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ABSTRACT: Raman spectra have been measured for pel-
lets of five samples of high-density polyethylene (HDPE),
seven samples of low-density polyethylene (LDPE), and six
samples of linear low-density polyethylene (LLDPE). The
obtained Raman spectra have been compared to find out
characteristic Raman bands of HDPE, LDPE, and LLDPE.
Principal component analysis (PCA) was applied to the Ra-
man spectra in the 1600–650 cm�1 region after multiplica-
tive scatter correction (MSC) to discriminate the Raman
spectra of the three different PE species. They are classified
into three groups by a score plot of PCA factor 1 vs. 2. HDPE
with high density and high crystallinity gives high scores on
the factor 1 axis, while LDPE with low density and low
crystallinity yields negative scores on the same axis. It seems
that factor 1 reflects the density or crystallinity. A PC weight
loadings plot for factor 1 shows six upward peaks corre-
sponding to the bands arising from the crystalline parts or
all-trans O(CH2)nO groups and seven downward peaks

ascribed to the bands of the amorphous or anisotropic re-
gions and those arising from the short branches. Partial
least-squares (PLS-1) regression was applied to the Raman
spectra after MSC to propose calibration models that predict
the density, crystallinity, and melting points of the polyeth-
ylenes. The correlation coefficient was calculated to be
0.9941, 0.9800, and 0.9709 for the density, crystallinity, and
melting point, respectively, and their root-mean-square er-
ror of cross validation (RMSECV) was found to be 0.0015,
3.3707, and 2.3745, respectively. The loadings plot of factor 2
for the prediction of melting point is largely different from
those for the prediction of density and crystallinity. © 2002
Wiley Periodicals, Inc. J Appl Polym Sci 86: 443–448, 2002
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INTRODUCTION

The first applications of Raman spectroscopy for the
analysis of polymers date back nearly 40 years.1–8 In
the past, it was used mainly for qualitative analysis
and conformational and orientational investigations.
Quantitative analysis of polymers by Raman spectros-
copy was not popular, although there were some pi-
oneering studies.1,6–8 It was also often difficult to ob-
tain high-quality Raman spectra from polymers of
practical importance because the interference of fluo-
rescence was very severe. Raman spectroscopic stud-
ies of real-world polymers were rather limited, but
this situation has changed partly due to the develop-
ment of Raman instruments such as multichannel Ra-
man spectrometers with a CCD detector and FT-Ra-
man systems and partly because of the introduction of

various spectral analysis methods such as two-dimen-
sional (2D) correlation spectroscopy9–11 and chemo-
metrics.12–14

Recent progress in hardware and software of Ra-
man spectroscopy has enabled one to use Raman spec-
troscopy as a powerful tool for quantitative analysis
and process analysis of polymers.8,15–29 Thanks to the
development of multichannel Raman spectroscopy,
one can obtain a number of high-quality Raman spec-
tra of polymers in relatively short time. These Raman
data are very suitable for various multivariate analysis
approaches such as principal component analysis
(PCA), partial least squares (PLS) regression, and self-
modeling curve resolution (SMCR) methods.

We have been involved in Raman-chemometrics
studies of polymers of practical importance to develop
reliable calibration models predicting their physical
and chemical properties on the one hand,24–26 and on
the other hand in Raman-SMCR investigations of
polymers to explore the potential of SMCR methods in
process analysis.27–29 In our previous studies we pro-
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posed a calibration model that predicts vinyl acetate
contents in poly (ethylene vinyl acetate) copolymers
by use of a combined Raman-PLS regression method.24

We also developed a calibration model that predicts
the density of linear low-density polyethylene (LL-
DPE) by the same method.25 The purpose of our stud-
ies is not only to develop the calibration models but
also to deepen the understanding of the spectral anal-
ysis of these polymers.

The aim of the present study is twofold. The one is
to investigate the Raman spectra of high-density PE
(HDPE), low-density PE (LDPE), and LLDPE in some
detail. Raman spectra of PE have been extensively
studied,30–34 but a detailed comparison of Raman
spectra of the three kinds of PEs has never been re-
ported to the best of our knowledge. Another purpose
of the present study is to develop calibration models
that predict density, crystallinity, and melting point of
PEs. These two purposes are closely related to each
other. For example, loadings plots for the models pre-
dicting the physical properties play important roles in
resolution enhancement of Raman bands.

