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Abstract

NMR spectroscopy is a very powerful technigue for the ingagton of molecular struc-
ture, conformation and dynamics. This thesis describegailel@ study of NMR dif-
fusion processes in several systems and also includes tis&rgction of novel 2D and
3D pulse sequences in the field of diffusion NMR. The main ciibje was to carry out
detailed experiments to measure accurate self-diffusdefficients of solution systems
ranging in size from molecules to micelles. Diffusion-aetkspectroscopy (DOSY) is
based on the pulse-field gradient spin-echo NMR sequenceamble used to separate
the individual NMR spectra of a molecules in a mixture aceuydo their diffusion
coefficients. The strength of DOSY is that it can be used asnamasive method to
obtain both physical and chemical information. The 2D DOSegiment has limited
potential to differentiate between severely overlappgdals in a mixture, which can
lead to inaccurate estimates of diffusion coefficients. eg@Ev3D DOSY experiments
have been designed that achieve resolution of overlaps bgatenating a diffusion
pulse sequence with common 2D pulse sequences. We havee@8D BEST-DOSY,
3D COMPACT-IDOSY and 3D MQ-DOSY type of pulse sequences touchvent the
overlap problem in several molecular mixtures.

Chapter 1

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

Chapter 2

This chapter describes a pulse sequence we developed GIBREST-DOSY.
This method focuses on exploiting the sensitivity-enhdrBEST-HMQC technique
to achieve resolution of overlaps in a novel 3D heteronucfea-'H diffusion ordered
experiment with good sensitivity and a substantial reduncin experiment time. This
pulse sequence has been applied on a mixture of moleculesiwitlar diffusion coef-
ficients, a mixture of amino acids and a mixture of commeigéasoline.

Chapter 3

This chapter describes a new 3D I-DOSY type of pulse sequescdeveloped
called COMPACT-IDOSY which includes a diffusion encodiregisence within a sen-
sitivity enhanced HMBC-type pulse sequence. The direairimaration of diffusion-
encoding into the heteronuclear coherence transfer sequgnes a substantial time
and sensitivity advantage over standard 3D DOSY methods stheme has been
experimentally demonstrated on a rutin trihydrate and cpter dihydrate mixture,
wherein the diffusion coefficients of the two molecular sps@re very similar.

Chapter 4

This chapter deals with the incorporation of a novel muttiglantum/single-quantum
correlation experiment into a DOSY sequence which we cellMiQ-DOSY pulse se-
guence. This pulse sequence has been applied on small neslecd achieves good
resolution of severely overlapped multiplets, leadinghte &ccurate estimation of dif-
fusion coefficients.

Vil



Chapter 5

This chapter shows that drugs that have little or no diffeeemm diffusion coeffi-
cients in simple solution may readily be resolved in DOSY eskpents in solutions
containing micelles. Two fluorinated drugs prulifloxacirdgmzufloxacin were cho-
sen as a test case. Their diffusion properties’Bndnd 7’ relaxation properties were
investigated in DMSO-D6 solutions, and in solutions camitag micelles.

Chapter 6

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

Chapter 7

A brief outline of the main results of the thesis are sumneatiand some prospects
for future extensions of the work are described in this obapt

Appendix

A brief tutorial on how to install and calibrate the Diff30ffdision probe as well
protocols for diffusion data processing using the Brukegosfon softare as well as the
DOSY Toolbox software package, are given in the Appendix.

viii
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CHAPTER 1

Introduction

1.1 Fundamentals of NMR

The physical foundation of nuclear magnetic resonance (IN8pRctroscopy lies in the
magnetic properties of atomic nuclei. The explanation ofRl¥ses quantum mechan-
ics to arrive at a description of nuclear response to a setiernal magnetic field and
applied radio frequency (RF) radiation. This chapter wilefly cover the fundamental
aspects of NMR and the reader is referred to several bookseaelv articles for an

in-depth analysis of NMR theory [4, 5, 6, 7, 8,9, 10, 11, 12,148 15, 16].

Quantum mechanically, subatomic particles (protons,roeatand electrons) have
spin. The spin properties of protons and neutrons in theanatheavier elements com-
bine to define the overall spin of the nucleus. When both tmelbar of protons (atomic
number) and the sum of the protons and neutrons (atomic raesgyven, the nucleus
has no magnetic properties, i.e. its spin quantum nunmibes ¢ero. In several atoms
(e.g'%C, N, 10), the spins are paired and cancel out each other, so thattheus of
the atom has no overall spin and therefore are invisiblegd\ilWR experiment. When
either the atomic number or the atomic mass is odd, or botlo@de the nucleus has
magnetic properties and is said to be spinning. In many a{dhhs'3C, 1°N, F, 3'P
etc) the nucleus does possess an overall spin. A spinningusiacts as a tiny bar
magnet oriented along the spin rotation axis. When this lsmadnet is placed in the
field of a much larger magnet its orientation will no longerrbedom [16]. The most
favorable orientation would be the low-energy state gpin state) and the less favor-
able orientation be the high-energy state ¢pin state). Figures 1.1 and 1.2 show the
respective orientations of a nucleus in a magnetic fields prature is purely classical.
However, nuclear spins are really quantum objects. In Dutation, the states a spin
can be denoted byv) for a spin in the ground state (along z), and Byfor a spin in the

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



splitting of the spin in the magnetic field is known as the Zaersplitting. A spin-1/2
particle is not restricted to these states, but may be in arpopition of the two energy

eigenstates:

¥) = cala) + cslB) (1.1)

wherec,, ¢ are complex angt,|? + |cg|* = 1.

S

N
a- spin state, [B- spin state,
favorable, unfavorable,
lower energy higher energy

s N

Figure 1.1: A spinning nucleus with its Figure 1.2: A spinning nucleus with its
magnetic field alignedvith the magnetic field alignedhgainst
magnetic field of a magnet. the magnetic field of a magnet.

The hydrogen atom (denoted bk), is composed of a single proton and a single
electron. For the purpose of NMR, the key aspect of the hyalragucleus is its an-
gular momentum. The spinning hydrogen nucleus is posytigkarged, it generates a

magnetic field and possesses a magnetic moment

The magnitude of the magnetic moment produced by a spinniclgus varies from
atom to atom in accordance with the equatios= yhI, whereh is Planck’s constant
divided by 2r and~ is the gyromagnetic ratio which determines the resonaquiacy
of the nucleus for a given external field. Figure 1.3 depictstite left a magnetic
moment with a +z component, and a magnetic moment with a -zpooent on the
right. The force of B causes the magnetic moment to precess in a cone about the +z
direction in the first case and about the -z direction in tlkesd. The magnetic field B
in the z direction operates on the x components tf create a force in the y direction.
The spin angular momentum confers a magnetic moment on ausiahd therefore a

given energy in a magnetic field. The nuclear magnetic moifagns given by

p=P 1.2)

2
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Figure 1.3: Orientation of the nuclear spin dipole.

The allowed values or eigenvalues of the maximum comporfethiecangular mo-

mentum in the z direction are defined by
P, = (h/2m)m; (1.3)

wherem; is the magnetic quantum number. In a magnetic field, a nudesginl has

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

mp=I,1—1,1—2 ... —I (1.4)

We can visualize a spié nucleus as a small bar magnet which when placed in a
static field has an energy which varies with orientation ®ftald. The possible ener-
gies are quantized, with the two possible valuemgaf(i%) corresponding to parallel
and antiparallel orientations of this small magnet and ttteraal field (Figure 1.4).
The population ratio between the number of nuclei in the &igind lower energy lev-
els is described by the Boltzmann relationship which is ddpat upon the absolute

temperaturd’ of the sample.

Na = exp (ﬁ) (1.5)



wherekp is the Boltzmann’s constanf\ F is the energy difference between the spin
states. The precessional motion of the magnetic momenmndigioccurs with angular

frequencywy, called the Larmor frequency given by:

wo =By (1.6)

The energy separatiod\g) between the two spin states is related to the Larmor fre-

guency by the formula:

AFE = th = hl/o = ’}/TLBO (17)
At no magnetic field, B Proton spin state
there is no difference between / (higher energy)
o- and (- states.
E / AE = h x 400 MHz AE = h x 600 MHz
e
¥
\ % Proton spin state Resonance signal
(lower energy)
oT 94T 140T

Increasing magnetic field strength -

Figure 1.4: Energy separation between nuclear spin states.

Thus as tha&3, field increases, the difference in energy between the twospies
increases. The natural precession frequency of a spinnicigus depends only on the
nuclear properties contained in the gyromagnetic ratiotaadapplied magnetic field.
For a proton in a magnetic field of 9.4 T, the frequency of pssimmn is 400 MHz, and
the difference in energy between the spin states is &8ly. 10~° Kcal/mol. For higher

fields, such as 14.0 T, the resonance frequency increas@$ tdidz.

In the NMR experiment the populations of the two energy stéfiégure 1.4) are
interconverted by applying a second magnetic fiBldat radio frequencies. The ab-
sorption of energy occurs a% +Hiuclei (o states) transition to%—nuclei (B states), and
emission occurs a% -nuclei (3 states) revert to %rnuclei (o states). The process is
called resonance. The NMR absorption is a consequencensiticans between the en-

ergy levels stimulated by RF radiation and can be detectedlitied and recorded as a

4



spectral line, called the resonance signal.
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Figure 1.5: Block diagram of an NMR spectrometer.

1.1.1 NMR Magnetization

At thermal equilibrium, the vector sum of all the individugdins is called the mag-
netizationM,, oriented along the magnetic field direction [15, 16]. Onlyspins are
shown on the surface of the double cone in the Figure 1.6¢(%) tlae excess of%+over
- % nuclei is exaggerated (12 to 8). When a second RF magneticgiapplied to the
nuclei, the vectoi3; exerts a force oM, ( the force comes from the cross product
F = M x B). The resonance frequency in the transverse (x-y) plansesa, to
precess or “tip” only slightly off the z axis, moving towaltety axis are shown in Fig-
ure 1.6(C) as 11 nuclei of spirtand 9 of spin 1, after application of the3, field. The
angle of rotatiord is given by

0 =~ByT (1.8)

whered is the tip angle which is dependent on the strength ofthéeld excitation and

T is the duration of the3; field application. When the excitation pulse is stopped, the
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M,(@)

Force
(y)

Figure 1.6: (A) A distribution of an ensemble of nuclear spin the presence of a
magnetic field applied along the z axis. (B) The vediyrexerts a force
on M, whose result is perpendicular to both vectors. (C) Nuclganss
immediately after application of thB; field.

individual nuclei begin to undergo relaxation by emittimg tabsorbed RF energy and

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

1.1.2 Free induction decay (FID)

After the B; pulse is turned off, the transverse magnetization presesshe x-y plane
around theB,, field. The transverse magnetization is coherent and gigestoia non-
zero magnetic moment in the x-y plane. A spin is considerebet@n-resonance if
its resonance frequency is the same as the frequency dtittield. In this case, the
signal does not oscillate, but decays exponentially witim& tonstant ofl,, the spin-
spin relaxation time. An off-resonance spin is one whosenasce frequency is not
equal to the frequency of the appliéd pulse. The precessing transverse magnetization
induces a sinusoidally oscillating, exponentially deogyNMR signal in the RF coill.
This signal is called the free induction decay, and is thelpeb of a periodic function

containing a mixture of frequencies and an exponentialyl&oaction [14]. In order to



(A)
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Figure 1.7: The second RF magnetic figlg applied perpendicular to tH8, field. M,
precesses about th field, and coherently tips the magnetization into the
transverse plane at an angle

transfer NMR data from time (FID) to frequency domain (sp&ci), we have to apply
a mathematical operation called the Fourier transformafithe Fourier transformation
defines a relationship between one function in the time doradl another function in

the frequency domain:

S(w) = Fs(t) = /00 s(t)e ™'dt; (1.9)

—00

(e o]

S(v) = Fs(t) = /_ s(t)e—2 . (1.10)

in whichw = 27v. The two functions;(¢) andS(w) (or s(¢) andS(v)) are said to form

a Fourier transform pair. The inverse Fourier transfororetiare defined by

s(t) = F18(w) = % / " S(w)et du; (1.12)
s(t) = F'S(v) = /OO S(v)e®™dy, (1.12)

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

of the respective frequency components.
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Figure 1.8: (A) FID showing on and off-resonance signals. {lBBeshape of an NMR
resonance. The Fourier transform of the FID is the Lorentaziaction. The
width of the Lorentzian at the half maximum\y, indicated and related to
T,.

The position of the resonance line in the spectrum depends pnecessional fre-
guency. The lineshape of a resonance depends on how thd depays with time
(Figure 1.8).T, is the FID decay time constant and associated with the fultiwof the
line at half-height Av which is equal to [17]

1

:7_‘_—772

Av (1.13)

1.1.3 T, relaxation

Spin-lattice relaxation, also calléd or longitudinal relaxation is the irreversible evo-
lution of a spin system toward thermal equilibrium, with threital degrees of freedom
of the medium in which the spins are embedded, called theddit8, 17]. The most
efficient T; relaxation occurs when a molecule is rotating or trangigéiha rate close

to the Larmor frequency. The commonly used pulse sequence&sure spin-lattice
relaxation is the 180 7 - 90° sequence. Itis known also as the inversion recovery (IR)
pulse sequence (Figure 1.9). At time= 0 the 180 RF pulse is applied at the Larmor
frequency, which inverts the the magnetization vedthr After this the magnetization
M lies along the negative z axis abd = - M. After the termination of the RF pulse

the spin lattice relaxation makes the magnetizalvbnincrease during interval, and



the spins will dissipate their energy. This dissipatioruhessin the return ofM to the

equilibrium position aligned parallel with tH8, field.

180", 90",

RFL ‘"nvnvnvnv”‘
zM
x y .
@) ®) © ) ®

Figure 1.9: Top: Inversion-recovery pulse sequence fomteasurement of; relax-
ation [1]. Bottom: (A) Magnetization(M) lies along the ziaxB) 180
radio frequency pulse tips magnetization (M) M. (C) — (D) Magneti-
zation is relaxing back. (E) Magnetization has recoverdd 1o

The magnetization along the z-axis return to its equiliriealue, due to a random
process and thus recovers exponentially as described byathe of M/, at a timer
(Figure 1.10):

M,(7) = My (1 — ae™) (1.14)

wherea = 1 for a 90 anda = 2 for a 180 pulse, respectively.

M(T)=M (1-aexp(-T/T)))

Time

Figure 1.10: The exponential recovery of the longitudinagmetization component
M,.



1.1.4 T, relaxation

A second type of relaxation mechanism is known as transvetagation, or spin-spin
relaxation.T, relaxation occurs when spins in the high and low energy s&tehange
energy but do not lose energy to the surrounding latticelowatg application of a
90° RF pulse, the net magnetization in the samples begins tegsemherently in the
transverse plane (Figure 1.11). The most efficient trassvezlaxation occurs in the
presence of a static or slowly fluctuating local magnetiadfelithin a sample. At
the end of the excitation pulse, all of the spins precesshamse in the transverse xy-
plane. After some time, the individual nuclei undergo ratéon by exchange of the rf
absorbed energy within the spin system, nuclear spinsfataming out and lose their
phase coherence. This results in a decay of the total magtien in the xy-plane
(Figure 1.12):
M, ,(7) = Mye ™ (1.15)

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

teractions and magnetic field inhomogeneity (mainly causethe differences in the
magnetic susceptibility within the sample and possiblapegnetic impurities). The
field inhomogeneity increases the rate of signal loss anai¢helecay is described by

the apparent relaxation tin¥, which is always shorter thary:

1 1 1 1 1

Ly n + 1.16
TQ* 15 T2(sus) T2(zn hom) T2(dl'ff) ( )

whereTs,,,) is the transverse relaxation due to susceptibility,, »..) is the transverse
relaxation due td3, field inhomogeneities, arith 4 s ) is the transverse relaxation due

to molecule diffusion.

MeasuringTl, is more difficult because of the presence of local field inhgemeities.
One method involves using the Carr-Purcell-Meiboom-GIPMG) spin-echo tech-
nique [19, 20]. In the CPMG sequence, the successivé fp8l3es are coherent, and

the phase of the 9(RF pulse is shifted 90relative to the phase of the 18pulse.

10
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Figure 1.11: Schematic representation of transverse, iorsgin relaxation mecha-
nism. (A) Magnetization lies along the z axis. (B) Magneimais tipped
in to x-y plane. (C) Individual spins begin to dephase duetdonz inter-
actions. (D) Spins are completely dephased.

Mxy('l') =M, exp(-t/T)

Xy

Time

Figure 1.12: Schematic representation of the attenuafieclm signal amplitudes due
to T, decay.
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1.2 Fundamentals of Diffusion

Molecules in solution are in random motion. The random madbrcmotion in diffu-
sion is because all molecules have energy of motion (kieetgzgy) and are constantly
colliding with each other [21]. Self-diffusion is the randdranslational motion of
molecules driven by internal kinetic energy. Translatlatiiusion encodes the trans-
port properties of molecules and ions and is responsiblalfehemical reactions since
the reacting species must collide before they can react.dithesion coefficient D”

is critically dependent on (1) Sample temperature (2) Sulvescosity (3) Molecular
shape (4) Molecular size. The value@inay be approximated by the Stokes-Einstein
equation. Diffusion is quantified as the translatiof¥a}) and rotational D,.) diffusion

coefficients.(D,) and(D,.) are related to viscosity via the Stokes-Einstein Law:
D, = 2= (1.17)

wherek (JK™1) is the Boltzmann constari, is the absolute temperature (K) and f is
the friction factor. For the special case of a sphericaliglarof hydrodynamic radius
R, in a solvent of viscosity), the fractional coefficienf = 67y R;,, and is described by

the Stokes-Einstein Debye Law :

kgT

P E (1.18)
8N R

This thesis will focus on measurements of the translatioliféision coefficient.
The quantification of the diffusion coefficient in NMR is redd to the self diffusion of
the molecule and mathematically can be described usingoayth@sed on the change
in molecular concentration along a diffusion gradient ascdbed by Fick’s Laws [22].
The amount of a property passing through a unit area per iomit is called flux e.qg.

moles nT2s!. According to Fick's ¥ Law, the flux is defined as

J(r,t) = —=DV¢(r,t) (1.19)
The flux,J(r, t), is equal to the gradient of concentratiefx;, t), at some diffusion

12



coefficient, in the direction of larger to smaller concetitra (indicated by negative
sign [23, 24]). According to the law of conservation of mdss number of molecules
is conserved within the sample space. In general, the dffusrocess is anisotropic
and the isotropic diffusion coefficiem (scalar) is replaced by a rank two diffusion
tensor [22]. Thus for Cartesian coordinala@ds given byD;; wherei andj take each

of the Cartesian directions and the equation can be wrigen a

Oc(x,t)
ox
J(z,t) D,y Dgy Dy,
_ Oc(y,
J(yat) - Dyx Dyy Dyz g;/t)
J(z,t) DZ:E Dzy DZZ
Oc(z,t)
L 0z

The diagonal elements ® (e.9. D, D,,, D..) scale concentration gradients and
fluxes in the same direction, the off-diagonal elements eoflipxes and concentration

gradients in orthogonal directions.

For a normal diffusion process, particles cannot be createdestroyed, which
means the flux of particles into one region must be the sumeppénticle flux flowing
out of the surrounding regions. This is represented mattieatlsz by the continuity

equation
Jc(r,t)

5 = -V - J(r,t) (1.20)

Fick's 24 Law of diffusion is given by [25]

7 = DV?c(r,t) (1.21)

D is assumed to be essentially independent of the solute otvaten, which is
presumed to be low. It is appropriate to introduce the proiahP(ro,rq,¢) that a
solute molecule, which is initially aty will be at positionr; at timet. For ordinary

isotropic diffusion, the 'propagato(ry, ry, t) obeys [26]:

8P<r07r17t)

5 = DV?P(rg,11,1) (1.22)
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For the case of unbounded diffusion and for the starting itimmdP (ro, r1,0) =d(ro — r1)
(wherej(ro — ry) is the Dirac delta function, indicating that as:t0, ¢ = 0 everywhere
except at the origim; = 0) and the boundary conditiof(rq,r;,¢) — O forr; — oo,

the solution yields the dependence of the probability P erdieplacement.

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

be a Gaussian probability function:

P(rg,rq,t) = —(4nDt) "% exp {—%} (1.23)
wherery andr; are the initial and final spatial positions of diffusing mmlée, respec-
tively [23]. The probability that a molecule will diffuse agn distance is not dependent
on the starting positiony but rather on the net displacemeqt— r, of the molecules
during the diffusion time. At very short time-scales diffusion is a many-body problem
but at sufficiently large times it reduces to a single-boaglsastic problem character-

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

D = lim i((rl —1o)°) (1.24)

t—oo N

wheren is 2, 4, or 6 for one, two or three-dimensional diffusion p@gively. Hence the
displacement resulting from diffusion is related to thdudifon coefficient and for the
case of unhindered diffusion, the average square dispkteimcreases linearly with

the diffusion timet.

