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Abstract 

 The self-plasticization, i.e., the increase in the polymer segmental mobility by the 

inclusion of its own monomer, has a major impact on the structural, thermal, and mechanical 

properties of the polymer. Differential scanning calorimetry (DSC) was used to investigate 

the influence of thermally induced self-plasticization on the structural relaxation of 

polydioxanone (PDX). Depolymerization (based dominantly on the end-chain scission 

mechanism) was found to be controlled by the depolymerization temperature Td as well as the 

actual number of re-melting cycles (while keeping the time spent at Td constant). PDX 

samples with the glass transition temperature (Tg) ranging from −52 (highly plasticized) to 

−13 °C (virgin) were prepared. The DSC data were described in terms of the Tool-

Narayanaswamy model; a consistent structural relaxation behavior associating the degree of 
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plasticization with Tg was identified. The activation energy first decreased with plasticization 

from 430 kJ·mol−1 to 210 kJ·mol−1 in the Tg range of −40 to −13 C, which is consistent with 

the plasticization-caused spacing-apart of the polymer chains resulting in larger free volume 

and increased freedom for the relaxation movements. For the highly plasticized PDX samples, 

the activation energy increased from 210 kJ·mol−1 to 310 kJ·mol−1, which appears to be 

associated with the possible segregation of the portion of the plasticizer into a discrete phase. 

The width of the relaxation times distribution increased with plasticization as a consequence 

of the plasticizer loosening the polymeric chains and enabling a wider variety of the 

segmental movement. The plasticization also leads to a higher dependence of the segmental 

relaxation movements on their current physico-chemical and steric surrounding. 

 

Keywords: self-plasticization; polydioxanone; DSC; structural relaxation; depolymerization 

 

1. Introduction 

Plastics are the most commonly used materials of the nowadays society. Their yearly 

production for 2021 was estimated to be over 390 million tons; the amount of produced 

plastics has been continuously growing for the last two decades. [1, 2] It is predicted that the 

overall accumulated amount of plastic waste will reach 3.4 billion tons by 2050. [3] In 

accordance with the concept of sustainable development, the circular economy model is being 

widely adopted by all major countries across the globe. The key aspect of this concept is the 

recycling of plastics. [4] Whereas plastics recycling was initially the domain of specialized 

large-scale industrial companies, the invention of 3D printing technologies [5 - 10] paired 

with the production of accessible table-top extruders has introduced the option of small-scale 

plastics recycling/reusing to numerous segments of industry, services, research and 

development, as well as to the common household usage. [11 - 20] This revolution in plastics 
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reusing, together with the current focus on the rapid development of biodegradable polymers, 

has led to the emergence of countless self-developed and untested procedures for plastics re-

melting and high-temperature re-shaping. Inevitably, the most suitable polymeric materials 

are being pushed to the limits of their endurance and sustainability, which can lead to their 

slow high-temperature degradation/depolymerization during repeated processing [21 - 25]. 

Depending on the dominant depolymerization mechanism (chain-end scissions vs. random 

scission) [26, 27], a significant amount of monomers or low-mass oligomers can be released, 

which can induce the plasticization effect [28, 29].  

The self-plasticization, i.e., the increase in the mobility of the polymer segments by 

incorporation of own monomer units in-between the polymer chains, can have major 

consequences with regard to the mechanical properties of the polymeric material [30 - 32]. 

One of the key phenomena defining the behavior of amorphous and semi-crystalline polymers 

is the glass transition [33 - 35] characterized by the glass transition temperature (Tg), i.e., the 

temperature at which an amorphous polymer changes from a hard/glassy state (below Tg) to a 

soft/leathery state (above Tg). The glass transition kinetics is driven by the structural 

relaxation processes, which are significantly affected by plasticization. The mechanisms 

interlinking the plasticization and structural relaxation processes were studied numerous times 

(see, e.g., [36 - 43]), providing the following conclusions: 1) plasticization decreases Tg; 2) 

plasticization decreases the relaxation time and promotes the relaxation of stresses; 3) 

plasticization (as opposed to anti-plasticization [37]) is associated with small flexible 

molecules with weak attractive forces towards the polymer chains, and as such decreases 

fragility [44] in the undercooled liquid state; 4) plasticization decreases the activation energy 

of segmental relaxation above Tg, whereas the activation energy does not change with 

plasticization below Tg; 5) plasticization was reported to both increase and decrease the size 

of cooperativity domains by decreasing the strength and frequency of intermolecular 
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interactions; 6) plasticization broadens the distribution of relaxation times (characterized by 

the KWW function [45, 46]) in amorphous matrices. 

Despite the intense research, the detailed intricacies of the mutual inter-relationships 

between plasticization and structural relaxation are still not clearly understood. One of the 

main issues seems to be the focus only on selected aspects of the structural relaxation process. 

In the present paper, the effect of thermally induced self-plasticization on the structural 

relaxation process occurring in the glass transition range will be explored. Polydioxanone 

(PDX), a biodegradable poly(ester-ether) prepared by ring-opening polymerization of p-

dioxanone (see Fig. 1) [47 - 49] and utilized in numerous medical applications [50 - 57], will 

be used as a model material. The main reason for the choice of PDX was its apparent strong 

inclination to the thermally induced end-chain scission, which produces large numbers of 

monomer units and is ideal for the self-plasticization research. In addition, at high 

temperatures, PDX does not burn but only depolymerizes and consequently evaporates – so 

no competition or masking of the plasticization effects by the generation of char or tar can 

occur.   

