 phase and PEG phase.[52]

The  small-angle  X-ray  scattering  (SAXS)  measurements
were  performed  with  Xeuss  2.0  X-ray  diffractometer.  The  X-
ray  wavelength  was  0.154  nm  and  the  distance  from  the
sample to the detector was 2460 mm. For each SAXS pattern,
the exposure time was 600 s. The periodicity of phase separa-
tion  was  determined  from qmax of  SAXS  curves  according  to
Bragg's law.

RESULTS AND DISCUSSION

Influence of Steric TMS Branch on Melt Crystallization
and Phase Transition
Fig. 2(a) shows the 1H-NMR spectra of the prepared copolymers.
The  characteristic  signal  peak  at  0.38  ppm  belongs  to
trimethylsilyl, while those observed at 7.23 and 7.47 ppm come
from  phenyl.  These  results  demonstrate  the  successful
incorporation  of  Ph-TMS  co-units  into  polybutene-1
copolymers.  The  influences  of  these  incorporated  TMS  groups

on  the  crystallization  of  amorphous  melt  and  the  phase
transition of tetragonal form II into form I was studied. First of all,
it  was  seen  that  presence  of  TMS  groups  reduces  the  peak
temperature  of  cooling  crystallization  (Fig.  2b).  The  WAXD
results  demonstrated  that  there  were  only  the  tetragonal
crystallites, i.e., form II, generated in the cooling crystallization of
Ph-TMS  copolymers  (Fig.  2c).  Then,  these  kinetically  favored
form II  may transform into the more thermodynamically stable
trigonal form I spontaneously.

The DSC measurements were utilized to investigate the sol-
id  phase  transition  from  form  II  to  form  I  at  room  temperat-
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Fig.  2    (a) 1H-NMR  spectra,  (b)  DSC  cooling  curves,  and  (c)  one-
dimensional WAXD curves of PB-TMS copolymers.
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ure. From Fig. 3(a), it can be seen that during aging, an addi-
tional melting peak started to appear at 125 °C in PB-1 homo-
polymer, which was much higher than that of form II (113 °C)
and corresponded to the appearance of transformed trigonal
form  I.  As  aging  proceeds  at  25  °C,  the  melting  enthalpy  of
form  I  increases,  whereas  that  of  form  II  decreases  signifi-
cantly. The II-I transition seemed to reach the plateau state at
an  aging  time  of  around  164  h,  where  the  crystallites  were
nearly  pure  form  I  transformed.  On  the  other  hand,  the  II-I
phase  transition  also  happened  in  the  copolymers  with  Ph-

TMS  co-units,  as  demonstrated  by  the  results  of  PB0.77-TMS
as the representative (Fig. 3b). However, transition kinetics of
PB0.77-TMS is quite slow compared with above PB-1. The pro-
nounced melting peak of form II at 103 °C indicated that there
was  a  large  amount  of  form  II  crystallites  survived,  even  the
aging duration lasted as long as 288 h.

fI =
ΔHI/ΔHI,ideal(ΔHI/ΔHI,ideal) + (ΔHII/ΔHII,ideal) ΔHI ΔHII

ΔHI,ideal ΔHII,ideal

In  order  to  assess  the  transition  kinetics,  the  quantitative
fraction  of  transformed  form  I  were  assessed  by

,  where  and  are

melting enthalpies  of  form  I  and  form  II,  respectively. In  this
equation,  and  are the ideal (100% crystallite)
melting enthalpies of form I and form II, respectively.[26,30] Fig.
3(c) presents the fraction of form I for PB-1 and all PB-TMS co-
polymers  with  0.39  mol%−1.23  mol%  co-units.  In  PB-1, fI

reached 7.6  % at  the aging time of  10 h  and reached a  plat-
eau value of about 75 % after aging for 216 h. For PB0.39-TMS
copolymer, fI was only 3.1% after aging for 10 h, which indic-
ates that a low incorporation of 0.39 mol% can obviously slow
down  the  phase  transition.  When  the  incorporation  of  Ph-
TMS co-unit was increased to 1.23 mol%, II-I  phase transition
cannot occur within 10 h and led to a low fI of only 16.9% for
288 h. It is clear that the presence of Ph-TMS co-units largely
suppresses the solid phase transition of form II into form I. Al-
though the PB-TMS copolymers have the lower crystallization
temperature  than  PB-1,  corresponding  to  the  decreased  dif-
ference  between  the  crystallization  temperature  and  the
phase  transition  temperature,  their  suppressed  phase  trans-
itions are mainly associated to the steric effect of Ph-TMS co-
units, consistent with previous reports.[16,22]

