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A B S T R A C T

Spectroscopic features in the Raman spectra of semicrystalline polyolefins that characterize different phase
morphologies are reported. With growing incorporation of different 1-olefins, changes in the spectra due to
different short chain branches are identified for polyethylene and polypropylene, both isotactic and syndiotactic.
Bands were assigned to crystalline, semicrystalline and amorphous contents, and quantification was approached
with the use of internal reference bands. The degree of crystallinity and the conformational order of the co-
polymers decrease with the increase in short chain branches content, and the behavior of larger short chains is
different depending on the type of polymer analyzed. A semi ordered interphase was found, assigned and fol-
lowed in all cases, as well as the evolution of amorphous phase with comonomer incorporation.

1. Introduction

Semicrystalline polymers have a heterogeneous microstructure
consisting of crystalline and amorphous phases. Consequently, polymer
properties are highly influenced by its crystalline morphology [1–19].
Other methods that provide quantitative measurements of the degree of
crystallinity are available for the morphological characterization, as
differential scanning calorimetry (DSC). The determination of crystal-
linity from this method is based on the assumption of a two-phase
structure, which may indeed not be the case. Previous studies on
semicrystalline polymers using vibrational spectroscopy have shown
the existence of an intermediate transitional phase or interphase
[1–6,20–36], consisting on semi-ordered, or short-range ordered sys-
tems that are frequent in polyolefins.

Raman spectroscopy is a fast and nondestructive method to probe
the conformational states of the polymer chains. Thus, differentiation in
the vibrational spectrum of chains in crystals with unique conforma-
tions must be expected [1,2,20–30,33–46]. Contents of different con-
figurational and conformational states, order and length distribution of
sequences can be potentially identified and related to chains in specific
‘phases’ [37–39].

For example, an interfacial region is present between crystalline
lamellas and the amorphous phase of polyethylene (PE) and its short
chain branched (SCB) copolymers. Mutter et al. [20] even split this

interfacial region in interfacial crystal and liquid like components,
which were thoroughly examined through free volume models [3–6].
Each of these phases was estimated through different bands, or their
deconvolution, in the Raman spectrum [1,3–6,20,27–30,33–36]. Their
intensities and positions depend on the degree of crystallinity of the
sample [21,22]. Similar three phase morphologies with ordered heli-
coidal structures and sequences, exist in isotactic polypropylene (iPP)
copolymers [2,24–26,42–45]. Still, there is not a common consensus on
the estimation of each of the phases through Raman analysis. As long as
known, neither there are studies involving copolymers of syndiotactic
polypropylene (sPP), though it is known that the homopolymer also
follows ordered helicoidal and all-trans structures, as well as an
amorphous phase.

In this work we use Raman spectroscopy to characterize ethylene
and propylene metallocenic copolymers. Metallocene catalysts made
possible the synthesis of 1-olefin copolymers with well-defined struc-
tures, homogeneous comonomer composition, and narrow molecular
weight distribution [1,5–14]. The introduction of a chosen 1-olefin
during ethylene or propylene polymerization induces the insertion of
SCB of a desired length. Comonomers of different length were used, in
order to compare between different sizes of SCB in the morphologies.
Also, both iso and syndio tacticities were taking into account for the
propylene metallocenic copolymers. The effect of growing amounts of
comonomer on the morphologies of all the polyolefins was studied.

https://doi.org/10.1016/j.polymertesting.2018.03.036
Received 28 December 2017; Received in revised form 8 March 2018; Accepted 17 March 2018

∗ Corresponding author.
E-mail address: angel.satti@uns.edu.ar (A.J. Satti).

Polymer Testing 67 (2018) 450–456

Available online 20 March 2018
0142-9418/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01429418
https://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2018.03.036
https://doi.org/10.1016/j.polymertesting.2018.03.036
mailto:angel.satti@uns.edu.ar
https://doi.org/10.1016/j.polymertesting.2018.03.036
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymertesting.2018.03.036&domain=pdf


2. Experimental

The syntheses of the polymers were carried in toluene for 30min,
under the conditions shown in Table 1. Polymerizations were then
stopped with methanol acidified with HCl (2%). The resulting polymers
were precipitated and then washed with methanol and acetone. Finally,
the product was dried at room temperature. The tacticity and the
amount of comonomer incorporated in the copolymers were measured
by 13C NMR at 90 °C using a Varian Inova 300 spectrometer operating
at 75 Hz [1,7–10,12]. The nomenclature employed in this work to
identify the copolymers is of the type PEX#, iPPX#, sPPX# where X and
# are letters and numbers that identify, respectively, the comonomer
used (H=1-hexene, OD=1-octadecene), and the approximate molar
amount in percentage of comonomer incorporated to the polymer
(Table 2).

