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ABSTRACT: The carbon-13 spectra and relaxation parameters for bulk linear polyethylene were obtained at 45 °C
and 67.90 MHz for a variety of different semicrystalline samples. By control of molecular weight and crystallization
temperature the level of crystallinity was varied from 0.51 to 0.95, the extremes that are attainable. A variety of mor-
phological forms were developed. The spin-lattice relaxation times, Ty, were found to be the same for all samples,
independent of polydispersity, density, or morphological form. The effective correlation time was calculated to be
the same as that previously reported for the interior chain atoms of pure molten n-alkanes. Thus the fast internal
segmental motions, which determine 7', are essentially the same in the noncrystalline regions of linear polyethylene
and in the melts of low molecular weight n-alkanes. A full nuclear Overhauser enhancement factor is found for sam-
ples of lowest crystallinity in accord with the value reported for the pure melt. However, this factor decreases to unity
as the level of crystallinity increases to 0.94. There appears to be a correlation between the observed line widths and
sample morphology since the results fall into several distinct categories. However, a detailed interpretation must be
reserved until all the factors which can significantly contribute to the line width are evaluated. Both T and 7’5 in-
creased as the temperature was varied from 45 to 145 °C. However, contrary to expectations the ratio T1/7T5 in-
creased. This result suggests that either the motional properties of the polyethylene backbone are substantially dif-
ferent from other chains due to a change in shape in the distribution of correlation times with temperature, or that
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a static factor, enhanced by the high field, is contributing to the line width.

The use of carbon-13 nuclear magnetic resonance and
spin relaxation techniques to study the structure of, and
motions within, bulk synthetic polymers is well established.'-7
Most of the studies to date have been concerned with com-
pletely amorphous polymers well above their glass transition
temperatures. Glassy polymers have been investigated using
dipolar decoupling, cross polarization, and magic angle spin-
ning techniques.8® The only semicrystalline polymer that has
been reported in detail is trans-polyisoprene,2# for which 13C
spin—lattice relaxation times, nuclear Overhauser enhance-
ment factors, and line widths were obtained.*

The overall molecular structure of a semicrystalline polymer
is very complex.10 A lamella-like crystallite is the usual pre-
dominant feature for homopolymers. Associated with these
crystallites are interfacial and interzonal or amorphous re-
gions.10-12 Moreover, the crystallites can be organized, under
certain circumstances, into higher levels of morphology or
supermolecular structure such as spherulites and related
forms.13 The level of crystallinity, the distribution between
interzonal and interfacial regions, and the morphological
forms that develop depend on the molecular weight and the
crystallization temperature in a systematic manner that has
been extensively studied.!%-11.13 Elucidation of the details of
the structure of the different regions and the basis for the
organization has been the subject of extensive study for several
decades. Since carbon-13 spin-lattice relaxation times (T';),
spin-spin relaxation times (7T'2), and nuclear Overhauser en-
hancements factors (NOEF) can provide detailed information
concerning overall molecular and segmental motion,!:14 it
appears appropriate to apply these techniques to semicrys-
talline polymers when the various structural factors have been
systematically controlled. With the above in mind, and to
assess the usefulness of these parameters in contributing to
an understanding of the molecular parameters involved, we
have measured the 13C T';’s, T2’s, and NOEF’s at 45 °C and
67.90 MHz of a series of linear polyethylene samples of dif-
ferent molecular weights, densities, and morphologies. We
have also investigated T'; and T'5 as a function of temperature
between 45 and 145 °C.

Experimental Section

Carbon-13 NMR. Natural abundance !3C Fourier transform NMR
spectra under conditions of scalar proton decoupling were recorded
at 67.90 MHz and 45 °C on a Bruker HX-270 spectrometer. The

samples consisted of chunks or pellets of polyethylene that were
suspended in finely powdered poly(viny! chloride) that was added to
fill the remaining volume of the 10-mm NMR tube. Field-frequency
locking was not used. Given the large values of the measured line
widths (2500 Hz) and the relatively slow drift of the magnetic field
of the superconducting NMR spectrometer (~0.4 Hz/h for 13C oper-
ation), the effect of no field-frequency lock was negligible. The 13C
spectrum of the PVC filler consisted of only an extremely broad band
of very low intensity. It made no perceptible contribution to the
spectra being reported.

The line wideth measurements of the different samples were ob-
tained under identical decoupling conditions, i.e., noise modulation
bandwidth and decoupling field strength. Most of the determinations
were made consecutively. For the few determinations made at other
times, sample a (Table I) was used as a comparative line width stan-
dard. The standard line width varied only slightly (<10%) from the
original value.

