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Self-diffusion measurements by a mobile single-sided NMR sensor
with improved magnetic field gradient
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Abstract

A simple and fast method of measuring self-diffusion coefficients of protonated systems with a mobile single-sided NMR sensor is
discussed. The NMR sensor uses a magnet geometry that generates a highly flat sensitive volume where a strong and highly uniform
static magnetic field gradient is defined. Self-diffusion coefficients were measured by Hahn- and stimulated echoes detected in the presence
of the uniform magnetic field gradient of the static field. To improve the sensitivity of these experiments, a Carr–Purcell–Meiboom–Gill
pulse sequence was applied after the main diffusion-encoding period. By adding the echo train the experimental time was strongly short-
ened, allowing the measurement of complete diffusion curves in less than 1 min. This method has been tested by measuring the self-dif-
fusion coefficients D of various organic solvents and poly(dimethylsiloxane) samples with different molar masses. Diffusion coefficients
were also measured for n-hexane absorbed at saturation in natural rubber with different cross-link densities. The results show a depen-
dence on the concentration that is in good agreement with the theoretical prediction. Moreover, the stimulated-echo sequence was suc-
cessfully used to measure the diffusion coefficient as a function of the evolution time in systems with restricted diffusion. This type of
experiment proves the pore geometry and gives access to the surface-to-volume ratio. It was applied to measure the diffusion of water
in sandstones and sheep Achilles tendon. Thanks to the strong static gradient G0, all diffusion coefficients could be measured without
having to account for relaxation during the pulse sequence.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In the last years, several applications of NMR in strong-
ly inhomogeneous magnetic fields have been developed.
Large field gradients are desired in experiments like
STRAFI to image hard materials with high spatial resolu-
tion [1], but they are pointed out as disadvantageous in sin-
gle-sided NMR, where off-resonance effects across the
sample complicate the performance of conventional pulse
sequences, and reduce the sensitivity during the detection
[2,3]. Consequently, the use of open NMR sensors for
non-destructive sample characterization required reexami-
nation of conventional pulse sequences to measure relaxa-
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tion times [4–6], multiple quantum coherences [7,8], images
[9,10], and mass transport [11,12], eliminating distortions
due to the presence of unavoidable field inhomogeneities.
This type of sensor has been successfully applied in materi-
al testing [13,14], biomedicine [15], and well logging [16].
Moreover, the first steps toward high-resolution NMR
spectroscopy in inhomogeneous fields have been taken
and the first ex situ spectra have recently been measured
[17–20].

Although in the cases mentioned above, the presence of
the static gradient represents a complication to extract the
desired information, some applications like high-resolution
sample profiling or measurements of diffusion coefficients
benefit from it. The biggest difficulty that is faced with an
open magnet is the generation of a uniform gradient.
Recently, we have presented a simple magnet geometry
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Fig. 1. The magnet geometry used for the one-sided NMR sensor with
improved magnetic field gradient uniformity [21]. It consists of four
permanent magnet blocks positioned on an iron yoke. The direction of
polarization of the magnets is indicated by the gray shades.
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that produces a strong and highly uniform gradient at a
defined distance from the magnet surface [21]. It has been
used to measure sample profiles with a spatial resolution
better than 5 lm, a technique that has opened important
new applications to NMR that range from in vivo skin
measurements to the characterization of objects of cultural
heritage [21,22]. In this paper, we exploit the strong and
uniform static gradient of this magnet to measure self-dif-
fusion in a variety of materials to reveal the sample
microstructure.

In many systems molecular self-diffusion provides
important information on molecular organization and
interactions of mobile molecules with the environment.
The effect of molecular self-diffusion on the amplitudes of
the Hahn and the stimulated echoes in a strong static mag-
netic-field gradient has been analyzed theoretically and
experimentally in recent years [23–29]. The use of strong
static gradients such as the one found in the stray field of
superconducting magnets, allows measurements of root-
mean square molecular displacements as small as 20 nm
and self-diffusion coefficients as small as 10�16 m2/s. Large
gradients simplify measurements of the diffusion coefficient
in heterogeneous materials like porous materials and bio-
logical systems, since it reduces the relative contribution
from background gradients due to susceptibility variation
across the sample. This is so because the background gra-
dients are proportional to the magnitude of the applied
static field B0 but essentially independent of the field gradi-
ent. From this point of view, measurements with unilateral
low field NMR sensors, which produce relatively strong
field gradients, offer an interesting advantage over conven-
tional methods.

