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Abstract   The effect  of  freezing layer  on the crystallization kinetics  of  poly(ε-caprolactone)  (PCL)  thin and ultrathin films was investigated by

monitor the growth process of it on oriented polyethylene (PE) and CaF2 with and without freezing layer, respectively. It was found that the PCL

films with similar thicknesses crystallize much faster on oriented PE than on CaF2 substrate. For example, the crystallization rate constant of a 102

nm thick PCL film decreases tremendously by 3 orders of magnitude from 1.1×10−1 on PE substrate at 50 °C to 7×10−4 on CaF2 surface at 40 °C.

Moreover, the crystallization of PCL accelerates on CaF2 surface while slows down at PE surface with increasing film thickness. The ultrathin films

of PCL with thickness less than 14 nm exhibits the fastest crystallization rate on oriented PE with a rate constant of about 3.5×10−1,  which is 3

times higher than that of  a ca.  50 nm thick film.  This  illustrates the great influence of  freezing layer on the crystallization process of  PCL.  The

freezing layer thickness of PCL on PE is estimated to be in the range of 14−17 nm. Taking the radius of gyration (Rg ~ 15.6 nm) of the used PCL

material into account, the obtained results may imply the existence of a correlation between the Rg of PCL and its freezing layer thickness at PE

substrate.
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INTRODUCTION

The  property  and  functionality  of  polymeric  materials  depend
seriously  on  their  chemical  and  multiscale  condensed
structures.[1−10] As  more  than  two  thirds  of  synthetic  polymers
can crystallize under suitable conditions, great efforts have been
contributed to study the crystallization behavior of polymers for
the  sake  of  control  their  crystal  structures  and  crystalline
morphologies.[11−15] Among  many  others,  surface-induced
epitaxial  crystallization  has  been  proved  to  be  effective  in
regulating  both  crystal  structure  and  morphology  of
semicrystalline polymers.[16−26] For polymer epitaxy, most widely
researched issues are the mutual crystal orientation relationship
of the deposit polymer with the used underlying substrate and
the related mechanism of  it.  Up to date,  great progress on the
understanding  of  epitaxial  crystallization  mechanism  at  a
molecular  level  and  related  controlling  factors  has  been

achieved  through  extensive  studies  on  the  final  mutual
orientation  relationship  of  different  epitaxial  polymer  pairs via
X-ray  diffraction,  atomic  force  microscopy,  and  transmission
electron microscopy combined with electron diffraction.[27−30] It
is  widely  accepted  that  the  unique  mutual  orientation  and
specific  crystal  form  selection  are  determined  by  the  existing
crystallographic  matching  between  the  epitaxial  pairs  in  the
contacting planes.[27,28]

It  should be noted that the substrate-induced epitaxial  or-
ganization of deposit polymer should start unambiguously at
the  surface  of  the  oriented  substrate.  However,  a  visualiza-
tion  of  the  organization  of  deposit  polymer  directly  at  the
substrate  surface is  impossible  due to the interface is  buried
between the melt of deposit polymer and the solid substrate.
Fortunately,  the  elegant  technique  developed  by  Thurn-
Albrecht et  al.[31−36] helps  to  disclose  the  existence  of  an
ordered  wetting  layer  at  the  interface  of  several  polymers,
such  as  polyethylene  (PE),[31−33] poly(ε-caprolactone)
(PCL),[33−35] and  poly(ethylene  oxide)  (PEO),[36] onto  highly
ordered  pyrolytic  graphite  or  MoS2 substrates  successfully.
The wetting layer, referred to as freezing layer, is confirmed to
be  stable  above  the  bulk  melting  temperature  and  exerts
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great influence on the crystallization kinetics of the polymers.
This implies that the crystallization kinetics of polymers with-
in the freezing layer and outside the freezing region must be
quite  different.  This  has,  however,  not  been  studied,  even
though abundant researches have been denoted on the mo-
lecular  dynamics  of  thin  (thickness  between  100−1000  nm)
and ultrathin (thinner than 100 nm) polymer films at solid sur-
faces without special crystallographic interaction.[37−44]

