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ABSTRACT: The polymorphic structure in specimens of
a metallocenic isotactic polypropylene, processed under dif-
ferent conditions, has been studied by means of wide-angle
X-ray scattering (WAXS), differential scanning calorimetry
(DSC), and Fourier transform infrared spectroscopy (FTIR).
The proportions of the different polymorphs have been
evaluated, and the influence of the processing parameters
(nucleating agents, cooling rate, and nature of the surface
of the molds) has been analyzed. The combination
of WAXS, DSC, and FTIR results confirms the adequacy

of this last technique to obtain quantitative information
about the competition between the crystalline phases of
polypropylene. It has also been proved that the nature of
the mold can enhance considerably the activity of beta-
nucleating agents. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 121: 1023–1031, 2011

Key words: poly(propylene); polymorphism; FTIR;
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INTRODUCTION

Isotactic polypropylenes (iPPs) can present a large
variety of interesting microstructures depending in a
complex manner on the production conditions
(nature of the catalyst and polymerization proce-
dures) and on the processing conditions (thermal
history and presence of specific nucleants).1–14 This
complexity is consequence of the wealth of crystal-
line forms that can be found in iPP. Semicrystalline
iPP can present three different crystal modifications
named a, b, and c with monoclinic, trigonal, and
orthorhombic cells, respectively. All these crystalline
phases are formed by packing identical threefold
helices with a 0.65-nm chain axis repeat distance
and alternating or identical helical hand. Addition-
ally, a phase of intermediate or mesomorphic order
can be found after fast quenching of iPP.14

The most common polymorph in iPPs that were
obtained using Ziegler–Natta (ZN) catalyst is the
a-crystalline phase. The b phase is metastable and

can be only found after solidification of ZN-iPP on
special conditions or after the addition of adequate
nucleating agents.14,15 The c phase usually appears
intermixed with a crystals in samples of low molec-
ular weight in branched and nonbranched copoly-
mers of iPP and a-olefins and ethylene, respectively,
or in samples that were solidified under pres-
sure.14,16–19 In general, it has been also observed that
after isothermal crystallization of ZN ethylene-
propylene copolymers at high pressures only the c
form is present.19

The conformational and crystalline structure of
iPP obtained by using metallocene catalysts, miPP,
has been studied in lesser extension. The published
results reveal that a mixture of a and c forms is
obtained when the miPPs are crystallized from the
melt.10 The amount of c form decreases when the
isotactic content or the molecular weight
increases.20,21 The relative proportions of a and c
phases are also dependent on cooling rate from the
melt: the formation of c phase is generally favored
by slow cooling rates although the content in c form
goes through a maximum.21 However, some
questions as to the effect of the b-nucleants on the
conformation and crystalline structure of the iPP
obtained by using metallocene catalyst have been
only scarcely studied.
Wide-angle X-ray scattering (WAXS) and differen-

tial scanning calorimetry (DSC) are the experimental
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techniques most used in the study of polymer mor-
phology, providing information about the internal
structure. However, other experimental techniques
can also provide some useful information. Fourier
transform infrared (FTIR) spectroscopy is an experi-
mental technique that is sensitive to the chemical
composition, the configuration, the conformation,
and the environment of the macromolecular chains.
Consequently, FTIR spectroscopy has been system-
atically used to obtain information about the crystal-
line structure of iPP.22 The most interesting absorp-
tion bands that can be used for the structural
characterization of iPP are localized in the finger-
print region of the IR spectra between 800 and 1400
cm�1. These bands are called regularity or helix
bands, because they are due to the intramolecular
coupling of vibration modes.18,23–25 As a result of the
experimental work carried out during the past
15 years, several specific bands in the fingerprint
region can be related to different values of the
critical length ‘‘n,’’ being ‘‘n’’ the minimum number
of monomer units in the helical sequences. For
example, the appearance of the bands at 973, 998,
and 841 cm�1 is related to n values of 5, 10, and 12,
respectively. In fact, the structural evolution in the
crystallization process of iPP has been followed by
monitoring these bands in time-resolved FTIR spec-
troscopy experiments.24–25 Moreover, the ratio of the
intensities of some of these regularity bands has
been related to the degree of crystallinity26 or to the
isotacticity.27 Other authors have related intensity
ratios of some of these bands to the b phase content
using IR microscopic techniques.28–30 The above
results seem to indicate that the morphology of the
different iPPs can be characterized by using FTIR
spectroscopy. It has been also proved that the poly-
morphism of iPP can be studied by means of far
infrared spectroscopy, because the splitting of some
lines is sensitive to the environment of the macromo-
lecular chains in the crystalline cells.31

