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Long-lived singlet order is exploited in diffusion NMR experiments to successfully measure the tortuosity of randomly packed

spheres with diameters ranging from 500 to 1000 um. The pore spaces in such packings have characteristic length scales

well beyond the length scale limit set by spin relaxation in conventional NMR-diffusion experiments. Diffusion times of up

to 240 s were used to obtain the restricted diffusion coefficient as a function of diffusion time in the long-time diffusion

regime. Experimental results were validated with numerical simulations and data from x-ray micro-computed tomography.

1. Introduction

Tortuosity is the ratio of the effective path length to the shortest
path length in a porous medium and, as an indicator of pore
connectivity, is a fundamental quantity in understanding fluid
transport through the material. It can also be difficult to measure
directly. Nevertheless, it is essential in a wide variety of applications
including characterization of porous rock samples?, evaluating
performance of batteries?, understanding nutrient transport
pathways in cell cultures and biological tissues® and identifying
abnormal blood vessels for diagnosis and therapeutic monitoring of
numerous diseases*.

Diffusion nuclear magnetic resonance (NMR) techniques are a
non-destructive means of evaluating tortuosity in porous media by
measurement of the restricted self-diffusion coefficient at so-called
long measurement times.> At these times, the displacement of the
diffusing molecules through the porous media is much larger than
the characteristic length-scale of the pore space. The measured
restricted diffusion coefficient, D(A), approaches an asymptotic value
that is independent of the measurement time, 4, and directly related
to the tortuosity of the porous material, a, as simply D(A)/ Do = 1/0.6
Unlike other flux-based tortuosity measurements (e.g. analysis of
electrical conductivity or diffusion under flow), the restricted self-
diffusion coefficient is directly related to tortuosity without a
dependence on porosity.” In this, NMR provides a unique advantage
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over other methods. Additionally, NMR is ideal for in situ based
measurements and dynamic systems where the pore space changes
with time.®° However, the maximum diffusion time, A, that can be
measured using traditional diffusion-NMR methods, such as the
pulsed-gradient spin echo (PGSE) and stimulated echo (PGSTE)
experiments, is determined by the relaxation time of the associated
spin order that has been prepared; T, in PGSE and T; in PGSTE.
Consequently, there is an upper limit on the pore sizes that can be
explored using these traditional methods. For typical PGSTE
experiment Ty is of the order of seconds and the diffusing species has
an unrestricted diffusion coefficient between 1010 and 10° m2st.
Because of this, the maximum displacement that can be measured
in conventional NMR experiments is about 50 - 100 um, and the true
long-time diffusion coefficient can only be reached in materials with
characteristic pore sizes several times smaller than this, ~ 10 um.

There are many porous materials with characteristic pore spaces
larger than this limit in which knowledge of tortuosity and fluid
transport is essential. For example, the electrodes in proton-
exchange membrane (PEM) fuel cells are multi-scale porous media
with pore sizes ranging from 0.1 — 200 um.10-11 A key element of
electrode design is management and removal of liquid water, the
waste product of the cell. Accumulation of water in the gas diffusion
layer (GDL) of the electrodes restricts the access of the reactant gases
to the catalytic sites, thereby limiting the upper power limit of the
cell. To achieve the power output that is required for commercial use
of PEM fuel cells (in electric vehicles, for example), improved water
management and a better understanding of water transportation in
the cell is necessary. While optical imaging'2 and MR imaging?3 can
visualize water pathways in the GDL, computational approaches
suggest that tortuosity of the GDL is important in determining water
retention and the performance of the cell.14-15
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Similarly, water transport is a vital element in the design of tissue
engineering scaffolds.16 These are three dimensional, porous
structures that support and guide cell growth for the regeneration of
biological tissue, with pores sizes of 50 — 500 um.16-17 Infiltration of
the pore space by the newly formed tissue causes nutrient and waste
transport pathways within the scaffold to become more tortuous. If
the scaffold is not designed appropriately, cells at the centre can be
cut off from essential nutrients resulting in a necrotic core.!® Previous
studies have provided information on the restricted diffusion
coefficient in unseeded!® and seeded?® tissue engineering constructs
using conventional diffusion-NMR measurements of water protons
in the samples. However, given the pore spacing in these structures
(150 — 500 um) and the diffusion time accessed (A = 18 — 250 ms),
these studies can only provide insight into the short to intermediate
diffusion regimes. The scaffold tortuosity can only be inferred from
these measurements, not directly measured.

