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monomers during polymerization to polyolefin particles may
The diffusion resistance to monomers during heterogeneous poly-  have a significant effect on the observed activity. This diffusiol
merization of polyolefin particles may have asignificanteffectonthe | ocistance depends on the diffusivity of the monomers in tr
observed activity. This diffusivity is, in general, unknown. To gain different areas of the particles, and this diffusivity is, in genera
more information on this diffusion resistance in such systems, PFG- ! !
NMR has been used to measure the diffusion of organic solvents in unknown (7, 8). . L
various systems of porous polymer particles. In such systems the The purpose of t.h's ‘?‘rt'de is to show how F.)FG'NMR can b
complex morphology and geometry demands careful analysis of the ~ US€d to measure diffusion of small molecules in porous polym:
PFG-NMR attenuation curve. In this study, effects from restricted ~ Particles and to discover which effects one has to take into co
diffusion, domains having different diffusivity, and internal mag-  Sideration to give reliable values for the diffusion coefficient in
netic field gradients are expected. Thus, the obtained diffusivities ~different areas of the particles.
have to be considered carefully, and a way to analyze the data taking The PFG-NMR method has been used to measure diffusic
these effects into account is presented.  © 2001 Academic Press coefficients of liquids in different areas of such a system. Mez
~ Key Words: PFG-NMR; restricted diffusion; polymer particles;  syrements done in polyethylene (PE) particles produced inafu
internal magnetic field gradients; tortuosity. scale industrial reactor are compared with measurements done
model systems consisting of monodisperse porous polystyre
particles having various pore size distributions.
In heterogeneous systems, internal magnetic field gradier
pay be a significant source of error. These internal gradien
re induced because of differences in magnetic susceptibili
’ﬁtween the different areas in an heterogeneous sample and r
sist of a broad distribution of values with both polarities

INTRODUCTION

The influence of restricting geometry on the measured diff
sivity is of great importance in different kinds of porous medi
like porous rocks, biological systems, and polymer systems.

a pulsed field gradient nuclear magnetic resonance (PFG-N 11, A lina b h lied and i | |
experiment, the observation time can be varied from a few m I%’_ )- A coupling between the applied and internal magnet

liseconds up to several seconds. Because of effects from the 'r?:lg g{ﬁ%e::ls lehoc.cm:r (12|)’ ar&q dtepenoclil[rrllg on tlhedrelatlw
stricting geometry, the measured self-diffusion coefficixt), strength between the internal gradients and the applied ones,

depends on the observation tinig, and is sensitive to physi- measured diffusion coefficient may not correspond to the actu

cal parameters like permeability and the volume fraction of ti‘f‘éf_rlfﬁ'v'ty in the ?ystem. tten be eliminated by introduci

diffusing speciesD(t) can be related to certain characteristics, IS source ot error can often be eliminated by Introducin:
of the porous medium such as the surface-to-volume ratio a ' o!ar grad|ents.|n the pulse sequence (13._17)’ but N & rece
the tortuosity (1-5). Taking into account only geometrical rd! lication (18), it was shown _that when bl_polar gradients ar
strictions of the mediumD(t) of a diffusing fiuid is found to used to suppress the effects of internal gradients, the observat

decrease with observation time and reach a plateau value,wﬁigﬁe mus_t be kept 1o a level where the square root_ of mez
represents the tortuosity,, of the system (1-3) square displacement does not exceed the distance in whicl

During a heterogene(,),us polymerization of polyolefins tHé likely thf”lt an internal gradient wil change its polarity o its
original catalyst particles fracture and are encapsulated in SO%ength significantly. This has to be taken into account at lor

polymer. Porous polymer particles are made, and they grOW%servatmn times in some of the systems studied here, and:

the polymerization proceeds (6, 7). The diffusion resistance cuss how th_'s error can be compensated for.
The PE particles have a complex morphology and geomett

When a liquid is added to this system, it will occupy different
1 To whom correspondence should be addressed. domains of the particles. The two main domains will be the

0021-9797/01 $35.00 168
Copyright© 2001 by Academic Press
All rights of reproduction in any form reserved.



