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’ INTRODUCTION

Opaque porous systems are prevalent in a myriad of chemical1

and biological2 systems. Inmany cases, microarchitectural features
such as pore size, shape, and organization may have profound
effects on the physical, chemical, and even biological properties of
the system, and therefore noninvasive determination of such
microstructural properties is of paramount importance. Since
the seminal paper of Stejskal and Tanner more than 55 years
ago,3 diffusion NMR has become by far the most important
methodology for noninvasively characterizing pores in heteroge-
neous systems. The celebrated Stejskal�Tanner single-pulsed-
field-gradient (s-PFG) methodology (Figure 1A) conveys micro-
structure by utilizing diffusion of endogenous magnetic resonance
(MR)-observable nuclei as reporters for microarchitectural fea-
tures of the porous systems. Indeed, diffusionNMR has been used
to study systems such as heterogeneous catalysts,4 porous
polymers,5 porous materials6a�c and carbon nanotubes,6d rocks,7

emulsions8a and colloids,8b and even biological cells9 and tissues.10

In the past decade, q-space diffusion NMR,11 originally designed
to noninvasively study compartment size in chemical and biolo-
gical systems, was extended to magnetic resonance imaging
(MRI) and was used to provide micrometer-scale information

on axons and fibers in the central nervous system (CNS).12 All
these systems were studied mostly using the s-PFG methodology,
which is capable of characterizing pores directly only when the
pores are coherently organized (Figure 1B), i.e., when the systems
are characterized by organization on the macroscopic scale; such
systems are in fact characterized by ensemble anisotropy (eA).13

However, in many systems in Nature, much more complex
scenarios may prevail in which eA is not present, as shown in
Figure 1C,D, for example. The scenario shown in Figure 1C,
where anisotropic compartments are completely randomly or-
iented, can be found in many heterogeneous systems such as
catalysts and porous polymers, and even in gray matter of the
CNS. Another scenario where there is no macroscopic organiza-
tion may be encountered when a solid matrix is immersed in
fluid, as shown in Figure 1D. Despite the absence of eA, these
scenarios can be still characterized by microscopic anisotropy
(μA), which is a manifestation of the restriction length scale in
the system, and compartment shape anisotropy (csA), which is a
manifestation of the pore eccentricity.13 However, s-PFG
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approaches are only capable of detecting eA, i.e., microstructure
on a macroscopic scale, while they inherently cannot detect μA
and csA. Therefore, using s-PFG approaches, it is difficult to
distinguish between the scenarios shown in Figure 1C,D (i.e.,
randomly oriented anisotropic compartments) and perfectly
isotropic spheres (Figure 1E).

In 1995, a theoretical work by Mitra claimed that a variant of
double-PFG (d-PFG) NMR (a double-stimulated-echo variant is
shown in Figure 1F), namely the angular d-PFG NMR experiment,
should be able to accurately characterize systems such as those
shown in Figure 1C�E.14 The d-PFG sequence employs two
independent gradient vectors G1 and G2, having durations δ1 and
δ2, respectively, and spanning diffusion periods Δ1 and Δ2, respec-
tively (Figure 1F). The advantage of the angular d-PFG MR
methodology is that it utilizes two unique parameters that have no
analogy in conventional s-PFGMR, namely the angleψ between the
twogradient vectors and themixing time (tm),which is defined as the
duration between the two diffusion periodsΔ1 andΔ2 (Figure 1F).
In such experiments, the gradient amplitudes are set constant and
equal, while the orientation of the second gradient vector G2 is
rotated with respect to the direction of the first gradient vectorG1 at

a constant mixing time (Figure 1G; for a review on d-PFG, see ref
15). In angular d-PFG MR, the signal intensity is plotted as a
function of ψ (hereafter referred to E(ψ)). Preceding the angular
d-PFG experiments were nonangular double-PFGMR experiments
designed tomeasure locally anisotropicmotion in yeast cells,16 liquid
crystals,17 gray matter of the CNS,18 and even spinal cords.19