In  this  work,  the  PCL  has  been  chosen  as  a  model  system
for studying the influence of the freezing layer on its crystal-
lization kinetics. To this end, oriented PE and CaF2 were selec-
ted  as  the  substrates  of  it.  It  is  well  confirmed  that  ordered
chain organization of  PCL on PE takes place at  temperatures
above its nominal melting point,[45,46] reflecting the existence
of a freezing layer of PCL. On the other hand, CaF2 cannot in-
duce  epitaxial  crystallization  of  PCL  and  thus  oriented  chain
organization  of  PCL  does  not  occur.  The  crystallization  kine-
tics  of  PCL  films  with  different  thickness  at  oriented  PE  and
CaF2 surfaces  was  followed  by  Fourier  transform  infrared
(FTIR)  spectroscopy,  which  had  widely  been  used  to  charac-
terize the crystallization and glass transition behavior of poly-
mers.[47−50] The results show not only the crystallization kine-
tic  but  also  the  film  thickness  dependence  of  PCL  at  PE  sur-
face  is  quite  different  from  that  at  CaF2 substrate.  For  ex-
ample,  with  increasing  film  thickness,  the  crystallization  rate
of  PCL  increases  on  CaF2 substrate  but  decreases  at  PE  sur-
face.  It  seems  that  the  freezing  layer  thickness  of  PCL  on  PE
substrate  correlates  with  its  radius  of  gyration  (Rg).  The  pur-
pose of this paper is  to display the detailed experimental  re-
sults and reasonable explanations for the different film thick-
ness  dependence  of  PCL  crystallization  kinetics  on  PE  and
CaF2 substrates. We hope this will shed more light on the dif-
ferent  molecular  organization  behavior  of  thin  and  ultrathin
polymer films at different flat solid surfaces.

EXPERIMENTAL

Materials
Commercial  grade  PCL,  weight-average  molecular  weight
Mw~6.9×104 g/mol,  was  purchased  from  Sigma-Aldrich  Co.
High-density polyethylene (HDPE 7000f) was produced by Ilam
Petrochemical  Co.,  Iran.  Commercial  ethyl  acetate  and  xylene
solvents were used as received.

Sample Preparation
Highly oriented thin PE films were prepared according to a melt-
draw  technique  invented  by  Petermann  and  Gohil.[51] The
structure  of  melt-drawn  PE  ultrathin  films  of ca.  50  nm  in
thickness  has  frequently  been  shown  in  previous
publications.[52−56] It will therefore not be presented here in this
paper  again.  The  samples  used  for  studying  the  dynamics  of
epitaxial  crystallization  of  PCL  on  highly  oriented  PE  substrate
adopt a sandwich configuration for increasing their contact area
so that  enhancing the  FTIR  signal.  They  were  prepared by  first
spin-coating  PCL  ethyl  acetate  solution  at  different
concentrations  onto  oriented  PE  film  supported  by  highly
polished CaF2 substrate  and then covered by  another  piece  of
oriented  PE  film.  The  use  of  polished  CaF2 as  supporting
substrate  is  for  a  better  repeatability  of  the  experiments.  The
thicknesses  of  PCL  films  are  measured  by  Bruker  DektakXT

profilometer  as  19±2,  28±1,  34±2,  102±5,  160±8,  1000±20 and
2000±50  nm.  The  samples  thicker  than  34  nm  were  directly
used  for  FTIR  study,  while  the  samples  with  PCL  film  thinner
than 34 nm were multilayer stacked to enhance the FTIR signal
of PCL.

