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Two-dimensional diffusion exchange experiments in the presence of a strong, static magnetic field
gradient are presented. The experiments are performed in the stray field of a single sided NMR sensor
with a proton Larmor frequency of 11.7 MHz. As a consequence of the strong and static magnetic field
gradient the magnetization has contributions from different coherence pathways. In order to select the
desired coherence pathways, a suitable phase cycling scheme is introduced. The pulse sequence is applied
to study diffusion as well as the molecular exchange properties of organic solvents embedded in a
mesoporous matrix consisting of a sieve of zeolites with a pore size of 0.8 nm and grain size of 2 lm. This
pulse sequence extends the possibilities of the study of transport properties in porous media, with
satisfying sensitivity in measurement times of a few hours, in a new generation of relatively inexpensive
low-field NMR mobile devices.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Diffusion measurements provide important insight into the
study of molecular transport and dynamics in porous media.
Molecular self-diffusion in fluids under confinement is a transport
property that has been studied extensively by NMR (see [1] for an
overview). In the last two decades the development of correlation
spectroscopy in the time domain [2,3] has extended the possibili-
ties to describe dynamical processes like diffusion and exchange
in more detail. The introduction of a reliable algorithm for the
inversion of the Laplace transform (ILT) in two dimensions [4]
facilitated the analysis and interpretation of these kinds of experi-
ments. The possibility of measuring diffusion in the stray field of
mobile, i.e. generally low-field, NMR devices in a short time and
in a reliable way was demonstrated recently in a number of papers
[2,5]. The main difficulty in the presence of strong magnetic field
inhomogeneities (or gradients) lies in the fact that the radio fre-
quency (RF) pulses generate a set of unwanted coherences that
have to be suppressed by appropriately cycling the phase of each
pulse [6]. The conventional stimulated echo sequence for the diffu-
sion experiment in presence of a strong constant magnetic field
gradient requires a minimum of 16 scans [2]. Two-dimensional
or even more complex pulse sequences normally require a more
careful design of a phase cycle in order to both suppress unwanted
pathways and optimize the time required for the experiment.

In this article, a two-dimensional diffusion–diffusion (D–D) ex-
change spectroscopy pulse sequence using a constant magnetic
ll rights reserved.

attea).
field gradient (Fig. 1) is introduced, to the knowledge of the
authors, for the first time. A similar pulse sequence is known as
DEXSY, which is based on Pulsed Field Gradients (PFG) [7]. Two
stimulated echoes are applied in order to independently encode
the molecular displacement during two defined intervals, sepa-
rated by a mixing or exchange time texch. The phase cycling was
designed in order to select the desired coherence pathways (see
Fig. 1).

In contrast to the NMR D–D correlation experiments reported in
the literature so far [7–9] that are based on pulsed field gradients,
the experiment presented in this work possesses the advantage
that it can be applied in grossly inhomogeneous magnetic fields.
Regarding the recent development in portable magnets this is par-
ticularly advantageous as it widens the spectrum of their possible
applications involving all the benefits they comprise, like low cost,
possibility of measuring larger samples or to perform in situ stud-
ies. Moreover, the technique can be used as well in the stray fields
of superconducting magnets to provide access to very short ex-
change times and/or to very small diffusion coefficients not being
accessible otherwise. However when the samples consist of any
sort of porous media, susceptibilities effects at high magnetic fields
give rise to internal gradients that have to be taken into account in
the interpretation of the results.

The feasibility and performance of the pulse sequence is dem-
onstrated for a non-exchanging bulk phantom and for the case of
exchange and diffusion of the organic solvent n-hexane adsorbed
in a polycrystalline packing of zeolite cages. The analysis of the
results is carried out twofold, both with ILT and directly in the time
domain. A Monte Carlo simulation of the exchange process is
performed and is used to support the analysis of the experimental
data.

http://dx.doi.org/10.1016/j.jmr.2010.11.014
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Fig. 1. (Top) Two-dimensional diffusion exchange (D–D) pulse sequence in the
presence of a constant static magnetic field gradient (g). Radio frequency (RF) pulses
are denoted by p and p

2. The time constants are defined in the text. (Bottom) Both
the solid and the dotted lines represent desired coherence pathways.

