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Abstract

The non-crystalline "*C spin—lattice relaxation times of atactic and isotactic polypropylene and those of an ethylene—1-octene copolymer
of low crystallinity have been measured by classical inversion and saturation recovery methods as well as by a cp MAS-based pulse
sequence. The latter is a saturation recovery-type sequence that involves cross-polarization. It samples preferentially the soft non-crystalline
regions of semicrystalline polymers. The method is found to be useful in determining 7c of the amorphous regions of semicrystalline iPP at
room temperature. It is found that the atactic PP molecule and the non-crystalline iPP regions have the same average segmental relaxation
rate. The Tc of some of the carbons investigated was <7y and the experimental recovery curves showed complex exponential behavior
from the contribution of a transient nuclear Overhauser effect (NOE) to the '*C magnetization. Moreover, the experimental data were fitted
with a double exponential function obtained from solving the Solomon equations. The fitting leads to T¢ in very good agreement with the
values obtained by classical inversion or saturation recovery sequences. The same T'c value was obtained with the cp-based sequence when
transient NOEs were eliminated by saturation of the proton magnetization during the delay period. The hexyl branches of the ethylene
copolymer lead to an increased average backbone C—C intermolecular distance in the non-crystalline regions compared to those of the linear
polyethylene chain and, thus, to a higher backbone methylene segmental mobility. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The "C spin-lattice relaxation of the crystalline and
liquid-like regions of semicrystalline polymers, such as
the polyethylenes and polypropylenes usually differ in two
or three orders of magnitude [1,2]. Thus, the measurement
of this relaxation time is customarily done with different
pulsing programs. While the sequence devised by Torchia
[3] is preferred to determine T (13C) of the crystalline
region, a classical saturation recovery sequence has been
used to probe the T; (*C) of the highly mobile amorphous
regions [3—5]. Whenever possible, proton enhanced "*C
induction via the cross-polarization (cp) process is desired
because it relies on the abundant 'H spins and gives rise to
an increased signal amplitude relative to the single pulse
sequence. In addition, since the recycle period in a cp
experiment is dictated by the 'H spin—lattice relaxation
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which is usually much shorter than that of *C, the length
of the measurement can also be considerably shortened.

The Torchia sequence has been used to measure long T;
("*C) of the crystalline regions of isotactic polypropylene
[6] and linear and branched polyethylenes [5,7]. Saturation
and inversion recovery are used to probe T (C) of the
non-crystalline phase [5,6,8]. VanderHart has also used a
(180-10s-90-10s)x sequence to isolate the '*C signal of the
non-crystalline component of drawn and undrawn linear
polyethylene [9]. As in a saturation or inversion recovery
sequence, no cross-polarization is involved in the latest
method and therefore, they do not provide the benefit of
increasing magnetization of molecular carbons that have
low amplitude. For example, the limited amplitude of
motion of the non-crystalline regions of isotactic poly-
propylene makes it difficult to isolate the recovery of the
carbon magnetization in this region. Hence, in an earlier
work, the T, (13C) for CH, and CH of isotactic poly-
propylenes were only measured at temperatures above
ambient conditions to increase their mobility [6].
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Table 1
Characterization of polymers studied

Sample designation Polymer type M, (g/mol) MM,
APP* Atactic polypropylene 190,000 1.1
Z-iPP-160 Isotactic polypropylene, 0.86 mol% stereo defects 271,500 6.1
EO12.6-Q Random ethylene—1-octene copolymer, 12.6 mol% 1- 142,800 2.1

octene

* Hydrogenated poly(2-methyl-1,3-pentadiene).

