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ABSTRACT 1 

The effect of hydrogen bonding stability on the memory effects in the 2 

crystallization of long chain polyamides have been investigated by the self-nucleation 3 

calorimetric technique. Self-nucleation is characterized by three domains in decreasing 4 

temperature order: complete melting or Domain I, exclusive self-nucleation or Domain 5 

II and, self-nucleation and annealing or Domain III. The memory effect is observed in 6 

the high temperature range of Domain II (when all crystals are molten, or in Domain 7 

IIa). In the low temperature range of Domain II, crystal remnants act as self-seeds (i.e., 8 

Domain IIb). The hydrogen bonds between amide groups were detected with FTIR, and 9 

a ratio of the content of hydrogen bonded vs. free amide groups could be calculated. 10 

The energy needed to break the hydrogen bonds decreases as the self-nucleation 11 

temperature (Ts) increases. This means that hydrogen bonds become weaker (and their 12 

amount decrease), while the crystalline memory disappears upon crossing from Domain 13 

IIa to Domain I. Comparing the widths of Domain IIa in different polyamides, we found 14 

for the first time a clear correlation with the relative content of amide groups with 15 

respect to methylene groups in the repeat units. In conclusion, we have demonstrated 16 

that memory in polyamides is a strong function of hydrogen bonding between chain 17 

segments. 18 

Keywords: crystalline memory, long chain polyamides, hydrogen bonding, self-19 

nucleation 20 
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1. Introduction 1 

The so called, “memory effect” in the crystallization of polymers has attracted great 2 

attention as a unique feature, not commonly exhibited by low molar mass crystalline 3 

substances [1-5]. The memory effect refers both to “morphological” and “kinetic” 4 

memory of a given crystalline state. In fact, on one hand after a mild melt treatment, 5 

the recrystallized superstructure bears some resemblance to the one existing before 6 

melting, in particular in relation to the location of crystalline nuclei and the relative 7 

orientation of crystallites [6]. On the other hand, the crystallization temperature upon 8 

cooling a non-isotropic melt from a relatively low temperature (i.e., when the semi-9 

crystalline polymer is heated to a temperature just above its melting temperature for a 10 

short time) increases with respect to that of the isotropic melt (a melt state where the 11 

melting temperature is high enough, and the time remaining at that temperature long 12 

enough, to erase all memory effects and to produce a random assembly of 13 

interpenetrated random coils that are fully relaxed) [7-10]. 14 

The classical approach to the study of melt-memory effects in polymer 15 

crystallization is the application of the DSC “self-nucleation” protocol proposed by 16 

Fillon et. al. [2] and extensively used and reviewed by Müller and co-workers [11-13]. 17 

The memory effect in crystallization has been also referred to as self-seeding or self-18 

nucleation [5]. An increase of melting temperature or an extended duration at a specific 19 

melting temperature can reduce the re-crystallization rate [3, 12, 14]. However, the 20 

above mentioned treatments do not affect the structural characteristics during 21 
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recrystallization, e.g., the long period and the lamellar thickness [15-17]. 1 

To date, researchers have investigated the crystallization memory effect in both 2 

homopolymers and copolymers [5, 9, 14, 18-20]. The memory effects of homopolymers 3 

have been widely studied, for instance in isotactic polypropylene (iPP) [12, 14, 21], 4 

syndiotactic polypropylene (sPP) [15], polycaprolactone (PCL) [12, 22, 23], and 5 

polylactic acid (PLA) [5].  6 

However, the mechanism of the memory effect is still under debate. Lorenzo et al. 7 

[12], proposed that self-nuclei originated in the high temperature region within Domain 8 

II (where no trace of crystal fragments remains) are constituted by regions in the melt 9 

with the residual orientation that the chains had in the crystalline state [13]. Luo et al. 10 

[24] have postulated that memory effect comes from heterogeneities in the topological 11 

constraints and melt entanglements distribution. Muthukumar et al. [25] have 12 

established a model where all the metastable states between the isotropic melt and the 13 

final semi-crystalline state could be represented together by just one metastable state. 14 

In this state the nucleation rate is as a function of the melt temperature. Li et. al. [26] 15 

proposed that the memory effect is due to the survival of conformational order inside 16 

molten lamellae.  17 

Alamo et. al. [7-9, 24, 27] performed a series of experiments on ethylene random 18 

copolymers. They found that these copolymers showed strong memory effects, even 19 

above the equilibrium melting point. This unique phenomenon may relate to the 20 

partitioning of crystallizable sequences in the process of crystallization. During 21 
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subsequent melting, the diffusion of these sequences will be hindered by the chain 1 

topology, therefore the transition to a randomized melt state is slowed down remarkably 2 