Recent theoretical studies claimed that the angular d-PFGMR
experiments could distinguish between the scenarios shown in
Figure 1C,D and the scenario shown in Figure 1E by inspecting
the E(ψ) at different mixing times.13,14,20,21 In scenarios where
eA is absent, the theory suggested that at tm = 0 ms the E(ψ)
profile would be solely determined by μA and csA, giving rise to
signatures in the form of bell-shaped functions in the E(ψ)
plots.13,20 At long tm however, μA is decoupled from the E(ψ)
profile, thus isolating the effects of csA on the angular profile, and
potentially offering a means to distinguish between anisotropic
compartments (giving rise to sharp modulations in E(ψ)) and
spheres (where no modulation was predicted in E(ψ)).13 The
angular dependencies at short tm were recently observed experi-
mentally by both spectroscopy22,23 and imaging.24 Recently, we
used controlled synthetic porous media to demonstrate for the

Figure 1. Sequences and schemes. (A) The Stejskal�Tanner single-PFG experiment. (B) The s-PFG experiments are capable of easily conveying
microstructural information in coherently organized systems only, where ensemble anisotropy exists, which implies that diffusion is anisotropic on a
macroscopic scale. (C�E) Scenarios that are all macroscopically isotropic: (C) randomly oriented anisotropic compartments, (D) diffusion in the
interstices of a solid matrix, and (E) diffusion in spheres. In all of these cases, diffusion appears isotropic, and it is impossible to distinguish between these
scenarios in s-PFGMR. (F) A double-PFG sequence. Note that two gradient pairs are applied in succession, with the timing between them defined as the
mixing time (tm). In this specific sequence, the case of ψ = 180� is shown owing to the fourth and fifth 90� RF pulses. (G) The angular d-PFG
methodology. Here, the gradient durations and amplitudess are set, along with the diffusion periods and the mixing time. What is varied is simply the
relative angle between the gradient vectors, defined as ψ. Here, the experiment is shown in the X�Y plane.
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first time that the angular bipolar-d-PFG (bp-d-PFG) experi-
ments at long tm can indeed offer signatures for compartment
eccentricity, even in the scenario shown in Figure 1C.23

In this study, for the first time, we study realistic, complex
specimens that possess both microstructural heterogeneity and
large magnetic inhomogeneity, and in some cases even inter-
connection, using the angular d-PFG methodology. We sought
to study whether d-PFG can indeed describe the pore morphol-
ogy, especially in those scenarios where conventional methods
are inherently limited. We show that the angular bp-d-PFG
(sequences shown in Figure S2) methodology indeed offers
unique and novel signatures for underlying microstructure in
highly heterogeneous systems, such as emulsions, quartz sand,
and even biological specimens such as yeast cells and CNS gray
matter, that could not be obtained from the conventional
diffusion MR methods. This is obtained completely noninva-
sively and using relatively weak gradient amplitudes.

’RESULTS AND DISCUSSION

Toluene-in-Water Emulsion. One of the most important
applications of diffusion NMR in general is in characterizing the
microstructure of emulsion systems.25 In the NMR spectrum of
an oil-in-water emulsion consisting of toluene droplets dispersed
in water, the water and oil peaks were well resolved on the chemical

shift axis. We could therefore compare the microstructural in-
formation available from conventional bp-s-PFG MR measure-
ments to microstructural information that could be obtained from
angular bp-d-PFG experiments. Figure 2A shows the bp-s-PFG
diffusion NMR measurements conducted on the resonances of
both the toluene methyl peak and the water peak in this emulsion
in three orthogonal directions. The signal decays in the x-, y-, and
z-directions are practically identical for both materials, suggesting
that there is no eA within this specimen. Interestingly, the E(q)
signal decays of both H2O and toluene appear quite similar, and it
can only be inferred from bp-s-PFG MR that diffusion is not
mono-Gaussian for both peaks, but this in itself does not indicate
physical restriction or any underlying microstructural features in
the emulsion. For example, a similar non-mono-Gaussian profile
could be a result of two distinct populations of a diffusing moiety
having different molecular weights but the same chemical shift; in
such cases, the higher and lowermolecular weight moiety will have
two different Gaussian propagators, which will produce a non-
mono-Gaussian signal decay in the E(q) plot. The bp-s-PFG MR
experiments in this specimen therefore imply only that both
toluene and water components are diffusing in macroscopically
isotropic environments (vide infra).
By contrast, the bp-d-PFG experiments reveal a completely

different picture for both of the emulsion components. At tm = 0
ms, pronounced bell-shaped E(ψ) dependencies are observed

