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ABSTRACT: The melt isothermal crystallization behavior has been investigated for a series of blend
samples of deuterated (D) and hydrogenated (H) species of isotactic polypropylene bymeans of time-resolved
Fourier transform infrared (FTIR) spectral measurement and simultaneous small-angle X-ray scattering
(SAXS)/wide-angle X-ray diffraction (WAXD) measurements using synchrotron radiation source in
SPring-8. The SAXS data collected were analyzed in the three different time regions. The Guinier plot in
the early stage of crystallization gave the average size of isolated domains formed in the melt. In the middle
stage, the correlation between these domains was analyzed using the Debye-Bueche equation. In the later
stage of crystallization, the correlation function was calculated to estimate the degree of crystallinity and the
long period of the stacked lamellae. The IR data analysis clarified the formation process of regular helical
chains in the isothermal crystallization phenomenon. The combination of FTIR, WAXD, and SAXS data
has revealed a concrete structural evolution process as follows: (i) In the early stage, the short helices
start to be formed, and they gather together to create an isolated domain of about 330 Å radius of gyration.
(ii) The domain size decreases gradually to about 300 Å, and (iii) these domains start to have some weak
correlation to each other with ca. 300 Å correlation length. (iv) In these domains, the regular chain segments
grow to longer helices, and the correlation distance becomes shorter to ca. 200 Å, and finally, (v) the stacked
lamellae with long period of ca. 200 Å are formed and stabilized. The crystallization behavior of the
D/H 50/50 blend sample was also investigated, and the origin of cocrystallization phenomenon has been
discussed.

Introduction

Isotactic polypropylene (iPP) is one of the most basically
important polymers from both industrial and scientific points
of view. Among the various characteristic features of iPP, the
structural change occurring in the crystallization from the melt is
a significant research theme because the mechanical properties of
iPP are controlled by the aggregation structure of crystalline and
amorphous phases or the higher-order structure.1,2 So far, many
papers have been reported that try to describe the structural
evolution process in the crystallization process of iPP through
the investigation by X-ray scattering,3 transmission electron
microscope (TEM),4 differential scanning calorimeter (DSC),5

Fourier transform infrared (FTIR) and Raman spectroscopy,6-8

small-angle light scattering (SALS),9 and so on. But a deeper
understanding is needed to reveal the details of the structural
growth by viewing the phenomena from the various scales during
the rapidly occurring crystallization process.10

The crystallization of iPP is complex because the various
different crystalline modifications (R, β, and γ) appear in the
crystallization depending on the conditions and affect the
morphologies of the higher order structure sensitively.11-15 As
an idea to know the detailed behavior of individual chains in the
crystallization process, we have been studying the crystallization
of a series of blend samples between the deuterated (D) and

hydrogenated (H) chains. Because of the difference in vibrational
frequency16-18 (and neutron scattering length19,20) between these
two species,we can trace the behavior of chains bymonitoring the
infrared spectral change. This idea was applied to the case of
polyethylene.16-28 In the case of iPP, only a limited number of
papers were reported that utilize theD andHblend samples.29-32

Before we utilize these blend samples, we need to check an
occurrence of the cocrystallization phenomenon between the
D and H species. If not, the phase separation occurs between
these two species, and the starting principle is broken.22-28 In a
previous paper,33 by analyzing the DSC and infrared spectral
data in detail, we successfully established the cocrystallization
phenomenon between the H and D species of iPP.