The present study has the following novelty com-
pared with the previous study on LLDPE by our
group.25

1. The present study involves HDPE, LDPE, and
LLDPE while the previous study investigated
only LLDPE. The involvement of the three kinds
of PE is very important to investigate (a) the
differences in their Raman spectra, (b) the pos-
sibility of their classification by chemometrics,

and (c) the calibration for wider ranges of den-
sities and other physical properties.

2. The present study develops the calibration for
the density, crystallinity, and melting point,
whereas the previous one built the calibration
only for the density.

3. The present study uses visible excitation with a
Raman instrument equipped with a CCD detec-
tor. Thus, we can obtain Raman spectra of PEs
much faster with much weaker laser power
compared with the previous work that em-
ployed an FT-Raman system.

The above three points are all very important from
the points of applied polymer science.

EXPERIMENTAL

Samples

Five samples of HDPE, seven samples of LDPE, and
six samples of LLDPE were obtained as pellets from
Mitsubishi Chemical Co., and used as received. Table
I summarizes their density, crystallinity, and melting
points. Figure 1 compares the three physical proper-
ties of the 18 samples. The samples of LDPE and
LLDPE have short branches such as ethyl and isobutyl
groups that control their density. The density of the
samples was determined by the density-gradient-tube
method, whereas crystallinity and melting point of the
samples were determined from DSC measurements.

Instruments

The Raman spectra of the polymer pellets (approx. 4
mm in diameter) were measured at a 4 cm�1 spectral
resolution with a JASCO NRS 2001 Raman spectrom-
eter equipped with a liquid-cooled CCD detector
(LN/CCD-1100PBUVAR. Princeton Instruments). The

TABLE I
Density, Crystallinity, and Melting Points of 18 Samples

of Polyethylene Pellet Used in the Present Study

Samples
Density
(g/cm3)

Crystallinity
(%)

Melting
points (°C)

HDPE (High-density polyethylene)
HD1 0.952 68.3 128.4
HD2 0.951 63.7 129.8
HD3 0.958 70.4 130.0
HD4 0.964 74.7 132.4
HD5 0.960 66.6 132.5

LDPE (Low-density polyethylene)
LD1 0.923 33.1 111.0
LD2 0.926 35.6 112.8
LD3 0.919 27.8 107.4
LD4 0.919 29.8 106.6
LD5 0.921 31.0 107.6
LD6 0.919 26.8 105.7
LD7 0.918 26.1 106.1

LLDPE (Linear low-density polyethylene)
LL1 0.921 31.2 123.2
LL2 0.923 31.0 124.0
LL3 0.925 32.0 123.9
LL4 0.928 37.7 124.3
LL5 0.935 42.7 126.4
LL6 0.937 52.2 127.5

Figure 1 Comparison of the density, crystallinity, and
melting point values of the investigated 18 different PEs.
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wave number calibration was performed by measur-
ing a Raman spectrum of indene. The 514.5-nm line
from an Ar laser (Spectra-Physics 2016) was used as an
excitation source for the Raman spectra. The laser
power at the sample position was typically 50 mW.
Raman scattered light was collected with a 90° scat-
tering geometry, and for each measurement, the expo-
sure time and accumulation time were 10 s and 2
times, respectively.

Data analysis

For each sample three Raman spectra were recorded
(54 spectra in total), and an average spectrum was
calculated. The resulting 18 spectra were used for
multivariate analysis. The Unscrambler (Version 6.2)
software program (CAMO AS, Trondheim, Norway)
was employed for spectral data analysis. The spectra
in the 1600–650 cm�1 region after the treatment of
multiplicative scatter correction (MSC) were subjected
to the multivariate data analysis. The MSC treatment
is very important for the multivariate data analysis of
Raman spectral data because the absolute intensities
of Raman bands change slightly for each measure-
ment.24–26

The number of data points for each Raman spec-
trum was 1120. PCA was applied to the spectral data
to discriminate the 18 kinds of the PE pellet samples
while PLS-1 regression was used to develop calibra-
tion models that predict the density, crystallinity, and
melting points of the 18 samples of PEs. In the PLS

regression analysis, leave-one-out crossvalidation was
performed for the 18 spectra to validate the models.

