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ABSTRACT: The morphologies of 1-octene-based linear low-density polyethylenes (LLDPEs) prepared with
single-site (ss) or Ziegler-Natta (ZN) catalysts were investigated using solid-state13C NMR spectroscopy. For
each type of LLDPE, two samples, containing either approximately 10 or approximately 30 hexyl branches per
1000 backbone carbons, were studied. Mass fractions of their crystalline and amorphous phases as well as the
interphase were quantified; a significant amount of LLDPE exists in the interphase for both types of samples,
with their relative amounts decreasing with increasing branch content. Hexyl branches are approximately evenly
distributed between the two noncrystalline phases for all samples except the high branch content ZN LLDPE,
whose branches tend to cluster in the amorphous phase. The latter observation is attributed to the fact that most
of the branched molecules in ZN LLDPE are in the low molar mass fraction and when the branch content is high
these chains cannot fold into ordered structural units. The crystalline phase consists of three components with
distinct13C spin-lattice relaxation,T1, times; the degree of crystallinity decreases with increasing branch content.
For samples with similar branch contents, ZN LLDPE tends to have thicker lamellae than does ss LLDPE.

Introduction

With recent advances in catalyst technology, the ability to
synthesize polyethylene with a specific architecture has im-
proved significantly. Polyethylene molecules, even in cases
where they are chemically similar, may exhibit a wide range of
macroscopic properties. For example, the properties of linear
low-density polyethylenes (LLDPEs) differ considerably when
synthesized using two different catalysts, single site (ss) or
Ziegler-Natta (ZN).1,2 In particular, ss LLDPE exhibits higher
dart impact strength than does ZN LLDPE whereas the tear
resistance of ZN LLDPE tends to be higher.1 Also, ZN LLDPE
forms thicker lamellae resulting in a melting temperature which
is about 10°C higher than that of ss LLDPE.3 These observa-
tions are attributed to the fact that ZN catalysts tend to
incorporate most of the comonomers (i.e., branches) into the
low molar mass chains while ss catalysts distribute these evenly
into chains of different lengths.4-9

For LLDPEs, differences in the distribution of branches
among the chains of varying sizes affect the folding of chains
into ordered structures which, in turn, leads to differences in
the phase structure. Three distinct phases are generally required
to characterize polyethylene, the crystalline and amorphous
phases as well as an interphase which bridges these two
phases.10-12 Two important questions that have not been
addressed in detail are as follows: How are the branches
distributed among the three phases? What are the effects of the
distribution of branches on the morphological features of the
three phases? The former is a fundamental yet not totally

resolved problem.13-16 While methyl, and to some extent ethyl,
branches are known to readily incorporate into the crystalline
phase, branches containing more than two carbons are essentially
excluded from this phase.13-16 However, the distribution of
branches between the two noncrystalline phases of ss and ZN
LLDPE prepared under similar crystallization conditions is not
known. Does the distribution depend on branch content? In
addition, it is not known if the distribution of branches has an
effect on the amounts of the two noncrystalline phases. A
detailed investigation of these questions is required.

In the work presented here, solid-state13C NMR spectroscopy
was used to investigate low- (∼10) and high- (∼30) branch-
content 1-octene-based ss and ZN LLDPE samples. Solid-state
NMR spectroscopy is a common technique for investigating the
morphology of solid polymers.17-23 In particular, NMR spec-
troscopy offers the advantage that local order in noncrystalline
phases may be studied, something which cannot be effectively
probed by other techniques such as small-angle X-ray or neutron
scattering.17,18Several methods have been devised to investigate
the structure and dynamics of polymers via solid-state NMR,
such as proton wide-line NMR24 and its follow up method, two-
dimensional proton wide-line separation (WISE) NMR.25 In 2D
WISE NMR, the1H line shapes arising from various sites may
be resolved by correlation with the13C chemical shifts. Another
solid-state NMR method is based on the studies of relaxation
behavior, including determination of spin-lattice,T1, and spin-
spin,T2, relaxation times of the nuclei of interest. The relaxation
times vary as a function ofτc, the correlation time.26,27 A T1

