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ABSTRACT: High-density polyethylene was studied by solid state 1H NMR spectral fitting, relaxation,
and spin diffusion methods. The results are compared with measurements made by Raman spectroscopy,
solid state 13C NMR, density, and DSCmethods. A modified Goldman-Shen solid state 1H NMR technique
was used to estimate the thicknesses of microscopic domains of the polyethylene. Other information
obtained is the mobility of polymer chains in the domains, the proton NMR spin diffusion rate constants,
and the proton NMR spin-lattice relaxation times. Results indicate that the so-called interfacial phase
of the polyethylene is significantly more dense than the amorphous phase and that transport of chains
by the process called “chain diffusion” contributes to the mechanism of 1H NMR spin-lattice relaxation.

Introduction

Semicrystalline polyethylenes are composed of do-
mains with widely different polymer chain mobilities.
In the crystalline domain the chains are highly ordered
and can reorient only very slowly. These domains have
a lamellar morphology. In the noncrystalline domains
the polymer chains are more mobile. The degree of
mobility of chains in the interlamellar noncrystalline
polymer is a subject of much current interest, and it has
been suggested that chains that are close to the lamellar
crystalline surfaces are somewhat ordered and only
moderately mobile.1,2 Another portion of the noncrys-
talline polymer, more distant from the lamellae, is
amorphous and composed of chains with high mobility.
Solid state 1H NMR spectroscopy is sensitive to the

different mobilities of the chains in solid polyethylene.
The solid state 1H NMR spectrum typically consists of
overlapping peaks of very different width. Chains with
high mobility contribute to the narrower peaks, and
immobile chains in the crystalline domains contribute
to the very broad peaks. By deconvolution of the
spectrum, it is possible to determine the relative number
of chains in these spatially distinct domains.
The Goldman-Shen solid state NMR technique has

long been used to characterize the domain structure of
semicrystalline polyethylenes.3-6 This technique meas-
ures the course of diffusion of nuclear magnetization
between the domains of the solid polymer, which include
the crystalline, amorphous, and so-called interfacial
regions.1 Spin diffusion is the process by which nuclear
magnetization is transported through a solid sample
and from one domain to another as a result of flip-flop
transitions due to the internuclear (1H-1H) dipole-
dipole interactions. This process is distinct from a
process involving transport of atoms in the sample,
which might also cause a diffusion of nuclear magnet-
ization. The microscopic dimensions of the polymer
domains can be extracted from modeling of the spin
diffusion process, and dynamic properties of the do-
mains can be inferred. The domain size measurements
complement knowledge obtained from Raman spectros-
copy, X-ray, and electron diffraction, whereas the dy-
namic information obtained is unique to NMR. Gold-

man-Shen techniques have also been combined with
multiple-pulse line narrowing7-9 and 13C detection
methods.10-13

In this note we measure the domain structure, chain
dynamics, and crystallinity of polyethylene by analysis
of proton spin diffusion and spin-lattice relaxation. A
modified Goldman-Shen technique is used and the
results are compared to those obtained with several
other methods.

Solid State 1H NMR of Polyethylene

The solid state 1H NMR spectrum of polyethylene
consists of a narrow signal with a width of about 10 kHz
from protons in the noncrystalline domains, overlapping
a broad signal with a width of as much as 70 kHz from
protons in the crystalline domains.14-19 Also, there
usually appears to be a smaller signal having a width
between those two values.16,18,20,21

Crystallinity of polyethylene can be measured with
NMR by two approaches. First, deconvolution of the
spectrum can give the integrated intensities of the three
types of signals: broad, intermediate, and narrow.
When a two-component fit is used, i.e., broad and
narrow components, the fraction of the total intensity
that the broad signal represents is usually slightly
higher than the crystallinity measured by X-ray dif-
fraction.20,22,23 Although most of the broad signal comes
from protons in the crystalline portions of polyethylene,
it is believed that some of the chains in the noncrystal-
line regions of polyethylene are actually relatively
immobile and contribute also to the broad and inter-
mediate signals.20 Satisfactory agreement with the
X-ray measurement is usually obtained with a three-
or four-component fit of the NMR spectrum,14,16,20,21 but
unambiguous fitting of the spectrum with three or more
components is not generally possible. One problem is
that the overlapping peaks are difficult to distinguish.
Another is that some of the intensity of the broad signal
is lost in the spectrum when either single-pulse or spin-
echo detection is used. Single-pulse detection requires
a preacquisition delay, which decreases the intensity of
the broad signal more than the narrow signal. Spin-
echo detection gives the same problem since it does not
completely refocus the signal of the broad component.24