Characterization
For  FTIR  experiments,  a  Bruker  VERTEX70  spectrometer  was
used. FTIR spectra in the wavenumber range from 400 cm−1 to
4000  cm−1 were  obtained  by  averaging  32  scans  at  a  4  cm−1

resolution  and  recorded  after  every  60  s.  For  crystallization
kinetic study, the PE/PCL/PE samples were first heated up to 85
°C (below the melting point of PE but above that of PCL) for 15
min  and  then  cooled  down  to  50  °C  for  isothermal
crystallization.  To  show  the  different  influence  of  CaF2,  the
crystallization  kinetics  of  pure  PCL  thin  films  with  similar
thicknesses at  CaF2 surface was also performed by melting the
PCL films at 85 °C for 15 min and then crystallized isothermally
at  40  °C.  The  reason  for  the  use  of  a  lower  crystallization
temperature  for  PCL/CaF2 is  that  the  crystallization  of  PCL
ultrathin films on CaF2 substrate at 50 °C is hardly possible. Even
at 40 °C, the crystallization of PCL ultrathin films (<100 nm) is too
slow  to  be  followed.  Therefore,  only  the  PCL  thin  films  thicker
than 100 nm have been employed to follow the crystallization
kinetics of PCL on CaF2 substrate. Nevertheless, it is well-known
that the crystallization rate of PCL above 40 °C gets slower with
increasing  temperature.  In  this  case,  the  higher  the Tc,  the
slower  the  crystallization  rate.  Consequently,  the  influence  of
crystallization  temperature  on  the  kinetic  does  actually  not
affect the conclusion of present experimental data analysis.

RESULTS AND DISCUSSION

A∞

A∞

For  reasonable  infrared  spectroscopic  analysis,  correct  FTIR
band  assignments  of  PCL  are  necessary.  It  is  well  documented
that the band at 731cm−1 is crystalline sensitive, while the other
bands,  such  as  1295,  1245  and  1192  cm−1,  are  conformational
sensitive.[45] In  the  present  work,  as  mentioned  in  the
experimental part, highly polished CaF2 substrate was used for a
better repeatability. Fig. 1(a) shows the FTIR spectra of a PCL film
on CaF2 substrate before and after crystallization. It can be seen
that  the  transmittance  of  CaF2 is  poor  below  1100  cm−1.
Therefore, the data analysis of 731 cm−1 band is tricky and thus
not  suitable  for  analyzing the  crystallization process.  Phillipson
et  al.[57] reported  the  use  of  carbonyl  absorption  band  at  1724
cm−1 for  measuring  the  PCL  crystallinity  quantitatively  with
time,  owing  to  its  high  intensity  and  isolation  (see Fig.  1b).
Consequently,  the  1724  cm−1 band  instead  of  731  cm−1 band
was  adopted  here  to  monitor  the  crystallization  dynamics  of
PCL with varied thickness on CaF2 and oriented PE substrates. In
this way, the relative crystallinity of PCL was calculated by (At −
A0)/(  − A0),  with A0 represents  the  intensity  of  1724  cm−1

band  at  the  time  just  cooling  the  sample  from  85  °C  down  to
crystallization  temperature,  whereas At and  represent  the
band  intensities  after t time  and  end  crystallization  of  PCL,
respectively.

Fig. 2(a) shows the change of relative crystallinity as a func-
tion of time for a ~1 μm thick PCL film sandwiched between
oriented PE substrates crystallized isothermally at 50 °C. From
Fig.  2(a),  it  is  obvious  that  the  crystallization  of  PCL  sand-
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wiched between PE  substrates  starts  immediately  after  cool-
ing the melt from 85 °C down to 50 °C. Within the first 2 min,
the crystallization of PCL proceeds already over 6%. The crys-
tallization propagates very quickly and finishes within 20 min.
The crystallization of PCL on CaF2 at 50 °C is too slowly to be
in-situ followed by FTIR.  Therefore,  the crystallization of a ~1
μm thick PCL film on CaF2 substrate was performed at 40 °C.
As presented in Fig.  2(b),  even though with a 10 °C decrease
of  the  crystallization  temperature,  the  crystallization  of  PCL
on  CaF2 substrate  starts  about  2  min  after  cooling  the  melt
from 85 °C down to 40 °C, implying the need of a ca. 2 min in-
duction  time  for  initiating  the  crystallization.  These  results
manifest  that  the  crystallization  of  PCL  films  with  identical
thicknesses is much faster on PE than on CaF2 substrate. This
should be associated to the existence of a freezing PCL layer
on PE substrate,  which has been confirmed to start  the crys-
tallization of PCL at temperatures far above 50 °C (cf. Fig. S7 of
Ref. [34]).

