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ABSTRACT: Near-infrared (NIR) diffuse reflectance (DR)
spectra and Fourier-transform (FT) Raman spectra were
measured for 12 kinds of block and random poly(propylene)
(PP) copolymers with different ethylene content in pellets
and powder states to propose calibration models that pre-
dict the ethylene content in PP and to deepen the under-
standing of the NIR and Raman spectra of PP. Band assign-
ments were proposed based calculation of the second deriv-
atives of the original spectra, analysis of loadings and
regression coefficient plots of principal component analysis
(PCA) and principal component regression (PCR) (predict-
ing the ethylene content) models, and comparison of the NIR
and Raman spectra of PP with those of linear low-density
polyethylene (LLDPE) with short branches. PCR and partial
least squares (PLS) regression were applied to the second
derivatives of the NIR spectra and the NIR spectra after
multiplicative scatter correction (MSC) to develop the cali-
bration models. After MSC treatment, the original spectra
yield slightly better results for the standard error of predic-

tion (SEP) than the second derivatives. A plot of regression
coefficients for the PCR model shows peaks due to the CH2
groups pointing upwards and those arising from the CH3
groups pointing downwards, clearly separating the bands
due to CH3 and CH2 groups. For the Raman data, MSC and
normalization were applied to the original spectra, and then
PCR and PLS regression were carried out to build the mod-
els. The PLS regression for the normalized spectra yields the
best results for the correlation coefficient and the SEP. Ra-
man bands at 1438, 1296, and 1164 cm�1 play key roles in the
prediction of the ethylene content in PP. The NIR chemo-
metric evaluation of the data gave better results than those
derived from the Raman spectra and chemometric analysis.
Possible reasons for this observation are discussed. © 2002
Wiley Periodicals, Inc. J Appl Polym Sci 87: 616–625, 2003
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INTRODUCTION

Near-infrared (NIR) spectroscopy has frequently been
used for polymer analysis for more than two de-
cades.1–10 However, this field has made remarkable
progress within the last five years or so because of
advances in NIR spectrometers, detectors, optical light
fibers, software, and spectral analysis methods. For
example, the development of a variety of NIR instru-
ments has made NIR spectroscopic measurements of
polymers much easier and more precise than before.
On-line monitoring of molten polymers by NIR light
fiber spectroscopy has also become possible.11–14 An-

other important reason for the recent progress of NIR
spectroscopy of polymers is the advancement in spec-
tral analysis methods. Of particular note are the intro-
duction of two-dimensional (2D) correlation spectros-
copy15–18 to the NIR region and the use of self-mod-
eling curve resolution analysis.19–21 Thus, the
potential of NIR spectroscopy for basic and applied
polymer science has been growing steadily over the
last several years.

Raman spectroscopy of polymers has a longer his-
tory than NIR spectroscopy of polymers.1,22–27 In the
last three decades, Raman spectroscopy has been em-
ployed mainly for structural studies of polymers.
Band assignments and the Raman spectra–structure
relationship have been studied in considerable detail
for representative polymers. However, only recently
has Raman spectroscopy been used frequently for
quantitative and qualitative analysis of polymers, al-
though there were some pioneering studies.22–27 It
was rather difficult to use Raman spectral data for
analytical problems because the signal-to-noise ratio
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of Raman spectra was not always high and the back-
ground of Raman spectra often changed significantly
from one spectrum to another. Recent progress in
Raman instrumentation has removed those obstacles
for analytical applications of Raman spectroscopy.

Until recently, NIR and Raman spectroscopy have
rarely been used for the same purpose. The situation
has changed dramatically within the last several years,
and NIR and Raman spectroscopy often have common
applications now.

We have been involved in a series of systematic
studies of NIR and Raman spectra of basic poly-
mers.28–32 Our studies have three major purposes. One
purpose is to deepen the understanding and interpre-
tation of NIR and Raman spectra of polymers. An-
other purpose is to develop nondestructive analytical
methods for on-line monitoring of polymers based on
NIR and Raman spectroscopy. Yet another purpose is
to explore the potential of NIR spectroscopy for the
investigation of the structure and conformation of
polymers. For these purposes we frequently use con-
servative spectral analysis methods, such as deriva-
tives, chemometrics, and generalized two-dimen-
sional (2D) correlation spectroscopy, as the need
arises.

