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Abstract   Transparency  is  often  an  important  property  in  the  practical  applications  of  temperature-responsive  shape-memory  gels.  We

investigated the mechanism of  significant  transparency improvement upon a  change in  two copolymer gels  with their  molar  ratios  between

stearyl  acrylate  and N,N-dimethylacrylamide  from  1:1  to  0.75:1.  By  means  of  Flash  DSC  measurement,  we  made  the  thermal  analysis

characterization  of  crystallization  and  glass  transition  in  two  copolymer  gels  and  compared  the  results  to  the  parallel  experiments  of

corresponding homopolymers. The results showed that the slightly lower content of stearyl acrylate sequences suppresses crystallization in their

side  chains  due  to  the  chemical  confinement  of  comonomers  on  copolymer  crystallization;  meanwhile  it  shifts  up  the  glass  transition

temperature  of  the  backbone N,N-dimethylacrylamide  sequences.  Eventually  on  cooling,  crystallization  gives  its  priority  position  to  glass

transition  in  copolymer  gels,  resulting  in  a  higher  transparency  of  the  gel  without  losing  the  shape-memory  performance.  To  confirm  the

chemical confinement, we further compared the isothermal crystallization kinetics of stearyl acrylate side chains in the copolymer gel to that of

their  homopolymer.  Our  observations  facilitate  the  rational  design  of  the  temperature-responsive  shape-memory  gels  for  the  transparency

property.
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INTRODUCTION

Shape-memory polymers have attracted enormous attention for
their shape recovery property, that is, after being deformed and
fixed  into  a  temporary  shape,  they  can  recover  the  original
shape  by  stimuli-responsiveness.[1−9] Temperature-responsive
shape-memory  gels  (TSMGs)  are  shape-memory  materials
triggered by thermal stimulus, displaying the thermally induced
shape  memory[10−13] that  has  been  designed  for  intelligent
materials,[11,14] optical devices,[15,16] and biomedical tools.[14,17] In
many of the potential applications, the transparency is often an
important property for TSMGs.[18,19]

Recently,  as  the  triggering  temperature  nearby  the  body
temperature, novel TSMGs were prepared by bulk copolymer-
ization  of N,N-dimethylacrylamide  (DMAA),  stearyl  acrylate
(SA),  and  the  crosslinker N,N′-methylenebisacrylamide
(MBAA).[20] The  freeze  of  the  stretching state  on cooling and

the  retraction  on  heating  of  these  TSMGs  are  usually
triggered by fast crystallization and melting of the side chains
of n-alkyl  acrylate,  respectively.[10,21−25] Although  crystalliza-
tion of side-groups limits the crystalline domains in the nano-
meter scales,[26] the aggregation of nanometer crystalline do-
mains  can  raise  the  sizes  of  crystalline-rich  and  amorphous-
rich regions up to the wavelengths of visible lights (few hun-
dred nanometers),[27,28] and thus ruins the transparency of TS-
MGs,  as  observed  for  example  in  bottlebrush  atactic  poly(1-
octadecene).[28] However, as demonstrated in Fig. 1, the trans-
parency  in  the  frozen  stretched  states  of  the  above  copoly-
mer  gels  has  been  found  to  be  significantly  improved  by  a
slight  change in their  chemical  compositions (their  molar  ra-
tios  between  SA  and  DMAA  from  1:1  to  0.75:1).[20] The  con-
tent  of  SA  holding  the  crystallizable  side  chains  was  slightly
reduced, which seems to suppress significantly the crystallin-
ity in the frozen stretched state with a better transparency, al-
though  the  performance  of  shape  memory  still  remains  (see
the  movie  in  the  electronic  supplementary  information,  ESI).
Therefore,  it  is  worthy  of  a  detailed  thermal  analysis  charac-
terization  on  their  crystallization  behaviours,  in  order  to  fig-
ure  out  the  mechanism  of  such  a  significant  transparency

 

* Corresponding authors, E-mail: jingong@yz.yamagata-u.ac.jp (J.G.)
E-mail: wbhu@nju.edu.cn (W.B.H.)