minimum is induced by molecular motions on the order of the
Larmor frequency, usually tens to hundreds of MHz.26,27 The
T2 relaxation time in solid polymers has a contribution from a
frequency-independent term;T2 values become shorter asτc

increases.26,27 The T1 values of13C and1H nuclei are closely
related to the degree of crystallinity and lamellar thickness of
polyethylene samples.28-31 In solid polymer systems, the
segmental reorientation and chain diffusion occurring in the
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noncrystalline phases partially average homonuclear (1H-1H)
or heteronuclear (1H-13C) dipole-dipole interactions, resulting
in relatively longT2 values.32,33 Since the degree of averaging
depends on the reorientation rate, evaluation of1H and13C T2

values provides information about phase structure34-36 and chain
dynamics.37

In this study, the degree of crystallinity and lamellar thickness
as well as the dynamics of the crystalline phases for the samples
under consideration were investigated via the analyses of13C
NMR spectra and13C T1 relaxation data. Carbon-13T2 relaxation
processes of relevant sites determined via a modified Hahn-
echo pulse sequence38 (Vide infra) was used to quantify the
amounts of LLDPE in the interphase and to determine the
distribution of hexyl branches between the two noncrystalline
phases.

Experimental Section

Linear Low-Density Polyethylenes.Four samples of 1-octene-
based linear low-density polyethylenes (i.e., LLDPEs with hexyl
branches) were obtained from NOVA Chemicals Corp. (Calgary,
Canada). Two samples were synthesized using ZN catalysts while
the other two were synthesized by ss catalysis. The characteristics
of the samples, listed in Table 1, show that they possess two levels
of branch contents: approximately 10 or 30 hexyl branches per
1000 backbone carbons, hereinafter referred to as low (LLDPE_L)
or high (LLDPE_H) branch-content materials, respectively.

Solid-State 13C NMR. Solid-state 13C NMR spectra were
acquired using a Chemagnetics CMX Infinity 200 spectrometer,
operating at approximately 200.15 MHz for1H and 50.32 MHz
for 13C. Samples were packed in 7.5 mm o.d. zirconia rotors.13C
NMR spectra of ss and ZN LLDPE samples were obtained with
cross-polarization and magic angle spinning (CP/MAS) at room
temperature with a spinning frequency of 3.00 kHz. The1H 90°
pulse was 4.5µs and the contact time was 1 ms. Since spectra
obtained with CP are not quantitative,13C NMR spectra of ss and
ZN LLDPEs were also acquired with single-pulse excitation, SPE,
using a13C 90° pulse of 4.5µs and a 1500 s recycle delay to ensure
complete relaxation of the13C nuclei. The two-pulse phase
modulation (TPPM) scheme39 was used for1H decoupling for all
13C NMR spectra; these spectra were referenced to tetramethylsilane
(Me4Si, δiso ) 0) by setting the isotropic high-frequency peak of
adamantane to 38.56 ppm.40 The 13C T1s of the crystalline phase
of the samples were measured via CP using the pulse sequence
reported by Torchia41 (hereinafter referred to as the CPT1 pulse
sequence). The13C T2s of the noncrystalline phases of the samples
were estimated using a modified Hahn-echo pulse sequence (90°-
τ-180°-τ-ACQ) suggested by Kitamaru et al.,36 referred to herein
as theT2 pulse sequence, in which1H decoupling was delayed until
acquisition of the FID; becauseT1 values of these noncrystalline
phases are short (e1 s), CP was not used. The decay of the
transverse magnetization of the backbone methylene carbons in the
noncrystalline region was fit to exponential decay functions
containing adjustable parameters, from which the quantity of the
associated components could be calculated. The partitioning of
hexyl branches between the interphase and amorphous phase was
also investigated using theT2 data from the5 carbons (Figure 1).

