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Abstract

New solid-state NMR experiments for measuring internuclear distances are de-
signed using symmetry principles. The “recoupling” sequences described here are
intended to reintroduce the MAS-averaged heteronuclear dipole-dipole coupling
between a spin-3 nucleus (e.g. 'H) and a half-integer quadrupolar nucleus (e.g.
170,1= 3). The magnitude of the dipolar interaction depends on the separation be-
tween the coupled nuclei, so the evolution of the spin system under the recoupled
Hamiltonian can be used to measure the internuclear distance. Simulations of the
spin dynamics are used initially to select candidate sequences and these are subse-
quently employed to measure both long-range and direct O-H distances in pow-
dered L-Tyrosine.HCI (isotopically enriched with 17O at 20 % to 30 % at the O site).
Improvements to existing methods for the data analysis for this type of NMR ex-
periment are also discussed, including the restriction and/or removal of certain fit
parameters and the explicit inclusion of inhomogeneous radio-frequency fields as
part of the fitting procedure. The effects of processing on the uncertainty of exper-
imentally determined distances are considered, and a new analysis method which
circumvents several of these effects is presented. Similar recoupling sequences can
be used to measure the anisotropy of proton chemical shifts, and some preliminary

results are also presented for this application.

A systematic method for the assignment of congested spin—% spectra resulting
from molecules with large numbers of chemically similar sites is also described.
This makes use of a comparison between the chemical shift tensor measured as
usual by the 2D-PASS experiment and its principal components calculated from
tirst principles using the density functional theory package CASTEP. The initial
peak assignment is generated randomly and then varied using a steepest-ascent
hill climbing algorithm with the square sum of the difference between the exper-
imental and calculated principal values of the chemical shift tensor as the target
function. The new method is tested on the 13C spectrum of the anti-inflammatory
drug flufenamic acid and found to be superior to simple assignments using only

the isotropic chemical shift.
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1 Introduction

Since the early days of quantum mechanics, magnetic fields and radio-frequency
irradiation have been highly important methods of exploring the quantum nature
of atoms and molecules. One might point to the Stern-Gerlach! experiment of the
1920s [1,2], where a thin beam of silver atoms was observed to split when passed
through a magnetic field; one might also consider the first resonance experiments
by Rabi? in the late 1930s [3-5], where the magnetic moment of atoms in a beam
was measured by inducing transitions with radio-frequency irradiation. The first
experiments resembling modern day nuclear magnetic resonance on bulk materi-
als were carried out independently by Purcell® [6] on paraffin and by Bloch 3 on

water [7] in 1946 (Bloch also formulated the Bloch equations [8] that same year).

The range of use for NMR was greatly expanded by Ernst* in the mid 1960s with
the introduction of pulsed Fourier transform NMR [9]; this allowed NMR spectra
to be recorded much more rapidly than the continuous wave spectra which had
been in use up until then, eventually making NMR indispensable to chemical re-
search and industry as a method for the determination of chemical structures. In
that vein, Ernst also introduced the concept of two-dimensional NMR [10,11] in the
mid 1970s, allowing molecular connectivity to be determined through correlation
methods. An example of such a method is nuclear Overhauser effect spectroscopy,
developed in cooperation with Wiithrich® [12,13], a technique used extensively in

the determination of protein structures.

This thesis concerns methodological advances in solid-state NMR relating to the
determination and evaluation of structure in solid crystals. Chapter 1 gives a brief
introduction to NMR, and introduces the underlying principles using the quan-

tum mechanical description. Chapter 2 is concerned with measurements of the

1Otto Stern was awarded the 1943 Nobel prize in physics.

2Isidor Isaac Rabi was awarded the 1944 Nobel prize in physics.

3Felix Bloch and Edward Mills Purcell were awarded the 1952 Nobel prize in physics.

4Richard R. Ernst was awarded the 1991 Nobel prize in chemistry.

SKurt Wiithrich was jointly awarded the 2002 Nobel prize in chemistry with John B. Fenn and

Koichi Tanaka.



CHAPTER 1: INTRODUCTION

distance between a spin—% nucleus and a quadrupolar nucleus with half-integer
spin. This is achieved by recoupling of the heteronuclear dipole-dipole interac-
tion using a variety of symmetry based pulse sequence and a range of composite
pulses. Viable sequences are tested on L-tyrosine.HCl isotopically enriched with
70. Chapter 3 demonstrates the difficulty of assigning a congested spectrum us-
ing the polymorphic, anti-inflammatory drug flufenamic acid as an example. The
spectrum is then assigned by measurements of the chemical shift anisotropy pa-
rameters and a systematic least squares fitting procedure to the principal values of
the chemical shielding tensor as calculated by density functional theory. The final

chapter concludes with an overview of possible future work.

1.1 Quantum Mechanics

The theory of NMR begins with the time-dependent Schrodinger equation [14]:

A|p)(t) = ih% (1.1.1)

In normal NMR usage, some of these terms have slightly narrower meanings than
usual: H is the total energy operator or Hamiltonian for the nuclear spins, |{)(t) is
the time-dependent wave function of the nuclear spins and 7 & 1.055 - 10734 é—fj is
the reduced Planck constant. NMR operates under the spin Hamiltonian hypothesis
which states that the motions of electrons are sufficiently rapid that they may be

averaged over the time scales of NMR experiments. In addition to this, NMR tends

to operate in so-called natural units; we define this new Hamiltonian as Z = %
The corresponding eigenvalues are then the angular frequencies w;, = % where

E, are the energy eigenvalues of H. The eigenvectors |n) of the system remain
unaffected, i.e. if H |[n) = E, |n), then JZ|n) = w, |n).

When working in natural units, it is also common to divide the angular momentum
operators by the reduced Planck constant, giving I = % Some common identities

are:
i= (i, 1, L) P=PR+R2+12

L, I =il. © L. = I +il,
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where O means that the equation may be permuted cyclicly. These operators are
shown in Table 1.1 on page 4 for nuclei of spin %, % and % The effects of these

operators on a wavefunction

j,mj) with total angular momentum j and angular
momentum ; along the z axis (both in natural units, m; € {j,j —1,...,1—j, —j})

are:

fZ

jrm;)
j,Mj + 1>

jomj) =j(j+1)|j,m;) L. |j,m;) = m;

f:t j, m]> == \/](] + 1) — m](m] + 1)

Hence I are known as the raising and lowering operators.

1.1.1 Hamiltonians

Now that the basics have been established, we may turn our attention to the Hamil-
tonians themselves. In NMR, the most important Hamiltonian by far is the Zeeman
Hamiltonian 7% [15]:
Hz =Y wil! (1.1.2)
i

where i runs over all nuclei present in the spin system, the z-axis is defined as par-
allel to the external magnetic field By and wé = —9'By is the Larmor frequency. 7'
is, in turn, the gyromagnetic ratio of the nucleus i; a constant for a given isotope.
Since 52 is generally on the order of 100 MHz, ./ completely dominates the be-
haviour of the system, leading to the secular approximation. Broadly speaking?, if
the Hamiltonian can be written as /= .#% + ./, then the off-diagonal elements
in /% (when written in the Zeeman basis) can be ignored unless the energy eigen-

values of the eigenstates which they connect are degenerate, or near-degenerate.

For instance, the general form of the chemical shift Hamiltonian Hg is
Hes =Y +'I'd" (0) By (1.1.3)

1
— Yy (f;;a;;Z (©) + Iidl, (©) + fid, (@)) By (1.1.4)
i

®In a stricter sense, the secular approximation only applies to time-independent Hamiltonians.

This means that care is sometimes required when applying RF pulses or MAS.
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where o' (@) is the chemical shielding tensor of the nucleus i at a given orientation

0. Using the secular approximation, the chemical shift Hamiltonian simplifies to:
s = ny I'ol, (©) By (1.1.5)

The chemical shift is caused by induced currents in the electron clouds of atoms
and molecules. Since electron densities can change significantly with molecular
structure, the chemical shift is highly sensitive to changes in the local chemical en-
vironment (hence the name). Even though o (and therefore ) is orientation
dependent, it can be used for molecular identification; for sufficiently rapid, iso-
tropic tumbling (e.g. for solution-state experiments) the chemical shift averages to
the so-called isotropic chemical shift’: 55, = —% Tr o. This is not generally the case
in solids (except for a few special cases such as buckminsterfullerene or adaman-
tane) where ./4-5 can broaden a single resonance across the entire isotropic shift
range. This Chemical Shift Anisotropy (CSA) can be used to measure the full chemi-
cal shielding tensor for very small molecules, but spectral overlap quickly becomes
an insurmountable problem. This is usually dealt with using Magic Angle Spinning
(MAS), which is discussed in section 3.1, and the chemical shielding tensor can be

measured using techniques such as 2D PASS, which are discussed in section 3.2.

Next there is the dipole-dipole coupling Hamiltonian .7/, a two-spin interaction
which exists because the magnetic field produced by the nucleus i affects the ef-

fective magnetic field experienced by nucleus j. In the secular approximation, ./,

is:
;i (3cos?6;; — 1) i —3iifl
” P‘Oh YiYj ( ij ( z z)
HAp=—") (1.1.6)
S "y

where g = 4711077 X—; is the permeability of free space, 7;; is the distance be-
tween the nuclei i & j and 6;; is the angle between the internuclear vector r;; and

the magnetic field By. For the sake of brevity, it is common to define the dipole-

VOh'Yz'Vj

dipole coupling constant bjj = = —5

. #h only depends on the direction of By, not

7Technically, Eqn. 1.1.4 uses the absolute shielding tensor (o,;;) which is referenced relative to
the bare nucleus while the relative shielding tensor used here is derived from the chemical shift

tensor é: 0,,; = —8. 04,5 and 0, have slightly different traces, but the distinction is often ignored.
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on the field strength, so its magnitude is usually given in frequency units rather
b;; . .

than ppm. 5~ can vary across several orders of magnitude, but the cases consid-

ered here in Chapter 2 are generally on the order of 3kHz to 15kHz as these are

typical values for 'H bonded to 17O via a covalent bond or a hydrogen bond.

There is also a similar interaction known as the indirect dipole-dipole interaction
or J-coupling, whose Hamiltonian is:

A =2my 1D (1.1.7)

i<j

,%A”] is like %%, in that it describes the effect that the magnetic field of nucleus i
has on nucleus j and vice versa; in older text books the two are sometimes even
presented as one Hamiltonian. The main difference is that the interaction is medi-
ated by the electrons in the internuclear bonds. While quite useful in solution state

NMR, its interaction strength is generally on the order of 100 Hz which is smaller

than the linewidth of a peak in a typical solid state NMR spectrum.

The last nuclear spin Hamiltonian to discuss is the quadrupole interaction. Nuclei
with I > % have non-spherical charge distributions, meaning that the energy of
a given state depends both on the orientation of the nuclear magnetic moment
relative to By and the alignment of the nuclear charge distribution with respect to
the local electrical environment (termed the Electric Field Gradient, EFG). There are
more parts to the series expansion of the nuclear charge distribution, however the
next non-zero term is the nuclear octopole moment, which is usually ignored. The

nuclear quadrupole Hamiltonian can be written as:

. eQ . .
Ho = IV (O)I 1.1.8
QT 21(2I-1) () (1.18)
where e = 1.602 - 10719 C is the elementary charge, Q is the nuclear quadrupole
moment (Qi7g = —2.558 - 1073 m?, Quy;, = 10.4- 1073 m?) and V(O) is the EFG
tensor at the nucleus for a given orientation (©). j?Q can be simplified under the
secular approximation, however it does not generally meet the “sufficiently small”

criterion used in the perturbation expansion, so multiple orders may be required.
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The first order Hamiltonian is shown in Equation 1.1.10:

5 5(1 5 (2
Ay = AN + A+ (1.1.9)
»(1) _ W1 (a0 3
Ay = wy)~ (32-1(1+1)1) (1.1.10)
(1) 3eQV 2,

where V,, is the average of V, across all possible orientations.

It is also common to describe the strength of the quadrupolar Hamiltonian us-
ing the so-called quadrupolar coupling constant Cy. There doesn’t seem to be a
complete consensus with regards to the definition of Cg (or wg ) for that matter);
Co = % [16] will be used here, where V7 is the zz component of V in the

tensor’s principal axis system®.

Finally, we have the Hamiltonian of an external radio-frequency pulse.
Hrp =Y —wt {cos (Wrept + ¢p) IL + sin (wrest + ¢p) IA;} (1.1.12)
i

where w'!_, is the nutation frequency of nucleus i, w,, 7 is the frequency of the ap-
plied RF field and ¢, is the phase of the pulse. The nutation frequency can be
calculated as w!

nut

applied RF field and Ogr the angle between the RF field and By.

‘ %'yl-B RF SIN ORE ’ with Brr the maximum amplitude of the

1.1.2 Spin Density Operator

Now that the Hamiltonians have been introduced, it is time to discuss the spins

themselves. As an example, let us consider the wave function of a spin-1 nucleus:

) =ca |®) +c0|O) +cc[O) (¢] = c& (@] + ¢ (O] + & (€
Co
= | co :<C§9 % Cé)
Co

8NLB. |Vzz| > |Vyy| > |Vxx|, TtV =0
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where [1p) is the wavefunction, (p| = )" is the complex conjugate of the wave-
function and the vectors are written in the Zeeman basis ordered by m;: H|D) =
we |®) + ... and mg, me and mg are 1, 0 and -1 respectively. The wavefunction is

also assumed to be normalised, i.e. (|¢) = ) ;cic; = 1.

Furthermore, if we wish to know the expectation value of some quantity Q with

operator Q with respect to our wavefunction, we use:
(Q) = (¥|Qly) (1.1.13)

It is simple but tedious to show that

(Q) =Tr () (9| Q) (1.1.14)

where |¢) (| is a so-called projection operator. Its matrix form can easily be

worked out:

Co

) Wl = | eo | (5 5 ) (1.1.15)
Co

CoCh Calh Calh

= | cach coch coch (1.1.16)

CoCh Coch Colh
For a single spin system this is merely a pointless exercise in algebra, but it turns
out that an ensemble of IN identical spin systems, each with wavefunction |i;),

obeys a similar equation:

1

(Q)=Tr { <Z i) <¢i|> Q} (1.1.17)

We therefore define the density operator f:
p=N" ZZ) i) (il (1.1.18)
= [9) (p| (1.1.19)

and any macroscopic quantity Q may be estimated using;:
(Q) =NTr{pQ} (1.1.20)

8
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Of course, the most interesting operators from a NMR perspective are M, = yhly,
My = 'yhfy and M, = 'yhfz.
The Schrodinger equation must be adapted slightly for use with g. The result is

the Liouville-von Neumann equation:

% = —i [JAt),p(t)] (1.1.21)

Assuming that p(t = 0) is known, this equation can in principle be used directly
to obtain numerical solutions of g(t). However, it is more common to work with

time evolution operators called propagators (U), defined such that:

p(t2) = Ut t1)p(t) U (t2, 1) (1.1.22)

if the Hamiltonian is constant over a time period from f to t 4+ At, then the propa-

gator can be calculated according to

U(t+ At ) = e 2 (1.1.23)
where ¢ is expanded using a Maclaurin series such that
» & A
e’ = i (1.1.24)
=0 I

If the Hamiltonian is not constant over the required time period, the propagator
can still be calculated as shown in Equation 1.1.26 by breaking the time period up
into n short times At chosen such that the Hamiltonian can be considered constant

over the duration of each segment.
R SN,
Ulty, 1) = Te ' ) (1.1.25)
n—1 o
=T e 7Uanat (1.1.26)
j=0

where T is the so-called Dyson time ordering operator which ensures that the Hamil-

tonians are multiplied in order of increasing time.

Of course, this is only of use when starting from a known density matrix. The

most obvious starting point is the equilibrium density matrix p*. Given sufficient

9
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time, a sample will relax to a state with no coherence, and populations given by

the Boltzmann distribution.

epr /kBT if p q
e — 1 prg
ool =4 Lok (1.1.27)
0 otherwise

The Zeeman energy eigenvalues for the I = 1 case shown earlier would be:
wWg = Wy we =0 Wwo = —wWy

with wy = yBy. For the sake of brevity, we define:

h’)/B()
B = 1.1.28
ksT ( )
As long as’ B« 1,¢B ~1+B,so:
e*E@) /kgT — B e*E"‘\ /kpT — o0 e*EO/kBT — ¢ B
~1+B =1 ~1—B
Therefore
Y e /T A~ (14B)+1+ (1—B) (1.1.29)
S
=3 (1.1.30)
SO
1+B
5B 0
p~1 0 L 0 (1.1.31)
CRES
. 100 . 10 0
=3 01 0|+ §]B 00 O (1.1.32)
0 01 00 -1
1, 1_.
= -1+ -BI 1.1.
3 + Bl (1.1.33)

9Even 'H in a 20 T magnet at liquid He temperatures has B ~ 0.01

10
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Since 1, the normalisation factor ﬁ and B cannot be changed by RF irradiation
or relaxation, they will sometimes be omitted. In this case, Equation 1.1.33 would
be written simply as

ﬁeq = fz

Intuitively, we expect p* to be polarised by the magnetic field; this can easily be

verified using Equation 1.1.20:

(M) = Tr {p*1 M.} (1.1.34)
=Tr {ﬁ (1+BL) ’yhfz} (1.1.35)
- %Tr{fz +Bf§} (1.1.36)
_ 271h—4£B1 r{2} (1.1.37)

Since [, is real, Tr [2 must be positive. Similarly, we can confirm that (M) = 0 as
Tr{L.I.} =0.
1.1.3 Time Evolution
If three operators commute ( [A, B} = iC), then it can be shown that:
e 0ABOA _ Beosh +Csind (1.1.38)

This is convenient for the time evolution of density matrices as it closely mirrors
equations 1.1.22 and 1.1.23. For instance, if we consider a density matrix p =
571 (1 + BI_) for a single spin at resonant frequency w, then the propagator can

be written as

U (t+ At t) = e (1.1.39)
— o iwAt (1.1.40)

We then define R, (B) = e~ P with B = wAt, and therefore:
U (t+ At t) = R. (B) (1.1.41)

11
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Since the commutator for [, and [_ is [[;,[_] = —I_, we can see that:
P (t+At) =U(t+Att)p (H) U (t+ At t) (1.1.42)
1 A o
= 577 (1+BR:(B) [-R: (~p)) (1.1.43)
- (1+B(I-cosp+il_sinp)) (1.1.44)
21 +1

1 4 ig7
= 7 (1 + Be L) (1.1.45)

So, if relaxation is neglected, I_ will oscillate at frequency w. Since modern spec-
trometers measure (M) + i (M,) = Tr{pI; }, only the I_ portion of the density
matrix is relevant; this gives rise to an oscillating signal. If relaxation is included,

the signal still oscillates at frequency w, however it also decays exponentially.

Similar arguments can be applied to the RF Hamiltonian (Equation 1.1.12), though
the task is greatly simplified by first transferring to the rotating frame, a reference
frame rotated by @ = wyft + ¢y about the z-axis relative to the laboratory frame.
The density matrix is converted according to = R, (—®) R, (P), so the simplest
density matrix to start with is p* since i & [, commute with I, meaning that

Eeq = p*. Hamiltonians follow a similar pattern:

A

H'=R; (—P) AR, (@) — wyesl: (1.1.46)

The simplest possible Hamiltonian we could use is then H = Hz + Hr with
wWref = wo and ¢p = 0. Inserting equations 1.1.2 and 1.1.12 into Equation 1.1.46
gives:

A= R: (—®) {wol: — wyut [cos (wot) Ix + sin (wot)] }}RZ —wol, (1.1.47)
= wol: + R; (— @) { —wnut [Rz (wot) LkR; (—wot)] } R wofz (1.1.48)

If ¢or = 0, then @ = wpt, hence
= Wil (1.1.49)

Naturally, we can now follow the same procedure as for the Zeeman interaction to
show that:

p (1) = Ry (wWnutt) PRy (—wpust) (1.1.50)

1 A A A
T2 +1 (1 +B {IZ cos (wWnutt) + Iy sin (wnutt)}) (1.1.51)

12
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From this we conclude that RF irradiation converts a portion of (undetectable) I,
magnetisation into (detectable) fy. Since this is occurring in the rotating frame, the
laboratory frame magnetisation will actually interconvert between I, and fy with

frequency wy,r.

Unfortunately, using such a simple Hamiltonian is only valid if the spin-system
is on or near resonance, with near resonance being defined as ]wre - w| < Whyt-
CSA and dipole-dipole interactions tend to be on the order of 10kHz while nu-
tation frequencies in excess of 100 kHz have been routine for decades, so strong
pulses are generally possible for most spin-half nuclei. The quadrupole coupling,
on the other hand, is usually at least several MHz, so there are only a handful of

quadrupolar nuclei (e.g. >H) where strong excitation is even remotely possible!?.

Weak pulses have a particularly interesting effect in quadrupolar nuclei with half-
integer spin. The first-order quadupole coupling commutes with I,, meaning that

the rotating frame Hamiltonian for a single nucleus with RF is:

1

~ . 1/ . .
= Wyl +w((2)g (315 —I(I+ 1)1) (1.1.52)

Since this Hamiltonian is time independent, we may apply the secular approxi-
mation. [? — 1 has many degenerate eigenvalues, but [, only overlaps with them
for |m;| = }; this means that most of the density matrix remains completely unaf-
tected by weak RF pulses except for the central portion which undergoes nutation
as if it were an isolated nucleus of spin I = . The details of working out the prop-
agators for this secular Hamiltonian are long and complicated, but the upshot is
that RS is equivalent to i with Ry for I = 1 spliced into the centre and a new nuta-
tion frequency wy,,,, = (I + %) wnut where wy, , is the effective nutation rate of the
central transition and wy,;; is the nutation rate if w 8 ) were small. This relationship
can be extremely useful as the quadrupolar coupling is greatly diminished in so-
lutions due to isotropic tumbling, meaning that pulse powers for solids with high
(1)

wg can be calibrated by dissolving some of the sample.

19 depends on V as well as Q, so highly symmetrical molecular environments can help.

13
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1.1.4 Spherical Tensors

While the word tensor has been used since the middle of the 19th century, much
of what we would now think of as tensors came into existence under the name
of absolute differential calculus [17,18]. Tensors are designed to be independent of
reference frame; this makes them extremely useful for describing physical phe-
nomena, but also initially somewhat peculiar to work with as a tensor technically
stops being a tensor if it is written down numerically for a given frame. To make
matters worse, it is customary to work with spherical tensors when discussing an-
gular momentum in quantum mechanics [19,20]. Essentially, Cartesian tensors are
converted into a new set of basis vectors whose transformation properties resem-
ble those of Laplace’s spherical harmonics Y/ (6, ¢) = Ne™?P" (cos ).

