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ABSTRACT  

Multiple melting peaks of high-density polyethylene produced by complex thermal pre-

treatment are investigated with variable temperature Raman spectroscopy and differential 

scanning calorimetry (DSC). We examine the origin of the observed multiple melting peaks 

with three possible model mechanisms: melting-recrystallization, pre-melting via 

mesophases, and melting of multi-thickness lamellae. We quantitatively analyze Raman 

spectral change associated with each melting peak with respect to temperature. The Raman 

spectral change is represented by a least squares moving-window (LSMW) method, which 

is effective in suppression of high-frequency derivative noise. The conformational 

similarity among multiple melting peaks strongly suggests that dominant melting occurs 

from the crystalline phase directly to the amorphous phase at all transitions. The observed 

multiple melting transitions are consistent with one-step melting of multi-thickness 

lamellae as the dominant origin. However, a two-dimensional Raman correlation 
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spectroscopy suggests that non-crystalline trans-rich conformations appear during the 

melting process, whose mass fraction is estimated as 10% or less. The combined techniques 

are shown to provide better insights into the melting process. 

INTRODUCTION 

Semicrystalline polymers, including polyethylene (PE) and polypropylene, are the largest 

group of commercial plastics. By melting and crystallization, the starting form of pellets 

or powder is manufactured into final products with an intended shape and properties. Better 

understanding of structural changes during the phase transitions becomes important not 

only for more effective production control but also for designing and inventing new 

products with unprecedented properties. However, there are challenges to understand the 

complex nature of the phase transitions of semi-crystalline polymers.1 The solid phase 

exists in a mixture form of crystalline and amorphous phases, whose composition or 

crystallinity can vary depending on the molar mass distribution and its prior thermal and 

rheological history.2, 3 The observed melting point is affected by not only the crystallinity 

and the higher order structures (orientation and lamellar thickness) but also the dynamics 

of heating and cooling.4-6 In addition, the application of shear flow during crystallization , 

which is a critical part of commercial polymer processing techniques, is known to affect 

the melting point and dynamics of the melting transition.7 Even slow shear (< 3 s-1) of PE 

of intermediate molecular weights (58,600 g/mol) will lead to variation in the 

crystallization kinetics and crystal orientation.8 Higher shear rates can generate a shish-

kebab structure, which has been noted in X-ray and transmission electron microscopy 

measurements.9 For this reason, the study of melting transitions provides a unique 
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opportunity to investigate the solid phase before melting. Heterogeneity in the structural 

hierarchy and the dynamics of semi-crystalline polymers is thought to be related with often 

observed broad or multiple melting peaks.  

Some X-ray studies suggest that heterogeneous melting of semi-crystalline polymer is due 

to the difference in molecular environment between the surface (or domain interface) and 

the bulk,10, 11 while other X-ray and thermodynamic studies suggest that metastable phases 

between the crystalline and amorphous phases can result in multiple melting transitions.12-

15 In addition, reorganization and crystallization of mobile polymer chain segments can 

shift apparent melting peaks,16-19 obscuring its interpretation. Crist has discussed 

extensively the challenges with using small angle X-ray scattering (SAXS) to model 

polymer crystal melting and has even argued that scattering can likely not provide 

information related to all of the changes occurring during melting.20 The structural and 

dynamic complexity of semi-crystalline polymers makes it extremely challenging to study 

the underlying melting mechanisms only by univariate information from scattering and 

thermometric measurements. 

PE is one of the model polymers widely studied for fundamental understanding of structure 

changes in the polymer melting, crystallization, and phase transition in general. PE melting 

has been investigated by many analytical methods, such as X-ray scattering,11, 21-23 

differential scanning calorimetry (DSC),5, 24-27 near-IR,28, 29 Raman,21, 30, 31 dilatometry,32 

and nuclear magnetic resonance (NMR) spectroscopy.33 However, some methods are based 

on univariate information, which is limited in identifying multiple phases simultaneously; 

other multivariate methods are not sufficiently sensitive to detect subtle changes associated 
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with heterogeneous melting transitions. For example, Raman spectroscopy has been widely 

used to characterize phase changes of polymers by simultaneously measuring multiple 

Raman bands associated with specific phases.31, 34, 35 In particular, many Raman bands of 

PE and alkanes have been extensively studied for each phase.31, 35, 36 Briefly, the amorphous 

phase exhibits relatively broad Raman bands due to disordered chain interactions and 

gauche-rich conformation. On the other hand, the crystalline phase is characterized with 

relatively narrow Raman bandwidth due to strict interchain interaction in the orthorhombic 

structure packing and trans-rich conformation. Some narrow Raman bands in alkanes 

remain after the orthorhombic crystalline bands disappear until the amorphous bands 

appear. These bands, called the non-crystalline consecutive trans (NCCT) bands,35 

represent rich trans conformers that are not in an orthorhombic crystalline packing. This 

type of identification of phase and conformation by Raman spectroscopy is straightforward 

when phase transitions are sufficiently separated and the phase-specific Raman 

characteristics are sufficiently different. However, a simple analysis of Raman intensities 

is typically not sufficiently sensitive to observe the subtle spectral changes in semi-

crystalline polymers, whose observed melting transition is often broad and unresolvable. 

