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Abstract   In polymer processing, low-molecular-weight chemically identical oligomers are typically added to a polymer to improve its process-

ability  and mechanical  properties  by  manipulating its  entanglement  concentration.  However,  the  complicated semi-crystalline  morphologies

and melt memory effect of less entangled bimodal dispersed mixtures cannot be overlooked. In this study, we systematically examined the crys-

tallization and self-nucleation behavior of poly(ε-caprolactone) (PCL) mixtures composed of a relatively high-molecular-weight (83 kg/mol) frac-

tion and a low-molecular-weight PCL with a mid-chain defect (2 kg/mol). The entanglement concentrations were quantified by linear rheological

measurements. Both thermal analysis and small-angle X-ray scattering (SAXS) investigations revealed that pronounced crystallization-induced

phase separation (i.e., molecular segregation) occurs because of the different nucleation energy barriers. In contrast to our previous investigation

using  a  long  chain  fraction  with  a  higher  molecular  weight  (200  kg/mol)  (Macromolecules 2024, 57,  1632−1641),  the  low-molecular-weight

oligomer tends to crystallize between adjacent crystalline lamellae composed of long PCL chains due to the lack of intra-crystalline links, for ex-

ample, entanglements and tie-molecules. The correlation between the melt memory effect and the entanglement concentration was evaluated

using self-nucleation experiments. The 2 kg/mol PCL oligomer (with a central defect) did not exhibit melt memory. However, the introduction of

high-molecular-weight components, even below the critical entanglement concentration, leads to a wider temperature range, preserving the or-

dered structure. Our results provide solid evidence that the melt memory effect in polar semi-crystalline polymers originates from the intramolec-

ular interactions of adjacent chain folding rather than entanglements or chain overlaps.
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INTRODUCTION

To  improve  the  processability  of  long-chain  semi-crystalline
polymers  in  the  industry,  chemically  identical  low-molecular-
weight (MW) oligomers can be added to the polymer of interest
to modify its entanglement network and relaxation time.[1−4] For
example, polyethylene products with bimodal molecular weight
distributions are commonly used in many aspects of human life,
including packaging and piping.[2,5−7] However,  because of  the
different  thermodynamic  and  kinetic  properties  of  long  and
short  chains,  complex  crystallization  behavior  often  occurs  at
various supercoolings, resulting in different morphologies.[8,9]

In the 1970s, by investigating the isothermal crystallization
behavior  of  polyethylene  (PE)  with  different  molecular

weights  and  distributions,  Wunderlich et  al.[10−12] observed
clear molecular fractionation during crystallization, which was
strongly  related  to  MW  and  crystallization  temperature  (Tc).
To explain this phenomenon, the authors considered that ev-
ery molecule must undergo a nucleation stage before assem-
bling into  crystals  (i.e.,  molecular  nucleation),  thereby  result-
ing in a segregation effect. By systematically investigating the
crystallization behavior of bimodal MW distribution polyethy-
lene  oxide  (PEO),  Cheng et  al.[11,12] proposed  that  there  are
three distinct Tc regions in which co-crystallization or molecu-
lar  segregation  may  occur  in  three  distinct Tc regions.  (1)
Regime I. Crystallization temperature (Tc) is relatively high, and
only  the  high-MW  fraction  can  crystallize.  In  this  case,  com-
plete  separation  of  the  high- and  low-MW  components  was
observed; (2) Regime II. Tc in this temperature region is moder-
ate,  and  chain  segregation  competition  occurs  between  the
high- and  low-MW  fractions,  resulting  in  partial  molecular
segregation; (3) Regime III. The driving force for crystallization
in  this  temperature  regime  (large  supercooling)  is  extremely
strong, leading to the co-crystallization of high- and low-MW
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fractions.  Subsequently,  Hu et  al.[13,14] successfully  obtained
similar  results  based  on  Monte  Carlo  simulations  and  estab-
lished  the  well-known “intramolecular  nucleation” model.
However,  the  quantitative  effects  of  entanglement  and  tie
molecules on the crystalline morphologies have not been sys-
tematically explored.

MwRecently, by diluting high-MW PCL ( = 200 kg/mol) with
oligomeric PCLs, we successfully prepared a series of uniform
PCL  melts  with  reduced  entanglement  concentrations.[15−17]

Assuming the thickness  of  the amorphous layer  needs to be
adjusted  until  the  maximum  entanglement  concentration  is
reached, a simple and quantitative model without adjustable
parameters  has  been  developed  that  can  predict  PCL  mor-
phology  and  crystallinity.  At  relatively  small  supercooling
(high Tc, regime  I),  owing to  strong thermodynamic  segrega-
tion,  low-MW  components  either  accumulate  between  adja-
cent individual lamellae or between adjacent lamellar stacks,
forming what is known as "intercrystalline segregation" or "in-
terfibrillar  segregation" structures.[18−20] In  our case[17],  small-
angle  X-ray  scattering  (SAXS)  investigations  confirmed  that
the gyration of the radius of the high-MW PCL fraction is large
enough  to  cross  the  adjacent  lamellae,  forming  entangle-
ments or tie-molecules and leading to the formation of lamel-
lar  stacks.  Another  unresolved  question  arises:  whether  the
model used to calculate the crystalline parameters of lamellar
stacks  remains  valid  when  the  MW  of  the  long-chain  PCL  is
not sufficiently high.

On the other hand, as a fundamental topic in polymer crys-
tallization, the melt memory of semi-crystalline polymers has
long  been  associated  with  crystalline  morphologies,  inter-
molecular  interactions,  chain  topology,  and  entanglement
networks,  as  it  seems  to  be  a  unique  property  of  long-chain
polymeric  materials.[21−25] By  mixing  PCL  with  another  com-
pletely  miscible  dynamically  asymmetric  component,
poly(styrene-co-acrylonitrile) (SAN), a matched time scale was
observed  between  the  re-entanglement  kinetics  and  melt
memory survival lifetime.[26]

Müller,  Cavallo,  and  co-workers  have  systematically  stud-
ied melt memory in a large series of polar homopolymers, in-
cluding  polyamides,  polyesters,  polyethers,  and  others.[27,28]

They concluded that melt memory arises from intermolecular
interactions  that  develop  when  polar  chains  are  closely
packed  inside  the  crystals.  In  fact,  if  the  interactions  are  not
sufficiently strong, as in linear polyolefins, melt memory does
not  exist  (as  in  linear  high-density  polyethylene,  ultra-high-
molecular-weight  polyethylene,  or  isotactic  polypropylene).
They showed how the strength of intermolecular interactions,
quantified  by  the  solubility  parameter,  correlates  with  the
width of the melt memory Domain (Domain IIa).

