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Abstract: Since methods for reducing macromolecule entanglements have been developed, it has
become possible to better understand the impact of polymer chain entanglement on the crystallization
process. The article presents basic information about the disentangling of macromolecules and the
characterization of the degree of entanglement. The basic knowledge of polymer crystallization
was also presented. Then, it was discussed how polymers crystallize during their disentangling.
Non-isothermal and isothermal crystallization experiments using disentangled polymers, and for
comparison using entangled polymers, are described in more detail. The influence of disentangling
on both nucleation and crystal growth is highlighted. It is also shown how the crystallization of
polymers changes when macromolecules re-entangle.

Keywords: crystallization; macromolecule entanglements; semicrystalline polymers; DSC calorimetry;
polarized light microscopy; freeze-drying

1. Introduction

It has been known for 70 years that polymer macromolecules are entangled with
each other and these entanglements affect the properties of the polymer. The ability to
crystallize is common among polymers. By examining equilibrium entangled polymers, it
was determined that the crystallization process also depends on the entanglement of the
macromolecules. When methods for disentangling macromolecules were developed, it was
possible to extend crystallization research to polymers in which there is no equilibrium
state of entanglement of macromolecule chains. The obtained results are presented in
this review. The article begins by presenting basic information about macromolecule
entanglements and methods of disentangling them (Section 2). Later, information about the
crystallization of polymers is presented, to which the results of crystallization studies of
partially disentangled polymers will refer (Section 3). The main part of the article describes
the results of research on the crystallization of partially disentangled polymers. First, the
crystalline state formed during polymer disentangling is discussed (Section 4). Later, non-
isothermal crystallization from the disentangled polymer (Section 5) and crystallization in
isothermal conditions are described (Section 6). Attention is paid to specific aspects, such
as the growth of spherulites and crystallization regimes. Since macromolecules remaining
at high temperatures for a longer period of time have the ability to re-entangle, it is shown
how this affects the crystallization process and that, for example, the crystal growth rate
can be used to assess the progress of macromolecule re-entanglement (Section 7). Each of
Sections 47 ends with a brief summary of the results.

2. Entanglements of Macromolecules

Early studies of rheological properties of polymers, including measurements of the
zero shear viscosity, 1o, showed that for low-molecular-weight polymers the relationship
11o~M applies, where M is the molecular weight of the polymer, while when the molecular
weight is above a certain limit, the relationship changes to 17,~M?>* [1]. The reason for
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the change is that higher-M macromolecular chains are long enough to entangle with
others [2—4]. The concept of entanglements was introduced in 1950s by Bueche [5]. There-
fore, both the size of macromolecules and the fact that their chains interpenetrate, creating
entanglements that are nodes of the physical network, are responsible for the high viscosity
observed in the polymer melt.

The macromolecules are entangled not only in the melt or concentrated solution,
but also in the amorphous phase of the solid polymer, so it is not surprising that the
mechanical properties of thermoplastic polymers during deformation depend on this
entanglement. This is analogous to the deformation of rubber, which is controlled by nodes
of the macromolecular network formed by cross-linking of rubber. The basic equations
described equilibrium shear modulus of rubber G, [6] and the shear modulus in the rubbery
plateau region G\’ of a thermoplastic polymer [7,8] have a similar form:

Ge = PrRT/Mr (1)

and
G = goRT/M, )

where p, is the density of the rubber, R is the gas constant, T is the temperature, M, is the
molecular mass between the network nodes (i.e., cross-linking points) [9], g is a coefficient
equal to 1 or 0.8, p is the density of the polymer, and M, is the molecular mass between
entanglements [7].

The measurement of GN” in a rheological oscillatory shear experiment allows the
determination of M, [10]. If the polymer is not specially treated, the entanglement is
assumed to be at the equilibrium level and characterized by M, [11]. Typical M, values for
the most commonly used polymers are shown in Table 1. Data for more polymers can be
found elsewhere [10,12,13].

Table 1. Molecular mass between entanglement for selected polymers [10,12,13].

Polymer M. [g/mol]
Polyethylene, PE 830-2600
Isotactic polypropylene, iPP 5500-8100
Polylactide, PLA 4000-10,500
Isotactic polystyrene, iPS 17,500-28,800
Polyethylene terephthalate, PET 1170-1450
Polycarbonate, PC 1330-1660
1,4- polybutdiene, PB 1850

Since it is not always possible to determine Gn” directly on the basis of rheological
experiment, other methods also based on rheological tests have been proposed [14-17]. It
is difficult to find a way to increase the entanglement density above the equilibrium state,
it is much easier to reduce the entanglement. Therefore appropriate methods have been
developed and the properties of partially disentangled polymers are being investigated.

The movement of polymer chains in liquids (i.e., concentrated solution or melt) has
been described by two dynamical models, known as the Rouse model [18,19] and the
tube model [8]. In the tube model, according to the reptation concept formulated by de
Gennes [20], the polymer chain moves inside the virtual tube (Figure 1). The shape of
the tube and its diameter depend on the constraints resulting from the presence of other
macromolecules [8,19-22]. The movement of the macromolecule along the tube is free, but
it is forbidden in the transverse direction. The movement of the chain inside the virtual
tube resembles the movement of a snake and is called reptation. The time of diffusion along
the length of the tube is a parameter describing the dynamics of the chain [19].
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Figure 1. The idea of a macromolecule (red) moving inside a virtual tube caused by the entan-
glements of other macromolecules (blue). The red arrow shows the direction of movement of the
macromolecule [23].

There are four main approaches to disentangling polymers [13]. The most frequently
used method involves dissolving the polymer. In principle, any polymer can be disen-
tangled by this method if the solvent can be selected for it. In a concentrated solution,
macromolecules take the form of coils that interpenetrate and entangle with each other. It is
known that in a dilute solution the number of contacts between macromolecules is limited
and below a certain critical concentration of C¥, the chains of macromolecules form sepa-
rated coils [24]. Therefore, by changing the concentration, the level of entanglement can be
controlled, from equilibrium to zero. However, the polymer in solution does not have many
applications. For this reason, an important step in this method is to obtain a disentangled
polymer in the solid state from solution. One possibility is to quickly freeze the solution, for
example, using liquid nitrogen, and then dry it (solvent sublimation) [25-29]. Freeze-drying
leads to the collapse of individual macromolecular chains into compact globules without
significant chain entanglement. The disentangling state obtained by dissolution can also
be fixed by crystallization from the solution [30] or adding a non-solvent to the solution,
causing the precipitation of the disentangled polymer [31].

There are some approaches to characterizing polymer solutions and entanglements.
The overlap concentration C* can be calculated from the following equation:

C* = p (Me/M) ®)

where p is the bulk density of the polymer, M, is the molecular mass between entanglements
in the melt, and M is the molecular mass of the polymer [24,32,33]. The value of C* can also
be estimated from the following equation:

C*~ N ps (4)

where N is the degree of polymerization and p; is the density of the solvent [24,34]. The
reduction in entanglement in the solution compared to the equilibrium entanglement in
the melt can be described by a power law,

Mes = Mep™™ 5)

where M, is the molecular mass between entanglements in solution, ¢ is the volume
fraction of polymer in the solution, and « is the dilution exponent [27,35-38]. The value of
the a exponent is proposed to be between 1.0 and 2.0, e.g., for PCL studied by Tian et al. [39]
it was 1.3.

As a result of macromolecular movement, the actual concentration limit at which
chain separation occurs is significantly shifted towards a lower concentration [40]. This is
called the dynamic contact concentration Cs, For example, for atactic polystyrene C* =1
wt.%, while C; = 6 x 1072 wt.% [32,40].
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The second possibility to disentangle the polymer is to do it directly during polymer-
ization. If the polymerization catalysts are selected in such a way that the chain growth
sites are separated and the process temperature is low, the synthesized macromolecules will
be able to crystallize before becoming entangled with neighboring macromolecules. This
method was typically used for ultra-high molecular weight polyethylene (UHMWDPE) and
sometimes for poly(tetrafluoroethylene). The resulting disentangled polymer is referred to
as nascent [41-43].

One laboratory method, applicable mainly to PE with a low molecular weight (M),
e.g., 55,000 g/mol, is melt crystallization under pressure with the formation of crystals
with extended chains [44]. The procedure used was to melt the polymer, apply a pressure
of 630 MPa, crystallize for 1 h, cool under pressure, and finally reduce the pressure. The
crystallinity of the resulting material was very high, so the amorphous phase was limited
and had few entanglements.

The methods described above require some procedure that is effective in laboratory
research, but less so in industrial applications. For this reason, shear disentanglement of
polymer melts has recently received much attention. There are observations that intense
shear flow can orient macromolecules and lead to their partial disentanglement. Much of the
previous research involved shearing polymer melts in laboratory equipment such as heating
stages and observing the effect of melt shear on crystallization [45-48]. Such measurements
are still carried out for selected polymers, e.g., poly(ether ether ketone) [49,50]. The
interpretation of crystallization results took into account the orientation of macromolecules
and their disentangling. However, since these publications generally do not provide a more
precise analysis of the degree of disentanglement of macromolecules due to shearing in
the melt, they are not discussed in this review, and interested readers are referred to the
relevant reviews [51-54].

The effects of polymer shear application are studied on a small scale using rheome-
ters [55-58]. To process larger amounts of polymer, processing machines such as extruders
are modified. The idea is to obtain an extensive shear field, which leads to the modification
of the material being processed continuously [59-61]. It was also announced that the
addition of nanoparticles can support polymer disentangling [62-66].

Disentangled polymer tends to re-entangle if the appropriate thermal conditions
occur [44]. The re-entanglement time depends on the temperature and the difference
between the initial and equilibrium entanglement densities [67]. Usually this process is not
very fast and takes several minutes or more [30].

The terms “entangled” and “disentangled” are often used in the literature on the
subject. The first one means the equilibrium entanglement of macromolecules. The second
term usually means partial, not complete, disentangling of polymer chains. This is how
their use should be understood in the following description of the experimental results.

3. Basic Facts about Polymer Crystallization

Polymers with a regular structure (tacticity) of the macromolecular chain have the
ability to crystallize [68]. Melt crystallization as appropriate to the processing situation is
usually studied, and much less attention is paid to solution crystallization [69,70]. Crys-
tallization of polymers from the melt occurs under undercooling conditions, and the crys-
tallization temperature is much lower than the melting temperature [71]. Crystallization
can occur under non-isothermal conditions (i.e., at a changed temperature) or isothermal
conditions (i.e., at a constant temperature). A special case is cold crystallization, which
occurs in some solidified polymers when heated: those that are poorly able to crystallize in
a “normal” way.

Crystallization is the result of two processes: nucleation and crystal growth. Crystal-
lization nucleation may be primary or secondary. Primary nucleation is defined as leading
to the formation of a stable nucleus (seed) of the future crystal. Secondary nucleation
means a nucleation process on the surface of an existing crystal. It is necessary for the
growth of polymer crystals. Another classification, based on the type of primary nucleus,
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distinguishes three types of nucleation: homogeneous, heterogeneous, and self-nucleation
(self-seeding). Homogeneous nucleation is uncommon because to produce a nucleus of
a critical size, local ordering of disentangled macromolecules is necessary, which is not a
typical case, and requires high undercooling. Self-nucleation is the result of the incomplete
destruction of the existing crystal structure during melting [72,73].