RESULTS AND DISCUSSION

Comparison of Raman spectra of HDPE, LDPE,
and LLDPE

Figure 2 shows the Raman spectra of representative
HDPE (a), LDPE (b), and LLDPE (c) pellet samples,
respectively. Raman spectra of PEs have been studied
very well.30–34 Table II summarizes the assignments of
Raman bands of HDPE, LDPE, and LLDPE. The as-
signments are based upon previous studies of the
Raman spectra of various PEs, comparison of Raman
spectra of HDPE, LDPE, and LLDPE, loadings plots of
PCA factor 1 and 2 for the 18 samples of investigated
PEs, and PLS loadings plots for models predicting the
density, crystallinity, and melting point.

Comparison of the Raman spectra of the three kinds
of PEs allows us to discuss characteristics of Raman
spectra of HDPE, LDPE, and LLDPE. The Raman spec-
trum of LDPE shows an unresolved feature near 1454
cm�1 due to anisotropic parts, broad features near
1308 and 1084 cm�1 attributed to amorphous parts,
and broad bands at 897 and 815 cm�1 characteristic of
the short branches. The Raman spectrum of HDPE is
characterized by sharp and intense bands at 1445 and
1421 cm�1 due to the correlation splitting of the CH2
bending vibrations of the crystalline regions. Bands at
1299, 1132, and 1067 cm�1 arising from all-trans
O(CH2)nO groups are also sharp and strong in the
Raman spectrum of HDPE. The Raman spectrum of
LLDPE shows spectral features in between the Raman
spectra of HDPE and LDPE.

Discrimination of Raman spectra of HDPE, LDPE,
and LLDPE by PCA

Figure 3 shows a score plot of PCA factor 1 vs. factor
2 for the five samples of HDPE, the seven samples of

Figure 2 Representative Raman spectra of HDPE (a), LDPE
(b), and LLDPE (c).

TABLE II
Band Assignments of Raman Bands of HDPE, LDPE,

and LLDPE

Bands (cm�1) Assignments Featuresa

1465 2 � CH2 rocking C, N
1454 CH2 bending N
1445 CH2 bending C
1434 CH2 bending N
1421 CH2 bending C
1374 CH2 wagging A
1308 CH2 twisting A
1299 CH2 twisting C, N
1174 CH2 rocking C
1132 C—C stretching C, N
1084 C—C stretching A
1067 C—C stretching C, N

897 C—C stretching (branches) A

a A: amorphous; C: crystalline; N: anisotropic.
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LDPE, and the six different LLDPEs based on their 18
Raman spectra. Factor 1 and factor 2 explain 80 and
13% of variance, respectively. Note that the three
kinds of PEs are clearly discriminated by PCA. It can
be seen from Figure 3 that the score on factor 1 reflects
the density and crystallinity of the PEs. HDPE that
shows high density and high crystallinity yields high
score values on the factor 1 axis while LDPE that
shows low density and low crystallinity yields nega-
tive score values on the same axis. Within each group
of the different species there is also a clear tendency

that the higher the density or crystallinity, the higher
the score value on factor 1. For example, the order of
density in the six samples of LLDPE is LL6, LL5, LL4,
LL3, LL2, and LL1, and the order of the score values
on factor 1 is LL6, LL5, LL4, LL2, LL3, and LL1. In
contrast to factor 1, it is rather difficult to interpret the
variation of the score values of factor 2.

Figure 4(A) and (B) displays the PC loadings plots
of factor 1 and factor 2, respectively. A PC weight
loadings plot of factor 1 [Fig. 4(A)] shows six sharp
upward peaks at 1444, 1421, 1299, 1173, 1134, and 1066
cm�1 and seven rather broad downward features at
1453, 1438, 1306, 1079, 897, and 815 cm�1. All the

Figure 4 PCA loadings plot of factor 1 (A) and factor 2 (B)
for the model shown in Figure 3.

Figure 5 PLS regression calibration models for the predic-
tion of the density (A), crystallinity (B), and melting point
(C) of HDPE, LDPE, and LLDPE from the Raman spectra in
the 1600–650 cm�1 region.

