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“I am not aware of any other field of science outside of magnetic resonance that offers so
much freedom and opportunities for a creative mind to invent and explore new
experimental schemes that can be fruitfully applied in a variety of disciplines.”

~ Richard R. Ernst ~
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Chapter 1

Introduction

There is a question I asked myself many times: What is our Universe made of? The
simplest answer which inherently comes into my mind is: particles in motion and their
fields. For the sake of simplicity, one might answer this question based on the
“macroscopic” information available to human senses, eventually pointing to atoms and
molecules, though, without thinking of those many interactions between them about
which Einstein said: “All actions would cease if those powerful elemental forces were to
cease stirring within us”. Talking about the delicate motion of a magnetic particle in an
external field, the Nobel Prize awarded Edward M. Purcell noticed: “It should reside in
all the ordinary things around us, revealing itself only to him who looks for it”; and
remembering the winter of his first successful NMR experiments while he started
looking even on snow with new eyes: “There the snow lay around my doorstep - great
heaps of protons quietly precessing in the earth’s magnetic field. To see the world for a
moment as something rich and strange is the private reward of many a discovery.”

What can we learn from all these about the structure of matter? Let us begin with
the most direct application of nuclear induction methods, the measurement of nuclear

magnetic moments. The basis for this is the resonance condition

pH,
v=——, 1.1
T (1.1)

in which v is the frequency of precession of the axis of the nuclear spin in a magnetic

field of strength Hy, and u is the magnetic moment of the nucleus. The number 7, is the
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nuclear spin quantum number, an integer or half-integer, and /4 is Planck’s constant.
Now H) except for a certain slight correction, is simply the field of the magnet in which
the substance has been put, and it can be measured. The frequency of precession, is

easily measured with high accuracy, and thus one can determine the quantity p/Ih .

Regarding the motion of atomic nuclei in a magnetic field one finds in Nuclear
Magnetic Resonance (NMR) a powerful tool to investigate structure and motion, and
though not all nuclei possess a magnetic moment, one can hardly find an element
without at least one isotope sensitive to magnetic fields. Thus, the world of the nuclear
spins is a true paradise for theoretical and experimental physicists. It supplies, for
example, most simple test systems for demonstrating the basic concepts of quantum
mechanics and quantum statistics, and numerous textbook-like examples have emerged.
On the other hand, the ease of handling nuclear spin systems predestinates them for
testing novel experimental concepts. Indeed, the universal procedures of coherent
spectroscopy have been developed predominantly in NMR and have found widespread
application in a variety of other fields.

Prof. R. R. Ernst emphasized during his Nobel Lecture in 1992 [Ern1] the former
great achievements in magnetic resonance honoured by physics Nobel prizes, “starting
with the famous molecular beam experiments by Isidor 1. Rabi [Rabl, Rab2, Rab3,
Kell] acknowledged in 1944, followed by the classical NMR experiments by Edward M.
Purcell [Purl] and Felix Bloch [Blol, Blo2], honoured with the 1952 prize, and the
optical detection schemes by Alfred Kastler [Brol, Kasl], leading to a prize in 1966.
Some further physics Nobel prize winners have been associated in various ways with
magnetic resonance: John H. Van Vleck developed the theory of dia- and
paramagnetism and introduced the moment method into NMR; Nicolaas Bloembergen
had a major impact on early relaxation theory and measurements; Karl Alex Miiller has
contributed significantly to electron paramagnetic resonance; Norman F. Ramsey is
responsible for the basic theory of chemical shifts and J couplings; and Hans G. Dehmelt
has developed pure nuclear quadrupole resonance. But not only for physicists is nuclear
magnetic resonance of great fascination. More and more chemists, biologists, and
medical doctors discover NMR, not so much for its conceptual beauty but for its

extraordinary usefulness.”
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Prof. R. R. Ernst himself received the Nobel Prize in Chemistry, in 1991, for the
development of the one and two-dimensional NMR techniques. Consequently few more
Nobel Prizes related to NMR have lately been given in other domains than physics i.e.,
Kurt Wiithrich received the Nobel Prize in Chemistry for NMR studies of structure and
function of biological macromolecules in 2002 and the Nobel Prize in Medicine, has
been awarded to Paul C. Lauterbur and Peter Mansfield in 2003, for their discoveries
concerning magnetic resonance imaging. In this context, a great number of magnetic
resonance tools have been invented to enhance the power of NMR in view of a variety of
applications [Ern2, Bax1, Rahl, Chal, Fril, Marl, Schl, and Brel].

The field of NMR has grown rapidly during the last ten years, not least because
of the development of computers and sophisticated high-field NMR spectrometers. The
concepts and directions in NMR have also changed a lot. Along with the development of
high-field NMR spectrometers with ever increasing field strengths and homogeneities, a
new fashion of NMR, namely that of the single-sided mobile sensors has vigorously
developed.

The advantage of using unilateral sensors to specific problems was already
proved in many domains like well logging, agriculture, material science, medicine, etc.
Characterizing samples either too bulky (e.g. building materials [Shal]) or unsuitable
(e.g. ferromagnetic materials [Zim1]) to be placed in a conventional MR system posses a
different challenge that has been met by unilateral NMR devices. The non-
destructiveness and simplicity of the method, alongside low costs and portability of the
sensor, have always represented a reason and impetus to use permanent magnets instead
of expensive super-conducting magnets. As a consequence, the technology and use of
mobile sensors progressed a lot in the last years broadening again the use of NMR. The
direct acquisition domain today can encode one of many NMR parameters such as
transverse relaxation, space, diffusion, velocity, or frequency. The indirect dimensions
are interrogated in a repetitive fashion by filtering the magnetization detected directly
and varying a filter parameter in a systematic fashion [Bliil, Bli2].

One of the first and most successful of unilateral NMR magnets was the NMR-
MOUSE (Mobile Universal Surface Explorer) [Eid1], originally designed to conduct in
situ investigations of rubber products (e.g. car tyres). The NMR-MOUSE is invariably

constructed from permanent magnetic material, although it has passed through a series
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of incarnations from its inception as a pair of semi-cylindrical magnets [Eid1]. These
include the bar-magnet NMR-MOUSE [Blii3] and the most common variation: the U-
shaped NMR-MOUSE [Anfl]. The NMR-MOUSE is most suited to the study of
polymer materials such as natural rubber [Blii4] due to the ideal combination of long
transverse relaxation times and slow molecular diffusion that they exhibit.

This work discusses some novel applications of single-sided NMR in domains
like quality control, polymer science and bio-medicine. After introduction, the basic
principles of NMR and NMR imaging are presented in Chapter 2, followed by an outline
of the particularities of NMR in low and highly inhomogeneous fields in Chapter 3. Here
a brief description of the U-shaped- and bar-magnet unilateral sensors is followed by a
schematic presentation of their magnetic field profiles. Finally the sensitivity problem in
single-sided NMR is discussed.

In Chapter 4, different strategies of using unilateral NMR in quality control,
polymer science and bio-medicine are presented. The information on the structure,
segmental dynamics, and material heterogeneities provided by the different NMR
methods serves to correlate the microscopic properties of aged elastomers with the
macroscopic material properties. In this way the mechanisms of chemical aging,
physical fatigue and strain can be better understood on the molecular level. The chapter
is divided in three main subchapters.

First (in Subsection 4.2), a simple NMR relaxometry method without any spatial
encoding is presented. The method found some important applications like: quality
control in the tyre production where the homogeneity of intermediate and final products
can be directly measured during fabrication, the characterization of physical aging in PE
water pipes, the quantification of elongation in strained elastomers in terms of NMR
relaxation times as well as the establishment of correlation maps between NMR
parameters and macroscopic properties (like elasticity and shear modulus). The latter
exhibits special importance in the possibility to non-destructively appreciate by a simple
NMR relaxometry experiment the macroscopic properties of the material in objects
which do not fit the specific test devices but can be measured with a usual NMR-
MOUSE.

Conventional Magnetic Resonance Imaging (MRI) has been developing since

1973 [Laul, Manl], predominantly in the field of medical research and diagnosis where
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three-dimensional anatomical images are now routinely obtained. The images are
required to show a high level of image contrast between different tissue types, while the
accurate quantitative measurements of parameters (spin density, relaxation times, etc.)
are more rarely used to characterize the tissue. Moreover, in materials science studies,
there is often less intrinsic value in obtaining three-dimensional images. Rather one
seeks to quantitatively measure properties of the sample with sufficient spatial
localization so as to characterize either the sample or a sample-process. In Subsection
4.3, the strategy developed to incorporate spatial resolution on single-sided sensors, is
summarized. The two-dimensional (2D) and three-dimensional (3D) NMR imaging
techniques which can be considered as special forms of multidimensional NMR will be
introduced by discussing principles and image contrast. Examples of unilateral NMR
imaging of elastomers and biological materials are given by a number of applications
that illustrate the performance of the technique in fields like quality control, bio-
medicine and material science.

Multi-dimensional imaging has the advantage of providing a plausible view of
the object. However, in practice we have found that in many cases the structure of the
sample under study changes only along one direction. In such cases one prefers high
resolution along one direction instead of 2D or 3D spatial discrimination. In some
respects profiling rather than imaging simplifies the experimentation, although this is
offset by the fact that most samples of interest are solid, semi-solid, or solid-like (that is,
characterised by a short signal lifetime, 75 ), unlike the soft tissues studied in medical
imaging. The broad linewidths (and hence short life-times) of NMR signals associated
with solids makes the imaging process far more difficult.

To resolve the depth structure with high depth resolution a strong and highly
uniform static gradient is required. The stable, high magnetic field gradient is sufficient
to overcome the broad line-widths of the solid materials allowing samples to be profiled
with increased spatial resolution. Recently, microscopic resolution has been obtained
with the NMR-MOUSE by mounting the device on a mobile platform, akin to a stray
field (STRAFI) imaging probe, except that the magnet is now moved relative to the
sample [Perl] rather than vice versa. The ‘“sweet-spot” within this inhomogeneous
magnetic field of the sensor can be used to target a sensitive plane in a sample while the

plane is stepped through the sample to provide a profile. This technique can be applied
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to arbitrarily shaped or large samples by using unilateral magnets to target spatially
localized near-surface planes.

In Subsection 4.4 we describe the profiling technique that takes advantage of the
strong uniform gradient generated by an optimized magnet geometry to achieve high
depth resolution into the object [Perl, Casl]. This profiling technique quickly found
important applications in resolving multilayered structures, where even dynamic
processes happening at the surface of the sample as a consequence of an exposure to the
environment can be followed in real time.

The main topic of this subsection is the application of the high resolution
profiling technique in the study of the interaction of UV irradiation with the elastomer
network. High resolution "H NMR depth profiles have been obtained near the surface of
a natural rubber sample after exposing it to UV radiation for several days. An NMR
observable related to the sum of the spin echoes in the Carr-Purcell-Meiboom-Gill
(CPMG) echo decay was used to characterize the cross-link density changes produced
by the action of the UV radiation. The aging profiles were interpreted for the first time
based on a model in which the radiation absorption coefficient exponentially depends on
the depth in the material. The method can be applied to investigate the effect of other

aging agents on the surfaces of elastomers.



Chapter 2

Nuclear Magnetic Resonance

Nuclear magnetic resonance is a physical phenomenon utilized to investigate the
molecular properties of matter by irradiating atomic nuclei in a magnetic field with radio
waves [Blii5]. The phenomenon is based on the special property of the atomic nucleus,
called the magnetic spin moment. Some nuclei posses such a magnetic spin and others
do not. When the nuclei which have this property are immersed in a static magnetic field

(B,) and then exposed to a second oscillating magnetic field (B,), the NMR

phenomenon occurs.

2.1 Basic NMR

2.1.1 Magnetic resonance phenomenon

Magnetic resonance is a branch of spectroscopy that detects the quantum-mechanical
transitions induced by electromagnetic radiation in a system of discrete energy levels of
electrons or nuclei placed in a static magnetic field. Nuclear magnetic resonance (NMR)
employs electromagnetic waves in the radio-frequency range between 1 GHz and 2 kHz.

Nuclear magnetic resonance is one of the most powerful methods for structural

and dynamics investigation of matter in different states of aggregation due to the
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following features: (/) the interactions of nuclear magnetic moments are very weak
compared with the thermal energy, therefore, we deal with nuclear paramagnetism.
Moreover, the energy delivered by the radio-frequency generator is much larger than the
strength of the inter-nuclear couplings. That leads to the possibility to manipulate these
interactions in a specific way and to simplify the spectral response. (2) The radio-
frequency photons have much lower energy than the energy of chemical bonds,
therefore, the interaction of electromagnetic radio-frequency (rf) radiation with matter,
especially bio-molecules is non-ionising. (3) The number of radio-frequency photons
with a specific frequency is very large. Hence, the phase of the associated
electromagnetic wave is very well defined. The high degree of coherence of radio-
frequency radiation is essential for implementation of NMR experiments including
magnetic resonance imaging (MRI). The appearance of NMR spectra, and consequently
the molecular structure they are able to provide, arises from the discrete nature of the
energy levels pertaining to a nuclear spin system. The energy levels are mainly a result

of the Zeeman interaction —u - B, between the static magnetic field of induction B, and
the nuclear magnetic momentu . The quantum-mechanical quantity called spin
momentum 1 is related to the magnetic moment by g=yhl , where y is the magnetogyric

ratio and h is the Planck constant divided by 2z . In the absence of the magnetic field the
nuclear spin states are degenerated (see Fig. 1a). The application of a static magnetic

field B, induces a magnetic interaction described by the Zeeman
Hamiltonian H = -uB,,. Taking the magnetic field orientation to be along the z-direction

we get
H =-yhBI,. 2.1
The eigenvalues E,, of this Hamiltonian can be evaluated from the Schrodinger equation
H|m)=—yhBym|m), (2.2)

where |m> i1s the eigenstate corresponding to the eigenvalue E_ =-yhBym. The

magnetic quantum number is m wherem =1, I-1,...,-1 . Therefore, the equidistant energy
differences for the single-quantum transitions Am==x1 are given by

AE =hew,, (2.3)
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where the Larmor frequency is v, =v; =, /2x . The energy level diagrams of a spin

I=1/2 and I =1 are shown in Figure 1.

; —
a) %HHH_B AE=yDB, B,
\

.'Z'.]':_:‘r'fi'ﬂ3

1> — ~{hiE,
Spin 1

Fig. 2.1 a) Energy levels diagram and allowed transitions of an ensemble of spins with I=1/2 in the
absence and the presence of B,. The small arrows indicate the orientation of nuclear spins relative to B,,.
b) Energy diagram and allowed single-quantum transitions for spins with /=1 (Reproduced from ref.

[Deml]).

Another important ingredient for a magnetic resonance experiment is the rf field.

Only the magnetic component of the electromagnetic field, i.e., B,(t) = B,,cos(2nvt)
interacts with the magnetic moment of the nuclei. The amplitude of the rf field is B,

and v is the carrier frequency. This field is produced by a rf coil and leads to a

perturbation Hamiltonian [Dem1]

Hp(t) =—yhB, - I cos(2nvt). (2.4)
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From the time-dependent perturbation theory of quantum-mechanics, it can be

stated that a transition between two states |‘P> and |<15> is allowed provided that

<‘P|HP|<15>¢O. This takes place if v=v, (i.e., the resonance condition) and the

alternative magnetic field B, () is polarized perpendicular to the static magnetic field B, .
Concerning a spin I =1 (Fig. 1b), a similar calculation show that only the single-

quantum transitions |0> %|1> and |—1> %|0> (and those in the opposite directions) are

allowed in first order approximations and occur at the same frequency, given by Eq. 2.3.

The spin system evolution in the presence of the interspin couplings has to be
quantified in the language of quantum-mechanics. This is a reflection of the quantum-
mechanical nature of the spins and the fact that the spin couplings encode NMR
observables via propagation operators. Nevertheless, nuclear magnetization relaxation
processes are described in a semi-classical approach where the thermal bath is treated

classically and the spin system quantum-mechanically.

-
Bﬁ-
N

o
>

=3

a) b) c)

Fig. 2.2 a) At thermal equilibrium, the nuclear magnetization M is collinear with By. b) Under the action
of an electromagnetic perturbation, M is displaced from its equilibrium position. It undergoes
precessional motion around By at the Larmor frequency v =v,. c) After the action of a 90° rf pulse the

magnetization M is brought into a plane transverse to B,

In general, the NMR experiments are performed at high temperatures employing
a large number of spins. These features lead to the possibility to treat some aspects of the
experiments classically. The excess of spins oriented along the static magnetic field B,
with respect to those oriented in the opposite direction (c.f. Fig. 2.1a) results in a

macroscopic nuclear magnetization M aligned along the static magnetic field, which is
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called equilibrium magnetization (cf Fig. 2.2a). It can be displaced from this equilibrium
by an appropriate perturbation, for instance, by a rf excitation. It is then subject to a

precessional motion around B, with the Larmor frequency v, (Fig. 2.2b). The
electromagnetic perturbation which brings M into a plane perpendicular to B, allows

the observation of the Larmor precession through an electromotive force which occurs in
a coil whose axis is contained in that plane (Fig. 2.2c). This can be done by rotation of
the nuclear magnetization using a resonant 90° rf pulse. The nuclear magnetization M

can be oriented anti-parallel to B, by the action of a 180° pulse. The majority of NMR

experiments uses pulse sequences composed of 90° and 180° rf pulses.

2.1.2 Magnetic and electric spin interactions

The nuclear spins can experience various external and internal interactions. These
interactions can have magnetic or electric origin. The external interactions are, in
general, represented by the Zeeman interactions with static and rf magnetic fields. The
chemical shielding, dipole—dipole, spin—spin indirect coupling or J-coupling, spin-
rotation, and hyperfine couplings represent the major internal magnetic interactions. The
quadrupolar interaction has an electrostatic character. All these interactions have a
tensorial character, i.e., they depend on the orientation of the principal axes of the tensor

relative to the direction of B, . They are relevant to solid polymers below and around the

glass transition temperatures. For polymers in solution or for soft polymers fast
molecular motions average these anisotropic interactions to isotropic or residual values
which can be close to zero.

The separation of the energy levels of the nuclear spin states and of course the
resonance frequencies are determined by the spin interaction strengths. The Hamiltonian

operator H of the spin system is the sum of all operators for each individual interaction

H=H,+H,+H +H,+H +H,, (2.5)

where Z-indicates the Zeeman interaction, Q-the quadrupole interaction, rf- the coupling

of the spins to the radio frequency field, D- the dipole-dipole interaction, o - the
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chemical shift, and J-the indirect coupling. The energy levels are the eigenvalues
(characteristic numbers) of this operator H.
The Zeeman interaction is the coupling of the nuclear spins to the applied
magnetic field. The Zeeman interaction defines the nuclear polarization as:
H, =C’IEB,, (2.6)

where E is the unit matrix and represents the coupling tensor between the spin vector

operator | and applied magnetic field B,. The factor C” is given in Tab. 1 [Bliil]. The

NMR frequency @, is defined by the energy level splitting resulting fromH,, .

At high field, the quadrupole interaction is the second largest interaction after

the Zeeman interaction. It is given by:
H, = C9QI 2.7
This interaction is a valuable sensor of the electronic structure. Nuclei with spin
quantum number / higher than Y2 possess a so called quadrupole moment which couples
to the electric field gradient established by the electrons surrounding the nucleus. The
interaction is quadratic with respect to the spin vector | and it is described by the
quadrupole coupling tensor Q. A quadrupole splitting of the energy levels cannot be
observed under fast isotropic motion as in liquids but can be observed in rigid aromatic

and aliphatic compounds.

Table 2.1. C* factors and symbols of the coupling parameters.

Interaction A ok R? 0, n,
Zeeman Z -y 1 - -
quadrupole Q  eQ/2121-1)n] 0 eq o
rf rf Ly 1 - -
dipole-dipole d -y, /(47) 0 e 0
magnetic shielding o y c (2/3)A, Mo
indirect coupling J 1 J (273)A, n;

The interaction of a nuclear spin with the applied radio-frequency field enables

excitation of detectable signal in NMR experiments. This interaction has an analogue
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operator with the operator of the Zeeman interaction. The radio-frequency coupling is
given by:

H, (t)=C"IEB, (). (2.8)
The 1f field of strength B,(¢) is applied in the xy plane of a laboratory coordinate frame,

for example along x-axis. In order to have a dominant H, over all other interactions

except for the Zeeman interaction, it is desirable to apply a strong B, field.

The dipole-dipole interaction describes the through-space coupling of two
magnetic moments. The Hamiltonian operator for this interaction is given by:

H, = C"IDI, 2.9)
where I' and IV are the spin vector operators of the coupling nuclei i and j. The coupling
energy depends on the cube of the inverse separation r; and this is a highly valuable
source of information about the structural geometry of molecules. This interaction is
useful for measuring the internuclear distances in solids.

When an externally magnetic field is applied it is shielded at the site of the
nucleus by the surrounding electrons. This is called magnetic shielding. The resultant
local field is given by:

B=(1-0)B,, (2.10)

where o is the shielding tensor and its average value can be observed in liquids and
solids. The shielding depends on the strength of the magnetic field B,. Its Hamilton
operator is given by:

H, = C°lsB,. 2.11)

The isotropic magnetic shielding determines the chemical shift in high-resolution NMR.

The resonance frequency w; is not the same with the NMR frequency @, of the

nucleus. The relationship between the two frequencies is given by:

w =(-0)o,=27v,_. (2.12)

Generally, as the NMR frequency of isolate nuclei cannot be readily measured,
the chemical shift is tabulated with reference to a standard. In most of cases, this
standard is the resonance frequency of the proton in the TMS (tetra-methyl-silane)

molecule. The chemical shift is given by:
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5 — va_vstandard (ppm) (2 13)

standard

The indirect coupling is mediated by a polarization of the orbital angular
momentum of the electrons. This phenomenon is rather weak in the homonuclear case of
light nuclei but it can increase in heteronuclear cases for heavy atoms. The indirect
coupling is difficult to be observed in solid-state NMR of organic compounds because of
the larger linewidth in solids. Analogue to the dipole-dipole interaction, the Hamiltonian

operator for this interaction is given by:

H =C’lJV (2.14)
where I' and I are the spin vector operators of the coupling nuclei. In this case the trace
of the coupling tensor J is different from zero, and contrary to the dipole-dipole
interaction the indirect coupling can be observed also in liquids. The energy levels are
often intricately split by the J coupling which results in the hyperfine structure of the
high-resolution spectra.

