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ABSTRACT: Solid-state 3C NMR analyses have been performed to obtain information about the
crystalline—noncrystalline structure for metallocene-catalyzed linear low-density polyethylene (MLLDPE)
isothermally crystallized from the melt. 3C spin—lattice relaxation time (T1c) and 13C spin—spin relaxation
time (T2c) analyses have revealed that three components with different Tic and T,c values exist for
MLLDPE, which are assignable to the crystalline, crystalline—amorphous interfacial, and rubbery
amorphous components. Using such differences in T,c, we have separately recorded the spectra of
interfacial and amorphous components and then resolved the fully relaxed DD/MAS spectrum of MLLDPE
into the three components. As a result, it has been found that the thickness of the interfacial region is
about 3 nm, in good accord with the previous result for bulk-crystallized high-density polyethylene (HDPE).
T1,1 and Toc analyses have also revealed that butyl branches are excluded out from the crystalline region
and are almost equally distributed in the crystalline—amorphous interfacial and amorphous regions. It
has been also found that the molecular mobility is somewhat more enhanced in the interfacial region for
MLLDPE compared with the case for HDPE. The same analysis is applied to Ziegler—Natta-catalyzed
LLDPE isothermally crystallized from the melt as well as those quenched samples, and the crystalline—

noncrystalline structures of the samples are discussed.

Introduction

Linear low-density polyethylene prepared by using
metallocenes as catalyst has features of random distri-
bution of branches and narrow distribution in molecular
weight.1=5 Although the solid structure based on such
molecular characteristics may be closely associated with
the excellent transparency and high impact strength of
this polymer, the detailed solid structure is not revealed
yet at present.

High-resolution solid-state 13C NMR spectroscopy is
very powerful in characterizing the detailed structure
and molecular motions for different solid polymers.® In
particular, we have clarified the phase structure com-
posed of the crystalline, crystalline—amorphous inter-
facial, and amorphous regions for different crystalline
polymers’~13 by analyzing 3C spin—Ilattice relaxation
and spin—spin relaxation behaviors, 13C resonance line
shapes, and so on. The characteristic crystalline—
noncrystalline structure has also been revealed for
cellulose,~1% poly(vinyl alcohol),’”~1° and polyurethane
elastomer?® by similar 13C NMR analysis.

In this work, we have characterized the crystalline—
noncrystalline structure for metallocene-catalyzed and
Ziegler—Natta-catalyzed linear low-density polyethylene
samples by the similar solid-state 13C NMR analysis
previously employed, transmission electron microscopy
(TEM), and differential scanning calorimetry (DSC).

Experimental Section

Samples. Linear low-density polyethylene (LLDPE)
samples, synthesized with 1-hexene as a comonomer by
metallocene catalysis or Ziegler—Natta catalysis, were used
for bulk crystallization; These materials with butyl branches
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Table 1. Characteristics of Nascent LLDPE Samples?

LLDPE prepared
from given methods

metallocene Ziegler—Natta
catalysis catalysis

comonomer content (wt %)

solution-state 13C NMR 5.4 5.6

IR 54
branch content 9.6 9.7

(per 1000 C atoms)
Mn 4.27 x 10* 2.73 x 10*
Mw 9.65 x 10* 1.21 x 10°
Mw/Mn 2.3 4.4

a Reference 1.

were pilot-plant resins obtained from Neste Oy Chemicals,
their characteristics being listed in Table 1.! For each LLDPE,
two types of crystallizing conditions were employed. The
metallocene-catalyzed sample was isothermally crystallized at
110 °C for 18 h (MLLDPE) or quenched in liquid nitrogen from
the melt and subjected to aging for about 7 days at room
temperature (MQLLDPE). The material prepared by the
Ziegler—Natta catalyst was isothermally crystallized at 110
°C for 2 h (ZLLDPE) or quenched in the same manner as that
for MQLLDPE (ZQLLDPE). It should be noted here that the
18 h crystallization for MLLDPE gives almost the same
morphology as the 2 h crystallization.®

DSC. DSC 2920 (TA Instruments) was operated at a
heating rate of 10 °C/min. The sample mass of 2.5—2.8 mg
was used. The instrument was calibrated with high-purity
indium standards.