The second approach involves analysis of the solid
state 1H NMR spin-lattice relaxation curves. For the
typical solid polymer the return of nuclear magnetiza-
tion to equilibrium following an rf pulse is faster for the
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chains of higher mobility than for those of lower
mobility. Computer fitting of the course of nuclear
relaxation allows deconvolution of the decay curve into
parts associated with the crystalline and noncrystalline
regions.25,26 However, this deconvolution can be am-
biguous due to the difficulty of fitting multiexponential
curves.
Measurements of crystallinity in polyethylene with

these two approaches usually differ because they depend
on quite different spin physics.27-29

Measurement of Spin Diffusion

The deconvolution techniques described above meas-
ure only the quantity of protons in a polymer domain.
The spin diffusion technique actually determines the
microscopic dimensions of the polymer domains and
provides information about the dynamic properties of
the chains in those domains. The distance measure-
ment is obtained from computer fitting of a relaxation
curve that is sensitive to spin diffusion.23,30-33 In the
absence of spin diffusion, the nuclear magnetization of
each domain would decay at its characteristic rate
determined mainly by the mobility of polymer chains
in each domain. However, spin diffusion modifies the
relaxation rates of each of the various domains that it
affects. Analysis of the effect of spin diffusion on the
course of nuclear spin-lattice relaxation provides in-
formation about the physical dimensions of the do-
mains.34,35 Interpretation of the line widths and nuclear
relaxation rates gives information about chain mobility.
In order for net magnetization transfer between two

domains as a result of spin diffusion to occur, the
magnetization levels of the two domains must differ. To
generate the differences, two elegant methods have been
devised. First, the Goldman-Shen3 sequence prepares
the system selectively so that longitudinal magnetiza-
tion exists only for the protons in the domains giving
the narrow peak. Magnetizations for the other domains
are zero. The reappearance of magnetization in the
domains giving the broad peak over the course of the
experiment indicates that spin diffusion has taken place.
In the second experiment, the Packer sequence29 pre-
pares the system in the reverse initial state with
magnetization only in those domains giving rise to the
broad NMR signal. Spin diffusion reintroduces mag-
netization into the domains giving the narrow signal
during the course of this experiment.
A limitation of these experiments is that the differ-

ence between the magnetizations of the two domains
that can be prepared is limited. This is because in
nulling the magnetization of one of the components,
most of the magnetization of the other component is
sacrificed. This means that the total initial signal
measured is small and the signal-to-noise ratio is low.
Also, spin-lattice relaxation occurring along with spin
diffusion partially obscures the course of spin diffusion.
Modified Goldman-Shen sequences have been pro-

posed to reduce spin-lattice relaxation effects in the
measurement of spin diffusion.36,37 We have used the
pulse sequence of Zhang and Mehring38,39 with a final
pulse for generation of a solid echo to obtain relaxation
curves for polyethylenes. We find that these modified
relaxation curves have useful features, i.e. the effects
of spin diffusion are more easily observed and thus they
offer some advantage over previous methods for detec-
tion of spin diffusion.
The modified experimental pulse sequence is shown

in Figure 1. It consists of a Goldman-Shen preparation

period, ô, followed by a spin diffusion period, t1. The
final pulse refocuses a solid echo during the time 2tr,
and the signal is detected during t2.
The refocusing time tr for the spin echo that we used

was 15 ís. For a refocusing time of this length the echo
is substantially attenuated relative to the initial sig-
nal.24 The signal attenuation is greater for the broad
component than the narrow component. The differen-
tial loss between the two types of signals must be taken
into account as a fitting parameter when the results are
analyzed.
The signals generated by pulses with the phases