Generally, all interactions in NMR can be written in the form # = caMb where c
is a constant of proportionality, a & b are vectors of some kind and M is a rank 2
Cartesian tensor. For the chemical shift Hamiltonian, c is y, a is I, b is By and M is
0. 0 is reducible according to representation theory, meaning that it consists of sev-
eral components which behave differently under rotation. This becomes apparent
when comparing solid-state NMR to solution-state NMR. In solids, the chemical
shift of a given crystallite varies with its orientation, giving rise to a broad powder
line shape. In solutions on the other hand, random rotations average the interac-

tion to djg,.

The isotropic chemical shift is easy to find: —6;5, = 05 = % Tr {o}. The remainder

of the chemical shielding tensor can be broken down into an antisymmetric tensor
(TZ.”” = (03 — 0ji) and a symmetric tensor (Tisjym = 3 (03 — 0ji) — 0ise; Where 6
is the Kronecker delta. An antisymmetric 3 x 3 matrix can only have three inde-

pendent values, so it could be written as ¢! = g§MiTI 4 gantiTnti | gantianti

with:

0 10 0 01 0 0 0
T =|-100| T"=|0 00| T"=|0 0 1| (1153
0 00 ~10 0 0 -1 0

for instance. ¢ and T#"* (x € {1,2,3}) now form an irreducible representation

14
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anti anti

of 0!, meaning that any rotation of 0*" can be written as a linear combination

of T#"'; one merely needs to work out ¢/ in the new basis. The same arguments

sym

can be applied to o°¥"™, except that there are 5 components!!. The original matrix

can be reconstructed according to

o=c"1+) oM ) o T (1.1.54)
” B

with a € {1,2,3} and B € {1,2,3,4,5}'2. Of course, the choice of T#"* at 1.1.53 is
completely arbitrary. In quantum mechanics, it is not common to describe angular
momentum with the Euclidean unit vectors ey, e, and e;. Instead, spherical vectors

are defined as follows:

1

=r, rfl = 7 (—iry Frx) (1.1.55)
1

&l =é, e = 7 (—ié, F éx) (1.1.56)

A general position vector r is then represented as follows:

r = rxéx + ryéy + rzéz (1.1.57)
= —rie;t +19&) —rled (1.1.58)
1
= Y (-1Fre " (1.1.59)
u=-1

Assuming the vector r has polar co-ordinates 7, 8 & ¢, it can be shown that:

rl = ,/%”m“ (6,9) (1.1.60)

Interestingly, it can also be shown that r} f = (1) r, " and that the dot product

of two vectors a & b is:
1

a-b= Y avl" (1.1.61)
u=-1

1Symmetric 3 x 3 matrices generally have 6 degrees of freedom, but the removal of ¢’** means

o°Y" must be traceless.
12N.B. The Einstein summation convention will not be used in this document. NMR is sufficiently

full of superscripts and subscripts that confusion might arise.
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Converting a 2nd rank tensor into spherical coordinates is a little more involved;
the required equations can be found on page 68 of Reference [21] and the resulting
irreducible spherical tensors are also listed at the end of Appendix B in Reference
[22]. The tensors T, are said to have rank m (this rank is slightly different to
what one would normally call the “rank” of a Euclidean tensor) where m ranges
from O to 2. Each rank has a label n where n € {—m,—m+1,...,m—1,m}. As
an example, one of the spherical tensors for the dipole-dipole coupling is T3 =
\/g (31.S; + IS). Just as before, the Hamiltonian /#, = caMb can be reconstructed

according to
2 m

Hn=cY Y (-1)"Mpy T, (1.1.62)

m=0n=—m

Calculating any given T2}, is a purely mechanical matter, but the coefficients Mz,
can offer genuine insight into the nature of NMR interactions. For instance, the
antisymmetric part of most NMR interactions has no effect on single pulse ex-
periments and little or no effect on multi-pulse experiments, so we generally set
M%) = 0 for all three n values. If a tensor is symmetric, it is possible to find a
frame in which it is diagonal; this is known as the principal axis frame or PAF. Let us
define u = MPAF _ %Tr {M}1 with MPAF chosen such that \uzz| > |luyy| > |pzz|
(in Cartesian coordinates). We then define the principal value { = uzz and the
asymmetry parameter 1 = % The coefficients for the irreducible spherical

tensors are now:

Mgy = M™° (1.1.63)

My = 0 Mysq =0 (1.1.64)
3 1

My = \/;Q M1 =0 Mjiy = —5577 (1.1.65)

The coefficients for orientations which do not correspond to the PAF can be found

using a Wigner rotation:

M;;(©) = f MPAFD(™)( @) (1.1.66)

mk
k=—m
where D,E;”)(@) are the elements of the Wigner Rotation matrix:

D(©) = e~ tag(M () i (1.1.67)
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and d,g;nzﬁ) is the Wigner small d-matrix, whose analytical formula will not be

reproduced here.

This allows us to characterise various interactions. For instance, only the Zee-
man and Chemical Shift Hamiltonians have isotropic components, and the dipole-

dipole interaction is especially simple since its asymmetry #7p = 0 as well.

17



2 Recoupling Sequences

2.1 Introduction

X-ray diffraction (XRD) is one of the mainstays of crystallography; it provides

accurate positions of atoms within the unit cell under two conditions:

* sufficiently large crystals can be grown

* the atoms of interest have a sufficiently large scattering cross-section

Since an atom’s scattering cross-section is linked to its mass, it is common practice
to assign the positions of heavy elements with XRD, and then estimate the posi-
tions of light elements using computational techniques. This has obvious draw-
backs when the elements of interest are the light ones, e.g. when studying hydro-

gen bonding.

While neutron diffraction can often provide this missing information, NMR is gen-
erally a much cheaper alternative as it does not require neutron sources. In addi-
tion, it can also be used to investigate samples for which large crystals cannot be

grown.

An early experiment used to determine internuclear distances in solid-state NMR
was the Spin Echo DOuble Resonance (SEDOR) [23] experiment developed by Hahn
and coworkers in the mid to late 50’s. The experiment measures the magnitude of
the dipole-dipole coupling constant b;;, and the distance is then calculated accord-

3/ Holyi;
47'Cbi]'

ning (MAS) in order to remove the chemical shift anisotropy (this will be discussed

ing tor; = . Most modern spectrometers, however, use Magic Angle Spin-
in more depth in Section 3.1), a process which also removes the dipole-dipole inter-
action. With an appropriate pulse sequence, however, it is possible to reintroduce
parts of a Hamiltonian which would otherwise be averaged away by MAS; this
is known as recoupling. For instance, Gullion and Schaefer’s Rotational Echo DOu-
ble Resonance (REDOR) [24] experiment recouples the dipole-dipole interaction be-
tween two spin % nuclei at low MAS rates, allowing the distance between them

to be determined once again. There have been a number of subsequent sequences
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based on REDOR, for instance the Transferred Echo DOuble Resonance (TEDOR [25])
sequence which reduces background signals from uncoupled nuclei, or the TRAns-
fer of Population in DOuble Resonance (TRAPDOR [26]) and Rotational Echo Adiabatic
Passage DOuble Resonance (REAPDOR [27]) sequences which measure the distance
between a quadrupolar nucleus and a spin 3 nucleus. The sequence has even been
combined with the Multiple-Quantum Magic-Angle Spinning (MQMAS [28]) experi-

ment to measure F—27 Al distances [29, 30].

The main drawback of the REDOR family of sequences is that they recouple both
I and IS dipole-dipole couplings. The deviation can usually be kept small as
REDOR’s [1 recoupling scales with % where pwigp is the width of an f-spin
180° pulse. For hydrogen, however, 145 is so high that MAS rates above 30 kHz are
generally required for efficient decoupling, making the measurement of hydrogen
bonds difficult.

From previous analysis of REDOR using symmetry based arguments [31], Andreas
Brinkmann and Arno Kentgens published the pulse sequences shown in Figure 2.1
[32] in 2006, and later the same year the sequence shown in Figure 2.2 [33]. The
two experiments are hitherto unnamed, to the best of my knowledge, so they will

be referred to simply as the non-selective and selective experiments, respectively.

The crucial part of both these experiments is the R-sequence. The theory behind
R-sequences is the topic of Section 2.1.1, but the notation is explained here for
the sake of completeness. An R-sequence is a sequence of pulses built on the so-
called basic element (#). % must be either a 180°x pulse or an equivalent composite
pulse, i.e. a series of pulses which inverts fy & I, while leaving I, unchanged.
The full sequence then consists of N successive basic elements with an alternating
phase offset of ¢ = {;71. The pulse powers must be chosen such that the the entire
sequence fits exactly into n rotor periods (Tvas). N, n and v must be integers; N

must also be even. R-sequences are usually written in the following form:

nTmas
7\

RNY := @9 %% .. ¢ 2.1.1)
N%
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<«
'H R-Seq.
DFS 90 ocentral 1 8I_O|ocentral
17
oWV L] M\—
< > < >
T , T/2
Figure 2.1: Non-selective pulse sequence.
T/z Ts 1:/2
H R-Seq. —<>— R-Seq. ——
DFS 90 0central 1 8|_O|°central
17
oW\ L W\
< > < >
T , T/2

Figure 2.2: Selective pulse sequence.

As an example, let us assume Z# is a 180° pulse, then:
R4% := 180°94°180°_90°180°90-180° _gg (2.1.2)

where the 180° pulses are each exactly one quarter of a rotor period.

To complicate matters further, Brinkmann & Kentgens made extensive use of su-
percycles in their work. In a supercycled R-sequence, the R-sequence is repeated
several times back-to-back, but in a modified form. For instance, an inversion su-
percycle consists of an R-sequence RN}, followed by the same R-sequence, but

with all phases inverted. This supercycle is written as SS/, or as (RN/RN, V) L. As

! Although it is not obvious from the notation, the phases of the basic element are inverted as

well.
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an example, the inversion supercycle for an R42 would be:

<R4%R4l_ 2) := 180°90>180°_90°180°99>180° _g0°180° _90°180°90°180° _99-180°90°
(2.1.3)
The inversion supercycle can help reduce the effects of B; field inhomogeneity for
some? R-sequences. Another, slightly broader class of supercycle are phase-shift
supercycles, denoted by SP9 or (RN},) P4 where P & q are integers. In this case, the
R-sequence is repeated P times, with a phase offset of #360° relative to the previous

sequence. Hence any RN/, sequence with an S3! supercycle would become:
(RN;) 3" := [RN; oo (RN 1200 (RN} agge (2.1.4)

Phase shift supercycles with q = 1 suppress all terms in the average Hamiltonian

for which p (see Section 2.1.1) is not an integer multiple of P.

Getting back to the experiments in Figures 2.1 & 2.2, the first increment of the non-
selective experiment is essentially a spin-echo experiment on 17O, but using weak
pulses so as to only excite the central transition. The Double Frequency Sweep (DFS)
[34] is used purely to enhance the signal-to-noise ratio; this is done by adiabatically
inverting the satellite transitions with an amplitude modulated pulse, transferring
population into the central portion of the density matrix. Once the spectrum has
been recorded, the experiment is repeated with an appropriate R-sequence (see
section 2.1.1) on the 'H channel which recouples only the heteronuclear dipole-
dipole coupling. As the recoupling time T is increased, the 17O signal evolves
under the dipolar interaction of its nearest-neighbour proton; weak couplings are

essentially swamped by strong couplings, and are not observed.

The selective experiment is similar, but uses a selective Gaussian pulse to invert
one proton resonance in the spectrum, and a second R-sequence block is placed
at the end of the experiment. Since the experiment is symmetrical, it acts as a
spin-echo experiment and the effects of all dipole-dipole couplings are reversed,
except for those involving the inverted proton. This allows us to measure the
dipole-dipole coupling constant for any oxygen-proton pair, not just the nearest

neighbours. However, the experiment suffers from a drop in signal-to-noise as

2This method does not work for y-encoded sequences.
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Figure 2.3: Figure a) shows a non-selective (R123R12; 5) 3! experiment recorded, repro-
duced from page 16098 of reference [32]. Circles correspond to experimental data, and
the black lines correspond to a two-spin (solid) and three-spin (dashed) AHT simula-
tions with bop = 14.27 + 0.38 kHz. Figure b) shows a non-selective (R42R4; 2) 3! (same
markers, boyr = 14.77 £ 0.26 kHz ), reproduced from page 14759 of reference [33]. Both
sets of data were recorded by Brinkmann & Kentgens at 800 MHz for 'H

the length of the Gaussian pulse 7 must generally be several milliseconds long in
order to avoid inverting multiple protons, leading to long echo times. The experi-
ment also differs from the non-selective experiment in that the echo time T is not

constant, but increases slightly as T increases since T = 1g + 7.

Of course, the key to success in both cases lies in choosing good R-sequences. In
their original paper, Brinkmann and Kentgens identify a set of sequences of the

2n—1

211 with n > 3 which recouple 'H heteronuclear dipole-dipole couplings

form R4n
and do not recouple any other interactions with the unavoidable exception of the
'H CSA which has the same symmetry numbers as the heteronuclear dipole-dipole
coupling®. While proton CSAs are generally on the order of 10 ppm, simulations

indicate that the effects are negligible.

The results of two experiments by Brinkmann are shown in Figure 2.3. For the ex-
periment in Figure 2.3a the supercycles simply help the long-term behaviour, but
for Figure 2.3b they are vital as they remove a number of undesired interactions
which would otherwise be recoupled by the R42 sequence. The problem with su-

percycled sequences is that they tend to be extremely long. Assuming an MAS rate

3In principle, this could be avoided by a 2-channel R-sequence on 'H & 7O. However, this
would likely require hard pulses on 17O due to the high MAS rate.
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180, composite pulse inversion performance. b 180, 0, 53605,5 ,180, 1, 5180, composite pulse inversion performance.
a) )

||
o "

Completed Basic Elements.
Completed Basic Elements.
‘UOISIBAUI [BUILIOU JO %
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% of nominal B, amplitude. % of nominal B, amplitude.

Figure 2.4: B; inhomogeneity behaviour of a 180° pulse (a) and the BB1(180) [35] compos-
ite pulse (b) when repeated back-to-back.

of vpmas = 50kHz, the supercycle for the (RlZgRlZ; > ) 3! sequence is 360 s long.

The (R4%R41_ 2) 3! is shorter, but still 120us in length. This is clearly unaccept-
able as most of the signal has decayed away by 100 ps to 200 ps. Brinkmann and
Kentgens get around this by sampling before the cycle is complete; the experiment
in Figure 2.3a is sampled so frequently that even the R-sequences are not always

complete.

Such practices are not uncommon in NMR, but they ignore a fundamental prob-
lem: the average Hamiltonian used for the R-sequence framework is only valid
for complete sequences. Sampling early can cause artefacts in the signal due to un-
wanted interactions which have been incompletely averaged. While these artefacts
are often sufficiently minor as to be ignored overall, oversampling should gener-
ally be treated with caution. On the other hand, supercycles are known to improve
the robustness of R-sequences, e.g. with respect to B; field inhomogeneity or B,
offset. The question therefore arises: is it possible to find unexplored R-sequences
which are sufficiently short that oversampling is not required to capture the short
term behaviour of a strong O-H coupling, yet also sufficiently robust that they

may be used without supercycling?

In this work, the question will be addressed in part by exploring R-sequences not
included in the R4n2"~1 set, as well as through the use of composite pulses. Com-

posite pulses are frequently designed with a specific aim in mind, such as com-
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pensation for resonance offset effects (e.g. the BB1(180) [35]) or phase distortions
(e.g. the 180°120°180°240°180°120 [36]). As shown in Figure 2.4, however, some also
provide a degree of robustness against B; inhomogeneity. In Figure 2.4a, a single
180°« can achieve good inversion of I, in spite of a 10 % offset, but the “useful zone”
shrinks rapidly as more pulses are applied. In contrast, 15 back-to-back BB1(180)

sets still achieve good inversion across a range of about 20 %.

Finally, there is another benefit to exploring new R-sequences which relates to
the analysis. As shown in Figure 2.3, the dipole-dipole coupling is determined
by fitting simulations to the experimental data. Generally, the sequences in the
R4n2"~1 set produce simple, unstructured curves resembling exponential decays
with weak oscillations. In contrast, some R-sequences possess strong oscillations,
or even zero-crossing; these are expected to make the fitting “harder”, resulting in

narrower confidence limits if the simulations and experimental data match well.

2.1.1 Symmetry Based Recoupling

As will be discussed in Section 3.1, most NMR interactions are averaged to an
isotropic value by MAS. However, it is possible to interfere with this averaging
by applying RF pulses which are synchronised with the MAS rate. A theoretical
framework for this comes from combining AHT and spherical tensor analysis* and

is known as symmetry based recoupling [31,37,38].

There are many NMR experiments which conform to symmetry based recoupling,
though many of them were discovered independently of the theory and have only
been recognized with hindsight. One such example is the REDOR sequence, which
has already been mentioned earlier. There are several similar REDOR schemes,
but they generally conform to an R2n}, set with an SS’ supercycle and a basic ele-

ment % containing one 180° pulse and a large gap. Another example is the Radio-

4The mathematical analysis used in reference [37] differs from that of section 1.1.4, most notably
in that section 1.1.4 treats the spin operators I and $ on equal footing with the magnetic field vector
By even though [ and $ can be rotated by RF pulses while By cannot. There are also differences in
how the terms of the Hamiltonian combine: a spherical tensor of rank i will have 2i 4 1 different
M;_;T;; terms, while there will be (2/ 4-1) x (2A 4 1) different iy, Ay terms.

24



CHAPTER 2: RECOUPLING SEQUENCES

Interaction A Space Rank I Spin Rank A Field Rank
Isotropic Chemical Shift 0 1 1
Chemical Shift Anisotropy 2 1 1
J-Coupling 0 0 0
Dipole-Dipole Coupling 2 2 0
1S Dipole-Dipole Coupling 2 1 0

Table 2.1: Interaction ranks

Frequency Driven Recoupling (RDFR [39,40]) scheme by Griffin and co-workers, a
heteronuclear dipole-dipole recoupling sequence with R4} symmetry and an SS’
supercycle which can, for instance, be used for a solid state equivalent to the ubig-
uitous Nuclear Overhauser Effect SpectroscopY (NOESY [41]). Lastely, one might also
mention the ThrOugh-Bond SpectroscopY (TOBSY [42]) experiment which uses an
R49 sequence to perform correlation spectroscopy via J-couplings, just as with the

solution state Total Correlation SpectroscopY (TOCSY [43]) experiment.

There are two main frameworks for symmetry based recoupling: C-sequences and
R-sequences. However, only R-sequences are of relevance to the current work. The
effect of an R-sequence on a given interaction Hamiltonian .#* is highly depen-

dent on the interaction’s symmetry properties. Mathematically, /' is broken

A

down into components 7}, A

(see Equations 2.1.5 and 2.1.6) where [ is known
as the space rank, m € {—1,—1+1,...,1 —1,1} labels the space components, A is the
spin rank and yp € {—A,—A+1,...,A — 1,7} labels the spin components (I & A for

various interactions are given in Table 2.1).

%(t0> =) _};)M <t0> (2.1.5)

ImAu

— 1) 1 t0+TMA5 N
ImAp <t0> = /t %m/\y (t)dt (2.1.6)

Tamas /10

The final results of all this are the following selection rules:

1 ) N

Imap =0 if mn—pv# EZ)‘ (2.1.7)
—1

zo)Ay =0 for exact MAS. (2.1.8)
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where Z, is any integer with the same parity as A. Equation 2.1.7 is quite simple,
but there are many values of m & p for most Hamiltonians, so it is useful to display
the results in so-called spin-space selection diagrams (see Figures 2.5 & 2.6 on page
27). In this work, blue lines correspond to mn, red lines to mn — uv and the black
lines block off all .77, Au Which match Equation 2.1.7 (m < 0 is ignored since the

diagram is symmetric).

For instance, Figure 2.5 clearly shows that the R4? used in reference [33] recouples
most NMR interactions to a greater or lesser degree, meaning that it is only viable
if it is applied in conjunction with a supercycle, e.g. the S3' which will remove all
interactions with y# # 0. On the other hand, the R10} in Figure 2.6 only recouples
the chemical shift anisotropy and the heteronuclear dipole-dipole interaction via

11 (and F5_»1_1), so it can be used “as is”.

As an aside, the R10} is a so-called ‘y-encoded sequence, meaning that each value
of y in the recoupled terms is associated with a unique m value and vice versa
({m=2,u=1} and {m = —2,u = —1}). Conversely, the heteronuclear dipole-
dipole coupling for the R4? is not y-encoded as it recouples on {m = 2,y = 0} and
{m = —2,u = 0}, this means that y = 0 is associated with both m = 1 and m =
—1. y-encoded sequences tend to recouple more evenly across different crystalite
orientations, meaning that a larger fraction of the sample is actively contributing

to the signal, but they also tend to suffer more from RF imperfections [37].

2.2 Method
2.2.1 R-Sequence Selection

In principle there are an infinite number of R-sequences, however the required
criteria for our experiments reduce this to a testable quantity (see Appendix B.1
for an example program). Firstly, any given probe will have a maximum possible
MAS rate vpas max (= 60kHz), a minimum MAS rate we are prepared to spin at
(VMAS min ~ 30kHz) and a shortest possible 180° pulse length (pw180° min = 2 118).

Secondly, the interaction we wish to measure occurs on a time scale of about 100 ps,
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iso 2 2
SI /JIS for R41 CSAI / DDIS for R41

Figure 2.5: Spin-space selection diagrams for R42. Horizontal lines represent terms on the

—(1
left hand side of Equation 2.1.7 for all j?jm)/\y with m > 0 (mn is blue, uv is red), and ver-

—(1)
tical ones represent the right hand side. Lines for }ém A Which are recoupled are drawn
in bold. Interactions with identical space rank and spin rank (e.g. the isotropic chemical

shift and the heteronuclear J-coupling) have been grouped in the same diagram.

iSO 1 1
SI /JIS for R103 CSAI / DDIS for FHO3

0 m=0 N=10
A
1 1
JI for R103 DDI for R103
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Bv=1
m=
N=110 #n 3 N={0
0 m=0 0

Figure 2.6: Spin-space selection diagrams for R101. See Figure 2.5 for details.
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R4? R143 R14}! R4)
R103 R107 R183 R18}® R10} R103
R12{ R12%8 R227 R22)° R14! R1403
R14} R14] R26; R26Y R163 Rl6it
R16% R161® R30i! R30)° R20: R20%°
R187 R18l! R3413 R34%! R223 R22Y
R20§ R20}> R381> R38% R26; R26Y

Table 2.2: Selected R-sequences

Name Composite Pulse Reference
180°¢0
90°gp> 180°9 90°9q° [44]
90°%:  360°150° 90°: [45]
180°120> 180%40° 180°12¢° [36]
BB1(180) 180°1045-360%13.4-180°104 5:180%: [35]
F1 180°6.60 180°25552180%¢°  180°104.5°180%13.4° [46]
G1 180°s5c  180°70c 180°3  180°ge 180°3150 [46]

Table 2.3: Composite pulses.

so our sequence should increase in steps of AT < 100 ps. Therefore, we know that
i < AT, that pr180° mi < MA: and that prlgoo min < At. And finally,

VMAS max n—=v min
sequences with ¢ > 7 are equivalent to sequences with ¢’ = 7 — ¢ for Z=180°,

sov < % Some sequences which fit these criteria are shown in Table 2.2.