In this work, different miPP samples were pre-
pared varying the b-nucleant agent content, the cool-
ing rate, and the material used as mold surface. The

b-nucleant agent was calcium pimelate.32 Different
specimens were analyzed using WAXS, DSC, and
FTIR spectroscopy. The aims of the work are to
present some results about the influence of the proc-
essing conditions on the crystalline microstructure of
miPP and to get a deeper understanding of the utili-
zation of FTIR spectroscopy as a tool for the charac-
terization of these materials.

EXPERIMENTAL

A metallocenic iPP supplied by Basell was used for
this study. The melt flow index of this polymer is
28.8 g/min according to the supplier’s information
and, consequently, it has been named miPP29.
The characteristics of this polymer are collected in
Table I.
Molecular weights and molecular weight distribu-

tion were determined by means of size exclusion
chromatography with a Waters 150C equipment
connected in line to a viscometer Viscotek 150 R, at
145�C in 1,2,4-trichlorobenzene and with three
columns of Polymer Labs (two mixed B of 10 lm
and one of 10�2 lm). Polystyrene standards were
used for calibration.

13C-NMR spectra were obtained at 373 K on a
Bruker Avance DPX-300 spectrometer operating at
75.4 MHz. The sample was prepared in 5-mm NMR
sample tubes by dissolving the polymer in a mixture
of 1,2,4-trichlorobenzene and deuterated o-
dichlorobenzene.
A full factorial 23 experimental design was used to

study the influence of the processing variables on
the structure of miPP29. The three input factors of
the experimental design were the addition of the
nucleating agent to the polymer, the rate of cooling
from the melt, and the nature of the surface of the
mold. Two replications were run at each setting of
the input factors.
The two levels for the first of the input factors

were the addition of a 0.5 mass percent (high level)
or not addition (low level) of the b-nucleating agent.
The agent used for the preparation of the b-
nucleated samples was calcium pimelate. The nucle-
ator was obtained from a mixture of pimelic acid
and calcium stearate (in a 1 : 2 weight ratio) sup-
plied by Fluka that is reported to be a very effective
b-nucleator.33,34 A 0.5-mass percent of this mixture
was incorporated into miPP29 by blending in a
IMVOLCA 20-25 laboratory extruder, and the
extruded product was then cut to granules. To check
the homogeneity of the material, some of the gran-
ules were melted in the calorimeter: no significant
differences were observed among their thermo-
grams. The samples are named A and nA, respec-
tively, for the nucleated and non-nucleated speci-
mens. The nA samples were extruded and chipped

TABLE I
Structural Characterization of the Polypropylene that

Was Studied

Sample
MFI

(230�C/2.16 kg)

NMR
Mw

(g/mol) Mw/Mn% II 2.1-r (%)

miPP29 28.8 90.3 0.85 207,000 2.37

1,3-regio-errors have not been detected.
MFI reads for melt flow index, %II, for isotacticity as

measured by nuclear magnetic resonance (NMR), 2.1-r
(%), for the percentage of 2–1 regio-irregularities and Mw

and Mn, for the weight and number molecular mass aver-
ages, respectively.
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in the same conditions that were used for blending
the b-nucleating agent and the miPP29. This proce-
dure equals the effect of the preparing conditions on
the microstructure of both materials.

