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Abstract

The goal of this work is to create a integrated microcoil ”lab-on-a-chip” (LOC) device for
inductively coupled Nuclear Magnetic Resonance spectroscopy, with sufficient sensitivity
and spectral resolution such that metabolomic analysis, for small sample volumes in a

wide range of applications, becomes feasible.

Much excitement has surrounded the field of microfluidic LOC devices for reasons of
cost and high-throughput capability. These devices combine reagents in a miniaturized
chemical reactor network to sort, process, and ultimately analyze a desired sample. Fab-
rication in glass or polymer substrates via lithographic methods, similar to those used
in microelectronics, make LOC devices very cheap and expendable. In contrast to this
emerging field is Nuclear Magnetic Resonance (NMR) spectroscopy which is an estab-
lished tool, ranging in applicability from protein structure determination to non-invasive
whole body imaging (called Magnetic Resonance Imaging (MRI) in practice). Although
in principle, NMR possesses the high specificity needed for a microfluidic analytical tool,
in practice there are several limitations relating to sensitivity and resolution. This thesis
reports on methods to integrate NMR spectroscopy with microfluidic devices without

sacrificing sensitivity.

Theoretical aspects of NMR are explored in regards to applicability of this method to the
small sample regime. Further, microcoil fabrication and integration work is presented
for inductively coupled coils. Planar spiral resonators are fabricated lithographically by
etching Cu, laminated on polyimide. Coil performance is characterized by both magnetic
resonance images and spectroscopy. A single-scan limit of detection LOD; = 0.95 nmol

1/2

- §'/% was obtained from sample volumes around 1 pl.



iii

The sensitivity of this approach is compared with contemporary methods that utilize
solenoid, micro-stripline, and micro-slot probe microcoils. It is demonstrated that pla-
nar microcoils are very very comparable to these designs in sensitivity, with the added

advantage of being a flexible platform.
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Chapter 1

Motivation

Microfluidic Lab-on-a-chip devices represent a rapidly emerging technology based on the
paradigm of integrating complex biological or biochemical assays on a compact, expend-
able platform [1]. Substantial progress has been demonstrated in recent years, in partic-
ular in the development of on-chip methods for the culture, manipulation sorting, and
characterization of cells. Integration of such devices with high-resolution spectroscopy
offers obvious advantages; traditionally though, NMR coils are designed with high de-
grees of cylindrical symmetry to optimize filed homogeneity, which is interrupted by the
introduction of planar microfluidic device samples. NMR, spectroscopy is one of the few
tools available that allows metabolome quantification of biological fluids non-invasively,

without the use of fluorescent labels, and without destroying the sample.

As discussed in more detail in the following, due to the limited sample volumes, mi-
crofluidic NMR spectroscopy benefits from the use of miniaturized receiver coils. Sev-
eral designs, such as solenoids wound around capillaries [2-6], planar microcoils [7-10],
micro-striplines [11-14], and micro-slot probes [15] have been described. However, these

approaches require a fixed fluidic infrastructure to accommodate the sample. This runs

1
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\
A/

foe-

F1GURE 1.1: Basic concept of microfluidic NMR. A: Sample is loaded onto Lab-on-a-
chip device; B: development box actuates microfluidic sample preparation/separation;
C: chip is inserted into NMR probe assembly for spectroscopy.

counter to the paradigm of expendable LOC devices, and is difficult to combine with
high-throughput clinical screening applications (Figure 1.1 shows the basic concept of
how microfluidic NMR works). By contrast, our approach relies on planar radio fre-
quency (RF) resonators that are integrated into the microfluidic platform. These are
essentially 2D metal structures designed to resonate at the Larmor frequency, which are
coupled inductively to the NMR receiver and transmitter. This mode of operation allows
for easy insertion and removal of the microfluidic device from the spectrometer. It is
important to note that inductive coupling does not incur a significant cost in sensitivity
[16, 17]. In fact, we found the sensitivity of spiral-coil resonators to exceed results that

have been reported for conventionally coupled spiral coils of similar geometry [7, 8].

As has been shown both theoretically [18-21] and experimentally [22-24], the specific

sensitivity (per mole of sample) of NMR measurements increases dramatically as the
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A

FIGURE 1.2: Integration of microfluidic chip with micro fabricated resonator. A: top

view; B: cross-section view’ C: assembly. a: Cu/Au self-resonant planar micro coil;

2: fluidic network; 3: Protection dielectric (MEMS wax or SU-8); 4: coil substrate
(polyimide/glass); 5: cover layers (PMMA /glass).

receiver coil is scaled down. This has been exploited extensively to devise ”hyphenated”
techniques [2, 3, 25-28] such as high performance liquid chromatography (HPLC)-NMR,
in which the sample is injected after chromatographic separation into a capillary that
runs through a miniaturized solenoid coil, or forms the dielectric in a micro-stripline.
Microfluidic lab-on-a-chip devices, by contrast, have a planar geometry. Obtaining NMR
signals with optimum sensitivity from such a device requires receiver coils with a similar
form factor. Planar spiral coils can be made by lithographic techniques, and have been
successfully integrated with simple microfluidic systems [7—10]. High sensitivity NMR
signals can also be obtained from microfluidic systems by remote detection [4, 5, 29-32].
In this case, the signal is encoded by a large transmitter coil that fits around the entire
microfluidic device. Detection, however, is done using a micro-solenoid wrapped around

a capillary downstream from the microfluidic device.
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In all these cases, the integration of microfluidics with NMR spectroscopy requires ei-
ther an electrical contact or a fluidic connection to the lab-on-a-chip device. This is

inconvenient, and severely limits high-throughput applications.

Here, we present contactless microfluidic chips based on planar micro coils that can be
coupled inductively to the NMR console, by simply inserting them into a probe assembly
equipped with a probe coil that is large enough to accommodate the entire chip. The
principle is illustrated in Figure 1.2. Inductive coupling is widely used in NMR imaging
[33, 34]. Recently, Sakellariou et al. have shown that substantial gains in sensitivity
are possible in magic angle spinning experiments on mass-limited samples by including
inductively coupled resonators into the MAS rotor [35]. As discussed in the remainder
of this paper, planar spiral micro coils with the required self-resonance frequencies in
the range of several hundred MHz and quality factors above 50 are easily obtained
by simple lithographic techniques. Microfluidic devices can be integrated with NMR
spectroscopy by simply attaching such resonators to their surface. Thus equipped, the
microfluidic device is then just as easy to introduce and remove from the NMR probe
as a conventional 5mm sample tube. This offers considerable advantages, particularly

in view of future clinical applications based on NMR metabolomics.



Chapter 2

MicroNMR - Theory

2.1 Introduction

It was December of 1945 when two groups at Harvard and Stanford, respectively led
by Edward Purcell and Felix Bloch, each independently detected weak radiofrequency
signals from atomic nuclei (to be precise, the Harvard group was examining 1 kg of
paraffin wax and the Stanford group was looking at water). Prior to this date nuclear
spins had been detected by Isidor Rabi at Columbia, for which he received the 1944 Nobel
Prize; but this was only accomplished using molecular particle beams, restricting the
method to a small number of samples. It was a scientific revolution to realize that atomic
nuclei could be observed in bulk for just the cost some RF signal processing electronics
and a big magnet. For their contribution, Purcell and Bloch shared the 1952 Nobel
Prize. Since that time the field of NMR spectroscopy has expanded as a interdisciplinary
tool and is now used in many engineering disciplines, medicine, chemistry, biology, and

physics. The primary reason for this large scale adoption of NMR is its ability to
5
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determine molecular structure of matter, intramolecular dynamics and intermolecular
dynamics (most literature focuses on either liquids or solids with the occasional exception

using gases [36]).

Atoms - composed of electrons, protons and neutrons - have some intrinsic physical
properties. These are: mass, electric charge, spin, and magnetism (a consequence of
charge and spin). Most important to NMR are the latter two, which interact with an
applied magnetic field (see Figure 2.1). Although these are weak interactions they can

be observed and manipulated with RF coils [37].

I, o

Magnet bore

Vacuum chamber
Liquid nitrogen tank

Liquid helium tank
_/

TAY
s
A |

>
z
\
\

Nz Reciever coil
He

Superconducting coil

F1GURE 2.1: A: Typical exterior view of NMR spectrometer. B: Cutaway view of

the superconducting magnet, which uses a helium to maintain the superconducting

coil material temperature below T'.; a secondary layer of nitrogen surrounds the liquid

helium shell to slow burn off of the much more expensive liquid helium. C: Enlarged
view of receiver coil and probe geometry.

In modern NMR spectrometers a large static field (Bg) is generated by a superconducting

magnet, which must be cooled below the critical temperature (T,) of the superconducting
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material. Liquid helium is used for this purpose, which allows the magnetic core to
maintain a temperature around 4 K. Once a sample is immersed in this static field a
RF-pulse (By) is applied perpendicularly to the By field to excite the nuclear spins out
of their aligned ground state. The same RF-coil (now in receiver mode) is then used to
record the ensuing changes in the magnetic field which induce small current fluctuations
which are detected. This signal is then amplified, processed and delivered digitally to the
user console where it can be Fourier transformed into a spectrum. As mentioned earlier,
NMR spectroscopy is powerful in its ability to elucidate chemical structure. However,
this information can only be interpreted if one possesses a strong understanding of the

underlying physics.

This chapter will present a semi-classical view of NMR, and in particular look at its
limitations in sensitivity relating to the present work focusing on microcoils and their

application to microfluidic devices.

2.2 Fundamentals of NMR

2.2.1 Spin Polarization

Magnetic resonance is powerful in its ability to exploit the intrinsic magnetic dipole
moment (/1) of a atom, which is idealized in Figure 2.2. The magnetic moment is
a necessary consequence of angular momentum of a charged particle. For example,
electrons possess electric charge (i.e. 1 e) and as a result, when orbiting the nucleus,

cause a magnetic dipole field (much like when running current through a coiled wire).
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FIGURE 2.2: Juxtaposition of bar magnet and atomic magnetic moment which behaves
like a miniature bar magnet [38]

Spin is also a form of angular momentum. However, it’s not produced by rotation or
movement of anything physical but is rather a intrinsic property of neutrons and protons.
Due to the conservation of energy, stationary quantum states are eigenstates of the total

angular momentum operator L?:

L2=1I(+1)- 1, (2.1)

where [ is the spin quantum number with either a whole integer value for some particles
(0, 1, 2...) or a half integer value for others (1/2, 3/2, 5/2...). The spin quantum
number, I, is given by the nuclear ground state, and does not change within chemical
processes. In the absence of a magnetic field, a spin I gives rise to 2/4+1 degenerate

levels, which can be characterized by their projection onto an arbitrary axis:

L,=m-h, withm=—I,—-T+1,---T (2.2)

A magnetic field (B,) lifts the degeneracy and splits the energy levels evenly as:

!Stern-Gerlach experiment first demonstrated half-integer spin by propelling silver atoms through a
inhomogeneous magnetic field and observing the impact zones corresponding to spin up (1/2h) and spin
down (-1/2h) [39].
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E=~-B,-L,=~-B,-m-h (2.3)

The magnetic dipole moment is related to the spin angular moment in the following

equation:

-y, (2.4)

=
1
il

with v being the gyromagnetic ratio (or magnetogyric ratio) which varies in sign and
value over a large degree depending upon the isotope in question. The orientation of the
magnetic moment (for a paramagnetic material) is random in the absence of any applied

magnetic field, so that over a large enough number of atoms the magnetic moments point

equally in each direction?.

1 million m=—1/2
/
: & A
/ B
7
/
/
/
/
1 million
/
’
/
s
4
1 million 7
2 million _--""
“~~.__1 million + 16 AE |05 =E;—E |
\\ 0)043: “00,1
\
b spectrum
\\\1 million + 64
\\
\
A
Ay
\\
% E energy
1 million +128 o levels me sl
=tz
Bodfoete) oT 235T 04T 88T

FIGURE 2.3: Left: Dependence of the separation of nuclear energy levels on magnetic

field strength for I = 1/2 and relative populations for two million protons in the sample

[40]. Right: Transition between the two energy levels of a spin-half is allowed, and
results in a single line at the Larmor frequency of the spin [41].

2A diamagnetic material has no dipoles in the absence of a magnetic field, whereas paramagnetic
materials do but they average to zero in the bulk material.
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With the application of a magnetic field (see Figure 2.3), the spin system becomes
quantized so that particles with spin I will have 2741 sublevels (called the Zeeman
effect). A second response causes the magnetic moments to start precessing around the
direction of the external field® (conventionally applied in the z-direction) called the spin
polarization [37]. The angle 6 that the cone (magnetic dipole moment precession) makes
with the external magnetic field is dependent on the original direction of the magnetic
moment and can have a value between 0° and 180°. The rate of the precession is field

dependent and is called the Larmor frequency wy:

wo =7+ Bo (2.5)

Figure 2.4 shows that the the nuclei spin quantum number I = 1/2, produces two

possible orientations or energy levels that can be filled.

Parallel ,,,—-"‘B"x “““““ “-.._j\
o 0 ™,

Anti-parallel

FIGURE 2.4: Left: In a external magnetic field the magnetic moments are constrained
to adopted one of two orientations (i.e. spin up and spin down). Right: The magnetic
dipole moment begin to precess in a cone shape around the applied magnetic field [38].

3 From the Schrédinger equation, the spin precession can be described quantum mechanically as the
harmonic time evolution of a superposition state, but for simplicity this explanation is omitted.
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These are known as spin-up and spin-down states and the energy difference between

them can be written as:

E=—j- By, (2.6)

where the negative sign is interpreted as meaning that the lowest energy state for the

spins is aligned with the By field, or parallel, as opposed to anti-parallel (see Figure 2.5).

Parallel

Anti-parallel
X

FicURE 2.5: Ensemble of spins in the presence of a magnetic field produce a net
magnetic dipole moment [38].

The interaction between atoms causes fluctuations around each nucleus so that equi-
librium magnetization develops, which is the minimum thermodynamic potential, cor-
responding to the average sample magnetization in alignment with the magnetic field.
The result can be seen in the net magnetization that starts to develop as a result of

the preferred parallel direction of the magnetic dipole moments. The ramp time for the
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magnetization of the sample is dependent upon the spin-lattice/longitudinal relaxation

time constant (7'1) in the following formula:

_ ¥?hENo By

M. (t) = ShaT (1 —2eT1) = My(1 — 2¢4/™1), (2.7)

with N being the number of spins and M being the equilibrium magnetization, which

No

Wﬁ The relaxation time T de-

can be related to the magnetic moment by My =
pends upon the nucleus, temperature, viscosity and matter state. This value is typically

in the range of ms to s, but can be as long as days and years in extraordinary cases [37].

The primary reason NMR is such a inherently weak method of nuclei detection is because
of very small populations of spin-states with different I values. This means magneti-
zation is often lost from offsetting spin populations. Illustrated in Figure 2.3 we see a
difference of only 128 spins out of two million at a 18.8 T field strength. This is cal-
culated from the Boltzmann factor, B for a room temperature system of 'H particles.
This expression measures the relative probability of spins being in one particular state

in a multi state system, and can be written:

N ﬁ’yBo

B =
kT

(2.8)

Figure 2.3 also indicates that in thermal equilibrium there is only a slight polarization of

spin angular momentum vectors in the direction of the static external field, By [37, 42].
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2.2.2 Transverse Magnetization

To detect a RF signal from an ensemble of atoms, there must be some excitation from
equilibrium (out of alignment with B() and an observation of the decay back to the lowest
energy state (aligned with Bg)*. Practically this is accomplished by radiating the sample
with a RF-pulse perpendicular to the static magnetic field, resulting in net magnetization
being flipped into the xy-plane (see Figure 2.6), called transverse magnetization. This
can be tracked using the right hand rule. For example, if the spin polarization starts
in the z-direction and is rotated by 7/2 about the x-axis, the right hand rule can be
applied to show that the resulting spin polarization is in the y-axis [37]. At the exact
moment when the pulse stops, there would be a slight population difference between the
spins polarized in the negative y-axis and those polarized in the positive y-axis, which is
the source of the NMR signal. This is an oversimplification of transverse magnetization

but a useful introduction. A more complete description is given heretofore.

The torque experienced by an ensemble of spins (represented as a dipole magnetization)

by a external magnetic field can be expressed as:

— =M x B, (2.9)

where the external field is applying force on the spins to align in parallel, and M is the

magnetization representing a dipole, which can be represented with the Curie Law:

NI2Y2BoI(I 4 1)

M., =
z 3kpT

(2.10)

“In the equilibrium longitudinal state, the spin magnetization is nearly undetectable [43].
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FIGURE 2.6: Top: Precession of the magnetic dipoles (shown left) creating net mag-

netization in alignment with the By field. This magnetization is then flipped into the

xy-plane (shown right). Bottom: Time progression of the flip angle between the z-axis
and net magnetization as it is flipped into the xy-plane [38].

If Equation 2.4 and 2.9 are combined then the motion of the magnetic dipole moment

in a external field can be described:
M .
—— =M x By, (2.11)

As was described in the introduction to this section, to detect a RF signal the net
magnetization must be flipped into the xy-plane by a second oscillating magnetic field,

known as B; applied along either the x- or y-axis:

B, = 2Bjcos(wt), (2.12)
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where B, can be represented by two field vectors Br and By, of identical angular veloc-
ities, rotating in oppose directions [42]:

Bp = By (Zcos(wt) + gsin(wt)) and By, = By (Zcos(wt) — Fsin(wt)), (2.13)
with & and ¢ as respective unit vectors. The dynamics of applying B; in the presence
of By becomes complicated, and as such a rotating frame of reference is useful for
elucidation. The rotating coordinates are thus given angular momentum Q, which allows

variations in the magnetic dipole, M , to be expressed in terms of the unit vectors ;, j’,

and k:

dM ~ dM,- dM,~ dM,- di dj dk oM - =
_ 4+ =My + =M+ —M,=—+MxQ (214
T T T A TR AT p M (214

By setting Equation 2.11 equal to Equation 2.14 we derive the expression:

— —

oM _ M x (By — S) (2.15)

From this equation it’s clear that there are two contributions to two resulting magnetic
field in the rotating frame: one being static (Bg) and the other being reduced, AB =
ﬁ/’y. If the alternating field B, represented by Br and By, in the rotating frame, is
now incorporated into Equation 2.15, the static contribution to the RF field will be
represented by a RF field of magnitude B;. For Q = wpy, M will experience zero field. In
the rotating frame of reference, the M will only rotate about the static time-independent

part of the RF field, with a frequency defined by:
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w1 = "}/Bl (2.16)

To accomplish a flip of the net magnetization, so that it ends up parallel with the y-axis,

the length of the RF pulse must follow:

Too = — ——S€ec (2.17)
Y

In the laboratory reference frame, the net magnetization precesses at the Larmor fre-
quency and induces current in the NMR detector coil. For some time interval, ¢, after

the pulse, the magnetization in the x and y direction will have the form:
M, = Mysin(wot)e "2 and M, = cos(wot)e /12, (2.18)

where Ts is the transverse relaxation time constant. Ts is typically on the order of Ty
for small molecules in liquids. It characterizes the desynchronization of the magnetic
dipole moments on a microscopic scale as they interact with their neighbors. The decay
precesses at the Larmor frequency defined in equation 2.5. The movement described in

equation 2.18 is visualized in Figure 2.7.

For a typical helix receiver coil (several centimeters in diameter) the induced voltage,
or Faraday voltage, from the precessing nuclear magnetic moments, ignoring any tiny

radiative contribution, can be written:

§o = wB1 (M, +iM,), (2.19)
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FIGURE 2.7: Left: Magnetization vector (M) tip trajectory following the application of
90° RF-pulse, assuming T1=T5. Right: Transverse magnetization decay and oscillation,
called free induction decay (FID) [38, 44].