RESTRICTED DIFFUSION IN POLYMER PARTICLES 169

semicrystalline phase of the polymer and that in the cavitidemains, each fractionp() will be a function of the different
inside the porous particle. In addition, there is a distributictme intervals in the pulse sequence used in the experiment.
of pore sizes, which will, because of restricted diffusion, have In the limit of fast exchange the attenuation is described b
different influences on the measured diffusivity. Thus, the attan average diffusion coefficient
nuation curve has to be analyzed carefully, and it is important
to have control of the effects which influence this curve. n

In this study effects of internal magnetic field gradients, dif- Day = Z pi Di. [3]
ferent diffusion domains, and restricted diffusion are analyzed =t
carefully, and we suggest the most convenient and correct wHye attenuation is then mono-exponential and is given by
of analyzing the obtained attenuation curves.

|
In — = —4729°Dgyty. 4
THEORY lo T4 Pavd [41

Generally, in a pulsed field gradient (PFG) experiment tH%gain, no effects of differences in relaxation times are taken int

echo attenuation for an ensemble of molecules undergoing fRagSideration. o , ,
Brownian motion is given by Between the two limits mentioned above, one has to consid

different degrees of exchange between the various domains d
| A ing the observation time.

In W=7 6°9 Dy, (1] Restricted diffusion has different influences on the measur
ments. As the diffusion time increases, more molecules will b
wherey is the gyromagnetic ratiage is the effective applied influenced by the restricting boundaries, giving a lower value «
magnetic field gradiens, is the effective length of the appliedthe measured diffusion coefficient. Thus, the measured diffusi

gradient pulsep is the self-diffusion coefficient, and is the coefficient will be time dependent.
effective observation time. The parametgsandty will depend The diffusion behavior in the limit of long (infinite) observa-
on the type of PFG sequence used. tiontime, when the heterogeneity of the porous system is probe

When working with heterogeneous media, it is convenientay be described by the tortuosify, defined as
to define the so-called reciprocal lattice wave vectps
vQed/27, which describes the reciprocal space of the restricting Do 1 5]
geometry in the system. Do 7T’

To reduce the effects of internal magnetic field gradients, w . e - .
made use of the pulse sequences with pairs of bipolar gradieW ereDo is the valqe Of. the d|ffu3|pn 'coefhmen.t =0, ie,
as shown in Figs. 1b and 1c. the va!ue for bulk diffusion of the liquid, anD, is the corre-

In (18) it was shown that if the square root of the mean squasreondIng value df = oo.

displacement during the observation time exceeds the distancg a large fr_actlon of the mollecult.'-_\s are mflugnced by the_ re
strictions during the observation time, or during the gradier

in which it is likely that an internal gradient will change its lse. the diffusi i | be G on. T
polarity or its strength significantly, the use of bipolar gradien%u S€, the diitusion propagator may no longer be Laussian.

may fail to suppress effects of internal magnetic field gradien t;fengatlon r;gy r?.e rllnfluegcetd by dlf;et;ent dzgretestof:gegs,trlcte
With long observation time, this has to be taken into account i usion, anabyhigher oraerterms ofthe gradient stre Nn(
some of the measurements performed in this study. giving a nonlinear attenuation, concaved upward (19).

In the systems studied here, it is also important to take intoIf the square root of the mean square displacement during t

consideration the effects of domains having different diffusivg.radlent pulser,,g' = V2D3, is reIatwer s.mall compared to the
e of the spacing between the restricting barriers, only a sm

ties,effectsofrestricteddiffusion,andtheinfluencetheseeffe?r% tion of the molecules will be influenced by the barriers. Ther
have on the measurements performed. action otthe molecules €nfluenced by e barriers. ' he

There are various equations describing the effects of seve i diffusion propagato_r will be Ga_ussmn fo the first Ord“_Jz'T‘
diffusion domains. In the limit of slow exchange between th'b qa< '1(2h0)’ wherea 'E the slpacm(;i] betvx]/cer(]an thed_restnctmg
different domains, the process is described by arriersint esystgm.T us, atlow values of the gradient strenc

(low g values) the influence from higher order termgas low,
and the effective diffusion coefficient is given by (19)

. oIn(l/1
(Iql_rpo 78(q£ o _ — 472 Desr(ta)ta (6]

| n _4n2g2
E=X:pie4 a°Dita [2]
i—1

whereD; is the diffusion coefficient describing the diffusion of
the fractions of moleculesy; in domaini of the system, and and can be found from the initial slope of the attenuation curv
the other symbols are as described in the previous equatiofisis is known as the “second cumulant approximation” (19).
Equation [2] does not take into account relaxation effects. If On the other hand, ifs is much longer than spacing between
the relaxation times are significantly different for the differerthe restricting boundaries & > 1), all of the molecules in the