Valid pulse sequences were then simulated in SIMPSON [47] using #=180°-, as
well as any of the other composite pulses shown in Table 2.3 which could be run
at MAS rates of 20 kHz or above. An example program for the BB1(180) composite
pulse in a non-selective experiment using typical parameters is given in Appendix
Al

Initially, the entire FID was simulated for each experimental point and stored as
a 2-dimensional data set; this was found to be unnecessary, however, as the peak
shape and phase do not change. Instead, only the first point of each FID needs

to be calculated and recorded. Since the intensity of the FID is proportional to
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Figure 2.7: Simulated R-sequences with composite pulses for non-selective experiments at

600 MHz and maximum permissible MAS rates (assuming a proton 180° pulse length

limit of 2.8 ps). Figure a) shows a viable sequence: the RlZg with a 90°9p-180°3:90°9p ba-

sic element. Figure b) shows an Rlog with a 180°1500180°240°180°150 basic element; this

sequence only recouples weakly and is hence not viable. Figure c) shows an R4Y with a

180°120°180°240°180°12¢° basic element; the sequence is viable, and has pronounced oscil-

lations which may help constrain the fit when analysing experimental data. Figure d)

shows an R4(1) with a 90°:180°-90°9p- basic element; the sequence is viable and re-

couples more strongly than the sequence in Figure b), but the oscillations are not as

pronounced.
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the intensity of the integrated spectrum, the simulated data can be used directly

without the need for Fourier transforms or integration.

Non-selective experiments were assessed assuming a dipole-dipole coupling con-
stant of about 14 kHz, selective experiments at about 3kHz. Some non-selective
examples are shown in Figure 2.7. Figure 2.7a shows an R12] (coincidentally one
of Brinkmann’s sequences) with a basic element Z=90°9°180°)-90°9g-. In this par-
ticular case, the composite pulse has not altered the behaviour much and the graph
strongly resembles Figure 2.3a on page 22. As such, it makes a good example for a
viable experiment. Figure 2.7b, on the other hand, shows a common type of aber-
rant behaviour. Even though the R103 has all the desired recoupling properties, the
combination of Rlog and %#=180°120°180°240-180°12¢- has a low scaling factor, mak-
ing the experiment useless. On the other hand, Figures 2.7c and d look promising.
Figure 2.7c displays much stronger oscillations than the R123 sequence; more struc-
tured signals should, in principle, provide extra constraints for the fitting process
used to analyse experimental data. Figure 2.7d has oscillations intermediate be-

tween a) and c), but also has a stronger scaling factor.

As an aside, the crystal file used for the powder averaging in the simulations con-
tained 678 orientations of & & B and was created using the REPULSION method
[48]; this was found to be converged according to Figure 2.8a. Convergence was
also checked with respect to the timestep At from Equations 1.1.23 & 1.1.26; the
calculations were found to be reasonably converged at At = 1 s (see Figure 2.8b).
In addition, Figure 2.8c demonstrates that the 'H CSA has little to no effect on the
simulated results and Figure 2.8d demonstrates that a selective experiment mea-
suring a weak O-H dipole-dipole coupling is unperturbed by the introduction of
a 3"4 spin with a strong O-H dipole-dipole coupling. This is convenient not only
because 2-spin calculations are cheaper than 3-spin calculations, but also because it

means that weak couplings can be determined independently of strong couplings.

Unfortunately, however, it was found that B, field inhomogeneity can have a very
strong effect on these sequences. B, field inhomogeneity can be complicated to
simulate, so the behaviour has been approximated by rerunning simulations mul-

tiple times at the same MAS rate and with the same pulse lengths, but with incor-
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Figure 2.8: Convergence checks for SIMPSON simulations. Figure a) shows simulations
of an R103 sequence with crystal files containing 10 to 2000 « & f orientations. The
simulations are considered converged above 100 orientations. Figure b) illustrates the
accuracy of the simulations w.r.t. the simulation timesteps At. The red diamonds show
an R4{ sequence with a BB1(180) composite pulses calculated with At = 1ps (used in
most of the simulations in this work) and the blue crosses mark the same simulation, but
with At = 0.1 ps. Figure c) shows that the results of a simulation without a proton CSA
(blue crosses) are identical to those from a simulation using a typical proton CSA value
(10ppm, blue dots), and Figure d) shows that the results for a selective experiment

using a 2-spin system (red diamonds) are very similar to the more expensive 3-spin

calculations (blue crosses).
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Figure 2.9: B field inhomogeneity behaviour for an RlZg with a 90°9p°180°(-90°9 basic ele-
ment (a), an R4g with an F1 basic element (b), an R4(1) with a 180°150°180°240°180°150° basic
element (c) and an R4? with a 90°9g180°9:90°9¢- basic element (d). All four simulations
were run assuming a 600 MHz spectrometer and at their maximum MAS rates assum-
ing a 180° pulse length limit of 2.8 us and a maximum possible MAS rate of 50 kHz. The
simulations with the nominal B; strength are marked as black crosses with black dotted
lines, simulations with incorrect By nutation rates are shown in green (high power) and
red (low power). Simulations are labeled in percent of the nominal nutation rate. The
blue crosses and blue line represent the weighted average of all simulations assuming
a B field inhomogeneity profile width of ¢ = 10 %. See Appendix A.1 for SIMPSON

program and typical parameters.
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rect 'H nutation rates. In Figure 2.9, the black crosses represent a simulation with
the nominal nutation rate for that sequence (labelled as “By: 100 %”). Simulations
with low nutation rates are shown in red, and those with high nutation rates are
shown in green. The blue crosses are an estimation of the overall results for the

sequence; they are the Gaussian weighted average of the simulations present with
(By—100)>
weight w = ¢~ 22, where By is the 'H nutation rate in percent and ¢ represents

the severity of the B; inhomogeneity for a given probe (assumed to be 10 % here).

Since the behaviour with respect to inhomogeneity was found to be different for
different sequences, it was simulated for each sequence and judged by eye. Fig-
ure 2.9a shows an example of a sequence which would be accepted; the inhomo-
geneity causes significant deviation of the signal, but the distribution is somewhat
symmetric and cancellation of errors causes the average behaviour to lie close to
the nominal simulation. Figure 2.9b would also be accepted as the combination
of R42 with an F1 composite pulse appears to be well compensated with respect
to By inhomogeneity. Figures c & d (incidentally the same sequences as shown in
2.7c & d) would be rejected. Figure 2.9c shows far to much deviation (especially
considering that the Gaussian average is only an assumption) and the simulations

in Figure 2.9d do not converge to the nominal shape.

Finally, it is worth remarking that a number of the R-sequences tested use v = 0.
RNY sequences have a phase offset ¢ = 0, meaning that any RNY with %2=180° is
indistinguishable from continuous wave decoupling. Furthermore, they would be
expected to suffer greatly under B; inhomogeneity as a slight change in B; strength
could, for instance, turn an R10j into an R4Y, a sequence with completely different
recoupling properties. If a composite pulse is used, however, both these ambigu-
ities vanish. As demonstrated in Figure 2.9b, v = 0 sequences can be used for

recoupling as long as an appropriate basic element % is chosen.

2.2.2 Processing and Analysis

All experiments were performed either on the 20T wide bore magnet (850 MHz,
Bruker Avance II spectrometer) at the “UK 850 MHz Solid-State NMR Facility”,
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or on the University of Nottingham’s 14 T narrow bore magnet (600 MHz, Bruker
Avance III spectrometer) in the “Centre for Biomolecular Sciences”. The MAS
probes used on both instruments could spin rotors at a maximum speed of 66 kHz,
and could sustain 'H nutation rates of 250 kHz and 180 kHz respectively. The ex-
periments were generally recorded with relaxation delays of 2s as the proton T;

times of the tyrosine sample used were ~ 0.5s.

Non-selective experiments were recorded with echo times T ~ 1.2ms, selective
experiments required longer times due to 1, the length of the Gaussian inver-
sion pulse. 7z was ~ 1ms for experiments performed at 850 MHz, but was in-
creased to ~ 2ms at 600 MHz due to the decreased separation between the H”
& H' peaks. Longer times would have been preferable, but the loss of 7O sig-
nal from the increased echo delay was too great. Experiments at 850 MHz were
generally recorded with 1000 to 4000 scans, non-selective experiments at 600 MHz
required ~ 10000 as the quadrupolar coupling leads to broader 7O peaks, and the
selective experiments were recorded with 20000 to 50 000 scans due to the loss of
signal from the long Gaussian pulse. The DFS parameters used at 850 MHz were
calibrated with the help of the facility manager Dr. D. Iuga, with good perfor-
mance found for a DFS sweep length of 1ms, a start frequency of 800 kHz and
a final frequency of 100 kHz. At 600 MHz, the optimal parameters were obtained
with a sweep length of 0.5 ms to 0.8 ms, a start frequency of 500 kHz and a final fre-
quency of 100 kHz. On both spectrometers, the powers of the selective 17O pulses
were calibrated separately to produce a 10 s 90° & 20 ps 180° pulse. Results were
recorded as pseudo-2D data (see Figure 2.10) and then analysed according to two

different methods.
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9 .
F§1O3 180104_5360313_4180104_51800, 30 kHz MAS, 2000 Hz Gaussian Ib

BO: 850 MHz

400
0
10

Recoupling time t [us] 600 oq f2 KHZ]
Figure 2.10: Central region of an R10; with BB1(180) spectrum (Fourier transformed along
the direct dimension), plotted against the frequency of the direct dimension, f, and the
recoupling time 7. The blue panels either side of the 17O peak indicate the region which

will be integrated in f,.
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Figure 2.11: Inverse of x2 . obtained when fitting simulations to the integrated data from
Figure 2.10. When no line broadening is used (Figure a), x2., varies wildly if the in-
tegration region is changed. However, 2. varies much more smoothly with changes
to the integration width & offset when 2 kHz of Gaussian line broadening is used (Fig-

ure b).

2.2.3 Method I

The spectra were phased and then integrated within + 8 kHz of the 17O central

peak. The integrals (I) were then normalised relative to the intensity at T = 0.

E = /N * Obase (2.2.1)
[ (2.2.2)
I(z=0)
2 2
I+E_
Enorm = ( - E ) + <#> (2.2.3)
(t=0) I(TZO)

2 E, 2
o (E) L[ 20 (2.2.4)
I I(r—o)

where E is the error, n is the number of points in the integrated region and c,,g, is

the standard deviation of the baseline.

In general, the integration range was found to have an effect on the final results.
The plots in Figure 2.11 show how the x? value of the end result varies with the

integration range. Line broadening was found to improve the reliability (Fig-
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Figure 2.12: Effect of line broadening on signal-to-noise. The blue line (left axis) shows the
intensity of the integrated peak at T = Oms as a function of the Gaussian line broad-
ening width. The green line (right axis) shows the error associated with the integrated
peak as determined from the baseline of the spectrum. Optimum signal-to-noise is
found between 2 kHz and 6 kHz.

ure 2.11b is much smoother than Figure 2.11a), although it did not remove the
dependence entirely. 2 kHz of Gaussian line broadening was found to give a good

signal-to-noise ratio (see Figure 2.12).

In keeping with the analysis by Brinkmann & Kentgens, the integrated and nor-
malised data Inorm Were then fitted to a series of damped, normalised simulations

(Snorm (bon)) according to
D= feisnorm (bOH) + (1 - f)e@ (22-5)

where f, T & T are fitting parameters and boy is the hydrogen—oxygen dipole-
dipole coupling constant of the simulation S. Figure 2.13 shows one such fit for an
R103 experiment with a BB1(180) composite pulse. Experimental points are shown
in red, the black diamonds represent the undamped simulation and the blue dots
correspond to the fitted simulation. The dotted lines show where a simulated point
of £1 would end up after damping, and can be therefore used to gauge the “sever-

ity” of the damping. x* was then calculated using
X2 =Y (Inorm — D)? (2.2.6)

The simulations are repeated for a range of dipole-dipole couplings, and x? (bon)

is calculated and graphed (see Figure 2.14). The most likely value for the coupling
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Figure 2.13: The integrated data of the R103 (#=BB1(180)) from Figure 2.10 are plotted as
a function of the recoupling time 7 (red crosses). The best fit simulation is also shown
(black diamonds: boy = 15.8kHz), as well as the same simulation when damping
parameters are applied (blue dots: f = 0.72, T = 14ms & T = 1.85s). The black dotted
lines indicate the maximum and minimum boundaries within which the simulation
could vary: (1 —f)e% j:fei.

constant of the actual sample can be determined from the minimum value of the

graph, and the confidence limits can be established.

According to Brinkmann [32], the confidence limits of a simulation are found at

Fl 4
X=X (1 + ﬁ) (2.2.7)

where a is the significance level® and F is the inverse of the cumulative F-distribution®
(see Figure 2.14a). According to Ratkowsky [49], on the other hand, the confidence
limits for a simulation should be found at

Tlng Ni—n
X = Cin (1 4+ — PP (2.2.8)

where 7, is the number of parameters (see Figure 2.14b). Equation 2.2.8 resulted
in a higher offset and hence broader confidence limits in all cases tested here.

Ratkowsky’s method also tended to match the confidence limits from Method II

5For the 95 % confidence limit, for instance, « = 1 — 0.95 = 0.05.
6 Also known as the Fisher-Snedecor distribution.
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Figure 2.14: x? as a function of boy (blue dots, interpolated by red line) for the integrated
data of the R10g (#=BB1(180)) from Figure 2.10. sznin is labelled (simulation shown in
Figure 2.13), and various confidence limits are marked by horizontal lines. Figure a)
shows the limits according to Brinkmann’s analysis (Eqn. 2.2.7), Figure b) shows the

limits according to Ratkowsky’s analysis (Eqn. 2.2.8).

(See section 2.2.4) better. However, Equation 2.2.7 will be used in most cases so as

to allow the data to be compared to that of Brinkmann.

2.2.4 Method II

An early version of Method II was initially developed while working on the ex-
periments in Section 3, and was therefore the first analysis procedure to be ap-
plied to experimental R-sequence data. It is based partly on the the manual for
CERN’s MINUIT fitting program [50], as well as “Statistical Methods in Experi-
mental Physics” by Frederick James [51]. The method was temporarily abandoned
over questions regarding the interpretation of Enorm, Which will be required in

Equation 2.2.9, but was later “resurrected” with modifications.

The most important revision to Method II was skipping the Fourier transforma-
tion when processing the spectra. As mentioned in Section 2.2.1 (page 28), there
is only one peak in the 17O spectrum, and its shape is irrelevant since it does not
change. This means that the intensity of the resonance can be obtained directly
from the FID. In principle, the first point of the FID would be sufficient, however

the calculation of Enorm requires knowledge of the covariance matrix for the ex-
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Figure 2.15: Comparison of fitted FID data  Figure 2.16: Correlation plots for a spec-
(blue) vs. integrated spectral data (red). trum with (blue dots) and without (red

crosses) line broadening.

perimental data; this was obtained by applying a 0t"-order phase correction to the
FID and fitting the real part7 with an exponential. As shown in Figure 2.15, the
spectral intensities obtained by fitting the FID and by integrating the spectrum are

comparable.

Working directly from the FID has two important advantages. Firstly, it circum-
vents most of the problems due to integration parameters from Figure 2.11, as well
as the effects of line broadening shown in Figure 2.12. Secondly, zero filling and
line broadening can cause correlation in the noise of the spectrum. This is seen
readily in Figure 2.16: the baseline of a spectrum should contain only white noise,
meaning that the value of a datum x; should have no bearing on the value of its
nearest neighbour x; 1. This is the case when no line broadening is applied, and
the data are distributed radially across the plot. When line broadening is applied,
however, the Fourier transformation effectively interpolates the data, creating new
points whose value lies between their left and right neighbours. This results in the
blue pattern in Figure 2.16. This is not generally a problem for many practical NMR
applications, but it has important mathematical consequences as many stochastic
theories assume uncorrelated noise. It also means that the standard deviation for

the baseline of a zero-filled spectrum may be lower than that of the same spectrum

"Phasing could be avoided by taking the magnitude of the FID, but the background noise would

prevent the signal from decaying to 0.
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Figure 2.17: x? as a function of boy for the R10] with % = BB1(180). As in Figure 2.14, blue
dots correspond to fitted simulations and are interpolated by the red line. Confidence

limits based on Equation 2.2.10 are shown by horizontal lines.

without zero-filling.

Once the experimental intensities were found, normalisation was performed ac-
cording to equations 2.2.2-2.2.4 as before®. Damping also follows the same pro-
cedure (see Eqn. 2.2.6). However, x? is calculated slightly differently as it is nor-

malised by the error:

2
=Y, <M) (2.2.9)

E norm

The confidence limits are then found at

X2 = Xin+Ch (2.2.10)

p

where CE » is the inverse of the chi-squared cumulative distribution function and g
is the confidence level. It is worth noting at this point that Equation 2.2.10 differs
from Equations 2.2.7 & 2.2.8 used by Brinkmann and Ratkowsky in that it is addi-
tive rather than multiplicative, which is made possible due to the normalisation in

Equation 2.2.9.

Figure 2.17 shows the results of analysing the data set from Figure 2.14 using

Method II. The two x? plots have very similar shapes, each with a kink just be-

8Bearing in mind that the error E is determined from the square root of the covariance matrix

for the FID fit, not from 0j,5ge-
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a) b)

R
Figure 2.18: Molecular structure of tyrosine (a) and crystal structure of L-tyrosine. HCI (b).
Atom colours follow the CPK scheme: hydrogen is white, carbon is black, oxygen is
red, nitrogen is blue and chlorine is green. The O-H" pair is highlighted in yellow, the
O-H" in magenta. The unit cell is in the P2; space group witha = 11.083 A, b = 9.041 A,

c=5099A, x =90°, = 91.82° and -y = 90° [52].

low bog ~ 11kHz and with their minima at 15.5kHz and 15.8 kHz respectively.
This is to be expected as the input data are roughly the same (though not identi-
cal), and Eporm is constant to a first approximation. The confidence limits, however,
do not match quite so well. For instance, the Brinkmann x? plot has the smallest
50 % interval at 15.6 = 1.0kHz, the Minuit plot is intermediate at 15 +2kHz and
the Ratkowsky plot lies at 14 £ 3kHz. For the 95 % confidence limit, on the other
hand, the Minuit plot is the smallest with 14 & 4kHz, followed by Brinkmann at
14 £+ 5kHz and the Ratkowsky 95 % confidence limit could not be reached.

2.2.5 Sample Preparation

In order to allow comparison with Reference [32] & [33], all experiments in this sec-
tion were performed on 17O labelled L-tyrosine (structure shown in Figure 2.18a).
Tyrosine is a good model compound as it is a relatively small molecule, but simul-
taneously has a sufficiently asymmetric environment to give the oxygen atoms a
realistic quadrupole moment. The T; time of protons in pure tyrosine is on the
order of several seconds, but it can be reduced to about half a second by recrys-

tallisation in hydrochloric acid. For the sample used in these experiments, the
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DUMBO spectrum of Tyrosine—WO.HCI
BO: 300.07 MHz

15 10 5 0
8 [ppm]

Figure 2.19: 1-pulse 'H spectrum of tyrosine.HCl, recorded on a 300 MHz spectrometer at
12 kHz MAS. 100 kHz DUMBO [53] decoupling was employed during acquisition.

recrystallisation was kindly carried out by Dr. D. Mycock of the Hayes group.
The sample itself was labelled at 20 % to 30 % on the O site (see Figure 2.18a). This

site is highly convenient as it only has two neighbouring protons: the H", to which
it is directly bonded, and the H” on a neighbouring molecule (crystal structure
shown in Figure 2.18b). This allows us to test both the selective and non-selective
sequences on the same site as the two proton signals can be resolved’. The two

resonances are marked in Figure 2.19.

2.3 Results

To begin with, it is important to show the extent to which we are capable of re-
producing the data of Brinkmann and Kentgens. Figure 2.20 shows the results of
an SR4% experiment!” with no composite pulse, the same sequence as used in [33].
From their experiment, Brinkmann and Kentgens found a dipole-dipole coupling
constant of 14770 + 260 Hz, corresponding to a "H-'7O distance of 1.03 & 0.01 A.

Using Method I with Brinkmann’s x? limits, we find a lower estimate: 12 +- 2 kHz

9This is required for the selective inversion pulse.
10(Rél% R4, 2)31 in Brinkmann’s notation.
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Figure 2.20: Simulated and experimental results for the SR4? sequence (no composite
pulse) at 850 MHz and 50 kHz MAS. Figure a) shows the integrated peak intensities
from the experimental data (plotted as red crosses with errorbars) against the recou-
pling time 7. The undamped simulation for the system with the “best” dipole-dipole
coupling constant (bpoy = 12.5kHz) is shown as black diamonds, the damped simula-
tion is shown as blue dots. The black, dotted lines mark the maximum and minimum
boundaries that the simulations could reach assuming the simulated data always lies
between 1 & —1; this helps illustrate the “severity” of the damping parameters f, Tr &
To. Figure b) shows x? against O-H" distance (blue dots); the simulation from a) is la-
beled (boy = 12.5kHz corresponds to a distance of roy = 1.09 A). The simulated data
has been interpolated using a high-order polynomial (red line), and various confidence
limits are also marked (see legend). The vertical black line shows the roy distance as
recorded by neutron diffraction, and the dotted lines are 103.7 % and 105.3 % of this
distance. Hence an ideal R-sequence would be centred somewhere between the dotted

lines, assuming the effects of libration in tyrosine are similar to those in glycine.

or 1.11 + 0.06 A!! as shown in Figure 2.20b.

The distance measured by neutron diffraction experiments is 0.989 A (solid black
line in Figure 2.20b, corresponds to boy = 16.9 kHz), but distances based on NMR

dipole-dipole measurements tend to be slightly long; Ishii et. al. demonstrated

computationally that molecular libration could introduce errors of 3.7 % to 5.3 %

in glycine at ambient temperatures [54], and D. A. Case found discrepancies of up

UND. x2,. = 1.09 A, however the x2 plot is not symmetric. In this work, values will always be

quoted as the centre of a given confidence limit.
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to 12.6 % in other samples [55]. This means that the “best” measurements we can
expect should lie between 1.035 A and 1.041 A (marked by black dotted lines in
Figure 2.20b), but values as large as 1.114 A can be expected. The measurement by
Brinkmann is centred on the 3.7 % to 5.3 % range, while the results in Figure 2.20b

are centred closer to 12 %, and have broader confidence limits.