The Raman spectra of the polymers were obtained on a confocal
LabRam Dilor S.A. microspectrometer. The amount of crystalline,
amorphous and interfacial polymer contents was determined from the
analysis of the internal mode region of the Raman spectra (800 -
1550 cm−1). The excitation source was a He/Ne laser (632.817 nm).
The scattered light was collected by a microscope, followed by a notch
filter. For deconvolution of the overlapping band systems, the curve
analysis program Grams (supplied by Galactic Industries Corp.) was
used. A combination of Gaussian and Lorenztian functions so as to give
the best fit to the observed spectra was performed [2,28,34,35].

The thermal transitions were determined by differential scanning
calorimetry (DSC), using a Perkin-Elmer Pyris 1 calorimeter under
argon atmosphere and calibrated with indium and n-heptane standards.
To ensure the same thermal history for all samples, the original and
irradiated copolymers were first heated to 150 °C, maintained at 150 °C
for two minutes, and then cooled down to 40 °C at 10 °C/min. After this
treatment, the samples were reheated at 10 °C/min, and the corre-
sponding endotherms were recorded between 40 and 150 at 10 °C/min.
The melting peaks and the corresponding areas were determined to
obtain the enthalpy (ΔHf) of fusion. To estimate the degree of crystal-
linity (Xc) of the polymer, we used a ΔHf value of 288 J/g for the
melting enthalpy for 100% crystalline PE [47], and of 148 J/g for the
melting enthalpy of 100% crystalline iPP [48].

3. Results and discussion

3.1. Ethylene copolymers

To quantitatively evaluate the phase structures of the PE polymers,
we analyzed their Raman CH2 twisting and bending internal regions.
The mass fractions of the three PE phases, namely, the orthorhombic
crystalline phase, the liquid-like amorphous phase, and the disordered
anisotropic interfacial phase are calculated from the measured in-
tegrated intensities of three bands. They are: a) CH2 bending band at
1419 cm−1 which is due to the crystalline portions alone, b) CH2

twisting band located between 1303 and 1307 cm−1 belonging to the
amorphous phase and c) another component of the same mode at
1298 cm−1 which can be attributed to both the crystalline phase and
the interphase [27]. Fig. 1a shows the curve analysis performed on the
polyethylene samples for the twisting at 1250 to 1350 cm−1 region
while Fig. 1b does the same for the 1400 to 1500 cm−1 bending region.
According to Strobl and Hagedorn [27], the total integrated intensity in
the twisting region between 1250 cm−1 and 1350 cm−1, It, is in-
dependent of the chain conformation, i.e. the amorphous and crystal-
line content. It therefore provides an internal intensity standard. The
amorphous content, αa (i.e. the mass fraction of the amorphous

Table 1
Reaction conditions for the different syntheses.

Polymer T (°C) Stir (rad/
s)

P (kPa) Catalytic system Reactor

PEX# 60 52 200 [Et(Ind)2]ZrCl2/MAO Parr, 1 l
iPPX# 40 105 300 [Me2Si(2Me-Ind)2]ZrCl2/

MAO
Buchi, 1 l

sPPX# 55 105 200 [Ph2C(Flu)(Cp)]ZrCl2/MAO Buchi, 1 l

Table 2
Monomer incorporation in the synthesized polymers.

Polymer % comonomer

PE –
PEH3 3.3
PEH9 9.2
PEH16 16.1
PEOD5 4.8
PEOD7 6.8
iPP –
iPPH4 3.7
iPPH9 9.2
iPPOD3 3.0
sPP –
sPPH3 3.1
sPPH16 16.1
sPPOD6 6.1

Fig. 1. Deconvolution of PEH3. Black solid line represents the original spectra, while the
grey dashed line, the deconvolution adjustment. Dotted bands represent the respective
deconvoluted bands at 1298 cm−1, 1304 cm−1, 1419 cm−1,1440 cm−1 and 1460 cm−1.
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material), is then calculated by using the twisting bands (subscript t)
simply as αa= I1304/It. The crystalline content, αc, is proportional to
the intensity of the 1419 cm−1 band [28]; αc= I1419/(0.47 × It). The
constant 0.47 was experimentally determined from the spectra of fully
crystalline PE [27,29,30]. This band is located in the CH2 bending
modes between 1400 and 1500 cm−1. Finally, the interfacial content
can be obtained as αb= 1 - αa - αc.