Table 2
NMR relaxation times and diffusion coefficient of n-hexane in sample B at room
temperature. T1 is measured with the saturation recovery pulse sequence. T2,eff is
measured with a CPMG pulse sequence with an echo time of 53.5 ls.

n-Hexane n-Hexane n-Hexane
Bulk Inter-particles Intra-particles

T1 (ms) 2160 ± 10 18.8 ± 0.6
T2,eff (ms) 67 ± 3 48 ± 3 9 ± 1
D (�109 m2/s) 4.56 ± 0.01a 3.55 ± 0.05b 0.04 ± 0.01b

a Measured with 1-d STE pulse sequence.
b Diffusion constants obtained fitting Eq. (1) as is explained in the text. All

measurements were done with the profile NMR-MOUSE device at 11.7 MHz.
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2. Experimental

The diffusion–diffusion correlation pulse sequence is based on
two successive stimulated echo (STE) pulse sequences separated
by the interval texch, defining the time scale for exchange (see
Fig. 1). The STE-parts are characterized by the two independently
varied encoding times s1 and s2. The constant times D1, D2 define
the timescales of the diffusion measurements. The last part is the
CPMG pulse sequence with an echo time of secho where the train
of echoes is acquired and added up in order to increase sensitivity.

The combination of two separated stimulated spin echoes (STE)
with an exchange interval (texch) includes as many as seven 90�-
pulses. This requires the design of an adequate cycling of the
phases for each RF-pulse. A phase cycling of 128 steps was intro-
duced in order to select the two particular coherence pathways
shown in the bottom part of Fig. 1. The development and optimiza-
tion of the phase cycling was accomplished using the program
CCCPv1.1 [10]. This program is able to simulate phase cycles in
PFG NMR experiments and calculates selected pathways as well
as their attenuations. As an approach to simulate the phase cycle
in the experiments, gradient pulses of constant amplitude were as-
sumed during the whole duration of each time interval in the pulse
sequence. The coherence pathways were simulated up to the sec-
ond stimulated echo (excluding the CPMG part). Then the step
number per cycle, for each pulse, were optimized to achieve an
effective phase cycle that is as short as possible whilst providing
the best possible attenuation of unwanted coherence pathways.
Especially in some critical situations (e.g. in the case when the
encoding time has to account for fast diffusion processes and all
time intervals are short or in the case when the STE parts are sym-
metric, i.e. s1 = s2 and D1 = D2) many different pathways can regain
high phase coherence at the acquisition interval and therefore the
signal is considerably disturbed. A phase cycle of 128 steps turned
out to be sufficient for the attenuation of unwanted coherence
pathways and the phase cycle scheme given in Table 1 was found
to be the optimum for these number of steps.

The experiments were performed using the stray field of a sin-
gle sided NMR spectrometer (profile NMR-MOUSE, ACT GmbH,
Germany) with a 1H resonance frequency of 11.7 MHz providing
a time-constant magnetic field gradient of 11.5 T/m in the sensitive
Table 1
Phase cycle scheme and acquisition phase for the D–D exchange spectroscopy pulse seq
acquisition phases were adjusted according to the cycling of the 90� pulses.

Pulse 90� #1 90� #2 90� #3 90� #4
First phase +x +x +x +x
Cycling steps 2 2 1 2
volume. The magnet and sample are kept at room temperature
within 0.5 �C. The temperature of the magnet was monitored
during the whole process, possessing a variation of ±0.5 �C. At the
position of the sample, a minor increase in the temperature was
detected due to the heating of the RF coil. This heating was well
below 0.5 �C and did not significantly affect the diffusion process.