[8, 27]. So, in this situation the memory effect is attributed to the topological constraints 3 

in the inter-crystalline region which will affect recrystallization [28]. 4 

Rheological techniques have been used to detect differences between isotropic and 5 

self-nucleated melts in PP-ran-PE random copolymers (with compositions rich in PP) 6 

[20]. Even though, differences were not detected between isotropic and self-nucleated 7 

melts in the Newtonian viscosity or in the relaxation time, the self-nucleated melt was 8 

found to display a clear thermo-rheologically complex behaviour. Instead, the isotropic 9 

melt was thermo-rheologically simple. The authors proposed that self-nuclei in PP-ran-10 

PE random copolymers were formed by clusters of chains that retained the 11 

conformations they had when they were part of the crystals. 12 

Up to now, most of the studied systems are polyolefin or olefin-based copolymers 13 

[1, 3, 9, 12, 24, 29-32]. The memory effect of polyamide, polyester and other polymer 14 

systems with stronger inter-molecular interaction, such as hydrogen bonding has 15 

received less attention. In the case of poly(ε-caprolactone) homopolymers (PCLs), 16 

rheology has been capable of differentiating isotropic from self-nucleated melts. Both 17 

the zero-shear viscosity and entanglement modulus have significantly higher values for 18 

the self-nucleated melt in comparison to the isotropic melt, for three PCL samples with 19 

different molecular weights. The PCLs self-nucleated melts are also thermo-20 

rheologically complex in contrast to the thermo-rheologically simple behaviour of 21 
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isotropic melts [22, 23]. 1 

Recently [23], dielectric experiments have been employed for the first time to 2 

study crystalline memory effects in PCL. A decrease of the permittivity value of the 3 

self-nucleated melt was detected in comparison with that of the isotropic melt state, 4 

hence, a small proportion of dipoles are “restricted” in the self-nucleated melt in 5 

comparison with the isotropic melt. The authors postulated that in the high temperature 6 

region of the self-nucleation domain (i.e., Domain IIa), when no traces of crystals can 7 

be found as they are all molten, self-nuclei are made up of regions where molten chains 8 

have residual hydrogen bonds that can survive after crystal melting, originating the 9 

memory effect detected in PCL. The correlations of the results of rheology, DSC and 10 

dielectric permittivity was remarkable [23]. 11 

Considering hydrogen bonds, polyamides have similarities with polyesters like 12 

PCL. According to the literature mentioned above, one would think rheology and 13 

dielectric techniques could be applied to polyamides as well. However, both 14 

polyamides and polyesters can undergo a solid state polymerization process when they 15 

are held at temperatures above Tg because of the reaction between the end groups in the 16 

amorphous regions [33]. A significant difference between polyamides and polyesters is 17 

that the equilibrium constant for polyamides is around one hundred times or more larger 18 

than that for polyesters, and thus the requirements for removal of by-products of the 19 

reaction is much less severe in the first case [34], which means that the polymerization 20 

reaction occurs much easier in polyamides. Thus, the process of the polymerization 21 
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combined with the possible existence of self-nuclei will give a complicated result by 1 

rheology and/or dielectric techniques in the polyamide case. Therefore, those 2 

techniques are unsuitable for investigating the memory effect in polyamides.  3 

The amide groups in polyamide, with their ability to form strong hydrogen bonds, 4 

make this polymer very different with respect to the commonly investigated polyolefins. 5 

Investigation of the memory effect of polyamides should provide insights into the 6 

relationship between the polymer crystallization and the molecular structure, i.e., 7 

chemical constitution and specific intermolecular interactions. Despite several studies 8 

on polyamides [16, 35-39], which mainly focused on the orientation induced memory 9 

effect and/or the influence on the recrystallization, the relationship between hydrogen 10 

bonding and polyamide memory effect in crystallization in the quiescent state has not 11 

been fully elucidated in the literature. 12 

As an extension of our previous works on polyamides (homopolymers and 13 

copolymers) [40-46], polyamide 1012 (PA1012) is used as a model polymer in this 14 

study. It is a typical AABB-type polyamide with long methylene chain segments 15 

between two neighbor amide groups, which is polymerized by a condensation reaction 16 

between diacid and diamine. This material is an excellent engineering polyamide with 17 

superior physical properties, such as toughness, high elastic modulus, lubrication-free 18 

performance, low water absorption and adequate dimensional stability. It is extensively 19 

used in industrial fields, e.g., automobile manufacturing, electronic appliances and 20 

