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Abstract We performed kinetic Monte Carlo simulations of a lattice polymer model holding intramolecular and intermolecular
activation barriers for polymer diffusion, on the basis of the previous dynamic Monte Carlo simulations of polymer crystallization. We
explored the effective parameter sets for two barriers to freeze the amorphous polymers at low temperatures. The subsequent heating
process of the frozen amorphous polymers exhibits clear cold crystallization behaviors. We made preliminary investigation on the
crystallinity and the morphology of polymer crystallites yielded during the cold crystallization, which appear in consistence with our
common experimental observations. Our present work paves the way for molecular simulations of hot and cold polymer crystallization in
the whole temperature range between the glass transition temperature and the melting temperature.
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INTRODUCTION

It is well-known that polymer crystallization kinetics is dom-
inated by a nucleation process, and the nucleation rate is
controlled by the free energy barrier for the initiation of
nucleation as well as by the diffusion barrier for crystalline
units passing through the crystalline-amorphous interface,
separately in the high and low temperature regions between
the glass transition temperature and the melting point. These
two barriers make polymer crystallization rate exhibit a
parabolic-like temperature dependence with a maximum in
the middle temperature region.['?! Crystallization in the high
temperature region upon cooling from the melt is called as
hot crystallization, while crystallization in the low temper-
ature region upon heating from the glassy state is named
as cold crystallization. Cold crystallization in the low tem-
perature region yields much smaller crystallites with less
perfect crystalline structures than hot crystallization, which
commonly benefits the industrial processing of polymer
materials with a better transparency or a higher toughness,
and thus is worthy of investigations. While so far, most of
our investigations on polymer crystallization are focusing on
hot crystallization dominated by the nucleation barrier,[!*]
cold crystallization dominated by the diffusion barrier is
difficult to study due to the obstacle in precise temperature
control to bypass fast crystallization upon cooling into the
low temperature region, in particular, by the conventional
differential scanning calorimeter (DSC) measurement.
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Recently, fast-scanning chip-calorimeter measurement
provides a better temperature control for bypassing fast crys-
tallization and expands our investigation of crystallization to-
wards the low temperature region.35] It is generally be-
lieved that crystallization below the glass transition temper-
ature is completely suppressed by the low molecular mobil-
ity.[6] Nevertheless, new experimental observations on the
correlation between enthalpy relaxation and polymer cold
crystallization were reported,”-81 which demands the corres-
ponding molecular simulations for a better understanding of
polymer cold crystallization at the molecular level.

Dynamic Monte Carlo simulations of a lattice polymer
model have been extensively applied to investigate polymer
crystallization.’~!1] The energy parameters for polymer crys-
tallization include the intramolecular conformational energy
E. between gauche and trans states as well as the inter-
molecular compact packing energy £, between two parallel
packed bonds, with each step of micro-relaxation to mimick
real polymers moving in continuous space (the so-called dy-
namic Monte Carlo simulations). As introduced above, in the
low temperature region, cold crystallization is dominated by
the activation barriers for polymer diffusion. In each step of
micro-relaxation, polymer diffusion contains the intramo-
lecular barrier for the conformational change of bond con-
nections as well as the intermolecular barrier for the adhes-
ive interactions of neighboring non-bonded monomers. The
intramolecular conformation barrier can be assigned as the
activation barrier for the transition from gauche state to trans
state of rotational isomerism on each backbone bond, as il-
lustrated in Fig. 1.9 In the lattice model, the conformation-
al change is reflected by the linear and nonlinear connec-
tions of consecutive bonds along the polymer chain. On the
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other hand, the intermolecular adhesive barrier can be as-
signed to the activation barrier for the splitting in each pair
of two monomer contacts, as shown in Fig. 1 as well. The
conventional Metropolis algorithm for Monte Carlo sam-
pling has been employed, which follows the detailed bal-
ance.[12714] The kinetic Monte Carlo simulations add the
same activation barriers on two opposite directions of micro-
relaxation of polymers, which maintains the detailed balance
well but lowering the sampling acceptability.l!3-16] With the
activation barriers employed equally on two opposite direc-
tions of trial moves in each step of micro-relaxation, the dif-
fusion effects in the low temperature region can be intro-
duced for our investigation of polymer cold crystallization.
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Fig. 1 [Illustration of (top) intramolecular potential energy barriers
Ecg and Et for conformational transition between a gauche state and
a trans state of rotational isomerism on each backbone bond along a
polymer chain, shown as collinear and non-collinear connections
between two consecutive bonds, respectively, and (bottom)
intermolecular potential energy barriers Eaq for each pair of non-
bound neighboring monomers that split up on each micro-relaxation
move. E. is the gauche-trans energy change.

