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Abstract 

Raman spectroscopy has been used to reveal the microscopic structural changes of 

low-density polyethylene under ultraviolet irradiation. The fraction of non-crystalline 

consecutive trans chains (the molecular chains in the trans conformation separate from 

the orthorhombic crystalline phase) drastically decreases at ~600 h, together with a 

decrement in the molecular weight and an increment in the crystallinity owing to 

chemicrystallization. This suggests that short trans chains are prolonged to form 

consecutive trans chains before chemicrystallization. Moreover, gradual increases of the 

stretching and compression stresses are observed on the trans and amorphous chains, 
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respectively. These conformational changes are detected by Raman spectroscopy even 

in the early stage of photodegradation. Chemicrystallization at ~600 h is accompanied 

by structural changes, such as shortening of the interchain distance of the lamellar 

crystals and thinning of the amorphous layer, which induce formation of surface cracks 

on the macroscopic specimen. 

Keywords: Raman spectroscopy; Photodegradation; Low-density polyethylene; 

Chemicrystallization 

 

1. Introduction 

 Degradation of polymeric materials is induced by various environmental factors, 

such as sunlight, heat, and humidity, which result in deterioration of the physical 

properties, such as the color change, gloss, and impact strength. The chemical aspects of 

the degradation processes [1] and the stabilization mechanisms [2,3] have been 

intensively investigated [4]. The mechanism of deterioration of these physical properties 

during degradation in various environments has also been discussed [5–14]. For 

example, because of the growing importance of low-density polyethylene (LDPE) in the 
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agricultural industry, degradation and stabilization of LDPE have been intensively 

investigated [15,16] based on standard testing methods [17]. However, the molecular 

mechanisms that induce modification of the hierarchical structures are still unclear. 

 It has been demonstrated that degradation of polymeric materials is accompanied 

by structural and morphological changes at various levels [9-12]. Chemical 

modifications of the polymer chains such as chains scission, branching and crosslinking, 

as well as formation of carbonyl groups owing to oxidation, are also accompanied by 

appreciable changes in the superstructures such as the increase of crystallinity [18] and 

decrease of the amorphous thickness. Although the relation of these structural 

modifications to the deterioration of the mechanical properties such as the drastic 

decrease of the toughness has been investigated, a clear correlation has not been 

established yet [10].  

 Spectroscopic techniques are used to evaluate the molecular and structural changes 

of polymeric systems during degradation. Infrared absorption spectroscopy has been 

extensively applied to evaluate degradation [19,20]. The carbonyl index [21], which is 

the relative intensity of the absorption of the C=O stretching mode at ~1700 cm−1, is 
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used as a measure of degradation caused by oxidation reactions [22,23]. The limitations 

of using the carbonyl index to predict physical deterioration have been recently 

discussed [24]. Raman spectroscopy has also been used to investigate degradation of 

polyethylene (PE) and PE blends [25,26]. The increase in the crystallinity of 

photodegraded PE has been measured by Raman spectroscopy [27]. Ultra-high 

molecular-weight PE is used for biomedical purposes, such as artificial bones and joints 

[26,28]. Its physical and chemical characteristics, such as the crystallinity and degree of 

oxidation, have been evaluated by Raman spectroscopy [29-32]. 

 In this work, we applied Raman spectroscopy for photodegradation of LDPE, and 

found that the Raman spectral shifts, as well as the intensities, are useful to provide 

structural insight into photodegradation of LDPE. Spectroscopic analysis revealed the 

microscopic structural changes during photodegradation, including in the early stage 

before the onset of chemicrystallization. 

 

2. Materials and methods 

 LDPE (Prime Polymer Co., Ltd.) with a density of 0.92 g/cm3 and a melt index of 4 
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g/10 min was used in this study. We have confirmed that the LDPE contained 0.2 wt.% 

of dibutylhydroxytoluene as the antioxidant. To simulate the rotational molding process, 

LDPE sheets with a thickness of 0.5 mm were prepared as follows. LDPE powder was 

preheated in a hot press at 150 °C for 3 min and then degassed at 150 °C for 2 min. The 

sample was pressurized at 10 MPa for 1 min. The sample was then heated to 200 °C in 8 

min and gradually cooled to 180 °C in 8 min, followed by quenching to room 

temperature.  

 The photodegraded LDPE sheets were prepared with a Xenon Weather Meter 

(SX2-75, Suga Test Instruments). A Xenon fade lamp was used as the light source. The 

LDPE sheets were irradiated at 60 W/m2 in the wavelength range 300–400 nm at a 

black panel temperature of 89 °C under the no rain condition. Note that the present 

condition has recently been employed for interior components of automobiles, in 

accordance with increasing demands for harsh conditions such as in the desert area. The 

irradiation time was set at 120 to 1200 h. 