There is an energy barrier that must be overcome for the crystals to achieve stable
growth, i.e., adding another fragment of a macromolecule to the crystal should reduce its
free energy [74]. Otherwise, a nucleus that is too small will disappear. The barrier is lower
when crystallization begins on the surface of existing impurities in the melt, such as dust
particles. This type of nucleation on a foreign surface is called heterogeneous and is the
most frequently observed.

The growth of crystals from the nucleus occurs by depositing part of the macromolec-
ular chain on the growing surface. This process is described by the Hoffman-Lauritzen
theory [74-76]. First, a straightened fragment of a macromolecule is deposited on the
surface of an existing crystal, creating the so-called stem. It is energetically advantageous
that a second fragment of the same macromolecule, rather than another macromolecule,
will join the crystal surface near the first stem. The close packing of macromolecular
fragments requires tight chain folding and is known as adjacent reentry. To participate
in crystallization, the macromolecule is dragged from the melt to the growth front and
partially disentangled [75]. The degree of disentanglement obtained locally will depend on
the chain mobility as well as the entanglement number [77].

In this way, a whole new layer of the crystal surface is filled step by step. However,
the next layer may begin to form even before the previous one is filled. This is due to
the competition between secondary nucleation on the crystal surface and the filling of the
substrate. The kinetics of these processes are characterized by the secondary nucleation rate,
i, and the layer propagation rate, g. Which process dominates depends on the temperature.
At the highest temperatures i << g and then crystallization is described as occurring in
regime I [78,79]. Nucleation of a new layer before filling the previous one means that we
are dealing with crystallization regime II or III. In mode II, at intermediate undercooling, i
is proportional to ¢ and multiple layers can grow simultaneously. The last case is regime
III, in which, at high undercooling, intense secondary nucleation dominates, i.e., i > g, and
as a result, there are a number of partially filled layers on the crystal surface at the same
time (see Figure 2) [74,80].
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Figure 2. Deposit mechanism of molecular nuclei on a growing lamella in three regimes of crystal-
lization. Adapted from [79]. Reproduced with permission: 1985, Springer Verlag.

The crystal growth rate G is controlled by two factors—the transport term and the
driving force term—both of which depend differently on temperature. The transport
factor, related to the chain mobility near the crystal surface, is an increasing function of
temperature, the driving force term, representing the deposition (nucleation) of a single
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strand, decreases with increasing temperature. According to Hoffman and Lauritzen
theory [74-76,78],

*

K
G(T) = Goexp | ——— | exp [g} (6)
R(T -~ T.y) T AT

where G, is a pre-exponential factor depending on the molecular mass, U is the activation
energy of the transport of chain segments to the crystallization site (i.e., activation energy of
reptation), R is the gas constant, T is the crystallization temperature, T is a reference tem-
perature, below the glass transition, when the free volume is close to zero, Ky is a constant
depending on the regime of crystallization, AT = T,,° — T, and T,° is equilibrium melting
temperature. The factor exp[—(Ky/T AT)] in Equation (6) represents the formation of the
secondary nucleus. The G, exp[—U*/R(T — T,,)] factor represents the slowdown of crystal
growth due to the resistance of the melt to pulling the macromolecule by crystallization
forces [44].

Polymer crystals, although they grow according to the principles described above, can
have various shapes. Most often, polymer crystals obtained from the melt have the shape of
lamellas or long tapes. Crystal thickness, I, is one of the frequently determined parameters
when describing crystallization. DSC or SAXS measurements show that it increases with
decreasing undercooling, i.e., when the crystallization temperature is higher (I.~1/AT).
The thickness of the crystals is usually in the range of 5-20 nm, the dimensions in the other
directions are much larger. The Gibbs—-Thomson equation describes relation between the
lamellae thickness, I, and the melting temperature T, [81,82]:

20,
— T0 _ e
m_m@ Am) @)

where o, is surface free energy for basal interface of crystal, and AH, is the enthalpy of
fusion per unit volume.

Typically, during the crystallization of a polymer from a melt, instead of the growth
of single, isolated crystals, the formation of crystal aggregates is observed. The two most
common forms of such structures are spherulites and shish-kebabs. Spherulites are objects
in which radial lamellae spread in three-dimensional space from a central core that was
formed as a result of primary nucleation, usually of a heterogeneous nature [83]. The
space created between the lamellae during the expansion of the spherulite is filled by
branching new lamellae. The rate of spread of spherulite in the polymer volume is the
same in every direction perpendicular to the surface, and since the direction of growth of
individual lamellas is the local direction of spherulite growth, the crystal growth rate G can
be determined from the observation of spherulite expansion.

When characterizing polymer crystallization, it is often reported how the filling of the
space with growing spherulites changes over time. Spherulites spreading in space meet
after some time, creating boundaries. The shape of the boundaries provides information
about the nature of spherulitic nucleation. If it occurs simultaneously, the boundaries
are straight lines; if the nucleation is extended in time, the boundaries are curved. The
growth rate of spherulites depends on temperature and is constant throughout most of the
isothermal growth process. However, when the volume is almost filled with spherulites,
the growth conditions may change. Spherulites may surround certain volumes (pockets) of
the melt [84,85]. Because the density of the formed crystals is greater than the density of the
melt in these closed areas (so-called weak spots), an melt deficit occurs and the so-called
negative pressure increases, causing three-dimensional stretching of the melt and slowing
the growth of spherulites. When the negative pressure is higher than the strength of melt,
rapid break and voids formation occur. The occluded pockets with or without cavitation
weaken the material after crystallization, which is why they are called weak spots [86].
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In HDPE and PP, an increase in the melting temperature of the outer parts of spherulites
present in weak spots was observed [87,88].

The process of formation of the spherulitic structure can be described mathematically
using the approach proposed by Avrami [89]. The appropriate equation describing the
progress of spherulitic crystallization with time is as follows:

X =1— exp(—kt") 8)

where X is the volume fraction of crystallized material, f is time, 7 is the Avrami index, and
k is a rate constant of isothermal crystallization. The k coefficient depends on the nucleation
density N and the growth rate of spherulites, G:

k=47NG3/3 ©)

Based on the acquired knowledge about polymer crystallization, briefly presented
above, two questions could be formulated. Under what circumstances does the presence of
entanglements affect crystallization? What changes in the course of crystallization can we
expect after the disentangling of macromolecules? The answer to the first question is that
both nucleation and crystal growth depend on the constraints caused by entanglement in
the melt. The answer to the second question is provided in the following sections, devoted
to the crystallization of partially disentangled polymers. Before we move on, however, we
need to discuss the methods used in the study of crystallizing polymers.

The two main techniques used in crystallization studies are differential scanning calorime-
try (DSC) and polarizing light microscopy (PLM), usually using a heat stage [79,90,91]. In
DSC studies, the crystallization temperature, cold crystallization temperature, melting tem-
perature, heat of crystallization, heat of fusion, crystallinity, and crystallization progress can
be measured under non-isothermal or isothermal conditions. From the analysis of the first
heating process, it is possible to learn about the initial crystalline structure of the tested mate-
rial, resulting from the previous processing. Melt crystallization and second heating provide
information about the properties of the material processed under controlled conditions.

Crystallization studies can also be performed using a hot stage connected to a polar-
izing microscope. The hot stage usually has a programmed temperature, and the tested
sample placed on it is simultaneously in the light path through the microscope. Polarization
of light helps in observing birefringent objects. Images from the microscope are already
standardly registered in the computer’s memory. The formation of a spherulitic structure,
the conversion of the melt to a crystalline phase, and the growth of spherulites are examples
of topics studied using this equipment.

Information about the internal structure of the crystals, their dimensions and the
degree of crystallinity of the polymer can be obtained from X-ray scattering studies at
small (SAXS) and wide angles (WAXS) [82]. X-ray examinations are most often performed
after crystallization, but it is also possible, for example, to attach a heating stage with the
sample to an X-ray apparatus and, using a powerful synchrotron source, conduct in situ
measurements. For some polymers, it may also be useful to use other methods, such as
Raman [92] or infrared spectroscopy [93,94].

4. Crystallization during Process of Disentangling

In the final phase of the process of disentangling the macromolecules, the polymer
solidifies and then often crystallizes. Some research groups analyze the crystal structures
created in this way, because to some extent they characterize the chain disentangling
process itself. Most often, disentangling macromolecules is achieved by freezing a dilute
solution and then removing the solvent. The obtained structure and crystallinity depend, of
course, on the conditions and nature of the preparation process, but when it is performed
in a similar way to obtain differently entangled samples, these samples can be compared
and certain conclusions can be drawn. Unfortunately, most authors who use freezing
dissolution to disentangle polymers limit themselves to providing solution concentrations
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and do not attempt to determine the obtained degree of disentangling by specifying the
M, value.

Some early research was devoted to obtaining partially disentangled PET [26,28,95]. The
level of disentanglement was controlled by preparing more or less concentrated solutions in
phenol, dropping them into water with ice or into liquid nitrogen and extracting them [26,95].
Jietal. [95] observed that the maximum level of crystallinity was obtained when the concentra-
tion in the solution was intermediate and amounted to 0.2 wt.% (see Figure 3). Both a higher
concentration, which gives more contacts of macromolecules, and a more dilute solution, in
which it is difficult to find macromolecules near an existing nucleus or to form a new nucleus,
are not favorable for obtaining high crystallinity. The results of Sun et al. [26] were consistent
with the above. WAXS measurement showed that the disentangled PET had significantly
higher crystallinity than the compared solution cast PET film, and the highest crystallinity
(47%) was measured for PET obtained from a medium concentration solution (0.2 wt.%). The
conclusions that in a highly dilute solution the distance between the chains becomes too large
to crystallize during the extraction process were also presented by Xie et al. [28].

Crystallinity Crystallinity

" (@) %08 (b)

60% /
D

50% /
[+]

40% [y
3 s/t ‘\

30%

70%

S50%

A B 30%
20%
4
10%
10%
2 = 9 A 2 0.01 0.1 1 10
Log C (g/dL) concentration (g/dL)

Figure 3. (a) Plots of the crystallinity versus log of concentration of the original PET solutions: A—
freeze-extracted, B—after annealing for 1 h at 150 °C, C—after annealing for 5 h at 150 °C, D—after
annealing for 24 h at 200 °C. The range of concentration was 0.03—60 wt.% [95]; (b) Crystallinity of
freeze-extracted PVDF in the function of a concentration in a solvent and applied rate of cooling
during freezing: A—rapid cooling in liquid nitrogen, B—slow cooling inside a refrigerator [96].
Reproduced with permission: 1995 and 1996, American Chemical Society.