Two sets of samples are used. The first set is composed of two
non-exchanging fluid phases filled into two concentric glass-cylin-
ders. Two different preparations are used in this case, called A1
and A2. For both of them the inner cylinder was filled with water.
For sample A1, the outer cylinder was filled with a 70% solution of
glycerol in water, while only glycerol was used for sample A2. CuSO4

was added to the water compartment to reduce T1 below 100 ms in
order to shorten the measurement time. The bulk diffusion coeffi-
cients measured with a STE pulse sequence, are Dglyc-wat =
(1.07 ± 0.03) � 10�10 m2/s, Dglyc = (1.83 ± 0.08) � 10�11 m2/s and
Dwater = (2.5 ± 0.1) � 10�9 m2/s. Sample B is based on a zeolite 13X
porous sieve purchased from Sigma Aldrich Chemie GmbH,
Germany (Catalog Number 283592) consisting of grains with an
average diameter of around 2 lm and an inner pore size of 0.8 nm
[11]. The porosity is found in literature; however the reported val-
ues differ to each other. Ref. [12] reports a porosity of 58% for Zeo-
lites type X (with an error of 13.8%), while in Ref. [13] the value is
0.293. The mean particle size and porosity will be determined below
by comparison of the experimental and simulated data. In order to
eliminate residual water content, the zeolite was kept at 150 �C
for 70 h. The porous sieve of zeolites was put into a glass vial filled
with liquid n-hexane, shaken for several minutes and subsequently
centrifuged to ensure a high packing density of the grains. As a result
a bimodal pore structure is created, with two kinds of intercon-
nected porous spaces, the mesoporous phase composed of grains
of zeolites, and the inter-grain space with a characteristic pore space
of the order of several micrometers. The NMR relaxation times T1

and T2 as well as the diffusion coefficient of n-hexane confined in-
side the zeolite sieves are shown in Table 2.
3. Simulation

A Monte Carlo simulation of the transport dynamics of a fluid in
a model porous medium composed of packed spheres was devel-
oped in order to predict the NMR response to the exchange process
that takes place inside the porous sample B. The comparison with
the experimental data provides valuable insights of both, geomet-
rical and dynamical properties of the system in sample B. Within
uence. All 180� pulses in the CPMG acquisition segment have the same phase. The

90� #5 90� #6 90� #7 180� Acq.
+x +x +x +y �x
4 1 4 1
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this model the zeolite powder bed is described by two phases with
different diffusion coefficients, which involves a coarse grain
approximation of the zeolite’s inner structure: Due to the small in-
ner pore size of the zeolite, the effect of the geometrical confine-
ment on the diffusion of hexane molecules can be described by a
motionally averaged diffusion coefficient. The inner porosity of
the spheres is set to 30% (see below). The powder bed was modeled
by a close random packing of non-overlapping spheres with a nar-
row lognormal distribution of radii, and a packing density of 56.3%.
Randomly packed ensembles were generated with 30 particles
with a mean radius of 2 lm placed within a box with periodic
boundary conditions, the size of the simulation space was 12 lm.
A three-dimensional lattice was generated from these ensembles
by discretizing into 3003 cubic elements. At the beginning of the
random walk simulation 100 molecules were randomly placed
within the lattice according to this relation:

Nin

Nout
¼ ð1� /outÞ/in

/out
;

where Nin and Nout are the number of molecules inside and outside
the cages respectively, /in denotes the (inner) porosity of the zeolite
particle and /out denotes the outer porosity which is given by the
packing density, 1 � /out. The random walk was performed by inde-
pendent discrete steps of length 1/300 in each dimension and for
each molecule with a probability Pstep. This probability corresponds
to the diffusion coefficient depending on the current position of the
molecule (inside or outside of a zeolite particle). After each simula-
tion step involving the movement of all molecules, the number of
molecules inside the particles was checked and compared with
Fig. 2. D–D measurement of the test samples A1 and A2. (a and b) Echo decays in the 2-d
2-d Laplace inversion for sample A1 (c) and sample A2 (d). The two peaks in (c) coincide w
two peaks in (d) coincide with the bulk diffusion constants of the glycerol and water. (
sample A1 and (f) to sample A2. The relevant experimental parameters in the pulse sequ
7.0 ls to 2.7 ms; D1, D2 = 4.0 ms for sample A2. The magnitudes can be compared by in
the initial value. Simulation steps for which the number of mole-
cules inside the particles exceeded a deviation of 5% were rejected
and repeated. The outputs started to be recorded after 100 simula-
tion steps from the beginning of the simulation in order to allow the
system to reach a steady state.