We report in this communication a saturation recovery
type of method that invokes cross-polarization. It is based
on a pulse sequence that selects the more mobile component
from the difference in spin—lattice relaxation time of the
crystalline and the non-crystalline regions. The method
improves intensity signal and facilitates measurement of
T, (°C) of non-crystalline carbons of low amplitude. More-
over, to avoid possible overlaps in the relaxation of the
liquid-like and interfacial regions, the method is first tested
using a model atactic polypropylene. This is a completely
amorphous material in contrast to commercial atactic poly-
propylenes that show some crystallinity. The results are
compared to those obtained using the standard saturation
recovery sequence. In the course of the study, the magneti-
zation of the CH; group of atactic polypropylene was shown
to be affected by a transient nuclear Overhauser effect
(NOE) because T'c < Ty for this group. The experimental
spin—lattice relaxation of the CH; group was modeled to a
double exponential process that includes a "H—">C cross-
relaxation. The carbon magnetization recovers as a single-
exponential process via saturation of the 'H-initial
magnetization.

A comparison of the cp-based method and saturation
recovery is also undertaken using a semicrystalline poly-
propylene and a linear low density polyethylene. The
spin—Ilattice relaxation properties at room temperature of
the atactic polypropylene and the amorphous regions of
semicrystalline iPP are directly compared.

2. Experimental part

The polymers studied in this work are listed in Table 1.
The hydrogenated poly(2-methyl-1,3-pentadiene) is a
model sample for atactic polypropylenes (APP). It was
synthesized following a method devised by Fetters [10].
The high resolution *C NMR spectrum of an identical
APP of lower molecular weight was reported by Sakurai
et al. [11]. While the methine resonance is quite narrow,
the methyl and methylene are much broader. These
features have been associated with different degrees of inter-
molecular perturbations. The methine resonance is narrow
because the methine carbon is most shielded in the interior
of the backbone conformation. Sample Z-iPP-160 is an
unfractionated Ziegler-type isotactic polypropylene that
was crystallized at 160 °C for 90 days. To prevent oxidation

during the long crystallization time, the sample was
vacuum-sealed in a glass tube. The crystallinity of this
sample, measured by WAXS is ~70% and the DSC peak
melting temperature is 185 °C. The third sample listed in
Table 1 is an ethylene—1-octene random copolymer made
with a metallocene catalyst [12]. It contains 12 mol% of
1-octene and a small amount of long chain branching. The
molecular weight and comonomer content distributions are
both narrow for this copolymer. A film ca. 0.2 mm thick was
prepared by compression molding in a Carver Press at
150 °C for 2 min and further quenched in water at 25 °C.
The DSC degree of crystallinity and melting peak are 8%
(based on a heat of fusion for the pure PE crystal of 290 J/g)
and 60 °C, respectively.

All the solid state NMR experiments were carried out on a
Bruker DMX300 spectrometer operating at 75.5 MHz for
C and at 300.2 MHz for 'H. The experiments were
conducted at room temperature using a Bruker solid-state
probe for 7 mm rotors. The magic angle spinning (MAS)
frequency was 3000 = 500 Hz. The nutation frequencies
associated with the '*C and 'H radio frequency fields were
55 and 50 kHz, respectively. A contact time of 500 s was
used in the cp MAS experiments. Signal averaging was
collected using 250-500 scans depending on the pulse
sequence used.

3. Results and discussion

The single pulse *C NMR spectrum of APP obtained
under MAS and high power decoupling with a recycle
delay of 12s is shown in Fig. 1(a). Resonances of the
methyl, methine and methylene carbons appear at 21
(sharp), ~27 (broad) and ~47 ppm (broad), respectively.
It is interesting that the resonance of the methyl carbon is
relatively sharp indicating the fast internal rotation of the
group relative to the other two carbons. The relative inten-
sities of the methine and methyl carbons in the spectrum of
the solid are reversed compared to the ratio found in the
solution spectrum [11] and resemble the non-crystalline
spectrum obtained by subtracting two cp MAS spectra of
a semicrystalline iPP under different spin locking times of
the 'H polarization, prior to contact [13]. The low intensity,
broad peaks of the methylene and methine carbons reveal
the slow segmental motions of the APP molecule, whereas
the motion of the methyl carbons is dominated by their
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Fig. 1. (a) Single pulse spectrum of APP with a 12 s recycle time; (b) cp
MAS spectrum of slowly cooled Z-iPP.

