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Recent Progress in Understanding Polymer Crystallization

Kay Saalwächter,* Thomas Thurn-Albrecht, and Wolfgang Paul

Dedicated to Gert Strobl and Hans-Wolfgang Spiess on the occasion of the latter’s 80th birthday, honoring
their important contributions to the field

Recent developments concerned with elucidating the semicrystalline structure
formation in bulk polymer melts, with a focus on possibly important factors
that have received less systematic attention, are reviewed. This includes the
presence or absence of chain motion through the crystallites, which has a
strong impact on the final crystallite thickness, and the effects of
entanglements, which limit crystal growth and lower the crystallinity. From the
theoretical side, interest is shown in shedding light on the thermodynamic
driving forces of polymer crystallization, thus providing a theoretical
background against which the kinetic limitations determine the resulting
structures in experiments.

1. Introduction

From the earliest days of polymer science, the (semi)crystalline
structure formation of long-chain molecules has been one of the
core research topics. On the one hand, the ability of polymers to
crystallize at least partially in a way that the unit cells are much
smaller than the size of the macromolecule was a key question in
Staudinger’s debates.[1] On the other hand, and with high signifi-
cance for the most common use of polymers as construction ma-
terials, the mechanical properties of a crystallizable polymer are
completely dominated by the semicrystalline morphology. This
holds for both the modulus in the linear regime as well as the ul-
timate properties, governed by the crystalline scaffold (thus the
overall crystallinity) and the topology in the amorphous phase
(containing tie chains and entanglements), respectively.[2]

Most of the available textbooks on polymer physics and poly-
mer crystallization up to the present day[3–5] focus on the classical
understanding of the rules governing the formation of the lamel-
lar crystals via the famous secondary nucleation model[6] devel-
oped by Hoffman and Lauritzen (HL). This model and a number
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of competitors explain the selection of a
specific lamellar (= crystallite) thickness on
the basis of kinetic arguments, inspired
by concepts from solid-state physics yet ig-
noring relevant polymer aspects such as
topological constraints and a prediction of
the degree of crystallinity. It should there-
fore not come as a surprise that over the
years, a host of observations has accumu-
lated that is not in agreement with the clas-
sical understanding.[7]

As a specific curiosity, we may highlight
the recent work of Fritzsching and Schmidt-
Rohr, who have worked out that most of the

textbook pictures of lamellar crystallites are in fact wrong,[8] as
they all too often show parallel stems oriented along the lamellar
plane normal. For long chains with a high chain flux in the crystal
such as PE such an orientation is highly unlikely in view of the
resulting density anomaly, calling for chain tilt and thus more or
less disordered chevron-like structures of the fold surface. Sim-
plifying arguments, for example in terms of well-defined surface
energies, appear critical in this light. Another important devel-
opment concerns the question, why crystal growth in polymers
leads to the formation of stacks of crystalline lamellae, whose
crystal lattices are often correlated. Reiter and coworkers sug-
gested a specific mechanism of self-induced nucleation related
to a dendritic growth of the initiating lamellar crystals to explain
this feature.[9]

Here, we review current work on polymer crystallization and
the semicrystalline morphology covering the last decade, with a
focus on a few specific yet important factors that have been under-
estimated and underrepresented so far, namely the role of chain
entanglements and the fact that many but not all polymers exhibit
diffusive chain motion through the crystals. Also, we are using
a new Monte Carlo simulation approach to get a better under-
standing of the thermodynamic driving forces of polymer crys-
tallization. Works along these lines have to a significant degree
been pursued in a large-scale initiative funded by the German Re-
search Foundation (DFG), namely in the framework of the Col-
laborative Research Centre Transregio CRC-TRR 102 “Polymers
under multiple constraints.” We will present some of our key re-
sults and discuss them in the context of related recent develop-
ments.

While the given topic may be considered somewhat revision-
ist, we would like to stress that a better understanding of poly-
mer crystallization will help to address one of the most pressing
long-term challenges in polymer science, namely the question
about how we can help transforming plastics economy toward
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being more sustainable.[10] The recycling of semicrystalline ther-
moplastics, making up the vast majority of plastics materials
in use, is a good example in this regard, as the mechanical
properties (in particular the ultimate properties) depend on the
molecular-weight (MW) distribution (and of course possible ad-
ditives), prominently trough entanglements and tie chains in the
amorphous phase. Re-balancing the MW of recycled material ei-
ther on the level of existing chains or just the monomers is eco-
nomically most feasible for polymers with labile bonds along the
main chain, for which polyesters are attracting significant cur-
rent attention.[11] Especially long-chain aliphatic polyesters may
have property profiles close to that of different polyethylene (PE)
grades, also owing to the fact that they crystallize in a similar
unit cell. Elaborating this example a bit further, thus stressing
the relevance of basic polymer-physics research, it is astonish-
ing to see that the ester groups may either form separate crys-
tal planes (forming a larger unit cell along the crystallographic
c direction) and thus act as structure-directing element,[12] but
may also be disordered along the chains, imparting dynamics
and thus opening avenues toward a larger variety of structures
and properties.[13,14] Iso-dimorphism, that is the possibility of dif-
ferent monomers to be part of a common crystal structure, is
another frequent feature of copolyesters[15] and no less impor-
tant in enabling a better recycling. It should also be noted that
many such materials are biodegradable. We will come back to
these phenomena in the following sections.