The width of the proton resonance arising from the noncrystalline
region of polyethylene was estimated to be about 3-4 kHz from the
narrow component of a typical broadline NMR spectrum.!?1¢ Hence
a proton decoupling bandwidth of approximately 10 kHz was used.
A substantially narrower bandwidth (3 kHz) resulted in a relatively
small amount (10-90 Hz) of additional broadening, depending on the
sample. This narrower bandwidth was used for the T; and NOEF
measurements. The strength of the decoupling field used was ap-
proximately 0.8 G. This value is typical of that used for noise modu-
lated 'H decoupling in 13C experiments on liquids and mobile solids.4
Our experimental conditions are essentially the same as those used
by Schaefer for similarly constituted polymers.* The 13C line width
of a test sample (sample a, Table I) was narrowed by about 10% upon
increasing the decoupling field to 1.6 G. Line widths at half-height
were measured directly from the printed spectra and were corrected
for broadening due to sensitivity enhancement.

Spectral widths of 20 kHz were employed with 4096 or 2048 fre-
quency domain points. In most cases quadrature detection was used.
Free induction decays were multiplied by a decreasing exponential
function to enhance signal to noise. The 90° rf pulse used was of 34
us duration in most cases. Spin-lattice relaxation times were obtained
using the standard inversion-recovery pulse sequence!” with the pulse
repetition rate equal to approximately three times the measured T'1.
Carbon-13 nuclear Overhauser enhancements were measured using
a gated decoupling technique,!8 with the period between the end of
data acquisition and the next 90° pulse equal to about four times the
T, value. Recent analyses!® of the gated decoupling method for NOE
measurement indicate that it may be necessary to employ substan-
tially longer delay periods (X 8T) than are used for T; experiments.
Use of delays which are too short could result in an underestimation
of the NOE. Since we observe the maximum NOE in two cases, and
since all NOE’s were determined under identical conditions, we
conclude that the delay period used here is adequate.

The high-temperature measurements were carried out using a
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Table I
Carbon-13 Spin Relaxation Parameters of Linear Polyethylene

Degree of crystallinity (density)

Bulk® Film/ M, Ty, ms® NOEF W1e, Hz? Morph. Reph, pm
(A) Unfractionated Samples

(a) 0.51 0.53 2.0 X 106 369 2.0¢ 501 None

(b) 0.68 0.69 1.7 X 105 356 700 Spher. 6.9
(c) 0.72 0.75 2.0 X 108 358 496 None

(d) 0.81 0.78 1.7 X 105 348 1.54 695 Spher. 16.5

(B) Fractionated Samples

(e) 0.54 0.55 6.1 X 108 5008 None

(f) 0.70 0.68 6.1 X 108 503 None

(2) 0.54 0.53 2.5 X 108 560 None

(h) 0.51 0.50 2.5 X 10° 355 2.0°¢ 625 Spher. 4.4
(i) 0.57 0.56 8.1 X 10* 343 622 Spher. 2.5
) 0.94 0.92 2.75 X 10* 362 1.0¢ 945 Rod

@ Estimated accuracy £10%. b Estimated accuracy £5-10%. ¢ Estimated accuracy £0.1. ¢ Estimated accuracy £0.2. ¢ For NMR.

! For light scattering. ¢ Estimated.

Bruker B-ST 100/700 variable temperature unit. At 90 °C the sample,
in a 10-mm NMR tube, was covered with D20 for locking purposes.
At 116 and 145 °C, the polyethylene pieces in a 10-mm tube were not
covered with liquid. However, the sample tube was concentrically
placed within a 13-mm tube with tetrachloroethane-ds in the annulus
for locking. In the 90 °C T'; experiment for C44Hgq the sample, in an
8-mm tube, was concentrically placed in a 10-mm tube with D0 in
the annulus.

Polyethylene Samples. Several different types of linear poly-
ethylene samples were studied. The two unfractionated samples, M,
=20 X 10%and 1.7 X 105, were Hifax-16 and Marlex-50 and obtained
from the Hercules Co. and Phillips Petroleum Co., respectively. The
molecular weight fractions were obtained from several different
sources. The two highest molecular weights, M, = 6.1 X 10% and 2.5
X 108, were obtained by liquid-liquid fractionation using methods
previously described.202! The three lowest molecular weight fractions
were obtained from preparative gel permeation chromatography and
supplied by Societe Nationale des Petroles D-Aquitaine (SNPA),

