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ABSTRACT: A combination of DSC, SAXS, WAXD,!H time-domain, and frequency domain NMR
measurements was used for determining the amount of rigid/crystallinity, semirigid, and soft fractions of iPP.
Changes in the rigid, semirigid, and soft fractions of isotactic polypropylene (iPP) were investigated as a function
of temperature, annealing time, and annealing temperature. The most probable iPP morphology was established
by TEM and by comparingH spin-diffusion data with data from multidimensional solutions of the spin-diffusion
equations. Proton NMR spin-diffusion method, which employs double-quantum (DQ) and Gel&imam dipolar

filters, was used in order to provide the domain thickness in iPP. The temperature dependence of spin diffusivities
was taken into account, and a semiquantitative theory is presented for this dependence in the case of amorphous
domains. A combination dH spin-diffusion NMR and SAXS was used to estimate the lamellar thicknesses for
nonannealed and annealed iPP samples. Annealing at temperatures abt@ecadfes increases in the lamellar
thickness and the crystallinity and a decrease in the chain mobility of rigid and semirigid fractions. The above
quantities and the chain dynamics are reported for three annealing temperatures, 134, 143,°&hcah83an
annealing time in the range of 15 min to 30 h. It is shown that the crystalline domains thickening during annealing
of iPP can be described by a model based on irreversible thermodynamics. A phenomenological correlation is
established betweeld transverse magnetization relaxation rate of the rigid fraction of iPP and the annealing
temperatures.

1. Introduction and gives rise to a different definition of the crystalline ph&se.
Although the degree of crystallinity is a quantitative concept,
different measurement techniques on exactly the same sample
do not always yield the same value. There are several reasons

degree of crystallinity; 11 and the orientation distribution of for these apparent differences. They can be attributed in the
the crystalline volume portiot?!3 Both quantities typically part to different selectivity of the various techniques to the two

change when the sample is exposed to temperatures well abov&najor regions. In addition, the contributipn of the interface to
the glass transition due to annealig?? This means that the the rgsult of megsuremgnt must be taken into account. Thg NMR
degree of the crystallinity and the orientation distribution depend Studies on semicrystaliine polymers have shows the existence
on processing conditions, crystallization, annealing and thermal ©f an intermediate noncrystalline phase associated with the
history in such materials. It is known that the annealing of lamella structuré3>38This region is characterized by a degree
semicrystalline polymers after the fabrication causes changesOf order perpendicular to the lamellae surface but disorder in
in the structure and properties of the materials. This processthe lateral direction. The interface is important from a theoretical
has been employed to improve the final properties of the viewpoint and is a key factor in determining the overall
polymers via healing of defects and diminishing residual stress crystalline structure, the morphology, and, thus, the mechanical
and strain. In addition, lamellae thickening and rearrangement properties.
of the chain during heating also occur upon annealing. For establishing structurgoroperty relationships of semi-
Various experimental methods have been used to determinecrystalline polymers, the characterization of lamellar thickness
the crystallinity, phase composition, mobility, and thickness of in bulk materials is a necessity, because their thermal and
domains of semicrystalline polymers. The most frequently used physical properties depend largely on the characteristic of the
methods for estimating the degree of crystallinity are differential lamellae. Traditionally, transmission electron micrograph (TEM)
scanning calorimetry (DSC¥;2*density measuremertzX-ray and small-angle X-ray scattering (SAXS) are two major
diffraction®26-30 and nuclear magnetic resonance (NMR3L 38 techniques used to determine the lamellar thickness. The former
Each of these methods is based on a different physical property offers the advantage of direct access to the morphology. SAXS
is a well-developed method to quantitatively determine the
*To whom correspondence should be addressed. E-mail: (D.E.D.) thicknesses of alternating layers of the crystalline and amor-

The physical and mechanical properties of semicrystalline
polymers (like isotactic polypropylene), and their practical
lifetime, are significantly influenced by both the changes in the

deTco@mc.rwth-aachen.de; (V.M.L.) victor.litvinov@dsm.com. phous regions that are formed in semicrystalline polymers.
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Westfdische Technische Hochschule. data .basgd on a model calculation. No tedious sample pre-
8 DSM Research. paration is required for SAXS measurements. Although an
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indirect approach is applied, SAXS provides volume average a)
characteristic.

Proton NMR spin-diffusion experiments have been used to
provide information about the thickness of domains with
different molecular mobility in heterogeneous polyniéfsand
polymer fibers*2=45 Previous™H NMR spin-diffusion experi-
ments have shown that the lamellae thickness of semicrystalline
polymers varies in a wide range, depending on chain branching
and thermal history of the sampie*6The thickness of the rigid
domains in semicrystalline polymers can differ from the lamellae
thickness, as some fraction of interface and the soft phase can

be largely immobilized and cause an apparent increase in the b) * i i —o— E"f:] Ech
. ! lann-c£cho
lamellae thickness. L fit

The main aim of this work is to study the change in the rigid A U separate components
fraction/crystallinity, semirigid, and soft fractions, and lamellae i Hahn-Echo
thicknesses for both annealed and nonannealed iPP samples.
This was done using a combination of DSC, SAXS, WAXD,
TEM, and'H solid-state NMR, including spin-diffusion NMR. o d
The *H NMR spin-diffusion methods, which explore both ,r;'i{lon fraction =
double-quantum (DQ) dipolar filtéf4° and the GoldmanShen f s
(GS) filter %51 was used for the first time to provide a more 0 100 200 300
accurate analysis of the domain thickness of iPP. It is thought time [us]
that TEM, SAXS, and NMR are complementary techniques, Figure 1. (a) Proton wide-line NMR spectra (solid line) of iPP

providing morphological evidence on the nanometer scale. The Measured at 7€C with 500 MHz NMR spectrometer. The dashed lines
show the spectral components that are assigned to the rigid, semirigid,

most probable morphology was established by comparing the anq soft fractions of iPPbroad, intermediate, and narrow line widths,
H spin-diffusion data with the multidimensional evaluation of respectively. (b) The decay of the transverse magnetization relaxation
the magnetization by spin-diffusion. The results are compared (points) for iPP at 70C. The decay (FID) was measured at 20 MHz
under the given conditions, which include the annealing time NMR spectrometer using the SPB)(and the HEPS (1) methods. The

- . . . solid line represents the result of a least-squares fit of the decay with
and annealing temperature. A simple model of crystal thickening "inea"combination of the Abragam function and two exponential

as a function of the annealing time is discussed. The correlationfynctions. Dotted lines show the separate components that are assigned
between transverse relaxation rates and thickness of the rigidto rigid, semirigid, and soft iPP fractions.
domain is presented, i.e., microscopic and mesoscopic properties.

Minispec MQ20 spectrometer operating at a proton resonance
2. Experimental Section frequency of 19.6 MHz, and at high magnetic field using a Bruker
DSX-500 MHz spectrometer operating at a proton resonance
frequency of 500.45 MHz. The data were collected for static sample
at temperatures between 25 and 2@ The measurements, as a
function of increasing temperature, were performed from 10 min
after thermal stabilization time at each temperature.