The main outputs of this simulation are the assignment to
either inter- or intra-particle phase of each molecule at every time-
step. From this information the exchange probabilities are com-
puted by counting the number of molecules that started in one
defined phase and ended up in another defined phase after a vari-
able number of simulation steps. By monitoring these numbers, the
pure exchange process can be studied.

The effect of NMR longitudinal relaxation on the signal during
the experiment was considered by assigning a factor to each mol-
ecule that was multiplied by e

� Dt
T1;i at each timestep Dt. The relaxa-

tion time T1,i was chosen depending on whether the molecule was
currently inside or outside a particle for which the relaxation times
T1,in and T1,out were assumed, respectively. They were chosen
according to Table 2. The above mentioned number of exchanged
and non-exchanged molecules was then weighted by these factors.

The relaxation-weighted number of molecules is directly com-
pared to the parameters aij from the time-domain fitting (see
Fig. 5). The simulations were performed with the software Matlab.
4. Results and discussions

The pulse sequence was tested employing samples A1 and A2,
where the two liquids are not able to physically exchange. The
time domain for sample A1 (a) and sample A2 (b). (c and d) Diffusion spectrum from
ith the bulk diffusion constants of the glycerol–water mixture and water, while the

e and f) Residuals of the fitting of the echo decays with Eq. (1). (e) Corresponds to
ence are s1, s2 = from 7.0 ls to 0.6 ms; D1, D2 = 4 ms for sample A1 and s1, s2 = from
spection of the color bars.
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two-dimensional echo decays S(s1, s2) are shown in Fig. 2a and b.
The data were analyzed using the following approaches: First an
Inverse Laplace inversion algorithm developed by Venkatarama-
nan et al. [4] is applied on the two-dimensional experimental echo
decays S(s1, s2) in order to obtain a 2-d D–D spectrum. Two diago-
nal peaks are obtained as expected (Fig. 2c and d). The positions of
the peaks coincide with the results obtained performing a 1-d STE
experiment with the same sample.

For both samples A1 and A2, the intensities of each peak corre-
spond to the relaxation-weighted relative amount of protons in
these two phases. The magnitudes of the peak integrals were com-
pared with the component amplitudes obtained from the 1-d STE
experiment. This comparison showed nice agreement for the ratios
of both peak integrals and component amplitudes after correcting
for longitudinal relaxation.

The D–D spectrum in Fig. 2d, corresponding to sample A2,
shows a spurious peak of low intensity on the diagonal at
D1,2 = 10�10 m2s�1. This peak has no physical meaning and arises
due to the fact that the longest encoding time is on the order of
T2. The attenuation factor due to the relaxation time T2 in the echo
decays is exp(�ns1/T2) where the coefficient n is 2 or 4 depending
whether the experiment is 1-d STE or 2-d D-D, respectively. The
influence of T2 on the measured diffusion coefficients is therefore
negligible when the condition for the longest encoding time,
ns1,longest�T2 is satisfied. In both samples A1 and B, the shortest
T2 relaxation time satisfies this condition, while in the case of
sample A2 a long encoding time s1 is needed in order to measure
the low diffusion coefficient of the glycerol phase.
Fig. 3. D–D measurement of sample A2 with the incomplete phase cycling. (a) Echo dec
peak corresponding to the longest encoding times coincides with the bulk diffusion con
encoding times, is affected as explained in the text. (c) Residuals of the fitting of the echo d