170 SELAND, OTTAVIANI, AND HAFSKJOLD

(a)
/2 /2 /2
5 5 8 8 ! acquisition
z—spoiler I
g m 8 )
:
t=0 T 2t+A
\ |
\ A ]
I _ 252 2 _ 3
Inf = 759D(A+T 3>
(b)
2 7 2 /2 n
8 82 &, 82 82 &2 acquisition

z=spoiler
g
f
1
t=0 T £ 2t 4T+A
g

2
In £ = —%6? [g -39~ f)(f;%)J D<A +37- %)

+37-%

/2 n m

8y 82 §, 82 82 82 | acquisition

=0 T f 2t 4t

2
in§ == o - 4o - D] D(3r-¢)

FIG. 1. Pulse sequences used in the diffusion experiments: (a) the pulsed field gradient stimulated echo sequence (12); (b) the 13 intervals bipc
stimulated echo sequence (16); (c) the 11 intervals bipolar PFG spin echo sequenéea(idp are the strengths of the applied gradients. The effective gradien
and the observation times are as given in the expressions for the attenuations. The time intervals are as described in the figures.

ensemble will be influenced by the boundaries. Random diffapproximation, and the system cannot be considered to be que

sion causes the phase distribution of the spins to be Gausdiamogeneous. Itis then complicated to extract the true diffusic

during the gradient pulse, even though the displacements aoefficient in the porous system, and it is only possible if the ge

not Gaussian (21). The diffusion propagator will then also lmmetry of the system is simple and well defined.

Gaussian. Thisis usually called a “quasi-homogeneous” systeminternal magnetic field gradients, several diffusion domains
In the case where; is equal to the spacing between thand restricted diffusion are all effects which have to be take

restricting boundaries, one cannot use the second cumulguid consideration in the measurements presented here.
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MATERIALS AND METHODS semi-crystalline PE at the time of the echo, a valu& of 5, >
0.5 ms was used.
The PE particles were delivered from Borealis A/S where they The applied gradient strength was calibrated by perforn
were produced in afull-scale slurry phase reactor. The grain size§ diffusion experiments in distilled water slightly doped with

of the particles studied were 250-506 in diameter. CuSQ, and in dried glycerol, for calibration at high gradient
Pore size distribution of the particles was determined by useg¥fength (22).

mercury intrusion with a Pascal 140 instrument, and the porosity
was determined by use of a Micrometric AccuPyc 1330 Helium-
pycnometer, and with the Pascal 140 instrument. Scanning elec-
tron microscopy (SEM) pictures of both the outer surface of thgz Analysis and Porosity Measurements

particles and of sliced particles were obtained. A razor blade

was used for slicing the particles. The scanning electron microscopy (SEM) pictures of the P

Toluene and methanol were separately added to the PE pdtgtticle are shown in Fig. 2. The particles have a very irregul:
cles. The purpose was to have liquids with different solubilities
in the amorphous phase of PE, thus making it possible to vary
the ratio between the amount of liquid in the semi-crystalline (a)
phase of PE and in the cavities inside the particles.

NMR samples of the PE particles were prepared by filling the
particles in a 5-mm NMR tube. Toluene or methanol was then
added in excess to the tubes. The samples were dried@t 40
until it was observed visually that the interparticle liquid had
evaporated; the remaining liquid is then to be found inside the
particles. The tubes were then sealed off.

In addition to the samples of PE particles, some samples of lig-
uid added to monosized polystyrene particles were investigated.
Three different types of polystyrene particles were studied. One
system consisted of totally compact polystyrene spheres with a
mean diameter of 20m (sample PS1) and was delivered from
Duke Scientific (U.S.A). The other two systems were porous par-
ticles with a mean diameter of 26m and with different interior (b)
pore size distributions (samples PS2 and PS3). These particles
were produced at SINTEF Applied Chemistry in Trondheim,
Norway.

The polystyrene particles were filled in the NMR tubes and
were then totally immersed in liquid so that both the internal
cavities and the cavities between the particles were occupied by
liquid. Distilled water was added to sample PS1, while toluene
was added to samples PS2 and PS3.