Recently, Lee proposed a new spectral analysis method, called least squares moving-

window (LSMW), as a versatile numerical differentiation tool that efficiently suppresses 

high-frequency differentiation noise.37, 38 We use the LSMW method to analyze a series of 

variable temperature Raman spectra acquired from high-density polyethylene (HDPE). The 

improved signal-to-noise ratio of the derivative of Raman intensity with respect to 

temperature allows us to resolve the broad melting peak into multiple underlying peaks. 

Quantitative analysis of the Raman changes corresponding to the underlying melting peaks, 
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accompanied by thermal analysis, unravels the dominant mechanism for the broad and 

multi-peak melting transition of HDPE. 

EXPERIMENTAL SECTION 

Sample Preparation. The HDPE used in this study is NIST SRM 1475, which is a linear 

PE with a mass-average molar mass Mw = 53,000 g/mol and number-average molar mass 

Mn = 18,300 g/mol.39 Pellets were first melt-pressed at (155 ± 1) °C into disks of thickness 

(1.0 ± 0.1) mm to make two samples. 

Raman Spectroscopy. Two different Raman spectrometers were used to measure 

temperature dependent Raman spectra. Sample I was placed between the glass base and 

the stainless steel upper plate in a rheo-Raman microscope (Thermo Fisher Scientific, 

temperature uncertainty ± 0.1 °C).40 Sample I was heated to 155 °C, compressed to the 

final thickness of (700 ± 30) μm, and cooled to room temperature by exposing the sample 

to ambient conditions. No flow was applied to Sample I. Sample I was (a) heated from 28.7 

°C to 60 °C at 10 °C/min, (b) held at 60 °C for 10 min,  (c) heated to 120 °C at 10 °C/min, 

(d) held at 120 °C for 10 min, and (e) finally heated to 140 °C at 0.1 °C/min. Raman spectra 

of Sample I were measured with the spectrometer of a DXR Raman microscope (Thermo 

Fisher Scientific; spectral resolution = 4 cm-1), which was attached to the rheo-Raman 

microscope. The power of the excitation laser light of 532 nm at the sample was 10 mW. 

The Raman spectra of Sample I were measured with an increment of 0.1 °C between 120 

°C and 140 °C at the scanning rate of 0.1 °C/min. Sample II was placed between the quartz 

disks of a shear cell (Linkam Scientific Instruments, CSS 450, temperature uncertainty 

within ± 0.1 °C), heated to 155 °C, and compressed to (700 ± 10) μm. Sample II was 
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crystallized by cooling at a rate of 30 °C/min from 155 °C to 128 °C, shearing the sample 

at temperature for 10 min at a rate of 1 s–1, and then allowing the sample to crystallize for 

120 min at 128 °C. The sample was cooled at 30 °C/min to 120 °C and immediately heated 

to 130 °C at 30 °C/min. The sample was then melted by heating the sample at a rate of 0.25 

°C/min from 130 °C to 140 °C. Raman spectra of Sample II were measured with a triple 

grating Raman spectrometer (Horiba, T64000; spectral resolution = 0.8 cm-1) in the 180° 

backscattering geometry. Lineally polarized light from a HeNe laser (632.8 nm) was 

focused into a spot with a diameter of 60 μm, and an average power of 15 mW. Raman 

spectra were measured with an increment of 0.25 °C between 130 °C and 140 °C. Each 

spectrum was detrended by a splined baseline calculated at four frequencies (952 cm-1, 

1240 cm-1, 1340 cm-1, and 1550 cm-1). To compensate irregular scattering, the spectral 

intensity was scaled by the area of the CH2 twisting band (1240 cm-1 to 1340 cm-1).31, 35 

Differential Scanning Calorimetry (DSC). DSC measurements ware performed on a TA 

Q1000 calorimeter equipped with a mechanical intercooler under a nitrogen atmosphere 

purge. Unless specifically mentioned, the heating rate was 0.1 °C/min to match that of 

variable temperature Raman measurements. Calibrations were performed according to the 

manufacturer’s specifications. 