In strong magnetic fields, the Zeeman interaction determines the resonance
frequencies. Supposing that the other interactions are simple perturbations, the coupling
to the radio-frequency field, the chemical shift, the dipole-dipole interaction and the J-
coupling can be treated mostly by the first-order perturbation theory. In the case of the
quadrupole interaction, this method works exclusively for small quadrupole moments.

In the studies of elastomers by NMR experiments, dipolar and quadrupolar
interactions are mainly used. The presence of the high magnetic field imposes a
manipulation of the spin system which separates certain parts of the spin interaction
Hamiltonian. This process is called truncation and the secular dipolar Hamiltonian of
two spins i and j has the general form [Dem1]:

o \ i 1 Y i
H,© :_(_0]'_3'5(3%52 Oy —1)(3| F - ~|J). (2.15)

4 r;
The factor u,/4m, where u,is the magnetic susceptibility of vacuum, has been
introduced in conformity with MKSA units. The magnetogyric ratios are y; and yg. The

space encoded part of the dipolar Hamiltonian depends on the distance r;; of spins i and
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j and the angle 6

| between r; and B, . The anisotropic segmental motions average the

space part of Hd(o) to a residual value.

Finally, the truncated form of the axially symmetric quadrupolar Hamiltonian for

nuclei with spin I larger than 1/2 can be expressed as

(O 2 2
H, =Co[31.2-P ] (2.16)
The quadrupolar coupling C, is defined by

eQ sz

Co=—"Z, .
T 4pI21-1) 2.17)

where eQ is the quadrupolar moment of a specific isotope and V,, is the Z component

of the electric field tensor at the position of the nucleus. In the presence of anisotropic
molecular motions, the electric field gradient tensor is averaged to a residual value.

The spin interactions can be classified as inhomogeneous and homogeneous
[Mehl1]. The NMR spectrum generated by the inhomogeneous spin interaction which is

linear in the spin operatorl_, is a sum of independent individual lines. A selective rf

irradiation can saturate only a group of spins producing a hole in the spectrum. For the
homogeneous lines of a compact sample the NMR spectrum is a sum of individual lines
with no shift with respect to each other. The spin interactions bilinear in the spin
operators generate these spectra. However, for a powder, the two-spin dipolar interaction
produces an inhomogeneously broadened line. The excitation of the spectrum with a

selective pulse will affect all the spectral frequencies.

2.1.3 Magnetization relaxation

One of the important sources of information about molecular motions is related to the
relaxation of the longitudinal (M) and transverse (M, and M y) components of the
macroscopic nuclear magnetization. The molecular motions modulate the spin
interactions that lead to the exchange of energy between the nuclear energy levels and
the lattice or thermal bath represented by the molecular degree of freedom. This process

is described by a time constant 7; the so-called longitudinal relaxation time. The
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dephasing of the transverse magnetization components M and M, which is related to

the increase of the entropy of the spin system is described by the transverse relaxation

time7,. The molecular motions responsible for the relaxation include: (/) overall

translational and rotational motions, (2) local motions such as internal rotations around
C—C bonds or molecular axe of symmetry or segmental motions of polymer chains, and
(3) exchange between two different distinct chemical sites within the same molecule or
different molecules.

In the simplest assumption, the time evolution of the nuclear magnetization under
relaxation processes can be described by the Bloch equations (see [Bliil], and references
therein)

dM, (1) _ M,,
dr T,

(2.18)
M, ) = M,()-M,
- T,

9

where M|, is the magnetization of the spin system in the thermodynamic equilibrium.
The time evolution of M (¢) vector under relaxation processes described by equation

2.18 is given by exponential functions. This approximation is not valid in many cases for
polymer or other macromolecular systems where complex relaxation mechanisms are
present [Dell, Tycl]. In such cases, a complete treatment requires additional relaxation
parameters such as cross-relaxation rates [Dell, Tycl, Canl, Ern2]. Such a situation
occurs whenever the interaction between two spins A and X is characterized by random
fluctuations. For this cross-relaxation process A spin magnetizations induces a
modification of X magnetization which contributes to the specific evolution of X
magnetization. More formally, this coupling can be expressed via the Solomon equations
(see for instance, ref. [Canl]) which contain besides the longitudinal relaxation rates of
spins A and X also a cross-relaxation rate which reflects the coupling between the A and
X spin magnetizations. Several two-dimensional NMR experiments (see below) can
measure cross-relaxation rates that enhance our knowledge about molecular motions in
complex systems [Canl, Ern2].

The longitudinal magnetization relaxation can be measured using different

methods [Bliil, Canl, Kim1, Call] based on the scheme:
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Initial perturbation —_ Evolution —_ Detection

The initial perturbation brings the spin system into a non-equilibrium state and

can be represented by an inversion pulse of 180° (i.e., M,(0) = —M,) or a saturation
train of 90° (ie, M,(0)=0). The detection is performed by a standard 90° pulse under

low or high resolution conditions.

The transverse relaxation measurements are performed using a Hahn echo (see
below) or Carr—Purcell-Meiboom-Gill (CPMG) pulse sequences [Bliil, Call]. The first
method uses the pulse scheme: 907 —t—1807 / —T—Hahn echo and measures the time
evolution of the amplitude of the Hahn echo as a function of the echo time 27t. The
CPMG scheme, 907 —[t—1807 —t—Hahn echo]y allows measuring the transverse
magnetization decay in a single scan using a train of N Hahn echoes.

The mechanisms of relaxation are produced by local magnetic fields originating
from randomly fluctuating spin interactions like homonuclear or heteronuclear dipolar,
quadrupolar, and chemical shielding interactions. They induce quantum-mechanical
transitions in the Zeeman energy level manifold, whose effect takes the nuclear
magnetization back to the equilibrium configuration. When performing a spectral

decomposition of these fluctuating local fields A(t) (which are in general, tensorial

quantities), we can find a nonzero component frequencies equal to those of the various
transitions which exist within the Zeeman energy level diagram. The efficiency of the
local magnetic fields to induce transitions can be appreciated by quantities named

spectral densities of the form [Dem1]

J(0)= jo“’ h. (1), (0) exp(—ict)ds, (2.19)

where £, () is the random fluctuating i component of the local fields. The bar denotes an

average over the ensemble of spin systems. On the other hand, a quantum-mechanical

transition can be induced by a fluctuating local field given that a certain degree of
coherence is present. The autocorrelation function C(#) = h,(¢)h;(0) is indicative of this

coherence that essentially persists for a time equal to the correlation timez,. A more
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general correlation function is represented by the space—time autocorrelation
function C(x,t), where x is a general spatial coordinate meant to represent translational
or rotational coordinates. These correlation functions turn out to be necessary in the
context of characterizing of two-dimensional exchange spectra [Sch2]. Moreover, a
three-dimensional spectrum may provide a three-time distribution, which contains
information that cannot be directly retrieved from a 2D exchange spectrum. More
detailed information on the nature of the nonexponential loss of correlation in polymers
can be obtained from reduced four-dimensional (4D) exchange spectra which is not
accessible in the corresponding one-dimensional (1D) relaxation measurements and the
2D exchange spectrum [Sch2].

Molecular processes with a single correlation time are rarely found in partially or
strongly disordered solids like semicrystalline or amorphous polymers. A distribution

g(7) of the correlation times 7 has to be introduced in order to evaluate the correlation

function [Sch2, Deml], i.e.,

Ct)=|"exp {—%} o(r)dr. (2.20)

Such distribution has been shown to span several orders of magnitude for instance in the
case of local motions in the glassy state. Instead of the distribution function, other fitting

functions for the correlation function C(¢) are considered. One of these functions is the
stretched exponential Kohlrausch-Williams—Watts function exp{—(t/ Trww )ﬁ } that has

been found to fit the data quite universally [Sch2, Dem1].

2.1.4 Spin coherences

In all NMR experiments the spin system evolves under internal and external spin
interactions. For isolated spins, the spin dynamics can be described in terms of the
motion of classical magnetization vectors. Many structural and molecular dynamics
problems in NMR involve coupled spins. In this case, it is necessary to recourse to a
quantum-mechanical formalism where a density operator describes the state of the

system [Ern2]. The density operator p(t)is derived from a wave function which

describes a so-called mixed state. This state corresponds to a statistical ensemble of
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quantum-mechanical objects, which in our case is a collection of nuclei with magnetic
moments. Therefore, the statistics specific of these objects and the statistics of an
ensemble are simultaneously present. The equation of motion for the density operator is
given by the Liouville-von- Neumann equation

()
ot

where H(z) is the Hamiltonian or total energy operator of the system expressed in

=[H(®), p(1)], (2.21)

angular frequency units, which may itself be time dependent.
In general, equation 2.21 does not have an exact solution. Several mathematical

methods have been applied to obtain an approximate solution for p(t) one of the most
efficient and being the Floquet technique [Ern2]. The dynamics of the spin system

detected via an observable <O(t)> described by a quantum-mechanical operator O can

be evaluated by

(0() =Tr{Op(1)} (2.22)

Thus, the expectation value is found by evaluating the trace of the product of the
observable operator and the density operator.
A particularly simple interpretation of the density matrix is possible in the

eigenbase of the Hamiltonian H. The diagonal element p,, is equal to the probability that
the spin system is found in the eingenstate |r> The population of state |r> is P and

therefore, p,. = P.. The off-diagonal element is defined by

pes =(r|p)|5) = ¢, (D (), (2.23)

where the bar indicates an ensemble average. These elements describe a coherent

superposition of eigenstates c, (t)| r>+cS (t)| s> in the sense that the time dependence and
the phase of the various members of the ensemble are correlated with respect to |r>
and| s> . Such a coherent superposition is simply called coherences. A spin coherence can
be associated with a transition between two eigenvalues specified by the eigenstates |r>

and|s>. If the two states span an allowed transitions with a difference in magnetic
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quantum numbers AM =M, —M, ==1, the coherences p,, are related to the NMR
observables represented by the transverse magnetization components M " iiMy“s) .In
general, a matrix element of the density operator p,, represents p-quantum coherence

for which p=M, —-M,, which, for p #£1, does not lead to observable magnetization

and can only be detected indirectly by two-dimensional spectroscopy [Ernl, Munl].

The density operator p(t) has been formulated for the entire quantum-

mechanical system. For magnetic resonance applications, it is usually sufficient to
calculate expectation values of a restricted set of operators which act exclusively on

nuclear variables. The remaining degrees of freedom are referred to as “lattice”. The

reduced spin density operator is defined by o(t) = Tr; {p(r)} , where Tr, denotes a partial
trace over the lattice variables. The reduced density operator can be represented as a

vector in a Liouville space of dimension n*,i.e. [Deml]

Ln?
a(t)=> b.(OB,, (2.24)

where 7 is the dimension of the Hilbert space of all admissible state functions and {B, }

is a complete set of orthogonal base operators. A proper selection of this base is often
essential to ease the solution of a particular spin dynamics problem. For instance, for

systems with spins I, =1/2 the product of the Cartesian spin operators is a convenient

base operator [Ernl, Lev1]. As an example, the complete set of product operators {B, }

for two J or dipolar coupled nuclei with spin I =1/2consists of 2** =16 operators,

1.e.,

I .I.

x> iy’ Tz

%E (E is the unity operator), I

(2.25)

2.1, 21, .1, ,21 .1, ,2I, .1, ,2I_.1I. fori,j=1,2.

x° jx ’ l'y 2 jy ’ iz° jZ s ix?® jy s ix>® jzo

The spin modes described by the product operators of expression 2.25 are the matrix

elements of the density operator

P, SQ SQ DQ
_|SQ B 7R SQ (2.26)
[SQ zQ B SQ

DQ SQ SQ P,
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The above product operators can be detected by properly designed NMR experiments
[Ernl, Munl] and reflect different features of the spin systems related to the structure,
spin interaction topology, and molecular dynamics. The most popular spin modes are

represented by the single-quantum coherences (SQ) of spin i, I, and I, that are related

to the x- and y-magnetizations, respectively. Two-spin coherences of spin i and j consist
of superposition of p=0 (zero-quantum (ZQ)) and p =212 (double-quantum (DQ))
quantum coherences. The former is insensitive to the inhomogeneity of the magnetic
field and the latter reflects the existence of spin couplings. Not only the existence of J-
or dipolar couplings can be detected by editing DQ coherences but also the strength of
these couplings can be measured including internuclear distances and dihedral angles

[Levl, Sch3, Bro2].

2.1.5 Spin echoes

The evolution of spin coherences under non-fluctuating spin interactions is a reversible
process. The strength and sign of the spin Hamiltonians can be manipulated by rf pulses
and/or sample rotation such that the evolution of the spin system during a period of time
is refocused during evolution of the spin system at a latter time. The spin interactions
described by inhomogeneous or homogeneous spin Hamiltonians lead to inhomogeneous
and homogeneous spin-echoes. If a linear superposition of both types of spin
Hamiltonians is present, a mixed spin-echo can be generated. The most common used
inhomogeneous echoes are: Hahn [Hahl], stimulated [Hahl], and gradient echoes
[Kim1, Call]. Solid [Pow1] and magic [Sch4, Rhil, Dem2] echoes are the most familiar
types of homogeneous echoes. Actually for isolated spin pairs Y2, the solid echo is not
homogeneous refocusing only the dipolar interaction between them. This gives an
inhomogeneous broadened line in the 'H spectra.

In order to understand how a spin echo can be produced, we shall
consider a spin system composed of N nuclei, which may or may not interact between
themselves. The quantum-mechanical state of such a system can be described by a linear
superposition of spin coherences represented by a vector evolving in a Liouville space of
dimension 2*" (c.f. Fig. 2. 3) [Dem1]. In this abstract space, the state of the spin system

at timef =0 is represented by a configurational point. This state corresponds in many
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cases to the single-quantum coherences excited after a 90° rf pulse. The spin system

evolves in the laboratory or rotating reference frames for a time 1, and the evolution is

=exp{—iH,,t}, where H,, is the spin-

nt

described by the propagator operator E

evolution
interaction Hamiltonian. At the end of this evolution period, a pulse or a complex pulse

sequence is applied which change the sign of the HamiltonianH, . During the
refocusing  period of duration ¢t the evolution operator is now

E efocusing =exp{—i(—Him)1:}. This is formally equivalent to a time reversal, i.e.,

T— —1. For the full evolution period 27, the propagator is E =E,

rvolutionErefocu sing
where E is the unity operator and the spin system reaches the initial state. Hence, a spin
echo is generated with an amplitude identical to that of the free induction decay as long

as magnetization relaxation processes are neglected.

qk A

4

Fig. 2.3 Evolution of the quantum-mechanical state of a spin system in a Liouville space with spin
coordinates g;, gj and g,. The evolution from the initial time # = 0 to an intermediate time f = 7 takes place
under a Hamiltonian H;, which describes internal and external spin interactions. At this time, a pulse
sequence changes the sign of the spin Hamiltonian. The spin system evolves on the same generalized

trajectory and after total evolution time # = 2t the initial state is refocused under a spin echo [Deml].

The pulse sequence used for generation of an inhomogeneous spin-echo of the

Hahn type is shown in Fig. 2.4a. The spin systems for which this echo can be produced
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are characterized by the HamiltonianH, , =01 _, where & describes the inhomogeneity
of the magnetic fields or chemical shift distributions. By the action of refocusing 180;’

pulses, the spin operator I, becomes —I,and the spin Hamiltonian changes the sign,

i.e., Hint = _H

. - If transverse magnetization relaxation is neglected, the amplitude of the
Hahn echo is equal to the amplitude of the free induction decay generated after 907
preparation pulse (cf Fig. 2.4a). The relaxation encoding is given by the factor
exp{—-2t/T,}, where 7, is the transverse relaxation time. The Hahn echo represents an

important tool for measuring residual dipolar couplings, correlation function of

molecular motions, encoding of spatial information, and mass transport. If the 180

pulse is split in two 90 pulses separated by a time T, (c.f. Fig. 2.4b), a stimulated echo
is produced at time T, after the action of the last pulse. Under ideal conditions, this spin-

echo has an amplitude which is half of that of the FID and the lifetime is much longer
than that of the Hahn echo. Therefore, it is an ideal instrument for measuring self-
diffusion coefficients.

The scheme used for the gradient echo is presented in Fig. 2.4c. The evolution of
the single-quantum coherence excited by a preparation 90) pulse under a field gradient
G is refocused by the field gradient with the opposite direction—G, . The amplitude of

the echo is affected by the presence of the magnetic field gradients inside the sample.
This effect is exploited for enhancement of contrast in Magnetic Resonance Imaging
(MRI).

In many rigid or soft polymers, the protons are dipolar coupled in a complex
network. Considering only two coupled spins the interaction is inhomogeneous.
However, in the case of the multi-spin coupling, the dipolar Hamiltonian is bilinear in
the spin operators revealing a homogenous interaction. Pulse sequences can be designed
that change the sign of the dipolar Hamiltonian H,, i.e., H; - —kH,, where k is a
scaling factor. An example of a homogeneous spin-echo in a coupled multi-spin system

is given by the magic echo for which k=1/2 (c.f. Fig. 2.5 b). The most simple

homogeneous spin echo is represented by the solid echo (Fig. 2.5a).
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Fig. 2.4. Pulse sequences used for the Hahn echo a), the stimulated echo b), and the gradient echo c).
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For a spin system composed of spin —1/2 pairs the spin evolution is fully refocused by
the solid echo. This is not the case for a multispin dipolar network. These echoes can be
used for high resolution NMR spectroscopy of solids, measurement of residual dipolar

correlation function, and NMR imaging of rigid polymers.

90°, 207,
Solid echo
a H
) B,
T : T E Time
80", 90", 907,
b Magic echo
) B, X X '
T ' 2r ' 21 ' T : Time

Fig. 2.5 Pulse sequences for the solid echo a) and the magic echo b).

2.2 NMR imaging

NMR imaging is a noninvasive analytical technique used to produce images of
arbitrarily oriented slices through optically nontransparent objects. Biological tissues,
plants and many synthetic materials can be penetrated by radio-frequency waves without
significant attenuation of the signal by absorption or emission. In this sense, objects
which are nontransparent to electromagnetic waves at optical frequencies appear

transparent to radio waves.
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2.2.1 Principles of NMR imaging

In polymers as well as in biological materials, the spatial distribution of the nuclei and
the spin interactions as well as motions can be probed by NMR at different length scales
using different strategies. The NMR techniques suitable for investigation of spatial
structures are identified in Fig. 2.6 together with the appropriate spatial resolution scale
[Deml]. In the nanoscale range, spectroscopic methods based on manipulation of spin
interactions can measure internuclear distances and bond angles ([Lev1], and references
therein). The field gradients are used for selection of the coherence pathways and
encoding of molecular diffusion but many methods perform without the demand for field
gradients. In the mesoscopic range, spin diffusion ([Sch2], and references therein) can be
used for measuring domain sizes and morphology. The domain of NMR imaging of
polymers [Blii6, Bli7, Dem3, Dem4, Corl], which uses space encoding by field
gradients can probe today only macroscopically distributed heterogeneities, i.e., in the

order of 10-100 yum.

NMR
microscopy

sQin 7]
STRAFI counting| B
) molecular = E*
medical MRI diffusion | T~ 28
- spin S
surface coils diffusion =

-1 -2 -3 4 -5 -6 -7 -8-9-10
[ N N I |
[ 1T 1 | 1

E E E
@ E =

log (f) |
-

100m -+ n2
1 mm —

Fig. 2.6 Range of spatial resolution available from different NMR experiments that covers over ten orders
of magnitude. The methods using direct space encoding by gradients are shaded, but all other spatial

information can be included for creation of image contrast (Reproduced from ref. [Deml1]).

In the last years, the field of spatially resolved magnetic resonance which
includes imaging [Bliil], microscopy, and volume localized spectroscopy of materials
[Kim1, Call] has been advanced by the introduction of several new techniques and
improvement of the existing ones designed to overcome, mainly, the dipolar interactions

of abundant proton spins in rigid polymers that contribute to broadening of the NMR
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resonance lines. The well-known condition Ax=2zAv,,, /(yG,) (see for instance, Ref.

[Man2]) for the spatial resolution Ax' by frequency encoding, where vy is the

magnetogyric ratio, Av,,, is the full width at half height of NMR spectrum, and G, is

the field gradient strength in the x-direction, can define the strategies for improving the
quality of NMR images. There are, in principle, two possibilities: either the gradient
strength can be increased or the line width is reduced [Man2, Blii8, Strl, McD1]. This
can be achieved by manipulation of the spin or the space part of the interaction
Hamiltonian or both, or by dilution manipulations [Mehl]. Increasing the gradient,
strength might seem the simpler approach. However, the difficulty of using a large
gradient is that the receiver bandwidth must be increased to accommodate the spread in
resonance frequencies and therefore more noise is introduced into the resultant image.
The noise content is proportional to the square root of the receiver bandwidth, and hence
the time to acquire a given quality image, in both resolution and sensitivity, depends on
the line width. Many solid state imaging techniques use spin coherences refocused by
echoes for different purposes: (/) to record very short free induction decays present, in
general, for solids and/or in the presence of strong field gradients; (2) for space encoding
during the echo time; (3) for line narrowing by homonuclear or heteronuclear dipolar
decoupling; (4) for reconversion of multiple-quantum (MQ) coherences into detectable
single-quantum coherences. The properties of the spin echoes that refocus
inhomogeneous and homogeneopus spin interactions have been discussed in the
previous section. Also so called time-suspension echoes can be produced which
eliminate all internal and external spin interactions. In the maximum of such an echo,
each individual spin is fully isolated in the rotating reference frame in the absence of
relaxation processes; the time appears to be suspended.