Once the cocrystallization concept was established, we applied
the D/H blend samples to the study of the isothermal crystal-
lization process of iPP. We found that the crystallization rate
is higher for the blend sample with higher D content.34 To
understand the phenomenon, we need to investigate the forma-
tion mechanism of higher-order structure in the isothermal
crystallization process from the melt. For this purpose, the
simultaneous time-resolved small-angle X-ray scattering (SAXS)
andwide-angleX-ray diffraction (WAXD)measurements using a
synchrotron X-ray radiation may be the best way. We can
quantitatively know the growth of nuclei and the stacked lamellae
formation by analyzing the SAXS data. The WAXD data tell us
the growth of the crystal lattice.*Corresponding author. E-mail: ktashiro@toyota-ti.ac.jp.
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In addition to the SAXS/WAXD measurements, we need to
collect the vibrational spectroscopic data to know the formation
process of regular helical segments because the vibrational
spectroscopic method is one of the strongest weapons for tracing
the conformational change in the crystallization phenomenon.
We can utilize much literature about the characteristic IR bands
that are useful for the identificationof concrete conformationand
aggregation structure of iPP chains.6-8,35,36 For the study of
structural change, a concept of the critical sequence length is
useful.37-43 There might be many infrared bands that are
sensitive to the crystallinity. This sensitivity is not always the
same, but each band has its own characteristic “critical sequence
length”. For example, in the process of conformational regular-
ization of a chain, some bands might be detected in a stage of
short helix formation, but other bands might appear for the first
time when the helix grows to appreciable length. The critical
number of monomeric units included in the helical segment of a
certain length is called the critical sequence length, beyond which
the infrared band can be detected for the first time.37-43 The
critical sequence lengths were evaluated concretely on the basis of
“isotope dilution technique” in which a series of random copo-
lymers consisting of deuterated and hydrogenated monomeric
units were used to measure the infrared spectra.39 Because the
deuterated and hydrogenated monomeric units vibrate at appre-
ciably different frequencies, no vibrational coupling is expected to
occur in an approximation. Therefore, the vibrational coupling
occurs only in the segments of a finite number of D (or H) units,
and the vibrational amplitude is dependent on this sequence
length. In other words, the vibrational coupling can be made for
the first time when the D (or H) monomeric units form a regular
helix of some critical length, and then the corresponding infrared
band can be detected in the spectrum. Because the different bands
may have different critical sequence lengths, the detection of time
gap between the two bands of different critical sequence lengths
allows us to speculate that the helix grows longer during this time
gap. This idea can be applied to the study of helical regularization
phenomenon in the crystallization process: for example, the
solvent-induced crystallization of syndiotactic polystyrene,44

the order-disorder transition of orthorhombic polyethylene,45

and the ferroelectric phase transition of vinylidene fluoride-
trifluoroethylene copolymers.46 Also, in the case of iPP, the
critical sequence lengths were estimated for some bands. The
minimum “m” values for different infrared at 973, 998, 841, and
1220 cm-1 of iPP are 5, 10, 12, and 15 monomer units in the
helical sequences.37-43 Zhu et al. used these bands for the study of
the conformational regularization process of iPP in the isother-
mal crystallization of the pure H sample,37 but they did not
correlate this information to the formation of a higher-order
structure.

In the first half of the present article, we will investigate the
structural evolution process from the various levels by combining
the IR, SAXS, and WAXD data to clarify the relationship
between the conformational change of molecules and the forma-
tion of crystal lattice and the growth of crystallize lamellae. It
should be noticed here that the comparison of the experimental
data among the IR, SAXS, and WAXD methods can be made
under such an assumption that the sensitivities of these different
methods are essentially the same for the same phenomenon.
There might be two types of meaning in the discussion of
sensitivity. (a) One is a so-called sensitivity, that is, to what extent
a weak signal can be detected that is distinguishable from the
noise, and (b) the IR and X-ray can detect different information
about the structure. The IR is sensitive to local molecular
structure, whereas the X-ray is sensitive to the aggregation of
molecules when we study the solid state of a material. The
sensitivity (a) or higher signal-to-noise ratio is also dependent
on the volume of sample, which is different between IR (thin film)

and X-ray (thicker film). Even when we use a single sample and
measure the IR and X-ray data simultaneously, it is difficult,
strictly speaking, to compare the starting point of detection of the
IRandX-ray signals because of these two factors (a) and (b). This
is a quite important but very difficult theme in all material science
that uses the pair of vibrational spectroscopic and X-ray meth-
ods, and it should be challenged. In the present time, we would
like to say that “the comparison of the IR andX-ray data ismade
under the assumption of almost the same sensitivity” in the
present article.