On  the  other  hand,  Müller,  Cavallo et  al.  have  studied  a
wide range of PEO and PCL model samples (with low dispersi-
ties)  covering  a  molecular  weight  range  from  very  short
oligomers  (0.4  kg/mol)  to  well  entangled  samples  (with
molecular  weights  much  higher  than  10  times  the  critical
molecular weight (Mc = 2Me).[29−31] Their studies have been re-
cently  complemented  by  careful  rheological  determinations
of both Me and Mc with at least 20 different molecular weight
model  PEO  and  PCL  samples.[31] They  observed  that  in  both
PEO and PCL samples, melt memory only develops beyond a

critical  chain  length  in  oligomeric  samples  that  crystallize  in
extended  chain  crystals.  The  melt  memory  in  both  PEO  and
PCL  arises  in  unentangled  samples  with  molecular  weights
much  lower  than Me (or Mc).  However,  they  also  found  that
the melt  memory Domain (DIIa)  width significantly  increases
with  molecular  weight  until  it  saturates  at  molecular  weight
values  five  times  higher  than Mc.  These  effects  can  be  ex-
plained  by  considering  that  in  samples  that  display  melt
memory,  all  the  effects  that  can  preserve  the  complexity  of
the melt, such as the high melt viscosity of an entangled net-
work  with  concomitant  long  relaxation  times  and  reduced
chain  diffusion,  delay  the  formation  of  an  isotropic  melt,
thereby increasing the melt memory. They proposed a chain
interaction  index[31] that  considers  all  the  factors  that  affect
melt memory in polar homopolymer samples: (a) intermolec-
ular  interactions,  (b)  crystallinity  degree  (obviously,  if  there
are more crystals,  melt  memory increases),  and (c)  molecular
weight.

However,  because  the  critical  MW  for  entanglement  and
folding  are  very  similar,  it  is  difficult  to  distinguish  the  key
contributions of these two factors.  In addition,  the entangle-
ment  concentration  is  difficult  to  manipulate  quantitatively
because it jumps to a constant value once its MW reaches its
entanglement molecular weight (Me).[32] Recently, by diluting
the  high-MW  branched  long-chain  ethylene/butene-1
copolymers into low-MW PE oligomers, we observed a reduc-
tion in  the melt  memory temperature  region width (Domain
IIa).[33] However,  the  melt  memory  of  branched  polyolefin
copolymers  is  believed  to  originate  from  the  complicated
segregation of crystallizable and noncrystallizable sequences
during  crystallization.[34−43] The  presence  of  short  PE  chains
dilutes both entanglement networks and overall branch frac-
tions, leading to the simplicity of the amorphous phase struc-
ture and lower thermal stability of the self-nuclei.

In this study, we systematically investigated the complicat-
ed crystallization and melting behavior of a series of homoge-
neous  bimodal-dispersed  PCL  mixtures  with  reduced  entan-
glement concentrations. Quantitative control of the entangle-
ment  concentration  was  achieved  by  varying  the  composi-
tions of the high- and low-MW PCL components. The peculiar
molecular  segregation  behavior  and  semicrystalline  mor-
phologies  were  systematically  investigated via (differential
scanning calorimetry (DSC) and SAXS. In the absence of intra-
crystalline  links  (e.g. entanglements  and  tie-molecules),  we
expanded  our  understanding  on  the  formation  mechanism
for the “interlamellar segregation” structures. As a model sys-
tem,  the  correlation  between  the  entanglement  concentra-
tion and melt memory effect of PCL mixtures was also investi-
gated. Our results are expected to clarify the physical origin of
the high thermal stability of the self-nuclei in polar semicrys-
talline  polymer  systems  with  strong  intermolecular  interac-
tions.

EXPERIMENTAL

Materials
Mn

Mw

Mw

High-molecular-weight PCL with a number-average MW of =
83 kg/mol (PCL83k. = 144 kg/mol, PDI=1.7, characterized by
Agilent  GPC)  and  short-chain  PCL  oligomers  containing  mid-
chain ether  unit  defects  ( = 2 kg/mol)  were purchased from
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Me

ϕp

Sigma-Aldrich Co., Ltd. Oligomer PCL2k is unentangled because
its  MW  is  lower  than  of  PCL  (2443  g/mol).[16] The  detailed
chemical structures of the two materials are shown in Scheme 1.
Mixtures  made of  PCL83k and PCL2k with  long chain  fractions
( ) from 2% to 80% were prepared by dissolving them in chlo-
roform (at a concentration of 30 mg/mL). After stirring at room
temperature  for  3  h,  all  polymeric  materials  were  completely
dissolved. Subsequently, all samples were dried in a fume hood
for approximately one week and then placed in a vacuum oven
for 24 h to remove all solvents.
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Scheme 1    Chemical structures of PCL83k (a) and PCL2k (b).

 
Rheological Measurements
The  linear  viscoelastic  (SAOS)  behavior  of  PCL83k  and  all  mix-
tures  was  characterized  using  an  MCR302e  rheometer  (Anton
Paar (Austria). All measurements were performed at 90 °C with a
frequency  range  of  628  rad/s  to  0.01  rad/s.  Before  the  experi-
ments,  all  samples  were  hot-pressed  into  a  25  mm  diameter
disks at 90 °C for 5 min.

Differential Scanning Calorimetry
The heat flow of all PCL samples for non-isothermal, isothermal,
and  self-nucleation  behaviors  was  recorded  using  differential
scanning  calorimetry  (DSC)  (Mettler  Toledo  DSC,  Switzerland).
The instrument was calibrated with indium prior to testing. The
detailed experimental protocols are as follows.

(1)  Non-isothermal  crystallization.  All  samples  were  first
heated  to  90  °C  to  eliminate  any  possible  melt  memory  and
then cooled to 0 °C at a rate of 10 °C/min. Subsequently, the
samples were heated again to the melt state.

(2)  Isothermal crystallization behavior.  After erasing all  the
thermal  histories  at  high temperatures,  all  the  samples  were
quenched at a rate of 30 °C/min to different temperatures for
isothermal crystallization. After crystallization was completed,
all samples were heated to melt at a rate of 10 °C/min.

(3)  Self-nucleation  experiments.  Two  types  of  self-nucle-
ation  thermal  protocols  were  applied  in  this  study,  namely,
standard  and  isothermal  self-nucleation  thermal
protocols[25,29] as described below (shown in Fig. 1).

(a)  Standard  self-nucleation  experiments.  As  illustrated  in
Fig.  1(a),  all  the  samples  were  first  heated  to  90  °C  to  elimi-
nate any thermal history and then cooled to 0 °C at 10 °C/min.
Subsequently,  the  samples  were  heated  to  different  self-nu-
cleation  temperatures  (Ts)  and  held  for  5  min  to  thermally
treat them. Finally, all samples were cooled to 0 °C and heat-
ed  to  90  °C  again  to  check  their  crystallization  and  subse-
quent melting behavior.