Methods of liquid-state imaging which can be applied, for instance, for analysis
of elastomers or polymer swelling have been reviewed on several occasions (see for
instance, Refs. [Bliil, Blii7, Man2, Blii8, Strl, McD1]. Many of the methods used to
record NMR images of solids can be combined with spectroscopic information. This
unique feature and the richness in parameter contrast compensate for the relatively
modest spatial resolution in many applications. If the spatial information is phase
encoded, ie, indirectly detected, then the spectroscopic dimension is scanned directly, in

many cases, by means of spin-echoes and in the absence of gradients. This approach is
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referred to as frequency encoding. On the other hand, the spectroscopic information can
be phase encoded or detected indirectly in the same way as in conventional two-

dimensional spectroscopy. This approach is referred to as phase encoding.

2.2.2 Spin system response in heterogeneous samples

In the following, a heterogeneous sample having magnetically equivalent nuclei with
magnetogyric ratio y and local spin density p(r) is considered. The space localized
thermodynamic equilibrium magnetization corresponding to a voxel with coordinates (x,
¥, 2) of the position vector r is given bym, (x, y, z)= Cp(x, y, z) , where C is the Curie
constant. In the rotating reference frame at the resonance frequency, the single-pulse

NMR spin system response s(r,t)can be expressed by the local free induction decay
(FID) f(r,t)[Deml],

s(r,t) = Cp(r) f(r,1). (2.27)
Spatially resolved NMR is concerned with unravelling the spatial distribution of 0 (x, y,
z) and measuring associated NMR parameters at individual “volume cells”, or voxels at
space point specified by the vector r. If many contiguous voxels are investigated on a
plane, or if a projection is investigated, one refers to NMR imaging, if individual voxels
are investigated one refers to volume-selective NMR.

The spin density distribution can be resolved by different techniques. The
standard approach exploits the possibility of introducing space dependence to the
resonance frequency @ in each voxel by superposing a magnetic field gradient to a
homogeneous magnetic field B(0,0,B,) by the use of additional coils. In general, the
field gradient is a cartesian tensor with nine components related by the Maxwell
equations. In the limit of large static magnetic field and small gradient, the gradient
tensor can be reduced to a gradient vector G for an approximate description of the
imaging experiments with good accuracy. Then the resonance frequency becomes
dependent on the space vector r, i.e., w(r)=y(B,+G r)=w,+yG r, where the field
gradient vector collects the derivatives of the magnetic field in the z-direction with

respect to the space coordinates defined by the component of the field gradient:
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G (0B, /0x,0B,/dy,0B,/0dz). The total time-dependent signal of an inhomogeneous

object of volume V measured in a magnetic field gradient and in the rotating frame at the

angular frequency «, is given by [Dem1]

S(t) o< C’j]c jp(x, y:2) f(x,y,z,t)exp{iyG - rt}dx dy dz. (2.28)
\%

In high magnetic field the spatial dependence of the Curie constant can be neglected in a
good approximation. In order to illustrate the basic concepts of space encoding time-
dependent gradients G(¢) shall be admitted. The wave vector k can be introduced which

is the Fourier conjugate to the space variable r,

k(t) = ij’G(r)dz. (2.29)

In this notation, the single-pulse response signal in time-dependent main field gradients

becomes

S@) o< Cf [ p(x. 3. 2)F (x5, y, 2,1 exp{ik (r)-r}dx dy dz. (2.30)
\%

This equation is the starting point for the discussion of the basic procedures for spatial

resolved NMR.

2.2.3 Frequency encoding

The principle of the spatial resolution of NMR imaging by frequency encoding is
discussed in the following in the presence of a pulsed uniform gradient, say

G, =0B,/ox. After the radiofrequency excitation pulse the quantity k (f) grows
linearly with time according to Eq. 2.29, i..e., k () =yG t. Thus, k space is sampled in
the direction of k , and time r and k _are equivalent variables. If ¢ is replaced by

k_/(yG,)the spin system response given by Eq. 2.30 becomes [Dem1]

S(k, /G < Cf [ p(x.7,2)f (%, 3. 2.k, 1GG explivk, -x}dx dy dz. (2.31)
\%4

The complex FID signal acquired in this way is composed of contributions evolving

according to the local offset resonance frequency G x labelling the nuclei responsible
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for this local transverse magnetization, hence, the term frequency encoding. Note that
this is the conventional way of encoding in Fourier transform spectroscopy. However, in

the context of NMR imaging, signals are processed in terms of the wave numbers k_
rather than of offset frequencies. The Fourier transform over k_ produces the
convolution of the Fourier transform of the functions p(x,y,z) and f(x,y, 2,k /(yG))).
If f(x,y, 2,k /(G )= f(k/(G,)), the Fourier transform of the FID is the space-

dependent spectral response F(x) and the Fourier transform of the triple integral is a
projection P(x) = H p(x,y,z) dy dz of the spin density on the x-axis. Then, the Fourier

transform of equation 2.31, can be written as

S(x)e<C [ F(x=x)P(x)dx, (2.32)

sample

where X sample represents the sample size in the x-direction. A faithful representation of
the spin-density projection P(x) would be obtained by this method of frequency

encoding only if the spectrum F (x—x’) is a Dirac function d(x—x’), or a narrow NMR

absorption line like for liquid samples.

The above discussion is illustrated in Fig. 2.7. If the samples are liquid, a narrow
NMR absorption line is observed for both samples in a homogeneous magnetic field and
a projection of the object along the x-axis is measured in the presence of the field
gradient G,.

The signal amplitude at each resonance frequency or space coordinate is
determined by the number of spins which experience the same magnetic field strength. If
the spectrum in a homogeneous field is broad like in the solid samples (bottom traces)
then the convolution (c.f. Eq. 2.32) of the projection of the spin density by the line shape
becomes noticeable, and the spatial features are smeared out. Thus, the minimum
distance Ax which can be resolved is defined by the ratio of the full width at half

spectral intensity A@,,, of spectral features to the spread of the resonances introduced by
the field gradient, ie,

Aa)l/Z .
Y6,

Clearly, Eq. 2.33 indicates that when the line width increases, the gradient strength G,

Ax = (2.33)

also has to be increased, at least when the resolution Ax™' is to be kept constant.
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Fig. 2.7 Effect of the field gradient on the NMR signal. The sample consists of a rectangular and a circular
object. a) Homogeneous magnetic field (left) and magnetic field with a linear space dependence (right). b)

Spectroscopic response for a liquid sample with a single, narrow line in the NMR spectrum. c)
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Spectroscopic response for a solid sample with a single, broad line in the NMR spectrum [Dem1].

2.2.4 Phase encoding

Broadening of the projection by the NMR spectrum (c.f. Eq. 2.32) can be avoided if the
spatial information is detected indirectly in the fashion of the multidimensional Fourier
NMR spectroscopy [Ern2]. For instance, a magnetic-field gradient G, is switched on for
an evolution time #; following a radio-frequency excitation pulse, and the signal is

acquired in a detection time t, after the gradient has been switched off. For this 2D

scheme, the NMR signal can be written as
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S(t,1,) < CF(t) £ (1) | P(y)explirk,y}dy, (2.34)

where ky = 7/G),t1 and P(y) = J-.[ p(x,y,z)dx dz. It becomes clear that there are two
ways to perform the experiment: either #; is varied in the custom of 2D NMR

spectroscopy, or t; is kept constant and G, is stepped in increments AG . The first case

bears no advantage compared to direct frequency encoding discussed above. As time f,
proceeds, not only does k, increase, but also the free induction decay f (#;) evolves and
deteriorates the signal intensity and finally the spatial resolution. But, if #; is kept
constant f (¢;) has a fixed value, and the phase change of the signal in the evolution
period depends only on the wave vector k,. Thus, the spatial resolution achievable for
phase encoding depends on the maximum gradient strength available and on the signal-
to-noise ratio, because the signal strength decreases with increasing k.

The digital resolution or the pixel resolution of an NMR image can be much

higher than the actual space resolution. The digital resolution 1/ Ay of the NMR imaging
in y-direction is determined by the maximum value of k, or equivalently by the number

ny of complex signal values and the k space sampling intervals Ak , ie.,
1/Ay=n Ak /(27). To avoid signal aliasing, k, has to be stepped in small enough
intervals so that the signal-phase increment y, Ak for the maximum object coordinate

Ymax Never exceeds 2.

2.2.5 Sampling k space

Different imaging schemes are often discriminated against the way k space is sampled
(for more details see Ref. [Bliil]). Two elementary 2D NMR imaging methods are
illustrated in Fig. 2.8: back-projection imaging (BPI, Fig. 2.8a) and 2D Fourier imaging
(2DFI, Fig. 2.8b) [Deml]. Orthogonal gradients are switched subsequently in 2DFI and
simultaneously in BPI. As a consequence, k space is sampled in orthogonal coordinates
for 2DFIL.

When applied simultaneously, the direction of the resulting gradient changes

depending on the relative strengths of G, and G, gradients. In this way, k space can be
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sampled in cylindrical coordinates in BPI. In either case, the image is obtained by the
Fourier transformation of the k-space data. Often phase and frequency encoding are
combined for acquisition of 2D images (c.f. Fig. 2.8b, left). The gradient G, is called the
phase encoding gradient, while Gy is the frequency encoding gradient. This is one of the
most used methods for recording images in elastomeric materials which are soft solids

with NMR line widths in the range Av,,, =100Hz/1kHz .
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Fig. 2.8 Schemes for acquisition of 2D NMR images. Excitation and detection schemes (left) and maps in

k space, where the NMR signal are acquired (right) [Deml].

2.2.6 Contrast in NMR imaging

NMR imaging is characterized by a plenty of parameters which can be exploited for
producing contrast [Bli9, Bliil0]. Many features invisible to other image forming
techniques can be visualized with NMR. To exploit the diversity of contrast features, it

is useful to optimize the imaging experiment for generation of maximum contrast. The
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local contrast C is defined as the relative difference in image intensities M of

neighbouring structures i and j [Man2]

_Ma)-M))
-

(2.35)

max|

where |Mmdx| is the absolute maximum of M(r,) and M (r;), where r; and r; are the

space coordinates of the voxels i and j under consideration.

Contrast parameters

The contrast parameters relevant for polymer characterization by NMR imaging are
directly related to the spin density, static and fluctuating nuclear spin interactions, and to
the mass transport parameters. Even if the above quantities can change on molecular or
mesoscopic scale only the variation of them on the space domains larger than the image
resolution can be detected in NMR imaging. The residual dipolar and quadrupolar
interactions are related to the NMR parameters like van Vleck moments [Mehl] and
relaxation times [Abrl]. The fluctuating part of spin interactions leads to a variety of
contrast parameters of magnetization relaxation type like spin-lattice relaxation in the
laboratory reference frame (7;), rotating frame (77,), transverse relaxation (7>), solid
echo or coherent averaging pulse sequence decay time (7%) [Mehl], and dipolar
correlation decays [Kiml]. The relaxation NMR parameters are also related to the
manipulation of sample by contrast agents like paramagnetic relaxation agents,
ferromagnetic particles [Man2], and hyperpolarized xenon [Raf1l, Dem5]. The chemical
shielding interaction leads to chemical contrast parameters related to the chemical
composition as well as molecular orientation. Differences in magnetic susceptibility and
the distribution of magnetic fields produced by electrical currents can be also detected
via chemical shift [Bliil]. The NMR quantities defining the contrast of NMR images
depend on various macroscopic and microscopic physical and chemical parameters of
the investigated samples which affect the nuclear spin interactions or molecular transport
parameters. They can be classified as internal and external. Moreover, they can be state
parameters that are stationary quantities like stress, strain, moduli of shear and
compression, cross-link density, distribution and agglomeration of filler particles,

molecular orientation, fibril orientation and domain size distribution, distribution of
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voids, and the temperature distribution. Transition parameters or kinetic parameters
characterize the time evolution of the polymer system. They are determined in in situ
NMR experiments or in stop-and-go experiments. Examples are characteristic times of
chemical and physical aging [Fiill, Bliil1] of vulcanization [Fiil2] and curing [Arm1]
processes of heat dissipation and fluid permeation [Man3, Ranl].

Transition parameters can be determined directly from the analysis of the time
evolution of changes in NMR images, but state parameters must be related to NMR
parameters either by theory or calibration. Theories that relate the cross-link density of
unfilled and filled elastomers to the parameters of transverse relaxation parameters
[Sim1] and others relating dynamic storage modulus of polymers to the cross-
polarization rate [Par1] have already been published.

A simple approach is based on empirical correlations between NMR parameters
and sample properties, which often can be established by calibration of an NMR
parameter against a material parameter [Blii12, Sch5]. By use of the stress—strain curve
from mechanical measurements, 7, can be calibrated against stress. The procedure can
be used to translate the spatially resolved NMR parameters 7, into values related to the

strength of local stress.

Magnetization filters

The contrast generation in NMR imaging is directly related to the concept of
magnetization or coherences filters. Various molecular (internal) or external parameter
weights are introduced by the use of magnetization or coherences filters (Fig. 2.9)
[Dem1], which block part of the incoming signal originating from the thermodynamic
equilibrium magnetization. As a result, there is a gain in selectivity of the output signal
at the expense of a deterioration of signal-to-noise ratio. A generic scheme for contrast
optimisation in the Fourier NMR imaging is illustrated in Figure 2.9 b), [Blii9].

In general, three periods are distinguished: a filter period, a space-encoding
period, and a spectroscopy period. For image contrast other than the often-uninformative
spin density, the space-encoding period must be combined either with a magnetization
filter or with spectroscopic data acquisition or both. The signal detected after the action
of the general pulse sequence designed to introduce image contrast can be written as

[Xial]
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)= [ p(r)F.({ p}.r)expl-i27k -rdr. (2.36)

where the contrast parameter manifold is denoted by {p} and FC({ p},r) is the

combined local contrast function. This function could be a product of several parameter

contrast functions, such as

F.(p}.r)=F.(T,.rF.T,,.r)F.(T,.rF,(5.r)F, (q.r).. (2.37)

where for instance, the contrast factors in the right-hand side of equation 2.37
representing the effects of longitudinal (7' and 7',) and transverse (7>) relaxation times,
chemical shift (J), and the effect of coherent and incoherent molecular translation

motions described in the g space [Call].
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Fig. 2.9 a) A magnetization filter blocks part of the incoming magnetization or spin coherences. b)
General scheme for generation of NMR image contrast. Initial nuclear magnetization is filtered by the
radio-frequency irradiation (TX) of resonant nuclei before or also during the space encoding period by
magnetic-field gradients (G). In the absence of gradients, the NMR signal is detected (RX) for the

extraction of spectroscopic information [Dem1].



Chapter 3

Single-Sided NMR

In the past decade, many NMR applications that operate in low and strongly
inhomogeneous static and radio-frequency magnetic fields have been developed as
consequence of the development of NMR surface sensors. A large number of dedicated
NMR surface scanners has been built and ever improved for non-destructive
investigation of arbitrarily large objects. The strength of this branch of NMR in domains
like material science, medicine, oil industry, quality control, etc. has abundantly been
proved. An introduction to low-field NMR with a general presentation of single-sided

NMR sensors will be the topic of this chapter.

3.1 Introduction

Nuclear Magnetic Resonance (NMR) is a powerful established analytical tool that is
widely used for structural and conformational analysis in chemistry, biology, medicine,
and materials science [Call, Bliil]. Material characterization is mainly carried out by
measuring NMR parameters like the chemical shift, the nuclear spin relaxation times, the
dipolar coupling, and the self-diffusion coefficient. Furthermore, images can be
produced by NMR techniques in which the contrast is determined by these parameters,
and NMR is employed to characterize diffusive and coherent molecular motion in a non-

invasive fashion.
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NMR methods have been initially developed to work in homogeneous fields of
strong magnets, but the limited accessible sample volume of these devices restricts the
application of NMR in particular for in situ studies of large objects. But in addition to
conventional NMR, where the sample is adapted to fit into the probe, there is inside-out
NMR [Bro3, Bro4, Woel], which uses open magnet geometries specially adapted to the
object under study.

The inside-out concept was born more than half a century ago in the oil industry,
where the entire spectrometer is lowered into the well to characterize the underground
formation [Klel, Kle2, Jacl, Matl]. Later, exploiting the generation of both static and
radio-frequency fields external to the sensor, hand-held devices, like the NMR-MOUSE,
were developed [Eid1]. These low cost, portable sensors provide excellent versatility

and open up new applications for NMR inaccessible to closed magnet geometries.

3.2 Inhomogeneous magnetic fields

The quest for high fields is rationalized by the fact that both, the nuclear magnetization
and the frequency range of the chemical shift are proportional to the strength of the
polarizing field. However, low and inhomogeneous fields turned out to provide many
challenges already at the beginnings of NMR. Consequently, NMR in inhomogeneous
fields has extensively been explored in the past decades. The main price unilateral
sensors had to pay for having access to large objects was sensitivity. Alongside, the
strong magnetic field gradients have been regarded for a long time as another problem,
leaving as only alternatives for low-field NMR, the measurements of signal amplitudes,

relaxation times 7, and 7,, and self-diffusion coefficients.

Nowadays, imaging and even high resolution spectroscopy is possible. Here
specific echo techniques are implemented, to overcome the effects of field
inhomogeneity. From this point of view, NMR in inhomogeneous fields became in many
cases NMR in linear fields, a well suitable technique for high resolution NMR profiling
[Perl] and 1D imaging [Cas2, Cas3, Per2].

Using rf pulses and the natural gradient of permanent magnets, selective

excitation is achieved. Considering the linear field region of the single-sided sensor, the
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excitation bandwidth covers a volume with well-defined shape and dimension in space.
Here comes the importance of knowing the polarization field profile inside the sample as
well as the influence of the sample dimensions on the field profile.

When the sample is small compared to the magnet, the field across the sample
can be made high and homogeneous. For samples large compared to the magnet, the
field can at best be homogeneous in a small region of the sample, but not across the
whole sample. As a rule for single-sided NMR devices, the more homogeneous the field
across the sample, the lower is the field strength. Considering as example a 1 ps rf pulse,
the maximum excitation bandwidth is about 500 kHz, and the excitation is selective for

single-sided NMR devices and large objects.

nuclear spins in

excitation a magnetic field response
x(1) impulse response k(1) y(t)
X(w) transfer function K() Y(w)

Fig. 3.1 NMR excitation and response in the linear approximation.

Considering the nuclear spins in a magnetic field, they form a system which
transforms the rf excitation x(¢) into the response or transverse magnetization y(#) (Fig.
3.1). The system is characterized by the impulse response function k(f) which
corresponds to the free induction decay. When approximated by a linear system, the
NMR response spectrum Y(®) is given by the product of the excitation spectrum X(w)
with the transfer function K(m),

Y(0) = K(w) X(0) (3.1)

The transfer function is the Fourier transform of the impulse response function
k(t). For pulsed excitation in homogeneous fields, the transfer function is narrow
compared to the excitation spectrum of the rf impulse [Bliil]. The response spectrum is
then the transfer function (the 1D NMR spectrum). For large objects in inhomogeneous
fields, the excitation spectrum is narrow compared to the transfer function, so that the

response spectrum is the excitation spectrum. This is the Fourier transform of the
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impulse used for excitation.The size and shape of the sensitive volume can be tailored by
the profiles of the polarization field By(r) and the rf field B;(r), and by the choice of rf

excitation.

Fig. 3.2 Simple geometries of permanent magnets and rf coils used for NMR. a) Conventional c-shaped
geometry where the sample is positioned in the homogeneous field inside the gap and inside the rf coil. b)
U-shaped open magnet. The sample is positioned above the gap in the stray fields of the magnet and the rf
coil. The magnetic polarization field is parallel to the sensor surface. ¢) Simple bar magnet with a

butterfly coil on one of the faces. The magnetic polarization field is perpendicular to the sensor surface.

3.3 Unilateral sensors — the NMR-MOUSE

The classical geometry for a single-sided sensor employs a magnet in the shape of a “U”
or a horseshoe (Fig. 3.2b) [Matl, Mar2, Eidl, Bliil3, Anfl]. This shape is obtained by
opening up a conventional c-shaped magnet with a homogeneous field between its poles

(Fig. 3.2a) [Purl, Blol]. While in conventional NMR devices (Fig. 3.2a), the sample
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rests inside the rf coil and between the magnet poles to achieve maximum strength and
homogeneity, in unilateral NMR the sample rests near the sensor in the inhomogeneous
stray fields of the magnet and the rf coil. This lifts the constraints on the sample size, but
introduces variations in magnitude and orientation of the polarization and rf fields By
and B, respectively, across a large sample.

Once accepting inhomogeneous fields for the NMR measurement, the most
simple NMR sensor is obtained as the simple bar magnet (Fig. 3.2¢) [Blii3, Bliil4]. If
the rf coil is placed on one of the faces, the orientation of the B field is perpendicular to
the sensor surface, and an rf coil which produces a field parallel to the surface needs to
be employed. The different orientations of By parallel and perpendicular to the sensor
surface are important in the analysis of molecular order, i.e., in materials with non-
isotropic segmental orientation due to morphology or external actions like pressure,

stress, etc. [Hail, Hai2].

