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Starting from the phenomenological Bloembergen-Purcell-Pound equation a relation between magic-angle
spinning (MAS) rate and spin diffusion is derived. The resulting model equation was fitted to observed spin
diffusion versus MAS rate data obtained at 298 K on an high-density polyethylene sample, revealing a reduction
in the effective spin diffusivity by (65+ 5)% when increasing the MAS rate from 2 to 12 kHz. The same
model equation enabled the rigid-lattice diffusivity to be estimated and was found to be only slightly higher,
by approximately 10%, compared to the spin diffusivity observed at the lowest MAS rate applied (2 kHz).
Moreover, the model equation predicts a reduction in the effective spin diffusivity by more than 90% when
increasing the MAS rate to more than 30 kHz.

Introduction

Solid-state NMR has been widely applied to explore the
domain structure and the morphology of polymers. Using the
SciFinder Scholar software, more than 1000 references were
found containing the concepts morphology, polymer, and NMR.
To obtain information regarding morphology and domain
structure by solid-state NMR, the magnetization within a certain
domain may be monitored as a function of diffusion time
(“diffusion profile”) by applying various magnetization transfer
techniques (transfer of magnetization between phases/domains).1-4

By model-fitting the initial part of this diffusion profile (initial
rate approximation) or by fitting the complete diffusion profile
(at all diffusion times) to an analytical solution of the diffusion
equation (as derived from a solution of Fick’s diffusion equation
under proper initial conditions and spatial constraints),1,4-7

structural information regarding spatial heterogeneities in a broad
range of dimensions ranging from 0.1 to about 200 nm may be
obtained. However, no matter what kind of method is employed,
reliable spin diffusion coefficients for the respective domains
are needed to obtain quantitative information regarding domain
sizes.

In routine solid-state NMR, the use of magic-angle spinning
(MAS) has proven to be crucial when probing molecular
structure. For rare nuclei like13C, MAS mainly averages out
chemical shift anisotropy of the rare spins and reduces the1H-
13C dipolar interaction. This, in turn leads to a significant
enhancement in spectral resolution, which would otherwise
result in a rather broad and featureless spectrum. Many of the
above-mentioned NMR publications involve a combination of
cross polarization (CP) and MAS (with the objective to
discriminate between the different phase components) and make
implicitly use of spin diffusion coefficients (D) as derived from
static experiments or theoretical calculation without considering

the effect of MAS.8-10 Because the spin diffusivity also depends
on the dipolar interaction, it will consequently depend on the
MAS rate as well.11-17 The influence of MAS rate on spin
diffusivity has been well documented from both1H-, 13C- and
15N NMR16,17experiments. Various recoupling pulse sequences
may be applied to counterbalance the decreasing spin diffusivity
caused by MAS.16 Also, analytical calculations as well as
numerical simulations have been presented to obtain internuclear
distances from proton-driven spin-diffusion experiments under
MAS.17 To improve the reliability of such diffusion-dependent
parameters, a relation between diffusivity and MAS rate needs
to be established.

In 1993, Schmidt-Rohr et al. reported on a correlation between
line width and spin diffusivity4 and noticed that an overestima-
tion of the residual dipolar coupling may result due to spectral
overlap. Later, Mellinger et al. showed18 that for mobile
polymers the spin diffusivity could be correlated to the effective
spin-spin relaxation rate [(T2*)-1]. Cherry19 applied this method
successfully on polymer membranes using both double quantum
(DQ) filter and spin-diffusion MAS. Also, Jia et al.20 reported
on a general method based on intramolecular spin diffusion to
measure and calculate the spin-diffusion coefficient in amor-
phous polymers and blends under moderate MAS speeds (3.5-
4.5 kHz). Furthermore, Reichert et al.21 and Krushelnitsky and
co-workers22 studied the influence of MAS on spin diffusion
among 13C- and 15N nuclei by employing one-dimensional
solid-state MAS exchange experiments.

