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The crystallization of poly(p-dioxanone) (PDX) was examined under different regimes — cooling of a
melt, heating from the glassy state, and isothermal annealing reached either from the melt or from the
glass. In addition to differential scanning calorimetry (DSC) measurements, supplemental characterization
was performed using Raman spectroscopy, thermogravimetry, and optical microscopy. The comparison
of the hot and cold crystallization data revealed distinct differences in the PDX crystallization behavior,
governed by the presence/amount of nuclei generated on the applied thermal path. The kinetic analysis
of the crystallization data employed the extended autocatalytic model combined with Hoffman—Laurit-
zen or Arrhenius rate expressions. Both frameworks fitted the data well, but their predictive accuracy
depended strongly on how the temperature-dependent nucleation Kq4(T) and growth E(T) activation
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energies were implemented (an improvement of the existing models was suggested, based on
compensation via the addition of a continuous temperature dependence of the pre-exponential factor
DOI: 10.1039/d5cp04749h A(T)). Predictions of isothermal crystallization from non-isothermal kinetics were only reliable when the

nucleation state of the system was appropriately reproduced, underscoring the limitations of using
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1. Introduction

The process of crystallization in polymers plays a pivotal role in
practically all applications of semi-crystalline thermoplastics,
i.e., polymers with regular, linear chain structure, small, sym-
metrical side groups, and strong intermolecular interactions
(e.g., hydrogen bonding). In practice, the crystallization of these
polymers occurs either from the glassy state upon heating or
from the molten state upon cooling. These two distinct path-
ways are central to how polymers are processed and used in
manufacturing, packaging, medical devices, and structural
components.

Crystallization from the molten state during cooling is
fundamental to the primary shaping processes of polymers,
such as injection molding, extrusion, and blow molding. For
example, in the production of polyethylene terephthalate (PET)
bottles, the rate and extent of crystallization during cooling
directly affect the bottle’s mechanical strength, clarity, and
barrier properties. If PET crystallizes too quickly, it may become
opaque and brittle; if it crystallizes too slowly or insufficiently,
the product may be too soft or deform under load. Control over
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thermal proximity alone as a predictor.

melt crystallization is therefore essential for ensuring dimen-
sional stability and performance."” Several other examples
involve the following: polypropylene (PP) injection molding,
where the cooling rate affects spherulite size, transparency, and
toughness: fast cooling leads to smaller spherulites (improved
toughness), while slow cooling enhances stiffness but reduces
impact strength;® high-density polyethylene (HDPE) pipe man-
ufacturing, where melt crystallization determines pipe rigidity,
long-term creep resistance, and thermal performance: impro-
per cooling can lead to uneven crystallinity and dimensional
instability;* polyamide 6 (Nylon 6) in automotive parts, where
the crystallinity developed during cooling enhances strength,
heat resistance, and chemical durability;> polyethylene
naphthalate (PEN) for high-performance films, which requires
controlled crystallization to achieve superior dimensional sta-
bility and gas barrier properties in packaging and electronics;®
thermoplastic polyurethane (TPU) moldings, where the crystal-
lized hard segments influence mechanical properties and
shape memory behavior in applications like medical catheters
and wearable electronics;’ polyketone (PK) fibers require con-
trol of the crystalline morphology, critical for high-performance
products used in filtration and reinforcement;® polyoxymethyl-
ene (POM/Acetal) crystallization determines low friction and
wear-resistant surfaces in precision gear applications;’ melt-
spun polyethylene terephthalate (PET) fibers are crystallization-
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affected with respect to tenacity and shrinkage—crucial for
textiles and industrial fibers;'® crystalline polylactic acid (PLA)
packaging (specifically compostable hot food containers) uti-
lizes development of the semi-crystalline phase during slow
cooling to improve thermal resistance;'' quality of the poly-
butylene terephthalate (PBT) crystalline phase ensures dimen-
sional precision, flame resistance, and insulation properties for
electrical connectors and housings."

On the other hand, crystallization from the glassy state
during heating (also called “cold crystallization”) becomes
relevant for polymers that are initially processed into the
amorphous state through, e.g., rapid quenching or solvent
casting. For example, during 3D printing, the polymers are
often printed amorphous or only partially crystallized to main-
tain flexibility and ease of shaping, as is the case with polylactic
acid (PLA) used to manufacture medical implants."*'* The
consequent controlled crystallization realized via thermal
annealing increases the stiffness, mechanical stability, and
resistance to hydrolytic degradation, so that the implant
remains functional for the period of time required for the
patient to heal. The cold crystallization is paramount also in
the powder-based processing, such as the technique of selective
laser sintering (typically polyamides PA12, PA11, and PA6, and
thermoplastic polyurethanes (TPU)), where the laser-sintered
amorphous particles undergo post-processing heat treatment,
enhancing the mechanical strength and dimensional accuracy
of the printed part.">™"” Furthermore, in pharmaceutical appli-
cations, the semi-crystalline polymer excipients (e.g., polyethy-
leneglycol (PEG) or poly(e-caprolactone) (PCL)) are tailor-
crystallized to fine-tune the drug release profiles.'®' For
medicinal polymers, such as poly(p-dioxanone) (PPDX) used
for the manufacturing of biodegradable sutures and implants,
the properties of the crystalline phase embedded in the amor-
phous matrix define not only the mechanical properties but
also the rate of degradation.?® In recycling, post-processing and
re-processing, the thermal annealing is used to restore the
crystallinity lost during the previous re-extrusion or aging;
common examples include poly(ethylene terephthalate) (PET)
used for various packaging needs, or poly(trimethylene ter-
ephthalate) (PTT) used for textile manufacturing.>'**

From the physico-chemical point of view, polymer crystal-
lization proceeds during the cooling of the melt as a kinetically
regulated, multistage ordering process, reflecting a competition
between thermodynamic driving forces and molecular con-
straints imposed by chain connectivity. With the initiation of
undercooling, local density, conformational, and orientational
fluctuations emerge in the melt. At the microscopic level,
nucleation is initiated by the cooperative alignment of chain
segments into transient, partially ordered clusters.>**” In many
polymers, this early ordering manifests as a mesomorphic
state, characterized by enhanced segmental orientation and
conformational regularity without full three-dimensional trans-
lational order, which arises due to the segmental alignment
and conformational selection being kinetically accessible on
shorter time scales than long-range registry and lamellar orga-
nization. The mesomorphic domains reduce the nucleation
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barrier by lowering interfacial free energy with the surrounding
melt and often act as precursors or self-nuclei for subsequent
crystallization.>*>° The consequent crystal growth then pro-
ceeds through the incorporation of chain segments from the
surrounding amorphous matrix into lamellar crystals, requir-
ing chain folding, partial disentanglement, and transport
toward the growth front.>>**?*3? These processes are inher-
ently frustrated by limited chain mobility, leading to non-ideal
folding, loop and tie-chain formation, and lamellae with finite
thickness and defects. As crystallization progresses, the devel-
opment of crystalline domains imposes spatial and dynamic
constraints on the remaining amorphous material, giving rise
to a rigid amorphous fraction (RAF) in which chains are
immobilized by interfacial confinement rather than structural
order. Simultaneously, volumetric contraction and differential
mobility generate a mechanically strained amorphous matrix,
with residual stresses and frozen-in orientation reflecting the
non-equilibrium nature of the transformation.?® >

On the other hand, the crystallization of the amorphous
polymer (formed via melt-quench) proceeds during heating
from the already present frozen-in structural heterogeneities
that were formed during the preceding cooling phase. The
potentially formed mesomorphic domains may persist below
the glass transition (T}) as kinetically trapped, partially ordered
regions - upon reheating above Ty, the domains regain mobility
and can act as very efficient self-nuclei, promoting rapid
nucleation without the need for large-scale molecular
rearrangements.””*°? Crystal growth then proceeds from
these pre-aligned segments, often leading to high nucleation
densities and comparatively imperfect lamellar structures. Con-
trary to the crystallization proceeding during cooling, the
structural/spatial frustration associated with the RAF formation
gets immediately released with rising temperature within the
cold-crystallization regime.>”-*°73>

The final semicrystalline morphology therefore encodes the
entire kinetic pathway of cooling (and consequent heating) -
the nucleation (either homo- or heterogeneous) can be further
mesophase-mediated, which can enhance the crystal density,
the associated imperfect growth yields folded and defective
lamellae, and the coexistence of mobile amorphous, rigid
amorphous, and crystalline regions produces a heterogeneous
material whose mechanical and thermal properties are gov-
erned as much by frustrated molecular packing as by crystalline
order itself.>*3%3!