3.3.1 Field profiles

The NMR-MOUSE is characterized by polarizing magnetic fields with strengths up to
0.5 T and gradients in the range of 2.5 - 22.5 T/m close to the surface of the sensor. In
this way, the sensitive volume is restricted to regions near the surface of the object under
examination. Most of the applications use u-shaped configurations due to some
advantages of this type of geometry in comparison with the bar magnet geometry like:
the compact definition the sensitive volume with the large dimensions in a plane parallel
to the sensors surface, the “more homogeneous” polarizing field (reduced gradient of the
B, field along the perpendicular direction) as well as the higher efficiency of the surface
coils that fit this kind of geometry. One should not neglect the effect of the iron yoke
apparently used as holder for the magnets in the case of the u-shaped magnet, but with
some other important advantages like the significant increase of the By field, and the
reduction to almost zero of the stray field at the bottom side of the sensor. The basic u-
shaped magnet geometry (Fig. 3.3 a) produces a field, with approximately quadratic
profiles along x and z [Matl, Mar2, Eidl, Ball, Bliil3, Hogl, Harl] (Fig. 3.3 b). With
increasing distance y from the magnet surface, the curvature changes from concave to

convex along the z-direction while it maintains a convex shape along the x-direction.
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Fig. 3.3 a) The classical u-shaped NMR-MOUSE. The polarizing field B, is parallel to the surface of the
sensor in the region of interest. The B, field is produced by a squared surface coil creating a sensitive
volume with the main dimensions in the lateral x, z-plane. b) Calculated B, isosurface profile close to the
surface of the u-shaped magnet [Ball]. c¢) The sensitive volume of the u-shaped NMR-MOUSE at

different positions along the perpendicular direction [Anf2].

A flat or even concave profile can be obtained in x-direction by adjusting the
spacing between two parallel u-shaped sensors [Perl]. For such a sensor, the
measurement depth limit can be increased from several mm to few cm either by
increasing the dimension of the magnet blocks or the distance between them but
maintaining the ratio of the distances. The first approach assumes a larger and heavier
sensor while the second approach avoids this inconvenience on the expense of
sensitivity. These are the basic ideas behind the profile-NMR-MOUSE which will be
presented in Section 4.4. The same happens with the sensitive volume. Close to the
magnet it has the cross-sectional shape of a soup dish [Anf2] which flattens out with

increasing distance from the coil (Fig. 3.3 ¢). A mathematical computation of the By and
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B, fields in the surface-magnetic-charge respectively the Biot-Savart approximations as
well as of the spin system evolution in these fields and finally of the NMR signal of the

unilateral sensor are given in [Bal].

V-_VECTOR FIELDS

Fig 3.4 a) Schematic representation of the bar-magnet NMR-MOUSE and the Vector Fields simulation of
its By (x,z) field. b) A coil for the bar-magnet NMR-MOUSE is the butterfly coil. Its B; (x,y) field

distribution at 1.2 mm distance provides a broad coverage in the plane but at several discrete volumes.

Another model of unilateral sensors uses bar-shaped magnets and different types
of surface coils like the figure eight coil, the RPA (rubber process analyser) coil, the
butterfly coil (Fig. 3.4 b), etc for generation of B, fields with the main component
parallel to the surface of the magnet. The important properties of the bar-magnet NMR-
MOUSE are the constant gradient of the static magnetic field By in the central part of the
magnet extending in the z direction from the pole face into the sample (Fig. 3.4 a). As a
result, the field profile is linear in a given region along this direction. This makes
possible the measurements of diffusion. Furthermore, the bar magnet concept

considerably simplifies the construction of NMR-MOUSE sensors.

3.3.2 Signal-to-noise ratio

General approach

An important issue in NMR and particularly in single-sided NMR is the signal-to-noise
ratio (SNR). An reason for the development of high-resolution NMR spectrometers

employing super-conducting, rather than iron, magnets has been the fact that the SNR
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available is proportional to the Larmor frequency to the three-halves power [Houl]. But,
it is always difficult accurately to compare the performances of different instruments as
a variety of factors come into play. Nevertheless, it is generally felt that the
improvement obtained is not always the expected one. The usual formula for the signal-

to-noise ratio available after a 90° pulse is given by
Vs = KM (10QV, / 4FkpT Af )7, (3.2)

where K is a numerical factor (: 1) dependent on the receiving coil geometry, 7 is the

filling factor, namely the fraction of the coil volume occupied by the sample, M) is the
nuclear magnetization which is proportional to the field strength By, uo is the
permeability of free space, Q is the quality factor of the coil, wg is the Larmor angular
frequency, V. is the volume of the coil, F is the noise figure of the preamplifier, kg is
Boltzmann’s constant, 7. is the probe temperature, and Af is the bandwidth (in Hertz) of
the receiver.

We may consider that the primary factors involved in any analysis of SNR are
those contained within the equation. Eq. 3.2 contains four unknowns, K, 7, Q and F, of
which only two (Q and F) are easily measurable. The definition of filling factor # =
V42V, where V; is the sample volume, may well be satisfactory for a given solenoid, but
its validity for other dimensions and coil configurations can be questioned. Furthermore,
the interactions between the various factors are manifold and mostly strong. In these
conditions, an exact evaluation is difficult to be done. A different method of calculation
which gives a direct insight into the various factors involved and which removes some of
the interdependencies inherent in Eq. 3.2. is based on the principle of reciprocity.
Considering the induction field B;, produced by a coil carrying unit current, and a
magnetic dipole m placed at point in this field and set rotating about a static field B
(perpendicular to B,), it may easily be shown that the induced electromotive force (emf)
in the coil is given by [Houl]

&=—(d/d1){B,-m}, (3.3)

where B is the field produced by the unit current at m. It is straightforward that the
same dipole displaced at another position, further from the coil, will induce an
alternating signal with different (smaller) amplitude. It follows that for a sample of

volume V; which has been recently subjected to a 90° pulse, we need only know the
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value of B, at all points in the sample to be able to calculate the emf induced in the coil.

Thus, if M| lies in the xy plane,

E=- [ @/on{B,-M,}av,. (3.4)

sample

The calculation of B is feasible for most shapes of coil, if it may be considered to be
reasonably homogeneous over the sample volume, the calculation is considerably

simplified as the integration of Eq. 3.4 becomes trivial, giving

&= Koy (B,),, MV, cos mt, (3.5)

where K is an “inhomogeneity factor” which may if necessary be calculated, (B),y is the
component of Bj, perpendicular to the main field By. The phase has been neglected. The

magnetization M is given by

M, =Ny*h’I(I+1)B, /3k;T,, (3.6)

where N is the number of spins at resonance per unit volume, y is the magnetogyric ratio,

and T5, is the sample temperature. As w, = —y|BO| it follows from Eq. 3.5 and 3.6 that the

emf induced in the coil is proportional to the square of the Larmor frequency.

The next step is to take into account the noise. In a correctly designed system,
this should originate solely from the resistance of the coil. As the dimensions of the coil
are inevitably much less than the wavelength of the radiation involved, the radiation
resistance is negligible, and it should therefore be possible to predict the thermal noise

present purely on the basis of the equation [Houl]
V = (dkg T, AR)"?. (3.7

where T¢, is the temperature of the coil and R its resistance. Unfortunately, the
calculation of R may not be performed accurately, and it is solely this factor which leads
to uncertainty in the theoretical prediction of signal-to-noise ratio. At the frequencies of
most interest in NMR (say >5 MHz) the “skin effect” associated with the magnetic field
generated by a current ensures that that current flows only in regions of the conductor
where there is also a magnetic flux. Thus, for a long, straight cylindrical conductor, the
current flows in a skin on the surface [Houl]. In this conditions the calculated result is

R=(1/ p)uptgo,p(T,)12)"2, 5-5)
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where [ is the length of the conductor, p is its circumference, u is the permeability of the
wire, and p(T¢) is the resistivity of the conductor, which is a function of temperature. The
situation is considerably more complicated if the conductor is not cylindrical, and worse
still, if there are many conductors in close proximity, as is, in effect, the case with a coil,
the magnetic field created by the current of one conductor influences the distribution of
current in another.

By combining Eq. 3.5 with 3.8 we arrive to an expression for the SNR [Houl],

_K(Bl)XyVSNYhzl(IH)_ p ”2_ " (3.9)
ms 7.2k5T, FkeTJCAf ) Lupop(@ )"

where ( is the proximity factor and F is the noise figure of the preamplifier. At a first
sight, this equation appears unmanageable, but this is in fact not the case. First, the
unknowns # and Q of Eq. 3.2 are absent as they have been replaced by a single function
{, which, from experience, is reasonably well known, and second, the number of factors
in Eq. 3.9 which are variable in a given experimental situation is small. These factors

are: K(B,),,, the effective field over the sample volume produced by unit current

Xy
flowing in the receiving coil, p the perimeter of the conductor, and / the length of the
conductor, which are all dependent on the coil geometry and others like the temperature
of the coil T, the material of the coil p(T¢), and finally the quality of the preamplifier, F.

The major advantage of Eq. 3.9 is that it is applicable to any coil geometry, for
which C changes insignificantly having a change of configuration provided by the
separation of the windings negligible in comparison with the overall dimensions of the
coil. Necessary to be said is that, in contradiction with Eq. 3.2, Eq. 3.9 is not valid for a

solenoid.

Signal-to-noise ratio in single-sided NMR

The original expression for the SNR derived by Hoult [Houl] cannot be employed in the
strongly inhomogeneous fields of single-sided sensors like the NMR-MOUSE, as off-
resonance excitation, an inhomogeneous rf field, and a limited sensitive volume within a
large object have to be taken into account. Here the By and B, fields cannot be taken
anymore as uniform, so that a distribution of transverse magnetization has to be

considered depending on the space dependent By (r) and B, (r) field profiles and the
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used pulse sequence as well. Furthermore, due to the strong Byingomogeneity the pulses
become selective leading in the case of pulse length modulated flip angles to pulse
length modulated sensitive volumes. For this reason, pulse-amplitude modulation is
preferred in single-sided NMR. Meanwhile the 90° pulses excluding a small fraction of
the sensitive volume are not perfect 90° pulses leading to decays of the transverse
magnetization with a T > T, and the sensitive volume changes with the echo number.

Considering the extreme case of strongly inhomogeneous but linear fields, a new
expression of the SNR has been computed for or a particular magnet and coil geometry
and a given pulse sequence [Per3] and, although for computational reasons some
approximations have been introduced, the result is in good accordance with the
measured values. Considering the same expression for the noise as in the general case,
the particular form of the root-mean-square SNR for a u-shaped NMR-MOUSE is given
by [Per3]:

1/2 n7a5/21.2 2 3/2
S/N|= 2n 1]/\;\(5 h 13(/12+1) v B, Xlz{ B}/lz} w pl/4 (3.10)
226k, T) Gy, iR

This equation is the product of four terms. The first term depends only on the sample,
the second one on the magnet, the third one on the rf coil, and the last one on the

I 4, so that

spectrometer which supplies the rf power. But the dependence is only with P
an improvement of S/N by a factor of two requires a factor of 16 in rf power. The second
and the third factor are crucial for the design of the sensor. The SNR depends on the

inverse gradient strength, i. e. on Goy'l, while in conventional NMR it scales with G2
In addition, the sensitivity depends on the rf coil by the factor B, l/iRl/ 2to the power of

3/2 instead of 1 as a result of the fact, that the rf coil is critical for excitation and
detection while in homogeneous fields it is critical only for detection. Eq. 3.10 is valid
for single-sided NMR sensors with a strong gradient in the perpendicular direction.
Although it has been derived for a u-shaped sensor [Per3], it will be valid approximately
also for the bar-magnet NMR-MOUSE. Here the B, gradient also points along the
perpendicular direction, and an rf coil that is suitable for such type of sensor does not
generate a constant field profile either. The dimension of the coil defines the lateral size

of the sensitive volume here too.






Chapter 4

Characterization of Materials by Single-
Sided NMR

Single-sided NMR is a powerful analytical tool for non-destructive characterization of
materials. The tested samples cover a great range of applications: from elastomers of
great importance in materials science, to the most complicated biological structures, the
essence of biomedicine. The investigation can be simple NMR relaxometry with a bar or
u-shaped magnet NMR-MOUSE, profile imaging, and up to 2D and 3D imaging using a
unilateral NMR tomograph [Cas2, Cas3, Per2]. Applications of one- and multi-
dimensional single-sided NMR for characterization of heterogeneous polymers as well
as some of the first applications of the unilateral NMR imaging technique in bio-

medicine will be presented in the following.

4.1 NMR of polymers

An important objective in materials science is the establishment of relationships between
the microscopic structure or molecular dynamics and the resulting macroscopic
properties. Once established, this knowledge then allows the design of improved
materials. Thus, the availability of powerful analytical tools such as NMR is one of the

key issues in polymer science. It allows one to study structure, and molecular dynamics.
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NMR in its different variants provides information from the molecular to the
macroscopic length scale and on molecular motions from 1 to 10" Hz. It can be applied
to crystalline as well as to amorphous samples which is of particular importance for the
study of polymers. Moreover, NMR can conveniently be applied to polymers since they
contain predominantly nuclei that are NMR sensitive such as 'H and "*C.

The information at the molecular level can be correlated with macroscopic
properties of polymers and provides the basis for a better design of material properties
for specific applications. NMR can provide information on such important areas as the
chain dynamics in elastomers, the local structure, residual couplings (induced by
chemical cross-links and topological constraints), dynamic order parameters,
internuclear distances, intermolecular interactions, the effects of fillers on molecular

motions, and segmental orientation under mechanical stress and others.

4.1.1 Cross-linked polymers

The cross-linking of a rubber converts the plastic raw mixture into the rubber-elastic
network. The cross-linking is usually realized by connecting the unsaturated positions of
the backbone or side groups of different polymer chains to each other. The long
macromolecular polymeric chains which are locally interconnected by cross-link points
form a complex elastomer network (Fig. 4.1) Cross-link density and parameters relating
to the network structure can be measured by analysis of the transverse magnetization

decay and the longitudinal relaxation. The end-to-end vector R(x,y,z) represents the
geometrical distance between two cross-link points and it is oriented with a # angle to
the static magnetic field B,. The shorter segments are the Kuhn segments (statistical

segments) and the number of Kuhn segments (V) between two cross-link points gives
important information about the cross-link density (C). The basic relation for the

mechanical determination of cross-link density is given by [Gas1]:

9
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where, p is the density of the elastomer network and M is the molecular weight of the

chain segment. The relation above shows that the cross-link density is inversely
proportional to the number of Kuhn segments.

Cross-linked elastomers possess a special property called viscoelasticity. It is
also known as anelasticity and refers to materials that exhibit both viscous and elastic
characteristics when undergoing plastic deformation. Viscous materials, resist shear flow
and strain linearly with time when a stress is applied. Elastic materials strain
instantaneously when stretched and just as quickly return to their original state once the
stress is removed. Viscoelastic materials have elements of both of these properties and,
as such, exhibit time dependent strain. Whereas elasticity is usually the result of bond
stretching along crystallographic planes in an ordered solid, viscoelasticity is the result

of the diffusion of atoms or molecules inside of an amorphous material

B, 4

| = Fuhn segment
\

)

Fig. 4.1 The complex cross-link elastomer network.

Visco-elasticity can be measured by using oscillating stress-strain experiments at
different frequencies and detecting the response of the material. During a deformation,
the energy introduced is stored by an elastic part and is dissipated by the viscous part.
The dissipation factor is given by [Gasl]:

G H( a))

tan 0(w) = G (@)

4.2)
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where, G’ and G’’ are the storage and dissipation moduli and they give a quantitative
description of a visco-elastic behavior. The moduli are modeled by a combination of
spring and dashpot elements simulating elastic and viscous properties, and they can be

described as functions of frequency or time.

4.1.2 Network properties by transverse magnetization relaxation

NMR transverse magnetisation relaxation experiments are extensively used for
quantitative analysis of the density of chemical cross-links, temporary and trapped chain
entanglements and physical network junctions which are formed in filled rubbers,
semicrystalline and ion containing elastomers, and for determination of molecular-scale
heterogeneity of polymer networks ([Litl], and references therein).

The simplest model to describe chain statistics from the NMR point of view is a
chain of freely jointed segments of fixed length [Cohl1]. Such a chain may be rescaled in
several hierarchical steps according to the time scale of the motions which takes place at
different space scales, compared to the time scale defined by the NMR spin interactions.
All intra-chain motions are assumed to be fast enough to average elementary
interactions, whereas junction average positions appear static.

Considering a linear chain of N statistical segments, fixed at its extremities, an
average orientation is induced along the chain by these constrains. To estimate the effect
of this average orientation on NMR parameters, the simplest picture is to consider that
each segment carries isolated pairs of spins, usually protons (two-spin approximation)
[Dem1]. Within this framework, the time evolution of the transverse magnetization My

(7) for a spin pair attached to a chain may be written in the very simple form

t .

M, ()= R{M0 exp {—?} exp {za)Rt}} , (4.3)
2

where M, (7) is the initial polarization, 7> is the transverse relaxation time related to the

fluctuating part of the dipolar Hamiltonian, and wg is the residual dipolar interaction in

angular frequency units. Other theories of transverse relaxation ([Fed1], and references

therein) are more complex. Considering a highly disordered polymer network, the end-
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to-end vector components R(x, y, z) may be supposed to obey ideal, the Gaussian

statistics, ie,

3/2 2
3 3 R
PR)= ( 27 Na® J =P {_5 Na* }’ @5

where a is the length of the statistical segment. The overall evolution of the complex
transverse magnetization is then obtained by averaging equation 4.3 over the end-to-end

vector distribution. This yields [Sot1]

-1/2 -1
Mxy(t):Releo(l—giD[jNe‘ltJ —1/2(1%1'0”1\1;1:} exp{—TiH, (4.5)

2

where Dj; is the dipolar coupling constant for a spin pair and N. is the effective number
of statistical segments. At short times, ie, for AZN‘Q_II2 = ]the transverse relaxation

decay has a Gaussian behaviour corresponding to the presence of the residual dipolar

couplings.

4.1.3 Heterogeneities in rubbery materials

Several types of heterogeneity may occur in rubbery materials: (/) molecular scale
heterogeneity, which is caused by the chemical heterogeneity and network defects on the
molecular level; (2) morphological heterogeneity of rubbery compounds due to a
spatially heterogeneous distribution of components and filler in the compound; (3)
spatial heterogeneity due to a difference in curing conditions such as temperature and
concentration of vulcanisation agents throughout the sample volume. The main

processes that lead to the defects are as follows [Dem1]:

Mixing processes

Technical elastomers are blends of up to about 30 different compounds like natural
rubber, styrene-butadiene rubber, silicate and carbon-black fillers, and mobile
components like oils and waxes. Improper mixing leads to inhomogeneities with
corresponding variation in mechanical and thermal properties. An important source of

heterogeneities of this type is represented by filler clusters. Even the variance of the
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distribution statistics of active filler may lead to heterogeneities detected as an average

over a volume cell or voxel with the spatial resolution of NMR imaging.

Vulcanisation

Heterogeneous structures arise from effects of thermal conductivity, which lead to
space-dependent temperature profile during the vulcanization process depending on the
position of the heat source and on heat dissipation. As a result, inhomogeneous cross-
link densities may be established [Smil]. If the process of cross-linking is incomplete
the defects represents by the free chains are also presents. The changes in segmental
mobility from progress of the vulcanization reaction and from the associated sample
temperature distribution can be monitored directly by the NMR imaging in situ [Fil2].
In the covulcanization of blends and sheets from different formulations, inhomogeneities
in cross-link density max arise from differences in solubility and diffusion of curatives

[Kle3].

Aging

The aging can be physical, chemical or mechanical depending on the aging agent.
Physical aging processes are often induced by ultraviolet (UV) irradiation or other
ionization radiations [Pall] as well as exposure to heat together with chemical aging
factors like oxygen, and biological mechanisms. Depending on the load applied,
different mechanical aging processes are observed [Denl]. The action of
electromagnetic radiation with high energy of the associated photons as well as nuclear
irradiation will produce chain scission with decrease in the cross-link density and
associated increase in chain mobility. Thermal oxidative aging usually leads to the
formation of hardened surface layers in natural rubber (NR) as well as synthetic rubber
(styrene-co-butadiene rubber (SBR) [Fiill, Blill, BIliil5, Knoél, Kn62, Chul].
Typically, these layers approach a thickness of 200-300 um and inhibit progress of the
aging process further into the bulk of thin sample. The material hardening is explained
by an increase in cross-link density. In the absence of oxygen, chain scission may
dominate at elevated temperatures with an associated increase in the segmental mobility.
Other types of aging involve aggressive fluids and gases. In this context, a sample of

degraded rubber hose gas been investigated [Sarl], but also the degradation of
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polyethylene pipes and the enzymatic degradation of biologically synthesized polymers
[Spyl] have been studied through NMR imaging. Related investigations have been
carried out on asphalts [Mikl]. Aging associated with swelling of the rubber particles

has been observed in crumb-rubber modified asphalts [Mik2].

Mechanical load

Static mechanical load by strain leads to stretching of random-coil polymer chains in the
direction of sample elongation and chain compression in the orthogonal directions. The
value of the residual dipolar and quadrupolar couplings is increased by the mechanical
load, and moreover, the distribution of the correlation times is also modified. Therefore,
many NMR parameters sensitive to the residual dipolar couplings and slow motions can
be used for characterization of the local stress—strain effects in heterogeneous elastomers
[Klil, Sch6, Sch7, Bli12]. Dynamic mechanical load leads to sample heating where the
temperature distribution in dynamic equilibrium is determined by the temperature-
dependent loss-modulus and the thermal conductivity of the sample. Because transverse
relaxation rate (approximated by the 7, relaxation) scales with the temperature, a 7, map

provides a temperature map of the sample [Pow1].