There may be several factors which contribute to these differences. Firstly, Brink-
mann and Kentgens recorded their data at a different field (800 MHz) and with a
different probe, so factors such as B; field inhomogeneity may play a role. Sec-
ondly, the experiment in Figure 2.20 had half as many points as Brinkmann'’s since
we did not sample between the R4 and R4, 2 supercycle steps. Finally, there are
two points which appear to be anomalous, one at T = 360 ps and one at T = 520 ps
which may be shifting and broadening the fit!?. In spite of these setbacks, the
experiment demonstrates that we can reproduce both the experimental data and

analysis of Brinkmann and Kentgens.

As mentioned in Section 2.1.1, the R4% sequence does not have the correct recou-
pling properties when used without a supercycle, so it is unsuitable for our pur-
poses. Instead, the R12§ sequence from Brinkmann’s earlier work will be used. In
their original experiments (see [32]), Brinkmann and Kentgens reported a dipole-
dipole coupling constant of 14.27 + 0.38 kHz (1.046 + 0.009 A) for an SR123 experi-
ment. The SR123 experiment shown in Figure 2.21b has a much broader confidence
limit of 1.09 4 0.11 A. It is worth mentioning that the Brinkmann data once again
had a higher sampling rate (20 ps) than the data in Figure 2.21 (60 ps). Figures 2.21c
& d show the same experiment without supercycling; roy is found to be almost
identical at 1.08 - 0.14 A. Interestingly, this suggests that the supercycle may not

be providing much benefit with this sequence.

In contrast, the addition of a 90°9(-180°9-90°9p- composite pulse greatly affects the
sequence. As shown in Figure 2.21f, the 95% confidence limit is estimated at
1.11 £ 0.03 A. This constitutes a remarkable reduction in the confidence limits, but
X2, continues to overestimate the bond length by about 12%. This offset was

roughly consistent across all experiments so far, so the R-sequence was changed.

121f these points are excluded, the 95 % confidence limit shifts to 1.08 + 0.04 A
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Figure 2.21: Simulated and experimental results for the SR123 (#=180°, Figures a & b),
the Rlzg (#=180°, Figures c & d) and the RlZg with %=90°90180°090°q- (e & f) at
850 MHz and 50 kHz MAS. See Figure 2.20 for plot details.
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Figure 2.22: Simulated and experimental results for two separate runs of the R103 sequence
(#=BB1(180)) at 850 MHz and 30 kHz MAS. See Figure 2.20 for plot details.

The R123 recouples on {m = +2,u = 0}, so the R103 was chosen as an alterna-
tive as it recouples on {m = 2,y = —1} and {m = —2, u = 1}. This means that the
R103 sequence recouples using an entirely different portion of the dipole-dipole

Hamiltonian, but the sequence is also y-encoded.

Figure 2.22 shows the results of an R10g experiment with a BB1(180) composite
pulse, as well as a repetition of the experiment. Both experiments have very good
)(fnin values, 15.8 kHz (1.01 A) and 15.2kHz (1.02 A) respectively, but the 95 % con-
fidence limits are the worst so far at about 0.15 A. Assuming that the difference in
X2, between the two experiments is representative, then the confidence limits are
overestimating by almost an order of magnitude. Assuming that the experiments
have been performed correctly, this would then imply a problem with the fitted

model, or with the simulations.
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Figure 2.23: Simulated and experimental results for the experimental data from Fig-
1
ure 2.22a (R103, #=BB1(180), w () _ 850 MHz, vpas = 30kHz), but with Tr & Tp

21

fixed at infinity. See Figure 2.20 for plot details.

With regards to the model, it is worth noting at this point that even the smallest
value of Ty (see Figure 2.22a) is 14 ms, which is much larger than Tmax = 600 ps.
For this experiment, at least, the exponential damping terms controlled by Tk & T
do not appear to contribute much to the overall fit. If they are excluded, then the
fitted function becomes D = fSnorm (bon) + (1 — f), which still fits the experimen-
tal data fairly well'®>. As shown in Figure 2.23, the 95 % limit lies at 1.01 & 0.03 A,

which constitutes an improvement over the previous results.

The simplified damping function works well for the R123 sequence (1.09 =+ 0.06 A)
and the R12g with a 90°902180°9-90°9p- composite pulse (1.08 £ 0.03 A), but does not

work particularly well for either of the supercycled experiments.

But, as mentioned earlier, it is also possible that the simulations can be improved.
During calibration on the 1.3 mm probe, it was noticed that a 'H nutation curve
with a 90° pulse length of 11s would have the 360° zero crossing around 3.6 pis
rather than at the expected 4 ps, so clearly B; inhomogeneity was substantial. Just
as on page 33 of section 2.2.1, the simulations were rerun with varying degrees
of B; amplitude offset. Assuming that the actual nutation frequency is wy =

A - Wyom Where wyom is the nominal By field and A is the percentage offset, then the

13Brinkmann’s damping function was entirely empirical, so changing it does not violate any of
the theory used in the analysis. On a related note, it is possible to skip the damping function

completely, but the results tend to converge on the rather unsatisfying distance of 1.13 A
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Figure 2.24: Simulated and experimental results for the experimental data from Fig-

1
ure 2.22a (R109, Z%=BB1(180), MLZ(HH) = 850 MHz, vp14s = 30kHz), but without empiri-

cal damping. B; inhomogeneity has been included with ¢ fixed at 60 %. See Figure 2.20

for plot details.

A=100%)2
simulations were averaged with weight w = e(*=7"*)". Even without a damping

function, the results for the R103 with a BB1(180) composite pulse are encouraging.
As shown in Figure 2.24b, the 95 % limits lie at 1.032 & 0.026 A.

Initially, ¢ was included as an optional parameter in the fitting routine, but this
was found to be impractical as it often tended towards unacceptably large values.
As a compromise, the fitting program was instead run with several fixed values
of 7, and the optimal value was chosen based on the width of the 95 % confidence
limits. This awkward behaviour is perhaps not entirely surprising as the actual
B; inhomogeneity profile is unknown; the Gaussian profile was chosen purely for
simplicity. As such, the rather high value assumed by sigma (usually around 60 %)
should probably be considered merely as a numerical fit parameter, rather than as

any meaningful estimate of the B; inhomogeneity.

Non y-encoded sequences have also been tested, although only at 600 MHz. Aside
from the R3n2"~1 set of sequences mentioned by Brinkmann, the only sequences
which are not y-encoded are R4(1) & R4g. Figure 2.25 shows several such sequences,
including an R4g with a 180°120°180°240°180°1209- composite pulse (Figures 2.25a & b).
A sequence using Brinkmann’s supercycle has also been tested, the results are
shown in Figures 2.25¢ & d. The R4g gives a reasonable value (1.061 £ 0.066 A);
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50kHz MAS. No damping was used. See Figure 2.20 for plot details.
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Figures a & b show simulated and experimental results for the R4g sequence
(#=180°120°180°240-180°120°) at 600 MHz and 50 kHz MAS. The analysis was performed
without damping, and with ¢ fixed at 60 %. Figures ¢ & d show simulated and ex-
perimental results for the SR4(1) sequence (#Z=90°p-360°120-90°°) at 600 MHz and 30 kHz
MAS. The analysis was performed with damping, and without B; inhomogeneity. Fig-
ures e & f show a selective R4g sequence (Z=180°120-180°40°180°120) at 600 MHz and
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the SR4(1) has a better Xiﬂn location (1.04 A), however the 95 % confidence limit is
broader (1.06 4 0.08 A). Overall, both sequences perform pretty well, considering
the field strength.

Finally, Figures 2.25e & f show the results of a selective experiment, also performed
at 600 MHz. The measured 'H-170O distance comes out as 1.56 + 0.15 A4, which is
clearly different from the 1.06 & 0.66 A measured in the non-selective experiment
with the same sequence (see Figure 2.25). This distance is also close to the O-H”
distance of 1.609 A measured by neutron diffraction. However, once libration is
taken into account, one would expect an NMR distance closer to 1.7 A than 1.6 A.
Unfortunately, the selective inversion pulse required for the selective recoupling
experiment is sufficiently long to impact on signal. This means that a compro-
mise must be struck between the signal-to-noise ratio, and the bandwidth of the
inversion pulse. It is possible, therefore, that the inversion pulse used was not suf-
ticiently narrow for an experiment at 600 MHz and that some of the H have been
inverted as well, resulting in a stronger interaction (and hence shorter distance)
than would otherwise be expected. However, the experiment demonstrates that
the R4g sequence with a 180°1200180°40-180°129> composite pulse should be suit-
able for selective recoupling experiments, so long as they are performed at higher

tield, where the H” and H” peaks are more separated.

2.4 Extension to 'H CSA
As shown in Table 2.1 on page 25, the CSA and the IS dipole-dipole coupling have

the same space rank / & spin rank A, so both interactions will always be recoupled
by the same single channel R-sequences. While this fact was treated as a nuisance
in Section 2.2.1, it can be used in its own right to determine the CSA parameters
of protons under rapid MAS. Older experiments for determining the CSA, such as
2D-PASS (see Section 3.2), must be performed at low MAS rates so as to conserve
the side-band patterns. This means that they cannot be applied to protons as the

strong homonuclear dipole-dipole couplings generally require MAS rates on the

4Brinkmann measured 1.73 4+ 0.12 A
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Figure 2.26: Figure 2.26a shows the pulse sequence for a Proton CSA recoupling exper-

iment. Figure 2.26b shows the cross sections for peaks 1 & 2 (black lines) of the ex-

periment in Figure 2.27, as well as the best fit SIMPSON simulations (red lines). CSA

parameters are found to be { = 17.5 ppm with 57 = 0 for peak 1 and { = 18.0 ppm with
= 0.5 for peak 2.

order of 30 kHz or higher.

Figure 2.26a shows a pulse sequence (originally developed by Brouwer & Rip-
meester using an R18g [56], see Table 2.2 for other viable sequences) which is, in
principle, capable of recoupling at high MAS rates. Interestingly, the pulse se-
quence begins with the R-sequence, meaning that only [, magnetisation is present
at the start and end of the recoupling period t;. This is in stark contrast to exper-
iments such as 2D-PASS, which begin the evolution period #; with [, magnetisa-
tion. The proton magnetization is then rotated into the x-y plane and the signal is
acquired as normal. The resulting spectrum is Fourier transformed in ¢, and then

the real part of the spectrum is Fourier transformed in #;.

Unfortunately, Brouwer & Ripmeester did not actually use the pulse sequence in
Figure 2.26a; they ran the sequence at 16.1 kHz MAS and used wPMLGS5 [57, 58]
during acquisition to decouple the protons. This works, but the use of WPMLG5
is an extra complication on the sequence, and also scales the isotropic chemical
shifts. The reason for the low spinning speed lies in the power requirements of
the R18j itself: if the probe’s limit for a 180° pulse is 2.8 s, as is the case for the

Nottingham 600 MHz spectrometer’s 1.3 mm probe, then an R183 sequence cannot
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1% Oct. 2012, 62.5 kHz MAS, 1.3mm Probe, R16§ (1.3333x oversample)
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Figure 2.27: R163 proton CSA recoupling experiment performed on L-tyrosine.HCI at
600MHz. The rescan delay was 4s, the MAS rate was 62.5kHz, the proton nutation
rate viyy was 167 kHz and the spectral width was 150 kHz. The experiment was over-

sampled by 33 % in order to remove a zero-frequency artefact. Spectrum courtesy of
Habeeba Miah.
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be run above 39.7 kHz. While this may be enough for some samples, in tyrosine,
for instance, only two peaks in the proton spectrum are properly resolved even at
62.5kHz (see skyline plot of Figure 2.27).

With an appropriate R-sequence, however, the experiment can be performed at
sufficiently high MAS rates that RF decoupling is not required during acquisition.
Figure 2.27 shows the results for tyrosine using an R163 sequence at 62.5kHz on
a 600 MHz spectrometer. Just as with Brouwer’s R183, the R16§ is a y-encoded se-
quence which recouples the {m = 2,y = F1} term of the dipole-dipole coupling.
The experiment was oversampled by 33 % (4 points recorded per 3 R-sequence
blocks) as the non-oversampled experiment was found to have a zero-frequency
artefact; the oversampled version also has artefacts, but they lie outside the pattern
at about 6 kHz. As can be seen from the skyline plot of Figure 2.27, the spinning
speed is sufficient to achieve a relatively high resolution spectrum in the direct di-
mension J;. It is clear from the cross sections of peak 1 (H”) & peak 2 (H”) shown
in Figure 2.26b that the recoupled wideline spectra produced by the experiment in
w1 are sufficiently distinctive to be sensitive to the proton CSA; the proton chem-
ical shift parameters have been determined through SIMPSON simulations to be
¢ = 17.5ppm with 7 = 0 for peak 1 and { = 18.0 ppm with 7 = 0.5 for peak 2.

2.5 Conclusions

In conclusion, the experiments of Brinkmann & Kentgens have been repeated on
the 850 MHz magnet of the “UK 850 MHz Solid-State NMR Facility”. Similar re-
sults were obtained, even with little or no oversampling, but the confidence limits
were broader. Experiments can be designed and their resilience to effects such as
B, field inhomogeneity can be tested using the SIMPSON simulation environment.
Composite pulses can be used to mitigate the effects of B; field inhomogeneity; the
RlZS, for instance, is much improved by the use of %=90°90-180°9:90°9p-. These
effects can again be investigated in advance with SIMPSON, as demonstrated by
the R10j sequence where simulations showed it would most likely be unuseable
with Z2=180° or #Z=180°10-180°40°180°120°, but that it would work well with a
BB1(180) composite pulse. Furthermore, it is shown that the analysis of the data
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from such experiments can be improved. It is possible to bring the signal-to-noise
ratio of the FID into the calculation of the confidence limits in a meaningful way,
and the damping functions used by Brinkmann and Kentgens can be simplified for
experiments which do not use supercycles, or can be left out entirely if B; field in-
homogeneity is included explicitly in the SIMPSON simulations. It is also demon-
strated that an R4(3) sequence with #=180°120-180°40:180°120- can be used for both
selective and non-selective experiments, although the non-selective experiment
would probably have benefited from a By higher than 600 MHz to allow better
selectivity of the 'H Gaussian inversion pulse. And finally, it is also shown that
the R-sequences used here have utility beyond Brinkmann & Kentgens’ dipolar re-
coupling experiments, as the sequences can equally well be employed to measure

CSA parameters.
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3 Spectral assignment through CSA

tensor analysis

Solution-state NMR is routinely used for the determination of molecular struc-
tures, but there are times when dissolving the sample is undesirable. For instance,
some substances are polymorphic, meaning that they can exist in several different
crystal structures at standard temperature and pressure. Polymorphism is of inter-
est to the chemical industry, particularly the pharmaceutical industry, as patents
are generally issued for a particular crystal structure only. The different poly-
morphs may also have slightly different pharmacological properties, e.g. the rate
at which they dissolve in a particular solvent or the rate at which they are metab-

olized by the human body.

Furthermore, some interactions are available for analysis in solids which are not
present in solutions, e.g. the CSA and the dipole-dipole interaction. In this section,
the assignment of a congested spectrum will be demonstrated through measure-

ments of the full chemical shift tensor and iterative fitting to DFT calculations.

3.1 Chemical Shift Anisotropy under MAS

As already shown in Equation 1.1.66, the chemical shift of a given spin is depen-
dent on the orientation of the molecule relative to the applied magnetic field. In
solutions, the interaction is usually averaged to a single value due to rapid, isotro-
pic molecular tumbling. In solid samples, however, chemical shift anisotropy (CSA)
is not averaged, and the resonant frequency of a given site in a given orientation
may differ significantly from 6°°. In powdered samples, all possible orientations
are present simultaneously, resulting in so-called powder lineshapes as shown in Fig-

ure 3.1.
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There is an analytical equation for the powder pattern [59]:

( s _ -1
Jot {1-sint o) [BoB ]} P
7/ (6—333) (611 —022)

B z ) 511—0yp d33—01\ "2
S(0) =4 Ji? {1751”2("5)'[%%“ 44 if dp < 0 < 19
71\/((511 —6)(822—033)

0 otherwise

if 633 < 6 <y

(3.1.1)

0
where 411, 62 & J33 are the singularities of the pattern, ordered such that §;; >
02 > 633. The three singularities naturally correspond to the three principal values
of the chemical deshielding tensor &, and are usually assigned to dyy, dyy & 6., in
such a way1 that |5ZZ — (5i50| > ‘5” — 5i50| > ‘(5yy — (5i50}. When discussing CSAs,
however, it is more common to use the parametrization described at the end of
Section 1.1.4:

1 — Oxx

, 0
30 {5 =02 — 0 N =

51’50 —
3 i g&

The corresponding chemical shielding tensor o is defined by the same parameters:

. 1 . Oyy — 0.
P Z‘Ti ga =0y, — oo o = vy xx
35 lo

= _5i50 = —gs —= 1/]6

These parameters each have well-defined interpretations in the spectrum. 5’ cor-
responds to the weighted average of the entire peak, the anisotropy s controls the

width of the peak and the asymmetry parameter 75 determines its shape?.

As a general rule, { for an individual site tends to be on the same order as the range
of values normally encountered in §°° for that nucleus, leading to significant spec-
tral overlap. This makes the assignment of peaks in the static spectrum of powder
samples impossible for all but the smallest molecules; instead, it is common prac-
tice to perform so-called magic angle spinning (MAS) experiments where the sample
is packed into a rotor and spun rapidly (1 kHz to 80 kHz, depending on sample, ex-
periment and available hardware) at the magic angle: Bpras = arctan /2 ~ 54.74°.

IThis is the Haeberlen-Mehring-Spiess convention. Others exist, e.g. Herzfeld-Berger notation.
2N.B. 7 refers to the asymmetry of the tensor, not the lineshape. 7 = 1 produces a lineshape

which is fully symmetric about 6°*° with width 275
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Figure 3.1: Typical powder pattern; §*° = 10 ppm, { = 100 ppm, 17 = 0.5.
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Figure 3.2: Simulated MAS spectra; §*° = 10 ppm, { = 100 ppm, 77 = 0.5.
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As already mentioned in Equation 1.1.4 in Section 1.1.1, the Chemical Shift Hamil-

tonian for a single spin-half nucleus is

Hrs = vIo (O) By (3.1.2)
2 i
cs CS +CS
—c Z .2.( 1) ME T (3.1.3)
i=0j=—i
Under the secular approximation, 757, = 0 in the lab frame (By || €9), hence:
sLab _ CS v v —j A4CS,Lab4CS,Lab
A =)y, ()T M (3.1.4)
i=0 j=—i
CS,Lab4CS,Lab
S (METE + M) (3.15)

where ¢“° = 7 and ¢“SM§F TS is easily identified as the isotropic chemical shift
Hamiltonian ¢™*°Byl,. It is also known from theory that TZCOS dab — \/;BOIZ, but

MgOS’L”b must be calculated individually for each crystal orientation.

The spherical tensor coefficients are known in the principal axis frame (MCS PAEy
so two rotations will be required. First, the coefficients are transformed into the

rotor frame using Equation 1.1.66 where the Euler angles @"AFR

may take any
values as the powder is assumed to be isotropic. Then, a second transformation
takes the coefficients into the laboratory frame with @R () = (wprast, Bras, 0)-

The final result is:

Mcs Lab _ Z Z Mzcni’PAFD <@PAF R) D,%) (QR,Lab (t)) (3.1.6)
m'=—2n=-2
m;_z n_z_z M2Cn51’PAFD <@PAF R) d,%)(ﬁMAs) e~ inwnast (3.17)

or, if we substitute —m for n:

2 .
MZCOS,Lab: Z 2 MCSPAFD ) (@PAF,R> d(_zy)n()(ﬁMAS) ememast  (31.8)

m=-2m=-2
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Substituting back into Equation 3.1.5, we find:

LY = (CSMSSTES 4 (CS S LabfCS Lab (3.1.9)

2_ .
—’)/U'ISOB()I + v Z Z MCSPAFD() <@PAFR> (,BMAS) zmwMAst\/;BOIZ

m==2m=-—2

(3.1.10)

_ (wiso+[730 Z Z MCSPAFD ) (@PAFR> ) (Buas) lmwmAst> i

m=-2m=-2

(3.1.11)

where the angular isotropic frequency w™® = 4¢'*°By. As the entire Hamiltonian
is proportional to [;, we define the frequency of the crystal:
. 2 2 2 ) .
w (t; @PAF,R> — Wi \/; +Bo Z Z M2CnS1/PAFD( ) <@PAF,R) d(_ ;310( Baas) oiMwmast
m=—2m=-2
(3.1.12)

This expression can be simplified by defining a set of frequencies w(™) as follows:

(m) ( @PAF,R iso 2 2, CSPAF (@) (gPAER) 42)
W (OPAFR) = Guow™ +1/57Bo Y. MEPAFD) | (€PAFR) d%) (Buas)
m=-2
(3.1.13)

Hence, w (; @ FR) becomes:
2
w (HOMIR) = Y @ (@PAFR) gimenast (3.1.14)
m=—2

In accordance with Antzukin et al. [60], we now group all crystals with the same

PAF,R & ‘BPAF ,R

values of « into a so-called carousel, since a full rotation around the

rotor axis is equivalent to sampling all possible values of v"4F/R. The frequency for

PAF,R ;

a given segment of the carousel at y is then

wc(m)<’yPAF’R) =5mowi5"+\/7 7Bo Z MEPAFDLE). (occ,ﬁc,’yPAF'R> d2) o(Bumas)
(3.1.15)

and its time evolution follows

wi(lA"PR) = Y wl” (yPARR) lmenast (3.1.16)

m=—2
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(m),

Also, note the symmetry properties of w;
@ = (") ") = w"(0) e

Let us now consider the signal from a given carousel. Assuming that the sample is
prepared in the state p = J (1 + BI_) as per the arguments regarding free preces-
sion on page 12, we may determine the evolution of the density matrix according

to Equation 1.1.45, resulting in the density matrix g.:
ﬁc(t; ,YPAF,R> _ % (i 1 Bei®e (£07FR) j_) (3.1.17)
where @.(t,0; ) is the accumulated phase angle at time #:

t
D (t,0;77) = / we(t'37) A (3.1.18)
#=0
= &t g (0;7) + 8 (57) — & (0;) (3.1.19)
where ¢ (0;7) & ¢ (0; v) are integration constants, and ¢, is defined as:

(m) (,)/) eimwMAst

e (y) = Z e

m=0 imwMAs
(m)

Due to the symmetry properties of w, ’, it may be shown that:

(3.1.20)

Ce (t}')’) = Cc (t‘Fw’Y }0) Ce (t}’)’) =G (0;7+WMASt)
MAS

Since we detect using the [ operator, the observed signal from a given carousel

segment has the following form:
(0 . , . RY_z (0 ,
S, <t,‘ ,YpAp,R) e (wc t+4>c(0,,YPAP R)_i_éc(t’,YPAF R) CC(O,WPAFR)) (3.1.21)

e

= o(B) =3cos? (B) — 1, s0 w” = Wi for Bumas = arctan v/2, and & vanishes as

wpias tends to infinity. This means that sufficiently rapid spinning at the correct
angle causes all carousels to resonate only at w0, At finite speeds, however, more

analysis is required.
Since . (t + ntpas;y) = Cc(t;7) (Tamas is the rotor period, ﬁ, and 7 is any in-

teger), it follows that S¢(t + ntypas; ) = Sc(t;y) ¢t ntus The signal may there-

fore be broken down into a Fourier series:

S, (t; ,)/PAF,R> ~ i agk)<,YPAF,R) ei(w§0>+kwMAs)t (3.1.22)
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(k)

The Fourier coefficients a; ’(vy) are calculated in the usual way:

T _+(,.,0)
al(yPAER) = L / M G () e (9 hemas) gy (3.1.23)
TMAS J0

The average contribution of the entire carousel can then be calculated by integrat-

ing over the contributions from all possible values of yAF/R:
(Se(t)) o L /Zn Sc(t;v)dy (3.1.24)
27 Jy=0
. i <a§")> ol (< +hemas)t (3.1.25)
k=00
(al) = % L 2_7; a(y) dy (3.1.26)

Finally, the signal from all carousels can be found by integrating over all possible

orientations of a”AFR & BPAFR;

(S(1)) o ﬁ// (Se(t)) sin B dadp (3.1.27)
x 3 (g0 (el homas )t 1.

k§w<ak>e (3.1.28)

(a®) = ﬁ / / (al) sin p dadp (3.1.29)

(0)

we ~ is the same across all carousels (assuming perfect Baias), so even spectra
recorded at low MAS rates will have a peak at w'*°. However, there will also
be a set of so-called spinning sidebands at W™ + kwprag for all integer values of
k. If only [, magnetization is present at the beginning of the experiment, then

¢c (0; 'yp AF 'R) = 0 for all possible values of 'yp AFER and the <a(k)> will be real and

positive, meaning that the sidebands will be absorptive. The exact values of <a(k) >,
however, are more difficult to predict and are generally integrated numerically. As
a general rule, sidebands outside the “envelope” of the static MAS pattern tend to
zero rapidly as k increases, but it is not safe to assume that the strongest peak in a

MAS pattern is W™ if wpy g is small relative to the width of the static pattern.