shown on the first line of Figure 1 were added to those
generated by pulses with the phases shown on the
second line. Detection of a difference magnetization in
this manner has the advantage that it is known in
advance to have the value zero for long t1 and need not
be treated as a fitting parameter in the analysis.
Furthermore, alternation of the pulse phases helps to
eliminate spectral artifacts. The phase alternation used
here is similar to that of Torchia sequence, which is
widely used for measurement of spin-lattice relaxation
times in solids.40 Additional phase cycling was also
imposed; we used 1 ) {8(+x)}, 2 ) {4(-x)4(+x)}, 3 )
{+x,-x,+x,-x,-x,+x,-x,+x}, 4 ) {2(-y,-y,+y,+y)}, and
R ) {2(+,-,+,-)} for the phases of the four pulses and
the receiver.
The paths of the magnetization vectors, Mb and Mn,

corresponding to broad and narrow spectral components,
respectively, during the experiment of Figure 1 are
illustrated in Figure 2. Initially, the vectors are aligned
along the +z axis of the rotating frame, in the direction
of the external magnetic field. The first pulse rotates
both of them to the +y axis. Mb decays more rapidly
than Mn, and the delay ô is chosen such that Mb is just
zero at its end. A good value for polyethylene was 28
ís. The remaining portion of the vector Mn is rotated
back to the +z axis after ô by the second pulse. This is
the Goldman-Shen selection.
In the absence of spin diffusion, Mn and Mb would

decay as single exponentials during t1 with the eight-
scan phase cycle used. The magnetization represented
byMn, when measured after t1, would be 1 + {Mn,0[exp-
(-ô/T2,n)] - 1}[exp(-t1/T1,n)] for the first four scans and
-1 - {-Mn,0[exp(-ô/T2,n)] - 1}[exp(-t1/T1,n)] for the
second four scans; where Mn,0 is the equilibrium value
of Mn, T1,n is the intrinsic spin-lattice relaxation time
constant of Mn, and T2,n is the intrinsic spin-spin
relaxation time constant of Mn. Thus for eight scans
the magnetization Mn ) 2{Mn,0[exp(-ô/T2,n)][exp(-t1/
T1,n)]}. A similar equation holds for the magnetization
represented byMb in the absence of spin diffusion. Also,
when measured after t1, Mb would be zero for ô . T2,b.
The effect of spin diffusion is to connect Mn and Mb

during t1 so that their evolution is not simple exponen-
tial. In fact, Mb is zero when t1 ) 0 and ô . T2,b. Yet
Mb actually increases during the early part of t1 as a
portion of Mn is converted into Mb by spin diffusion.
Consequently, Mn decreases rapidly during the early
part of t1 since it is converted into Mb. It is these

Figure 1. Goldman-Shen pulse sequence with a final pulse
to refocus a spin echo.
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features which are more readily observed in the modi-
fied Goldman-Shen sequence. Matching these features
with calculated curves enhances the fitting and thus the
measurement of spin diffusion.

Theoretical Basis for the Data Analysis

The experimental decay curves were compared to
theoretical curves calculated for the one-dimensional
structural model illustrated in Figure 3. Since poly-
ethylene has a semicrystalline lamellar structure, the
model is taken as a repeating series of crystalline and
noncrystalline regions. The repeat unit of the model
structure has three different regions: a region i of
length li in which the polymer chains are immobile and
contribute to the broad spectral component, a regionm′
of length lm′ in which the polymer chains are somewhat
mobile and contribute to the narrow spectral component,
and a regionm of length lm in which the polymer chains
are quite mobile and also contribute to the narrow
spectral component. The intrinsic spin-lattice relax-
ation time, T1, in the absence of spin diffusion of the
protons was assumed to be uniform within each region.
Thus three T1’s were assigned: T1,i which is long, T1,m′
which is somewhat shorter, and T1,m which is short.
Note that we propose that the mobility of polymer

chains in region m′ is great enough to narrow the
spectrum of protons inm′ (as compared to the crystalline
region), but not so great as to make T1,m′ very short (as
expected in the amorphous region).
The basic repeat unit was subdivided into 20 discrete

sections or slices of equal length. The magnetization
level in the various sections was then represented by
the elements of a vector M. The complete list of
parameters needed to describe the model are the
number of sections, the lengths of the regions, the spin-
lattice relaxation rate of each section, the rate at which
magnetization is transferred among the slices, and the
initial vector M(t)0).
The rate of change of M due to spin diffusion and