Diffusion experiments were performed on a Bruker Avance
DMX200 instrument (magnetic field strengt.7 T, resonance
frequency for protons- 200.13 MHz) using a commercial dif- (c)
fusion probe from Bruker (PH MIC 200 WB 1H SAT 5/10). An
applied gradient strength in the range 0-600 G/cm was used.
Unless stated otherwise, the experiments were performed at
25.0+ 0.5°C.

The pulse sequences given in Fig. 1 were used. In each diffu-
sion experiment the different time intervals were kept constant,
while the strength of the gradients was varied. The length of the
gradient pulse) was 0.5 ms in the experiments performed with
the monopolar PFGSTE sequence (Fig. 1a). In the experiments
performed with bipolar sequences (Figs. 1b and 1c), the length
of the gradient pulses{2) was 0.5 ms.

To minimize the cross terms between applied and mtemahG. 2. Scanning electron microscopy (SEM) pictures of the PE particle

gradients, all the diffusion experim_eqts were p_erformEd WiU_rhinced particles (a), a sliced particle (b), and a magnified area of the interi
81 = 82, and to dephase, and thus eliminate the signal from sodigHace of a cavity (c).

RESULTS AND DISCUSSION
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surface, indicating a rather complex structure and geometry. The&Comparing the pore size distributions with the SEM picture:
picture of a sliced particle (Fig. 2b) shows that the interior aif the PE particles, it seems like the larger cavities are nc
the particles consists of rather large cavities, with a diameterasfcounted for in the mercury porosity measurements. This
20-60um. The interior surface of these cavities seems to Ipeobably because some of these larger cavities are isolated &
made up of smaller grains (Fig. 2c). Because the sliced surfaberefore will not contribute in the porosity measurements. |i
is smeared out, it is impossible to obtain any information on tteeldition, the largest cavities inside the particles are of the sar
interiorgeometry inthese areas of the particles based on the SEilkk as the cavities expected to be found between the partic
pictures. when they are closely packed. To avoid contribution from th
The size distribution of the pores to be found inside the panterfering cavities between the particles, the mercury intrusio
ticles, shown in Fig. 3a, is very broad. The mean pore radioseasurements did not detect pores/cavities larger than aroL
is around 0.5-1.@um, but there are pores varying from about5 xm.
100 nm up to a few micrometers. The porosity of the particles Therefore, based on the SEM pictures, and on the arg

was measured to be 8%. ments mentioned above, one may conclude that the porosity
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FIG. 3. Pore size distributions of the PE particles (a), polystyrene particles PS2 (b), and polystyrene particles PS3 (c). The pofv] ragilodted as a
function of the cumulative pore volume [é#a].
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higher than the value given by the porosity measurements. Tk 0

interior of the particles can be divided into two main domains

the large cavities, 20—60m in diameter, and the areas consist-  -0.5

ing of semi-crystalline polymer, where smaller pores, rangini

from a fewum down to about 100 nm, are found. -1r
The pore size distributions of the porous polystyrene particlego

are shown in Figs. 3b and 3c. These distributions are much mcs  -1.5f
discrete than the one found in the PE particles. In sample P& %

the mean pore radius of the internal pores is around 0.2+9.5 % -2r .
while for the PS3 sample itis around 0.02—0.08. The radiiof % Lo
the cavities between the particles are 28 in both samples. -2.5¢ * *
o]
Diffusion in the Polystyrene Systems -3r °
The idea behind studying the systems of polystyrene particl a5 . . .
immersed in a liquid is that the geometry of these systems "o 0.5 A 15 2
better defined than that in the system of liquid-filled PE particles . Ay x10