 High-temperature gel permeation chromatography (HT-GPC) was performed at 

140 °C using a Viscotek Triple Detector HT-GPC (Model-SG system, Malvern 
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Instruments Ltd., Worcestershire, UK) containing refractive index, light scattering, and 

viscometer detectors. o-Dichlorobenzene with 0.05% butylated hydroxytoluene as an 

anti-oxidant was used as the solvent. The samples were dissolved at 140 °C to obtain a 

concentration of 1.0 mg/ml. A polystyrene standard sample was used for column 

calibration. 

 A Raman spectrometer previously applied to rheo-Raman measurements [33,34] 

was used. A DPSS laser (RLK-640-200, LASOS) and a CCD camera equipped with a 

monochromator (PIXIS100 and SpectraPro 2300i, Princeton Instruments) were used as 

the light source and detector, respectively. Each Raman spectrum was accumulated 20 

times with an exposure time of 2 s. The Raman spectrum was fitted with the sum of 

Voigt functions using the nonlinear Levenberg–Marquardt method, and the peak 

positions and areas were determined. The uncertainty of the peak positions and areas for 

the Raman bands were less than ±0.32 cm−1 and ±6.2%, respectively, except for the 

1080 cm−1 band (±10% uncertainty for the peak area).  

 The peak shift of each Raman band ∆ν is defined as the deviation of the peak 

position during ultraviolet (UV) irradiation: 
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               (1) 

where ν(0) and ν(t) are the peak positions before and after irradiation. 

The Raman bands at 1298 and 1305 cm−1 are assigned to the CH2 twisting modes 

of the trans and amorphous conformers, respectively (Table 1). It has been suggested 

that 3–5 consecutive trans chains contribute to the intensity of the Raman band at 1298 

cm−1 [35]. Therefore, the mass fractions of the trans and amorphous conformers were 

determined using the following equations [36,37]: 

  ,              (2) 

                (3) 

where I1298 and I1305 are the intensities of the Raman bands at 1298 and 1305 cm−1, 

respectively. It is noted that the CH2 twisting modes at 1298 and 1305 cm-1 were used 

as the internal reference [36]; the peak position of the prominent peak at 1298 cm-1 was 

assumed to be unchanged, and the intensity of each Raman band was determined as its 

peak area divided by the sum of the peak areas of two CH2 twisting bands at 1298 and 

1305 cm-1. Using the intensity of the Raman band at 1418 cm−1 assigned to the 

orthorhombic crystalline chains, the orthorhombic crystallinity was determined by [36] 
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  ,             (4) 

where A (=0.46) is the experimental constant. It has been found that PE has an 

intermediate phase composed of amorphous trans chains separate from the 

orthorhombic crystals [36,38]. The fraction of the non-crystalline consecutive trans 

(NCCT) chains was determined by [37] 

  .              (5) 

 

3. Results and discussion 

 Photographs of the LDPE specimens before and after the UV exposure tests are 

shown in Fig. 1. While the LDPE specimen is semi-transparent before UV irradiation, 

the transparency of the specimen decreases with increasing exposure time and the color 

becomes yellowish. From the optical microscopic images shown in Fig. 1(b), onset of 

crack formation is observed at 840 h. After 1080 h, surface cracks have propagated over 

the entire specimen. These macroscopic changes are commonly observed during the 

decrease of the gloss and the increase of the yellowness index, both of which are 

conventionally used as an indicator of polymeric material degradation. 
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Fig. 1 (a) Macroscopic and (b) microscopic images of the LDPE sheets before and after 

UV irradiation. The exposure times are shown in the figures. The arrow denotes the 

onset of surface crack formation. 

 

 GPC traces and intrinsic viscosities of LDPE at various exposure times are shown 

in Fig. 2. The molecular weight distributions are slightly broadened in the early stage of 
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the photodegradation process up to 480 h, followed by an abrupt decrease of the 

molecular weight at 600 h indicative of scission of PE chains [9]. The lower shift of 

intrinsic viscosity with the exposure time suggests modification of chains structure such 

as the formation of branches and crosslinks. The slope in the low molecular weight 

region becomes more gradual after UV irradiation compared to those in the high 

molecular weight region, suggesting that short chains are more likely to be modified 

during photodegradation. 
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Fig. 2 (a) GPC traces and (b) intrinsic viscosities of LDPE at various UV exposure 

times. 