spin-lattice relaxation is expressed by

where A is a 20 by 20 matrix.
The off-diagonal element Ai,i+1 of A represents the

rate at which magnetization moves from section i + 1
into i. Likewise, the element Ai-1,i gives the rate at
which magnetization travels from section i - 1 into i.
All four off-diagonal elements of A are zero. The
diagonal elements are restricted by the off-diagonal
elements to the values Ai,i ) -Ai-1,i - Ai,i+1 - Ri, where
Ri is the rate of spin-lattice relaxation of section i. The
boundary conditions are that elements A1,1 ) -A1,2 -
R1 and A20,20 ) -A19,20 - R20. The rate at which
magnetization is transferred between sections at the
interface of two polymer regions was assumed to be the
average of the rate of magnetization transfer between
sections within each of the regions separately.
The formal solution of eq 1 for M is

The matrices D and D-1 are those that diagonalize A,
and E is a diagonal matrix containing the eigenvalues
of A.
At the start of the fitting, solutions forMwith various

initial conditions were calculated and compared by eye
to the experimental results. As indicated below, some
parameters were found to be insensitive to the experi-
mental results and were set to assumed values. Then
the remaining parameters were set free to be adjusted
by the computer for the best fit.

Experimental Section
The modified Goldman-Shen experiments were performed

on a sample of high-density polyethylene, Phillips Marlex 6009,
that had been quenched in ice water from the melt (IWQ
sample). The number average molecular weight was 150 000
and the molecular weight polydispersity was Mw/Mn ) 12.5.
The percent crystallinity as measured by Raman spectroscopy,
density, and differential scanning calorimetry (DSC) were 66,
71, and 62%, respectively.41,42 The lamellar thickness meas-
ured by Raman spectroscopy was 178 Å. Density was meas-
ured with a gradient column using triethylene glycol and
2-propanol.
NMR experiments were performed on a Bruker MSL 400

spectrometer operating at ö0/2ð(1H) ) 400.13 MHz. The 1H
NMR probe had a 5 mm coil and a 90° pulse time from 1.7 to
2.1 ís. The time tr for echo formation in the spin diffusion
experiment was 15 ís. A delay of 9-10 s was used between
scans. This value allowed complete return of the broad and
narrow signals to equilibrium. The sequencing of the delay
times t1 in the experiment was also randomized to reduce
artifacts in the relaxation curves. In the experiment with ô )
28 ís, the acquisition time per t1 delay was about 3 h to give

Figure 2. Path of the nuclear magnetization vectors corre-
sponding to a narrow spectral component, Mn, and a broad
component,Mb, in the modified Goldman-Shen pulse sequence
of Figure 1.

i

Figure 3. One-dimensional model for solid polyethylene. The
chains in the regions m and m′ are mobile enough that their
1H NMR spectrum is narrowed, whereas the chains in the
region i are immobile and their spectrum is broad.

dM(t)/dt ) A‚M(t) (1)

M(t) ) exp(At)‚M(t)0) ) D-1 exp(Et)‚D‚M(t)0) (2)
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good signal to noise. All results were obtained at ambient
temperature, about 22 °C.
Solid state 1H NMR spin-lattice relaxation times (T1) were

also measured with the same probe by inversion recovery on
three samples: (a) the IWQ sample, (b) the same polymer
isothermally crystallized for 16 days at 128.5 °C (16d sample),
and (c) the same polymer crystallized by slow cooling in air
from the melt (SC sample).
Elaborate procedures are available for deconvolution of the

solid state proton NMR spectrum of polyethylene into its basic
components.14,17,21,43 In this work it was sufficient to decon-
volute spectra by fitting the polyethylene spectrum to the sum
of a narrow Lorentzian signal with a full width at half-
maximum of 10.3 kHz and a broad Gaussian signal with a
full width at half-maximum of 68.1 kHz. The relative fraction
that the broad signal represented was taken as the crystal-
linity of the sample. For the spin diffusion experiments, two
decay curves, corresponding to the broad and narrow spectral
components, were generated by deconvolution from a single
set of data. The least-squares fitting of the solid state 1H NMR
spectrum was done with the curve fitting module of NMR1,
supplied by New Methods Research, Inc., using a DEC íVaxII
workstation.
Theoretical fits to the proton relaxation decay curves

generated with the modified Goldman-Shen method of Figure
1 were calculated with an iterative least-squares Gauss-
Newton algorithm. The program for the calculation was
written with Mathematica V2.03E and executed on a Macin-
tosh IIfx PC. The error analysis was done with standard
methods.44 Calculation times for the complete iteration de-
pended on the error limits chosen. Typically, a few hours were
required to obtain optimum fits.

