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Proton Spin Diffusion in Polyethylene as a Function of Magic-Angle Spinning Rate. A
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Starting from the phenomenological Bloemberg®&urcell-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 the effect of MASE~10 Because the spin diffusivity also depends
on the dipolar interaction, it will consequently depend on the
MAS rate as well"17 The influence of MAS rate on spin
diffusivity has been well documented from bdti-, 13C- and

15N NMR6.17experiments. Various recoupling pulse sequences
may be applied to counterbalance the decreasing spin diffusivity
caused by MASS Also, analytical calculations as well as
numerical simulations have been presented to obtain internuclear
distances from proton-driven spin-diffusion experiments under
MAS.1 To improve the reliability of such diffusion-dependent
parameters, a relation between diffusivity and MAS rate needs
to be established.

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/dofdins).
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 1N 1993, Schmidt-Rohr et al. reported on a correlation between
equation (as derived from a solution of Fick's diffusion equation line width and spin diffusivity and noticed that an overestima-
under proper initial conditions and spatial constraiftsy, tion of the residual dipolar coupling may result due to spectral

structural information regarding spatial heterogeneities in a broad overlap. Later, Mellinger et al. show¥dthat for mobile
range of dimensions ranging from 0.1 to about 200 nm may be polymers the spin diffusivity could be correlated to the effective
obtained. However, no matter what kind of method is employed, SpPin—spin relaxation rate T*) ~*]. Cherry® applied this method
reliable spin diffusion coefficients for the respective domains successfully on polymer membranes using both double quantum

are needed to obtain quantitative information regarding domain (DQ) filter and spin-diffusion MAS. Also, Jia et &.reported
sizes. on a general method based on intramolecular spin diffusion to

In routine solid-state NMR, the use of magic-angle spinning measure and calculate the spin-diffusion coefficient in amor-

(MAS) has proven to be crucial when probing molecular Phous polymers and blends under moderate MAS speeds (3.5
structure. For rare nuclei lik&C, MAS mainly averages out 4.5 kHz). Furthermore, Reichert etZland Krushelnitsky and
chemical shift aniso[ropy of the rare spins and reducedHhke co-workerg? studied the influence of MAS on spin diffusion
13C dipolar interaction. This, in turn leads to a significant among!*C— and**N nuclei by employing one-dimensional
enhancement in spectral resolution, which would otherwise solid-state MAS exchange experiments.
result in a rather broad and featureless spectrum. Many of the Additionally, it is known that the sample temperature
above-mentioned NMR publications involve a combination of increases markedly with increasing MAS rate and thus affects
cross polarization (CP) and MAS (with the objective to the spin diffusivity as well. Therefore, to study the influence
discriminate between the different phase components) and makeof MAS rate on spin diffusivity the actual sample temperature
implicitly use of spin diffusion coefficientdY) as derived from under the specified MAS conditions needs to be known. To the
static experiments or theoretical calculation without considering best of our knowledge, this change of sample temperature under
MAS has seldom been critically corrected when considering
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Figure 1. Variation of the sample (PE) temperature as a function of
MAS rate, as determined by the chemical shift&Pb in Pb(NQ),,
which defines the internal “NMR thermometer”. The solid curve
represents a second-order polynomial fit= ag + ayvr + avg? with

a = 311.9,a; = 0.102, andh, = 0.0897.T is the temperature (K) and
vgr is the MAS-frequency (kHz).

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
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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 and +z
directions to minimizél; effects. CP is a short hand notation for cross-
polarization.

polarization time of 1 ms. A total of 256 scans were accumulated
with a repetition time 65 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).

performed at the same sample temperature (by correcting thepence, the magnetization transfer can be modeled analytically

temperature increase due to MAS) using a “dipolar fik&?”
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 M= 3 x
10°~6 x 10° g/mol. It was melted at 160C and subsequently
quenched in liquid nitrogen to produce a material with a

reproducible thermal history, possessing a relatively small degree

of crystallinity of (58.74+ 0.3)% (as determined b{H—FID
analysig*d compared to an isothermally crystallized material.
The molecular weight ) was not known. However, Mhas
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 of
= 32.9 ppm.

