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1. General introduction
1.1 Nuclear Magnetic Resonance (NMR)
The ﬁrst Nuclear Induction experiments were performed independently in 1945 by the
groups of Bloch [1] and Purcell [2]. They used continuous wave (CW) NMR, where the
static magnetic ﬁeld is swept or modulated and the RF magnetic ﬁeld is continuously
present. Five years later the seminal article of Hahn about pulsed NMR spin echoes
was published [3]. NMR developed into a broad research ﬁeld. Thereafter, faster pulsed
Fourier NMR was introduced by Ernst [4], where the magnetic ﬁeld is constant and the
RF magnetic ﬁeld is applied in pulses. In more recent Pulsed Field (PF) NMR, also the
magnetic ﬁeld is manipulated in time by applying time varying magnetic (gradient) ﬁelds.
NMR can be used for spectroscopy, because diﬀerent nuclei resonate at diﬀerent frequencies and can therefore be distinguished from each other. Not only nuclei, but also
diﬀerent isotopes can be distinguished. Since also the surrounding of the nucleus has an
eﬀect on the exact resonance frequency, NMR spectroscopy is also used to distinguish
speciﬁc molecules. The ﬁrst 2D spectroscopy was carried out by Jeener [5]. This branch
of NMR is now very important in chemical structure analysis including, e.g., protein
structure determination.
By manipulating the spatial dependence of the magnetic ﬁeld strength and the frequency of the RF excitation, the NMR sensitive region can be varied. This enables a
noninvasive measurement of the spatial distribution of a certain nucleus and is called
NMR Imaging (MRI). The most commonly used nucleus is the hydrogen nucleus 1 H, and
the most commonly used molecule for imaging is water (H2 O). In 1973, MRI was performed in two dimensions by Mansﬁeld [6] and Lauterbur [7]. A couple of years later, the
ﬁrst 2D MRI experiment on a living person was performed [8]. Since then, the technique
has been improved enormously with respect to spatial resolution, measurement speed,
signal-to-noise ratio, and ﬂexibility. Nowadays, the resolution can be increased to better
than 0.1 mm, in which case the technique is usually referred to as NMR microscopy [9].
In many NMR experiments it was noticed that liquids conﬁned in porous materials
exhibit properties that are very diﬀerent from those of the bulk ﬂuid. The so-called
longitudinal (T1 ) and transverse (T2 ) relaxation time of bulk water, e.g., are on the order
of seconds, whereas for water in a porous material these times can be on the order of
milliseconds. The measurement of T1 and T2 in an NMR experiment is often called NMR
relaxometry. The transverse relaxation time is more sensitive to local magnetic ﬁeld
gradients inside the porous material than the longitudinal relaxation time. This sensitivity
can be used to measure the self-diﬀusion coeﬃcient of the liquid. The interpretation of the
measured self-diﬀusion coeﬃcient of a conﬁned liquid is often called NMR diﬀusometry.
Oil well logging is the ﬁrst example of practical use of NMR relaxometry and diﬀusometry
on porous materials [10]. In 1990, the ﬁrst important conference about NMR and porous
materials [11] was held. Porous materials of interest for NMR are biological tissue - both
1
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dead tissue (called in-vitro) and living tissue (called in-vivo) -, plants, rocks, heterogeneous
catalysts, zeolites, porous silica gels, and last-but-not-least building materials.

1.2 NMR on building materials
An important class of porous materials is formed by building materials. Although these
materials are widely used in practice, they can be seriously damaged by water or moisture
and especially salt [12]. If wet, the material can become susceptible to freezing damage,
and it may act as a substrate for the growth of bacteria, fungi or algae. On the other
hand, moisture will transport ions, which may crystallize at the surface, causing defacing, or just below the surface, where they may cause structural damage. Therefore it is
essential to understand the moisture transport in these materials. Several techniques to
measure the moisture transport have been applied. The ﬁrst report that one-dimensional
MRI can be used to study this transport was by Gummerson et al. in 1979 [13]. However,
he already noticed very short NMR relaxation times and his one-dimensional resolution
was low. During the Ph.D. work of Pel [14], it was soon realized that the measurement
of the conﬁned water or moisture is complicated by the large amount of magnetic impurities which are naturally present in building materials like clay and ﬁred-clay brick.
These magnetic impurities yield an unknown contribution to the magnetic ﬁeld, thereby
disturbing the imaging principle. It was found necessary to build a specialized 1D MRI
experimental setup for speciﬁc ﬁred-clay brick research [15]. The imaging gradient system
of this setup produces a large magnetic-ﬁeld gradient (0.3 T/m) to achieve the necessary
1D resolution of 1 mm. The magnitude of the magnetic-ﬁeld gradient and the size of
the imaging region, together with the fast relaxation times of the NMR signal, prohibit a
pulsed ﬁeld gradient. Therefore a static magnetic-ﬁeld gradient is applied and the image
reconstruction is very elementary. It became also clear that not only the total moisture
content can be measured with NMR, but additional pore-size information can be extracted
from NMR relaxation-time measurements on porous materials.
A survey of all the work done on NMR related to porous materials revealed that
most porous materials do not contain such a large amount of magnetic impurities as the
building materials. Therefore a lot of interesting questions arise, when the existing NMR
relaxometry and diﬀusometry theories are applied to building materials. The results
of preliminary Hahn spin-echo measurements on building materials, for instance, could
not be explained in terms of these theories. This motivated us to develop a model to
describe the NMR experiments on building materials with magnetic impurities. This
model is validated with experiments on a series of magnetically doped clay samples. As a
ﬁrst starting point, the model consists of a spherical pore with a uniform magnetic-ﬁeld
gradient. Next, we extend the model with an additional dipolar magnetic ﬁeld. Finally,
we incorporate the surface relaxation mechanism describing the enhanced relaxation of
the ﬂuid near the pore walls.
With this reﬁned model, the dephasing and relaxation eﬀects in a single pore can be
understood fairly well. For the veriﬁcation of the model, we use clay with one dominant
pore size as porous material. However, generally a porous material contains an ensemble of interconnected pores with varying size, which basically determines the moisture
transport through the material and should be accounted for in the model. If the pores
are not interconnected very well, the relaxation-time distribution of an NMR spin-echo
measurement can be interpreted in terms of a pore-size distribution (PSD). For magneti-

1.3. Outline of this thesis

3

cally doped materials like clay and ﬁred-clay this so-called relaxometry technique gives a
pore-size distribution between 100 nm and 100 µm, which is also the range of the majority
of the pores in these materials.
Especially in the range of 1 to 100 nm, NMR can provide another very promising
technique to measure the PSD. It is based on the melting-point depression of a liquid
conﬁned in a porous material. By measuring the liquid water content as a function of
temperature, the PSD can be obtained. This can be done indirectly by measuring the
heat required for melting the ice. We measure it directly with NMR, in which case it is
called cryoporometry. A new experimental setup was built to control the temperature
in the NMR-sensitive region. In principle, the technique is very suitable to investigate
mortar, because this building material contains a lot of pores in the range of 1 to 100 nm.
For the same range of pore sizes, the relaxation-time distribution of an NMR spin-echo
measurement can be interpreted in terms of a pore-size distribution. A correlation between
these two pore-size distribution measurement techniques is expected, because they both
probe the surface-to-volume ratio of the pores.

1.3 Outline of this thesis
The basic principles of NMR will brieﬂy be discussed in Chapter 2. Chapter 3 reviews
some properties of technological porous materials. It introduces the various length scales
which have to be considered for the various materials. One important characterization of
a porous material is its pore-size distribution. Such a distribution can be measured by
various techniques, depending on the length scale of interest. Another characterization of
a porous material which is important for NMR, is the magnetic behavior. Some techniques
will be presented to measure, e.g., the magnetization. Finally, in this chapter, the porous
building materials are described. It will become clear that mortar is very distinct from
clay and ﬁred-clay brick with respect to both pore structure and internal magnetic ﬁelds.
Therefore the subsequent two chapters (4, 5) will deal with mortar and the following four
chapters (6, 7, 8, 9) will deal with clay and ﬁred-clay.
Chapter 4 treats the combination of cryoporometry and relaxometry. The experimental setup needed for these measurements is described. Silica gels will be used to calibrate
the two PSD techniques. Subsequently, mortar is investigated with the combined technique.
The relaxometry technique can be used to study the distribution of conﬁned water over
the various pores. In Chapter 5, a mortar with a bimodal PSD is monitored by NMR in a
1D drying experiment. During drying, not only moisture proﬁles are measured, but also
the relaxation-time distribution is obtained for every position and time.
Chapter 6 contains a numerical random-walk model. This simulation method will be
used to investigate the dephasing behavior of Brownian moving spins and the eﬀect of this
process on the NMR signal. As a ﬁrst starting point, one single pore is considered with
a uniform magnetic-ﬁeld gradient. Next, in chapter 7 one single pore with an internal
dipolar magnetic ﬁeld will be described. For the dipolar magnetic ﬁeld, analytical scaling
laws will be derived and compared with the results from the numerical simulations.
In Chapter 8, Hahn and CPMG spin-echo measurements on heavily magnetically
doped clay samples will be presented. These measurements will be interpreted with the
model of an internal uniform magnetic-ﬁeld gradient, introduced in Chapter 6. Next, in
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Chapter 9 measurements on the same samples with an increased signal-to-noise ratio will
be presented. These measurements will be interpreted in terms of the model with an
internal dipolar magnetic ﬁeld, introduced in Chapter 7. Finally, in Chapter 10 general
conclusions, discussion points and suggestions for further research will be given.

2. NMR basics
2.1 Introduction
The nuclear magnetic moment is a quantum mechanical property of a nucleus. However,
a quantum mechanical description is not necessarily needed for the applications described
in this thesis. The standard classical model is used instead. The principles of NMR
are treated in many books. The standard text books [16, 17] about NMR give a very
comprehensive description of NMR including the quantum mechanical fundamentals, but
are diﬃcult to appreciate and don’t include the recent developments. One decade ago,
Callaghan wrote a much more readable text book about NMR imaging and spectroscopy
[9]. There are numerous good text books about medical NMR imaging [18]. Recently,
Blümich published a text book especially on NMR imaging of materials, devoting a lot
of attention to porous materials [19]. Also specialized on the ﬁeld of NMR and porous
materials is the recent book by Kimmich [20].

2.2 Precession and relaxation
Nuclear Magnetic Resonance is based on the following principle. When a nucleus is placed
in a static magnetic ﬁeld, the nuclear spin I will start to precess around this ﬁeld, since
the magnetic moment µ of the nucleus is related to the nuclear spin I by the gyromagnetic
ratio µ = γI (cf. Fig. 2.1).
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x
Fig. 2.1: Larmor precession of a nuclear magnetic moment in a magnetic ﬁeld.
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The frequency of this precession motion is called the Larmor frequency
γ
B0 ,
fL =
2π

(2.1)

where B0 is the magnitude of the static magnetic ﬁeld, which is usually taken aligned with
the z-axis, fL is the Larmor frequency and γ is the gyromagnetic ratio of the nucleus. Each
isotope has a unique gyromagnetic ratio; for 1 H nuclei or protons γ/2π = 42.58 MHz/T.
If no quadrupole interactions are involved, the motion of the quantum mechanical spin
moment µ can be described classically. All these spin moments of an ensemble of nuclei
add up to a magnetization vector:

 =
µk ,
(2.2)
M
k

 is called the macroscopic magnetization. This magnetization vector is manipuwhere M
lated in an NMR experiment. Bloch was the ﬁrst who described the equation of motion
of this magnetization vector [1]. Because it is composed of magnetic moments, it will
 ×B
 when put in a magnetic ﬁeld B.
 As a result any magnetization
feel a torque M
which is not aligned with the magnetic ﬁeld will precess around this ﬁeld. This change in
magnetization together with an extra relaxation contribution gives the Bloch equation


 (t)
dM
 (t) × B(t)
 −R M
 (t) − M
 (0) ,
=M
dt

(2.3)

where R is a tensor representing the relaxation mechanisms which will be described below.
If an RF ﬁeld is applied, the total magnetic ﬁeld is the sum of the static magnetic ﬁeld
 RF (t):
 0 and the time varying magnetic ﬁeld produced by the RF ﬁeld B
B

0 + B
 RF (t) .
B(t)
=B
The relatively small RF ﬁeld can be written as


B1 cos (ωRF t + ϕ)
 RF (t) =  B1 sin (ωRF t + ϕ)  ,
B
0

(2.4)

(2.5)

where B1 is the strength of the RF magnetic ﬁeld, which is directed perpendicular to the
z-axis, ωRF is the frequency and ϕ is a phase oﬀset of the ﬁeld. The Bloch equation is most
easily solved, when considering a coordinate frame rotating with the RF frequency, i.e.,
 1 . The static coordinate frame is called the laboratory frame and the rotating
ﬁxed to B
frame is called the rotating frame of reference. Within this rotating frame of reference,
the precession of the magnetic moment µ of a nucleus is described by:

∂µ
 RF
0 + ω
= γµ × B
.
(2.6)
∂t
γ
This equation shows that the eﬀective magnetic ﬁeld in the rotating frame of reference
0 + ω
 RF /γ. The total magnetic ﬁeld within this frame, can
along the z-axis is given by B
be written as:


B1 cos (ϕ)

B(t)
=  B1 sin (ϕ)  .
(2.7)
B0 − ωRF /γ
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If the RF frequency ωRF is exactly equal to the Larmor frequency ωL , the z-component of
the total magnetic ﬁeld in the rotating coordinate frame is zero, because of the resonance
condition (Eq. 2.1). In this case the magnetization will precess within the rotating frame
 1 with a frequency of
around the direction of B
f1 =

γ
B1 ,
2π

(2.8)

Because the magnitude of the RF ﬁeld is much smaller than the main magnetic ﬁeld, f1
is also smaller than the Larmor frequency. For a typical NMR experiment with B0 equal
to 1 T the Larmor frequency is 42.58 MHz. The RF ﬁeld needs to be applied at the same
frequency. The amplitude of this ﬁeld is typical 1 mT. For a rotation of the magnetization
by a quarter of a full cycle, a so called 90◦ pulse, the RF ﬁeld needs to be on for about
6 µs. Of course, not only 90◦ pulses can be applied by the RF ﬁeld, but more general the
angle of rotation β, the so-called ﬂip angle is given by:
β = 2πf1 tRF ,

(2.9)

where tRF is the duration of the RF pulse. The phase oﬀset ϕ between the rotating frame
 will
and the RF signal in equation 2.7 determines the axis around which the rotation of M
occur. By varying this oﬀset, one can perform rotations around, for instance, the x -axis
or y  -axis of the rotating frame (the axes of the rotating coordinate frame are denoted with
primes). Generally, the rotation axis of the RF pulse is denoted by a subscript behind
the ﬂip angle of the pulse. For example, a β pulse giving a rotation around the x -axis is
denoted as βx .
As an example, we will consider the action of an RF pulse on the magnetization as
viewed in the rotating frame (cf. Fig. 2.2). Immediately after applying a βx pulse, the
magnetization, which was originally aligned with the z  -axis of the rotating frame, now
has changed into


0
 (t) = M0  sin (β)  ,
M
(2.10)
cos (β)
where M0 is the original amplitude of the magnetization. In the rotating coordinate
frame, this magnetization is stationary, but in the laboratory frame the magnetization is
still precessing with the Larmor frequency.
Also the eﬀect of the relaxation term in the Bloch equation (second term at the r.h.s. of
equation 2.3) needs to be considered for a realistic description of the time evolution of the
magnetization. The relaxation speed is deﬁned as linearly dependent on the diﬀerence
 (0). This will give
of the actual magnetization and the equilibrium magnetization M
 0 is aligned with the z-axis, the
exponentially decaying magnetization components. If B
relaxation tensor can be written in the laboratory frame as the matrix


0
0
1/T2
0  ,
1/T2
(2.11)
R = M0  0
0
0
1/T1
where T1 and T2 are the so-called longitudinal and transverse relaxation time, respectively.
It should be noted that the x- and y-components of the magnetization are treated identical,
but the z-component separately. The complex sum of the x- and y-components of the
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Fig. 2.2: Rotation of the magnetization within the rotating frame of reference, induced by a βx
pulse.

magnetization (Mx +iMy ) is called the transverse magnetization. This can also be written
 T with modulus M and phase φ. The z-component of the magnetization,
as a vector M
Mz , is called the longitudinal magnetization.
If an experiment is started from the equilibrium situation, the magnetization at t = 0
 (0) = (0, 0, M0 )T . The transverse magnetization will relax back to zero
is described by M
and the longitudinal magnetization will relax back to M0 . Therefore the complete solution
of the Bloch equation in the rotating frame of reference after applying an RF pulse with
rotation angle βx can be written as:



0
 (t) = M0 
 .
exp(−t/T2 ) sin β
M
[1 − exp(−t/T1 )] cos β

(2.12)

The physical background of the two relaxation mechanisms is diﬀerent. The longitudinal relaxation time is the time spins need to exchange energy with the surrounding thermal
reservoir or lattice. Therefore it is sometimes also called the spin-lattice relaxation time.
The transverse relaxation time is the time in which spins dephase due to interactions
with their neighbors and the presence of fast changing molecular ﬁelds. Therefore, it is
also called the spin-spin relaxation time. Indirect energy exchange via the lattice may
be important (especially in porous materials), however the direct inﬂuence is dominant.
Therefore, always T2 ≤ T1 holds. The transverse magnetization gives the coherence of
the nuclear moments. This means that the transverse relaxation, unlike the longitudinal
relaxation, is sensitive to dephasing mechanisms. Therefore, for solids with slowly ﬂuctuating interactions even T2  T1 holds. The relaxation times T1 and T2 can provide a
lot of information about the environment of the nucleus, for instance, molecular motion,
properties of the (bulk) ﬂuid, and the pore system containing the ﬂuid. Understanding
these relaxation times and the associated relaxation mechanisms is a major item of this
thesis.

2.3. Pulse sequences
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2.3 Pulse sequences
2.3.1 FID
The most simple pulse sequence is already mentioned above. It is just one RF pulse
exactly at the Larmor frequency, but of arbitrary time duration and with arbitrary phase
oﬀset. The resulting magnetization (described by equation 2.12) is called a Free Induction
Decay (FID). In our experiments the RF ﬁeld is generally applied by a single coil with the
axis perpendicular to the main magnetic ﬁeld. The precessing magnetization induces a
voltage in the same coil. Only the transverse magnetization gives rise to a voltage across
the coil. This voltage is very small, but can be measured after ampliﬁcation, demodulation
and ﬁltering. When displayed on an oscilloscope, the demodulated signal looks, e.g., like
Fig. 2.3. (For sake of clarity, the demodulation frequency is chosen slightly diﬀerent
from the Larmor frequency.) The decay of the envelope of the FID occurs because of
the transverse relaxation mechanism that gradually will destroy the transverse (visible)
magnetic contribution. The longitudinal magnetization cannot be measured directly with
pulsed NMR. If one is interested in this contribution, it has to be manipulated, which will
be shown in the subsection about T1 measurements.

b

x '

F ID

tim e

Fig. 2.3: Free Induction Decay (FID) which is induced in a receiver coil by the precessing transverse magnetic moment.

Because the magnetic ﬁeld can never be made perfectly homogeneous, and the RF
pulse has a frequency bandwidth 1/tpulse , not all spins in the sample will be manipulated
at the correct resonance frequency. This gives rise to an extra dephasing mechanism that
adds up to the dephasing caused by the transverse relaxation. If an ensemble of spins
is considered, this leads to a loss of coherence. At longer times, the initially aligned
transverse components of the individual spins will have accumulated largely diﬀerent
phases. So the summation of these contributions is zero. This extra mechanism is called
inhomogeneous broadening. To include this in the Bloch equation, the relaxation time T2
has to be replaced by a relaxation time T2∗ according to
1
1
γ
∆B ,
=
+
∗
T2
T2 2π

(2.13)
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where ∆B quantiﬁes the small inhomogeneities of the magnetic ﬁeld, which cause the
coherence loss. Of course, this eﬀect is absent in the longitudinal magnetization, because
this component is always in the same direction (aligned with the z  -axis) and does not
have a phase.
2.3.2 Hahn spin echo
In porous building materials, the inhomogeneous broadening eﬀect reduces the duration
of the FID to typical times of 1 ms. When the magnetic ﬁeld inhomogeneities are large,
it can even be impossible to detect the induced voltage. If this is the case, the Hahn
spin-echo pulse sequence [3] can help. This pulse sequence starts with a 90◦ pulse and a
resulting FID. In practice, when the FID has decayed signiﬁcantly, a 180◦ pulse is applied.
This pulse will ﬂip the phase of all individual spins. Because it does not change the phase
accumulation itself, it will result in a rephasing eﬀect. Consider, e.g., a spin which had
accumulated a net phase shift of δ during the time τ between the 90◦ pulse and the 180◦
pulse. The 180◦ pulse will invert this phase into –δ. After this pulse, the spin starts to
accumulate phase at the same rate as before the 180◦ pulse. So, after a time 2τ the net
phase shift is zero. This holds for every spin in the sample. Therefore, at time tE = 2τ
the transverse components of all individual spins are aligned and give a maximum signal
intensity in the RF coil. The signal is called spin echo and will have a shape like in Fig.
2.4. If the translational motion of the nuclei of interest can be neglected, the height of
the spin echo is only inﬂuenced by the transverse relaxation mechanism, which will give
a decay of exp(−tE /T2 ), and it is not aﬀected by magnetic ﬁeld inhomogeneities.
9 0 °
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Fig. 2.4: A Hahn pulse sequence and the resulting spin-echo signal.

After the spin-echo signal, the dephasing behavior doesn’t stop, because the magnetic
ﬁeld remains present. One now can wait until the transverse relaxation process has destroyed the transverse magnetization and the longitudinal relaxation process has restored
the longitudinal magnetization to the equilibrium situation. Because T1 is always larger
than T2 , this implies that one has to wait typically a time 4T1 , before the equilibrium
situation for both magnetization types has been restored. Then a new Hahn spin-echo
sequence with exactly the same parameters can be performed, and so on. Subsequently,
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the results of these Na experiments can be averaged. This is a common technique for
NMR experiments, because the signal is frequently very low
√compared to the noise level.
The signal-to-noise level is denoted by S/N and scales with Na . The number of averages
in an NMR experiment typically varies between 4 and 2048. After suﬃcient averaging
has been performed, it is possible to perform a new series of Hahn spin-echo sequences
with an increased interpulse time τ . Because, at the spin-echo time tE = 2τ , the signal is
only inﬂuenced by T2 and not by the inhomogeneous magnetic ﬁeld, this gives a way to
measure T2 .
2.3.3 Carr Purcell pulse sequences
The dephasing of the spins after the spin echo is not diﬀerent from the dephasing of the
spins directly after the 90◦ pulse, except that the magnetization has decreased by an
amount of exp(−tE /T2 ). So, the same rephasing action as done with the ﬁrst 180◦ pulse
can be done again. If a second 180◦ pulse is applied at a time 3τ , a second spin echo
will appear at a time 4τ . Again, for an ensemble of static spins, the spin-echo intensity
is not inﬂuenced by magnetic ﬁeld inhomogeneities, but only by the transverse relaxation
mechanism. Of course, one can extend this sequence to an arbitrary number of 180◦
pulses, which will all give spin echoes. Typical numbers of 180◦ pulses and spin echoes
are between 64 and 1024. This way of measuring T2 is much faster than the repetitive
Hahn spin echo with increasing interpulse time. It has another advantage in case of nonstationary spins, which will be clariﬁed in section 2.5. If the 180◦ pulses are all applied
along an axis in the rotating frame that is perpendicular to the axis of the ﬁrst 90◦ pulse,
this pulse sequence is called Carr-Purcell-Meiboom-Gill (CPMG) [21]. If the even 180◦
pulses are applied along the same axis as the ﬁrst 90◦ pulse and the odd 180◦ pulses are
applied along the negative axis, this pulse sequence is called Carr-Purcell-Freeman-Hill
(CPFH) [22].
2.3.4 T1 -weighted sequences
As mentioned above, it is not usual to measure the longitudinal magnetization directly.
However, it was also shown that a longitudinal magnetization can be ﬂipped into the
transverse plane by a 90◦ pulse. This is the basic principle of a T1 measurement. Consider
the so-called inversion recovery pulse sequence. This sequence starts with 180◦ pulse, that
ﬂips the equilibrium longitudinal magnetization completely to the negative z-axis. After
the pulse, the longitudinal magnetization will relax back to its equilibrium situation. At
a time τ1 a Hahn pulse sequence with a short ﬁxed interpulse time τ2 is applied. The
spin-echo intensity (SEI) at time tE = τ1 + 2τ2 is then described by:


τ2
τ1
exp −
.
(2.14)
SEI = M0 1 − 2 exp −
T1
T2
If τ2  T2 , the spin-echo intensity is hardly decreased by the transverse relaxation mechanism; for a ﬁxed value of τ2 , the SEI depends only on the recovery time τ1 .
A saturation recovery sequence is very similar to the inversion recovery sequence. Now
the total magnetization is initially destroyed and the Hahn spin-echo intensity increases
from 0 to M0 as a function of recovery time. The spin-echo intensity is the same as in
equation 2.14, but with a factor 1 instead of 2 before the longitudinal relaxation component. Figure 2.5 gives an overview of this sequence. Perhaps one might expect that
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Fig. 2.5: Scheme of the saturation recovery pulse sequence. Notice that the dashed line during
time interval τ1 represents longitudinal magnetization and the dashed line during time
interval τ2 represents transverse magnetization.

initially one 90◦ pulse is used, because such a pulse destroys the longitudinal magnetization perfectly. However, the transverse magnetization is maximum just after this pulse.
This is of no concern for measurements on materials with T2  T1 , but for ﬂuids often
the transverse relaxation time is about equal to the longitudinal relaxation time and some
transverse magnetization will still be present at t = τ1 . This transverse magnetization
can easily interfere with the Hahn spin echo. To circumvent this, the magnetization is
fully destroyed at t = 0 by a series of 90◦ ± δ pulses randomly chosen along the x -axis or
y  -axis.

2.4 Transverse magnetization
Because the transverse magnetization induces a voltage in the receiver coil, we will look
in more detail to this component. In the rotating frame of reference, it can be written as
 T = Mx ex + i My ey or as M
 T = |M
 T | exp(iφ), where φ is the angle of the transverse
M

magnetization with the x -axis. The latter notation is more suitable for the description
of an ensemble of spins which all have diﬀerent phases. The resulting total transverse
magnetization can be written as

 T = M0
exp(iφk ) ,
(2.15)
M
k

 T is the macroscopic transverse magnetization and the subscript k runs over all
where M
individual spins, with phases φk , of the ensemble.
In this notation, the Bloch equation for the transverse magnetization can be written
as

 T (t)
dM
 T − MT .
(2.16)
= −iΩM
dt
T2
The second term at the r.h.s. of equation 2.16 describes the transverse relaxation. The
ﬁrst term at the r.h.s. describes the dephasing due to a frequency diﬀerence Ω with the
Larmor frequency. This frequency diﬀerence can have several causes. It can be caused
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by an inhomogeneous magnetic ﬁeld, in which case Ω = γ∆B. However, it can also be
 in which case Ω(r) = γ(G·
 r).
induced deliberately by applying a magnetic-ﬁeld gradient G,
The magnitude of this frequency diﬀerence and hence the inﬂuence of the dephasing term
will become clear in the following section.

2.5 Diﬀusing spins
2.5.1 General
Up till now the individual spins were considered to be static. Of course, in a ﬂuid the
spins are moving. All NMR experiments described in this thesis are performed on the
1
H nuclei in the water molecule. Only in cryoporometry measurements this water can
be frozen. In all other experiments the water is liquid and therefore can ﬂow or diﬀuse.
With NMR one can distinguish between ﬂowing water and diﬀusing water. We are not
interested in ﬂowing water. Therefore we will focus our attention to the eﬀect of diﬀusing
water molecules on the NMR spin-echo signal.
The molecular self-diﬀusion can be understood with statistical mechanics. Consider a
container with randomly moving molecules. Some of these molecules are labeled. In the
case of NMR, the labeling is done with the manipulation of the magnetization. Due to
diﬀusion, the labeled molecules spread out in the container. Now, put a virtual vertical
plane in the container and count the number of labeled molecules which are crossing this
plane from the left to the right and the number crossing from the right to the left. Then
one can derive that the current of labeled particles through the virtual plane depends on
the derivative of the density of labeled particles. It should be emphasized that there is
no density gradient of the ﬂuid across the virtual plane. Only the diﬀerence in labeled
molecules is considered. The ratio of the labeled particle ﬂux J and the derivative of the
 a is deﬁned as the ‘self-diﬀusion coeﬃcient’:
density of labeled particles ∇n
 na ,
J = −D ∇

(2.17)

where D is the diﬀusion tensor. If the labeled particle density na in the container is not
constant, this implies that there must be a ﬂow of labeled particles through the container
wall. Therefore:
∂na
 · J
,
(2.18)
= ∇
∂t
wall
where the r.h.s. term denotes the number of particles ﬂowing through the wall. Because
the magnetization labels the particles, the density na is equal to the magnetization MT .
The Bloch equation 2.16 can be extended straightforwardly with this self-diﬀusion, which
yields:

T 
T
M
∂M




+ ∇ · D∇MT .
(2.19)
= −iΩMT −
∂t
T2
This equation is called the Bloch-Torrey equation [23]. If the diﬀusion is isotropic, the
T.
diﬀusion tensor simpliﬁes to a diﬀusion constant D and the last term simpliﬁes to D∇2 M
2.5.2 Free diﬀusion
The behavior of the transverse magnetization of an ensemble of diﬀusing spins in an
inﬁnitely large container (also called ‘free diﬀusion’) in a homogeneous magnetic ﬁeld
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with a uniform magnetic-ﬁeld gradient in one direction, was solved already by Hahn in
the ﬁrst article about spin echoes [3]. For spin-echo times tE = 2τ , the spin-echo intensity
is described by

2τ
D
SEI(2τ ) = M0 exp − −
(2.20)
(γg)2 (2τ )3 ,
T2 12
where g is the magnetic-ﬁeld gradient strength. It should be noted that the transverse
relaxation gives a mono-exponential decay with a linear time dependence in the exponent,
whereas the diﬀusion gives a cubic time dependence in the exponent. For long echo times,
this dephasing due to diﬀusion will always give a larger contribution to the magnetization
decay than the pure transverse relaxation time T2 . The CPMG sequence gives less dephasing eﬀects, because the phase of the spins is ﬂipped at every 180◦ pulse. This prevents
them from accumulating large phase diﬀerences. However, the dephasing due to diﬀusion
cannot be cancelled completely. The spin-echo intensity at time tE = 2nτ is given by

2nτ
D
(2.21)
SEI(2nτ ) = M0 exp −
−
(γg)2 n (2τ )3 ,
T2
12
where n is the number of the spin echo. This equation looks the same as equation 2.20.
However, writing n (2τ )3 as 2nτ (2τ )2 , it becomes clear that the dephasing rate now
depends only linearly on the spin-echo time tE .
2.5.3 Restricted diﬀusion
Equations 2.20 and 2.21 are only applicable as long as the water molecules are not hindered
in their random Brownian motion. Of course this is not the case for water in a porous
material. For very short times the water molecules, on the average, do not feel the
inﬂuence of the pore walls. However, as time increases, there will be a moment that they
hit the pore wall, which will change their motion and hence the dephasing compared to
the case of free diﬀusion. More extensive descriptions of this situation will be given in
Chapter 6 and 7.