Results of Modified Goldman-Shen Experiment
The solid state 1H NMR T1 measured by inversion

recovery for the three samples were 16d sample, 4.5 s;
SC sample, 2.7 s; IWQ sample 1.9 s.
The solid state 1H NMR spectrum of the IWQ sample

of polyethylene measured with a solid echo is shown in
Figure 4. This spectrum was fit to a broad component
comprising 66% of the total area and a narrow compo-
nent comprising 34%. Thus the percent crystallinity as
measured by NMR was 66%.
The relaxation curves obtained from the modified

Goldman-Shen experiment of Figure 1 with delay ô )
1 ís are shown in Figure 5. Figure 5a shows the decay
of the total magnetization. The data points in Figure
5, b and c, represent the relative integrated intensities
of the narrow and broad spectral components, respec-
tively. The dots on the curves are the experimental data
points, and the solid lines are the calculated curves that
are described in detail in the Discussion section. Since
the delay ô was short for the curve of Figure 5a, the
result was nearly the same as for an inversion-recovery
measurement with the Torchia method.40 The total
equilibriummagnetization was taken as unity; thus the
first point in Figure 5a was set to 1.0. The first point
in Figure 5b was 0.34 of the total magnetization, and

the first point in Figure 5c was 0.66 of the total
magnetization. As expected, these initial magnetiza-
tions were the same as that found in Figure 4, since all
were measured with a solid echo under the same
conditions.
Note that both the broad and narrow components of

Figure 5 decay in a similar fashion to the total mag-
netization. The curve of Figure 5a for the total mag-
netization was fit to a single exponential to give a time
constant of T1 ) 1.9 s, the same value found by inversion
recovery.
The relaxation curves obtained from the modified

Goldman-Shen experiment of Figure 1 with delay ô )
28 ís are shown in Figure 6. The data shown were
processed in the same way as those for Figure 5. With
the delay ô ) 28 ís the initial magnetizations were zero
for the broad component and 0.45 for the narrow
component, and the first point in Figure 6a was
(0.45)(0.34) ) 0.15. Thus, in the initial state for this
experiment, only 0.15 of the total equilibrium longitu-
dinal magnetization of the narrow component remained.
This was the maximum difference in magnetization
between the broad and narrow components that we
could prepare.
The most striking features of the data shown in

Figure 6 are the rapid decay of signal at the beginning
of curves a and b and the rapid increase in intensity in
curve c. These effects are due to spin diffusion. The
rapid increase in intensity in curve c is a clear demon-
stration of the return of magnetization to the broad
spectral component via spin diffusion after Goldman-
Shen preparation. The spectrum obtained at t1 ) 0.2 s
in the experiment of Figure 6 is shown in Figure 7. At
this point in the evolution, the narrow signal has become
small enough so that the reappearance of the broad
signal is unmistakable.
The model proposed in Figure 3 for the solid state

polymer structure of polyethylene is critical to the

Figure 4. Solid state 1H NMR spectrum of ice-water-
quenched high-density polyethylene (Marlex 6009).

Figure 5. Relaxation curves for the modified Goldman-Shen
experiment with ô ) 1 ís: (a) total magnetization; (b) narrow
spectral component; (c) broad spectral component.
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interpretation of the experiments. We found that this
model, with three domain types, could be used to fit
simultaneously the curves for both long and short values
of ô with the parameters shown in Table 1. The
calculation was insensitive to the intrinsic T1 for region
i. It only needed to be at least some 3-4 s. This is
longer than the intrinsic T1 found for region m′ and
longer than the time required for magnetization to
traverse the crystalline region by spin diffusion. For a
crystal thickness of 200 Å and D ) (3-6) × 10-16 m2/s,
the time required to traverse the crystal7 would be about
t ) [3/(4D)](200 × 10-10)2 ∼ 0.5-1 s. The calculation
was also insensitive to the spin diffusion rate in region
m, although it was restricted to a relatively small value
by the model (a region with very mobile chains must
have a small spin diffusion rate). The values in boldface
in Table 1 are the results generated by the iterative
fitting: the thicknesses of the three regions, the spin
diffusion rate constant for region m′, and the intrinsic
T1 of regions m and m′.
While the values for initial magnetization do repre-

