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Scope of this thesis

This thesis covers my work on three research topics during my time as an interdisci-
plinary PhD student at the Institute for Molecules and Materials (IMM) in Nijmegen. I
was part of two collaborations between the research group of molecular and biophysics,
and both solid-state NMR and theoretical chemistry. The common factor between the
topics is the development and use of computational methods for spectroscopy, while
the range covers: experiment optimisation, data analysis, and actual prediction of
experimental results.

This thesis is structured in a modular fashion: introduction to the subject, followed
by the relevant paper(s). The first two topics are from the field of solid-state NMR
and involve the heuristic computational approach hinted to in the title of this thesis.
Both topics have in common that evolutionary algorithms are used for either, on-
spectrometer optimisation of radio-frequency homonuclear decoupling pulse shapes, or
to find the interaction parameters that provide the best match between simulation and
experimental quadrupolar NMR data. These (heuristic) algorithms are a tool (not the
goall) to obtain the optimal solution by trial-and-error learning.

The third topic is from the field of molecular spectroscopy, where the influence
of atomic collisions on the absorption of light by an oxygen molecule is theoretically
studied and compared to experiment. The theory uses first principles to describe the
physics, which means that only the fundamental constants and laws of physics are used.
It therefore leads to a deterministic (one straightforward way) approach to compute
the result and actually predict the experimental outcome. Hence the second part of
my title is explained. The author wishes the reader a pleasant reading of his thesis.
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CHAPTER 1

Nuclear spin interaction engineering in solid-state NMR:
Manipulation in Euclidian and spin space

They make ten thousands of revolutions per second and are exposed to precisely
tailored radio frequency (rf) pulse shapes. It is the daily routine for solid state
materials during NMR (nuclear magnetic resonance) experiments in the Goudsmit-
pavilion in Nijmegen. Measuring nuclear spin magnetisation provides information
about structure and dynamics at the molecular level. Nuclear spins, however, interact
in several ways with their surroundings. In this chapter | will show how spin systems
can be manipulated in such a way, that only the contributions of specific interactions
with the spin’s surrounding become visible.

translated and adapted from: Ned. Tijdschr. Natuurkd. 78 (2012) 152-155

1.1 Solid-state NMR for protons

When it comes to both signal strength and abundance, the proton (the hydrogen
nucleus) is the favourite NMR nucleus. A proton in a magnetic field has two quantum
states, spin up and spin down. With increasing field strength the relative population
of the up state increases, which we observe in the laboratory as a small magnetisation
of the solid state material along the field.



Chapter 1: Nuclear spin interaction engineering in solid-state NMR

With NMR we measure the magnetisation behaviour in time after the application
of an rf-field pulse. During the rf-pulse, up and down states form a collective quantum
superposition state with a small net nuclear spin correlation; in a classical picture
this can be imagined as a partial alignment of the nuclear spins. This is called the
excitation of coherence. In the laboratory we measure after the pulse a rotating, more
accurately a precessing, magnetisation around the magnetic field that continues for
(milli) seconds. During that time the collective quantum superposition state persists!

The main point is that the frequency of precession is equal to the energy difference
between the up and down state divided by Planck’s constant. The influence of the
molecular surroundings on the proton changes the energies of the states. Determination
of the individual precession frequencies in the overall magnetisation precession, directly
provides information about the chemical environment of the protons.

With chemical environment we mean the electron density of the hydrogen atom
and the influence of other nuclear spins in the vicinity. Figure 1.1 provides an example
of glycine in the solid state. The protons in the (white coloured) hydrogen atoms
interact with the electron density of the atom, which is indirectly influenced by the
chemical bonds. In figure 1.1 the inter-molecular proton-proton (magnetic dipole-
dipole) interactions are indicated with dotted lines. To keep a clear illustration, the
intra-molecular proton-proton interactions are not indicated.

Figure 1.1: A crystal structure of the amino acid glycine (white=hydrogen, red=oxygen,
blue=nitrogen, black=carbon) from the Cambridge Structural Database. The dotted lines
indicate several inter-molecular proton-proton interactions. Intra-molecular proton-proton
interactions are not shown.

Due to the relatively low sensitivity of the NMR technique, there has to be suffi-



Section 1.1: Solid-state NMR for protons

cient material to measure enough signal. Solid-state NMR experiments are regularly
performed on powders, which are relatively easily obtained in large enough quantities.
Here we use glycine as a model system for proton-proton interactions, due to the very
strong intra-molecular interaction between the CHs protons, see figure 1.1.