Additionally, it is known that the sample temperature
increases markedly with increasing MAS rate and thus affects
the spin diffusivity as well. Therefore, to study the influence
of MAS rate on spin diffusivity the actual sample temperature
under the specified MAS conditions needs to be known. To the
best of our knowledge, this change of sample temperature under
MAS has seldom been critically corrected when considering
1H spin-diffusion measurements. Because of the increasing
interest in spin-diffusion experiments under high MAS fre-
quency, we therefore need to know how the MAS rate affects
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spin diffusivity under constant sample temperature to explore
the relationship between MAS rate and spin diffusivity.

In this work, we will report on a series of spin-diffusion
experiments on a high-density polyethylene (HDPE) sample
performed at the same sample temperature (by correcting the
temperature increase due to MAS) using a “dipolar filter”1,23

combined with CP/MAS. A rather general equation relating spin
diffusion to MAS rate will be presented based on a simple
phenomenological consideration.

Experimental Section

Material. The HDPE powder sample was obtained from
Sigma-Aldrich Company (CAS-9002-88-4) with Mw ) 3 ×
106∼6 × 106 g/mol. It was melted at 160°C and subsequently
quenched in liquid nitrogen to produce a material with a
reproducible thermal history, possessing a relatively small degree
of crystallinity of (58.7( 0.3)% (as determined by1H-FID
analysis24a) compared to an isothermally crystallized material.
The molecular weight Mw was not known. However, Mw has
little influence on the morphology, except for ultrahigh molec-
ular weight PE samples.

NMR Measurement.All NMR experiments were performed
on a Bruker DSX 300 spectrometer operating at a proton
frequency of 300.13 MHz with a MAS double-resonance probe.
All chemical shifts are referenced to tetramethylsilane with the
orthorhombic crystalline peak possessing a chemical shift ofδ
) 32.9 ppm.

The remarkable temperature sensitivity of the207Pb chemical
shift in solid Pb(NO3)2 provides an excellent internal thermom-
eter for solid-state MAS NMR,24b and enables the temperature
of the PE sample to be probed as a function of the MAS rate
with reasonable accuracy ((0.5 K). The results are summarized
in Figure 1 in which the solid curve represents a second order
polynomial fit to the observed data. By monitoring the207Pb
chemical shift of Pb(NO3)2, we thus performed all spin-diffusion
measurements presented in this work at the same sample
temperature by adjusting the temperature of the bearing gas.

The generalized pulse sequence used in the spin-diffusion
experiments is shown in Figure 2 and was composed of a dipolar
filter followed by a spin-diffusion window of durationτm prior
to the CP term. The dipolar filter refocused the dipolar coupling
and chemical shift of the mobile protons while the rigid phase
signal was depleted due to its much stronger dipolar-dipolar
coupling. This was accomplished by using a time delay of 9µs
between pulses in the “filter part” of the pulse sequence. The
90° proton radio frequency pulse was set to 2.6µs with a cross-

polarization time of 1 ms. A total of 256 scans were accumulated
with a repetition time of 5 s between successive scans.

We will assume that the spin diffusion takes place in a
heterogeneous system possessing a lamellar morphology with
magnetization diffusing from the amorphous region (A) and into
a finite sink, representing the crystalline region C. Hence, a
potential interface region located between the two former phases
is neglected (this will be commented on in a later section).
Hence, the magnetization transfer can be modeled analytically
by solving the diffusion equation under proper initial- and
constraint conditions, i.e., by considering a simple two-phase
system under diffusion exchange. In short, the initial magnetiza-
tion within the rigid phase C can be monitored as a function of
diffusion time, or mixing time tD as it diffuses from the mobile
phase A and into the rigid phase

Theory. When considering dipole-dipole interacting proton
nuclei and its effect on T2, we may refer to the well-known
Bloembergen-Purcell-Pound (BPP) equation25

where M2
0(H) is a constant derived from purely geometric

considerations and denoted the proton rigid-lattice second
moment. The parameterτ defines the time scale of the molecular
dynamics and is denoted the correlation time. In general, the
molecular dynamics within a system is seldom characterized
by a single correlation timeτ; often a distribution of correlation
times has to be invoked. However, in this work we will use a
rather simplified description based on an average molecular
correlation timeτ ) τav. Also, we will assume phases A and C
to be homogeneous in such a way that they are characterized
by a single correlation time and a single diffusivity throughout
their respective regions.