2. Effects of Intracrystalline Chain Dynamics

The possibility that chains can move within or even through their
crystals, prominently in PE, has been recognized very early on,
resting on the observation of a mechanical loss peak that cor-
relates with crystallinity.[16] In his two well-known reviews,[16,17]

Boyd established the classification of crystal-mobile polymers fea-
turing such phenomena, and crystal-fixed polymers. He pointed
out a correlation with the degree of crystallinity, where typically
only crystal-mobile polymers reach crystallinities in significant
excess of 70%. An important related aspect known for a long time
is post-growth thickening of the lamellar crystals resulting from
intracrystalline chain diffusion, the most direct observation is
probably represented by combined optical microscopy and AFM
observations of polymer single crystals by Reiter.[18] This is nat-
urally a slow process showing logarithmic time dependence, ow-
ing to the constraints posed by the developed crystals and in bulk
by the lamellar stack. This process thus only has a small impact
on the semicrystalline morphology.

With higher relevance for materials properties, Hu and
Schmidt-Rohr established a connection of crystal mobility with
ultradrawabilty,[19] which enables the solid-state drawing of
high-strength fibers through a complete reorganization of the
semicrystalline structure. They also pointed out the impor-
tant role of solid-state NMR spectroscopy methods to study
this process directly,[20–26] identifying individual jumps of single
monomers along the helical raster of the crystalline stems, also
referred to “helical jumps,” as the elementary process. They are
in turn mediated by fast-moving conformational defects.[27] The
NMR-accessible timescale 〈𝜏c〉 is literally the average residence
time of a given monomer in its raster position, as determined in
most of the above works with the exception of those employing

Table 1. Timescales relevant for polymer crystallization, related to the crys-
tallites (upper part) and to the amorphous phase (lower part).

Symbol Definition Meaning

〈𝜏c〉 Helical-jump time Average residence time of a monomer on the
crystal lattice

𝜏stem Stem lifetime Timescale at which displacement after many
helical-jumps equals the crystallite thickness
(1D random walk)

𝜏 lc Layer crystallization
time

Average time for the lateral crystal size to
increase by one chain thickness

𝜏d Terminal time Time for reptation motion by one contour length
(1D random walk)

𝜏cc Coil crystallization
time

Time for a crystal growth front to traverse a
single-coil domain (end-to-end distance)

𝜏e Entanglement time Tube-model timescale separating the Rouse from
the constrained-Rouse regime

𝜏sg Stem growth time Timescale of stretching of a Rouse subunit
having the contour length of a crystalline stem

13C-based T1/exchange-NMR experiments.[20–22] The latter pro-
vide information on full-stem motion into the amorphous phase
on a timescale of 𝜏stem, referred to as stem (life)time, see below.
These timescales, as well as the ones becoming relevant further
down, are summarized and explained in Table 1.

Along these lines, Miyoshi and coworkers documented a re-
lation between intracrystalline dynamics and the morphology.
In special cases where different crystalline forms of a given
polymer could be compared, such as the polymorphic isotac-
tic poly(1-butene)[23] or the crystalline atactic versus isotactic
poly(norbornene),[26] the respective forms having intracrystalline
mobility showed significantly larger lamellar thickness as well as
higher crystallinity, as expected.

In an effort to establish another model polymer with high in-
tracrystalline mobility besides PE, we studied the helical jumps
in poly(ethylene oxide), PEO, in some detail.[25] PEO is advan-
tageous in that it is readily available with controlled molecular
weight (MW) and small polydispersity, allowing for systematic
studies. We could establish a correlation of the average helical-
jump time 〈𝜏c〉 with the crystallite thickness, which can be ex-
plained by the migrating defects’ origin in the amorphous phase,
such that shorter stems feature an on average higher concentra-
tion of traveling defects. This interpretation is well in line with
observations from molecular simulations of PE.[27] The dilution
of high-MW PEO with oligomers that preferentially remain in
the amorphous phase was also found to enhance intracrystalline
dynamics, on the one hand due to faster dynamics in the amor-
phous phase (enhancing the defect generation) and on the other
hand due to somewhat thinner lamellae.[28]

Turning to mechanistic implications, in the late 1980’s and still
rooted in the influential HL model of secondary nucleation,[6]

Hikosaka stressed the relevance of “chain-sliding diffusion”[29]

within the (secondary) nucleus at the growth front. Together
with Keller and coworkers,[30] a relation was established to the
large lamellar thicknesses observed in poly(ethylene) crystallized
under high pressure, which occurs through the highly mobile
hexagonal rotator phase following Ostwald’s rule of stages. These

Macromol. Chem. Phys. 2023, 224, 2200424 2200424 (2 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

 15213935, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

acp.202200424 by Fak-M
artin L

uther U
niversitats, W

iley O
nline L

ibrary on [20/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mcp-journal.de

5Å

symbolic
tagged monomer

helical jump  

monomer motion over
lamellar thickness

Figure 1. Mobility of polymer stems on a timescale 𝜏stem through a given
lamella, arising from traveling defects leading to helical jumps of the
monomers with correlation time 〈𝜏c〉, enables lamellar thickening directly
at the advancing growth front.[32,33] This timescale, as compared to the at-
tachment time of a single-chain layer (𝜏 lc) derived from the lamellar growth
velocity 𝜇, turns out to be a relevant morphological control parameter. Re-
produced under the terms of the CC BY 4.0 license.[34] Copyright 2022,
The Authors. Published by Springer Nature.

ideas, along with extensive experimental investigations of lamel-
lar thickness upon crystallization and melting, led Strobl to for-
mulate a general multi-stage model of polymer crystallization.[31]

Consequentially, it’s main assumption to explain the lamel-
lar thickness moves away from the kinetic-selection arguments
of HL but rather relies on considerations of (local) thermody-
namic stability.