Figure 1.2: (a) Spectrum of glycine in powdered form, the magnetisation precession is
measured directly after an rf-pulse. We use a ppm scale to report the position of the peaks
independent of the strength of the magnetic field. The precession frequencies scale directly
with the magnetic field strength. (b) Same measurement as in (a) but now the material is
spinning at 12,500 revolutions per second at the magic angle. (c¢) Experiment (b) with an
optimised rf-pulse shape between the signal acquisition events. The differences in electronic
structure surroundings of the protons now become visible.

A measurement of the magnetisation behaviour of glycine in powdered form results
in a broad spectrum of precession frequencies, as is shown in figure 1.2(a). This is
caused by the angular dependence of the proton-proton interactions, a number of which
are indicated with dotted lines in figure 1.1. The energy difference of the up and down
states depends on the angle of the inter-nuclear vector with respect to the external
magnetic field. In a powder all orientations are present, so there is a broad range of
precession frequencies. The spectrum in figure 1.2(a) does not have any characteristics
that provide information about the molecular structure.
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1.2 Interaction engineering

Proton-proton interactions (couplings) thus dominate the measured spectra. The ty-
pical time scales of NMR, however, allow to manipulate the spin system in such a way
that the couplings effectively disappear. As the subtitle of this chapter suggests, we
can manipulate both in Euclidean (x,y,z) and nuclear spin (particle states) space. In
the first case we physically rotate the material and in the second we use rf-pulses, see
figure 1.3.

Nuclear spins are ideal molecular spectators, their states do not change radically
by normal chemical and physical processes, and they provide information about the
local surroundings at the molecular level. Solid-state NMR is therefore a very useful
technique to study materials with for example: disordered structure, proton exchange
processes, slowly progressing chemical reactions etc.

Coherences that are created, survive for (milli) seconds. This provides enough op-
portunities for electronics to perform measurements and manipulations. The precession
frequency of a proton in a typical 11.7 Tesla magnetic field is 500 MegaHertz. When
this proton is magnetically coupled to a neighbouring proton, this frequency can change
maximally about 30 kiloHertz. Because the rf-field has a frequency close to the 500
MegaHertz frequency, the coupled proton sees a rotating rf-field of (maximally) 30 kHz.
To effectively manipulate the coupled proton, we have to perform our manipulations
within a precession (about 30 microseconds).

This time scale is easily covered by electronics. The shaping of rf-pulses and mag-
netisation detection in current state-of-the-art NMR spectrometers is possible with
respectively 0.2 and 0.125 microseconds. The maximum for mechanical rotation cur-
rently lies at a stunning 110,000 revolutions per second!

1.3 Decoupling by rotating the material

The most important dipole-dipole interaction-energy term is proportional to

FEgip.aip. o< (3cos? 6 — 1)

6 is the angle between the inter-nuclear vectors (dotted lines in figure 1.1) and the
external magnetic field. By fast rotation of a material containing protons, the positions
of the protons change so quickly, that on average the proton-proton interactions appear
to only act along the axis of rotation.

At the magic angle §=54.74° the interaction energy given in the boxed equation
above is zero; at this angle the dipoles do not experience each others field. In NMR

4



Section 1.4: Decoupling using rf-pulses

experiments on solids, the materials are often spun at this angle, see figure 1.3, in order
to minimise the proton-proton interactions. See figure 1.2(b) to see the influence of
magic angle spinning on the spectrum of glycine.

We can now differentiate NMR of solids from NMR of liquids. In liquids, e.g.,
glycine dissolved in water, molecules can move freely among each other and rotate
around their own axes. The dipole-dipole interaction is therefore a less important
interaction in the field of liquid state NMR, (except for large molecules). Unfortunately,
dissolving solid state materials is not the way to study the molecular structure of the
solid state.

Figure 1.3: Tllustration of a material spinner in the rf coil. The spinner contains the material
under study and is powered by an air stream. The whole system is at the magic angle with
respect to the magnetic field B.

1.4 Decoupling using rf-pulses

The use of rf-pulses for effectively removing proton-proton couplings is conceptually
challenging. With coupling we mean quantum states that interact with each other.
In our case this means the up and down states of two or more protons, that have a
magnetic dipole-dipole interaction.