sent quantities fit to the experimental data and are
necessary for the calculation, there is little to be inferred
from their resulting value. The initial magnetizations

shown in Table 1 were the fraction of the individual
magnetization remaining for each region after the
Goldman-Shen preparation, i.e., after ô. This should
be unity for each region when ô ) 1 ís and less than
unity for longer ô. In the calculation, all initial mag-
netizations were allowed to be iterated and the values
rapidly settled to those shown in Table 1. These values
were then fixed and the iteration continued to find the
remaining parameters.
One problem was that the calculation generated an

initial magnetization of region i when ô ) 1 ís greater
than unity, apparently because some of the broad signal
is lost in forming the spin echo. Thus, for the best fit,
the iteration wanted to have extra initial magnetization
in region i. This problem may also be due to the limited
number of slices used in the calculation.
The calculation generated initial magnetizations of

0.75 for region m and 0.35 for region m′. Thus, the
calculation distributed the initial experimentally meas-
ured magnetization for the narrow component (which
contains signals from both regions) between those two
regions.
In the past it has been difficult to measure spin

diffusion because the Goldman-Shen relaxation curves
decreased monotonically. This was mainly because spin
diffusion only transferred magnetization, while the total
signal remained constant. Since there was also a steady
loss due to spin-lattice relaxation, the curves were not
very sensitive to the calculated models. The curves of
the modified Goldman-Shen experiment (see Figure 6)
exhibited a very rapid change in the beginning and a
long tail. This shape was more sensitive to calculated
models, since both these features must be reproduced
by the calculation. The rapid decay of Mn at the start
of the modified Goldman-Shen curve is partly due to
the detection of the signal with a spin echo. Magnetiza-
tion which is initially only in the narrow peak is
transferred to the broad peak. However, the broad peak
is not detected at full intensity but is scaled by a factor
0.42. Thus the transfer by spin diffusion results in a
net loss of observed signal and a rapid decay in the
beginning. This is a key factor that enhances the
measurement of spin diffusion.
It was critical to observe the growth of Mb and the

decay of Mn at small t1 values for ô ) 28 ís to measure
the effect of spin diffusion by fitting the curves. The
signal to noise at that point depended on the term
exp(-ô/T2,n), which determined the size of Mn when t1
) 0. Thus the choice of ô was critical to the results.
Since the maximum value that Mb attained was only
some 3-4% of the total magnetization, ô must be at least
5 times longer than T2,b so thatMb is initially very close
to zero. We estimate for the narrow signal, T2 ≈ 1/(ð ×
10.3 × 103) ) 31 ís and exp(-28/31) ) 0.40, which is

Figure 6. Relaxation curves for the modified Goldman-Shen
experiment with ô ) 28 ís. Note the difference in the scale of
the horizontal axis from the plots of Figure 5.

Figure 7. Solid state 1H NMR spectrum of Marlex polyeth-
ylene obtained at t1 ) 0.2 s in the experiment with ô ) 28 ís.

Table 1. Parameters for Best Fit of Model to the NMR
Results for the IWQ Marlexa

parameter
region
m

region
m′

region
i

thickness (Å) 24 49 221
intrinsic T1 (s) 0.143 2.76 1000c
spin diffusion rate const
(m2/s)

0c 1.1 × 10-16 3.1 × 10-16b

initial magnetization
ô ) 1 ís 1.0c 1.0c 1.2d
ô ) 28 ís 0.75c 0.35c 0.001c

signal scalinge 1.0 1.0 0.42
a Model shown in Figure 3. b Calculated values not iterated (see

text). c Assumed values not iterated. d See text. e Accounts for loss
of signal during formation of the spin echo.
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close to the measured initialMn of 0.45. For the broad
signal, T2 ≈ 1/(ð × 68.1 × 103) ) 4.7 ís and exp(-28/
4.7) ) 0.003, which is small enough that it did not
interfere with measurement of the growth ofMb via spin
diffusion. Also, the free induction decay for a broad
Gaussian peak decays to zero at 28-30 ís for a fwhm
of 68 kHz.45 The baseline of the spectrum observed at
t1 ) 0 was quite flat and no broad signal was seen. If
a longer value of ô was used, the experiment quickly
became difficult to interpret due to low signal to noise.
In our experience, it was not possible to obtain reason-
able curves for a value of ô greater than about 36-40
ís.