It  should  be  noted  that  the  crystallization  kinetics  is  most
widely  analyzed  by  Avrami  model,  in  which  the  following
equations have frequently been used:(At − A0)/(A∞ − A0) = 1 − exp(−k × tn) (1)

ln[−ln((A∞ − At)/(A∞ − A0))] = ln(k) + nln(t) (2)

t1/2 = (ln2/k)1/n + t0 (3)

where n is  the  Avrami  exponent, k is  the  crystallization  rate
constant, t1/2 is  the  half-crystallization  time  and t0 is  the
induction time. According the results shown in Fig. 2, the related
Avrami plots have been obtained and presented in Fig. 3. From
Fig. 3(a), one can see that the best least-squares fitting of Avrami
equation  to  the  experimental  data  of  PCL  film  isothermally
crystallized  between  PE  substrates  at  50  °C  gives  an  Avrami
exponent (n) of ~1.62. It is widely accepted that the n is related
to  the  nucleation  type  and  the  crystal  growth  geometry.  For
heterogeneous  nucleation,  a  value  of n~2  is  typical  for  a  two-
dimensional  crystal  growth  characteristic  for  thin  film
crystallization.  For  the  PCL  grown  on  CaF2 (Fig.  3b),  a  value  of
n~3 reflects most likely a two-dimensional crystal growth under
homogeneous nucleation or a three-dimensional crystal growth
through  heterogeneous  nucleation.  Moreover,  the  crystal-
lization  rate  constant  (k)  of ca.  0.02  for  PCL/PE  and  1×10−3 for
PCL/CaF2 systems indicates also a much faster crystallization PCL
on PE  than on CaF2 substrate.  This  is  further  supported by  the
shorter half crystallization time (t1/2) of about 8.9 min for PCL/PE
at 50 °C than 12.7 min for PCL/CaF2 at 40 °C.

To display the film thickness dependence of PCL crystalliza-
tion  kinetics  in  PCL/PE  and  PCL/CaF2 systems,  the  time-
dependent  relative  crystallinity  changes  and  related  Avrami
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Fig. 1    (a) FTIR spectra of a thick PCL film before and after isothermal crystallization on CaF2 substrate at 40 °C; (b) Crystallization time
dependent intensity variation of 1724 cm−1 band. The arrow indicates the direction of band intensity change with time.
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Fig. 2    Time-dependent relative crystallinity changes of a PCL thin film with 1 μm in thickness sandwiched between two oriented PE
substrates during isothermal crystallization at 50 °C (a) and on CaF2 substrate during isothermal crystallization at 40 °C (b).
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plots  of  PCL  films  with  different  thicknesses  sandwiched
between two oriented PE substrates or on CaF2 substrate dur-
ing isothermal crystallization at 50 and 40 °C, respectively, are
presented  in  electric  supplemental  information  (ESI). Fig.  4
shows  the  thickness-dependent n, K and t1/2 variations  with
related parameters summarized in Table 1. From Fig. 4(a) and
Table  1,  we  can  see  that  the n value  for  PCL/PE  system  in-
creases  slightly  with  increasing PCL film thickness.  A  maxim-
um value of around 1.6 is reached when the film thickness is
over 1 μm, which is obviously smaller than the PCL grown on
CaF2 surface (~3), indicating the different nucleation type and
crystal growth manner. The film-thickness-dependent crystal-
lization  rate  constant  of  PCL  sandwiched  between  oriented
PE thin films and on CaF2 substrate are presented in Fig. 4(b).
Clearly, it decreases with increasing film thickness for PCL/PE
system,  while  increases  with  increasing  film  thickness  for
PCL/CaF2 system. The results of half crystallization time agree
well with that of crystallization rate constant. As presented in

Fig. 4(c), it increases with increasing film thickness for PCL/PE
system,  while  decreases  with  increasing  film  thickness  for
PCL/CaF2 system.