Asmentioned in the earlier paragraphs, theD/Hblend samples
of iPP show almost perfect cocrystallization, even when crystal-
lized slowly from the melt.33 However, the kinetic study of
thermal data revealed that the crystallization rate is different
between the pure D and H species. More significantly, the
crystallization rate continuously changes depending on the
D/H content.34 Why must the D andH components of originally
different crystallization rates be cocrystallized in the cooling
process from the melt ? An answer might be in this way: The
diffusion rates of the D and H chains affect each other by
intermolecular interactions, and they migrate to the front site
of the growing lamella at the same time. If the isotopic fractiona-
tion occurs, then theH (orD) chains escape from the aggregation
of D and H chains in the melt and form the cluster at first.
Therefore, we do not have a perfectly cocrystallized lamella any
more. In other words, such an isotopic fractionation does not
occur because we actually know the experimental data showing
the almost perfect cocrystallization phenomenon for any pair of
iPP D/H blends. The FT-IR data obtained in the temperature
jump experiment may give us any indication about this problem.
In the second half of this article, the FTIR, SAXS, and WAXD
data collected for the D/H blend samples are also analyzed in
detail to clarify the origin of the cocrystallization phenomenon of
the D and H species.

Experimental Section

Samples. As described in the previous papers,33,34 the D and
H iPP samples were synthesized by polymerizing the deuterated
and hydrogenated propene monomers using a metallocene
catalyst system. The characterizations of results of these samples
are shown in Table 1. The tacticity of these samples was
estimated to be about 0.99 (mmmm). We prepared the blend
samples by dissolving theHandD species in 50/50molar ratio in
boiling p-xylene at 2 wt % and by precipitating into methanol.
The samples were dried in vacuo at 100 �C overnight and cooled
to room temperature. The molecular weight distributions of the
samples used are not very narrow. The experimental analysis
would contain some ambiguity about the crystallization rate
and so on, but we would proceed the discussion by taking this
point into consideration. To erase air bubbles contained in the
samples, which may give strong diffuse scattering in the SAXS
experiment, the samples were heated to 200 �C in a vacuumoven
and kept for 5 h, followed by slow cooling to room temperature.
10,47

Measurements Simultaneous Measurement of Synchrotron
Small-Angle X-ray Scattering and Wide-Angle X-ray Diffrac-
tion. A sample was packed to a small metal holder and set in
temperature jump equipment. In the isothermal crystallization
experiment, the temperature must be changed as quickly as
possible from above the melting point to the predetermined
temperature (Tc). As illustrated in Figure 1, the temperature

Table 1. Characterization of iPP Samples

sample Mw Mw/Mn

hydrogenated iPP 160 000 3.0
deuterated iPP 200 000 2.5
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jump cell contains two chambers. One chamber was maintained
at the melt temperature (Tm = 200 �C), and the other chamber
was maintained at the crystallization temperature Tc. The
Tc was chosen so that the ΔT or the degree of super cooling
was equal for the various D/H blends by referring to the
equilibrium melting points evaluated for these samples.
(See Table 2.)34 After staying 8-10 min in the melt to erase all
of the thermal histories, the sample cell was rapidly transferred
to another chamber maintained atTc. During the transfer of the
sample cell, air was blown on the sample holder to achieve the
Tc rapidly (ca. 700 �C/min). The details of the temperature jump
equipment are described elsewhere.10,47 We monitored the
actual sample temperature by inserting a thermocouple into the
sample. During the isothermal crystallization measurements,
the temperature fluctuations were less than ( 0.5 �C.

The simultaneous SAXS and WAXD measurements were
performed in the BL40B2 beamline (wavelength λ = 1.0 Å) at
SPring-8, Japan. The camera lengths for the SAXS andWAXD
measurements were set to about 2250 and 100 mm, respectively.
A dried chicken leg tendon collagen and cerium oxide powder
were used as the standard references for the camera distance
corrections of SAXS and WAXD, respectively. The 2D SAXS
and WAXD profiles were detected with a CCD (Hamamatsu
Photonics, C4880) with X-ray imaging intensifier (IV4554P,
Hamamatsu Photonics) and a CMOS FP detector (C9728DK,
Hamamatsu Photonics, Japan), respectively. The SAXS and
WAXD data were collected at an interval of 2 to 3 s. The
2D SAXS and WAXD were corrected for the background
scatterings. We obtained the 1D SAXS profiles by circularly
integrating the 2D data as a function of scattering vector, q,
where q = (4π/λ) sin θ, and 2θ is a scattering angle and λ is an
incident X-ray wavelength.