4.2 Unilateral NMR relaxometry

NMR relaxometry is a powerful method for the investigation of elastomers. Compared
to conventional NMR the concept of the NMR-MOUSE does not restrict the sample
geometry. Moreover, the method is fully non-destructive. The open magnet defines a
sensitive spot with a characteristic magnetic field above its surface, from where the
NMR signal is measured. The main characterization procedure requires that a correlation
exists between the relaxation times and the material property of interest. An important
example is the linear relationship between the spin-spin relaxation time 7, and the cross-
link density of elastomers, which is explored to determine the homogeneity and the
degree of vulcanization of intermediate and final products in the rubber manufacturing

business [Zim2].
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4.2.1 Method

Transverse relaxation in NMR occurs when spins in different energy states change
coherences. This results macroscopically in the loss of transverse magnetization. The
precession of the transverse magnetization at the Larmor frequency is responsible for the
detectable magnetic resonance signal. In the absence of an externally applied radio-
frequency energy, the transverse magnetization decays exponentially to zero with a

characteristic time constant of 7, or more strictly 7, * (see Fig. 4.2), where T, * is the

spin-spin relaxation time composed of contributions from molecular interactions and
inhomogeneities in the magnetic field.

The value of the relaxation time in a particular spin system depends on the spin
interactions and the time scale of molecular motion [Blo3]. Both change with the state of
the studied matter. Consequently, i.e., the cross-link density (which can indirectly be
related to the molecular mobility of the polymer chains), can be monitored by transverse
relaxation time measurements. The dipolar coupling for protons being of the order of
KHz, T, which is sensitive to slow motions is strongly affected even by small changes of
the effective dipolar coupling revealing differences in the cross-link density. The degree
of crystallinity has a similar effect on 7, and can be characterized with good accuracy in
terms of relative values and their changes when compared to reference values.

Another determining factor for relaxation is the inhomogeneity of the polarizing
field. The NMR signal after a 90,° pulse (FID) decays much faster in the field gradients
of single-sided sensors than in the highly homogeneous fields of super-conducting
magnets. It is a consequence of the spatial distribution of isochromats which summed
over the whole sensitive volume partially average out, ending up with an additional loss
in transverse magnetization. For rigid polymers the FID decays fast (tens of
microseconds to few milliseconds) due to the long correlation times (reduced molecular
mobility). In this case the dead times of usual rf coils appear to be quite long for
detection, truncating the FID and in most cases making impossible to acquire even a part
of it.

The problem can be solved by using different pulse techniques presented in
Chapter 2. The 180° radio-frequency pulses used to generate the echoes rephase the

spins which have undergone 7,* decay. The gradual decline in the signal from



Non-destructive characterization of materials by single-sided NMR 57

subsequent echoes reflects the transverse magnetization decay. The most important
feature here is the experimental time. The measurement i.e., of a simple Hahn echo
decay [Hahl, Hah2] although leads to a reliable value of 7>, it requires repetition of the
experiment for many increments of the echo-time (#g) so that the measurement time
often turns out to be too long especially when many averagings are required.
Consequently, when NMR relaxation is referred to mobile NMR, one mostly talks about
the relaxation measured by CPMG-type (Carr, Purcell, Meiboom, Gill [Carl, Meil])
multi-echo trains (Fig. 4.2), as multi-echo techniques are faster than single echo
schemes. However, the relaxation time extracted from the envelope of the CPMG echo
train is not the 7> measured in homogeneous fields but an effective value (T5.s) due to
off resonance effects and non-ideal flip angles in the inhomogeneous B, and B; fields
[Huel, Ball]. Moreover, typically 7, is shorter than T, as starting with the second
echo, T is modulated not only by the Hahn echo decay, but also by the decay of the
stimulated echoes, which is encoded by 7 [Gutl]. This fact denotes a dependency of
Tt on the By and B field profiles of the sensor, namely T measured with different
single-sided sensors inside the same material in identical experimental conditions may

be different.
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Fig. 4.2 Multi-echo CPMG sequence for stroboscopic observation of the magnetization decay. The

envelope of the echo train is obtained at each echo centre by integrating the central part of the echo.

To extract the Th information from the echo decays, different methods can be
used. Fitting the magnetization decay envelope with a mathematical model function is

the most commonly used approach. Consequently, the values of T, can be extracted
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with an accuracy which is limited by the fitting error. The simplest fit function is an
exponential function (and in this case an average T,.s over the material is obtained) or a
sum of exponentials. However the echo decay, may present in some cases a more
complex mathematical behaviour, i.e., for cross-linked elastomers where an accurate
approach supposes the fitting of the decay not with an exponential, but rather with a
function similar to the one given by Eq. 4.5. Consequently, the fit function has to be
chosen in particular according to the specific material under study.

When a multi-term function is used, it is straightforward to consider that each
term (exponential, gaussian, etc.) corresponds a different structural component of the
material. In the case of a multi-exponential not only the molecular mobility of each
phase but also their ratios can be calculated as the ratios of the exponential amplitudes.
However the use of many exponentials assumes many fit parameters difficult to be
controlled and interpreted if their number increases too much.

As a solution to this problem, in many cases, a stretched exponential function
gives an equally good fit with only three fit parameters with an average T, of the

material over the whole sensitive volume,

f(t)=Aexp {—%(I/TM )b}. (4.6)

The normalization of the exponent assures, that an exponential function is obtained for b
= 1 and a Gaussian one for b = 2 [Blul6]. Its interpretation in terms of a material model,
however, is not straightforward.

Another approach for extracting T,.¢r from multi-echo decays is the normalization
and integration of the total signal. It provides a quantity which is proportional to the
average Trer of the material and is usually given in arbitrary units. Thus, without any

calibration with T, it can only be used to measure Ty ratios and relative variations.

4.2.2 Non-invasive quality control in the tire production

The quality control at different stages of the fabrication process is of great importance in
the tyre industry. Typically any rubber formulation is tested on a rheometer to assess the
material and vulcanization properties by means of rheometer torque. While these tests

provide important information for the manufacturers, the final product cannot be probed
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in this way. Mechanical properties of cross-linked elastomers are influenced not only by
the volume-averaged cross-link density but also by the network heterogeneity such as
distributions of residual sol, dangling chains, chain loops, and the heterogeneity of the
cross-link density. Rubber products are 3D networks of macromolecular chains filled
with various additives, such as waxes and mineral fillers or carbon black. The formation
of cross-links and the distribution of filler particles are statistical. There are short and
long inter-cross-link sections as well as regions with few and regions with many filler

particles.
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Fig. 4.3 Following the complete production of a tire by NMR in the factory. The photos are taken from

different moments of the production showing the ease of investigations with the single-sided mobile

Unilateral NMR sensors like the NMR-MOUSE are powerful devices for quality control
and nondestructive measurements not only of test samples but also of production
intermediates and final products. Due to the high reproducibility of the measurements
(about 1 %), the NMR-MOUSE can be employed for statistical analysis of the
homogeneity of rubber samples [Gogl]. The NMR-MOUSE be carried and positioned to
different spots of a flat sample. The samples can be investigated entirely non-
destructively up to several millimeters in depth by placing the NMR-MOUSE in the spot
to be measured. The size of each spot is determined by the size of the sensitive volume

of the NMR-MOUSE. Typically it is a few square centimeter large and ca. 1 mm thick.
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Compared to a rheometer and conventional NMR devices, the NMR-MOUSE offers the
advantages of non-destructiveness, mobility, and the possibility to measure in the
presence of ferromagnetic materials [Gogl].

The aim of this study was to test the NMR-MOUSE on-line as a non-destructive
quality controller in the car tire production. A focal point was here the identification of
processing steps where the sample homogeneity is most critical for the quality of the

final product.

Samples

The first mixture in the tire fabrication process is the master batch. In the investigated
case it contained three polymers (BR, SSBR, and NR) and fillers. Subjected to
silanization at 100° C and after remixing at 50-60° C the next intermediate, the remill is
obtained. Mixing the remill, with further additives yields the final mix. This final mix is
calendered into sheets and thermally processed to obtain the tread sheets. These are
joined together with steel belts and other components to build the tire which is
subsequently vulcanized. Five tires were analyzed, each of them at five different
positions around their external surfaces. The test positions on the tires have been

marked, so that after vulcanization the measurements could be done at the same points.

Experimental

The dispersions in the raw polymer at different steps of the production were tested by
the NMR-MOUSE following the complete process of tire fabrication (Fig. 4.3). The
sensor was a bar-magnet MOUSE with a butterfly coil, operating at a radio-frequency of
18.3 MHz for protons. For each type of sample the rf circuit of the NMR-MOUSE was
properly matched.

Table 4.1: NMR parameters for measurements in the tire factory

Parameter value
Recycle delay 1.00 s
Scans 150
Frequency 18.30 MHz
90 — pulse 1.50 ps
180 — pulse 3.00 ps
Echo time tg 50.00 ps

No. of echoes 200
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To determine the relaxation time T, the CPMG pulse sequence was employed
using the same measurement parameters for the vulcanised and the unvulcanised tires.
The experimental parameters are given in Table 4.1. In most elastomers the decay is
non-exponential. Nevertheless, the decay time constant, T, is a characteristic signature
of the molecular mobility of the material.

Tyt of the material was determined by fitting the experimental echo decay
envelopes with a stretched-exponential model function (Eq. 4.6). The error in
determining T, estimated from consecutive measurements under the same
experimental conditions at the same spot of the sample was less than 1%. Extensive
signal averaging was employed for the final products containing ferromagnetic materials

to compensate the loss in sensitivity.

Results

It was observed by means of the average Tt (T4 ) that the first three mixtures have

different hardness. Moreover, the homogeneity increases from the remill to the final mix

(Fig. 4.4a. The highest is T, of the remill, which is also the least homogeneous. In the

next step T, of five tread sheets was measured at five different positions and averaged

for each sheet. The same tread sheets were processed in tires and the relaxation values
measured at the same spots on the unvulcanised and the vulcanized tires. The resultant

values are compared in Fig. 4.4b for all tires.

6r 4,01
L a) b)
5_' 3,2 Uncured tire
g P E 24
= g (] 5
& 3y i s & 1,6}
L Remill i
2t 0,8t !\:\:/f—i
S | Master batch Cured tire
Tt .. R .' . : . 0.0 L L . L L
2 3 4 5 6 ’ 1 2 3 4 5
Sample No. Tyre No.

Fig 4.4 a) TZfo measured with the NMR-MOUSE for the master batch, the remill, and the final mix. b)

TZfo distributions at 5 different measurement positions for 5 different tires unvulcanised and vulcanized.
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T, 1s shorter for the vulcanized rubber due to the cross-links produced during

vulcanization. The homogeneity of the cured product increases as a result of diffusion of
the components during the vulcanization process. The softer the unvulcanised material,
the better is its homogenization by component diffusion. Nevertheless, the homogeneity
of the pre-vulcanized product is very important as the most homogeneous is the tire no.
1, which was most homogeneous already before curing. The presence of the steel belt
was a disturbing factor leading to some changes in the field profiles of the sensor and

acting as antenna for the external noise, fact showed by the larger error bars.
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Fig. 4.5 Spread of RPA and NMR parameters for the different intermediate products during tire
fabrication. The CV values of the RPA and NMR-MOUSE data demonstrate that the homogeneity

essentially improves from one production step to the next, but NMR is more sensitive to variations in

For comparison, the samples were also tested by a Rubber Process Analyzer

(RPA). The coefficients of variation (CV) of the initial RPA torque from the Payne

diagrams and the CV values from the 7, measurements are compared in Fig. 4.5. The

overall dependence is similar: the homogeneity of the products increases from one step
of the production to the next. However, the largest spread in data was obtained for the
master batch with RPA whereas it was obtained for the remill with NMR. The spread in
CV is larger for NMR than for RPA, indicating that NMR is more sensitive to variations
of material properties. This shows that RPA and NMR provide similar but not identical
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information. The RPA measurements are very sensitive to the filler, while NMR
relaxation is more sensitive to the chain segment mobility. Furthermore, RPA is not

suited to investigate the finished product. This can only be done by NMR.

4.2.3 Relaxometry on aged PE pipes

The NMR relaxation parameters as for example transverse magnetization relaxation, are
sensitive to segmental fluctuations in a frequency range of a few kilohertz, which is
typical for the slow molecular motions. In this range, the molecular motion is directly
related to the mechanical properties of solid polymers. All these properties depend on
the strength of the residual dipolar interaction, which determines the decay of the NMR
signal.

As Tor is related to the structure, the spread in T, characterizes the
heterogeneity of the material. Often, the inhomogeneities appear during fabrication, as a
consequence of improper mixing and processing. Furthermore, usage and ageing induce
major changes in the material structure. The changes in temperature, pressure, or aging
processes induce differences of relative crystallinity that can be monitored by NMR in

general and mobile NMR in particular.

Experimental

To detect the ageing effects in used polyethylene (PE) products, the unilateral NMR
relaxometry method was implemented. Several PE pipes with visible defects on their
external surfaces (Fig. 4.6a and 4.7a) were investigated. These pipes were used for
several years underground as water pipes in the conditions of continuous pressure and
temperature fluctuations.

The measurements were carried out in small steps along the external surfaces of
the pipes, at depths of about 2 mm. The device was a “U”-shaped NMR-MOUSE
operating at a resonance frequency of 17.3 MHz for protons. The pulse sequence was the
CPMG multi-echo sequence. The temperature fluctuations during experiments were
small so that this influence could be neglected. The experimental parameters are

presented in Table 4.2. Five measurements were carried out in each point for data
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averaging. The relaxation curves have been fitted with a bi-exponential function. Due to
the field inhomogeneities, the T, values are mixtures of 7;, T,, and T, with a higher

contribution of the transverse relaxation time.

Table 4.2. Experimental parameters for T, measurements on PE pipes

Parameter-Name Parameter-Value
Radio-frequency Value 17.3 MHz
90° Pulse Length 3 ps
Recycle Delay 0.7 s
Echo Time 0.035 ms
Number of Echoes 256
Number of Scans 1024

Results

The two constants, T, (a long T, value) and 7,45 (a short T, value),

characterize two main phases: an amorphous phase and a crystalline phase of the
polymer. However there are intermediate phases too, which can be observed if more
exponentials are included in the fitting function, but a good separation between them is
often difficult to achieve. Heterogeneities usually represent structural and molecular
mobility changes that occur on time scales that affect the relaxation rates. Most often the

two relaxation times are not affected symmetrically.

Fig. 4.6 b depicts the T, values for one of the PE pipes. A zoom in of a major

crack on the pipe surface is displayed (Fig. 4.6a). The measurement points are marked

along the crack, and in positions where no major ageing effects are optically visible. The

error bars represent the average standard deviations of the 7, values acquired from

the same spot of the sample during several consecutive measurements carried out in the

same experimental conditions. In the first four measurement points (from left to right)

T, 1s large suggesting a material with higher segmental mobility. These data points

lay around the value of 0.87 ms inside the experimental error range proving that the

material is quite homogeneous. In the crack position, 7, decreases to values around
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0.80 ms with a minimum of 0.73 ms. These points, out of the error range of the zone
without visible damage, suggest a different network structure, a harder or less elastic

material. This can be a result of increased crystallinity or strained polymer chains around

the crack. Furthermore the fluctuations of 7,.; in the damaged zone are high

suggesting a highly inhomogeneous material.
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Fig. 4.6 a) Aged PE pipe with a visible crack (zoomed in) on its surface. b) T,y Wwas measured in the

marked points (the values obtained along the crack are encircled).

Figure 4.7a depicts another pipe with a cross cut. The measurements were done

using the same experimental parameters as in the previous setup. 7,.; Wwas measured

on the pipe in eleven points: six positions along the cut and five reference positions far

away from the damaged zone. For this pipe the same dependence of T, as for the first

pipe was observed. Around the defect, T,.y; decreases suggesting a harder material

with less segmental motion. The variations in 7, 4 followed the same trend in both

cases but with smaller relative variations.

Strong mechanical impact can induce changes in the initial semi-crystalline
structure of PE. The morphology changes by reordering of the polymer chains, first in
the amorphous and at higher impact also in the crystalline domains. This behavior

corresponds to an increase of the relative amount of the crystalline phase in the damage

position. The decrease of T,.; 1n the crack zone compared to the reference zone

without visible damages can be attributed to this effect.
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Fig. 4.7 a) Aged PE pipe with a cut (zoomed in) on its surface. b) T, ¢ measured in the marked points.

Again the transverse relaxation values obtained along the cut are encircled.

It is obvious that depending on the type and strength of the mechanical action

applied upon the pipe, the degree of heterogeneity at the damaged position will be

different. In our case, the fluctuations of T, are larger for the cracked pipe (Fig 4.6b)

than for the cut one (Fig. 4.7b). It can be explained by the regular shape of the cut. Other
strong mechanical actions like impact, stress, torsion, produce instead a defect with a
random shape and increased local heterogeneity of the material. This makes it possible
to discriminate different mechanical aging agents by means of the spatial relaxation time

distribution.

4.2.4 In situ NMR at a stress-strain device

The stress and strain characteristics are among the most important properties of
elastomer and other materials. To determine the mechanical properties of a cross-linked
natural rubber (NR) for example, the sample is tested with a stress-strain device to
observe the fatigue with the number of strain cycles, or the stress-strain diagram of a
single experiment is recorded until the sample breaks. Spatial distributions of cross-links
and fillers result in a distribution of the material properties most importantly the
modulus over the product. Thus, the characterization of the changes induced in cross-

linked NR samples by stretching is a challenging topic for mobile NMR. Consequently,
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a special NMR sensor was built for measuring Ty in sifu at the stress-strain device
[Gog2]. The same sensor can also be used to follow the change in NMR parameters

during mechanical fatigue tests for prediction of the time to failure.
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Fig. 4.8 Normalized CPMG echo decays measured on a NR sample
relaxed and stretched, and the experimental setup for the relaxed state
and at maximum elongation. The small NMR sensor based on a

classical magnet configuration matches the geometry of the stress-

strain device to acquire NMR data during mechanical testing.

Experimental

The stress-strain device could be set to stretch the sample until the desired percentage of
its initial length and to hold it at any elongation as long as the NMR acquisition requires.
The NMR-sensor with a special design to fit the shape and dimensions of the standard
stress-strain test samples operating at the resonance frequency of 22.5 MHz was
connected to a mobile preamplifier and NMR spectrometer. The special probe consists
of two permanent magnets with a 4 mm wide gap inbetween. The radiofrequency (rf)
coil was built from two coils in the Maxwell geometry each of them placed on the
surface of a permanent magnet. During experiment the sample is fixed inside the gap of

the probe and between the two windings of the rf coil (Fig. 4.8).
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The stress-strain curve could be mapped simultaneously with the mechanical
measurement by recording CPMG echo decay curves at different strains. The NMR
sensor was always displaced in the middle of the sample. The total experimental time

was 40 minutes with ca. 7 minutes per elongation step for a number of scans of 1500.

Results

As any of the exponentials showed a fitting error above the desired precision limits,
another approach for the pure 7T,.s weighting was necessary. The NMR echo envelopes
(CPMG echo decays) have been normalized by dividing each echo train by the mean
amplitude of the first twenty echoes which are predominantly encoded by the spin
density. This computation eliminates the errors due to spin density variations with the
strain and avoids fitting errors. Nevertheless, the sensitivity drops with increasing
elongation due to decreasing amount of sample inside the sensitive volume of the sensor.

The normalized CPMG echo decays solely encoded by T, can then be
compared with good reproducibility. Figure 4.8 depicts the six normalized decays: for
0%, 50%, 100%, 200%, 400% and 500% elongation clearly reveal the changes in the
material structure and molecular mobility with the strain. The experimental data reveal
faster signal decay when the sample is stretched compared to the relaxed or less
stretched states. The sample becomes more rigid as the polymer chains are higher
oriented while the force necessary to elongate it increases. This variation can be
quantified as a function of strain by the sum of the normalized echo amplitudes (Fig. 4.9
a).

For modeling the mechanical properties of stretched rubber test samples, the
NMR data need to be converted into terms of well-known material parameters.
According to this, a correlation between the stress-strain diagram and the T,e-strain
diagram could be very useful for subsequent calibrations. The inverse proportionality
between the shear modulus measured in an elastomer, and the transverse relaxation time
Tt of the deformed elastomer is already known [Litl, Fecl]. The diagram recorded by
the stress-strain device was compared with the NMR diagram representing the inverse
values of the echo amplitude sums as functions of the elongation (Fig. 4.9b). The NMR-
MOUSE data are in an excellent concordance with the mechanical experiment results as

the NMR diagram parallels the stress-strain curve up to about 400% elongation. Such a
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set-up promises to be of use for predicting the time of failure based on NMR relaxation

measurements in cyclic loading tests.
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Fig. 4.9 a) Normalized CPMG echo amplitude sums versus strain [Gog2]. b) Stress-strain diagram and

1/Te4; curve for carbon black-filled natural rubber.

4.2.5 Mechanical testing versus NMR

For modeling the mechanical properties of rubber test samples, the NMR data need to be
presented in terms of well-known material parameters and not in terms of NMR
parameters such as Toesr. Consequently, Toer needs to be translated into Young’s modulus
of elasticity (E) or shear modulus (G). Similar correlations of Ty with the cross-link

density and even with other parameters accessible to NMR but through much

complicated experiments like the second order van Vleck moment (<M2>) which

characterize the anisotropic slow motion of the polymer chains on the mesoscopic scale,
can be of great use. For this reason, a map of the £ and G moduli would be an important
quantity to understand heterogeneous polymers. Moreover a possibility of translating
these parameters into cross-link density or second Van Vleck moment units would make
the study much more powerful.

Stress distributions can be quantified via measurements of T,.¢ relaxation times
[Blii12]. On the molecular level, macroscopic strain changes the free volume and
reduces the segmental mobility, which affects the NMR relaxation time. The transverse

relaxation time 7, becomes shorter with increasing strain for elastomers above the glass
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transition temperature (7,). The same effect upon 7T, have the increasing cross-link
density and consequently increasing shear modulus and second van Vleck moment
[Fecl].

By measuring the relaxation time 7¢¢r in well known samples as a function of the
above mentioned parameters, the latter can be assigned to similar materials non-
destructively, by a simple NMR relaxometry measurement. Moreover a high-resolution
Tt profile though a rubber sheet measured with a profile NMR-MOUSE can be

translated in terms of moduli profiles impossible to be measured by other means.