The  above  experimental  results  clearly  indicate  an  oppos-
ite film thickness dependence of PCL crystallization kinetics at
PE and CaF2 substrates. This may be understood in the follow-
ing  way.  Generally,  for  thin  and  ultrathin  polymer  films,  the
confinement  effect  will  hinder  the  crystallization  of
them.[37−44] For example, it has been reported that the crystal-
lization  of  poly(di-n-hexyl  silane)  in  spin-cast  ultrathin  films
thinner than 15 nm is substantially hindered while gets faster
and  faster  with  the  increase  of  film  thickness  from  15  nm  to
50  nm.[37,38] For  poly(ethylene  oxides)  film  with  thickness
smaller  than  250  nm  crystallized  on  different  silicon  sub-
strates,  except  for  a  steadily  decreased  crystallinity,  a  pro-
gressively  slowdown  crystallization  kinetics  with  decreasing
thickness is also observed.[39,40] Similar constrained crystalliza-
tion phenomenon has  been observed for  PCL as  well.[42,43] It

Table 1    Kinetic parameters of PCL with various thicknesses crystallized in PCL/PE and PCL/CaF2 samples.

Substrates PE a CaF2

Thickness (nm) 9.5 14 17 51 80 500 1000 102 1000 2000
t1/2 (min) 2.9 2.6 3.6 4.1 5.1 8.9 13.2 16.8 12.7 9.9

n 0.67 0.74 1.22 1.30 1.57 1.62 1.60 2.7 2.73 3.02
K (×10−3) 340 350 140 110 50 20 10 0.7 1.1 1.3

a The thickness of PCL sandwiched between two PE layers is taken as half of the film thickness.
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Fig.  3    Avrami  plots  of  a  PCL  film  with  1  μm  in  thickness  sandwiched  between  two  oriented  PE  substrates  during  isothermal
crystallization at 50 °C (a) and on CaF2 substrate during isothermal crystallization at 40 °C (b). The solid lines in red color are the best fit of
the Avrami equation to the experimental data.
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Fig. 4    Thickness dependence of (a) n, (b) K, and (c) t1/2 parameters of PCL crystallized on PE at 50 °C and on CaF2 at 40 °C.
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has been reported that both the morphology and growth rate
of  PCL  vary  with  film  thickness.  A  nonlinear  and  slower
growth of distorted PCL crystals has been recognized. The de-
creased  crystal  growth  rate  with  film  thickness  is  often  ex-
plained by reduced diffusion of polymer chains or chain seg-
ments  from  melt  to  crystal  growth  front  or  decrease  of  the
number of nuclei with decreasing film thickness.[58] Taking all
these  into  account,  for  the  PCL  on  CaF2 substrate,  there
should  be  a  constrained  layer  directly  connected  with  the
CaF2. The confinement effect results in a very slow crystalliza-
tion rate of this layer. With increasing film thickness, crystalliz-
ation of the melt out of this layer gets quicker. This makes an
increase  of  the  overall  PCL  crystallization  rate.  It  should  be
noted  that  a  relationship  between  growth  rate  (G)  and  film
thickness  (d)  of Gd = G∞ ×  (1  − a/d)  has  been established for
isotactic  polystyrene.[44] This  validates  actually  also  for  the
PCL grown on CaF2.  As presented in Fig. 5,  when using 1/t1/2

to  characterize  the  overall  crystallization  rate,  the  crystalliza-
tion  rate  of  PCL  on  CaF2 is  indeed  in  proportion  to  the  film
thickness d.

