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ABSTRACT: The structures and thermal properties of the multiple ordered phases in ethylene-octene and
ethylene-butene copolymers have been studied using a combination of solid-state NMR and DSC. Three
types of the ordered phases, namely the orthorhombic, monoclinic, and rotator (or ordered mobile phase),
have been found to coexist in these two ethylene copolymers. Our experimental results demonstrate that the
slow-spinning solid-state CP/MAS 13C NMR provides a convenient method to discern the NMR signals of
the three different ordered phases and to measure the 13C chemical shift tensors of orthorhombic and
monoclinic phases. The measurements of 13C chemical shift tensors and magnetic relaxation times show
that monoclinic and orthorhombic crystal phases have similar chemical shift anisotropy with 180� flip-flop
segmental movement. The chemical shift anisotropy and segmental mobility in the rotator phase, on the
other hand, are different from those in the orthorhombic and monoclinic phases. DSC results illustrate
that a low-melting-point phase forms during room-temperature aging andmelts at temperature slightly above
the room temperature. The apparent correlation between the low-melting-point phase and the rotator
structure is revealed by a combination of variable-temperature solid-state CP/MAS NMR spectra with a
slow-spinning rate and DSC measurement. It is thus suggested that the rotator formation induced by
room-temperature aging is a common phenomenon for the ethylene copolymers with different sizes of side
groups.

1. Introduction

Semicrystalline polymers are structurally inhomogeneous
materials, consisting of comparable amounts of crystalline and
noncrystalline regions. Semicrystalline polymers have found
widespread use due to their excellent physical and mechanical
properties that originate from the combined attributes of the
crystalline and noncrystalline regions.1 That is to say, the micro-
structure and morphology of semicrystalline polymers signifi-
cantly affect the material properties.2 A quantitative charac-
terization of the phase structure, morphology, and molecular
mobility in semicrystalline polymers is therefore of a great
importance to advance our understanding of their properties.
Among various semicrystalline polymers, ethylene copolymers
have been widely studied because of their remarkably versatile
applications.

In the past twodecades,many investigations havebeen focused
on the dependence of crystalline phases on side groups and on
the role of thermal and processing history in the formation of
crystalline phases in ethylene copolymers.3-15 In general, a two-
crystal model, say, e.g., longer ethylene sequences tend to crystal-
lize into orthorhombic phase (OCP) and shorter ones tend to
crystallize into monoclinic phase (MCP), is widely accepted for
the long branch copolymers by assuming that the long branches
cannot be incorporated in the crystal lattice.3 As for the co-
polymers with small side groups such as methyl of ethylene-
propylene (EP), these short side groups can be incorporated into
crystallites because of their small size and thus drive the change of

the orthorhombic lattice toward a hexagonal/rotator crystalline
phase (RCP) instead of the monoclinic phase, like the case of
shorter n-alkanes.4,16,17

Solid-state MAS NMR has been successfully used to charac-
terize the structure and dynamics of multiple phases in ethylene
homo- and copolymers. It was demonstrated by solid-stateMAS
NMR thatMCP andOCP appear in ethylene homo- and copoly-
mers with long branches.3 The NMRdetermination ofMCP and
OCP was based on their different 13C isotropic chemical shifts
(ICS): 34.0 ppm forMCPand 32.9 ppm forOCP.To obtainmore
detailed structural information for OCP, Hu et al. obtained the
principal values of the 13C chemical shift tensor for OCP from
its static 13C T1-filtered static powder spectrum of OCP.18 It is
very difficult, however, to measure the static powder spectrum of
MCP alone because MCP usually appears together with OCP,
and the powder spectra of OCP and MCP overlap severely. To
our knowledge, no experimental results about the 13C chemical
shift tensor have been reported thus far for MCP.

The coexistence of RCP (or hexagonal phase) and OCP in the
ultradrawn ultrahigh-molecular-weight polyethylene or EP with
short branches, on the other hand, has been suggested by several
independent solid-state NMR studies.4,19,20 RCP is characterized
by a 13C T1 relaxation time much shorter than for either OCP or
MCP and by an ICS of 33.4 ppm, which is between the 32.9 ppm
ofOCP and 34.1 ppmofMCP.However, little attention has been
paid in previous NMR investigations to address the existence of
theRCP in ethylene copolymerswith long branches, although the
appearance of RCP in ethylene-octene (EO) copolymer with the
long branches was suggested by Androsch et al.,13 who con-
cluded on the basis ofX-ray scattering analyses that longbranches
can be incorporated into the RCP lattice. In our previous NMR
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investigations on poly(ethylene-co-vinyl acetate) (EVA) copoly-
mers with long branches, we also suggested that a considerable
amount of the mobile RCP exists in the EVA samples.21

Corresponding to the multiple crystalline phases, multiple
melting behaviors were commonly observed during DSC heating
scans of ethylene-based copolymers.5,14,22-32 In general, except
for the high-temperaturemelting endothermof the orthorhombic
phase, a low-temperature melting endotherm has been observed
slightly above the room temperature. Although such a low-
temperature melting endotherm could be explained in terms of
melting of a secondary crystalline phase, the exact assignment is
not yet clear. In previous literature,5,14,22-32 the low-temperature
endothermic peak was attributed to the melting of different types
of crystalline phases or regions: (1) lamellar OCP with smaller
thicknesses, (2) MCP, and (3) RCP. In our previous investiga-
tions onEVA, based on theNMRandDSC results, we attributed
the low-temperature endothermic peak to the RCP.21

Currently, several unresolved issues related to the structure
and morphology of ethylene copolymers still remain: (1) whether
the RCP forms in ethylene copolymers with relatively long
branches; (2) confirmation of the structures and thermal proper-
ties (for example, the melting point) of the crystalline phases
MCPandRCP; and (3) the role of thermal andprocessing history
on the formation of RCP andMCP. The objective of this study is
to investigate these issues by solid-state NMR and DSC using
two typical ethylene copolymers: poly(ethylene-co-octene) (EO)
with a rather long branch (-(CH2)5-CH3) and poly(ethylene-co-
butene) (EB) with a relatively short branch (-CH2-CH3).