Correlated parameters

Considerable progress has been obtained in the past in relating the structural parameters
of polymer networks to the elastic properties of vulcanized rubber. The application of
this type of relaxation experiments is based on the high sensitivity of the relaxation
process to chain dynamics, involving spatial-scale chain motions at temperatures well
above the glass transition temperature. It is well known, that the decay of the transverse
magnetization of nuclear spins, induced by dipolar interactions, is an important source of
information about the dynamics of polymer chains in cross-linked rubber networks in a
variety of physical conditions.

From the viewpoint of NMR, elastomers above their glass-transition temperature
exhibit both, solid-like and liquid-like features. Whereas the segmental motions give rise
to the liquid-like behaviour, the presence of permanent or non-permanent cross-links
most commonly induced by sulphur vulcanization lead to residual dipolar or quadrupolar
couplings, that are responsible for the solid-like properties [Cohl]. The cross-link
density C of an elastomer is directly proportional to the mechanical modulus E of

elasticity

E = RTC = RTp/M_N,, 4.7

where R is the ideal gas constant, 7 is the temperature, and p is the density of the
material. If the intercross-link chain is modeled by N. freely jointed segments with
molecular weight M., the modulus can be seen as being inversely proportional to the
number of statistical segments between cross-links.

Depending on the degree of motional restrictions, the residual dipolar or

quadrupolar interactions may be quite small, i.e., on the order of a few percent of those
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found in rigid solids [Cohl, Coll] The stiffness of the material, which is expressed by
the mechanical modulus E, directly corresponds to the average strength of the dipolar
coupling between protons on an intercross-linked chain. It results from rapid but
anisotropic motion which is characterized by a distribution of correlation times. This
distribution can be interrogated by various NMR experiments, for example by those
which measure 7.

The cross-link density of elastomers can be monitored by transverse relaxation
time measurements using the NMR MOUSE. Differences in cross-link density can be
related indirectly to the molecular mobility of the polymer chains. As the dipolar
coupling is large for "H, the T»e relaxation time, which is sensitive to slow motions, is
affected by changes of the effective dipolar coupling. Therefore, Tser should reveal
differences in cross-link densities.

Of great importance for characterization of anisotropy of chain dynamics and
segmental order in polymer networks of cross-linked elastomers are the parameters of
the dipolar correlation function (DCF) obtained from the mixed echo decays [Fecl]. The
mixed echo refocuses the homogeneous and inhomogeneous spin interactions. It allows
the investigation of the fluctuation of the dipolar interaction of polymer chains in the
slow motional regime.

A model involving the distribution of correlation times can be used to fit the
mixed echo decay [Fecl]. The method takes into account the multi-spin dipolar
interactions and eliminates the interference of linear spin interactions due to chemical
shielding, magnetic field inhomogeneities, local susceptibility variations, and hetero-
nuclear dipolar interactions. For ideal polymer chains, the most significant and
distinctive property is the Gaussian distribution of the end-to-end distances. By
considering the different segments of the freely jointed chain which are statistically
independent and can be represented by a Markov chain, one can derive the correction to
the Gaussian distribution of the end-to end distances (see Appendix). Using the

corrected Gaussian distribution function one than gets:

M,)o< —————.
(Mo) 2 m =3 48)
Within the limit of the approximation used, it is concluded that the residual second van

Vleck moment scales with 1/N? for high numbers of statistical segments, i.e., for N ? 1,
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which means for low cross-link densities, a regime which is not valid for all cross-linked
natural rubber formulations investigated using DCF [Fecl] and later by NMR
relaxometry. The effective number N of statistical segments is defined by the number
Nf segments between physical cross-links or topological constraints and the number
N© of segments between chemical cross-links. If we assume that the contributions to the

residual dipolar coupling are additive and topological constraints are independent of the
degree of chemical cross-linking, we can write (N)™' 2 (N?)™ +(N'“)™". In this case,
one expects (cf. Eq. 4.8) that <M 2> has a polynomial dependence on cross-link density

or shear modulus. Based on the dependence of the residual second moment on 1/N given

by Eq. 4.8, the measured <M 2> values can be fitted by a polynomial up to the forth

power in the shear modulus G, ie,
<M2> =a,-a,G+a,G’ —a,G’ +a,G". (4.9)

If only the first four values of <M 2> corresponding to an intermediate regime of cross-

linking are considered, the G, term dominates the dependence as it is expected from a
Gaussian distribution of end-to-end vectors. With this assumption, the model became
relatively simple, however, it has been shown [Fecl] that the distribution function of
correlation times which describes the slow motion of the network chains scale with the
cross-link density in a much more complex manner. The development of NMR methods
that allow accurate measurements of residual second van Vleck moments and
distributions of correlation times yields new tools to test polymer network theories that
are more sophisticated than the theory of the freely jointed chain corresponding to a

Markov chain.

Samples

The investigated elastomer samples are from commercially available natural rubber
SMR 10 (Malaysia). The additives were 3 phr ZnO and 2phr stearic acid. The sulfur and
accelerator contents were 1:1 from 1 phr to 7 phr. The accelerator was of the standard
sulfenamide type (TBBS, benzothyazil-2-fert-butyl-sulfenamyde). After mixing the
compounds in a laboratory mixer at 50° C, the samples were vulcanized at 160° C in a

Monsanto MDR-2000-E vulcameter. The degree of cross-linking was measured by the
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low frequency shear modulus or torque G at a temperature of 160° C in the vulcameter
directly after vulcanization. The measurements were performed with oscillation
amplitude of + 0.5° and a frequency of 1.67 Hz. The stress-strain curves measured at

room temperature at a strain velocity of 3 mm/min ranged between 1-15% strains.
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Fig. 4.10 Toere ' versus cross-link density measured under the same experimental conditions with two
different single-sided NMR sensors. The higher polarizing field is characterized by stronger field

gradients and consequently faster decay of the transverse magnetization.

Correlations of parameters

The changes in transverse magnetization relaxation and 'H residual dipolar couplings
can be correlated with the polymer chain stiffness. The chain stiffness variations due to
strain, fatigue, aging, etc can be quantified by NMR relaxation times. To convert T
into terms of chain stiffness or Young’s modulus of elasticity, a good correlation
between the NMR data and the macroscopic values should be established and the
calibration curves should be drawn. The aim of this study was to generate cross-link
density maps of E and G moduli for known elastomer samples and to calibrate the 'H
residual second order van Vleck moments [Fecl] on the same series of NR samples.
Other plots i.e., cross-link density versus shear and Young’s moduli or versus second
van Vleck moments have already been reported [Fecl]. Consequently, the above
mentioned parameters will be studied in the following only as functions of the effective

transverse magnetization relaxation measured with a single-sided NMR sensor. At the
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end of this study, the whole set of parameters which apparently seem to be achievable
exclusively trough destructive methods, will turn out to be accessible trough a non-
destructive investigation method by means of a low-cost mobile sensor as well.

One-sided NMR sensors with different configurations and magnetic field strengths were
tested for this purpose. When doing such a study, one must not forget that each sensor is
unique from the point of view of the magnetic field profiles. Thus a parameter map built
by the aid of a given sensor is valid only for that sensor (see Fig. 4.10) and exclusive at
the temperature at which the calibration has been done. Nevertheless, considering a
linear variation of T, with the temperature, and knowing the change in the field
profiles with the magnet temperature in a given range, extrapolations to any temperature

in the considered regime can be done.
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Fig. 4.11 Normalized CPMG echo decays for vulcanized natural rubber samples with 1 phr to 7 phr

content of sulfur.

The decays of the mixed 'H echo represented by a combination of the magic and
the Hahn echoes were previously reported for a series of cross-linked elastomers [Fecl].
The multi-spin dipolar correlation functions characterizing the mixed echo decays were
derived in the approximation of a distribution of correlation times. Based on these
dipolar correlation functions the 'H residual second van Vleck moment was determined
for the series of natural rubber samples with different cross-link densities. The transverse

relaxation times have been measured for the same series of carbon-filled NR samples
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using an NMR-MOUSE operating at the resonance frequency of 17.23 MHz for protons.
The G and E moduli have been measured by conventional methods [Fecl] with a

reproducibility of the results corresponding to the homogeneity of the samples.
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Fig. 4.12 a) 1/T,. measured with the NMR-MOUSE as function of the cross-link density. b) 1/T,.
versus C2; according to the theory, for small cross-link densities, the dependence should be linear, which
is experimentally observed even at high cross-link densities; ¢) The variation of 1/T,. as a function of
the square shear modulus G*. Up to a sulfur content of 4 phr the dependence is linear revealing the ease
of calibration of the two parameters in this interval; d) 1/ versus Young modulus. The linearity is

present up to a sulfur content of 3 phr.

A first comparison between samples was done in terms of the normalized CPMG
echo decays. As expected, the NMR echo envelopes decay faster for higher cross-link
densities (Fig. 4.11). The higher the cross-link density, the higher is the chain stiffness.
Since dipole-dipole interactions are the main reason for relaxation in most polymers, it
can be shown that the NMR relaxation times depend on the motion of the nuclei as
characterized by a correlation time. Thus, the consequences of the increasing cross-link

density due to increasing cross-linker concentration are the increasing residual dipolar
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couplings and correlation times that can be translated into shorter NMR relaxation times.
The T, obtained from mono-exponential fits of the echo decay envelopes have been
analyzed as functions of the cross-link density C (Fig. 4.12a and b). 1/T5¢¢ increases with
increasing cross-link density. The dependence is not linear, although the two parameters
follow the same trend. Thus we can say that the increase of 1/7%¢ with increasing C is
monotonous. Nevertheless, following the calibration curve, (Fig. 4.12a) the cross-linker
amount of an unknown sample can be easily determined by a simple NMR relaxometry
experiment with the specification that the probe (NMR frequency and field gradients)
must be the same.

The theory of ideal chain networks predicts a quadratic dependence in G of the
residual dipolar couplings [Fecl]. Knowing the theoretical relationship between T and
G, which, following the theory is directly proportional to the cross-link density, 1/T5.¢
has been also studied as a function of the square of the cross-linker concentration, C
(Fig. 4.12b). The linearity was verified proving a good concordance between the
theoretical prediction and the experimental behavior even at high cross-link densities.

In a subsequent the NMR relaxation data were correlated with the Young's and
shear moduli, E and G respectively. 1/T linearly increases with G for low cross-link
densities (up to 4 phr) (Fig. 4.12c). For a higher degree of chain stiffness the ideal case
linearity is not verified. But, it was previously shown that in real elastomers due to a
violation of the Gaussian approximation for the end-to-end vector, this dependence can
be described as a polynomial in G [Fecl]. Thus, some deviations of 1/T5.¢ from a linear
dependence in G* can be attributed to this effect. The same happens while correlating E
with the inverse of the transverse magnetization relaxation. Like in the previous plot, the
linearity of 1/Ty versus E is verified only for low cross-link densities (Fig. 4.12d).
Above 4 phr sulfur content an exact calibration of parameters is more difficult to be
done.

Because of the quadratic dependence in G of the residual dipolar couplings, the

residual second order van Vleck moment varies like G*. This aspect requires an analysis
of 1/T» as a function of <M 2>. As in the plot which correlates 1/T5. to C? the
theoretical linearity of the diagram representing 1/75 as a function of <M 2>, was

experimentally verified (Fig. 4.13). The small fluctuations of the data points around the

fit line are the consequence of the impossibility to prepare an ideal cross-linked polymer
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chain network according to the theory and also of the experimental and fit errors.
Nevertheless the plot can be used with good precision for calibrations of experimental

values.
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Fig. 4.13 1/Ty profile as a function of the second order van Vleck moment. The linearity requested by

theory is experimentally verified even at high cross-link densities.

4.3 Single-sided NMR imaging

In the last years, special efforts have been spent to achieve spatial localization with
single-sided systems. The implementation of three-dimensional imaging techniques on
such sensors converts the tool in a truly non-invasive open tomograph useful to resolve
the structure of arbitrary large samples. Many new examples demonstrate the potential
of single-sided sensors to assist in the design of materials with improved properties and

these will be the topic of this subsection.

4.3.1 Method

The NMR-MOUSE was initially intended to scan the surface of large objects by

repositioning the device with a lateral resolution defined by the size of the rf coil.
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Although the use of a smaller coil improves the lateral resolution, it is at the expense of
the maximum penetration depth. Thus, in practice, only a coarse resolution of the order
of a centimeter can be achieved. To resolve finer structures inside the sensitive volume,
Fourier imaging based on pulsed gradients has been implemented [Pral, Cas2]. This
approach required the optimization of the magnet geometry to improve the static
gradient uniformity, the design of the single-sided gradient coils, and the development of
an imaging technique which is suitable to such grossly inhomogeneous fields. The
strategy to produce three-dimensional (3D) images takes advantage of the static gradient
to achieve slice selection at different depth inside the sample. Once a slice at a given
depth is excited, 2D phase encoding, which requires the generation of two perpendicular
pulsed gradients, is used to achieve lateral resolution [Pra2, Per2]. Besides the important
hardware improvement accomplished in the last years, a determining issue to put this
method to work was the development of a multiecho acquisition scheme which affords
the reduction of the experimental time by up to two orders of magnitude [Per2, Cas3].
This new imaging sequence offers the possibility to produce contrast in the image in a

simple way either by 7| or T,, or by molecular self-diffusion.

The open tomograph

To retrieve 3D spatial localization by combining 2D images of a number of slices
selected at different depths, the method requires a static magnetic field with a uniform
gradient perpendicular to the surface of the sensor. As the static field generated by the
first magnet geometries did not fulfill this condition, a magnet based on a U-shaped
geometry (Fig. 4.14) was optimized by including a number of magnet blocks that
allowed modifying the spatial dependence of the field to generate flat slices of constant
frequency perpendicular to the depth direction y. Due to the finite dimensions of the
magnet, the flatness of the slices depend on the lateral dimension of the excited volume
along both x- and z- directions. For this design a deviation smaller than half a millimeter
is obtained when working inside a lateral field-of-view (FOV) of 40 by 30 mm, which is
selected by a 40 mm squared rf coil [Per2]. The sensor surface is defined by the position
of the rf coil, which is located at 30 mm above the surface of the magnet. At this
position, the resonance frequency is 8.35 MHz and the field possesses a constant

gradient along y of about 2.5 T/m. The probe allows manual tuning between 8.35 MHz
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and 7.35 MHz covering a depth range of 10 mm. Finally, the gradient coil system built
to provide two perpendicular pulsed gradients along the x- and z- axes was positioned

inside the gap between the magnets and underneath the rf coil (Fig. 4.14).

rf coil

x gradient coils

Fig. 4.14 U-shaped magnet for imaging — an open NMR Tomograph. This geometry produces a static
field with a main component along z. Two solenoids 34 mm diameter, 54 mm long and separated by 74
mm from center to center generate G,, while two rectangular coils 17 by 70 mm’, separated by 75 mm
from center to center, provide G, Both gradient coil pairs are placed with their centers at 10 mm from
the magnet surface. The 40 mm square rf coil is positioned at 30 mm above the magnet. The origin of

the coordinate system is on the upper side in the center of the magnet.

Imaging sequence

To achieve spatial resolution in the presence of the static gradient, a pure phase encoding
method was implemented in combination with a Hahn echo sequence [Pral]. In this way
the phase spread introduced by the static gradient is refocused, while the gradient pulses
applied during the evolution intervals encode positions in the phase of the echo signal
(encoding period in Fig. 4.15). This technique was originally implemented to achieve 1D
and later 2D spatial resolution, but the poor sensitivity imposed by the large bandwidth
of the signal acquired in the presence of such a strong gradient led to impractical
unfeasibly long acquisition times [Pral, Cas2].

The basic idea to speed up data acquisition is based on the fact that the echo time
teg used for the Hahn echo sequence is usually much shorter than 7, of the sample, and a
train of echoes can be generated by applying a Carr-Purcell-Meibum-Gill (CPMG)

sequence. The echoes of the train can be than coadded in order to increase sensitivity
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during detection, leading to a reduction of the experimental time by roughly a factor
proportional to the number of echoes acquired. However, the extension from a single- to
a multiecho imaging was not straightforward because the phase encoded by the gradient
pulses is lost after a few echoes due to the off-resonance excitation. The solution is
based on the fact that, even while off-resonance, a train of refocusing pulses preserves
one of the components of the signal without distortions. The final sequence combines
two experiments, a first one with refocusing pulses applied with phase x (CP) is used to
sample one of the quadrature channels, while the second one with refocusing pulses with
phase y (CPMGQ) is used to sample the second channel. The CP and CPMG channels are
later combined to build the complex k-space signal [Per2]. The maximum sensitivity
improvement is obtained when the echoes of the entire echo train are co-added. The full
addition is used in cases where uniform 7, or T, (decay during the CPMG sequence)

but different densities are expected across the sample.
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Fig. 4.15. CP plus CPMG multiecho sequence applied to sample the complete echo decay train. To
reduce signal attenuation during the encoding period, gradient pulses are applied simultaneously along
each direction and in both free evolution periods of the Hahn echo sequence. The shortest rgg is
determined by the length of the gradient pulses plus a stabilisation time during which the gradient pulse
goes to zero. To maximize the number of echoes that can be generated during the detection period, the
echo time is reduced after the formation of the first echo. The detection echo time #gp is determined by

the dead time of the probe.
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When T, changes with position across the sample, the contrast between
different structures can be enhanced by adding different echoes of the decay before
reconstructing the image. Moreover, there are cases where different regions in the
sample possess similar T.s but a different 7, (decay during the Hahn echo sequence). In
this case the encoding time fgg in the multi-pulse imaging sequence can be increased to

enhance the contrast between these regions.

4.3.2 Imaging of polymers and biological materials

Polymer morphology and defects

Materials with heterogeneous morphology can be investigated by simple NMR imaging
techniques which translate the physical heterogeneity into spin density contrast.
However, this turns out often to be of little relevance for materials which can provide
strong T;. T, or T, contrasts instead. To achieve high sensitivity in reasonable
experimental times, the multi-echo sequence (Fig 4.15) supposes a combination of all

these contrast parameters.

Fig. 4.16 Imaging of a defect in the rubber hose. a) Photo showing the failure originated in the production
of a textile-reinforced rubber hose. b) Experimental setup — unilateral NMR tomograph with the sample
in place. c¢) Cross section obtained with the open tomograph at 4 mm inside the tube wall. The FOV was 4
by 4 cm?, the lateral spatial resolution of (0.8 mm)?, the slice thickness of 0.66 mm, and the imaging time

was 120 min.
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Usually T weighted spin-density images are obtained with the open tomograph
by adding many echoes in the CPMG decay. An example where the echo train is
completely added to achieve the maximum sensitivity improvement is failure detection
in a rubber hose employed in cars for cooling of the engine (Fig. 4.16a)[Blii17]. Since it
works at high temperature and under high pressure, a layer of textile fibers is

incorporated to reinforce the mechanical stability of the tube.

failure

Fig. 4.17 Progressive two-dimensional 2D slices acquired step by step, from inside (up) to outside (down)
in a textile-reinforced rubber hose with a defect inside, giving a 3D spatial impression of the investigated

structures.

Different kind of failure may appear during the fabrication process. For example,

the cross-link density may differ along the wall, bubbles may form, and the fibers may
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improperly be aligned. Figure 4.16c shows a cross section of a slice selected at 4 mm
depth inside the wall. The defect generated in the rubber matrix by a bubble, can clearly
be observed as a dark region with an “H” shape in the image, which corresponds to the
crossing point of three fibers. Using the slice selection obtained by selective excitation in
the linear region of By, it is possible to follow non-destructively and without distortions
the shape of the bubble with depth in a 3D view (Fig 4.17). At the same time,
information about the internal distribution order of the reinforced fibers inside the rubber
hose is obtained. Only 16 scans were used leading to a total experimental time of 3 h for
the whole 2D image set. The first image was obtained close to the internal surface inside
the rubber tube. The contour of a defect inside the tube already appears at this position.
In the second image this defect is more obvious. At this position, the shape of the hole
which looks like an “H” can be observed. From the next images one can follow the
three-dimensional shape of the failure which is not regular. In the last image, the hole
appears just as an inhomogeneity of the rubber tube. The two parallel lines of
reinforcement fibers become closer in the last sections. This detail shows that the tube

was scanned going in steps from inside to outside.

Fibers

Tube

a) b)

Fig. 4.18 Schematic representation of a cross-section trough a textile-reinforced rubber hose employed in
cars. Two layers of rubber can be distinguished with the textile reinforcement in-between. b) Cross-

sectional NMR image of the rubber hose.

The rubber hose was imaged in another position with no visible failures to
investigate the distribution of fibers. The image was obtained using 64 scans in an
experimental time of ca. 2h. Figure 4.18b depicts the cross sectional NMR image of the

object. It reveals no heterogeneities excepting the textile layer appearing as a dark ring
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in the middle separating the inner layer of the hose from the outer one. Figure 4.18a is a
schematic representation of the tube reconstructed on the base of the NMR image. It

contains two polymer layers with the fibers in-between.

fibers

tube ____,

2D slice
positions

Fig. 4.19 Schematic representation of the rubber tube and its 2D NMR images measured with the
unilateral NMR tomograph in the marked positions. The dark traces in the images correspond to the
reinforcement fibres and are most intense in the middle of the tube wall (bottom) namely in the crossing

point of the two fibre layers, longitudinal and circular.

Other sections in a perpendicular plane to the cross-section plane reveal the
disposition of the longitudinal fibers along the rubber tube (Fig. 4.19). The fiber
distribution can be followed step by step with the depth by the slice-selective method.
The fibers appear in the image as parallel dark lines drawn along the tube. The first
image was acquired at a position close to the inner surface of the tube. Two symmetric
fiber lines are most obvious here. There are two other lines which are less clear as their
positions are shifted below the plane of the 2D section. The next two images obtained at
different positions are similar. The final image shows an increased fiber density as it was

acquired at halfway through the tube wall at the position between the two rubber layers
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which build up the tube. Here the textile fibers appear as woven in a lattice. No defect of
the material can be observed in these images. The distribution of reinforcement fibers is

also regular.