Although the possibility of using the strong gradient of an
open magnet to measure diffusion has been mentioned in the
very first papers about inside-out NMR [2], the need of a uni-
form gradient complicated the use of hand-held unilateral
NMR sensors for accurate determination of diffusion coeffi-
cients. The problem was recently alleviated with the imple-
mentation of a numerical procedure that deconvolutes the
spatial variation of the static field gradient [30]. However,
the method requires knowledge of the spatial distribution
of both, the B0 and B1 fields, and the assumption of a uniform
diffusion coefficient D across the sample. It was applied to
measurements done with a bar magnet NMR-MOUSE�,
where D was extracted for a series of liquids with different
viscosities. The effect of relaxation in these self-diffusion
measurements was overcome by means of a constant-relaxa-
tion method [23,25,30]. The simple pulse sequence
hx � s1 � 2hy � s1 + s2 � 2hy � s2 � Hahn echo was used
to determine the self-diffusion coefficient D at constant-re-
laxation condition, i.e., for s1 + s2 = const in the presence
of strongly inhomogeneous static and radio-frequency mag-
netic fields [30]. The method was shown to be particularly
useful for measuring D of solvents in elastomers without
the need to measure the transverse relaxation rates.
Although this numerical procedure provides an alternative
to measure diffusion even in the presence of non-uniform
gradients, it suffers from limited accuracy compared to con-
ventional techniques like STRAFI. The most important
drawback is the need of the B0 map to extract the distribution
of static gradient, a calculation that is an important source of
errors.

In this paper, we take advantage of a simple magnet
geometry that generates a highly uniform and strong gradi-
ent [21] to measure the self-diffusion coefficient of proton-
ated molecules with high accuracy and in very short
experimental times. The effect of self-diffusion was encoded
in the amplitudes of the stimulated and Hahn echoes gen-
erated in the presence of the static magnetic field gradient.
The sensitivity of these experiments was improved by
applying a Carr–Purcell–Meiboom–Gill (CPMG) pulse
sequence after the diffusion-encoding period. Both
sequences have been tested by measuring D of various
organic solvents, and poly(dimethylsiloxane) (PDMS) sam-
ples with different molar masses. The Hahn-echo sequence
was used to measure D for n-hexane absorbed at saturation
in a natural rubber samples with different cross-link densi-
ties. Moreover, the stimulated-echo sequence was used to
measure the dependence of the diffusivity on the diffusion
time in a water-saturated sandstone as well as in Achilles
sheep tendon.

2. Experimental

2.1. Single-sided NMR sensor

The unilateral NMR sensor, used in this work takes
advantages of a magnet specially designed to generate a
magnetic field with a uniform gradient in the sensitive vol-
ume [21]. The geometrical configuration of the permanent
magnet is shown in Fig. 1 [21]. It consists of four perma-
nent magnet blocks positioned on an iron yoke. The direc-
tion of polarization of each magnet block is indicated by
the shades of gray. Magnets with the same polarization
are separated by a small gap dS while magnets with oppo-



Fig. 2. Constant gradient stimulated echo SGSTE (A) and Hahn echo
SGSE (B) pulse sequences used to measure D with the one-sided NMR
sensor. The signal-to-noise ratio is improved in both sequences by
applying a CPMG train after the diffusion encoding periods.
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site polarization are separated by a larger gap dB. The dis-
tance from the magnet surface where the uniform magnetic
field gradient is determined, can be selected by varying dS