Data Analysis. Principal component analysis (PCA) was performed with a commercial 

multivariate analysis package (Solo+MIA, Eigenvector Research, Inc). The Raman spectra 

were mean-centered before PCA. The first order derivative of spectral intensity with 

respect to temperature was calculated based on the LSMW by using the SLOPE function 

provided in the Microsoft Excel package. Two-dimensional correlation spectroscopy 



 7 

(2DCOS) analysis was performed with 2D Shige, developed by Shigeaki Morita (Kwansei 

Gakuin University). 

RESULTS AND DISCUSSION 

Figure 1a displays selected Raman spectra acquired from Sample I (ambient cool from the 

melt with no shear) during heating, showing qualitative difference in peak positions and 

shape before and after melting. Most of the Raman peaks can be associated with the 

orthorhombic, consecutive trans, and amorphous conformations.35, 41 Figure 1b shows 

plots of the area of the Lorentzian-fitted Raman peaks as a function of temperature. The 

1419 cm-1 peak (the CH2 bending mode), which represents the orthorhombic crystalline 

phase, decreases gradually as temperature increases. The narrow peak at 1295 cm-1 (the 

CH2 twisting mode) is converted into the broad peak at 1302 cm-1 as the consecutive trans 

conformation is transformed into the amorphous phase. Similarly, the two narrow peaks at 

1062 cm-1 and 1127 cm-1 (the C–C stretching mode) are transformed into the broad peak 

at 1080 cm-1 as the consecutive trans conformation becomes the amorphous phase. In 

Figure 1b, it is noted that the orthorhombic peak at 1419 cm-1 decreases at a similar rate 

with the consecutive trans peaks (1295 cm-1, 1062 cm-1, and 1127 cm-1), which is quite 

different from the temperature dependence of the corresponding peaks in some n-alkane 

(n-C21H44).41 For n-alkanes (n-CnH2n+2) of 9 ≤ n ≤ 39, the orthorhombic peak at 1419 cm-1 

decreases sharply at a temperature below the melting point, while the consecutive trans 

peaks decrease at the melting point.36 Differences between HDPE and n-alkanes (n-

CnH2n+2, 9 ≤ n ≤ 39) are that the melting occurs over a wide temperature range; and that the 
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orthorhombic peak and the consecutive trans peaks decrease at a similar rate with 

temperature. 

 

Figure 1. (a) Variable temperature Raman spectra of high-density polyethylene (HDPE) 

during melting. (b) The peak areas of selected Raman bands, which correspond to three 

molecular conformations: orthorhombic crystalline, consecutive trans, and amorphous. 

 

To identify spectral changes associated with the broad phase transition, we performed a 

multivariate analysis for the whole series of Raman spectra. Principal component analysis 

(PCA) is widely used to find orthogonal spectral components (i.e., loadings) and their 

relative amplitudes (i.e. scores) with the orders of principal components determined from 
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the highest variance. The PCA score plots in Fig. 2a shows a gradual change with 

temperature, which is similar to the individual peak intensity changes. The large variance 

(>99%) of the first principal component indicates that the spectral change occurs between 

two states. This PCA result only reconfirms that the slow spectral change occurs from the 

crystalline and the consecutive trans conformation to the amorphous conformation but does 

not provide additional spectral information on multiple melting peaks. 

 

Figure 2. Principal component analysis (PCA) of the variable temperature Raman spectra 

of HDPE. (a) Scores and (b) loadings of the first two principal components (PC1 and PC2). 

 

Figure 3a shows a DSC plot of Sample I, acquired at the same heating rate as the Raman 

measurement (0.1 °C/min). The DSC plot shows melting transition over a broad 

temperature range, which is like the Raman results shown in Figs. 1 and 2. Furthermore, 

the high signal-to-noise ratio of the DSC measurement can resolve the broad DSC curve 

into multiple peaks. These types of multiple broad melting peaks have been reported in 
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previous DSC studies of PE.25, 33 Although the overall melting mechanisms of PE have 

been discussed with various types of mechanisms at the molecular level,20, 25, 33 the origin(s) 

of the individual underlying peaks cannot be fully understood only by DSC and similar 

thermoanalytical methods due to insufficient structural information. Based on previous 

studies on PE melting, we propose three possible model mechanisms to explain the 

multiple melting peaks observed by DSC in Fig. 3a. Although the DSC plot of Fig. 3a can 

be fitted with either two or three peaks, for simplicity of discussion, we consider it as two 

melting peaks to illustrate the three model mechanisms in Fig. 4. First, in the melting-

recrystallization model, lamellae thickening occurs via melt-crystallization30, 42 at the lower 

temperature. Then, the thickened lamellae melt completely at the higher temperature. 

