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2.1 Pulsed field gradients in NMR

The term pulsed field gradient is used for inhomogeneities of the static magnetic field
caused by the switching of dc-currents in coils surrounding the sample region in a
NMR spectrometer. The additional coils are usually designed such that the magnetic

field Bo they produce varies linearly over the sample region.

The use of pulsed field gradients had been suggested in 1963 in the context of
diffusion measurements (McCall, 1963). The influence of self-diffusion on the spin-
echo amplitude in the presence of a constant field gradient had already been discussed
by Hahn in his origina paper on spin echoes (Hahn, 1950). The gradients were caused
by inhomogeneities of the static external field over the sample volume and the effect
of diffusion on the spin echo amplitude was disturbing the intended measurement of
spin-spin relaxation times. Separating relaxation from diffusion effects had been
achieved by a modified pulse sequence suggested by Carr and Purcell (Carr and
Purcell, 1954). This lead to a number of self-diffusion studies in viscous liquids (e.g.
(McCall, 1963)), but it was realized that the measurement of smaller and smaller
diffusion coefficients by constant field gradients became more and more unpractical.
The use of pulsed field gradients and stimulated echos led to a huge increase of the
sensitivity (Stejskal and Tanner, 1965). Frequency resolved spin-echo measurements
had been suggested by Vold et a. (Vold, 1968) soon after the introduction of the
Fourier transformation technique (Ernst and Anderson, 1966). An application to
measure self-diffusion coefficients of different components in complex systems using
pulsed field gradient Fourier transformation NMR followed (James and McDonald,
1973). This combination lead to wide spread applications in different parts of NMR
(Calaghan, 1991).

During a constant field gradient, the static magnetic field varies across the sample.
The Larmor frequency of a single resonance line is directly proportional to the
position within the sample. This effect can be used to obtain an image of the spin
density. This idea due to Lauterbur (Lauterbur, 1973) was the starting point of
spatialy resolved magnetic resonance techniques with applications in biology,
medicine and material sciences (Blimich, 1998; Calaghan, 1991; Kimmich, 1997,
Miller, 1998; Vlaardingerbroek and denBoer, 1996).
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The potential use of pulsed field gradients to perform signal selection in high-
resolution spectroscopy has been recognized in 1978 (Maudsley, 1978). Their routine
use in multi-dimensional NMR experiments was pioneered by Hurd (Hurd, 1990).
This development was triggered by the invention of actively shielded gradient coils. A
rigorous theoretical treatment of signal selection by pulsed field gradients was given
by Mitschang et al. (Mitschang, 1994; Mitschang, 1999). The finding of an optimal
sequence of pulsed field gradients for any NMR experiment has been reduced to a
geometrical problem. The development and application of a computer program based

on this theory is part of the underlying thesis. The results are discussed in (Thomas,
1999) aswell asin paragraph[2.3

Paragraph 2.2 gives an outline of the theory, which includes the discussion of coherent
motion and diffusion on the signal amplitude in a multi-pulse heteronuclear
experiment with pulsed field gradients. The geometric formulation of pathway
selection of Mitschang et al. is reproduced. The design of gradient pulse sequencesis
discussed in detail in prepublished work (Thomas, 1999). Paragraph 2.3 gives
additiona information on the treatment of pulse imperfections and optimizing water

suppression. Paragraph 2.4 discusses signal 1oss by diffusion.

2.2 Theory

High-resolution multi-pulse heteronuclear experiments on liquid samples are most
conveniently discussed in terms of the product operator formalism (Ernst, 1987;
Sorensen, 1983). In the course of a NMR experiment, coherence is transferred
between nuclel, and superpositions of eigenstates of the spin system are excited.
These superpositions are conveniently classified into coherence orders p, standing for
the difference in the magnetic quantum numbers of the contributing eigenstates [for a
comprehensive discussion see for example (Levitt, 1988)]. The concept of coherence
order is particularly important in the description of experiments with pulsed field

gradients during free evolution intervals.

The Hamiltonian, which describes the interaction of a heteronuclear spin system with
apulsed field gradient, is
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H, (1) = a{z(»m+z(»§j (21)

where g = gradB(t) is the time dependent pulsed field gradient, r; the position of the
nuclear spin i, and I, and S; the Cartesian spin operators of species | (protons) and S
(heteronucleus) with the gyromagnetic ratios y; and ys. (For simplicity, only one
heteronuclear species is considered explicitly. If it becomes necessary, a
generdization of the equation to treat more than two different spin species can easily

be done.) The sum extends over al nuclear spinsin the sample.

The Hamiltonian in this form contains the position of al spins as a function of time.
However, we are dealing with aliquid in a steady state of thermal motion. The motion
of the nuclear spins is a random process, and we have to introduce probability
concepts to describe the position of the spins. Brownian motion is a stochastic process
evolving in continuous time, and so we define a family of random variables R;,
parameterized by the timet, and let r; denote the values taken by R; (Gardiner, 1983).

The smallest length scale which can be sensed by pulsed field gradientsis typically of
the order of um (Callaghan, 1991). The size of the molecules in liquid NMR
experiments does not exceed a few nm. Therefore, the stochastic variables Rti are
taken to describe the motion of the center of mass of molecule i. Internal motions or
overal rotation of the molecule are neglected. In cases where the molecule gets
extremely big or the gradients very strong, additional internal variables have to be

included in the description.

The Hamiltonian then is

He ()= - ({2R<zmw+%s} (22)

with the first sum extending over all molecules in the sample, and the second sum

including each spin of one molecule.

This Hamiltonian induces a spatially dependent precession of the spins in the
transverse plane. The precession frequency depends on the coherence order p and the

phase shift induced by a pulsed field gradient during atime interval r is given by
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(viP} +YsPS)I(tR, (23)
with the coherence orders p," and ps of the spins | and S present during the time
interval r. The different coherence orders excited during the experiment can be

collected in a coherence transfer pathway with an overall phase shift

o,(t)=[g (t) R, (24)

with the effective gradient g being introduced to take care of the different coherence
orders during the experiment for simplicity purpose. The explicit form of the
dependence of the effective gradient on the coherence orders and gradient strengths
will be specified later. The detected signal of the NMR experiment is proportional to

the ensemble average

S(@) = Y (et),

with the conditional probability density

Zj'dt Jdrti P(rti,t Ir, ,O)p(roi ,O)exp{i g(t)r'} (25)

P(rti,t I ,O)drti = Pr ob(rti <R/ <r/+dr/|R, = roi) (26)
In the notation of (2.5ﬂ the stochastic process is defined by a family of random
variables R;' in continuous time. No further assumptions are made at this point about
the nature of the process. The ensemble average over the time integral of the phase
accumulated by a molecule i is defined by taking the ensemble average for each t,
where the Integral r{ extends over all possible values that r{ can take. This ensemble-
averaged quantity is then time integrated and the overal signa of the NMR

experiment is obtained by a summation of the contribution of each molecule.

The spatial average in (2.5)] can be analyzed using the cumulant expansion theorem
(Stepisnik, 1981):

(") = life: ()5 (0)+) (2.7)

This corresponds to an expansion about the mean value
t X )
(0.0), =[o'(t) (R) o (28)
0
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The attenuation exponent [3; is given by

B.( %j g < >ch*(t")dt'dt" (2.9)
0

In Eq. (2.§ﬁ|the local correlation (Callaghan, 1991) or second order cumulant

<Rt'iRt"i >LC - <Rt'iRtni>L - <Rt'i >L<Rtni>|_ (2.10)

isintroduced.

[ S ——

For a Gaussian phase distribution al cumulants of higher order than 2 vanish
(Gardiner, 1983). The local correlation is in that case equal to the variance o of the
probability density. For atypical high resolution NMR setup the molecules inside the
sample diffuse freely, which means that the molecules do not hit any barrier during
the experiment. In this case the phasesin (2.ai| are Gaussian distributed and no higher
order corrections need to be applied. In cases of restricted diffusion in
microstructures, the Gaussian assumption or, as it is often termed in view of a
Stejskal-Tanner type diffusion experiment, the narrow-pulse criterion has to be
checked carefully (Wang, 1995).

The oscillatory part of the signal in (2.5E| arises from the mean spin displacement. The
motion of the mean spin displacement can be expanded in powers of time (Callaghan,
1991)

j ) dt’ +vjtg dt’+= ajt’zg dt’ +.. (2.11)
0

Where r is the average spin position in the sample measured from the origin of the
gradient coordinate system, v and a are the mean velocity and the mean acceleration.
This expansion presupposes that all spins in the sample have a common average
motion. In the case of a stagnant fluid only the first term of the expansion remains. If
the time integral over the effective gradient - hereafter referred to as the average
gradient - is vanishing, the signal phase does not depend on the position r of a
molecule. Therefore all molecules within the sample contribute with equal phase to
the signal. The signal is named "gradient echo” if the effective gradient is different

from zero during part of the time.
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In cases where the average gradient is nonzero, the signal phase will encode for the
position of the spins within the sample. Recording a series of consecutive experiments
in which the average gradient is increased linearly from zero to a large vaue (or in
practice from alarge negative to a large positive value) leads to a diffraction type of
signal modulation. The Fourier transform of the signal is a direct representation of the
projection of the spin density within the sample on the gradient direction. This linear
sampling of the signal decay in dependence of the average gradient is used extensively
in NMR imaging.

In high resolution NMR spectroscopy, the goa is to form a gradient echo for the
signa of interest. To evaluate the refocusing condition, the effective gradient has to be
specified explicitly. In a multi-pulse high resolution NMR experiment, the time
integral of Eq. (2.11|i| Is decomposed into different intervals of free precession
separated by rf-pulses. During such an interva r, the coherence order is constant and
Eq. (2.4}pecifies the rate and sign of the gradient induced phase shift. The rf pulses
induce changes of coherence order. With the exception of 180° pulses, each pulse
changes the coherence order before the pulse into several new coherence orders after
it. These new coherence orders, which accumulated the same gradient induced phase
shift during the interval r, will collect different phase factors during the interval r+1
and have to be treated as separate terms. In this way, the rf-pulses create a multitude
of coherence order transfer pathways. Each of these pathways will be influenced in a
different manner by a sequence of pulsed field gradients. To evaluate Eq. (2.11])] the

average gradient for one single coherence pathway can be written as

T,+6,
ZFZ(V. Pl +yept) Gy [ (t) ot
r=1 :
¢ T,+6,
Jo'(t) dr= ZF‘,(WOHVSP“S)G; [f,(t)at (212)
0 r=1 i

T,+6,
> el +vept)e; Jro(e)at

r=1

r

The time integral is expressed as sum over al free evolution periods of the
experiment. Pulsed field gradients are applied at times 1, with amplitudes
G4 (a=x,y,z) and shape factors f," in the interval r of the experiment during which

the coherence orders p," and ps' are excited. The shape factor f," is a smooth function
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with a maximum value of 1, which is non-zero only during the time interval [T, T+/].
F is the tota number of free evolution intervals of the experiment. By further

introducing the composite coherence order p (John, 1991; Mitschang, 1994) and the

gradient strength s,
p'=p; + (l]p; (213)
Ys
T, +8
s, =Gy [fe(t)dt (2.14)

r

the condition for a vanishing average gradient reads

t = PS,
[ot) d'=p| X p's) [=p|ps, |=-k=0 (2.15)
° 5 ps,

>.p's,

with the gradient strengths along the Cartesian axes s, (a=x,y,z) and the composite
coherence orders p written as a vector with F components. Eq. (2.15)| defines the

genera wave vector k.

