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ABSTRACT

We present a modulated gradient spin-echo method, which uses a train of sinusoidally shaped gradient
pulses separated by 180° radio-frequency (RF) pulses. The RF pulses efficiently refocus chemical shifts
and de-phasing due to susceptibility differences, resulting in undistorted, high-resolution diffusion
weighted spectra. This allows for the simultaneous spectral characterization of the diffusion of several
molecular species with different chemical shifts. The technique is robust against susceptibility artifacts,
field inhomogeneity and imperfections in the gradient generating equipment. The feasibility of the tech-
nique is demonstrated by measuring the diffusion of water, oil, and water-soluble salt in a highly concen-
trated water-in-oil emulsion. The diffusion of water and salt reveal precise information about the droplet
size distribution below the pm-range. Common droplet size distribution explains both the data for water
with finite long-range diffusion and the data for salt with negligible long-range diffusion. The results of
water diffusion show that the technique is efficient in deconvolving the effects of molecular exchange
between droplets and restricted diffusion within droplets. The effects of water exchange suggest that

Molecular exchange

droplets of different sizes are uniformly distributed within the sample.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

NMR diffusometry is a well-established approach to non-inva-
sively study the morphology of porous materials and emulsions
by characterization of self-diffusion in the interstitial fluid. For this
purpose different methods have been developed. Most widely used
methods consist of two short gradient pulses and are based on the
displacement propagator formalism [1,2]. They rely on the short
gradient pulse (SGP) approximation, which holds when the diffu-
sive displacement of the spin-bearing particles during the applica-
tion of a gradient pulse is much shorter than the extent of the
confinements. Most commonly the pulsed field gradient (PFG)
experiments aim to determine the mean square displacement
occurring in the time interval between the two gradient pulses. Re-
stricted environments give rise to a time-dependent diffusion coef-
ficient, which can be probed by the PFG experiments and reveal
morphological properties of porous materials, such as the pore
size, surface-to-volume ratio, tortuosity and permeability [3-6].
The information about the pore size and shape can alternatively
be obtained by determination of the average displacement propa-
gator at a fixed diffusion time. Its Fourier transform can be mea-
sured by varying the reciprocal space vector g, which is defined
by the strength and duration of the gradient pulses [7]. This ap-
proach takes advantage of diffraction-like effects on plots of echo
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intensity vs. g, which are related to the characteristic distances in
the sample. To adequately probe small pores, the propagator has
to be sampled at short diffusion times, which requires strong gra-
dient pulses in order to achieve adequate signal attenuation. In
addition, short pulses are required for the SGP approximation to
be valid. The lowest limit of the length scales accessible by the
PFG experiment is set by hardware limitations, i.e. gradient power
restraints and eddy current artifacts. However, studies have been
done in order to overcome the limits set by the SGP approximation.
The effects of finite length gradient pulses in characterizing emul-
sions have been thoroughly examined [8] and brought into use [9].
Variable pulse duration can be used to determine the minimum
length-scale for which diffusion appears to be Gaussian. Aslund
et al. have shown that a controlled break down of the SGP
approximation can be applied to determine the homogeneous
length-scale of micro-heterogeneous systems such as lamellar
liquid crystals [10].

Studies of emulsions are important due to implications in many
technological applications but they are also often used as testing
systems to establish new experimental methods. Packer and Rees
where the first to apply the PFG method to study restricted diffu-
sion in an emulsion [11]. Balinov et al. observed diffraction peaks
in the attenuation data of a water-in-oil emulsion [12]. The PFG
approach has been widely used to determine the droplet size dis-
tribution (DSD) in emulsions, which is an important characteristic
influencing stability, rheology and functionality of emulsions. It is
important to note that the migration of molecules between
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droplets can severely limit the usefulness of the PFG approach to
study emulsions. It has been clearly shown that when there is fi-
nite probability that molecules leave the droplet during the gradi-
ent pulse, diffusion appears Gaussian and the information about
the droplet size is lost [8]. Furthermore, several authors in the lit-
erature have observed that the measured DSD depends on the dif-
fusion time. The primary reason for this was attributed to
molecular exchange between emulsion droplets (see review article
[13]). While exchange is of scientific interest, it compromises the
ability to quantitatively determine the DSD by PFG experiments.