The high level for the second of the input factors
of the 23 experimental design is denoted with the
letter Q and corresponds to a cooling rate close to
100�C/min. This thermal history was applied to the
samples by quenching them from the molten state
(190�C) to room temperature between the water-
cooled plates of a hydraulic Collin press. The low
level of the cooling rate, named S, consisted of a
slow cooling between the plates after the press was
switched off. The average cooling rate resulting in
this case is � 1.5�C/min. The thicknesses of the
specimens that were prepared following this method
range around 50 lm.

The miPP29 samples were solidified in contact
with either polyester (100-lm thick) or polyimide
(UPILEX 75S sheet from Ube Industries, 75-lm
thick) mold surfaces. The former material was
assigned to the high level of the third input factor,
and these samples were labeled PEs, whereas the
latter, designated PI, was assigned to the low level.

Consequently, the specimens are identified by
means of a three code designation. The first code
(A/nA) indicates the addition or not of nucleating
agent, the second one (Q/S) is related to the cooling
rate, and the third one (PEs/PI) refers to the nature
of the mold surface.

The crystallinity levels of these samples and the
relative proportions of the different polymorphs
were evaluated by means of WAXS techniques.
WAXS patterns were recorded in the reflection
mode, at room temperature, by using a Bruker D8
Advance diffractometer provided with a Goebel
mirror and a PSD Vantec detector (from Bruker,
Madison, Wisconsin). Cu Ka radiation (k ¼ 0.1542
nm) was used, operating at 40 kV and 40 mA. The
equipment was calibrated with different standards.
The diffraction scans were collected within the range
of 2y from 3 to 40� with a 2y step of 0.024� and 0.2 s
per step.

The thermal behavior of the eight samples was
analyzed by DSC by using a modulated TA Instru-
ments DSC Q100 DSC connected to a cooling system
and calibrated with different standard. The sample
weights were around 0.6 mg. The melting curves
were recorded at a rate of 20�C/min.

Two different FTIR spectrophotometers, a Mattson
3020 and a Perkin-Elmer 1600, were used to obtain
the transmission IR spectra of the samples. In the
two cases, the spectra of the materials were meas-
ured at room temperature in transmission mode,
with resolution 4 cm�1, using the 50-lm thick films
obtained in the Collins press as described above.
Each spectrum was the coaddition of 25 scans.

Before the measurement of the intensities, baseline
correction of the original spectra was carried out
using Omnic 7.0 software. The same results were
obtained with the two spectrometers.

RESULTS AND DISCUSSION

X-ray analysis

The eight samples prepared according to the method
described previously were characterized by means
of WAXS. The diffractograms for all the samples are
collected in Figure 1. The X-ray determinations of
the degree of crystallinity were performed after sub-
traction of the corresponding amorphous component
by comparison with the totally amorphous profile of
an elastomeric PP sample.35 These corrected diffrac-
tograms were used to determine the proportions of
the different crystalline phases by performing the
deconvolution into all the different diffraction peaks
corresponding to each polymorph. It has been
proved36 that this method is more precise than the

Figure 1 X-ray diffractograms of the eight miPP29
samples that were studied.
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previously used, due to Turner-Jones et al.,4 because
the calculations involve all available diffraction
peaks instead of using only the most intense ones.
The proportions of the different phases that can be
found in miPP29 are presented in Table II.