3. Technological porous materials
3.1 Introduction
A porous material is a set of pores embedded in a matrix of mostly solid material. The
pores are the voids in the material itself. Pores can be isolated or interconnected. Furthermore, a pore can contain a ﬂuid or a vapor, but it can also be empty. If the pore is
completely ﬁlled with the ﬂuid, it will be called saturated and if it is partially ﬁlled, it
will be called non-saturated. In this thesis, we limit ourselves to water as ﬁlling ﬂuid of
the porous material, because we perform 1 H NMR on the water molecule. So the porous
material is primarily characterized by the content of its voids and not by the properties
of the material itself. The magnetization of the porous material can produce a magnetic
ﬁeld in the pores which has a large eﬀect on the NMR signal. If the porous material is
considered on a macroscopic level, an averaging volume is needed. Bear [24] deﬁnes a
so-called Representative Elementary Volume (REV), in which so many pores ﬁt that the
average macroscopic properties are statistically meaningful. Figure 3.1 gives a sketch of
a porous material.

w a te r
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Fig. 3.1: A 2D sketch of a non-saturated porous material.

Section 3.2 summarizes all length scales of the porous material which are relevant
for 1 H NMR. The standard pore size analysis techniques are brieﬂy explained and the
additional information which NMR can provide is reviewed. Section 3.3 focuses on the
magnetic properties of a porous material. All techniques which, apart from NMR, are
used in the studies reported in this thesis to characterize the magnetic behavior of a
porous material, are summarized in this section. Section 3.4 introduces the technological
porous materials.
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Table 3.1: Overview of typical pore sizes of a porous material. Column 2 gives an example
of a porous material which has pores of a certain size. Column 3 gives the NMR
technique to analyze this pore size: cryoporometry will be explained in Chapter 4,
relaxometry will be explained in Chapter 5, and diﬀusometry will be explained in
Chapter 6. Column 4 gives the other techniques available to analyze this pore size,
which will be described in the text.

size
0.35 nm
1 nm
10 nm
100 nm
1 µm
10 µm
100 µm
≥1 mm

example
water molecule
zeolite
silica gel
sandstone
clay
brick
capillary
sponge

NMR
spectroscopy
cryoporometry
cryoporometry
cryoporometry
relax. + diﬀus.
relax. + diﬀus.
relax. + diﬀus.
imaging

other techniques
N2 -adsorption
N2 -adsorption
N2 -adsorption
SEM
SEM
SEM, optical
optical

3.2 Length scales
No scale is depicted in Fig. 3.1, because it can vary over a wide range of lengths. The
smallest length scale we consider in this thesis has to contain at least one water molecule
in order to contribute to the NMR-signal. The typical length scale of a water molecule is
0.35 nm [25]. The largest length scale is about 1 mm, because for most porous materials
diﬀusion weighted 1 H NMR cannot distinguish bulk liquid water from water conﬁned in
pores with a size of 1 mm and larger. This is also the largest pore size which can be
found in building materials [14]. Larger length scales can be found in some other porous
materials and can be important for the description of the water transport [26]. For the
NMR methods outlined in this thesis, however, such a description is not relevant. All
length scales that can be probed by NMR are summarized in table 3.1.
3.2.1 N2 -adsorption
The silica-gel samples used for calibrating the NMR cryoporometry measurements described in Chapter 4 were characterized by performing nitrogen sorption measurements
with a Counter Omnisorp 100 in the ‘Laboratory of Separation Processes and Transport
Phenomena’ at the department of chemical engineering. The experiments were performed
at 77 K, the boiling point of nitrogen at atmospheric pressure. Nitrogen sorption is the
standard method for determining the pore-size distribution of a porous material with
pores smaller than 100 nm. With this technique, the adsorbed amount of nitrogen is
measured as a function of the equilibrium pressure in the gas phase. From the amount
of adsorbed nitrogen at a certain pressure, it can be calculated how much pore volume
with a certain pore size is present in the material. For these calculations, the Kelvin
model is used. It relates the nitrogen vapor pressure of the adsorption experiment to the
largest pore that is ﬁlled with nitrogen. Cylindrically shaped pores are assumed. The
Kelvin model is valid for pores between 2 and 100 nm [27]. For the calculation of the
pore-size distribution of so-called micro-pores, smaller than 2 nm, other models are used,
for example the Horvath-Kawazoe model [28].
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3.2.2 SEM
For the visualization of the clay and ﬁred-clay samples, a Scanning Electron Microscope
(SEM) was used. In this device, the sample is bombarded by a beam of electrons with an
energy of 20 keV. A detector measures all products of this bombardment, which include:
secondary, backscattered, and Auger electrons. Also the X-ray spectrum from the sample
is used to make the image. If one is not only interested in the image of the pores in the
samples, but also would like to have chemical information about the pore matrix material,
one of the above mentioned products can be analyzed speciﬁcally. See, e.g., the EPMA
technique mentioned in the next section.

3.3 Magnetic properties
The NMR resonance condition (Eq. 2.1) states that the Larmor frequency depends linearly on the magnetic ﬁeld. Normally one starts to assume that the magnetic ﬁeld in the
porous material is equal to the magnetic ﬁeld generated by the experimental setup. This
can be either the magnetic ﬁeld emerging from a permanent magnet, an electromagnet,
or a superconducting magnet. Frequently, an extra magnetic-ﬁeld gradient is added to
the main magnetic ﬁeld. This magnetic-ﬁeld gradient is used to discriminate spins at a
certain position from spins at other positions. It is the basic principle of NMR Imaging
(MRI). However, the magnetic ﬁeld inside the porous sample can deviate largely from the
magnetic ﬁeld applied externally.

3.3.1 Additional magnetic ﬁeld contributions
Susceptibility mismatch
Because the magnetic susceptibility of the porous material diﬀers from that of the surrounding air, the magnetic ﬁeld inside the porous sample will deviate from the magnetic
ﬁeld that is present in the sample chamber or insert [29]. Apart from this, the magnetic
ﬁeld in the pores of the material may diﬀer from that in the bulk matrix. Consider two
media with a diﬀerent susceptibility. If the magnetic susceptibility of the sphere is larger
(cf. Fig. 3.2 on the left) than that of the environment, the magnetic ﬁeld inside this
sphere is larger than the external magnetic ﬁeld and the sphere is called paramagnetic.
If, on the other hand, the susceptibility of the sphere is smaller (cf. Fig. 3.2 on the right)
than that of the environment, the magnetic ﬁeld inside the sphere is smaller than the
external magnetic ﬁeld and the sphere is called diamagnetic.

Geometry eﬀects
The extent to which the susceptibility mismatch aﬀects the magnetic ﬁeld inside the bulk
matrix or a pore strongly depends on the geometry of the sample [18]. Only ellipsoidally
shaped objects will have a uniform magnetic ﬁeld inside when placed in a homogeneous
ﬁeld. Other geometries lead to non-uniform magnetic ﬁelds. Especially sharp corners and
wedges will give large magnetic ﬁeld gradients [30].
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0

Fig. 3.2: Disturbance of homogeneous magnetic ﬁeld B0 by an object with a diﬀerent susceptibility. Plotted are the magnetic ﬁeld lines. On the left: a paramagnetic sphere; on the
right: a diamagnetic sphere.

Magnetic impurities
Another type of magnetic ﬁeld disturbance results from magnetic impurities in the porous
material. These impurities may be present in the pore ﬂuid or in the solid pore matrix. A
well-known example of magnetic impurities dissolved in a ﬂuid, is the case of blood vessels
inside the human body. The magnetic impurities can be the deoxyhemoglobine molecule
or an exogene (injected) contrast agent. In Magnetic Resonance Angiography (MRA) the
eﬀect of these impurities on the NMR signal is used in blood ﬂow, diﬀusion or perfusion
studies. More detailed information about this ﬁeld of research can, for instance, be found
in [31]. In this thesis we assume that no signiﬁcant amount of magnetic impurities is
present within the pore ﬂuid, but that all impurities reside within the solid matrix. The
oil well logging industry performs research on sandstones and carbonates and observes
magnetic impurities, which are associated with the clay particles in the soil and rock [32].
As already outlined in Chapter 1, our main interest lies in building materials. The mortar
that we use, has a relatively low magnetic impurity content (less than 0.5 weight-%
iron oxide). More common mortars like, e.g., Ordinary Portland Cement (OPC) have a
relatively high magnetic impurity content (≈ 3 weight-% iron oxide). Clay and ﬁred-clay
bricks also have a signiﬁcant magnetic impurity content (on the order of 5 weight-% iron
oxide) and are ideal ‘worst-case’ materials to test models that predict how the NMR signal
is inﬂuenced by internal magnetic ﬁeld gradients.

3.3.2 Experimental techniques
All the magnetic ﬁeld contributions mentioned above can be present in the technological
porous materials described in this thesis. Therefore we would like to have independent
information about the magnetic ﬁelds inside the pores. Unfortunately, it is not possible
to measure the magnetic ﬁeld spatially resolved inside a pore with a typical size much
smaller than 1 mm. Therefore we have to measure bulk magnetic properties of the porous
material and try to translate these into internal magnetic ﬁelds inside the pores.
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EPMA
With the aid of Electron Probe Micro Analysis (EPMA) it is possible to obtain an image of
only one chemical element. This is done by measuring the intensity and energy distribution
of the X-rays emerging from the sample. It is known that the internal magnetic ﬁelds in
ﬁred-clay bricks are caused by the Fe impurities [33]. Therefore, we have made an image
using the Fe-K(α) X-rays of a ﬁred-clay brick, which is presented in Fig. 3.3 at the left
side. At the right side of this ﬁgure, the same area is measured with all backscattered
electrons to get a better image of the pore structure. The signal which is used for the
EPMA analysis is the so-called primary X-ray, which is generated when an electron is
kicked out of its orbit and the vacancy is ﬁlled by an electron from another orbit. In
the present example, the electron from the K-orbit is replaced by an electron from the
L-orbit. This spatially resolved technique is very time consuming (Fig. 3.3 took 3 days
measuring).

Fig. 3.3: Two SEM images of the same area of a natural ﬁred-clay brick (manufactured by ‘de
Vijf Eijken’). On the left: only the Fe content is displayed using the EPMA technique.
On the right: all backscattered electrons are displayed. The dimension of the images
is 50 µm × 50 µm and the spatial resolution is 0.2 µm.

SQUID
A Superconducting QUantum Interference Device (SQUID) magnetometer (QuantumDesign MPMS-5S) has been used to measure the magnetization as a function of the
applied magnetic ﬁeld for clays and ﬁred-clays. The magnetometer uses superconducting
coils to pick up the magnetic ﬂux of the sample and a superconducting magnet to generate
the ﬁeld. The magnetic ﬁeld is changed between -5 T and 5 T, and the magnetic moment
of the sample is measured with a resolution of 10−10 Am2 .
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VSM
The ﬁeld dependence of the magnetization can also be measured with a Vibrating Sample
Magnetometer (VSM). In this device, a moving magnetized sample induces a voltage in a
stationary pickup coil. We used the home built VSM of the group ‘Physics of Nanostructures’ at the department of applied physics, which has 8 pickup coils to combine a high
sensitivity and a low dependence on the position of the sample. The sample is vibrating
at 90 Hz. A magnetic ﬁeld between -0.8 T and 0.8 T can be generated. The resolution
of the magnetic moment measurement is 10−8 Am2 . Although this is less accurate than
the SQUID magnetometer, it is suﬃcient for the measurements on clays and ﬁred-clays.
The advantage of the VSM is the measurement speed (half an hour, including sample
changing, in contrast to the SQUID measurements which take several hours).
Mössbauer
With the aid of γ-rays which have a very well-deﬁned energy, it is possible to study the
very weak hyperﬁne interactions between a nucleus and its surroundings. This is done
by irradiating the nuclei in a material with γ-rays from a well known source (usually
a radioactive parent nucleus) and observing the absorption of these γ-rays caused by
excitation of the nuclei. Unfortunately, this resonant absorption of γ-rays is usually
impossible, because there exists an energy diﬀerence between the emitted γ-ray photon
and the energy needed to excite the absorber, due to the conservation of energy and
momentum of nucleus and γ-ray. This recoil energy is generally much larger than the
natural line width. Mössbauer [34] discovered that for some nuclei ﬁxed in a crystal lattice
the recoil energy is very small, and therefore resonant absorption of γ-rays is possible for
these nuclei.
Our experiments were performed with the home-built Mössbauer spectrometer in the
group ‘Physics of Nanostructures’ at the department of applied physics, which uses a
57
CoRh source. This spectrometer emits 14.41 keV γ-rays corresponding to the Mössbauer
transition in the 57 Fe nucleus. The energy of these γ-rays is varied slightly, by periodically
moving the source, creating a Doppler energy shift. The Mössbauer spectrum represents
the absorbed number of γ-rays as a function of energy.
Three hyperﬁne interactions can be deduced from this spectrum. First, Coulomb
interactions between the electron cloud and the nucleus give a so-called isomer shift of
the resonance line. Second, the interaction between the nuclear quadrupolar moment
and the electric ﬁeld gradient at the position of the Fe nucleus results in a so-called
quadrupole splitting into two lines. Third, the interaction between the magnetic moment
of the nucleus and the hyperﬁne ﬁeld at the nucleus causes a so-called Zeeman splitting,
which together with the quadrupolar interaction results in a sextet (six lines) for Fe, with
relative intensities 3:x:1:1:x:3, in which x depends on the angle between the incoming
γ-rays and the hyperﬁne ﬁeld.

3.4 Technological porous materials
The technological porous materials used in this thesis are considered in the following
subsections.
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3.4.1 Mortar
The pore structure of mortar is very complex. In Chapter 5 a drying process of mortar
measured with NMR is presented. For the explanation of that experiment only two typical
pore sizes have to be assumed. The complex pore structure is therefore simpliﬁed to gel
pores and capillary pores. In Chapter 4 a cryoporometry experiment on the same mortar
is discussed. For the explanation of that experiment, the bimodal pore-size distribution
is not suﬃcient. A third typical pore size can be identiﬁed. Therefore the most detailed
model describing the NMR data can be found in that chapter.
3.4.2 Clay

Fig. 3.4: A SEM image of a Kaolin clay which is not sintered.

Clay is a soft material that can be found as a natural product just below the earth’s
surface. It contains a lot of minerals which have a two dimensional plate-like shape. The
thickness of a plate is very small compared to the typical size of its 2D surface. A typical
size of the thickness is tens of nm and a typical size of the surface is 10 µm squared. In
Chapters 8 and 9, an average surface-to-volume ratio for this material will be calculated.
Figure 3.4 shows a SEM image of a Kaolin clay, which nicely shows the plates. These
plates consist of aluminum silicates. If water is added to dry clay powder, the material
becomes plastic and can be moulded in the desired shape. It can also easily bind nonplastic additives. We use this property in the study reported in Chapter 8, where we
prepare clays doped with iron particle impurities. A detailed description of (Dutch) clays
can be found in [33].

22

3. Technological porous materials

3.4.3 Fired-clay brick

Fig. 3.5: A SEM image of Kaolin clay which has been sintered at 1200 ◦ C for about 5 hours.

If clay is sintered at a temperature that is high enough for a suﬃciently long period
of time, the minerals amalgamate and become ﬁred-clay brick. Figure 3.5 shows a SEM
image of a ﬁred Kaolin clay, which shows glass-like rounded shapes, in contrast to the
plate-like shapes present in the starting product. Of course, the ﬁnal product depends
on the clay composition and ﬁring process. A detailed description of these can be found
in [33].

4. Cryoporometry
Both cryoporometry and relaxometry probe the surface-to-volume ratio of a
porous material. Nuclear Magnetic Resonance (NMR) relaxometry uses the
random motion of molecules, whereas cryoporometry uses the melting-point
depression of a conﬁned liquid. An NMR setup has been built to simultaneously perform cryoporometry and relaxometry measurements. Using materials
with a well-deﬁned pore size, i.e., silica gels, both methods are compared with
the standard N2 -adsorption technique, and a good correlation is found. The
methods can be used in the pore size range between 1 and 100 nm. By performing NMR relaxometry during cryoporometry, more information about the
pore-size distribution can be obtained. Besides for silica gels, this is demonstrated for mortar, which has a complicated pore structure.
Part of the content of this chapter has been submitted to J. Phys. D: Appl. Phys. (2001).

4.1 Introduction
There are various methods to determine the pore-size distribution of a porous material, for
example mercury intrusion, N2 -adsorption, microscopy, etc. These methods all diﬀer in
the measurement principle and the range over which they measure the pore size. Ideally,
one would like to combine more methods in one measurement. In this chapter we consider
two methods which both probe the surface-to-volume ratio, i.e., NMR relaxometry, which
uses the random motion of the molecules, and cryoporometry, which uses the melting-point
depression of the ﬂuid in a pore. Cryoporometry has up to now usually been performed
calorimetrically. However, as was demonstrated by Jackson et al. [35], it can also be done
by NMR. Consequently, this oﬀers us the opportunity to combine these two measurement
methods.
The experimental setup which has been built for these combined NMR cryoporometry
and relaxometry measurements is described in section 4.2. The theory of cryoporometry
and relaxometry is explained in section 4.3. The methods are compared by measuring a
series of silica-gel samples, as presented in section 4.4. Finally, as a practical application,
the combined NMR cryoporometry and relaxometry of mortar is presented in section 4.5.
The chapter is concluded with a discussion in section 4.6.

4.2 Experimental setup
The experimental setup is schematically depicted in Fig. 4.1. A cylindrical sample with
a diameter of 20 mm and a height up to 50 mm is put in a thin-walled teﬂon holder to
prevent evaporation. This assembly is mounted in a double walled glass cryostat. The
electrical part of the setup contains a tuned LC circuit, which is located outside the
23
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cryostat. A Faraday shield is placed between the coil of the LC circuit and the cryostat
to prevent detuning of the LC circuit by changes of the dielectric permittivity, which
occur when water turns into ice. The temperature of the Faraday shield and hence the
temperature of the LC circuit is kept constant, because the performance of the LC circuit
appeared to be very sensitive to temperature changes. The main magnetic ﬁeld of 0.8 T
is generated by a conventional iron cored electromagnet. This ﬁeld is oriented in the
horizontal direction, perpendicular to the RF ﬁeld of the coil. A static magnetic-ﬁeld
gradient up to 0.3 T/m in the vertical direction is generated by Anderson gradient coils.
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Fig. 4.1: Schematic overview of the NMR cryoporometry insert.

The cooling method is also shown in Fig. 4.1. Nitrogen gas is led through a heat
exchanger cooled with liquid nitrogen, just before it enters the cryostat. In the gas inlet
of the cryostat a porous plug of sintered copper is mounted. With an electrical heater
attached to this plug the temperature of the nitrogen gas can be set at a desired level.
This enables us to control the sample temperature with an accuracy of 1 ◦ C between
−120 ◦ C and 20 ◦ C. The actual sample temperature is determined from the resistance
of two miniature Pt100 resistance thermometers, located just above and just below the
sample, respectively. These resistors are measured with the four wire technique in order
to exclude any eﬀect of the wires. Because these resistors are within the NMR sensitive
region, careful screening was found necessary to avoid a considerable increase of the noiselevel of the RF circuitry. For the samples used in this study (height = 12 mm), the
diﬀerence between the two Pt100 readings was found to be on the order of 2 ◦ C, allowing
the actual sample temperature to be determined with an accuracy better than 1 ◦ C.
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Table 4.1: Overview of the k-values of water deduced from cryoporometry measurements on
various porous materials.

material
silica gel
zeolite, catalyst
silica gel

k [Km]
5 × 10−8
(4.9 ± 0.2) × 10−8
(6.6 − 13) × 10−8

pore sizes [nm] reference
6 − 40
[39]
0.9 − 2.3
[40]
3.6 − 80
[38]

4.3 Theory
4.3.1 Cryoporometry
The melting-point depression of liquids conﬁned in a porous material can be used to
characterize the pore-size distribution. The lowered melting temperature of a liquid in a
pore is generally attributed to the reduced crystal size in the pore and the large surfaceto-volume ratio. The formation of small crystals was ﬁrst described theoretically in the
classical paper by Gibbs [36]. The equilibrium state of the crystal depends on the curvature of the surface. Thomson [37] derived a related theory, which describes the eﬀect
of curvature on the vapor pressure of liquid droplets. If this theory is applied to a small
crystal, it gives the same equation as that of Gibbs. The melting-point depression of a
liquid in a porous material according to the so-called Gibbs-Thomson equation is given
by:
4σcl Tm
,
(4.1)
∆Tm = Tm − Tm (a) =
a∆Hf ρc
where ∆Tm is the melting-point depression, Tm is the normal (bulk) melting temperature,
Tm (a) is the melting temperature of a cylindrical crystal with diameter a, σcl is the crystalliquid interfacial energy, ∆Hf is the bulk enthalpy of fusion, and ρc is the density of the
frozen liquid (crystal). It is assumed that σcl is isotropic and that the crystal size is
large enough, so the conﬁned liquid retains its bulk properties ∆Hf and ρc . Finally, it
is assumed that the contact angle of melting crystals is 180◦ . These various assumptions
are discussed extensively in [35] and [38]. Often Eq. 4.1 is rewritten as
k
,
(4.2)
a
where k only depends on properties of the conﬁned liquid, which is water in this study.
Various values for the parameter k of water are reported in literature (cf. Table 4.1). These
values are all derived by matching the pore-size distribution obtained from cryoporometry
to the pore-size distribution determined by another method.
Up to now usually the melting-point depression is measured indirectly by means of a
calorimetric method, i.e., the measurement of the melting heat as a function of temperature. However, as was ﬁrst pointed out by Jackson et al. [35], NMR can be used to measure
directly the liquid water content in a partly frozen sample. This can be understood from
the spin-echo intensity (SEI) of a so-called Hahn spin-echo experiment:
∆Tm =

SEI(tE ) ∼ ρH exp(−

tE
),
T2

(4.3)

where ρH is the hydrogen content, tE is the spin-echo time and T2 is the so-called transverse
relaxation time. The transverse relaxation time of ice is very short (T2 = 6 µs), whereas
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the transverse relaxation time of water in a porous material is some orders of magnitude
larger. Therefore, a Hahn spin-echo measurement with a spin-echo time on the order of
a few 100 µs will give a SEI proportional to the liquid water content only. In an NMR
cryoporometry experiment, the SEI is measured as a function of temperature. At each
temperature, such a measurement yields the total amount of ﬂuid that is present in all
pores up to a pore size given by Eq. 4.1. Normally, pore-size distributions are not plotted
cumulative, but with respect to the pore size or diameter a. Therefore the Gibbs-Thomson
equation (Eq. 4.2) is transformed according to:
k ∂ (SEI)
∂V ∂∆Tm
k ∂V
∂V
∼− 2
,
=
=− 2
∂a
∂∆Tm ∂a
a ∂∆Tm
a ∂∆Tm

(4.4)

where ∂V /∂∆Tm corresponds to the volume of all pores with a melting-point depression
of ∆Tm , and ∂V /∂a corresponds to the volume of all pores with a diameter a which is
generally called the pore-size distribution.
4.3.2 Relaxometry
Since the water molecules in the porous material will move randomly, they will probe the
pore structure. This will inﬂuence the transverse relaxation time [41]. Therefore, NMR
can provide information on the pore-size distribution of a porous material by measuring
this transverse relaxation time.
Consider a spherical pore with a volume V and a surface S, which is completely ﬁlled
with water. The water molecules in this pore will move randomly due to Brownian motion.
This random motion is characterized by the self-diﬀusion coeﬃcient D0 . The transverse
relaxation time for bulk water is T2,bulk , which is on the order of seconds. This transverse
relaxation time is largely decreased for molecules near the pore wall [42] to a value on the
order of microseconds. Brownstein and Tarr [41] calculated the resulting relaxation time
T2,meas for such a model system:
1
T2,meas

=

1
T2,bulk

+

S
ρ2,surf ,
V

(4.5)

where ρ2,surf is the surface relaxivity. Because the bulk relaxation time is much larger
than the surface relaxation time, the ﬁrst term at the r.h.s. of Eq. 4.5 can be neglected.
The nuclear magnetization M (t) of a single pore, which reﬂects the contribution of that
pore to the SEI, is therefore described by:
M (t) = M0 exp(−

t
T2,meas

) = M0 exp(−

tSρ2,surf
).
V

(4.6)

In this equation the mono-exponential decay is directly related to the volume-to-surface
ratio. Because we assume cylindrical pores, the volume-to-surface ratio V /S = a/6, in
which the diameter a is called ‘pore size’.
The model of a single pore can be extended to a system of multiple pores [43]. Every
pore contributes to the total magnetization with an amount proportional to the volume of
the pore. Therefore, the total magnetization can be written as a sum of the magnetization
of all individual pores, each with their own relaxation time T2,i and weight factor Pi ,
which is equal to the volume of the pore. Hence, the total magnetization can be written
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Table 4.2: Overview of the mean pore size or diameter a as reported from the manufacturer and
as measured by N2 -adsorption, cryoporometry, and relaxometry for the four silica-gel
samples. The errors correspond to the FWHM of the pore-size distribution.

manufacturer [nm] N2 -adsorption [nm] cryoporometry [nm] relaxometry [nm]
5
7.3 ± 2
7.1 ± 2
5.8 ± 2
10
11.9 ± 4
10.0 ± 3
10.1 ± 2
12
12.1 ± 5
10.3 ± 3
10.3 ± 2
30
15 ± 5
13.5 ± 4
13.9 ± 2
t
as i Pi exp(− T2,i
). For a continuous pore-size distribution, this sum can be converted
to an integral:
 ∞
t
P (T2 ) exp(− ) dT2 ,
(4.7)
M (t) = M0
T2
0

where P (T2 ) gives the volume fraction of pores with a relaxation time T2 . It should
be noted that this expression is equal to the Laplace transform of the relaxation-time
distribution P (T2 ). Therefore, this distribution can be obtained from measurements of the
time dependence of the magnetization by an Inverse Laplace transformation, commonly
performed numerically with the CONTIN program [44]. Usually, M (t) is determined from
a series of spin echoes resulting from a CPMG pulse sequence [21].

4.4 Silica gels
In order to compare the two NMR methods for determining the pore-size distribution, a
series of measurements were performed on silica gels with diﬀerent pore sizes (5, 10, 12 and
c were ﬁrst characterized by N2 -adsorption, using a
30 nm). These silica gels (Nucleosil)
Coulter Omnisorp 100/360. The measured pressure was converted to a typical pore size
with the Kelvin model, which is suitable in the pore size range of 2 to 100 nm [27]. The
resulting pore size (diameter) distributions are plotted in Fig. 4.2. These pore sizes were
found to deviate slightly from those speciﬁed by the manufacturer, except for the sample
with a nominal pore size of 30 nm, for which a value of 15 nm was found (see ﬁrst two
columns of Table 4.2).
4.4.1 Comparison of cryoporometry and relaxometry
First, the silica-gel samples were measured using cryoporometry. For this purpose a sample
was cooled to -30 ◦ C so that all water is frozen. Next, the sample was heated slowly with
a typical speed of 4 ◦ C/hour. It was checked that measurements with this heating speed
give the same results as with a heating speed two times as low. The spin-echo intensity
(at tE = 460 µs) was measured continuously. It depends linearly on the liquid water
content, as explained above. Figure 4.3 shows the SEI as a function of temperature.
It can be seen that at low temperatures the SEI has a constant background level. It was
found that the main contribution to this background is produced by the 1 H-signal from
the cryostat. This was measured by moving the sample far away from the NMR sensitive
region and performing a Hahn spin-echo measurement. The resulting SEI appeared to be
signiﬁcantly higher than in a comparable experiment with no cryostat inside the RF-coil.
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Fig. 4.2: Pore-size distribution of the four silica-gel samples obtained from nitrogen adsorption
measurements. The legend are the nominal pore sizes speciﬁed by the manufacturer.
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Fig. 4.3: SEI as a function of temperature for the four silica-gel samples. The legend are the
nominal pore sizes speciﬁed by the manufacturer.