Clearly, non-invasive diffusion-NMR still has a significant role to
play in the characterization of tortuosity and fluid transport in porous
materials. There are two conceivable ways of extending the current
spatial limit that restricts traditional NMR diffusion experiments.
Firstly, a diffusing species with a diffusion coefficient much larger
than what is conventionally used can be chosen. For example, Mair
et al. used 129Xe gas (Do = 5.7x10% m2s'1 at 1 bar pressure; Ty = 1.4 s
with added paramagnetic O,) to reach the long-time diffusion limit
and measure the tortuosity in randomly packed glass spheres
characterized by pore length scales up to 2000 um.1® However, this
method requires the preparation of pressurized and hyperpolarized
129%e (which requires specialized knowledge and equipment) and
suffers from drawbacks directly related to the large diffusion
coefficient of the gas. There is now a lower limit on the short-time
diffusion behaviour that can be measured, which in turn limits the
capability of this method in probing multi-scale systems.
Additionally, breach of the narrow-pulse approximation (due to large
translational displacement during the application of the pulsed
gradients) can render the diffusion data acquired before the
asymptotic long-time diffusion regime difficult to interpret.1®

In this paper, we propose an alternate approach which utilizes
long-lived singlet spin order as a means of storing magnetization
during the diffusion time. The characteristic decay time of such spin
order, Ts, is typically 10-50 times longer than the T:. When combined
with diffusion NMR, the long lifetime of singlet spin order has
allowed calculation of slow diffusion coefficients,2° and extended
measurement time in g-space diffusion diffraction experiments.21-22
Previously, our group has used singlet-enhanced diffusion NMR to
image slow flow, and unrestricted diffusion over the course of
several millimeters,23-24 and more recently, have successfully
measured cavity sizes up to 2 mm in singlet-enhanced g-space
experiments.?

We present a pulsed-field technique dubbed SAD-NMR for
singlet-assisted diffusion-NMR. The technique is
magnetization-to-singlet order transfers and is able to measure

based on

tortuosity in porous samples where the characteristic length-scale of
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the pore space requires a diffusion time of hundreds of seconds to
report on the tortuosity of the medium. Such length-scales are out of
reach for traditional NMR-diffusion methods based on spin echoes
(PGSE or PGSTE). In particular, we demonstrate and discuss the
performances of this method on samples of randomly-packed
spheres up to 1 mm in diameter.

2. Tortuosity

There are many ways to define tortuosity and relate it to the
restricted diffusion coefficient in porous media.2?6 While the
tortuosity factor is always inversely related to the ratio of restricted
versus unrestricted diffusion coefficient (D(A)/Do), the absolute
relationship is often squared, and can sometimes include porosity?’
and (more rarely) constrictivity terms28. Here, we adopt the
relationship most commonly used in analysis of NMR diffusion data.
In randomly-packed sphere packings, neglecting surface relaxation at
the pore walls, the long-time behavior of the diffusion coefficient,
D(4) is related to tortuosity, a, as:> 2°

3/2
D(A)=l+(l/a—l)9+0[lj )
D, «a A A

where, Dy is the unrestricted diffusion coefficient and 6 is a fitting
parameter which has the units of time, and in the case of randomly
packed spheres, scales with bead size.b In the limit of Ao, Eq. 1
reduces to D(A)/Do = 1/a.

3. Materials and Methods
3.1 Experimental

The diffusion-NMR experiments discussed below use two different
molecular systems and a variety of beads.