Influence of Long PEG Branch on Melt Crystallization
Fig. 4(a) gives 1H-NMR spectra of PB-g-PEG copolymers with 0.77
mol% branches as the representative. It can be clearly seen that
the  absence  of  signal  at  0.38  ppm,  demonstrating  that  the
trimethylsilyl groups were completely removed. The methylene
signal  of  PEG  was  observed  at  3.76  ppm,  indicating  that  PB-g-
PEG  copolymers  were  successfully  prepared.  The  excess  azido-
terminated  poly(ethylene  glycol)  co-units  were  used  and  react
at  70  °C  for  12  h  to  ensure  complete  grafting.  Moreover,  the
intensity  increase  of  signal  at  3.76  ppm  is  consistent  with  the
increase  of  the  molecular  weight  of  PEG branches.  FTIR  results
show  that  the  signal  at  2160  cm−1 belonging  to  the  alkyne
groups is absent in PB-g-PEG copolymers (Fig. 4b). The influence
of  PEG  branches  on  melt  crystallization  was  examined
employing the identical cooling rate of 10 °C/min. Interestingly,
DSC results  of Fig.  4(c)  present  that  PB-g-PEG copolymers  with
PEG  branches  have  the  much  higher  non-isothermal
crystallization  temperature Tc,cooling than  PB-TMS  copolymers,
although  their  incorporations  were  the  same. Fig.  4(d)
summarizes the Tc,cooling values for all PB-g-PEG copolymers with
branch densities  of  0.39  mol%−1.23 mol% and branch lengths
of Mn(PEG)=350−1000  Da.  It  is  seen  that  with  respect  to  TMS
side  group,  the  PEG  branches  significantly  elevate  the  peak
temperatures  of  non-isothermal  crystallization  for  the  whole
graft density range of 0.39 mol%−1.23 mol%. At the same time,
it  was  found  that  the  peak  temperatures  of  non-isothermal
crystallization  in  PB0.39-g-PEG350  and  PB0.39-g-PEG750  are
even higher than that of PB-1 homopolymer.
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Fig.  3     DSC  heating  curves  of  (a)  PB-1  and  (b)  PB0.77-TMS  after
aging  at  the  room  temperature  for  various  durations;  (c)  The
corresponding  quantified  fraction  of  transformed  form  I  in  total
crystallites after aging at the room temperature.
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Influences of PEG Branch Length and Density on Solid
Phase Transition
Similar  with  above  PB-TMS  copolymers,  all  PB-g-PEG
copolymers  crystallize  into  the  tetragonal  form  II  with  cooling.
Taking  the  copolymers  with  graft  density  of  0.77  mol%  as  the
representative, Fig.  5(a)  shows  the  correlation  between  the
branch structure and II-I  phase transition kinetics.  These results
demonstrate that for the same incorporation of 0.77 mol%, PB-
g-PEG  copolymers  have  much  faster  phase  transition  than  PB-
TMS,  irrespective  of  PEG  length  within  350−1000  Da.  The fI

values  at  an  aging  time  of  100  h  were  taken  to  represent  the
phase  transition  kinetics  and  its  dependence  on  the  length  of
PEG  grafts  was  explored.  From Fig.  5(b),  it  can  be  seen  that
although PEG branches of 350−1000 Da length were all able to
make phase transition faster than TMS groups, there was a non-
monotonic  PEG  length  dependence  of  transition  rate  and  the
intermediate  PEG  length  of  750  Da  showed  the  maximum
accelerating effect in transition kinetics.

It  is  known  that  for  butene-1  copolymers,  the  linear  alkyl
branches containing more than 3 carbon atoms (correspond-
ing to the linear α-olefin comonomers with >5 carbon atoms),
which was introduced by copolymerizing α-olefin larger than
1-pentene  as  the  secondary  co-monomers,  suppress  the
phase transition of form II into form I.[22,32,36] This is consistent
with our observation that PB0.77-TMS exhibits a much slower

II-I phase transition than PB-1 homopolymer. What is more in-
terestingly is that after PEG350 branches were introduced, II-I
phase  transition  was  significantly  accelerated  in  copolymer
PB0.77-g-PEG350, which becomes even faster than that of PB-
1.  Note  that  this  phase  transition  can  be  further  accelerated
with increasing graft length into Mn(PEG)=750 Da in PB0.77-g-
PEG750,  which  however  decreases  in  PB0.77-g-PEG1000.  It
was  suggested  that  the  optimal  PEG  length  of  intermediate
750  Da  leads  to  the  maximum  transition  rate.  Such  optimal
PEG length of 750 Da, corresponding to the maximum trans-
ition,  was  also  observed  in  the  other  two  PB-g-PEG  copoly-
mers with branch densities of 0.39 and 1.23 mol%, as shown
in Fig. 6.

Furthermore,  the results  of Fig.  6 also present the quantit-
ative dependence of transition on the branch densities.  With
the fixed branch length of Mn(PEG)=750 Da,  another  maxim-
um  rate  of  copolymers  was  found  with  the  intermediate  in-
corporation  of  0.77  mol%,  although  PB-TMS  copolymers  ex-
hibit the monotonically slowed II-I  transition kinetics with in-
creasing  the  incorporation  degree  from  0.39  mol%  to  1.23
mol%.  It  was  implied  that  within  the  branch  density  range
from 0.39 mol% to 1.23 mol%, there was the optimal branch
density of 0.77 mol% for the fastest II-I phase transition.

It is known that the phase transition is strongly dependent
on the internal stress caused by the various different thermal
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Fig. 4    (a) 1H-NMR spectra, (b) FTIR spectra and (c) DSC cooling curves of PB-TMS and PB-g-PEG copolymers with 0.77 mol% co-units;
(d) The Tc,cooling values of all PB-g-PEG copolymers with graft densities of 0.39 mol%−1.23 mol% and graft lengths of Mn(PEG)=350−1000 Da.
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expansion  coefficients  between  crystalline  and  amorphous

PB-1,  which  are  1.2×10−4−1.4×10−4 and  2.2×10−4−2.6×10−4

ºC−1,  respectively.[39] This  means  that  in  PB-1  homopolymer,

the internal stress is associated with different thermal expan-

sions between crystallite and amorphous regions, and intern-
al stress cannot be generated until the start of cooling crystal-
lization, where the onset temperature of non-isothermal crys-
tallization was 84 °C in PB-1. Differently, PEG branches have a
large thermal expansion coefficient over 7×10−4 °C−1.[53,54] On
one  hand,  irrespective  of  whether  PB-1  is  crystalline  or
amorphous,  the  thermal  expansion  coefficient  difference
between  phases  of  PEG  and  PB-1  is  much  larger  than  that
between  the  crystalline  and  amorphous  regions  of  PB-1.  On
the other hand, the internal stress may start to be generated
since  the  high  temperature,  at  which  phase  separation  hap-
pens, i.e.,  180  °C  in  PB-g-PEG  copolymers,  much  higher  than
the aforementioned 84 °C in PB-1. Thus, the internal stress in
PB-g-PEG copolymers seems much larger than that of PB-1.