This background signal will be subtracted from every measurement involving a sample.
Inspection of Fig. 4.3 shows that the melting-point depression is largest for the sample
with the smallest mean pore size.
Figure 4.4 shows the derivative of Fig. 4.3 with a logaritmically scaled temperature
axis. The measured temperatures can be converted to pore sizes using the Gibbs-Thomson
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Fig. 4.4: Derivative of the SEI with respect to the melting-point depression for the four silica-gel
samples. The legend are the nominal pore sizes speciﬁed by the manufacturer.

equation (4.2). From Fig. 4.4 the pore-size distribution of each sample is calculated by
using Eq. 4.4 (cf. Fig. 4.5). By correlating these distributions (Fig. 4.5) with those
obtained from N2 -adsorption (Fig. 4.2), if was found that k = (8.5 ± 0.5) × 10−8 Km.
This value is within the range reported in literature. The resulting mean pore sizes are
given in the third column of table 4.2.
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Fig. 4.5: Pore-size distribution obtained from the melting-point depression for the four silica-gel
samples. The legend are the nominal pore sizes speciﬁed by the manufacturer.
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Secondly, the transverse relaxation time is used to determine the pore-size distribution.
These measurements are performed at 0 ◦ C. The samples are carefully water saturated, in
such a way that no bulk water is visible. The transverse relaxation time can be extracted
from the spin-echo decay. Figure 4.6 shows the SEI as a function of tE , measured with
a CPMG sequence with an interpulse time of 160 µs. This limits the smallest detectable
relaxation time to about 2 × 10−4 s. The CPMG sequence contains 1024 pulses, resulting
in 1024 spin echoes. The last spin echo appears at about 0.2 s and limits the longest
detectable relaxation time. The number of averages is 128, resulting in a signal-to-noise
level of about 500. Although no bulk water was visible, we concluded from Fig. 4.6 that
two of the four samples (10 and 12 nm nominal pore size) contained bulk water embedded
between the gel particles (with 10 µm mean size). This water does not inﬂuence the
transverse relaxation time resulting from a ﬁt to the experimental data of a function
containing a mono-exponential decay and a constant background or noise ﬂoor.
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Fig. 4.6: Spin-echo intensity of the four silica-gel samples as a function of spin-echo time,
measured with a CPMG sequence at 0 ◦ C. The solid curves denote ﬁts of a monoexponential decay to the data, in which an appropriate noise ﬂoor or background level
is included. The legend are the nominal pore sizes speciﬁed by the manufacturer.

Figure 4.7 shows the Inverse Laplace transforms of the measured magnetization decays.
For sake of clarity, the contributions from the bulk water (with a relaxation time on the
order of 1 s) are deleted from this distribution. The relaxation times on the horizontal
axis can be converted to pore sizes using Eq. 4.5. By ﬁtting these distributions to those
obtained from N2 -adsorption, a surface relaxivity ρ2 = (1.1 ± 0.1) × 10−7 m/s is found.
The resulting mean pore sizes are given in the last column of table 4.2.
In Fig. 4.8 cryoporometry and relaxometry are compared. Here we have taken the
Full Width at Half Maximum (FWHM) of the pore-size distribution as the error of the
mean pore size. As can be seen, a very good correlation between both methods is found.
This corroborates the statement in section 4.3 that both methods eﬀectively probe the
surface-to-volume ratio of the pores.

4.4. Silica gels

31

1.0

5 nm
10 nm
12 nm
30 nm

Intensity [a.u.]

0.8

0.6

0.4

0.2

0.0
1E-3

0.01

0.1

Relaxation Time [s]

Fig. 4.7: Relaxation-time distributions of the four silica-gel samples, obtained from an Inverse
Laplace transform of the CPMG measurements at 0 ◦ C . The legend are the nominal
pore sizes speciﬁed by the manufacturer.
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Fig. 4.8: Mean pore size determined with relaxometry as a function of the mean pore size determined with cryoporometry for the four silica-gel samples. The error bars (both
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reﬂects equal mean pore sizes.
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4.4.2 Combined cryoporometry and relaxometry
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Fig. 4.9: Intensity plot of the combined cryoporometry and relaxometry measurement on the
Nucleosil 5 nm sample. Blue denotes a low intensity (about noise level) and red denotes
maximum intensity.

By using combined cryoporometry and relaxometry measurements, more information
on the melting process of a frozen sample can be obtained. This is demonstrated with
the Nucleosil 5 nm sample in Fig. 4.9. On the horizontal axis, the temperature is given,
whereas on the vertical axis, the logarithm of the relaxation time is given. The relaxation
time distribution was measured every 0.5 ◦ C. The color represents the intensity of the
relaxation-time distribution. It can be seen that the signal emerging at about -15 ◦ C has
a very short relaxation time that is actually equal to the smallest relaxation time that
can be measured with the used pulse sequence. Above -15 ◦ C the average relaxation time
increases, as the average size of the pores in which the ice melts increases. At about -3 ◦ C,
the ﬂuid in all pores in this sample has melted and the average relaxation time becomes
constant. Just before the bulk melting point of water at 0 ◦ C, a small increase of the
total intensity and the average relaxation time can be observed. This can be attributed
to melting of the water embedded between the porous gel particles.
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4.5 Mortar
In the previous section, we reported measurements on a porous material with well connected pores and one dominant pore size. However, many materials have a broad pore-size
distribution. One material of great practical interest is mortar. Because of the complicated
pore structure of this material, it is an ideal test case for the combined cryoporometry
and relaxometry measurements.
g e l
p o re s

c a p illa r y
p o re

c e m e n t g r a in

Fig. 4.10: Schematic 2D picture of the pore structure of mortar. The gel structures (thick lines)
are originating from unreacted cement grains (black area). The large capillary pores
are the voids (white area) between the gel structures (hatched area). The gel pores
are within the gel structure and can be divided in dense-gel pores and open-gel pores
(not depicted) depending on their size.

In general, water in mortar can be divided into non-evaporable and evaporable water
[45]. The non-evaporable water is chemically bound to the cement gel. It has a very
fast transverse relaxation time (T2 ≈ 20 µs [45]) and cannot be detected by our NMR
equipment. The evaporable water can roughly be divided into two diﬀerent states: the
physically adsorbed water is bound to the surface of gel particles and occupies the gel
pores, whereas the free water outside the gel structure occupies the capillary pores. (cf.
Fig. 4.10 for a schematic representation). The gel pores can be divided into two subtypes
[46]: the open gel pores with a typical pore size between 1 and 10 nm and the even smaller
dense gel pores with a typical pore size of about 1 nm. An overview of the various pore
sizes is given in table 4.3 (classiﬁcation from [47]).
Special attention was given to the preparation of the mortar samples. They were
made using white cement, with a low amount of paramagnetic impurities (Fe2 O3 content
≈ 0.3 weight-%). After preparation the samples were allowed to harden in a saturated
lime solution for at least one year. Thereafter, the samples were stored in propanol,
till needed for the experiment. An extensive description of the preparation method has
been given by K. Hazrati [48]. Two days before the measurement, the sample was dried
carefully at about 40 ◦ C to release the propanol out of the mortar. Next, the sample was
capillary saturated by putting it under water for 2 hours.
The results of combined relaxometry and cryoporometry measurements are shown
in Fig. 4.11. The experiment was performed by cooling the mortar sample from room
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Fig. 4.11: Intensity plot of the combined cryoporometry and relaxometry measurement on the
mortar sample. Blue denotes a low intensity (about noise level) and red denotes
maximum intensity. The yellow dotted lines indicate in which temperature region the
ice in pores with a certain size is melting.

temperature to -100 ◦ C in one hour. Next, during 24 hours the temperature was increased
at a rate of 4 ◦ C/hour. Because the k-value in the Gibbs-Thomson equation (Eq. 4.2)
depends only on the pore ﬂuid and not on the porous material itself, the k-value from
the silica-gel measurements can be used in the analysis of the data. Almost no signal is
observed for temperatures below -70 ◦ C. From Eq. 4.2 it can now be concluded that no
liquid water is observed in pores smaller than 1×10−9 m. When the temperature increases
above −70 ◦ C a signal appears with a transverse relaxation time of (300 ± 100) µs. This
signal will be attributed to a layer of water molecules at the surface of the pore walls [47].
The surface relaxivity ρ2,surf can be calculated from
ρ2,surf =

λ
T2,surf

,

(4.8)

where λ is the thickness of a mono-layer of water molecules (λ = 0.35 nm [25]), and
T2,surf is the relaxation time of the water molecules in that layer [47]. This yields ρ2,surf 
10−6 m/s. At −60 ◦ C, a second contribution to the signal is appearing with a relaxation
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Table 4.3: Classiﬁcation of the diﬀerent pore sizes in mortar [47]. The transverse relaxation
time T2 and the melting point Tm are measured in the present study.

type
C-S-H gel
mono-layer
dense gel pore
open gel pore
capillary pore

size [nm]
≈ 0.35
≈1
1-10
> 10

description
chemically bound
v.d.Waals bound
between the C-S-H gel
outside the C-S-H gel
capillaries

T2 [µs]
20
(300 ± 100)
(1200 ± 200)
(4500 ± 500)
≈ 15000

Tm [◦ C]
-70
-60
-20
-10

time of about (1200 ± 200) µs. The intensity of the signal continues to increase up to
about −30 ◦ C (see inset of Fig. 4.12). The observed relaxation time can be converted
to a volume-to-surface ratio of (1.2 ± 0.2) nm with Eq. 4.5, using the value of ρ2,surf
estimated above. The Gibbs-Thomson equation (Eq. 4.2) predicts a typical pore size of
1.4 − 2.8 nm for a melting-point depression between 60 K and 30 K. At around -20 ◦ C a
third contribution with a relaxation time of (4500 ± 500) µs appears. The relaxometry
now suggests a volume-to-surface ratio of (4.5 ± 0.5) nm, and the Gibbs-Thomson relation
suggests a pore size of about 4.3 nm. At about -10 ◦ C a fourth contribution seems to
appear, but this can also be interpreted as a broadening of the third contribution. It can
be attributed to the capillary pores. The results from these combined experiments are
presented in table 4.3.
Finally, in Fig. 4.12 the pore-size distributions deduced from the cryoporometry and
the relaxometry measurements at 0 ◦ C are plotted. Both pore-size distributions reveal
three dominant pore sizes. However, the shapes of the curves show large deviations. We
will return to this point in the next section.

4.6 Discussion and conclusions
A good correlation is found between the pore-size distributions obtained by cryoporometry and by relaxometry, conﬁrming the generally accepted idea that both methods probe
the surface-to-volume ratio. Signiﬁcant diﬀerences, however, are observed in the exact
shape of the respective pore-size distributions. The pore-size distribution obtained from
cryoporometry is the derivative of the total liquid water content with respect to temperature. Because always noise is present in the NMR data, the derivative can have an
irregular shape for pores having only a minor contribution to the total signal. However,
no a priori shape of a distribution is imposed. On the other hand, the pore-size distribution obtained from relaxometry is the result of a numerical Inverse Laplace Transform.
This is generally an ill-posed problem and hence some sort of regularization method is
used. The numerical code that we use, always yields a sum of log-normal Gaussian-shaped
pore-size distributions. Therefore the shape of the relaxometry pore-size distribution in
Fig. 4.12 does not accurately reﬂect the actual pore-size distribution. Only the position
of the peaks and the total area of the distribution around a speciﬁc peak are relevant
parameters in this pore-size distribution.
To our knowledge, no other cryoporometry and relaxometry measurements are reported for the mortar type we use. This precludes a detailed comparison of the various
pore-size distributions found in literature. Moreover, the hydrating time is diﬀerent for
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Fig. 4.12: Pore-size distribution of mortar determined with cryoporometry (solid circles) and
relaxometry at 0 ◦ C (open circles). The inset shows the Hahn spin-echo intensity
(SEI) observed in the cryoporometry measurement as a function of temperature.

the mortars used in the various studies. Nevertheless, a rough comparison is possible,
because all mortars will have both a gel and a capillary pore structure. Leventis et al. [39]
use an ordinary Portland cement (OPC) and give a pore-size distribution, determined
with cryoporometry, which is in agreement with our pore-size distribution, except for the
dip at 8 nm in our data. This dip is caused by the small plateau in the SEI as a function of
temperature around -10 ◦ C in Fig. 4.12. Because also the pore-size distribution obtained
from the relaxometry measurement contains a dip, our data indicate the presence of two
distinct pore sizes in the region around 10 nm, in contrast to the featureless distribution
reported in [39]. The agreement of our results with those of Jehng et al. [49] who use a
white cement paste, is also good. Our pore-size distribution from cryoporometry is less
smooth, because the function ﬁtted to the temperature dependence of the SEI (see inset
of Fig. 4.12) represents the data much better than in [49]. Milia et al. [50] only observe
an increasing SEI around -70 ◦ C for an OPC, due to the large temperature steps used in
their measurements, and therefore they only ﬁnd one mean pore size around 2 nm. Prado
et al. [51] used Single Point Imaging (SPI) on a white cement paste with aggregates for
a relaxation time analysis in the range 50-900 µs and found no multi-component decay.
The cryoporometry measurements in their study are compared qualitatively with calorimetric measurements and show a peak in the pore-size distribution at 12 ◦ C and 40 ◦ C
melting-point depression. The latter peak is not observed in our measurements. Because
the materials are not identical and no measurements below −40 ◦ C are performed in that
study, the origin of this diﬀerence is not clear.
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Table 4.4: Overview of the k-values of cyclohexane reported for cryoporometry measurements
on two porous materials.

liquid
C6 H12
C6 H12

porous material k [Km]
SiO2
(2.0 ± 0.3) × 10−7
porous glass

pore sizes [nm] reference
4 − 200
[57], [56]
4 − 208
[58]

By combining the two pore-size distribution measurement techniques, cryoporometry
and relaxometry, a powerful tool is developed. This combination means that relaxometry measurements are performed during cryoporometry measurements. Complex pore
structures with a size in the range of 1-100 nm can be investigated and revealed with this
technique. This is demonstrated for two porous materials with a completely diﬀerent pore
structure, i.e., silica gel and mortar. In analyzing the combined measurement, one should
be aware that the k-value of water will be the same for every hydrophilic porous material,
in contrast to the surface relaxation parameter ρ2 , which depends on the material. The
surface relaxivity of mortar ρ2 = 10−6 m/s found in the present study is about 3 times
smaller than the value obtained before from drying experiments on the same mortar (cf.
Chapter 5). We believe that our present value is more accurate, since the additional cryoporometry measurement now shows that the signal with T2 = 300 µs has a melting-point
depression of 70 ◦ C. To explain such a large melting-point depression, a pore diameter of
about 1 nm has to be assumed, which is about the size of 3 water molecules. Hence, this
pore is completely ﬁlled by the mono-layer coverage of water molecules.
Finally, we would like to make some concluding remarks and suggestions for further
research. One of the major damages to building materials is caused by frost [52, 53].
Normally the bottom part of a building construction is above 0 ◦ C and cooling occurs
at the top part. Therefore a temperature gradient arises in the material. In a new
experimental setup, temperature gradients can be applied to the sample. Combined
cryoporometry and relaxometry measurements at a speciﬁc position in this sample can be
helpful in understanding the freezing process. Within 10 mm above and below the middle
of the RF coil this can be done with the aid of a magnetic-ﬁeld gradient. For longer
samples, the sample can be moved through the RF coil with a stepmotor. The major
problem in performing such a 1D cryoporometry and relaxometry study is the increasing
measurement time. Prado et al. [51] performed only 1D cryoporometry measurements
with the SPI pulse sequence [54]. They also studied the freezing behavior, whereas we
limited ourselves to thawing. Cryoporometry in 2D on concrete is presented in [55].
Strange et al. [56] performed 3D cryoporometry measurements on a silica-gel sample.
However, none of the above studies incorporated additional relaxometry measurements
during cryoporometry.
Not only the transverse relaxation time T2 , but also the longitudinal relaxation time
T1 can be used to determine a pore-size distribution. Normally T1 is measured with a
saturation recovery pulse sequence [19], which is a very slow measurement compared to a
T2 measurement with a CPMG sequence. Therefore the major problem of incorporating
this extra relaxation time analysis will be the large increase in measurement time.
When a dominant pore size of the material is so large that it will give only a minor
melting-point depression, it can be advantageous to use cyclohexane instead of water as
ﬁlling ﬂuid, because the melting-point depression for cyclohexane is about four times as
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high as for water (cf. Table 4.4). For mortar this was not beneﬁcial, because in that case
the smallest pore size would yield such a large melting-point depression that it cannot be
measured with the present cryoporometry setup. Additionally, we like to note that the
surface relaxation process of a non-polar ﬂuid, like cyclohexane, may diﬀer signiﬁcantly
from that of water.

5. Pore water distribution in mortar during drying as
determined by NMR
The drying of a saturated mortar sample was measured using Nuclear Magnetic Resonance. NMR is a technique which gives the total moisture content
of a speciﬁc volume at a certain time. By looking also at the relaxation behavior of the NMR signal, more information can be obtained. For every time and
every position, the pore-size distribution of the mortar was measured. Correlation with other techniques shows that NMR is a reliable method to measure
pore-size distributions. Two distinct pore sizes can be seen in the pore-size
distribution. These correspond to the microstructure of mortar, which has
small (< 10 nm) gel pores and bigger (≈ 10 to 1000 nm) capillary pores. A
one dimensional drying experiment was carried out by blowing dry air (relative
humidity below 5 % ; temperature = 20 ± 1 ◦ C) over the top of a cylindrical
mortar sample, while all the other surfaces were sealed to prevent drying in
other directions. The changing moisture content in the pores was followed
with time during drying for about 3 days. The results lead to the conclusion
that the water cannot be extracted from the gel pores, while the capillary
pores dry within about 20 hours under the speciﬁed drying conditions.
The content of this chapter is accepted for publication in Mat. Struct (2001).

5.1 Introduction
Moisture in porous building materials can give rise to several kinds of damage, e.g., frost
damage and corrosion. Therefore, a better understanding of the moisture transport is
essential for understanding the durability of these materials. By measuring the dynamic
moisture transport during various transport processes (e.g., drying or absorption) more
direct insight into the moisture transport mechanisms can be obtained. Gravimetric
sampling [59] is the traditional method for moisture content analysis in porous building
materials. However, it has a very poor resolution and is destructive. In recent years,
techniques based on Nuclear Magnetic Resonance (NMR) have shown to be excellent
tools to measure moisture transport in porous building materials dynamically in a nondestructive way [13, 60]. Besides, NMR can also give additional information by measuring
simultaneously the so-called relaxation times of the water in the porous material. Not
only the total moisture content is measured, but also the distribution of the water in the
porous building material. In the oil industry, this is a well known method to determine
the local pore structure of water and oil saturated soil [61]. Hazrati and Pel recently used
this method to measure the distribution of moisture in mortar during a water absorption
experiment [62].
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This chapter focuses on the water distribution of mortar during drying. Special attention was given to the preparation of the mortar samples. The samples were made
using white cement, with a low amount of paramagnetic impurities (Fe2 O3 ∼ 0.3 %).
After preparation the samples were allowed to harden in a saturated lime solution for at
least one year. Thereafter, the samples were stored in de-ionized water, till needed for
the experiment. An extensive description of the preparation method has been given by
Hazrati [48].
Firstly, in section 5.2 the NMR technique will be discussed, as well as how the NMR
signal can be related to the pore structure of mortar. Secondly, in section 5.3 the evolution
of the total moisture content and the moisture distribution in the diﬀerent pores in the
mortar sample during drying will be examined. Finally, in section 5.4 discussion and
conclusions will be given.

5.2 NMR and pore structure
5.2.1 NMR principle
Almost all nuclei have a magnetic dipole moment, resulting from their spin momentum.
Nuclear Magnetic Resonance (NMR) is a magnetic resonance technique using nuclear
magnetic moments. The frequency of the resonance condition is given by
f = γ B0 ,

(5.1)

where f is the frequency, B0 is the externally applied static magnetic ﬁeld and γ is the
gyromagnetic ratio, which depends on the type of nucleus (for 1 H, γ = 42.58 MHz/T).
Therefore the NMR technique can be made sensitive to only hydrogen and hence to water.
When a known magnetic-ﬁeld gradient is applied, the constant magnetic ﬁeld B0 in the
resonance condition (Eq. 5.1) has to be replaced by a spatially varying magnetic ﬁeld B:
 · x) ,
B = B0 + (G

(5.2)

 is the magnetic-ﬁeld gradient and x is the position of the precessing magnetic
where G
moment. The resonance condition is then spatially varying. Therefore the moisture
content at diﬀerent spatial positions x in the sample can be measured by varying the
resonance frequency f without moving the sample.
In a pulsed NMR experiment, the orientations of the various magnetic moments are
manipulated by RF pulses at the resonance frequency. The amplitude of the resulting
signal, the so-called spin-echo signal, is proportional to the magnetic moment density and
therefore to the water density. Moreover, it gives information about the rate at which
this magnetic excitation of the spins decays. The system will return to its magnetic
equilibrium by two mechanisms: interaction between the nuclei themselves, causing the
so-called spin-spin relaxation, and interaction between the nuclei and their environment,
causing the so-called spin-lattice relaxation. Assuming that both mechanisms give rise
to their own mono-exponential relaxation and that spin-lattice relaxation is much slower
than spin-spin relaxation, the magnitude M of the NMR spin-echo signal is given by




tR
tE
exp −
,
(5.3)
M ≈ M0 1 − exp −
T1
T2
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where M0 is the density of the hydrogen nuclei at t = 0, T1 the spin-lattice or longitudinal
relaxation time, tR the repetition time of the spin-echo experiments, T2 the spin-spin or
transverse relaxation time, and tE the spin-echo time. Both T1 and T2 of pure water are
on the order of seconds. If tR > 4T1 , the inﬂuence of the longitudinal relaxation on the
signal intensity M can be neglected. This will be the case for all experiments described
in this chapter.
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Fig. 5.1: NMR signal as a function of spin-echo time, determined for bulk water and water
present in mortar. The solid curves represent a ﬁt with a mono-exponential decay for
bulk water and a double-exponential decay for mortar. The dotted line represents the
noise level of the NMR apparatus.

In Fig. 5.1 the NMR signal intensity is plotted logarithmically as a function of time
for both bulk water and water in a mortar sample. Mono-exponential relaxation behavior
would show up as a straight line in this plot. As can be seen, the relaxation behavior of
the bulk water is mono exponential. On the other hand, the relaxation behavior of the
water in the mortar sample is not mono exponential at all, but was found to be double
exponential. Moreover, the relaxation times of these exponentials are much shorter than
the relaxation time of bulk water. To understand this phenomenon, one has to look in
more detail at the relaxation behavior of water which is conﬁned in the restricted geometry
of a porous material (like mortar), as was ﬁrst described by Brownstein and Tarr [41].
5.2.2 Pore relaxation
Consider an arbitrary isolated pore with volume V and surface S, as shown in Fig. 5.2.
During an NMR experiment, the water molecule and therefore also the spin moment moves
within the pore due to Brownian motion. The velocity of this motion is characterized by
the self-diﬀusion coeﬃcient (D = 2.3 × 10−9 m2 /s for water at room temperature).
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Fig. 5.2: Schematic representation of an isolated pore with surface S and volume V. A water
molecule travels in random directions through the pore due to Brownian motion. This
motion is characterized by the self-diﬀusion coeﬃcient D.

Taking the water self-diﬀusion into account, the general equation for the decay of the
nuclear magnetization is given by [41]:
m
∂m
= D∇2 m −
,
∂t
Tbulk

(5.4)

where m is the magnetic moment per volume, which is a function of position and time
(m = m(r, t)), and Tbulk is the relaxation time of bulk water. When the spin moment
reaches the pore wall, it can relax due to the susceptibility mismatch between the water
and the porous material. The strength of this surface relaxation is characterized by the
so-called surface relaxivity ρ2 . So, the boundary condition is given by
[n · D∇m + ρ2 m]surf = 0 .

(5.5)

Here n is the unit vector pointing out of the pore at a direction perpendicular to the pore
surface. An initial uniform magnetic moment density in the pore is assumed:
m(r, 0) =

M0
,
V

(5.6)

where M0 is the initial nuclear magnetization.
As seen from our experiment, the bulk water relaxation is much slower than the pore
water relaxation in mortar. Hence, the second term at the right-hand-side of Eq. 5.4 can
be neglected. Integrating the other terms of Eq. 5.4 over the volume and transforming
the ﬁrst term at the right-hand side into a surface integral by Green’s theorem, one ﬁnds


∂m
D∇m ds .
(5.7)
dτ =
V ∂t
S
Now, using the boundary condition (5.5), one ﬁnds that for t = 0:


∂m(r, 0)
dτ = −ρ2 m(r, 0) ds .
∂t
V
S

(5.8)

Applying the initial condition (5.6) gives:
S
dM0
= −ρ2 M0 ,
dt
V

(5.9)
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where V is the total volume of the pore and S is the total surface of the pore. Hence, the
initial time dependence of the magnetization M (t) is given by:
M (t) = M0 exp(−

t
),
T2

(5.10)

where M0 is the magnetization at t = 0, and T2 is the transverse relaxation time, which
is given by
V
T2 =
.
(5.11)
Sρ2
The initial decay of the magnetization is proportional to the volume-to-surface ratio, which
is a property of the pore geometry. Assuming spherical pores with radius a, gives a volumeto-surface ratio of V /S = a/3 (other geometries will give other factors). Consequently:
T2 =

a
.
3ρ2

(5.12)

This equation shows that the measured relaxation time of the magnetization in a pore
is directly related to the pore size a. Brownstein and Tarr [41] give a more extensive
description. They have shown that the decay in simple pore geometries is determined by
the value of the dimensionless parameter ρ2 a/D, with a the typical pore size. For our
experimental situation (water in mortar) this parameter is  1 for all pore sizes a. For
this so-called fast-diﬀusion limit, Eq. 5.10 is not limited to t = 0, but holds for all times.
5.2.3 Mortar
In general, water in mortar can be divided into non-evaporable and evaporable water [45].
The non-evaporable water is chemically bound to the cement gel. It has a very fast
transverse relaxation time (T2 ≈ 20 µs [45]) and cannot be detected by our equipment.
The evaporable water can be divided into two diﬀerent states. The physically adsorbed
water is bound to the surface of gel particles and occupies the gel pores. The free water,
which occupies the capillary pores, is the remainder of the water in the mortar. Therefore
the double exponential behavior of the relaxation of the water reﬂects the pore geometry:


t
t
+ Mcap exp −
,
(5.13)
M (t) = Mgel exp −
T2,gel
T2,cap
where Mgel is the magnetization resulting from the water in the gel pores, Mcap is the
magnetization resulting from the water in the capillary pores, T2,gel is the transverse
relaxation time of the gel pores and T2,cap is the transverse relaxation time of the capillary
pores.
A ﬁt to the data of Fig. 5.1 with a double exponential decay, gives the following
results: T2,gel ≈ 600 µs and T2,cap ≈ 2700 µs. To transform these times to typical pore
sizes (cf. Eq. 5.12), the surface relaxivity ρ2 has to be determined.
The surface relaxivity ρ2 is deﬁned as [42]:
ρ2 =

λ
,
T2s

(5.14)

where T2s is the ﬂuid surface relaxation time and λ is the thickness of the ﬂuid layer
of water interacting with the surface. With the aid of additional NMR relaxation time
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measurements Jehng [47] found that the surface relaxation mechanism extends over at
most two layers of water and probably only over one monolayer of water. This suggests
that λ is about the size of one water molecule, which is 0.3 nm. The ﬂuid surface relaxation
time T2s has been determined by measuring the relaxation time of a dry mortar sample
which was wetted with a wet air ﬂow. The dry mortar gives no NMR signal. After some
time, a signal from the mortar sample emerges with T2s = 85 ± 15 µs [62]. The signal
intensity is increasing, but the relaxation time is constant. This signal is attributed to
the surface layer of water. When the surface is completely wetted, the increasing signal
will also change in relaxation time, because then pores get ﬁlled with water. With the aid
of the surface relaxivity found in this experiment, the observed relaxation times can be
related to typical pore sizes: a ≈ 6 nm for the gel pores and a ≈ 27 nm for the capillary
pores.
In general, a certain distribution of pore sizes will exist. Each pore contributes to the
total signal intensity with its own transverse relaxation time:


t
,
(5.15)
Mi exp −
M (t) =
T
2,i
i
where T2,i is the transverse relaxation time of the i-th pore and Mi the intensity of the
i-th pore. The summation over all pores can be transformed into an integral [47]:
 ∞
t
P (T2 ) exp(− )dT2 .
(5.16)
M (t) = M0
T2
0
This equation is the Laplace transform of the probability distribution P (T2 ) of the
relaxation times. Because T2 scales with the surface-to-volume ratio, this distribution
P (T2 ) can be transformed into a pore-size distribution P (a). Therefore, taking the inverse
Laplace transform of M (t)/M0 yields P (T2 ) and hence also P (a).
In Fig. 5.3, the pore-size distribution is shown, which was determined by taking
the inverse Laplace transform of the relaxation curve (performed numerically with the
program CONTIN [44]). Two Gaussian-like peaks are found, of which the positions
correspond rather well with the results of the double exponential ﬁt.
In the previous discussion, we assumed that the pores are isolated. In reality they will
be connected. Cohen and Mendelson [43] considered a porous material in more detail and
showed that Eq. 5.16 is still valid for an interconnected pore structure.

5.3 Drying experiment
5.3.1 NMR apparatus
The drying experiments described in this study were performed with a custom-built NMR
apparatus especially designed for quantitative moisture measurements in porous building
materials with short relaxation times. An extensive description of the NMR apparatus
can be found in [14, 15]. A schematic of the NMR probe head is shown in Fig. 5.4. The
sample, a cylinder with a diameter of 20 mm and a length of 13 mm, is placed in a teﬂon
holder. This holder gives no NMR signal, as teﬂon does not contain any hydrogen. It has
only one open side, where the mortar sample can dry, thus creating a one-dimensional
drying experiment. Air with a relative humidity (R.H.) below 5 % and a temperature of
20 ± 1 ◦ C is blown over the sample.
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Fig. 5.3: Pore water distribution of mortar determined from NMR relaxation measurements.
The dotted lines show the result from a double exponential ﬁt. The inset shows a
schematic representation of the microstructure of mortar.
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Fig. 5.4: NMR probe head for measuring the moisture proﬁles during drying.