TEM. Specimens for TEM observations were stained in
0.5% RuO, aqueous solution at room temperature for 20 h and
cut into ultrathin sections with a thickness of 70—80 nm with
an ultrotome NOVA. TEM observations were conducted on a
JEOL JEM-1200EX at an accelerating voltage of 120 kV.

Solid-State *C NMR. Solid-state *C NMR measurements
were performed on a JEOL JNM-GSX 200 spectrometer
operating under a static magnetic field of 4.7 T. Each sample
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Figure 1. DSC curves for different LLDPE samples: (a)
MLLDPE; (b) MQLLDPE; (c) ZLLDPE; (d) ZQLLDPE.

was packed into a 7 mm diameter zirconia rotor. *H and *C
radio frequency fields yB./2z were 61.0—62.5 and 55.6—64.1
kHz, respectively. The contact time for the cross-polarization
(CP) process was 1.0 ms throughout this work. The magic
angle spinning (MAS) rate was set to 3 kHz to avoid the
overlapping of spinning side bands on other resonance lines.
13C chemical shifts were expressed as values relative to
tetramethylsilane (Me,4Si) by using the CHj3 line at 17.36 ppm
of hexamethylbenzene crystals as an external reference.
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Results and Discussion

Figure 1 shows DSC curves for different LLDPE
samples. The melting temperature of MLLDPE is
determined to be 116 °C from the maximum endo heat
flow. The lower peak at 105 °C is ascribed to partial
melting of thinner crystallites shown in electron micro-
graphs below. Such small crystallites are thought to
be generated at the cooling process from the crystal-
lization temperature of 110 °C to room temperature. The
melting temperature of MLLDPE is higher than that
of MQLLDPE, reflecting the difference in crystallization
conditions. Melting temperatures of ZLLDPE and
ZQLLDPE are higher than those of metallocene-
catalyzed samples. This means that the lamellar thick-
ness is larger in ZLLDPE and ZQLLDPE than in
metallocene-catalyzed samples.!

A transmission electron micrograph of MLLDPE is
shown in Figure 2a. The white rodlike regions are
crystalline lamellae. Most of the crystalline lamellae
have an almost equal thickness of 8.6 nm. Thinner
crystallites are also found, which are thought to be
crystallized during the cooling process as described
above. A transmission electron micrograph of MQLL-
DPE is shown in Figure 2b. Crystalline lamellae are
as thin as 7.1 nm, and spherullites seem to be not well-
developed in accord with the previous report.2! Electron
micrographs of ZLLDPE and ZQLLDPE are shown in
Figure 2c,d, respectively. The lamellae observed for
these samples are significantly thicker compared with
those of the corresponding metallocene-catalyzed samples.

The relation between lamellar thickness | and melting

s ;SRS

Higratl

Figure 2. Transmission electron micrographs of different LLDPE samples stained by RuO.: (a, top left) MLLDPE; (b, top right)

MQLLDPE; (c, bottom left) ZLLDPE; (d, bottom right) ZQLLDPE.
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Figure 4. 3C spin—Ilattice relaxation behavior of the crystal-

line component of MLLDPE obtained by the CPT1 pulse
sequence.
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temperature Ty, is known as the following equation:2223
_ 0
Tn=T, @ — 20/AhI) (1)

where Tn? = 415 K, ge = 93 mJ m~2, and Ah = 300 J
cm~3 for polyethylene.r Ty, =116 °C for MLLDPE yields
I =10.0 nm, and T, = 113 °C for MQLLDPE yields | =
8.9 nm. These values are not so different from the
lamellar thicknesses obtained by TEM observations.
Therefore, eq 1 is useful in these samples as a simpler
way to estimate lamellar thicknesses.