2. Experimental Section

2.1. Sample Description and Preparation. The samples used
in this investigation are commercially available EO and EB

produced by the INSITE synthesis technology (DOWChemical
Co.).33 The samples were denominated with the initials EO or
EB (describing the polymer type) followed by a number repre-
senting the comonomer content (mol %). The comonomer
content of the copolymer samples was confirmed by 13C DP/
MAS NMR at temperatures above their melting points. The
high-density polyethylene (HDPE) was purchased from Sigma-
Aldrich, withMw=1.25 � 105 g/mol. The molecular character-
istics of these samples are listed in Table 1. The as-received
copolymers samples were in pellet form and had been stored at
room temperature for at least 2 months prior to any tests. In this
article, unless specially noted, the as-received copolymer sam-
ples were used in all experiments.

2.2.X-rayMeasurement.Wide-angleX-raydiffraction (WAXD)
measurement was performed at room temperature using a Bruker
D8-ADVANCE X-ray diffractometer with Cu KR irradiation
graphite monochromator.

2.3. DSCMeasurement.Differential scanning calorimetry was
performed by a PerkinElmer thermal analysis system equipped
with a liquid-N2 low-temperature apparatus. The sample masses
varied from 5.0 to 9.0 mg were used for the DSC measurements,
and all DSC experiments were carried out under a N2 atmo-
sphere. The heating rate was 5 or 10 �C/min.

2.4. NMR Measurement. The solid-state NMR experiments
were performed on a Varian Infinity-Plus400 NMR spectro-
meter, a Varian Infinity-Plus300 NMR spectrometer, and a
Bruker AVANCE III 400WB NMR spectrometer (in this arti-
cle, unless specially noted, the Varian Infinity-Plus400 was used
in all experiments), with a commercial double-resonance MAS
probe at Larmor frequencies of 400.1 and 100.6MHz for 1H and
13C, respectively. The magic-angle spinning speed was 6 kHz
in all experiments except for the slow-spinning CP/MAS
experiment. The 13C chemical shifts were determined using a
solid external reference, hexamethylbenzene (HMB). The CH3

groups of HMB resonate at 17.35 ppm relative to tetramethyl-
silane (TMS).

The pulse sequences used in the present experiments are
shown in Figure 1. Figure 1a shows the Torchia pulse sequence
used to measure the T1 relaxation time. This pulse sequence can
also be used to choose the long-T1 component (e.g., rigid
orthorhombic and monoclinic phases in the present investi-
gation). Figure 1b shows the pulse sequence used to measure
selectively the 13C T1 relaxation time of noncrystalline signals.
The pulse sequences in Figure 1c,d were used to measure the
dephasing times (Tdd) for the signals with short and long 13C

Table 1. Crystallinity, ComonomerContents, andDensity of Ethylene
Copolymers Used in the Current Study

sample comonomer
comonomer

content (mol %)
density
(g/mL)

crystallinity
(%)

EO3.7 octene 3.7( 0.4 0.913 54( 4
EO5.1 octene 5.1( 0.6 0.902 46( 5
EO7.2 octene 7.2( 0.7 0.885 31( 4
EB11.9 butene 11.9( 0.6 0.885 28( 3
HDPE 0.950 63( 5

Figure 1. Pulse sequences: (a) Torchia pulse sequence formeasuringT1C; (b) used tomeasure the short 13CT1 signals by utilizing a short recycling time;
(c) used tomeasure the dephasing time (Tdd) for the signals with short

13CT1 ; (d) used tomeasure the dephasing time (Tdd) for the signalswith long
13C

T1. (e) and (f ) used tomeasure the spin-lattice relaxationT1F in the rotating frame for the signals with long and short 13C spin-lattice relaxation times
(T1C), respectively.
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spin-lattice relaxation times (T1C), respectively. The pulse
sequences in Figure 1e,f were used to measure the spin-lattice
relaxationT1F in the rotating frame for the signals with long and
short 13C spin-lattice relaxation times (T1C), respectively.

3. Results and Discussion

3.1. Comonomer Concentration and Crystallinity. The 13C
DP/MAS NMR spectra of the polymers in the molten state
were utilized to determine the comonomer contents of the
samples used in the present investigation. Figure 2 displays
theDP/MAS 13CNMRspectra of the specimens EB11.9 and
EO7.2 in the molten state. The resonance peaks in Figure 2
were assigned by referring to the reported solution-state 13C
NMR spectra of EO and EB copolymers.34,35 The comono-
mer concentrations thus obtained are listed in Table 1.

The crystallinity of EO and EB copolymers was measured
using the WAXD method, and the results are also shown
in Table 1. As seen from Table 1, the crystallinity of EO
decreases markedly with increasing comonomer concentra-
tion. In the WAXD patterns, the crystalline reflections are
very broad; consequently, we cannot distinguish the signals
from different crystalline phases by XRD measurement.

