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ABSTRACT: Large scale and long time molecular dynamics
simulations and primitive path analysis are used to investigate the
disentanglement of long linear polymer chains during their
crystallization from the melt state. In general, two competitive
processes, a slow decrease of average entanglement length during
cooling caused by stiffening of chains and a strong increase
during crystallization, can be observed. In both homogeneous
and heterogeneous nucleation, disentanglement occurs via
forming folds from locally unentangled segments and continues
in postcrystallization processes (slow reorganization), in
particular, during annealing. Re-entanglement processes after
melting are slow and can lead to memory effects in heating—

recooling protocols such as self-seeding.

he understanding of polymer crystallization at a molecular

level is one of the major unresolved problems of polymer
science.'~* During cooling, stereoregular polymers display a
spontaneous transition into a folded state. Crystallization from
melts, except for short oligomers, is usually incomplete and
results in the so-called semicrystalline state, where crystalline
lamellae formed by folded chain parts coexist with amorphous
regions. This is usually attributed to the nonequilibrium
character of polymer crystals, which are assumed to be trapped
in metastable states and cannot relax on experimental time
scales. Although chemical details control the individual
crystallization parameters, fundamental properties common to
all polymers such as connectivity, local stiffness, and topological
constraints should be responsible for a unique picture of the
crystallization behavior of polymers.

As polymer chains shall be fully unentangled in ideal single
crystals, crystallization of polymers from entangled melts is
accompanied with an at least partial disentanglement process.
The role of entanglements and possible scenarios of
disentanglement during melt-crystallization has been debated
in literature,’”” but experimental access to entanglement
properties in semicrystalline polymers is difficult.”® Although
it is intuitive to relate the concept of entanglements with the
frustration of a complete phase transformation or with memory
effects such as observed in self-seeding experiments,g’10 so far,
no quantitative relations between entanglement properties and
crystallization processes could be made. This is closely related
to the problem of defining the state of entanglement of linear
chains where topological properties such as knots and linking
numbers are not well-defined. To define the topological state of
a polymer melt, Everaers et al. have proposed an algorithm
based on trajectories of Molecular Dynamics (MD) to analyze
the Primitive Path (PP) of an entangled polymer chain, which
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allows quantitative insights to the entanglement properties of a
certain structure.'’

In this letter we report the application of Primitive Path
Analysis (PPA)"" to the local state of entanglement in dense
polymers during various stages of crystallization and melting.
Our results are based on our previous work where we have
applied a coarse-graining poly(vinyl alcohol) (CG-PVA) model
to simulate nucleation, §rowth, melting, and self-seeding
processes of long chains."*™"* We use a patched LAMMPS
code,ls’16 and the details of our simulations are given in the
caption of Figure 1. The results shown in this paper can be
extended to other stereoregular flexible chains.

In Figure la, we show the changes of specific volume (v)
during continuous cooling, heating, and recooling. The
apparent crystallization temperature is T, = 0.79 and 0.785
for cooling and recooling, respectively. The difference in T,
between cooling and recooling with same cooling rate shows
that crystallization is dependent on the initial states.”*'” The T,
is lower in recooling cycle, which seems to be counterintuitive
because memory effects of the first crystallization cycle might
facilitate the crystallization process and raise the apparent
crystallization temperature.

As the specific volumes at melt state are the same for cooling
and recooling, there must be some “hidden parameters” that
lead to the difference in T, of the two processes. These “hidden
parameters” are usually crudely considered as thermal history.
Among these “hidden parameters”, the state of entanglement of
chains should be considered. In principle, the state of
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Figure 1. (a—e) Specific volume (v), entanglement length (N,), radius
of gyration (R,), end-to-end distance (R), and effective persistence
length (C¥ = (1 + {cos 6))/(1 — (cos 6)), where 0 is the angle
between two adjacent bond vectors) as a function of temperature (T).
(f—i) R, contour length of primitive path (LPP), Kuhn length of
primitive path (RZ/LPP), and entanglement length (N,) vs C¥. Here,
the reduced temperature unit is 1 = 550 K, and the reduced time unit
is estimated as 1—3.5 ps by Rouse relaxation time at T = 1.0. The time
step is dt = 0.01 (~3S fs). Periodic boundary condition and NPT
ensemble (at 1 atm) are applied. The simulated system consists of
1000 chains and each chain has 1000 repeat units. The initial
conformation is generated by self-avoiding random walk relaxed over 8
x 107 time steps (~2800 ns) at T = 1.0 and 0.9. The rates of
continuous cooling (T = 0.9 to 0.75), heating (T = 0.7S to 0.93), and
recooling (T = 0.93 to 0.75) are the same and correspond to 2 X 107~
(~0.031 K/ns). The crystallization is indicated by the dashed vertical
lines. The final crystallinities at T = 0.75 are about 41.7 and 39.4% for
cooling and recooling, respectively. All values shown in this figure are
statistically averaged for all chains.