Another approach to measure diffusion, which does not neces-
sarily use pulsed gradients, is known as the modulated gradient
spin-echo method (MGSE) [14-17]. It provides information about
diffusion in the frequency domain. By generating a periodically
oscillating phase factor, the MGSE experiment results in a signal
attenuation which is proportional to the spectrum of the velocity
auto-correlation function (VAF) of the spin-bearing particles. The
effect of spin de-phasing due to diffusion is accumulated over
many gradient modulation cycles, giving rise to adequate diffusive
attenuation on a shorter time scale compared to the PFG method.
The diffusion spectrum, probed by MGSE, is related to the mean
square displacement and, analogously to the time-dependent dif-
fusion coefficient, contains information about the morphology
[18]. Its zero frequency component corresponds to the long range
diffusion, while higher frequency components approach the bulk
diffusion value. Different kinds of MGSE experiments have been
employed to study water diffusion in porous media [19] and in
emulsions [20], but without chemical shift resolution. Parsons
et al. have implemented harmonically oscillating gradients, which
are compatible with imaging sequences [21]. Oscillating gradients
were successfully used to probe diffusion in rat brain [22]. It has
been shown that such an approach can be used to decompose dis-
perse flow and restricted diffusion, determine pore sizes, surface-
to-volume ratios and tortuosity [23,24].

Here we present an application of the MGSE method, which
uses sinusoidally shaped gradient pulses separated by 180° RF
pulses. This produces an apodized cosine effective gradient wave-
form, similar to the one used in [21-23]. The RF pulses used in the
presented technique efficiently refocus chemical shifts and de-
phasing due to susceptibility differences, resulting in undistorted,
high-resolution diffusion weighted spectra. While measurements
of individual components in solution by the spin-echo PFG tech-
nique [25] are well established, the experiment described herein
is the first MGSE approach that, to our knowledge, yields chemical
shift resolution. The MGSE experiment was employed to study the
diffusion of different species in a highly concentrated water-in-oil
emulsion. Such emulsions were previously studied by PFG [8,9,26].
In order to access diffusion on a shorter time scale, an MGSE ap-
proach with a train of gradient pulses was applied to the same
emulsion system [20]. However, the eddy currents produced by
these sharp gradient pulses compromised the chemical shift reso-
lution. The high-resolution diffusion weighted spectra obtained by
the novel MGSE technique allows the diffusion of different species
to be studied within the same experiment and reveal identical DSD
from species with both finite and negligible long-range diffusion.

2. Theory
2.1. Background

If the relaxation effects are factored out, the normalized echo
intensity at the time of echo acquisition t, is given by the ensemble
average E(t,.) = <exp(if(§c o(t)dt)), where w(t) = pG(t)x(t). Here y is
the gyromagnetic ratio, G(t) is the effective gradient waveform and
x(t) is the particle position along the gradient direction. The
ensemble average can be expressed by the cumulant expansion

and in the Gaussian approximation the signal is written in terms
of the signal phase ¢ and the attenuation factor f as E = e~#, As
the MGSE method relies on the rate of the gradient modulation
rather than on its magnitude, the size of the confinement can al-
ways be smaller than the spin phase grating created by the applied
gradient, and the signal analysis within the Gaussian approxima-
tion is valid [27]. While the signal phase is proportional to the
net flow, the attenuation is influenced by the diffusion process
[14]. StepiSnik and Callaghan have shown that the attenuation fac-
tor can be expressed in the frequency domain [14-16]. In the direc-
tion along the applied gradient the expression can be written as

p=1 / " F(e)PD(0) doo. (1)

Here D(w) is the spectrum of the VAF, also called the diffusion spec-
trum, and F(w) = ge F(t)ei®tdt is the spectrum of the phase factor,
which is determined by the effective gradient waveform
F(t) = yj; G(t')dt'. It follows from Eq. (1) that separate frequency
components of the diffusion spectrum can be measured if the spec-
trum of the phase factor F(w) has a narrow frequency peak at a
non-zero frequency. This is achieved in MGSE experiments by an
appropriate choice of the gradient modulation waveform. When
F(w) has no zero-frequency component, the experiment is flow com-
pensated, as the phase of the signal is proportional to the product of
the flow velocity and the Oth moment of the phase factor fg“ F(t)dt
[14].