3.1.1 Molecular Probes

The two molecular systems were both synthesized in house and are
shown in Scheme 1.

OR; OR, e =13C
R1O OR1 R1 = ()D3
OO R2 = CD2C02Na
R1O ORs R3 = CD(CD3)2
OR; OR,
|
O O
R4O e OR5 R4 = CDQCDS
Rs = CD,CD,CD
H H 5 2 2 3

Scheme 1: Molecular schemes of (1) Sodium-2,2'-((1,2,3,4,6-pentakis(methoxy-d3)-7-
(propan-2-yl-d7)naphthalene-5,8-diyl)bis (oxy))diacetate-4a,8a-13C2 and (Il) 1-(ethyl-
d5) 4-(propyl-d7)(Z)- but-2-enedioate.
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The unsymmetrical maleate diester (ll, scheme 1) was synthesised
from commercially available maleic anhydride, nPrOH-d7 and EtOH-
ds in two steps in an 85% overall yield (see scheme 2). The details of
the synthesis are available in literature.2829

O nPrOH'd7, EtsN

CH,Cly, reflux 0 O
g 10min HOQO(CDZ)QCDQ,
(99%) H H
EtOH-ds, DIAD
PPhs, THF, 0 °C O O
tort, 24 h DSCDQCOQO(CDZ)ZC%
(86%) H H

Scheme 2: Synthesis of 1-(ethyl-d5) 4-(propyl-d7)(Z)- but-2-enedioate.

The doubly 13C labelled perdeuterated naphthalene derivative (I,
scheme 1) is a water-soluble analogue of a compound previous
reported by some of us.39-31 The synthesis of | made use of the
previously reported mixture of cyclobutene regioisomers 3a and 3b
(ratio ~1:1, Scheme 3), which underwent thermal rearrangement, by
microwave irradiation, to afford a naphthalene-1,4-diol intermediate
that was immediately alkylated with methyl bromoacetate-2,2-d; in
THF to afford the diester 4 in 60% yield over the two steps.
Saponification of the diester 4 followed by acid work up delivered the
naphthalene diacid 5 in 91% vyield after purification. The desired
aqueous solubility was achieved through formation of the disodium
salt 5, obtained in quantitative yield from the diacid. Further details
on this synthesis are available in the Supplementary Information.

i, MW, THF

dissolved in D,O were prepared. A fourth sample was prepared
containing a 0.14 M solution of Il (Scheme 1) dissolved in ethanol-ds.
The solutions were prepared in four separate 10 mm LPV NMR tubes
and were degassed to remove paramagnetic O, by bubbling oxygen-
free N, gas. At this stage, the unrestricted diffusion coefficient was
measured using a conventional PGSTE experiment with bipolar
gradients, A =200 ms and 6 = 2 ms. T; and Ts were also measured
using a saturation recovery and an M2S2M32 pulse sequence,
respectively. The results from these preliminary experiments are
summarized in Table 1.

I (in D,O%) Il (in ethanol-ds)

Do x 109 (m2s1) 0.22+0.02 1.42+0.01

T1(s) (no beads) 3.5+0.2 14.6+0.5

T (s) (with beads) 3.9+0.3 (PE) 21+1 (GB)

Ts (s) (no beads) 128+11 22743
)

Ts (s) (with beads) 123425 (PE) 120420 (GB)

Table 1. The unrestricted diffusion coefficient measured in solution prior to adding
beads and relaxation times T; and Ts before and after the beads were added.
*Averaged over three samples.

All experiments were carried out on a 7 T Bruker Avance llI
spectrometer equipped with a micro-imaging probe carrying a 1H/13C
10mm resonator and able to deliver a maximum gradient amplitude
of 1.5 T/m. Successively, PE beads of the three given sizes were
poured to form a random packing into the three NMR tubes filled
with the solution of compound I. Similarly, the 1000 um GB were
poured in the NMR tube containing the compound Il. The resulting
systems are labelled as in summarized Table 2.

name  molecule solvent beads type beads size (um)
S1 1 D20 polyethylene 500 - 600
S2 1 D20 polyethylene 710-850
S3 1 D20 polyethylene 1000 -1180
sS4 ] ethanol-ds glass 1000

Table 2. Composition of all porous structures used in this work.