2.5.1. Proton Wide-Line NMR Spectroscopy.The NMR

spectra measured at 500 MHz were deconvoluted into three

soft
fraction

A(t)/A(0)

2.1. Sample Description and Preparationlsotactic polypro-
pylene homopolymer sample obtained from SABIC Europe BV was
used in our experiments. The material was injected in an Engel
45A machine. The melt temperature was set to Z35the holding
pressure to 40 MPa, the holding time to 20 s, the cooling time to
20 s, and the overall cycle time to 49.5 s. For the annealing study,

thed slanggcl:e ¥vas furthelr _annegled in thf NMR prg%eo ?}t 134 143, components using the Bruker WinFit program. The line shape of
and 153°C, for several times between 15 min an ' the rigid component was taken as Gaussian, those of the semirigid

2.2. DSC MeasurementsThe first and second melting and g soft components were taken as a Lorentzian (Figure 1a). The
crystallization curves of (non)-annealed iPP were recorded on @grrors in evaluation of the rigid fraction are not essentially

Perkin-Elmer DSC7 at heating/cooling rates of A/min. The substantiated by the approximation of the Gaussian line shape as

specific heat capacity measurements, presented in this article were;ompared with Abragam function. Because the Abragam func-

performed in the way described by Mattf6t. tion does not have an analytical Fourier transform the fit of the
2.3. Transmission Electron Microscopy (TEM).The lamellar  frequency domain spectra is difficult. At high magnetic field, the

morphology of iPP samples was studied by TEM. The injection- duration of a 90 pulses was 3:s, the dead time was 3s, the

molded plate was trimmed at a temperature-620°C and stained  dwell time was 0.75:s, and the recycle delay wé s for all the
for 24 h in a RuQ solution. Sections 70 nm thick were obtained experiments.

by slicing the sample with an ultramicrotrome-at20°C. Images 2.5.2. Proton Transverse Magnetization RelaxationT, Re-
were recorded with a Philips CM200 TEM at an acceleration voltage laxation). At low magnetic field, the duration of a 9@ulse was
of 120 kv. 2.7-2.8 us, the dead time was j7s, and the dwell time was 0.5

2.4. Small-Angle X-ray Scattering.Small-angle X-ray scattering  us. A BVT-3000 temperature controller was used for temperature
(SAXS) experiments were performed with a modified Kratky setup regulation with a temperature stability better thatCl In order to
attached to a conventional, sealed X-ray tube (40 kV and 50 mA), measure the decay of thEl transverse magnetizatiofi,(decay),
which provides line-focused Ni-filtered Cudkradiation (0.154 nm). from the rigid, semirigid, and soft fractions of the sample, three
The scattering signal was recorded with a MBraun 50 M position different NMR pulse sequences were used. In the first experiment,
sensitive detector. The calibration was performed as described inthe free induction decay (FID) was recorded after &-@0lse
ref 52. excitation (SPE, single pulse excitation), i.e.>90dead time-

2.5. NMR Measurements and Data AnalysisDifferent solid- acquisition of the amplitudé\(t) of the transverse magnetization
state’TH NMR methods, namely wide-line NMR spectroscopy, as a function of time. The second experiment was the solid echo
transverse magnetization relaxatiof, (relaxation), and spin- pulse sequence (SEPS), i.e.} 88— 90°y—tse—acquisition of the
diffusion experiments, were used to study the phase composition,amplitude of the transverse magnetizatig(t), with te = 10 us.
the molecular mobility, and the domain thickness in iPP. The The third one was the Hahn-echo pulse sequence (HEPS),xe: 90
experiments were performed at low magnetic field using a Bruker ty.—180°y—tne—acquisition of the amplitude of the echo maximum
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for variable value of 8. The systematic errors inherent to the
FID and SEPS methods are described in refs 52, 53, and 55

The Hahn-echo pulse sequence was used to avoid the effect of
the inhomogeneity of the magnetic field on the decay of the
transverse magnetization of the soft fraction of iPP, and to obtain
reliable information about the molecular mobility and amount of
the soft fraction. The Y0pulse excitation (SPE) and HEPS were
finally used to record the FID for quantitative analysis of the phase
composition. The results of both experiments were combined as
described in ref 52. Depending on the fitting algorithm, the amounts
calculated for the rigid fraction determined by NMR can differ up
to 10%. The combination of an Abragam function with two tlus]
exponential functions (AEE) gives a good fit of the FID at Figure 2. Proton DQ buildup curve for iPP at room temperature
temperatures between 40 and 16CG. When increasing the  showing the dependence of the integral signal on the excitationttime
temperature T > 100 °C), this model results in a poorer fit. The DQ buildup curve is measured with high-field NMR spectrometer.
However, when taking into account the whole temperature range ghehmé»l(_lmum of the curve is observed atd9that is marked by a
40— 140°C by the AEE approach, the amount of the rigid fraction ashed line.

(%T,191d) is closer to the crystallinity as determined by SAXS and
DSC. When replacing the Abragam function with a Gaussian
function in the above-mentioned combination of fitting functions,
the measured amount of the rigid fraction is approximately 10 wt
% higher. Therefore, by using the combination of AEE fit for the
analysis of the NMR decay, an accurate determination of the phase
composition of iPP samples can be performed.

The results obtained from both SPE and HEPS experiments, were-400  -200 0 200 400 450 "~ 200 0 200 400

DQ signal [arb.units]

50 100 150 200

a) =2 s b) =6us

combined in a single decay, which was fitted with a linear ppm ppm
combination of one Abragam function and two exponential func- ) 4
tions (Figure 1b) ° 2048 ) =40ps

A(t) = A(0)"9 exp[—(t/2T59?-[sin(at)/at] +
A(o)semirigid exp[— (t/-l—zsemirigi(ﬁ] + A(O)soft exp[_(t/-l—zsoft)] (1)

The parametea is related to the second and fourth van Vleck
moments. The transverse relaxation timég,(which are charac-
teristic of different slopes in the magnetization decay curve, are
related to .the mobility in eac{‘ frac;[i;%n. The;ﬁ!ﬁ;},"e fracst(:ons of temperature recorded after different excitation/reconversion periods of
the relaxation components\0)/[A(0)'9" + A(0)ema+ ()T} the DQ dipolar filter: 7 = 2 us (a),7 = 6 us (b),7 = 20 s (), and
x 100%, represent the relative amounts of hydrogen atoms (mass; — 40 us (d). The spin-diffusion timéy was set to 5us.
fractions) of iPP phases/fractions with different molecular mobility.

Repeated experiments for the same sample indicated that the relative The DQ filter shows high efficiency in selecting the magnetiza-
I 0,
error of the extracted relaxation parameters was about 1%. tion of a particular iPP domain with distinct molecular mobility.