ϕp

(b) Isothermal self-nucleation thermal protocols. The desig-
nated PCL samples with a reduced entanglement concentra-
tion ( =0.1) were first heated to the isotropic melt state (90
°C)  to  erase  the  thermal  history.  Subsequently,  the  samples

were  quenched  to  different Tc temperatures  (35  and  30  °C)
and held at these temperatures for 30 min. Subsequently, the
samples  were  heated  to  different  self-nucleation  tempera-
tures  for  3  min  to  generate  a  homogeneous  or  heteroge-
neous melt. Finally, the PCL samples were cooled to 0 °C and
heated to melt again. The detailed thermal protocol is shown
in Fig. 1(b).

Flash Differential Scanning Calorimetry

ϕp

β = 1 − 100

The  melting  and  recrystallization  behavior  of  the  PCL  mixture
with =0.2  was  characterized  by  fast  scanning  calorimetry
(Flash DSC1, Mettler Toledo AG, Switzerland) using an intracool-
er  (Huber  TC-100).  Before  the  measurements,  the  sample  was
cut into small pieces and placed on the surface of the microchip.
To  reduce  the  interfacial  thermal  resistance  between  the  sam-
ple and the microchip substrate, the sample was heated to 140
°C for 0.1 s and cooled to −80 °C at a rate of 1000 K/s for several
cycles.  The sample was first  heated to 140 °C for 0.1 s to elimi-
nate any possible thermal history, and then cooled to 20 °C at a
rate of 1000 K/s and kept at that temperature for 10 min. After
complete crystallization, the sample was heated to 140 °C again
with different heating rates (  K/s).

Small-angle X-ray Scattering (SAXS) Experiments

Kα

Small-angle X-ray scattering experiments were performed on a
laboratory beam line, Xeuss 3.0, (Xenocs, France) equipped with
a  Cu  source.  Scattering  profiles  were  recorded  using  an
Eiger2 500k detector (Dectirs, Switzerland). Thermal treatments
were controlled using a Linkam TST350 hot stage. All PCL sam-
ples were initially heated to the melt state at 90 °C, erasing any
possible  thermal  history.  Subsequently,  the  samples  were
quenched at a rate of 30 °C/min to obtain different Tc.  The cor-
responding  SAXS  patterns  were  collected  after  the  samples
were  fully  crystallized.  To  trace  the  structural  variation  of  the
PCL crystals  during heating,  we performed in  situ SAXS experi-
ments.  The  selected  PCL  samples  were  heated  to  an  isotropic
melt  at  90  °C  for  5  min.  Subsequently,  the  samples  were
quenched  to  25  °C  or  38  °C  for  isothermal  crystallization  and
then  heated  to  the  melt  state  in  steps  of  2  °C.  SAXS  patterns
were collected at each temperature.

K′′(z)
The  analysis  of  SAXS  data  for  the  morphologies  of

semicrystalline  polymers  is  based  on  the  interface  distribu-
tion function (IDF) . This method was first introduced by
Ruland[44].  Thurn-Albrecht et  al.[45−49] then further  developed
it and successfully established a simulation model, which not
only  provides  information on the  thickness  of  the  crystalline
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Fig. 1    Two different self-nucleation thermal protocols, namely (a)
standard and (b) isothermal self-nucleation thermal protocol.
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K′′(z)
lamellae  and  amorphous  layers,  but  also  their  distributions.
Detailed  descriptions  can  be  found  in  Ref.  [45],  and  here  we
provide a brief introduction. First,  can be directly calcu-
lated from the SAXS intensity profile by

K′′(z) = 16π3 ∫ ∞

0
[ lim
s→∞

I (s) s4 − I (s) s4] cos (2πsz)ds (1)

lim
s→∞

I (s) s4

K′′(z)where s refers  to  the  scattering  vector  and  is  the

Porod constant. On the other hand,  could also be simulat-
ed  by  one-dimensional  structure  morphologies  parameters,
that is

K′′(z) = OsΔρ
2

2
(ha (z)+hc (z) − 2hac(z) + haca (z) + . . .) (2)

Δρ
Os

da,c

σa,c

 is  the  electron  density  difference  between  the  crys-
talline lamellae and amorphous phases.  refers to the spe-
cific  inner  surface  area  per  unit  volume.  The  thicknesses  of
the crystalline and layer  ( )  are  assumed to follow a Gaus-
sian distribution ( ):

ha,c (z) = 1√
2πσa,c

e
−
(z−da,c)2

2σ2
a,c (3)

hac (z)
ha (z) hc (z)

G (s) = e−4π2s2σ2

σ

Higher-order  distributions  such  as  long-period  can
be  calculated  from  the  convolution  of  and .  Fur-

thermore, a  window  function  was applied

with a constant  value (0.8 nm) to reduce any noise.

RESULTS AND DISCUSSION

Entanglement Concentration Determined by
Rheological Measurements
Fig.  2(a)  shows  the  linear  viscoelastic  responses  of  the  neat
PCL83k  and  PCL  mixture  melts.  All  the  PCL  samples  exhibited
well-defined  terminal  relaxation  behavior,  indicating  the  ab-

G′ G′′

τd

sence  of  microscopic  phase  segregation.[50] As  expected,  the
storage  modulus  ( ),  loss  modulus  ( ),  and  terminal  relax-
ation time ( ) decreased with an increase in the PCL2k fraction,
indicating a decrease in entanglement concentration.

G0

G′ G′′

G0 (fp=1)
G′′

G0(ϕp)
G′

G′ (ωmax, ϕp)

Unfortunately, owing to the relatively low MW of PCL83k, it
is difficult to obtain the accurate plateau modulus  directly
from  when  reaches  its  minimum.  In  our  previous
work[16] the plateau modulus  of  PCL was obtained
by integrating the integration of  value using a PCL sample
with  a  relatively  high  MW  (200  kg/mol)  and  was  1.26  MPa.
From this,  the plateau modulus of  PCL mixtures could
be estimated from the  value at the highest frequency that

could be experimentally reached , as follows:

G0(ϕp) = G0(ϕp=1) ⋅ G′ (ωmax, ϕp)
G′ (ωmax, ϕp=1) (4)

G0(ϕp)
G0(ϕp) G0(ϕp=1)⋅

ϕp
2 ϕp

G0(ϕp)
ϕp

Me(ϕp)

On the other hand, according to polymer solution theories,
 can  also  be  obtained  from  the  scaling  law  refined  by