A coil is placed around the sample for transmitting and receiving the RF ﬁelds of
the pulsed NMR experiments. The apparatus is designed such that quantitative measurements of the moisture proﬁles can be performed (unlike the standard Magnetic Resonance
Imaging equipment, which is used in a qualitative way). For this purpose, a Faraday shield
is placed between the coil and the sample. This shield suppresses the eﬀects of a changing
dielectric permittivity by a variation of the moisture content.
The NMR apparatus operates at a static magnetic ﬁeld of 0.8 T, which corresponds to a
frequency of 34 MHz. A magnetic-ﬁeld gradient of about 0.3 T/m in the vertical direction
is generated with Anderson gradient coils. The one-dimensional spatial resolution of this
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setup is found to be about 1 mm [15]. This is larger than the REV, to be able to
measure the macroscopely averaged properties of the porous material. Measuring an
entire moisture proﬁle over 15 mm takes typically about half an hour. The accuracy of
the experimentally determined moisture content is on the order of 5 %. At each point the
relaxation behavior is also measured by a CPMG echo pulse sequence [21] for additional
analysis.
5.3.2 Results
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Fig. 5.5: Moisture proﬁles for mortar measured during drying. At about 80 hours of drying, the
total moisture proﬁle is equal to the moisture proﬁle of the gel pores.

The drying experiment was started with a capillary saturated sample. In Fig. 5.5 the
resulting moisture proﬁles are shown for 10 hour steps, for a total period of about 3 days.
The sample has a height of 13 mm, but because the resolution of the measurement is
1 mm, in the top and bottom slice of 1 mm the NMR signal will be an averaged value
over sample and surrounding space. For sake of clarity, these sample-border regions are
not depicted. As can be seen the moisture proﬁles remain rather ﬂat. During the ﬁrst
60 hours the major part of the drying occurs. No clear drying front is observed. However,
a residual moisture content is present.
As explained in the previous sections, the relaxation measurements can give additional
information on the pore water distribution. During the measurement of the moisture
proﬁles, T2 was measured simultaneously at each position. In Fig. 5.6 the pore water
distribution in the middle of the sample is given as a function of time. Inspection of this
ﬁgure reveals that the water is mainly drained from the capillary pores during drying.
This can be made clearer by dividing the total moisture content into a gel pore water and
a capillary pore water content, with the aid of the T2 measurement. The inset of Fig.
5.6 shows the total amount of water in the gel and capillary pores as a function of time
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Fig. 5.6: Pore water distribution in the middle of the sample for 10 hour steps as determined
from relaxation measurements. In the inset, the total amount of water, the water in
the capillary pores, and the water in the gel pores is given as a function of time. The
curves are only guides to the eye.

and also the sum of these amounts. It is now clearly visible that at t = 0 both capillary
and gel pores contain an almost equal amount of water. During the drying of the sample,
water is drained from the capillary pores. At the end of this experiment, i.e., t = 80
hours, the capillary pores are emptied nearly completely.

5.4 Discussion and conclusions
It has been shown that using NMR, information about the pore water distribution can
be obtained. In Fig. 5.7, a comparison is made between the pore-size distributions
obtained by NMR, mercury intrusion porosimetry (MIP), and water vapor sorption with
the so-called ‘BET equation’ [63]. As can be seen a fair correlation is found. The BET
measurement overemphasizes the small pores, because in this region the surface layer of
water in both the capillary and gel pores contributes to the measured sorption.
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Fig. 5.7: The capillary and gel pore-size distribution as determined by NMR, mercury intrusion
porosimetry (MIP) and water vapor sorption (BET).

For the usual moisture content measurements, the NMR technique has the advantage
that it is non-destructive and can be used during various transport processes. In this
chapter, the NMR technique is applied to observe the one dimensional drying process
of a cylindrical mortar sample. A 20 mm sample can be measured without moving the
sample, a. Of course, longer samples can also be measured, by adding a step motor to the
experimental setup, which moves the various parts of the sample in and out of the NMR
sensitive region of the apparatus. The diameter of the samples in our custom-built setup
is limited to 20 mm. If samples with a larger diameter would be interesting, a medical
NMR magnet system can be used or modiﬁed to perform measurements on samples with
a diameter of up to 50 mm. The feasibility of this approach is the subject of current
research.
We also measured the NMR relaxation behavior during the drying process. From the
evolution of the pore water distributions as a function of time, it could be concluded that
the water in the capillary pores is extracted rapidly, while the gel pores remain ﬁlled. For
mortar, we have shown that the NMR relaxation time technique can be applied with our
custom-built apparatus from gel pores to capillary pores and therefore can be compared
with two traditional pore size analysis techniques (MIP and BET). For other building
materials, relaxation times of the currently observed magnitude may correspond to other
pore sizes. In particular, magnetic impurities such as, for example, iron complicate the
interpretation of NMR relaxation time measurements. Fired-clay bricks contain large
amounts of iron impurities. Therefore, we are using this ‘worst-case building material’
(from a magnetic point of view) to validate and improve the NMR relaxation time technique.

6. Random-walk simulations of NMR dephasing eﬀects
due to uniform magnetic ﬁeld gradients in a pore
A random-walk simulation program was developed to study the eﬀect of dephasing spins in a uniform magnetic-ﬁeld gradient in a porous material. It is
shown that this simulation program correctly reproduces basic NMR behavior,
such as the formation of a spin echo. The spin-echo decay due to dephasing
in a non-restricted medium gives the well known exponential relation containing the cube of time, whereas the spin-echo decay due to dephasing in
a porous material gives a mono-exponential decay. By varying the pore size
and magnetic-ﬁeld gradient, the motional averaging regime and the localization regime can be simulated. Moreover, the unknown intermediate regime is
investigated. By choosing the right scaling parameters, the spin-echo decay
due to dephasing in a pore can be described by one master curve for all pore
sizes and gradient strengths. This master curve reveals a small intermediate
regime, perfectly symmetrical around the gradient for which the dephasing
length is exactly equal to the structural length of the pore.
The content of this chapter is submitted for publication in Phys. Rev. E. (2001).

6.1 Introduction
The ﬁeld of NMR in porous materials is very broad. All kinds of porous materials have
already been studied with NMR. The most popular class of materials are biological tissues.
Also rocks [64] and building materials like concrete [65] and wood are imaged by a lot of
groups. One of the main research topics of our group is the moisture transport through
porous building materials. A building material, diﬃcult to investigate with NMR, is ﬁredclay brick [66]. Because of the high iron content in this material, the internal magnetic
ﬁeld is very inhomogeneous and the inhomogeneities are relatively large compared to,
for example, biological tissues. We have measured the resulting internal magnetic ﬁeld
gradients in both the base product clay (cf. Chapter 8) and in the end product ﬁredclay brick [67]. The major consequence of those high internal gradients is the large
enhancement of the dephasing of the spins. Therefore, the transverse magnetization
decays much faster in those type of materials than in materials with a comparable pore
size but without magnetic impurities.
The importance of diﬀusion for the dephasing behavior of the magnetic spin moments
was already realized by Hahn in his classical article on spin echoes [3]. He left it as an
exercise to the reader to see that dephasing in a constant magnetic-ﬁeld gradient will lead
to an exponential decay, cubic in time. A few years later, Carr and Purcell [21] gave the
solution using random walks. They also proposed a pulse sequence which compensates
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largely for dephasing due to diﬀusion; it is called the CPMG pulse sequence. In 1956,
Torrey extended the Bloch equation with the diﬀusion term, giving the Bloch-Torrey
equation [23]. Douglass and McCall [68] solved this equation and found the same solution
as Hahn for the free-diﬀusion situation.
The ﬁrst measurements of dephasing in a restricted geometry were done by Wayne
and Cotts [69] in 1966. In the subsequent article, Robertson [70] provided the theoretical
framework to explain the experimental results. One decade later, Neumann [71] derived
the same results for a restricted geometry by a diﬀerent method, which shows resemblance
with the random-walk method.
Recently, Swiet and Sen [72] reconsidered the Bloch-Torrey equation and found two
asymptotic situations. The assumption of small phase accumulations (e.g., dephasing of
water in a silica gel) leads to the results of Douglass and McCall, and Neumann. The
assumption of large phase accumulations (e.g., dephasing of water in a building material)
gives a new solution for both the free-diﬀusion and the restricted-diﬀusion situation.
Hürlimann [73] gave an overview of all the diﬀerent regimes which can be attributed
to dephasing in a constant magnetic-ﬁeld gradient, depending on diﬀusion time, pore
size, and gradient strength. Although the equations describing the asymptotic situation
are clear, and also the solutions for these limiting situations are known, there exists an
intermediate regime with an unknown magnetization decay. In order to get a better
understanding of all these regimes, including the intermediate regime, we developed a
simple random-walk simulation model accounting for phase accumulation.
In the next section 6.2, the NMR theory will be presented including the asymptotic
solutions of the Bloch-Torrey equation. In section 6.3, the simulation method is explained.
Subsection 6.4.1 contains the numerical details of the simulation. The model is checked
by simulating the free-diﬀusion situation in subsection 6.4.2. More interesting are the
simulations of restricted diﬀusion. The model system consists of a spherical pore with a
homogeneous magnetic-ﬁeld gradient, where pore size and magnetic-ﬁeld gradient strength
are varied. The spin-echo decay in the various asymptotic regimes will be simulated and
compared to the analytically derived results. Our major question: How the spin-echo
decays in the intermediate regime, will be addressed in subsection 6.4.3. The last section
6.5 contains the conclusion and discussion.

6.2 NMR basics
Nuclear induction was ﬁrst described by Bloch [1]. Usually, two types of magnetization
are considered. The longitudinal magnetization is associated with the component of the
magnetic moment which is aligned with the magnetic ﬁeld B0 parallel to the z-axis.
This component cannot be measured directly. The other component is called transverse
magnetization. It is aligned perpendicular to the magnetic ﬁeld. Both magnetization
types have a magnitude, but only the transverse magnetization has a phase. It can be
thought of as a rotating vector in the xy-plane. If an ensemble of transverse magnetic
moments with diﬀerent Larmor frequencies is added, the total magnetic moment can
disappear and reappear. The resulting disappearing of the net transverse magnetic is
called dephasing. The reappearing is logically called rephasing. There is another process,
called relaxation, that can cause the magnetic moment to decrease or increase. The Bloch
equation describes the total magnetic moment vector of an ensemble of spin moments
including the so-called longitudinal and transverse relaxation processes.
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As mentioned in the ﬁrst section, Torrey extended the Bloch equation for diﬀusing spin
moments [23]. Generally spin moments can only diﬀuse when the particles diﬀuse, because
spin diﬀusion is not important in liquids [19]. The Bloch-Torrey equation describes the
total magnetic moment of all diﬀusing spins. The easiest phenomenon to describe is the
Free Induction Decay, which is the response to a 90◦ pulse. This will lead to dephasing
spin moments. In order to get rephasing, one needs a so-called 180◦ pulse, which inverts
all spin moments, leading to a classical Hahn spin echo [3].
The simulation program is written to get a better understanding of the dephasing and
rephasing behavior of an ensemble of transverse magnetic moments. Therefore the longitudinal component will not be considered. The transverse magnetic moment is subject to
an exponential decay with time T2 . The total frequency of events leading to decay (1/T2 )
is the sum of relaxation events (1/T2,relax ) and dephasing events (1/T2,dephase ), when no
corrolation between these eﬀects exists. Although this is subject of current research (see,
e.g., Chapter 9), it is common practice to split the total transverse decay in a relaxation
part and a dephasing part:




tE
tE
exp −
,
(6.1)
M (tE ) = M0 exp −
T2,relax
T2,dephase
where M0 is the equilibrium magnetization, M is the transverse magnetic moment and tE
is the spin-echo time, which is equal to exactly two times the interpulse time. It is also
experimentally possible to distinguish between the decay due to relaxation and the decay
due to dephasing, as we have shown in Chapter 8. We will not consider the relaxation
part of the transverse magnetic moment decay and focus our attention on the second term
at the r.h.s. of Eq. 6.1.
6.2.1 Dephasing regimes
First, the Hahn spin echo will be considered for an inﬁnite system in which the particles
and hence the spins can diﬀuse freely. The magnetic ﬁeld variation is limited to the
situation of a constant magnetic-ﬁeld gradient g. The dephasing part of Eq. 6.1 is
described by [3]:


1
2
3
(6.2)
M (tE ) = M0 exp − (γg) D tE ,
12
where D is the self-diﬀusion coeﬃcient. If the particles are restricted by a porous material,
they cannot diﬀuse freely anymore. Therefore the dephasing part of the spin echo will
deviate from the above result. To describe the dephasing behavior for the restricteddiﬀusion situation, two length scales have to be compared. The ﬁrst is the pore size or
structural length lS , which can also be written as the volume of the pore divided by the
surface area of the pore V /S. For example, a spherical pore has a structural length which
is equal to one third of the radius of the pore. The second is the dephasing length

D
,
(6.3)
lg = 3
γg
which is the distance a particle must travel, to dephase by one full cycle (2π) in the
magnetic-ﬁeld gradient.
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If the structural
length lS is shorter than the dephasing length lg and the diﬀusion
√
length lD = 6DtE , the magnetization decay is in the so-called motional averaging regime.
In that case, the particles probe all parts of the pore. They average their local magnetic
ﬁeld by their diﬀusive motion. The magnetization of water between two parallel reﬂecting
plates decays [70]:


4
(γg)2 lS
M (tE ) = M0 exp −c D tE
    
(6.4)
2
4
lS
,
= M0 exp −c llDg
lg
where lS is the plate distance. This has been conﬁrmed by experiments [69]. The above
result will hold for all kinds of pore geometries but with a diﬀerent numerical prefactor [71].
8
[71].
Our main interest is the spherical pore, in which case the geometrical factor c = 175
If the dephasing length lg is shorter than the structural length lS and the diﬀusion
length lD , the magnetization decay is in the so-called localization regime This happens if
the magnetic-ﬁeld gradient is very strong and the particle has already dephased signiﬁcantly, before it can hit a pore wall. De Swiet and Sen [72] have shown for spins restricted
between two parallel plates:


M (tE ) = M0 c llSg exp− a21 (γg)2/3D1/3 tE
 2
(6.5)
,
= M0 c llSg exp − a21 llDg
where a1 = 1.02... is the ﬁrst zero of the derivative of the Airy function and c = 5.88... .
The prefactor reﬂects the fraction of the spins which are contributing to the signal. Also
for this regime other geometries will give other numerical prefactors. Hürlimann [74]
gave it the name ‘localization regime’, because the magnetization is not homogeneous in
the pore. In parts of the pore with a strong magnetic-ﬁeld gradient, the decay will be
faster than in parts of the pore where the dephasing eﬀect is smaller. An accumulation
of magnetization will occur at places where the magnetization decay is small. These are
regions with a relatively low magnetic-ﬁeld gradient or regions with restricted diﬀusion
in the neighborhood of the pore wall. Hence, in the case of a uniform magnetic-ﬁeld
gradient, only the restriction of the pore wall gives low magnetization decay. This eﬀect
is also observed in NMR imaging experiments and called ‘edge enhancement’ [75].

6.3 Simulation method
6.3.1 Model system
We consider a porous sample with an arbitrary geometry in the directions perpendicular
to the magnetic-ﬁeld gradient and with a ﬁnite size L in the z-direction parallel to the
magnetic-ﬁeld gradient. We assume that this porous sample consists of N randomly
distributed identical pores with a volume V and a surface area S. The pores are not
connected, but all isolated. Below, it will be shown that in this system only the dephasing
eﬀect of one single pore is needed in the simulations. Of course only the 1 H nuclei of the
water molecules in the completely water-saturated pores are considered. We assume that
one pore contains K spin moments moving via Brownian motion. We neglect magnetic
susceptibility diﬀerences between the water ﬁlled pore space and the pore matrix material.
Therefore, also inside the pore, the magnetic-ﬁeld gradient is taken perfectly constant. It

6.3. Simulation method

53

has been shown [21] that only the z-component of this magnetic ﬁeld is important when
the magnitude of the magnetic ﬁeld variations is much smaller than the main magnetic
ﬁeld. Therefore in the simulations, the other magnetic ﬁeld components will not be
considered.
6.3.2 FID
The spins start with maximum transverse magnetization and zero phase at the beginning
of the simulation. This means that at t = 0, the 90◦ pulse just ﬂipped the spin moment
of all particles into the transverse plane. The magnitude and the phase of the magnetization M , which can be measured in an experiment by sampling the FID, is the ensemble
averaged spin moment of all particles:
M = M0 exp(iϕ) ≡

K
N
1 1 
exp(iϕkn ) ,
N K n=1 k=1

(6.6)

where the superscript k runs over all particles K and the subscript n runs over all pores
N . If the phase ϕkn of all particles is known, also the resulting magnetization is known and
can be compared with experimental data. The Larmor frequency of each particle is equal
to the magnetic ﬁeld times the gyromagnetic ratio γ. Hence the phase of each particle is
equal to the time integral of this product:
 t
k
B(znk (τ ))dτ ,
(6.7)
ϕn = 2πγ
0

where B(znk ) is the magnetic ﬁeld at the position znk of particle k inside pore n, that can
be written as:
(6.8)
B(znk (t)) = B0 + gznk (t) ,
where B0 is the main magnetic ﬁeld and g is the constant magnetic-ﬁeld gradient strength.
Because all pores are identical, the possible positions of a spin with respect to the center
of the pore are identical in all pores. Therefore the magnetic ﬁeld can be split into three
components
z k (t) ,
(6.9)
B(znk (t)) = B0 + gzn0 + g
where zk is the position of spin k with respect to the center zn0 of pore n. Substitution
of this expression into Eq. 6.6 gives the following product:
M = M0 exp (i2πγB0 t)
× N1
× K1

N
n=1

exp (i2πγgzn0 t)


t k
K
exp
i2πγg
z

(τ
)dτ
.
k=1
0

(6.10)

The ﬁrst term at the r.h.s. of Eq. 6.10 gives the contribution of the main magnetic
ﬁeld to the total phase. In a normal FID or spin-echo experiment the NMR signal is
demodulated with the Larmor frequency corresponding to B0 , and hence there will be no
phase accumulation from this contribution.
The second term at the r.h.s. of Eq. 6.10 can be solved analytically. To this end a
spatial pore distribution function P (z) is introduced, which is normalized as follows:
 L/2
P (z)dz = N .
(6.11)
−L/2
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With this function, the summation over all pores can be rewritten to an integral
 L/2
P (z) exp(i2πγgzt)dz .
(6.12)
−L/2

This integral can be solved for a given distribution of pores within the sample. A uniform
pore distribution P (z) = N/L gives the following solution:
M=

N
sin(πγgLt) ,
πγgLt

(6.13)

which is the well-known sinc function, describing the envelope of the FID of a homogeneous, ﬁnite sample in the presence of a constant magnetic-ﬁeld gradient.
The third term at the r.h.s. of Eq. 6.10 gives the contribution of the diﬀusing particles
in the local ﬁeld of one pore. This term cannot be simpliﬁed analytically, because it
contains the time integral over the phase accumulation during a random walk. Therefore
a simulation is needed to evaluate this term for all random paths of all particles. In the
simulation model, these random walks are generated for various pore sizes and gradient
strengths g, which inﬂuence the accumulated phase. The fastest way to simulate a random
motion is by a discrete hopping of particles. This implies that the time integral is divided
into J discrete time steps ∆τ (t = J∆τ ), in which the particles can jump randomly from
one position to another
 t
J

zk (τ )dτ = ∆τ
zjk .
(6.14)
0

j=1

6.3.3 Spin echo
In a spin-echo experiment, a 180◦ pulse is applied to the system at a certain time t = J∆τ
and the signal at time 2t is the called the spin echo. The phase evolution after the 180◦
pulse is often referred to as rephasing. For stationary spins one can imagine that the
accumulated phase is inverted and accumulates again to exactly zero at the spin-echo
time. For diﬀusion processes, this rephasing is not complete, because the spins do not
follow the same trajectory as before the 180◦ pulse.
The magnetization of a spin echo can be calculated in the same way as for the FID (Eq.
6.10). Again the contribution of the main magnetic ﬁeld is zero. The contribution of the
dephasing eﬀect of all the diﬀerent pores can be calculated analytically. For a constant
magnetic-ﬁeld gradient this contribution is zero. This is not surprising, because it is
commonly known that a 180◦ pulse refocuses all dephasing eﬀects due to static magnetic
ﬁeld inhomogeneities. However, the dephasing described by the third term at the r.h.s.
of Eq. 6.10 is not cancelled by the 180◦ pulse, but gives the extra attenuation of the spin
echo due to diﬀusion eﬀects. The phase of the particles in the pore can be written as
 2t

 t
k
k
k
z (τ )dτ −
z (τ )dτ .
(6.15)
ϕn = 2πγg
0

t

Also this time integral of the diﬀusion process is converted to a series of discrete hopping
steps:

 2J
J


(6.16)
zjk −
zjk .
ϕkn = 2πγg∆τ
j=J+1

j=1

6.4. Results

55

Now only the path of the randomly moving spins has to be simulated to obtain the
magnetization of the spin echo.
6.3.4 Random walk
For computational reasons, we have chosen to generate random walks on a discrete lattice.
On a lattice, a particle only has to be moved randomly from one node to another, which
can be done numerically with some very fast bit shifts. Continuous random walks, on the
other hand, use randomly chosen radii and angles, which require ineﬃcient cosine and
sine instructions.
The mean squared displacement R2  of Brownian motion is given by
 2
(6.17)
R = 2d D t ,
where t is the diﬀusion time, D is the self-diﬀusion coeﬃcient and d is the number of
dimensions.
The mean squared displacement R2  of a random walk on a cubic lattice is given by
 2
R = nl2 ,
(6.18)
where n is the number of simulation steps, and l is the distance between two neighboring
lattice points or the distance of a random step when simulating without a lattice. So
in 3 dimensions, during a simulation time step ∆τ a particle can move to one of its six
neighboring lattice points at distance l. To simulate Brownian motion, Eq. 6.17 has to
be equal to Eq. 6.18. The diﬀusion time t is equal to the product of the time of one
simulation step ∆τ and the total number of simulation steps n. In the simulation, the
time step therefore has the following value:
∆τ =

l2
.
2d D

(6.19)

6.4 Results
First, some numerical aspects will be considered. Next, the simulation model is checked
with the case of free diﬀusion. Finally, the simulation is used to calculate the spin-echo
decay in a restricted geometry. The asymptotic solutions of the motional averaging and
the localization regime are calculated and presented in one master curve. This ﬁgure can
give an answer to the question: How is the dephasing in the intermediate regime?
6.4.1 Numerical aspects
Because of our main interest in moisture transport in porous building materials, we take
water as ﬂuid, for which D = 2.5 × 10−9 m2 /s. Of course our lattice is ﬁnite. We can
simulate all 3 dimensions with a typical lattice size varying between 100 nm and 100 µm,
cubic. For simulation reasons, one would like to describe a free-diﬀusion situation with
periodic boundary conditions. This means that a particle that leaves the lattice through
a certain boundary, will enter the lattice through the opposite boundary. However, in our
simulation this is not possible, because the dephasing at, for instance, the left boundary
can be very distinct from the dephasing at the right boundary. Therefore we have put
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perfectly absorbing walls at the boundary of our lattice. So, if a particle hits this wall it
will be removed from the simulation. For the simulations of free diﬀusion, in the beginning
all particle are put in the middle of the lattice and it is checked that at the echo time
only a small fraction of the particles is removed by this mechanism to be sure that it has
only a minor inﬂuence on the results. For the simulations of a spherical pore, there is
no problem with the lattice boundary because the particles can never reach the lattice
boundary. The pore wall perfectly reﬂects the particles.
The typical number of lattice points is 100 × 100 × 100. So l varies between 1 nm
and 1 µm, giving a simulation time step ∆τ varying between 10−10 s and 10−4 s. The
smallest echo time which can be measured experimentally by our NMR scanners is about
100 µs [15]. This time is reached in the simulations very quickly (for the worst case
situation of a cubic 100 nm lattice, in 106 diﬀusion steps). The longest time we consider
in our simulations is 10 s, because at that time the normal bulk relaxation time of water
will have decayed the spin-echo intensity to a level below the noise, preventing further
study of the dephasing behavior. This may result in a very time consuming simulation
(for the worst case situation up till 1011 diﬀusion steps). The number of particles is
typically K = 10000, which appears to give a signal-to-noise ratio of S/N = 100. For
some simulations, the noise level had to be decreased, in which case K = 106 was taken.
6.4.2 Free diﬀusion
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Fig. 6.1: Y-component of the simulated particle distribution at various times t. Solid squares
are points from the simulation. The solid curves are the result of ﬁtting a Gaussian
function to the data. At t=0, all particles are in the middle of the lattice. The inset
shows the mean squared displacement of the particles as a function of time.

The particles should perform a Brownian random walk when they are allowed to move
freely in the lattice space. To demonstrate this, all particles are put in the middle of
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the lattice at t = 0. This is allowed, since there is no interaction between the particles
themselves. The total lattice length is set to 3 µm.
The y-component of the spatial distribution of the freely moving spins at certain times
is shown in Fig. 6.1. The curves are ﬁts of a Gaussian function through the data points at
various times. As can be seen, the particles spread Gaussian, as expected. In the inset of
Fig. 6.1, the mean squared displacement in the y-direction is shown as a function of time.
The simulated results were found to agree with the mean squared displacement given
by Eq. 6.18. Therefore it can be concluded that the particles in the lattice space of the
simulation behave Brownian. This check was also performed for the x- and z-components.
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Fig. 6.2: The solid lines shows the simulated transverse magnetization during a spin-echo experiment in the case of free diﬀusion. The 90◦ and 180◦ pulses are given at t=0 and
at t=5 ms, respectively. The dotted line shows the dephasing due to free diﬀusion.

The summation of all spins has to give a Free Induction Decay (FID) after the 90◦
pulse. Also a spin echo has to appear at tE . Both eﬀects are demonstrated in Fig. 6.2. At
t = 0 the 90◦ pulse is given and at t = 5 ms the 180◦ pulse is given. The spin echo appears
nicely at tE = 10 ms. To obtain this picture, also the second term at the r.h.s. of Eq.
6.10 was taken into account, because this causes the modulation of both the FID and the
spin echo (cf. Eq. 6.13). The dotted line shows the dephasing due to diﬀusion predicted
from theory which is only valid at spin-echo time tE . If we deﬁne the magnetization at
tE as the spin-echo intensity, as usual, this intensity can be evaluated as a function of
spin-echo time for all kinds of geometries and magnetic ﬁelds.
There is no bulk relaxation mechanism in this simulation and there are no walls in
the case of free diﬀusion. Hence, the spins cannot relax by those mechanisms, but they
do dephase. As already mentioned in section 6.3, the spin-echo decay due to dephasing
can be described by Eq. 6.2.
Figure 6.3 shows the spin-echo intensity as a function of time for a gradient of 10 T/m.
The solid curve in this graph is a ﬁt to Eq. 6.2, which gives a gradient of (9.8 ± 0.1) T/m.
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Fig. 6.3: The spin-echo intensity as a function of time for a constant magnetic-ﬁeld gradient of
10 T/m. The solid circles are simulated spin-echo intensities, the line is a ﬁt of the
free-diﬀusion equation.