Time-Resolved Fourier Transform Infrared Measurements.
The heating chamber for the IR experiment used in the present
study was the same as that used in the previous research.10,27 A
homogeneous mixture of KBr and iPP powders was prepared as
a disk, which was fixed to a metal holder, and a thermocouple
was embedded to monitor the sample temperature directly. The
holder was heated above 200 �C for 8-10 min to erase the
thermal history. Then, it was transferred to another heater by
a magnetic relay system, and the sample was maintained at
a predetermined crystallization temperature (Tc), during which
the time-resolved FTIRmeasurements were performed at a time

interval of 3 s. The FTIR spectra were collected at 2 cm-1

resolution power using a Varian FTS7000 rapid-scan-type
FTIR spectrometer equipped with an MCT detector in the
transmission mode. We estimated the integrated intensity of
an IR band by separating the spectrum into the components by
using the commercial software Grams (Thermo Electron). It
should be noted here that the temperature jump rate (ca. 700 �C/min)
was essentially the same as that attained in the X-ray scattering
experiment, as checked by a thermocouple that was embedded
into a sample to monitor the sample temperature directly for
these two experiments.10,27,28 This situation has allowed us to
compare the data of these two different experiments (of course,
under the assumption of the same sensitivity as mentioned
above).

Results and Discussion

Crystallization of H100 TimeDependence of InfraredSpectra.
The crystallization rate is sensitively influenced by the degree of
supercooling (ΔT),which is thedifferencebetween theequilibrium
melting temperature (To

m) and the crystallization temperature (Tc):
ΔT=To

m-Tc.TheT
o
mvalueswere evaluated for a series ofblend

samples on the basis of theHoffmann-Week plot, as reported in
the previous paper.34 In Table 2, theTo

m are listed. Figure 2 shows
the time dependence of infrared spectra measured for the
pure H100 sample in the isothermal crystallization process at
ΔT=70 �C. Figure 3 shows the time dependence of normalized
integrated intensity estimated for several bands. The band at
975 cm-1 comes from the amorphous phase and started to
decrease gradually with time. The time of detection of the crystal-
lization-sensitive band is different. For example, the band at
998 cm-1 started to increase in intensity at around 20 s after the
temperature reached the Tc. The 841 cm

-1 band was detected at
ca. 30 s.Another bandat 1220 cm-1 appearedafter ca. 80 s.These
bands have the critical sequence length, m, of 10, 14, and longer
than 15 monomeric units, respectively.37-43 Therefore, it may
be said that the short helical segments that consist of 10-14
monomer units start to be formed after the start of crystallization.
The bands with longer helical sequence length, 841 (m=10-12)

Figure 1. Schematic illustrations of (a) the simultaneous SAXS/
WAXD measurement system and (b) the temperature jump profile in
the SAXS/WAXD experiment.

Table 2. T o
m Values for a Series of D/H Blend Samples

samples To
m (�C)

H100 196.5
H75 194.6
H50 192.3
H25 189.2
H0 187.5

Figure 2. Time dependence of infrared spectra measured for iPP H100
sample at ΔT = 70 �C in the isothermal crystallization process from
the melt.
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and 1220 cm-1 (m.15), appear at a much later time, indicating
that the short helices grow to longer helices in the crystallization
process. This helical chain evolution is essentially the same as that
reported by Zhu et al.,6 although the details of their temperature
jump experiment are not known.

Time-Resolved Synchrotron Small-Angle X-ray Scattering/
Wide-Angle X-ray Diffraction Measurements. Figure 4a,b
shows the time dependence of SAXS andWAXD profiles of
the H100 sample, respectively, measured at ΔT = 70 �C or
the same degree of supercooling as that of the IR experiment.
In Figure 4a, the SAXS component due to the molten state
was erased, and only the SAXS component coming from the
stacked lamellar structure is plotted to emphasize the evolu-
tion of the stacked lamellar structure and to estimate the
invariant Q based on this structure. In the later stage of
crystallization the long period peak appeared in the SAXS
profile after some induction period. In the WAXD pattern,
as the time passed, the intensity of the amorphous halo
decreased, and the crystalline peaks appeared where the
peaks of R and γ forms were detected together.34

Figure 5a,b shows the time dependences of the normalized
invariant Q estimated from the SAXS data and the normal-
ized degree of crystallinity from the WAXD data at ΔT =
70 �C. The invariant Q was estimated on the basis of SAXS
data by the calculation of the correlation function, as
explained in a later section. The crystallinity, Xc, was eval-
uated as the ratio of the integrated intensities of crystalline
peaks to the total area observed in Figure 4b. The Q and
Xc values increased with time in essentially the samemanner.