The remarkable temperature sensitivity of #A#®b chemical
shift in solid Pb(NQ), provides an excellent internal thermom-
eter for solid-state MAS NMR4 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

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 timeg as it diffuses from the mobile
phase A and into the rigid phase

Theory. When considering dipotedipole interacting proton
nuclei and its effect on 4 we may refer to the well-known
Bloembergen-Purcel-Pound (BPP) equatiéh

1

T,

5t 2T
22T 22
1+ w7 1+ 407

ZM2H)| 30 + (1)

where MS(H) is a constant derived from purely geometric
considerations and denoted the proton rigid-lattice second
moment. The parametedefines 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 time 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 timer = 7,,. 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

in Figure 1 in which the solid curve represents a second order scale, that is, for liquidsefr < 1). For solids, howeverpt

polynomial fit to the observed data. By monitoring tHéPb
chemical shift of Pb(Ng),, we thus performed all spin-diffusion

may be much larger than 1, and eq 1 breaks down. In this case,

measurements presented in this work at the same sampleequation?® 27

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 duratiory, 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 dipettpolar
coupling. This was accomplished by using a time delay @§9
between pulses in the “filter part” of the pulse sequence. The
90° proton radio frequency pulse was set to 29with a cross-

the motional characteristics are better described by the following
1

7 My(H)
tan s —;
MoH) |2 M(H)
whereMy(H) is the second moment of the proton absorption
curve, andx is an adjustable parameter close to 1. Alternatively,
in case the line shape does not change with MAS rate, the proton

second momernitl,(H) may be replaced by the proton line width
A(H) that reads as follow%"

T=a (2a)
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2 2
=4 S, % AZ(H) (2b) Tapp= O 1 Do tan = DTvar] | 1 =
A(H) Ag(H) YR D(T,vg) 2 D2 Tapp
whereAq(H) represents the rigid-lattice line width, afids a VM(H)D(T,g)
constant. Notably, as MH) (or A(H)) approaches its rigid- D2(T vg) (6)
lattice limit Mg(H) (or Ag(H)), the correlation time becomes aD,ta E—’ZR
infinite, that is, the molecular traffic slows down dramatically. 2 Dy
However, at room temperature a significant motional activity
exists. where the diffusivityD is a function of both the temperature
For purely dipolar spin interactions, the spin diffusiviby (T) and sample spinning frequencyg], that is, D(T,vr).
can be related to the proton second monés(H) of the NMR 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

D = kyT°L/M,(H) andD, = kT M5(H) ) VM3(H)D(vg) 1
2., =

absorption line according to the followirf§:

v e )
where <r?> is the mean square distance between the nearest 7 D(vR)
: . . : . aDytan s ———
spins andkp is a constant. Inserting eq 3 into eq 2a gives 2 D,
D 2 i
=a 1 % 7 D° 4) and noting that
M(H) D 2 DO2 2 2 2, m
2 D> D(vr) D(vg) D(vR) 2.2
~2 2 |m~2m 2 | =X (8)
where Dy defines the rigid-lattice spin diffusivity within the Do Do D*(vg) Do

crystalline region of the nonspinning sample. " S o
Apparent Motional Characteristics during Sample Spin- where D(vg) represents the spin diffusivity at the minimum

ning (MAS). From an NMR point of view, we may associate MAS rate (r = vg) applied and: is a constant, defined by the

a sample-spinning of frequeney by an additional superposed ~ ratio of the spin diffusivitiesD(vg) and Do. Likewise, the

motion of the nuclear spins, characterized by a correlation time Parametex represents the ratio of the spin diffusivities at MAS

7= = 1/27vg. One then expects the frequency of the modulation ratesvs and vg, respectively, that isx = D(vr)/D(ve™). By

to be given by an apparent frequengy, which is the sum of inserting eq 8 into eq 7

the contributing frequencies andv, i.e., \app= Vg + v Where

the latter defines the frequency of the thermally activated x«/Mg(H) 1
(Arrhenius) process represented by the correlation tirfeqs 2mvg = T mad t 9)
2 and 4). How will an external spinning of a sample at a certain a tar{zi X

temperaturel affect Mp(H), and hencd?