The PB-1 main chains and polar PEG branches tend to sep-
arate  into  different  phases,  because  of  their  immiscibility.
Considering  the  fact  that  PEG  branches  are  covalently  con-
nected with PB-1 main chain, these branch points are mainly
located  on  the  interface  between  PB-1  and  PEG  phases,  and
they  are  likely  to  act  as  the  interphase  links  to  facilitate  the
transport  of  internal  stress.  The  small  angle  X-ray  scattering
experiments  were  performed  to  characterize  the  potential
phase  separation  in  PB-g-PEG  copolymers.  Only  some  PB-g-
PEG  copolymers  with  graft  densities  of  0.77  mol%  and  1.23
mol% could  show the distinct  SAXS signals  of  phase  separa-
tion.  Note that  these copolymers with distinct  phase separa-
tion  correspond  to  the  significantly  accelerated  phase  trans-
ition.  Combining  the  SAXS  and  TEM  characterizations,  the
periodicity of the separated phases was determined and plot-
ted as the variant for the phase transition kinetics, see Fig. 7.
These  results  suggested  a  direct  correlation  between  the  II-I
transition  kinetics  and  the  periodicity  of  separated  phases,
where the smaller  phase periodicity  is  more beneficial  to ac-
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Fig. 5    (a) The II-I  phase transition kinetics of PB-TMS and PB-g-PEG
with  different  PEG  lengths  at  the  room  temperature.  The
incorporation  was  0.77  mol%.  (b)  The  form  I  fraction  of  copolymers
with  0.77  mol% co-units  after  aging at  room temperature  for  100 h.
(The gray dotted line indicates the form I fraction of PB-1)

1.0

0.8

0.6

0.4

f I

0.2

0

0.39
0.77

Incorporation (mol%)
1.23

TMS
PEG350

PEG750
PEG1000

 
Fig.  6    The  fraction  of  transformed  form  I  in  total  crystallites  in
copolymers grafted with different densities and lengths of PEG grafts,
after aging at the room temperature for 100 h.
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Fig.  7    (a)  The  correlation  plot  of  transformed  form  I, fI,  with  the
periodicity  of  separated phases;  (b)  Typical  TEM images of  PB-g-PEG
copolymers.
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celerating  II-I  transition.  This  probably  associated  with  the
reason  that  the  separated  phases  with  the  small  periodicity
have  the  relatively  large  interface,  where  those  branching
points connected two phases could facilitate the transport of
internal stress to trigger the form I nucleation.

CONCLUSIONS

The  post-metallocene  catalytic  system  was  employed  to
copolymerize butene-1 with 4-[4-(trimethylsilylalkynyl)-phenyl]-
1-butene (Ph-TMS) to introduce the steric TMS groups into the
isotactic  polybutene-1  main  chain.  Subsequently,  by  reaction
intermediate  method,  the  polyethylene  glycol  branches  were
introduced by replacing trimethylsilyl with the azido-terminated
polyethylene glycol. In this way, a series of poly(ethylene glycol)
grafted polybutene-1 copolymers (PB-g-PEG) were prepared as
the  model  materials  to  investigate  the  relation  between  the
phase transition and the macromolecular architecture. For these
PB-g-PEG copolymers  studied in  this  work,  branch density  was
controlled by varying the incorporation from 0.39 mol% to 1.23
mol%,  while  the  branch  length  was  tuned  by  changing  PEG
molecular  weight  within  350−1000  Da.  The  DSC  results  show
that  the  introduction  of  poly(ethylene  glycol)  can  cause  the
crystallization much faster than the steric TMS groups, although
their  incorporations  were  the  same.  More  interestingly,  the  II-I
phase  transition  of  copolymers  PB-g-PEG  with  PEG  branches,
have  the  much  faster  phase  transition  from  tetragonal  phase
into trigonal  phase than PB-TMS.  Quantitatively,  the kinetics  of
II-I  phase  transition  is  strongly  dependent  on  both  of  branch
density and length. As branch density was increased from 0.39
mol%  to  1.23  mol%,  the  fastest  transition  kinetics  was  found
with the intermediate 0.77 mol% branches. On the other hand,
when  PEG  branch  length  was  increased  from Mn=350  Da  to
Mn=1000 Da, the optimal PEG branch of Mn=750 Da showed the
maximum  fraction  of  transformed  form  I  for  the  fixed  aging
durations.  These  results  clearly  established  the  quantitative
correlation  between  II-I  phase  transition  with  the  PEG  branch
density and length.

NOTES

The authors declare no competing financial interest.

 Electronic Supplementary Information
Electronic  supplementary  information  (ESI)  is  available  free  of
charge  in  the  online  version  of  this  article  at http://doi.org/
10.1007/s10118-022-2850-x.

ACKNOWLEDGMENTS

This  work  was  financially  supported  by  the  National  Natural
Science Foundation of China (Nos. 52022065 and 51873151).

REFERENCES

De  Rosa,  C.;  Auriemma,  F.;  Malafronte,  A.;  Scoti,  M. Crystal
structures  and  polymorphism  of  polymers:  influence  of  defects

1

and disorder. Polym. Crystal. 2018, 1, e10015.
Qiao, Y.; Men, Y. Intercrystalline links determined kinetics of form
II  to  I  polymorphic  transition  in  polybutene-1. Macromolecules
2017, 50, 5490−5497.