A fully relaxed dipolar decoupling/MAS (DD/MAS) 13C
NMR spectrum of MLLDPE is shown as a thick solid
line in Figure 3. The resonance line at 32.9 ppm is
assigned to the orthorhombic crystalline component,
whereas the line at 31 ppm is ascribed to the noncrys-
talline component.” The result of the line shape analy-
sis shown by the dashed lines will be described below.
For the purpose of obtaining more detailed information
about the crystalline and noncrystalline components, 13C
spin—Ilattice relaxation time (Tic) and 3C spin—spin
relaxation time (T2c) are measured.

In Figure 4, the logarithmic peak intensities of the
crystalline component, which were measured by the
CPT1 pulse sequence,?* are plotted against the decay
time for the Tic relaxation. The total decay curve
appears not to be described in terms of a single
exponential. Similarly to the cases of other polyethylene
samples,’1225 this decay curve can be resolved into three
components with different T,¢ values, as shown by the
dashed lines in Figure 4. The composite curve (solid
line) of the three components, obtained by the least-
squares method, is in good accord with the observed
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Table 2. Physical Parameters Obtained for Different
LLDPE Samples

noncrystalline

crystalline
samples (orthorhombic) interfacial rubbery
MLLDPE
chemical shift/ppm 32.9 31.0 30.7
Tacls 288, 25,1.4 0.41 0.41
Tac/ms a 0.060 4.3
mass fraction 0.50 0.41 0.09
lamellar thicknessb/nm 8.6 3.2 c
MQLLDPE
chemical shift/ppm 32.9 31.0 30.8
Tacls 121, 18,19 0.44 0.44
Tac/ms a 0.057 4.0
mass fraction 0.45 0.42 0.13
lamellar thickness?/nm 7.1 3.2 c
ZLLDPE
chemical shift/ppm 32.9 30.9 30.7
Tacls 488, 52, 2.0 0.38 0.38
Toc/ms a 0.071 6.3
mass fraction 0.57 0.32 0.11
lamellar thickness?/nm 12.4 3.3 c
ZQLLDPE
chemical shift/ppm 32.9 31.0 30.7
Taicls 153, 27,2.0 0.38 0.38
Tac/ms a 0.071 5.2
mass fraction 0.51 0.40 0.09
lamellar thicknesst/nm 9.6 3.4 c

a Not measured. P Determined from electron micrographs. ¢ The
thickness cannot be determined because the rubbery component
forms the continuous phase. See text.

data. It is therefore concluded that there also exist
three components with Tic = 288, 25, and 1.4 s in the
crystalline component for MLLDPE.

The Tic relaxation process for the noncrystalline
component is measured by the saturation recovery pulse
sequence modified for solid-state measurements’-¢ and
well-analyzed in terms of a single component with Tic
= 0.41s. The T;c values thus obtained for all samples
employed in this work are listed in Table 2. Each
LLDPE sample consists of the crystalline, interfacial,
and rubbery components like HDPE samples.”10.12.25.26
The longest Tic value of MLLDPE is significantly
shorter than the values for ZLLDPE as well as for bulk-
crystallized HDPE.”2” Such differences are associated
with the difference in lamellar thickness.?”

The noncrystalline region seems to consist of only one
component judging from the Tic value which is associ-
ated with the molecular motion with the order of 108
Hz. In bulk-crystallized HDPE,”1912 the noncrystalline
region is further separated into the crystalline—amor-
phous interfacial and amorphous components by using
the difference in Tac's measured under a condition
without 'H dipolar decoupling. Figure 5 is the 3C
spin—spin relaxation process of the noncrystalline com-
ponent of MLLDPE measured by the 13C spin-echo pulse
sequence without *H dipolar decoupling.”® Two com-
ponents with different T,c values are observed. In the
analogy of the previous assignment,”1%12 the compo-
nents with Toc = 60 us and 4.3 ms are assigned to the
crystalline—amorphous interfacial and rubbery amor-
phous components, respectively. In fact, it was con-
firmed by 'H spin diffusion measurements!? that the
interfacial component is really located between the
crystalline and the rubbery amorphous components as
schematically drawn in Figure 10. T,c values obtained
for the noncrystalline components are also listed in
Table 2.

