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Abstract 

 

The existence of a “memory” of the previous crystalline state, which survives 

melting and enhances re-crystallization kinetics by a self-nucleation process, is well-

known in polymer crystallization studies. Despite being extensively investigated, since 

the early days of polymer crystallization studies, a complete understanding of melt 

memory effects is still lacking. In particular, the exact constitution of self-nuclei is still 

under debate. In this perspective, we provide a comprehensive and critical overview of 

melt memory effects in polymer crystallization. After the phenomenology of the process 

and some key concepts are introduced, the main experimental results of the last decades 

are summarized. Analogies and discrepancies of the melt memory characteristics of 

different polymeric systems are highlighted. Based on this background, the most 

significant interpretations and theories of melt memory effects are described; 

underlining that different interpretations may apply to various specific cases. Recent 

insights on self-nucleation, gained thanks to a multi-technique approach (combining 

calorimetry, rheology, infrared and dielectric spectroscopy), are presented. The role of 

intra/inter-chain segmental contacts in the strength of melt memory effects, and the 

differences between homopolymers and copolymers behavior, are discussed. Finally, 

we identify areas where further research in the field is needed to shed light on the long-

standing questions regarding the origin of melt memory effects in semi-crystalline 

polymers. 
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1. Introduction and phenomenology of self-nucleation and melt memory 

effects 

1.1. Homogeneous and heterogeneous nucleation 

Polymer nucleation can, in principle, proceed by spontaneous aggregation of 

chain segments to form homogeneous nuclei. This homogeneous nucleation involves 

the production of new surfaces and results in a high energy barrier that requires very 

large supercooling to be surpassed1-3. Hence, homogeneous nucleation does not often 

occur in bulk polymers at conventional cooling time scales. 

Polymer chains prefer to nucleate on pre-existing surfaces, a process that 

requires a significantly lower energy barrier and much lower supercoolings. This 

process is known as heterogeneous nucleation and occurs in bulk polymers since they 

normally contain a substantial amount of heterogeneities, such as catalytic debris, 

impurities or additives1-6.  

When a bulk polymer sample is divided into a series of small domains whose 

number is larger than the number of efficient heterogeneities that are contained within 

the polymer, a certain number of domains without any active heterogeneities will be 

produced. This is the principle behind the classic “droplet experiments” performed in 

metals7-10, alkanes11 and polymers4, 12-15 to study homogeneous nucleation.  

Droplet experiments have been recently revisited by Dalnoki-Veress et al.16-20. 

In one example16, they spin-coated poly(ethylene oxide), PEO, on a polystyrene, PS, 

substrate and then they annealed the sample. In this way, PEO is dewetted from the PS 

substrate, thereby producing an ensemble of PEO droplets. Figure 1a shows results from 

Massa and Dalnoki-Veress17, where they have followed the fraction of solidified 

droplets as they cooled a sample that is composed of clean PEO droplets produced by 

dewetting. The droplets that have crystallized are easy to recognize by their 

birefringence (they appeared as bright white dots in Figure 1a) in comparison to the 

amorphous dark droplets (see inset). Clean PEO droplets crystallized in the range of -2 

until -7°C upon cooling from the melt. For bulk PEO or for droplets with active 

heterogeneities, the crystallization temperature range was 56-46°C. Moreover, 

performing isothermal experiments, Dalnoki-Veress et al. 16-20 found that for larger 

droplets, the nucleation rate was faster, and it scaled with the third power of the radius 
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of the droplet. This confirmed that the homogeneous nucleation occurs inside the 

volume of the PEO droplets, and also that surface nucleation was not observed. 

-90 -60 -30 0 30 60 90 120

b)

S39EO61
46

S39EO61
46

Cold
cryst.

TgTg

S81EO19
19

S81EO19
1910

 m
W

 

He
at 

Fl
ow

, E
nd

o 
Up

 (m
W

) 

Temperature (°C)

 

2 m
W

 

 
Figure 1. Examples of homogeneous nucleation: a) Polarized light optical micrograph of a  

section of a PEO droplet dispersion (1000 µm wide) taken at Tc=-2.6ºC. Amorphous droplets appear dark, 

whereas semi-crystalline droplets appear white under crossed polarizers. The plot shows the fraction of 

crystallized droplets as a function of temperature upon cooling. Reprinted with permission from ref. 17. 

Copyright 2004 APS Physics; b) Cooling and heating DSC scans (10 °C/min) for PS-b-PEO diblock 
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copolymers of different compositions (see text). Heterogeneous and homogeneous nucleation give rise to 

very different supercoolings, see the large differences in peak crystallization temperatures. The difference 

in melting points is due to the difference in molecular weights between the two PEO blocks. Adapted 

with permission from ref. 28; c) Crystallization half-times of iPP at low (heterogeneous nucleation) and 

high supercooling (homogeneous nucleation). Images in the inset show morphologies obtained in the two 

distinct nucleation regimes (top image optical microscopy, bottom image AFM), with the red dots 

indicating nuclei position. Left images: homogeneous nucleation; right images: heterogeneous nucleation. 

Adapted with permission from ref. 36 Copyright 2017 IOP Publishing.   
 

Other convenient ways to subdivide a bulk polymer into individual droplets are 

the use of immiscible polymer blends,21-23 block copolymer microphase separated 

microdomains23-33, or polymers infiltrated in alumina templates23, 32-34. In some of these 

cases, much smaller microdomain (or nanodomain) sizes can be obtained.  

One example is provided in Figure 1b, where changing the composition of 

strongly segregated PS-b-PEO diblock copolymers can change the morphology, and 

concomitantly the nucleation mechanism of the PEO microphase separated domains. In 

copolymer S39EO61
46 (the subscripts give the composition in wt.% and the superscript 

the number average molecular weight of the entire copolymer, Mn, in kg/mol), the PEO 

phase forms a matrix where PS cylinders are dispersed. As the PEO phase constitutes a 

percolated matrix, the crystallization starts from heterogeneous nuclei with an 

exothermic peak at 37ºC, similar to that of bulk PEO28. However, when the block 

copolymer only contains 19% PEO, the morphology changes to a PS matrix filled with 

PEO nanospheres of approximately 20 nm in average diameter. The crystallization of 

these nanodroplets occurs at extreme supercoolings, i.e., around -30 to -50 °C, very 

close to PEO glass transition temperature (i.e., at circa -60 ºC). Since the number of 

droplets greatly exceeds the number of heterogeneities typically present in bulk PEO 

(about 1015 droplets/cm3 vs. ca. 106 heterogeneities/cm3), the majority of nanodroplets 

can be considered clean. Therefore, the crystallization must have started within the 

droplets by bulk homogeneous nucleation. We note that the differences in non-

isothermal crystallization temperature of the same polymer (PEO) in dewetted droplet 

or confined nanodomains of block-copolymers (Figure 1a and b) is attributed to the 

difference in the domain volume, another characteristic of homogeneous nucleation29.  

Another condition under which homogeneous nucleation can be observed is 

crystallization at very large supercoolings. Schick et al.35,36 have determined overall 

crystallization kinetics of several polymers in such temperature range employing fast 
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scanning calorimetry at cooling rates as large as 50.000 to 500.000 K/s. Their results 

show that at crystallization temperatures relatively close to the glass transition, the 

kinetics can be completely dominated by homogeneous nucleation even in bulk 

polymers that contain heterogeneities. The occurrence of homogeneous nucleation is 

manifested by a distinct change of crystallization kinetics and semi-crystalline 

morphology (see Figure 1c).35,36   

1.2. Melt memory as a special case of homogeneous nucleation 

The existence of memory effects has been experimentally observed for decades 

in quiescent polymer crystallization18,37-65. When a semi-crystalline bulk polymer is 

heated to temperatures well above the equilibrium melting point of the material (Tm
0) 

for long enough times (e.g., a few minutes), it is expected to melt and achieve an 

isotropic melt state. In the context of this perspective, the term “isotropic” does not 

refer to chain orientation, but it is used to describe a “fully relaxed” or “equilibrium” 

melt. This term is preferred here with respect to the often used “homogeneous”, in order 

to avoid possible confusion with the notion of “homogeneous nucleation”. If this 

isotropic melt is subsequently cooled in a DSC, the sample will crystallize, and the non-

isothermal crystallization exotherm observed will be reproducible and will always occur 

at the same peak crystallization temperature (Tc) (with some small variations due to the 

experimental error of the DSC technique which are in general smaller than 1 ºC), if the 

experimental conditions are kept constant. In this case, the material nucleates on 

existing heterogeneities which are temperature resistant (in the temperature range 

employed) and the peak crystallization temperature is a function of the nucleation 

density in the polymer sample.  

Now let´s consider the case when this semi-crystalline polymer sample is heated 

to a temperature (which for convenience we shall term Ts) in between the 

experimentally observed melting point, Tm, and the equilibrium melting temperature, for 

a fixed amount of time (e.g., 5 min). As Ts, in this case, is higher than Tm (Tm being the 

temperature at which the endothermic melting peak completely disappears in a DSC 

heating scan), the polymer should not contain any crystal fragments that could act as 

self-seeds. Nevertheless, it is frequently observed (depending on the value of Ts) that 

upon cooling from the melt, the sample crystallizes at temperatures higher than the 

previous case (i.e., when the thermal history is completely erased), indicating that a self-

nucleation process has occurred. The lower the value of Ts, the higher is the Tc upon 
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cooling from the melt, indicating a stronger nucleation effect. This peculiar nucleation 

effect has been termed in different ways in the literature: crystalline memory38,39,41,56-

58,61,63,66-80, melt memory49,52,60,64,81-94, in some works both terms are used 

indistinctly18,47,48,62,65,95-98 and in other cases a more general term, memory effect, has 

been employed43,45,51,53,54,55,59,99-119. In this perspective, we will use the term melt 

memory to emphasize that this effect occurs when according to calorimetric evidence, 

there are no crystal fragments present in the melt (i.e., in the so-called Domain IIa, see 

section 1.3 below).  

These extra nuclei produced by melt memory (or self-nuclei) cannot be 

heterogeneous in origin, as the heterogeneous nuclei in the sample can only generate a 

limited amount of crystal nuclei, this is reflected in the constant value of Tc obtained 

when the sample is cooled from the isotropic melt. In fact, the additional self-nuclei 

generated by the melt memory effects arise from the “structure” of the non-isotropic 

melt, and therefore must be considered as a special case of homogeneous nucleation, 

as these extra nuclei are formed by aggregation of polymeric segments in the non-

isotropic melt.  

We again specify that the term “non-isotropic” in this context does not refer to 

any particular polymer orientation or anisotropy, but rather to a “heterogeneous” 

structure. We prefer to avoid the term “heterogeneous” melt in order not to generate 

possible confusion with heterogeneous nucleation. Such “structure” of the non-isotropic 

melt is not easy to ascertain with precision. As it will be discussed in more detail below, 

this melt structure has been hypothesized as being a residual orientation of the chains 

coming from the original macromolecular conformations in the crystal47,58,62,63,87,120 or 

produced by sticky interactions of the chains in the melt, arising from inter-chain 

segmental contacts, such as inter/intra molecular hydrogen bonds or other types of weak 

forces61,63-65,97.   

Finally, if Ts is lower than Tm, crystal fragments remain unmolten in the sample 

and constitute ideal heterogeneous nuclei, obviously providing a perfect lattice 

matching with the crystallizing material, that we shall term self-seeds. 

Experimental observations that demonstrated the effects of the employed Ts 

values on polymer crystal nucleation have been reported in the literature since the early 

days of polymer crystallization studies37-40,66-68,121-127. Figure 2a replots data reported by 

Banks and Sharples more than 50 years ago37. They studied the nucleation and 

crystallization of a poly(ethylene oxide) sample by polarized light optical microscopy 
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(PLOM) and dilatometry. The sample was isothermally crystallized from the melt at 

Tc=52.7ºC, then the sample was heated up to a selected Ts temperature for 10 min and 

later cooled to the same isothermal crystallization temperature, at which the number of 

nucleation sites was counted.  

Figure 2a plots the number of nuclei observed in the microscope field 

(corresponding to a volume of 7.5x10-6 cm3) as a function of Ts temperature37. There is 

a very large increase in nucleation density, as Ts is reduced. At the time, even when the 

effect of the melting temperature on the subsequent nucleation was recognized and 

indirectly related to some kind of memory, the nucleation was thought to be always 

heterogeneous. The authors explained their results by considering that impurities were 

present in the polymer containing crevices in which the polymer could crystallize to 

produce self-seeds with increased melting points, a speculation made earlier by Price122. 

