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Abstract

NMR spectroscopy is a very powerful technique for the investigation of molecular struc-
ture, conformation and dynamics. This thesis describes a detailed study of NMR dif-
fusion processes in several systems and also includes the construction of novel 2D and
3D pulse sequences in the field of diffusion NMR. The main objective was to carry out
detailed experiments to measure accurate self-diffusion coefficients of solution systems
ranging in size from molecules to micelles. Diffusion-ordered spectroscopy (DOSY) is
based on the pulse-field gradient spin-echo NMR sequence andcan be used to separate
the individual NMR spectra of a molecules in a mixture according to their diffusion
coefficients. The strength of DOSY is that it can be used as a non-invasive method to
obtain both physical and chemical information. The 2D DOSY experiment has limited
potential to differentiate between severely overlapped signals in a mixture, which can
lead to inaccurate estimates of diffusion coefficients. Several 3D DOSY experiments
have been designed that achieve resolution of overlaps by concatenating a diffusion
pulse sequence with common 2D pulse sequences. We have designed 3D BEST-DOSY,
3D COMPACT-IDOSY and 3D MQ-DOSY type of pulse sequences to circumvent the
overlap problem in several molecular mixtures.

Chapter 1

This chapter deals with fundamentals of NMR spectroscopy, fundamentals of dif-
fusion, a brief description of the pulsed-field gradient NMRand application of PFG
NMR, the basic spin echo experiment, 2D DOSY and its applications.

Chapter 2

This chapter describes a pulse sequence we developed called3D BEST-DOSY.
This method focuses on exploiting the sensitivity-enhanced BEST-HMQC technique
to achieve resolution of overlaps in a novel 3D heteronuclear 13C-1H diffusion ordered
experiment with good sensitivity and a substantial reduction in experiment time. This
pulse sequence has been applied on a mixture of molecules with similar diffusion coef-
ficients, a mixture of amino acids and a mixture of commercialgasoline.

Chapter 3

This chapter describes a new 3D I-DOSY type of pulse sequencewe developed
called COMPACT-IDOSY which includes a diffusion encoding sequence within a sen-
sitivity enhanced HMBC-type pulse sequence. The direct incorporation of diffusion-
encoding into the heteronuclear coherence transfer sequence gives a substantial time
and sensitivity advantage over standard 3D DOSY methods. The scheme has been
experimentally demonstrated on a rutin trihydrate and quercetin dihydrate mixture,
wherein the diffusion coefficients of the two molecular species are very similar.

Chapter 4

This chapter deals with the incorporation of a novel multiple-quantum/single-quantum
correlation experiment into a DOSY sequence which we call the MQ-DOSY pulse se-
quence. This pulse sequence has been applied on small molecules and achieves good
resolution of severely overlapped multiplets, leading to the accurate estimation of dif-
fusion coefficients.

vii



Chapter 5

This chapter shows that drugs that have little or no difference in diffusion coeffi-
cients in simple solution may readily be resolved in DOSY experiments in solutions
containing micelles. Two fluorinated drugs prulifloxacin and pazufloxacin were cho-
sen as a test case. Their diffusion properties andT1 andT2 relaxation properties were
investigated in DMSO-D6 solutions, and in solutions containing micelles.

Chapter 6

This chapter deals with the extraction of diffusion information using PFGNMR of
two anti-oxidants: alpha-tocopherol and curcumin, diffusing inside DPPC lipid bilayer.
The relevance of diffusion NMR study of lipid-soluble antioxidants in lipid bilayer
membrane models and micellar structures is discussed.

Chapter 7

A brief outline of the main results of the thesis are summarized and some prospects
for future extensions of the work are described in this chapter.

Appendix

A brief tutorial on how to install and calibrate the Diff30 diffusion probe as well
protocols for diffusion data processing using the Bruker Topspin softare as well as the
DOSY Toolbox software package, are given in the Appendix.
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CHAPTER 1

Introduction

1.1 Fundamentals of NMR

The physical foundation of nuclear magnetic resonance (NMR) spectroscopy lies in the

magnetic properties of atomic nuclei. The explanation of NMR uses quantum mechan-

ics to arrive at a description of nuclear response to a static, external magnetic field and

applied radio frequency (RF) radiation. This chapter will briefly cover the fundamental

aspects of NMR and the reader is referred to several books andreview articles for an

in-depth analysis of NMR theory [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16].

Quantum mechanically, subatomic particles (protons, neutrons and electrons) have

spin. The spin properties of protons and neutrons in the nuclei of heavier elements com-

bine to define the overall spin of the nucleus. When both the number of protons (atomic

number) and the sum of the protons and neutrons (atomic mass)are even, the nucleus

has no magnetic properties, i.e. its spin quantum number (I ) is zero. In several atoms

(e.g12C, 14N, 16O), the spins are paired and cancel out each other, so that thenucleus of

the atom has no overall spin and therefore are invisible to the NMR experiment. When

either the atomic number or the atomic mass is odd, or both areodd, the nucleus has

magnetic properties and is said to be spinning. In many atoms(1H, 13C, 15N, 19F, 31P

etc) the nucleus does possess an overall spin. A spinning nucleus acts as a tiny bar

magnet oriented along the spin rotation axis. When this small magnet is placed in the

field of a much larger magnet its orientation will no longer berandom [16]. The most

favorable orientation would be the low-energy state (α- spin state) and the less favor-

able orientation be the high-energy state (β- spin state). Figures 1.1 and 1.2 show the

respective orientations of a nucleus in a magnetic field. This picture is purely classical.

However, nuclear spins are really quantum objects. In Diracnotation, the states a spin

can be denoted by|α〉 for a spin in the ground state (along z), and by|β〉 for a spin in the

excited state (along -z). The two states have well defined energies and the energy level



splitting of the spin in the magnetic field is known as the Zeeman splitting. A spin-1/2

particle is not restricted to these states, but may be in a superposition of the two energy

eigenstates:

|ψ〉 = cα|α〉+ cβ|β〉 (1.1)

wherecα, cβ are complex and|cα|2 + |cβ|
2 = 1.

Figure 1.1: A spinning nucleus with its
magnetic field alignedwith the
magnetic field of a magnet.

Figure 1.2: A spinning nucleus with its
magnetic field alignedagainst
the magnetic field of a magnet.

The hydrogen atom (denoted by1H), is composed of a single proton and a single

electron. For the purpose of NMR, the key aspect of the hydrogen nucleus is its an-

gular momentum. The spinning hydrogen nucleus is positively charged, it generates a

magnetic field and possesses a magnetic momentµ.

The magnitude of the magnetic moment produced by a spinning nucleus varies from

atom to atom in accordance with the equationµ = γh̄I, whereh̄ is Planck’s constant

divided by 2π andγ is the gyromagnetic ratio which determines the resonant frequency

of the nucleus for a given external field. Figure 1.3 depicts on the left a magnetic

moment with a +z component, and a magnetic moment with a -z component on the

right. The force of B0 causes the magnetic moment to precess in a cone about the +z

direction in the first case and about the -z direction in the second. The magnetic field B0

in the z direction operates on the x components ofµ to create a force in the y direction.

The spin angular momentum confers a magnetic moment on a nucleus and therefore a

given energy in a magnetic field. The nuclear magnetic moment(µ) is given by

µ = γP (1.2)
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Figure 1.3: Orientation of the nuclear spin dipole.

The allowed values or eigenvalues of the maximum component of the angular mo-

mentum in the z direction are defined by

Pz = (h/2π)mI (1.3)

wheremI is the magnetic quantum number. In a magnetic field, a nucleusof spinI has

2I + 1 possible orientations which has values [10]

mI = I, I − 1, I − 2, .....,−I (1.4)

We can visualize a spin1
2

nucleus as a small bar magnet which when placed in a

static field has an energy which varies with orientation to the field. The possible ener-

gies are quantized, with the two possible values ofmI

(

±1
2

)

corresponding to parallel

and antiparallel orientations of this small magnet and the external field (Figure 1.4).

The population ratio between the number of nuclei in the higher and lower energy lev-

els is described by the Boltzmann relationship which is dependent upon the absolute

temperatureT of the sample.

Nα

Nβ
= exp

(

∆E

kBT

)

(1.5)
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wherekB is the Boltzmann’s constant,∆E is the energy difference between the spin

states. The precessional motion of the magnetic moment aroundB0 occurs with angular

frequencyω0, called the Larmor frequency given by:

ω0 = γB0 (1.6)

The energy separation (∆E) between the two spin states is related to the Larmor fre-

quency by the formula:

∆E = h̄ω0 = hν0 = γh̄B0 (1.7)

Figure 1.4: Energy separation between nuclear spin states.

Thus as theB0 field increases, the difference in energy between the two spin states

increases. The natural precession frequency of a spinning nucleus depends only on the

nuclear properties contained in the gyromagnetic ratio andthe applied magnetic field.

For a proton in a magnetic field of 9.4 T, the frequency of precession is 400 MHz, and

the difference in energy between the spin states is only3.8×10−5 Kcal/mol. For higher

fields, such as 14.0 T, the resonance frequency increases to 600 MHz.

In the NMR experiment the populations of the two energy states (Figure 1.4) are

interconverted by applying a second magnetic fieldB1 at radio frequencies. The ab-

sorption of energy occurs as +1
2

nuclei (α states) transition to -1
2

nuclei (β states), and

emission occurs as -1
2

nuclei (β states) revert to +1
2

nuclei (α states). The process is

called resonance. The NMR absorption is a consequence of transitions between the en-

ergy levels stimulated by RF radiation and can be detected, amplified and recorded as a

4



spectral line, called the resonance signal.

Figure 1.5: Block diagram of an NMR spectrometer.

1.1.1 NMR Magnetization

At thermal equilibrium, the vector sum of all the individualspins is called the mag-

netizationM0, oriented along the magnetic field direction [15, 16]. Only 20 spins are

shown on the surface of the double cone in the Figure 1.6(A), and the excess of +1
2

over

- 1
2

nuclei is exaggerated (12 to 8). When a second RF magnetic field is applied to the

nuclei, the vectorB1 exerts a force onM0, ( the force comes from the cross product

F = M × B). The resonance frequency in the transverse (x-y) plane causesM0 to

precess or “tip” only slightly off the z axis, moving toward the y axis are shown in Fig-

ure 1.6(C) as 11 nuclei of spin +1
2

and 9 of spin -1
2
, after application of theB1 field. The

angle of rotationθ is given by

θ = γB1τ (1.8)

whereθ is the tip angle which is dependent on the strength of theB1 field excitation and

τ is the duration of theB1 field application. When the excitation pulse is stopped, the
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Figure 1.6: (A) A distribution of an ensemble of nuclear spins in the presence of a
magnetic field applied along the z axis. (B) The vectorB1 exerts a force
on M0 whose result is perpendicular to both vectors. (C) Nuclear spins
immediately after application of theB1 field.

individual nuclei begin to undergo relaxation by emitting the absorbed RF energy and

re-establishing the thermal equilibrium Boltzmann population of the spins (Figure 1.6).

1.1.2 Free induction decay (FID)

After theB1 pulse is turned off, the transverse magnetization precesses in the x-y plane

around theB0 field. The transverse magnetization is coherent and gives rise to a non-

zero magnetic moment in the x-y plane. A spin is considered tobe on-resonance if

its resonance frequency is the same as the frequency of theB1 field. In this case, the

signal does not oscillate, but decays exponentially with a time constant ofT2, the spin-

spin relaxation time. An off-resonance spin is one whose resonance frequency is not

equal to the frequency of the appliedB1 pulse. The precessing transverse magnetization

induces a sinusoidally oscillating, exponentially decaying NMR signal in the RF coil.

This signal is called the free induction decay, and is the product of a periodic function

containing a mixture of frequencies and an exponential decay function [14]. In order to
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Figure 1.7: The second RF magnetic fieldB1 applied perpendicular to theB0 field. M0

precesses about theB1 field, and coherently tips the magnetization into the
transverse plane at an angleθ.

transfer NMR data from time (FID) to frequency domain (spectrum), we have to apply

a mathematical operation called the Fourier transformation. The Fourier transformation

defines a relationship between one function in the time domain and another function in

the frequency domain:

S(ω) = Fs(t) =

∫ ∞

−∞
s(t)e−iωtdt; (1.9)

S(ν) = Fs(t) =

∫ ∞

−∞
s(t)e−i2πνtdt, (1.10)

in whichω = 2πν. The two functionss(t) andS(ω) (or s(t) andS(ν)) are said to form

a Fourier transform pair. The inverse Fourier transformations are defined by

s(t) = F−1S(ω) =
1

2π

∫ ∞

−∞
S(ω)eiωtdω; (1.11)

s(t) = F−1S(ν) =

∫ ∞

−∞
S(ν)ei2πνtdν, (1.12)

The line intensities in the NMR spectrum are defined by the maximum FID amplitudes

of the respective frequency components.
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Figure 1.8: (A) FID showing on and off-resonance signals. (B) Lineshape of an NMR
resonance. The Fourier transform of the FID is the Lorentzian function. The
width of the Lorentzian at the half maximum,∆ν, indicated and related to
T2.

The position of the resonance line in the spectrum depends onits precessional fre-

quency. The lineshape of a resonance depends on how the signal decays with time

(Figure 1.8).T2 is the FID decay time constant and associated with the full width of the

line at half-height,∆ν which is equal to [17]

∆ν =
1

πT2
(1.13)

1.1.3 T1 relaxation

Spin-lattice relaxation, also calledT1 or longitudinal relaxation is the irreversible evo-

lution of a spin system toward thermal equilibrium, with theorbital degrees of freedom

of the medium in which the spins are embedded, called the lattice [18, 17]. The most

efficientT1 relaxation occurs when a molecule is rotating or translating at a rate close

to the Larmor frequency. The commonly used pulse sequence tomeasure spin-lattice

relaxation is the 180◦ - τ - 90◦ sequence. It is known also as the inversion recovery (IR)

pulse sequence (Figure 1.9). At timeτ = 0 the 180◦ RF pulse is applied at the Larmor

frequency, which inverts the the magnetization vectorM. After this the magnetization

M lies along the negative z axis andM = - Mz. After the termination of the RF pulse

the spin lattice relaxation makes the magnetizationMz increase duringτ interval, and
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the spins will dissipate their energy. This dissipation results in the return ofM to the

equilibrium position aligned parallel with theB0 field.

Figure 1.9: Top: Inversion-recovery pulse sequence for themeasurement ofT1 relax-
ation [1]. Bottom: (A) Magnetization(M) lies along the z-axis (B) 1800

radio frequency pulse tips magnetization (M) to -Mz. (C) → (D) Magneti-
zation is relaxing back. (E) Magnetization has recovered toMz.

The magnetization along the z-axis return to its equilibrium value, due to a random

process and thus recovers exponentially as described by thevalue ofMz at a timeτ

(Figure 1.10):

Mz(τ) =M0 (1− αe
−τ
T1 ) (1.14)

whereα = 1 for a 90◦ andα = 2 for a 180◦ pulse, respectively.

Figure 1.10: The exponential recovery of the longitudinal magnetization component
Mz.
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1.1.4 T2 relaxation

A second type of relaxation mechanism is known as transverserelaxation, or spin-spin

relaxation.T2 relaxation occurs when spins in the high and low energy states exchange

energy but do not lose energy to the surrounding lattice. Following application of a

90◦ RF pulse, the net magnetization in the samples begins to precess coherently in the

transverse plane (Figure 1.11). The most efficient transverse relaxation occurs in the

presence of a static or slowly fluctuating local magnetic fields within a sample. At

the end of the excitation pulse, all of the spins precess in-phase in the transverse xy-

plane. After some time, the individual nuclei undergo relaxation by exchange of the rf

absorbed energy within the spin system, nuclear spins startfanning out and lose their

phase coherence. This results in a decay of the total magnetization in the xy-plane

(Figure 1.12):

Mx,y(τ) = M0e
−τ
T2 (1.15)

The actual decay of the transverse magnetization is a combination of dipole-dipole in-

teractions and magnetic field inhomogeneity (mainly causedby the differences in the

magnetic susceptibility within the sample and possible paramagnetic impurities). The

field inhomogeneity increases the rate of signal loss and thenet decay is described by

the apparent relaxation timeT∗
2, which is always shorter thanT2:

1

T ∗
2

=
1

T2
+

1

T2(sus)
+

1

T2(in hom)
+

1

T2(diff)
(1.16)

whereT2(sus) is the transverse relaxation due to susceptibility,T2(in hom) is the transverse

relaxation due toB0 field inhomogeneities, andT2(diff) is the transverse relaxation due

to molecule diffusion.

MeasuringT2 is more difficult because of the presence of local field inhomogeneities.

One method involves using the Carr-Purcell-Meiboom-Gill (CPMG) spin-echo tech-

nique [19, 20]. In the CPMG sequence, the successive 180◦ pulses are coherent, and

the phase of the 90◦ RF pulse is shifted 90◦ relative to the phase of the 180◦ pulse.
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Figure 1.11: Schematic representation of transverse, or spin-spin relaxation mecha-
nism. (A) Magnetization lies along the z axis. (B) Magnetization is tipped
in to x-y plane. (C) Individual spins begin to dephase due to atomic inter-
actions. (D) Spins are completely dephased.

Figure 1.12: Schematic representation of the attenuation of echo signal amplitudes due
to T2 decay.
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1.2 Fundamentals of Diffusion

Molecules in solution are in random motion. The random molecular motion in diffu-

sion is because all molecules have energy of motion (kineticenergy) and are constantly

colliding with each other [21]. Self-diffusion is the random translational motion of

molecules driven by internal kinetic energy. Translational diffusion encodes the trans-

port properties of molecules and ions and is responsible forall chemical reactions since

the reacting species must collide before they can react. Thediffusion coefficient “D”

is critically dependent on (1) Sample temperature (2) Solvent viscosity (3) Molecular

shape (4) Molecular size. The value ofD may be approximated by the Stokes-Einstein

equation. Diffusion is quantified as the translational(Dt) and rotational(Dr) diffusion

coefficients.(Dt) and(Dr) are related to viscosity via the Stokes-Einstein Law:

Dt =
kBT

f
(1.17)

wherekB (JK−1) is the Boltzmann constant,T is the absolute temperature (K) and f is

the friction factor. For the special case of a spherical particle of hydrodynamic radius

Rh in a solvent of viscosityη, the fractional coefficientf = 6πηRh, and is described by

the Stokes-Einstein Debye Law :

Dr =
kBT

8πηR3
h

(1.18)

This thesis will focus on measurements of the translationaldiffusion coefficient.

The quantification of the diffusion coefficient in NMR is related to the self diffusion of

the molecule and mathematically can be described using a theory based on the change

in molecular concentration along a diffusion gradient as described by Fick’s Laws [22].

The amount of a property passing through a unit area per unit time is called flux e.g.

moles m−2s−1. According to Fick’s 1st Law, the flux is defined as

J(r, t) = −D∇c(r, t) (1.19)

The flux,J(r, t), is equal to the gradient of concentration,c(r, t), at some diffusion
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coefficient, in the direction of larger to smaller concentration (indicated by negative

sign [23, 24]). According to the law of conservation of mass the number of molecules

is conserved within the sample space. In general, the diffusion process is anisotropic

and the isotropic diffusion coefficientD (scalar) is replaced by a rank two diffusion

tensor [22]. Thus for Cartesian coordinatesD is given byDij wherei and j take each

of the Cartesian directions and the equation can be written as:











J(x, t)

J(y, t)

J(z, t)






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









Dxx Dxy Dxz
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


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








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∂c(z,t)
∂z























The diagonal elements ofD (e.g.Dxx, Dyy, Dzz) scale concentration gradients and

fluxes in the same direction, the off-diagonal elements couple fluxes and concentration

gradients in orthogonal directions.

For a normal diffusion process, particles cannot be createdor destroyed, which

means the flux of particles into one region must be the sum of the particle flux flowing

out of the surrounding regions. This is represented mathematically by the continuity

equation
∂c(r, t)
∂t

= −∇ · J(r, t) (1.20)

Fick’s 2 nd Law of diffusion is given by [25]

∂c(r, t)
∂t

= D∇2c(r, t) (1.21)

D is assumed to be essentially independent of the solute concentration, which is

presumed to be low. It is appropriate to introduce the probability P (r0, r1, t) that a

solute molecule, which is initially atr0 will be at positionr1 at time t. For ordinary

isotropic diffusion, the ’propagator’P (r0, r1, t) obeys [26]:

∂P (r0, r1, t)

∂t
= D∇2P (r0, r1, t) (1.22)
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For the case of unbounded diffusion and for the starting conditionP (r0, r1, 0) = δ(r0 − r1)

( whereδ(r0 − r1) is the Dirac delta function, indicating that as t→ 0, c = 0 everywhere

except at the originr1 = 0) and the boundary conditionP (r0, r1, t) → 0 for r1 → ∞,

the solution yields the dependence of the probability P on the displacement.

The solution to Fick’s 2nd Law in an isotropic, homogeneous medium turns out to

be a Gaussian probability function:

P (r0, r1, t) = −(4πDt)−3/2 exp

{

−
(r1 − r0)

2

4Dt

}

(1.23)

wherer0 andr1 are the initial and final spatial positions of diffusing molecule, respec-

tively [23]. The probability that a molecule will diffuse a given distance is not dependent

on the starting positionr0 but rather on the net displacementr1 − r0 of the molecules

during the diffusion timet. At very short time-scales diffusion is a many-body problem,

but at sufficiently large times it reduces to a single-body stochastic problem character-

ized by a single number, the self diffusion coefficient [27]

D = lim
t→∞

1

nt
〈(r1 − r0)

2〉 (1.24)

wheren is 2, 4, or 6 for one, two or three-dimensional diffusion, respectively. Hence the

displacement resulting from diffusion is related to the diffusion coefficient and for the

case of unhindered diffusion, the average square displacement increases linearly with

the diffusion timet.