This particular study aims at proposing calibration
models that predict the ethylene content in PP pellets
and powders and to analyze the models based on the
interpretation of their loadings and regression coeffi-
cient plots. Another purpose of the present study is to
investigate if one can differentiate between pellet and
powder samples and between block and random PP
copolymers in a nondestructive manner by NIR
and Raman spectroscopy. This study also intends to
compare the potential of NIR and Raman spectros-
copy for the quantitative and qualitative analysis of
polymers. Such a comparison is of importance partly
because it allows one to correlate spectral variations
observed in the NIR region with those in the funda-
mental vibration region and partly because one can
discuss advantages and disadvantages of NIR and
Raman spectroscopy as nondestructive tools for poly-
mer analysis.

Figure 1 NIR spectra of the investigated PP copolymers (a)
before and (b) after MSC treatment.

Figure 2 Second derivatives of the NIR spectra shown in
Figure 1a.

TABLE I
Ethylene Content of the Investigated Polypropylene

(PP) Copolymers

Sample no.
Ethylene content

(w/w%) Classification

1 6.8 block PP pellet
2 9.4 block PP pellet
3 21.5 block PP pellet
4 10.1 block PP pellet
5 4.2 random PP pellet
6 2.8 random PP pellet
7 2.3 random PP pellet
8 4.9 random PP pellet
9 19.7 block PP pellet

10 9.4 block PP powder
11 12.8 block PP powder
12 18.7 block PP powder
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MATERIALS AND METHODS

Samples

Twelve kinds of commercial PP samples with different
ethylene concentration (2.3–21.5 wt %) were used
without further purification (Table I). Nine samples
were obtained as pellets and three samples were re-
ceived as powders. Five kinds of the pellet samples
were PP block copolymers and the rest of the pellet
samples were random PP copolymers. All the powder
samples were PP block copolymers.

Spectral measurements

The NIR diffuse reflectance (DR) spectra were mea-
sured for the 12 kinds of polymer samples with a Bran
� Luebbe Infralyser 500 spectrometer at a spectral
resolution of 2 nm. The samples were placed on a
rotating cup in a drawer to observe the DR radiation
uniformly from different portions of the samples.

The Raman spectra were measured for the polymer
samples at a spectral resolution of 8 cm�1 with a JEOL
JIR 6500 FT-Raman spectrometer equipped with an
InGaAs detector. The 1064-nm line from a Nd:YAG
laser (Spectron) was employed as an excitation line. To
ensure a good signal-to-noise ratio, 400 scans were
coadded.

Data analysis

The NIR and Raman spectra were measured as re-
packs five times for each sample. Unscrambler® (ver-
sion 6.1) software program (CAMO AS, Trondheim,
Norway) was employed for spectral data analysis. The
NIR spectra in the 1100–1800-nm region were sub-
jected to the multivariate data analyses specified later,
and the number of data points for each NIR spectrum
was 350. The NIR data were subjected to the treatment
of multiplicative scatter correction (MSC) or the sec-

Figure 3 Score plot of PCA factor 1 versus factor 2 for nine different PP copolymers based on their NIR spectra in the
1100–1800-nm region (the NIR spectral data were pretreated by MSC). Numbers adjacent to each point indicate the sample
number.

TABLE II
Assignments of the NIR Bands of PP Copolymers

Wavelength, nm Assignment

1150 COH str second overtone (CH3)
1192 COH str second overtone (CH3)
1216 COH str second overtone (CH2)
1370 2 � COH str � COH def (CH3)
1390 2 � COH str � COH def (CH2)
1424 2 � COH str � COH def (CH2)
1490 combination (CH3)
1540 combination (CH2)
1634 combination (CH3)
1700 COH str first overtone (CH3)
1730 COH str first overtone (CH2)
1768 COH str first overtone (CH2)
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ond—derivative transformation before proceeding
with any analyses. Principal component analysis
(PCA) was applied to both the NIR and Raman spec-
tral data to discriminate between the pellet and pow-
der samples and between block and random PP co-
polymers. Principal component regression (PCR) and
partial least squares (PLS) regression were applied to
develop calibration methods that predict the concen-
tration of ethylene in PP. To produce the calibration
models, leave-one-out cross-validation was used.

RESULTS AND DISCUSSION

Band assignments of the NIR spectra of the PP
copolymers

The NIR spectra of the PP samples before and after the
MSC treatment are shown in Figures 1a and 1b, re-
spectively. The spectra are subdivided into two
groups by large spectral changes in the 1650–1800 nm
region. Thus, it may be concluded that the NIR pellet

and powder samples can be differentiated even by the
original spectra.