internal rotation. Broader peaks in the amorphous spectrum,
compared to the spectrum of the crystalline sample, are
normally associated with less ordered chains [13]. In
contrast, as seen in Fig. 1(b), the cp MAS spectrum of
semicrystalline iPP (crystallized in pure alpha phase), is
characterized by sharp narrow lines. The splitting of the
methyl and methylene lines is associated with dissimilar
intermolecular interactions along the helix in the monoclinic
packing [14]. Resonances characteristic of the amorphous
regions are not sharp and are only indicated as broad com-
ponents in the spectrum of the semicrystalline sample [6].
Thus, differences in chemical shifts between the carbons of
the crystalline and non-crystalline regions are observed at
temperatures greater than ~60°C as small resonances
shifted about 2 ppm to low fields from the CH, and CH
crystalline resonance lines [6]. Resonances assigned to the
amorphous regions are only apparent in the room tempera-
ture spectra as a broad shoulder to the methylene and
methyne resonances consistent with the broad lines of the
APP spectrum of Fig. 1(a).

The low intensity of the non-crystalline CH, and CH
magnetization reveals that investigating the relaxation of
these groups in the semicrystalline iPP it is desired and
important to enhance their magnetization via cross-
polarization. For example, the '*C spin—lattice relaxation
time (7¢) of the methylene or methine carbons in the amor-
phous regions is one of the properties that gives information
about possible conformational changes of segmental groups
in this region during aging or isothermal annealing of the
initially formed crystallites. The T)c measurement via cross-
polarization will improve resolution in the experimental
measurement to better resolve the dynamics of the non-
crystalline regions during annealing. Thus, changes in
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Fig. 2. NMR pulse sequences used in this work: (a) saturation recovery for
Tc measurement; (b) sequence for selection of short T)c with cross-polar-
ization; (c) sequence for Ty measurement; (d) same as (b) with proton
saturation during recovery.

thermal properties of polyolefins during annealing have
been associated with segmental reorganization and a
decrease in the molar conformational entropy in the amor-
phous regions [15]. The T;¢c measurement probes segmental
relaxation and therefore, gives an indirect measurement of
possible conformational changes.

As a reference, the purely non-crystalline polypropylene
was first analyzed. The "*C spin-lattice relaxation of the
three types of carbons of APP were obtained using the stan-
dard saturation recovery method given schematically in Fig.
2(a). A train of 26, 90° pulses was applied to the carbon
channel separated by equal intervals of 20 ms each to satu-
rate the magnetization. Between 21 and 28 delay times (7)
were used to determine the magnetization recovery curves.
Acquisition was obtained under high power decoupling
(60 kHz) with a recycle time of 3 s. The results of single
exponential fittings are listed in Table 2. T;c values of 1.18,
>1.35 and 0.67 s were obtained for CH,, CH and CHj,
respectively. Also listed in this table are extrapolated data
at room temperature from the T)c-temperature studies of
Moe et al. [8] obtained at 75.4 MHz for a similar atactic
polypropylene. These authors used the inversion recovery
sequence to obtain 7T'¢c. The agreement is excellent in spite of
the different molecular weights of the polypropylenes. The
M, of the sample analyzed by Moe et al. is 31,000 g/mol, a
value significantly lower than the 191,000 g/mol of the APP
used in this study. This agreement indicates that at room



1860 R.G. Alamo et al. / Polymer 43 (2002) 1857—-1865

Table 2
13C spin-—lattice relaxation times obtained for APP using different pulsing
methods

Pulsing method CH2 (s) CH (s) CH3 (s)
Saturation recovery 1.18 1.35° 0.67
Inversion-recovery 1.2 1.6 0.7
(Moe et al. [8])

cp MAS (sequence 2b) 1.1 1.4 0.56"
cp MAS, 'H saturation 1.19 1.61 0.64

(sequence 2d)

* Magnetization was not fully recovered, hence the Tc value was under-
estimated.
® Obtained from the fitting with Eq. (3).

temperature, the segmental motions of the two atactic poly-
propylene chains are the same.