The first data point was taken at a Ts temperature of 66.2ºC, which is the experimental 

melting point of the sample determined by dilatometry.  
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Figure 2. a) Effect of melt temperature on nucleation density observed by polarized light optical 

microscopy in PEO previously crystallized at 52.7ºC. Data replotted from the work of Banks and 

Sharples, ref 37. The y axis represents the number of nuclei observed in a viewed volume of 7.5x10-6 cm3. 

The three regions in the plot marked as (I), (II) and (III) separated by vertical lines, are explained in the 

text. b) Effect of dissolution temperature on nucleation density measured by electron microscopy 
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techniques in PE xylene solution (0.01 %). Data replotted from the work of Blundell and Keller, ref. 39. 

In the y axis the number of nuclei per gram of polymer is represented.  

 

The data presented in Figure 2a can now be explained, with the hindsight of 

recent studies on melt memory. The three different cases explained can be identified in 

Figure 2a from high to low temperatures:  

(I) Behavior dominated by heterogeneous nucleation produced by impurities or 

pre-existing heterogeneities. At temperatures higher than 90ºC, the nucleation density 

becomes low and constant, corresponding to the common case of heterogeneous 

nucleation (coming from existing heterogeneities in the bulk polymer) when cooling the 

polymer from an isotropic melt.  

(II) Behavior dominated by homogeneous nucleation produced by melt memory 

(self-nucleation). At lower temperatures, in between 70 and 90ºC, the nucleation 

density strongly depends on Ts temperature and increases as Ts decreases, indicating that 

a melt memory process is present. This additional nucleation is occurring from self-

nuclei present in the non-isotropic melt, a case of peculiar homogeneous nucleation that 

occurs in structured or self-nucleated melts.  

 (III) Behavior dominated by heterogeneous nucleation produced by self-seeds. 

At Ts values of 66.2ºC and lower, self-seeding occurs (i.e., crystals fragments will be 

present) and the nucleation density increased so much that Banks and Sharples were not 

able to determine it quantitatively (it is represented schematically as a dotted line in 

Figure 2a). 

Blundell et al.38 reported similar findings when studying the crystallization of 

single crystals in solution. They denoted the effects they measured as a new self-

nucleation phenomenon. They found that the crystallization time could be substantially 

shortened if the dissolution of a standard suspension of polyethylene crystals in xylene 

was carried out below a specific temperature, which they denoted Tf. The crystallization 

rate in solution decreased with the increase of Ts (the dissolution temperature, where Ts 

< Tf ), and the effect disappeared at Tf.  

In a follow-up publication, Blundell and Keller39 studied the crystallization of 

linear polyethylene (PE) in solution. First, the polymer was completely dissolved in 

xylene, and then it was cooled down until 80ºC to obtain PE solution grown crystals. 

These PE crystals were reheated to a Ts temperature. The effect of heating rate, the time 

spent at Ts temperature and the value of Ts temperature on the nuclei number were 
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studied. Microscopy techniques were employed to analyze the number of nuclei 

produced at different conditions. 

In Figure 2b, the data obtained by Blundell and Keller are shown by plotting the 

number of nuclei per gram of polymer as a function of dissolution temperature. As in 

the case of PEO (Figure 2a), at temperatures above 102ºC (i.e., temperature region 

labeled I), the number of nuclei does not change. At temperatures between 97 and 

102ºC the nucleation density increases upon reducing the Ts temperature due to the 

presence of self-nuclei which apparently were not completely dissolved, i.e., 

temperature region labeled II. At temperatures below 97ºC, there is some peculiar 

behavior in the nucleation density; in fact, a significant reduction of the nuclei number 

is observed, i.e., temperature region labeled III. This behavior can be explained 

considering that in this temperature region the polymer is not completely dissolved. 

 

1.3. Self-nucleation and self-seeding in polymer crystallization 

The terms self-seeding and self-nucleation have been used indistinctively in 

polymer nucleation studies in the past. However, we propose that a clear distinction 

should be made to clarify the nomenclature related to melt memory effects. 

Self-seeding is the process that leads to the production of seeds or crystal 

fragments that can act as nuclei. Although many early studies had noticed that 

incomplete polymer melting could generate self-seeding37-40,66-68,121-128, it was not until 

the work of Blundell et al.38 that this process was systematically studied128. In this early 

reference, the authors employed the self-seeding technique to control the nucleation 

process and the size of polyethylene single crystals grown from solution. Later, Fillon et 

al.43 developed a DSC based thermal protocol to apply similar concepts on melt-

crystallized isotactic polypropylene. They employed a very large temperature range 

encompassing the three different cases described in Figure 2 above. They referred to 

their study as self-nucleation (SN). 
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Figure 3. Schematic representation of a self-nucleation (SN) experiment43. 

 
We shall use the term self-nucleation (SN) in the general sense of applying a 

thermal protocol (like the one shown in Figure 3) to study polymer nucleation including 

a self-seeding temperature range, a melt memory temperature range and a 

heterogeneous nucleation temperature range, depending on the applied temperature and 

thermal history. Polymer self-nucleation employing DSC has been recently reviewed by 

Michell et al.62.  

Figure 3 illustrates the typical SN experimental protocol applied by DSC 

experiments. The standard procedure consists of 5 steps performed at a constant scan 

rate (e.g., 10ºC/min):  

(1) Erasing melt memory by heating up to 25-30ºC above the peak melting 

temperature for 3 min. This treatment is generally effective in erasing all thermal history 

and produce an isotropic melt in most homopolymer samples.  

(2) Producing a standard thermal history by cooling from the isotropic melt to a 

low temperature (at which the material has finished the non-isothermal crystallization 

process). The peak crystallization temperature obtained during this DSC cooling run 

constitutes the standard crystallization temperature (or standard Tc), and it is 

proportional to heterogeneity density present in the polymer sample.  
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(3) Heating to a temperature that we denote Ts. The sample is kept at this Ts 

value for 5 minutes.  

(4) Cooling from Ts to the minimum temperature at which the sample has 

finished its non-isothermal crystallization process.  

(5) Heating to the melting temperature needed to erase crystalline history, as 

established in step 1.  

Three self-nucleation Domains are defined by inspecting the DSC scans during 

the cooling and subsequent heating runs43,62. They critically depend on the value of Ts 

applied during step (3) above.  

The polymer sample is in Domain I or isotropic melt Domain if Ts is high 

enough to completely melt the polymer and produce an isotropic melt where only high-

temperature resistant heterogeneities remain.  

Domain II or self-nucleation Domain occurs when Ts is high enough to: (a) 

melt the majority of the polymer crystals but low enough to leave some crystal 

fragments that act as self-seeds in the lower part of Domain II or self-seeding sub-

Domain (Domain IIb); or (b) melt the polymer crystals but without erasing its melt 

memory, thereby creating self-nuclei (not self-seeds) in the higher temperature range 

of  Domain II or melt memory sub-Domain (Domain IIa).  

If the Ts value is lower than a certain temperature, it will only produce partial 

melting. In this case, the sample will be self-seeded and additionally, the crystals that 

did not melt will be annealed, and the polymer will be in Domain III or self-nucleation 

and annealing Domain (or self-seeding and annealing Domain). 

To illustrate the application of the self-nucleation protocol, we have chosen 

poly(butylene succinate), PBS, as an example, as it displays all 3 self-nucleation 

Domains, including a pronounced melt memory sub-Domain IIa.  
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Figure 4. Self-nucleation of PBS: a) DSC cooling scans from the indicated self-nucleation (Ts) 

temperatures and b) subsequent heating scans at 10ºC/min from ref. 57.  

 

Figure 4a shows DSC cooling runs from selected Ts values. At Ts ≥134ºC, the 

melt memory is completely erased, and the material is in Domain I or complete melting 

Domain. The peak crystallization temperature is constant in Figure 4a for these Ts 

temperatures (as the number of temperature resistant existing heterogeneities in the bulk 

polymer is also constant) and the melting traces in Figure 4b are invariant upon 

subsequent heating. The DSC scans corresponding to Domain I have been drawn in red 

in the digital version of this paper. This is the typical behavior of a bulk polymer 

crystallizing by heterogeneous nucleation. 

PBS experiences only self-nucleation when Ts temperatures lower than 134ºC, 

but higher than or equal to 116ºC, are employed, and its crystallization temperature 

correspondingly increases (Figure 4a). The maximum peak melting points in Figure 4b 

do not show any signs of annealing. The sample is in the exclusive self-nucleation 

Domain (i.e., Domain II). A blue color code has been used to denote Domain II in 

Figure 4 (see the digital version of the paper). As Ts temperature decreases, the cold 

crystallization process in the subsequent melting of PBS disappears, as the sample can 

increase its crystallinity degree during cooling because of the enhanced nucleation. 

Finally, when Ts ≤ 115ºC is employed, the melting is only partial and the 

unmolten crystals thicken (i.e. anneal) during the 5 min holding time at Ts, the sample is 
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then in the self-nucleation and annealing Domain (Domain III) or self-seeding and 

annealing Domain. The appearance of a high temperature additional melting peak (see 

Figure 4b, heating scan after SN at Ts=115ºC) is a signature of Domain III, as signaled 

with an arrow in Figure 4b. The DSC curves in Domain III are plotted in green in the 

digital version of the paper. 

 
Figure 5. A plot of the self-nucleation Domains for PBS homopolymer (vertical lines) on top of 

the standard DSC melting trace (with color codes for the digital version of the article, green: DIII, blue: 

DII and red: DI). Insets include PLOM micrographs taken during cooling from Ts=145ºC (Domain I) and 

Ts=116ºC (Domain II). The data points represent peak crystallization temperatures obtained after SN 

(plotted on the right-hand side y-axis) as a function of Ts values (plotted on the x-axis). Notice the solid 

vertical lines dividing the three different self-nucleation Domains. A segmented vertical line indicates the 

division of Domain II into two sub-Domains: at low temperatures, the narrow self-seeding sub-Domain 

IIb (where crystal fragments act as self-seeds) and at high temperatures, the much wider melt memory 

sub-Domain IIa exhibited by PBS (where the Ts temperature is higher than the end of the melting 

endotherm). Modified figure from ref. 57.   

 

Figure 5 shows a summary of the SN results plotted in a single figure. The 

standard DSC melting scan of the PBS homopolymer has been plotted  (i.e., the 

subsequent heating scan after the sample was cooled from the isotropic melt, Domain I, 

at 10ºC/min) and vertical lines separate the three different self-nucleation Domains.  

Color codes are used (in the digital version of the paper) to indicate the Domains as in 

Figure 4: red for Domain I, blue for Domain II and green for Domain III. The changes 

in peak crystallization temperatures (Tc) as a function of Ts values have also been 
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represented in Figure 5 (see data points referred to the right-hand side Y-axis with Ts 

temperatures plotted in the X-axis).  

A significantly large increase in Tc can be seen in Figure 5, as the sample crosses 

from Domain I to Domain II (going from right to left), which is directly related to the 

exponential increase in nucleation density caused by the newly created self-nuclei in 

Domain II43,62. Müller et al. have argued that Domain II can be divided into two sub-

Domains62,65, as indicated by a segmented vertical line. In the low-temperature part of 

Domain II (labeled DIIb), self-seeding is the origin of the increase in nucleation density 

as Ts decreases, since crystal fragments (i.e., self-seeds) are present in this Ts 

temperature range, as the polymer did not completely melt at temperatures between 116 

and 118ºC. In DIIb crystal fragments surviving from partial melting can produce 

nucleation by homo-epitaxy.  

It is remarkable how the high-temperature melt memory sub-Domain IIa 

(labeled DIIa in Figure 5) encompasses temperatures much higher than the end of PBS 

melting. The self-nuclei present in the temperature interval between 119 and 133ºC 

cannot be crystalline as the temperature is too high. Hence, they must be regions in the 

self-nucleated melt with memory but without crystalline order. The nature of such self-

nuclei will be discussed in detail below.  