In this report, we employed the kinetic Monte Carlo simu-
lations to investigate the cold crystallization behaviors of
polymers upon heating from the frozen amorphous states.
The parameters for the intramolecular and intermolecular en-
ergy barriers were explored in a logic sequence for their
proper ranges. The results demonstrate that the crystallinity
and the morphology features of cold crystallization behavi-
ors are consistent with our common experimental observa-
tions. Thus, our simulation approach is conducive to further
investigation for better understanding the new experimental
observations.

TECHNIQUE DETAILS

We set up a lattice box of 64 x 64 x 64 cubic cells and
put 1420 chains, of which each contains 128 monomers with
one monomer occupying one lattice site, into the box. A bulk
polymer system was thus mimicked with the polymer
occupancy density of about 0.6934. The rest vacancy sites
were regarded as the free volume for polymer diffusion via
micro-relaxation. In our dynamic Monte Carlo simulations,
we randomly selected a monomer on the lattice polymer
chains and one of its vacancy neighbors, and then tried to
move the monomer into that vacancy neighbor like those
monomers in a real polymer, with a single-site jumping and
if necessary, partial sliding diffusion along the polymer
chain.[”! Since the bond could align along either 6 lattice
axes, 12 face diagonals, or 8 body diagonals, the lattice
coordination number was as many as 26. Double occupation
and bond crossing were forbidden on account of the volume
exclusion of polymers. Periodic boundary conditions of the
lattice box were employed. The polymers in our simulations
were nearly random coils with their diameters much smaller
than the box sizes, thus the finite size effects for crystalli-
zation were not obvious. The unit of simulation time, one
Monte Carlo cycle (MCC), was defined as the total amount
of trial moves equal to the monomers in the lattice box.

The conventional Metropolis sampling algorithm was
employed with the total potential energy change AE in each
step of micro-relaxation of polymers. As illustrated in Fig. 1,
the conformational energy parameters contain both the
activation barriers on both sides, £, and E, as well as th-
eir net result £, for maintaining the detailed balance. It is
worth mentioning that, when E,, = 0, the parameter set
should return back to our previous dynamic Monte Carlo
simulations only with E.. As introduced above, E, is the net
packing energy difference between parallel and non-parallel
packed bonds which are neighboring in space. The activa-
tion barrier for adhesive interactions between two non-bon-
ded monomers, E,y, described the non-bonding monomers
around each monomer to hinder the motion of the latter.
Therefore, the total potential energy change in each step
of micro-relaxation was integrated by these barriers, as
given by

AE = AEcg + AEy— AE. + AE, + AEyq (1

We used the energy parameter £ to reduce the dimension
of other energy parameters (below simplified as E,, E,
E,, and E,q, respectively, for E./E., E/E. E/E. and
E,4/E.), and thus the reduced temperature k7/E, was briefly
denoted as T. In practice, we counted the numbers of mono-
mers and bonds corresponding to the above energy paramet-
er changes in each step of micro-relaxation, and calculated
the total potential energy changes. In detail, for £, and E.,
we counted the total amount of bond connections changing
from non-linear to linear connections, £ the total amount of
bond connections changing from linear to non-linear connec-
tions, £, the net amount of non-parallel-packed bonds, and
E,q the total amount of monomer-monomer contact pairs in
splitting-up.
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RESULTS AND DISCUSSION