Fig. 4. D–D diffusion spectra of sample B obtained from Laplace inversion of the echo d
relevant experimental parameters in the pulse sequence are s1, s2 = from 5.5 ls to 0.7
explained in the text. The presence of the off-diagonal peaks, ai–j, is the signature of the
When the number and approximate position of the peaks is
known, S(s1, s2) is fitted with the following function [9]

Sfitðs1; s2Þ ¼
X2

i;j¼1

; aij expð�q1DiÞ expð�q2DjÞ; ð1Þ

where q1;2 ¼ g2c2s2
1;2

2
3 s1;2 þ D1;2
� �

. The coefficients aii are propor-
tional to the number of molecules in each phase while ai–j are pro-
portional to the molecules that have exchanged (see below). The
residual matrix Sres = S � Sfit is used to check the validity of the fit
model. Fig. 2c and f shows the residuals. They are sufficiently uni-
formly distributed, i.e. no specific pattern can be distinguished.
The analysis of the data was done with the software Matlab and
Origin. The diffusion coefficients found by fitting with Eq. (1) are
Dglyc-wat = (1.6 ± 0.5) � 10�10 m2/s, Dglyc = (1.7 ± 0.7) � 10�11 m2/s
and Dwater = (2.5 ± 0.6) � 10�9 m2/s. They coincide inside the exper-
imental error with the results obtained using a 1-d STE pulse
sequence.

In order to investigate the importance of artefacts, a D–D exper-
iment was carried out with an incomplete phase cycling in the test
sample A2. A single STE phase cycle is done in the first STE-part of
the D–D pulse sequence. Fig. 3a shows the two-dimensional echo
decay, S(s1, s2). Note that the distribution of the absolute intensities
is different from that of Fig. 2a. The Inverse Laplace algorithm is ap-
plied and the results shown in Fig. 3b. Note the presence of extra
(more than two) peaks on the diagonal and the dominating peak
on the edge at high diffusion coefficients. These effects are
explained by the survival of unwanted coherences due to the use
ays in the 2-d time domain. (b) Diffusion spectrum from 2-d Laplace inversion. The
stants of glycerol, while the peak related with the higher diffusion coefficient/short

ecays with Eq. (1). The magnitudes can be compared by inspection of the color bars.

ecays for the three different exchange times 1 ms (a), 10 ms (b) and 25 ms (c). The
5 ms; D1, D2 = 1.6 ms. The factors ai,j correspond to the intensity of the peaks as
exchange process present in the sample.
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of an incomplete phase cycle. The artefacts in the data become more
evident when the fitting with the function Sfit is done and the resid-
uals are plotted (Fig. 3c). Note that the errors are more relevant for
shorter encoding times. In consequence, the values of the larger dif-
fusion coefficient are more affected than the lower value in Fig. 3b.

Fig. 4 shows the result of the D–D correlation experiment of
n-hexane confined in the bimodal porous sample B. It presents three
ILT maps at different evolution times texch. The two diagonal peaks
show a distribution of diffusion constants corresponding to the dif-
fusion of the solvent molecules in the intra- and inter-particle
phases. The respective areas of these peaks are proportional to
the population of molecules that either did not exchange, or have
returned to their initial phase, during the corresponding texch peri-
od. The diffusion coefficients at the center of each peak correspond
to that diffusion coefficients obtained when the single STE experi-
ment is used and there is a good agreement with literature values
for this solvent using PFG diffusometry [14]. The off-diagonal peaks
reveal the presence of exchange of the solvent molecules between
the different phases of the porous sample. The peak a12, for in-
stance, corresponds to the molecules that, during texch, started in
the inter-particle space and ended inside the zeolite particles. It
can be seen in these figures that at longer waiting times, the rela-
tive intensities of the diagonal peaks decrease, while the intensities
of the off-diagonal peaks do increase. The apparent imbalance of
the intensities of the ai–j coefficients observed for texch = 25 ms is
a consequence of the experimental errors. Dynamical equilibrium
requires identical intensities in the off-diagonal peaks.