62



CHAPTER 3: SPECTRAL ASSIGNMENT THROUGH CSA TENSOR ANALYSIS
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Figure 3.3: Molecular structure (a) and crystal structure (b) of flufenamic acid (Form I).
Atom colours follow the CPK scheme: hydrogen is white, carbon is black, oxygen is
red, nitrogen is blue and fluorine is green. The unit cell is in the P2; /¢ space group with
a=12523A,b=7868A,c=12.874A, a = 90°, B = 95.2° and vy = 90° [61].

3.2 Assignment of Flufenamic Acid

Figure 3.3a shows the structure of 2-{[3-(Trifluoromethyl)phenyl]amino}benzoic
acid, also known as flufenamic acid. The molecule strongly resembles dipheny-
lamine, a highly symmetric molecule with only four distinct resonances in its 3C
spectrum. The addition of a carboxylic acid group and a trifluoromethyl group
destroys this symmetry, however, meaning that many '3C sites in flufenamic acid

will have similar, but not identical shifts.

Flufenamic acid is known to have several polymorphic forms [62, 63]; we were
provided with samples of Form I & Form III by Dr. J. Burley from the School of
Pharmacy to confirm that his group had succeeded in producing two distinct poly-
morphs. The spectra of the two samples (recorded using Variable Amplitude Cross-
Polarization, VACP) are shown in Figures 3.4a & 3.4b. Both spectra were recorded
on a 300 MHz Varian spectrometer in a 4mm HXY triple resonance MAS probe
with vpras = 12kHz and with 100 kHz XiX [64] proton decoupling. The contact
time was long (10 ms) to ensure that all carbon sites receive similar signal enhance-
ment, and the rescan delay was 60s so that samples would be relaxed (proton
Ty (Form I) = 15s).

The apparent resolution of the two spectra is different; this may be due to many
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Figure 3.4: VACP 13C spectra of flufenamic acid (a: Form I, b: Form III). Recorded on a
300MHz Varian spectrometer in a 4 mm HXY triple resonance MAS probe at vpia5 =
12 kHz and with 100 kHz XIX [64] proton decoupling. The contact time was 10 ms and

the rescan delay was 60s.
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sample specific factors such as grain size or crystallite quality, or may even be
influenced by packing effects. From the small differences in the isotropic shifts,
however, it is clear that the two samples are indeed different polymorphic forms

of flufenamic acid.

With regards to the peak assignments, only Form I will be discussed as it has higher
resolution. The analysis of Form III is completely analogous, except that the DFT
calculations discussed later on in this chapter take longer as the crystal structure

of Form III has twice as many molecules per unit cell as that of Form I.

The astute reader will notice first of all that the spectrum of Form I (see Figure 3.4a
on page 64 for details) only has 13 peaks, yet flufenamic acid has 14 carbon sites.
It is likely that the “missing” peak is that of the trifluoromethyl group; °F is 100 %
abundant, and has a gyromagnetic ratio so close to 'H (y1op = 40.053 M%{Z, T =

42.576 M%{Z) that only one can be decoupled at a time with the HXY probe used

in these experiments. This means the signal is likely broadened by strong dipole-
dipole interactions. Comparisons with trifluorobenzene in solution suggest that
the likely isotropic frequency is around 124 ppm, which is close to the small bump

on the baseline at 126 ppm.

Next, it is worth noting that the peaks are not all the same size. This is to be ex-
pected, at least to a degree; cross-polarization from 'H to 3C will not be equally
efficient for all sites. With long cross-polarization times, however, they should at
least be similar. Integration reveals that the peaks at 134 ppm and 120.9 ppm are
almost twice the median intensity, and the group of four peaks from 140 ppm to
150 ppm are all unexpectedly small. Instead, it seems likely that the two peaks at
147.3 ppm and 146.4 ppm are actually one resonance, split into two; ditto for the
peaks at 143.5 ppm and 142.5 ppm. This type of splitting is known to occur when
a dipole-dipole coupling exist between a spin-half nucleus and a quadrupolar nu-
cleus. If the quadrupole coupling constant Cg, is large enough that the wg becomes
an appreciable fraction of the Larmor frequency wy, then the quantization axis for
the quadrupolar nucleus shifts slightly with the electronic field gradient and is not
generally aligned with By. This in turn means that the dipole-dipole interactions

cannot be averaged perfectly, and the overall lineshapes become powder patterns.
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Figure 3.5: Integrated VACP spectrum of flufenamic acid, Form I.

More specifically, a 13C nucleus coupled to *N will give three overlapping pow-
der patterns since *N is spin 1. However, these patterns tend to be too narrow to

resolve, so the carbon lineshape generally resembles an asymmetric doublet [65].

In summary, the peaks between 140 ppm and 150 ppm are likely from the two
amine carbons, the peaks at 134 ppm and 120.9 ppm are probably each due to two
carbon sites with coincident resonant frequencies, and the resonance at 175.5 ppm

is, judging by its large shift, most likely linked to the carboxylic acid group.

Since one resonance has been positively identified, the next logical experiment
would normally be a 2D-correlation experiment such as INADEQUATE [66, 67] or
SARCOSY [68]. But with a T; on the order of 155, such an experiment could take
weeks at natural abundance on a 300 MHz spectrometer. Instead, CASTEP [69, 70]
was used to run Density Functional Theory (DFT) calculations on the crystal struc-

ture.

CASTEP is designed for the investigation of solid crystals rather than individual
gas phase molecules, so it uses a plane wave basis set rather than the usual set

of Gaussian atomic orbitals for its calculations of the electron density in a unit
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cell. Unfortunately (from an NMR perspective), the calculations are accelerated by
mostly calculating the density variations due to valence electrons; the core elec-
trons (which are highly important to NMR as they are closest to the nucleus) are
simulated using so-called pseudo-potentials. This difficulty is overcome by using
Gauge Including Projector Augmented Waves (GIPAW) [70].

Crystal structures of both forms of flufenamic acid were obtained from Daresbury
Laboratory’s Chemical Database Service, and the geometries were then optimized
in stages. Initially, only the positions of the hydrogen atoms were allowed to vary;
then the positions of all atoms were optimized. This was done to save computa-
tion time: the available structures from the CDS were determined by XRD, mean-
ing that the hydrogen positions were likely to require the greatest adjustments.
Finally, the NMR parameters of the optimized structure were calculated in a sep-
arate run. It is important to note that CASTEP calculates 0,5, while the spectra
in Figures 3.4a & 3.4b are referenced relative to TMS (using the known shifts of
adamantane), so the isotropic chemical shift 0% = b — o ps was determined by a

least-squares-fit to the spectrum. Results are shown in Table 3.1.

The simplest way to assign the spectrum is then to assume that the calculated iso-
tropic chemical shifts are at least in the correct order, even if the precise values do
not match up (see Figure 3.6). This works acceptably well for the carboxylic acid
group and the amine segment of the molecule, but there are problems for the oth-
ers. CASTEP predicts a gap in the spectrum between 120 ppm and 130 ppm with
tive resonances toward lower ppm; the gap is indeed present in the real spectrum,
but there are six resonances below it in ppm (assuming the peak at 120.9 ppm cor-
responds to two distinct 13C sites). It is also noticeable that some of the resonances
are almost 5 ppm away from their assigned peaks. Assuming that these offsets are
indicative of the error margin in the calculations, then some of the peaks in the
spectrum are still too close together to be reliably assigned by isotropic chemical

shift alone.

Furthermore, an attempt was made to determine the frequencies of the quarternary
carbons of flufenamic acid using the solid-state Attached Proton Test (ssAPT [71,72],

typical data shown in Figure 3.7). The results were inconclusive due to the short T,
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5 [ppm] s [ppm] s

1 147.6 -111.3 0.40 r | AJSWE%iﬁﬂe%
2 108.0 -94.4 0.29

3 132.8 -130.1 0.61

4 116.8 -116.5 0.76

5 136.4 -133.8 0.64

6 110.4 -113.2 0.63

7 176.8 -71.7 0.82

8 139.2 -103.2 0.87

9 121.5 -109.5 0.61

10 131.4 -108.7 0.73

11 119.3 -125.5 0.58

12 129.1 -130.3 0.63

13 1277 -125.1 056 180 170 160 150 140 130 120 110
14 1400 7.7 049 8lppm]

Figure 3.6 & Table 3.1: Chemical shift parameters® for flufenamic acid (Form I) as calcu-

lated by CASTEP. Assignments based on §°*° are shown to the right.

times of flufenamic acid, but the J-coupling constants required to fit the data (see
Table 3.2) suggest that the peaks at 134.0 ppm & 114.8 ppm come from quarternary
carbons, meaning that '3C atom 2 should be assigned to the peak at 114.8 ppm, not
the one at 108.8 ppm.

It is clear that the isotropic chemical shifts calculated by CASTEP are not suffi-
ciently accurate to unambiguously assign the spectrum of flufenamic acid. How-
ever, CASTEP calculates more than just the chemical shift anisotropies, it actually
determines the full chemical shift tensor. The spectrum of flufenamic acid is far
too congested to determine (s or #s from a static experiment or a simple spectrum
at slow MAS rates. They can, however, be measured with the 2D-PASS experi-
ment [73]. 2D-PASS is a descendent both of Dixon’s TOtal Suppression of Sidebands

3CASTEP actually displays the anisotropy slightly differently to the convention outlined on
page 57. Instead, {castep = 07z — % = %ga. The values shown in Table 3.1 have been

adjusted to account for this.
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Jiso [ppm] J-coupling [Hz]

Peak 9: 69=1 18.7ppm

4000 O 'Measure'd data ' 1755 28i 5
3500} ——— 1,1 34874277, T 2.550.5 ms | 146.4 17425
3000}’ - :15 gsggéﬁni 2.8+1.1 ms, J: 59.8£55.0 Hz || 142.5 12446
A 95% confidence

2500 1 137.8 50+90
2z 2000 1 134.0 10+ 0
£ 1500 1 131.7 100430
1000} . 123.0 56450
500 E 120.9 87136
o T 118.6 60+55
500 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 114.8 144+ 5

0 2 4 6 8 10 12 14 16
©[ms] 108.8 74+36

Figure 3.7 & Table 3.2: Figure 3.7 shows the integrated peak intensities for peak 9 (typical
data set for 1 peak out of 11) from an ssAPT experiment against the evolution time 7.
The data were recorded on a 4mm probe at 12kHz MAS with a 10ms contact time,
100 kHz DUMBO decoupling during T and 100 kHz XiX decoupling during acquisition.
The spectral width was 50kHz and the rescan delay was 30s. The solid black line
shows the best fit assuming that the site has no attached protons, and the red solid
line shows the best fit assuming that the site is coupled to one proton (95 % confidence
limits shown as dotted lines). Unfortunately, the two models are too similar for an
unambiguous assignment. Table 3.2 shows the J-coupling strengths for all peaks in the
spectrum assuming one proton is attached. The peaks from 175.5 ppm to 142.5 ppm, as
well as the peaks at 134.0 ppm & 114.8 ppm, have particularly weak J-couplings, and

are most likely actually quarternary.
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Figure 3.8: 2D-PASS pulse sequence, reproduced from page 9 of Ref. [73]. The horizontal

axis is the time for each 7t pulse in fractions of the rotor period Tasas.
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Intensity [Arb.]

200

120 100 _7

5% [ppm]
Figure 3.9: 2D-PASS spectrum of flufenamic acid (skewed by —m%). Recorded on a
300 MHz spectrometer with a 10 ms contact time, a 50 kHz spectral width and an MAS
rate of 2 kHz.

(TOSS) experiment [74], which suppresses all spinning sidebands except for the
peaks at the isotropic frequency, and of the related Phase Adjusted Spinning Side-
bands (PASS) experiment [73,75] which can select any order of spinning sideband.

The pulse sequence for Antzutkin’s 2D-PASS experiment is shown in Figure 3.8. It
begins with cross-polarization as usual, followed by five 7t pulses within one rotor
period, and finishes with the acquisition of the FID. For the first increment, the 7
pulses are evenly spaced, resulting in a “normal” MAS spectrum. In subsequent
increments, their positions are varied according to the diagram of ® vs. 6, which

PAF 'R). When the data is Fourier transformed in both dimensions,

(0)

the central “strip” contains only the peaks at w; ’ « §’°, and adjacent strips con-

(m) (0)

tain the spectra for spinning sidebands at frequencies with w, ' = w; "~ + mwp4s

(assuming perfect Byras). ¢c (0,. ,),PAF,R)
peak in sideband m is proportional to the Fourier coefficient <a(m)> of a “normal”

modifies ¢. (0; -y

is chosen such that the intensities of the

MAS spectrum, which can be simulated and fitted in the usual way.

Figure 3.9 shows the resulting spectrum of a 2D-PASS experiment at <445 = 2kHz,
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Integrals for peak 1:8° = 175.5 ppm Confidence contours for peak 1: 8 = 175.5 ppm
T T T T T T T 72 FT T T T T 3
a) — SIMPSON simulation b) —68.5% Confidence (1D)
% 2D PASS experiment —— 68.5% Confidence(2D)
71.5¢ /_\ —— 95% Confidence(2D) |
—_ als (
g
= T
8 8705
[ 0
jo)
a
701
S X 3 69.5¢-
8 6 -4 2 0 2 4 6 094 0.96 0.98 1 1.02
Sideband order m n

Figure 3.10: Fitting 2D-PASS data for peak 1 (6"° = 175.5ppm). The best-fit simulated
MAS pattern (blue line) is compared to the experimental MAS pattern (red crosses) in

Plot a). Plot b) shows the 10 and 20 confidence limits for the fit.

though the data have been skewed such that the peaks for all sidebands line up at
their isotropic frequencies. Each set of peaks is then fitted to a Voigt profile?, and
its intensity is fitted using SIMPSON simulations as shown in Figure 3.10a. The
confidence limits can then be calculated according to Method II (see Section 2.2.4).
The main difference here is that there are two parameters to be estimated ({&7)
rather than just the dipole-dipole coupling bppy, and hence two different ways to

determine the confidence bounds on these parameters.

The x? function can be reworked into a probability density function p. The sim-
plest way to find confidence limits is to choose a contour ¢, with enclosed area A,
such that [[, pdydl = B where B is the confidence limit (68.5% for 17,95 % for
20). These are the light blue and dark red contours in Figure 3.10b. This method
gives an excellent representation of both the confidence limits and correlation in
& 77, however it is not well suited to representations of the form a £ da since the
shape of the contours is an integral part of their interpretation. In this case, we

search for a region such that

oo a+da
/ / pdydg = B (3.2.1)
=—00 Jy=a—da
b+0b 00
dydg = 3.2.2
g_b_éb/U__ooP ndg = p (3.2.2)

A convolution of a Gaussian and a Lorentzian peak.
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5 [ppm] {5 [ppm] s
7 1755 705404 0.99+0.01
1 1469 -963+1.5 0.62-0.02
8 1430  -100942.6 0.81+0.02
5 1378  -1158+19 0.73+0.03
3 1340  -105.6+1.1 0.7140.01
10 1340  -105.6+1.1 0.7140.01
12 1317  -1134+18 0.7740.02
9 123.0 742408 0.5840.03
11 1209 895419 0.6640.02
13 1209 895419 0.66+0.02
4 1186  -104342.0 0.7340.03
2 1148 924406 0.5440.01
6 1088 -86.143.8  0.5640.09

Figure 3.11 & Table 3.3: Table 3.3 shows the experimentally determined CSA parameters
for flufenamic acid (Form I), as well as their assignments (first column). Figure 3.11
shows the assignment pictorially. The assignments of sites 2 and 6 have been exchanged

compared to the assignments in Figure 3.6, as have those of sites 9 and 13.

It can be shown [76] that the contour line at anin + Cf (dark blue) fulfills both
equations when a & da and b =+ 6b are chosen to be its extremal points along the
¢ and 7 axes (red and blue crosses in Figure 3.10b). By this estimate, the CSA
parameters for the carboxylic acid peak at 175.5 ppm are { = —70.5 & 0.4 ppm and
7 = 0.99 £ 0.01. The parameters for the remaining peaks are given in Table 3.3.

Even once all the CSA parameters have been calculated, there is still some ambigu-
ity with regards to which peak should be assigned to which 13C site, so an objective
measure of how good a particular assignment is will be required. A least-squares
approach should not be applied to 6°°°, { & # since they vary over completely
different orders of magnitude. Instead, the principal axis values of the chemical

shielding tensor were compared, i.e.:

2 2 2
2 _ (PASS _ CASTEP PASS _ _CASTEP PASS _ _CASTEP
X = (UXX — OXX ) + <‘TYY — Oyy ) + (‘TZZ — 077 ) (3.2.3)
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Some small adjustments were made to ensure the “fairness” of the fit for each
assignment tested: the PASS experiment measures o,,; while CASTEP calculates
Oups = O] — arefi, s0 0y, was fitted to produce the lowest x? value, and (o, was
scaled since CASTEP has been shown to overestimate { by about 10 % to 20 % in
13C [77].

Simultaneously fitting ¢;,r and the { scaling factor is not in and of itself a partic-
ularly slow process, however there are 13! = 6227020800 unique assignments.
Even if the known sites are grouped such that the amine carbons can only be as-
signed to two peaks, the quarternary carbons can only be assigned to two peaks
and the carboxylic acid group assignment is fixed, there are still 8! -2!-2!. 1! =
161280 possible assignments. At a conservative estimate of 5s per assignment,
this would take 9 days. Instead, a steepest ascent hill climbing algorithm was used
to find the best assignment. First, x> was calculated for a random assignment.
Then, a pair of assignments were swapped, and x> was calculated for this new
candidate assignment. Once all possible pairwise swaps had been checked, the
candidate with the lowest x> value was accepted as the current best assignment,

and the algorithm was repeated until no better value of x? could be found.

It is possible for hill climbing algorithms of this type to get stuck in local minima,
so the program was run multiple times. The most common final assignment had
the lowest energy, though some local minima were occasionally found. The best

assignment is shown in Figure 3.11.

3.3 Conclusions

In conclusion, the isotropic chemical shift is not always sufficient to unambigu-
ously assign the 13C spectrum of a given molecule. Even if the longitudinal re-
laxation time is such that 2-dimensional correlation methods are not practical at
natural abundance, experiments to measure the CSA, such as 2D-PASS, may still
be viable as they can be performed at natural abundance. The results of such mea-
surements can then be matched against the principal values of the chemical shield-

ing tensor as calculated by DFT, giving a more reliable spectral assignment. This
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procedure has been successfully carried out for Form I of the polymorphic anti-

inflamatory drug flufenamic acid; the results are shown in Figure 3.11 on page 73.
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4 Summary and Outlook

This thesis is concerned with new pulse sequences for measuring dipole-dipole
coupling strengths, as well as a systematic approach to assigning spectra by mea-

suring CSA parameters.

57 R-sequences which recouple only the dipole-dipole interaction have been sim-
ulated in combination with seven different basic elements % to determine which
would be most effective in both a selective and a non-selective heteronuclear dipo-
lar recoupling experiment. The best have been tested experimentally by measur-
ing the H7-O" and H"-O" distances in a sample of L-tyrosine.HCl labelled to 20 %
with 17O at the O” position. Since a smaller number of points were recorded, a rep-
etition of the original SR4? experiment by Brinkmann and Kentgens yielded error
bars approximately 6 times wider than those cited by Brinkmann. It is demon-
strated that R-sequences do not need to be supercycled as they are in Brinkmann'’s
experiments, and it is found that the damping function used for the analysis should
be simplified in such cases. Compared to the SR4% sequence, an R103 experiment
with a BB1(180) basic element gives a two-fold reduction in the width of the 95 %
confidence limit. An almost three-fold reduction in confidence limit width can be
achieved by omitting the damping function entirely, and performing the simula-
tions used to analyse the data with B; inhomogeneity instead. The size of the B; in-
homogeneity required for a good fit is unexpectedly high, most likely because the
B; inhomogeneity profile used was very simple. It is likely that a more thorough
investigation of the B; inhomogeneity profile of the probes used would improve
the simulations used for fitting, and hence further improve the experimentally ob-
tained results for the dipole-dipole coupling. It might also be interesting to repeat
the experiments on probes with less B; inhomogeneity, to see if good fits can be ob-

tained without the need for damping functions or B; inhomogeneity simulations.