2.5.3. Spin-Diffusion NMR Experiments with Dipolar Filters. —  The high selectivity of the DQ filter was also observed Tin
Spin-diffusion experiments with double-quantum (DQ) dipolar filter - relaxation experiments at low resonance frequency. For all experi-
were performed to determine the thickness of the rigid and ments, the excitation/reconversion time of 46 and short spin-
amorphous domains. Proton double-quantum buildup curves andgiffusion timetq of 5 us (Figure 4) were chosen to select the rigid
spin-diffusion data were recorded at high- and low-magnetic fields jpp fraction in the spin-diffusion experiment, both at high- and low-
using the pulse sequence’987—90°, ~tpe—90°, —7—90°, —t—9 proton resonance frequencies. The proton NMR spectra edited for
0°,—FID with the excitation timer and the spin-diffusion time,. different spin-diffusion times are shown in Figure 4.

The evolution time of the DQ coherencestdg which was taken Another dipolar filter used in this investigation explores the
as 5Sus in all experiments. The dipolar filter excites double-quantum 5 qman-Shen schem# The amorphous domains are selected
coherences and selects mainly the magnetization of the rigid fraction by the pulse sequence 967—90° —t;—90°, —FID with the filter

at a short excitation time.*’%2 The optimume value in the DQ  {ime ' = 10045 andty being the spin-diffusion time. Both dipolar
filter for selection the rigid fractiott was obtained from the DQ filters were employed in the present study to gain a higher
buildup curve. It shows one maximum for iPP (Figure 2) at short confidence in determinations of the iPP morphology.

excitation timesr of approximately 1Q:s. The efficiency of the
filter is judged by the'H wide-line NMR spectra recorded at
different excitation/reconversion timegFigure 3). These spectra
allow us to choose the optimum filter time for selecting the 3.1. Crystallinity by DSC. Quantities like enthalpy, derived
magnetization of the rigid fraction. For short excitation/reconversion from heat capacity measurements, can provide important
time 7, the DQ filtered spectra are doublets (Figure 3, parts a and information about the physical state of the material. Heat
b) which are related to the spin pairs of methylene groups having capacity of iPP annealed for 10 h at 143 and iPP annealed

€ strongest dipolar couplings. 1t snould beé Turther 1o mentioned ¢, 10 hy at 153°C, is presented in Figure 5. Parts a and ¢ of
that the doublet structure of the DQ-filtered spectra is due to the . . -
fact that at short excitation times, only the rigid polymer chains Elgure > S.hOW heat capacity and Crystalllnltdeata .for the
with dipolar tensor orientation around 0 and® @0e preferentially first he_atlng curve and the_ second heatmg/cooh_ng curve,
excited, while those orientated around the magic angle are su|O_respectlvely. The observed o_hfferences between the first heating
pressed. An interesting property of the DQ filter is that at |0ng curve fOI’ nonannealed and iPP annealed fOI’ 10 h at 143and at
excitation times, only the signal from the most mobile chain 153 °C (Figure 5a) are due to the thermal treatment (thermal
fragments in the amorphous phase is selected (Figure 3d). history) of the sample. For completion, heat capacity measure-

-400  -200 0 200 400 400  -200 0 200 400
ppm ppm
Figure 3. High-field proton wide-line NMR spectra of iPP at room-

3. Results and Discussion
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a) derived from the first heating curve shows a different thermal
history than the one derived from the second heating curve
(Figure 5d). The end of the melting behavior of the annealed
samples is located at a higher temperature than that of the second
heating curve (indicated in Figure 6 by the green arrow); this
is expected when crystal thickening and crystal perfection
occurs. NMR experiments also show improvement of crystal
perfection upon annealing, as will be shown below. Crystal
thickening is observed by NMR and TEM during annealing of
iPP samples. Thus, results of NMR and TEM are in line with
the heat capacity data.

3.2. Morphology of iPP by TEM. The transmission electron
micrograph is used to determine the type of the morphology in
the studied samples. A TEM image of the nonannealed iPP
sample is shown in (Figure 7a). Stacked lamellar crystals
separated by a thin amorphous layer can be observed. The
annealed iPP samples at 143 and 163or 10 h reveal a cross-
hatched morphology (Figure 7b and 7¢) consisting of radial and

i o ) transverse lamellae. The thickness of the lamellae increases with
Figure 4. Proton wide-line NMR spectra of iPP at room temperature.

The spectra were recorded using the spin-diffusion experiment with increasing the annealing temperature.
different spin-diffusion times: (afy = 0.005 ms, (b)s = 0.010 ms, 3.3. Crystallinity and Morphology by SAXS. The crystal-

(¢)ta=10ms, and (d}a = 1 s andz = 10 us. linity of both annealed and nonannealed iPP samples is

] ) determined by SAXS. Integration of the 2D-WAXD pattern over
ment§ of the coollng and second heating curve are presented ag pie-shaped area yielded the intensity profiles displayed in
well in order to verify whether or not the thermal treatment Figyre 8a. In all cases, the sequence of the detected diffraction
modifies the polymer material. The thermal history of iPP is  maxima is consistent with the monoclinia-structure of
erased after the first heating scan and by keeping the polymer,|ypropylene. The contributions arising from crystalline and
for 5 min in the molten state (200C) (Figure 5d). noncrystalline components are extracted via peak fitting of the
_ Litvinov and Soliman showed that annealing of iPP gives (giffraction pattern (Figure 8b). The latter yielded the (X-ray)
rise to shoulders in the DSC thermograthi order to compare  crystallinity which showed a 9% increase from a value of 0.49
the annealed samples with nonannealed iPP, an offset temper-_ g o5 for the nonannealed system to 0458.05 for a sample

to a drastic increase of the heat capacity due to melting of the psc crystallinity.

polymer (see Figure 5b). Offset temperatures of 144 and 153
°C are observed for iPP annealed at 143 and *I58or 10 h,

200 -100 O 100 200 200 -100 0 100 200

200 -100 O 100 200 200 -100 0 100 200
ppm ppm

The SAXS patterns reveal well-defined interference maxima
respectively. An apparent offset temperature of AG4increase owing o a quaS|-p_er|od|c arrangement_of the crystalhr_le
domains. More details about the scattering and correlation

of C, in comparison with the baseline) is observed for i . . . ; ;

nonannealed iPP. The determined offset temperatures for thefunct|qqs are d'SCUZS.SEd in ref .52' The one-dimensional scattering
annealed samples correlate to the applied annealing tempera'—r?tens'}f”_ESI (I:]) o IIS shc;\wnfw;]Fl?(ure 9, \(/jv_he_rq - %M)r:(
tures. These observations are in agreement with the NMR dataSin @: 4 Is the wavelength of the X-ray radiation afds the

discussed below scattering angle. It follows from results in Figure 9 that
A complete heat capacity analysis is performed. The corre- annealing has a strong influence on the lamellae thickness. After

sponding enthalpyi(t), can be derived in the usual way with annealing, the posit_ion of the int_erfe_ren_ce maXi”?”m shifts
calibration values. The extreme states in which the material cantOWard lower scattering angles which indicates an increase of

be found (100% crystalline and 100% amorphous) are referredthe effective long period. This is also reflected by the linear

to as reference states. These data are reported for a large numb%ﬁ.”elat'fg flIJnc::_ons, calc#lated from tfhi sc;_atter!gg Intensities
of polymers in the ATHAS Data Barfe. igure 10). In this case, the position of the first side maximum