 

Fig. 1: Chemico-structural representation of PDX synthesis. 
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2. Experimental 

The polydioxanone material was purchased in the form of a surgical suture from the 

SMI AG (St. Vith, Belgium) manufacturer. The material in the form of monofilaments with ~ 

0.5 mm diameter was cut into approx. 3 mm long pieces that were further used for the 

calorimetric measurements. The differential scanning calorimetry (DSC) experiments were 

performed by a heat flow DSC Q2000 instrument (TA Instruments, USA) equipped with an 

autosampler, RCS90 cooling accessory, and T-zero technology; the instrument was calibrated 

using the In, Zn, and H2O standards. For each set of measurements, 7 (3 mm) pieces of the 

PDX monofilament were weighted (with a ± 0.01 mg accuracy) and inserted in a hermetically 

sealed low-mass pan (ensuring a reproducible static air atmosphere). Selected datasets were 

reproduced using the differential scanning calorimeter DSC Pyris 1 (Perkin Elmer) equipped 

with the 2P intracooler – the power-compensation design of the instrument was utilized to 

rule out any major data distortions potentially produced by the heat-flow DSC Q2000. 

Three series of temperature programs were realized in the DSC instrument to explore 

the depolymerization kinetics and to achieve various degrees of partial depolymerization 

associated with different levels of the monomer/plasticizer content:  

1) In the first series, the temperature program was based on 50 cycles, where the sample was 

repeatedly re-melted at the depolymerization temperature Td for the depolymerization time td 

= 5 min, cooled at 50 °C·min–1 below the glass transition temperature Tg, and heated back to 

Td at 20 °C·min–1. In this type of experiment, the applied depolymerization temperatures were 

Td = 110, 130, 150, 170, and 190 °C. 

2) The second series of the depolymerization temperature programs utilized a similar concept 

with Td = 190 °C and td = 5 min. Here, the variable was the number of degradation cycles – 

the utilized values were 10, 20, 30, 40 (and 50 from the first series of temperature programs). 
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3) In the third series, several supplemental temperature programs were realized, providing 

deeper insight into the depolymerization kinetics: a) 25 degradation cycles, Td = 190 °C and td 

= 5 min; b) 4 degradation cycles, Td = 190 °C, and td = 62.5 min; c) 4 degradation cycles, Td = 

150 °C and td = 62.5 min. 

Each of the above-mentioned temperature programs was performed for a fresh PDX 

sample. For each sample performed within the first and second series of temperature 

programs, two sets of structural relaxation DSC experiments were realized. The first set of 

structural relaxation experiments was based on the cyclic constant ratio (CR) measurements 

[58], where the sample was repeatedly cooled and heated through the glass transition region. 

The applied cooling and heating rates were 0.5, 1, 2, 3, 5, 7, and 10 °C·min–1. The heating rate 

was always the same as the preceding cooling rate. The second set of the structural relaxation 

experiments was based on the constant heating rate (CHR) cyclic experiments [59], which are 

similar to the CR cycles, with the only difference being that the heating rate is for all cycles 

through the glass transition always similar (in the present study equal to 10 °C·min–1). Before 

each set of the structural relaxation experiments (i.e., once before the CR cycles and a second 

time before the CHR cycles), the sample was freshly re-melted (1 min at 130 °C) to ensure a 

fully amorphous PDX matrix. Note that the virgin PDX crystallizes at laboratory temperature, 

and the crystallization onset further decreases with the degree of depolymerization [60]; the 

upper-temperature limits during the CR and CHR relaxation experiments thus had to be 

closely monitored and adjusted to avoid the crystal growth in the amorphous matrix.  

Overall, 10 sets of CR and CHR cyclic experiments were realized for the PDX 

materials with different degrees of depolymerization (1 virgin/untreated PDX sample, 5 

samples within the first series of temperature programs, 4 samples within the second series of 

temperature programs). The reproducibility of the DSC measurements was tested intrinsically 

within each set of measurements (either degradation cycles or the CR and CHR cycles) via 
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repeatability of the baselines and onsets of the relaxation peaks. In addition, for the 

degradation cycles, the reproducibility was directly confirmed during the second series of 

depolymerization temperature programs. 

In addition to the DSC measurements, size exclusion chromatography (SEC) equipped 

with a multi-angle light scattering detector (MALS) was used to determine the molar mass 

distribution. In this regard, the following instrumentation was used: Agilent 1200 Series 

Isocratic Pump and Agilent 1200 Series Autosampler; a MALS detector HELEOS and a 

differential refractometer (RI detector) Optilab T-rEX, both from Wyatt Technology. Data 

acquisition and evaluation were performed using the ASTRA software from Wyatt 

Technology. Two Shodex HFIP-806 M 300 × 8 mm columns with hexafluoroisopropanol 

(HFIP) at a flow rate of 1 ml·min–1 as mobile phase were used for the separation. The samples 

were prepared as solutions in HFIP at a concentration of ≈ 4 mg·ml-1 and dispensed in 

volumes of 100 μl. The used HFIP was modified by the addition of 0.02 M CF3COONa. 