Figure 6 shows the observed SAXS profiles (I(q) vs q)
detected in the earlier time region immediately after the
temperature jump, where the SAXS patterns were corrected
only for the background scattering from the air and

temperature jump cell. (Refer to Figure 4a.) Here we imagine
not unreasonably that the density fluctuation may occur in
the melt, and some denser regions start to grow to form
domains, but these domains are isolated from each other.

Figure 3. (a) Time dependence of the integrated intensity of the various
infrared bands estimated for iPP H100 sample in a wide time region
(ΔT=70 �C, refer toFigure 2). (b) The zooming upof the early stage of
crystallization.

Figure 4. (a) SAXS and (b) WAXD developments during the isother-
mal crystallization of H100 sample. The WAXD data are presented in
2θ (λ = 1.00 Å), and the reflection peaks are indexed as R1 (110),
R2 (040), R3(130), R4 (111), (131), and γ (117) for the R1 and γ crystal
forms, respectively.

Figure 5. Time dependence of the normalized invariant, Q, and the
crystallinity estimated forH0,H50, andH100 samples by the SAXSand
WAXD data, respectively.

Figure 6. Time dependence of SAXS profiles measured in the early
stage of isothermal crystallization of H100 sample at ΔT = 70 �C.
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After the passage of a certain amount of time, these domains
gather together, and finally, a stacked lamellar structuremay
be formed from these domains. To check this natural struc-
ture evolution, we analyzed the SAXS data on the basis of (i)
the Guinier plot in the earlier time region where isolated
domains are formed, (ii) the Debye-Bueche plot in the time
region where the correlation of the two domains becomes
stronger, and (iii) the correlation function in the later stage to
estimate the stacked lamellar structure.

Guinier Plot for an Isolated Domain. The intensity varia-
tion is given by48-50

ln½IðqÞ� ¼ ln½Ið0Þ�-q2Rg
2=3 ð1Þ

where Rg is the radius of gyration to represent an isolated
domain’s size. In the present case, we used the q range
<0.01 Å-1 by referring to the radius of gyration that is
expected for a single chain.51 Figure 7a shows some examples
of Guinier plot.

Debye-Bueche Plots for the Two-Phase Structure. This
model is based on a biphasic system where the refractive
indices of these two phases have relatively close values. These
two phases may be combined with a sharp interphase. The
correlation between the neighboring domains separated at
distance z is given by Γ(z) = e-z/ξ, and the corresponding
scattering intensity, I(q), is expressed by eq 252

1=IðqÞ ¼ ½1=A þ ðξ2=AÞq2�2 ð2Þ
where A is a constant and ξ is a correlation length. From the
plots I(q)-1/2 versus q2, we can obtain the ξ as a ratio of the
slope and intercept of straight line. Figure 7b shows some
examples of the Debye-Bueche plot. In Figure 8, the Rg of
isolated domains obtained by Guinier plot and the correla-
tion length (ξ) estimated by Debye-Bueche plot are shown
as a function of time atΔT=70 �C. TheRg is about 330 Å in
the initial stage of isothermal crystallization. As the time
passes, the Rg decreases almost linearly. This Rg is related to
the Debye-Bueche correlation length, ξ, of ca. 300 Å at
around 100 s. This means that the domains cannot be
assumed any more to be isolated, but some correlation starts
to occur. The reason why this happened after about 100 s
comes from the infrared data, as will be discussed in a later
section.