The resulting signal amplitude from the oscillating part in (2.SE|

slkr) _ 23,(k,R) sin(k,L)
S, kR kL

(2.16)

where the sample volume is taken to be a cylinder of height L and radius R with
uniform spin density. Its center is the origin of the coordinate system and its axis of
cylindrical symmetry along the Zeeman field. The radial component of the wavevector
isk; =(k*+ ky®)” (Mitschang, 1999; Thomas, 1999).

Egs. (2.16)]and (2.19)] reduces the finding of an optimal gradient sequence for a given
pulse sequence to a geometrical problem (Mitschang, 1994). The condition (2.1SE| has
to be fulfilled for all selected coherence transfer pathways simultaneously, while the
factor (2.16)] should be as small as possible for al pathways to be suppressed. The

solution of this multidimensional minimization problem is found with the aid of the
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computer programs Z GRADIENT and TRIPLE GRADIENT and is discussed in more
detail in section[2.3.2

The second term in the expansion of EQ. (2.7|i| leads to a damping of the signal for all
coherence pathways. This damping is caused by the statistical fluctuations of the
average molecular motion. The location correlation in its genera form of Eq. (2.1qﬂis

a second rank tensor.

The diffusion coefficient of a particle undergoing Brownian motion can be defined in
two different ways. (1) In the phenomenological approach, a concentration gradient
causes a particle current density j proportiona to the concentration gradient grad c.
The constant of proportionality is called the diffusion constant D (Fick's law). (2) The
second approach is a microscopic approach. Here the self-diffusion tensor is defined

as the spectral density function of the particle velocity auto-correlation:

D, () =% T<vt‘avtiB>Le‘“dt (217)

In the limit of zero frequency, the two definitions are equivalent for non-interacting
Brownian particles (Ohtsuki and Okano, 1982). The relationship between the particle
velocity auto-correlation and the local correlation is described in detail in (Callaghan,
1991). Theresultis

<a't,ia'tni>LC :7—1_[_].;Dm(w) — dw  a=xy,z (2.18)

In this case (2.€ﬂ| might be expressed as (Stepisnik, 1981; Stepisnik, 1985)

Bl)= ¥ L=l

—~ 2
a:x,y,zET g, (w, t)‘ dw (2.19)

—00

where the Fourier transform of the effective gradient

t
G, (1) =] g, e*d (220)

0

has been introduced.
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The attenuation factor in Eq. (2.19I{| depends on the spectral density of the trandlational
motion and the squared spectrum of the effective gradient. The analogy between this
expression and equations for spin relaxation has been pointed out by Callaghan
(Callaghan, 1991; Callaghan and Stepisnik, 1995). In relaxation, the spectral density
of the random rotational motion of the molecule is sampled at frequencies
corresponding to the Larmor frequencies of the involved spins, their sum and
difference. In a diffusion experiment the spectral density of the random trangdlational

motion is sampled with the function

g (@t)
2

Si(wt)=

which is characteristic of the gradient spectrum. However, in terms of this analogy, we

(2.21)

maneuver in the regime of extreme motional narrowing for agueous protein solutions,
e.g. the function Dy, (W) can be replaced by Dy, (0), which represents the self-diffusion
coefficient along the Cartesian axis a. If amodel of Brownian motion is assumed, the
characteristic time scale for the motion will be the jump time of the random walk
(Cdlaghan, 1991)

= .0

which is of the order of pico-seconds for smple liquids. In contrast the fastest time

(2.22)

scale of the gradient variation is typically not faster than a few ps, which is severa
orders of magnitude larger. Thus it is impossible to study spectral features of the

trandational motion in simple liquids or protein solutions.

The Parceval relation

u 2

[g.(t)at

0

1 T ga (ot \ j
in combination with Egs. (2.5)] (2.7l and (2.1 with D(c) being replaced by D(0),

gives two different general expressions of the signal attenuation due to diffusion. In

du (2.23)

the frequency domain, we get
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—~x 2
2 t
S(s,p) —epl- Y Lop I—gﬂ((‘l’ ) d (2.24)
S(s=0) Lom
and in the time domain, we get
S(S, p) tlu ' ’2
=exps - D, ||| 94(t")dt] du (2.25)
=0 .2, P ][ %)

Egs. (2.24)] and (2.25)] describe the attenuation factor of one single coherence transfer
pathway with the coherence orders represented by the vector p (see (2.13ﬂ in an
experiment with pulsed field gradients, the strength of which is represented by the
vector s (see (2.145[). On the right hand side the explicit dependency on p and s is
hidden in the effective gradient g. A general solution of this equation with an explicit
representation of the effective gradient in terms of p and s and its implication to
protein experiments will be discussed in paragraph 2.4. In case of a non-vanishing
average gradient (2.12)] the diffusion factor (2.24)] or (2.25)] has to be multiplied with
the position dependent factor (2.16)|to get the total attenuation due to the pulsed field
gradients.

The result given in Eq. (2.ZSE| reproduces earlier results (Kenkre, 1997; Stejskal and
Tanner, 1965) which had been obtained by solving the classical Bloch-Torrey
eguations (Torrey, 1956).

2.3 Pathway selection and artifact suppression

2.3.1 General remarks

The selection of coherence transfer pathways is essential to any multi-pul se sequence.
Depending on the coherence selection, the spectra obtained of an otherwise identical
sequence of pulses can differ immensely. Selection of coherence transfer pathways
can be done by phase cycling (Bain, 1984; Bodenhausen, 1984; Kesder, 1988). The
pulse sequence, especialy with the same time increment in a multidimensional
experiment, is repeated a certain number of times only changing the phases of one or
more of the pulses and the receiver. The signals of al scans are then added up in the
receiver, where the wanted pathways accumulate, whereas the unwanted ones are

cancelled by subtraction. This selection principle causes some problems:
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1. Small changesin amplitude or phase between the scan lead to incomplete
subtraction, causing so called t1-noise. Traces of noise appear as lines along the
indirect dimensions at the detection frequency of large suppressed signals.

2. TheFID acquired in asingle scan contains all possible pathways of the
experiment, which have to be fully digitized in the receiver. The choice of the
receiver gain is often determined by large unwanted signals and small wanted
signals are not digitized properly (dynamic range).

3. The measurement time can get exceedingly long, depending on the required
number of scans to complete a phase cycle. Thisis especially inconvenient for
concentrated samples, where one scan per time increment could often give a
satisfying signal to noise ratio.

An dternative to the phase cycling is the pathway selection by pulsed field gradients.

Whereas the selection via phase cycling is based on the change of coherence order, the

effect of a pulsed field gradient is sensitive to the coherence order itself (2.aﬂ The

condition for refocusing a pathway is given in Eq. (2.19)] It can be analyzed in a

straightforward manner to get a gradient sequence that does not suppress any of the

wanted pathways. However, it should be noted, that the refocusing of one or more
wanted pathways is not sufficient for a selection. In order to perform area selection,
it must be made sure that all possible unwanted pathways are dephased at the same

time by the gradient sequence. The finding of such a sequence is by no meanstrivial.

The main advantage of the use of pulsed field gradients is the fact that the selection
procedure is done in one scan, which circumvents the problems of phase cycling
mentioned above. On the other hand, there are mgjor disadvantages of using pulsed
field gradients as well:

1. Theapplication of a pulsed field gradient induces eddy currents in any conductor
near the coil.

2. A mechanical torqueis applied to the gradient coil and thus to the probe. Both
effects 1 and 2 disturb the stability of measurements.

3. Theapplication of pulsed field gradients takes some extra time in many cases.
Thisleads to loss of magnetization due to relaxation. Loss of magnetization due to
diffusion is unavoidable as well.

4. If the wanted pathways are dephased before an amplitude type of magnetization
transfer occurs during the experiment, half of the wanted pathways are lost and the
signal intensity is reduced by afactor of 2 or 2” (Mitschang, 1999).

Although the potential of the use of pulsed field gradients had been recognized very
early on (Maudsley, 1978), the first point listed above has prevented the application in
spectroscopy for a long time. The induced eddy currents can last long enough to

inhibit the recording of a high-resolution spectrum for several hundred milliseconds
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after the application of a pulsed field gradient. Thanks to the invention of actively
shielded gradient coils (Mansfield and Chapman, 1986; Mansfield and Chapman,
1987; Turner and Bowley, 1986), the routine use of pulsed field gradients in
spectroscopy was made possible. In their design, an additional shield coil is wound
around the main gradient coil to compensate the field outside the sample volume. For
such a coil design, eddy currents decay in times of the order of a hundred

microseconds.

The problem of the mechanica disturbance is not so severe since the gradient
strengths required for signal suppression are not very high. A typical problem induced
by this force are vibrations of the sample, which might cause traces of t1 noise a a
frequency of afew ten to hundred Hertz next to strong signals. Fixing the gradient coil

tightly to the probe solves the problem.

The signal decay due to diffusion - which will be discussed in more detail in section
2.4 - ismore of a problem for small molecules, which have long transverse relaxation
times. For this class of molecules, some extra delay of one to three milliseconds does
not affect the signal intensity very much. For large molecules though, the relaxation
losses during such an interval might be intolerable. On the other hand the signal loss

by diffusion can be neglected for large molecules.

The relaxation problem exists only for pulse sequences, which require a gradient
during a delay that encodes the chemical shift in an indirect dimension. In those cases,
the extra chemical shift evolution during the pulsed field gradient has to be refocused
by a 180° Pulse. An aternative is to calculate the first points of the FID by linear
prediction (Ross, 1993). This induces some artifacts of the lineshapes, if too many

points have to be predicted.