As shown above, the two distinct crystallization pathways
play a crucial role in polymer technology and science. Owing to
the intricacies associated with the multi-degree ordering of the
polymer matrix (as opposed to, e.g., inorganic or low-molecular
organic glasses), the prediction of the crystallite morphology,
density, and distribution is not straightforward with regard to
these two pathways. With the detailed knowledge of the crystal-
lization process being crucial for a large number of applications
utilizing thermoplastic polymers, this topic deserves to be
explored. Owing to the processing route for the majority of
thermoplastics, the theoretical framework for the description of
crystallization from the melt>*>® has been developed to a
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significantly greater extent compared to crystal growth from the
amorphous phase, where (largely) the ordinary Arrhenian
dependence of the rate constant**7* is utilized to describe
the crystallization kinetics. Note that both these approaches to
kinetic analysis will be introduced in detail in Section 2. With
the very recent development and thorough testing of a universal
kinetic model*”*® for polymer crystallization, the possibility of
critically comparing the two approaches to crystal growth in
polymers is now open. Even more importantly, the accuracy of
the kinetic predictions provided by these two approaches can
now be directly confronted with experimental results to deter-
mine the best way of tailoring the crystallization process in
practice.

Such analysis is the main goal of the present paper. Since
the experimental crystallization data need to be collected in all
standardly utilized regimes (i.e., non-isothermally during the
cooling of a melt, non-isothermally during the heating of a
glass, isothermally after cooling from a melt, isothermally after
heating from a glass), the choice of suitable polymeric materi-
als is rather limited. In the present work, the crystallization
behavior of poly(p-dioxanone) (PDX) will be exploited in this
regard. This material was shown®” to exhibit a relatively broad
temperature interval, in which the crystallization can be
initiated both during cooling from the molten state and
during heating from the glassy state (which is the base require-
ment of the present research). In addition, PDX exhibits** well
resolved polymorphic transitions, formation of the RAF phase,
and was even reported to be able to form the mesomorphic
phase.®® As such, PDX is a suitable model candidate for
exploration of the variations (both kinetic and physico-
chemical ones) associated with crystal formation via the two
distinct pathways. Apart from PDX being used as a model
material, the crystallization data and the corresponding pre-
dictions will also be of practical interest, since PDX is used
for the manufacturing of chirurgical sutures,®**> and is cur-
rently considered for the production of various medicinal
implants.**>3°

2. Theoretical background

The kinetics of the simple thermally activated solid-state pro-
cesses (including crystal growth) can be described by the
following set of equations,® where eqn (1a) is the universal
expression used for the solid-state kinetics (multiplication of
the rate constant K and kinetic model f), and eqn (1b) is one of
the most common and flexible kinetic models, the Sestak-

Berggren equation:>*”
d )
T = K1) /(@) (1a)
f@) =1 - o) (1b)

In these equations, da-dt ' is the rate of conversion from the
amorphous to crystalline phase (with o being the degree of
conversion scaled between 0 and 1, and ¢ being time), K(7) is
the rate constant (only temperature-dependent), and M and N
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are the kinetic exponents responsible for the autocatalytic (M)
and reaction order (N) behaviors, respectively. In particular, the
exponent M is primarily associated with delayed crystal growth;
the delayed onset of the crystallization process is then partially
balanced by the faster (autocatalyzed) course of the process
(once it is initiated) so that the peak width (temperature range
in which the process occurs) is largely reduced.””**?” The
physicochemical interpretation of such influence on the crystal-
lization behavior includes factors such as the presence of pre-
existing nuclei or crystalline phase in general, the presence of
impurities, nanoparticles, or phase-separated domains,
the presence of moisture with plasticizing effect, the products
of oxidative or decomposing reactions, internal or external
mechanical stress, exposure to radiation, electrical or magnetic
fields, or effects affecting the material’s surface or volume
mobility (self-diffusion) - including the structural relaxa-
tion.>>**™** The exponent N then only affects the endset tail
of the crystallization peak, prolonging it at increasing N value.
The low N values (<0.65) indicate the transition from the
standard nucleation-growth crystallization mechanism to the
contracting-sphere kinetics (growth from a large number of
surface nuclei with the front propagating at a constant rate
inwards the material grain).>>?%?*** On the other hand,
N > 1.2 indicates a deceleration of the final crystallization
stages due to, e.g., spatial restrictions, internal stresses arising
from the preceding formation of the crystalline phase, or a
broad distribution of nucleation site quality; one of the major
reasons for such behavior can also be the secondary crystalliz-
ation.30’38_43

As mentioned in the introductory section, the fundamental
difference between the two approaches to modeling the hot and
cold crystallization lies in the expression of the rate constant
K(T). The crystal growth from the molten phase is usually
described in terms of the Hoffman-Lauritzen theory:>***

R(T(f Tx)) eXp( T1A<ng) )

where A is a pre-exponential factor (defining the relationship
between the microscopic and macroscopic manifestation of
crystal growth), U* is the activation energy for the segmental
movements of the polymer chains (6300 J mol™" for the
majority of polymeric materials*®), R is the universal gas con-
stant (8.314 J K~' mol™"), T, is the temperature below which
all motions associated with a viscous flow are supposed to be
significantly longer than the given experimental time scale for
the crystal growth (customarily T',, = T, — 30 °C, where Ty is the
glass transition temperature), AT is the undercooling (defined
as AT = Ty} — T, where T is the equilibrium melting tempera-
ture), fis the correction factor defined as f= 2T/(T5 + T), and K,
is the Hoffman-Lauritzen nucleation constant (the kinetic
parameter associated with nucleation):**

K(T):A-exp(

wpdoop TS
K, =———F7--—2 3
¢ AHY kg ()

where w,, is a constant associated with the nucleation regime,
d is the thickness of a lamellar monolayer, ¢; and oy are the
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lateral/lamellae and chain fold free surface energies, respec-
tively, kg is the Boltzmann constant, and AHY, is the volumetric
equilibrium melting enthalpy. Contrary to the Hoffman-Laur-
itzen expression of K(7), the ordinary thermally activated solid-
state kinetics commonly utilizes the Arrhenius dependence:**

K(T)=4 ~exp<—%) (4)

where E is the activation energy of the crystal growth and A is
the pre-exponential factor (generally similar in meaning but
different in the absolute value from the similar quantity from
eqn (2)). It is immediately apparent that the Arrhenius-defined
K(T) represents a simple exponential increase with increasing 7,
not accounting for the decrease of the crystallization rate below
Tm due to the lack of the driving force (expressed by AT in
eqn (2)). This issue can be partially solved by introducing
temperature dependent E(7) and A(T) into eqn (4) - as was
shown in ref. 45. It is also noteworthy that only the non-
monotonous K(7T) — T dependence (be it the Hoffmann-Laur-
itzen or Arrhenius with implemented E(T) and/or A(T)) can
produce the experimentally observed effect,””*> when the
asymmetry of the crystallization peak significantly changes
with applied heating/cooling rate. This further justifies the
utilization of E(T) and A(T) in eqn (4). The added flexibility
can be, of course, matched by a similar feature in the case of
the Hoffman-Lauritzen, where the crystal growth proceeding
near or above the onset inflection point of the K(7) — T
dependence results in akin change of the asymmetry of the
crystallization peak (see ref. 27 and 46). A further increase of
flexibility for the Hoffman-Lauritzen approach can also be
achieved by introducing a K,-T dependence into eqn (2) - this
possibility will be (among others) explored in detail in
Section 5.1.

