
19F Dynamic Nuclear Polarisation

Towards a novel method for studies of protein

dynamics

by

Antonio Gennaro

Thesis submitted to the University of Nottingham

for the degree of

Doctor of Philosophy

June 2019



Abstract

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique capa-

ble of reporting on the structure of molecules and has numerous applications in

chemistry, biophysics and medicine. It is based on probing transitions between

energy levels formed by non-zero spins placed in a static magnetic field.

Nuclei of 19F, due to their high natural abundance and large gyromagnetic ratio,

are perfectly suitable for NMR spectroscopy, and they can be used for studying

structure and dynamics of large and small biomolecules.

However, one of the NMR significant limitations is a relatively low sensitivity, that

entails the need of large amounts of studied material, or the averaging of many

experimental results, that compromises the time resolution of the experiment. For

example, typical solution NMR samples require few millimolars of measured sub-

stance in 2−3 ml volume, which is a rather large amount of material. However, in

many practical cases the amount available is much lower than that. In particular,

in ligand binding experiments and studies of enzymatic reactions and other kinetic

processes, tracking molecules at micromolar concentration could be required. For

these reasons, significant efforts in the magnetic resonance community are directed

towards solving this problem of sensitivity.

One of the approaches for increasing NMR signals is to use Dynamic Nuclear Polar-

isation (DNP), which is a process of transferring large polarisation of electron spins

onto nearby nuclei via irradiation of electron energy transitions. Such a process is

usually most effective at cryogenic temperatures, while NMR is most informative

at ambient temperatures in solution. In their seminal work, Ardenkjaer-Larsen

et al. [1] have demonstrated that after polarisation of nuclei at low temperatures

the sample can be dissolved and measured in a conventional NMR system at room

temperature. This approach leads to a rapid development of such dissolution DNP
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systems primarily targeted towards studies of metabolites in living organisms, but

also for studies of enzymatic and chemical reaction kinetics.

The overarching goal of this work is to develop a methodology for studies of

protein folding kinetics using dissolution DNP when 19F labels are added to the

protein. 19F-containing labels have previously been widely used for reporting on

protein folding. The big advantages in using fluorinated compounds is the large

19F chemical shift dispersion, that leads to well-resolved peaks in the NMR spectra.

Moreover, the absence of 19F background signals offers “clean” spectra compared

to the ones obtained by observing at other nuclei like 1H or 13C. However, it

remains difficult to perform dissolution DNP on 19F due to its short longitudinal

relaxation time constant. In conventional dissolution DNP setups, the hyperpo-

larisation achieved would be lost between the dissolution and NMR acquisition

processes, as the dead time in between these two processes is usually longer than

the 19F relaxation time.

However, the dual iso-centre magnet at the University of Nottingham features a

short dead time of 300 ms between the dissolution and sample transferring for

NMR measurements. Such a short dead time opens an opportunity to explore the

fast kinetic processes such as ligand binding and protein folding kinetics, allowing

to acquire the hyperpolarised 19F NMR signal before it relaxes to thermal equi-

librium.

Chapter 1 of this work presents an introduction to NMR spectroscopy, and the

behaviour of spin 1/2 nuclei in presence of a static magnetic field is shown. An

introduction to 19F NMR is also provided, showing what the main issues related

to its sensitivity are, and how they can be overcame by means of dissolution DNP.

In Chapter 2 magnetic resonance relaxation is discussed, explaining why a per-

turbed spin ensemble in a magnetic field recovers its equilibrium status. Moreover,

the main mechanisms responsible for relaxation are shown. The theory of these

mechanisms is needed to understand some of the issues discussed in Chapters 5

and 6.
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Chapter 3 presents the theory of DNP, and the main mechanisms that allow

the polarisation transfer from electrons to nuclei are discussed, while in Chapter 4

brief introductions to the hardware and methodologies used for the experiments

shown in this work are given. The spectrometers used for solid-state studies are

presented, as well as the dual iso-centre magnet used for the dissolution DNP ex-

periments. The main pulse sequences used to acquire the NMR spectra are also

shown.

In Chapter 5, the feasibility of producing large 19F polarisation at cryogenic

temperatures by means of DNP is investigated in order to optimise the DNP en-

hancement and to establish the optimal conditions and parameters which lead

to the maximum enhancement of the 19F NMR signal. For these experiments,

the free radical TEMPO has been used. In addition, a spontaneous polarisation

transfer from hyperpolarised 1H nuclei to 19F under solid-state DNP conditions is

observed and characterised. The experiments presented in this Chapter show the

importance of the electrons in the transfer process.

In Chapter 6 the previously observed spontaneous polarisation transfer from

1H nuclei to 19F is studied in more detail. The free radical BDPA has been used

in place of TEMPO to better understand the mechanisms that lead to this po-

larisation transfer. Results of DNP experiments are also shown where, alongside

with the Solid Effect, a second DNP mechanism contributing for to the hyperpo-

larisation of 1H and 19F is observed. A quantum dynamical model is introduced

to explain these results, and simulations are performed to validate the model.

Chapter 7 presents the conclusions of this work, where a methodology for

studies of protein folding kinetics using dissolution DNP is developed. First, the

longitudinal relaxation time constants of 19F containing compounds at room tem-

perature are investigated, to show that 19F nuclei can retain the hyperpolarisation

achieved through DNP during the dead time before the NMR acquisition in a

dissolution DNP experiment.
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Later in this Chapter, solid-state experiments are performed on simple fluorinated

molecules, to optimise the 19F polarisation achieved through DNP. Finally, disso-

lution DNP experiments are performed on simple 19F-containing chemicals and,

as a proof-of-principle, a dissolution DNP experiment is performed on a sample

containing a fluorinated protein.
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Chapter 1

Introduction

In this Chapter, a brief introduction to concepts of Nuclear Magnetic Resonance

(NMR) is provided. First, the behaviour of a single spin in a magnetic field is

described. Then, an ensemble of spins is analysed, and its macroscopic properties

as a function of temperature are shown. Finally, an introduction to fluorine nuclei

is given, showing why 19F NMR is important, what the issues related to its sen-

sitivity are, and how dissolution Dynamic Nuclear Polarisation (DNP) could be a

useful tool to overcome these problems.

1.1 Concepts in Nuclear Magnetic Resonance

When a nucleus is placed in a magnetic field, its magnetic moment interacts with

the external magnetic field, forming energy levels split by the Zeeman energy [2].

Nuclear Magnetic Resonance spectroscopy is an analytical technique that takes

advantage of this nuclear behaviour to measure the energy transitions due to the

Zeeman splitting. This technique allows investigation of the physical environment

around the nucleus, and to study the interactions with other nuclei and electrons.

Several properties related to NMR provide important information on the nuclei in

a sample. For example, the electrons surrounding nuclei in a molecule shift their

resonance frequency (this phenomenon is the so-called “chemical shift”). Also, the

interaction between two or more nuclei gives rise to a splitting of the resonance

lines, where the separation of the lines reflects the strength of the interaction,

which in turn depends on the distances between the interacting nuclei.

1



1.1.1 NMR spectroscopy

Spin is an intrinsic property of a quantum particle. The spin of a particle is, among

other things, responsible for its interaction with magnetic fields. It is possible to

build an analogy with the angular momentum of a rotating object that interact

with a gravitational field. A spin placed in a time-independent magnetic field

precesses in the same way a spinning top’s symmetry axis precesses about the

gravitational field. The precession frequency of a spin in a magnetic field is called

“Larmor Frequency”, and it is defined as ωI = γB0, where B0 is the intensity of

the field and γ is the “gyromagnetic ratio”, a physical constant characteristic of

particles or nuclei of given species.

Spin behaves like a pseudo-vector, and because of the laws of quantum mechanics,

it can have only a well determined number of orientations. These orientations are

conventionally taken as projections of the spin along the z-axis, parallel to the

direction of the static magnetic field.

1.1.2 Spin 1/2 particle in a static magnetic field

All the information concerning the dynamics of a quantum particle is contained

in the Hamiltonian operator, a physical quantity that can be related to the total

energy of a particle.

For a single particle in a static magnetic field B0, the Hamiltonian operator can

be expressed by the equation

Htotal = Hfree + Hspin, (1.1)

where Hfree is a term related to the kinetic energy of the particle, and Hspin

describes the interaction of that particle with the magnetic field B0. The particle

state is represented by the wave function |ψ(t)total〉 which obeys the Schrödinger

equation:
d

dt
|ψ(t)total〉 = − i

h̄
Htotal |ψ(t)〉total . (1.2)

According to the so-called “spin Hamiltionian hypothesis” [3], it is possible to

neglect all the terms of the Hamiltonian but the spin term, by assuming that
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the spin behaviour is independent of the other terms affecting the dynamics of a

particle.

For a single particle in a static magnetic field along the z direction ( ~B = B0ẑ),

Hspin can be written as

Hspin = H0 = −γÎzh̄B0, (1.3)

where Îz is a quantum mechanical spin operator and h̄ is the reduced Planck

constant.

According to the rules of quantum mechanics, a spin S particle can have 2S + 1

possible spin eigenvalues of the Iz spin operator, denoted by mz (mz = −S, −S+

1, . . . , S − 1, S). Each one of these eigenvalues corresponds to a projection of

the spin along the z-axis. For a 1/2 spin particle, only two opposite directions

are possible, described by mz = −1/2 and mz = +1/2. These two states are

commonly known as the “spin down” state and “spin up” state respectively.

The energy of a particle related to the spin part of the Hamiltonian is therefore

proportional to the spin projection mz, the intensity of the magnetic field B0 and

the gyromagnetic ratio γ:

E = −γh̄mzB0 = −mzh̄ωI . (1.4)

Using Equation 1.4, it is easy to show that the difference in energy between two

identical spin 1/2 particles with opposite spin is equal to

∆E = γB0h̄ = h̄ωI . (1.5)

1.1.3 Ensemble of spin 1/2 particles

Since for the works presented in this thesis all studied nuclei have spin S = 1/2,

only this case will be considered.

An ensemble of spin 1/2 particles obeys the laws of thermodynamics, and the

spin population is distributed in the energy levels according to the Boltzmann

distribution:

exp

(
− E

kBT

)
. (1.6)
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In this equation, kB is the Boltzmann constant and T is the temperature of the

system.

If N is the total number of spins in the sample, the number of spins which populate

the ±1/2 energy level are

Nα = N
exp

(
− h̄ωI

2kBT

)
exp

(
h̄ωI

2kBT

)
+ exp

(
− h̄ω

2kBT

)
Nβ = N

exp
(

h̄ωI
2kBT

)
exp

(
h̄ωI

2kBT

)
+ exp

(
− h̄ω

2kBT

) .
(1.7)

Since the exponents of Equations 1.7 are very small1, it is possible to perform a

Taylor series expansion and take into account only the first order, obtaining the

equation for the “high temperature approximation”:

Nα =
N

2

(
1− h̄ωI

2kBT

)
Nβ =

N

2

(
1 +

h̄ωI
2kBT

)
,

(1.8)

At room temperature both energy levels are almost equally populated, since the

thermal energy is much larger than the energy term related to the magnetic field,

with a small population excess in the lower energy state.

The polarisation of a spin ensemble is defined as the difference in the number of

spins that populate the spin up and spin down energy levels over the total number

of spins in the ensemble:

P =
Nα −Nβ

N
= tanh

(
h̄ωI

2kBT

)
' h̄ωI

2kBT
. (1.9)

The net polarisation of the ensemble is directly proportional to the magnetic field

and indirectly proportional to the temperature. In Figure 1.1 the polarisations

of 1H, 19F and e− ensembles as functions of the temperature in a static magnetic

fields of 3.4 T are shown. The net polarisation of the electrons is ∼ 660 times

the 1H one, since it is proportional to the ratio of the gyromagnetic constants.

1Even at a very low temperature (∼ 1.5 K) in a magnetic field of 9.4 T for 1H nuclei, it is
∼ 6.4 · 10−3
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The macroscopic quantity associated with the polarisation is the “magnetisation”.
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Figure 1.1: Temperature dependence of 1H, 19F and e− polarisations in a 3.4 T

magnetic field. The “solid state” experiments described in Chapters 5 and 6 of

this thesis are carried out at 1.7 K, marked by a vertical black line in the figure.

When the ensemble is at equilibrium, its magnetisation ~M is defined as:

~M =
1

2
Nh̄γP ẑ. (1.10)

The magnetisation is therefore a vector parallel to the static magnetic field. If

the magnetisation is perturbed from its equilibrium, it will return to the starting

configuration according to the well-known Bloch Equations 1.11 [4], which describe

its dynamics. In their differential form, this set of equations is written as

dMx(t)

dt
= γ

(
~M(t) × ~B(t)

)
x
− Mx(t)

T2

dMy(t)

dt
= γ

(
~M(t) × ~B(t)

)
y
− My(t)

T2

dMz(t)

dt
= γ

(
~M(t) × ~B(t)

)
z
− Mz(t)−M0

T1

.

(1.11)

Equations 1.11 introduce relaxation as an important concept in NMR. T1, known

also as the longitudinal relaxation time constant, is the characteristic time for the

recovery of the longitudinal magnetisation Mz. T2, the transverse relaxation time,

is the characteristic time of loss of magnetisation in the x− y plane.

It can be demonstrated [2] that when the magnetisation is perturbed in a state
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~M = M0x̂, the solutions of 1.11 are given by:

Mx(t) = M0 exp

{
− t

T2

}
cos(ωIt)

My(t) = M0 exp

{
− t

T2

}
sin(ωIt)

Mz(t) = M0

[
1− exp

{
− t

T1

}] (1.12)

These equations show that the transverse magnetisation rotates with frequency ωI

around the magnetic field direction, and this frequency coincides with the Larmor

frequency of the nuclei of the spin ensemble.

Although the concept of magnetisation represents a classical and intuitive ap-

proach to spin mechanics, it is not useful for the analysis of interacting nuclei.

A formalism that describes the dynamics of an ensemble of spins in quantum

mechanics is based on the use of the density operator. In the next section this

approach is explained, since it can be used as a powerful tool to predict the spin

ensemble behaviour in presence of the more complex interactions.

1.1.4 The density operator

In quantum mechanics a single 1/2 spin particle is represented by the vector

|ψ〉 =

cα
cβ

 . (1.13)

cα and cβ are coefficients such that |cα|2 and |cβ|2 are the probabilities of that

particle to be in the eigenstate of IZ |α〉 =

1

0

 or |β〉 =

0

1

 (the “spin up” or

“spin down” states respectively). The density operator ρ is defined by the matrix

ρ = |ψ〉 〈ψ| =

cαc∗α cαc
∗
β

cβc
∗
α cβc

∗
β

 , (1.14)

and it is used to describe a system made up from a large number of spins represent-

ing a spin ensemble. The diagonal terms cαc
∗
α and cβc

∗
β are the “populations” of

the spin up and down states. At the equilibrium condition they are (cαc
∗
α)eq = Nα

N
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and (cβc
∗
β)eq =

Nβ
N

, defined in Section 1.1.3. The off-diagonal terms cαc
∗
β and

cβc
∗
α represent “coherences”, related to the transverse magnetisation of the spin

ensemble. At equilibrium there is no transverse magnetisation, and the system

has no coherence. It can be shown [3] that the amplitude of the NMR signal is

proportional to the modulus of the coherence:

A = 2iρ−(0) exp(−iΦrec) (1.15)

where ρ−(0) = cβc
∗
α(0) is the value of the coherence at the beginning of the signal

detection, while Φrec is a phase introduced in the receiver in order to detect the

signal. In other terms, whenever a coherence is present, an NMR signal can be

detected.

The time evolution of the density operator is given by the Liouville-von Neumann

equation, that describes how the Hamiltonian operator affects the density matrix.

This equation can be written in the form:

dρ

dt
= − i

h̄
[ρ,Hspin]. (1.16)

This equation is particularly useful for more complex spin systems in which several

types of quantum particles are interacting.

1.1.5 Radio frequency pulses

As stated in Section 1.1.3, at equilibrium the spin ensemble is described by the

density operator

ρeq =

Nα
N

0

0
Nβ
N

 ' 1

2

1 + h̄ωI
2kBT

0

0 1− h̄ωI
2kBT

 . (1.17)

It is useful to write the density operator in terms of spin operators:

ρeq =
1

2
1 +

1

4

h̄ωI
kBT

Iz, (1.18)

where 1 is the 2× 2 identity matrix.

The following section describes how a spin ensemble can be driven away from
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equilibrium by applying radio frequency (RF) pulses.

Consider a magnetic field ~B1 with the following properties:

1. it is orthogonal to the static magnetic field along the z-axis;

2. it oscillates at a frequency ωRF close to the Larmor frequency of the spins

in the ensemble, and has a phase Φ.

Under these conditions, this new field can be written as:

~B1(t) =
1

2
BRF [cos(ωRF t+ Φ)x̂+ sin(ωRF t+ Φ)ŷ] (1.19)

This radio frequency pulsed field introduces a new term in the spin Hamiltonian:

HRF
∼= −

∣∣∣∣12 h̄γBRF

∣∣∣∣ {cos(ωRF t+ Φ)Îx + sin(ωRF t+ Φ)Îy

}
. (1.20)

This new term is a sum of two components, one proportional to Îx and the other

to Îy. Since HRF and H0 do not commute, the spin system will be perturbed

from its equilibrium state ρeq. The evolution of the density operator is

ρ(t+ ∆t) = exp(−iHspin∆t)ρ(t) exp(iHspin∆t). (1.21)

In order to simplify the next steps, it is useful to move from the laboratory frame

of reference to a frame of reference that rotates at a frequency ωRF around the

z-axis. This is often referred to as the “rotating frame”. In this particular frame

of reference, the Hamiltonian operator changes as shown in Equation 1.22:

H0 7−→ (ωI − ωRF )h̄Îz = Ω0h̄Îz

HRF 7−→
∣∣∣∣12 h̄γBRF

∣∣∣∣ {cos(Φ)Îx + sin(Φ)Îy

}
.

(1.22)

The quantity
∣∣1

2
γBRF

∣∣ = ωnut is the “nutation frequency”, and is used to express

the intensity of the radio-frequency field.

In the rotating frame, a frequency offset Ω0 is therefore introduced, and the fre-

quency detected will be the difference between the Larmor frequency of the nuclei

in the sample and the frequency ωRF at which the frame rotates.
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If BRF acts for a time interval ∆t, the corresponding Hamiltonian term behaves

like a rotation operator, flipping the magnetisation around the direction in the

x− y plane that forms an angle Φ with the x-axis (a value Φ = 0 corresponds to

the x-axis, while a value Φ = π/2 corresponds to the y-axis). This so-called “flip

angle” β = ωnut∆t depends on the duration of the pulse and on the intensity of

the pulsed magnetic field. Figure 1.2 shows the effect of a radio-frequency pulse

on the magnetisation vector. Equation 1.21 becomes

(a) (b)

Figure 1.2: (a) Magnetisation M0 of a spin ensemble in a static magnetic field

directed along the z-axis at thermal equilibrium. (b) The effect of a β flip angle

pulse on the magnetisation.

ρ(t+ ∆t) = RΦ(β)ρ(t)RΦ(−β) (1.23)

and the rotation operator can be written as

RΦ(β) = cos

(
β

2

)
1− i sin

(
β

2

)(
cos(Φ)Îx + sin(Φ)Îy

)
=

 cos
(
β
2

)
−i sin

(
β
2

)
exp(−iΦ)

−i sin
(
β
2

)
exp(iΦ) cos

(
β
2

)
 .

(1.24)

It is easy to show that as the rotation operator RΦ(β) acts on the density operator,

as shown in Equation 1.23, it generates off-diagonal terms in the density operator,

which represent coherences and can be detected by the receiver to generate a NMR

signal.
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For example, suppose that a β flip angle pulse around the x-axis is applied to a

sample of spin 1/2 particles initially at thermal equilibrium in a static magnetic

field along the z-axis, as shown in Figure 1.3. Data acquisition begins after the

pulse. Before the RF pulse, the density operator ρ1 is equal to ρeq (Equation 1.18),

Figure 1.3: Schematic representation of a RF pulse sequence in which a NMR

signal is acquired after a β flip angle pulse. ρ1 is the density operator before and

ρ2 is the density operator after the RF pulse. The acquisition, illustrated with a

Free Induction Decay (FID) in the figure, starts after the pulse ends.

since the ensemble is at thermal equilibrium. After the pulse, the density operator

evolves according to Equation 1.23, becoming:

ρ2 = Rx(β)ρ1Rx(−β)

=
1

2

 cos
(
β
2

)
−i sin

(
β
2

)
−i sin

(
β
2

)
cos
(
β
2

)
1 + h̄ωI

2kBT
0

0 1− h̄ωI
2kBT

 cos
(
β
2

)
i sin

(
β
2

)
i sin

(
β
2

)
cos
(
β
2

)


=
1

2

1 + h̄ωI
2kBT

cos(β) i h̄ωI
2kBT

sin(β)

−i h̄ωI
2kBT

sin(β) 1− h̄ωI
2kBT

cos(β)

 .

(1.25)

According to what was previously stated, the amplitude of the NMR signal gen-

erated after the pulse is proportional to the coherence −i h̄ωI
2kBT

sin(β).

This is the simplest example for a RF pulse that generates coherences in a nuclear

ensemble. Other pulse sequences, used in the experiments shown in this thesis,
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will be described in Chapter 4.

1.2 19F NMR

Among the nuclei which have a spin quantum number, fluorine stands out for

several reasons. Fluorine is the 9th element in the periodic table. Its nucleus has

a spin quantum number of 1/2, and has a large gyromagnetic ratio (94% of 1H)

which makes its detection by NMR rather sensitive [5]. Moreover, 19F is the only

stable isotope of fluorine, and therefore it has a 100% natural abundance.

In contrast to 1H, 19F atoms contain 9 electrons, which cause a large chemical

shielding and greater sensitivity to the local environment. For these reasons,

fluorine NMR spectroscopy has a wide application range in chemistry and bio-

chemistry. Among others applications, it can be used for drug analysis through

ligand-binder interactions [6], as well as in studies of protein structure and dynam-

ics [7]. In both cases, the lack of background signals is a big advantage compared

to the crowded spectra of commonly used nuclei.

1.2.1 NMR sensitivity issue

Among other factors, the sensitivity of NMR experiments depends on the overall

magnetisation of the sample. As shown in the previous section, the magnetisation

of spin 1/2 nuclei in the high temperature approximation is given by:

|M | = Nh̄2γ2B0

4kBT
. (1.26)

This equation shows that if the temperature and the magnetic field are fixed, the

magnitude of the NMR signal is proportional to the number of nuclei in the sam-

ple. Also, the sensitivity depends on the square of the gyromagnetic ratio, so the

lower its value, the more difficult the detection of the NMR signal [8].

The great natural abundance and sensitivity of 1H makes NMR a powerful analysis

tool. However, sometimes the use of different nuclei is required: for example, the

13C isotope in pyruvate is used for in-vivo imaging because of its slow relaxation

to detect and diagnose tumours in animals and humans [9].
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Nonetheless, the small gyromagnetic ratio of 13C (∼ 1/4 of the proton one) and

natural abundance of this isotope (' 1.1%) make the detection of such signals

results difficult because of the low Signal-to-Noise Ratio (SNR). Although 19F has

a gyromagnetic ratio similar to the 1H one and its natural abundance is 100%,

other issues are related to the use of this nuclear specie in NMR. For example, in

ligand binding experiments and studies of enzymatic reactions and other kinetic

processes, tracking molecules at micromolar concentration could be required. This

also causes a low SNR since the amplitude of the NMR signal depends also on the

concentration of nuclei.

For these reasons, it is very important to overcome the sensitivity issue by en-

hancing the magnitude of the signal while keeping a low nuclear concentration.

In light of these considerations, there is a great potential if the NMR sensitivity

could be improved, since it opens up possibilities to study systems that could not

be studied otherwise. Dynamic Nuclear Polarisation (DNP) [10] is one of the ap-

proaches which increases significantly the NMR signals by transferring the large

electron polarisation to nuclei under microwave irradiation.