The structural arrangement of the selected PDX samples was investigated by means of 

Raman spectroscopy, using the DXR2 Raman microscope (Nicolet, Thermo Fisher Scientific) 

equipped with a 785 nm excitation diode laser (30 mW source, laser spot size 1.6 μm) and a 

CCD detector. The settings for the Raman measurements were: 20 mW laser power on the 

sample, 1 s duration of a single scan, and 100 scans accumulated in one spectrum. 

 

3. Results 

 Differential scanning calorimetry was used to prepare PDX samples with different 

degrees of depolymerization. The DSC records of the degradation cycles performed within 

the first series of the degradation temperature programs are shown in Fig. 2. A typical cyclic 

degradation behavior is shown in Fig. 2B, where during the first cycle, the sample cooled at 

50 °C·min−1 from 130 °C to −50 °C exhibits only the endothermic glass transition (with the 
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glass transition temperature Tg ≈ −20 °C) with no traces of preceding crystal growth. During 

the consequent heating step, glass transition occurs at ~ −10 °C, followed by a strong 

exothermic crystallization peak (onset near 35 °C and peak at 53 °C) and a correspondingly 

pronounced endothermic melting peak with the extrapolated onset Tm = 96 °C. At 

temperatures just below Tm, the softening of the polymeric material leads to an additional 

reorganization of its structure, represented by the weak exothermic signal corresponding to an 

additional amorphous-to-crystalline transformation. Note that PDX is naturally a semi-

crystalline polymer with a crystallinity degree of 45 – 55 % [61]. With the increasing degree 

of PDX depolymerization, which results in the increasing content of the plasticizing p-

dioxanone monomer [62, 63], the Tg slightly decreases, the main crystallization peak (as well 

as the small exothermic peak preceding the melting) increases in magnitude and shifts to the 

lower temperature, and the melting peak correspondingly increases in magnitude and Tm 

decreases very slightly. 

With the increasing depolymerization temperature Td, the shift of all thermo-kinetic 

phenomena (glass transition, cold crystallization from the amorphous state, hot crystallization 

from the liquid state, melting) to the progressively lower temperatures occurs. For Tds equal to 

170 and 190 °C, the amount of the contained monomer is large enough for a small portion of 

the crystalline phase to be formed already during the rapid cooling. For the set of 50 

depolymerization cycles performed with Td = 190 °C and td = 5 min (overall time of 

depolymerization at Td equal to 250 min), the released p-dioxanone already forms a separate 

phase able to crystallize and melt – as evidenced by the melting peak at ~ 15 °C. Another 

important finding resulting from the comparison of Figs. 2C and 2D is that the 

depolymerization proceeds more rapidly in conjunction with the repeated reorganization 

(crystallizations followed by re-meltings) of the polymeric matrix. Note that although the 

overall degradation time was 250 min in both cases, the shifts of the characteristic 
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temperatures and the corresponding phenomena to lower T were significantly greater in the 

case of many short cycles (as opposed to a few long depolymerization periods).  

 

Fig. 2: A - F) Gradual depolymerization DSC experiments with repeated annealing (the duration of td) at the 

depolymerization temperature Td in-between each cooling-heating cycle. The first and last cycles of 

each series are marked in color. The upper and lower parts of the DSC cycles correspond to the cooling 

and heating segments, respectively. Exothermic signals evolve in the upwards direction. 

 

This is particularly important with respect to Tg, which is directly related to the 

plasticization intensity and, thus, the p-dioxanone concentration. As a consequence, for a 
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quantitative evaluation, it is suitable to perform only cyclic depolymerization programs with a 

uniform value of td. The last crucial information derived from Fig. 2, depicted in graph A, is 

that the melting of PDX is relatively slow. Despite the melting being already initiated at Td = 

110 °C and td = 5 min being perceivingly long enough for the sample to fully melt, a 

significant portion of the crystalline phase still apparently remained in solid form and 

instantly initiated the formation of the crystalline phase during cooling. As the PDX sample 

depicted in Fig. 2A exhibited “full” crystallization (no further exothermic signals are present 

during the consequent heating), the clear occurrence of the glass transition effect 

unambiguously confirms the semi-crystalline nature of PDX.  

 

Fig. 3: A - D) Gradual depolymerization DSC experiments with repeated 5 min annealing at the 

depolymerization temperature 190 °C in-between each cooling-heating cycle. The graphs differ in the 

number of DSC cycles. The first and last cycles of each series are marked in color. The upper and lower 

parts of the DSC cycles correspond to the cooling and heating segments, respectively. Exothermic 

signals evolve in the upwards direction. 
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The DSC records of the degradation cycles performed within the second series of the 

degradation temperature programs are shown in Fig. 3. Similar evolution of the thermo-

kinetic phenomena occurs with the increasing number of depolymerization cycles as did with 

increasing Td. Whereas the rate of depolymerization is expected to be non-linear with Td (one 

would assume an exponential Arrhenian dependence [64]), a non-linear relationship also 

occurs between Tg and the number of identical cycles (constant Td and td). This nonlinearity is 

demonstrated by the following data extracted from Figs. 3 and 2F: 0 cycles (Tg ≈ −9 °C), 10 

cycles (Tg ≈ −11 °C), 20 cycles (Tg ≈ −26 °C), 30 cycles (Tg ≈ −40 °C), 40 cycles (Tg ≈ −50 