Received March 28, 2020; Accepted May 11, 2020; Published online July
9, 2020

Chinese Journal of
POLYMER SCIENCE ARTICLE 
 

© Chinese Chemical Society  
     Institute of Chemistry, Chinese Academy of Sciences www.cjps.org
     Springer-Verlag GmbH Germany, part of Springer Nature 2020 link.springer.com

 

https://doi.org/10.1007/s10118-020-2456-0
http://www.cjps.org
http://link.springer.com


contrast between two copolymer gels.  The results will  facilit-
ate our rational design of transparency in TSMGs.

Polymer crystallization has been broadly investigated as re-
ported in the numerous books and reviews.[29−32] Specifically,
the  chemical  confinement  effects  of  comonomers  on  the
crystallization  behaviors  of  statistical  copolymers  have  been
recognized.[33,34] The kinetics of  polymer crystallization is  the
essential  process  in  polymer  processing  to  control  the
product crystallinity and the semi-crystalline morphology. Dif-
ferential scanning calorimetry (DSC) is the common analytical
tool to characterize kinetics of polymer thermal transitions in-
cluding  glass  transition,  crystallization,  melting,  but  its  time
constant  is  100  s  or  longer  due  to  the  current  apparatus
design,[35] which limits its kinetic characterization of fast crys-
tallization  like  the  present  case  of  fast  side-chain  crystalliza-
tion  of  copolymer  gels.  Recently,  the  development  of  fast-
scanning  chip-calorimetry  makes  fast  cooling  and  heating
with the scanning rates up to a few thousand K·s−1 for materi-
al  characterization.[36] In  particular,  its  commercial  version
Flash DSC 1 has achieved fast cooling and heating with rates
up  to  −4000  and  40000  K·s−1,  respectively.[37−40] It  has  been
applied  to  systematically  study  crystallization,  melting,  and
crystal  reorganization  of  polymer  systems  including  homo-
polymers,  random  copolymers,  polymer  blends  and  so
on.[41−44] More specific,  Cavallo et  al.[45,46] and Mileva et  al.[47]

systematically studied the effects of comonomer content, co-
monomer  type,  and  nucleating  agents  on  the  kinetics  of
mesophase  formation  and  crystallization  in  propylene  ran-
dom  copolymers  with  a  series  of  1-alkene  comonomers.
Zhuravlev et al. compared the crystallization kinetics of high-
density polyethylene and its  random copolymers with differ-
ent  contents  of  1-octene,  confirming  the  chemical  confine-
ment  of  comonomers.[48] Kalapat et  al. proved  the  same
confinement  effects  on  isothermal  crystallization  kinetics  of
propylene-co-1-butene  random  copolymers.[49] Cai et  al. in-
vestigated  the  crystallization  kinetics  of  ethylene-co-propyl-
ene rubber/isotactic polypropylene blends.[50]

In  this  report,  we  employed  Flash  DSC  measurement  to
characterize the crystallization and melting behaviours of the
above  two  TSMGs  composed  of  random  copolymers  with
slightly  different  contents  of  long  crystallizable  side  chains.

Our  results  demonstrate  that  with  the  slight  decrease  of  the
component with crystallizable side chains in copolymers, the
mechanisms of TSMGs will switch from crystallization to glass
transition,  improving  the  transparency  in  their  frozen  stret-
ched states without losing the shape-memory performance.

EXPERIMENTAL

Sample Preparation
The samples of TSMGs were random copolymers synthesized by
bulk  copolymerization  as  reported.[16,20] In  this  process,  stearyl
acrylate  (SA), N,N-dimethylacrylamide  (DMAA), N,N′-methyle-
nebisacrylamide  (MBAA),  and  benzophenone  (BP)  were  mixed
and  stirred,  separately  as  a  crystallizable  monomer  with  a
crystallizable  long  side  chain,  a  non-crystallizable  hydrophilic
comonomer,  a  crosslinker,  and  a  UV  polymerization  initiator.
After  that,  the solution was  exposed to  a  UV lamp at  35 °C  for
24  h  in  a  mold,  finally  forming  the  polymerized  TSMG  sheets.
In  the  present  study,  the  prepared  two  different  TSMGs  with
different molar ratios of SA and DMAA both showed the shape
memory  response  to  temperature.  The  white-to-transparent
(WT)  sample  (SA:DMAA  =  1:1)  changes  from  white  to  transpa-
rent  and  back  to  white  upon  elevating  the  temperature  and
then  lowering  the  temperature.  The  transparent-to-transpa-
rent  (TT)  sample  (SA:DMAA  =  0.75:1)  remains  transparent
through  the  same  processes.  At  the  room  temperature,  the
frozen  stretched  states  of  WT  and  TT  are  opaque  and
transparent,  respectively,  as  shown  in Fig.  1.  For  comparison,
two corresponding homopolymers, i.e. poly(N,N-dimethylacryla-
mide)  (PDMAA)  and  poly(stearyl  acrylate)  (PSA),  were  also
prepared  by  bulk  polymerization  but  without  crosslinking.
And for the random copolymers, the same crosslinking density
was  ensured  by  controlling  the  similar  amount  of  crosslinking
agent.  The  chemical  compositions  and  the  relative  molar  ratio
used in this work are listed in Table 1. All the samples were dried
for 24 h in a vacuum oven at 40 °C to remove water so that the
thermal  analysis  experiments  would  not  be  disturbed  by  the
residue of water.