1.3 Pulsed-Field Gradient (PFG) NMR

One of the most commonly used NMR experiments is the pulsed gradient spin-echo

(PGSE). The PGSE experiment is based on either a two-pulse spin-echo or a three-

pulse stimulated echo RF pulse sequence. In the PFG method, the attenuation of the

NMR signal resulting from the dephasing of the nuclear spinsdue to the combined

effect of the translational motion and the imposition of spatially well-defined gradient

pulses is used to measure molecular motion [28, 29, 30, 31, 32, 33, 34]. Since the static
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magnetic fieldB0 is spatially homogeneous, a spatially-varying, linear magnetic field

gradientg can be superimposed onB0 such thatω becomes spatially dependent,

ωeff = ω0 + γ(g.r) (1.25)

wherer is the spatial position of a molecule relative to the appliedgradient andg is

defined as

g = ∇B0 =
∂Bz

∂x
i+

∂Bz

∂y
j +

∂Bz

∂z
k (1.26)

wherei,j andk are unit vectors of the laboratory frame of reference. The change in

local magnetic field induces a spatially-dependent phase shift of the nuclear spins that

is cumulatively defined as

φt = γB0t+ γ

∫ t

0

g(t′).r(t′)dt′ (1.27)

The first term on the right-hand side of the equation corresponds to the phase shift due

to the static field, and the second term represents the phase shift due to the effects of

the gradients. In the rotating frame of reference, the static term in the equation goes to

zero. The accumulated phaseφt during the application of a magnetic field gradient can

be used to spatially label the position of nuclei. The PFG method was first introduced

by Stejskal and Tanner [35], who incorporated a pair of diffusion-sensitizing constant

magnetic field gradients into a Hahn spin-echo sequence [36]in which equal rectangular

gradient pulses of durationδ are inserted into eachτ period (Figure 1.13). A perfect900

RF pulse excites a uniform “comb” of transverse magnetization. Consider an ensemble

of diffusing spins at thermal equilibrium. Aπ/2 rf pulse is applied which rotates the

magnetization from the z axis into the x-y plane to create a magnetization ribbon in

the rotating coordinate frame. During the firstτ period at timet1, a gradient pulse of

durationδ and magnitudeg is applied so that the effect of the gradientg is then to twist

the ribbon in to a helix. The pitch of the helix is given byΛ = 2π/q whereq = γgδ/2π

is the area of the gradient pulse. At the end of the firstτ period the spin experiences a

phase shift. The phase effectφ of a gradient pulseg of durationδ on a spin at position

r is given by

φ(r) = γδg.r (1.28)
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The scalar product arises because only motion parallel to the direction of the gradient

will cause a change in the phase of the spin. The equation alsoignores the effects of dis-

placement during the gradient pulse and experimentally this condition is approximated

by keepingδ ≪ ∆. If during the first gradient pulse, the spin that was at position r0

and positionr1 during the second then change in phase of this individual nuclear spin,

∆φ moving fromr0 to r1 is given by

∆φ(r1 − r0) = γδg.(r1 − r0) (1.29)

In the absence of diffusion, the phase difference∆φ is zero since the two identical

gradient pulses exert an equal phase effect. This implies that the dephasing efficiency of

a gradient pulse depends on the type of nucleus, the strengthand duration of the gradient

pulse, and the displacement of the spin along the gradient direction [37]. The final

NMR signal attenuation resulting from molecular diffusionmust include the cumulative

residual phase shift and the probability function derived from Fick’s 2nd Law which

describes the random diffusion process. A magnetization helix is uniquely described by

its direction and tightness, together known as the diffusion wave vectorq.

The coherence of the order p evolves asexp(ipω0t). The term coherence is a gen-

eralization of the idea of transverse magnetization. Coherences can be classified by

their coherence order p which can take the values0,±1,±2.... Longitudinal magne-

tization has coherence order p = 0, whereas transverse magnetization has p =±1. A

π/2 pulse acting on equilibrium longitudinal magnetizationexcites p = +1 and -1 with

equal weights. Aπ pulse inverts the sign of p. Detected signal is generated only by p

= -1, hence only one of the initially excited components p = +1and p = -1 gives rise

to a detectable signal [15, 38]. A gradient pulse labels coherences with a phase that

corresponds to the position and coherence order of the individual spins in the sample.

This phase label can be removed by another gradient pulse, which is usually referred to

as a refocusing gradient. The standard stimulated echo (STE) diffusion experiment is

shown in Figure 1.14. The sequence contains three90 ◦ pulses, the echo after the third

RF pulse was named by Hahn as the “stimulated echo”. The signal intensity of the STE
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diffusion experiment with rectangular pulse gradients is given by

I(G) = (I(0)/2) exp

[(

−2τ

T2

)

−

(

TM
T1

)]

(1.30)

It is clear that the effects of relaxation and diffusion can be separated in the sig-

nal decay in both the PFG experiments. The magnetic field generated by the applied

gradient pulse varies across the sample, so that molecules in one area of the sample

experience a magnetic field different to those in another region. The degree of atten-

uation is a function of the magnetic gradient pulse amplitude (g) and occurs at a rate

proportional to the diffusion coefficient of the molecule.

I = I0 exp
[

−D (gδγ)2 (∆− δ/3)
]

(1.31)

WhereI is the observed intensity,I0 is the reference intensity,D is the diffusion coeffi-

cient, g is the amplitude of the applied gradient,δ is the duration of the applied gradient

and∆ is the diffusion time. The molecular motion due to isotropicdiffusion results in

an attenuation of the signal and it is this effect that is usedto measure diffusion coeffi-

cients that can be predicted by using the Bloch equations [39]. The Bloch equations for

the decays ofMx andMy in the xy-plane of the rotating frame.

dMx

dt
= −

Mx

T2
,

dMy

dt
= −

My

T2
(1.32)

For the consideration of the diffusion effect, an additional diffusion term needs to

be included

dMx

dt
= −

Mx

T2
+D∇2Mx, (1.33)

dMy

dt
= −

My

T2
+D∇2My, (1.34)

whereD is the diffusion constant, andD∇2M = ∇ · D∇M is the net diffusion

influx which contributes to the time dependent quantity,dM/dt. T2 is the transverse
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Figure 1.13: Schematics of the pulsed gradient spin-echo (PGSE) experiment (A) A
Hahn spin-echo based PGSE sequence in which two equal gradient pulses
of durationδ and direction and magnitudeg are inserted into eachτ period.
(B) the selected coherence transfer pathway (C) time dependence of the
amplitude of the wave vectorq.
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Figure 1.14: The pulsed field gradient stimulated echo (PFG-STE) pulse sequence with
three90 ◦ pulses.τ andτ ′ are the time delays between RF pulses.

relaxation time and

M+ =Mx + iMy (1.35)

We can rewrite the previous equations in a concise form

dM+

dt
= −

M+

T2
+D∇2M+ (1.36)

Mx andMy are the x and y components of the magnetization, respectively. This equa-

tion applies for the case of a homogeneous magnetic field oriented along the z axis and

in the absence of radiofrequency pulses. In the presence of an inhomogeneous magnetic

field

∂M+(z, t)

∂t
= −

M+(z, t)

T2
− iγB(z)M+(z, t) +D

∂2

∂z2
M+(z, t) (1.37)

whereB(z) is the contribution to the magnetic field at position z due to the gradient.

The first of the additional terms accounts for the change in the Larmor frequency due to

B(z), and the second term is analogous to Fick’s second law. If there were no diffusion,
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i.e.,D=0 the following solution would hold:

M+ = Ψ(z, t) exp(−iω0t− t/T2) (1.38)

∂Ψ(z, t)

∂t
= −iγgzΨ (z, t) +D∇2Ψ(z, t) (1.39)

The effect of diffusion on the amplitude of the helixΨ(t) is obtained by

Ψ(z, t) = Ψ(t) exp

[

−iγz

∫ t

0

g(t′)dt′
]

(1.40)

lnΨ(t) = −D

[

−iγz

∫ t

0

q2(t′)dt′
]

(1.41)

where

q(t′) =

∫ t′

0

q2(t′′)dt′′ (1.42)

This is only an attenuation factor and for its observation, the isochromats must be refo-

cused in the xy-plane to form an FID or echo.

1.4 The Basic Spin-echo Experiment

In the basic spin-echo experiment, the macroscopic magnetization vector along the z

axis of the laboratory system, is deflected90◦ in to xy plane, and lies along the y axis

(Figure 1.15). As a result of of the inhomogeneity of theB0 field the individual nuclear

spins begin to fan out and the magnitude of transverse magnetization decreases, some

nuclei with higher Larmor frequency are moving ahead while those with lower Larmor

frequency lag behind. After a certain timeτ a 180◦ pulse is applied so that all vectors

are turned around into the other side of the xy plane, and continue precessing about the

same z axis [40, 41]. Now because of “turning” the phases of spins with higher Larmor

frequency now lag, whereas those with lower Larmor frequency now lead. After a time

2τ all the spins become in-phase again. The resultant transverse magnetization can now

be detected in the receiver coil as a signal. This phenomenonis called spin-echo or

Hahn echo. The experiment is conveniently formulated as a pulse sequence

20



(π/2)x ...........τ ...........(π)x ...........τ ........... FID

The intensity of the spin-echo depend on the transverse relaxation rate. The echo’s

shape is determined by the shape of the free induction decay curve. Carr and Purcell

simplified the spin-echo pulse sequence by using aπ pulse for refocusing and this has

now become the standard procedure. A train of echo may be obtained by repeating

π pulses at appropriate intervals, to produce several echoesafter the initialπ/2 pulse.

Each newπ pulse has the effect of reversing the dephasing that occurred since the pre-

vious pulse. The loss of transverse magnetization during the period 2τ has been elimi-

nated by the refocusing process and the echo amplitude is proportional toexp(−2τ/T2).

In multiple echo sequences, the height of successive echo decreases exponentially with

a time constantT2.

Figure 1.15: Schematics of spin-echo formation. A(π/2)x pulse rotates the magneti-
zation vectors to the +y axis. Representative fast (F) and slow (S) vectors
fan out in the xy plane. At timeτ a (π)x pulse rotates them in to mirror
positions. After time 2τ free precession brings to focus along the -y axis.

1.5 The 2D DOSY Experiment

Diffusion-ordered spectroscopy (DOSY) seeks to separate the NMR signals of differ-

ent species according to their diffusion coefficient. It is based on a pulsed field gradient

spin-echo NMR experiment in which components experience diffusion and the signal of

each component decays exponentially according to self diffusion behavior of individual
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molecules [28]. DOSY is a powerful tool for the study of mixtures analysis, separating

the signals in a conventional spectrum according to their diffusion coefficient. In this

two dimensional NMR technique, one dimension accounts for conventional chemical

shift information and the second dimension distinguishes species by diffusion coeffi-

cients. While the chemical shift information is obtained byfast Fourier transformation

(FFT) of the time domain data, the diffusion information is obtained by an inverse

Laplace transformation (ILT) of the signal decay data [42] (Figure 1.16). Mixture anal-

ysis is based on diffusion differentiation according to:

E(q, νm) =
∑

n

An(νm)exp[−Dnq
2(∆− δ/3)] (1.43)

whereAn(νm) is the amplitude of the 1D-NMR spectrum of the nth diffusing species

having a diffusion coefficient ofDn [41].

Each frequency value in the PGSE NMR data set can be represented in terms of a

sum of discrete exponentials with q2 as the independent variable. The 1D data set with

peak attenuation is described by

E(q, νm) =

∫ ∞

0

g(D, νm)exp[−Dnq
2(∆− δ/3)]dD (1.44)

whereg(D, νm) represents a spectrum of diffusion coefficients for each spectrum, and

E(q, νm) is the Laplace transform of theg(D, νm). If g(D, νm) is represented as a sum

of Dirac delta functions

g(D, νm) =
∑

n

An(νm)δ(D −Dn) (1.45)

In the 2D DOSY experiment1H spectra with increasing diffusional attenuation are

recorded and diffusion coefficient for the resonances calculated from the signal decays.

Diffusion coefficients are correlated theoretically by theStokes-Einstein relation. The

Stokes-Einstein equation only holds for free diffusion. DOSY spectra also include ar-

tifacts generated by temperature fluctuation, convection,and viscosity changes. The

accuracy of diffusion measurements can be improved by eliminating sources of error

such as eddy currents and convection currents caused by gradient pulses.
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Figure 1.16: Schematic of FFT and ILT transformations. At the top an FFT converts
the FID to a NMR spectrum with the line shapes. At the bottom the decay
curve contains two components of diffusion coefficients andamplitudes
differing by a multiple of two. The dotted red curves in the diffusion spec-
trum indicate broadening associated with errors.

23



1.6 Diffusion Experimental Details

Most of the diffusion experiments in this thesis were performed on a Bruker Avance-III

600 MHz spectrometer equipped with a 5-mm QXI probe and pulsed field gradients.

Some of the experiments in Chapter 6 were performed on a Bruker Avance-III 600

MHz spectrometer equipped with a 5-mm Diff30 diffusion probe, capable of generating

a maximum gradient strength of 1200 G/cm. All spectra were processed using Bruker

Topspin 2.1 software. All diffusion experiments were performed at ambient temperature

to reduce the effects of convection currents.

2D DOSY Experimental Parameters: Unless otherwise stated,2D DOSY NMR spectra

were acquired using the stimulated echo bipolar gradient pulse sequence with an eddy

current delay [43]. The duration of the diffusion delay was kept as short as possible

to minimize signal loss due to relaxation. The experimentalparameters included 16

gradient amplitude steps ranging from 2 to 95% (in equal steps of gradient squared)

using 32 transients, 16K complex data points, an eddy current delay 5 ms and diffusion

time intervals between 100-200 ms. The gradient pulses ranged from 1-3 ms in duration.

The signal attenuation was fit to the previously described Stejskal-Tanner equation.

The proton DOSY data were obtained with a spectral window of 8000 Hz by coaddition

of 32 transients for the diffusion measurements, using an acquisition time of 0.772

s and a relaxation time of 1.5 s. The FIDs were apodized by multiplication by an

exponential decay function equivalent to 1 Hz line broadening and zero-filled prior

to Fourier transformation to form a 8K× 1K data matrix. The standard 2D DOSY

processing protocol was applied in Topspin software with logarithmic scaling in the

diffusion coefficient dimension. Numerical fitting was performed using the freeware

Gnuplot. Errors of the diffusion coefficient were calculated by multiplying the standard

fitting error calculated within Gnuplot by thet value for the 95% confidence level.

1.7 Applications of PFG NMR

This thesis focuses on using diffusion NMR experiments to resolve the diffusion coef-

ficients of individual components of a mixture. Mixtures of organic compounds can be
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assayed by NMR spectroscopy if distinguishable signals from each component can be

integrated separately. PFG techniques are widely used in NMR spectroscopy to obtain

DOSY spectra containing information about the translational diffusion coefficients of

the diffusing molecules. DOSY is a versatile technique which can be used for mixture

analysis, without prior physical separation of the mixturecomponents, wherein signals

from the components are ordered along a second dimension based on differences in

their diffusion coefficients. The DOSY experiment has limited potential to differen-

tiate between severely overlapped signals in a mixture, which can lead to inaccurate

estimates of diffusion coefficients or ambiguities in identification of the mixture com-

ponents. Several 3D DOSY experiments have been designed that achieve resolution

of overlaps by concatenating a diffusion pulse sequence with common 2D pulse se-

quences. Proton 3D DOSY experiments suffer from signal overlap while carbon 3D

DOSY experiments offer better resolution but suffer from poor signal-to-noise ratios

and very long experimental times.

Diffusion NMR measurements are used in many different fieldsranging from the

medical sciences to material sciences [44, 45, 46, 26, 47, 48, 24]. Diffusion measure-

ments have been used to study surfactants due to their sensitivity to molecular organi-

zation and consequently for determining parameters such asthe critical micellar con-

centration [49]. PGSE NMR plays an important role in clarifying the mechanism of

ionic liquids which have application to devices such as solar cells, fuel cells, double

layer capacitors and batteries [50]. Pulsed-field gradientNMR is used for the charac-

terization of ligand-protein interactions which is important for the binding of a small

molecule to an enzyme or cell-surface receptor. NMR diffusion measurements have

also been applied to the study of the interaction between drug and proteins and to study

drug delivery systems [51]. Diffusion ordered spectroscopy is also used in the analy-

sis of decontamination reaction products of chemical warfare agents especially for the

development of new generation decontamination agents [52,42, 38, 23].
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CHAPTER 2

Separating Diffusion Coefficients in Mixtures Using a

Novel 3D BEST-HMQC-DOSY Experiment

2.1 Background and Motivation

Applications of the DOSY technique are plentiful [29, 28, 37, 53, 54, 55, 56] and

range from the analysis of polymer blends [57], residue-specific NH rates and inter-

molecular interactions [58, 59], stacking and nanorod formation [60], molecular dif-

fusion in cells [61], compositional analysis of block copolymers and host-guest com-

plexes [62, 63], DNA secondary structural elements [64] andmapping ligand-protein

interactions [65, 66, 67, 68].1H DOSY spectra of molecular mixtures suffer from

problems of severe signal overlap, because of the relatively narrow range of proton

chemical shifts and hence a number of 3D DOSY techniques havebeen developed to

overcome this problem, wherein additional resolution is obtained by dispersing sig-

nals in the third dimension by appending a standard 2D pulse sequence to a DOSY

experiment [69, 70, 71]. Yet another route to resolve spectral overlap is to perform

heteronuclear DOSY experiments using nuclei such as carbon-13 which have high

chemical shift dispersion [72, 73, 74, 75]. The experiment time is however a crucial

limitation in 3D heteronuclear DOSY schemes due to the requirement of sampling in

the indirect frequency dimension, with only a few increments allowed in the diffusion

dimension. The overlap of spectral peaks in multi-component mixtures can severely

compromise the quantitative estimation of diffusion coefficients of each component. A

number of sophisticated data analysis methods have been evolved to circumvent this

problem which use multi-exponential or continuous distribution fitting, which are suc-

cessful only to a limited extent [76, 77, 41, 78]. Recently, sensitivity-enhanced BEST-

HMQC methods [79, 80, 81] and SOFAST-HMQC methods [82, 83, 84, 85] were de-

scribed that achieve a substantial improvement in resolution and can be used to record

two-dimensional heteronuclear correlation spectra of biomolecules in very short times



ranging from a few minutes to only a few seconds. The BEST typeof experiments

benefit from longitudinal relaxation enhancement by using shaped RF pulses while the

SOFAST type of sequences have the added advantage of using Ernst-angle excitation.

The standard HMQC experiment provides correlation betweenprotons and scalar

coupled heteronuclei through the creation of heteronuclear multiple-quantum (MQ) co-

herence. The HMQC is one example of the aptly named inverse spectroscopy schemes,

wherein the excited and the observed nucleus are the same andthe heteronucleus is

detected indirectly via evolution during an incremented delay. The advantage of the in-

verse spectroscopy is that the nucleus with the highestγ is detected, and so it is possible

to obtain good sensitivity. The pulse sequence for the basicHMQC scheme is shown

in Figure 2.3. The sequence is analyzed here for a coupled carbon- proton pair, with

the carbon-13 labeled as spin 1 and proton labeled as spin 2. The basic idea behind the

HMQC experiment is related to the echo difference technique, which is used to elim-

inate protons signals not coupled to the heteronuclei. A proton pulse is followed by

a delayτ = 1/2JXH . As a result, the proton magnetization is converted into antiphase

(2I1yI2z) magnetization. A90◦ pulse applied to the X nuclei converts this antiphase

term into a combination of zero and double quantum coherence(2I1yI2x). The proton

chemical shift and heteronuclear coupling are refocused byusing a180◦ pulse at mid-

evolution time. In the absence of the180◦ proton pulse in the center oft1 period, the

I1yI2x term would have evolved with the sum (Ω1 + Ω2) and difference (Ω1 − Ω2) fre-

quencies of the two spins. The last90◦ heteronuclei pulse returns the multiple quantum

coherence to observable antiphase proton magnetization. The second delayτ converts

the antiphase term into an in-phase term. The linewidth in the F1 dimension of an

HMQC spectrum is determined by the relaxation rate constantof the heteronuclear MQ

coherence. Steps (A-D) can be described by using a product operator analysis as fol-

lows:

(A→ B) I1z
(90◦)I1x
−−−−→ − I1y

2JXHI1zI2z−−−−−−−→
τ=1/(2JXH )

2I1xI2z

It will be assumed thatτ = 1/2JXH , so only the anti-phase term is present. The sec-

ond90◦ pulse is applied to carbon-13 only.
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2I1xI2y
(90◦)I2x
−−−−→ −2I1xI2y

This anti-phase magnetization is converted in to multiple-quantum coherence by the

90◦ pulse and evolves chemical shift duringt1

(B → C) − 2I1xI2z
Ω2t1I2z−−−−→ −cosΩ2t1 2I1xI2y + sinΩ2t1 2I1xI2y

The second90◦ heteronuclei pulse with the receiver phase provides cancellation of the

unwanted proton not coupled to the13C nuclei.

(C → D) − cosΩ2t1 2I1xI2y
(90◦)I2x
−−−−→ − cosΩ2t1 2I1xI2z

This term then evolves under the coupling

− cosΩ2t1 2I1xI2z
(180◦)JXH τ I1zI2z, τ=1/2JXH
−−−−−−−−−−−−−−−−−−→ − cosΩ2t1 2I1y

This chapter focuses on exploiting the sensitivity-enhanced BEST-HMQC tech-

nique to achieve resolution of overlaps in a novel 3D heteronuclear13C − 1H diffu-

sion ordered experiment with good sensitivity and a substantial reduction in experiment

time. The method is demonstrated on a mixture of molecules with similar transla-

tional diffusion coefficients, a mixture of amino acids which are also very close in their

molecular weights and hence their diffusion coefficients, and a mixture of commercial

gasoline. The main advantage in using a BEST-HMQC instead ofthe standard HMQC

in a 3D DOSY scheme is the significant reduction in experimental time without a cor-

responding loss of sensitivity (we found that typical 3D BEST-DOSY experiments are

around four times faster than standard 3D HMQC-DOSY experiments). Several PFG

sequences have been proposed to overcome problems of solvent suppression and ther-

mal convection in proteins [86, 87]. We also used band-selective pulses in the diffusion

sequence in conjunction with water suppression, and implemented a selective analog of

the BEST-DOSY experiment to obtain the diffusion coefficient of a model protein.
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2.2 Experimental Section

Model Systems & Spectrometer Details:All the amino acids, small molecules and

proteins were purchased from Sigma Aldrich and used withoutfurther purification.

The mixture of geraniol (20µl), camphene (10 mg) and quinine (15 mg) in deuterated

methanol is referred to as Mixture 1, the model mixture of amino acids L-Tryptophan

(8 mg), DL-Valine (15 mg), and L-Phenylalanine (10 mg) in D2O is referred to as Mix-

ture 2 and the complex mixture of commercial gasoline (100µl in deuterated methanol)

is referred to as Mixture 3 throughout.

2D DOSY Experiments: The signal attenuation in the 2D DOSY experiment were

fitted to the Stejskal-Tanner equation as previously described in Chapter 1. The gradient

pulses ranged from 1-3 ms in duration. The gradient field strength was varied between 2

and 34.5 Gcm−1. The DOSY data were obtained with a spectral window of 8000 Hzby

Co-addition of 32 transients for the diffusion measurements, using an acquisition time

of 0.772 s and a relaxation time of 1.5 s. The FIDs were were apodized by multiplication

by an exponential decay function equivalent to 1-Hz line broadening and zero-filled

prior to Fourier transformation to form a 8K× 1K data matrix.