The most severe problem in biological applications, where the signal to noise ratio of
an experiment is crucial, is the signal reduction mentioned in point 4 above. Most
multidimensional heteronuclear NMR experiments involve the transfer of
magnetization via J-coupling evolution. Magnetization evolves from transverse in-
phase magnetization Iy or |, into antiphase magnetization |,S, or 1,S,. The
magnetization transfer is accomplished by a simultaneous 90° pulse on the | and S

spins, which gives a rotation for the full antiphase magnetization that did build up
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during the previous delay. Now the rest of the pulse sequence is designed to “work”
only on the magnetization that has been rotated. Placing a pulsed field gradient into
that interval will spread e.g. the IyS, part into equally distributed 1,S, and 1,S,, so that
the following Ix pulse only rotates half of the initial antiphase magnetization, and
since the pulse sequence is designed to continue working only on 1,S,, the other half
of the magnetization is lost (Muhandiram, 1994). The problem is circumvented, if the
pulse sequence does continue working on both parts of the resulting magnetization as
for example in a homonuclear isotropic TOCSY transfer. Thus gradients might be

applied in these sequences without losing sensitivity (Sattler, 1995; Wijmenga, 1997).

The situation is different if a gradient is placed into an indirect evolution period. The
magnetization precesses in the x-y plane while the indirect time domain is
incremented and a subsequent 90° pulse flips only half of the magnetization on
average. The resulting signal is amplitude modulated, which implies that the sign of
the rotation during t1 is lost. To ensure that no scrambling occurs, the reference
frequency has in principle to be placed to one side of the spectral region (Aue, 1976).
However, methods have been developed, that circumvent this problem by shifting the
phase of the pulses before the acquisition period (Marion, 1983; States, 1982). In this
method the reference frequency can be placed in the center of the spectrum and an
improvement by a factor 2” in signal to noise ratio is reached by avoiding the folding
of noise into the spectral region by the reduced spectral window. If gradients are
placed in the indirect time domain, again half of the magnetization is flipped as in the
phase-cycled version. The frequency in the indirect dimension can easily be
determined, however the peaks have unfavorable mixed line shapes. To circumvent
this problem, two transients selecting p- and n-type coherence have to be added. This
leads to the same type of amplitude modulated signal as in the States method, but the
2" intensity gain islost (Keeler, 1985, Muhandiram, 1994 #38).

A way to work around the 2" is by using a so-called sensitivity enhanced experiment
(Cavanagh, 1991; Pamer I11, 1991; Palmer 1Il, 1992). In the indirect chemical shift
dimension, the phase e.g. of the 21,S, magnetization has a cos(Qt;) dependency, and
s0 a90° pulse at the end of the interval t; flipsthe S, magnetization only half the time.
In total one gets an average over the cosine term, which leads to a factor 2 loss of

signal to noise that is unavoidable for al indirect dimensions that evolve chemical
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shifts. The 2IyS, term created after t1 evolves into inphase proton magnetization Iy in
an INEPT step and is detected subsequently, whereas the 2I,S, term is lost. The trick
in sensitivity enhanced experiments is now to “park” the inphase term I created by
the INEPT along the z-axis. At the same time the double/zero quantum term 21,S; is
converted to antiphase 21,S, which in turn evolves into inphase I, in a second INEPT
step. Afterwards the parked I, term is flipped to the transverse plane by ax-pulse. Asa
result, the total transverse magnetization present in t1 will be transferred from spins S
to | (for atwo spin-system 1S). In a sense heteronuclear primary and stimulated echoes
(Hahn, 1950) are recorded at the same time with a 90° phase difference, and

unsurprisingly thereis no lossin sensitivity when gradients are employed (Kay, 1992).

Another way to fully refocus the magnetization would be the application of a rf-
gradient. The method of spectral editing with rf-gradients has been long recognized
(Counsell, 1985). The B; inhomogeneity of the rf coil can be used to dephase
magnetization. This method has been applied for example the suppression of zero-
guantum coherences in NOESY spectra, which is not possible by pulsed field
gradients or phase cycling (Mitschang, 1992). The desired magnetization is spin-
locked by the rf-pulse and any component perpendicular decays.

Asisthe case for static pulsed field gradients, the decaying signal can be refocused by
applying a gradient with opposite polarity. In such a case the phase of the signal does
not depend on the position of the spins and a so-called rotary spin echo forms
(Solomon, 1959). The greatest inhomogeneities of the rf field exist outside a standard
coil used for high resolution NMR, where the magnetization decays approximately
proportional to the inverse of the coil radius. This rf-gradient could lead to partial
refocusing of prior static pulsed field gradients in z-direction (Czisch, 1996). On the
other hand, static pulsed field gradients might be used to suppress B; inhomogeneities
(Hurd, 1992). These applications all use the natural inhomogeneity of the standard
coil of the spectrometer, which is not at all designed to be inhomogeneous. Another
approach is to design probes, which contain an additional coil producing a linear rf-
gradient (for a review see (Canet, 1997)). This rf-gradient can be used in much the
same way as a static pulsed field gradient for coherence selection (Brondeau, 1992;
Maas, 1993; Mutzenhardt, 1995), imaging (Hoult, 1979; Maffel, 1994; Metz, 1994) or
diffusion experiments (Canet, 1997; Humbert, 1998; Kimmich, 1995; Simon, 1996).
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The important point to note is that the dephasing by the rf-gradients occurs in a plane
perpendicular to the effective field, e.g. the x-z plane, while static pulsed field
gradients dephase in the x-y plane. In a sequence, static pulsed field gradient - (90°)x-
(rf-gradient)y, all magnetization should be refocused, if both gradients show the same
positional dependence and have the same strength. Maximum sensitivity can be
obtained with the combined By B; gradient selection. The problem remainsto design a

probe with linear By and B; gradients.

An amazingly simple way of achieving selection is to store the desired magnetization
along the z-axis and apply a pulsed field gradient that purges all unwanted signals,
which remained in the transverse plane. Because this method does not imply any
dephasing and rephasing of the desired pathways, it is sometimes not viewed, as a
“rea” coherence selection by gradients, but the distinction is rather superficial. If al
possible unwanted pathways are purged by a gradient, the gradient does indeed do the
selection job. Examples are the application of a pulsed field gradient in the NOESY
mixing time or gradients in so-called z or zz filters (Bax, 1992; John, 1992). A zz-
filter can be introduced at the end of any INEPT or the beginning of a back INEPT
step in a heteronuclear pulse sequence. Additional z-filters might be introduced before
acquisition (Wider and Withrich, 1993).

In the discussion so far, al rf-pulses of the experiment have been assumed to be ideal,
e.g. the desired rotation angle is expected to be the same over the whole sample
volume and the whole frequency range. This is never the case in real experiments
though; there will always be a number of artifacts caused by pulse imperfections.
Particularly 180° pulses are sources of artifacts in spectra. An easy way to remove a
bigger proportion of the imperfections of these pulses is to flank them by two pulsed
field gradients of the same magnitude (Bax, 1992), a procedure which is very familiar

in imaging applications, where pulse imperfections of 180° pulses are far more severe.

The main advantage of pulsed field gradients in biological applications is the very
efficient water suppression. The water signal in protein samples of concentrations of
1mM or lessin pure water can be reduced to be smaller than atypical signal from the
protein. There are a large number of publications on this topic and the reader is
referred to reviews (Aliteri, 1996; Hore, 1989). The only special water suppression
technique to be mentioned here is the so-called WATER GATE. It is based on a Hahn
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echo sequence with a selective pulse for the water magnetization (Liu, 1998; Piotto,
1992; Sklenar, 1993). The pulses are flanked by two identical pulsed field gradients,
which refocus the desired signal and dephase the water magnetization.

2.3.2  The Design of Gradient Pulse Sequences
The general condition for the formation of a heteronuclear gradient echo has been

developed in section 2.2:

The following paragraph is taken from (Thomas, 1999) which discusses the
development of a computer program, based on the geometrical analysis. In the
example given in (Thomas, 1999), we discuss an experiment, which produces severd
types of high order coherence. The experiment selects heteronuclear quadruple
guantum coherence, while heteronuclear triple and double quantum coherence are
suppressed.

The attenuation of a pathway depends on the vector argument, k, which appears as
the scalar component k. and k, in equation (2.16)] k itself depends on the inner
product of the vectors p and s, which is what makes it possible to interpret the
mechanism of pathway selection geometrically. A pathway is rephased if k=0 when
field gradients are applied. In this case, the vectors s,, s, and s, representing the
sequences of pulsed filed gradients applied along the different directions are
orthogonal to the vector p representing the coherence transfer pathway. For k
different from zero, i.e. if one of the vectors s,, s, and s, are not orthogonal to p, the
pathway is dephased and hence attenuated to a certain extent. Generally speaking,
the larger the inner product between the pathway and the sequences of field
gradients, the greater is the achievable attenuation of the signal because of the way in
which Eq. (2.16)]falls off.

The overall vector space R splits naturally into three parts. The first is the subspace
spanned by the wanted pathways, and is hence called ‘ selective’. The remaining part
of R is decomposed into two further parts. The suppressive subspace comprises the
components of the unwanted pathways outside of the selective subspace, whilst the
free subspace is any remaining part of R” that can be spanned neither by wanted nor
by unwanted pathways.

The condition that a gradient sequence not perturbs the wanted signals can now be
met ssimply by generating it from within the suppressive and free subspaces, and
avoiding the selective one. The suppression of unwanted pathways depends entirely
on components from the suppressive subspace. (Thomas, 1999)

In most of the pulse sequences in use for protein structure determination (Kay, 1995z,
Kay, 1995b; Sattler, 1999) the situation is quite different. No higher coherence orders

are excited and the number of possibilities of introducing gradients for coherence
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order selection without reducing the signal to noise ratio of the experiment is very
limited (Muhandiram, 1994). Usualy the last back INEPT is replaced by the
sensitivity-enhanced version. The two gradients inserted provide very good water-
suppression and do the coherence selection (for 2 dimensions). Apart from these two
gradients, a different number of additional gradients are placed around 180° Pulses
and in zz-intervals (Bax, 1992). These gradients serve to suppress artifacts and
prevent radiation damping of the water, in the case where water flip-back sequences
are employed (Kay, 1994). The experiment is viewed as consisting of simple building
blocks. The possible artifacts during such a building block are suppressed by applying
pulsed field gradients in the way mentioned above. The ratio of the gradient strengths
applied in different building blocks is optimized empirically, where the most crucia
factor is the efficiency of the obtained water suppression. The gradient strengths are
varied in non-integer ratios to avoid accidental refocusing of unwanted signals. The
following discussion will show a way how this empirical procedure can be replaced

by a systematic approach.