and dB. To find the right gap dimensions which define a
constant field along both dimensions at the same depth,
one of the two gaps, usually dB, is set to define the maxi-
mum penetration into the sample and the value of dS is var-
ied to the minimize the field variation at this depth. For a
fine tuning of dS the magnetic field was scanned via NMR
resonance [21]. The distance from the magnet surface
where the flat slice is generated increases with dB. At the
same time, the field and gradient strength generated in
the flat sensitive volume decrease with increasing dB.
Depending on the application, sensors with different gradi-
ent strengths can be built. For dS = 2 mm and dB = 14 mm,
the flat sensitive slice is defined at 10 mm from the magnet
surface. The magnetic field points along the z direction and
has a magnitude of about 0.42 T (1H 18.1 MHz), while the
magnetic field gradient is 22.36 T/m and points along y

direction. The value of the field gradient was determined
with high accuracy via self-diffusion experiments of liquids
with known diffusion coefficients. More details about the
NMR sensor are given in [21].

2.2. Self-diffusion measurements

The pulse sequences used in our investigation are based
on Hahn (SGSE)- and stimulated echoes (SGSTE) both
operating in the presence of a steady gradient. To improve
the sensitivity of these experiments, a CPMG sequence was
applied after the main diffusion-encoding period to gener-
ate an echo train that takes advantage of long transverse
relaxation times of liquid samples (Fig. 2). Thanks to the
sensitivity improvement obtained by adding the echo train,
a time shorter than one minute was required to measure a
complete diffusion curve.

The normalized signal attenuation for the SGSE and the
SGSTE are given by [27,28]
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respectively. The time parameters s1, s2, and s are defined
in Fig. 2, and T2 is the transverse relaxation time. The ratio
gyromagnetic is denoted by c. The normalization signal I0

corresponds to the amplitude of the echoes at very small
times, s and s2 for SGSE and SGSTE, respectively. The
amplitudes of the Hahn and stimulated echoes are attenu-
ated by the transverse and longitudinal relaxation times
(see Eqs. (1) and (2)). For large values of D like in the case
of less viscous liquids and for strong magnetic field gradi-
ents, the diffusion terms in Eqs. (1) and (2) dominate the
relaxation terms. Furthermore, if s, s1� T2, Eqs. (1) and
(2) can be approximated by
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respectively. Our results below prove that the above equa-
tions are valid in a good approximation.

The CPMG echo train is also attenuated by the diffusion
process due to the presence of the strong field gradient,
however, a small inter-echo time alleviates this effect. Fur-
thermore, the diffusion encoding of the CPMG echo train
remains constant during the variation of the time parame-
ters s1, s2, and s and does not affect the validity of Eqs.
(1)–(4).

The diffusion coefficients were measured on protons at a
transmitter frequency of 18.1 MHz with the pulse sequenc-
es of Fig. 2 using a 90� and 180� pulses of 10 ls duration.
The difference between the pulses is given by the transmit-
ter attenuation.

3. Results and discussion

3.1. Self-diffusion coefficients of liquids with different

viscosities

The diffusion coefficients of low viscosity liquids like
benzene, n-hexane, methanol, ethanol, and hexadecane,
taken from our laboratory without further purification,
and high viscosity poly(dimethylsiloxane) (Aldrich), with
molar masses Mw = 5000 g/mol and Mw = 10,000 g/mol
(hereafter PDMS 5000 and PDMS 10,000) have been mea-
sured in the uniform field gradient of our one-sided NMR



Fig. 4. Diffusion curves of PDMS samples with two molar masses (5000
and 10,000 g/mol) measured with SGSTE/CPMG (A) and SGSE/CPMG
(B). In the SGSTE sequence the diffusion time was s2 = 50 ms. For

0
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sensor. The D values are compared with data reported in
the literature. The diffusivities of all these liquids were mea-
sured with the SGSE and SGSTE methods in combination
with a CPMG echo train for detection. The experimental
data are shown in Figs. 3 and 4. The data could well be fit-
ted with Eqs. (3) and (4). Hence, the effects of relaxation
can be neglected for the applicable ranges of used experi-
mental parameters and diffusivities. The values of D

obtained from the fits are given in Table 1. The error mea-
sure as the variance of a set of similar experiments is of the
order of 1%. The D values obtained by the two different
methods agree well with each other and the values from lit-
erature (see Table 1).