Mathot has shown that the polymer can be regarded as|nd|cates the changes in the value of the long period following

consisting of regions having the same thermal properties as theOIIfferent thermal histories. Moreover, the inner part of the

reference states, and a simple two-phase model can be used iﬁorrelation function provides insight into the thickness of one
order to determine the enthalpy-based mass fraction crys'[allin-Of the phases. However, it cannot be concluded directly whether

ity.24 This means that no transition layers between the regions or not the corresponding value reflects the thicknesses of the

and no contributions from interfaces are taken into account for crystalline or the amorphous domains.

the analysis of DSC data in this study. We observed that the ~3.4. Solid-State NMR Study of Phase Composition, Mo-
crystallinity of iPP, determined at 80 (Wgo-c), increases as  lecular Mobility, and Domain Thickness. 3.4.1. Temperature
expected with the annealing temperatui®y-c = 50 wt % Dependence of Phase Composition and Chain MobilityA

for nonannealed iPP, 59 wt % for iPP annealed at (@3and guantitative analysis of the FID and wide-line NMR spectra in
61 wt % for iPP annealed at 15€, (Figure 6). After erasing  terms of crystalline phase, semirigid phase, and soft fraction of
the thermal history by melting, the crystallinity of iPP (Figure the amorphous phase is performed at a temperature well above
6—second heating curve; the dashed, orange line) is somewhaflg. At these temperatures, the difference in molecular mobility
higher than the crystallinity of nonannealed iPP (Figure 6  of the iPP phases is higher, and therefore, the phase contrast is
first heating curve; the straight, black line), but still lower than enhanced. However,, the temperature of the NMR experiment
the crystallinity of both annealed iPP samplég(-c = 55 wt should not be too high, in order to avoid annealing and an
% for the second heating curve). Thus, the crystallinity of iPP associated change in the morphology.
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Figure 5. (a) Heat capacityd;) and crystallinity (V) data recorded during the first heating of nonannealed iPP (black solid and dashed lines),
annealed at 143C iPP (red solid and dashed lines), and annealed afC5BP (blue solid and dashed lines). Annealing time is 10 h. The green

and orange dotted lines represent the heat capacity for the crystajieutd amorphouscfs) phases, respectively. (b) Heat capacity and onset

of melting for nonannealed iPP (black line), annealed at°&red line) and annealed at 183 iPP (blue line), respectively. Annealing time is

10 h. (c) Heat capacity (solid lines) and crystallinity (dashed lines) recorded during the second twatingdcp e We,n cooling We ¢, Cpc.a @and

Coc,d Of IPP. Dotted lines represent the heat capacity for the amorphous and crystalline phase for second heating and cooling, respectively. (d) Heat
capacity curves recorded for the second heating curves for nonannealed iPP (black line), iPP anneafd@ @ed4ide), and iPP annealed at 153

°C (blue line). Annealing time is 10 h.

-
o
o

— W, non-annealed iPP in the rigid fraction is almost unchanged. The small increases

i rigid 0 . .
15t heating in T,"99 above 100°C may be related to the motion in the

changes are due to the high-frequency (ca. 10 kHz) manifestation

= 80t ) o crystalline phasea relaxation processwhich occurs prior to

2 —— We annealed iPPat 143°C melting—and to the thermal expansion of crystal lattiédn

£ 60 — W annealed iPPat 153°C the temperature range from 40 to 8D, the transverse relaxation
= - - - W non-annealed iPP time of the semirigid and soft fractions increases largely, while
g 40 2" peating Avsemiigidy , - and Avsoft, largely decrease (Figure 12). These
c

[+]

[he]
=]

of the glass transition of the amorphous phase. The temperature
/ dependences of thes°t and of Avy,5°°t can be correlated by

050 120 160 200 the relationshipAvy 5ot ~ 1/7T,, valid for a Lorentzian line

shape (Figure 12). In the temperature range from 100 to 140

Figure 6. Crystallinity of iPP at the first heating curves (solid lines) :C, an increase in the; relaxation time of the semirigid and
ofgnonannealéd iPP (yb!ack) and iPP annealed gt 143 (red) antC153 .SI_?]ft fracélons |Sh(_ju§ to partial meklltlr_lg of |i(_)ltact_|c pk? Iyprc;t)ylﬁne.
(blue). Annealing time is 10 h. Crystallinity at second heating curve is at reduces hindrances on chain mobility in the soft phase.
shown by orange dashed line. In conclusion, the temperature range from 70 to F@
appears to be suitable for accurate determination of the phase
In order to find the optimum temperature to determine the composition. In this temperature range, the difference in
phase composition;T, relaxation parameters and integral molecular mobility in different fractions of iPP is higher, and
intensities of the spectral components of tHewide-line NMR annealing can be avoided during the NMR experiment, as shown
spectra are recorded as a function of temperature (Figure 11).below. In the temperature range from 70 to Q0 the amount
At room temperature, a significant fraction of the soft phase is of the rigid fraction is largely independent of temperature, and
rigid, and contributes to both the intensity of the broad line of its values is closed to that of the crystallinity measured by DSC
the NMR spectra, and the shdi relaxation component of the — and X-ray, as will be discussed below.
FID. At elevated temperature, the amount of the rigid fraction,  3.4.2. The Effect of Annealing Temperature and Anneal-
which comprises the crystalline phase and the rigid fraction of ing Time on the Phase Composition and Molecular Mobility.
the soft phase, slowly decreases. While the amount of the softTo determine the temperature at which annealing causes changes
fraction increases under the same conditions, the amount of thein the morphology, two different types of annealing studies were
semirigid fraction is almost constant in the temperature range performed. The annealing was studied at isothermal conditions
from 70 to 100°C (Figure 11). The data in Figure 12 show in the temperature range from 70 to 130 in real time. The
nearly constant values f@p"9d and Avy,29¢ with temperature  data are recorded over each hour during 30 h. No annealing
increasing up to 100C, indicating that the molecular motion  effects are detected by NMR for iPP samples exposed to 70,

temperature [°C]
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Figure 8. (a) One-dimensional WAXD intensities obtained via
integration of two-dimensional WAXD patterns for nonannealed iPP,
and iPP annealed at 143 and 183 for 10 h. (b) deconvolution of

WAXD pattern for crystalline and amorphous phases for nonannealed
iPP.
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Figure 9. One-dimensional SAXS intensityq) = I(q) x g? recorded
for nonannealed iPP and iPP annealed for 10 h at°T43
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Figure 7. TEM image for nonannealed iPP (a) and iPP annealed at 0.5

b
4
(@
]
°r4
143 (b) and 153C (c). Annealing time is 10 h. The scales of the images g(r) o
are shown in the figures. ce