Two micrographs (obtained by PLOM) are shown in Figure 5 to illustrate the 

increase in the number of nuclei per unit area produced by self-nucleation. The 

micrographs were taken during cooling at 10ºC/min, during step (4) of the SN protocol 

(see Figure 3 and its description above). The first one upon cooling from Ts=145ºC 

(Domain I) and the second from Ts=116ºC (Domain IIb). The self-nucleated sample 

(Domain IIb) contains a much larger number of smaller spherulites as compared to the 

sample cooled from Domain I.  

Figure 6 presents a cartoon that summarizes and schematizes the SN Domains. 

Domain I is characterized by the presence of random coils (i.e., a way to represent the 

isotropic melt state). Self-nucleation occurs in Domain II, where two possibilities or 

cases are depicted in Figure 6. In the high-temperature range Domain II (or DIIa in 

Figure 5), some residual chain orientation remains in the melt (with ordered chain 

segment conformations similar to those in the crystals) as one possible way of 

representing melt memory (detailed discussion on the nature of the self-nuclei or melt 

structure will be given later in the text). 
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In the low-temperature range Domain II (or DIIb in Figure 5), the situation is 

similar to that in DIIa but with additional small fragments of crystals (self-seeds) that 

do not anneal during the time spent at Ts. Finally, in Domain III the material is only 

partially melted, and the unmolten crystals thicken or anneal during the 5 min at Ts. 

A final important definition can be made based on the above discussion and on 

Figure 6. From the melt memory point of view, it is important to define two types of 

melts. An isotropic melt is a relaxed melt obtained in Domain I after all thermal history 

and melt memory have been erased. On the other hand, the self-nucleated melt or non-

isotropic melt is the melt that contains self-nuclei (and not self-seeds) of unknown 

origin (see the cartoon on the right-hand side of Figure 6 corresponding to the high Ts 

DII or DIIa melt). These chains have neighboring segments possessing a residual 

correlation in the orientation (which have been drawn in the cartoon of Figure 6, 

corresponding to DIIa, in blue color) as they were once in the same crystal.  

 

 
 
Figure 6. A schematic cartoon illustrating the different self-nucleation Domains. Based on ref. 

62. Copyright 2017 Springer Nature. 

 

We note that, so far, we only discussed melt-memory effects on crystallization 

upon cooling. Recently, it has been underlined that a partially ordered melt is also 

generated when crystals of low thermal stability are melted, and this structured melt-

state is able to enhance the re-crystallization process upon heating, before final melting. 

DI

DIIa

DIII

DIIb
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The interested reader can find more detailed information in some recent publications129-

131, as this particular case of self-nucleation will not be discussed here. Moreover, non-

equilibrium melt memory phenomena which are known to affect crystallization, such as 

those arising due to the relaxation of the effect of flow91,132,133, or to the existence of a 

transient partially disentangled melt topology134-136, are similarly not the focus of this 

Perspective article. 

Therefore, after the essential concepts related to self-nucleation and memory 

effect have been outlined, the main experimental findings will be presented in the next 

section and used as a basis for the discussion of the main interpretations that have been 

proposed in the literature. Finally, the most recent results obtained by combining several 

characterization techniques will be summarized, and some directions for future research 

will be outlined. 

 

2. Effect of experimental variables on melt memory 

2.1. Effect of self-nucleation temperature on crystalline morphology and 

structure  

As outlined in section 1, self-nucleation greatly changes the morphology of the 

re-crystallized material. In general, the nucleation density and, consequently the final 

size of the spherulites, can be modified with this thermal procedure. 

Lorenzo et al.47 studied the morphology of isotactic polypropylene (iPP) 

employing polarized light optical microscopy (PLOM). They observed that for samples 

crystallized upon cooling from temperatures corresponding to Domain I, the 

morphology does not change since, in this temperature region, only temperature 

resistant heterogeneities remain in the sample, and nuclei form onto them at a given 

undercooling. When the self-nucleation temperature is reduced to temperatures 

corresponding to Domain II, an increase of the nucleation density and a reduction of the 

size of the spherulites is observed due to the presence of self-nuclei in DIIa or self-seeds 

in DIIb. At the temperature range corresponding to Domain IIb the size of the 

spherulites is really small and a granular morphology is obtained. Finally, in Domain 

III, according to the authors, a “phantom spherulite” morphological pattern is 

observed43,47.  

A detailed study of the morphology of iPP corresponding to each self-nucleation 

Domain has been performed by Hu et al.116. The authors have found that depending on 
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the self-nucleation temperature, the size, birefringence, and the parent and daughter 

lamellae content (i.e., radial and tangential lamellae) varies. When the sample is 

crystallized upon cooling from a Ts corresponding to Domain I, the spherulites contain 

radial and tangential lamellae. For samples crystallized in Domain II, the morphology 

changes from spherulites to granular, but the cross-hatched lamellar structure is 

preserved. Finally, for samples crystallized in Domain III, there are mainly radial 

lamellae and only a few tangential lamellae, resulting in negative birefringence116. 

In Table S1 of the Supporting Information, the increase of the nucleation density 

obtained in the literature employing self-nucleation procedure is summarized for 

different polymers. A large variability between the different materials in the nucleation 

density increase can be noticed. In fact, the nucleation density of the self-nucleated 

samples can be from few times up to several orders of magnitude higher than the one 

obtained for heterogeneous nucleation from an isotropic melt. These differences could 

arise from the preparation method, the detection method and the thermal procedure 

(isothermal vs. non-isothermal crystallization). Although this spread in the measured 

nucleation density does not allow the identification of a common limiting value for the 

number of self-nuclei, it clearly indicates that the detectability of memory effect is 

highly dependent on the initial value of nucleating heterogeneities in the polymer.  

On the other hand, the literature values of spherulite sizes or nucleation density 

suggest that the typical concentration of self-nuclei induced by SN at the ideal self-

nucleation temperature within Domain IIb lays in the range of 106-109 cm-3. Although 

the increase is meaningful, if compared to the common number of nucleating 

heterogeneities, it is still much smaller with respect of the number of nuclei that can be 

generated through homogeneous nucleation at much lower temperatures (larger 

supercoolings) by employing Fast Chip Calorimetry (of the order of 1015-18 cm-3 36,137). 

This difference may be related indeed to the larger supercoolings that can be applied by 

the ultra-fast cooling rates before nucleation can start. For instance, Fillon et al.43,100,101 

reported for iPP an increase in nucleation density of one order of magnitude for each 

degree of reduction in Ts temperature (equivalent to an increase in supercooling by 1ºC). 

Such results highlight the importance of supercooling also on self-nucleation. If the 

differences in supercooling could be neglected for the two cases (self-

nucleated/homogeneous nucleated polymer), one could speculate that the striking 

difference in the generated number of nuclei may indicate that self-nucleation involves a 
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relatively low number of molecules that conform the self-nuclei or a smaller number of 

crystal fragments that form the self-seeds.    

In the case of polymorphic polymers, the content of the different crystalline 

phases can also vary, depending on the self-nucleation temperature. The effect of the 

self-nucleation thermal procedure on the content of polymorphism has been studied for 

several polymers, such as iPP43, poly(1-butene)51,54,87, poly(amide 11)45, 

poly(vinylidenefluoride)85,119, poly(butylene adipate)73 among others138-140. The relevant 

literature is summarized in Table S2 of the Supporting Information. The interested 

reader is referred to the cited works since the extensive discussion of the role of 

polymorphism in self-nucleation is out of the main scope of this perspective article. 

However, since often the polymorphs of a given semi-crystalline polymer differ in chain 

conformation (e.g., extended vs. helical, etc…), the observed memory effect on 

polymorph selection, other than on re-crystallization kinetics, implies persistence in the 

melt of specific ordered conformers. In fact, a relation between self-nucleation and 

content of certain conformational bands in the melt, as measured via FT-IR, has been 

suggested in few cases106,141.  
 

2.2. Effect of annealing time  

The determination of the different self-nucleation Domains critically depends on 

the self-nucleation temperature (Ts), but it could also be dependent on the time spent at 

Ts
62. As it has been explained in Section 1, during the SN protocol employed to 

determine the different self-nucleation Domains, the values of Ts are systematically 

varied, while the time spent at Ts is maintained constant. Varying this time may affect 

the transition temperatures between Domains, as well as the width of Domain II. In the 

literature, the effect of annealing time at constant Ts temperatures has been studied, 

although the results obtained are not always in agreement.  

Fillon et al.43 studied the effect of annealing time on SN. The self-nucleation 

procedure was applied to iPP varying the time from 5 min to 20 min, at a temperature 

corresponding to Domain II. However, the crystallization temperature upon subsequent 

cooling from Ts did not change. They concluded that SN times longer than 5 min were 

unnecessary, as the produced self-nuclei saturated the total possible number of nuclei in 

the sample. 
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Similar results have been found more recently with propene/ethylene 

copolymers64, as maintaining the sample at Ts temperatures within Domain IIb (i.e., the 

self-seeding Domain, where crystal fragments remain in the sample) for 1000 min did 

not change crystallization temperatures significantly. The effect of self-nucleation time 

on the crystallization temperature has also been studied with halogen-substituted 

polyethylenes94. A Ts temperature corresponding to Domain IIa was selected and long 

holding times at Ts were employed (i.e., 600 to 1200 min). No large variations of 

crystallization temperatures were observed.  

However, different trends have also been reported in the literature. It has been 

observed that the number of nuclei can be reduced for some polymers when long times 

at Ts temperatures within Domain II are applied. In most cases, the complete 

disappearance of the memory effects has not been observed.  

Alfonso and Ziabicki142 studied iPP with different molecular weights focusing 

on the effect of the time spent at temperatures above melting on the subsequent 

crystallization kinetics. The thermal procedure employed was different than that usually 

applied in SN studies (see Section 1), as in their work, the sample was cooled down 

from Ts until a constant temperature, at which isothermal crystallization kinetics was 

determined.  
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Figure 7. iPP crystallization peak-time (tp) as a function of holding time (ts) at the indicated Ts 

temperatures142. 

 

Figure 7 shows the time needed to isothermally crystallize iPP (expressed as the 

peak crystallization time at constant Tc values) as a function of holding time for 

different Ts temperatures. Increasing the time spent at Ts in the melt, the time needed to 

crystallize the sample increases, which indicates that the number of active nuclei is 

reduced. At temperatures that are well above the experimental melting temperature, i.e., 

240 and 260 °C, the crystallization rate after about 100 min is practically the same as 

the one after a holding time of 20 min. Although the plateau value is not reached yet, 

the memory effect is clearly vanishing. Interestingly, this final crystallization time is 

independent of the adopted Ts temperature, as long as Ts is above the equilibrium 

melting temperature of iPP. At temperatures just above the experimentally measured 

melting temperature, the crystallization time does not reach the same plateau value, 

even when very long holding times (hours) are applied. Analyzing the kinetics of decay 

of the memory effect on crystallization at the different Ts, an activation energy of 89 

kJ/mol was calculated. Accordingly, Alfonso and Ziabicky142 proposed that the 

disappearance of clusters or athermal nuclei (self-nuclei) is controlled by chain self-

diffusion. 
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Figure 8. a) Standard melting endotherm of the iPP sample studied by Lorenzo et al.47. Vertical 

bars represent the limits between Domains. b) Dependence of the peak crystallization temperature (Tc) of 

iPP as a function of the time spent at the different Ts temperatures during self-nucleation in Domain II. 

Data taken from ref. 47.  

 

The work of Lorenzo et al.47 should be highlighted since they studied the effect 

of the time spent at Ts for temperatures within both Domain IIa and IIb in iPP and PCL. 

Figure 8a shows the melting DSC scan of the iPP sample employed by Lorenzo et al.47 

together with the indication of the SN Domains. Figure 8b shows the SN time 

dependence of crystallization temperature for the same polymer. Increasing the time 

spent at Ts, the nucleation density was reduced, and thus the crystallization temperature 

decreased. As could be expected, the decrease in the crystallization temperature depends 

on the values of Ts. At Ts temperatures corresponding to Domain IIa (see for example, 

Ts=168ºC in Figure 8), the nucleation density was reduced within 1 hour to the 

characteristic values of the iPP sample whose melt memory effect has been erased (i.e., 

standard iPP sample in Domain I). On the other hand, at lower Ts temperatures, within 

Domain IIb, even when maintaining the sample for 2 hours at Ts, the nucleation density 

remained higher than that in the standard iPP sample, implying that much longer times 

would be required. Analogous results were obtained with PCL samples of different 

molecular weights47.  