3.2. Three Ordered Phases and Their Structures. Figure 3
shows theCP/MAS 13C spectrawithT1-filter times τ=0and
6 s for EB11.9 and EO7.2, acquired using pulse sequence (a)
in Figure 1. A short contact time of 20 μs was used to
suppress the noncrystalline signals, and a filter time of 6 swas
used to suppress possible short-T1 components. In the
T1-filtered CP/MAS 13C spectra c and d with filter time 6 s,
only two resonances at isotropic chemical shifts (ICS) of 33.0
and 34.1 ppm are seen. In the previous NMR studies,3 these
two signals were assigned to the OCP (33.0 ppm) and MCP
(34.1 ppm). Comparing the spectra c and d in Figure 3, one
also sees that the MCP fraction in EO7.2 is obviously higher
than that in EB11.9. Double Lorentzian peak fitting for
spectra c and d yields the MCP fractions 0.34 for EO7.2 and
0.22 for EB11.9. In the normal CP/MAS 13C spectra a and b
(or without the T1-filter), the resonances of OCP and MCP

become less resolved and a noncrystalline signal at∼31 ppm
is observed. Triple peak fitting (OCP,MCP, and noncrystal-
line phase), with fixed line width and chemical shift para-
meters for OCP and MCP derived from the fitted spectra c
and d, do not reproduce the spectra a and b. Therefore, we
use four-peak deconvolution to analyze the spectra a and b.
Besides the OCP, MCP, and noncrystalline signals, a fourth
peak with a Lorentzian line shape is thus obtained at
33.4 ppm. We tentatively assign the peak at ∼33.4 ppm to
the rotator phase (RCP), considering its ICS coinciding with
rotator phase in shorter n-alkanes and EP.4,16,17 The frac-
tions of OCP, RCP, and MCP are 0.45, 0.32, and 0.23,
respectively, for EB11.9 and 0.45, 0.25, and 0.30, respec-
tively, for EO7.2. However, the estimated fraction of RCP is
only approximate, since the CP efficiencies may be different
for the OCP (MCP) and RCP.

To further study the structures of MCP at 34.1 ppm and a
possible RCP at 33.4 ppm, the principal values of the 13C
chemical shift tensors of both OCP andMCPweremeasured
and compared. In the all previous NMR studies, only the
principal values of the 13C CSA of OCPwere obtained either
from a 13C T1-filtered static powder spectrum or a anisotro-
pic-isotropic 2DPHORMATspectrum.18Because the powder
spectra of MCP and OCP are overlapping and the 13C T1

difference between MCP and OCP (∼16 and ∼22 s, respec-
tively, for EO7.2) is not sufficiently large, 13C T1-filtered
static powder spectrum cannot be used to measure the
principal values of the 13CCSAofMCP.However, we found
that a CP/MAS 13C T1-filtered spectrum obtained at a low-
spinning speed exhibiting large spinning sidebands can be
used to obtain the principal values of the 13C CSA of both
OCP and MCP. More importantly, the low-speed CP/MAS
13C sideband patterns acquired with different T1-filter times
were utilized to determine the existence of the third ordered
phase (or RCP).

Figure 4a shows the normal CP/MAS 13C spectra ob-
tained with a short contact time of 20 μs for EO7.2, and
Figure 4b is the corresponding CP/MAS 13C T1-filtered
spectra with a combination of a 20 μs contact time and a
filtering time of 6 s. In Figure 4a, we can easily distinguish
three different signals and their sidebands. The center bands
at 30.9, 33.0, and 34.1 ppm are ascribed to the noncrystalline
phase, OCP, and MCP, respectively. For the noncrystalline
phase, only the center band and the weak (1 sidebands are
observed in Figure 4a, indicating a small CSA for the non-
crystalline phase. After 13C T1-filtering, the noncrystalline

Figure 2. DP/MAS 13C NMR spectra of sample EB11.9 and EO7.2 in
the molten state.

Figure 3. 13C CP/MAS spectra with T1-filter time τ = 0 (top) and 6 s
(bottom): (a) and (c) for EB11.9; (b) and (d) for EO7.2. A short contact
time of 20 μs was used to suppress the noncrystalline signal.
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signal is completely suppressed, and only the OCP andMCP
signals remain (see Figure 4b).

In Figure 4b, two well-separated sets of sidebands up to
the fourth order are observed, corresponding to OCP
(strong) and MCP (weak). The sideband intensity distribu-
tions of OCP and MCP relative to their respective center
bands are almost the same, indicating the similarity of their
chemical shift tensors ofOCPandMCP.From the intensities
of these sidebands, we can calculate the principal values of
chemical shift tensors,36,37 and the resultant values are listed
in Table 2. Three 13C principal values of the OCP are δ11 =
50.7 ppm, δ22= 36.8 ppm, and δ33= 11.3 ppm, which are in
good agreement with the previously reported values for
PE and EP using static powder spectra.4,38-40 The three
13C principal values of the MCP are δ11 = 51.0 ppm, δ22 =
38.5 ppm, and δ33 = 12.8 ppm. It can be seen that all three
13Cprincipal values ofMCPare very close to the correspond-
ing values of OCP and only exhibit small high-frequency
shifts relative to those of OCP.

The fact that MCP has a similar 13C chemical shift tensor
toOCP indicates that the segments in theMCP region, like in
the OCP region, also take rigid all-trans conformation and
make 180� flip-flop motion around their chain axes, since
the 180� flip-flop motion of rigid segments does not reduce
the apparent principal values of 13C chemical shift tensors.
The small shifts of the 13C principal values ofMCP to higher
frequencies relative to the values for OCP may be attributed
to the different packing of the all-trans chains in the unit cells
of MCP and OCP. The zigzag carbon planes of the all-trans
chains in MCP are parallel to one another, while they are
perpendicular to each other in OCP.3

Comparing the sideband pattern of OCP and MCP in
Figure 4awith that inFigure 4b,we interestingly find that the
CP/MAS 13C spectra with and without T1-filter exhibit

distinctly different intensity distributions of sidebands of
OCP (or MCP). For example, the intensity ratio of the þ2
sideband to the-2 sideband of OCP is 1.6 in the normal CP/
MAS 13C spectrum (Figure 4a), while the intensity ratio is
only 0.75 after T1-filtering (Figure 4b). Moreover, the pat-
terns of sidebands of OCP and MCP remain unchanged
provided that the T1-filtering time is long enough (>2-3 s).
A similar result was also observed in sample EB11.9 (not
shown here). Also, comparing the þ2 sideband line shapes
with and without the T1-filter as shown in the inset of
Figure 4, one sees that the þ2 sideband without the T1-filter
appears to consist of two more peaks. The above results
demonstrate that besides the OCP and MCP there exists a
third ordered phase (RCP)which has an ICSbetween 33ppm
(OCP) and 34.1 ppm (MCP) and a short T1 (

13C). Further-
more, this short-T1 ordered phase (RCP) must have a diff-
erent CSA from both OCP and MCP because the sideband
patterns will not change with T1-filter time if the sidebands
only consist of OCP andMCP (as seen in the case of longT1-
filter time). As we know in general, phases with different
CSA exhibit different sideband patterns. The sidebands
from the RCP overlap with the sidebands of OCP and
MCP but exhibit a different intensity distribution of side-
bands fromOCPandMCPdue to the difference in theCSA’s
(Figure 4a).