3.2. Proton self-diffusion of n-hexane in natural rubber with

different cross-link densities

The diffusion of light penetrant molecules in elastomers
is a topic of long standing interest [31] (and references
therein). It was shown that for small solvent molecules,
both the transverse relaxation time and the diffusion coef-
ficient are sensitive measures of the free volume and its
changes with the filler content [32,33]. The basic formula-
tion used by Ventras and Ventras [34] for the prediction
of the diffusion coefficient in an isotropic rubbery poly-
mer–solvent system is based on the expression:
Fig. 3. Diffusion curves of different organic liquids measured with the
CGSE/CPMG (A) and CGHE/CPMG (B) pulse sequences (Fig. 2). In all
measurements four scans a repetition delay (RD) of 5 s were used. For
sensitivity improvement 1024 echoes (s 0 = 0.04 ms) generated during the
CPMG detection period were co-added. In the SGSTE sequence the
diffusion time was s2 = 1 ms.

sensitivity improvement 1024 echoes (s = 0.04 ms) generated during the
CPMG detection period were co-added. The total experimental time was
about 3 min with 16 scans and RD = 1 s.

Table 1
Self-diffusion coefficients D of various protonated liquids measured by
SGSTE and SGSE methods at 22 �C

Sample Dlit
a [10�9 m2/s] DSGSTE [10�9 m2/s] DSGSE [10�9 m2/s]

Benzene 2.11 2.12 2.12
n-Hexane 3.96 4.02 3.90
Methanol 2.271 2.20 2.20
Ethanol 1.01 1.00 1.01
Hexadecane 0.35 0.35
PDMS 5000 7.23 · 10�2 7.13 · 10�2

PDMS 10,000 1.97 · 10�2 1.87 · 10�2

Literature values reported at 25 �C were corrected using the temperature
dependence of viscosity and Stokes equation.

a Corrected from the values reported in the Bruker Almanac 2005.
ln D ¼ ln D0 �
E�
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where D is the diffusion coefficient of the penetrant. D0 is
an effectively constant pre-exponential factor, E* is the
effective energy/mol that a molecule needs to overcome
attractive forces, R is the universal gas constant, T is the
absolute temperature, and ws is the sorbed solvent weight
fraction. The specific free volume required for a jump of
penetrant and polymer are denoted by V̂ �1 and V̂ �2, respec-
tively. The significance of the other quantities is given in
[34].



Fig. 5. (A) Amplitude of the NMR signal of SGSE/CPMG pulse sequence
as a function of s for n-hexane sorbed in NR1 sample (Table 2). The
protons from the solvent as well as the ones from natural rubber
contribute to the Hahn-echo amplitude (squares). The data can be fitted
(solid line) by the addition of an exponential decay in s3 (dashed line) and
a single exponential decay (thin-dashed line) in s. The diffusivity of n-
hexane can be determined from the exponential decay in s3 (Eq. (3)). The
total experimental time was of about 6 min. (B) Natural logarithm of the
diffusion coefficients as a function of the n-hexane mole concentration QW

for the natural rubber series of Table 2. The quantity Qw is defined as the
number of moles of n-hexane absorbed in 100 g of natural rubber. The
data points are connected by lines and show a trend according to Eq. (7).
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The results of sorption experiments are expressed in gen-
eral as moles Qw of liquid sorbed by 100 g of NR. The
quantity Qw measured in mole % is determined as

Qw ¼
ðWeight of sorbed solventÞ=ðMolecular weight of the solventÞ

Initial weight of rubber

� 100%. ð6Þ

From Eqs. (5) and (6) we can get

ln D ¼ ln D0 �
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� nV̂ �2
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QwMw;s
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; ð7Þ

where Mw,s is the molecular weight of the solvent.
In this work we measured the diffusion coefficients of n-

hexane swollen in a series of cross-linked natural rubber
(NR) SMR10 (Malaysia) (cf. Table 1) by the diffusion
encoding of the Hahn echo amplitude in the stray field of
the sensor. The additives were 3 phr (parts-per-hundred-
rubber) ZnO and 2 phr stearic acid. The sulfur and acceler-
ator contents of the samples are given in Table 2. The
accelerator is of the standard sulfenamide type (TBBS, ben-
zothiazyl-2-tert-butyl-sulfenamide). After mixing the com-
pounds in a laboratory mixer at 50 �C, the samples were
vulcanized at 160 �C in a Monsanto MDR-2000-E vulcam-
eter. The degree of cross-linking was measured by the low
frequency shear modulus or torque at a temperature of
160 �C in the vulcameter directly after vulcanisation. The
measurements were performed with an oscillation ampli-
tude of ±0.5� and a frequency of 1.67 Hz.