1.3 Pulsed-Field Gradient (PFG) NMR

One of the most commonly used NMR experiments is the pulsadignt spin-echo
(PGSE). The PGSE experiment is based on either a two-puisesspo or a three-
pulse stimulated echo RF pulse sequence. In the PFG metimdjtenuation of the
NMR signal resulting from the dephasing of the nuclear spins to the combined
effect of the translational motion and the imposition oftsgly well-defined gradient

pulses is used to measure molecular motion [28, 29, 30, 3B334]. Since the static
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magnetic fieldB, is spatially homogeneous, a spatially-varying, linear nedig field

gradientg can be superimposed @y, such thatw becomes spatially dependent,

Weff = wo + y(g.r) (1.25)

wherer is the spatial position of a molecule relative to the appteadient ands is

defined as
0B.. 0B.. 0B,

f— B p—
&= VBo 8x1+ 8y‘]+ 0z

k (1.26)

wherei,j andk are unit vectors of the laboratory frame of reference. Thaenge in
local magnetic field induces a spatially-dependent phaifeasithe nuclear spins that

is cumulatively defined as

¢ = vBol + ”Y/O g(t').r(t)dt (1.27)

The first term on the right-hand side of the equation corredpado the phase shift due
to the static field, and the second term represents the phdsése to the effects of
the gradients. In the rotating frame of reference, thecstatm in the equation goes to
zero. The accumulated phageduring the application of a magnetic field gradient can
be used to spatially label the position of nuclei. The PFGhoetwvas first introduced
by Stejskal and Tanner [35], who incorporated a pair of giffn-sensitizing constant
magnetic field gradients into a Hahn spin-echo sequencé{3@jich equal rectangular
gradient pulses of duratiahare inserted into eachperiod (Figure 1.13). A perfeét’
RF pulse excites a uniform “comb” of transverse magnetratConsider an ensemble
of diffusing spins at thermal equilibrium. A/2 rf pulse is applied which rotates the
magnetization from the z axis into the x-y plane to create gmatization ribbon in
the rotating coordinate frame. During the firsperiod at timel;, a gradient pulse of
durations and magnitudeg is applied so that the effect of the gradigns then to twist
the ribbon in to a helix. The pitch of the helix is given Hy= 27 /q whereq = vgd /27
is the area of the gradient pulse. At the end of the firgeriod the spin experiences a
phase shift. The phase effetbf a gradient pulsg of durationd on a spin at position
r is given by

¢(r) = vyig.r (1.28)
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The scalar product arises because only motion parallelgdalifection of the gradient
will cause a change in the phase of the spin. The equationgalseces the effects of dis-
placement during the gradient pulse and experimentalydabindition is approximated
by keepingd < A. If during the first gradient pulse, the spin that was at pasit,
and positionr; during the second then change in phase of this individudeanspin,

A¢ moving fromrq to ry is given by

Ap(r1 — ro) = 70g.(r1 — 1o) (1.29)

In the absence of diffusion, the phase differefegis zero since the two identical
gradient pulses exert an equal phase effect. This implaslie dephasing efficiency of
a gradient pulse depends on the type of nucleus, the strandttiuration of the gradient
pulse, and the displacement of the spin along the gradieattdhn [37]. The final
NMR signal attenuation resulting from molecular diffusionst include the cumulative
residual phase shift and the probability function derivexhf Fick’s 2*¢ Law which
describes the random diffusion process. A magnetizatitx iseiniquely described by

its direction and tightness, together known as the difiusvave vectox.

The coherence of the order p evolvesas(ipwot). The term coherence is a gen-
eralization of the idea of transverse magnetization. Gaiegs can be classified by
their coherence order p which can take the valuesl, +2.... Longitudinal magne-
tization has coherence order p = 0, whereas transverse tEgion has p =-1. A
/2 pulse acting on equilibrium longitudinal magnetizatextites p = +1 and -1 with
equal weights. Ar pulse inverts the sign of p. Detected signal is generateg lmnp
= -1, hence only one of the initially excited components p =aftl p = -1 gives rise
to a detectable signal [15, 38]. A gradient pulse labels mimes with a phase that
corresponds to the position and coherence order of theithdil/spins in the sample.
This phase label can be removed by another gradient pulsehvwausually referred to
as a refocusing gradient. The standard stimulated echo)(&iffitsion experiment is
shown in Figure 1.14. The sequence contains thégepulses, the echo after the third

RF pulse was named by Hahn as the “stimulated echo”. Thelsigeasity of the STE
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diffusion experiment with rectangular pulse gradientsiveg by

f@)I(hm/%eXp[(Q%z)——(%%)} (1.30)

It is clear that the effects of relaxation and diffusion candeparated in the sig-
nal decay in both the PFG experiments. The magnetic fieldrgete by the applied
gradient pulse varies across the sample, so that moleculese area of the sample
experience a magnetic field different to those in anothepregThe degree of atten-
uation is a function of the magnetic gradient pulse ampét(g) and occurs at a rate

proportional to the diffusion coefficient of the molecule.
I =Iyexp [-D (907)° (A — §/3)] (1.31)

Wherel is the observed intensity, is the reference intensitd is the diffusion coeffi-
cient, g is the amplitude of the applied gradienis the duration of the applied gradient
andA is the diffusion time. The molecular motion due to isotrogiffusion results in
an attenuation of the signal and it is this effect that is usadeasure diffusion coeffi-
cients that can be predicted by using the Bloch equatioris J3&® Bloch equations for

the decays of\/, and M, in the xy-plane of the rotating frame.

M, M, dM, M,
_ —— 1.32
dt T, dt T, (1.32)

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

be included

dM M

L — 24 DV*M, 1.33
o T2+ V*M,, ( )
dM, M, )

— Y DV2M 1.34
dt n+ VM, ( )

whereD is the diffusion constant, an®V?M = V - DV M is the net diffusion

influx which contributes to the time dependent quantity//dt. T, is the transverse
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(B)

Figure 1.13: Schematics of the pulsed gradient spin-ecBSHE experiment (A) A
Hahn spin-echo based PGSE sequence in which two equal gradises
of durationd and direction and magnituggare inserted into eachperiod.
(B) the selected coherence transfer pathway (C) time degreedof the
amplitude of the wave vectay.
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Figure 1.14: The pulsed field gradient stimulated echo (FH&) pulse sequence with
three90 ° pulses.r andr’ are the time delays between RF pulses.

relaxation time and
Mt =M, + iM, (1.35)

We can rewrite the previous equations in a concise form

dM+ M+
TP + DV*M™ (1.36)

M, and ), are the x and y components of the magnetization, respegtiVals equa-
tion applies for the case of a homogeneous magnetic fieldtedealong the z axis and
in the absence of radiofrequency pulses. In the presenceiohamogeneous magnetic
field

OM™(2,t) ~ M7*(21t)

ot T

82
—iyB(2)M™*(2,t) + D@Mﬂz, t) (1.37)

whereB(z) is the contribution to the magnetic field at position z dueh® gradient.
The first of the additional terms accounts for the changearLtirmor frequency due to

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

M* = U(z,t)exp(—iwgt — t/T5) (1.38)
aqjé? ) = —iyg2¥(z,t) + DV?U(z,t) (1.39)

The effect of diffusion on the amplitude of the helixt) is obtained by

U(z,t) = U(t)exp {—ifyz/o g(t')dt’} (1.40)
InV(t) =—-D [—i’yz/() q-(t )dt} (1.41)

where /
ot) = [ enar (1.42)

This is only an attenuation factor and for its observatibe,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 magaien vector along the z
axis of the laboratory system, is deflect#i} in to xy plane, and lies along the y axis
(Figure 1.15). As a result of of the inhomogeneity of Bgfield the individual nuclear
spins begin to fan out and the magnitude of transverse miagtieh decreases, some
nuclei with higher Larmor frequency are moving ahead whitese with lower Larmor
frequency lag behind. After a certain timea 180° pulse is applied so that all vectors
are turned around into the other side of the xy plane, andrasmprecessing about the
same z axis [40, 41]. Now because of “turning” the phasesiokspith higher Larmor
frequency now lag, whereas those with lower Larmor frequerov lead. After a time
27 all the spins become in-phase again. The resultant traseswesignetization can now
be detected in the receiver coil as a signal. This phenomenoalled spin-echo or

Hahn echo. The experiment is conveniently formulated adsemequence
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The intensity of the spin-echo depend on the transversgatita rate. The echo’s
shape is determined by the shape of the free induction dagag.cCarr and Purcell
simplified the spin-echo pulse sequence by usingpalse for refocusing and this has
now become the standard procedure. A train of echo may benebtdy repeating
7 pulses at appropriate intervals, to produce several echftesthe initialr /2 pulse.
Each newr pulse has the effect of reversing the dephasing that oatsimee the pre-
vious pulse. The loss of transverse magnetization duriagpériod 2 has been elimi-
nated by the refocusing process and the echo amplitudepsgional toexp(—27/T3).

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

a time constants.

z

90° pulse 180° pulse Spin echo

Figure 1.15: Schematics of spin-echo formation(#2), pulse rotates the magneti-
zation vectors to the +y axis. Representative fast (F) anwl 65) vectors
fan out in the xy plane. At time a (r), pulse rotates them in to mirror
positions. After time 2 free precession brings to focus along the -y axis.

1.5 The 2D DOSY Experiment

Diffusion-ordered spectroscopy (DOSY) seeks to separadNMR signals of differ-
ent species according to their diffusion coefficient. Itaséd on a pulsed field gradient
spin-echo NMR experiment in which components experienitesion and the signal of

each component decays exponentially according to selfsidh behavior of individual
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molecules [28]. DOSY is a powerful tool for the study of mis¢a analysis, separating
the signals in a conventional spectrum according to théugion coefficient. In this
two dimensional NMR technique, one dimension accounts dowentional chemical
shift information and the second dimension distinguishescies by diffusion coeffi-
cients. While the chemical shift information is obtainedfagt Fourier transformation
(FFT) of the time domain data, the diffusion information istained by an inverse
Laplace transformation (ILT) of the signal decay data [42y§(ire 1.16). Mixture anal-

ysis is based on diffusion differentiation according to:
E(q,vm) = Y Au(vim)exp[—Dug*(A — 6/3)] (1.43)

where A, (v,,) is the amplitude of the 1D-NMR spectrum of the nth diffusipgsies

having a diffusion coefficient ab,, [41].

Each frequency value in the PGSE NMR data set can be repeesignterms of a
sum of discrete exponentials witA gs the independent variable. The 1D data set with

peak attenuation is described by

E(q,vm) = /OOO g(D, vy)exp|—Dng* (A — 6/3)]dD (1.44)

whereg(D, v,,) represents a spectrum of diffusion coefficients for eacletsyp®, and
E(q,vy,) is the Laplace transform of thg D, v,,,). If g(D,v,,) is represented as a sum

of Dirac delta functions

9(D,vm) = Au(v)3(D — D) (1.45)

In the 2D DOSY experimerttH spectra with increasing diffusional attenuation are
recorded and diffusion coefficient for the resonances &atied from the signal decays.
Diffusion coefficients are correlated theoretically by Btekes-Einstein relation. The
Stokes-Einstein equation only holds for free diffusion. ®Ospectra also include ar-
tifacts generated by temperature fluctuation, convectaimwl, viscosity changes. The
accuracy of diffusion measurements can be improved by editing sources of error

such as eddy currents and convection currents caused hegradises.
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Figure 1.16: Schematic of FFT and ILT transformations. Ag tbp an FFT converts

the FID to a NMR spectrum with the line shapes. At the bottoendécay

curve contains two components of diffusion coefficients antplitudes
differing by a multiple of two. The dotted red curves in théwkion spec-
trum indicate broadening associated with errors.
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1.6 Diffusion Experimental Details

Most of the diffusion experiments in this thesis were parfed on a Bruker Avance-ll|
600 MHz spectrometer equipped with a 5-mm QXI probe and plufistd gradients.
Some of the experiments in Chapter 6 were performed on a Briwance-111 600
MHz spectrometer equipped with a 5-mm Diff30 diffusion pepbapable of generating
a maximum gradient strength of 1200 G/cm. All spectra wecegssed using Bruker
Topspin 2.1 software. All diffusion experiments were perfed at ambient temperature

to reduce the effects of convection currents.

2D DOSY Experimental Parameters: Unless otherwise stal2@OSY NMR spectra
were acquired using the stimulated echo bipolar gradielsemequence with an eddy
current delay [43]. The duration of the diffusion delay wapkas short as possible
to minimize signal loss due to relaxation. The experimeptahmeters included 16
gradient amplitude steps ranging from 2 to 95% (in equalsstdyradient squared)
using 32 transients, 16K complex data points, an eddy cudeday 5 ms and diffusion

time intervals between 100-200 ms. The gradient pulseshiigm 1-3 ms in duration.

The signal attenuation was fit to the previously describegskal-Tanner equation.
The proton DOSY data were obtained with a spectral windowd608Hz by coaddition
of 32 transients for the diffusion measurements, using @uiaition time of 0.772
s and a relaxation time of 1.5 s. The FIDs were apodized byiptigttion by an
exponential decay function equivalent to 1 Hz line broadgrand zero-filled prior
to Fourier transformation to form a 8K 1K data matrix. The standard 2D DOSY
processing protocol was applied in Topspin software withatithmic scaling in the
diffusion coefficient dimension. Numerical fitting was pmrhed using the freeware
Gnuplot. Errors of the diffusion coefficient were calcuthby multiplying the standard

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

1.7 Applications of PFG NMR

This thesis focuses on using diffusion NMR experiments solke the diffusion coef-

ficients of individual components of a mixture. Mixtures efjanic compounds can be
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assayed by NMR spectroscopy if distinguishable signals feach component can be
integrated separately. PFG techniques are widely used iR Npkctroscopy to obtain
DOSY spectra containing information about the translaiahffusion coefficients of
the diffusing molecules. DOSY is a versatile technique Wwiuan be used for mixture
analysis, without prior physical separation of the mixtcoenponents, wherein signals
from the components are ordered along a second dimensi@d lmesdifferences in
their diffusion coefficients. The DOSY experiment has lgditpotential to differen-
tiate between severely overlapped signals in a mixturechvhan lead to inaccurate
estimates of diffusion coefficients or ambiguities in idgcéation of the mixture com-
ponents. Several 3D DOSY experiments have been designeddhi@ve resolution
of overlaps by concatenating a diffusion pulse sequence eatnmon 2D pulse se-
qguences. Proton 3D DOSY experiments suffer from signallapewhile carbon 3D
DOSY experiments offer better resolution but suffer fronopsignal-to-noise ratios

and very long experimental times.

Diffusion NMR measurements are used in many different fietagying from the
medical sciences to material sciences [44, 45, 46, 26, 4724)8 Diffusion measure-
ments have been used to study surfactants due to theiriggynsd molecular organi-
zation and consequently for determining parameters sutheasritical micellar con-
centration [49]. PGSE NMR plays an important role in clarify the mechanism of
ionic liquids which have application to devices such asrsoddls, fuel cells, double
layer capacitors and batteries [50]. Pulsed-field grad#MR is used for the charac-
terization of ligand-protein interactions which is impant for the binding of a small
molecule to an enzyme or cell-surface receptor. NMR diffasneasurements have
also been applied to the study of the interaction betweeg and proteins and to study
drug delivery systems [51]. Diffusion ordered spectrogcispalso used in the analy-
sis of decontamination reaction products of chemical warégents especially for the

development of new generation decontamination agentg}5238, 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, 38, 54, 55, 56] and
range from the analysis of polymer blends [57], residuesi$igeNH rates and inter-
molecular interactions [58, 59], stacking and nanorod f&drom [60], molecular dif-
fusion in cells [61], compositional analysis of block copolers and host-guest com-
plexes [62, 63], DNA secondary structural elements [64] anagbping ligand-protein
interactions [65, 66, 67, 68].'H DOSY spectra of molecular mixtures suffer from
problems of severe signal overlap, because of the relgtivetrow range of proton
chemical shifts and hence a number of 3D DOSY techniques Ibese developed to
overcome this problem, wherein additional resolution isaoted by dispersing sig-
nals in the third dimension by appending a standard 2D pwgeence to a DOSY
experiment [69, 70, 71]. Yet another route to resolve specerlap is to perform
heteronuclear DOSY experiments using nuclei such as catBowhich have high
chemical shift dispersion [72, 73, 74, 75]. The experimangttis however a crucial
limitation in 3D heteronuclear DOSY schemes due to the requent of sampling in
the indirect frequency dimension, with only a few incrensestowed in the diffusion
dimension. The overlap of spectral peaks in multi-compomngrtures can severely
compromise the quantitative estimation of diffusion ca#fints of each component. A
number of sophisticated data analysis methods have bedvedvio circumvent this
problem which use multi-exponential or continuous disttidn fitting, which are suc-
cessful only to a limited extent [76, 77, 41, 78]. Recentgnstivity-enhanced BEST-
HMQC methods [79, 80, 81] and SOFAST-HMQC methods [82, 83,884 were de-
scribed that achieve a substantial improvement in reswwitnd can be used to record

two-dimensional heteronuclear correlation spectra offailecules in very short times



ranging from a few minutes to only a few seconds. The BEST tyipexperiments
benefit from longitudinal relaxation enhancement by usimgped RF pulses while the

SOFAST type of sequences have the added advantage of usisgdfigle excitation.

The standard HMQC experiment provides correlation betwaetons and scalar
coupled heteronuclei through the creation of heteronuctestiple-quantum (MQ) co-
herence. The HMQC is one example of the aptly named inveesgrggcopy schemes,
wherein the excited and the observed nucleus are the sam#harnkteronucleus is
detected indirectly via evolution during an incrementelhgel he advantage of the in-
verse spectroscopy is that the nucleus with the highestletected, and so it is possible
to obtain good sensitivity. The pulse sequence for the FAMQC scheme is shown
in Figure 2.3. The sequence is analyzed here for a coupldebicaproton pair, with
the carbon-13 labeled as spin 1 and proton labeled as spine2bdsic idea behind the
HMQC experiment is related to the echo difference techniguech is used to elim-
inate protons signals not coupled to the heteronuclei. Aoprpulse is followed by
a delayr = 1/2Jvy. As a result, the proton magnetization is converted intgphase
(21,,12.) magnetization. A0° pulse applied to the X nuclei converts this antiphase
term into a combination of zero and double quantum coher@higgl,,). The proton
chemical shift and heteronuclear coupling are refocusedssinyg al80° pulse at mid-
evolution time. In the absence of th&0° proton pulse in the center of period, the
I, I, term would have evolved with the suf}y(+ 2;) and difference@, — €,) fre-
guencies of the two spins. The [&)F heteronuclei pulse returns the multiple quantum
coherence to observable antiphase proton magnetizatimsdcond delay converts
the antiphase term into an in-phase term. The linewidth e@mRhdimension of an
HMQC spectrum is determined by the relaxation rate consiiathie heteronuclear MQ

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

lows:
(A s B) ]12 (900)111' _ ]1y 2Jxmliz12 2]1$IQZ

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

ond90° pulse is applied to carbon-13 only.
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(90°) 124

2[1:13[2y _— _2]1m[2y

This anti-phase magnetization is converted in to multgpl@ntum coherence by the

90° pulse and evolves chemical shift durifig

(B — C) - 2]1$IQZ % _COSQQtl 2]196]23/ + siantl 2]196]23/

The second0° heteronuclei pulse with the receiver phase provides chaticel of the

unwanted proton not coupled to th&C nuclei.

