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ABSTRACT

Nuclear magnetic resonance (NMR) allows for in-situ non-invasive studies of a
wide range of systems at microscopic time and length scales. NMR relaxometry and
diffusometry techniques along with magnetic resonance imaging (MRI) are applied to
explore and characterize various phase transitions in complex systems. NMR techniques
are highly sensitive to the thermodynamic phase of the system as well as restrictions on
molecular motion, and the ability to detect and monitor phase transitions non-invasively
is of great interest for various industrial applications
NMR frequency spectra and 1D T2 relaxation measurements are used to
characterize the presence of an amorphous drug and its liquid-solid phase transition. T1T2 magnetic relaxation correlation experiments monitor the impact of long-time storage
at high relative humidity on the drug in a porous silica tablet. The results indicate the
ability of non-solid-state NMR to characterize crystalline and amorphous solid structural
phases, and the potential for drug quality control by NMR methods.
High resolution MRI along with T1-T2 magnetic relaxation correlation
experiments and pulsed gradient stimulated echo (PGStE) NMR methods are
demonstrated to characterize hydrate formation. MRI monitors the spatial heterogeneity
of the system as well as local hydrate growth rates. Using T1-T2 correlation NMR and
spectrally resolved diffusometry, the transition from mobile to restricted dynamics is
observed simultaneously for both water and cyclopentane throughout the hydrate
formation process. The combination of these MR techniques allows for exploration of the
complex molecular dynamics involved in hydrate formation processes.
Using a low-field NMR system, microbially induced calcite precipitation (MICP)
processes in granular media are explored by means of 1D T2 relaxation measurements.
The 1D T2 distributions allowed for in-situ monitoring of the mineral precipitation
progress and indicates decrease in total pore volume and a significant change in the
surface mineralogy of the granular media. The results confirm the potential for detailed
characterization of MICP progression in engineering applications.
Ultimately, NMR is demonstrated as an effective method for detecting,
characterizing, and monitoring several distinct phase transitions at various time- and
length-scales.

1
INTRODUCTION

The research presented in this dissertation employed nuclear magnetic resonance
(NMR) and magnetic resonance imaging (MRI) to explore and characterize liquid-solid
phase transitions in several complex systems. NMR techniques are sensitive to the
thermodynamic phase of the system (solid-liquid-gas) as well as restrictions on molecular
motion, thus NMR relaxometry and diffusometry was used to explore the complex
molecular dynamics taking place during phase transitions at microscopic time and length
scales. MRI measurements were used to characterize the spatial heterogeneity of the
phase transitions occurring within the system. NMR is a non-invasive, non-destructive
measuring technique well-suited for heterogeneous and opaque systems and is therefore a
particularly useful method for monitoring phase transitions as they occur in real time over
an extensive range of length scales.
The work described here focuses on phase transitions in three distinct systems: 1)
drug crystallization in bulk and in a porous construct, 2) cyclopentane-water hydrate
formation, and 3) biomineralization in granular media. In all the above systems, only the
liquid phase can be detected with NMR with the exception of a highly amorphous
crystalline structure of the drug solidifying within the porous construct. The hydrate
crystals, the mineral precipitate, and the highly ordered bulk crystalline drug all exhibit
NMR signals too short to detect with the NMR systems used for this research due to
hardware limitations.
High-field NMR was used to characterize drug crystallization and hydrate
formation due to the high signal-to-noise ratio (SNR) attainable at high fields, which is
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essential in studies of systems with limited signal, and its ability to explore the
fundamental process of phase transitions and mass transport at the micro-scale.
Natural sediments, like the quartz sand used in the biomineralization study, is not
well suited for characterization by high-field NMR due to the abundance of minerals with
a wide range of magnetic susceptibility present in these samples. In the presence of an
applied magnetic field, the magnetic susceptibilities interact with the applied field,
generating internal field gradients, which will result in a broadening of the spectral peaks
and more rapid signal decay. The effect of magnetic susceptibilities can be reduced by
decreasing the applied magnetic field strength, thus a low-field NMR system was used to
characterize bio mineralization processes in granular media.

Outline

An introduction to the basics of NMR is given in chapter 2 where topics such as
spin angular momentum, the evolution of the magnetization, signal inversion by Fourier
transform, spin relaxation mechanisms, magnetic field gradients, and imaging are
described in detail. Additionally, an introduction to various basic pulse sequences can be
found in chapter 2. Chapter 3 covers more advanced NMR topics with considerable focus
on the theory behind diffusion measurements, but also topics such as spin relaxation in
heterogeneous porous media, signal inversion by Laplace transformations, and relaxation
correlation measurements.
The characterization of the crystallization of the drug fenofibrate in bulk and in a
porous construct is presented in chapter 4. In addition, the impact of long-term storage on
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the drug at high relative humidity is described. The results indicate that the drug takes on
an amorphous structure when solidifying in the confined environment of the porous
construct, and a highly ordered crystalline structure when solidifying in bulk. Water was
observed occupying progressively more of the pore space of the porous construct at high
relative humidity, decreasing the detected drug signal with time. The manuscript
presenting this work was published in Molecular Pharmaceutics [1].
Chapter 5 discusses the results of monitoring hydrate formation by means of
NMR. The onset, growth, and completion of hydrate growth was successfully detected
using NMR frequency spectra. Spectrally resolved diffusion measurements demonstrated
two distinct diffusion coefficients for water, of which the slower is representative of
water trapped in the porous hydrate shell. The slow diffusion coefficient decreased in
correlation with the progression of hydrate growth indicating a reduction in pore space of
the hydrate shell as it fills in and increases in thickness. MRI measurements revealed
heterogeneous hydrate growth and spatially dependent hydrate formation rates, while
relaxation correlation measurements indicated complex diffusion dynamics during
hydrate growth. This work has been submitted to Journal of Magnetic Resonance for
publication.
The results of the low-field NMR measurements used to explore bio
mineralization processes in granular media is presented in chapter 6. 1D MRI
measurements revealed highly homogeneous calcite precipitation throughout the system.
Relaxation measurements were used to investigate changes in pore size and surface
mineralogy due to mineral precipitation on the surface of the granular media. The results
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indicate that changes observed in the NMR relaxation data are predominantly a
consequence of the formation of a gas interface between the bulk liquid and pore walls,
reducing the impact of surface relaxation mechanisms. Scanning electron microscope
(SEM) images collected during the experiment demonstrate a strong correlation also
between changes in the relaxation data and mineral precipitate surface coverage. This
work has been submitted to Environmental Science and Technology for publication.
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INTRODUCTION TO NUCLEAR MAGNETIC RESONANCE

Spin Angular Momentum

Nuclear magnetic resonance (NMR) utilizes the intrinsic quantum mechanical
property possessed by all nuclei called spin angular momentum. The spin state of nuclei
is described by the angular momentum quantum number I, which is a fixed integer or
half-integer, and characterizes nuclei in their stable ground state. The spin state I is the
product of a basis set of discrete values of angular momentum, m, which is measured
along the z-axis and may take on integer or half-integer values in the range –I, -I+1, …,
I-1, I. For example, a proton with I=½ can have two discrete energy projections labeled
m=½ and m=-½, also referred to as “spin up” and “spin down,” respectively. The
component of I along the z-axis for a single nucleus in a basis state can be described by
the eigenvalue equation [1],
𝐼𝑧 |𝑚⟩ = 𝑚|𝑚⟩

(2.1)

where the angular momentum Iz is the observable of interest, the eigenvector |𝑚⟩ is the
basis state of Iz, and m is the eigenvalue, the observed value of Iz.
In the case of the quantum system existing in a definite state of Iz, a measurement
of Iz would yield a definite result of either a “spin up” or a “spin down” state. However, if
the quantum system is in some general superposition state |Ψ⟩, the results of the
measurement is given by the expectation value, ⟨Ψ|𝐼𝑧 |Ψ⟩ of Iz, defined as
⟨Ψ|𝐼𝑧 |Ψ⟩ = ∑|𝑎𝑚 |2 𝑚
𝑚

(2.2)
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A measurement will force the superposition state into a single eigenstate |𝑚⟩ defined by
the normalized probability |𝑎𝑚 |2 . Until the measurement is performed, the quantum
system will exist in a superposition state of multiple eigenstates.
The time evolution of a quantum system is described by the Schrödinger equation
𝑖ℏ

𝜕
|Ψ(𝑡)⟩ = 𝐻|Ψ(𝑡)⟩
𝜕𝑡

(2.3)

where H is the Hamiltonian operator and corresponds to the total energy of the quantum
system. In the case of a time independent H, the Schrödinger equation reduces to
|Ψ(𝑡)⟩ = exp(−𝑖𝐻𝑡)|Ψ(0)⟩

(2.4)

here the exponential is known as the evolution operator U(t). In the presence of a static
magnetic field B0, the Hamiltonian is written as -µ∙B0 and describes the interaction
between spin nuclei and said magnetic field, known as the Zeeman interaction. Nuclei
have a magnetic dipole moment, µ, which will align either parallel or anti-parallel with
the B0 field with a slight preference for parallel alignment. The summation of magnetic
moments results in a net bulk magnetization, M, in the direction of the B0 field due to the
preference for parallel alignment. Parallel alignment is the lower energy “spin up” state,
while anti-parallel alignment is the higher energy “spin down” state. The energy
difference between the two spin states is equal to ∆𝐸 = 𝛾ℏ𝐵0, as indicated in Figure 2.1.
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Figure 2.1. The energy difference between the higher and lower energy spin states is
equal to 𝛾ℏ𝐵0. There is a slight preference for the lower energy state, thus the total sum
of the magnetic moments in the system will result in a net magnetization, M, in the
direction of B0.

The Hamiltonian operator in the case of B0 oriented along the z-axis, is referred to as the
Zeeman Hamiltonian
𝐻 = −𝛾𝐵0 𝐼𝑧

(2.5)

where 𝛾 is known as the gyromagnetic ratio with a value specific to a particular nucleus.
Hydrogen, 1H, has one of the largest gyromagnetic ratios of all nuclei with 𝛾 =
2.675 × 108 𝑟𝑎𝑑⁄(𝑇 ∙ 𝑠) and is also naturally abundant, making it the most common
nuclei used in NMR experimental work.
In the presence of a magnetic field the angular momentum of a nucleus causes it
to precess around the z-axis at a precession frequency called the Larmor frequency which
is proportional to the strength of the magnetic field and the gyromagnetic ratio.
𝜔0 = 𝛾𝐵0

(2.6)

The Larmor frequency is also the frequency at which spins transition between the two
spin states. It is this transitioning that creates the signal detected in NMR as the signal
results from the energy difference between the energy absorbed or emitted during the
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transition from the lower to higher or higher to lower energy state respectively. Thus, the
signal is proportional to the ratio of the populations in the two energy levels as described
by the Boltzmann distribution
𝑁+
𝛾𝐵0 ℏ
= exp (
)
−
𝑁
𝑘𝑇

(2.7)
𝑁+

where T is the absolute temperature of the system, k is the Boltzmann constant, and 𝑁− is
the ratio of the two energy states as well as the observed net magnetization in NMR.

Excitation and Signal Detection

The microscopic quantum description of a single nucleus is not advantageous in NMR
where the signal is generated from an abundance of nuclei. Instead, a semi-classical
macroscopic description of the system can be used to describe the average and detectable
behavior of the spins. In this macroscopic description the angular momentum vector
simplifies to 𝑴⁄𝛾 where 𝛾 is the gyromagnetic ratio and M is the net magnetization
vector which will precess around the z-axis at the Larmor frequency, 𝜔0 = 𝛾𝐵0 , for a
single nucleus. The magnitude of M is inherently much smaller than B0, so in order to
detect the signal generated by M it has to be moved away from thermal equilibrium in the
z-direction of the B0-field and into the transverse x-y plane. By applying a radiofrequency
(rf) pulse at the Larmor frequency, 𝜔0 , a secondary oscillating magnetic field B1 forms in
the transverse plane. B1 exerts a torque on M, tipping it into the transverse plane. The
time evolution of M in the presence of a magnetic field is given by
𝑑𝑴
= 𝛾𝑴 × 𝑩
𝑑𝑡

(2.8)
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The oscillation of the B1-field will also occur at the Larmor frequency, given the system
is on resonance, and is defined as
𝑩𝟏 = 𝐵1 cos 𝜔0 𝑡 𝐢 + 𝐵1 sin 𝜔0 𝑡 𝐣

(2.9)

If the cross product in Equation (2.8) is performed with B1 as the magnetic field, the
result yields three equations describing the evolution of M in each coordinate direction
𝑑𝑴𝒙
= 𝛾[𝑀𝑦 𝐵0 + 𝑀𝑧 𝐵1 sin 𝜔0 𝑡]
𝑑𝑡
𝑑𝑴𝒚
= 𝛾[𝑀𝑧 𝐵1 cos 𝜔0 𝑡 − 𝑀𝑥 𝐵0 ]
𝑑𝑡

(2.10)

𝑑𝑴𝒛
= 𝛾[−𝑀𝑥 𝐵1 sin 𝜔0 𝑡 − 𝑀𝑦 𝐵1 cos 𝜔0 𝑡]
𝑑𝑡
Under the initial condition 𝑴(𝑡) = 𝑀0 𝐤, the above equations simplify to
𝑀𝑥 = 𝑀0 sin 𝜔1 𝑡 sin 𝜔0 𝑡
𝑀𝑦 = 𝑀0 sin 𝜔1 𝑡 cos 𝜔0 𝑡

(2.11)

𝑀𝑧 = 𝑀0 cos 𝜔1 𝑡
where 𝜔1 = 𝛾𝐵1. The above equations describe the behavior of the magnetization vector
in the laboratory frame, where M precesses around the z-axis at 𝜔0 due to the angular
momentum of nuclei in the presence of a magnetic field and around the B1-field at 𝜔1
during the duration of the rf pulse. The motion of M in the laboratory frame is shown in
Figure 2.2.

11

Figure 2.2. During a 90° rf pulse, the net magnetization vector, M, as viewed from the
laboratory frame of reference, will precess around the B0-field at the Larmor frequency,
𝜔0 and around the B1-field at 𝜔1.
To further simplify the description of M it is common to introduce a rotating
frame of reference that rotates around the B0-field at a frequency 𝜔. Recall that the
Hamiltonian due to the static magnetic field in the z-direction, B0, is 𝐻 = −𝛾𝐵0 𝐼𝑧 . In the
rotating frame, an additional frequency term needs to be added to the Hamiltonian to
account for the rotation of the reference frame itself.
𝜔
𝐻𝑟𝑜𝑡 = −𝛾 (𝐵0 + ) 𝐼𝑧
𝛾

(2.12)

When an oscillating B1 field is applied to tip the magnetization vector into the transverse
plane, the Hamiltonian becomes
𝜔
𝐻𝑟𝑜𝑡 = −𝛾 (𝐵0 + ) 𝐼𝑧 − 𝛾𝐵1 𝐼𝑥
𝛾

(2.13)
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When the system is at resonance and the reference frame frequency 𝜔 = 𝜔0 , 𝐻𝑟𝑜𝑡
reduces to −𝛾𝐵1 𝐼𝑥 , and the B1-field appears stationary in the transverse plane as shown in
Figure 2.3. The equations describing the evolution of M in each coordinate direction then
reduces to
𝑀𝑥 = 0
𝑀𝑦 = 𝑀0 sin 𝜔1 𝑡

(2.14)

𝑀𝑧 = 𝑀0 cos 𝜔1 𝑡
Assuming the B1-field is applied in the x-direction as in Figure 2.3.

Figure 2.3. Because the rotating frame of reference rotates at the Larmor frequency, 𝜔0 ,
B1 appears to be stationary in the transverse plane, and the only rotation that occurs is
that of M around B1.
The magnetization vector’s, M, angle of rotation around B1 is equal to 𝜔1 𝑡. It is
then easy to see that by controlling the duration of the rf pulse and the amplitude of B1, M
can be reoriented to the transverse plane. A reorientation to the transverse plane is
𝜋

referred to as a 90° or 2 pulse. By doubling the duration of the rf pulse or increasing the
amplitude of B1, the magnetization vector will align with the negative z-direction,
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referred to as a 180° or π pulse. This disturbance from equilibrium is referred to as the
NMR phenomenon.
The precession of M in the transverse plane induces an oscillating current in a rf
receiver coil at the Larmor frequency. The coil measures the magnitude and phase of the
magnetization, resulting in a complex (real and imaginary) signal oscillating in
quadrature. The most basic NMR measurement consists of a single 90° rf pulse
immediately followed by signal acquisition shown in Figure 2.4. The NMR signal takes
the form of a sinusoidal exponential decay that oscillates at an offset frequency, ∆𝜔, and
is called a “Free Induction Decay (FID).” The FID signal decays at a rate of 1⁄𝑇2∗ and is
given by
−𝑡
𝑆(𝑡) = 𝑆0 exp(𝑖𝜑) exp(𝑖∆𝜔𝑡) exp ( ∗ )
𝑇2

(2.15)

where 𝑆0 is the signal immediately following excitation and 𝑇2∗ is the spin-spin relaxation
in presence of inhomogeneities in B0. The decay of the NMR signal is due to two
relaxation mechanisms, spin-spin T2 and spin-lattice T1 relaxation, which will be
discussed in a later section.
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Figure 2.4. The real and imaginary oscillating decaying signal obtained through a Free
Induction Decay (FID) measurement can be Fourier transformed from time domain to
produce a real and imaginary spectrum in frequency domain.

The NMR signal is recorded as a decaying signal in time domain and may consist
of multiple individual frequencies. 𝑡 and 𝜔 are conjugate variables and the complex
signal is therefore well-suited for analysis by Fourier transformation which converts the
time domain signal to frequency domain and vice versa. The Fourier transform of the
time domain data to the frequency domain produces a frequency spectrum and is
expressed as
∞

𝐹{𝑆(𝑡)} = 𝑠(𝜔) = ∫ 𝑆(𝑡) exp (𝑖𝜔𝑡)𝑑𝑡

(2.16)

−∞

For a liquid, the Fourier transform of the real component of the FID results in a
Lorentzian line shape in the frequency domain, known as the absorption spectrum, with a
Full-Width-Half-Maximum of 1⁄𝜋𝑇2∗ (Figure 2.4, top). The line shape of the imaginary
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component of the FID in the frequency domain has a slightly greater width and is known
as the dispersion spectrum (Figure 2.4, bottom). In solids, the correlation time of the
dipolar coupling is much longer resulting in a rapidly decaying (~1-100 µs) Gaussian
FID, which generates a broad Gaussian line shape in the frequency domain.