The natural rubber samples were swollen in n-hexane for
several hours until the equilibrium value was reached.
Besides the direct mixing, swelling in n-hexane vapours
was also tested. In the limit of experimental errors the dif-
fusivities do not change as a function of the swelling proto-
col. The decay of the Hahn echo for n-hexane sorbed in
NR was fitted by a sum of an exponential function that
depends on s3 and an exponential decay linear on s that
describe the T2 signal decay of the polymer network itself
(Fig. 5A). The logarithm of the diffusion coefficient versus
the solvent mole percent concentration at equilibrium for a
series of cross-linked NR samples is shown in Fig. 5B. In a
good approximation the experimental data follow the func-
tional dependence on Qw given by Eq. (7).
Table 2
Properties of the series of cross-linked NR samples

Sample Sulfur–accelerator
content (phr)

Shear modulusa

G (dNm)
Equilibrium toluene
concentrationb cs (%)

NR1 1–1 5.2 0.652
NR2 2–2 8.5 0.671
NR3 3–3 11.2 0.678
NR4 4–4 13.2 0.692
NR5 5–5 14.5 0.712
NR6 6–6 15.4 0.750
NR7 7–7 16.2 0.800

a The uncertainties are less than 10%.
b The uncertainties are less than 1%.
3.3. Self-diffusion of water in saturated sandstone

The measurements of the diffusion of liquids adsorbed in
the pores of catalysts and rocks are strongly affected by the
presence of barriers [27,28]. It can be used to establish the
average pore sizes, pore size distributions, and tortuosity
[35,36].

The time-dependent diffusion coefficient D of water was
measured by the CGSE method discussed above (see Sec-
tion 2.2) for two sandstone cores obtained from the Inte-
grated Ocean Drilling Program (IODP) (Sandstone A
and B in Fig. 6). Standard IODP geological cores have a
diameter of about 60 mm and a length of 1.5 m. Right after
drilling they are split into half-cylinders along the core axis.
The decays of the stimulated echoes from water-saturated
IODP cores follow Eq. (4) and were fitted in a semi-log plot
by a linear function. The time-dependent D coefficients are
shown in Fig. 6 as a function of the diffusion length LD (see
below).

For short diffusion times s2, the diffusion coefficient
D (s2) is expected to fall off linearly with the diffusion length



Fig. 6. Time-dependent diffusion coefficient D of bulk water, and two
different sandstone cores (A and B) measured by the SGSTE/CPMG
method as a function of the diffusion length LD ¼

ffiffiffiffiffiffiffiffiffiffi
D0s2

p
. The bullet

symbol marks the diffusion coefficient of free water D0 = 2.07 · 10�9 m2/s
to which D (LD) should extrapolate in the limit of LD fi 0. The total
experimental time is about 20 min per point with 256 scans and
RD = 0.5 s.

ig. 7. Time-dependent diffusion coefficient D of water in sheep Achilles
ndon measured by the SGSTE/CPMG method as a function of the
iffusion length LD ¼

ffiffiffiffiffiffiffiffiffiffi
D0s2

p
. The solid line shows the fit of the

xperimental data with Eq. (8). The total experimental time is about
0 min per point with 256 scans and RD = 0.5 s.
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[35], with a slope proportional to the medium surface-to-
volume ratio (S/V), i.e.