By dc.)mg diffusion experiments in the. polystyrene .SyStems’ It ISFIG. 4. Obtained attenuations from diffusion experiments performed in th
possible to have a better understanding of, and to interpret, Whal i rene samples, PSa), PS2 (0), and PS3. The PFGSTE sequence
processes are taking place in the system of PE particles.  (Fig. 1a) was used in all of the experiments. The valug o6 8 ms. The solid
The FFT spectrum (not shown) of the samples of polystyreiwes are linear fits of Eq. [6] to the initial slope of the curves.
spheres immersed in liquid has a bandwidth at half height of
around 30 Hz, indicating that the internal magnetic field gradihanr;, so the interior of these particles may be considered as
ents are low in these samples (9). No significant difference ‘iquasi-homogeneous” system. The attenuation curve will ther
the measured diffusion coefficients was found using a monogore consist of mean values of signals from two different area
lar compared to a bipolar pulse sequence, so for these samplethalljuasi-homogeneous internal system, and the external syst
the experiments were performed using the monopolar PFGSWhere the second cumulant approximation is valid.
sequence (Fig. 1a). The attenuations obtained from the PFGSTE experiments
Before analyzing the results from the diffusion measuremerite polystyrene samples are shown in Fig. 4. The observed cc
in the polystyrene samples, it is important to describe the exave attenuation curves obtained for the polystyrene sampl
pected effects from restricting geometry and different diffusiomay be caused by the effect of domains having different difft
domains in these systems. The length of the gradient péilsesivities and/or by restricted diffusion. One can expect the diffu
was 0.5 ms. This gives a value of aroungkth for the square sivity of the liquid to be found in the cavities inside the particle:
root of mean square displacemeptduring the gradient pulse to be lower than that in the cavities between the particles. Hov
for the molecules diffusing in the porous system. ever, it is impossible to separate these two fractions from ea
For sample PS1, water is found only between the compaxther because of the effect of restricted diffusion and becau
particles. The cavities between the particles are 8#fiDin the difference in diffusivity is too low. There will also be a total
diameter, and the second cumulant approximation is valid. Teechange between the small and large pores, even during
initial slope of the attenuation curve represents the value of thleortest observation time.
effective diffusion coefficient. In addition, since the shape of the curve is the same for all tt
In samples PS2 and PS3, toluene is found both in the cavitfgslystyrene samples, and we know that in sample PS1 there
between the particles and in the cavities inside the particles.dsingle value of the diffusion coefficient, one cannot justify the
addition, one may expect some of the toluene to dissolve in thge of a multicomponent fit in samples PS2 and PS3.
polymer matrix, but as shown later, the diffusion experiments The system is therefore most correctly described according
indicated that this fraction does not contribute significantly tBq. [4], using the initial slope of the attenuation (Eqg. [6]) as tht
the total signal. It was therefore disregarded in further analysiéerage, effective diffusion coefficient. In all of the polystyrene
The cavities between the particles are 548 in diameter, so samples the attenuation is linear down to at lea&&, showing
the second cumulant approximation is valid here. that the second cumulant approximation is valid (19, 20).
The internal pores in sample PS2 are around 0.5gin0n The obtained effective diffusion coefficients in the poly-
diameter, so for this area Eq. [6] may be invalid. However, costyrene samples are shown in Fig. 5, where the normaliz
sidering the total ensemble of molecules in this sample, one ndiffusion coefficient,D(t)/ Dy, is plotted as a function of the
assume a smaller fraction of the molecules to be influenced dlyservation timey.
the walls during the gradient pulse, and the second cumulant api the system of compact polystyrene spheres immersed
proximation may be applied, if the value®fs kept sufficiently distilled water (sample PS1), the obtained tortuosity valyes
low (20). In sample PS3 the internal pores are much smalks expected in a system of random loose packing of monosiz
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1 - ‘ - , ~ toluens in PS3 sizes are filled up. The diffusivity in the different areas of the
0.95. © tolueneinPS2)| | particle can then be determined.
x waterin PS1 . .
Three samples with different amounts of added toluene, ar
081 i three samples with different amounts of added methanol, we
0.85p 1 studied. For toluene, the amounts added were 0.25, 0.17, a
wahtoe e | | 0.10 cnt/g PE, while for methanol the amounts added wer
o |x ° o L . 0.24,0.15, and 0.10 cig PE.
§0.75 ’%ﬁ* i ° ° o . ] The FFT spectra obtained in the diffusion experiments of th
A T x ) . | sample with 0.25 crhof toluene/g of PE are shown in Fig. 6. At
L alow value of the applied gradient strength, two broad, partiall
0851 e, T overlapping bands are visible.
06t - * * § As the gradient strength increases, the band at higher fr
055 | guency decays faster than the other one. At sufficiently hig
' gradient strengths, the signal from toluene inside the cavities h
0.5, 20 100 150 200 280 a0 o a0 ‘lotally dephased, and the remaining signal is from the toluer

cbssrvation time, 1, [ms] which is dissolved in the semi-crystalline phase of PE.