Relaxation

Following an rf pulse, the spin system will gradually return to its thermal
equilibrium state along the z-axis due to a process known as spin-lattice relaxation, or T1
relaxation. The system is at thermal equilibrium when the net magnetization M is fully
aligned with the B0 field. T1 relaxation occurs due to an exchange of energy between the
spins and their surrounding environment, or lattice, and is typically at the order of 0.1-10
seconds for liquids at room temperature. The mathematical description of the T1
relaxation mechanism is
𝑑𝑀𝑧
𝑀𝑧 − 𝑀0
=−
𝑑𝑡
𝑇1

(2.17)

with solution
−𝑡
𝑀𝑧 (𝑡) = 𝑀𝑧 (0) + 𝑀0 (1 − 𝑒𝑥𝑝 ( ))
𝑇1

(2.18)

The lifetime of the transverse magnetization following an rf pulse is governed by spinspin relaxation. Spin-spin relaxation, also termed T2 relaxation, is the process in which
the spins come to thermal equilibrium among themselves. In other words, the decay of
the transverse magnetization, and therefore the induced signal is caused by a loss of spin
coherence due to molecular interactions. The timescale for T2 relaxation ranges from
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microseconds in highly ordered crystalline structures to seconds for liquids at room
temperature. The T2 relaxation mechanism is described by
𝑑𝑀𝑥,𝑦
𝑀𝑥,𝑦
=−
𝑑𝑡
𝑇2

(2.19)

with solution
𝑀𝑥,𝑦 (𝑡) = 𝑀𝑥,𝑦 (0)𝑒𝑥𝑝 (

−𝑡
)
𝑇2

(2.20)

By combining Equation (2.8), (2.18), and (2.20), a set of equations describing the time
evolution of M in the rotating frame due to both excitation and relaxation is obtained.
𝑑𝑀𝑥
𝑀𝑥
= 𝛾𝑀𝑦 (𝐵0 − 𝜔⁄𝛾 ) −
𝑑𝑡
𝑇2
𝑑𝑀𝑦
𝑀𝑦
= 𝛾𝑀𝑧 𝐵1 − 𝛾𝑀𝑥 (𝐵0 − 𝜔⁄𝛾 ) −
𝑑𝑡
𝑇2

(2.21)

(𝑀𝑧 − 𝑀0 )
𝑑𝑀𝑧
= −𝛾𝑀𝑦 𝐵1 −
𝑑𝑡
𝑇1
These equations are known as the Bloch equations and were first formulated by Felix
Bloch in 1946 [2].
T1 and T2 relaxation are caused by spin interactions that lead to stochastic
fluctuations of the dipolar Hamiltonian, HD. The rate of relaxation is sensitive to both the
magnitude and the rate of these fluctuations which have the potential to induce transitions
between spin states resulting in T1 relaxation, and to generate a loss of phase coherence
resulting in T2 relaxation. T1 relaxation is best described in the laboratory frame and lends
itself well to the use of time-dependent perturbation theory when describing the transition
rate between energy states mathematically. T2 relaxation is most naturally described in
the rotating frame where the transverse magnetization is stationary, and the approach of
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time-dependent perturbation theory is therefore not appropriate. Instead, density operator
formalism is used to describe the behavior of the magnetization due to spin-spin
relaxation. Both methods result in an expression that includes the auto-correlation
function, 𝐺 𝑞 (𝜏), where the Fourier transform produces the spectral density function,
𝐽(𝜔). In a static magnetic field, B0, there are three possible quantum transitions that may
occur and cause relaxation through dipolar coupling for spin-½ nuclei; a zero-quantum
transition, a single-quantum transition, and a double quantum transition. The probability
of the coupled spins remaining in their original energy state is called the zero-quantum
transition probability and is given by
𝑊0 =
𝜇 ℏ𝛾 2

where 𝑏 = − 4𝜋0

3
𝑟𝑖𝑗

1 2 0
𝑏 𝐽 (𝜔)
10

(2.22)

, and 𝑟𝑖𝑗 is the radial distance between the spins. The probability of

one of the two spins transitioning to a new energy state, the single-quantum transition
probability, is given by
𝑊0 =

3 2 1
𝑏 𝐽 (𝜔)
20

(2.23)

and the probability of both spins transitioning to a new energy state, the double-quantum
transition probability, is given by
3
𝑊0 = 𝑏 2 𝐽2 (𝜔) (2.24)
5
The spectral density functions for the zero, single, and double quantum transition are
given by the following equations, respectively

18
𝐽(0) (𝜔) =

24
𝜏𝑐
6 1 + 𝜔2𝜏 2
15𝑟𝑖𝑗
𝑐

𝐽(1) (𝜔) =

4
𝜏𝑐
6 1 + 𝜔2𝜏 2
15𝑟𝑖𝑗
𝑐

𝐽(2) (𝜔) =

16
𝜏𝑐
6 1 + 𝜔2𝜏 2
15𝑟𝑖𝑗
𝑐

(2.25)

where 𝜏𝑐 is the rotational correlation time of the molecules, the time it takes the molecule
to rotate by 1 rad. Typically, small molecules or non-viscous fluids have short correlation
times and double-quantum transitions are the most probable transitions, while large
molecules, or viscous fluid have long correlation times and zero-quantum transitions are
most probable.
The spectral density functions can be used to generate equations that provide a
solution for the relaxation rates. The T1 relaxation rate in terms of the Larmor frequency,
𝜔0 , is given by
1
𝜇0
3
= ( )2 𝛾 4 ℏ2 𝐼(𝐼 + 1)[𝐽(1) (𝜔0 ) + 𝐽(2) (2𝜔0 )] (2.26)
𝑇1
4𝜋
2
The T1 relaxation rate is governed by single- and double-quantum transitions, with no
contribution from spins that remain in their original energy state. It is therefore apparent
that T1 relaxation is caused by an energy exchange between the spins and the local
environment.
The T2 relaxation rate at the Larmor frequency is given by
1
𝜇0
3
1
5
1
= ( )2 𝛾 4 ℏ2 𝐼(𝐼 + 1) [ 𝐽(0) (0) + 𝐽(1) (𝜔0 ) + 𝐽(2) (2𝜔0 )]
𝑇2
4𝜋
2
4
2
4

(2.27)
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In addition to the single and double-quantum transitions, the T2 relaxation rate also
depends on the zero-quantum transition. The additional term infers that T2 relaxation will
always occur at a rate equal to or faster than T1 relaxation. At short correlation times, the
T1 and T2 relaxation rates are equal. As the correlation time increases so does the
contribution of the zero-quantum transition term, causing the T2 relaxation rate to
increase further while the T1 relaxation rate decreases as demonstrated in Figure 2.5.

Figure 2.5. T1 and T2 relaxation times as a function of the correlation time, 𝜏𝑐 . For long
𝜏𝑐 in liquids, T1 and T2 are approximately equal, while for shorter 𝜏𝑐 in solids, T2 is much
shorter than T1.
Basic Pulse Sequences

NMR measurements rely on manipulation of the spin system through a sequence
of radio frequency pulses and magnetic field gradients under the influence of the Zeeman
Hamiltonian and relaxation processes. The combination, as well as the timing of the rf
pulses, gradients, and the signal detection determines the observable encoded for. In this
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section, four basic NMR pulse sequences originating from the early beginnings of this
field of research will be described. These pulse sequences are still frequently used today
and include the inversion recovery sequence, the Hahn echo [3], the Carr-PurcellMeiboom-Gill (CPMG) sequence [4, 5], and the stimulated spin-echo [6]. A pulse
sequence diagram with increasing time from left to right is typically used to show the
order and the timing of the rf pulses and the gradients in these NMR sequences.
Each sequence is typically repeated N number of times during an NMR
measurement. Repeating the sequence several times averages out random noise resulting
in increased signal-to-noise ratio (SNR) and is necessary for phase cycling. By varying
the relative phases of the pulses for each repetition, phase cycling sequences enable
cancellation of coherent noise, correction for phase and amplitude anomalies, transverse
magnetization interference, and echo artifacts. Consequently, phase cycling is essential in
most NMR measurements, and the most commonly incorporated phase cycling sequence
is the 4-pulse CYCLOPS sequence of Hoult and Richards [7].

Inversion Recovery
The inversion recovery sequence, shown in Figure 2.6, is used to measure T1
relaxation times. The first 180° rf pulse inverts M onto the -z-axis, the most severe
disturbance of the spin system from thermal equilibrium. Due to spin-lattice relaxation,
M decreases in magnitude in the -z-direction as the system begins to return to thermal
equilibrium. After some time, 𝜏, a 90° rf pulse brings the remaining M into the transverse
plane where the induced signal is recorded. The evolution of the signal amplitude along
the z-axis can be seen in Figure 2.7 and is described by the equation
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𝑀𝑧 (𝑡) = 𝑀0 (1 − 2𝑒𝑥𝑝 (−

𝑡
))
𝑇1

(2.28)

The crossover from -M to +M observed in Figure 2.7 occurs at 𝑡 = 0.6931𝑇1 and can
therefore be used to extract the T1 time from the measurement.

Figure 2.6. The inversion recovery (IR) pulse sequence the magnetization vector is first
inverted by a 180° rf pulse. M will then gradually return to thermal equilibrium due T1
relaxation effects. T1 relaxation is measured by bringing M back to the transverse plane
where the reduction of the magnitude of M is detected. The evolution of M is depicted
bellow the IR sequence.
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Figure 2.7. The amplitude of M as a function of time following the 180° rf pulse. The
crossover from negative to positive amplitude occurs at 𝜏 = 0.6931𝑇1 .
Hahn Echo
Magnetic field inhomogeneities across a sample is inevitable in all NMR
experiments and will cause spins to precess at different Larmor frequencies depending on
their location. This effect results in a dephasing of the transverse magnetization vector
following a 90° rf pulse as shown in Figure 2.8 as some spins will precess at a faster rate
than others. Accordingly, phase coherence is time limited. In 1950, Erwin Hahn
discovered that this loss of phase coherence is reversible, establishing the basis of today’s
T2 measurements. By applying a 180° rf pulse at some time 𝜏 after the 90° rf pulse, the
dephasing is reversed and causes refocusing of the transverse magnetization. Following
the 180° pulse, the spins will re-phase at the same rate they were dephasing and arrive
simultaneously in phase again to produce an echo signal at 2𝜏. The spins are subject to T2
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relaxation during the 2𝜏 period, consequently the signal amplitude at the echo center will
be less than the initial signal amplitude at 𝑡 = 0.

Figure 2.8. The Hahn echo, or spin-echo, pulse sequence allows for dephasing of the
spins in the transverse plane for a period 𝜏 before a 180° rf pulse reverses the dephasing.
An echo is produced at 2𝜏 once the spins are perfectly in phase again. The dephasing and
refocusing of the spins is demonstrated in terms of M below the pulse sequence.

CPMG Echo Train
In 1954, Carr and Purcell suggested that successive phase coherence recoveries
are possible by performing consecutive 180° rf pulses at a rate of 1⁄2𝜏 as shown in
Figure 2.9. This generates a train of echoes with a maximum echo amplitude that decays
exponentially at a rate of 1⁄𝑇2 . The signal decay in the transverse plane is described by
the equation
𝑀𝑥,𝑦 (𝑡) = 𝑀0 exp (−

𝑡
)
𝑇2

(2.29)
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In 1958, Meiboom and Gill modified the Carr-Purcell train with the use of quadrature
180y rf pulses which compensates for the cumulative effect of small tip-angle errors. The
CPMG sequence can then be used to determine the T2 relaxation time in a single
experiment.

Figure 2.9. The Carr-Purcell-Meiboom-Gill sequence consist of a series of 180° rf pulses
that refocuses the spins over and over producing a train of spin-echoes with decreasing
maximum amplitude.

Stimulated Echo
The stimulated echo is particularly useful when measuring the translational
motion of molecules in materials where the transverse relaxation time is considerably
shorter than the longitudinal relaxation time. By applying a second 90x rf pulse at some
time 𝜏 after the first 90x rf pulse (Figure 2.10), the phase coherence can be stored along
the -z-axis for a longer period. While stored along the z-axis, only longitudinal relaxation
will occur. The transverse magnetization can then be recalled at some later time with a
third 90x rf pulse to examine how the molecules have changed during storage. When the
magnetization is recalled into the transverse plane, phase coherence is recovered, just like
in the Hahn Echo sequence, producing the stimulated echo that can be recorded. The
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stimulated echo is particularly important in the pulsed field gradient stimulated echo
sequence (PGStE), which is used to measure the diffusion of molecules in materials with
fast T2 relaxation rate. The PGStE sequence will be discussed in more detail in a later
section.

Figure 2.10. The stimulated echo sequence stores the phase coherence along the -z-axis
for a period 𝜏′, allowing for longitudinal relaxation only while translational motion
occurs. The magnetization is then brought back up to the transverse plane where an echo
is produced and acquired at 𝑡 = 2𝜏 + 𝜏′.

Magnetic Field Gradients

The importance of a highly homogeneous B0 field during some NMR
measurements has been discussed in pervious sections. For other NMR experiments, a
linearly varying magnetic field called a magnetic field gradient, G, is deliberately applied
generating a spatially varying magnetic field. Consequently, the Larmor frequency at
which the spins precess will have a linearly spatial dependence. This technique is the
basis for magnetic resonance imaging (MRI) and NMR measurements of translational
motion. For now, the discussion will focus on the use of gradients for MRI. When a
magnetic field gradient is applied, the spatially dependent magnetic field is expressed as
𝐵(𝒓) = 𝐵0 + 𝑮 ∙ 𝒓

(2.30)
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Where 𝒓 is the position and 𝑮 represent the amplitude and direction of the applied
magnetic gradient. The effect of an applied magnetic field gradient on the magnetic field
strength is demonstrated in Figure 2.11.
Recalling that 𝜔0 = 𝛾𝐵0 , the spatially dependent frequency becomes
𝜔(𝒓) = 𝛾𝐵0 + 𝛾𝑮 ∙ 𝒓

(2.31)

Figure 2.11. By applying a magnetic field gradient, a linearly varying magnetic field,
𝑩(𝒓), is added to B0, resulting in a spatially varying total magnetic field, 𝑩𝑡𝑜𝑡𝑎𝑙 (𝒓). Note
that B0 is in reality orders of magnitude larger than 𝑩(𝒓).

k-space and Magnetic Resonance Imaging

In the presence of a magnetic field gradient, the evolution of the signal amplitude
resulting from a spin ensemble following a rf pulse is described by
𝑆(𝑡) = ∭ 𝜌(𝒓) exp(𝑖𝛾𝑮 ∙ 𝒓𝑡) 𝑑𝒓

(2.32)

where 𝜌(𝒓) is the spin density function, and t is the gradient pulse duration. The above
equation can be simplified by introducing a reciprocal space vector, k, which is
proportional to the area under the applied gradient [8]
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𝒌=

𝛾𝑡𝑮
2𝜋

(2.33)

From Equation (2.34) it is apparent that this new reciprocal space, called k-space, can be
traversed by varying either the duration, t, or the amplitude of G. Substituting Equation
(2.34) into Equation (2.33) yields the following Fourier relationship
𝑆𝑁 (𝒌) = ∫ 𝜌(𝒓) exp(−𝑖𝒌 ∙ 𝒓) 𝑑𝒓
𝜌(𝒓) =

1
∫ 𝑆𝑁 (𝒌) exp(𝑖𝒌 ∙ 𝒓) 𝑑𝒌
2𝜋

(2.34)

(2.35)

The spin density function, 𝜌(𝒓), produced by the above Fourier relationship represents
the spatial signal amplitude distribution of a sample. Thus, an MR image is the
reconstruction of the spin density distribution.
Alternatively, the NMR signal can be expressed in terms of the maximum signal
before the gradient is applied, and a phase factor
𝑆 = 𝑆0 exp(𝑖𝜑)

(2.36)

where 𝜑 is the accumulated phase shift of the spins at position 𝒓 after the gradient
duration 𝑡.
𝜑(𝒓) = 𝛾𝑮 ∙ 𝒓𝑡

(2.37)

During the application of a magnetic field gradient, the spin phases are allowed to evolve,
winding up a ‘helix of phase’ as a function of the position as depicted in Figure 2.12.
Following a 90° rf pulse, all spins at different positions along the gradient axis are
perfectly in phase. Once the gradient is turned on, each spin will experience a different
2𝜋

phase shift depending on its position forming a helix with wavelength 𝜆 = 𝛾𝐺𝑡 which
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decreases with a stronger gradient or a longer duration. 𝒌 is the inversely proportional to
𝜆, so as 𝜆 gets shorter, more of k-space is traversed.

Figure 2.12. A 90° rf pulse followed by a steady gradient that winds up a helix of phase
as portrayed bellow the pulse sequence. The longer the gradient is on, the more tightly
wound the phase helix will be, resulting in a shorter and shorter wavelength, 𝜆.

The winding of the phase helix can be reversed by applying a gradient of equal
amplitude and length, but opposite sign, called a gradient echo (Figure 2.13), or by
applying a 180° rf pulse followed by a gradient of equal amplitude, length, and sign
called a spin echo (Figure 2.14). The spins will rephase resulting in an echo which is
essential for data acquisition. A perfect echo is only possible if the spins remain fixed in
their original position, something that is not realistic during the application of longer time
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varying gradients. However, any translational motion of the spins during the phase
evolution becomes embedded in the final phase distribution, so this type of gradient
sequences is typically used to encode for displacement. Displacement encoding will be
discussed in a later section.

Figure 2.13. The gradient echo reverts the winding of the phase helix by applying a
gradient of equal amplitude and duration, but opposite sign. As the name of the sequence
implies, and echo is formed once complete phase coherence is attained.
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Figure 2.14. The spin echo sequence reverts the winding of the phase helix by applying a
180° rf pulse followed by a gradient of equal amplitude, duration, and sign. In this case, it
is the 180° rf pulse that changes the direction of the phase evolution of the spins. Again,
an echo is produced once phase coherence is attained.

k-space Encoding
To produce a well resolved MR image with good contrast, a larger portion of kspace must be sampled. Two methods of traversing and sampling k-space are used in
imaging sequences. The first method, known as phase-encoding, is executed by stepping
through various gradient amplitudes in a systematic order. These gradients are called
phase-gradients and are denoted 𝐺𝑝ℎ𝑎𝑠𝑒 . Phase-gradients will wind up the phase helix
until a specific point in k-space is reached, and signal will then be acquired for that one
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point. The second method is known as frequency encoding and is executed by acquiring
the signal over a time t at constant gradient amplitude. These gradients are called readgradients and are denoted 𝐺𝑟𝑒𝑎𝑑 . By acquiring the signal during a constant gradient, an
entire line of k-space is sampled rather than a single point, making this method much
more time efficient. However, because the signal is collected during the applied gradient,
imaging artifacts are more likely when frequency encoding is used. Figure 2.15 and 2.16
illustrate imaging sequences using phase encoding and frequency encoding, respectively,
along with their subsequent k-space trajectories.

Figure 2.15. This pulse sequence is a 2D-imaging pulse sequences using pure phase
encoding and the associated k-space trajectory. The 90° pulse and the slice gradients
excite spins in a plane normal to the z-axis, the x and y phase gradients cause a traverse
to a specific point in k-space by winding up the phase helix (1), and the 180° rf pulse
inverts the spin phases (2), allowing an echo to be formed. The echo signal is then
acquired. This process must be repeated 𝑁 2 times until signal is acquired from enough
points to produce an image.
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Figure 2.16. The above pulse sequence and the associated k-space trajectory is a different
2D-imaging sequence using both phase and read encoding. Again, a plane normal to the
z-axis is selected, and the first set of gradients cause a traverse to a point at the edge of kspace (1). The 180° rf pulse inverts the spin phases (2), allowing an echo to be formed.
The echo signal is acquired during an applied read gradient (3) so that an entire line of kspace is sampled rather than a single point. Hence, the above sequence needs to be
repeated only 𝑁 times to obtain an image.