Chen et al.143 have recently studied the effect of annealing time on the memory 

effect of ethylene/1-butene random copolymers by varying the time spent at the Ts 

temperature. A hydrogenated polybutadiene (HPB) sample with a low molecular weight 

(16,000 g/mol) was heated to 140ºC (a Ts value corresponding to Domain IIa), which in 

this particular case is just above its equilibrium melting temperature (Tm
0= 138ºC), for 

times as long as 1200 min. A reduction on the crystallization temperature of only 1ºC 

was obtained, in comparison with holding the same sample for only 5 min at the same 

temperature. This indicates the very high stability of self-nuclei.  

The authors143 have also analyzed the extent of melt memory, which they 

defined as the difference between the crystallization temperature of the sample cooled 

from an isotropic melt and that of the sample self-nucleated at 140ºC. The 

disappearance of the melt memory effect is more difficult with the increase of the 

molecular weight of the samples due to the increase in their melt viscosity, which 
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results in an enhancement of the topological constraints that hinder the randomization of 

the polymer melt.  

10 100 1000

1.0

1.5

2.0

2.5

 

 

151ºC
150ºC
149ºC
148ºC
147ºC
145ºC

∆T
c, 

pe
ak

 (ºC
)

t (min)
 

Figure 9. Strength of the melt memory effect as a function of annealing time at different self-

nucleation temperatures for a random ethylene/1-alkene copolymer (denoted as P16 sample in their work) 

at different Ts temperatures143. 

 

In the case of a random ethylene/1-alkene copolymer, the extent of melt memory 

is reduced by increasing the Ts temperature, however, it is not completely erased 

although annealing times as long as 1200 min are employed (Figure 9). In particular, the 

times for the dissapearance of melt memory effect are by far longer than the times 

involved in the reptation process of the polymer molecules. Chen et al. have been able 

to construct a master curve with the extent of melt memory effect versus annealing time, 

obtaining an activation energy from the “time-melt temperature” shift-factor of 1100 

kJ/mol. Such value is much higher than, for instance, the values reported for the 

dissolution of flow-induced nuclei in iPP. The activation energy for the dissolution of 

nuclei is also larger than that of viscous flow, and this was explained by the fact that it 

is related with the detachment of chain stems from the nuclei and their subsequent 

diffusion, being the stem detachment the rate-limiting step of the process. 

Summarizing, the literature reports different trends for the time dependence of 

memory effects. In some cases no effect of time was observed, even if times as long as 

several hours have been employed. However, if the temperature range of the different 



25 
 

self-nucleation Domains is considered (in case of the works for which this data is 

available), it should be noted that the effect of holding time at Ts becomes negligible for 

materials that are held at temperatures within Domain III. In the case of Domain IIb, 

where crystal fragments are still present, authors report either no effect or a reduction of 

nucleation density without reaching values similar to those of standard (non-self-

nucleated) samples. Only few works report that upon increasing holding time a 

reduction of melt memory effect is obtained, until all self-nuclei disappear and the 

behavior reverts to that of a sample whose melt memory effect has been erased. This has 

been reported for materials that are in the upper temperature range of Domain IIa, 

therefore at temperatures close to the border with Domain I.  

The persistence of the memory effect due to the presence of self-nuclei can be 

compared with that of flow-induced precursors. The kinetics of disappearance of the 

effect of flow on crystallization has been widely studied in the literature, on several 

polymers and with different techniques91,133,144,145. Generally, flow-induced effects on 

crystallization relax with characteristic kinetics which are much slower than rheological 

reptation times. The dissolution of these extra-nuclei is a thermally activated process, 

with activation energies ranging from 100 to 300 kJ/mol. Consequently, it is believed 

that the rate-determining step is not the relaxation of the oriented chain conformation, 

but rather the melting of quasi-ordered structures. Although some analogies between the 

dissolution processes of the two types of nuclei (self-nuclei and flow-induced nuclei) 

can be recognized, the differences in the disappearance temperatures and times are 

apparent when comparing the same polymer. For example, in iPP, flow-induced 

precursors can survive for few hundreds minutes91 at temperatures as high as 250 °C, 

while usually melt memory disappear in a self-nucleated sample upon holding the 

polymer for a few minutes at 170 °C. Therefore, the different nature of the two non-

equilibrium melts can be clearly inferred. 

It can be concluded that very long annealing times are needed to destroy self-

nuclei or to erase melt memory effect in a self-nucleated sample in Domain II. The 

increase of annealing temperature (within Domain II) facilitates the erasure of melt 

memory by shortening the necessary holding time. Nevertheless, long times are still 

required (usually hours), and this probably explains why in some of the systems 

reported in the literature no effect of time is observed in the analyzed Ts ranges and time 

intervals. The typically high activation energies associated to the disappearance of melt 



26 
 

memory effects point towards a highly cooperative process involved in the dissolution 

of self-nuclei. 
 

2.3. Effect of molecular weight and chain topology 

Molecular weight also influences melt memory, since the number of 

entanglements per chain is a function of chain length. Blundell and Keller studied the 

effect of molecular weight on melt memory with PE single crystals obtained after 

dissolving PE in xylene and then crystallizing the material from solution39. They studied 

PE narrow molecular fractions with Mw values of 6.8 x103 g/mol to 2.6 x 106 g/mol, 

with polydispersity ratios of 1.1. To compare the results, they measured the Ts required 

to obtain crystals of a certain size, which corresponds to a predetermined constant 

number of nuclei. They found that to have the same crystal size with the different 

molecular weights, the Ts required in each case was very different, from 95ºC in the 

case of the lowest molecular weight fraction to 105ºC in the case of the highest. These 

results imply that the melt memory effect increases as molecular weight increases. They 

speculated that nuclei are made by one single macromolecule, i.e., a high molecular 

weight chain from the end tail of the molecular weight distribution. 

In subsequent work, Keller and Willmouth studied the sensitivity of SN 

technique to the high molecular weight fraction of the molecular weight distribution68. 

They found that the presence of a high molecular weight fraction increases the 

nucleation density and, by measuring the number of nuclei for purposely designed 

blends, they could correlate the formation of self-nuclei with the specific high-end tail 

of the molecular weight distribution.  

More recently, several authors have studied the effect of molecular weight on the 

melt memory in bulk polymers. Lorenzo et al.47 and Pérez et al.56 studied PCLs of 

different molecular weights; they found that the transition temperature between 

Domains increased with the molecular weight. The width of Domain II, i.e., the 

temperature range at which self-seeding (DIIb) and melt memory effects (DIIa) are 

observed, also increased with molecular weight. In the case of PCL with a Mw=10 

kg/mol, the width of Domain II was equal to 6ºC, whereas, for a sample with 65 kg/mol, 

Domain II had a larger width of 15ºC. 47 This increase in melt memory effect can be 

explained considering that as molecular weight increases, the entanglements restrict the 

diffusion of the chains, which hinders the transition to an isotropic melt state. Thus, the 
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sample has to be heated to higher temperatures to reach Domain I and a wider Domain 

II is obtained. 

Similar results were reported for the case of ethylene/1-butene random 

copolymers (containing 2.2 mol % of ethyl branches). Reid et al.52 observed that for 

samples with molecular weights lower than 4.5 kg/mol the crystallization temperature is 

independent of Ts temperature, or, in other words, there is no melt memory effect. For 

samples with higher molecular weights, the transition temperature between Domain II 

and Domain I, increases with molecular weight. Remarkably, this transition temperature 

becomes higher than the equilibrium melting temperature Tm
0 for samples with 

molecular weights higher than 13.0 kg/mol, which corresponds to the critical molecular 

weight to obtain entanglements in polyethylene. The behavior of these random 

copolymers will be described in more detail in the next section. 

In addition to the molecular weight, chain topology is also important for the melt 

memory effect. In Figure 10, the self-nucleation results obtained by Pérez et al. for 

PCLs having the same molar mass but composed of either linear or cyclic chains are 

shown56. The width of Domain IIa, i.e., the temperature range at which memory effects 

occur, is wider for the linear sample than for the cyclic one. To explain the differences 

in Domain IIa widths, it should be noted that the entanglement density of linear and 

cyclic PCLs is different. In fact, in the case of cyclic PCL there are no chain ends, 

resulting in a lower entanglement density. Therefore, in the case of cyclic PCL lower 

temperatures are needed to reach an isotropic melt state or Domain I, which explains the 

narrower Domain IIa width in comparison with the linear PCL.   

The results obtained on different polymers with varying chain lengths, as well as 

the comparison between linear and cyclic analogs at constant molar mass, clearly 

highlight the role of topological constraints, i.e., entanglements, in determining the 

ultimate stability of self-nuclei or disappearance of melt memory effect. Moreover, a 

minimum value of molecular weight is also required for the manifestation of the melt 

memory effect, as confirmed by the absence of self-nucleation in low molecular weight 

molecules. The melt memory effects on re-crystallization are thus strongly linked to the 

macromolecular nature of polymers. The experimental results summarized in this 

section agree with the recent molecular dynamics simulation work of Luo and 

Sommer55 that highlight the dependence of the memory effect on the relaxation of chain 

segments between entanglements (see also section 3 below). 
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Figure 10. DSC heating traces showing the melting endotherms of cyclic and linear PCLs (with 

a number average molecular weight of 7.5 kg/mol), the different self-nucleation Domains are indicated by 

vertical lines56. Copyright 2014 Elsevier B.V. 

 

2.4. Self-nucleation in copolymers vs. homopolymers  

The self-nucleation behavior of different random copolymers has been analyzed 

in the literature. The groups of Alamo and Hu have analyzed ethylene/1-butene 

copolymers52 with different content of branches. Figure 11 plots the crystallization 

temperature as a function of Ts temperature for samples with different branch contents.  
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Figure 11. Crystallization temperature as a function of self-nucleation temperature for 

ethylene/1-alkene copolymers with different branching content52. The horizontal lines correspond to the 

standard crystallization temperature, whereas the vertical lines indicate the equilibrium melting 

temperatures of the different polymers. Data replotted from ref. 52. 

 

Remarkably, they have found that these copolymers have a melt memory effect 

that persists at temperatures above the equilibrium melting point, whereas in the case of 

unbranched PE homopolymer (or for homopolymers in general) this behavior has never 

been observed. This result was attributed to the formation of a complex amorphous 

phase during crystallization, due to the partitioning of crystallizable sequences of proper 

length. During the crystallization process of random copolymers with non-crystallizable 

comonomers, chain sequences of adequate lengths have to diffuse from the melt to the 

crystal growth front, and in this way, a complex topology comprising knots and ties is 

formed in the melt. According to the authors, due to these topological constraints, 

temperatures higher than Tm
0 are needed to obtain a completely isotropic melt. The 

width of the melt memory effect is reduced when the branch content increases. When 

the length of the crystallizable sequences is shortened, thereby reducing the crystalline 

fraction as well as the lamellar thickness, less topological constraints are created in the 

melt, and therefore lower temperatures are needed to obtain a completely isotropic melt 

state. 
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Similar results were obtained by Mamum et al. for narrowly distributed 

ethylene/1-alkene random copolymers88. The highest temperature to observe memory 

effect increases with comonomer content, showing a maximum at 2 mol %, and then 

decreases. Again, this result was interpreted as the competition between the 

enhancement of topological constraints and the reduced crystallinity. 

A different situation arises when studying copolymers with broad comonomer 

composition distribution. In this case, Mamun et al.88  observed a peculiar behavior. At 

high melting temperatures (Ts temperatures), the crystallization temperatures were 

constant, as an isotropic melt sate was obtained. Reducing the melt temperature (Ts 

temperature), an increase in Tc was obtained, due to the presence of self-nuclei, but a 

further decrease of Tm results in an unexpected reduction of Tc. This latter effect results 

from the liquid-liquid phase separation of molecular chains with different contents of 

comonomer. This liquid-liquid phase separation facilitates the diffusion of chain 

segments, effectively reducing the number of self-nuclei. For even lower Tm 

temperatures, an increase in Tc was obtained due to the presence of unmolten crystals 

(i.e., self-seeding). The occurrence of liquid-liquid phase separation was supported by 

small angle neutron scattering measurements146.  