entanglement can be related with each instantaneous polymer
conformation. However, for linear chains such a topological
state is a priori not well-defined. One way to solve this problem,
at least in computer simulations, is to perform PPA. Here, for
each configuration in a MD trajectory, intrachain repulsions are
switched off, followed by energy minimization to a local
minimum with fixed chain ends.'"'® To analyze the degree of
entanglement of a given chain, the entanglement length (N,) of
the resulting primitive path is calculated. In this work we are
interested in local entanglement properties that can vary even
within a given chain. Therefore, the N, used in this work is
defined by the number of monomers in a kink-to-kink segment
in the final structure after PPA,'® as described in Figure 3a.
The evolution of N, during the cooling/heating cycles is
shown in Figure 1b. Before the onset of crystallization, the
values of N, at the same T show significant difference between
cooling and recooling, while specific volumes and energies are
nearly the same. In Figure 1c—e, we show the changes of radius
of gyration (Rg), end-to-end distance (R), and the effective
persistence length (C%). The configurations of polymers in
melt state are randomly coiled, but slightly deviated from ideal

32

Gaussian chains, where R/ \/ 6 = R, holds. The persistence
length, C¥%, increases steadily during cooling which leads to the
increase of R and R,.

During cooling in amorphous state, N, decreases. This is
consistent with previous simulations and theoretical models,
and is caused by the increase of stiffness, C%, which leads to an
increase of the contour length of PP (LP ) and a weak decrease
of Kuhn length of PP (a,, = RZ/LPPS,]S_ZO related with a
decrease in N,. In our case, the system is in a weakly entangled
state,”’ and N, as defined here can be considered as a measure
of the number of monomers per Kuhn length of the PP. In
Figure 1f—h, we display R, L, and RZ/LPp as a function of C¥.
Our results suggest a nearly constant value of a, = 8.
Assuming Gaussian statistics between two entanglement points
we obtain N, ~ 1/C¥, a relation that is in good agreement with
our results in the regime of C% < 6 (T > 0.85), see Figure 1li.
The reduced tube thinning, as compared to the expectation in
literature, may be related with the nonequilibrium character of
the chain conformations during cooling which leads to
stretching of PP but not yet to full reentanglement. We
mention that the value of N, given in this paper is directly
calculated by the number of monomers in a kink-to-kink
segment, but not based on Gassian statistics as reported in the
original paper of PPA by Everaers et al.''

With the onset of crystallization, N, increases rapidly, which
indicates a disentanglement process. C¥ and R, also increase
rapidly near T, while the R even slightly decreases. The larger
deviation between R/ \/ 6 and R, is related with the formation
of partially extended chain parts (stems) and folds, resulting in
non-Gaussian conformations. The value of L,,, decreases, which
corresponds to the formation of large “blobs” of unentangled
monomers corresponding to the crystalline folds. In the
crystalline regime, chain conformations and the statistics of
PPs should not be assumed as Gaussian with constant step
length. During postcrystallization (T < 0.78) and subsequent
heating near to T = 0.88, N, continuously increases,
corresponding to an improvement of crystalline order.

During further heating, N, drops rapidly after reaching T =
0.88, where the melting process starts. The thermodynamic
signature of melting seizes at T = 0.90. The value of N,
continues to decrease with the increase of temperature up to T
= 093 (~16.5 K above the melting point) due to slow
relaxation of the topological state in melts. The re-
entanglement saturates at about T = 0.93. The value of N,
after melting is lower than that of the melt before the first
crystallization/melting cycle, which indicates a relaxation of the
state of entanglement during the cycle. The melt before the first
cooling sweep was not yet in the fully entangled state and this
explains the higher crystallization temperature.

Continuous cooling/heating cycles are dominated by
homogeneous nucleation and strong reorganization pro-
cesses.”> To obtain polymer crystallization dominated by
growth of a single lamella self-seeding protocols can be applied.
As reported previously,14 self-seeding (T, = 0.9006) followed
by an isothermal quench (T, = 0.85) leads to isothermal
lamellar growth. It is interesting to note that T is located in the
window between T = 0.9 (thermodynamic melting is
completed) and T = 0.93 (reentanglement process saturates)
reported above. During isothermal growth after self-seeding at
T, = 0.8, the overall crystallinity (y) of the single lamella, and
the averaged values of R,, R, and Cf increase monotonously,
see Figure 2b,c. The small jump of C¥ at the beginning
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indicates the quick response of local chain properties after the
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Figure 2. (a—c) Entanglement length (N,) for selected chains,
crystallinity (y), effective persistent length (C%), radius of gyration
(Rg), and end-to-end distance (R) vs quench time (t) during self-
seeding at T = 0.85. Here, “crys-chains (t =)” means the chains are
selected from the crystallized part at a certain time, and “noncrys-
chains” means the uncrystallized chains until t = 6 X 10°.

In Figure 2a, we show N, of different subsets of chains during
lamellar growth. The value of N, for all chains first decreases
and then increases. The reason for this nonmonotonous
behavior is the competition of disentanglement of crystallizing
chains, and reentanglement of amorphous chains due to local
stiffening. This can be verified by analyzing N, for different sets
of chains taken at different entry-time to the crystal. The value
of N, for chains involved in the initial seed, “crys-chains (¢ =
0)”, monotonically increases, while that of noncrystallized
chains, “noncrys-chains”, monotonically decreases.