Values are typically on the order of several hundred nanovolts (nV) before amplification.
Interfering noise is typically around 1-5 nV, two orders of magnitude less than the signal

[45].

2.2.3 Detecting a NMR Signal

The oscillating transverse magnetization provides the opportunity to observe the nuclei,
despite the fact that it is still relatively weak. For this purpose, a receiver coil is
situated close the sample so that the changing magnetic field from the precessing nuclear
magnetization can induce changes in the electric field to set electrons in motion and
produce a detectable current in the receiver coil’. The macroscopic magnetic induction

flux density generated by a rotating magnetization is given by:

Bi(t) = poM(t), (2.20)

°In early NMR spectrometer designs, separate transmitter and reliever coils were used. Today only
a single transceiver coil is employed for this purpose which performs both tasks.
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where pg is the vacuum permeability. Indicating that the signal does not go on indefi-

nitely but decays quickly according to previously derived Equation 2.18.

After Fourier transforming the time domain free induction decay, we can visualize fre-
quencies contained within the sample in the form of a spectrum, shown in Figure 2.8.
This in turn provides detailed information on local environments within a nucleus and
can be instrumental to understand the makeup of the molecule being studied. The am-
plitude of the respective peaks, gives the relative abundance of the spin states in the

sample.

FIGURE 2.8: First ever recorded wide-line 'H NMR spectrum from ethanol. The peaks
from left to right are groups -OH, -CHa, -CH3 [46].

2.2.4 Chemical Shift and Spin-Spin Coupling

To this point we have ignored that nuclei are surrounded by electrons which can be
interacted with to distort the local magnetic field [37, 47]. An example is ethanol,
shown in Figure 2.9, which has a -CHgs, -CHs, and -OH groups. The -CHs and -CHs

groups see a slightly different magnetic field because of their local environment and
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correspondingly show up at different points along the spectrum. This phenomenon is
known as chemical shift (§) and stems from the magnetic coupling of electrons to the
nucleus due to the motion of electrical charges. A second observation of the spectrum is
the splitting of lines which is known as spin — spin coupling and comes from magnetic
moments of the electron spin again coupling to the nucleus. In Figures 2.8 and 2.9
chemical shift allows us to identify three distinct groups. However, Figure 2.8 has such
broad spectral lines that we are unable to identify the splitting that results from spin-spin

coupling.

CH_—-CH,-OH 'H NMR

Methyl
Methylene —CH,
H2

O [ppm]

FIGURE 2.9: 'H NMR experimental ethanol spectrum obtained from a microfuidic
device, displayed in blue with the corresponding enlarged idealized lineshape shown in
red for each nuclei. The peaks from left to right are groups -OH, -CHy, and-CHs.



Chapter 2 MicroNMR - Theory 20

The most common form of NMR is 'H NMR (otherwise known as proton NMR). Despite
narrower chemical shifts than other available nuclei, the linewidths of this method are
comparably sharp (which is particularly important when looking at spin-spin coupling).
In Figure 2.9 we can interpret that the -CHs or methyl group has a higher electron
density and therefore has a lower chemical shift (i.e. the proton nuclei in the methyl
group are more shielded than the -CHs or methylene group). The size of the chemical
shift also increases proportionally to the field size. The field-independent equation for

the chemical shift can be written as:

. wo—onMS

= —_Tms (2.21)

TM

where wo?™M* is the Larmor frequency of the reference compound (typically tetramethyl-

silane (TMS)).

Spin-spin coupling line splitting provides information on the number of chemically
bonded nuclei around the studied nucleus. In Figure 2.10 this is shown using a 3C
NMR spectrum of methylene. The spacing between the lines is known as the coupling
constant (/). The peak intensities are 1:3:3:1 corresponding to the statistical spin distri-
bution in the molecule. The integrated area below the peaks tells the number of nuclei

that caused the line.

The combination of spin-spin coupling and chemical shift give insights on the nuclear

and electronic environments of observed nuclei.
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FIGURE 2.10: ¥C NMR methylene spectrum (-CHz) [48].

2.3 Microfluidic NMR

Focus on mass and volume limited samples, as encountered in the field of microfluidic
metabolomics, has pushed demand for highly sensitive non-invasive analytical instru-
ments. NMR could be a indispensable tool in this field due to its capacity to pro-
duce unmatched chemical structural information along with interpolate intermolecular
and intramolecular dynamics [49]. A major drawback is experimental insensitivity at
small numbers of sample spins. The solution this thesis presents is based in the Bohr

Correspondence Principle, relating the sensitivity of a NMR experiment to the probe
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efficiency® [50].

A second key concern of instrumentation work is resolution. For NMR applications
to small volume metabolomics, this becomes problematic as samples typically contain
hundreds to thousands to lines as seen in Figure 2.11, where each line corresponds to .

Line broadening can be very detrimental in this case as entire signals can be erased (see

Figure 2.8).
Aromatic signals
I | TMAO N
Citrate
Allantoin 1| 2-Oxoglutarate
Hippurate L~
s 8 7 6 Creatinine =]
. Urea
Hippurate Taurine Alanine
branched-chain
> amino acids and
* i organic acids
t-Aconitate L4
| WYY
(—

9 8 7 6 5 4 \ 3 2 1
Sugars, polysols, amino acid CH

FIGURE 2.11: 600 MHz 'H NMR spectrum of control rat urine, displaying hundreds of
resolved peaks. All peaks are referenced to the resonance to 3-trimethylsilylpropionic
acid (TSP) at 0 ppm. The spectrum displays a wide range of metabolites such as
aromatic, aliphatic compounds, sugars, amino acids and other osmolytes. The asterisk
denotes the suppressed signal of water. TMAO, trim ethylamine N-oxide [51].

5Bohr’s Correspondence Principle relates quantum mechanical behavior (microscopic) to classical
physics (macroscopic)
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Blood plasma metabolites of interest have a concentration of tens of pumol/L to 1-2
mmol /L, meaning a suitable instrument should achieve a single scan SNR of 1000/ pmol
for less than 2 pL of sample and achieve a resolution linewidth approaching 2 Hz. The
following section is devoted to exploring the underlying limits of NMR sensitivity and

resolution. Solutions will be presented that work to overcome these obstacles.

2.3.1 Sensitivity

The biggest hurdle preventing NMR to characterize small biological samples is sen-
sitivity. Mass spectrometry, a competing metabolomic characterization method, has
picomolar detection ability but is of course destructive to the sample and cannot detect
molecular dynamics [52, 53]. Additionally, mass spectrometry requires volatilization of
the sample, which is not always quantitative, and can suffer from peak overlap. Optical
techniques such as fluorescence and Raman spectroscopy can attain higher sensitivities
than NMR but at the cost of sacrificing generality and/or specificity [54]. Fluorescence
requires a specifically binding fluorophore which only detects a single metabolic species,

making it unsuitable for some applications.

The mechanism driving NMR, sensitivity is the number of available excitable spins in a
sample. Within the field of NMR there exist methods to create non-Boltzmann popu-
lations which give several orders of magnitude increased sensitivity. These approaches
are summarized in Table 2.1. All of these techniques rely on transfer of polarization of
a medium (e.g. parahydrogen or the electron spin) to the nuclei of interest [55]; This

approach only works in special cases.
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TABLE 2.1: Non-Boltzmann Techniques Summary

nuclear polarization (CIDNP)
is more amenable to liquid
state NMR [58].

Technique Advantages Disadvantages

DNP Dynamic nuclear polarization | Polarization effect is less ef-
(DNP) transfers polarization | ficient at higher fields. Only
from unpaired electrons for | adapted for certain materials.
signal enhancement of greater | Requires two magnets.
than 10000 times [56, 57].

CIDNP Chemically induced dynamic | Only adapted for certain solu-

tions.

Para-Hydrogen

Symmetry of para-hydrogen
is broken to produce highly

Only adapted for certain solu-
tions.

spin-polarized reactions [59].

While sensitivity gains of greater than 10000 times are extremely attractive, it is the lack
of generality that limits these methods: only certain metabolites can be hyperpolarized,
and the process is not quantitative. This can be a prohibitive use of the technology in

cases of metabolomic high-throughput.

Even with hyperpolarization there is still a need for customized pickup coils to maximize
sensitivity; but without hyperpolzarization there is still a expected sensitivity gain from
optimizing existing RF-coils so that they tightly engulf the sample. This has the added
advantage of reducing the Johnson noise’. Richard and Hoult determined in 1976 the
sensitivity of an NMR coil to be inversely proportional to its diameter [19]. While gain
factors are only 10-100 times sensitivity, these are sufficient to make experiments with
nanoliter sample volumes practical [22, 23, 60]. Including a coupled resonator on the
surface of the mircofluidic device, as described in the introduction, allows for a more

flexible platform specifically designed for automated high-throughput applications.

"Johnson noise arises from the motion of the instruments electrons, in this case the RF-coil, at room
temperature causing a random background signal [37].
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2.3.2 Resolution

Resolution in NMR spectroscopy refers to either (i) spectral resolution defined as the
difference between spin populations that produce separable spectrum peaks|[61-63], or
(ii) line width. Each resonance line has an inherent width, depending on the resonance
lifetime, and the homogeneity of the magnetic field.

Magnetic Field

Y
o

x>0 A< 0

(Paramagnetism) (Diamagnetism)

FIGURE 2.12: Applied external field shown distorted according to the magnetic sus-
ceptibility of the object [37].
High sensitivity NMR spectroscopy for microfluidics demands a large filling factor. Fill-
ing factor is percentage of a magnetic field occupied by sample. This means that the

8. Line broad-

sample must be very close to the RF-coil for the best case filling factor
ening is a consequence of this close proximity and stems from magnetic susceptibility”

(x) differences in the coil material, coil support system, sample holder, sample, and

air present in the probe head. Jumps in susceptibility between materials cause small

8 A wire wrapped around a capillary has a filling factor of 0.5, which means half the magnetic field is
occupied by sample

9Magnetic susceptibility indicates the sign and degree of magnetization when in the presence of a
external field.
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variations in the homogeneity of the field which manifest as line broadening. Magnetic
susceptibility of materials in a external field is shown in Figure 2.12. While this is not
the focus of this thesis, it is still a motivating factor behind material selection for probe
assembly and microcoil fabrication (see Figure 2.13).
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FIGURE 2.13: Lineshapes are predicted (left) for different gap type materials in the
stripline microcoil configuration (right) [11].

2.3.3 Microfabricated Coils

While RF-coil miniaturization appears simple, the implementation presents challenges
to preserve sample geometry, achieve highest possible sensitivity and resolution, and
preserve compatibility with the entire catalog of NMR pulse experiments. The choice
to inductively couple the microcoil to a larger pickup coil producing the B; field (i)
eliminates the need to create electrical contacts to the chip and (ii) opens the possibility
to investigate multiple samples on the same chip simultaneously. Thanks to the work

of Webb et al. [22, 23] there has been substantial attention given to RF microcoils for
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NMR probe heads. Presented below are various approaches taken by the community

(see also Figure 2.14).

nLOD at
Sample Resolution 600 MHz ®

Coil type  volume [n] [ppb] [nmol s?] Reference + AEARRARRAR L
a Solenoid 0.005 2 0.13 Olson et al."? b
b Planar 0.03 300 209 Massin et al.”
¢ Planar 0.47 300 262 Massin et al."
d Solenoid 4 x10°® 1700 0.36 Ciobanu etal."
e Planar 0.393 124 13.8 Trumbull et al.”® -
f Planar 0.57 100 163 Wensink et al.'® ® Solencid (o) ® Planar ()
g Stripline  0.012 80 18.3 van Bentum et al."”’ 108 s

and Kentgens et al.® m Solenoid |

h Planar 0.005 27 261 Ehrmann et al.'® ® Planar
i Planar  0.00088 32 8.66 Stocker etal.”® 10 4 Stripline .
j Solenoid 64 x 10 1700 16.5 Badilita et al.?° + Proay k
k Phased 077 1 7730 Gruschke etal." — 1000

array e
| Planar 330 400 92000  Renaud etal.”' s
m Planar 05 50 123 Syms et al.?? g 100

needle o
n Planar 10 20 1256 Goloshevsky et al.?® 9 10 "

Helmholtz <
o Solenoid 0.03 233 141.1 Rogers et al.” 1
p Solenoid 50 1000 30 Yamauchi et al.?* Y
q Planar 1.2 75 22 Ryan et al.® q !
r Microslot 0.025 18 7 Maguire et a2|;° 0.1 m  a®
s Solenoid  0.0001 2600 0.1 Seeber et al.
t Microslot 0.0106 72 0.39 Krojanski et al.?® 107 40 0001 04 10

Sample Volume [ul] # Phased Ay (k)

FIGURE 2.14: Left: Table of coil types and normalized limits of detection (LOD). Right:

Normalized limit of detection of different uNMR detection systems corresponding to the

authors listed in table shown left. The nLLOD values have been normalized and scaled

to a 600 MHz spectrometer. The dotted line indicates a power law with an exponent
of 0.5 [64].

2.3.3.1 Solenoid

The approach first attempted for uyNMR, was to hand wind detector coil around a silica
capillary [23] (shown Figure 2.14). Magnitude of order sensitivity gains were achieved
from this simple first step, with resolution of 0.6 Hz recorded!'®. Solenoid pcoils are very
simple examples of achieving high filling factors. This fact drove Webb and Grant [65] to
improve upon the filling factor by using thinner capillary walls. Ultimately, microfabri-
cation techniques were applied for still more improved sensitivity and resolution results
[66].

10This result was achieved by using per fluorocarbon FC-13, which has a magnetic susceptibility very

close to copper, which was used as the coil material. In more typical LOC applications the microfluidic
device material is the biggest contribution to susceptibility broadening.
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Solenoid design considerations (e.g. windings, wire spacing, and wire thickness) are now
well defined in regards to optimization of RF-homogeneity and SNR [67, 68]. However,
problems can be encountered when operating at higher frequencies since the wavelength

of the RF signal starts to approach the dimensions of the solenoid coil [69].

2.3.3.2 Linear

The advantage of using a single current path - as is done with linear based coil designs -
instead of coils with windings, is that the sample will be exposed to a single current path
magnetic field; which in theory should create a more homogeneous field than a typical
helical coil. There are several variations of this method including stripline [11-13, 42],
pstrip RF coil [70, 71], and pslot geometries [15, 72] (configurations shown in Figure

2.14).

The operating principle of linear detectors is to create a standing wave half the wave-
length of the Larmor frequency and orient the sample to the anti-node of the standing
wave mode. Fabrication of linear detectors is less demanding than solenoids and they

can achieve similar filling factors.

2.3.3.3 Planar

Due to the geometry of Planar pucoils [7, 9, 28, 73, 74], integration with microfluidic
devices becomes trivial using traditional lithographic methods. A slight improvement
on this approach is Helmholtz planar pairs which offer improved homogeneity [75, 76]

as compared with a single planar pcoil. The biggest advantage of planar ucoils is the
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flexibility in accommodating samples, which allows for a general protocol to be formed,

since the chip and integrated resonator would be expendable.

2.4 Conclusion

The power of NMR to non-invasively provide detailed chemical information has led to
it being the preferred tool of many areas of science, but current limitations on sen-
sitivity prevent it from being applied to the micro- and nano- fluidic realm. While
non-Boltzmann population methods present a possible solution, their lack of general-
ization prevent them from begin applied broadly. A alternative method is to improve
RF-coil sensitivity. While smaller gains in sensitivity are obtained, they still allow for

micro- and nano- fluidic NMR spectroscopy.
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Integrated Planar Microcoils for

Inductively Coupled NMR

3.1 Introduction

NMR metabolomics in microfluidic systems requires optimal sensitivity. This means that
the detector has to be adapted to the size and shape of the sample, which differs strongly
from the cylindrical samples used in conventional NMR, both in shape and volume.
Ease of experimental setup and low cost lend this method to applications in disposable
microfluidic LOC devices. High filling factors are needed in microcoil applications,
along with flexibility in sample switching. Inductively coupled resonators eliminate the
need for electrical contact from the coil to the console and allow for high filling factor.
The following chapter will present design considerations, fabrication methods, and coil

characterization procedures.

30
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3.1.1 Prior Work

As mentioned in chapter 2.3.3.1 first attempts in developing microcoil RF-coils focused
on simple hand made solenoids. Olson et al. reported 130-fold gains in sensitivity and
resolution of 0.6 Hz from a wire coil wrapped around a capillary. A drawback of this
configuration is that it requires directly connected wire leads. This arrangement means
the capillary has to be built into the probe head along with the microfluidic capillary.
This restriction, runs contrary to the idea of self-contained disposable microfluidic de-
vices; which would ideally be changed out of the spectrometer in rapid succession for

point of care applications [77-79].

Jacquinot and Sakellariou addressed this problem by eliminating wire leads completely.
They instead relied upon wireless coupling between a second small coil, installed to
tightly engulf the sample, and the standard pickup coil equipped in the probe. Their
interest was in solid-state rotating coils but the same principles can be applied to liquid

state for small sample sizes.

In our group, we combine these two approaches to inductively coupled microfluidic
devices in liquid state mode for metabolic study. As a first step, solenoid coils were
developed for flow profiling. After successful demonstration using this method, planar
microcoils were introduced for better integration to lithographically made microfluidic

devices. Below is recapitulation of precedent work in the Utz group.
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3.1.1.1 Velocity Profile

Solenoid resonators were hand wound from magnetic wire and directly soldered to a
non-magnetic capacitor. Using microimaging (see chapter 3.6.2) the flow velocity pro-
file inside the capillary was measured (see Figure 3.1). The sensitivity and resolution
recorded from this work, were comparable to directly coupled microcoils, suggesting that

inductive coupling is a viable option for practical applications [16].

v, [m/s]
0.012

0.01

F1cUrE 3.1: Left: Velocity profile compiled from individual displacement profiles at
each pixel. Right: Experimental setup with micrograph of Teflon capillary and hand
wound solenoid microcoil [16].

3.1.1.2 Planar Microcoil Fabrication

Flat helical coils are easily integrated with microfluidic systems since they are both fabri-
cated using lithographic methods and thus represented the next step towards a fully self
contained microcoil LOC device. Fabrication methods of glass based microfluidic devices
and planar microcoils were established [16], shown in Figure 3.2. However, characteriza-

tion of microcoils used directly connected wire leads, which presented characterization
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problems when moving from a directly connected bench-top network analyzer to a wire-
less NMR experimental environment. Uncompensated resistances were present in the
wire leads, which distorted the self resonances of the coils as measured by the network
analyzer, resulting in a mischaracterization. Ultimately, spectroscopic experiments were

unable to produce reliable results from these mischaracterized microcoils.

Plated resonators

T _— Borofloat glass

/ A=
\4/174 Fluidic pattern
7

Cr/Au

Resist pattern

F1GURE 3.2: Fabrication schematic of LOC microfluidic device with integrated planar
microcoil [80].
The work of this thesis focused on characterization methods which produced tuned 600
MHz (B operating frequency) microcoils for spectroscopic experiments in one and two

dimensions.

3.1.2 Experiment Configuration

Figure 3.3 displays the probe head configuration with a typical microfluidic device with
integrated microcoils. Based on the application, the LOC device could contain multiple
sample chambers that would be of interest. Micro resonators could be placed at each site
of interest and simultaneously analyzed spectroscopically. In practice, the factory made

probe pickup coil was found to be incompatible with the geometry of even the most
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N Microfluidic
Pickup Coil | \l‘ ) " Chip

RF Resonators

NMR
Probe Assembly

(@ ;})‘y

FiGUrE 3.3: Left: Microfluidic inductive coupling experimental setup. Integrated

microfluidic chip with RF resonator is placed in close proximity to the pickup coil inside

the NMR probe; collectively, this is placed inside the bore of the NMR spectrometer [80].