3. Experimental

Poly(p-dioxanone) (PDX) sutures (MediCross, Ostrava, Czech
Republic) were used as a source of the PDX polymer and were
used as-purchased. The main portion of experimental measure-
ments was performed by means of differential scanning calori-
metry (DSC), using the Q2000 calorimeter (TA Instruments,
USA) equipped with an autosampler and RCS90 cooling acces-
sory. The measurements were performed in the 7-zero heat flow
mode; the DSC was calibrated utilizing the melting tempera-
tures and enthalpies of the In, Zn, and H,O standards; the
calibrations were performed under standard conditions (her-
metically sealed low-mass Al pan with a pin-hole lid, purge gas
(N) flow of 20 cm® min~", heating rate ¢" = 10 °C min™"). The
PDX pieces cut from the original suture were hermetically
sealed in a low-mass T-zero Al pan, which is a commercial type
of 40 pl Al pan with a mass of ~20.4 mg and a corresponding
lid (~10.3 mg) for hermetical sealing (the experiments were
thus effectively performed in a static air atmosphere). The
sample masses varied in the 10.0-10.2 mg range (determined
with +0.05 mg accuracy).
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Four series of cyclic DSC measurements were performed,
each with a new sample to avoid the degradation (thermal
depolymerization®?) that slowly occurs above the melting tem-
perature Ty,. In particular, each of the four temperature pro-
grams consisted of a series of cycles (starting with cooling from
the molten state, and finishing with heating into the molten
state), where a selected variable(s) was changed for each cycle.
In the following paragraphs, the four types of temperature
programs (always corresponding to one cycle) will be described,
with the visual representations given in Fig. 1.

(1) Cyclic non-isothermal experiments with hot crystal-
lization occurring during the cooling of the molten PDX, where
the sample was first annealed for 30 s at 130 °C, then cooled at
a selected cooling rate ¢~ (which was the only variable in this
type of cycle; the cooling rate followed the order 50, 30, 20, 15,
10,7, 5, 3, 2,1, 0.5, 0.2, and 0.1 °C min™ ") to —35 °C, and then
heated back to 130 °C at 20 °C min~'. Note that these cycles
were also performed as a test of the critical cooling rate
for PDX.

(2) Cyclic non-isothermal experiments with cold crystal-
lization occurring during the heating of the glassy PDX, where
the sample was first annealed for 30 s at 130 °C, then cooled at
50 °C min~ " to —35 °C, and then heated at a selected heating
rate ¢* (varying in the order 50, 30, 20, 15, 10, 7, 5, 3, 2, 1, 0.5,
0.2, and 0.1 °C min ") to 130 °C.

(3) Cyclic isothermal experiments being initiated by cooling
from the molten state, where the sample was first annealed for
30 s at 130 °C, then cooled at 50 °C min ' to a selected
annealing temperature T, with an isotherm following for the
time ¢,; then the sample was cooled to —30 °C at 10 °C min ™,
and then heated to 130 °C at 10 °C min . The following T}, in
°C (t, in min) combinations were used for the performed cycles:
50(60), 45(60), 40(60), 35(60), 30(60), 25(60), 20(60), 15(60),
10(60), 5(120), 0(240).

(4) Cyclic isothermal experiments being initiated by heating
from the glassy state, where the sample was first annealed for
30 s at 130 °C, then cooled at 50 °C min~* to —30 °C, then
heated at 50 °C min~" to a selected annealing temperature T,
with an isotherm following for the time ¢,; then the sample was
cooled to —30 °C at 10 °C min *, and then heated to 130 °C at
10 °C min . Identical T, (¢,) combinations as for the cycle of
the third type were used.

Thermal stability of PDX was (apart from the complex
evaluation of the DSC data) directly assessed by thermogravi-
metry (TGA), using the STA (TGA) 449 F5 Jupiter instrument
(Netzsch) equipped with a DSC/TG holder. In this regard, two
simple heating scans were performed under air and N, atmo-
spheres (flow rate 50 cm® min ") in the 30-550 °C temperature
range (at a heating rate of 10 °C min~'). The TGA measure-
ments were realized in open Al pans (40 pl, ~21.5-22 mg); the
sample masses were ~10 mg (determined with +0.005 mg
accuracy). The structural characterization of selected PDX
samples was done by means of Raman spectroscopy, using
the DXR2 Raman microscope (Thermo Fisher Scientific, USA)
equipped with a 785 nm excitation diode laser (laser spot size
1.6 pm) and a CCD detector. The measurements were
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performed with 20 mW laser power on the sample, 3 s dura-
tion of a single scan, and 35 scans accumulated in one
spectrum, in the spectral range of 50-3375 cm™'. In addition,
the selected PDX samples were also investigated with respect
to crystalline morphology by means of optical microscopy,
using the iScope PLMi (Euromex) optical microscope in the
transmission mode, equipped with a series of x4-x40 objec-
tives and a Moticam visual camera (with a x1 magnification
adapter).

4. Results

The main part of the experimental results was obtained by DSC
- the non-isothermal crystallization data obtained during cool-
ing and heating are depicted in Fig. 2A and B, respectively;
several examples (every other measurement) of the isothermal
crystallization curves are shown in Fig. 2C and D. Starting with
the experiments focused on crystallization during the cooling
of the melt (Fig. 24, variable g, fixed ¢" = 20 °C min™"), it is
clear that at the highest cooling rate of 50 °C min~", practically
no crystallization proceeds, as almost no detectable signal
occurs during the cooling part of the cycle and a large crystal-
lization peak is recorded during the consequent heating scan.
Interestingly, the heating scan following the cooling at ¢~ =
50 °C min~' does not exhibit the highest crystallization
enthalpy; a slightly stronger crystallization peak occurs during
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(A)—-(D) Visual representation of the four types of temperature programs (always a single cycle) applied to study the crystallization behavior of PDX.
The quantities in red indicate the variables within each type of experiment.