The analysis of the Raman spectra for the different PE copolymers is
shown in Fig. 2 and it indicates a decrease in αc and an increase of αa as
the comonomer incorporation increases, while the interfacial phase
remained fairly constant. The interfacial content of the homopolymer is
in accordance with the literature at around 20% [4,49]. Then, the in-
terfacial phase did not exceed 25% of the total composition. Similar
results were reported in the literature for random 1-butene, 1-hexene,
and 1-octene PE copolymers [36], suggesting that a saturation value is
reached for αb when the comonomer incorporation becomes higher
than about 6mol %. At those concentrations of comonomer, the la-
mellar crystallite structure is lost and very small crystallites are formed
under the conditions employed [1].

PEH9 and PEOD7 have similar crystallinity obtained from DSC (28
and 31% respectively) [11]. However, the parameter αc obtained
through Raman is different for both copolymers. The vibrational tech-
nique indicates that PEOD7 have higher crystallinity and similar in-
terfacial content, consequently, lower amorphous content than PEH 9.

3.2. Isotactic propylene copolymers

The Raman analysis for crystalline and amorphous phases in iPP is
usually focused in the region at 780-880 cm−1

[2,11,24–26,37–40,42–46], that mostly correlate with CH2 rocking,
and some C-C stretching. The peak at 809 cm−1 is associated to CH2

rocking, entangled with the skeletical mode of symmetric stretching. It
can be related to the crystalline order of a trans-gauche sequence in
helicoidal conformation, with a propylene monomer sequence,
(CH2CHCH3)n, of at least, n= 15. The 840 cm−1 band is assigned to the
rocking of CH2 without being entangled to other modes, and it can be
refered to helicoidal chains of at least n= 13, but with isomeric defects
[2,50–52]. Thus, some authors assign this peak to some short range
order semicrystalline phase of the iPP, also called as a crystal-amor-
phous transition phase [2,24–26]. Nielsen [2] proposes another peak
near 830 cm−1, assigned to chains with non helicoidal conformation.
Moreover, taking into account this third assignation, a better decon-
volution of these peaks contained in the abovementioned region can be
obtained (Fig. 3). Then, a three phase structure can also be designed for
iPP, and its copolymers.

In order to obtain referenced values of these peaks and thus obtain
comparable values of the three phases, authors assigned different in-
ternal references. The band at 973 cm−1 corresponding to the vibra-
tions of the sequences of isotactic segments in the helical conformation
with minimal length n of 2–4 [37–39], is the mostly used as a reference
band. It remains invariant even in the molten polymer [44–46,53].

Fig. 4 shows the spectra of iPP polymers, normalized under the
reference peak at 973 cm−1. Some works used the area below the re-
gion 780-880 cm−1 as an internal reference for iPP homopolymer, since
it remained almost invariant comparing it to the 973 cm−1 band [2,46].
Looking to the figure, this might not be the case for the isotactic me-
tallocenic copolymers since it can be clearly seen that the region 780-
880 cm−1 seems to decrease with a constant 973 cm−1 peak. Thus, is
preferred to work with the original reference band at 973 cm−1. This
band, along with the others around 809, 840, 898, 998 cm−1, are as-
sociated with helical chain structures [30,38,39,53,54] of different
order of “n” sequences of methylene. A significant reduction in the
intensities of almost all of them is observed, being it more notorius in
the peaks 840 (n > 13) and 998 (n > 5–10), as the incorporation of
comonomer increases. It is worth to mention that the peak at 998 cm−1

was also related to cristallinity in other works [24,25], and the one at
840 cm−1 to semicristallinity as discussed above.

Fig. 2. Phase fraction in PEH (a) and POD (b) as a function of comonomer incorporation.
Parameters αc, αa, and αb are represented by , , and , respectively.