Figure 3 Score plot of PCA factor 1 vs. factor 2 for the 18
samples of HDPE, LDPE, and LLDPE based on their 18
Raman spectra in the 1600–650 cm�1 region.
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upward peaks correspond to the bands arising from
the crystalline parts or all-trans O(CH2)nO groups
(Table II). On the other hand, the downward peaks
above 1000 cm�1 can be attributed to the bands due to
amorphous or anisotropic regions and downward
peaks at 897 and 815 cm�1 correspond to the bands
assignable to the short branches. Therefore, the PC
weight loadings plot reveals that factor 1 reflects vari-
ations in the crystallinity. The crystallinity is directly
related to the density of the corresponding sample.
Thus, factor 1 reflects also variations in the density.

Particularly noted in Figure 4(A) is that bands that
are not clearly detected in the original spectra appear
in the PC weight loadings plot. For example, the peaks
at 1453, 1438, and 1306 cm�1 in the loadings plot
cannot be found in the original spectra as a separate
band. Therefore, in other words, the loadings plot has
a deconvolution ability for overlapped bands.

The PC weight loadings plot of factor 2 [Fig. 4(B)] is
quite different from that of factor 1. It is not easy to
interpret the plot of factor 2, but it is noted that most
of the peaks are assignable to the bands arising from
the crystalline or anisotropic regions.

Prediction of the density, crystallinity, and melting
point of PEs by PLS regression

Figure 5(A), (B), and (C) shows PLS-1 regression cali-
bration models that predict the density, crystallinity,
and melting point of the investigated PEs, respec-
tively. Plots of residual variation variances of the PLS
regression showed that two factors were enough for

the prediction for the density and crystallinity while
four factors were required for the prediction of the
melting point. Good straight-line fits could be ob-
tained between the actual and predicted physical
properties. Table III summarizes the correlation coef-
ficient (R) and root-mean-square error of crossvalida-
tion (RMSECV). The prediction of the melting point
yields slightly worse results compared to the other
parameters.

Figure 6 depicts a PLS loadings plot of factor 1 for
the model shown in Figure 5(A). The corresponding
plots for the models shown in Figure 5(B) and (C) are
almost identical to the plot shown in Figure 6. The

TABLE III
Selected Parameters of the PLS Models for the

Prediction of Density, Crystallinity, and Melting Point

Property Correlation RMSECV Factor

Density 0.9941 0.0015 2
Crystallinity 0.9800 3.3707 2
Melting point 0.9709 2.3745 4

Figure 6 Loadings plot of factor 1 for the PLS-1 model
shown in Figure 5 (A).

Figure 7 (A–C) PLS loadings plots of factor 2 for the mod-
els shown in Figure 5 (A), (B), and (C), respectively.
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loadings plot in Figure 6 is very close to the PCA
loadings plot in Figure 4(A). This result is consistent
with our conclusion that factor 1 of the PCA score plot
in Figure 3 reflects the density or crystallinity. Figure
7(A), (B), and (C) displays the PLS loadings plots of
factor 2 for the models shown in Figure 5(A), (B), and
(C), respectively. Of particular note in Figure 7(A), (B),
and (C) is that the plots for the prediction of density
and crystallinity are very similar but they are largely
different from the loadings plot for the prediction of
the melting point. The bands at 1445, 1297, 1132, and
1065 cm�1, which are characteristic of the crystal
structure, appear downward in the plots shown in
Figure 7(A) and (B), but in the plot in Figure 7(C) the
band at 1445 cm�1 appears upward while those at
1418 and 1135 cm�1 appear downward.

CONCLUSION

By use of PCA the Raman spectra of HDPE, LDPE,
and LLDPE have been clearly discriminated. Factor 1
of the PCA reflects the crystallinity and density of PEs.
Furthermore, we have been able to develop good PLS
calibration models that predict the density, crystallin-
ity, and melting point of PEs.

The loadings plots for the PCA score plot in Figure
3 and for the PLS models predicting the physical
properties have shown resolution enhancement of the
Raman bands of the different PEs. For example, the
loadings plot of factor 1 for the PCA score plot has
revealed the existence of bands at 1453 and 1438 cm�1.
The PLS loadings plot of factor 2 for the model pre-
dicting the melting point differs largely from those for
the models predicting the density and crystallinity.
Based on these investigations a fast, nondestructive
and reliable quality control system for the different
polyethylene types can be established.
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