More recently, Marxsen and Alamo94 have compared precision and random 

polyethylenes with halogen substitution. Random copolymers of polyethylene with 

different content of Br and Cl atoms exhibited strong melt memory effects, even above 

the equilibrium melting point, showing similar behavior to that of ethylene/1-alkene 

copolymers. It has been observed that those random copolymers show memory effect 

until 6.67 mol % of halogen substitution, and at higher halogen content, the memory 

effect disappears. The co-unit content for which the memory effect disappears is higher 

than in ethylene/1-alkene copolymers because some of the halogen atoms are included 

in the crystals.  

However, in the case of precision halogen-substituted polyethylenes, the self-

nucleation behavior is equivalent to that of PE homopolymers, as there is not a 

significant change in the crystallization rate when the sample is heated just above the 

melting point. Moreover, the authors have shown that recrystallization of those 

polymers depends on the original polymorph. The melt memory effect is very weak or 

disappears completely depending on the type of polymorph obtained.  

The self-nucleation of a series of propene/ethylene random copolymers has been 

recently studied as a function of composition64. Self-nucleation experiments show that 
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the DIIa width of the materials increases with the content of defects: for iPP that 

contains 1.17 mol % of defects (regio- and stereo-errors) the width of Domain IIa is 

equal to 4ºC, whereas for P/E with 10.1 mol % of defects the width reaches a value of 

30ºC. This large increase of the temperature range at which melt memory effect occurs 

can be explained considering the sequence partitioning proposed by Reid et al. in 

ethylene/1-alkene copolymers52 and explained above. However, contrary to the results 

observed for ethylene/1-alkene copolymers, the melt memory effect for all the 

propene/ethylene random copolymers samples disappeared at temperatures well below 

the equilibrium melting point. These differences in comparison with ethylene/1-alkene 

copolymers are ascribed to the lower melt viscosity of polypropylene with respect to 

that of PE, which enables faster diffusion of the chain segments and disappearance of 

the melt memory effect at temperatures below Tm
0. 

The studies of Alamo and Hu et al.52,88,94,110 highlight that partitioning of 

crystallizable sequences controls the memory effect of random copolymers. To sustain 

crystal growth, non-crystallizable comonomers need to diffuse away from the interface 

and accumulate in the amorphous regions, giving rise to a complex melt topology. As 

such, very high temperatures, even above the equilibrium melting point might be 

required to obtain an isotropic melt state and erase the memory effect. While this 

mechanism captures well the memory effect features observed in random copolymers, it 

is unable to explain the clear differences in self-nucleation behavior exhibited by 

various homopolymers. The possible different origins of the memory effects in the two 

polymer classes will be addressed in the subsequent section.  

 

2.5. Effect of confinement  
Since confinement has paramount importance in the crystallization process of 

polymeric materials, it is no surprise that it affects the self-nucleation behavior, as 

demonstrated for several confined systems, including block copolymer microdomains 

and nanocomposites.    

In the case of block copolymers, the self-nucleation behavior depends on the 

degree of confinement, which in turn is related to the volumetric fraction of each phase 

and the segregation strength. Three different self-nucleation behaviors have been 

observed for block copolymer microdomains28-30,62,147-150: 

a. Classical self-nucleation behavior: The crystallizable block 

component shows the typical self-nucleation behavior characterized by three 
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Domains149-151. This behavior has been observed for crystallizable block 

components within: a) strongly segregated block copolymers when the block 

under consideration constitutes the matrix or percolated microdomains (such as 

lamellae or cylinders) and b) homogeneous or weakly segregated copolymers 

when the block under consideration crystallizes from a single-phase melt or 

provokes break-out during its crystallization. 

b. Absence of the self-nucleation Domain148,149 (i.e., Domain II): 

The crystallizable block copolymer component is confined within microscopic 

isolated microdomains (typically cylinders or spheres) and shows only Domain I 

and Domain III. Domain II or self-nucleation Domain is absent due to the high 

number of microdomains (typically between 1012-1016 microdomains/cm3) that 

would require an equally high amount of self-nuclei. In order to generate such a 

high amount of self-nuclei, the temperature must be reduced to low values where 

the material is only partially molten. Therefore, these unmolten crystals undergo 

annealing, and the material reaches Domain III (i.e., the self-nucleation and 

annealing Domain). 

c. Absence of self-nucleation Domain (Domain II) and partitioning 

of Domain III into two sub-Domains148,149,151: in the case of block copolymers 

with a very high number of microdomains, the injection of self-nuclei into every 

microdomain is difficult. Thus, Domain III can be divided into two sub-

Domains: DIIIA sub-Domain, in which annealing occurs in the absence of self-

nucleation, and DIIISA sub-Domain, in which annealing and self-nucleation 

occur. This DIIISA sub-Domain is the equivalent to the standard DIII. 

Arnal et al.151 have studied the self-nucleation behavior of PS-b-PEO-b-PCL 

copolymers, which contain two crystallizable blocks: PEO and PCL. First, the self-

nucleation behavior of the PEO and PCL homopolymers was examined, observing that 

they show the classical self-nucleation behavior with three Domains. Then, they 

extended the study to PS-b-PEO diblock copolymer. When the PEO block forms the 

matrix (with PS block forming spheres or cylinders depending on composition) only 

one PEO crystallization peak is observed at the same supercooling as in PEO 

homopolymer. This PEO block shows classical self-nucleation behavior with the three 

Domains. However, the transition temperatures between DI/DII and DII/DIII are shifted 

to lower temperatures in comparison with PEO homopolymer; therefore the self-



33 
 

nucleation and annealing processes are somewhat hindered in the copolymer. On the 

other hand, when the composition of PEO is reduced in the copolymer to approximately 

20%, the PEO block forms isolated spheres in a PS block matrix. In this case, the PEO 

block crystallizes only at very large supercoolings, which indicates that homogeneous 

nucleation occurs. The high number of microdomains inhibits the self-nucleation 

process, in fact, with reducing Ts, crystal annealing occurs before self-nucleation, i.e., a 

direct transition from DI to DIIIA is observed. At even lower temperatures DIIISA is 

obtained, at which both self-nucleation and annealing occur. An analogous behavior to 

the PEO block was observed when the PCL block was self-nucleated. 

The effect of nanoparticles' addition on the self-nucleation behavior has been 

investigated in the literature. Trujillo et al.30,152 have studied HDPE/carbon nanotubes 

(CNT) nanocomposites prepared by in situ polymerization and containing different 

types of CNTs: single wall (8-32 %) and double wall (% 8) carbon nanotubes. The 

HDPE homopolymer employed showed only Domain I and Domain III. The absence of 

self-nucleation Domain or Domain II is attributed to the high number of active 

heterogeneities present in this material, as in many HDPEs. The presence of an 

extremely high heterogeneous nucleation density does not allow further increases in the 

total concentration of nuclei with self-nuclei.  

Similarly, in the case of nanocomposites, Domain II is absent. However, the 

transition temperature from Domain I to Domain III is higher for nanocomposites in 

comparison with neat HDPE. It should be noted that for these samples, nucleation 

efficiency values between 199 and 298 % are obtained (these efficiencies are calculated 

employing Tc values obtained after SN in the upper temperature limit of Domain III as a 

reference because Domain II is absent). The nucleation efficiency of CNTs was found to 

be higher than HDPE´s own self-nuclei, an effect termed supernucleation and, in this 

particular case, related to the growth of the chains on CNT surface. 

Colonna et al.153 prepared poly(butylene terephthalate) containing reduced 

graphene oxide (rGO). These nanocomposites were prepared by in-situ polymerization. 

Neat poly(butylene terephthalate) shows the three classical self-nucleation Domains: at 

temperatures higher than 230ºC, Domain I is observed, at temperatures between 230 and 

227ºC, Domain II is encountered, and finally, at temperatures equal or below 226ºC, 

Domain III is achieved. To quantify the nucleation efficiency of rGO, self-nucleation 

studies of the nanocomposites were performed. From these experiments, it was found 

that when 10 % of rGO is added only DI and DIII are found, while the self-nucleation 
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Domain II disappears. Employing the equation proposed by Fillon et al.100, a nucleation 

efficiency of 270 % is obtained for one of the nanocomposites containing rGO. In this 

particular case, the supernucleation effect is associated with the presence of extended 

chain crystals on rGO layers.  

More recently, Wen et al.154 have studied the self-nucleation behavior of 

methoxypolyethylene glycol (MPEG) grafted onto nanosilica. They have studied MPEG 

of different molecular weights (2000 and 4000 g/mol) and the effect of different 

grafting densities. The nanocomposites prepared by Wen et al. have a very high content 

of nanosilica, between 68 and 80 % by weight. Reducing the grafting density, there is a 

higher amount of silica in the nanocomposites, thus increasing the confinement 

experienced by the polymer. In the case of neat MPEG of 2000 g/mol, three self-

nucleation Domains are observed, being the width of Domain II about 3ºC and mostly 

on top of the melting peak (i.e., crystal fragments are present, DIIb). For 

nanocomposites, at low grafting densities, only DI and DIII are observed due to the 

confined crystallization of the material. However, with increasing the grafting density 

the degree of confinement is reduced because the nanoparticle content is decreased, so 

Domain II re-appears; with a temperature extension wider than in neat MPEG and equal 

to 5ºC, showing both DIIa and DIIb. A similar trend is observed with MPEG of 4000 

g/mol.  

In essence, confinement of macromolecular chains in isolated block copolymer 

microdomains or by tethering to the surfaces of nanoparticles profoundly affects the 

self-nucleation behavior. In all cases, strong confinement leads to the disappearance of 

Domain II. In some specific cases, where weak confinement is present, an extension of 

the temperature window of Domain II could be found. These results suggest that the 

relevant length scale for the self-nucleation phenomenon is indeed just a few tens of 

nanometers, commensurate to the lamellar thickness dimensions. It is worth noting that 

although for many aspects we consider self-nucleation as a peculiar case of 

homogeneous nucleation, this latter nucleation modality is not hampered by 

confinement in nanodomains.  

 

3. Interpretation(s) of melt memory effects 
 

The large number of experimental observations, part of which has been 

described in the previous section, has led the scientific community to propose several 
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interpretations of melt memory effects. To a first approximation, the various views 

mainly dispute the very nature of self-nuclei, and in particular, on considering them 

either truly crystalline remnants or non-crystalline entities. We feel that this dichotomy 

has been somehow over-emphasized in the literature. In fact, as we briefly anticipated in 

Section 1, both situations of crystalline memory (self-seeding) or melt memory (self-

nucleation) might exist, depending on the particular experimental conditions or 

polymeric systems under study. In the following, we will briefly illustrate the proposed 

interpretations in this wider framework. 

The origin of crystalline memory effects was attributed to the presence of 

“annealed (stabilized) crystal fragments” by Fillon et al.43 in their seminal work on the 

calorimetric investigation of iPP self-nucleation. It should be noted that the employed 

self-nucleation temperatures corresponded to the high-temperature tail of the melting 

endotherm, in fact, Domain IIa, or melt memory Domain, in the employed iPP sample, 

was very small or nonexisting43.  

Reiter et al. arrived at a similar conclusion to that of Fillon et al.43 by 

investigating the recrystallized morphologies of polymer single crystals in thin 

films49,53. Via a self-seeding procedure, the authors generated in the second 

crystallization step arrays of small crystallites of uniform size and shape, which 

inherited the molecular orientation from the initial single crystal. The concentration of 

these “clones” crystals decreases strongly with increasing seeding temperature (Figure 

12a), but the phenomenon was found independent of the duration of the thermal 

treatment at that temperature, for times up to one hour. Both the lack of a kinetic control 

in the self-seeding process and the correlation between the orientation of the unit cell 

vectors of re-grown crystals and the initial single crystal, led the authors to the 

conclusion that sub-microscopic crystalline remains could resist the melting procedure, 

due to a spontaneous lamellar thickening and enhanced stability. 