Watanabe  and  Ruymbeke[51,52] namely = 

. As illustrated in Fig. 2(b), when  was above 0.5, the cal-
culated  roughly  followed  the  expected  scaling  law
(blue  line).  It  should  be  noted  that  the  PCL  mixture  with 
lower  than  0.2  exhibit  much  faster  relaxation  owing  to  the
dominance  of  the  oligomer’s  Rouse  motion  and  limited  en-
tanglement  constraint.[52] The  corresponding  entanglement
molecular weight of neat PCL and all mixtures  is calcu-
lated based on the rubber elasticity theory,[32, 50] as follows:

G0(ϕp) = ρRT
Me(ϕp) (5)

ρ = 1.11 kg/m3

Me(ϕp) G0(ϕp)
 is the density of PCL in the melt state.[16] R

and T refer  to  the  gas  constant  and  absolute  reference  tem-
perature,  respectively. Fig.  2(c)  illustrates  the  calculated

 values  obtained  from  both  the  measured  and

 

b

c

10
6

10
5

10
4

10
5

10
4

0.2 0.4 0.6 0.8 1.0

G
0
 (

P
a

)
M

e
 (

g
/m

o
l)

1

2

10
7

a

10
6

10
5

10
4

10
3

10
2

10
1

10
0

10
−1

10
−1

10
0

10
1

10
2

10
3

G
’, 
G

’’ 
(P

a
)

ω (rad/s)

PCL83k
φр=0.80

φр=0.50

φр=0.20

φр

G0_measured

G0_scaling law

Me_measured

Me_scaling law

 
G0

Me ϕp

Fig. 2    (a) Linear viscoelastic behavior of PCL83k and its mixtures with PCL2k; (b) Calculated plateau modulus  and (c) entanglement molecular
weight  as a function of . The blue line represents the expected scaling laws for PCL mixtures.
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Me

ϕp

Z(ϕp)
Mn(PCL83k) Me(fp)

ϕp

ϕe = [Me(ϕp = 1)/Mn]0.76
≈ 6.8%
ϕp

the scaling law. With the dilution process, the  of PCL sam-
ples gradually increases from 2.7 kg/mol to 10.6 kg/mol when

 reaches  0.5.  Another  important  characteristic  parameter,
the number of entanglements per polymer chain  could
be estimated using / . As shown in Table S1
(in the electronic supplementary information, ESI), when  is
as  low  as  0.2,  there  are  only  one  to  two  entanglements  in
each  PCL83k  chain,  on  average.  At  this  point,  the  constraint
effect  of  entanglement  became  relatively  weak  and  negligi-
ble.  Specifically,  the critical  entanglement fraction of  PCL83k
(i.e.,  the  concentration  at  which  entanglements  begin  to
form)  can  be  calculated  using  the  following  equation[32]:

.  This  result  implies  that  no

entanglement exists when  is less than 0.05.

Molecular Segregation and Multiple Melting Behavior
during Heating

(Tm,1

Tm,1

Tc

Fig. 3 shows the DSC heating curves of the PCL samples and two
of their mixtures after isothermal crystallization at different tem-
peratures. The red, blue, and green curves represent the differ-
ent  melting behaviors  of  the PCL blends.  For  neat  PCL83k and
PCL2k (Figs. 3a and 3d), only single melting peaks ) are ob-
served.  As  expected,  the  value  of  increases  with  the  in-
crease of , following the classical Hoffman-Weeks’ trend.[53,54]

Tc Tm,2

When 20% of low-MW PCL2k was blended with PCL83k, the
PCL mixture exhibited much more complex melting behavior
depending  on  the  crystallization  temperature  (Fig.  3b).  At  a
relatively  low =30 °C,  only  a  single melting peak ( )  ap-
peared,  representing  the  co-crystallization  of  long-chain

Tm,3

PCL83k  and  low-MW  PCL2k  chains.  When  the  crystallization
temperature was above 35 °C, an additional low-melting peak
( )  attributed  to  the  melting  of  neat  PCL2k  lamellar  crys-
tals appeared between 40 and 45 °C, which is a clear signal of
the  molecular  segregation  phenomenon,  as  described  by
Wunderlich and Hu et al.[14,55,56]

ϕp

ϕp=0.20

Tc

Tm,2, Tm,3

Tc

Tm,1

A peculiar  melting behavior was observed in the PCL mix-
tures with < 0.50. As an example, Fig.  3(c) summarizes the
melting  behavior  of  the  PCL  sample  with .  It  should
be noted that  the  long PCL83k chains  within  the  blend can-
not crystallize above 45 °C. When  is in the range from 35 °C
to  42  °C,  double  melting peaks  ( )  appear,  which are
related  to  the  crystallization-induced  phase  separation  be-
havior,  as  described  above.  On  the  other  hand,  when  is
lower  than  35  °C,  in  addition  to  the  double  melting  peaks
caused  by  molecular  segregation,  an  unexpected  new  peak
( ) appears at approximately 52 °C. There are two possibili-
ties for generating new crystals with higher thermal stability:
either  they  form  directly  at  relatively  low  temperatures  or
they form through melting and recrystallization during subse-
quent heating.

ϕp=0.20 β

β

To verify the mechanism for the formation of crystals with a
higher melting peak, the melting behavior of the PCL mixture
with  at  various  heating rates  (as  shown in Fig.  4)
was  examined via a  flash  DSC  experiment.  First,  the  sample
was isothermally crystallized at 20 °C. When  is as low as 1−2
K/s, triple melting peaks are observed, which is similar to the
conventional  DSC  heating  scan.  It  should  be  noted  that  the
measured melting peaks in flash DSC are lower than those in
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Fig.  3    DSC  heating  scans  after  isothermal  crystallization  at  the  indicated  temperatures  for  neat  PCL  samples  and  two  representative  mixture
compositions. (a) Neat PCL83k; (b) ; (c)  and (d) neat PCL2k. The red, blue and green curves represent different melting behaviors
of PCL mixtures.
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Tm,3

β

conventional  DSC,  owing  to  the  different  thermal  lags. 
which  falls  in  the  range  of  25–38  °C  refers  to  the  melting  of
pure  low-molecular-weight  fraction  PCL2k  crystals.  The  peak
position shifts to a higher temperature with an increase in 
owing to the superheating effect.