Biological structures

NMR imaging finds most of its applications in medical diagnostics of humans and
pathology studies of animal models [Man2, Call, Bliil, Haal, Vlal, Blii7]. The success
of the method is based on the non-invasiveness of nuclear magnetic resonance and the
unsurpassed soft matter contrast, which is hard to achieve with competitive methods like

X-ray or computer tomography.

Fig. 4.20 a) The head of a rat in vitro and its corresponding 2D profiles measured with the unilateral NMR

tomograph. The acquisition time of one image was ca. 30 minutes for a field of view of 4 cm x 4 cm. The

2
planar resolution of each image is 0.8 mm . b) Imaging of plant leaves in vitro. The sensitivity of the

single-sided sensor is excellent even for such thin samples.

A promising application of a mobile low-cost single-sided tomograph is

diagnostic imaging of bones and joints with potentially important applications in the
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maxilo-facial surgery [Gog2]. The multi-echo imaging sequence was implemented to
produce cross-sections trough a rat mandibula in vitro. For data analysis, the entire echo
trains were evaluated, so that a voxel with the tissue having long relaxation time and a
high proton density appears bright in the image, while the hard structures like the bone
and teeth appear dark. A set of 2D profiles of the mandibula was acquired at different
positions by changing the relative position of the sample with respect to the probe. The
images (Fig. 4.20a) reveal the mandibula morphology at each position of the slice with a
T,-weighted spin density contrast. The maximum planar resolution was 0.8 x 0.8 mm’.
The measurement time was ca. 30 minutes for a field of view of 4 x 4 cm®. The teeth as
well as the bone structures can be easily discriminated in the images.

Another interesting application is to implement the method for studying plants.
To have access to functional information in plants, a much more complicated setup
would be necessary. Even so, the experiment would last too long because of the slow
processes under study. Nevertheless, one may have access to morphological information
trough imaging techniques non-destructively as we deal with living entities.

The same setup as for imaging the rat mandibula was used to image plant leaves
in vitro (Fig 4.20b) with the specification that doing the same process in vivo requires no
supplementary effort. The portability of the sensor makes it possible to bring the
experimental hardware to the living plant. This is one of the special cases when the
sensitive volume is thicker than the sample and in consequence good sensitivity is
required. The unilateral NMR tomograph provides sufficient flatness of the B, isosurface
in the xz plane and excellent sensitivity for imaging such thin samples. In both biological
applications, the spatial resolution still cannot compete with other microscopic methods,
but the great advantages like the portability of the device, and the low costs of the
method can be good reasons for a potential use of the unilateral NMR imaging for

biomedical or botanical analysis.

Contrast induced by network strain

The possibility to produce relaxation contrast enables one to spatially resolve physical
parameters that influence the relaxation times. It has been observed before, for example,

that the relaxation time of polymers change under stretching [Hail, Gog2]. However,
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one should be aware that 7, and T, are usually encoded by different molecular
parameters.

When regions with different T, need to be discriminated, the contrast between
them can be enhanced by judiciously adding different echoes of the echo train before
reconstructing the image. In this way, a density image can be obtained by adding the

first echoes of the train, while a strong T, contrasted image is achieved by adding the
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Fig. 4.21 a) Experimental setup showing two cross-linked natural rubber bands, elongated (left) and not-

last echoes.
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elongated (right) to be imaged on the unilateral tomograph. b) Set of three images obtained from the same
experimental data using different T,. contrasts. Moving from bottom to top the contrast is progressively
increased by adding 10, 20, and 30 echoes respectively in the CPMC train. The T contrast is displayed

by an arbitrary grey scale where T,.¢ decreases from white to black.

Figure 4.21a depicts the experimental setup for imaging the heterogeneity
induced by strain in a NR band. For comparison a relaxed NR sample was placed next to
the elongated one. The images of the adjoining rubber bands (stretched — left and not

stretched — right) shown in Fig. 4.21b were reconstructed from the same experiment by
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adding different parts of the acquired echo trains. The bottom image possesses a low
Ther weight, while in the following two images the Ty contrast is progressively
enhanced to differentiate between the elongated sample with short T and the relaxed
one with longer Ty.sr. Some slight dark spots corresponding to regions with low The can
be identified in the elongated sample. Moreover these spots increase in size with

growing Ther contrast. However the contrast between the two samples remains weak.
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Fig. 4.22 CPMG a) and Hahn echo b) decays for different elongation ratios A (where [ = Aly, with [ the
length under stretching, and [, is the initial length). The maximum discrimination is observed in the Hahn
echo decays. c¢) Scheme of the test sample. It consists of two rubber bands, one stretched to A = 3 (dark)
and the second not stretched (bright). d) Map obtained as the ratio between an image measured for fgg =

1.5 ms to an image measured for g = 0.5 ms.

This is a typical case when the variation of T is irrelevant (Fig. 4.22a) but still
a strong contrast is observed in the Hahn echo decays (Fig. 4.22b). The contrast in this

case is produced by varying the encoding time fgg, while all echoes of the multiecho
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trains are co-added for maximum sensitivity. By choosing a long enough encoding time,
the strain can be directly measured from the pixel intensity. Obviously, this method
involves B inhomogeneity artifacts as well as spin density artifacts across the slice. A
way to eliminate these distortions requires the normalization of two images acquired for
long and short encoding times. The short fgg (0.5 ms) is limited by the minimum length
of the gradient pulses, and the long (1.5 ms) is set to maximize the discrimination. The
local strain then can be measured by converting the intensity of the map via the
calibration curve.

Figure 4.22¢ shows a drawing of the sample composed, as in the previous
experiment, of two 10 mm wide rubber bands placed next to each other parallel to By (z-
axis). Figure 4.22d shows a map measured with a 30 mm FOV along both directions
(along z the maximum FOV is limited by the rf coil to 25 mm). The image shows good
T, contrast between the elongated (dark) and relaxed (bright) regions. Although in this
experiment a uniform stretching direction is enforced, the technique can be applied to
discriminate different orientations via the dependence of 7, on the orientation of the
elongation direction with respect to the direction of the polarizing field By. Such
experiment would require a set of images measured for different orientations of the

object, and would provide not only the degree of stretching but also the direction thereof.

4.4 High resolution NMR profiling

It is possible to use the NMR-MOUSE in a few different ways. One of the strategies is to
measure the volume-averaged properties of a sample in the sensitive volume of the
sensor as was done in subsection 4.2. Another strategy is to encode space by phase or
frequency in order to achieve 2D spatial resolution. In this case the 2D technique can be
converted into a discrete 3D imaging technique making use of the natural gradient of the
sensor. However, the slice selection performances of a conventional NMR tomograph,
i.e. the one presented in subsection 4.3, are limited to at best half a millimeter.

In many cases in practice one finds that the structure of the sample under study
changes only along the depth direction. Thus, a very interesting strategy is tuning the

NMR-MOUSE for selection of less than 0.1 mm thin slices inside a sample. This
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requires a strong and highly uniform static gradient. This profiling technique quickly
found important applications in resolving multilayer structures, where even dynamic
processes happening at the surface of the sample as a consequence of an exposure to the
environment can be followed in real time. A short description of the technique followed

by some important applications is the topic of this subsection.

4.4.1 Method

In cases where the structure of the object varies only along depth, 1D spatial resolution
is sufficient for material characterization. A first strategy to measure 1D profiles takes
advantage of magnets like the one described in subsection 4.3, which generates planes of
constant field strength in a large depth range to select slices at different depths into the
objects simply by switching the rf frequency electronically [Eid1, Pral, Pra2, Cas2,
Per2]. Although the retuning procedure is simple, and fast, it has some disadvantages.
Density profiles are affected by relaxation times or self-diffusion in order to improve the
discrimination of heterogeneities in the material, but when the depth is changed the
values of these parameters vary introducing systematic changes in the contrast. First, the
variation of the resonance frequency along the profile possesses a restriction to the use
of T contrast in samples with frequency dependent 7', Second, the variation of the By
and B field profiles leads to a depth dependence of the transverse relaxation time 7o
measured by a CPMG sequence. Third, even the contrast by diffusion is distorted as a
consequence of the variation of the static gradient as a function of the depth. Fourth, due
to loss of B; homogeneity and intensity with increasing depth, the proper excitation of
the sensitive volume supposes increasing transmitter power (high intensity currents
applied to the rf coil). Moreover there is a loss of receiver sensitivity that cannot be
recovered.

The second strategy goes back to the original one used by the STRAFI technique
[Hail], where the sample profiling is performed just by changing the relative position of
the sample with respect to the sensitive slice keeping the excitation frequency constant.
Besides, being a distortion-free procedure, it only requires the generation of a flat
sensitive slice at a single depth. This important reduction in constraints imposed to the

field is exploited in refs. [Perl] and [Casl], where a simple magnet geometry is used to
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produce high depth resolution. A scheme of this sensor is shown in Fig. 4.23. It consists
of four permanent magnet blocks positioned on an iron joke, two polarized along y, the
others polarized along —y. The magnets with the same polarization are separated by a
small gap ds while, magnets with opposite polarization are separated by a larger gap dp.
By adjusting the gap widths, a constant field can be generated over a region of about 10
mm along the lateral directions. By increasing the gap dy, the depth, where this region is
defined also increases, while the field and gradient strength decrease. The size of dy, is
then chosen to generate as slice at a distance from the sensor surface equal to the
maximum required measurement depth. For the applications presented in this subsection
a sensors with dp = 14 mm generating the slice at 10 mm where the resonance frequency
is 18.1 MHz and the gradient strength 22.4 T/m was built. Since the magnetic field is
constant only in the finite region along the lateral directions, a rectangular two-turn
surface coil was built to excite only this region, so that good resolution can be obtained.
To vary the measurement depth, the sensor is placed on a high precision lift by means of
which the sensitive volume can be shifted trough the object under investigation in steps
of 10 wm. With this sensor 1D profiles with a spatial resolution better than 5 um have
been reported [Perl]. The procedure combined Fourier imaging of a slice thickness
defined by the excitation bandwidth of the pulses with displacement of the sensor in

steps equal to the slice thickness

sensitive
volume ¥ ~dp

i coil -

Fig. 4.23 Scheme of the profile-MOUSE showing the magnet geometry used to generate a highly flat
sensitive volume. The direction of polarization of the magnets is indicated by the grey scale. The rf coil
is positioned at a distance from the magnet surface in order to define the maximum required penetration

depth (distance from the coil and the sensitive volume).
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4.4.2 Single-sided NMR profiling of multi-layer objects

Air pressure tubes

The strong gradient of this sensor can be used to map the structure of multi-layer
samples with high spatial resolution. Figure 4.24 shows the experimental setup for NMR
profiling of a sample consisting of multiple layers of rubber and textile fibers. The
sample is used in robotics and looks like a rubber tube with two non-magnetic metallic
edges which enclose the volume of the tube. At one edge there is an opening to vary the
air pressure inside the system. The rubber walls consist of a strongly reinforced elastic
material and are meant to resist at high air pressures and fast pressure variations. With
changing pressure the diameter of the tube changes too, due to the elasticity of the
material. High inner pressure corresponds to an increase of the tube diameter at the
expense of its length. When the air is let out, the diameter decreases to the equilibrium
value and the tube “grows” in length to its initial state. By this simple mechanism,

mechanic motion is achieved along the axis of the system.

sample

profile
NMR-MOUSE

high precision
lift system

Fig. 4.24 Experimental set-up for NMR 1D profile imaging of a pressure tube. The NMR-MOSE is fixed
on a lift with a sensitive distance counter. During the experiment, the sensor is moved up/down to scan the

sample at different depths. The lift enables displacements of the probe with 10 pm precision.

Due to their great utility in the robotics industry, a quality monitoring of the
pressure tubes is important. A good evaluation of the two states (completely relaxed and

strongly tensioned) provides useful information about the systems work behaviour,
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fatigue and lifetime. Obviously this kind of investigation requires a totally non-invasive
technique. For this purpose, a profile NMR MOUSE operating at the resonance
frequency of 18.1 MHz for protons was used to measure 1D profiles trough the pressure
tube. The sensor was moved in steps of 50 um acquiring at each position a CPMG train
of 1000 echoes with fz = 85 ps. The required resolution was obtained by using an
acquisition window of 20 ps centered with the echo signal. The object was measured
from outside (left) to inside (right) in three tensional states: relaxed, slightly pressurized,
and at maximum pressure using the CPMG pulse sequence. The bi-exponential fits
revealed variations of Toe and Taers across the material but without accurate
information regarding its multi-layer morphology. Two extreme cases are depicted in
Fig. 4.25a in terms of the 1D T profiles of the tube walls in the strongly tensioned and
completely relaxed sates. The resolution in this plot is 100 um. The e and Toegrs depth
profiles are in good agreement and allow to discriminate three main layers: a ca. 0.5 mm
thick outer and a similar inner layer (from 0 mm to 0.6 mm and from 1.5 mm to 2 mm

respectively) with a ca. 1 mm thick less elastic layer in-between.
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Fig. 4.25a) T, ;; and 7,4 distributions trough the pressure tube wall in two states: relaxed and strongly

pressurized. The material was scanned in steps of 100 pm; b) T, weighted spin density profiles of the
pressure tube in three physical states: relaxed, half pressurized, and strongly pressurized. Each data point

is the sum of 500 echoes from a total of 1000 in the CPMG echo decay. The profile resolution is 50 pm.

T, decreases all over along the depth when the tube is pressurised. The largest
T,er drops correspond to the inner and outer layers suggesting there a strong dependence
of the material hardness on strain. These regions can be interpreted as the elastic parts of

the tube wall, while the middle layer, where the changes between the two states are
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much smaller, can be interpreted as a rigid region. In this region there are probably some
reinforcement structures to keep the system safe at the high pressures it is normally used
to work.

As, a discrimination of these structures could not be done by means of transverse
relaxation, spin density contrast was introduced. The T,s weighted spin density depth
profiles were drawn for the same sample in three different tensional states, by summing
the first 500 echoes (from a total of 1000) in the CPMG decays (Fig. 4.25 b). Moreover

the resolution was increased to 50 um to enable the discrimination of narrower

structures.
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Fig. 4.26 Interpretation of the NMR profiles measured in textile-reinforced rubber tubes. The first
theoretical function (f;) modelling the intensity profile of the heterogeneous relaxed tube, and the second
one (f>) corresponding to the signal intensity of the curved object in a finite-width slice at different
depths. The convolution of f; and f> gives the final function f; which is the theoretical intensity profile

(bottom right) of the heterogeneous tensioned object. The experimental results (top right, or Fig. 4.25b)

fit this model well.

The signal intensity variation trough the object reveals two layers of
reinforcement fibres characterized by lower proton density (drops in the signal

intensity). The total thickness of the material is exactly 2 mm. The first textile layer
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starts at about 0.5 mm and the second layer ends at about 1.5 mm depth both having the
same thickness of about 300 wm. This explains the T, distribution diagram with the
elastic inner and outer layers and the rigid central layer in-between.

Not only the multi-layer morphology, but also the shape of the sample in the
different tensional states can be quantified using the high-resolution profiling method. In
Fig. 4.25b there is a noticeable gradual change in material thickness and shape while
going from the completely relaxed state to the highly pressurized state. The mechanism
is described in Fig. 4.26. When the tube is relaxed its wall is almost flat. Scanning it in
depth, one gets an intensity diagram which in the ideal case is a hat function (f;) as wide
as the thickness of the multi-layer material. The fibre layers will appear in this diagram
as rectangular holes as wide as their thickness and at abscissa positions equal to their
depth positions.

When pumping air inside the tube, it will progressively change its shape from flat
to round. Without any error we can neglect for a moment the presence of fibres, to think
only about the intensity diagram corresponding to the round shape. It can be described
by a function like f, (Fig. 4.26) consisting of a slowly increasing part as the sensor
advances in depth and the amount of material inside the sensitive volume gradually
increases, and a second, faster decaying part, as the sensitive volume is already trough
the wall but still intersects the object at its edges. Obviously f, is a function of the wall
thickness as well as of the shape and lateral dimensions of the sensitive volume
correlating with the diameter of the tube. The model above fits well for a rectangular
sensitive volume like the one of the NMR-MOUSE used in our experiment.

The intensity diagram of the tensioned tube with the fibres inside can be easily
obtained as shown in Fig 4.26 in terms of a third function f3, which is the convolution of
the “round shape effect function” with the “fibres effect function” namely f; and f;. The
experimental data are in very good agreement with this theoretical analysis. Moreover,
the gradual decrease of the overall intensity with increasing pressure inside the tube (Fig.
4.25b), can be explained by the T, weighting effect already discussed for the pure T
diagram (Fig. 4.25a). When the sample is stretched it becomes harder, the signal decays
faster, and the sum of the echoes will be smaller. The effect of stretching is also revealed
by the change of wall thickness which for the pumped tube is with about 25 % less than

for the completely relaxed one.
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Oil pressure tubes

An interesting application of the profiling technique is the investigation of reinforced
rubber tubes employed as pressure transmitters in technical devices. The largest domain
of applications is the automotive industry where these tubes are important components
of the brake systems. Thus, the investigations of the mechanical load effects (fatigue) as
well as the degree of oil penetration in the material are important parameters for
characterization and lifetime prediction.

The samples considered for this study were two tubes previously aged at an
impulse test device (marked below as tube 1 and tube 2) and a new tube as reference.
The profiles have been measured by scanning the tubes from inside to outside in steps of
0.1mm. The required resolution of 0.1 mm was obtained by using an acquisition window
of 10 ps centered with the echo signal. The method used to generate and to measure the
NMR signal, was the CPMG sequence. The temperature during experiment was 21° C
with insignificant fluctuations, so that no temperature calibration was needed. To
improve the signal-to-noise ratio, 128 scans with a repetition time of 300 ms were

averaged for each step, defining a measurement time of 35 min for a complete profile.
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Fig.4.27 a) Amplitude profiles measured trough the three tubes. There is no major change between
reference and mechanically tested tubes. b) The T, profiles are very similar for the tested tubes and
totally different from the reference which is nearly unaffected by position; 7% increases with increasing
depth for the tested tubes encoded by the contribution of the oil to the average Ty.q of the material. Thus
the T, profile is a quantitative measure of the oil at each position and shows the direction of oil

penetration (obviously from inside to outside).
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The echo decay envelopes were fitted mono-exponentially to obtain the Toes
information for every position. The spin density information (signal amplitude) was
obtained with insignificant 7. -weighting from additions of the first 25 echoes in the
CPMG decay. Nevertheless, the intensities were T}-weighted since the repetition time of
300 ms used in this experiment is much shorter than the 7' of the oil. Figure 4.27 a and
b) shows the profiles measured trough the oil pressure tubes with a resolution of 100 um.
The amplitude profiles are roughly the same for all tubes (Fig. 4.27 a). The NMR signal
amplitude gradually increases with increasing depth, a consequence of the round shape
of the object. The fast decay at the end reveals a thickness of the hose wall of 3.5 mm. A
reinforcement textile layer can be discriminated at about 2 mm depth in terms of a drop
in signal intensity (lower proton density of oil and fibres compared with the rubber
matrix).

Opposite to the previously presented case where for structure elucidation the Tyt
profile was irrelevant and a spin density contrast was necessary, here the spin density
profiles make no discrimination between the mechanically tested tubes and reference.
Nevertheless, the 7o contrast is strong (Fig. 4.27 b). This is due to the difference in
transverse relaxation times of the different layers with different oil content. The oil,
where the dipolar couplings are motional averaged has the longest Ther While, Toesr of
rubber is comparatively short because of the cross-linked macromolecular structure.
Thus different oil/rubber ratios will lead to different average T.¢ values. In this way the
T, profiles are strongly contrasted by the presence of oil and the mechanically tested
tubes can be well discriminated from the reference.

There is a monotone T, increase from left to right as a consequence of
increasing oil amount with increasing depth. The information concerning the tube wall
thickness cannot be obtained from the T, profiles with the same accuracy as from the
intensity profiles. The reason is the remnant oil accumulation inside the tube channel
during measurement which has an effect similar to an increased wall thickness. It
appears in the Ty diagram as an oscillating end. In the spin density profile it is not
obvious as the spin density of the oil used was much smaller than the one of the rubber.

The textile layers can be again well discriminated but only inside the aged
hoses. They appear as tops in the Ty profiles at the same positions where the amplitude

drops appeared in the intensity profiles. But, the reinforcement layer cannot be identified
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in the relaxation profile of the reference hose. This facts suggest that in the cases of
tubel and tube2, the narrow top (Tf increase) is a consequence of the oil diffusion
inside the textile layer. Nevertheless, the complementary (amplitude) profile outlines

very well the reinforcement layer by the specific intensity decay seen for all hoses.

4.4.3 Surface UV aging of elastomers investigated with
microscopic resolution by single-sided NMR

The action of UV light on polymers, and especially on elastomers is still not completely
understood, although extensive data has been reported on the action of electromagnetic
radiation on such materials [Weil, Mill, and Fow1]. Studying the interaction of UV
irradiation with the elastomer network is an important topic in polymer science relevant
to the polymer industry.

The interest in the transformation of organic polymers under the action of UV
radiation relates to a number of reasons. First, polymer modification by ionizing
radiation is an important technological means for functionalizing polymer surfaces
[Skul]. The reaction mechanism is complex and involves the actions of many primary
particles. Second, an analysis of this process is important considering the material
deterioration during processing and use in different environmental conditions. One
example is the dry etching of polymer resists in microelectronics under the action of
short wavelength light. Furthermore, the UV component of sun light deteriorates many
polymeric materials especially in the presence of oxygen. Understanding long-term
aging characteristics of elastomers is critical for performance assessment and lifetime
prediction of such materials.