Right: Early simple design of hand wound from magnetic wire, which will ultimately
be inductively coupled to the microcoil on the chip.

simply microfluidic device and was replaced with a simple hand wound coil loop (shown
on the right in Figure 3.3). The lower section of the coil is twisted together to constrain
the magnetic field to the upper portion of the pickup coil, thus making alignment with

the microcoil simpler.

The static magnetic field, By, is produced by a Varian 14.1 Tesla (600 MHz) standard
bore NMR magnet (see Figure 2.1). The superconducting magnet was manufactured
by Oxford instruments and supplied to Varian (acquired by Agilent Technologies). For
narrow linewidths in the NMR spectrum, the magnetic field should be homogeneous
over the entire sample volume. Practically, this means that variations in the field should

be better than one part-per-billion.

The NMR console includes RF-electronics to produce the B field perpendicular to

the static magnetic field, Bg. Figure 3.4 shows console electronics used in a NMR
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spectroscopy experiment.
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81, 82].
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3.2 Sensitivity

The SNR of a pulse NMR experiment can be described by the following relation [19, 83]:

BilfFW()MoV

SNR —_—
> V 4kBTRcoilAf

(3.1)
Where By is the RF magnetic field from the current (I), V is the sample size, M is the
equilibrium magnetization from Equation 2.7, Af is the spectral bandwidth, and R..; is
the resistance from the coil. The expression assumes an optimized filling factor, which is
defined as the amount of the field occupied by the sample. Conversely, this means that
the integral of the field area not occupied by the sample should be minimized. Equally
important, is minimizing all losses from the resistance, R..;. By holding the sample
mass constant and including the magnetic field strength as a function of coil radius (r),

equation 3.1 can be reduced to [28]:

SNR o« - (3.2)

This simplified expression assumes the B; field from the coil is highly uniform across
the sample. With this assumption satisfied the SNR behaves inversely proportional to
the coil radius. Implicit within Equation 3.2, is that as the coil volume shrinks so must

the size of the sample and correspondingly so must the number of spins.
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3.2.1 Limit of Detection

Experimental SNR can be problematic method of measurement, since it can depend on
both equipment configuration and post-processing treatment. The standard by which
NMR probe sensitivity is measured is called limit of detection (LOD). The time-domain
limit of detection, is defined as the number of spins required to resonate in a 1 Hz

bandwidth to give a signal equal to the noise, which can be written [11]:

Ng

LOD; = — 2
LT SNRyVAS

(3.3)

where Ng represents the number of protons contributing to the signal, and Af is the
width of the resonance line. The sample used to determine the LOD must have a well
characterized concentration of protons. The total number of protons in the sample is

then easily obtained from the first data point in the FID (see Figure 2.7).

3.2.2 Planar Coils

Spiral planar coils represent a convenient fabrication style in regards to integration on
microfluidic devices. This is because LOCs are typically constructed using microelec-
tronic methods of deposition of conducting material, patterning with photoresist, and
chemically etching the desired design. Equation 3.1 has been applied to planar micro-
coils using Bio-Savart’s law, and expressions for Brr/I and R.,; were derived, assuming

a infinitely thin conductor [9, 84]:
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2)2(7T0)2
Brr(0,2) _ po I 1 o rp LY GG+
1 2rA \/(%)24_1 \/(%)2(%)24_1 ro 14 (£)2+1
(3.4)

where z is the axial distance from the coil plane to the observation point, g is the
magnetic permeability of free space, r¢ is the inner radius, 7 is the radius to the outer
most coil turn, and A is the turn spacing. Note that Equation 3.4 and 3.5 are derived for
a ideal single coil with a current, not for the inductively coupled case. For a microcoil
with some thickness, ¢, and some width, w, we assume that both these dimensions are

greater than the skin depth, §. The AC coil resistance is:

I
40(w +t — 20)

2 2
<rf,/1+ 2L = roy 14+ (F0)?

where p is the resistivity. The skin depth (0) is frequency dependent:

Rcozl

1+ /(

27rrf) +1

CEeS

), (3.5)

0
0=

To f

If equations 3.4 and 3.5 are substituted into equation 3.1 the expression for the SNR

per unit volume is derived. Figure 3.5 shows the expression for SNR for a microcoil

versus the normalized distance form the coil plane. Improved SNR ratios are predicted

for samples that can be closely confined to the region near the microcoil. In cases when

static capillary are unacceptable, such as point of care disposable devices, a secondary
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microcoil is integrated onto the surface of the microfliudic device and is inductively

coupled to the larger pickup coil.

p— | 0N

d with r=rl
= = Solenoid with r=(r0-+rf)2
| = =8 == Spiral

Normalized SNR

0 0.5 1 1.5 2 2.5 3

Axial Distance to Radius Ratio, 2/r()

L
]

FI1GURE 3.5: Normalized SNR per unit volume versus axial distance to starting radius

ratio for solenoid and planar coil configurations. This graph predicts that the SNR

ratio for a planar coil is better than a solenoid when in close proximity to the sample
volume [84].

3.2.3 Cost of Inductive Coupling

Figure 3.6 shows the effective circuit diagram of a micro resonator (orange) inductively
coupled to a conventional NMR probe (blue) and the sensitivity obtained from the

system given various quality factors (Q-factors) of the micro resonator.

A simplified expression for the SNR of the probe, directly coupled microcoil system, and

inductively coupled microcoil system can be written:
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FIGURE 3.6: Left: Ratio of sensitivity of inductively coupled over direct microcoil

NMR on the vertical axis. On the horizontal axis is the quality factor of the micro

resonator. Several curves defined for various volume ratios (V,/Vr) [84]. Right:
Modeled inductively coupled system in the probe head.

SNRprobe ~ BT/IT V RT
SNRdirect ~ BM/IM V Ru

SNRRF =~ BM/ITV RT

Sensitivity is gained from the inductively coupled microresonator by the ratio B, /Br

and can be written:

SNRrr _ B,

SNRprobe B BT - QM?

where @), is the quality factor of the microresonator. Comparing this equation to the

directly coupled system we have:

SNRrp _ ky/QrQy
SNRdirect A/ 1+ kQQTQM




Chapter 3 Design and Fabrication of Accurately Tuned Self-Resonant Microcoils 41

This expression represents the cost of using a inductively coupled system and is plotted
in Figure 3.6, where k2 is Vu/ V. From Figure 3.6 that even for the smallest volume
ratio (0.00125) the sensitivity ratio will exceed 90% so long as the microcoil has a Q
value above 25. While there may be a very small sacrifice in sensitivity, the flexibility

of this platform makes it a more attractive option for integration with LOC devices.

3.3 Resolution

In practice, sensitivity gain using microresonators is straightforward in that it requires
coils with well resolved features on the micro-scale level positioned close to the sample
of interest. A less obvious problem to solve is that of spectral resolution. Differences
in susceptibility between coil material, coil substrate, sample contents, and most im-
portantly chip material cause variations in the field close to the region of interest. For
example, Figure 3.7 shows the many interfaces and different materials present in the
immediate area around the microfluidic LOC device when loaded into the NMR, probe

head. Example magnetic susceptibility values are listed in table 3.1.

In traditional NMR spectroscopy, magnetic field inhomogeneities are compensated by
shimming, which is the process of homogenizing the magnetic field by passing current
through coils near the sample region. However, shims are large and relatively far away
from the microresonated sample, making them less effective. Another approach avoids
inhomogeneities from the start by advantageously placing materials depending upon
their magnetic susceptibility. An example would be to replace the air present in the

probe volume with a fluorocarbon which has the same susceptibility as copper [23, 85].
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MICROFLUIDIC DEVICE

FABRICATED MICROFLUIDIC
PICKUP COIL >7mm CHANNEL
POLYIMIDE PDMS LAYER —| SAMPLE
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MICRO COIL CHAMBER
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SODDERED

COPPER

WIRE

WIRE LEADS TO RF-ELECTRONICS WIRE LEADS TO RF-ELECTRONICS

FIGURE 3.7: Left: Profile image of unloaded sample holder with pickup coil and probe
support structure. Right: Profile of sample holder loaded with microfluidic device.

This would produce no susceptibility jumps, as the magnetic field would behave as if

the fluorocarbon and copper were a continuous object, and thus produce less variation

in the field.
TABLE 3.1: Magnetic Susceptibilities (20° C) [86, 87]

Material Volume Susceptibility (xm) Density
Units at 7T kg/m?
Water -9.05x107° 997
Al O3 -14x107° 3950
Vespel -9.2x107° 1430
Quartz -11.8x107° 2250
Teflon (PTFE) | -10.5x107° 2200
Silicone -7.8x1070 1080
Pyrex-7070 -11x107° 2500
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Incorporating exotic materials into the probe design, such as 1??Xe for hyperpolarization
or Fluorinert FC-43 for susceptibility matching, can be expensive and a time consuming
engineering challenge. Therefore, it should be regarded as secondary option. Another
alternative focuses on the alignment of the microfluidic, microresonator, and probe struc-
tural components in regards to the static By field [88]. Specifically, boundaries between
materials should be avoided where possible, but where unavoidable should be constructed
so they are completely vertical in the sample region. Much like the infinite wire oriented
parallel to a magnetic field (see chapter 2.3.3.2), other physical structures effects are de-
creased when oriented parallel to the field. This methodology can help guide the design

of the microfluidic device and probe structure.

3.4 Design

Prior to microresonator design for the work presented in this thesis, detailed probe and
pickup coil characteristics had to be researched and recorded. Initially, probe pickup coils
with self resonances at the Larmor frequency (600 MHz) were designed and fabricated;
however, early empirical results showed this a faulty approach for the inductively coupled
case. Subsequent modeling was performed to elucidate the theoretical optimum probe

self resonance (discussed in Chapter 3.4.1).

Initial prototypes using the Helmholtz configuration' gave spurious signals and were
replaced in favor of a simple induction loop (see Figure 3.3). Figure 3.8 shows two pro-

totype Helmholtz coils and their ultimate successor, the induction loop. Microresonator

!The Helmholtz configuration is a pair of circular magnetic coils that are symmetrically separated by
the radius of the coils. The sample would be placed between the two coils. A bridge connection must
be made between the first and second coil.
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TABLE 3.2: Genisis of Microcoil Design

Coil Type Coil Image Description

Wire Solenoid

|
l Tunable solenoid wrapped
| around a capillary

Smm

Planar First glass planar coil with in-
tegrated capacitance
Planar Glass based planar coil with

capacitance built into wind-

- ings
1mm

Copper/polyimide foil tun-
able planar coil

Tunable Planar

Current  generation  cop-
per/polyimide foil planar coil
with comb capacitor

Planar

design and inductive coupling theory are presented heretofore.

3.4.1 Inductive Coupling

The theory of inductively coupled NMR detectors has been well described in the lit-
erature with a comprehensive review given by Jacquinot and Sakellariou [17], so that
only key points need to be summarized here. Figure 3.9 demonstrates the principle.
The resonator is modeled as a tank circuit, with an inductance L, capacitance C, and
parasitic resistance R,. The resistance R, consists of both a internal ohmic resonator

resistance and a dielectric loss in the sample. The Probe coil has inductance Ly and
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FIGURE 3.8: Left: Standard solenoid Helmholtz coil. Middle: Planar Helmholtz de-

sign, showing improved magnetic field around the area of the sample. Filling factor is

still poor in this configuration compared with capillary solenoid microNMR. Right: A

simple induction loop close the sample still doesn’t have a filling factor neat 0.5 but is

ultimately a simple design to implement with a self resonance far away from the chip
microcoil.

parasitic resistance Rp. Finally, the tuning and matching network consists of capacitors

Ct and Cyy.

The correspondence principle states that the sensitivity of inductively coupled NMR is
proportional to the amplitude of the oscillating magnetic field at the sample location
cased by an oscillating current of unit magnitude [19]. The parasitic resistances of the
probe and the resonator, typically represent the dominant sources of noise. Optimum
sensitivity is reached when the fraction of power being dissipated in the resonator is
maximized. This corresponds to a minimization of the fraction of power being dissipated

in the pickup coil.

Figure 3.9A shows the simple circuit used to modeled the system by linear network
analysis. The dissipated fraction of power in the resonator can be expressed as the

normalized angular frequency:

Q=w/wy, (3.7)
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FIGURE 3.9: A: Basic circuit diagram. B: Power efficiency? as a function of normalized
frequency 2 and coupling constant k. C: Reflection ratio (solid line) and power efficiency
(dotted line), calculated for a resonator at 600 MHz with a @ factor of 50 and &k =
0.05. The probe circuit is not tuned (Cp =~ 0). D: Probe coil tuned by a finite C'p
value to 600 MHz. The reflection minimum resonance splits into two lines, separated
by kvg, where vg is the resonance frequency [73].
where w), is the nominal resonance frequency of the micro-resonator®, written as:
wy =1A/L,Cy (38)
The mutual inductance (M) between the probe and the resonator is expressed as:
M =k/LrL, = k/w,, (3.9)

which is characterized by the coupling constant, k. The power efficiency, which is the

fraction of the total power applied that is dissipated in the microcoil, for the system is

written in the following form:

3The nominal resonance frequency of the micro-resonator should operate at the Larmor frequency of

the magnet (i.e. wy = wo).
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_ K QuQr!
U E2QuQT + QA(02 — 1)

n (3.10)

where @7 and @), are the respective quality factors of the probe and the resonator. This
equation is plotted on a logarithmic (dB) scale in Figure 3.9B for Q7 = 500 and @, =
50, where the -3dB level is indicated with a dashed line*. Small &k values display peak

widths of 1/@Q,,. For Q = 1 we see power efliciency peak maximums, which are given by:

kQQuQT

max — 75~ ~ . 1 3.11

As k increases, the peak approaches unity [17], which is described by the equation:

k> kcrit = ]-/\/Q/LQT (3.12)

In the over coupling regime (i.e. k > ki), only a small part of the power is dissipated
in the probe coil, resulting in a broadening of the power efficiency peak. In the case of
concentric solenoids, £ is the square root of the ratio of the coil volumes. This can also

be a useful approximation for other geometries.

In Figures 3.9C and 3.9D the predicted probe efficiency (dashed line) and the reflection
ratio at optimum matching (solid line) are shown for a planar microcoil. In Figure 3.9D
the probe tuning capacitance C7 was adjusted so the probe circuit resonated at 600
MHz. Figure 3.9C set the tuning capacitance to a small number, resulting in essentially

all power being dissipated in the resonator since the matching condition and efficiency

4Below the -3dB line, more than half of the input power is dissipated in the probe coil and not the
resonator
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curve coincide (see Figure 3.10). If however, both the resonator and the probe are tuned
to wp, the matching curve splits into two peaks and causes half of the power /sensitivity
being lost in the probe. Therefore, the non-tuned coupled mode was chosen for the

experimental setup®.

0 T T T T T T T T T T T T T T T T
r Probe resonance Wirebonded coil resonance
ol -..*_-‘.-."-E_:-:..-----““\ R )
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- 14} with two distinct peaks " -
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n
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FIGURE 3.10: Experimental tuning curves for a individual microresonator (dashed
red), probe (dashed green), and the combined tuning curve of the resonator and probe
showing a split coupling situation (blue).

5The mathematica notebook with inductive coupling calculations is presented in Appendix A.
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3.4.2 Microresonator Design

As mentioned in chapter 3.1.1.2, previous efforts to record NMR spectra experimentally
were unsuccessful due to a defective approach to on-bench resonance measurement,
causing coil mischaracterization and compounded by fabrication errors. To address this
issue tunable capacitors were incorporated into the next generation design of microcoils®.
However, while this method could achieve the correct operating frequency, it sacrificed
resolution by introducing susceptibility broadening material, present in the capacitor.
Follow up work focused on moving linebroadening structures on the coil (such as the

capacitors), away from the sample region. Figure 3.15 shows a fabricated tunable coil.

]

F1cUre 3.11: Left: Typical planar coil used for inductance calculations. Right: Ad-

justable comb capacitor in microelectronics circuit [90]. Each alternating finger is of

opposite charge and creates a miniature capacitance, which can be added to by adding
additional fingers.

Fixed comb capacitors (Figure 3.11) were integrated into the design since they introduce
minimal susceptibility artifacts but still allow the microresonator to be tuned by crudely
removing fingers of the comb [91]. Design specifics of microcoils incorporating comb

capacitors, were derived from the Wheeler formula [92, 93]:

5Badilita et al. had previously shown that tunable resonators were a viable option for imaging [89].
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2 A2 .
r’A where A = Di+ N(w+s)

L=30a— 11D 2 (3.13)

r is the radius, D; is the inner diameter, N is the number of turns, w is the turn
width, and s is the turn spacing. A baseline inductance (L) was measured from the
tunable microcoils (shown Table 3.2) and deviated from as space restrictions allowed.

The predicted frequency of the total system was calculated from:

1

Jr= 21V LC'

(3.14)

where C' is the measured capacitance; in this case, from the comb capacitor which can

be expressed as:

(3.15)

N 7 is the number of fingers, € is the permeability of the vacuum, €, is the permeability
of the substrate, t is the thickness of the finger, x¢ is the overlap distance, and d is the
distance from finger to finger. Full calculation Mathematica notebooks are available in

Appendix B.

A secondary design criterion was to place the capacitors as far from the sample region
as permitted by the size restraints of the microfluidic chip. The final chip design can be

seen in Figure 3.12.
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I257315-CO254H0FLe

Q

FIGURE 3.12: Left: AutoCAD drawings of redesigned microcoil with comb capacitor.
Right: Two previous versions of microcoil which were not tuned correctly.

3.5 Fabrication Methods

The calculations described in Chapter 3.4.2 are approximations and accordingly the
fabricated microcoils will be a best guess. To avoid many redesigns, multiple iterations
with varying coil turns, turn thickness, turn spacing, and number of capacitor fingers
were created. The complete set of design masks can be seen in Appendix C. Another
obstacle in cleanly creating microresonators is the fabrication process itself. Although
lithography is precise enough to create nano-level features, human error and inconsistent
materials can cause irregularities to the final product. In this section, past and present

fabrication methods will be reviewed for microfluidic and microresonator components.
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3.5.1 Fluidic Channels

Microfluidic devices were fabricated using either a glass or poly(methylmethacrylate)
substrate. Inexpensive material costs for PMMA based microfluidics have made this a
increasingly popular substitute for glass [94-96]. Fabrication characteristics of common
material substrates are listed in Table 3.3. Specific fabrication details for glass and

PMMA are presented heretofore.

TABLE 3.3: Substrate Fabrication Method Comparison [97]

Substrate | Fabrication Method Bonding Method Fabrication Time
Silicon Reactive ion etching Anodic 8-10h

Glass Chemical etching Thermal or UV adhesive 1-2days

COC Milling Thermal 6-8h

PC Injection molding Thermal 6-8h

PDMS Lithography Plasma surface modification 2-4h

PMMA Laser ablation Thermal or solvent 1-2h

3.5.1.1 Glass Substrate

Initially, borofloat glass sheets were sputtered with Cr, and spin coated with a layer of
A7 1600 photoresist. However, this method was time consuming and had quality control
issues. Blank chrome photomasks were instead purchased from TELIC Co. (Valencia,
CA). The fluidic pattern was drawn in AutoCAD, uploaded to a Heidelberg DWL66
direct laser writer for photomask exposure (resolution of 4 pm), and finally developed
using AZ 400K developer solution diluted in deionized water in a 1:4 ratio, respectively.
Chromium remover was then used to expose the glass substrate in the areas patterned.
Fluidic channels were etched with into the borofloat glass, in these areas, to a depth of

150 pm using hydrofluoric acid. Access ports at each end were drilled into the substrate
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using diamond drill bits (acetone was used to remove the remaining photoresist). To
remove fine glass particles and dirt from the surface, the fluidic channels were washed in
an ultrasonic cleaning bath. The chips were then covered by a second glass layer, which

was thermally fusion bonded.