The situation of PCL crystallized on PE substrate is different.
Except for a decreased crystallization rate with increasing film
thickness,  non-linear  relationship  exists  between  crystalliza-
tion  rate  and  film  thickness  (Fig.  5).  This  reflects  a  different
crystallization  mechanism.  When  crystallizing  the  PCL  on
highly oriented PE substrate, either from melt or solution, par-
allel  aligned  edge-on  PCL  lamellar  structure  is  always  ob-
tained  through  epitaxial  crystallization.[45,46] The  oriented  ar-
rangement of PCL chains from melt occurs even at temperat-
ures  higher  than  its  nominal  melting  point.  The  pre-orienta-
tion  of  molecular  chains  can  promote  the  nucleation  during
cooling  and  accelerates  the  crystallization  tremendously,
which ensures a quick crystallization of PCL during cooling at
higher  temperature.[26] Such  interfacial  layer  with  pre-ori-
ented molecular chains or chain segments may in a sense be
the  same  as  a  freezing  layer  as  denoted  by  Thurn-Albrecht
et al.[34] The crystallization of PCL in the freezing layer is con-
firmed to start very quickly and at higher temperature, since it
can  speed  up  nucleation  significantly,  or  in  other  words  can
act  as  a  kind  of  “ideal  nucleus”  to  initiate  crystallization.  It
should  be  noted  that  the  PCL  freezing  layer  results  actually

from  the  intrinsic  interaction  of  it  with  the  substrate.  There
should exist a critical thickness of it. In this case, the crystalliz-
ation of the melt only within the freezing layer will be remark-
ably  accelerated.  Further  crystallization  of  the  PCL  melts  out
of the freezing layer is then initiated by the early formed par-
allel  aligned  lamellar  crystals  in  freezing  layer  through  ho-
moepitaxial secondary nucleation, i.e., a process of molecular
chain  or  chain  segment  diffusion  from  melt  to  the  crystal
growth  front  and  packing  of  them  into  the  crystal  lattice,
which  makes  the  similar  lamellar  orientation.  Since  the  sec-
ondary nucleation requires an activation process, the crystal-
lization  of  the  PCL  out  of  the  freezing  layer  slows  then  tre-
mendously  down,  which  reduces  the  overall  crystallization
rate of  PCL.  Assuming a fixed thickness of  the freezing layer,
the contribution of  the fast-crystallizing freezing layer  to  the
overall  crystallization  rate  is  then  constant  regardless  of  film
thickness.  The contribution of homoepitaxial  secondary crys-
tallization rate to the overall one enhances, however, with in-
creasing film thickness, and therefore leads to an inverse rela-
tionship between crystallization rate and film thickness d.

Moreover,  from  the  crystallization  rate  constants  and t1/2

shown in Table 1,  it  is  noted that the crystallization behavior
of PCL films thinner than 28 nm is essentially the same, while
the  crystallization  of  PCL  films  with  thickness  larger  than  34
nm deviates substantially from those thinner than 28 nm. This
may  suggest  that  the  thickness  of  freezing  layer  intrinsically
affected  by  the  PE  substrate  is  in  the  range  of  14−17  nm,
which  agrees  well  with  the  values  of  PCL  on  graphite  and
MoS2 substrates given by Thurn-Albrecht et al.[33−35] We spec-
ulate  that  this  critical  freezing  layer  thickness  may  corres-
pond to some intrinsic  spatial  dimensions  of  the PCL chains,
such as the radius of gyration (Rg). To verify whether the critic-
al thickness correlates to the Rg or not, the Rg of the used PCL
sample is calculated according to Eq. (4):[59]

Rg =
b
√
C∞ × (Mw/M0)√

6
(4)

where b is  the  monomer  length  having  a  value  of  0.7  nm  for
PCL,[60] C∞ is  the  Flory’s  characteristic  ratio  with  a  value  of
4.9,[61] Mw and M0 are  the  weight-averaged  molecular  weight
and molar mass of a monomer unit, respectively. The used PCL
sample has an Mw of 69 kDa with the mass of one monomer unit
of  114 g/mol.  Thus,  an Rg of  about 15.6  nm is  obtained,  which
falls  well  within  the  range  of  14−17  nm.  This  may  imply  the
existence of a correlation between the Rg of  used PCL material
and the freezing PCL layer thickness caused by the PE substrate.