The small deviation from the gradient strength used in the simulation is caused by the
absorbing walls at the boundary of the lattice. As mentioned above, particles which diﬀuse
out of the lattice space are removed from the simulation, whereas in a real experiment
particles which diﬀuse out of the NMR sensitive region can diﬀuse back after a while and
contribute to the signal.
6.4.3 Restricted diﬀusion
The spins will dephase slower in a restricted geometry than in the case of free diﬀusion.
For restricted diﬀusion, the diﬀusion length has to be larger than either the structural
length or the dephasing length. As discussed in section 6.3, there can be two diﬀerent
situations. If the dephasing length is smaller than the structural length, the particles are
in the localization regime. If the dephasing length is larger than the structural length,
the particles are in the motional averaging regime. The spin-echo decay in both regimes
is mono-exponential, but with a diﬀerent decay rate (Eq. 6.4 and 6.5).
In Fig. 6.4 two examples of simulations of the spin-echo decay in a restricted geometry
are given. The ﬁrst corresponds to a pore size of 0.3 µm and a gradient strength of 10 T/m.
The transition from free-diﬀusion behavior to restricted-diﬀusion behavior will occur when
the diﬀusion length becomes on the order of the pore size. The diﬀusion length is 0.3 µm,
at t = 44 µs, for Brownian motion (cf. Eq. 6.17), i.e., before the ﬁrst spin echo is created.
Therefore all the spin echoes in this experiment will correspond to the restricted-diﬀusion
regime. This is in agreement with the data in Fig. 6.4, because no transition can be seen
and a perfect mono-exponential decay is observed. When a larger pore is simulated, this
transition from free diﬀusion to restricted diﬀusion becomes visible. For example, the
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Fig. 6.4: The spin-echo intensity as a function of time for a pore size of lS = 0.3 µm and a
uniform gradient g = 10 T/m; and for a pore size of lS = 3.3 µm and a uniform
gradient of g = 0.3 T/m.

second simulation reﬂects a pore size of 3.3 µm and a gradient strength of 0.3 T/m. In
that case the diﬀusion length equals the pore size at t = 4.4 ms, which is in agreement
with the observation in Fig. 6.4. The decay in the restricted-diﬀusion regime after this
transition time is mono-exponential. A ﬁt of such a decay to the data is shown in the
ﬁgure by a straight line.
The spin-echo decay has been simulated not only for these two examples, but for
various gradient strengths (hence giving various dephasing lengths) and for various pore
sizes. In Fig. 6.5 the decay rate (resulting from a mono-exponential ﬁt to the data after
the transition time) is plotted as a function of gradient strength. The two straight lines
with slope 2 reﬂect predictions for the motional averaging regime (cf. Eq. 6.4). The
slope of the ﬁt to the simulation results for the 0.3 µm pore (1.98 ± 0.02) is in perfect
agreement with the theory (cf. Eq. 6.4. One should note, that also the geometrical factor
as calculated by Neumann [71] for a spherical pore, yielding a factor of 1.31 s−1 (T/m)−2 ,
agrees nicely with the simulation results (1.34 ± 0.07) s−1 (T/m)−2 . The dotted straight
line with slope 2/3 is a guide to the eye for the localization regime (cf. Eq. 6.5). For
this regime the exact solution for a spherical pore is unknown. The exact solution for
spins conﬁned between two parallel plates [72] has a numerical prefactor in the exponent
of 1.02 (cf. Eq. 6.5), whereas we ﬁnd for our spherical pores a prefactor of 1.6.
Reconsider the theory of the two asymptotic regimes. For a pore size lS = 0.3 µm,
the dephasing length is equal to lS at a gradient of 252 T/m (Eq. 6.3). For all gradient
strengths smaller than this value, the dephasing length is larger than the structural length.
Therefore the motional averaging regime should be applicable for all gradients smaller
than about 250 T/m. This is in agreement with the observation in Fig. 6.5 that all
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Fig. 6.5: The simulated spin-echo decay rate due to dephasing for various pore sizes as a function
of the gradient ﬁeld. The solid and dashed lines with slope 2 are the analytical solutions
for the motional averaging regime. The dotted line with slope 2/3 shows the g 2/3
behavior for the localization regime.

simulated gradient strengths correspond to the motional averaging regime. For a pore
size lS = 1 µm, the dephasing length is also 1 µm, at a gradient of 9.3 T/m. Therefore
a transition from the motional averaging regime into the localization regime is expected
around this gradient strength. In Fig. 6.5 it can be seen, that this transition indeed occurs
at about 10 T/m. For pore size lS = 3.3 µm, the dephasing length is also 3.3 µm, at a
gradient of 0.3 T/m. Therefore the spin-echo decay should be described by the localization
regime for all used gradient strengths, except the simulations for which g = 0.1 T/m and
perhaps g = 0.3 T/m as is indeed shown by the corresponding data in Fig. 6.5. In
conclusion, the results of the simulations reveal a transition from the motional averaging
regime into the localization regime, which is in agreement with the theoretical transition
point at lS = lg . We elucidate this point later on.
Pore sizes smaller than 0.3 µm will be described completely by the motional averaging
regime. Simulating these pores becomes time consuming, because the decay rate decreases
(which implies a longer simulation time) and also the time step for hopping to another
lattice point decreases, as can be seen in Eq. 6.19 (which implies that more time steps
are needed for the same simulation time). Pore sizes larger than 3.3 µm will be described
completely by the localization regime. For these pore sizes, however, the transition from
free diﬀusion to localization occurs so late in time, that the spin-echo signal has already
decayed to a very low level. Simulating these relaxivities is possible but do not give useful
results, because in a normal spin-echo experiment the signal-to-noise level will always be
on the order of 1000, at best.
The analytical solutions for the motional averaging regime and the localization regime
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are only asymptotic solutions of the Bloch-Torrey equation. The situation in between
these asymptotic situations is called the intermediate regime [73], in which the spin-echo
decay is unknown. The results from our simulations show that with increasing gradient
strength, the transition from the motional averaging regime into the localization regime is
smooth. It is clearly visible in Fig. 6.5 for lS = 1 µm that the spin-echo decay transforms
smoothly from the g 2/3 behavior of the localization regime into the g 2 behavior of the
motional averaging regime.
Figure 6.5 suggests that the decay due to dephasing in the localization regime is
identical for all pore sizes. This observation is not surprising because the localization
regime is characterized by the fact that the spins are already dephased before reaching
the pore wall, given a certain constant gradient. Therefore the simulated dephasing decay
rate can be scaled by dividing it by the theoretical decay rate of the localization regime.
The decay rate of the motional averaging regime, on the other hand, depends on both pore
size and dephasing length in a known way (cf. Eq. 6.4). Therefore the gradient strength
can be scaled by transforming it to the variable (lS /lg )4 . Figure 6.6 clearly indicates that
the scaled decay due to dephasing as a function the fourth power of pore size divided
by dephasing length gives one master curve for all simulated pore sizes lS and gradient
strengths g, which are incorporated in the dephasing length lg .
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Fig. 6.6: The scaled decay rate due to dephasing as a function of the scaled parameter (lS /lg )4 .

The maximum scaled dephasing rate (horizontal line in Fig. 6.6) is the dephasing rate
corresponding to the localization regime. As mentioned above, we are unable to explain
the numerical prefactor of about 1.6 in terms of known theoretical models. The slope
of the line of the motional averaging regime is in perfect agreement with the theory, as
already mentioned above. With this scaled ﬁgure, the transition from the motional averaging regime to the localization regime can be accurately identiﬁed. The dashed lines at
ls = 0.7 lg and at ls = 1.4 lg deﬁne this transition area. It should be noticed that this is
exactly around the point lS = lg , which is commonly assumed in literature [73]. It should
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also be noticed that the width of the intermediate regime can be understood. Swiet et
al. [72] made the Bloch-Torrey equation dimensionless and showed that the solution of
the resulting diﬀerential equation is governed by the value of (lS /lg )3 . This diﬀerential
equation goes from the one asymptotic solution to the other asymptotic solution if (lS /lg )3
varies over one
order of magnitude. This means that lS /lg only has to vary over a fac√
3
tor of about 10 ≈ 2, which is in agreement with our observation of the width of the
intermediate regime.

6.5 Discussion and conclusions
It is shown that a numerical simulation of the behavior of the spins in a ﬂuid in multiple
identical spherical pores nicely reproduces a FID and a spin echo. It is also shown that the
simulated random motion of the spins will give Brownian motion with the correct value
of the self-diﬀusion coeﬃcient. The simulated NMR spin-echo decay due to dephasing in
a constant magnetic-ﬁeld gradient for a large enough lattice space gives the well known
free-diﬀusion spin-echo decay function (Eq. 6.2). The presence of walls in the simulation
lattice space transforms this free-diﬀusion result into the restricted-diﬀusion result, which
is known to be mono-exponential. All these results conﬁrm that our simulation model is
correctly reproducing real NMR behavior and therefore suitable to investigate unknown
situations.
For a pore with a typical pore size of 0.3 µm, the dephasing is described by the
motional averaging regime. For a pore with a typical pore size of 3.3 µm, the dephasing is
described by the localization regime. Both asymptotic situations were already predicted
in the literature [73]. However, the intermediate situation was unknown. The simulations
presented in this chapter describe this intermediate regime. Moreover, all simulated decay
rates due to dephasing can be scaled on one master curve, which gives the complete
solution of the problem of a uniform gradient in a spherical pore. From this master
curve it is clearly visible that the transition from the motional averaging regime into the
localization regime occurs at the gradient strength for which the dephasing length is equal
to the pore size (lg = lS ). It can also be concluded that the transition extends over an
intermediate regime for about 0.7 < lS /lg < 1.4.
In our opinion, clays and ﬁred-clay bricks cannot completely be described by the
simple model, introduced in this chapter. Therefore, in the next chapter we present the
results of a more complex magnetic ﬁeld distribution, i.e., a summation of dipolar ﬁelds
which are generated by small iron particles. This situation leads to a richer magnetization
decay. Because now the intermediate regime in the simple model system with a constant
gradient is known, it will be easier to interprete the magnetization decay in more complex
situations. The simulation program can also be used to calculate the transverse relaxation
in a restricted geometry. In Chapter 9, the numerical results of the combined eﬀects of
relaxation and dephasing will be presented.

7. NMR dephasing eﬀects due to a magnetic dipole in
a spherical pore
The NMR dephasing behavior of spins conﬁned in a porous material can be
investigated by Hahn spin echoes. Experimental results on water in a magnetically doped clay in another study have shown a non-mono exponentially
decaying magnetization. In this chapter, a random-walk model is used to simulate the dephasing eﬀect of diﬀusing spins in a spherical pore. The numerical
results show a non-mono-exponential magnetization decay for a dipolar magnetic ﬁeld. By varying the dipole magnitude, both the motional averaging and
the localization regime can be simulated. Scaling laws for the dephasing rate
in these two regimes are derived for two model systems: a spherical pore in
the vicinity of a magnetic point dipole and a spherical pore adjacent to a magnetic dipolar grain of the same size as the pore. The simulated magnetization
decay curves conﬁrm the scaling laws. The localization regime, characterized
by the non-mono-exponential magnetization decay, is investigated by calculating spatially resolved the magnetization in the pore. For this regime, the
magnetization is found to be inhomogeneously distributed through the pore,
whereas it is homogeneously distributed in the motional averaging regime.
The content of this chapter is submitted for publication in J. Chem. Phys. (2001).

7.1 Introduction
Soon after the ﬁrst 1 H NMR measurements, it became clear that the Hahn spin-echo
decay [3] of the nuclear magnetization of water conﬁned in a porous material diﬀers from
its bulk behavior. This is caused by two competing eﬀects for a constant magneticﬁeld gradient: relaxation at surfaces and dephasing due to diﬀusion in inhomogeneous
magnetic ﬁelds. The decay rate of conﬁned water will increase compared to the bulk ﬂuid
situation, because the water molecules hit the pore wall, where the nuclear spin has a
higher probability to relax than in the bulk ﬂuid. On the other hand, the decay rate will
decrease because the dephasing in a conﬁned geometry is less. This is caused by the fact
that the molecules are hindered to diﬀuse to regions in the material, where the magnetic
ﬁeld is very diﬀerent from the magnetic ﬁeld at the beginning of the pulse sequence.
There has been a lot of research, both experimental and theoretical, on these two magnetization decay mechanisms. Brownstein and Tarr have ﬁrst described the enhancement
of the relaxivity of a water-saturated pore by its pore surface in the seminal article [41].
This was extended by Cohen and Mendelson [43] for a system of interconnected pores.
The dephasing in a porous material was ﬁrst described by Wayne and Cotts [69]. Robertson [70] provided the necessary theory to explain the experimental data. Recently, Hürli63
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mann [73] gave an overview of all possible spin-echo decay mechanisms due to dephasing
in a single pore in the presence of a uniform magnetic-ﬁeld gradient. For short times,
the ‘free-diﬀusion’ decay is dominant, because the majority of the spins did not feel the
inﬂuence of the pore walls yet. For longer times and small magnetic ﬁeld gradients, the
‘motional averaging’ regime is valid, in which the spins travel a long time through the
pore, hitting the pore wall often, before signiﬁcant dephasing occurs. For longer times and
large magnetic ﬁeld gradients, the ‘localization’ regime is found [72], in which the spins
dephase before reaching the pore wall. With the aid of a random-walk model, we studied
the intermediate regime between the motional averaging and the localization regime (see
previous Chapter 6).
This model of a uniform gradient results in mono-exponential decay curves for all
regimes except for the free-diﬀusion regime. This is in contrast to the experimental
data of clay and ﬁred-clay bricks [67], which show non-mono-exponential decay. In the
present chapter, we introduce another model which describes the experimental spin-echo
decay due to dephasing more accurately. Fired-clay bricks contain a lot of ferromagnetic
impurities, which can give rise to large inhomogeneous magnetic ﬁelds. Therefore, we
have incorporated a dipolar magnetic ﬁeld in the model, which is probably more realistic
than the uniform gradient, as will be described in section 7.2. We will show that also
for this magnetic ﬁeld a ‘motional averaging’ and a ‘localization’ regime will appear. In
section 7.3, the scaling of the decay rate of the magnetization with the magnitude of a
magnetic ﬁeld having an arbitrary geometry is discussed, for both the motional averaging
and the localization regime. A scaling law for the magnetization decay in the localization
regime will be derived. In section 7.4 several numerical results of simulations will answer
the question whether these regimes appear in the presence of a magnetic dipolar ﬁeld
and how the dephasing rate in these regimes is related to the magnetic dipole strength.
Finally, in the last section 7.5, conclusions are given.

7.2 Simulation model
The main goal of the simulation model is to describe the magnetization decay in a porous
material. As a starting point, we have studied the dephasing behavior of the spins in one
single pore. The numerical model allows for an arbitrary number of dipoles in the porous
matrix surrounding the pore. However, for sake of clarity only one single pore in the
vicinity of one dipole is considered. Two conﬁgurations of this system are investigated:
one with a magnetic point dipole and one with a magnetic dipolar grain, which has the
same size as the pore itself.
In a single water-saturated pore, random walks are performed by the water molecules,
and hence by the 1 H nuclei which are measured in NMR experiments. These random walks
are generated on a lattice instead of in a continuum because of computational eﬃciency.
A cubic lattice with a size of 100×100×100 lattice points is used. In the previous Chapter
6, we introduced this random-walk model. We refer to that work for a detailed description
of the simulation method. The numerical program has been checked extensively on the
free-diﬀusion situation and the single pore with a uniform magnetic-ﬁeld gradient.
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7.2.1 Dipolar magnetic ﬁeld
Consider one ferromagnetic particle in the solid matrix of a porous material. The main
magnetic ﬁeld B0 is applied along the z-axis. The magnetic ﬁeld in the z-direction produced by the ferromagnetic grain Bdip can be written as
Bdip =

µ0 µ
(1 − 3 cos2 θ) ,
3
r

(7.1)

where r is the distance from the centre of the dipole to the position of the spin of interest,
µ0 is the magnetic permeability, θ is the angle between the z-axis and the vector from the
dipole to that position and µ is the dipole moment of a ferromagnetic grain with volume
VF e2 O3 :
(7.2)
µ = MF e2 O3 VF e2 O3 ,
where MF e2 O3 is the saturation magnetization of iron oxide (Fe2 O3 ) present in, for instance, a ﬁred-clay brick [33]. The total magnetic ﬁeld in the z-direction (B0 + Bdip )
will be present not only in the solid matrix of the porous material but also in the voids.
Because the susceptibility of air and water cause much smaller magnetic eﬀects than this
dipolar magnetic ﬁeld, they will be neglected in the present study.
Although the gradients produced by a dipole can be very large, the spins will only
probe the magnetic ﬁeld over a very short distance on the order of a pore size. Therefore
the diﬀerence in magnetic ﬁeld within a pore, produced by such a dipole, will never become
as large as the main magnetic ﬁeld. The typical bandwidth in an NMR experiment only
excites spins with a deviation from the main magnetic ﬁeld of 0.001B0 [15]. Only the
spins in the direct vicinity of the dipole are therefore not contributing to the NMR signal
in a real experiment. In the random-walk model all spins are excited. This diﬀerence
between the random-walk model and an NMR experiment aﬀects only a small fraction of
the pore volume and will not be considered.
7.2.2 Dephasive spin-echo decay
In an NMR spin-echo experiment, the transverse nuclear magnetization M is measured.
It is equal to the sum of the magnetization of all individual spins of the ensemble:
K
M0 
exp(iϕk ) ,
M = M0 exp(iϕ) ≡
K k=1

(7.3)

where the superscript k refers to one of the K spins and M0 is the magnitude of the
equilibrium nuclear magnetization. If the phase ϕk of all spins is known, also the resulting
magnetization is known and can be compared with experimental data. The phase ϕk can
be calculated from a random-walk simulation of the diﬀusive motion of the spins within
the pore. In order to give a valid description of this continuous process of dephasing by
a random-walk, the mean squared displacement resulting from the actual self-diﬀusion
of water D has to be equal to the mean squared displacement in the simulations. This
condition is satisﬁed by taking the following time step ∆τ for one random walk:
∆τ =

l2
,
2d D

(7.4)
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where d = 3 is the number of dimensions and l is the distance between two neighboring
lattice points.
The phase ∆ϕk accumulated during a time interval ∆τ equals,
 
(7.5)
∆ϕk = 2π fL xk ∆τ .
Here xk is the position of particle k and fL is the Larmor frequency at that position,
which depends on the magnetic ﬁeld by fL = γB, where γ is the gyromagnetic ratio
(γ = 42.58 × 106 1/Ts).
We concentrate on the Hahn spin-echo intensity, because this is of most interest for
the dephasing study. The 90◦ pulse deﬁnes the starting time and the 180◦ pulse, which
inverts the accumulated phase, is applied at t = J∆τ . Consequently, the phase of a
particle at the spin-echo time tE = 2J∆τ is given by:

 J
2J
  



ϕk = 2πγ∆τ
,
(7.6)
B xkj −
B xkj
j=1

j=J+1

 
where B xkj is the spatially dependent magnetic ﬁeld.

7.3 Theory
For the spin-echo decay in the presence of a uniform magnetic-ﬁeld gradient, three length
scales are important [73]:
√
• the diﬀusion length: lD = 6Dt
• the structural length: lS = VS , which is equal to
V , surface area S and radius a.
• the dephasing length: lg =

3

D
,
γg

a
3

for a spherical pore with volume

where g is the gradient strength.

It should be noted that the diﬀusion length is a function of time. The longer the
molecules can diﬀuse, the larger the distance they can travel. The structural length
determines how far the molecules can travel because of the restricted geometry. The
dephasing length indicates how far a particle has to travel to dephase by 2π and hence
contribute signiﬁcantly to the magnetization decay.
The spin-echo decay due to dephasing is generally given as a dephasing rate Rd :
M = M0 exp(−Rd t) ,

(7.7)

The shortest of the length scales determines the dominant mechanism of the spin-echo
decay. Free diﬀusion will occur when the diﬀusion length is the shortest length scale,
which will occur always for very small times. Motional averaging will occur when the
structural length is the shortest length scale. This means that the particles can probe the
complete pore space, without signiﬁcant dephasing. Finally, the localization regime will
occur when the dephasing length is the shortest length scale. This means that the particles
dephase signiﬁcantly before they reach the pore wall. It was found that in the motional
averaging regime the dephasing rate scales with the gradient strength squared and in the
localization regime with the gradient strength to the power 2/3 (cf. Chapter 6). It is not
clear how the dephasing rate will scale in the localization and in the motional averaging
regime in the presence of a dipolar ﬁeld. This will be the subject of the remaining part
of this section.

7.3. Theory

67

7.3.1 Motional averaging regime
Wayne and Cotts have analyzed their experiment on a conﬁned gas in terms of the motional averaging regime as a motional-narrowing problem [69]. This approach gives a good
idea about the phase accumulation of a diﬀusing spin. Although the applied magnetic
ﬁeld is static, a diﬀusing spin experiences a time-dependent magnetic ﬁeld. The resulting
dephasing rate is given by the autocorrelation function of the randomly varying magnetic
ﬁeld B(x(t)), seen by the diﬀusing spin [16]:
 ∞
2
B(x(0))B(x(t)) dt .
(7.8)
Rd = γ
0

This equation is valid for times t  τc , the correlation time of the motion. The scaling
of Eq. 7.8 for diﬀerent pore sizes and magnetic ﬁelds is of great interest, because it will
give us a tool to identify the motional averaging regime. One important scaling is for
the situation of a varying magnetic dipole strength while all the other model parameters
remain constant. The magnetic ﬁeld can be written generally as
B(x(t)) = µ h(x(t)) ,

(7.9)

where µ is a factor reﬂecting the magnitude of the magnetic ﬁeld and h(x) is the spatial
geometry of the ﬁeld. Notice that for the situation of a dipolar ﬁeld, µ can be taken equal
to the dipole strength. However, we would like to derive a scaling law for a more general
situation of an arbitrary magnetic ﬁeld. Substitution of this general ﬁeld into Eq. 7.8
yields

Rd = γ 2 µ2

∞

0

h(x(0))h(x(t)) dt ,

(7.10)

where h(x(t)) is the speciﬁc ﬁeld at time t. If only the magnetic ﬁeld strength is varied,
it is clear that Rd scales with µ2 .
7.3.2 Localization regime
For the description of dephasing in the localization regime, the dephasing length has to be
redeﬁned, because the dipolar magnetic ﬁeld is varying over several orders of magnitude
within one pore. Therefore we deﬁne a new time scale associated with the spin-echo decay
due to 2π phase accumulation. Consider the phase accumulation ∆ϕ of a particle in a
very inhomogeneous magnetic ﬁeld (not necessarily a dipolar ﬁeld):
∆ϕ = 2πγ |∆B| t ,

(7.11)

where t is the time for phase accumulation and |∆B| is the absolute value of the magnetic
ﬁeld diﬀerence felt by a spin due to its motion. For short times the magnetic ﬁeld is given
by:
 · (x − x0 ) ,
(7.12)
B(x)  B(x0 ) + ∇B
where x0 is the initial position of a particle and B(x0 ) is the magnetic ﬁeld at that
position. The actual magnetic ﬁeld B(x) can be obtained from the inner product of the
local gradient and the diﬀerence between the ﬁnal and initial position of the particle,
which can be approximated for scaling purposes as follows:

 · (x − x0 )| ∼ |∇B|l
,
|∇B

(7.13)
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√

where l is the average distance traveled by the nuclei (l  Dt) and |∇B|
is the magnitude
of the local gradient. Substitution into Eq. 7.11 gives the phase accumulation as a function
of time
√

D t3/2 .
(7.14)
∆ϕ = 2πγ |∇B|
The dephasing time tg is now deﬁned as the time needed for a particle to dephase 2π.
Substitution of ∆ϕ = 2π in Eq. 7.14 yields:
tg = 

1
.
2/3

γ|∇B|
D1/3

(7.15)

Because the magnetic ﬁeld is arbitrarily inhomogeneous, the dephasing time for a certain spin is a function of its initial position. Figure 7.1 shows a schematic graph of a
spatially varying magnetization as a function of time. To determine the total magnetization of the pore as a function of time, the actual time (dotted line) has to be compared
with the dephasing time (solid curve). Positions for which the dephasing time is smaller
than the actual time, will have no magnetization.

time

tg
actual time

M=M0

M=M0

M=0

M=0

space

Fig. 7.1: Spatially varying magnetization as a function of time for an arbitrary ﬁeld. The solid
curve represents the dephasing time tg as a function of the initial position of the spin.
The dotted line represents the actual time (which is continuously increasing). If the
solid curve is below the dotted line, the magnetization M at that position is zero (white
area), else the magnetization is maximum M0 (hatched area).

When increasing the time between the 90◦ and 180◦ pulse, the following will happen. In
the very short-time limit, particles can be viewed as static and behave as in a rigid lattice.
Of course, this will give no dephasing eﬀects in the spin echo, because all accumulated
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phase before the 180◦ pulse will be exactly rephased after the 180◦ pulse. When the
particles are allowed to move, for short times, the absolute phase accumulation of all
spins will be less than 2π, because they had no time to diﬀuse to a position with a
signiﬁcantly diﬀerent ﬁeld. They dephase according to the free-diﬀusion situation. For
longer times, the magnetization becomes a function of the initial position of the particles,
giving the localization regime. If for a certain position x, the time t  tg , no signiﬁcant
dephasing has occurred yet and therefore the magnetization is maximum (M0 ) at that
position. If t  tg , the dephasing of the particles at that position has, on the average,
become much larger than 2π and therefore the magnetization for the particles at that
position is zero.
The resulting magnetization will scale for diﬀerent pore sizes and magnetic ﬁelds in
a way diﬀerent from the motional averaging regime. One important scaling is for the
situation of a varying magnetic dipole strength and a constant pore size. The magnetic

 into Eq. 7.15
ﬁeld will again be written as B(x) = µ h(x). Substitution of |∇B|
= µ|∇h|
gives
1
,
(7.16)
tg =
2/3 
(γµ) |∇h|2/3 D1/3
which shows clearly that the dephasing time scales with the inverse 2/3 power of the
magnetic ﬁeld strength and the magnetic ﬁeld geometry. The dephasing rate Rd will
scale inversely proportional to the dephasing time. This implies that the dephasing rate
scales with the magnitude of the magnetic ﬁeld to the power 2/3 (Rd ∼ µ2/3 ), if the ﬁeld
geometry is taken constant.

7.4 Results and discussion
For two model systems, the scaling behavior of the dephasing rate is simulated. First, the
situation of a varying magnetic dipole strength in a constant pore size is simulated. The
upper and lower bound of the dipole strength are chosen in such a way that the simulated
dephasing rate is of the same order as the maximum and minimum dephasing rate that
can be measured in an NMR experiment. Secondly, the situation of a varying dipole size
and a varying pore size is simulated, but the dipole size is for every simulation equal to
the pore size. Again scaling laws will give insight into the dephasing process and the
dephasing rate is in the experimentally accessible range.
7.4.1 Localization vs. motional averaging
First, two similar simulations are presented with a diﬀerent magnetic dipole strength to
show the diﬀerence in spin-echo decay. These two simulations correspond to the lower
and upper bounds of the dipole strength variation in the more systematically survey of
all dephasing rates, presented at the end of this section. These bounds are chosen in such
a way, that the dephasing rates are within the range of experimental veriﬁcation.
Consider one dipole with a dipole strength µ, located at the pore wall, just inside
the porous material (cf. Fig. 7.2). The pore size is taken lS = 0.33 µm and the dipole
position is taken arbitrarily φ = π/2. The magnetic dipole strength is taken 10−14 Am2
and the dipole is assumed to be a point dipole.
Figure 7.3a shows the simulated spin-echo decay for 50 Hahn spin echoes. The number
of simulated particles is 3 × 106 , which appears to give a noise level of about 2 × 10−3 . It is
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Fig. 7.2: Schematic picture of the simulated situation. A magnetic dipole with strength µ is
located just outside the pore with size lS . The angle of the dipole with respect to the
direction of the main magnetic ﬁeld is denoted by φ.
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Fig. 7.3: Simulated Hahn spin-echo decay as a function of spin-echo time for a pore size of
lS = 0.33 µm and a dipole position φ = π/2. The solid line represent the initial slope
of the data. Figure a) a dipole strength µ = 10−14 Am2 gives the localization regime;
ﬁgure b) a dipole strength µ = 10−19 Am2 gives the motional averaging regime (see
text).

clearly visible that the spin-echo decay is not mono-exponential, in contrast to all previous
simulation results with a uniform magnetic-ﬁeld gradient. This non-mono-exponential
behavior is also observed in NMR Hahn spin-echo measurements of heavily (weight-%
Fe2 O3 ≥ 5 %) magnetically doped materials (cf. Chapter 9). It is not clear yet, how the
dephasing rate can be described accurately after the time at which the diﬀusion length
becomes equal to the structural length (time of the bend in Fig. 7.3a).
Next, the magnetic dipole strength is decreased to 10−19 Am2 , without changing the
conﬁguration, to observe the eﬀect on the spin-echo decay. Figure 7.3b shows the result
of this simulation. The spin-echo decay is mono-exponential for all times. The number
of simulated particles is 4 × 104 , which appears to give a noise level of about 5 × 10−3 .
Because the relaxivity of bulk water without dephasing is on the order of 1 s−1 and the
relaxivity of restricted water easily gets one order of magnitude larger, it might be diﬃcult
to measure such a small dephasing rate with an experimental NMR measurement.
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To get a better understanding of the relaxivity of this model system, the dipolar
strength is varied systematically between µ = 10−19 Am2 and 10−14 Am2 . The dephasing
rate Rd is taken equal to the initial slope of the decay curve for all simulations of the
localization regime, because the scaling laws for this regime are derived only for short
times. The scaling laws for the motional averaging regime hold for all times. The observed
spin-echo decays in this regime are also mono-exponential for all times. Figure 7.4 shows
the dephasing rate for three structural lengths lS = 0.1, 0.33, and 1 µm (the pore radius
a = 3lS , and the total lattice size l = 3a).
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Fig. 7.4: Dephasing rate Rd as a function of the magnetic dipole strength µ for 3 pore sizes.
The solid lines represent the scaling laws for the motional averaging regime (slope = 2)
and the localization regime (slope = 2/3).

For every pore size a transition can be seen from a behavior of Rd ∼ µ2 to a behavior
of Rd ∼ µ2/3 . This transition shows some similarity with simulations based on a varying
strength of the uniform gradient (cf. Fig. 6.5). For that situation it was found that
the motional averaging regime scales with the gradient strength squared and the localization regime with the gradient strength to the power 2/3. It suggests that the present
simulations with a small dipole strength correspond to a motional averaging regime and
the simulations with a large dipole strength to a localization regime. This suggestion is
conﬁrmed by simulations with a spatially resolved magnetization. In the motional averaging regime, the magnetization is homogeneously distributed over the pore space and in
the localization regime, the magnetization is inhomogeneously distributed. This holds for
both the situation of a uniform magnetic-ﬁeld gradient (cf. previous Chapter 6) and the
situation of a dipolar magnetic ﬁeld. We will show such a spatially resolved magnetization
below.
The simulated scaling of the dephasing rate in the motional averaging and in the
localization regime for the present situation of a dipolar ﬁeld, can be understood from the
scaling laws presented in section 7.3. We already showed that the dephasing rate scales
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with µ2 (cf. Eq. 7.10) in the motional averaging regime. This behavior is most clear for
the smallest (0.1 µm) pores (cf. Fig. 7.4) which can be understood from the fact that
for motional averaging, the diﬀusion length has to be larger than the pore size. For the
localization regime, we derived that the dephasing rate scales with µ2/3 (cf. Eq. 7.16), if
the ﬁeld geometry is not changed. The dephasing rate is of course inversely proportional
to the dephasing time and therefore expected to scale with the dipole strength to the
power +2/3. This behavior is indeed observed in Fig. 7.4.

t = 1 .9 µ s

t = 5 .7 µ s

t = 3 .8 µ s

t = 7 .6 µ s

Fig. 7.5: Iso-magnetization surface of 12 M0 for four successive spin-echo times. The magnetic
dipole (µ = 10−14 Am2 ) is situated at the top of the pore with a radius of 3 µm.