It should be noted that, while the above arguments certainly support the 

proposed interpretation, they might not be conclusive. In fact, the explored range of 

melting time is relatively short, in comparison to the typical surviving time exhibited by 

melt memory effects (see section 2.2).  
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Figure 12. a) Optical micrographs showing “re-grown” poly(ferrocenyl dimethyl silane) crystals 

after self-nucleation for a short time at the indicated temperatures from ref. 53. Copyright 2014 Royal 

Society of Chemistry; b) Scheme illustrating melt memory effects in random copolymers. From left to 

right: i) semi-crystalline structure, after selection of the longest crystallizable sequences and partitioning 

of the comonomer into the amorphous phase, ii) heterogeneous (non-isotropic) melt with clusters of 

defect-free chain segments surrounded by topological constraints, iii) homogeneous melt with random 

distribution of crystallizable sequences and comonomers from ref. 52; c) Free energy variation for the 

crystallization process occurring either from an isotropic melt (“i”) or metastable heterogeneous melt state 

(“m”). The crystalline energy minimum is indicated with “f”. The reaction coordinate is the overall 

crystallinity. Reproduced with permission from ref. 60. Copyright 2016 AIP Publishing, LLC.; d) 

Example of the dependence of nucleation times on the ratio between isotropization temperature of the 

heterogeneous melt and self-nucleation temperature before crystallization (denoted as Tm in ref. 60). See 

ref. 60 for details. Copyright 2016 AIP Publishing, LLC. 
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For what concerns the inheritance of crystalline orientation between the different 

“crystal generations”, it is interesting to underline that the same effect could be found in 

molecular dynamics simulation experiments on single crystalline seeds by Luo and 

Sommer55. However, in this case, the complete melting of the original morphology was 

assured, and the behavior was attributed to the slow relaxation of the local entanglement 

topology. In addition, other experimental results showed that when longer holding times 

at the self-nucleation temperature are used, the re-grown crystals become more and 

more randomly oriented53.  

Despite the above comments, the existence of un-molten crystalline fragments 

could certainly be the origin of melt memory effects, as suggested by Fillon43 and 

Reiter49,53, under certain specific conditions. In particular, this situation is most likely to 

contribute to self-nucleation in some homopolymers, at temperatures superposed or 

slightly above the end of the melting endotherms (i.e., the temperature range within 

Domain IIb). In cases like PBS (Figure 5) and PCL (Figure 10), where Domain IIa 

extends well above the end of the experimentally recorded melting endotherm (up to 15 

ºC above it), it is unlikely that any crystal seeds remain, as described in section 2. 

However, from a strict thermodynamic point of view, the possible persistence of 

“undetectable “residual crystals cannot be excluded at self-nucleation temperatures 

below the equilibrium melting point. Although most of the literature typically refers to 

the easily experimentally accessible nominal melting temperature, rather than to the 

equilibrium value, for most of the homopolymers melt memory effect seldom exceeds 

Tm
0. 

The presence of self-seeds (crystal remnants) can be safely ruled out as a 

possible cause of melt memory in the case of random copolymers (see section 2.4). In 

fact, Alamo and Hu et al. reported the observation of enhanced re-crystallization 

kinetics in random ethylene/1-butene and ethylene/vinyl halide copolymers for self-

nucleation temperatures ranging from about 5 to 25 °C above the respective equilibrium 

melting temperature52,94. Obviously, such effects cannot arise from any crystalline 

remnants. Similarly, random propene/ethylene copolymers with ethylene content up to 

10 mol % show self-nucleation at temperatures up to 30 °C above the nominal melting 

temperature. Although in this case, the Domain I/Domain II transition temperature is 

lower than the equilibrium melting temperature, the survival of any crystal at this 

overheating is hard to justify, also in view of the hindered thickening process of the 
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lamellae expected for these copolymers, due to the limited crystallizable sequence 

lengths along the chain. 

Thus, Alamo and Hu et al.52,110 attributed the melt memory effect found in 

random copolymers to clusters of relatively long ethylene sequences, with negligible 

structural order, which remain in close proximity upon crystal melting (Figure 12b). 

The selection of regular sequences causes this weak segregation or melt heterogeneity 

during crystal growth, and its disappearance to give a randomized and homogeneous 

melt can only occur very slowly, due to the constrained amorphous phase topology 

(containing loops, ties and entanglements)52,110. This view is substantiated by the effects 

of time and molecular weight on the crystallization kinetics enhancement, as described 

in sections 2.2 and 2.3. Accordingly, no meaningful memory effects were found by the 

authors upon self-nucleation of polyethylene homopolymers. We underline that the 

drawing in Figure 12b should be considered as a schematic representation only. In 

particular, there is no actual need for the defect-free chain in the clusters to adopt a strict 

parallel alignment, as more recently pointed out by Men et al.138 This is especially true 

under crystallization conditions for which the critical size of a primary nucleus is 

smaller than the size of such segregated region, as in that case crystallization of the 

longest crystallizable sequences can effectively occur as in an homopolymer melt.138 

As previously mentioned, a Domain II extending considerably above the end of 

the melting endotherm is also found in homopolymers as well, such as in the aliphatic 

polyesters poly(ε-caprolactone) and poly(butylene succinate)47,57. Despite such behavior 

cannot be explained with the concepts outlined above, valid for random copolymers 

which undergo defects partitioning upon crystallization, the role of a “frozen topology” 

of polymer melts can still be valid. Indeed, Luo and Sommer55 showed by means of 

molecular dynamics simulations and primitive path analysis of poly(vinyl alcohol) 

chains, that melt memory effects are related to the persistence of partially disentangled 

regions after melting, where nucleation upon supercooling the melt occurs 

preferentially. 

Next to the suggestions that persistent annealed crystal fragments (Figure 12a) or 

non-isotropic melts (i.e., heterogeneous melt in Figure 12b) induce self-nucleation, the 

existence of residual non-crystalline order above the nominal melting temperature has 

also been widely discussed in the literature. Several hypotheses on the exact nature of 

these ordered “aggregates”, surviving crystal melting in self-nucleated polymers, have 

been put forward.  
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Strobl and coworkers82 rationalized crystalline memory effects by postulating 

that a crystallization precursor phase is formed first. As crystallization proceeds, the 

precursors domain volume fills with crystals and grows with crystallization time. 

During melting, this precursor, which they denote as a “conceptual object”, is 

progressively emptied. Therefore, Strobl et al. consider that melt memory effects are 

related to the creation rate of the crystals within the precursor phase, which is a function 

of melting temperature. Accordingly, the development of a mesomorphic phase with 

liquid-crystal like properties has been suggested to precede crystal formation in 

poly(ethylene-co-octene) melt below Domain I/Domain II transition temperature82. 

However, its presence could only be indirectly inferred by changes in the crystallizing 

morphology and its mechanism, while no evidence of dissimilar melt structures could 

be gathered, for the admittedly very low difference in density between isotropic and 

liquid crystalline state.  

On the other hand, experimental evidence exists for several systems, indicating 

that short-chain segments with ordered conformations, analogous to the one in the 

crystal, can exist up to temperatures considerably higher than the nominal melting point, 

where all the long-range crystalline order is destroyed106,155,156. Notably, a close link 

between persisting ordered conformations in the melt and memory effects on re-

crystallization has been established. For example, short helical and trans-planar 

sequences of syndiotactic polypropylene dissolve completely to an isotropic melt at 

temperatures related to the disappearance of melt memory effects156. In isotactic 

polystyrene, the concentration of chain segments comprising 5 monomers arranged in 

31-helical conformation, which survive at a given melt temperature, shows a remarkable 

correlation with the maximum number of nuclei obtained upon re-crystallization from 

that Ts
106.   

A different kind of non-crystalline order which might be present in the melt has 

been proposed by Lorenzo et al.47, in order to explain the wide Domain II evidenced in 

PCL. The authors hypothesized that upon melting, although strict crystalline register 

between neighboring chain segments is lost, some residual (parallel) segmental 

orientation can be preserved. Such small bundles of aligned chains act as self-nuclei 

upon re-crystallization. More recently, a low concentration of strongly aligned polymer 

chains, obtained by coalesced inclusion compounds of various polymers with 

cyclodextrins molecules, has been shown to efficiently self-nucleate an isotropic melt of 

the same polymer157,158. These experiments corroborate the interpretation of Lorenzo et 
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al.47, although the role of partial disentangled melt topology cannot be ruled out. In the 

next section, we will show some convincing evidence that residual interactions between 

chain segments can constitute a kind of non-crystalline melt structure that strongly 

influences memory effects. 

Ziabicki and Alfonso131,159 proposed the first theoretical approach to melt 

memory effects in polymer crystallization. Based on classical nucleation theory, the 

authors ascribed the role of thermal history on crystallization kinetics to the persistence 

of non-equilibrium distribution of clusters size. In fact, above the melting temperature, 

an equilibrium concentration of molecular clusters of various sizes exist in the melt, 

with the shape of the concentration vs. size distribution being dictated by the free 

energy barrier for nucleation. When the polymer is supercooled, the clusters with sizes 

above the temperature-dependent critical dimension becomes “kinetically stable” nuclei. 

Memory effects can be observed because of the gradual disappearance of large clusters 

that are left from previous structures. The higher-than-equilibrium concentration of 

large clusters after incomplete relaxation of the cluster size distribution function directly 

results in a higher number of predetermined nuclei upon re-crystallization, rather than in 

faster nucleation rate. The proposed theory has been successfully applied for explaining 

the decreasing crystallization rate of iPP with increasing melting temperature and time 

in a related experimental work142.  

More recently, Muthukumar developed a different theory describing the 

nucleation rate for a polymer with melt memory, assuming the existence of an 

intermediate (metastable) heterogeneous melt state in the pathway between the isotropic 

melt and the crystalline phase60. Such non-isotropic melt is characterized by an 

equilibrium isotropization temperature (T°i), which can be either below or above the 

equilibrium melting temperature of the crystalline state. Therefore, the developed theory 

can capture all different kinds of observed memory effects.  

The generic free energy landscape below the equilibrium melting temperature is 

sketched in Figure 12c. The initial (isotropic) melt state, the heterogeneous metastable 

state, and the final crystalline state are indicated with the letters i, m, and f, respectively. 

The various states are characterized by the corresponding free energies (Fi, Fm and Ff), 

and separated by the energy barriers F1* and F2*. Given that after equilibration of the 

system at Tm both melt states have a finite probability of existence, crystallization can 

occur simultaneously by two different pathways: either from the isotropic state, by 

crossing the two energy barriers successively, or from the intermediate heterogeneous 
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state, by surpassing the barrier between m and f only. Accordingly, the nucleation rate at 

a certain crystallization temperature can be expressed as a function of F1*, F2*, the self-

nucleation temperature (which corresponds to Tm in this particular case) and the 

equilibrium isotropization temperature of the heterogeneous melt state. An example of 

the calculated nucleation times for different ratios of Ti° to Tm is shown in Figure 12d. 

The nucleation rate decreases as the self-nucleation temperature approaches the limit for 

isotropization of the metastable melt state. 

 Muthukumar’s theory certainly captures the major features of melt memory 

effects on re-crystallization kinetics qualitatively, however, quantitative experimental 

verifications are still lacking. This is mainly due to the inherent difficulties in measuring 

nucleation kinetics in many self-nucleated polymers. Nevertheless, a decrease of free 

energy barrier for primary nucleation with decreasing self-nucleation temperature has 

been measured for isotactic polystyrene106. On the other hand, Lorenzo and Müller 

measured the isothermal overall crystallization kinetics with DSC for different polymers 

cooled either from Domain I or from the optimal self-nucleation temperature160. They 

found that the undercooling dependence of the overall crystallization kinetics of the 

self-nucleated polymers (as determined by DSC) could be perfectly described by the 

Lauritzen and Hoffman growth barrier only, implying a control of the crystal growth 

step on the overall crystallization process, with no apparent barrier for primary 

nucleation. However, the data are not necessarily in conflict with the theory described 

above, since they might simply indicate that the free energy barrier for nucleation with 

melt memory is negligible in comparison with the barrier for crystal growth (secondary 

nucleation). 

 

4. Recent experiments with combined techniques: the role of intermolecular 

interactions between chain segments  
 

As outlined before, several hypotheses about the nature of self-nuclei have been 

put forward. The lack of consensus, or at least of a more precise description of self-

nuclei structure arises from the difficulties to detect them using conventional techniques 

that are sensitive to crystalline order, such as X-ray scattering52 or AFM49. In fact, the 

presence of self-nuclei or melt memory effects is typically indirectly detected by DSC43, 

FTIR61,63 or PLOM57, by measuring the crystallization temperature, induction time for 

crystallization or the nucleation density after a given melt treatment.  
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DSC experiments are the most adequate to determine the temperature ranges 

corresponding to each self-nucleation Domain and to ascertain the width of Domain II. 

