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Pulsed field gradient (PFG) NMR diffusion measurements in het-
erogeneous media may lead to erroneous results due to the disturb-
ing influence of internal magnetic field gradients. Here, we present a
simple theoretical model which allows one to interpret data obtained
by stimulated spin echo PFG NMR in the presence of spatially vary-
ing internal field gradients. Using the results of this theory, the gen-
uine self-diffusion coefficients in heterogeneous media may be ex-
trapolated from the dependence of the apparent diffusivities on the
dephasing time of the simulated echo PFG NMR sequence. Exper-
imental evidence that such extrapolation yields satisfactory results
for self-diffusion of hexadecane in natural sediments (sand) and of
n-octanol in doped MgO pastes is provided. © 2001 Academic Press

Key Words: PFG NMR,; stimulated spin echo; diffusion; internal
magnetic field gradients; heterogeneous media.

smaller than the characteristic length scale of constant susce
tibility in a heterogeneous medium. However, calculations of
local magnetic fields in heterogeneous media consisting of tw
types of areas with different susceptibilities have shown tha
the field inhomogeneities due to susceptibility variations can
not be described by constant field gradients on a length sca
comparable with the characteristic length of constant suscey
tibility (6). For molecular displacements on this length scale
the application of PFG NMR (even with alternating pulsed field
gradients) cannot be assumed to be completely free from th
disturbing influence of internal field gradientd).(In general,

one must expect that the spin echo attenuation depends not or
on the applied pulsed field gradient but, in a complicated way

also on the internal field gradients. Only in two cases, namel
in the above-discussed case of displacements which are sm
in comparison with the characteristic length scale of constar
susceptibility and in the other limiting case of much larger dis-
Pulsed field gradient (PFG) NMR has proven to be a poywlacements than the characteristic length of constant susceptib
erful technique for diffusion measurements in porous mediy (which means that the majority of spins experience spatially
(1-3). One of the main restrictions of this method is relatedhpidly varying internal gradients)), is the determination of
to the fact that the internal magnetic field in porous materiaise true self-diffusion coefficients by PFG NMR straightfor-
is already inhomogeneous without any externally applied fieldard.
gradients. These inhomogeneities are caused by the variationgntil now an exact and complete theory of spin echo atten
between magnetic susceptibilities of the different componentation by externally applied pulsed field gradients in the in-
of heterogeneous media. The magnitude of the susceptibilitgrmediate case, i.e., in the presence of internal field gradien
induced internal field inhomogeneities depends on the size alowly varying on the displacement length scale, has not bee
on the geometry of these components as well as on the strerdghieloped. In Ref.9), the case of spin echo attenuation due to
of the polarizing magnetic field. Especially in high-field PF@liffusion in a parabolic magnetic field is solved exactly. It is
NMR studies, these field inhomogeneities, which we refer fiinted out in Ref. §), as well as subsequently in Ref40(
as internal magnetic field gradients, may be comparable with), that the PFG NMR spin echo attenuation in an inhomo-
those produced by the externally applied pulsed field gradiengeneous field is governed by a combination of certain intrinsic
This situation is known to complicate the interpretation of thiengths.
spin echo attenuation observed with PFG NMR. To suppressThe purpose of the present article is to report a simple ex
the influence of the internal field inhomogeneities, PFG NMPBerimental procedure allowing one to estimate the disturbin
sequences with alternating polarity of the pulsed field gradifluence of internal field gradients on the measurement of sel
ents were developed!(5). It was shown theoretically as well diffusion coefficients by the simple PFG NMR stimulated spin
as experimentally that these sequences remove susceptibikgho sequence. We will consider a general case, where the i
induced artifacts in PFG NMR diffusion studies if each spin exernal field gradients may vary on the length scale of molecula
periences a constant internal field gradient over the durationdi$placements. It is frequently observed that even in such a ca
the NMR sequence. This assumption is generally valid when ttie logarithm of the measured spin echo attenuadiois still
molecular displacements during the NMR sequence are mymoportional to the square of the amplitude of the magnetic fiel
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gradient pulsesgf), difference can be written as
7l
M(g, A
In(¥(g, A)) =In (M(g’ A’) = —(y89)°Dapppr,  [1] Pr, = y(/(g(t)rl + B(r1)) dt
(0, 4) J
1472473
where$ is the duration of the gradient pulses,is the time in- _ (9()r2 + B(r,)) dt 3]
terval between the two gradient pulses of the sequenceDapd ‘
tl+72