1.2.2 Dynamic Nuclear Polarisation

In the high temperature approximation, 1H polarisation, as shown in Figure 1.1,

is around 660 times less than that of the electrons. The difference in polarisation

with electron spins is even larger for other nuclei with lower γ, such as 13C, 15N

and 19F.

The polarisation transfer through DNP is achieved by irradiating the sample with

microwaves (MW) at a frequency near to the electron Larmor frequency, and the

maximum theoretical enhancement can be calculated as γe
γN

, where γe and γN are

the gyromagnetic ratio of the electron and the nucleus respectively.

The theory of DNP will be discussed in detail in Chapter 3. During a DNP

experiment, the system is driven into a new quasi-equilibrium state with a spin

polarisation that is higher than the thermal one by several orders of magnitude.

For example, typical values obtained for the 13C polarisation after DNP are in the

range of 10− 30% [11,12].
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1.2.3 Dissolution DNP

Equation 1.9 shows that nuclear polarisation increases by lowering the tempera-

ture. At ≈ 1 K and 3.4 T, the electron polarisation is ∼ 100%. Dissolution DNP

is a technique which combines DNP with the temperature jump effect through a

fast dissolution of the sample. In a dissolution DNP experiment, the sample is

cooled down to cryogenic temperature, and polarised under microwave irradiation.

Then, it is dissolved and brought to room temperature with a hot solvent, and

transferred into another magnet where the NMR experiment is performed. With

this technique it is possible to measure hyperpolarised NMR signals at room tem-

perature, where usually biologically relevant processes take place.

Ardenkjaer-Larsen et al. [1] demonstrated in 2003 the feasibility of this technique.

They polarised 13C-urea at 1.1 K in a 3.4 T magnet and acquired the NMR signal

in a 9.4 T magnet after dissolution, achieving an enhancement in the magnitude

of the NMR signal by a factor greater than 10 000.

However, a limitation of dissolution DNP experiments is given by the nuclear

longitudinal relaxation time constant T1. Since the equilibrium nuclear magneti-

sation is recovered according to the nuclear T1, the dissolution procedure and the

sample transfer into the NMR magnet must occur on a time scale shorter than T1,

so that no significant polarisation is lost during the process. This delay between

dissolution and acquisition, usually of the order of few seconds, limits the use of

dissolution DNP to nuclei with long longitudinal relaxation time constants. For

this reason, 13C is commonly employed since, depending on the used chemical, it

features long T1 time constants. For example, 13C T1 in pyruvate ranges between

≈ 45 s and ≈ 1 min, depending on the magnetic field [13].

One of the main goals of the NMR scientific community is to perform in-vivo

MRI to track hyperpolarised contrast agents [9], where nuclei with long relaxation

times T1, such as 13C and 15N are commonly used, and much effort has been

dedicated to optimise the DNP mechanisms that drive their polarisation.

On the other hand, DNP of nuclei with short T1 relaxation time constants such as

1H and 19F prove themselves to be worthy of study: for example, 1H is currently

used to cross-polarise 13C, to get an efficient enhancement in short times [14,15].
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Attempts are made to shorten the dissolution dead time, to allow to perform

dissolution DNP on nuclei with short T1. The best results have so far been achieved

using a dual iso-centre dissolution DNP system [16]. Currently it features an

overall dead time of 300 ms for dissolution, transfer and flow settling. This setup

is described in Chapter 4, while experiments performed with it are discussed in

Chapter 7.

1.2.4 19F hyperpolarisation

Although dissolution DNP has been widely used for different nuclei [1, 17, 18],

literature concerning 19F DNP is very scarce and provides little insight into the

experimental parameter optimisation and reproducibility of the experimental pro-

cedure.

Hilty and his group performed DNP experiments in 2012 [19] and 2015 [20] in order

to study protein-ligand interactions for the characterisation and discovery of drugs.

They overcame the sensitivity issue due to the need of a low ligands concentration

and achieved an enhancement in the 19F signal of several thousand fold, making it

possible to study ligands in slow exchange and to calculate the dissociation con-

stant without any need of titration with a single scan CPMG experiment [21]. In

their experiments, they hyperpolarised 19F in TFBC2, TFMCPP3, FMBC4 and

sodium trifluoroacetate, achieving a maximum enhancement factor of ≈3000 for

the latter. These experiments were carried out in a HyperSense DNP polariser

(Oxford Instruments, Tubney Woods, UK) at a temperature of 1.4 K.

However they only provide a brief description of the DNP setup, focussing on the

application of this technique rather than a study of a fundamental approach to

19F DNP and the optimisation of the relevant experimental parameters.

1.2.5 Challenges in 19F dissolution DNP

In order to study protein dynamics and protein-ligand interaction using dissolution

DNP, the following questions need to be addressed:

24-(trifluoromethyl)benzenecarboximida-mide hydrochloride
34-(trifluoromethyl)-1,5,6,7-tetrahy-dro-2H-cyclopenta[b]pyridin-2-one
43-fluoro-4-methylbenzenecarboximidamide hydrochloride
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• How long is the life time of 19F magnetisation? Can 19F hyperpolarisation

survive the transfer delay in a dissolution DNP experiment?

• Is it possible to hyperpolarise 19F? Under which conditions will it polarise?

• What is the largest polarisation that can be achieved? What is the most

effective mechanism for the polarisation transfer from the electrons?

• What is the time scale of the polarisation build-up process?

In the following Chapters of this work, answers to these questions will be sought.

In Chapters 5 and 6 the DNP processes that drive 19F hyperpolarisation are stud-

ied. In Chapter 7, a study of the longitudinal relaxation time of some fluorinated

compounds is performed, in order to determine whether its polarisation can sur-

vive the dissolution process, and dissolution DNP experiments of fluorinated com-

pounds are performed. In particular, an application to a fluorinated protein as

proof-of-principle is described. Experimental data are shown to demonstrate the

feasibility of such applications.
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Chapter 2

Relaxation in NMR

In Chapter 1, it was shown that the magnetic properties of a spin system in a static

magnetic field are described by a macroscopic quantity called “magnetisation”.

The magnetisation of a spin ensemble can be represented by a vector pointing in

the direction of the magnetic field. Its intensity is proportional to the Boltzmann

factor, and in stationary conditions it is in equilibrium with the lattice and does

not change in time.

When the equilibrium state is perturbed, the system returns to the initial state.

The time constants characteristic of the recovery are called longitudinal relaxation

time T1 and transverse relaxation time T2, whose values depend on the system

considered.

This Chapter contains a short summary of the physics of the relaxation processes.

After providing information on the empirical observation of spins recovering their

equilibrium magnetisation, the relaxation process and its causes will be analysed.

Finally, the principal mechanisms leading to relaxation are presented, focusing on

the ones that are more relevant to the experiments shown in this work.

2.1 Population and relaxation

As explained in Chapter 1, an ensemble of spin 1/2 nuclei in a magnetic field B0 has

two different energy levels, separated by an energy ∆E = γB0h̄ (see Figure 2.1).

For a nucleus with positive gyromagnetic ratio, the state with lower energy corre-

sponds to the case in which the nucleus is in the spin up (α) state. On the other
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B0

h̄ω

β = |↓〉

α = |↑〉

∆E = γB0h̄

Figure 2.1: Energy levels of a spin 1/2 nucleus in a magnetic field B0.

hand, the higher energy level (β) corresponds to the spin down state. The spins

populate the two energy levels with populations Nα and Nβ respectively. The

application of radio frequency pulses changes the population distribution, moving

nuclei from the α to the β state and vice-versa. If Pα→β is the probability rate for

a transition from α to β induced by the radio frequency pulses, and Pβ→α is the

probability rate for the opposite transition β → α, the variation of population for

the α state is:
dNα

dt
= Pβ→αNβ − Pα→βNα. (2.1)

In the following paragraph it is demonstrated using the concepts of quantum

mechanics that the probability transitions are equal Pα→β = Pβ→α = P [22, 23].

In fact, by using the Hamiltonian description, the radio frequency pulses introduce

a time dependent term in the spin Hamiltonian, which is

H1(t) = −γh̄~I · ~B1, (2.2)

where ~I = Îx~i+ Îy~j+ Îz~k is the spin operator and ~B1 = B1 cos(ωt)~i+B1 sin(ωt)~j =

Bx
~i + By

~j is the oscillating magnetic field. By defining the raising and lowering
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operators Î+ = Îx+Îy
2

and Î− = Îx−Îy
2i

, Equation 2.2 becomes

H1(t) = −γh̄(ÎxBx + ÎyBy) =

= −γh̄B1

(
Î+ + Î−

2
cos(ωt) +

Î+ − Î−
2i

sin(ωt)

)
=

= −γh̄B1

(
Î+

cos(ωt)− i sin(ωt)

2
+ Î−

cos(ωt) + i sin(ωt)

2

)
=

= −γh̄B1

(
Î+e

−iωt + Î−e
iωt
)
.

(2.3)

According to the Fermi’s Golden Rule [24], the transition probability of a jump

from the α to the β state is given by the matrix element

Pα→β =
1

2πh̄
|〈β|H1 |α〉|2δ(Eα − Eβ − h̄ω), (2.4)

where δ(Eα − Eβ − h̄ω) is the Dirac delta function, which is non-zero only when

the exact amount of energy h̄ω = Eα − Eβ is absorbed by the system. Since the

state α corresponds to the spin up state, and state β to the spin down state, the

matrix element |〈β|H1 |α〉| is

|〈β|H1 |α〉|2 = (γh̄H1)2
∣∣∣〈β|(Î+e

−iωt + Î−e
iωt
)
|α〉
∣∣∣2 =

= (γh̄H1)2
∣∣∣〈β| Î− |α〉∣∣∣2 = (γh̄H1)2|〈β|β〉|2 = (γh̄H1)2.

(2.5)

On the other hand, with similar arguments, it can be easily proven that to

the opposite transition Pβ→α is associated the matrix element |〈α|H1 |β〉|2 =

|〈β|H1 |α〉|2, hence demonstrating that the two probability transitions have the

same value.

By defining the population difference n = Nα−Nβ, Equation 2.1 can be re-written

as:
dn

dt
= −2Pn. (2.6)

Its solution

n(t) = n(0)e−2Pt (2.7)

indicates that the population difference disappears because of the radio frequency

pulse. If instead no radio frequency pulse is applied, the population difference re-
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mains constant. This argument is in disagreement with experimental observation,

where the non-equilibrium polarisation is observed to change in time to reach the

steady-state polarisation. In fact, transitions between the two states take place

until the ratio between the equilibrium populations N0
β and N0

α is

N0
β

N0
α

= exp

(
−γh̄B0

kBT

)
. (2.8)

The natural conclusion to this observation is that there exists another mechanism

that generates transitions between the two energy levels. In absence of radio

frequency pulses, the equation governing the evolution of the population α is:

dNα

dt
= Wβ→αNβ −Wα→βNα. (2.9)

Unlike for the radio frequency pulses, the transition rates Wβ→α and Wα→β are

not equal, and from the equilibrium conditions for the populations (Equation 2.8)

and Equation 2.9 the relation

Wβ→α

Wα→β
=
N0
α

N0
β

(2.10)

is obtained. At thermal equilibrium N0
β < N0

α, since the α state is at lower energy.

It follows that Wβ→α > Wα→β. Therefore, the probability of a spin going from the

higher energy state to the lower one is higher than the opposite probability.

By defining the total number of spins N = Nβ+Nα, Equation 2.9 can be re-written

as
dn

dt
= (Wβ→α −Wα→β)N − (Wβ→α +Wα→β)n. (2.11)

The solution to this equation is given by:

n(t) = n0 + Ae−t/T1 , (2.12)

where n0 = N
Wβ→α−Wα→β
Wβ→α+Wα→β

is the population difference at thermal equilibrium, A

is an integration constant and T1 = (Wβ→α + Wα→β)−1 is the characteristic time

associated with the evolution of the populations towards thermal equilibrium, the

“longitudinal relaxation time constant”.
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Experimental observations of spins relaxing to an equilibrium state lead to

the conclusion that there must be an oscillating field that matches the Larmor

frequency of the nuclear spin. This field brings the ensemble to its thermal equi-

librium state after it is perturbed. However, in the above described theory, the

origin and nature of these fields was not defined. In the next section the ori-

gins of these oscillating fields are explained and later in this Chapter the main

mechanisms that lead to relaxation will be presented.

2.2 Origin of relaxation

Motions in the sample can drive the magnetisation of a sample back to its equi-

librium value after it is perturbed. The reason for this is the variation of the local

magnetic field acting on a nuclear spin.

A single spin of a nucleus in a molecule is considered in the following analysis. As

theory predicts, the other spins in the molecule generate a local magnetic field,

that interacts with the first spin. As the molecule tumbles in the sample, the local

field will change as well, becoming time-dependent. It can be demonstrated that

if the resulting magnetic field has fluctuations with a frequency component that

matches the nuclear Larmor frequency, it can drive transitions between the energy

levels of the nuclear spin [25]. When many spins are considered, these transitions

bring the spin system to its lower energy state, which is the thermal equilibrium,

as stated by the Boltzmann equation (Equation 2.8).

The longitudinal relaxation process arises from fluctuations of the local field in

the transverse x -y plane. Fluctuations along all directions lead to a loss of phase

coherence and thus cause transverse relaxation.

2.3 Spectral density function

In the previous sections it was discussed the fact that fluctuating magnetic fields

can drive a perturbed spin system back to its equilibrium state. In this section,

the properties of such fields are analysed, using the “spectral density function”.
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Two spins close to each other interact, with a characteristic interaction constant.

If the two spins randomly move, i.e. due to vibrations of the molecule they belong

to, the interaction becomes time dependent. The distance fluctuation, as well as

the change in orientation of the vector connecting the two spins with respect to

the external magnetic field, introduce a time dependence in the interaction be-

tween the two spins. For the sake of simplicity, a single spin 1/2 nucleus in a

molecule is considered with a time dependent magnetic field arising from param-

agnetic centres. As the molecule tumbles, the magnetic field F1(t) generated by

the paramagnetic centre on the nucleus varies, becoming a random function of

time. A second nucleus in the sample, in a different location, will sense a different

magnetic field F2(t). The i -th nucleus in the sample experiences another magnetic

field Fi(t). By adding all these fields, one obtains the average magnetic field on the

ensemble F (t) =
∑

i Fi(t). Since these magnetic fields are randomly distributed

around zero, the average value will be zero as well.

The coherence of a random field can be evaluated by means of the autocorrelation

function [2], defined as:

G(t, τ) =
∑
i

Fi(t)F
∗
i (t+ τ), (2.13)

with τ > 0. The autocorrelation function G(t, τ) assumes a large value if τ is very

short, since Fi(t) and F ∗i (t+τ) will not differ much one from the other. Moreover,

their product will be positive. As τ increases, the correlation between Fi(t) and

F ∗i (t + τ) becomes smaller, the two fields will differ more, and their product is

not necessarily positive anymore. Therefore, in the first case, the terms of the

sum of G(t, τ) are positive, and it will assume a large value. For large τ instead,

the members of the sum are values randomly distributed around zero, and G(t, τ)

approaches zero. Since the fields are independent of time t, the autocorrelation

function is simply written as G(τ). The autocorrelation function is therefore

related to the “memory” of the system, assuming a decreasing value as τ increases.

It can be shown [23] that G(τ) can be frequently written in the form:

G(τ) = G(0)e−τ/τc , (2.14)
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where the characteristic time τc is the “correlation time” and G(0) = F 2 is the

square of the mean fluctuating magnetic field. If the fields Fi(t) fluctuate slowly,

the correlation time τc of the autocorrelation function is big. If Fi(t) oscillate

quickly, τc will be small.

By performing the Fourier Transform of the autocorrelation function, the spectral

density function J(ω) is obtained. If the autocorrelation function is in the form

of Equation 2.14, the spectral density function is:

J(ω) = 2

∫ ∞
0

G(τ)e−iωτdτ = 2F 2
τc

1 + ω2τ 2
c

= 2F 2J (ω), (2.15)

where J (ω) is the “normalised spectral density function”. It can be demonstrated

[23] that the probability of a transitions induced by a random field in Equation 2.9

in the high temperature approximation can be written as

Wβ→α = W (1− 1

2
B)

Wα→β = W (1 +
1

2
B),

(2.16)

with

W =
1

2
γ2F 2J (ω) (2.17)

and B the Boltzmann factor, defined as B = h̄γB0

kBT
. Since B is always positive, it

follows that the transitions that drive the spins to the lower energy state α occur

more frequently than the opposite transitions.

2.4 Mechanisms for relaxation

As Equation 2.17 shows, the transition probability that leads to the relaxation

depends on the spectral density function and on the strength of the fluctuating

magnetic fields. While the spectral density function describes the fluctuating

nature of these fields, their intensity is related to the interaction of the nuclear

spin with the surrounding spins.

According to the Hamiltonian description of Section 1.1.2, every term in the spin

Hamiltonian that does not commute with the Zeeman Hamiltonian HZ generates

terms that lead to relaxation. The principal processes that are responsible for
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relaxation are:

• The nuclear dipole-dipole interaction;

• The hyperfine interaction between electrons and nuclei;

• Electric quadrupole interaction;

• The chemical shift anisotropy;

• The scalar coupling interactions, or J-coupling interaction;

• Spin-rotation interactions.

Only the first two mechanisms are relevant to understand the results that will

be presented in the next Chapters of this thesis, and therefore a more in depth

description of these two relaxation pathways will be provided. However, for the

sake of completeness, all pathways will be briefly mentioned.

Dipole-dipole relaxation

Two 1/2 spin nuclei can directly interact with each other. The first nucleus,

possessing a magnetic moment, generates a magnetic field that interacts with the

magnetic dipole of the second spin and vice versa. The interaction that arises

is called “direct dipole-dipole interaction”. Like two magnetic dipoles interact in

electrodynamics, an analogous mechanism takes place when two spin are close

to each other. The Hamiltonian term that is associated with the dipole-dipole

interaction of two spins I1 and I2 can be written as

HII = dII

[
3
(
Îz1 · êII

)(
Îz2 · êII

)
− ~I1 · ~I2

]
, (2.18)

where êII is the unit vector connecting the two spins, while

dII = −µ0

4π

γI1γI2h̄

|rII |3
(2.19)

is the dipolar interaction strength constant. It is important to note that the

interaction strength is proportional to the product of the gyromagnetic ratios of

the nuclei involved. This means that for nuclei like 1H and 19F this mechanism will
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affect the relaxation more than it would influence the relaxation of nuclei like 13C

or 15N, which have a lower gyromagnetic ratio. Moreover, the interaction strength

depends on the third power of the inverse of the distance between the two spins

rII . In fact, due to the r−3
II dependency, the interaction strength already drops of

a factor of 8 for nuclei distant twice the closest nucleus. Therefore, predominantly

the closest neighbouring nuclei will contribute to the relaxation. Also the angular

distribution plays an important role. The interaction strength is in fact the largest

when the two nuclei lie on the same plane perpendicular to the external magnetic

field, while it is zero when êII forms an angle of ΘII ≈ 54.74o (the magic angle)

with the external magnetic field.

It can be shown that in presence of high magnetic fields the non-secular terms of

the Hamiltonian can be neglected, leaving only the secular Hamiltonian

HII =
dII
2

(
3Îz1Îz2 − ~I1 · ~I2

) (
3 cos2 ΘII − 1

)
. (2.20)

As the molecules containing spins tumble in the sample, the angular dependence,

as well as the distance between the two nuclei, changes. Therefore, the magnetic

field experienced by the nuclei becomes time-dependent, giving rise to relaxation.

It can be demonstrated [23] that the relaxation time of spin I1 associated with the

dipole-dipole interaction with spin I2 in liquid state is given by

1

T I1
=

3µ2
0

64π2

γ2
I1γ

2
I2h̄

2

|rII |6

[
1

12
J (0)(ωI1 − ωI2) +

3

2
J (1)(ωI1) +

3

4
J (2)(ωI1 + ωI2)

]
(2.21)

in the heteronuclear case, while it is

1

T1

=
9µ2

0

128π2

γ4
I h̄

2

|rII |6
[
J (1)(ωI) + J (2)(2ωI)

]
(2.22)

between nuclei of the same species. In these equations, the functions J (i) (with

i = 0, 1, 2) represent the random nature of the magnetic fields associated with the

spherical harmonics Y i
2 (θ, ϕ) (see Abragam [23] for more detail). Although these

equations are derived for samples in liquid state, the longitudinal relaxation time

constant retains its spatial dependence for samples in solid state.

Therefore, a strong dependence of the longitudinal relaxation time on the distance
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between nuclei is predicted. The more nuclei in the sample, the more packed they

are, and the shorter the distance between them.

Paramagnetic relaxation

In the previous section, the interaction between two nuclear spin was considered

to study the dipole-dipole mechanism that leads to relaxation. If an electron is

considered instead of the second nucleus, “paramagnetic relaxation” is instead

observed. Paramagnetic relaxation can be considered as a special case of the

dipole-dipole interaction, where one of the nuclei is replaced by an electron. The

interaction between a nucleus and an electron is called the “hyperfine interaction”,

and the Hamiltonian is written in the same way as the dipole-dipole Hamiltonian.

Since the gyromagnetic ratio of the electron is much larger than that of any nucleus

(it is in fact ≈ 660 times larger than the 1H one), it is easy to understand how

a small number of paramagnetic centres in the sample can drastically affect the

longitudinal relaxation time constant of nuclei close to the electron.

There are two main reasons to consider the effect of paramagnetic centres in

a sample. The first is the presence of dissolved oxygen in the sample. When

preparing a liquid sample, it is inevitable that O2 molecules dissolve in the sample.

The O2 molecule is paramagnetic, and unless the sample undergoes a degassing

process, it can be found in both organic and inorganic solvents at relatively high

concentration. Electrons in the O2 molecule arrange in such a way that in the

π orbital there are two unpaired electrons, that behave like free radicals in the

sample, interacting with the neighbouring nuclei.

Another way to introduce electrons in the sample, is to intentionally mix it with

free radicals. As it will be discussed in Chapter 3, free radicals are needed to

achieve DNP hyperpolarisation, since this technique relies on the polarisation

transfer from the electrons in the free radicals to the nuclei.

When considering paramagnetic relaxation, a few changes to Equation 2.21 must

be taken into account. In fact, in the interaction between a nucleus and an electron,

it is not necessarily the coupling constant that changes in time, but the value of the

electronic Ŝ operator itself. This time dependence is due to the electron relaxation,

that typically takes place on a much shorter timescales compared to the nuclear
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relaxation.

In a solid sample, molecules are “frozen” in space. The full dipolar Hamiltonian

(Equation 2.18) can be written as

HIS = dIS [A+B + C +D + E + F ] , (2.23)

where the terms in square brackets are:

A = (1− 3 cos2 θ)Ŝz Îz

B = −1

4
(1− 3 cos2 θ)(Ŝ−Î+ + Ŝ+Î−)

C = −3

2
sin θ cos θe−iϕ(Ŝz Î+ + Ŝ+Îz)

D = −3

2
sin θ cos θeiϕ(Ŝz Î− + Ŝ−Îz)

E = −3

4
sin2 θe−i2ϕŜ+Î+

F = −3

4
sin2 θei2ϕŜ−Î−.

(2.24)

The operator A, that commutes with the Zeeman Hamiltonian, is the “secular

terms”. The other operators are instead the “non-secular terms”.

The operators C and D contain terms that introduce a nuclear flip, leaving the

electron unchanged. The energy necessary for this flip is therefore equal to the

Zeeman splitting.

It can be shown [23] that the nuclear longitudinal relaxation time constant related

to this process can be written as

1

T1

=
6µ2

0

160π2

γ2
Iγ

2
Sh̄

2

|rIS|6
τc

1 + ω2
Iτ

2
c

, (2.25)

In solid state, the correlation time τc is related to the electronic relaxation. This

parameter can be approximated reasonably well by the electronic T1 relaxation

time constant [26] or with the electron-electron spin diffusion time constant [27].