Equation 1 is strictly valid for fast motion on the NMR time
scale, that is, for liquids (ωτ , 1). For solids, however,ωτ
may be much larger than 1, and eq 1 breaks down. In this case,
the motional characteristics are better described by the following
equation:25-27

whereM2(H) is the second moment of the proton absorption
curve, andR is an adjustable parameter close to 1. Alternatively,
in case the line shape does not change with MAS rate, the proton
second momentM2(H) may be replaced by the proton line width
∆(H) that reads as follows:27

Figure 1. Variation of the sample (PE) temperature as a function of
MAS rate, as determined by the chemical shift of207Pb in Pb(NO3)2,
which defines the internal “NMR thermometer”. The solid curve
represents a second-order polynomial fit:T ) a0 + a1νR + a2νR

2 with
a0 ) 311.9,a1 ) 0.102, anda2 ) 0.0897.T is the temperature (K) and
νR is the MAS-frequency (kHz).

Figure 2. Schematic view of the pulse sequence applied to probe the
spin diffusivity in PE. The first 12 proton pulses represent the “dipolar
filter”, which eliminates the magnetization within the crystalline phase
(C) and leaves the amorphous phase (A) magnetization free to diffuse
into the crystalline phase C. The magnetization present at the end of
the evolution period was stored alternately along the-z and +z
directions to minimizeT1 effects. CP is a short hand notation for cross-
polarization.
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where∆0(H) represents the rigid-lattice line width, andâ is a
constant. Notably, as M2(H) (or ∆(H)) approaches its rigid-
lattice limit M2

0(H) (or ∆0(H)), the correlation timeτ becomes
infinite, that is, the molecular traffic slows down dramatically.
However, at room temperature a significant motional activity
exists.

For purely dipolar spin interactions, the spin diffusivityD
can be related to the proton second momentM2(H) of the NMR
absorption line according to the following:28

where<r2> is the mean square distance between the nearest
spins andk0 is a constant. Inserting eq 3 into eq 2a gives

whereD0 defines the rigid-lattice spin diffusivity within the
crystalline region of the nonspinning sample.

Apparent Motional Characteristics during Sample Spin-
ning (MAS). From an NMR point of view, we may associate
a sample-spinning of frequencyνR by an additional superposed
motion of the nuclear spins, characterized by a correlation time
τR ) 1/2πνR. One then expects the frequency of the modulation
to be given by an apparent frequencyνapp, which is the sum of
the contributing frequenciesνR andν, i.e., vapp) vR + ν where
the latter defines the frequency of the thermally activated
(Arrhenius) process represented by the correlation timeτ (eqs
2 and 4). How will an external spinning of a sample at a certain
temperatureT affect M2(H), and henceD?

Because the “molecular” motion induced by the sample
spinning is independent of the thermally activated molecular
motion, we may introduce an apparent correlation timeτapp,
which can be expressed by a so-called “parallel-τ model”

Equation 5 was introduced and discussed by Barnaal et al.
in their work on relaxation time in doped ice.29 Its applicability
was motivated by the observed1H NMR spectra in Figure 3A
(acquired at different MAS rates) in which the line width∆(H)
was derived by model fitting each spectrum to a pseudo Voigt
function (see legend to Figure 3) and subsequently inserted into
eq 2b to estimate the apparent molecular correlation timeτapp