Gel Permeation Chromatography (GPC) Measurements of
Fuming Nitric Acid (FNA) Etched Samples. The low-branch
content samples were immersed in sealed glass bottles that contained
FNA and placed in an oil bath at 60°C (the high branch-content
samples were not subjected to FNA etching). The samples were
allowed to degrade for 1, 2, or 30 days. After etching, the residue
of each sample was filtered and washed several times with distilled
water and then immersed in distilled water and rinsed for 24 h.
The cleansed samples were then dried overnight in a vacuum oven
at room temperature. GPC measurements were used to determine
the molar mass as well as the mass distribution of the samples
subjected to different etching conditions. These measurements were
performed at 145°C on an Alliance GPCV 2000 using 1,2,4-
trichlorobenzene as the solvent and Waters HT6E columns with
guard coils. The flow rate for the GPC measurements was 1.0 mL/
min. Linear polyethylene samples with a narrow molecular weight
distribution were used as calibration standards. The data for the
30-day etched LLDPEs were used to calculate the lamellar
thickness.

Results and Discussion

Carbon-13 NMR Peak Assignments.Carbon-13 NMR
spectra of low- and high-branch content ss and ZN LLDPEs
were obtained with MAS using either CP or SPE at room
temperature. Figure 2 illustrates13C NMR spectra for ss
LLDPE_L (a and b) and ss LLDPE_H (c and d); those for the
ZN type are similar. An intense sharp peak at 32.9 ppm and
another intense but broader peak at approximately 31.0 ppm
are present in all spectra. Since the value of 32.9 ppm
corresponds to the isotropic chemical shift of trans-trans
methylene sequences of polyethylene in the orthorhombic
crystalline form,42,43 this peak is assigned to the crystalline
phase. The value of 31.0 ppm is close to that reported for melted
polyethylene samples44,45and is attributed to the noncrystalline
phases. The width of this peak is a consequence of the fact that
a range of conformations exist in the noncrystalline phases which
give rise to a set of conformation-dependent resonance frequen-
cies.46 The mass fractions of the crystalline and noncrystalline
phases of the LLDPEs were determined through the deconvo-
lution of the two peaks at 32.9 and 31.0 ppm from spectra
acquired with SPE; the results are summarized in Table 2. In
addition to the two intense peaks, smaller peaks at 38.4, 27.4,
23.8, and 15.1 ppm are apparent (Figure 2d); based on solution
NMR studies,44,45these are assigned to the br,â, 5, and methyl
carbons (Figure 1), respectively. For spectra acquired with SPE,
the integrated intensities of the peaks of the5 carbons and the
methyl carbons are approximately the same. The data show that
the degree of crystallinity decreases with increasing branch
content, which is expected since the branches disrupt the
formation of lamellae.47,48

Carbon-13 NMR spectra of ss LLPDE_L and LLDPE_H,
recorded using theT2 pulse sequence, are shown in Figure 3,

Table 1. Characteristics of LLDPEs Investigated in This Study

sample Mn
a Mw

b PDIc densityd
branch
contente

ss LLDPE_L 34 800 104 400 3.0 0.9196 11.3
ZN LLDPE_L 26 400 116 160 4.4 0.9229 12.7
ss LLDPE_H 25 700 69 390 2.7 0.902 30.4
ZN LLDPE_H 17 300 105 530 6.1 0.902 35.0

a Number-average molar mass, in g mol-1; determined via GPC.
b Weight-average molar mass, in g mol-1; determined via GPC.c Polydis-
persity index,Mw/Mn. d g cm-3; obtained from a flow densitometer method.
e Number of branches per 1000 backbone carbons; obtained from FTIR
measurements calibrated using solution13C NMR.

Figure 1. Numbering scheme and abbreviations for the carbon atoms
of LLDPE. The carbon at the branching site is designated br; the
backbone carbons are labeledR, â, γ, ..., whereR is the carbon bonded
to the br carbon; the branch carbons are designated 1, 2, 3, ..., where
1 is the carbon bonded to the br carbon. The backbone ends are
represented by R.
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parts a and b, respectively; the crystalline peaks are suppressed
because of the relatively short recycle delay time, 5 s. Although
the peak of 23.8 ppm may have contributions from backbone
CH2 carbons, based onMw and the branch content for the
samples of interest, over 97% of the intensity of the peak is
estimated to come from the5 carbons in the branches for all
four samples; hence, contributions from other carbons to this
peak are assumed to be negligible.