When two protons are close in space, the energies of the up and down states change,
and so do the precession frequencies. Additionally, the states also start a sort of flip-flop
motion; when the spin of one proton flips, the same happens to the other proton, but
in the opposite direction so that the energy is conserved. To simplify the explanation
we change one of the two protons for a fluorine-19 nucleus. Due to the difference in
precession frequencies of the two nuclei, the flip-flop motion does not happen here.
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The most simple experiment to decouple the proton and fluorine states consists of
the application of a constant rf-field resonant with the fluorine nuclear spin. The up
and down states of the fluorine nucleus will now rapidly alternate and the proton will
effectively experience no difference between the fluorine states. By measuring at the
proton frequency, the decoupling rf-field is not resonant with the proton resonance, we
obtain the signal of a proton without interaction with the fluorine.

If we consider the system of two coupled protons, the decoupling approach men-
tioned above does not work. A resonant rf-field will make both protons rapidly alternate
between up and down states, so they will appear to stand still with respect to each
other. Additionally, there is the flip-flop motion of the coupled protons with equal
transition frequencies. A suitable rf-field decoupling should therefore be capable of
destructively interfering the flip-flop and up/down alternation mechanism. This will
either require several rf-pulses or a shaped pulse.

Furthermore, in contrast to the previous experiment, the measurement of the proton
precession cannot be done at a frequency that differs much from the rf-field frequency.
With this in mind, proton-proton decoupling experiments involve measuring between
the rf-pulses. When decoupling is efficient, the magnetisation will behave as though
there are no proton-proton couplings.

1.5 Real-time pulse optimisation

The description in the previous sections was focused on isolated proton-proton spin
systems. In practice protons form a strongly coupled network, as illustrated in figure
1.1. This means the proton precession frequencies are distributed over a broad range,
so either magic angle spinning or pulse sequences are not effective enough. Therefore
in the state-of-the-art experiments, mechanical rotation is combined with rf-pulses.

The subject of the next chapter is the on-spectrometer optimisation of the rf-pulse
shape for this type of experiment. Every measurement of the spectrum of glycine is
carried out with a different pulse shape. An evolutionary algorithm (EA) is used to
vary the parameters that determine this shape. Figure 1.4 visualises how complicated
such a pulse shape can become.

The use of an EA for our purpose has several advantages. EA’s optimise a popula-
tion of trial solutions, which makes it less likely for the algorithm to get trapped in a
local optimum, since the information of the entire population is used to generate the
next population. EA’s can handle a large number of parameters. Furthermore, the
only application-specific information needed by the algorithm is a figure of merit for
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the quality of the trial solutions. This allows the application to function as a black
box.

The result of the approach elaborated on in the next chapter, and the gain of the
combined mechanical rotation and the new rf-pulse shape is illustrated in figure 1.2.
Moving from the spectrum of figure 1.2(a), via 1.2(b) to 1.2(c), shows an impressive
gain in spectral resolution. The result in figure 1.2(c) shows peaks that correspond to
the different electronic structure surroundings of the protons in glycine.

Figure 1.4: Visualisation of a typical rf-pulse shape for the experiments on glycine in the
next chapter. Figure 1.3 provides an illustration of a coil that is used to generate such a
pulse. The change of the rf-field in time is presented in the rotating frame of the proton. The
pulse has a constant amplitude and changing phase.

1.6 Answers and perspectives

In the next chapter a detailed explanation is given of the on-spectrometer optimisation
of decoupling pulse-shapes with the use of EA’s. Our approach uses as many degrees
of freedom as the number of parameters chosen for the pulse shape. This freedom
is used to try and answer a research question that was still unanswered in this field
of research, namely Does proton-proton decoupling at very high rf-field work (more)
efficiently? For the particular case of couplings between different nuclear species,
for example the fluorine-proton coupling mentioned above, this is known to be true.
Experiments will be performed at very high rf-fields that are a factor of 3 or 4 stronger
than achievable in conventional NMR setups [2].