°C), 50 cycles (Tg ≈ −55 °C). A clear extreme (maximum rate of Tg decrease) occurs near 20 

depolymerization cycles. This finding can probably be attributed to the evolving effect of the 

plasticizer amount on the displacement of the polymeric chains. Assuming that the rate of 

depolymerization is constant at the given Td and no autocatalytic increase in the 

depolymerization rate occurs, the initial small decrease in Tg can be attributed to the small 

concentration of the monomer (p-dioxanone), which is not sufficient for a proper spacing-

apart of the polymer chains, allowing better segmental movement. At further increase in the 

monomer content (after 20 depolymerization cycles), a large decrease in Tg occurs in 

correspondence with the sufficient amount of the plasticizer being embedded between the 

polymer chains for the proper loosening of the polymeric matrix. However, with the 

additional release of the p-dioxanone monomers, the rate of the Tg decrease slows down. This 

slow-down is probably associated with the polymeric matrix being gradually saturated with 

the plasticizer, where a certain (increasingly larger) portion of the p-dioxanone molecules 

does not contribute to the creation of the free volume/space between the polymer chains that 

gets translated into the segmental movement. At 50 depolymerization cycles and Tg of ~ -55 

°C, the polymeric matrix starts to be apparently saturated (the Tg decrease rapidly ceases). 
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This explanation will be referred to and discussed several times throughout the paper. The 

evolution of Tg in for both data series depicted in Fig. 4 

 

Fig. 4: Evolution of Tg within the two plasticization data series. 

 

 Examples of the full sets of the CR cycles measured for the weakly and strongly 

depolymerized PDX samples are shown in Fig. 5. The upper half of the curves corresponds to 

the cooling steps (the higher the curve, the higher the cooling rate); the lower half of the 

curves corresponds to the heating steps (the lower the curve, the higher the heating rate). 

Apart from the evident shift of Tg to the lower temperatures, the height/magnitude of the 

relaxation peak observed during the heating steps decreases with the plasticizer content (the 

width of the glass transition effect remains roughly similar, equal to ~ 15 – 20 °C). Note that 

during the CR cycles, the height of the normalized relaxation peak, in theory, changes only 

with the q−/q+ ratio and thus should remain similar for all cycles performed within each set. 
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Fig. 5: A - C) Examples of the CR cycles being applied for selected partially depolymerized PDX samples. The 

first and last cycles of each series are marked in color and denoted by the applied cooling rate q− (the 

magnitude of which is similar to that during the consequent heating step). The upper and lower parts of 

the DSC cycles correspond to the cooling and heating segments, respectively. Exothermic signals 

evolve in the upwards direction. 
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Fig. 6: A - C) Examples of the CHR cycles being applied for selected partially depolymerized PDX samples. 

The first and last cycles of each series are marked in color and denoted by the applied cooling rate q− 

(heating steps were performed at q+ = 10 °C·min−1). The upper and lower parts of the DSC cycles 

correspond to the cooling and heating segments, respectively. Exothermic signals evolve in the upwards 

direction. 
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The decrease in the relaxation peak is even more evident in the case of the CHR cycles 

– see Fig. 6 for the sets of CHR cycles obtained for the samples with similar degrees of 

depolymerization as in Fig. 5. Indeed, for the sample with the highest plasticizer content (see 

Fig. 6C), the height of the relaxation peak (relative to the Δcp difference between the glassy 

and undercooled liquid states) practically halves. These phenomena (shift of the glass 

transition in temperature and change in the relaxation peak height) determine the glass 

transition kinetics; their quantification and evolution with the plasticization degree will be 

discussed in Section 4. 

 The structural ordering of the PDX samples with different degrees of 

depolymerization was investigated by means of Raman spectroscopy. The full and zoomed-in 

Raman spectra obtained for selected depolymerized PDX samples are shown in Figs. 7A and 

5B, respectively. The main depicted Raman signals can be identified followingly: the 870 

cm−1 band corresponds to the C–O–C symmetric stretching vibration; the 1048 cm−1 band 

corresponds to the stretching vibration of C–C in the aliphatic chain; the 1451 cm−1 band 

corresponds to the –CH2– bending vibration; the 1732 cm−1 band corresponds to the C=O 

stretching vibrations in the ester carbonyl group; the 483, 1242, 1403, 1610, and 1638 cm−1 

bands correspond to the vibrations in the Solvent Violet 13 (dye) structure [65 - 68]. It was 

found [60, 65, 66] that the shoulder of the 1732 cm−1 band corresponds to the C=O vibrations 

in the amorphous phase, whereas the sharp/main band represents the signal from the 

crystalline phase. The Raman spectra of the PDX samples with different degrees of 

depolymerization exhibit high similarity with regard to the presence/absence of particular 

bands, which indicates that no significant decomposition or oxidation reactions take place in 

PDX at the tested high temperatures. The zoomed-in graph (Fig. 7B) depicting the 1732 cm−1 

band testifies about the degree of crystallinity characteristic for the various levels of PDX 

depolymerization. Note that PDX is a naturally semi-crystalline polymer [50], which 
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crystallizes even from a fully amorphous state at laboratory temperature. The decreasing 

magnitude of the shoulder (corresponding to the amount of the contained amorphous phase) at 

the 1732 cm−1 band indicates that with increasing Td, the equilibrium amount of the 

amorphous phase decreases. This is in good correspondence with the depolymerization-

caused higher tendency towards crystallization (see Figs. 2 and 3), as well as with the 

assumed preference of the depolymerization in the amorphous phase due to its generally 

higher reactivity.  