Regarding the addition of the nucleating agent, two
different effects are observed. On the one hand, the
crystallinity level as determined from X-ray diffraction
experiments, fWAXS

a , is around 5% higher for the sam-
ples with agent (Axx) than for the corresponding sam-
ples without agent (nAxx). On the other hand, b
phase is only present in nucleated samples. Both
results agree with other previously reported for iPPs,
and they can be explained in terms of the heterogene-
ous nucleation effect of the agent.37

The analysis of the results in Table II can also pro-
vide information about the influence of the cooling
rate on the microstructure of these samples. As can
be expected, the crystallinity levels of the slowly
cooled samples (xSx) are higher than those of the
corresponding quenched samples (xQx) with differ-
ences that range from 2 to 5%. The experimental
results also illustrate the effect of the cooling rate in
the competition among the different polymorphs of
iPP. It can be observed that the proportion of c
phase increases when the cooling rate decreases. The
same result has been previously obtained for other
metallocenic iPP,20,36 for iPP synthesized with very
lowly isospecific Ziegler–Natta catalyst and for iPP
copolymers with a-olefins.17,19 According to Alamo
et al.,21 the maximum of the relative percentage of c
phase is related to the average length of isotactic
sequences and can reach an asymptotic value of
around 80%. The results in Table II show that the
percentage of c phase relative to crystallinity level
reaches a maximum value around 70% for nASPEs
and nASPI samples. This value is close to the great-
est relative percentages of c phase that were
reported for other miPPs.17,20,36

Table II also shows some interesting results
related to the influence of the nature of the mold

surface on the structure of the miPP samples. The
global crystallinity levels of the samples that were
molded in contact with PI films are around a 3%
higher than those of samples molded in contact with
PEs films. This result seems to point to the fact that
the PI surface has a higher ability than the PEs sur-
face for nucleating heterogeneously the crystalline
phases of miPP29. Moreover, the difference on the
nucleating capacity of these mold surfaces is selec-
tive about the polymorphs of miPP and, conse-
quently, the nature of the mold surface also affects
very much the competition between the different
crystalline phases.
The analysis of the results obtained with the nAxx

samples shows that the ratios of the a to the c phase
contents are 3.7 and 0.4 for the Q and S specimens,
respectively. These values are similar to those calcu-
lated from the results reported in the literature for
slow cooled and quenched from the melt miPP
samples in contact with plates of nonreferenced
nature.17,36 Consequently, it can be stated that the
proportion of the a to the c phase contents for the
miPP non-nucleated samples is insensitive to the
nature of the mold. However, results that were
obtained for the Axx samples clearly suggest that
the quantity of the b-polymorph depends on the
nature of the molds. It can be seen that the ratio of
b-phase content on the AxPI sample to that on the
AxPEs samples is close to 5.
It is important to remark that the c phase content

of the nAxx specimens is similar to that of the corre-
sponding Axx films and, thus, it can be stated that
the c phase content of this miPP is independent of
the nature of the mold and of the addition of b-
nucleating agent. Thus, the analysis of Table II
results shows that the c phase content is 0.13 6 0.03
and 0.49 6 0.03 for the xQx and xSx miPP29 sam-
ples, respectively. This value seems to depend
uniquely on the cooling rate. However, the competi-
tion between the a and b polymorphs measured by
the ratio of the respective mass fractions is con-
trolled by the cooling rate and by the nature of the
mold. These results show that the mold surface can
enhance considerably the b-nucleant effect of the
agent.
Some years ago, Varga stated that ‘‘It is worth

noting that no beta-transcrystalline microstructure
has been found to date, since this would require the
presence of a surface having selective beta-nucleat-
ing activity.’’37 The surfaces studied in this work do
not have intrinsic b-nucleating activity, which do not
promote the b-polymorph in non-nucleated miPPs,
but they play a significant role in the activity of
some b-nucleant agents and, hence, on the final mor-
phology of the b-nucleated miPPs.
As the surface effect is usually confined to a nar-