Calorimetric Measurement
The Mettler-Toledo Flash DSC 1 apparatus equipped with UFS1
chip-sensor  and  Huber  TC-100  intracooler  was  employed  in
this work, operated in a nitrogen atmosphere with a continuous
flow rate of 50 mL·min−1.

The  new  chip-sensor  was  conditioned  and  corrected  ac-
cording  to  the  instrument  manual  prior  to  use.  The  bulk
sample was cut into small pieces by employing a scalpel and
a stereomicroscope, then was loaded to the sensor center by
utilizing  a  single-hair  tool.  To  improve  the  thermal  contact
between the sensor surface and the sample,  the sample was
pre-melted  for  several  times  under  the  scanning  rate  of

WT TT

 
Fig. 1    Transparency of the frozen stretched states of two TSMGs at
the room temperature, with separate copolymer compositions of WT
(SA:DMAA = 1:1) and TT (SA:DMAA = 0.75:1).

Table 1    Chemical compositions and the relative molar ratio of WT, TT,
PSA, and PDMAA.

Sample
Monomer Comonomer Crosslinker Initiator

SA (mol) DMAA (mol) MBAA (mol) BP (mol)

WT 1 1 0.10 0.20 × 10−2

TT 0.75 1 0.0875 0.175 × 10−2

PSA 1 – – 1 × 10−2

PDMAA – 1 – 0.1 × 10−2
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1  K·s−1 until  the  curves  of  heat  flow  rates  remained  un-
changed.  For  comparison  of  the  scanning  results,  the  heat
flow  rate  was  normalized  to  the  scanning  rate  and  trans-
formed into the apparent heat capacity by using the software
Mettler-Toledo  STARe 11.00  version.  Furthermore,  since  we
evaluated the relative enthalpy changes of melting and crys-
tallization in the same samples, the sample mass was not es-
timated.

In  the  following  measurement,  we  performed  non-iso-
thermal  crystallization  experiments  at  various  cooling  and
heating rates to check the crystallization behaviors. We com-
pared the results  of  random copolymers  to those of  two ho-
mopolymers.  After  that,  isothermal  crystallization  experi-
ments were implemented at different temperatures and time
to  obtain  the  crystallization  halftime  and  compare  the  iso-
thermal  crystallization  kinetics  between  WT  and  the  homo-
polymer PSA.

RESULTS AND DISCUSSION

Cooling at Various Cooling Rates from the Melt
We started with our observations of the cooling processes from
the melt at various cooling rates for four samples of WT, TT, PSA
and  PDMAA,  followed  with  their  heating  curves  under  fixed
high heating rates, as the temperature-time protocol illustrated
in Fig.  2.  To  be  more  specific,  each  sample  was  first  heated  at
1000 K·s−1 to  a  high enough temperature to erase the thermal

history  for  0.2  s.  For  WT,  TT,  PSA,  and  PDMAA,  the  high
temperature for erasing their thermal history was 110, 200, 140,
and 250 °C, respectively. After that, the melts were cooled down
to −100 °C at various cooling rates from −10 K·s−1 to −4000 K·s−1