The second derivatives of the NIR spectra shown in
Figure 1a are shown in Figure 2. The second-deriva-
tive spectra demonstrate the existence of weak bands
at 1150, 1370, and 1424 nm. The band assignments for
the NIR spectra of the PP copolymers are summarized
in Table II. The assignments are based on the compar-
ison of the spectra of PP with those of polyethylene
(PE) with various branches.28 The band assignments
will be discussed later.

PCA of the NIR spectra of the different pellet
samples

A score plot of the PCA factors 1 versus 2 for the nine
PP pellet samples based on their NIR spectra in the
1100–1800-nm region is illustrated in Figure 3. The
NIR spectra of these PP samples were pretreated by
MSC. Of note in Figure 3 is that the PP block copoly-
mers have positive score values, whereas the random
PP copolymers yield negative score values in factor 1.
One could equally well interpret the separation along
factor 1 with the ethylene content; Sample 3 has the
highest ethylene content. Probably both the ethylene
content and block/random copolymers are separated
along factor 1.

The PC loadings plots of factor 1 and factor 2 cor-
responding to the score plot of Figure 3 are presented
in Figures 4a and 4b, respectively. The loadings plot
for factor 1 shows a negative peak at 1190 nm due to
a second overtone of the CH3 stretching mode and a
positive peak at 1730 nm due to a first overtone of the
CH2 stretching mode. However, it should be noted
that the loadings plot is very similar to the spectrum of
PP up to 1700 nm, although the direction of the peaks
is reversed. Therefore, it seems that in spite of the data
pretreatment, factor 1 reflects baseline variations. The
PP block copolymers have a higher crystallinity than
the random PP copolymers, so the former looks white,
giving stronger light scattering. We infer that even the
MSC treatment cannot completely remove the effect of
the baseline variations because of this light scattering
effect.

The loadings plot for factor 2 shows positive peaks
at 1222 and 1766 nm due to second and first overtones
of the CH2 stretching mode, respectively, and yields
negative peaks at 1360, 1490, and 1630 nm assigned to
combinations of the CH3 vibrations. Therefore, the
loadings plot for factor 2 separates bands due to the
CH3 and CH2 groups. This tendency is clearer for the
PP block copolymers. In the block copolymers, ethyl-
ene blocks and propylene blocks are separated so that
each species keeps its own characteristic features.

Figure 4 Loadings plots of (a) factor 1 and (b) factor 2 for
the PCA model represented by the score plot of Figure 3.
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Prediction of the concentration of ethylene in PP
by PCR and PLS regression

The PCR regression calibration model for predicting
the ethylene content in the PP copolymers from the
NIR spectra after the MSC treatment is shown in Fig-
ure 5. A plot of the residual variance of the PCR
regression showed that two factors were enough for
the prediction. A good straight line could be obtained
between the actual and predicted values. We tried to
calculate PCR and PLS regression calibration models
for the spectra after the MSC treatment and after sec-
ond-derivative transformation. The correlation coeffi-
cients (R) and standard errors of prediction (SEP) for
all the trials are summarized in Table III. The MSC
treatment yields better results than the second-deriv-
ative transformation. In the prediction of physical
properties of polymers by NIR spectroscopy, MSC

generally gives better results than other pretreat-
ments.28,29

A plot of Lee and Chung33 also reported the predic-
tion of the ethylene content by NIR spectroscopy,
although they did not discuss plots of the regression
coefficients (RC) for the models. They used the sec-
ond-derivative spectra for developing the models. RC
for the PCR model shown in Figure 5 is depicted in
Figure 6. Positive peaks appear at 1220, 1420, 1540,
1730, and 1764 nm, whereas negative peaks appear at
1150, 1190, 1370, 1492, and 1700 nm. All the positive

Figure 5 A PCR regression calibration model for the prediction of the ethylene content in PP copolymers from the NIR
spectra after the MSC treatment.