The variations in the level of crystallinity were obtained by methods
previously developed.!1:20:21 The low levels of crystallinity (samples
a, b, e, g, h, i) were obtained by rapidly quenching, under vacuum, from
the melt at 165 °C to a temperature of less than —70 °C. The relatively
high levels of crystallinity (samples c, d, f, and j) were obtained by
transferring the molten polymers to 130 °C, where they were iso-
thermally crystallized for 14 days. The samples were then slowly
cooled to room temperature over the period of 1 day. The degree of
crystallinity was obtained from density measurements in a 2-propa-
nol-water gradient column at 23 °C using the specific volume relations
of Chiang and Flory.?? The enthalpy of fusion was determined for
several samples in the conventional manner.2324 The relationship
between the density and enthalpy of fusion followed the pattern
previously established.?4

Low-Angle Light Scattering. For these experiments thin films
were prepared by melting the sample (at 165 °C) between the plates
of a Carver Press. The thin films were crystallized in a manner very
similar to that described above. The densities at room temperature
were very similar to the samples prepared for the NMR measure-
ments. In all cases the polymer film thicknesses were in the range of
about 30 to 100 um.

The H, small angle scattering patterns were recorded with a pho-
tographic laser light scattering apparatus similar to that developed
by Stein.? To reduce surface scattering, the films were placed between
glass microscope slides with silicone oil as an immersion fluid. The
spherulite size was calculated from the H, pattern by the formu-
1a26

4xR
41= "Tsin (Arman/2)

where R is the radius of the spherulite, \ is the wavelength of the light
in the film, and 6,4y is the scattering angle (measured with the film)
at which the maximum scattering intensity occurs.

Results and Discussion

A summary of the results is given in Table I. Here the dif-
ferent samples studied, their level of crystallinity as obtained

from density measurements, and the 13C T1’s, NOEF’s, and
resonance line widths at 45 °C and 67.90 MHz are listed. The
last two columns in Table I summarize the morphological
characteristics that were obtained from the low angle light
scattering patterns. The next-to-last column indicates the
kind of morphology or supermolecular structure formed. In
accord with previous reports no distinct morphology is ob-
served for the very highest molecular weight samples.13 This
conclusion can now be extended to high molecular weight
samples of much higher density than have previously been
studied. Thus samples which are 70% crystalline but of high
molecular weight, greater than ~2 X 106, do not display any
distinct morphological features. The highest level of crystal-
linity sample that we have produced (sample j) gives a pattern
which is characteristic of large rodlike aggregations of lamellae
approximately 20 um in length. All the other samples studied
here are spherulitic. Their radii, in microns, are listed in the
last column of Table I. Some new aspects of the influence of
molecular weight and level of crystallinity on the morphology
or supermolecular structure can be seen even in these limited
observations. They are clearly in need of further investigation
but this subject is removed from the main theme of the present
study. It suffices, for present purposes, to just note these
different classes of morphology.

Figures 1 and 2 illustrate the partially relaxed FT spectra
for samples a and j, respectively. These samples represent the
extremes of molecular weight and density that have been
studied. Figures 3 and 4 show the nuclear Overhauser en-
hancement measurements for the same samples. T'aking into
account the very large line widths observed here, compared
to those normally observed for polymers in solution,! the
quality of the spectra in Figures 1-4 can be considered quite
good. It should be recognized that for the 94% crystalline
sample, the observed signal arises from approximately 6%
(~35 mg) of the total number of CHs units and has a line width
of approximately 1 kHz. As is indicated in Table I, reasonably
accurate T'; and NOE values could be obtained for this sample
(Figures 2 and 4). The resonances observed in the scalar pro-
ton decoupled 13C spectra for these samples should arise only
from the relatively mobile amorphous and interfacial non-
crystalline regions.! This conclusion was confirmed by an
unsuccessful attempt to obtain a high resolution 13C NMR
spectrum of polycrystalline n-tetratetracontane (CssHgp)
under the same operating conditions. This solid hydrocarbon,
which serves as a good model for the crystalline regions of
linear polyethylene, yields a spectrum which consists of only
an extremely broad band many thousands of Hertz wide, and
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Figure 1. Set of partially relaxed 3C FT NMR spectra of linear
polyethylene; sample &, degree of crystallinity 0.51 (Table I); at 45 °C
and 67.9 MHz. 7 values are shown in ms, 2200 scans, 1.1 s pulse se-
quence repetition rate, 11.7 Hz artificial broadening due to expo-
nential filtering.
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Figure 2. Set of partially relaxed '*C FT NMR spectra of linear
polyethylene; sample j, degree of crystallinity 0.94 (Table I); at 45 °C
and 67.9 MHz. r values are shown in ms, 12 500 scans, 1.1 s pulse se-
quence repetition rate, 15 Hz artificial broadening due to exponential
filtering.
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of very low intensity relative to the spectrum of the highest
density polyethylene sample. In fact, this band cannot be
distinguished from the slight baseline roll that is sometimes
obtained in FT NMR spectra after the accumulation of large
numbers of transients and can be easily attributed to this
factor. As indicated previously, similar results were obtained
for the finely powdered poly(vinyl chloride) filler.