The approach is discussed on the example of the HSQC sequence with a
WATERGATE and two zz-intervals. This relative simple pulse sequence is
chosen, because the number of unwanted pathways identified by the formalism
outlined below is small enough to be listed and discussed in detail within this thesis.
The sensitivity enhanced version of the HSQC sequence or any other
multidimensional experiment can be treated in a similar way, but the number of
unwanted pathways increases relatively quickly if more free precession intervals are
added.
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Fig. 2.1 HSQC with 3-9-19 WATERGATE and two zz-intervals. A=1/2Jy or slightly
shorter and 0=(2A-3.37t)/2 to compensate for Jyy evolution during the (3),-T-(9)x-T-(19)x-
T-(19) - T-(9) x-T-(3) x pulse-train. Thefirst increment in theindirect dimension is
calculated to be (t1)=n/(2* SW)-[(4/T)* to(°N)+t(*H)] to calculate the phase correction
in F1 or back-predict the point t1=0 (Schmieder, 1991) (n=0,1,2,.. , SW=spectral width
in the N dimension, tm(*°N)=90° Pulse length of nitrogen, t(*H)=180° Pulse length of
the protons). Phase cycling: @l=x,-X,X,-X; @2=X,X,-X,-X; I €C=X,-X,-X,X. Optimized gradient
values are shown in lines G, G, and G, (see text).
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In the HSQC experiment, the equilibrium magnetization | is rotated by the first 90°
pulse on the protons to the transverse plane. During the first INEPT (intervals 1 and 2)
antiphase proton magnetization |,S, builds up, which is turned into spin order I,S,.
The first 90° pulse on *°N excites antiphase nitrogen magnetization |,S, that evolves
>N chemical shift during t1. The 180° pulse on the protons in the middle of t1
refocuses the heteronuclear coupling. At the end of t1, the magnetization is again
stored as I,S; and finally transferred back to inphase proton magnetization, which is
subsequently detected while the heteronucleus is decoupled. The pulse sequence has 8
periods of free precession in which pulsed field gradients can be placed. The

coherence order of all desired pathways during these intervals are shown in[Tab. 2.

number 1 2 3 4 5 6 7 8
1 +1 -1 0 +0.1 +0.1 0 -1 -1
2 +1 -1 0 -0.1 -0.1 0 -1 -1
3 -1 +1 0 +0.1 +0.1 0 -1 -1
4 -1 +1 0 -0.1 -0.1 0 -1 -1

Tab. 2.1 List of the four wanted coherencetransfer pathwaysin the 'H*N HSQC
experiment. The numbersin thefirst row refer to theintervals of free precession as
shown in Fig. 2.1

For the HSQC the origin of artifacts has been described in detall in the literature
(Cavanagh, 1996; Hammarstrom, 1994; Shaw, 1996). Imperfections in 180° pulses
including off-resonance effects and non-ideal flip angle due to rf-inhomogeneities or
wrongly determined pulse-lengths are the cause of al artifacts. All of these artifacts
can be analyzed in detail by afull product operator treatment. Choosing this approach
gives exact results, but it requires a substantial amount of computation, especialy if
the pulse sequence under consideration is getting more complicated. For an efficient
suppression of the resulting artifact, it should generally be enough to get an estimate
of the effect of the imperfections. The effect of a pulse with flip angle ® along the x-
axis can be expressed as (Ernst, 1987)

|, Ot Izcostb—%(I*—l')sin(D (2.26)

PO 1fco 2+ 1" s’ D4l snd (2.27)
2 277
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A pulse imperfection on a 1t pulse might now be written to a first approximation by
replacing the ideal flip angle ®=180° by an angle ®=180°+e and expanding the

angular functions up to the linear termin €:

1, O fredt, —IZ+2£%(I+—I‘)+O(82) (228)

1= 0T 1 p2eil, +0[e?) (2.29)

To be consistent in the treatment to order €, only one 180° pulse at a time is to be
imperfect. So for each wanted pathway at each of the 180° pulses in the pulse
sequence, an unwanted pathway can be created by the rules given in (2.28E| and (2.235[
e.g. transverse magnetization is to first order flipped to the z-axis and longitudinal
magnetization is converted into two transverse terms |I” and I. The corresponding
pathway is then evolved, with all remaining pulses treated as ideal. For the HSQC
sequence this creates the following undesired pathways:

1. Animperfect 180° pulse on >N in the first INEPT creates transverse nitrogen
magnetization in interval 2, doubling the number of pathways. The double and
zero guantum coherences pass through to interval 3, but the 90° pulse on the
protons creates single quantum >N magnetization as well. Each pathways splits
into three new pathways. The following 90° pulse on nitrogen creates transverse
and longitudinal >N terms, splitting all pathways again into three pathways. The
180° pulse on the protons does not create any new pathways. Of the terms created
by the second 90° pulse on nitrogen, only the ones with longitudinal nitrogen lead
to adetectable signal. Since only —1 proton magnetization is detected by
convention (see e.g. (Kesdler, 1988)), only terms with +1 need to be considered in
interval 7. Thus the imperfections of the first 180° pulse on **N lead to atotal of
36 unwanted pathways listed in[Previous page: Tab. 2.2 (# 1-36).

2. The 180° pulse on the protons during the first INEPT createsto first order
longitudinal proton magnetization. The further evolution leadsto 12 additional
unwanted pathways listed in|Previous page: Tab. 2.2 (# 37-48).

3. Imperfections of the 180° pulse in the indirect evolution time create zero and
double quantum coherencesininterval 5. A total of 8 additional unwanted
pathways are created (Previous page: Tab. 2.2|#49-56).

4. Thelast 180° pulse on nitrogen is going to create unobservable double and zero
guantum coherences in the ideal pathway. However, the double and zero quantum
coherences created by the last 90° pulse on nitrogen are turned into observable

proton magnetization. Another 8 unwanted pathways are added (Previous page: |

[Tab. 2.2# 57-64)

5. Finally, thelast 180° rotation on the protein signal by the WATERGATE pulse
has to be analyzed. It is going to create longitudinal magnetization of each
transverse proton term to afirst approximation. Thisis not observable, and so no
additional terms are added at this point.
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1 2 3 4 5 6 7 8
1 +1 -0.9 +1.1 +1.1 -0.9 -1 +1 -1
2 +1 -0.9 +1.1 +1 -1 -1 +1 -1
3 +1 -0.9 +1.1 +0.9 -11 -1 +1 -1
4 +1 -0.9 +0.1 +0.1 0.1 0 +1 -1
5 +1 -0.9 +0.1 0 0 0 +1 -1
6 +1 -0.9 +0.1 -0.1 -0.1 0 +1 -1
7 +1 -0.9 -0.9 -0.9 +1.1 +1 +1 -1
8 +1 -0.9 -0.9 -1 +1 +1 +1 -1
9 +1 -0.9 -0.9 -1.1 +0.9 +1 +1 -1
10 +1 -1.1 +0.9 +1.1 -0.9 -1 +1 -1
11 +1 -1.1 +0.9 +1 -1 -1 +1 -1
12 +1 -11 +0.9 +0.9 -1.1 -1 +1 -1
13 +1 -11 -0.1 +0.1 0.1 0 +1 -1
14 +1 -11 -0.1 0 0 0 +1 -1
15 +1 -1.1 -0.1 -0.1 -0.1 0 +1 -1
16 +1 -1.1 -1.1 -0.9 +1.1 +1 +1 -1
17 +1 -11 -1.1 -1 +1 +1 +1 -1
18 +1 -1.1 -1.1 -1.1 +0.9 +1 +1 -1
19 -1 +1.1 +1.1 +1.1 -0.9 -1 +1 -1
20 -1 +1.1 +1.1 +1 -1 -1 +1 -1
21 -1 +1.1 +1.1 +0.9 -1.1 -1 +1 -1
22 -1 +1.1 +0.1 +0.1 0.1 0 +1 -1
23 -1 +1.1 +0.1 0 0 0 +1 -1
24 -1 +1.1 +0.1 -0.1 -0.1 0 +1 -1
25 -1 +1.1 -0.9 -0.9 +1.1 +1 +1 -1
26 -1 +1.1 -0.9 -1 +1 +1 +1 -1
27 -1 +1.1 -0.9 -1.1 +0.9 +1 +1 -1
28 -1 +0.9 +0.9 +1.1 -0.9 -1 +1 -1
29 -1 +0.9 +0.9 +1 -1 -1 +1 -1
30 -1 +0.9 +0.9 +0.9 -1.1 -1 +1 -1
31 -1 +0.9 -0.1 +0.1 0.1 0 +1 -1
32 -1 +0.9 -0.1 0 0 0 +1 -1
33 -1 +0.9 -0.1 -0.1 -0.1 0 +1 -1
34 -1 +0.9 -1.1 -0.9 +1.1 +1 +1 -1
35 -1 +0.9 -1.1 -1 +1 +1 +1 -1
36 -1 +0.9 -1.1 -1.1 +0.9 +1 +1 -1
37 +1 0 +1 +1.1 -0.9 -1 +1 -1
38 +1 0 +1 +1 -1 -1 +1 -1
39 +1 0 +1 +0.9 -1.1 -1 +1 -1
40 +1 0 -1 -0.9 +1.1 +1 +1 -1
41 +1 0 -1 -1 +1 +1 +1 -1
42 +1 0 -1 -1.1 +0.9 +1 +1 -1
43 -1 0 +1 +1.1 -0.9 -1 +1 -1
44 -1 0 +1 +1 -1 -1 +1 -1
45 -1 0 +1 +0.9 -11 -1 +1 -1
46 -1 0 -1 -0.9 +1.1 +1 +1 -1
47 -1 0 -1 -1 +1 +1 +1 -1
48 -1 0 -1 -1.1 +0.9 +1 +1 -1
49 +1 -1 0 +0.1 +1.1 +1 +1 -1
50 +1 -1 0 +0.1 -0.9 -1 +1 -1
51 +1 -1 0 -0.1 +0.9 +1 +1 -1
52 +1 -1 0 -0.1 -11 -1 +1 -1
53 -1 +1 0 +0.1 +1.1 +1 +1 -1
54 -1 +1 0 +0.1 -0.9 -1 +1 -1
55 -1 +1 0 -0.1 +0.9 +1 +1 -1
56 -1 +1 0 -0.1 -11 -1 +1 -1
57 +1 -1 0 +0.1 +0.1 +0.1 +1.1 -1
58 +1 -1 0 +0.1 +0.1 -0.1 +0.9 -1
59 +1 -1 0 -0.1 -0.1 +0.1 +1.1 -1
60 +1 -1 0 -0.1 -0.1 -0.1 +0.9 -1
61 -1 +1 0 +0.1 +0.1 +0.1 +1.1 -1
62 -1 +1 0 +0.1 +0.1 -0.1 +0.9 -1
63 -1 +1 0 -0.1 -0.1 +0.1 +1.1 -1
64 -1 +1 0 -0.1 -0.1 -0.1 +0.9 -1
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Previous page: Tab. 2.2 Pathways created in first order approximation by imperfect
180° pulses.