Every point in k-space contains information about the entire final image. The
center of k-space contains information about the general contrast of the image, while the
outer regions provide the finer details such as borders and contours. Thus, the further out
k-space is sampled, the better is the resolution of the final MR image.
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ADVANCED NMR TOPICS

Molecular Self-Diffusion and Propagators

Molecular self-diffusion was first described by Albert Einstein as the
random motion of molecules driven by thermal energy. Based on this idea, an equation
for self-diffusion known as the Sutherland-Einstein relation was formulated
𝐷=

𝑘𝐵 𝑇
6𝜋𝜂𝑅

(3.1)

where 𝑘𝐵 is the Boltzmann constant, T is the temperature, 𝜂 is the viscosity, and R is the
effective particle size. Equation (3.1) allowed for the interpretation of Fick’s law for
diffusion in terms of probability densities. Thus, the Brownian motion of molecules as
well as self-diffusion processes can be described by propagators which specify the
probability that a molecule has travelled a certain distance in a given amount of time.
Because NMR deals with spin ensembles, it is useful to introduce an average propagator
to describe the probability of displacement:
𝑃̅(𝑹, 𝑡) = ∫ 𝜌(𝒓)𝑃(𝒓|𝒓 + 𝑹, 𝑡) 𝑑𝒓

(3.2)

𝑃̅(𝑹, 𝑡) represents the probability that spins with an original spin density 𝜌(𝒓) have
travelled a distance R over a time t where 𝑹 = 𝒓′ − 𝒓, where 𝒓 is any starting position
and 𝒓′ is any final position. For self-diffusion and Brownian motion, the average
propagator results in a normalized Gaussian probability distribution which evolves with
time. The successive evolution of the Gaussian distributions in time is shown in Figure
3.1.
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Figure 3.1. Displacement probability distribution for an ensemble of particles
undergoing Brownian motion. The broadening of the Gaussian with increasing time
indicates a decreased probability of finding a particle at the starting position, 𝑥0 .
Finally, the relationship between molecular displacement and self-diffusion, known as the
Einstein definition, is given in Equation (3.3) and (3.4), respectively.
〈(𝑥 ′ − 𝑥)2 〉 = 2𝐷𝑡

(3.3)

〈(𝒓′ − 𝒓)2 〉 = 6𝐷𝑡

(3.4)

Where 〈(𝑥 ′ − 𝑥)2 〉 is the mean squared displacement in one dimension, and 〈(𝒓′ − 𝒓)2 〉
is the mean squared displacement in three dimensions.
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Normalized Echo Signal

NMR measurements can be used to detect molecular motion by comparing the
initial position of a spin to its position at a later time. Following an initial phase encoding
gradient pulse, spins migrating during the measurement will accumulate a phase shift. At
a later time, a second gradient pulse is applied, and if the over-all displacement is nonzero, a residual phase shift caused by translational motion is detected in the acquired echo
signal. In NMR experiments that encode for motion, time varying gradients, 𝒈(𝑡), are
normally used to produce an echo. A requirement for the construction of an echo is
𝑡

∫0 𝒈(𝑡 ′ )𝑑𝑡′ = 0 as this is a necessary condition for rephasing of the phase helix. Any
translational motion occurring during a measurement will cause attenuation of the echo
amplitude, so it is convenient to introduce the concept of a normalized echo amplitude,
where the magnetization influenced by residual phase shifts is compared to the
magnetization before any gradients are applied. The normalized echo amplitude can be
expressed as
𝐸(𝑡) =

𝑀+ (𝑡)𝒈∗ (𝑡 ′ )≠0
𝑀+ (𝑡)𝒈∗ (𝑡 ′ )=0

(3.5)

where 𝒈∗ (𝒕) is the effective gradient carrying the actual sign at time t. Normalizing the
echo amplitude according to Equation (3.5) eliminates relaxation effects, leaving only the
effect of the gradient. As a side note, lower case 𝒈(𝑡) will be used in the discussion for
motion measurements to distinguish the gradients from those used for imaging.
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Moments of the Gradient

In systems where the spins are experiencing coherent motion, the residual phase
shift accumulated for a spin j at time t during a measurement using effective gradients is
given by
𝑡

𝜑𝑗 (𝑡) = 𝛾 ∫ 𝒈∗ (𝑡′) ∙ 𝒓𝑗 (𝑡 ′ )𝑑𝑡′

(3.6)

0

where 𝒓𝑗 (𝑡 ′ ) is the path of the spin. The accumulated phase shift can be analyzed
considering the moments of the gradient waveform. This is done by first expanding the
spin position in a Taylor series expansion
1
𝒓(𝑡) = 𝒓0 + 𝒗0 𝑡 + 𝒂0 𝑡 2 + ⋯
2

(3.7)

where 𝒓(0) is the initial spin position, 𝒗(𝑡) is the velocity, and 𝒂(𝑡) is the acceleration.
Using the Taylor expansion of the spin position, the phase shift can be written
𝑡

𝑡

𝑡

𝜑𝑗 (𝑡) = 𝛾 [𝒓0 ∫ 𝒈∗ (𝑡 ′ )𝑑𝑡 ′ + 𝒗0 ∫ 𝒈∗ (𝑡′)𝑡′𝑑𝑡′ + 𝒂0 ∫ 𝒈∗ (𝑡 ′ )𝑡 ′2 𝑑𝑡 ′ + ⋯]
0

0

(3.8)

0

The integrals in Equation (3.8) represent the zeroth, first, and second moment of the
gradient waveform. To ensure the echo condition, the zeroth moment must equal zero,
and therefore does not contribute to the phase shift nor the accumulated echo amplitude
𝑡

𝑚0 = ∫ 𝒈∗ (𝑡 ′ )𝑑𝑡 ′ = 0

(3.9)

0

The first moment, the second integral of Equation (3.8), is the velocity contribution to the
normalized echo amplitude, and the second moment, the third integral of Equation (3.8),
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is the acceleration contribution to the normalized echo amplitude. The first and second
moment are given by
𝑡

𝑚1 = ∫ 𝒈∗ (𝑡′)𝑡′𝑑𝑡′ = 𝑔𝛿∆

(3.10)

0
𝑡

2

𝑚2 = ∫ 𝒈∗ (𝑡 ′ )𝑡 ′ 𝑑𝑡 ′ = 𝑔𝛿 2 ∆

(3.11)

0

where 𝛿 is the gradient pulse duration and ∆ is the time between two gradient pulses. The
normalized echo amplitude can then be expressed in terms of the gradient moments
𝑡

𝑡

2

𝐸(𝑡) = 𝑒𝑥𝑝 (𝑖𝛾𝒗 ∙ ∫ 𝑡 ′ 𝒈∗ (𝑡 ′ )𝑑𝑡 ′ + 𝑖𝛾𝒂 ∙ ∫ 𝑡 ′ 𝒈∗ (𝑡 ′ )𝑑𝑡 ′ + ⋯ )
0

(3.12)

0

With knowledge of the various gradient moments, pulse sequences can be designed to
encode for either velocity, acceleration, or higher order moments excluded from the
above equations by zeroing other moments. This is done by choosing a specific time
dependence for 𝒈∗ (𝑡).

Stejskal-Tanner Experiment and q-space

In 1965, Stejskal and Tanner demonstrated that self-diffusion can be measured
using a NMR pulse sequence known as the pulsed gradient spin-echo sequence (PGSE)
[1]. The two most common pulse sequences used for diffusion encoding are the pulsed
gradient spin echo (referred to as PGSE), and the pulsed gradient stimulated echo
(referred to as PGStE from here on). The PGSE and PGStE pulse sequences are shown in
Figure 3.2. Both pulse sequences consist of a combination of rf pulses, rectangular
gradient pulses of duration 𝛿, and an observation time, ∆, which is the time separating the
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start of the gradient pulses and the time over which diffusion occurs. The use propagator
formalism to describe molecular translational motion, the narrow gradient pulse condition
must be met, meaning that the gradient pulses must be sufficiently short that any
molecular motion occurring over 𝛿 can be neglected. Thus, the narrow gradient pulse
condition is often expressed as 𝛿 ≪ ∆.
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Figure 3.2. The PGSE sequence (top) and the PGStE sequence (bottom) can be used to
encode for self-diffusion. The first gradient winds up a helix of phase followed by an
observation time, ∆. During the observation time, the spins experiencing Brownian
motion will travel to a new position while carrying their phase with them (shown in blue
in the above phase helix evolution). The second gradient unwinds the phase helix, and the
spins that relocated during the period ∆ will retain a residual phase shift, ∆𝜑, which can
be obtained from the acquired echo signal and used to characterize the self-diffuison of a
spin ensemble.
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The first gradient imparts a phase shift 𝛾𝛿𝒈 ∙ 𝒓 on a spin at location 𝒓. Following
the final gradient, the residual net phase of a spin is ∆𝜑 = 𝛾𝛿𝒈(𝒓′ − 𝒓). If the spin does
not move during the period ∆, the residual phase shift is zero and no echo attenuation is
observed. It should be noted that the two pulse sequences in Figure 3.2 are equivalent in
terms of motion-induced phase shifts. However, in the PGStE sequence, the
magnetization vector is stored along the -z-axis in-between gradient pulses, eliminating
magnetization decay due to spin-spin relaxation. Consequently, the PGStE sequence is
particularly well suited for systems where 𝑇2 < 𝑇1 . The normalized echo attenuation due
to the phase shifts across the spin ensemble is known as the Stejskal-Tanner relation and
is given by the following equation
𝐸(𝑔) = exp(−𝛾 2 𝑔2 𝛿 2 𝐷(∆ − 𝛿 ⁄3))

(3.13)

where 𝐷 is the diffusion coefficient, and the exponent is proportional to the mean-squared
molecular displacement over the period ∆ − 𝛿 ⁄3. Equation (3.13) assumes only
Brownian motion in the system and is often simplified by introducing a new variable 𝑏 =
𝛾 2 𝑔2 𝛿 2 (∆ − 𝛿 ⁄3). By plotting the natural log of the echo amplitude, ln(𝐸(𝑔)), vs 𝑏, the
slope of the plot equals −𝐷, and the apparent diffusion coefficient, 𝐷𝑎𝑝𝑝 , can be
extracted. Thus, 𝐷𝑎𝑝𝑝 is the value of the diffusion coefficient obtained by a PGSE
experiment and is identical to the self-diffusion, 𝐷0 , in an unrestricted environment.
However, in an environment restricted by surfaces and boundaries, such as porous media,
its value may be influenced by the observation time ∆ used in that specific measurement.
In this case, 𝐷𝑎𝑝𝑝 is often referred to as the effective diffusion coefficient, 𝐷𝑒𝑓𝑓 , which
depends on the time dependence of the mean-squared displacement, resulting in
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𝐷𝑒𝑓𝑓 < 𝐷0 for long ∆-times. 𝐷𝑒𝑓𝑓 will be described in more detail in a later section.
In the case of an additional coherent motion, Equation (3.13) can be expanded to
include the first term of Equation (3.12) resulting in an expression that accounts for both
the attenuation due to diffusion and a phase shift due to flow
𝐸(𝒈) = exp(𝑖𝛾𝛿𝒈 ∙ 𝒗∆ − 𝛾 2 𝑔2 𝛿 2 𝐷(∆ − 𝛿 ⁄3))

(3.14)

where 𝒗 is the coherent flow velocity.
Stejskal also suggested the use of propagators to describe the probability of
generalized motion [2]. The normalized echo amplitude as a function of the gradient
strength, 𝒈, and the observation time, ∆, is given by
𝐸(𝒈, ∆) = ∫ 𝜌(𝒓) ∫ 𝑃(𝒓|𝒓′ , ∆) exp(𝑖𝛾𝛿𝒈 ∙ [𝒓 − 𝒓′ ]) 𝑑𝒓′ 𝑑𝒓

(3.15)

Equation (3.15) closely resembles Equation (2.35) in the Fourier relationship used for kspace analysis, and consequently lends itself well to a new reciprocal space analogy.
While k describes the static displacement, 𝒓, of spins, the new reciprocal space vector,
denoted 𝒒, describes the dynamic displacement 𝑹 of spins in terms of spin phase
behavior.
𝒒=

𝛾𝛿𝒈
2𝜋

(3.16)

Equation (3.15) can now be rewritten in terms of 𝒒
𝐸(𝒒, ∆) = ∫ 𝜌(𝒓) ∫ 𝑃(𝒓|𝒓′ , ∆) exp(𝑖2𝜋𝒒 ∙ [𝒓 − 𝒓′ ]) 𝑑𝒓′ 𝑑𝒓

(3.17)

Using the definition of the average propagator given in Equation (3.2), a Fourier
relationship between the normalized echo signal and the average displacement probability
density is obtained
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𝑃̅(𝑹, 𝑡) = ∫ 𝜌(𝒓)𝑃(𝒓|𝒓 + 𝑹, ∆)𝑑𝒓
𝐸(𝒒, ∆) = ∫ 𝑃̅ (𝑹, ∆) exp(𝑖2𝜋𝒒 ∙ 𝑹) 𝑑𝑹

(3.18)
(3.19)

From this Fourier relationship, it is clear that by measuring the echo signal in q-space, an
image of the displacement probability can be produced. During k-space imaging, a
distribution of spin density is obtained, while during q-space imaging, a distribution of
spin displacement is obtained.
At this point, it is convenient to introduce a simplified version of the echo
attenuation equation valid in the low q-limit. If the molecular displacement taking place
is due to Brownian motion only, i.e. there is no coherent flow in the system, the echo
attenuation can be expressed by the following equation
1
𝐸(𝒒, ∆) ≈ 1 − 𝑞 2 〈𝑍 2 (∆)〉
2

(3.20)

which allows for measuring the mean squared displacement directly. The simplified
expression in Equation (3.20) becomes particularly useful in the case of restricted
diffusion where it can be used to obtain information about length scales in porous
systems.

The Bloch-Torrey Equation for Diffusion and Flow

A method for describing the spin phase evolution taking the effects of position,
advection, and spin-spin relaxation into account was developed by Torrey in 1956 [3].
His approach is based on the Bloch equations and effectively treats the magnetization as a
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fluid. The equation describing the ‘transport of the magnetization’ is known as the BlochTorrey equation
𝜕𝑀+
𝑀+
= −𝑖𝛾𝒓 ∙ 𝒈∗ (𝑡)𝑀+ −
+ 𝐷∇2 𝑀+ − (𝒗 ∙ ∇)𝑀+
𝜕𝑡
𝑇2

(3.21)

The above version of the Bloch-Torrey equation assumes a scalar diffusion coefficient
and is the time evolution of the transverse magnetization vector, 𝑀+ = 𝑀𝑥 + 𝑖𝑀𝑦 , in the
rotating reference frame. The solution to Equation (3.21) is
𝑡

𝑀+ (𝒓, 𝑡) = 𝐴(𝑡)𝑒𝑥𝑝 (−𝑖𝛾𝒓 ∙ ∫ 𝒈∗ (𝑡′)𝑑𝑡′) exp(− 𝑡⁄𝑇2 )

(3.22)

0

where 𝐴(𝑡) is a modulation factor determined by the spreading motion of the spin bearing
molecules through diffusion and flow, the first exponential is a helical phase distribution
that equals 1 at the echo center, and the second exponential describes the spin-spin
𝑡

relaxation. If the echo condition, ∫0 𝒈∗ (𝑡 ′ )𝑑𝑡 ′ = 0, is met, 𝐴(𝑡) becomes the normalized
echo amplitude
𝑡

2

𝑡′

2

𝑡

𝑡′

∗

𝐸(𝑡) = 𝑒𝑥𝑝 [−𝐷𝛾 ∫ (∫ 𝒈 (𝑡′′)𝑑𝑡′′) 𝑑𝑡′] 𝑒𝑥𝑝 [𝑖𝛾𝒗 ∙ ∫ ∫ 𝒈∗ (𝑡 ′′ )𝑑𝑡′′𝑑𝑡′]
0

0

0

(3.23)

0

The above expression of the Bloch-Torrey equation is accurate only if the signal is
evaluated at the echo center. If this condition is met, and isotropic diffusion is assumed,
Equation (3.23) can be used to evaluate the spin phase distribution for the PGSE
sequence. By evaluating the Bloch-Torrey integrals in Equation (3.23) using the time
intervals in a PGSE sequence, the zeroth and first moment are obtained from the first two
integrals, while the last integral produces an expression that represent the diffusion
induced echo attenuation in Equation (3.13)
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2𝜏

∫ 𝒈∗ (𝑡 ′ )𝑑𝑡 ′ = 0

(3.24)

0
𝑡

𝑡′

∫ ∫ 𝒈∗ (𝑡′′)𝑑𝑡′′𝑑𝑡′ = −𝒈𝛿∆
0
𝑡
0

2

𝑡′

∫ (∫ 𝒈

(3.25)

0

∗ (𝑡 ′′ )𝑑𝑡′′

) 𝑑𝑡 ′ = 𝑔2 𝛿 2 (∆ − 𝛿 ⁄3)

(3.26)

0

Equation (3.24) is simply the echo condition, Equation (3.25) is the first moment
representing the coherent flow contribution to the echo amplitude, and Equation (3.26)
represents the diffusion contribution to the echo amplitude.

Restricted Diffusion

The ability to measure restricted diffusion by means of NMR has become a topic
of great interest in a variety of fields due to the correlation between the diffusion
coefficient and the microstructure of a porous structure. Diffusion measurements are
essential to understanding the transport processes in complex porous structures, both for
stationary fluids and flow through the porous media. The PGSE experiment lies at the
heart of these measurements due to its ability to non-invasively probe the molecular
displacement which is proportional to the diffusion coefficient value. In a stationary bulk
fluid, the PGSE experiment will return a diffusion coefficient equivalent to the selfdiffusion coefficient, 𝐷0 , of that particular fluid. In a confining geometry, the measured
diffusion coefficient is referred to as the effective diffusion coefficient, 𝐷𝑒𝑓𝑓 , and is a
function of the diffusion time, or the observation time, ∆, when it is measured using the
PGSE sequence. Using the Einstein definition from Equation (3.4), 𝐷𝑒𝑓𝑓 is given by
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𝐷𝑒𝑓𝑓 =

〈(𝒓(𝑡) − 𝒓(0))2 〉
6𝑡

(3.27)

Figure 3.3 depicts two different porous system, one consisting of isolated pores (left) with
pore diameter d, and one consisting of an interconnected porous network (right) where d
represents the diameter of the pores. At short diffusion times, most molecules have yet to
experience wall collisions, and the measured diffusion coefficient is approximately equal
to the self-diffusion. As 𝑡 → ∞, the molecules sample more of the pore space,
experiencing several wall collisions, and the measured diffusion coefficient is reduced. In
a porous structure with isolated pores, 𝐷(𝑡) → 0 because the mean squared displacement
averages to zero after numerous wall collisions. In an interconnected porous network, the
molecules also experience numerous wall collisions, but will also travel between different
pores, and 𝐷(𝑡) → 𝐷𝑒𝑓𝑓 (∞).
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Figure 3.3. The measured diffusion coefficient as a function of the observation time in a
PGSE experiment for isolated pores (left) and an interconnected porous structure (right).
Redrawn from [4]. In isolated pores, the motion of the particles will average out and
𝐷𝑒𝑓𝑓 → 0 at long observation times. In an interconnected porous structure, a decreased
diffusion coefficient, 𝐷𝑒𝑓𝑓 < 𝐷0 , is observed at long times.
𝐷𝑒𝑓𝑓 (∞) can be used to obtain the tortuosity, 𝛼, of a porous medium. The
tortuosity is used to characterize the connectivity of an interconnected porous matrix and
is therefore highly correlated to the permeability of a porous medium. The relationship
between 𝐷𝑒𝑓𝑓 and 𝛼 is given by
𝐷𝑒𝑓𝑓 (𝑡) 𝐷𝑒𝑓𝑓 (∞) 1
=
=
𝑡→∞
𝐷0
𝐷0
𝛼
lim

(3.28)
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The larger the ratio of 𝐷𝑒𝑓𝑓 and 𝐷0 is the higher the tortuosity. Thus, a higher tortuosity
corresponds to lower connectivity, and therefore also a lower permeability.

Spin Relaxation in Inhomogeneous Porous Media
In PGSE experiments where longer values of the diffusion observation time, ∆,
are needed, spin relaxation effects cannot be avoided. The structure and geometry of
porous media affects the spin relaxation rate, thus knowledge about how spin relaxation
is affected by a restrictive environment is essential in interpreting the echo attenuation
signal. This section will discuss two different methods in which the interplay between
diffusion and relaxation in porous media may be described.
The first method will be referred to as the exchange model for multi-site
relaxation, where molecules exchange between domains with different relaxation times.
Different relaxation rates are assigned to different physical regions of the sample, and
diffusion causes molecules to migrate or exchange between these regions. The relaxation
time for region i is denoted 𝑇 (𝑖) , and can represent either T1 or T2 relaxation. The spin
occupancy of the region is given by 𝑃𝑖 , and of course ∑𝑖 𝑃𝑖 = 1. The rate of exchange
between different regions is given by the exchange time, 𝜏𝐸 , and can be defined as either
slow exchange, where the condition 𝑇 (𝑖) ≪ 𝜏𝐸 must be met, intermediate exchange, or
fast exchange, where 𝑇 (𝑖) ≫ 𝜏𝐸 is required. In the case of slow exchange, the total
magnetization decay due to relaxation is multi-exponential and is given by
𝑀(𝑡)
𝑡
= ∑ 𝑃𝑖 exp (− (𝑖) )
𝑀0
𝑇
𝑖

(3.29)
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In the case of fast exchange, a common relaxation rate, given by Equation (3.30) for the
whole spin system is observed, and thus the magnetization decay due to relaxation is
single-exponential and is given by Equation (3.31)
1
1
= ∑ 𝑃𝑖 (𝑖)
𝑇
𝑇

(3.30)

𝑖

𝑀(𝑡)
𝑡
= 𝑒𝑥𝑝 (− )
𝑀0
𝑇

(3.31)

Intermediate exchange rates result in non-exponential decays and cannot be explained
using the above methods.