The presence of crystallinity might be expected to influence
the spectra of the noncrystalline regions and the associated
13C relaxation parameters.* As is definitively shown in Table
I, this expectation is not fulfilled for the spin-lattice relaxation
time, T';. Irrespective of the wide range in level of crystallinity
and molecular weights studied and the different morpholog-
ical forms and spherulite sizes that are represented by these
samples, T'; is, within experimental error, equal to 350 ms.
Similar results have been obtained for cis-polyisoprene.2” In
this latter case, a comparison can be made at the same tem-
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Figure 3. Carbon-13 spectra and integrals used to determine the NOE
with gated decoupling for sample a (Table I); 1024 scans, 1.4 s pulse
sequence repetition rate, 25 Hz artificial broadening due to expo-
nential filtering. Scaling factors for spectra and integrals are at right:
(A) with NOE; (B) without NOE.

perature between the completely amorphous, supercooled
polymer and one which is about 30% crystalline. Identical T’s
were obtained at 0 °C for each carbon of completely amor-
phous and partially crystalline cis-polyisoprene.2?

To interpret these results we recognize that T is deter-
mined by the relatively fast, and thus localized, segmental
motions that occur at or near the Larmor frequency. These
types of motions must then be the same for the noncrystalline
regions of all the samples studied. This result might be an-
ticipated for samples of low density which do not form
spherulites since long sequences of disordered units should
be present. In this connection, we note that the spin-lattice
relaxation times of carbons in completely amorphous poly-
isobutylene are independent of molecular weight in the range
1.3 X 103 to 3.5 X 108.7 The fact that the spherulite forming
samples also have the same T; indicates that the fast seg-
mental motions of the amorphous material contained within
the system of organized lamellae are also the same. It is,
however, quite surprising that the sample which is 94% crys-
talline, sample j, also has the same T';. In this case the signal
must arise almost entirely from regions that are on or in very
close proximity to the crystallite surface and might be antic-
ipated to be highly constrained. The results for linear poly-
ethylene, and for cis-polyisoprene,?” indicate that the seg-
mental motions which are reflected in the 7'y measurements
are the same for all noncrystalline regions of polymers as well
as for the melt.

The NT, value of about 700 ms found for the linear poly-
ethylene samples indicates that the internal rotations about
the carbon-carbon bond are relatively fast. This conclusion
is reached because of the full NOEF values found for the
samples of lowest density so that the extreme narrowing
condition appears to be satisfied for T'; and NOEF.14 How-
ever, the line widths are much broader than required to fulfill
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Figure 4. Carbon-13 spectra and integrals used to determine the NOE
with gated decoupling for sample j (Table I); 11 000 scans, 1.4 s pulse
repetition rate, 31 Hz broadening due to exponential filtering. Scaling
factors for spectra and integrals are at right: (A) with NOE; (B)
without NOE.

this condition (see below).

In examining the segmental motions of the noncrystalline
regions of linear polyethylene, as monitored by 13C T'’s, it is
of interest to compare them with the properties of molten, low
molecular weight n-alkanes. The T'; for linear polyethylene
is about % to % the value found at a comparable temperature
for the interior chain atoms of pure, molten n-alkanes con-
taining 18-20 carbon atoms.28:2% Lyerla, McIntyre, and Tor-
chia?® used a self-consistent analysis to determine correlation
times for internal motion. The effective correlation time, 7.,
is expressed as

res® 1
Nh2yc?vu? T1
Here rcy is the carbon-hydrogen bond distance, y¢ and yu
are the gyromagnetic ratios of carbon and hydrogen, respec-
tively, and N is the number of directly attached protons. The
value of 7.¢ for the jth carbon within the chain was considered

to have contributions from both the overall and internal mo-
tions and could be expressed as

(jTeff)_l = (j"'i)_1 + (To)—l (2)

Here 7, is the correlation time for isotropic overall rotation
(the same for all carbons) and /7 is the correlation time due
to internal motions for the jth carbon. The difference in the
rates of segmental motion between carbons j and & is thus
given as (ref 29)

TGR) V= (e = Fregd ™l = (Ur)~t = (Br)~1  (3)

The highest molecular weight rn-alkane that has been
studied to date is n-eicosane (CooHyz).2% At 39 °C and 15.08
MHpz, carbons up to four from the chain end could be resolved
and distinguished from the internal CHj resonance. Using this
treatment, the best available estimate for the correlation time