3.5.1.2 Polymer Substrate

Bulk PMMA sheets were purchased from Astra Products (Aurora, OH), 200 pum in
thickness. Fluidic channel designs, drawn in AutoCAD, were translated to the PMMA
using laser ablation by a VersaLASER 3.50 (Universal Laser Systems, Scottsdale, AZ).
A bottom bottom blank layer and a top cover layer, with access ports, were also cut from
PMMA; the three layers were then chemically bonded together using a low azeotropic
solvent developed by Lin et al. [94, 98]. The solution - 20% 1,2-dichloroethane (DCE),
by weight, 80% ethanol - was pipetted on the surfaces of each layer and along the contact
edges. The chip was then placed in a clamping device and allowed to rest for ~ 1h. The

total chip thickness was 600 pm, with a channel 200 ym deep.

3.5.2 Microcoil Lithography

Planar NMR resonators were fabricated by two different lithographic methods, either by
(i) deposition and patterning of gold onto blank photoresist masks or by (ii) patterning

of copper/polyimide flexible sheets. For completeness, both methods will be reviewed.
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3.5.2.1 Glass Deposition

Blank TELIC borofloat chromium masks were sputtered with a 50 nm thick gold seed
layer after the surface was cleaned with deionized water and acetone. A 16 um layer
of AZ 4500 positive photoresist was spin coated on to the gold surface. Coil designs,
were again handled in AutoCAD and transferred to the specimen by a direct laser
writer. After photoresist development and Os-plasma cleaning, the coil structure was
electroplated in Au up to a additional thickness of 7 um. All photoresist was then
removed with dimethyl sulfoxide. The remaining gold seed layer was stripped by aqua
regis etching. At this stage, a gold wire bonder was used to make the bridge connection
needed to complete the circuit. This connection was out of plane and as a protective
measure a 10 um layer of SU-8 was spin coated onto the resonator. The complete process
is shown in Figure 3.13 with a simplified version shown in Figure 3.2. A coil fabricated

using this method is shown in Figure 3.12.

Hilll BN

1 Glass or Si

/

Au

TiCr

RN ES
6

2

Positive Photoresist

mEEEE

F1cURE 3.13: Step-by-step fabrication guide to glass substrate based microcoil fabri-
cation.
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3.5.2.2 Upisel-N Etching

A more recent process, relied on pre-fabricated polyimide laminate sheets of 50 pum
thickness and a electronically deposited single sided copper coating of 18 ym (Upisel-N,
UBE Industries, Ltd.). The laminate was cleaned with acetone, and spin coated with
a layer of AZ 1500 series positive photoresist (on the Cu side). Departing from the
direct writer, a pre-made transparency mask (from AutoCAD drawings) was used for
patterning. A Karl Siiss MJB3 mask aligner was used for consistency, but ultimately
was not needed as there is only one alignment step. After photoresist development, the
excess Cu was removed by etching in HoSO4 : HsOs : H50 in a ratio of 1 : 2.3 : 20,
respectively. The bridge connection was done by either soldering or gold wire boding,
although the latter is difficult given that the base material is copper. To protect against
oxidation a thin layer of MEMS wax was applied using a heat plate. The entire process

is recorded in Figure 3.14.

1 Upilex 3 Pattern & Etch
2 Photoresist 4 Dielectric Oxidation Barrier

FIGURE 3.14: Complete fabrication guide to flexible copper/polyimide fabrication.

Micrographs of coils fabricated by both processes are shown in Figure 3.15 (Tunable and

non-tunable coils are shown for the Upilex method).
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FIGURE 3.15: Planar micro fabricated resonators. Left: self resonant coil using the
stray capacitance between turns for tuning. Middle: Cu coils fabricated on Upilex
pre-plated polyimide foil for tunable coil. Right: Upilex polyimide fixed capacitor coil.

3.6 Microcoil Characterization

Prior to spectroscopic experimentation, planar microcoils were characterized in two
ways; first by acquisition of self resonance by inductive sniffer coils and then by mi-
croimaging of field intensities around the microresonator. Importantly, previous issues
of self resonance mis-detection were resolved by introduction of inductive measurement

of the microresonators through the network analyzer.

3.6.1 Network Analyzer

Given the microresonator is inductively coupled to the pickup coil inside the probe, it’s
logical that they should be measured in a similar fashion. Accordingly, a simple sniffer
coil was assembled and several planar microcoil resonate values were recorded by peak
extraction from the reflection curve, see Figure 3.16. Self resonance values are easily

be collected using this method; however, Q-Factor” determination is more difficult since

"Quality factor is a dimensionless parameter describing resonator under-damping.
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the definition, @ = f./Af, requires a bandwidth measurement at -3 dB from the peak
of the transmission curve. When using the reflectance, this value is interpolated and
subject to mischaracterization. Therefore a new inductive measurement technique was

pursued based on the transmission curve.

0

e e
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S1(dB)

560 580 600 620 640

FIGURE 3.16: Left: Microresonator measured reflection using the sniffer coil. Right:
Sniffer coil composed of simple wire solenoid and tunable capacitor soldered to a coax
cable.

In a second approach, the electrical response of the resonators was tested using two
circular loops lithographically etched onto a printed circuit board. The arrangement of
the coils is such that their mutual inductance largely cancels. By introducing a tuned
resonator into the proximity of the overlap region, the cancellation curve is replaced
with a transmission pattern (see Figure 3.17). The resonance was then be observed by
measuring the transmission loss (S12) through the double loop device with HP 8735D
vector network analyzer. While the position of the resonance peak directly indicated

the resonance frequency, the quality factor was determined from the width of the peak

at -3 dB from the maximum as @Q = Aw_34p/wo.

Complete network analyzer data processing routines can be found in Appenidx D.
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FIGURE 3.17: Left: Cancellation curve for two different coil geometries. The Q-factor

is easily retrieved from this graph. Right: Cancellation device (top) and attached two

coax cables. Equivalent circuit diagram (bottom) shows this system behaves similarly
to the NMR probe.

3.6.2 Microimaging

While the cancelation loop can provide accurate resonances and Q-factors, it’s important
to know the distribution of the field around the microcoil. To image the field intensity
around the microcoil, the NMR imaging mode is employed. The resonator chips are
aligned inside a 12mm NMR sample tube filled with doped water (i.e. 0.01 M CuSO4
and 0.5 M NaCl). Magnetic resonance images are acquired in a perpendicular orientation
in relation to the coil surface. Figure 3.18 shows a 256 X 256 pixel image demonstrating

the signal intensity gain in water around the coil.

3.7 NMR Experiments

NMR experiments were conducted using a Varian VNMR spectrometer, operating at a

static field strength of 14.1 T. Images have been acquired with a Doty 12 mm micro
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Ficure 3.18: Left: Microfluidic device with integrated microresonator. Right: MRI
image of microcoil signal intensity, shown spilling into the sample chamber of the mi-
crofluidic device [80].

imaging probe using a sample of 150 mM NaCl and 10 mM CuSOy in H»O. Gradient echo
images were obtained using a Gaussian excitation pulse profile with 2 ms duration. Slice
thickness was 0.5 mm; a gradient echo time of 2 ms and a relaxation delay of 500 ms were
used. The latter ensured that the image contrast was not affected by T relaxation. A
dedicated NMR probe head was built for inductive coupling of microfluidic chips. The
commonplace pneumatic sample transport mechanism was modified to accommodate
rectangular chips instead of conventional 5 mm NMR sample tubes. The design of this
probe is shown in Figure 4.11. The probe head structure shown in the figure was manu-
factured directly from the CAD drawings using a uPrint SE 3D fused deposition modeling
system (Stratasys, Inc., Eden Prairie, MN), from acrylonitrile-butadienestyrene (ABS)
copolymer. The primary coil structure was cut from self-adhesive copper tape (3M),
and glued to two microscope slides that snapped into the sample holder on either side of
the pillars shown in Figure 4.11. All spectra and images were processed using our own

routines written in the Mathematica language (see Appendix E).
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FIGURE 3.19: Schematic of the probe assembly from 3D CAD drawings of the sample
orienter, sample deliver, and probe coil structure.
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Chapter 4

Characterization and
Performance of Optimized Planar

Microcoils

4.1 Microcoil Characterization

Multiple microcoil iterations were produced, with varying geometry, before optimum
sensitivity and resolution was achieved. One obstacle encountered during the resonance
frequency characterization using the cancellation loop was the difference in resonance
noted going from bench top network analyzer to the NMR experiment environment. De-
pending on susceptibility differences in substrate type and adhesion method (resonator

to microfluidic chip), the resonance would vary up to 100 MHz from its original value.
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This shift was predictable however, and was addressed by biasing microcoils to a higher

frequency. Results from the cancellation loop and microimaging are below.

4.1.1 Resonance Frequency and Q) Factor
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FIGURE 4.1: (a) Cancelation coil measurement technique using two clamped glass
places to sandwich the microresonator. (b) Cancellation curve corresponding to dif-
ferent coil geometries, from which the resonance and Q-Factor are determined. (c)
Resonance frequency and (d) quality factor of planar coil resonators as a function of
number of turns. Results for coils of 5.75 mm and 6.00 mm outer diameter are shown.

The resonance frequencies and @ factors obtained from the two sets of coils are shown
in Figure 4.1. The coils were fabricated by etching Copper coated polyimide sheets,

as discussed in chapter 3.5.2.2. The width of the conductor path was left constant at
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100 pm, with a turn gap of 50 pum for all cases. The number of turns was adjusted by
1/4 turn between 6 and 8 total turns. The out-out diameter of the coils was 5.75 mm
and 6mm. Demonstrated in Figure 4.1C, the resonance frequency drops with increasing
number of turns and coil diameter, as expected. By contrast, the @) factors seem largely
constant with a medium value of 53 over the range of geometries described above. The
large scatter observed in Figure 4.1D is caused by both measurement apparatus error

(see Figure 4.1A) and fabrication inconsistency.

To minimize the error associated with measuring the microcoils using the cancellation
loop, two glass plates were used to sandwich the coil to eliminated orientation effects on
the cancellation curve, see Figure 4.1A. Clamping the coils with glass also ensured that
the dielectric constant of the surrounding medium was the same each time. Collectively,
the sandwiched resonator was consistently placed on the surface of the cancellation loop
so that the copper clad side faced down and it maintained the same orientation of the

leads.

Fabrication error was traced to one of three sources: (i) over etching of the sample
(shown in Figure 4.2), (ii) underetching and poorly defined photoresist boundaries, and
(iii) post fabrication surface treatment, typically using MEMs wax. The former two
were often related since badly defined photoresist patterns would at first show signs of
tract jumping and to compensate would be etched further, sometimes resulting in loss

of geometry by over etching.
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FIGURE 4.2: Left: Over etching of the original pattern was a significant source of

measurement error. It can be seen in the above picture that the tracks of the copper

are thinner than the inter-tract spacing. Right: Backside view of a microresonator with
unequal application of MEMs wax producing light reflecting distortion patterns.

4.1.2 Signal Strength Dependence on Applied Power

In order to test the behavior of planar coil resonators in a magnetic resonance context,
a coil was placed vertically in a 12 mm sample tube filled with doped water. Figure 4.3
shows gradient echo images obtained from this system with different excitation pulse
intensities. The local enhancement of the radio frequency field due to the resonance
of the coil is clearly visible in the images. The contrast stems from two sources: the
current in the resonator increases the local RF field strength, leading to a larger pulse
excitation angle. In addition, the resonant coupling of the microcoil to the probe causes

the signal around the microcoil to be recorded at a higher sensitivity.

Figure 4.4 shows the comparison of signal intensity from the area close to the resonator

versus background signal far away relative to the resonator. The maximum signal close



Chapter 4 Characterization and Performance of Optimized Planar Microcoils 65

FIGURE 4.3: Gradient echo images of a planar resonator immersed in doped water at
increasing excitation power.

to the resonator is a factor of 3.5 higher than in the background, and it is reached at a
power level of 23 dBm, whereas the background signal peaks at a higher power level of
33 dBm. Since the B; field strength is proportional to the square root of the applied
power, this corresponds to a factor of 3.16. The close agreement is verification of the
correspondence principle, which that relates the NMR experimental sensitivity to the

probe efficiency (magnetic field strength generated per square root of power).

In these experiments, the resonator coil was coupled inductively to the tuned Litz' coil
built into the Doty micro imaging probe. As described in Chapter 3.4.1, when both the
resonator and the probe are tuned to the same frequency, the coupling between them
causes a splitting of the resonance. The resonance frequency of the planar microcoil
has to be chosen such that one of the two lines coincides with the Larmor frequency
(600 MHz). With proper matching of the probe, the available power is then split evenly
between the probe coil and the resonator coil. In the case of microimaging experiments
using the factory made Litz coil, the coupling splits the resonance by ~40 MHz (i.e.
resonances at 580 and 620 MHz). Unfortunately, the tuning range of the micro imaging

probe is only 20 MHz, making either resonance inaccessible. Therefore, the experiment

LLitz (woven) coil utilizes etched foil patterns with insulated crossovers to obtain RF flux transparency
and improved SNR [99].
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FIGURE 4.4: Dependence of signal strength on excitation power.

was carried out with a resonator at lower self resonance to offset one of the lines to
fall at 600 MHz. This results in inefficient coupling, since the majority of the avail-
able power is dissipated in the probe pickup coil instead of the microresonator. Thus,
the reported magnification factor of 3.16 is not representative of the true maximum
achievable probe efficiency. Nonetheless, this experiment is only meant to validate the
correspondence principle, and provide information on the shape of the RF field around

the microresonator.
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4.2 Lineshape and Signal/Noise Ratio

A quantitative assessment of the probe efficiency and sensitivity was acquired from
a tuned 600 MHz Cu/polyimide coil attached to a microfluidic PMMA chip with a
circular sample chamber of 5 mm diameter and 200 pm depth. The collectively packaged
coil/microfluidic device was inserted into the probe assembly shown in Figure 4.11. As

explained in Chapter 3.4.1, the probe coil was not tuned to 600 MHz to avoid resonance

Lo
|

splitting.

o

15

B

400 200 0 -200 -400

/21 [HZz]

FIGURE 4.5: PMMA based microfluidic devices with (A) rectangular cross section and
(B) circular cross section. Chips are 0.6 mm in thickness with 200 pm thick sample
chamber.
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Figure 4.5A shows the spectrum of a sample of 5% H2O in D2O obtained from this setup.
A single transient was acquired after a 90° pulse. The magnetic field was optimized
with the spectrometer shim to be as homogeneous over the sample region as possible,
corresponding to a improved lineshape/peak height. A shim is a device used to adjust the
homogeneity of a magnetic field. In an ideal case, we would expect to see vertical lines
representing peaks much like a delta function. As Figure 4.5 clearly shows though, there
is substantial inhomogeneous broadening of the resonance line. This can be attributed
to susceptibility mismatch between the chip material (PMMA) and the aqueous sample.
Modifying shim settings reduced the overall width of the line by a factor of 2 over what
is shown in Figure 4.5A, but at the expense of the sharpness/height of the central peak.
The sensitivity was determined from this data by determining the SNR in the time
domain (see figure 4.6), defined as the maximum signal height in the FID divided by

twice the root mean square noise amplitude [1]:

SNR; = 1406 + 5.

The susceptibility mismatch between the sample and the chip material leads to a marked
dependence of the resonance lineshape on the shape of the sample compartment. Illus-
trated in Figure 4.5 are two PMMA based fluidic sample chamber arrangements. As
mentioned earlier, susceptibility mismatch is to blame for the artifacts seen in the foot
of Figure 4.5A (the round chamber). The same problem also applies to the rectangular
case; however, due to the orientation of the chamber walls relative to the magnetic static

field, the effect can largely be shimmed away using lower order shims (e.g. Z, Y, X, Z2,
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XY, YZ - - etc.). For this reason, the rectangular linear chip configuration was selected

for NMR spectroscopy experiments.
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FIGURE 4.6: (A) and (B) are the free induction decay and Fourier transformed spec-

trum, respectively, for an idealized case. The progression from left to right show that

the more rapidly the FID decays the broader the line in the corresponding spectrum.

(C) and (D) show that for a quickly decaying signal the noise carries on unabated for

the during to the experiment. By taking only the part of the FID containing the signal
the SNR can be improved [41].

4.3 Limit of Detection

The single-scan limit of detection, Equation 3.3 reprinted below for reference, was de-
termined to be LOD; = 2.7 nmol-s!/2.

Ng

LOD; = — 2
" SNRyVAS
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It was assumed that the bandwidth in which the spins resonate was Af = 200 Hz, which
comes from the water peak total linewidth. Bart et al. [11] reported a value of 0.47

nmol-s!/2

for their micro stripline probe, obtained from a sample of pure isopropanol,
also operating at 600 MHz. In order to compare these numbers, their value has to be
multiplied by two since it was obtained using four scans rather than one. Secondly,
their sample volume was 600 nl, compared with 1.2 pl in our case. The mass sensitivity
increases with the inverse cube root of the coil volume [19]. Scaling our LOD; to 600 nl
(a factor of 1.25) and 4 scans (a factor of 2), the value is determined to be 0.38 nmol-s'/2.
We can perform this same normalization process on other reported coils (summarized
in Figure 2.14). With the exception of Gruschke et al. and Renaud et al. who reported

1/2

sensitivities corresponding to nLLOD values of 7730 and 92000 nmoll-s*/“, respectively,

our reported value matches up well with the field [14, 64, 100].

Figure 4.7 shows a nutation spectrum obtained from a glass rectangular sample chamber
chip at an excitation power (P) of 12.6 W. From this experiment the probe efficiency

can be calculated from the equation:

By 1
Nprobe \/]3 4 o0 \/Fa

The 90° pulse length (799) is 9 us, which corresponds to a probe efficiency of 0.184 mT/
VW, or (for protons) 7.83 kHz/+/W. It should be noted that this is the efficiency of the
entire transmission pathway, including losses in the cables, preamplifier setup, filters,
and the probe. The Ay50/Ago ratio is 71%, and Agjg/Agp is 36%. Compared with a

standard 5 mm liquid-state probe the radio frequency homogeneity doesn’t measure up
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FIGURE 4.7: Nutation spectrum of a sample of 5% H>O in D5O.

very well in the described system. However, it does compare favorably with what other

groups using planar micro coils have reported.

4.4 Experimental Results

As described in Chapter 4.2, a rectangular chip (see Figures 4.8A and 4.5) was used in all
experiments. The chip was manufactured from borofloat glass, as described in Chapter
3.5.1.1. The sample chamber consists of a long linear channel of 2 mm width, 150 ym
depth, and 12 mm length. This chamber was combined with a Cu/polyimide resonator of
6.75 turns and 6 mm outer diameter. The active sample volume is approximately 2 x 4

x 0.15 mm? = 1.2 pul, giving the total number of spins in the system as 1.6x10'°. Figure
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FIGURE 4.8: 'H spectrum of glucose obtained from 1.2 ul of sample in an inductively-
coupled microfluidic chip. Spectral resolution is about 4.5 Hz.