The dependence of the crystallinity of poly(vinylidene fluoride) (PVDF) on the con-
centration of solution in dioxane and the freezing rate (i.e., fast in liquid nitrogen, slow
in the refrigerator) was studied by Xue et al. [96] (Figure 3b). Also for this polymer there
was an optimal concentration level in the solution. The cooling rate was only important
for very dilute solutions, where the more separated macromolecules needed time to travel
longer distances to the crystallization sites.

The third polymer whose structure was examined after disentangling was isotactic
polystyrene. It was investigated by Xue and his colleagues [94,97]. WAXS studies showed
that only polystyrene from a dilute solution crystalized effectively during freezing. Crys-
tallinity was determined by comparing the bands visible in the infrared. There was a
concentration limit around 0.04 g/dL below which a considerable amount of crystalline ma-
terial was formed, and much less above this limit (Figure 4a). The properties of freeze-dried
iPS were also of interest to Bu and co-workers [32]. They confirmed weak crystallization
when freezing and the ability to cold crystallize. A large depression (up to 40 °C) in the
cold-crystallization temperature, proportional to disentanglement, was observed when
compared to entangled iPS (Figure 4b). The application of an annealing time of 10 h at
100 °C (i.e., at glass transition) for collective particles obtained from a solution with a



Crystals 2024, 14, 385 9 of 38

concentration of 1072 wt.% resulted in an increase in the cold-crystallization temperature
from 136 to 144 °C, but it was still 20 °C lower than the temperature of the bulk, for a
completely entangled polymer.

a
ennealing A b
0.20 b €ig
Toa1
L1026 90aia ) B
3 min E‘
0 min E £ k—_\/“
C.10 [T
% b .
Q
B (0.10 g/aL)
A /7
0.0 T T y T T T T T
- o A 5 5 60 100 140 180 220
-Log C (g/dL) Temperature (°C)

Figure 4. Crystalline properties of freeze-dried iPS. (a) Plots of the relative intensities of IR spectral
bands, showing the share of the crystalline phase, as a function of the concentration for freeze-
dried iPS: immediately after preparation (A) and after 3 (B) or 90 min (C) of annealing at 180 °C.
Lower concentrations are shown on the right side of the figure [94]; (b) DSC traces of collective
particles prepared from solutions of various concentrations: A—bulk iPS, B—1 x 10—1 wt.% so-
lution, C—1 x 10—2 wt.% solution, D—2 x 10—3 wt.% solution, E—1 x 10—3 wt.% solution [32].
Reproduced with permission: 1995 and 1998, American Chemical Society.

An example of a polymer with rigid chains is polycarbonate (PC) [98]; therefore,
it is difficult to crystallize, and the time needed to create a spherulitic structure with a
crystallinity of 25% is over a week at a high temperature of 190 °C. Partially disentangled
Bisphenol-A polycarbonate was compared with PC obtained from an entangled solution
by FTIR, DSC, and WAXS methods [99]. Both materials crystallized during processing;
however, disentangled PC had a higher overall crystallinity (42.5 vs. 33.6%) and more
perfect structure, as judged by a narrower melting peak (Figure 5). The crystallinity of
freeze-dried PC can be increased to 80% by annealing at 190 °C for 289 h. It was much
higher than when annealing ordinary crystallized samples [100].

{A)

(B)
M
5 1'0 1'5 ‘2’0 25 3'0 35
26

Figure 5. WAXS recorded from: (A) a freeze-drying prepared PC; (B) a hot-precipitated PC; (C) amor-
phous PC [99]. Reproduced with permission: 1997, Taylor & Francis.
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Polyphenylene sulfide (PPS) is another example of a rigid polymer but with excellent
dielectric properties. Its properties were tested on four different samples: polymerization
disentangled powder, fully entangled PPS obtained by re-entangling this powder, and
two samples disentangled by the solution method [101]. M, mass measurements gave
values of 1188, 354, 609, and 709 g/mol, respectively, i.e., the PPS from synthesis was the
most disentangled. During DSC heating, melting was similar for samples entangled and
disentangled in solution (at T;;, = 280 °C), but in addition, a second, dominant melting peak
was observed at 296 °C for polymerized PPS. The presence of this peak was explained as a
result of crystallization with extended-chain crystals, which is possible for the resulting
reactor powder.

Two different solvents, xylene and mineral oil, were used to disentangle PP. Disentan-
glement stabilization was achieved in these studies by crystallization during cooling at a
rate of 15 °C/h [102]. Heating the obtained powders showed that their melting point was
1.3-1.4 °C higher than that of entangled PP. Crystallinity was also higher, especially for PP
prepared from xylene, which was rheologically confirmed to have the highest M,.

Much easier than dissolving PP is dissolving poly(ethylene oxide) (PEO), which can
be performed using water at ambient temperature [67]. Two disentangled and one fully
entangled PEO showed a melting peak at 64.7-71.4 °C, lower for PEO obtained from a
more diluted solution. The samples had a similar crystallinity of 72-74%. The crystals grew
in a monoclinic form, and their length in the direction perpendicular to the (120) plane,
calculated using the Scherrer method [103], was 20 nm. In my opinion, this size should
be interpreted as the size of blocks between large dislocations, which are part of much
longer lamellae.

The disentangling of polycaprolactone (PCL) was effectively controlled by Tian et al. [39]
using different proportions of chloroform solvent and ethanol non-solvent. The first DSC
heating of PCL showed an increase in initial crystallinity from 56% to 68% for the -disentangled
polymer, accompanied by a moderate increase in melting point from 64 to 66 °C. The PCL
used for disentangling had a low M, = 80,000 g/mol and was therefore sensitive to annealing.
After 10 min at 100 °C, all samples became completely entangled.

A polymer that has recently received a lot of attention is PLA. It exists in the form of
two enantiomers, designated L and D, which are capable of crystallization. PLA, which
is a mixture of them, has a limited ability to crystallize when the content of one of the
enantiomers increases. In an equilibrium entangled polymer, crystallization often occurs
only during annealing. Freeze-dried poly(L-lactide) (PLLA) was examined using DSC [104].
Measurements during heating showed that PLLA prepared from 0.07 wt.% dioxane solution
undergoes a two-step cold crystallization (at 78 °C and in a wide temperature range of
110-155 °C). For the reference entangled sample, only the second range was observed (see
Figure 6). These findings suggest increased chain mobility for freeze-dried PLLA.

These studies were extended in the next work [105], in which the number of concen-
trations was increased and the DSC procedure with step scanning mode was used (heating
step of 2 °C at a rate of 5 °C/min, followed by 1.5 min at a constant temperature). A
surprising result was that a decrease in the cold-crystallization temperature to 78-81 °C
was observed even for the polymer obtained from a 5 wt.% solution, while the critical
chain overlap concentration for PLLA was estimated at 0.3 wt.%. This was explained
by the increased chain mobility at the polymer/air interface resulting from the higher
surface-to-volume ratio in the resulting solution samples compared to bulk PLLA.

A unique possibility of PLA crystallization is the formation of stereocomplex crystals.
This opens up an interesting perspective for obtaining high-performance materials [106].
Enantiomers L and D were dissolved in a 1:1 ratio in dioxane, preparing solutions with
concentrations below and above the overlapping concentration (C* = 0.2% by weight). Freeze-
dried, differently disentangled mixtures were heated in DSC. It was observed that samples
obtained from concentrated solution were crystalline, while more-disentangled samples were
amorphous or slightly crystalline and showed cold crystallization before melting.
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Figure 6. DSC heating traces for disentangled PLLA (PLLA-FDA) and for reference bulk PLLA
sample [104]. Reproduced with permission: 2005, John Wiley & Sons.

Composites using polymers disentangled in solutions are still rarely created and
studied. One of the first tested was a composite made of partially disentangled polypropy-
lene, containing 1% by weight dispersed Al,O3; nanopowder [107]. This composite was
compared with a similar nanocomposite, but with entangled macromolecules, and with
a polypropylene homopolymer, partially disentangled and fully entangled. DSC tests of
the initial structures showed similar crystallinity for all materials and a 1 °C lower melting
temperature for the disentangled materials (both the homopolymer and its composite).

Psarski et al. [44] obtained PE with extended chain crystals as a result of crystallization
at a temperature of 235 °C under a pressure of 630 MPa. The grown crystals were 170 nm
thick and the crystallinity of PE was 92%, which means a drastic reduction in entanglements
in amorphous phase. The polymer was almost completely disentangled. For comparison,
crystallization at lower pressure resulted in PE with chain-folded crystals with a thickness of
30 nm. The crystallinity of this second polymer was 72% and was assumed to be entangled.

Ultra high molecular weight polyethylene (UHMWPE) is practically the only polymer
synthesized while preventing the entanglement of the growing macromolecule chains. The
nascent polymer obtained from the reactor was compared with another fully entangled
one [108,109]. Pandey et al. [108] tested thermal properties when heating with different
rates. It was found that disentangled UHMWPE had lower melting temperature. For the
entangled polymer this temperature increases linearly with logarithm of the heating rate,
but for the disentangled polymer the dependence could be described by two lines, with
the slope changing around the heating rate of 0.8 °C/min (Figure 7). Authors linked this
observation to the way crystals melt. During slow heating, melting of the disentangled
polymer begins from the outer surface by successive detachment of chain stems. At
higher rates, the energetic requirement changes and it is possible to initiate melting in
various places of crystals, including inside them. Meanwhile, in an entangled polymer,
melting only occurs through clusters because macromolecular chains are common to
many crystals. The second observation from Pandey’s work was that the melting point of
disentangled UHMWPE increases with molecular weight. This can be explained by the
lower entanglement density occurring in the amorphous region of the higher M, samples,
supporting the growth of more perfect crystals.
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Figure 7. Heating rate comparison between nascent, disentangled (dPE_4M_2.5), and commercially
available entangled (ePE_4M_8.4) UHMWPE of a similar My, [108]. Reproduced with permission:
2011, American Chemical Society.

Xue et al. [109] focused on another issue related to the properties of UHMWPE, namely
melting under isothermal conditions. This polymer studied by DSC showed two melting
peaks at temperatures of 132 °C and 144 °C. When the sample temperature was maintained
at 140 °C, an increase in the first peak and a decrease in the second peak with annealing
time were observed. In both materials, the relative content of surviving crystals (X;), having
a higher T}, decreased exponentially with time and reached a constant value, indicating
incomplete melting (Figure 8). The authors suggested that the observed melting behavior
was related to prior nonlinear crystal growth caused by the rejection of entanglements that
had accumulated at the growth front. The exponential decay of X; with time provided
a characteristic melting time 7 that was much higher for the disentangled UHMWPE,
suggesting a dependence on the difference in entanglement density in the polymer.
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Figure 8. Plots of the percentage of surviving crystals (Xs) against time at various isothermal annealing
temperatures. On the left, nascent UHMWPE, on the right, melt-crystallized UHMWPE [109].
Reproduced with permission: 2024, John Wiley & Sons.