(1

Teff =
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Table I1
Temperature Dependence of the 13C Spin-Lattice
Relaxation Times and Resonance Line Widths of Linear

Polyethylene®
Apparent
T,°C Ty, msb Wise, Hzb T,¢ ms Tl/Tz
45 350 503 0.63 550
90 770 338 0.94 820
118 1050 245 1.3 810
145 1590 183 1.7 870

¢ Sample f. ® Estimated accuracy +£10%. ¢ Apparent Ty = 1/
Wi

for internal motion of the backbone would be 7(4,internal)
which represents the value farthest away from the chain end
that can be measured. From the data given in Table II of ref
29 and eq 1 and 3 presented here, we find that for n-eicosane
7(4,internal) = 6.6 X 10~11 5, For polyethylene, if one identifies
Tett With 7geg, then from eq 1 and the experimental NT'; value
of 700 ms we-obtain the same value of the correlation time at
45 °C. While the exact quantitative agreement obtained be-
tween 7(4,internal) of n-eicosane and 7.g of polyethylene is
probably fortuitous, and the use of an isotropic model for
polyethylene is admittedly approximate, these calculations
very strongly suggest that the segmental motions are identical
in the two cases.

A more rigorous analysis has been used by Levine et al.3°
These authors calculate 13C dipolar relaxation times for
molecules rotating anisotropically and with multiple internal
rotations.3® They apply the theory to a number of n-alkanes,
treating the overall rotation of the molecules as being that of
axially symmetric prolate ellipsoids (all-trans configuration
assumed). It was found that the diffusion coefficient about
the ith bond, D; = 1/(67;), was the same for all bonds except
the one adjacent to the terminal methyl. The value of D; de-
creases almost linearly, from 2.0 X 101210 0.8 X 1010s~1 asn
goes from 6 to 18. As in the previous analysis, individual D;’s
could be obtained only up to four bonds away from the chain
end to the limitations of spectral resolution. The D; value for
the longest chain length corresponds to a r; value of 2.2 X 10~11
s, which is very close to the value obtained from the treatment
of Lyerla, et al.?? A linear extrapolation of the plot of D;
against n from Figure 9 of ref 30 indicates that a 7; value of the
order of 6.6 X 10! would be obtained for an alkane chain of
about 22 carbons assuming a constant D; for all bonds except
that adjacent to the terminal methyl. These analyses strongly
support the concept that the fast segmental motions, which
determine Ty, are essentially the same in the noncrystalline
regions of linear polyethylene and in the melts of low molec-
ular weight n-alkanes. Moreover, neither the level of crys-
tallinity nor the major differences in the morphological forms
that have been developed influence this type of motion in the
polymer.

The temperature variations of the 13C Ty’s for sample f (M,
= 6.1 X 108, 1 — A = 0.70) over the range 45 to 145 °C are given
in Table II and Figure 5. T is a smoothly increasing function
of temperature which again confirms the “fast solution” for
Totr at 45 °C. The value of 1.59 s at 145 °C reported here is in
agreement with the value of 1.37 s obtained by Inoué et al.3!
at 155 °C for the pure melt.

The plot in Figure 5 does not reveal any major discontinuity
in T'; as the melting temperature is traversed. This result is
in apparent contradiction to a recent report on proton spin—
lattice relaxation32 for a high molecular weight linear poly-
ethylene sample. The proton 7'; for the mobile fraction of an
annealed sample increased from 0.8 to about 1.1 s between 45
and 120 °C then dropped sharply to about 0.6 s at T',,.32 Above
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Figure 5. Plot of T, (®) and W2 (O) as a function of temperature
for linear polyethylene. Sample f (M, = 6.1 X 108; 1 — X = 0.70; non-
spherulitic).

T, the proton T'; rose again, but at a faster rate than in the
lower temperature range. The 13C data, on the other hand, can
exhibit, at most, only a very small discontinuity in this tem-
perature range.

The smooth increase in the 13C T with increasing tem-
perature through the melting point is not surprising since
there are several reasons that the 3C T';’s are more reliable
indicators of molecular mobility than proton T’s.! Most
important, spin-lattice relaxation of protonated carbons at
natural abundance is dominated by the intramolecular dipolar
mechanism with the attached protons. It is not subject to the
complication of spin diffusion.! Thus, the fast segmental
motions, which are independent of degree of crystallinity and
morphology and are the same as in the totally amorphous
polymer, would not be expected to be significantly influenced
by the melting of crystalline regions.