In order to further examine the existence of the RCP in
various ethylene copolymers with branches, we also mea-
sured the 13C CP/MAS spectra of EVAwith variousT1-filter
time with low spinning speeds of 700 and 300Hz (see Figures
S1 and S2 in the Supporting Information), considering that
the lower the spinning speed, the closer the sideband intensity
distributions comes to the static powder spectrum. We also
found that the RCP has much smaller T1 value (<1 s) than
OCP and MCP, and this short-T1 RCP component contri-
butes a different intensity fraction to the different sidebands
(Figure S2). For example, the fraction of the RCP occupies
less than 0.22 of the þ1 sideband (part of which is contrib-
uted by the noncrystalline phase), while the fraction of the
RCP component for theþ4 sideband is 0.36 (the noncrystal-
line contribution to this sideband could be very small). The
fact that the RCP contributes a significant fraction to theþ4
sideband (at ∼45 ppm) reveals that RCP phase also has a
large CSA.

The above comparison and qualitative analysis of low-
speed spinning sideband patterns of crystalline phases with
different T1-filter times demonstrate that the ethylene co-
polymers EO7.2, EB11.9, and EVA all contain three types of
ordered phases. Apart fromMCP and OCP which have very
similar CSA’s, a third ordered phase (RCP) with short T1

and distinctly different CSA also appears. In order to further
understand the third crystalline phase, the relaxation times
were measured.

3.3. Further NMR Characterization of the RCP in EO and
EB Copolymers. 3.3.1. T1 Relaxations in EB and EOCopoly-
mers. The CSA of the short-T1 signal overlapped with both
OCP and MCP peaks is different from that of the OCP
and MCP; decay curves of 13C longitudinal magnetizations
at 33.0 and 34.1 ppm for EB11.9 and EO7.2 were measured to
estimate the T1 values of various ordered phases (see Figure 5
and Tables 3 and 4). It is found that either the OCP or MCP
signal at 33.0 or 34.1 ppm exhibits a nonexponential decay.
The short-T1 decay (T1 < 1 s) may be associated with RCP,
while long-T1 component are ascribed to the OCP (∼22-27 s)
and MCP (∼15-16 s). However, it is pointed out that the
above-estimated long-T1 value could not be associated directly
with the spin-lattice process, and the short-T1 component
could not be solely ascribed to the RCP contribution, since

Figure 4. 13C CP/MAS spectra with a contact time of 20 μs and a spin-
ning speed of 700 Hz for the sample EO7.2. (a) The normal CP/MAS
13C spectrawithoutT1-filtering and (b) CP/MAS 13CT1-filtered spectra
with a filtering time of 6 s. The inset showsþ2 sideband line shapes with
and without T1-filter; solid and dashed lines corresponding to þ2
sidebands of (a) and (b), respectively. Thismeasurementwas performed
by Bruker AVANCE III 400WB.

Table 2. Principal Values of Chemical Shift Tensors of MCP and
OCP for EO7.2 Sample

δ11 (ppm) δ22 (ppm) δ33 (ppm) span (ppm)

MCP 51.0( 0.5 38.5( 0.7 12.8( 0.9 38.2
OCP 50.7( 0.3 36.8( 0.5 11.3( 0.4 39.4
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nonexponentialT1-decay behavior of the OCP orMCP signal
at 33.0 (or 34.1) ppm observed in PE or ethylene copolymers
was generally explained in terms of the long-distance seg-
mental diffusion between crystalline and noncrystalline re-
gions in the previous literature.41-44 According to this view-
point, the short-T1 decay behavior may not represent a
new crystalline component. In order to estimate the T1 value
of RCP, the four-peak deconvolutions for a series of 13C
CP/MAS spectra with different T1 recovery times were made,
and the decay of RCP signal was thus yield (see Figure S3).
The resultant T1 values of RCP are ∼0.7 s for EB11.9 and
EO7.2. To further characterize the RCP (or short-T1 decay
component) in present EO and EB, two other 13C NMR
relaxation times, namely the dipolar dephasing time Tdd and
the spin-lattice relaxation T1F, in the rotating frame were
measured because these two relaxation times are not sensitive
to the segmental diffusion.

3.3.2. Dipolar Dephasing Time Constant Tdd and
13C Spin-

Lock Relaxation Time T1F. Table 3 lists the results obtained
for EB11.9. The 13CTdd values of the crystalline phases OCP
and MCP were measured using the pulse sequence (d) in

Figure 1, where only the signals from rigid crystals OCP and
MCP with long T1C were selected by a filter time of td = 6 s
before the usual dipolar dephasing. From Table 3, it is seen
that the Tdd values of OCP (14.5 μs) and MCP (14.8 μs) are
almost the same. This shows that the segmental movements
in OCP and MCP are similar. The flip-flop motion was
experimentally confirmed only in OCP previously.45-47

Thus, we expect that the segments in MCP also make 180�
flip-flopmotion. Aswe knew, the dephasing rate (� 1/Tdd) of
the CH2 carbon is a direct manifestation of effective magni-
tude of 13C-1H dipolar interaction, and this effective mag-
nitude directly reflects the CH2 reorientation motion. The
theoretical 13C Tdd value for the 180� flip-flop segmental
motion (equivalent to the static CH2 groups) is about 12 μs
(referring to the Appendix), which is close to the above
experimental Tdd values for both OCP and MCP.