(C — D) — COSQQtl 2[1:13[23/ % — COSQQtl 2]11122

This term then evolves under the coupling

(180°)Jxmg T Iiz12z, T=1/2Jx 1

— COSQ2t1 2]11122 — COSQQtl 2]1y

This chapter focuses on exploiting the sensitivity-enlednBEST-HMQC tech-
nique to achieve resolution of overlaps in a novel 3D hetectwar'*C' — ' i diffu-
sion ordered experiment with good sensitivity and a sulbisiareduction in experiment
time. The method is demonstrated on a mixture of moleculéls gimilar transla-
tional diffusion coefficients, a mixture of amino acids whgre also very close in their
molecular weights and hence their diffusion coefficients] a mixture of commercial
gasoline. The main advantage in using a BEST-HMQC instedigdec$tandard HMQC
in a 3D DOSY scheme is the significant reduction in experimleime without a cor-
responding loss of sensitivity (we found that typical 3D BH30SY experiments are
around four times faster than standard 3D HMQC-DOSY expanmis). Several PFG
sequences have been proposed to overcome problems oftssygmession and ther-
mal convection in proteins [86, 87]. We also used band-se&pulses in the diffusion
sequence in conjunction with water suppression, and imgteed a selective analog of

the BEST-DOSY experiment to obtain the diffusion coeffitieha 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 withadher purification.
The mixture of geraniol (2@l), camphene (10 mg) and quinine (15 mg) in deuterated
methanol is referred to as Mixture 1, the model mixture ofreoracids L-Tryptophan

(8 mg), DL-Valine (15 mg), and L-Phenylalanine (10 mg) isis referred to as Mix-
ture 2 and the complex mixture of commercial gasoline (100 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 deedrn Chapter 1. The gradient
pulses ranged from 1-3 ms in duration. The gradient fielchgtiewas varied between 2
and 34.5 Gecm'. The DOSY data were obtained with a spectral window of 800@yHz
Co-addition of 32 transients for the diffusion measurememsing an acquisition time
of 0.772 s and a relaxation time of 1.5 s. The FIDs were werdiapd by multiplication

by an exponential decay function equivalent to 1-Hz lineadiening 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 88,0 in D,O (doped water),
in order to avoid radiation damping effects [88]. The apptudiffusion coefficient
(D.,p) was measured using the standard diffusion pulse sequ&heeralue of gradient

strengthy is calculated from the equation

D

Dknown

app

X Gknown (2 . 1)

Inew =

where ginown and Dy, are the known values fay at the center of the coil and
the diffusion coefficient of water within the doped sampékspectively. The standard
diffusion coefficient value of KO is2.031 x 10~ m?/s measured at room temperature

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

3D BEST-DOSY SequenceThe 3D BEST-DOSY pulse sequence (Figure 2.1) con-
catenates a BEST-HMQC experiment with a stimulated-ectiesitbn sequence (STE-
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Figure 2.1: Pulse sequence for the 3D BEST-DOSY experimentenotes the mag-
netization transfer delay/2.J-y in the BEST-HMQC sequence and. is
the recycle delay between scans. The délagccounts for spin evolution
during the band-selective pulse and is adjusted to yielé phase spectra
in the 'H dimension. The unfilled shaped pulses denote the bandtisele
pulses that were used for proton excitation in the desirgidne Refocusing
of the protons in the; evolution period is achieved by the band-selective
pulse denoted by the filled shapa. denotes the diffusion interval and the
(G gradients are used for dephasing/rephasing magnetiziirong the dif-
fusion interval. The gradient pulse lengths are denoted agdr, is the
gradient recovery delay:>C decoupling during acquisition was achieved
using an adiabatic decoupling sequence. For phase senddtection the
phase of the second proton pulse is incremented accordititetStates-
TPPI method. If no phase cycling is indicated, pulses wepiegh along
the z-axis.
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Figure 2.2: 2D'H DOSY NMR spectra of (A) Mixture 1 (geraniol, camphene, and
quinine) and (B) Mixture 2 (L-phenylalanine, DL-valine aindryptophan).
Proton chemical shifts (ppm) are indicated along ithaxis and diffusion
units (log (D/m?s~!)) on they axis.

DOSY) yielding a 3D data matrix. Thiéd band-selective excitation pulses used for the
different samples were either of a polychromatic PC9 [8%,&aussian excitation [2]
or Seduce shape [90] with the excitation angle set fo Band-selectivéH refocusing

is achieved using an RSNOB refocusing pulse in the middlaef;tevolution period.
The transfer delay is set tol/(2Jcy). The gradient ratiogs; : Go in the BEST
sequence are set td : 7% of the maximum gradient field strength\ denotes the
diffusion interval and= is the diffusion encoding/decoding gradient. Gradienspul
durations varied between 1.0 and 2.0 ms and the relaxatilay detween scans was
set to 200-500 ms. The BEST sequence excited only a selag@xhrof protons using

a band-selective pulse centered in the middle of the deségidn. The spectra were
zero-filled to 8192 points in thig dimension and 2048 points in thedimension. After

a 2D Fourier transform using the States-TPPI method, the\XD@d@ension was recon-
structed on a logarithmic scale and the peaks were repessanthe diffusion constant
dimension on a grid of 32 data points. The HMQC subspectra wbktained by aver-
aging slices centered at the respective diffusion coeffisieDiffusion constants were
obtained by using a monoexponential fit to three resonamceadh subspectrum and
taking the average. Broadband adiabat decoupling was achieved with a smoothed

1.5 ms chirp pulse Crp60,0.5,20.1 for inversion and a ddooggupercycle given in
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the Bruker library: P5m4sp180. The number of diffusion efieg steps in all the 3D
BEST-DOSY experiments is 16, and 16 scans were recordedji@dgent pulse length
0 = 2 ms and a gradient recovery time of 208 Band-selective refocusing RSNOB
pulse shapes [3] were used for refocusing in the BEST patieséquence for all the
mixtures. Band-selective pulses of Gaussian cascade (@pesvere used for Mix-
ture 1 and Mixture 2, respectively while band-selectivespudf Seduce shape was used
for Mixture 3. Diffusion () interval times o#43 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 heteronuclearsigih experiment by con-
catenating a BEST-HMQC scheme with a STE-DOSY sequencei@ig.1). A sub-
stantial speedup in data acquisition and high sensitivigythe hallmarks of this 3D
heteronuclear diffusion experiment, and are achieved thyaiag the recycle delay be-
tween scans. The STE pulse sequence retains the magmetiakaing the:-axis during
the diffusion interval, thereby minimizing losses due tetfeelaxation of transverse

magnetization.

The 1D'H spectra of the mixture of quinine, camphene and geranioiéthanol-
d4, (Mixture 1), and the mixture of amino acids L-phenylaten DL-valine and L-
tryptophan (Mixture 2) are shown in Figure 2.4. The specfrthe mixtures show
considerable overlap in resonances. The standard 2D DO&dramof Mixture 1 and
Mixture 2 are shown in Figure 2.2, which show a set of overiagpeaks. While it is
clear from the DOSY spectrum of Mixture 1 (Figure 2.2(a))tttmere are at least three
components in this mixture, a closer inspection and corapanvith the'H spectrum of
Figure 2.4(a) reveals overlaps between quinine and gdr@amidetween camphene and
geraniol along the DOSY dimension, which would lead to inmacies in the estimation
of their respective diffusion coefficients. While the salvg@eak in the amino acid
mixture (Figure 2.2(b)) is separated along the diffusiomehsion, none of the three
amino acids could be resolved along the DOSY dimension. & besrlaps could not

be separated with the processing methods available witBgiopsoftware, leading to
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Figure 2.3: The pulse sequence for the 2D HMQC experiment filled rectangles
represend0° and180° pulses. Phase of tH#)° pulses on*C and the re-
ceiver arep, (X, -X, X, -X), ¢2(X, X, =X, -X), andgp,(X, -X, -X, X), respectively.
Points (A-D) describe magnetization at each point in theg@skquence.

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

accurate diffusion coefficients for each of the individuatnponents of these mixtures.

The BEST/SOFAST-HMQC sequence is a fast-pulsing technicherein reduced
acquisition times are achieved by Ernst-angle excitatsomaller number of rf pulses
and longitudinal relaxation optimization [82]. The spimtsis of all other unexcited
protons that are not directly involved in the coherencesi@npathways remain un-
perturbed leading to efficiency of spin-lattice relaxatamd hence reduced relaxation
delays between experimental scans. The Ernst angle isplanfile for a particular spin
that gives the maximal signal in the least amount of time,wignal averaging over
many transients. If only one pulse were applied, the bestrax@gnt would use a 90
pulse, which would achieve a maximum transferahagnetization to the, y plane.
During the relaxation delay between pulses (to accountdoovery of magnetization
to equilibrium), the relation between the pulse anglend the ratid /7'1 becomes im-
portant. The induced transverse magnetization along/taeis is equal tal/; sin a.

Concomittantly, the-magnetization is reduced to a valueMf — M, cos o. For small
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Figure 2.4: The 1DH spectra of (A) Mixture 1 with its individual components afie
nine, camphene and geraniol. and (B) Mixture 2 and its ildial amino
acid components L-phenylalanine, DL-valine and L-tryptap. Sixteen
scans were collected with 8192 complex points for each sc@pectra
were apodized with a 1 Hz exponential line-broadening fionctaseline-
corrected and zero-filled to minimize digitization errofde vertical scal-
ing factor has been adjusted so that the noise level in attspis the same.
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flip angles of the pulsen(< 30° —50°), sin o > 1 - cos o and the detected signal is larger
than the loss of longitudinal magnetization. For the optipuidse angle (Ernst angle),
cosa = exp (—t/17). The BEST-HMQC abbreviates Band-selective ExcitationrBho
Transient HMQC. The BEST experiments are optimized for matiperturbation of
aliphatic and water protons. This is realized by applyinglesively band-selective
pulses, PC9 [89], E-BURP2, and RE-BURP and pairs of broadibaersion pulses on
the proton channel. The large amount of aliphatic and watetop spin polarization
at the end of the BEST pulse sequence then enhances lomgitueliaxation of amide

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

The standard HMQC pulse sequence using gradients and th&E3-BIMQC se-
guence are implemented on quinine in methanol-d4 and cadparFigure 2.5(a) and
(b), respectively. The standard HMQC spectra of all the amed are shown in Fig-
ure 2.6. The'H excitation pulse is applied using a Gaussian cascade (Xg&pton
shape [2]. Band-selectivid refocusing is realized using an RSNOB pulse [3]. The
pulses are centered at 3.0 ppm and cover a bandwidth of 375h&é183901 Hz cor-
responding to pulse lengths of 2 ms and 1.2 ms respectialyhé Q5 and RSNOB
shapes at 600 MHz. The transfer delay is setA@.Joy ) with J-5=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 &2 experiments were
calculated using the SINO command in Topspin. The S/N ratidHe peaks at 2.33
ppm/40.2 ppm, 2.68 ppm/56.2 ppm and 3.10 ppm/60.4 ppm i¥594821 and 107.46,
respectively in the standard HMQC experiment. The S/N rmiahe peaks at 2.33
ppm/40.2 ppm, 2.68 ppm/56.2 ppm and 3.10 ppm/60.4 ppm i8652%5.29 and 166.52,
respectively in the BEST-HMQC experiment. The BEST-HMQ@a&pum shows a
gain in signal to noise ratio as compared to the standard HM@ECtrum for quinine,
all other experimental parameters including the decogpsequence being kept the

same.

For both 2D experiments, 256 increments of 2K data points and 16 scans were
recorded, with relaxation times df = 1 s and200 ms for the standard HMQC and
BEST experiments, respectively. Phase cycling followedStates-TPPI method and

processing consisted of apodization using a squared coelhéollowed by zero-filling
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Figure 2.5: Comparison of 2BH-'3C spectra of quinine in deuterated methanol

recorded at 600 MHz using (A) standard HMQC pulse sequentegra-
dients and (B) BEST-HMQC pulse sequendéd excitation and refocus-
ing covering the frequency range from 1.78 ppm to 4.0 ppm éenBEST-
HMQC experiment was achieved using a Gaussian cascade (Qia-e
tion [2] pulse of 2 ms and an RSNOB pulse [3] of 1.2 ms, respelsti The
flip angle of the excitation pulse was setat. The selective pulses were
centered at 3.0 ppm and had a bandwidth of 3756 Hz and 390kb{zec-
tively. The relaxation delay in the BEST-HMQC experimensvgat at 200
ms and at 1 s in the HMQC experimentC decoupling during, was re-
alized for the standard HMQC and for the BEST-HMQC using aalzatic
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)

PC 68.38 (2.39 ppm) 33.24 (2.19 ppm)  25.44 (1.6 ppm)
117.0 (2.67 ppm)  48.3 (3.05ppm) 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 HMQCeexpent and for the
BEST experiment using different shaped pulses for the ttifgerent mix-
tures. The chemical shift in ppm of each peak is given in betck

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 ltavried out a com-
prehensive analysis of the S/N ratios for all the three Mis$u The data is collated in

Table 2.1.

The S/N ratios for different signals in each BEST spectrumewemputed and
compared with the S/N of the same signal in the standard HMg#erenent. The
BEST experiment was repeated for three different pulseeshag polychromatic PC9
excitation [89], a Gaussian (Q5) wideband excitation cdsdd] and a broadband Se-
duce excitation shape [90]. In general we found that alldlstleapes gave good results.
The band-selective pulses of the different shapes coresidae centered at 3.0 ppm,
3.0 ppm and 4.0 ppm corresponding to a pulse length of 2.0 nidifdure 1, Mixture 2
and Mixture 3, respectively. Phase cycling followed thet&tal PPl method and pro-
cessing consisted of apodization using a squared cosihefdiklwed by zero-filling

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

A diffusion coefficient is computed for each correlation het3D BEST-DOSY
experiment by varying the gradient strengths in a numberxpeements, concate-
nated into a single 3D experiment. Identical diffusion éicefnts are identified as
belonging to the same individual component and the BEST-lIMsQrrelations be-
come “diffusion-tagged”. Figures 2.7 and 2.8 show the 2Dspebtra extracted from
the 3D BEST-HMQC DOSY experiments on Mixture 1 and Mixturd-8r both exper-
iments, three slices from the transformed 3D DOSY spectakown at the diffusion

coefficients corresponding to the individual componentssite spectral crowding and
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Figure 2.6: 2D'H-13C HMQC spectra of (A) mixture of quinine, camphene and geran-
iol in deuterated methanol (B) mixture of L-tryptophan, hemylalanine
and DL-valine in BO. (C) commercial gasoline in deuterated methanol.
The relaxation delay in the HMQC experiment was set at 1 dtiregun an
experimental of 1 hour 10 sec.
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similarity of diffusion coefficients, the resolution in tlEOSY dimension is sufficient
to clearly separate the individual diffusing componentse Tesults of the 3D heteronu-
clear DOSY experiments are displayed as a series of proj@@espectra which are the
integrals between given diffusion limits of the 3D spectrwith axes @y, we, D). At
higher gradient strengths, faster diffusing componergssappressed and each spec-

trum is simplified. Figures 2.7(a), (b) and (c) show projas of the BEST-HMQC
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Figure 2.7: BEST-HMQC planes extracted from the 3D BEST-@3periment for
each subspectrum in Mixture 1. BEST-HMQC subspectra of @aagiol,
(B) quinine and (C) camphene extracted from the respecbve®eriments
for diffusion coefficient ranges @0 —10.0 x 107 m?/s,6.2 — 7.2 x 10~1°
m?/s and12.2 — 13.2 x 1071 m?/s, respectively.

subspectra from the 3D BEST-DOSY experiment on Mixture tesponding to geran-
iol, quinine and camphene respectively ontothe— we plane. The diffusion coeffi-

cientsD computed from the 2D subspectra turn out t@tex 1019 m?s—, 6.4 x 10~1°
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m?s~!, and12.2 x 107! m?s~! for geraniol, quinine and camphene, respectively. The

relaxation delay was set 890 ms and the experimental time was around 2 hours. This

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

HMQC-DOSY experiment on the same mixture [72] and used &déafserimental time

of 17 hours for a total of 5 diffusion points. Figures 2.8(&),and (c) show projections
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Figure 2.8: BEST-HMQC planes extracted from the 3D BEST-DQ@Speriment for
each subspectrum in Mixture 2.
tryptophan (B) L-phenylalanine and (C) DL-valine extratfeom the re-
spective 3D experiments for diffusion coefficient ranges.nf-2.5 x 1019
m?/s,5.0 — 6.0 x 107 m%*/s and6.0 — 7.0 x 1071° m?/s, respectively.

BEST-HMQC subspectra of (A) L

of the BEST-HMQC subspectra from the 3D BEST-DOSY experinmenMixture 2

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

fusion coefficientd) computed from the 2D subspectra turn out td 5e< 10719 m?s!,

5.2 x 10719 m?s7!, and6.2 x 1071 m?s~! for phenylalanine, tryptophan and valine,
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respectively. The relaxation delay was sett® ms for a total experiment time of 4

hours.

In both Figures 2.7 and 2.8, almost complete resolution efdiffusion encoded
spectrum is obtained and each subspectrum contains sigmigl$rom the particular
individual mixture component. A good match was observedvbeh the peaks in the
2D slice through the diffusion domain of the 3D BEST-DOSY cipgm and the 2D
BEST-HMQC spectrum of the individual mixture componentsotder to reduce con-
vection due to possible sample heating during the 3D exmisy a “cool” adiabatic
decoupling sequence using smoothed chirp inversion pwassused during acquisi-
tion. Using adiabati¢*C decoupling enables lower powers than standard decoupling

sequences such as GARP and hence less heating over a brpacteslsvidth.

In order to demonstrate the efficacy of the BEST-DOSY teammon a “real” com-
plex mixture, we performed the experiment on a sample of cemial gasoline. The
components of gasoline can be separated into paraffinsh®lefaphthenes and aro-

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

The 1D proton spectrum of gasoline is shown in Figure 2.9(&ke spectrum can
be subdivided into aromatic (6.7 ppm to 8.0 ppm), olefini® (@m to 6.0 ppm) and
aliphatic (0.5 ppm to 3.3 ppm) chemical shift regions. FeggAr9(b) shows the proton
DOSY spectrum recorded on gasoline, showing consideral@ddap in the diffusion
coefficients. Figures 2.9(c), (d) and (e) show projectiditte BEST-HMQC subspec-
tra from the 3D BEST-DOSY experiment on Mixture 3 corresgngdo aromatics,
olefins and aliphatics, respectively. The diffusion coedfits D computed from the 2D
BEST-HMQC subspectra for commercial gasoline turn out t8.8e< 1071 m?s~, 5.1
x1071 m? s71, and 8.9x107'° m?s~! for aromatics, olefins and aliphatics, respec-
tively. The relaxation delay was set200 ms for a total experiment time of 2 hours.
The different regions are well separated in Figure 2.9 afingrto differences in their
diffusion coefficients, indicating that the 3D BEST-DOSYpeximent could be of use
for high-throughput purposes and in developing qualitytadrNMR based protocols

for commercial gasoline.
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Figure 2.9: (A) The 1DH spectrum of Mixture 3 (commercial gasoline) and (B) 2D
DOSY NMR spectrum with proton chemical shifts (ppm) indezhalong
thex axis and diffusion unitglog (D/m?s™')) on they axis. BEST-HMQC
planes extracted from the 3D BEST-DOSY experiment for eadhivid-
ual component in Mixture 3 of commercial gasoline are shaw(Q), (D)
and (E). BEST-HMQC subspectra of (C) Aromatics (D) Olefingl &g)
Aliphatics extracted from the respective 3D experimentsdiffiusion co-
efficient ranges 08.0 — 4.0 x 107 m?/s, 4.5 — 5.5 x 107! m%*/s and

8.0 — 9.0 x 1071% m%/s, respectively.
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Molecule D (from2Din10"* m?’s™Y) D (from 3D in107 1" m?*s™1)

Geraniol 9.2+0.5 9.0+04
Quinine 6.6 £0.3 6.4+0.3
Camphene 1254+ 0.5 1224 0.5
Tryptophan 1.7+ 0.5 1.5+ 0.5
Phenylalanine 5.24+0.3 52403
DL-Valine 6.0+04 6.2+0.3
Gasoline (Aromatic) - 3.3+0.1
Gasoline (Olefin) — 51+0.1
Gasoline (Aliphatic) - 8.9+0.1

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

Average diffusion coefficients determined for the indivalcomponents of Mix-
ture 1, Mixture 2 and Mixture 3 determined by analysis of eént signals in the
mixtures for the 2D DOSY and the 3D BEST-HMQC experiments @ven in Ta-
ble 2.2. The Stejskal-Tanner equation was fit to each datasseg a nonlinear least
squares algorithm as described in Chapter 1. The seconthnadluTable 2.2 has dif-
fusion coefficient values/§ in m?s~!) measured by performing a separate 2D DOSY
experiment on each individual component of both Mixture d Btixture 2. Since we
did not physically separate the components of Mixture 3,2BeDOSY experiment
on each individual component was not performed on Mixtur@ Be third column in
Table 2.2 has) values computed for each individual component by extrgats 2D
subspectrum from the 3D BEST-DOSY experiment. In genenaletis a good agree-
ment between th® values of components measured separately and obtainedHeom
3D BEST-DOSY experiment on the corresponding mixture. Rege double echo
PGSTE-WATERGATE sequence was developed that providesection compensa-
tion and good solvent suppression for diffusion experiment biomolecules [86, 87].
The implementation of this pulse sequence on a small proteazyme 0% H,O and
10% D,O at a concentration of 2mM) is shown in Figure 2.10(a). Weehdasigned
a selective analog of the PGSTE-WATERGATE diffusion segedhat provides good
convection compensation and solvent suppression, whitstieg only a desired spec-
tral region. The 90preparation hard pulse in the diffusion part of the pulseisage is
replaced with a band-selective Gaussian cascade (Q5)&pajse [2] centered at 2.5
ppm that excites resonances in the 1.0 to 4.0 ppm region. &siseFigure 2.10(b),
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Figure 2.10: 600 MHZH spectra of protein lysozyme in water (10:99@H,0) ac-
quired at ambient temperature and a low gradient streng) (tsing
(A) standard WATERGATE DOSY sequence and (B) Selective DG&Y
guence with water suppression and a Gaussian cascade (Qfjtiex
pulse centered at 2.5 ppm. The number of scans A32; 100 ms and
0 =4 ms. The inter-pulse delay in the binomial pulses was set @q.85
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Figure 2.11: The diffusion plot of lysozyme in water (10:99H,0). The log of
the normalized intensity is plotted with increasing gradiigtrength. The
data was fitted to the Stejskal-Tanner equation. The ddfusbefficient
is computed to b&.002 + 0.012 x 1071 m?/s.

aliphatic proton peaks in this region are excited, with alyagood solvent suppres-
sion. The 2D selective DOSY sequence with water suppres&siconcatenated with
a BEST-HMQC sequence in a 3D DOSY fashion and applied on seziyme sample.
The fit of the Stejskal-Tanner equation and the computatidheodiffusion coefficient
is shown in Figure 2.11. The diffusion coefficient of lysoz/ms determined to be
1.002 + 0.012 x 1071 m?/s. As seen from the data in Figure 2.11, there is a fair
amount of scatter and the 3D sequence on the protein (urdikihé small molecules
described previously) did not yield accurate values of tifiiugion coefficient. The
2D BEST-HMQC spectrum of lysozyme protein is shown for corgman in Figure 12,
with excitation in the range 0-2 ppm. The 3D selective-DOXpeziment needs to
be refined in order to work well for protein samples, howewerinethod offers fairly
good sensitivity and once optimized, would find useful aggilon in obtaining accurate

diffusion coefficients of proteins and macromolecular cteres.
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Figure 2.12: (A) 2D BEST-HMQC spectrum of lysozyme in waessorded at 600MHz
(10:90 D,0/H,0). 'H 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 afS&OB
pulse of 1.0 ms, respectively. The relaxation delay wastsEi@ms with
number of scan = 32.