row layer close to the surface of the samples, the

TABLE II
Mass Fractions of the Amorphous Phase, fWAXS

a , and of
the a, b, and c Polymorphs Determined by Wide-Angle

X-Ray Scattering

Sample fWAXS
a

Fraction of each
crystalline form

a b c

AQPEs 0.30 0.48 0.09 0.13
AQPI 0.28 0.19 0.44 0.09
ASPEs 0.25 0.31 0.01 0.43
ASPI 0.22 0.24 0.05 0.49
nAQPEs 0.34 0.52 0 0.14
nAQPI 0.31 0.54 0 0.15
nASPEs 0.32 0.22 0 0.46
nASPI 0.28 0.20 0 0.52
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relative importance of the above phenomenon
increases as the thickness of the specimen decreases.
In fact, this effect that is easily detectable in the
studied samples because their reduced thicknesses
can be of interest to economize expensive nucleant
agents in the production of films of miPP with high
content of b-phase.

DSC melting curves

Similar conclusions about the nature of the crystal-
line phases that can be found in the different sam-
ples are deduced from the DSC melting curves that
are presented in Figure 2. The thermograms of the
nASxx samples show two distinctive contributions
centered at around 140 and 149�C. The relative mag-
nitudes of these endotherms, assigned to the melting
of the c and a phase, respectively,35 confirm that the
c phase is the main polymorph in these samples. On
the contrary, the melting curves of the nAQxx sam-
ples display a peak centered around 149�C and a
small shoulder that appears around 140�C, reflecting
that the most abundant crystalline phase is now the
a polymorph.

The thermogram of the AQPI sample displays two
very intense and narrow peaks, at around 130 and

135�C arising from the melting and recrystallization
of the b crystals. These peaks can be also observed
in the AQPEs thermogram, but their intensities are
lower. This fact reflects the very important enhance-
ment of the b-polymorph content due to the nature
of the mold surface that was described previously in
the analysis of the X-ray diffraction experiments.
The contribution of the b phase appears like a
shoulder in the melting curves of the ASxx samples.
These thermograms cannot be used for assessing

the relative proportions of the different crystalline
phases due to the transformations that the b modifi-
cation undergoes during the heating process.
Anyway, there is a qualitative agreement between
the results of these experiments and those of
determination of the structure by means of X-ray
diffraction.

FTIR analysis

Figure 3 shows the FTIR spectra of the AQPEs and
nAQPEs samples obtained with the Matson spectro-
photometer. These spectra have been normalized
using the band centered at 1460 cm�1 as internal ref-
erence. The normalized values of the intensity of the
bands are named IS(m) where subscript S indicates
the sample code and m represents the wavenumber
expressed in cm�1. As it can be expected, both spec-
tra are very similar because FTIR spectroscopy is
mainly sensitive to internal vibrations of the macro-
molecular chains and the unit cells of the poly-
morphs of iPP correspond to different packings of
identical 31 helices. However, a detailed exam allows
one to detect small differences like those that are
presented in the amplification at the bottom part of
Figure 3, which appears to indicate that the FTIR
spectra in this region is dependent on the morphol-
ogy of the miPPs. Such a relationship between the
infrared spectra and the structure of the polymer
would be of great interest, because the infrared spec-
troscopic techniques are fast and not expensive.
To verify if these differences are significant and

are related to structural details, the spectra were
studied by means of multivariate data analysis tech-
niques,38 a tool that has been previously applied to
the analysis of the FTIR spectra of polypropylenes.39

The infrared data were analyzed using the WAXS
data to calibrate and evaluate the relationship
between the FTIR spectra and the structure of the
miPPs. The partial least square PLS2 algorithm was
used, because it is an adequate method to study
problems with a high degree of colinearity and sev-
eral dependent variables.40,41 This algorithm was
coded by using the open source platform for numer-
ical computation SCILAB 5.1.1 (www.scilab.org).
The samples AQPI, ASPEs, nAQPEs, and nASPI
were selected for calibration of the model, and the