Figure 2. Insights into pore morphology in an emulsion system. (A) bp-s-PFG experiments conducted on both the toluene and water resonances. The
signal attenuation in all directions is very similar, and it is difficult to differentiate between the two components on the basis of these diffusion profiles. (B)
Angular bp-d-PFG experiments with tm = 0 ms in the same emulsion. The microscopic anisotropy of both components is clearly revealed, and it is clear
that the water component is more restricted than the toluene. (C) The angular bp-d-PFG experiments with long mixing time reveal that the toluene
molecules diffuse in spherical compartments, while water molecules are diffusing in highly anisotropic, randomly oriented compartments. (D) The
invasive light microscopy shows the spherical toluene droplets dispersed in water. The water is confined to smaller pores that are highly anisotropic in
shape (red), albeit randomly oriented. The bp-d-PFG experiments are therefore capable of uniquely depicting the microstructure of the emulsion. Bp-d-
PFG experiments were performed at 2q = 460 cm�1.
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for both components (Figure 2B), indicating that physical
restriction is present for both components. Note that here, the
normalized E(ψ) dependencies are plotted to enable easy
comparison between the components, and that the bell-shaped
angular dependence will only arise from restricted, non-Gaussian
diffusion (as opposed to multi-Gaussian diffusion processes).14

Several implications arise from these E(ψ) plots. First, the
appearance of bell-shaped E(ψ) dependencies directly implies
that diffusion is restricted and non-Gaussian for both water and
toluene components of the emulsion. Second, since the magni-
tude of the bell-shaped function is dependent on pore size,14

the E(ψ) plots suggest that each component is restricted by a
different geometrical scale: remarkably, the data in Figure 2B
show that the angular dependence of water is smaller than that
of toluene, suggesting that water molecules are in fact confined
to smaller domains compared to toluene molecules. This
unique signature for compartment size, however, is not sufficient
to completely characterize the pore space, as information
on pore shape is not completely resolved in the tm = 0 ms
experiments.
To directly infer on underlying compartment shape, experi-

ments were performed using long tm.
13,23 Figure 2C shows these

experiments for the toluene resonance: a flat E(ψ) profile is
obtained, suggesting that csA is very small for toluene. This means
that toluene is in fact diffusing within a restricting isotropic,
spherical compartment. By contrast, a remarkable modulation is
observed for the water peak, suggesting that water molecules are
diffusing in a network of randomly oriented nonspherical com-
partments. Combined with the information from the tm = 0 ms

experiments that show that water molecules diffuse in smaller
compartments compared to toluene, the angular bp-d-PFG MR
completely conveys the underlying microstructure in the emul-
sion: toluene is diffusing in large spherical droplets that create
confining anisotropic regions that are smaller in size, where water
molecules are experiencing restricted diffusion between the dro-
plets. Indeed, under invasive light microscopy (Figure 2D), the
toluene droplets appear spherical, suggesting that toluene mol-
ecules are experiencing restricted diffusion (black lines) on a larger
scale than water molecules (red lines), which undergo restricted,
non-Gaussian diffusion in smaller, locally anisotropic, randomly
oriented compartments.
Since the toluene droplets were found to be spherical in the

long tm experiment, compartment size could be estimated. The
size that was extracted for the toluene droplets was 17.2 ( 0.2
μm. This is in reasonable agreement with the sizes observed in
microscopy (Figure 2D). However, it should be noted that a
substantial size distribution exists in the emulsion, and therefore
the size extracted at this q-value probably represents a weighted
average of the globules present.
While the bell-shaped E(ψ) curve for toluene clearly follows

the expected cosine profile, the E(ψ) profile of water exhibits a
much narrower, non-cosine peak that we could not fit to Mitra’s
theory.14 The non-cosine profile most likely arises from the
superposition of csA effects (that were indeed clearly revealed in
the long tm regime). Since these pores appear to be intercon-
nected, new theory that will take into account exchange effects
and restriction on different length scales is needed for future
quantification of the μA effects. Nevertheless, the angular bp-d-PFG