Recently, there has been an increasing number of studies on polymers that have been
disentangled during shearing. The melt shear process is performed either in a rheometer,
on a laboratory scale, or using specially modified extruders. The effectiveness of melt
shear procedures, i.e., steady-state shear (5 s~!) and ramping up shear (0-10 s !) for
disentangling iPP was examined by Liu et al. [57]. The application of shear in the rheometer
resulted in increase in M, from 11,442 g/mol to 18,974 g/mol for the steady-shear treated
polymer and 67,181 g/mol for the ramping up-shear treated iPP, meaning that the later
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approach was most effective. Studies of materials obtained from shearing using DSC in
heating mode showed that T}, increased from 164.6 to 165.7 °C for the more-disentangled
iPP, but the crystallinity was similar (39-41%). The lamellar thickness determined by the
SAXS correlation-function approach increased with disentangling from 6.7 to 7.7 nm.

Another shearing protocol, the so-called complex shear was used to disentangle
poly(L-lactide) (PLLA) [110]. This was achieved by using a self-developed polymer melt
disentanglement machine, connected to the end of the extruder and providing a super-
position of rotational shear and vibration shear. The pellets of PLLA extruded in this
way were injection molded using a machine, in which the pressure during the packaging
stage could vary periodically with time. Samples of disentangled and entangled PLLA,
injected by classical or vibration molding, were examined. After applying vibration during
injection, two shear layers appeared in PLLA, located between the surface and the center
of the sample and thicker for the disentangled polymer. The average crystallinity of the
tested polymer was 14-16% for classic injection and 28-32% for vibration injection, and
in both cases the higher value represented the disentangled polymer. When the samples
were melted by DSC, cold crystallization occurred (Figure 9), less intense in those samples
that crystallized more during injection. The melting temperature was slightly higher for
disentangled PLLA.
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Figure 9. DSC curves recorded during the melting of injection molded entangled and disentangled
PLLA. The abbreviations indicated the processing protocols used: UP—untreated, DP—disentangled,
CIM—classic injection molding, VIM—yvibrational injection molding [110]. Reproduced with permis-
sion: 2023, American Chemical Society.

To summarize the observations on the crystallinity of polymers resulting from the
process of disentangling macromolecules, it should be noted that the polymers were
characterized by a quite significant degree of crystallinity. Most of the tested polymers
were disentangled in a solution that was finally frozen in liquid nitrogen. The time for
crystallization was on the order of seconds, and yet a crystalline structure was formed.

Reducing entanglements promoted an increase in the degree of crystallinity in some
polymers (PET, PVDEF), although for very dilute solutions crystal formation was limited by
the separation of macromolecules. However, there were also groups of polymers in which
the degree of crystallinity did not depend on the density of macromolecule entanglements.
If cold crystallization is possible in a disentangled polymer, it generally occurs at lower
temperatures or with an increase in crystallinity degree. There is no consensus on the
influence of chain disentangling on the melting temperature. The increase or decrease in
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this temperature usually does not exceed 1-2 °C. Table 2 summarizes observations on the
crystalline properties of polymers immediately after disentangling.

Table 2. The most important observations on the crystallinity of polymers after their disentangling.

Remarks about Influence of Disentangling on

Polymer Disentangling Procedure Crystallization and Obtained Crystallinity Reference
PET Freeze-drying Max. cryst'allinity was obtained from intermediate [26,28,95]
concentration
PVDE Freeze-drying Max. crystfillinity was obtained from intermediate [96]
concentration
. . Only dilute solution enhanced crystallization. The
iPS Freeze-drying easi}e,r cold crystallization from diysentangled iPS [32,94,97]
PC Freeze-drying Higher crystfallir}ity of disentangled PC, more effective [98,99]
cold crystallization
Freeze-drying
PPS and Extended chain crystals grew from polymerized PPS  [101]
polymerization
Freeze-drying Higher crystallinity, higher T, [102]
PP Dissolving with crystallization =~ No effect on crystallinity, lower Ty, [107]
Shear No effect on crystallinity, higher T}, thicker lamellae [57]
PEO Freeze-drying No effect on crystallinity, lower T}, [67]
PCL Freeze-drying Higher crystallinity, higher T}, [39]
Freeze drying Cold crystallization initiated at lower temperature [104,105]
PLLA Shear during extrusion Higher crystallinity, higher T, [110]
PLLA/PDLA Freeze-drying Decreased crystallinity of disentangled complex [106]
HDPE High pressure crystallization Higher crystallinity, thicker crystals [44]
UHMWPE Polymerization Lower Ty, different way of crystal melting [108,109]

5. Non-Isothermal Crystallization of Disentangled and Entangled Polymers
5.1. General Remarks

Usually polymers are processed by melting. Experiments have shown that short-term
melting does not significantly disturb the disentangling state (this is discussed in Section 7),
because re-entangling takes time, much longer for a lower temperature of melt. When
a polymer is semi-crystalline, it crystallizes in the final processing step, and the state of
entanglement in the polymer can affect crystallization and therefore the properties of the
final polymer product.

As discussed in Section 3, entanglement of macromolecular chains influences at least
two aspects of crystallization: nucleation and transport of macromolecules to the crystal
surface. The macromolecule diffuses in the melt to the crystallization site through the
environment formed by other macromolecules, and the rate of diffusion is controlled
by obstacles in the chain path, including entanglements [111]. In a crystal structure,
the fragments of macromolecules are ordered and there are no entanglements inside the
crystal, which means that the fragment of the chain adjacent to the crystal surface must
be disentangled. It is not yet clear whether this means local disentanglement in the melt
near the crystal surface or simply pushing the entanglements some distance away from the
surface [112-114]. In the case of a rapidly crystallizing high-molecular-weight polymer, the
second option is probably preferred [115,116]

Another question that is being answered in studies on the crystallization of disentan-
gled polymers is whether the thickness of the growing crystal depends on the distance
between the entanglements, i.e., on the length of the disentangled fragment of the chain
capable of crystallization.

It is known that crystallization can be accelerated by shearing the polymer melt,
which is known as flow-induced crystallization [117]. This is explained by the fact that the
orientation and stretching of macromolecules during shear causes some disentangling of
the chains [118]. However, only recently have attempts been made to integrate knowledge
of shear-induced crystallization and polymer shear disentanglement.
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There are phenomena in the crystallization of partially disentangling polymers that
are only easily visible during non-isothermal crystallization, others are observed during
the isothermal process, and there is a group of phenomena visible in both conditions. For
this reason, observations from non-isothermal and isothermal experiments are discussed
separately below.

5.2. Crystallization Kinetics, Crystallization Temperature, and the Degree of Crystallinity

We will start reviewing the experimental results with those in which the polymer
was disentangled in solution, quickly frozen, and the solvent removed. Using DSC, the
crystallization of disentangled and entangled iPP was studied during cooling of the melt
at three rates: 10, 30, 50 °C/min [119]. The disentangled samples had a 2-5 °C higher
crystallization temperature (peak maximum), which additionally depended—as could be
expected—on the cooling rate. The crystallinity of the disentangled samples was 3-6%
higher than that of the entangled ones. The crystallization temperature and crystallinity
decreased with increasing cooling rate. SAXS measurement confirmed that thicker lamellae
had grown in the disentangled samples.

These observations were extended to more different degrees of disentanglement and to
a second polypropylene with a higher M,, (400 kg/mol instead of 250 kg/mol) [120]. It was
observed that at the same concentration in solution, the higher-molecular-weight iPP was
slightly less disentangled. DSC studies have been extended here to include observations
of structure formation using PLM. It was found that the filling of the space visible in the
PLM occurs earlier (i.e., in a shorter time) in the case of disentangled polymers and those
with a lower molecular weight. The analysis of iPPs obtained from variously concentrated
solutions showed that this polymer derived from 10 wt.% solution, as expected, has
properties similar to those of an undissolved, fully entangled polypropylene (Figure 10).
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Figure 10. Conversion of melt into solid state during cooling iPP from 210 °C at a rate of 30° /min,
measured from the brightness of images observed in a PLM. The samples were kept for 3 min at
210 °C to remove self-nucleation. The two PPs used were designated PPN and PPH (higher My,).
The letter i means the entangled polymer, the number means the concentration of the solution in
xylene from which the disentangled polymer was obtained [120]. Reproduced with permission:
2019, Elsevier.

The non-isothermal crystallization of PEO was studied by Krajenta et. al. [67]. Crystal-
lization started first in the least-entangled polymer, with the maximum thermal effect at
44.8 °C, while for the entangled PEO it was 41.0 °C. Analysis of the increase in crystallinity
over time showed that the process was completed after 1.2 min in all samples, but the final
crystallinity was higher for PEO obtained from the most dilute solution (Figure 11).
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Figure 11. (a) Heat flow measured by DSC during the cooling of differently entangled PEOs and
(b) progress of crystallization over time during cooling at a rate of 10 °C/min. PEOi—entangled
polymer; PEO 1% and PEO 0.5% mean polymer dissolved in 1 and 0.5 wt.% aqueous solution,
respectively [67]. Reproduced with permission: 2020, Elsevier.

The crystallization kinetics of PLA obtained by freeze-extraction from a broad range of
concentration in solution was studied by Hong et al. [121] and Wang et al. [122]. Preliminary
WAXS studies of Hong's specimens [121] showed partial crystallinity in all samples. When
cooling the molten samples with different rates, the occurrence of crystallization was
confirmed, with an increase in its temperature for the concentration of the solution used
below 0.5 wt.%. The obtained crystallinity increased slightly for the less-entangled PLA.

In the slow (3 °C/min), non-isothermal crystallization performed by Wang et. al. [122],
the temperature position of the crystallization peak was almost constant (i.e., 95.3-96.3 °C)
when the polymer was obtained from concentrated solutions, while when the concentration
was below C* = 11 g/L the crystallization temperature increased up to 101.3 °C. The
temperatures measured in the experiment by Wang et al. [122] were much lower than those
reported by Hong et al. [121]. This may indicate differences in the ability of the PLA used
to crystallize.

PLLA and PDLA with different entanglement reduction, capable of forming stereo-
complex crystals, were examined by Sun et al. [106]. It was observed that disentanglement
promoted crystallization (visible as a higher T¢) and a higher degree of crystallinity was
obtained (Figure 12). The melting experiment after crystallization further showed that
stereocomplex crystals (with higher T;) grew in the material from the most dilute solu-
tion, while as the concentration in the solvent increased during preparation, more PLLA
and PDLA homocrystals were formed instead of stereocomplex crystals. The enhanced
stereocomplex crystallization of less-entangled samples is probably the result of the strong
dependence of this type of crystallization on the chain diffusion capacity, which is greater
in more-disentangled material.

The crystallization of PLA was also investigated when examining the properties
of PLA composites with 0.1 and 1.0 wt.% of multi-walled carbon nanotubes [123]. The
experiments showed that disentangled and entangled homopolymers and the entangled
PLA composite crystallized poorly (only 1-6%) on cooling. The situation was opposite
in the case of composites made of disentangled PLA, where the crystallinity was 23-28%
and the crystallization process started at a temperature 5-10 °C higher, with a maximum
temperature peak at 99-101 °C. The low-crystalline samples additionally crystallized
upon heating, but in the case of disentangled composites, as might be expected, the cold
crystallization was most limited. The total crystallinity, resulting from cooling and heating
before melting, was between 38 and 46%, decreasing slightly with higher nanotube content,
but the effect of disentanglement was not visible.