Taking up Hikosaka’s idea of sliding diffusion at the growth
front (see Figure 1), Hu and coworkers suggested that the slid-
ing diffusion may be responsible for an on-growth thickening,[32]

which offers an alternative explanation of Strobl’s crystalliza-
tion and melting lines, which were the basis of his multi-stage
model.[31] Since this work was based upon highly coarse-grained
computer simulations, the extrapolation of the timescales of
chain diffusion and lamellar growth to actual experimental con-
ditions remained uncertain.

In our work, we decided to address the problem systemati-
cally, by comparing isothermally crystallized polymers with de-
fined and narrow MW distribution and with well-characterized
but different intracrystalline chain dynamics. In a first step, we
focused on the detailed semicrystalline morphology as obtained
from SAXS studies. Importantly, we rely on a novel approach of
data analysis based on a specific model of the interface distribu-
tion function (IDF), implementing a paracrystalline layer model
allowing for distributions of the crystallite and amorphous thick-
nesses (dc and da, resp.). The model thus provides two more rel-
evant parameters, namely the standard deviations 𝜎a, c of these
two quantities.[35] Typical results of such analyses are shown at
the left hand side of Figure 2A for two model polymers, namely
poly(ϵ-caprolactone), PCL, and PEO.

While PCL was earlier shown to be crystal-fixed,[36] mean-
ing that a combination of NMR methods suggested the ab-
sence of helical jumps faster than about 1 s, PEO features
rather fast intracrystalline mobility at typical temperatures
of crystallization.[25] Rather simple 1H low-resolution NMR
methods, namely temperature-dependent free-induction decays
(FIDs) are actually suited to extract the helical jump time 〈𝜏c〉,
as shown in the middle panel of Figure 2A. In our comparative
work,[33] polarized optical microscopy was further applied to mea-

sure the speed of the lamellar growth front 𝜇, from which the
layer crystallization time 𝜏 lc can be derived, see Figure 1. For PEO,
this time turns out to be comparable to the time it takes for a given
monomer to diffuse over the length of a whole stem 𝜏stem (the
lifetime of a stem). As discussed above, the latter is only available
from a specific yet simple 1D diffusion model taking 〈𝜏c〉, which
is the NMR-based residence time of a monomer in a given raster,
as the elementary step. This includes the assumption of unre-
stricted back-and-forth motions, which may not be fully justified
in all cases,[20–22] meaning that our 𝜏stem represents a lower (fast-
end) limit. Nevertheless, we could thus provide for a first time
an experimental justification of the wedge-shaped grown front
depicted in Figures 1 and 2A (right bottom part).

The main body of results from this work is shown in Fig-
ure 2B.[33] In these plots showing the relevant dimensions of the
lamellar stacks as a function of isothermal crystallization temper-
ature, the “error bars” quantify the fitted width 𝜎a, c of the layer-
thickness distributions. The notable observations are that in the
crystal-mobile case (PEO), the amorphous thickness da is rather
well-defined, while in the crystal-fixed case (PCL), da has a wide
distribution, as opposed to a very well-defined crystallite thick-
ness dc. Our interpretation was that the on-growth thickening in
PEO allows for a maximization of dc, thus establishing a minimal
and defined da that is governed by the remaining entanglements.
The role of entanglements is taken up in the next section. In con-
trast, without on-growth thickening, dc of PCL is the well-defined
quantity, arising from the initial kinetic or local-thermodynamic
selection.[37]

We note that these results are not in agreement with ear-
lier conclusions based upon a related approach by Stribeck and
Zachmann,[38,39] who were the first to derive distribution infor-
mation by fitting of the SAXS-based IDF. They noted that “in pre-
vious studies it was found that the relative width of the distribution of
the crystallite thicknesses is, in general, the narrower one”[39] and con-
cluded this to be a possible means to distinguish the crystalline
from the amorphous layer spacing (we do this by observing the
systematic changes upon melting and by comparison with alter-
native means to measure the crystallinity, namely NMR). Our ap-
proach may be the more robust choice, fitting directly in recipro-
cal space (avoiding the intermediate Fourier transform) and thus
considering all contributions to the IDF (and not just the first
three contributions) together with a reliable determination of the
Porod constant. Moreover, Stribeck and Zachmann studied their
samples at room temperature. We know that additional crystal-
lization during cooling after isothermal crystallization takes place
in different ways in the crystal-mobile and crystal-fixed cases,
showing thickening versus insertion, respectively. A direct com-
parison of their results with ours is thus encumbered. Our gen-
eral conclusions have in fact been confirmed independently by
Toda[40] applying a different yet related fitting approach to a pair
of a crystal-fixed polyester (PBT) and the crystal-mobile PE.

An independent confirmation of the relevance of on-growth
thickening is provided by SAXS[33] and fast-scanning-DSC
studies[37] of the reorganization in PEO versus PCL on heat-
ing. In PEO, melting of the already thickened and thus sta-
bilized lamellae occurs at a defined melting point Tm. This
is in significant contrast to what happens on heating of PCL,
which undergoes continuous melting and recrystallization, sim-
ply because the comparably thin crystals, formed at Tc and not
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Figure 2. A) Combined SAXS-NMR approach establishing morphological differences and classifying PCL and PEO as crystal-fixed and crystal-mobile
polymers, respectively. The SAXS-based interface distribution function (left) reveals the distribution width of the domain thicknesses shown in (B),
while the NMR-based free-induction decays reflect fast chain mobility in terms of a temperature-dependent transverse relaxation time. Reproduced with
permission.[33] Copyright 2018, American Chemical Society.

Figure 3. A) Timescales relevant for lamellar growth (see Figure 1) for PCL, POM and PEO for different isothermal crystallization temperatures. B)
Normalized crystallite thickness (in units of monomers per stem) as a function of the ratio of the layer crystallization time and the helical jump time.
Reproduced under the terms of the CC BY 4.0 license.[34] Copyright 2022, The Authors. Published by Springer Nature.

thickened/stabilized, also melt at nearly the same temperature
and immediately re-form on further heating with increased dc.