Gradient field strength calibration: For calibration of the maximum value of the

gradient strength, we have used a dilute solution of 500µl H2O in D2O (doped water),

in order to avoid radiation damping effects [88]. The apparent diffusion coefficient

(Dapp) was measured using the standard diffusion pulse sequence.The value of gradient

strengthg is calculated from the equation

gnew =

√

Dapp

Dknown
× gknown (2.1)

wheregknown andDknown are the known values forg at the center of the coil and

the diffusion coefficient of water within the doped sample, respectively. The standard

diffusion coefficient value of H2O is2.031× 10−9 m2/s measured at room temperature

(293K) [88]. Full details of the calibration procedure are given in the Appendix.

3D BEST-DOSY Sequence:The 3D BEST-DOSY pulse sequence (Figure 2.1) con-

catenates a BEST-HMQC experiment with a stimulated-echo diffusion sequence (STE-

29



Figure 2.1: Pulse sequence for the 3D BEST-DOSY experiment.τ denotes the mag-
netization transfer delay1/2JCH in the BEST-HMQC sequence andtrec is
the recycle delay between scans. The delayδ1 accounts for spin evolution
during the band-selective pulse and is adjusted to yield pure phase spectra
in the 1H dimension. The unfilled shaped pulses denote the band-selective
pulses that were used for proton excitation in the desired region. Refocusing
of the protons in thet1 evolution period is achieved by the band-selective
pulse denoted by the filled shape.∆ denotes the diffusion interval and the
G6 gradients are used for dephasing/rephasing magnetizationduring the dif-
fusion interval. The gradient pulse lengths are denoted byδ andτr is the
gradient recovery delay.13C decoupling during acquisition was achieved
using an adiabatic decoupling sequence. For phase sensitive detection the
phase of the second proton pulse is incremented according tothe States-
TPPI method. If no phase cycling is indicated, pulses were applied along
thex-axis.
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Figure 2.2: 2D1H DOSY NMR spectra of (A) Mixture 1 (geraniol, camphene, and
quinine) and (B) Mixture 2 (L-phenylalanine, DL-valine andL-tryptophan).
Proton chemical shifts (ppm) are indicated along thex axis and diffusion
units(log (D/m2s−1)) on they axis.

DOSY) yielding a 3D data matrix. The1H band-selective excitation pulses used for the

different samples were either of a polychromatic PC9 [89], Q5 Gaussian excitation [2]

or Seduce shape [90] with the excitation angle set to 90◦. Band-selective1H refocusing

is achieved using an RSNOB refocusing pulse in the middle of thet1 evolution period.

The transfer delayτ is set to1/(2JCH). The gradient ratiosG1 : G2 in the BEST

sequence are set to11 : 7% of the maximum gradient field strength.∆ denotes the

diffusion interval andG6 is the diffusion encoding/decoding gradient. Gradient pulse

durations varied between 1.0 and 2.0 ms and the relaxation delay between scans was

set to 200-500 ms. The BEST sequence excited only a selected region of protons using

a band-selective pulse centered in the middle of the desiredregion. The spectra were

zero-filled to 8192 points in thet3 dimension and 2048 points in thet1 dimension. After

a 2D Fourier transform using the States-TPPI method, the DOSY dimension was recon-

structed on a logarithmic scale and the peaks were represented in the diffusion constant

dimension on a grid of 32 data points. The HMQC subspectra were obtained by aver-

aging slices centered at the respective diffusion coefficients. Diffusion constants were

obtained by using a monoexponential fit to three resonances in each subspectrum and

taking the average. Broadband adiabatic13C decoupling was achieved with a smoothed

1.5 ms chirp pulse Crp60,0.5,20.1 for inversion and a decoupling supercycle given in
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the Bruker library: P5m4sp180. The number of diffusion encoding steps in all the 3D

BEST-DOSY experiments is 16, and 16 scans were recorded for agradient pulse length

δ = 2 ms and a gradient recovery time of 200µs. Band-selective refocusing RSNOB

pulse shapes [3] were used for refocusing in the BEST part of the sequence for all the

mixtures. Band-selective pulses of Gaussian cascade (Q5) shape were used for Mix-

ture 1 and Mixture 2, respectively while band-selective pulse of Seduce shape was used

for Mixture 3. Diffusion (∆) interval times of43 ms, 50 ms and 200 ms were used for

Mixture 1, Mixture 2 and Mixture 3, respectively.

2.3 Results and Discussion

We have designed a novel fast-pulsing 3D heteronuclear diffusion experiment by con-

catenating a BEST-HMQC scheme with a STE-DOSY sequence (Figure 2.1). A sub-

stantial speedup in data acquisition and high sensitivity are the hallmarks of this 3D

heteronuclear diffusion experiment, and are achieved by reducing the recycle delay be-

tween scans. The STE pulse sequence retains the magnetization along thez-axis during

the diffusion interval, thereby minimizing losses due to fast relaxation of transverse

magnetization.

The 1D1H spectra of the mixture of quinine, camphene and geraniol inmethanol-

d4, (Mixture 1), and the mixture of amino acids L-phenylalanine, DL-valine and L-

tryptophan (Mixture 2) are shown in Figure 2.4. The spectra of the mixtures show

considerable overlap in resonances. The standard 2D DOSY spectra of Mixture 1 and

Mixture 2 are shown in Figure 2.2, which show a set of overlapping peaks. While it is

clear from the DOSY spectrum of Mixture 1 (Figure 2.2(a)) that there are at least three

components in this mixture, a closer inspection and comparison with the1H spectrum of

Figure 2.4(a) reveals overlaps between quinine and geraniol and between camphene and

geraniol along the DOSY dimension, which would lead to inaccuracies in the estimation

of their respective diffusion coefficients. While the solvent peak in the amino acid

mixture (Figure 2.2(b)) is separated along the diffusion dimension, none of the three

amino acids could be resolved along the DOSY dimension. These overlaps could not

be separated with the processing methods available with TopSpin software, leading to
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Figure 2.3: The pulse sequence for the 2D HMQC experiment. The filled rectangles
represent90◦ and180◦ pulses. Phase of the90◦ pulses on13C and the re-
ceiver areφ1(x, -x, x, -x),φ2(x, x, -x, -x), andφr(x, -x, -x, x), respectively.
Points (A-D) describe magnetization at each point in the pulse sequence.

the conclusion that a 3D extension of the DOSY method would berequired to obtain

accurate diffusion coefficients for each of the individual components of these mixtures.

The BEST/SOFAST-HMQC sequence is a fast-pulsing techniquewherein reduced

acquisition times are achieved by Ernst-angle excitation,smaller number of rf pulses

and longitudinal relaxation optimization [82]. The spin states of all other unexcited

protons that are not directly involved in the coherence transfer pathways remain un-

perturbed leading to efficiency of spin-lattice relaxationand hence reduced relaxation

delays between experimental scans. The Ernst angle is the flip angle for a particular spin

that gives the maximal signal in the least amount of time, when signal averaging over

many transients. If only one pulse were applied, the best experiment would use a 90◦

pulse, which would achieve a maximum transfer ofz-magnetization to thex, y plane.

During the relaxation delay between pulses (to account for recovery of magnetization

to equilibrium), the relation between the pulse angleα and the ratiot/T1 becomes im-

portant. The induced transverse magnetization along they-axis is equal toM0 sinα.

Concomittantly, thez-magnetization is reduced to a value ofM0 −M0 cosα. For small
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Figure 2.4: The 1D1H spectra of (A) Mixture 1 with its individual components of qui-
nine, camphene and geraniol. and (B) Mixture 2 and its individual amino
acid components L-phenylalanine, DL-valine and L-tryptophan. Sixteen
scans were collected with 8192 complex points for each scan.Spectra
were apodized with a 1 Hz exponential line-broadening function, baseline-
corrected and zero-filled to minimize digitization errors.The vertical scal-
ing factor has been adjusted so that the noise level in all spectra is the same.
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flip angles of the pulse (α < 30◦−50◦), sinα > 1 - cosα and the detected signal is larger

than the loss of longitudinal magnetization. For the optimal pulse angle (Ernst angle),

cosα = exp (−t/T1). The BEST-HMQC abbreviates Band-selective Excitation Short-

Transient HMQC. The BEST experiments are optimized for minimal perturbation of

aliphatic and water protons. This is realized by applying exclusively band-selective

pulses, PC9 [89], E-BURP2, and RE-BURP and pairs of broadband inversion pulses on

the proton channel. The large amount of aliphatic and water proton spin polarization

at the end of the BEST pulse sequence then enhances longitudinal relaxation of amide

hydrogen spins via dipole-dipole interactions and hydrogen exchange [80].

The standard HMQC pulse sequence using gradients and the 2D BEST-HMQC se-

quence are implemented on quinine in methanol-d4 and compared in Figure 2.5(a) and

(b), respectively. The standard HMQC spectra of all the mixtures are shown in Fig-

ure 2.6. The1H excitation pulse is applied using a Gaussian cascade (Q5) excitation

shape [2]. Band-selective1H refocusing is realized using an RSNOB pulse [3]. The

pulses are centered at 3.0 ppm and cover a bandwidth of 3756 Hzand 3901 Hz cor-

responding to pulse lengths of 2 ms and 1.2 ms respectively, for the Q5 and RSNOB

shapes at 600 MHz. The transfer delay is set to1/(2JCH) with JCH=145 Hz. Peaks in

the range 1.78 ppm to 4.0 ppm were excited.

The signal-to-noise (S/N) ratios of individual peaks in the2D experiments were

calculated using the SINO command in Topspin. The S/N ratio for the peaks at 2.33

ppm/40.2 ppm, 2.68 ppm/56.2 ppm and 3.10 ppm/60.4 ppm is 59.87, 94.21 and 107.46,

respectively in the standard HMQC experiment. The S/N ratiofor the peaks at 2.33

ppm/40.2 ppm, 2.68 ppm/56.2 ppm and 3.10 ppm/60.4 ppm is 65.98, 126.29 and 166.52,

respectively in the BEST-HMQC experiment. The BEST-HMQC spectrum shows a

gain in signal to noise ratio as compared to the standard HMQCspectrum for quinine,

all other experimental parameters including the decoupling sequence being kept the

same.

For both 2D experiments, 256t1 increments of 2K data points and 16 scans were

recorded, with relaxation times ofd1 = 1 s and200 ms for the standard HMQC and

BEST experiments, respectively. Phase cycling followed the States-TPPI method and

processing consisted of apodization using a squared cosinebell, followed by zero-filling
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Figure 2.5: Comparison of 2D1H-13C spectra of quinine in deuterated methanol
recorded at 600 MHz using (A) standard HMQC pulse sequence with gra-
dients and (B) BEST-HMQC pulse sequence.1H excitation and refocus-
ing covering the frequency range from 1.78 ppm to 4.0 ppm in the BEST-
HMQC experiment was achieved using a Gaussian cascade (Q5) excita-
tion [2] pulse of 2 ms and an RSNOB pulse [3] of 1.2 ms, respectively. The
flip angle of the excitation pulse was set at90◦. The selective pulses were
centered at 3.0 ppm and had a bandwidth of 3756 Hz and 3901 Hz, respec-
tively. The relaxation delay in the BEST-HMQC experiment was set at 200
ms and at 1 s in the HMQC experiment.13C decoupling duringt2 was re-
alized for the standard HMQC and for the BEST-HMQC using an adiabatic
decoupling sequence in both experiments.
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Experiment Mixture 1 Mixture 2 Mixture 3
HMQC 62.46 (2.39 ppm) 44.48 (2.19 ppm) 48.6 (1.6 ppm)

103.0 (2.67 ppm) 27.38 (3.05 ppm) 66.24 (3.21 ppm)
PC9 68.38 (2.39 ppm) 33.24 (2.19 ppm) 25.44 (1.6 ppm)

117.0 (2.67 ppm) 48.3 (3.05 ppm) 148.46 (3.21 ppm)
Q5 47.01 (2.39 ppm) 25.78 (2.19 ppm) 15.96 (1.6 ppm)

113.42 (2.67 ppm) 46.58 (3.05 ppm) 94.42 (3.21 ppm)
Seduce 103.77 (2.39 ppm) 36.58 (2.19 ppm) 22.48 (1.6 ppm)

137.1 (2.67 ppm) 30.27 (3.05 ppm) 122.04 (3.21 ppm)

Table 2.1: Comparison of S/N ratios for the standard HMQC experiment and for the
BEST experiment using different shaped pulses for the threedifferent mix-
tures. The chemical shift in ppm of each peak is given in brackets.

and Fourier transformation to a 2K× 2K data matrix. In order to explore the efficacy

of the BEST sequence in obtaining good 2D correlations we have carried out a com-

prehensive analysis of the S/N ratios for all the three Mixtures. The data is collated in

Table 2.1.

The S/N ratios for different signals in each BEST spectrum were computed and

compared with the S/N of the same signal in the standard HMQC experiment. The

BEST experiment was repeated for three different pulse shapes: a polychromatic PC9

excitation [89], a Gaussian (Q5) wideband excitation cascade [2] and a broadband Se-

duce excitation shape [90]. In general we found that all three shapes gave good results.

The band-selective pulses of the different shapes considered are centered at 3.0 ppm,

3.0 ppm and 4.0 ppm corresponding to a pulse length of 2.0 ms for Mixture 1, Mixture 2

and Mixture 3, respectively. Phase cycling followed the States-TPPI method and pro-

cessing consisted of apodization using a squared cosine bell, followed by zero-filling

and Fourier transformation to a 2K× 2K data matrix.

A diffusion coefficient is computed for each correlation in the 3D BEST-DOSY

experiment by varying the gradient strengths in a number of experiments, concate-

nated into a single 3D experiment. Identical diffusion coefficients are identified as

belonging to the same individual component and the BEST-HMQC correlations be-

come “diffusion-tagged”. Figures 2.7 and 2.8 show the 2D subspectra extracted from

the 3D BEST-HMQC DOSY experiments on Mixture 1 and Mixture 2.For both exper-

iments, three slices from the transformed 3D DOSY spectra are shown at the diffusion

coefficients corresponding to the individual components. Despite spectral crowding and
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Figure 2.6: 2D1H-13C HMQC spectra of (A) mixture of quinine, camphene and geran-
iol in deuterated methanol (B) mixture of L-tryptophan, L-phenylalanine
and DL-valine in D2O. (C) commercial gasoline in deuterated methanol.
The relaxation delay in the HMQC experiment was set at 1 s resulting in an
experimental of 1 hour 10 sec.
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similarity of diffusion coefficients, the resolution in theDOSY dimension is sufficient

to clearly separate the individual diffusing components. The results of the 3D heteronu-

clear DOSY experiments are displayed as a series of projected 2D spectra which are the

integrals between given diffusion limits of the 3D spectrumwith axes (ωH , ωC , D). At

higher gradient strengths, faster diffusing components are suppressed and each spec-

trum is simplified. Figures 2.7(a), (b) and (c) show projections of the BEST-HMQC

(A) (B)
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Figure 2.7: BEST-HMQC planes extracted from the 3D BEST-DOSY experiment for
each subspectrum in Mixture 1. BEST-HMQC subspectra of (A) geraniol,
(B) quinine and (C) camphene extracted from the respective 3D experiments
for diffusion coefficient ranges of9.0−10.0×10−10 m2/s,6.2−7.2×10−10

m2/s and12.2− 13.2× 10−10 m2/s, respectively.

subspectra from the 3D BEST-DOSY experiment on Mixture 1 corresponding to geran-

iol, quinine and camphene respectively onto theωH − ωC plane. The diffusion coeffi-

cientsD computed from the 2D subspectra turn out to be9.0×10−10 m2s−1, 6.4×10−10
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m2s−1, and12.2 × 10−10 m2s−1 for geraniol, quinine and camphene, respectively. The

relaxation delay was set to200 ms and the experimental time was around 2 hours. This

is a substantial time savings over the previous study which performed a 3D standard

HMQC-DOSY experiment on the same mixture [72] and used a total experimental time

of 17 hours for a total of 5 diffusion points. Figures 2.8(a),(b) and (c) show projections
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Figure 2.8: BEST-HMQC planes extracted from the 3D BEST-DOSY experiment for
each subspectrum in Mixture 2. BEST-HMQC subspectra of (A) L-
tryptophan (B) L-phenylalanine and (C) DL-valine extracted from the re-
spective 3D experiments for diffusion coefficient ranges of1.5−2.5×10−10

m2/s,5.0− 6.0× 10−10 m2/s and6.0− 7.0× 10−10 m2/s, respectively.

of the BEST-HMQC subspectra from the 3D BEST-DOSY experiment on Mixture 2

corresponding to L-tryptophan, L-phenylalanine and DL-valine, respectively. The dif-

fusion coefficientsD computed from the 2D subspectra turn out to be1.5×10−10 m2s−1,

5.2 × 10−10 m2s−1, and6.2 × 10−10 m2s−1 for phenylalanine, tryptophan and valine,
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respectively. The relaxation delay was set to500 ms for a total experiment time of 4

hours.

In both Figures 2.7 and 2.8, almost complete resolution of the diffusion encoded

spectrum is obtained and each subspectrum contains signalsonly from the particular

individual mixture component. A good match was observed between the peaks in the

2D slice through the diffusion domain of the 3D BEST-DOSY spectrum and the 2D

BEST-HMQC spectrum of the individual mixture components. In order to reduce con-

vection due to possible sample heating during the 3D experiments, a “cool” adiabatic

decoupling sequence using smoothed chirp inversion pulseswas used during acquisi-

tion. Using adiabatic13C decoupling enables lower powers than standard decoupling

sequences such as GARP and hence less heating over a broader spectral width.

In order to demonstrate the efficacy of the BEST-DOSY technique on a “real” com-

plex mixture, we performed the experiment on a sample of commercial gasoline. The

components of gasoline can be separated into paraffins, olefins, naphthenes and aro-

matics and has been analyzed previously using routine1H NMR spectroscopy [91, 92].

The 1D proton spectrum of gasoline is shown in Figure 2.9(a).The spectrum can

be subdivided into aromatic (6.7 ppm to 8.0 ppm), olefinic (4.6 ppm to 6.0 ppm) and

aliphatic (0.5 ppm to 3.3 ppm) chemical shift regions. Figure 2.9(b) shows the proton

DOSY spectrum recorded on gasoline, showing considerable overlap in the diffusion

coefficients. Figures 2.9(c), (d) and (e) show projections of the BEST-HMQC subspec-

tra from the 3D BEST-DOSY experiment on Mixture 3 corresponding to aromatics,

olefins and aliphatics, respectively. The diffusion coefficientsD computed from the 2D

BEST-HMQC subspectra for commercial gasoline turn out to be3.3×10−10 m2s−1, 5.1

×10−10 m2 s−1, and 8.9×10−10 m2s−1 for aromatics, olefins and aliphatics, respec-

tively. The relaxation delay was set to200 ms for a total experiment time of 2 hours.

The different regions are well separated in Figure 2.9 according to differences in their

diffusion coefficients, indicating that the 3D BEST-DOSY experiment could be of use

for high-throughput purposes and in developing quality control NMR based protocols

for commercial gasoline.
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Figure 2.9: (A) The 1D1H spectrum of Mixture 3 (commercial gasoline) and (B) 2D1H
DOSY NMR spectrum with proton chemical shifts (ppm) indicated along
thex axis and diffusion units(log (D/m2s−1)) on they axis. BEST-HMQC
planes extracted from the 3D BEST-DOSY experiment for each individ-
ual component in Mixture 3 of commercial gasoline are shown in (C), (D)
and (E). BEST-HMQC subspectra of (C) Aromatics (D) Olefins and (E)
Aliphatics extracted from the respective 3D experiments for diffusion co-
efficient ranges of3.0 − 4.0 × 10−10 m2/s, 4.5 − 5.5 × 10−10 m2/s and
8.0− 9.0× 10−10 m2/s, respectively.
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Molecule D (from 2D in10−10 m2s−1) D (from 3D in10−10 m2s−1)
Geraniol 9.2± 0.5 9.0± 0.4
Quinine 6.6± 0.3 6.4± 0.3

Camphene 12.5± 0.5 12.2± 0.5
Tryptophan 1.7± 0.5 1.5± 0.5

Phenylalanine 5.2± 0.3 5.2± 0.3
DL-Valine 6.0± 0.4 6.2± 0.3

Gasoline (Aromatic) – 3.3± 0.1
Gasoline (Olefin) – 5.1± 0.1

Gasoline (Aliphatic) – 8.9± 0.1

Table 2.2: Average diffusion coefficients of the individualcomponents of various mix-
tures obtained from 2D DOSY1H NMR experiments and 3D BEST-DOSY
experiments.

Average diffusion coefficients determined for the individual components of Mix-

ture 1, Mixture 2 and Mixture 3 determined by analysis of different signals in the

mixtures for the 2D DOSY and the 3D BEST-HMQC experiments aregiven in Ta-

ble 2.2. The Stejskal-Tanner equation was fit to each data setusing a nonlinear least

squares algorithm as described in Chapter 1. The second column in Table 2.2 has dif-

fusion coefficient values (D in m2s−1) measured by performing a separate 2D DOSY

experiment on each individual component of both Mixture 1 and Mixture 2. Since we

did not physically separate the components of Mixture 3, the2D DOSY experiment

on each individual component was not performed on Mixture 3.The third column in

Table 2.2 hasD values computed for each individual component by extracting its 2D

subspectrum from the 3D BEST-DOSY experiment. In general, there is a good agree-

ment between theD values of components measured separately and obtained fromthe

3D BEST-DOSY experiment on the corresponding mixture. Recently a double echo

PGSTE-WATERGATE sequence was developed that provides convection compensa-

tion and good solvent suppression for diffusion experiments on biomolecules [86, 87].