several commodity markets [35, 47]. PA1012 is formed by a precise number of amide 21 
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groups and long aliphatic segments, therefore, it can serve as a model for investigating 1 

the role of intermolecular interactions on self-nucleation. The influence of memory 2 

effects on the crystallization kinetics and on the latent structure persisting in the melt 3 

was investigated at different length scales, employing Differential Scanning 4 

Calorimetry (DSC), and Fourier Transform Infrared Spectroscopy (FTIR). 5 

2. Experimental section 6 

2.1. Materials 7 

The Polyamide 1012 (PA1012, -[HN(CH2)10NHCO(CH2)10CO]-) employed here is a 8 

commercial grade, supplied by Shandong Guangyin New Materials Co., Ltd. The melt 9 

flow index of this material is 16 g/10 min, determined at 235 oC according to ASTM 10 

D1238 (2.16 kg). The results of GPC in chloroform, after sample reaction with 11 

trifluoroacetic anhydride are shown in Table S1. Although the PA1012 can only 12 

dissolve in chloroform after reaction with trifluoroacetic anhydride, causing a certain 13 

difference between the true molar mass and the one measured after trifluoroacetylation, 14 

the results in Table S1 can be taken as a valid reference value. PA1012 was synthesized 15 

from decamethylene diamine and dodecanedioic acid, whose monomers are produced 16 

by a microbiological fermentation method [13, 41]. In the last part of the work, some 17 

polyamide samples (PA66, PA610, PA612 and PA1212) with different amide group 18 

density, i.e., concentration of amide groups along the chain, were employed for 19 

comparison purposes. The information and thermal properties of all the samples can be 20 
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found in the supporting information, Table S2. All the polyamides were dried under 1 

vacuum at temperatures between 80 and 120 oC for 12 h before the experiments. The 2 

detailed drying conditions for the different samples are in Table S3. 3 

2.2.Differential Scanning Calorimetry (DSC) 4 

A differential scanning calorimeter (TA Instrument, Q2000) was employed. It was 5 

calibrated with an indium standard. The sample mass employed was approximately 4 6 

mg. Samples were sealed in aluminum pans. A constant flow rate of N2 was employed 7 

during the measurements. 8 

(a) Non-isothermal Crystallization. PA1012 was characterized by a “standard” heating-9 

cooling-heating temperature ramp. The samples were heated to 260 oC, kept in the 10 

melt for 5 min, then cooled down to 50 oC, and re-heated to 220 oC. All the heating 11 

and cooling ramps were performed at a constant rate of 10 oC /min. 12 

(b) Self-nucleation (SN) protocol. The SN procedure was performed according to the 13 

following steps:2,12 (1) Erasure of previous thermal history by holding the sample 14 

in the melt at 260 oC for 5 min. (2) Cooling from 260 to 50 oC at 10 oC/min in order 15 

to create a crystalline “standard state” in the sample. (3) Self-nucleation (SN) step, 16 

where the sample is heated to a selected temperature (Ts) at 10 oC/min and is kept 17 

for 5 min at this Ts temperature. Depending on the temperature the sample will 18 

either completely melt (if Ts is too high, Domain I), it will only self-nucleate, at 19 

intermediate Ts temperatures (in Domain II) or it will self-nucleate and anneal (if 20 
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the Ts temperature is too low and only causes partial melting, i.e., Domain III). (4) 1 

Cooling from Ts to 50 ℃ at a rate of 10 oC/min. During this cooling run, the peak 2 

crystallization temperature will be monitored to detect any changes that could 3 

indicate an increase in its value due to self-nucleation. (5) Subsequent melting of 4 

sample by heating from 50 to 220 °C at a rate of 10 oC/min. The SN process was 5 

repeated at different Ts temperatures separated by 1 ºC in a wide temperature range 6 

that encompasses the entire melting range of the polymer and above (i.e., to include 7 

all the SN domains and to determine their boundaries). In particular, the Ts 8 

temperature at which the self-nucleation is first observed (Domain I/Domain II 9 

boundary) and the Ts at which the unmelted crystals undergo both annealing and 10 

self-nucleation (Domain II/Domain III boundary) must be carefully detected [2, 11]. 11 

The detailed self-nucleation (SN) procedure is schematically reported in Figure 1a. 12 

 13 

 14 

Figure 1. The thermal protocols adopted for self-nucleation experiments employing DSC (a) 15 

and in-situ FTIR tests (b). 16 
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2.3.Fourier Transform Infrared Spectroscopy (FTIR) 1 