Using the difference in Ty, the spectra of the inter-
facial and rubbery components were separately recorded
by the same procedure as that described in the previous
paper’ in detail. These spectra can be well-described
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Figure 5. 3C spin—spin relaxation behavior of the noncrys-
talline component of MLLDPE obtained by the 13C spin-echo
pulse sequence.

by single Lorentzian curves with given chemical shifts
and line widths. Using these Lorentzian lines, a line
shape analysis has been carried out for the fully relaxed
DD/MAS 3C NMR spectrum of MLLDPE. The result
is shown in Figure 3, together with the integrated
intensity fractions of the respective components. Al-
though the crystalline line at 32.9 ppm comprises three
components with different T,¢’s, the line is assumed to
be a single Lorentzian. The composite curve of the three
components is in good accord with the observed curve.
The mass fractions for the crystalline, interfacial, and
rubbery components are 0.50, 0.41, and 0.09, respec-
tively. Itis found that the mass fraction of the crystal-
line component agrees well with the degree of crystal-
linity (0.49) determined from the DSC curve shown in
Figure 1. The lower crystallinity of this sample, com-
pared with that of HDPE samples,” is due to the
existence of butyl branches.

NMR relaxation parameters and the results of line
shape analyses for MQLLDPE, ZLLDPE, and ZQLL-
DPE are also listed in Table 2. The lower crystallinity
and shorter T;c values of MQLLDPE compared with
those of MLLDPE may be due to the quenching effect.
The crystallinity of the sample prepared by the Ziegler—
Natta process is higher than metallocene-catalyzed
LLDPE crystallized under the same conditions. In
comparison with Tic values, crystalline components in
ZLLDPE and ZQLLDPE have less mobility and rela-
tively ordered structures than those of MLLDPE and
MQLLDPE.

The partitioning of branches in the crystalline and
noncrystalline regions in polyethylene is also an impor-
tant problem.28-32 |t is reported that methyl branches
are readily included in the crystalline region, while
longer branches, such as butyl branches, are fully
excluded out from this region under the equilibrium
condition.?8732 In order to clarify the distribution of
butyl branches in the crystalline and noncrystalline
regions, the following assumptions are made on the
basis of the previous characterization.?® First, this
polyethylene sample is composed of three phases as
described above. Second, 13C signals obtained after 1H—
13C CP for a given time are proportional to the polariza-
tion level (spin temperature) of the nearby protons.
Third, during the CP period, branch protons in the
respective regions will have polarization levels which
are very close to those of their immediately neighboring
main chain methylene protons, due to the efficient
proton spin diffusion in the respective regions. The
latter three assumptions were critically discussed by
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Figure 6. 'H spin—Ilattice relaxation behavior in the rotating
frame for MLLDPE: O, crystalline component with Ty,n = 21
ms; A, interfacial component with T,,n = 5.6 ms; O, rubbery
component with Ty, = 16 ms; ¢, methyl carbons of butyl
branches. The broken line is the linear combination of the
decays of the interfacial and the rubbery components with Ty,
= 5.6 and 16 ms with the fractions of 0.8 and 0.2, respectively.
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Figure 7. CP/MAS 3C NMR spectra of the crystalline (a) and
noncrystalline (b) components for MLLDPE. These spectra
were obtained from the linear combination of CP/MAS 3C
NMR spectra measured for the Ti, decay times of 0, 10, and
15 ms by the combined pulse sequence of the *H spin-locking
and CP procedures.