2.4 Conclusions

A novel diffusion-edited 3D NMR experiment that incorp@sta BEST-HMQC pulse
sequence in its implementation is presented. Heteronug8l@dDOSY NMR experi-

ments are useful in elucidating the diffusion coefficiertsndividual constituents of

a mixture, especially in cases where the proton NMR 2D DOStsp show consid-
erable overlap. The present 3D BEST-DOSY pulse sequensgédpga more sensi-
tive and less time-consuming alternative to standard 3D KIMODSY experiments.

Cleanly separated subspectra of individual mixture coreptsare obtained, leading
to the determination of diffusion coefficients with bettecaracy. The feasibility of the
technique is demonstrated on a mixture of amino acids, oxaungiof small molecules
with similar diffusion coefficients, and on a complex mixdwrith large dynamic range
(commercial gasoline). An efficient and “cold” heteronaelelecoupling scheme is
used which avoids problems in quantitative analysis otiditin due to slow convection

currents arising in the sample. The implications of usinglaatic decoupling schemes
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and band-selective shaped pulses for selective BEST-DO®¥rienents on proteins
were also discussed in this chapter. The model mixturesingéds work form a good
testbed to check the accuracy of the experimental methag®ped. Such experiments
would be useful in structure elucidation studies of mixsyn@ 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 sugbeste@ercome the limita-
tion of long experimental times, such as internally encdd@€20SY) schemes [69, 70,
71, 93], spectral aliasing in the indirect dimension [74id &dadamard-encoded diffu-
sion measurements [94, 33]. In I-DOSY experiments, theiglifih encoding gradients
are intertwined with the main 2D correlation pulse sequeteaading to a substantial
reduction in experimental time. While I-DOSY schemes hdneddvantage of taking
less time, they have the limitation that the diffusion-etiog gradient pulses need to
be fitted into the polarization transfer intervals. Thishe teason why heteronuclear
[-DOSY schemes like the HMQC-IDOSY sequence have hithegenkimplemented
on systems which have small H-X scalar couplings [73]. Sthee2D heteronuclear
multiple bond correlation (HMBC) pulse sequence [95, 96,98 99, 100] correlates
long-rangée H-13C scalar couplings and uses small (approximately 6-8 Hzploogs, it

is a good candidate for incorporation into an I-DOSY expenin However, the HMBC
experiment is also the least sensitive of the 2D heteroauctarelation schemes, which

is a major stumbling block in using itin a 3D DOSY pulse sedq&n

This chapter describes a novel 3D I-DOSY experiment that awe tdesigned,
which allows diffusion weighting to be folded into an HMBCggeence. The pulse se-
guence utilizes a recent innovation in the HMBC family of exments [101, 102, 103]
wherein a cross-polarization acceleration by sharingcatjgpolarization (ASAP) mix-
ing period [104] transfers polarization of nearby spins antdances sensitivity by us-

ing short recovery times. This work combines the advanta§ssiperb resolution of



heteronucleat*C DOSY experiments with the time advantage of I-DOSY pulse se
guences using a sensitivity-enhanced HMBC-type pulseesergu We have given this
pulse sequence the acronym COMPACT-IDOSYoés polarizatioroptimized multi-
site polarizedacceleratedime IDOSY). The 3D COMPACT-IDOSY sequence is ex-
perimentally tested on a mixture of flavonoids rutin and gagn which have similar
diffusion coefficients and show overlaps in their 1D and 2D RiBpectra. The diffu-
sion coefficient values obtained from the 3D COMPACT-IDOS(pe&iment are com-
pared with fits obtained from 2D DOSY experiments on eachviddal component of
the mixture. The proposed experimental scheme is easiljeimgnted with existing
spectrometer software and achieves significant reduatierperimental time and con-
comitantly in sensitivity gain and resolution of signal de@. This extends the scope
of its application to a wider range of complex mixtures, figebinding studies and drug

development protocols.

3.2 HMBC and Variants

The HMBC experiment detects chemical shift (usuafig-'H) correlations for long-
range couplings of about two or three bonds by using an iewtection [105]. Single-
bond coupling constants tend to lie in a narrow range whildtipie-bond coupling
constants lie in a wider range and cannot measured in a SH§@C or HMQC ex-
periment. The basic 2D HMBC pulse sequence is closely eblatéhe HMQC pulse
sequence and contains a specific delay time between pulsasallows detection only
of a range around a specific coupling constant (Figure 31IHNBC, this difficulty is
overcome by reducing these delays from an HMQC sequenciasditect one-bond
cross-peaks are suppressed and leaving only cross peakexeigbrotons and carbons
that are two or three bonds apart. The HMBC pulse sequenca K43 90 ° pulse
which occurs 1/(2Jx ) after the first'H 90° pulse and serves as a low-pass J-filter
to suppress one-bond correlations in the 2D spectrum. AfeeintervalA, the sec-
ond!3C 90 ° pulse creates the desired heteronuclear multiple quantherence fotH
J-coupled to a*C two or three bonds followed by the evolution time A 'H 180°

pulsed placed aftef 2 removes the effect dH chemical shift from the,tmodulation
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Figure 3.1: The basic sequence for long range C-H correlapectroscopy (HMBC).
The value ofr = 1/2"Jxy.

frequency. The finaPC 90° pulse occurs after the evolution period followed by the de-
tection period4. The signal detected duringis phase modulated by the homonuclear
'H J-couplings. The 2D spectrum is generated by a Fourier toamsfvith respect to

t; and t. HMBC and its variants are some of the most powerful 2D NMRegxpents
for structure determination of small and medium size mdiecat natural abundance

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

3.2.1 ge-2D HMBC Experiments

The ge-2D HMBC experiment is the gradient-enhanced versfaifie conventional
2D HMBC experiment in which coherence selection is gainedisiyng pulsed field
gradients (Figure 3.2). Gradient versions are preferretth@gs give clean results in a
single scan per increment without need for phase cycling (when sample aunagon
is high). Other advantages are the improved water and artefgpression, allowing

for maximum gain.
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Figure 3.2: (A) ge-2DHMBC spectrum using sensitivity enteth scheme, recorded
at 600 MHz on a sample of rutin trinydrate dissolved in DMS©-O'he
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 thid signals to be observed appear
as sharp lines. If the proton signal has broad lines due topticated splitting, the
corresponding HMBC spectrum suffers from a considerabbesdese of the sensitivity.
Due to this problem the detection of cross peaks becomesdudiffi The decoupled
HMBC (D-HMBC) reduces such problems and gives a spectrurn iviproved signal

to noise ratio [106].

3.2.3 HAT HMBC

The HMBC experiment yields long range correlation betwéenproton and carbon or
heteroatoms separated by two or three bonds but occasiaisdl over four or more
rarely even five bonds. A HAT HMBC spectrum shows predomilyamto-bond corre-
lations [107].

3.2.4 Constant Time HMBC (CT-HMBC)

The 'H-'H homonuclear spin coupling plays an important role and iesnactive
throughout the HMBC pulse sequence for detectioi*6f'H couplings with high sen-
sitivity. One problem of HMBC is that J modulation due'td-'H coupling during the
t, evolution period causes line broadening of tH@ signals in the Fdimension. This
undesirable effect sometimes results in difficulty in amaly *C-'H cross peaks of
complicated molecules with poorly separated carbon ssgmalorder to overcome this
problem, a new technique CT-HMBC has been developed [10B¢ plulse sequence
of CT-HMBC is analogous to HMBC, except for the introductioha constant time
evolution period [(\s- t;/2) + t;/2] before and after th&S0° pulse. The aim of incorpo-
rating the constant time period is to keep unchanged theteffe H-'H J-modulation
and furthermore, the splitting of the cross peaksidy'H coupling in the f dimension

is also suppressed.
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3.2.5 Clean HMBC

Clean HMBC (Figure 3.3) is used for suppression of strongpting induced artifacts
in HMBC spectra [95]. Artifact suppression is extremely on@ant in HMBC spectra
as key peaks can be of very low intensity. Low pass J filtere lmen designed to
suppress unwanted one-bond correlations. Clean HMBC ges\good suppression of

undesired one bond correlation peaks which is achievedievease of strong coupling.

(A) -
n -_ 50
| |‘I ! =
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; =
: S - 100 &
.« i 3
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Figure 3.3: (A) 2D Clean HMBC spectrum recorded with 256 tréments. The num-
ber of complex points in the acquisition dimension was 10@4relaxation
delay was 1 s}Jqpy transfer delayd= 62 ms, and the range for the overall
3rd order low pass J filter delay settings was 125 Hzg< 175 Hz. The
data matrices cover 2K2K in F;, and k dimensions.

3.2.6 IMPACT-HMBC

The IMPACT-HMBC (improved and accelerated constant-tireeetonuclear multiple-
bond correlation) is a variation of 2D HMBC pulse sequendgufe 3.4) [109]. By

using this technique it is possible to obtain a high qualbysbectrum with less arti-
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facts, enhanced sensitivity in lesser time. The pulse segeas a three fold low pass
J filter for a better suppression &¥-;; with constant time interval to improve signal

shape and uses the ASAP method for quick recovery delay.
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Figure 3.4: (A) Two-dimensional HMBC spectrum of rutin tdrate recorded at 600
MHz with the IMPACT-HMBC sequence. The spectrum was reconge
ing 128 increments and a recovery delay of 0.5 s. Ernst anglE0° was
used. The Ernst angle was calibrated with a one-dimensuansion of the
pulse sequence. The measurement duration of the expenvasrz7 min.

3.3 3D HMBC-DOSY NMR

For structural studies of small and medium size of molecyl&IBR spectroscopy, it
is very important to detect théC-'H long-range correlations. For getting good HMBC
spectra, itis important to properly set several paramstgerk as the magnitude of long-
range®*C-'H coupling constants. These parameters are variable arehdegn the
relationship between a given proton and its long range @sugdrbon. It is impossible

to select the absolute delay time value which will give ati®ry results for all*C-
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'H long range couplings present. In our experiment we have treedelta value\ =

60 ms for the ordinary HMBC experiment. This gives decredsh® sensitivity for
detection of som&C-'H long range correlations. To overcome these problems a NMR
experiment 3D-HMBC was performed by modifying the convenal 2D-HMBC pulse
sequence. The delay tin®, and t in the 2D-HMBC have been replaced hyand t
respectively, in the 3D-HMBC experiment.

3.4 3D IDOSY Experiments

There are three strategies for creating a DOSY pulse sequgepending the dif-
fusion encoding (DOSY-X), appending it (X-DOSY), and ingorating it internally
(X-IDOSY). The IDOSY approach can be simpler, quicker andrengensitive. A
number of IDOSY techniques have been developed such as TOMSYY [110], a
convection-compensated HMQC-IDOSY [73] and a 2DJ-IDOSYsgsequence?]
which improves the signal to noise ratio by approximatehaetdr of 2 and reduces
minimum experimental time at least 4-fold. The COSY-IDOSXperiment is derived
from the basic gradient enhanced COSY experiment by addioghort extra delays
A/2 and using the same field gradient pulses for coherence érgpathway selection
and for diffusion encoding [70]. The COSY-IDOSY pulse sameemay be used as
either p-type or n-type. The p-type version has lowendise while the first gradient
pulse in the n-type pulse sequence helps to minimize fieldfihdl frequency lock

disturbances.

3.5 Experimental Methods

Materials: The experiments were performed on a Bruker Avance-111 NMBcspme-

ter operating at 600.13 MHz fdH equipped with a 5-mm QXI probe and an actively
shielded Z-gradient coil. All experiments were performedrabient temperature (in an
air-conditioned room &2 °C to avoid errors due to convection gradients. The spectra
were processed using Bruker Topspin 2.1 software. The smoplquercetin dihydrate

and rutin trihydrate were obtained from Sigma Aldrich andduwithout further purifi-
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cation. The mixture was prepared by dissolving 15 mg of qeteradihydrate and 20
mg of rutin trihnydrate in 40Q: of DMSO-D6, at a concentration of 50 mM.

!H and ¥C 2D DOSY: 'H 2D DOSY NMR spectra were acquired using the stimulated
echo bipolar gradient pulse sequence with an eddy curréay (&3, 28]. The duration
of the diffusion delay was kept as short as possible to miensignal loss due to
relaxation. The experimental parameters included 16 gra@dimplitude steps ranging
from 2 to 95% (in equal steps of gradient squared) using 3&steats, 16K complex
data points, a gradient duration of 1 ms, eddy current defag &nd diffusion time 200
ms leading to an experiment time of 9 minutes. The gradiestesy was calibrated to
54.5 Gent! at maximum intensity. The experimental conditions for i@ 2D DOSY
measurements were: diffusion time 200 ms; gradient pulséhvd ms; 512 transients
and the gradient amplitude was changed from 2 to 95% in 16l etieyas of gradient
squared taking an experimental time of 8 hours. The data fiteed to the Stejskal-

Tanner equation using the method described in Chapter 1.

2D HMBC & variants: 2D COMPACT-HMBC spectra were acquired with 128 t
increments and a spectral width of 13.93 ppm and 180 ppm ihHhend 3C dimen-
sions, respectively. A total of 48 transients were acquioeegach increment, with an
acquisition time of 122.5 ms and a recycle delay of 100 ms ftotal experimental
time of 40 minutes. Spectra were apodized in both dimensiatisa sine-bell func-
tion shifted by90° and zero-filled in theF; dimension to 2048 data points. Artifact
removal was achieved with a three-fold low-pass J-filteruppsess one-bond corre-
lations [111, 112, 113]. Th&C 180 pulse was set as a band-selective refocusing
pulse with length optimized to 2 ms. The delays, A,, A3 are pre-set to filter out the
one-bond couplings as described previously [111, 112, MiBh the filter range set
between 125-165 Hz. The length of the ASAP period [104] wasraped to 40 ms
and the DIPSI-2 mixing sequence was used for cross-potemzaA period of 83.33
ms was used to generate the multiple-quantum coherenaspording to a long-range
scalar coupling of 6 Hz. Ernst angle optimization led to adiqglea = 130° for max-
imum sensitivity. The standard HMBC spectra were acquirgd &6 transients and a
recycle delay of 1 s, all other parameters and experimeintal being the same. The

2D HSQC spectrum was recorded as a data matrix of 2848x 128 (*C) complex
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Figure 3.5: Pulse scheme for the 3D COMPACT-IDOSY experiméth internal dif-
fusion encoding. Narrow and wide pulses correspond to pililsean-
gles of90° and 180°, respectively. Phase cycling s, = z,—x; ¢ =
4(x),4(—x); ¢ = 2(x,—x),2(—x,z). Phases if not indicated otherwise
are applied along the axis. Thea degree'H pulse is set to the Ernst an-
gle, while thel80°, 13C pulse is a band selective pulsdqy couplings are
suppressed with a three-step low pass J filter with pre-saysia,, Ay, As
to filter out one-bond couplings. The delay, is for the evolution under
long-range correlationsA; = (t1)o + p2 where(t,), is the firstt; value
andp?2 is the protonl80° pulse. The ASAP period with a DIPSI-2 mixing
sequence is sandwiched between gradient pulses and reftakatervals
d,/2. Gradients are applied in the ratioS; : Gy : G3 : G4 : G5 : Gy :
G;=80:80:14: -8 : —4:—2: —17 with recovery times,. and EA
refers to Echo-Antiecho phase cycling. The diffusion iméérs A, gradient
lengthd and encoding/decoding gradient strength
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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 dioen2048x 128 data
points were used with a spectral window of 13.93 ppm. A mixinge of 40 ms and the
DIPSI-2 sequence were used for the ASAP period. The diffusitcoding gradients
were varied in 08 gradient steps from 2 to 95%, with 54.5 G/caximum gradient
intensity. Diffusion time was 83.33 ms, gradient pulse téng ms and recovery de-
lay 100 ms for 32 transients, leading to a 3 h 42 min experim&he spectrum was
processed in the HMBC dimension with FT using echo-antigatase cycling before

applying an inverse Laplace transform to obtain the DOS Yedhision.

3.6 Results and Discussion

The HMBC experiment is based on long-rarige. ; couplings and can pick up two-
bond and three-bond carbon-proton connectivities. Howestandard HMBC spec-
tra suffer from unwanted residual one-bohl;; signals which interfere with long-
range signals and lead to confusion. Artifact suppressoreiy important in HMBC
since the “real” peaks could be of low intensity. The pulsgussice to implement the
sensitivity-enhanced and artefact suppressed 3D COMRBROBY scheme is shown
in Figure 3.5. The 2D HMBC part of the pulse sequence is smidahe IMPACT-
HMBC sequence [102] which introduces a constant time elénmethe HMBC se-
guence after the low-pass filters for sensitivity incre&iace the focus in our scheme
is on obtaining a clean spectrum purged of all artefactsageiting a uniform sensitiv-
ity enhancement across peaks, we did not retain the constensequence and instead
used a different set of gradient ratios along the lines ofdlean-HMBC [95, 96]. The
delaysAq, A,, Az in the sequence described in Figure 3.5 are pre-set to filiteorze-
bond artefacts in a coupling range,;,, to J,,... The delayAs is set to(t;)o + p2

to ensure there is n&C chemical shift evolution for the first, increment, where
p2 is the length of the protom80° pulse. The COMPACT-HMBC experiment starts
with an ASAP cross-polarization interval, which speedsrégmovery of longitudinal

proton magnetization by sharing polarization with nearkytgns [104]. The homonu-
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Figure 3.6: Structures of rutin and quercetin moleculesldndH NMR spectra of the

mixture. 'H spectra were acquired with 16 transients, 32K data positgu
a 8361 Hz spectral window and a relaxation delay of 1 s.
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clear Hartmann-Hahn effect is the mechanism responsibt&dss-polarization and the
usual relaxation delay is replaced with a short cross-aaton interval which offers a
significant reduction in recycle delay and an improvememerall sensitivity. Since
the ASAP method does not rely on spin-diffusion, it is apgdhie to small molecules
as well. If a short relaxation delay is used with no crossappétion, the recovery
of longitudinal magnetization between scans is incompett the sensitivity is poor.
An additional sensitivity improvement in the ASAP spectam de obtained by using
Ernst-angle excitation (denoted by theflip angle pulse in Figure 3.5). The ASAP
sequence is also effective in suppressing noisy F1 ridgagoften occur in 2D spectra
recorded with short relaxation delays. The interval betwiée encoding and decod-
ing gradients is the diffusion interval and the entire diffusion weighting (including
the incremented/decremented diffusion gradients, gnadéeovery times and diffusion
time) is incorporated into the deldy, for the evolution of long-rangél-y. F1 quadra-
ture detection is implemented by combining datasets aequwth the solid and dotted
gradient waveforms. The structures dmtiNMR spectra of quercetin, rutin and their
mixture are shown in Figure 3.6. Quercetin and its glycoridia are flavonoids widely
found in plants and medicinal herbs and have important paeotogical activities. The
1D 'H NMR spectrum of the rutin/quercetin mixture shows consitike overlap in the
chemical shifts. The 2BH DOSY and'3C DOSY spectra of the rutin/quercetin mixture
are shown in Figure 3.7, with the chemical shifts on the lorial axis and the diffusion
coefficients on the vertical axis expressed itsm. Most!*C diffusion experiments use
either a stimulated echo such as in an INEPT-DOSY or a spia sebh as a DEPTSE
sequence [114]. Since the gyromagnetic rati&’6fis four times lower than that df,

a much larger gradient pulse area is required¥@ DOSY as compared tdd DOSY
for the same diffusion time (keeping in mind that the attéiuneby diffusion scales as
7?). A sharp peak in the F1 diffusion coefficient dimension esgnts one particular
molecular species. The diffusion equation assumes thana@kcules have the same
overall shapes and relaxation properties. While both'théDOSY and!'*C DOSY
of individual molecules showed a mono-exponential behathe DOSY spectra of the
mixture showed overlapping signals along the diffusion@meimical shifts dimensions.
Signal overlap in a 2D DOSY experiment leads to inaccuraimases of diffusion co-

efficients since the spurious diffusion peak actually repn¢s the weighted average of
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Figure 3.7: (A) 2D'H DOSY and (B) 2D'*C DOSY spectrum of the rutin/quercetin
mixture. Chemical shifts (ppm) are displayed on the x-axig diffusion
separationlpg D/m?s—1) is shown along the y-axis.
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the two overlapping signals. While the resolution alongd¢hemical shift dimension
was better as compared'td in the'*C DOSY experiments, the low signal-to-noise ra-
tio led to long experimental times (upto 8 hours for a singl@sgiment on an individual
component). Since the overlapped DOSY spectra did not dbownraveling the dif-
fusion coefficients of individual components and since fiffesion coefficients for the
mixture were close enough that they could not be processed advanced techniques,

adding a third dimension to the diffusion experiment becasmessary.