All in al there are 64 unwanted pathways having arisen from pulse imperfections on
the 180° pulses. In the evolution of the coherence orders an ideal heteronuclear NH
two spin system was assumed. Additionaly, it is important to take any proton into
account, which is not coupled to °N. Here especially the water magnetization is
important. Because of the large magnitude of the water magnetization, it was found to
be necessary to include pulse imperfections on all proton pulses in creating the
unwanted pathways arising from water magnetization. With the same approximation
as above for 180° pulses, the following relations to first order in pulse imperfections

for 90° pulses hold:

|ZD@;ﬁi —%{P—lﬁ—az+o&ﬂ (2.30)

|iDE”“ %Fa—a+%wa—aim+o@ﬂ (2.31)

The unwanted pathways arising from water magnetization are treated in the same way
as the pulse imperfection pathways above. The "idead" water-pathway, e.g. the water-
pathway with all pulse flip-angles taken to be exactly equal to their nominal value, is
going to be written down first. Then flip angle deviations to first order of al proton
pulses are considered. Again, only one pulse at a time is going to be treated as
imperfect, whereas at the same time all other pulses are considered as being perfect. It
should be pointed out that some of the neglected higher order terms for the water
pathways are probably bigger than the first order protein terms considered above.
However, we found that including these terms does not improve the water
suppression, because the residual water observed experimentally is due to other

factors.

Protons not coupled to **N, which show no homonuclear proton-proton coupling, are
flipped to the —y-axis by the first (90°)x pulse. The second 90° pulse on the protonsis
applied along the y-axis, so the magnetization stays in the transverse plane during the

two zz-intervals and the indirect evolution period t1. The last (90°)4 is going to flip
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the magnetization back to the z-axis. This “ideal” water pathway does not contribute
to the observed signal.

The first order treatment results in the following unwanted pathways:

1. Imperfectionsin thefirst 90° pulse of the experiment will leave some
magnetization along the z-axis. This magnetization is getting transverse in interval
3 and will lead to observable magnetization. The WATER GATE pulseis going to
rotate the water magnetization by 360°, resulting in pathways # 65 and # 66 of

2. Thefirst 180° pulse of the experiment flips the water back to the z-axis. This
creates the 4 unwanted pathways # 67-70).

3. If the second 90° pulseis not perfect, the water is rotated to the z-axis during the
indirect evolution period pathways # 71, 72).

4. Imperfection of the other proton pulses excite pathways # 73-76 (180° pulse
during t1), # 77-80 (90° pulse after t1) and # 81-84 (WATER GATE pulse).

1 2 3 4 5 6 7 8
65 0 0 +1 +1 -1 -1 1 -1
66 0 0 1 1 +1 +1 1 -1
67 +1 0 +1 +1 -1 -1 1 -1
68 +1 0 1 1 +1 +1 1 -1
69 -1 0 +1 +1 -1 -1 1 -1
70 -1 0 -1 1 +1 +1 1 -1
71 +1 -1 0 0 0 0 1 -1
72 +1 -1 0 0 0 0 1 -1
73 +1 -1 +1 +1 0 0 1 -1
74 +1 -1 -1 1 0 0 1 -1
75 -1 +1 +1 +1 0 0 1 -1
76 -1 +1 -1 1 0 0 1 -1
77 +1 -1 +1 +1 -1 -1 1 -1
78 +1 1 -1 1 +1 +1 1 -1
79 -1 +1 +1 +1 -1 -1 1 -1
80 -1 +1 -1 1 +1 +1 1 -1
81 +1 -1 +1 +1 -1 -1 0 -1
82 +1 -1 -1 -1 +1 +1 0 -1
83 -1 +1 +1 +1 -1 -1 0 -1
84 -1 +1 -1 -1 +1 +1 0 -1

Tab. 2.3 Coherencetransfer pathways oﬁbh-%ter magnetization, excited by pulse
imperfection in the HSQC experiment (| .

So in total there are 20 additional unwanted pathways from water proton
magnetization and the input file for TRIPLE GRADIENT or Z GRADIENT consists
of 4 wanted and 84 unwanted pathways.

The program TRIPLE GRADIENT and its one-dimensional analogue Z GRADIENT
allow the specification of a weight factor for each individual unwanted coherence
transfer pathway. This option is used to reflect different signal amplitudes for the
unwanted pathways, which is especially useful in the case of strong solvent signals. In

a typical protein NMR experiment, the sample concentration is in the millimolar
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range, while the water concentration is in the molar range. The water signa is
therefore 1000 to 10000 times stronger than any protein signal. Therefore an
optimized gradient sequence should suppress the unwanted water pathways more

efficiently.

Having decided which are the wanted and unwanted pathways, the free evolution
periods during which a gradient might be applied have to be specified in the input file
for the GRADIENT programs. Since in the present example we want to retain all
wanted pathways, there is no possibility to apply any effective gradient during the
indirect evolution time. If gradients are allowed during intervals 4 and 5 (Fig. 2.1), the
effect of the gradient in interval 5 refocuses the effect of the gradient in interval 4.
Since the wanted pathways have the same coherence order in intervals 4 and 5, the

two gradients are of the same amplitude, but have opposite sign.

Allowing gradients during intervals 3, 6, 7 and 8 leads to the suppression of all
unwanted pathways. Choosing less than four intervals results in the refocusing of
some unwanted pathways. The following discussion will focus on the results of
different optimization runs of TRIPLE GRADIENT and Z GRADIENT alowing
gradients during intervals 3, 6, 7 and 8 with different relative weights given to the
protein and the water pathways. The duration of each gradient is set to 1 ms.

After reading the input file, both programs calculate the selective, suppressive and
free subspaces by repeated application of the Gram-Schmidt procedure. The first
represents the subspace spanned by the wanted pathways, the second the subspace
spanned by the unwanted, whilst the free subspace is any remaining part of R" that can
be spanned neither by a wanted nor by an unwanted pathway. The condition that a
gradient sequence not perturbs the wanted signals can now be met simply by
generating it from within the suppressive and free subspaces. Details of the

computation are given in (Thomas, 1999).

In our example, we choose four intervals, so we are operating in R*. One basis vector
represents the wanted pathways and three orthogonal basis vectors represent the
unwanted pathways. The free subspace is empty. The orthonormal vectors constructed
by the Gram-Schmidt procedure are listed in [Tab. 2.4 The three orthonormal base

vectors of the suppressive subspace are named A, B and C. The coherence order of the
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wanted pathways during the zz-intervals is zero, so the vector representing the

selective subspace has zero components in the intervals 3 and 6.

free precession interval
3 | 6 | 7 | 8
vector representing desired pathways
0.00 | 0.00 0.71 | -0.71
orthogonal vectors representing unwanted pathways
A 0.74 -0.67 0.00 0.00
B 0.67 0.74 0.00 0.00
C 0.00 0.00 0.71 0.71

Tab. 2.4 Components of the base vector s of the selective and suppressive subspacein the
four selected intervals of the HSQC sequence of

The components of all unwanted pathways in the suppressive subspace can now be
expressed as a linear combination of vectors A, B and C (x = a*A+b*B+c*C). The
expansion coefficients for all unwanted pathways are listed in Only 19
independent vectors representing the unwanted pathways remain, if only those 4
intervals of free precession are chosen. The unwanted protein pathways are almost
restricted to the plane spanned by A and B, with the only exception of group 11 and
12 having a small component c. The corresponding pathways 57-64 are excited by

imperfections of the last 180° pulse on nitrogen (]Previous page: Tab. 2.2b.

Number group a B c
1-3.19-21 1 1.49 0.00 0.00
16-18. 34-36 2 -1.49 0.00 0.00
37-39. 43-45 3 141 -0.07 0.00
40-42. 46-48 4 -1.41 0.07 0.00
10-12. 28-30 5 134 -0.13 0.00
7-9. 25-27 6 -1.34 0.13 0.00
50. 52. 54. 56 7 0.67 -0.74 0.00
49.51.53.55 8 -0.67 0.74 0.00
4-6. 22-24 9 0.07 0.07 0.00
13-15. 31-33 10 -0.07 -0.07 0.00
58. 60. 62. 64 11 0.07 -0.07 -0.07
57.59. 61. 63 12 -0.07 0.07 0.07
65.67.69. 77. 79 13 141 -0.07 -141
66. 68. 70. 78. 80 14 -1.41 0.07 -1.41
81. 83 15 141 -0.07 -0.71
82. 84 16 -1.41 0.07 -0.71
73.75 17 0.74 0.67 -1.41
74.76 18 -0.74 -0.67 -1.41
71. 72 19 0.00 0.00 -1.41

Tab. 2.5 Components a, b and ¢ of the unwanted pathwaysin thebase A, B, C. The
numbersin thefirst column correspond to the numbers of the unwanted pathwaysin
Tab. 2-11. Identical weight factor s have been given to all pathways.
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The relative weight of all pathways listed in is equal to 1. The different
magnitudes of the vectors are mainly caused by their different magnitude of coherence
order during the zz-intervals. The weight factor just multiplies all components by a
constant specified for each pathway. The dependency of the optimized gradient
sequence for a one-dimensional gradient sequence on the weight factor for the water
pathways can be anticipated: The solution will be more and more driven to point
along base-vector C. The results of calculations using Z GRADIENT is summarized
in[lab. 2.

weights on water gradient strengths projection of gradients
pathways #

3 6 7 8 a b C
0 1 43.85 -40.03 -32.15 -32.15 0.63 | 0.00 | -0.37
1 2 43.18 -40.39 -29.76 -29.76 066 | 0.00 [ -0.34
1000 3 13.04 7.32 36.96 36.96 001 | 0.07 [ 0.92
1000. 2000 4 10.90 6.21 37.10 37.10 001 | 0.05 [ 0.95
10000 5 -6.12 -3.44 -36.78 -36.78 0.00 | -0.02 [ -0.98
10000000 6 -0.62 -0.35 36.73 36.73 0.00 | 0.00 [ 1.00
only water 7 0.00 0.00 -36.73 -36.73 0.00 | 0.00 | -1.00

Tab. 2.6 Optimized z-gradients sequences for the HSQCzz-wg sequence (Fig. 2.1
calculated with Z-GRADIENT. The gradients strengthsarelisted in [ms*G/cm]. The
nor malized projections along the base-vectors A B and C arelisted in thelast three
columns.