Figure 3. Experiments in quartz sand specimens. (A) SEM image of the specimen that was crushed to fine grains. (B) SEM image of the specimenwhere
sand grains were large. (C) Bipolar s-PFG experiments for both specimens, showing almost no differences between specimens, and the signal decay is
almost isotropic in both specimens. (D) Angular bp-d-PFG experiments with tm = 0 ms, showing effects of microscopic and compartment shape
anisotropies in the normalized E(ψ) plots. (E) Angular bp-d-PFG experiments with a long tm of 30ms in which the microscopic anisotropy is decoupled
from the E(ψ) plots, yielding a modulation that is dependent only on compartment shape anisotropy. The bp-d-PFG MR results are shown for 2q =
230 cm�1.
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experiments at both tm regimes uniquely provided nearly an image
of the emulsion microstructure.
Quartz Sand Specimens. Noninvasive characterization of

microstructure is extremely important in petrochemical research,
where characterizing diffusion in rocks or between sand grains is
related to oil content and transport properties.7 We therefore
applied bp-s-PFG and angular bp-d-PFG to two quartz sand
specimens which have very different sand grains: the first speci-
men had small, dust-like fine grains, while the second specimen
had coarse grains that are much larger. Figure 3A,B shows the
scanning electron microscopy (SEM) images of these specimens.
Note that here, the porous network is in fact the interstices between
the grains (as shown in Figure 1C). The SEM images reveal the
Achilles’ heel of invasive microscopy, as the sand microstructure
cannot be probed in its native state (maximally packed).
Figure 3C shows the bp-s-PFG experiments conducted on

both specimens in the x-, y-, and z-directions. In both specimens,
diffusion appears to be almost completely isotropic in bp-s-PFG
experiments. Furthermore, the diffusion attenuation of both
specimens appears quite similar, so that a “fingerprint” for the
sand microstructure is very elusive. The isotropic profiles of the
bp-s-PFG experiments in fact indicate that for these specimens,
eA is not present; i.e., diffusion is macroscopically isotropic.
However, inferring on restricted, non-Gaussian diffusion from
these plots is elusive, and whether the non-mono-Gaussian
profile arises from restriction or from multi-Gaussian processes
cannot be inferred from the data without resorting to diffusion
time dependence of the signal decay.
Figure 3D shows the angular bp-d-PFG experiments at tm = 0

ms in both specimens using weak gradients. Several striking
observations can be made. In both specimens, clear bell-shaped
functions were observed. These are the first observations of bell-
shaped functions in sand specimens using bp-d-PFG NMR, and
they provide several basic insights into the specimen micro-
structure: μA is revealed in both specimens; furthermore, the
bell-shaped functions unequivocally imply that diffusion is
restricted and non-Gaussian, even at low q-values for the experi-
mental parameters used, since bell-shaped functions at tm = 0 ms
will arise solely from restricted diffusion, as opposed to multi-
Gaussian processes.14