With regards to spectral assignments, it is shown that CSA parameters can be
used to find an assignment even when the spectrum is too congested for DFT
calculations of the isotropic chemical shift alone. This is demonstrated for the

anti-inflamatory drug flufenamic acid, which has a long T; time and is hence not
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suitable for correlation methods at natural abundance. The CSA parameters were
measured by a 2D-PASS experiment, and then compared to CASTEP DFT calcula-
tions, using a steepest ascent hill climbing algorithm to find the best match for the
chemical shift tensor in the principal axis frame. The final assignment is shown in
Figure 3.11 on page 73. The reason for using CASTEP is that it uses a plane-wave
basis set, i.e. it takes account of the translational symmetry of the crystal’s unit
cell. However, it has the disadvantage that pseudopotentials are used to describe
the core electrons, which are closest to the nucleus and hence very important to
NMR chemical shifts. A possible way to improve on the current method might,
therefore, be to perform only the geometry optimisation with CASTEP, and to then
calculate the chemical shift tensors using Gaussian basis sets. Such a calculation
would be expensive, of course, as the Gaussian calculation would need to be per-
formed on a system containing multiple unit cells in order to realistically approxi-

mate the electronic structure in a bulk crystal for at least one set of molecules.
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A SIMPSON

SIMPSON [47] is a general purpose simulation program for solid-state NMR; ver-
sion 3.1 is currently maintained by Zdenek Tosner, Rasmus Andersen, Niels Chr.
Nielsen and Thomas Vosegaard. The input files are designed to resemble a “digital
spectrometer”: spinsys corresponds to the sample and contains the parameters for
the spin-system, par contains spectrometer parameters such as the magnet’s pro-
ton frequency or the MAS rate, proc pulseq corresponds to the pulse sequence,
and proc main is used for general purpose functions such as processing or saving
data. The simulations begin with the density matrix p defined by start_operator,
and then calculate propagators according to Equations 1.1.23 and 1.1.26 from page
9, with At < maxdt. Expectation values of measurable quantities are recorded by
the acqg command using (@) = Tr {pQ} where Q is given by detect_operator, e.g.
I* (1np) for normal measurements. Powders are treated by repeating the simula-
tion for a number of orientations given by crystal_file and averaging the results.

A.1 R-Sequences

This program simulates non-selective R-sequence experiments with various dipole-
dipole coupling strengths and B, field inhomogeneities. The values here are typi-
cal for simulations performed at 600 MHz; for 850 MHz, the proton 90° pulse limit
max_p901 is set to 1.0. Simulations to test the viability of a given R-sequence,
such as those in Figure 2.9 on Page 32, were run with pp_start = 14270.0 and
pD_stop = 14270.1; simulations for analysing experimental data were initially run
with pp_start = 10000.0 and pp_stop = 18000.1, then expanded as required.
All simulations were run with d6 = 600.0 unless other values were required to
conform with experiments, and all simulations were run with an assumed maxi-
mum MAS rate of 50 kHz, though the simulation adjusts the MAS rate on the fly if
max_p901 is exceeded.

spinsys {
channels 170 1H
nuclei 170 1H
shift 1 0 0 0 0 0O
quadrupole 1 2 4.412e6 0.6 0 0 O
shift 2 0 0 0 0 0O
dipole 1 2 14270 0 0 O
}

par {
spin_rate 50E3
proton_frequency 600e6
variable max_p90I 1.4
crystal_file rep678
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gamma_angles 5
start_operator Ilx
detect_operator Ilc

# Timings

# 1 Rotor period

variable T_r 1.0e6/spin_rate
# Refocusing time T/2
variable d6 600.0

# R—Sequence
variable N 4
variable n 3
variable v O

verbose 1001

FHAHEH AR A AR AHA AR
# R—block pulse parameters #
FHAHEHFE A H AR AR H AR
# length of 1 R—Dblock
variable d21 n*T_r

# number of 90—degree pulse equivalents in basic element

variable num90 10.0

# length of 90 degree pulse
variable p90I d21/ (num90«N)

# Simulate incorrect Bl field
variable MissCal 1.0

variable MissCalStart 0.3

variable MissCalStop 1.71

# Required nutation frequency
variable pl90I MissCalxl.e6/ (4xp901I)

variable RSegs int (round(dé6/d21))
np RSegs+1

FHAHFFH A F AR F AR H AR
# S—Spin 180 degree pulse parameters #
SRR Rk ki

# Factor for central transition (I=3/2:

variable C_fact 3

# Pulse length in rotor periods
variable pl80S T_r

# Central nutation frequency w”c_nut
variable pl180S 1E6/(2+pl80S)/C_fact

# phases
variable phi 180.0/Nxv
sw 1.0e6/d21

# Dipole—dipole couplings to simulate
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variable DD_Start
variable DD_Stop
variable DD_Step

proc pulseqg {}

global par
maxdt 1

{

10000.0
18000.1
1000.0

# RSequence time
delay S$par (d21)

store 1
reset

# Echo time
prop 1

pulse Spar (pl80S3)

prop 1
store 3
reset

# RSequence
for {set 1 0}

pulse [expr
pulse [expr
pulse [expr
pulse [expr
pulse [expr
pulse [expr
pulse [expr
pulse [expr

}

store 5

reset

# Density matrix for 017 & 1H

{Si<[expr Spar

2+Spar (p901I)
4x$par (p901)
2% Spar (p901)
2xSpar (p901)
2% Spar (p901I)
4xSpar (p901)
2xSpar (p901I)

( )

]
]
1
1
]
]
]
2*Spar (p901) ]

matrix set start list { \

{ 2.5

(@]

DAL LG LG L S NI Y
O O O O OO oo oo
O O O O OO OO o oNNOo

0 0

OO 00000 O0OORrOo
OO 000000 R OO
|

O O O OO o OO oo oo

(
0
0
0
0
0
0
0
0

[expr int (round ($par (d6) /Spar (d21)))
Spar (pl1808S)
[expr int (round (Spar (d6)/Spar (d21)))]

N

|
o
w0

y 00

)/21}

0 Spar (pl90T)
0 Spar (pl901)
0 Spar (pl901)
0 Spar (pl901)
0 Spar(pl90I)
0 ( )
0 ( )
0 ( )

{incr i}

Spar (pl901I
Spar (pl90I
Spar (pl90I

—Spar (RSeqgs) ]

104.
313.
104.

—104.
—313.
—104.
expr 0

5+Spar (phi
4+$par(ph1
5+Spar (phi
+Spar (phi
5—S$par (ph
4—Spar (phi
5—Spar (ph
—S$par (phi

after 90 selective excitation on 170

O O O O o o o

O O O O O OO oo oo
O O O O OO o Ooo oo
(@)

o O O O
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—-1.5 0 0
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ul
P A A A

|
DO OO O OO oo o oo
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# First point has no R—sequences
store 6

prop 1 S$par (RSegs)

prop 3

acq

# points with R—sequences
for {set i 1} {$i<Spar (RSeqgs)} {incr i} {
reset
prop 6
prop 5
store 6
prop 1 [expr S$par (RSegs)—S$i]
prop 3
acqg

}

proc main {} {
global par
set ExtraCommands "null.tcl"
set par (name) "BBI1"
set par (SaveDir) "data"
if [file exists $ExtraCommands] {
# Allows external modification of the program, e.g. by MATLAB
source S$ExtraCommands
}
idddsasad AR AR EE LR EEEE
# R—block pulse parameters #
FHAHEHHE AR H AR AR A AR
# length of 1 R—block
set par(d21l) [expr Spar (n)xSpar(T_r)]
# length of 90 degree pulse (N.B. 4 p90s per composite pulse)
set par(p90I) [expr Spar (d21)/ ($par (num90) «Spar (N)) ]
if {$par (p90I) < S$Spar (max_p90I)} {
# Recalculate paramters if 1H powers are too high at 50 kHz MAS
set par (p90I) S$par (max_p90TI)
set par (d21) [expr Spar (p90I)*S$Spar (num90) xSpar (N) ]
set par(T_r) [expr Spar (d21)/Spar (n)]
set par (spin_rate) [expr 1.0e6/Spar (T_r)]
if {Spar (spin_rate) < 25e3} {return}
}
# Required nutation frequency
set par(pl90I) [expr Spar (MissCal)xl.e6/ (4.0xS$par (p901I))]

set par (RSeqs) [expr int (round($par (d6)/Spar (d21)))]
set par (np) [expr Spar (RSegs)+1]

FHEFHFFHHF AR H AR AR AR F SRS

# S—Spin 180 degree pulse parameters #
FHAFHHHH AR H AR A AR A A AR H S H
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168 # Pulse length in rotor periods
169 set par (pl80S) Spar (T_r)
170 # Central nutation frequency w”c_nut

171 set par(pll80S) [expr 1.0E6/ (2x$par (pl80S)) /Spar (C_fact)]

172

173 # phases

174 set par (phi) [expr 180.0/S$par (N)*Spar (v) ]

175 set par(sw) [expr 1.0e6/Spar(d21)]

176 # dipole—dipole coupling loop

177 for {set par(DD) S$par (DD_Start)} {$par(DD) < Spar (DD_Stop)} {set
par (DD) [expr Spar (DD)+Spar (DD_Step) ]} {

178 set par (rOH) [dip2dist 1H 170 S$par (DD) ]
179 # Bl inhomogeneity loop
180 for {set par(MissCal) Spar (MissCalStart)} {Spar (MissCal) <

Spar (MissCalStop)} {set par (MissCal) [expr
Spar (MissCal)+0.05]1} |

181 set par (MAS_String) [format "%$4.1f" [expr S$par (spin_rate)/1.0e3]]

182 set par (MCal_String) [format "%$4.2f" S$par (MissCal) ]

183 set par (file_name) "Spar (name)_RSpar (N)_Spar (n)_S$par (v)_
Spar (MAS_String) kHz_Spar (DD)Hz_S$par (MCal_String)"

184 set par (pl90I) [expr S$par (MissCal)x*1l.e6/(4.0x$Spar (p901I))]

185 # store important simulation parameters in a text file

186 set fileId [open [format "%s%s" Spar(file_name) ".txt"] "w"]

187 puts $filelId "Magnet [expr S$par (proton_frequency)/1E6]MHz"

188 puts $fileId "MAS [expr Spar (spin_rate)/1E3]1kHz"

189 puts $filelId "Tau_R Spar (T_r)us"

190 puts $filelId "Seqg R$par (N)_Spar (n) “Spar (v)BB1L"

191 puts $filelId "cmp 180_{104.5}360_{313.4}1180_{104.5}180_{0}"

192 puts $fileId "N Spar (N) "

193 puts $filelId "n Spar (n) "

194 puts $fileId "nu Spar (v) "

195 puts $filelId "Phi Spar (phi)"

19 puts $fileId "H_90 Spar (p90I)us”

197 puts $fileId "H_nut [expr S$par (pl90I)/le3]1kHz"

198 puts $fileId "O_180 Spar (p180S)us"

199 puts $filelId "O_nut [expr $par (pl180S)/le3]kHz"

200 puts $filelId "O_Cent [expr S$par(pll80S)/le3xSpar (C_fact) kHz"

201 puts $fileId "Block Spar (d21)us"

202 puts $filelId "EchoT Spar (d6)us"

203 puts $fileId "B1 [expr Spar (MissCal)«100]1%"

204 puts $filelId "sw [expr Spar (sw)/1E3]kHz"

205 puts $filelId "Blocks Spar (RSeqgs)"

206 puts $filelId "DipDip $par (DD)"

207 puts $filelId "Dist Spar (rOH) "

208 puts $filelId "select 0"

209 close $fileld

210 set f [fsimpson { {dipole_1_2_aniso S$par (DD)} } 1

211 fsave $f "S$par (SaveDir) /S$par(file_name) .fid"

212 }
213 }
214}
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B MatLab

MATLAB (MATrix LABoratory) is an interactive numerical computing environ-
ment developed and maintained by MathWorks. Due to its versatility and the ease
with which data can be displayed, all the data analysis and most of the figures
presented in this thesis were done with MATLAB. While it would be impractical
to list all the programs, two sets have been included here. Appendix B.1 contains
the program used to identify valid R-sequences which form the basis for Chap-
ter 2; it is included because it is central to the work. Appendices B.2 through B.6
are data processing tools for NMR experiments, using the 2D-PASS experiment
used in Chapter 3 as an example. The files from B.3 were also used to analyse the
recoupling experiments from Chapter 2, but the top level file was larger.

Analysing NMR experiments with MATLAB is not a new idea; for instance, “Mat-
NMR” by Jacco van Beek is available for free at http://matnmr.sourceforge.net.
While MatNMR has many fine points, including the ability to read many common
data formats and perform common processing tasks, it is not suited to the analy-
sis of data which requires unusual processing and it is designed to be used with
a GUI, meaning that its functionality cannot easily be accessed by other MATLAB
programs. In contrast, the files presented from Section B.2 onwards are designed
with large scale batch processing in mind. The basic design philosophy uses an ob-
ject oriented approach, creating an FID class which contains all parameters which
can be retrieved from a given experiment and making child classes for particular
experiment.
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B.1 R-Sequence Finder

This program searches for R-sequences which recouple heteronuclear dipole-dipole
interactions without recoupling homonuclear dipole-dipole couplings or the iso-
tropic chemical shift. This is done by looping over all possible values of N, n and v
that a given RN, sequence might use. Since there are technically an infinite num-
ber of sequences to check, the program uses the properties of the probe, such as
the maximum MAS rate, in order to determine when to stop (see Section 2.2.1 on
page 26 for details). Viable R-sequences are stored in gamma_encoded if the are -

encoded, or in non_encoded if they are not.

clear all
clc

% Probes: Nottingham 1.3 mm, Warwick 1.3 mm

v_R=[66.7 66.7]; Maximum MAS rate for probe (kHz)
v_R min=[30 35];
pw=[2.8 21;
Max_Sequence_length=0.1; % Maximum viable sequence length (ms)

Q

n_max=ceil (Max_Sequence_length*v_R); % Maximum value of n

Minimum MAS rate for probe (kHz)

o oo oo

sol = 0;

gamma_encoded = cell (0, 3+numel (pw) ) ;
non_encoded = gamma_encoded;

o
°
o

°

Store other solutions

for n = l:max(n_max)
CanUse=n_max>n;
N_max=ceil (n./pw(CanUse) ./max (v_R_min (CanUse),
n/Max_Sequence_length*ones (1, length (CanUse) ) ) *1E3);
disp(['n: " int2str(n) ' —> N_max = ' int2str (max(N_max))])
for N=2:2:max (N_max)
gam_nu=/[];
non_gam_nu=/[];

for v = 0:N/2
if (gcd(gcd(N/2,v),n)>1)% Check for duplicate R—Sequences
continue
end
good = false;
bad = false;
m_list=[];
mu_list=[];

%$Isotropic chemical shift: 1 = 0, lambda = 1;
if any (N/2:N: (v+N)==v)

bad = true;
end
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% H DD coupling: 1 = 2, lambda = 2
for m = 1:2
for mu = —2:2
tmp=n*+m—v*mu;
if mod (2/N*tmp, 2) ==
bad = true;
end
end
end

% H CSA, O—H DD coupling: 1 = 2, lambda = 1
for m = 1:2
for mu = —1:1
tmp=n*m—v*mu;
if mod (2/N*tmp—1,2)==0
good = true;
m_list (end+1)=m;
mu_list (end+1)=mu;
end
end
end

% Add valid values of \nu to nu_list
if (good && ~bad)
% Check gamma encoding

if length(unique(m_list))==length(m_list) &&
length (unique (mu_1list))==length (mu_list) &&
~any (m_list==0) && ~any (mu_list==0)
gam_nu (end+1) =v;
else
non_gam_nu (end+1) =v;
end
end

end
% Store viable gamma—encoded solutions
if ~isempty (gam_nu)

gamma_encoded (end+1,1:3)={N n gam_nu};

for 1 = l:numel (pw)
gamma_encoded{end, 3+i}=n./ (N*pw (i) )*1000; % Max. MAS rate (kHz)
end
end

o)

% Store other viable solutions
if ~isempty (non_gam_nu)
non_encoded (end+1,1:3)={N n non_gam_nu};

for i = 1l:numel (pw)
non_encoded{end, 3+i}=n./ (Nxpw (1)) *1000; % Max. MAS rate (kHz)
end
end
end
end
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B.2 2D-PASS class file

This file creates a class for 2D-PASS experiments and was used when analysing
much of the data for Chapter 3. It introduces the property m, corresponding to the
side-band order of a given section of the spectrum, as well as an arrayed version
of m called m for use in plotting. All other methods and properties are inherited
directly from the FID class, except the Makespec method for creating the spectrum
from the raw data, which is overwritten in lines 30 to 37, and the p1ot 3 method for
displaying the spectrum, which is overwritten in lines 14 to 18.

classdef PASS < FID
properties (Dependent = true, SetAccess = private)
m;
M;
end

methods
%% Constructor

function obj = PASS(RawFid,varargin)
obj = obj@FID (RawFid,varargin{:});
obj.dimensionality=2;

end

%% General functions

function plot3(obj,varargin)
plot3(obj.F{1}/1E3—0bj.M*obj.MAS/1E3,0bj.M, real (obj.spec))
xlabel ('Frequency [kHz]")
ylabel ('Sideband Order')

end
%% Get functions
function out = get.m(obj)
out = (obj.n(2):—1:1) — floor(obj.n(2)/2);
end

function out = get.M(obj)
out = repmat (obj.m,obj.zerofill (1),1);
end
end

methods (Hidden = true)
function a=MakeSpec (ob7j)
switch obj.dimensionality
case 2
a=exp (li*xpi*obj.phase_array/180) .x*
fftshift (fft2 (obj.broaden,obj.zerofill (1), obj.zerofill (2)));
otherwise
error ('PASS spectra are 2D!")
end
end
end
end
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B.3 FID class file

The FID class file is intended as a starting point for all experiments, and hence
contains properties and methods which are appropriate to most, if not all, NMR
experiments. The properties nscans (the number of scans), £id (contains the raw
data), pd (the rescan delay) and spectrometer (the name of the spectrometer) are
assumed to be invariant, and are therefore included as private properties. Techni-
cally, the FID is actually stored in the hidden property fid_storage; this was done
in case processing of the displayed FID (such as a left shift) should be necessary.
There are a number of properties which can be changed at run time by the user
listed in lines 14 to 34; some such as the spectrometer frequency st should be ob-
vious, but there are a few unusual ones as well. dimensionality is required so that
the program can distinguish between multi-dimensional experiments and arrayed
experiments. multishot is a property which was introduced in the context of flip-
back experiments, which have not been discussed in this thesis. 1b is a container for
line broadening functions, which have their own class files (see Appendix B.4), and
acgpars is intentionally unassigned so that all parameters of any experiment can
be included as structured arrays, e.g. from SPINSIGHT’s acq file or from Topspin’s
acqus and acqu2s files.

There are also several of properties associated with fitting. For instance, baseline
and baselinenoise are intended for polynomial fits of the baseline of the experi-
ment. They take a while to calculate, however, so they are left empty by default,
and can be calculated by calling the rFindBaseline method. The curveFitModel
and curveFitErrors properties were intended for a built-in peak fitting tool which
was never implemented. proc2p is intended as a flag so that processing methods
for common 2D data acquisition methods could be included; current options are
'rr7' for a simple 2D Fourier transformation, 'states' for states data and '1rp1-
for data acquired using TPPIL. Unfortunately, these methods have not all been thor-
oughly tested.

Also, there are a number of dependent properties which the FID class calculates
internally. The time t for the FID is calculated from the dwell time dw, which is in
turn calculated from the spectral width sw. f is also calculated from the spectral
width, and ppm is calculated from sw, st and RefFreq. spec contains the spectrum,
and spec_basecorr contains the spectrum with baseline corrections (Findpaseline
is called if necessary). spec_basecorr is automatically truncated, and 1start &
Istop are the indices of the section which is displayed. There are also a number of
hidden properties which are used internally, e.g. phasel_Bruker, an extra 1%t order
phase shift which is required due to Bruker’s data acquisition.