To support our findings on a broader basis, and in the attempt
to establish a quantitative relationship between crystallite thick-
ness and on-growth thickening, we included a third polymer into
our comparisons, namely polyoxymethylene, POM.[34] This poly-
mer shows comparably slow helical jumps as quantified by more
advanced solid-state NMR methods adapted to slower motions,
and thus represents a suitable in-between case. This is depicted
in Figure 3A showing the relevant crystallization timescales. The
layer crystallization time 𝜏 lc always has the strongest Tc depen-
dence in all cases, and is of the order of the helical-jump time
in POM. This is in contrast to PEO, where it actually reaches the
stem exchange time at relevant Tc.

With all timescales known, we could thus attempt a correla-
tion of the normalized crystallite thickness of all these polymers
with the ratio 𝜏 lc/〈𝜏c〉 quantifying the importance of chain diffu-
sion versus growth velocity. The plot in Figure 3B shows a rather
clear correlation extending over various samples at significantly
different Tc. Note that the data for PCL seem to not match the
trend only because we arbitrarily set 〈𝜏 lc〉 to the minimum value
of 1 s marking our detection limit. The correlation shows a clear
indication for a regime change when 𝜏 lc and 〈𝜏 lc〉 (and with it
𝜏stem) are of comparable magnitude. With all of this, we claim to

have made the first step toward a more general quantitative un-
derstanding of the mechanism of selecting the crystalline thick-
ness, which for crystal-mobile polymers is obviously much larger
than the initial value.

In the Introduction, we have stressed the growing importance
of aliphatic polyester-based semicrystalline thermoplasts as po-
tentially more sustainable, recycling-friendly alternative to PE
with similar properties.[11] Aliphatic polyesters (such as PCL) fea-
ture essentially the same orthorhombic unit cell as PE, but with a
much larger c spacing, accommodating the ester groups in layers.
As a result, helical/monomer jumps are unfavorable, rendering
such materials crystal-fixed,[19] thus imparting limitations with
regards to maximizing the crystallinity upon processing. How-
ever, as the example shows, the PE unit cell is able to accom-
modate quite a variety of “chemical defects” such as the ester
group or simpler ones such as C=O or pending methyl groups
or halogens. Such defects can also be present in an irregular
fashion without forming layers, and notably, the materials can
then exhibit an intracrystalline relaxation detectable by, for ex-
ample, mechanical spectroscopy. An interesting example[13] are
linear aliphatic co-polyesters made from caprolactone and pen-
tadecalactone, P(CL-co-DL). Recently, a layered–unlayered crys-
tal transition was observed even in regular long-spaced aliphatic
polyesters,[14] and attributed to the possibility of intracrystalline
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chain motion in the unlayered form. Therefore, future work
should focus on processing conditions where crystal mobility
in special polymorphic forms could be harnessed to tune the
semicrystalline morphology and thus optimize the materials for
their intended application. This also includes the potential to
modify the entangled structure, which we now turn to.

3. Entanglement Effects

As noted in the Introduction, entanglements residing in the
amorphous phase are a key feature governing the mechani-
cal properties of semicrystalline polymers in particular at large
deformations.[2] The question how entanglements interfere with
semicrystalline structure formation, in particular whether a
“reeling-in” process may help with speeding up and thus en-
abling distantanglement at the growth front of high-MW poly-
mers, has been the subject of the famous 1979 Faraday Dis-
cussion of the Chemical Society.[41] The discussion was partially
spawned by an earlier review article of Flory and Yoon, who ar-
gued against adjacent-reentry structures in bulk polymer crystals
on the basis of a general unlikelihood of the necessary disentan-
glement, and concluded that entanglements are mostly preserved
and concentrated in the amorphous phase.[42] A final consensus
was beyond reach in those days. According to Hikosaka, sliding
diffusion could be a relevant process, not considered in the ear-
lier discussions, to explain local and global disentanglement.[43]

However, evidence for the argument was mainly taken from ob-
servations of primary nucleation and thus restricted to early-
stage processes.

Entanglement effects on polymer crystallization are naturally
studied via attempts to modify the entanglement density under
crystallization conditions. This is beset with conceptual difficul-
ties, as changes of the system are often rather non-trivial and do
not readily reflect the conditions of crystallization in bulk, as it
is relevant in processing of thermoplastics. The study of crystal-
lization from dilute solutions is a natural choice to avoid entan-
glement effects altogether, but leads to very special structures (of-
ten single crystals) that are not comparable to the lamellar-stack
structure formed in the bulk.[44] Single- or few-chain crystals are
also available from catalytic PE syntheses (“reactor powder”), and
melting such crystals results in non-equilibrium disentangled
melts, the crystallization of which can then be studied.[45] Freeze-
drying of dilute solutions is another means to achieve a similar
starting situation.[46]

One complication is that the re-entanglement of such non-
equilibrium melts occurs surprisingly fast (i.e., on timescales
shorter than terminal relaxation of the homogeneous melt).[47]

This was very recently also illustrated in a comparative NMR-
study of solution- versus bulk-crystallized high-MW PE.[48] More-
over, most works along these lines often focused on kinetic as-
pects (primary nucleation, bulk crystallization rate, etc.), yet crys-
tallization from such larger-scale heterogeneous states will al-
ways have a significant impact on the final morphology that is
not easily separated from the actual effect of entanglement den-
sity. There is little doubt that entanglements limit the growth of
the crystalline phase,[49] but consequently, surprisingly little at-
tention was paid to the interplay of entanglements and the bulk
morphology, in particular to the actual size of the amorphous
phase (da).