Whereas the solid-state spin-echo pulse sequence (c) in
Figure 1 was employed to measure Tdd values of RCP and
noncrystalline components with short-T1C relaxation, where
a short recycling time delay of 3 s was used to suppress the
long-T1 components (i.e., OCP and MCP). The resultant
time is Tdd = 22.3 μs for RCP. Obviously, the RCP compo-
nent has significantly longer Tdd value than both OCP and
MCP. This reveals that the segmental motion in RCP is
different from that in OCP and MCP. Assuming that the
segment inRCP takes the all-trans conformation and rotates
rapidly around its chain axis and taking 13C-1H distance
1.12 Å, theTdd value ofCH2 groups inRCP is thus calculated
to be about 23 μs (also referring to the Appendix), which is
near the experimental value. Therefore, the assignment of the
short-T1 component to the mobile RCP is reasonable.

The experimental result of the 13C spin-lock relaxa-
tion time T1F(

13C) for EB11.9 also supports that the RCP,
OCP, andMCP are NMR-distinguishable. As can be seen in
Table 3, the 13C spin-lock relaxation time T1F (

13C) for RCP
is only 3.5ms, which ismuch shorter than theT1F(

13C) values
for OCP (18.4 ms) and MCP (10.9 ms). Likewise, the
measured values of T1F(

13C) and Tdd(
13C) for the sample

EO7.2, which are listed in Table 4, reveal that the RCP is
indeed different from both OCP and MCP. In the pre-
vious literature, only the proton T1F(

1H) values in rotating
frame were reported; T1F(

1H) ≈ 1.5-2.5 ms at 277 K and
3.9-5.3 ms at 260K for all protons of EP copolymer.4,7 This
was explained in terms of spin diffusion between crystalline
and amorphous regions. However, the parameter T1F(

13C)
was not widely used to characterize the structures of ethylene
copolymers, even throughT1F(

13C) is expected to be sensitive
to the local, slow segmental motion. The reason is that 13C
magnetization decay during the 13C spin-lock period is via
either “spin-lattice” relaxation or “spin-spin” effect.48

3.3.3. Partially Relaxed Spectra. In order to further under-
stand the spectroscopic characteristics of the RCP compo-
nent, the short-recycle-delay 13C DP/MAS spectra with
different dephasing time τ were acquired using the pulse
sequence (c) in Figure 1. Figure 6 shows the 13C DP/MAS
spectra for samples EB11.9 and EO7.2, where two partially
relaxed spectra (a) and (b) were obtained with two different
dephasing times τ = 0 and 70 μs, respectively. Because the
RCP component has a very small T1C value <1 s, a short
recycle delay of 1 s was used to suppress the signals from
long-T1 crystals (i.e., OCP andMCP). The spectrum (a) thus
acquired displays mainly the noncrystalline components
and RCP component (maybe comprise a small propor-
tion of OCP and MCP), while the spectrum (b) contains
the contribution only from the mobile amorphous compo-
nent (MAC)49 with rather long Tdd. Their difference spec-
trum (c) = (a - b) gives rise to a RCP component and a

Figure 5. Crystalline 13C longitudinal magnetizations for EB11.9
(a) and EO7.2 (b) as functions of recovery time τmeasured by Torchia
pulse sequence with a contact time of 20 μs. The insets show the initial
rapid decays of OCP at 33.0 ppm.

Table 3. 13C Magnetic Relaxation Times Measured at Room
Temperature for EB11.9

components OCP RCP MCP IFC MAC

T1 (s) ∼27 <1 ∼14.5 ∼0.34 ∼0.34

Tdd (μs) 14.5 ( 0.3 22.3 ( 0.5 14.8 ( 0.6 76.1 ( 4.8 4748 ( 102

T1F (ms) 18.4 ( 0.9 3.5 ( 0.4 10.9 ( 0.8 4.3 ( 0.2 30.5 ( 0.1

ICS (ppm) 33.0 33.4 34.1 31.1 30.9

Table 4. 13C Magnetic Relaxation Times Measured at Room
Temperature for EO7.2

components OCP RCP MCP IFC MAC

T1 (s) ∼22 <1 ∼16 ∼0.33 ∼0.33

Tdd (μs) 16.1 ( 0.3 22.5 ( 0.6 16.5 ( 0.3 48.8 ( 0.5 3446 ( 24

T1F (ms) 12.6 ( 0.5 2.3 ( 0.3 12.0 ( 0.4 3.6 ( 0.3 23.5 ( 0.3

ICS (ppm) 33.0 33.4 34.1 31.1 30.9
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crystalline-amorphous interfacial49 (or less mobile) compo-
nent (IFC). As seen from the difference spectra in Figure 6,
the RCP peaks for EB11.9 and EO7.2 appear at 33.4 ppm.
Note that such a resonance is also resolved clearly in the
spectrum (a) for EB11.9. This chemical shift coincides with
that observed previously for rotator (or hexagonal) phase in
EP and n-alkanes.4,16 For comparison, the corresponding
RCP peaks derived from four-peak fitting of Figure 3a,b are
also shown as a dashed line in the difference spectra (c) of
Figure 6. It can be seen that the 33.4 ppm peaks obtained by
the difference spectrum method are substantially broadened
and thus could not represent the real line shape of RCP
resonance because small proportions of OCP and MCP as
well as noncrystalline protons near 33.4 ppmmay contribute
to the difference spectrum.