Another important feature of these plots is that the percent
change in E(ψ) in the specimen where grains are larger is higher

than in the second specimen, where grains are ground to smaller
sizes. The signal increases by up to 340% in the coarse grains,
while in the fine grains the signal increases by “only” 260%.
Therefore, Figure 3D shows that the restricted diffusion length
scale between the larger grains is indeed larger on average than
the diffusion length scale between the smaller grains.
The angular bp-d-PFG experiments conducted at long mixing

times are shown in Figure 3E. A pronounced modulation of the
normalized E(ψ) plots can be clearly seen in both specimens,
indicating the presence of csA; note thatE(ψ= 180�)≈E(ψ= 0�),
as predicted by the theory.13 Furthermore, the modulation is
stronger in coarse grains, suggesting that the eccentricity of the
compartments that are restricting the diffusion between the grains
is larger in the coarse grains. These new fingerprints that the angular
bp-d-PFG experiment reveals, namely microscopic and compart-
ment shape anisotropies, therefore provide a multitude of novel
microstructural information in these highly heterogeneous speci-
mens. Since diffusion of endogenous fluid may be an indicator of
transport properties within the porous media, such noninvasive
characterization can be extremely important in petrochemical
applications.
Biological Specimens. Diffusion MR methods are extensively

used in biological and medical applications, and especially in the
CNS.2 By far, s-PFG approaches and especially diffusion tensor
imaging (DTI) have been most widely used owing to their ability to
portray anisotropic diffusion in the white matter of the CNS, where
thewhitematter fibers are coherently organized and are characterized
by eA on the macroscopic scale. However, the s-PFG approaches
yield almost no information in the gray matter, where diffusion
appears macroscopically isotropic;18 therefore, s-PFG approaches are
inherently limited in characterizing such regions, and information on
the microscopic scale is very elusive. Gray matter is comprised of cell
bodies, which are rather spherical in size, and dendrites and randomly
oriented axons, which can be described, to a good approximation, as
randomly oriented cylinders.We therefore conducted both bp-s-PFG
and angular bp-d-PFG experiments in two biological specimens that
are characterized by very different underlying microstructures: yeast
cells that are spherical under light microscopy (data not shown) and
an isolated pig gray matter specimen.
The bp-s-PFGMR experiments, conducted in the x-, y-, and z-

directions, are shown in Figure 4A. Note that for each specimen,
a different diffusion time was used. The signal decay for both

Figure 4. Experiments in isotropic biological systems. (A) Bipolar-s-PFG experiments in yeast cells and in gray matter (Δ/δ = 200/3 and 50/3,
respectively). Note the completely isotropic signal decay in both specimens. (B) Angular bp-d-PFG experiments at tm = 0 ms for both specimens,
showing markedly different E(ψ) dependencies. Note the smooth bell-shaped profile in the yeast cells, compared to the marked modulated E(ψ) curve
in gray matter. (C) Angular bp-d-PFG experiments with long tm, showing the different compartment shapes. In yeast cells, the E(ψ) plot is completely
flat, indicating that the cells are spherical, while in the graymatter, a pronouncedmodulation remains in the E(ψ) plots, indicating that diffusion occurs in
randomly oriented, restricted anisotropic compartments. All angular bp-d-PFG experiments were performed at 2q = 1384 cm�1.
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specimens is completely isotropic and non-mono-Gaussian,
revealing little insight into the compartment shape, and the
multi-Gaussian decay does not indicate directly on restriction.
The angular bp-d-PFG experiments (Figure 4B), on the other
hand, show a markedly different picture: the yeast cells clearly
reveal a bell-shaped E(ψ) profile, indicating the μA experienced
by the intracellular water, while a markedly different E(ψ) plot is
revealed in the gray matter. The modulation in the E(ψ) profile
of graymatter in fact arises from the coupling of μA and csA.13 To
decouple the effects of μA, we performed the angular bp-d-PFG
experiments at long tm. Again, marked contrast between the two
specimens is clearly observed. A flat,ψ-independent E(ψ) profile
is obtained for the yeast cells, indicating that water is confined
within isotropic, spherical compartments. Indeed, under invasive
light microscopy, the cells appeared spherical (data not shown).
By contrast, in the gray matter, a cos(2ψ) modulation is
observed, which indicates that water is confined in randomly
oriented compartments that are locally anisotropic (Figure 4C).
Such novel microstructural information on the compartment
shape is expected to play an important role and substantiate MR
imaging of gray matter tissues using underlying microstructural
information as a new source of contrast. For example, areas rich
in cell bodies may have smaller eccentricities (that will manifest
as smaller modulations at long tm), while areas richer in den-
drites, for example, may show a stronger modulation of the E(ψ)
plots. Nevertheless, the csA as well as μA in gray matter could
also arise from other compartments such as glial cells, extra-
cellular matrix, and even water diffusing in connective tissues.
Further studies will be needed to elucidate the role of each
biological constituent on the modulation of the E(ψ) plots and
therefore on the underlying microstructure that is reported via
the angular bp-d-PFGMR noninvasively. However, it seems that
the angular bp-d-PFGNMR experiments do have the potential to
provide signatures for the different compartment shapes, as is
demonstrated in the spherical yeast cells. Since the yeast cells
were found to be spherical in the long tm experiments, we could
attempt to fit a compartment size to the restricted E(ψ) profile at
2q = 942 cm�1, the extracted size was 3.6 ( 0.1 μm, which is
slightly smaller than the cell size observed in microscopy
(approximately 5 μm, data not shown). This deviation is likely
an artifact of the finite gradient pulses and the timings between
the bipolar gradients.
One of the important attributes of angular d-PFG MR experi-