to  investigate  the  possible  melt-crystallization  behaviors.  And
then,  each  sample  was  reheated  back  to  observe  the  possible
melting  behaviors  at  the  fixed  heating  rate  of  1000  K·s−1.  The
cooling  curves  and  corresponding  subsequent  heating  curves
of all samples indicated by apparent heat capacity are illustrated
in Figs. 3 and 4, respectively.
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Fig.  2    Temperature-time  profile  for  cooling  at  various  rates
followed  with  heating  at  the  constant  high  rates  to  observe
crystallization and melting.
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Fig. 3    Cooling curves of apparent heat capacity as a function of temperature, obtained on cooling at different cooling rates as labeled
near the curves for (a) WT, (b) TT, (c) PSA, and (d) PDMAA. The red dashed lines are guiding the eyes for the observed transitions.
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Fig.  3 summarizes  the  cooling  curves  of  four  samples  ob-
tained at  various cooling rates as  labeled.  As for  the random
copolymer WT, one can see from Fig. 3(a) that the crystalliza-
tion  peaks  around  30  °C  shift  to  lower  temperatures  and
meanwhile  become  much  broader  with  increasing  cooling
rates.  Even  the  fastest  cooling  with  −4000  K·s−1 could  not
completely  hinder  the  crystallization.  Crystallization  here  is
apparently  making  the  shape-memory  performance  of  WT
gel. In contrast, the random copolymer TT in Fig. 3(b) exhibits
no  exothermic  crystallization  peak  but  two  glass  transition
steps separately around 45 and −30 °C. One can learn that the
glass  transition  around  45  °C  is  responsible  for  the  mainten-
ance of shape-memory performance of TT gel. In comparison
to  the  homopolymer  PSA  shown  in Fig.  3(c),  the  crystalliza-
tion peak around 40 °C for PSA shifts down to 30 °C for WT at
the  slowest  cooling  rates,  reflecting  the  chemical  confine-
ment of SA-sequence crystallization in the copolymer sample.
Meanwhile,  in  comparison  to  the  homopolymer  PDMAA
shown  in Fig.  3(d),  the  significant  glass  transition occurs  at
much higher temperature around 120 °C owing to the high ri-
gidity of DMAA sequences. In copolymers, due to the flexible
comonomer SA, the glass transition temperature of DMAA se-
quences will be significantly shifted down from 120 °C in ho-
mopolymer to 45 °C in random copolymer at the cooling rate
−30  K·s−1.  In  this  sense,  one  can  assign  the  high  glass  trans-
ition temperature of the copolymer TT around 45 °C to DMAA

sequences,  and  the  low  glass  transition  temperature  around
−30 °C to SA sequences due to the suppression of SA crystal-
lization.  Indeed,  the  glass  transition  temperature  of  long  al-
kane  side-groups  has  been  found  at  −30  °C.[26] Therefore,
there  exists  a  kinetic  competition  between  crystallization  of
SA  sequences  and  glass  transition  of  DMAA  sequences
around  the  body  temperature.  Slight  decrease  of  the  molar
ratio between SA to DMAA sequences from 1:1 to 0.75:1 will
shift  down  the  crystallization  temperature  and  meanwhile
shifts  up  the  glass  transition  temperature  as  shown  in  our
present  experiments.  Eventually  on  cooling,  crystallization
gives  its  priority  position  to  glass  transition.  More  samples
holding copolymer compositions between these two will  ex-
hibit the more detailed continuity of switching from crystalliz-
ation  to  glass  transition  on  cooling.  Crystallization  in  WT  gel
reduces  the  transparency  in  its  frozen  stretched  state,  while
glass  transition  in  TT  gel  can  keep  the  transparency  of  the
molten  gel  in  its  frozen  stretched  state  without  sacrifice
of  the  shape-memory  performance.  Our  observations  here
explain the results demonstrated in Fig. 1.