FTIR spectra were collected using a Nicolet 6700 Spectrometer (Thermo Fisher 2 

Scientific) in transmission mode, with an MCT detector. The spectra were measured 3 

with a resolution of 4 cm-1 and accumulating 16 scans. The samples were films with 20 4 

μm thickness sandwiched in between potassium bromide thin slices and mounted onto 5 

a Linkam FTIR 600 hot stage fitted in the test chamber of the FTIR to record in-situ 6 

spectra. Temperature calibration of the hot stage was performed with indium and tin 7 

standards. The thermal protocol was the same as that applied for the X-ray experiments 8 

(Figure 1b). In order to get the conformational information of the PA1012 film at each 9 

Ts, the in-situ FTIR data were recorded every 30 s while holding the sample at Ts. 10 

3. Results and discussion 11 

3.1. Melt temperature regions at which memory effects can be observed. 12 

The self-nucleation of PA1012 was studied according to the thermal protocol described 13 

in Figure 1a. Selected DSC curves recorded during cooling from the indicated Ts 14 

temperatures and also during the subsequent heating scans are shown in Figure 2. From 15 

the DSC scans presented in Figure 2, the SN domains can be easily obtained [2, 11]. 16 

 17 
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 1 

Figure 2. DSC cooling (a) and heating (b) scans of PA1012 after self-nucleation at the 2 

indicated Ts. 3 

 4 

The memory effect of previous crystalline structure is erased when PA1012 is 5 

heated above 199 oC. For this temperature range, the melt is in Domain I and the peak 6 

crystallization temperature is approximately 150 oC and does not change when the Ts is 7 

further increased, as the nucleation density remains constant.  8 

For temperatures lower than 200 oC, but higher than 190 oC, the sample is in the 9 

self-nucleation domain, or Domain II. The nucleation density is exponentially increased 10 

as the Ts temperature decreases, as a result of the large number of self-nuclei produced 11 

by the SN thermal protocol [2, 11]. The peak crystallization temperature increases 20 12 

oC with respect to that in Domain I.  13 

When the self-nucleation temperature (Ts) is equal to 190 oC or lower, the sample 14 

is in the self-nucleation and annealing domain or Domain III. The DSC heating scan in 15 

Figure 2b for a Ts of 190 ºC shows that a new melting endotherm develops: it is a sharp 16 

but small second melting peak located at higher temperatures. This corresponds to the 17 
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melting of a small crystal population that was not molten at 190 ºC, and had time to 1 

anneal during the 5 min waiting period at that temperature (i.e., the crystalline lamellae 2 

thickened at 190 ºC and therefore melt at temperatures higher than 190 ºC). This Ts of 3 

190 ºC represents the upper temperature boundary of Domain III. 4 

In Figure 3, the recorded peak crystallization temperatures are represented as a 5 

function of employed self-nucleation temperatures, and compared with the “standard” 6 

DSC melting curve of PA1012. In this way, it is possible to derive the location of the 7 

domain boundaries with respect to the melting range of the preexisting crystals. 8 

  9 

 10 

Figure 3. The self-nucleation domains (vertical lines indicate the limits between domains and 11 

a color code in the DSC trace has also been employed to differentiate the domains: red for 12 

Domain I, blue for Domain II and green for Domain III) for PA1012 represented on the 13 

standard DSC melting trace. Data points represent the crystallization temperature peaks 14 

(plotted using the right-hand y-axis) as a function of Ts values (on the x-axis). The dotted 15 

vertical line divides the Domain II into two regions: the higher temperature region “Domain 16 

IIa” and the lower temperature region “Domain IIb”. 17 
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   1 

 It can be seen that the boundary between the Domain III and Domain II is located 2 

slightly within the high-temperature tail of the standard melting endotherm. The end of 3 

the melting peak is about 2 oC higher than the boundary temperature between Domain 4 

III and Domain II.  5 

Müller et al. [11, 23] have proposed that Domain II should be divided into two 6 

regions. The region starting at temperatures higher than the end of the melting 7 

endotherm is “Domain IIa”, or memory effect domain, where all crystals have melted, 8 

but the melt still shows a crystalline memory behavior. This self-nucleated melt is not 9 

isotropic, thereby producing self-nucleation upon cooling from that Ts temperature 10 

range (i.e., upper temperature region of Domain II, or Domain IIa). The nature of the 11 

self-nuclei in Domain IIa is unknown for PA1012, and finding out their constitution is 12 

one of the aims in this work.  13 

The lower temperature region of Domain II is defined as “Domain IIb” or “self-14 

seeding domain” [11, 23]. In Domain IIb, small crystal fragments remain and they act 15 

as crystallographically ideal self-seeds (which greatly increase nucleation density upon 16 

cooling from the melt). These small crystals fragments do not anneal during the 5 min 17 

spent at Ts. 18 

The temperature boundary between Domain IIa and Domain IIb is about 193 oC. 19 

The width of the self-nucleation Domain II in PA1012 is 9 oC, indicating a moderate 20 

temperature window for the existence of self-seeding (Domain IIb) plus memory effects 21 