Like the dipole-dipole relaxation depends on the concentration of nuclei in the

sample, this relaxation pathway is strongly dependent on the amount of para-

magnetic centres dissolved in the sample. In fact, the more the free electrons,

the shorter the distance between them and the nuclei, and the faster the nuclear
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relaxation.

Quadrupole relaxation

This relaxation pathway takes place when nuclei with spin I > 1/2 are involved.

This mechanism represents the interaction between the nuclear spin and the elec-

tric field gradient at the position of the nucleus. Since I > 1/2 spin nuclei have

not been used in the experiments described in this thesis, no further information

is provided.

CSA relaxation

As mentioned in Chapter 1, the magnetic field experienced by a nucleus is in-

fluenced by the surrounding electronic cloud. The local field is not necessarily

symmetric, and its effect is represented by the “chemical shift tensor” in the

Hamiltonian. In the case in which the chemical shift tensor is anisotropic, the

generated magnetic field is dependent on the orientation of the molecule in the

sample. As the molecule moves, this magnetic field fluctuates, and can generate

relaxation in the nuclei of the molecule. The magnitude of the effect of the CSA

in the relaxation of a nucleus depends on the degree of anisotropy of the tensor.

Scalar relaxation

The interaction of two spins can be mediated by the electronic clouds that surround

and bond the nuclei in a molecule. The scalar relaxation is a relaxation mechanism

deriving from intramolecular interaction due to a simultaneous Fermi contact of

both nuclei with each bond electron. This interaction depends on the molecular

orientation with respect to the external magnetic field.

Spin-rotation relaxation

The last relaxation mechanism is related to the magnetic fields that are generated

at the location of a nucleus by the motion of a molecular magnetic moment arising

from the electron distribution in a molecule. In fact the electron, rotating with

the molecule, generate a current that induce a magnetic field. This effect, related
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to the rotation of the molecule, can be ignored at cryogenic temperature since the

degree of freedom associated with the rotation of molecules is frozen.

2.5 Conclusion

In this Chapter the principal mechanisms that lead to relaxation have been dis-

cussed. It is important, for the purpose of this thesis, to divide the aforementioned

mechanisms in two main groups. To the first group belong the dipole-dipole and

paramagnetic relaxation mechanisms. These two mechanisms are dependent on

the average distance between the spins involved, whether nuclei or electrons. The

strong dependence on the distance implies that as the concentration of the used

chemicals1 changes, the contribution of these mechanisms to the global nuclear

longitudinal relaxation time constant T1 varies.

To the second group instead belong all the other mechanisms. Since the changes in

the studied samples do not change the nature and characteristic of the mechanisms

belonging to the latter group, it is assumed that the contribution to the relaxation

time constants do not change and it is the same for all analysed samples.

Since the total longitudinal relaxation rate can be expressed as the sum of all the

aforementioned contribution, it is possible to write the total longitudinal relax-

ation time constant as
1

T1

=
1

T dd1

+
1

T par1

+
1

T rest1

, (2.26)

where T dd1 indicates the contribution from the dipole-dipole mechanism, T par1 in-

dicates the paramagnetic relaxation contribution and T rest1 indicates the contribu-

tion of all the other mechanisms. The latter is assumed to be independent of the

composition of the samples used for the experiments shown in this thesis.

1Either the molecules containing the spin nuclei, or the free radicals containing unpaired
electrons.
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Chapter 3

Dynamic Nuclear Polarisation

A problem that often occurs when performing a NMR experiment is related to the

poor signal-to-noise ratio, that may arise for many reasons. For example, nuclei

with low gyromagnetic ratio can prove challenging for the NMR acquisition. In

fact, their NMR peak, whose intensity is proportional to the gyromagnetic ratio

cubed, can be hidden in the noise of the spectrum. Another reason that leads

to poor signal-to-noise ratio is the low abundance of spin nuclei in the sample.

If, for one hand, 1H and 19F are the most abundant isotopes of their species, for

other spin nuclei, like 13C or 15N, further issues can occur due to their poor natural

abundance. On top of this, NMR analysis often require low concentration of nuclei

in the sample to preserve biological properties.

Dynamic Nuclear Polarisation (DNP) is a technique that helps overcoming these

issues, enhancing the signal-to-noise ratio by up to four orders of magnitude. In

this chapter the DNP theory is presented, and the principal mechanisms that lead

to hyperpolarisation are discussed.

3.1 Principles of hyperpolarisation

Among the known techniques that allow to hyperpolarise a nuclear ensemble, to-

gether with spin-exchange optical pumping [28], Para Hydrogen Induced Polarised

(PHIP) [29] and Signal Amplification By Reversible Exchange (SABRE) [30], DNP

is one of the most used ones. DNP was first predicted by Overhauser for nuclei

conducting materials [31] in the 50s, and confirmed in the same year by the ex-
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periments conducted by Slichter and Carver [32]. Later Abragam and Goldman

studied similar processes in other solids [10]. Initially abandoned due to hardware

limitations, DNP regained popularity in the last decades thanks to the ability to

build instruments that allow to perform DNP in high magnetic fields.

In recent years, DNP became a very popular technique due to Magic Angle Spin-

ning (MAS) experiments [33], that allow to obtain a good resolution even at liquid

nitrogen temperatures. MAS DNP is used nowadays to determine the structure

of proteins and biologically relevant materials.

One of the most popular techiques in this field is dissolution DNP. Dissolution

DNP [1] combines the hyperpolarisation achieved in solid state via DNP with the

one obtained by a rapid temperature jump by melting the sample at room tem-

perature to enhance the NMR signal.

Through dissolution DNP, in principle, it is possible to achieve an enhancement

proportional to the DNP enhancement in solid state and to the ratio of the tem-

peratures, after and before the melting of the sample.

The idea behind DNP is to transfer the polarisation from the electrons in the

sample to the nuclei. As shown in Section 1.1.3, due to their high gyromagnetic

ratio, under given magnetic field and temperature, the polarisation of electrons

is much higher than any nucleus. In the next sections of this Chapter, the main

mechanisms that allow transfer of the electron polarisation in solid state are pre-

sented.

3.1.1 The Solid Effect

The simplest mechanism that allows transfer of the electron polarisation to the

surrounding nuclei is the Solid Effect [34]. The theory of Solid Effect can be

reduced to the analysis of a nucleus coupled with an electron.

The Hamiltonian operator for one spin nucleus interacting with an electron can

be written as

H = HSz+HIz+HIS = h̄ωSŜz+ h̄ωI Îz+AzŜz Îz+
1

2
(A+Ŝz Î

+ +A−Ŝz Î
−), (3.1)
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where HSz = h̄ωSŜz is the Zeeman Hamiltonian for the electron, HIz = h̄ωI Îz

is the nuclear Zeeman Hamiltonian and the remaining term HIS = AzŜz Îz +

1
2
(A+Ŝz Î

+ + A−Ŝz Î
−) represents the hyperfine interaction. A and A± are the

secular and pseudo-secular hyperfine interaction constants.

The pseudo-secular component of the hyperfine interaction introduces a mixing

between states. The eigenstates of the Hamiltonian presented in Equation 3.1 are

in fact

|α〉′ = cb |↓S↑I〉+ sb |↓S↓I〉

|β〉′ = cb |↓S↓I〉 − sb |↓S↑I〉

|γ〉′ = ca |↑S↑I〉+ sa |↑S↓I〉

|δ〉′ = ca |↑S↓I〉 − sa |↑S↑I〉 .

(3.2)

In these equations, the coefficients ca,b = cos
(ηa,b

2

)
and sa,b = sin

(ηa,b
2

)
, with

ηa,b = arctan
(
−A++A−)

4ωI±Az

)
, are the mixing coefficients.

The energy levels of a system composed of one electron and one nucleus are shown

in Figure 3.1. According to conventions, since the electron has negative gyromag-

netic ratio, in the lowest energy level it is in the “spin down” state. On the other

hand, the nucleus considered has positive gyromagnetic ratio, and the “spin down”

state corresponds to higher energy. The transitions between the energy levels are

also shown in the figure. They correspond to single-quantum transitions (WI and

WS), zero-quantum transition (WZQ) and double-quantum transition (WDQ). The

single-quantum transitions represent the flipping of the nuclear or electronic spin,

and they are analogous to the transitions observed in NMR experiments. In the

zero-quantum transition, the two spins undergo a flip-flop, exchanging their spin

values. In the double-quantum transitions both spins, with the same orientation,

change simultaneously.

Of the aforementioned transitions, only the single quantum transitions are al-

lowed by the laws of quantum mechanics. Double-quantum and zero-quantum

transitions are instead “forbidden transitions”, since in absence of the hyperfine

interaction there is no term in the Hamiltonian operator that links the involved

states.

The Solid Effect relies on this mixing to allow the forbidden transitions and to
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|α〉 = |↓S↑I〉

|δ〉 = |↑S↓I〉

|β〉 = |↓S↓I〉

|γ〉 = |↑S↑I〉

WZQ

WDQ

WS

WS

WI

WI

Figure 3.1: Energy levels and transitions for a system of an electron “S” and a

spin nucleus “I”. Shown in the diagram are the states of the uncoupled spins,

eigenstates of the total Zeeman Hamiltonian. When the hyperfine interaction

is included, the new resulting eigenstates are obtained by a linear combination of

the previous ones. Following the mixing, the double and zero-quantum transitions,

forbidden for the unmixed states, become allowed upon microwave irradiation.
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drive a large polarisation transfer on the nuclei. At low temperatures, electrons

almost fully populate their lowest energy levels, |α〉′ and |β〉′. When the system is

irradiated with energy h̄ω = h̄(ωS−ωI), the populations of the states |δ〉′ and |β〉′

are equalised. The electron T1, fast compared to the nuclear one, quickly induces

relaxation from the state |δ〉′ to the state |α〉′. The process produces an imbal-

ance of populations, leading to a new equilibrium state different from the thermal

one during microwave irradiation. Starting from the states |α〉′ and |β〉′ almost

equally populated, in the final picture the state |α〉′ has a population greater than

the state |β〉′. In terms of nuclear spin, the Solid Effect transfers the population

from the spin down to the spin up state.

If the transition induced by the energy externally supplied is faster than the nu-

clear T1, the population of the state |α〉′ will increase while the population of |β〉′

is depleted, producing a positive nuclear hyperpolarisation. A negative enhance-

ment is instead obtained if the sample is irradiated to stimulate the zero-quantum

transition at h̄ω = h̄(ωS + ωI).

To achieve an effective Solid Effect, the EPR line width of the electron must be

narrower than the nuclear Larmor frequency [35]. Should this requirement not be

satisfied, the irradiation of the system would drive both zero and double-quantum

transition simultaneously, cancelling the effect.

The Solid Effect is efficient for low electron concentrations to reduce the effect of

the dipolar electron-electron interactions [34], and the produced DNP enhance-

ment scales with the static magnetic field with a B−2
0 dependence.

In order to carry out DNP hyperpolarisation, the Solid Effect, as well as the other

DNP mechanism, requires the presence of free electrons in the sample. Free elec-

trons are added to the sample in form of free radicals, molecules that carry an

unpaired electron in their structure.

For the Solid Effect, low concentrations of free radicals with narrow EPR line are

needed. Two of the most commonly used free radicals for the Solid Effect are

Trityl [36] and BDPA [37, 38] (for example, a polarisation of ≈ 42% for 13C has

been achieved by Ardenkjaer-Larsen et al. at 1.35 K in a 5 T magnetic field in a

sample containing Trityl [39]).
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3.1.2 The Cross Effect

Another mechanism that can drive DNP is the Cross Effect [40]. The Cross Effect

requires an additional electron to the minimal model used for the Solid Effect. This

mechanism is efficient when the electron EPR line is inhomogeneously broadened,

and typically the concentration of electrons in the sample is higher than for the

Solid Effect.

In such circumstances, the EPR line is made of many narrow electronic resonances,

that add up to form the electron spectrum. An important requirement is that

there exist two electron resonances in the EPR line that have a difference in

Larmor frequency that matches the nuclear Larmor frequency [41]. The energy

levels associated with the three spin system is shown in Figure 3.2.

The Hamiltonian representing this three-spin system is

H = HZ + HIS + HSS. (3.3)

The first term of the sum represents the Zeeman Hamiltonian:

HZ = HI + HS1 + HS2 = ωI Îz + (ωs1 − ωMW)Ŝ1z + (ωs2 − ωMW)Ŝ2z. (3.4)

The second term of the Hamiltonian represents the hyperfine interaction:

HIS =
∑
i=1,2

[Az,iŜiz Îz +
1

2

(
A+
i Ŝiz Î

+ + A−i Ŝiz Î
−
)

(3.5)

This term takes into account the interaction of each electron with the nucleus. Az,i

and A±i (where i = 1, 2 is the electron index) are the secular and pseudo-secular

coefficient of the dipolar hyperfine interaction. The electron-electron dipolar in-

teraction Hamiltonian terms is:

HSS = D12

(
3Ŝ1zŜ2z − S̄1 · S̄2

)
, (3.6)

where D12 is the dipolar coupling constant, representing the strength of the inter-

action between the two electrons.

When microwaves irradiate the sample, one last operator is introduced. If mi-
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T S1
1

T S1
1

Figure 3.2: Energy levels and transitions for a system of two electrons (“S1” and

“S2”) and a spin nucleus (“I”). In the figure the energy levels and some of the

transitions are shown. The black dotted lines represent the transition induced by

the microwave irradiation on resonance with the Larmor frequency of the second

electron. The blue one connects the degenerate energy levels, while the red line

shows the relaxation path of the first electron.
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crowaves are on resonance with the second electron, this term commutes with the

x-projection of its angular momentum, and is written as:

Hmw = ωmwŜ2x. (3.7)

When the condition |ωS1 − ωS2| = ωI is met, the levels |↓S1↑S2↑I〉 and |↑S1↓S2↓I〉

become degenerate. When the system is irradiated with microwaves at energy

corresponding to the Larmor frequency of the second electron, the populations

associated with the energy states of its single-quantum transition are equalised. In

the figure only the transitions |↓S1↓S2↑I〉 ↔ |↓S1↑S2↑I〉 and |↑S1↓S2↓I〉 ↔ |↑S1↑S2↓I〉

are shown (WS2), but microwave irradiation equalises the populations of each

state with the one of the state directly above it. Then, due to the mixing of the

degenerate energy levels |↑S1↓S2↓I〉 and |↓S1↑S2↑I〉, an efficient polarisation transfer

occurs between the two states [42]. Finally, the fast longitudinal relaxation of

the first electron drives an increase of population on the states with ↓I , which

corresponds to a negative hyperpolarisation for the nuclear spins. A positive

nuclear enhancement is instead achieved when the irradiation is on resonance

with the Larmor frequency of the first electron.

The maximum nuclear hyperpolarisation that can be achieved is proportional to

the difference in polarisation of the two electrons, according to the equation:

PI =
PS1 − PS2

1− PS1PS2

, (3.8)

valid when ωS1 > ωS2 [43] (for example, a polarisation of 61% for 1H has been

achieved by Siaw et al. at 4 K in a 7 T magnetic field [44]).

The Cross Effect enhancements scale as ω−1
I because the number of spin packets

that satisfy the Cross Effect matching condition |ωS1 − ωS2| = ωI , decreases lin-

early with ωI . For this reason, the Cross Effect is more efficient than the Solid

Effect at higher magnetic fields [45].

The Cross Effect requires free radicals with large and inhomogeneously broad-

ened EPR line, in relatively high concentrations. A family of radicals used to

achieve the Cross Effect is the nitroxide radical family. Nitroxide radicals are

a species containing the R2N–O· functional group, and they are persistent radi-
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cals. (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (known as TEMPO) and 4-hydroxy-

TEMPO (known as TEMPOL) are used with concentrations > 30 mM to polarise

the surrounding nuclei through the Cross Effect. Alternatively, bi-radicals are

used particularly in DNP MAS spectroscopy.

3.1.3 Thermal Mixing

The Thermal Mixing [46] is a DNP mechanism that describes a spin system made

of many strongly coupled electrons interacting with neighbouring nuclei. Due to

the complex nature of this mechanism, a thermodynamic approach is commonly

used to describe it, although in recent times, attempts to describe Thermal Mixing

with quantum mechanics have been made [47].

In the thermodynamic picture, Thermal Mixing makes use of the “spin tempera-

ture” concept [48], according to which each spin ensemble has an associated tem-

perature value. The spin temperature is equal to the lattice temperature when

the system is at equilibrium. When a polarisation greater than the equilibrium

one is achieved, the spin bath is said to be colder than the lattice, while it is

hotter if its polarisation is smaller than the equilibrium value. It is possible to

write the spin temperature as a function of the polarisation P according to the

Boltzmann equation, and in the high temperature limit (valid for the conditions

of the experiments presented in this thesis), it can be written as

TN =
h̄γNB0

2kBP
. (3.9)

Therefore, when a nuclear ensemble is polarised via Thermal Mixing, its spin tem-

perature decreases with respect to the lattice temperature. The energy exchange

between the electronic and nuclear ensembles can be illustrated by using ther-

mal reservoirs, shown in Figure 3.3. There are three ensembles involved in the

Thermal Mixing process. The nuclear Zeeman ensemble is related to the energy

that arises from the interaction of the nuclear spins with the external magnetic

field. The Zeeman electron ensemble is analogous to the nuclear one. Finally,

the electron dipolar ensemble is related to the dipole-dipole interactions occur-

ring between the electrons. When the sample is irradiated with microwaves that
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Nuclear Zeeman

Electron Zeeman Electron dipolar

Solid Effect Thermal contact

Thermal Mixing

MW

Figure 3.3: Schematic diagram of Thermal Mixing. When the sample is irradi-

ated with microwaves, the dipolar reservoir is cooled down. The electron dipolar

reservoir is also in thermal contact with the nuclear Zeeman reservoir via three

spin flips. Therefore, microwave irradiation indirectly puts in contact the electron

and nuclear Zeeman reservoirs. The polarisation transfer path given by the Solid

Effect during microwave irradiation is also shown in the diagram.

saturate the EPR line, the electron Zeeman reservoir is put in “thermal contact”

with the electron dipolar ensemble. At this point, the dipolar ensemble is cooled

down to the electron spin temperature, and exchanges energy with the nuclear

reservoir, that becomes cooler as well [49], via three spin flips process. The overall

process therefore results in a increase in polarisation of the nuclear spin ensemble

(for example, Lumata et al. achieved a maximum polarisation of ≈ 6% for 13C at

1.4 K in a 3.35 T magnetic field with Thermal Mixing [50]).

An important requirement for Thermal Mixing to be efficient is the large pres-

ence of free radicals with homogeneously broadened EPR linewidth. Moreover,

the EPR line has to be larger than the nuclear Larmor frequency, to ease the

polarisation transfer via three spin flips.

3.1.4 The Overhauser Effect

The only DNP mechanism that works in liquid state is the Overhauser Effect [31],

as molecular motions in a liquid facilitate this mechanism. Since the Overhauser

Effect is not studied in this thesis, this mechanism is briefly presented in this sec-

tion. For the Overhauser Effect, The polarisation transfer from electrons occurs

via cross-relaxation processes with neighbouring nuclei. In this framework, one

electron is coupled with a nucleus via the hyperfine interaction. The energy level
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diagram for the Overhauser Effect is analogous to the one illustrated in Figure 3.1

for the Solid Effect.

Microwave irradiation saturates the levels connected by the single-quantum tran-

sition. Once the microwave are switched off, the system relaxes according to the

transition probabilities of zero (WZQ), single (WS and WI) and double-quantum

(WDQ) transitions. Solomon equations [51] can be used to show that cross-

relaxation builds up a nuclear polarisation above its thermal equilibrium value.

It can be demonstrated [52] that the theoretical enhancement factor ε predicted

for the Overhauser Effect is

ε = ξfs
γS
γI
. (3.10)

In this equation, ξ is the coupling factor, and its value depends on the nature of

the coupling. f is the leakage factor, and takes into account the losses of nuclear

polarisation due to processes that are not associated to the electron spin. Finally,

s is the saturation factor, that reflects the effect of the microwave irradiation on

the spin system. If only dipolar relaxation occurs between nuclei and electrons,

the maximum enhancement achievable for 1H nuclei is ≈ 330 [53].
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Chapter 4

Hardware

NMR spectroscopy is a powerful technique that allows us to study the structure, as

well as dynamic processes, of proteins and molecules. The main pieces of equip-

ment in a NMR lab are a magnet, that provides a static magnetic field, and a

probe, that contains the sample, and includes a coil that can transmit RF pulses

to the sample and acquire induced NMR signals. These pulses are transmitted by

a spectrometer, interfaced with a computer. For DNP, a microwave source is also

needed.

In this Chapter the hardware used for the experiments in this thesis will be pre-

sented in more detail. The two different setups are described in two sections, while

the final section, some of the recurring pulse sequences used for the experiments

are also described.

4.1 Solid state experiments

Experiments described in Chapters 5 and 6 have been performed at cryogenic

temperatures with the system here described.

4.1.1 Polariser

The magnet, referred to as “polariser”, is a ≈ 3.34 T shielded magnet produced

by Oxford Instruments. Its magnetic field is created by a superconducting coil

cooled down to 4.2 K by a liquid helium bath. A further liquid nitrogen jacket

surrounds it to decrease the temperature jump between the coil environment and
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the external one and reduce He boil off.

Figure 4.1a shows a picture of the polariser, while a schematic view of the inner

part of the magnet is shown in Figure 4.1b. The helium jacket has an outlet into

a vacuum dewar containing the NMR probe with a sample (A) and a microwave

delivery system (E). The microwave delivery system consists of an overmoded

waveguide that connects the sample space to the microwave source placed outside

of the magnet barrel. The flow of helium from the magnet jacket into the sample

space is controlled by a needle valve (C). A capacitor consisting of two concen-

tric tubes (D) in the sample space allows measurements of the level of helium in

the sample space. The capacitance changes depending on the amount of helium

between the two tubes of the capacitor in the bore, and a LabVIEW (National

Instruments - Austin, TX, USA) programme converts the voltage across the ca-

pacitor into values for the helium level, reported in percentage. A pressure sensor

is also present in the bore.

This bore is connected to a rotary vane pump (Trivac D 65 B HE3, Oerlikon

Leybold Vacuum), that lowers the pressure and, therefore, the helium boiling

temperature. This allows to cool down the sample to ∼ 1.7 K.

4.1.2 Microwave source

Microwave irradiation is supplied by a microwave solid state source (ELVA-1 - St.

Petersburg, Russia), which covers a frequency range from 93.75 GHz to 94.25 GHz,

up to a power of 400 mW. The microwave source is controlled by a LabVIEW

programme, that controls the microwave frequency and power with high precision,

and is connected to the spectrometer to allow the use of Transistor-Transistor Logic

(TTL) signals as triggers during the NMR acquisition process.

4.1.3 Probes

For the solid state experiments performed in the polariser two different custom

designed probes have been used.
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(B)
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Figure 4.1: Figure 4.1a shows a photograph of the magnet, while Figure 4.1b

shows a schematic representation of the cryostat. The sample sits at the bottom

of the probe (A), which is embedded in liquid helium (B). The flow of helium

into the sample space is regulated by a needle valve (C), while voltage readings

at the ends of a capacitor (D) provide measurements of the level of liquid helium.

Microwaves are radiated into the sample space through a waveguide (E).
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19F detection

The first probe is designed for the 19F NMR signal acquisition. It is shown in

Figure 4.3a. The probehead is made of DELRIN, a plastic material which does

not contain 19F atoms, so it does not provide background signals. Moreover, this

material is microwave-transparent, so the sample holder does not shield the sample

when irradiation is provided during the DNP experiments. The sample holder has

a cylindrical shape, and its axis is oriented along a direction perpendicular to the

static magnetic field. A solenoidal 5-turn coil wound around the sample holder

is tuned and matched to the 19F frequency, which at the polariser magnetic field

corresponds to νF ≈ 134.2 MHz. The tuning is achieved through the use of ceramic

capacitors placed close to the coil, and through variable capacitors in a tuning box

outside of the magnet. The sample holder can contain ∼ 50µL of sample.