ments is that they allow one to unequivocally infer on the
presence of restricted, non-Gaussian diffusion within an opaque
system. In s-PFG MR, diffusion�diffraction patterns26a in E(q)
data are also unequivocal evidence for the presence of restricting
boundaries and therefore can be used as reporters for micro-
structure; however, these diffraction patterns are rapidly lost
owing to size22c or orientation23 distributions. In such scenarios,
restricted diffusion can still be probed by s-PFG MR, to a certain
extent, when E(q) data are acquired as a function ofΔ.7a,26b The
dependence of the extracted apparent diffusion coefficient (ADC)
on the diffusion time can be used to infer on restriction.7a,26b

Furthermore, the Fourier transform of the E(q) data using the q-
space approach results in probability distribution functions
(PDFs), which can be used to extract root-mean-squared displace-
ments (rmsd's) of the components.11,12,27 There, the Δ-depen-
dence of the rmsd's can also be used as an indication on restriction.
To study the possibility of inferring on restriction from s-PFG
experiments, Δ-dependent q-space experiments were performed
in the yeast cells specimen (Figure S3A). Indeed, the PDFs at the

different Δ's are clearly non-mono-Gaussian, revealing that more
than a single diffusion mode exists (Figure S3B). When rmsd's
were extracted from the PDFs and plotted against Δ1/2, a slow
component that was restricted to about 4 μm was observed; this
component was diffusion time independent for the values of Δ
used. A fast componentwas also extracted, whichwas clearly found
to have a linear dependence on Δ1/2, as expected from Gaussian
diffusion (Figure S3C). The Δ-independence of the slow compo-
nent suggests that restricted diffusion occurs in the yeast cells;
however, a multi-Gaussian propagator is not necessarily indicative
of restriction imposed by physical boundaries and would also
emerge from multi-Gaussian processes. Therefore, detecting the
bell-shaped curves in E(ψ) angular d-PFG MR experiments
appears to be advantageous, as they can only be a result of physical
restriction, thus providing direct and conclusive evidence for
physical restriction and μA. Furthermore, E(ψ) data can be
acquired much more rapidly compared to densely sampled E(q)
data at multiple Δs using the s-PFG MR methodology.

’CONCLUSIONS

To conclude, this study demonstrates that angular bp-d-PFG
MR experiments can noninvasively provide unique insights into
pore morphology and organization, even in extremely hetero-
geneous systems that cannot be characterized using conventional
methods. Insights into underlying microstructure on the micro-
meter scale were obtained in systems ranging from oil-in-water
emulsions to fluid in between quartz sand grains, and even in
biological systems such as yeast cells and CNS gray matter. In all
of these systems, the conventional bp-s-PFGmethods could only
report on macroscopic effects and altogether missed much of the
rich underlying microstructural information that could be ob-
tained from the angular bp-d-PFG experiments. In all cases,
restricted, non-Gaussian diffusion was directly detected using the
angular bp-d-PFGmethodology, and the restricting length scales
as well as the compartment shape could be accurately inferred.