Brownstein-Tarr Theory

In a porous media where molecules experience restricted diffusion, the spin
relaxation is highly influenced by the geometry of the pore structure. Thus, the second
method describing the interplay between diffusion and relaxation in an inhomogeneous
media uses a geometric description of spin relaxation in which the relaxation in the bulk
fluid, 𝑇𝐵 , is distinguished from the relaxation that occurs at the surface of the solid
matrix, 𝑇𝑆 . The relaxation that occurs when molecules collide with the surface of the
solid matrix is of particular importance due to the strong relaxation “sinks” that exist
there, and the strength of the effect of this surface relaxation on the measured relaxation
rate is therefore highly dependent on both pore sizes and diffusion rates. The relaxation
effects deriving from surface collisions have been described in detail by Brownstein and
Tarr [5] using the classical magnetization diffusion approach developed by Bloch and
Torrey. By assigning a magnetization density that obeys Fick’s law [6], 𝑀(𝒓, 𝑡) describes
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the probability of finding the spin at position 𝒓 at time t given it has not relaxed due to
surface interactions. The differential equation becomes
𝐷∇2 𝑀(𝒓, 𝑡) =

𝜕𝑀(𝒓, 𝑡)
𝜕𝑡

(3.32)

where 𝑀(𝒓, 𝑡) can refer to either spin-lattice or spin-spin relaxation. The normal mode
solution to the differential equation as written by Brownstein and Tarr is
∞

𝑀(𝑡) = 𝑀0 ∑ 𝐼𝑛 𝑒𝑥𝑝 (−
𝑛=0

𝑡
)
𝑇𝑛

(3.33)
𝑥

where 𝐼𝑛 is the relative contribution of a normal mode, and 𝐼𝑛 = 𝑎𝑛 ∫𝑉 𝑑𝒓 𝑢𝑛 . The sum of
𝐼𝑛 equals unity. 𝑢𝑛 and 𝑇𝑛 are the eigenfunctions and eigenvalues of the Helmholtz
equation
𝑢𝑛
+ 𝐷∇2 𝑢𝑛 = 0
𝑇𝑛

(3.34)

The geometric aspect of the Brownstein-Tarr description is found in the variables 𝐼𝑛 and
𝑇𝑛 which depend on the self-diffusion coefficient, 𝐷, the pore shape and size, 𝑎, and the
average surface relaxation sink strength, 𝜌̅ , which is also known as the surface relaxivity.
Specific solutions to 𝐼𝑛 and 𝑇𝑛 have been derived for planar pore geometry, cylindrical
pore geometry, and spherical pore geometry, but will not be included in this thesis.
However, it should be noted that for all geometries, 𝐼𝑛 and 𝑇𝑛 vary as a function of
𝜌̅ 𝑎⁄𝐷.
Again, there are two limiting cases to consider; the fast-exchange limit and the
slow-exchange limit. The fast-exchange limit is defined as 𝜌̅ 𝑎⁄𝐷 ≪ 1, which means that
the rate of diffusion of magnetization delivered to the surface of the solid matrix is much
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larger than the surface relaxivity, 𝜌. This limiting case is therefore also referred to as the
“fast-diffusion” limit. In the case of the fast-diffusion limit, the relaxation is a single
mode featuring single-exponential decay and is dominated by the slowest relaxation
mode 𝑇0−1 ~ 𝑎⁄𝜌̅ . In the case of slow exchange, 𝜌̅ 𝑎⁄𝐷 ≫ 1, the surface relaxation rate, 𝜌,
is much larger than the rate at which diffusion can deliver magnetization to the surface.
Thus, the slow-exchange limit is often referred to as “diffusion-limited” exchange. The
diffusion limited regime depends on higher order relaxation modes as well as the slowest
mode and features multi-exponential relaxation. The slowest relaxation mode is given by
𝑇0−1 ~ 𝑎2 ⁄𝐷 . The higher order relaxation modes, 𝑇𝑛−1 , can only be observed in the
diffusion limited regime, are virtually independent of 𝜌, and are of order 𝑎2 ⁄𝑛2 𝜋 2 𝐷. This
relationship provides the means to estimate the range of pore sizes in the inhomogeneous
media. Reliable estimates of 𝜌 are difficult to obtain, however, in combination with qspace imaging, the Brownstein-Tarr model can be used to characterize pore structure and
geometry.
In the case of an inhomogeneous porous media with pore sizes at the order of 10
microns or smaller, the fast diffusion limit applies, and the relaxation rates are directly
related to the surface to volume ratio of the pores. For larger pores, the relaxation rate of
the bulk fluid will contribute. The overall T1 and T2 relaxation rate of the fluid in a porous
media is given by the following equations
1
1
1
=
+
𝑇1 𝑇1𝐵 𝑇1𝑆

(3.35)

1
1
1
1
=
+
+
𝑇2 𝑇2𝐵 𝑇2𝑆 𝑇2𝐷

(3.36)
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where 𝑇𝐵 is the contribution of the bulk relaxation, 𝑇𝑆 is the surface relaxation
contribution and 𝑇

1
1,2𝑆

𝑆

= 𝜌1,2 𝑉, where 𝜌1,2 are the surface relaxivities for T1 or T2

relaxation. TD is a diffusion term that allows for echo attenuation due to local
inhomogeneous magnetic fields which can be ignored if the CPMG sequence is executed
with sufficiently short echo times, 𝜏𝐸 . For small pores, when the fast-diffusion limit
applies, the bulk relaxation term can also be ignored, and the relaxation rate simplifies to
1
𝑆
= 𝜌1,2
𝑇1,2
𝑉

(3.37)

A distribution of pore sizes will result in a multiexponential signal decay, and by using an
inverse Laplace transformation technique, a relaxation rate distribution can be obtained.

Inverse Laplace Transformations

In an inhomogeneous media where a distribution of pore sizes results in a
multiexponential signal decay, an inverse Laplace transformation of the signal decay
returns a distribution of the various relaxation rates.
𝑓(𝑅) = ℒ −1 {𝑆(𝑡)}

(3.38)

∞

𝑆(𝑡) = ℒ{𝑓(𝑅)} = ∫ 𝑓(𝑅) exp(−𝑅𝑡) 𝑑𝑅

(3.39)

0

Here, Equation (3.39) represents the multiexponential decay where 𝑓(𝑅) is the
probability of obtaining a decay rate, R. 𝑆(𝑡) is the time domain signal such as acquired
in an NMR relaxation experiment. The relaxation rate distribution is imbedded in 𝑓(𝑅),
so an inverse Laplace transformation (ILT) is needed to extract the relaxation rate
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distribution. The ILT is asymmetric, ill-defined, and difficult to implement, but an
analytical expression does exist
𝑓(𝑅) = ℒ −1 {𝑆(𝑡)} =

1 𝛾+𝑖∞
∫
𝑆(𝑡) exp(𝑅𝑡) 𝑑𝑡
2𝜋𝑖 𝛾−𝑖∞

(3.40)

The integral in Equation (3.40) is a contour integral where 𝛾 is a vertical contour
positioned to the right of any singularities, thus, the introduction of gamma prevents the
integration of a singularity. However, the above expression is unstable due to the
increasing exponential term which may lead to exponential divergence due to the
presence of noise in 𝑆(𝑡), something that is unavoidable in NMR experiments. Instead, a
regularized non-negative least squared method of the ILT that accounts for noise was
suggested by Provencher in 1982 [7]
𝑀

𝑆(𝑡𝑖 ) = ∑ exp(−𝑡𝑖 𝑅𝑗 ) 𝑓(𝑅𝑗 ) + 𝜖𝑖

(3.41)

𝑗=1

where 𝑖 = 1 … 𝑁 representing discrete sampling time intervals, and 𝑗 = 1 … 𝑀
representing the numerous relaxation rate domains for which the solution 𝑓(𝑅) is being
discretized. 𝜖𝑖 is the error due to noise in the measurement, so the results of a
measurement can be optimized by minimizing 𝜖𝑖 . This method requires that the spectral
amplitudes of 𝑓(𝑅𝑗 ) are all positive, and that the simplest solution, which contains the
least amount of detail and information is being used. To ensure that the simplest solution
is being used, Provencher implemented a method known as the Tikhonov regularization
method in which the goal is to determine the minimum value of the solution, 𝑉(𝛼), given
by
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2

2

𝑉(𝛼) = ‖𝐾𝑓 − 𝑆‖ + 𝛼 2 ‖Γ𝑓‖ = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚

(3.42)

where 𝐾 is the kernel, 𝛼 is the regularization parameter, Γ is an operator that promotes
smoothness, 𝑆 is the measured signal, and 𝑓 is the least-squares solution and the
distribution of relaxation rates. The last term in Equation (3.42) can be expressed as
𝑅𝑚𝑎𝑥

2

‖Γ𝑓‖ = ∫

[𝑓′′(𝑅)]2 𝑑𝑅

(3.43)

𝑅𝑚𝑖𝑛

where 𝑅𝑚𝑖𝑛 and 𝑅𝑚𝑎𝑥 are the bounds of the solution variable 𝑅. The solution, 𝑉(𝛼), can
be discretized so that the solution vector, 𝑓, takes on values corresponding to each 𝑅𝑗 ,
obtaining the expression
𝑁

𝑀

𝑉(𝛼) = ∑ ∑(𝑆𝑖 − exp(−𝑡𝑖 𝑅𝑗 )𝑓𝑗 )2
𝑖

𝑗
𝑀
2

+ 𝛼 ∑(2𝑓𝑗 − 𝑓𝑗+1 − 𝑓𝑗−1 )2 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚

(3.44)

𝑗

The last summation in Equation (3.44) is the residual denoted 𝜒 2 , and is calculated for
each value of 𝛼 2 . To obtain the minimum value of the solution, 𝑉(𝛼), a value of 𝛼 2 that
minimizes 𝜒 2 is chosen. However, if the chosen value for 𝛼 2 is too high a phenomenon
known as “pearling” will result, where the final relaxation rate distribution display more
fine detail than actually exists in the data. Thus, 𝛼 2 is chosen with the aim to minimize
𝜒 2 , but only just.
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The T1-T2 Correlation Pulse Sequence

The T1-T2 correlation experiment has the ability to probe both spin-lattice and
spin-spin relaxation in just one NMR experiment by performing an inversion recovery in
quick succession with a CPMG train. In the T1-T2 pulse sequence shown in Figure 3.4, 𝜏1
is the inversion, or evolution, time in the inversion recovery, and 𝜏2 is the time for any
echo maxima in the CPMG sequence and is given by 𝜏2 = 𝑛𝜏𝐸 , where 𝜏𝐸 is the echo time
as usual. The sequence is executed by first performing the inversion recovery and CPMG
train in succession before looping back to the beginning of the sequence again. The loop
is performed N times for N different inversion times.

Figure 3.4. The T1-T2 pulse sequence consist of an inversion recovery which encodes for
T1 relaxation followed by a CPMG train which encodes for T2 relaxation. The
combination of the two pulse sequences allows for investigation of the correlation
between T1 and T2 relaxation in a sample.

The normalized signal is given by
𝑆(𝜏1 , 𝜏2 ) = ∫ ∫(1 − 2exp(−𝑅1 𝜏1 ))exp(−𝑅2 𝜏2 ) 𝑓(𝑅1 , 𝑅2 )𝑑𝑅1 𝑑𝑅2

(3.45)
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where 𝑓(𝑅1 , 𝑅2 ) is the relaxation spectrum density, and 𝑅1 and 𝑅2 are the T1 and T2
relaxation rates, respectively. To analyze the data using the ILT, the discrete form of the
normalized signal is necessary. Using explicit discretization of two independent encoding
times 𝜏1 and 𝜏2 ,
𝑀1 𝑀2

𝑆(𝜏1𝑖 , 𝜏2𝑗 ) = ∑ ∑(1 − 2 exp(−𝑅1𝑘 𝜏1𝑖 )) exp(−𝑅2𝑙 𝜏2𝑗 ) 𝑓(𝑅1𝑘 , 𝑅2𝑙 ) + 𝜖𝑖,𝑗

(3.46)

𝑘=1 𝑙=1

The relaxation rate distribution imbedded in 𝑓(𝑅1𝑘 , 𝑅2𝑙 ) can then be obtained, and an
example of such a distribution, known as a relaxation correlation map, is given in Figure.
3.5.
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Figure 3.5. A hypothetical representation of a T1-T2 relaxation correlation map.
Populations representing bulk liquids (blue) will appear on the parity line where 𝑇1 = 𝑇2 .
Populations representing highly viscous liquids or solids (green) will appear to the left of
parity line, 𝑇1 > 𝑇2 . No populations should appear to the right of the parity line because,
in theory, T1 should never be less than T2.
The dashed line in the above plot, often referred to as the ‘parity line’, represent 𝑇1 = 𝑇2 .
Any relaxation population that appears on the parity line is characterized as a non-viscous
bulk fluid. Populations that appear to the left of the parity line are defined as highly
viscous fluids or solids for which 𝑇1 > 𝑇2. No populations should appear to the right of
the parity line as this would indicate 𝑇1 < 𝑇2 , which is known to be non-physical.
However, relaxation populations will occasionally appear in this ‘forbidden’ region and
are referred to as negative amplitude peaks because they are a result of negative
amplitude relaxation eigenmodes. These populations are not a true representation of
actual relaxation rates, but rather an artifact as a consequence of unnatural non-
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exponential decaying behavior of the acquired signal, which can be observed in the raw
time domain data.

Figure 3.6. Two hypothetical cases of magnetization decay as a function of 𝜏1 at five
different 𝜏2 -times. Each data set is normalized by the initial magnetization amplitude,
𝑀(0, 𝜏2 ), and shifted away from unity for better visualization. The left plot demonstrates
a typical exponential signal decay from a T1-T2 correlation experiment. The initial rise in
signal in the right plot is abnormal, but still occasionally observed, and is associated with
complex diffusion dynamics.

The plots in Figure 3.6 show the normalized magnetization decay for a T1-T2
experiment as a function of the inversion time, 𝜏1 , at a specific 𝜏2 time. Normally, the
magnetization will decay away exponentially due to relaxation effects as depicted in the
left plot, but under certain conditions, an initial increase in the signal is observed for short
𝜏1 -times. The increase becomes more predominant at longer 𝜏2 -times and is caused by
complex diffusion dynamics in which the relaxation modes in an interconnected
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geometric structure are coupled through a specific combination of fast and slow
molecular exchange. Because the ILT requires the spectral amplitudes of 𝑓(𝑅1𝑘 , 𝑅2𝑙 ) to
be all positive, the presence of negative amplitude relaxation modes may distort the
relaxation distribution spectrum, resulting in unreliable relaxation correlation maps.
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NMR RELAXOMETRY TO CHARACTERIZE DRUG
STRUCTURAL PHASE IN A POROUS CONSTRUCT

Abstract

Nuclear magnetic resonance (NMR) frequency spectra and T2 relaxation time
measurements, using a high-power radio frequency probe, are shown to characterize the
presence of amorphous drug in a porous silica construct. The results indicate the ability
of non-solid-state NMR methods to characterize crystalline and amorphous solid
structural phases in drugs. 2D T1-T2 magnetic relaxation time correlation experiments are
shown to monitor the impact of relative humidity (RH) on the drug in a porous silica
tablet.

Introduction

Drug solubility depends on whether the drug is in the crystalline or amorphous
solid state [1]. Methods such as spray drying [2] and pore entrapment [3-6] are well
established approaches to impact molecular dynamics during solidification and control
the drug structural phase. Nuclear magnetic resonance (NMR) methods have been applied
to characterize the amorphous and crystal structures of pharmaceuticals using solid state
(ssNMR) methods [7-10]. These ssNMR methods require sample spinning and typically
grinding of the sample into a powder, and the incompatibility of the methods with the
liquid state preclude observing transitions from the liquid melt to the solid-state during
solidification. Liquid state NMR relaxometry is well established to characterize pore size
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distributions in porous media [11, 12]. NMR relaxation times are sensitive to phase
transitions from liquid to solid state [13, 14]. Somewhat analogous to the solidification
processes studied here are NMR cryoporometry in porous media which relies on the
Gibbs-Thomson effect and the presence of nanoscale unfrozen water layers at the
boundary of the solid porous matrix and the ice crystals in the bulk pores to characterize
porous systems [15, 16].
In this paper we describe the use of a purpose-built high-power radio frequency
(rf) pulse probe to measure the solidification of the drug fenofibrate in bulk and within a
porous matrix. The probe allows high power short duration rf pulses capable of acquiring
signal from the solid-state drug without sample spinning. NMR spectra indicate
amorphous domains after solidification in the porous matrix that are not present in the
bulk solidification, assisting in verification and interpretation of the novel relaxation data
presented. The impact of relative humidity on the structure of the solid-state drug in the
porous matrix is shown to correlate with NMR relaxation behavior. The results quantify
the impact of porous matrix restriction on the drug solidification and indicate the
potential for quality control and process monitoring by NMR.

Theory

NMR frequency spectra and magnetic relaxation times are sensitive to the liquid
or solid phase of the sample and the solid-state structural crystal or amorphous phase.
Frequency spectra of liquids are Lorentzian due to the exponential form of the time
dependent free induction decay (FID) voltage signal, while those of solids are Gaussian
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[17, 18]. This is due to motional averaging of the dipolar coupling of the 1H protons in
liquids by rotational diffusion [17]. In solids the correlation time of the dipolar coupling
is much longer and results in a Gaussian FID that decays away rapidly in time (~1-100
µs) generating a broad Gaussian linewidth in the frequency domain [18]. The spin-spin T2
relaxation time depends on the proton dipolar coupling and is short (< 1 ms) for solids
and longer (>100 ms) for liquids and determines the line shape and linewidth. The solid
phase ordering in crystalline phases increases the dipolar coupling with corresponding
fast in time Gaussian FID decays with shorter T2 than in amorphous solids where disorder
and slightly increased mobility generates longer T2 and potentially short time Gaussian
and longer time exponential FIDs [12, 19]. Spin-lattice T1 relaxation in liquids is at the
order of seconds and T1~T2, while in solids T1 is much longer than T2 [12]. The solid
phase T1 is longer in more ordered crystalline states than in amorphous states.

Methods

The porous matrix used in these experiments is a porous tablet made from
colloidal silica. Silica with a stable ordered mesoporous structure has been shown to be a
promising controlled drug delivery system [3]. Charge-stabilized, amorphous colloidal
silica (Nissan Chemical, MP-1040-H) suspended in water with an average particle
diameter of d = 100 nm and low size polydispersity (<5%) was used for all experiments.
The surface of the colloidal silica is negatively charged with a surface charge density
between 8 nm-1 and 10 nm-1, and free of residual organics as stated by the manufacturer.
300 μL colloidal silica is added to cylindrical molds and left to solidify for 24 hours. The
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tablet dimensions are set by the dimensions of the mold used during the slipcasting
process. Tablets are cylindrical in shape, with a diameter and height on the order of 0.5-1
cm. Silica particles are packed into a random structure, as revealed by small angle
neutron scattering experiments. The characteristic pore size can be estimated by
calculating the void created by three kissing spheres: D = 0.15d; with d estimated as d 
15 nm. After 24 hours, the fenofibrate is heated to 10°C above its melting point of 81.1°C
and the drug is loaded into the tablet by imbibing the drug in liquid form. The fenofibrate
is absorbed into the tablet by capillary action. Once the imbibition process is complete,
the mass fraction of the drug in the composite is 0.18 ± 0.01, as measured using
thermogravimetric analysis. This corresponds to the silica colloid volume fraction of  =
0.71, based on the density of amorphous silica silica = 2.196 g/cm3 and the density of
fenofibrate, fenofibrate = 1.18 g/cm3. Measurements indicate that the void space is filled
completely by the drug during imbibition. Finally, the tablet is wiped down to remove
any excess drug on the surface before it is placed in a 5mm NMR tube. The bulk drug
sample is prepared by adding the powdered drug to a 5mm NMR tube and melting the
drug in the tube. The sample is quickly placed in a Bruker 250 MHz superconducting
magnet integrated to an Avance III spectrometer where frequency spectra and T2
measurements are performed using a high power radio frequency (rf) probe with a 5 mm
rf coil custom built by Bruker. Temperature is controlled at 20°C using the Bruker BTU
system with N2 gas flow. The T2 measurements are executed using the standard CarrPurcell-Meiboom-Gill (CPMG) pulse sequence with echo time 𝜏𝐸 =12 µs, 500-4000
echoes depending on the sample, acquisition sampling dwell time of 1 μs, and 7.5 µs rf
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pulses at 100 W power. The signal was acquired using 4 averages of a 16 phase cycle
acquisition. The rapid data acquisition in the short 2∙τE period preludes full acquisition of
the echo, so the data is not encoded for spectral frequency shift. Experiments with 𝜏𝐸
varying from 12-400 μs indicate no T2 dispersion effect due to potential spin locking of
longer T2 components with rotating frame spin-lattice relaxation times T1ρ of similar
magnitude [10, 20]. The T2 relaxation data is converted by inverse Laplace
transformation to a distribution of relaxation populations [11, 19, 21].
To explore the impact of relative humidity on the solidified drug with time, tablets
are stored in an environment with controlled relative humidity at T = 20°C. The 0% RH
conditions are set by sealing the tablet in a container with an excess of dry desiccant
(Drierite). 100% RH conditions are set by sealing the composites in a container with
excess liquid water. Liquid water is not allowed to be in contact with the tablet, but
creates a saturated vapor pressure at equilibrium in an enclosed environment.
Measurements of a tablet kept in a 0% RH environment are compared to measurements
of a tablet kept in a 100% RH environment for two weeks. T1 and T2 relaxation data are
acquired by performing 1D T2 experiments and 2D T1-T2 correlation experiments. The T1T2 measurements are performed using an inversion recovery combined with a CPMG
pulse sequence [11]. The same parameters used in the T2 measurements are used for the
CPMG portion of the T1-T2 measurement except that 2 averages of the 16 phase cycle
acquisition are used. Inversion recovery is performed with inversion times
logarithmically spaced from 1 ms to 50 s. Inverse Laplace transforms of the relaxation
data are performed in 1D for T2 and 2D for T1-T2 experiments to provide distributions of
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relaxation times. Data was collected on day 1, 3, 7, and 14 of the storage in 100% RH. To
avoid exposing the sample to lower relative humidity during measurements, four samples
were prepared so that none of the tablets were removed from the high relative humidity
environment until the measurement was performed.