Because the “molecular” motion induced by the sample Because the term 4/(defined by the intrinsic molecular
spinning is independent of the thermally activated molecular mobility) is constant for a givef, it can be determined from

motion, we may introduce an apparent correlation tirmg eq 8 by noting thak = 1 for vg = vy, which results in the
which can be expressed by a so-called “paralletodel” following and final relation between MAS rate and spin
diffusivity:
1 _1,1_1
—==+===4+ 2 (5)
Tapp T TR T R Y M(z)(H) X 1
27(vg — vR) = o o R (10)
Equation 5 was introduced and discussed by Barnaal et al. ta’{il X] tar{le ]

in their work on relaxation time in doped ié@Its applicability
was motivated by the observéd NMR spectra in Figure 3A For simplicity, we will assume that our system can be
(acquired at different MAS rates) in which the line widkliH) approximated by a two-phase system A and B, which are

was derived by model fitting each spectrum to a pseudo Voigt themselves spatially homogeneous (possessing the same spin
function (see legend to Figure 3) and subsequently inserted intodiffusivity and the same molecular motions within their respec-
eq 2b to estimate the apparent molecular correlation tigpe  tive regions). It then follows that the ratio(= Da/Dc) between
(settingB = 1 and the rigid-lattice line widtiAo(H) ~ 65 kHZ9) the two regional spin diffusivities is constant and satisfies the
within the amorphous phase. As can be inferred from Figure inequality 0< k < 1. By defining the effective diffusivityDes

3B, a linear relation betweentljp,and MAS rate {) is noticed, according té
thus giving support for the applicability of eq 5. Moreover, the

estimated overall molecular correlation time= 3.0 x 1077 s 1 = 1 + 1 (11a)
of the amorphous phase (extrapolated from the straight line in \/D_eff \/D_A \/D_C

Figure 3B atvg = 0) is in excellent agreement with the

corresponding correlation time reported in the literaitfren a we obtain

similar PE sample. Notably, if changing the param¢gemd/

or Ao(H) the main effect is to displace the line vertically. Hence, 4K (11b)

Dy=——=—D
eq 4 can be written as e 1+ VK> c
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4x10° ] of MAS rate, we obtain
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v, /KHz [R’C= aD(vh)t3(ve) = aD(vR)td(vE) = aD(wm) (V)
Figure 3. (A) 'H NMR spectra (amorphous phase) acquired at different -
MAS ratesvgr (= 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 D(vg) tO(vm)
amorphous peak is displayed. Each spectrum was fitted to a pseudo x=——r _ DUR (12)
Voigt functions ¥), defined byV(d; dc, A, m) = I(m (2/x)(A(H))/ D(er”) t%(vR)

(400 — 00)2 + AH)?) + (1 — m)(4 In 2)W/7TA exp—~/4In2/A2(H)(

— Oc)’) wherel defines the area of the peak an@H) represents the \hare 2 and v2 represent two different MAS rates. Hence
width at half-height. Within experimental error, the adjustable parameter R i 'E . = M/ f h . '
mwas found to be independent of MAS rate and equal to 1 (Lorentzian We Can eaSIy. eterming (= tI_D(UR) to(vr)) from the spin-
curves). For illustration purposes, all spectra are plotted with the same diffusion experiments by applying eq 10
height. (B) The apparent inverse correlation timegh{as derived from
eq 2b by choosing = 1 andAq(H) = 65 kHz) against MAS ratevg). 2mvg — 2TVR