In the first step, polymer chains were put with an initially
ordered state into the lattice box, and then were athermally
relaxed (all energy parameters were set as zero) for a
sufficient time period to reach an equilibrium random coil
state. This state was used as the initially frozen state for
heating up from the low temperature region. The cold crys-
tallization was monitored by the crystallinity in the heating
process with the reduced temperature 7= 0.1 increasing step-
by-step with the step length of 0.1 after every 3000 MCCs.
Crystallinity was defined as the fraction of crystalline bonds
that contain more than 9 parallel neighboring bonds (since
each bond could contain parallel neighbors along either the
lattice axes or the diagonals as much as 24 bonds after
subtracting two bonded neighbors, we arbitrarily chose 9
parallel neighbors of each bond as the demarcation between
the crystalline bond and the amorphous bond).

In our previous dynamic Monte Carlo simulations of poly-
mer crystallization, the standard protocols were the paramet-
er sets of E; = 1.0 and E, = 1.0.0711] We started with explor-
ing the suitable parameter range of E,4 for the intermolecu-
lar activation barrier. To this end, we set £, = 0, E = 1.0,
E.=1.0,and E, = 1.0, and increased E,4 from zero to a large
enough value for suppressing any crystallization from the
initial amorphous state in the low temperature region. The
results are summarized in Fig. 2. One can see that without
any adhesive interactions (i.e. E,q4 = 0), the crystallization
will be initiated as soon as the heating scan was launched at
T = 0.1. The melting curve beyond 7T = 5.0 could be attri-
buted to the superheating for crystal melting upon fast heat-
ing. Cold crystallization occurs only when polymers are
frozen in the low temperature region with the larger E,4 val-
ues above 0.2. However, if the value of E,4 becomes too
large, for instance, above 1.2, cold crystallization will be al-
most hindered during the heating process.
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Fig. 2 Heating curves of crystallinity for the bulk polymer sample
with various Ead (Ect = 1.0, Ecg = 0, and Ep = 1.0. The temperature
was increased stepwise from 0.1 with a step length of 0.1 and a step
period of 3000 MCCs.)

Next, we explored the suitable parameter range of £ for
the conformational activation barrier. To this end, we set
E,q=0.2 and E;, = 1.0, and changed the energy parameter £

with E,, = E, — E.. The results for cold crystallization on
heating scan are summarized in Fig. 3. One can see that
when the conformational barrier becomes high enough, for
instance, £ = 40, cold crystallization will be almost insen-
sitive to this barrier height.
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Fig. 3 Heating curves of crystallinity for the bulk polymer sample
with various Ect (Fad = 0.2, Ecg = Ect — Ec, Ec = 1.0, and Ep, = 1.0.
The temperature was increased stepwise from 0.1 with a step length
of 0.1 and a step period of 3000 MCCs.)

Third, we explored the suitable parameter range of E, for
the driving forces of polymer crystallization. To this end, we
set F,g = 0.2, £, = 10, E. = 1.0, and E,, = 9.0, and changed
the energy parameter E,, to explore its suitable range for cold
crystallization. The results of heating curves are summarized
in Fig. 4. One can see that when the crystallization driving
force E,, becomes too weak, for example, 0.2, no cold crys-
tallization can be initiated in the heating process, and when
E, becomes too large, for example, 2.0, melting occurs be-
yond the observation window of temperature due to a too
high melting point.
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Fig. 4 Heating curves of crystallinity for the bulk polymer sample
with various Ep (Ead = 0.2, Ect = 10, Ec = 1.0, and E¢g = 9.0. The
temperature was increased stepwise from 0.1 with a step length of
0.1 and a step period of 3000 MCCs.)