L _ _ The bandwidth at half height in Fig. 6 (upper) is arounc

FIG. 5. Diffusion measurements in the samples of monosized polystyrez(-bo_soo Hz, indicating that significant internal gradients ma
particles. The normalized diffusion coefficiem(t)/ Do, as a function of the N . ‘
observation timetq. The PFGSTE sequence was used in all of the experimenf2€ Present in these sample. Further analy3|3_ Sh_O_WEd that -
The bulk values of the diffusion coefficients were 2.2810~° and 2.30x monopolar PFGSTE pulse sequence gave a significantly low
10-2m?s* for toluene and distilled water, respectively. diffusivity compared to a bipolar pulse sequence, so the bipol:
Ise sequences were used in the diffusion experiments p

u
spheres (1, 18). Sample PS2 has a slightly lower tortuosity Va%‘?med in these systems.

than sample PSl_, anld !onge_r qbservation time is necessary ©he diffusion measurements performed on the porous PE p:
reach the tortuosity limit. This is as expected because of tn es, using a bipolar sequence, resulted in a nonlinear atter

presence ofthe rather large interior cavitiesin sample PS2, wh n curve, concaved upward. It is reasonable to assume tt

function as an additional diffusion path through the particles. e nonlinear attenuation is mainly caused by the effect of tt

sample PS3, on the other hand, the situation is different. HefG,, \ain diffusion domains in the system and that the broa
the internal cavities are so small that they will strongly restn%t

eaks in Fig. 6 (upper) are a superposition of signals from lic
the diffusioninside the particles, and the tortuosity limitis high idin semi-gcrys(taﬁi?le)PE and inpthg cavities whgich cannot b

in this sample. o separated in the spectrum.
These results show that the effective diffusivity is influenced 1,5 at relatively small values af (slow exchange), one

by the d_iffere_nt sizes_ of the pores in the system, and that irh?‘ay expect the attenuation to be described by Eq. [2] fc
system like this, consisting of a mixture of large and small pores,

one cannot justify a separation of diffusion in small and large

pores, based on the multiexponential model (Eq. [2]). The mc

correct approach is to use the initial slope of the attenuatic

curve as a measure of the effective time-dependent diffusi

coefficient,D(t), in the system.

Diffusion in the Polyethylene Systems

Inthe systems of porous PE particles the geometry is comple
Because of the broad distribution of pore sizes, the diffusir
molecules will be affected by the geometry to different degree
depending on which area of the particle they occupy. In additio
a significant amount of the liquid will dissolve in the semi-
crystalline phase of PE.

Organic liquids have different solubilities in the semi-
crystalline phase of PE. In this study we have used toluene @ )00 000 7000 6000 5000 4000 3000 2000 1000 Hz
methanol as added liquids. The solubility of toluene is higher
than that of methanol. The idea is that the liquid with higheStFIG' 6. FFT spectra obtained from diffusion experiments in the samples ¢

e . . . . ...... PE particles with toluene added, at a low value of the applied gradient streng
solubility in semi-crystalline PE will have the highest pOSS'b'“Wupper spectrum) and at a high value of the applied gradient strength (low