The magnetic susceptibilities of PE and de-ionized water are

D
135°C,5h 2
ocD p '
D.CO ¢ ii, KOH DO 0" come
3 BrCD,CO,CHg
OH nar D5CO. OCDg
ocDg/OPr-d, "™
D4CO 0% )
D5CO (60%) DsCO OPr-d;
o] O'Pr-d,/OCD;4 D:CO O, COpMe
D,
3a,b 4
i, KOH, MeOH D2 &
i, KOH, Me _C.
75°C. 5 h D5CO o’C‘cozH DsCO 0" "CONa
, IMNaOH oo och
i, IMHCI ~ D3CO OO OCD;  H,0 3 OO 3
(91%) DCO OPr-d,  (99%)  DCO O'Pr-d;
D,CO O, C,COEH D3CO O\C,COZNa
D, D,

5 I

Scheme 3: Synthesis of Sodium-2,2'-((1,2,3,4,6-pentakis(methoxy-d3)-7-
(propan-2-yl-d7)naphthalene-5,8-diyl)bis (oxy))diacetate-4a,8a-13C

3.1.2 Porous Structures

To create model porous structures either polyethylene (PE)
beads with diameters 500 - 600 um, 710 - 850 um and 1000 - 1180
pum (Cospheric; Santa Barbra, CA) or glass beads (GB) with a diameter
of 1000 pm (Sigma Aldrich, UK; acid-washed in house) were used.
Three samples containing a solution 0.14 - 0.18 M of | (Scheme 1)

This journal is © The Royal Society of Chemistry 20xx

relatively well matched (0.78 ppm33) and, as a result, systems $S1-S3
are expected to produce relatively small background magnetic field
gradients. Conversely, GBs and ethanol in $4 are not susceptibility
matched, resulting in possible internal magnetic field gradients. The
spheres were poured into the solutions inside a glove box with low
02 and both T; and Ts were measured again (Table 1). In both
systems, the Ts was significantly longer than the T;. In the PE systems,
the addition of the spheres into the solution did not significantly
affected the measured Ts. This was not the case in the system contain
glass beads and could be due to surface relaxation.

3.1.3 Pulse sequence

Singlet-diffusion measurements were acquired using the SAD-
NMR pulse sequence (Figure 1)25. Measurements at multiple
diffusion times ranging from 1 s up to 240 s, with a minimum of 6
different gradient strengths at each time point, were obtained. These
were fit to a linearized Stejskal-Tanner plot to retrieve the restricted
diffusion coefficient, D(A), as a function of the diffusion time. The
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values of 7, T, n1and n, values for the four samples are reported in

Table 2.
Molecule T (ms) Tp (Us) ni ny
I (in D,0) 4.5 82 20 10
II (in ethanol-de) 20.9 36 32 16

Table 2. Values of the experimental parameters used in the M2S2M sequence to
measure Ts, and the SAD-NMR sequence (Fig. 1) for diffusion measurements. See the
Fig. 1 caption for the relationship between these values.

90,
tdelay
PG-M2S filter | PG-S2M
P00 1sor %0, b 1s0r 90, 90,90, A R I R T
i i
l | I ! | ! ! \ J
| | | |
T T | T T T, T T | T T ! T T T, T T |
RF—= | I 1 | 1 | |
| ! | ! | ! | !
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P . 3 13 . 3 . P 13 0
bl === H b Smm o i B smso=e i Y H
! g : g, : g, : o : : !
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A

Figure 1. The SAD-NMR pulse sequence to perform diffusion experiments. Asterisks indicate a composite 180° pulse built as 90x180y90x. The phase ¢ is cycled as [x,X,-x,-X,-X,X,X,-
X,-X,-X,X,X,X,-X,~X,X] within the train of 180° pulses. The total echo time is 7. = 7, + 27 = 1/ (2 (/2 + Av?)12) where 7, the duration of the composite 180° pulse. n; = J/(2Av) and nz =
n4/2. All gradients have half-sinusoidal shape and 8, = arctan(2/2)
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3.2 Numerical Simulations