2

De  Rosa,  C.;  Scoti,  M.;  Di  Girolamo,  R.;  de  Ballesteros,  O.;
Auriemma, F.; Malafronte, A. Polymorphism in polymers: a tool to
tailor material's properties. Polym. Crystal. 2020, 3, e10101.

3

Azzurri,  F.;  Flores,  A.;  Alfonso,  G.  C.;  Baltá  Calleja,  F.  J.
Polymorphism  of  isotactic  poly(1-butene)  as  revealed  by
microindentation  hardness.  1. Kinetics  of  the  transformation.
Macromolecules 2002, 35, 9069−9073.

4

Goldbach,  G.;  Peitscher,  G. Infrared  investigations  of  the
polymorphic modifications of polybutene-1. J.  Polym. Sci.,  Part B:
Polym. Phys. 1968, 6, 783−788.

5

Wang,  Y.;  Liu,  P.;  Lu,  Y.;  Men,  Y. Mechanism  of  polymorph
selection  during  crystallization  of  random  butene-1/ethylene
copolymer. Chinese J. Polym. Sci. 2016, 34, 1014−1020.

6

Zhong,  Z.;  Ge,  H.;  Su,  Z. Direct  formation  of  form  I'  crystals  in
polybutene-1/polypropylene  blend  enhanced  by  cold
crystallization. Polymer 2018, 156, 30−38.

7

Yamashita,  M. Direct  crystal  growth  of  isotactic  polybutene-1
trigonal  phase  in  the  melt: in-situ observation. J.  Cryst.  Growth
2008, 310, 1739−1743.

8

Qv, C.; Li, W.; Zhao, R.; Ma, Z. Memory effect of crystallization in 1-
butene/α-olefin  copolymers. Chinese  J.  Polym.  Sci. 2022, 40,
576−583.

9

Qiao, Y.; Yang, F.; Lu, Y.; Liu, P.; Li, Y.; Men, Y. Spontaneous form II
to  I  transition  in  low  molar  mass  polybutene-1  at  crystallization
temperature reveals stabilization role of intercrystalline links and
entanglements  for  metastable  form  II  crystals. Macromolecules
2018, 51, 8298−8305.

10

Su, F.; Li, X.; Zhou, W.; Chen, W.; Li, H.; Cong, Y.; Hong, Z.; Qi, Z.; Li,
L. Accelerating  crystal-crystal  transition  in  poly(1-butene)  with
two-step  crystallization:  an in-situ microscopic  infrared  imaging
and  microbeam  X-ray  diffraction  study. Polymer 2013, 54,
3408−3416.

11

Azzurri,  F.;  Alfonso,  G.;  Gómez,  M.;  Martì,  M.;  Ellis,  G.;  Marco,  C.
Polymorphic  transformation  in  isotactic  1-butene/ethylene
copolymers. Macromolecules 2004, 37, 3755−3762.

12

Zhang,  J.;  Liu,  C.;  Zhao,  X.;  Zhang,  Z.;  Chen,  Q. Formation  of
fibrillar  crystals  strongly  accelerates  the  form  II  to  I
transformation  of  polybutene-1. Soft  Matter 2020, 16,
4955−4960.

13

Wang, B.; He, K.; Lu, Y.; Zhou, Y.; Chen, J.; Shen, C.; Chen, J.; Men,
Y.;  Zhang,  B. Nucleation mechanism for form II  to I  polymorphic
transformation  in  polybutene-1. Macromolecules 2020, 53,
6476−6485.

14

Hu,  J.;  Tashiro,  K. Time-resolved imaging of  the phase transition
in  the  melt-grown  spherulites  of  isotactic  polybutene-1  as
detected  by  the  two-dimensional  polarized  IR  imaging
technique. J. Phys. Chem. B 2016, 120, 4689−4698.

15

Zheng, L.; Liu, L.; Shao, C.; Wang, W.; Wang, B.; Pan, L.; Li, Y.; Ma, Z.
Phase  transition  from  tetragonal  form  II  to  hexagonal  form  I  of
butene-1/4-methyl-1-pentene  random  copolymers:  molecular
factor  versus  stretching  stimuli. Macromolecules 2019, 52,
1188−1199.

16

Luciani,  L.;  Seppälä,  J.;  Löfgren,  B. Poly1-butene:  its  preparation,
properties and challenges. Pro. Polym. Sci. 1988, 13, 37−62.

17

Shao,  H.;  Ma,  Y.;  Nie,  H.;  He,  A. Solvent vapor annealing induced
polymorphic  transformation  of  polybutene-1. Chinese  J.  Polym.
Sci. 2016, 34, 1141−1149.

18

Zhen,  Z.;  Xin,  C.;  Chuang,  Z.;  Tai,  L. C.;  Zhen,  W.;  Ping,  L.
Polymorphic  transition  of  pre-oriented  polybutene-1  under
tensile deformation: in situ FTIR study. Chinese J. Polym. Sci. 2020,
38, 888−897.