Before and after melting-recrystallization, the degree of crystallinity may change, but the 

lamellae are considered to be conformationally indistinguishable. The second model, called 

pre-melting via mesophases, assumes existence of a mesophase between the crystalline 

phase and the amorphous phase. At the lower temperature, the orthorhombic phase 

becomes the mesophase, which melts into the amorphous phase at the higher temperature. 

The mesophase is considered to be structurally or conformationally different from both the 

orthorhombic and amorphous phases. In the third model, the original orthorhombic phase 

contains a multimodal distribution of lamellae thicknesses. Thinner lamellae melt at a 

lower temperature, and thicker lamellae melt at a higher temperature. In this melting of 

multi-thickness lamellae model, all melting are considered as a single, conformationally 

identical transitions. The presence of such a distribution of lamellae could occur through a 

number of mechanisms including, for example, a secondary crystallization process where 

small crystallites form after (or during) the formation of the primary lamellar crystallites, 
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through the uncontrolled cooling process where rapid cooling results in a broad distribution 

of crystal size, or by a process similar to self-nucleation and successive annealing (SSA)43 

that occurred on heating to and holding at 120 °C prior to the DSC and Raman 

measurements. Because the larger area peak occurs at lower temperatures, secondary 

crystallization would be unlikely to have been the cause because it would correspond to a 

smaller total crystal fraction and would occur at lower temperatures. A very small 

endotherm was measured in the DSC starting at approximately 100 °C and continuing up 

to 120 °C, supporting the possibility of an SSA-type process (see Fig. S1). It should be 

noted that the actual melting process may involve two or more sub mechanisms occurring 

concurrently; however, our primary aim is to find the dominant origin of the multiple and 

broad melting peaks observed in DSC and Raman measurements. 

 

Figure 3. (a) A differential scanning calorimetry (DSC) heating trace of a pristine HDPE 

(sample I). (b) A DSC trace of an annealed HDPE, which was prepared from an additional 

sample with the identical thermal history as Sample I by first heating from room 

temperature to 60 °C at 10 °C/min, holding for 10 min, heating to 120 °C at 10 °C/min, 
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holding for 10 min, heating to 133 °C at 0.1 °C/min, and immediately cooling back to 120 

°C at 1 °C/min. After the annealed sample was kept at 120 °C for 30 seconds, it was 

reheated for DSC measurement. For both (a) and (b), the DSC traces were measured at 0.1 

°C/min. 

 

In order to verify the model hypotheses, we performed DSC measurement of a different 

HDPE sample that was prepared with additional heat treatment of the same polymer as 

Sample I. Before the DSC measurement, the sample was heated to 133 °C, where the first 

melting was completed, and cooled back to 120 °C. In Fig. 3b, the DSC plot acquired 

during the second heating shows two distinct melting peaks, which are located at higher 

temperatures than those in Fig. 3a. In addition, the calculated degree of crystallinity 

increases from 56.1% for Sample I to 61.9% after the additional heat treatment. Because 

the increased melting temperature and crystallinity are among typical annealing effects,24 

the additional heat treatment can be considered as annealing. Separate Raman 

measurements were not performed due to the sensitivity of our samples to temperature and 

thermal history within the various instruments used for measurement. 
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Figure 4. Three models used for discussion on the origin for observed multiple melting 

peaks of PE. In the melting-recrystallization model, orthorhombic lamellae thickening 

occurs at T1 via melt-crystallization, and the thickened lamellae melt at T2. In the pre-

melting-via-mesophase model, the crystalline phase transforms into a mesophase at T1 and 

melts into the amorphous phase at T2. In the multi-thickness lamellae model, multiple 

melting temperatures correspond to with a multimodal thickness distribution of the 

orthorhombic lamellae in the crystalline phase. 

 

First, the melting-recrystallization model is tested as a possible explanation of the second 

DSC result of the annealed HDPE. Like the DSC result of the pristine (non-annealed) 

HDPE sample, the initial heating above the lower melting temperature (T1) would thicken 

lamellae from L to L′ (≥ L) via melting-recrystallization. During the cooling, the thickened 

lamellae are expected to remain at the same thickness or become even thicker due to 

possible annealing during cooling from 133 °C to 120 °C for 13 min. If the melting-

recrystallization model is correct, the annealing-thickened lamellae with thickness of L″ (≥ 

L′) should melt to the amorphous phase through a single melting transition at a temperature 
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equal to or higher than T2. However, the observed DSC curve of the annealed HDPE in 

Fig. 3b shows two distinct melting transitions, which is different from a single peak 

expected from the melting-recrystallization model. Furthermore, we performed another 

DSC measurement with different heating rates because the kinetic nature of the 

simultaneous occurrence of melting and crystallization can be affected by heating rate.4, 5 

Figure S4 shows the DSC results acquired with 50 and 100 times faster heating rates than 

those in Fig. 3. Both DSC curves from the pristine and annealed HDPE samples show two 

melting peaks. The absence of a scanning rate effect on the number of melting peaks 

indicates that recrystallization via melt-crystallization is less likely to be responsible for 

the observed multiple melting peaks. 