19F and 1H acquisition

The second probe is also a custom designed one, shown in Figure 4.3b. It has

been designed and produced in a second stage of this project, when the need to

monitor 1H NMR signal together with the 19F one had arisen. The probehead is

made of brass, and the RF pulses are transmitted to the sample through a 2-loop

saddle coil, sitting around a 4 mm quartz tube with a length of ≈ 2 cm that can

contain ≈ 100µL of sample. 1H and 19F free materials have been carefully chosen

so that they do not give rise to any background signals during the experiments.

Connected to the probe outside from the magnet, a tuning box allows tuning and

matching of the coil to 1H and 19F Larmor frequencies simultaneously, at 142.7

and 134.2 MHz respectively. Figure 4.2 shows the circuit designed to double-tune

the coil to both frequencies.

The geometry of the coil, even though less efficient in transmitting the RF

pulse with respect to the solenoid coil, was constrained due to the choice of 19F-

free materials used for the probehead and sample tube.
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Figure 4.2: Circuit showing the components to tune the coil to 1H and 19F fre-

quencies in a 3.4 T magnetic field. It has been designed by using the software

LTSpice, that allows to simulate the circuit response to RF pulses.

B0

(a)

B0

2
cm

(b)

Figure 4.3: In Figure 4.3a a photograph of the DELRIN probe used in 19F DNP

experiments is shown. Figure 4.3b shows the brass probe used for both 19F and
1H acquisitions. The direction of the static magnetic field B0 is also shown in the

pictures.
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4.1.4 Spectrometer for solid state measurement

The NMR spectrometer used during the solid state experiments is a Bruker Avance

DSX 400 console, interfaced to a computer running the software Topspin 1.3

(Bruker GmbH - Karlsruhe, Germany). A broad band amplifier is connected

to the probe through a XBB preamplifier. Notice that since the spectrometer is

meant to be used with a 9.4 T magnet (400 MHz), it was necessary to use the

configuration of nuclei with lower gyromagnetic ratios for the NMR acquisition of

19F and 1H signals.

A TTL output from the spectrometer is connected to a DAQ card (National Instru-

ments - Austin, TX, USA) connected to the computer where the same LabVIEW

programme used to control the microwave source is running. Figure 4.4 shows a

schematic picture of the used configuration.

Magnet
& Probe

MW source
PC w/

LabVIEW

Spectrometer &
PC w/ Topspin

Sensors

TTL Trigger

Trigger

Acquisition

Figure 4.4: The sensors in the magnet are connected through a DAQ card to

a PC running the LabVIEW software, that shows the temperature and pressure

readings. The probe is connected to the spectrometer that is connected to a PC

running Topspin for NMR data acquisition. A trigger from the spectrometer to

the other computer, through the DAQ card, allows control of the MW source,

connected to the PC using LabVIEW.

4.2 Dissolution DNP setup

Among the techniques used to hyperpolarise a sample, dissolution DNP is nowa-

days one of the most efficient ones, achieving enhancements factors over 10000 [1].

It combines the DNP mechanism at low temperatures and a temperature jump
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from cryogenic temperatures up to room temperature.

Dissolution DNP experiments take advantage of two different magnets. In a con-

ventional setup, one of them is used to hyperpolarise the sample at low temper-

atures (below 2 K), and conventionally 3.4 T or 6.7 T magnets are used for this

purpose. After the desired enhancement is achieved, the sample is dissolved by a

hot solvent, that brings it to the liquid state at room temperature, and it is quickly

transferred to a second magnet. This magnet could be a high resolution magnet,

generally of 9.4 T, used to acquire the NMR signal from the sample that finishes

in an NMR tube inside a standard NMR probe. Alternatively, a MRI scanner is

used, where the sample can be injected in a patient prior to NMR acquisition [54].

The dissolution DNP process is limited by the longitudinal relaxation time con-

stants of the hyperpolarised nuclei. Once the sample is dissolved, the polarisation

achieved trough DNP decays to its thermal equilibrium value according to an ex-

ponential decay characterised by T1. However, the transfer time in between the

dissolution process and the acquisition for a conventional dissolution DNP setup

is of the order of few seconds [39, 55]. One of the limiting factors for the transfer

time is the distance between the two magnets, since they are in separate locations,

usually a few metres one from the other. Moreover, two separate magnets need a

magnetic transfer tube to avoid loss of hyperpolarisation due to the absence of a

magnetic field during transfer [56], as iin absence of magnetic field there would be

no the Zeeman splitting. Dissolution DNP is therefore suitable for nuclei with long

longitudinal relaxation time constants such as 13C and 15N, but it penalises nuclei

with short T1 like 1H or 19F, whose values can be of the same order of magnitude

as the transfer time.

A new approach to dissolution DNP that overcomes the “long” dead time issue is

used for the dissolution experiments presented in this work. For this scheme the

two magnets sit in the same dewar, one on top of the other, minimising therefore

the space between the two. In the following sections the parts composing this

setup are described. A detailed description of the setup can be found here [16].
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4.2.1 The dewar

Inside the dewar, two superconducting magnets are stacked vertically. The iso-

centre of the top one, that generates a 3.4 T magnetic field, is 85 cm above the

iso-centre of the bottom magnet, of 9.4 T. Such a distance is the minimum spacing

that ensures a good homogeneity of both the magnetic fields at the iso-centres. A

profile of the magnetic field as function of the distance relative to the iso-centre of

the 3.4 T magnet is shown in Figure 4.5a, together with a drawing of the magnet

(Figure 4.5b). Notice that the minimum magnetic field between the two iso-centre

is 0.2 T: by keeping the sample in a magnetic field while it is moved from one

magnet to the other ensures that the spin up and spin down states of the nuclei

never become degenerate, so the polarisation is not lost during the transfer.

The bottom magnet is a 400 MHz (9.4 T) high resolution NMR magnet. Its bore

can accomodate a standard NMR probe.

The top magnet is dedicated to the hyperpolarisation of the sample. The bore

hosts a continuous flow cryostat (VTI - IceOxford - Abingdon, UK), that allows

the sample to be cooled down by using liquid helium provided by an external

helium dewar. The liquid helium is collected in a chamber in the cryostat, and a

needle valve allows it to be driven to the sample space via a thin capillary. Then

the liquid helium, sprayed into the sample, creates a thin film around it, and is

evaporated by a vacuum pump (Pfeiffer TC-400 - Asslar, Germany) that quickly

expands it, bringing the sample to a temperature of around 1.7 K, lower than the

helium boiling point. At the bottom of the cryostat sits the “dissolution dock”,

that is described in the next section.

Cool down procedure

Prior to loading the sample into the sample cup, the Variable Temperature Insert

(VTI) is cooled down by means of liquid helium, supplied by an external helium

dewar attached to the cryostat of the magnet. When the temperature reaches

≈ 100 K, the sample under investigation is loaded into the sample cup, and the

waveguide is inserted in the cryostat. A couple of hours is needed for the cryostat

to cool down to the target temperature of 1.7 K. The microwave source is then

aligned with the top part of the waveguide, and turned on to start the microwave
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(a) (b)

Figure 4.5: (a) Magnetic field at different height. The zero point was chosen to be

at the iso-centre of the polarising magnet (Figure adapted from [16]). (b) Section

of the dual iso-centre magnet, showing the position of the two superconducting

coils, the cryostat and the dissolution dock (Figure adapted from [57]).

irradiation of the sample.

The bottom of the cryostat is sealed by a couple of valves, that allow hot solvent to

reach the sample, and the sample to reach the high resolution NMR magnet during

the dissolution process. In order to cool down the sample, liquid helium is sprayed

directly onto the sample cup from capillaries. It creates a thin film surrounding

the sample, that evaporates quickly thanks to the vacuum pumps connected to

the cryostat. The process that allows to cool down the sample in this manner is

the Joule-Kelvin expansion [58]. With the available vacuum pumps, the minimum

reached temperature shown by the sensors is 1.7 K.

4.2.2 Quasi-optical microwave system

The same microwave source described in Section 4.1.2 is used for the experiments

performed with the dual iso-centre magnet1. The microwave source sits on top of

a quasi optic table, where the microwaves exiting the source are first converted

into a Gaussian beam, passed through a series of polarising lenses and mirrors and

1This is a modification of the system with respect to previous works [16].
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finally are directed into the waveguide.

4.2.3 Waveguide and sample cups

A hollow stainless steal tube hosts a corrugated waveguide. The tube, ≈ 2 m

long, is vacuum-sealed from the top with a rexolite cap, that allows microwaves

to enter the corrugated waveguide. The incoming Gaussian beam is converted by

the waveguide into a HE11 field, and it is transmitted to the sample.

The waveguide is attached to a mechanical actuator (FESTO - Esslingen am

Neckar, Germany), that can slide it up and down. The actuator is controlled

by LabVIEW, and it is used in different phases of the experiments, as discussed

in Chapter 7.

At the bottom of the waveguide it is possible to attach the sample cup. Two

sample cups have been used in the dual iso-centre magnet. In the first one, shown

in Figure 4.6a, a saddle coil surrounds the sample space. The coil can be connected

to the spectrometer to monitor and study the hyperpolarisation process. This

sample cup is mainly used to acquire DNP enhancement profiles via frequency

sweep experiments, and to determine the DNP build-up time.

The second sample cup is shown in Figure 4.6b, and is designed to fit into the

dissolution dock during a dissolution DNP experiment. It can contain up to 50µL

of sample, which can be placed into the inverted sample cup.

4.2.4 Dissolution dock

The dissolution dock is shown in Figure 4.7. The dissolution dock (b) is designed

so that the dissolution sample cup (a) tightly fits inside the cavity and creates a

seal between the sample and the dock itself. There are two holes that connect the

dock to the bottom of the cryostat: the tilted one is connected to a pneumatilcally

controlled valve (Takasago Fluidic Systems - Nagoya, Japan) (d), connected to

a tube that hosts pressurised hot solvent (c). The same tube is located inside

another tube where hot oil is continuously flowing to warm up the solvent, that

is loaded into the reservoir (f) prior to dissolution. The vertical hole is connected

to another pneumatically controlled valve (i) that is connected to the NMR tube

in the NMR probe (k) through an adapter (j). The two valves are triggered by
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(a)

(b)

Figure 4.6: Schematic of the sample cup used for solid state experiments (a) and

dissolution (b) (Figures adapted from [57]).
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LabVIEW during the dissolution procedure, as described in Chapter 7, to allow

the hot solvent to reach the sample and then to drive the dissolved sample into

the NMR tube.

Finally, Figure 4.8 shows the schematic of the system as initially designed.

Figure 4.7: Schematic of the dissolution system where all the main components

are shown (Figure adapted from [57]).

4.2.5 Line-broadening of the NMR line after dissolution

The main issue incurred during dissolution experiments is the broadening of the

NMR line after the dissolution. This broadening is caused by micro-bubbles that

form in the hot solvent during the dissolution procedure, generating a susceptibility

mismatch that distorts the local magnetic field in their vicinity. Once the sample
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Figure 4.8: Dual iso-centre magnet schematics. (1) dissolution dock, (2) helium

inlet for cryoinsert, (3) vacuum valve, (4) air lock, (5) sample cup, (6) actuator, (7)

waveguide, (8) carriage, (9) Rexolite vacuum cap, (10) stepper motor for actuator

control (Figure adapted from [16]).
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is dissolved and reaches the NMR tube, bubbles move towards the upper surface

of the sample. The effect of bubbles can be seen in the time-dependence of the

width of the NMR line, that gets narrower as time passes. The NMR line reaches

a steady-state value after ≈ 1 s that the sample settles in the tube.

A slight vacuum is applied to speed-up the settling process. The presence and

effect of bubbles in a dissolution DNP experiment with the dual iso-centre magnet

has been already studied in previous works [57,59].

4.3 Methodology for experiments performed in

the polariser

Experiments discussed in Chapter 5 and 6 are performed in the polariser mag-

net previously described. For the experiments where only 19F NMR signals are

recorded, the DELRIN probe has been used. For the experiments where also 1H

NMR signals are acquired, the brass probe was used instead.

In this section the methodology and issues related to the solid state experiments

performed in the polariser are explained.

4.3.1 Frequency sweep experiments

One of the most common experiments performed for the work described in the

next chapters concerns the determination of the microwave frequency νMW that

creates the maximum DNP enhancement.

To determine νMW , N NMR spectra of the analysed nucleus are acquired while

irradiating the sample with microwaves at a certain frequency. At the beginning

of each experiment, the nuclear polarisation is saturated to ensure identical initial

conditions. The saturation is achieved by using a train of n = 256 π/2 pulses with

alternating phases (x, y), and spaced by intervals of 50µs. The efficiency of the

saturation was tested by acquiring a spectrum just after the last pulse in the train

and checking that the integral of the signal intensity was negligibly small.

After saturation, the nuclear polarisation builds up during a certain delay TMW.

Then, a FID is acquired following a π/2 pulse. After each acquisition, the mi-
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crowave frequency is increased.

Figure 4.9 shows the pulse sequence used for frequency sweep experiments.

RF

n

π/2 π/2

TMW

MW CW

×N

Figure 4.9: Pulse sequence used in a frequency sweep experiment. The polarisation

is initially saturated by a π/2 pulses train. Then hyperpolarisation builds up for

a time TMW. Following this delay, the FID is acquired after another π/2 pulse.

This sequence is repeated, and the microwave frequency is increased each time.

4.3.2 Saturation recovery

Another common pulse sequence used in the experiments described in this work

is “saturation recovery”. This pulse sequence is usually performed to obtain the

longitudinal relaxation build-up time constant T1 of a nuclear spin system. How-

ever, it also allows us to determine the nuclear DNP build-up time τDNP if the

sample is irradiated with microwaves throughout the duration of the experiment.

During a saturation recovery experiment, a train of pulses, like the one described

for the frequency sweep experiment, saturates the nuclear polarisation. A FID is

acquired following a variable delay τd and a π/2 pulse. The experiment is repeated

N times, incrementing τd with increasing steps for each experiment, in order to

show the time dependence of the nuclear signal.

Figure 4.10 shows the pulse sequence for a saturation recovery experiment.

Data from the experiments have been fitted with the empirical function:

I(t) = I0 (1− exp{−Rt}) , (4.1)

where I(t) is the signal integral of each NMR spectrum at time t after saturation, I0

is the value of the integral at thermal equilibrium or the steady-state signal under
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n

π/2 π/2

τd

×N

Figure 4.10: Pulse sequence used for saturation recovery experiments. The polar-

isation is initially saturated by a π/2 pulse train. Then the spin ensemble recovers

its polarisation for a time τd. Following this delay, that increases each time this

sequence is repeated, the FID is acquired following another π/2 pulse.

microwave irradiation, and the rate R is the inverse of the longitudinal relaxation

time constant (or DNP build-up time constant τDNP if the sample is irradiated

with microwaves during the experiment). The ratios between I0 under microwave

irradiation and I0 with MW off have been calculated in order to estimate the DNP

enhancement achieved.

4.3.3 Saturation recovery for cross-relaxation experiment

To show the transient 19F polarisation that builds up in some experiments of

Chapter 5, the saturation recovery pulse sequence shown in the previous section

was modified.

For these experiments, the sample is irradiated with microwaves at the frequency

corresponding to the maximum DNP enhancement for 19F for an interval TMW, so

the sample is hyperpolarised. After the microwaves are turned off, a train of pulses

saturates the 19F polarisation, and a FID is acquired following a delay τd, like in

a standard saturation recovery experiment. As for the saturation recovery pulse

sequence, the experiment is repeated N times and the delay τd is incremented each

time. The pulse sequence is shown in Figure 4.11.

4.3.4 Interleaved acquisition of 1H and 19F for cross-relaxation

In Chapter 5, some of the experiments are performed by acquiring quasi-simultaneously

the 1H and 19F NMR signals. These experiments are required to improve the data
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19F

n

π/2 π/2

τd

MW CW

TMW

×N

Figure 4.11: Pulse sequence used during experiments to study cross-relaxation.

For a time TMW the spin ensemble is hyperpolarised by microwave irradiation.

After this time, the microwave irradiation is interrupted, and the rest of the pulse

sequence is identical to the saturation recovery pulse sequence, shown in Fig-

ure 4.10.

quality and avoid bias of data by temperature variation, discussed later in this

Chapter. Experiments with double acquisition were performed by using the dou-

ble tuned brass probe.

By using this pulse sequence, 1H and 19F signals were consecutively acquired

in the same experiment. The pulse sequence used to acquire the data is shown

in Fig. 4.12. This pulse sequence is the same as the one in Fig. 4.11, with the

addition of a pulse and acquisition on the frequency corresponding to the 1H

Larmor frequency just after 19F acquisition. The time difference between 19F and

1H acquisition is ∆t� 1 s, which is the shortest time interval that has been used,

and therefore has been ignored when fitting 1H decay data.

Each spectrum is acquired in a separate experiment on Topspin 1.5 software. A

multizg acquisition linked the experiments together, allowing one experiment to

start after the previous one has just finished. The first experiment, as well as all the

odd-numbered experiments, contains the pulse programme related to the pulses

on the 19F channel. It also controls the trigger that turns on and off the microwave

source. For each experiment, the delay τd was increased as in a standard saturation

recovery experiment. The microwave source, controlled by a TTL signal from the

console, was turned on for period TMW prior to every experiment to allow a full 1H

DNP build-up. The second experiment, as well as the remaining even-numbered
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ones, contains a single pulse and acquisition with reference frequency close to the

1H Larmor frequency (third line of the pulse sequence in Fig. 4.12).

19F

n

π/2 π/2

τd

1H

π/2

MW CW

TMW

×N

Figure 4.12: Pulse sequence used in the multizg experiments for cross-relaxation.

This pulse sequence is identical to the pulse sequence used to study cross-relaxation

(Figure 4.11). However,after the 19F FID acquisition, the carrier frequency, ini-

tially set to match the 19F Larmor frequency, is changed to the 1H Larmor fre-

quency. Then a pulse excites the 1H ensemble and the 1H FID is acquired.

4.3.5 Saturation recovery with continuous 1H saturation

In Chapters 5 and 6 experiments are performed to show how the presence the

presence of 1H nuclei in the sample affects the 19F polarisation. In these experi-

ments, the 1H magnetisation is continuously saturated, while a saturation recovery

experiment is performed on the 19F nuclei.

The used pulse sequence is shown in Figure 4.13. The 1H saturation is achieved

by using a series of π/2 pulses every 250 ms on resonance with the 1H Larmor

frequency during the recovery time τd between the saturation of 19F polarisation

and FID acquisition. Therefore, during the delay between the 19F saturation and

the FID acquisition, four pulses per second are sent to the 1H channel.

To check the efficiency of the saturation, 1H FIDs have been acquired in place

of 19F signals by using the same pulse sequence, and it was observed that their

signal-to-noise ratios were S/N < 1 for each spectrum.
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19F

n

π/2 π/2

τd

1H

xN

Figure 4.13: Pulse sequence used during experiments to study the evolution of
19F while 1H is continuously saturated. The pulse sequence is identical to the

saturation recovery pulse sequence, shown in Figure 4.10, with the addition of

pulses to saturate the 1H magnetisation.

4.3.6 Temperature stability in the polariser

Temperature data during experiments in the polariser are collected by a pressure

sensor which is connected to the cryostat of the magnet. Sensor calibration allows

conversion of collected pressure measurements into temperatures. It is also possi-

ble to measure the level of liquid helium inside the bore by means of the capacitor

placed in the sample space.

To cool down the sample, the needle valve that connects the helium reservoir

of the magnet and the bore is opened. However, it is extremely challenging to

stabilise the flow of helium through the needle valve. Moreover, it was noticed

that the helium flow dropped slowly down to zero, and it was necessary to further

open the needle valve to re-establish the helium flow. As a result, the pressure

and temperature conditions slightly changed for every experiment, since a small

difference in the valve opening entailed a different helium flux through the valve,

and therefore a change in temperature. The observed temperature variation was

± ≈ 0.1 K.

Variations in relaxation rates were in fact recorded when the same experiment was

repeated. For example, the results for 19F T1 from saturation recovery experiments

in a sample containing 75% toluene, 25% fluorobenzene and 40 mM TEMPO are:

87± 4 s 104.2± 0.7 s 116.2± 1.4 s 121.0± 1.3 s
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The errors in each measurement are based on the fit results, since the errors asso-

ciated with the spectra integrals are negligibly small. The fact that these errors

are small compared to the T1 values indicates that the temperature variation is

negligible within a single experiment. In fact 19F polarisation recovers its equilib-

rium value according to the expected saturation recovery function, without drifting

away from the expected pattern.

However, a notable variation in time constants was observed when experiments

were repeated with the same sample, with a difference of ≈ 33 s between the short-

est and longest recorded values.

Based on these four T1 values, it is possible to calculate the mean value T 1 =

107± 13 s, where the error is given by their standard deviation.

According to this calculation, the relative error on the relaxation time constant is

≈ 12% of its value.

However, the number of readings is too small, and many more measurements would

be needed for a better estimation of the error.

The temperature and helium level variation can be observed in Figure 4.14,

where these values are recorded during two different cross-relaxation experiments.
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Figure 4.14: Temperature and helium level recorded during two different experi-

ents where the same pulse sequence was used.

It is important to note that despite the effort in keeping the temperature at

the same value, the physical conditions change between the two experiments: the
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temperature is in fact higher in the first case (Figure 4.14a) than in the second

(Figure 4.14b).

The spikes in the temperature figures are caused by a momentary increase in tem-

perature when microwaves are applied to the sample (TMW = 2 min for both ex-

periments), returning to its equilibrium value just after. The temperature increase

is caused by the liquid helium that boils off, due to the microwave irradiation that

heats up the helium in the sample space. For the first minutes of the experiments,

when the recovery delays τd are too short, the decay of temperature to equilibrium

is negated by the incoming microwaves which warm up the sample again before it

returns to its equilibrium value.

Moreover, the sensor is not calibrated and presents an offset in the read temper-

ature, which is ≈ 0.4 K lower than the real one, measured by using a calibrated

sensor in place of the probe. This temperature offset has therefore been considered

when temperature readings are provided in Chapters 5 and 6.
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Chapter 5

19F DNP optimisation and

TEMPO-mediated 1H-19F

cross-relaxation at cryogenic

temperatures

In this Chapter the feasibility of producing large 19F polarisation at cryogenic

temperatures by DNP is investigated.

As explained in Chapter 3, DNP requires the presence of unpaired electrons in

the sample. Among the mechanisms that drive 19F DNP at low temperatures

(∼ 1.6 K) with mono radicals that possess a significant g-anisotropy like TEMPO,

it was shown that the Cross Effect [40] and the Solid Effect [34] are the dominant

ones [60, 61].

Polarisation is built-up in time with a characteristic time constant τDNP which

depends on several factors, such as the number of free electrons and the power

of the irradiating microwaves, as well as the nuclear and electron relaxation time

T1. These parameters also determine the maximum amount of polarisation that

is transferred from the electrons to the nuclei.

In this Chapter the signal enhancement produced by DNP for 19F is optimised, and

factors influencing the enhancement, such as the concentration of the polarising

agent, the 19F concentration, the sample deuteration, and DNP build-up time, are

analysed at cryogenic temperatures.
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Since 1H and 19F nuclei have gyromagnetic ratios whose values are close to each

other [62], also their Larmor frequencies are similar (νH − νF ∼ 8 MHz in a 3.4 T

magnetic field) compared to the broad TEMPO EPR spectrum, and they are

simultaneously hyperpolarised during DNP. After the optimal DNP conditions

for 19F are found, the effect produced by hyperpolarised 1H nuclei on 19F is also

studied. Parameters like the dependence of this effect on the electron and 19F

concentrations in the samples are analysed, as well as the type of free radical used

for DNP.