Correlation Function for Lamellar Structure. As seen in
Figure 8, at around 280 s, the ξ value started to deviate from
the linear relation and approach the value of long period, L,
estimated for the stacked lamellae structure model. In this
region, the invariant Q started to increase remarkably. The
structural parameters of the stacked lamellae are estimated
using the 1D electron density correlation function K(z).
Under the assumption of the two-phase model consisting
of the alternatively stacked crystalline and amorphous layers
(Figure 9), the K(z) is defined by the following equation53

KðzÞ ¼< ½ηðz0Þ- < η >�½ηðz þ z0Þ- < η >� >¼

2

Z ¥

0

ðπÞ-1q2IðqÞ cosðqzÞ dq ð3Þ

where < > is the statistical average and η(z) and <η> are
the electron density variation along the lamellar normal and
the mean electron density, respectively. In this equation, the
intensity, I(q), given in Figure 4a is used because the correla-
tion function of the stacked lamellar structure is calculated
here. As indicated in Figure 9a, the various points on the
K(z) curve give the various structural parameters: the invar-
iant, Q, the mean lamellar thickness, <d>, the mean
transition zone thickness, dtr, the mean core thickness,
do and the long period,L. Figure 9b shows the time evolution
of K(z) calculated for the H100 sample at ΔT = 70 �C.
Figure 10 shows the time dependence of these structural
parameters obtained for theH100 sample in the later stage of
crystallization. Parallel to an increase in Q, the long period
peak started to be detected and increased its intensity,
whereas the long period itself decreased in value. The lamel-
lar thickness increased at the beginning of crystallization and
saturated.

Structural Evolution Process.These infrared spectral dataare
combinedwith theSAXS/WAXDdata, as shown inFigure11,by
focusing on the early stage of isothermal crystallization. This
comparison can be made reasonably because the temperature
jump process was essentially the same between these two inde-
pendent experiments (ΔT=70 �C).After the sample temperature
reached theTc at 0 s, the amorphous band at 975 cm-1 decreased
in intensity. The helical bands at 998, 841, and 1220 cm-1 started
to appear at around 20, 30, and 80 s, respectively. In this Figure,
the half-width of the amorphous band is also shown. The half-
width reflects the degree of conformational distribution in the
amorphous phase and also the thermal mobility of the molecular
chains.54 If the regularizationoccurs in the amorphous or themelt
state, then theamorphouschainsaresubjectedtosomeconstraints
because of the existence of these regular parts,making the thermal

Figure 7. Some examples of (a) Guinier plot and (b) Debye-Bueche
plot in the early stage of isothermal crystallization of H100 samples.

Figure 8. Time evolution of domain size (Rg) and correlation length (ξ)
of H100 sample estimated from Guinier and Debye-Bueche plots,
respectively. The long period, L, estimated in a later stage of crystal-
lization is also shown for comparison.
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motion slower. At the same time, some change in conformational
distribution may also occur. In this time region, the half-width is
observed to change only slightly. Themotion and conformational
distribution in the amorphous part are not affected verymuch by
the regularizationofhelical domains at suchahigh temperatureof
Tc = 127 �C.

The Rg gradually decreases parallel to the appearance of
regular helices and their growth. In the time region of ca.
100 s, the Rg value smoothly fits the ξ, just around 100 s,
when the longer helices start to appear, as represented by the
1220 cm-1 band. The ξ value decreases almost linearly and
starts to deviate from the linear line at about 300 s. This

Figure 9. (a)Model of 1D electron density distribution in the lamellar system and the corresponding electron density correlation functionK(z).Q: the
invariant, dtr: thickness of transition zone between the crystalline lamella and amorphous part, do: thickness of core lamella, <d>: mean lamella
thickness, L: long period, and I(L) is the scattering intensity. (b) Time evolution of K(z) calculated for H100 sample.

Figure 10. Evolution of various structural parameters of H100 sample
plotted as a function of time as obtained by the calculation of correla-
tion function. (Refer to Figure 9.)

Figure 11. Time dependences of the radius of gyration (Rg) and
correlation length (ξ) evaluated from the SAXS data analysis and the
integrated intensity of the infrared bandswith different critical sequence
length. The half-width and intensity of the amorphous band is also
plotted here.
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situation is emphasized in Figure 12, where the time depen-
dence of the invariant Q, estimated by SAXS analysis, and
the degree of crystallinity, Xc, estimated from the WAXD
data, are compared with the IR data. The time of 300 s is
important because the crystal lamellae start to appear, as
noticed from the increasing crystallinity, Xc, and invariant,
Q, representing the total amount of crystal lattice of the
R1 form. (The γ form also starts to appear at almost the same
time.) The infrared band intensity of long helices also steeply
increases around this time region.