Having gradients around the WATERGATE pulse only optimizes water suppression.
In the base A, B, C this corresponds to applying a gradient in the direction of C only.
Any additional gradient component in the plane spanned by A and B will result in an
optimized suppression of the even numbered groups and lesser suppression of the odd
numbered groups of and vice versa

A three dimensional suppressive subspace is obviously very well suited for
application of gradients in three dimensions. The optimized gradient sequences for a
three-gradient system arelisted in[Tab. 2.7
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weights on gradient strengths projection of gradients
water paths |  # axis 3 6 7 8 a b c

0 1 X -36,88 26,92 19,03 19,03 -0,73  -0,01 0,26

y -36,88 26,92 19,03 19,03 -0,73  -0,01 0,26

z -3837 2891 21,29 21,29 -0,71  -0,01 0,28

1 2 X -3579 -2561 -1816 -1816 | -003 -0,71 -0,25

y 3580 -2588 -17,66 -17,66 0,75 0,01 -0,24

z 37,28 -27,73 -20,99 -20,99 0,70 0,01 -0,29

1000 3 X -15,72 0,38 -1259  -1259 | -025 -0,19 -0,56

y 1327 -1049 -953 -9,53 0,61 0,00 -0,39

z -19,78 12,85 5,02 5,02 -0,89 -0,02 0,08

1000,2000 | 4 X -14,74 2,30 -11,94  -1194 | -031 -0,13 -0,56

y -12,26 10,02 9,73 9,73 -0,57 0,00 0,43

z 1925 -12,17 -4,18 -4,18 0,91 0,03 -0,06

10000 5 X 13,01 -9,12 -9,34 -9,34 0,58 0,01 -0,41

y -12,57 7,80 -7,90 -7,90 -0,62  -0,02 -0,36

z 6,73 4,24 14,47 14,47 0,01 0,12 0,87

10000000 6 X -10,09 8,73 9,25 9,25 -0,51 0,00 0,49

y 9,98 -8,67 9,15 9,15 0,51 0,00 0,49

z -0,75 -046 -1441  -1441 0,00 0,00 -1,00

only water 7 X 9,98 -8,71 9,21 9,21 0,51 0,00 0,49

y 9,98 -8,71 -9,21 -9,21 0,51 0,00 -0,49

z 0,00 0,00 14,41 14,41 0,00 0,00 1,00

Tab. 2.7 Optimized x-, y- and z-gradient sequences for the HSQCzz-wg sequence (E
E} calculated with TRIPLE GRADIENT. Thegradientsstrengthsarelisted in
[ms*G/cm]. The normalized projections along the base-vectors A B and C arelisted in
thelast three columns.

Selecting the protein pathways only results in the same gradient sequence in al three
dimensions. The small differences in the magnitude of the transverse and z gradients
are due to the different envelope functions reflecting the sample shape (see Figs. 5, 6
and 7 in (Thomas, 1999)).

If only the water pathways are selected, the z-gradient sequence corresponds to
gradients placed around the WATER GATE pulse only. The x- and y-gradients are
pointing in opposite directions in the ac plane. The component of the gradient
sequence along vector B is only different from O for intermediate weights of the water

pathways.

The result of the optimization in three dimensions is not as obvious as in the one-
dimensional case. For more complicated pulse sequences with a larger suppressive
subspace, a direct visualization of the unwanted vectors is impossible. However, the
programs TRIPLE GRADIENT and Z GRADIENT are an efficient tool to find an

optimal gradient sequence in these cases as well.
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The experimental water suppression of the calculated z-gradient and triple-gradients

sequences are shown in|Fig. 2.2/and|

To avoid any effects from the phase cycling or partial saturation of the water
resonance during the pulse sequence, only one scan with the indirect chemical shift
dimension set to 3 ps, and no preceding dummy scan is shown. Any effects resulting
from the phase cycling or partial saturation of the water resonance during the pulse
sequence are therefore avoided and the efficiency of the water suppression of the
gradient sequence alone is monitored. The recelver gain was set to 512 for al
experiments. Gradients were applied with the shape of a half sine wave with the
gradient strength in percent of the maximum gradient strength as specified in[Tab. 2.6
and Tab. 2.7 The first 1k points are recorded with a dwell time of 60 ps
corresponding to a total acquisition time of 61.44ms. This corresponds to a typical
acquisition time for protons in an experiment with >N decoupling. The experiments
show that the water suppression is sufficiently good to allow a receiver gain of 512.
However, the theoretically predicted improvement of the gradient sequences with

respect to water suppression could not be confirmed.

The difference between calculated and observed water suppression rates is caused
mainly by radiation damping of the water signal (caused by the coupling of the rf-
circuit to the very strong water signal). The influence of radiation damping is seen
more clearly by looking a the full FID of the water signal, e.g. extending the
acquisition time to around 2s and changing the phase of the 90° proton pulse before
the second zz-interval to x. This results for example in an amost full recovery of the
water magnetization in trace 7 of the z-gradient experiment with water-gate
gradients only. In this case, the water magnetization is flipped to the negative z-axis
by the last proton 90° pulse, where it stays until the acquisition is started. During the
acquisition period, the water is then brought to the transverse plane and back to the +z

axis by radiation damping.
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T 1T T T T T T 1
121110 9 %8 7 6 5 4 3 2 1 0 -1 -2 -3 ppm

Fig. 2.2 Comparison of the water suppression for different settings of the z-gradient
strengthsin the HSQC sequence of Thenumber on theright side of each trace
correspondsto the number in column # of Tab. 2.6.

\ \
121110 9 %8 7 6 5 4 3 2 1 0 -1 -2 -3 ppm

Fig. 2.3 Comparison of thewater suppression for different settings of the x-, y- and z-
gradient strengthsin the HSQC sequence of The number on theright side of
each trace correspondsto the number in column # of Tab. 2.7.

If a number of dummy scans is applied before the data acquisition and the two step
phase cycle to select for >N bound protons, the water suppression is found to be very

good for al of the calculated sequences. This means, that specifying the unwanted
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pathways in the way introduced above leads to good water suppression almost
independent of the weight factors. Two spectra recorded with the optimized z-
gradients and triple-gradients show the efficiency of the water
gradient sequences. The spectra are recorded with four scans per t1 increment with a
relaxation delay of 1s between the scans on a 0.8 mM sample of the HRDC domain
(Liu, 1999) (80 amino acids). 256 indirect time increments were recorded in 19
minutes. The spectra have been multiplied with the decaying quarter of a squared sine
function in both dimensions and zero filled to a 2k x 1k data matrix prior to Fourier
transform. Both spectra are plotted on equal intensity contour levels. In addition, the
positive projection of all rows of the two-dimensional spectrum is shown on top of the

contour plot.
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Fig. 2.4 'H-""N HSQC spectrum of a 0.8 mM protein samplein H,0 recorded with the

pulse-sequence of The spectrum was recor ded with 4 scans for each t1
increment and arecycle delay of 1s. The z-gradient strength in % was set to 13.04, 7.32,

36.96 and 36.96 for thefour gradients.
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Fig. 2.5'H-""N HSQC spectrum of a 0.8 mM protein samplein H,O recorded with the

pulse-sequence of The spectrum was recor ded with 4 scansfor each t1

increment and arecycle delay of 1s. The x-, y- and z-gradient values are asindicated in
ig. 2.1

The ratio of the integral from 9.5 to 6 ppm to the integral from 5.5 to 4.5 ppm is
100:10 for the z-gradient and 100:9 for the triple-gradient version. Thus, the triple-
gradient version performs only slightly better than the z-gradient, although the water

suppression in the single scan experiments of |Fig. 2.2| and |Fig. 2.3|is showing an

approximately three times better water suppression for the triple-gradient experiment.

(This can be seen by overlaying one of the 1D traces of [Fig. 2.2/ and [Fig. 2.3} which

are not plotted with the same intensity scale). A possible explanation is that the
additional two-step phase cycle on the >N 90° pulse is more efficient for additional
water-suppression in the z-axis version than in the triple-axis version. The active
shielding of the z-gradient coil is more efficient compared to the transverse gradient

coils on the probehead used for the experiments. This causes a higher reproducibility
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of the water signal in different scans of the z-gradient version and thus a more
efficient cancellation of the water resonance by subtraction of alternate scans in the
acquisition buffer. Trial and error optimizations of the gradient sequences by an
experienced user performed typically about 5 % worse giving an intensity ratio of the

integrated signal to the water in the positive projection of 100:15.

These experiments show that the above treatment of the water-signal in the
development of sequences of pulsed field gradients leads to satisfactory water-
suppression and artifact reduction. A rather ssimple example of the four gradients in
the HSQC water-gate sequence is chosen because it allows a relative nice pictorial
representation of the calculated gradient sequences in terms of the geometric

approach.

It was found to be important to treat possible pulse imperfections in a consistent way —
especialy for the strong water signal. With the approach outlined in this section, a
simple and straightforward way of dealing with imperfections is being presented. The
approach depicted here is expected to work well, if unwanted signals arise from pulse
imperfections only. Any considerations concerning different spin systems and
coupling patterns have been discarded for simplicity. Any unwanted signals arising
from different spin topologies should be identified via a product operator analysis. In
the case of protein NMR this is usualy straight forward, since the coupling patterns
and chemical shift ranges for the 20 amino acids are very well known. In cases where
unwanted signal intensities arising from different spin systems have equal or higher
intensities as the wanted signals, pulse imperfections for these "ideal" unwanted

pathways can be treated accordingly.

In a more genera approach all possible pathways that could be created by any spin
system would have to be considered. This would create a large number of pathways —
for example there are 151,875 pathways reported in the case of a HSQC sequence
(Jerschow, 1998). Such a large number of unwanted pathways are difficult to handle
by TRIPLE GRADIENT or Z GRADIENT, even if many pathways could be rejected
as redundant for a limited selection of intervals during which pulsed field gradients
were to be applied. The main advantage of doing a selection of unwanted pathways is
that the optimized gradient sequence suppresses those especialy well. Adding more
pathways, which do not contribute significantly to the detected signal, might result in
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a gradient sequence, which would not be as efficient in suppressing the strong

unwanted signals.

The selection of significant unwanted pathways could be done automatically by using
the approach outlined in (Jerschow, 1998). If a pulse sequence without any gradients
is given to the program outlined by Jerschow and Mdiller, the most significant
remaining pathways and their transfer amplitudes are returned and could be fed
directly into the gradient optimization of TRIPLE GRADIENT or Z GRADIENT.
This approach is also expected to be very robust. However, neglecting any transfer
amplitudes by not using any information about the spin topology as done in the
approach of (Jerschow, 1998) might again lead to the inclusion of unwanted pathway
with negligible contributions. On the other hand, a full automation of the selection of

unwanted pathways reduces the problem to a purely technical one.

Having artifact free spectra is especialy important in cases where quantitative
measurements are to be performed. The identification of artifacts in HSQC spectra
and their removal was done during the setup of experiments for an investigation of the
dynamics of the PH domain of (-spectrin (Gryk, 1998). The changes of the interna
dynamics of the PH domain by ligand binding are very subtle and we found that high

quality spectrawere a prerequisite for their observation.