(settingâ ) 1 and the rigid-lattice line width∆0(H) ≈ 65 kHz30)
within the amorphous phase. As can be inferred from Figure
3B, a linear relation between 1/τappand MAS rate (νR) is noticed,
thus giving support for the applicability of eq 5. Moreover, the
estimated overall molecular correlation timeτ ) 3.0 × 10-7 s
of the amorphous phase (extrapolated from the straight line in
Figure 3B at νR ) 0) is in excellent agreement with the
corresponding correlation time reported in the literature30b on a
similar PE sample. Notably, if changing the parameterâ and/
or ∆0(H) the main effect is to displace the line vertically. Hence,
eq 4 can be written as

where the diffusivityD is a function of both the temperature
(T) and sample spinning frequency (νR), that is, D(T,νR).
BecauseT is kept constant in all experiments reported in this
work, for simplicity we will omitT in all subsequent formulas.
By inserting eq 6 into eq 5

and noting that

where D(υR
m) represents the spin diffusivity at the minimum

MAS rate (νR ) υR
m) applied andλ is a constant, defined by the

ratio of the spin diffusivitiesD(υR
m) and D0. Likewise, the

parameterx represents the ratio of the spin diffusivities at MAS
ratesνR and υR

m, respectively, that is,x ) D(νR)/D(νR
m). By

inserting eq 8 into eq 7

Because the term 1/τ (defined by the intrinsic molecular
mobility) is constant for a givenT, it can be determined from
eq 8 by noting thatx ) 1 for νR ) υR

m, which results in the
following and final relation between MAS rate and spin
diffusivity:

For simplicity, we will assume that our system can be
approximated by a two-phase system A and B, which are
themselves spatially homogeneous (possessing the same spin
diffusivity and the same molecular motions within their respec-
tive regions). It then follows that the ratiok () DA/DC) between
the two regional spin diffusivities is constant and satisfies the
inequality 0< k < 1. By defining the effective diffusivityDeff

according to1

we obtain
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At this point, it must be emphasized that we do not know
whether the parameterk in eq 11b is constant and independent
of MAS rate. Actually, it may well be thatDC andDA behave
differently with respect to MAS rate. This work is in progress
and will be reported elsewhere. Of particular importance, our
simplified model is one-dimensional and does not include
molecular dynamics such as chain transport (chain diffusion).
Thus, magnetization can be transported by chain diffusion even
at room temperature. The chains in HDPE crystallites can move
rather fast along the all-trans axis and thus decoupling a chain
from its neighbors, whereby spin diffusion could be anisotropic,
resulting in a spatial dependence ofk. However, we emphasize
that a main objective of this work is for the first time to justify
the applicability of eq 10.

In a typical spin-diffusion experiment, we measure the signal
intensity I of the crystalline phase against the square-root of
diffusion time (xtD). From these measurements, we can

determine the characteristic time parameterxtD
0 , as illustrated

in Figure 4, which is defined by the intersection point between
the two straight linesI ) I0 (I0 is equal to the constant
magnetization obtained at long diffusion times, i.e.,tD ) ∞; cf.
dotted horizontal line in Figure 4) and the initial rate equation
(cf. solid lines in Figure 4), and enables the average dimension
(<R>) of a domain to be determined from eq 11c1,31,32

where a is a constant depending on the morphology of the

system.31,32Because the domain size<R> must be independent
of MAS rate, we obtain

whereυR
A and υR

B represent two different MAS rates. Hence,
we can easily determinex () tD

0(υR
m)/tD

0(υR)) from the spin-
diffusion experiments by applying eq 10

υR
M represent the highest (maximum) MAS frequency applied

in the experiment, and

Results and Discussion

A spin-diffusion experiment performed on an HDPE sample
at the smallest MAS rate (υR

m ) 4 kHz) is shown in Figure 4 by
using the pulse sequence depicted in Figure 2. The significant
deviation of the signal intensity from a constant value attD >
200 ms originates from a spin-lattice (T1) relaxation effect and
was compensated for by multiplying the observed signal
intensity by the term exp(tD/T1) in which T1 was determined in
an independent experiment:T1H ) (1.14 ( 0.06) s.1 A
correspondingT1 correction was performed on all spin-diffusion
data obtained. For clarity reasons, only four of these data sets
are depicted in Figure 5.