The T'; value obtained for linear polyethylene at 90 °C can
be compared with that of the n-alkane n-tetratetracontane
(C44Hgo), which is a pure liquid at this temperature. The in-
terior carbons of C44Hgg exhibit a T'; of 1.23 s at 90 °C, com-
pared to the value of 0.77 s for polyethylene. Recalling the
previous comparison of 71 values of polyethylene with n-
eicosane at 45 °C and the subsequent analysis in terms of
overall and segmental motions (eq 1 and 3), we conclude that
overall molecular rotation still makes a significant contribu-
tion to the interior carbon T of C44Hgo. However, this T'; is
closer to that for polyethylene at 90 °C than was found for
n-eicosane at 45 °C relative to the polymer at the same tem-
perature. Hence overall rotation makes a reduced contribution
to the T'; of C44Hgg at 90 °C. A direct comparison of segmental
motions, as was given for n-eicosane and polyethylene, was
not readily possible for C44Hgo because of the difficulty of
resolving the relatively weak C-4 resonance from the interior
methylene resonances.

In contrast to the spin-lattice relaxation times, the NOEF
values (measured NOE-1) given in Table I are not the same
for all samples. The two samples of lowest crystallinity,
samples a and h, respectively, have the maximum NOEF of
2.0. Inoué and collaborators3! found the full NOE value for
molten polyethylene at 155 °C. Thus a full NOE can be con-
sidered to be characteristic of the completely molten state of
polyethylene. This state would then be characteristic of the
noncrystalline regions of samples a and h. For samples with
the highest crystallinity, d and j, the NOEF is significantly
reduced. From the data that are presently available the NOEF
appears to depend on the level of crystallinity and not spe-
cifically on the morphological form. These first reported ob-
servations, with varying crystallinity and morphology, suggest
the possibility that, when reduced values are observed, the
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nuclear Overhauser enhancement factor may be a sensitive
probe of the noncrystalline structure.

Reduced NOEF values have been previously reported for
carbons in pure amorphous polymers? and in solution.33 In
general the same NOEF was found for all backbone carbons.
The measured value did not correspond to that predicted from
the measured T for an isotropic, one correlation time
model.343% The measured T; was such that the extreme
narrowing condition should be fulfilled, and hence a maximum
value of NOEF was expected. This apparent discrepancy was
explained by introducing a broad distribution of correlation
times.1-® With this postulate it was possible to simultaneously
explain the observed T, T, and NOEF values.!3 However,
for bulk polyisobutylene, where reduced NOEF’s were also
observed,” the 13C spin-relaxation parameters could be in-
terpreted, to a reasonable approximation, by a single corre-
lation time model (or at most a narrow distribution) but with
a “‘slow” solution, not in extreme narrowing, for 7.¢r. The va-
lidity of the “slow” solution in this case was confirmed by the
frequency dependence of T'.

In the present case a distribution of correlation times is not
required to solely explain the 77 and NOEF results by
themselves for the lowest crystallinity samples. The “fast”
solution for 7 is confirmed for the samples having full NOEF
and indirectly for the remaining samples, since T'; does not
change. For the “slow” solution of 7. to apply to the other
samples, essentially the minimum NOEF of 0.15 is necessary.
This requirement is not compatible with the experimental
observations. The reduced NOEF’s observed for the higher
crystallinity samples could arise from some phenomenon in-
volving a distribution of correlation times imposed by the
crystalline regions. However, the detailed nature of such a
distribution is not clear. Evidently the noncrystalline regions
of these high crystallinity samples experience chain motions
that reduce the NOEF substantially but do not affect the line
widths or T';’s to a degree expected on the basis of previous
studies.1:34 The possibility also exists that the observed
NOEF, particularly for the higher crystallinity samples, arises
from the CHj units being located in more than one motional
environment, as for example from the interfacial and inter-
zonal regions. Hence the NOEF would represent a weighted
average value.

The experimentally observed 13C line widths are not the
same for all the polyethylene samples and are in the range of
about 500-900 Hz at 67.90 MHz. For other polymers that have
been studied to date, both in bulk and in moderately con-
centrated solution,!+33 T; is not generally equal to T;. The
polyethylene line widths are about two or three orders of
magnitude broader than would be expected if T; = T5. As has
been indicated in the Experimental Section, the 13C line width
of a test sample narrowed by only about 10% upon doubling
the decoupling power. Hence incomplete decoupling is not a
major factor in determining the large line widths observed
with polyethylene. These results have, in a general way, been
attributed to the fact that, for polymers, the segmental mo-
tions which contribute to T'; and the NOEF are not necessarily
the same motions that determine Ty and hence the line width.
Slower modes of polymer motion, characterized by long cor-
relation times, do not effectively contribute to T; and the
NOEF but can contribute to T5. However, for elastomers with
effective correlation times, calculated on the basis of T,
comparable to that of polyethylene, much reduced NOEF’s
and line widths of the order of 20-50 Hz were observed.*
These are very narrow compared to those found for polyeth-
ylene.