The cold crystallization yields unique crystalline morpho-
logy in the low temperature region. We further investigated
the variation of polymer mobility in the heating process with
the most suitable parameter set £, = 1.0, £,y = 0.2, E = 10,

https://doi.org/10.1007/s10118-019-2222-3
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and E, = 9.0. With these parameter sets, the cold crystalliza-
tion starts around 7 = 1.0 and its corresponding melting ends
around 8.0 in the heating process above. We calculated two
quantities at each step of temperature raising: one was the
acceptability of trial moves, the other was the largest length
of the sliding monomers (denoted as L,,) along the chain.
Fig. 5 shows that both the acceptability and L, rise with the
increase of temperature. When the temperature becomes be-
low 4.0 (the saturation of cold crystallization), trial moves of
polymer chains are hardly accepted, although the cold crys-
tallization has already been initiated at 7= 1.0. With the in-
crease of crystallinity, the increase of sliding lengths is signi-
ficant but not for the acceptability. The latter becomes obvi-
ously increased only after cold crystallization is saturated at
the temperature 4.0. As the temperature reaches at 8.0 (the
end of crystal melting), the acceptability increases slightly
slower, and meanwhile L., becomes saturated as the normal
behaviors in the melt phase. Apparently, the initiation of cold
crystallization requires very small acceptability and very
short range of sliding monomers around 7' = 1.0. This result
implies that the crystal nucleation could be initiated even be-
low the glass transition temperature, as observed in the new
experiments.[7:8]
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Fig. 5 The acceptability of trial moves and the largest length of
sliding monomers Lm along the polymer chain within the time
period of each temperature step, for the polymer systems with E, =
1.0, Ead = 0.2, Ect = 10, Ec = 1.0, and Ecg = 9.0 (The acceptability of
trial moves was defined as the fraction of accepted trial moves in
the total number of trial moves within 3000 MCCs at each step of
temperature. Lm was defined as the maximum number of monomers
in each step of sliding diffusion along the polymer chain within the
time period of each temperature step.)

The hot crystallization in the high temperature region
should be controlled by the nucleation process, as indicated
by the incubation period during the isothermal crystalliza-
tion process. To confirm that hot crystallization can be repro-
duced as well with two activation barriers, we investigated
the isothermal crystallization processes within the time win-
dow of 45000 MCCs at high temperatures, with the results
for the time evolution curves of crystallinity summarized in
Fig. 6. One can clearly see the elongated incubation periods
for the time evolution curves of crystallinity at higher tem-
peratures.
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Fig. 6 Time evolution of crystallinity during isothermal
crystallization at various denoted temperatures in the high
temperature region, for the polymer systems with Ect = 10, Ecg =
9.0, Ep= 1.0, and Eaa = 0.2

We expanded the temperature range of isothermal crystal-
lization and observed the highest crystallinity achieved and
the melting temperature within the time window of 45000
MCCs, as the results shown in Fig. 7. Since the time period
45000 MCCs for isothermal crystallization is much larger
than 3000 MCC:s in each step of heating scan, the maximum
crystallinity reaches around 0.6, slightly higher than 0.5
achieved in the heating scan shown above. This can be attri-
buted to the longer crystallization period to harvest a higher
crystallinity. On the other side, the melting ends at the tem-
perature around 7.0, slightly lower than 8.0 in the heating
scan shown above. This result can be attributed to the incom-
plete melting during the limited time in each step of heating
scan which expands the melting range. The results are con-
sistent with our common experimental observations.
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Fig. 7 Crystallinity saturated in the isothermal crystallization of
45000 MCCs at various temperatures for the melt polymer systems
with Eet = 10, Ec = 1.0, Ecg = 9.0, Ep = 1.0, and Eaqg = 0.2