The diﬀerence in dephasing behavior in the motional averaging and in the localization
regime can be clariﬁed by observing the spatially resolved transverse magnetization. For
this purpose, the magnetization needs to be simulated at every lattice point (106 in total).
It was found that a simulation of 108 particles is required to get a good signal-to-noise
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ratio. For the motional averaging regime (simulation of Fig. 7.3b), the magnetization
was found to be homogeneously distributed for every spin-echo time. For the localization
regime (simulation of Fig. 7.3a), the magnetization was found to be inhomogeneously
distributed. To visualize the spatial distribution of the magnetization, iso-magnetization
surfaces were plotted. Figure 7.5 shows all the points with a transverse magnetization
larger than 12 M0 for four successive spin-echo times, in a simulation with a pore size of
3 µm and a dipole strength µ = 10−14 Am2 . It is clearly visible that the magnetization is
destroyed by dephasing in the neighborhood of the dipole. The volume of zero magnetization increases faster than the diﬀusion process. For example, consider the last spin-echo
time of t = 7.6 µs in Fig. 7.5. The diﬀusion length is only 0.3 µm, whereas the volume of
zero magnetization is nearly equal to the pore radius of 3 µm.
7.4.2 Dipole size equals pore size

p o re s p a c e
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Fig. 7.6: Schematic picture of the simulation with equally sized pore and dipole. Actually the
eﬀect of the dipole is calculated as if a point dipole with a strength µ ∼ rS3 is placed
in the centre of the ﬁnite-sized dipolar grain.

In the above simulations, the dipole was considered as a point dipole with a certain
strength. However, in a real material, a varying dipole strength can only be achieved by
a varying dipole size (cf. Eq. 7.2). Therefore we have performed simulations in which the
eﬀect of the dipole size is included. To keep the amount of simulations manageable, we
focus our attention on the conﬁguration of a dipole with a size exactly equal to the pore
size (cf. Fig. 7.6).
The radius R of both the pore and the dipole were varied between 0.1 µm and 100 µm.
Simulating pores and magnetic grains smaller than 0.1 µm is very time consuming because
the lattice dimension scales with the pore size (cf. Chapter 6 for details). Pores and
magnetic dipoles larger than 100 µm give non-mono-exponential decays which cannot be
characterized by one dephasing rate. The dipole strength is calculated for a sphere of
Fe2 O3 with radius R. This strength is in put in a point dipole at a distance R from the
pore wall (cf. Fig. 7.6). Figure 7.7 shows the resulting dephasing rate as a function
of radius R. This ﬁgure illustrates that the dephasing rate for this conﬁguration is also
scalable.
For the motional averaging regime, the scaling can be understood in the following
way. The magnetic ﬁeld at every lattice point is the same for all simulations. However,
the diﬀusion time step increases, when the pore size and hence the lattice size increases.
Increasing the pore size implies that the random-walk diﬀusion time ∆τ is increased
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Fig. 7.7: Dephasing rate as a function of dipole size and pore size for two diﬀerent dipole
strengths. The solid lines are guide lines to the eye to show the scaling behavior
of the dephasing rate in the motional averaging (slope = 2) and the localization regime
(slope = -2/3).

quadratically (cf. Eq. 7.4). So the phase accumulation per random-walk step increases
also quadratically (cf. Eq. 7.5). Consequently, the dephasing rate increases quadratically
for an increasing pore size R.
For the localization regime, this argument is not valid because of the large dephasing
per diﬀusion time step. We can derive a new scaling law appropriate for this situation by
making the space coordinate dimensionless according to r = r̃ R. Consider the magnetic
dipole ﬁeld (Eq. 7.1) in which the dipole strength can be made dimensionless with µ =
µ̃ R3 , because it depends linearly on the volume of the dipole:
R
µ̃R3
B = 3 h(cos θ) = µ̃ h̃( , cos θ) .
(7.17)
r
r
The spatial derivative of the ﬁeld is needed for the calculation of the dephasing time.
˜ yields
 = 1∇
Using Eq. 7.17 and ∇
R
µ̃ ˜
|∇h̃| .
(7.18)
R
Substitution of this dimensionless magnetic-ﬁeld gradient into the deﬁnition of the dephasing time (Eq. 7.16) yields

|∇B|
=

tg = 

R2/3
.
2/3
1/3
˜
γ µ̃ |∇h̃|
D

(7.19)

Remember that only the distance between the lattice points is varied, which does not
˜ h̃. Also the dimenchange the dimensionless derivative of the magnetic ﬁeld geometry ∇
sionless dipole strength µ̃ and the diﬀusion coeﬃcient D remain constant. Therefore the
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dephasing time scales with the dipole and pore size R to the power 2/3. Hence, the
dephasing rate scales with the dipole size and pore size R to the power -2/3, as is also
observed in Fig. 7.7.
To obtain the crossover point from the motional averaging regime into the localization
regime at dephasing rates accessible with experimental NMR, we have decreased the
dimensionless dipole strength µ̃ by a factor of 10. This corresponds to a ferromagnetic
material with a 10 times smaller saturation magnetization. The transition of the motional
averaging regime into the localization regime occurs now for a larger dipole size, because
the 2π phase accumulation limit is reached for larger pores. The absolute value of the
dephasing rate in the motional averaging regime decreases by a factor of 102 , which can
also be observed in Fig. 7.4. From this same ﬁgure, we expect a factor of 102/3 decrease
for the localization part of the curve. In conclusion, the scaling of the dephasing rate in
this conﬁguration can be understood both as a function of dipole size and as a function
of dipole strength.

7.5 Conclusions
A random-walk model is used to investigate the NMR dephasing behavior of water in a
pore subject to a dipolar magnetic ﬁeld. It is found that in this magnetic ﬁeld a motional
averaging and a localization regime occur, just as observed for a uniform magnetic-ﬁeld
gradient.
For the motional averaging regime the dephasing rate scales with the strength of the
dipolar ﬁeld squared, which can be derived directly from expressions found in literature.
For the localization regime, however, to our knowledge no theoretical description for the
dephasing rate is reported, except for the special case of a uniform gradient. We derived
that the dephasing rate scales with the strength of the dipolar ﬁeld to the power 2/3.
This scaling is not only valid for a dipolar magnetic ﬁeld, but also holds in the more
general case of a magnetic ﬁeld with a ﬁxed spatial dependence and a varying magnitude.
It should be emphasized that this power 2/3 dependence is a very elementary property
of the Bloch-Torrey equation in the case of large phase accumulations and a localized
magnetization.
The random-walk simulations have proven that the derived scaling laws for the dephasing rate in the motional averaging and in the localization regime are correct. To
investigate the eﬀect of the size of the dipole, another conﬁguration is simulated, in which
the size of the dipole is equal to the size of the pore. For this situation, again the dephasing
rate scales diﬀerently in the localization regime and the motional averaging regime.
Direct proof of the presence of two distinct regimes can also be found in the 3D
spatially resolved magnetization plots. It is found that the magnetization is homogeneous
for the motional averaging regime and inhomogeneous for the localization regime.
In conclusion, the random-walk model reveals new fundamental insight into the dephasing behavior of diﬀusing spins in inhomogeneous magnetic ﬁelds. The model is currently used to interprete experimental NMR spin-echo measurements on materials containing large amounts of ferromagnetic impurities.
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8. NMR relaxation and diﬀusion measurements on
iron(III) doped Kaolin clay
Kaolin clay samples were mixed with various amounts of Fe2 O3 powder. The
inﬂuence of this magnetic impurity on NMR relaxation and diﬀusion measurements on water in this porous material is investigated. The NMR relaxation
measurements showed a nearly mono-exponential decay, leading to the conclusion that the pore-size distribution of the clay samples is either narrow and/or
that the pores are interconnected very well. Both the longitudinal and the
transverse relaxation rate depend linearly on the concentration of the Fe2 O3
impurity. The NMR diﬀusion measurements revealed that the Fe2 O3 causes
internal magnetic ﬁeld gradients that largely exceed the maximum external
gradient that could be applied by our NMR apparatus (0.3 T/m). Additional
SQUID measurements yielded the magnetization and magnetic susceptibility
of the samples at the magnetic ﬁeld strength used in the NMR measurements
(0.8 T). A theoretical estimate of the internal magnetic ﬁeld gradients leads
to the conclusion that the dephasing behavior of water in the porous clay
samples cannot be described by the commonly observed motional averaging
regime. Probably an intermediate or a localization regime is induced by the
large internal gradients, which are estimated to be on the order of 1 to 10 T/m
in the pore volume and may exceed 1000 T/m at the pore surface.
The content of this chapter has been published in J.Magn.Res., vol.151, pp.291-297 (2001).
This paper was written and submitted before the development of the random-walk model,
as described in Chapters 6 and 7

8.1 Introduction
Nuclear Magnetic Resonance (NMR) on hydrogen (1 H) of water has become a general tool
for determining pore-size distributions of water-saturated porous materials [42]. Among
the porous materials of interest are ﬁred-clay brick [66], mortar [65], silica-gels [42] and
rock [64]. The materials with the highest concentrations of magnetic impurities (about
10 weight %) are the most diﬃcult to measure, because the magnetic ﬁeld gradients
resulting from these impurities dephase the NMR-signal very rapidly. Our interest is
directed to porous building materials, which do have these high concentrations of magnetic
impurities. The objective of this research is to investigate quantitatively the eﬀect of
magnetic impurities on the NMR transverse (T2 ) and longitudinal (T1 ) relaxation times.
Also their eﬀect on the NMR diﬀusion measurements is investigated. To this end a series
of Kaolin clay samples with diﬀerent concentrations of magnetic impurities has been
prepared. First, the sample preparation and characterization will be described, after
which the NMR relaxation and diﬀusion measurements are presented.
77
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8.2 Magnetic impurities
In order to study the eﬀect of magnetic impurities on NMR relaxation and diﬀusion
measurements, a series of speciﬁc samples has been chosen. We will ﬁrst discuss the exact
sample choice and preparation. Next, the ﬁeld dependence of the magnetization of these
samples will be presented.
8.2.1 Sample preparation
In the present study, a mixture of dry Kaolin clay powder (consisting of aluminum calcium
silicates, AlCaSiO3 ) and Fe2 O3 powder is used for the sample preparation. The clay
powder and the Fe2 O3 powder were thoroughly mixed. Next, water was added while
stirring the wet pulp. The resulting mixture was poured in a holder and gently oven
dried at 40 ◦ C. Thereafter, again water was added to the dried clay up till the moment
that it just started to swell. This point is deﬁned as water saturated. The samples
were not compacted during this process. The Fe2 O3 concentration was varied between 0
and about 10 weight-%. From a PIDS (particle size determination with light scattering)
measurement the size of the clay powder particles and the particle size of the Fe2 O3 were
determined. It was found that the particle size of the clay is about 10 µm and that the
mean particle size of the Fe2 O3 is about 1 µm. We assume that the typical pore size is
of the same order as the typical particle size. This gives an approximate pore size of 1 to
10 µm. Additional SEM images conﬁrm this assumption, although also a few pores larger
than 10 µm were observed.
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Fig. 8.1: Magnetization of impurity-doped Kaolin clay as a function of the magnetic ﬁeld. The
arrows denote the direction of the magnetic ﬁeld sweep.
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8.2.2 Magnetization
The magnetization of the prepared clay samples has been measured with a SQUIDmagnetometer. This very sensitive device measures the magnetization as a function of
the applied magnetic ﬁeld.
Figure 8.1 shows the result of a SQUID-measurement on a clay sample with 4.3 weight% Fe2 O3 . The sample appears to have both a ferromagnetic and a paramagnetic magnetization. The paramagnetic contribution is characterized by a straight line with a positive
slope, so the magnetization of the sample increases at increasing magnetic ﬁelds. The
ferromagnetic contribution is characterized by the hysteresis loop around zero magnetic
ﬁeld. The NMR-measurements were performed at B0 = 0.8 T. At this magnetic ﬁeld
strength, the magnetization is obviously a combination of a ferromagnetic and a paramagnetic contribution.
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Fig. 8.2: Magnetization of impurity-doped Kaolin clay at B0 = 0.8 T. The line represents a
linear ﬁt through the data.

SQUID-measurements on all samples revealed that both the ferromagnetic magnetization (in Bohr-magnetons) and the paramagnetic magnetization depend linearly on the
amount of Fe2 O3 impurities. Only the pure Kaolin clay sample had no ferromagnetic
magnetization. For the NMR experiments, the magnetization is the relevant property,
since that is directly related to the internal magnetic ﬁeld gradients in the sample. For
paramagnetism, this magnetization is described adequately by a magnetic susceptibility
χ, like is common in NMR literature. For ferromagnetism, however, the magnetic susceptibility is a function of magnetic ﬁeld strength and not a logical parameter to describe the
magnetic properties of the porous material. Therefore, in this work the magnetization M
of the porous material is used and not the magnetic susceptibility. Figure 8.2 shows the
total magnetization of our samples at B0 = 0.8 T as a function of the amount of Fe2 O3 .
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8.3 Relaxation
The total transverse signal decay exp(−t/T2,tot ) in an NMR spin-echo experiment will be
divided into two parts T2,r and T2,d :
1
T2,tot

=

1
1
+
.
T2,r T2,d

(8.1)

In the term T2,r all relaxation mechanisms are included, i.e., both the bulk relaxation
and the relaxation at the surface of the pore wall. The molecular self-diﬀusion, the pore
size and the magnetic properties of the pore wall determine whether T2,r will be in the
so-called slow or fast-diﬀusion limit [41, 43]. The term T2,d , on the other hand, reﬂects
the dephasing due to random motion in the presence of a magnetic-ﬁeld gradient.
Because the longitudinal magnetization cannot dephase, it can be written as
1
T1,tot

=

1
.
T1,r

(8.2)

Within this formalism, the transverse magnetization M (t) observed by a Hahn spin-echo
sequence can be described by:
M (t) = M0 exp(−

t
T2,tot

) = M0 exp(−

t
T2,r

) Ed ,

(8.3)

where M0 is the magnetization in equilibrium and Ed describes the signal decay due
to dephasing eﬀects. In a bulk ﬂuid, the latter term is often referred to as the signal
decay due to self-diﬀusion [32]. One should note, however, that in a porous system this
terminology may be somewhat confusing, since in that case the self-diﬀusion also has an
eﬀect on T2,r .
The contribution of T2,r to the total transverse relaxation time T2,tot of the samples
was measured with a CPMG pulse sequence [21]. In order to minimize dephasing eﬀects,
the time between successive 180◦ pulses was taken as small as possible, which is 160 µs
for our experimental setup. The assumption that dephasing eﬀects do not aﬀect the measurements with this pulse sequence was checked by doing also CPMG measurements with
an interpulse time of 320 µs, 640 µs, 1280 µs, and 2560 µs. Of course, the decay is largest
for the measurement with the largest interpulse time. We observed that especially the decay curves of the samples with high impurity concentrations were not mono-exponential.
We will return to this point in Chapter 9. The data for each individual sample were
extrapolated to yield the limiting situation of a CPMG measurement with zero interpulse
time. The resulting curves were found to match the results obtained with 160 µs interpulse time rather closely. It is also possible to ﬁt the beginning of the decay curve with a
mono-exponential function. The decay constant of this ﬁt will be called T2,CPMG . A plot
of this ‘short-time CPMG behavior’ decay constant as a function of interpulse time can
be used to extrapolate the data to zero interpulse time. Various extrapolation schemes
yield nearly the same decay constant as the 160 µs interpulse time experiment. Figure 8.3
shows the inverse of the relaxation time T2,r for an interpulse time of 160 µs as a function
of the weight-% Fe2 O3 .
The longitudinal relaxation time T1 was measured with a saturation recovery measurement [76]. The time between the 90◦ and the 180◦ pulse was set at a constant value
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of 80 µs, eﬀectively eliminating dephasing and transverse relaxation eﬀects. The T1 relaxation appeared to be perfectly mono-exponential, indicating that the pore ﬂuid is in
the so-called ‘fast-diﬀusion limit’ as deﬁned by Brownstein et al. [41]. If the pores in
our clay material are not of exactly the same size, the behavior of T1 suggests that they
are interconnected so well that diﬀusion averages out all structure eﬀects [77] which are
smaller than the average pore size.
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Fig. 8.3: Transverse relaxation rate as a function of the amount of magnetic impurities.

Figure 8.4 shows the inverse of the relaxation time T1 as a function of the weight-%
Fe2 O3 . Inspection of ﬁgures 8.3 and 8.4 reveals that both the transverse and longitudinal
relaxation rate increase linearly with the magnetic impurity content.
Because the typical pore size (lS ∼ V /S) is about the same for all samples and because
the pores are in the fast-diﬀusion limit, the relaxation rate can be translated to a surface
relaxivity ρ using the relation [42]:
ρi =

1 V
.
Ti,r S

(8.4)

The subscript i = 1, 2 denotes either longitudinal or transverse relaxation. Given the
results presented in Fig. 8.3 and 8.4, this implies that the surface relaxivity ρ varies
linearly with the weight-% Fe2 O3 . The relatively high longitudinal relaxation rate of the
pure clay sample (at 0 % Fe2 O3 in Fig. 8.4) can be explained by the paramagnetism of
natural Kaolin clay, which causes an enhanced surface relaxivity ρ1 . This eﬀect is reported
extensively by Bryar et al. [78].
Figure 8.4 shows that adding more magnetic impurities to the Kaolin clay does increase
the longitudinal surface relaxivity, but by only a factor of about 3. On the other hand, the
transverse relaxation rate of the pure Kaolin clay increases by a factor of about 15 when
adding magnetic impurities. This suggests an additional mechanism for the transverse
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Fig. 8.4: Longitudinal relaxation rate as a function of the amount of magnetic impurities.

relaxivity. We believe that this mechanism may result from the ferromagnetic impurities
near or at the surface of the porous matrix, which cause extremely large magnetic ﬁeld
gradients at the pore surface, giving a rapid dephasing mechanism close to the pore wall.
Normally in a CPMG measurement dephasing can be refocused by the 180◦ pulses and will
not enter into the value of the surface relaxation time. However, dephasing in extremely
large magnetic ﬁeld gradients may be diﬃcult or impossible to rephase. Therefore we will
interprete our experimental results in terms of a model in which a pore is divided into
two diﬀerent regions. In the region around the middle of the pore, an eﬀective gradient is
assumed to be present. Dephasing due to diﬀusion in this magnetic-ﬁeld gradient can be
refocused with a CPMG pulse sequence with an interpulse time of 160 µs. At the pore wall,
a much larger magnetic-ﬁeld gradient is present giving rise to an increase of the apparent
surface relaxivity. Of course, these two regions are not sharply separated but gradually
merge into each other. It is not clear yet, which fraction of the nuclear magnetization in
the pores can eﬀectively be refocused and which fraction will yield the extra magnetization
‘surface sink’ parameter. Therefore the eﬀect of this rapid dephasing mechanism at the
pore wall is presently investigated with the aid of random-walk simulations.

8.4 Diﬀusion and dephasing
8.4.1 Regimes
Hürlimann [73] deﬁned three length scales to characterize NMR diﬀusion measurements
on porous materials:
√
1. the diﬀusion length, lD = 6D0 τ , where D0 is the molecular self-diﬀusion coeﬃcient
(2.3 × 10−9 m2 /s for water at room temperature)
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2. the size of the pore, lS = V /S, where V is the volume and S is the surface of the
pore
!
3. the dephasing length, lg = 3 D0 /(γg), where γ is the gyromagnetic ratio
(for 1 H, γ/2π = 42.6 MHz/T) and g is the magnetic-ﬁeld gradient
The dephasing part of the Hahn spin-echo decay due to diﬀusion can be associated
with one of three asymptotic regimes. The shortest of the above deﬁned length scales (lD ,
lS or lg ) determines the regime.
The best-known regime is the free-diﬀusion regime. In this regime, the diﬀusion length
is the shortest length scale. During the spin-echo sequence, the majority of the spins have
not yet diﬀused far enough to hit a pore wall. The dephasing part of the spin-echo decay
was already described by Hahn [3]:

1
(8.5)
Ed = exp − D0 (γg)2 (2τ )3 .
12
When the diﬀusion time τ increases, the spin are going to feel the eﬀect of the restricted
geometry. There are two possibilities. They may ﬁrst hit the wall, in which case the pore
size lS is the smallest length scale. The dephasing part of the spin-echo decay is then
described by the motional averaging regime. For a ﬂuid conﬁned between two parallel
plates [69] and [70] have calculated that

1 (γg)2 lS4
2τ .
(8.6)
Ed = exp −
120 D0
Other geometries will lead to another numerical prefactor [71].
The other possibility is that the individual spins dephase at least 2π before they can
reach the wall. In this case the dephasing length lg is the smallest length scale. The
dephasing part of the spin-echo decay is then described by the localization regime. For a
ﬂuid conﬁned between two parallel plates the following equation has been obtained [72]:


1/3
(8.7)
Ed = exp −1.02(γg)2/3 D0 2τ .
An exact solution for a three dimensional situation is not available.
It is clear [73] that intermediate regimes may exist if the above deﬁned length scales are
about the same. However, no description of the dephasing behavior has been reported for
these intermediate situations. Moreover, a real porous material will not have isolated pores
of exactly the same size, but interconnected pores and also a broad pore-size distribution
may be present.
8.4.2 Dephasing measurement
In order to study the eﬀect of the internal magnetic ﬁeld gradients on the dephasing of
the NMR signal, Hahn spin-echo measurements were performed. The time τ between the
90◦ and the 180◦ pulse was varied. The Hahn spin-echo signal, however, is also attenuated
by relaxation eﬀects (cf. Eq. 8.3). In principle one could use CPMG measurements to
correct for these eﬀects, but in our clay samples such measurements may be aﬀected by
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dephasing eﬀects even for the smallest interpulse spacing of 160 µs. The longitudinal
relaxation time, on the other hand, is not aﬀected by dephasing. It is also known from
a number of studies on relaxation rates in porous materials, that T1 varies between T2
and 2 T2 [79]. Therefore the relaxation eﬀect in the Hahn spin echo is estimated by three
diﬀerent methods, T2,r = T2,CPMG , T2,r = T1 and T2,r = 0.5 T1 . To obtain T2,d , the Hahn
spin-echo intensity at 2τ is divided by M0 exp(−2τ /T2,r ) for all three estimates.
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Fig. 8.5: Dephasing part of the spin-echo decay for the Kaolin clay sample with no extra Fe2 O3 .
The solid squares correspond to a correction with T2,CPMG from a CPMG measurement;
the solid circles correspond to a correction with T1 ; the solid triangles correspond to a
correction with 0.5 T1 . Before time t = 2 ms (arrow), the measurements are assumed
to be in the free-diﬀusion regime.

Figure 8.5 shows the results for the sample with no extra magnetic impurities for all
three relaxation estimates. It can be seen that the diﬀerence in the three sets of results
is not large. The dephasing part shows a nearly mono-exponential decay. Only the data
before t = 2 ms deviate from the linear ﬁt. This time corresponds to a diﬀusion length
of about 5 µm, which is of the same order as the typical pore size. Before this time
the majority of the spins do not reach the restriction of the pore wall and are therefore
described by the free-diﬀusion regime. After t = 2 ms the spin-echo decay is described by
a mono-exponential function, which corresponds to either the localization, the motional
averaging, or an intermediate regime. This succession of free and restricted diﬀusion was
found only for the sample with no extra Fe2 O3 . All doped clay samples showed a monoexponential dephasing behavior from t = 160 µs (the minimum spin-echo time). The
diﬀerence between the results obtained from the three relaxation estimates is larger for
these doped samples. This will be discussed in more detail in the next section.
The maximum magnetic-ﬁeld gradient that can be applied with our experimental setup
is 0.3 T/m. Even at this maximum magnetic-ﬁeld gradient no change in spin-echo decay
could be induced for the diﬀerent samples. The only observed eﬀect was a decrease of
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the signal intensity with increasing gradient strength. This is obvious because we use
only one gradient, which acts both as slice selection and readout gradient. Therefore with
increasing gradient strength, the thickness of the selected slice decreases. The insensitivity
of the signal decay to the externally applied gradient leads us to the conclusion that
the internal magnetic ﬁeld gradients are substantially larger than the externally applied
magnetic-ﬁeld gradient.
To distinguish between the localization and the motional averaging regime, one has
to analyze the behavior of the spin-echo decay for a varying self-diﬀusion coeﬃcient D0
or a varying magnetic gradient strength g. First, it was tried to vary the self-diﬀusion
coeﬃcient D0 by varying the temperature of the sample between 20 ◦ C and 80 ◦ C. Since
no signiﬁcant diﬀerences in NMR relaxation and diﬀusion behavior were observed, we
focused our attention to the other variable in the dephasing expression.
As mentioned above, varying the external magnetic-ﬁeld gradient did not change the
NMR spin-echo decay because of the dominant internal magnetic ﬁeld gradients. However, the internal magnetic ﬁeld gradients have actually been varied by preparing different samples with diﬀerent concentrations of magnetic impurities. From the SQUIDmeasurements, the magnetization of these samples is known.
8.4.3 Pore model
We ﬁrst neglect the large local gradients that may be present close to the Fe2 O3 particles,
and assume that the remaining pore region may be described by an eﬀective magneticﬁeld gradient. Brown and Fantazzini [30] showed that the variation in the eﬀective local
magnetic ﬁeld is limited by ∆χB0 . We prefer to deduce this limit directly from the
deﬁnition
 = µ0 (H
 +M
).
B
(8.8)
 is directed along B
 0 , the
Since in our experiments the macroscopic magnetization M

demagnetizing ﬁeld ∆B at the pore surface equals zero when B is perpendicular to the
 is parallel to the pore wall. Other orientations of B
 yield
pore wall, or µ0 M when B
demagnetizing ﬁelds in between these extreme values. Assuming that the magnetization
of the porous material itself is uniform, the maximum variation of the magnetic ﬁeld
inside the pores amounts to µ0 M , where M is the magnetization at the main magnetic
ﬁeld B0 = 0.8 T. The maximum variation occurs at distances comparable to the typical
pore size lS . Hence the magnitude of the eﬀective internal magnetic-ﬁeld gradient can be
estimated by:
µ0 M
.
(8.9)
g=
lS
One should note that, although quantitatively this estimate for g is rather crude, the
actual magnitude of g in our series of samples will scale with M , since these samples have
the same pore geometry. Substitution of this eﬀective internal magnetic-ﬁeld gradient g
into the equation for the dephasing part of the decay in the motional averaging regime
(Eq. 8.6) gives

1 lS2
(γµ0 M )2 2τ ,
(8.10)
Ed = exp −
120 D0
whereas substitution into the equation for the dephasing part of the decay in the
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localization regime (Eq. 8.7) yields
"

1/3

D
Ed = exp −1.02 0 2/3 (γµ0 M )2/3 2τ
(lS )

#
.

(8.11)

To be able to distinguish between the localization and the motional averaging regime,
we write the decay due to dephasing as a mono-exponential function and consider the
decay rate Rd :
Ed = exp (−Rd τ ) .

(8.12)

In Fig. 8.6 the experimental data on the decay rate Rd is plotted on a log-log scale
as a function of the magnetization M . Because we introduced three relaxation estimates,
we obtained three possible decay rates. To keep this ﬁgure clear, we only plotted the
average result of the three methods. The vertical error bars reﬂect the diﬀerence between
the methods. If we take a linear ﬁt through the data with the CPMG measurement
correction, the slope will be 0.57 ± 0.06. The T1 correction will give a slope of 0.75 ± 0.06
and the 0.5 T1 correction will give a slope of 0.72 ± 0.06. It was observed that the two
latter corrections yield nearly the same decay rate. A linear ﬁt through the averaged
data (as shown in Fig. 8.6) yields a slope of 0.66 ± 0.06. Also plotted in Fig. 8.6 are
lines with slope 1 and slope 2. Inspection of the ﬁgure shows that the dephasing cannot
be modeled by the motional averaging regime (Eq. 8.10), which would result in a M 2 dependence. A good candidate would be the localization regime (Eq. 8.11), which has
a M 2/3 -dependence. However, also a linear M -dependence could be possible within the
uncertainty of the measurements. This dependence would correspond to an intermediate
regime and was also found by Borgia et al. [80]. They found that Rd is both linear with
magnetization and frequency. This ‘linear regime’ is characterized by a Cauchy phase
distribution of the spin particles, which would result from a random distribution of dipole
moments. We already mentioned that the surface layer in our pore is characterized by
large magnetic ﬁeld inhomogeneities. These can be caused by the Fe2 O3 particles at or
near the pore surface, which act as strong magnetic dipole moments. For example, a
Fe2 O3 particle with a radius of 1 µm, which is 1 µm inside the clay material will give a
magnetic-ﬁeld gradient at the pore wall of about 7000 T/m. Phase accumulation during
even the shortest spin-echo time (160 µs) in such a high magnetic-ﬁeld gradient may yield
a phase shift of about several tens of radians. In the presence of random motion such an
enormous dephasing generally cannot be refocused. Fortunately, the dipole magnetic ﬁeld
contribution falls of with the third power of the distance and the magnetic-ﬁeld gradient
even with the fourth power. Therefore in the inner part of the pore the dipole ﬁelds from
the individual Fe2 O3 particles are very likely one or two orders of magnitude smaller and
will partly cancel. A description of this region in terms of an eﬀective gradient may be
appropriate.
8.4.4 Eﬀective gradient pore part
As discussed above, it is likely that the inner part of the pore can still be described by
an eﬀective gradient. For this part of the pore, we can estimate some length scales and
magnetic ﬁeld strengths. If we substitute the observed values of Rd (cf. Fig. 8.6) in Eq.
8.7 for the localization regime, we obtain an eﬀective gradient of about 2 T/m for the
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Fig. 8.6: Decay rate Rd describing the dephasing as a function of the magnetization M at a main
magnetic ﬁeld strength B0 = 0.8 T. The transverse relaxation rate is estimated by three
diﬀerent methods. The average result for every sample is plotted as a function of the
magnetization. The error bars are derived from the diﬀerence of the three methods. A
linear ﬁt through the data yields a slope of 0.66 ± 0.06 (solid line). The dotted line has
a slope 1 corresponding to a ‘linear regime’; the dashed line has a slope 2 corresponding
to the ‘motional averaging regime’.

clay sample with no extra Fe2 O3 impurity and about 20 T/m for the clay sample with
maximum (8 weight-% Fe2 O3 ) impurity. These eﬀective gradients cause dephasing lengths
lg between 3.2 µm (no extra Fe2 O3 impurity) and 1.4 µm (8 weight-% Fe2 O3 impurity).
Because our experimental results indicate that the dephasing length must be smaller than
or about equal to the pore size, this gives a lower limit of 3.2 µm for the pore size lS .
On the other hand, if we estimate the internal eﬀective gradients from Eq. 8.9, taking
lS = 3.2 µm, we obtain eﬀective internal gradients varying between 2 T/m (no Fe2 O3 ) and
44 T/m (8 weight-% Fe2 O3 ). Given the crudeness of this approximation and the limited
validity of the eﬀective gradient model for the inner part of the pore, these values agree
nicely with those obtained above.