The implementation of this pulse sequence on a small proteinlysozyme (90% H2O and

10% D2O at a concentration of 2 mM) is shown in Figure 2.10(a). We have designed

a selective analog of the PGSTE-WATERGATE diffusion sequence that provides good

convection compensation and solvent suppression, whilst exciting only a desired spec-

tral region. The 90◦ preparation hard pulse in the diffusion part of the pulse sequence is

replaced with a band-selective Gaussian cascade (Q5) shaped pulse [2] centered at 2.5

ppm that excites resonances in the 1.0 to 4.0 ppm region. As seen in Figure 2.10(b),
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Figure 2.10: 600 MHz1H spectra of protein lysozyme in water (10:90 D2O/H2O) ac-
quired at ambient temperature and a low gradient strength (5%) using
(A) standard WATERGATE DOSY sequence and (B) Selective DOSYse-
quence with water suppression and a Gaussian cascade (Q5) excitation
pulse centered at 2.5 ppm. The number of scans = 32,∆ = 100 ms and
δ = 4 ms. The inter-pulse delay in the binomial pulses was set to 250 µs.
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Figure 2.11: The diffusion plot of lysozyme in water (10:90 D2O/H2O). The log of
the normalized intensity is plotted with increasing gradient strength. The
data was fitted to the Stejskal-Tanner equation. The diffusion coefficient
is computed to be1.002± 0.012× 10−10 m2/s.

aliphatic proton peaks in this region are excited, with a fairly good solvent suppres-

sion. The 2D selective DOSY sequence with water suppressionwas concatenated with

a BEST-HMQC sequence in a 3D DOSY fashion and applied on the lysozyme sample.

The fit of the Stejskal-Tanner equation and the computation of the diffusion coefficient

is shown in Figure 2.11. The diffusion coefficient of lysozyme is determined to be

1.002 ± 0.012 × 10−10 m2/s. As seen from the data in Figure 2.11, there is a fair

amount of scatter and the 3D sequence on the protein (unlike for the small molecules

described previously) did not yield accurate values of the diffusion coefficient. The

2D BEST-HMQC spectrum of lysozyme protein is shown for comparison in Figure 12,

with excitation in the range 0-2 ppm. The 3D selective-DOSY experiment needs to

be refined in order to work well for protein samples, however the method offers fairly

good sensitivity and once optimized, would find useful application in obtaining accurate

diffusion coefficients of proteins and macromolecular complexes.

45



ppm

0.51.01.5 ppm

10

15

20

25

(A)

Figure 2.12: (A) 2D BEST-HMQC spectrum of lysozyme in water recorded at 600MHz
(10:90 D2O/H2O). 1H excitation and refocusing covering the frequency
range from 0.0 ppm to 2.0 ppm in the BEST-HMQC experiment was
achieved using a Seduce.100 excitation pulse of 1.5 ms and anRSNOB
pulse of 1.0 ms, respectively. The relaxation delay was set at 100 ms with
number of scan = 32.

2.4 Conclusions

A novel diffusion-edited 3D NMR experiment that incorporates a BEST-HMQC pulse

sequence in its implementation is presented. Heteronuclear 3D DOSY NMR experi-

ments are useful in elucidating the diffusion coefficients of individual constituents of

a mixture, especially in cases where the proton NMR 2D DOSY spectra show consid-

erable overlap. The present 3D BEST-DOSY pulse sequence provides a more sensi-

tive and less time-consuming alternative to standard 3D HMQC-DOSY experiments.

Cleanly separated subspectra of individual mixture components are obtained, leading

to the determination of diffusion coefficients with better accuracy. The feasibility of the

technique is demonstrated on a mixture of amino acids, on a mixture of small molecules

with similar diffusion coefficients, and on a complex mixture with large dynamic range

(commercial gasoline). An efficient and “cold” heteronuclear decoupling scheme is

used which avoids problems in quantitative analysis of diffusion due to slow convection

currents arising in the sample. The implications of using adiabatic decoupling schemes
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and band-selective shaped pulses for selective BEST-DOSY experiments on proteins

were also discussed in this chapter. The model mixtures usedin this work form a good

testbed to check the accuracy of the experimental methods proposed. Such experiments

would be useful in structure elucidation studies of mixtures, in natural product drug

discovery protocols and in ligand-protein binding studies.
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CHAPTER 3

Disentangling Diffusion Information of Individual

Components in a Mixture With a 3D

COMPACT-IDOSY NMR Experiment

3.1 Background and Motivation

Several variants of the 3D DOSY technique have been suggested to overcome the limita-

tion of long experimental times, such as internally encoded(I-DOSY) schemes [69, 70,

71, 93], spectral aliasing in the indirect dimension [74], and Hadamard-encoded diffu-

sion measurements [94, 33]. In I-DOSY experiments, the diffusion encoding gradients

are intertwined with the main 2D correlation pulse sequence, leading to a substantial

reduction in experimental time. While I-DOSY schemes have the advantage of taking

less time, they have the limitation that the diffusion-encoding gradient pulses need to

be fitted into the polarization transfer intervals. This is the reason why heteronuclear

I-DOSY schemes like the HMQC-IDOSY sequence have hitherto been implemented

on systems which have small H-X scalar couplings [73]. Sincethe 2D heteronuclear

multiple bond correlation (HMBC) pulse sequence [95, 96, 97, 98, 99, 100] correlates

long-range1H-13C scalar couplings and uses small (approximately 6-8 Hz) couplings, it

is a good candidate for incorporation into an I-DOSY experiment. However, the HMBC

experiment is also the least sensitive of the 2D heteronuclear correlation schemes, which

is a major stumbling block in using it in a 3D DOSY pulse sequence.

This chapter describes a novel 3D I-DOSY experiment that we have designed,

which allows diffusion weighting to be folded into an HMBC sequence. The pulse se-

quence utilizes a recent innovation in the HMBC family of experiments [101, 102, 103]

wherein a cross-polarization acceleration by sharing adjacent polarization (ASAP) mix-

ing period [104] transfers polarization of nearby spins andenhances sensitivity by us-

ing short recovery times. This work combines the advantagesof superb resolution of



heteronuclear13C DOSY experiments with the time advantage of I-DOSY pulse se-

quences using a sensitivity-enhanced HMBC-type pulse sequence. We have given this

pulse sequence the acronym COMPACT-IDOSY (cross polarizationoptimizedmulti-

site polarizedacceleratedtime IDOSY). The 3D COMPACT-IDOSY sequence is ex-

perimentally tested on a mixture of flavonoids rutin and quercetin which have similar

diffusion coefficients and show overlaps in their 1D and 2D NMR spectra. The diffu-

sion coefficient values obtained from the 3D COMPACT-IDOSY experiment are com-

pared with fits obtained from 2D DOSY experiments on each individual component of

the mixture. The proposed experimental scheme is easily implemented with existing

spectrometer software and achieves significant reduction in experimental time and con-

comitantly in sensitivity gain and resolution of signal overlap. This extends the scope

of its application to a wider range of complex mixtures, ligand-binding studies and drug

development protocols.

3.2 HMBC and Variants

The HMBC experiment detects chemical shift (usually13C-1H) correlations for long-

range couplings of about two or three bonds by using an inverse detection [105]. Single-

bond coupling constants tend to lie in a narrow range while multiple-bond coupling

constants lie in a wider range and cannot measured in a singleHSQC or HMQC ex-

periment. The basic 2D HMBC pulse sequence is closely related to the HMQC pulse

sequence and contains a specific delay time between pulses which allows detection only

of a range around a specific coupling constant (Figure 3.1). In HMBC, this difficulty is

overcome by reducing these delays from an HMQC sequence, so that direct one-bond

cross-peaks are suppressed and leaving only cross peaks between protons and carbons

that are two or three bonds apart. The HMBC pulse sequence hasa 13C 90 ◦ pulse

which occurs 1/(21JXH ) after the first1H 90 ◦ pulse and serves as a low-pass J-filter

to suppress one-bond correlations in the 2D spectrum. Afterthe interval∆2 the sec-

ond13C 90 ◦ pulse creates the desired heteronuclear multiple quantum coherence for1H

J-coupled to a13C two or three bonds followed by the evolution time t1. A 1H 180◦

pulsed placed after t1/2 removes the effect of1H chemical shift from the t1 modulation
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Figure 3.1: The basic sequence for long range C-H correlation spectroscopy (HMBC).
The value ofτ = 1/2nJXH .

frequency. The final13C 90◦ pulse occurs after the evolution period followed by the de-

tection period t2. The signal detected during t2 is phase modulated by the homonuclear

1H J-couplings. The 2D spectrum is generated by a Fourier transform with respect to

t1 and t2. HMBC and its variants are some of the most powerful 2D NMR experiments

for structure determination of small and medium size molecules at natural abundance

isotope levels. Some of the variations of HMBC are describedbelow.

3.2.1 ge-2D HMBC Experiments

The ge-2D HMBC experiment is the gradient-enhanced versionof the conventional

2D HMBC experiment in which coherence selection is gained byusing pulsed field

gradients (Figure 3.2). Gradient versions are preferred asthey give clean results in a

single scan per t1 increment without need for phase cycling (when sample concentration

is high). Other advantages are the improved water and artefact suppression, allowing

for maximum gain.
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Figure 3.2: (A) ge-2DHMBC spectrum using sensitivity enhanced scheme, recorded
at 600 MHz on a sample of rutin trihydrate dissolved in DMSO-D6. The
relaxation delay was set at 100 ms with number of scans = 32.
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3.2.2 Decoupled HMBC (D-HMBC)

The sensitivity of the HMBC signal is high when the1H signals to be observed appear

as sharp lines. If the proton signal has broad lines due to complicated splitting, the

corresponding HMBC spectrum suffers from a considerable decrease of the sensitivity.

Due to this problem the detection of cross peaks becomes difficult. The decoupled

HMBC (D-HMBC) reduces such problems and gives a spectrum with improved signal

to noise ratio [106].

3.2.3 HAT HMBC

The HMBC experiment yields long range correlation between the proton and carbon or

heteroatoms separated by two or three bonds but occasionally also over four or more

rarely even five bonds. A HAT HMBC spectrum shows predominantly two-bond corre-

lations [107].

3.2.4 Constant Time HMBC (CT-HMBC)

The 1H-1H homonuclear spin coupling plays an important role and remains active

throughout the HMBC pulse sequence for detection of13C-1H couplings with high sen-

sitivity. One problem of HMBC is that J modulation due to1H-1H coupling during the

t1 evolution period causes line broadening of the13C signals in the F1 dimension. This

undesirable effect sometimes results in difficulty in analyzing 13C-1H cross peaks of

complicated molecules with poorly separated carbon signals. In order to overcome this

problem, a new technique CT-HMBC has been developed [108]. The pulse sequence

of CT-HMBC is analogous to HMBC, except for the introductionof a constant time

evolution period [(∆3- t1/2) + t1/2] before and after the180◦ pulse. The aim of incorpo-

rating the constant time period is to keep unchanged the effect of 1H-1H J-modulation

and furthermore, the splitting of the cross peaks by1H-1H coupling in the F1 dimension

is also suppressed.
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3.2.5 Clean HMBC

Clean HMBC (Figure 3.3) is used for suppression of strong coupling induced artifacts

in HMBC spectra [95]. Artifact suppression is extremely important in HMBC spectra

as key peaks can be of very low intensity. Low pass J filters have been designed to

suppress unwanted one-bond correlations. Clean HMBC provides good suppression of

undesired one bond correlation peaks which is achieved evenin case of strong coupling.

Figure 3.3: (A) 2D Clean HMBC spectrum recorded with 256 t1 increments. The num-
ber of complex points in the acquisition dimension was 1024 the relaxation
delay was 1 s,nJCH transfer delay∆= 62 ms, and the range for the overall
3rd order low pass J filter delay settings was 125 Hz<1JCH< 175 Hz. The
data matrices cover 2K×2K in F1 and F2 dimensions.

3.2.6 IMPACT-HMBC

The IMPACT-HMBC (improved and accelerated constant-time heteronuclear multiple-

bond correlation) is a variation of 2D HMBC pulse sequence (Figure 3.4) [109]. By

using this technique it is possible to obtain a high quality 2D spectrum with less arti-
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facts, enhanced sensitivity in lesser time. The pulse sequence has a three fold low pass

J filter for a better suppression of1JCH with constant time interval to improve signal

shape and uses the ASAP method for quick recovery delay.

Figure 3.4: (A) Two-dimensional HMBC spectrum of rutin trihydrate recorded at 600
MHz with the IMPACT-HMBC sequence. The spectrum was recorded us-
ing 128 increments and a recovery delay of 0.5 s. Ernst angleα= 120◦ was
used. The Ernst angle was calibrated with a one-dimensionalversion of the
pulse sequence. The measurement duration of the experimentwas 27 min.

3.3 3D HMBC-DOSY NMR

For structural studies of small and medium size of molecule by NMR spectroscopy, it

is very important to detect the13C-1H long-range correlations. For getting good HMBC

spectra, it is important to properly set several parameterssuch as the magnitude of long-

range13C-1H coupling constants. These parameters are variable and depend on the

relationship between a given proton and its long range coupled carbon. It is impossible

to select the absolute delay time value which will give satisfactory results for all13C-

54



1H long range couplings present. In our experiment we have used the delta value∆ =

60 ms for the ordinary HMBC experiment. This gives decrease of the sensitivity for

detection of some13C-1H long range correlations. To overcome these problems a NMR

experiment 3D-HMBC was performed by modifying the conventional 2D-HMBC pulse

sequence. The delay time∆2 and t1 in the 2D-HMBC have been replaced by t1 and t2

respectively, in the 3D-HMBC experiment.

3.4 3D IDOSY Experiments

There are three strategies for creating a DOSY pulse sequence: prepending the dif-

fusion encoding (DOSY-X), appending it (X-DOSY), and incorporating it internally

(X-IDOSY). The IDOSY approach can be simpler, quicker and more sensitive. A

number of IDOSY techniques have been developed such as TOCSY-IDOSY [110], a

convection-compensated HMQC-IDOSY [73] and a 2DJ-IDOSY pulse sequence [?]

which improves the signal to noise ratio by approximately a factor of 2 and reduces

minimum experimental time at least 4-fold. The COSY-IDOSY experiment is derived

from the basic gradient enhanced COSY experiment by adding two short extra delays

∆/2 and using the same field gradient pulses for coherence transfer pathway selection

and for diffusion encoding [70]. The COSY-IDOSY pulse sequence may be used as

either p-type or n-type. The p-type version has lower t1 noise while the first gradient

pulse in the n-type pulse sequence helps to minimize field andfield frequency lock

disturbances.

3.5 Experimental Methods

Materials: The experiments were performed on a Bruker Avance-III NMR spectrome-

ter operating at 600.13 MHz for1H equipped with a 5-mm QXI probe and an actively

shielded Z-gradient coil. All experiments were performed at ambient temperature (in an

air-conditioned room at22 ◦C to avoid errors due to convection gradients. The spectra

were processed using Bruker Topspin 2.1 software. The samples of quercetin dihydrate

and rutin trihydrate were obtained from Sigma Aldrich and used without further purifi-
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cation. The mixture was prepared by dissolving 15 mg of quercetin dihydrate and 20

mg of rutin trihydrate in 400µl of DMSO-D6, at a concentration of 50 mM.

1H and 13C 2D DOSY: 1H 2D DOSY NMR spectra were acquired using the stimulated

echo bipolar gradient pulse sequence with an eddy current delay [43, 28]. The duration

of the diffusion delay was kept as short as possible to minimize signal loss due to

relaxation. The experimental parameters included 16 gradient amplitude steps ranging

from 2 to 95% (in equal steps of gradient squared) using 32 transients, 16K complex

data points, a gradient duration of 1 ms, eddy current delay 5ms and diffusion time 200

ms leading to an experiment time of 9 minutes. The gradient system was calibrated to

54.5 Gcm−1 at maximum intensity. The experimental conditions for the13C 2D DOSY

measurements were: diffusion time 200 ms; gradient pulse width 3 ms; 512 transients

and the gradient amplitude was changed from 2 to 95% in 16 equal steps of gradient

squared taking an experimental time of 8 hours. The data werefitted to the Stejskal-

Tanner equation using the method described in Chapter 1.

2D HMBC & variants: 2D COMPACT-HMBC spectra were acquired with 128 t1

increments and a spectral width of 13.93 ppm and 180 ppm in the1H and13C dimen-

sions, respectively. A total of 48 transients were acquiredfor each increment, with an

acquisition time of 122.5 ms and a recycle delay of 100 ms for atotal experimental

time of 40 minutes. Spectra were apodized in both dimensionswith a sine-bell func-

tion shifted by90◦ and zero-filled in theF1 dimension to 2048 data points. Artifact

removal was achieved with a three-fold low-pass J-filter to suppress one-bond corre-

lations [111, 112, 113]. The13C 180◦ pulse was set as a band-selective refocusing

pulse with length optimized to 2 ms. The delays∆1,∆2,∆3 are pre-set to filter out the

one-bond couplings as described previously [111, 112, 113], with the filter range set

between 125-165 Hz. The length of the ASAP period [104] was optimized to 40 ms

and the DIPSI-2 mixing sequence was used for cross-polarization. A period of 83.33

ms was used to generate the multiple-quantum coherence corresponding to a long-range

scalar coupling of 6 Hz. Ernst angle optimization led to a flipangleα = 130◦ for max-

imum sensitivity. The standard HMBC spectra were acquired with 16 transients and a

recycle delay of 1 s, all other parameters and experimental time being the same. The

2D HSQC spectrum was recorded as a data matrix of 2048 (1H) × 128 (13C) complex
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Figure 3.5: Pulse scheme for the 3D COMPACT-IDOSY experiment with internal dif-
fusion encoding. Narrow and wide pulses correspond to pulseflip an-
gles of 90◦ and 180◦, respectively. Phase cycling isφ1 = x,−x;φ2 =
4(x), 4(−x);φr = 2(x,−x), 2(−x, x). Phases if not indicated otherwise
are applied along thex axis. Theα degree1H pulse is set to the Ernst an-
gle, while the180◦, 13C pulse is a band selective pulse.1JCH couplings are
suppressed with a three-step low pass J filter with pre-set delays∆1,∆2,∆3

to filter out one-bond couplings. The delay∆4 is for the evolution under
long-range correlations.∆5 = (t1)0 + p2 where(t1)0 is the firstt1 value
andp2 is the proton180◦ pulse. The ASAP period with a DIPSI-2 mixing
sequence is sandwiched between gradient pulses and relaxation intervals
d1/2. Gradients are applied in the ratios:G1 : G2 : G3 : G4 : G5 : G6 :
G7 = 80 : 80 : 14 : −8 : −4 : −2 : −17 with recovery timesτr and EA
refers to Echo-Antiecho phase cycling. The diffusion interval is∆, gradient
lengthδ and encoding/decoding gradient strengthG8.
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data points, respectively.

3D COMPACT-IDOSY: 3D COMPACT-IDOSY experiments were performed using

the pulse sequence described in Figure 3.5. In the HMBC dimension, 2048× 128 data

points were used with a spectral window of 13.93 ppm. A mixingtime of 40 ms and the

DIPSI-2 sequence were used for the ASAP period. The diffusion encoding gradients

were varied in 08 gradient steps from 2 to 95%, with 54.5 G/cm maximum gradient

intensity. Diffusion time was 83.33 ms, gradient pulse length 2 ms and recovery de-

lay 100 ms for 32 transients, leading to a 3 h 42 min experiment. The spectrum was

processed in the HMBC dimension with FT using echo-antiechophase cycling before

applying an inverse Laplace transform to obtain the DOSY dimension.

3.6 Results and Discussion

The HMBC experiment is based on long-rangenJCH couplings and can pick up two-

bond and three-bond carbon-proton connectivities. However, standard HMBC spec-

tra suffer from unwanted residual one-bond1JCH signals which interfere with long-

range signals and lead to confusion. Artifact suppression is very important in HMBC

since the “real” peaks could be of low intensity. The pulse sequence to implement the

sensitivity-enhanced and artefact suppressed 3D COMPACT-IDOSY scheme is shown

in Figure 3.5. The 2D HMBC part of the pulse sequence is similar to the IMPACT-

HMBC sequence [102] which introduces a constant time element in the HMBC se-

quence after the low-pass filters for sensitivity increase.Since the focus in our scheme

is on obtaining a clean spectrum purged of all artefacts and in getting a uniform sensitiv-

ity enhancement across peaks, we did not retain the constanttime sequence and instead

used a different set of gradient ratios along the lines of theClean-HMBC [95, 96]. The

delays∆1,∆2,∆3 in the sequence described in Figure 3.5 are pre-set to filter out one-

bond artefacts in a coupling rangeJmin to Jmax. The delay∆5 is set to(t1)0 + p2

to ensure there is no13C chemical shift evolution for the firstt1 increment, where

p2 is the length of the proton180◦ pulse. The COMPACT-HMBC experiment starts

with an ASAP cross-polarization interval, which speeds therecovery of longitudinal

proton magnetization by sharing polarization with nearby protons [104]. The homonu-
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Figure 3.6: Structures of rutin and quercetin molecules and1D 1H NMR spectra of the
mixture.1H spectra were acquired with 16 transients, 32K data points using
a 8361 Hz spectral window and a relaxation delay of 1 s.
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clear Hartmann-Hahn effect is the mechanism responsible for cross-polarization and the

usual relaxation delay is replaced with a short cross-polarization interval which offers a

significant reduction in recycle delay and an improvement inoverall sensitivity. Since

the ASAP method does not rely on spin-diffusion, it is applicable to small molecules

as well. If a short relaxation delay is used with no cross-polarization, the recovery

of longitudinal magnetization between scans is incompleteand the sensitivity is poor.

An additional sensitivity improvement in the ASAP spectra can be obtained by using

Ernst-angle excitation (denoted by theα flip angle pulse in Figure 3.5). The ASAP

sequence is also effective in suppressing noisy F1 ridges that often occur in 2D spectra

recorded with short relaxation delays. The interval between the encoding and decod-

ing gradients is the diffusion interval∆ and the entire diffusion weighting (including

the incremented/decremented diffusion gradients, gradient recovery times and diffusion

time) is incorporated into the delay∆4 for the evolution of long-rangenJCH . F1 quadra-

ture detection is implemented by combining datasets acquired with the solid and dotted

gradient waveforms. The structures and1H NMR spectra of quercetin, rutin and their

mixture are shown in Figure 3.6. Quercetin and its glycosiderutin are flavonoids widely

found in plants and medicinal herbs and have important pharmacological activities. The

1D 1H NMR spectrum of the rutin/quercetin mixture shows considerable overlap in the

chemical shifts. The 2D1H DOSY and13C DOSY spectra of the rutin/quercetin mixture

are shown in Figure 3.7, with the chemical shifts on the horizontal axis and the diffusion

coefficients on the vertical axis expressed in m2s−1. Most13C diffusion experiments use

either a stimulated echo such as in an INEPT-DOSY or a spin echo such as a DEPTSE

sequence [114]. Since the gyromagnetic ratio of13C is four times lower than that of1H,

a much larger gradient pulse area is required for13C DOSY as compared to1H DOSY

for the same diffusion time (keeping in mind that the attenuation by diffusion scales as

γ2). A sharp peak in the F1 diffusion coefficient dimension represents one particular

molecular species. The diffusion equation assumes that allmolecules have the same

overall shapes and relaxation properties. While both the1H DOSY and13C DOSY

of individual molecules showed a mono-exponential behavior, the DOSY spectra of the

mixture showed overlapping signals along the diffusion andchemical shifts dimensions.