5.1 Optimisation of 19F DNP in solid state

Experiments on 19F and 1H solid state NMR have been performed in a strong mag-

netic field (3.37 T) at cryogenic temperatures in the “polariser” magnet with the

double-tuned brass probe, both instruments described in Section 4.1. The samples

were prepared by mixing fluorobenzene and toluene (Figures 5.1a and 5.1b) . The

free radical TEMPO (Figure 5.1c) was added to the sample to achieve hyperpo-

larisation of the spin nuclei in the sample via DNP. According to the Boltzmann

distribution Equation 1.6 in Section 1.1.3, at 1.6 K, thermal polarisation of 19F

and 1H is ≈ 0.2%, while for electrons it is around 89%. This means that while

at such temperature electrons are almost fully polarised, nuclei have still a low

polarisation level.

Through microwave irradiation of the sample at a defined frequency that induces

(a) (b) (c)

Figure 5.1: Chemical structures of the fluorobenzene (a), toluene (b) and TEMPO

(c).

DNP hyperpolarisation1, the system is driven to a new equilibrium state, resulting

1As previously discussed on Chapter 3.
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in an increase of the population difference of the nuclear spins in the lower energy

level and producing an enhancement ε of the NMR signal2. The time constant

τDNP characterising the build-up into the non-equilibrium state, ranges between

≈ 20 s and ≈ 5 min for 1H and 19F. When microwaves are turned off, the enhanced

polarisation of the nuclei in the sample decays with the usual longitudinal relax-

ation time constant T1.

The contribution of 13C nuclei, present in natural abundance in the used samples,

is neglected during the analysis of the experimental data.

5.1.1 Samples

Several experiments have been performed to determine the optimal sample prepa-

ration that leads to an efficient 19F hyperpolarisation. Samples containing the free

radical TEMPO in a matrix of organic solvent made of toluene, fluorobenzene and

benzene have been prepared.

A glassy sample is needed to ensure that the free radicals added to the sample are

uniformly distributed. In fact a solvent that freezes in a crystalline structure can

cause phase separation between the polarising agent and the molecules, resulting

in a strong reduction of the enhancements [63–65].

Mixtures containing different volume ratios of toluene and benzene have been

cooled down in liquid nitrogen. Starting from a ratio of 50:50 (v/v), the benzene

to toluene ratio was decreased in the tested samples until the frozen sample ex-

hibited characteristics of a transparent solid. This transparency is characteristic

of glasses. A final ratio of 25% benzene and 75% toluene has been selected. This

ratio provides the mixture with the most benzene in the sample that still forms a

glassy matrix at cryogenic temperature.

Samples have been prepared by combining benzene with fluorinated benzene to

make up 25% of the sample. Deuterated benzene and deuterated toluene have

been used for three of the samples. These samples have been prepared to study

the dependency of 19F and 1H polarisation dynamics as a function of 1H concen-

tration in the sample. In addition, one radical free sample has been used. Finally,

two samples containing the free radicals TEKPol [66] and BDPA [37,38] have been

2More details of DNP have already been discussed in Chapter 3.
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prepared. Table 5.1 shows the composition of samples used in the experiments

described in this Chapter.

25% (v/v) 75% (v/v)

[19F] [1H] C6H5F C6H6 Toluene TEMPO
(mM) (mM) (mM)

Sample 1a 2.7× 103 69.5× 103 1 0 1 40
Sample 2a 660 71.5× 103 1/4 3/4 1 40
Sample 3a 161 72× 103 1/16 15/16 1 40
Sample 4a 54 72× 103 1/48 47/48 1 40
Sample 5a 0 72.2× 103 0 1 1 40
Sample 6a 2.7× 103 69.5× 103 1 0 1 0

Sample 1b 2.7× 103 69.5× 103 1 0 1 60
Sample 1c 2.7× 103 69.5× 103 1 0 1 20

[19F] [1H] C6H5F C6H6 Toluene TEKPol
(mM) (mM) (mM)

Sample 1e 2.7× 103 69.5× 103 1 0 1 20

[19F] [1H] C6H5F C6H6 Toluene BDPA
(mM) (mM) (mM)

Sample 1f 2.7× 103 69.5× 103 1 0 1 40

[19F] [1H] C6H5F C6D6 Toluene-d8 TEMPO
(mM) (mM) (mM)

Sample 1d 2.7× 103 13.5× 103 1 0 1 40
Sample 2d 660 3.3× 103 1/4 3/4 1 40
Sample 3d 54 270 1/48 47/48 1 40

Table 5.1: Compositions of samples studied with different 19F concentrations,

degree of deuteration and free radical concentrations.

5.1.2 Experiments and results

Determination of microwave frequency and power for maximum en-

hancement

19F DNP frequency sweeps were recorded using Sample 1d to determine the mi-

crowave frequency that provides the largest DNP enhancement: Fig. 5.2 shows the

integrals of 19F and 1H NMR signals acquired at different microwave frequencies,

with an irradiation period of 60 s for 19F and 30 s for 1H. The microwave power

transmitted by the source for these experiments was set to PMW = 400 mW. In-

tegrals are normalised to the maximum positive value. The details of this experi-

ments are presented in Section 4.3.1, where the DNP frequency sweep experiment

is described.

As the figure shows, when the sample is irradiated with microwaves at νMW ≈
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Figure 5.2: Normalised DNP enhancement profile of 19F and 1H NMR signals for

Sample 1d as a function of microwave frequency after microwave irradiation at

PMW = 400 mW. The curve is truncated due to the restricted sweep range of the

microwave source. 19F polarisation period is TMW = 60 s, while 1H polarisation

period is TMW = 30 s.

94 GHz, a maximum DNP enhancement can be observed for both 19F and 1H. Note

that the curve is truncated for higher frequencies since the microwave source has

only a sweep range of 500 MHz, which is smaller than the full DNP enhancement

profile. Nonetheless, the behaviour of the intensity as a function of microwave fre-

quency is consistent with other similar experiments in which the complete curve

is shown [67,68].

To determine the microwave power corresponding to the maximum DNP enhance-

ment, build-up curves were recorded at various power levels.

Four different saturation recovery experiments (for details see Section 4.3.2), were

performed on Sample 1d while irradiating the sample with microwaves at fre-

quency 94 GHz. The power levels used for each experiment are 50, 100, 200 and

400 mW. The experimental data are shown in Figure 5.3.

As shown in the figure, the microwave power that provide the highest DNP en-

hancement and shortest build-up time τDNP is PMW = 400 mW. For this reason,

this value has been used for all the experiments presented in this Chapter.
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PMW = 50mW : τDNP = 26.7± 0.4 s
PMW = 100mW : τDNP = 25.2± 0.9 s
PMW = 200mW : τDNP = 26.4± 0.2 s
PMW = 400mW : τDNP = 22.2± 0.4 s

Figure 5.3: 19F DNP build-up experiment while irradiating the sample with mi-

crowaves at νMW = 94 GHz at four different powers. For these experiments Sample

1d has been used. The build-up time constants τDNP, obtained by fitting the data

with the saturation recovery function described in Section 4.3.2, are shown along-

side the microwave power in the legend.

Longitudinal relaxation and DNP build-up times

Saturation recovery experiments (see Section 4.3.2) have been performed for the

samples in Tab. 5.1 to measure the longitudinal relaxation time constants T1. The

same pulse sequence was also used while irradiating the sample with microwaves at

frequency νMW = 94 GHz and power PMW = 400 mW. νMW and PMW, determined

in the previous section, allow to obtain the optimal DNP enhancement ε, as well

as the corresponding build-up time constants τDNP. Enhancements have been cal-

culated as ε = IDNP/Ith, where IDNP and Ith are the integral of the hyperpolarised

and thermal NMR spectra respectively.

Data from the experiments have been fitted with the empirical function:

I(t) = I0 (1− exp{−Rt}) , (5.1)

described in the saturation recovery experiment (Section 4.3.2). Tab. 5.2 shows

nuclear T1, τDNP and DNP enhancement ε for both 19F and 1H for each sample in

Tab. 5.1.
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1H 19F
T1 (s) τDNP (s) ε T1 (s) τDNP (s) ε

Sample 1a 88.1± 1.8 18.2± 0.8 28.6± 0.4 104.2± 0.7 23.20± 0.13 58.44± 0.17

Sample 1b 85.1± 1.5 20± 3 70.0± 0.5 80± 30 26.4± 1.0 101± 14
Sample 1c 127.6± 1.5 82± 2 23.4± 0.2 500± 200 170± 13 31± 8

Sample 2a 91± 3 24.8± 0.9 43.1± 0.7 191± 4 67.1± 1.1 65.1± 0.6
Sample 3a 63.5± 1.8 16.7± 0.3 40.1± 0.4 580± 40 197± 9 102± 3
Sample 4a 141± 8 47.6± 1.0 50.3± 1.0 600± 130 330± 30 90± 7
Sample 5a 193± 3 42.9± 0.5 65.1± 0.3 − − −

Table 5.2: Time constants T1 and τDNP, and DNP enhancement ε for both 19F

and 1H for the non deuterated samples 1a (2.7 M 19F, 40 mM TEMPO), 1b (2.7 M
19F, 60 mM TEMPO), 1c (2.7 M 19F, 20 mM TEMPO), 2a (660 mM 19F, 40 mM

TEMPO), 3a (161 mM 19F, 40 mM TEMPO), 4a (54 mM 19F, 40 mM TEMPO)

and 5a (no 19F, 40 mM TEMPO) in Tab. 5.1. Microwaves irradiation at frequency

νMW = 94 GHz was used for the DNP experiments. The samples are arranged in

decreasing order of the 19F concentration.

1H 19F
T1 (s) τDNP (s) ε T1 (s) τDNP (s) ε

Sample 1d 174± 4 19.1± 0.4 110.3± 1.2 144.0± 1.9 23.6± 0.3 80.5± 0.5
Sample 2d 47.2± 1.9 11.9± 0.2 125.5± 1.7 255± 4 86.8± 1.9 115.1± 1.0
Sample 3d 63± 4 22.1± 1.7 ≈ 160 700± 300 250± 20 ≈ 200

Table 5.3: Time constants T1 and τDNP, and DNP enhancement ε for both 19F and
1H for the deuterated Samples 1d (2.7 M 19F, 40 mM TEMPO), 2d (660 mM 19F,

40 mM TEMPO) and 3d (54 mM 19F, 40 mM TEMPO) in Tab. 5.1. Microwaves

irradiation at frequency νMW = 94 GHz was used for the DNP experiments. The

samples are arranged in decreasing order of the 19F concentration.

The errors associated with the measurements are the regression errors obtained

while fitting the data. As discussed in Section 4.3.6, these errors represent a lower

limit of the “true” error associated with the values. The experimental error, com-

ing from differences in temperature between experiments, has been estimated to

be ≈ 12% of each value. The error associated to the measurements is indicative of

the “goodness” of the experiment, showing whether the results are self-consistent

within each experiment. Assuming that the temperature does not change signif-

icantly within each experiment, the error based on the fit result depends on the

signal-to-noise ratio of each spectrum. Wherever the error is large, the signal-to-

noise ratio value was poor. On the other hand, small errors are associated to data

with large signal-to-noise ratios. Figure 5.4 shows two example of spectra with

large and poor signal-to-noise ratios.
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1H 19F
T1 (s) τDNP (s) ε T1 (s) τDNP (s) ε

Sample 1e 121± 2 20.9± 0.9 24.3± 0.3 181± 8 24± 2 35.4± 1.3

Sample 1f (νSE) 130± 17 130± 7 13.3± 0.7 225± 7 240± 20 9.1± 0.3
Sample 1f (νheCE) 130± 17 81± 9 1.82± 0.12 225± 7 167± 7 3.53± 0.06

Table 5.4: Time constants T1 and τDNP, and DNP enhancement ε for both 19F and
1H for Samples 1e (2.7 M 19F, 20 mM TEKPol) and 1f (2.7 M 19F, 40 mM BDPA)

in Tab. 5.1. Microwaves irradiation at frequency νMW = 94 GHz was used for the

DNP experiments of Sample 1e. DNP experiments for Sample 1f were performed

at νMW = νSE = 93.79 GHz and νMW = νheCE = 93.9 GHz.

The results in Table 5.2 show that for 1H the T1 and build-up time τDNP con-
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Figure 5.4: 19F spectra acquired at cryogenic temperatures. These spectra are

acquired under microwave irradiation for Samples 1a and 4a (containing 2.7 M

and 54 mM of 19F respectively). They are reported as examples of data with large

and poor signal-to-noise ratios.

stants, as well as the enhancements, are of the same order of magnitude. However,

values for 1H T1 for Samples 4a and 5a differ from the others: this difference may

arise from the different glass structure formed and rate of freezing of the sample

when it is inserted into the cryostat. It has been observed that a sample can freeze

in different ways, which affect the T1 and τDNP time constants [69]. However, the

dependence of T1 on the sample structure is not very well known at the temper-

atures these experiments are performed at. The 1H concentration of the samples

listed in Tab. 5.2 does not change significantly and it is therefore reasonable to

assume that the presence of 19F does not affect 1H polarisation and build-up.

Data in Table 5.2 show that both longitudinal relaxation and DNP build-up time

constants increase as the 19F concentration decreases.

68



On the other hand, 19F DNP enhancement increases by decreasing the 19F con-

centration.

For Sample 1b, where the TEMPO concentration is increased, the recorded time

constants do not change significantly. On the other hand, the DNP enhancement

of both nuclei is larger, proving a more efficient hyperpolarisation in the sample.

When the TEMPO concentration in the sample is lowered, as shown from the

results from Sample 1c, the DNP process loses efficiency. With less electrons in

the sample in fact, for both 1H and 19F, the build-up time constant τDNP gets

longer and the 19F enhancement decreases. Also the 19F T1 value increases, while

1H T1 does not change significantly for Sample 1c.

For Sample 1e, where TEKPol was used, results for 1H do not differ significantly

respect to Sample 1a (in these two samples, the quantity of free electrons is in fact

the same). 19F T1 instead increases, while the DNP enhancement is lower.

Two sets of data are provided for Sample 1f, since the DNP profile showed two

sets of enhancement regions, centred at νMW = νSE = 93.79 GHz and νMW =

νheCE = 93.9 GHz. These result will be discussed further in Chapter 6. However,

it is important to point out that all of the enhancements achieved for this sample

are much lower than the ones obtained for Sample 1a (which has the same chem-

ical composition, with 40 mM of TEMPO changed with 40 mM BDPA), and are

obtained with a longer build-up time.

19F and 1H DNP enhancements are higher if the sample is partially deuterated

(see Table 5.3): this is observed also in other works [70–72], where it is demon-

strated that deuteration provides higher enhancement when the sample is doped

with TEMPO-like free radicals.

Moreover, for all the analysed samples, the DNP build-up time constants τDNP of

1H and 19F nuclei are always shorter than the corresponding longitudinal relax-

ation time constants T1.

Finally, it is important to notice that for deuterated samples εH > εF , while for

non-deuterated samples εH < εF . This indicates that there is no fast exchange of

polarisation between these two spin ensembles.

The results of these experiments are summarised in Figure 5.5, where 1H and
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19F T1, τDNP and enhancements are plotted as a function of the 19F concentra-

tion. The conclusion of these experiments is that the sample that provides the

best 19F enhancement (a factor of ≈ 200), regardless of the time required, is the

one that contains the smallest 19F concentration when the sample is deuterated

(Sample 3d). The enhancement corresponds to a 19F polarisation of ≈ 40%. The

polarisation build-up time, of the order of 700 s, although longer than the one for

samples with more 19F nuclei, is still shorter compared to the build-up time of

most commonly used 13C labelled compounds in DNP experiments [13].

5.1.3 Discussion

Saturation recovery experiments have been performed in all samples listed in Ta-

ble 5.1 to obtain their T1 and τDNP time constants, as well as the DNP enhancement

ε.

Data in Table 5.2 and 5.3 show how the 19F longitudinal relaxation time constant

T1 increases when the 19F concentration in the sample decreases.

As shown in Section 2.5, it is possible to separate the contribution of 19F relax-

ation in paramagnetic relaxation contribution T par
1 , dipole-dipole relaxation con-

tribution T dd
1 , plus remaining contributions gathered under the term T rest

1 . The

latter is supposed to be constant for all samples.

In this instance, the polarisation exchange between the 1H and 19F ensembles

mediated by free electrons is ignored. However, as it will be shown later in this

chapter, this process plays an important role in the evolution of 19F polarisation.

Moreover, the DNP Cross Effect may manifest as T1, regardless of the presence

or absence of microwave irradiation [27]. For sake of simplicity, the Cross Effect

is also ignored for this study when there is no microwave irradiation. Another

assumption to further simplify the discussion of relaxation is a fast spin diffusion

process, and the spin diffusion barrier is not taken into account for its complex

nature [26,35,42].

The measured T1s can therefore be expressed by the equation:

1

T1

=
1

T par
1

+
1

T dd
1

+
1

T rest
1

. (5.2)
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Figure 5.5: Longitudinal relaxation time, DNP build-up time and DNP enhance-

ment for both non-deuterated and deuterated samples for 19F and 1H nuclei as a

function of the 19F concentration in the sample. Errors in the figure are 12% of

the values.
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A further assumption, related to the dipole-dipole relaxation mechanism, is also

made. The 1H nuclei closest to the 19F nuclei are the ones belonging to the

same fluorobenzene molecule. The distance of the 19F nucleus from the closest 1H

in fluorobenzene, measured to be ≈ 2.58 Å at room temperature [73], is shorter

then the distance with any other intermolecular 1H nuclei. Therefore, the dipolar

interaction between 19F and 1H can be assumed to be constant for all samples

used, and the factor 1/T dd
1 can be incorporated in 1/T rest

1 , so that Equation 5.2

can be re-written as
1

T1

=
1

T par
1

+
1

T rest
1

. (5.3)

It was shown in Section 2.4 that the 19F paramagnetic relaxation rate depends

on the distance between the nuclei and the paramagnetic centres. In fact, the

hyperfine interaction between 19F nuclei and electrons in the sample generates a

coupling constant B proportional to r−3
eF , where reF is the distance between the

two spins. According to this theory, the relaxation rate Rpar
F can be written as

Rpar
F =

1

T par
1

∝ B2τc
1 + ω2

F τ
2
c

, (5.4)

where τc is the correlation time, related to the electronic relaxation as discussed

in Section 2.4.

The quadratic dependency of the rate Rpar
F on the coupling constant B implies a

dependency of Rpar
F on the distance reF of r−6

eF .

The effect of the hyperfine interaction becomes less intense when the two inter-

acting particles get too far away from each other.

Figure 5.6 shows the plot of the 19F longitudinal relaxation time constant T1 as a

function of the sixth power of the distance between the 19F nuclei and the elec-

trons for Samples 1a to 4a (in red) and Samples 1d to 3d (in blue). The used

distance is given by the minimum distance between electrons and 19F, and it has

been calculated in the following way.

All 19F nuclei are equally displaced in an imaginary three dimensional grid. The

distance between the closest nuclei is fixed, and can be estimated starting from
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the molar concentration of 19F in the samples, so that

dmin = 3

√
NA

[19F]
, (5.5)

where NA is the Avogadro Number, while [19F] is the 19F molar concentration.

When a low concentration of electrons is used in the sample, the same amount

of 19F nuclei are replaced by electrons in the grid, in such a way that they are

uniformly distributed in the grid. Therefore, the minimum distance between elec-

trons and 19F is equal to the minimum separation between 19F nuclei.

As Figure 5.6 shows, a linear dependency of the rate on the sixth power of the dis-

tance is not observed. This result indicates that for high 19F concentrations, and

hence for short reF , the interaction with the electrons dominates the relaxation

process. As the distance between electrons and 19F decreases, the rate decreases

and reaches a plateau. At this point the relaxation mechanism is dominated by

the other relaxation pathways contained in T rest
1 .

In fact, by fitting the data with the function T1 = (1/T rest
1 + B/r6)−1, a good
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Figure 5.6: Experimental longitudinal relaxation times as function of the 19F

concentration in the sample, for deuterated (in blue) and non-deuterated samples

(red). Data have been fitted with the function T1 = (1/T rest
1 +B/r6)−1.

accordance between theory and experimental results is acheived. It is also possible

to obtain the value of T rest
1 , constant for all samples. This value corresponds to

T rest
1 = 710 ± 100 s for the deuterated samples, and T rest

1 = 630 ± 50 s for the

73



non-deuterated ones.

Even though the fit shows a good agreement with the data, the number of used

points is not high enough to draw more accurate conclusions, other than showing

a trend for the data. More data are in fact needed for samples with low 19F con-

centrations to enhance the statistical meaning of the fit.

An increase of T1 due to paramagnetic relaxation is also expected for 1H in

the deuterated Samples 1d, 2d and 3d. However, as Table 5.3 shows, 1H T1 time

constants do not change significantly by decreasing the 1H concentration in the

sample. This result can be explained by the geometrical arrangement of the 1H

nuclei in the sample. Since the 1H nuclei in the sample are only present in the

fluorobenzene molecules, it means that they are “packed” together in groups of

five. The 1H-1H dipolar interaction dominates the relaxation mechanism, since its

largest contribution is dominated by the interaction of the 1H nuclei within the

same molecule.

By comparing the results shown in Table 5.2 and 5.3, it is possible to notice

that DNP enhancements are higher if the sample is partially deuterated. The

main reason for this observation is that an increase of the nuclear T1 will lead to

the preservation of a higher nuclear polarisation since the leakage of non-thermal

polarisation is reduced.

For all the analysed samples, the DNP build-up time constants τDNP of 1H and

19F nuclei are always shorter than the corresponding longitudinal relaxation time

constants T1. While for Cross Effect DNP τDNP is expected to be close to the

nuclear T1 [27], the DNP build-up time for the Solid Effect is shorter than the

nuclear T1 [74]. The experimental results for τDNP and T1 obtained in this work

indicate that the Solid Effect contributes to the nuclear hyperpolarisation build-

up. On the other hand, the DNP profiles shown in Figure 5.2 are characteristic of

the Cross Effect. Therefore it is possible to conclude that the hyperpolarisation of

the analysed samples is generated by a mixture of the Solid and the Cross Effect.

For deuterated samples εH > εF , while for non-deuterated samples εH < εF . This

indicates that there is no fast exchange of polarisation between these two spin
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ensembles. The enhancements of the two nuclei would in fact have been the same

if there was fast exchange, with both nuclear ensemble reaching the same polari-

sation value.

These results are of particular interest when designing the experiments described

in Chapter 7, where a sample containing a 19F-labelled protein will be brought to

ambient temperature and used in liquid state NMR experiments.

Finally, the fact that the DNP enhancements for Samples 1b, 1a and 1c (with

60,40 and 20 mM TEMPO respectively) increases with the free radical concentra-

tion is in accordance with theoretical studies on Cross Effect [40].

It was also shown that the DNP build-up time decreases as the TEMPO concentra-

tion increases. This behaviour was expected since, as shown in another work, this

time constant roughly scales as the inverse square of the hyperfine coupling [75],

whose average value increases with the electron concentration.

5.2 1H-19F polarisation transfer under ss-DNP

conditions

As discussed in Section 2.4, two interacting spins can undergo a relaxation process

caused by the dipole-dipole mechanism. In experimental terms, this means that a

spin affects the way other neighbour spins relax. The Solomon equations describe

how the dipole-dipole interaction can transfer the polarisation from one spin to

the other [51, 76]. Many experimental techniques take advantage of this process

to study the structure of proteins and molecules in liquid and solid state (e.g. the

NOE [31]).

Cross-relaxation is usually intended as the process for which two nuclear ensemble

can exchange their polarisation by means of dipole-dipole interaction. Its effect,

first described by Solomon [51], has been widely observed in NMR experiments

and many results can be found in literature [77–80].

In the context of this Chapter, the term cross-relaxation is used to describe a

non-coherent process representing a polarisation transfer between 1H and 19F.

Cross-relaxation evidences can be found even at cryogenic temperatures in het-

eronuclear spin systems, for free radical-doped samples, where the Larmor frequen-
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cies difference of the two nuclei is smaller than the EPR linewidth [10,46,78,81–94].