Results and Discussion

Drug Solidification
Once the tablet or the bulk drug is placed in the magnet, frequency spectra and T2
measurements are interleaved and performed continuously until the drug is fully
solidified and no further changes are observed. The fenofibrate is originally in powder
form of ground crystal but takes on a more ordered crystalline structure when it solidifies
after being melted [22]. This is indicated by the T2 measurements of the drug in powder
form and after the melted drug has solidified.
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Figure 4.1. T2 distributions of the drug in powder form (blue/black), and the solidified
drug after being melted and recrystallized (red/grey). Two populations are observed in
both samples, and the signal intensity ratio between the two populations remain
approximately the same before and after melting. The population with shortest T2 time
experiences a shift towards shorter relaxation times when solidifying after being melted

The T2 distributions in Figure 4.1 show that the drug has two T2 populations
before and after being melted, and the signal amplitude distribution between the two
peaks remain approximately the same. A shift towards shorter T2 relaxation times is
observed in the melted and solidified drug. Additionally, the total signal amplitude of the
solidified drug is two orders of magnitude lower than that of the powdered drug,
however, this cannot be seen in Figure 4.1 due to both of the T2 distributions being
normalized by the population amplitude maximum for visualization of the shift in T2
relaxation time. The decrease in total measured signal amplitude in the recrystallized
system is due to the T2 relaxation times of the drug becoming too short, i.e. less than 𝜏𝐸
of 12 µs, for the NMR pulse sequence to detect, indicating a more ordered crystalline
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structure than the powder form. The two populations thus represent the most rotationally
mobile protons in the system with T2 > ~50 µs. The populations cannot be assigned to
specific moieties on the molecule. However, from spectroscopic experiments and
quantum mechanical simulations, the crystal structure indicates stacking of benzene rings
[22]. The population at T2 ~ 10-4 s shifts to lower T2 values in the melted solidified
sample relative to the powdered form. It is expected the melt process will allow
reorientation of molecules for a smaller molecular spacing in the crystal and protons in
this population indicate that effect. The more rotationally mobile protons at T2 ~ 1×10-3
are associated with the methyl groups furthest from the stacked benzene rings and the
broad distribution of T2’s indicate they experience varying rotational mobility depending
on the exact location on the molecule consistent with the model of Heinz et. al [22].

Figure 4.2. Frequency spectra of drug solidifying in (a) bulk and (b) tablet. In both samples,
the drug starts out (red/grey) as highly amorphous indicated by the Lorentzian shape of the
frequency spectra. Once the solidification process is complete, the pure drug has solidified
(black) to a highly ordered crystalline structure, resulting in a broad Gaussian frequency
peak. The final frequency spectrum for drug in the tablet is a combination of a broad
Gaussian distribution and a Lorentzian, indicating that the drug solidifying in the restricted
environment of the porous matrix is more amorphous than the bulk sample.
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The bulk drug took approximately 30 minutes to fully solidify after melting, while
it was 3-4 hours for the drug in the porous tablet to solidify. To ensure no further changes
occurred in the tablet past the first 4 hours, the sample was stored and additional
measurements were performed after 21 hours. Figure 4.2(a) shows frequency spectra of
the drug in bulk in liquid melt state at 0 and in solid state at 27 minutes. The melt state
signal is a convolution of a Gaussian and Lorentzian decay. This indicates the high
degree of molecular order, likely due to pi stacking of the Benzene rings in the molten
state. The Lorentzian portion of the frequency spectrum at 0 minutes is liquid like where
the molecular mobility, i.e. the random modulation of the dipolar coupling, is fast. In
bulk, the drug solidifies with unrestricted molecular mobility and the final result is a
highly ordered crystalline structure. The slow random modulation of the dipolar coupling
produces a pure Gaussian line shape in the frequency spectrum as can be seen in Figure
4.2(a) at 27 minutes [18].
A similar Lorentzian distribution is observed in the frequency spectra for the drug
in a porous tablet in the liquid melt state at 0 minutes, Figure 4.2(b). However, in addition
to the broad Gaussian distribution seen in the pure drug, a remaining Lorentzian
distribution can be seen at 21 hours for this sample. The combination of Gaussian and
Lorentzian line shapes in the frequency spectrum suggest that when restricted in a porous
media, some of the drug will not reach the highly ordered crystalline structure of the pure
drug. The Gaussian line shape confirms that the drug has solidified, but the remaining
Lorentzian line shape indicates the presence of a highly amorphous state of solidified
drug or supercooled liquid [23, 24].
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Figure 4.3. Wide angle x-ray diffraction (WAXS) spectra for the fenofibrate-SiO2
composite with unprocessed crystalline fenofibrate powder direct from the manufacturer.
The primary Bragg peaks in the composite scattering do not match up with those in the
crystalline active, indicating they do not have the same crystal structure. A broad
amorphous SiO2 peak dominates the composite sample signal.

When the bulk drug solidifies, a highly ordered bulk crystal structure forms. In a
confined environment of 15 nm pores, as used here, fenofibrate has been shown to
produce nanocrystals by 13C MAS ssNMR and XRPD [25]. In that study ssNMR data
showed line broadening with pre size decreasing from 300 nm to 20 nm that was
attributed to surface disorder as nanocrystals became small, thus differentiating surface
drug versus nanocrystalline core drug [25]. At 12 nm pore size the ssNMR still indicated
crystalline drug, but the 13C spectra broadening and XRPD data indicated loss of longrange order. Wide angle x-ray diffraction on the bulk fenofibrate and fenofibrate in the
porous construct for our samples how similar behavior to the XPRD data of reference
[25] with crystalline behavior in bulk and a large background silica signal in the small
pore tablet (Figure 4.3). The linewidth of the Gaussian portion of the spectra for the bulk
and tablet solidified samples (Figure 4.2) have similar linewidth, indicating the presence
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of nanocrystals of drug in the pore. The Lorentzian component indicates an amorphous
component due to the impact of the silica fenofibrate surface interactions. This could be
due to supercooled liquid or amorphous surface solid. Given the rapid crystallization
behavior of supercooled fenofibrate, which occurs on the timescale of minutes in the
presence of a nucleation site [23, 24], we believe it is surface impacted solid [25].

Figure 4.4. T2 distributions of drug solidifying in (a) bulk and (b) tablet. The full signal
amplitude is shown in the right corner of the plots. There is a large signal loss in both
samples due to the solidification of the drug. Once solidification is complete in the bulk
sample, most of the signal from the longer T2 population, ~10-3 s, is lost and most of the
signal results from the shorter T2 population, ~10-4 s. In the tablet sample, there is an
equal signal distribution between the ~10-3 s and the ~10-4 s T2 populations when the
solidification is complete, confirming the results seen in the frequency spectra suggesting
that the drug in the tablet is in a more amorphous mobile state than the highly ordered
bulk sample.

The T2 data collected during the solidification process, Figure 4.4, indicate that a
majority of the signal originates from the population with T2 relaxation times of ~10-3 s,
9.9×10-4 seconds in the bulk fenofibrate and 9.3×10-4 s in the tablet, when the drug is in
liquid form. Note that the most rotationally mobile protons in the melt at T2 ~10-2 s are no
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longer fully resolved in the solidifying sample. These most mobile protons associated
with the methyl protons become a shoulder on the T2 ~10-3 s population as the crystal
forms. In both systems, the signal amplitude of the ~10-3 s T2 time population decreases
significantly and the signal amplitude of the shorter T2 time population, ~10-4 s, increases
during the drug solidification. These results indicate that the relaxation time of a portion
of the fenofibrate shifts from the decreasing long T2 population to the short T2 population,
and the remaining drug exhibits T2 times too short to detect with the 12 μs 𝜏𝐸 . In the bulk
fenofibrate (Figure 4.4(a)), the signal amplitude of the ~10-3 s T2 population keeps
decreasing until a greater portion of the remaining signal originates from the ~10-4 s T2
population. For the fenofibrate in the tablet (Figure 4.4(b)), the signal amplitude of the
~10-3 s T2 population stops decreasing when the remaining signal is evenly distributed
between the two populations. The even distribution of signal amplitude in the final state
of fenofibrate in the porous medium compared to that of the bulk fenofibrate confirms the
results from the frequency spectra that the drug takes on a more amorphous structure
when solidifying within a restricted environment [25].
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Figure 4.5. T1-T2 correlation data from the model drug in a tablet kept at 0% RH. The T1T2 data indicate that there are two populations with different T2 relaxation times present in
the tablet at 0% RH. The two populations have identical T1 relaxation times and T2 times
on the order of 10-4 s and 10-3 s.

Impact of Relative Humidity
The impact of relative humidity on the structure of a solid-state drug is of
relevance to long time storage of the drug. If stored in a high relative humidity
environment over time, water will begin to inhabit the pore space of the tablet due to
capillary condensation. T1-T2 correlation measurements are used to quantify the effect of
100% relative humidity on fenofibrate confined in a porous matrix over a 2 week period.
For comparison, T1-T2 data was collected from fenofibrate in a tablet stored at 0%
relative humidity. At 0% relative humidity, the T1-T2 correlation data, Figure 4.5, reveals
two main populations with identical T1 relaxation times and T2 times at the order of 10-4
and 10-3 s, and the broad shoulder out to 10-2 s on the 10-3 s population. These are similar
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T2 times to those observed in the T2 distributions in Figure 4.1 and 4.4. The tablet stored
at 0% RH showed no significant changes over time.

Figure 4.6. T1-T2 correlation data of drug in tablet stored at 100% RH for (a) 1 day, (b) 3
days, (c) 7 days, and (d) 14 days. It can be seen already on day 1 that a third population
has appeared closer to the T1=T2 parity line (grey dashed line) when comparing to the T1T2 data at 0% RH. This population is in liquid form and is attributed to water building up
in the porous matrix of the tablet. The peak representing water is increasing in amplitude
with time and is approximately one order of magnitude greater by day 14. The two
populations representing the drug trapped within the pore space of the tablet is decreasing
in amplitude with time.
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T1-T2 measurements from day one of a tablet stored at 100% relative humidity
reveal a third population in the T1-T2 correlation map closer to the parity line (grey
dashed line), Figure 4.6(a), representing T1 equal to T2. Populations located on or close to
the parity line are representative of a liquid phase, and it can therefore be assumed that
this third population is water that has entered the porous matrix of the tablet as a result of
its high relative humidity environment. The signal amplitude of the population
representing water increases with time and is approximately one order of magnitude
greater by day 14. The water population is also shifting towards longer T1 and T2
relaxation times, with T1 increasing from 10-2 s on day 1 to 10-1 s by day 14, and T2
increasing from 10-3 s to 10-2 s by day 14. The increase in relaxation time along with the
increase in signal amplitude of the water population indicate that the water is
progressively occupying more of the pore space as well as larger pores in the porous
matrix over the 14-day period. The two populations representing the drug in the tablet
decrease in amplitude over the 14-day period, but do not experience a significant shift in
T1 or T2 relaxation time.
This is more readily observed in Figure 4.7 where the 1D T2 distributions from
day 1, 3, 7, and 14 are presented. The T2 distributions are normalized to the maximum
population amplitude recorded on day 14 so that the growth of the water peak can be
visualized. The population with highest signal amplitude in the T2 distribution for day 1,
Figure 4.7(a), represent signal originating from both the highly restricted mobility water
population and the drug population with 10-3 s T2 from Figure 4.6(a). On day 1, these two
populations exhibit similar T2 times and can therefore not be distinguished in the T2
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distribution. On day 3, the water population has experienced a large enough increase in T2
times to appear as a third peak with T2 of 5.6×10-3 s in Figure 4.7(b). This very short T2
time indicates water in highly restricted thin films. The water peak keeps increasing in
signal amplitude and shifting towards longer T2 times until a T2 of 2.3×10-2 s is reached
on day 14 (Figure 4.7(d)). This T2 time indicates highly restricted water relative to bulk,
but the near order of magnitude increase from day 3 suggests significant changes in
restriction length scale. The two populations representing the drug have experienced a
slight decrease in signal amplitude by day 14, but no significant shift in T2 times,
indicating drug insolubility. Since the drug appears insoluble and the water occupies
larger length scale environments, the pore structure must be altered by the water through
tablet volume expansion or breakup. This effect is also observed visually.

79

Figure 4.7. T2 distributions of the drug in tablet stored at 100% RH for (a) 1 day, (b) 3
days, (c) 7 days, and (d) 14 days. On day 1 (a), the water population and the drug
population with longest T2 time, ~10-3 s, overlap and appear as just one population. By
day 3 (b), the relaxation time of the water population has increased, and the water
population appears as the third peak with the longest T2 time at 5.6×10-3 s in the T2
distribution. The water peak continues to shift towards longer relaxation times, 7.7×10-3 s
on day 7 and 2.3×10-2 s on day 14, as well as increasing in signal amplitude.
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Conclusion

NMR frequency spectra and 1D T2 measurements were used to characterize the
solidification of fenofibrate in bulk and in a porous matrix. The results indicate that
fenofibrate takes on an amorphous structure in a confined environment of ~15 nm
compared to the highly ordered crystal structure formed by the bulk drug and confirms
the application of nonsolid-state NMR to distinguish and characterize crystalline- and
amorphous solid structural phases in drugs. 1D T2 and 2D T1-T2 relaxation correlation
experiments were used to investigate the impact of relative humidity on fenofibrate in a
porous silica tablet. Over a 14-day period, water was observed occupying progressively
more of the porous silica matrix, decreasing the total drug signal detected and occupying
an increasing size pore space. The results indicate the potential for drug quality control
by NMR relaxometry. The further development of low field NMR systems opens the way
towards online observation during storage as well as during dissolution studies under
varying conditions.
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PROBING MOLECULAR DYNAMICS DURING HYDRATE FORMATION
BY HIGH FIELD NMR RELAXOMETRY AND DIFFUSOMETRY

Abstract

High-field nuclear magnetic resonance (NMR) relaxometry and diffusometry
along with magnetic resonance imaging were used to monitor phase transition molecular
dynamics during hydrate formation occurring in water droplets dispersed in liquid
cyclopentane. 1D T2 relaxation measurements indicate the extent of hydrate formation as
well as a reduction in water droplet size with progression of hydrate growth. MRI
intensity and T2 relaxation maps indicate spatially dependent hydrate formation rates due
to the heterogeneity of the system. Spectrally resolved diffusion measurements indicate a
reduction in the porosity of the hydrate agglomerate as the hydrate shell increases in
thickness. A novel signal rise observed in two dimensional T1-T2 relaxation correlation
experiments indicates complex diffusion dynamics due to coupling between regions with
varying relaxation and diffusion. These results indicate the ability to monitor hydrate
growth and phase transition molecular dynamics due to evolution of the porous hydrate
agglomerate by means of high-field NMR.

Introduction

Clathrate hydrates are ice-like crystalline compounds in which hydrocarbon is
contained within a cage of hydrogen bonded water molecules [1]. Hydrates typically
form at low temperatures and high pressures, and are of particular interest to the oil- and
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gas industry due to their potential as a natural gas storage, transportation, and recovery
source, and their applications in CO2 sequestration and separation [2]. However, they are
also of major concern to the industry as hydrates tend to agglomerate in oil and natural
gas pipelines and have the potential to clog pipelines causing damage [1, 3, 4]. Hydrates
nucleate and grow at the interface of water droplets dispersed in the organic phase where
hydrogen bonded water cages combine into larger structures. The two hydrate structures
most commonly found are the cubic structure I and II [1]. Structure I hydrates host
smaller guest molecules such as methane and carbon dioxide and are most commonly
found in natural environments, while structure II hydrates have the capacity to host larger
guest molecules and occur mostly in artificial environments such as gas pipelines [5]. In
addition, a third, structure H hydrates have been identified [6]. A more detailed
understanding of the kinetics of the phase transition involved in the nucleation, growth
and decomposition process of hydrates is needed to further develop and improve
technologies required to exploit the potential of natural gas hydrates [7, 8], and to reduce
the risk of hydrate blockage in pipelines. One of the main obstacles of investigating the
phase transitions involved in hydrate formation is the short time and length scales at
which the transitions occur and the opaque nature of the material. Nuclear magnetic
resonance (NMR) allows for non-invasive studies of complex opaque structures at
microscopic length and timescales and has been used extensively in research on hydrates
[6, 9-12]. High field studies have focused on spectroscopy [13-15] using 13C, 2H, 129Xe,
and solid-state NMR methods [16]. Other high field applications have used magnetic
resonance imaging (MRI) to monitor water-methane hydrate formation rates in porous
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systems [17, 18] and for individual water droplets[19]. NMR relaxation is highly
sensitive to the thermodynamic phase of the system (liquid-solid-gas) as well as
restrictions in motion that occur in porous systems and is therefore an ideal tool for
investigating hydrate formation processes.
MRI has been used to monitor the formation of hydrates as the phase transition
from liquid water dispersed in the organic phase to crystalline hydrate clusters that occur
in bulk or in porous systems generates signal loss [10, 17-23]. Haber et al. [11] used lowfield NMR relaxometry to measure water consumption and pulsed field gradient (PFG)
NMR techniques to monitor the diameter of the water core within a hydrate shell during
model cyclopentane hydrate formation. Kleinberg et al. [12] measured T2 relaxation
distributions using a 2.2 MHz logging tool on the sea floor and Gao et al. [24] obtained
2

H relaxation distributions in the lab at 2 MHz. However, to our knowledge, no high-field

NMR studies of 1H relaxation and diffusion have been reported.
Model cyclopentane hydrates were used in this work to explore the use of highfield NMR relaxometry and diffusometry to characterize molecular dynamics and
aggregation structure evolution during the hydrate phase transition. T2 relaxation MRI
was used to provide information on spatial heterogeneity. One dimensional relaxation
experiments along with two dimensional T1-T2 relaxation correlation experiments and
spectrally resloved diffusion measurements were used to observe and characterize the
transition from mobile to restricted dynamics simultaneously for both water and
cyclopentane throughout the formation process.
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Background

In order to clearly to demonstrate the ability of the NMR measurements to
characterize the phase transition dynamics, a model of hydrate formation is considered. In
this work, cyclopentane is the organic phase. Cyclopentane hydrates form structure II
cages at atmospheric pressure and have a hydrate-forming equilibrium temperature of 7.7
°C [25]. This means hydrates will form at any temperature above the melting temperature
of the ice and 7.7 °C, at which point the hydrates will dissociate. Structure II hydrates
consist of 16 small 512 cages with the shape of a pentagonal dodecahedron, and 8
hexakaidecahedral shaped larger 51264 cages [5].
When the hydrate formation temperature is reached, initial hydrate nucleation
occurs at the water-cyclopentane interface. Initial hydrate nucleation is a stochastic
process often followed by an induction time, which is the time between hydrate
nucleation and when the system reaches temperature and pressure conditions that support
stable hydrates [26-28]. At this point, the growth of hydrate clusters begins [8]. Early
hydrate growth is a rapid process that results in a thin hydrate shell with a highly
dendritic structure encapsulating the water droplets and creating a barrier between the
water and the organic phase [11, 29, 30]. Haber at al. observed an increase in hydrate
shell thickness and, and decrease in water core diameter as the hydrate growth progressed
[11]. Rao et al. [29] observed a highly porous shell early on in the hydrate growth phase
with a porosity of 𝜑~95%, consequently the thin hydrate shell does not pose a
significant barrier to mass transport [31, 32]. In the first 25 h after the onset of hydrate
growth, the porosity of the hydrate shell gradually decreases to below 50% and remains
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almost constant for a period of time [29]. Towards the end of the hydrate growth (the last
~20 h) the shell gets thicker and becomes less porous as the dendritic structure fills in
[11] with a final porosity of 𝜑~5% [29]. A model of the progression of the hydrate shell
growth is shown in Figure 5.1. The NMR data is shown to measure dynamics consistent
with such a model.

Figure 5.1. Once the hydrate nucleation temperature is reached (1 °C in this model), a
thin, highly porous hydrate shell will encapsulate the water droplet. Over the first 25
hours, the thickness of the shell will increase and gradually fill in, resulting in a
decreasing porosity. After the first 25 hours, the porosity of the shell stabilizes for a
period before it continues to decrease while also continuing to increase in thickness. By
the end of the hydrate growth, the porosity has decreased to ~5%. This model is based on
the interpretation of work by Haber et al. [11] and Rao et al. [29].