Signal overlap in a 2D DOSY experiment leads to inaccurate estimates of diffusion co-

efficients since the spurious diffusion peak actually represents the weighted average of
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Figure 3.7: (A) 2D1H DOSY and (B) 2D13C DOSY spectrum of the rutin/quercetin
mixture. Chemical shifts (ppm) are displayed on the x-axis and diffusion
separation (log D/m2s−1) is shown along the y-axis.
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the two overlapping signals. While the resolution along thechemical shift dimension

was better as compared to1H in the13C DOSY experiments, the low signal-to-noise ra-

tio led to long experimental times (upto 8 hours for a single experiment on an individual

component). Since the overlapped DOSY spectra did not allowfor unraveling the dif-

fusion coefficients of individual components and since the diffusion coefficients for the

mixture were close enough that they could not be processed using advanced techniques,

adding a third dimension to the diffusion experiment becamenecessary.

The standard gradient-selected HMBC and the COMPACT- HMBC spectra of the

rutin/quercetin mixture are shown in Figures 3.8(A) and (B), respectively. The standard

HMBC spectrum clearly shows residual one-bond artefacts which interfere with the true

long-range correlations [97]. The COMPACT-HMBC experiment has been collected

with the same experimental parameters except for a much shorter relaxation delay of

100 ms instead of 1 s and 48 transients instead of 16, keeping total measurement time

identical for both experiments. The spectrum shows good1JCH suppression, absence

of F1 ridges and a good signal-to-noise ratio using a minimumexperiment time. Ernst

angle excitation gives optimized sensitivity for a given repetition rate. Since no de-

coupling is performed during acquisition in the HMBC experiment, somewhat longer

acquisition times can be used without fear of decoupler heating problems. Both the

HMBC and COMPACT-HMBC spectra in Figure 3.8 are overlaid with HSQC spec-

tra recorded without13C decoupling during proton acquisition, in order to show the

positions of one-bond artifacts. These artefacts are purged in the COMPACT-HMBC

experiment.

In an I-DOSY experiment the diffusion encoding gradients are integrated into vari-

ous delays in the pulse sequence when the parent 2D pulse sequence can accommodate

an extra diffusion delay, which reduces the experiment timeas compared to a sequential

3D DOSY sequence. Further, in the case of the sequential DOSYexperiment a 50%

signal loss occurs due to the stimulated echo sequence. Standard 3D HMQC-DOSY

experiments correlate directly bonded carbon-proton pairs and hence use very short

J-modulation delays (for one-bond couplings between 130-145 Hz). In an HMBC se-

quence the use of small two-bond and three-bond couplings allows diffusion weighting

to be folded into the HMBC sequence in an I-DOSY experiment. The 3D COMPACT-
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Figure 3.8: 2D HMBC NMR spectra of the rutin/quercetin mixture recorded on a 600
MHz NMR spectrometer using the (A) standard gradient enhanced HMBC
and (B) COMPACT-HMBC pulse sequences. A total of 128t1 increments
and 2048 complex points in the acquisition dimension were used. The recy-
cle delays were 1 s and 100 ms and the number of transients per FID were
16 and 48 for the standard HMBC and COMPACT-HMBC experimentsre-
spectively, keeping total measurement time identical. ThenJCH transfer
delay was set to 83.3 ms and the range for the overall low-passJ filter was
125 Hz <1JCH < 165 Hz. Spectra are overlaid with HSQC spectra recorded
without 13C decoupling during acquisition, to indicate the positionsof one-
bond coupling artifacts. The expanded insets show the regions of crowded
one-bond overlaps.
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Figure 3.9: 2D HMBC subspectra of the rutin/quercetin mixture extracted from the 3D
HMBC-DOSY experiment. Projections onto theωH − ωC plane of the
3D DOSY data set (a) for the diffusion coefficient range 0.68-0.79×10−10

m2s−1 showing the signals of rutin and (b) for the diffusion coefficient range
0.89 - 1.04×10−10 m2s−1 showing the signals of quercetin.
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Figure 3.10: 2D HMBC subspectra of the rutin/quercetin mixture extracted from the 3D
COMPACT-IDOSY experiment. Projections onto theωH−ωC plane of the
3D DOSY data set (a) for the diffusion coefficient range 0.68-0.79×10−10

m2s−1 showing the signals of rutin and (b) for the diffusion coefficient
range 0.89 - 1.04×10−10 m2s−1 showing the signals of quercetin.
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IDOSY experiment leads to a 3D data matrix and after double Fourier transformation,

consists of a set of 2D COMPACT-HMBC spectra with different degrees of diffusion

encoding. Measurements of the corresponding cross-peak volumes in successive spec-

tra then enables diffusion coefficients to be extracted by least squares fitting of the

cross-peak decays to the Stejskal-Tanner equation.

For purposes of comparison of signal enhancement and experimental time, the 2D

projections obtained from the ordinary 3D HMBC-DOSY experiment on the rutin-

quercetin mixture are shown in Figure 3.9. The experiment takes a very long time

and the new 3D COMPACT-IDOSY experiment on the same mixture achieves much

better sensitivity in correspondingly much shorter time. The two 2D projections of

the 3D COMPACT-IDOSY spectrum of the rutin/quercetin mixture are shown in Fig-

ure 3.10 for different diffusion ranges. Figures 3.10(A) and (B) show projections onto

theωC−ωH plane of the 3D COMPACT-IDOSY data for the diffusion coefficient ranges

0.68− 0.79× 10−10 m2s−1 and0.89− 1.04× 10−10 m2s−1 for rutin and quercetin, re-

spectively. The two projections obtained are cleanly separated into the subspectra of

rutin and quercetin. The near-degenerate peaks in the 1D spectrum of the mixture are

now resolved in the diffusion ordered spectra at 12.61 ppm for rutin (Figure 3.10(A))

and at 12.60 ppm for quercetin (Figure 3.10(B)), respectively. Two peaks at 2.52 ppm

and 3.40 ppm in the1H 1D spectrum of quercetin are not picked up in its 2D sub-

spectrum (Figure 3.10(B)). This however does not seriouslyimpact the calculation of

the diffusion coefficient since all the other peaks in the subspectrum are well-resolved

and with adequate signal-to-noise ratio. The severe overlap in the 6-9 ppm region of

the 1H chemical shifts of rutin and quercetin is well resolved andis nicely illustrated

by the clean diffusional separation of the corresponding signals in the 2D projections

of the 3D COMPACT-IDOSY data (Figure 3.10). The benefit of the3D COMPACT-

IDOSY experiment in terms of experimental time reduction issignificant as compared

to times reported in the literature for the ordinary sequential 3D HMBC-DOSY ex-

periment [115]. The mean diffusion coefficients determinedby analysis of different

subspectra in the rutin/quercetin mixture from the 3D COMPACT-IDOSY experiment

are given in Table 3.1 alongwith the diffusion coefficients extracted from the 2D1H and

13C DOSY experiments on the individual mixture components. The analysis from the

2D subspectra from the 3D experiment on the mixture and the 2DDOSY spectra on the
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Table 3.1: Diffusion coefficientsD (×10−10 m2s−1) of rutin/quercetin mixture ex-
tracted from 3D COMPACT-IDOSY subspectra and compared withseparate
2D 1H DOSY and 2D13C DOSY measurements on individual components.
Uncertainties inD values are the standard errors of the fits obtained from the
regression analysis.

Molecule D(1H DOSY) D(13C DOSY) D(3D COMPACT-IDOSY)

rutin 0.76± 0.03 0.72± 0.04 0.73± 0.01

quercetin 0.97± 0.04 0.95± 0.04 0.96± 0.01

individual components show comparable diffusion coefficients.

3.7 Conclusions

A new 3D diffusion-ordered heteronuclear NMR experiment COMPACT-IDOSY has

been designed and experimentally implemented on a mixture of flavonoids rutin and

quercetin. The pulse sequence uses a cross-polarization mixing period and diffusion

encoding gradients internally incorporated into the coherence transfer interval of a long-

range heteronuclear correlation experiment. Substantialreduction in experimental time,

good sensitivity and excellent resolution of signal overlap lead to the accurate determi-

nation of translational diffusion coefficients of individual components in the mixture.

Usually the diffusion separation in 2D DOSY spectra of complex mixtures is not

enough to resolve the diffusion coefficients completely and3D DOSY sequences are

required. 3D I-DOSY sequences save time by incorporating the diffusion weighting

internally. We have designed a new 3D I-DOSY sequence calledCOMPACT-IDOSY,

which includes a diffusion encoding sequence within a sensitivity enhanced HMBC-

type pulse sequence. The direct incorporation of diffusionencoding into the heteronu-

clear coherence transfer sequence gives a substantial timeand sensitivity advantage over

standard 3D DOSY methods. The scheme has been experimentally demonstrated on a

rutin/quercetin mixture wherein the diffusion coefficients of the two molecular species

are very similar and there is considerable signal overlap inboth 1H and13C chemical

shifts. Since the HMBC coherence transfer interval is largeenough to fit the diffusion

encoding pulses even for larger molecules, this experimentcould in principle be applied
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to larger molecules as well, though the efficiency of the ASAPsequence in competition

with spin diffusion processes in such systems would have to be worked out. It is hoped

this experimental scheme will find application in a wider range of mixtures that would

require accurate determination of diffusion coefficients in optimal experimental times.
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CHAPTER 4

A New Multiple-Quantum Correlation Scheme to

Separate Components of a Mixture

4.1 Background and Motivation

2D DOSY spectra often are unable to resolve spectral overlapleading to inaccurate de-

termination of diffusion coefficients, hence a large numberof three-dimensional DOSY

variants have been developed, that offer the added advantage of peak separation in an

additional dimension [72, 116, 117, 71, 70, 74, 118, 119, 120, 114, 121]. Multiple-

quantum (MQ) NMR was initially viewed as a theoretical curiosity, but later devel-

oped into a robust technique for the analysis of complex spectra such as those of

molecules oriented in liquid crystals [122, 123, 124, 125].The transfer of coherence

in multi-dimensional NMR experiments through multiple-quantum pathways has found

diverse applications in NMR, including in selective excitation sequences [126], polar-

ization transfer schemes [127], NMR quantum computing [128, 129], spectral editing

sequences [130, 131, 132], and anisotropic diffusion [133,134]. Previous work using

2D multiple-quantum correlation schemes focused on combining spin state selection

and multiple quantum coherence excitation in order to accurately determine homonu-

clear couplings and to achieve spectral simplification of complex scalar coupled spec-

tra [135, 136, 137, 138, 139]. Other work in this direction involved the use of maximum-

quantum NMR to demix severely overlapping 2D spectra and to speciate mixtures of

phenolic molecules [140, 141].

This chapter describes a novel multiple-quantum/single-quantumcorrelation scheme

to resolve overlaps along the diffusion dimension in a mixture of small molecules with

severely overlapped NMR signals. The pulse scheme is similar in intent to those of sev-

eral 3D DOSY variants that append/prepend a diffusion sequence to a homonuclear 2D

COSY or TOCSY scheme. A two-dimensional Fourier transform of the correlation ex-

periment followed by an inverse Laplace transform along thethird diffusion dimension,



results in a set of 2D correlation subspectra, with signals appearing at the diffusion co-

efficients of the individual components of the mixture. There are very few experiments

that use multiple-quantum correlated spectroscopy to resolve signal overlaps in a 3D

DOSY experiment [142]. The pulse sequence is demonstrated on two model mixtures

namely, a mixture of fluorinated amino acids and a mixture of small organic molecules.

The fluorine nuclear spin has a high gyromagnetic ratio (and hence good sensitivity)

and a large chemical shift anisotropy (and hence a large spectral peak dispersion) and

is becoming increasingly important in NMR studies of ligand-protein binding and drug

discovery assays. Spectra of good resolution and sensitivity are obtained with this 3D

MQ-DOSY (multiple quantum diffusion ordered spectroscopy) method, leading to an

accurate determination of the diffusion coefficients of individual components of the

mixtures. This 3D DOSY variant pulse scheme will be of value for a large range of

applications ranging from binding studies using diffusionto separation of subspectra of

complex molecular mixtures.

4.2 MQ NMR

MQ spectroscopy is a powerful tool in the simplification of spectral analysis as well

as in providing new information on molecular spin dynamics.MQ NMR has a large

number of applications, and it has been applied to heteronuclear as well as homonu-

clear coupled spin systems withJ coupling, dipolar and quadrupolar interactions. MQ

transitions have been observed in liquids, solids and liquid crystals. The definition of

the coherence is based on the expansion of the time-dependant wave function|Ψ(t)〉 in

terms of stationary basis function|Ψi〉 .

|Ψ(t)〉 =
N
∑

i=1

Ci(t) |Ψi〉 (4.1)

WhereCi(t) are the time dependant coefficients and N is the dimension of the Hilbert

space. A coherence between statesΨr andΨs exists when the ensemble average of the
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product of coefficients

ρrs(t) = Cr(t)C∗
s (t) (4.2)

does not vanish. The elementρrs(t) are tabulated in the form of a hermitian N× N

matrix which is known as density matrix. In high field NMR the Zeeman interaction

causes the splitting of the energy levels according to the field direction and the differ-

ence between magnetic quantum numbers [143, 144].

∆mrs = mr −ms = ±1 (4.3)

In weakly coupled spin 1/2 systems, a density matrix elementis essentially the same as

a classical transverse magnetization vectormrs,

mxrs(t) = Re{ρrs(t)} (4.4)

myrs(t) = −Im{ρrs(t)} (4.5)

MQ coherences are related to the off-diagonal elements of the density matrixρ (then

quantum coherences) [143, 144]. A MQ coherence describes the transition between two

eigenstates where the well known selection rule∆m = ±1 is violated. MQ transitions

occur when states in nonadjacent Zeeman manifolds are placed in coherent superposi-

tion. The various transitions are shown in Figure 4.1 which shows in schematic form

the energy level diagram of a system of N coupled spin 1/2 nuclei . An “allowed” SQ

transition is one in which the quantum number changes by±1. A MQ transition has

no such restriction, it can be N quantum or even zero quantum.In single quantum

spectroscopy only one spin flips while in an N quantum transition multiple spins flip.

This multiple flip involves a simultaneous absorption or emission of n photons. When

extending this consideration from the two spin system to a multiple spin system when

∆mrs 6= ±1, “forbidden” coherences appear [145]. In liquids it is caused by indirect

spin spin coupling and in solids by direct dipolar coupling.The MQ NMR by creating

high order multiple quantum coherences can simplify the spectra. To characterize the
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coherence we can use the raising and lowering operatorÎ+ andÎ−, respectively.

Î+ = Îx + iÎy (4.6)

Î− = Îx − iÎy (4.7)

Application of these operators to the spin functions yieldsthe spin function of the next

higher or next lower magnetic quantum number n,

Î+β = [Îx + iÎy]β =
1

2
α− i2

1

2
α = α (4.8)

A double quantum coherence where two nuclei change their spin orientation at the same

time is characterized by the productÎ+ Î+ or Î− Î−, and the product of the formÎ+ Î−

or Î− Î+ describes zero quantum coherences. A mixing period is required to convert the

MQ coherences into single quantum coherences.

4.3 2D MQ/SQ Correlation NMR

In NMR spectroscopy one observes only transitions for whichthe change in the ab-

solute value of the magnetic quantum number is one. Such transitions are referred to

as single quantum transitions. Coherence between the states |αα〉 and |ββ〉 shown in

Figure 4.3 are called double quantum (DQ) coherence, and between the states|αβ〉 and

|βα〉 called ZQ coherence. Such transitions are “forbidden” and cannot be detected

directly. The MQ experiment typically employs a method of indirect detection using

two-dimensional spectroscopy and then records their response to either naturally occur-

ring or externally manipulated local fields. To study the time evolution of the multiple

quantum (MQ) coherence the two dimensional experiment experiment has been con-

structed where timet1 is increased step by step. A multiple quantum experiment canbe

separated into four periods: preparation, evolution, mixing and detection (Figure 4.2).

During the preparation period of lengthτ the system is brought into an initial state by

the action of a propagatorU(τ) upon the density matrixρ(0). During the evolution pe-
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Figure 4.1: The energy level diagram of a system of N coupled spin 1/2 nuclei. The
solid arrows indicate “forbidden” MQ transitions, the dashed arrows are
“allowed” single-quantum transitions. The∆m = -1 solid arrow indicates a
transition forbidden by symmetry.
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riod of lengtht1, the coherent states evolve under the influence of the time independent

HamiltonianH1.

Figure 4.2: A block diagram of two dimensional NMR experiment divided into four
periods, indicating the separation of time domains.

During the mixing period of lengthτ ′, transfer of coherence between states of the

system are affected by the operator V(τ ′). During the detection period of lengtht2,

coherent states of the system are detected as they evolve under the influence of the time

independent HamiltonianH2.

For a system of two spin-1/2 nuclei, the double-quantum coherence (DQ), and zero-

quantum coherence (ZQ) are represented by product operators in which both spins have

transverse components. For example, the operator 2ÎxŜy can be expressed as:

2ÎxŜy = 2 1
2

(

Î+ + Î−
)

1
2i

(

Ŝ+ − Ŝ−
)

=
1

2i

(

Î+Ŝ+ − Î−Ŝ−
)

+
1

2i

(

− Î+Ŝ− + Î−Ŝ+
)

(4.9)

The first term in the second line of the above equation
(

Î+Ŝ+ − Î−Ŝ−
)

, represents

a DQ coherence(∆m = 2) and the second term
(

−Î+Ŝ− + Î−Ŝ+
)

is a ZQ coherence

(∆m = 0). MQ coherences can be prepared by suitable combinations of pulses and

free-precession periods. In the product operator formalism, DQ coherence and ZQ

coherence can be obtained by suitable combinations of two-spin product operators.

1

2

(

Î+Ŝ+ + Î−Ŝ−
)

=
1

2

(

2ÎxŜx − 2ÎyŜy

)

= DQx (4.10)

1

2i

(

Î+Ŝ+ − Î−Ŝ−
)

=
1

2

(

2ÎxŜy + 2ÎyŜx

)

= DQy (4.11)
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Figure 4.3: The energy levels of a two spin system with equivalent spins of Zeeman
energy levels for the states|αα〉,|ββ〉, |βα〉,|αβ〉. The allowed single quan-
tum (SQ) transitions and “forbidden” zero quantum (ZQ) and double quan-
tum(DQ) transitions are indicated.
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Figure 4.4: Energy level diagram of the spin pair including the effect of the dipolar
coupling. The two single quantum transitionsω12 andω23 of the three level
spin system are separated by 2ωQ which depends on the dipolar coupling
strength. The eigenstates of the Hamiltonian are superpositions of the states
|αα〉,|ββ〉, |βα〉,|αβ〉, called symmetric (triplet) and antisymmetric (sin-
glet) states. The energy levels of the triplet states|1, 1〉 = |αα〉,|1,−1〉 =
|ββ〉 and|1, 0〉 = 1√

2
(|αβ〉 + |βα〉) are shifted compared to the Zeeman lev-

els.
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1

2

(

Î+Ŝ− + Î−Ŝ+
)

=
1

2

(

2ÎxŜx + 2ÎyŜy

)

= ZQx (4.12)

1

2i

(

Î+Ŝ− − Î−Ŝ+
)

=
1

2

(

2ÎyŜx − 2ÎxŜy

)

= ZQY (4.13)

Pure DQ coherence precesses at the sum of the chemical shiftsof the two spins during

a delayt, and a pure ZQ coherence precesses at the difference of the chemical shift.

Two-spin multiple quantum coherence does not evolve under the influence of the scalar

coupling of the two spins involved in the coherence (Figure 4.4).

4.4 Experimental Section

Materials & Methods: All the samples were obtained from Sigma Aldrich and used

without further purification. The mixture of fluorinated amino acids, henceforth denoted

Mixture 1, was prepared by dissolving 12 mg of 3-fluoro-DL-valine, 8 mg of 4-fluoro-

L-phenylalanine and 6 mg of 5-fluoro-L-tryptophan in 400µl of D2O, at a concentration

of 0.23 M. The mixture of small molecules, henceforth denoted Mixture 2, was prepared

by dissolving 10 mg of glucose, 20µl of 1-propanol and 15µl of 3-methyl-1-butanol

in 400µl of D2O, at a concentration of 0.23 M. The structure of all the smallmolecules

used in this study is given in Figure 4.5.

2D 1H and 19F DOSY: 2D DOSY experiments were performed using the BPPSTE

sequence [28, 43, 30]. The duration of the total diffusion encoding sine-shaped gradi-

ent pulseδ was 2 ms. The gradient recovery delay after each gradient pulse was set

to 200µs. The maximum gradient strength is 53.5 G/cm. The gradient strength was

incremented in 16 steps between2% and95% of the maximum value, with each step

corresponding to a separate experiment. The diffusion interval ∆ was set at 100 ms. A

relaxation delay of 1 s was used between successive experiments. Lorentz-Gauss reso-

lution enhancement with exponential time constants of 0.3 sand 0.1 s respectively, was

used in the initial Fourier transformation. The data were fitted to extract the diffusion

coefficients, using the procedure described in Chapter 1.

3D MQ-DOSY pulse sequence:The pulse sequence for the 3D MQ-DOSY experiment
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Figure 4.5: Structures of individual molecules. Mixture 1 consists of19F-labeled amino
acids with a single fluorine substituent either on an aromatic ring as in (A) 5-
fluoro-L-tryptophan, (B) 4-fluoro-L-phenylalanine or withan aliphatic flu-
orine substituent as in (C) 3-fluoro- DL-valine. Mixture 2 consists of the
small molecules (D) 3-methyl-1-butanol, (E) 1-propanol and (F) glucose.

is given in Figure 4.6. The scheme begins with a bipolar stimulated echo sequence for

diffusion with a pair of diffusion encoding/decoding gradients, homospoil gradients and

a delay for eddy currents dissipation. A MQ/SQ correlation scheme is appended to the

diffusion sequence. If molecular diffusion has occurred, the signal is accordingly at-

tenuated after the stimulated-echo sequence. This SQ magnetization then evolves into

various MQ under the standard90◦−τ−180◦−τ−90◦−t1−90◦−t2 multiple-quantum

excitation sequence. The intervalτ = 1/4JHH is set according to the homonuclearJ

couplings present. After thet1 evolution period, the final90◦ detection pulse is sand-

wiched between two gradientsG1 andG2 for selection of the MQ of the desired order.