VanderHart and Pérez.?® First we have measured 'H
spin—lattice relaxation times Ti,4's in the rotating
frame for the crystalline, interfacial, and rubbery com-
ponents as well as for the CH3 resonance line of the
butyl branches by the combined pulse sequence of the
IH spin locking and CP procedures. Figure 6 shows Ty
decays for the respective components and the CHjs line,
where the magnetizations of the respective components
were obtained by the three component analysis shown
in Figure 3. Each decay can be described as a single
exponential except for the decay of the CH3 line. This
fact indicates that the 'H spin diffusion among these
three components is significantly low compared to the
order of these Ty, values, in good accord with the
previous results for the oriented polyethylene sample.1°
In the case of the CHj3 line, the observed decay is in good
accord with the broken line that is the linear combina-
tion of the contributions from the interfacial and rub-
bery components considering their mass fractions,
determined as shown in Figure 3. This fact will support
such a possible assumption that butyl branches are
equally distributed in the interfacial and rubbery re-
gions. It should be noted here that the Ty, value of
the interfacial component is much shorter than that of
the rubbery component, suggesting the restricted mo-
lecular mobility of the former component compared to
the latter component.

On the basis of these results of T1,4 Mmeasurements,
we have measured CP/MAS 3C spectra for three T1,n
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Figure 8. 3C spin—spin relaxation behavior of the CH carbon
at the branching point for MLLDPE obtained by the 13C spin-
echo pulse sequence.
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Figure 9. Schematic morphological model for MLLDPE.

decay times of 0, 10, and 15 ms using the same pulse
sequence as that for Ti,4 measurements in Figure 6.
By the linear combination of these spectra, we can
separately obtain the spectra of the crystalline and
noncrystalline components as shown in Figure 7. The

*ml_

Macromolecules, Vol. 30, No. 24, 1997

concentration of the butyl branches is found to be the
noise level for the crystalline component, leading to the
conclusion that all branches are excluded out from the
crystalline region. This conclusion is in good agreement
with the previous results.?26=32 In addition, further
separation of the noncrystalline resonance line to the
contributions from the interfacial and rubbery compo-
nents was not carried out in this work, because the
signal to noise ratios of the corresponding spectra were
not high enough.

The partitioning of the butyl branches in the inter-
facial and rubbery regions has been investigated by
analyzing the T,c relaxation behavior measured for the
CH carbon at the branching point by the 13C spin-echo
pulse sequence. Figure 8 shows the T,c decay as closed
circles for the CH carbon of MLLDPE. It is also found
that for the branch carbon there exist two components
with Tyc = 2.7 ms and 52 us which are respectively
assigned to the rubbery and interfacial components, in
accord with the case for the main chain CH; carbons
shown in Figure 5. The T, values for the branch CH
carbons are somewhat shorter than that for the main
chain carbons, indicating that the branching points are
less mobile than the main chain methylene sequence.
The mass fractions for the interfacial and rubbery
components are 0.63 and 0.37, respectively. These
values are quite close to the values 0.73 and 0.27
estimated for the main chain CH, carbons. It is,
therefore, concluded that butyl branches are almost
equally distributed in the interfacial and rubbery re-
gions. For ZLLDPE, it is also concluded by the similar
Tin and Toc analyses that the butyl branches are
excluded from the crystalline region while butyl branches
are almost equally partitioned in the interfacial and
rubbery regions. There is no marked difference in the
partitioning of branches in the crystalline and noncrys-
talline regions between MLLDPE and ZLLDPE.