denotes the apparent diffusivity. Assuming such a proportion-

ality, we will derive a functional relation between the apparent |

self-diffusivity Dapp and the true self-diffusion coefficied. ~©" USIN9TL = 73,

We will show in a very general approach that in this cBgg,

is expected to depend on the dephasing detgyifi the stim- @r, = y3Y()Ar + y1a(By(r1) — Bi(r2)). [4]

ulated spin echo sequence. Moreover, we demonstrate that the

predictedr;-dependence dDappis in fact observed experimen-wherer; andr, describe the positions of the spin in the time

tally and may be used to calculate the true self-diffusivity bintervalst; andrs, respectively, and\r = r; — r,. Due to the

extrapolating ta; = 0. displacement of the molecules, the local magnetic fields, expe
rienced by a spin in the defocusing and refocusing periods, ar
different. Hence, we can introduce an effective internal gradien

THEORETICAL MODEL do(AT, 11) by

Under the conditions of internal field gradients varying over
the displacement length, the results of the diffusion measure-
ments using bipolar forms of the pulsed field gradient sequences )
cannot always be assumed to be free from the artifacts pR¥eW: EQ. [4] can be rewritten as
duced by internal field gradient8)( In this case, one way to
carry out diffusion measurements using PFG NMR is to mini- @r, = YSY)Ar + yTiQo(Ar, r)Ar. [6]
mize the dephasing of the magnetization by internal field gradi-
ents by using a small constant magnetic field and thus reducinge spin echo attenuation for all spins with the starting point
susceptibility-induced internal field gradients, as well as by migan be written as3)
imizing the time interval of the magnetization dephasing by the
internal field gradients. Let us consider the PFG NMR stimu-
lated spin echo sequence/R—t1—m /21— /23] (1-3). The W, (9) = / cos(¢r, ) P(¢r,) der,. [7]
sequence consists of three intervals, the dephasihglfe store

(r2), and the refocusing) intervals. In the dephasing time in-yherey, (g) is the attenuation of the stimulated spin echo by the
tgrval each spin is labeled by a phase accumulated in the logaly gradients for the spins with the initial positionandP (¢, )
field, denotes their phase distribution. For unrestricted diffusion, the
distribution of the first term in Eq. [6], which is determined
w1 by the distribution ofAr, is described by a Gaussian function.
o=y f(g(t)r + By(r))dt, [2] The phase distribution due to diffusion in the presence of non
9 constant, randomly distributed field gradients (the second terr
in Eq. [6]), in general, cannot be approximated by a Gaussial

whereg(t) is the externally applied pulsed field gradient angls'Fr|but|on o, 133 Howevgr, when Fhe dgphasmg of magngn—
B,(r) is the component of the local inhomogeneous magneﬁ@t'on due to the internal field gradients is weak in comparisor
field which is parallel to the homogeneous polarizing magnel}f%'th that pr_od_uce_d by the_ ext_ernally ap_phed pulsed f'.EId gradi-
field. B,(r) is caused by susceptibility variations in the sampl nts, the distribution ofy, is still approxmately Gaussian. For
We will consider a sufficiently short dephasing time intersal aussiarP(¢r,), Eq. [7] can be written as3f

sothatthe displacements owgican be assumed to be negligibly

small. In the store time intervap >> 71 the phase information W, (9) = exp(—(¢7)/2)., (8]

is unaffected by the field gradients. The spins are unlabeled in

the refocusing intervats. The phase of the spins will not bewhere the bracket§ . .) mean the averaging over the displace-
completely restored in the refocusing interval if they moved imentsAr. Again using the assumption that the internal gradi-
the direction of the field gradients. For each spin, the phassts are weak, we will neglect the term proportionaj3in the