All numerical simulations were written in Mathematica
(Wolfram Inc., lllinois). To estimate the pore size in each
sample and verify the experimental results, a random
packing of 250 monodisperse spheres with periodic
boundaries and a porosity 0.385 (appropriate for dense,
randomly packed spheres34) was constructed using a force-
packing algorithm.3> This volume used to generate four
simulation volumes (for the three PE and one glass samples)
by rescaling the simulated sphere diameters to the average
of the range of diameters specified by the manufacturer; for
example, the 500 — 600 um PE system (S1) was simulated
using a sphere diameter of 550 um. The pore size density
function for each simulation volume was numerically
calculated by distributing a series of test points randomly in
the pore volume, and calculating the minimum distance to a
sphere.3¢ These distributions are shown in Fig. 2. The mean
distance across the simulation volumes ranged from 37 to 75
um and can be thought of as the average minimum distance
a diffusing molecule must travel to encounter an obstruction
from any position in the pore space.

Diffusion of the molecules through these volumes was
simulated using a Monte Carlo (MC) algorithm. During the
simulation, Np = 5000 tracer molecules were positioned
randomly in the pore space of the sphere packing and their
stochastic trajectories over Nt time-steps were tracked. In
each time step, At, each molecule attempted a step of length
Ar = V(6 Dy At). The experimentally obtained values of the
unrestricted diffusion coefficient, Dy, were used (Table 1) and
At was chosen such that the resultant Ar (~ 5 um) was small
enough to ensure tracer molecules didn’t ‘step through’ the
spheres without encountering them. The direction of the
step attempted by a tracer was chosen randomly from a
continuous distribution of directions, uniform on the surface
of a sphere and centred on that tracer molecule.

-3

16 - === 780 um
2k~~~ T/ 1090 wm
RN 1000 pm

Probability Density (%10
[oe]

|
0 50 100 150 200 250
Minimum Distance to Nearest Sphere (pm)

Figure 2: Radial distance distributions in the simulated sphere packings at 550,
780, 1090 (to simulate the PE system) and 1000 pum (to simulate the glass
system).

The chosen direction was uncorrelated with any of the
previous steps for that or any other molecule. If, during a
time step, a molecule attempted to move inside the sphere
volume, then the position of the tracer was taken as the

This journal is © The Royal Society of Chemistry 20xx

point of intersection between the attempted step and the
sphere surface; the displacement of the tracer for this time
step was adjusted accordingly. Such boundary conditions can
be considered “weakly absorbing” compared to other,
reflective boundary conditions. However, in the limit of small
At, the effect of choice of boundary condition on the result
of the MC simulation is negligible.3” Standard periodic
boundary conditions were applied to molecules moving
outside of the random sphere packing unit cell.

The normalized apparent diffusion coefficient at time
step k (diffusion time A = At k) in the simulation was
calculated as:

DAtk) 11
D, 6AtkN,%

1 Je ‘2

rn,k - rn,O

2)

where r, o and r,« are the positions of the nth tracer molecule
initially and in the kth time-step, respectively.