Figure 4. A) Model explaining a limitation of crystallinity via an exclusion
zone with enhanced entanglement density around a given lamellar. B)
Coil crystallization time of various PCL samples derived from the lamellar
growth velocity measured in polarized optical microscopy, and C) terminal
time of the same samples measured by melt rheology, both as a function of
temperature. The identical shaded area in both plots provides a compari-
son. Reproduced with permission.[52] Copyright 2018, American Chemical
Society.

One prominent exception and the starting point of our own
investigations is the work of Jacques Rault,[50] who was probably
the first to provide evidence for the claim that unresolved entan-
glements govern da and thus limit the crystallinity. This scenario
is depicted in Figure 4A, where a region of increased entangle-
ment density acts as an exclusion zone for further crystalliza-
tion by “entropic repulsion,” mostly through excluding additional
lamellae to approach the given one. There seems to be only one,
although little recognized effort by Iwata to cast this idea into
a theory.[51] Rault suggested that one should compare two new
timescales separating the regimes of slow and fast crystallization,
with regards to the ability of the chains to disentangle via repta-
tion in the quiescent melt or not, respectively. Disentanglement is
quantified by the terminal time 𝜏d, which in “slow crystallization”
would be shorter than the time it takes for an advancing lamella
to grow through the region occupied by the given polymer coil.

Macromol. Chem. Phys. 2023, 224, 2200424 2200424 (5 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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As depicted in the inset of Figure 4B, the related “coil crystalliza-
tion time” 𝜏cc is again available from the lamellar growth velocity
𝜇 observed in polarized optical microscopy in combination with
the known end-to-end distance in the melt.

Figure 4B,C shows data from our attempt to study polymer
crystallization in the bulk across this regime transition, using
well-entangled, crystal-fixed PCL over a large MW range from
about 50 kDa up to millions.[52] We measured the lamellar growth
velocities and derived 𝜏cc, and performed shear rheology to ex-
tract 𝜏d, both shown as a function of crystallization temperature
Tc in parts B and C, respectively, As it is obvious from the shaded
area in C representing the range of 𝜏cc from part B, our range
of samples well covered the regimes of slow crystallization (at
low MW) to fast crystallization. Interestingly, dc of around 8 nm
hardly varied across our sample series, while da increased from
around 6 to 14 nm, with only a weak tendency toward a weaker
MW dependence in the fast-crystallization regime at high MW.
All in all, the crystallinity thus decreased from about 60% at the
lowest MW to less than 35% at the high-MW end.

Our main aim was actually to quantify the entanglement
density in the amorphous phase of these samples, so as
to find possible evidence for disentanglement versus reten-
tion/accumulation. One approach to achieve this goal is to
analyze the large-strain behavior in tensile[53] or compression
experiments.[2] Some preliminary results concerning the former
were included in our work,[52] while more detailed analyses based
on the more robust compression tests are ongoing. For a direct
and systematic insight into the amorphous phase of quiescent
samples, we then employed a special 1H NMR technique termed
multiple-quantum NMR,[54,55] which is suitably applied in simple
low-field low-resolution instruments.

MQ NMR probes the incomplete averaging of dipole-dipole
couplings among the protons. In an isotropic liquid, this
orientation-dependent spin interaction is quickly time-averaged
to zero, while in cases of slightly anisotropic segmental motions
induced by the presence of chain-end fixation through entan-
glements or crystal anchoring points, a finite measurable resid-
ual dipolar coupling (RDC) remains. This quantity is a function
of temperature and experimental (pulse-sequence) time since it
maps out the regimes of chain motion prescribed by the tube
model of entangled polymer dynamics.[56] The (t, T)-dependence
of the RDC is best described by the segmental dipolar (tenso-
rial second-order) orientation autocorrelation function C(t, T) de-
picted in Figure 5A, which roughly speaking is proportional to the
square of the RDC. It is not a coincidence that this function re-
sembles the stress relaxation modulus G(t); the quantities are in
fact related since flow in polymer melts is generally related to the
decorrelation of segmental orientation.[56] In an entangled melt
(green line), the glassy (0) and Rouse (I) regimes are followed by
the local-reptation (or constrained-Rouse) regime II, which corre-
sponds to the rubbery plateau in G(t). In regimes III (reptation)
and IV (flow), C(t) gradually decreases and approaches zero for a
bulk melt, and is delayed or even approaches a finite network-like
plateau in the case of chains constrained to the amorphous re-
gion.

The complication that we had to solve is that the entangle-
ment density is reflected by the amplitude of C(t) only at the
rather short entanglement time t = 𝜏e, which is too short to reach
on the ms timescale of MQ NMR (see the red question mark

Figure 5. A) Principle of the NMR-based measurement of the entangle-
ment density via the segmental orientation autocorrelation function, back-
extrapolated to the entanglement time 𝜏e. B) NMR-based estimated entan-
glement enhancement factor for a wide series of PCL with different MW at
different temperatures. Reproduced with permission.[52] Copyright 2018,
American Chemical Society.

vs the green shaded region in Figure 5A). Simply cooling was
not an option, as our samples would be compromised by addi-
tional insertion-mode crystallization. We thus had to quantify the
power-law exponent of C(t) in the dynamic regimes II and III, and
back-extrapolate to C(𝜏e). In this way, we could obtain an estimate
of the increase in entanglement density of the amorphous phase
of our samples as compared to the value in the bulk melt.