The above experimental results of NMR spectra and
relaxation times illustrate the coexistence of three distinct
crystalline components in both EO and EB: RCP (most
likely), OCP andMCP. In previous literature, Androsch et al.13

suggested the coexistence of two crystalline phases OCP and
RCP (or hexagonal) in EO copolymers with high commoner
content by X-ray diffraction, whereas Hu et al.3 demon-
strated by solid-state NMR that MCP coexists with OCP in
ethylene copolymers with high comonomer and bulky side
groups.

3.4. ThermalProperties. 3.4.1.Melting of theThreeOrdered
Phases. The aforementioned NMR results indicate that the
RCPandMCPcoexistwith theOCP inEOandEBcopolymers.
In order to understand the formation and thermal properties
of RCP and MCP, the measurements of DSC and variable-
temperature 13CNMR spectra were carried out for EO and EB
copolymers.

Figure 7 shows the DSC curves for the EO7.2 and EB11.9
(as received) on heating. It is noticed that each sample
exhibits only two discernible endothermic peaks although
each contains three different ordered phases (or structures).
A low-temperature endothermic peak was always observed
at 30-60 �C for all as-received (or room-temperature-aged)

EB and EO samples used in our investigation (also see
Figures 9 and 10), and a high-temperature one varies with
the moiety and content of comonomers. Similar to the pre-
vious study, the high-temperature endothermic peak ob-
served in the present EB and EO is attributed to the melting
of OCP.6

In order to assign the low-temperature endothermic peak,
variable-temperature CP/MAS 13C spectra with a short
contact time of 20 μs and a slow spinning rate of 500 Hz
were utilized to monitor the variation of crystalline signals.
Theþ2 sideband intensities (peak heights) ofMCP andOCP
forEO7.2 as a function of temperature are plotted in the inset
of Figure 8, where the þ2 sideband is chosen to reduce the
effect of noncrystalline signal. It can be seen that below 48 �C
both MCP and OCP intensities decrease with increasing
temperature (temperature dependence of NMR intensity
was considered), while above 48 �CMCP intensity decreases
rapidly with temperature and an obvious decrease in OCP
intensity is observed from 61 to 65 �C. The above results
illustrate that the melting of MCP occurs mainly in the
temperature range from 48 �C (or 37 �C) to 65 �C above
and themelting ofOCPoccurs at the temperatureT>61 �C.
The apparent decreases in OCP and MCP intensities ob-
served below 48 �C may be either from the melting of OCP
and MCP or from the melting of RCP. We have also found
that the intensity ratios of þ2 to -2 sideband and þ3 to -3
sideband for OCP/RCP signals decrease on heating from 1.5
at 25 �C to 1.1 at 65 �C and from 1.1 at 25 �C to 0.67 at 65 �C.
That is to say, with temperature increasing the intensity
ratios of þ2 to -2 sideband and þ3 to -3 sideband for
OCP/RCP signal tend respectively to the corresponding

Figure 7. DSC scans for the as-received EO and EB copolymers.

Figure 6. (a) and (b) are the partially relaxed spectra, acquired using the
pulse sequence in Figure 1c with dephasing time τ = 0 and 70 μs at a
spinning speed of 6 kHz; a short recycling time of 1 swas used to suppress
the signals from rigid crystal. (c) The difference spectrum (a) - (b).

Figure 8. Variable-temperature CP/MAS 13C spectra with a short
contact time of 20 μs and a slow spinning rate of 500 Hz. The inset
showsþ2 sideband intensities ofMCPandOCP forEO7.2 as a function
of temperature. This measurement was performed by Varian Infinity-
Plus300 NMR spectrometer.
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ratios 0.83 and 0.54 for pure OCP which are determined
by the 13C T1-filter spectrum; i.e., the 13C NMR spectrum
varying toward the OCP-only sideband pattern from the
OCP/RCP overlapped sideband pattern on heating. This is
indicative of the low-temperature melting of RCP because of
the temperature-independent CSA and thus the tempera-
ture-independent sideband pattern of OCP.38,39

Since the intensity ratios of þ2 to -2 sideband and þ3
to -3 sideband observed at 65 �C are still somewhat larger
than the corresponding ratios for OCP only, a part of RCP
remains even at 65 �C. Here, it worthy pointing out that the
NMR-detected phase transition and melting temperatures
may be different from those determined by DSC measure-
ment since the heating processes for NMR and DSC mea-
surements are quite different. In the DSC measurement,
temperature was elevated continuously. For the variable-
temperature NMR experiment, the measurement was made
only at several temperatures. At each temperature, it usually
takes several hours to acquire a NMR spectrum, and during
this long NMR experimental period new crystallization can
occur (vide infra) which may be responsible for the observed
sideband pattern at 65 �C. After sample EO7.2 was directly
cooled back to 25 �C from 65 �C just by turning off the
heating power and held at 25 �C for 30 min, NMR acquisi-
tion was made at 25 �C (total acquisition time ∼8 h).
Compared to the NMR spectrum at 65 �C, all the sideband
intensities of OCP/RCP at 25 �C (after cooling) increase
conspicuously, but the sideband intensities of the MCP
remain almost unchanged. Moreover, the intensity ratios
of þ2 to -2 sideband and þ3 to -3 sideband at 25 �C for
OCP/RCP signals return back to 1.6 and 1.2, which are near
the corresponding ratios of the unheated sample.

The above results clearly indicate the formation of the
RCP (or both RCP and low melt-point OCP) rather than
MCP during the cooling or aging (long-time NMR
acquisition) period. From the DSC measurement the phase
formation occurs in the room-temperature aging period (see
below).