Actually, the Rg as a characteristic parameter for discussing
the  crystallization  of  thin  and  ultrathin  polymer  films  near  a
solid surface has already been used in the literatures.[37,40] For
example, Qiao and coworkers reported that the ultrathin PCL
film with thickness close to Rg could not crystallize, while a re-
markable  change  in  crystalline  morphology  was  found  for
films  with  a  thickness  of  around  2Rg.[62] This  deviates  obvi-
ously  from the results  of  PCL grown on PE substrate  presen-
ted here since the ultrathin PCL films even thinner than Rg, for
example,  with  a  thickness  of  only  about  19/2=9.5  nm,  can
crystallize on the ordered PE substrate. The divergent crystal-
lization  capacity  of  PCL  ultrathin  films  on  the  solid  surfaces
with and without epitaxial abilities may be virtually caused by
the same adhesion phenomenon of  polymer chains or  chain
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Fig.  5    Plots  of  1/t1/2 against  film  thickness  of  PCL  sandwiched
between  PE  films  crystallized  at  50  °C  and  on  CaF2 substrate
crystallized at 40 °C.
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segments  onto  the  substrate  surface  in  different  manners.  It
has  been  reported  that  there  exists  an  irreversibly  adsorbed
layer at substrate surface with thickness comparable to Rg of
the polymer chains.[63] Both mobility and conformation of the
polymer chains in the adsorbed interface layer can be altered.
It is the changes in chain mobility and conformation that res-
ult  in  the  divergent  crystallization  behavior  of  a  polymer  at
different  solid  substrates.  Generally,  the  mobility  of  molecu-
lar chain segments within the interfacial adsorbed layer is re-
duced greatly due to the mutual interaction, as manifested by
the  increased  glass  transition  temperature  of  polymers.[40,41]

At a solid surface without epitaxy capacity, as depicted in top
panel of Fig. 6(a), the adsorbed polymer chains in the interfa-
cial region exhibit a random coil arrangement like in its bulk.
In this case, the reduction in mobility of molecular chain seg-
ments within the adsorbed interfacial layer of Rg in thickness
depresses  or  even inhibits  the crystallization of  this  ultrathin
layer  when  cooled  down  to  crystallization  temperature,  see
middle  panel  of Fig.  6(a).  The  effect  of  substrate  toward  the
polymer  chains, i.e.,  the  substrate-polymer  interaction
strength, decreases gradually with the polymer chains deviat-
ing  from  the  interface  as  film  thickness  increases.  Con-
sequently,  the materials  outside the strongly adsorbed inter-
facial  layer  can  crystallize  but  with  very  low  nucleation  and
crystal  growth  rate.  In  this  case,  Hu et  al.[64] confirmed
through  dynamic  Monte  Carlo  simulation  that  the  morpho-
logy depends generally on the substrate-polymer interaction
strength and crystallization condition, such as flat-on lamellar
crystals  shown  in  bottom  left  of Fig.  6(a)  or/and  edge-on
lamellar  crystals  shown  in  bottom  right  of Fig.  6(a),  both  of
them  have  been  reported  in  literatures.[42,43] With  further  in-
crease of the film thickness, the effect of substrate fades out.

The  layers  far  away  from  the  interface  then  crystallize  in  the
similar way as bulk material. This results in an increased over-
all crystallization rate. There exists a critical thickness that the
contribution  of  substrate-adsorbed  layer  to  the  overall  crys-
tallization kinetics can be neglected. As a result,  films thicker
than  this  critical  thickness  do  not  illustrate  the  substrate  ef-
fect.

On the other hand,  as  schematically  described in Fig.  6(b),
the PCL chains or chain segments in the adsorbed interfacial
layer  caused  by  PE,  considered  here  as  the  freezing  layer  as
proposed  by  Thurn-Albrecht  that  can  stabilize  the  crystal
structure well  above the bulk melting temperature of PCL or
endow an oriented chain organization at temperatures high-
er than the melting point of PCL, which can serve as self-nuc-
lei and induce crystallization of PCL more easily than the bulk
crystallization.[65] These  early  formed  PCL  crystals  can  also
trigger  the  crystallization  of  PCL  out  of  the  freezing  layer
through  homoepitaxial  secondary  nucleation  with  a  slower
rate  due  to  the  requirement  of  an  activation  process.  Since
the  overall  crystallization  kinetics  is  an  average  of  the  PCL
within  and  out  of  the  freezing  layer  and  the  contribution  of
homoepitaxial secondary crystallization to the overall crystal-
lization rate gets bigger and bigger with increasing film thick-
ness,  the  overall  crystallization  rate  decreases  thus  with  in-
creasing film thickness. This well explains the reduced crystal-
lization kinetics of PCL on PE with increasing thickness.