Qo(Ar, r1)Ar = By(r1) — By(r2). (5]



230 VASENKOV ET AL.

expression fote? ). Hence, using Eq. [6], we can writp?) as By comparison of Eq. [15] with Eq. [1], it follows that the ap-
parent self- diffusion coefficients are given by
2 2/ A2 2

or,) = (Y89)(AZ°) + 2y“5gra(go(Ar, r1)ArAz),  [9]

) PR Dapp= D[1 — 6y272((go(AT, 11)Ar AZ)?),, /(Ar3)],  [16]
where it was assumed that the direction of the externally appli
pulsed field gradients coincides with thati®f. For unrestricted
diffusion holds

\(/av%ere we made use of the well-known Einstein relation, whict
defines the true self-diffusion coefficient via the mean squar
displacement:
(AZ%) = 1/3(Ar?), [10]
(r¥(A)) = 6DA. [17]
which finally yields
Obviously, the apparent self-diffusion coefficient is smaller thar
((przl) = (y89)%(Ar?) /3 + 2y28gt1(go(Ar, r1)ArAz). [11] thg true_ self-diffusion coefficient. _The same conclu_sior) was at
tained in L3) and subsequently inlg) by considering inter-
To calculate the spin echo attenuation of all spirfg), we must Nl field gradients, which are symmetrically distributed about
averagel,, (g) in Eq. [8] over all initial positions s, 9o = 0, but which remain constant for each individual spin over
its displacement length. Equation [16] represents an extension
W(0) = expl—(vsa)2(Ar2) /6)(exp(—2s the theory of the stimulated echo PFG NMR in the presence of
@ PE(r6g)(ArT)/6)(expt-y7égn distribution of internal field gradient4.8) to the case where the
X (Qo(Ar, r1)ArAz)))y,, [12] internal field gradients may vary on the length scale of molec
ular displacements. It is important to note that Eq. [16] is only
where(...);, means averaging oveg and(Ar?) was assumed valid if the second term in the square brackets is small in com
to be independent af.. The second exponent in Eq. [12] can b@arison with the unit, i.e., for small deviations Bf,, from D.

written as a cumulant expansion, In this caseD could be estimated from the dependenc®gf,
onti.
(exp(-y?8gTa(To(Ar, r1)Ar Az))):, If the changes ofio(Ar, r1) are small over the length scale of

molecular displacements it can be expanded to first order as

= expy_((—y25gm2)"{(Qo(Ar, r1)ArAz)"e/nl),  [13] o
n=1 Jo(Ar, r1) = do(ra) + Go(ro)Ar, [18]

where the cumulant averages can be represented as the nowhare g3(r1) and §3(r1) do not depend omr. Substituting
averages over, do(Ar, r1) in Eq. [16] by the expansion to first order (Eq. [18])
and again using Eqg. [10], we obtain
({Qo(Ar, 1) AT AZ)Ye = ((Qo(Ar, r)ArAZ)Y),,,

((Qo(Ar, 11)ArAZ)?)c = ((go(AT, F1)ArAZ)%),, Dapp = D[l— %y"‘rf((ggz(rl))z)rl<Ar2>}, [19]
— ((go(Ar, T1)ArAZ))2, [14]

ry?
wheregd,(r1) is the component of the internal gradient parallel
etc. to the external one. The present paper focuses on the diffusic
In general, the logarithm of the PFG NMR spin echo attenmeasurements under conditions when the changgg af, r1)
ation in the presence of internal field gradients does not haveai@ large on the length scale of molecular displacements. Und
exhibit single-exponential behavior when plotted as function @fese conditions, Egs. [18] and [19] are, clearly, invalid. Instead
g?. However, we will now consider the case whendr(¢, A))is  Eq. [16] can be used to estimate the genuine diffusivities.
proportional tog?, as given in Eq. [1], since it is often observed
experimentally. In order to satisfy this condition, all terms in the
cumulant expansion Eq. [13] except for the second one should
be equal to zero. It is interesting to note that this corresponds t
the case of the Gaussian distributior{@§(Ar, r1) Ar Az) over
r1 . Now, we can rewrite Eq. [12] as