To follow the disentanglement process during crystallization
we analyze the trajectory and entanglement state of a single

chain. In Figure 3b,c, we show the changes of structures and
primitive paths for two chains during continuous cooling and
self-seeding respectively. As discussed in previous
work,'*7'***7* the crystallization of polymer chains is via
the emerging and developing of folds. The folds (in crystalline
states) are considered to be unentangled, which can be partially
verified in Figure 3b,c. A fold is created preferentially in a chain
part which belongs to a very high value of N,, both for
homogeneous nucleation and self-seeding (growth).

In Figure 3d, we compare the local value of N, and the stem
length, d, during self-seeding. It is found that the images of
monomers colored by value of N, show correct location of the
crystalline lamella inside which the value of N, is larger (less
entangled). The N, images also show that the surface of lamella
is disentangled which mainly consists of bending loops of folds.
We note that clusters with higher value of N, around the initial
seed at t = 0 correspond to the just molten segments during the
heating before self-seeding. These segments rest in less
entangled states after melting indicating that reentanglement
is slow as compared to the self-seeding time we have chosen.
The retarded reentanglement of just molten chains leads to the
increase of R during growth which is in contrast to the slight
decrease during continuous cooling, see Figure 2d. We
conclude that PPA reveals a crucial role of local entanglement
properties for both nucleation and growth, which can be related
to the memory effects found in experiments of self-
nucleation.”*°

Another way to follow entangled dynamics is to analyze the
trajectory of a chain in time. We visualize the trajectories of two
chains in Figure 3e,f, from which we can see the formation of
folds during crystallization. In the melt state, the movement of a
chain is confined within a tube. However, there are some long
unentangled segments in melts which play an important role in
the early stage of crystallization, especially for homogeneous
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Figure 3. (a) Sketch of entanglement length (N, or called primitive step) by the number of monomers between two nearby kinks of a Primitive Path
(PP). The blue thin lines are the real configuration and the red thick lines are the PP given by PPA. (b, c) Configurations and PPs of two chains
during cooling and self-seeding. The corresponding temperature (T) and quench time (t) are given in the top of the images. Red circles highlight the
emerging of folds which signals the beginning of crystallization of certain segments. (d) Section view of stem length, d, and N, during self-seeding.
The corresponding color maps and time are shown in the left and top of the images, respectively. For the N, view of each monomer, we use their real
coordinates but colored by its corresponding value of N,. (e, f) Colored trajectories of a chain during continuous cooling and self-seeding,
respectively. The different colors are according to different temperature (T) or quenching time (t), as shown in the color maps.
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nucleation. The emerging and development of folds are very
quick compared to the relaxation of entanglement. They are
highly restricted by the local entanglement state and prefer
unentangled segments. In Figure 4, we monitor the
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Figure 4. Angle values of two typical chains during continuous cooling
calculated by normal MD trajectories (upper panels) and PPA
conformations (lower panels). The corresponding color maps are
shown at the right. Here the green dashed lines indicate the apparent
crystallization temperature T, = 0.79. Higher values of angle mean the
corresponding segments are straight. Thus the “white belts” in the
upper panels correspond to crystallized stems, and the “dark lines” in
the lower panels correspond to kinks in primitive paths. The blue
ellipses mark the regions with higher entanglement while the red ones
mark the regions with lower entanglement. The red arrows mark the
vanishing of PPA-kinks due to crystallization.

disentanglement process during continuous cooling by
comparing the angular values of MD trajectories and PPA
conformations. At the onset of crystallization, T ~ 0.8, some
folds emerge and some PPA-kinks vanish (marked by red
arrows in Figure 4). The vanishing of PPA-kinks may be related
to the sliding motion as shown in our previous work.'*
Moreover, from Figure 4, we can see the folds emerge at where
segments are less entangled (marked by red ellipses) and the
segments with higher entanglement finally result in uncrystal-
lized coils (marked by blue ellipses). We note that the longer
unentangled segments already exist in melt state and are not
due to the crystallization. Thus there is a strong correlation
between the early stage of crystallization and entanglement
state, which can be a clue to answer a classic question in
polymer crystallization: Where will a crystalline seed appear and
why?

We conclude that topological analysis based on primitive
paths reveals disentanglement processes during crystallization.
This competes with tightening of entanglement constraints
during cooling caused by local stiffening of chains. The Kuhn
length of the primitive path coincides with the stem length
developed in the crystalline state and a lower entanglement
density in the melt leads to an increase of the crystallization
temperature. This might point to a significant role of
entanglements for the crystallization from melt state. We also
found indications that exceptionally large unentangled
sequences are involved in homogeneous nucleation. This may
be the reason of why homogeneous nucleation is strongly
dependent on the thermal history of a sample. The topological
analysis also reveals a possible origin of memory effect found in
self-nucleation experiments. The effect of entanglement to
crystallization behavior could be verified in experiments by
measuring the deviation of crystallization temperatures for
different initial samples, and should be helpful to thermody-
namic theories”® to improve the understanding of entanglement
related primary nucleation.
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