 

Fig. 7: A) Raman spectra of the selected partially depolymerized PDX samples. The spectra differ in applied 

Td; the labels “w” and “b” correspond to the white and black domains of the sample, respectively. 

 B) Raman spectra from graph A zoomed-in on the 1732 cm−1 band. 

 C) The cumulative weight distribution of molar masses for the selected partially depolymerized PDX 

samples. 

 D) Theoretically simulated cumulative weight distributions of molar masses (points) originating from 

the virgin/non-degraded PDX (red curve) and compared to the sample depolymerized during 50 5 min 

cycles at 190 °C (black curve). See the text for the details of the simulations. 
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The only exception in the above-suggested trend is the indicated low amount of the 

amorphous phase for the sample depolymerized at Td = 110 °C (the content of the amorphous 

phase appears to be similar to that of the sample cycled to Td = 190 °C). This is probably a 

consequence of the sample being repeatedly not fully melted at 110 °C, which led to the 

consequent rapid crystallization already during the cooling (a higher degree of achieved 

crystallinity during the slow cooling of a melt is also reported in [60]). Contrary to the PDX 

samples depolymerized at lower temperatures, the depolymerization at 190 °C led to the 

formation of two color-distinguished phases (white "w" and black "b"). According to the 

Raman spectra, the white phase has a significantly higher content of the crystalline phase; the 

existence of the two phases may be associated with the possible segregation of the portion of 

the plasticizer into a discrete phase, as will be discussed later in Section 4.  

 The molar mass (M / g·mol−1) changes with the gradual depolymerization were 

monitored by means of SEC-MALS – see Fig. 7C, where the cumulative weight fraction is 

plotted in dependence on the molar mass. The series of 50 cycles with 5 min at Td per cycle 

show that the depolymerization significantly accelerates with Td, with the highest apparent 

acceleration being observed between the Tds 150 and 170 °C. Interestingly, a similar degree of 

depolymerization (and molar mass decrease) was recorded for the 50 cycles at Td = 170 °C 

and for 25 cycles at Td = 190 °C, indicating "only" doubling of the depolymerization rate 

between 170 and 190 °C. A very important finding is associated with the SEC-MALS 

measurement for the sample depolymerized during 4 cycles with 62.5 min at Td = 190 °C. 

When compared with the standard series of 50 cycles with 5 min at 190 °C (in both cases, the 

depolymerization time is td = 250 min), it is clear that the repeated solidification and melting 

strongly enhance the depolymerization effect. The series of 4 cycles with 62.5 min at 190 °C 

led to a state that is slightly closer to that produced during 50 5 min cycles at Td = 170 °C than 

that at Td = 190 °C; we estimate that by this decrease in the number of re-meltings, the 
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effective Td for the standard 50 5 min cycles was decreased by more than 10 °C, below Td = 

180 °C. Worth noting is also the cut-off of the low-M tail of the cumulative weight 

dependences. Note that the molar mass of 1 PDX mer is 102.088 g·mol−1. 

 In order to provide further insight into the depolymerization mechanism and confirm 

its dominant nature being the unzipping (chain-end scissions) process [62, 63], several basic 

simulations of the fundamental depolymerization mechanisms were performed – see Fig. 7D. 

The input data curve was that for the non-degraded (virgin) PDX sample; the results of the 

simulations were compared to the cumulative weight distribution dependence for the ultimate 

series of 50 5 min cycles at Td = 190 °C. Simulations based on the sole unzipping mechanism 

(blue points in Fig. 7D) reveal that this depolymerization mechanism leads to a stretched 

sigmoidal dependence with a lower slope at the inflection point; the high-M end of the 

sigmoidal dependence changes its position only negligibly in the logarithmic scaling of the X-

axis. Note that during the unzipping, all chain ends have a similar chance of being cut off; 

thus, a simple decrease/subtraction of a selected number of mer units (simplified to a given 

part of the molar mass in our case) from each molar mass fraction can truthfully represent this 

mechanism.  

Opposed to the chain-end scissions, the random scission mechanism represents the 

splitting of the polymer chain at a random position inside the chain. The simplest forms of 

this mechanism, where the chain is split into similarly long pieces (i.e., the scission always 

occurs in the half-chain position), are in Fig. 7D represented by the pink and green data 

points. The pink stars correspond to a theoretical case, where the splitting would happen with 

the same probability for each chain (i.e., each chain splits into a similar amount of fragments 

regardless of its original length). The green triangles correspond to the situation, where the 

splitting happens with the same probability for each mer (i.e., proportional to the chain length, 

but still splitting the chains into equally long parts – a simplified version of the simulation). 
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Both these types of simulations lead to either no change or to an increase in the steepness and 

inflection slope of the sigmoidal dependence. By implementing both types of chain scissions 

into the simulation, the experimental dependence corresponding to the 50 5 min cycles at Td = 

190 °C was acceptably reproduced (considering the low-M detection limit of SEC-MALS 

method) – see the overlap of the black line and violet half-filled points. In this simulation, 

each chain was split only ~ 4 times, but the amount of the chain-end scissions required to 

reproduce the slope of the dependence was ~ 70 (subtraction of 7000 g·mol−1). This 

proportion indicates that the chain-end scissions indeed represent the dominating type of the 

chain-shortening mechanism.  