Tm,2

Tm,1

β β

Tm,1

Tm,1

β β

In  the  meantime,  the  relatively  higher  melting  peak 
which is related to the melting of PCL co-crystals, remains al-
most constant at 41 °C across our heating rate range. In con-
trast,  the  occurrence  of  an  additional  melting  peak  at
even  higher  temperatures  is  strongly  related  to .  As  in-
creased  from  1  K/s  to  5  K/s,  the  melting  enthalpy  decreased
dramatically, and the peak position of  shifted to a lower
temperature.  In  particular,  peak  completely  vanishes
when  reaches 10 K/s. When  is relatively low, the high MW
of  the  PCL83k  fraction  has  more  time  to  re-crystallize  and
thicken. This clearly indicates that the crystals with such ther-
mal stability originate from the melting and re-crystallization
processes during heating rather than directly crystallizing at a
relatively low temperature.[57]

Lamellar Crystalline Morphologies Characterized by
SAXS
The morphology of the PCL mixtures after crystallization at dif-
ferent temperatures was characterized using SAXS profiles, as il-
lustrated  in Figs.  5(a)−5(c).  When  the  crystallization  tempera-
ture  is  lower  than  30  °C  (Figs.  5a and  5b),  both  long-chain
PCL83k and low-MW PCL2k chains can crystallize because of the
relatively  large  supercooling  and  the  corresponding  high  driv-
ing  force.  Similar  to  our  previous  observations[16,17],  the  first
peak, referring to the long period of crystals, shifts to the high s
regime  with  a  decrease  in  the  long-chain  PCL83k  fraction.  In
contrast,  the  position  of  the  first  minimum,  which  reflects  the
form  factor  of  the  lamellar  thickness,  remained  almost  un-
changed.

ϕp

dc

Tc

da

ϕp

Figs.  5(d)  and  5(e)  summarize  the  corresponding  calculat-
ed crystalline morphology parameters as functions of . The
distribution widths of the thicknesses of the crystalline lamel-
lae and amorphous regions are represented using error bars.
The  lamellar  thickness  of  PCL  mixtures  remains  almost
constant  at  a  given  (approximately  5.9  and  6.2  nm  at  20
and  30  °C,  respectively),  while  the  thickness  of  the  amor-
phous layers  increases with an increase in the PCL83k frac-
tion, .

da,inn

υe,max

da,b

da(ϕp)

In  our  previous  work[16,17],  a  simple  and  quantitative  rela-
tionship for  calculating the amorphous region thickness was
established based on rheological data from the scaling theo-
ry  of  polymer  solutions.  For  crystal-fixed  polymers  such  as
PCL,  all  physical  entanglements  can be preserved within  the
inner  part  of  the  amorphous  layers  until  a  maximum
constant  concentration  is  reached after  crystallization.
The  boundary  parts  in  the  vicinity  of  crystals  were  as-
sumed  to  be  identical  in  all  compositions.  Therefore,  the
amorphous thickness  of the PCL mixtures was calculat-
ed using the following equation:

da(ϕp) = 2da,b +
⎛⎜⎝ υe,max

υe (ϕp) − 1
⎞⎟⎠
−1(dc (ϕp) + 2da,b) (6)

υe(ϕp)
fp

 is the entanglement strand concentration for all the
mixtures with a fraction of  PCL83k, .  According to the rub-
ber elasticity theory and polymer solution scaling law, the en-
tanglement concentration of  PCL mixtures can be expressed
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Fig.  4    Flash  DSC  heating  run  of  PCL  mixture  with .  The
sample was firstly  isothermally  crystallized at  20 °C for  10 min and
then heated to melt state with different heating rate .
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by the plateau modulus and power law, as follows:

υe(ϕp)
υe,max

=
υe(ϕp=1)
υe,max

⋅
υe (ϕp)

υe (ϕp=1)
=

da,inn (ϕp=1)
da (ϕp=1) + dc (ϕp=1) ⋅ G0 (ϕp)

G0 (ϕp=1)
=

da,inn (ϕp=1)
da (ϕp=1) + dc (ϕp=1) ⋅ ϕp

2

(7)

daBelow 30 °C, the calculated amorphous region thickness 
was roughly consistent with the measured value (Figs. 5d and
5e). These results further confirm that the morphology of the
crystalline  lamellar  stacks  and  their  interlamellar  amorphous
region  thickness  are  controlled  by  the  entanglement  net-
works.

Tc

da

dc

The scenario is different when  reaches a value as high as
45  °C.  At  such  low  supercooling,  neat  PCL2k  chains  cannot
nucleate and crystallize. For PCL mixtures, only a small part of
the  short  PCL2k  chain  fraction  can  participate  in  the  crystal-
lization process, resulting in molecular segregation. As shown
in Fig. 5(c), the peak positions of the long period remained al-
most  at  the  same s position  for  all  mixtures.  Accurate  IDF
analysis also confirms that the amorphous layer thickness 
maintains an almost constant value of approximately 10 nm,
which is much larger than the lamellar thickness of crystals 
(about 7.2 nm, Fig. 5f). These results reveal that PCL mixtures
tend  to  form  individual  lamellae  rather  than  a  lamellar  stack
structure after crystallization,[19] namely so-called “interlamel-
lar segregation” structure.

It should be noted that the results observed here are incon-
sistent  with  our  previous  reports  using  a  higher-MW  long-
chain  PCL  sample  (200  kg/mol).[17] We  reasonably  speculate
that  the  tie  molecules  that  are  related  to  the  coil  size  play  a
decisive role here. According to the description by Huang and
Brown,[58,59] tie-molecules  are  more  likely  to  form  when  the

Rg

dc + 0.5da

dc + 0.5da

Rg Rg

Rg = 0.032 ⋅
√
Mn (nm

√
mol/g) ≈ 9.21

dc + 0.5da

ϕp

Rg

dc + 0.5da

Rg

radius  of  gyration of  the polymer chain  is  larger  than the
specific space from crystalline parameters, ,  that is,
when  the  coil  can  penetrate  adjacent  lamellae. Fig.  6 com-
pares  the  measured  distances  with  the  calculated
PCL83k  values.  The  calculation  of  for  PCL83k  is  based
on  a  semi-empirical  equation  from  the  literature,[60]

 nm.  When  the  crystal-

lization  temperature  is  lower  than  30  °C,  the  distance
 increases  slowly  with  an  increase  in  the  PCL83k

fraction  and is in the range from 8.0 nm to 10.5 nm, which
is equivalent to  of PCL83k. Considering the relatively wider
distributions of both these parameters, it  is reasonable to in-
fer  that  the  tie  molecules  are  largely  retained  within  the
lamellae  stacks,  functioning  as  intra-crystalline  linkers  con-
necting  the  adjacent  crystals.  When  the  crystallization  tem-
perature was as high as 45 °C, the resultant value of 
was much larger than that  of PCL83k. In this situation, in-
tra-crystalline  links  such  as  entanglement  and  tie-molecules
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Fig.  5    SAXS  profile  of  PCL  mixtures  (a−c)  and  the  corresponding  crystalline  morphological  parameters  (d−f)  analyzed  based  on  interface
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dac

between adjacent crystalline lamellae no longer exist,  result-
ing in a large and nearly constant distance of long-period .