3.4.2. Formation of Low-Melting-Point Phase. To investi-
gate the formation of the low-melting-point phase associated
with a well-resolved low-temperature endothermic peak, the
DSC curves on heating for the annealed EO5.1 sample
(granular EO5.1 was first heated to 120 �C for 30 min in
vacuum, subsequently cooled to 80 �C for 2 h, and then oven-
cooled to room temperature, labeled as the annealed EO5.1)
with different thermal history were measured. The annealed
EO5.1 had been stored at room temperature for more
than 1 month before the DSC measurement. In Figure 9,
curve (a) represents the heating trace from -10 to 120 at
10 �C/min for an annealed EO5.1 sample. The large high-
temperature endothermic peak is due to the melting of OCP.
Curves (b) and (c) showDSC traces recorded during the first
two successive heating processes for another annealed EO5.1
sample. The sample was first heated from -10 to 60 at
10 �C/min (curve (b)) and held for 5 min at 60 �C, then
cooled to -10 �C at -10 �C/min, and then heated immedi-
ately from -10 to 120 at 10 �C/min with simultaneous DSC
measurement (see curve (c)). It is easily seen that after
experiencing the first heating and cooling thermal cycle
between -10 and 60 �C the low-temperature endothermic
peak at 40 �C disappears upon subsequently heating from
-10 to 120 �C. Instead, a new low-temperature endothermic
peak appears at 64 �C. The low-temperature endothermic
peak that disappeared in curve (c) can be partially recovered
by room-temperature aging (curve (d)). Curve (d) in Figure 9
shows the second heating DSC trace from -10 to 80 �C for
the annealed EO5.1 sample that was first heated from room

temperature to 60 �C, held for 5 min at 60 �C, then cooled to
room temperature, and held at room temperature for 2 days.
(In fact, we observed a remarkable recovery of the low-
temperature peak by aging the sample for only 5min at room
temperature; the result is not shown here.) The above results
demonstrate that the low melting point phase forms during
room-temperature aging rather than during cooling process.
Similarly, we attribute the endothermic peak at 64 �C to the
melting of the crystallized phase produced by aging at 60 �C.
But whether the phases formed at different aging tempera-
tures have similar structure remains to be clarified.

Considering theDSC results and the variable-temperature
NMR results together (Figure 8), apparently the NMR-
detected RCP/OCP structure in ethylene copolymers is
directly correlated with the DSC-determined low-melting-
point phase that forms during room-temperature aging and
melts at temperature slightly above the room temperature
with a well-resolved low-temperature endothermic peak.
Therefore, the room-temperature-aged phase is of RCP/
OCP rather than the MCP. The conclusion that the low-
temperature endothermic peak is not from theMCPmelting
can also be drawn from NMR and DSC measurements on
EVA. The EVA only contains a very small amount of MCP
from the NMR spectrum (<10% of total crystalline phases,
see Figure S1), but the DSC curve displays a large low-
temperature endothermic peak (∼1/4 of total area of endo-
thermic peak).21 But from the present variable-temperature
NMR and DSC results, we cannot exclude the possibility of
the low-melting-point OCP formation. From either decay
curves of 13C longitudinal magnetizations in Figure 5 or
multiple peak deconvolution of normalCP/MAS 13C spectra
for EB11.9 and EO7.2 as shown in Figure 3, sample EB11.9
contains higher fraction of RCP than EO7.2 and exhibits a
larger low-temperature endothermic peak (Figure 7). It is
thus suggested that the low-temperature endothermic peak
may be mainly from the RCP melting. Another possibility is
that RCP and OCP exist as a whole due to the small-size
crystallites (OCP) with a large fraction of interface carbons
(RCP or mobile segment-oriented region).

We have also compared the integral areas of low-tempera-
ture endothermic peaks for three EO7.2 samples with different
cooling rate (as-received EO7.2, low-temperature quenched
EO7.2, and annealed EO7.2) and found that the low-tempera-
ture endothermic peaks for all three samples are comparable,
indicating that the cooling rate is not crucial to the formation

Figure 9. DSC scans for the annealed EO5.1 samples: (a) on the first
heating from-10 to 120 at 10 �C/min; (b) heat from-10 to 60 at 10 �C/
min andhold for 5min at 60 �C; (c) follow (b), cool to-10 �Cat-10 �C/
min, and then heat immediately from -10 to 120 at 10 �C/min;
(d) follow (b), cool to room temperature at -10 �C/min, hold for
2 days at room temperature, and then heat from-10 to 80 at 10 �C/min.
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of low-melting-point phase (or RCP) which contrasts with the
formation of MCP.

3.4.3. Dependence of Low-Melting-Point Phase and MCP
on the Comonomer Content. It is generally believed that the
size and amount of branches are two determining factors for
the crystallization/melting temperature, the degree of crys-
tallinity, and the temperature-dependent properties of the
material.50,51 As aforementioned, the room-temperature-
aged phase in EB and EO is associated with a resolved low-
temperature endothermic peak. Therefore, the dependence
of such amelting-point phase on the comonomer content can
be studied conveniently by DSC. However, it is difficult to
use DSC measurement to investigate the effect of comono-
mer on MCP because MCP lacks the characteristic endo-
thermic peak in its DSC curve. Consequently, the CP/MAS
13C T1-filtered experiment was utilized to investigate the
dependence of MCP on the comonomer content.

Figure 10 shows the DSC curves for three EO copolymers
with different octene contents: EO3.7, EO5.1, and EO7.2. As
shown in Figure 10, when octene comonomer content in-
creases, the low-temperature peak area increases substan-
tially but the high-temperature peak area decreases remarkably.
For the linear HDPE sample (liquid-nitrogen-quenched and
then long-time room-temperature aged), the low-temperature
peak is absent (see Figure 11). These results reveal that the side
chains play a crucial role in the formation of the low-melting-
point phase and increasing comonomer content enhances the
amount of low-melting-point phase but reduces the proportion
of high-melting-point OCP.