8.5 Conclusions
The typical pore size of the clay samples is determined by diﬀerent techniques, which
all give consistent results. The typical pore size measured with the PIDS-technique is
between 1 and 10 µm. Analysis of the SEM images conﬁrms this estimate. The transition
from free diﬀusion to restricted diﬀusion in the NMR measurement on the pure Kaolin
clay sample suggests a typical pore size of about 5 µm. The measured dephasing lengths
suggest that the typical pore size is larger than 3.2 µm.
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Magnetization measurements with a SQUID magnetometer show that the Kaolin clay
sample is paramagnetic and the Fe2 O3 doped Kaolin clay samples have a ferro- and
paramagnetic contribution. The total magnetization depends linearly on the amount of
Fe2 O3 impurity. Because of the ferromagnetic contribution, one can better use the total
magnetization than the more commonly used magnetic susceptibility for describing the
NMR dephasing due to diﬀusion in the magnetic ﬁelds of the clay pores.
The magnetic impurities in Fe2 O3 doped Kaolin clay dominate both the longitudinal,
and to a larger extent the transverse relaxation. The impurities enhance the relaxation
of water molecules that are hitting the pore surface. This so called surface relaxivity is
found to vary linearly with the magnetic impurity concentration. The transverse relaxivity
depends much stronger on the magnetic impurity concentration than the longitudinal
relaxivity, indicating that an extra transverse relaxation mechanism is present in the
doped clay samples.
The Hahn spin echo measurements have a signal decay resulting from the combination
of relaxation eﬀects and dephasing due to diﬀusion in an inhomogeneous magnetic ﬁeld.
The transverse relaxation eﬀect can be estimated by the decay of a CPMG measurement
with an as small as possible interpulse time or by relating it to the longitudinal relaxation
time. If the measured spin-echo intensity is divided by one of these estimates of the
transverse relaxation time, the dephasing part can be extracted from a Hahn spin echo
measurement. Such analysis show that the internal magnetic ﬁeld gradients in the clay
samples are substantially larger than the externally applied gradient of 0.3 T/m. This
holds even for the clay sample with no additional Fe2 O3 . The spin-echo decay due to
dephasing of all the clay samples is described by an intermediate ‘linear regime’ or the
localization regime.
All these measurements lead to the following model of the pores in the Kaolin clay
samples. The surface layer of the pore (not necessarily a mono-layer) is inﬂuenced by
the magnetic dipole ﬁelds from the Fe2 O3 -impurities. Within a distance of about 1 µm,
local magnetic ﬁeld gradients can be larger than 1000 T/m. Dephasing in these ﬁelds
cannot be refocused and will eﬀectively lead to an extra transverse relaxation eﬀect. The
inﬂuence of the dipole falls oﬀ rapidly with increasing distance. Therefore, the inner part
of the pore can be described by an eﬀective gradient on the order of 1 or 10 T/m. Of
course, the division of the pore into two regions with diﬀerent magnetic ﬁeld gradients is
a simpliﬁcation: in the actual system a transition region will exist.

9. Interpretation of non-mono-exponential Hahn and
CPMG spin-echo decay in magnetically doped clay
Hahn and CPMG spin-echo intensities of water in a porous material decay
because of dephasing and surface relaxation eﬀects. Experimental Hahn spinecho measurements on a pure Koalas clay sample show a mono-exponential
decay. The addition of ferromagnetic impurities (Fe2 O3 ) leads to an increased
decay rate, which is attributed to an increased internal magnetic ﬁeld. In
the previous Chapter 8, we interpreted our data on a series of samples with
increasing Fe2 O3 doping to an increasing uniform magnetic-ﬁeld gradient in
the pores. Recently, however, we observed that the Hahn spin-echo decay
is not mono exponential when measured with a better signal-to-noise ratio.
The eﬀect of ferromagnetic impurities is now modeled as an additional internal
dipolar ﬁeld. Random-walk simulations of a model system containing one pore
and one magnetic dipole adjacent to the pore, show a similar spin-echo decay
behavior as the experimental results. When a series of samples with diﬀerent
ferromagnetic doping is modeled as samples with a varying magnetic grain
size, a good agreement between the simulations and the experimental results is
obtained. In a CPMG sequence, the dephasing eﬀects are largely compensated.
Therefore, spin echoes can occur for longer times, where the surface relaxation
eﬀect becomes prominent. The simulated CPMG spin-echo decay agrees with
the experimental data for times at which the diﬀusion length is smaller than
the pore size. The observed deviation at longer times is probably due to the
fact that the model contains only one single pore, whereas the actual clay
samples consist of a network of interconnected pores.
The content of this chapter will be submitted to J. Magn. Res.

9.1 Introduction
NMR can be used to characterize porous materials. The oil industry, e.g., uses this
technique in their bore-hole measurements to determine the oil or water content and the
tortuosity and permeability of rocks [32]. There are numerous biomedical examples of
probing the pore structure by doing 1 H NMR of water [81]. Our main interest is in the
ﬁeld of building materials [14]. These porous materials have a relatively high iron content,
which complicates the analysis of NMR measurements.
To analyze the Hahn [3] and CPMG [21] spin-echo decays in these materials in a
systematic way, we have chosen a Kaolin clay as model material. The clay was magnetically doped with small amounts of Fe2 O3 . Therefore, the resulting series of clay
samples had basically the same pore size, but a varying internal magnetic ﬁeld. As a
89
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ﬁrst attempt to describe the NMR data on these materials (cf. Chapter 8), we used a
model of a spherical pore with a uniform internal magnetic-ﬁeld gradient. The magnitude
of this internal gradient was estimated from independent magnetization measurements.
The dephasing rate of the transverse magnetization could be explained with a so-called
‘localization regime’ [73]. However, careful inspection of our experimental NMR results
suggests a non-mono-exponential spin-echo decay for both the Hahn and the CPMG pulse
sequences. This cannot be explained with a model containing only a uniform gradient in
a single pore.
Analytical solutions for more complex pore geometries and internal magnetic ﬁelds
have not been derived up till now for the case of large internal ﬁelds. Recently, we have
developed a numerical random-walk model, to study the dephasing behavior of spins in
a porous material with internal magnetic ﬁelds. It was shown (cf. chaper 6) that this
simulation method reproduces all classical spin-echo results for free and restricted diﬀusion
in a uniform magnetic-ﬁeld gradient. Because a large fraction of the magnetic impurities
in the clay samples are ferromagnetic grains, it is a logical step to try to incorporate
magnetic dipolar ﬁelds in the model. Doing so, we found that a magnetic dipolar ﬁeld
in a single pore may under certain conditions lead to a non-mono-exponential decay of
the Hahn spin echoes (cf. Chapter 7). The noise level of the measurements, however,
prohibited a detailed comparison of the experimental data and the model predictions;
deviations from mono-exponential behavior occur at larger echo times, where the signal
intensity was comparable to the noise. This motivated us to perform additional NMR
experiments which were optimized with respect to the signal-to-noise ratio.
In section 9.2 the clay materials and the measurement method are described. In
section 9.3 the model is explained. This includes a short description of the pore structure
and the magnetic ﬁeld, a brief review of the essentials of the random-walk model and a
detailed description of surface relaxation. Section 9.4 contains the results and is divided
into two subsections. The ﬁrst subsection handles the undoped clay sample, from which
the typical pore size and the uniform internal magnetic ﬁeld gradients are estimated. The
second subsection handles the doped clay samples, which yield a non-mono-exponential
decay. Section 9.5 ends with the conclusions.

9.2 Materials and methods
The clay samples were made by thoroughly mixing dry Kaolin clay powder and Fe2 O3
powder with a grain size between 1 and 10 µm. Next, water was added while stirring
the wet pulp. The resulting mixture was poured in a holder and gently oven dried at
40 ◦ C. Thereafter, again water was added to the dried clay up till the moment that it just
started to swell. This point is called water saturated [82]. The samples have a diameter
of 20 mm and a height of 50 mm. The Fe2 O3 concentration was varied between 0 and
8.5 weight-% in 8 diﬀerent samples. The density of Fe2 O3 is 5.2 g/cm3 and the density of
the Kaolin clay is 2.6 g/cm3 . This means that the volume fraction Fe2 O3 is equal to half
of the weight fraction Fe2 O3 .
Hahn and CPMG spin-echo measurements were performed in a 0.8 T electromagnet.
A static ﬁeld gradient of 0.16 T/m acts as one dimensional imaging gradient and slice
selection gradient. For the Hahn pulse sequence, the shortest interpulse time τ between
the 90◦ pulse and the 180◦ pulse was taken equal to 80 µs, yielding a spin echo at tE =
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2τ = 160 µs. Successive spin-echo measurements were performed at 128 multiples of this
time, giving a maximum tE = 128 × 160 µs = 10.2 ms, for which no signal was observed
anymore. For the CPMG pulse sequence, NCPMG = 512 spin echoes were created with
an interpulse time of 160 µs. The number of averages for every echo (both for the Hahn
and the CPMG sequence) was taken equal to 2048, which appear to give a signal-to-noise
ratio up to 2000.

9.3 Model
Magnetization measurements on the series of clay samples were performed using a SQUID
magnetometer (cf. Chapter 8). It was found that in the undoped clay sample only a
paramagnetic contribution is present, from which we estimated a uniform magnetic-ﬁeld
gradient of g = 2 T/m inside the pores. This magnetization is attributed to the clay
mineral particles themselves.
The doped clay samples all show an additional ferromagnetic contribution and a negligible increase of the paramagnetic contribution. In the previous Chapter 8 no diﬀerence
was made between para- and ferromagnetic contributions. The increase of the magnetization, resulting from the addition of magnetic impurities, was assumed to lead to a higher
uniform magnetic-ﬁeld gradient. In the present study, the additional ferromagnetic contribution is attributed to ferromagnetic grains. These grains produce a dipolar ﬁeld [83]
which is smaller than the main ﬁeld B0 . Therefore, the magnitude of the total magnetic
ﬁeld in the direction parallel to B0 can be written as:
B = B0 +

µ0 µ
(1 − 3 cos2 θ) ,
3
r

(9.1)

where r is the distance from the dipole to the position of the nucleus, θ is the angle
between the z-axis and a line from the dipole to that position and µ is the magnetic
dipole moment of the grain, which can be calculated from the volume VF e2 O3 of the grain
µ = MF e2 O3 VF e2 O3 ,

(9.2)

where MF e2 O3 = 2 × 103 A/m is the saturation magnetization of iron oxide [84]. Also
the SQUID measurements of the previous Chapter 8 yield this value for the saturation
magnetization. The dipolar magnetic ﬁeld is present in the solid matrix and in the pores;
the eﬀects of the susceptibility of pore water or air can be neglected, because they are
much smaller.
The grain size of the Fe2 O3 particles is the same for all doped samples. The extra
ferromagnetic magnetization arises from an increase of the number of grains. In principle,
all these grains inﬂuence the dephasing behavior of the spins in the pores. However, for
computational reasons it is assumed that the magnetic ﬁeld in a pore in the clay sample
is inﬂuenced by only one Fe2 O3 grain. Therefore, the extra ferromagnetic magnetization
is incorporated in the model by varying the size of this Fe2 O3 grain. Although this
approximation is rather crude, preliminary simulations revealed that this simpliﬁed model
already yields the characteristic non-mono-exponential spin-echo decay. Given one Fe2 O3
grain inﬂuencing only one pore, we have to estimate the size of such a grain. From the mass
of the clay and the impurity the following estimate can be made: A spherical pore with a
radius of 3 µm, typical for Kaolin clay (cf. Chapter 8), will have a volume of 1.1×102 µm3 .
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Given a porosity of 0.40 [82] this means that one single pore is surrounded by 2.8×102 µm3
of clay material. Within this volume of the porous matrix, 0 to 4.2 volume-% is occupied
by Fe2 O3 , depending on the sample. For the sample with 4.2 volume-% of Fe2 O3 , the
volume of iron oxide per pore will be VF e2 O3 = 11 µm3 . This corresponds to a sphere with
a radius of 1.4 µm. For the other samples, similar calculations yield radii between 0 and
1.4 µm. Because this radius is of the same order as the pore size and is also in agreement
with the Fe2 O3 grain size, it suggests that this simple model can be used to interpret the
experimental data on the doped clay samples.
To understand the dephasing behavior in a pore, the following three length scales are
important [73]:
√
• the diﬀusion length: lD = 6Dt, where D is the self-diﬀusion coeﬃcient (D =
2.5 × 10−9 m2 /s for water at room temperature).
• the structural length: lS = VS , which is equal to
V , surface area S and radius a.
• the dephasing length: lg =

3

D
,
γg
8

a
3

for a spherical pore with volume

where g is the gradient strength and γ is the

gyromagnetic ratio (γ = 2.67 × 10 rad/Ts for 1 H).
The shortest of the length scales determines the dominant spin-echo decay mechanism.
When the diﬀusion length is the shortest length scale, the situation corresponds to free
diﬀusion. Motional averaging will occur when the structural length is the shortest length
scale. The localization regime is reached when the dephasing length is the shortest length
scale. It should be noted that the dephasing length is only deﬁned in a uniform magneticﬁeld gradient. For an arbitrary magnetic ﬁeld, it is more convenient to deﬁne a spatially
dependent dephasing time (cf. Chapter 7). Within the regimes deﬁned by these length
scales, the Hahn spin-echo decay rate is known for various pore sizes and uniform magnetic
ﬁeld gradients ( [73] and Chapter 6) and for an inhomogeneous internal magnetic ﬁeld (cf.
Chapter 7). The CPMG spin-echo decay rate, however, is not investigated extensively.
Only recently, Sen et al. [85] presented an overview of the spin-echo decay in a uniform
magnetic-ﬁeld gradient by solving the Bloch-Torrey equation numerically. Zielenski and
Sen [86] used the same method to investigate the CPMG spin-echo decay in some other
magnetic ﬁeld geometries.
We tackle the problem of dephasing in a single pore with an internal magnetic ﬁeld
by a random-walk model. The details of this model were extensively described before
(cf. Chapters 6 and 7). From previous simulations with the random-walk model, we
have learned that changing the position of the dipole with respect to the pore space
gives rise to small diﬀerences in the dephasing behavior. However, to keep the analysis
straightforward, the position of the dipole is ﬁxed at the same position, just outside the
pore wall in the clay matrix, in every simulation. Only the eﬀect of surface relaxivity is
introduced for the ﬁrst time in this chapter and therefore described more detailed.
Spins are randomly walking on a simple cubic lattice of 100 × 100 × 100 points, representing a 3D volume of material with a size of (7.5 µm)3 . The lattice size is taken such
that it can include one spherical pore with a radius of 3 µm. Although the actual structure of clay is plate-like, which can easily be observed by SEM images, we will assume
spherical pores, to enable a direct comparison with previously obtained results. During
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the diﬀusion process, the spins accumulate phase. For every simulation time step a spin
can move to one of its 6 neighbors in the 3D lattice, provided that no pore wall is present.
The mean squared displacement of the randomly walking spins on the lattice has to be
equal to the actual mean squared displacement of the Brownian motion. This results in
a diﬀusion time step ∆τ of
l2
,
(9.3)
∆τ =
2d D
where d = 3 is the number of dimensions and l is the distance between two neighboring
lattice points.
 of the pore ﬂuid is the ensemble averaged magnetiThe transverse magnetization M
zation of all individual spins with diﬀerent phases ϕ:
K

 = M0 exp(iϕ) ≡ M0
exp(iϕk ) ,
M
K k=1

(9.4)

where the superscript k refers to one of the K particles. The phase ϕk is the time integral
of the frequency, which simpliﬁes for discrete time steps ∆τ to
 
(9.5)
ϕk = 2π fL xk ∆τ ,
where xk is the position of particle k and fL is the Larmor frequency at that position, which
depends on the magnetic ﬁeld by fL = γB/2π. The Hahn and CPMG spin-echo intensities
are equal to the magnitude of the transverse magnetization at the corresponding spin-echo
times. In the CPMG pulse sequence, 180◦ pulses are applied at t180 = 2(n − 1/2)J∆τ and
spin echoes will appear at spin-echo times tE = 2nJ∆τ , where J is the total number of
time steps between the 90◦ pulse and the ﬁrst 180◦ pulse and n is the spin-echo number.
The total accumulated phase of a diﬀusing particle is inverted at every 180◦ pulse and
therefore described by


N
2nJ
CPMG

 2J(n−1/2)






k
(n−1)
k
k
ϕ = 2πγ∆τ
(−1)
B xj −
B xj
,
(9.6)


n=1
j=2J(n−1)+1

j=2J(n−1/2)+1

 
where B xkj is the spatially dependent magnetic ﬁeld. The Hahn spin echo is just equal
to the ﬁrst spin echo (n = 1) of the CPMG pulse sequence.
If a water molecule hits the pore wall, the spin has a probability P2 to relax because
of the inﬂuence of the local ﬁeld variations at the pore wall. It should be noted that this
relaxation eﬀect is independent from dephasing eﬀects. The probability for transverse
relaxation at the pore wall will be expressed in the model by a surface relaxation time
T2,surf according to
∆τ
P2 =
.
(9.7)
T2,surf
If the transverse relaxation at the pore wall can be neglected (P2 = 0) the walls are
perfectly reﬂecting. If, on the other hand, relaxation will always occur at the pore wall
(P2 = 1), the walls are perfectly absorbing. In the random-walk model, when a particle
hits the pore wall, a random number between 0 and 1 is taken. If this number is less than
P2 , the particle is removed from the simulation.
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Brownstein and Tarr calculated the eﬀect of surface relaxation on the transverse magnetization [41]. In their paper, the eﬀect of relaxation at the pore wall is modeled as a
surface sink parameter, which is generally called the surface relaxivity ρ2 . They found
that the value of the dimensionless parameter ρ2 lS /D determines the magnetization decay. For small values of this parameter (ρ2 lS /D  1), the magnetization is decaying
mono-exponentially in the so-called fast-diﬀusion regime with a relaxation rate given by:
ρ2
1
=
.
T2
lS

(9.8)

For high values of this parameter (ρ2 lS /D  1), the magnetization is decaying nonmono exponentially in the so-called slow-diﬀusion regime. Although the main contribution
(about 80 %) to the solution is identical to the fast-diﬀusion situation, there will be an
additional faster relaxing component with an intensity of about 20 %. Their paper gives
exact solutions for certain pore geometries. Also the eﬀect of the dimensionless parameter
on the solutions is discussed extensively.
It is diﬃcult to measure the transverse relaxation separately, because it is always
subject to dephasing eﬀects, when spins are diﬀusing. On the other hand, without a
diﬀusion process the wall relaxation does not enter the solutions. The CPMG pulse
sequence seems to be the best experimental tool, because it repeatedly refocuses the
magnetization during a pulse sequence. However, one should carefully check the degree
of dephasing that still remains in a CPMG experiment. For example, by varying the
interpulse time, the dephasing rate is, to a certain extent, varied also [30].

9.4 Results and discussion
9.4.1 Undoped Kaolin clay
In this section, Hahn measurements on the undoped Kaolin clay sample will be used
to estimate the typical pore size and the magnitude of the uniform internal magneticﬁeld gradient. Next, the CPMG measurements will be used to validate this choice of
parameters and to determine the surface relaxivity.
The Hahn spin-echo intensity (SEI) is plotted in Fig. 9.1 as a function of the spin-echo
time. The left part of the curve shows a typical free-diﬀusion decay, whereas the right part
shows a mono-exponential decay. For a uniform gradient, both the localization and the
motional averaging regime have a mono-exponential decay [73]. Therefore, to distinguish
between these two, the relevant length scales have to be calculated. In Chapter 8 an
internal magnetic-ﬁeld gradient of 2 T/m was estimated (yielding a dephasing length
of 1.7 µm) and a structural length lS on the order of 3 µm was estimated. Using the
random-walk model, we can reﬁne this rough estimate of pore size and gradient strength.
Varying the pore size or the gradient strength appears to change both the dephasing rate
and the time at which the transition from free diﬀusion to restricted diﬀusion occurs.
By trial-and-error, a nice agreement between the experimental results and the simulated
data is found for a pore radius of 3 µm (lS = 1 µm), and a gradient strength of 1.65 T/m
(lg = 1.8 µm). The spin-echo intensities resulting from the random-walk calculations with
these parameters are also plotted in Fig. 9.1. The number of particles in the simulations
is taken in such a way that the resulting noise level is about equal to the noise level of
the experimental spin-echo measurements.
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Fig. 9.1: Hahn spin-echo intensity as a function of spin-echo time for the Kaolin clay sample. The
solid squares denote experimental data and the open squares reﬂect the corresponding
model prediction.

The CPMG spin-echo intensities are plotted in Fig. 9.2. Both the experimental data
and the simulated spin-echo intensities are shown. For the CPMG spin-echo simulations,
the same parameters were used as for the Hahn spin-echo simulation, with the addition of
a numerical surface relaxation probability of P2 = 2.5 × 10−3 . The agreement between the
experimental and simulated spin-echo intensities is good. The noise level of the simulations
(invisible in Fig. 9.2, because < 10−4 ) is smaller than the noise level of the experiments.
To check the inﬂuence of dephasing eﬀects, the measurements were also performed with
a doubled interpulse time (320 µs). The resulting spin-echo decay is nearly the same as
the spin-echo decay in Fig. 9.2, indicating that only surface relaxation causes this decay
and not the dephasing due to diﬀusion in magnetic ﬁeld gradients.
Another check of dephasing eﬀects in the CPMG pulse sequence was done with the
random-walk model. This yields nearly the same spin-echo decay curves when the gradient
is varied between 0 and 2 T/m, indicating that dephasing eﬀects are eﬀectively refocused
by the successive 180◦ pulses. This corroborates the experimental indication that the spinecho decay is mainly caused by surface relaxation. By ﬁtting a mono-exponential function
to the experimentally observed spin-echo decay, a surface relaxivity of ρ2 = 1.2×10−4 m/s
is obtained from Eq. 9.8.
The dimensionless parameter ρ2 lS /D = 0.5, which implies that this pore is just in the
fast-diﬀusion limit. When the surface relaxivity or the pore size is increased by a factor
of about 2, the random-walk model shows a non-mono-exponential decay, as predicted by
Brownstein and Tarr [41] for the slow-diﬀusion regime.
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Fig. 9.2: Spin-echo intensities of a CPMG sequence for the Kaolin clay sample. The black dots
denote the experimental data and the open circles represent the corresponding model
prediction. The solid line is a ﬁt of a mono-exponential decay to the experimental
data. The dashed line gives the noise level of the experimental results. The noise level
of the simulations is smaller than 10−4 .

9.4.2 Doped Kaolin clay
Now that the undoped Kaolin clay sample is characterized by NMR, we will analyze the
results of the spin-echo measurements on the magnetically doped samples. We assume
that the iron oxide doping does not signiﬁcantly change the pore structure [33]. Therefore,
we use the pore radius of 3 µm derived above in the simulations for all clay samples. The
uniform internal magnetic-ﬁeld gradient induced by the paramagnetic impurities in the
pore matrix is ﬁxed at 1.65 T/m for all samples. The ferromagnetic Fe2 O3 grains will
give the additional dipolar magnetic ﬁeld. Below, we will ﬁrst consider the sample with
4.3 weight-% Fe2 O3 . Next, the other doped clay samples will be discussed.
The results of the Hahn spin-echo measurement on the 4.3 weight-% Fe2 O3 doped clay
sample are plotted in Fig. 9.3. Similar results of measurements with a lower signal-tonoise ratio, were used in Chapter 8, where a mono-exponential decay was ﬁtted to the
data. However, the numerical simulations of dephasing spins in a dipolar ﬁeld revealed
a small but signiﬁcant deviation from this mono-exponential decay. This deviation appears at echo times where the diﬀusion length becomes equal to the dephasing length. In
many experiments the spin-echo intensity has then already decayed below the noise level.
Because our aim is to validate the model system outlined above, the Hahn spin-echo measurements were repeated with 2048 averages to increase the signal-to-noise ratio (notice
the span of the vertical axis in Fig. 9.3). It is obvious from the results presented in this
ﬁgure, that the experimental data cannot be described adequately by a mono-exponential
decay, even when an appropriate noise level is taken into account.

9.4. Results and discussion

97

1

Hahn NMR
Hahn numerical

SEI [a.u.]

0.1

0.01

1E-3

noise level
1E-4
0.000

0.005

0.010

time [s]

Fig. 9.3: Hahn spin-echo intensities as a function of spin-echo time for the 4.3 weight-% Fe2 O3
doped clay sample. The solid squares denote the experimental data. The open squares
reﬂect the corresponding model prediction. The solid curve represents a ﬁt to the
experimental data of a sum of a mono-exponential decay and an appropriate noise
level (dashed line).

The size of the Fe2 O3 grain for the 4.3 weight-% doped sample is estimated as 1.1 µm
from calculations similar to those of section 9.3. If we use the grain size as a tunable
parameter to match the model prediction with the experimental results, we obtain a
grain size of 0.5 µm. These two values are in good agreement, if one keeps in mind the
assumption that the dipolar ﬁeld in the pore originates only from one Fe2 O3 grain. The
corresponding numerical result is shown in Fig. 9.3. The noise level of the numerical
results is taken about equal to the noise level of the experimental data by adjusting the
number of simulated particles.
The curvature of the spin-echo decay for the experimental results in Fig. 9.3 is larger
than for the numerical results. It is found from the random-walk model, that the time at
which this curvature becomes prominent is hardly inﬂuenced by the strength of the dipolar
magnetic ﬁeld, but almost exclusively by the pore size. However, if the estimated pore size
is increased to improve the agreement between the experimental and the numerical results,
some of the model predictions obtained above for the undoped clay sample will start to
deviate from the corresponding experimental results. Apart from this, the simulation of
the CPMG spin-echo decay for this sample will yield a non-mono-exponential behavior,
which is logical, because a slow-diﬀusion eﬀect will occur. For this reason, we have not
adapted our previous estimate of the pore size.
Figure 9.4 shows both the simulated and experimentally measured CPMG spin-echo
intensities. In the random-walk model, the same dipole size (1 µm) as for the Hahn
spin-echo simulation is used. A good agreement is found for spin-echo times up till
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Fig. 9.4: CPMG spin-echo intensities as a function of spin-echo time for the 4.3 weight-% Fe2 O3
doped clay sample. The solid squares denote the experimental data. The open squares
represent the corresponding model prediction.

t = 2 × 10−3 s. Thereafter, the experimental CPMG spin-echo decay becomes more
curved than the simulated spin-echo decay. Normally, one attributes such a non-monoexponential decay to two possible eﬀects. First, the system could be in the slow-diﬀusion
limit, but we have shown above that this is not the case for these clay samples. Secondly, if
the pore-size distribution of the material is broad and the pores are badly connected, this
will result in a non-mono-exponential decay. However, also this explanation can be ruled
out, because the experimental results on the undoped clay show a mono-exponential decay,
indicating a very well connected pore system and/or a very sharp pore-size distribution.
The fact that the numerical results deviate from the experimental data only for larger
times suggests that the model is not correctly describing a connected porous system. For
larger diﬀusion times, spin will diﬀuse from one pore to another in the clay material,
whereas in our model system only one single pore is considered. Probably, the model
overestimates the dephasing rate because no spins can diﬀuse to channels or other pores
where the eﬀect of the magnetic dipole is less or even absent.
The correlation between the experimental spin-echo decay and the random-walk simulations has been investigated for all 8 clay samples with diﬀerent Fe2 O3 contents. From
the SQUID-measurements, it was found that the magnetization depends linearly on the
weight-% Fe2 O3 doping (cf. Chapter 8). For a model containing one dipole per pore,
the dipole strength is proportional to the magnetization of the sample. Therefore, if the
dipole size in the simulations of one doped clay sample is taken as a tunable parameter
(as done for the 4.3 weight-% sample), this ﬁxes the dipole size of all the other samples.
Figure 9.5 shows, e.g., the experimental and numerical results for the 8.5 weight-% doped
clay sample. Also a ﬁt of a mono-exponential decay to the experimental data is plotted,
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to emphasize the curvature of the experimental results. A good agreement between the
model prediction and the experimental results can be observed, despite the crudeness of
the model system. This sample is two times more doped than the 4.3 weight-% sample; it
has a two times higher magnetization,
and therefore a two times larger volume of Fe2 O3 ,
√
which yields a dipole radius of 3 2 × 1 µm= 1.26 µm. Scaling of the dipole size in this way
for all the other doped clay samples gives a similar agreement between the experimental
Hahn spin-echo decay and the random-walk simulations. Only the simulated CPMG spin
echoes after t = 2 × 10−3 s start to deviate from the experimental data, as was also
observed for the 4.3 weight-% doped sample.
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Fig. 9.5: Hahn spin-echo intensities as a function of spin-echo time for the 8.5 weight-% Fe2 O3
doped clay sample. The solid squares denote the experimental data. The open squares
represent the corresponding model prediction. The solid curve reﬂects a ﬁt to the
experimental data of the sum of a mono-exponential decay and an appropriate noise
level (dashed line).