CONCLUSIONS

In  summary,  the  film-thickness-dependent  crystallization
kinetics of PCL on CaF2 and oriented PE substrates was studied
by  FTIR  spectroscopy  using  the  carbonyl  absorption  band  at
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Fig.  6    Schematic  view of  possible  PCL chain arrangement at  a  solid  surface without  epitaxial  capacity  as  CaF2 (a)  and with epitaxial
ability like oriented PE (b). The yellow arrow in part (b) indicates the molecular chain direction of the used PE substrate. The PCL chains in
melt  at  CaF2 surface  are  random  coils  (top  panel  of  part  a).  By  cooling  the  film  to  crystallization  temperature,  the  PCL  chains  in  the
interfacial layer of Rg in thickness keep their original random coil conformation due to strong adsorption of them by the substrate, and
therein the crystallization in this layer is tremendously depressed or even totally inhibited (middle panel of part a). With further increase
of film thickness, the PCL chains outside the strongly adsorbed layer can crystallize with low rate (bottom panel of part a) with different
morphologies (e.g.,  flat-on and edge-on shown in left and right parts,  respectively).  The PCL chains at PE substrate are pre-oriented as
reported in Ref.  [34] (top panel of  part b),  which leads to the formation of a freezing PCL layer with ordered structure even above the
melting point of PCL and therefore initiates the immediate crystallization of PCL at 50 °C (middle panel of part b). The PCL chains outside
the strongly adsorbed layer crystallize continuously and slowly through homoepitaxial secondary nucleation (bottom panel of part b).
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1724 cm−1. The results show that the crystallization of PCL with
similar thickness is much faster on oriented PE substrate than at
CaF2 surface.  The  quick  PE-induced  crystallization  of  PCL  is
related to  the existence of  a  freezing layer,  which immediately
produces  the  simultaneous  growth  of  parallel  aligned  PCL
lamellae  with  molecular  chain  along  PE  molecular  chain
direction.

The influence of film thickness on the crystallization kinet-
ics  of  PCL on PE substrate is  also different from that on CaF2

substrate.  The overall  crystallization rate of PCL on CaF2 sub-
strate accelerates with increasing film thickness, while that on
PE  substrate  gets  slower  and  slower  with  film  thickness.  For
the  PCL  on  CaF2,  the  mobility  of  PCL  chain  segments  in  the
adsorbed layer decreases remarkably, which reduces or even
inhibits the crystallization of it. The gradual elimination of the
substrate  effect  for  the  PCL  chains  away  from  the  CaF2 sub-
strate with increasing film thickness results in an increment of
the overall crystallization kinetics. In the contrary, for the PCL-
PE system, the existence of a PCL freezing layer at the PE sur-
face with pre-oriented chain structure promotes the crystalliz-
ation  of  it  greatly.  The  further  growth  of  PCL  crystals  out  of
the  freezing  layer  with  random  coil  conformation  triggered
by early  formed PCL lamellar  crystals  through homoepitaxial
secondary  nucleation  requires  an  activation  process  and  is
slower than that in the freezing layer. Consequently, a decre-
ment of  crystallization kinetics  with increasing film thickness
is observed.

Moreover,  the  thickness  of  the  PCL  layer  with  fastest  crys-
tallization rate on PE is estimated to be in the range of 14−17
nm, which is similar to the reported freezing layer thickness of
PCL on graphite and MoS2 substrates.  Interestingly,  the Rg of
the  used  PCL  material  falls  also  in  this  range.  This  may  sug-
gest the existence of a correlation between the Rg of the poly-
mers  and  the  freezing  layer  thickness,  which  warrants  a  fur-
ther study.
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