Kaminker et al. [95] observed cross-relaxation between 1H and 2H nuclei in solid

state at 6 K in a sample containing 40 mM of TEMPOL radical. They concluded

that the source of polarisation transfer from hydrogen to deuterium takes place

at distinct sites in the samples and the polarisation exchange is mediated by the

electrons of the free radical.

Guarin et al. [96] used the Thermal Mixing DNP mechanism to explain the po-

larisation exchange between 1H and 13C at high magnetic field (B0 = 6.7 T) and

low temperatures (T = 4 K) in samples with nitroxide radicals.

In the rest of the chapter, an attempt to characterise the cross-relaxation mech-

anism under DNP conditions is made. The experimental approach used by Cox

et al. [84] will be followed. In their work, DNP experiments were performed in

a sample containing lithium fluoride on 7Li and 19F. To analyse the polarisation

exchange, 7Li polarisation was monitored after 19F was hyperpolarised.

It is important to point out that this polarisation transfer is different to the one

theorised and observed by Vega et al. [97], in which the polarisation is due to

a three spin solid effect-like conditions, where an enhancement of carbon NMR

signal is observed when the sample containing free radical was irradiated with

microwaves at ωMW = ωe ± (ωH ± ωC). In fact, in that case, the enhancement

was driven by microwave irradiation, while in the experiments on the rest of this

chapter the polarisation transfer is observed without microwave irradiation.

Low-field thermal mixing [98] has been ruled out as a possible mechanisms re-

sponsible for the cross-relaxation since it takes place at much lower magnetic field

strength.

5.2.1 Experimental evidence for polarisation transfer be-

tween 1H and 19F

By performing preliminary 19F DNP experiments, a transient polarisation increase

above the thermal equilibrium value was observed after the microwave irradiation

was turned off.

In order to show this effect, the following experiment on Sample 1a has been per-

formed in the “polariser” at ≈ 1.6 K. The pulse sequence used is the “saturation
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recovery for cross-relaxation” (see Section 4.3.3). The parameters used during

the microwave irradiation of the sample are νMW = 94 GHz and PMW = 400 mW,

frequency and power corresponding to the maximum DNP enhancement. The mi-

crowave irradiation period is TMW = 2 min. Figure 5.7a shows the integrals of the

recorded signals, plotted as function of time.

Integrals of the 19F signals have been normalised to the last value, which is rea-

sonably assumed to be at the effective thermal equilibrium condition. The y-axis

represents therefore the enhancement of 19F polarisation with respect to the ther-

mal equilibrium one. As shown in the figure, instead of building up like in a

standard saturation recovery experiment, a transient polarisation increase above

the thermal equilibrium value is observed for time intervals t < 100 s. For longer

time intervals, an exponential decay in 19F polarisation in observed, until the po-

larisation reaches the thermal equilibrium value at t > 1 000 s.

It is at this point hypothesised that the transient polarisation is transferred

from the 1H spin ensemble: in fact many 1H nuclei are present in the sample

(eight in each toluene molecule, five in each fluorobenzene one), and since their

gyromagnetic ratio is close to the 19F, it was shown in Fig. 5.2 that during mi-

crowave irradiation the 1H nuclear ensemble gets polarised as well as the 19F one.

As the DNP frequency sweep figure shows, the maximum of 1H signal enhancement

occurs at the same microwave irradiation frequency as the 19F one, and therefore

the two spin ensembles are simultaneously polarised during microwave irradiation.

In order to show that the transient polarisation is transferred from the 1H ensem-

ble, the same experiment has been performed on the same sample, and a saturation

pulse train simultaneous with 19F saturation was added on the 1H channel to de-

stroy the 1H polarisation.

Results of this experiment (Figure 5.7b) show that no transient build-up of 19F

polarisation is observed in this case. This provides strong evidence that the tran-

sient dynamic of the 19F polarisation arises from a transfer of non-thermal 1H

polarisation.
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Figure 5.7: (a) Experimental DNP recovery plot for Sample 1a where both 19F

and 1H nuclei are polarised for TMW = 2 min, then 19F nuclei are saturated, and

its polarisation is recorded after increasing delays. (b) Same experiment with 1H

saturated after the polarisation period.

78



5.2.2 TEMPO concentration variation

In this section the transient polarisation transfer has been studied as a function

of the concentration of free electrons in the sample to analyse the effect the free

radical concentration has on this process. The experiments have been performed

using three different samples containing toluene and monofluorobenzene with 75:25

(v/v) and either 40, 60 or 20 mM of TEMPO (respectively Samples 1a, 1b and 1c

in Table 5.2).

For these experiments, 1H and 19F signals were acquired by using the technique

explained in the “interleaved acquisition of 1H and 19F for cross-relaxation” dis-

cussed in Section 4.3.4 to improve the data quality and avoid bias of data by

temperature variation. The polarisation time used is TMW = 2 min, and during

this time the sample was irradiated with microwaves at frequency νMW = 94 GHz

and power PMW = 400 mM, corresponding to maximum 1H and 19F DNP enhance-

ments.

Figure 5.8 shows the graphs and fitted data for these experiments, together with

the temperatures registered during the experiments and the level of helium in the

sample space. As the figures show, all experimental results for all the samples

exhibit a transient 19F polarisation that increase above the thermal equilibrium

value and decreases afterwards. As the 1H signal decays from the hyperpolarised

state at τd = 0, its polarisation is transferred to the 19F in the sample. The 1H

enhancements depends directly on the free radical concentration, with low radicals

concentration causing a smaller enhancement. It is also possible to note that the

19F polarisation build-up time is longer when less free electrons are present in the

sample.

The behaviour of the temperature shown in Figure 5.8 has already been discussed

in Section 4.3.6.
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(c) Sample 1a (40 mM TEMPO)
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(e) Sample 1c (20 mM TEMPO)
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Figure 5.8: (a,c,e) Data and fitting curve of the double quasi-simultaneous acqui-

sition experiments. (b,d,f) Temperature data (top) and helium level in the sample

space data (bottom) collected during the experiment.
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5.2.3 Transient polarisation in a sample without free rad-

icals

Although experiments in Figure 5.8 show that the paramagnetic centres in the

sample change the way the transient polarisation behaves, they are not the only

cause of this mechanism at low temperatures. To demonstrate this, results of a

standard saturation recovery experiment for 19F in Sample 6a (that does not con-

tain free radical) of Table 5.1 have been compared with the results of a similar

experiment where 1H nuclei are continuously saturated. The pulse sequence is

shown in Section 4.3.5.

In this sample, the same longitudinal relaxation time constant and thermal equi-

librium polarisation would be expected for 19F in both the experiments. If there

is no polarisation exchange between 19F and 1H due to the absence of free elec-

trons in the sample, 19F polarisation should evolve independently on the 1H one.

Results of this experiment are presented in Figure 5.9, showing the results of the

standard saturation recovery (“std” in the legend) and the one with continuous

1H saturation (“Hsat” in the legend). As the figure shows, the 19F build-up time
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Figure 5.9: Results of 19F saturation recovery with (Hsat) and without (std) 1H

continuous saturation.

constant Tbu does not change (from Tbu ≈ 381±11 s to Tbu ≈ 376±6 s when 1H is

continuously saturated), while the steady-state polarisation changes dramatically.

This result is predicted by Equation 6.5, discussed in the next chapter. In fact
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according to this equation, when a standard saturation recovery experiment is

performed while 1H nuclei are at thermal equilibrium, the build-up time constant

is the same as in the case in which 1H are continuously saturated. However, the

difference in steady-state polarisation shows that there is a polarisation exchange

between the two nuclear ensembles. This observation shows that electrons are not

the only responsible source of polarisation exchange between the two nuclei. This

result will be examined in depth in Chapter 6.

5.2.4 Cross-relaxation using the bi-radical TEKPol and

narrow-linewidth free radical BDPA

In the previous section it was shown that the dynamics of the transient polari-

sation depends on the concentration when a radical like TEMPO, with a broad

linewidth, is present in the sample.

To understand whether the distribution of free electrons in the sample affect the

observed transient polarisation dynamics, experiments were carried out with the

bi-radical TEKPol [66].

This free radical (Figure 5.10) consists in two TEMPO molecules rigidly linked,

thus creating two paramagnetic centres kept at a well defined distance of ≈ 13 Å

[99]. By using 20 mM of TEKPol it is therefore possible to obtain the equivalent

free electron concentration used in Sample 1a. However, instead of having a uni-

form distribution of electrons, pairs of equidistant electrons are distributed within

the sample. The sample used for the experiments in this section is Sample 1e in

Table 5.1.

The 19F DNP profile is shown in Figure 5.11, for a microwave power of 400 mW.

Non-thermal polarisation was built up for 1 min through microwave irradiation

before the acquisition of the signal. The integrals of the NMR peaks are shown in

Figure 5.11 as a function of the microwave irradiation frequency. As Figure 5.11

shows, the maximum DNP enhancement is found at νMW = 93.95 GHz, very close

to the microwave frequency that provided the maximum enhancement in samples

with 40 mM of the free radical TEMPO (in Figure 5.2).

Figure 5.12 shows the result of the double quasi-simultaneous acquisition experi-

ment discussed in the “interleaved acquisition of 1H and 19F for cross-relaxation”

82



Figure 5.10: Chemical structure of the TEKPol molecule.The two dots close to the

external oxygen nuclei represent the position of the two electrons in the molecule.
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Figure 5.11: DNP enhancement profile of 19F NMR signals for Sample 1e, con-

taining 20 mM TEKPol free radical.
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section in Section 4.3.4 for both 1H and 19F.
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Figure 5.12: Data and fitting curve of the double quasi-simultaneous acquisition

experiment performed on Sample 1e, containing 20 mM TEKPol free radical.

A similar experiment was repeated for a sample containing 40 mM of BDPA

(Sample 1f in Table 5.1), a free radical with a small EPR linewidth (≈ 30 MHz

[38]), and results are shown in Figure 5.13. For this experiment, the microwave

frequency corresponding to the maximum enhancement has been determined in a

frequency sweep experiment shown in Section 6.2, where an in depth analysis of

cross-relaxation between 19F and 1H is performed for samples containing BDPA.

Both Samples 1e and 1f exhibit the feature characteristic of the transient polari-
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Figure 5.13: Data and fitting curve of the double quasi-simultaneous acquisition

experiment performed on Sample 1f, containing 40 mM BDPA free radical.

sation in the performed experiments. However, it is possible to notice that, while

for Sample 1e such a feature is similar to the one observed in samples with the

free radical TEMPO, for Sample 1f the peak in the 19F curve is barely observable.
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5.2.5 Characterisation of 1H-19F cross-relaxation process

for different 19F concentrations

In this section the polarisation exchange mechanism between 1H-19F is studied, by

analysing its dependence by varying the 19F concentration in the sample as well

as its deuteration.

For Samples 1a, 2a, 3a and 4a in Tab. 5.1 experiments have been performed by

using the pulse sequence described in Section 4.3.3 to study the behaviour of 19F

polarisation after 1H have been hyperpolarised for 2 minutes. Results are shown

in Figure 5.14, while Figure 5.15 shows the results for deuterated samples 1d, 2d

and 3d.

As can be seen in Figure 5.14 and Figure 5.15, as the concentration of 19F
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(b) Sample 2a ([19F] = 660 mM)
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(c) Sample 3a ([19F] = 161 mM)
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(d) Sample 4a ([19F] = 54 mM)
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Figure 5.14: 19F saturation recovery plot for non-deuterated samples containing

the free radical TEMPO (Samples 1a, 2a, 3a and 4a), where microwave irradiation

hyperpolarised 1H nuclei before the 19F saturation. These experiments show the

behaviour of the cross-relaxation process as a function of the 19F concentration.
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(a) Sample 1d ([19F] = 2.7 M)
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(b) Sample 2d ([19F] = 660 mM)
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(c) Sample 3d ([19F] = 54 mM)
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Figure 5.15: 19F saturation recovery plot for deuterated samples containing the

free radical TEMPO (Samples 1d, 2d and 3d), where microwave irradiation hy-

perpolarised 1H nuclei before the 19F saturation. These experiments show the

behaviour of the cross-relaxation process as a function of the 19F concentration in

deuterated samples.
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decreases, the intensity of the peaks decreases as well. Also, the position of the

maxima slightly change, reaching a maximum at t ≈ 200 s.

5.2.6 Discussion

Empirical modelling of polarisation transfer dynamics

In order to describe the 19F transient polarisation in the aforementioned experi-

ments, a system of two different nuclear species (A and B) with spin 1/2 embedded

in a magnetic field is considered. The Solomon equations [51,76] describe how the

population of each species changes as the population of the other species evolves in

time, relaxing to thermal equilibrium with its characteristic longitudinal relaxation

time constant. These equations can be written in the differential form:
dPA(t)

dt
= −RA[PA(t)− P eq

A ]− σAB[PB(t)− PA(t)]

dPB(t)
dt

= −RB[PB(t)− P eq
B ]− σBA[PA(t)− PB(t)]

(5.6)

In this set of equations, PA and PB represent the populations of the two species,

RA and RB are the longitudinal relaxation rates, while σAB and σBA are the rates

describing the exchange of polarisation between the two species. In this theoretical

framework, the cross-relaxation mechanism is associated with the dipolar coupling

between the two species.

In DNP experiments, when microwaves irradiate the sample, a contact between

1H (or 19F) nuclei and the free radicals in the sample is induced, and polarisation

exchange from electrons to the nuclei takes place with the characteristic DNP

build-up rate constants RDNP
H and RDNP

F .

The set of equations that describe the evolution of 19F and 1H polarisation for this

system are
dPF (t)

dt
= −RDNP

F [PF (t)− P F
DNP]−RF [PF (t)− Peq]− σFH [PF (t)− PH(t)]

dPH(t)
dt

= −RDNP
H [PH(t)− PH

DNP]−RH [PH(t)− Peq]

(5.7)

where the following assumptions have been made:

• since γH ' γF , the polarisations of 1H and 19F at thermal equilibrium are
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assumed to be equal (P F
eq ' PH

eq = Peq);

• the number of 19F nuclei in the samples used in this work is smaller than

the number of 1H (1 19F nucleus for every 30 1H in Sample 1a, where [19F] =

2.7 M, which is the highest 19F concentration used in this work), therefore

it is assumed that the 1H polarisation is not influenced by the 19F one.

According to this assumption, it results that σHF = 0.

When there is no microwave irradiation on the sample, both 19F and 1H recover

their equilibrium polarisation corresponding to the equilibrium temperature of

the lattice, and RDNP
F = RDNP

H = 0 s−1. If 19F polarisation is initially saturated

(PF (0) = 0), as it happens in the experiment performed to study the polarisation

transfer, the solutions of Equations 5.7 are:PF (t) = Peq

[
1− e(−RF−σFH)t

]
− σFH(PH(0)−Peq)

RF−RH+σFH

[
e(−RF−σFH)t − e−RH t

]
PH(t) = [PH(0)− Peq]e−RH t + Peq

(5.8)

Moreover, when RF � σFH , Eq. 5.8 become:PF (t) = Peq [1− e−σFH t]− σFH(PH(0)−Peq)

−RH+σFH

[
e−σFH t − e−RH t

]
PH(t) = [PH(0)− Peq]e−RH t + Peq

(5.9)

This assumption will be justified later in this chapter.

The presented model describes interacting nuclear ensembles that can exchange

polarisation with each other with a rate σ and relax to their equilibrium value with

the characteristic longitudinal relaxation time constants.

Equations 6.6 can be explained with a thermal mechanic model analogy, that is

depicted by the diagram in Figure 5.16. In this model, the spin populations are

associated with thermal baths, that are in contact with each other and with an

infinite thermal capacity bath provided by the lattice.

If electrons are present in the sample, the modification introduced in the Solomon

equations, written in Equations 5.7, slightly change the interpretation of the afore-

mentioned thermal model.

In this case, Figure 5.17 provides a schematic representation of the spin ensembles
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Figure 5.16: Schematic diagram of the two energy reservoirs A and B interacting

with each other and with the lattice, which has infinite thermal capacity.

when electrons are added to the sample.

1H, 19F and e− ensembles are in contact with the lattice, and their longitudinal

Lattice

1H 19F

e−RH RF

Re

RFDNPRHDNP

σHF

σFH

σDD

Figure 5.17: Schematic diagram of the energy reservoirs and the flows of energy

between them. The dashed arrows represent microwave driven processes. The

dotted arrow indicates that 1H-19F cross-relaxation is influenced by the presence

of the electrons in this model.

relaxation rate constants are RH , RF and Re respectively. σDD is the rate con-

stant of the polarisation exchange process between 19F and 1H due to their dipolar

coupling. However, as the experimental results in Section 5.2.2 (Figure 5.9) have

shown, there is another polarisation exchange pathway that depends on the free

paramagnetic centres in the sample. This process, that mediates a polarisation

exchange from 1H to 19F nuclei, is characterised by the rate constant σHF (while

the opposite process is characterised by σFH . The dependence of these rates on

the free radical concentration, demonstrated by the experiments in Section 5.2.2,

will be discussed later in this section.
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According to this model, an interpretation of the results obtained for the ex-

periments on the transient polarisation dynamics of 19F nuclei can be given.

Experiments shown in Figures 5.7a and 5.7b point out that the observed polari-

sation transfer dynamics observed for 19F nuclei is generated by 1H nuclei in the

sample.

Since the parameter σHF is neglected in the rest of this thesis, the only remaining

rate constant σFH will be simply referred to as σ.

Discussion on TEMPO concentration variation

Results of the experiments shown in Figures 5.8 have been studied by using the

empirical model presented in Section 5.2.6.

Spectra have been integrated and normalised to their equilibrium values, and have

been fitted with Equations 5.8. 19F and 1H data have been combined for each

sample, and the resulting data sets were fitted together with Equations 5.8. This

allowed to better constrain some parameters that, being present in both Equa-

tions 5.8, would assume different values if the fitting was performed separately for

19F and 1H.

Results of the fits are shown in Table 5.5, together with the average temperature

T shown by the sensors during the experiments. The 1H relaxation rate was ex-

Sample 1b Sample 1a Sample 1c
(60 mM TEMPO) (40 mM TEMPO) (20 mM TEMPO)

RF (1/s) 0.0081± 0.0012 0± 0.0006 0± 0.0004
RH (1/s) 0.0127± 0.0003 0.0053± 0.0002 0.0085± 0.0003
σ (1/s) −0.0240± 0.0010 −0.0175± 0.0010 −0.0048± 0.0003
εH 70.0± 0.5 48.6± 0.7 23.4± 0.2

T (K) 1.76± 0.10 1.65± 0.10 1.66± 0.10

Table 5.5: Results for relaxation time constants, enhancements and average tem-

peratures of the experiments for the samples containing the free radical TEMPO.

pected to decrease by decreasing free electrons concentration. By lowering the

number of paramagnetic centres the hyperfine interaction between electrons and

1H becomes weaker, decreasing the relaxation rate, as discussed in Section 2.4.

However, the fitted parameter is inconsistent with this hypothesis, since its value

for the intermediate TEMPO concentration is the lowest among the measured val-
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ues and does not comply with the expected decreasing trend. On the other hand,

the differences in temperature and pressure inside the bore during the experiments

make it impossible to estimate the physical mechanisms behind such behaviour.

Previous studies [80,100] showed that 1H T1 dramatically increases by decreasing

the temperatures. Therefore, if Sample 1b had been at the same temperature as

samples 1a and 1c during the experiment, 1H and 19F T1s would have been longer

than the values registered for sample 1a.

For Samples 1a and 1c, the 19F relaxation rate is shorter than the associated error.

Therefore, the reported value is zero. This means that 19F T1 is so long that its

effect is exceeded by the cross-relaxation rate σ. In the equation used to fit the

data, the parameter RF always appears in a sum with the parameter σ. Since from

the result of the fits RF is always smaller than the parameter σ for each experi-

ment performed, it will be neglected in future fits. By eliminating this parameter

from the fitting equations, it is assumed that the build-up of 19F polarisation takes

place with the rate constant σ, that dominates over any losses due to longitudinal

relaxation.

Moreover, since the more electrons in the sample, the more efficient the polar-

isation transfer, it is possible to hypothesise that the cross-relaxation effect is

influenced by the presence of free radicals in the sample, and that more than one

electron is involved in the process.

Discussion and comparison of cross-relaxation in samples with different

free radicals types

Figure 5.12 shows the behaviour of 19F and 1H polarisation under conditions of

the experiment to study the transient polarisation with TEKPol in the sample.

Results of the fits for Sample 1e are shown in Table 5.6. For this sample, 19F

relaxation rate RF significantly increases with respect to Sample 1a, since the

average distance between 19F nuclei and electron increase hence decreasing the

dipolar interaction between them. An increase in RH is also observed, though it

is not significant and can be caused by the different temperature condition during

the experiment.

Finally, since the parameter σ is of the same order of magnitude as in Sample 1a,
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it is possible to conclude that the distribution of free electrons in the sample does

not affect the cross-relaxation process from 1H to 19F.

Results for the same experiment for Sample 1f (see Figure 5.13) are also shown

in Table 5.6. The σ parameter, indicative of the intensity of the cross-relaxation

process, is smaller than the one obtained for the other samples. Therefore cross-

relaxation, although present even in this sample, plays a minor role in the dynamics

of 19F polarisation. An in-depth study of this effect is presented in Chapter 6.

Sample 1e Sample 1f
(20 mM of TEKPol) (40 mM of BDPA)

RF (1/s) 0.0089± 0.0013 0.009± 0.009
RH (1/s) 0.0059± 0.0002 0.006± 0.001
σ (1/s) −0.0200± 0.0011 −0.0026± 0.0011
εH 32± 10 11± 3

T (K) 1.67 1.66

Table 5.6: Results for relaxation time constants, enhancements and average tem-

peratures of the performed experiments for the samples containing the free radicals

TEKPol and BDPA.

By comparing these data with the ones obtained from Sample 1a (the one with

40 mM TEMPO) a few conclusions can be drawn. In the previous section it was

discussed how the presence of the transient polarisation becomes more relevant

as the free electrons concentration in the sample increases, suggesting that such a

process is mediated by at least two electrons. With the experiments discussed in

this section, it was shown that the EPR linewidth of the used free radical plays an

important role in the polarisation transfer. The process is more efficient for free

radicals with a large linewidth. This result is in agreement with theory and obser-

vations by Guarin et al. [96]. In their work, focused on the polarisation transfer

between 1H and 13C in samples with TEMPOL, they showed that for high TEM-

POL concentrations, a good thermal contact between the nuclear spin reservoirs is

mediated by the electron non-Zeeman ensemble, allowing a fast paced polarisation

exchange between the nuclei.

Another reasonable hypothesis that explains the polarisation exchange, is the one

that involves flip-flops between two electrons that mediate the polarisation trans-

fer between the two nuclei. For this to be applicable for the analysed samples,
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the electron ensemble must not be fully polarised, and the two electrons involved

in the process must have an energy difference h̄(ωH − ωF ), corresponding to the

Larmor frequency difference between 1H and 19F.

The assumption of non-completely polarised electrons is satisfied by the exper-

imental conditions, since in a ≈ 3.4 T magnetic field, at ≈ 1.6 K, the electron

polarisation is ≈ 89%. It serves the purpose to acknowledge the existence of con-

tinuous fluctuations of the electron spins, taking place on the timescale of the

electronic T1, much shorter than the nuclear ones.

When a flip-flop of two electron spins with energy difference h̄(ωH − ωF ) takes

place, it mediates a flip-flop of the 1H and 19F nuclear spins.

Observations from the experiments above described fully support this hypothe-

sis. Moreover, since the polarisation transfer rate σ is similar for Samples 1a and

1e (containing TEMPO and TEKPol free radicals respectively), it is possible to

conclude that the position of the electrons is not a key element in the process.

In fact, while in Sample 1a electrons can be considered uniformly distributed in

the sample, for Sample 1e the uniform distribution is related to pairs of electrons,

each pair being formed by electrons at a fixed distance.