4.8B shows a single scan spectrum of a sample of 500 mM a-D-glucose in D2O. The water
signal was suppressed by 1s pre-saturation at 0.25 mW at a frequency corresponding to
0 = 4.76 ppm. 8000 complex data points were acquired after a 90° pulse over a spectral

width of 10 kHz, and processed with Gaussian line broadening of 1.5 Hz.

The susceptibility broadening is minimized in the case of the rectangular sample cham-
ber, and the remaining inhomogeneity was mostly be removed by shimming. The inher-

ent line width (FWHM) was determined by fitting the triplet line with a Lorentzian line
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F1GURE 4.9: COSY spectrum of 1.2 ul 500 mM glucose in DoO with water suppression
by pre-saturation. 256 ¢; increments were acquired over a total experiment time of 4h.
The data was extended to 512 ¢; points by linear prediction with 64 coefficients.

shape of 4.5 Hz width. Literature custom dictates the sensitivity of micro-NMR systems
be evaluated through the anomeric proton (position 1) of glucose. As is well known,
glucose isomerizes into a-D-glucopyranose and [(-D-glucopyranose (shown top left in
Figure 4.8) in aqueous solution over several hours at room temperature. Therefore, the
sample was prepared a minimum of 24h before the NMR measurements were made. The

anomeric proton for o and [ isomers appear at 4.6 ppm and 5.2 ppm, respectively [35].
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The signal from the 8 anomeric proton was used for sensitivity assessment. The single-
scan SNR was recorded to be 106. With a assumed concentration of the 5-D-glucopyranose
of 250 mM, this corresponds to a specific SNR of 320 gmol~!. For comparison, Massin
et al. reported a value of 88 ymol~! for a conventionally coupled (wired) planar micro
coil of very similar dimensions. Their experiment was carried out at a proton resonance
frequency of 300 MHz, but the quoted value was scaled to 600 MHz, and so is directly
comparable to our result. The mass sensitivity can be converted into a limit of detection,
corresponding to the amount of sample that needs to be present to yield a SNR of 3 for
an acquisition time of 1 s2. The normalized limit of detection, thus defined, is given by

[15]:

N /Tix
nLOD,, = 3>V Exp

SNR (4.1)

where tgy, denotes the time for the experiment. From the SNR reported above, we
obtain nLOD,,, = 22.2 nmol-s'/2, assuming an experiment time of 5.5s (which includes
the relaxation delay). Bart et al. have reported an almost identical value of nLOD,, =
22.3 nmol-s'/2 for the sucrose anomeric proton in a volume of 0.6 pl in a micro striplilne

probe.

As demonstrated in Figure 4.9, it is possible to acquire homonuclear two-dimensional
spectra using the same setup. This is of particular importance in the context of the
analysis of the complex mixtures. Figure 4.9 shows a correlation spectrum (COSY)

obtained from 1.2 pl of 500 mM glucose D2O.

2The nLOD varies from the LOD in that reported SNR, sample volume, and total measurement time
are collected and then scaled to 600 MHz.
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4.5 Conclusions

The original motivation for this project was to perform metabolomics on a chip and
monitor non-invasively through NMR spectroscopy. The reported LOD in this thesis
(e.g. 0.47 nmol-st/ 2) approaches the sensitivity required for interesting applications in
metabolomics. This was a normalized/scaled value with the a sample size of 1.2 ul. In
actual applications, this number would be expected to be tens of nanoliters [23], implying
that the coil sizes need to scaled down further. One issue of doing this is thermal noise,
which can be a dominate signal contribution for coils with diameters <1 mm. A more
pressing problem is resolution, which if not addressed in the fabrication process by
susceptibility matching materials, can cause extreme linebroadening to the point where
spectra are indistinguishable. Summarized in Chapter 4.6 are ongoing efforts towards

resolving this limitation.

4.6 Future Work

Efforts moving forward will focus on two areas: microcoil/probe optimization and sus-
ceptibility mismatched materials. Reported resolution values from Olson et al. of 0.6 Hz
suggest that there is still much improvement left in this area [23]. Indeed, one of primary
reasons microNMR has not been adopted in earnest is because of resolution limitations.
Preliminary computational results looking at susceptibility mismatched materials indi-
cate that compensation structures could be placed in close proximity to boundaries,
where mismatched materials meet, to homogenize the magnetic field. Figure 4.10 shows

computational results of how this could work in practice. Sample chambers containing
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FIGURE 4.10: Preliminary computational results for susceptibility mismatched mate-

rials. In the top row magnetic field lines are approximated for three varying structures

and their associated magnetic susceptibilities. The bottom row predicts what each
NMR line would look like based on the geometry and materials present.

solutions of different susceptibility than the chip material are surrounded with a com-
pensating area of either diamagnetic or paramagnetic material, depending on the sign

of the magnetic field at the boundaries.

The other area of focus going forward is in optimization of existing probe and micro-
coils. Shown in Figure 4.11 is the latest purposed layout of the probe coil. In this
instance, the single induction loop is replaced with symmetric planar coils, made from
copper foil, situated <3 mm from each chip face. The microfluidic device is tightly
engulfed by the pickup coils, providing a better filling factor and improved sensitivity.
A bonus advantage of this arrangement is a boost in resolution due to the high symmetry

of the duel probe coils.
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FIGURE 4.11: Schematic of the probe assembly (A) and 3D CAD drawing of the

sample orientation / support structure (B). 1: Probe coil, made from self-adhesive Cu

tape mounted on 2: support glass slide; 3: matching capacitor (210 pF); 4: matching
adjustment rod; ground plane; 6: semirigid coaxial cable; 7: probe sheath.



Chapter 5

Final Remarks

Microfluidic devices integrated with self-resonant planar coils can be coupled inductively
to the spectrometer, allowing for high-resolution NMR, spectroscopy with sensitivities
similar to those obtained from other micro-NMR approaches. The biggest advantage
of the inductive coupling mode is that it allows for easy exchange of the sample, since
there is no tethered wire leads. While the demonstration experiments reported here have
used very simple fluidic geometries, this opens the possibility to equip more complex
lab-on-a-chip devices with planar resonators. The spectral resolution is limited by the
susceptibility mismatch between the fluidic chip material and the sample. Currently,
this requires avoidance of edges perpendicular to the magnetic field near the sample
volume. This is a severe restriction in the design of NMR LOC devices. Efforts towards
eliminating this constraint are currently underway by the introduction of compensation

structures as outlined previously.
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Inductive Coupling Calculation
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Circuit equations and Ohm’s law
ProbeCircuit = {Il = I2+ I3, ULT + URT - UCT == 0}
{I1 = I2+1I3, -UCT+ULT+URT =0}
ResonatorCircuit = {ULm + URm + UCm == 0}
{UCm + ULm + URm == 0}
MatchingCircuit = {UCa + UCT - Ul == 0}

{-Ul +UCa+UCT == 0}

OhmsLaw = {ULT == I wLT I3 +IwkSqrt[LTLm] I4, URT == RTI3, IwCTUCT = I2,
IwCmUCm == I4, ULm == IwImI4 + I wkSqrt[LTLm] I3, URm=- RmI4, IwcCaUCa = Il}

{ULT =1I3LTw+1I4k/LmLT w, URT == I3RT, 1 CTUCTw == I2,
iCmUCmw == I4, ULm=1I4Ilmw+1I3kVILmLT w, URm== I4Rm, 1 CaUCaw = Il}
$Assumptions = LT > 0&& k > 0 &&Lm > O && RT > 0 && CT > 0&&Cm > O &&Rm > 0&&Ca > 0 && I1 > 0&&w > O

LT >06&&k >0&&Lm > 0&&RT > 0 &&CT > 0 &&Cm > 0 & Rm > 0 &&Ca > 0 && I1 > 0 && w > 0

FIGURE A.1: Inductive coupling calculation part (a).
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Solutions

These equations can be solved simultaneously for the currents /3and I4, as well as the input voltage U;. The input
current [ is used as an input parameter. Together, that allows to compute the input impedance of the circuit.

solutions = Solve[Join[ProbeCircuit, ResonatorCircuit, MatchingCircuit, OhmsLaw],
{I3, I4, UCT, ULT, Ul, ULm, URm, UCm, URT, I2, UCa}]

{{13>-(11 (1+icmRmo-cmIme?)) /
(cmCTK*ImLT w* - (1+iCmRmw-CmImw?) (1+iCTRTw-CTLTw?)),
I4a—(CmIlkLmLTw2)/ (\/LmLT (-1-iCmRmw-1iCTRTw+CmImw® + CT LT w +

CmCTRmRTw2+J'1CmCTLTme3+]'LCmCTLmRTaJ3—CmCTLmLTw‘]+CmCTk2LmLTw4)),

1I1
UCT » - —— - (i I1 (1+]’1Cmme—Cmme2))/

CTw
(CTw (CmCT K LmLT w* - (1+iCmRmw-CmLmw?) (1+1iCTRTw-CTLTw?))),
11
ULTafl +(1T1(-1-iCTRTw) (1+iCmRmw-CnImw®)) /
CT w
(CTw (CmCTkK*LmLT w* - (1+iCmRmw - CmLmw®) (1+1CTRTw-CTLTw?))),
i1l iIl
Ul -» - - —(JiIl(l+]iCmRma)—Cmme2))/
Caw CT w

(CTw (CmCT K> LmLT w* - (1+iCmRmw-CmImw?) (1+iCTRTw-CTLTw?))),
ULm - (Ilkw (—JiLmLT+CmLmLTme))/ (\/ﬁ (-1-iCmRmw-iCTRTw+CmImw? + CTLT w? +
CmCTRmRTuJ2+I'LCmCTLTme3+JiCmCTLmRTw3—CmCTLmLTw4+CmCTk2LmLTw4)),
URma—(CmIlkLmLTmez)/ (m (-1-icmRmw-iCTRTw+CmImw® + CTLT w® +
CmCTRmRTwZ+JiCmCTLTme3+]'1CmCTLmRTuJ3—CmCTLmLTw"+CmCTk2LmLTa)4)),
UCm - (JiIlkLmLTw)/ (\/ﬁ (-1-icmRmw-1iCTRTw+CmImw® +CT LT w? +
CmCTRmRTwz+J'1CmCTLTme3+J'1CmCTLmRTw3—CmCTLmLTw4+CmCTk2LmLTw4)),

URT > - (I1RT (1+1iCmRmw - CmLmw®)) / (CmCT K’ Lm LT w* - (1+ i CmRmw - Cm Lm w?)
(1+iCTRTw-CTLTwW?)), T2 I1+ (I1 (1+iCmRmw-CmImw?)) /
iT1
(cmCTk?ILmLTw! - (1+iCmRmw - CmLmw?) (1+iCTRTw—CTLTw2>),UCa—>—1 }}
Caw

FIGURE A.2: Inductive coupling calculation part (b).
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Power Dissipation

PowerProbe = (ComplexExpand[I3 Conjugate[I3] RT //. solutions[[1]]] // Simplify)
(11?RT (1-2CmImw® + Cm? o’ (Rm® +Im’ w?))) / (1-2CTLT w® +
cT? w® (RT? +LT? 0®) +2CmImw’ (-1-CT (-2+k?) LTw® - CT? w? (RT? - (-1+Kk?) LT? 0?)) +
cm? w? (2 CT? k? Lm LT RmRT w* + Rm? (1 -2 CT LT w? + CT? w® (RT? + LT? w®)) +
L’ w? (1+2CT (-1+k?) LT w® + CT? w® (RT® + (—1+k2)2LT2w2>))>
PowerResonator = (ComplexExpand[I4 Conjugate[I4] Rm //. solutions[[1]]] // Simplify)
(cm? 11 K’ ImLTRmw*) / (1 -2 CTLT w? + CT? w (RT? + LT? ) +
2CmImw® (-1-CT (-2 +k%) LTw? - CT? o (RT? - (-1 +k*) LT? &) ) +
cm’ w? (2 CT? k? Lm LT Rm RT w* + Rm? (1 - 2 CT LT w® + CT? w* (RT? + LT? w?) ) +
Im® w® (1+2CT (-1+k?) LT w® + CT? w® (RT? + (—1+k2) LT’ w?))))

TotalPower = Expand [PowerProbe + PowerResonator] // Simplify

(11? (cm® kK* LmLTRmw® +RT (1 -2CmImw’ + Cm® w? (Rm® +Im* w?)))) /
(1-2CTLTw® +CT? w? (RT? + LT? w?) +
2CmLmw® (-1-CT (-2 +k?) LT w? - CT? w? (RT? - (-1 + k%) LT? 0?) ) +
2

cm? w? (2 CT? k* Lm LT RmRT w* + Rm® (1 -2 CT LT w” + CT? w® (RT? + LT? 0?)) +
Lm® w® (1+2CT (-1+k?) LT w® + CT? w? (RT? + (-1 +k2)2 Lt W?))))
The total power dissipated should be equal to the power input to the system

ComplexExpand[Re[Ul] I1 //. solutions[[1]]] // Simplify

(11% (cm? X Lm LT Rmw* + RT (1 -2 CmImw? + Cm® ? (Rm? + Im® w?)))) /
(1-2cTLTw® + CT? W? (RT? + LT® 0?) +
2CmImw® (-1-CT (-2 +k%) LTw? - CT? 0 (RT? - (-1 +k%) LT? &) ) +

cm’® w? (2 CT? k? Lm LT Rm RT o + Rm? (1 - 2 CT LT w® + CT? w® (RT? + LT? w?) ) +
Lm? w? (1+2CT (-1+k?) LTw? + CT2w? (RT? + (-1+Kk2)°LT20?))))
% == TotalPower
True
PowerEfficiency = (PowerResonator / TotalPower // Simplify)
(cm* K’ LmLTRmw*) / (Cm® k> Lm LT Rmw* + RT (1 -2CmImw’ + Cm’ w® (Rm’ + L’ w?) ) )
PowerEfficiency //. {(Rm>wLlm/QOm, RT > wLT/QT, w—-> Q/Sqrt[LmCm]} // Simplify

k2 om QT Q*

O+ k20omQT Q4 +om? (-1+0%)°
% /. Q-1
k2 Om QT

1+k?QmQT

FIGURE A.3: Inductive coupling calculation part (c).
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Reflection Ratio and Power Efficiency

]
—_—l
o—} I
CM

Manipulate[
GraphicsGrid[
{{LogLinearPlot [
Evaluate[20 / Log[10] Log[Abs[#]] & /@ ({PowerEfficiency, (Ul-50) / (UL+50)}) //.
solutions //. {Ca -» Cmatch, Cm -» Cmu, Lm » 40nH, Rm-> 2,
CT->Ct, LT > 40nH, RT > 0.3, w» 27 vMHz, I1 > 1, k » coupl}],
{v, 200, 2000}, PlotRange » {-20, 5}, PlotPoints » 100, PlotStyle -» Thick,
BaseStyle » {FontFamily -> "Helvetica", FontSize - 14},
Frame - True, FrameLabel » {"v/MHz", "Gain/dB"}, GridLines - True]},
{LogLinearPlot [Evaluate[10 / Log[10] Log[Abs[#]] & /@ ({I3, I4}) //. solutions //.
{Ca » Cmatch, Cm » Cmu, Lm > 40nH, Rm-> 2, CT - Ct, LT » 40nH, RT > 0.3, w » 27 v MHz,
I1->1, k> coupl}], {v, 200, 2000}, PlotRange -» {-10, 30}, PlotPoints -» 100,
PlotStyle -» Thick, BaseStyle -» {FontFamily -> "Helvetica", FontSize -» 14},
Frame -» True, FrameLabel -» {"v/MHz", "Gain/dB"}]}}],
{Ct, 0.001 pF, 10 pF}, {Cmu, 0.1 pF, 10 pF},
{Cmatch,
0.01pF, 10 pF},
{coupl, 0.0001, 0.2}] //. Units

FIGURE A.4: Inductive coupling calculation part (d).
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FIGURE A.5: Inductive coupling calculation part (e).
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Current Resonance in Primary Coil and Resonator

Units = {MHz > 10%6, pF » 10" (-12), nH > 10" (-9)} ;

Manipulate[LogLinearPlot[Evaluate[
10 /Log[10] Log[Abs[#]] & /@ ({I3, I4}) //.

solutions //. {Ca - Cmatch, Cm - Cmu,
Lm-> 40nH, Rm-> 4, CT->Ct, LT > 20nH, RT> 0.3, w > 27vMHz, I1 > 1, k » coupl}],

{v, 200, 2000}, PlotRange -» {-10, 30}, PlotPoints -» 100, PlotStyle - Thick,
BaseStyle » {FontFamily -> "Helvetica", FontSize - 14}, Frame - True,
FrameLabel » {"v/MHz", "Gain/dB"}], {Ct, 0.1 pF, 10 pF},

{Cmu, 0.1pF, 10 pF}, (*{Cmatch,0.01 pF,20pF},*) {coupl, 0.0001, 0.2}] //. Units

Ct M

L
5 ANAA v jﬂﬂ ﬂg ﬂ

Cmu D
ramay | =|0|+] Al¥| =
coupl M

&
aons | =|¥]+]| Al¥] =]

30

20}

10}

Gain/dB

200 300 500 700 1000
v/MHz

1500 2000

FIGURE A.6: Inductive coupling calculation part (f).
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Flat Spiral Coils

inj5]= << PhysicalConstants”

The mutual inductance between two concentrical circular loop is given by (Hurley, Duffy, IEEE Trans. Magn. 31,
2416-2422 (1995) )
6= Mfil[a_, r_, z_] := Module[{f}, f =Sqrt[4ar/ (z"2+ (a+r)"2)];
uosqrtfar] 2/ £ ( (1-£~2/2)EllipticK[f] - E1lipticE[£f]) ];
Following Hurley and Duffy (pg 2418), we can now calculate the inductance of a flat spiral coil. The spiral is modeled
as a number of concentric rings, with wire height 4, width w, inner diameter d, separation s, and number of turns N.

The self-inductance of each turn is calculated by placing a filament at the geometric mean of the inner and outer radius

rm =V ri(ri + w) , and the geometric mean distance for the z separation: z =0.2235 (w + h) .

The mutual inductance between two turns is given by placing the two filaments at the geometric mean distances and
zero vertical separation.
in7)= Ltot[N_,d_, w_, h_, s_] := Module[{]j, k, rl, r2, z, L},
L=0;
Do[
rl=d/2+j* (Ww+s);
rl = Sqrt[rl (rl+w)];
L =L+ Mfil[rl, rl, 0.2235 (w+h)];
Do|[
r2=d/2+k* (w+s);
r2 = Sqrt[r2 (r2+w)];
L =L+Mfil[rl, r2, 0];
r
{k, j+1,N-1}];

’

{j, 0, N-1}];

L
1;

In[8]:=

ng}= Ctot[N_, d_,w_, h_, t_, s_] := Module[{},
eA/t //. {A> Integrate[w (d+w/2+6/ (27n) (w+s)), {6, 0, 2Nn}]1}]1;

nfo= Ltot[2, 0.001 , 0.0001 , 0.00002 , 0.0001 ] Meter Ampere / Second / Volt //.
U0 » VacuumPermeability

ouio= 7.25006 x 107°

inf11= Plot[10"9 Ltot[3, 0.001d, 0.00005, 0.00002 , 0.00002 ] Meter Ampere / Second / Volt //.
u0 » VacuumPermeability, {d, 0.2, 2}]

s0f
asf
20}

Out[11]= 1s5F

In[12]:=

Coil Resonator Simulation

We assume the coil to be fabricated on top of a dielectric layer of thickness 7, which separates it from another conduct-
ing layer.