 The Raman spectra of photodegraded LDPE at various exposure times are shown in 

Fig. 3. The assignments of the Raman bands of PE are listed in Table 1. The intensities 

of the Raman spectra were normalized by the intensity of the CH2 twisting bands at 

1298 and 1305 cm−1 [39,40]. The intensity of the broad 1080 cm−1 band assigned to the 

C–C stretching mode of the amorphous chains gradually decreases with increasing 

irradiation time, indicating an increase in the crystallinity. A similar decrease in the 

intensity of the amorphous band is observed in high-density polyethylene (HDPE) 

exposed in an aqueous solution of a surfactant [41]. The peak positions and areas of the 
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crystalline C–C stretching modes at 1063 and 1130 cm−1 slightly vary with the 

irradiation time. The spectral changes are more obvious in the 1400 cm−1 region, as 

shown in Fig. 2(b). The crystalline (1418 cm−1) and amorphous (1460 cm−1) bands show 

clear red and blue shifts, respectively. Similar spectral changes have been observed 

during environmental stress cracking [30]. Although no obvious Raman peak is 

observed in the 1700 cm-1 range, the formation of carbonyl group on the surface is 

confirmed by the attenuated total reflection infrared (ATR-IR) spectra as shown in S-7. 

The variation of the peak areas and positions will be discussed in the following 

paragraphs. 
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Fig. 3 Raman spectra of LDPE after UV exposure tests at various irradiation times in 

the (a) 1100 and (b) 1450 cm−1 regions.  

Table 1 Vibrational modes and phase assignments of the Raman bands of PE [42-45] 

Peak position /cm-1 Vibrational mode a) Phase 

1063 νas (C-C) Trans chain 

1080 ν (C-C) Amorphous 

1130 νs (C-C) Trans chain 

1298 τ (CH2) Trans chain 

1305 τ (CH2) Amorphous 
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1418 δ (CH2) + ω (CH2) Crystalline (orthorhombic) 

1440 δ (CH2) Amorphous trans 

1460 δ (CH2) Amorphous 

a) ν, stretching; νas, anti-symmetric stretching; νs, symmetric stretching; τ, twisting; δ, 

bending, ω, wagging. 

 

 The changes of the mass fractions of the chains in various phases with time are 

shown in Fig. 4. The crystallinity of the LDPE specimen remains almost constant in the 

early stage, followed by an increase at 600 h. The crystallinity after 1080 h irradiation 

reaches 0.60, which is as high as the typical value for HDPE. The stepwise increase in 

the crystallinity at 600 h was confirmed by wide-angle X-ray diffraction (WAXD) and 

density measurements (see Figs. S-2 and S-6 in the Supporting Information). Moreover, 

a similar temporal change in the crystallinity has been observed by solid-state NMR 

spectroscopy during thermal degradation of HDPE [46]. An increase in the crystallinity 

has also been reported during degradation of PEs under various conditions 

[29,30,21,47]. The ratios of the intensities of several Raman bands have been used as 
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spectroscopic markers for wear of ultra-high molecular-weight polyethylene [48]. The 

sharp increase in the crystallinity at 600 h is explained by the chemicrystallization 

process [9,10], because a decrease in the molecular weight occurs at the same time.  

 According to small-angle X-ray scattering (SAXS) measurements, decreases in the 

amorphous thickness and long period are observed at 600 h (see Fig. S-5 in the 

Supporting Information). Therefore, the thinning of the amorphous layer at 600 h can be 

interpreted as a consequence of the increase in the crystallinity. Considering that the 

increase in the crystallinity leads to macroscopic shrinkage of the specimen, it is likely 

that the surface crack formation after 840 h is triggered by chemicrystallization. 

 As shown in Fig. 4, the mass fraction of NCCT chains sharply decreases at 600 h, 

while the mass fractions of trans and amorphous chains gradually increase and decrease 

from 420 h, respectively. This suggests that conversion of NCCT chains to crystalline 

chains is important for chemicrystallization. The fractions of the crystalline, amorphous 

and interphase phases of the three-phase model [36] has been determined from the 

Raman spectra of photodegraded polyethylene [27]. They have reported an increase in 

the crystallinity and decreases in the amorphous and interphase phases during the 
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photodegradation. The present results are consistent with their results, though the 

irradiation time dependences seem to be monotonous and the relation to the structural 

changes has not been shown in their publication. The changes of the intensities of the 

1063 and 1130 cm−1 bands with time are shown in Fig. 5. The intensities of these bands 

gradually increase with increasing exposure time, suggesting an increase in the mass 

fraction of consecutive (n > 10) trans chains. Considering that the fraction of trans 

chains essentially remains constant in the early stage before 460 h, the increase in the 

mass fraction of consecutive trans chains is explained by an increase in the length of the 

short trans chains. The intensities of these two bands markedly decrease after 

chemicrystallization at 600 h, indicating a decrease in the mass fraction of short trans 

chains after the sharp increase in the crystallinity. 
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Fig. 4 Changes of the crystallinity (circles) and mass fractions of trans (squares), 

amorphous (triangles), and NCCT (diamond) chains with UV exposure time. 