9.5 Conclusions
We observed that the Hahn spin-echo intensities of the undoped clay sample ﬁrst decay
according to the free-diﬀusion regime and later according to a restricted-diﬀusion regime.
Using SQUID magnetization measurements on this sample, a ﬁrst estimate of the pore
size and the uniform internal magnetic-ﬁeld gradient was made. With a random-walk
simulation, these values were reﬁned to get a good match between the experimental and
simulated spin-echo decay. We obtained a pore radius of 3 µm, which yields a structural
length lS = 1 µm, and a uniform magnetic-ﬁeld gradient g = 1.65 T/m, which yields a
dephasing length of lg = 1.8 µm. Because lS < lg , the dephasing behavior of the undoped
clay sample is described by the localization regime.
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From the CPMG spin-echo intensities of the same sample the surface relaxivity was
determined as ρ2 = 1.2 × 10−4 m/s. Therefore the relaxation behavior of this sample is
described by the fast-diﬀusion regime. To see whether dephasing eﬀects are present in the
CPMG spin-echo decay, two checks were performed. In the experiments, the interpulse
time was doubled, yielding no signiﬁcant increase of the decay rate. In the simulations,
the gradient strength was varied between 0 and 2 T/m and also no signiﬁcant increase of
the dephasing rate was observed.
From SQUID measurements on the doped samples it is concluded that the additional
ferromagnetic contribution to the magnetization depends linearly on the weight-% iron
oxide doping. The mass of Fe2 O3 in the 4.3 weight-% doped sample corresponds to
a magnetic grain radius of 1.1 µm in our model (one Fe2 O3 grain per pore), whereas
optimizing the dipolar ﬁeld strength in the simulations yields a radius of 0.5 µm. Given
the crudeness of the method, these two approaches agree very well.
The agreement of the experimental spin-echo decay with the random-walk simulations
is fair for all samples. It should be noted that for the Hahn spin echoes this agreement is
found for all echo times at which a signal can be observed, whereas for the CPMG spin
echoes the agreement is only found for spin-echo times smaller than the time needed for
a spin to travel to other pores. Nevertheless, we have demonstrated that the observed
non-mono-exponential Hahn spin-echo decay of magnetically doped Kaolin clay samples
can be described by the mechanism of dephasing due to diﬀusion in a dipolar ﬁeld.

10. Discussion, conclusions and suggestions
In this chapter, some suggestions for future research will be given. It is split in two
sections. First, we will discuss additional research in which NMR may enable a better
characterization of building materials and the transport of moisture in these materials.
Thereafter, some additional research will be discussed, which is not of direct practical
interest for the building industry, but may lead to a better interpretation of NMR data
on porous materials with high internal magnetic ﬁelds. These results are primarily of
interest for research on technological porous materials. However, as NMR is performed in
increasingly higher magnetic ﬁelds, to increase the resolution in MRI and spectroscopy,
the eﬀect of susceptibility diﬀerences and geometry will become important in essentially
all porous materials.

10.1 Building Materials
One of the most important questions at the start of this project concerned the relaxation
times in building materials. It was found that the transverse relaxation time (T2 ) is short
(order of ms) for both ﬁred-clay brick and mortar, whereas the longitudinal relaxation
time (T1 ) is diﬀerent for these two materials. It is known that both the longitudinal and
transverse relaxation time of a liquid conﬁned in a porous material are decreased by the
enhanced relaxivity occurring at the pore surfaces. This eﬀect is on the same order of
magnitude for T1 and T2 [87]. The reduced relaxation times of mortar can be explained
in terms of this model. However, the mechanisms governing the relaxation times in ﬁredclay brick are not understood. The answer to the question why T2 in a ﬁred-clay brick
is so short, whereas T1 is hardly decreased compared to its bulk value, can be found
in dephasing eﬀects. These eﬀects also explain why T2 is short (order of ms) for both
clay and ﬁred-clay, whereas T1 is short for clay and long for ﬁred-clay: during the ﬁring
process [33] the mean pore size and hence T1 increases, whereas the dephasing remains
very large.
For additional research on building materials, the material itself has to be characterized
very well. For this purpose, the pore-size distribution and the tortuosity can be measured.
The pore-size distribution is generally extracted from the relaxation-time distribution (as
demonstrated in Chapters 4 and 5). The tortuosity is a measure of how the pores are
interconnected. McCall et al. [77] used an eﬀective medium theory to analyze the eﬀect of
a changing tortuosity on the NMR relaxation-time distribution. However, no experimental
veriﬁcation of this model can be found in literature. Another way of probing the tortuosity
is by NMR Pulsed Field Gradient (PFG) measurements. For a system of interconnected
pores, the observed self-diﬀusion coeﬃcient is found to depend on time [88], because at
longer times, the spins probe a larger fraction of the pore system. The ratio of the long
time self-diﬀusion coeﬃcient and the initial self-diﬀusion coeﬃcient gives the tortuosity.
Experiments have mainly been performed on biological tissue [81]. This technique fails
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if the internal magnetic ﬁelds are too high. Materials with some amount of magnetic
impurities (< 0.5 weight-%) are used in PFG measurements with a special pulse sequence
that compensates for background gradients: gypsum [89, 90], sandstones [91] and natural
sedimentary rocks [92]. However, it is not clear if this pulse sequence also can compensate
for the internal magnetic ﬁelds of clay and ﬁred-clay brick.
10.1.1 Magnetization
The magnetic characterization can be performed by magnetization measurements (with
a SQUID- or VSM-device). Also the type of magnetization (dia, para, ferro, superpara,
ferri, etc...) can be found by performing these measurements as a function of temperature
or by Mössbauer measurements. The diﬀerent types of magnetization (para and ferro)
are interpreted in the model of Chapter 9 in terms of diﬀerent magnetic ﬁelds (uniform
magnetic-ﬁeld gradient and dipolar magnetic ﬁeld). More detailed information on the
actual internal magnetic ﬁeld can lead to a better understanding of the dephasing behavior
of the spins.
10.1.2 Imaging
It is checked by measurements on samples with diﬀerent sizes, that all relaxometry and
diﬀusometry measurements reported in this thesis can be applied together with the 1D
imaging principle. The resolution of such a measurement has to be larger than the representative elementary volume (REV) to average out the microscopic heterogeneities. A
typical resolution of 1 mm, used in our NMR apparatus, is larger than the REV of clay and
ﬁred-clay brick [24]. Samples which are heterogeneous on a larger scale, e.g., brick-mortarbrick interfaces, can be investigated with relaxometry and diﬀusometry. Apart from this,
these techniques can be applied during a drying or water uptake experiment. Although
only the 1D imaging principle is used in this thesis, there are no physical limitations in
using relaxometry and diﬀusometry in 3D imaging experiments.
10.1.3 Mortar
A special mortar with a low amount of iron oxide was used in the cryoporometry measurements (cf. Chapter 4) and in the drying measurements (cf. Chapter 5). With the
current knowledge about dephasing (cf. Chapters 8 and 9), also the more usual Hoogovens
cements (60 % of Dutch market) and Portland cements (40 % of Dutch market) can be
characterized [93]. Knowledge about the pore structure of these cements is of more practical interest than the pore structure of the special mortar we used up till now.
10.1.4 Clay and ﬁred-clay brick
Hahn and CPMG spin-echo measurements on a lot of diﬀerent natural clays and ﬁred-clay
bricks show similar spin-echo decay behavior. The relaxation times are of the same order
and the decay is non-mono exponential. This indicates that the exact kind of magnetic
impurity in the mix of the various clay minerals is not of primary importance. The
major problem in comparing these natural clays and ﬁred-clay bricks, is the diﬀerence
in pore structure. Pore-size distribution measurements with mercury intrusion (between
100 nm and 10 µm) can be used to detect variations in pore structure for diﬀerent clays.
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However, one should keep in mind that this technique is more sensitive to the connectivity
of the material than to the actual pore-size distribution. Clays and ﬁred-clays only have
a minor fraction of pores smaller than those detectable with mercury intrusion. Ketelaars
showed that even the fragile unsintered clay can be characterized by mercury intrusion
measurements [94]. The identiﬁcation of small pores, however, remains a problem because
large pressures are needed to detect small pore sizes.
10.1.5 Firing clays
Natural ﬁred-clays are diﬃcult to compare because of the diﬀerence in pore structure.
Therefore, it can be beneﬁcial to ﬁre the ﬁred-clay bricks in a controlled reproducible way
in the laboratory. By varying the magnetic impurity content of the clay powder (as done
in Chapters 8 and 9), a series of ﬁred-clay brick samples with diﬀerent internal magnetic
ﬁelds can be made. It should be checked that the magnetic doping does not inﬂuence the
pore structure signiﬁcantly.
Firing temperature, ﬁring time, and oxidation environment are the most important
parameters which can be varied during ﬁring and which can be used to control the ﬁnal
pore structure and magnetic properties of the ﬁred brick. In this way, a certain parameter
(e.g., saturation magnetization) can be varied systematically in a series of samples and
the inﬂuence on the NMR signal can be investigated. Using a series of natural ﬁred-clay
bricks will always yield a variation of more parameters at a time.
10.1.6 Damage mechanisms
The interest in moisture transport originates from the desire to prevent several processes
that cause damage to building materials. Freezing phenomena can be investigated with the
new experimental setup, described in Chapter 4. In that chapter, also additional research
on this topic is proposed. Another important damage process is salt crystallization. It is
shown that dissolved salt can be imaged and crystallized salt is invisible with our NMR
equipment [95]. This topic is subject of current research [96]. The random-walk model
might be helpful in understanding the results of relaxometry measurements on Na+ ions
that are carried out in our laboratory.

10.2 NMR on porous materials
As mentioned above, in this section some suggestions for future research are given which
are not of direct interest to the building industry, but may help in understanding NMR
results on porous materials with large internal magnetic ﬁelds. First, the eﬀect of inhomogeneously distributed microscopic (inside one pore) nuclear magnetization is described.
Thereafter, additional NMR pulse sequences are discussed that are available to investigate
porous materials. Finally, improvements of the random-walk model are proposed.
10.2.1 Microscopic inhomogeneous magnetization
Of interest is the diﬀerence of the spin-echo decay in the slow and fast-diﬀusion regime as
deﬁned by Brownstein and Tarr [41] (achieved by varying the pore size) and the diﬀerence
of spin-echo decay in the localization and the motional averaging regime as deﬁned by
Hürlimann [73] (achieved by varying the internal magnetic ﬁeld strength). Both slow
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diﬀusion and localization will give an inhomogeneously distributed magnetization, whereas
fast diﬀusion and motional averaging will give a homogeneous magnetization through the
entire pore space.
The Brownian motion of the water molecules in the porous material homogenizes the
nuclear magnetization. However, at the spin-echo time, the diﬀusion length is generally
not as large as the REV. The volume which can be probed by the diﬀusing spins is
called a ‘diﬀusion cell’ by Jehng [47]. Hence, the material consist of diﬀusion cells with
such a size, that spins from one cell can never diﬀuse to another cell within the time
of a spin-echo experiment. If relaxation in certain cells is faster than in other cells, the
magnetization will be inhomogeneously distributed over the whole sample. The volume
of a diﬀusion cell depends on the self-diﬀusion coeﬃcient. Therefore, if one would like to
probe a much larger volume during a spin-echo sequence, a higher self-diﬀusion coeﬃcient
is needed. The self-diﬀusion coeﬃcient of a gas is about thousand times as high as the
self-diﬀusion coeﬃcient of water. However, the density of gas is three orders of magnitude
lower than the density of water. This problem can be solved by using polarized gas.
Fortunately, the longitudinal relaxation time of suitable polarized gases (3 He, 129 Xe) is
large enough to give the molecules suﬃcient time to diﬀuse through the pore structure
(e.g., the diﬀusion length in a 129 Xe PFG experiment is 2 mm [97]). If this time is too
large, the addition of oxygen can decrease it to the desired level. Obviously, to probe
an as large as possible pore space, other pulse sequences have to be used, which will be
explained in the next subsection. For more details about polarized gas NMR, the reader
is referred to [98, 99, 100].
10.2.2 Pulse sequences
As mentioned in Chapter 2, diﬀusing spins are always inﬂuenced by dephasing eﬀects,
when the magnetization is in the transverse plane. The best-known example of dephasing
occurs during a Hahn spin-echo, which can lead to a considerable spin-echo decay. It
was realized soon that this eﬀect can be reduced by prohibiting the spins to accumulate
large phase diﬀerences by frequently giving a 180◦ pulse. However, in large magnetic ﬁeld
gradients, these 180◦ pulses cannot be repeated fast enough to prevent dephasing, as was
shown in Chapter 8. Nevertheless, we would like to extract information from molecules
which probe more pore space than in the situation of Hahn or CPMG spin echoes. These
molecules have to travel a lot of pores, which is needed to measure the tortuosity of the
pore structure.
The nuclear magnetization can be used in such a way that it probes the pore space,
but does not decay due to dephasing eﬀects. This can be done with the stimulated echo
sequence, which consists of three 90◦ pulses. The ﬁrst pulse ﬂips the equilibrium magnetization into the transverse plane. The second pulse, applied as soon as possible after
the ﬁrst one, ﬂips most of the transverse magnetization along the negative z-axis. Now,
this longitudinal magnetization is only subject to the longitudinal relaxation mechanism,
because it has no phase and is therefore not subject to dephasing eﬀects. If the spins
have traveled for some time through the pore space, the third 90◦ pulse is given. The
magnetization will refocus in the transverse plane and form a stimulated spin-echo [3, 101].
Up to now, this pulse sequence is not used very much in research on porous materials.
Only recently, Song [102] reported stimulated spin-echo measurements on a porous rock.
Perhaps, the infrequent use of this sequence is caused by problems in interpreting the
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spin-echo intensity, which will not be described by the equation for a bulk ﬂuid in a
uniform magnetic-ﬁeld gradient. No analytical solutions can be found in literature of the
stimulated spin-echo intensity for restricted diﬀustion in a non-uniform internal magnetic
ﬁeld. Using the random-walk model, however, appropriate expressions for the spin-echo
intensity can be derived.
Especially in the case of an inhomogeneously distributed magnetization, it may be
interesting to create a stimulated echo after another pulse sequence, which destroys only
a part of the spin magnetization in the pore system. If, e.g., a stimulated echo pulse
sequence is applied after a CPMG pulse sequence, only the spins with the largest T2 (e.g.,
the spins in the largest pores) will contribute to the stimulated spin-echo intensity.
Also the opposite can be done, a relaxation time measurement after a stimulated
pulse sequence. If, e.g., a CPMG pulse sequence is applied after a stimulated echo pulse
sequence, only the spins with a relatively small T1 (e.g., the spins in the smallest pores)
will contribute to the T2 measurement. Kenyon [61] performed a CPMG pulse sequence
after just one 90◦ pulse for the same purpose.
10.2.3 Model
The random-walk model introduced in Chapters 6 and 7 is based on only one single pore.
The internal magnetic ﬁeld is taken as a uniform gradient or a dipolar ﬁeld. It is obvious
that also other pore and ﬁeld geometries may exist. As already mentioned in Chapter 9,
the simulated CPMG spin-echo intensities start to deviate from the experimental ones,
when the diﬀusion length becomes comparable to the pore size. Therefore it may be
necessary to incorporate a more realistic pore structure in the model to obtain a better
description of the experimental data at larger echo times.
Simulating a more complicated pore structure using the current straightforward implementation of the numerical code is not trivial, because the lattice size would become
so large that it no longer ﬁts in the memory of the used personal computers (on the order
of 100 Mbyte).
More advanced implementations are required to simulate larger lattices. For example,
when only a small fraction of the volume of the simulated porous material contains water,
a lattice description in terms of connections between neighboring lattice points in the
pores would be preferable, rather than a continuous lattice in which most points are
redundant. This method can reduce the required memory size at the cost of increasing
the complexity of the numerical code.
Another approach to simulate large lattices is to divide the lattice in overlapping
regions that are small enough to ﬁt entirely in the computer memory. Instead of simulating
the individual particles sequentially, one now simulates all particles inside a certain region
concurrently. The program would continuously load other regions in memory and simulate
the particles inside these regions. The simulation stops when all the particles have reached
a speciﬁed end time. This method is slower and more complex than the straightforward
approach, but lattices of any size can be simulated. It also gives the opportunity to easily
distribute the regions over a multi-processor system.
Simulations based on a multi-scale approach have been suggested [103] to avoid the
use of very large lattices.
To our knowledge, only one concurrent 3D random-walk model is described in literature [104, 105] containing a lattice of size 512 × 512 × 512. However, this model is only
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accounting for surface relaxation and not for the essential dephasing mechanism.
Only the pulse sequences FID, Hahn and CPMG are simulated up till now, whereas
the random-walk model easily can be extended to other pulse sequences, for example, the
stimulated spin echo. The model will be a valuable tool when interpreting the experimental results of these pulse sequences applied to a porous material.
The current simulation program uses a stationary magnetic ﬁeld, often referred to
as Static Field Gradient (SFG). The implementation of a magnetic-ﬁeld gradient that
changes with time, a Pulsed Field Gradient (PFG), is by no means easy, but can be
incorporated by adding a time varying uniform gradient. This might help in solving
questions about PFG relaxometry and diﬀusometry measurements [81, 106] on various
classes of porous materials, including building materials.
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Summary
Nuclear Magnetic Resonance (NMR) is a very powerful technique. In the research described in this thesis, NMR is used to study technological porous materials, with emphasis
on building materials. Since these materials contain a large amount of magnetic impurities, the research leads to a lot of challenging physical problems.
Over the last 10 years, there has been a growing interest in NMR research on ﬂuids
conﬁned in porous materials. The so-called longitudinal (T1 ) and transverse (T2 ) relaxation times of hydrogen nuclei in a ﬂuid are inﬂuenced by the porous material. Water is
the most studied ﬂuid, but also research of oil in rock and of fat in the human body is
performed. Very frequently studied porous materials are: biological tissue, rock, plants,
heterogeneous catalysts, clay, and building materials. The latter materials have our special attention, because we would like to describe the moisture transport within them.
With this knowledge, the most important damage processes can be understood. Moisture
in a building material can lead to frost damage, salt crystallization, and growth of algae.
NMR Imaging (MRI) is the best imaging technique for this moisture.
The building materials described in this thesis are mortar, clay, and ﬁred-clay brick.
Mortar diﬀers from clay in various respects. The pore structure of mortar contains relatively small pores (1 − 100 nm), which are badly interconnected, whereas clay contains
relatively large pores (100 nm−10 µm), which are interconnected very well. The NMR
relaxation times T1 and T2 depend in principle on the pore size. One would therefore
expect shorter relaxation times for mortar than for clay. However, the NMR dephasing
behavior, caused by magnetic impurities in clay, shortens T2 to such an extent that this
relaxation time for clay is on the same order as for mortar. The interpretation of relaxation times in terms of a pore-size distribution is called relaxometry and is not trivial for
the materials we used, but leads to the research as described in this thesis.
Another technique to determine the pore-size distribution is cryoporometry, which
measures the volume-to-surface ratio, just as the relaxometry technique. This technique
is based on the fact that the melting point of a ﬂuid conﬁned in a porous material is
increasingly decreased for smaller pores. To measure this so-called melting-point depression, a specialized NMR setup has been built including a cryostat, that can control
the temperature of the sample for a long period (2 days) within a range of −100 ◦ C
to room temperature. Measurements on a series of silica-gel samples with well-known
pore-size distributions showed a good correlation between the results of relaxometry and
cryoporometry. Next, a combined measurement was performed on mortar, to study the
complex pore structure of this material. From these measurements it appears that a layer
of water is present on the pore surface. Also the dense-gel and open-gel pores can be
distinguished. Apart from that, the water in the capillary pores is clearly discernible
from the water in the gel pores, because of the low melting-point depression.
The same mortar was used for a spatially resolved one-dimensional drying experiment,
in which relaxometry was performed simultaneously. This experiment demonstrates the
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big advantage of a relaxation-weighted MRI-experiment: it can distinguish the water in
the large (capillary) pores from the water in the small (gel) pores. It is concluded that
the water in the gel pores cannot be extracted from mortar during a drying experiment
at room temperature with a relative humidity of maximum 5 %, in contrast to the water
in the capillary pores that does evaporate.
The above mentioned interpretation of the relaxometry results in terms of a pore-size
distribution is one of the many examples which lead to the earlier mentioned research
on the dephasing behavior. NMR Hahn and CPMG spin-echo measurements showed
such a complex spin-echo decay, that it was decided to develop a numerical model. In
this model, the magnetic moments of nuclei accumulate a certain phase, depending on
their random trajectory through an inhomogeneous magnetic ﬁeld. The results of this
numerical model for classical situations (e.g., free diﬀusion in a uniform magnetic-ﬁeld
gradient) are in perfect agreement with the well-known analytical solutions. Therefore,
we continued with simulations of the dephasing behavior of nuclear spins in a spherical
pore. First, a uniform gradient was assumed in this pore. Using these simulations the
existing theory, which predicts two asymptotical dephasing regimes (‘motional averaging’
and ‘localization’), has been veriﬁed and extended with an ‘intermediate regime’. Next,
in the model a dipolar magnetic ﬁeld was created inside the pore, by putting a magnetic
point-dipole in the solid matrix surrounding the pore. The decay of the simulated spinechoes can be predicted with scaling laws. For the ‘motional averaging regime’ with
a homogeneously distributed nuclear magnetization in the pore, this relation could be
derived directly from existing theories. However, for the ‘localization regime’ with an
inhomogeneously distributed magnetization, these scaling laws were derived from basic
principles by ourselves.
The NMR spin-echo measurements on a series of magnetically doped clay samples are
explained using a uniform magnetic-ﬁeld gradient inside a pore. The dephasing regime
was determined and even a rough estimate of the value of this internal gradient could be
obtained. Further analysis of Hahn and CPMG spin-echo measurements with a much better signal-to-noise ratio revealed that deviations occur compared to the mono-exponential
decay observed for the uniform gradient. The measured spin-echo decay, however, agrees
with the results of the model of a dipolar magnetic ﬁeld inside a pore. Therefore, in the
model, the magnetic impurities are described as additional magnetic point-dipoles with a
strength depending on the doping fraction. The experimental results agree well with the
predictions from this model. This holds for both Hahn and CPMG measurements, up till
spin-echo times for which the diﬀusion length becomes comparable to the pore size. In
conclusion, it can be posed that this thesis provides the limitations for interpreting NMR
relaxation-time measurements of a water-saturated porous building material in terms of
a pore-size distribution.
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Samenvatting
Kernspinresonantie ofwel Nuclear Magnetic Resonance (NMR) is een zeer krachtige techniek om speciﬁeke kernen mee aan te tonen (spectroscopie) of af te beelden (imaging).
In het onderzoek dat in dit proefschrift is beschreven, wordt NMR gebruikt om technologische, poreuze materialen - meer speciﬁek bouwmaterialen - te bestuderen. Aangezien
deze materialen relatief veel magnetische verontreinigingen bevatten, leidt dit onderzoek
tot uitdagende fysische probleemstellingen.
De laatste 10 jaar is er een groeiende interesse ontstaan in NMR onderzoek aan
vloeistoﬀen die zich bevinden in een poreus materiaal. De zogenaamde longitudinale (T1 )
en transversale (T2 ) relaxatietijd van de waterstofkernen in een vloeistof worden namelijk
beı̈nvloed door het poreuze materiaal. De meest bestudeerde vloeistof is water, maar
er wordt ook onderzoek gedaan aan olie in gesteente en vet in het menselijk lichaam.
Belangrijke klassen van poreuze materialen zijn: biologisch weefsel, gesteente, planten,
katalysatoren, klei en bouwmaterialen. Deze laatste materialen genieten onze speciale
aandacht, omdat wij graag het vochttransport hierin willen beschrijven. Met deze kennis
kunnen dan de belangrijkste schademechanismen voor bouwmaterialen worden begrepen.
Vocht in een bouwmateriaal kan namelijk leiden tot vorstschade, zoutkristallisatie en algengroei. NMR Imaging (MRI) blijkt de beste afbeeldingstechniek om dit vocht zichtbaar
te maken.
De belangrijkste bouwmaterialen die in dit proefschrift beschreven worden, zijn mortel, klei en gebakken klei (baksteen). Mortel verschilt op diverse punten met de op
klei gebaseerde materialen. De poriestructuur van mortel bevat relatief kleine poriën
(1 − 100 nm) die slecht met elkaar verbonden zijn, terwijl klei juist relatief grote poriën
bevat (100 nm−10 µm) die goed met elkaar verbonden zijn. De NMR relaxatietijden T1
en T2 zijn in beginsel evenredig met de poriegrootte. Men zou dus kortere relaxatietijden
verwachten voor mortel dan voor klei. Het NMR defaseringsgedrag, ten gevolge van magnetische verontreinigingen in klei, veroorzaakt echter een verkorting van T2 , waardoor
deze relaxatietijd voor mortel en klei vergelijkbaar wordt. De interpretatie van relaxatietijden in termen van een porie-grootte-verdeling wordt relaxometrie genoemd en is dus
niet triviaal, maar geeft aanleiding tot het onderzoek zoals beschreven in dit proefschrift.
Een andere methode om de porie-grootte-verdeling, in het bereik 1 − 100 nm, te
bepalen is cryoporometrie. Deze methode meet, net zoals relaxometrie, de oppervlaktevolume verhouding van een porie en is gebaseerd op het feit dat een vloeistof in een porie
een smeltpuntsverlaging heeft die toeneemt als de poriegrootte afneemt. Om deze smeltpuntsverlaging te kunnen meten met behulp van NMR, is er een speciale meetopstelling
gebouwd met een cryostaat die de temperatuur van het sample gedurende langere tijd
(2 dagen) op een lage waarde (−100 ◦ C) kan houden. Er zijn metingen verricht aan
een serie silica-gel samples met bekende porie-grootte-verdelingen, welke hebben aangetoond dat er inderdaad een goede correlatie bestaat tussen de resultaten van relaxometrie
en cryoporometrie. Vervolgens is een gecombineerde meting toegepast op mortel om de
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complexe poriestruktuur te ontrafelen. Uit deze meting blijkt dat in mortel een oppervlaktelaag water aanwezig is. Ook de dense-gel- en open-gel poriën kunnen onderscheiden
worden. Verder kan het water in de capillaire poriën goed onderscheiden worden ten
opzichte van het water in de gel-poriestruktuur, vanwege de zeer kleine smeltpuntsdaling.
Dezelfde mortel is ook gebruikt voor een 1 dimensionaal droogexperiment, waarbij simultaan relaxometrie is toegepast. Dit experiment demonstreert het grote voordeel van de
relaxatietijd-gewogen NMR afbeeldingstechniek: namelijk het vermogen om onderscheid
te maken tussen het water dat zich in de grotere (capillaire) en in de kleinere (gel) poriën
bevindt. Het blijkt dat het water in de gel poriën niet verdampt tijdens een droogexperiment bij kamertemperatuur met een relatieve luchtvochtigheid van maximaal 5 %, in
tegenstelling tot het water in de capillaire poriën.
De bovengenoemde interpretatie van de resultaten van relaxometrie metingen in termen van porie-grootte-verdelingen is één van de vele voorbeelden die aanleiding geven
tot het al eerder genoemde onderzoek naar het defaseringsgedrag ten gevolge van magnetische verontreinigingen. NMR Hahn en CPMG spin-echo metingen geven een complex
spin-echo verval, dat niet te beschrijven is met bestaande theorieën. Daarom is besloten
om een numeriek model te ontwikkelen. In dit model accumuleren de magnetische momenten van de kernen een zekere fase ten gevolge van hun willekeurig traject in een
inhomogeen magnetisch veld. De resultaten van dit numerieke model voor klassieke situaties (zoals bijvoorbeeld vrije diﬀusie in een uniforme magneetveldgradiënt) zijn in zeer
goede overeenstemming met de bekende analytische uitkomsten. Daarom is op dezelfde
wijze het defaseringsgedrag van de kernspins in een sferische porie gesimuleerd. Allereerst
is er gekozen voor een uniforme gradiënt in deze porie. Met behulp van deze simulaties
is de theorie, die twee asymptotische defaserings regimes (‘motional averaging’ en ‘localization’) voor het spin-echo verval voorspelt, gecontroleerd en aangevuld met een ‘intermediate regime’. Vervolgens is in het model een magneetveld in de porie aangelegd, dat
afkomstig is van een magnetische puntdipool in de vaste stof buiten de porie. Het verval
van de gesimuleerde spin echo’s kan voorspeld worden met schalingsrelaties. Voor het
‘motional averaging regime’, waarin de kernspinmagnetisatie homogeen verdeeld is over
de porie, kon deze relatie vrij eenvoudig worden afgeleid uit een bestaande theorie. Voor
het ‘localization regime’, waarin de magnetisatie heterogeen verdeeld is over de porie,
hebben wij deze schalingsrelatie echter zelf afgeleid uit basisprincipes.
De NMR spin-echo metingen aan een serie magnetisch verontreinigde klei samples zijn
in eerste instantie verklaard door gebruik te maken van een uniforme magneetveld gradiënt
in een porie. Hieruit is het defaserings regime bepaald en kon er zelfs een ruwe schatting
van de grootte van deze interne gradiënt gegeven worden. Bij nadere analyse van de Hahn
en CPMG spin echo’s met een sterk verbeterde signaal-ruis-verhouding blijkt dat er afwijkingen optreden ten opzichte van het mono-exponentiële verval dat geobserveerd wordt
in een uniforme gradiënt. Het gemeten spin-echo verval is echter wél in overeenstemming
met de resultaten uit het numerieke model met een magnetisch dipoolveld. Daarom is in
het model de magnetische verontreiniging van de samples beschreven als een toevoegen
van magnetische puntdipolen met een sterkte evenredig met de verontreinigingsfractie.
De experimentele gegevens komen goed overeen met de voorspellingen van dit model. Dit
geldt voor zowel de Hahn als de CPMG spin echo’s tot tijden waarop de diﬀusielengte
gelijk wordt aan de poriegrootte. Concluderend kan gesteld worden dat dit proefschrift
de randvoorwaarden aangeeft waarbinnen NMR metingen aan een waterverzadigd, poreus
bouwmateriaal vertaald kunnen worden in een porie-grootte-verdeling.
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