The Crystalline Phase.The structural features and dynamics
of the crystalline phase were investigated via aT1 relaxation
study of the 13C nuclei in this phase. Figure 4 shows the
relaxation of the longitudinal magnetization of the crystalline

phase of ss LLDPE_L, measured with the CPT1 pulse se-
quence.41 Similar relaxation curves were obtained for the other
three LLDPE samples considered here. As reported for other
polyethylene samples,34,36 the curve cannot be fit to a single-
exponential decay function. In fact, the data were resolved into
three components withT1 values and magnetization weights
determined by best fits of the data to41

where Mtotal(t) is the total longitudinal magnetization of the
crystalline components at timet andMi(0) (i ) a, b, or c) is the
initial magnetization of the constituent component with spin-
lattice relaxation time,T1i.

As determined from fits of the relaxation data to eq 1, each
sample contains components of the peak at 32.9 ppm with short
(≈1 s), intermediate (15-35 s), and long (135-235 s)T1s; see
Table 2. Approximately 60% of the magnetization for the peak
at 32.9 ppm for each sample arises from the component with
the longT1s, 30% from that with the intermediate value and
10% from that with the shortT1. These data were obtained from
a CP experiment; hence further quantification of the crystalline
component into mass fractions for components with different
T1s is not possible since we cannot be certain that these
components have the same CP dynamics. Nevertheless, the data
indicate that a significant fraction of the samples have crystalline
components withT1s on the order of 1 s; this is surprising since
crystals generally do not have a mechanism for such rapid13C
relaxation. Several explanations have been offered for this
anomalous behavior which has been observed previously.36,49,50,51

Kitamuru and co-workers suggested that segments in the
crystalline phase that are either close to the interface, or that

Figure 2. Carbon-13 NMR spectra of MAS samples of (a) ss
LLDPE_L acquired with CP and (b) with SPE, and (c) of ss LLDPE_H
acquired with CP and (d) with SPE. Spectra were acquired at a spinning
frequency of 3.00 kHz.

Table 2. Parameters Obtained for ss and ZN LLDPE, with Low and
High Branch Content

sample T1/s T2/ms mass fraction

ss LLDPE_L
crystalline 202( 12 0.41( 0.02

35.5( 4
1.1( 0.1a

interfacial 0.064( 0.006 0.48( 0.03
amorphous 2.1( 0.9 0.11( 0.03

ZN LLDPE_L
crystalline 237( 14 0.48( 0.02

22.6( 3
1.0( 0.1a

interfacial 0.072( 0.006 0.40( 0.03
amorphous 2.4( 0.9 0.12( 0.03

ss LLDPE_H
crystalline 136( 5 0.27( 0.02

14.6( 2
0.65( 0.08a

interfacial 0.065( 0.009 0.51( 0.03
amorphous 3.3( 0.9 0.22( 0.03

ZN LLDPE_H
crystalline 154( 6 0.26( 0.02

16.1( 2
0.63( 0.09a

interfacial 0.070( 0.01 0.48( 0.03
amorphous 2.4( 0.9 0.26( 0.03

a See text for a discussion of the nature of this component.

Figure 3. Carbon-13 NMR spectra of MAS samples of (a) ss
LLDPE_L and (b) ss LLDPE_H acquired using a modified Hahn-echo
pulse sequence withτ ) 25 µs and a recycle delay of 5 s. Spectra
were acquired at a spinning frequency of 3.00 kHz.

Figure 4. Measurement of the13C spin-lattice relaxation for the
crystalline phase of ss LLDPE_L: ln(magnetization) vs time. For the
fit, R2 ) 0.999,ø2/DoF ) 0.0002.