(Domain IIa), as commonly observed for several homopolymers. For example, the 22 
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width of Domain II in iPP is about 4 oC [2], while that of PCL is nearly 10 oC, although 1 

it can vary depending on the molecular weight and chain topology (linear versus cyclic) 2 

[11, 23]. Polymers with an intrinsically high number density of active heterogeneities 3 

(such as high density polyethylene) have a very small width of Domain II or in some 4 

cases Domain II is completely absent [11]. 5 

Domain IIa or the “memory effect” domain, is the most interesting to study, as this 6 

is the temperature region where memory effects cannot be simply explained by 7 

remaining crystal fragments. Domain IIa in homopolymers such as iPP [12] is nearly 8 

nonexistent, while in PA1012 (6.5 oC) and PCL (9.5 oC) [12], it gets much wider and 9 

is even wider in PBS (15 oC) [11]. In order to understand the origin of the memory 10 

effect in Domain IIa, which persists at temperatures higher than the crystals melting 11 

point, several techniques were employed to investigate the existence of order in the self-12 

nucleated melt at different length scales. 13 

3.2.Origin of memory effects of crystallization in PA1012 14 

According to the DSC results shown in Figure 2 and Figure 3, a distinct memory 15 

effect on crystallization can be observed in the upper temperature range of Domain II 16 

(Domain IIa region) where no crystalline self-seeds remain. Further FTIR experiments 17 

were performed to determine the role of intermolecular interaction on the PA1012 18 

memory effects. It is reasonable to speculate that the ordered structure causing memory 19 

effects in polyamide may be due to hydrogen bonds [16, 48], although this link is still 20 
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controversial in the literature [16, 36, 48]. In the following, the vibration of the N-H 1 

group is particularly considered. Although some researchers state that the N-H 2 

stretching is not a conformational sensitive mode, since its peak position remains 3 

invariant to the change of the crystalline phase [49, 50], and the vibration band of the 4 

carbonyl group should be preferred, the latter is not chosen in this research because of 5 

its overlap with other vibration modes [50]. 6 

The PA1012 FTIR spectrum of the N-H stretching vibration region is shown in 7 

Figure 4, and it can be roughly resolved into three components. Two of the absorption 8 

bands can be assigned to the hydrogen bonded and free N-H stretching modes, which 9 

are marked as ν (N-H)bond and ν (N-H)free, respectively [50, 51]. While the one at about 10 

3060 cm-1 corresponds to the amide B mode. The amide B is the first overtone of the 11 

amide II mode, although there is still some controversy on the origin of this band [52]. 12 

 13 

 14 

Figure 4. The PA1012 FTIR spectrum of the N-H stretching vibration band. 15 

 16 

Curve deconvolution is an accessible way to get more information from the FT-IR 17 
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spectra, although some inherent problems exist. Coleman et.al. [53] established criteria 1 

for curve fitting of FT-IR spectrum in 1981, and afterwards many other researchers 2 

referred to these rules in order to perform curve fitting on FTIR absorption bands. The 3 

main issue is to establish band shape, position, width, and the number of curves 4 

components comprised in a complex band, as well as the baseline, prior to the fitting 5 

process [50]. In this research, the spectra base lines of the N-H stretching region (i.e., 6 

from 3120 to 3500 cm-1) have been adjusted separately to obtain a more reliable result. 7 

In order to know the number and positions of the curve components in this region, 8 

derivative spectroscopy, which has been recognized for many years as a method to 9 

enhance the resolution of small shoulders in spectra [53, 54], is applied to the N-H 10 

stretching region (Figure S1). As previous researchers report that the frequency 11 

difference between the “free” and hydrogen bonded N-H stretching modes is a 12 

reflection of the average strength of the hydrogen bonded N-H groups [55], the width 13 

of the hydrogen bonded N-H stretching band mainly reflects the distribution of 14 

hydrogen bonded groups at different distances and geometries [51, 55]. For the 15 

convenience of latter comparisons, and on the basis of the derivative spectra shown in 16 

Figure S1, three different peaks have been applied for fitting this wavenumber region. 17 