Elucidating the role of chain entanglement in the polymorphic crystallization of
polybutene-1 (PB) and the possible crystal phase transition was the aim of the research
by Ni et al. [124]. Molten PB crystallizes in the metastable form II, which spontaneously
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transforms into the thermodynamically stable form I at room temperature. The non-
isothermal tests carried out showed an unexpected drop in the crystallization temperature
from 85 °C for bulk PB to 68 °C for the most-disentangled polymer. A similar trend was
observed for melting after crystallization, when the crystals in the disentangled samples
melted first (T);, = 104 to 118 °C). Crystallization was found to occur in form II, and
crystallinity ranged from 68% for the bulk polymer to 53% for the most-disentangled PB.
This means that chain disentanglement inhibited the crystallization kinetics, probably due
to steric effects resulting from the structure of the PB macromolecule.
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Figure 12. (a) Non-isothermal crystallization of the PLLA /PDLA mixture obtained from solutions of
different concentrations. A bulk, entangled sample is also shown for comparison; (b) Melting of pre-
viously crystallized samples, showing the presence of homocrystals and stereocomplex crystals [106].
Reproduced with permission: 2021, American Chemical Society.

The properties of PPS disentangled in various ways: through polymerization or in
two solution freezing processes were studied by Hu et al. [101]. The polymerized PPS
crystallized at a higher temperature than the solution-disentangled samples (which also had
two T, see Figure 13), and especially higher than the entangled polymer. Observations of
the development of the spherulite structure using the PLM method showed that nucleation
occurred the earliest in PPS from polymerization, then in two other disentangled samples,
and finally, spherulites began to grow in a completely entangled sample.
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Figure 13. Non-isothermal crystallization of PPS. PPS-0 means disentangled polymer obtained

by polymerization, PPS-1 and PPS-2 are solution-disentangled polymers, PPS-3 means entangled
polymer [101]. Reproduced with permission: 2023, Elsevier.



Crystals 2024, 14, 385

18 of 38

The non-isothermal crystallization of polymers in which the disentangled state was
obtained by melt shear has been the topic of several publications. For example, Hu
et al. [125] examined PLA samples previously disentangled by applying different shearing
procedures. The molten samples were cooled at a slow rate of 3 °C/min. The temperature
of the maximum crystallization effect shifted upwards by 1.5 °C between the entangled
and most-disentangled PLA, and crystallization as a whole was faster for the disentangled
PLA (see Figure 14). The final degree of crystallinity achieved in Hu’s samples was the
highest (25% vs. 15%) when the sample was disentangled more effectively.
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Figure 14. (a) DSC curves for cooling PLA at rate of 3 °C/min, showing crystallization peaks;
(b) Change in the crystallinity as a function of time [125]. Reproduced with permission: 2023,
American Chemical Society.

Two iPPs disentangled by steady shear or ramp shear were melted, and their non-
isothermal crystallization was measured by DSC [57]. The crystallization temperature
increased from 107.7 to 109.4 to 110.1 °C and the crystallinity increased from 40 to 41 to
42% when the entangled polymer was compared to two less-entangled ones. Melting
these samples after crystallization showed an increase in T, from 162.1 through 164.0 to
164.7 °C, which was the highest for the least-entangled iPP. The authors commented on the
results, noting that large differences in the level of entanglement cause only a small change
in temperatures.

PCL and its blends containing 20% poly(styrene-co-acrylonitrile) were disentangled
using strong melt shear [126]. For comparison, similar samples were disentangled using
the “self-nucleation” method, meaning that the disentangling occurred by melting the
crystals and keeping the melt just above the melting temperature. After disentangling,
weak shear was applied to the materials at different rates. Raman spectroscopy monitored
the progress of non-isothermal crystallization (see Figure 15). The application of weak shear
led to disordering and re-entanglement of the melt, which was visible as deceleration of the
crystallization, as measured by half-time. However, when the weak shear rate was higher,
additional disentanglement was achieved and crystallization occurred more quickly.

Non-isothermal crystallization of UHMWPE was the subject of research by Fan
et al. [127]. The polymer obtained as a result of the synthesis, with M, =4 x 10 g/mol,
was disentangled in solutions of various concentrations. It was observed that the crys-
tallization temperature slightly decreased with a decrease in the solution concentration,
from 117.3 °C for a concentration of 1 x 1073 g/mol to 115.7 °C for a concentration of
1 x 1075 g/mol. C* for this polymer was estimated at 3.4 x 10~3 g/mol, while c; was
estimated at 4.8 x 10~ g/mol. This unexpected temperature result was explained by the
presence of small crystals from the freezing process, especially more in the less-entangled
UHMWPE, where the long single chains probably form more than one crystal. Smaller
crystals melt earlier (i.e., at lower melting temperatures) and—according to the authors—
should crystallize later, i.e., at a lower temperature, during a non-isothermal process. It
appears that this may not be the only cause of the observed behavior and requires further
confirmation with experimental facts.
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Figure 15. (a) Relative crystallinity vs. temperature for the non-isothermal crystallization of the
“self-nucleated” melt of PCL/SAN blend at a cooling rate of 20 °C/min after shearing melt with rates
0f 0.1,0.2, 04, 0.6 and 0.7 s ; (b) Half-crystallization temperature as a function of shear time for
different shear rates [126]. Reproduced with permission: 2021, American Chemical Society.

The properties of composites in which the entanglement density has been reduced are
rarely studied. Composites of entangled and disentangled iPP containing 1wt.% Al,O3
were investigated and compared with the entangled and disentangled homopolymer [107].
The crystallization temperature under non-isothermal conditions was higher in the case
of disentangled iPP, but the presence of the filler slightly lowered it, which indicated that
the nanoparticles were an obstacle to crystallization. Full analysis of the melt-to-solid
conversion curves confirmed that the disentangled iPP crystallized first, then its composite,
then the entangled PP, and finally its composite (see Figure 16a). There were no influence of
disentangling or filling on the crystallinity degree of iPP. Increasing the cooling rate resulted
in the known effect of lowering the crystallization temperature. At the highest cooling rate
(50 °C/min) two effects were visible: (a) still disentangled PP crystallized before entangled
one, but (b) crystallization occurs at a higher temperature in the composite than in the
corresponding homopolymer (Figure 16b). The latter can be explained by the short time
available for solidification when intense nucleation, including on fillers, dominates over
the crystallization transport factor enhanced by disentanglement.
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Figure 16. (a) Conversion of the melt into a solid polymer during the non-isothermal crystallization
of iPP at a rate of 10 °C/min. The numbers represent the concentration of the solution from which
the disentangled PP was obtained. The letter “c” means composite. (b) Crystallization temperature
for samples cooled at different cooling rates [107]. Reproduced with permission: 2022, Elsevier.

Most of the above-described experiments on non-isothermal crystallization showed
that it proceeds similarly in different polymers. Characteristic features include an increase
in the crystallization temperature and an increase in the degree of crystallinity with dis-
entangling. These effects resulted from the easier transport of macromolecules to the
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crystallization sites. In the case of PP, the increase in lamella thickness was measured when
grown from disentangled melt. The nucleation of spherulites was noticed at higher temper-
atures in the less-entangled PPS. Preferential crystal growth in the form of stereocomplexes
was observed where it could occur, i.e., in a mixture of disentangled PLA enantiomers. The
exceptions to these observations were PB, in which both T. and the degree of crystallinity
decreased with disentangling, and UHMPE, in which the crystallization temperature of
the disentangled polymer was lower. In the case of PB, this is explained by its specific
structure.

6. Isothermal Crystallization of Partially Disentangled Polymers
6.1. Formation of Crystal Structure over Time

When analyzing the properties of non-fully entangled polymers, observations often
focus on the progress of crystallization over time while maintaining a constant tempera-
ture. Variously disentangled syndiotactic polypropylene was crystallized at three selected
temperatures by [128]. The rate of crystallization was similar for the disentangled samples
but higher than for the entangled sample. The crystal structure was examined by FTIR
and WAXS. It turned out that the crystals in the disentangled samples had a trans-planar
conformation (zigzag packing) mixed with a helical chain conformation, while the crystals
of the entangled sample had a helical conformation. The change in conformation to a more
stable one may be the reason for the relationship presented in Figure 17.
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Figure 17. The rate of crystallization versus the concentration of sPP freeze-dried from toluene.
Samples were crystallized at temperatures: 95 °C (e), 100 °C (A), and 105 °C (V) [128]. Reproduced
with permission: 2001, Jon Wiley & Sons.

Polypropylene with a different tacticity, i.e., isotactic, was studied by Pawlak et al. [119].
The transformation of melt into crystals was much faster in the two disentangled samples
than in the entangled one. The half-conversion times for crystallization at 135 °C were
26 min for PP with M, = 14,560 g/mol, 31 min for PP with M, = 18,010 g/mol, and 43 min
for entangled PP with M, = 9900 g/mol. Similarly to Sun’s research [128], this time was not
the shortest for the most-disentangled polymer, which, however, cannot be attributed to
conformational changes.

The crystallization of iPP at low temperatures (119-127 °C) was also investigated.
Also, at these temperatures, the half-time of transformation of the melt into the solid phase
was shorter for the disentangled polymer [129].

In Pawlak’s and Xiao’s research [119,129], the iPP used was disentangled in solution.
However, polypropylene was also disentangled by a large amplitude oscillatory shear
(LAOS) using the Ares rheometer [130]. The growth rate of spherulites at 135 °C was exam-
ined using PLM. Much more intensive spherulitic nucleation occurred in the disentangled
sample compared to the entangled sample (Figure 18).
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Figure 18. Polarized light micrographs of entangled (a—c) and partially disentangled iPP melt (d—f).
Isothermal crystallization at 135 °C. Increased nucleation and growth of spherulites during measure-
ment in the disentangled polymer is visible [130]. Reproduced with permission: 2020, Elsevier.

Liu et al. [57] used various melt shear procedures to disentangle iPP. Faster crystal-
lization of less-entangled samples was visible when performed at 125 °C. The half-time
of the melt-to-crystalline phase transformation increased with entanglement from 0.91 to
1.98 min. The Avrami coefficients were determined as follows: n = 2.85-2.52 (without
regularity), log k = —1.07, —0.54, —0.04, respectively for increasingly entangled PP. The
obtained crystallinities were similar, about 46%, but the melting temperature increased
with disentangling from 164.4 through 165.6 to 166.3 °C, which means the existence of
thicker crystals in the disentangled samples.