27vy — 27y
At this point, it must be emphasized that we do not know ) M m ) m
whether the parametérin eq 11b is constant and independent F( 4) = vg = (vg — vr)'F(X 1) + vr (138)

of MAS rate. Actually, it may well be thadc andDa behave M . ) .
differently with respect to MAS rate. This work is in progress Ur represent the highest (maximum) MAS frequency applied

and will be reported elsewhere. Of particular importance, our I" the experiment, and

simplified model is one-dimensional and does not include X 1

molecular dynamics such as chain transport (chain diffusion). F(x; A) = - (13b)
Thus, magnetization can be transported by chain diffusion even [tar{E izle tar{z 12]]

at room temperature. The chains in HDPE crystallites can move 2 2

rather fast.along the all-trans a.1xis.and. thus decoupling a ch.ain Results and Discussion

from its neighbors, whereby spin diffusion could be anisotropic,

resulting in a spatial dependencekoHowever, we emphasize A spin-diffusion experiment performed on an HDPE sample
that a main objective of this work is for the first time to justify ~at the smallest MAS rate/f = 4 kHz) is shown in Figure 4 by
the applicability of eq 10. using the pulse sequence depicted in Figure 2. The significant

In a typical spin-diffusion experiment, we measure the signal deviation of the signal intensity from a constant valuépat
intensity | of the crystalline phase against the square-root of 200 ms originates from a spifattice (T1) relaxation effect and

diffusion time (/t,). From these measurements, we can Was compensated for by multiplying the observed signal
intensity by the term expf/T;) in which T; was determined in

an independent experimentT;y = (1.14 £ 0.06) st A
corresponding 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 report&dhat the signal intensityas a
function of the square root of spin-diffusion tirmét_D can be
well approximated by a Boltzmann function

[RA = aD 2 (11c) a —a,
I(tp) =a, +
wherea is a constant depending on the morphology of the 1+ exp((\/g - «/E))/A)

determine the characteristic time paramqyje—%, as illustrated

in Figure 4, which is defined by the intersection point between
the two straight linesl = Io (lp is equal to the constant
magnetization obtained at long diffusion times, itg.= oo; 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 1#&32

(14)
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Figure 5. Signal intensity within the crystalline region of PE as a  Figure 7. The spin diffusivity as a function of temperature at two
function of the square-root of diffusion timg determined at 4 different  gjifferent MAS rates of 3 and 10 kHz, respectively. The dotted curves
MAS ratesvr. The measurements were performed at 295 K. The dotted represent model fits to an Arrhenius type of functdr= Do exp(—
curves represent model fits to a Boltzmann function (eq 15a), which AE/RT) with AE = 12 + 5 kd/mol.

enables the initial-rate approximation curve (solid lines) to be extracted.

The dotted horizontal line represents the "limiting” signal intensity ( only MAS rate dependent parameter. From eq 15a, the initial

= a=100%) at long diffusion timest The intersection point between ;0 oquiation can be easily derived (by differentiation) and reads
these two lines defines the spin-diffusion tinde

12 ¢ T= 205K lr(to) = (@2A)y/tp — ay/ty2A (15b)

As already pointed out, this enables the important parameter

\/% in eq 11b to be determined by settihg(tp) = a (wherea
is equal to the constant magnetization obtained at long diffusion
times (p = o; cf. Figure 4), that is

‘ JO=2A+ /i (15¢)

BecauseA was found to be larger than 4 H?sand\/ﬂ, =(0.1

Ve (kHz) + 0.6) mé’2, we may, within experimental error, approximate
Figure 6. Spin diffusivity (within the crystalline region of a PE sample)  eq 15¢ by
as a function of MAS rate. The solid curve represents model fit (eq

D(vR)/D(vR™)
o o o
A ® =

o
)
|

o

o
-
o
N
(=]
w
o

13) to the observed data. The relative error of the spin diffusivity was 0
estimated to be 8% and is illustrated by error bars. See text for further Nip = 2A (15d)
details.