 

4. Discussion 

 The glass transition kinetics and evolution of the rate of structural movements are 

nowadays described by the phenomenological relaxation Tool-Narayanaswamy-Moynihan 

(TNM) model that can be expressed by the following equations [69 - 71]: 
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where Φ(t) is the base relaxation function defined for the DSC measurements as (cp − cpg)/(cpl 

− cpg). The cpg and cpl are the extrapolated heat capacities in the glass and undercooled liquid 

regions, respectively. The other involved quantities are time t, relaxation time τ, the parameter 

of non-exponentiality β (0 < β  1), the pre-exponential factor ATNM, the parameter of non-

linearity x (0 < x  1), the apparent activation energy of the structural relaxation ∆h*, the 

universal gas constant R, temperature T, and the fictive temperature Tf. 
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 The recommended [72] approach to the enumeration of the TNM equations is based 

on the following sequence: 1) determination of ∆h* from the CR cycles; 2) determination of 

ATNM based on non-linear optimization + identification of the potential artificial/instrumental 

distortions of the DSC data; 3) determination of β and x using the improved simulation-

comparative method. Starting with the first step, the apparent activation energy ∆h* can be 

determined from the q−-based shift of the temperature corresponding to the maximum of the 

relaxation peak Tp during the CR cycles [73]: 

(3) 

 

where q− corresponds to the cooling rate preceding the heating scan from which the Tp is 

determined; for practical purposes, q+ is used/mentioned in the cases when q−/q+ = 1. The 

dependences represented by Eq. 3 are shown in Figs. 8A and 8B for the two series of 

depolymerized PDX samples (50 cycles at variable Td vs. variable number of cycles at Td = 

190 °C). As the dependencies are fairly linear, no restrictive selection of the evaluated q+ 

range was adopted. The spacing between the individual dependences well demonstrates the 

evolution of Tp (practically similar to Tg) with the degree of depolymerization. Contrary to the 

non-monotonous trend in the evolution of the cumulative molar mass, where a significant gap 

occurred between Tds 150 and 170 °C (see Fig. 7C and the corresponding discussion), the 

decrease in Tg monotonously accelerates with Td. On the contrary, it is the isothermal 

degradation kinetics (expressed by the change of Tg/Tp in Fig. 8B) that shows an extreme 

during the initial 20 cycles. The corresponding ∆h* values, determined by using Eq. 3 on the 

data from Figs. 8A and 8B, are depicted in Figs. 8C and 5D, respectively. The plasticization 

effect can evidently decrease the ∆h* of PDX by almost 50 %. 
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Fig. 8: A) Evaluation of the CR cycles (in accordance with Eq. 3) measured for the samples subjected to the 1st 

series of the depolymerization temperature programs. 

 B) Evaluation of the CR cycles (in accordance with Eq. 3) measured for the samples subjected to the 2nd 

series of the depolymerization temperature programs. 

 C) ∆h* values determined from graph A according to Eq. 3. 

 D) ∆h* values determined from graph B according to Eq. 3. 

 

 In the second step of enumerating Eqs. 1 and 2, the pre-exponential factors were 

determined by means of non-linear optimization based on the algorithms introduced in [74]. 

Note that the instrumental distortive effects of the Q2000 DSC do not affect the position of 

the glass transition effect on the temperature axis, and thus an accurate determination of ATNM 

is possible. The pre-exponential factor values determined for the present PDX samples with 

different depolymerization degrees are summarized in Table 1.  
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Table 1 

 

Values of the pre-exponential factor lnA determined by the non-linear optimization for the 

PDX samples with different degrees of depolymerization. 

 

Temperature program ln(A/s) 

virgin PDX −195.7 

50 cycles, td = 5 min, Td = 110 °C −183.0 

50 cycles, td = 5 min, Td = 130 °C −179.9 

50 cycles, td = 5 min, Td = 150 °C −148.0 

50 cycles, td = 5 min, Td = 170 °C −128.5 

50 cycles, td = 5 min, Td = 190 °C −165.9 

10 cycles, td = 5 min, Td = 190 °C −164.3 

20 cycles, td = 5 min, Td = 190 °C −117.5 

30 cycles, td = 5 min, Td = 190 °C −104.0 

40 cycles, td = 5 min, Td = 190 °C −138.8 

 

 

 

The ∆h* & ATNM combinations were consequently used to simulate a dense matrix of 

theoretical CHR cycles data series, where the temperature program copied the one used for 

the actual experiments (see Section 2) and the input parameters were (in addition to the 

already determined ∆h* & ATNM) different combinations of the parameters β and x (both 

varied from 0.2 to 0.8 with a step of 0.05). In this way, 169 different sets of CHR cycles were 

simulated for each PDX sample defined by the characteristic ∆h* & ATNM combination. These 

data were used as a basis for the simulation-comparative method [72, 75], which is built upon 

the comparison of the experimentally determined and theoretically simulated values of the 

relaxation peak height Cp
max. This quantity is determined as follows: 