The diffusion spectrum can be interpreted as a frequency do-
main counterpart of the time-dependent diffusion coefficient
Dy (t) = (Ax?)/2t. The two are connected through the mean square
displacement, which can be expressed as

(Ax(6)?) :% /0 Dé)‘f) (1 - cos wt)do. )
An analytical expression for the restricted diffusion spectrum D(w)
can be derived for simple geometries (planar, cylindrical, spherical)
from the appropriate propagators like it is done in cases of time-do-
main experiments, where the time-dependent diffusion coefficient
is of interest. See for example the derivation of Murday and Cotts
for the apparent diffusion coefficient in spherical geometry mea-
sured by the spin-echo PFG experiment [28]. A convenient way to
obtain D(w) is to derive an expression for the mean square displace-
ment (Ax(t)*), calculate the VAF as (v(t)v(0)) =1 %(Ax(t)z) and fi-
nally Fourier transform it into the frequency domain. Such a
derivation is provided by Stepisnik in [18]. Here we sum up the re-
sults for D(w) for planar, cylindrical and spherical geometry in a
more compact form. With the addition of tortuosity term [19] the
diffusion spectrum can be written as
> aqBw?

D(w) = aDg + (1 — o)D —_—
(@) o+ (1 - ORZ;aﬁDngwz

3)

where o = D, /Dy is the inverse tortuosity, the ratio between the
long-range diffusion D,, and the short-range diffusion Dy,. The coef-
ficients a, and B, depend on the geometry under consideration and
can be expressed as

_ ék 2
a- (%) (4a)
2R/C,)
B = 2R/G) (4b)
G+1-d
where (, are the kernels of
Jajp1(O) = (d = 1)J4(0) =0 (5)

and J, denotes the vth order Bessel function of the first kind. The
coefficient d is set to 1, 2 or 3 for planar, cylindrical or spherical
geometries, respectively, and 2R is the plane spacing or the diame-
ter of the pore.
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2.2. Experimental technique

The pulse sequence consists of a CPMG RF train with 2N 180°
pulses and interspaced gradient pulses with sinusoidal shape
(Fig. 1). Only half of the last echo is acquired at a fixed echo time
te = NT,, where N is the number of modulation periods and T, is
the modulation period. The refocusing pulses are separated by
Tm/2. The shape of the gradient pulses is defined by Go sin(wnt),
where w,, = 21/T,, is the modulation frequency. Note that the first
and the last pulse in the sequence oscillate with the double mod-
ulation frequency. The corresponding effective gradient G(t) has
an apodized cosine shape (Fig. 2A) and the phase factor oscillates
periodically around zero with the modulation period T, (Fig. 2B).

Tnl4 Tn/2

I
,V.W,\
Fig. 1. Schematic timeline of an RF pulse sequence with sinusoidal gradient lobes.

The refocusing pulses are repeated with the period T,/2. Sketched is also the
evolution of the magnetization.

Acquisition

A 1
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G(t) G

o/o
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Fig. 2. Gradient modulation with N = 3 modulation periods. (A) Effective gradient,
(B) phase factor, and (C) Spectrum of the phase factor.

The amplitude of the phase factor is Fo = 5. yGoTr. The spectrum
of the phase factor has a peak centered around w, with the width
inversely proportional to t. (Fig. 2C). The spectrum of the phase
factor can be written as a function of normalized frequency

W =w/wn as
F - - ~

+2(@* — 1) cos (TN@)| /[2m* (1 — &%) (4 — &*)].  (6)

When the pulse sequence consists of several modulation peri-
ods the attenuation can be approximated as () ~ bD(w), where
b is the attenuation factor

~ (7Go)* 58N 1
b—<§> = (7)

In order to sample the diffusion spectrum, the modulation per-
iod T, and the number of periods N are varied. As the echo time t,
is kept constant, in order to avoid relaxation effects, the set of sam-
pled frequencies at a chosen ¢, is bound to w,, = 2nN/t.. The low-
est modulation frequency that can be probed is limited by T,
relaxation, while the upper limit is set by the gradient slew rate.
The choice of performing the experiment at a constant t, also fac-
tors out possible J-coupling effects, which are not refocused by the
180° pulses. However, t. should be chosen carefully, to optimize
S/N, when J-coupling effects are present.

3. Experimental
3.1. Materials and emulsion preparation

We studied a highly concentrated water-in-oil emulsion, which
consists of 95 wt% 0.2 M tetramethyl ammonium chloride (TMA-
Cl) in Millipore water as aqueous phase, 3.5 wt% heptane as oil
phase and 1.5 wt% Brij 92 as surfactant. The ingredients and sam-
ple preparation were the same as reported in [8]. We used the sur-
factant Brij 92 from Aldrich, heptane of p.a. quality from Merck and
TMA-CI from Fluka Biochemica. The surfactant was dissolved in oil
in a glass tube containing several glass beads. The water was then
added drop-wise while shaking the sample on a vortex-mixer.
When the emulsion became viscous additional shaking was done
by hand. Previous experiments have shown that this type of emul-
sion is stable for at least 15 h [8,26].