2.4 Diffusion in multi-pulse heteronuclear experiments

2.4.1  General expressions for the signal attenuation by
rectangular and sine shaped gradients

In section 2.2 we get two general expressions (Egs. (2.24i| and (2.25D for the influence
of diffusion on the attenuation of a coherence order transfer pathway. This chapter is
going to give some specific solutions to these equations. The eguation in the time
domain (2.25)]is more straightforward to solve directly without any assumptions about
the gradient pulse sequence. The integral is split into F integrals over the time
intervals A; between the end point of two consecutive pulsed field gradients (see
. The coherence order does not change during each of the gradients and two
consecutive gradients are separated by one or more rf-pulses. The gradient shapes are

specified explicitly by the shape factors f,. The shape factors considered are
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rectangular and the first half of a sine wave, which are the shape factors most widely

used in high resolution experiments.
Rectangular gradients
First we are going to treat the case of rectangular gradients with the same shape f for

the three Cartesian dimensions a, e.g.

1 71,-90 <t<r,

HOERIOE {O

A schematic figure of the sequence of pulsed field gradient is given in[Fig. 2.6]

. (2.32)
otherwise

A1 AZ A3 A. Al+1 Ai+7. AF
"—*—*— ...... ¢ * ...... —N
5, 5,
—> —> O
I IG 1 YlpiG i
PG, x . F” M
PG,
Ty Tina
> u
L7 Tin Tr
YIPZG: YI pi+1 sz
— —
%, 8i+1

Fig. 2.6 Schematic representation of a series of rectangular pulsed field gradients.
Between the end of one gradient and the beginning of the next, one or a seriesof rf-
pulsesisapplied, which lead to changesin the coherence order p'.

The solution of (2.25[)] during the time interval A; divides into two parts: the time o
with the effective gradient of G'p' is on and the remaining time with zero gradient.

Thefirst part gives:
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2

du
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3
y ((pl 1S| 1) 6 +p| =14 1p|G 62 +(plGlg)2%j
(2.33)
where we have written
i-1
> p's, =ps;’ (2.34)
r=1
for simplicity.

The second part of the integration over the time interva A; is independent of the

gradient shape function equal to

=(y,p s f (a, - 5) (2.35)

19

i-1 2
[ v2ps,
T,-4, r=1

Introducing the wavevectors k;_; and h;, defined in analogy to (2.1EE|

s s
i-1 X 1
=y, 2.p'ls, | h =yp|s, (2.36)
r=1 r i
SZ SZ

The attenuation of a coherence transfer pathway during the interva A; is given by
adding the two contributions (2.33) and (2.35]|

% = eXp{_ D((ki—l)zAi + (ki—l)hiéi + (hi )2 i)} (2.37)
S 3
where we have assumed isotropic diffusion for simplicity.

There are three contributions to the signal attenuation during the interval A;:
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1. Thefirst factor corresponds to adecay that islinear in time. The time interval A;
starts at the end of gradient i and ends at the end of the next gradient i+1. At the
end of the integral i each coherence pathway p has accumulated a phase ~Zp;s
corresponding to awavevector k. The wavelength Ai=21k;* corresponds to a real
gpatial modulation of the magnetization in the sample. Thus a magnetization grid
(Kimmich, 1997; Simon, 1996) or grating (Sodickson, 1998) is present in all three
gpatial dimensions. The influence of the diffusion is to reduce the amplitude of
this magnetization grid by a factor exp(-D(kiro)?A).

2. Thethird factor is proportional to the third power of the gradient pulse length. It
depends on the coherence order during interval i and the gradient strength only,
and is especially independent of any gradients applied before interval i. Dueto the
square, this factor is always positive leading to asignal decay. It corresponds to
the unavoidable signal loss in the presence of a gradient.

3. The second factor is proportional to the product of the wavevector present before
the gradient | with the gradient strength of gradient i. The sign of the product
depends on the relative sign of k;.; and h;. If hj and ki., have opposite signs this
factor is negative and thus increases the signal amplitude. In words of the
magnetization grid, h; and ki.; having opposite sign means that the gradient i starts
to unwind the magnetization grid present over the sample.

The summation over al intervals i of the pulse-sequence results in an attenuation

factor, which isjust the product of the attenuation, factors for single intervals.

slk) _ ilfllexp{— D((ki_l)zai + (k)3 + (h, Y %j} (2.38)

So

The wavevector ko = O isintroduced in this formulafor ssimplicity.
If diffusion during the gradients is neglected, e. g. taking the shape-function f to be the

d-function reproduces the result in (Jerschow, 1998). Using (2.39)] the echo
attenuation in pulsed field gradient stimulated echo experiments (Stejskal and Tanner,
1965) and the bipolar (Wu, 1995) or convection compensated (Jerschow, 1997)

variants are easily derived.
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Sne shaped gradients

Very often the shape of the pulsed field gradients is smoothed, to reduce the
mechanica momentum on the gradient coil during the switching. (The strong
mechanical force on the probe manifests itself in a hearable clicking, when pulsed
field gradients are applied.) A very popular shape is to use the first lobe of a sine

wave:

[T
f(‘](t):f(t): sm(gi(t—pﬂ')i)j T, -0 <t<T, (2.39)
0  otherwhise

The diffusion during the gradient is obtained in analogy to (2.33|ﬂ

2
T i-1 u
] v.(zp's;wiez | sin(aﬂ(t—wéi)jdt'} du
1oy |\t 15 i (2.40)
2 i-1ai-1 )2 i-lQi=1 i i 25 i~i )2 35’
= Se ) O TP S, PG, —+ PG, —
yl((p q)lp apa_r[ (p G)ZT[Z
The strength of asingle sine-gradient is
8 T 20
s:stin(—t'j dt' = G== (2.41)
5 \0 Tt
The overall attenuation during a pulse sequence due to diffusion is
F
Sg:) - -I:IleXp{_ D((ki—l)zAi +kihio + (hl)zgdj} (2.42)

which looks basically the same as in the case of rectangular gradients except for the
factor 3/8 in the diffusion during the pulsed field gradients instead of 1/3in (2.3&5|.

Solutions for sine-shaped gradients given for a pulsed field gradient spin echo
experiment with two gradient pulses (Merrill, 1993; Price and Kuchel, 1991) are
reproduced by Eq. (2-42)]
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2.4.2 Example: Attenuation during HQQC experiment
To give an example how to use Egs. ( 2.38[) or ( 2.47)|the attenuation due to diffusion
for the HQQC sequence in [Fig. 2.7 will be calculated and experimentally determined

(for adiscussion of the coherence selection see (Thomas, 1999)).

1 y 2 3 y 4 x5y 6 X
"H| = I T ﬂ/QIﬂ/Q T
3 :ii
C ‘ ; i ‘ GARP
A B C

+28  +10 40 4335 +18 +18 436 36 +20  +20 40

¢ 1.0 ool il

+2

H * . A_I_HA_ .
-2 -2 -2

_3 \_I -3 u -3 \_I

+1

Fig. 2.7 Upper part: HQQC pulse sequence. The dotted pairs of mtpulse can be added to
compensate for chemical shift evolution during the gradients. Lower part: gradient
sequences and selected coherence order transfer pathways. The pathwaysin the middle
and right columnsyield pure-phase data.

The gradient sequence to the left (sequence A) selects two coherence transfer
pathways that have the same coherence orders during the intervals, in which gradients
are applied. The attenuation of these pathways due to diffusion can be calculated by
Eqg. (2.42) for sine shaped gradients. The HQQC pulse sequence has six periods of
free precession, thus F=6. In the intervals 1 and 2 no gradients are applied so h, hy, k;
and k; are equal to zero. Thefirst gradient is applied in interval 3 with duration &z and

amplitude G,°, thus

58



Pulsed field gradientsin high resolution NMR

% T 20,
sf:GfIsn Et’jdt’—G;”?s s;=s,=0
0 3
0 0
hy=y,p’ 0 |=yp°| O
s’ 632—53
z z ]T

For the following intervals 4, 5 and 6, the corresponding wavevectors are given by

s=6' D oyt eopoy, pee
T T T

s) = GSZ_JG h? =y, paGSZ—O_6 KX=h}+h!+n’= yl(p3Gf 253 +p'Gl = 254 + p°G? 20, j
T T T

Assuming that all pulsed field gradients have the same length o, the overal

attenuation factor is given by
)= feol-of.Fo rknos 0 L))
— 252332 33 442 33 44 55 )2
e -0[ 1, 22) (e:fa.+ (o2 + petfa, + (p6: + o6t + patfag| o
o] -0 2] allrapforet)+ (e + et i + it + retfret] o
o] o 2] Sl + e « (et ]

Plugging in the numbers for the gradient amplitudes G (in % of the maximum

gradients strength g) and the coherence orders p, thisis equal to

Sél:) = expf (g y 29 j [0.83A, +0,40A, +0.11A, — 3(0.25+0.19+0.11)
' —(0.82 +0.08+0.09+0.11)]

:exp{ (gy, nj [0.83A, +0.40A, +0.11A, 0145]}
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The corresponding calculations for the three gradient sequences are summarized in

Free precession interval

1 | 2 | 3 | 4 | 5 | 6
Gradient sequence A
G, [%] | 0| 0| 28 | 10 | -40 | 33,5
Selected coherence order pathways
n 1 -0.75 3.25 -2.75 0.75 -1
o' -1 1.25 3.25 -2.75 0.75 -1
Contributions to diffusion attenuation
(Zp'G,™h? 0 0 0 0.8281 0.4032 | 0.1122
(Zp'G,MHp'G, 0 0 0 -0.2503 0.0825 | 0.1005
(P'G,)? 0 0 0.8281 0.0756 0.0900 | 0.1122

Total signal attenuation
S(k)/S(0)=2* exp{ -D(gy;25/1940.83A,+0.40As+0.11A4-0.143]}
Gradient sequence B

G, [%] | 0| 18 | 0| 18 | 36 | -36
Selected coherence order pathways

n 1 -0.75 3.25 -2.75 0.75 -1
' 1 -1.25 2.75 -3.25 1.25 -1
Contributions to diffusion attenuation

PG, Y? 0 0.0182 0.0182 0.3969 | 0.1296

(Zspi-lezl-l)z

0
| o 0| 00506| 00506| 06561| 0.1296
(PG, PG, 0

0 0.0668 -0.1701 | -0.1296

OO OOoOo

"G, PG, 0 0 0.1316 -0.3645 | -0.1296
(pG,) 0.0182 0 0.2450 0.0729 | 0.1296
(p'G,)? 0.0506 0 0.3422 0.2025 | 0.1296

Total signal attenuation

S(k)/S(0)=exp{ -D(gyi25/1)[ (0.02) (As+A4)+(0.40)As+0.137¢-0.073]}
+exp{ -D(gy;25/1)?[(0.05)(Az+A,)+(0.66)As+0.13A-0.095]}

Gradient sequence C

G, [%] | 0| 0| 0| 20 | 20 | -40
Selected coherence order pathways

' 1 -0.75 3.25 -2.75 0.75 -1
&) -1 1.25 3.25 -2.75 0.75 -1
°p 1 -1.25 2.75 -3.25 1.25 -1
6,4

p -1 0.75 2.75 -3.25 1.25 -1
Contributions to diffusion attenuation

=G, H? 0 0 0 0 0.3025 | 0.1600
=6 0 0 0 0 04225 |  0.1600
PG, G, 0 0 0 0 -0.0825 | -0.1600
PG, PG, 0 0 0 0 -0.1625 | -0.1600
(pG,) 0 0 0 0.3025 0.0225 | 0.1600
(p'G,)? 0 0 0 0.4225 0.0625 |  0.1600

Total signal attenuation
S(K)/S(0)=2* exp{ -D(gyi25/T)[(0.30)As+0.16A6-0.065] T°m2}
+2*exp{ -D(gy;25/1)°[(0.42)As+0.16A4-0.083] T’m?}

Tab. 2.8 Equationsfor the signal attenuation due to diffusion for the pulse and gradient
sequences of

The time interval T in the HQQC sequence is determined by the size of the

heteronuclear proton carbon coupling constant (t=(2'Jcn)™). The duration of the time
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intervals Asz-As depends on the position of the gradients during the free precession
periods. This will determine which of the intervals As-As change by incrementing the
indirect evolution interval (remember that the interval A ends at the end of the

gradient placed in the free precession period i).