Figure 2 DSC curves corresponding to the nucleated
(top) and the non nucleated (bottom) samples.
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other ones were used as the validation set. The
wavenumber interval that was considered for the
PLS2 analysis ranges from 1350 to 750 cm�1, because
the bands of this region are regularity bands, sensi-
tive to the microstructure of the specimens. In fact, it
has been proved that some of these absorbance
bands are related to the length of the 31 helical
sequences18,24 and that some intensity ratios in this
region can be related to the proportions of the different
polymorphs in iPPs.29 These calculations were applied
to the spectra obtained with both spectrometers, and
the calculated fractions of the different polymorphs
were the same for both sets of data. This identity allows
one to gain confidence in our experimental work. To
validate the number of principal components that were
selected, the cumulative proportion of the total variance
accounted for by the model was estimated, and values
greater than 90% were obtained for the percentage of
explained variation.

The phase proportions of the miPPs calculated
using the FTIR are collected in Table III. The
comparison of these calculated values with those of
Table II shows a reasonable agreement between the
FTIR and the WAXS results. As the difference
between the values in both Tables can be explained
in terms of the small number of calibration and
validation samples, it can be concluded that FTIR
spectroscopy in an adequate experimental technique
to obtain quantitative information about the poly-
morphism of miPP.
An alternative approach for the interpretation of

FTIR spectra is the comparison of the intensities of
selected bands. The peaks considered in this work to
compare the spectra of the different miPP29 samples
are the regularity bands centered at 940, 1220, 1167,
1303, 1330, 841, 998, 900, 808, 1100, and 973 cm�1.
The appearance of these bands has been related to
different values of the minimum number of mono-
mer units in the helical sequences of iPP.24 Several
authors have related previously the intensities of
these bands, or their ratio, to the morphology of
different iPP. Thus, the ratio of the intensities of the
bands at 998 and 973 cm�1, IS(998)/IS(973), has been
reported to be dependent on the isotacticity or the
degree of crystallinity24,26,20,42 and the ratio IS(1330)/
IS(1167) has been related to the content of the b-
polymorph.29 At this point, it is important to remark
that the intensity of many bands of the FTIR spectra
of iPP are influenced by the details of thermal and
mechanical history and, consequently, only samples
that have been processed in a similar way must be
compared.
The differences in the regularity bands were ana-

lyzed using analysis of variance techniques. The sig-
nificance of the main effects of the experimental var-
iables on the intensities of the regularity bands and
on the ratios of intensities related to crystallinity and
polymorphism of iPP is collected in Tables IV and
V.
The absorbance of some of the regularity bands

depends on the addition of the b-nucleating agent,
which can be seen in Table IV. Figure 3 shows that

TABLE III
Mass Fractions of the Amorphous Phase, fFTIRa , and of
the a, b, and c Polymorphs Calculated by Partial Least

Square Regression (the Results Have Not Been Corrected
to Avoid Negative Values)

Sample fWAXS
a

Fraction of each crystalline
form

a b c

AQPEs 0.28 0.34 0.13 0.25
ASPI 0.27 0.17 0.09 0.47
nAQPI 0.29 0.49 0.02 0.20
nASPEs 0.29 0.31 �0.04 0.44

Figure 3 FTIR spectra of the AQPEs and nAQPEs sam-
ples that were normalized using the 1460 cm�1 band as in-
ternal reference. The lower part of the figure shows the
differences between both spectra in the 1100–1200 cm�1

region.
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the intensity of the 1167 cm�1 band is significantly
lower in the nucleated samples than in the corre-
sponding non-nucleated specimens. This result prob-
ably reflects the effect of reduction of the size and
the perfection of the crystallites due to the heteroge-
neous nucleation that was induced by the agent.

According to Table IV, the intensities of the regu-
larity bands that correspond to the longest helix
lengths of isotactic sequences (940, 1220, 1167, 1303,
and 1330 cm�1) are sensitive to the nature of the
mold. Figure 4 illustrates the influence of the nature
of the mold surface on the intensities of two of these
bands and shows that 940 and 1220 bands are signif-
icantly more intense for xxPEs samples than for xxPI
specimens. This influence could be explained in
terms of a heterogeneous nucleation effect of the PI
molds: the higher crystallinity of the xxPI samples is
achieved by a higher nucleation frequency and, con-
sequently, the crystalline entities are smaller and the
regularity of the chain folding is lower.