19

420 Lou, Y. H. et al. / Chinese J. Polym. Sci. 2023, 41, 414–421  

 
https://doi.org/10.1007/s10118-022-2850-x

 

https://doi.org/10.1007/s10118-022-2850-x
https://doi.org/10.1007/s10118-022-2850-x
http://dx.doi.org/10.1021/acs.macromol.7b00771
http://dx.doi.org/10.1021/ma021005e
http://dx.doi.org/10.1002/pol.1968.160060412
http://dx.doi.org/10.1002/pol.1968.160060412
http://dx.doi.org/10.1007/s10118-016-1802-8
http://dx.doi.org/10.1016/j.polymer.2018.09.058
http://dx.doi.org/10.1016/j.jcrysgro.2007.11.220
http://dx.doi.org/10.1007/s10118-022-2660-1
http://dx.doi.org/10.1021/acs.macromol.8b01795
http://dx.doi.org/10.1016/j.polymer.2013.04.046
http://dx.doi.org/10.1021/ma0358327
http://dx.doi.org/10.1039/D0SM00572J
http://dx.doi.org/10.1021/acs.macromol.0c00885
http://dx.doi.org/10.1021/acs.jpcb.6b01229
http://dx.doi.org/10.1021/acs.macromol.8b02600
http://dx.doi.org/10.1016/0079-6700(88)90010-X
http://dx.doi.org/10.1007/s10118-016-1823-3
http://dx.doi.org/10.1007/s10118-016-1823-3
http://dx.doi.org/10.1007/s10118-020-2409-7
https://doi.org/10.1007/s10118-022-2850-x
https://doi.org/10.1007/s10118-022-2850-x
http://dx.doi.org/10.1021/acs.macromol.7b00771
http://dx.doi.org/10.1021/ma021005e
http://dx.doi.org/10.1002/pol.1968.160060412
http://dx.doi.org/10.1002/pol.1968.160060412
http://dx.doi.org/10.1007/s10118-016-1802-8
http://dx.doi.org/10.1016/j.polymer.2018.09.058
http://dx.doi.org/10.1016/j.jcrysgro.2007.11.220
http://dx.doi.org/10.1007/s10118-022-2660-1
http://dx.doi.org/10.1021/acs.macromol.8b01795
http://dx.doi.org/10.1016/j.polymer.2013.04.046
http://dx.doi.org/10.1021/ma0358327
http://dx.doi.org/10.1039/D0SM00572J
http://dx.doi.org/10.1021/acs.macromol.0c00885
http://dx.doi.org/10.1021/acs.jpcb.6b01229
http://dx.doi.org/10.1021/acs.macromol.8b02600
http://dx.doi.org/10.1016/0079-6700(88)90010-X
http://dx.doi.org/10.1007/s10118-016-1823-3
http://dx.doi.org/10.1007/s10118-016-1823-3
http://dx.doi.org/10.1007/s10118-020-2409-7
https://doi.org/10.1007/s10118-022-2850-x


Xin,  R.;  Zhang,  J.;  Sun,  X.;  Li,  H.;  Ren,  Z.;  Yan,  S. Polymorphic
behavior  and  phase  transition  of  poly(1-butene)  and  its
copolymers. Polymers 2018, 10, 556.

20

Wen,  H.;  Li,  H.;  Qiao,  P.;  Chen,  C.;  Jiang,  S. An  FTIR  and  X-ray
diffraction  study  of  the  crystal  phase  transition  in  isotactic
polybutene-1. Polym. Crystal. 2021, 4, e10200.

21

Turner  Jones,  A. Cocrystallization  in  copolymers  of α-olefins  II-
butene-1  copolymers  and  polybutene  type  II/I  crystal  phase
transition. Polymer 1966, 7, 23−59.

22

Cavallo,  D.;  Kanters,  M.  W.;  Caelers,  H.  M.;  Portale,  G.;  Govaert,  L.
Kinetics of the polymorphic transition in isotactic poly(1-butene)
under  uniaxial  extension.  New  insights  from  designed
mechanical histories. Macromolecules 2014, 47, 3033−3040.

23

He,  L.;  Wang,  B.;  Yang,  F.;  Li,  Y.;  Ma,  Z. Featured  crystallization
polymorphism  and  memory  effect  in  novel  butene-1/1,5-
hexadiene copolymers synthesized by post-metallocene hafnium
catalyst. Macromolecules 2016, 49, 6578−6589.

24

Li,  W.;  Liu,  L.;  Zheng,  L.;  Lou,  Y.;  Ma,  Z.;  Li,  Y. Interplay  between
macroscopic  stretching  and  microscopic  phase  transition
revealed  in  butene-1/1,5-hexadiene  random  copolymers.
Macromolecules 2020, 53, 2145−2156.

25

Qiao,  Y.;  Wang,  Q.;  Men,  Y. Kinetics  of  nucleation and growth of
form II to I polymorphic transition in polybutene-1 as revealed by
stepwise annealing. Macromolecules 2016, 49, 5126−5136.

26

Chen,  J.;  Wang,  B.;  Sun,  T.;  Xu,  J.;  Chen,  J.;  Zhang,  B.
Transformation  from  form  II  to  form  I  accelerated  by  oriented
lamellae in polybutene-1. Polymer 2019, 185, 121966.

27

Ji,  Y.;  Dong, B.;  Zhang, Y.;  Su, F.;  Shao, C.;  Liu, C. Investigation on
the  accelerating  effect  of  two-dimensional  boron  nitride  on  the
phase  transition  from  form  II  to  I  in  isotactic  polybutene-1.
Polymer 2022, 254, 125008.

28

Zhang,  X.;  Li,  Y.;  Sun,  Z. Acceleration  of  crystal  transformation
from  crystal  form  II  to  form  I  in  polybutene-1  induced  by
nanoparticles. Polymer 2018, 150, 119−129.

29

Lou, Y.; Liao, Y.; Pan, L.; Wang, B.; Li, Y.; Ma, Z. Effect of linear and
ring-like co-units on the temperature dependence of nucleation
and  growth  in  II-I  phase  transition  of  butene-1  copolymers.
Chinese J. Polym. Sci. 2018, 36, 1269−1276.

30

De  Rosa,  C.;  Auriemma,  F.;  Villani,  M.;  Ruiz  de  Ballesteros,  O.;  Di
Girolamo, R.; Tarallo, O.; Malafronte, A. Mechanical properties and
stress-induced  phase  transformations  of  metallocene  isotactic
poly(1-butene):  the  influence  of  stereodefects. Macromolecules
2014, 47, 1053−1064.