CHAPTER 2

EASY-GOING DUMBO on-spectrometer optimisation of
phase-modulated homonuclear decoupling sequences in

solid-state NMR

A one-step many-parameter optimisation scheme for phase-modulated proton homo-
nuclear decoupling sequences in solid-state NMR is presented. Phase-modulations,
parameterised by DUMBO Fourier coefficients, were optimized using a Covariance
Matrix Adaptation Evolution Strategies algorithm. Our method, denoted EASY-
GOING DUMBO, starts with featureless spectra and optimises proton-proton de-
coupling, during either proton or carbon signal detection. Optimisations at moder-
ate magic angle spinning (MAS) frequencies and medium radio-frequency (rf) field
strengths resulted in solutions closely resembling (e)DUMBO. Application of EASY-
GOING DUMBO for optimisation at very high 680 kHz rf field strength, 12.5 kHz
MAS on a 400 MHz NMR spectrometer resulted in a new solution, with competi-
tively resolved proton spectra.

adapted from Chem. Phys. Lett. 509 (2011) 186-191

2.1 Introduction

Research on proton homonuclear decoupling in solid state NMR has been receiving
considerable attention in the last decade. Contemporary state of the art techniques
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are the Combined Rotation And Multiple Pulse Sequence (CRAMPS) methods [3].
These techniques rely on the shaping of radio-frequency (rf) pulses and the interplay
between rf cycle and magic angle spinning (MAS) frequencies. This is, considering
the capabilities of contemporary NMR spectrometers, a large parameter space. Two
categories of approaches to find efficient homonuclear decoupling sequences can be dis-
tinguished. The first category can be considered as the ’bottom-up’ approach; starting
from the theoretical description of the direct dipole-dipole interaction, an averaging
scheme is developed. Typical examples are : FSLG [4, 5, 6], PMLG [7, 8, 9] and RN/
[10] sequences. These methods are effective as well as insightful in understanding the
process of averaging homonuclear couplings. Their performance for large spin systems
and non-ideal rf pulses is, however, difficult to model.

To the second category belong the 'top-down’ approaches. These subject the spin
system, by numerical simulations (in silico) or experimentally (on-spectrometer), to
a large variety of pulse shapes to optimise the decoupling efficiency. This encom-
passes the area of optimal control [11], and the method of greatest relevance to this
paper, (¢)DUMBO (decoupling using mind-boggling optimisation) [12, 13]. DUMBO
is the in silico optimisation of phase-modulated homonuclear decoupling pulse shapes,
by simulating the response of a coupled homonuclear two-spin system for a range in
dipole-dipole couplings and rf field strengths. The DUMBO method produced a pulse
shape whose effectiveness competes with and often outperforms the other methods
mentioned above. Unfortunately, understanding the exact mechanism behind the re-
sulting phase-modulation is not trivial, as can be expected from a "top-down’ method.
DUMBO also has its on-spectrometer implementation named e(xperimental) DUMBO
[14], which takes the DUMBO pulse shape as the initial point for a local optimisation,
driven by a simplex algorithm. An important advantage of this approach is that the
actual spectrometer performance is inherently taken into account. Recently a new ver-
sion of eDUMBO, named eDUMBO-PLUS [15], was reported for use in the ultra fast
MAS regime. Here initial points for local optimisation were found experimentally by
a randomised search for well performing phase-modulations.

In this paper we report a method that simplifies eDUMBO by making the optimisa-
tion possible in a single step. We explored the use of a Covariance Matrix Adaptation
Evolution Strategies (CMA-ES) algorithm [16] (an evolutionary algorithm), known as
a robust many-parameter optimiser, for on-spectrometer optimisation. We report our
success in reaching convergence in the whole twelve-parameter space spanned by the
DUMBO parameterisation. After optimisation, starting from featureless spectra, we
confirm the optimal performance of the (e)DUMBO pulse shapes, thereby benchmark-
ing our approach for future work. We chose the adjective EASY-GOING (Evolutionary

10



Section 2.2: Materials and methods

Algorithms Serving Your Global Optimisation Improvement Needs Gladly), which em-
phasises the use of evolutionary algorithms which have a broad range of applications.
The current application is therefore denoted EASY-GOING DUMBO (EGD).

To determine the agreement of the experimental results with theory, we simulated
the experiments for the optimised phase-modulations. The outcomes show that in the
current regime of moderate spinning speed and medium rf field strength theory agrees
well for these complex pulse shapes. We conclude this paper by presenting our first
results for EGD decoupling at very high rf field strengths. To achieve this field strength
we used a recently presented micro-magic-angle spinning (uMAS) probehead for ap-
plication in high-resolution proton solid-state NMR of nanoliter sample volumes [2].
Although this probehead allows the generation of proton rf field strengths of 800 kHz
with about 10 W of rf power, we found that the optimal proton spectral resolution is
achieved at medium rf field strength when using FSLG and (¢)DUMBO. We attributed
this effect to rf phase transients that scale with the 1f field strength [17]. In this paper
we show that our EGD approach obtains a pulse sequence that achieves a competitively
resolved proton spectrum at very high rf fields.