Regarding the employed function for curves fitting, although Gaussian function is very 18 

commonly used, the results obtained with this specific peak function are not very 19 

satisfactory, especially for sample temperatures of 193 oC and below (see Figure S2). 20 

On the other hand, the Pearson VII function can yield an excellent fit (Figure S3), but 21 
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the results lack an exact physical meaning. Therefore, a Gaussian/Lorentz function has 1 

been selected as more suitable for approaching the problem of curve fitting, and the 2 

results show a very small error. Obeying the above mentioned FTIR fitting rules [53] 3 

and using a set of reasonable assumptions, the N-H stretching spectrum, from 3120 to 4 

3500 cm-1 after normalization, has been resolved into three bands with the software 5 

PeakFit, the outcome for the peak deconvolution is shown in Figure 5 for two 6 

representative temperatures. 7 

 8 

 9 

Figure 5. The N-H stretching vibration band peak fitting results at isothermal temperature of 10 

220 oC (a) and 193 oC (b) with Gaussian/Lorentz function. 11 

 12 

The data in Domain I is fitted with three Gaussian/Lorentz peaks and a good final 13 

correlation coefficient is typically obtained. In the lower temperature range of Domain 14 

II, i.e., 193 oC and below (Domain IIb), the fitting results are not perfect, but still 15 

acceptable. Considering the second derivative spectra (Figure S1), two small peaks 16 

indicated with round blue circles exist at lower temperature especially in Domain IIb 17 
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and below. The two extra-peaks at 193 oC and below may be originated by the clusters 1 

that cause the memory effect, and their presence will have an effect on the fitting quality, 2 

if only three fitting peaks are adopted. Nevertheless, despite the lower precision of the 3 

fitted curves in that temperature range, we think that the conclusion which are outlined 4 

below will not be affected. We must deduce that the state of hydrogen bonded groups 5 

in this temperature range is more complicated than that in Domain I, as the N-H group 6 

in the self-nucleated melt of Domain II is possibly experiencing a different vibrational 7 

state, or a different degree of bonding dictated by distance and geometry [50]. At a first 8 

approximation, the position of the peak is related to the strength of the interaction [50], 9 

while the peak height or peak area represents the concentration of the corresponding 10 

state. The fraction of each peak obtained by Gaussian/Lorentz fitting after holding at 11 

different Ts for 60 min are shown in Figure 6. With the addition of an antioxidant, no 12 

detectable degradation has been found during this isothermal process. According to 13 

most literature reports [40, 50, 51], we can attribute Peak 2 to the vibration of the 14 

hydrogen-bonded N-H groups, while Peak 3, at a higher wavenumber, to that of free N-15 

Hs. Peak 1 is presumably a contribution from a two-phonon band and can be removed 16 

by the previously described curve fitting method [51, 55-57]. 17 

 18 
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  1 

Figure 6. Fraction of the fitted peaks areas as a function of Ts. The boundary temperature 2 

between the Domain I and Domain IIa is indicated by the dashed vertical line. 3 

 4 

As shown in Figure 6, the two bands only show significant changes below a Ts 5 

values of 200 °C, after which the fractions practically reach a plateau value. Although 6 

some researchers [50] claimed that the N-H molar absorption coefficient may vary with 7 

the peak position (i.e., wavenumbers), the wavenumber change with temperature of 8 

each peak itself was very small compared with the difference in wavenumber between 9 

the three peaks. Therefore, we can consider a constant average wavenumber value 10 

during the experiment. Besides, a further approximation is to consider the band area 11 

proportional to the concentration of the given NH functional group. This choice seems 12 

reasonable, given that the relative variation of the absorption band is used in the 13 

following calculation.  14 

Under the assumption that all N-H groups in the polymer melt exist in either 15 

hydrogen bonded or free state, thus a bonded-free concentration equilibrium for the N-16 

H groups in the system can be established (Equation 1). We highlight that the word 17 
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equilibrium is used to indicate an equivalence between the rates of hydrogen bond 1 

formation and dissolution, i.e., a kinetically stationary state, rather than a 2 

thermodynamic equilibrium. In fact, a continuous conversion between free and bonded 3 

N-H groups exists, as it is a dynamic process. On the other hand, the intensity and peak 4 

position of the N-H absorption band will not change when the sample is held at Ts for 5 

60 min, so it is deduced that the conversion has reasonably reached a pseudo-6 

equilibrium concentration., and this holding time is employed for FT-IR measurements 7 