The spin—lattice relaxation of APP was further obtained
using a method derived from the Torchia sequence [3] that
invokes cross-polarization, as shown in Fig. 2(b). After the
C magnetization is enhanced by cross-polarization, it is
flipped to the —z axis by a +90° pulse. After a variable
delay 7 during which the "C magnetization recovers
towards equilibrium, the magnetization is examined by
applying a second +90° pulse. In a following consecutive
experiment, after cross-polarization, the carbon magnetiza-
tion is rotated to the +z axis, followed by the same variable
delay 7 and +90° pulse to record the magnetization. When
the variable delays are constrained to relatively short times,
those relevant to the amorphous regions, the sum of the
signals from consecutive experiments makes null the
magnetization of the slow relaxing crystalline carbons and
recovers, with increasing delay time, the magnetization of
the non-crystalline component. Therefore, the T;c sequence
of Fig. 2(b) is a saturation recovery-based sequence, prefer-
ential for soft regions, that involves cross-polarization.

The experimentally measured intensity enhancement in
the cp experiment was approximately 2.5 for the APP
sample. The recovery curves obtained with the cp sequence
(2b) are shown in Fig. 3. It is clear that the magnetization for
CH, and CH groups follows the expected saturation recov-
ery curve. However, transient NOE are evident in the course
of the saturation recovery of the methyl carbon [16,17]. A
single exponential fitting of the recovery of the magnetiza-
tion for CH, and CH that are not affected by the transient
NOE leads to basically identical T¢ values to those obtained
from saturation recovery (1.1 and 1.4 s, respectively). The
transient NOE effect is significant when T)c = Ty and has
been shown to lead to multi-exponential spin—lattice relaxa-
tions of the type shown in Fig. 3, for the methyl groups of a
variety of organic solids [17-20]. To document that a tran-
sient NOE was affecting the magnetization of the methyl
group and had no effect on the methine and methylene
groups, the Tyy of the APP was measured following the
standard pulse sequence given in Fig. 2(c). Due to fast
spin diffusion, an average value of 0.77 s was obtained for
all types of protons. This value is higher than the T for the
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Fig. 3. Experimental spin—lattice relaxation curves for the three *C reso-
nances of APP obtained using sequence 2(b). Note the contribution of a
transient NOE in the recovery of the CH; magnetization. Fittings with
Eq. (3) (top) and Eq. (4) (middle and lower recoveries) are indicated as
solid lines.

methyl group listed in Table 2, and demonstrates that the
methyl group of APP may be subject to a transient NOE
effect. The experimental curves for the methylene and
methine carbons obey Tjc > Ty and thus show normal
relaxation behavior.

In an attempt to compute the methyl 7'¢, the experimental
result shown in Fig. (3) for the CH; group was modeled
according to the Solomon equations. These equations
describe the spin—lattice relaxation process for a hetero-
nuclear two-spin system [4,21]. Denoting S ("*C) the dilute
spins and / ('H) the abundant spins, their relaxation is
governed by the following pair of differential equations:

ds, 1 - —
W _ — S = Siteq)] Uy = Lyeq)] €))
dr T\c 1CH
2(t) ! — - —1
dl N K Sae I Ly, 2
dt Tinc S0 « q)] Ty Uz . q)] @

where I, and S, are the magnetizations at a given time ¢
and I g and Sy are the corresponding equilibrium values.

For the very dilute ">C spins of our system, the cross-
relaxation rate from the “C spins to the abundant 'H
spins, given as 1/Tyc, is negligible and the analytical solu-
tions of Egs. (1) and (2), with boundaries from the initial
magnetization Iy, and S, to the equilibrium values, after
two consecutive experiments, lead to the following
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Fig. 4. Experimental spin—lattice relaxation curves for the three *C reso-
nances of APP obtained using sequence 2(d), cp MAS with proton satura-
tion. Fitting to single exponential functions are given by the solid line.

expression for the carbon magnetization:

S n ( )
A0 14+ —— _exp|——
284(eq) (1 — E) P\ T
Ty
n __r
1+ (1 - E) exp( TIC) 3)
Ty

The ratio between the longitudinal relaxation rate (1/7c)
and the cross-relaxation rate between the S and / coupled
spins (1/Tcy) defines the NOE factor n = ygTc/vcTicqH.

yu and ‘¢ are the corresponding gyromagnetic constants.
Eq. (3) reduces to the expression for an isolated spin system
in the absence of cross-relaxation

t
Sy = Sy0) — Sz(eq>)eXP<_ ﬁ) * Seq “4)

A fitting of the experimental Bc magnetization (CH;) with
Eq. (3), with S, Tic and 7 as adjustable parameters, leads
to values for the methyl spin—lattice relaxation and NOE
factor of 0.56 s and 1.32, respectively. A good fitting of the
experimental data, shown by the continuous line of the top
plot in Fig. 3, confirms the cross-relaxation effect during
recovery and the calculated Tjcy is 1.7s. As seen in
Table 2, the calculated T)c is very close to the value

obtained from saturation or inversion recovery, indicating
that the simplified solution of the Solomon equations, given
by Eq. (3), can be used to find T)c values from the multi-
exponential experimental recovery curve. The value for the
NOE factor of the methyl group of APP is typical of carbons
of similar types in other polymers, for example, NOE
factors of ~1.37 were found for the CH; groups of poly-
isobutylene at 67.9 MHz [22].

The approach to eliminate the transient NOE effect is to
saturate the proton resonances during the 7jc measurement
by using r.f. irradiation that is very weak in comparison with
the decoupling r.f. field [17]. The pulse sequence is shown
in Fig. 2(d). A train of 90° pulses with 3 ms equal intervals is
applied to the proton channel. The experimental magnetiza-
tion recovery curves obtained with this sequence are shown
in Fig. 4. The magnetization curves for the three types of
carbons, obtained with proton saturation, show enhanced
intensities and single exponential recoveries. A fitting
with Eq. (4) is also shown in this figure and leads to Tjc
of 1.19 s (CH,), 1.61 s (CH) and 0.64 s (CH3). As seen in
Table 2 these values are in perfect agreement with the T¢
values obtained via saturation or inversion recovery.

A test of intensity enhancement through the use of
sequence (b) of Fig. 2, to probe T of the carbons in the
non-crystalline regions of semicrystalline polypropylenes
was carried out with sample Z-iPP-160. This polypropylene
of high isotacticity content developed ~70% crystallinity
after longtime crystallization at 160 °C. Hence, the non-
crystalline content is only about 30%. The intensity of the
methylene and methine NMR signals obtained with the cp
sequence increased compared to the saturation recovery
method and led to spectra with improved signal/noise
ratio. Comparative examples are shown in Fig. 5. Fig. 5(A)
shows a series of spectra, at selected delay time values,
obtained by saturation recovery. The non-crystalline CH,
resonance (40-50 ppm) is broad and of low intensity
reflecting the low amplitude of motion and the low frac-
tional content of this region in the sample analyzed. For
delay times greater than 7 s, it remains buried within a
sharper resonance corresponding to more ordered CH,,
those typical of the interphase or crystalline regions. The
broad non-crystalline CH, resonance was indistinguishable
from the background noise in the spectra obtained with
delay times shorter than 0.5 s. It is also evident that the
low amplitude of this resonance and the high noise level
lead to high uncertainties (~40%) in the measured T)c
value for the non-crystalline CH, with this method. Repre-
sentative spectra after short delay times using the cp MAS-
based sequence (b) of Fig. 2 are shown in Fig. 5(B). It is
clear that the non-crystalline CH, resonance is resolved
even at very short delay times (0.15 s) and the experimental
error in the measurement was significantly decreased
(£20%). This resonance was deconvoluted from the over-
lapping resonance corresponding to more ordered confor-
mations using as reference the line-shape of the room
temperature APP spectrum. The expanded inserts in Fig. 5
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Fig. 5. Spectra of Z-iPP-160 at the indicated delay times obtained by satura-
tion recovery following sequence 2(a), series (A) and cp MAS-based
sequence 2(b), series (B). The 35-55 ppm region is expanded in the right
insert to illustrate the deconvolution of the non-crystalline component. The
left insert is an example for a rapidly crystallized iPP for which the non-
crystalline fraction is significantly higher and thus, it is better resolved as
shown.