FIGURE B.1: Microcoil inductance calculations part (a).
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in(13= Manipulate[
{Show[ParametricPlot[{(r+ (w+s) x/ (27x)) Sin[x], (r+ (w+s) x/ (2x)) Cos[x]} //.
{r>d/2+w}, {x, 0, (N) 27}, PlotPoints » 50 N, Mesh » None,
Axes - None, Frame - None, PlotRange -» {{-1, 1}, {-1, 1}}], ParametricPlot|[
{(r+ (w+s)x/ (2xn)) Sin[x], (r+ (w+s)x/ (2x)) Cos[x]} //. {r>d/2}, {x,0, (N)2n},
PlotPoints -» 50 N, Mesh » None, Axes -» None, Frame -» None, PlotStyle » Red]],
Ltot [N, d /1000, w/ 1000, 0.02 /1000, s / 1000] Meter //. u0 » VacuumPermeability,
Ctot [N, d /1000, w/ 1000, 0.02 / 1000, s / 1000, t / 1000] Meter //.
€ » 3.1 VacuumPermittivity,
1/ (2x) / Sqrt[Ltot[N, d/ 1000, w/ 1000, 0.02 /1000, s/ 1000] Meter
Ctot [N, d /1000, w/ 1000, 0.02 /1000, s /1000, t/1000] Meter] //.
{10 » VacuumPermeability, € » 3.1 VacuumPermittivity}}
, {{N, 3}, 1, 10, 1}, {{4, 2.2}, O, 3}, {{w, 0.08}, 0.005, 0.1},
{{s, 0.08}, 0, 0.1}, {{t, 0.01}, O, 0.05}]

N M
J
< =>t] al¥| =]
J M
U
na =t Al =]
w M
U
nosia | =|2]+] Alz] =
. n
J
nnaze | =|0]+] Al¥] =]
. M

-
nnon> | =]+ Al¥| =]

out[13]=

{ 3.33556 x 10°® Second Volt

’ ’

Ampere

1.00747 x 10 '? Ampere Second 8.68201 x 10°

Volt ' J
° 4/ Second?

FIGURE B.2: Microcoil inductance calculations part (b).
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Wheeler Formula (Inductance)

Herbert Ryan
6/21/2011

Clear["Global  x"]
= Geometrical Parameters
Relative magnetic permeability of free space, SU-8=1.08
mu = 1.08;
Magnetic permeability of free space [H/m = N/A2 =T m/A]
muo = 1.257 x 107%;
Number of turns
Nu = 4;
Coil Width [m]
w=100x107%;
spacing [m]
s =100x107%;
outer radius [m]
ro=5x1073;
inner radius [m]
ri =N[ro-Nuw- (Nu-1) s]
0.0043
Inductance [nH]
L = mu muo Nu? ((ro+ri +w)2/ (2.14ro-ri+0.57 w)) 10°
297.238
= Intrinsic Capactiance
relative permittivity, SU-8=3.2, glass=4.6 [F/m]
er = 3.2;
Permittivity of free space (vacuum)
€o = 8.85 x 107%;
Capacitance [pF]
7? eo er (ri + ro) 1012

Ca = +70ro+0.06
ArcCosh[(s+w) /2 /w (Nu-1)]

1.88464
= Comb Capacitor Capactiance

Capcitance

FIGURE B.3: Wheeler formula coil calculations part (c).
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Nf = 1;

t =18x10°%;
gap = 100 x 10°%;
x0 = 200 x 107%;

Capacitance [pF]

€er eot xo
Cc=Nf ————— 10*2
gap
0.00101952

Self Resonance [MHz]

CaCc
SelfResonance = 1/2/ 7r/ L10”? (—) 10712 / 10°
Ca + Cc

9145.08

Helmboltz Coil (two microcoils) ------ Not Used for microcoil
Magnetic field induction along the axis
x distance

x = Table[i, {i, 0, ro, ro/ 100}];

muo

num = —— Nu ro?
2

6.285x 107!

Total field on the axis of a pair of helmboltz coils

1 1
den:N[ + ]

3
2

(xo? + (x—ro)z)g (ro? + x?)

{1.08284 x107, 1.087 x 107, 1.09098 x 107, 1.09478 x 107, 1.09841 x 107,

1.10187 x 107, 1.10516 x 107, 1.10828 x 107, 1.11124 x 107, 1.11404 x 107, 1.11668 x 107,
1.11916 x 107, 1.12149 x 107, 1.12367 x 107, 1.12571 x 107, 1.12762x 107, 1.12938 x 107,
1.13102x107, 1.13253x107, 1.13393x107, 1.1352x 107, 1.13637x107, 1.13744 x 107,
1.1384x107, 1.13928x 107, 1.14006 x 107, 1.14076 x 107, 1.14139x 107, 1.14194x 107,
1.14242x107, 1.14285x107, 1.14322x107, 1.14353 x107, 1.1438x107, 1.14403x107,
1.14422x107, 1.14437x107, 1.1445x107, 1.1446 x107, 1.14468x 107, 1.14474 x107,
1.14478 x107, 1.14481 x 107, 1.14484 x107, 1.14485x 107, 1.14486 x 107, 1.14486 x 107,
1.14487 x107, 1.14487 x107, 1.14487 x 107, 1.14487 x 107, 1.14487 x 107, 1.14487 x 107,
1.14487 x107, 1.14486 x107, 1.14486 x 107, 1.14485x 107, 1.14484 x107, 1.14481x107,
1.14478 x107, 1.14474 x 107, 1.14468 x 107, 1.1446 x107, 1.1445x 107, 1.14437 x 107,
1.14422x107, 1.14403x107, 1.1438x107, 1.14353x107, 1.14322x107, 1.14285x107,
1.14242x107, 1.14194 x107, 1.14139x 107, 1.14076 x 107, 1.14006 x 107, 1.13928 x 107,
1.1384x107, 1.13744%x107, 1.13637x107, 1.1352x 107, 1.13393x 107, 1.13253x 107,
1.13102x107, 1.12938 x107, 1.12762x 107, 1.12571 x 107, 1.12367 x 107, 1.12149 x 107,
1.11916 x 107, 1.11668 x 107, 1.11404 x 107, 1.11124 x 107, 1.10828 x 107, 1.10516 x 107,
1.10187 x 107, 1.09841x 107, 1.09478 x 107, 1.09098 x 107, 1.087 x 107, 1.08284 x 107}

Magnetic field current ratio (T/A), Magnetic field (Bx) [Tesla]

FIGURE B.4: Wheeler formula coil calculations part (b).
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Bxi = numden

{0.000680567, 0.000683178, 0.000685679, 0.00068807, 0.000690352,

0.000692526, 0.000694594, 0.000696556, 0.000698416, 0.000700173, 0.000701831,
0.000703391, 0.000704857, 0.000706229, 0.000707511, 0.000708707, 0.000709817,
0.000710846, 0.000711797, 0.000712673, 0.000713476, 0.000714211, 0.00071488,

0.000715487, 0.000716035, 0.000716528, 0.000716969, 0.000717361, 0.000717708,
0.000718013, 0.00071828, 0.000718511, 0.000718709, 0.000718878, 0.000719021,

0.000719139, 0.000719237, 0.000719316, 0.00071938, 0.000719429, 0.000719467,

0.000719495, 0.000719515, 0.000719529, 0.000719538, 0.000719544, 0.000719547,
0.000719548, 0.000719549, 0.000719549, 0.000719549, 0.000719549, 0.000719549,
0.000719548, 0.000719547, 0.000719544, 0.000719538, 0.000719529, 0.000719515,
0.000719495, 0.000719467, 0.000719429, 0.00071938, 0.000719316, 0.000719237,

0.000719139, 0.000719021, 0.000718878, 0.000718709, 0.000718511, 0.00071828,

0.000718013, 0.000717708, 0.000717361, 0.000716969, 0.000716528, 0.000716035,
0.000715487, 0.00071488, 0.000714211, 0.000713476, 0.000712673, 0.000711797,

0.000710846, 0.000709817, 0.000708707, 0.000707511, 0.000706229, 0.000704857,
0.000703391, 0.000701831, 0.000700173, 0.000698416, 0.000696556, 0.000694594,
0.000692526, 0.000690352, 0.00068807, 0.000685679, 0.000683178, 0.000680567}

d = N[Table[i, {i, -r0o/2, ro /2, ro/ 100}]]

{-0.0025, -0.00245, -0.0024, -0.00235, -0.0023, -0.00225, -0.0022, -0.00215, -0.0021,
-0.00205, -0.002, -0.00195, -0.0019, -0.00185, -0.0018, -0.00175, -0.0017, -0.00165,
-0.0016, -0.00155, -0.0015, -0.00145, -0.0014, -0.00135, -0.0013, -0.00125,
-0.0012, -0.00115, -0.0011, -0.00105, -0.001, -0.00095, -0.0009, -0.00085,

-0.0008, -0.00075, -0.0007, -0.00065, -0.0006, -0.00055, -0.0005, -0.00045,
-0.0004, -0.00035, -0.0003, -0.00025, -0.0002, -0.00015, -0.0001, -0.00005, 0.,
0.00005, 0.0001, 0.00015, 0.0002, 0.00025, 0.0003, 0.00035, 0.0004, 0.00045, 0.0005,
0.00055, 0.0006, 0.00065, 0.0007, 0.00075, 0.0008, 0.00085, 0.0009, 0.00095, 0.001,
0.00105, 0.0011, 0.00115, 0.0012, 0.00125, 0.0013, 0.00135, 0.0014, 0.00145, 0.0015,
0.00155, 0.0016, 0.00165, 0.0017, 0.00175, 0.0018, 0.00185, 0.0019, 0.00195, 0.002,
0.00205, 0.0021, 0.00215, 0.0022, 0.00225, 0.0023, 0.00235, 0.0024, 0.00245, 0.0025}

x[mm], Bx[mT/A]
ListPlot [Bxi 10%]

0.72

0.71

0.70

0.69

20 40 60 80 100

F1cURE B.5: Wheeler formula coil calculations part .
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FiGURE C.1: Microfluidic chip mask.



Appendix C. Microfabrication Masks 94

06T600 06T625 06T650 06T675 06T700 067725 06T750 06T775 06T800

05757800

05507600 05507625 05507650 05507675

05507750 05507775

05257700 05257725 0525T800

05T600 05T625

WIDTH:0.1
SPACE:0.05
CAPCITORWIDTH:0.1
CAPCITORSPACE:0.05

L ; J

FIGUrE C.2: Microcoil resonator mask 1.
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06T725 06T750

06T600 06T625 06T650 06T675 067700

0575T600 05757625 0575T650 0575T725 05757750
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WIDTH:0.1
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FIGUurE C.3: Microcoil resonator mask 1.
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FiGURE C.4: Adjustable microcoil resonator mask.
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HP8753 Data

HP8753d-2206¢c Processing

= HP8753d-2206¢ Probe S;; and Microcoil S,, Ice Cream Cone

SetDirectory["~/Desktop/Research/Microfluidic_NMR/data"]
/home/hbr3e/Desktop/Research/Microfluidic_NMR/data

datal = Import|["hp8753d-2206c/7-15-2011/4c0ill8s.d1"];
data2 = Import["hp8753d-2206c/7-15-2011/4c0ill9s.d1"];
data3 = Import["hp8753d-2206c/circuit_245c.d1"];

HP8753Plot[data_, options___] := Module[{start, stop, n, values},
start = ToExpression[StringSplit[data[[7, 1]]]1[[2]]]/10"6;
stop = ToExpression[StringSplit[data[[7, 1]1]][[3]]]/10"6;
n = ToExpression[StringSplit[data[[7, 1]]]]1[[41];
values = Table[ {start + k (stop - start) /n,
data[[k+9]] /. {a_, b_} » 20/ Log[10] Log[Abs[a+IDb]]}, {k, 1, n}];
ListPlot[values, options]

1

Show [HP8753Plot [datal, Joined » True, PlotRange -» {0, -40}, PlotStyle » {Darker[Green]}],
HP8753Plot [data2, Joined -» True, PlotStyle -» {{Thick, Dashed}}],
HP8753Plot [data3, Joined » True, PlotStyle -» {Red}],
Frame -» True, AspectRatio -» 1, BaseStyle » {FontFamily -> "Helvetica", FontSize -> 14},
Axes -» None, FrameLabel - {v [MHz], S;; [dB]}]
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400 600 800 1000 1200 1400
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FIGURE D.1: Microcoil data processing part (a).
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HP8753QFactorCone[data_] :=
Module[{start, stop, n, values, maxvalue, reverseinput, rightvalue,
leftvalue, abovemin, belowmin, m, o, downslope, upslope},
start = ToExpression[StringSplit[data[[7, 1]]]1[[2]]]/10"6;
stop = ToExpression[StringSplit[data[[7, 1]]1][[3]]]/10"6;
n = ToExpression[StringSplit[data[[7, 1]]1]]1[[4]1];
values = Table[ {start + k (stop - start) /n,
data[[k+9]] /. {a_, b_} » 20/ Log[10] Log[Abs[a+IDb]]}, {k, 1, n}];
maxvalue = Extract[values, {ReplacePart|
Position[values, Min[values[[All, 2]]1]1([[1, 1]]1, 2> 1]}]1[[1]1];
reverseinput[input_] := N[Table[{input[[1+ i, 2]], input[[1+1i, 1]]},
{i, 0, (Position[input, Last[input]][[1, 1]]-1)}]1];
abovemin = Take[values, {Position[values, Min[values[[All, 2]]]1]1[[1, 1]1,
Position[values, Last[values[[All, 2]]1]1[[1, 111}]1;
belowmin = Take[values, {1, Position[values, Min[values[[All, 2]]]]1[[1, 1]11}1;
m = 1; While[abovemin[[m, 2]] < abovemin[[m+ 1, 2]], m++];
o = Position[values, Min[values[[All, 2]]]]1[[1, 1]];
While[belowmin[[o, 2]] < belowmin[[o-1, 2]], 0o--];
upslope = Take[abovemin, {1, m}];
downslope = Take[belowmin, {o, Position[values, Min[values[[All, 2]]]]1[[1, 1]1]1}];
rightvalue = Interpolation[reverseinput [upslope], (Mean[values[[All, 2]]]-3)1;
leftvalue = Interpolation[reverseinput [downslope], (Mean[values[[All, 2]]]-3)];
Print["Q-Factor:", maxvalue / (rightvalue - leftvalue)];
Print["Self Resonance:", N[Extract[values,
{ReplacePart[Position[values, Min[values[[All, 2]]]][[1, 1]], 2> 11}]1[[11111;
ListPlot[values, Joined » True, PlotRange -» {Max[values[[All, 2]]],
Min[values[[All, 2]]]}, PlotStyle » {Darker[Blue]},
Prolog » {Red, Line[{{ (leftvalue - 20) , Mean[values[[All, 2]]]},
{(rightvalue + 20) , Mean[values[[All, 2]]1]}}]1,
PointSize[0.01], Point[{leftvalue, (Mean[values[[All, 2]]]1-3)}1},
Epilog » {Green, PointSize[0.01], Point[{rightvalue, (Mean[values[[All, 2]]]-3)}]1}]
]

N[HP8753QFactorCone[data2]]
Q-Factor:12.8603

Self Resonance:447.015

\iﬁ/ﬁm’\

-20
=25

-30

500 600 700 800

m Alternate Calculation

HP8753QFactorCone[data_] :=
Module[{start, stop, n, values, maxvalue, rightvalue, leftvalue},
start = ToExpression[StringSplit[data[[7, 1]]1]1[[2]]]/10"6;
stop = ToExpression[StringSplit[data[[7, 1]]1][[3]]]/10"6;
n = ToExpression[StringSplit[data[[7, 1]]1]1([[4]1];

FIGURE D.2: Microcoil data processing part (b).
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values = Table[ {start +k (stop - start) /n,
data[[k+9]] /. {a_, b_} » 20 /Log[10] Log[Abs[a+IDb]]}, {k, 1, n}];
maxvalue = Extract[values, {ReplacePart|[
Position[values, Min[values[[All, 2]]]]1[[1, 111, 2->1]}]1([[1]1];
rightvalue =
(#*find if an acutal data point is less than average-
3dB. absolute values on all valuesx)
(If [Abs[Mean[values[[All, 2]]] - 3] > Abs[Nearest[Take[values[[All, 2]],
{Position[values, Min[values[[All, 2]]]][[1, 1]], Position[values,
Last[values[[All, 2]]1]1][[1, 1]]1}], (Mean[values[[All, 2]]]1-3)11[[1]],
(*If true than interpolate to get a resonance data point at average-dBx)
Interpolation[values[[All, 1]],
(Position[values, Nearest [Take[values[[All, 2]], {Position[values, Min|[
values[[All, 2]]]][[1, 1]], Position[values, Last[values[[All, 2]]]][[
1, 111}1, (Mean[values[[All, 2]11]-3)][[1]11][[1, 1]] -
((Abs [Mean[values[[All, 2]]] - 3] - Abs [Extract[values, {Position[values, Nearest|[
Take[values[[All, 2]], {Position[values, Min[values[[All, 2]]]1]1[[
1, 1]], Position[values, Last[values[[All, 2]]1]]1[[1, 11]1}],
(Mean[values[[All, 2]1]1-3)J[[1]111[[111}10[2111) /
(Abs [Extract[values, {Position[values, Nearest[Take[values[[All, 2]],
{Position[values, Min[values[[All, 2]]]1][[1, 11],
Position[values, Last([values[[All, 2]]]1]1([[1, 1]11}1,
(Mean[values[[All, 2]]] -3)]1[[1]1]]1[[1]]- {1, 0}}][[1]]] -
Abs [Extract[values, {Position[values, Nearest[Take[values[[All, 2]],
{Position[values, Min[values[[All, 2]]1]1]1[[1, 1]],
Position[values, Last[values[[All, 2]]1][[1, 11]1}],
(Mean[values[[All, 2]11-3)][[1]1110[211}100211)))1,
Interpolation[values[[All, 1]], (Position[values, Nearest[Take[
values[[All, 2]], {Position[values, Min[values[[All, 2]]1]]([[1, 1]1],
Position[values, Last[values[[All, 2]11]1[[1, 1]]1}],
(Mean[values[[All, 2]]] -3)]1[[1]1]][[1, 1]] +
((Abs [Extract[values, {Position[values, Nearest[Take[values[[All, 2]],
{Position[values, Min[values[[All, 2]]]1][[1, 1]], Position[values,
Last[values[[All, 2]]]1]1[[1, 1]]1}], (Mean[values[[All, 2]]] -
3)I10[11110[111}1[[1]]1] - Abs[Mean[values[[All, 2]]]-3]) /
(Abs [Extract [values, {Position[values, Nearest[Take[values[[All, 2]],
{Position[values, Min[values[[All, 2]]]1]1[[1, 1]],
Position[values, Last[values[[All, 2]]11[[1, 111}],
(Mean[values[[All, 2111 -3)][[111]1[[1]11}]1[[1]1]] -
Abs [Extract[values, {Position[values, Nearest[Take[values[[All, 2]],
{Position[values, Min[values[[All, 2]]]1][[1, 1]1],
Position[values, Last[values[[All, 2]]1]1[[1, 111}]1.,
(Mean[values[[All, 2]]]1-3)J[[1]110[1]]+ {1, 0}}1[[11]11)))1,
(#*if not true or false then pull out resonance valuex)
Extract[
values,
{ReplacePart[Position[values,
Nearest [Take[values[[All, 2]], {Position[values, Min[values[[All, 2]]]1]I[[
1, 1]], Position[values, Last[values[[All, 2]]]1]1[[1, 111}1,
(Mean[values[[All, 2]]] -3)][[1]11[[1]], 2> 11}1[[1]11]);
leftvalue = (If [Abs[Mean[values[[All, 2]]] - 3] > Abs[Nearest|[
Take[values[[All, 2]], {1, Position[values, Min[values[[All, 2]]]1]1([[1, 1]1]1}1,
(Mean[values[[All, 2]]]1-3)]11[[1]], Interpolation[values|[[All, 1]],
(((Abs [Mean[values[[All, 2]]] - 3] - Abs[Extract[values, {Position[values, Nearest[
Take[values[[All, 2]], {1, Position[values, Min[values[[All, 2]]]1]1[[
1, 1]1}1, (Mean[values[[All, 2]]1] -3)]1[[1]111[[2]11}1([21]11)/
(Abs [Extract[values, {Position[values, Nearest[Take[values[[All, 2]],
{1, Position[values, Min[values[[All, 2]]]1]1[[1, 1]11}],
(Mean[values[[All, 2111 -3)1[[1]1]1[[21]] + {1, 0}}1[[1]1] -
Abs [Extract[values, {Position[values, Nearest[Take[values[[All, 2]],