The resulting enhancement factor is plotted in Figure 5B for
all samples crystallized and measured at different temperatures.
Despite some variation, we could conclude that the entanglement
density is on average increased by a factor of two during the crys-
tallization of PCL. Importantly, a crosslink-like contribution of
tie chains can be excluded on the basis of the comparably large
dimension of da, being much larger than the tube diameter. We
remind that the crystallinity of most of the samples was in the
range of 40–60%. So with on average 50% of crystallinity, an in-
crease in entanglement density by a factor of 2 can straightfor-
wardly be explained by the complete retention of all entangle-
ments existing prior to crystallization. This is strong evidence
of the absence of a “reeling-in” process in our sample range.
Notably, this also holds for the “slow-crystallization” regime be-
low an MW of about 200 kDa, where the slight increase may be
attributed to the influence of tie chains in the narrower amor-
phous layers.

We consider our findings the first objective estimate of
the entanglement density in a given bulk quiescent semicrys-
talline polymer. The lack of finding evidence for the slow-fast

Macromol. Chem. Phys. 2023, 224, 2200424 2200424 (6 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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crystallization regime transition may be attributed to the fact that
in the given case of a crystal-fixed polymer, terminal relaxation is
effectively halted when only a single stem becomes part of the
crystal. In other words, even with a small fraction of segments
fixed in the growing crystal, free reptation becomes impossible
and arm-retraction dynamics may just be too slow to effectively
resolve entanglements.

We shall now contrast our findings with some other recent
works focusing on entanglements in bulk polymer crystalliza-
tion. In a series of papers, Luo and Sommer used coarse-grained
molecular-dynamics (MD) simulations in combination with
primitive-path analyses to study the relations between crystal
nucleation and growth and the entangled state of the melt.[57–60]

They found rather clear indications of a relation between the
crystallite thickness and the entanglement spacing, most clearly
in a system where entanglements were diluted by a short-chain
solvent.[59] This is actually in line with experimental findings
of Miyoshi and coworkers,[61] who have established a special
solid-state NMR technique probing proximities between 13C-
labeled chains in the crystals to estimate the folding number
of the chains. They found a similar folding number n (average
number of adjacent re-entries) of order three as in the com-
puter simulations, suggesting that a long chain can only fold
locally between two entanglement points, where the folding
number simply arises from the contour length of the chain
between two entanglements as compared to the crystalline
stem length. The finding was recently reinforced by a similar
observation on samples cold-crystallized from the glassy state,
where large-scale chain motion is impossible.[62] The authors
concluded that folding occurs prior to crystallization within
“existing templates”, that is at a length scale at or even below
entanglements.

Notably, Luo and Sommer found that the entanglement den-
sity actually decreased (weakly) upon non-isothermal crystalliza-
tion, in some contrast to our results. However, this may be at-
tributed to the fact the course-grained computer model allows for
rapid sliding diffusion—which was not quantified. In a more re-
cent work of Lame and coworkers, disentanglement upon crystal-
lization was again observed by coarse-grained MD simulations,
now during isothermal crystallization.[63] Notably, “sliding” dif-
fusion was explicitly detected and concluded to be relevant. In
this way, the old debate initiated by Flory and Yoon mentioned
above could be partially resolved, now stating that the presence
of intracrystalline chain diffusion may indeed lead to disentan-
glement during crystallization.

Experimentally, the groups of Men and Litvinov have very re-
cently joined forces to compare samples of semicrystalline poly(1-
butene), which can be crystallized at high temperatures in a con-
formationally disordered (CONDIS) phase II with high chain-
sliding mobility, and then be transformed to the stable phase I
via a solid–solid transition upon cooling.[64,65] Such samples can
then be prepared at different isothermal crystallization temper-
atures, where slow crystallization at high temperature leads to
thicker crystals, possibly arising from more significant disentan-
glement.

These authors actually employed a comparably simple 1H
NMR transverse-relaxometry approach to assess the entangle-
ment density, also used before in their re-entanglement study
of molten single crystals mentioned above.[48] This approach ne-

glects the back-extrapolation to 𝜏e, but rather relies on acquir-
ing data rapidly during an isothermal melting run. The entan-
glement density is obtained as value extrapolated to zero crys-
tallinity (assuming that over the measured data range sufficient
crystallites remain to suppress reptation and disentanglement).
This means that one only has an indirect and qualitative view on
the entanglements that existed in the amorphous phase. Never-
theless, the melting run of the samples prepared via the CONDIS
route with different crystallization rates and for different molec-
ular weights did show significant changes reflecting a reduced
entanglement density, providing evidence for disentanglement
during crystallization in the presence of fast intracrystalline mo-
bility. In our group, we are currently trying to probe disentangle-
ment during crystallization in the simpler case of crystal-mobile
PEO, which does not exhibit and should not require such a poly-
morphism.

Finally, very recent work from our group was focused on a
quantitative assessment of the relation between the entangle-
ment density of a bulk melt and the resulting amorphous-phase
thickness. This work is still to be published, but a preprint is
available online.[66] A feasible way to control the entanglement
density is the use of low-molecular additives, for example simply
solvents.[67] While avoiding the above-mentioned complications
related to heterogeneous non-equilibrium structures, thermody-
namic effects, that is melting point depression and phase sep-
aration induced by crystallization, then come into play. To avoid
these, we have designed a bimodal blend system of high-MW PCL
with an oligomeric PCL as diluent that: i) happens to exhibit the
same crystallite thickness as the high-MW component and con-
sequently; ii) forms co-crystals when the study is performed at
sufficiently fast crystallization (high supercooling).