3.2. NMR experiment

The experiment was performed at 200.13 MHz proton reso-
nance frequency on a Bruker AVII-200 spectrometer. A Bruker
DIFF-25 probe and a Bruker GREAT 1/40 gradient amplifier were
used, providing a magnetic field gradient in the z-direction with
a maximum strength of 9.6 T/m. No gradient blanking was used
between subsequent gradient pulses. The 180° pulse length was
24 us and the separation between the RF pulses and the gradient
pulses was 10 ps. The time between the gradient pulses (Fig. 1)
was thus 44 ps, which had a negligible effect on the calculation
of b values in our experiment. In order to factor out the relaxation
effects the experiment was performed with constant t, = 150 ms.
Diffusion was probed at 36 different modulation frequencies. At
each T, between 2 ms and 30 ms, the number of modulation peri-
ods was adjusted so that t, = NT,,,. The corresponding N were be-
tween 5 and 75 incremented by 2. The gradient amplitude was
adjusted so that the same 20 linearly stepped b values were ap-
plied at each modulation period. The maximum gradient ampli-
tude, used at the shortest T,,, was 2.9 T/m. The standard 8 steps
CPMG phase cycling was applied. Measurements were done at
25 °C. With an acquisition time of 1s and a recycle delay of 1s
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the whole experiment with 36 x 20 spectra measured was per-
formed in approximately 3.44 h.

4. Results and discussion

The experiment gives spectra with high chemical shift resolu-
tion. Thus, it allows diffusion of different molecules to be measured
within a single experiment. Fig. 3A depicts the emulsion spectrum
attenuated by diffusion at T, = 2 ms. Water, TMA and oil peaks are
clearly resolved. In Fig. 3B one can see that the spectral resolution
of our experiment is comparable to the spectrum of the free-induc-
tion decay (FID) with 8 scans. The relative differences between the
peak intensities in Fig. 3B are caused by differences in the relaxa-
tion times. The intensities of the separate peaks were analyzed in
terms of Stejskal-Tanner plots.

The method was tested by measuring bulk diffusion of water,
methanol, glycerin and octanol (data not included here). The diffu-
sion spectra were flat as expected. However, at modulation fre-
quencies above 700 Hz the echo attenuation increases rapidly,
which can be attributed to residual gradients leading to slice selec-
tion with the refocusing pulses. To avoid this effect we set the
upper frequency limit of our experiment to 500 Hz. The same limit
was achieved by Topgaard et al. [20] in a MGSE experiment with a
train of rectangular gradient pulses. Interestingly, the same equip-
ment was used in both cases except that the gradient coil was dri-
ven by a Bruker BAFPA-40 instead of a newer Bruker GREAT 1/40
amplifier.

As a reference the bulk diffusion of water and TMA® ions in the
TMA-CI solution used in the preparation of the emulsion were
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Fig. 3. (A) Diffusive attenuation of the emulsion spectrum at T,, =2 ms. The
spectrum consists of water, TMA and oil peaks. On the right-hand side is a close up
of TMA and oil peaks. The arrow indicates linearly increasing b values. (B)
Comparison of the FID spectrum (dotted line) and the spin-echo spectrum (solid
line) at T,, =2 ms and lowest gradient amplitude (b =2 x 10® s/m?). The acqui-
sition time was 1s and the dwell time 200 ps. The spectra are normalized with
respect to the maximum intensity of the FID spectrum. The intensity range is 100x
reduced in the inset figure.

measured with the same experimental parameters as the emul-
sions. The diffusion spectrum of both species is flat as expected
(Fig. 4). Within 5% of accuracy the respective values for TMA®*
and water are 1.0 x 10 m2/s and 2.3 x 10~° m2/s. These values
are used as the bulk limit D, in the diffusion model fitted to the
emulsion data. A small but systematic decrease of the diffusion
at increasing frequencies can be observed for the dominant water
peak (Fig. 4A). This effect has been noted also by others [15,20]
and can probably be attributed to the effects of coil impedance
leading to slightly reduced b values at larger wy,.