. Hence, the time parametqﬁ is determined from\ (eq 15d)
whereay, a, and A represent adjustable model param- 1, 5 simple nonlinear least-squares fit of eq 15a to the observed
eters. At the very beginning of the diffusion process {t0.5 diffusion curve (cf. Figure 5).
ms), all diffusion curves reveal only a modest increase in  tha ratiox = D(vr)/D(v™) between the spin diffusivities at
intensity with diffusion time after which a significant and abrupt any MAS ratevg and a reference MAS raig™ (minimum MAS
:Eg(rafgiiea:nrlemii r:ls'éét'\‘j‘v ggrS]etrrY:c;r;nodrlcr?gSg ::ne det)ﬂzti?csc;{igg rate applied in this work) was calculated from the experimentally
regions. If a groximatin the spin diffﬁsivit within thisriz ion _determined spin-diffusion timd%(%) andt%(ug_) (eq 12) and :
i gb th PP th g th g.ff ivit ');h' th tgll' is plotted against the MAS rate (Figure 6), which reveals a spin
0 be ihe same as the spin di .US“'.V' y within the crys"a Ine diffusivity that decreases by a factor of 4 when increasing the
region, we f!nd (F|g_ure 5.5) that t.h's !ntermedl_ate phase” has a MAS rate from 2 to 16 kHz. This observed reduction of spin
dimension (in the direction of diffusion) that is less than 10% diffusivity with increasing MAS rate is of exactly the same order

Oof t?ﬁ. corres%ondlng d|mgn5|ct>n within tthe c;ryztalllne reglodn. fof magnitude (45) as reported recently by Krushelnitsky et
n this ground, we approximate our system o be COMpPoSed Ol 34, th g investigation on the proton spin diffusion between

only two phases: an amorphous and a crystalline phase’backbonelf’N nuclei in totally enriched protein.

respectively. Th P :
) . . . e uncertainty in the sample temperature was estimated to

.A f!rst attempt to fit eq 14 to all the experimental spin- be smaller thant1 K. To estimate the propagating uncertainty
diffusion curves (Figure 5) revealed that all three parameters in diffusivity due to this temperature uncertainty, the spin
ay, a, andﬁ were constant and independent of the MAS rate jtysivity was measured as a function of temperature for two
(ve). Only the width parameteA varied withvg. Moreover, different MAS rates of 3 and 10 kHz, respectively. The results
within experimental errora; was found to be equal tay, are summarized in Figure 7 in which the dotted curves represent
suggesting that the signal intensitgs a function of the square  ,qqel fits to an Arrhenius type of functiond = Dy exp(—
root of spin-diffusion timey/t,, can be well approximated by a  AE/RT) with AE = 12 + 5 kJ/mol, resulting in an uncertainty

simpler version of the Boltzmann function, eq 15a: in D of less than 2%. Hence, the overall errordn(Figure 6)
originates mainly from the uncertainty tg (cf. Equation 12)
I(ty) =a— 2a (15a) and was found to be of the order of 8% (relative scale).
1+ exp((@ - \/E))/A) By fitting eq 13 to the observed MAS rate, the two adjustable

parametersg = D(ve)/D(vy) andA = D(vR)/Do were deter-
with a = 102 £ 6, \/E, = (0.1 & 0.6) mg2 and A being the mined to be 0.37& 0.02 and 0.92+ 0.08 respectively,



Proton Spin Diffusion in Polyethylene J. Phys. Chem. A, Vol. 112, No. 6, 2008233

suggesting that the spin diffusivity reduces by %)% when
increasing the MAS rate from 2 to 12 kHz, respectively. On
the other hand, the rigid-lattice spin diffusivito is only
marginally larger than the observed spin diffusivity at 2 kHz

hai, China. This work is also supported by the project of NSFC
(No. 20474019) and by Program for Innovative Research Team
in University.

MAS rate. Referring to Figure 6, we finDy to be larger by
only about 10%.
The error inxg andA was determined by simulation, that is,
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