heating following the cooling at g~ = 30 °C min ', which
provides an ideal balance between nucleation (the lower the
q , the more time provided for nucleation) and crystal growth
(the lower the g™, the more time provided for crystal growth,
which then does not already contribute to the exothermic signal
evolving during the consequent heating). The borderline cool-
ing rate is ¢~ = 10 °C min~', which is the lowest ¢~ during
which full crystallinity is not achieved during cooling. Note that
by “full crystallinity’” we are referring to the standard value of
%e & 45-55% achievable for this semi-crystalline polymer;*” the
corresponding melting enthalpy of a fully crystalline PDX was
determined to be AH1000, = 141.18 J g~ *.*® The heating curves
following the individual cooling steps then exhibit an endother-
mic glass transition effect characterized by the glass transition
temperature T, of ~—10 °C, followed by the exothermic crystal-
lization signal (manifesting at ~25-55 °C for the preceding
¢ = 10 °C min ") and the endothermic melting signal
(manifesting between ~95 and 120 °C). Depending on the
prior ¢, a small secondary crystallization peak closely preced-
ing the melting process can occur. This crystallization peak is
attributed to the polymorphic o’ — o or disorder — order
transition (where o’ represents a mesomorphic phase with
loose chain packing, which forms at low 7). Correspondingly,
the o/ — o transition is missing during the cycles with low g,
where the majority of the crystalline phase was formed at high
T (just below the melting temperature T,).
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The second set of non-isothermal DSC measurements is
depicted in Fig. 2B - with variable ¢* and fixed ¢~ =
50 °C min . Since all cooling steps were performed at max-
imum ¢, a practically fully amorphous PDX was always
formed, and the consequent heating scans were typologically
identical, with the effects only shifting to higher 7 with increas-
ing ¢". The only small exception was the cycle performed at the
highest ¢, where the secondary high-T crystallization (&' — o
transformation) is missing. This is either because the primary
crystallization already proceeded at high enough T (due to "
being 50 °C min~") for only a negligible amount of the o’ phase
being formed, or because at such high g, the melting of the o’
phase was initiated before it could recrystallize into the o
polymorph. A very interesting discrepancy (crucial for the topic
of the present paper) was found when monitoring the isother-
mal crystallization at high T,s - see Fig. 2C. Whereas in the case
of cold crystallization (during the heating of the glassy phase),
the process gradually slowed down as T, decreased, the hot
crystallization (proceeding during the cooling of a melt) exhib-
ited a non-monotonous trend in the crystallization rate, where
the process was slower for T, = 50 °C, sped up for T,s = 40 and
30 °C, and then again significantly slowed down at even
lower T,s, roughly evening out the rates of both processes at
Tas < 20 °C. The seemingly anomalous behavior observed for
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the hot crystallization is caused by the absence of pre-existing
nuclei when crystallizing on the path from the molten state. In
the case of cold crystallization, the prior formation of the PDX
glass (during the cooling at g~ = 50 °C min ") produces a fixed
amount of nuclei, and the consequent crystal growth then
proceeds from this approximately constant number of active
sites. On the other hand, during hot crystallization, the nuclea-
tion and crystal growth processes proceed simultaneously,
where the former is the rate-limiting step at high T. This
explains not only the much higher crystallization rates during
the high-T cold crystallization, but also the Gr—3p:c > Gr=s0°c
data (with “G” being the macroscopic crystallization rate),
indicating that the contributions of the nucleation and crystal
growth rates even out in the 30-40 °C temperature range. This
will be further referred to in Section 5.1 during the mathema-
tical modeling of the two phenomena. As mentioned above, at
low T (< 20 °C), the DSC-recorded crystallization rates are
roughly similar for both crystallization paths (cold and hot),
meaning that a sufficiently high number of nuclei was formed
during the cooling to these temperatures regardless of the
selected path, reaching a saturated state.

In this regard, an even more interesting finding is that
associated with the isothermal crystallization at 0 °C, where
the sample crystallizing directly after cooling from the melt

' %

= =—F

3 3
o S 40
- -
S 404 <]
-20
crystallization during cooling from melt crystallization during cooling from glass
—— cycle withq =0.1 °C.min”" 304 —— cycle withq =0.1 °C.min”
-20 —— cycle with g =10 °C.min” —— cycle with g =10 °C.min"
—— cycle with " =50 °C.min” —— cycle with g =50 °C.min"'
T T T ¥ T T T T T -40 T T T T T 7 T T T
-20 0 20 40 60 80 100 120 -20 0 20 40 60 80 100 120
T/ °C T/ °C
30 =
T =20°C
from glass; T, = 50 °C 154 006 T,=0°C e ex0
from glass; Ta =40°C
from glass; T_ =30 °C i
201 — — from liquid; T, =50 °C 1
- = = from liquid; T, =40 °C - 1.0 4
=3 i B o
q = = from liquid; T, =30 °C g |
= = 0.02
- -~
e 104 S
0.5 0001
exo 0 2000 4000 6000 8000 10000 12000
Sl "
o T T T e— 0.0 L e
T T T T T T T T L T T T T T
0 50 100 150 200 250 300 0 500 1000 1500 2000 2500 3000

t /s
Fig. 2

t /s

(A) and (B) Raw non-isothermal DSC data — cycles for selected g~ /q* are indicated. (C) and (D) Selected isothermal crystallization data from within

high and low T,s (every second T, is depicted). The meaning of the solid and dashed lines is similar in both graphs. In all graphs, exothermic effects evolve

in the upward direction.
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crystallized faster, but to a significantly lower extent. Whereas
the latter can be partially explained by possible inaccuracies in
the baseline subtraction, the faster crystallization rate clearly
means that the microscopic crystal growth rate is already very
low at these temperatures, and that it is the nucleation rate
which dictates the crystallization behavior. In particular, the
very high density of nuclei formed in the case of the glass-
quenched sample hinders the overall crystallization process, as
the impingement occurs very early and the competition over the
available polymer chains slows down the reordering process. In
addition, the nucleation-dominated crystallization could also
explain the final difference in the reached crystallinity degrees,
as a larger portion of the amorphous matrix can be eventually
converted into the crystalline lamellae.

Since certain important parts of Fig. 2A and B are not
clear due to the scaling/overlap of the raw data cycles, the
selected archetypal heating scans are shown in greater detail in
Fig. 3A and B (not necessarily corresponding to the parts of
Fig. 2A and B). In Fig. 3A, the trend in the shape of the melting
peak measured during the heating scan following the cooling at
different ¢~ (shown in Fig. 2A) is depicted for the low g~ cycles.
Evidently, the high-T crystallization manifesting at low g~
results in an absence of the «’ — o« transformation (as the
majority of the crystalline phase is already formed at high 7,
and thus as an « polymorph).

In addition, the high-T crystallization also results in the
manifestation of the lower-T melting peak shoulder, which gets
further split depending on the actual applied g~. We believe
that these multiple shoulders correspond to the gradual for-
mation of the rigid amorphous fraction (RAF; as opposed to the
mobile amorphous fraction (MAF)**>') that characterizes the
interface between the crystal and the true amorphous phase -
note that this layer is formed by the semi-fixated parts of
polymer chains, which are already not included in the folded
crystalline lamellae. The main/dominant melting peak
shoulder then indicates the formation of an additional distinct
crystalline phase (high-temperature polymorph/stable phase) -
deeper insight into this behavior is reported in ref. 32 and 52.
As can be seen in Fig. 3A, the first signs of the o' — «
transformation are apparent for the cycle with g~ = 2 °C min™,
where the hot crystallization proceeded in the 45-80 °C tem-
perature range, as opposed to the g~ =1 °C min~ " cycle with 55—
85 °C range. The high-temperature limit for the formation of
the o phase thus appears to be ~55-60 °C. The differences in
the low-g~ and high-g~ cycles are further contrasted in Fig. 3B,
with the added comparison to the typical heating scan follow-
ing the isothermal crystallization measurement at T, = 40 °C.
The typical feature associated with the heating scans following
the isothermal crystallization is the presence of a small
endotherm (often characterized as a hybrid process between
the glass transition and melting) slightly above T, corres-
ponding to the stabilization of the RAF phase.*>>* It is worth
noting that none of the DSC experiments provided direct
evidence for the formation of the mesomorphic phase in PDX
(apart from the above-mentioned o' — « or disorder — order
transition), which should manifest as a broad and weak
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Fig. 3 (A) Zoom-in on the DSC heating curves following the cooling steps
at low g~ (measured during the cycles with crystallization occurring during
the cooling of the melt). (B) Archetypal heating scans selected out of all
measured data (defining the responses observed within all four types of
cyclic experiments). (C) Definition of terminology associated with char-
acteristic temperatures and enthalpies evaluated for the DSC measure-
ments. The red dashed lines indicate the integration of the peak areas; the
black dashed line indicates the evaluation of the extrapolated onset of
the main melting peak. In all graphs, the exothermic effects evolve in the
upward direction.
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exothermic signal. Nonetheless, the nonexistence of such sig-
nal does not prove the nonexistence of the mesomorphic phase,
the formation of which can be simply associated with too slow
heat evolution (below the DSC detection limit) or be hidden as
an underlying signal overlapping with stronger-manifesting
physico-chemical phenomena.

To quantify the different types of thermokinetic behavior
depicted in Fig. 2, evolution of the trends in characteristic
temperatures and enthalpies was determined - the terminology
associated with the evaluated processes is schematically
defined in Fig. 3C, where the dashed lines indicate the evalua-
tion of the crystallization and melting enthalpies. Note that T,
was evaluated as a half-height midpoint, and the upper index
“ons” corresponds to the quantity being evaluated as an
extrapolated onset temperature. The trends in characteristic
quantities linked with the non-isothermal measurements
(Fig. 2A and B) are shown in Fig. 4, and the evaluation of the
isothermal data is presented in Fig. 5. The data in tabular form
are included in the SI.