There is evidence that suggests that the resonance lines
become broader with crystallinity. A study of trans-polyiso-
prene, which is about 40% crystalline at 40 °C, indicated a
broadening of all the 13C resonances which could be due to this
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cause.* However, a direct comparison was not made with the
completely amorphous polymer to firmly establish this point.
A comparison of the !3C spectra of completely amorphous and
partially crystalline (about 30%) cis-polyisoprene at 0 °C in-
dicates that the line width increases by about 50% with crys-
tallization.2’ Though there is clear evidence that crystallinity
does cause a broader spectral line than would otherwise be
expected, the polyethylene line widths are substantially larger
than have been observed for the other semicrystalline poly-
mers. For the semicrystalline polyethylenes a rather unusual
set of 13C spin-relaxation data are found, namely very large
line widths accompanied by long T'y’s and substantial NOEF’s,
A major problem thus arises in having to simultaneously ac-
count for the T'’s and substantial or full NOEF values which
suggest fulfillment for samples (a and h) of the extreme nar-
rowing conditions with the apparently contradicting feature
of line widths which are an order of magnitude larger than is
observed for trans-polyisoprene.*

There are several possible reasons that can be offered for
the abnormally large line widths that are observed. One is that
the '3C spin-relaxation behavior is due to a distribution of
correlation times (for isotropic rotation). However, in view of
the T values, their temperature dependence, and the full
NOEF’s, a distribution resembling that used previously by
Schaefer for amorphous elastomers! cannot simultaneously
explain the data. In fact, we have found that such a distribu-
tion cannot explain the data for erystalline trans-polyisoprene
at 40 °C.4?7 Phenomologically, it should be possible to con-
struct a modified distribution which would simultaneously
explain all these 13C spin-relaxation parameters. Essentially
a bimodal form would be required, with one portion having
the bulk of its spectral density at or near the Larmor frequency
(for T and NOEF). The spectral density of the other portion
would be concentrated in the low-frequency region (for T's).
The high-frequency portion of this distribution could be ad-
justed to account for reduced NOEF’s as observed for samples
d and j. This construction would represent a formal analysis
without any direct connection, at present, to molecular in-
terpretation.

Another possible explanation is that the large line widths
arise from incomplete motional narrowing. Restrictions of the
segmental motion due to the presence of crystallites, the
further influence of higher morphological forms, and the
presence of chain entanglements in the amorphous regions
could restrict the CH vectors from rotating at a fast enough
rate through all solid angles of space. As has been pointed out
by Schaefer this possibility is distinguished from broadening
due to slow but isotropic rotation, as characterized by the
“intermediate” and “slow” regions of correlation time dis-
tributions used previously.3-3¢ If this explanation is accepted,
there is still the need to explain the major differences observed
between trans-polyisoprene and at least the low-level crys-
tallinity polyethylene at the same temperature. These poly-
mers have approximately the same degree of crystallinity, and
both exhibit fast segmental mobility on the basis of their T
values. Yet the line width observed for polyethylene is.about
an order of magnitude larger than that found for the compa-
rable carbons of trans-polyisoprene. With this explanation
there must be a major influence of the chemical structure of
the repeating unit.

Contributions of nonmotional or static phenomena to the
line widths need also to be given some consideration. One such
possibility would be that differences in bulk magnetic sus-
ceptibility exist within the sample volume. Change in nuclear
screening would result353 and give rise to a broadening of the
resonance. Such broadening could occur from the irregular
macroscopic sample configuration used here or possibly from
microscopic differences within the sample. Broadening from
this cause will vary linearly with the applied field36 and hence
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will be approximately three times more severe in the present
work at 63.4 kG as compared to all previous studies of this type
which were carried out at lower field strengths.? Further
studies are obviously required to ascertain and separate the
different contributions to the observed line widths. Some of
these are currently in progress.