TABLE III
Correlation Coefficient (R) and Standard Error of
Prediction (SEP) for Various Calibration Models

Developed from the NIR Data

Multivariate
analyses Pretreatment R

SEP
(%)

PCR 2nd derivative 0.98 1.71
MSC 0.99 0.80

PLS regression 2nd derivative 0.99 1.32
MSC 0.99 0.94 Figure 6 A plot of regression coefficients for the PCR cal-

ibration model shown in Figure 5.
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peaks are attributed to the CH2 groups and all the
negative peaks are assigned to the CH3 groups. There-
fore, the bands arising from the CH3 and CH2 groups
appear in the RC plot with opposite signs. The sepa-
ration between the CH3 and CH2 bands is clearer in
the RC plot for the PCR model (Figure 6) than in the
loadings plot for the PCA model (Figure 4b) because
in the PCR model, the y-values (PE concentrations) are
taken into account, whereas the PCA model is only
based on spectral features.

Comparison of NIR spectra of PP with those of
LLDPE

It is of particular interest to compare NIR spectra of PP
with those of linear low density polyethylene (LLDPE)
samples from two major points of view. One is that the
comparison between the NIR spectra of PP and LL-
DPE is very useful to establish the band assignments

for the NIR spectra of these basic polymers. The NIR
spectra of both PP, and LLDPE consist solely of bands
due to the CH3 and CH2 groups, but apparently the
spectra of PP show bands due to the CH3 groups more
strongly. Therefore, the comparison may allow one to
distinguish the CH3 bands from the CH2 bands. An-
other important point in the comparison is that for
both PP and LLDPE, RC plots for models predicting
their physical properties separate bands due to the
CH3 and CH2 groups, and thus the comparison of
these plots may make their interpretation easier. In
both PP and LLDPE, the ratio of the populations of the
CH2 and CH3 groups is concerned with their physical
properties, such as density and crystallinity. There-
fore, the comparison between the NIR spectra of PP
and LLDPE is useful to establish a relation between
the NIR spectra and the physical properties.

The previously reported band assignments for an
NIR spectrum of LLDPE are shown in Table IV.28

Comparison of Tables II and IV reveals that the band
assignments for PP and LLDPE are in good agreement
with each other. The frequencies of the CH3 and CH2
bands of PP are fairly close to those of LLDPE.

A plot of regression coefficients for a PCR model
predicting the density of LLDPE from NIR spectra

Figure 7 A plot of regression coefficient for a PCR model
predicting the density of LLDPE from NIR spectra after MSC
treatment (reproduced from ref 28 with permission; copy-
right 1998, NIR Publications).

Figure 8 FT-Raman spectra of the investigated PP copoly-
mers after MSC treatment.

TABLE IV
Assignments of the NIR Bands of LLDPE

Band, nm Assignment

1146 COH str second overtone (CH3)
1166 COH str second overtone (CH2)
1186 COH str second overtone (CH3)
1214 COH str second overtone (CH2)
1300 (CH2)
1374 2 COH str � COH def (CH3)
1392 2 COH str � COH def (CH2)
1416 2 COH str � COH def (CH2)
1542 (CH2)
1634 (CH3)
1698 COH str first overtone (CH3)
1710 (CH2)
1728 COH str first overtone (CH2)
1764 COH str first overtone (CH2)

TABLE V
Assignment of Raman Bands of PP Copolymers

Raman shift, cm�1 Assignment

1458 CH2 scissoring
1438 CH2 scissoring
1361 CH3 symmetric deformation
1330 CH2 twisting
1296 CH2 twisting
1168 COC stretching
1157 COC stretching
976 CH3 rocking
840 CH3 rocking
810 COC stretching
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Figure 9 Score plot of (a) PCA factor 1 versus factor 2 and (b) PCA factor 1 versus factor 3 for the 12 PP copolymers based
on their Raman spectra in the 1600–600-cm�1 region. The Raman spectra were pretreated by MSC, and the numbers adjacent
to each point indicate the sample number.
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after MSC treatment is shown in Figure 7.28 It is
noted that the RC plots of PP (Figure 6) and LLDPE
(Figure 7) are similar to each other, but the former
shows the upward peaks due to the CH2 groups more
clearly.

BAND ASSIGNMENTS FOR THE RAMAN
SPECTRA OF PP

The FT-Raman spectra of the 12 PP copolymer sam-
ples after the MSC treatment are shown in Figure 8.
Raman spectra of PP have been investigated in con-
siderable detail, thus the band assignments are
straightforward for the major bands.1,34–36 The band
assignments for the Raman spectra of PP are summa-
rized in Table V. It can be seen in Figure 8 that signif-
icant intensity changes appear at 1438, 1296, and 1168
cm�1, which are all due to the CH2 groups.