However, for gaining insights about the detailed nature of self-nuclei, techniques that 

can measure directly intrinsic properties of the melt are needed. Employing NMR 

techniques, several researchers48,161-163 have tried to analyze the relaxation time of 

isotropic and self-nucleated melts, but the results obtained are not conclusive. However, 

more recently, it has been found that rheology and dielectric relaxation techniques can 

detect meaningful differences between self-nucleated and isotropic melts64,65,97.  

 

 
Figure 13. Scheme of the thermal protocols employed to study the rheological properties of: a) 

isotropic melt state and b) self-nucleated melt state. The difference between the two thermal procedures 

lies in the initial stages. In the first case (a), the sample is cooled down directly from the isotropic melt to 

the measurement temperature without any crystallization occurring during cooling. In the case of the self-

nucleated melt, the sample is first crystallized by cooling and then heated to measurement temperature in 

a melt whose thermal history has not been erased (a self-nucleated melt).  

 

Few polymers have been studied by these techniques, employing designed 

thermal protocols to be able to probe either isotropic or self-nucleated melt states at the 

same temperatures64,65,97. The applied thermal histories are summarized in Figure 13. To 

analyze the properties of an isotropic melt, the sample is first completely molten above 

the temperature for Domain I/Domain II transition (TDI/DII), and then cooled down 

until the measurement temperatures (Ts,1 etc.). Crystallization does not occur in the 

measurement time due to the extremely slow nucleation and crystallization kinetics at 

such low supercoolings in the absence of self-nuclei (Figure 13a). On other hand, to 

study the self-nucleated melt, the sample is also molten above TDI/DII, cooled down to 
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obtain a standard crystalline state and then heated again until a measurement 

temperature in the molten (but self-nucleated) state (Ts,1 etc.), below TDI/TDII (Figure 

13b). By applying these thermal procedures the rheological or dielectric measurements 

can be performed at the very same temperature, but in two different melt states 

(isotropic vs. self-nucleated). 

Sangroniz et al. studied melt memory effects in random propene/ethylene (P/E) 

copolymers by rheological methods64. Copolymer samples with different amounts of 

ethylene were employed. Increasing the ethylene content within the random copolymer 

induced a stronger melt memory effect, as the width of Domain II (or the temperature 

range at which melt memory effect occurs) increased.  

No differences between isotropic and self-nucleated melt were observed 

regarding basic rheological parameters, such as melt viscosity, elastic and loss moduli 

and relaxation time for the studied P/E copolymer samples. However, the results 

indicated that isotropic and self-nucleated melts display different thermo-rheological 

behavior. The isotropic melt state of propene/ethylene copolymers exhibits a thermo-

rheologically simple behavior or, in other words, the application of the time-

temperature-superposition (TTS) principle was possible and verified, as indicated by the 

overlay of the phase angle vs. complex modulus curves obtained at different 

temperatures (Figure 14a). On the other hand, the self-nucleated melt state displays a 

thermo-rheologically complex behavior, which was indicative of the presence of melt 

heterogeneities (Figure 14b).  

These heterogeneities are attributed to persisting intermolecular interactions 

between chain segments (due to Van Der Waals forces) that were previously present in 

the crystal. The irreversible loosening of these interactions with increasing temperature 

brings about the thermo-rheological complexity of the self-nucleated melt.  
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Figure 14. Phase angle versus complex modulus at different temperatures for propene/ethylene 

copolymer with 1.8 % of defects for the isotropic melt a) and self-nucleated melt b); c) The natural 

logarithm of complex modulus at phase angle = 45º as a function of the inverse of temperature for 

propene/ethylene copolymer containing 1.8 and 8.7 % of defects.  The slope of the curves is defined as S 

and reflects the thermo-rheological complexity degree; d) S parameter as a function of crystallinity for a 

series of propene/ethylene copolymers, the line corresponds to an arbitrary exponential fitting. Adapted 

from ref 64. 
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The degree of thermo-rheological complexity was empirically quantified, by 

evaluating the natural logarithm of the complex modulus measured at a phase angle of 

45°, with respect to the reciprocal measurement temperature (Figure 14c). The steepness 

of the slope in this type of plot indicates the degree of thermo-rheological complexity of 

the melt. Considering the different copolymers, which are characterized by a different 

crystallizability, a remarkable correlation between the degree of crystallinity and the 

thermo-rheological complexity was found (Figure 14d). This strengthens the conclusion 

that the intermolecular interactions causing deviation from the TTS behavior in the 

PP/PE self-nucleated melt are originated from the pre-existing crystals. 

As intermolecular interactions seem to play a relevant role in the melt memory 

effect, Sangroniz et al. extended their studies to PCL, a polar polymer for which dipole-

dipole interactions are present in addition to the weak Van Der Waals forces65,97. The 

rheological behavior of the different melts was explored in a wide frequency range, 

encompassing both the terminal and rubbery zones (low and high frequency, 

respectively), from which the Newtonian viscosity and entanglement plateau modulus 

could be measured97.  
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Figure 15. a) Dynamic viscosity (η´) as a function of frequency for PCL of different molecular 

weights. Data are plotted in red for the isotropic melts, and in blue for the self-nucleated melts, the 

measurements were performed at the same temperature, varying the thermal procedure to obtain different 

melt states. b) Entanglement plateau modulus as a function of the inverse of the temperature for high 
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molecular weight PCL in both the isotropic and self-nucleated melt state97. Modified figure from ref. 97. 

Copyright 2018 Elsevier B.V. 

 

Figure 15 summarizes the results for isotropic and self-nucleated melt states of 

PCL samples. The dynamic viscosity (η´) of self-nucleated PCL, can be up to one order 

of magnitude higher with respect to that of the isotropic melt, at the same temperature 

(Figure 15a). The same enhancement was confirmed in samples of different molecular 

weights. These results are interpreted by considering that self-nuclei are regions of the 

melt where intermolecular interactions occur, providing additional entanglements, 

which hinder the diffusion of polymeric chain segments and enhance resistance to flow. 

The nature of these extra physical entanglements is different with respect to 

conventional topological entanglements97, as they are progressively dissolved by 

increasing the melt temperature until TDI/DII (see the lower dynamic viscosity values 

of the isotropic melt).  

Figure 15b shows the plateau modulus, GN
0, as a function of the reciprocal 

measurement temperature for self-nucleated and isotropic PCL melts. The higher 

entanglement density for the self-nucleated melt is confirmed by the larger value of the 

modulus, which indicates a denser network97. Therefore, while a network of 

conventional entanglements constitutes the isotropic melt, the self-nucleated melt state 

consists of a mixed network of conventional entanglements plus new entanglement-like 

regions arising from the pre-existing interactions of the chain segments within self-

nuclei.  

Their temperature dependence evidences the different nature of the entanglement 

network in the two cases. For the isotropic melt state, there is practically no effect of 

temperature in the plateau modulus in the temperature range analyzed in Figure 15b. 

However, in the case of the self-nucleated melt, an important reduction of the plateau 

modulus is observed upon increasing temperature. As expected, increasing temperature 

progressively destroys the interactions that are present in self-nuclei, and eventually, the 

SN melt is transformed into an isotropic melt at temperatures above TDI/DII. In fact, at 

the highest temperature probed in Figure 15b, the value of the plateau modulus is very 

close to that of the isotropic melt.  

In Figure 15b, the decrease of the plateau modulus, GN
0, with the inverse 

temperature is fitted with an exponential equation. It can thus be considered that the 

decay of the inter-chain interactions is a thermally activated process according to an 
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Arrhenius law. An activation energy of about 170 kJ/mol for the dissolution of self-

nuclei is derived from this rheological method. Such value is in good agreement with 

previously discussed temperature-dependencies of melt memory effects (see Section 

2.2)97. 

We note that the rheological properties of PCL self-nucleated melts are 

strikingly different from those of isotropic melts, while in the previous investigation of 

propylene/ethylene copolymers, distinctions between the two states where only found in 

the thermo-rheological behavior (complexity vs. simplicity)64. This observation points 

toward a stronger melt memory effect in the case of PCL, and it can be tentatively 

attributed to the stabilization of self-nuclei via additional dipole-dipole interactions in 

the polyester, with respect to the sole Van Der Waals forces acting in propene/ethylene 

copolymers65.  

Since PCL possesses a dipolar moment in the repeating unit, it is possible to 

study its melt memory effect performing dielectric experiments. As reported in the 

literature, dielectric measurements are very sensitive to crystallization phenomena, in 

fact, this technique can detect pre-ordering phenomena, while classical techniques (such 

as DSC or X ray diffraction) only reveal changes when the crystallization process is in a 

more advanced stage164-167. 

In Figure 16, the difference in the normalized dielectric permittivity (i.e., the 

normalized permittivity of a sample whose thermal history has been erased subtracted 

by the normalized permittivity of a self-nucleated sample)65 is shown for PCLs with two 

different molecular weights as a function of self-nucleation temperature. The 

permittivity is normalized with respect to its value at 90°C, in the isotropic melt.  

As it can be seen in Figure 16, the differences in permittivity in Domain II are 

positive, which indicates that the sample with an isotropic melt has a higher permittivity 

than the self-nucleated sample. Thus, the presence of the self-nuclei hinders the re-

orientation of the dipoles with the varying electric field, which results in lower 

permittivity values. With increasing the temperature, the differences are reduced 

because the restricted dipoles unlock and become more mobile, contributing to the total 

permittivity. At temperatures corresponding to Domain I the permittivity of isotropic 

and SN melts is the same. The number of PCL dipoles involved in the self-nuclei can be 

roughly estimated by using the Onsager equation. Assuming completely immobile units 

in self-nucleated melt at 58°C, a volume fraction of dipoles of the order of 0.4% was 
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derived. Such a remarkably low value can explain the undetectability of self-nuclei by 

traditional investigation techniques such as X-ray diffraction. 

To confirm the close relationship between PCL dipoles with restricted mobility 

and self-nuclei, a similar parameter based on the crystallization temperature has been 

defined. In Figure 16b, the difference in the crystallization temperature is shown as a 

function of temperature. It shows the same trend as the difference in normalized 

permittivity.  

Furthermore, the presence of restricted dipoles in self-nucleated PCL was also 

found to be associated with the measured increase in Newtonian viscosity of self-

nucleated melts with respect to isotropic ones65, see Figure 16c. This confirms that 

measurements of polymer chain mobility in the self-nucleated melt, at various length 

scales, can be a convenient tool to gain insights into the nature of melt memory effects. 
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The results obtained by rheology and dielectric relaxation on PCL give support 

to the idea that self-nuclei are regions of the melt where specific interactions between 

chain segments exist. The rather strong memory effect of PCL, as compared to 

polyolefins, which has clear repercussions on melt rheology and permittivity, can be 

hypothesized to be the result of enhanced inter-molecular interactions. In fact, a recent 

work, which combined terahertz spectroscopy and quantum chemical calculations, 

revealed the presence of three different kinds of weak hydrogen bondings between the 

methylene and carbonyl groups in PCL168.  

A further demonstration of the role of intermolecular interactions in polymer 

melt memory effect has been recently obtained for a series of polyamides. As it is well 

known, polyamide properties are strongly influenced by hydrogen bonding. Liu et al.169 

have shown with FTIR analysis that the ratio of hydrogen-bonded to free N-H groups in 

PA1012 in the melt is reduced when the Ts temperature is increased. In other words, 

hydrogen bonding interactions tend to decrease as temperature increases progressively. 

Therefore, the highest density of hydrogen-bonded groups are obtained in the 

temperature range corresponding to Domain II. Moreover, by considering the 

temperature variation of the ratio free/bonded N-H groups, a pseudo-equilibrium 

constant for hydrogen bonds dissociation could be estimated. The variation of the 

natural logarithm of this constant is shown as a function of the reciprocal self-nucleation 

temperature in Figure 17a.  

The slope of the plot in Figure 17a is proportional to the enthalpy gain due to 

chain segmental interactions. The energy required to break the hydrogen bonding 

interactions is the lowest in the isotropic melt (high temperature range of Domain I), 

corresponding to ca. 7 kJ/mol, while it is considerably higher in Domain IIa, where a 

value of about 75 kJ/mol can be calculated. When residual crystal fragments are present 

(Domain IIb), the strength of intermolecular interaction is even stronger. These results 

clearly indicate that for this specific polyamide (PA1012), the self-nucleated melt is 

characterized by persisting hydrogen bonding interactions, which are stronger than 

those established by the polymer chains in the isotropic melt. 