Another aspect of hydrate formation the NMR data informs is the impact of
hydrate inhibitors. Hydrate nucleation and growth can be disrupted by hydrate inhibitors
which are used by the oil and gas industry to prevent hydrate plugging in pipelines. The
most common types of hydrate inhibitors used today are known as low-dosage hydrate
inhibitors (LDHIs) [33]. Two different types of LDHIs were added to the aqueous phase
in some of the studies performed in this work to investigate changes in molecular
dynamics during hydrate formation evident in the NMR data due to the presence of a
hydrate inhibitor. The two types of LDHIs are known as kinetic hydrate inhibitors (KHIs)
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and anti-agglomerants (AAs) [33]. KHIs act to prevent nucleation and are generally
water-soluble polymers with functional groups that can be accommodated into the
hydrate cages, thus also resulting in an increased induction time and severely delaying the
onset of hydrate growth [33, 34]. However, when hydrate formation begins, hydrate
clusters will form in the same fashion as in the absence of a LDHI. The AAs generally
consist of molecules with a hydrophilic head group and hydrophobic tails and tend to
accumulate at the hydrocarbon-water interface where initial hydrate formation occurs.
The hydrate-philic head groups will attach to the surface of the hydrate crystals, while the
hydrophobic tails repel the aqueous phase, preventing the formation of new hydrate
crystals on that surface [33]. Consequently, the hydrate crystals do not agglomerate and
remain small and exist as particles dispersed in the liquid hydrocarbon and aqueous
phase.

Methods

Cyclopentane hydrates were prepared by crushing distilled water ice in a blender.
The ice particles were then sieved to diameters ≤ 250µm at -20°C (Montana State
University Subzero Research Facility) as thawing ice particles contribute to more rapid
hydrate nucleation and growth [11, 35]. Precooled cyclopentane was added in excess to
the ice particles using a micro pipette and the mixture was stored in 5mm NMR test tubes
in a Fisher Scientific cooling bath kept at -20°C. The sample was then transferred to the
precooled magnet, also kept at -20°C. The temperature within the magnet was gradually
increased at a rate of 1°C/180 s until the desired melt and nucleation temperature, 1°C for
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the data shown here, was reached. This temperature is above the melting temperature of
the ice, but below the equilibrium temperature of 7.7°C for cyclopentane hydrates [25].
Once the desired formation temperature was reached, free induction decays (FID), T2, T1T2, and diffusion measurements were interleaved until the hydrates reached an
equilibrium state and no further hydrate formation occurred. This process took anywhere
from 15-72 hours as monitored by the decrease of the limiting component water spectral
peak. In studies where hydrate inhibitors were introduced to the system, the liquid
hydrate inhibitor was mixed with the aqueous phase before freezing.
NMR measurements were performed on a Bruker 250 MHz superconducting
magnet integrated to an Avance III spectrometer using a high-power rf probe with a 5
mm radio frequency (rf) coil custom built by Bruker. The high-power rf probe integrates
with a Diff30 gradient coil capable of z-direction gradients up to 17 T/m at 60 A and
allows for rf pulses at 100 W as short as 1 μs. This probe was used to collect T1 and T2
relaxation data by performing 1D T2 experiments and T1-T2 correlation experiments, as
well as spectrally resolved diffusion data using a pulsed gradient stimulated echo (PGSE)
sequence. Spectrally resolved diffusion measurements were performed using a PGSE
sequence with pulse length δ = 1 ms, observation time Δ = 300 ms, 64 gradient steps, and
a maximum gradient of 0.7 T/m.
Magnetic resonance imaging (MRI) measurements used a Micro5 gradient coil
and probe capable of 3 T/m gradients on all 3 coordinate axes at 60 A. This allowed
monitoring of total hydrate formation rate and spatial heterogeneity within the system. A
multi-slice multi-echo (MSME) sequence with pulse length δ = 1 ms, and echo time TE =
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7.35 ms was used to obtain relaxation and signal intensity maps of hydrates using 8
echoes. The sagittal slice has a thickness of 1 mm and a field of view of 5x30 mm with
64x128 points for a resolution of 0.078 mm/pixel in the x-direction and 0.234 mm/pixel
in the z-direction.
T2 and T1-T2 correlation data were acquired using the standard CPMG and
inversion recovery pulse sequences with 10 µs rf pulses and an echo time of 𝜏𝐸 = 96 μs.
The T1 and T2 relaxation times of water and cyclopentane are similar, so to separate the
two populations based on relaxation times, a paramagnetic gadolinium complex was
added to cyclopentane. The gadolinium complex, gadolinium tetramethyl heptanedionate
(Gd(III) TMHD), is only soluble in the organic phase cyclopentane, and will not impact
the relaxation rate of the water [11]. To determine the concentration of Gd(III) TMHD
needed to separate the relaxation rates of the water and the organic phase, the Gd(III)
TMHD concentration was gradually increased in increments of ~0.5%. At 0% Gd(III)
only one population representing both phases can be seen in the T1-T2 correlation map in
Figure 5.2(a). At 2-2.5% concentration TMHD, the relaxation rates of the two phases
were clearly separated as shown in Figure 5.2(b), with cyclopentane exhibiting the
shorter relaxation times. Full hydrate experiments were run using concentrations of 0.6%,
1.0%, 1.5%, 2.0%, and 2.5%. The concentration of Gd(III) did not impact the formation
of hydrate.
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Figure 5.2. T1-T2 correlation maps for hydrate containing (a) 0% Gd(III) TMHD and (b)
2.5% Gd(III) TMHD. At 0% Gd(III) TMHD, the water and the cyclopentane population
cannot be separated based on relaxation rates. At 2.5% Gd(III) TMHD, the relaxation rate
of cyclopentane is fast enough that the two populations are clearly separated.
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Results and Discussion

Figure 5.3. T2 distributions of hydrate with 2.5% Gd(III) TMHD on day 1 (blue) and day
4 (red) after the nucleation temperature is reached, normalized to the maximum of the
cyclopentane peak on day 1. As the hydrate formation progresses, a shift to shorter T2
times a decrease in signal amplitude was observed for both populations. Increase in
Gd(III) TMHD concentration causes the shift in T2 relaxation rate for cyclopentane, while
the T2 shift for water is a result of the water getting more restricted as the hydrate cluster
grows. The signal amplitude decreases due to solidification of the water in the hydrate,
and single cyclopentane molecules getting trapped in hydrate cages.

T2 distributions of a hydrate sample with 2.5% Gd(III) TMHD on day 1 and day 4
after the hydrate nucleation temperature of 1°C was reached are shown in Figure 5.3. A
shift towards faster relaxation rates is observed for both water and cyclopentane, in
agreement with the results obtained at low field by Haber at al. [11] and Gao et al. [24].
The initial T2 value is ~500 ms for water and ~40 ms for cyclopentane. A shift to shorter
T2 times can be seen for both populations as the hydrate formation progresses, with a
final T2 value of ~200 ms for water and 20 ms for cyclopentane. Additionally, a decrease
in signal amplitude with hydrate formation is observed for both water and cyclopentane
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when the distributions are normalized to the maximum of the cyclopentane peak on day
1. A shift towards shorter T2 values for water is expected because the liquid water is
gradually confined in smaller and smaller spaces as the hydrate formation progresses.
The shift to shorter relaxation times for the cyclopentane is contributed to minor changes
in gadolinium concentrations over the formation period since the hydrate formation
process occurs in the presence of excess cyclopentane. A progressively higher number of
cyclopentane molecules get trapped in hydrate cages, leaving a higher ratio of gadolinium
to cyclopentane molecules behind to further increase the relaxation rate of the excess
cyclopentane. The decrease in signal amplitude is expected as the T2 relaxation times of
water molecules entrained in hydrate cages, and the cyclopentane molecules trapped
within these cages, become too short for the NMR equipment to detect. These results
agree with previous low-field NMR measurements of a water-cyclopentane [11] and a
deuterium water THF [24] hydrate system.
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Figure 5.4. (a) frequency spectra showing water (left peak) and cyclopentane (right peak)
amplitude throughout the hydrate formation. The water peak disappears due to
solidification of the water in the hydrate. (b) water peak depletion rate for three different
hydrate studies all at 0.6% Gd(III). The plot indicates varying formation rate even in
similar systems. The increase in signal in some experiments at 1 hour indicates all ice
was not melted at t = 0 hours.

As indicated in the methods, free induction decays (FIDs) were collected
throughout the hydrate formation process and Fourier transformed, producing frequency
spectra as shown in Figure 5.4. Since 13.5 mol of water are consumed for every one mol
cyclopentane [1] and the process is done with excess cyclopentane, the water frequency
peak decreases more rapidly than the cyclopentane peak during hydrate formation. Once
the water peak is fully depleted, all of the water is entrained in hydrate cages and no further
hydrate nucleation and growth will take place. This state is considered to be the equilibrium
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state of the hydrate. The variability of the kinetics of the hydrate formation under the same
conditions is indicated in Figure 5.4(b). While the rates of formation varied from 15 to
more than 40 hours, the resulting molecular dynamics discussed below were consistently
similar.

Figure 5.5: T2 relaxation image (a) and signal intensity image (b) at -20°C before hydrate
formation has started. Cyclopentane is the only liquid phase at -20°C. From the relaxation
image (a) it can be seen that some regions have faster rates than others. These darker
regions consist of densely packed ice where the liquid cyclopentane is more restricted.
The signal intensity image indicates that these darker regions have the same
concentration of liquid cyclopentane present on the scale of pixels.

Hydrate formation in porous media and in bulk has been studied in detail using
MR imaging [10, 17-23]. 2D imaging was used to investigate how the heterogeneity of
the hydrate samples affect the formation process. Relaxation images were collected to
look for variations in relaxation rates across the hydrate sample, and signal intensity
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images were collected to look for variations in cyclopentane concentration within the
ice/cyclopentane mixture. Figure 5.5 shows a relaxation image and a signal intensity
image at -20°C, where cyclopentane is the only liquid phase in the system. No reaction
occurs at this temperature in a cyclopentane/ice system. It can be seen from the relaxation
image in Figure 5.5(a) that some regions have slower relaxation rates than others,
indicating that the liquid cyclopentane in these areas is more restricted. A signal intensity
map of the same hydrate at the same temperature can be seen in Figure 5.5(b). The
different regions are more easily visualized in the relaxation image, Figure 5.5(a),
because of the low standard deviation of T2 times within a region, and a 25.6% difference
in the average relaxation times between the two regions. The signal intensity (Figure
5.5(b)) within the region with shorter relaxation times has a standard deviation that is two
times the difference in signal intensity between the two regions, and an average
difference in signal intensity of only 5%. Thus, the low difference in signal intensity
along with the high standard deviation in the signal intensity map makes it hard to
differentiate between regions. However, the 5% difference in signal intensity confirms
that the ice particles are more densely packed in regions with shorter T2 times.
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Figure 5.6. MR images showing the signal intensity at 0, 10, and 25 hours in a hydrate
sample as the growth progresses. In these images, the system is at 1°C, and the liquid
phase consist of both cyclopentane and water. At 0 hours, the bright yellow color of the
T2 map indicates plenty of liquid water and cyclopentane. As the hydrate formation
progresses, the signal intensity across the sample decreases as the water is entrained in
hydrate cages. Additionally, the MR images show that hydrate formation occurs more
slowly in areas with initial high ice density (indicated by the dashed line).

Figure 5.6 shows signal intensity maps of a hydrate cluster at 0, 10, and 25 hours
after the nucleation temperature of 1°C was reached. At 1°C, the ice particles start to
thaw, and there is both liquid cyclopentane and liquid water present in the system.
Yellow regions are areas with high signal and plenty of liquid cyclopentane and water,
while dark red regions are areas with hydrate. At 0 hours, the signal intensity is high
across the entire sample, with the high level of liquid phase making it impossible to
distinguish between low- and high-density ice regions. However, as the hydrate
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formation progresses, the signal intensity decreases, and the previously distinguishable
regions reappear, indicating that the hydrates form at a slower rate in some regions of the
sample. This is due to the higher water droplet concentration as melting occurs from the
ice particles having been more densely packed in these regions. The cyclopentane does
not penetrate as easily and the hydrate reaction is limited by the cyclopentane transport
into the high-density water region. Hydrate nucleation occurs at water cyclopentane
interfaces and is therefore likely to occur more rapidly in areas where the ice particles are
initially highly saturated with cyclopentane. The cyclopentane/ice surface contact is
greater when the ice particles melt while more evenly dispersed throughout the liquid
cyclopentane phase. The results confirm that hydrate formation rates have significant
variations due to the spatial heterogeneity of the initial distribution of water and organic
phase within a sample. Similar observations have been made in a methane-water hydrate
system [19].
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Figure 5.7. a) Stejskal-Tanner plot showing the water phase at 6 (blue) and 69 (red)
hours after the onset of hydrate growth. At 6 hours, a majority of the signal originates
from larger droplets of water with a diffusion coefficient at the order of 10-10 as indicated
by the fast low-q decay. At 69 hours, an increase in the ratio of signal originating from
water within the porous hydrate shell can be seen. The water trapped in the pore space of
the hydrate shell has a diffusion coefficient at the order of 10-11. b) A decrease in the
slower diffusion coefficient with hydrate growth progression is observed.

As discussed earlier and shown in Figure 5.1, following initial hydrate nucleation,
a thin layer of hydrate will form a shell around the suspended water droplets [9, 11]. With
time, the hydrate shell increases in thickness [36]. This reduces the hydrate growth rate
due to mass transfer limitations of the excess organic phase cyclopentane to the water
interface through the hydrate agglomerate porous media [31, 32, 36, 37]. Spectrally
resolved diffusion data indicate two separate diffusion coefficients for water, one fast on
the order of 10-10 and one slow on the order of 10-11 (Figure 5.7(a)). The signal
attenuation data shown in Figure 5.7(a) is biexponential with contributions from both the
slow and fast diffusion. The fast diffusion coefficient (8 × 10−10 𝑚2 ⁄𝑠) is close to that
of free water at 1 °C [38] and is attributed to water in the droplets larger in size than 50
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𝜇𝑚 as ∆ = 300 𝑚𝑠 is not long enough to detect restricted diffusion in these large
droplets. The slow diffusion coefficient is attributed to the water trapped within the
dendritic structure of the porous hydrate shell. The decrease in the slow diffusion
coefficient with the progression of hydrate growth indicates a decrease in the pore sizes
of the hydrate shell. This can be confirmed by estimating the mean square displacement
of hydrogen nuclei in the system given by 〈𝒁𝟐 〉 = 2𝐷∆, where D is the measured
diffusion coefficient, and Δ is the observation time in the PGStE measurement. Figure
5.7(b) shows the slow diffusion coefficient decreasing as the hydrate growth progresses.
Here, ∆ = 300 𝑚𝑠 is kept constant for all measurements, thus a decreasing diffusion
coefficient results in a decrease in mean square displacement from 𝒁 = √2𝐷∆ of 6 𝜇𝑚
to 2.45 𝜇𝑚, confirming that the hydrate shell is getting less porous.
The molecular dynamics during hydrate formation have been modeled using
classical molecular dynamics simulations [1, 3, 39] and phase field models [40, 41].
These models predict complicated diffusion dynamics due to molecular reorientations
and interactions during nucleation and subsequent hydrate growth that occurs on
timescales of the order of microseconds (~1 s) and nanometer length scales (~ 1 nm)
[39]. The NMR data is acquired with high power rf pulses of duration 10 s and echo
spacing 2 = 192 s. Hence the hydrates themselves with a T2 < 200 s are not detected,
the NMR signal results from liquid state molecules. During the spin echo evolution
period a large number of hydrate formation events are occurring at the cyclopentane
water fluid interfaces throughout the 5 mm diameter 1 cm long rf coil. These molecular
reorientation events are occurring constantly throughout the data sampling period. The

104
acquired T1-T2 correlation data is impacted by these complex diffusion dynamics. The
data, conditioned to display exponential decay for ILT inversion, exhibits an initial rise in
signal with experimental time 𝜏1 as has been demonstrated by Song et al. [42]. The signal
rise is due to complex diffusion dynamics from coupling between pores of varying size
and surface relaxivity [42, 43]. The complex diffusion dynamics in the hydrates includes
multiple pore sizes, inter-pore diffusion or exchange, and surface relaxation of the
cyclopentane within the porous structure formed by the hydrate agglomeration.
Maneval at al. [43] recently showed, using a coupled pore model [44, 45], that a
T1-T2 signal rise is highly dependent on pore size ratio, pore connectivity, and coupling of
relaxation modes. The results of their simulation show that a signal rise is observed for
coupling of T1 and T2 relaxation modes in a specific combination of the fast and slow
diffusion regime, where the fast diffusion regime is defined as
diffusion regime is

𝑎𝜌1,2
𝐷

𝑎𝜌1,2
𝐷

≫ 1, and the slow

≪ 1 [43, 46]. Here, 𝑎 is the pore diameter and, 𝐷 is the

diffusion coefficient, and 𝜌1,2 is the surface relaxivity for the T1 and T2 relaxation modes.
When mixed mode conditions for fast and slow diffusion regimes are met, an increase in
the amplitude of the dominating negative eigenmode is observed. These negative
amplitude eigenmodes reduces the stability of inverse Laplace transformations [47-49],
and are known to reduce the resolution of, and produce T1<T2 peaks in T1-T2 correlation
maps as shown in Figure 5.8. Consequently, when high amplitude negative eigenmodes
are present, T1-T2 correlation maps are unreliable. Instead, results should be obtained
from the T1-T2 time-domain data directly as indicated by Song et al. [42]. The presence of
aphysical peaks in the ILT is sporadic even when the signal rise is robust, thus a signal
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rise may be present even when no T1<T2 peaks are observed in the T1-T2 correlation map,
emphasizing the importance of using the more robust time-domain data.

Figure 5.8. T1-T2 relaxation correlation map showing a peak in the forbidden (T1<T2)
zone resulting from a high amplitude negative eigenmode. The T1<T2 peaks appear in
part due to instability of the inverse Laplace transformation in the presence of negative
eigenmodes and resulting signal increase in the 𝜏1 experimental domain.
Another requirement for the signal rise observed by Maneval et al. is an
intermediate level of connectivity, given by an exchange parameter 𝜅𝑐 , between the
coupled regions [43]. If 𝜅𝑐 → 0 the regions are completely isolated with no magnetization
exchange, and no signal rise is observed. If 𝜅𝑐 → ∞, the regions are fully connected, and
the system reduces to a single pore system which also does not produce a signal rise. The
connectivity between bulk cyclopentane and hydrate agglomerate porous regions in a
hydrate system gradually changes throughout the formation process playing a significant
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role in the T1-T2 time domain signal rise observed in the hydrate phase transition
dynamics.
During early hydrate formation 𝜅𝑐 → ∞ due to the thin and highly porous hydrate
shell surrounding the water droplets. Towards the end of the hydrate growth, 𝜅𝑐 → 0 as
the hydrate shell becomes impermeable. The signal rise observed in the hydrates (Figure
5.9(a)) occur exclusively during the intermediate stage of the hydrate formation when the
hydrate agglomerate porosity is stable around 𝜑 ≤ 50% [29]. By the time the water is
fully depleted, and the hydrate has reached an equilibrium state, the T1-T2 time domain
data returns to its usual processed form exponential decay (Figure 5.9(b)), thus the
hydrate data is consistent with the results from the coupled pore model [43].

Figure 5.9. T1-T2 time domain data processed to show exponential decay for ILT
analysis. (a) Early stage of hydrate formation process at 6 hours (b) intermediate stage of
hydrate formation process at 14 hours, and (c) hydrate equilibrium state at 21 hours. An
initial increase in signal was observed during the intermediate stage of the hydrate growth
process. The data sets are manually shifted vertically at each 𝜏2 for easier visualization of
each individual data set. By the time the hydrate reaches an equilibrium state and hydrate
growth was complete, the signal returns to the exponential decaying signal typically
observed for processed T1-T2 correlation data.
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Following the early stage of hydrate formation, further hydrate growth along with
the exchange of magnetization due to molecular diffusion of cyclopentane bewteen
regions of bulk organic phase and pore space within the hydrate agglomerate become
mass-transfer limited and depends on the diffusivity of the hydrocarbon molecules
through the shell as well as the porosity of the shell [37]. The transport of hydrocarbon
molecules through the shell is a slow process compared to the frequency at which the
NMR signal is collected during T1-T2 measurements. Therefore, the effect of the complex
diffusion dynamics on the NMR measurements becomes greater with time, as can be seen
in the T1-T2 time domain data in Figure 5.9(b). The initial signal increase becomes more
pronounced at longer 𝜏2 -times, since the diffusion exchange between regions of different
relaxation and diffusion dynamics occurs at longer 𝜏2 -times [42, 43].
To further investigate the ability of T1-T2 relaxation correlation measurements to
provide novel data on hydrate formation dynamics, LDHIs were added to the aqueous
phase. The first LDHI used, Luvicap® 55W ( provided by BASF, Global Oilfield
Solutions), is a KHI which interferes with hydrate nucleation and the formation of
hydrate crystals. The second LDHI is an industrial AA (provided by Nalco Champion,
Ecolab) which prevents hydrate particles from agglomerating.
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Figure 5.10. T1-T2 time domain data collected during the intermediate stage of the
hydrate formation process in the presence of (a) KHIs and (b) AAs. A signal rise was
observed in presence of KHIs due to the fact that KHIs do not disrupt the agglomoration
of hydrate crystals, thus a hydrate shell will still form around the water droplets. No
signal rise was observed in the presence of AAs. AAs prevent hydrate crystals from
agglomerating and resulting in a slurry of fine hydrate particles which do not form a shell
encapsulating the water droplets.