Fig. 3. Deconvolution of iPPH4. Black solid line represents the original spectra, while the
grey dashed line, the deconvolution adjustment. Dotted bands represent the respective
deconvoluted bands at 809 cm−1, 836 cm−1, and 840 cm−1.
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The decrease of those peaks might be related to the fact that as more
comonomer is inserted, there is a lower proportion of consecutive
propylene units. These two bands were also found to decrease in iPP
copolymers analyzed by Prokhorov et al. [37], without significant dif-
ference between comonomers up to 1-octene (six carbon SCB). How-
ever, in this work, the copolymer with 1-octadecene (sixteen carbon
SCB) definetely marks a difference in those bands if compared to one
with similar incorporation of 1-hexene (four carbon SCB), as can be
directly seen in Fig. 4. A logic reason is that, in proportion, there will be
a higher reduction in propylene units when comparing the two copo-
lymers. Evenmore, if calculated, the fraction of propylene units in
iPPOD3 is much more similar to that of iPPH9 than to iPPH4. That
explains the similarity between iPPH9 and iPPOD3 spectra.

Table 3 shows the normalized values obtained at the peaks of 809,
and 840 cm−1, after making the deconvolution of the area defined by
the 780-880 cm−1 region. The table has also an extra column reporting
the values obtained by DSC for cristallyne fraction. It can be clearly
seen that the intensity values obtained for the peak at 809 cm−1 are
lowered as the comonomer increase. However, it doesn't seem to have
the same decay of Xc that was observed for DSC. On the other side, the
crystalline decrease for each copolymer can be better approached to
that obtained with DSC, if the contribution of both peaks, I809 and I840,
is taking into account. This might be better obseved in Fig. 5, where al
DSC cristallinity fractions where normalized to that of iPP, which has
the higher crystallinity and no comonomer content. There, the values
I809/I973 and (I809+ I840)/I973 were also normalized to those for the iPP
homopolymer. In the graph, it can be seen that each point related to
(I809+ I840)/I973 is nearer than those of I809/I973, to the DSC values.
This means that for these copolymers, as most authors designate, the
peak at 840 cm−1 might also be assigned to a certain semicristallinity,
mainly, the one with defects due to the incorporation of lateral chains.
Neway et al. [5] and Lagaron et al. [23] also found that DSC results
correlated better with the sum of both pure crystals and small defective
crystals with lateral disorder, but for ethylene – 1-octene copolymers.

Nevertheless, one important thing to mention, is that the comparisson is
being made by both techniques reaching room temperature. That means
that the DSC crystallinity at room temperature requires truncation of
the melting peak area, thus some error involved by this technique.

3.3. Syndiotactic propylene copolymers

IR absorbance [55–58] and Raman scattering [50,59] have been
used to identify the presence of (gauche–gauche–trans– trans), (ggtt)n,
helical and all-trans, (tttt)n, planar zigzag conformed chains in sPP
[50,60–65]. However, up to date, there are no works concerning the
Raman analysis of short chain branched copolymers of syndiotactic
polypropylene.

The ability to synthesize, and thus to study experimentally, highly
stereoregular sPP and its SCB copolymers was only realized around
1990 with the advent of metallocene catalysts [8,9,66,67]. So, in this
work, the conformations of sPP are followed with the incorporation of
the 1-olefin comonomers in well defined metallocenic copolymers. For
the spectroscopic analysis, an internal reference around 1157 cm−1 was
used. This peak had been identified as insensitive to polypropylene
configuration and conformation [60,61]. As it simply confirms the
presence of polypropylene, is often used as a normalization factor for
other peaks [60]. After normalization, the spectra of Fig. 6 were ob-
tained.

As for iPP, the region between 790 and 890 cm−1 shows the com-
bination of three CH2 rocking bands that are sensitive to helical,
amorphous, and trans planar zigzag content, at 826, 845, and
865 cm−1, respectively. These bands can relatively quantify the content
of each phase [60,62]. Indeed, the area below this region remains in-
variant, when normalized with the peak at 1157 cm−1, between the
copolymers. This was confirmed after deconvolution of this region
(Fig. 7), and then observing a similar tendency for each phase as the
incorporation of comonomer grew in the copolymers (Fig. 8) for both,
1157 and 790-890 cm−1, normalization. The tendency was followed for

Fig. 4. Raman spectra of the isotactic propylene copolymers.

Table 3
Relative intensities of bands.

I809/I973 I840/I973 (I809+ I840)/I973 Xc (%)

iPP 3.46 3.09 6.55 70.9
iPPH4 2.90 1.65 4.55 37.8
iPPH9 1.65 0.525 2.18 16.9
iPPOD3 2.09 0.536 2.63 36.1

Fig. 5. Normalized values of the Raman relative intensities and DSC Xc, to those of iPP.