0.0

90, and 11CC for 30 h. In the temperature range from 110 to

130°C, small changes in the molecular mobility and the phase 055 10 20 30 40
composition were observed over a time of 500 h. Annealing at r [nm]

130°C for 500 h causess 5 wt% increase in the amount of  Figure 10. Normalized linear correlation functiop(r) revealing an

the rigid fraction at the expense of the soft phase. The amountincrease in the long period and phase dimensions due to annealing at
of the semirigid phase remains almost constant (Figure 13a).134, 143, and 153C for 10 h.
Annealing caused changes T values (Figure 13b). Figure

13b show that the molecular mobility in the crystalline phase exposure of iPP to temperatures between 100 and °€30
of iPP is hardly affected by annealing at 130, whereas the  influences the NMR results, due to the annealing of the samples
molecular mobility of the semirigid fraction decreases and the during NMR experiments. These experiments are used to

molecular mobility in the soft fraction increases during the determine the maximum temperature at which no annealing
annealing. From the above results, we can conclude thatoccurs.
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fractions of iPP. Larger amplitude and/or frequency of molecular
motions lead to longeT, value. The relaxation characteristics were
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. - - Figure 14. Effect of annealing time and annealing temperature on (a)
The effects of the annealing time and the annealing temper- e amount of the rigid fraction (%b,799), and (b)*H relaxation time

ature on the phase composition and molecular mobility were (T,isi9) of this fraction of iPP.

studied for iPP samples annealed at 134, 143, andC53he

annealing times are taken in the range from 15 min to 30 h. rigid and semirigid fractions of iPP decreases, while the
After annealing at the indicated temperatures, the NMR experi- molecular mobility of the soft fraction increases during the
ments were performed at PC. A fast increase in the amount annealing. This increase is due to the better organized morphol-
of the rigid fraction is observed during the fissh of annealing ogy of iPP during annealing. This is shown by the decrease in
at 134, 143, and 153C (Figure 14a). The amount of the rigid the T, values for the rigid fractionT,"9"d) (Figure 14b), the
fraction increases by a few weight percent at the expense ofsemirigid fraction T,%¢™n9id) and increase in th&, values for

the soft fraction. The amount of the semirigid fractions remains soft fraction {;*°". The observed changes during annealing can
almost constant. It is also observed that molecular mobility in take place for the following reasons: formation of thin lamellae
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Table 1. Amounts of Rigid Fraction/Crystallinity Obtained by NMR, SAXS, and DSC for Nonannealed and Annealed iPP Samples for 10 h

NMR 70°C (wt %) SAXS (vol %) DSC (wt %)
rigid semirigid soft crystalline amorphous crystalline amorphous
nonannealed 56 36 8 51 49 51 49
annealed at 143C 67 26 7 55 45 59 41
annealed at 153C 70 24 6 58 42 61 39

between the primary lamellae, lamella thickening, and improve- interchain distance® Therefore, the spin-diffusion coefficients
ment of the ordering in different phas®$8 should be determined at different temperatures.

3.4.3. Comparison of the Amounts of Rigid Fraction/ The values of the spin-diffusion coefficierig (f = r, a) for
Crystallinity Obtained by NMR, SAXS, and DSC. It can be the rigid (crystalline) and amorphous fractions can be determined
anticipated that the crystallinity values determined by different Py approximating, the NMR line shapes of the rigid and the
methods for the same sample are not exactly the same. Byamorphous fractions by Gaussian and Lorentzian functions,
comparing the results of different methods, the complex respectively2t Since the reliable fit of FID from the spin-
morph0|ogy of Semicrysta"ine p0|ymers can be understood diffusion eXperimentS was pOSSible with two ComponentS, which
better. The difference between the amounts of the rigid fraction is due to the small amount of the soft fraction, more simplified
that is obtained by the NMR experiment at@and the degree  two-phase model is used for determination of the thickness of
of crystallinity obtained from DSC and SAXS for both annealed Crystalline and amorphous domains. In this case, the thickness
and nonannealed iPP does not exceed 10% (Table 1). Allof the amorphous domains, correspond to the thickness of the
methods used show increase in the amount of the rigid fraction/ Semirigid and soft domains. The spin-diffusion coefficients can
degree of crystallinity with increasing annealing temperature. be related to the second van Vieck moment of the NMR

There are several reasons for the apparent differences betwee bsorption I|ne§, which, in turn, are related to the full line width
the results obtained by NMR, DSC, and SAXS. They could be V172 at_half-helght. The temperature dependencesial, were
attributed to the following: (i) The discrimination between the determ|r_|ed at each temperature by spectral deconvolution as
rigid and soft fractions is made based on different characteristic s.how.n.m Figure .1.a. at one temperature, Henpe the spin
parameters, such as the enthalpy of melting (measured by DSC)diffusivity for the rigid (©r) and amorphousY,) fractions are
the mobility (measured by NMR), and the long range periodicity ©XPressed as follows:

(measured by SAXS). (ii) The complex morphology of semi-

crystalline polymers requires various assumptions for the D ~ 1 [T mzmvl,z”g‘d 2)
analysis of data recorded by different methods. For example, a 12V 2In2

parameter influencing the NMR crystallinity is the temperature

at which the samples are analyzed. At°f®) a small fraction and

of the soft phase can be immobilized at the time scale of the 1 ., Amorhousl/

NMR experiment, and this immobilized fraction contributes to D,~ 6 oAy, P T (3)