Variously entangled PLA samples were isothermally crystallized at 110 °C by Wang
et al. [122]. Crystallization was fast and depended on the previous concentration in the
solution. Its half-life was only 2.33 min for PLA from the most dilute solution, increased to
5.79 min when the polymer was from a solution at concentration C* and was constant for
more concentrated solutions. Surprisingly, the time for the concentrated solution was much
shorter than the half-time for PLA pellets (45.5 min). The Avrami n parameter was 2.43-2.81,
independent of disentanglement, while the k coefficient decreased with entanglement from
69.4 to 7.1. The same parameters for PLA pellets were n = 2.64 and k = 0.29. The growing
lamellae had both the disordered «” form and the ordered o form, with a preference for
growing « crystals in the less-entangled PLA. Total crystallinity decreased slightly with
entanglement from 40% to 34%. The lamellas were thicker in the case of -entangled PLA,
but the effect was not very strong (7.3 vs. 6.4 nm).

The crystallization of PLA in shear-disentangled samples was also investigated [125].
The full crystallization time at T, = 110 °C shortened from 14 min to 10 min for the most-
disentangled sample, so the differences were much smaller than in Wang's research [122].
This may be due to the different polymer used and may also be the result of less disen-
tangling. The Avrami parameters for this PLA were as follows: n was almost constant
(2.68-2.73), k increased with disentangling from 3.63 x 1073 t0 9.55 x 1073.

The growth of stereocomplex crystals from PLLA /PDLA blends was examined by
DSC. Crystallization at 180 °C and 120 °C was much faster in the less-entangled polymers.
WAXS studies have shown that during crystallization at 180 °C only crystals of stereocom-
plexes grow (this temperature is higher than the T, of the homopolymer), while during
crystallization at 120 °C at a concentration greater than 0.1% by weight homocrystal growth
dominates [106].

Isothermal crystallization at temperatures of 120 °C and 125 °C of disentangled and
entangled PLA homopolymers and their composites containing 0.1 and 1.0 wt.% multi-
walled carbon nanotubes was investigated by Barangizi et al. [123]. Delayed crystallization
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was observed in the disentangled PLA, possibly due to the removal of part of the nucleus
during solution preparation. The slightly higher growth rate in disentangled PLA did not
compensate for the weaker nucleation. In all composites, crystallization was faster than
in homopolymers, and the crystallization time was shortened with the increase in filler
content, which indicates increased nucleation on nanotubes. Additionally, this time was
shortened by faster crystal growth, which was visible as a significant difference between
the disentangled and entangled composite with the same filler content.

Bu et al. [32] examined variously disentangled iPS, crystallizing it in a wide range of
temperatures, and found that the crystallization half-time is much shorter for the disen-
tangled samples both in the case of low and high undercooling, i.e., in the crystallization
temperature range of 120220 °C (Figure 19).

t,p (min)

120 140 160 130 200 230

Temperature Tc ()

Figure 19. Crystallization half-time of iPS as a function of crystallization temperature: B bulk iPS,
e polymer from 1 X 10~ wt.% solution, A polymer from 1 X 102 wt.% solution [32]. Reproduced
with permission: 1998, American Chemical Society.

Variously disentangled samples of polybutene-1 form II were subjected to isother-
mal crystallization at 90 °C [124]. The crystallization half-time was observed to increase
dramatically (see Figure 20) when the polymer was prepared from a solution more dilute
than 0.5 wt.%, which agrees with the non-isothermal observations that disentanglement
hinders PB crystallization. Both the nucleation density and growth rate decreased with
disentangling. The observed crystallization tendencies, opposite to those in other poly-
mers, may result from the chemical structure of PB. Side ethyl groups are characterized by
high mobility, improved by disentangling, which may hinder the close proximity of other
chains and thus hinder crystallization. Another conclusion that resulted from additional
solid-state annealing was that disentanglement aids the transformation of form II into the
stable form I, possibly by reducing the nucleation barrier and increasing chain mobility.

The conversion of melt into PEO crystals was also studied [67]. When PEO thin films
were crystallized at 56 °C, the half-time decreased from 20 min for the completely entangled
sample to just 3 min for the most-disentangled sample. The same tendency, but with much
longer times (110 to 50 min), was observed for volume (bulk) samples examined by DSC.
The disentangled samples formed thicker (12.3 vs. 11.1 nm, SAXS method) and more
perfect crystals (larger block length, determined by WAXS method).

Disentangling low-molecular PE by high-pressure crystallization was performed
by Psarski et al. [44]. DSC was used to study the kinetics of crystallization at 123 °C
after melting at 160 °C. A shorter crystallization time was observed compared to the
entangled sample.
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Figure 20. Half-time of isothermal crystallization of form II of PB at 90 °C [124]. Reproduced with
permission: 2022, American Chemical Society.

The crystallization kinetics of PP/ Al,O3; composites containing 1 wt.% of nanopow-
der, both partially disentangled and fully entangled, were compared with the kinetics of
PP homopolymers [107]. Crystallization at 137 °C was the fastest for the disentangled
composite and the slowest for the fully entangled homopolymer. This means that the
nucleation activity effect of Al;O3 dominates over the nanoparticle obstacles in transport-
ing the chains into the growing crystal. The description of the process using the Avrami
approach gave the following coefficient values: n =2.95-3.05 for all materials, k equal to
1.6-1.8 x 10710 for homopolymers, but 3.0 x 101 for the disentangled composite and
2.0 x 1070 for the entangled composite. Nucleation density calculations, according to
Equation (9), gave the following nucleation densities: 1.8 x 10! m~3 for the disentan-
gled homopolymer, 5.1 x 10" m~3 for the disentangled composite, 7.2 x 101 m~3 for the
entangled homopolymer, and 10.6 x 10" m~3 for the entangled composite. The slightly
higher nucleation density in the more-entangled homopolymer was probably due to the
incomplete destruction of pre-existing nuclei, which is more likely in the entangled melt. A
positive nucleation effect of nanopowders was observed in both composites, although it
was not very strong.

6.2. Spherulite Growth Measurements

In many isothermal crystallization studies, an important element was determining the
growth rate of spherulites, the most typical structures formed in polymers. An example
is the work of Wang et al. [30], who prepared disentangled PP by mixing 5 wt.% with hot
oil at 180 °C and then gradually cooling, allowing the complete crystallization of iPP and
stabilization of the obtained disentanglement. The growth of spherulites was observed
using the PLM method at a temperature of 135 °C (Figure 21). Spherulitic nucleation
was much more intense in the disentangled sample, and the growth rate was also faster
after disentanglement.

The research material of Pawlak et al. involved PP dissolved in hot oil and in the
second variant in hot xylene, in both cases with the stabilization of disentanglement by crys-
tallization [119]. It was found that in the temperature range of 127-140 °C, spherulites grew
faster in less-entangled PP. This was most visible at moderate undercooling (131-137 °C).
At low temperatures, crystallization was rapid and the increased chain mobility after
disentangling had a limited effect on the growing structure, while at high temperatures
crystallization was slow and the obstacles to the movement of macromolecules caused
by entanglements were less significant. A higher growth rate of spherulites from the
disentangled melt was also confirmed when disentangling was achieved by the LAOS
method [130].
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Figure 21. Growth rates of iPP spherulites crystallized isothermally at temperatures of 132-139 °C [30].
Reproduced with permission: 2009, Elsevier.

Faster growth of spherulites from a more disentangled polymer was also observed
for a number of other polymers. We can mention PLA tested by Krajenta et al. [131] and
Liu et al. [31], PLLA/PDLA blend [106], PE [44], or PEO [67]. The exception was PB,
where spherulite growth slowed down in the more-disentangled polymer. The proposed
explanation was that the highly mobile side groups of the PB chain hinder the approach to
neighboring chains, which is necessary for crystallization [124]. Observation of spherulite
growth in differently entangled PP/ Al,O3; composites and PP homopolymers confirmed
that it was faster in the case of disentangled PP [107]. The presence of filler reduced
this growth rate. The authors wondered whether nanoparticles are encapsulated during
spherulite growth or whether they accumulate in the melt ahead of the growth front. Precise
measurements of the increase in the diameter of the spherulite over time showed a linear
change, thus excluding the effect of filler or impurity accumulation.

Slightly less consistent than observations of spherulite growth rates are observations
of spherulite nucleation density. For solution-disentangled PLA samples, it was observed
that spherulite nucleation decreased with the degree of disentanglement [131]. A different
result was obtained by Liu et al. [31]. The number of primary nuclei in the freeze-extracted
PLLA samples increased with the reduction in precursor solution concentration. Also,
in the case of the PLLA/PDLA blend, an increase in the spherulitic nucleation density
with disentanglement was observed (Figure 22) [106]. When the tested polymer was
PEO, the following nucleation density values were obtained: 1.47 x 10'' m~3 for fully
entangled PEO, 1.03 x 10'> m~3 for less-entangled PEO, and 3.05 x 10'> m~3 for the
most-disentangled polymer [67]. Disentangled PB was characterized not only by slower
spherulite growth but also by suppressed spherulite nucleation in the more-disentangled
polymer [124]. When Psarski et al. [44] compared high-pressure disentangled PE with
entangled PE, they noticed that there were twice as many nuclei of spherulites in entangled
PE. The result was explained by the deactivation of some of the heterogeneous nuclei in
the high-pressure crystallization process.

The issue of nucleation was the subject of research by Yamazaki et al. [132]. They
used PE samples and checked whether the nucleation frequency, I, is controlled by the
entanglement density in the melt v. The entanglement density was changed by melting
crystals of different thickness, assuming that v immediately after melting is related to the
crystal thickness. An experimental formula was proposed: I(v)~exp(—7v), where v is a
constant. It was found that the I—v relationship is controlled by topological diffusion near
the melt-nucleus interface and diffusion in the nucleus, and not by the process of formation
of a nucleus of a critical size.
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L/D-0.5 bulk

Figure 22. PLM images collected after crystallization of a PLLA/PDLA blend at 180 °C for 10 min
(scale bar: 50 um). The number indicates the concentration of solution (in wt.%) from which disentan-
gled polylactide was obtained [106]. Reproduced with permission: 2021, American Chemical Society.

6.3. Regimes of Crystallization

As mentioned in Section 3, the secondary nucleation density and the way in which a
fragment of a macromolecule is incorporated into a growing crystal depend on the tem-
perature, which allows for the separation of crystallization regimes. Changing the degree
of entanglement of macromolecules in the melt affects the rate of chain diffusion to the
crystal growth surface, but could also be expected to influence the mode of incorporation,
thus changing the temperature ranges of the regimes. Such research has been carried out
for the first time for iPP [119]. The subject of the studies were the temperature positions
of crystallization regimes, examined on the example of the transition between regime II
and III. A temperature shift was observed from 136 °C for the entangled iPP to 132 °C
for the polymer with the most limited entanglements (Figure 23a). This means that in a
disentangled sample at a lower temperature, more perfect lamella growth is still preferred
(according to regime II); while in the entangled polymer, crystallization already takes place
according to regime IIL

A change in the boundary temperatures of the crystallization regimes after disen-
tangling was also found for PLA [131]. For the fully entangled polymer, the transition
temperatures were as follows: regime I-II 153.0 °C, regime II-III 119.3 °C. When PLA had
six times less entanglement, the temperatures were 151.0 °C and 118.3 °C. Crystallization
regimes for differently entangled PEOs were also analyzed [67]. In the case of the transition
from regime I to regime II, the limiting temperature was shifted down by 1.3 °C when the
polymer was more disentangled (Figure 23b).