of being found in the smallest cavities of the particle. By variapectrum). The 11-intervals bipolar pulse sequence was applied in this diffusi
tion of the amount and type of liquid added, cavities of differerkperiment.
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diffusion of liquid in semi-crystalline PE and in cavities of differ- 0
ent sizes. Since a typical value for diffusion of liquid dissolvec
in semi-crystalline PE is around 1-51071*m?s71(23, 24),
even atty ~ 200 ms, the diffusion length in this domain will —0.50
be approximately 2—aum, and there should be no significant
amount of exchange between the two domains. In addition, &
shown below, it was found that the estimated fraction of liquicz
found in semi-crystalline PE did not vary significantly with the%
observation time, which should be the case if there was signiz
icant exchange taking place. Another indication of exchange &
that, in the case of a significant degree of exchange, the d
fusion coefficient for liquid dissolved in semi-crystalline PE
should increase with increasing observation time, which was n
observed. -2[
However, one should be careful when interpreting multi
exponential decay curves. In the system studied here the
are effects of restricted diffusion contributing to the curva-
ture of the attenuation. This effect is not taken into accountgig 7. obtained attenuation in a PFG (bipolar 13 intervals) experiment in
using Eqg. [2]. In addition, the measurements performed $ample of PE particles with toluene addgd= 8.7 ms. Obtained experimental
the systems of polystyrene spheres showed that becauselagsf ) and the curve fitted to the signal from toluene dissolved in semi
fast exchange one could not justify a separation of Signérg_stalline PE. This curve is subtracteq from thg experimental _point_s, a_nd t_I
from molecules diffusing in pores having a diameter aroudn tial slgpe of the resqltlng curve, (0), is determined, representing diffusion i
. : e cavities of the particles.
0.05 um compared to pores with a diameter of 51, us-
ing a sum of exponentials. It is therefore difficult to verify
if there are two or three different diffusivities in the PE sys{20). Since the attenuation is linear down to at leat5, we
tems or how much of the concave in the obtained attenuatioraissume it to be valid, though it should be mentioned that, in tt
caused by restricted diffusion in the cavities during the gradiesample having the lowest filling of toluene, the linearity of the
pulse. initial slope was poor, indicating effects of restricted diffusior
Instead of doing a multiexponential fit of the total attenuatioim small cavities.
curve, one may use the fact that, at sufficiently high attenuationsThe diffusion experiments performed in the samples with dif
the signal from the faster diffusing liquid in the cavities does né¢rent amounts of liquid added showed that the normalized di
contribute to the observed signal. A linear fit to the last paftision coefficients representing diffusion in the cavitiBgL)
of the attenuation curve that represents the diffusion of liquiiry with both type and amount of liquid added and with the ob
in the semi-crystalline phase of PE may then be performesbrvation time. Because the rather low amount of liquid found i
The intercept afj = 0 represents the fraction of this signalthe semi-crystalline PE, the signal-to-noise ratio was rather po
The obtained linear model can then be subtracted from the tdtal the part of the experimental attenuation curve representir
experimental attenuation, and the resulting curve then represehis diffusivity. The diffusion coefficient representing diffusion
diffusion of liquid in the cavities of different sizes. of liquid in semi-crystalline PERs) varied randomly in the
In Fig. 7 the results of making a linear fit to the last pamange 1-4x 10-*' m? s71, a value which corresponds to similar
of the curve, followed by subtracting this model from the totaksults found in the literature (23, 24).
curve, are shown. The resulting curve is not linear. This can beThough the variation in the obtainé€l s was random, there
explained by taking into account the effect of restricted diffuvas a tendency to obtain higher values at short observation tin
sion during the gradient pulse, which will result in a nonlineandicating effects of restricted diffusion. Since the main intere:
attenuation similar to what was observed in the experiments pierthis study is the diffusivity in the cavities, the values from the
formed in the systems of polystyrene spheres. One can then ssmi-crystalline domains are not given here.
the second cumulant approximation and make a linear fit to theAt long observation times, it was found that the diffusion co
initial part of this curve. efficient representing diffusion of liquid in the cavities depende
To have as good control of the different effects as possible, tlois thez-value in the pulse sequence. As thealue decreases,
is, in our opinion, the correct method for analyzing attenuatidghe value ofD¢,(t) increases. Such a dependency was not four
curves from systems having a broad distribution of pore sizes,short observation times. Thus, as showed in (18) the use
like the PE particles. bipolar gradients does not totally suppress the cross term t
Because of the broad pore size distribution in these systenveeen applied and internal gradients at longer observation time
one cannoa priori expect that the second cumulant approximaand this has to be taken into consideration in the measureme
tion can be applied for the molecules diffusing in the cavitiggerformed.

1t
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TABLE 1 This may be explained by the effects from diffusion in interna
Results from the Diffusion Experiments in the Samples magnetic field gradients contributing to the total dephasing c
of PE Particles the transverse magnetization.

Toluene added Methanol added T_h.e results obtamed_ for tr_le t|me-_dependent dlffusmty.m the
cavities of the PE patrticles in the different samples studied a

(cmPIg)ot 0.25 0.17 0.10 0.24 0.15 0.10 given in Fig. 8.
Psc 0.2 0.4 0.7 0.05 0.15 02 For the samples with toluene added, there is no significal