Starting with the cold crystallization data (Fig. 2B), the
corresponding trends depicted in Fig. 4A show that the most
pronounced changes are those in T¢;®, Teq, Tey AHcq, and AH,.
Whereas the characteristic temperatures behave with increas-
ing ¢" as is commonly expected (rapid increase of T, due to the
low activation energy, slow increase of T, due to the high
activation energy, practically invariable Ty, that only slightly
changes as a consequence of the ratios of different polymorphic
phases), the opposite trends in the crystallization and melting
enthalpies are more interesting. The increasing AH., with
increasing ¢* can be partially a consequence of Kirchhoff’s
law, but as will be shown below, the main contribution still has
to be associated with the low-T mesomorphic «' with loose
chain packing exhibiting a generally lower AH.,. The seeming
discrepancy with AH,, then arises from the overlap between
secondary crystallization and melting. If one neglects the
possible inaccuracies associated with the loss of the exo/endo
signals due to their overlap, then the low ¢" generally produces
a larger amount of the o’ phase, and this larger portion then
recrystallizes at high temperature to form the more densely
packed o polymorph, which consequently translates into the
higher overall melting enthalpy - note that the measured
melting peak reflects the final state after the secondary (c2)
recrystallization, rather than the original primary (c1) crystal-
lization process.

The evaluation of the hot crystallization cycles (raw data
depicted in Fig. 2A) is shown in Fig. 4B and C. In Fig. 4B, the
evaluation of the (second) heating part of the cycles is shown
(purposefully before the first, cooling step), where the T.; and
AH,, data start only at ¢~ = 7 °C min~ ' (at lower ¢, full
crystallinity was achieved already during the first, cooling parts
of the cycles). Since all the heating scans were performed at the
same ¢" =20 °C min "', no major variability of the characteristic
temperatures can be expected. Hence, instead of plotting Ty,
the difference of heat capacity between the undercooled liquid
and glassy states (Acp; evaluated at Ty) is shown. This quantity
corresponds to the degree of crystallinity achieved after the
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Fig. 4 (A) Characteristic temperatures and enthalpies obtained during the
melt-cooling crystallization cycles. (B) Characteristic temperatures and
enthalpies obtained during the heating parts of the glass-heating crystal-
lization cycles. (C) Characteristic temperatures and enthalpies obtained
during the cooling parts of the glass-heating crystallization cycles + a
comparison of the main enthalpic responses.

first, cooling part of the cycle was finished. Again, the sharp
increase of Ac, for cycles with ¢~ > 10 °C min~" indicates that
at these cooling rates, highly/fully amorphous PDX material
was obtained. The corresponding evaluation of the first cooling
steps is shown in Fig. 4C. If we sum the crystallization enthal-
pies AH oo (the portion achieved during the cooling step) and
AH,, (the portion achieved during the consequent heating), the
resulting value nicely copies the trend for the melting enthalpy
AH,,. In the case of the hot crystallization cycles, the majority of
the crystal formation occurs (at least at low g~ ) during cooling;
hence, the situation is simpler compared to the previously
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discussed cold crystallization cycles. During slow cooling of the
melt, the crystallization occurs at high T, a large portion of the
densely packed o polymorphic phase is formed, and the crystal-
lization as well as the corresponding melting enthalpies are
similarly high, because no o’ — o recrystallization occurs. At
higher g, a significant portion of the crystalline phase is still
formed (or at least pre-nucleated) during the cooling step,
which defines the similarity between AH . + AH.; and AH,.
The higher the g, the lower the portion of the crystalline phase
being formed during the cooling step, and hence, the increas-
ing discrepancy between the two enthalpies - see the magenta
and violet lines in Fig. 4C.

The characteristics monitored during the heating scans
following the isothermal crystallization steps (where T, was
achieved either by rapid cooling of a melt or by rapid heating of
a glass) are shown in Fig. 5. The heating scans were, again,
performed at a constant g* = 10 °C min~'; hence, the char-
acteristic temperatures are practically invariable. Since the T,
range covered only the low-T region (0-50 °C), the determined
AH,, also stays rather invariant, which is in good correspon-
dence with the data shown in Fig. 4B and C. In general, the
heating scans following both types of isothermal crystallization
experiments (differing in the pathway to T,) were extremely
similar, exhibiting almost identical 7, and AH, values.
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isothermal crystallization measurements with T, achieved by heating from
the glassy state. (B) Characteristic temperatures and enthalpies obtained
during the isothermal crystallization measurements with T, achieved by
cooling from the molten state.
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In addition to the DSC measurements, the selected
DSC-crystallized samples were characterized by means of
temperature-resolved Raman spectroscopy - see Fig. 6. The
full-range Raman spectra of the molten and crystalline PDX
samples are shown in Fig. 6A. The main bands can be attrib-
uted as follows: the band at 870 cm ™' corresponds to the
C-O-C symmetric stretching vibration; the band at 1048 cm ™"
corresponds to the stretching vibration of C-C in the
aliphatic chain; the band at 1451 cm™ ' corresponds to the
-CH,- bending vibration; the band at 1732 cm ™t corresponds
to the C=0O stretching vibrations in the ester carbonyl group;
and the bands at 483, 1242, 1403, 1610 and 1638 cm !
correspond to the vibrations in the solvent violet 13 (dye)
structure.’*>® It has been hypothesized in ref. 54 that the
amount of the amorphous content in PDX can be linked to
the proportional manifestation of the high-frequency shoulder
of the 1732 em ™" band.

In Fig. 6B, the Raman spectra are shown that were collected
during the following experiment: a small PDX sample was first
melted, then quenched at ¢~ = 50 °C min~* to —30 °C (forming
an amorphous matrix), and then left to “fully” crystallize at
20 °C. It is clear that, indeed, the fully amorphous PDX (be it in
a liquefied or in a quenched-in form) shows a broad, round
band in the 1710-1780 cm™* range - to the authors’ knowledge,
these are the first ever recorded Raman spectra of fully amor-
phous PDX. As the sample crystallized, a sharp band at
1732 cm ™' started to form. In Fig. 6C, the Raman spectra of
the fully amorphous and different DSC-crystallized samples are
compared - note that in all cases the crystallized samples were
“fully” crystalline (the sample cooled at ¢~ = 10 °C min" to
—30 °C was left to crystallize to equilibrium at 20 °C; the sample
heated at 50 °C min~* to 70 °C was annealed at that tempera-
ture for 30 min and then cooled to laboratory temperature). It is
apparent that the proportional manifestation of the two bands
directly reflects the presence of the densely packed o poly-
morphic phase - note that the overall degree of crystallinity
changes in a much less pronounced way with the conditions
(temperature program) relevant for the samples depicted in
Fig. 6C. Nonetheless, further confirmation of this hypothesis is
necessary, as the true degree of crystallinity reached during
some of these experiments can be only estimated from the
present DSC data due to the involvement of the o/ — «
recrystallization before the melting enthalpy associated with
the low-T crystalline state can be determined.

As the present DSC experiments were performed in herme-
tically sealed Al pans, i.e., in a static air atmosphere, the high-T
PDX stability in air needed to be verified (the kinetic study of
the thermal decomposition/depolymerization of PDX reported
in ref. 32 was only performed under a N, atmosphere). The
comparison of the TGA measurements performed in N, and air
atmospheres is shown in Fig. 6D. The decomposition/depoly-
merization evidently proceeds slightly faster and via a distinctly
varied mechanism in the air atmosphere, but the difference is
still only by 10-20 °C, which makes the presently used upper
boundary of the DSC cycles (130 °C) a safe temperature to
remain at for several tens of minutes®* - the present total of
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Fig. 6 (A) Raman spectra obtained for the liquefied and fully crystalline PDX samples. The characteristic band at 1732 cm™ later used to consider the
sample crystallinity is indicated. (B) Evolution of the 1732 cm~! Raman band as the liquefied sample was quenched into the amorphous state and then left
to isothermally crystallize at 20 °C. (C) Comparison of the 1732 cm~* Raman bands measured for the liquefied and different non-isothermally crystallized
PDX samples (g~ and g* indicate the crystallization occurring during melt-cooling and glass-heating, respectively). (D) TGA mass loss data for the PDX

samples heated under N, or synthetic air atmospheres.

annealing time at 130 °C was for each sample ~8 min + the
time spent in the near vicinity of the borderline temperature
during the slow heating or cooling scans. It is noteworthy that
no signs of sample depolymerization were detected during the
DSC experiments.