FIGURE D.3: Microcoil data processing part (c).
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{1, Position[values, Min[values[[All, 2]]1]1][[1, 111}],
(Mean[values[[All, 2]11-3)][[1]1110[211}10[1111)) +
Position[values, Nearest[Take[values[[All, 2]], {1, Position[values,
Min[values[[All, 2]1]]1[[1, 1]1]}]1,
(Mean[values[[All, 2]]1]1-3)]1[[1]]1[[1, 11])], Interpolation]|
values[[All, 1]], (Position[values, Nearest[Take[values|[[All, 2]],
{1, Position[values, Min[values[[All, 2]]111[[1, 11]1}],
(Mean[values[[All, 2]]]-3)]1[[1]1]]1[[1, 1]] -
((Abs [Extract[values, {Position[values, Nearest[Take[values|[[All, 2]],
{1, Position[values, Min[values[[All, 2]]1]1[[1, 1]1]1}]1,
(Mean[values[[All, 2]1] -3)][[1]]1][(
1113}1[[1]1]] - Abs[Mean[values[[All, 2]]] -3]) /
(Abs [Extract[values, {Position[values, Nearest[Take[values[[All, 2]],
{1, Position[values, Min[values[[All, 2]111[[1, 1]]}],
(Mean[values[[All, 2111 -3)]1[[111]1[[1]11}]1[[1]1]] -
Abs [Extract[values, {Position[values, Nearest[Take[values[[All, 2]],
{1, Position[values, Min[values[[All, 2]]]11[[1, 111}1,
(Mean[values[[All, 2]]1]1-3)J[[1]1]0[1]]-{1, O}}1[[11]11)))1,
Extract[values, {ReplacePart[Position[values, Nearest[Take[values[[All, 2]],
{1, Position[values, Min[values[[All, 2]]1]][[1, 1]11}],
(Mean[values[[All, 2]]]-3)1[[1]11]1[[1]], 2~ 1]1}]1[[1]11]);
Print["Q-Factor:", maxvalue / (rightvalue - leftvalue)];
Print["Self Resonance:", N[Extract[values,
{ReplacePart[Position[values, Min[values[[All, 2]]]]1([[1, 111, 2> 1]1}1[[211]11];
ListPlot[values, Joined -» True, PlotRange » {Max[values[[All, 2]]],
Min[values[[All, 2]]]}, PlotStyle » {Darker[Blue]},
Prolog » {Red, Line[{{ (leftvalue - 20) , Mean[values[[All, 2]]]},
{ (rightvalue + 20) , Mean[values[[All, 2]]]1}}1,
PointSize[0.01], Point[{leftvalue, (Mean[values[[All, 2]]]-3)}1},
Epilog » {Green, PointSize[0.01], Point[{rightvalue, (Mean[values[[All, 2]]]-3)}]1}]

1
N[HP8753QFactorCone [data2]]

Q-Factor:12.7933

Self Resonance:447.015

o

20
-25F
—-30F

S N S S
500 600 700 800

= HP8753d-2206¢ Probe S,, and Microcoil S,; Pyramid

data4 = Import["hp8753d-2206c/test.dl"];
data5 = Import["hp8753d-2206c/test2.d1"];
data6 = Import["hp8753d-2206c/test3.d1"];

FIGURE D.4: Microcoil data processing part (d).
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Show[HP8753Plot [data4, Joined -» True, PlotRange -» {0, -40}, PlotStyle » {Darker[Green]}],
HP8753Plot [data5, Joined -» True, PlotStyle -» {{Thick, Dashed}}],
HP8753Plot [data6, Joined -» True, PlotStyle -» {Red}],
Frame -» True, AspectRatio -» 1, BaseStyle » {FontFamily -> "Helvetica", FontSize -> 14},
Axes - None, FrameLabel - {v [MHz], S;; [dB]}]

0 T

—10L 1

S,1(dB)

600 700 800 900

v(MHz)
HP8753QFactorPyramid[data_] := Module[{start, stop, n, values, maxvalue,
rightvalue, leftvalue, abovemax, belowmax, m, o, downslope, upslope},
start = ToExpression[StringSplit[data[[7, 1]]1]1[[2]]]/10"6;
stop = ToExpression[StringSplit[data[[7, 1]]]1[[3]]1]/10"6;
n = ToExpression[StringSplit[data[[7, 1]]111[[4]];

values = Table[ {start + k (stop - start) /n,

data[[k+9]] /. {a_, b_} - 20/ Log[10] Log[Abs[a+IDb]]}, {k, 1, n}];
maxvalue = Extract[values, {ReplacePart|[

Position[values, Max[values[[All, 2]]]]1[[1, 1]], 2> 11}1[[1]1];

abovemax = Take[values, {Position[values, Max[values[[All, 2]]]1]1[[1, 1]],

Position[values, Last[values[[All, 2]]1]1[[1, 111}]1;
belowmax = Take[values, {1, Position[values, Max[values[[All, 2]]]1[[1, 1]11}1;
m = 1; While[abovemax[[m, 2]] > abovemax[[m+ 1, 2]], m++];
o = Position[values, Max[values[[All, 2]]]1[[1, 1]];
While[belowmax[[o, 2]] > belowmax[[o-1, 2]], o--];
downslope = Take[abovemax, {1, m}];
upslope = Take[belowmax, {o, Position[values, Max[values[[All, 2]]]1]1[[1, 1]11}1;
rightvalue = (If [ (Max[values[[All, 2]]]-3) >

Nearest[downslope[ [All, 2]], (Max[values[[All, 2]]]-3)][[11],
Interpolation[downslope[[All, 1]], (Position[downslope,
Nearest[downslope[[All, 2]], (Max[values[[All, 2]]]-3)][[1]1]1]1[[1, 1]1] -
(((Max[values[[All, 2]]] - 3) - Extract[downslope, {Position[downslope, Nearest[
downslope[[All, 2]], (Max[values[[All, 2]]]-3)]1[[11]1]1[[1]11}]1[[1]1])/
(Extract [downslope, {Position[downslope, Nearest[downslope[[All, 2]],
(Max[values[[All, 2]1] -3)1[[2]111[[1]] - {1, 0}}1[[1]] -
Extract [downslope, {Position[downslope, Nearest[downslope[ [All, 2]],
(Max[values[[All, 2]1]1 -3)1[[1111[[111}10021])))1,
Interpolation[downslope[[All, 1]], (Position[downslope, Nearest|[
downslope[ [All, 2]], (Max[values[[All, 2]]]1-3)1([[11]1][[1, 1]1] +
( (Extract[downslope, {Position[downslope, Nearest[downslope[[All, 2]],

FIGURE D.5: Microcoil data processing part (e).
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(Max[values[[All, 2]]] -3)1[[1]111[[2]11}10[21] -
(Max[values|[[All, 2]]] -3)) / (Extract[downslope, {Position[downslope,
Nearest[downslope[[All, 2]], (Max[values[[All, 2]]]-3)][[1111[[111}]1I[[
1]] - Extract [downslope, {Position[downslope, Nearest[downslope][ [
All, 2]], (Max[values[[All, 2]1]-3)1[[11]10[2]]+ {1, O}}1[[111)))1,
Extract[downslope, {ReplacePart[Position[downslope, Nearest[downslope][ [
All, 2]], (Max[values[[All, 2]1]1-3)1[[11]11[[11], 2~ 1]}]1[[111]);
leftvalue = (If [ (Max[values[[All, 2]]] - 3) > Nearest[upslope[[All, 2]],
(Max[values[[All, 2]]] -3)][[1]], Interpolation[upslope[[All, 1]],
((((Max[values[[All, 2]]] - 3) - Extract[upslope, {Position[upslope, Nearest|[
upslope[[All, 2]], (Max[values[[All, 2]]1]-3)][[1]111[[111}1([1]1]) /
(Extract[upslope, {Position[upslope, Nearest[upslope[[All, 2]],
(Max[values[[All, 2]1]1-3)1[[1]111[[1]]-{1, 0}}1[[1]] -
Extract[upslope, {Position[upslope, Nearest[upslope[[All, 2]],
(Max[values[[All, 2]]1-3)][[1111[[111}1[[21]1])) +
Position[upslope, Nearest [upslope[[All, 2]], (Max[values[[All, 2]]1]1-3)1[[211]1I[[
1, 1]1])], Interpolation[upslope[[All, 1]],
(Position[upslope, Nearest[upslope[[All, 2]], (Max[values[[All, 2]]1]1-3)]1[[11]1]1I[[
1, 1]] - ((Extract[upslope, {Position[upslope, Nearest[upslope[[All, 2]],
(Max[values[[All, 2]]1-3)][[111]10[111}10[2]]~-
(Max[values[[All, 2]]] -3)) / (Extract[upslope, {Position[upslope,
Nearest[upslope[[All, 2]], (Max[values[[All, 2]]1-3)][[1111[[111}1[I
1]] - Extract[upslope, {Position[upslope, Nearest[upslope[[All, 2]],
(Max[values[[All, 21]1-3)]1[[11]]1[[11]- {1, O}}1[[111)))1,
Extract[downslope, {ReplacePart[Position[downslope, Nearest[downslope[[All, 2]],
(Max[values[[ALll, 2]1] -3)1[[1]111[[11], 2~ 11}1[[111]);
Print["Q-Factor:", maxvalue / (rightvalue - leftvalue)];
Print["Self Resonance:", N[Extract[values,
{ReplacePart[Position[values, Max[values[[All, 2]]]][[1, 1]], 2> 11}1[[1111]1;
ListPlot[values, Joined » True, PlotRange » {Min[values[[All, 2]]],
Max[values[[All, 2]]]}, PlotStyle » {Darker[Blue]},
Prolog » {Red, PointSize[0.01], Point[{leftvalue, (Max[values[[All, 2]]]1-3)}]1},
Epilog » {Green, PointSize[0.01], Point[{rightvalue, (Max[values[[All, 2]]] -3)}]}]
]

HP8753QFactorPyramid[data6]
Q-Factor:70.0278

Self Resonance:592.884

S RS S S R
700 800 900

FIGURE D.6: Microcoil data processing part (f).
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m Alternate Calculation

HP
M

1
HP

8753QFactorPyramid[data_] :=
odule[{start, stop, n, values, maxvalue, rightvalue, leftvalue,
reverseinput, abovemax, belowmax, m, o, downslope, upslope},
start = ToExpression[StringSplit[data[[7, 1]]]1[[2]]]/10"6;
stop = ToExpression[StringSplit[data[[7, 1]1]]1[[3]]]1/10"6;
n = ToExpression[StringSplit[data[[7, 1]]]11[[4]1];
values = Table[ {start + k (stop - start) /n,
data[[k+9]] /. {a_, b_} » 20/ Log[10] Log[Abs[a+IDb]]}, {k, 1, n}];
maxvalue = Extract[values, {ReplacePart|
Position[values, Max[values[[All, 2]]]]1([[1, 111, 2> 1]1}]1([[1]1];
reverseinput[input_] := N[Table[{input[[l+i, 2]], input[[1+i, 1]]},
{i, 0, (Position[input, Last[input]][[1, 1]]-1)}]];
abovemax = Take[values, {Position[values, Max[values[[All, 2]]]1][[1, 1]],
Position[values, Last[values[[All, 2]]1]1[[1, 1]11}1;
belowmax = Take[values, {1, Position[values, Max[values[[All, 2]]1]1[[1, 11]1}]1;
m = 1; While[abovemax[[m, 2]] > abovemax[[m+ 1, 2]], m++];
o = Position[values, Max[values[[All, 2]]1]]1[[1, 1]]1;
While[belowmax[[o, 2]] > belowmax[[o-1, 2]], o--];
downslope = Take[abovemax, {1, m}];
upslope = Take[belowmax, {o, Position[values, Max[values[[All, 2]]]][[1, 1]]1}1;
rightvalue = Interpolation[reverseinput[downslope], (Max[values[[All, 2]]]-3)];
leftvalue = Interpolation[reverseinput [upslope], (Max[values[[All, 2]]]-3)1;
Print["Q-Factor:", maxvalue / (rightvalue - leftvalue)];
Print["Self Resonance:", N[Extract[values,
{ReplacePart[Position[values, Max[values[[All, 2]]]][[1, 111, 2> 11}]1[[1]111];:
ListPlot[values, Joined -» True, PlotRange » {Min[values[[All, 2]]],
Max[values[[All, 2]]]}, PlotStyle » {Darker[Blue]},
Prolog » {Red, PointSize[0.01], Point[{leftvalue, (Max[values[[All, 2]]]-3)}]1},
Epilog » {Green, PointSize[0.01], Point[{rightvalue, (Max[values[[All, 2]]]-3)}]1}]

8753QFactorPyramid[dataé6]

Q-Factor:70.0395

Se

=20

=25

=30

1f Resonance:592.884

FIGURE D.7: Microcoil data processing part (g).
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BeginPackage["NMRprocess "]

(* Usage messages *)

ReadVarianFid::usage =
"ReadVarianFid[filename] reads a binary Varian fid file, and returns a complex
data matrix." ;

FourierShift::usage =
"FourierShift[list] returns the list with the first and second half swapped.
This has the effect of " <>
"placing the zero frequency in the middle of the spectrum, if data is the
result of a Fourier transform.";

NMRprocess1D: :usage =
"NMRprocess1D[fid] returns the processed spectrum of fid.";

Begin[" Private "]

ReadBrukerFID[fname_, SizeDirect_, OptionsPattern[{ByteOrdering->-1,NumberFormat-
>"Integer32"}]] := Module[{fid, fidcomplex, fidmatrix,l },

(*x Read Raw Data; we assume Integer32 numbers with Little
Endian order x)

fid=BinaryReadList [fname,OptionValue [NumberFormatl],
ByteOrdering—>0OptionValue[ByteOrderingl];

l=Length[fid];

fidcomplex=fid[[1;;1;;2]1] - I fid[[2;;1;;2]1] ;

Partition[fidcomplex,SizeDirect]

ReadVarianFid[fname_] := Modulel
{nblocks, ntraces, np, ebytes, tbytes, bbytes, versId,

status,

nbheaders, sdata, sspec, s32, sfloat, scomplex,
shyper, re, im,

scale, bstatus, index, mode, ctcount, lpval, rpval,
wl, tlt, b, t,

data, datatype},

(*x Read Header Information x)
nblocks = BinaryRead[fname, "Integer32", ByteOrdering -
> 11;

ntraces = BinaryRead[fname, "Integer32'", ByteOrdering -
> 11;

Page 1 of 1

FIGURE E.1: Varian data import routine part (a).
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NMRprocess.m

np = Bina
ebytes =

tbytes =
bbytes =

versld =

11;
nbheaders

- 1]
sdata B
sspec = B
s32 = Bit
sfloat =
scomplex
shyper =

datatype
If[s32, d
If[sfloat

Print["Re

complex points; data type:

(x Print[
(*x Read B

re = {} ;
Dol
(% Pri

(*x Rea
scale

d

bstatu

6/19/13 5:02 PM

ryRead[fname, "Integer32", ByteOrdering —> 1];
BinaryRead [fname, "Integer32", ByteOrdering —>

BinaryRead[fname, "Integer32", ByteOrdering —>
BinaryRead[fname, "Integer32", ByteOrdering —>
BinaryRead[fname, "Integerl6", ByteOrdering —>
BinaryRead[fname, "Integerl6", ByteOrdering —>

= BinaryRead[fname, "Integer32", ByteOrdering
itGet[status, 0] == 1;
itGet[status, 1] == 1;
Get[status, 2] == 1;
BitGet[status, 3] == 1;
= BitGet[status, 4] == 1;
BitGet[status, 5] == 1;

= "Integerl6";
atatype = "Integer32"];
, datatype = "Real32"];

ading ",nblocks, " blocks of ", np/2, "
", datatypel;
datatypel; *)

locks *)

nt["Reading block ",bl; %)
d block header x)
= BinaryRead[fname, "Integerl6", ByteOrdering

11;
s = BinaryRead[fname, "Integerl6",

ByteOrdering —> 11;

index
-

mode =
>

ctcoun

= BinaryRead[fname, "Integerl6", ByteOrdering
11;
BinaryRead[fname, "Integerl6", ByteOrdering -
11;
t = BinaryRead[fname, "Integer32",

ByteOrdering —> 11;

lpval
1]
rpval
1]
wl =

tlt

Dol
dat

= BinaryRead[fname, "Real32", ByteOrdering —->
= BinaryRead[fname, "Real32", ByteOrdering —>

BinaryRead[fname, "Real32", ByteOrdering —> 1]

BinaryRead[fname, "Real32", ByteOrdering —> 1]

a =

Page 2 of 2

FIGURE E.2: Varian data import routine part (b).
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NMRprocess.m 6/19/13 5:02 PM

Table[BinaryRead[fname, datatype, ByteOrdering —->
11, {k, 1,
np}tl;

(* Note: minus sign in the following expression
leads to spectra plotted in the conventional
NMR

order (chemical shift and frequency increase
to the left). If the other convention is
desired,

use the complex conjugate of the data. *)

re = Join[re, {datall1 ;; ;; 211 - I data [[2 ;;
i 211315

, {t, 1, ntraces}l;

b, 1, nblocks}] ;

Close[fnamel;

{nblocks, ntraces, np, ebytes, tbytes, bbytes, versId,
status,
nbheaders, sdata} ;

re

1;

SetAttributes[ReadVarianFid,Join[Attributes[ReadVarianFid],{ReadProtected}1];

(k ::Input:: )
(k)

LinPred[x_,p_,n_l:= Module[{l=Length[x],a,R,r,xnew=x,k},
r=Take[ListCorrelate[x,Conjugate[x],{1,1},01,p+11/1;
R=ToeplitzMatrix[Drop[r,-111;
a=Reverse[LinearSolve[R,Dropl[r,1111;

Do [xnew=Append [xnew, a.Takel[xnew,-pll,{k,1,n}]1;

xnew

1;

FourierShift[data_?ListQ]:=Module[ {1},
l=Length[datal;
Join[Take[data,-Floor[1/2]+1],Take[data,Floor[l
/2111
1
SetAttributes[FourierShift,Join[Attributes[FourierShift],{ReadProtected}]];

NMRprocess1D[fidin_?ListQ,
OptionsPattern[{ FourierSize—>All,
Phase0—>0,
Phasel->0,
LeftShift—>0,
Apodize->Infinity,
ApodizeFunction—>Exp [-#1/#2],

Page 3 of 3

FIGURE E.3: Varian data import routine part (c).
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NMRprocess.m 6/19/13 5:03 PM

LinearPrediction—>0,

LPCoeffs—>64}]

1 :=
Module[{1l,data, fid, spect, lsPhasel},

(* Linear Prediction x)
fid=fidin;
If[OptionValue[LinearPrediction] > 0,
fid=LinPred[fidin,OptionValue[LPCoeffs],OptionValue
[LinearPredictionl]]];