3.3 Micro-CT

To determine the validity of the simulation volume used
in the above numerical simulations, a Nikon XT H 255 scanner
was used to obtain an X-ray micro-computed tomography (-
CT) 3D volume image of S1 with a resolution of 7.3 um. Post-
processing of this data set was done in Image J. Firstly, a
region of interest, 2450 x 3500 x 3500 um, was extracted
from the centre of the reconstructed 3D volume and a sigma
filter used to smooth and reduce noise. The Bone J package38
was used to binarize this data set (distinguishing between
sphere and pore volume) and determine the porosity (¢) and
surface area to volume ratio (S/V,) of the pore space as 0.352
and 0.021pum-1, respectively. The corresponding values in the
mono-disperse 550 um simulated sphere packing were ¢ =
0.385 and S/V, = 0.023 um-L. The radial distribution function
in the binarized p-CT data was calculated in Mathematica
and was also comparable to that in the simulation volume,
shown in Figure 3. The average minimum distance to the
nearest obstruction in the mono-sized sphere packing model
and the experimental p-CT volume were 37 and 43 um,
respectively.
A 3D square lattice with nodes of 1 indicating sphere volume
and nodes of 0 indicating pore space was created from the
binarized data and used as the simulation volume for a
Monte Carlo lattice random walk, similar to that described
above with some small alterations. The initial positions of the
tracer molecules lie on lattice points in the pore space,
randomly chosen within a volume 10 x 100 x 100 at the
centre of the 3D square lattice (total dimension 350 x 500 x
500 lattice points 7.3 um apart). This ensured that the tracer
molecules did not move outside of the simulation lattice
during the simulation and boundary conditions, with
discontinuous sphere boundaries, at the simulation edge
could be avoided. We ensured the tracers still move through
enough of the simulation volume to accurately represent the
full volume, not just the small initial subset. The step size Ar
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is automatically defined as the resolution of the p-CT scan
(7.3 pum) and the corresponding time-step value was
calculated as At = Ar2 / (6 Do), with Dy the appropriate
experimentally obtained value (Table 1).

sk ;
4 g
il | e

1 ’ ‘ 1
0 50 100 150 200 250
Minimum Distance Travelled (um)

Probability Density (x107%)

Figure 3. Comparison of the radial distance distributions in the mono-sized 550 pm
sphere packing (dashed, orange line; as in Figure 2) and the binarized p-CT data
(grey histogram). The inset shows a representative sample cross-section of the p-CT
data, with darker pixels indicating PE spheres and lighter pixels indicating the pore
space.

In each time-step, a tracer may move in one of the six +x,
+y or +z directions, chosen randomly. If in a time-step, a
tracer attempted to move onto a lattice node in the sphere
volume, the tracer remained stationary for that time-step
and the displacement for that time-step was 0 (these
boundary conditions can also be considered as weakly
absorbing). The normalized apparent diffusion coefficient at
different times in the simulation was calculated according to
Equation 2.

4. Results and Discussion

The measured, normalized diffusion coefficients as a
function of measurement time for the four sphere packings
(S1-S4) are shown in Fig. 4, the solid lines in these plots are
the associated simulation data. In the PE spheres (Fig. 4a
through to 4c), the onset of the long-diffusion regime
occurred at longer times as the sphere size increased
consistent with an increase in pore size. Although the onset
of the long diffusion regime is accurately modelled by the
simulations of the diffusion through the mono-sized sphere
packings in each of the PE sphere packings, there was some
discrepancy between the simulated and experimental
asymptotic values.
Experimentally obtained values for the asymptotic restricted
diffusion coefficient, and hence tortuosity, in random
packings of monodisperse spheres vary in the literature. Due
to the various definitions of tortuosity and, the sometimes-
apparent dependence of tortuosity on transport
mechanism?? (e.g. bulk vs Knudsen diffusion regimes), we
limit our comparison to studies of bulk fluid diffusion
measured from NMR.

The simulated apparent diffusion coefficient in a model
mono-sized sphere packing of diameter 780 um and 1090
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um, reaches an asymptote for D(A)/Do = 0.71 — 0.73 (the
range is a result of statistical noise in the simulations, and the
weakly absorbing sphere surfaces), which is in agreement
with the experimental data obtained by singlet-enhanced
diffusion NMR on the analogous samples S2 and S3. The
simulated data agrees with previous MC simulations of tracer
molecules through random mono-sized sphere packings. For
random sphere packings of porosity 0.36 — 0.46, generated
using two different methods of sphere packing, Khirevich et
al report restricted diffusion coefficients in the range of 0.71
— 0.76.3° Additionally, our experimental values are
comparable to those reported in Latour et al. where the
restricted diffusion coefficient of water in mono-disperse,
random packings of glass spheres (48, 96 and 194 um in
diameter) was around 0.68.5