Table 3

show examples of this deconvolution. The values for the
methyl T)c are obtained with the lowest degree of uncer-
tainty from both methods (<5%). Within the above uncer-
tainties, saturation recovery and the cp MAS-based method
led to the same T)c values, which are listed for the three
types of carbons in Table 3. These results show evidence
that the cp method may be used to increase the sensitivity of
the measurement of the relaxation behavior of the non-
crystalline component.

The Ty for the methylene groups of the non-crystalline
region has a value of 1.25s. This value is only slightly
higher than the value obtained for the pure atactic poly-
propylene of 1.20 s, indicating that the mixed conformations
of the isotactic molecule in the non-crystalline region
average the same segmental relaxation as the atactic mole-
cule with absolute random stereochemistry. One could
question if the similarity of 7)c between the APP and the
non-crystalline iPP is a consequence of the heterogeneous
molecular microstructure of the Ziegler iPP studied. Hetero-
geneous Ziegler type catalysts leave a fraction of atactic
component in the iPP and a non-uniform distribution of
the chain isotacticity, i.e. the non-isotactic content is usually
concentrated in the low molecular weight chains [23]. Since
both atactic and highly defective, non-crystallizing chains
are concentrated in the non-crystalline region of the iPP
material; the average conformations in this region may
approach that of the pure APP. However, additional experi-
ments using homogeneous metallocene type polypropylenes
in which the atactic component was removed, led to the
same Tjc values for the non-crystalline carbons as those
obtained for the APP and for the Ziegler type [24]. The
stereochemistry of the metallocene type molecules in the
non-crystalline region should be quite different from that
of the APP, yet they have the same segmental relaxations
at room temperature. The Tc of the CH; group of the atactic
and semicrystalline (non-crystalline region) iPP are also

BC spin-lattice relaxation times for the non-crystalline regions of isotactic polypropylene and ethylene—octene copolymer. Data obtained using saturation

recovery and the cp MAS-based saturation recovery

Z-iPP-160
Pulsing method CH, (s) CH (s) CH; (s)
Saturation recovery 1.27 1.82% 0.47
cp MAS (sequence 2b)  1.25 1.20° _
EO12.6-Q
CH) (atoCH) (s) CH,(BtoCH;)(s) CH, backbone (s) CH, (B to CH) (s) CH, (a to br-CH;)  Branch CHj (s)
(~35 ppm) (~33.5 ppm) (~31 ppm) (~28 ppm) (s) (~24 ppm) (~15 ppm)
Saturation recovery 0.25 0.43 0.27 0.21 0.52 1.32
cp MAS (sequence 2b)  0.17 (0.96)¢ 0.39 (1.00)¢ 0.29 (1.17)° 0.23 (1.00)¢ 0.53 (1.12)¢ 1.31
cp MAS, 'H saturation  0.21 0.40 0.28 0.21 0.54 1.46

(sequence 2d)

* Underestimated value. The magnetization was only partially recovered.

® Sample was not run with proton saturation (sequence d of Fig. 2), and complex transient NOE effects during recovery of the amorphous and crystalline CH,

magnetization are present.

¢ T)c and NOE factors obtained from fitting with Eq. (3). The NOE factors are given in parenthesis.
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Fig. 6. Single pulse spectrum of EO12.6-Q obtained with 12 s recycle time.
See text for assignments.

similar and in good agreement with the value of 0.51s,
given by Gomez et al. [25] for this group, confirming the
motional similarity of amorphous iPP and the atactic
polymer at room temperature. These results parallel the
studies by Komorowski et al. [26] who found the T)c of
the non-crystalline regions of linear and branched poly-
ethylenes at ambient temperature to be independent of the
crystallinity level. Thus, the fast segmental motions at, or
near, the nuclear Larmor frequency of 5-500 MHz, that
determine T)c, must be the same for the non-crystalline
regions of iPP and those of the amorphous atactic sample,
reflecting a similar type of chain structure. In addition, these
NMR experiments confirm other results by neutron scatter-
ing which indicated that, upon solidification of flexible
chains, the random conformation was preserved in the
amorphous regions [27].