In this way the combination of the various information
obtained from the infrared and SAXS/WAXD data allows
us to deduce the structural evolution process of the iPPH100
sample in the isothermal crystallization at ΔT = 70 �C, as
illustrated in Figure 13. In the early stage of crystallization,

the short helices are generated in the amorphous sea, and
they grow in amount and length. They gather together locally
and form isolated domains of 350-300 Å radius. These
domains approach and correlate each other at about
300-250 Å distance while the helical segments further
increase their lengths. This process further proceeds; finally,
the stacked lamellar structure is formed with the long period
of ca. 200 Å.

Cocrystallization. Figures 14 and 15 show the time depen-
dence of infrared spectra measured at ΔT = 70 �C for
H0 (pure D) and H50 (D/H blend) samples, respectively.
For the H0 sample, we do not know the accurate critical
sequence length for the infrared bands, although only one
report was detected in a literature search.42 By picking up
someproper bands,we estimated the integrated intensity and
compared their time dependence with the results of SAXS
and WAXD analysis. Figures 16 and 17 show the results for
H0 and H50 samples, respectively, where the time is on a
logarithmic scale. In a similar manner, in the case of H100,
the infrared bands corresponding to the regular helices start
to grow in the early stage of crystallization. After that, the
invariant, Q, and degree of crystallinity, Xc, increase with
some decrement of long period. It should be noticed here that
the D and H bands of the H50 blend sample start to be
observed at almost the same time, although the pureH andD
samples show largely different crystallization rates, as seen
from the comparison of Figures 11 and 17. This clearly
indicates the occurrence of the cocrystallization phenomen-
on between the D and H chains in the melt state. (From the
comparison of the behavior of H and D IR bands, we might
speculate that the D band at 678 cm-1 has the critical
sequence length m = 10 and the 988 cm-1 D band has the

Figure 12. Comparison of infrared band intensity changes with the
SAXS (invariant Q) and WAXD (degree of crystallinity) and the long
period estimated in the isothermal crystallization process of iPP H100
sample (ΔT = 70 �C).

Figure 13. Schematic illustrations of structural evolution process
occurring in the isothermal crystallization process of iPP H100 sample.

Figure 14. Time dependence of infrared spectra measured in the
isothermal crystallization process of iPP H0 (pure D) sample at
ΔT = 70 �C.

Figure 15. Time dependence of infrared spectra measured in
the isothermal crystallization process of iPP H50 blend sample at
ΔT = 70 �C.
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length m = 14.) As already pointed out, the crystallization
rate of D species is originally much higher than that of
H species.34 If the diffusion motion of the chains controls
the crystallization rate, then the faster migration results in
the higher crystallization rate. If the isotopic fractionation
occurs in the front-site region of the growing nuclei, then the
faster D chains reach the site at first and attach to the
crystalline site to grow. The H chains still remain in the melt,
and the D/H content is changed there. With the passage of
time, this process goes on, and the phase segregation might
occur as a result. Figure 17 denies this possibility: the D and
H chains reach the growing front site at almost the same
time and give the intensity increment of helical infrared
bands intrinsic to these species. Figure 18 shows these two
different cases.

Conclusions

In the present article, we have discussed the isothermal crystal-
lization behavior for a series of H/D blend samples of iPP by
measuring the time-resolved synchrotron WAXD/SAXS and
FTIR spectra, from which the detailed structural evolution
process has been deduced in a concrete manner. In the early
stage of crystallization, the regular but short helical segments
start to appear and form an isolated domain in the molten
amorphous sea. The SAXS data in this early stage were analyzed
using a Guinier plot. As the number of regular and longer helical
segments is increased, these domains start to show somedegree of
correlation to each other as they are analyzed reasonably on the
basis of the Debye-Bueche theory. The transition from Guinier
to Debye-Bueche regions or the transformation from Rg to
ξ can be made smoothly. Around the time region of 300 s (for
H 100 case at ΔT 70 �C), the stacked lamellar structure starts
to form with a long period of ca. 200 Å, and they increase the
volume with time.

In the case of the D/H blend sample, the formation of regular
helical segments is observed to occur at almost the same time,
indicating that the concept of isotopic fractionation near the
growing front site is difficult to apply to this case. We need to
investigate the difference in diffusion rate and the intermolecular
interactions of theH andD chains in themelt formore discussion
about the origin of D/H cocrystallization phenomenon.
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