Fig. 6. Raman spectra of the syndiotactic propylene copolymers.
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the ratio of the respective normalized band area (nBA) of each copo-
lymer (cop), to that of the normalized homopolymer (sPP)
(Δ=nBAcop/nBAsPP). Normalized band areas were calculated for
amorphous, trans and helicoidal phases (subscripts a, t and h, respec-
tively), as for example nBAa=BAa/BA790-890 or nBAa=BAa/BA1157,
depending on the area used as reference.

Then, quantification was approached by simply using the values of
the fractions nBAa, nBAt and nBAh calculated with the area deduced in
the 790-890 cm−1 region. Therefore, phase contents of each ordered
structure and the amorphous phase are shown in Fig. 9. There, it can be
seen that the helicoidal structure decreases almost linearly with co-
monomer incoporation. Note that the 6,1% corresponds to 1-octade-
cene, while the other points to 1-hexene, though no differentiation
seem to be evident in the tendencies. To this decay follows an opposite
but similar tendency to increase in the amorphous content, and a little
decrease of the all trans conformation. It is evident that the defects
induced with the incorporation of short chain branches affects much

more the three dimensional sequence of the helicoidal structure than
the trans planar zig zag of the polypropylene main chain.

4. Conclusions

The role of short chain branches of four and sixteen carbons on the
morphology of well-defined ethylene and propylene metallocenic
polyolefines, through incorporation of different comonomers, has been
studied by means of fast and non-destructive vibrational Raman spec-
troscopy. Morphologies of these copolymers were practically defined
within three phases; crystalline, amorphous and a semicrystalline in-
terphase. Changes could be found in the Raman spectra that are related
with the increase of content in the incorporated comonomer, mainly
causing the alteration of the degree of crystallinity and the conforma-
tional composition of the polymers.

Morphologic analysis for the spectra of the ethylene copolymers,
can be followed through the deconvoluted bands of 1304 and
1419 cm−1, in the bending and twisting CH2 region, referred to
amorphous and crystalline content respectively, after whom the inter-
phase content can be deduced. Results indicated a rapid decay in
crystallinity with comonomer incorporation, with a correspondent in-
crease of the amorphous phase and practically constant interphase
content around 20%. For the copolymer with 1-octadecene, crystallinity
seemed to be higher than that for a copolymer with a similar content of
1-hexene, thus, minor SCB.

Three different conformational states can be identified for iPP co-
polymers, and deconvoluted in three bands under the CH2 rocking re-
gion at 780-880 cm−1. Chains in regular helical conformation present
in crystals and related to the intensity of the 808 cm−1 band, chains in
helical conformation with defects and certain short order related to the
intensity of the 840 cm−1 band and an amorphous phase related to the
intensity of the 836 cm−1 band. The short range order band at
840 cm−1 was more affected for the 1-octadecene SCB copolymer,
when compared to the copolymer with similar molar incorporation of
1-hexene, due to a lower proportion of propylene units in the former.

Raman analysis of syndiotactic copolymers could also be performed,
seemingly for the first time. The content of ordered helicoidal, amor-
phous and all-trans conformations were deconvoluted from an area at
the 790-890 cm−1 CH2 rocking region, to the peaks at 826, 845 and
865 cm−1 respectively. This area was confirmed as internal standard, as
it stood invariant under the normalization with the well-known internal
reference band at 1157 cm−1, which is insensitive to propylene con-
figuration and conformation. Therefore, contents for the different
conformations were revealed for the syndiotactic polymers. Helicoidal

Fig. 7. Deconvolution of sPPH3. Black solid line represents the original spectra, while the
grey dashed line the deconvolution adjustment. Dotted bands represent the respective
deconvoluted bands around 826 cm−1, 845 cm−1, and 865 cm−1.

Fig. 8. Phase tendencies by comonomer incorporation. Bold lines and symbols corre-
spond to normalizations made with the area of the region 790-890 cm−1 as reference.
Dashed lines and hollow symbols correspond to normalizations made with the area of the
1157 cm−1 band as reference. Circles, squares and romboids were used for the calculation
of amorphous, trans, and helicoidal phases respectively.

Fig. 9. Phase fraction in sPP copolymers as a function of comonomer incorporation.
Fractions nBAh, nBAt, and nBAa are represented by , , and , respectively.
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content decreased with a similar tendency than the corresponding
amorphous content increase. Thus, the all-trans conformation presented
a considerable smaller decay. No differences between different SCB
copolymers could be stated for this case.
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