The ratio of the gradients is set toG2 = nG1 wheren is the order of the coherence. For

phase sensitive detection the phase of the second proton pulse is incremented according

to the States-TPPI method.

4.5 Results and Discussion

Spectral patterns in MQ/SQ correlations: The correlation peaks pattern in the 2D

NMR spectrum becomes progressively simpler as the order of the MQ coherence in-
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Figure 4.6: Pulse sequence for 3D MQ-DOSY multiple-quantumcorrelated diffusion
ordered experiment. Narrow and wide pulses correspond to pulse flip an-
gles of 90◦ and 180◦, respectively. Phase cycling isφ1 = x,−x;φ2 =
4(x), 4(−x);φ3 = x, x,−x,−x;φr = 2(x,−x), 2(−x, x). Phases if not
indicated otherwise are all applied along thex axis. The delay∆ is for the
diffusion interval whileδ is the length of the gradient andG6 is the strength
of the diffusion encoding gradient andτr denotes gradient recovery times.
The delayτ is optimized for the uniform excitation of homonuclear MQ of
the desired coherence order and the gradient ratio is correspondingly set to
G2 = NG1 for excitation of theN th quantum.G7 andG8 are homospoil
gradients set to 17.13% and 13.17% (of the maximum strength), respec-
tively. ∆1 and∆2 are delays introduced so that the total time including rf
and gradient lengths and delays, adds up to the diffusion time∆ andδ1 is a
small delay equal to the length ofG1 plusτr.
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creases. However, there is a concomitant decrease in the efficiency of the MQ excita-

tion, since the efficiency depends on the strengths of the scalar couplings in the specific

systems under consideration. The delayτ in the middle of the MQ excitation interval

has to be optimized to obtain maximum signal intensity. In principle the amplitude of a

DQ coherence in a weakly scalar coupled two-spin system is proportional tosin (πJτ)

and the maximum amplitude should emerge atτ = 1/2J . In reality since molecules

contain a range of spin coupling networks of varied strengths the MQ excitation effi-

ciency has to be empirically optimized for each specific system. This is done by varying

the τ delay in a series of steps (keeping thet1 evolution period fixed to 3µs, in a 1D

version) and retaining that value for which the antiphase magnetization obtained is a

maximum. TheJHH was varied in the range 3-16 Hz for all the molecules. The 2D

MQ/SQ data set consisted of 1024× 128 data points with spectral widths of 5.99 ppm

and 16 ppm in the direct and indirect dimensions, respectively. The number of scans

was 32 for eacht1 increment with a relaxation delay of 2 s between scans. The time

domain data was zero-filled to 2048 and 1024 in the SQ and MQ dimensions, respec-

tively.

The number of transitions for thenth order spectrum in a system ofm coupled spins

is given by [126, 135]

2m!/(m− n)!(m+ n)!... (4.14)

For a DQ coherence (∆n = ±2) two of the spins flip simultaneously from the|α〉 to

the |β〉 state and vice versa, while for the highest quantum (m = n) there is a single

transition. The three protons (two of which are equivalent)of the fluorinated amino

acid 5-fluoro-L-tryptophan form the MM’X part of a 4 spin AMM’X spin system (with

the fluorine spin being labeled A, leading to six lines i.e a doublet of a triplet for the

fluorine multiplet in Figure 4.7). The resultingJ couplings are measured to beJAM=

9.6 Hz, JMX= 5.4 Hz, JAX= 3.1 Hz. The four protons (with two equivalent pairs)

of the fluorinated amino acid 4-fluoro-L-phenylalanine formthe MM’XX’ part of a 5

spin AMM’XX’ spin system (with the fluorine spin being labeled A, leading to nine

lines i.e a triplet of a triplet for the fluorine multiplet in Figure 4.7, seven of which are

resolved in the 1D spectrum). The resultingJ couplings are measured to beJAM= 5.3

Hz,JMX= 9.3 Hz,JAX= 14 Hz,JM ′X= 7.2 Hz. The eight protons (with two equivalent
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methyl groups) of the fluorinated amino acid 3-fluoro-DL-valine form theA3B3MM ′

part of a nine spinA3B3MM ′X spin system (with the fluorine spin being labeled X).

The resulting J couplings are measured to beJAB= 10 Hz,JAM= 7.2 Hz,JAX= 12.1

Hz, JMX=6.2 Hz,JM ′X=4.2 Hz. In a DQ/SQ correlation experiment on the fluorinated

aminoacid systems, there are several types of homonuclear proton DQ coherences such

as MX, M’X, MX’ etc., resulting from the antiphase magnetization immediately after

the second90◦ pulse. In the indirect DQ dimension the magnetization evolves at the

sum of the chemical shifts of the active spins and under the effect of the total sum

of all the passive couplings. The rationale for analysis of MQ/SQ correlations for the

small molecules in Mixture 2 (glucose, pentanol and butanol) is similar to that already

discussed for the fluorinated amino acids.

1D Proton & Fluorine Spectra: The 1D1H and19F spectra of the mixture of amino

acids 3-fluoro-DL-valine, 4-fluoro-L-phenylalanine and 5-fluoro-L-tryptophan (Mix-

ture 1), and the 1D1H spectra of the mixture of glucose, 1-propanol and 3-methyl-1-

butanol (Mixture 2) are shown in Figures 4.7 (A), (B) and (C),respectively. The proton

spectra of the mixtures show considerable overlap in the resonances, while the fluorine

chemical shifts are well resolved. It has been previously noted that since19F has a

large chemical shift anisotropy, fluorinated small molecules are good model systems

with well-resolved peaks and good signal-to-noise ratios [146, 147].

2D DOSY Analysis: Diffusion-encoded experiments in this work used the LEDBPGP

type of pulse sequences since the longitudinal encoding-decoding (LED) approach leads

to minimal loss of magnetization. It has been shown that using sinusoidal shaped gra-

dients in PFG-NMR experiments leads to reduced eddy currenteffects as compared to

rectangular gradients. The 2D1H and19F DOSY of Mixture 1 and the 2D1H DOSY

spectrum of Mixture 2 are shown in Figures 4.8 (A), (B), and (C), respectively. The

solvent signals in the proton DOSY spectra are clearly separated along the diffusion

dimension. However, there is considerable overlap amongstthe proton DOSY spectra

of both mixtures. While the fluorine chemical shifts are wellresolved along the chem-

ical shift dimension in Figure 4.8(B), the peaks are completely overlapped along the

DOSY dimension. The analysis of the standard 2D DOSY spectraleads to the conclu-

sion that a 3D DOSY type of experiment is required in order to achieve separation along

81



Figure 4.7: 600 MHz 1D (A)1H spectra of Mixture 1 and the individual fluorinated
amino acid components, (B)19F spectra of Mixture 1 and its individual
fluorinated amino acid components, and (C)1H spectra of Mixture 2 and
its individual small molecule components. 16 scans were collected for the
proton and the fluorine spectra, with 8192 complex points foreach scan.
Spectra were apodized with a 0.3 Hz exponential line-broadening function,
baseline corrected and zero-filled. The vertical scaling factor was adjusted
to keep the noise level the same in all spectra.
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Figure 4.8: 600 MHz spectra of (A) 2D1H DOSY of Mixture 1 (B) 2D19F DOSY of
Mixture 1 and (C) 2D1H DOSY of Mixture 2 measured using the bipolar
pulse pair stimulated echo sequence. 16 transients were acquired for each of
16 values of the pulsed field gradient strength, incrementedin equal steps
from 2.68 to 50.83 Gcm−1. The D2O solvent signals are marked in the
proton DOSY spectra in (A) and (C). Proton and fluorine chemical shifts
(in ppm) are indicated along thex axis and diffusion units (log (D/m2s−1))
on they axis.

83



the diffusion dimension and to obtain accurate estimates ofthe diffusion coefficients of

individual components of the mixtures.

Figure 4.9: (A) 600 MHz 2D SQ-SQ correlation (ordinary COSY)spectrum of Mixture
1. The size of the data matrix is 2048× 1024 and the number oft1 incre-
ments is 128. (B) 600 MHz 2D SQ-DQ spectrum of Mixture 1, correlating
DQ and SQ coherences along the F1 and F2 dimensions, respectively.

2D MQ Experiments: The 2D MQ/SQ correlation spectra of Mixtures 1 and 2 are

shown in Figures 4.9 and 4.10, respectively. The spectra in Figures 4.9(A) and 4.10(A)

show the SQ/SQ correlation (the normal COSY experiment). The optimization of the

τ interval for MQ excitation is performed on a 1D version of thepulse sequence to

obtain the best intensity and uniform excitation of the desired MQ coherence on each

mixture. The final pair of sine-shaped gradients sandwiching the90◦ detection pulse are

used to select the desired MQ order, while dephasing all other unwanted coherences.

The spectra in Figures 4.9(B) and 4.10(B) show the SQ/DQ correlations of Mixtures 1

84



and 2, respectively. The gradient ratio in Figures 4.9(B) and 4.10(B) has been set to

1:2 to select the DQ. The spectra in Figures 4.9(B) and 4.10(B) show simplified spec-

tral patterns and have almost as good a sensitivity as compared to the standard COSY

spectra. While we did perform the experiments to select higher order (n > 2) MQ/SQ

correlations (spectra not shown), the intensity of the peaks decreased dramatically with

increasing MQ order, and were hence of limited utility for the 3D MQ-DOSY scheme.

The DQ correlation spectra on the other hand, were an optimalcompromise, leading to

reduction in number of peaks and hence spectral complexity as compared to the stan-

dard COSY whilst at the same time retaining adequate signal-to-noise.

Figure 4.10: (A) 600 MHz 2D SQ-SQ correlation (ordinary COSY) spectrum of Mix-
ture 2. The size of the data matrix is 2048× 1024 and the number of
t1 increments is 128. (B) 600 MHz 2D SQ-DQ spectrum of Mixture 2,
correlating DQ and SQ coherences along the F1 and F2 dimensions, re-
spectively.

3D MQ-DOSY Experiments: Figures 4.11 and 4.12 show the 2D DQ subspectra ex-
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Figure 4.11: SQ-DQ planes extracted from the 3D MQ-DOSY experiment for each
molecule in Mixture 1. 2D SQ-DQ subspectra of (A) 5-fluoro-L-
tryptophan, (B) 4-fluoro-L-phenylalanine and (C) 3-fluoro-DL-valine ex-
tracted from the respective 3D experiments for diffusion coefficient ranges
of 1.6 - 2.0×10−10 m2/s, 5.2 - 5.8×10−10 m2/s, and 6.0 - 6.6×10−10

m2/s, respectively.
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Table 4.1: Table of diffusion coefficientsD(×10−10 m2s−1) of individual components
of Mixture 1 and Mixture 2 extracted from the 2D subspectra ofthe 3D
MQ-DOSY experiment on each mixture and compared to the diffusion coef-
ficients measured from the 2D1H DOSY and the 2D19F DOSY experiment
on each individual component. Uncertainties inD values reflect the standard
errors in the fits.

Molecule D(1H DOSY) D(19F DOSY) D(3D MQ-DOSY)

5F-Tryptophan 1.86± 0.03 1.93± 0.03 1.8± 0.04

4F-Phenylalanine 5.42± 0.03 5.75± 0.04 5.5± 0.01

3F-Valine 6.08± 0.07 6.47± 0.02 6.3± 0.02

Glucose 3.47± 0.09 —- 3.25± 0.04

Propanol 8.51± 0.04 —- 8.5± 0.07

Butanol 7.24± 0.08 —- 7.3± 0.09

tracted from the 3D MQ-DOSY experiments on Mixtures 1 and 2, respectively. 2D

projections of 3D DOSY spectra are reconstructed by integrating the 2D lineshapes

between defined limits in the diffusion domain, with peak regions larger than those

used for volume integration. To get clean diffusional separation, 16 transients for each

of 8 gradient levels were acquired with a total experiment time of 5h 39min. A diffu-

sion coefficient is computed by varying the gradient strengths in a series of experiments,

merged into a single 3D experiment and each DQ/SQ correlation thus becomes diffusion

tagged. The resolution of the 3D MQ-DOSY experiment is clearly able to separate the

individual diffusing components. Each subspectrum in Figures 4.11 and 4.12 contains

signals only from the particular mixture component. he diffusion coefficients computed

from the 3D subspectra in Figure 4.11 turn out to be 1.8×10−10 m2/s, 5.5×10−10 m2/s,

and 6.3×10−10 m2/s for 5-fluoro-L-tryptophan, 4-fluoro-L-phenylalanine and 3-fluoro-

DL-valine, respectively. The diffusion coefficients computed from the 3D subspectra in

Figure 4.12 turn out to be 3.25×10−10 m2/s, 8.5×10−10 m2/s, and 7.3×10−10 m2/s,

for glucose, 1-propanol and 3-methyl-1-butanol, respectively. The mean diffusion coef-

ficients obtained from the analysis of the subspectra in the 3D MQ-DOSY experiments

on Mixture 1 and Mixture 2 are given in Table 4.1. The diffusion coefficients of the

individual components of both mixtures extracted from the 2D 1H DOSY (and 2D19F

DOSY for the fluorinated aminoacids) experiments are also shown for comparison. The
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3D diffusion ordered experiments on the mixtures and the 2D diffusion ordered experi-

ments on the individual components show comparable diffusion coefficients, implying

that the 3D MQ-DOSY experiment is a viable scheme for separating signals from dif-

ferent components in a mixture along a diffusion dimension.While 3D COSY-DOSY

Figure 4.12: SQ-DQ planes extracted from the 3D MQ-DOSY experiment for each
molecule in Mixture 2. 2D SQ-DQ subspectra of (A) glucose, (B) 1-
propanol and (C) 3-methyl-1-butanol extracted from the respective 3D ex-
periments for diffusion coefficient ranges of 3.0 - 3.5×10−10 m2/s, 8.2 -
8.8×10−10 m2/s, and 7.0 - 7.6×10−10 m2/s, respectively.

experimental schemes have the advantage of high sensitivity, the spectra for complex

mixtures of small molecules suffer from strong singlet peaks along the diagonal lead-

ing to poor resolution and hence ambiguities in fitting of thediffusion coefficients to

the data. The MQ-DOSY methods described here retain the sensitivity advantage of

homonuclear proton 3D DOSY experiments while at the same time have fewer peaks

than SQ correlation spectra (standard DOSY-COSY). This leads to less spectral crowd-

ing and hence more robust monoexponential fits to the Stejskal-Tanner equation and

hence more accurate estimates of the diffusion coefficient.
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4.6 Conclusions

A versatile three-dimensional diffusion-edited NMR experiment is described in this

chapter, that concatenates a multiple-quantum/single-quantum correlation scheme with

a diffusion-ordered pulse sequence. The experiment is demonstrated on mixtures of

small molecules with similar diffusion coefficients and is able to resolve severely over-

lapped signals along the third dimension. The subspectra ofindividual components of

the mixtures are well separated and their diffusion coefficients can hence be extracted

with a greater degree of accuracy as compared to the standard2D DOSY (diffusion

ordered spectroscopy) experiments.

Diffusion NMR experiments can help separate individual components of a mixture

along a diffusion ordered dimension. This work describes the incorporation of a novel

multiple-quantum/single-quantum correlation scheme into a diffusion ordered pulse se-

quence. The resulting 3D scheme achieves good resolution ofseverely overlapped mul-

tiplets and leads to the accurate estimation of diffusion coefficients. The efficacy of

the experiment has been demonstrated on mixtures of small molecules. This 3D MQ-

DOSY sequence has potential applications in spectral simplification of biomacromolec-

ular complexes and multi-component mixtures.
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CHAPTER 5

Using 19F NMR to Resolve Diffusion Coefficients of

Fluorinated Drugs in a Micellar Matrix

5.1 Background and Motivation

NMR PFG-based pulse sequences are widely used to study the diffusion characteristics

and hence the molecular mobility of different systems [148]. 19F NMR is a tool used

for the quantitative analysis of various fluorinated molecules, given the fact that the19F

spin-1/2 nucleus has high sensitivity and a large chemical shift range which minimizes

signal overlap. Incorporation of a fluorine substituent in drug molecules favorably im-

pacts the metabolic stability and binding affinity of the molecule and is hence an impor-

tant part of the drug discovery process. Fluorine NMR has been used for the structure

and configuration of fluorinated steroids, to perform NMR based binding assays, to

characterize chain ends and branching structures in fluoropolymers, to estimate the flu-

orine chemical shift anisotropy tensor and use it for structural characterization, and to

quantify fluorinated drug metabolites in biofluids [153, 154]. Performing a diffusion

measurement of a drug molecule (ligand) in the presence of protein gives information

about how the drug binds to the protein. Fluoroquinolones enters the bacterial cells and

accumulate within and the diffusion process modulates thiscellular accumulation. The

lipid bilayer is a major component involved in the inner membrane of gram-negative

bacteria and membrane of gram-positive organism. The important feature of membrane

lipids is their amphipathic character indicated by the polar or hydrophilic head group

and the non-polar or hydrophobic group.

This chapter focuses on the diffusion properties of prulifloxacin and pazufloxacin

which are fluoroquinolone antibiotics that exhibit strong activity against both gram-

positive and gram-negative bacteria. Fluoroquinolones play an important role in the

treatment of serious bacterial infections, particularly community-acquired infections.



Figure 5.1: Chemical structures of (A) Prulifloxacin (B) Pazufloxacin (C) SDS mi-
celles.

Fluoroquinolones generally show concentration dependentbacteria killing activity that

depends on the ratio of maximum drug concentrations to minimum inhibitory concen-

tration. The structures of these two fluoroquinolones and the sodium dodecyl sulfate

(SDS) micelle are shown in Figure 5.1. Both prulifloxacin, 6-fluoro-1-methyl-7-[4-

(5-methyl-2-oxo-1,3-dioxolen-4-yl) methyl-1-piperazinyl]-4-oxo-4H-[1,3] thiaceto [3,

2-a] quinoline-3-carboxylic acid and pazufloxacin, 10-(1-aminocyclopropyl)-9-fluoro-

3-methyl-7-oxo-1H,7H-[1,3] oxazino [5,4.3] quinoline-carboxylic acid are widely used

in the treatment of various bacterial infections. The mechanism of action of many fluo-

roquinolone drugs is not yet fully understood, and hence understanding the stereochem-

istry of fluoroquinolone drugs is essential to understand their interaction with DNA and

gyrase enzymes. Previous studies have focused on the drug loading and diffusion prop-

erties of Rf -hydrogels for small anticancer drugs has been probed usingmolecular and

19F spin diffusion NMR.1H NMR was used to determine polymer degradation, drug

release mechanisms and drug-polymer hydrogen bonding interactions and it was found

that the mechanism of drug release is controlled by solvent removal and polymer degra-

dation. Complex mixtures of fluorinated molecules and fluorinated chemical fragments

are increasingly being used in biochemical and binding assays for drug discovery. It is

hence important to determine the fluorine chemical shifts and the diffusion coefficients

of the individual binder molecules in the chemical mixture formed either by adding to-
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gether single compounds or by chemical synthesis. This chapter also focuses on the

utility of the 1H-13C 3D COMPACT-IDOSY experiment (described in Chapter 3) to ac-

curately quantify the diffusion coefficient of each component drug in the drug mixture.

We have also used 1D31P and19F diffusion experiments to study the drug loading and

diffusion properties of both pazufloxacin and prulifloxacinin DPPC lipid bilayers.

5.2 Micelle Assisted DOSY

If the components of a mixture are of similar molecular weights (i.e. very close self-

diffusion coefficients), the standard 2D DOSY method will fail to resolve them along

the diffusion dimension. A new set of methods called matrix-assisted DOSY have been

designed to circumvent this problem. The method relies on the differential chemical

interactions of the molecules with a slow diffusion matrix,such as SDS micelles [149].

The analysis of mixtures of components of similar size and similar diffusion coeffi-

cients by conventional DOSY is difficult [72]. High resolution in DOSY requires both

that mixture components have different diffusion coefficient and their signals do not

overlap. So in DOSY experiments component of similar size and structure are diffi-

cult or impossible to resolve. In DOSY the average diffusioncoefficients for different

components may be manipulated by the addition of co-solutesor co-solvents. However,

changing the matrix in which solute diffuse, by introducinga co-solute which interacts

differentially with different substrates, can allow separation [150]. It has been shown

that performing DOSY in a matrix with which the analytes interact differentially can

resolve signals from similar compounds that would otherwise show the same diffusion.

This method is is known as Matrix Assisted Diffusion OrderedNMR Spectroscopy

(MAD). MAD methods have great potential for the analysis of complex mixtures. In

such a matrix-assisted DOSY experiment, the interaction ofthe analytes with the matrix

modulates the average diffusion coefficients, as differentmixture components bind to

the matrix extents, it also sometimes helps to resolve the spectral overlap by causing

differential chemical shift change [151]. It was also shownthat isomers that have little

or no difference in diffusion coefficient in simple solutionmay readily be resolved in

DOSY experiments on solutions containing micelles or reversed micelles [152].
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For our experiment we have used sodium dodecyl sulfate (SDS)micelles in the mix-

ture of prulifloxacin and pazufloxacin. MAD-DOSY spectra should reflect differences

in diffusion caused by differential binding of the drugs to SDS. However, we did not ob-

serve significant changes in the diffusion coefficients of the drugs and hence concluded

that MAD-DOSY did not work for our mixture of fluorinated drugs.

5.3 Experimental Methods

Sample Preparation:Pazufloxacin, prulifloxacin, SDS and 1,2-dipaalmitoyl-sn-glycero-

3-phosphocholine (DPPC) compounds were obtained from Sigma Aldrich and were

used without further purification. Three different types ofsamples were prepared: for

free diffusion in solution, for diffusion in a micellar matrix and for restricted diffusion

inside DPPC bilayers. The samples used for free solution diffusion experiments were

prepared by mixing individual drugs (each having concentration 12 mM) separately in

500µl of DMSO-d6 as solvent. The drug mixture was prepared by mixing both drugs

(12 mM each) in 500µl of DMSO-d6. For samples of individual drugs in SDS, 12mM

of drug and 100 mM of SDS were added to 500µl of DMSO. For drug mixture in

micellar sample 12 mM of each drug and 100 mM of SDS were taken.For samples

inserted in DPPC, desired quantity of DPPC and drug were dissolved in chloroform.

The solvent was evaporated with a stream of nitrogen so as to deposit a lipid film on the

inner walls of the container. The last traces of solvent wereremoved by vacuum drying

for at least 1 hour. Hydration and processing steps were performed at 50◦C, which is

above the DPPC gel-fluid melting temperature (Tm = 42 ◦C). The films were hydrated

with PBS:D2O (90:10) (pH-7.4), incubated for 1 hour, and sonicated for 2 hours. The

lipid concentration was maintained at 50 mM and the drug concentration was kept at 25

mM.