Complementary data to the Raman spectroscopy measure-
ments were obtained by means of optical microscopy. In
particular, the four differently DSC-crystallized samples from
Fig. 6C were photographed immediately after finishing the
defined temperature program - see Fig. 7. Interestingly, the
distinct spherulitic morphology with visible lamellae orienta-
tion forms only at high T during the very slow cooling of a
melt (g~ = 0.1 °C min~"). Still recognizable but significantly
smaller crystallites form during the faster cooling of the melt
(g~ = 10 °C min™"). If the melt is quench-amorphized, no
spherulites of comparable size (visible under x10 magnifica-
tion) can be found in the micrographs, regardless of the
crystallization temperature. This is a particularly important
finding with regard to the intensity of the 1732 cm™' Raman
band (see Fig. 6C) - the Raman-detected degree of crystallinity
is not correlated to the presence of visually identifiable
morphology.

Phys. Chem. Chem. Phys.

5. Discussion

As was mentioned in the introductory part, the discussion will
be split into two parts. First, the crystallization kinetics will be
calculated for all DSC-measured crystal growth modes and
pathways. The emphasis will be put on the accuracy of the
model-fitting-based description of the crystallization data, as
well as on the identification of the kinetic trends occurring with
the key conditions of the given temperature programs (g, q°,
and, ultimately, T,). In the second part, the kinetic predictions
calculated on the basis of each non-isothermal path type will be
compared, and their accuracy will be evaluated based on the
comparison with the isothermal data.

5.1. Crystallization kinetics

5.1.1. Cooling from the melt. The DSC data (the cooling
steps) shown in Fig. 2A were described in terms of the MCHL
model (combination of eqn (1) and (2)). To achieve an accurate
description of the DSC data, the crystallization signal needs to
be separated from the thermo-kinetic background. In this
regard, the tangential area-proportional baseline®® can be
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(A)-(D) Optical micrographs obtained for the surface of differently crystallized PDX samples (g~ and g™ indicate the crystallization occurring

during melt-cooling and glass-heating, respectively). The scale bars indicate 200 pm length.

applied; note that this is the only commonly used baseline with
a true physico-chemical background:

B(T) = (1 = «1)(z0,r + 21,7 T) + A1) (20, + 21,p°(T = T))
(5)

where B(T) is the temperature dependence of the baseline
curve, o is the degree of conversion, z,, and z;, are the
coefficients characterizing the tangent going through the start-
ing point (in the reactant area), z,, and z, , are the coefficients
characterizing the tangent going through the endpoint (in the
product area), and Tt is the endpoint temperature. The sepa-
rated exothermic crystallization peaks can be further processed
to determine the nucleation constant K, which is essential for
the physically meaningful interpretation of the nucleation/
crystallization behavior. The determination of K is done via
the so-called ¢, s-method based on the following equation:***>’

U K,

In(1 Y 4"
n( /t0'5)+R(TC7TOC) M T T AT ©)

where ¢, 5 and Ty 5 are the time and the temperature associated
with o = 50% (meaning of the other symbols is identical to
eqn (2)). For PDX, the values of T, = —45 °C (derived from
T, = —15 °C) and Ty = 114 °C (determined as the endset of the
melting peak obtained at the lowest g~ ) were used. The evalua-
tion according to eqn (6) is shown in Fig. 8A; the ¢ /T-
dependent K, was then determined by deriving the curved
dependence associated with the left and bottom axes in this

This journal is © the Owner Societies 2026

graph. Apparently, the K, changes quite dramatically according
to this evaluation, between ~ 80 and 1025 kK?. However, when
input into the theoretical simulation based on the combination
of eqn (1) and (2), the obtained continuous K,-T dependence
results in unrealistic distortions of the rate constant, and
(consequently) of the whole simulated crystallization peak.
Hence, for the purpose of the non-linear optimization (based
on the Levenberg-Marquardt algorithm®®°°), K, had to be fixed
for each fit at a constant discrete value corresponding to the
given crystallization data-curve (these K, values are shown in
Fig. 8A in relation to the top and right axes). In this way, each
g~ had attributed its own value of K, resulting in a different
temperature dependence of the rate constant K(7) - two exam-
ples are shown in Fig. 8B together with the corresponding
crystallization peaks fit by the MCHL model (with the given
K, = const. and the corresponding K(7) implemented). It is
noteworthy that at higher g, the crystallization peaks almost
fully overlap with the K(T)-T dependence (not being positioned
only at their onset edges), which results in a characteristic
745 _ the asymmetry of the
crystallization peaks shifts to higher « values, i.e., to lower T in
the case of the cooling experiments. The full set of MCH-fit DSC
crystallization peaks obtained during the cooling of the melt is
depicted in Fig. 8C and D.

The curve-fitting by the MCHL model (depicted in Fig. 8C
and D) gave the sets of kinetic parameters that are introduced
in Fig. 8E and F in dependence on ¢~ (and listed in SI). At low

distortion of the crystallization data
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g~ DSC data (points) fit by the MCHL model (red lines). (E) and (F) Evolution of different kinetic parameters obtained from the MCHL fit of the melt-cooling

crystallization data from graphs C and D.

q , fairly standard crystallization behavior is observed, with the
MCHL parameters M and N being close®® to the typical
nucleation-growth kinetics®”®! (in this case characterized by
the Avrami exponent ~1.5). However, at ¢~ > 7 °C min ', both
kinetic exponents deviate from the approximately constant
values - the main feature being the exponent M attaining
negative values. Note that since the exponent M is responsible
for the autocatalytic behavior, its negative value indicates the
mathematical autoretardation (decreasing the crystallization
rate with the increasing degree of conversion o), which is the
only way how (with fixed K, value) to account for the overall
decreasing crystallization enthalpy (see the identical trend for
AH in Fig. 8F). The alternative ways of modeling this behavior

Phys. Chem. Chem. Phys.

would be either an implementation of the mutually compensat-
ing K,~T and A-T dependence, or a complex reaction mecha-
nism based on reversible reactions (with the former reflecting
the true physico-chemical kinetics more closely). Nonetheless,
the development of such a model/description is beyond the
scope of the present paper. A partially compensating factor is
also expressed by the InA parameter; however, the negative M
values are indeed paramount for allowing the description to be
based on such high K, values. The achieved accuracy of the
kinetic description for all fitted data-curves is very high
(the correlation coefficients are shown in Fig. 8F), confirming
the relevancy of the determined kinetic parameters - note
that the MCHL kinetic model has, in general, a pronounced
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absolute minimum in the hyperspace of the least-squares-
based optimization solutions, with no comparable local
minima offering acceptable alternatives. We have also tested
that the very high K, values determined for the high g~ DSC
data are indeed the only possibility how to accurately describe
the data with constant/fixed K, (no other MCHL kinetic para-
meter can supplement the role of K,) - this further validates the
results depicted in Fig. 8A, E and F.