The  melting  in  the  subsequent  heating  is  another  side  of
shape-memory  performance  of  the  gels. Fig.  4 summarizes
the subsequent heating curves of  the above four  samples  at
fixed high heating rates after cooled at different cooling rates
as labeled. For WT gel in Fig. 4(a), the melting temperature is
around 40 °C and extends to 60 °C, good for a hot water treat-
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Fig.  4    Heating  curves  of  apparent  heat  capacity  as  a  function  of  temperature,  obtained  on  heating  at  a  constant  heating  rate  of
1000 K·s−1 after cooling at different cooling rates as labeled near the curves for (a) WT, (b) TT, (c) PSA, and (d) PDMAA. The blue dashed
lines are guiding the eyes for the observed transitions.
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ment  of  TSMGs.  Again,  the  melting  peak  demonstrates  that
even  the  cooling  rate  as  high  as  −4000  K·s−1 could  not  sup-
press  the crystallization on cooling.  As  for  TT gel  in Fig.  4(b),
the glass transition temperature around 50 °C is also good for
the  shape-memory  performance  of  TSMGs  nearby  the  body
temperature.  In  comparison,  the  homopolymer  PSA  exhibits
the melting temperature  around 40 °C  but  extends to  80 °C,
higher  than  that of the  random  copolymer  WT.  The  exten-
sion  of  melting  peaks  could  be  attributed  to  the  melting-re-
crystallization behaviors,  which will  be  ruled out  by the vari-
ation  of  heating  rates  shown  below.  Here,  the  extents  of
broadening of melting peaks exhibit insensitivity to the cool-
ing  rates,  as  shown  in Fig.  4(c).  The  homopolymer  PDMAA
shows  the  glass  transition  around  165  °C,  much  higher  than
120 °C for the glass transition in the cooling processes, prob-
ably due to the high heating rate.

Heating at Various Heating Rates from the Fast-
frozen State
Although  the  fast  cooling  could  not  suppress  crystallization  in
WT gel and PSA, the crystals may perform significant annealing
behavior  in  the subsequent  heating process.  Next,  we observe
the  heating  process  at  various  heating  rates  after  the  fast
cooling process. The temperature-time protocol is illustrated in
Fig.  5.  After  erasing  the  thermal  history,  the  melt  was  cooled
down to −100 °C at  the cooling rate of  −4000 K·s−1 for  WT,  TT,
PSA,  and  PDMAA,  followed  with  various  heating  rates  from

10 K·s−1 to 10000 K·s−1. Fig. 6 summarizes the heating curves of
apparent  heat  capacity  at  various  heating  rates  as  labeled  for
four samples.

Fig.  6(a) shows  broad  melting  peaks  of  WT  gel  from  10  °C
to 45 °C at the heating rate 30 K·s−1 and the stable peak tem-
peratures  below  1000  K·s−1,  indicating  significant  annealing
behaviors  upon  slow  heating.  In  contrast,  no  endothermic
peak  shows  up  in Fig.  6(b) for  TT  gel  except  for  two  glass
transition  steps  consistent  with  the  cooling  processes  with
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Fig. 5    Temperature-time profile for crystallization of the samples in
the heating process with various heating rates after fast cooling from
the melt.
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Fig. 6    Heating curves of apparent heat capacity as a function of temperature, obtained from the heating processes at different heating
rates as labeled near the curves, after fast cooling at −4000 K·s−1 from the melt for (a) WT, (b) TT, (c) PSA, and (d) PDMAA. The blue dashed
lines are guiding the eyes for the observed transitions.
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various cooling rates. The homopolymer PSA shown in Fig. 6(c)
exhibits  double  melting  peaks  with  the  high-temperature
peaks  more  sensitive  to  the  heating rates  than the  low-tem-
perature peaks, ruling out the melting-recrystallization beha-
vior with which the high-temperature melting peak would be
less  sensitive  to  the  heating  rates  and  become  higher  at
slower  heating.  Therefore,  the  double  peaks  could  be  attrib-
uted to two crystallites forming at the same temperatures on
cooling  but  holding  with  intrinsically  different stabilities  on
heating. We leave this behavior here for future investigation.
The homopolymer PDMAA shows only the glass transition at
the  high  temperature  region  of Fig.  6(d),  and  shifts  toward
160  °C  at  high  heating  rates,  consistent  with  the  results
shown in Fig. 4(d).

Comparing the Isothermal Crystallization Kinetics
between WT and PSA
Since there exists  a kinetic  competition between crystallization
and  glass  transition  on  cooling,  the  knowledge  about
isothermal  crystallization  kinetics  of  WT  in  comparison  to  the
homopolymer  PSA  is  helpful  for  our  understanding  on  the
chemical  confinement  in  copolymer  crystallization.  It  is  also
possible that when the temperature becomes low enough, the
hidden  glass  transition  may  beat  over  the  crystallization  if  the
latter  is  not  fast  enough.  To  this  end,  we  traced  the  melting
enthalpies  of  the  heating  curve  after  various  periods  of  iso-

thermal  crystallization  at  a  specific  temperature.  The  tempera-
ture-time  protocol  of  isothermal  crystallization  is  illustrated  in
Fig.  7.  From  the  melt,  the  sample  was  cooled  fast  enough, i.e.
−4000  K·s−1,  to  a  specific  temperature  for  a  certain  period  of
isothermal  crystallization,  followed  with  an  immediate  fast  he-
ating at the heating rate of 200 K·s−1 for a sharp melting peak.