Figure 12 shows theCP/MAS 13CT1-filtered spectra of the
three EO copolymers mentioned above. FromFigure 12, it is
clear that the MCP:OCP area ratio increases markedly with
increasing concentration of the branches. In the linear
HDPE sample, both MCP and OCP appear from the CP/
MAS 13C NMR spectrum (see the inset in Figure 11), like in
EB and EO. But fromDSC curve, the HDPE only exhibits a
high-temperature endothermic peak of OCP at 125 �C, and
no characteristicmelting peak ofMCP is seen althoughMCP
almost completely melt at 80 �C as demonstrated by NMR
measurement (not shown here).

Summarizing the above variable-temperature NMR and
DSC results, the low-melting-point phase is of theRCP/OCP
structure rather than MCP; it forms only in ethylene co-
polymers with room-temperature aging and melts at tem-
perature slightly higher than room temperature. The MCP
appears in both ethylene copolymers (EB and EO) and
ethylene homopolymer (HDPE), and the melting of MCP
seems not to be characterized by a resolved endothermic
peak, suggesting that the melting ofMCP occurs over a wide
temperature range.

The present EO and EB copolymers contain large-size side
groups. These side groups randomly separate the chain into

crystallizable ethylene sequences of different lengths, assum-
ing that large side groups appear only in the amorphous or
interfacial regions and are excluded from crystallites. In
previous literature, it was speculated that for the ethylene
copolymers with large size branches only the longer ethylene
sequences can pack in the orthorhombic form through so-
called chain-folded lamellar growth, and the shorter ethylene
sequences crystallize predominantly into either MCP or
RCP.3,12,13 As a result, the OCP has higher melting point
due to its large crystalline size, and MCP or RCP has lower
melting point due to the relatively small dimension, giving
rising to a very broad melting range or multiple melting
peaks. When ethylene sequences are short enough, static
chain configuration in crystallized or ordered regions be-
comes impossible due to a high ratio of interface to interior
sites or more effects, leading to the RCP or mobile ordered
phase. Besides the effect of side-chain groups, the thermal
processing of the sample is also very important to the for-
ming ofMCP andRCP. It is also speculated that some of the
short ethylene sequences crystallize into MCP on cooling or
under shear condition and some of the short ethylene
sequences crystallize into RCP during room-temperature
aging.

We also attempted to verify the RCP andMCP structures
using XRD. Unfortunately, no well-resolved reflections
from RCP or MCP were detected by XRD at room tem-
perature, except for the broadened OCP peaks. We consider
that this may be due to the overlapping of broadened
reflections from different phases, since the major reflections
from the above three crystal phases and a noncrystalline
phase appear in the small-angle (2θ) range.52

Figure 10. DSC scans of a series of EO copolymers with different
comonomer contents.

Figure 11. DSC scans of HDPE sample (melted and then quenched in
liquid N2) and the inset showing the CP/MAS 13C NMR spectrum.

Figure 12. Solid-state CP/MAS 13C T1-filtered NMR spectra of EO
copolymers with different comonomer contents.
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4. Conclusions

The structures and thermal properties of the crystalline phases
in EO and EB copolymers with different sizes of side groups have
been investigated using solid-state NMR and DSC. It is found
that the slow-spinning solid-state CP/MAS NMR spectra pro-
vide a convenient method for studying the structures of multiple
phases in ethylene copolymers. Three distinct ordered phases,
OCP,MCP, andRCP,were found to coexist in these two ethylene
copolymers. The 13C chemical shift tensor and dipolar dephasing
time (Tdd) of MCP are similar to those of OCP, illustrating that
these two crystalline phases have similar conformation and
take similar flip-flop movement of chain segments. The RCP,
however, shows the different CSA and molecular mobility from
the orthorhombic and monoclinic phases. Variable-temperature
solid-state CP/MAS NMR spectra with a slow-spinning rate,
together with DSC measurement, reveal that the RCP forms
during room-temperature aging. As the branches content of the
ethylene copolymers increases, the fractions of MCP and RCP
(most likely) increase, accompanied by simultaneous reduction in
the OCP proportion.
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Appendix. Formula for Tdd Calculation

As we known, without 1H decoupling, the overall decay of 13C
transversemagnetization ismodulated by strong 13C-1H dipolar
coupling. Then, the decay of 13C transverse magnetization is
controlled by dynamics rather than thermodynamics; that is, the
decay of 13C transverse magnetization does not follow the simple
exponential law. The corresponding 13C dipolar dephasing time
constant Tdd can be calculated through eq 153

1

ðTC
ddÞ2

¼ Æ
X

j

ðbij=2Þ2æ ¼ M
ð2Þ
C ð1Þ

with

bij ¼ γHγChrij
- 3ð3 cos2 θij - 1Þ

where Æ...æ represents powder average, MC
(2) is the 13C second

moment, bij is the dipolar coupling constant between the ith 13C
and the jth 1H, rij is the distance between two nuclei, and θij is the
angle between rij and the static magnetic field. If the molecular
chain in crystalline phase is completely rigid and there are no any
typemotions, theTdd is calculated to be 12μs by using eq 1with rij
= 1.1 Å. If the crystalline segments make 180� flip-flop motion,
this segmental motion does not change the angle between the
13C-1H radius vector and the static magnetic field. In this case,
the Tdd value equals that (12 μs) in the static chain. On the other
hand, if the CH2 group is in rapid random rotation around
molecular chain axis, the 13C Tdd can be calculated through eqs 1
and 254

cos θij ¼ cos β cos Rij þ sin β sin Rij cos jijðtÞ

Æcos2 θijæt ¼ sin2 βÆcos2 jijðtÞæt ¼ ð1=2Þ sin2 β ð2Þ

where β is the angle between molecular chain axis and the
static magnetic field, Rij is the angle between rij and the
molecular chain axis, Rij= π/2; jij (t) is the polar angle of rij
in the plane perpendicular to the molecular chain axis; Æ...æt
denotes the time average. Inserting eq 2 into eq 1, we find
MC

(2)(rigid) = 4MC
(2)(rotation) after powder average, and

thus we have Tdd = 23 μs for rotational segments around
the chain axis.
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