51 
 

20.4 20.8 21.2 21.6

-4.4

-4.0

-3.6

-3.2
DIIa DIII

 

ln
 K

g

10000/T (K-1)

DI DIIb
a)

0.5 m
W

Heat Flow, Endo Up (m
W

)
0.00 0.05 0.10 0.15
0

4

8

12

b)

 DII
 DIIa
 DIIb

W
id

th
 (º

C)
 

Namine/Nmethylene

PE

PA66
PA610

PA612

PA1012
PA1212

 
Figure 17. a) Equilibrium constant between hydrogen-bonded and free N–H groups as a function of the 
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repeating unit. Modified from ref. 169. Copyright 2020 Elsevier B.V. 

 

Additionally, several different polyamides composed of a varying number of 

methylene groups in their repeating units were considered, and the different self-

nucleation Domains were determined by DSC. Figure 17b reports the width of Domain 

II (also separately including Domain IIa and Domain IIb) as a function of the ratio of 

the amide to methylene groups in the repeating unit. The results show that the 

temperature range of Domain IIa increases when the number of methylene groups in the 

repeating unit is reduced; or, in other words, when the importance of polar (hydrogen 

bonding) interactions in the polymer increases at the expenses of dispersive (Van Der 

Waals) forces. On the other hand, the width of Domain IIb, in which small crystal 

fragments are present, is independent of the amide group density along the polyamide 

chains. An interesting observation is that Domain IIa width vs. amide/methylene group 

ratio data can be extrapolated to the origin of the axes. This means that the melt memory 

effect is expected to disappear for a polymer composed of exclusively methylene 

groups, a prediction in agreement with the total absence or very limited width of 

Domain II in polyethylene62,169.   
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In summary, combining calorimetry with other techniques that can directly 

probe the differences between self-nucleated and isotropic melts (such as FTIR, 

rheology and permittivity measurements) provides a way to ascertain the importance of 

intermolecular interactions between chain segments, which were originally present 

within the crystalline lamellae. Such intra-crystalline intermolecular interactions seem 

to be very significant for determining the extent of melt memory effects.  

The recent experimental results suggest that the width of Domain IIa, i.e., the 

persistence of the memory effect, is intimately linked to the strength of such 

interactions. This apparently trivial but important concept can be further tested on 

existing literature data. To this aim, an extensive collection of the experimentally 

determined self-nucleation Domain temperatures for various homopolymers and 

copolymers is reported in Table S3 of the Supporting Information. To rationalize the 

data, it is instructive to consider the temperature of the transition between Domain I and 

Domain II (TDI/DII), which represents the ultimate stability limit of self-nuclei for a 

given polymer. In Figure 18, this temperature is plotted as a function of the end of the 

melting endotherm measured by DSC, i.e., the stability limit of the polymer crystallites. 

The whole set of data can be divided into two classes with distinct behavior, i.e., the 

homopolymers and the copolymers. 

Remarkably, the data for all homopolymers nicely fall on a single line, for a 

melting temperature range spanning over 200 °C. It can be safely concluded that, as 

could be expected, the stability of self-nuclei in linear flexible semi-crystalline 

homopolymers is directly related to the stability of the crystals that originate them. The 

melting point of a polymer crystal, to a first rough approximation, is determined by the 

intermolecular forces of the constituent chains. In fact, since the molar entropy of fusion 

only varies in a narrow range for a wide variety of polymers, and although there might 

be intramolecular (conformational) contribution to the melting enthalpy170, a certain 

correlation between polymer melting temperature and cohesive energy density has been 

found171-173. Therefore, it seems that the same forces that hold the polymer chains 

together in the crystals, are responsible for the persistence of melt memory effects in 

homopolymers.   

Concerning the extra-stability of self-nuclei, in comparison with the respective 

crystals, no clear conclusion can be drawn from the data of Figure 18. In fact, the width 

of Domain IIa seems unrelated to the melting point of the crystals (see Figure S.1 in the 

Supporting Information), and the data are scattered around an average value of 
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approximately 6 °C. It must be deduced that other factors come into play in determining 

the “superheating” of self-nuclei with respect to the crystals. These might be related for 

instance, to specific molecular or morphological features, such as molecular weight or 

lamellar thickness. 
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Figure 18. Transition temperature between Domain I and Domain II as a function of the end of 

the melting temperature for homopolymers and copolymers reported in the literature. The line 

corresponds to the fitting of the data. 

 

 

A completely different situation arises for the copolymers. The Domain 

I/Domain II transition temperatures for these samples lay systematically above the line 

described by the homopolymer data in Figure 18. In other words, the stability of self-

nuclei in these systems is not directly determined by the stability of the parent crystals. 

The behavior is particularly evident for ethylene/1-butene and ethylene/halogen-

substituted ethylene random copolymers, but it is also observed in propene/ethylene 

copolymers as well as in polyurethanes. As discussed by Alamo and Hu et al. 52,88,94,110 

the melt memory effect of random copolymers has its origin in the complicated 

topology of the amorphous phase arising from the selection of crystallizable sequences 

at the crystal growth front. In this respect, the blocky chain structure of polyurethane 

might be the origin of their intermediate behavior, between that of homopolymers and 

truly random copolymers. The plot of Figure 18 is thus a strong confirmation of the 

peculiarity of random copolymer melt memory effect and indicates the direction of 

further research to improve our understanding of this topic.  
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5. Conclusions 
 

Since melt memory effect was first detected in the fifties and sixties37-40,66-68,121-

127, the development of more accurate techniques and more detailed studies, performed 

with a wide range of polymer systems have allowed shedding light on the parameters 

that affect it and on its possible nature. In this perspective, the literature findings on the 

role of the different parameters, such as the effect of molecular weight, chain topology, 

confinement or holding times in the melt, have been discussed in depth. The different 

theoretical interpretations, proposed throughout the years to explain the nature of melt 

memory effects, have also been summarized. While the different concepts which have 

been put forward might find application in distinct cases, e.g., homopolymers vs. 

copolymers, a unified model is still lacking. The main obstacle in this respect is the lack 

of direct probe for the self-nuclei intimate nature, together with the still somehow 

qualitative predictions, which hamper the validation or rejection of a particular theory.  

In our opinion, with the aim of obtaining a general model able to explain all the 

parameters that affect the melt memory effect, the multi-technique approach should be 

extended to a wide range of polymeric systems. Until now, only a few works have 

employed techniques complementary to calorimetry to study self-nucleation61,63-

65,97,106,156. Rheology, dielectric relaxation and different types of spectroscopy have 

revealed some details of self-nuclei’s nature61,63-65,97, as they could detect distinct 

features in isotropic and self-nucleated melts. Extending these types of studies to several 

polymeric systems, encompassing homopolymers, copolymers, blends and 

nanocomposites or confined polymers, seems a promising route to be pursued.  

Regarding the effect of homopolymers chemistry on melt memory effects, we 

have presented a large survey of literature data that highlight the importance of 

intermolecular interactions. In general, polyolefinic homopolymers, which only display 

Van der Waals forces, show weak memory effects (i.e., very narrow temperature range 

of Domain IIa)52,62, whereas polymers with polar groups, that have in addition dipole-

dipole interactions or hydrogen bonding, generally show a broader temperature range in 

which melt memory effect occurs (broad temperature range of Domain IIa)57,169. 

Nevertheless, systematic experiments on model polymers, whose chemical structure 

varies in a controlled fashion, are still much needed. Such experiments should reveal 

more precisely the role of the intermolecular chain segments interactions in the melt 

memory effect and on the stabilization of the self-nuclei. 
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For what concerns apolar random copolymers, the studies carried out with 

ethylene/1-alkene, ethylene/vinyl halide and propene/ethylene copolymers have shown 

that the width of the temperature range corresponding to melt memory effects can be 

increased up to temperatures higher than the equilibrium crystal melting point by 

inserting a certain amount of comonomers. In this case, the crucial factor for self-

nucleation is the complexity of the melt topology52,64,94. However, a way of quantifying 

the extent of complexity in the intercrystalline amorphous phase, which would be of 

great importance to gain further insights into random copolymers' memory effects, has 

not been developed yet. 

In addition to the above-mentioned issues, several aspects of self-nucleation 

deserve further investigation. For instance, the reported data on the influence of time on 

the survival of melt memory, as a function of self-nucleation temperature, also deserves 

further investigation, since those studies are scarce in literature and not fully consistent. 

From the few studies available, it can be concluded that if the sample is maintained at 

temperatures corresponding to Domain IIa (i.e., the temperature region where all 

crystals have been molten, but where self-nuclei remain active), for very long times, 

eventually an isotropic melt state can be obtained, especially in the upper end of 

Domain IIa. On the other hand, if the sample is kept in the temperature range of 

Domain IIb (i.e., where unmolten crystal fragments remain in the sample), exceedingly 

long times are needed. In practice, as those long times could result in degradation of the 

material, it is not possible to observe the complete dissolution of self-seeds and the 

achievement of the isotropic melt43,47,64.  

Some works which were not covered in detail in this Perspective also raise 

interesting questions and are worth additional research efforts. It has been recently 

reported that the presence of impurities can affect melt memory. Men et al.174 have 

shown that in commercial isotactic Poly(butene-1), a melt memory effect could be 

detected at temperatures higher than the equilibrium melting point. However, when the 

sample was purified, this peculiar melt memory effect at temperatures higher than the 

equilibrium melting point disappeared. Therefore, in this case, the melt memory effect 

at such high temperatures was clearly the result of the presence of impurities. On the 

one hand this finding highlights the importance of analyzing model materials, which do 

not contain impurities or additives. On the other hand, they force us to wonder on the 

role of heterogeneities in memory effects. In fact, adsorption of polymer chains on solid 

surfaces has been shown to stabilize small but thick crystalline fragments at 
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temperatures close to the equilibrium melting point, in the case of poly(butylene 

terephthalate)/reduced graphene oxide nanocomposites153. Moreover, novel 

experimental results on substrate-polymer interactions show that thin layers of 

crystalline chains can spontaneously order on a heterogeneous solid surface, even at 

temperatures above the equilibrium melting point, according to the so-called pre-

wetting transition175,176. The relationship between heterogeneities and self-nucleation 

also needs clarification. 

Scarce literature observations have reported faster crystal growth rate upon re-

crystallization from non-isotropic melts177. Since in the majority of cases, the possible 

effect of melt memory on the growth process is neglected, due to the overwhelming 

impact on nucleation, it seems worth to re-consider this possibility. 

So far, research has been focused on ascertaining the nature or origin of melt 

memory effects and on the parameters that affect it. However, a practical application to 

exploit the dramatic nucleation density enhancement that is produced by self-nucleation 

has not been developed so far, apart from using the SN technique as an easy way to 

quantify the efficiency of nucleating agents, as originally proposed by Fillon et al.100.  

From an industrial point of view, self-nucleation could be highly attractive for 

two specific purposes: to reduce the time needed to process polymeric materials and to 

improve its final properties. Employing self-nucleation, the crystallization process can 

be accelerated up to 2 orders of magnitude, in the case of polymers with a fast 

crystallization rate118. Therefore, the solidification or molding cycles could be 

shortened, leading to faster processing and thus to more economic production. Another 

aspect of promoting self-nucleation in a polymeric crystallizable material is that 

nucleation density can be enhanced from 3 to 7 orders of magnitude. Considering also 

that with self-nucleation the crystallinity degree of polymers with slow crystallization 

rates can be increased, properties such as mechanical performance, barrier character, 

optical properties or the biodegradation rate of biopolymers could also be controlled. 

Naturally, the relatively low temperatures at which memory effects are observed, 

presently impair the processing of polymers under ideal self-nucleation conditions. 

However, with gaining a deeper fundamental understanding, polymers with tailor-made 

melt topology or crystalline structure could be prepared, possibly enabling technological 

exploitation of this peculiar phenomenon. 
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6. Supporting Information 

A summary of literature results in nucleation density and spherulite size after the 

application of SN are shown in Table S1; the variation of the morphology and structure 

after SN procedure are reported in Table S2; SN results for different materials are listed 

in Table S3 and the width of DIIa versus the end of melting temperature can be seen in 

Figure S1. 
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