The standard gradient-selected HMBC and the COMPACT- HMB€&sa of the
rutin/quercetin mixture are shown in Figures 3.8(A) and (B¥pectively. The standard
HMBC spectrum clearly shows residual one-bond artefactstwihterfere with the true
long-range correlations [97]. The COMPACT-HMBC experirhbas been collected
with the same experimental parameters except for a mucheshetaxation delay of
100 ms instead of 1 s and 48 transients instead of 16, keepialgnheasurement time
identical for both experiments. The spectrum shows gldigg; suppression, absence
of F1 ridges and a good signal-to-noise ratio using a miniredperiment time. Ernst
angle excitation gives optimized sensitivity for a givepestion rate. Since no de-
coupling is performed during acquisition in the HMBC expegnt, somewhat longer
acquisition times can be used without fear of decoupleriihgairoblems. Both the
HMBC and COMPACT-HMBC spectra in Figure 3.8 are overlaidhMtSQC spec-
tra recorded without>C decoupling during proton acquisition, in order to show the
positions of one-bond artifacts. These artefacts are purgghe COMPACT-HMBC

experiment.

In an I-DOSY experiment the diffusion encoding gradientsiategrated into vari-
ous delays in the pulse sequence when the parent 2D pulserssgcan accommodate
an extra diffusion delay, which reduces the experiment ismxeompared to a sequential
3D DOSY sequence. Further, in the case of the sequential DE®¥riment a 50%
signal loss occurs due to the stimulated echo sequenced&@thB8D HMQC-DOSY
experiments correlate directly bonded carbon-protonspaind hence use very short
J-modulation delays (for one-bond couplings between 89)Hz). In an HMBC se-
guence the use of small two-bond and three-bond couplitgsstiffusion weighting

to be folded into the HMBC sequence in an I-DOSY experimehe 3D COMPACT-
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Figure 3.8: 2D HMBC NMR spectra of the rutin/quercetin mpetwecorded on a 600
MHz NMR spectrometer using the (A) standard gradient enbamtMBC
and (B) COMPACT-HMBC pulse sequences. A total of ¥2&crements
and 2048 complex points in the acquisition dimension weeelu$he recy-
cle delays were 1 s and 100 ms and the number of transientd[pevdte
16 and 48 for the standard HMBC and COMPACT-HMBC experimests
spectively, keeping total measurement time identical. They transfer
delay was set to 83.3 ms and the range for the overall low-péker was
125 Hz <'J-y < 165 Hz. Spectra are overlaid with HSQC spectra recorded
without 13C decoupling during acquisition, to indicate the positiohsne-
bond coupling artifacts. The expanded insets show the megbcrowded

one-bond overlaps.
63



(A) 1]
- 50
' H .
-
: T 100 &
‘l.r 3
“" 150
[ ST | |
2 9 6 3
w_(ppm)
(B)
. L
- 50
g
- =N
; % 100 S,
| I."l'l 3
"ot - 150
[ ] .1 3

«_(ppm)

Figure 3.9: 2D HMBC subspectra of the rutin/quercetin migtextracted from the 3D
HMBC-DOSY experiment. Projections onto thg; — wo plane of the
3D DOSY data set (a) for the diffusion coefficient range 00689 x 10~ 1°
m?s~! showing the signals of rutin and (b) for the diffusion coédfit range
0.89 - 1.04x 10 m?s~! showing the signals of quercetin.
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Figure 3.10: 2D HMBC subspectra of the rutin/quercetin ongtextracted from the 3D
COMPACT-IDOSY experiment. Projections onto thg —w¢ plane of the
3D DOSY data set (a) for the diffusion coefficient range 00689 x 10~1°
m?s~! showing the signals of rutin and (b) for the diffusion coefit
range 0.89 - 1.04& 10~ m?s~! showing the signals of quercetin.
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IDOSY experiment leads to a 3D data matrix and after doubleiEotransformation,
consists of a set of 2D COMPACT-HMBC spectra with differergrees of diffusion
encoding. Measurements of the corresponding cross-pdakies in successive spec-
tra then enables diffusion coefficients to be extracted bgtlsquares fitting of the

cross-peak decays to the Stejskal-Tanner equation.

For purposes of comparison of signal enhancement and expetal time, the 2D
projections obtained from the ordinary 3D HMBC-DOSY exp&nt on the rutin-
guercetin mixture are shown in Figure 3.9. The experimekedan very long time
and the new 3D COMPACT-IDOSY experiment on the same mixtaleezes much
better sensitivity in correspondingly much shorter timeheTtwo 2D projections of
the 3D COMPACT-IDOSY spectrum of the rutin/quercetin mngt@re shown in Fig-
ure 3.10 for different diffusion ranges. Figures 3.10(Adl &B) show projections onto
thewc—wy plane of the 3D COMPACT-IDOSY data for the diffusion coeffio ranges
0.68 — 0.79 x 10719 m?s~! and0.89 — 1.04 x 10~'° m?s~! for rutin and quercetin, re-
spectively. The two projections obtained are cleanly sapdrinto the subspectra of
rutin and quercetin. The near-degenerate peaks in the 1frspeof the mixture are
now resolved in the diffusion ordered spectra at 12.61 ppmuion (Figure 3.10(A))
and at 12.60 ppm for quercetin (Figure 3.10(B)), respelstivBvo peaks at 2.52 ppm
and 3.40 ppm in théH 1D spectrum of quercetin are not picked up in its 2D sub-
spectrum (Figure 3.10(B)). This however does not serioumspact the calculation of
the diffusion coefficient since all the other peaks in thespalctrum are well-resolved
and with adequate signal-to-noise ratio. The severe qvémléhe 6-9 ppm region of
the 'H chemical shifts of rutin and quercetin is well resolved @hdicely illustrated
by the clean diffusional separation of the correspondiggals in the 2D projections
of the 3D COMPACT-IDOSY data (Figure 3.10). The benefit of #i2 COMPACT-
IDOSY experiment in terms of experimental time reductiosignificant as compared
to times reported in the literature for the ordinary seqia®D HMBC-DOSY ex-
periment [115]. The mean diffusion coefficients determibgdanalysis of different
subspectra in the rutin/quercetin mixture from the 3D COMPADOSY experiment
are given in Table 3.1 alongwith the diffusion coefficienttracted from the 2BH and
13C DOSY experiments on the individual mixture componentse @&halysis from the

2D subspectra from the 3D experiment on the mixture and thB@BY spectra on the
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Table 3.1: Diffusion coefficientd) (x1071° m?s~!) of rutin/quercetin mixture ex-
tracted from 3D COMPACT-IDOSY subspectra and compared sefrarate
2D 'H DOSY and 2D'*C DOSY measurements on individual components.

Uncertainties inD values are the standard errors of the fits obtained from the

regression analysis.

Molecule D(*H DOSY) D(**C DOSY) D(3D COMPACT-IDOSY)
rutin 0.76 £ 0.03 0.72 £0.04 0.73 £0.01
quercetin - 0.97 4+ 0.04 0.95 £ 0.04 0.96 £ 0.01

individual components show comparable diffusion coeffitse

3.7 Conclusions

A new 3D diffusion-ordered heteronuclear NMR experimentM®ACT-IDOSY has
been designed and experimentally implemented on a mixtufi@wwnoids rutin and
guercetin. The pulse sequence uses a cross-polarizatilangyperiod and diffusion
encoding gradients internally incorporated into the cehee transfer interval of a long-
range heteronuclear correlation experiment. Substaetiaiction in experimental time,
good sensitivity and excellent resolution of signal ovetkzad to the accurate determi-

nation of translational diffusion coefficients of indivigicomponents in the mixture.

Usually the diffusion separation in 2D DOSY spectra of cosmphixtures is not
enough to resolve the diffusion coefficients completely abdDOSY sequences are
required. 3D I-DOSY sequences save time by incorporatiegdiffusion weighting
internally. We have designed a new 3D I-DOSY sequence ca8@eMPACT-IDOSY,
which includes a diffusion encoding sequence within a seitgienhanced HMBC-
type pulse sequence. The direct incorporation of diffuginooding into the heteronu-
clear coherence transfer sequence gives a substantiatidsensitivity advantage over
standard 3D DOSY methods. The scheme has been experingadgaibnstrated on a
rutin/quercetin mixture wherein the diffusion coefficiemtf the two molecular species
are very similar and there is considerable signal overldpoith 'H and*C chemical
shifts. Since the HMBC coherence transfer interval is lageugh to fit the diffusion

encoding pulses even for larger molecules, this experigmiid in principle be applied
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to larger molecules as well, though the efficiency of the AS&Buence in competition
with spin diffusion processes in such systems would have wwdrked out. It is hoped
this experimental scheme will find application in a widergarmf mixtures that would

require accurate determination of diffusion coefficientsptimal 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 ovegéapng to inaccurate de-
termination of diffusion coefficients, hence a large nundiehree-dimensional DOSY
variants have been developed, that offer the added adwanfgmeak separation in an
additional dimension [72, 116, 117, 71, 70, 74, 118, 119, 12@, 121]. Multiple-

guantum (MQ) NMR was initially viewed as a theoretical csitg, but later devel-

oped into a robust technique for the analysis of complex tspestich as those of
molecules oriented in liquid crystals [122, 123, 124, 1Zble transfer of coherence
in multi-dimensional NMR experiments through multipleaqum pathways has found
diverse applications in NMR, including in selective extida sequences [126], polar-
ization transfer schemes [127], NMR quantum computing [1128)], spectral editing

sequences [130, 131, 132], and anisotropic diffusion [134]. Previous work using
2D multiple-quantum correlation schemes focused on comgdpispin state selection
and multiple quantum coherence excitation in order to ately determine homonu-
clear couplings and to achieve spectral simplification ahptex scalar coupled spec-
tra[135, 136, 137, 138, 139]. Other work in this directiovalved the use of maximum-
guantum NMR to demix severely overlapping 2D spectra angéziate mixtures of

phenolic molecules [140, 141].

This chapter describes a novel multiple-quantum/singiaatum correlation scheme
to resolve overlaps along the diffusion dimension in a nrixiof small molecules with
severely overlapped NMR signals. The pulse scheme is similatent to those of sev-
eral 3D DOSY variants that append/prepend a diffusion sexpi®o a homonuclear 2D
COSY or TOCSY scheme. A two-dimensional Fourier transfofitihe correlation ex-

periment followed by an inverse Laplace transform alonghirel diffusion dimension,



results in a set of 2D correlation subspectra, with signaggearing at the diffusion co-
efficients of the individual components of the mixture. Téhare very few experiments
that use multiple-quantum correlated spectroscopy tdvesagnal overlaps in a 3D
DOSY experiment [142]. The pulse sequence is demonstratéd@model mixtures
namely, a mixture of fluorinated amino acids and a mixturenzdlsorganic molecules.
The fluorine nuclear spin has a high gyromagnetic ratio (aemté good sensitivity)
and a large chemical shift anisotropy (and hence a largdrgpeeak dispersion) and
is becoming increasingly important in NMR studies of liggmdtein binding and drug
discovery assays. Spectra of good resolution and semgisike obtained with this 3D
MQ-DOSY (multiple quantum diffusion ordered spectrosgomethod, leading to an
accurate determination of the diffusion coefficients ofividbial components of the
mixtures. This 3D DOSY variant pulse scheme will be of valaed large range of
applications ranging from binding studies using diffusioseparation of subspectra of

complex molecular mixtures.

4.2 MQNMR

MQ spectroscopy is a powerful tool in the simplification oksfral analysis as well
as in providing new information on molecular spin dynamit4Q NMR has a large
number of applications, and it has been applied to heteteauas well as homonu-
clear coupled spin systems wilhcoupling, dipolar and quadrupolar interactions. MQ
transitions have been observed in liquids, solids anddiguystals. The definition of
the coherence is based on the expansion of the time-depemaaa function W (¢)) in

terms of stationary basis functiow,) .

N

(W) =D Cilt) |¥3) (4.1)

i=1
WhereC;(t) are the time dependant coefficients and N is the dimensioneoffitibert

space. A coherence between stabesand V¥, exists when the ensemble average of the
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product of coefficients

prs(t) = Cr(1)CL (1) (4.2)

does not vanish. The elememt (¢) are tabulated in the form of a hermitian N N
matrix which is known as density matrix. In high field NMR theéinan interaction
causes the splitting of the energy levels according to the dieection and the differ-

ence between magnetic quantum numbers [143, 144].

Am,, = m, —my, = *1 (4.3)

In weakly coupled spin 1/2 systems, a density matrix elenssggsentially the same as

a classical transverse magnetization veetgry,

Mars(t) = Re{prs(t)} (4.4)

myrs(t) = _Im{prs(t)} (45)

MQ coherences are related to the off-diagonal elementseodié&msity matrixp (then
guantum coherences) [143, 144]. A MQ coherence descrildsahsition between two
eigenstates where the well known selection tte = +1 is violated. MQ transitions
occur when states in nonadjacent Zeeman manifolds arecpia@®herent superposi-
tion. The various transitions are shown in Figure 4.1 whiobvgs in schematic form
the energy level diagram of a system of N coupled spin 1/2enuchn “allowed” SQ
transition is one in which the quantum number changes-by A MQ transition has
no such restriction, it can be N quantum or even zero quantumsingle quantum
spectroscopy only one spin flips while in an N quantum tramsitmultiple spins flip.
This multiple flip involves a simultaneous absorption or €son of n photons. When
extending this consideration from the two spin system to Hipie spin system when
Am,s # +1, “forbidden” coherences appear [145]. In liquids it is cadi®y indirect
spin spin coupling and in solids by direct dipolar couplifithe MQ NMR by creating

high order multiple quantum coherences can simplify thetspe To characterize the

71



coherence we can use the raising and lowering operatandi—, respectively.

It =1, +il, (4.6)

[~ =1,—il, (4.7)
Application of these operators to the spin functions yi¢ldsspin function of the next

higher or next lower magnetic quantum number n,

. A 5 1 1
I'g=|I,+il)8 = 50[—2'2504:@ (4.8)

A double quantum coherence where two nuclei change theirs@ntation at the same
time is characterized by the proddctit or 1~ 1-, and the product of the forit T-
or1~ Tt describes zero quantum coherences. A mixing period is medjto convert the

MQ coherences into single quantum coherences.

4.3 2D MQ/SQ Correlation NMR

In NMR spectroscopy one observes only transitions for wihinehchange in the ab-
solute value of the magnetic quantum number is one. Suchiti@ms are referred to
as single quantum transitions. Coherence between the &taie and |55) shown in
Figure 4.3 are called double quantum (DQ) coherence, anceeetthe statels.5) and
|far) called ZQ coherence. Such transitions are “forbidden” aenghot be detected
directly. The MQ experiment typically employs a method dlinect detection using
two-dimensional spectroscopy and then records their resptm either naturally occur-
ring or externally manipulated local fields. To study thedisvolution of the multiple
guantum (MQ) coherence the two dimensional experimentrexpat has been con-
structed where timg is increased step by step. A multiple quantum experimenbean
separated into four periods: preparation, evolution, ng>and detection (Figure 4.2).
During the preparation period of lengththe system is brought into an initial state by

the action of a propagatdf(7) upon the density matrix(0). During the evolution pe-
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Figure 4.1: The energy level diagram of a system of N coupied %/2 nuclei. The
solid arrows indicate “forbidden” MQ transitions, the dadharrows are
“allowed” single-quantum transitions. Them = -1 solid arrow indicates a
transition forbidden by symmetry.
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riod of lengtht,, the coherent states evolve under the influence of the tidependent

HamiltonianH,.

Propagator: Preparation Evolution Mixing Detection

Time Variable: T t T t
1 2

Figure 4.2: A block diagram of two dimensional NMR experimdivided into four
periods, indicating the separation of time domains.

During the mixing period of length’, transfer of coherence between states of the
system are affected by the operatorryy( During the detection period of length,
coherent states of the system are detected as they evoleetliednfluence of the time

independent HamiltoniaHs.

For a system of two spin-1/2 nuclei, the double-quantum @tee (DQ), and zero-
guantum coherence (ZQ) are represented by product opematehich both spins have

transverse components. For example, the operaf;d}yZ:an be expressed as:

_ 2i (Fr8+=1787) + o (- 1*5 +1757) (4.9)

The first term in the second line of the above equaééﬁﬁ* — f*§*> , represents
a DQ coherencéAm = 2) and the second terrékfﬂ@* + f*S*) is a ZQ coherence
(Am = 0). MQ coherences can be prepared by suitable combinationslsé¢pand
free-precession periods. In the product operator forrmali®Q coherence and ZQ
coherence can be obtained by suitable combinations of pivopsoduct operators.

(f+§+ + f—é—) - (21;5; . 21},5},) — DQ, (4.10)

N | —
DO | =

(218, + 21,8, ) = DQ, (4.11)



Figure 4.3: The energy levels of a two spin system with edentaspins of Zeeman
energy levels for the statésa),|53), |5a),|af). The allowed single quan-
tum (SQ) transitions and “forbidden” zero quantum (ZQ) andlae quan-
tum(DQ) transitions are indicated.
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Figure 4.4: Energy level diagram of the spin pair includihg effect of the dipolar
coupling. The two single quantum transitiang andw-3 of the three level
spin system are separated hy2which depends on the dipolar coupling
strength. The eigenstates of the Hamiltonian are supdipasf the states
laa),|B6), |Ba),|ap), called symmetric (triplet) and antisymmetric (sin-
glet) states. The energy levels of the triplet stated) = |aa),|1, —1) =

|fB) and|1,0) = %(|a6> + |fa)) are shifted compared to the Zeeman lev-
els.
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% (Frsm+1757) = % (208, +20,8,) = 2Q. (4.12)
(18— 178) = £ (21,8, —2LS,) = 2y (4.13)

Pure DQ coherence precesses at the sum of the chemicaldtititsstwo spins during
a delayt, and a pure ZQ coherence precesses at the difference of éneicai shift.
Two-spin multiple quantum coherence does not evolve urdeintfluence of the scalar

coupling of the two spins involved in the coherence (Figud).4

4.4 Experimental Section

Materials & Methods: All the samples were obtained from Sigma Aldrich and used
without further purification. The mixture of fluorinated amiacids, henceforth denoted
Mixture 1, was prepared by dissolving 12 mg of 3-fluoro-Dlive, 8 mg of 4-fluoro-
L-phenylalanine and 6 mg of 5-fluoro-L-tryptophan in 4d®f D,O, at a concentration

of 0.23 M. The mixture of small molecules, henceforth deddfiexture 2, was prepared
by dissolving 10 mg of glucose, 2d of 1-propanol and 1%l of 3-methyl-1-butanol

in 400l of D50, at a concentration of 0.23 M. The structure of all the smmallecules

used in this study is given in Figure 4.5.