On the other hand, both the pre-melting via mesophases model and the melting of multi-

thickness lamellae model can explain the observed annealing effect. In the mesophase, the 

annealing process would make the orthorhombic lamellae thicker. Subsequently, the 

thicker lamellae would result in higher temperatures for both the orthorhombic-to-

mesophase and the mesophase-to-amorphous transitions,44 as was reported for phase 

transitions in n-alkanes.36 In the melting of multi-thickness lamellae model, the annealing 

could thicken both thinner and thicker lamellae, which would result in shift in melting 

temperatures. The presented DSC study with a controlled heat treatment is helpful for 

characterization of the PE melting phenomenon to a certain degree but is still not sufficient 

to lead to a conclusion on the underlying origin of the multiple melting transitions. 
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Figure 5. Least squares moving-window (LSMW) analysis of the HDPE Raman spectra 

from Sample I with the window size of eleven spectra (∆T = 1 °C). (a) A contour map of 

the first order derivative (dI/dT) as a function of Tave of a moving window. The dI/dT of six 

Raman peaks are plotted after numerically integrated over frequency ranges to cover the 

Raman peaks: (b) 1415 cm-1 to 1425 cm-1, (c) 1056 cm-1 to 1068 cm-1, (d) 1115 cm-1 to 

1136 cm-1, (e) 1290 cm-1 to 1299 cm-1, (f) 1069 cm-1 to 1102 cm-1 and (g) 1299 cm-1 to 1325 

cm-1. The dI/dT plots are fitted with three Gaussian functions with respect to Tave, and the 

details are found in the text. 
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Variable temperature Raman spectroscopy provides much richer information on specific 

conformations or structures of PE.41 However, as shown in Fig. S2, the poor signal-to-noise 

ratio from the conventional single-step differential analysis based on individual peak 

intensity cannot allows for quantitative analysis of the multiple melting transitions. We use 

the LSMW method, an extended type of Savitzky–Golay differentiation, to calculate the 

first order derivative with respect to temperature.38 Figure 5a shows the contour map of the 

first order derivative (dI/dT) as a function of the average temperature (Tave) of a moving 

window. The window size of ∆T = 1 °C, which corresponds to eleven temperature steps, is 

used for a maximum signal-to-noise ratio without compromising the resolving power for 

this data set of HDPE Raman spectra. The positive (blue) and negative (red) contours show 

that conformational change occurs over a wide temperature range from 126 °C to 134 °C. 

For a quantitative analysis of conformation specific Raman modes, we separately plot dI/dT 

as a function of Tave for the six representative Raman bands, as shown in Fig. 5b–5g. The 

negative sign of dI/dT in Fig. 5b–5e indicates that the Raman peak intensities 

corresponding to the orthorhombic and consecutive trans conformations decrease as 

temperature increases. The positive sign of dI/dT in Fig. 5f and 5g indicates that the Raman 

peak intensities corresponding to the amorphous conformation increase as temperature 

increases. It is noted that the overall shape of the dI/dT curves are similar. More 

importantly, all the dI/dT curves exhibit multiple transitions, which is similar in peak shape 

and relative peak position to the DSC curve in Fig. 3a. We fit the dI/dT curves with three 

Gaussian functions to determine the peak temperature, the full-width-half-maximum 

(FWHM), and the area of each underlying melting peak. First, the dI/dT curves of the 

orthorhombic and consecutive trans bands in Fig. 5b–5e are fitted with three peaks by 
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sharing their peak temperatures and FWHMs but setting their amplitudes free. Then, for 

the amorphous bands in Figs. 5f and 5g, we used the peak temperatures and FWHMs 

calculated from the fitting results of Fig. 5b–5e to avoid unwanted error propagation from 

the poor signal-to-noise ratio of the amorphous data. Figures 5b–5g show that the three 

Gaussian functions fit all the curves reasonably well even with a constraint of the shared 

peak temperatures and FWHMs. The determined peak temperatures of the three transition 

modes are 127.5 °C, 130.0 °C and 132.0 °C, and the determined FWHMs are 1.5 °C, 2.2 

°C and 2.0 °C, respectively. The difference in melting peak locations between the DSC in 

Fig. 3 and the Raman LSMW results in Figure 5 can be due to difference in measurement 

volume and possible inaccuracy in temperature reading of the Raman sample stage. 