As the irradiation enters from the outside and is absorbed by the polymer, spatial
heterogeneity develops in originally homogeneous objects. This spatial heterogeneity
can be probed with microscopic resolution with a profile NMR MOUSE in terms of
transverse magnetization relaxation times which are very sensitive to cross-link density
variations. In this context, high resolution '"H NMR depth profiles have been obtained
near the surface of a rubber sample after exposing it to UV radiation for several days. An
NMR observable related to the sum of the spin echoes in the Carr-Purcell-Meiboom-Gill

pulse sequence was used to characterize the cross-link density changes produced by the
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action of the UV radiation. An exponential attenuation law with a linear space dependent
absorption coefficient was proposed to describe the measured space profiles at different

irradiation times.
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Fig. 4.28 a) Experimental setup for the measurement of microscopic profiles across a UV aged cross-
linked NR sample. The Profile NMR-MOUSE is mounted on a high precision lift by which the distance
between the NMR-MOUSE and the object on top of the lift can be changed with micrometer resolution.

b) Schematic representation of a section of the object and the sensitive volume at two positions.

Experimental

The sample was a cross-linked NR with 3 phr sulphur content (for preparation details see
Subsection 4.2.5). It was irradiated with a 300 W Osram Ultravitalux UV lamp with an
emission spectrum in the 300 - 400 nm wavelength range. The total irradiation time was
eight days. The NMR measurements were done after five hours, one day, two days, four
days, and eight days of irradiation. The distance between sample and radiation source
was 20 cm.

To characterize the segmental dynamics of the elastomer after irradiation, a set-up
consisting of the profile NMR-MOUSE [Perl] and a high precision lift was used. The
experimental setup is presented in Fig. 4.28a. The depth profiles were measured in
increments of 20 um (Fig. 4.28b) at a resonance frequency of 18.1 MHz in a uniform

gradient of 22.3 T/m.
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Carr-Purcell-Meiboom-Gill decays (CPMG) were acquired in the strongly
inhomogeneous magnetic field of the sensor to measure the transverse NMR relaxation.
The nominal 90° and 180° pulses were 20 us, exciting a frequency bandwidth of ca. 50
kHz, and the acquisition time was set to 50 s to achieve a frequency resolution of 20
kHz per acquisition step. Each sample was measured in 30 steps from the surface up to a
depth of 0.6 mm. The dead time of the radio-frequency set up was 30 us. The CPMG-
train consisted of echoes acquired with echo times of 130 us. The number of scans was
256 with a repetition time of 0.5 s. The NMR experiments were performed at 23° C with

a temperature stability of + 0.1°C.
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Fig. 4.29 Mono-exponential and tri-exponential fits of the CPMG echo decay measured in a 20 um thick
sheet of an UV aged NR sample. The zoomed sections of the decay reveal improvements in the fit when

going from a mono-exponential to the multi-exponential fit.

Values of the effective transverse relaxation timeTZeff were evaluated from

mono-exponential fits of the CPMG echo decays. The average over the micro-
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heterogeneity of the sample is denoted by a bar. A large error in the fit with a single
exponential and an improvement in the quality of the fit when fitting with a bi- or tri-
exponential function revealed a multi-exponential nature of the decays (Fig. 4.29).
However, the use of a fit function with a large number of exponentials would have
complicated this study which was mainly focused on mapping the layer structure
generated by the irradiation.

A suitable NMR parameter with high sensitivity towards changes in the rubber
network segmental dynamics that can be derived from the CPMG decay is the integral of
the initial part of the normalized echo train. It is straightforwardly obtained as the sum of
the echo amplitudes divided by the mean amplitude of the first few echoes. Moreover, a

summation of N, €choes increases the signal-to-noise ratio (S/N) by approximately:

%« N (4.10)

The normalized sum of N echoes

The amplitude Sxvmr of each point in the depth profile is derived from the envelope of
the CPMG echo decay. Suppose the echo decay is described by an exponential function
characterized by an average effective transverse relaxation time TZeﬁ'. Let us denote with

So the amplitude of the CPMG train extrapolated to # = 0 by ignoring the first echo. The

sum of the echoes 2 to N+1 is then given by

_ 21t

N =
Sy =8, ¢ . (4.11)
i=1

where 2 71is the echo time. We will define our NMR variable as:

N
=N _§e T (4.12)

After computing the sum of N terms in the geometrical progression above (Eq. 4.12) we
can write:

1- exp{—ZTN IT it }

1—exp{—2r/fzeff} . (4.13)

SNMR =
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For an echo time 2 7 that fulfills the condition 27 << T2t we finally obtain

= 27 N
— Toett | 1—=
Toett 2elt ( T 2eft j (4.14)

S ~
NMR 27 27

If the condition 27/ ?Zeff <2 is fulfilled, the second term in the expression above is

small and can be neglected, so that one can write

Tae
Stk z%, (4.15)
T

In the limit of short echo times, the NMR observable is proportional to T et .

Results and discussion

When a polymer is irradiated with UV light, primary and secondary processes take place
[Skul]. The primary processes are first transformations which occur when the polymer
chain absorbs radiation doses exceeding its ionization energy, leading to formation of
charge pairs, free charges, singlet excitation, and in much smaller amount, triplet
excitation. The excited states can further decompose following either a free radical path
with yields of macromolecular radicals and protons, or the molecular path when
molecular hydrogen is rendered with the formation of double bonds in the
macromolecule. At high irradiation energies, the polymer chain can be destroyed with
the formation of long chained radicals.

The rearrangements following the minimum energy rules are known as secondary
processes. Here the previously formed hydrogen atoms or molecules can either
recombine with the macromolecules forming molecular hydrogen-radical pairs or
saturating double bonds, or the unsaturated double bonds can migrate along the
macromolecular backbone. In parallel, the ionization of double bonds can result in great
acceleration of the decay of double bonds in the processes of intramolecular cross-
linking (cyclization) and intermolecular cross-linking. Meanwhile, ionic cross-linking
and physical cross-linking (entanglements) as a consequence of increased entropy are
likely to occur increasing even more the cross-link density of the irradiated polymer.

The effect of UV radiation on cross-linked natural rubber was characterized not
only as function of penetration depth but also as function of irradiation time, as time

cumulative UV radiation induces increased physical aging in the polymer network in
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addition to the chemical aging. The main effect of both is an increase of cross-link
density at the surface of the sample. This will lead to a larger attenuation of the CPMG
decays and therefore, to smaller values of our NMR observable. The attenuation of the
radiation intensity with the penetration depth is represented as a plot of the effective
transverse relaxation rate that is proportional with 1/S,,. (Eq. 4.15), versus depth (Fig.
4.30a) and inversely proportional to the cross-link density [33]. The average attenuation
coefficient <,u> has been calculated on the basis of the Beer-Lambert law. In this case
the attenuation coefficient was considered as not changing with the position inside the

sample but depending on the irradiation time ¢, i.e., <,u> = <,u>(t) In the limit of the
above approximation the attenuation law of the UV radiation is written as:

I(x)= 1" (4.16)
where I(x) is the intensity of the UV radiation at a distance x from the sample surface.

The intensity of the radiation at the surface x=01s /.
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Fig. 4.30 a) Effects of UV aging versus depth for different UV irradiation times. The quantity 1/Syyr is

proportional to the reciprocal of the effective transverse relaxation time. b) Variation of the average
attenuation coefficient < ,u> with the UV irradiation time (depth independent attenuation coefficient

approach). The quasi-linear decrease (solid-line) of the attenuation coefficient suggests time-proportional

qualitative modifications inside the polymer material exposed to UV irradiation.

Fitting the experimental data shown in Fig. 4.30a with the exponential function

4.16, the <u> values are obtained. A plot of the average attenuation coefficient versus
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aging time shows a decrease of <u> with increasing irradiation time (Fig. 4.30b). The

quasi-linear decrease of <u> with increasing irradiation time could be explained by the

primary processes of photolysis discussed above. The efficiency of these processes
increases proportionally to the irradiation time. The more chains are broken the less
attenuated the incident light intensity is at a given depth x in the material. In this
scenario the secondary processes like cyclization, intermolecular cross-linking, or ionic
cross-linking, which statistically occur with high probability, are neglected. Meanwhile,
physical processes like entanglements (physical cross-linking) as a consequence of the
higher mobility of the broken chains are likely to occur as well.

Due to these complex processes the attenuation coefficient of UV radiation can
be dependent on the intensity of the radiation and therefore on the position of the sample
layer from the surface. Following this approach, the topological constraints and cross-
link density will change gradually from the network surface into the bulk. Therefore, not
only the intensity /(x) of UV radiation will change with the distance x from the surface
but also the attenuation coefficient g will become space dependent, i.e. (= ,u(x). We

can assume that 4 can be written as a quantity that exponentially decreases with the

distance in the sample. Therefore, we can write
4.17)
,U()C) = :uo exp{— kx}’

where u(x) is the attenuation coefficient at depth x, 1, = 1(x=0) is the UV absorption

coefficient at the surface of our sample, and k is the spatial decay constant of the
absorption coefficient. This coefficient can be correlated with supplementary cross-
linking induced by the UV radiation in the polymer network. In principle, both quantities

M, and k are functions of the irradiation time.

The attenuation law of the UV irradiation takes into account the gradual change
of electromagnetic radiation intensity with the distance. The Beer-Lambert law can be
generalized for the case of space-dependent absorption coefficient, and from Eq. (4.15)
and Eq. (4.17) we get

dI(x)

o —pte ™1 (x), (4.18)
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where [ (x) is the intensity of the incident UV radiation at the depth x measured from the

polymer network surface. The solution of Eq. (4.18) representing the dependence of the
UV intensity /(x) as a function of the penetration distance x measured from the sample

surface has the form

I(x)=1, exp{% (e - l)}- (4.19)

where, by, is denoted he intensity of UV radiation at the surface of the polymer

network. When kx <<1, the classical law of radiation attenuation is obtained from Eq.

(4.18), i.e., I(x)=1 0 expl— ,uox}. For small variations of u, the generalized attenuation
law becomes [ (x) =1, exp{— < ,u>x} where < ,u> is the average value of ,u(x).

The data shown in Fig. 4.30a represent the NMR signal as function of depth for
different aging times. They were fitted with Eq. 4.19. These fits are shown in Fig. 4.31a.
Figure 4.31b depicts one of the experimental data sets (sample irradiated for two days)
together with the fit function. Plots of uo and k versus irradiation time are shown in Fig.
4.31c, and d. Figure 4.31d depicts k as a function of irradiation time. It shows a
monotonic decrease of the variation rate of u with the irradiation time. The decrease of
the quantity k suggests a tendency to reduce the variation of u with the depth at
prolonged exposure of the polymer to irradiation. When going to extremely long
irradiation times, k becomes very small and the attenuation coefficient u will be constant

along the irradiation depth direction, i.e., u(x)= M, . The plot of ug versus irradiation

time (Fig. 4.31c) shows an increase of the attenuation coefficient at the sample surface
followed by saturation after ca. two days of irradiation. The increase of uo can be
explained as consequence of the increasing UV radiation induced cross-link density until
saturation.

The dependence of the quantity ugon the aging time can be quantified based on a
law similar to the Avrami law. The increase in cross-link density with UV irradiation
exposure time is plausible to be described by a relationship similar to the Avrami

equation [34]. We can chose this dependence to be of the form:

Uy = A, — A exp(—Kt,), (4.20)
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where K and n are Avrami parameters. The difference A, - A; corresponds to the value of
Uo at the aging time #, = 0. The coefficient A, describes the saturation value of 4. This
equation was used to fit our experimental data, namely uo versus aging time (Fig. 6a).
The quality of the fit supports the Avrami functional dependence for the interpretation of

the evolution of polymer aging effects induced by UV light with the aging time.
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Fig. 4.31 a) Fits of 1/Syvr with Eq. 4.19 as function of depth for different aging times. b) One of the
experimental data sets (NR UV-irradiated for two days) together with the fit curve. The uncertainty of the
fit is less than 4%. c) Plot of uq versus aging time fitted with an Avrami model function. d) Plot of k

versus UV irradiation time. The variation rate of u has a monotone decrease with increasing irradiation
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Conclusions

The experiments conducted in this work demonstrate the sensitivity of single-sided
NMR for detection of heterogeneities in polymers and biological materials. Elastomer
materials can readily be characterized by unilateral NMR of protons in terms of a variety
of parameters, which correlate with the overall molecular mobility. In this way
information is obtained non-destructively about cross-link density, state of cure, the
effects of aging, and product heterogeneity. For these reasons the NMR-MOUSE can be
used to optimize product development, and to monitor product and production quality.

In Subsection 4.2 it was shown that the mobile NMR sensor is suitable for
operation in an industrial environment. Variations in product homogeneity have been
observed with the NMR-MOUSE at different steps in the production of tyres. The
characterization was done for all products including the unvulcanised and vulcanized
tires which are inaccessible to classical test methods like rheometry or RPA. Moreover,

even in production steps where RPA could be implemented for complementary product

analysis, the NMR-MOUSE showed higher sensitivity. The tyres with high 7, before

vulcanization showed a low spread in T, after vulcanization. As 1/T, correlates
with the modulus, the soft material leads to a rather homogeneous product, in agreement
with a homogenization of the product being achieved during vulcanization by

component diffusion.
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Nondestructive testing by single-sided NMR opens a window for probing
mechanical deformation at a molecular scale. Fatigue due to excessive mechanical stress
is routinely tested by cyclic loading of test bodies such as rubber stripes. A small NMR
sensors based on the classical permanent magnet configuration has been built to fit a
stress-strain device for rubber stripes. The stress-strain curve could be mapped
simultaneously with the mechanical measurement by recording CPMG decay curves at
different strains. As expected from the proportionality of NMR relaxation rates and
elongation, the inverse of the relaxation time Ty.¢ obtained from summing all the echoes
of the CPMG decay parallels the stress-strain curve up to about 400% elongation. Such a
set-up promises to be of use for predicting the time of failure based on NMR relaxation
measurements in cyclic loading tests.

In Subsection 4.2 the possibility to generate one-dimensional maps of the
distribution of Young's and shear moduli in elastomers was reported. Elastomers are
complex macromolecular systems with statistical distributions of many molecular
properties. A strategic objective for investigation is the correlation of the molecular
information obtained by different NMR methods with the structural and viscoelastic
proprieties of polymers. Such correlations can be especially useful for the
characterization of ageing in natural rubber. One-sided NMR sensors with different
configurations have been tested for this purpose. The calibrations of 'H transverse
magnetization rates versus the elastic and shear moduli were justified based on the 'H
residual second van Vleck moments previously measured on the same series of natural
rubber samples and reported by Fechete et. al [Fecl].

The inverse proportionality between transverse relaxation time and cross-link
density was verified even at high degrees of cross-linking (up to7 phr sulphur content).
However, the plots depicting 1/7%¢ versus mechanical moduli (E and G), preserve the
linearity of the correlation functions only at low cross-link densities (up to 4 phr sulphur
content). At high cross-link densities the correlation functions become obviously more
complicated. Nevertheless, for a sample with large 1/T,.¢ variations in this range, the
correlation maps can be used with good precision to determinate the values of E and G.

The second order van Vleck moment measured at high and homogeneous magnetic
field (7 T, DMX 300) was also plotted as a function of relaxation times measured with

the NMR-MOUSE (0.4 T). The segmental order measured by the residual second van
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Vleck moment was previously shown to scale with a polynomial dependence on cross-
link density or shear modulus [Fecl]. This can be interpreted by considering high-order

corrections to a Gaussian distribution of the end-to-end vectors. Like in the plot of 1/T 5

versus cross-link density, the linearity of the function describing <M 2> versus 1/7 e

was found to be preserved even at high cross-link densities. Although the experiments
were performed in different B, field strengths and homogeneities, the two NMR
parameters correlated very well following the theoretical predictions. This confirms that
single-sided NMR relaxometry is a valid alternative to measurements at homogeneous
magnetic fields.

Furthermore, the effects of aging in PE water pipes were studied. A U-shaped
NMR-MOUSE was used for this purpose. It was showed that not only in the case of
cross-link elastomers, but even for semicrystalline polymers like PE, unilateral NMR
provides relevant information about morphology. The transverse relaxation times
obtained from a bi-exponential fit of the CPMG decays were used to characterize the

homogeneity of PE tubes employed for a long period of time underground as water

pipes. A decrease of T,.; Wwas observed in the failure positions of the pipes as a

consequence of decreasing chain mobility. Moreover, depending on the type of
mechanical impact it was found that the heterogeneous profile of the damage material
changes, and this change could be discriminated in terms of transverse relaxation data.

The development of imaging techniques suitable to be implemented on single-
sided sensors has opened a broad field of new applications in medicine and material
science. Besides being a non-destructive technique, single-sided NMR allows in situ
characterization of large immobile objects. In Subsection 4.3, the strategies developed to
incorporate 2D and 3D spatial resolution and enhance contrast on single-sided sensors,
have been presented in a number of applications that illustrate the performance of the
technique in fields like quality control, medicine and material science.

When applying a pure phase-encoding sequence on a sensor equipped with a
gradient system, 3D images can be reconstructed by combining cross sections of the
sample measured at different depths. The method allows one to produce contrast in the
images by averaging different parts of the multi-echo acquisition train. The imaging
technique was used to detect failures in finished products, and to map the stress

distribution in materials under load. Furthermore, it was implemented to study biological
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structures like the mandibula of a rat in vitro with potential future in vivo-applications in
the maxilo-facial surgery, and the morphology of plants leaves. In these domains, further
improvements of the technique could provide access to functional information as well.

The generation of uniform static gradients provides a simple method to resolve
layered structures changing only along the depth direction. In Subsection 4.4, a high-
resolution profiling technique has been exploited to resolve multi-layer structures and to
follow dynamic processes like the absorption of oil in high pressure rubber hoses or the
UV aging of cross-link elastomers.

Like in multi-dimensional imaging, the contrast can be enhanced in different ways
to highlight along the preferential direction the morphology changes of the material
under investigation. To resolve the multi-layer structure of air-pressure tubes
implemented in robotics, the spin-density contrast was found to be most proper. Later,
the same technique was successfully implemented to resolve the depth structure of oil-
pressure hoses. However, the effect of oil ingress in the material could not be observed
from the spin density profiles. In this case the T, contrast made possible the
discrimination between the previously tested tubes and reference.

In a related study, the Profile NMR-MOUSE was found to be a unique tool for
the characterization of changes induced by the UV irradiation in natural rubber. An
NMR observable based on the sum of the initial CPMG echoes was shown to be
proportional to the average transverse relaxation time and used to build the UV
attenuation profiles. The aging profiles were interpreted for the first time based on a
novel model in which the radiation absorption coefficient depends on the depth in the
sample. The parameters describing the depth dependence of the radiation attenuation
coefficients are functions of the aging time, thus an Avrami-like equation was proposed
to describe the changes in the absorption coefficient with irradiation time. Being a
sensitive method for the measurement off cross-link density modifications in elastomers,
NMR relaxometry with high precision mobile sensors like the profile NMR-MOUSE
can be used to quantitatively and qualitatively characterize the surface aging effects
induced by different physical and chemical agents.

NMR is a proved powerful method for characterization of structure and motion in
materials. Compared to other physical investigation methods, NMR provides unique

information from a large variety of experiments which make the method irreplaceable.
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In particular, single-sided NMR exhibits important advantages like non-invasiveness and
non-destructiveness, portability, simplicity and not least, low costs. It shows up in its
different shapes as a unique tool for characterization of a large variety of materials in an

ever broadening field of applications.






Appendix

Dependence of the residual second van Vleck moment
on cross-link density

For ideal polymer chains, the most significant and distinctive property is the Gaussian
distribution of the end-to-end distances. Tacking into account that different segments of
the freely jointed chain are statistically independent and can be represented by a Markov

chain it is possible to derive the correction to the Gaussian distribution of the end-to end

distances ‘}a [Grol]. In the approximation of the first correction term the distribution of

‘}g‘ is given by [Grol]

r, r,
PI(\IC) ( lr{‘) =Py (‘lr{‘){l— 2§N (5— 11(\);:2 + ;24 j+..1, (A1)

where the Gaussian distribution function is

r 3 V2 3{{2
Py (|R|) = (ZENaz j exp {— NG } (A2)

From the distribution sz(rc)m) corrected in first order it is possible to calculate all

moments, i.e., the averaged values of any even power of }é’ From the Gaussian

distribution function, Eq. A2, we get,

I I

<(§2)n>ﬁ = ()" (R ak. (A3)

(=)

and finally,

<(}£2)n>§:(Naz)n1~3-...é£2n+l). (Ad)
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Considering a DCF over a statistical ensemble, the residual second van Vleck moment is

given by [Fecl]

(M,)= —;<Tr{(ﬁdly)2}>§’ﬁ (A5)

2
Tr{Iy}
in which the average is taken over the distribution of the lengths of the end-to-end
vectors and their orientation relative to the static magnetic field.

In order to obtain the dependence of the residual second van Vleck moment (cf.

Eq. AS5) on the cross-link density or shear modulus (see below) one has to calculate the
2 2
average over the end-to-end vector distance for the quantity, [W] . Using the

corrected Gaussian distribution function given by Eq. Al, Eq. A4, and Eq. A5 one
finally gets [Fecl]

RZ Y\ 51 21
(M,) e (—J =S (A6)

It is concluded that in the limit of the approximation used above the residual

second van Vleck moment scales with 1/N* for high numbers of statistical segments,
i.e., for N>>1, meaning small values of the cross-link densities.

The effective number of statistical segments N is defined from the number of
segments N ©) petween physical cross-links or topological constraints and the number

N'© of segments between chemical cross-links. If we assume that the contributions to

the residual dipolar coupling are additive and topological constraints are independent of
the degree of chemical cross-linking we can write: (N)™ = (N (0))_1 + (N (C))_l. In this case
it is expected (cf. Eq. A5) that <M 2> has a polynomial dependence on the cross-link
density or shear modulus. Moreover, in the limit of vanishing chemical cross-linking

(N (C))_l — 0 the value of the residual second van Vleck moment is finite.
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