Structure Evolution during Heating: In situ SAXS
Experiments

ϕp

To investigate the spatial distribution of different PCL crystals in
PCL  mixtures, in  situ SAXS  experiments  were  performed  on
three  selected  PCL  samples  during  heating:  neat  PCL83k,  mix-
ture with =0.10,  and neat PCL2k.  As shown in Figs.  7(a)−7(c)
and Figs.  S2(a)−S2(c) (in ESI),  all  the samples were initially crys-
tallized  at  25  and  38  °C,  respectively.  The  corresponding  crys-
talline  morphological  parameters  as  a  function of  temperature
are  shown  in  the  upper  panels  of Figs.  7(d)−7(f)  and  Figs.
S2(d)−S2(f)  (in  ESI).  Additionally,  the  Porod  constant P (lower
panels of Figs.  7d−7f and Figs.  S2d−S2f in ESI),  which indicates
changes in crystallinity, was also compared.[45,46,48]

dc

For  PCL83k,  as  previous  reports  by  Thurn-Albrecht,[46,61]

PCL crystals undergo successive melting and recrystallization.
As depicted in the upper panel of Fig. 7(d), with an increase in
temperature,  the lamellar thickness of the PCL crystals  in-
creases  from  approximately  6.3  nm  to  7.3  nm.  In  the  mean-

dc

da

time, the size of the amorphous region increases continuous-
ly from 7.9 nm to 19.7 nm due to the random melting of the
crystalline  lamellae.  Consequently,  the  value  of P increases
slightly from 25 °C to 35 °C, followed by a rapid decrease be-
fore complete melting. In contrast, owing to the constraint of
the  chain  length,  the  temperature  range  for  melting  and  re-
crystallization  of  low-molecular-weight  PCL2k  is  relatively
short, leading to a final melting temperature of approximate-
ly 45 °C (Figs. 7c and 7f). As the temperature increased,  and

 increased to 7.2 and 16.4 nm, respectively.

ϕp

da dc

Compared with monodispersed PCL samples, the variation
in  crystalline  morphological  parameters  for  the  PCL  mixture
with =0.1 is more complicated. According in Fig. S1 (in ESI)
three melting peaks appear in the DSC heating scan after the
sample is isothermally crystallized at Tc = 25 °C. As depicted in
Fig.  7(e),  before  reaching  41  °C,  both  and  increased
slowly,  with  a  slight  increase  in P value.  This  observation  is
similar  to  that  observed  for  neat  PCL83k  and  PCL2k  lamellar
crystals owing to melting and recrystallization. Subsequently,
at  approximately  45  °C,  the  thickness  of  the  amorphous  re-
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Fig.  7    SAXS intensity  profiles  (a−c)  and the  corresponding analyzed crystalline  parameters,  Porod constant  (d−f)  for  PCL83k,  PCL mixture  with
=0.10, and PCL2k during the heating process. The error bars represent the distribution of  and . All samples were initially crystallized at 25 °C.
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da

da

da

×10−5 ×10−5

gion  in Fig.  7(e)  jumps from 6.2 nm to 7.7 nm because of
the  melting  of  the  low-molecular-weight  PCL2k  crystals.  The
increase in  provides  solid  evidence that  the lamellar  frac-
tion  with  only  PCL2k  chains  is  located  between  PCL  crys-
talline lamellae containing long PCL83k chains.  Above 47 °C,
the  value  reached  a  second  plateau  at  approximately  10
nm  before  the  final  melting.  At  approximately  50  °C,  the
Porod  constant P (lower  panel  of Fig.  7e)  suddenly  jumps
from 0.212  to 0.11  at around 50 °C (indicated by
the dashed line), and then plateaued. This transition tempera-
ture is believed to be related to the melting and recrystalliza-
tion of long-hain crystals.

da dc

ϕp da

da dc

We also examined the scenario in which Tc was as high as
38 °C as illustrated in Fig. S2 (in ESI).  The crystalline morpho-
logical parameters,  and  exhibited very similar variation
trends across all three samples, as they crystallized at 25 °C. In
particular, for PCL mixture with low entanglement concentra-
tion ( =0.10),  jumps from 6.2 nm to 10.8 nm at around 45
°C,  giving  further  evidence  that  low  molecular  weight  of
PCL2k  crystallizes  within  the  adjacent  long  chain  crystalline
lamellae. In addition, at higher temperatures, the variation in

 and  showed almost no difference compared to that at
25 °C.

From  the  SAXS  analysis,  simplified  sketches  of  the  struc-
tural evolution of the low-entangled PCL mixture after crystal-
lization at different temperatures are shown in Fig. 8. When Tc

is as high as 45 °C (Fig. 8a), owing to the lack of tie molecules
and  entanglements,  the  high  molecular  weight  of  the
PCL200k fraction and the small amount of short PCL2k chains
could  co-crystallize  into  the  same  individual  lamellae,  while
the rest of the molten short chains remain in between, form-
ing  a  so-called “interlamellar  segregation” structure.  Howev-
er,  at  a  relatively low Tc (below 38 °C, Fig.  8b),  both PCL200k

and PCL2k chains can be crystallized simultaneously. Because
of the constraint effect of the mid-chain defect and the resul-
tant  short  crystallizable  chain  segment,  the  low-molecular-
weight  PCL2k  could  only  be  crystallized  in  the  extended-
chain  state.  In  this  case,  the  low  molecular  weight  fractions
have  difficulty  overcoming  the  relatively  high  energy  barrier
by  arranging  into  crystals  composed  of  high  molecular
weight  PCL200k  chains.[14] Therefore,  they  are  inclined  to
form individual  lamellae that  are sandwiched between long-
chain  crystalline  lamellae.  During  the  subsequent  heating
run,  the  PCL2k crystals  with  a  relatively  low thermal  stability
melted first, resulting in a large distance from the amorphous
phase.

Standard Self-nucleation Behaviors of PCL with
Reduced Entanglement Concentration
To examine the effect of entanglement on the melt memory ef-
fect, standard DSC self-nucleation experiments were performed
on PCL samples with different compositions. The detailed ther-
mal protocols are discussed in the experimental section.

The  self-nucleation  method  in  polymer  science  was  origi-
nally  developed  by  Blundell,  Keller,  and  Kovacs[62,63] in  their
pioneering work on self-seed single crystals grown from solu-
tion  with  the  aim  of  controlling  their  size.  In  a  later  seminal
work from the Strasbourg polymer group led by Prof. Bernard
Lotz  (Fillon et  al.[64],  the  authors  designed  a  comprehensive
thermal protocol to study self-nucleation by differential scan-
ning  calorimetry  (DSC).  The  self-nucleation  thermal  protocol
applied  in  conventional  DSC  is  the  most  sensitive  tool  for
studying self-nucleation in polymers.[38]

Fillon et al.[64] defined three self-nucleation Domains.