The entanglement density of the melts prior to crystallization
was quantified by shear rheology, and could be quantitatively re-
lated to the measured amorphous thickness over a wide range of
polymer-oligomer mixtures. The results are compatible with an
attractively simple model without adjustable parameters, based
upon the justified assumption that disentanglement is negligi-
ble in the crystal-fixed case, for reasons discussed above. To-
gether with the result introduced above, where we showed that
the crystallite thickness in PCL after isothermal crystallization
corresponds to the minimum thickness required for thermal sta-
bility, we thus achieved here for the first time a full empirical un-
derstanding of the structural parameters of the semicrystalline
morphology, including an important parameter having received
little attention, namely the overall crystallinity.

4. New Theoretical Insights

All experimental findings on polymer crystallization from the
melt establish without doubt, that the semi-crystalline morphol-
ogy of polymer materials is a kinetically arrested non-equilibrium
structure. As discussed above, the general theoretical approach
for the description of polymer crystallization since the times of
HL[6] assumes a kind of equilibrium (or at least meta-stable equi-
librium) approach, using thermodynamical concepts like free en-
ergies. But one can approach the process of lamella formation in
polymer crystallization from a different point of view, focusing on
a kinetic picture[68] instead. The relevance of the ratio of the time
scales inherent to crystallite growth to the relaxation time scales

Macromol. Chem. Phys. 2023, 224, 2200424 2200424 (7 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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of the chains in the amorphous region was pointed out long ago
by Flory and Yoon.[42]

Crystallization is driven by packing constraints of excluded vol-
ume. In crystallizing polymers, this typically goes hand in hand
with an intramolecular stiffening of the chains. So for a new stem
to attach to a growing crystal a certain length of chain has to re-
arrange its conformation from the amorphous melt state to the
stretched out stem state. For the average time, 𝜏sg, to grow a stem
of length dl (in number of segments) one can formulate a phe-
nomenological ansatz 𝜏sg = dl/(v0 + cΔT). Here, ΔT = T0

c − T is
the super-cooling, the phenomenological factor c translates this
supercooling into a growth velocity, and v0 is a contribution to the
growth velocity taking into account the driving force due to the
vicinity of a crystallite surface. This relaxation process occurs on
the time scale of the Rouse time of a part of the chain with the
same contour length as the stem. Equating the stem growth time
with the Rouse time of a chain segment of the same length at the
melting temperature one obtains

dl(T) =
3𝜋2kBT0

m

𝜁c(T0
c − T)

(1)

where 𝜁 is the monomeric friction in the amorphous phase
and T0

c = T0
m + v0∕c. This simple phenomenological ansatz re-

produces the experimental difference between crystallization and
melting line and their dependence on the lamellar thickness
found in some experiments,[7] although recent experiments ob-
tained with the new technique of fast-scanning-DSC put these
results into question.[37]

One central idea about the driving force for polymer crys-
tallization within this argument is a well-known result from
equilibrium statistical mechanics: crystallization is governed by
excluded-volume interactions. Even the most simple model liq-
uid, a dense system of hard spheres, completely crystallizes be-
yond a volume fraction of ϕ = 0.545[69] to maximize translational
entropy. Of course, the hard-sphere idea is a theoretical idealiza-
tion which can as such only be realized in a computer simulation,
but some model colloid systems follow this prediction very well.

For polymer crystallization the situation is more complex, as it
goes along with conformational and orientational ordering in ad-
dition to positional ordering. To understand the thermodynamic
driving force in this case in a computer simulation study, one has
to avoid the kinetic arrest and be able to determine the thermody-
namic equilibrium over a wide temperature range. There is a long
and successful tradition of MD simulation studies of polymer
crystallization which have helped to understand, for example, the
importance of entanglements on the crystallization[57–60,70] or the
molecular processes underlying nucleation and growth of crys-
tal lamella.[71,72] However, the MD technique is not able to ad-
dress the equilibrium behavior of these crystallizable polymer
models. This can be done by studying a hard-sphere chain model
where a bending potential increases the chain stiffness upon
cooling.[73,74] Such chain stiffening is also central for the crystal-
lization in experiments. Conformational and orientational order-
ing induces lamellar structure formation which is observable as a
small angle scattering peak (SAXS), whereas the local positional
ordering gives rise to a wide angle peak (WAXS). Experimentally,
they occur almost simultaneously upon super-cooling a polymer

Figure 6. Phase diagram of a crystallizable polymer in the stiffness-volume
fraction plane. Stiffness is encoded in the aspect ratio lK(T)/d, Kuhn length
over chain thickness, typical for the Onsager theory of orientational order-
ing. Data points are the aspect ratios realizable for the two chain lengths,
the magenta line is a phenomenological fit. The green region is the coex-
istence region between a 2D disordered state perpendicular to the chain
backbones and the crystal state. Adapted with permission.[73] Copyright
2018, American Physical Society.

melt.[75] But which of the two ordering processes drives the crys-
tallization?

We addressed this question by simulations of semi-flexible
hard-sphere chains of length N = 10 and 20 using an ad-
vanced flat-histogram Monte-Carlo technique.[76,77] These chains
are long enough to follow Rouse dynamics and display Gaussian
conformations in the melt where they are still flexible. The equi-
librium phase diagram of this model suggests the following pic-
ture (Figure 6). One knows that a dense system of flexible hard-
sphere chains of length N = 12 becomes completely crystalline
at a volume fraction ϕ ≈ 0.56,[78] which is larger than for the
hard-sphere liquid, because the translational entropy of a chain
of length N is reduced by a factor 1/N compared to the simple liq-
uid. However, we find that a sufficiently stiff hard-sphere chain
already crystallizes at ϕ = 0.47. So it is the Onsager-type orien-
tational ordering between stiff chains that drives the crystalliza-
tion process (SAXS). The magenta line in Figure 6 is the On-
sager prediction separating the isotropic from the nematic states.
In the simulations this orientational ordering occurs simultane-
ously with a positional ordering on the repeat unit scale (WAXS)
if the areal density perpendicular to the stems in the lamellae is
large enough (above the green coexistence region in Figure 6).
For smaller volume fractions, the phase diagram predicts the
possibility of nematically ordered semi-dilute phases, which have
also been experimentally observed.[79] We thus established orien-
tational interactions as the thermodynamic driving force of poly-
mer crystallization for relatively short chains. However, from our
general understanding of the statistical thermodynamcis of poly-
mers, no new possible driving forces arise when we increase the
chain length. So we conjecture that our picture also holds for melt
crystallization of long chains, but this remains to be tested exper-
imentally.