Mtotal(t) ) Ma(0) exp(-t/T1a) + Mb(0) exp(-t/T1b) +
Mc(0) exp(-t/T1c) (1)
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are in thin or defective lamellae, haveT1s of approximately1
s.36 Chain diffusion between the crystalline and noncrystalline
phases of polyethylene samples has also been proposed as an
explanation for the lowT1 values.49,50 Recently, Chaiyut et al.
reported13C T1 values ranging from 0.9 to 1.39 s for a peak at
33.3 ppm, arising from a noncrystalline component of a highly
drawn polyethylene which has an all-trans conformation but
lacks lateral order.51 Since this chemical shift is close to that of
the crystalline components for the samples considered here, a
similar noncrystalline component could be responsible for the
short T1 values that we are observing. Two orthorhombic
crystalline components with distinct dynamics have been
reported for polyethylene; these may give rise to the intermediate
and longT1s observed for our samples.52,53However, Schmidt-
Rohr et al.54 recently suggested that all-trans chains for cold-
drawn high-density polyethylene with disordered packing have
a chemical shift of∼33 ppm and intermediate13C T1 values.
The component with the greatestT1 value has been attributed
to the core of the larger lamellae.

Since13C T1 values for the crystalline phase are an indication
of its lamellar thickness,28,49 these may be used to gain insight
into the thickness of the lamellae for the samples considered
here. Comparison of the longestT1 values for each sample
(Table 2) suggests that, with similar branch contents, ZN LLDPE
has thicker lamellae than does ss LLDPE. TheT1 data also
suggest that the lamellar thickness decreases with increasing
branch content, which is expected since increasing the branch
concentration impedes the growth of lamellae.47,48 To cor-
roborate theT1 data, GPC measurements of FNA etched ss and
ZN LLDPE_L samples were performed. Under appropriate
conditions, FNA selectively removes the noncrystalline phases
while leaving the crystallites undamaged.55-58 Figure 5 shows
the molar mass distribution curves of ss LLDPE_L subjected
to periods of FNA etching (a comparable GPC result was
obtained for ZN LLDPE_L). The corresponding average lamel-
lar thickness was calculated based on the following assump-
tions: all carbons in the lamellar stems are in thetrans form,
the C-C bond length is 1.534 Å and the C-C-C bond angle
is approximately 110 degrees.59,60The number of CH2 units in
the lamellar stems was calculated by dividing the average molar
mass, obtained from the GPC measurements, by the molar mass
of the CH2 unit. The results, summarized in Table 3, suggest
that 30 days is sufficient to remove the noncrystalline phases
of the materials without damaging the lamellar stems. Removal
of the noncrystalline phases was confirmed by13C CP/MAS
NMR spectra of samples that had been FNA etched for 30 days
(not shown).T1 measurements of the 30-day etched samples
confirm the presence of the three components discussed above.
As shown in Table 3, the average lamellar thickness of ZN
LLDPE_L is greater than that of ss LLDPE_L, consistent with

the conclusions drawn from an analysis of theT1 data, discussed
above.

The Crystalline-Amorphous Interphase. Defining the
spatial boundaries of the interphase can be difficult. However,
at the temperature used to acquire NMR data here,T ) 20 °C,
which is between the glass transition temperature and the melting
point of polyethylene, molecular motions such as rotation
(segmental) in the interphase are much less than those in the
amorphous phase. Since the effective dipole-dipole interaction
between13C and1H nuclei decreases with increased molecular
motion, the interphase is expected to experience stronger
effective 13C-1H dipolar interactions than those in the amor-
phous phase; this in turn results in shorter spin-spin relaxation
times for the former. Thus, a room temperatureT2 study of the
peak arising from the noncrystalline phases allows one to
differentiate between the two phases. Figure 6 shows the13C
T2 relaxation behavior of the noncrystalline phases of ss
LLDPE_L. Two components with distinctT2 values were
required to fit the decay:

where Mytotal(t) is the total transverse magnetization of the
noncrystalline phases at timet, and MyI(0), MyA(0) are the
respective transverse magnetization at timet ) 0 of the
interphase and amorphous phase. These are proportional to the
quantity of the two phases provided the recycle delay in the
experiments is sufficiently long (i.e.,g5T1). The T2 values
measured here are listed in Table 2. The fact that the measured
transverse magnetizations are best fit by twoT2 values that differ
by 2 orders of magnitude confirms that molecular motions in
the interphase are different from those in the amorphous phase.
For a polymer chain, segmental motions have a range ofτc

-1

values: high frequencies for short segments that may contain
less than 10 monomer units; low frequencies for long segments
that have long-range motions.61 The short segment high-
frequency motions may be similar for the interphase and the

Figure 5. Gel permeation chromatograms of ss LLDPE_L samples
subjected to different FNA etching times.