 

Fig. 5 Changes of the intensities of the 1063 (circles) and 1130 cm−1 (squares) bands 

with UV exposure time. 
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 The peak shifts calculated using Eq. (1) are plotted as a function of the UV 

exposure time in Fig. 6. The 1063 and 1130 cm−1 bands assigned to the C–C stretching 

modes of the trans chains show gradual red shifts, suggesting that stretching stress is 

applied to the consecutive (n > 10) trans chains [35] during the entire UV exposure test. 

The C–C stretching mode of the amorphous chain at 1080 cm−1 shows a blue shift, 

suggesting that compression stress is applied to the amorphous phase. The compression 

on the amorphous chains is consistent with the gradual blue shifts of the 1440 and 1460 

cm−1 bands, which is interpreted as CH2 motion in the amorphous phase becoming 

more restricted [49] at longer UV irradiation time. These Raman spectral shifts suggest 

that the morphological changes are induced by UV irradiation, which affects the 

conformation and load sharing, even in the early stage of LDPE photodegradation. 

 The microscopic stress has been evaluated from the Raman peak shifts for 

highly-drawn specimens [50-52], where the peak shifts are simply induced by the 

external stress owing to the absence of the plastic deformation. By using their peak shift 

coefficients [50-52], the stretching stress along and perpendicular to the molecular axis 

could be estimated to be 70-100 and 25-50 MPa, respectively. The rough estimation of 
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the compression stress on the amorphous chains from the peak shifts of the 1440 and 

1460 cm-1 bands would give 50-250 and 70 MPa, respectively. These values seem to be 

appreciably overestimated, because the peak shifts are also affected by the microscopic 

structural and morphological changes caused by photodegradation. In fact, the peak 

shifts remain the levels even after the surface crack formation after 840 h, which would 

result in release of the internal stress. 

 The crystalline 1418 cm−1 band shows a red shift after 600 h, indicating contraction 

of the ab plane of the orthorhombic crystal [53], which is confirmed by WAXD analysis 

(see Fig. S-3 in the Supporting Information). Thus, chemicrystallization is accompanied 

by a decrease of the interchain distance. Although the increase in the crystallinity at 

~600 h is expected to result in thickening of the crystalline thickness, the experimental 

values determined by SAXS measurements (see Fig. S-5 in the Supporting Information) 

remain essentially constant during the entire photodegradation process, suggesting that 

the thickening of the crystalline layer owing to the increase in the crystallinity is 

canceled out by contraction of the crystalline lattice. 

 Considering that the crystalline structures show only the slight decrease in the 
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interchain distance, the appreciable shifts of the amorphous bands at 1440 and 1460 

cm-1 suggest that the photodegradation preferentially proceeds in the amorphous phase. 

The importance of the amorphous phase is supported by the fact that the amorphous 

thickness appreciably decreases with the exposure time, whereas the crystalline 

thickness remains practically the same, which has also been reported in the literatures 

[10-12]. 
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Fig. 6 Changes of the peak shifts of the (a) C–C stretching and (b) CH2 bending modes 

with UV exposure time. 

 The fraction of consecutive (n > 10) trans chains increases with increasing exposure 

time in the early stage before 480 h, while the fraction of trans chains remains constant. 

It is plausible that formation of consecutive trans chains in the amorphous phase leads 

to suppression of the chain mobility, as observed in the blue shifts of the 1440 and 1460 

cm−1 bands. When the concentration of consecutive trans chains exceeds a critical value, 

chemicrystallization may occur, resulting in an increase in the crystallinity and 

shrinking of the ab plane at ~600 h. Chemicrystallization is likely to induce 



 22 

macroscopic shrinkage of the specimens, leading to surface cracks and embrittlement. 

 

4. Conclusions 

 Raman spectroscopy has revealed the morphological changes during LDPE 

degradation at the molecular level. In the early stage of photodegradation, short trans 

chains become longer and are converted to consecutive trans chains (n > 10). During the 

increase in the number of consecutive trans chains, stretching and compression stresses 

are applied to the consecutive trans and amorphous chains, respectively. An increase in 

crystallinity occurs at 600 h, accompanied by denser stacking of the crystalline chains 

and thinning of the amorphous layer. Shrinkage of the specimen leads to formation of 

surface cracks, which accelerates embrittlement of the specimens. Because these 

changes are also observed in the early stage before chemicrystallization, the present 

spectroscopic technique is a non-destructive and non-contact method for evaluating 

degradation of polymeric materials. For evaluation of the microscopic stress and 

structural changes during degradation, further experiments and analyses are now in 

progress for PE with various primary and super- structures. 
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