Ts

(1) Domain I (melting Domain). In this temperature Domain,
the  self-nucleation  temperature  was  sufficiently  high  to
erase the thermal  history.  Thus,  an isotropic melt  can be ob-

 

High Tc

Low Tc

a

b

Melting

 
ϕpFig. 8    Simplified sketches illustrating the crystalline structure variation of PCL mixture with low entanglement concentration (e.g. =0.10) during

crystallization and subsequent heating process: (a) and (b) represent different scenarios at relatively high and low Tc, respectively.
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tained by melting all possible self-nuclei.

Ts

Ts

(2) Domain  II  (self-nucleation  Domain). The  self-nucleation
temperature  in  this Domain was  not  sufficiently  high  to
melt all self-nuclei. In the original work of Fillon et al. [64] who
employed isotactic polypropylene, the authors proposed that
small  crystal  remnants  or  self-seeds  were  the  origin  of  the
self-nucleation effect (and increase in nucleation density) de-
tected in Domain II. The self-seeds generated in Domain II are
incapable of annealing at .

Ts

Ts

(3) Domain III (self-nucleation and annealing Domain). The 
temperature  in  this Domain is  very  low,  and  the  crystals  can
only be partially  melted.  The residual  crystals  were annealed
while being kept at the selected  temperatures.

Müller et al.[25,38] realized that Domain II should be divided
into two sub-Domains (Domain IIa and Domain IIb) because of
the  different  physical  origins  of  melt  memory  and  self-seed-
ing: (a) Domain IIa, or the melt memory Domain, is located in
the upper temperature range of Domain  II,  where all  crystals
have  been  melted  in  the  absence  of  a  calorimetric  signal  in
the DSC (also corroborated by WAXS).  Self-nucleation is thus
caused  in DIIa by  the  melt-memory-ordered  regions  within
the self-nucleated melt. (b) Domain IIb, or the self-seeding Do-
main, is located in the lower temperature range of Domain II,
in  a  temperature  region  where  the  material  does  not  melt
completely. The remaining crystal fragments were epitaxially
perfect  self-seeds  that  were  capable  of  self-nucleating  the
material.  It  is  clear  that  the  self-nucleation Domain,  or Do-
main II contains both a melt-memory temperature range (DI-
Ia) and a self-seeding temperature range (DIIb).

Tc

Ts

TI,IIa TIIa,IIb TIIb,III

The  self-nucleation  behaviors  of  all  the  PCL  samples  with
different  compositions  are  summarized  in  Figs.  S3−S10  (in
ESI).  DSC curves at  different temperature Domains are differ-
entiated by different colors (red for DI, blue DII and green for
DIII).  According  to  the  experimental  results,  the  correlation
between  crystallization  temperature  and  self-nucleation
temperature  for  PCL  samples  with  different  compositions
is  illustrated in Fig.  9 with a  comparison of  standard heating
curves.  The critical  self-nucleation temperatures dividing Do-
main I/Domain IIa,  Domain IIa/Domain IIb and Domain IIb/Do-
main  III are  labeled as ,  and ,  respectively,  and
are marked by dashed lines.

Müller et  al.  have  shown  that  PCL  homopolymers  without
main-chain defects,  with low polydispersity (Mw/Mn=1.1) and
Mn values  equal  to  2000  g/mol,  exhibit  melt  memory  even
with different  chain ends.[29,31,65] In  fact,  in  a  recent  study,[31]

Müller et  al.  determined  using  PCL  model  samples  that  the
critical molecular weights for the development of melt mem-
ory  in  PCL  are Mn=0.96  kg/mol  and Mw=1.26  kg/mol.  The
PCL2k  oligomer  employed  in  this  work  was  a  sample  with  a
central ethylene glycol moiety (see Scheme 1b), which can be
considered  a  defect  at  the  chain  center.  The  sample  had  an
Mw of 2 kg/mol, but did not exhibit any melt memory (see Fig.
S10 in ESI and Fig. 9h). The central defect was likely responsi-
ble for the PCL2k sample's lack of melt memory. On the other
hand,  the  high-molecular-weight  PCL  homopolymer  PCL83k
exhibited  melt  memory,  as  expected,  displaying  a  relatively
moderate DIIa width of 5 °C (Fig. S3 in ESI and Fig. 9a).

Fig. 9 shows how adding a small amount of PCL2k oligomer
to PCL83K increased the melt memory even below the entan-
glement  threshold.  According  to  the  above  discussions,  the

ϕe

ϕp

critical  entanglement  fraction  of  PCL83k,  of  our  PCL  mix-
tures was approximately 7.6%, above the polymer fraction of
PCL mixtures with =5% and 2%.

ϕp

TI,IIa

TIIa,IIb

fp
ΔTIIa

TIIb,III

ΔTIIb

ϕp

ΔTII = ΔTIIa+
ΔTIIb

ϕ∗ ≈ N−0.5
k ≈ 3.6%

Fig.  10 summarizes  the  correlation  between  the  SN  tem-
perature domains as a function of  based on the SN results
illustrated  in Fig.  9.  It  is  clear  that  for  pure  PCL83k  and  PCL
mixtures,  the values of  fluctuated in the range of  63−67
°C, indicating nearly identical thermal stability of the self-nu-
clei  in  all  PCL  mixtures.  The  critical  temperatures  in-
creased  from  54.5 oC  to  64.2  °C  as  increased  from  2%  to
100%.  As  a  result,  the  width  of Domain  IIa  decreased
with  increasing  PCL83k  fraction.  The  value  of  which  is
associated with the melting temperature of PCL mixtures, in-
creased slowly from 52 oC to 55 °C. Therefore, the width of Do-
main IIb  shows an opposite trend, increasing with an in-
crease  in  the  high  molecular  weight  fraction  PCL83k .  In
summary, all PCL mixtures and pure PCL83k exhibited almost
identical  wide Domain  II temperature  ranges, 

,  which are approximately  10–15 °C.  In  contrast,  the de-
fect-free neat PCL2k sample only exhibits a rather narrow Do-
main IIb (about 1 °C) without any melt memory. Note that the
proportion of PCL83k in the most diluted PCL mixture (2%) is
even lower than the overlap concentration .
Our results provide clear evidence that the presence of long-
chain  PCL83k  is  responsible  for  the  high  stability  of  self-nu-
clei  and  the  corresponding  wide  melt  memory  temperature
domain, rather than entanglements and chain overlap. In the
literature,[29,30,66] the increment of melt memory strength (i.e.,
the  width  of Domain IIa)  is  observed  to  be  promoted  when
the  MW  reaches  a  critical  value,  which  is  close  to  the  entan-
glement MW (Me) or critical MW for a once-fold. However, it is
difficult  to  determine the  key  factor  because  the  two critical
MW values are almost identical, and the critical MW for chain
folding  is  difficult  to  precisely  measure.  Our  findings  ir-
refutably reveal that the state of entanglement is not respon-
sible for generating melt memory. These results are also con-
sistent  with  the  recent  observation  by  Müller et  al.[31] that
some  oligomers  with  molecular  weights  even  below Me ex-
hibit  a  certain  temperature  range  of Domain  II, which  could
be enhanced by chain entanglements.