Experimental Parameters:

All experiments were performed at ambient temperature (in an air-conditioned room

at 22◦C) to avoid errors due to convection gradients.

The 1D1H spectra of the mixture of prulifloxacin and pazufloxacin andits individ-
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ual components with obtained with experimental parameters: number of scans = 16,

SW = 20.55 ppm, D1 = 1 s and processed with SI = 32k and LB = 0.30 Hz. The 1D19F

spectra of the drug mixture and its individual components were recorded with number

of scans =16, TD = 132 K, SW = 75.46 ppm, D1 = 1 s and processed with SI = 260 K

and LB = 0.30 Hz. The 1D19F spectra of the drugs inserted in DPPC were collected

with number of scans = 1024, SW = 75.46 ppm, D1 = 2 s and processed with SI = 2 k

and LB = 0.30 Hz. The 1D31P spectra of the drug mixture in DPPC were collected with

number of scans =16, TD = 65 k, SW = 39.77 ppm, D1 = 5 s and processed with SI =

32 k and LB = 1.0 Hz. The 1D1H spectra of the drug mixture in DPPC were collected

using a 1D sequence with water suppression using excitationsculpting with gradients,

with number of scans =1024, SW = 20.55 ppm, D1 = 1 s, a homospoilgradient = 1 ms

and processed with SI = 4 k and LB = 0.30 Hz.

31P NMR: Broadband proton decoupled 1D31P NMR spectra were recorded at 161.9

MHz using a single pulse excitation and WALTZ proton decoupling during the signal

acquisition.

2D 1H and 19F DOSY: For 2D DOSY NMR spectra the bipolar pulse pair stimulated

echo (BPPSTE) sequence was used with a maximum gradient of 53.5 G/cm and a total

diffusion-encoding pulse width(δ) of 2 ms. The gradient recovery delay was set to 200

µs and a diffusion delay(∆) = 50-200 ms was used for the different samples. Sixteen

experiments were recorded with gradient intensity linearly sampled from 2 to 95%. All

data were processed using Topspin 2.1 software and fitted using the procedure described

in Chapter 1.

5.4 Results and Discussion

Figure 5.2 shows the 1D proton and19F spectra of the mixture of prulifloxacin and pazu-

floxacin and the individual drugs. Closer inspection reveals that the proton spectra of

the mixture show overlaps in the resonances, while the fluorine chemical shifts are well

resolved. Figure 5.3 (A-C) depicts the 2D1H and 2D19F DOSY spectra of the mix-

ture of prulifloxacin and pazufloxacin in DMSO-d6 and in SDS micelles. The presence

of 100 mM SDS, leads to only a slight decrease in diffusion coefficient (approximately
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Figure 5.2: (A)1H spectra of a mixture of prulifloxacin and pazufloxacin and the indi-
vidual drug components (B)19F spectra of a mixture of prulifloxacin and
pazufloxacin and the individual components.
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Table 5.1: Diffusion coefficients of prulifloxacin and pazufloxacin extracted from 2D
1H DOSY and 2D19F DOSY spectra of the individual drugs.

Molecule D 1H (×10−10 m2 s−1) D 19F (×10−10 m2 s−1)
Prulifloxacin 1.94± 0.04 1.91± 0.02
Pazufloxacin 2.45± 0.01 2.31± 0.01

10%) for the drug mixture, which cannot be attributed to any differential drug binding or

micellar formation. We hence conclude that the MAD-DOSY experiment did not work

for our system of fluorinated drugs and we would hence have to resort to 3D-DOSY

schemes, to resolve the individual diffusion components. The “LEDBPGP” type of

pulse sequences were used to record the 2D DOSY spectra, which uses bipolar gradient

pulses to eliminate any background gradients that would lead to additional unwanted

echoes. The analysis of the NMR derived self-diffusion coefficients for prulifloxacin

and pazufloxacin from1H DOSY and19F DOSY are tabulated in Table 5.1. The flu-

orine chemical shifts are well resolved in the spectra as well as in the fluorine DOSY

spectra. The presence of SDS in the MAD-DOSY spectra did not lead to differential

drug binding as evidenced from Figure 5.3 and hence the 2D MAD-DOSY experiment

has not worked for our system of fluorinated drug mixture.

Figure 5.4 shows the 1D1H, 13C and19F NMR spectra and peak assignment for

prulifloxacin. The chemical shift values of proton, carbon and fluorine nuclei for this

drug are given in Table 5.2. The1H NMR spectra of investigated fluoroquinolones

showed signals for aromatic and non-aromatic protons in themolecules. Carboxylic

proton (COOH) for prulifloxacin was observed as a singlet at 14.68 ppm in the spectra.

For the aromatic part of1H NMR spectra, the characteristic splitting pattern due to

the presence of fluorine atom (F29) was observed. The H5 proton in 1H NMR spectra

appears as doublet at 7.8 ppm, split by the fluorine atom through three bonds, with

coupling constant 3JH−F = 13.7 Hz. The signal for proton H2 appears at 6.39 ppm, split

into doublet through four bonds by the fluorine atom with coupling constant 4JH−F =

6.1 Hz. The signal for H14, H18 appears at 3.3 ppm and for H15, H17 appears at 2.64

ppm. H14, H18 protons are coupled to H15, H17 protons throughthree bonds with

coupling constant 3JH−H = 8.4 Hz. Similarly H11 proton appears at 3.47 ppm and

H27 proton appears at 2.13 ppm, being coupled to each other through three bonds with

coupling constant 3JH−H = 6.1 Hz. H19 proton appears as singlet at 3.35 ppm in the
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Figure 5.3: Proton DOSY spectra of the (A) Mixture of prulifloxacin and pazufloxacin
in DMSO-d6. (B) Mixture of prulifloxacin and pazufloxacin in DMSO-d6
with the addition of 100 mM SDS. (C) 2D19F spectra of prulifloxacin and
pazufloxacin in DMSO-d6. The label Drug 1 refers to prulifloxacin and the
label Drug 2 refers to pazufloxacin.
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Figure 5.4: (A) Structure of prulifloxacin. (B) Peak assignment of the proton NMR
spectrum of prulifloxacin in DMSO-d6. (C) Peak assignment ofthe carbon
NMR spectrum of prulifloxacin in DMSO-d6. (D) Peak assignment of the
fluorine NMR spectrum of prulifloxacin in DMSO-d6.

spectrum.

Figure 5.5 shows the 1D1H,13C and19F NMR analysis for pazufloxacin. The chemi-

cal shift values of proton,carbon and fluorine nuclei for this drug are given in Table 5.3.

The characteristic splitting pattern due to the presence offluorine atom was also ob-

served in pazufloxacin. The H2 proton in1H NMR spectra appears as a doublet split by

the fluorine atom through three bonds and with coupling constant 3JH−F = 10.15 Hz.

H8 proton appears at 9.07 ppm as a singlet. NH2 proton (H17) appears at 5.01 ppm.

H15 and H16 protons appears at 0.99 ppm and 0.88 ppm respectively, being coupled to

each other through three bonds, with coupling constant 3JJ−H = 6.5 Hz. H18 proton

appears at 1.49 ppm as doublet due to splitting by H13 proton and being coupled to it

through three bonds with coupling constant 3JH−H = 6.8 Hz. H12 proton appears at

4.4 ppm, also being coupled to H13 proton through three bondsand coupling constant

3JH−H = 11.4 ppm. H13 proton appears at 3.38 ppm and is coupled to both H18 and
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Table 5.2:1H,13C and19F chemical shift values (in ppm) of prulifloxacin.

Hydrogen Chemical Shift (ppm)
H2 6.39
H5 7.80,7.84
H11 3.47

H14,H18 3.31
H15,H17 2.64

H19 3.35
H26 14.68
H27 2.13

Carbon Chemical Shift (ppm)
C1 138.95
C2 102.09
C3 134.86
C4 117.84
C5 114.72
C6 145.48
C8 163.94
C9 72.92
C10 166.33
C11 51.86
C14 40.15
C19 49.81
C25 152.90
C27 20.74
C30 9.17

Fluorine Chemical Shift (ppm)
F29 -122.44,-122.46
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Figure 5.5: (A) Structure of pazufloxacin (B) Peak assignment of the proton NMR spec-
trum of pazufloxacin in DMSO-d6. (C) Peak assignment of the carbon
NMR spectrum of pazufloxacin in DMSO-d6. (D) Peak assignmentof the
fluorine NMR spectrum of pazufloxacin in DMSO-d6.

H12 protons.

The effect of prulifloxacin and pazufloxacin on the mobility of phosphate head-

groups of DPPC was studied by31P NMR. Figure 5.6 (A-C) shows the 1D19F, 31P

and1H spectra of the mixture of prulifloxacin and pazufloxacin inserted inside DPPC

membrane mimetic. The 1D spectra shows that the drug signalsare broadened, as com-

pared to pure form. The broadening of the signals arises due to an exchange at an

intermediate time scale between the bound and free form. Thespin lattice relaxation

times(T1) and the spin-spin relaxation times(T2) are measures of the overall tumbling

and segmental motions in the molecule. Prulifloxacin and pazufloxacin contain both

proton and fluorine groups which make it convenient to use both 1H and19F signals to

study their diffusion character in the DPPC lipid membrane.A diffusion 1H NMR and

31P NMR experiment was conducted on a sample of DPPC, prulifloxacin with DPPC

and pazufloxacin with DPPC. The observed diffusion coefficients of prulifloxacin and
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Table 5.3:1H,13C and19F chemical shift values (in ppm) of pazufloxacin.

Hydrogen Chemical Shift (ppm)
H2 6.39
H5 7.80,7.84
H11 3.47

H14,H18 3.29
H15,H17 2.52

H19 2.64
H26 14.68
H27 2.13

Carbon Chemical Shift (ppm)
C1 138.95
C2 102.09
C3 134.86
C4 117.84
C5 114.72
C6 145.48
C8 163.94
C9 72.92
C14 28.55
C15 18.36
C16 15.4
C19 177.10

Fluorine Chemical Shift (ppm)
F23 -113.77,-113.79
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pazufloxacin with DPPC and the spin lattice relaxation times(T1) and spin-spin relax-

ation times(T2) are given in Table 5.4. The estimates of spin-spin relaxation times

(T2) from the NMR line-width indicate that theT2 values are the order of 10-100 ms.

Lower values ofT2 indicate that the both drugs lose their mobility and bind to lipid

membrane, resulting in a loss of motional freedom. Lipid phosphorus exhibits large

chemical shift anisotropy.31P NMR line shape is sensitive to different types of mo-

tions of lipid molecules. Figure 5.7 shows the results of a stimulated echo experiment

on the phosphorus frequency by altering the gradient amplitude, results in signal de-

cays with a high signal to noise ratio which is well suitable for fitting the self diffusion

coefficient. We recorded a series of 1D NMR spectra with increasing gradient for dif-

fusion measurements on the mixture of prulifloxacin and pazufloxacin with DPPC and

compared the result to the diffusion coefficients obtained in the same experiment in the

absence of DPPC as shown in Figure 5.8. The presence of DPPC reduced the transla-

tional diffusion rates of prulifloxacin and pazufloxacin. Figure 5.9 (A) shows the 2D

HMBC spectra of the mixture of prulifloxacin and pazufloxacin. The projections onto

theδC − δH plane of the 3D COMPACT-IDOSY data for the diffusion coefficient range

1.5 to 2.0×10−10 m2/s showing the signal of prulifloxacin is given in Figure 5.9(B)

and for the diffusion coefficient range 2.2 to 3.0×10−10 m2/s showing the signal of

pazufloxacin is given in Figure 5.9(C). The spectra in the extracted 2D planes are well-

resolved, leading to an improved accuracy in the estimationof the diffusion coefficients

from this 3D DOSY experiment.

5.5 Conclusions

The determination of the stereochemistry of fluorinated drugs and the relative configu-

ration of such drugs in liposomal drug carriers is crucial tounderstanding their biolog-

ical activity. A set of 2D fluorine and proton DOSY, 2D MAD-DOSY and novel 3D

heteronuclear DOSY experiments have been performed on a mixture of two quinolone

antibacterial agents, pazufloxacin and prulifloxacin. The results of the different pulse

sequences are compared on the basis of their ability to separate the drugs based on

their molecular weights and accurate computation of their diffusion coefficients. The
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Figure 5.6: 1D (A)19F spectra of mixture of prulifloxacin and pazufloxacin in DPPC
(B) 31P spectra of mixture of prulifloxacin and pazufloxacin in DPPC. (C)
1H spectra of mixture of prulifloxacin and pazufloxacin in DPPC.
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Table 5.4: Relaxation rates and Diffusion coefficientsD (×10−11 m2/s) of Prulifloxacin
and Pazufloxacin inside DPPC, extracted from 2D1H DOSY, 2D19F DOSY
and 2D31P DOSY spectra.

Drugs Nuclei T1 T2 Diffusion Coefficient

Prulifloxacin with DPPC 31P 2.20 s 0.94 s 1.15± 0.03

1H 1.49 s 0.78 s 1.17± 0.02

19F 1.34 s 0.79 s 1.20± 0.01

Pazufloxacin with DPPC 31P 1.05 s 0.63 s 1.56± 0.01

1H 1.79 s 0.17 s 1.52± 0.03

19F 1.36 s 0.15 s 1.54± 0.01

DPPC 31P 2.85 s 0.15 s 1.62± 0.02

1H 1.95 s 0.68 s 1.60± 0.03
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Figure 5.7: Experimental echo decay for the fluorinated drugs and drugs inserted in
DPPC as measured by31P diffusion NMR. Data points represent DPPC
alone (open circle with black line), pazufloxacin in DPPC (arrow with red
line), and prulifloxacin in DPPC (square with blue line).
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Figure 5.8: STE-PFG NMR intensity decays of prulifloxacin, pazufloxacin,
prulifloxacin inserted in DPPC, pazufloxacin inserted in DPPC and
DPPC alone. Differences in the decay rates indicate different diffusion
coefficients measured for drugs in free form and when bound toDPPC.

2D DOSY and 2D MAD-DOSY experiments were not able to separatethe individual

diffusion coefficients of the drugs in the mixture and we hence had to resort to the 3D

COMPACT-IDOSY experiment for accurate determination of the diffusion coefficients.

The 3D COMPACT-IDOSY experiment will be useful in the deconvolution of com-

plex mixtures of fluorinated molecules and in fluorinated ligand-binding assays. Drug

loading and penetration into a phospholipid bilayer, whichhas important implications

for drug delivery applications, was characterized using31P NMR and19F to measure

the self-diffusion coefficients of the free and bound drugs.The incorporation of the

fluorinated drugs inside the DPPC lipid bilayer was evidenced by the lowering of the

translational self-diffusion coefficient as compared to that of the free drug. For instance,

the diffusion coefficient (measured from1H DOSY) of prulifloxacin inside DPPC de-

creased by a factor of 10 as compared to its free form (1.17× 10−11 m2/s inside DPPC

as seen in Table 5.4 and1.94 × 10−10 m2/s as seen in Table 5.1). The work described

in this chapter will be of relevance for the elucidation of structure of new fluorinated

drugs and binding studies of how changes in steric configuration cause changes in affin-

ity at the receptor binding site, which are increasingly becoming important for clinical

applications and in the polymer and pharmaceutical industries.
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Figure 5.9: COMPACT-IDOSY data for a mixture of prulifloxacin and pazufloxacin
(A) HMBC spectra (B) signals with diffusion coefficient between 1.5 to
2.0×10−10 m2/s, (prulifloxacin). (C) signals with diffusion coefficient be-
tween 2.2 to 3.0×10−10 m2/s, (pazufloxacin).
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CHAPTER 6

Diffusion NMR Studies of Anti-Oxidants in DPPC Lipid

Bilayers

6.1 Background and Motivation

Biological membranes provide an environment which is required for many biochemical

processes. Different types of biological membranes have diverse lipid and protein com-

positions. A lipid bilayer, one of the main components of a biological membrane, pro-

vides mechanical stability and low permeability to ions andlarge molecules. The struc-

tural characteristic of the cell membrane is such that it behaves like a two-dimensional

liquid, and its constituent molecules (membrane proteins and lipids), rapidly move

about in the membrane plane, while phospolipids do not undergo free diffusion in

the cellular plasma membrane. The diffusion of molecules inthe complex cellular

membrane is affected by membrane inhomogeneities and interactions with cytoplasm.

All membrane components can freely diffuse along the plane of the membrane and

the rate of their diffusion determines the kinetics of the membrane-associated bio-

chemical reactions. The diffusion coefficient can be determined by NMR techniques

such as PFGSE NMR. This chapter focuses on the interaction oftwo antioxidantsα-

tocopherol and curcumin with a phospholipid bilayer. Curcumin (1,7-Bis(4-hydroxy-3-

methoxyphenyl)-1,6-heptadiene-3,5-dione) a natural polyphenol, found in the rhizomes

of Curcuma longa, commonly called turmeric, exhibits anti-inflammatory, antineoplas-

tic, and chemopreventive activities and has been shown to bepharmacologically safe

even at high doses [156, 157]. Vitamin E (α-tocopherol) is a fat-soluble vitamin with an-

tioxidant properties present in nuts, seeds, vegetables and whole grains.α-tocopherol,

(2,5,7,8-Tetramethyl-2-[(4,8,12-trimethyltridecyl)]-6-chromanol) is an important lipid-

soluble antioxidant, and it protects membranes from oxidation by reacting with lipid

radicals produced in the lipid peroxidation chain reaction[158]. In a biological system,

an antioxidant can be defined as any substance that when present at low concentrations



compared to that of an oxidizable substrate would significantly delay or prevent oxida-

tion of that substrate [155]. Although oxidation reactionsare crucial for life, they can

also be damaging to plants and animals. The oxidizable substrate may be any molecule

that is found in foods or biological materials, including carbohydrates, DNA, lipids,

and proteins. Antioxidants may be classified according to their mechanism of action:

primary or chain breaking antioxidants and secondary or preventive antioxidants. Some

antioxidants exhibit more than one mechanism of activity and are therefore referred to

as multiple-function antioxidants. Primary antioxidantsare also referred to as type 1

or chain-breaking antioxidants. Secondary antioxidants are also classified as preventive

or class 2 antioxidants. The main difference between these antioxidant types is that the

secondary antioxidants do not convert free radicals into stable molecules. Antioxidants

are widely used in dietary supplements and have been investigated for the prevention

of diseases such as cancer, coronary heart disease and even altitude sickness. Antioxi-

dants also have many industrial uses, such as preservativesin food and cosmetics and to

prevent the degradation of rubber and gasoline. PFG NMR experiments in conjunction

with molecular dynamics (MD) simulations, afford additional information on the mo-

bility of lipid-soluble antioxidants, which has implications for the efficiency of radical

scavenging in biological membranes [160].

6.2 DPPC Lipid Bilayers

DPPC is a phospholipid consisting of two palmitic acids and is the major constituent

of pulmonary surfactants. Palmitic acid is the most common fatty acid found in ani-

mals, plants and microorganisms. Phospholipids are a classof lipids that are a major

component of all cell membranes as they can form lipid bilayers. The majority of the

lipid content in most eukaryotic and prokaryotic cells are phospholipids. Phospholipid

bilayers are usually divided into two polar head group regions and one non-polar hydro-

carbon region consisting of the phospholipid hydrocarbon chains. The identity of the

phospholipid is therefore determined by the composition ofheadgroup and the length

and saturation of the hydrocarbon tail. Phospholipid bilayers have been widely stud-

ied from different points of view because of the important role played in the structure
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and function of biological membranes [159]. In the bilayer,a limited number of water

molecules can penetrate into the head group regions.

6.3 Antioxidants and Lipid Interactions

Antioxidants are classified into two broad divisions, depending on whether they are

soluble in water (hydrophilic) or in lipids (hydrophobic).The hydrophilic antioxidants

react with oxidants in the cell cytosol and the blood plasma,while hydrophobic an-

tioxidants protect cell membranes from lipid peroxidation. These compounds may be

synthesized in the body or obtained from the diet.

6.4 Experimental Methods

1H diffusion experiments were also performed on Bruker Avance 600 NMR spectrome-

ter using Diff30 diffusion probe capable of generating magnetic field gradients of up to

1200 G/cm. To avoid probe heating and to stabilize the sampletemperature the probe

was cooled by a water circulation unit (BCU 20) and the temperature was maintained at

25 ◦C. A stimulated echo pulse field gradient sequence with a diffusion time of 100 ms

and gradient pulse duration of 2.0 ms was applied. The gradient steps were varied in 32

steps to a maximum gradient amplitude of 1200 G/cm for DPPC, DPPC with curcumin

and DPPC withα- tocoferol samples and in 16 steps upto 120 G/cm for other samples.

The data evaluation was performed by fitting to the Stejskal-Tanner equation, as de-

scribed in Chapter 1. The curcumin, alpha-tocoferol and DPPC samples were obtained

from Sigma Aldrich and used without further purification. The sample was prepared by

dissolving 2 mg of curcumin in 600µl of DMSO-D6, at a concentration of 10 mM. The

sample ofα-Tocopherol was prepared by dissolving 50µl in 600 µl of Acetone-D6.

For samples in DPPC, desired quantity of DPPC and alpha-tocopherol/curcumin were

dissolved in chloroform. The solvent was evaporated with a stream of nitrogen so as

to deposit a lipid film on the inner walls of the container. Thelast traces of solvent

were removed by vacuum drying for at least 1 hour. Hydration and processing steps

were performed at50 ◦C, which is above the DPPC gel-fluid melting temperature (Tm
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Figure 6.1: Structures of individual molecules.(A)α-Tocopherol (B) Curcumin (C)
DPPC.

= 42 ◦C). The films were hydrated with 500µl of PBS:D2O (90:10) (pH-7.4), incubated

for 50 minutes, and sonicated for 2 hours. The lipid concentration was maintained at 25

mM and the alpha tocopherol/curcumin concentration was kept 12.5 mM. The structure

of all the molecules used in this study is given in Figure 6.1.

6.4.1 1D Proton and Carbon spectra

1D 1H experiments were carried out with a typicalπ/2 pulse length of 9.15µs and a re-

laxation delay of 1 s. Fourier transform spectral parameters were 32K data points using

a 8361 Hz spectral window.13C NMR were performed with a typical90◦ pulse length

of 14.60µs. Proton decoupling was performed using WALTZ16. Standardmethods

were used for the acquisition of the 2D COSY, TOCSY, HMQC and HMBC spectra.