It has recently been reported33 that the signal intensityI as a
function of the square root of spin-diffusion timextD can be
well approximated by a Boltzmann function

Figure 3. (A) 1H NMR spectra (amorphous phase) acquired at different
MAS ratesνR () 3, 3.5, 4, 5, 6, 7, 8, 9, 10, 11, and 12 kHz; from left
to right). For visual purposes only, the left part of the symmetric
amorphous peak is displayed. Each spectrum was fitted to a pseudo
Voigt functions (V), defined byV(δ; δC, ∆, m) ) I(m (2/π)(∆(H))/
(4(δ - δC)2 + ∆(H)2) + (1 - m)(4 ln 2)/xπ∆ exp(-x4ln2/∆2(H)(δ
- δC)2) whereI defines the area of the peak and∆(H) represents the
width at half-height. Within experimental error, the adjustable parameter
mwas found to be independent of MAS rate and equal to 1 (Lorentzian
curves). For illustration purposes, all spectra are plotted with the same
height. (B) The apparent inverse correlation time 1/τapp(as derived from
eq 2b by choosingâ ) 1 and∆0(H) ) 65 kHz) against MAS rate (νR).

Figure 4. Signal intensity within the crystalline region of PE as a
function of the square-root of diffusion timextD. The measurements
were performed at 295 K using a MAS spin-rate of 4 kHz. Black circles
are raw data and open circles represent corrected (for spin-lattice
relaxation, see ref 1) data.
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wherea1, a2, xt0, and ∆ represent adjustable model param-
eters. At the very beginning of the diffusion process (tD < 0.5
ms), all diffusion curves reveal only a modest increase in
intensity with diffusion time after which a significant and abrupt
increase in intensity is observed, indicating the existence of an
interfacial region between the amorphous and the crystalline
regions. If approximating the spin diffusivity within this region
to be the same as the spin diffusivity within the crystalline
region, we find (Figure 5) that this “intermediate phase” has a
dimension (in the direction of diffusion) that is less than 10%
of the corresponding dimension within the crystalline region.
On this ground, we approximate our system to be composed of
only two phases: an amorphous and a crystalline phase,
respectively.

A first attempt to fit eq 14 to all the experimental spin-
diffusion curves (Figure 5) revealed that all three parameters
a1, a2, andxt0 were constant and independent of the MAS rate
(νR). Only the width parameter∆ varied with νR. Moreover,
within experimental error,a1 was found to be equal toa2,

suggesting that the signal intensityI as a function of the square
root of spin-diffusion timextD can be well approximated by a
simpler version of the Boltzmann function, eq 15a:

with a ) 102 ( 6, xt0 ) (0.1 ( 0.6) ms1/2 and ∆ being the

only MAS rate dependent parameter. From eq 15a, the initial
rate equation can be easily derived (by differentiation) and reads

As already pointed out, this enables the important parameter

xtD
0 in eq 11b to be determined by settingIIR(tD) ) a (wherea

is equal to the constant magnetization obtained at long diffusion
times (tD ) ∞; cf. Figure 4), that is

Because∆ was found to be larger than 4 ms1/2 andxt0 ) (0.1
( 0.6) ms1/2, we may, within experimental error, approximate
eq 15c by

Hence, the time parameterxtD
0 is determined from∆ (eq 15d)

by a simple nonlinear least-squares fit of eq 15a to the observed
diffusion curve (cf. Figure 5).

The ratiox ) D(νR)/D(νR
m) between the spin diffusivities at

any MAS rateνR and a reference MAS rateνR
m (minimum MAS

rate applied in this work) was calculated from the experimentally
determined spin-diffusion timestD

0(υR) and tD
0(υR

m) (eq 12) and
is plotted against the MAS rate (Figure 6), which reveals a spin
diffusivity that decreases by a factor of 4 when increasing the
MAS rate from 2 to 16 kHz. This observed reduction of spin
diffusivity with increasing MAS rate is of exactly the same order
of magnitude (4-5) as reported recently by Krushelnitsky et
al.34 in their investigation on the proton spin diffusion between
backbone15N nuclei in totally enriched protein.