The experimental 7' values listed in Tables 2 and 3 are
consistent within the different pulsing techniques used in
our work and with the data of Moe et al. [8]. The values
are, however, significantly higher than those reported by
Saito et al. [6] for isotactic polypropylene crystallized at
140 °C. Room temperature values for the non-crystalline
methylene and methine groups were not listed in their
work and a value of 0.27 s was given for the methyl T)c.
At 64 °C, the non-crystalline methylene T was reported as
<0.2 s and the value for methine as ~0.3s. We cannot
explain the discrepancy with our data except perhaps for
the fact that the measurements of Saito et al. were carried
out at a higher temperature.

The cp MAS-based saturation recovery method was also
used to measure Tc of different non-crystallizable carbons
of the ethylene—1-octene copolymer listed in Table 1, and
the values were compared with those obtained from the
standard saturation recovery method. The single pulse spec-
trum obtained with a recycle delay of 12 s is given in Fig. 6.
About 90% of this copolymer is amorphous allowing reso-
lution of up to seven different types of carbons from the
backbone and the branch. In reference to the high resolution
solution spectrum [28], we assign resonances at ~15 ppm
(CH;), ~24 ppm (CH; a to CH3;), ~28 ppm (CH; 3 to CH),
~31 ppm (backbone CH,), ~33.5 ppm (CH, 3 to CHjy),
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Fig. 7. (A) Experimental spin—lattice relaxation curves for CH, (a to br-
CH;) and CH, (B to CH) in EO12.6-Q obtained using sequence 2(b);
(B) same after proton saturation following sequence 2(d). The solid lines
are the corresponding fittings with Eq. (3) (top) and single exponential
fittings according to Eq. (4) (bottom).

~35 ppm (CH, o to CH) and ~38.5 ppm (CH). With a
delay of 12 s and considering that this sample is of low
crystallinity, the crystalline CH, is only indicated as a
broad shoulder in the low field region of the main CH,
resonance in Fig. 6. The T)c measured by different NMR
sequences are listed in Table 3. The Ty of this copolymer
was measured with sequence (2c) and averages, for all the
different molecular protons, 0.45 s. Except for the methyl
carbon of the hexyl branch, the T)c of any other non-
crystalline carbon, measured by saturation recovery, is
similar or less than 0.45s. Consequently, the cp MAS
based T'c curves obtained with sequence (2b) show complex
recoveries from a transient NOE effect. The experimental
multi-exponential recoveries are nevertheless, well fitted
with Eq. (3). As examples, the experimental recovery curves
and theoretical fitting according to Egs. (3) and (4) for the
24 ppm CH, (o to CHj; of the branch) and the 28 ppm CH,
(B to CH) magnetization are given in Fig. 7. Data were
obtained with the cp MAS pulse sequence without
(Fig. 7(A)) and with proton saturation (Fig. 7(B)).
From the fitting with Eq. (3), NOE factors of 1.12
and 1.0 were calculated in agreement with other experi-
mentally obtained values for the non-crystalline regions
of linear polyethylene (1-1.5) [22]. The methylene Tic
obtained from this fitting are, as seen in Table 3, the same as
those obtained by saturation recovery or by cp MAS with
proton saturation. Listed in Table 3 are results for the non-
crystalline backbone methylene carbon, the branch methyl
carbon, methylenes a and 3 to the methyl of the branch and
methylenes o and 3 to the methine carbon. The uncertain-
ties of the Tjc values are relatively low, 3-5%. Agree-
ment between the different methods of analysis,
including the simplified model of the magnetization
recovery after cross-polarization given by Eq. (3), is
excellent. The relatively high T)c value for CHj
(~1.4s) compared to the ~0.25 s of the backbone and
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inner branch methylenes, indicates that the relaxation of the
CHj; group of the hexyl branch is in the fast motional region.
The fast internal molecular relaxation of this group also
propagates to the adjacent o and B CH, groups as per
their higher T)c values (0.53 and 0.40s, respectively)
compared to the value of the backbone methylene carbons
of the molecule.