2.2 Materials and methods

2.2.1 Experiment

'H and '3C spectra were recorded on a 300 MHz (7.1 T) Varian NMR spectrometer
with VNMRS console and a Bruker 2.5 mm double resonance probe tuned to 300.1
and 75.8 MHz, respectively. The samples were spun at 12.5kHz in 2.5 mm ZrO, spin-
ners. [a-'3C,'"N] alanine and ['*N] glycine samples were purchased from Sigma-Aldrich
and used without further purification. The samples were restricted to volumes of ap-
proximately 11 uL, so that they reside well within the coil and rf inhomogeneity effects
are limited. Experiments reported at very high rf field strength were performed in a re-
cently presented p-MAS probehead [2]. We performed these experiments on a 400 MHz
(9.4'T) Varian spectrometer under 12.5 kHz MAS, additional settings are shown in ta-
ble 2.1. Glycine was held in a fused-silica sample container with an outer diameter of
400 gm and an inner diameter of 320 um with a sample volume of 70 nL.

Figure 2.1(a) shows the pulse sequence to obtain J-resolved *C spectra. For every
new experiment, during the EGD optimisation, a new phase-modulated pulse shape
is applied while the carbon signal is detected. These experiments were performed on
the [a-'3C,'®N] alanine sample, because efficient proton-proton decoupling of alanine’s
a-3CH proton, reveals a doublet caused by the Joy-coupling with the a-carbon. We
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used four scans per experiment, and set the length of a phase-modulation block 7.,
determining the rf cycle time 7., to correspond to a 67 pulse. Acquisition on the
carbon channel was synchronised with this cycle time. Further experimental settings
are shown in the first row of table 2.1.

Te=Tpmb | n

1 v
'H {gE H A3

(a) (b)

Figure 2.1: (a) Two-channel pulse sequence for assessing the proton homonuclear decoup-
ling performance via carbon detection. The experiment consists of cross polarisation followed
by continuous phase-modulation on the proton and acquisition on the carbon channel. The
first row in table 2.1 displays settings for the performed carbon detection experiments on
the [a-13C,5N] alanine sample. (b) Single channel pulse sequence employing proton homonu-
clear decoupling alternated with detection in inserted intervals (windows). @ indicates super
cycling with alternating [0, 7] phase. The second and third row in table 2.1 show the exper-
imental settings for the reported proton detection experiments on the [°N]glycine sample.

Figure 2.1(b) illustrates the pulse sequence for obtaining high-resolution directly
detected 'H spectra. The homonuclear decoupling phase-modulation is applied be-
tween the detection windows. This experiment was carried out on glycine. Efficient
decoupling will resolve the two lines of the strongly coupled a-CH, protons, each with
a different chemical shift, making it a reliable indicator of decoupling efficiency. Ex-
perimental settings are shown in the second and third row of table 2.1. We used four
scans per experiment and define the rf cycle time as the sum of the pulse and detection
window durations 7. = Tpmp + Twin-

During the experiment, the phase-modulation is super cycled to create a z-rotation
homonuclear decoupling sequence in order to remove zero-frequency contributions from
the spectrum without having to optimise an additional pre-pulse prior to the homo-
nuclear decoupling sequence [18]. The orientation of the effective field during the
homonuclear decoupling sequence determines the optimal choice of the phase and flip-
angle of this pre-pulse to rotate the longitudinal proton magnetisation into a plane
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that is perpendicular to the effective field resulting in an artifact-free spectrum [18].
This results in a higher scaling factor for the isotropic chemical shift compared to a
super cycled sequence, for example DUMBO-1 has a theoretical scaling factor of 0.52
[12], whereas in the super cycled version this reduces to 0.41. However, we chose
super cycling to guarantee spectra without artifacts, since the effective field of the
homonuclear decoupling sequence is changing during the optimisation of the DUMBO
Fourier coefficients, and hence would in principle require to adjust the pre-pulse in each
iteration.

The scaling factor of the chemical shift was determined experimentally, as described
in [2]. A series of two-dimensional proton spectra were taken as a function of the rf-field
offset. In these experiments, the homonuclear decoupling sequence from figure 2.1(b)
is applied during the ¢; evolution, while the proton signal is 