In the 500 — 600 um PE sphere packing (S1), the
experimental data (Fig. 4a, grey points) reach an asymptote
for D(A)/Do = 0.61, a value which is much lower than that
predicted by our simulations in the model monodisperse
sphere packing with diameter 550 pum (Fig. 4a, orange line).
The accurate modeling of the initial drop-off of D(A)/Do and
the onset of the asymptotic regime, indicates that the S/V, of
the 500 — 600 um PE sphere packing is accurately modelled
by the simulated sphere packing (seen above when
comparing the S/V, of the simulated packing and the p-CT
data), but that the tortuosity of the sample is not.2° The black
solid line in Fig. 4a (labelled p-CT) is the simulated restricted
diffusion coefficient as a function of diffusion time through
the pu-CT data and is in near-perfect agreement with the
experimental curve. The inadequate modelling of the sample
by the simulated, model sphere packing could be a
combination of the distribution of sphere sizes, the slightly
higher porosity in the simulated sphere packing and the,
irregular shaped beads in the actual PE sample (see inset of
Fig. 3).

The experimental (grey points) and simulated (solid line)
values of D(A)/Dy in the glass bead system (S4) are shown in
Fig. 4d. Again, our simulations of the diffusion through the
mono-sized bead packing accurately models the time at
which the asymptotic diffusion coefficient is reached,
however the value of the experimental asymptote, 0.4, is
well below that predicted by the simulations. Unfortunately,
u-CT was unavailable for imaging of the glass spheres a result
of artefacts due to the glass/solvent interfaces, and we
cannot compare diffusion through the actual system to
diffusion in the model system. It is possible that, like in the
500 — 600 um PE system, the model packing does not
accurately represent the actual sample (S4). In sphere
packings in cylindrical containers, the container walls can
impose some order on the packing geometry when the
container diameter is of the order of only several times the
sphere diameter.*® This could alter both porosity and
tortuosity of the packing. However, if this effect was present
in the glass beads packing, it would also be present in the
case of the 1000 — 1180 um PE sphere packing. As the

This journal is © The Royal Society of Chemistry 20xx
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Figure 4: The restricted diffusion coefficient as a function of measurement time
determined experimentally (grey points) and in the simulations (solid lines) for the
three PE sphere packing (S1-S3), (a) through to (c), and the glass sphere packing
(S4), (d). Sizes of the spheres in the packing are indicated. In the case of (a), the
diffusion simulations through the mono-sized sphere packing (orange line) and
through the lattice constructed from the p-CT data (black line) are shown. Dashed
lines represent the asymptote for the experimental data.

restricted diffusion coefficient in this PE system is accurately
modelled by the random packing, we can rule out any regions
of order affecting the tortuosity in the glass samples as well.
Additionally, previous simulations by Sen et al. show only
minor changes in the measured restricted diffusion
coefficient as a result of ordered or disordered packing.4®
Another possible cause of the discrepency between the
value of the asympote obtained in the simulated and
experimental case is surface relaxation, which, in the case of
randomly packed beads, can act to decrease the restricted

This journal is © The Royal Society of Chemistry 20xx

diffusion coefficient at long diffusion times.?® The Monte
Carlo simulation described above and shown in Fig. 4d
assumes no surface relaxation, as does Eq. 1. Surface
relaxation can be implemented into MC simulations if the
relaxivity of the surface, p, is known a priori. In each time
step, At, a molecule encountering a sphere has a probability
y, of being “killed off”40:
Arp
V= 3
D, A3)
where Ar is the tracer molecule step length in the MC
simulation. The relaxivity can be estimated using the change
in Ts before and after the beads are added to the sample as:4!
1 1 S 1 3 (1-9)
+p—= —_—
p I/p T;before p R3 ¢ (4)