The third column of Table II gives the 13C line width of
polyethylene, sample f, as a function of temperature through
the melting region. As expected the line narrows with the in-
creased segmental mobility introduced at higher tempera-
tures. The crystalline content also decreases to zero as the
temperature increases to 145 °C.20 However, despite the ob-
served narrowing, the line is still substantially larger than
expected at the higher temperatures when compared with
other polymers. For example, the polyethylene line width of
183 Hz at 145 °C is about an order of magnitude greater than
is observed for cis- or trans-polyisoprene at 40 °C and 22.6
MHz.# We have also found that the methylene resonance of
bulk polyisobutylene (M = 3.5 X 106) at 145 °C and 22.6 MHz
has a width of about 55 Hz37 although its average segmental
mobility at 45 °C is over two orders of magnitude slower than
polyethylene at the same temperature.” In view of the slight
dependence of the line width at 45 °C on decoupling power,
the relatively large value observed for polyethylene at 145 °C
cannot be due to incomplete decoupling. The proton line being
decoupled is much narrower at 145 °C than at 45 °C. More-
over, at 116 °C and certainly in the pure melt at 145 °C the
presence of crystalline regions cannot be making a substantial
contribution to the line widths.

Also listed in Table II are the apparent T'y’s calculated from
the line widths (apparent T's = 1/7 W) and the ratio 7,/T%
at each temperature. For amorphous polymers, T is generally
greater than T'5.438 This behavior has been attributed to the
presence of slow modes of polymer motion which contribute
to T2 but not to T;. As the temperature increases, polymer
chain segments will experience increased motional freedom
and hence the average correlation time will decrease. More-
over, if a distribution of correlation times is invoked to de-
scribe the motion, the width of such a distribution should be
narrower (i.e., the motion is more liquid-like) at high tem-
peratures.! Such narrowing of the correlation-time distribu-
tion with increased temperature has been observed for several
polymers in solution.?* Hence it is expected that with in-
creasing temperature the ratio 7/7Ts will decrease and ap-
proach unity.38

The opposite behavior is, however, found for polyethylene
(Table II) where the T'1/T> ratio essentially increases with
increasing temperature. It is difficult to explain this behavior
if only motional factors are responsible for the line width at
145 °C. At this temperature all restraints on chain mobility
arising from the presence of crystalline regions must be re-
moved. The influence of factors responsible for incomplete
motional narrowing of the lines at 45 °C should be greatly
reduced. Even though chain entanglements will still be
present, the motional behavior of a CH vector in polyethylene
at 145 °C should approach that in a low molecular weight
n-alkane in the liquid state. There could, therefore, be a large
static factor contributing to the line widths or a change in the
shape of the distribution of correlation times with tempera-
ture.

It was recently found that there was essentially no change
in T'1/T with temperature for bulk cis-1,4-polybutadiene.?®
However, in this study the temperature range was only 19 °C,
which is not very decisive for analytical studies. Moreover, the
values of T'1/Ts for polyethylene are about one and a half or-
ders of magnitude larger than for cis-polybutadiene.3®

Detailed correlations between the line width of 13C reso-
nances arising from the amorphous and interfacial regions of
semicrystalline polymers, in particular polyethylene, and
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morphology cannot be made with certainty until the major
factors contributing to such line widths have been delineated.
The results reported here point to the possibility that 13C line
widths could serve as a sensitive probe of semicrystalline
polymer morphology. For example, the data in Table I do not
show any obvious relation between the observed line widths
and degree of crystallinity or polydispersity of the different
samples. There does, however, appear to be a correlation be-
tween the line widths, as directly measured, and the mor-
phology or supermolecular structure. The line widths can be
divided into essentially three categories. All samples, irre-
spective of molecular weight, polydispersity, or density, which
do not show any definite morphology samples (a, ¢, e, f) have
the narrowest lines all of which have a width of about 500 Hz.
The line widths of the samples which display a definite
spherulitic morphology are greater. They range over about 100
Hz. They may also be dependent on the spherulitic radius, but
a larger range in sizes needs to be developed to more definitely
establish such a pattern. The third category, with a much
broader resonance line width, is associated with the rodlike
morphology of the sample of highest density. In this connec-
tion we should note that we have recently obtained a 3C
spectrum for a polyethylene fraction crystallized from dilute
solution. This sample, with a degree of crystallinity, from
density of 0.80 has an observed line width of about 2000

Hz.
In summary, the detailed study of the carbon-13 relaxation

parameters for linear polyethylene has indicated that the fast
internal segmental motions, as manifested in Ty, are inde-
pendent of the level of crystallinity and the different super-
molecular morphological forms that have been developed. The
motions in the noncrystalline regions are essentially the same
as those in the melts of low molecular weight n-alkanes. The
apparent values of T, as determined from the observed line
widths, are very small reflecting abnormally broad resonance
lines for polyethylene in both the partially crystalline and
completely amorphous states. The different possibilities that
could be contributing to this observation have to be sorted out
so that any relationship that may exist between T’ and mor-
phology can be established.
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