As mentioned above, the ratio Is(998)/IS(973) has
been related to isotacticity and degree of crystallinity
of ZN-iPP samples with predominant, if not unique,

a crystals. The interpretation of this ratio for miPP
samples is expected to be more complex because of
the influence of the polymorphism. Figure 5 illus-
trates the effect that the cooling conditions of sam-
ples solidified in contact with the same mold surface
and identically nucleated have on the value of
this quotient. As it can be expected, the value of this
ratio for the xSx samples is greater than for the
corresponding xQx ones, reflecting the dependence
of the global crystallinity level on the cooling rate.
More interesting results are obtained when the
effect of the nucleating agent addition is considered.
Figure 6 clearly shows that the points that describe
the behavior of Axx and the nAxx samples fit differ-
ent lines. It can be seen that the value of the IS(998)/
IS(973) ratio is higher for non-nucleated samples
than for nucleated samples with the same degree of
crystallinity. If, as it has been postulated, this ratio is
related to the microstructural order, the results in
Figure 6 probably point to the greater perfection and
regularity of the crystallites of the non-nucleated
samples.
Figure 7 shows the influence of the addition of b-

nucleant agent on the ratio of the intensity of the

TABLE IV
Significance of Addition of b-Nucleating Agent, Cooling
Rate, and the Nature of the Mold on the Intensities of

the Regularity Bands

Wavenumber
(cm�1)

Addition of
agent

Cooling
rate

Nature of
the mold

940 � � �
1220 � � �
1167 � � �
1303 � � �
1330 � � �
841 � � �
998 � � �
900 � � �
808 � � �

1100 � � �
973 � � �

The � and � symbols read for a significant and a non-
significant factor, respectively (confidence level: 95%).

TABLE V
Significance of the Addition of b-Nucleating Agent, the

Cooling Rate, and the Nature of the Mold on the
Intensity Ratios of Bands that Have Been Reported as

Been Related to Crystallinity and to the Content of the b
Polymorph in the Literature

Intensity
ratio

Addition
of agent Cooling rate

Nature of
the mold

998/973 � � �
1256/1168 � � �
1296/1305 � � �
1330/1168 � � �

The � and � symbols read for a significant and a non-
significant factor, respectively (confidence level: 95%).

Figure 4 Influence of the nature of the mold surface on
the normalized intensities of the bands centred at 940 and
1220 cm�1, IS(m), for the different samples.
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1330 cm�1 band to that of the 1167 cm�1 one. It can
be seen that the values of the quotient IS(1330)/
IS(1167) are greater for nucleated samples than for
the corresponding non-nucleated ones. These results
agree with those previously reported by Ellis et al.,29

which have stated, using IR microscopy, that this
ratio is related to the content of the b-polymorph.

CONCLUSIONS

The two main conclusions that can be drawn from
the previous analysis are as follows:

On the one hand, our experimental results show
that FTIR spectroscopy is an adequate tool for study-
ing polymorphism of miPP. Using multivariate anal-
ysis techniques and calibration against WAXS data,
it has been proved that it is possible to calculate the

proportions of the different crystalline forms from
the FTIR spectra. The analysis of the intensities of
selected regularity bands also gives useful informa-
tion about the morphology of miPPs.
On the other hand, it has been found that films of

b-nucleated miPPs crystallized between polyimide
films show a much higher content in the b poly-
morph than those prepared between polyester films.
The obtained results seem to indicate that the mold
surface can play a significant role in the activity of
some b-nucleant agents and, hence, it can determine
the final morphology of the b-nucleated miPPs. This
can be of interest to economize expensive nucleant
agents in the production of films of miPP with high
content of b phase.
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