(x Left Shift )
fid=Drop[fid,OptionValue[LeftShift]];

(* Apodize )
fid=Table[fid[[k]] OptionValuel[ApodizeFunctionl&lk,
OptionValue[Apodizell,{k,1,Length[fid]l} ] ;

(% Fourier Size *)
If[OptionValue[FourierSize]===A11,
data=fid;

’

If[OptionValue[FourierSize] > Length[fid],
data=Table[0.,{k,1,0ptionValue[FourierSize]}1;
datall1;;Length[fid] 1] = fid;

data=Take[fid,OptionValue[FourierSizel];

1;
datal[[1]]=datal[1]1/2. ;

(* Phase x)

spect=FourierShift[Fourier[datal] ;
l=Length[spect];

1sPhasel = 0.5 \[Pi] OptionValue[LeftShift] ;

Table[spect[[k]] Exp[I (OptionValue[Phase@] + (lsPhasel+
OptionValue[Phasell)(k/1-0.5))1,{k,1, 1}]

1;

PlotNMR1D [data_, sw_,window_, reference_]l:= Module[ {start,stop,l=Length[datal,a,b,
xvalues} ,

a=sw/1;

b=referencel[[1]]-axreference[[2]];

{start, stop}=Floor[(window-b)/al+1;

xvalues=Table [kxa+b, {k,start,stop}];

ListPlot[Transpose[{xvalues,datal[[start;;stopl]}],Joined->True,PlotRange—>All,
BaseStyle->{FontFamily->"Helvetica",FontSize->12},Axes—>{True,False}]

IH
End[ 1]
EndPackagel[ 1
Page 4 of 4

FIGURE E.4: Varian data import routine part (d).
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BeginPackage[ "NMRprocess™ "]

(* Usage messages *)

ReadVarianFid::usage =
"ReadVarianFid[filename] reads a binary Varian fid file, and returns a complex data matrix." ;

FourierShift::usage =
"FourierShift[list] returns the list with the first and second half swapped. This has the effe¢
"placing the zero frequency in the middle of the spectrum, if data is the result of a Fourier

NMRprocesslD: :usage =
"NMRprocess1lD[fid] returns the processed spectrum of fid.";

Begin[" Private™ "]
ReadVarianFid[fname ] := Module|
{nblocks, ntraces, np, ebytes, tbytes, bbytes, versId, status,
nbheaders, sdata, sspec, s32, sfloat, scomplex, shyper, re, im,
scale, bstatus, index, mode, ctcount, lpval, rpval, 1lvl, tlt, b, t,
data, datatype},

(* Read Header Information *)

nblocks = BinaryRead[fname, "Integer32", ByteOrdering -> 1];
ntraces = BinaryRead[fname, "Integer32", ByteOrdering -> 1];
np = BinaryRead[fname, "Integer32", ByteOrdering -> 1];

ebytes = BinaryRead[fname, "Integer32", ByteOrdering -> 1];
tbytes = BinaryRead[fname, "Integer32", ByteOrdering -> 1];
bbytes = BinaryRead[fname, "Integer32", ByteOrdering -> 1];

Ficure E.5: Mathematica spectra processing routine part (a).
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versId = BinaryRead[fname, "Integerl6", ByteOrdering -> 1];
status = BinaryRead[fname, "Integerl6", ByteOrdering -> 1];
nbheaders = BinaryRead[fname, "Integer32", ByteOrdering -> 1];
sdata = BitGet[status, 0]
sspec = BitGet[status, 1] ==
s32 = BitGet[status, 2] == 1;
sfloat = BitGet[status, 3] ==
scomplex = BitGet[status, 4] == 1;
shyper = BitGet[status, 5] == 1;

datatype = "Integerlé6";

If[s32, datatype = "Integer32"];
If[sfloat, datatype = "Real32"];
Print["Reading ",nblocks, " blocks of ", np/2, " complex points;
(* Print[datatype]; *)

(* Read Blocks *)

re = {} ;
Do[
(* Print["Reading block ",b]; *)

(* Read block header *)

scale = BinaryRead[fname, "Integerlé6", ByteOrdering -> 1];
bstatus = BinaryRead[fname, "Integerlé6", ByteOrdering -> 1];
index = BinaryRead[fname, "Integerl6", ByteOrdering -> 1];
mode = BinaryRead[fname, "Integerl6", ByteOrdering -> 1];
ctcount = BinaryRead[fname, "Integer32", ByteOrdering -> 1];
lpval = BinaryRead[fname, "Real32", ByteOrdering -> 1];
rpval = BinaryRead[fname, "Real32", ByteOrdering -> 1];

lvl = BinaryRead[fname, "Real32", ByteOrdering -> 1];

tlt = BinaryRead[fname, "Real32", ByteOrdering -> 1];

Dol
data =
Table[BinaryRead[ fname, datatype, ByteOrdering -> 1], {k, 1
np}];

(* Note: minus sign in the following expression leads to sp
order (chemical shift and frequency increase to the left
use the complex conjugate of the data. *)

re = Join[re, {data[[l ;; ;; 2]] - I data [[2 ;; ;i 2]1}]1;

, {t, 1, ntraces}];

r
{b, 1, nblocks}] ;

Close[fname];

{nblocks, ntraces, np, ebytes, tbytes, bbytes, versId, status,
nbheaders, sdata} ;

re

1i

SetAttributes[ReadVarianFid,Join[Attributes[ReadVarianFid], {ReadProtected}]];

Fouriershift[data_ ?ListQ]:=Module[ {1},
l=Length[data];
Join[Take[data,-Floor[1/2]+1],Take[data,Floor[1/2]]]

1
SetAttributes[FouriersShift,Join[Attributes[FourierShift],{ReadProtected}]];

NMRprocess1lD[fidin_?ListQ,
OptionsPattern|{ FourierSize->All,
Phase0->0,
Phasel->0,

FIGURE E.6: Mathematica spectra processing routine part (b).
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LeftShift->0,

Apodize->Infinity,

ApodizeFunction->Exp[-#1/#21}] ] :=
Module[{1l,data,fid,spect},

(* Left Shift *)
fid=Drop[fidin,OptionvValue[LeftShift]];

(* Apodize *)
fid=Table[fid[[k]] OptionValue[ApodizeFunction]&[k,OptionvValue[Apodize]

(* Fourier Size *)
If[OptionValue[FourierSize]===All,

data=fid;

’

If[OptionValue[FourierSize] > Length[fid],
data=Table[0.,{k,1,0OptionValue[FourierSize]}];
data[[1l;;Length[fid] 1] = fid;

4
data=Take[fid,Optionvalue[FourierSize]];
1i
1;
data[[l]]=data[[1]]/2. ;
(* Phase ¥*)
spect=FourierShift[Fourier[data]] ;
l=Length[spect];

Table[spect[[k]] Exp[I (OptionValue[Phase0] + OptionValue[Phasel](k/1-0

1i

End[ ]

EndPackage[ ]

Reading the FID and Processing

= Reading Varian binary formatted FID files:
data = ReadVarianFid["spect-2292b.fid"];
Reading 1 blocks of 10000 complex points; data type: Real32

nblocks = 1;
cpoints = 10000;
spectrawidth = 5000;

Phasing a spectrum

The data above contains 16000 complex points for each block. We can Fourier transform it at low resolution at first, to
obtain values for the zero and first order phase correction. Then these values can be used to generate a high-resolution

plot.

FIGURE E.7: Mathematica spectra processing routine part (c).
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Manipulate[ListPlot[Re[NMRprocesslD[data[[1]], PhaseO -» phOr,
Phasel - phl s, LeftShift » 0 , FourierSize » cpoints ] ], PlotJoined - True,
PlotRange -» {All, All}, Frame » True], {{phO, 0}, -1, 1}, {{phl, 0}, -10, 10}]

phO U:
nsas | =[]+ Al¥] =]

M
phl U

o =+l alz| =]

ListPlot [Re [NMRprocess NMRprocesslD[data[l],
Phase0 » 2.62323, Phasel -» 0, LeftShift - 0, FourierSize - cpoints]],
PlotJoined - True, PlotRange - {All, All}, Frame - True]

phaO = .835;
phal = 0;
apodize = 8000;
leftshift = 0;

nutationdata = Table[Re [NMRprocesslD[data[[k]],
PhaseO -» phaO nr, Phasel -» phal n, LeftShift » leftshift, Apodize -» apodize,
FourierSize - cpoints, ApodizeFunction -» Exp[- (#1/#2)] ] ], {k, 1, nblocks}];

maxblock = Position[nutationdata, Max[nutationdata]][[1, 1]];

norm = StandardDeviation[Take[Re[
NMRprocesslD[data[ [maxblock]], Phase0O » phaO =, Phasel -» phal n, LeftShift » leftshift,
Apodize -» apodize, FourierSize - cpoints, ApodizeFunction -» Exp[- (#1 /#2)]]], 500]11];

NMRPlot [fid_, ctr_, scale_, phaO_, phal_, leftshift_, apodize_, cpoints_, nblocks_,
spectrawidth_] := Module[{nutationdata, maxblock, norm, datafid, values},

nutationdata = Table[Re [NMRprocess1lD[fid[[k]], Phase0O -» phaO n, Phasel -» phal r,
LeftShift » leftshift, Apodize -» apodize, FourierSize - cpoints,
ApodizeFunction -» Exp[- (#1/#%#2)] 1], {k, 1, nblocks}];
maxblock = Position[nutationdata, Max[nutationdata]][[1, 1]];
norm =
StandardDeviation[Take[Re [NMRprocesslD[fid[ [maxblock]], Phase0O -» phaO =, Phasel - phal x,
LeftShift » leftshift, Apodize -» apodize, FourierSize - cpoints,
ApodizeFunction -» Exp[- (#1 /#2)]]1], 500]1];
datafid = Re[NMRprocesslD[data[ [maxblock]], PhaseO - phaO x,
Phasel - phal i, LeftShift » leftshift, Apodize -» apodize,
FourierSize - cpoints, ApodizeFunction -» Exp[- (#1/#2)]]] / norm;
spectrawidth (i -1)

values = Table[{N[ - ctr] , datafid[[i]] }, {i, 1, Length[datafid] }] ;

cpoints 600
ListPlot [values, PlotJoined -» True, Axes » {True, False}, PlotRange - scale {-0.1, 0.9},
PlotLabel - Style["ll-l NMR of 5% H;0 in D,0", 17, Bold, Red, TextAlignment - Center] ,

AxesLabel » {"ppm", " "},
BaseStyle » {FontFamily -» "Courier", Bold, 12}, ImageSize - 600]

FiGURE E.8: Mathematica spectra processing routine part (d).
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NMRPlot [data, 3, 1500, .835, 0, O, 8000, 10000, 1, 5000]

!H NMR of 5% H,0 in D,0

L L L L T L n L L L L L L ' m
2 4 6 8 PP
ListPlot|[
Re [NMRprocesslD[data[[maxblock]], Phase0 -» phaO nr, Phasel » phal n, LeftShift » leftshift,
Apodize -» apodize, FourierSize - cpoints, ApodizeFunction - Exp[- (#1 /#2)]]] / norm,

DataRange -» {-6, 0}, PlotJoined -» True, PlotRange -» {Full, Full}, Axes » {False, False},
Frame -» True, FrameTicks -» {Automatic, Automatic, True, True},
FrameLabel - {Style["6 (ppm)", 15, Bold], Style["SNR", 15, Bold], None, None}]

1500 - b

1000 - b

SNR

500 - b

6 (ppm)
(*Export["spect-0Oxxx.pdf", %] *)

F1cure E.9: Mathematica spectra processing routine part (e).
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ListPlot[
Re [NMRprocesslD[data[[maxblock]], Phase0 -» phaO r, Phasel » phal n, LeftShift » leftshift,
Apodize -» apodize, FourierSize -» cpoints, ApodizeFunction » Exp[- (#1 /#2)]]] / norm,

DataRange » {-17, 16}, PlotJoined -» True, PlotRange -» {{-5, 0}, {20, 100}},
Axes » {False, False}, Frame » {True, True, True, True},
FrameLabel -» {Style["S (ppm)", 15, Bold], Style["SNR", 15, Bold], None, None}]

100\\\\\\\\\\\\\\\\\\wwww

80

NMR Intensity
(Arbitrary Unit)

6 (ppm)
(*Export["spect-0xxx-lineshape.pdf", %] )

Show[GraphicsArray[Table[ListPlot [
Re [NMRprocessl1D[data[[k]], Phase0 -» phaO n, Phasel -» phal n, LeftShift » leftshift,
Apodize -» apodize, FourierSize - cpoints, ApodizeFunction -» Exp[- (#1/#2)] ] ] / norm,
PlotJoined -» True, DataRange -» {-17, 16}, PlotRange -» {Full, {-22000, 28000}},
Axes -» False, AspectRatio -» 30], {k, 1, nblocks}]], PlotRangePadding -» 500,
Frame -» True, FrameTicks -» { {Automatic, True}, {True, True}},
FrameLabel - {Style["Pulse Length (us)", 15, Bold], Style["NMR Intensity
(Arbitrary Unit)", 15, Bold], None, None}]

—2000 -

~4000 4

600 | ‘ N

NMR Intensity
(Arbitrary Unit)

-8000 - N

—10000 —

L 1
0 2000 4000 6000 8000 10000
Pulse Length (us)

(*Export["nutation_Oxxx.pdf",%]*)

FIGURE E.10: Mathematica spectra processing routine part (f).
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= Line Shape

NMR Intensity
(Arbitrary Unit)

pwrWatt = Solve [pwrdB =10 Log[lo,

FWHHEvaluation[data_, offset_, {lower_, upper_}] := Module[{FID, values},

FID =

Re [NMRprocesslD[data[ [maxblock]], PhaseO -» phaO r, Phasel » phal n, LeftShift » leftshift,

Apodize - apodize, FourierSize - cpoints, ApodizeFunction -» Exp[- (#1 /#2)]]1];
Print["HH:", Max[FID] / 2];
Print ["HH Approx:", Nearest[FID, Max[FID] /2][[1]]];

spectrawidth

values = Table[{N[ (i-1) -offset] , FID[[i]]}, (i, 1, Length[FID] )];

cpoints
Print["FWHH Width:",
values[[Position[FID, Nearest[Take[FID, {Position[FID, Max[FID]][[1, 1]],
Position[FID, Last[FID]][[1, 1]]}], Max[FID] /2]1[[1]1]1[[1, 1]], 1]] -
values|[[Position[FID, Nearest[Take[FID, {1, Position[FID, Max[FID]][[1, 1]]1}],
Max [FID] /2] [[1]1]11[[1, 111, 1]1, " Hz"];
ListPlot[values, PlotJoined -» True, PlotRange -» {{lower, upper}, Full},
Axes -» {False, False}, Frame -» True, FrameTicks » {True, False, False, False},
FrameLabel -» {Style["6 (Hz)", 15, Bold], Style["NMR Intensity
(Arbitrary Unit)", 15, Bold], None, None}, Prolog » {Red, PointSize[0.02],

Point[values[[Position[FID, Nearest[Take[FID, {1, Position[FID, Max[FID]][[1, 1]]}],

Max[FID] /2] [[1]]]1([[1, 1]], {1, 2}]11},
Epilog » {Green, PointSize[0.02], Point[values]|[[
Position[FID, Nearest[Take[FID, {Position[FID, Max[FID]][[1, 1]],

Position[FID, Last[FID]][[1, 1]]}], Max[FID] /2][[1]]1]1[[1, 1]], {1, 2} 1]]11}]

]

FWHHEvaluation[data, 10386, {-1600, -1550}]
HH:2424.77
HH Approx:2418.29

FWHH Width:8.82044 Hz

—]6{)0‘ —-1590 —1580 —-1570 —1560 —1550
0 (Hz)
Probe Efficiency

Input the power in dB and starting value/interval used for nutation.

pwrdB = 56;

w
——1, W]t
(0.001)

W 398.107

FIGURE E.11: Mathematica spectra processing routine part (g).
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start = 1;
interval = 2;

(*entered above
nutationdata=
Table [Re [NMRprocesslD[data[[k]],Phase0-»pha0 i,Phasel-phal x,LeftShift-0,Apodize-»8000,
FourierSize-cpoints,ApodizeFunction-Exp[- (#1/#2)] ] 1,{k,1,nblocks}];=*)

totaltime = (interval (Position[nutationdata, Max[nutationdata]][[1l, 1]]) - start) 4
28

1 1

Print["Probe Efficiency:", —]
Sqrt[W /. pwrWatt]) 1000

( totaltime
10002

Probe Efficiency:1.78995
Specific Sensitivity
Example

Example 1: H, O - %, so ‘X’ uL or H, O is:

1¢H, 0 )(lmoleHZO)( 2 mole H ) X

= —mole H
1mLH, O 18gH, 0 1 mole H, O 9

(X mL H, 0)(

Example 2: 200 mg Glucose - C¢ H}2 O in 2000 uL D, O where D, O — 1.107 L =
cm”
- 8 _ 8
1.107 ~ and C¢ Hjp Og - 1.54 i 1.54 -
(0.2 g Glucose)

1000 L.
154¢

(10 uL Sample) [ ] =0.000939024 g Glucose
(

0.2 g Glucose) ( ) + (2000 uL D, O)

(0000939024 g Glucose) ( LEoeStucose ) (_Zmaell_) (1002 2202 = 62602 pumole H

mole
180 g Glucose 1 mole Glucose mole
Process

mLSample = 10 / 1000;

1
uMolProtons = N[mLSample (—] (2) * (10002)]
18

1111.11

Print["S/N:", Max[
Re [NMRprocesslD[data[ [maxblock]], Phase0 -» phaO i, Phasel -» phal n, LeftShift » leftshift,
Apodize - apodize, FourierSize - cpoints, ApodizeFunction -» Exp[- (#1/#2)]1]]/
StandardDeviation[Take [Re [NMRprocesslD[data[ [maxblock]], Phase0O -» phaO x,
Phasel - phal n, LeftShift » leftshift, Apodize -» apodize,
FourierSize - cpoints, ApodizeFunction » Exp[- (#1 /#2)] ]], -500]]]

S/N:22551.2

Print["Specific Sensitivity:",
Max [Re [NMRprocesslD[data[ [maxblock] ], PhaseO » phaO n, Phasel - phaln,
LeftShift » leftshift, Apodize -» apodize,
FourierSize - cpoints, ApodizeFunction -» Exp[- (#1 /#2)] ]]1]/
StandardDeviation[Take [Re [NMRprocesslD[data[ [maxblock]], PhaseO » phaO r,
Phasel - phal n, LeftShift » leftshift, Apodize » apodize, FourierSize - cpoints,
ApodizeFunction » Exp[- (#1 /#2)] ]], -500]] / uMolProtons]

Specific Sensitivity:20.2961

FIGURE E.12: Mathematica spectra processing routine part (h).
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Prelims
SetDirectory["/Users/mu3q/Experiment"]
/Users/mu3q/Experiment
<< NMRprocess™
BaseDirectory = "/Users/mu3q/Experiment/field-map-jan-5-2012/";
SetDirectory[BaseDirectory]

/Users/mu3q/Experiment/field-map-jan-5-2012

Process a Varian GEMS Image

data = ReadVarianFid["image-0324a.fid/£fid"];

Reading 1 blocks of 128 complex points; data type: Real32
xfl = FourierShift /@ Fourier /@ data ;

xf2 = FourierShift /@ Fourier /@ Transpose[xfl];

Image [Abs [xf2] / 50]

Ficure E.13: Mathematica image processing routine.
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