31

Tarallo,  O.;  Ruiz  de  Ballesteros,  O.;  Bellissimo,  A.;  Scoti,  M.;
Malafronte,  A.;  Auriemma,  F.;  De  Rosa,  C. Crystallization  and
mechanical  properties  of  metallocene  made  1-butene-pentene
and  1-butene-hexene  isotactic  copolymers. Polymer 2018, 158,
231−242.

32

Stolte,  I.;  Cavallo,  D.;  Alfonso,  G.;  Portale,  G.;  Drongelen,  M.;
Androsch,  R. Form  I′ crystal  formation  in  random  butene-
1/propylene  popolymers  as  revealed  by  real-time  X-ray
scattering  using  synchrotron  radiation  and  fast  scanning  chip
calorimetry. Eur. Polym. J. 2014, 60, 22−32.

33

Gianotti,  G.;  Capizzi,  A. Butene-1/propylene  copolymers.
influence  of  the  comonomerie  units  on  polymorphism. Die
Makromol. Chemie 1969, 124, 152−159.

34

Di Lorenzo,  M.;  Androsch,  R.;  Righetti,  M. The irreversible form II
to  form  I  transformation  in  random  butene-1/ethylene
copolymers. Eur. Polym. J. 2015, 67, 264−273.

35

De  Rosa,  C.;  Tarallo,  O.;  Auriemma,  F.;  Ruiz  de  Ballesteros,  O.;  Di
Girolamo,  R.;  Malafronte,  A. Crystallization  behavior  and
mechanical  properties of  copolymers of  isotactic poly(1-butene)
with  1-octene  from  metallocene  catalysts. Polymer 2015, 73,
156−169.

36

Liu,  L.;  Lou,  Y.;  Qv,  C.;  Ma,  Z.;  Li,  Y. Crystallization  and  phase37

transition  of  1-butene  copolymers  with  distinct  cyclic  co-units.
Chinese J. Chem. 2022, 40, 1429−1436.
Liu, Y.;  Cui, K.;  Tian, N.; Zhou, W.; Meng, L.;  Li,  L.;  Ma, Z.; Wang, X.
Stretch-induced  crystal-crystal  transition  of  polybutene-1:  an in
situ synchrotron  radiation  wide-angle  X-ray  scattering  study.
Macromolecules 2012, 45, 2764−2772.

38

Shi, G.; Wang, Z.; Wang, M.; Liu, G.; Cavallo, D.; Müller, A.; Wang, D.
Crystallization,  orientation,  and  solid–solid  crystal  transition  of
polybutene-1  confined  within  nanoporous  alumina.
Macromolecules 2020, 53, 6510−6518.

39

Liu,  G.;  Müller,  A.;  Wang,  D. Confined  crystallization  of  polymers
within nanopores. Acc. Chem. Res. 2021, 54, 3028−3038.

40

An,  C.;  Lou,  Y.;  Li,  Y.;  Wang,  B.;  Pan,  L.;  Ma,  Z.;  Li,  Y. Unusual  II-I
phase  transition  behavior  of  polybutene-1  ionomers  in  the
presence  of  long-chain  branch  and  ionic  functional  groups.
Macromolecules 2019, 52, 4634−4645.

41

Li,  T.;  Liu,  L.;  Lou,  Y.;  Li,  W.;  Ma,  G.;  Ma,  Z. Phase  transition  of
polybutene-1  ionomers:  influences  of  ion  content  and  branch
length. Polymer 2021, 227, 123861.

42

Fang,  H.;  Zhang,  Y.;  Bai,  J.;  Wang,  Z. Shear-induced  nucleation
and  morphological  evolution  for  bimodal  long  chain  branched
polylactide. Macromolecules 2013, 46, 6555−6565.

43

Bai,  J.;  Fang,  H.;  Zhang,  Y.;  Wang,  Z. Studies  on  crystallization
kinetics  of  bimodal  long  chain  branched  polylactides.
CrystEngComm 2014, 16, 2452−2461.

44

Martin,  O.;  Avérous,  L. Poly(lactic  acid):  plasticization  and
properties  of  biodegradable  multiphase  systems. Polymer 2001,
42, 6209−6219.

45

Takamura,  M.;  Sugimoto,  M.;  Kawaguchi,  S.;  Takahashi,  T.;
Koyama,  K. Influence  of  extrusion  temperature  on  molecular
architecture  and  crystallization  behavior  of  peroxide-induced
slightly  crosslinked  poly(L-lactide)  by  reactive  extrusion. J.  Appl.
Polym. Sci. 2012, 123, 1468−1478.

46

Wang, L.; Jing, X.; Cheng, H.; Hu, X.; Yang, L.; Huang, Y. Rheology
and  crystallization  of  long-chain  branched  poly(l-lactide)s  with
controlled  branch  length. Ind.  Eng.  Chem.  Res. 2012, 51,
10731−10741.

47

An,  C.;  Li,  Y.;  Lou,  Y.;  Song,  D.;  Wang,  B.;  Pan,  L.;  Ma,  Z.;  Li,  Y.
Thermal  analysis  of  crystallization  and  phase  transition  in  novel
polyethylene  glycol  grafted  butene-1  copolymers. Polymers
2019, 11, 837.

48

Ewen,  J.;  Elder,  M.;  Jones,  R.;  Rheingold,  A.;  Liable-Sands,  L.;
Sommer,  R. Chiral  ansa  metallocenes  with  Cp  ring-fused  to
thiophenes  and  pyrroles:  syntheses,  crystal  structures,  and
isotactic  polypropylene  catalysts. J.  Am.  Chem.  Soc. 2001, 123,
4763−4773.