Discussion on 19F concentration dependence of the cross-relaxation pro-

cess

In Section 5.2.5, experiments where the 19F concentration and sample deuteration

have been described.

Following the results of Section 5.2.2, it was concluded that the inverse 19F re-

laxation time 1/T F1 = RF in Equations 5.9 can be neglected for the fittings of

the experimental data. From the fit, values for σ and RH are obtained, and their

corresponding time constants are summarised in Table 5.7.

Results show that the 1H longitudinal relaxation time TH1 are of the same order

of magnitude for all samples, independently of the concentration of 19F nuclei in

the sample. TH1 in fact assumes values that vary between 37 and 80 s, excluding

the results for Sample 3d that will be commented later.

The interesting result is that through this experiments it is possible to estimate

a value for TH1 from an experiment where only 19F data are acquired, and results
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TH
1 (s) σ−1 (s)

Sample 1a 37± 2 210± 20
Sample 2a 67± 8 240± 40
Sample 3a 80± 7 1040± 120
Sample 4a 39± 5 1300± 500

Sample 1d 49± 4 280± 30
Sample 2d 40± 4 340± 50
Sample 3d 20± 10 2000± 3000

Table 5.7: Results for 1H relaxation time constants and σ−1 of the performed

experiments.

are comparable with the ones obtained in Section 5.1.3, where the same parameter

was obtained by means of standard saturation recovery experiments on 1H.

The only exception to the general trend is given by Sample 3d, that presents an

overall shorter TH1 . However, due to the poor signal-to-noise ratios of the 19F

data, from the errors associated to the parameters it is clear that the fit is not

necessarily representative of the behaviour of 19F polarisation, therefore it will

henceforth no longer be considered.

As for the inverse of the cross-relaxation parameter σ, it is possible to notice that

as the 19F concentration decreases, its value becomes longer.

To understand the role of the parameter σ in this case, consider Equation 5.9,

representing the evolution of the 19F polarisation when 1H nuclei are also present.

The second term of the equation is the one that contains the parameters related

to 1H, such as its initial polarisation and its longitudinal relaxation time constant.

If the 1H polarisation is not perturbed during a 19F saturation recovery exper-

iment, the second term of Equation 5.9 is null (in fact the initial value for 1H

polarisation is equal to the thermal polarisation), and it can be rewritten as

PF (t) = Peq

(
1− e−σt

)
. (5.10)

This equation has the same form of the saturation recovery equation used to fit

the results of Section 5.1.3, where the build-up time of 19F was obtained. However,

the parameter σ of the experiments in this section assumes the same role as the

longitudinal relaxation time T F1 in Section 5.1.3. By comparing those values to

the build-up time T F1 obtained in Section 5.1.3, it shows that σ−1 is longer than

T F1 , with this discrepancy increasing as the concentration of 19F decreases. This
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discrepancy is probably caused by the too simplistic model used to fit the data.

In order to get a better fit for these data, it would be in fact needed not to neglect

the parameter RF from Equation 5.8 and to take into account the polarisation ex-

change from 19F nuclei to 1H nuclei as well. Moreover, the polarisations, assumed

to be the same for both 19F and 1H, should be considered different. However, the

addition of these parameters in the fitting functions make it impossible to obtain

values, since the correlation between them is too large.

In fact, even the used model has already too many parameters. Depending on the

initial values for the parameters used in the fitting function, different values are

obtained. The values shown in Table 5.7 have been obtained by bounding the TH1

parameter to values close to the ones obtained in Section 5.1.3.

Finally it is important to note that even in the deuterated samples (Samples

1d, 2d and 3d) the transient polarisation dynamics can be observed, and the

cross-relaxation parameter σ assumes values consistent with the ones obtained in

non-deuterated samples. This means that, unlike in the experiment presented by

Daube et al. [78], cross-relaxation cannot be induced by the rotation of the methyl

group in toluene.

5.3 Conclusions

In this Chapter experiments have been discussed with the intention to determine

the optimal sample composition for 19F DNP. NMR analysis was performed in

samples containing fluorinated benzene, benzene and toluene with the free radical

TEMPO at ≈ 1.6 K in a 3.4 T static magnetic field, by using a custom designed

probe which made it possible to double tune the resonant coil to both 1H and 19F

Larmor frequencies.

According to the results of the experiments, the best DNP enhancement for 19F

is achieved for low concentrations of 19F. Moreover, sample deuteration boosts

the enhancement, with a concomitant increase in polarisation build-up time τDNP

as the amount of deuterated chemicals increases. The highest enhancement was

reached for the sample with ≈ 50 mM of 19F and complete deuteration of toluene
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and benzene, with a polarisation of ≈ 40%.

Additionally, the 19F longitudinal relaxation time constant component indepen-

dent on the free radicals has been found.

Cross-relaxation experiments have been performed by varying the TEMPO

concentration in the sample. It has been shown that the amount of free radicals

in the sample determine the intensity of the cross-relaxation process from 1H to

19F nuclei: the lower the TEMPO concentration, the smaller the cross-relaxation

rate.

It has also been shown that free electrons are not the only source of cross-

relaxation, since evidence of cross-relaxation has been observed in a sample with-

out free radicals.

It was also observed that by using the same amount of free electrons with large

EPR linewidth added in the sample with 20 mM TEKPol or 40 mM TEMPO, the

cross-relaxation process does not change. However, by using the same amount of

electrons but from a narrow EPR linewidth free radical like BDPA, this mechanism

becomes weaker. This shows that a prerequisite for the observed effect is the wide

electron linewidth. It also highlights the possibility that the g-anisotropy of the

electrons is important to provide electron pairs with appropriate shifts in Larmor

frequency so that nuclear spin flip-flops between 1H and 19F can be mediated.

Following the analysis of the experimental data, it was also concluded that the

process that mediates the cross-relaxation involves the two nuclei as well as at

least two electrons.

Finally, spontaneous cross-relaxation has been studied in samples with dif-

ferent 19F concentration, ranging from ≈ 0.05 to ≈ 3 M, as well as for different

deuteration degrees. A strong dependence of cross-relaxation on 19F concentration

has been observed. Also it was shown that, for 19F concentrations ranging from

≈ 50 mM up to ≈ 3 M, the 1H polarisation dynamics is unaffected by 19F nuclei.
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Chapter 6

Cross-relaxation between 1H and

19F at cryogenic temperatures

and DNP with the free radical

BDPA

In Chapter 5, a transient polarisation transfer from 1H to 19F was discussed when

paramagnetic radicals were added to the sample. Moreover, it was shown that

the transfer rate increases as the concentration of the paramagnetic centre in-

creases. To study this phenomenon, samples at cryogenic temperatures were hy-

perpolarised under microwave irradiation. In this Chapter, polarisation exchange

is initially studied in a sample without free radicals. An experimental method-

ology that does not rely on microwaves has been developed to characterise the

strength of this effect. The same methodology has later been used to study sam-

ples containing also the free radicals BDPA and TEMPO.

Experiments with microwave irradiation have also been performed, to study the

performance of DNP for samples containing the free radical BDPA. As the ex-

perimental data show, alongside with the Solid Effect, another DNP mechanism

contributes to the hyperpolarisation of 1H to 19F in the samples, as evidenced

by the appearance of additional features in the DNP enhancement profile. This

effect is observed at microwave frequencies different to the Solid Effect. A four

spin model is formulated to explain this effect, and spin dynamics simulations are
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carried out to validate the model.

6.1 19F-1H polarisation exchange at cryogenic tem-

peratures without microwave irradiation

In a two spin system in a static magnetic field, as the one shown in Figure 6.1, the

polarisation transfer between the two spins A and B occurs via the zero-quantum

transition between energy levels separated by an energy difference h̄ωZQ = h̄(ωA−

ωB). In principle, if there is no additional external source of energy, this transition

is forbidden by the energy conservation law, since the two levels are not degenerate.

However, in a real sample, dipolar interactions between spins, as well as hyperfine

interaction with paramagnetic impurities, can generate fluctuating magnetic fields.

These fields, when fluctuating at frequencies close to the transition frequencies,

induce transitions between energy levels, and hence relaxation (or cross-relaxation

for spins coupled by dipole-dipole interaction).

Usually in the liquid state the motion of the molecules in the sample at ambient

|↑A↑B〉

|↓A↓B〉

|↑A↓B〉
|↓A↑B〉

ωZQ

E/h̄

Figure 6.1: Energy levels of a two spin system A and B.

temperature is sufficient to stimulate the relaxation processes. This motion can

even be responsible for the cross-relaxation between different species, as already

observed [77–80].

However, when the sample is at cryogenic temperatures (e.g. T < 2 K) molecular

motion that involves vibrational, translational and rotational modes are frozen out

[101] and in principle cross-relaxation should become a negligible process affecting

the nuclear spin dynamics. In this Section this process will be studied when the
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sample is under solid state DNP condition, demonstrating that the presence of

free radicals can stimulate cross-relaxation even for temperatures below 2 K. All

experiments in this Section have been performed without irradiating the samples

with microwaves.

6.1.1 Sample preparation

Glassy matrix

The experiments presented in this Chapter are performed on the same organic

sample as used for the experiments in Chapter 5, made of 75% toluene (C7H8)

and 25% monofluorobenzene (C6H5F) (v:v). This sample forms a glassy matrix

at cryogenic temperatures.

The 1H concentration in this sample is 69.5 M and the 19F concentration is 2.7 M.

13C nuclei are present in natural abundance at a concentration of 0.7 M concen-

tration, and it is assumed that their presence does not affect the results of the

experiments described in this Chapter.

The free radical BDPA

Three samples have been prepared by adding to the toluene-fluorobenzene mix-

ture different concentrations of the free radical α,γ-Bisdiphenylene-β-phenylallyl

(BDPA), at a final concentration of 20, 30 and 40 mM of BDPA (its chemical

structure is shown in Figure 6.2).

BDPA has a narrow EPR linewidth compared to the nitroxide radicals, and it is

Figure 6.2: Chemical structure of a BDPA molecule. The black dot represents the

most likely position of the free electron in the molecule.
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soluble in the organic matrix. In fact its linewidth is of the order of 30 MHz in a

3.34 T magnetic field [38], compared to > 500 MHz for nitroxide radicals [102]. The

BDPA EPR linewidth is less than the Larmor frequency of 1H and 19F (≈ 142 MHz

and ≈ 134 MHz respectively) and therefore, as explained in Chapter 3, the dom-

inating DNP process for these nuclei is the Solid Effect. BDPA was used to

differentiate between the various DNP mechanisms, as will be explained later in

this Chapter. Table 6.1 shows the samples used for the experiments in this Chap-

ter. Alongside the samples with BDPA, a sample without free radical has been

used, as well as a degassed sample without any BDPA. Also, a sample containing

40 mM TEMPO has been studied.

Degassing of Sample B was achieved by using a Schlenk line [103]. Three de-

gassing cycles were performed on the sample, each of them consisting of three

stages. First, the sample was frozen in liquid nitrogen. Once the sample was

completely frozen, a vacuum pump was connected to the sample space, to remove

the air. Finally, nitrogen gas was introduced in the sample space, and the sample

was slowly warmed up to ambient temperature.

Sample A 75% toluene + 25% fluorobenzene
Sample B 75% toluene + 25% fluorobenzene, degassed
Sample C 75% toluene + 25% fluorobenzene, 40 mM BDPA
Sample D 75% toluene + 25% fluorobenzene, 30 mM BDPA
Sample E 75% toluene + 25% fluorobenzene, 20 mM BDPA
Sample F 75% toluene + 25% fluorobenzene, 40 mM TEMPO

Table 6.1: Samples used for the experiments described in this Chapter.

6.1.2 Saturation recovery experiments with and without

continuous 1H saturation in a sample free of param-

agnetic centres

The experiments described in this Chapter are performed in a 3.34 T magnetic

field at ≈ 1.7 K in the polariser magnet, by using the dual tuned brass probe.

Spectrometer and probe are described in Section 4.1.

The results of two different experiments have been compared by using Sample A
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of Table 6.1. The first is a standard saturation recovery experiment (described

in Section 4.3.2). Results for this experiment are labelled “std”. For the second

experiment, a saturation recovery has been performed on the 19F signal while 1H

nuclei were continuously saturated. The used pulse sequence is described in details

in Section 4.3.5, and results for this experiment are labelled “Hsat”.

Figure 6.3a shows the integrals of the 19F spectra obtained with the saturation

recovery experiment (in red), as well as those obtained with the experiment with

continuous 1H saturation (shown in blue). Both data sets have been fitted with

the function

I(t) = I0

(
1− exp

{
− t

T

})
(6.1)

described in Section 4.3.2.

The same two experiments have been performed for the degassed Sample B in

Table 6.1, and the results are shown in Figure 6.3b.

The two figures show that for both samples, the build-up time constants do not
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Figure 6.3: Results of the saturation recovery experiments with (blue) and without

(red) 1H saturation. Samples are made of 75% of toluene and 25% of fluorobenzene,

with Sample A and B prepared without and with degassing.

change by saturating the 1H spin ensemble. Their values are T std = 381±11 s and

THsat = 376± 6 s for Sample A without and with 1H saturation respectively, and

T std = 540±20 s and THsat = 520±20 s for Sample B. A difference in steady-state

polarisation on the other hand is observed in both cases, where the polarisations

during 1H saturation are 58% and 50% of the standard saturation recovery case

for sample A and B, respectively.
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6.1.3 Saturation recovery experiments with and without

continuous 1H saturation in samples with the free

radical BDPA

The same set of experiments has been performed for the remaining samples de-

scribed in Table 6.1. These experiments were performed to analyse the dependency

of the build-up time constant and difference in polarisation as a function of the

concentration of free radicals in the sample. Figure 6.4 shows the results of these

experiments.

Table 6.2 summarises the build-up time constants T . It also shows the ratio of
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(d) Sample F
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Figure 6.4: (a) Results of the experiments with (blue) and without (red) 1H

saturation for samples with different concentrations of BDPA (40, 30, 20 mM -

Samples C, D, E respectively) and 40 mM TEMPO (Sample F).

the steady-state polarisation obtained from the experiments with continuous 1H

saturation and the steady-state polarisation of the standard saturation recovery,

for all samples listed in Table 6.1.
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As Table 6.2 shows, for samples C, D and E, the values of the build-up time

Sample A Sample B Sample C Sample D Sample E Sample F
degassed 40 mM BDPA 30 mM BDPA 20 mM BDPA 40 mM TEMPO

THsat
F (s) 376± 6 520± 20 255± 7 249± 5 287± 8 113± 4
T std
F (s) 381± 11 540± 20 225± 7 217± 7 274± 5 110.2± 0.7

PHsat
F

P std
F

× 102 58.3± 0.4 50.2± 1.1 40.4± 0.5 53.0± 0.6 47.5± 0.5 24.7± 0.4

Table 6.2: Results for the build-up time constants and steady-state polarisation ra-

tios obtained by means of standard saturation recovery experiments and saturation

recovery experiment with continuous 1H saturation for all samples in Table 6.1.

constants change slightly between the two performed experiments. However, each

value falls within the confidence interval of the other experiments if the error as-

sociated with the temperature stability (see Section 4.3.6) is taken into account.

This error, estimated to be ≈ 12% of the time constant values, matches the time

constants of the two experiments for each sample.

6.1.4 Control experiment

A control experiment has been performed on Sample B to demonstrate that the

difference in steady-state polarisation is not generated by artefacts related to the

high power pulses used for continuous 1H saturation. Results of saturation re-

covery experiments without and with continuous 1H polarisation saturation are

compared. For the latter, instead of pulsing on resonance with the 1H Larmor fre-

quency, an arbitrary offset frequency of ≈ 139 MHz has been used. This frequency

is off resonant to any nuclear Larmor frequency, while being within the tuning

range of the capacitors in the tuning box. The probe has also been tuned to this

frequency instead of 1H Larmor frequency. Results of this control experiment are

shown in Figure 6.5.

As shown in the legend of the figure, the values of the fitting functions parameters

do not differ significantly. Their difference is within the error generated by the

temperature stability, discussed in Section 4.3.6. Furthermore, the steady-state

polarisation ratio, equal to ≈ 0.94, is almost twice than that observed for Sample

B, for which the 1H Larmor frequency was used for 1H saturation.

This experiment provides strong evidence that the high power RF pulses on the

1H channel are not responsible for the observed lowering of the 19F polarisation
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Figure 6.5: Result for the control saturation recovery experiment. The blue curve

represents the experiment with off resonant pulses at frequency ≈ 139 MHz, while

the red one is the standard saturation recovery. Build-up time constant T and

steady-state intensity Imax are also shown in the legend for the two curves.

in the previous experiments, and that the observed phenomenon is related to the

interaction of the two nuclear ensembles.

6.1.5 Discussion

Data shown in Figure 6.3 show saturation recovery experiments with and without

continuous 1H saturation, performed on samples without free radicals. The results

show that there is a significant difference in the dynamics of 19F nuclei that re-

cover their polarisation after saturation. For both experiments, 19F nuclei recover

a steady-state polarisation with the same build-up time constant T , but there is

a difference in steady-state polarisation even without paramagnetic centres.

In Chapter 5 it was shown that 1H and 19F nuclei can interact if paramagnetic

centres are added to the sample, exchanging polarisation. However, results of ex-

periments presented in this Chapter show that the two nuclear ensembles interact

with each other even if there are no paramagnetic centres in the sample. In fact,

experiments were performed on the degassed Sample B in order to remove param-

agnetic oxygen dissolved in the sample, and to show that cross-relaxation is still

observed.

104



Using the Equations 5.7 introduced in Chapter 5 a solution that describes the

polarisation PF (t) dynamics in a standard saturation recovery experiment can be

found:

PF (t) = Peq

[
1− e(−RF−σ)t

]
− σ(PH(0)− Peq)

RF −RH + σ

[
e(−RF−σ)t − e−RH t

]
, (6.2)

where PH(0) is the initial polarisation of the 1H ensemble. Since 1H nuclei are

at thermal equilibrium at the beginning of the experiment, PH(0) = Peq and

Equation 6.2 can be written as

P std
F (t) = Peq

[
1− e(−RF−σ)t

]
. (6.3)

According to this equation, following a saturation recovery experiment, 19F po-

larisation builds up to the thermal equilibrium value P std
F (∞) = Peq with a time

constant T std = 1
RF+σ

.

On the other hand, when 1H polarisation is constantly saturated, the condition

PH(t) = 0 is satisfied throughout the duration of the experiment. The 19F polari-

sation therefore evolves according to the differential equation

dPHsat
F (t)

dt
= RF (Peq − PHsat

F ) + σ(PH(t)− PHsat
F )

= RF (Peq − PHsat
F )− σPHsat

F ,

(6.4)

with solution

PHsat
F (t) =

RF

RF + σ
Peq
(
1− e−(σ+RF )t

)
. (6.5)

This equation shows that, after the 19F polarisation is initially saturated by a train

of pulses, it builds up with a single exponential with time constant THsat = 1
RF+σ

and an equilibrium value PHsat
F (∞) = RF

RF+σ
Peq.

It is possible to remove the Peq dependency from these equations by calculating

the ratio between the two steady-state polarisations, obtaining

PHsat
F (∞)

P std
F (∞)

=
RF

RF + σ
(6.6)
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Both the ratio
PHsat
F (∞)

P std
F (∞)

and the build-up time constants T std = THsat = 1
RF+σ

were experimentally calculated and are shown in Table 6.2. Using these data it

is possible to calculate both the longitudinal relaxation time constant T1 = 1/RF

for 19F nuclei, as well as the exchange parameter σ.

Table 6.3 shows the values for σ and RF and their associated time constants for

the samples analysed.

Before discussing the results of the experiments, it is important to point out

RF · 10−5 (1/s) T1 (s) σ · 10−5 (1/s) 1
σ

(s)

Sample A 156± 3 641± 12 110± 3 910± 20
Sample B
(degassed)

96± 6 1040± 60 101± 8 990± 80

Sample C
(40 mM BDPA)

158± 5 630± 20 233± 9 429± 17

Sample D
(30 mM BDPA)

213± 9 469± 11 189± 7 530± 20

Sample E
(20 mM BDPA)

165± 5 606± 18 183± 7 550± 20

Sample F
(40 mM TEMPO)

214± 8 467± 17 666± 9 150± 2

Table 6.3: Values for intrinsic relaxation rate RF and exchange rate σ, and corre-

sponding time constant.

that even if the 1H nuclei are always saturated, they are not decoupled from the

19F nuclei. The delay ∆T between the saturation pulses is in fact much longer

than the dipolar interaction between the two nuclear species, therefore the coupling

between 1H and 19F is not averaged out by the pulses on the 1H channel. The time

characteristic of the dipolar interaction strength between 1H and 19F is estimated

to be 1
dHF
≈ 30µs. The dipolar coupling constant has been calculated using the

formula

dHF =
µ0γFγHh̄

r3
HF

, (6.7)

where µ0 is the vacuum permeability, γH and γF are the gyromagnetic ratios of 1H

and 19F respectively, h̄ is the reduced Planck constant and rHF is the minimum

distance between 1H and 19F in the sample. This distance has been estimated by

assuming a uniform distribution of nuclei in the sample.
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The 19F longitudinal relaxation time constant T1

As the results in Table 6.3 show, the value of the longitudinal relaxation times T1

for 19F are consistent with each other within the experimental error1. The only

exception is Sample B.

For Sample B, the lack of paramagnetic impurities has a big impact in the lon-

gitudinal relaxation time constant T1, which becomes ≈ 160% the non-degassed

value.

This dramatic change in intrinsic T1 is expected, since the paramagnetic impuri-

ties in the sample have a strong coupling with the spin nuclei. Sato et al. [104]

calculated the maximum molar fraction of O2 at room temperature and pressure

that can be dissolved in toluene and benzene to be x ≈ 9 × 10−4, corresponding

to a maximum concentration of ≈ 10 mM.

These paramagnetic impurities are also present in Samples C, D, E and F, in

quantities which are of the same order of magnitude of the used free radical con-

centrations. It is therefore not surprising that the intrinsic T1 for the non-degassed

samples does not change significantly for these samples.

The T1 time constant can be separated in two main components:

1

T1

=
1

T eF1

+
1

T rest1

, (6.8)

where T eF1 is related to the paramagnetic relaxation, caused by the interaction

of 19F nuclei with the paramagnetic centres in the sample, while T rest1 takes into

account all the other contributions, as discussed in Section 2.5.

Since in Sample B there are no paramagnetic impurities or free radicals, the T eF1

contribution to the intrinsic T1 is zero, and therefore T1 = T rest1 . It is assumed that

this contribution is the same for all the other samples as well, and it is therefore

possible to calculate the contribution to T eF1 for all samples (shown in Table 6.4).

The specific mechanism that generates relaxation at such low temperatures is

unknown. It is however reasonable to hypothesise that a small vibration of fluo-

robenzene molecules causes a non-vanishing spectral density function at the fre-

quency of 19F and 1H nuclei (see Section 2.3).

112% of the value, as calculated in Section 4.3.6
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Sample A B C D E F
T eF1 (s) 1670± 190 0 1610± 190 860± 90 1450± 170 850± 70

Table 6.4: Contribution of T eF1 to the intrinsic T1 for the sample without BDPA

(Sample A), the degassed one (Sample B), the samples with BDPA (40, 30, 20 mM

BDPA - Samples C, D, E respectively), and the Sample with 40 mM TEMPO

(Sample F).

Moreover, for samples containing BDPA, it was observed that at cryogenic temper-

atures, the rearrangement of the double and single bonds connecting the central

carbon to either of the two fluorene moieties in BDPA can generate the electronic

T1 relaxation [105].

For these samples, a simultaneous flip of one electron and one nucleus can therefore

be the mechanism responsible of 19F relaxation.

The exchange parameter σ

If there is no free radical in the sample, a difference in the steady-state polarisation

is still observed, and therefore a non-zero value for σ is calculated. However, the

value of σ is in this case lower than for the samples containing free radicals. The

experiment without free radicals has been also repeated for the degassed Sample

B.