 (4) 

where Cpl and Cpg are the extrapolated heat capacities in the liquid and glassy states, 

respectively, and Cp
Tmax is the heat capacity corresponding to the maximum of the relaxation 

peak (Eq. 4 effectively normalizes the Δcp between 0 and 1). The evolution of the 

experimental Cp
max values is for both PDX depolymerization series shown in Fig. 9.  
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Fig. 9: A) Cp
max values determined according to Eq. 4 from the CHR cycles measured for the samples subjected 

to the 1st series of the depolymerization temperature programs. 

 B) Cp
max values determined according to Eq. 4 from the CHR cycles measured for the samples subjected 

to the 2nd series of the depolymerization temperature programs. 
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Fig. 10: Schematic visual representation of the application of the simulation-comparative method to the selected 

sets of CHR cycles measured for partially depolymerized PDX samples. Points represent experimental 

data; lines correspond to the Cp
max−log(q−/q+) dependences theoretically simulated for different β&x 

combinations (∆h* and lnA input into the simulations were determined for each set of experimental 

CHR cycles prior to the application of the simulation-comparative method). Colors in graphs B and C 

correspond to the different β sets (the lower the Cp
max, the lower the β). Within each β set, the non-

linearity parameter x decreases as Cp
max increases. 
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Apparently, the height and the overall shape of the relaxation peak do not change even 

during relatively long depolymerization at 130 °C, which may indicate a threshold for the 

macroscopic manifestation of the depolymerization kinetics. These dependencies are then 

compared to the theoretical data simulated [74, 75] for the identical temperature program, 

corresponding ∆h* & ATNM values (these quantities need to be determined beforehand), and 

various combinations of β and x. The best fit can be evaluated either visually or numerically 

(as was the present case, using the minimum value of the sum of squared residue). In Fig. 10, 

example comparisons of experimental and theoretically simulated data are shown to 

demonstrate the density of the simulated data-curves matrix. The method can be further 

improved by considering additional characteristic parameters of the relaxation curves (apart 

from Cp
max) or by combining the algorithm with iterative visual (performed manually) 

verification of the overall shape of the CHR cycles set. 

 The ultimate outcome of the above-described methods, i.e., the TNM parameters 

obtained for the structural relaxation process in the PDX samples with different degrees of 

depolymerization (and plasticizer content), is shown in Fig. 11. Since two different series of 

depolymerization temperature programs were applied, the Tg value was chosen as a common 

denominator as it should best correspond to the amount of released/present mer p-dioxanone 

units. Starting with the apparent activation energy of structural relaxation ∆h* (see Fig. 11A), 

the increasing plasticizer content leads to a large decrease in ∆h* – from ~ 430 kJ·mol−1 for 

the virgin non-degraded PDX to ~ 210 kJ·mol−1 for the PDX with Tg ≈ −40 °C. This agrees 

with the expectations; the plasticization-caused spacing-apart of the polymer chains results in 

larger free volume and increased freedom for the segmental relaxation movements. 

Interestingly, at higher plasticizer contents (Tg < −40 °C), the activation energy starts to 

increase again (at a higher rate than that of the preceding ∆h* decrease).  
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Fig. 11: Dependence of the TNM parameters (∆h* in graph A, β in graph B, x in graph C) on Tg of the partially 

depolymerized PDX samples. Note that the data-point for 50 depolymerization cycles at Td = 190 °C 

is shared by both datasets. 
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While revealing the essence of this ∆h* increase, the first idea was based on the 

potential change of the degree of crystalline content inevitably formed during the preparation 

of the (intended) amorphous phase after the intense depolymerization. As shown in Figs. 2 

and 3, a small portion of the PDX material indeed crystallizes during the rapid cooling. 

However, the occurrence and intensity of the crystallization process are inconsistent with the 

discussed ∆h* increase – significant crystallization occurs already for the 50 5 min cycles at 

Td = 170 °C, where the ∆h* still decreases (Tg ≈ −30.5 °C). In addition, the amount of the 

crystalline phase formed during the preparation of the present highly depolymerized PDX 

samples is rather small. The achieved degrees of crystallinity χc were 6.7, 4.6, 3.4, and 1.3 % 

for the 50 cycles at Td = 170 °C, 30 cycles at Td = 190 °C, 40 cycles at Td = 190 °C, and 50 

cycles at Td = 190 °C, respectively. As was shown in [60], ∆h* does not change with the 

increasing PDX crystallinity χc. On the other hand, the discussed ∆h* increase very well 

corresponds to the occurrence of the melting peaks of the p-dioxanone (PDX mer) – see Figs. 