5.1.2. Heating from the glass. To describe the non-
isothermal DSC data obtained during the heating from the
glassy state, the standard approach is based on the Arrhenian
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rate constant, i.e., the combination of eqn (1) and (4). First, the
thermo-kinetic background was again subtracted from the raw
DSC data using the tangential area-proportional baseline
(eqn (5)). Second, the temperature-dependent activation energy
E(T) was determined by the Kissinger method:**

"
In (q—2>

Ty
where T}, is the temperature corresponding to the maximum of

the DSC crystallization peak. The Kissinger plot for the present
data (raw variant depicted in Fig. 2B) is shown in Fig. 9A - the

E
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(A) Kissinger-based determination of E from the glass-heating DSC crystallization experiments (left and bottom axes); evolution of E with applied

g* (top and right axes). (B) Comparison of the positions of the melt-cooling crystallization peaks (points and red MCHL fitting curves) and the temperature
dependence of the corresponding rate constants K (blue and magenta curves). The solid and dashed K-T dependence was calculated with fixed and
variable E values, respectively (see text for details). (C) Low-g™ DSC data (points) fit by the autocatalytic Arrhenian model (red lines). (D) High-g* DSC data
(points) fit by the autocatalytic Arrhenian model (red lines). (E) and (F) Evolution of different kinetic parameters obtained from the autocatalytic Arrhenian

fit of the glass-heating crystallization data from graphs C and D.
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dependence is obviously curved; hence, the temperature-
dependent E can be obtained by the differentiation according
eqn (7) (in a similar way as the temperature dependent K, in
Fig. 8A). Contrary to the unsuccessful implementation of the
continuous K,(7) dependence, calculation accounting for
the continuous E(7) dependence gives reasonable courses of
the Arrhenian rate constant. Therefore, both alternatives were
used, and two series of kinetic optimizations were performed:
one with E being fixed at a different constant value for each
fitted data-curve (these E values are depicted in Fig. 9A; the
approach denoted as “E = fix”), and the other with a single E-T
master curve/dependence being directly included in eqn (4)
(the approach denoted as “E = var”). Two examples of both
courses of the rate constants are shown in Fig. 9B, together with
the corresponding crystallization peaks. Clearly, the “E = var”
option (the dashed lines) results in a much more abrupt
increase of the crystallization rate, which will have to be
compensated kinetically (as will be shown below). The full set
of the fitted DSC data is shown in Fig. 9C and D.

The results of the two sets of non-linear optimizations based
on the combination of eqn (1) and (4) (with either “E = fix” or
“E =var’’) are shown in Fig. 9E and F. Interestingly, practically
the same In A values were obtained in both optimization series
(InA was in both series considered a constant for the given data
curve, imitating the approach used for hot crystallization in
Section 5.1.1), indicating that it is the initial value of the rate
constant K(7) that is crucial for the course of the crystallization
process. However, there was a striking difference between the
two sets of the Sestdk-Berggren kinetic exponents M and N,
where the “FE = fix” option provided nearly constant values of
both exponents across the whole range of applied ¢* (again
characteristically corresponding’® to the nucleation-growth
kinetics®*®"), while the “E = var” option leads to the apparently
uncommon M and N values, requiring very high N values and
negative M values to compensate for the E-A dissonance.
Although the accuracy of the kinetic description was slightly
higher for the “E = var” option (see the correlation coefficients
shown in Fig. 9F), the evident necessity for the multifold
mutual compensation of the kinetic parameters does not
testify to the correctness of this mathematical solution. Con-
sidering the similar findings being obtained for the MCHL
model in Section 5.1.1, a conclusion can be drawn that the
implementation of the temperature-dependent Ky(T) or E(T)
will require compensation by a corresponding A(7) master
curve to provide a suitable, physically meaningful description
of the crystallization data. This is, however, left for a future
endeavor; in the meantime, the currently used approach, also
known as the single-curve multivariate kinetic analysis (sc-
MKA),*® based on the present “E = fix” option, will be a
viable method for the description of the temperature-
dependent kinetic data. Apart from the above-described analy-
sis, it is worth noting that the accurately determined (through
utilizing eqn (5)) crystallization enthalpies (see Fig. 9F) are
indeed significantly lower during the cold crystallization com-
pared to the hot crystallization (data depicted in Fig. 8F and
listed in SI).
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5.1.3. Isothermal annealing. The evaluation of the isother-
mal data series (data-curves for every other T, are depicted in
Fig. 2C and D) can be done either in terms of the MCHL model
or in terms of the standard solid-state Arrhenian kinetics
(combination of eqn (1) and (4)). As the MCHL model is
specifically derived for polymeric materials and gives additional
information about the nucleation behavior (through the K,
parameter), it was prioritized in the present paper. Similarly
to the evaluation of the non-isothermal data, also here, the K,-T
dependence needs to be determined first according to eqn (6).
In Fig. 104, the t,s-based evaluation is shown for both iso-
thermal data series in comparison with the non-isothermal
melt-cooling data from Fig. 8A. The non-isothermal depen-
dence characterizing K, during cooling, and the dependence
corresponding to the isotherm following the cooling, relatively
well match into a continuous master curve — confirming the
equal nature of the two measurements. On the other hand, the
dependence corresponding to the isotherm following the heat-
ing from the glassy state matches this master curve only at the
lowest T,s. This discrepancy is certainly caused by the addi-
tional time allowed for the nucleation (possibly enhanced
through the pre-formed mesomorphic phase) during the final-
ization of the cooling step, equilibration at —30 °C, and
following heating to T,. These processes significantly sped up
the crystal growth, reducing ¢, s; the reduction/discrepancy is
naturally the larger the higher the T, (longer additional time in
comparison to the melt-cooling type of experiment). This is
depicted in the inset of Fig. 10A - the deviations between the
two types of experiments occur for T,s > 20 °C. Interestingly,
both high-T dependencies are of good linearity, providing a
constant value of K, (~ 130500 & 7100 K> for heating from the
glass, and ~ 360100 & 8500 K> for cooling from the melt). Since
the K, values are, in the case of isothermal data, fully compen-
sated by In4, the following kinetic calculations were, for the
sake of simplicity, performed with these two K, values also in
the low-T region, bearing in mind the possible distortion of
InA.

The identical Levenberg-Marquardt-based non-linear opti-
mization (as used in Section 5.1.1) was used to fit the two
isothermal data series by the MCHL model - corresponding
rate constants are shown in Fig. 10B, and examples of the
quality of the curve-fitting are shown in Fig. 10C and D. Note
the almost one order of magnitude increase of K(7) caused by
the extra nucleation time provided in the case of cold crystal-
lization experiments — see Fig. 10B. It is worth noting that the
largely enhanced nucleation rate can be also a consequence of
the mesomorphic phase being possibly formed during the
cooling step. However, apart from the large difference in
the K, (and correspondingly also the equalizing InA) values,
the MCHL kinetic exponents M and N as well as the overall
crystallization enthalpies are extremely similar for both types of
the isothermal experiments — as evidenced in Fig. 10E and F
(full sets of kinetic parameters are listed in SI). The interpreta-
tion of the M and N values*® indicates the 3-dimensional
interface-controlled crystal growth for both types of isothermal
kinetics. The increasing N values observed for high-T' annealing
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following the heating from the glassy state indicate a possible
transition towards the diffusion-controlled mechanism (due to
the much higher crystallization rate and competition between a
large number of active growth sites), rather than the decrease of
the morphological dimensionality of the growing crystallites.
However the micrographs from Fig. 7 are inconclusive in this
regard. Importantly, the isothermal crystallization enthalpy
(AH-T, dependence from Fig. 10F) very well corresponds
to the akin data from Fig. 9F (considering the shift in the
covered temperature ranges), but the isothermal data show a

This journal is © the Owner Societies 2026

significantly more temperature-distinguished formation of the
loosely packed low-T phase with a correspondingly low AH.