The frequency spectra (not shown, data as in Figure 5.4) collected during the
inhibitor studies show that there was indeed a long delay in the onset of hydrate growth
when the KHI was added to the system. The delay was typically 24-48 hours relative to
the same conditions without KHIs, and no T1-T2 signal increase is observed during this
initial delay. After 24-48 hours, hydrates began to form and a signal rise was again
observed during the intermediate stage of the hydrate formation (Figure 5.10(a)). As
indicated, KHI will delay initial hydrate nucleation, but will not prevent the hydrate
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crystals from agglomerating once the hydrate growth has started. Hence formation of a
porous layer of hydrate agglomerates will occur as a shell around the water droplets
suspended in the liquid hydrocarbon phase and an evolving porous media occurs after
initial delay, just as in the absence of inhibitors. A signal rise is thus observed in this
system as the hydrate formation process is identical to that of hydrates growing in the
absence of KHI.

Figure 5.11. (a) signal decay in hydrates forming in the presence of KHIs (blue) and AAs
(red), and in the absence of a LDHI (black) as a function of 𝜏2 and (b) corresponding T2
distributions. In the presence of AAs, a more rapid decay of the NMR signal is observed
resulting a shorter T2 time ( ~135 ms) compared to the T2 time (~200 ms) of hydrates
forming with KHIs present. The shorter T2 of hydrates with AAs indicate smaller hydrate
particles more uniformly dispersed in cyclopentane. The T2 time of hydrates with KHI is
identical to that of hydrates growing in the absence of a LDHI confirming that the
mechanism of the hydrate formation in the presence of KHI is not different once it starts.

Conclusion

Hydrate formation andgrowth was detected and monitored by frequency spectra obtained
using 1H NMR measurements. Frequency spectra also indicated the hydrate equilibrium
state at which point no further hydrate growth was indicated by no further change in the
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water peak. 1D T2 distributions show a decrease in peak amplitude for both water and
cyclopentane, and a shift to shorter T2 times for water consistent with low field
measurements [11, 24]. Water entrained in hydrate cages and cyclopentane molecules
trapped witthin these cages exhibit relaxation times too short to detect due to hardware
limitations, thus the decrease in T2 distribution amplitude indicates the extent of hydrate
formation. The decrease in T2 relaxation time for water indicates a decrease in water
droplet size as the hydrate shell surrounding the water droplet increases in thickness. MRI
intensity and T2 relaxation maps indicate spatially dependent hydrate formation rates
determined by the density of the packed ice which was heterogeneous. Hydrates grow
more rapidly in regions with low ice density due to the increased area of the watercyclopentane interface. This spatial heterogeneity is related to variations in the rate of
hydrate formation observed under the same conditions in the water peak spectra.
Spectrally resolved diffusion measurements indicate two distinct diffusion coefficients
for the aqueous phase, differing by approximately one order of magnitude. The faster
diffusion coefficient is attributed to larger water droplets likely located in regions with
high ice density. The slow diffusion coefficient decreases with the progression of hydrate
formation, and is attributed to water trapped within the porous hydrate shell. The
decrease of the diffusion coefficient indicates a reduction in the pore sizes of the hydrate
agglomerate as the hydrate shell increases in thickness.
A novel signal rise is observed in the T1-T2 data which indicates that during the
intermediate stage of the hydrate growth, when the shell porosity has decreased to ≤
50%, the system consist of two regions, where one region, the trapped water droplets, is
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in the fast diffusion regime, and the other region, the cyclopentane, is on the slow
diffusion regime. The porous hydrate shell determines the connectivity between the two
regions and thus controls the existence as well as the amplitude of the signal rise. The
data indicates complex diffusion dynamics [42] due to coupling between regions of
varying diffusion and relaxation. This research indicates the ability to characterize phase
transition molecular dynamics by high-field NMR relaxometry and diffusometry during
hydrate formation due to evolution of the hydrate agglomerate porous structure.
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DETECTING MICROBIALLY INDUCED CALCITE PRECIPITATION
IN POROUS SYSTEMS USING LOW-FIELD NUCLEAR
MAGNETIC RESONANCE RELAXOMETRY
Abstract

Low-field nuclear magnetic resonance has been shown to be sensitive to the
chemical and physical changes in a porous medium caused by microbially induced calcite
precipitation (MICP), confirming its potential for detection of MICP for subsurface
engineering applications. This investigation used a 2 MHz Rock Core Analyzer,
measuring T2 relaxation, in combination with scanning electron microscopy to
characterize the daily chemical and physical changes occurring in various granular media
including 1 mm and 0.5 mm silica glass beads, and 1 mm, and 0.45 mm quartz sand. An
increase in T2 time was observed in all of the granular media in accordance with MICP
progression due to the formation of a gas interface between the pore walls and bulk
liquid. An estimate of the surface relaxivity, 𝜌, was obtained for the silica glass, quartz
sand, the gas, and the mineral precipitate which allowed for a direct correlation between
the presence of the gas interface and T2 relaxation time, and an indirect correlation
between mineral precipitation surface coverage and T2 relaxation time. The results
indicate the potential for detailed in-situ MICP progress monitoring during the early
stages of the process by portable low-filed NMR devices.
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Introduction

Controlled microbially induced calcite precipitation (MICP) has been widely
researched in recent years as its usage is becoming increasingly prevalent in various
engineering applications such as environmental remediation, enhanced construction
materials [1, 2] subsurface fracture sealing [3-5], and CO2 sequestration [4]. The ability
to monitor the progress of MICP is essential for successful large-scale field applications.
Imaging techniques such as micro CT, scanning electron microscopy (SEM), and X-ray
diffraction (XRD) have been used extensively in small scale laboratory studies to detect
MICP [6, 7]. However, it is difficult to apply the above imaging techniques in a nondestructive manner, and they are limited to small scales, which makes them unsuitable for
in-situ monitoring of MICP at the large scale required for industrial field applications. In
large scale laboratory studies, or field scale studies, a decrease in permeability or an
increase in pressure has been used to indicate the presence of MICP as shown by Phillips
et. al. in their work on fracture sealing [3] and CO2 leakage reduction [4] by MICP. The
disadvantage to detecting MICP by permeability and pressure monitoring is the lack of
information on MICP processes occurring at the pore scale.
Nuclear magnetic resonance (NMR) is a non-invasive measuring technique that is
sensitive to parameter changes such as pore size, pore fluid, and the chemical
composition of pore wall surfaces. Fridjonsson et al. [8] used high field NMR to measure
changes in hydrodynamic dispersion resulting from MICP in a model porous system of
packed monodisperse polystyrene beads. By using a combination of magnetic resonance
imaging (MRI) and NMR displacement measurements they were able to monitor the
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alteration of the pore structure with time. Sham et al. [9] used NMR and MRI to monitor
MICP in a model porous media consisting of borosilicate beads, and in a Bentheimer
sandstone. MRI was used to acquire a spatial distribution of calcite perception and their
results indicate that precipitation is highly homogeneous.
Rocks and natural sediments are made up of materials with high magnetic
susceptibilities and therefore pose a challenge for high field NMR measurements as the
measurements are subject to potential susceptibility artifacts. By using an NMR
instrument with a low magnetic field, the effect of susceptibility artifacts can be reduced.
Low-field NMR instruments are smaller and lighter than high-field instruments, and
several portable low-field NMR tools are available today. Kirkland et al. used a portable
low-field NMR well-logging probe to monitor MICP in a sand-filled bioreactor by
measuring NMR signal amplitude and T2 relaxation times over an 8 day period. The
measured NMR signal amplitude revealed a 76% decrease in water content over the
experimental period, additionally an increase in T2 relaxation time from 650 ms to over
1000 ms was observed [10]. The ability to detect MICP by NMR measurements makes
portable NMR tools a promising method for in-situ monitoring of MICP in large-scale
engineering applications. In this work, a 2 MHz Rock Core Analyzer (RCA) from
Magritek in combination with scanning electron microscope (SEM) imaging was used
with the aim to further investigate how MICP affects NMR relaxometry. In porous
media, T2 relaxation predominantly depends on pore size and the surface minerology of
the pores and has the potential to provide detailed information about the changes that
occur within the porous system during MICP.
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NMR Theory
The RCA is a bench top NMR instrument best suited for laboratory experiments.
It is equipped with a 1D gradient and has a vertical bore that can hold samples with a
diameter up to 39 mm. It uses a permanent magnet that produces a static magnetic field,
B0, in the vertical direction. The RCA NMR signal results from hydrogen protons in
water referred to as “spins”, and the initial amplitude of the NMR signal is proportional
to the total water volume in the sampled region. The observed decay rate of the NMR
signal over time reflects the local physical and chemical environment of the spins. In
porous media, the T2 relaxation rate is given by [11, 12]
1
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1
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=
+
+
𝑇2 𝑇2,𝐵 𝑇2,𝑆 𝑇2,𝐷
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(6.1)

is the bulk relaxation rate of the pore fluid which is sensitive to fluid

properties such as viscosity, 𝑇

1
2,𝑆

is the surface relaxation rate which occurs when excited

spins interact with paramagnetic ions at the pore wall and is related to the minerology of
the pore walls and the pore size, and 𝑇

1
2,𝐷

is the diffusion relaxation rate which is related

to the diffusion of spins between regions of local magnetic field inhomogeneities [11,
13]. At low magnetic fields, experimental parameters for T2 measurements can be
selected to minimize the influence of diffusion relaxation to the point where T2,D can be
neglected in Equation (6.1) [13, 14]. That means that the T2 relaxation rate in a porous
system is dominated by the surface relaxation rate which occurs when the spins are close
to or interact with the pore walls. The surface relaxation rate can be expressed in terms of
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a surface relaxivity, ρ, which depends on the minerology of the pore walls, and the
surface to volume ratio of the pore [15].
1
𝑆
=𝜌
𝑇2,𝑆
𝑉

(6.2)

It is expected that the surface relaxation rate will govern potential changes observed in
the overall T2 relaxation rate, although the bulk relaxation term will need to be included
also
1
𝑆
1
=𝜌 +
𝑇2
𝑉
𝑇2,𝐵

(6.3)

For this system, pore sizes will decrease and the surface relaxivity will decrease in
magnitude as calcite precipitates on the surface of the glass beads or sand [10]. From
Equation (6.3), a reduction in surface relaxivity will result in a slower relaxation rate,
while a decrease in pore size will result in a faster relaxation rate. In the case of
heterogeneous pore sizes or varying surface relaxivity, multiple T2 relaxation rates will be
observed.

Microbially Induced Calcite Precipitation
Biofilms form when groups of microorganisms adhere to surfaces in a matrix of
extracellular polymeric substance (EPS) [16]. When the microorganisms in the biofilm
are ureolytic, MICP can be induced through various biochemical processes, with the most
common method being urea hydrolysis as it is considered the most efficient method for
MICP [17]. Ureolytic bacteria produce the enzyme urease which promotes urea
hydrolysis, which then leads to the generation of ammonia and carbonic acid. This is
followed by an increase in pH of the bulk fluid as the ammonia reacts with water to form
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ammonium and hydroxide ions inducing a shift in the carbonate equilibrium toward
bicarbonate and carbonate. With sufficient calcium present, the calcium and carbonate
precipitate as calcium carbonate or calcite. Urea hydrolysis and calcite precipitation can
be summarized by the following chemical reactions:
𝑈𝑟𝑒𝑎𝑠𝑒

𝐶𝑂(𝑁𝐻2 )2 + 2𝐻2 𝑂 →

𝐻2 𝐶𝑂3 + 2𝑁𝐻3

𝐶𝑂32− + 𝐶𝑎2+ → 𝐶𝑎𝐶𝑂3(𝑠)

(6.4)

(6.5)

The microorganism chosen for this study, Sporosarcina pasteurii (S. pasteurii),
formerly known as Bacillus pasteurii, has been studied extensively due to its ability to
produce large quantities of intracellular urease [6, 18, 19]. The biofilm containing S.
pasteurii will form on the surface of the sand grains or glass beads, calcite precipitation
within the biofilm will then bind the grains together resulting in an overall reduction in
pore volume.

Materials and Methods

Experimental Configuration
A 1-inch diameter and 12-inch-long glass column filled with either glass beads or
sand grains was used for all experiments in this work. The inlet was connected with
silicone tubing to a syringe pump used to inject media at controlled flow rates, while the
column outlet allowed for media waste to flow to a waste container. Quick connects were
used at the inlet and outlet of the column so that the column could easily be disconnected
from the tubing and placed in the RCA for NMR measurements. A pressure gauge was
integrated in the tubing before the inlet to monitor pressure increase as calcite
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precipitation began to restrict flow through the column. Mesh filters were placed at both
the inlet and outlet to prevent glass beads or sand grains from migrating into the tubing.
The flow direction was vertical, from bottom to top of the column. All experiments were
run until either the column was fully congested or no further changes in the NMR
measurements were observed. A range of granular media were used in this work to
further investigate the effect of simultaneous changes in minerology and pore size on the
T2 relaxation rates observed by Kirkland et al. [10]. The granular media used included 1
mm and 0.5 mm soda lime glass beads from BioSpec Products, and 1 mm and 0.45 mm
nominal quartz sand grains (2095 and 4095 Granusil silica sand, Unimin Corp., Ottawa,
MN)

Injection Strategy
A pulsed-flow injection strategy was used for the culture and media injection to
allow the bacteria to attach to the granular media surfaces and ensure an even distribution
of calcite precipitation throughout the column. Two pore volumes of culture containing S.
pasteurii followed by two pore volumes of growth medium were injected at 0.5 ml/min in
the evening to allow the bacteria to resuscitate overnight. In the morning, two pore
volumes of a calcite precipitation-promoting medium were injected followed by a
stationary batch reaction period of 3 hours before a second calcium medium injection and
3-hour batch reaction period. An effluent sample was collected following each medium
injection to check the remaining urea concentration which indicates the activity level of
the bacteria in the column. This procedure was repeated daily until the end of the study.
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NMR Measurements
The 2 MHz Rock Core Analyzer used for this study is particularly well suited for
NMR measurements of samples with high magnetic susceptibilities due to its low
magnetic field. It operates at a large bandwidth which enables measurements of short T2
decay times and is equipped with a one-dimensional gradient in the z-direction, allowing
1D imaging and T2 measurements each day during MICP. The 1D images, or 1D signal
intensity profiles, were executed using the standard spin warp imaging technique [20],
with 25 µs and 50 µs pulse duration for the 𝜋⁄2 and 𝜋 excitation pulses respectively, an
echo time of 𝜏𝑒 = 500 𝜇𝑠, and a maximum gradient amplitude of 4 mT/m. The T2
measurements were executed using the standard Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence [21, 22] with an echo time of 𝜏𝑒 = 150 𝜇𝑠, 10000-30000 echoes,
depending on the stage of the calcite precipitation process, 25 µs and 50 µs pulse
durations for the 𝜋⁄2 and 𝜋 excitation pulses respectively, and a dwell time of 1 μs. The
minimum signal to noise ratio (SNR) was set to 100 for the T2 measurements, so that the
number of averages performed depended on the liquid volume in the column. NMR
measurements were performed twice daily, in the morning before the first calcium
medium injection, and in the afternoon before the culture injection.

Scanning Electron Microscopy
Scanning electron microscopy (SEM) was used to look at the mineral
precipitation coating on the sand grains and glass beads after the study was completed.
The column was dried out post study and cut into 6 smaller sections, each approximately
2 in long. Sand grains or glass beads were then removed from the same section of each
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column, rinsed in DI water to remove any residual salt on the surface and dried. A Zeiss
Supra 55VP scanning electron microscope (Zeiss, USA) was used to capture images of
the surface of the granular media at magnifications ranging from 250-5000x.
Additionally, column sections from each study were re-saturated to obtain post study T2
relaxation and porosity data. During one of the studies performed on 0.5 mm glass beads,
samples of beads were removed from the top of the column daily and went through the
same rinse and drying procedure. This allowed for investigation of the correlation
between mineral precipitation surface coverage and changes in the T2 relaxation rate.

Results and Discussion

For each experimental run NMR data was collected for the bottom and the top of
the column to ensure there were no major differences in calcite precipitation throughout
the system. No significant differences in signal intensity or T2 distributions were
observed between the top and bottom sections in any of the granular media indicating a
highly homogeneous mineral precipitation throughout the column. Consequently, all T2
distributions and signal intensity profiles shown will be from the bottom of the column.
1D images and T2 measurements confirming spatial homogeneity are shown in Figure
A.1 in Appendix A.
The results from three experiments in different granular material are shown in
Figure 6.1, 0.5 mm glass beads, 1 mm glass beads and 1 mm sand grain. The amplitude
of the NMR signal is proportional to the water volume in the column, thus the change in
NMR signal amplitude from the first to the final day of the study provides a measure of
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the decrease in total pore volume occupied by water due to calcite precipitation. The
decrease in water volume in the column with time can be attributed to two main changes
in the local environment that occur due to calcite precipitation: the presence of additional
solid (calcite) in the porous medium and gas bubble creation. Calcite precipitates on the
surface of the granular media as shown in the SEM image inserts in Figure 6.1. It is
clearly visible that the calcite layer is thin and should not cause a significant change in
the primary pore size, however, it is likely to cause a small reduction in total pore volume
as it will block smaller channels and pore throats. The T2 distributions in Figure 6.1 all
exhibit a low amplitude, short T2 time population on the first day of the study
representing liquid in the smaller pore throats. By the final day of the study, this shorter
T2 population has either experienced a drastic decrease in amplitude, or completely
disappeared. The final signal decrease by the end of the studies range from -6.7% to 33.6% with the larger signal decreases representing the longer studies lasting 10-15 days.
The longer the study lasts, the more precipitate and gas will form in the column.
Additionally, the smaller granular medium, 0.5 mm glass beads, show an overall larger
signal decrease than the larger granular media, likely due to the smaller pore throats
trapping precipitate and gas more efficiently.
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Table 6.1
Sample data
Parameter
Porosity, 𝜑, (%) day 1
Porosity, 𝜑, (%) re-saturated
T2 (s) day 1
T2 (s) day final
T2 (s) re-saturated
𝜌 (𝜇𝑚⁄𝑠) day 1
𝜌 (𝜇𝑚⁄𝑠) day final
𝜌 (𝜇𝑚⁄𝑠) re-saturated

0.5 mm glass
7 days

1.0 mm glass
15 days

1.0 mm sand
6 days

41.9
31.9
0.38
0.9
0.43
120.6
22.8
79.7

42.0
31.4
0.6
1.35
0.67
125.7
9.7
72.8

41.0
31.7
0.6
1.20
0.76
120.7
17.7
58.8

From Equation (6.1), the T2 relaxation rate will be governed by changes in pore
size or changes in surface relaxivity caused by a changing pore wall minerology.
Additionally, gas production is likely to have a significant impact on the relaxation time
if it alters the accessibility of the water to the surface. A decrease in the pore size of the
system should result in a faster relaxation rate unless the effect of a changing surface
minerology or the presence of gas on the surface outweighs the effect due to a change in
pore size. A slower relaxation rate is observed on the final day of the study for each
granular medium. An overview of the T2 relaxation times on the first and final day and
the measured NMR porosity on the first day and the re-saturated column can be found in
Table 6.1. An increase in T2 relaxation time between the first and final day of 74.3% and
125.7% is observed for the 1 mm and 0.5 mm soda lime glass beads respectively. A
59.2% increase in T2 relaxation time is observed for the 1 mm quartz sand grains. The
increase in T2 time of the quartz sand grains is in close agreement with the increase of
approximately 55-65% observed by Kirkland et al. [10]. The T2 relaxation times obtained
from the re-saturated sections are all within 15% of the T2 time on the first day of the
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study. The similar T2 time on the first day and the re-saturated section, combined with the
decrease in porosity indicate that calcite has a lower magnitude surface relaxivity than
glass or sand [23]. The large increase in T2 observed between the first and final day is
therefore likely caused by gas bubble creation on the calcite surface, reducing the
accessibility of water to the surface and decreasing the effect of surface relaxation which
is a strong relaxation mechanism in porous media. The final day 𝜌 is then representative
of gas coated calcite.
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Figure 6.1. T2 distributions on the first and final day of experiments for (a) 1 mm soda
lime glass beads, (b) 1 mm quartz sand grains, and (c) 0.5 mm soda lime glass beads. An
increase in T2 relaxation time and decrease in area is consistently observed in all
distributions during the experimental time. Since the pore sizes in the system are getting
smaller due to calcite precipitation, the increase in T2 times must be a result of a decrease
in magnitude of the surface relaxivity, ρ, due to the formation of a gas interface. SEM
images of granular media removed from column following the completion of the studies
are shown next to each T2 distribution. The granular media are all completely covered in
mineral precipitation by the end of the experiments. The exposed areas result from
breaking the beads apart upon removal from column. Flakes of mineral precipitation from
other beads are highlighted with arrows.