(Figure S4). Besides, the DSC cooling curves of PA1012, with a standard state, after 8 

holding at certain Ts temperature for 5 and 60 min are shown in Figure S5. The 9 

crystallization temperature Tc does not change in this time interval. Therefore, the time 10 

difference between the DSC and FTIR experiments has no influence on the obtained 11 

results. Accordingly, a dynamic equilibrium constant, Kg can be expressed by Equation 12 

2. The equilibrium fraction of bonded N-H, which would possibly be reached after a 13 

sufficiently long holding time at Ts, depends on temperature according to Equation 3, 14 

where ∆H represents the enthalpy difference between the free and bonded N-H states. 15 

As such, taking the area of ν (N-H)free as the content of (N-H)free, and the areas of the 16 

other band as that of the total concentration of (N-H)bond, the equilibrium constant is 17 

shown as a function of the inverse of the absolute temperature in Figure 7.  18 

 19 

(𝑁𝑁 − 𝐻𝐻)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ⇌ (𝑁𝑁 − 𝐻𝐻)𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓                         (Eq.1) 20 

𝐾𝐾𝑔𝑔 =
(𝑁𝑁−𝐻𝐻)𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
(𝑁𝑁−𝐻𝐻)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

                                     (Eq.2) 21 
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ln 𝐾𝐾𝑔𝑔 = −∆𝐻𝐻
𝑅𝑅𝑅𝑅

+ ∆𝑆𝑆
𝑅𝑅

                                    (Eq.3) 1 

 2 

  3 

Figure 7. Natural logarithm of the equilibrium constant between hydrogen bonded and free N-4 

H groups as a function of the reciprocal absolute temperature. The dashed vertical lines 5 

separate Domain I from Domain IIa and Domain IIb. 6 

 7 

Based on the different temperature dependences of Kg in Figure 7, the plot can be 8 

clearly divided into three parts. In the higher temperature range of Domain I (205 oC 9 

and above), the equilibrium ratio of bonded and free N-H is almost constant with the 10 

increase of Ts temperature. The temperature dependence of the equilibrium constant Kg 11 

becomes stronger when lowering the temperature and it is the strongest for self-12 

nucleation temperatures within Domain IIb. From the slope of the plots in the different 13 

regions, the corresponding ∆H values are calculated (Table 1). The obtained ∆H 14 

represents the average amount of energy that the hydrogen bonded N-H groups, in each 15 

identified temperature region, needs to absorb to transform into a free N-H. In other 16 

words, it shows that the stabilization of N-H groups by hydrogen bonding is strongest 17 
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in Domain IIb (about 360 kJ/mol) and is minimal in the high temperature range of 1 

Domain I, although the presence of weak hydrogen bonds was still detected (7 kJ/mol). 2 

The ∆H value in Domain I is perfectly in line with those obtained by other researches 3 

focusing on hydrogen bonding dynamic equilibrium in high-temperature polyamide 4 

melt [50,58], proving that our fitting procedure and the obtained results are reliable. 5 

The larger ∆H value in Domain II indicates the existence of clusters maintained by the 6 

hydrogen bonds, which possess larger dissociation energy. In the low temperature 7 

region of Domain I, the strength of the hydrogen bond is still substantial, i.e., (75 8 

kJ/mol), a value equal to that in Domain IIa, but apparently this does not affect the 9 

subsequent recrystallization of the polymer. In fact, although the strength of the 10 

hydrogen bonds is still high, the absolute content of the ordered chain aggregates is 11 

probably too low, hence no meaningful self-nucleation effect is observed. The 12 

hypothesis is confirmed in Figure S4, where the absorbance ratio between ν(N-H)bond 13 

and ν(CH2) as a function of temperature is shown. Besides, the calculation of 14 

equilibrium constant has also been done according to Gaussian and Pearson VII 15 

function, and the results are included in the Figure S7, which shows that similar trends. 16 

 17 

Table 1. Slope of the logarithm of equilibrium constant versus reciprocal temperature and 18 

calculated ΔH for each region. 19 

     Domains         

Items 

high temperature 

range of DI 

low temperature 

range of DI 
DIIa DIIb 
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Slope×104 (K) -0.084 -0.902 -0.902 -4.330 

∆H (kJ/mol) 7 75 75 360 

 1 

Since the data collected on PA1012 indicates that hydrogen bonding plays an 2 

important role in its crystallization memory behavior, the influence of the amide group 3 

density in the repeating units of different polyamides is also investigated. Similar SN 4 

experiments were performed on PA66, PA610, PA612, and PA1212, and the different 5 

self-nucleation temperature domains are compared to the respective DSC melting 6 

endotherms in Figure 8. As expected, with the increase of average methylene sequence 7 

length in the repeating unit, the melting temperature of the polyamide drops 8 

substantially [59, 60], going from more than 250 °C for PA66 to less than 180 °C for 9 