However, the overall shape (in relative peak positions and peak heights) of the melting 

trend is similar between DSC measurements and the LSMW analysis of the Raman spectra. 
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Figure 6. LSMW analysis of the HDPE Raman spectra from Sample II with the window 

size of five spectra (∆T = 1 °C). (a) A contour map of dI/dT as a function of Tave of a moving 

window. The dI/dT of five Raman peaks are plotted after numerically integrated over the 

same frequency ranges as Fig. 5. The dI/dT plots are fitted with two Gaussian functions 

with respect to Tave. 

 

Table 1. Ratios of the peak area of the underlying melting peaks to the peak area of the 

highest melting peak. The peak areas are determined from the LSMW results acquired from 
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the two HDPE samples in Figs. 5 and 6. For example, A127.5/A130.0 indicates the ratio of the 

area of the underlying peak centered at 127.5 °C to that of the peak centered at 130.0 °C.  

Vibration mode 
 

Sample I Sample II 

Frequency/ cm-1 Assignment A127.5/A130.0 A132.0/A130.0 A133.2/A135.4 

1060 Consecutive trans 0.17 ± 0.05a 0.45 ± 0.07 0.61 ± 0.14 

1133 Consecutive trans 0.19 ± 0.02 0.42 ± 0.06 0.67 ± 0.11 

1295 Consecutive trans 0.20 ± 0.03 0.37 ± 0.05 0.58 ± 0.09 

1420 Orthorhombic 0.23 ± 0.02 0.35 ± 0.05 0.65 ± 0.12 

1080 Amorphous 0.19 ± 0.04 0.23 ± 0.20 N/A 

1302 Amorphous 0.17 ± 0.03 0.35 ± 0.20 0.58 ± 0.09 
aThe uncertainty is calculated with the error propagation model for division by using the 

relative standard deviation of the fitting residuals within the FWHM range of each peak. 

 

For a quantitative analysis, we calculate the area ratio of each side peak to the center peak 

(the highest amplitude) for each Raman band. The results of the six Raman bands are listed 

in Table 1. The area ratio for different conformation-specific Raman bands can provide 

direct information on conformational changes associated with each melting transition. 

Interestingly, the area ratios of the underlying peaks are similar among the different 

conformations, which indicates that conformational changes occur in the same way at each 

underlying transition temperature. This conformational similarity between multiple 

transitions are quite different from the behavior of n-alkane (n-C21H44). In Fig. S3, the 

orthorhombic peak of n-C21H44 shows a greater intensity variation at the lower phase 

transition temperature (orthorhombic-to-rotator) while the consecutive trans peaks and the 
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amorphous peaks show greater variations at the higher phase transition temperature 

(rotator-to-amorphous). 

To confirm that this observation can be generalized for HDPE, we acquired another series 

of variable temperature Raman spectra from a differently prepared HDPE sample (called 

Sample II). Sample II was prepared from the same stock HDPE but crystallized during 

shear at a rate of 1 s-1 for 600 s. For Raman measurement, Sample II was heated at a 

different heating rate (0.25 °C/min) and temperature increment (0.25 °C). Figure 6 shows 

the LSMW results calculated from the Raman spectra of Sample II. Due to faster heating 

rate and wider temperature step, the first order derivative profiles look noisier than those 

from Sample I; however, both the contour maps and the temperature plots of individual 

Raman bands show at least two underlying melting peaks. The LSMW profiles were fitted 

reasonably well with two Gaussian functions when the peak temperature and the FWHM 

are shared. Similar to the results of Sample I, the relative areas for the five Raman bands 

(listed in Table 1) are similar among the Raman bands measured from Sample II, which 

reconfirms qualitative similarity in conformational changes at each underlying transition 

temperature. Interestingly, the values of the relative area acquired from Sample II are 

different from those from Sample I, indicating that thermal history of a sample can affect 

the relative amount of conformational change associated with the melting peak area and 

possibly the number of melting peaks. 

The similarity in conformational changes at all underlying melting peaks provides insight 

into the remaining two models for the dominant origin of multiple melting peaks. First, in 

the pre-melting via mesophases model, the phase transitions at the lower temperatures in 
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Fig. 5 could be considered to correspond to orthorhombic-to-mesophasea and mesophasea-

to-mesophaseb transitions, and the transition at the highest temperature would be 

mesophaseb-to-amorphous transition. In this case, conformational changes across all 

transitions must be different because the initial (orthorhombic) conformation and the final 

(amorphous) conformation are different. For example, in n-alkanes, the orthorhombic-to-

rotator and the rotator-to-amorphous transitions appear differently in the orthorhombic, 

consecutive trans, and amorphous Raman bands. Therefore, the pre-pelting via 

mesophases model is not consistent with the conformational similarity of all underlying 

melting peaks observed from the LSMW Raman results. The negligible mesophase 

contribution is consistent with the Raman study of a series of n-alkane by Kotula et al.36 

They reported that the contribution of rotator phases become negligible in mass fraction 

when the chain length n > 40. PE can be considered as an extrapolated case of a long chain 

alkane that has only direct transition from the crystalline phase to the amorphous phase. 