Changes in crystallization regimes were also studied by comparing fully entangled
PET with another PET prepared from a trifluoroacetic acid solution, called reorganized PET
(RPET) [133]. The focus was on the transition between crystallization regimes I and II. In
the case of RPET, the temperature was 7 °C lower than in the entangled polymer.

An interesting question was whether, if an disentangled polymer was used to produce
a composite, the transitions between regimes would behave in the composite similarly
to the behavior in the homopolymer. This was tested on the example of a PP/Al,O3
nanocomposite [107]. It was found that the presence of nanoparticles almost completely



Crystals 2024, 14, 385

26 of 38

reduces the transition temperature shift between regime II and III that exists as a result
of disentangling.
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Figure 23. (a) The dependence log G + AE/[2.3 R(T. — Tw)] versus 1/(T.AT) drawn for PPi, PPo,
and PPx, where PPi means the initial, entangled polymer, PPo and PPx means partially disentangled
polymers, prepared from 2 wt% solution in hot mineral oil or xylene, respectively. The curves were
shifted vertically for clarity. The temperatures of transition between regime II (on right side) and
regime III (on left side) are determined [119]. Reproduced with permission: 2017, Wiley & Sons;
(b) The location of the transition temperature from regime I to regime II for PEO. PEOi—entangled
polymer, PEO 1%—disentangled polymer obtained from a solution with a concentration of 1% by
weight, PEO 0.5%—more-disentangled polymer obtained from a solution with a concentration of
0.5% by weight [67]. Reproduced with permission: 2020, Elsevier.

6.4. Other Aspects of Isothermal Crystallization

Some crystallization issues were studied only using one polymer, by one team. For ex-
ample, Wang et al. [134] discovered the translational and rotational motion of PP spherulites
during their crystallization from a melt with a reduced number of entanglements. No such
effect was observed for the entangled melt. The strange aspect was not only the movement
of spherulites, even those with sizes larger than the thickness of the sample, but the fact
that it only affected some of them. The rate of spherulite movement decreased with the
observation time (from 40 to 1.5 pm/min), which can be attributed to re-entanglement. The
authors did not provide any explanation for the movement of some spherulites.

The final phase of spherulite growth in iPP was analyzed by Pawlak et al. [119]. The
course of crystallization was observed when some volumes of the melt were occluded by
growing spherulites. Figure 24 shows the final stage of creating the spherulite structure.
Nowacki et al. [135] found that cavitation in entangled iPP does not occur during crystal-
lization at temperature above 137 °C. Repeated measurements of the entangled iPP samples
showed that no voids were formed from the temperature of 138 °C. Similar temperature
limits were found for medium entanglement (137 °C) and low entanglement (139 °C) PP,
which does not confirm Nowacki’s assumption that the temperature limit can be lowered
by reduced entanglement.

The growth of spherulites under negative pressure is equivalent to the growth at
reduced undercooling. As a result, spherulite fragments growing around the weak point
have a higher melting point. After releasing the negative pressure and heating the sample,
it is observed that the center of the spherulite melts earlier (i.e., at a lower temperature)
with increasing temperature than the outer layer. When observed using the PLM method,
white rings are visible, which are still unmelted parts of the spherulites. It was found
for iPP [119] that the difference in melting temperatures was larger (0.60 °C vs. 0.90 °C)
for disentangled PP, probably as a result of a greater increase in negative pressure during
crystallization due to the faster growth of spherulites.
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Figure 24. The isothermal crystallization of entangled and partially disentangled iPP at 138 °C:
(a) entangled iPP at the moment of closing the weak-spot; (b) the final structure formed in the
entangled polymer; (c) the final structure of the disentangled iPP [119]. Reproduced with permission:
2017, Wiley & Sons.

The equilibrium melting temperature is an important parameter used to characterize
the crystal structure of a polymer. Until recently, there was a little information on whether it
changes when the polymer has limited macromolecular entanglements. Such observations
were made for PEO [67]. The equilibrium melting temperature was determined using the
Hoffman-Weeks method by crystallizing the samples at a selected temperature T, and
then observing through a microscope at which temperature T, the melting occurred. The
relationship between T, and T}, is described by a straight line. Its intersection with the
Te = Ty, line determined the desired equilibrium melting temperature. The determined
temperature decreased only slightly as PEO was disentangled, from 70.5 °C to 70.1 °C
(Figure 25).
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Figure 25. Determination of the equilibrium melting temperature for PEO. PEOi—entangled polymer,
PEO 1%—disentangled polymer obtained from a solution with a concentration of 1% by weight,
PEO 0.5%—more-disentangled polymer obtained from a solution with a concentration of 0.5% by
weight [67]. Reproduced with permission: 2020, Elsevier.

A much larger difference in the equilibrium melting point was observed when com-
pletely entangled PET was compared to another PET prepared from a trifluoroacetic acid
solution, called reorganized PET (RPET) [133]. Using Hoffman-Weeks extrapolation, the
calculated equilibrium melting point was found to be several degrees higher for RPET.

The crystallographic form of growing crystals may depend on disentanglement [136,137].
This was shown on the example of PEO crystallization at a temperature of 45 °C, but with
two methods of reaching the crystallization temperature: classically from the melt, after its
entanglement for 15 min of annealing, or by increasing the temperature in the solid state of
the disentangled polymer. After crystallization from the solid state, the presence of a unique,
stable triclinic form of the crystal structure was identified, while samples crystallized from the
melt had a common monoclinic form [137].
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6.5. Molecular Dynamics Simulations

Experimental work is increasingly supported by calculations using molecular dynam-
ics (MD) simulations. The object of MD simulation studies with primitive path analysis
performed by Luo et al. [138] was the crystallization of a coarse-grained polyvinyl alcohol
system, having 1000 chains, each containing of 1000 monomers over a time scale up to
about 8 ps. A relaxed system was cooled from 495 to 412 K with a cooling rate of 31.4 K/ ps.
The authors showed a dependence of both crystallization time and crystalline stem length
on the local entanglement length.

Zou et al. [139] used atomistic molecular dynamics simulations to study the crystal-
lization of linear and cyclic polyethylene. Isothermal nucleation simulations of samples
with different entanglement topologies showed that for linear and unlinked cyclic PE
oligomers, the nucleation rate of PE crystals increases slightly with decreasing entangle-
ment density. In the absence of conventional polymer entanglement, unlinked rings can
nucleate about twice as fast as their fully entangled linear counterparts. The authors also
confirmed that nucleation as a local phenomenon does not require the large-scale relaxation
of polymer chains.

The object of research using MD simulation and primary path analysis was the crystal-
lization of the melt under the influence of cyclic stretching [140]. Poly(vinyl alcohol) (PVA)
systems with different entanglement densities and similar local order were constructed by
cyclic stretching, which made it possible to determine the involvement of entanglement in
polymer nucleation and crystal growth. Nucleation was favored in less-entangled regions.
The nucleation rate and crystal growth rate decreased exponentially and linearly, respec-
tively, with increasing entanglement density. The lower entanglement density resulted in a
shorter nucleation time and ultimately led to a smaller average crystal cluster size and a
larger number of crystal regions.

The evolution of entanglement during isothermal crystallization of bimodal and
unimodal polymers with an equivalent average M;, was analyzed using coarse-grained
MD simulations [141]. At the beginning of crystal growth, the entanglement concentration
decreased rapidly, but at the end of crystallization it became saturated at a level lower than
the initial one. The increasing crystallinity and lamella thickness were linearly proportional
to the degree of disentanglement. Compared with the unimodal system, the increase in
crystallinity of the bimodal system was faster than the change in disentanglement. An
explanation has been proposed that longer chains in a two-component system move slower,
participating in the chain-sliding diffusion mechanism during crystal formation.

The above-mentioned works do not exhaust the possibilities offered by computer
simulations. While experimental studies measure the behavior of large assemblies of
macromolecules, computer calculations allow the analysis of the entanglement process
at the level of individual macromolecules. This enables a better understanding of the
connections between the presence of entanglements, the disentangling of macromolecules
and their participation in the formation of crystals.

6.6. Cold Crystallization in Isothermal Conditions

Some polymers crystallize poorly under typical conditions. Only a few papers describe
their cold crystallization in isothermal conditions, taking into account the influence of the
degree of entanglement of macromolecules. A very slowly crystallizing polymer, isotactic
poly(methyl methacrylate) (PMMA), was disentangled in solutions of poly(ethylene gly-
col)(PEG) or dioxane [29] and annealed at T, (i.e., 60 °C). When the solvent was dioxane,
crystallinity reached 35% for annealed samples from a low-concentration solution; however,
it was low and did not change for solution concentrations above 5 wt.%. The opposite effect
was observed for the polymer dissolved in PEG, where the crystallinity after annealing
increased with the concentration in the solution and was most effective for solutions with
a concentration of 10-15 wt.% (Figure 26). Similar annealing results for dilute dioxane
solution and concentrated PEG solution may, according to the authors, suggest that the
molecular size of the solvent plays a role, medium for PEG and small for dioxane.
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Figure 26. Dependence of crystallinity on concentration in solution for iPMMA freeze-extracted
from dioxane (left) and iPMMA freeze-extracted from PEG (right). Measurements were performed
for unannealed samples and for samples after annealing at 120 °C for 10 h [29]. Reproduced with
permission: 2004, American Chemical Society.

Amorphous disentangled and entangled PLLA was prepared by Sasaki and used for
cold isothermal crystallization studies [105]. To characterize the crystallization progress,
the overall crystallization rate G, defined as G. = 1/t1,,, where t;,, is the crystallization
half-time, was used. Regardless of the selected crystallization temperature, G, values
were higher for less-entangled PLLA. The authors determined the values of the constant
in Equation (6) and found a decrease in the activation energy for the chain diffusion
process upon disentangling from 6.4 k] /mol for bulk PLLA to 4.0 k] /mol for most of the
disentangled granules. However, the K, value, depending on the crystallization regime,
was constant.

6.7. Conclusions about Isothermal Crystallization

The observations of crystallization under isothermal conditions are mostly consistent
with studies under non-isothermal conditions. The overall crystallization process is faster
for less-entangled polymer, which is mostly confirmed by the half-time measurements. The
research showed that the thicker crystals grew from the less-entangled melt. In the case of
PLLA and PLLA/PDLA, a preference for growth in the specific crystal form depending on
the level of entanglement was observed. The exception to the rule was crystallization of
PB, in which the formation of the crystal structure was delayed by disentanglement, which
was due to reduced nucleation and slower crystal growth.