2D 'H and F DOSY: 2D DOSY experiments were performed using the BPPSTE
sequence [28, 43, 30]. The duration of the total diffusiooceiing sine-shaped gradi-
ent pulsej was 2 ms. The gradient recovery delay after each gradiesepuas set

to 200 us. The maximum gradient strength is 53.5 G/cm. The gradiesngth was
incremented in 16 steps betwe2f and95% of the maximum value, with each step
corresponding to a separate experiment. The diffusiomiaté\ was set at 100 ms. A
relaxation delay of 1 s was used between successive expasniarentz-Gauss reso-
lution enhancement with exponential time constants of @3ds0.1 s respectively, was
used in the initial Fourier transformation. The data wetedito extract the diffusion

coefficients, using the procedure described in Chapter 1.
3D MQ-DOSY pulse sequenceThe pulse sequence for the 3D MQ-DOSY experiment
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Figure 4.5: Structures of individual molecules. Mixturedhsists of-°F-labeled amino
acids with a single fluorine substituent either on an aroowatg as in (A) 5-
fluoro-L-tryptophan, (B) 4-fluoro-L-phenylalanine or wigim aliphatic flu-
orine substituent as in (C) 3-fluoro- DL-valine. Mixture 2nsists of the
small molecules (D) 3-methyl-1-butanol, (E) 1-propandl éR) glucose.

is given in Figure 4.6. The scheme begins with a bipolar dtied echo sequence for
diffusion with a pair of diffusion encoding/decoding gradis, homospoil gradients and
a delay for eddy currents dissipation. A MQ/SQ correlatiolnesne is appended to the
diffusion sequence. If molecular diffusion has occurrd, signal is accordingly at-
tenuated after the stimulated-echo sequence. This SQ nizegien then evolves into
various MQ under the standa®d° — 7 —180° — 7 —90° —t; —90° — ¢, multiple-quantum
excitation sequence. The interval= 1/4.Jyy is set according to the homonuclear
couplings present. After thig evolution period, the finad0° detection pulse is sand-
wiched between two gradients, andG, for selection of the MQ of the desired order.
The ratio of the gradients is set@® = nG; wheren is the order of the coherence. For
phase sensitive detection the phase of the second protsa iguhcremented 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 orddreoMQ coherence in-
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Figure 4.6: Pulse sequence for 3D MQ-DOSY multiple-quantamelated diffusion
ordered experiment. Narrow and wide pulses correspond Ige flip an-
gles of90° and 180°, respectively. Phase cycling iy = z,—x; ¢, =
4(x),4(—x); 3 = x, 7, —, —T; ¢, = 2(7, —x),2(—2, 7). Phases if not
indicated otherwise are all applied along thaxis. The delay\ is for the
diffusion interval whiles is the length of the gradient arig; is the strength
of the diffusion encoding gradient and denotes gradient recovery times.
The delayr is optimized for the uniform excitation of homonuclear MQ of
the desired coherence order and the gradient ratio is @anneléngly set to
Go = NG, for excitation of theNth quantum.G,; andGg are homospoil
gradients set to 17.13% and 13.17% (of the maximum strenggkpec-
tively. A; andA, are delays introduced so that the total time including rf
and gradient lengths and delays, adds up to the diffusiomfirands, is a
small delay equal to the length 6f; plusr,.
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creases. However, there is a concomitant decrease in thieedfy of the MQ excita-
tion, since the efficiency depends on the strengths of tHarsoauplings in the specific
systems under consideration. The detay the middle of the MQ excitation interval
has to be optimized to obtain maximum signal intensity. in@ple the amplitude of a
DQ coherence in a weakly scalar coupled two-spin systenoiggutional tosin (7.J7)
and the maximum amplitude should emerge at 1/2.J. In reality since molecules
contain a range of spin coupling networks of varied stremgitie MQ excitation effi-
ciency has to be empirically optimized for each specificeystThis is done by varying
ther delay in a series of steps (keeping thevolution period fixed to 3s, in a 1D
version) and retaining that value for which the antiphasgmetization obtained is a
maximum. TheJyy was varied in the range 3-16 Hz for all the molecules. The 2D
MQ/SQ data set consisted of 1024128 data points with spectral widths of 5.99 ppm
and 16 ppm in the direct and indirect dimensions, respdygtiviehe number of scans
was 32 for eachy, increment with a relaxation delay of 2 s between scans. The ti
domain data was zero-filled to 2048 and 1024 in the SQ and M@mkions, respec-
tively.

The number of transitions for theth order spectrum in a systemmafcoupled 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) to
the |3) state and vice versa, while for the highest quantum= n) there is a single
transition. The three protons (two of which are equival@ift)he fluorinated amino
acid 5-fluoro-L-tryptophan form the MM’X part of a 4 spin AMM'spin system (with
the fluorine spin being labeled A, leading to six lines i.e aldet of a triplet for the
fluorine multiplet in Figure 4.7). The resultinbcouplings are measured to bg,,=
9.6 Hz, Jy,x= 5.4 Hz, Jax= 3.1 Hz. The four protons (with two equivalent pairs)
of the fluorinated amino acid 4-fluoro-L-phenylalanine fatme MM'XX’ part of a 5
spin AMM’XX’ spin system (with the fluorine spin being label&\, leading to nine
lines i.e a triplet of a triplet for the fluorine multiplet indure 4.7, seven of which are
resolved in the 1D spectrum). The resultihgouplings are measured to bg,,;= 5.3

Hz, Jy x=9.3Hz,Jax= 14 Hz, ], x= 7.2 Hz. The eight protons (with two equivalent
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methyl groups) of the fluorinated amino acid 3-fluoro-DLinalform the Az Bs M M’
part of a nine spiM3 B3 M M’ X spin system (with the fluorine spin being labeled X).
The resulting J couplings are measured ta/kg= 10 Hz, J,,= 7.2 Hz, J4x= 12.1
Hz, Jy x=6.2 Hz,J),; x=4.2 Hz. In a DQ/SQ correlation experiment on the fluorinated
aminoacid systems, there are several types of homonugie@andDQ coherences such
as MX, M’X, MX’ etc., resulting from the antiphase magnetipa immediately after
the second0° pulse. In the indirect DQ dimension the magnetization ex®lat the
sum of the chemical shifts of the active spins and under tfextedf the total sum

of all the passive couplings. The rationale for analysis &@/8Q correlations for the
small molecules in Mixture 2 (glucose, pentanol and butaisaimilar to that already

discussed for the fluorinated amino acids.

1D Proton & Fluorine Spectra: The 1D'H and'’F spectra of the mixture of amino
acids 3-fluoro-DL-valine, 4-fluoro-L-phenylalanine andl&sro-L-tryptophan (Mix-
ture 1), and the 1DH spectra of the mixture of glucose, 1-propanol and 3-methyl
butanol (Mixture 2) are shown in Figures 4.7 (A), (B) and (@gpectively. The proton
spectra of the mixtures show considerable overlap in thenaesces, while the fluorine
chemical shifts are well resolved. It has been previouskgaahat sincel9F has a
large chemical shift anisotropy, fluorinated small molesuire good model systems

with well-resolved peaks and good signal-to-noise ratigd§[ 147].

2D DOSY Analysis: Diffusion-encoded experiments in this work used the LEDBPG
type of pulse sequences since the longitudinal encodicgeieg (LED) approach leads
to minimal loss of magnetization. It has been shown thatgusinusoidal shaped gra-
dients in PFG-NMR experiments leads to reduced eddy cuefégtts as compared to
rectangular gradients. The 2Bi andF DOSY of Mixture 1 and the 2DH DOSY
spectrum of Mixture 2 are shown in Figures 4.8 (A), (B), andl, (@spectively. The
solvent signals in the proton DOSY spectra are clearly sgpdralong the diffusion
dimension. However, there is considerable overlap amadhggproton DOSY spectra
of both mixtures. While the fluorine chemical shifts are weBolved along the chem-
ical shift dimension in Figure 4.8(B), the peaks are comghjebverlapped along the
DOSY dimension. The analysis of the standard 2D DOSY spésaids to the conclu-

sion that a 3D DOSY type of experiment is required in ordectu@ve separation along
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Figure 4.7: 600 MHz 1D (A)'H spectra of Mixture 1 and the individual fluorinated
amino acid components, (BYF spectra of Mixture 1 and its individual
fluorinated amino acid components, and (€l spectra of Mixture 2 and
its individual small molecule components. 16 scans werkecigld for the
proton and the fluorine spectra, with 8192 complex pointsefoch scan.
Spectra were apodized with a 0.3 Hz exponential line-bnoadefunction,
baseline corrected and zero-filled. The vertical scalintpfawas adjusted
to keep the noise level the same in all spectra.
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Figure 4.8: 600 MHz spectra of (A) 2EH DOSY of Mixture 1 (B) 2D'°F DOSY of

Mixture 1 and (C) 2D'H DOSY of Mixture 2 measured using the bipolar
pulse pair stimulated echo sequence. 16 transients wenaeddor each of
16 values of the pulsed field gradient strength, incrememmedjual steps
from 2.68 to 50.83 Gem'. The D,O solvent signals are marked in the
proton DOSY spectra in (A) and (C). Proton and fluorine chashifts
(in ppm) are indicated along theaxis and diffusion unitsl¢g (D/m?s1))

on they axis.
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the diffusion dimension and to obtain accurate estimatésaofliffusion coefficients of

individual components of the mixtures.
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Figure 4.9: (A) 600 MHz 2D SQ-SQ correlation (ordinary COSgctrum of Mixture
1. The size of the data matrix is 20481024 and the number of incre-
ments is 128. (B) 600 MHz 2D SQ-DQ spectrum of Mixture 1, clatiag
DQ and SQ coherences along thedhd F, 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 spectragimés 4.9(A) and 4.10(A)
show the SQ/SQ correlation (the normal COSY experimente gptimization of the

7 interval for MQ excitation is performed on a 1D version of {halse sequence to
obtain the best intensity and uniform excitation of the adEbsiMQ coherence on each
mixture. The final pair of sine-shaped gradients sandwgthir90° detection pulse are
used to select the desired MQ order, while dephasing allratheanted coherences.

The spectra in Figures 4.9(B) and 4.10(B) show the SQ/DQetairons of Mixtures 1
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and 2, respectively. The gradient ratio in Figures 4.9(B) 4ri0(B) has been set to
1:2 to select the DQ. The spectra in Figures 4.9(B) and 4 Y18xiBw simplified spec-
tral patterns and have almost as good a sensitivity as cadparthe standard COSY
spectra. While we did perform the experiments to selectdrigider . > 2) MQ/SQ
correlations (spectra not shown), the intensity of the peticreased dramatically with
increasing MQ order, and were hence of limited utility foe 8D MQ-DOSY scheme.
The DQ correlation spectra on the other hand, were an optiorapromise, leading to
reduction in number of peaks and hence spectral complegigoepared to the stan-

dard COSY whilst at the same time retaining adequate signabise.
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Figure 4.10: (A) 600 MHz 2D SQ-SQ correlation (ordinary CQSYectrum of Mix-
ture 2. The size of the data matrix is 20481024 and the number of
t; increments is 128. (B) 600 MHz 2D SQ-DQ spectrum of Mixture 2,
correlating DQ and SQ coherences along theafd F, 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 gaxrpent for each
molecule in Mixture 1. 2D SQ-DQ subspectra of (A) 5-fluoro-L-
tryptophan, (B) 4-fluoro-L-phenylalanine and (C) 3-fluda-valine ex-
tracted from the respective 3D experiments for diffusioefioient ranges
of 1.6 - 2.0x1071 m%/s, 5.2 - 5.8x107° m%/s, and 6.0 - 6.6<1071°
m?/s, respectively.
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Table 4.1: Table of diffusion coefficients(x10~1° m?s~1) of individual components
of Mixture 1 and Mixture 2 extracted from the 2D subspectrah& 3D
MQ-DOSY experiment on each mixture and compared to thesldfucoef-
ficients measured from the 2 DOSY and the 20°F DOSY experiment
on each individual component. Uncertaintiegirvalues reflect the standard
errors in the fits.

Molecule D(*H DOSY) D(*F DOSY) D(3D MQ-DOSY)

5F-Tryptophan  1.86 + 0.03 1.93 £ 0.03 1.8 4+0.04
4F-Phenylalanine 5.42 4+ 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 ande3pectively. 2D
projections of 3D DOSY spectra are reconstructed by integyahe 2D lineshapes
between defined limits in the diffusion domain, with peakioeg larger than those
used for volume integration. To get clean diffusional sepan, 16 transients for each
of 8 gradient levels were acquired with a total experimengetiof 5h 39min. A diffu-
sion coefficient is computed by varying the gradient streagt a series of experiments,
merged into a single 3D experiment and each DQ/SQ corraldtiss becomes diffusion
tagged. The resolution of the 3D MQ-DOSY experiment is ¢jealle to separate the
individual diffusing components. Each subspectrum in Fegut.11 and 4.12 contains
signals only from the particular mixture component. heudifbn coefficients computed
from the 3D subspectra in Figure 4.11 turn out to bex118-1° m?/s, 5.5x 1071 m?/s,
and 6.3x 1071 m?/s for 5-fluoro-L-tryptophan, 4-fluoro-L-phenylalaninedad+fluoro-
DL-valine, respectively. The diffusion coefficients conmgaifrom the 3D subspectra in
Figure 4.12 turn out to be 3.251071° m?/s, 8.5x1071% m%/s, and 7.3x1071Y m%/s,
for glucose, 1-propanol and 3-methyl-1-butanol, respebti The mean diffusion coef-
ficients obtained from the analysis of the subspectra in Ih&I®-DOSY experiments
on Mixture 1 and Mixture 2 are given in Table 4.1. The diffusicoefficients of the
individual components of both mixtures extracted from the'®l DOSY (and 2D"F

DOSY for the fluorinated aminoacids) experiments are alsaaHor comparison. The
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3D diffusion ordered experiments on the mixtures and the i#Dsilon ordered experi-
ments on the individual components show comparable ddfusoefficients, implying
that the 3D MQ-DOSY experiment is a viable scheme for sepayaignals from dif-

ferent components in a mixture along a diffusion dimenshlhile 3D COSY-DOSY
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Figure 4.12: SQ-DQ planes extracted from the 3D MQ-DOSY gaxrpent for each
molecule in Mixture 2. 2D SQ-DQ subspectra of (A) glucose) (B
propanol and (C) 3-methyl-1-butanol extracted from thpeesve 3D ex-
periments for diffusion coefficient ranges of 3.0 - X5%0!° m?/s, 8.2 -
8.8 1071 m?/s, and 7.0 - 7.6<10~1° m?/s, respectively.

experimental schemes have the advantage of high sensitivit spectra for complex
mixtures of small molecules suffer from strong singlet gealong the diagonal lead-
ing to poor resolution and hence ambiguities in fitting of diéusion coefficients to

the data. The MQ-DOSY methods described here retain thetisépsadvantage of

homonuclear proton 3D DOSY experiments while at the same have fewer peaks
than SQ correlation spectra (standard DOSY-COSY). Thiddéaless spectral crowd-
ing and hence more robust monoexponential fits to the SteJskaner equation and

hence more accurate estimates of the diffusion coefficient.
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4.6 Conclusions

A versatile three-dimensional diffusion-edited NMR expent is described in this
chapter, that concatenates a multiple-quantum/singéevgun correlation scheme with
a diffusion-ordered pulse sequence. The experiment is dstraded on mixtures of
small molecules with similar diffusion coefficients and deato resolve severely over-
lapped signals along the third dimension. The subspectirzdofidual components of
the mixtures are well separated and their diffusion coeffits can hence be extracted
with a greater degree of accuracy as compared to the sta@@afIOSY (diffusion

ordered spectroscopy) experiments.

Diffusion NMR experiments can help separate individual poments of a mixture
along a diffusion ordered dimension. This work describesiticorporation of a novel
multiple-quantum/single-quantum correlation scheme andliffusion ordered pulse se-
guence. The resulting 3D scheme achieves good resolutsevefely overlapped mul-
tiplets and leads to the accurate estimation of diffusiosffcments. The efficacy of
the experiment has been demonstrated on mixtures of smédcmes. This 3D MQ-
DOSY sequence has potential applications in spectral giocgilon of biomacromolec-

ular complexes and multi-component mixtures.
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CHAPTER 5

Using YF 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 studyffingiat characteristics
and hence the molecular mobility of different systems [148F NMR is a tool used
for the quantitative analysis of various fluorinated molesugiven the fact that théF
spin-1/2 nucleus has high sensitivity and a large chemltéllmnge which minimizes
signal overlap. Incorporation of a fluorine substituentingimolecules favorably im-
pacts the metabolic stability and binding affinity of the emlle and is hence an impor-
tant part of the drug discovery process. Fluorine NMR has lused for the structure
and configuration of fluorinated steroids, to perform NMRdghbinding assays, to
characterize chain ends and branching structures in flobroyers, to estimate the flu-
orine chemical shift anisotropy tensor and use it for stradtcharacterization, and to
qguantify fluorinated drug metabolites in biofluids [153, L5Rerforming a diffusion
measurement of a drug molecule (ligand) in the presenceod¢iprgives information
about how the drug binds to the protein. Fluoroquinolonésrerihe bacterial cells and
accumulate within and the diffusion process modulatesctlisilar accumulation. The
lipid bilayer is a major component involved in the inner meare of gram-negative
bacteria and membrane of gram-positive organism. The itapbieature of membrane
lipids is their amphipathic character indicated by the polahydrophilic head group

and the non-polar or hydrophobic group.

This chapter focuses on the diffusion properties of pruddlmn and pazufloxacin
which are fluoroquinolone antibiotics that exhibit strorgjidaty against both gram-
positive and gram-negative bacteria. Fluoroquinolonay pih important role in the

treatment of serious bacterial infections, particulaynenunity-acquired infections.



3
N )\
o=<_| (:Iu N8
o H.C
CH, | 3
F COOH
O

(©

Q. .0
"‘\S/ ~ +
H CNWWQ’ ~0 Na

3

Figure 5.1: Chemical structures of (A) Prulifloxacin (B) B#axacin (C) SDS mi-
celles.

Fluoroquinolones generally show concentration depengeteria killing activity that
depends on the ratio of maximum drug concentrations to mimrmhibitory concen-
tration. The structures of these two fluoroquinolones ardstidium dodecyl sulfate
(SDS) micelle are shown in Figure 5.1. Both prulifloxacinflro-1-methyl-7-[4-
(5-methyl-2-ox0-1,3-dioxolen-4-yl) methyl-1-piperayl]-4-oxo-4H-[1,3] thiaceto [3,
2-a] quinoline-3-carboxylic acid and pazufloxacin, 10afhinocyclopropyl)-9-fluoro-
3-methyl-7-ox0-1H,7H-[1,3] oxazino [5,4.3] quinolinesboxylic acid are widely used
in the treatment of various bacterial infections. The me@ra of action of many fluo-
roquinolone drugs is not yet fully understood, and henceststending the stereochem-
istry of fluoroquinolone drugs is essential to understaed ihteraction with DNA and
gyrase enzymes. Previous studies have focused on the dwigdpand diffusion prop-
erties of R-hydrogels for small anticancer drugs has been probed usatgcular and
YF spin diffusion NMR.!H NMR was used to determine polymer degradation, drug
release mechanisms and drug-polymer hydrogen bondin@gatiens and it was found
that the mechanism of drug release is controlled by solesnbwal and polymer degra-
dation. Complex mixtures of fluorinated molecules and fluaied chemical fragments
are increasingly being used in biochemical and bindingyesssta drug discovery. It is
hence important to determine the fluorine chemical shiftstae diffusion coefficients

of the individual binder molecules in the chemical mixtuoenied either by adding to-
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gether single compounds or by chemical synthesis. Thistehapso focuses on the
utility of the 'H-13C 3D COMPACT-IDOSY experiment (described in Chapter 3) to ac
curately quantify the diffusion coefficient of each compeingrug in the drug mixture.
We have also used 18P and'’F diffusion experiments to study the drug loading and

diffusion properties of both pazufloxacin and prulifloxacirDPPC lipid bilayers.

5.2 Micelle Assisted DOSY

If the components of a mixture are of similar molecular wesgle. very close self-
diffusion coefficients), the standard 2D DOSY method wiil fa resolve them along
the diffusion dimension. A new set of methods called ma&ssisted DOSY have been
designed to circumvent this problem. The method relies endifferential chemical
interactions of the molecules with a slow diffusion matgxch as SDS micelles [149].
The analysis of mixtures of components of similar size amdilar diffusion coeffi-
cients by conventional DOSY is difficult [72]. High resoloiiin DOSY requires both
that mixture components have different diffusion coeffitiand their signals do not
overlap. So in DOSY experiments component of similar sizé stnucture are diffi-
cult or impossible to resolve. In DOSY the average diffusioefficients for different
components may be manipulated by the addition of co-sotutes-solvents. However,
changing the matrix in which solute diffuse, by introducango-solute which interacts
differentially with different substrates, can allow segtéon [150]. It has been shown
that performing DOSY in a matrix with which the analytes natet differentially can
resolve signals from similar compounds that would othesvgisow the same diffusion.
This method is is known as Matrix Assisted Diffusion OrdeMBIR Spectroscopy
(MAD). MAD methods have great potential for the analysis omplex mixtures. In
such a matrix-assisted DOSY experiment, the interactidheonalytes with the matrix
modulates the average diffusion coefficients, as diffeneimture components bind to
the matrix extents, it also sometimes helps to resolve teetsgd overlap by causing
differential chemical shift change [151]. It was also shdivat isomers that have little
or no difference in diffusion coefficient in simple solutiomay readily be resolved in

DOSY experiments on solutions containing micelles or reseémicelles [152].
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For our experiment we have used sodium dodecyl sulfate (8ix&)Jles in the mix-
ture of prulifloxacin and pazufloxacin. MAD-DOSY spectra glibreflect differences
in diffusion caused by differential binding of the drugs ©S However, we did not ob-
serve significant changes in the diffusion coefficients efdlugs and hence concluded

that MAD-DOSY did not work for our mixture of fluorinated drsig

5.3 Experimental Methods

Sample Preparation: Pazufloxacin, prulifloxacin, SDS and 1,2-dipaalmitoylegpeero-
3-phosphocholine (DPPC) compounds were obtained from &igtdrich and were
used without further purification. Three different typessamples were prepared: for
free diffusion in solution, for diffusion in a micellar matrand for restricted diffusion
inside DPPC bilayers. The samples used for free solutidogidn experiments were
prepared by mixing individual drugs (each having conceiainal2 mM) separately in
500 ul of DMSO-d6 as solvent. The drug mixture was prepared by mghaoth drugs
(12 mM each) in 50Q:l of DMSO-d6. For samples of individual drugs in SDS, 12mM
of drug and 100 mM of SDS were added to 5000f DMSO. For drug mixture in
micellar sample 12 mM of each drug and 100 mM of SDS were takam.samples
inserted in DPPC, desired quantity of DPPC and drug wereldsg in chloroform.
The solvent was evaporated with a stream of nitrogen so asptosit a lipid film on the
inner walls of the container. The last traces of solvent weneoved by vacuum drying
for at least 1 hour. Hydration and processing steps were@peed at 50C, which is
above the DPPC gel-fluid melting temperature, & 42 °C). The films were hydrated
with PBS:D20 (90:10) (pH-7.4), incubated for 1 hour, andisaied for 2 hours. The
lipid concentration was maintained at 50 mM and the drug entration was kept at 25
mM.