5.2. Kinetic predictions of PDX crystallization

A comparison between these simulations and real experimental
measurements was made to test the relevance and accuracy of
the kinetic predictions based on different sets of kinetic para-
meters determined for the crystallization of PDX. The isother-
mal measurements performed at 0, 25 and 50 °C (under both
setups, i.e., with achieving T, either from the liquid or from the
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Fig. 11 Depiction of the non-isothermal crystallization data (the para-
meters of which were used for the kinetic predictions) in comparison with
Tas (vertical dashed lines) for which the predictions were made.

glassy state) were used as the experimental verification; the
theoretical predictions were then simulated for these T,s using
the sets of kinetic parameters obtained from the following
curve-fitted data: non-isothermal cooling from the melt at 0.1
and 7 °C min~", non-isothermal heating from glass at 0.1 and
50 °C min ", isothermal annealing after cooling from the melt
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(denoted, e.g., as “q~ » T, =0 °C”), and isothermal annealing
after heating from glass (denoted, e.g., as “q" » T, = 0 °C").
Visualization of the corresponding temperature ranges is
shown in Fig. 11. In the case of the non-isothermal data, the
two borderline data-curves (the highest and the lowest cooling/
heating rates with fully manifesting crystallization peak) were
selected for each crystallization pathway; the four crystal-
lization peaks well cover the isothermally investigated range
(the T,s of interest are indicated by the dashed lines). The three
T,s were selected so that the main difference between the two
crystallization pathways (the nucleation-determined -crystal-
lization rate; see Fig. 10B) was clearly covered.

The kinetic predictions were aimed to test the following
hypotheses: (1) the closer the non-isothermal crystallization
peak to the predicted T,, the better the prediction; (2) the
“q~ >» T,” isothermal predictions are more accurate with the
kinetic parameters obtained from the melt-cooling measure-
ments, and the “q" » T,” predictions are better based on the
glass-heating kinetics; (3) the prediction based on the non-
isothermal measurement covering a closer T range will be more
accurate than the prediction utilizing the isothermal kinetic
parameters but from a distanced T,; (4) the ¢ /¢~ ranges (0.1-
50 °C min~ " in the absolute values) explored in the present
study are sufficient to provide a reliable basis for all relevant
isothermal predictions.
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Fig. 12 Kinetic predictions for the three selected T,s; the two graphs for T, = 50 °C show the zoomed and unzoomed versions of the same graph. The

denotation ‘g~ » ...
isothermal crystallization following the heating from the glassy state.

Phys. Chem. Chem. Phys.

" indicates parameters from isothermal crystallization following the cooling of a melt; similarly, “g* > ...

" indicates parameters from
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The kinetic predictions for the three selected T,s (0, 25 and
50 °C) are shown in Fig. 12. Starting with the lowest T, = 0 °C,
the theoretically closest non-isothermal measurement is that
performed at g* = 0.1 °C min ' (during cooling, the crystal
growth ceases at linear g~ sufficient to reach 0 °C before the
crystallization initiates or is fully completed). However, practi-
cally all non-isothermal measurements provide in this case very
poor predictions, differing by at least an order of magnitude on
the time scale - the closest prediction (but still unusable for any
practical purpose) is that calculated from the cooling at
7 °C min~ " (i.e., the second closest one in Fig. 11). From the
isothermal predictions, the one calculated from “g~ » T, =
50 °C” is quite close to both experimental datasets (the exact
“fits” have to be, naturally, ruled out from the comparison) - it
is actually closer to the experimental “g* > T, =0 °C” data than
is the prediction calculated from the “q~ >» T, = 0 °C” kinetic
parameters. This is due to the crystallization during cooling
obeying the Hoffman-Lauritzen kinetics, where the driving
force is comparatively low at very high T (lack of nuclei, low
undercooling AT) and at very low T (slow diffusion). Therefore,
the prediction calculated from the “g~ >» T, = 25 °C” para-
meters significantly deviates from the other two akin calcula-
tions. Nonetheless, the match between the two experimental
datasets with T, = 0 °C (“¢~ » ...” and “q" >» ...”) is also
relatively good, indicating that they can be mutually used to
predict each other.

For the isothermal annealing at 25 °C, the difference
between the two experimental datasets is already large, as the
effect of additional nucleation occurring during the “g* > ...”
experiment increases. If we again rule out the exact matches
(direct fits of the experimental data), then a very good
correspondence occurs only between the experimental
“q" » T, =25 °C” data and the prediction based on the “q" =
50 °C min~ " non-isothermal parameters. A relatively accepta-
ble prediction of the same experimental dataset is also that
obtained from the “g" » 50 °C” parameters; otherwise, relatively
poor predictions were obtained, which is quite surprising as
T, = 25 °C lies in the middle of the investigated temperature interval,
and should be covered by multiple measured datasets (see Fig. 11).
This is most probably due to the inherently 7-dependent kinetics as
expressed by the curvatures in Fig. 8A and 9A.

In the case of the predictions for isothermal annealing at
T, = 50 °C, a good correspondence is found between the
experimental “q~ » T, =50 °C” data and the prediction based
on the “g~ » T, =0 °C” isothermal parameters (similar case as
for the first introduced predictions for T, = 0 °C). In addition,
the experimental “q" » T, = 50 °C” data are well predicted
by the parameters obtained from the “gq" » T, = 25 °C” fit.
Since the former correlation can be again attributed to the
specificity of the Hoffman-Lauritzen kinetics (which accounts
for the true non-monotonicity of the K-T dependence), the
latter case testifies about the reliability of the polymer crystal-
lization kinetic predictions being mainly associated with the
state of nucleation alone: for the “q" > ...” series, the material
is expected to be already well nucleated and the constant value
of K, (see Fig. 10A) seems to be the deciding factor for the
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accuracy of the kinetic predictions. Conversely, although the
“gq~ > ...” series also exhibits linearity (constant K) in the
given temperature region, the added influence of the ongoing
nucleation clearly affects the overall crystallization rate exceed-
ingly for the corresponding T-closest kinetic prediction (from

[P

g~ > 25 °C”) to be accurate.

6. Conclusions

The crystallization behavior of PDX was investigated under
various pathways (during cooling, heating, and isothermal
annealing) using DSC measurements complemented by Raman
spectroscopy, TGA, and optical microscopy experiments. The
continuity of the manifestation of the o’ — « transition as well
as the gradually increasing crystallinity observed via Raman
measurements (probably due to the lamellae thickening) con-
firms that no sharp polymorphic transition exists for the PDX
crystallization data, which justifies the continuity of the
temperature-dependent kinetic modeling. The comparative
evaluation of kinetic descriptions revealed that while both the
temperature-dependent Hoffman-Lauritzen and Arrhenian
approaches can provide good fits to experimental data, their
predictive power is strongly dependent on the crystallization
pathway and temperature regime. In particular, the melt-
crystallization kinetics were governed by the interplay between
nucleation and growth processes, leading to non-monotonic
dependencies, whereas cold crystallization was more strongly
determined by pre-existing nuclei formed during quenching.
The overall impact of pre-thermal history is thus demonstrated
to be crucial for understanding the difference between the two
crystallization pathways.

The kinetic modeling highlighted that reliable predictions
require not only careful selection of the appropriate theoretical
framework but also consistent treatment of temperature-
dependent parameters. Attempts to introduce continuous tem-
perature dependence of the key quantities (Ky(7), E(T)) into the
models often demanded compensatory adjustments of other
parameters, stressing the need for more physically grounded
master curve approaches, namely those simultaneously imple-
menting the complementary A(7) dependence. On the other
hand, the introduction of the T-dependent exponents of the
extended MCHL model was proven to be mandatory for the
physically meaningful interpretation of the crystallization
kinetics. Furthermore, the present data demonstrated that
the accuracy of the kinetic predictions for the isothermal
polymer crystallization is dominantly driven by the match of
the nucleation states between the training and testing datasets,
i.e. the data used to determine the kinetic parameters used for
the predictions and the actual reality that is being predicted.
Accordingly, the thermal proximity (correspondence between
the training and testing temperature ranges) is only of second-
ary importance. These findings emphasize the limitations of
using standard non-isothermal measurements for straightfor-
ward prediction of isothermal crystallization, especially at
temperatures where nucleation becomes rate-determining.
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The results suggest that future refinement of universal kinetic
models must explicitly integrate the contributions of the
temperature-dependent nucleation dynamics to enhance pre-
dictive reliability.
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