RESULTS AND DISCUSSION

Rwithin the experimental error, which is determined by the

signal-to-noise ratios of the NMR signal, the PFG NMR spin

echo attenuation curves exhibit single-exponential behaviol

1 Figure 1 shows the attenuation curves recorded with the sar
In(¥(g)) = —é(yag)z(Ar2> samplgfornNcrl-delay_s. Clearly, with mcrgasmgthe slope of

the spin echo attenuations decreases, which corresponds to a:

x [1— 6yt {(go(Ar, r1)ArAz)%),/(Ar?)]. [15] creasing apparent self-diffusivity. Note that the observation tim
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the linear extrapolation of the?-dependence of the apparent
self-diffusivities tor? = 0 yields a self-diffusion coefficient,
which is in reasonable agreement with the self-diffusion coef-
ficient measured using the 13-interval sequence. A compariso
of the latter diffusivity (338 x 10~1° m?/s) with the bulk dif-
fusion coefficient of hexadecane at 295 KEBx 1071° m?/s)
shows a small difference between these values. This differenc
is attributed to a restriction of hexadecane diffusion in the san
sample {5, 16.

Also, for the doped and undoped pastes of MgO with
octanol, the echo attenuation was found to decay monoexpc
nentially within the experimental accuracy. In Fig. 3, the appar-

0.1 L L | ent diffusion coefficients obtained for both the undoped and the
0 1 2 3 4 doped samples are plotted as a functiomfoNVhiIe there is no
or )2(A -513) | 10° s m2 noteworthyr;-dependence inthe case of the undoped sample, th

apparent diffusivities observed for the doped sample are foun
FIG. 1. HPFG NMR spin echo attenuations observed for hexadecanetlﬂ decrease “_nea_rly Wlﬂtnl2 for small z; values, as prEdICt_Ed_
sand at 295 K by use of the stimulated spin echo sequencewitblays of 870 Dy EQ. [16]. Like in the case of the sand sample, a deviatior
(x) and 300us (O). from the linear behavior is observed for largevalues (Fig. 3).
Considering only the data obtained for smali/alues, we have
found that there is a good correspondence of the extrapolatio
and the length of the gradient pulses were kept constant. Thigs; = 0 diffusivity in the doped sample with the diffusivities
the observed,;-dependence of the apparent self-diffusivity carsbserved in the undoped reference sample: The extrapolatic
not be caused by restricted diffusion effects. to 1; = 0 according to Eq. [16] yield® = (9.45+ 0.3) x
Figure 2 shows the dependence of the apparent diffusion d@ 1! m?/s for the doped sample and for the undoped sample
efficients measured in the sand samplezgnlt is seen that we obtain a value of (89+1.6) x 10-*2m?/s for all observation
for small r; values, a linear dependence Dfyp On 7 sat- times (see also Fig. 3).
isfactorily describes the experimental data. This is in agree-As we know the characteristic correlation length of the in-
ment with Eq. [16]. For larget; values, there is a deviationternal gradient in the doped MgO paste, we can also compat
from linear behavior, i.e.D,pp decreases less strongly with in-it with the root mean square displacement over an observatio
creasingr; than required by a linear dependencel®j,, on time of 100 ms. This displacement is aboyteh for the diffu-
2 observed for smaller; values. It is interesting to note thatsion coefficient ofh-octanol in the undoped MgO paste. Thus,
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FIG. 3. The apparent self-diffusion coefficients mfoctanol measured by
FIG. 2. The apparent self-diffusion coefficients obtained for hexadecastémulated echo PFG NMR at 295 K in a 1%,Bg-doped MgO paste) and
in sand at 295 K for different; values by using the stimulated spin echo sein undoped MgO pastex() for differentr; values. The solid line is a linear fit
guence ©) and the 13-interval sequence)( The solid line is a linear fit of the of the dependence of the apparent diffusivities in the doped samp&§ for

dependence of the apparent diffusivities:rfrfor smallr; values. smallt; values.
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the root mean square displacement corresponds to about halfiothe dephasing time interval of the stimulated spin echo se
the above estimated correlation length of the gradient. guence. The applicability of the presented model and Eq. [16