Discussion and Results for Polyethylene
It has long been known that polyethylene contains

an amorphous component and a crystalline component.
The work described here provides evidence for fast spin
diffusion between the components of polyethylene and
makes possible a quantitative measure of the sizes of
the crystalline domains and clarification of their chemi-
cal nature.
Amorphous polyolefins or hydrocarbons with high

molecular mobility typically have a 1H spin-lattice
relaxation time constant, T1, at room temperature of less
than 1 s due to the rapid molecular motions. For
example, noncrystalline ethylene-propylene copolymers
and many elastomers have T1’s much less than 1 s.46
Crystalline solids with little internal molecular motion
have long T1’s, usually much larger than 1 s. Thus, in
the absence of spin diffusion, one would expect to
observe biexponential relaxation, i.e., two independent
T1 values, in semicrystalline polyethylene. The fact that
a single T1 is observed for solid polyethylene has long
been assumed to be indirect proof that spin diffusion in
polyethylene is rapid.23,30-32 However, the averaging
of the spin-lattice relaxation rates by spin diffusion
obscures the intrinsic values of the rates in the absence
of spin diffusion. In fact, partially relaxed spectra from
an inversion recovery experiment showed that the broad
peak can be inverted while the narrow peak is not, thus
suggesting that their intrinsic T1’s are different.
The results shown here provide evidence that the T1

of at least some of the protons in the amorphous region
of polyethylene at room temperature is much less than
1 s. Protons having such short relaxation times must
be located in highly mobile polymer chain units, most
likely unencumbered by chain entanglements or by
interactions with the crystalline lamellae. Thus, in
future work the measurements might be able to dif-
ferentiate between entangled chain units and the re-
mainder of the amorphous region.
Models with only two domains were inadequate for

fitting the experimental data obtained in this work.
Likewise, three-phase models with two of the phases
corresponding to the broad NMR signal were insuf-
ficient. A good fit was only obtained with a region m′
that contributes to the narrow signal. Nevertheless, the
three-domain model with two domains contributing to
the narrow NMR signal is probably a minimal model
for interpretation of the data since there are probably
at least four dynamically different types of chains in
polyethylene when entanglement points in the amor-
phous region are considered. In further discussion we
assign region i to the crystalline domain, region m′ to
the so-called interfacial domain, and region m to the
amorphous domain.
A means for observation of spin diffusion in polymers

such as polyethylene is useful in the extraction of

quantitative information that can be related to the
details of solid state polymer structure. In theory, even
if spin diffusion were to take place between only two
different domains of a solid, the relaxation curve would
be composed of an infinite number of exponential
components.31,32 Separation of such an experimental
curve into its several component exponential parts is
known to be difficult,32,47-53 and interpretation of the
various exponentials is subject to ambiguity even if they
can be extracted.
In fitting the experimental relaxation curves, the spin

diffusion constant used for the crystalline region was
3.1 × 10-16 m2/s, a value calculated from the spectral
width.30 The spin diffusion constant found by fitting
for the interfacial region was 1.1 × 10-16 m2/s. By the
same calculation, this corresponds to a line width of 22
kHz, significantly larger than that used to fit the NMR
data. Thus it suggests that reduced mobility is found
in the interfacial region.
The spin diffusion rate in the most mobile phase,

region m, was set to zero. The presence of relatively
slow spin diffusion within region m in the model and
the thickness of region m had essentially no effect on
the fitting of the curves. In other words, spin diffusion
in region m was not needed in the model. This agrees
with our expectation that chains in the amorphous
region are highly mobile, that the residual secular
proton dipolar couplings are small, and that the proton
T1 of this region is small. An interesting interpretation
of this result is that a narrow slice of region m acts as
the spin-lattice magnetization sink for the adjacent
regions of lesser mobility. This slice can represent an
interface of only a few to several angstroms thickness.
A uniform T1 for the rest of region m would then be
found due to the reorientation, exchange, and transport
dynamics of the chains in that region.
The simple model of Figure 3 has significant weak-