Next, the melting of multi-thickness lamellae model assumes that all underlying melting 

transitions are qualitatively the same in terms of conformational change, which is 

consistent with the observed conformational similarity of all underlying melting peaks. In 

the melting of multi-thickness lamellae model, the underlying peak area will be 

proportional to the crystallinity change due to melting of the corresponding lamella. In 

other words, the overall LSMW Raman profiles can be considered as the mass weighted 

thickness distribution function of PE lamellae. The thermal history of a HDPE sample can 

affect not only the number of melting peaks but also their widths, as demonstrated by the 

annealing effect in Fig. 3b and Fig. S4b. The multiple melting peaks observed from Sample 

I in DSC measurements clearly demonstrate the heterogeneity in HDPE melting, and the 
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conformational similarity in the multiple melting peaks revealed by Raman LSMW 

analysis suggests a broad multimodal distribution of lamella thickness as the main reason 

for the observed heterogeneity. 

 

Figure 7. Two-dimensional correlation spectroscopy (2DCOS) analysis of the temperature 

dependent Raman spectra of the HDPE Sample I over the temperature range from 121.2 

°C to 136.3 °C. The red and blue colors denote positive and negative cross peaks, 

respectively. 

 

Now, we discuss the contribution of non-crystalline trans-rich conformations to the 

observed HDPE melting. We used the two-dimensional correlation spectroscopy (2DCOS) 

method, which has been widely used to find the pair-wise correlation of spectral changes 

with respect to external perturbation (e.g., temperature).45 Briefly, 2DCOS calculates the 
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complex cross correlation of spectral intensity variations in response to an external 

perturbation for each frequency pair. The real (in-phase) term of the cross correlation is 

used to construct the synchronous map, and the imaginary (out-of-phase) term is used to 

construct the asynchronous map. The signs of the synchronous and asynchronous maps 

indicate the direction and the sequence, respectively, of the intensity changes for the 

corresponding frequency pair. Figure 7 shows the synchronous and asynchronous 2DCOS 

maps calculated from the variable-temperature Raman spectra, which was used for Figs. 1 

and 5. The synchronous map in Fig. 7a shows correlations between the orthorhombic peak 

and other six peaks corresponding to the consecutive trans and amorphous conformations. 

The synchronous correlation reconfirms positive and negative correlation between the 

orthorhombic peak and the consecutive trans peaks and between the orthorhombic peak 

and the amorphous peaks, respectively. It is interesting that the asynchronous map in Fig. 

7b shows non-zero features, indicating that there is out-of-phase intensity change between 

peaks. According to Noda’s rule,45 the combination of the positive sign in the synchronous 

map and the negative sign in the asynchronous map indicates that the orthorhombic peak 

(1419 cm-1) decreases earlier than the consecutive trans peaks (1062 cm-1, 1127 cm-1, 1168 

cm-1 and 1295 cm-1) decrease. Similarly, the negative sign in the synchronous map and the 

positive sign in the asynchronous map indicates that the orthorhombic peak (1419 cm-1) 

decreases earlier than the amorphous peaks (1080 cm-1 and 1302 cm-1) increase. The out-

of-phase spectral changes suggest that there exists the NCCT conformation between the 

orthorhombic and the amorphous phases. The evidence of a third phase, represented by the 

NCCT bands in the Raman spectrum, has been questioned for PE due to the large 

uncertainty in the relative amount of this phase in highly crystalline samples and the 
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variation in fitting routines for the multiple overlapped Raman peaks.46 Although 

assessment of a third phase is challenging at lower temperatures, Migler et al. have 

observed the presence of NCCT bands in the Raman spectrum prior to the appearance of 

crystallinity during isothermal crystallization.35 Raman measurements on the melting of 

alkanes have helped to further explain the NCCT bands as not necessarily arising due to a 

separate phase, but from the fraction of chain segments not in an orthorhombic packing 

that have approximately 4 or more consecutive trans bonds prior to the appearance of a 

gauche bond.36 

For quantitative information of the NCCT contribution, we calculate the mass fractions of 

the orthorhombic and the consecutive trans conformations from the Raman peak intensities 

of Fig. 1b by using the method in Ref. 35. The mass fraction of the NCCT is calculated by 

the subtraction of the orthorhombic mass fraction from the consecutive trans mass fraction. 