the intensity of the broad line of the NMR spectra and also to

the T,"9 relaxation component of the FID. This can be wheref2is the mean square distance between the nearest spins,
concluded by comparing the amounts of the whole rigid fraction Ay, 2 is the line width of the semirigid and soft fractions, and
at 70°C (56 wt %) with the crystallinity determined by SAXS ¢ is a cutoff parameter for the Lorentzian line sh&p&@he
and DSC (51+ 5 wt %). (iii) The two-phase model normally  following assumption is made for calculating?l Since the
used to describe the morphology of semicrystalline polymer doesstrength of the dipolar interactions largely decreases with
not take into account the presence of the Semlrlgld fraction increasing protoﬁproton distance, Only the nearest neighbor
(interface). This can be detected by either as a rigid/ordered or proton—proton intrachain distances smaller than 0.3 nm are
soft/disordered fractio®} depending on the method used. taken into account, and the interchain interactions are neglected.
Despite the fact that the amount of the rigid fraction is The discover program (version 2004.1) was used for calculating
determined using the three-phase model for the analysis of thethe protor-proton distances. The estimated weight mean square
NMR data, the NMR Crystallinity exceeds by—ElO wt % that of these distanceg2[lis approximate|y 0.08 ntn
which is obtained by DSC and SAXS, using the classical two-  The calculated spin-diffusion coefficients are plotted as a
phase model. We suggest that small crystals between lamellaefynction of temperature in Figure 15a. The values of the spin-
which contribute to the amount of the rigid fraction, are not jffusion coefficients decrease with increasing temperature, due
detected by SAXS and DSC due to the low electron density to hoth an increase in the amplitude and the frequency of the
and low enthalpy of melting compared to that of the well- chain motion in each fraction of iPP. The increase in the chain
ordered large lamellae. mobility causes more efficient averaging of the proton dipole
3.4.4. Temperature Dependence dH Spin Diffusivities. dipole interactions, and reduces the efficiency of the spin-
An accurate analysis of the thickness of domains by NMR spin- diffusion.
diffusion experiments requires three steps. These are as fol- The temperature dependence of the spin diffusivity in different
lows: (i) an optimization of a dipolar filter to obtain the highest fractions of iPP is difficult to predict quantitatively, due to the
selectivity to the different phases (see section 2.5.3), (ii) complex origin of the chain motion and multispin interactions.
knowledge of the spin-diffusion coefficients for modeling the Nevertheless, a semiquantitative approach can be presented
experimental data, and (iii) proper choice of a model that based on the arguments provided in ref 59. In the presence of
describes the morphology of the material studied (see sectionmotions of the spins, the theory of the NMR line width predicts
3.4.5). The values of the spin-diffusion coefficients, which are that Avi, ~ Mz igistc, WhereMa rigia is the second van Vleck
required for the determination of the domain thickness by NMR moment for a rigid polymer, and. is the correlation time for
spin-diffusion experiments, should change with increasing the chain motions. From eq 3 and the above relationship, one
temperature due to an increase in molecular mobility and obtains: Dy O (r)Y2 The temperature dependence of the
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T, rel Figure 16. Proton spin-diffusion decay and buildup curves for the
Figure 15. (a) Temperature dependence of the spin-diffusion coef- rigid (M) and amorphous®) fractions of nonannealed iPP recorded
ficient for the rigid D, and amorphoud, fractions of iPP. (b) using the DQ (a) and GS (b) dipolar filters. These filters select the
Dependence of lo@l(T)/DagTo)] on temperature. The line shows the  magnetization of the rigid and amorphous fractions of iPP, respectively.
fit of the dependence with eq 5. The time-domain data were recorded at T with low-field NMR
spectrometer and fitted with one Abragam function and one exponential
function. The filter time for the GS was set to 1088. The solid lines

correlation time in amorphous polymers can be approximated epresent the best it for the 1D solutions of the spin-diffusion data for
s - : the two-phase morphology.
by the Williams-LandelFerry (WLF) equation (see ref 57),

i.e.
—C(T—T) The flow of longitudinal _ma_gnetization from _the rigio dorr_]ain_s
7(T) = 74(T,) ex N 9 (4) to the amo_rphous_domalns is obsorved Wlth increasing d|f_fu3|on
T—(Tyg—C) time, causing an increase in the intensity of the narrow line at
the expense of the broad line. The time-dependent integral of
whereTy is the glass transition temperature &ddandC, are  the spin-diffusion spectra intensities reach their equilibrium
the WLF coefficients. values for iPP samples in about 70 ms. In a good approximation,

Using the above equation, the temperature dependence of thehe spin-diffusion DQ editedH NMR spectra can be decom-
spin diffusivity D, of the amorphous fraction of iPP can be posed into two components. The two-component analysis is use

described by the following equation. to establish the average thickness of rigid (crystalline) and
amorphous domains. It can be shown that the solutions of the
—(&)(T ~-T) s.pin-diffusion. oqoations for. differont morphologies exhibit
D,(T) = D, ex 2 9 (5) different sensitivities to the dimensionality of the process, as a
a ag T-— (Tg -C) result of different surface/volume ratio (interface area) for a
given source volume. The information about the dimensionality
whereDygis the spin-diffusion coefficient at temperatligeThe of the spin-diffusion process can be obtained using the following

spin-diffusion coefficient of the rigid fraction at Z% is taken equations!

as Dao &~ D4y (see Figure 15a). A least-squares fit of the E
r

dependence in Figure 15b provides the following values of the ==1, 1Dcase

WLF parametersC; = 10,C, = 57 K, andTy = 273 K. These p

values are in the range of typical WLF coefficients that describe 'E

dynamic mechanical and dielectric data for amorphous polymers, m =1, 2Dcase

namely C; ~ 16 and C; = 25-104 K8 The observed

differences could be because the WLF function is originally rE =1 3D case (6)
proposed to describe the temperature dependence of the viscos- 1+ p)3 -1 '

ity. An increase in the amplitude and the length scale of the

chain motion with increasing temperature could affect the spin- wherer = pi/ps andE = Mg edMreq The equilibrium magne-

diffusion coefficients and mechanical data in a slightly different tizations for the amorphous and rigid domains are denoted as

way. Maeq @and Mg eq respectively. The ratio between the domain
3.4.5. Morphology of iPP by'H Spin-Diffusion. The ability thicknessesl, andd; is denoted by = dy/d.. In the two-phase

of NMR spin-diffusion experiments to provide self-consistent approximation, the andE values for nonannealed iPP samples

information on the dimensionality of the diffusion process was are obtained as 1.11 and 0.25, respectively. These values are

discussed in ref 51. Proton spectra recorded at@With the established independently of the spin-diffusion process. The

DQ filter after different diffusion times are shown in Figure 4. spin-diffusion decay and buildup curves shown in Figure 16a
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Table 2. Long Period () and the Thicknesses of Rigid ¢;) and Table 4. Thicknesses of the Rigidd;) and Amorphous (d;) Domains
Amorphous (d;) Domains, at 70°C, for Nonannealed iPP Samples of Nonannealed iPP Measured at 70C Using Spin-Diffusion
Obtained by NMR Spin-Diffusion Experiments for 1D, 2D, and 3D Experiments with Double-Quantum (DQ) and Goldman-Shen (GS)

Morphological Models Dipolar Filters (Figure 16)
model dr (nm) da (nm) Lp (nm) dipolar filter dr [nm] da[nm]
1D 10 25 125 DQ 10 25
2D 15.4 3 18.4 GS 9 3
3D 21 35 245
Table 5. Long Period (p) and the Thickness of Rigid @) and
Table 3. Spin-Diffusion Dimensionality, As Determined by Eq 6, for Amorphous (d,) Domains, at Different Temperatures for
Nonannealed iPP Nonannealed iPP Samples.
dimensionality values of the thickness T=70°C T=100°C T=130°C
dimensionality ratio dimensionality ratio d (nm) 10 (10.5) 11.4 (12) 12 (12.5)
1D rE/p 1.2 da(nm) 25(2.1) 3.5(@3) 7(7)
2D rE/[p(2 + p)] 0.68 Lp(nm) 12.5(12.6) 14.9 (15) 19 (19.5)
3D rE/[(1 + p)°—1] 0.52

aThe domain thicknesses were determined frérh spin-diffusion
. . . o . . experiments with a DQ filter measured at low- and high fields (in
are fitted with the solutions of the spin-diffusion equations for parentheses) NMR spectrometers, respectively.
1D, 2D, and 3D morphologied:52 For each spin-diffusion
dimensionality, the values @k, andd; are established from the

best fit (Table 2). These values are used to estimate thepatio  -20/¢ 6- Long Period (nm) of Nonannealed iPP and iPP That Was