SEM images taken after the study was completed show complete calcite coverage for
these representative samples. The areas that are not covered by calcite precipitation are
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areas where the beads were connected to other beads, and the layer of calcite was broken
off when the beads were removed from the column. This is particularly apparent in the
SEM image of the 0.5 mm glass beads where layers from other beads (highlighted with
arrows) are still sticking to the surface of the beads in the image.
For a system consisting of monodispersed spherical glass beads, the surface to
volume ratio is directly related to the porosity, 𝜑 of the system and the diameter 𝑑 of the
beads [24]
𝑆 6 ∗ (1 − 𝜑)
=
𝑉
𝑑∗𝜑

(6.6)

All the granular media shown in Figure 6.1 can be reasonably approximated as
monodispersed spheres both initially and at the end of the calcite precipitation. As
previously mentioned, the initial amplitude of the NMR signal is proportional to the total
water volume in the sampled region, thus the porosity 𝜑 of the system can be found by
means of NMR. By combining Equation (6.6) and Equation (6.3), an estimate of the
surface relaxivity 𝜌𝑠𝑎𝑛𝑑 and 𝜌𝑔𝑙𝑎𝑠𝑠 can be obtained using the porosity values along with
the first day measured T2 times as shown in Equation (6.7). A value of 𝑇2,𝐵 = 1.6 s was
determined by measuring the T2 of both water and the calcite injection fluids.
𝜌=

𝑑∗𝜑
6 ∗ 𝑇2,𝑆 ∗ (1 − 𝜑)

(6.7)

The relaxivity values obtained for the glass and sand are similar to those previously
reported by Song et al. [25] prior to a rinsing procedure that stripped paramagnetic
impurities from the surfaces.
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Equation (6.7) was also used to calculate 𝜌𝑐𝑎𝑙𝑐𝑖𝑡𝑒 with the re-saturated
measurements of T2 under the assumption that the system still consisted of
𝑆

monodispersed spherical beads but with a lower 𝑉 due to the thin layer of calcite
𝑆

precipitation. This lower 𝑉 was estimated using final day bead diameters of 0.6 mm
(glass) and 1.1 mm (glass and sand). These final day bead diameters were estimated by
calculating the total volume of calcite that precipitated in the column over the duration of
the study and dividing the volume by the total surface area of the beads. The total volume
of calcite precipitated was estimated by subtracting the amount of CaCO3 leaving the
column, which was obtained from the effluent samples, from the amount of CaCO3
injected. An accurate measurement of the thickness of the calcite layer is difficult to
obtain from the SEM images, but a ~0.05 mm thick layer appears to be a realistic
estimate. To get an accurate final porosity value, the column was fully saturated with
distilled water after the experiment.
In the 1 mm glass beads and sand grains, the initial T2 time is similar for the two
systems indicating that the two systems have both similar pore sizes and surface
relaxivity. The 1 mm granular media have longer initial T2 times than the 0.5 mm
granular medium due to the fact that the surface relaxivity contributes to the relaxation of
the NMR signal and less frequent wall interactions in larger pores will result in a slower
decay rate leading to longer T2 times. The larger increase in T2 time for the 0.5 mm glass
beads compared to the 1 mm glass and sand beads is attributed to the smaller pore size
and the greater influence of surface relaxivity. The values obtained for 𝜌𝑐𝑎𝑙𝑐𝑖𝑡𝑒 are higher
than expected which may be attributed to the assumption that the calcite precipitate is a
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smooth surface. The SEM images clearly show that the calcite surface is textured,
resulting in a significant underestimate of the surface area and thus an overestimate of the
surface relaxivity of calcite.
SEM images of 0.5 mm glass beads collected from the column daily during one of
the studies allowed for a visual correlation between the mineral precipitation surface
coverage and changes in T2 relaxation rate. The comparison of the daily SEM images
with the corresponding T2 distributions, Figure 6.2, indicates a direct relationship
between surface coverage percentage and T2 relaxation time. The most significant
increase in surface coverage occurs between day 1 and 2 and is accompanied by the most
significant increase in T2 time. Beyond the first 24 hours, a steady increase in T2 time is
observed until full precipitation coverage is obtained.
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(b)

(a)
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(d)

(c)
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Figure 6.2. Daily SEM images and corresponding T2 distributions of 0.5 mm glass beads.
The SEM images show a gradual increase in the percentage of the surface area covered
with mineral precipitation until the beads are fully covered on day 4. A steady increase in
T2 time is observed until the beads are fully covered, at which point the T2 time stabilizes
and a further increase of less than 5% is observed by the final day of the study.

The strong correlation between surface coverage and T2 time is interesting
considering the < 15% difference in T2 times observed between the re-saturated column
and the un-covered granular media and can be explained by the behavior of the gas on the
smooth glass or sand surface versus the textured calcite surface. The textured calcite
surface traps the gas on the surface whereas the smooth glass surfaces do not, resulting in
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an even distributed gas interface wherever calcite is present. This gas interface
diminishes the effect of the surface relaxation mechanism, resulting in a significant
increase in T2 relaxation times. The presence of larger gas bubbles trapped in the pore
space will lead to a decrease in T2 time as demonstrated in Figure A.2 in Appendix A,
thus the increase in T2 cannot be attributed to the presence of gas, but rather how the gas
is distributed in the pore space.
To further explore the correlation between surface coverage and T2 times, the
values for porosity and surface relaxivity in Table 6.1 were then used to obtain an
estimate of the daily calcite surface coverage of the 0.5 mm glass beads using the
following expression
1
𝑆
= (𝑥𝜌𝑔𝑙𝑎𝑠𝑠 + (1 − 𝑥)𝜌𝑔𝑎𝑠 )
𝑇2,𝑆
𝑉

(6.8)

Where 𝜌𝑔𝑙𝑎𝑠𝑠 and 𝜌𝑔𝑎𝑠 is the relaxivity of the glass and gas interface, respectively, and is
given by the relaxivity on the first and final day for the 0.5 mm glass beads in Table 6.1.
𝑆

𝑥 is the fraction of the remaining exposed glass surface, and 𝑉 is calculated using
𝑆

Equation (6.6) with the day 1 porosity of the 0.5 mm glass. A constant 𝑉 was assumed
since porosity values are only available for the first and final day of the study. The
calculated surface coverage is given in Table 6.2 along with the daily T2 values for the
plots in Figure 6.2. The secondary T2 population is much smaller in amplitude than the
main T2 population and does not have a significant contribution to the NMR signal, thus
it was not included in the calculation.
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Table 6.2
T2 times for Figure 6.2 and 0.5 mm glass calcite surface coverage
Day

T2, main (s)

T2, secondary (s)

Surface coverage (%)

1
2
3
4
final

0.38
0.53
0.67
0.85
0.87

0.06
0.01
-

0
45.5
69.9
89.3
90.9 (98.2)*(100.5)**

𝑆

*surface coverage calculated using 𝑉 obtained from the porosity value on the
final day of the study
𝑆

**surface coverage calculated using 𝑉 obtained from the porosity value on the
final day of the study, T2 from the re-saturated column, and 𝜌𝑐𝑎𝑙𝑐𝑖𝑡𝑒

The trend of the calculated surface coverage aligns well with the observed surface
coverage in the SEM images in Figure 6.2. The largest increase in surface coverage
occurs between day 1 and 2 and continues to increase at a steady rate until the glass beads
are fully covered on day 4. By the final day, the surface coverage should have reached
100%, but according to our calculations it has only reached 90.9%. Evidently, the
𝑆

assumption of constant 𝑉 is problematic since the porosity of the system changes
throughout the experiment as observed by the first and final day porosity measurements.
𝑆

If instead we find 𝑉 using the porosity measured on the final day and recalculate the
surface coverage, a final surface coverage of 98.2% is obtained. Additionally, a final day
𝑆

surface coverage of 100.5% was obtained using the final day 𝑉, the T2 time from the resaturated column, and 𝜌𝑐𝑎𝑙𝑐𝑖𝑡𝑒 instead of 𝜌𝑔𝑎𝑠 . The similarity between the two surface
𝑆

coverage values (98.2% and 100.5%) obtained using the final day 𝑉 indicate that if daily
porosity values had been made, an accurate estimate of the percentage surface coverage
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could be obtained using this method despite the presence of the gas interface. Future
studies will include this step.
Following the three studies discussed above, two additional studies on 0.45 mm
quartz sand grains were performed. In both studies on the 0.45 mm quartz sand grains, a
pressure increase was detected before the T2 distributions had equilibrated around one
final T2 time, thus the studies were ended early. It is likely that the different behavior is
due to the non-uniform and jagged shape of the 0.45 mm sand grains compared to the
close to spherical shape of the 1 mm sand grains. The sand grains were not fully covered
in calcite by the final day in either of the studies, Figure 6.3. In an attempt at estimating
the final surface coverage of the sand by other means than visual observation, 𝜌𝑠𝑎𝑛𝑑 and
𝜌𝑐𝑎𝑙𝑐𝑖𝑡𝑒 (estimated as the average of the three values obtained for calcite) from Table 6.1,
along with the T2 time from the re-saturated section, were used to solve Equation (6.8) for
𝑆

the final surface coverage percentage. 𝑉 was assumed to stay constant and was obtained
using Equation (6.3) and the T2 time from day 1. The final day calcite precipitation
coverage was found to be 49.7%, which appears to be a realistic number when compared
to the SEM image in Figure 6.3. In future work, more accurate surface to volume ratios
will be obtained by other means to provide a more precise estimate of both the surface
coverage and the relaxivity of the various materials.
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500 µm

Figure 6.3. T2 distributions of the 0.45 mm sand on the first and final day and SEM
image of sand grains collected from the column after the study was completed. A T2
increase of 59.2% was observed in the 0.45 mm sand, and the SEM image shows that the
grains are only partially covered with calcite precipitate. The partial coverage is likely the
reason why a larger increase in T2 time was not observed.

NMR relaxation measurements have the potential for in-situ monitoring of MICP
in large-scale engineering applications. This work used 1D T2 relaxation measurements
accompanied by SEM imaging to provide a detailed look at how the changes in geometric
structure and mineralogy of the system undergoing MICP affects the acquired NMR
signal. The NMR results indicate that the change in T2 relaxation time due to MICP is
predominantly a result of the formation of a gas interface due to the MICP, and not due to
the changing surface mineralogy or the decrease in pore volume. Interestingly, the results
of this work indicate a strong correlation between surface coverage and T2 relaxation
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times indicating that the gas coating of the surface is correlated to the calcite surface
coverage. The presence of a gas interface will be investigated further in future studies. An
increase in T2 times were observed for all experimental systems in this work, though the
magnitude of the increase depends on both the size and the material of the granular
media, and the T2 time reaches a steady state value for all systems at a time
corresponding to when the calcite covers all surfaces. The results indicate the potential
for in-situ MICP progress monitoring during the early stages of the process by portable
low-field NMR devices. The T2 measurements can provide in-situ monitoring of the
degree of progression of resulting surface coverage of the MICP process.
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CONCLUSION

The research presented in this dissertation demonstrates the ability to characterize
various distinct phase transitions both in porous media and bulk systems by means of
nuclear magnetic resonance (NMR). NMR is a unique technique in that it can be applied
to obtain detailed information both on micro and macro scales non-invasively and nondestructively, thus it lends itself well to large scale field and industrial applications where
the system of interest proves difficult to access non-destructively. The goal of this work
was therefore to determine if, and to what extent, various phase transitions of interest to
industries can be characterized using NMR relaxation and diffusion measurement and
magnetic resonance imaging (MRI). The experiments performed for this dissertation are
presented in chapters 4-6, and the three systems of interest were 1) drug solidification in
bulk and a porous construct, 2) hydrate formation and growth, and 3) bio mineralization
in granular media. The phase transitions occurring in each of these systems were
successfully detected and monitored in-situ using NMR and MRI.
Each system posed physical challenges that had to be accommodated to obtain the
desired results. Due to the small volume and the rapid solidification of fenofibrate, the
study was limited to experiments where sufficient averaging could be performed in a
short amount of time (chapter 4). Consequently, only frequency spectra and T2 relaxation
distributions were collected in the quest to characterize the liquid-solid transition of the
drug. The Gaussian shape of the final frequency spectra of the drug solidifying in bulk
indicated a highly ordered crystalline final structure. The frequency spectra of the drug in
the tablet was found to be a combination of a Gaussian and Lorentzian distribution. The
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Lorentzian component indicates that an amorphous component is formed, in addition to
the ordered crystalline structure, due to silica-fenofibrate surface interactions. The T2
distributions confirm the observations made in the frequency spectra, with a larger
amplitude of the longer T2 time population remaining in the drug in the tablet after
solidification is complete. These results confirm the application of non-solid-state NMR
to distinguish and characterize crystalline and amorphous solid structural phases. 1D T2
and 2D T1-T2 correlation experiments showed that water will progressively occupy more
of the pore space in the tablet when stored in a 100% relative humidity environment over
a 14-day period, decreasing the detectable drug signal. Thus, NMR relaxometry has
potential as a method for drug quality control.
Hydrate formation and growth is a highly complex process still not completely
understood despite extensive research efforts on the subject. The short time and length
scale at which hydrate nucleation and cage growth occurs makes hydrate formation
processes difficult to monitor and characterize. The onset of hydrate formation and
subsequent hydrate growth was successfully detected and monitored by NMR frequency
spectra. Frequency spectra also indicated the completion of hydrate growth at which
point the water peak was depleted. T2 relaxation time distributions showed a decrease in
the T2 time for both water and cyclopentane due to a decrease in the water droplet size
and an increase in gadolinium concentration in the cyclopentane. MRI intensity maps in
combination with T2 maps revealed a highly heterogeneous hydrate system with spatially
dependent hydrate growth rates. Spatially resolved diffusion measurements confirmed the
decrease in pore size of the porous hydrate shell with a reduction in the water diffusion
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coefficient over the duration of the hydrate growth process. T1-T2 correlation
measurements exhibited a signal rise at short 𝜏1 -times and long 𝜏2 -times during the
intermediate stage of the hydrate growth process. During the intermediate stage, the
porosity of the hydrate shell is reduced to 𝜑 < 50%. The hydrate shell is still permeable
allowing exchange to occur, but the mass transport between the aqueous and organic
liquid phases is restricted, leaving the system in a combined state of the fast and slow
diffusion regime. According to results obtain from the coupled pore model presented by
Maneval et al., the observed signal rise is a result of the intermediate level of connectivity
between the two phases as well as the presence of both a slow and fast diffusion regime
in the hydrate system.
A low-field NMR system operating at 2 MHz was used to characterize
biomineralization processes in granular media. Natural sediments, such as the quartz sand
used for this study, exhibit a wide range of magnetic susceptibilities which will cause a
broadening of spectral peaks and a more rapid signal attenuation. The impact of the
magnetic susceptibilities is less significant at lower magnetic fields; thus, a low-field
NMR system was essential for accurate characterization of this system. An increase in T2
relaxation time was observed as a result of the production of a gas interface at the pore
wall when calcite precipitate was present, inhibiting the water accessibility to the surface,
and thus suppressing the surface relaxation mechanism. Mineral precipitation was found
to cause a slight decrease in the total pore volume of the system, and a change in the
mineral composition of the pore walls as observed in the SEM images. An estimate of the
relaxivity for the glass beads, sand grains, calcite precipitate, and the gas coated calcite
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was obtained. The alteration of the surface mineralogy resulted in a slight decrease in
magnitude of the surface relaxivity, while the relaxivity of the gas interface was found to
be significantly smaller than that of the granular media or calcite precipitate. It was
therefore concluded that the presence of the gas interface caused the increase in T2 times.
Despite the similarity in relaxivity of the calcite and granular surface, and the presence of
the gas interface, the mineral precipitation surface coverage percentage was successfully
correlated with T2 relaxation time and was found to be in close agreement with visual
inspection of surface coverage obtained from SEM images. This is due to the textured
calcite surface trapping the gas on the surface whereas the smooth glass or sand surfaces
do not, resulting in an evenly distributed gas layer wherever calcite is present.
The research presented in this dissertation demonstrates that phase transitions can
be successfully detected and monitored in a broad range of highly distinct systems
utilizing several different NMR measurements on both low- and high-field NMR
spectrometers. MRI provided the means to explore the spatial heterogeneity of changes
occurring throughout the system. 1D T2 relaxation and spectrally resolved diffusion
measurements were used to detect changes in pore size and total porosity by shifts in the
observed T2 relaxation time distributions, and liquid-solid transitions by a decrease in
distribution amplitudes. T1-T2 correlation measurements were shown to contain
information about complex diffusion dynamics and exchange obtained from a signal rise
observed in the time domain data.
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The various NMR methods by which phase transitions can be detected and
monitored indicates that NMR has strong potential to monitor and inform a broad range
of industrially relevant processes where phase transitions are of interest.
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APPENDIX

EXPERIMENTAL CONFIGURATION AND ADDITIONAL
NMR RESULTS FOR MICP MANUSCRIPT
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Preparation of Bacteria Culture, Test Column, and Injection Media

To prepare the bacteria culture for injection, 1 mL of frozen stock S. pasteurii was
added to 100 mL of growth medium containing 37 g/L brain heart infusion (BHI) and 20
g/L urea and placed on a shaker table at 150 rpm for 24 h. At the end of the 24 h period, 1
mL of the culture was added to 100 mL of fresh growth medium and placed on the shaker
table to be used for next-day culture injection. The remaining 99 mL was injected into the
column for inoculation. This procedure was repeated daily until the end of the study.
A bacterial growth medium and a calcite precipitation-promoting medium were
used for this study. Both mediums contained 3 g/L Difco nutrient broth, 20 g/L urea, and
10 g/L ammonium chloride. In addition, the calcite precipitation-promoting media
contained 49 g/L calcium chloride. Both were prepared in a sterile manner using distilled
(DI) water.
Before each study, the sand- or glass-filled column was disinfected by injecting
two pore volumes of a 70% ethanol solution followed by two pore volumes of a 10%
bleach solution. A stationary period of 30 minutes was permitted between the ethanol and
bleach injections. The disinfection procedure was followed by injecting two pore
volumes of sterile DI water to prevent the bacteria culture from getting in contact with
the disinfectants.

Testing Homogeneity of Mineral Precipitation

NMR data was collected from the top and bottom of the column on the first and
final day of the study to investigate the homogeneity of the mineral precipitation
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throughout the length of the system. 1D signal intensity profiles and T2 distributions of
the column collected on the final day of the 0.45 mm sand grains is shown in Figure A.1.
Figure A.1(a) shows the signal intensity profile for a 4 cm region at the bottom of the
column (blue) compared to a 4 cm region at the top (red). The comparison of the T2
distribution at the top (red) and bottom (blue) of the column is shown in Figure A.1(b).
No significant differences between the top and the bottom of the column was observed in
the signal intensity profiles or the T2 distributions. NMR measurements of the top and
bottom were also collected on the first day of the study (not shown) and the results were
identical also on day one.

Figure A.1. To confirm homogeneous MICP throughout the length of the column, NMR
measurements were performed both at the top and bottom of the column. Both the signal
intensity profile (a) and the T2 distribution (b) confirm uniform calcite precipitation.

Impact of Air Bubbles

T2 measurements were performed on a biomineralized column with 0.5 mm glass beads
fully saturated and after air was flowed through the column to investigate the effect of air
bubbles present in the pore space. A shift to a shorter T2-time was observed in the
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presence of air bubbles. The shift to longer T2-times observed during the MICP process is
attributed to a gas interface appearing between the bulk water and the pore walls,
reducing the accessibility of water to the surface. The air flowed through the column will
not reproduce this gas layer, but rather result in air bubbles trapped in the pore space. The
bubbles will occupy partial volumes of the pore space, reducing the effect of the slower
bulk relaxation rate while simultaneously increasing the effect of the surface relaxation
mechanism, resulting in the slightly faster relaxation rate observed in Figure A.2.

Figure A.2. T2 distributions of (a) a fully saturated 0.5 mm glass beads column after
MICP, and (b) after air was flowed through the column. A shift to slightly shorter T2times were observed due to the presence of air bubbles in the pore space.