Experimental Parameters:

All experiments were performed at ambient temperaturer(i@aconditioned room

at 22°C) to avoid errors due to convection gradients.

The 1D'H spectra of the mixture of prulifloxacin and pazufloxacin #adndivid-
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ual components with obtained with experimental parameteusnber of scans = 16,
SW = 20.55 ppm, D1 =1 s and processed with SI = 32k and LB = 0.30/He 1D'°F
spectra of the drug mixture and its individual componenteewecorded with number
of scans =16, TD =132 K, SW = 75.46 ppm, D1 = 1 s and processédStit 260 K
and LB = 0.30 Hz. The 1D°F spectra of the drugs inserted in DPPC were collected
with number of scans = 1024, SW = 75.46 ppm, D1 = 2 s and prodesgise S| = 2 k
and LB = 0.30 Hz. The 1B'P 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 predesth S| =
32k and LB = 1.0 Hz. The 1DH spectra of the drug mixture in DPPC were collected
using a 1D sequence with water suppression using excitatioipting with gradients,
with number of scans =1024, SW = 20.55 ppm, D1 = 1 s, a homogpalient = 1 ms
and processed with SI =4 k and LB = 0.30 Hz.

3P NMR: Broadband proton decoupled PEP NMR spectra were recorded at 161.9
MHz using a single pulse excitation and WALTZ proton decougplduring the signal

acquisition.

2D 'H and F DOSY: For 2D DOSY NMR spectra the bipolar pulse pair stimulated
echo (BPPSTE) sequence was used with a maximum gradient®{88m and a total
diffusion-encoding pulse widtt¥) of 2 ms. The gradient recovery delay was set to 200
us and a diffusion delayA) = 50-200 ms was used for the different samples. Sixteen
experiments were recorded with gradient intensity linesaimpled from 2 to 95%. All
data were processed using Topspin 2.1 software and fitted ths procedure described

in Chapter 1.

5.4 Results and Discussion

Figure 5.2 shows the 1D proton aiéF spectra of the mixture of prulifloxacin and pazu-
floxacin and the individual drugs. Closer inspection resyehht the proton spectra of
the mixture show overlaps in the resonances, while the fiearhemical shifts are well
resolved. Figure 5.3 (A-C) depicts the 2B and 2D'F DOSY spectra of the mix-
ture of prulifloxacin and pazufloxacin in DMSO-d6 and in SD&etles. The presence

of 100 mM SDS, leads to only a slight decrease in diffusiorffenent (approximately
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Figure 5.2: (A)'H spectra of a mixture of prulifioxacin and pazufloxacin anglitidi-
vidual drug components (BYF spectra of a mixture of prulifloxacin and
pazufloxacin and the individual components.
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Table 5.1: Diffusion coefficients of prulifloxacin and panxfcin extracted from 2D
'H DOSY and 2D'F DOSY spectra of the individual drugs.

Molecule DH(x107"m*s™) DYF(x107¥m?s™})
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 aiffgential drug binding or
micellar formation. We hence conclude that the MAD-DOSY exxmpent did not work
for our system of fluorinated drugs and we would hence havesort to 3D-DOSY
schemes, to resolve the individual diffusion componentee TLEDBPGP” type of
pulse sequences were used to record the 2D DOSY spectrdy udes bipolar gradient
pulses to eliminate any background gradients that would teaadditional unwanted
echoes. The analysis of the NMR derived self-diffusion ioehts for prulifloxacin
and pazufloxacin fromiH DOSY and!?F DOSY are tabulated in Table 5.1. The flu-
orine chemical shifts are well resolved in the spectra a$ agein the fluorine DOSY
spectra. The presence of SDS in the MAD-DOSY spectra didesat to differential
drug binding as evidenced from Figure 5.3 and hence the 2D NDIBY experiment

has not worked for our system of fluorinated drug mixture.

Figure 5.4 shows the 1BH, *C and'’F NMR spectra and peak assignment for
prulifloxacin. The chemical shift values of proton, carbeowl duorine nuclei for this
drug are given in Table 5.2. Théd NMR spectra of investigated fluoroquinolones
showed signals for aromatic and non-aromatic protons inrbkecules. Carboxylic
proton (COOH) for prulifloxacin was observed as a single4a68 ppm in the spectra.
For the aromatic part ofH NMR spectra, the characteristic splitting pattern due to
the presence of fluorine atom (F29) was observed. The H5mpiotdHd NMR spectra
appears as doublet at 7.8 ppm, split by the fluorine atom grdhree bonds, with
coupling constant®; = 13.7 Hz. The signal for protond-appears at 6.39 ppm, split
into doublet through four bonds by the fluorine atom with dowypconstant 4, _» =
6.1 Hz. The signal for H14, H18 appears at 3.3 ppm and for H1Y, &ppears at 2.64
ppm. H14, H18 protons are coupled to H15, H17 protons thrabgie bonds with
coupling constant 34 5 = 8.4 Hz. Similarly H11 proton appears at 3.47 ppm and
H27 proton appears at 2.13 ppm, being coupled to each otteergh three bonds with
coupling constantB; 5 = 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 prubfein and pazufloxacin
in DMSO-d6. (B) Mixture of prulifloxacin and pazufloxacin inMI50-d6
with the addition of 100 mM SDS. (C) 2B'F spectra of prulifloxacin and
pazufloxacin in DMSO-d6. The label Drug 1 refers to prulifloxeand the
label Drug 2 refers to pazufloxacin.
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Figure 5.4: (A) Structure of prulifloxacin. (B) Peak assigmhof the proton NMR
spectrum of prulifloxacin in DMSO-d6. (C) Peak assignmerthefcarbon
NMR spectrum of prulifloxacin in DMSO-d6. (D) Peak assignineinthe
fluorine NMR spectrum of prulifloxacin in DMSO-d6.

spectrum.

Figure 5.5 shows the 1EH,'2C and'F NMR analysis for pazufloxacin. The chemi-
cal shift values of proton,carbon and fluorine nuclei fostthiug are given in Table 5.3.
The characteristic splitting pattern due to the presendéuofine atom was also ob-
served in pazufloxacin. The H2 proton'id NMR spectra appears as a doublet split by
the fluorine atom through three bonds and with coupling @mis?l; » = 10.15 Hz.
H8 proton appears at 9.07 ppm as a singlet., kbton (H17) appears at 5.01 ppm.
H15 and H16 protons appears at 0.99 ppm and 0.88 ppm resgdgchiging coupled to
each other through three bonds, with coupling constant 3 = 6.5 Hz. H18 proton
appears at 1.49 ppm as doublet due to splitting by H13 pratdrbaing coupled to it
through three bonds with coupling constady;3; = 6.8 Hz. H12 proton appears at
4.4 ppm, also being coupled to H13 proton through three bandscoupling constant

3Jy_y =11.4 ppm. H13 proton appears at 3.38 ppm and is coupled toHib8 and
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Table 5.2:'H,'*C and'*F 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
Cl4 40.15
C19 49.81
C25 152.90
Cc27 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 assignéthe proton NMR spec-
trum of pazufloxacin in DMSO-d6. (C) Peak assignment of thdaa
NMR spectrum of pazufloxacin in DMSO-d6. (D) Peak assignnoéthe
fluorine NMR spectrum of pazufloxacin in DMSO-d6.

H12 protons.

The effect of prulifloxacin and pazufloxacin on the mobilitly phosphate head-
groups of DPPC was studied By NMR. Figure 5.6 (A-C) shows the 1BF, 3P
and!H spectra of the mixture of prulifloxacin and pazufloxacireinsd inside DPPC
membrane mimetic. The 1D spectra shows that the drug sigrelsroadened, as com-
pared to pure form. The broadening of the signals arises @ texchange at an
intermediate time scale between the bound and free form.sphrelattice relaxation
times(T;) and the spin-spin relaxation tim€E,) are measures of the overall tumbling
and segmental motions in the molecule. Prulifloxacin andiff@zacin contain both
proton and fluorine groups which make it convenient to ush hdtand'°F signals to
study their diffusion character in the DPPC lipid membraaeliffusion 'H NMR and
3P NMR experiment was conducted on a sample of DPPC, prulifloxaith DPPC

and pazufloxacin with DPPC. The observed diffusion coefiisi®f prulifloxacin and
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Table 5.3:'H,'*C and'F 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

Ci14 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 tifig$ and spin-spin relax-
ation times(T,) are given in Table 5.4. The estimates of spin-spin relaratimes
(T,) from the NMR line-width indicate that th&, values are the order of 10-100 ms.
Lower values ofT, indicate that the both drugs lose their mobility and bindipadl
membrane, resulting in a loss of motional freedom. Lipid ggtwrus exhibits large
chemical shift anisotropy?'P NMR line shape is sensitive to different types of mo-
tions of lipid molecules. Figure 5.7 shows the results ofimstated echo experiment
on the phosphorus frequency by altering the gradient augaitresults in signal de-
cays with a high signal to noise ratio which is well suitaldefitting the self diffusion
coefficient. We recorded a series of 1D NMR spectra with iasireg gradient for dif-
fusion measurements on the mixture of prulifloxacin and flazacin with DPPC and
compared the result to the diffusion coefficients obtaimethe same experiment in the
absence of DPPC as shown in Figure 5.8. The presence of DRIeCectthe transla-
tional diffusion rates of prulifloxacin and pazufloxacin.géie 5.9 (A) shows the 2D
HMBC spectra of the mixture of prulifloxacin and pazufloxaciie projections onto
thedo — oy plane of the 3D COMPACT-IDOSY data for the diffusion coeffici range
1.5 to 2.0x107! m? /s showing the signal of prulifloxacin is given in Figure 5.9(B)
and for the diffusion coefficient range 2.2 to 3<00~'° m?/s showing the signal of
pazufloxacin is given in Figure 5.9(C). The spectra in theaetéd 2D planes are well-
resolved, leading to an improved accuracy in the estimatidine diffusion coefficients

from this 3D DOSY experiment.

5.5 Conclusions

The determination of the stereochemistry of fluorinatedydrand the relative configu-
ration of such drugs in liposomal drug carriers is crucialmolerstanding their biolog-
ical activity. A set of 2D fluorine and proton DOSY, 2D MAD-D@Snd novel 3D
heteronuclear DOSY experiments have been performed ontamaiaf two quinolone
antibacterial agents, pazufloxacin and prulifloxacin. Tésults of the different pulse
sequences are compared on the basis of their ability to ateptre drugs based on

their molecular weights and accurate computation of thiéugion coefficients. The
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Figure 5.6: 1D (A)'F spectra of mixture of prulifloxacin and pazufloxacin in DPPC
(B) 3'P spectra of mixture of prulifloxacin and pazufloxacin in DPRC)
'H spectra of mixture of prulifloxacin and pazufloxacin in DPPC
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Table 5.4: Relaxation rates and Diffusion coefficiedts< 10~ m?/s) of Prulifloxacin
and Pazufloxacin inside DPPC, extracted from'2DDOSY, 2DF DOSY
and 2D*'P DOSY spectra.

Drugs Nuclei T, T, Diffusion Coefficient
Prulifloxacin with DPPC 3P  2.20s 0.94s 1.15+0.03

™H 149s 0.78s 1.17 £ 0.02

YF 1.34s 0.79s 1.20 £ 0.01

Pazufloxacin with DPPC 3'P  1.05s 0.63s 1.56 £ 0.01
'H 1.79s 0.17s 1.524+0.03

E 1.36s 0.15s 1.54 +£0.01

DPPC 3ip 2.85s 0.15s 1.62 £ 0.02

™H 1.95s 0.68s 1.60 £+ 0.03
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Figure 5.7: Experimental echo decay for the fluorinated slraigd drugs inserted in
DPPC as measured ByP diffusion NMR. Data points represent DPPC
alone (open circle with black line), pazufloxacin in DPPQder with red
line), and prulifloxacin in DPPC (square with blue line).

104



0.8 |

0.6

Intensity

0.4 |

0.2

Pazufloxacin ®
Prulifloxacin &

PC 8
Pazufloxacin with DPPC ¢
Prul‘ifloxacin wjth DPPC x

Il Il
(1] 10 20 30 40 50
Gradient Strength, G/cm

Figure 5.8: STE-PFG NMR intensity decays of prulifloxacin,azpfloxacin,
prulifloxacin inserted in DPPC, pazufloxacin inserted in BPRnd
DPPC alone. Differences in the decay rates indicate difted&fusion
coefficients measured for drugs in free form and when bouPBC.

2D DOSY and 2D MAD-DOSY experiments were not able to sepatstandividual
diffusion coefficients of the drugs in the mixture and we leehad to resort to the 3D
COMPACT-IDOSY experiment for accurate determination ef diffusion coefficients.
The 3D COMPACT-IDOSY experiment will be useful in the decolwion of com-
plex mixtures of fluorinated molecules and in fluorinate@iig-binding assays. Drug
loading and penetration into a phospholipid bilayer, whels important implications
for drug delivery applications, was characterized usifigyNMR and'°F to measure
the self-diffusion coefficients of the free and bound dru@&e incorporation of the
fluorinated drugs inside the DPPC lipid bilayer was evidenog the lowering of the
translational self-diffusion coefficient as compared @t thf the free drug. For instance,
the diffusion coefficient (measured frothl DOSY) of prulifloxacin inside DPPC de-
creased by a factor of 10 as compared to its free fdriir(x 10~ m?/s inside DPPC
as seen in Table 5.4 and)4 x 10~ m?/s as seen in Table 5.1). The work described
in this chapter will be of relevance for the elucidation austure of new fluorinated
drugs and binding studies of how changes in steric configuraause changes in affin-
ity at the receptor binding site, which are increasinglydmeimg important for clinical

applications and in the polymer and pharmaceutical incesstr
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Figure 5.9: COMPACT-IDOSY data for a mixture of prulifloxacand pazufloxacin
(A) HMBC spectra (B) signals with diffusion coefficient beten 1.5 to
2.0 x10719 m? /s, (prulifloxacin). (C) signals with diffusion coefficient be
tween 2.2 to 3.0<1071% m? /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 resglifor many biochemical
processes. Different types of biological membranes haxersk lipid and protein com-
positions. A lipid bilayer, one of the main components of @ldgical membrane, pro-
vides mechanical stability and low permeability to ions &rge molecules. The struc-
tural characteristic of the cell membrane is such that ieleh like a two-dimensional
liquid, and its constituent molecules (membrane protems lgids), rapidly move
about in the membrane plane, while phospolipids do not wudé&ee diffusion in
the cellular plasma membrane. The diffusion of moleculethexcomplex cellular
membrane is affected by membrane inhomogeneities andatiens with cytoplasm.
All membrane components can freely diffuse along the plang® membrane and
the rate of their diffusion determines the kinetics of thembeane-associated bio-
chemical reactions. The diffusion coefficient can be deieech by NMR techniques
such as PFGSE NMR. This chapter focuses on the interactibmofntioxidantsy-
tocopherol and curcumin with a phospholipid bilayer. Cuanau(1,7-Bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione) a naturaigdeénol, found in the rhizomes
of Curcuma longa, commonly called turmeric, exhibits aniammatory, antineoplas-
tic, and chemopreventive activities and has been shown ftheamacologically safe
even at high doses [156, 157]. Vitamindz={ocopherol) is a fat-soluble vitamin with an-
tioxidant properties present in nuts, seeds, vegetablkksvaole grains.a-tocopherol,
(2,5,7,8-Tetramethyl-2-[(4,8,12-trimethyltridecyf}chromanol) is an important lipid-
soluble antioxidant, and it protects membranes from oldaby reacting with lipid
radicals produced in the lipid peroxidation chain reacfi®8]. In a biological system,

an antioxidant can be defined as any substance that whempatsew concentrations



compared to that of an oxidizable substrate would signifigatelay or prevent oxida-
tion of that substrate [155]. Although oxidation reacti@ms crucial for life, they can
also be damaging to plants and animals. The oxidizable atbshay be any molecule
that is found in foods or biological materials, includingloahydrates, DNA, lipids,
and proteins. Antioxidants may be classified according ¢ir ttnechanism of action:
primary or chain breaking antioxidants and secondary orgurve antioxidants. Some
antioxidants exhibit more than one mechanism of activity are therefore referred to
as multiple-function antioxidants. Primary antioxidaate also referred to as type 1
or chain-breaking antioxidants. Secondary antioxidargsso classified as preventive
or class 2 antioxidants. The main difference between thesexadant types is that the
secondary antioxidants do not convert free radicals irgblstmolecules. Antioxidants
are widely used in dietary supplements and have been igegstl for the prevention
of diseases such as cancer, coronary heart disease andtéuele aickness. Antioxi-
dants also have many industrial uses, such as preserviaitiives! and cosmetics and to
prevent the degradation of rubber and gasoline. PFG NMRraxpats in conjunction
with molecular dynamics (MD) simulations, afford additamnformation on the mo-
bility of lipid-soluble antioxidants, which has implicatis for the efficiency of radical

scavenging in biological membranes [160].

6.2 DPPC Lipid Bilayers

DPPC is a phospholipid consisting of two palmitic acids asmthe major constituent
of pulmonary surfactants. Palmitic acid is the most comnaityfacid found in ani-
mals, plants and microorganisms. Phospholipids are a ofdgsds that are a major
component of all cell membranes as they can form lipid bilgy&he majority of the
lipid content in most eukaryotic and prokaryotic cells an@gpholipids. Phospholipid
bilayers are usually divided into two polar head group regiand one non-polar hydro-
carbon region consisting of the phospholipid hydrocarboaires. The identity of the
phospholipid is therefore determined by the compositioheddgroup and the length
and saturation of the hydrocarbon tail. Phospholipid latayhave been widely stud-

ied from different points of view because of the importarnénplayed in the structure
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and function of biological membranes [159]. In the bilayelmited number of water

molecules can penetrate into the head group regions.

6.3 Antioxidants and Lipid Interactions

Antioxidants are classified into two broad divisions, dapeg on whether they are
soluble in water (hydrophilic) or in lipids (hydrophobiclhe hydrophilic antioxidants
react with oxidants in the cell cytosol and the blood plaswmiile hydrophobic an-
tioxidants protect cell membranes from lipid peroxidatidinese compounds may be

synthesized in the body or obtained from the diet.

6.4 Experimental Methods

'H diffusion experiments were also performed on Bruker Aea®@0 NMR spectrome-
ter using Diff30 diffusion probe capable of generating nmetgnfield gradients of up to
1200 G/cm. To avoid probe heating and to stabilize the satepiperature the probe
was cooled by a water circulation unit (BCU 20) and the terapge was maintained at
25°C. A stimulated echo pulse field gradient sequence with asldfutime of 100 ms
and gradient pulse duration of 2.0 ms was applied. The gnadieps were varied in 32
steps to a maximum gradient amplitude of 1200 G/cm for DPFRR© with curcumin
and DPPC withy- tocoferol samples and in 16 steps upto 120 G/cm for othepkesn
The data evaluation was performed by fitting to the StejSkalner equation, as de-
scribed in Chapter 1. The curcumin, alpha-tocoferol and ©OB&mples were obtained
from Sigma Aldrich and used without further purification.eféample was prepared by
dissolving 2 mg of curcumin in 600l of DMSO-D6, at a concentration of 10 mM. The
sample ofa-Tocopherol was prepared by dissolving plin 600 x| of Acetone-D6.
For samples in DPPC, desired quantity of DPPC and alphagterol/curcumin were
dissolved in chloroform. The solvent was evaporated wittr@asn of nitrogen so as
to deposit a lipid film on the inner walls of the container. Thst traces of solvent
were removed by vacuum drying for at least 1 hour. Hydratiot processing steps

were performed ai0 °C, which is above the DPPC gel-fluid melting temperaturg (T
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Figure 6.1: Structures of individual molecules.(AjTocopherol (B) Curcumin (C)
DPPC.