Fig.  8 separately  demonstrates  the  heating  curves  for  WT
and PSA at the heating rate 200 K·s−1 after various periods of
isothermal  crystallization  correspondingly  at  39  and  48  °C.
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Fig.  7    Illustration  of  the  temperature-time  protocol  for  isothermal
crystallization of WT and PSA.
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Fig. 8    Heating curves of apparent heat capacity after isothermal crystallization for various periods as labeled for (a) WT at 39 °C and (c)
PSA at 48 °C.  Melting enthalpy versus crystallization period curves for (b) WT at 39 °C and (d) PSA at 48 °C,  obtained from the melting
peaks in (a) and (c), respectively, for the estimation of the crystallization halftime.

6 Wang, Y. H. et al. / Chinese J. Polym. Sci.  

 
https://doi.org/10.1007/s10118-020-2456-0

 

https://doi.org/10.1007/s10118-020-2456-0


(For the heating curves at other temperatures, please see the
data file in ESI). An incubation period for the initiation of crys-
tallization  can  be  observed  as  the  absence  of  melting  peaks
for  both  samples  in  the  early  stage  of  isothermal  crystalliza-
tion.  The  crystallization  halftime  at  a  certain  crystallization
temperature  was  thus  estimated  by  the  crystallization-time
evaluation  of  the  melting  enthalpy,  as  demonstrated  in
Figs. 8(b) and 8(d).

Fig.  9 summarizes  the  obtained crystallization  halftime for
WT and PSA at various temperatures. One can see the signific-
ant shifting down of the crystallization temperature of the co-
polymer  WT in  comparison to  the homopolymer  PSA due to
the  chemical  confinement  of  the  non-crystallizable  co-
monomers  in  WT.  The  curves  for  both  WT  and  PSA  exhibit
only the high-temperature branches, similar to those of poly-
ethylene and its copolymers with fast crystallization.[45] In WT,
the  glass  transition  of  the  backbone  DMAA  sequence  was
blocked  by  the  crystallization  of  the  side  groups  of  SA  se-
quences,  which was expected to  be shifted down below the
crystallization temperature range of WT. Even as low as 30 °C,
the crystallization with the halftime 0.1 s remains to occur.

CONCLUSIONS

In  the  present  work,  we employed Flash  DSC measurement  to
investigate  the  thermal  transition  behaviors  of  two  binary
random  copolymer  gels  in  comparison  with  their  correspon-
ding homopolymers.  We observed crystallization of WT as well
as  glass  transition  of  TT  in  the  similar  temperature  range  on
cooling, resulting in contrast transparency in their frozen states.
The  crystallization  was  assigned  to  the  side  chains  of  SA
sequences in WT, while the glass transition was assigned to the
backbones  of  DMAA  sequences  in  TT.  The  comparisons  with
homopolymer  PSA  and  PDMAA  confirmed  the  kinetic
competition  between  crystallization  and  glass  transition  for
the  shape-memory  performance  of  TSMGs  in  WT  and  TT,  res-
pectively. We further characterized the isothermal crystallization
kinetics  of  WT  and  PSA  to  learn  the  extent  of  chemical
confinement  in  WT.  Our  observations  proved  the  scenario  of
competition  between  crystallization  and  glass  transition  as
adjusted  by  the  copolymer  compositions  for  the  contrast  of
transparency  in  the  frozen  states  of  TSMGs.  The  work  brings

new  insights  into  the  rational  design  of  TSMGs  for  their
transparency  property.  Since  the  water  will  play  the  role  of
solvent to shift down both the glass transition temperature and
the crystallization temperature, we removed the water from the
gels  in  order  to  simplify  the  present  case.  The  effect  of  water
content has been scheduled in the next case of our study.
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