nesses in explaining 1H spin relaxation processes in
polyethylenes. First, it is only one-dimensional. Sec-
ond, it does not include molecular dynamics such as
chain transport, one mode of which for polyethylene is
called “chain diffusion”.54 On the time scale of selective
Goldman-Shen experiments, about 1 s, it has been
shown that the diffusion of chains between the regions
of the polymer is significant, possibly as much as 100
repeat units. Thus magnetization can be transported
by chain diffusion, as opposed to spin diffusion, and
having an intrinsic T1 for each region may not be an
adequate description. Spin diffusion (D ≈ 10-16) is
probably more rapid than chain diffusion (D ≈ 10-17-
10-21) in the regions of lesser mobility at room temper-
ature.54 Chain diffusion has been shown to cause the
dependence of solid state 13C NMR T1 on lamellar
thickness.54 In our samples, we note that the solid state
1H NMR T1 also increases as the crystallinity and
lamellar thickness increase. The 1H and 13C NMR T1’s
for the samples are recapitulated in Table 2. The T1
results suggest that chain diffusion or exchange dynam-
ics also plays a role in the 1H NMR spin relaxation. The

Table 2. Solid State NMR T1’s (s) of Marlex
Polyethylenes

sample 13C T1
a 1H T1

b

IWQ 895, 40, 0.6 1.9
SC 2.7
16d 2990, 132, 0.4 4.5

a The three time constants found in a three-exponential fit of
relaxation curves obtained with the Torchia method.40 b Measured
by inversion-recovery, single exponential fit.
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lamellar thickness for the 16d sample was about 325 Å
by Raman. If chain diffusion dominates the mechanism
of relaxation, then the T1 of the 16d sample would be
about (325/178)2 ) 3.3 times that of the IWQ sample.54
The ratio we observed was 2.4 for 1H and 3.3 for 13C.
Evidently, the chain diffusion mechanism dominates the
13C relaxation and should be a part of the modeling of
proton NMR relaxation in solid polyethylene. This
could be corroborated by studies of the temperature
dependence of T1 and the rate of spin diffusion, and
study of the spin diffusion in the 16d sample.
According to the results of Axelson, the 13C T1 ) 895

s of the IWQMarlex corresponds to a lamellar thickness
of about 220 Å.55 This is compared to results found in
this work: Raman, 178 Å; and 1H NMR spin diffusion
(Table 1), 221 Å. The 13C T1 ) 2990 s of the 16d Marlex
corresponds to a lamellar thickness of about 490 Å,
significantly higher than measured by Raman, 325 Å.
It is interesting to compare the results of the meas-

urement of crystallinity of the polyethylene by different
methods, which are recapitulated in Table 3. The
uncertainty in all values for crystallinity in Table 3 is
about (5 or less, so that solid state 1H NMR and DSC
gave essentially the same result. A trend is that density
gave a value significantly higher than the other meth-
ods. The value for crystallinity obtained from density
measurements is larger because it is essentially a
measure of the crystalline and interfacial content. Thus
the results indicate that the interfacial region is sig-
nificantly more dense than the amorphous region.56
Furthermore, the solid state spin diffusion NMR experi-
ment indicates that the mobility in the interfacial region
is great enough to substantially narrow its proton NMR
spectrum.
The modified Goldman-Shen experiment of Figure

1 is useful for measurement of the thicknesses of regions
i and m′, as well as the rate of spin diffusion. The
thickness of the interfacial region, m′, in Table 1 was
49 Å. This represents some 20 repeat units for an all-
trans chain. If the densities of the crystalline and
interfacial regions are similar, then the ratio of weights
as measured by Raman (Table 3), 66%/14% ) 4.7, agrees
with the ratio of the thicknesses as measured by NMR,
221 Å/49 Å ) 4.5. Of course, the thickness measured
by NMR is dependent on the model chosen to represent
the morphology of the polymer.
In future, details of polymer morphology and hetero-

geneity may be investigated by novel proton spin
diffusion methods.57 The techniques may also be useful
for studies of solid polypropylene at elevated tempera-
ture where the proton spectrum exhibits broad and
narrow components.
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