As mentioned above, the experimental data are analyzed both
in the time domain and with ILT. The coefficients aij are propor-
Fig. 5. (a) The symbols correspond to the amplitude factors ai,j obtained from the
time-domain fitting of the exchange experiments of sample B. The full lines
correspond to the relaxation-weighted exchange probabilities obtained by the
Monte Carlo simulation. The simulation parameters were adjusted to fit the
experimental data. (b) Diffusion coefficients D1,2 obtained from the time-domain
fitting in function of the exchange time.
tional to the areas under the peaks. aij coefficients as well as the
diffusion constants D1,2 are in agreement with both analytical pro-
cedures. The advantage of that procedure is a better fidelity of the
results, knowing that the ILT algorithm is quite sensitive to arte-
facts. These coefficients reveal both the exchange dynamics as well
as the T1 NMR relaxation process present in the sample. This is a
general statement for any 2-d exchange experiment (see for in-
stance Ref. [15]).

Fig. 5a shows the amplitude factors aij obtained from the time-
domain fitting of the exchange experiments of sample B, in
function of the exchange time. The signature of a T1 relaxation
processes present in the sample are seen in the decay of the
amplitude coefficients when the exchange process is progressing.
It can be seen as well the agreement with the simulated ex-
change-coefficients in function of texch. The difference in the rate
of the decay of the diagonal exchange-coefficients a11 and a22,
showing a less effective averaging of the relaxation time for a22,
can be explained assuming a higher exchange time for molecules
that have started closer to the center of the zeolite particles. This
situation is taken into account in the Monte Carlo simulation.
The details will be given elsewhere [16].

The signal to noise ratio for sample B is around 90 for the lowest
exchange times, above 70 for intermediate times and 42 for the
lowest exchange time of 80 ms. 256 echoes were acquired and
256 averages were used for each combination of encoding times.
Even though the changes in amplitude are small, they are system-
atic upon the variation of the exchange time (Fig. 5a). Furthermore
their amplitude is always above the noise level of around 0.4 inten-
sity units, calculated from the root of the mean squared residuals.

The fits of the diffusion coefficients with the function (1) for the
different exchange times are shown in Fig. 5b. The regularity in the
D1 values reflects the good sensitivity in the measurement of high
diffusion coefficients, while the scatter observed in the D2 values
originates in the limitations of the encoding time satisfying the
condition 2s1,2 + D1,2<:texch.

The mean particle radius and porosity are determined by only
adjusting these two parameters in the simulation in order to obtain
a good agreement with the experimental results as it is shown in
Fig. 5. The parameter corresponding to the porosity was set
/in = 30%, in good agreement with the value of 29.3% reported in
Ref. [13], and the mean particle radius hri = 2 lm.

In T1 measurements and especially in T1 � D measurements
(not shown here) two components can be distinguished (see Table
2). These components are attributed to T1 of the n-hexane mole-
cules inside the zeolite particles and the motional averaged T1,eff.
T1 in the inter-particle region cannot be measured because this
relaxation takes much longer than the exchange process. This
relaxation time is assumed to be close to the bulk value around
2.2 s.
5. Conclusions

Diffusion–diffusion exchange experiments using the stray field
of a magnet with low magnetic field B0 and a strong magnetic field
gradient was successfully introduced by employing a suitable
phase cycling scheme to suppress unwanted coherence pathways
which are of detrimental influence in grossly inhomogeneous
fields. The pulse sequence was applied to study the molecular ex-
change between two different environments of a fluid inside a por-
ous media. The experiments were analyzed by Inverse Laplace
Transform as well as in the time domain with the help of a function
describing two-phase exchange. The agreement between the set of
fitted parameters in the time domain and the two-dimensional
maps (intensities of the peaks) validate the measurements and
the applied model. The results were further corroborated by Monte
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Carlo simulations of the dynamics of the solvent molecules inside
the porous media. Analysis of these simulations successfully ren-
dered the characteristic dimensions and dynamics parameters of
the system. It can thus be concluded that the presented method
is able to provide a versatile, robust and reliable access to quanti-
fying exchange processes in two- and potentially multi-component
diffusion systems with a mobile NMR device.
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