Table 3. Average Molar Mass and Corresponding Crystal Lengths
for ss and ZN LLDPEs after FNA Etchinga,b

sample te/days Mn/g mol-1 Mw/g mol-1 PDI Ln/Å Lw/Å

ss LLDPE_L 1 831 1692 2.04 75 152
2 576 1030 1.79 52 92

30 474 812 1.71 43 73
ZN LLDPE_L 1 1147 2596 2.26 103 233

2 609 1096 1.80 55 98
30 505 912 1.78 45 82

a te is the experiment time;Ln and Lw are the number-average length
and weight-average length, respectively. See the footnotes to Table 1 for
an explanation of the other terms used in this table.b Data are considered
accurate to within 10%.

Figure 6. Measurement of the13C spin-spin relaxation for the
noncrystalline phases of ss LLDPE_L: ln(magnetization) vs time. For
the fit, R2 ) 0.995,ø2/DoF ) 0.0003.

Mytotal(t) ) MyI(0) exp(-t/T2I) + MyA(0) exp(-t/T2A)
(2)
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amorphous phase of LLDPEs, as suggested by the similarT1

values of these two phases.34,36However, the long segment low-
frequency motions in the interphase are expected to be much
less than those in the amorphous phase.

The mass fractions of the noncrystalline phases were calcu-
lated based on the degree of crystallinity obtained from the
deconvolution of the13C NMR spectra of MAS samples, and
on theMyI andMyA values. The data show that all four LLDPEs
contain a relatively large mass fraction of interphase. This
observation is consistent with previous reports. For example,
Raman analysis and X-ray diffraction studies show that ap-
proximately 20-30% of high-density polyethylene samples are
in the interphase.12,62Also using solid-state13C NMR, Kuwabara
et al.34 showed that 40-50% of metallocene-catalyzed and ZN
LLDPE samples are in the interphase. The large mass fraction
of the interphase is attributable to a strong restriction imposed
by the crystalline lamellae on the conformational dynamics of
the noncrystalline phases; the amount of interphase indicates
that the restriction is extensive and that only after a significant
distance are the noncrystalline phases random and mobile. For
a given LLDPE type (either ZN or ss), the amount of interphase
for the low branch-content sample is approximately the same
as that of its high branch-content counterpart over the branch-
content range studied. However, as expected, the amount of the
amorphous phase increases with increasing branch content; at
the limit of very high branch content, the material is expected
to be completely amorphous.

Concentration of Hexyl Branches in the Three Phases.
Other workers13,14,16have shown that branches with more than
two carbons are excluded from the crystalline phase and thus
are distributed between the two noncrystalline phases. The
mobility of the carbons of the hexyl branches depends on the
phase in which they reside; determination of theT2 values for
one of the branch13C nuclei, therefore, allows one to distinguish
between branches located in the two noncrystalline phases. In
their investigation of low branch-content metallocene-catalyzed
and ZN LLDPEs, Kuwabara et al.34 determined the partitioning
of butyl branches between the interphase and the amorphous
phase through the measurement of theT2 relaxation of the
methine carbons. As seen in Figure 3, the peak at 23.8 ppm,
attributed to the5 carbons, is more suitable for an investigation
of the relaxation behavior of the samples considered here, since
it is relatively intense and it is isolated from the intense peaks
arising from the backbone carbons. The peak assigned to the
methyl carbons at 15.1 ppm is not suitable because this group
is subject to significant motion regardless of the phase in which
it resides.