The d2 delay for the HMQC and HMBC methods was 3.44 ms, corresponding to1JXH

of 145 Hz. The d6 HMBC delay was 60 ms, corresponding to2,3JXH of 8.0 Hz. The

TOCSY mixing time was set to 60 ms.
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Figure 6.2: Fig (A) 1D1H NMR spectra of the curcumin andα-Tocopherol were ac-
quired with 16 transients, 32K data points using a 8361 Hz spectral window
and a relaxation delay of 1 s. (B)13C NMR spectra of the curcumin and
α-tocopherol were acquired with 65K data points with number of scans 2K
and relaxation delay of 2 s.
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6.5 Results and Discussion

When a molecule is incorporated inside a lipid bilayer, the diffusion coefficient becomes

anisotropic and may be represented in terms of a second-order symmetric diffusion

tensor having tensor elementsD⊥ andD‖, representing the diffusion perpendicular and

parallel to the bilayer normal direction, respectively. Transforming to the laboratory

frame defined by the applied pulsed-field gradients, the measured diffusion coefficient

becomes

Dzz = D⊥ sin 2θ + D‖ cos 2θ (6.1)

whereθ is the angle between the bilayer normal and the direction of the applied field

gradient. When the bicelles are aligned in the applied magnetic field with their bi-

layer normal perpendicular to the direction of the externalmagnetic field, and when

the field gradient is applied parallel to the magnetic field, the above equation reduces

to Dzz = D⊥ which corresponds to lateral diffusion within the bilayer.Using PFG

NMR, the lateral diffusion of molecules in the plane of the lipid bilayer can be mea-

sured. Here we describe PFGSE NMR-based methods on curcuminandα-tocopherol

that bind with DPPC. The methods exploit the changes in either the relaxation rates

or diffusion rates in free and bound conditions. Since theseexperiments employed a

PFG-STE sequence, appropriate gradient strengths were determined which could dis-

criminate between the antioxidants and DPPC lipid bilayers. At a low gradient strength

of 1.2 G/cm, the NMR signals of the both the antioxidants and the DPPC are observed.

However, at a high gradient strength of 1200 G/cm, the signals from the free compounds

are completely eliminated, while those from the bilayers are reduced. To identify an-

tioxidant that bind to DPPC from a mixture of nonbinding compounds with use of a

diffusion-edited approach, several PFG-STE spectra were recorded and analyzed. First,

a PFG-STE spectrum of the test compounds in the absence of DPPC was acquired at

a low gradient strength. At this gradient strength, the resonances from all of the com-

pounds are observed. Next, PFG-STE spectra of the compoundsin the presence of

DPPC were obtained at low and high gradient strengths. The correspondingD were

estimated from the slopes of the straight lines fitted to the data.

Figure 6.2 shows the 1D1H and 1D13C NMR spectra of curcumin andα- toco-
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pherol. The proton spectra of curcumin featured a proton singlet at δ 6.06 ppm due

to the hydroxyl group. The methoxyl group of the both aromatic rings was confirmed

by a proton singlet atδ 3.35 ppm and a proton multiplet centered betweenδ 6.69 to

6.82 ppm. The13C NMR spectra of curcumin shows resonances for all twenty-one

carbons. The13C NMR spectrum showed a singlet at 183.3 ppm due to the presence

of a carbonyl carbon. The presence of aromatic rings were confirmed by resonances

ranging betweenδ 111.28 to 146.84 ppm. Figure 6.3 (A-D) shows the 2D NMR spectra

from the experiments COSY, HMQC, TOCSY and HMBC on the curcumin molecule.

Figure 6.4 (A-D) shows the 2D NMR spectra from the experiments COSY, HMQC,

TOCSY, and HMBC on theα-tocopherol molecule. The1H-1H COSY analysis gave

cross-peaks for proton correlations. The HMQC experiment helped to confirm the1H-

1H and13C NMR chemical shift assignments. For instance, Figure 6.4(B) shows the

aromatic protons atδ 6.49 to 7.35 ppm have direct connectivity with aromatic carbon at

δ 116.92 to 121.06 ppm. The1H-1H TOCSY analysis gave correlations between all the

protons. The HMBC analysis led to multiple bond correlationinformation. Table 6.4

shows the diffusion coefficients ofα- tocopherol and curcumin, which exhibit varying

diffusion behavior in free and bound forms. Bothα- tocopherol and curcumin when

incorporated in the bilayer diffuse slower relative to their free forms in solution. The

diffusion of the DPPC molecules is slower than that of the antioxidant in free forms, but

the difference gets smaller at higher concentration. Sincethe headgroup of DPPC has

got a much larger dipole moment than that of the antioxidants, the diffusion of DPPC

will be effectively slowed down by these interactions.

Molecule Diffusion Coefficient (×10−10 m2s−1)

α-Tocopherol 6.29± 0.03

Curcumin 1.85± 0.02

α-Tocopherol + DPPC 0.06± 0.04

Curcumin + DPPC 0.1± 0.03

DPPC 0.16± 0.01

Table 6.1: Table of the diffusion coefficients of the antioxidant molecules diffusing
freely and inside DPPC, measured on the Diff30 probe.
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Figure 6.3: 600 MHz (A) 2D COSY spectrum of curcumin. The datamatrix is 1024
× 1024 and the number of t1 increments is 128. (B) 2D HMQC spectrum
with a data matrix of 1024× 1024 and the number of t1 increments=128,
the recycle delay is 1 s and1JXH = 145 Hz. (C) 2D TOCSY spectrum. The
data matrix is 1024× 1024 and the number of t1 increments is 256, the
recycle delay is 2 s and the mixing time was set at 60 ms. (D) 2D HMBC
spectrum. The data matrix is 1024× 1024 and the number of t1 increments
is 256, the recycle delay is 2 s and2,3JXH = 8.0 Hz.
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Figure 6.4: 600 MHz (A)2D COSY spectrum ofα-Tocopherol. The data matrix is 1024
× 1024 and the number of t1 increments is 128. (B) 2D HMQC spectrum.
The data matrix is 1024× 1024 and the number of t1 increments is 128, the
recycle delay is 1s and1JXH = 145 Hz. (C) 2D TOCSY spectrum. The data
matrix is 1024× 1024 and the number of t1 increments is 256, the recycle
delay is 2 s and the mixing time was set at 60 ms. (D) 2D HMBC spectrum.
The data matrix is 1024× 1024 and the number of t1 increments is 256, the
recycle delay is 2 s and2,3JXH = 8.0 Hz.
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6.6 Conclusions

By using PFG NMR methods, we have investigated the influence of the lipid phase on

the self-diffusion of antioxidantsα-tocopherol and curcumin diffusing in a DPPC lipid

bilayer system. The diffusion experiments were repeated onthe Diff30 probe which can

achieve much higher gradient strengths, to probe moleculeswith much slower diffusion.

The experimental analysis described in this chapter is still in a preliminary stage and a

more detailed analysis combined with MD simulations is required to reach quantitative

conclusions about the data.
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CHAPTER 7

Summary & Future Outlook

This thesis deals with the study of the translational self diffusion coefficients using

pulsed field gradient NMR and the development of novel homonuclear and heteronu-

clear three dimensional DOSY-type pulse sequences. The designed schemes have been

applied to mixtures of small molecules, fluorinated drug mixtures and biomolecules

diffusing inside a lipid bilayer. Specifically, the work described in the thesis includes:

• A novel diffusion-edited 3D NMR experiment was designed that incorporates a
BEST-HMQC pulse sequence prior to the 2D diffusion sequence. This pulse se-
quence provides a more sensitive and less time-consuming alternative to standard
3D HMQC-DOSY experiments. The feasibility of the techniqueis demonstrated
on a mixture of amino acids, on a mixture of small molecules with similar diffu-
sion coefficients, and on commercial gasoline.

• A new 3D diffusion-ordered heteronuclear NMR experiment COMPACT-IDOSY
sequence was designed, which combines the 2D HMBC experiment (that evalu-
ates long-range13C-1H couplings) with the DOSY sequence in an IDOSY fash-
ion. The experimental pulse scheme was implemented on a mixture of flavonoids
rutin and quercetin. The scheme offers substantial reduction in experimental time,
good sensitivity and excellent resolution of signal overlap, leading to the accurate
determination of translational diffusion coefficients of individual components in
the mixture.

• A versatile three-dimensional diffusion-edited nuclear magnetic resonance exper-
iment (3D MQ-DOSY) has been developed that concatenates a multiple-quantum,
single-quantum correlation scheme with a diffusion-ordered pulse sequence. The
experiment is demonstrated on mixtures of small molecules with similar diffu-
sion coefficients and is able to resolve severely overlappedsignals along the third
dimension.

• The diffusion coefficients of individual fluorinated drug molecules prulifloxacin
and pazufloxacin have been estimated using both 2D proton andfluorine DOSY,
3D COMPACT-IDOSY and micelle-assisted DOSY. The diffusionof each drug
inside a lipid bilayer has also been investigated using proton, carbon and phos-
phorus diffusion and relaxation measurements.

• The lateral and translational self diffusion of antioxidants inside a lipid bilayer
such as DPPC has been of much recent interest. This thesis reports a diffusion
study of of two antioxidantsα-tocoferol and curcumin inside the DPPC bilayer.
PFG NMR experiments were performed by using the high gradient strengths
available on the special rf Diff30 probe.



The future prospects for extensions of the work described inthis thesis include: To

use the 3D DOSY methods developed to study protein diffusions in a crowding envi-

ronment such as ficoll or dextran. Under crowded conditions,diffusion is dominated by

the solution viscosity [161]. Hence glycerol can be added tothe protein with buffer, to

mimic the diffusion of a protein of much larger size and much slower diffusion [162].

Another direction of interest is the application of non-uniform sampling (NUS) proto-

cols to diffusion pulse sequences. The advantage of NUS is that it frequently affords

high resolution spectra from much smaller data sets as compared to conventional uni-

form sampling [163, 164].
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APPENDIX A

Diffusion Probe Calibration & Diffusion Data

Processing

This Appendix describes protocols to install the diffusionprobe and procedures to pro-

cess diffusion data. The Bruker diffusion Diff30 probe is a single nucleus probe, with a

1H radiofrequency coil insert with an inner diameter of 5 mm. Magnetic field gradients

of up to 12 T/m can be generated. Such high gradient amplitudes are required for stud-

ies of high molecular weight or viscous samples with small diffusion coefficients. To

avoid probe heating and to control sample temperature, the probe is cooled by flowing

water and the temperature is usually maintained at25 ◦C.

A.1 Installing the probe

• Slowly insert Diff30 probe and alternatively fasten two screws under probe.

• Connect all cables: For Diff30- Two RF Cables, pics cable is not required. In
addition the following are required: Air cable-BCU extremeunit, heater cable,
gradient cable, one sensor cable.

• Type in “edhead” command. In edhead dialog choose “Diff30” probe, click define
as current probe button, and finally click exit button.

• Type “edte” command, turn on button in edte dialog.

• Type in “edprosol” command, confirm the pulse widths and power cables were
all changed to fit the “Diff30” probe.

• Type “ha” to see the accessible hardware. Once it shows the relevant information,
press “ok”.

• Type “ii” (initialize interface) a few times, wait till it finishes.

• Type “setpre” command go to files-read default.

• Do the RT shimming (doped water) in “gs mode”.

• The probe setup is performed in 3 major steps:



(a) The setup of the spectroscopic parameters, i.e rf pulse length, rf power, spec-
tral width and receiver gain.

(b) The setup of the diffusion parameters, gradient pulse length and maximum
amplitude, the diffusion time and the receiver gain, which is a function of
the echo time.

(c) The setup of the 2D measurement parameters, number of gradient steps,number
of scans and number of repetitions.

A.2 Gradient calibration

Before carrying out diffusion measurements the only way to calibrate such gradients

exactly is to measure the diffusion coefficients of a well known sample carefully and

compare the results with the standard literature values. Usually one will use a water

sample for this calibration, the best way is to use the Brukerstandard sample called

“Doped water”, which is 1% H2O in D2O with 0.1g/l GdCl3. For the proton diffusion

coefficient of this sample the values of D2O, 1.872×10−9 m2/s measured at room tem-

perature (298K) can be used, because the sample is practically D2O, H2O is only used

as a tracer. If this is not available, we can use normal demineralized water. The water

must be doped by using 1g/l CuSo4. In this case use the value of diffusion coefficients

of H2O, 2.031×10−9 m2/s measured at room temperature (293K) [88]. A scaling fac-

tor known as the gradient calibration constant (GCC) must beadjusted such that results

from diffusion experiments standard samples yield the correct value. The GCC is deter-

mined by comparing the “old” value (i.e., the value of GCC applied during calibration

experiments), with the value ofD and the known value of diffusion coefficient from the

literatureDlit.

GCCnew =

√

D

Dlit
×GCCold (A.1)

This value of GCC is stored using “setpre” command.
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A.3 Temperature calibration

Diffusion coefficients of liquid samples are strongly temperature dependent. Tempera-

ture calibration can be performed by using an NMR temperature standard, e.g. one of

the Bruker “Temperature calibration” samples. The common method to perform this

calibration is to observe the chemical shift separation between the OH resonances and

CHn resonances in either Methanol or Ethylene Glycol. Methanol in Methanol-d4 is

used for low- temperature calibration and Ethylene Glycol in DMSO-D6 is used for

temperatures above ambient.

The edte window has a wide variety of features including temperature control, mon-

itoring corrections, and many more. To open the temperaturecontrol window, simply

type “edte”. Switch to the correction tab and press the “Edit” button in the linear cor-

rection line. Select “Slope/Offset calculation.” Enter inthe two sample and target

temperatures in units of K and select “Calculate Slope and Offset.” Press “OK.” Select

“Apply.” If necessary, select “Activate” in the linear correction line. It is possible to

control the settings of the monitoring window by selecting “Monitoring settings” at the

bottom of the screen.

A.4 Processing 3D DOSY Data with Bruker Topspin2.1

NMR data in this thesis were processed using Bruker Topspin 2.1 software. To extract

the diffusion data from the DOSY experiments, the baseline of all the spectra were cor-

rected and the threshold was adjusted such that all signals of interest were above it. 3D

DOSY processing must always be preceded by cross-peak definition that can be done

either automatically by the software or manually. Cross-peaks can then be redefined,

excluded, and combined via the process panel and the interactive spectrum display, al-

lowing the operator to include only the peaks of interest in the diffusion analysis.

Command “dosy2d” is for the processing of a 2D DOSY experiment, which is a

set of 1D spectra weighted by the diffusion coefficients. Theoutcome of the DOSY

processing is that the chemical shift information displayed along x axis is obtained by

FFT of the time domain data whereas the diffusion coefficients plotted along the y axis
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are calculated by an ILT..

The command “dosy3d” is for a 3D DOSY data set, which is a set of2D spectra

weighted by the diffusion coefficients. Usage of the DOSY module is quite simple.

First acquire a DOSY experiment either 2D or 3D. Then processit in a regular fashion

along the spectroscopic axes. There are three directions for a 3D DOSY dataset as

the F3, F2 (DOSY dimension) and F1 direction. F3 is always the acquisition direction.

For processed data, F2 and F1 are always the second and third direction, respectively.

The name of a 3D processing command expresses the direction in which it works. The

command “tf3” processes a 3d dataset in the F3 direction (acquisition direction). tf3

transforms time domain data (FID) in to frequency domain data (spectrum) by Fourier

transformation.

Each row of the F3 time domain data is baseline corrected according to BC_mod.

This parameter takes the value “single” meaning the averageintensity of the last quarter

of the FID detected on single channel. Linear prediction is done according to ME_mod.

This parameter takes the value “Lpfr”meaning forward prediction can be used to extend

truncated FIDs. Each row is multiplied with a window function according to WDW.

This parameter usually takes the value “sine”. Each row is phase corrected according to

PH_mod. This parameter takes the value “pk”, for PH_mod = pk,tf3 applies the values

of PHC0 and PHC1. If phase values are not known by typing “xfb”on the 3D data to

process a 23 or 13 plane, after doing a phase correction valuein the 2D dataset, store

the phase value to 3D.

The size of the processed data is determined by the processing parameter SI. A typ-

ical value for SI is TD/2. Before running “tf3” the processing parameter SI in all three

directions F3, F2 and F1 must be set. “tf3” stores the data in subcube format. It au-

tomatically calculates the subcube sizes such that one row (F3) of subcubes fits in the

available memory. After that type the command “tf1”. In 3D DOSY processing “tf1”

only works, when data have already been processed with “tf3”. The command “tf1”

processes a 3D dataset in the F1 direction. This transforms time domain data (FID) into

frequency domain data (spectrum) by Fourier transformation. Depending on the pro-

cessing parameters BC_mod, WDW_mod, ME_mod and PH_mod,“tf1” also performs

baseline correction, window multiplication, linear prediction and spectrum phase cor-
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rection. After that type the command “dosy3d” to get 3d transform or type “eddosy”

to open windows to set up processing parameters, type xlist=difflist, enter appropriate

value for Dispmin (lower display limit) and Dispmax (upper display limit). Also enter

value for Gdist (ms) = Gradient distance (big Delta) and Glen(ms) = Gradient length

(little delta) from DOSY experiment, enterγ = 4257.700 for proton DOSY. Press

“click start fitting” button to perform fitting and at the end the 3D DOSY plot is dis-

played. The 3D-DOSY processing method gives pseudo-3D data, where the diffusion

coefficient axis is appended to usual 2D spectra, such as COSY, HMQC, and HMBC.

The slice data of the 3D spectra with respect to the diffusioncoefficient give the 2D

spectra of the individual components. The commands “r12”, “r13” and “r23” read a

plane from 3D processed data and store it as a 2D dataset. In Topspin select “procpars”

tab and click on “Extract Slice” in popup menu. This opens thedialog box that offers

several options, each of which selects a certain command forexecution.

Furthermore set the three parameters namely plane orientation, plane number and

destination proc number.Plane orientation: set F1-F3. This parameter determines the

commands “r13” is executed.Plane number: the maximum plane number depends on

the SI value in the direction orthogonal to the plane orientation. Destination procno:

can put any number (example 999) where the output 2D dataset is stored. The process-

ing state of the output 2D data relates to the processing state of the input 3D data. An

extracted plane can processed with 2D processing commands like xfb, xf2, xf1 etc.

A.4.1 Error estimation

Measuring the absolute value of diffusion coefficient is very difficult because of un-

certainties in gradient calibration, uncertainties in temperature. For calculating errors

we did a set of 1D experiments (pulseprogram:stebpgp1s1d) and data were collected

with different gradient strengths (2 to 95%) on 600 MHz Bruker Avance NMR. The

intensity of the attenuated signal was calculated and the experimental data were fitted

to the Stejskal-Tanner equation by using GNU plot. GNU plot is a powerful tool for

data plotting and error analysis. Open the files in GNU plot byusing the experimental

determined values, plot the data in a linear graph, use linear fit to find the slope and
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% Gradient Gradient (Gauss/cm)
2 1.09
5 2.73
10 5.44
20 10.9
30 16.4
50 27.25
100 54.5

Table A.1: Each gradient percent corresponds to a gradient value in units of Gauss/cm.

then the percent gradient can be converted to an absolute gradient strength. Sample

experimental values are listed in the Table.

After determining the gradient value for each percent gradient plot inI/I0 vs square

of the gradient, the slope can help with finding the diffusioncoefficient by using the

following equations.

D = −m/γ2 × δ2 × (∆− δ/3))) (A.2)

In this example the value ofδ equals to 0.60 ms to 100 ms and∆ has value of 100 ms

to 200 ms. To determine the reliable size of the random error of the spectral repetitions,

a single spectrum of the solvent was chosen as target. The standard errorsσD have

been calculated using exponential fitting of the signal attenuation data and estimating

the errors in the relative diffusion coefficient.

Consider a function f(t), 0≤ t ≤ t*, represented at discrete timesti by f ′(ti) = yi

with standard deviationσyi , and the total integration interval ist∗ = Mh, whereti =

(i-1) × ∆t andi = 1....M + 1. The standard deviationsσyi and the varianceσ2
F is

σ2
F =

(

∂F

∂y1

)2

σ2
y1
+

(

∂F

∂y1

)2

σ2
y2
+ ............. +

(

∂F

∂yM

)2

σ2
yM (A.3)

=

M
∑

i=1

(

∂F

∂yi

)2

σ2
yi
=

M
∑

i=1

h2σ2
yi

(A.4)
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Where =h = ∆t.

σD
σm

=
−1

[γ2 × δ2 × (∆− δ/3)]
(A.5)

For both PFGSE and PFGSTE, the standard deviation for∆ andδ are

σD
σ∆

=
−1

[γ2 × δ2 × (∆− δ/3)2]
(A.6)

σD
σδ

=
−m

[3γ2 × δ2 × (∆− δ/3)2]
+

2m

γ2 × δ2 × (∆− δ/3)]
(A.7)

Therefore

σDsample
=

√

[(

σD
σm

)

× σm

]2

+

[(

σD
σ∆

)

× σ∆

]2

+

[(

σD
σδ

)

× σδ

]2

(A.8)

A.5 The DOSY Toolbox Kit

Some of the diffusion data in this thesis was also processed using the DOSY Toolbox

opensource software package (http://dosytoolbox.chemistry.manchester.ac.uk/dosytoolbox).

A reference 2D NMR spectrum was recorded on the Bruker Avance-III 600-MHz

spectrometer, by setting the value of gradient strengths, spectral widths, diffusion time

intervals, number of scan and gradient duration. For processing, the DOSYToolbox

program was run using the shell script “run_DOSYToolbox09_Linux32.sh”, giving the

location of the v710 directory as an argument. The main window will then open, which

provides access to all processing capabilities via processing panels and menus. A data

set is then imported using the “file” menu. The following tools help in processing the

imported DOSY data.

1. “Spectrum number” panel is used to display the different gradient levels.

2. “Phase correction” panel is used for zero and first order phase correction applied
using the slide bars.

3. “Plot control” panel is used to zoom, expand, and scale thespectra and the FIDs.
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4. “Standard processing” panel is used to set the number of points for the Fourier
transformation, the window function and the reference peak.

5. “Corrections” panel is used to set the baseline correction and reference deconvo-
lution. Clicking the “FIDDLE” button applies the referencedeconvolution. The
“center” button sets the center frequency of the signal.

6. “Advanced processing” panel, click the “Process” buttonfor running the method
with current settings.

7. “DOSY” button gives access to both the standard DOSY as well as to multi-
exponential fitting. This leads to two dimensions, one dimension gives informa-
tion about chemical shift and second gives information about diffusion coeffi-
cients.
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