D LDð Þ � D0 1� 4

9
ffiffiffi
p
p LDS

V

� �
. ð8Þ

The diffusion length LD in Eq. (8) is defined as LD ¼
ffiffiffiffiffiffiffiffiffiffi
D0s2

p
,

where D0 ¼ lims2!0Dðs2Þ. The diffusion length was calculat-
ed approximating D0 by the value by of the diffusion coef-
ficient of free water. By taking this approximation from the
linear fit of the data in Fig. 6, the average volume-to-sur-
face ratio V/S for the pores in the sandstone cores was
determined to be of the order of 5 and 0.6 lm for sample
A and B, respectively. In the approximation of spherical
pores we can estimate an average pore radius of
�rA � 15 lm and �rB � 2 lm. Nevertheless, for sample B
the quantity V/S cannot be measured accurately because
the stimulated echo method does not give access to short
enough diffusion lengths LD. The reason for this has been
discussed in [36] and is related to the failure of the narrow
pulse approximation for short diffusion times.

3.4. Self-diffusion of water in sheep Achilles tendon

The time-dependent diffusion coefficient of water in
Achilles tendons is anisotropic, diffusion-time dependent,
and changes as a function of tensile load [37,38]. The diffu-
sion measurements reveal two diffusion process character-
ized by a fast and a slow diffusion process [38].

Samples of sheep Achilles tendon were obtained from
the butcher. The samples were kept at �18 �C after exci-
sion until the time of measurement and then measured at
room temperature 20 �C ± 1 �C. A plug was cut from the
middle of the tendon and wrapped with parafilm in order
to avoid dehydration. The plug was examined for about
12 h at room temperature and then discarded to preclude
tissue degradation. The sample was prepared by cutting a
piece of the tendon along the symmetry axis of the tissue.
F
te
d
e
2

Our measurements based on the CGST/CPMG method
report only the diffusion coefficient of the fast process valid
in the regime of small s1. In all the measurements the plug
axis was oriented along the direction of the static magnetic
field. From the linear fit of the initial diffusivity data in
Fig. 7, the average volume-to-surface ratio V/S for the
pores in sheep Achilles tendon was determined to be V/
S � 8lm assuming D0 to be the value of the free water.

4. Conclusions

In this work we demonstrate that implementing Hahn
and stimulated-echo sequences on a mobile NMR sensor
with a uniform static gradient, self-diffusion coefficients
down to 10�12 m2/s can be measured. Such small diffusion
coefficients can be acceded because of the strong field gra-
dient of the magnetic field (G � 20 T/m). The NMR sensor
has a special magnet geometry that generates a strong and
uniform field gradient in a flat sensitive volume of about
1 · 1 cm2 extended along the lateral directions positioned
at a defined distance from the magnet surface. The mea-
surement time was reduced to minutes by the use of a
CPMG echo train applied after the encoding sequence.

The mobile NMR sensor with a well-defined magnetic
field gradient was used to measure the diffusion coefficients
of solvents swollen in cross-linked elastomers. The experi-
ments were performed on a series of samples of natural
rubber and have shown that the diffusion coefficients corre-
late with the cross-link density. This technique constitutes
an alternative to measuring the transverse magnetization
relaxation for information about the cross-link density of
elastomers. Moreover, this method shows potential appli-
cations for characterizing polymer networks like defect dis-
tributions, and for testing the theory of polymer swelling.
Moreover, this mobile NMR sensor can be used for char-
acterization of pore surface-to-volume ratios and pore sizes
in rocks and ordered tissues.
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The possibility to perform diffusion measurements in
combination with a CPMG pulse sequence with our spe-
cially designed one-sided NMR mobile sensor can also be
exploited for measurements of two-dimensional D-T2 maps
[39]. Therefore, the device can be used for quality controls
of complex materials.
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magnetic resonance in inhomogeneous magnetic fields, J. Magn.
Reson. 145 (2000) 246–258.

[7] A. Wiesmath, C. Filip, D.E. Demco, B. Blümich, Double-quantum
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dimensional high-resolution NMR spectra in matched B0 and B1 field
gradients, J. Magn. Reson. 156 (2001) 146–151.
[19] C. Meriles, D. Sakellariou, A. Pines, Resolved magic-angle spinning
of anisotropic samples in inhomogeneous fields, Chem. Phys. Lett.
358 (2002) 391–395.

[20] J. Perlo, V. Demas, F. Casanova, C.A. Meriles, J. Reimer, A. Pines,
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