At least two components contribute to the line-shape of
each of the carbon resonances of the non-crystalline region,
the line-shape of the amorphous region and that of the
interphase. The interphase is a region where the molecules
leaving the ordered crystalline phase gradually loose their
crystalline conformation. During the course of crystalliza-
tion, the hexyl branches are rejected from the crystal, and
the branch concentration in this diffuse boundary is
presumed to be higher than in the amorphous phase.
Hence, the T)c of carbons in the interphase may differ
from the value in the more disordered amorphous phase or
in the crystal (backbone CH,). Since the relaxation curves of
all the carbons were fitted with a single exponential func-
tion, it is concluded that, either the T),- values of the
interphase and amorphous are the same, as suggested in
some works [29], or the value of the interface is significantly
higher as it was concluded in other studies [30]. A T;c value
higher than 3 s for the backbone CHj, in the interphase will
be undetected in our experiments. Although the interfacial
content may be high in the copolymer studied, when compared
with the crystallinity level, it is most probably significantly
lower than the amorphous fraction. Hence, within the time
delays of our experiment, the relaxation will be dominated
by the carbons of the amorphous region. Curve fitting to
separate the line-shape of the interfacial region from that
of the pure amorphous region was not attempted. The pro-
cedure is subject to the choice of a given functionality for
the line-shape of each peak (not necessarily Lorenztian for
the interface) and, in addition, the number of peaks, or
components, needs to be specified a priori.

It is also of interest to notice the somewhat lower T¢ of
the copolymer’s backbone methylenes (0.27 s) compared
to the value for the non-crystalline carbons of linear poly-
ethylene (0.35 = 0.01 s) [26]. This difference reflects the
effect of the branches to the overall molecular conformation
of the intercrystalline region of the copolymer. With
increasing comonomer content, the average backbone
carbon—carbon intermolecular distance of the non-
crystalline region increases, as recently documented by
the decrease in the position of the WAXS amorphous
halo [31]. Thus, the higher segmental relaxation rate of
the copolymer, compared to the linear chain is a result of
the increased average intermolecular distance between
carbons of the main chain, which in the amorphous random
coil are separated by the hexyl branch. The increased free
volume favors segmental mobility. These NMR results indi-
cate that the spin—Ilattice segmental relaxations of the non-
crystalline regions can be used to characterize changes in
conformational properties of this region caused by the

addition of comonomer to the linear polyethylene chain.
Further studies in this direction are in progress [32].

In summary, low amplitude *C magnetization of the non-
crystalline region of isotactic polypropylene is enhanced via
a cp MAS-based pulse technique. The sequence was
successfully used to probe the T)c of soft regions of semi-
crystalline iPP and the data compared with the T)c of a
purely atactic polypropylene. It was noticed that the
mixed conformations of the isotactic molecule in the non-
crystalline region average to the same segmental relaxation
rate as the atactic molecule. The technique was also tested
to obtain T ¢ of the non-crystalline carbons of an ethylene—
1-octene random copolymer. The hexyl branches lead to an
increased average backbone C—C intermolecular distance
of the non-crystalline regions compared to the linear
polyethylene chain and therefore, to a higher backbone
methylene segmental mobility. The contribution to the
recovery of a transient NOE was successfully modeled by
a double exponential function obtained from the Solomon
equations. Values of the NOE factor, T\c, and T)cy are
obtained from the fitting. The carbon spin-—lattice relaxa-
tions obtained with the cp MAS based technique were the
same as those obtained by classical inversion or saturation
recovery methods which do not invoke cross-polarization.
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