The main assumption made in the presented theory is that iheestricted to small dephasing time intervals and to system
molecular displacements over dephasing timare negligibly where the normal, i.e., single-exponential, attenuation curve
small. This also requires that thevalues remain small. Hence,are observed. For two heterogeneous porous systems, where
the experimental observation made for large values (Figs. 2 conditions of the applicability of Eq. [16] are fulfilled, the ex-
and 3), i.e., the deviation of the dependenc®gf,on 2 from trapolated diffusivities were found to be in agreement with the
the predicted linear dependence (Eg. [16]), does not contradigpected self-diffusion coefficients.
our model.

As the experimental examples clearly demonstrate, the theory EXPERIMENTAL
of stimulated echo PFG NMR in the presence of internal mag-
netic field gradients presented in this paper shows a good agreeédescription of the NMR samplesPFG NMR measurements
ment with the experimental data. In addition to quantitativelyith two types of heterogeneous samples were performed. Tt
describing the dependence of the apparent self-diffusion coeffist sample is a well-sorted quartz sand saturated with hexad
cient on the dephasing delays, Eq. [16] also offers an experimeane. The grains of this sand exhibit a narrow grain size distribu
tal possibility for measuring genuine self-diffusion coefficientson with an average grain radius of about 208. For sample
for samples with internal magnetic field gradients without neegreparation, 0.78 g of the dried sand was filled into an NMR
ing to use a bipolar magnetic field gradient sequence. The lagample tube of 7.5 mm outer diameter. This amount filled the
technique needs more sophisticated gradient control equipmieriite up to a height of about 1.5 cm. Subsequently, a volume ¢
than what is necessary for a simple stimulated echo PFG NMRL5 ml of hexadecane was added to the sand. This amounts or
experiment. Moreover, as was shown 1), (the application of to 90% fluid saturation of the total available pore space betwee
bipolar PFG NMR pulse sequences does not always remove alited grains, which prevents excess fluid in the sand. To excluc
the distorting effects of internal field gradients on measured dffuid loss by evaporation, the sample was sealed tightly. Prio
fusivities when diffusing molecules experience spatially varying any NMR measurement, the sample was centrifuged, whic
field gradients. Even if the internal field gradient remains coensured a high and repeatable packing density of the grain
stant for each molecule over the dephasing and refocusing tiMereover, in the lower part of the sample tube, which is placec
intervals of the bipolar 13-interval pulse sequence consideriedthe sensitive region of the RF and gradient coil of the NMR
in (7), variation of the gradient over the store interval of the sspectrometer, a 100% fluid saturation of the sand is achieved |
guence may already be sufficient to induce errors in measushtrifuging.
diffusivities. In the latter case, the measured diffusivities were In the sand sample, the magnetic susceptibility distribution i
observed to depend on the duration of dephasing time({). given by the nature of the sand and there is no reference sy
Assuming a linear dependence of measured diffusivities*on tem without the action of an internal gradient available. As a
the “true” diffusivities were extrapolated & = 0 in (7). The situation with such a reference system would be highly desir
extrapolated diffusivities were found to be close to the expectable, a sample with a purposefully introduced internal gradien
self-diffusion coefficient. (and the corresponding reference sample without this gradient

In the present work we have adopted a similar approach umamely a FeO3; doped paste of MgO with octanol, along with
ing the simple stimulated spin echo sequence. An impressi&ecorresponding reference paste without the iron oxide dor
agreement between the diffusion coefficient measured in a riefg was studied as well. The reference sample consists of
erence MgO sample without internal magnetic field gradient apdste prepared wit5 g of MgO (food grade “light” magne-
that extrapolated using Eq. [16] for the MgO sample with intesia, obtained from Merck, Darmstadt) and 10 minebctanol
nal field gradients is a good illustration of the potentials of th@nalytical grade, also from Merck). Potentially present interna
proposed method of diffusion measurements in heterogenemesynetic field gradients in this paste due to different magneti

media. susceptibilities of MgO and-octanol can be neglected, since the
susceptibility difference between MgO and octanol is relatively
CONCLUSION small.