Figure 7 illustrates that two distinct components are required
to describe theT2 relaxation of the5 carbons giving rise to the

peak at 23.8 ppm. The component with the shorterT2 value is
from nuclei located in the interphase; the one with the longer
T2 value is attributed to nuclei in the amorphous phase. TheT2

values and the fractions of these two components, determined
from fits of the observed data, are summarized in Table 4. One
may expect that theT2 values of the5 carbons would be different
from those of the noncrystalline backbone carbons since the
former may have more reorientational freedom; however, these
values are in fact similar. The concentrations of the branches
in the two noncrystalline phases and the overall branch
concentrations were determined using the information in Tables
2 and 4 as well as the relative integrated intensities of the NMR
peaks of the5 carbons and the noncrystalline backbone carbons,
which were obtained with theT2 pulse sequence; the results
are shown in Table 5. The predicted overall branch concentra-
tions are consistent with those listed in Table 1. Note that
addition of branches decreases the relative amount of interphase
in an LLDPE sample but not its absolute amount. The data
clearly indicate that, at low branch contents, branches are
approximately evenly distributed between the interphase and
the amorphous phase for both types of LLDPEs. This conclusion
is in agreement with that reached by Kuwabara and co-workers
for metallocene-catalyzed and ZN LLDPEs.34 However, at high
branch content, ZN LLDPE shows an imbalanced distribution
with a greater portion of the branches clustering in the
amorphous phase. This is expected since branches in ZN LLDPE
tend to originate from the low molar mass fraction and when
the concentration is high these chains cannot crystallize.
However, this is not the case for high branch content ss LLDPE,
which has a nearly homogeneous branch distribution between
the interphase and the amorphous phase. This finding is
consistent with the molecular dynamics simulation results of
Zhang et al.63

Figure 7. Measurement of the spin-spin relaxation time for the5
13C nuclei of ss LLDPE_L: ln(magnetization) vs time. For the fit,R2

) 0.994,ø2/DoF ) 0.0002.

Table 4.T2 Values and Fractions of the 5 Carbons

T2/ms fraction/%

ss LLDPE_L
interfacial 0.087( 0.01 80( 9
amorphous 2.3( 1.0 20( 2

ZN LLDPE_L
interfacial 0.074( 0.01 75( 7
amorphous 3.4( 0.8 25( 3

ss LLDPE_H
interfacial 0.068( 0.01 72( 7
amorphous 4.4( 1.2 28( 3

ZN LLDPE_H
interfacial 0.092( 0.01 50( 6
amorphous 5.4( 1.1 50( 6

Table 5. Branch Concentrations of the Two Noncrystalline Phases of
ss and ZN LLDPE

concentrationa

phase ss LLDPE_L ss LLDPE_H

interfacial 21.4( 2.5 50.7( 7.5
amorphous 22.7( 2.5 45.5( 6.6
overall 12.8( 1.5 35.9( 5.2

concentrationa

phase ZN LLDPE_L ZN LLDPE_H

interfacial 23.8( 2.7 41.8( 6.1
amorphous 26.7( 3.0 77.1( 10.9
overall 12.7( 1.5 40.1( 5.7

a The interfacial or amorphous concentration is expressed as number of
branches per 1000 backbone carbons of the corresponding phase; the overall
branch concentration is expressed as number of branches per 1000 backbone
carbons.
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Conclusions

The crystalline and noncrystalline phases of single site and
Ziegler-Natta LLDPEs, each with both∼10 and∼30 branches
per 1000 backbone carbons, have been investigated using solid-
state13C NMR spectroscopy. A significant amount of LLDPE
exists in the interphase for both types of LLDPEs. Although
increasing the branch content does not change the absolute
amount of the interphase, it does decrease the relative amount
of this phase, normalized against the total noncrystalline fraction.
Hexyl branches are evenly distributed between the interphase
and the amorphous phase for both types of LLDPEs with the
lower level of branch content; however at higher levels of branch
content, hexyl branches are denser in the amorphous phase than
in the interphase for ZN LLDPE but are nearly homogenously
distributed between these two phases for ss LLDPE. The degree
of crystallinity decreases with increasing branch content. The
peak attributed to the crystalline phase is the sum of components
with three distinctT1 values. ZN LLDPE tends to have thicker
lamellae than does the corresponding ss LLDPE sample with
similar branch content.
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