Score plots of PCA factor 1 versus factor 2 and of
factor 1 versus factor 3 for the 12 PP samples based on
their Raman spectra in the 1600–600-cm�1 region are
shown in Figures 9a and 9b, respectively. The samples
with the higher ethylene concentration give smaller
score values in factor 1. As for factor 2, PP block
copolymer in pellets yield positive score values,
whereas PP block copolymers in powders and random
PP yield negative score values. In both Figures 9a and
9b, the 12 PP copolymers are classified into three
groups; they are, PP block copolymers in pellets, PP
blockcopolymers in powders, and random PP copol-
ymers.

The PC loadings plots of factor 1, factor 2, and factor
3 are depicted in Figures 10a, 10b, and 10c, respec-
tively, for the score plots shown in Figure 9. The
loadings plot for factor 1 shows positive bands at 1330,
1168, 1153, 840, and 810 cm�1 and negative bands at
1442 and 1296 cm�1. All the positive bands arise from
CH3 groups or COC bonds, whereas all the negative
bands are due to CH2 groups. Thus, the loadings plot
of factor 1 is concerned with the concentration of
ethylene and separates bands into two groups, the
bands due to CH3 and COC functionalities and those
assigned to CH2 groups.

Prediction of the ethylene content in PP
copolymers by PLS regression

A PLS regression calibration model for predicting eth-
ylene content in PP copolymers from the Raman spec-
tra after MSC treatment is shown in Figure 11a. A plot
of the residual variance of the PLS regression showed
that three factors provided a satisfactory prediction.
We developed four models with PCR and PLS regres-
sion for the Raman spectra of the 12 PP copolymers
samples after MSC or normalization. The values of R
and SEP for these four models are compared in Table
VI. It can be seen from the results in Table VI that the
PLS regression for the Raman spectra after normaliza-
tion yields slightly better results than the other cali-
bration models.

A plot of regression coefficients for the PLS calibra-
tion model shown in Figure 11a is depicted in Figure
11b. This RC plot is similar to the loadings plot for

Figure 10 Loadings plots of (a) factor 1, (b) factor 2, and (c)
factor 3 for the PCA model of the score plots shown in
Figure 8.
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PCA factor 1 (Figure 10a). Two upward peaks appear
at 1438 and 1296 cm�1 and two downward peaks
appear at 1164 and 810 cm�1.

Again, the bands due to the CH2 groups and those
arising from the CH3 groups and COC bonds are
separated in the plot. It is noted that the intensity
changes at 1438, 1296, and 1164 cm�1 are prominent
even in the original spectra (Figure 7).

Comparison between NIR and Raman spectroscopy

Comparison of Table III and Table VI reveals that NIR
spectroscopy yields much better results than Raman
spectroscopy for the investigated PP copolymers. The
number of samples is too small to make fair compar-
ison between NIR and Raman spectroscopy as a non-
destructive analytical probe for the polymers. The pos-
sible reason for the significant differences in the cor-
relation coefficient and SEP between NIR and Raman
spectroscopy is that NIR DR spectroscopy measures
the spectra of whole polymer samples, whereas Ra-
man spectroscopy probes only a small volume of the
polymer samples under investigation. Another possi-

ble reason is that most of the bands appearing in the
NIR spectra of PP copolymers are due to the CH3 and
CH2 groups, whereas they are due to the different
excitation conditions in the Raman spectra bands be-
cause COC stretching modes are strongly accentu-
ated. Thus, the ethylene group may be more clearly
differentiated in the NIR spectra. However, in the case
of PE pellet samples, NIR and Raman spectroscopy
give very similar results for the prediction of the den-
sity.36 Thus, probably, the two spectroscopic tech-
niques accentuate different features in the different
polymers. Further studies are needed for the compar-
ison of the potential of nondestructive analysis tools
between NIR and Raman spectroscopy.

CONCLUSIONS

In this paper, we have demonstrated the potential of
NIR and Raman spectroscopy in combination with
multivariate data analysis for the prediction of the
ethylene content in PP copolymers. The NIR spectra of
nine kinds of PP copolymers (five block copolymers
and four random copolymers) were subjected to a
PCA analysis and a PCR regression, and the loadings
and regression coefficient plots were used to support
the NIR spectroscopic assignments. Different calibra-
tion models for the prediction of the ethylene content
in the PP copolymers were developed on the bases of
PCR and PLS regression and compared in terms of
their performance.
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