The uncertainty in the sample temperature was estimated to
be smaller than(1 K. To estimate the propagating uncertainty
in diffusivity due to this temperature uncertainty, the spin
diffusivity was measured as a function of temperature for two
different MAS rates of 3 and 10 kHz, respectively. The results
are summarized in Figure 7 in which the dotted curves represent
model fits to an Arrhenius type of function:D ) D0 exp(-
∆E/RT) with ∆E ) 12 ( 5 kJ/mol, resulting in an uncertainty
in D of less than 2%. Hence, the overall error inD (Figure 6)
originates mainly from the uncertainty intD (cf. Equation 12)
and was found to be of the order of 8% (relative scale).

By fitting eq 13 to the observed MAS rate, the two adjustable
parametersx0 ) D(υR

M)/D(υR
m) and λ ) D(υR

m)/D0 were deter-
mined to be 0.37( 0.02 and 0.92+ 0.08, respectively,

Figure 5. Signal intensity within the crystalline region of PE as a
function of the square-root of diffusion time tD determined at 4 different
MAS ratesνR. The measurements were performed at 295 K. The dotted
curves represent model fits to a Boltzmann function (eq 15a), which
enables the initial-rate approximation curve (solid lines) to be extracted.
The dotted horizontal line represents the “limiting” signal intensity (I
) a ) 100%) at long diffusion times tD. The intersection point between
these two lines defines the spin-diffusion timetD

0 .

Figure 6. Spin diffusivity (within the crystalline region of a PE sample)
as a function of MAS rate. The solid curve represents model fit (eq
13) to the observed data. The relative error of the spin diffusivity was
estimated to be 8% and is illustrated by error bars. See text for further
details.

I(tD) ) a - 2a

1 + exp((xtD - xt0)/∆)
(15a)

Figure 7. The spin diffusivity as a function of temperature at two
different MAS rates of 3 and 10 kHz, respectively. The dotted curves
represent model fits to an Arrhenius type of functionD ) D0 exp(-
∆E/RT) with ∆E ) 12 ( 5 kJ/mol.

IIR(tD) ) (a/2∆)xtD - axt0/2∆ (15b)

xtD
0 ) 2∆ + xt0 (15c)

xtD
0 ) 2∆ (15d)
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suggesting that the spin diffusivity reduces by (63( 5)% when
increasing the MAS rate from 2 to 12 kHz, respectively. On
the other hand, the rigid-lattice spin diffusivityD0 is only
marginally larger than the observed spin diffusivity at 2 kHz
MAS rate. Referring to Figure 6, we findD0 to be larger by
only about 10%.

The error inx0 andλ was determined by simulation, that is,
by generating a series of 10 synthetic data sets. We started by
calculating the spin diffusivity at 12 different MAS rates via
eq 13 by using the model fitted parametersx0 andλ. We then
generated randomly 12 new diffusivity values by imposing a
relative standard error of 8% in each diffusivity parameter. Each
set of these synthetic data was subsequently fitted to eq 13,
and the average ofx0 andλ was determined. The corresponding
error in x0 andλ was derived by traditional statistical procedures.

Conclusion

Starting from the phenomenological BPP equation, an expres-
sion relating the MAS rateνR to the spin diffusivity D is
obtained, taking the form

with

andυR
x representing the smaller (x ) m) and higher (x ) M)

applied MAS rates, respectively.D0 is the rigid-lattice spin
diffusivity.

From model-fitting, the rigid-lattice diffusivity was estimated
and found to be only slightly larger (by approximately 10%)
compared to the spin diffusivity at the lowest MAS rate applied
(2 kHz). Moreover, a reduction in spin diffusivity by nearly
90% was estimated when increasing the MAS rate to more than
30 kHz.

In short, we have demonstrated that the MAS rate has a
marked influence on the spin diffusivity, and as a consequence
great care must be taken when aiming at quantifying domain
sizes from such spin-diffusion measurements, in particular at
high MAS rates. Actually, using spin diffusivities obtained from
static NMR measurements to determine the domain size from
spin-diffusion measurements at high MAS rates (>10 kHz) may
lead to a significant error in estimated domain sizes by more
than 50%.
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