Finally, there are a large number of methods associated with the FID class file.
Most are set and get methods for various properties, ensuring that only “sensible”
input is accepted. The set method for refFreq can accept arrayed input where the
first entry is the frequency and the second entry is the ppm value of that point.
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APPENDIX B: MATLAB

Several MATLAB functions are overwritten, e.g. the size command will return
the size of the spectrum and the display function shows only a minimal subset
of the overall properties; this prevents MATLAB from writing vast quantities of
information to the screen when creating spectra (disp has not been overwritten
and will display all properties). The two most important remaining methods are
showLB and showPhasing, which bring up the line broadening GUI (see B.6) and
phasing GUI (see B.6) respectively.

classdef FID < handle

[}

%% Properties

properties (SetAccess = private)
nscans % Number of scanse
fid
pd % Rescan delay
spectrometer = '';

end

properties (SetAccess = private,Hidden = true)
fid_storage

end

properties
dimensionality = 1;
multishot = 1;
1b;
phase0=0; % O0th order phase correction
phasel=0; % 1lst order phase correction
sw=NaN; % Spectral width
zerofill % Zero filling
acgpars % Generic acquisition parameters
MAS = NaNj; % MAS rate (Hz)
sf=NaN; % Spectrometer frequency (Hz)
RefFreg=0; % Reference frequency

peaklist=[];

CurveFitModel={};

CurveFitErrors={};

baseline={};

baselinenoise={};

Proc2D = 'FFT';

leftshift = 0;

states_order = 'interleaved';
end

List of known peaks (Hz)

properties (Dependent = true, SetAccess = private)

dw % Dwell time

phase_array % Array of phase corrections

f % Frequency for 1D plots of spectrum
F % Frequency for 2D plots of spectrum
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prm

PPM

t

T

n

spec

spec_basecorr

broaden

Istart

Istop

noisel
end

o0 o° o° o o O° A° A° d° o° o°

properties (Hidden

LBFigure =[1;
PhaseFigure=[];
FullSpecFigure=[];

sw_hidden=NaN;
phasel0_hidden=0;
phasel_hidden=0;
phasel_Bruker=0;
RefFreg hidden=0;
AssumeWidth=50;

Chemical shift for 1D plots of spectrum
Chemical shift for 2D plots of spectrum

Time for 1D plots of FID
Time for 2D plots of FID
Size of raw data

Final spectrum

Final spectrum with baseline correction
Array of linebroadening function
Index for start of spectrum

Index for end of spectrum

Indices of points for baseline noise estimate

true)

ExcludeSpinningsidebandsInNoise=false;

end

properties (Dependent = true, SetAccess = private,Hidden

PhaseUnarrayed;
LBUnarrayed;
end
%% Events
events
ChangePhase % Event for changes to phase0 \& phasel
end
%% Methods
methods
%% Constructor
function obj = FID(RawFid,varargin)
if numel (varargin) == 1
options = varargin{l};
else
options = struct();
for i = l:numel (varargin)/2
options. (varargin{2xi—1}) = varargin{2xi};
end
end

if isstruct (RawFid)

error ('This functionality is not yet provided.')

else

obj.fid_storage = RawFid;
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obj.fid = obj.fid_storage;
obj.lb=LBdata();
if isfield(options, 'nscans')
obj.nscans = options.nscans;
end
if isfield(options, 'pd")
obj.pd = options.pd;
end
if isfield(options, 'spectrometer')
obj.spectrometer = options.spectrometer;

end
end
if size(obj.fid, 1) == 1
obj.fid=obj.fid."';
end
obj.zerofill=size(obj.fid);

end
%% overload functions
function a=size (ob7j)
a=size (obj.fid);
end
function plot (obj, varargin)
if isempty (obj.dw)
plot (real (obj.spec),varargin{:})
else
plot (linspace(—obj.sw/2,0bj.sw/2,0bj.zerofill (1)) /1E3,
real (obj.spec),varargin{:})
xlabel ('Frequency [kHz]")
end
set (gca, 'xdir', 'reverse')
end
function display (obj)
if ~isempty (obj.spectrometer)
fprintf (1, '$s\n', obj.spectrometer)

end

if ~isempty(obj.nscans)
fprintf (1, '\t # scans: %$i\n',obj.nscans)

end

if ~isempty(obj.MAS) && ~isnan (obj.MAS)
fprintf (1, '\t MAS: %$.1f kHz\n',obj.MAS/1E3)

end

for i = l:0bj.dimensionality
fprintf (1, "\tDimension $i\n', 1)
fprintf (1, '\t n: %$i\n',obj.n (1))
fprintf (1, '\t dw: %.1f us\n',obj.dw (i) *«1E6)
fprintf (1, '"\tZerofilling: %$i\n',obj.zerofill (i))
fprintf (1, '\t sw: %$.1f kHz\n',obj.sw(i)/1E3)
fprintf (1, '\t LB: %s\n',obj.lb (i) .type)
if ~ismember (obj.lb (i) .type,{'flat’', "hann', "hamming', 'kaiser'})

fprintf (1, '\t width: %$.1f Hz\n',obj.lb (i) .width)

end
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fprintf (1, '\t Phase: [%.1f
%$.1f]\n',obj.phasel (1), obj.phasel (i))
end
if obj.dimensionality ==
fprintf (1, '\t Proc2D: %s\n',obj.Proc2D)
end
end

%% General functions
o
o

Plot only a selection of spectra
function ShowMeTheSpectra (obj,n,varargin)

if isempty(obj.dw) || isnan(obj.dw)
plot (real (obj.spec(:,n)),varargin{:})
else

plot (linspace(—obj.sw/2,0b]j.sw/2,0bj.zerofill (1)) /1E3,

real (obj.spec(:,n)),varargin{:})
xlabel ('Frequency [kHz]")
end
set (gca, 'xdir', 'reverse')
end

% Rotate FID if it's the wrong way round
function rotate (obj)

if numel (size(obj.fid)) == 2
obj.fid = obj.fid."';
end
end

o)

% bring up linebroadening GUI

function ShowLB (obj,varargin)
MyLineBroadeningGUI (obj, varargin{:})

end

function ShowPhasing (obj,varargin)
MyPhasingGUI (obj, varargin{:})

end

function FindBaseline (obj)

if isempty (obj.peaklist)

warning ('No peaklist present, not fitting baseline.')

else
tmp = obj.spec(obj.noisel, :);
for 1 = 1l:0bj.n(2)
obj.baseline{i} =

polyfit (obj.f{1} (obj.noisel), real (tmp(:,1)),2);

obj.baselinenocise{i} = std(real (tmp(:,1i))—

polyval (obj.baseline{i},obj.f{1} (obj.noisel)));

end
end
end
function a=spec_1D (obj,n)
if nargin < 2
n = 1;
end
if n > obj.n(2)
n = obj.n(2);
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warning (['There are only '
elseif n<1

n=1;

warning ('Showing 1lst FID.')
end

int2str(obj.n(2))

FIds.'])

a = exp(—li*obj.PhaseUnarrayed{1}/180xpi).xfftshift (fft (
obj.1lb(1l) .broaden (obj.fid(:,n)),obj.zerofill (1) ));

end

%% Get Methods

function a=get.spec (obj)
a=MakeSpec (obj) ;

end

function a=get.spec_basecorr (obj)

if isempty (obj.peaklist)
a=11;

else
obj.FindBaseline;
start = min(obj.noisel);
stop = max(obj.noisel);

a = NaN(stop—start+l,obj.n(2));

for 1 = 1l:0bj.n(2)

a(:,1) = obj.spec(start:stop, i) .
polyval (obj.baseline{i},obj.f{1} (
end
end
end
function out = get.dw(obj)

out=1./0bj.sw;
if strcmp (obj.Proc2D, 'TPPI")

out (2) = out(2)/2;
end
end
function out = get.phase_array (obj)
if obj.dimensionality ==
tmp = [obj.zerofill (1) 11];
else
tmp = obj.zerofill (l:0bj.dimensionality);
end
out = zeros (tmp);
for i = 1l:0bj.dimensionality
tmp = size (out);
tmp (1) = 1;
out = out + repmat (obj.PhaseUnarrayed{i},tmp);
end
tmp = ones (1l,numel (obj.n));
tmp (obj.dimensionality+l:end)=o0bj.n(obj.dimensionality+1l:end);
out = repmat (out, tmp) ;
end
function out = get.f (obj)
out = cell(l,obj.dimensionality);
for i = 1l:0bj.dimensionality

start:stop));

&& obj.dimensionality > 1
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tmp = ones(l,max([2 obj.dimensionality]));
tmp (i) = obj.zerofill(i);
if isa(obj, 'PASS') && i ==
out{i}=reshape (obj.m, tmp) ;
else
out {i}=reshape (linspace(—obj.sw(i) /2,
obj.sw(i)/2,0bj.zerofill (1)), tmp);
if mod(obj.zerofill(i),2) == 0
out{i} = out{i} + out{i} (end/2);
end
end
end
end
function out = get.F (obj)
out = cell(l,obj.dimensionality);
for i = l:0bj.dimensionality
tmp = obj.zerofill (l:o0bj.dimensionality);
tmp (1) =1;
out{i} = repmat (obj.f{i},tmp);
end
end
function out = get.ppm(obj)
out = cell(l,obj.dimensionality);
for i = 1l:0bj.dimensionality
out{i} = (obj.f{i} — obj.RefFreqg(i) )/ (obj.RefFreqg(i) +
obj.sf(1l))«*1E6;
end
end
function out = get.PPM(obj)
out = cell(l,obj.dimensionality);
for i = l:0bj.dimensionality
tmp = obj.zerofill (l:0bj.dimensionality);
tmp (1) =1;
out{i} = repmat (obj.ppm{i}, tmp);
end
end
function out = get.t (obj)
out = cell(l,obj.dimensionality);
for 1 l:obj.dimensionality
tmp = ones(l,max([2 obj.dimensionality]));
tmp (1) = obj.n(i);
out{i}=reshape ((0:obj.n(i)—1)+*obj.dw (i), tmp);
end
end
function out = get.T (obj)
out = cell(l,obj.dimensionality);
for i = l:0bj.dimensionality
tmp obj.n(l:0bj.dimensionality);
tmp (1) =1;
out{i} = repmat (obj.t{i},tmp);
end
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end
function out = get.PhaseUnarrayed (obj)
out = cell(l,obj.dimensionality);
for i = l:0bj.dimensionality
tmp = ones(l,max([obj.dimensionality 2]));
tmp (i) = obj.zerofill(i);
if i ==
out{i}=reshape (linspace(— (obj.phasel (i) +obj.phasel_Bruker) /2,
(obj.phasel (i) +obj.phasel_Bruker)/2,0obj.zerofill (i))+
obj.phasel (i), tmp) ;
else
out {i}=reshape (linspace(—obj.phasel (i) /2,0bj.phasel (i)/2,
obj.zerofill (i) ) +obj.phasel (i), tmp);
end
end
end
function out = get.LBUnarrayed (obj)
out = cell(l,obj.dimensionality);
for i = l:0bj.dimensionality
tmp = ones(l,max([2 obj.dimensionality]));
% tmp = size(out);
tmp (i) = obj.n(i);
if 1 ==2 && strcmpi (obj.Proc2D , 'states')
tmp (i) = tmp (i) /2;
out{i}=reshape (obj.lb (i) .broaden (ones (1l,0bj.n(i)/2)),tmp);
else
out{i}=reshape(obj.1lb (i) .broaden (ones (l,0bj.n(i))),tmp);
end
end
end
function out = get.n (obj)
out=size (obj.fid);
end

% Return broadened FID
function a = get.broaden (obj)
tmp = ones (l,max([numel (obj.n) 2]1));
tmp (obj.dimensionality+l:end)=obj.n(obj.dimensionality+l:end);
if numel (obj.LBUnarrayed) > 1
a = obj.fid .*x repmat (mtimes (obj.LBUnarrayed{:}),tmp);
else
a = obj.fid .* repmat (obj.LBUnarrayed{l},tmp);
end
end
function a = get.Istop(obj)
if isempty (obj.peaklist)
a = obj.zerofill(1l);

else
F = max(obj.peaklist)+max([0.05*0bj.sw(l) 1l2xobj.AssumeWidth]);
[junk a] = min(abs(obj.f{1}—-F));

end
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end
function a = get.Istart (obj)
if isempty (obj.peaklist)
a=1;
else
F = min(obj.peaklist)-max([0.05«0bj.sw(l) 1l2xobj.AssumeWidth]);
[junk a] = min(abs(obj.f{1}—F));
end
end

function a = get.noisel (obj)
% Index for 'Non—peak' areas
if isempty(obj.peaklist)

a = l:obj.zerofill (2);

else
tmp = (obj.Istart:obj.Istop)’;
if ~isempty(obj.peaklist)
for 1 = 1l:numel (obj.peaklist)
tmp ( (abs (obj.f{1} (tmp)—obj.peaklist (i))<6x0bj.AssumeWidth))
= [1;
if ~isempty(obj.MAS) && ~obj.ExcludeSpinningsidebandsInNoise
for j = l:ceil(obj.sw/2/0bj.MAS)
tmp ( (abs (obj.f{1} (tmp)—obj.peaklist (i) +j*xobj.MAS) <
2x0bj.AssumeWidth)) = [];
tmp ( (abs (obj.f{1} (tmp)—obj.peaklist (i)—j*xobj.MAS)<
2xobj.AssumeWidth)) = [];
end
end
end
end
a = tmp;
end
end
%% Set Methods
function obj = set.multishot (obj,val)
if rem(size(obj.fid_storage,l)—obj.leftshift,val) == 0

obj.multishot = val;
if obj.multishot ==
obj.fid = obj.fid_storage(obj.leftshift:end, :);

else
tmpl= size (obj.fid_storage);
tmpl= [ (tmpl(l)—obj.leftshift)/obj.multishot tmpl (2:end)];

obj.fid = squeeze (sum(reshape (obj.fid_storage, [tmpl (1)
obj.multishot tmpl(2:end)]),2));

end
else
warning ([int2str(size (obj.fid_storage, 1)) ' is not divisible
by ' num2str(val)])
end
end

function obj = set.leftshift (obj,val)
if obj.multishot # 1
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warning ('Leftshift not currently supported with multishot

experiments. ")
elseif val<size (obj.fid_storage, 1)
obj.leftshift = val;
obj.multishot = 1;
else
warning ('Leftshift cannot exceed data size.')
end
end
function obj = set.sw(obj,val)
if numel (val) == obj.dimensionality
obj.sw = reshape(val,l,obj.dimensionality);
obj.sw_hidden(l:obj.dimensionality) = [obj.sw];
else

warning ([ 'Currently in ' int2str(obj.dimensionality)

end
end
function obj = set.Proc2D(obj,val)
if strcmpi(val(l),'F")
obj.Proc2D = 'FFT';
elseif strcmpi(val(l),'S'")
obj.Proc2D = 'States';
elseif strcmpi(val(l),'T")
obj.Proc2D = 'TPPI';
else

warning (['2D processing method must be FFT, States or TPPI.

Using ' obj.Proc2D])
end
end
function obj = set.states_order (obj,val)
if strcmpi(val(l),'i")
obj.states_order = 'interleaved';
elseif strcmpi(val(l),'b")
obj.states_order = 'back_to_back';
else
warning (['states_order must be "interleaved" or
"back_to_back". Using ' obj.states_order])
end
end
function obj = set.phasel(obj,val)
if numel (val) == obj.dimensionality
obj.phase0 = reshape(val,l,obj.dimensionality);

obj.phasel0_hidden(l:obj.dimensionality) = [obj.phasel];

notify (obj, 'ChangePhase');
else

warning (['Currently in ' int2str (obj.dimensionality)

end
end
function obj = set.phasel (obj,val)
if numel (val) == obj.dimensionality
obj.phasel = reshape(val,l,obj.dimensionality);

104



430
431
432
433
434
435
436
437
438
439
440
441
442
443
444

445
446
447
448
449
450
451
452
453
454
455

456
457

459

460
461
462

463
464
465

467
468
469
470
471

472

APPENDIX B: MATLAB

'D mode.'])

obj.phasel_hidden(l:obj.dimensionality) = [obj.phasell;
notify (obj, 'ChangePhase');
else
warning (['Currently in ' int2str (obj.dimensionality)
end
end

function set.RefFreq(obij,Freq)

if O
if nargin < 2

error ('Insufficient input.')

elseif nargin

if numel (Freq) == 1
obj.RefFreq = Freq;
elseif numel (Freq) == 2

obj.RefFreq =

(Freq(l)—Freqg(2)

end
else

error ('Too much input.")

end
else
if nargin > 2
error ('This

% include RefFreqg_hidden & multidimensional input

shouldn''t be possible..."')

*1E—6+0bj.sf(1))/(1—Freqg(2) *1E—6);

end
if size(Freq,2) > obj.dimensionality
error ([ 'Input exceeds dimensionality ('
int2str(obj.dimensionality) 'D)'])
end
if size(Freq,l) ==
I = ~isnan(Freq(2,:));
Freqg(l,I) =
(Freq(l,I)—Freq(2,I)*1E—6+0bj.sf(1l))/(1—Freqg(2,I)*1E—6);
end
obj.RefFreqg(~isnan(Freq(l,:))) = Freqg(l,:);

obj.RefFreq hidden(l:obj.dimensionality) =
obj.RefFreqg(l:obj.dimensionality);

end
end
function obj = set.dimensionality(obj,val)
if ~isnumeric (val)
error (['Dimensionality must be numeric, was ' class(val)])
end
if obj.dimensionality > wval
obj.dimensionality = val;
obj.sw = [obj.sw_hidden ( l:min([obj.dimensionality

numel (obj.
nan(l,ob7j.
obj.phasel =
numel (obj.
nan(l,obj.

sw_hidden ) 1))
dimensionality—numel (obj.sw_hidden

V)17

[obj.phase0_hidden( l:min([obj.dimensionality

phase(O_hidden )1]))
dimensionality—numel (obj.phase0_hidden
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obj.phasel = [obj.phasel_hidden( l:min([obj.dimensionality
numel (obj.phasel_hidden )1]))
nan (1l,obj.dimensionality—numel (obj.phasel_hidden ))1;

obj.RefFreg= [obj.RefFreq _hidden(l:min([obj.dimensionality
numel (obj.RefFreq_hidden)]))

nan(l,obj.dimensionality—numel (obj.RefFreq_hidden))];
elseif obj.dimensionality < val
obj.dimensionality = val;
obj.sw = [obj.sw_hidden .
nan (1, val-numel (obj.sw_hidden Yy)1;
obj.phase0 = [obj.phase0_hidden
zeros (1,val-numel (obj.phase0_hidden ))1;
obj.phasel = [obj.phasel_hidden
zeros (1,val-numel (obj.phasel_hidden ))];
obj.RefFreg= [obj.RefFreq _hidden
zeros (1, val-numel (obj.RefFreq_hidden))];
end
if numel (obj.lb) < obj.dimensionality
for 1 = numel (obj.1lb)+1 : obj.dimensionality
obj.1lb (i) = LBdata();
end
elseif numel (obj.lb) > obj.dimensionality
for i = numel (obj.1lb) : —1 : obj.dimensionality+l
obj.lb (i) = [1;
end
end
end

%% Conversion methods
function out = PASS(obj)
out = PASS(obj.fid, 'pd',o0bj.pd, 'nscans',
obj.nscans, 'spectrometer',obj.spectrometer) ;
oub.1lb = obj.1lb(1);
out .phasel obj.phasel;
out .phasel obj.phasel;

out.sw = [obj.sw obj.n(2)1;
out.acqgpars = obj.acgpars;

out .MAS = obj.MAS;

out.sf = obj.sf;

out .RefFreq obj.RefFreq;
out.peaklist= obj.peaklist;
end
end

methods (Hidden = true)
function a=MakeSpec (ob7j)
switch obj.dimensionality

case 1

a=exp(—lixpixobj.phase_array/180) .«fftshift (fft (obj.broaden,
obj.zerofill(1l),1),1);

case 2

if strcmp (obj.Proc2D, 'FEFT')
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disp('Using untested FEFT')
a=exp(—lixpixobj.phase_array/180) .+rfftshift (fft (fft (obj.broaden,
obj.zerofill(1l),1),0bj.zerofill (2),2),1);
elseif strcmp (obj.Proc2D, 'States')
tmp = exp(—lixpixrepmat (obj.PhaseUnarrayed{1l}, [1
obj.n(2:end)])/180) .«fftshift (fft (repmat (obj.LBUnarrayed{l}, [1
obj.n(2:end)]) .*x0bj.fid,obj.zerofill (1),1),1);
if strcmpi (obj.states_order, 'interleaved')
cos_data = tmp(:,1:2:end);
sin_data = tmp(:,2:2:end);
elseif strcmpi (obj.states_order, 'back_to_back")
cos_data = tmp(:,1l:end/2);
sin_data = tmp(:, (1l:end/2)+end/2);
end
a = exp(—lixpi*repmat (obj.PhaseUnarrayed{2}, [obj.n(l) 1
obj.n(3:end)])/180) .«fftshift (fft (repmat (obj.LBUnarrayed{2},
[obj.n (1) 1
obj.n(3:end)]) .*xreal (cos_data)+li*real (sin_data),
obj.zerofill (2),2),2);
elseif strcmp (obj.Proc2D, 'TPPI'")
tmp=
repmat (exp (—li*pi*obj.PhaseUnarrayed{1}/180),1,0bj.n(2)) .*
fftshift (fft (obj.broaden,obj.zerofill (1),1),1);
obj.zerofill (2) = 2x0obj.zerofill (2);
tmp= repmat (exp(—lixpi*obj.PhaseUnarrayed{2}/180),
obj.zerofill (1),
1) .xfftshift (fft (repmat (obj.LBUnarrayed{2},
obj.zerofill(1l),1).xreal (tmp), obj.zerofill(2),2),2);

obj.zerofill (2) = obj.zerofill (2)/2;
a = real(tmp(:,end:—1l:end/2+1));
end
end
end
end
end
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B.4 Linebroadening class file

The line broadening functions have been given their own class files so that they are
easy to modify. The current version includes five function types: flat (no broaden-
ing), hann, hamming, exponential and gaussian. When the class is initialised, the
constructor creates a dummy version of the class, and reads the available meth-
ods to populate the a11Types property; this means that a11Types always contains
an up-to-date list of which line broadening functions are available (there is also
a cripple method which permanently sets the type to flat). The line broadening
class is designed to be stand alone, so it does not have access to the spectral width
of the experiment to which it is attached. When broadening is applied, the func-
tions are chosen such that the apparent width of the line broadening in Hz will be
width-sw.

classdef LBdata < handle
%% Properties

properties (Hidden = true , SetAccess = 'private')
AllTypes

end

properties
type = 'flat';
width=1;

end

properties (Hidden = true)
shift=1;

end

%% Events

events
ChangelB

end

methods
%% Constructor
function obj = LBdata()
obj.CheckTypes () ;
end
%% Set & get functions
function obj = set.type(obj,in)
in=lower (in) ;
for i = l:length(obj.AllTypes)
if ~isempty(strfind(obj.AllTypes{i},in))
obj.type = obj.AllTypes{i};
notify(obj, 'ChangelB');
return
end
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35 end

36 error ([ 'Unknown linebroadening type ' in])
37 end

38 function obj = set.width (obj,in)

39 obj.width = in;

40 notify (obj, "ChangelB'");

41 end

42 %% General functions

43 function a = broaden (obj, fid)

44 n=size (fid);

45 if n(l) == 1 && n(2) > 1

46 n(l:2) = [n(2) 1];

47 end

48 a=fid.*reshape (repmat (obj. (ocbj.type) (n(1l)),1,n(2)),size(fid));
49 end

50 end

51 methods (Access = private)

52 %% Collect linebroadening methods here

53 function a = flat (obj,n)

54 a=ones(n,1);

55 end

56 function a = hann(obij,n)

57 a = (l—cos(pi*((l:n)+ (n—2+0bj.shift))/(n—obj.shift)))/2;
58 end

59 function a = hamming (obj,n)

60 a = 0.54—0.46%cos (pi* ((1l:n)+ (n—2+0bj.shift))/ (n—obj.shift));
61 end

62 function a = exponential (obj,n)

63 a=exp(—obj.width*pi* ((l:n)—obj.shift) .xsign((l:n)—ocbj.shift))"’';
64 end

65 function a = gaussian(obj,n)

66 a = exp(—2*(obj.width/sqgrt (8x1og(2)) *pi* ((l:n)—obj.shift)"')."2);
67 end

68 end

69 methods (Hidden = true)

70 function CheckTypes (ob7j)

71 a = ? LBdata;

72 b = cell(size(a.Methods));

73 for i = 1:numel (b)

74 b{i} = a.Methods{i}.Access;

75 end

76 tmp = find(strcmp (b, 'private'));

77 obj.AllTypes = cell(size(tmp));

78 for 1 = l:numel (tmp)

79 obj.AllTypes{i} = a.Methods{tmp (i) }.Name;
80 end

81 end

82 function Cripple (obj)

83 obj.type = '"flat';

84 obj.AllTypes = {'flat'};

85 end
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end
end

B.5 Phasing GUI

real(Spectrum)

L | b

12 11 10 9 8 7 6 11.80
Frequency [kHz]

Zerofil
8192

Show Spec
# |10

imag(Spectrum)

12 11 10 9 8 7 6
Frequency [kHz]

Oth ¢ r| lgeoel st o] ¢ H +] 2940
Figure B.1: Phasing GUL

This program creates a GUI for phasing 1D spectra; the interface is shown in Fig-
ure B.1. The top plot shows the real part of the current spectrum, the bottom win-
dow shows the imaginary part. The 0" and 1%t order phasing are controlled via
the sliders at the bottom of the interface. The phase sliders automatically update
the phase in the experimental data (phase0 & phasel), likewise the GUI detects
changes to the processing via system events (ChangeLs & ChangePhase) and replots
the spectrum if, for instance, the line broadening is changed. The zero filling can be
controlled from the input in the top right corner, and the pivot point of the 1% or-
der phasing can be set by clicking on the “hold” button, and then selecting a point
in the spectrum. The GUI is also designed for arrayed input; the desired spectrum
can be selected by typing its number into the “Show Spec” box.