after = before
T

where S/V, is the surface to volume ratio of the pore space.
In the case of packed mono-sized spheres of radius, R, and
known porosity, ¢, the ratio S/V, is easily estimated. The
surface relaxivity for the glass beads packing was calculated
from Eq. 4 by using the experimentally determined values of
Ts before and after the addition of the glass beads on S4
(Table 1). MC simulations with surface relaxation of diffusion
through the simulated sphere packing were carried out, but
did not produce any significant difference to the original MC
simulated data; the asymptote occurred at D(A)/Do ~ 0.68.
This result suggests that surface relaxation is not the main
cause of the discrepancy between simulation and
experimental data in S4.

The sensitivity of singlet order to surface relaxation has
not been modelled in detail yet. However, the above results
suggest it may be minimal. Additionally, a simple external-
random-field approach would predict that the higher the
correlation of the random fields action on the individual spins
in the singlet pair the smaller their contribution on singlet
relaxation, meaning that if the source of the relaxation is at
an equal distance from the two spins its effect (through
dipolar interaction for example) is minimised.*? If the results
in Fig. 4 are read in this frameork then one can imagine that
the singlet pairinlis more shielded against surface relaxation
than the pairin Il simply because located more to the core of
the molecule.

In addition to surface relaxation effects, the magnetic
susceptibility difference between the glass spheres and the
fluid phase creates background magnetic field gradients. In
this sense, the glass system represents a more physically
relevant system (a more realistic model for porous materials
of scientific and industrial interest), compared to the PE
spheres. In convectional diffusion-NMR experiments the
presence of background gradients can substantially affect
the ability to measure the apparent diffusion coefficient
accurately.?® The potential effect of background gradients on
the singlet diffusion NMR signal is not included here. Singlet
order, represented by a rank-zero spherical tensor operator,
is immune to magnetic field gradients and for that reason
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immune to background gradients. These internal gradients,
however, may have a subtler effect: spins diffusing in a
medium where magnetic susceptibility differences are big
and at microscopic level, experience a strong relaxation
mechanism that acts on transverse magnetization (7,-like).
Because of this, the transverse magnetization created during
the PG-M2S block of Fig. 1 may decay completely prior to the
preparation of the singlet order, in this case the singlet order
cannot not be accessed. In systems with large magnetic
susceptibility differences, the most effective way of avoiding
this effect is to work at low-field, where background
magnetic field gradients are minimized.

Future work will investigate the effects of surface
interactions and internal gradients on the relaxation of
singlet order, to try and better understand the relaxation
mechanisms in porous media. A more extensive knowledge
of these mechanisms is essential for the rationalisation of the
discrepancies between simulated and experimental data on
tortuosity, not just in our pseudo-realistic glass system, but,
more importantly, in real-world applications.

Conclusions

We have demonstrated the ability to accurately measure
the tortuosity from the long-time diffusion coefficient in
model porous media using long-lived spin order. The
characteristic pore-sizes in these model systems ensure that
accessing the long-diffusion limit is well beyond the
capabilities of traditional diffusion NMR experiments. Using
the presented SAD-NMR pulse sequence, the experimentally
measured restricted diffusion coefficient in the systems of
polyethylene spheres was in excellent agreement with the
diffusion simulations.

A more thorough understanding of the relaxation
mechanisms of singlet order in porous media is required to
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understand the apparent discrepancy between the
theoretical and experimentally measured tortuosity values in
the glass system and this will be the topic of future work.
However, the results in this paper clearly demonstrate the
ability of singlet-assisted diffusion NMR to probe pore sizes
even larger than those used here for the sake of
demonstration.

This technique can be applied, for example, to measure
the tortuosity and fluid transport in gas diffusion layers in
proton-exchange membrane fuel cells and monitor changes
to nutrient pathways in tissue engineering scaffolds as a
result of cell growth. For these, and other practical cases, the
technique should be run in low magnetic field to avoid the
susceptibility related issues described above. We are
currently developing an apparatus to carry out these
measurements in a field-cycling fashion.
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