PA1212. In parallel, the temperature range of observed memory effect also noticeably 10 

decreases, i.e., the width of Domain IIa (and Domain II) is the largest for PA66 and it 11 

gets narrower with the increase of methylene sequence lengths in the polymer repeating 12 

unit.   13 

 14 

 15 
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 1 

Figure 8. Plots of the self-nucleation domains for PA66 (a), PA610 (b), PA612 (c), and 2 

PA1212 (d) homopolymers, overlapped on top of the standard DSC melting traces. Data 3 

points represent crystallization temperature peaks (plotted using the right-hand y-axis) as a 4 

function of Ts values (on the x-axis). 5 

 6 

The widths of Domain II, Domain IIa and Domain IIb temperature ranges are 7 

plotted against the ratio of amide groups to methylene groups of each polyamide 8 

repeating unit in Figure 9. As deduced from Figure 8, the higher the concentration of 9 

hydrogen bonding N-H groups, the higher the stability of the self-nuclei. A very good 10 

correlation is found: the width of Domain II (and in particular of Domain IIa, where no 11 

crystalline seeds are present) increases with the increase of the relative contribution of 12 

amide group with respect to methylene groups within the chain. On the other hand, the 13 
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width of Domain IIb is unchanged by the relative content of amide groups. This 1 

invariance indicates the predominance of crystalline self-seeds (present as unmelted 2 

crystal fragments in Domain IIb) as the controlling factor of the memory effect in 3 

recrystallization for this temperature region. 4 

 5 

  6 

Figure 9. Width of Domain II, Domain IIa and Domain IIb as a function of the ratio of the 7 

amide to methylene groups in the repeating units (Namine/Nmethylene) in the different indicated 8 

polyamides. 9 

 10 

It is remarkable to note that, if the width of Domain II (or Domain IIa) measured 11 

for the different polyamides is extrapolated to a zero amide groups content, a value 12 

close to zero is obtained, consistently with the typically negligible width of Domain II 13 

reported in the literature for linear polyethylene [1, 61, 62]. Therefore, while for 14 

polyolefins the origin of intermolecular interactions existing in the self-nuclei [20] 15 

needs further investigation, our results demonstrate that in polyamides, when the 16 

density of the amide group is high, hydrogen bonding plays a dominating role in the 17 

memory effect. 18 
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It is conceivable that the strong chain segments interaction through hydrogen 1 

bonding slows down the achievement of an isotropic melt after the crystals have 2 

disappeared, leading to a persistent memory effect. The higher the relative content of 3 

hydrogen bonding groups in the chain repeating units, the higher the thermal energy 4 

that should be provided to break these interactions, resulting in a wider Domain IIa. 5 

This effect might be analogous to the known increase in viscosity and flow activation 6 

energy with concentration of hydrogen bonded groups in associative polymers [22].  7 

Despite the limited amount of data for short-chain polyamides in Figure 9, it seems 8 

that the width of Domain IIa would reach a saturation value at high amide group 9 

contents. It can be speculated, that since the hydrogen bonds will make chain segments 10 

more rigid, if the length of the methylene chain between the amide groups is very short, 11 

the formation of chain aggregates constituting the self-nuclei after the melting of the 12 

crystalline structure (see Figure 6) might become more difficult, due to limited chain 13 

flexibility.  14 

4. Conclusions  15 

In this work, the crystalline memory of a long chain polyamide, and its relationship 16 

with hydrogen bonding, was investigated. FTIR measurements performed during 17 

thermal conditioning at different self-nucleation temperatures can successfully detect 18 

the presence and stability of hydrogen bonds in the studied polyamide. The variation of 19 

the ratio between free N-H and bonded N-H groups can be correlated with the 20 
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dependence of the memory effect as a function of Ts values. The results show that the 1 

stabilization of N-H groups by hydrogen bonding is strongest in Domain II and 2 

decreases upon increasing Ts until it becomes significantly smaller in Domain I. 3 

Employing a series of polyamides, we were able to demonstrate that the width of the 4 

memory effect domain (Domain IIa) directly correlates with the relative content of 5 

amide groups with respect to methylene groups in the repeating units. As such, it was 6 

clearly demonstrated that hydrogen bonding plays a fundamental role in the memory 7 

effects (observed in Domain II) of PA1012, and of long chain polyamides in general. 8 

As far as we aware, this is the first time that the key role of hydrogen bonding stability 9 

has been unequivocally linked with crystalline memory. 10 
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