=42°C). The films were hydrated with 5Qd of PBS:D20 (90:10) (pH-7.4), incubated
for 50 minutes, and sonicated for 2 hours. The lipid conegiain was maintained at 25
mM and the alpha tocopherol/curcumin concentration was k2 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 'H experiments were carried out with a typied® pulse length of 9.14s and a re-
laxation delay of 1 s. Fourier transform spectral paranset&re 32K data points using
a 8361 Hz spectral window?C NMR were performed with a typical° pulse length
of 14.60us. Proton decoupling was performed using WALTZ16. Stanaaethods
were used for the acquisition of the 2D COSY, TOCSY, HMQC aMB€ spectra.
The d2 delay for the HMQC and HMBC methods was 3.44 ms, cooredipg to'Jy 4
of 145 Hz. The d6 HMBC delay was 60 ms, corresponding?y ; of 8.0 Hz. The

TOCSY mixing time was set to 60 ms.
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Figure 6.2: Fig (A) 1D'H NMR spectra of the curcumin andTocopherol were ac-
quired with 16 transients, 32K data points using a 8361 Hetsplevindow
and a relaxation delay of 1 s. (BJC NMR spectra of the curcumin and
a-tocopherol were acquired with 65K data points with numbescans 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, tifieision coefficient becomes
anisotropic and may be represented in terms of a second-sydemetric diffusion
tensor having tensor elemerids andD, representing the diffusion perpendicular and
parallel to the bilayer normal direction, respectively.aisforming to the laboratory
frame defined by the applied pulsed-field gradients, the areddiffusion coefficient
becomes

D.. =D, sin20 + D cos 20 (6.1)

whered is the angle between the bilayer normal and the directiom@fapplied field
gradient. When the bicelles are aligned in the applied magfield with their bi-
layer normal perpendicular to the direction of the extemalnetic field, and when
the field gradient is applied parallel to the magnetic fielhed &bove equation reduces
to D.. = D, which corresponds to lateral diffusion within the bilay&ysing PFG
NMR, the lateral diffusion of molecules in the plane of theidi bilayer can be mea-
sured. Here we describe PFGSE NMR-based methods on cureundin-tocopherol
that bind with DPPC. The methods exploit the changes in eitie relaxation rates
or diffusion rates in free and bound conditions. Since theegeeriments employed a
PFG-STE sequence, appropriate gradient strengths wezardeed which could dis-
criminate between the antioxidants and DPPC lipid bilayAts low gradient strength
of 1.2 G/cm, the NMR signals of the both the antioxidants dnedQPPC are observed.
However, at a high gradient strength of 1200 G/cm, the sgjinain the free compounds
are completely eliminated, while those from the bilayees r@duced. To identify an-
tioxidant that bind to DPPC from a mixture of nonbinding caapds with use of a
diffusion-edited approach, several PFG-STE spectra vee@ded and analyzed. First,
a PFG-STE spectrum of the test compounds in the absence df DRR acquired at
a low gradient strength. At this gradient strength, the masces from all of the com-
pounds are observed. Next, PFG-STE spectra of the componrits presence of
DPPC were obtained at low and high gradient strengths. ThesmondingD were

estimated from the slopes of the straight lines fitted to tta.d

Figure 6.2 shows the 1BH and 1D*¥C NMR spectra of curcumin and- toco-
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pherol. The proton spectra of curcumin featured a protoglsiraty 6.06 ppm due
to the hydroxyl group. The methoxyl group of the both aromatigs was confirmed
by a proton singlet at 3.35 ppm and a proton multiplet centered betwéeh69 to
6.82 ppm. The*C NMR spectra of curcumin shows resonances for all twengy-on
carbons. Thé3*C NMR spectrum showed a singlet at 183.3 ppm due to the presenc
of a carbonyl carbon. The presence of aromatic rings werérooed by resonances
ranging between 111.28 to 146.84 ppm. Figure 6.3 (A-D) shows the 2D NMR spectr
from the experiments COSY, HMQC, TOCSY and HMBC on the curicumolecule.
Figure 6.4 (A-D) shows the 2D NMR spectra from the experiméd®SY, HMQC,
TOCSY, and HMBC on the-tocopherol molecule. TheH-'H COSY analysis gave
cross-peaks for proton correlations. The HMQC experimelgdd to confirm théH-

'H and3C NMR chemical shift assignments. For instance, FigureBj.4hows the
aromatic protons at 6.49 to 7.35 ppm have direct connectivity with aromatic oarht

5 116.92t0 121.06 ppm. THed-'H TOCSY analysis gave correlations between all the
protons. The HMBC analysis led to multiple bond correlatioiormation. Table 6.4
shows the diffusion coefficients of tocopherol and curcumin, which exhibit varying
diffusion behavior in free and bound forms. Bath tocopherol and curcumin when
incorporated in the bilayer diffuse slower relative to tHeee forms in solution. The
diffusion of the DPPC molecules is slower than that of thécidant in free forms, but
the difference gets smaller at higher concentration. Sine¢neadgroup of DPPC has
got a much larger dipole moment than that of the antioxidahesdiffusion of DPPC

will be effectively slowed down by these interactions.

Molecule Diffusion Coefficient1071° m?s™1)
a-Tocopherol 6.29 £+ 0.03
Curcumin 1.85 4+ 0.02
a-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 antdamt molecules diffusing
freely and inside DPPC, measured on the Diff30 probe.

113



(A) : (B) :
-2 . — 40
[ ] : + [
s 4 :
r - E :_80 £
- . i o
. L6 Z, ‘. " 120 S
‘oo i 3 . [ 3
-8 - 160
.'"'I""I""I""I """" IIII
8 6 4 2 8 6 4 2
w,(ppm) w, (ppm)
(C) E (D) :
' -2 » = 40
| : i
'* 4 E - 80 T
3 Q " [ Q
o 2 . I 2
mn 6 Wi F120
|‘ [ e [
[ "o i [
:8 - 160
rrerprerrprreepreer YT T I.'III
] 0 4 2 8 0 4 2
W, (ppm) w,(ppm)

Figure 6.3: 600 MHz (A) 2D COSY spectrum of curcumin. The datarix is 1024
x 1024 and the number of tncrements is 128. (B) 2D HMQC spectrum
with a data matrix of 1024 1024 and the number of tnhcrements=128,
the recycle delay is 1 s arldyy = 145 Hz. (C) 2D TOCSY spectrum. The
data matrix is 1024x 1024 and the number of increments is 256, the
recycle delay is 2 s and the mixing time was set at 60 ms. (D) BB
spectrum. The data matrix is 10241024 and the number of increments
is 256, the recycle delay is 2 s ahtx; = 8.0 Hz.
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Figure 6.4: 600 MHz (A)2D COSY spectrum a@fTocopherol. The data matrix is 1024
x 1024 and the number of increments is 128. (B) 2D HMQC spectrum.
The data matrix is 1024 1024 and the number of increments is 128, the
recycle delay is 1s andly ; = 145 Hz. (C) 2D TOCSY spectrum. The data
matrix is 1024x 1024 and the number of increments is 256, the recycle
delay is 2 s and the mixing time was set at 60 ms. (D) 2D HMBC spet

The data matrix is 1024 1024 and the number of increments is 256, the
recycle delay is 2 s and®Jy ; = 8.0 Hz.
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6.6 Conclusions

By using PFG NMR methods, we have investigated the influehteedipid phase on
the self-diffusion of antioxidants-tocopherol and curcumin diffusing in a DPPC lipid
bilayer system. The diffusion experiments were repeated®Diff30 probe which can
achieve much higher gradient strengths, to probe moleautbesnuch slower diffusion.
The experimental analysis described in this chapter iss@ preliminary stage and a
more detailed analysis combined with MD simulations is regflito reach quantitative

conclusions about the data.
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CHAPTER 7

Summary & Future Outlook

This thesis deals with the study of the translational sdfudion coefficients using

pulsed field gradient NMR and the development of novel horolman and heteronu-

clear three dimensional DOSY-type pulse sequences. Thgmdesschemes have been

applied to mixtures of small molecules, fluorinated drug tomi&s and biomolecules

diffusing inside a lipid bilayer. Specifically, the work ae®ed in the thesis includes:

¢ A novel diffusion-edited 3D NMR experiment was designed thaorporates a
BEST-HMQC pulse sequence prior to the 2D diffusion sequembés pulse se-
guence provides a more sensitive and less time-consuntargative to standard
3D HMQC-DOSY experiments. The feasibility of the technigsidemonstrated
on a mixture of amino acids, on a mixture of small moleculeth\wimilar diffu-
sion coefficients, and on commercial gasoline.

A new 3D diffusion-ordered heteronuclear NMR experimenMACT-IDOSY
sequence was designed, which combines the 2D HMBC expetiftine evalu-
ates long-rang&C-'H couplings) with the DOSY sequence in an IDOSY fash-
ion. The experimental pulse scheme was implemented on aireigft flavonoids
rutin and quercetin. The scheme offers substantial reglugtiexperimental time,
good sensitivity and excellent resolution of signal overlaading to the accurate
determination of translational diffusion coefficients nélividual components in
the mixture.

A versatile three-dimensional diffusion-edited nucleagmetic resonance exper-
iment (3D MQ-DOSY) has been developed that concatenatedtghatgquantum,
single-quantum correlation scheme with a diffusion-oedgyulse sequence. The
experiment is demonstrated on mixtures of small moleculés similar diffu-
sion coefficients and is able to resolve severely overlagmgtils along the third
dimension.

The diffusion coefficients of individual fluorinated drug lecules prulifloxacin
and pazufloxacin have been estimated using both 2D protofirthe DOSY,
3D COMPACT-IDOSY and micelle-assisted DOSY. The diffusadfreach drug
inside a lipid bilayer has also been investigated usingoprotarbon and phos-
phorus diffusion and relaxation measurements.

The lateral and translational self diffusion of antioxitlmside a lipid bilayer
such as DPPC has been of much recent interest. This thesidsepdiffusion
study of of two antioxidants-tocoferol and curcumin inside the DPPC bilayer.
PFG NMR experiments were performed by using the high gradismengths
available on the special rf Diff30 probe.



The future prospects for extensions of the work describedigthesis include: To
use the 3D DOSY methods developed to study protein diffissiora crowding envi-
ronment such as ficoll or dextran. Under crowded conditidifsision is dominated by
the solution viscosity [161]. Hence glycerol can be addeithéoprotein with buffer, to
mimic the diffusion of a protein of much larger size and muldwer diffusion [162].
Another direction of interest is the application of nonfonin sampling (NUS) proto-
cols to diffusion pulse sequences. The advantage of NUSatsttfrequently affords
high resolution spectra from much smaller data sets as caupa 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 diffuspsabe and procedures to pro-
cess diffusion data. The Bruker diffusion Diff30 probe israge nucleus probe, with a
'H radiofrequency coil insert with an inner diameter of 5 mnmagdvetic field gradients
of up to 12 T/m can be generated. Such high gradient amp#§tackerequired for stud-
ies of high molecular weight or viscous samples with smdfldion coefficients. To
avoid probe heating and to control sample temperature,rtiteegds cooled by flowing

water and the temperature is usually maintainezb&at.

A.1 Installing the probe

¢ Slowly insert Diff30 probe and alternatively fasten twoesgs under probe.

e Connect all cables: For Diff30- Two RF Cables, pics cableasnequired. In
addition the following are required: Air cable-BCU extrenneit, heater cable,
gradient cable, one sensor cable.

e Typein*“edhead” command. In edhead dialog choose “Diff3@he, click define
as current probe button, and finally click exit button.

e Type “edte” command, turn on button in edte dialog.

e Type in “edprosol” command, confirm the pulse widths and pogables were
all changed to fit the “Diff30” probe.

e Type “ha” to see the accessible hardware. Once it shows lineard information,
press “ok”.

e Type “ii” (initialize interface) a few times, wait till it firshes.
e Type “setpre” command go to files-read default.
e Do the RT shimming (doped water) in “gs mode”.

e The probe setup is performed in 3 major steps:



(a) The setup of the spectroscopic parameters, i.e rf pulséierigopower, spec-
tral width and receiver gain.

(b) The setup of the diffusion parameters, gradient pulse keagtt maximum
amplitude, the diffusion time and the receiver gain, whgl ifunction of
the echo time.

(c) The setup of the 2D measurement parameters, number of gtathes,number
of scans and number of repetitions.

A.2 Gradient calibration

Before carrying out diffusion measurements the only wayadtibcate such gradients
exactly is to measure the diffusion coefficients of a well\wnsample carefully and
compare the results with the standard literature valuesialysone will use a water
sample for this calibration, the best way is to use the Brgtandard sample called
“Doped water”, which is 1% kO in D,O with 0.1g/l GdC}. For the proton diffusion
coefficient of this sample the values 0O, 1.872x 10~ m?/s measured at room tem-
perature (298K) can be used, because the sample is prhcic®, H,O is only used
as a tracer. If this is not available, we can use normal demaized water. The water
must be doped by using 1g/l CuSan this case use the value of diffusion coefficients
of H,0, 2.031x10~? m?/s measured at room temperature (293K) [88]. A scaling fac-
tor known as the gradient calibration constant (GCC) mustdpasted such that results
from diffusion experiments standard samples yield thesmivalue. The GCC is deter-
mined by comparing the “old” value (i.e., the value of GCC lggmbduring calibration
experiments), with the value @f and the known value of diffusion coefficient from the

literatureD;;.

GO = |2 % GCCl (A.1)
Dy

This value of GCC is stored using “setpre” command.
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A.3 Temperature calibration

Diffusion coefficients of liquid samples are strongly temgiare dependent. Tempera-
ture calibration can be performed by using an NMR tempeeagtandard, e.g. one of
the Bruker “Temperature calibration” samples. The commeathod to perform this
calibration is to observe the chemical shift separatiomwben the OH resonances and
CHn resonances in either Methanol or Ethylene Glycol. Methan Methanol-d4 is
used for low- temperature calibration and Ethylene GlyooDMSO-D6 is used for

temperatures above ambient.

The edte window has a wide variety of features including terajure control, mon-
itoring corrections, and many more. To open the temperatomérol window, simply
type “edte”. Switch to the correction tab and press the “Balitton in the linear cor-
rection line. Select “Slope/Offset calculation.” Enterthre two sample and target
temperatures in units of K and select “Calculate Slope arise@f Press “OK.” Select
“Apply.” If necessary, select “Activate” in the linear cewtion line. It is possible to
control the settings of the monitoring window by selectihphitoring 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 Topspis@tware. To extract
the diffusion data from the DOSY experiments, the baselfral the spectra were cor-
rected and the threshold was adjusted such that all sigheitecest were above it. 3D
DOSY processing must always be preceded by cross-peaktubfithat can be done
either automatically by the software or manually. Crosaksecan then be redefined,
excluded, and combined via the process panel and the ititerapectrum display, al-

lowing the operator to include only the peaks of intereshadiffusion analysis.

Command “dosy2d” is for the processing of a 2D DOSY experimetich is a
set of 1D spectra weighted by the diffusion coefficients. ®h&come of the DOSY
processing is that the chemical shift information dispthgéong x axis is obtained by

FFT of the time domain data whereas the diffusion coeffisiphitted 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 sétldkpectra
weighted by the diffusion coefficients. Usage of the DOSY mieds quite simple.
First acquire a DOSY experiment either 2D or 3D. Then proggssa regular fashion
along the spectroscopic axes. There are three directions 8D DOSY dataset as
the i, I, (DOSY dimension) and {Hdirection. K is always the acquisition direction.
For processed datap and R are always the second and third direction, respectively.
The name of a 3D processing command expresses the directwamch it works. The
command “t§” processes a 3d dataset in the direction (acquisition direction). 4f
transforms time domain data (FID) in to frequency domaimdspectrum) by Fourier

transformation.

Each row of the ktime domain data is baseline corrected according to BC_mod.

This parameter takes the value “single” meaning the avaragesity of the last quarter

of the FID detected on single channel. Linear predictioroisedaccording to ME_mod.
This parameter takes the value “Lpfr’'meaning forward preédn can be used to extend
truncated FIDs. Each row is multiplied with a window functiaccording to WDW.
This parameter usually takes the value “sine”. Each row &spltorrected according to
PH_mod. This parameter takes the value “pk”, for PH_mod fglgpplies the values

of PHCO and PHC1. If phase values are not known by typing “xfiv'the 3D data to
process a 23 or 13 plane, after doing a phase correction rathe 2D dataset, store

the phase value to 3D.

The size of the processed data is determined by the proggssiameter Sl. A typ-
ical value for Sl is TD/2. Before running “f the processing parameter Sl in all three
directions k, F, and i must be set. “ff’ stores the data in subcube format. It au-
tomatically calculates the subcube sizes such that one Fgwof subcubes fits in the
available memory. After that type the command ™tfin 3D DOSY processing “tf’
only works, when data have already been processed with “fthe command “tf”
processes a 3D dataset in the F1 direction. This transfonmesdomain data (FID) into
frequency domain data (spectrum) by Fourier transformat@epending on the pro-
cessing parameters BC_mod, WDW_mod, ME_mod and PH_mgddglgo performs

baseline correction, window multiplication, linear prefthn and spectrum phase cor-
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rection. After that type the command “dosy3d” to get 3d tfarms or type “eddosy”

to open windows to set up processing parameters, type xlifitsst, enter appropriate
value for Disp,;, (lower display limit) and Disp,. (upper display limit). Also enter
value for Gdist (ms) = Gradient distance (big Delta) and Ghas) = Gradient length
(little delta) from DOSY experiment, enter = 4257.700 for proton DOSY. Press
“click start fitting” button to perform fitting and at the enkdet 3D DOSY pilot is dis-
played. The 3D-DOSY processing method gives pseudo-30 déuare the diffusion
coefficient axis is appended to usual 2D spectra, such as CAEQC, and HMBC.

The slice data of the 3D spectra with respect to the diffusioefficient give the 2D
spectra of the individual components. The commands “rleI'3" and “r23” read a
plane from 3D processed data and store it as a 2D datasetp$pifoselect “procpars”
tab and click on “Extract Slice” in popup menu. This opensdteog box that offers

several options, each of which selects a certain commarekégution.

Furthermore set the three parameters namely plane or@mmtaglane number and
destination proc numbeRlane orientation: set F1-F3. This parameter determines the
commands “r13” is execute®lane number. the maximum plane number depends on
the Sl value in the direction orthogonal to the plane origota Destination procno
can put any number (example 999) where the output 2D datastired. The process-
ing state of the output 2D data relates to the processing sfahe input 3D data. An

extracted plane can processed with 2D processing commi&eddh, xf2, xf1 etc.

A.4.1 Error estimation

Measuring the absolute value of diffusion coefficient isyvdifficult because of un-
certainties in gradient calibration, uncertainties in pemature. For calculating errors
we did a set of 1D experiments (pulseprogram:stebpgplsidipiata were collected
with different gradient strengths (2 to 95%) on 600 MHz Bnukeance NMR. The
intensity of the attenuated signal was calculated and tperearental data were fitted
to the Stejskal-Tanner equation by using GNU plot. GNU pdoa ipowerful tool for
data plotting and error analysis. Open the files in GNU ploubiyng the experimental

determined values, plot the data in a linear graph, userlifie 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 gradaunévn units of Gauss/cm.

then the percent gradient can be converted to an absoluléeegtastrength. Sample

experimental values are listed in the Table.

After determining the gradient value for each percent gnaidplot in/ /I, vs square
of the gradient, the slope can help with finding the diffustmefficient by using the

following equations.

D =—m/y* x § x (A —3/3))) (A.2)

In this example the value éfequals to 0.60 ms to 100 ms anchas value of 100 ms
to 200 ms. To determine the reliable size of the random efribreospectral repetitions,
a single spectrum of the solvent was chosen as target. Thdastherrorsr, have
been calculated using exponential fitting of the signalnai@ion data and estimating

the errors in the relative diffusion coefficient.

Consider a function f(t), &< t < t*, represented at discrete timesby f'(t;) = v;
with standard deviation,,, and the total integration interval is = Mh, wheret; =

(i-1) x Atand: = 1....M + 1. The standard deviatiors, and the variance? is

OF\? OF\* OF \*
2 _ 2 2 2
op = <—8y1) o, + <—8y1) Oy o, + <—8yM) Y (A.3)

M 2 M
or
=2 (ayi) o =D Mo, (A-4)
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Where =h = At.

op —1

°D _ A.5
om  [72 X2 x (A—=0/3)] (A-5)
For both PFGSE and PFGSTE, the standard deviationfands are
Op —1
D _ A.6
on  [2x0%2x (A—=4/3)? (A-6)
op -m 2m
— = + (A.7)

o5 [32x 2 x (A—=6/3)? 42 x0%2x(A—=4§/3)]

Therefore

o= [(2) o] +[(2) o] <[(2) o] s

A5 The DOSY Toolbox Kit

Some of the diffusion data in this thesis was also processied the DOSY Toolbox

opensource software package (http://dosytoolbox.chemisanchester.ac.uk/dosytoolbox).

A reference 2D NMR spectrum was recorded on the Bruker Avéih&®0-MHz
spectrometer, by setting the value of gradient strengpes;teal widths, diffusion time
intervals, number of scan and gradient duration. For psingsthe DOSYToolbox
program was run using the shell script “run_DOSYToolboxXdAux32.sh”, giving the
location of the v710 directory as an argument. The main wanadl then open, which
provides access to all processing capabilities via pratggmnels and menus. A data
set is then imported using the “file” menu. The following ®bklp in processing the

imported DOSY data.

1. “Spectrum number” panel is used to display the differeatigent levels.

2. “"Phase correction” panel is used for zero and first ordaspltorrection applied
using the slide bars.

3. “Plot control” panel is used to zoom, expand, and scalspeetra and the FIDs.

125



. “Standard processing” panel is used to set the numberiofgpfor the Fourier
transformation, the window function and the reference peak

. “Corrections” panel is used to set the baseline corre@ial reference deconvo-
lution. Clicking the “FIDDLE” button applies the referendeconvolution. The
“center” button sets the center frequency of the signal.

. "Advanced processing” panel, click the “Process” buftmrrunning the method
with current settings.

. “DOSY” button gives access to both the standard DOSY a$ ageto multi-
exponential fitting. This leads to two dimensions, one disi@m gives informa-
tion about chemical shift and second gives information alffusion coeffi-
cients.
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