We assume a negligible NCCT mass fraction before melting and scale the consecutive 

trans curve at 121 °C to the crystallinity (56.1 ± 0.1)% measured by the DSC curve in Fig. 

3a. Interestingly the mass fraction of the mesophase departs from zero at 127 °C, reaches 

about 10% at the maximum at 130 °C and then returns to zero at 133 °C. Note that in the 

temperature window from roughly 132.5 °C to 133 °C, there is no detectable crystallinity 

but there is a small contribution from the NCCT conformations.  This small fractional 

contribution is consistent with the previous report on a Raman analysis of an early stage 

crystallization of isothermally cooled HDPE.35 Despite the poor signal-to-noise ratio, the 

non-zero region of the NCCT curve in Fig. 8 seems to match the three underlying peaks of 

the dI/dT curves in Fig. 5, which indicates that this conformational state does not contribute 

exclusively to one melting peak. 
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Figure 8. Mass fractions of the crystalline, consecutive trans, non-crystalline consecutive 

trans (NCCT) conformations estimated from the Raman spectra of Sample I in Fig. 1. The 

mass fraction of the crystalline conformation is calculated by scaling the plot for the 

orthorhombic peak at 1419 cm-1 (in Fig. 1b) to the crystallinity determined from the DSC 

measurement in Fig. 3a. Similarly, the mass fraction of the consecutive trans conformation 

is calculated by scaling the plot for the peak at 1295 cm-1 (in Fig. 1b) to the crystallinity 

value, based on assumption that consecutive trans conformation exists in the crystalline 

phase at a sufficiently lower temperature than the melting transitions. The mass fraction of 

the NCCT conformation is calculated by subtracting the mass fraction of the orthorhombic 

crystalline conformation from the mass fraction of the consecutive trans conformation. 

 

The NCCT fraction can be put into the context of prior NMR experiments on PE, which 

are sensitive to chain motion consisting of a 180° rotation and a translation of one repeat 

unit within the orthorhombic packing. The frequency of these events can approach 105 s-1 

near the melting temperature,47 and additional NMR measurements have revealed a second, 

slower translation-rotation motion that occurs in more perfect crystallites.48 For 
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comparison, the vibrational modes accessed with Raman spectroscopy are of order 1013 

vibrations per second,34 so we can consider the vibrational modes effectively decoupled 

from the chain translation-rotation events resolved in NMR. We must also consider the 

time-average fraction of chains that are undergoing this chain diffusion at a given instant. 

Milner and Wentzel have concluded from free energy arguments that the concentration of 

these events must be very dilute in the orthorhombic crystal: given the formation energy 

E = 100 kJ/mol from NMR measurements, the concentration is expected to be of order e–

E/kT ~ 10–13 per chain.49 Simulations indicate a much lower formation energy (of order kT) 

in some rotator phases of alkanes, meaning that the concentration of these events would 

also be significantly increased.49 However, our LSMW analysis does not reveal a strong 

phase transition during melting. 

A combination of multiple spectral analysis methods (principal component analysis, peak 

fitting, LSMW, and 2DCOS) and a thermal analysis method (DSC with and without 

annealing) can therefore be used to characterize the complex changes in conformation and 

thermodynamics during HDPE melting. Those multidimensional analysis results allow one 

to understand not only the dominant mechanism but also minor mechanisms that contribute 

to the observed heterogeneous melting. These techniques could be combined with in-situ 

X-ray scattering methods to simplify the complications associated with analyzing 

scattering data to further understand the structural and conformational changes during 

melting at different length scales.20 

CONCLUSION 
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We have investigated the conformational evolution during the melting of HDPE samples 

with complex thermal pretreatment by variable temperature Raman spectroscopy and DSC. 

We have identified the dominant origin of the multiple melting peaks by analyzing the 

noise-suppressed first order derivative of Raman intensity with respect to temperature 

calculated with the LSMW method. We examined three different models that could be used 

to explain the multiple melting peaks observed by DSC: the melting-recrystallization 

model, the pre-melting via mesophases model, and the melting of multi-thickness lamellae 

model. The dominant melting mechanism has been evaluated by the annealing effect on 

the DSC results and the LSMW analysis of Raman spectra. The similarity in 

conformational change across all underlying melting peaks strongly suggests direct 

transition from the crystalline phase to the amorphous phase, without going through a 

measurable amount of mesophase or recrystallization intermediates. These results strongly 

suggest that for the thermal pretreatments examined that the dominant mechanism of the 

heterogeneous melting transition is consistent with the melting of multi-thickness lamellae 

model. However, the two-dimensional correlation analysis followed by mass fraction 

estimation from the Raman spectra implies that the non-crystalline consecutive trans 

conformations may exist by less than 10% in mass fraction during melting. 
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