49

Gao,  H.;  Matyjaszewski,  K. Synthesis  of  molecular  brushes  by
“grafting onto” method: combination of ATRP and click reactions.
J. Am. Chem. Soc. 2007, 129, 6633−6639.

50

Hong,  M.;  Liu,  J.;  Li,  B.;  Li,  Y. Facile  functionalization  of
Polyethylene via click  chemistry. Macromolecules 2011, 44,
5659−5665.

51

Song,  D.;  Li,  C.;  Colella,  N.;  Lu,  X.;  Lee,  J.;  Watkins,  J. Thermally
tunable  metallodielectric  photonic  crystals  from  the  self-
assembly of brush block copolymers and gold nanoparticles. Adv.
Opt. Mater. 2015, 3, 1169−1175.

52

Kacar,  G. Characterizing  the  structure  and properties  of  dry  and
wet  polyethylene  glycol  using  multi-scale  simulations. Phys.
Chem. Chem. Phys. 2018, 20, 12303−12311.

53

Wu, T.; Chen, B.; Hao, L.; Peng, Y.; Sun, I. W. Effect of temperature
on the physico-chemical properties of a room temperature ionic
liquid  (1-methyl-3-pentylimidazolium  hexafluorophosphate)
with  polyethylene  glycol  oligomer. Int.  J.  Mol.  Sci. 2011, 12,
2598−2617.

54

  Lou, Y. H. et al. / Chinese J. Polym. Sci. 2023, 41, 414–421 421

 
https://doi.org/10.1007/s10118-022-2850-x

 