Figure 9 shows the morphological model two-dimen-
sionally drawn for MLLDPE on the basis of the results
obtained by solid-state NMR analyses and TEM obser-
vations. Here, since the interfacial region is defined as
a transitional region where the conformation is gradu-
ally randomized from the surface of the crystallites,33
the thickness can be determined from the average
thickness of crystalline lamellae and the volume frac-
tions of the crystalline and interfacial components

N

MLLDPE
crystalline interfacial crystalline
8.6 nm 3.2nm 12 nm
Toc = 60 us

Q&
\

ZLLDPE

/f:a)
| ”i \\

HDPE
interfacial crystalline interfacial
3.3 nm 50 nm 3.4nm
Toc =71 us Toc = 44 pus

Figure 10. Molecular-level structure models for different polyethylene samples: C, crystalline; I, interfacial; R, rubbery.
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without any information of the rubbery component. By
assuming that the volume fractions are close to the mass
fractions in this case, the thickness for the interfacial
component is estimated to be about 3.2 nm. This value
is in good accord with the value (3.4 nm) for the
interfacial overlayer for bulk-crystallized HDPE’ and
the thickness (about 2.0 nm) of the crystalline—
amorphous interphase that was deduced by Flory et.
al.3® from their theoretical calculation. The respective
crystalline lamellae with the thickness of 8.6 nm are
covered with the interfacial overlayer, and such lamellae
are dispersed in somewhat disordered fashion in the
continuous amorphous phase.

A molecular-level structure model for MLLDPE is
shown in Figure 10 together with the models for
ZLLDPE and HDPE. MLLDPE and ZLLDPE basically
consist of the crystalline, interfacial, and amorphous
regions in accord with the case of HDPE.”1012 However,
since butyl branches are excluded out from the crystal-
line region, the crystalline lamellae should be greatly
decreased in thickness for MLLDPE and ZLLDPE
compared with HDPE. These branches are almost
equally distributed in the interfacial and amorphous
regions in MLLDPE and ZLLDPE. The comonomer
contents are almost the same for both LLDPE samples,
as seen in Table 1, but crystalline lamellae for MLLDPE
are significantly thinner than those for ZLLDPE. This
fact may be due to the more random distribution of buty!l
branches in a chain for MLLDPE compared to the case
of ZLLDPE. In addition, the comparison of T,c values
shown in Figure 10 suggests that the molecular mobility
with the order of 10° Hz in the interfacial region is
somewhat higher for ZLLDPE and MLLDPE than for
HDPE, probably as a result of the plasticizing effect of
branches.3* It should be also noted that quenching has
no significant effect on the basic crystalline—noncrystal-
line structure, including the interfacial structure, re-
vealed for both LLDPE samples, although significant
decreases in mass fraction and thickness are induced
for the crystalline component by quenching.

Conclusion

The crystalline—noncrystalline structure for metal-
locene-catalyzed and Ziegler—Natta-catalyzed linear
low-density polyethylene samples, isothermally crystal-
lized or quenched from the melt, have been elucidated
by high-resolution solid-state 13C NMR spectroscopy,
and the following conclusions have been obtained.

(1) 13C spin—Ilattice relaxation time (Tic) and 13C
spin—spin relaxation time (T,c) analyses carried out at
room temperature have confirmed the existence of three
components, the crystalline, crystalline—amorphous
interfacial, and rubbery amorphous components.

(2) The analyses of fully relaxed DD/MAS 13C NMR
spectra and transmission electron micrographs have
revealed such a basic crystalline—noncrystalline struc-
ture that thin crystalline rods covered by the interfacial
overlayers with a thickness of about 3 nm are dispersed
in the continuous amorphous phase in a somewhat
disordered fashion.

(3) Butyl branches are excluded out from the crystal-
line region and are almost equally distributed in the
interfacial and amorphous regions.

(4) The difference between metallocene-catalyzed and
Ziegler—Natta-catalyzed samples is mainly reflected on
the differences in mass fraction and thickness for the
crystalline component; these values are significantly
smaller for the former than for the latter, probably due
to the random distribution of branches for the former.
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(5) Quenching effects appear mainly as decreases in
crystallinity and thickness of crystalline lamellae, the
basic crystalline—noncrystalline structure described
above being almost unchanged.
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