Annealed for 10 h at 143 and 153C As Determined by NMR and

The estimated dimensionality ratios (eq 6) are near unity which SAXS

corresponds to the 1D lamellae morphology (Table 3). The noaled _anmealed
values of the proton densities for the different phases of iPP, nonannealed  at 143°C  at 153°C
which are required for the calculation of domain thickness, are NMR (70°C) o5 199 13
determined from the densities of the crystalline and amorphous gays'gata 12.9 21 518
phases of iPP, i.eg. = 0.94 g/cni and p, = 0.84 g/cni.?3 No SAXS, linear correlation 12.5 20 21
correction of the spin-diffusion data due to the longitudinal function

relaxation effect, has been performed, because the spin-diffusion  ate average errors are on the order of 15%
process is nearly completed at the longest mixing timg of
70 ms. This time is significantly shorter than = 120 ms. amount~ 4 wt % of the soft fraction. The time dependence of
Moreover, the absolute values of relative fractions instead of {he analytical spin-diffusion signals for the GS filter can be
the absolute values of the signal intensities, compensate t0 agptained from those of the DQ filter, by interchanging the
large extend for the effect df, relaxation in the present case. jndicesr anda of the quantities present in the spin-diffusion
3.4.6. Comparison of the Domain Thicknesses Measured  solutions. The domain thicknesses obtained by fits of the spin-
by the DQ and the Goldman—Shen Dipolar Filters. The diffusion data of Figure 16 are given in Table 4. The time
confidence in the values of the domain thickness and the domain data are fitted with a combination of one Gaussian and
effective dimensionality of théH spin-diffusion process can  one exponential function, and with a combination of one
both be enhanced if the experiments are performed on the samexbragam and one exponential function. The domain thickness
iPP sample using different dipolar filters. In this case, we with values closest to that measured by SAXS, is that obtained
employed DQ and GoldmarShen (GS) filters. These dipolar  from the free induction decay deconvoluted with the sum of
filters select the initial magnetization in the rigid and amorphous one Abragam and one exponential function. Moreover, both
domains, respectively. dipolar filters provide a volume ratio of the rigid and amorphous
The measurements @H spin diffusion using both dipolar  domains that is close to the mass fraction of these phases, as
filters were performed on the nonannealed iPP sample 870  determined from the FID at different temperatures, degd, ~
with low-field NMR. The spin-diffusion buildup and decay spin- 2 + 5 and 9%d,/19id/96T,amorphousy, 3—4 8. These results provide
diffusion curves are shown in Figure 16. From these data, it is additional proof of validity of the method for domain thickness
evident that the spin-diffusion process reaches the quasi-determination, as well as the type of morphology. The thick-
equilibrium state after diffusion time on the order ofAd70 nesses of the iPP domains determined by time-domain and
ms for both filters. Moreover, for the DQ filter, the quasi- frequency domain spin-diffusion experiments are in good
equilibrium of the relative magnetization for the rigid and agreement (Table 5).
amorphous phases equals 0.73 and 0.27, respectively. In the 3.4.7. The Temperature Dependence of the Domain
case of GS dipolar filter, the corresponding phase fractions are Thickness. In order to estimate the domain thickness of the
0.79 and 0.21. In the limit of experimental errors, these two rigid and amorphous fractions, the spin-diffusion experiment
results prove that both dipolar filters provide similar values of was performed for nonannealed iPP samples at three different
domain thickness. Small differences exist because the efficiencytemperatures 70, 100, and 130. The thickness of rigid and
of the dipolar filters in selecting the magnetization just from amorphous domains as well as the long period increases with
one domain is not 100%, and the shape of the relaxation increasing the temperature (Table 5). These changes can be
components biases the accuracy of the FID deconvolution explained by melting of the small disordered crystals upon
procedure. increasing temperature and lamellae thickening.
The thickness of the rigiddf) and amorphousdf) domains 3.4.8. The Effect of Annealing Temperature and Anneal-
are determined from fits of the spin-diffusion data (Figure 16) ing Time on the Domain Thickness in iPP Sampleslhe long
with the 1D solutions of the spin-diffusion equations. The period,L,, and the thickness of the rigid;, and amorphous,
approximation of two phases should not have a large effect on d,, domains, was studied as a function of annealing temperature
the extracted domain thicknesses, taking into account the smalland annealing time. The spin-diffusion experiments were



Macromolecules, Vol. 40, No. 11, 2007

a) T T = 134°C
22t -Av1e 143°C
AT ®{a 153%C
.
E B
45
l..‘ 1 1 1
0 10 20 30
annealing time [hours]
b) "= 134°%C
20 A e 143%C
A A 153°C
. °
- e
0 10 20 30
annealing time [hours]
c) T T = 134°C
™ 0,
250 {o s C
on A 153°C
T Aon
£ 20} AOI .
= R —
0 10 20 30

annealing time [hours]

Figure 17. Changes of the (a) long peridg, (b) thickness of rigid
domainsd;, and (c) thickness of amorphous domainof iPP as a
function of annealing temperature and annealing time. The domain
thicknesses were determined frotal spin diffusion experiments
exploring a DQ filter. The experiments were performed with a low-
field NMR spectrometer.

performed at 70°C for the iPP samples, annealed at three
different temperatures, and different annealing times. The values
of the long period before and after annealing, determined by
NMR spin-diffusion experiment and SAXS, are in a good
agreement (Table 6). Figure 17 shows the changds,,od,
andd, during the annealing. A rapid initial increase in the long
period and in the thickness of the rigid domains is observed for
the iPP samples during first 10 h of annealing (Figure 17ab).
The rapid increase in the crystal thickness with annealing is
confirmed by the increase in the crystallinity (Figure 14a, Table
1, and Table 6). For long annealing times, ranging between 10
— 30 h, thel, and d. do not seem to change significantly,
showing a stabilization of iPP morphology (Figure 17&the
thickness of the amorphous domains slightly decreases with

increasing the annealing temperature and annealing time (Figure

17c). Chain dynamics and thermodynamic factors play an
important role in the annealing. The growth of lamellae involves
translational motion of the polymer chaiffs.Faster chain
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Figure 18. Change of the thickness of the rigid domadhsipon the

annealing timé, at three different annealing temperatures. The straight
lines are a least-squares fit of the data using eq 8.

crystal. This quantity changes during annealing, and this process
is known as crystal thickening.