In the emulsion, diffusion of oil, water and TMA" ions has dis-
tinctively different characters. The water droplets, in which TMA-
Cl is dissolved, are very tightly packed [8,29]. The oil is diffusing
in a thin film surrounding the droplets. Water molecules are par-
tially soluble in oil and can migrate between droplets. On the other
hand, the solubility of TMA" is negligible, thus the ions are com-
pletely confined within the droplets. During the experiment water
molecules can diffuse across the droplet space several times before
leaving the droplet. Their diffusion exhibits clear frequency depen-
dence characteristic of restricted diffusion (Fig. 5). One can also see
that due to water migration between droplets the data approach to
a finite value of D, at low frequencies. The data in Fig. 5 is obtained
from exponential fits of the decay curves in the Stejskal-Tanner
plot. For clarity Fig. 6A depicts the decay curves only at selected
modulation frequencies. The error bars in Fig. 5, as well as in Figs.
4 and 7, are obtained by means of Monte Carlo analysis similar to
the one described in [30] and indicate confidence intervals of 80%.
The diffusion spectrum of water cannot be fitted by the theoretical
model for spherical geometry of a single size (Eq. (3)). The situation
is clarified when the diffusion of TMA" is considered. In contrast to
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Fig. 4. Diffusion spectrum of water (A) and TMA" ions (B) in solution. The dashed
line indicates the mean value and the error bars indicate confidence intervals of
80%.
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Fig. 5. Diffusion spectrum for water (dots) and the theoretical model (solid line).
Error bars indicate confidence intervals of 80%.

Fig. 6A one can see that the decay curves for TMA depicted in
Fig. 6B are not single exponential. Note that the b-values used in
our experiment (see Fig. 6A) were sufficiently low for the Gaussian
approximation of cumulant expansion to be valid [27] for restric-
tions in the assumed pm size range (see Fig. 6C). In a single com-
partment the decay curves would be mono-exponential. We have
verified this by simulating the MGSE experiment results in a 1D
periodic system of permeable pores, where diffusion was simu-
lated by means of finite-difference method of integration of the
Bloch-Torrey equation. The same simulation method was used in
[10] and is described therein. The multi-exponential decay curves
for TMA thus suggest that the droplets are poly-disperse in size.
The same poly-dispersity also explains the shape of the diffusion
spectrum of water (Fig. 5).

Although the diffusion of water and TMA™ appear to be very dif-
ferent it shares the same morphological information. We model the
data by assuming a log-normal probability density for the DSD,
which is given by

1 ~ (InR—Inp)?
P(R) - \/ﬁGR eXp |: 20.2 :|> (8)

where p is the median and ¢ is the width of the distribution. There
is abundant experimental evidence that such a distribution de-
scribes well the poly-dispersity of the droplet size in a broad range
of emulsion systems [11,13,31]. In the case of TMA" ions, the spins
which are confined to droplets of different size, contribute differ-
ently to the attenuation of the echo intensity. It can be written as
a weighted sum

Z P —bD R.0m) (9)

By Py we denote the normalized volume based distribution, to dis-
tinguish it from its number based counterpart Py. The two distribu-
tions are related by Py = Py(R)R?/3_zPn(R)R? and both have the log-
normal shape (8). The corresponding medians are related by
Uy = Ly e’ and the mean value is provided by (R) = ue®/2,

In the case of water the situation is quite different. Due to the
exchange of molecules, the signal originating from different parts
of the sample, i.e. droplets of different size, exhibit equal diffusive
attenuation. In this case the decay is mono-exponential

E(wm, o) = e Pmix(@m) (10)

Such a situation takes place if molecules roam over all characteristic
droplets in the system during t..

Consider the probability density p,(R) to find a molecule at posi-
tionratthe time t., if it was within a droplet of size R at the beginning
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Fig. 6. Echo intensity decay of water (A) and TMA (B) peaks at selected modulation
periods (circles). Labelled 1-6 are T,=2, 3.3, 5.5, 11.5, 16.7 and 21.4ms
corresponding to N =75, 45, 27, 13, 9 and 7 modulation periods. Solid lines in A
and B correspond to the theoretical model with the common log-normal DSD (C).

of the experiment. Note that p,(R) depends on t, and it should not be
confused with the droplet size distributions Py or Py. When there is
no molecular exchange between droplets p,(R) is zero everywhere
except for r within droplets of size R. In this case there are different
contributions to the diffusive attenuation, resulting in multi-expo-
nential decay described by Eq. (9). However, when there is enough
molecular exchange between droplets during t. the probability den-
sity p,(R) is independent of position. Signal originating from differ-
ent parts of the sample is thus equally attenuated. In this case all
the spins belong to the statistical ensemble described by a common
average VAF. It can be written as a sum over sub-ensembles of spins
originating in droplets of different sizes. Thus, the average diffusion
spectrum is given by

=2_Pv®)

D(R, @y, ). (11)

le wm



S. LasiC et al./Journal of Magnetic Resonance 199 (2009) 166-172 171

o

©

5
bt

IIJIII}II II ﬂ ]

IIIIII

D (107° m%/s)
o
©

0.85} II III ]

0.8} ]
0-75 1 1 1 1 1 1
0 05 1 15 > 25 3

3 -1
o (107s)

Fig. 7. Diffusion spectrum of oil. Error bars indicate confidence intervals of 80%.