For gradient sequence B and C the coherence orders of the selected pathways are not
egual during the intervals of free precession with applied gradient. The corresponding
pathways are attenuated differently. Gradient sequences B and C select +0.25 and -
0.25 carbon coherence order during the indirect evolution interval tl. The two

pathways (p- and n-type) are necessary to get pure phase spectrain wl.

As experimental example, HQQC spectra of ethanol in D,O were recorded using
gradient sequences A, B and C. All sequences select the signal of the *C bound
methyl protons efficiently (see Fig. 2.8). The t1-ridge at the position of the “C bound
methyl-proton resonance in gradient sequence B is caused mainly by instabilities of
the gradient unit during some of the FIDs between t1=40ms and t1=80ms. The
inspection of the signal decay with respect to t1 shows immediately the strong
influence of diffusion in gradient sequence A. The additional modulation of the
signals is caused by small proton-proton couplings of the methyl and methylene
protons. After two-dimensional Fourier transform, pure absorption peaks in both
dimensions are observed in gradient sequence B and C, because they select p- and n-
type coherence orders in t1 simultaneously. The intensity of the signals reflects
approximately the different number of coherence transfer pathways selected. To make
a guantitative comparison, the magnitude of the two-dimensional spectrum was
calculated, and all points within a box around the signals were summed up. The

resulting volumeratiosare 1.0 : 1.2 : 2.2 for sequence A : B : C.
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Fig. 2.8 Natural abundance *C HQQC experiment of ethanol in D,O (containing a trace
of CuSO, to enhance relaxation) using the pulse sequencein Fig. 2.7Jwith the optional
pairsof rtpulsesduring t1. Upper row: two-dimensional interferogram obtained after
Fourier transfor mation with respect to the acquisition dimension. L ower trace: methyl
region of the 2D spectrum. The spectra have acquired with the same number of
transients, are processed identically and plotted with using the same (positive) contour
levels.

The strongest influence of diffusion is observed in gradient sequence A. The first
gradient is applied during a period were quadruple guantum coherence is excited,
leading to a multiplication factor of 3.25 in the calculation of the effective gradient
strength. The magnetization grid produced by this gradient is refocused only after the
indirect evolution time t1. In gradient sequence B the attenuation during t1 is much
less because the first gradient is applied in an interval during which heteronuclear
double quantum coherence is excited. The attenuation in gradient sequence C is

independent of t1 since the first gradient is applied after the indirect evolution period.
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The difference in linewidth between the signalsin the indirect dimension of spectra A
and C can be used directly to determine the diffusion coefficient of ethanol. The signal
decay in sequence C is governed by transverse relaxation only, while the additional
linewidth in sequence A and B is caused by diffusion. The linewidth of the signalsin
w2 was determined by fitting a Lorentzian to one-dimensional traces of the spectrum.
The obtained values are 5.9 Hz (A), 3.7 Hz (B) and 3.6 Hz (C).

To point out the similarity between the signal loss by relaxation and diffusion, a

"diffusiona relaxation rate R@=1/T4" might be introduced. The interval A4 in the

above notation is proportional to t1, and the signal decay in dependence of t1 is (see
ab. 2.8

Rq¢= 0.83 D (gyi25/m)°

for gradient sequence A. From the experimentally determined difference of 2.3 Hz
between spectrum A and C a diffusional relaxation rate Rg=TtAv of 7.2 s* results.
With the maximum gradient strength of the probehead g= 0.56 T/m, the gradient
duration d=1ms and the gyromagnetic ratio of the protons y=2.675 10%radT's?, the
diffusion coefficient for ethanol is determined to be 0.96 10° m?s™. This compares to

1.02 10° m?s™ obtained on the same sample with a stimulated echo sequence.

2.5 Discussion

Gradient selection of coherence transfer pathways must meet several practical
requirements to be useful for routine NMR spectroscopy. Most importantly, the
gradient sequences should guarantee that the actual NMR experiment is the one
required, in the sense that only wanted signals are captured and simultaneously the
unwanted ones are suppressed. The optimum solution to this problem depends on
additional requirements, like maximizing the signal-to-noise ratio, obtaining pure-
phase spectrain the indirect dimension, reducing the experimental time or suppressing
artifacts efficiently. Not all of these criteria can be fulfilled optimally at the same time,
for example maximizing signal-to-noise and reducing the experimental time are
mutually exclusive, and so the selection of a particular sequence of pulsed field

gradients depends on the specific application.
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The computer programs TRIPLE GRADIENT and Z GRADIENT are powerful tools
for the design of optimal sequences of pulsed field gradients. The number and kind of
pathways to be selected or suppressed are chosen by the spectroscopist, and the
programs then determine whether or not any appropriate gradient sequence exists. The
programs can also be used iteratively, as described in a previous publication (Thomas,
1999), where we focus on the optimization of signal-to-noise ratio for an experiment,
which excites high order coherence. The process of selecting an optimal subset of the
coherence transfer pathways is outlined, which allows to record pure phase absorption

peaks in the indirect dimension without any special processing.

In chapter of this thesis, a different aspect of the design of gradient pulse
sequences is addressed, namely the suppression of artifacts. With the aid of the
programs TRIPLE GRADIENT and Z GRADIENT, this can be achieved after
identifying the coherence transfer pathway causing the artifact. The computer
programs are able to find a gradient sequence, which suppresses the unwanted
pathways optimally, while the wanted signal is fully retained in cases where this is

possible.

The main source of systematic artifactsin NMR spectra are imperfections of 1t pulses.
To find the resulting unwanted pathways, we expand the pulse flip angle in a Taylor
series around its nominal value and consider only the linear term. This reduces the
number of unwanted pathways considerably, but retains the most important ones. For
the solvent signal, the same approach is extended to all pulses and different weight
factors reflecting the intensity difference of solvent and protein signal are tested. The
calculated gradient sequences produce artifact free spectra with very good water
suppression. The residual small water signal is caused mainly by radiation damping
(whichisthe direct coupling of the strong water magnetization to the resonance circuit
of the probehead). For further improvements of the gradient sequences it is necessary
to add unwanted pathways created by radiation damping rather than including
pathways caused by second order deviations of the pulse flip angles.

The application of pulsed field gradients leads to a spatial phase dependence, whichis
determined by the gradient sequence and the coherence orders during the experiment.
The selection of a particular coherence transfer pathway is equivaent to the condition

that this spatial dependence is refocused before signal acquisition and thus a gradient
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echo is formed. The intensity and phase of the selected signals are changing, if the
molecules undergo motion during the experiment. The theoretical part outlined in
chapter 2.2 includes a very general formulation to include motional effects and
following the treatment of Stepisnik (Stepisnik, 1981; Stepisnik, 1985) the equations

are further analyzed using the cumulant expansion theorem.

The influence of unrestricted diffusion on the signal amplitudes in an arbitrary pulse
sequence with sine pulsed field gradients (including constant gradients as a specia
case of a sequence of rectangular gradients with constant amplitude and no spacing) is
evaluated for the first time in a general and exact way in chapter 2.4. Previously used
approximations, as for example neglecting diffusion during the gradients (Jerschow,
1998), are unnecessary since the exact calculation does not require significantly more

computation time.

In the experimental examples different aspects of signal selection and signal
attenuation by diffusion are shown in a pulse sequence selecting heteronuclear
guadruple quantum coherence. The relative signal volumes in spectra recorded with
different sequences of pulsed field gradients in an otherwise identical pulse sequence
is determined by the different numbers of coherence transfer pathways selected. Pure
absorption peaks shapes in the spectra are only obtained of p- and n-type coherences
are selected simultaneously. The signal decay in the indirect dimension is determined
by transverse relaxation and diffusion. The diffusion constant of ethanol is reproduced

with an accuracy of 10% from the difference in linewidth observed in the spectra.

It is expected that the formalism is going to be helpful for the design of pulse
sequences to measure diffusion. The formal introduction of a “diffusional relaxation”
time T4 makes clear that such experiments might use the same principles as used for
the measurement of transverse or longitudinal relaxation times. Intervals used to
encode for chemical shift can be used simultanesously to determine diffusion
constants. In the experimental example (chapter 2.4.2) the separation of diffusion and
relaxation effects is achieved by evaluating the difference of two experiments.
Alternatively, a constant time chemical shift interval can be used in between gradients
encoding for diffusion. If now the gradient strength and the chemical shift evolution
are varied in a concerted manner, the diffusion coefficient is determined directly from

the observed linewidth of the signals as in the so-called accordion approach for

65



Chapter2

measuring relaxation (Ernst, 1987). This would allow the separation of signals of
different molecules in a mixture based on the diffusion coefficient from one two-
dimensional experiment and thus making use of the higher resolution of the two-
dimensional spectrum without extra experimental time needed for the variation of the
strength of a diffusion encoding gradient used in proposed experiments (Barjat et al.,
1998).

To improve the calculation of optimized sequences of pulsed field gradients, the
influence of diffusion could be added to the penalty function of TRIPLE GRADIENT
and Z GRADIENT. This should lead to better results in two different ways: (1) The
diffusion losses for the wanted signals are minimized. (2) The suppression of solvent
is optimized by making use of the faster diffusion of the solvent molecules compared

to the molecules of interest.

The theory is formulated to alow arbitrary random or coherent motion for the spins.
This makes it possible to include other motional effects than unrestricted diffusion.
An analytical solution of the influence of the gradients on signal amplitude and phase
is impossible in most cases and approximations have to be introduced, the most
common one being the narrow (gradient) pulse approximation (Callaghan, 1991).
Examples for expressions for pulsed gradient and double pulsed gradient stimulated
echo experiments are found in ( Callaghan, 1999 ).
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