We note that the methodology is rather easy to implement,
and that in most cases it can be used under rather mild
experimental conditions. Furthermore, the angular bp-d-PFG
MR sequences have proven useful even when very large magnetic
inhomogeneity was present (as is generally encountered in many
porous materials, rocks, catalysts, etc.; in several of our speci-
mens, line widths of over 1000 Hz were encountered and
successfully overcome). Furthermore, these results suggest that
applying angular bp-d-PFG in MR imaging could provide new
sources of contrast based on underlying microstructural proper-
ties, thus offering new ways of imaging porous media in general
and biological specimens such as the gray matter in the CNS in
particular. It therefore seems that the angular bp-d-PFG MR
methodology could indeed be of great value for studying opaque
porous chemical and biological systems. Efforts are underway to
extend these findings to d-PFG MR imaging.

’EXPERIMENTAL SECTION

Specimen Preparation. The toluene emulsion was prepared by
dissolving 40 μL of Triton X-100 (Sigma Aldrich, Rehovot, Israel) in
1980 μL of H2O and subsequently adding 1980 μL of toluene. The
mixture was vortexed for several seconds and allowed to separate. The
upper turbid emulsion was aspirated, placed in a 5 mm NMR tube, and
allowed to equilibrate for several hours prior to the NMR experiments.
No further phase separation was observed in the NMR tube, even after
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several days. The line width in these specimens was ∼30 Hz for the
methyl peak of toluene and ∼200 Hz for the water peak.

The quartz sand specimens were prepared as follows. One specimen
of clean coarse quartz sand grains was placed in a 10 mm NMR tube.
Distilled water was poured until the entire sample was wet, and then the
NMR tube was sealed. A second specimen was prepared where the
coarse quartz sand was initially mechanically crushed to smaller dust-like
particles. The crushed grains were placed in a 10 mm NMR tube, which
was then filled with distilled water similarly to the previous specimen.
The specimens were allowed to equilibrate for several days prior to the
NMR experiment. In the coarse grains the line width was ∼700 Hz,
while in the fine grains the line width was ∼1200 Hz.

The yeast cells specimen was prepared as follows. The yeast was
hydrated with phosphate-buffered saline (PBS) and then centrifuged for
10 min at 1000 rpm. The yeast was then suspended in paraformaldehyde
(Sigma-Aldrich) fixative for 90 min and washed twice with PBS (Sigma-
Aldrich). After the second wash, the cells were centrifuged again for 10
min at 1000 rpm. The supernatant was removed, and the yeast cells were
suspended in a small amount of PBS, which was poured into an 8 mm
NMR tube. The fixated cells were allowed to settle overnight at 4 �C, and
the water that collected above the yeast was removed prior to the NMR
experiments. The line width in the yeast cells specimen was ∼50 Hz.

The gray matter was prepared using a fixated pig brain (Lahav, Israel)
that was washed twice with PBS and then sliced into coronal, sagittal, and
axial slices from which gray matter could be clearly visualized. Using a
scalpel, gray matter pieces were scraped from the pig brain (without any
attempt to isolate a specific gray matter region), and care was taken not
to include any white matter in the specimen. The gray matter was placed
in a 10 mmNMR tube filled with Fluorinert, and the tube was stoppered
using an 8 mm NMR tube filled with Fluorinert. The line width in the
gray matter was ∼40 Hz.
NMR Experiments. The NMR tube containing each specimen was

placed in a Bruker 8.4 T NMR spectrometer equipped with a Micro5
probe capable of producing nominal pulsed gradients up to 1900 mT/m
in each direction. The temperature was kept constant throughout the
experiments.