Note that in this case o is not zero. The mono-exponential decay of
water intensities (Fig. 6A) suggests that the droplets of different
sizes are evenly distributed within the sample. If there would be
large domains (>20 pm) of droplets with different sizes, the decay
of water intensity would not be mono-exponential.

A global fit of the volume-based log-normal size distribution (8)
to the water and TMA data (Fig. 6A and B) was performed in terms
of Egs. (9) and (10). The distribution was represented by 50 linearly
spaced bins between 0 and 2.5 um. The fitting comprised
2 x 36 x 20 data points and yields parameters p,, ¢ and o. This
corresponds to the resulting theoretical curves, depicted in Figs.
5 and 6A and B. In order to estimate the fitting error, the Monte
Carlo procedure was performed in a manner similar to that de-
scribed in the work of Balinov et al. [31], where the DSD in an
emulsion was measured by the spin-echo PFG experiment. Within
80% of confidence the obtained fitting parameters are p, =
1.217 £ 0.0075 pm, ¢ = 0.475 +£0.018 and o = 6.75 + 0.35%. The
same fitting procedure was performed using the number-based
distribution (Fig. 6C) yielding equal ¢ and o but pu, =0.619+
0.031 pm. The fact that the experiment is sensitive to volume
rather than to number weighting is reflected by a smaller relative
error of about 0.6% in case of p, compared 5% error for p. The esti-
mated mean droplet size according to pu is (R) = 0.785 um. The
long-range diffusion value D, ~ 1.5 x 107 m?/s and the mean
droplet size are in good agreement with previously obtained re-
sults [20,26].

As expected, in the case of oil diffusion the D(w) is flat in the ob-
served frequency range (Fig. 7). In this case the fluctuation of the
measured data, within 7%, is larger due to the low volume fraction
of oil and consequently lower signal-to-noise ratio. The diffusion of
oil (heptane) is seen to be hindered by the droplets. The tortuous
diffusion paths of heptane molecules result in diffusion rate of
about 0.9 x 10" m?2/s, which is about 30% of the heptane bulk va-
lue (3.12 x 107° m?/s).

5. Conclusions

The MGSE technique which enables spectral characterization of
diffusion with chemical shift resolution is introduced. The use of
spin echoes instead of gradient echoes [21] is advantageous in
reducing the effects of field inhomogeneity and susceptibility arti-
facts. Many modulation periods can be used, thus high sensitivity
at short times can be achieved. The smooth gradient modulation
results in reduced eddy currents and high resolution spectra. As
the polarity of the gradient pulses is not switched, the effect of
asymmetry of the gradient pulses with opposite polarity is
avoided, which can be significant in the case of gradient-echo

experiments. The technique is particularly suited for in vitro stud-
ies of samples where diffusion of several compounds, with differ-
ent chemical shifts, is of interest.

The potential of the presented technique is demonstrated by
studying a highly concentrated water-in-oil emulsion. The results
are in good agreement with previous studies of similar systems
[20,26] but reveal additional and more detailed information. With-
in a single experiment the diffusion of water, TMA" ions and oil can
be studied. Diffusion of the continuous oil phase is seen to be
Gaussian but hindered. The ions, which are confined to the drop-
lets, shows restricted diffusion behavior with infinite tortuosity
(D, = 0). The diffusion spectrum of water reveals both the value
of D,, due to migration of molecules between droplets and the
information about restrictions. Due to size poly-dispersity the
TMA intensities decay multi-exponentially, while migration of
water result in mono-exponential decays. The two distinct diffu-
sive behaviors can be appropriately modelled and fit well to a com-
mon DSD. This provides reliable size distribution parameters.
Furthermore, it leads to the conclusion that droplets of different
sizes are uniformly distributed within the sample. The results con-
firm that in MGSE experiments the effects of molecular exchange
can be efficiently deconvolved from restricted diffusion, in contrast
to PFG experiments in which exchange can hinder information
about droplet size [8,9] and inhibit the ability of precise quantita-
tive determination of the DSD [13].
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