It is a specialty of polymers that even a single chain can be a
thermodynamic system in its own right undergoing phase tran-
sitions like crystallization when the chain length diverges. Such

Macromol. Chem. Phys. 2023, 224, 2200424 2200424 (8 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 7. Snapshots of ground-state structures for single alkanes of differ-
ent lengths: N = 28 on the left folds into a twisted hairpin structure, N =
60 in the middle into a filled helical structure, and N = 150 on the right
forms the lamella crystal typical for polyethylene. The color code runs from
one chain end to the other.

single-chain transitions can by studied with the above mentioned
method even for a chemically realistic model of polyethylene. On
finds that one needs a minimum chain length of about N = 150
for the lamellar crystal to be the thermodynamic ground state[80]

of a single chain (Figure 7 right). The lamellar thickness of these
is smaller than would be the case for melt-crystallized chains of
the same length. For shorter chains one interestingly observes or-
dering types which are reminiscent of the secondary and tertiary
structures of proteins, like hairpins (Figure 7 left) or filled he-
lices (Figure 7, middle). Such ordering is thus revealed as being
a consequence of stiffness and packing constraints introduced by
chain collapse induced by attractive interactions.

While it is intriguing to find protein-like secondary structures
even for the most simple synthetic polymer, one has to be aware
of significant differences due to the lack of strong specific inter-
actions in the alkanes. In proteins, hydrogen bonds not only lead
to a much higher ordering temperature but also to structural dif-
ferences, like flat 𝛽-sheets and unfilled 𝛼-helices, which are not
favored by the isotropic van der Waals interaction of the alkanes.
A 1D aggregation process, as it occurs in the amyloid formation
of proteins based on 𝛽-sheet stacking, is typically not realized
for synthetic polymers. However, given the ubiquity of amlyoid
fibril formation for a broad range of protein primary sequences,
a careful design of a synthetic heteropolymer including hydro-
gen bonding units should be able to introduce such 1D aggrega-
tion from solution also into the world of synthetic polymers. A
quasi-1D crystal growth stabilized through specific interactions
has been found for poly-3-hexylthiophene,[81] where the easy di-
rection of growth is given by the 𝜋-stacking direction of the thio-
phene rings.

5. Conclusions

This perspective reported on a series of experimental and the-
oretical results on polymer crystallization obtained during the
running time of the Collaborative Research Centre SFB TRR
102. Experimentally, the determining kinetic factors for the semi-
crystalline morphology resulting from isothermal polymer crys-
tallization were clearly established in a combined SAXS and
NMR approach. We could show that a whole range of dynamic

processes and their differing temperature dependencies inter-
act to determine the degree of crystallization achievable and the
size distributions of crystalline and amorphous domains that
are formed.

These processes range from the timescale for defect/monomer
motion within the crystal lamellae via the attachment time of a
single-chain layer, the time for stem motion up to the disentan-
glement time in the amorphous layers. The first three are decisive
in determining the size distribution of crystalline and amorphous
regions in the semi-crystalline material. When the timescale for
monomer motion is much larger than the one for single-layer
attachment, one has a crystal-fixed polymer and for these, the
thickness of the amorphous regions shows a broad distribution
while the crystallite thickness is rather well-defined. The oppo-
site behavior is observed for the crystal-mobile case, where the
monomer motion is faster or comparable to the layer attach-
ment timescale.

The large-scale motion in the amorphous phase with its
disentanglement timescale seems to loose its significance for
high-MW crystal-fixed polymers, where fixation of a train of
monomers in a stem halts terminal dynamics and the number of
entanglements seems to be conserved in this case, which leads
to an increase of entanglement density in the amorphous re-
gions. This in turn sets a lower bound for the size of these re-
gions and thereby an upper bound for the crystallinity that can be
reached. Future work should clarify the significance of chain mo-
tion through the crystals in the crystal-mobile case, which could
still allow for terminal relaxation and thus significant disentan-
glement and the resulting in increase in lamellar thickness and
crystallinity. First experimental results for special cases and also
computer simulations point into this direction.

The theoretical work performed was complementary to the ex-
perimental efforts. Polymer crystallization is a phase transition
that is kinetically limited by the processes studied in the exper-
iment. Experimentally it was well known that the large- scale
structure formation (lamellar scale) and the local positional or-
dering (atomic scale) seem to occur concurrently, but it was un-
clear which of the ordering processes drives the crystallization in
polymers. Studying a simplified model which nevertheless cap-
tured the important ingredient of chain stiffening upon crystal-
lization, it could be established that it is the conformational and
orientational ordering that drives polymer crystallization.

Finally, studying single-chain ordering of synthetic alkanes,
it could be established that for chain lengths smaller than a
certain threshold beyond which lamellar ordering sets in, the
low-temperature states can be classified in the language of sec-
ondary and tertiary structure formation that we normally use for
proteins. This establishes the possibility for a connection to ag-
gregation phenomena in solution, especially amyloid formation,
observed in many proteins.
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