In the angular d-PFG experiments, the angle between the two gradient
vectors, ψ, is varied and the signal intensity E(ψ) is measured. To do so,
the direction of the first gradient vectorG1 is fixed, and the direction of the
second gradient vector G2 is varied with respect to the fixed direction of
G1. In this study, all angular d-PFG and bp-d-PFGMR experiments were
performed using the following methodology: G1 was fixed in the x-
direction, and the orientation ofG2was varied in 25 equal steps along 360�
in theX�Y plane (perpendicular to the direction ofB0), resulting in 25ψ-
values. In all angular d-PFG and bp-d-PFG experiments in this study,
|G1| = |G2|, i.e., |q1| = |q2| (|q| = (2π)�1γδ|G|, where G is the gradient
wave vector). For a review on the d-PFG methodology, see ref 15.
Microscopy Experiments. The quartz sand grains were imaged

using a High-resolution scanning electron microscope (HRSEM, JEOL
6700F operated at 15 KeV) equipped with a secondary electron
detector.
Experimental Parameters for NMR Experiments: Toluene-

in-Water Emulsion System. The bp-s-PFG MR experiments were
performed using the sequence shown in Figure S1, with Δ/δ = 200/3
ms. The angular bp-d-PFG experiments were performed with the bipolar
sequence shown in Figure S2Bwith the parametersΔ1 =Δ2 = 150ms,δ1
= δ2 = δ3 = 3 ms, and tm = 0 ms, and with the bipolar sequence shown in
Figure S2Awith the parametersΔ1 =Δ2 = 150ms,δ1 = δ2 = 3ms, and tm
= 30 ms.
Quartz Sand Specimens. The bp-s-PFG MR experiments were

performed using the sequence shown in Figure S1, with Δ/δ = 200/3
ms. The angular bp-d-PFG experiments were performed with the bipolar
sequence shown in Figure S2Bwith the parametersΔ1 =Δ2 = 250ms,δ1
= δ2 = δ3 = 2 ms, and tm = 0 ms, and with the bipolar sequence shown in

Figure S2Awith the parametersΔ1 =Δ2 = 250ms,δ1 = δ2 = 2ms, and tm
= 30 ms.
Biological Specimens. In the yeast cells, bp-s-PFG MR experi-

ments were performed using the sequence shown in Figure S1, withΔ/δ
= 200/3 ms. The bipolar angular d-PFG experiments at short tm were
performed with the sequence shown in Figures S2B with the parameters
Δ1 =Δ2 = 60ms, δ1 = δ2 = δ3 = 3ms, and tm = 0ms. The bipolar angular
d-PFG experiments at long tm were performed with the sequence shown
in Figures S2A with the parametersΔ1 =Δ2 = 60ms, δ1 = δ2 = 3ms, and
tm = 15 ms.

The q-space experiments in the yeast cells were performed using an
s-STE sequence. Ninety-six q-values were acquired forΔ = 50, 100, 150,
250, and 400 ms, resulting in five E(q) data sets. In all data sets, δ = 2ms,
and the maximum gradient was 1600 mT/m, yielding a maximum q-
value of 1362 cm�1. Each E(q) data set was Fourier transformed, and the
resulting probability distribution function was fitted to a bi-Gaussian
function, from which the rmsd of each component was extracted.

In the gray matter, bp-s-PFG MR experiments were performed using
the sequence shown in Figure S1, with Δ/δ = 50/3 ms. The bipolar
angular d-PFG experiments at short tmwere performed with the sequence
shown in Figures S2B with the parametersΔ1 =Δ2 = 50 ms, δ1 = δ2 = δ3
= 3 ms, and tm = 0 ms. The bipolar angular d-PFG experiments at long tm
were performed with the sequence shown in Figures S2A with the
parameters Δ1 = Δ2 = 50 ms, δ1 = δ2 = 3 ms, and tm = 28 ms.
Size Extraction.Where pores are not obviously interconnected (for

which theory does not exist), we attempted to extract a compartment size
from the E(ψ) plots. The data at tm = 0 ms for the toluene component of
the emulsion and the yeast cells were fitted at a single q-value to the
simplified expression for restricted diffusion in spheres in €Ozarslan’s
paper13 (eq 25a in ref 13), to which another free-diffusion compartment
was added to compensate for the overall signal attenuation.22b
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