(cmPlg)se 0.05 0.07 0.07 0.01 0.02 0.02

(g 0.20 0.10 0.03 0.23 013 0.08 differ_ence fqr _the results obtaine_d ip t_he tWQ samples havin
T o1 21 3.0 20 20 »5 the highest filling and the tortuosity limit obtained is the same
For the sample having the lowest filling (0.10¥n) there is a
Note The total amounts of toluene and methanol added?/g)w; are given.  significant difference. Already at the shortest observation time
pskis the fraction of liquid found in the semi-crystalline PE, determined from thg, o tortuosity limit is reached, and the tortuosity value is signifi‘
model fit of the last part of the experimental attenuations. The estimated amo%é%tly higher than that in the other samples As indicated by it

of liquid in semi-crystalline PE, (cﬁfng)sc, and in the cavities, (c?dig)ca\,, is . .. . L .
given for each sample. The tortuosity valugsdetermined from the diffusivity €Stimated amount of liquid found in the cavities in this sample

limit at long observation time is given with an uncertaintye8.15. only the smallest cavities are filled up. In the other two sample
To compensate for the unsuppressed cross termin the attenua- ;

tions at long observation time, we tried to measure the diffusion® ' ' 4 025 cm: /g

coefficient as a function of at fixed (long) observation time, ook . g.:;cma jg

as done in (18). We found that this resulted in unrealistic high Ao

values when extrapolating to= 0. The quality of the data from
the measurements of thedependency at long observation time
does not justify the use of this appraoch. We therefore choose tc¢ . 4~
use the result obtained at the lowest possibl@lue as a lower S

limit for the value ofD¢,(t) at long observation time. O§ 06l x

From the fractions of liquid dissolved in semi-crystalline PE, xﬁﬂ ®axoa "
Psc, it is possible to estimate the amount of liquid to be found in 05f x 8 5 a2 .
semi-crystalline PE, and the amount to be found in the cavities, .
for each sample. All the important parameters determined are 0'4;\
summed up in Table 1. The relative amount of liquid dissolved N
in semi-crystalline PE is approximately constant in each type  %3L_° ‘ - s ‘
of sample with different filling degree. Clearly, the solubility of 0 %0 100 150 200

. observation time, t, [ms]

methanol is lower than toluene. d

Relaxation measurements performed indicated that the vaIu<b 1 .
of Ty for both liquid in semi-crystalline PE and in the cavities , aom e
is around 0.6-1 s. It was found that the fraction of signal from g} + 0.100md ,g
liquid in semi-crystalline PE did not vary significantly with the
observation time. As mentioned above, this indicates that ex- osp,
change of liquid between semi-crystalline PE and the cavities is
not significant. o 078 -

It was also observed that, varied with the value of in the éﬁ fo % ' N
pulse sequence. This time interval is influenced by transverse™ 08f + . ) o
relaxation. As the value increaseqisc increases, showing that o, * g
the T} value for the liquid in the semi-crystalline phase of PE 051 ) . ¥ 9 °
is longer than that for the liquid in the cavities. This is in cor-
respondence with what is observed in the FT spectra from the ~ %4f o .
diffusion experiments. At long-values (around 15-20 ms) the
FT spectrum at low values of the gradient strength is similarto ~ °3; = P~ 5 200
the spectrum obtained at high gradient strength but low value observation time, t, [ms]

of T (Fig. 6b). At high values of, one is therefore left with
the signal from the liquid in semi-crystalline PE. This is also in FIG. 8. Diffusion measurements in the samples where toluene (a) an

Correspondence with relaxation measurements, which indica{%hanol (b) were added to the PE particles. The normalized diffusion coe

ficient in the cavitiesDcaW(t)/ Do, as a function of the observation time. The

that theTZ value for one of the domains are significantly Short(%)ripolar sequences (Figs. 1b and 1c) were used in all of the experiments. T

than the other. Thus: thg* \_/alue for."qUid in the CaViti?S IS bulk values used for the liquids were 2.2810~9 and 2.42x 102 m2s~1 for
shorter than that for liquid dissolved in the semi-crystalline Ploluene and methanol, respectively (22).
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both small and larger cavities are more or less completely fillerm between the internal and applied magnetic field gradier

This explains the difference in the obtained tortuosity values fdepends on the value ofis the pulse sequence used, and it i

these samples. important to keep this value as low as possible in the expel
In the samples with methanol added, the two samples havimgnts performed. Clearly, the diffusion coefficients, and thu

the highestfilling have about the same tortuosity limit as the cdhe tortuosity, vary with the filling degree of the cavities in the

responding samples with toluene, and we may assume that HeEeparticles.

both the small and large pores are filled, which is also indicated

by the estimated amount of liquid found in the cavities given in ACKNOWLEDGMENTS
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