The sample with an internal gradient was produced by dop
In this work we present a simple method which allows oniag the MgO powder with 1% in weight of a F®3; powder

to obtain true self-diffusion coefficients in heterogeneous mésbtained from Reanal, Budapest) with a grain size betwee
dia using the simple stimulated echo PFG NMR sequence. Thand 5um. The grain size was estimated from electron mi-
method is based on Eq. [16], which is the main result of ogroscopy images of the dry powder. From the size of the grain
theoretical model of PFG NMR stimulated spin echo in the preand the dopant concentration, we can estimate a mean distance
ence of spatially varying internal magnetic field gradients. Usirih um between the I3 grains in our sample. Hence, a char-
Eqg. [16], genuine diffusivities in heterogeneous media can beteristic correlation length of the internal field gradient is abou
extrapolated from the dependence of the apparent diffusiviti@g.m. Sufficiently good mixing of the two oxides was ensured
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by vigorous stirring of the powders in the dry state and again B-interval sequence were chosen to correspond to those of tl
stirring of the paste after the addition of octanol. stimulated echo sequence. Thus, the observation finveas

Details of the PEG NMR measurement®EG NMR self- equal to 20 ms. The width of each of the bipolar gradients wa:

diffusion measurements were carried out with the homebuﬂ?té? ?]il?/r?f'd':]fr)r g:fgu?tongmf/er\nsurements the intensity of th
NMR spectrometer FEGRIS 400 NT operating at 400 MHz 9"a%'€ tstha ﬁi hor o 0  the materials used for the MaO
resonance frequency. According to Eq. [16], the presence mDue 0 the higher purity ot the materials used for the Mg

internal field gradients should lead tord-dependence of the Zameelfnse??d S.tjhbtsﬁguznig Igggﬁ; &Mirfrs:?:é'ontﬁrgel; tg
apparent diffusivity measured with the stimulated spin echo Xper s Wi pastes cou P wi 9

S S -
quence. In order to observe such influenceszthaelay in this c()ebservauon timea of 100 ms. Ther-delays varied from 0.5

sequence was varied. For the measurements with diffegent t0 0.9 ms. The W'dth of the fleld.grad|ent pul;bsvas set o
delays the duration of the magnetic field gradient pulsess 0'3.5 ms. The spin echo.attenuann was .momtore'd for'each
kept constant. It was chosen to be smaller than the smaﬂestby increasing the intensity of the pulsed field gradients in 15
delay used in the measurements. The strength of magnetic f%t]%ps from zero up to 4 T/m.
gradients was calibrated by performing a set of PFG NMR diffu-
sion measurements of water samples with the known diffusion ACKNOWLEDGMENTS
coefficients. In heterogeneous samples, restriction of the self-
diffusion of the observed molecules by the geometrical bound-This work was supported b%/ the (_Ser_man Scienqe Foundation.gnder the au
aries between the different regions of the sample also Iead%I gs of th“e graduate college "Physikalische Chermie de,r, G and the

- - . 3 294 “Molekile in Wechselwirkung mit Grenzthen” and by the Max-
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(15, 19. To avoid such effects, the observation timeand the
length of the gradient pulses in PFG NMR were kept constant.
For PFG NMR stimulated spin echo measurements with rectan-

gular pulsed field gradients and a fixed delay between the R]EJ. Kéarger and D. M. Ruthven, “Diffusion in Zeolites and Other Microporous
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