The polymer crystals when annealed isothermally are ther-
modynamically metastable since they are formed with high
surface-to-volume ratios. The thickening can be considered as
a process of going from a state of higher to one of low free
energy. For thin polymer crystals, a thermodynamics force
capable of driving the thickening phenomena arises from the
unequal free energies of the fold and lateral surfaces. This
process is an irreversible thermodynamic process that can be
described by the nonlinear differential equafon

d_y_g(l—_y”) @
a 7\ vy

wherey = di/do, dro is the equilibrium thickness of the crystal

at the end of the annealing,= kdq?andk is a proportionality
constant. The above equation describes the changes in the crystal
thickness from the values at the beginning of the annealing to
dro. The temperature dependence of the thickening rate should
enter the theory through) or equivalentlyr;. Whent, is assumed

to be independent d;, the above equation can be integrated
analytically, and the transverse crystal thickndsexhibits a
sigmoidal shape as a function of lag,).53-73 At the intermedi-

ate values oflog t{t:), the crystal thickness increases ap-
proximately linearly with a higher rate at higher temperatures.
Therefore, in the intermediate range of the annealing time

the rigid domain thicknesd, measured by spin-diffusion can

be described by the relationship

d, ~ d(z,) + Blog(t/7) (8)

For an annealing timg = 7; we get from the above equation
dr =~ di(z). Whent, = 10z, we get the significance of the
constantB, i.e., B ~ d(10t;) — di(zy).

The dependence of the rigid domain thickness for iPP
annealed is shown in Figure 18 at three different temperatures
as a function oflogtf). At all the annealing temperatures, the
data can be fitted with a straight line in agreement with eq 8.
Therefore, the process of crystal thickening upon annealing for
iPP can be described in the linear approximation regime by eq

diffusion through iPP crystals, and higher chain mobility inthe g 1ot can be derived from eq®¥71 A strong temperature
amorphous phase upon increasing the temperature, facilitate th%ependence of the thickening rate is not detected (cf. Figure
structural reorganization toward thermodynamically more stable 18) probably due to the limited range of annealing temperatures.
thicker crystal$>°® Previous studies have also shown that the \eyertheless, a very small increase in the slop of the fit line at
gnnealing of iP'P samples at sufficiently high temperature annealing temperature of 15% is evident in Figure 18.
increases the thickness of the lamef&:®’ Moreover, the thickening rate is primarily a function of

3.4.9. Crystalline Domains Thickening During Annealing. undercoolingAT = T° — T, whereT°_ is the equilibrium
The spin diffusion NMR experiment measures the smallest melting point of the crystal (about 18X for iPP4), rather
dimension of the crystalline regions, i.e., the thickness of the than the absolute temperature
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Figure 19. Correlation between théH transverse magnetization
relaxation rate (I.°) of the rigid domains and the thickness of these
domains for iPP that was annealed at 134, 143, and°C5fr 1, 5,
10, and 20 h. The NMR measurements were performed &Ca@sing
low-field NMR spectrometer. The lines are a guide for the eye.

3.5. Correlation between!H Transverse Relaxation Rate
and the Domain Thickness of the Crystalline DomainsThe

Macromolecules, Vol. 40, No. 11, 2007

observed during the course of annealing. This shows that there
is no simple correlation betweenT:?# and crystalline domain
thickness.

4. Conclusions

Changes in phase composition, (namely the amounts of rigid
fraction/crystallinity, semirigid, and soft fractions), molecular
mobility and domain thickness of both annealed and nonan-
nealed iPP samples were investigatedyNMR, SAXS, and
DSC at different temperatures and different annealing times.
The amounts of the rigid fraction as determined by NMR,
crystallinity from DSC and SAXS exceeds by-%0%. This
difference can be quantitatively explained by the effect of the
interface, which is not taken into account in the analysis of the
DSC and SAXS data.

According to TEM, the morphology of nonannealed iPP is
mainly lamellar. For iPP samples that are annealed at different
temperatures and different times, the cross-hatching morphology

microscopic properties of iPP are represented by severalcan be observed. However, the predominant morphology
parameters that describe the polymer chain dynamics. Theseremains lamellar. This is confirmed by the comparison of the
dynamics correlate with the local structure in the nanoscale rangephase composition with the domain thickness ratio that is

and are revealed inter alia by thid transverse magnetization

relaxation rates. The morphology and domain thickness char-

determined by simulations of the results of the spin-diffusion
data using 1D, 2D, and 3D solutions of the spin-diffusion

acterize the materials on the mesoscopic scale, i.e., on the scalequations. In approximation of two-phase model, the long period

of tenth or hundreds of nanometers.

The values of the'H effective transverse magnetization
relaxation rate (I,° for the rigid domain is related to the
residual second van Vleck mometi,[] i.e., 1/T,° O ML
This is evident from the fact that the free induction decay
G(t) of the rigid domains in the short time domain is de-
scribed in a good approximation by the Gauss function
G(t) O exp(—DMo2 t9). An effective short relaxation time
T,® can be introduced to describe this decay by the function
G(t) O exp[-(t/T%F, and hence we obtain

9)

obtained by NMR and SAXS is in good agreement with each
other.

An important feature of the spin-diffusion experiments
reported in this investigation is the temperature dependence of
the proton spin diffusivities, which decrease with increasing the
temperature. The temperature dependence of the spin diffusivity
of the amorphous phase was derived from the spectral line width.
In the approximation of a single correlation time described by
the Williams—Landel-Ferry (WLF) equation, the temperature
dependence of the spin diffusivities was established, and the
obtained WLF coefficients are in the range that is typical for
the amorphous phase in semicrystalline polymers and amorphous
polymers.

The thicknesses of the rigid domains for iPP that is annealed
at different temperatures and different times is discussed as a

Consequently, faster transverse relaxation rates correspongnction of the logarithm of the annealing time. A linear

to larger values ofM,0due to larger strength of the dipolar
couplings. This is the case of slower chain motions, and

relationship holds for all cases in good agreement between
theory predictions and the experimental results for other

increased interchain dipolar interactions due to denser cha|npo|ymersf_38,71

packing and/or better crystals organization.
A phenomenological attempt to correlatdzt/andd, quanti-

The existence of the phenomenological correlation between
microscopic and mesoscopic properties of iPP is reported.

ties for different annealing temperatures and annealing times is\jicroscopic properties are described’ytransverse relaxation
shown in Figure 19. The transverse magnetization relaxation (5tes or second van Vieck moment characterizing mainly the

and spin-diffusion measurements were made at the samenrqion dipolar network. The morphology and domain thickness

temperature of 70C. Therefore, the changes in the values of
1/T,° are due to the crystal thickening and perfection of
crystalline order during annealing. The theory of polymer
annealin§® 773 predicts that for a given annealing temperature
the crystalline domain thickness increases linearly withtlpg(
(see eq 8), wherty is the annealing time. This is evident from
the values ofd; measured as a function df at different

characterize the polymer on the mesoscopic scale. The correla-
tion is complex and explained by the improvement of the
crystalline order during the crystal thickening.
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annealing temperatures (Figure 19). Only small changes in thefor helpful discussions.
values of 1T,® are detected at each annealing temperature as a

function of annealing time. This parameter increases slightly

with annealing time due to an increase in the density (perfection)

of the crystalline regions during anneali#fgThis leads to an
increase in 17,5, due to an increase in tRel dipolar couplings,
and consequently ifV,C] Higher annealing temperatures lead

to more perfect and better-packed crystals in which fast small- (
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