By default, the GUI displays data in the direct dimension. For multi-dimensional
data, however, it is possible to display slices along other dimensions. If a contains
a 2D data set, then the command a.showPhasing ('dimension',2) will display the
second dimension. More importantly, multiple phasing GUIs can be open at once
as long as they are linked to different dimensions. This means that phase adjust-
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ments can easily be made to multidimensional data without the need to start again
if the phasing in the direct dimension was not quite right the first time.

function MyPhasingGUI (spec,varargin)
%% Sanity Check
options = struct('dimension',1l); % Structure with default options
if nargin < 1
%% No input
error ('Input required!'")
elseif nargin > 1
%% Options
if isstruct (varargin{l})

fields = fieldnames (varargin{l});
for i = l:numel (fields)
options. (fields{i}) = varargin{l}. (fields{i});
end
varargin(l) = [];
end
if mod (numel (varargin),2) == 0
for i = 1l:numel (varargin)/2
options. (varargin{2xi—1}) = varargin{2xi};
end
else
error ('Too much information you numbskull!")
end
end
if numel (spec.PhaseFigure) < options.dimension
spec.PhaseFigure = [spec.PhaseFigure
nan (1, options.dimension—numel (spec.PhaseFigure))];
end

if ~isa(spec, 'FID'")

%% Never trust user input!

error (['Input class must be FID, was ' class(spec) '.'])
end

%% figure
if isnan(spec.PhaseFigure (options.dimension))
f = figure('Visible','off', 'Position',[128,512,512,384],
'menubar', 'none', 'name', ['Phasing ('

int2str (options.dimension) ') '], "'numbertitle', 'off"',
'toolbar', 'figure', 'CloseRequestFcn',@my_closefcn);
spec.PhaseFigure (options.dimension) = £f;
else
f=spec.PhaseFigure (options.dimension) ;
figure (f)
clf

set (f, 'Visible', 'off', 'Position',[128,512,512,384],
'menubar', 'none', 'name', ['Phasing ('
int2str (options.dimension) ') '], 'numbertitle','off',
'toolbar', 'figure', 'CloseRequestFcn', @my_closefcn);
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end
bgcol = get (gcf, 'color');

Phasing Segment

% axes

h.RealAxes=axes ('units', 'pixels', 'position', [50,250,350,901],
'Nextplot', 'replacechildren',
'x1im', [—spec.sw(options.dimension)
spec.sw(options.dimension)]/2E3, 'ylim',[—1 11);

h.ImagAxes=axes ('units', 'pixels', 'position', [50, 90,350,901],
'Nextplot', 'replacechildren’',
'x1lim', [—spec.sw(options.dimension)
spec.sw(options.dimension)]/2E3, 'ylim',[—1 11);

linkaxes ([h.RealAxes h.ImagAxes], 'x');

% Zero Filling

h.ZeroFilllbl=uicontrol ('style', "text', 'position', [460,340,40,15],
'string', 'Zerofill', 'BackgroundColor',bgcol);

h.ZeroFill =uicontrol ('style', 'edit', 'position',[460,320,40,15],
'Background', [1 1 1], 'value',6 spec.zerofill (options.dimension),
'string',num2str (spec.zerofill (options.dimension)),
'CallBack', {@QZeroFill_Callback});

%% Phase Sliders

FirstMultiplier=[0 0];

h.ZeroOrderSlider =uicontrol ('style', 'slider', 'position', [ ..

50,15,100,15], 'BackgroundColor',bgcol, 'min',—180, 'max',6180,

'value', spec.phase( (options.dimension),

'CallBack', {@ZeroOrderSlider_Callback});

o° o

o\

h.ZeroOrderlbl =uicontrol ('style', '"text', 'position',[ 20,14,
30,151, 'string','Oth', 'BackgroundColor',bgcol);
h.ZeroOrderDsp =uicontrol ('style', 'edit', 'position', [160,14,

30,151, 'Background',[1 1 1],

'val', spec.phase0 (options.dimension),

'string',num2str (spec.phasel (options.dimension)),

'CallBack', {@ZeroOrderDsp_Callback});
h.FirstOrderSlider=uicontrol ('style', 'slider"',

'position', [250,15,100,15], 'BackgroundColor',bgcol,

'min', (ceil ( (spec.phasel (options.dimension)—180)/360)—0.5) %360,

'max', (ceil ((spec.phasel (options.dimension)—180)/360)+0.5) 360,

'value', spec.phasel (options.dimension),

'"CallBack', {@FirstOrderSlider_Callback});

h.FirstOrderlbl =uicontrol ('style', '"text', 'position', [205,14,
30,151, 'string','lst', 'BackgroundColor',bgcol);
h.FirstOrderDsp =uicontrol ('style', 'edit', 'position', [375,14,

30,151, 'Background',[1 1 1],
'val', spec.phasel (options.dimension),
'string',num2str (spec.phasel (options.dimension)),
'CallBack', {@FirstOrderDsp_Callback});
h.FirstOrderPlus =uicontrol ('style', "'pushbutton',
'position', [355,14, 15,15], 'string','+', ...
'BackgroundColor',bgcol, 'CallBack', {@FirstOrderPlus_Callback});
h.FirstOrderMinus =uicontrol ('style', "pushbutton',
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'position', [230,14, 15,151, 'string','—', ...
'BackgroundColor',bgcol, 'CallBack', {@FirstOrderMinus_Callback});
ConstFreg=[0];
h.ConstFregButton =uicontrol ('style', "pushbutton',
'position', [460,250, 40,15], 'string', 'Hold',
'BackgroundColor',bgcol, 'CallBack', {@ConstFregButton_Callback});
h.ConstFregDsp =uicontrol('style', 'edit', 'position', [460,230,
40,15], 'Background',[1 1 1], 'wval',ConstFreq,
'string',num2str (ConstFreq), 'CallBack', {@ConstFregDsp_Callback});
%% Spectrum Chooser
h.ChooseSpectxt =uicontrol ('style', "text', .
'position', [440,200,60,15], 'string', 'Show Spec',
'BackgroundColor',bgcol) ;
h.ChooseSpecNum =uicontrol ('style', 'edit', 'position', [470,180,
30,151, 'string','l', 'val',1l, 'BackgroundColor',[1 1 1],
'CallBack', {@ChooseSpecNum_Callback});
h.ChsSpecNumLbl =uicontrol ('style', 'text', 'position', [440,180,
30,151, 'string','#', 'BackgroundColor',bgcol);

set (cell2mat (struct2cell (h)), '"units', 'normalized")

listener(l) = addlistener (spec, 'ChangePhase', @PlotPhase);
for 3 = l:numel (spec.1b)
listener (j+1) = addlistener (spec.lb(j), 'ChangelB',@PlotPhase);
end
set (£, 'visible', 'on")
PlotPhase()

%% Callback functions

function my_closefcn (source, eventdata)
spec.PhaseFigure = [];
delete (listener);
delete (f)

end

function ChooseSpecNum_Callback (source,eventdata)
val=get (source, 'string');
val=str2num(val) ;
if ~isempty(val)

val = round(val);
switch options.dimension
case 1
nmax = spec.zerofill (2);
case 2
nmax = spec.zerofill (1);

end
if val < nmax && val > 1
set (source, 'val',val);

end
end
set (source, 'string',num2str (get (source, 'val'), '$i"));
PlotPhase ()
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end
function ZeroOrderSlider_Callback (source, eventdata)
spec.phasel (options.dimension) = get (source, 'val');

set (h.ZeroOrderDsp , 'value', spec.phasel (options.dimension),
'string',num2str (spec.phasel (options.dimension)))

end
function ZeroOrderDsp_Callback (source,eventdata)
val=str2num (get (source, 'string'));

if isempty(val)
val=spec.phasel (options.dimension);
set (source, 'string',num2str (val))
else
val=mod (val+180,360)—180;
set (h.ZeroOrderSlider, 'val',val)
ZeroOrderSlider_Callback (h.ZeroOrderSlider, [])
end
end
function ConstFregButton_Callback (source,eventdata)
axes (h.RealAxes)
[val,yl=ginput (1) ;
ConstFreg=val*1lE3;
set (h.ConstFregDsp, 'string',num2str(val, '$.2f"), 'value',valx1E3)
end
function ConstFregDsp_Callback (source,eventdata)
val=str2num(get (source, 'string'));
if isempty(val)
set (source, 'string',num2str (ConstFreq/1E3,'%.2f"), 'value',ConstFreq)
else
ConstFreg=val*x1lE3;
set (source, 'string',num2str (val, '$.2f"), 'value',valx1E3)

end
end
function FirstOrderSlider_Callback (source, event)
val = get (source, 'val'); % New lst order phasing, must set

new Oth order phasing
listener (1) .Enabled = false;
spec.phasel (options.dimension)=mod (spec.phasel (options.dimension) +
ConstFreq/spec.sw(options.dimension)
(spec.phasel (options.dimension)—val)+180,360)—180;
set (h.ZeroOrderSlider, 'value', spec.phase0l (options.dimension))
set (h.ZeroOrderDsp, 'value', spec.phaseO (options.dimension),
'string',num2str (spec.phasel (options.dimension)))
listener (l) .Enabled = true;
spec.phasel (options.dimension)=val;
set (h.FirstOrderDsp, 'value', spec.phasel (options.dimension),
'string',num2str (spec.phasel (options.dimension)))
end
function FirstOrderPlus_Callback (source,event)
set (h.FirstOrderSlider, 'max',get (h.FirstOrderSlider, 'max')+360,
'min',get (h.FirstOrderSlider, 'min')+360,
'val',get (h.FirstOrderSlider, 'val')+360)
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[)
)

FirstOrderSlider_Callback (h.FirstOrderSlider)
end
function FirstOrderMinus_Callback (source, event)
set (h.FirstOrderSlider, 'max',get (h.FirstOrderSlider, 'max')—360,
'min',get (h.FirstOrderSlider, 'min')—-360,
'val',get (h.FirstOrderSlider, 'val')—360)
FirstOrderSlider_Callback (h.FirstOrderSlider)

end
function FirstOrderDsp_Callback (source,event)
val = str2num(get (source, 'string'));

if ~isempty(val)
set (source, 'val',val)
set (h.FirstOrderSlider, 'max', (ceil ((val—180)/360)+0.5)*360,
'min', (ceil ((val—180)/360)—0.5) %360, 'val',val)
FirstOrderSlider_Callback (h.FirstOrderSlider)

end
end
function ZeroFill_Callback (source, event)
val = get (source, 'string');
if strcmp(val (end), 'k")
val = 1024xround(str2num(val (l:end—1)));
else
val = round(str2num(val));
end
if ~isempty(val)
spec.zerofill (options.dimension) = val(l);
end

set (source, 'val', spec.zerofill (1),
'string',num2str (spec.zerofill (options.dimension)))
PlotPhase () ;
end
General functions
function PlotPhase (source, eventdata)
axes (h.RealAxes)
i = get (h.ChooseSpecNum, 'val');
if options.dimension ==
if isempty (spec.peaklist)
plot (spec.f{options.dimension}/1E3,

real (spec.spec (i, :)) /max (abs (real (spec.spec (i, :)))), 'b")
else
plot (spec.f{options.dimension}/1E3,
real (spec.spec (i, :))/max (abs (real (spec.spec(i, :)))),'b",
spec.peaklist/1E3, repmat (0, size (spec.peaklist)), 'r.")
end
else
if isempty (spec.peaklist)
plot (spec.f{options.dimension}/1E3,
real (spec.spec(:,1))/max (abs (real (spec.spec(:,1)))),'b")
else
plot (spec.f{options.dimension}/1E3,
real (spec.spec(:,1)) /max (abs (real (spec.spec(:,1)))), 'b',
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spec.peaklist/1E3, repmat (0, size (spec.peaklist)), 'r.")
end
end
title('real (Spectrum) ')
xlabel ('Frequency [kHz]")
set (h.RealAxes, 'xdir', 'reverse', "ytick',0)
axes (h.ImagAxes)
if options.dimension ==
plot (spec.f{options.dimension}/1E3,

imag (spec.spec(i, :)) /max (abs (imag(spec.spec (i, :)))), 'b")
else
plot (spec.f{options.dimension}/1E3,
imag (spec.spec(:,1)) /max (abs (imag(spec.spec(:,1)))), 'b")
end

title('imag (Spectrum) ')
xlabel ('Frequency [kHz]")
set (h.ImagAxes, 'xdir', 'reverse', 'ytick',0)

end

end
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B.6 Linebroadening GUI

Time [ms] Show FID

imag(FID) 2 | 1

----------

---------

Time [ms]
gaussian »~ LB 20

Figure B.2: Line broadening GUI.

This program creates a GUI for adjusting the line broadening of a spectrum (see
Figure B.2). The top window shows the real part of the FID, the bottom window
shows the imaginary part. The unbroadened FID is shown in blue, the broadened
one in red and the envelope of the broadening function is shown as black dotted
lines. The various line broadening functions can be selected from the drop down
list at the bottom (the list is populated using A11Types from the 1b class file and
is hence always up to date). As before, the GUI is designed to work with multi-
dimensional data; the desired spectrum can be selected by typing the required
number into the “Show FID” box, and the line broadening GUI for the indirect
dimension of a 2D data set a can be called via a.ShowLB ('dimension', 2).

function MyLineBroadeningGUI (spec,varargin)
%% Sanity Check
options = struct('dimension',1l); % Structure with default options
if nargin < 1
%% No input
error ('Input required!")
elseif nargin > 1
%% Options
if isstruct (varargin{l})
fields = fieldnames (varargin{l});
for 1 = l:numel (fields)
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options. (fields{i}) = varargin{l}. (fields{i});
end
varargin(l) = []1;
end
if mod(numel (varargin),2) == 0
for 1 = 1l:numel (varargin)/2
options. (varargin{2xi—1}) = varargin{2xi};
end
else
error ('Too much information you numbskull!")
end
end
if numel (spec.LBFigure) < options.dimension
spec.LBFigure = [spec.LBFigure
nan (1, options.dimension—numel (spec.LBFigure))];
end

if ~isa(spec, 'FID'")

%% Never trust user input!

error (['Input class must be FID, was ' class(spec) '.'])
end

%% figure
if isnan(spec.LBFigure (options.dimension))
f = figure('Visible', 'off', 'Position',[128,512,512,384],
'menubar', 'none', 'name', ['LineBroadening ('

int2str (options.dimension) ') '], 'numbertitle','off',
'toolbar', 'figure', 'CloseRequestFcn',@my_closefcn);
spec.LBFigure (options.dimension) = £;
else
f=spec.LBFigure (options.dimension) ;
figure (f)
clf

set (f, 'Visible', 'off'"', 'Position', [128,512,512,384],
'menubar', 'none', 'name', ['LineBroadening ('
int2str (options.dimension) ') '], 'numbertitle','off',
'toolbar', 'figure', 'CloseRequestFcn',@my_closefcn);
end
bgcol = get(gcf, "color');

o\

% Axes

h.RealAxes=axes ('units', 'pixels', 'position', [50,240,370,10071);

h.ImagAxes=axes ('units', 'pixels', 'position', [50, 80,370,1001]);

linkaxes ([h.RealAxes h.ImagAxes], 'x');

%% Fid Chooser

h.Choosetxt=uicontrol ('style', 'text', 'position',b [440,200,60,15],
'string', 'Show FID', 'BackgroundColor',bgcol);

h.ChooseFidNum=uicontrol ('style', 'edit', 'position', [470,180,30,15],
'string','1l', 'val',l, 'BackgroundColor',[1l 1 17,
'CallBack', {Q@ChooseFidNum_Callback}) ;

h.ChsFidNumLbl=uicontrol ('style', "text', 'position', [440,180,30,15],

'string', '#', 'BackgroundColor',bgcol);
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)

% Line Broadening
AllTypes = spec.lb(options.dimension) .Al11Types;
[TF LOC]=ismember (spec.lb (options.dimension) .type,AllTypes) ;
h.Chooselb = uicontrol ('Style', 'popupmenu', 'String',AllTypes,
'units', 'pixels', 'Position',[50,15,100,20], 'wvalue', LOC,
'BackgroundColor', [1 1 1], 'Callback', {@ChooseLb_Callback});
h.ChselbTxt=uicontrol ('style', 'text', 'position',[160,10,20,20],
'string', 'LB', 'visible', 'on 'BackgroundColor',bgcol);
h.ChselbVal=uicontrol ('style', 'edit', 'position', [185,15,30,20],
'string',num2str (spec.lb (options.dimension) .widthx*
spec.sw(options.dimension), '%$.0£f"),
'val', spec.lb(options.dimension) .widthxspec.sw(options.dimension),
'Background', [1 1 1], 'wvisible', 'on
'CallBack', {@ChseLbVal_Callback});
h.ChseGbTxt=uicontrol ('style', "text', 'position', [220,10,20,20],
'string', 'GB', 'visible','off' , 'BackgroundColor',bgcol);
h.ChseGbVal=uicontrol ('style', 'edit', 'position', [245,15,30,20],
'string','10', 'val',10, 'Background',[1 1 1], 'visible','off'
, 'CallBack', {@ChseGbVal_Callback});

)

|l
4

set (cell2mat (struct2cell (h)), 'units’', '"normalized")

PlotLB ()

listener = addlistener (spec.lb(options.dimension), 'ChangelLB',@PlotLB);
set (£, 'visible', 'on")

%% Callback functions
function Chooselb_Callback (source, eventdata)

I = get (source, 'value');
spec.lb (options.dimension) .type = AllTypes{I};
end

function ChooseFidNum_Callback (source, eventdata)
val=get (source, 'string');
val=str2num(val) ;
if ~isempty(val)

val = round(val);
switch options.dimension
case 1
if val < spec.n(2) && val > 1
set (source, 'val',val);
end
case 2
if val < spec.n(l) && val > 1
set (source, 'val',val);
end
end
end
set (source, 'string',num2str (get (source, 'val'), '%1i'"));
PlotLB()

end
function ChselbVal_Callback (source, eventdata)
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val=get (source, 'string');
val=str2num(val) ;
if ~isempty(val)

set (source, 'val',val);

spec.lb (options.dimension) .width = val/spec.sw(options

end
set (source, 'string',num2str (get (source, 'val'), 'S.
end
function my_closefcn (source, eventdata)
spec.LBFigure = [];
delete (listener);
delete (gct)
end

%% General functions
function PlotLB (source,eventdata)
axes (h.RealAxes)
i = get (h.ChooseFidNum, 'val');
if options.dimension ==
plot (spec.t{options.dimension}*1E3,

.dimension) ;

real (spec.fid (i, :)) /max (abs (real (spec.fid(i,:)))), 'b',

spec.t{options.dimension}*1E3,

spec.lb (options.dimension) .broaden (ones (
spec.n (options.dimension), 1)), 'k:",
spec.t{options.dimension}*1E3,

—spec.lb (options.dimension) .broaden (ones (
spec.n(options.dimension), 1)), 'k:",
spec.t{options.dimension}*1E3,

real (spec.broaden (i, :)) /max (abs (real (spec.broaden (i, :)))),'r")

else

plot (spec.t{options.dimension}*1E3,

real (spec.fid(:,1)) /max (abs (real (spec.fid(:,1)))), 'b"',
spec.t{options.dimension}*1E3,
spec.lb (options.dimension) .broaden (ones (
spec.n (options.dimension), 1)), 'k:",
spec.t{options.dimension}*1E3,
—spec.lb (options.dimension) .broaden (ones (
spec.n(options.dimension), 1)), 'k:",
spec.t{options.dimension}*1E3,
real (spec.broaden(:,1)) /max (abs (real (spec.broaden(:,1i)))),'r")

end
title('real (FID) ")
xlabel ('Time [ms]'
axes (h.ImagAxes)
if options.dimension ==

)

plot (spec.t{options.dimension}*1E3,

imag (spec.fid (i, :)) /max (abs (imag(spec.fid(i,:)))), 'b',

spec.t{options.dimension}*1E3,

spec.lb (options.dimension) .broaden (ones (
spec.n(options.dimension), 1)), 'k:",
spec.t{options.dimension}*1E3,
—spec.lb(options.dimension) .broaden (ones (
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spec.n(options.dimension), 1)), 'k:",
spec.t{options.dimension}*1E3,

imag (spec.broaden (i,

else

1)) /max (abs (imag (spec.broaden (i,

plot (spec.t{options.dimension}*1E3,
imag (spec.fid(:, 1)) /max (abs (imag (spec.fid(:,1)))), 'b",
spec.t{options.dimension}*1E3,
spec.lb (options.dimension) .broaden (ones (
spec.n (options.dimension), 1)), 'k:",
spec.t{options.dimension}*1E3,
—spec.lb (options.dimension) .broaden (ones (
spec.n(options.dimension), 1)), 'k:",
spec.t{options.dimension}*1E3,

imag (spec.broaden(:,1)) /max (abs (imag (spec.broaden(:,1i)))),

end

title('imag (FID) '

xlabel ('Time
end
end

[ms]

)

)
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C CASTEP

CASTEP calculations require two input files. The first is the *.cell file, which con-
tains parameters relating to the unit cell, e.g. the lattice parameters and the atom
positions within the unit cell. An example is shown in Section C.1. The other file
is the *.param file which describes the calculations to be undertaken. Section C.2
shows a typical *.param file for a geometry optimisation, while Section C.3 con-
tains typical values for the calculation of chemical shift parameters. For the data
presented in this thesis, multiple calculations were performed: first a geometry
optimisation of only the hydrogen atoms was performed, and then a geometry op-
timisation of the whole molecule (both with fixed lattice parameters). Finally, the
NMR parameters for the fully relaxed unit cell were calculated.

C.1 Cellfile

$BLOCK LATTICE_ABC

12.523000 7.868000 12.874000
90.000000 95.199997 90.000000
$ENDBLOCK LATTICE_ABC

$BLOCK POSITIONS_FRAC

H 0.472145 0.993601 0.394113
H 0.527855 0.006399 0.605887
F 0.975100 0.533500 0.342600
F 0.024900 0.466500 0.657400

$ENDBLOCK POSITIONS_FRAC
KPOINTS_MP_SPACING 0.02
FIX_ALL_CELL : TRUE
FIX_COM : FALSE
SYMMETRY_GENERATE

SNAP_TO_SYMMETRY
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C.2 Parameter file (geometry optimisation)

comment : Test Geometry Optimisation for Flufenamic Acid
task : GeometryOptimization

xc_functional : PBE

opt_strategy : Speed

basis_precision : extreme

fix_occupancy : true

metals_method : dm

geom_method : BFGS

geom_max_iter : 120

MAX_SCF_CYCLES: 60

C.3 Parameter file (NMR)

comment : Get NMR shielding values for Fulfenamic Acid
task : MagRes
xc_functional : PBE

max_scf_cycles : 60
opt_strategy : Speed
basis_precision : extreme
fix_occupancy : true

metals_method : dm
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