Another important feature that should not be neglected is
that the observations made in this study using dilute PCL mix-
tures are inconsistent with our previous publication[33] focus-
ing  on  ethylene/butene-1  random  copolymers  with  reduced
entanglement  concentration,  that  is,  the  melt  memory
strength  decreases  with  decreasing  long-chain  fraction.  It  is
believed  that  nano-sized  segregation  between  crystallizable
and non-crystallizable sequences during crystallization deter-
mines  the  occurrence  of  melt  memory  in  non-polar  poly-
olefin copolymers. The introduction of a low MW fraction not
only dilutes the entanglement concentration but also dilutes
the  overall  non-crystallizable  sequence,  resulting  in  reduced
complexity of the polymer melt and lower thermal stability of
the self-nuclei.

However, for PCL mixtures without phase separation, their
relatively strong melt memory is generally considered to orig-
inate  from  the  strong  intermolecular/intramolecular  interac-
tions  induced  by  the  polarity  of  the  monomers  rather  than
entanglements.[28,67,68] It  is  reasonable  hypothesize  that  rela-

10 Shi, C. et al. / Chinese J. Polym. Sci.  

 
https://doi.org/10.1007/s10118-026-3695-5

 

https://doi.org/10.1007/s10118-026-3695-5
https://doi.org/10.1007/s10118-026-3695-5
https://doi.org/10.1007/s10118-026-3695-5
https://doi.org/10.1007/s10118-026-3695-5
https://doi.org/10.1007/s10118-026-3695-5
https://doi.org/10.1007/s10118-026-3695-5
https://doi.org/10.1007/s10118-026-3695-5


ϕp

tively  large  number  of  adjacent  folding  number  in  polymer
mixtures with low  providing larger opportunities preserv-
ing  the  ordered  sequences  after  melting,  resulting  in  strong
melt  memory  effect.  Our  results  are  also  consistent  with  the

basic  knowledge  that  polymer  nucleation  occurs  at  the
length  scale,  which  corresponds  to  a  Rouse  motion  smaller
than  the  entanglements.[69] Existing  short-range-ordered
structures with high thermal stability can effectively promote
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Fig. 9    Representation of three SN domains superposed on standard DSC heating scans for all PCL samples. Closed symbols refer to crystallization
temperature  (right-handed y-axis) as a function of  value. (a) PCL83k, (b) =0.80, (c) =0.50, (d) =0.20, (e) =0.10, (f) =0.05, (g) =0.02,
(h) PCL2k.
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the  nucleation  and  crystallization  of  long-chain  polymers.
Furthermore, these findings further explain that melt memo-
ry is not observed in non-polar homopolymers, such as ultra-
high molecular weight polyethylene with different entangle-
ment states,  because of the weak van der Waals interactions
between adjacent folds.[70−72]

Isothermal Self-nucleation Results of Highly Dilute
PCL Mixtures: the Effect of Melting and
Recrystallization

ϕp

Tc =

Another open question remaining no answer is whether the ap-
parent  melt  and  recrystallization  behavior  can  significantly  af-
fect  the melt  memory of  dilute PCL mixtures.  Therefore,  modi-
fied isothermal SN experiments were performed on a specific di-
lute PCL mixture with =0.10. The sample was first isothermal-
ly  crystallized  at  35  and  30  °C,  respectively,  followed  by  stan-
dard  self-nucleation  thermal  protocols.  As  mentioned  above
(Fig. S1 in ESI), pronounced melt and recrystallization behaviors
occurs  at 30 °C.  Detailed SN results  are shown in Figs.  S11
and  S12  (in  ESI).  The  sample  exhibited  a  relatively  strong  melt
memory effect with a wide Domain II region after crystallization
at both temperatures.

Tc

Ts

TI,IIa ≈ TIIa,IIb ≈ TIIb,III ≈

The corresponding crystallization temperature  as a func-
tion of  is  summarized in Fig.  11, with a comparison of the
standard DSC heating curves. Clearly, after isothermal crystal-
lization  at  different  temperatures,  the  dilute  PCL  sample  ex-
hibits almost identical self-nucleation and strong melt memo-
ry  behaviors,  as  well  as  the  critical  self-nucleation  tempera-
tures 53.0 °C, 56.0 °C and 64.2 °C.  Our re-
sults  show  that  relatively  slow  melting  and  recrystallization
have nearly no pronounced influence on the thermal stability
of  self-nuclei,  and  more  energy  is  needed  to  destroy  the
strong  intramolecular  interactions  caused  by  adjacent  chain
folding in polar semicrystalline polymers.

CONCLUSIONS

Tc

Tc

In  this  work,  we  present  detailed  investigations  of  the  crystal-
lization and melting behavior of bimodal PCL mixtures with dif-
ferent  compositions.  Rheological  experiments  confirmed  that
the entanglement concentration of the PCL mixtures decreased
with  an  increase  in  the  unentangled  oligomer  PCL2k  fraction.
The  nanoscale  crystallization  morphologies  were  characterized
via SAXS  and  carefully  analyzed  using  interface  distribution
functions (IDF).  At  relatively low  (20 and 30 °C),  where both
PCL83k and PCL2k co-crystallize,  PCL mixtures can form lamel-
lar  stack  structures.  Quantitatively,  the  thickness  of  the  amor-
phous layer is controlled by the entanglement concentration, as
described in our previous work.[16,17] On the other hand, at a rel-
atively  low  supercooling  temperature  ( =45  °C),  the  PCL  mix-
ture tends to crystallize into individual lamellae with large amor-
phous regions. In this case, the chain coil size of PCL83k is rela-
tively  small  and  cannot  penetrate  two  adjacent  crystalline
lamellae,  resulting in the absence of intra-crystalline kinks,  that
is, entanglements and tie molecules.

ϕe

ϕ∗

Detailed  self-nucleation  experiments  revealed  that  the
presence of even a tiny fraction of long chains (even below 
and ) leads to the formation of stable self-nuclei after melt-
ing, causing strong melt memories. These results provide sol-
id evidence that intramolecular interactions of adjacent chain
folds  generate  the  melt  memory  effect  in  polar  semicrys-
talline polymers, rather than entanglements or chain overlap.
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ments.
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