http://dx.doi.org/10.3390/polym10050556
http://dx.doi.org/10.1016/S0032-3861(66)80015-0
http://dx.doi.org/10.1021/ma500281f
http://dx.doi.org/10.1021/acs.macromol.6b01457
http://dx.doi.org/10.1021/acs.macromol.9b02463
http://dx.doi.org/10.1021/acs.macromol.6b00862
http://dx.doi.org/10.1016/j.polymer.2019.121966
http://dx.doi.org/10.1016/j.polymer.2022.125008
http://dx.doi.org/10.1016/j.polymer.2018.07.022
http://dx.doi.org/10.1007/s10118-018-2135-6
http://dx.doi.org/10.1021/ma402239k
http://dx.doi.org/10.1016/j.polymer.2018.10.045
http://dx.doi.org/10.1016/j.eurpolymj.2014.08.011
http://dx.doi.org/10.1002/macp.1969.021240116
http://dx.doi.org/10.1002/macp.1969.021240116
http://dx.doi.org/10.1016/j.eurpolymj.2015.04.002
http://dx.doi.org/10.1016/j.polymer.2015.07.040
http://dx.doi.org/10.1002/cjoc.202200006
http://dx.doi.org/10.1021/ma2026513
http://dx.doi.org/10.1021/acs.macromol.0c01384
http://dx.doi.org/10.1021/acs.accounts.1c00242
http://dx.doi.org/10.1021/acs.macromol.9b00346
http://dx.doi.org/10.1016/j.polymer.2021.123861
http://dx.doi.org/10.1021/ma4012126
http://dx.doi.org/10.1039/c3ce42319k
http://dx.doi.org/10.1016/S0032-3861(01)00086-6
http://dx.doi.org/10.1002/app.34618
http://dx.doi.org/10.1002/app.34618
http://dx.doi.org/10.1021/ie300524j
http://dx.doi.org/10.3390/polym11050837
http://dx.doi.org/10.1021/ja004266h
http://dx.doi.org/10.1021/ja0711617
http://dx.doi.org/10.1021/ma2010537
http://dx.doi.org/10.1002/adom.201500116
http://dx.doi.org/10.1002/adom.201500116
http://dx.doi.org/10.1039/C8CP01802B
http://dx.doi.org/10.1039/C8CP01802B
http://dx.doi.org/10.3390/ijms12042598
http://dx.doi.org/10.3390/polym10050556
http://dx.doi.org/10.1016/S0032-3861(66)80015-0
http://dx.doi.org/10.1021/ma500281f
http://dx.doi.org/10.1021/acs.macromol.6b01457
http://dx.doi.org/10.1021/acs.macromol.9b02463
http://dx.doi.org/10.1021/acs.macromol.6b00862
http://dx.doi.org/10.1016/j.polymer.2019.121966
http://dx.doi.org/10.1016/j.polymer.2022.125008
http://dx.doi.org/10.1016/j.polymer.2018.07.022
http://dx.doi.org/10.1007/s10118-018-2135-6
http://dx.doi.org/10.1021/ma402239k
http://dx.doi.org/10.1016/j.polymer.2018.10.045
http://dx.doi.org/10.1016/j.eurpolymj.2014.08.011
http://dx.doi.org/10.1002/macp.1969.021240116
http://dx.doi.org/10.1002/macp.1969.021240116
http://dx.doi.org/10.1016/j.eurpolymj.2015.04.002
http://dx.doi.org/10.1016/j.polymer.2015.07.040
http://dx.doi.org/10.1002/cjoc.202200006
http://dx.doi.org/10.1021/ma2026513
http://dx.doi.org/10.1021/acs.macromol.0c01384
http://dx.doi.org/10.1021/acs.accounts.1c00242
http://dx.doi.org/10.1021/acs.macromol.9b00346
http://dx.doi.org/10.1016/j.polymer.2021.123861
http://dx.doi.org/10.1021/ma4012126
http://dx.doi.org/10.1039/c3ce42319k
http://dx.doi.org/10.1016/S0032-3861(01)00086-6
http://dx.doi.org/10.1002/app.34618
http://dx.doi.org/10.1002/app.34618
http://dx.doi.org/10.1021/ie300524j
http://dx.doi.org/10.3390/polym11050837
http://dx.doi.org/10.1021/ja004266h
http://dx.doi.org/10.1021/ja0711617
http://dx.doi.org/10.1021/ma2010537
http://dx.doi.org/10.1002/adom.201500116
http://dx.doi.org/10.1002/adom.201500116
http://dx.doi.org/10.1039/C8CP01802B
http://dx.doi.org/10.1039/C8CP01802B
http://dx.doi.org/10.3390/ijms12042598
http://dx.doi.org/10.3390/polym10050556
http://dx.doi.org/10.1016/S0032-3861(66)80015-0
http://dx.doi.org/10.1021/ma500281f
http://dx.doi.org/10.1021/acs.macromol.6b01457
http://dx.doi.org/10.1021/acs.macromol.9b02463
http://dx.doi.org/10.1021/acs.macromol.6b00862
http://dx.doi.org/10.1016/j.polymer.2019.121966
http://dx.doi.org/10.1016/j.polymer.2022.125008
http://dx.doi.org/10.1016/j.polymer.2018.07.022
http://dx.doi.org/10.1007/s10118-018-2135-6
http://dx.doi.org/10.1021/ma402239k
http://dx.doi.org/10.1016/j.polymer.2018.10.045
http://dx.doi.org/10.1016/j.eurpolymj.2014.08.011
http://dx.doi.org/10.1002/macp.1969.021240116
http://dx.doi.org/10.1002/macp.1969.021240116
http://dx.doi.org/10.1016/j.eurpolymj.2015.04.002
http://dx.doi.org/10.1016/j.polymer.2015.07.040
http://dx.doi.org/10.3390/polym10050556
http://dx.doi.org/10.1016/S0032-3861(66)80015-0
http://dx.doi.org/10.1021/ma500281f
http://dx.doi.org/10.1021/acs.macromol.6b01457
http://dx.doi.org/10.1021/acs.macromol.9b02463
http://dx.doi.org/10.1021/acs.macromol.6b00862
http://dx.doi.org/10.1016/j.polymer.2019.121966
http://dx.doi.org/10.1016/j.polymer.2022.125008
http://dx.doi.org/10.1016/j.polymer.2018.07.022
http://dx.doi.org/10.1007/s10118-018-2135-6
http://dx.doi.org/10.1021/ma402239k
http://dx.doi.org/10.1016/j.polymer.2018.10.045
http://dx.doi.org/10.1016/j.eurpolymj.2014.08.011
http://dx.doi.org/10.1002/macp.1969.021240116
http://dx.doi.org/10.1002/macp.1969.021240116
http://dx.doi.org/10.1016/j.eurpolymj.2015.04.002
http://dx.doi.org/10.1016/j.polymer.2015.07.040
http://dx.doi.org/10.1002/cjoc.202200006
http://dx.doi.org/10.1021/ma2026513
http://dx.doi.org/10.1021/acs.macromol.0c01384
http://dx.doi.org/10.1021/acs.accounts.1c00242
http://dx.doi.org/10.1021/acs.macromol.9b00346
http://dx.doi.org/10.1016/j.polymer.2021.123861
http://dx.doi.org/10.1021/ma4012126
http://dx.doi.org/10.1039/c3ce42319k
http://dx.doi.org/10.1016/S0032-3861(01)00086-6
http://dx.doi.org/10.1002/app.34618
http://dx.doi.org/10.1002/app.34618
http://dx.doi.org/10.1021/ie300524j
http://dx.doi.org/10.3390/polym11050837
http://dx.doi.org/10.1021/ja004266h
http://dx.doi.org/10.1021/ja0711617
http://dx.doi.org/10.1021/ma2010537
http://dx.doi.org/10.1002/adom.201500116
http://dx.doi.org/10.1002/adom.201500116
http://dx.doi.org/10.1039/C8CP01802B
http://dx.doi.org/10.1039/C8CP01802B
http://dx.doi.org/10.3390/ijms12042598
http://dx.doi.org/10.1002/cjoc.202200006
http://dx.doi.org/10.1021/ma2026513
http://dx.doi.org/10.1021/acs.macromol.0c01384
http://dx.doi.org/10.1021/acs.accounts.1c00242
http://dx.doi.org/10.1021/acs.macromol.9b00346
http://dx.doi.org/10.1016/j.polymer.2021.123861
http://dx.doi.org/10.1021/ma4012126
http://dx.doi.org/10.1039/c3ce42319k
http://dx.doi.org/10.1016/S0032-3861(01)00086-6
http://dx.doi.org/10.1002/app.34618
http://dx.doi.org/10.1002/app.34618
http://dx.doi.org/10.1021/ie300524j
http://dx.doi.org/10.3390/polym11050837
http://dx.doi.org/10.1021/ja004266h
http://dx.doi.org/10.1021/ja0711617
http://dx.doi.org/10.1021/ma2010537
http://dx.doi.org/10.1002/adom.201500116
http://dx.doi.org/10.1002/adom.201500116
http://dx.doi.org/10.1039/C8CP01802B
http://dx.doi.org/10.1039/C8CP01802B
http://dx.doi.org/10.3390/ijms12042598
https://doi.org/10.1007/s10118-022-2850-x

	INTRODUCTION
	EXPERIMENTAL
	Materials

	RESULTS AND DISCUSSION
	Influence of Steric TMS Branch on Melt Crystallization and Phase Transition
	Influence of Long PEG Branch on Melt Crystallization
	Influences of PEG Branch Length and Density on Solid Phase Transition

	CONCLUSIONS
	References