2 and 3 for the data on (30), 40, and 50 cycles of 5 min isotherms at 190 °C. The occurrence 

of the melting of the plasticizer indicates that the p-dioxanone crystallizes in a significant 

amount (not necessarily during the cooling/preparation of the amorphous phase), which is 

conditioned by its at least partial separation into a discrete phase. This possible segregation of 

the portion of the plasticizer may densify the domains with the remaining polymeric chains, 

which could lead to the increase in the activation energy for their movement. The continuous 

decrease in Tg could be, in such case, explained by either the ∆h* being dominantly driven by 

different complexity of relaxation movements compared to Tg or (more probably) by the high 

decrease in the molar mass partially mimicking the plasticizing effect (and thus contributing 

to the continued Tg decrease). 

Contrary to ∆h*, the TNM parameters β and x show a monotonous decrease with the 

amount of present p-dioxanone plasticizer – see Figs. 11B and 11C. Also, in the case of these 
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parameters, the small amount of the crystalline phase does not significantly affect the 

structural relaxation kinetics. The non-exponentiality parameter β was in [60] (a study of 

structural relaxation in partially crystalline PDX samples) not affected by χc increasing up to 

25 % of crystalline content, and the non-linearity parameter x only slowly gradually increased 

(by ~ 0.15 throughout the 0 – 25 % χc range). Hence, the trends depicted in Fig. 11 can again 

be attributed mostly to the effect of the present plasticizer. Bearing in mind that the non-

exponentiality parameter β reflects the (inverted) distribution of the relaxation times in the 

amorphous matrix [33], its decrease from 0.45 to ~ 0.25 can be interpreted as an increased 

variability of relaxation movements being introduced into the system with the released 

plasticizer. This is well consistent with the idea of the p-dioxanone embedded between the 

polymeric chains, reducing intermolecular interactions and enabling a greater variety of 

segmental movement. The initial faster decrease in β then corresponds to the first formation of 

the loosened pockets/domains that are further extended with additionally increasing 

plasticizer content.  

Regarding the non-linearity parameter x, it is generally interpreted as the measure of 

interconnectivity and of participation of larger structural entities in the structural relaxation 

processes (↑x ≈ low participation of structural state and high participation of thermal 

vibrations). [33] In this context, the decrease in x with increasing p-dioxanone content can be 

perceived as an increasing influence of the current structural (dis)order on the relaxation 

movements. This may be counter-intuitive considering the large decrease in molar mass and 

general shortening of the polymeric chains, but the plasticization-initiated increase in the 

overall mobility of the polymeric segments may also lead to the possibility of their more 

intense interaction during the structural relaxation re-ordering. 
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5. Conclusions 

 The effect of self-plasticization on the structural relaxation process (proceeding in the 

glass transition range) was investigated for the polydioxanone polymer. The thermally 

induced self-plasticization was realized directly in the DSC cell by applying a variety of 

cyclic temperature programs. In this way, PDX samples with Tg ranging from −52 to −13 °C 

were prepared. The depolymerization rate appears to be controlled not only by the 

temperature but also by the number of re-melting cycles. One possible insight into this 

phenomenon (reserved for future investigation) may be represented by a higher chance for the 

random chain scissions (as opposed to the end-chain scissions) being associated with the re-

melting/re-solidifying processes. The end-chain scission depolymerization mechanism was 

confirmed to be the dominant one for PDX, as the presence of large amounts of the p-

dioxanone monomer was detected (via its DSC melting peak) for highly depolymerized 

samples. 

Apart from the obvious large decrease in Tg, the effect of the self-plasticization on the 

structural relaxation process was expressed in terms of the evolving trends in the TNM model 

kinetic parameters. The activation energy was found to first decrease with plasticization (from 

~ 430 kJ·mol−1 to ~ 210 kJ·mol−1) in the −13 to −40 °C Tg range, which is consistent with the 

plasticization-caused spacing-apart of the polymer chains resulting in larger free volume and 

increased freedom for the relaxation movements. For the highly plasticized PDX samples (Tg 

in the −52 to −40 °C range), the ∆h* increases from ~ 210 kJ·mol−1 to ~ 310 kJ·mol−1, which 

appears to be associated with possible segregation of the portion of the plasticizer into a 

discrete phase (evidenced by its suddenly highly increased tendency toward crystallization). 

The non-exponentiality parameter β decreases with plasticization from 0.45 to 0.25, which is 

consistent with the idea of the plasticizer loosening the polymeric chains and enabling a 

greater variety of the segmental movement. The non-linearity parameter x decreases with 
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plasticization from 0.35 to 0.2, which indicates a higher dependence of the segmental 

relaxation movements on their current physico-chemical and steric surrounding.  

Can these findings be generalized to other polymeric materials? If we base the answer 

on the comparison of the present results with the main literature-reported links between the 

plasticization and structural relaxation (as presented in the introductory part), it can be 

concluded that the following statements are unambiguously confirmed by the current study: 

plasticization decreases Tg and the relaxation time in general; plasticization broadens the 

distribution of relaxation times. On the other hand, the present results, showing the non-

monotonous development of the relaxation activation energy with the degree of plasticization, 

added even more complexity to the current state of knowledge, where the relevant studies 

have for other polymers so far reported either only monotonously increasing or decreasing 

∆h*. Lastly, the present data also indicate that the plasticization increases the cooperativity 

during the relaxation motions of particular segments within the polymeric matrix – despite the 

fact that the molar mass largely decreases during the self-plasticization. This interpretation of 

the x-Tg plasticization is, however, relatively new [76], and requires further verification. 
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