In addition to a general analysis of the course of crystallization as a function of time, a
number of more detailed studies were also carried out. An example is the measurement
of the crystallization rate based on the growth of spherulites. In almost all cases, crystals
and spherulites grew faster in the case of a lower density of macromolecular entangle-
ments, which can be explained by the easier diffusion of macromolecular chains to the
crystallization sites. However, the results of measurements of the spherulitic nucleation
density as a function of the degree of chain disentanglement are varied. In most studies, an
intensification of nucleation was observed. It may be suspected that the results obtained
depend on the preparation of the samples, their possible contamination, or the removal of
nucleus. The issue requires further research. The easier diffusion of less-entangled chains
favored a more perfect structure of the growing crystals, which resulted in the observed
shift in temperatures of the crystallization regimes.

7. Re-Entangling of Polymer Chains

Since polymer crystallization from a melt is sensitive to the concentration of macro-
molecule entanglements, attempts were made to use the observations of the crystallization
process to characterize the process of re-entanglement of polymer chains [30,44,134]. Exper-
iments focused on the isothermal nucleation and growth of spherulites, studied using a hot
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stage connected to a PLM, or on the analysis of non-isothermal crystallization or melting
using DSC. Often in crystallization studies, changing the concentration of entanglements
was achieved by controlling the annealing time of the polymer in the melt.

Yamazaki et al. [142] investigated the synthesized PE, assuming that the nascent
reaction powder contained no entanglements and that, after melting, the progression
of entanglement over time could be observed. Measurements showed that spherulite
nucleation was reduced for the longer-annealed and more-entangled melt. According to
the authors, the entanglement recovery process consisted of two stages: in the first (lasting
20 min), simple loops were created, and in the second, more complex loops were created,
making nucleation less difficult (Figure 27).
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Figure 27. Primary nucleation of PE spherulites at T = 128 °C, in function of time of annealing
disentangled sample at 150 °C. The experimental data can be divided into two regions that arose
from fast and slow entanglements [142]. Reproduced with permission: 2006, Elsevier.

The change in the nucleation density of spherulites with polymer entanglement was
also studied on the example of iPP crystallization [120]. It was found that this density was
initially lower in less-entangled samples and decreased with the annealing time at 185 °C.
For PP with a higher My, a plateau was reached after 120 min, while for PP with a lower
My, a decrease in nucleation was still observed after this time. With the longest annealing
time, even more nuclei were formed in the initially more-entangled polymer. Separate
studies of nucleation progress with annealing for fully entangled polymers have shown
that some reduction in nucleation density is also observed. This means that the effect of
re-entanglement on nucleation cannot be separated from the deactivation of some nuclei
during annealing.

The conclusions from the above observations also concerned nucleation changes
in other polymers. This applies to measurements of spherulitic nucleation in variously
entangled PLA [131] or PEO [67].

The second “tool” showing the progress of re-entanglement is the measurement of
the spherulite growth rate. A decrease in the growth rate of spherulites in disentangled,
isothermally crystallized HDPE was observed after a long, 25 min, isothermal crystallization
at a temperature of 126 °C [44]. The result was interpreted as confirmation of an increase in
the density of entanglements over time.

Wang et al. [30] correlated the rheological results with measurements of the growth
rate of spherulites and thus analyzed the re-entanglement progress in the disentangled PP
resulting from annealing at 180 °C for selected times. A decrease in growth rate was observed
over time, reaching a plateau after 20-25 min, but at a level higher than the constant growth
rate for fully entangled PP (Figure 28a). These observations were consistent with rheological
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studies of the change in storage modulus over time, showing that growth rate measurements
can be used to indicate the occurrence of re-entanglement.
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Figure 28. (a) Changes in the growth rate of iPP spherulites during crystallization at 135 °C after
annealing in various times (tann) at 180 °C [30]. Reproduced with permission: 2009, Elsevier; (b) The
growth rate of spherulites in disentangled iPP as a function of annealing time, normalized to the
initial growth rate of the entangled polymer [130]. Reproduced with permission: 2020, Elsevier.

iPP disentangled by another method, through the shear in melt, was used for re-
entanglement tests after its annealing at 180 °C. The growth rate of spherulites was mea-
sured at a temperature of 135 °C [130]. The time of full entanglement was about 1000 s
and the rate of entangled PP was reached (Figure 28b), unlike the longer time and higher
final rate in the studies described above [30]. The reason may be the lower initial degree of
disentangling in iPP obtained by melt shear.

For the re-entanglement experiment, Pawlak et al. [119] used iPP obtained from two
solutions with different concentrations. The samples were annealed at 185 °C and a decrease
in the spherulite growth rate was observed with the annealing time. After 50 min, the rates
were similar to those measured for the fully entangled polymer. This experiment again
confirms that the entanglement time depends very much on the degree of disentanglement.

In a continuation of these studies, disentangled iPP with two different molecular
weights was examined [120]. The samples were annealed at 185 °C or 200 °C, and the
spherulite growth rate was measured after the selected annealing time. The growth rate,
initially significantly higher, gradually approached a constant value for entangled PP
during the experiment. The time for complete re-entanglement was longer for lower initial
entanglement, higher M, and lower annealing temperature. Depending on conditions,
complete re-entanglement required 50-150 min. The authors also checked that after 30 min
of melt annealing, the transition temperature of regime II-III returned to that characteristic
of an entangled polymer. The reason for the shorter time in this case is not entirely clear.

When disentangled PLLA with a molecular weight of 210 kg/mol was annealed for
various times at 190 °C, the rate of spherulitic growth at 135 °C was found to decrease
with annealing time as re-entanglement progressed and reached a constant value after
15 min [31].

In one case, the melting temperature was chosen as an indicator of the progress of
macromolecule entanglement. Bu et al. [32], analyzing disentangled iPS, observed that
during annealing at 100 °C, i.e., at the cold-crystallization temperature, for 1, 5, and 10 h,
the melting temperature shifted with the annealing time towards the T}, of the completely
entangled polymer, which indicated re-entanglement.

The nascent UHMWPE was non-isothermally crystallized after melting at 160 °C for
various times (5-240 min) or at various temperatures (160-220 °C) for 5 min [127]. The
crystallization temperature was measured. It decreased with increasing annealing time or
annealing temperature. However, after 100 min of heating at 160 °C, no further changes in
T, were observed. The annealing dependence of T, was interpreted as entanglement with
time and a change in local conformation from parallel extended chains initially existing
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after crystal melting to interpenetrating random coils. This was confirmed by the lack of
effect in the case of entangled HDPE tested under the same conditions.

Studies of the polymer entanglement process have shown that measuring the growth
rate of spherulites can be used to assess the degree of disentanglement of macromolecules
in the polymer.

8. Concluding Remarks

The classic description of polymer crystallization emphasizes the important role
of the ease of diffusion of macromolecule chain through the melt to the crystallization
site. Because there are other macromolecules in the path, entangled with them, it is
believed that the entanglements of macromolecules influence the crystallization process.
This was fully confirmed when it became possible to conduct research using polymers
in which the entanglement of macromolecular chains was significantly reduced, even
several times. Table 3 presents a summary of studies on polymer crystallization, with an
indication of the literature references, taking into account the type of polymer and the type
of experiments performed.

Table 3. A list of literature references regarding polymer crystallization studies using various methods.

Studies of Crystalline Non-Isothermal Isothermal .
Polymer Structure after N . Re-Entangling Effect
. . Crystallization Crystallization
Disentangling
PET [26,28,95] [133]
PVDF [96]
iPS [32,94,97] [32] [32]
PC [98,99]
iPP [57,102,107] [57,107,119,120] 533?1']57’107'119’129'130' [30,119,120,130]
sPP [128]
PPS [101] [101]
PEO [67] [67] [67,136,137] [67]
PCL [39] [126]
PLA [104,105,110] [120,122,123,125] 53%11’]105’122’123’125’ [31,131]
PLLA/PDLA [106] [106] [106]
PE [44] [143] [44,132] [44,142]
UHMWPE [108,109] [127] [127]
PB [124] [124]
PMMA [29]

The role of entanglements was already visible in the process of disentangling macro-
molecules, when in the final phase the disentangled polymer is transformed into the solid
state. It turned out that these polymers, which under standard conditions usually crystal-
lize poorly or not at all, can achieve a significant degree of crystallinity after disentangling.
Often, the disentangling of polymers was performed in a solution with rapid freezing. It is
somewhat surprising that during sudden changes in temperature, in a short time, the tested
solidified polymers showed a significant degree of crystallinity, similar to that obtained
during slower crystallization.

The main research on the influence of entanglement density on the course of crystalliza-
tion included experiments in isothermal and non-isothermal conditions, conducted using
DSC or a heat stage connected to PLM. The most important trends in property changes
due to the disentangling of macromolecules are presented in Table 4. As can be seen from
Table 4, the process of transformation of the melt into the crystalline phase proceeds faster
after the disentangling of the macromolecules. The crystallization temperature is generally
higher in the disentangled polymer, while the results for the melting temperature show
discrepancies. Typically, disentangling promotes an increase in the degree of crystallinity.
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Crystal growth, determined based on the growth of spherulites, was faster in polymers
with reduced entanglement and the crystal thickness increased. The supporting conditions
for crystal growth resulted in the possibility of crystallization at lower temperatures than
usual in a regime that provided a better regularity of crystal structure, e.g., in regime II;
while in the entangled polymer, crystallization already took place in regime III. There is
no consensus on the influence of disentanglement on the nucleation of spherulitic crys-
tallization; however, this may result from the preparative procedures used, during which
some of the nuclei could be removed from the polymer or deactivated. Finally, the cold
crystallization is facilitated by the disentangling of macromolecules.

Table 4. The effect of entanglement reduction on homopolymer properties.

Prover Non-Isothermal Isothermal
perty Crystallization Crystallization
Faster
Faster [32,44,57,67,106,107,119,
Melt—crystal conversion 122,125,126,128]

[107,119,120,125,126]

Slower
[124]
Higher
Crystallization temperature [57,67,101,106,107,119,121,122,125,126] .
Lower
[124,127]
Higher
. [57] _
Melting temperature Lower
[124]
Higher
Equilibrium melting B [133]
temperature Lower
[67]
Higher
.. [57,67,106,119,121,125] Higher
Crystallinity degree Lower [122]
[124]
Faster
. . [30,31,44,67,106,107,119,123,130,131]
Growth rate of spherulites Slower
[124]
. L Shift of temperature
Regimes of crystallization -- [67,119,131,133]
. Increased Increased
Lamellae thickness [57,143] [57]
Increased
. . _ [30,31,67,106,130]
Nucleation density Decreased
[44,107,124,131]
. Faster
Cold-crystallization rate - [105,106]
Increased
Avrami’s k coefficient [122,125]
Decreased
[57]

Early research on disentangled polymers focused on expanding the knowledge on
polymers. Currently, it is possible to disentangle polymers on an industrial scale, either
by polymerization or in extrusion processing. Since new materials made of disentangled
polymers have interesting mechanical properties, they may soon find practical applications
for special purposes. In some applications of polymers, it is advantageous to create a



Crystals 2024, 14, 385 34 of 38

crystalline structure. In such a case, it will be possible to take advantage of the fact that
even polymers that are usually difficult to crystallize are able to achieve significant degrees
of crystallinity after disentangling the chains, even at short processing times.
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