Finally, we compared the crystallite morphology harves-
ted during isothermal crystallization for 45000 MCCs at
various temperatures. Fig. 8 demonstrates four snapshots
after isothermal crystallization at 7 = 2.0, 5.0, 6.0, and 6.5,
respectively. The snapshot at 7= 2.0 represents the crystal-
lization in the low temperature region, showing many small

https://doi.org/10.1007/s10118-019-2222-3
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Fig. 8 Snapshots of polymer crystallites in the unit cell harvested at (a) 7= 2.0, (b) 7= 5.0,
(¢) T = 6.0, and (d) T = 6.5 after isothermal crystallization for 45000 MCCs (The energy
parameters are the same as in Fig. 7. Only the crystalline bonds are shown with blue cylinders

for exposure of the crystallite morphology.)

crystallites in Fig. 8(a) due to a high density of crystal nuclei
although its crystallinity shown in Fig. 7 is still lower than
that harvested at 7 = 6.5. The snapshots at 7= 5.0 and 6.0
shown in Figs. 8(b) and 8(c) represent the crystallization har-
vesting the highest crystallinity in the middle temperature re-
gion. The crystallization at 7= 6.5 as shown in Fig. 8(d) re-
flects the low density of crystal nuclei generated at small su-
percooling with much larger lamellar crystallites due to the
spontaneous chain-folding. The total crystallinity harvested
with large crystals at this temperature is actually slightly
higher than that shown in Fig. 8(a) at 7= 2.0. The morpho-
logy features are consistent with our common experimental
observations on the feature of polymer crystal morphology
yielded at the low temperatures.

CONCLUSIONS

By introducing both intramolecular and intermolecular
activation barriers for polymer diffusion at low temperatures,
we performed kinetic Monte Carlo simulations to investigate
cold crystallization of bulk polymers in the heating process
and the isothermal processes. We explored the suitable
ranges for various energy parameters to reproduce the proper
cold crystallization behaviors. The results for temperature

dependences of polymer mobility, harvested crystallinity,
and morphology are consistent with our common experi-
mental observations on polymer cold crystallization. There-
fore, our simulations pave a way for our further study of cold
crystallization behaviors in the low temperature region to
better understand new experimental observations, as well as
the global temperature profile of polymer crystallization
kinetics between the glass transition temperature and the
melting temperature.

ACKNOWLEDGMENTS

This work was financially supported by the National Natural
Science Foundation of China (Nos. 21474050 and 21734005) and
the Program for Changjiang Scholars and Innovative Research
Teams in University and for CAS Interdisciplinary Team.

REFERENCES

1 Wunderlich, B. in Macromolecular physics. Vol. 2: Crystal
Nucleation, Growth, Annealing. Academic Press, New York,

https://doi.org/10.1007/s10118-019-2222-3


https://doi.org/10.1007/s10118-019-2222-3

632

Xu, C. H. et al. | Chinese J. Polym.
1976.
Hu, W. B. in Principles of polymer crystallization (in Chinese). 10
Chemical Industry Publisher, Beijing, 2013.
Toda, A.; Androsch, R.; Schick, C. Insights into polymer crys- 11
tallization and melting from fast scanning chip calorimetry.
Polymer 2016, 91, 239-263. 12
Li, Z. L.; Zhou, D. S.; Hu, W. B. Recent progress on flash DSC
study of polymer crystallization and melting. Acta Polymerica
Sinica (in Chinese) 2016, 9, 1179-1197. 13
Mathot, V.; Schick, C. in Fast scanning calorimetry. Springer,
Switzerland, 2016. 14
Stuart, H. A. in Die Physik der Hochpolymeren. Vol. Il
Springer-Verlag, Berlin, 1955. 15
Androsch, R.; Schick, C.; Schmelzer, J. W. Sequence of en-
thalpy relaxation, homogeneous crystal nucleation and crystal
growth in glassy polyamide 6. Eur. Polym. J. 2014, 53, 16
100—-108.
Androsch, R.; Zhuravlev, E.; Schmelzer, J. W.; Schick, C. Re-
laxation and crystal nucleation in polymer glasses. Eur. Polym. 17

J. 2018, 102, 195-208.
Hu, W. B.; Frenkel, D. Polymer crystallization driven by aniso-

Sci. 2019, 37, 627632

tropic interactions. Adv. Polym. Sci. 2005, 191, 1-35.

Hu, W. B. in Polymer physics: A molecular approach. Spring-
er-Verlag, Vienna, 2013.

Hu, W. B. The physics of polymer chain-folding. Physics Re-
ports 2018, 747, 1-50.

Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller,
A. H.; Teller, E. Equation of state calculations by fast comput-
ing machines. J. Chem. Phys. 1953, 21, 1087—1092.

Kremer, K.; Binder, K. Monte Carlo simulation of lattice mod-
els for macromolecules. Comp. Phys. Rep. 1988, 7, 259-310.
Landau, D. P.; Binder, K. in 4 guide to Monte Carlo simula-
tions in statistical physics. World Scientific, Singapore, 2004.
Frenkel, D.; Smit, B. in Understanding molecular simulation:
From algorithms to applications. Academic Press, New York,
1996.

Doye, J. P. Computer simulations of the mechanism of thick-
ness selection in polymer crystals. Polymer 2000, 41,
8857—-8867.

Hu, W. B. Structural transformation in the collapse transition of
the single flexible homopolymer model. J. Chem. Phys. 1998,
109, 3686—3690.

https://doi.org/10.1007/s10118-019-2222-3


http://dx.doi.org/10.1016/j.polymer.2016.03.038
http://dx.doi.org/10.1016/j.eurpolymj.2014.01.012
http://dx.doi.org/10.1016/j.eurpolymj.2018.03.026
http://dx.doi.org/10.1016/j.eurpolymj.2018.03.026
http://dx.doi.org/10.1007/11537656
http://dx.doi.org/10.1016/j.physrep.2018.04.004
http://dx.doi.org/10.1016/j.physrep.2018.04.004
http://dx.doi.org/10.1016/j.physrep.2018.04.004
http://dx.doi.org/10.1063/1.1699114
http://dx.doi.org/10.1016/0167-7977(88)90015-9
http://dx.doi.org/10.1016/S0032-3861(00)00229-9
http://dx.doi.org/10.1063/1.476965
http://dx.doi.org/10.1016/j.polymer.2016.03.038
http://dx.doi.org/10.1016/j.eurpolymj.2014.01.012
http://dx.doi.org/10.1016/j.eurpolymj.2018.03.026
http://dx.doi.org/10.1016/j.eurpolymj.2018.03.026
http://dx.doi.org/10.1007/11537656
http://dx.doi.org/10.1016/j.physrep.2018.04.004
http://dx.doi.org/10.1016/j.physrep.2018.04.004
http://dx.doi.org/10.1016/j.physrep.2018.04.004
http://dx.doi.org/10.1063/1.1699114
http://dx.doi.org/10.1016/0167-7977(88)90015-9
http://dx.doi.org/10.1016/S0032-3861(00)00229-9
http://dx.doi.org/10.1063/1.476965
http://dx.doi.org/10.1016/j.polymer.2016.03.038
http://dx.doi.org/10.1016/j.eurpolymj.2014.01.012
http://dx.doi.org/10.1016/j.eurpolymj.2018.03.026
http://dx.doi.org/10.1016/j.eurpolymj.2018.03.026
http://dx.doi.org/10.1007/11537656
http://dx.doi.org/10.1016/j.physrep.2018.04.004
http://dx.doi.org/10.1016/j.physrep.2018.04.004
http://dx.doi.org/10.1016/j.physrep.2018.04.004
http://dx.doi.org/10.1063/1.1699114
http://dx.doi.org/10.1016/0167-7977(88)90015-9
http://dx.doi.org/10.1016/S0032-3861(00)00229-9
http://dx.doi.org/10.1063/1.476965
https://doi.org/10.1007/s10118-019-2222-3