The parameter σ represents the exchange rate of polarisation between the two nu-

clear ensembles. Its value is proportional to the intensity of the interactions that

mediate the transfer. As the results in Table 6.3 show, the largest observed value

is obtained for the sample with the free radical TEMPO. For samples containing

BDPA, the intensity of σ decreases with the free radical concentration. These re-

sults confirm those obtained in Chapter 5 for samples containing TEMPO, where

it was shown that polarisation transfer is positively correlated with the concen-

tration of paramagnetic centres.

The fact that 1H polarisation affects the 19F polarisation also for the degassed

sample leads to the conclusion that the cross-relaxation process is not mediated

only by paramagnetic centres in the samples. In fact, in the non-degassed sam-

ple without free radicals, paramagnetic impurities are still present in the form of

oxygen dissolved in the sample. Moreover, the intensity of σ is the same for both
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Samples A and B, meaning that paramagnetic impurities do not influence the

cross-relaxation mechanism. As already discussed for the longitudinal relaxation,

it is unknown what may cause the cross-relaxation in the absence of free radicals

or other paramagnetic impurities.

At this point, it is hypothesised that two main mechanisms contribute to the 1H-

19F interaction, like it was done for the longitudinal relaxation time constant. One

of them is related to the paramagnetic centres in the sample, while the other is

related to a mechanism that does not depend on them. The parameter σ can

therefore be expressed as a sum of two contributions:

σ = σpar + σHF , (6.9)

where σpar represents the contribution due to the presence of paramagnetic cen-

tres, while σHF is related to the interaction that occurs independently of them,

but requires a dipolar interaction between 19F and 1H.

By assuming that the contribution made by σHF is the same for all samples, it is

possible to calculate σpar. Results are shown in Table 6.5.

It is interesting to compare the intensity of the σ parameter for the sample with

Sample A B C D E F
σpar × 10−5 (1/s) 9± 8 0 132± 12 88± 10 82± 10 565± 12

Table 6.5: Contribution of σpar to the total σ for the sample without BDPA

(Sample A), the degassed one (Sample B), the samples with BDPA (40, 30, 20 mM

BDPA - Samples C, D, E respectively), and the Sample with 40 mM TEMPO

(Sample F).

40 mM TEMPO and the one with the same BDPA concentration. The parameter

σ for the sample containing TEMPO is almost three times larger than the one

obtained from the sample with BDPA, and therefore the cross-relaxation process

is more efficient. This means that not only the concentration, but also the prop-

erties of the free radical are important in the process. In particular, this suggests

that the cross-relaxation process is mediated by more than one electron. It is

reasonable to hypothesise that when the difference in Larmor frequency of the two

electrons |νe1 − νe2| = νH − νF , non-coherent flip-flops of the electrons could gen-

erate a flip-flop of the two coupled nuclei, mediating the cross-relaxation process.
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It should be noted that the values obtained for σ in the experiment with 40 mM

TEMPO do not match the value obtained in Section 5.2.6 for the same parame-

ter. This mismatch is attributed to different experimental conditions during the

experiments. In fact, in the experiment performed in the previous Chapter, mi-

crowaves were irradiating the sample. During microwave irradiation, an increase

of ≈ 1 K is observed, as already discussed in Section 4.3.6. As a consequence, the

rates obtained in the experiment described in Section 5.2.6 differ from the ones

described in this section.

To increase the quality of the analysis, more repetitions of the presented experi-

ments would be needed, to obtain more precise results and reduce the impact of

the experimental errors on the data.

6.2 Enhancement by DNP

19F and 1H spectra have been acquired for different microwave frequencies, cover-

ing the whole range available from the microwave source (93.75 GHz to 94.25 GHz),

with a power of 400 mW at ≈ 1.7 K and a frequency step of 10 MHz. As an experi-

mental protocol, the “Frequency sweep experiment” described in Section 4.3.1 was

used. For these experiments, a 30 s DNP build-up time was chosen before each

FID is acquired. Although the recovery time is not sufficient for the nuclei to reach

the steady-state polarisation, such an experiment provides a picture of the DNP

enhancements for 19F and 1H nuclei in the sample, showing their corresponding

microwave frequencies. Therefore, the ratios of the enhancements do not represent

the ratio of the steady-state polarisations since the corresponding build-up times

can have a microwave frequency dependence. Figure 6.6 shows the integrals of

the acquired spectra, normalised to the maximum enhancements, for 1H (red) and

19F (blue) nuclei for Sample C of Table 6.1. On the x-axis the difference between

the reference frequency and the microwave reference frequency ∆ν is shown. The

reference frequency in the figure is chosen to be at half of the distance between

the two 1H external peaks. The intensity of the NMR signals are normalised to

the maximum value.

The far left and far right peaks for both 19F and 1H are related to the Solid
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Figure 6.6: DNP enhancement profile of 19F and 1H NMR signals for Sample C

(the sample with 40 mM BDPA), acquired with microwave power of 400 mW and

30 s of build-up time. Intensities are normalised to the maximum values for each

of the DNP profiles. Dashed vertical lines mark the position of 19F and 1H Larmor

frequencies as well as the sum of the two.

Effect. These two peaks are observed at the frequencies νe± νN , and in fact their

separation is twice the Larmor frequency of the nuclei, as the Solid Effect theory

predicts [10, 34]. In the frequency region between −60 MHz and 60 MHz in the

figure, a “secondary” enhancement region appears. These enhancements are an-

tisymmetric with respect to the reference frequency, have opposite signs for the

two nuclei, and their linewidth is larger than the one of the Solid Effect DNP

lines. The opposite sign of 19F and 1H enhancements excludes the possibility that

“regular” Cross Effect and Thermal Mixing could be responsible for them since,

as shown in Figure 5.2 in the previous Chapter, the sign for the enhancements is

the same for both nuclei in that case.

Another frequency sweep experiment was also performed to investigate one

spectral region of the Solid Effect in more detail (Figure 6.6). In this exper-

iment, 19F signals were acquired while irradiating the sample with microwaves

with frequency ranging from −178 to −78 MHz. The microwave frequency was
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incremented in smaller steps (2 MHz) to increase the resolution of the peak. Fig-

ure 6.7 shows the 19F DNP profile. The Larmor frequencies of the two different

nuclei are also shown in the figure.

As the figure shows, the width at half maximum of the 19F Solid Effect peak is
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Figure 6.7: Positive Solid Effect DNP enhancement profile of 19F NMR signals

for the sample with 40 mM BDPA (Sample C), acquired with microwave power

of 400 mW and 30 s of build-up time. Dashed vertical lines mark the position of
19F and 1H Larmor frequencies. The data have been fitted with two Lorentzian

functions. The red solid line is the sum of the two, the green curve is given by a

Lorentzian centred at the 19F Larmor frequency, while the blue one is close to the
1H Larmor frequency.

≈ 40 MHz broad (same linewidth as the free radical BDPA). The figure also shows

the presence of a “shoulder”, appearing on the left of the main peak. The exper-

imental curve was fit with two Lorentzian functions. The Lorentzian function is

defined as

L(x) = A
Γ

(x− x0)2 + Γ2
, (6.10)

where A is the normalisation value, x0 is the position of the maximum and Γ is

the half-width at half-maximum. It is hypothesised that the green curve repre-

sents the 19F enhancement due to the Solid Effect. The position of the shoulder,

indicated by the Lorentzian in blue in the figure, coincides with the position of the

112



positive 1H Solid Effect peak (indicated in the figure by a vertical dashed line).

The quality of the fitting is not perfect since the integrals present a non-zero value

outside of the Solid Effect region due to the 19F thermal equilibrium value.

However, this shoulder presents evidence that cross-relaxation occurs between 1H

and 19F. The 1H ensemble that gets hyperpolarised at ∆ν = −νH = −142 MHz

with the Solid Effect DNP mechanism as shown in Figure 6.6, cross-relaxes with

the 19F nuclei resulting in a visible contribution to the enhancement of the 19F

ensemble.

Figure 6.8 shows the positive Solid Effect DNP enhancement profile of 19F and 1H

NMR signals.

The DNP profile for 1H nuclei lacks signal enhancement at the 19F Larmor fre-

−178 −168 −158 −148 −138 −128 −118 −108 −98 −88 −78

0.2

0.4

0.6

0.8

1

∆ν (MHz)

N
o
rm

al
is

ed
in

te
n

si
ty

19F
1H

Figure 6.8: Positive Solid Effect DNP enhancement profile of 19F and 1H NMR

signals for Sample C, normalised to the maximum value of 19F and 1H respectively.

Each FID is acquired with microwave power of 400 mW and 30 s of build-up time.

quency above the standard Solid State profile, showing an asymmetric behaviour

compared to the 19F profile. The absence of this enhancement can be interpreted

as an inefficient cross-relaxation for transferring polarisation from the hyperpo-

larised 19F nuclei to the 1H ensemble. This result strengthen the assumption

made in Chapter 5, where it was assumed that the evolution of the 1H polarisa-

tion in the sample is not significantly affected by the 19F nuclei, present in the
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sample in lower quantity compared to the 1H nuclei.

6.2.1 Study of the DNP profile for samples with different

BDPA concentrations

Frequency sweep experiments for 19F nuclei have been performed also for Sam-

ples D and E. Figure 6.9 shows the results of the experiments in the microwave

frequency region that includes the positive Solid Effect peak and the negative sec-

ondary enhancement.

The position of the Solid Effect enhancement is the same for all samples analysed,
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Figure 6.9: DNP enhancement profile of 19F NMR signals for samples with dif-

ferent concentrations of BDPA (40, 30, 20 mM - Samples C, D, E respectively) in

the microwave frequency region that includes the positive Solid Effect peak and

the negative secondary enhancement. Intensities are normalised to the maximum

values for each of the DNP profiles. The dashed vertical line marks the position

of 19F Larmor frequency in respect to νe.

while the secondary enhancement shifts to higher frequencies as the concentration

of BDPA decreases. Moreover, the peak of the secondary enhancement gets nar-

rower for low BDPA concentration.

The enhancements ε and DNP build-up times τDNP have been collected for Sam-

ples B, C and D, and are summarised in Table 6.6.
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As the table shows, the enhancement values for the Solid Effect are always higher

19F
Solid Effect Secondary enhancement

T1 (s) τDNP (s) ε τDNP (s) ε

Sample C 225± 7 240± 20 9.1± 0.3 167± 7 3.58± 0.06
(40 mM BDPA)

Sample D 262± 4 217± 18 8.1± 0.2 245± 8 2.91± 0.04
(20 mM BDPA)

Sample E 274± 5 318± 10 6.19± 0.08 440± 20 1.82± 0.03
(20 mM BDPA)

1H
Solid Effect Secondary enhancement

T1 (s) τDNP (s) ε τDNP (s) ε

Sample C 130± 17 130± 7 12.1± 0.6 81± 9 1.75± 0.09
(40 mM BDPA)

Sample D 66± 5 92± 10 5.7± 0.3 − −
(30 mM BDPA)

Table 6.6: Longitudinal relaxation time constants, DNP build-up time constants

and enhancements for the samples with 40, 30 and 20 mM BDPA (Samples C,

D and E respectively), obtained while irradiating the sample with microwaves at

the frequencies corresponding to Solid Effect enhancement and to the secondary

enhancement. In the sample with 20 mM of BDPA (Sample E) there is no sec-

ondary enhancement for 1H. The microwave power used during the experiments

is 400 mW.

than for the secondary enhancement.

Data for the secondary enhancements for 1H for Samples D and E are not shown

since it is not possible to distinguish such features in the 1H DNP profile due to

the poor signal-to-noise ratios of the spectra.

Figure 6.10 shows the central region of the DNP profile of 19F acquired for

four different microwave powers, ranging from 4 to 400 mW, for the Sample D.

The data in this figure demonstrate that by lowering the microwave power, the dif-

ference in frequency for the maximum and minimum becomes smaller. Note that

the intensities of the signals are normalised to the signal with maximum intensity

for each microwave power, obtained after 100 s of polarisation. In fact, since the

spectra did not reach the steady-state hyperpolarisation during the experiment, a

comparison between the intensities would have been pointless.
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19F
Solid Effect Secondary enhancement

T1 (s) τDNP (s) ε τDNP (s) ε

Sample D 262± 4 225± 4 3.76± 0.03 196± 3 3.46± 0.03
(30 mM BDPA)

Table 6.7: Longitudinal relaxation time constants, DNP build-up time constants

and enhancements for Sample D, obtained while irradiating the sample with mi-

crowaves at the frequencies corresponding to Solid Effect enhancement and to the

secondary enhancement. The used microwave power is 100 mW.

As the figure shows, by increasing the microwave power, the DNP spectrum is
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Figure 6.10: 19F DNP profile in the central region of the frequency for four different

microwave powers, after a DNP build-up of 100 s. Values are normalised to the

maximum integral of each experiment.

broadened. This effect is caused by a broadening of the excitation bandwidth

during microwave irradiation. Hovav et al. [106] observed a similar behaviour in

simulations of a spin system composed by a nucleus surrounded by seven elec-

trons. They also observed a maximal polarisation that initially increases with the

microwave power, and then decays for higher values.
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6.3 Discussion

To explain the presence of the secondary enhancements in Figure 6.6, two simple

models will now be discussed. These two models take into account the interaction

of one 19F and one 1H nuclei with one or two electrons respectively.

e-F-H

The first model involves one 19F nucleus, one 1H nucleus and one electron, coupled

with the two nuclei via the hyperfine interaction. This model relies only on the

interactions of these three spins. The Hamiltonian describing this system is similar

to the one introduced in Equation 3.1 for the Solid Effect DNP, with additional

terms related to the second nuclear spin. It can be written as:

H = HZ + HIS + HII . (6.11)

The first term of the sum represents the Zeeman Hamiltonian:

HZ = HH + HF + HS = ωHĤz + ωF F̂z + (ωS − ωMW)Ŝz. (6.12)

In this equation, F̂z and Ĥz are the quantum mechanical spin operators for 19F and

1H respectively. Each term in the equation represents the interaction of each spin

with the external magnetic field, and generates an energy splitting proportional

to their Larmor frequencies.

The second term in the total Hamiltonian is related to the hyperfine interaction:

HIS = [Az,H ŜzĤz +
1

2

(
A+
H ŜzĤ

+ + A−H ŜzĤ
−
)

Az,F ŜzF̂z +
1

2

(
A+
F ŜzF̂

+ + A−F ŜzF̂
−
)

]
(6.13)

This term takes into account the interaction of the electron with each of the

two nuclei. Az,N and A±N (where N = H,F ) are the secular and pseudo-secular

coefficients of the dipolar hyperfine interaction. The Hamiltonian term related to
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the 1H-19F interaction is expressed in the dipolar Hamiltonian:

HHF = dHF

(
3ĤzF̂z − H̄ · F̄

)
, (6.14)

where dHF is the dipolar coupling constant for the two nuclei.

The last term of Equation 6.11 represents the effect of the microwave irradiation.

This term commutes with the x-projection of the angular momenta of the electron,

and can be simply written as:

HMW = ω1Ŝx, (6.15)

where ω1 is the strength of the microwave irradiation.

The energy levels associated with this three spin system are shown in Fig-

ure 6.11.

In such a system a double Solid Effect can take place. This effect was observed

experimentally by De Boer et al. [82, 83] in a spin system made of one electron,

one 1H and one 2H nucleus. The energy transition shown in blue corresponds

to the triple quantum transition driven by microwave irradiation at a frequency

ωMW = ωe−ωH +ωF . On the frequency axis of the DNP profile in Figure 6.6, this

transition frequency is located on the left of the reference frequency (∆ν = 0).

During the microwave irradiation, after the populations of the two energy lev-

els are equalised, the state |↑H↓F↑e〉 decays to the lower energy level given by

|↑H↓F↓e〉 due to the short electronic relaxation time, making it the “most” pop-

ulated state. A population enhancement of this state corresponds to a positive

enhancement for 1H and a negative one for the 19F spin. Microwave irradiation

at ωMW = ωe + ωH − ωF would instead provide a negative enhancement for 1H

and a positive one for 19F, with |↓H↑F↓e〉 being the most populated state after the

electron longitudinal relaxation.

However, the predictions of such a model are not consistent with the experimental

observations for the 1H−19 F system:

• The maximum enhancement in the region of the non-standard Solid Effect

enhancement has an offset of 30 MHz to the electron Larmor frequency, in-
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ωe − ωH + ωF T e1

∼

∼

E/h̄

Figure 6.11: Energy levels of a three spin system with microwave irradiation at

ωMW = ωe−ωH +ωF (blue dashed line). The red dashed line indicates one of the

possible T e1 relaxation pathways.
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stead of the expected |νMW − νe| = |νH − νF | = 8 MHz;

• The double Solid Effect that takes place is a high order Solid Effect process,

that results in narrow lines in the DNP spectrum with weaker enhancements

compared to the standard Solid Effect [97], contrarily to what experimentally

observed;

• As Figure 6.6 shows, there is no enhanced signal at νH + νF , the frequency

corresponding to the triple spin flip |↑H↑F↓e〉 → |↓H↓F↑e〉. Enhanced sig-

nals in that frequency range for 1H and 19F would be expected since this

transition, predicted by the double Solid Effect DNP, is driven by the same

mechanism as the transition |↓H↑F↓e〉 → |↑H↓F↑e〉.

The polarisation transfer from the electron to the two nuclei is represented by

the rate

C = − ω1

4(ωH − ωF )

[
A−HA

+
F∆

ωHωF
+

2dHF
(ωH − ωF )

(Az,H − Az,F )

]
, (6.16)

where ∆ is the microwave frequency when one of the double Solid Effect conditions

is met. According to this equation2, the transition rate is proportional to the

microwave power ω1. Therefore, it is reasonable to conclude that the reason why

the double Solid Effect is not observed in the experiments is the low microwave

power that can reach the sample.

e-e-H-F

Another model involves two electrons coupled with the two nuclei. This effect was

predicted by Shimon et al. [97] and partially observed for 1H and 2H [95], and is

called heteronuclear Cross Effect.

A detailed description of this model is provided in this section, and the Hamilto-

nian of four interacting spin system is discussed.

The Hamiltonian describing two coupled electrons interacting with one 1H and

one 19F nuclei in the microwave rotating frame is the same as the one described

2Provided by W. Köckenberger and A. Karabanov
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before (Equation 6.11), with few additions that take into account the second elec-

tron. It can be written as:

H = HZ + HIS + HSS + HII . (6.17)

In this case, the Zeeman Hamiltonian also includes the term related to the second

electron:

HZ = HH + HF + HS1 + HS2 . (6.18)

The hyperfine interaction term is written as

HIS =
∑
i=1,2

[Az,iH ŜizĤz +
1

2

(
A+
iH ŜizĤ

+ + A−iH ŜizĤ
−
)

Az,iF ŜizF̂z +
1

2

(
A+
iF ŜizF̂

+ + A−iF ŜizF̂
−
)

],

(6.19)

to take into account the interaction of both electron with each of the two nuclei.

The electron-electron dipolar interaction Hamiltonian is also added to the total

Hamiltonian:

HSS = D12

(
3Ŝ1zŜ2z − S̄1 · S̄2

)
(6.20)

where D12 is the dipolar coupling constant for the two electrons.

Finally, to consider the addition of a second electron, the microwave irradiation

term is written as:

HMW = ω1(Ŝ1x + Ŝ2x). (6.21)

In the described four spin system, Cross Effect conditions [40] can be satis-

fied depending on the energy difference between the two electrons, since energy

levels may become degenerate. All the Cross Effect conditions that can be sat-

isfied are related to couples of energy levels that have opposite electron spins

|↑e1↓e2〉 ↔ |↓e1↑e2〉. Since there are four possible nuclear states associated with

the up-down or down-up electron state (|↑H↑F 〉, |↑H↓F 〉, |↓H↑F 〉, |↓H↓F 〉), there

are 42 − 4 = 12 different degeneracies between different nuclear states that can

occur, depending on the difference ωe1 − ωe2, with ωe1 > ωe2
3. Each degeneracy

gives rise to a different DNP effect.

3If ωe2 > ωe1 instead, 12 degeneracies antisymmetric with respect to the previous cases occur.
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When |ωe1 − ωe2| ≈ ωH , the 1H Cross Effect condition is satisfied. This condition

corresponds to the degeneracy of the energy levels |↑e1↓e2↑H↓F 〉 ↔ |↓e1↑e2↓H↓F 〉 or

|↑e1↓e2↑H↑F 〉 ↔ |↓e1↑e2↓H↑F 〉. On the other hand, if the condition |ωe1 − ωe2| ≈ ωF

is satisfied, the 19F Cross Effect occurs between the energy levels |↑e1↓e2↑H↑F 〉 ↔

|↓e1↑e2↑H↓F 〉 or |↑e1↓e2↓H↑F 〉 ↔ |↓e1↑e2↓H↓F 〉. A higher level Cross Effect can be

observed when the energy level crossing occurs between |↑e1↓e2↑H↑F 〉 ↔ |↓e1↑e2↓H↓F 〉

or |↑e1↓e2↓H↓F 〉 ↔ |↓e1↑e2↑H↑F 〉, when |ωe1 − ωe2| ≈ ωH+ωF , or between |↑e1↓e2↑H↓F 〉 ↔

|↓e1↑e2↓H↑F 〉 or |↑e1↓e2↓H↑F 〉 ↔ |↓e1↑e2↑H↓F 〉, when |ωe1 − ωe2| ≈ ωH−ωF . These

cases, predicted by Shimon et al. [97], are known as heteronuclear Cross Effect

(positive or negative depending on the sign of ωH ± ωF ), and involve the simulta-

neous flip of all the four spins.

For the properties of the free radical used for the experiments described in this

Chapter, the Cross Effect conditions for single nuclei are not satisfied, as well as

the positive heteronuclear Cross Effect. In fact, the BDPA linewidth is ΓBDPA ≈

30 MHz � ωH ≈ ωF [38]. Therefore the only observable mechanism is the nega-

tive heteronuclear Cross Effect, which will be discussed in details in the remaining

sections.

The 16 energy levels describing the spin system are illustrated in Figure 6.12

for the assumption that the negative heteronuclear Cross Effect condition is ful-

filled. In this case, the Larmor frequency difference of the two electrons matches

the difference in Larmor frequency of the two nuclei, i.e. ωe1/2π − ωe2/2π =

ωH/2π − ωF/2π = 8 MHz.

Before microwaves irradiate the sample, the most populated energy states be-

long to group A in the figure, where both electrons are in the spin down state,

as predicted by the Boltzmann distribution. When the system is irradiated with

microwaves at the frequency corresponding to the Larmor frequency of one of the

electrons (the second one, in the figure), saturation of the second electrons leads

to the equalisation of the populations of the energy levels where ↓e1↓e2↔↓e1↑e2
and ↑e1↓e2↔↑e1↑e2, with the nuclear spins not changing orientation. In the figure

these transitions occur between each state of the groups A↔ C and B ↔ D that

does not involve a of change the nuclear spin orientation.
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In analogy to the Cross Effect theory, the equalisation of the populations in the

states α = |↑e1↓e2↑H↓F 〉 ↔ β = |↓e1↑e2↓H↑F 〉, together with the longitudinal re-

laxation of the first electron, bring the system to a DNP equilibrium in which the

state γ = |↓e1↓e2↑H↓F 〉 results the most populated one.

As in the previously discussed three spin model, the resulting enhancements for

19F and one 1H have opposite sign, in accordance to the sign of the enhancements

experimentally observed.

If instead the frequency difference of the two electrons is ωe1/2π − ωe2/2π =

ωH/2π − ωF/2π = 8 MHz, the two degenerate energy levels are |↑e1↓e2↓H↑F 〉 and

|↓e1↑e2↑H↓F 〉, and by irradiating the sample with microwaves at the frequency

of the second electron, the corresponding DNP enhancements have opposite sign

compared to the previous scenario.

The enhancements predicted by this model are in agreement with the ones ob-

served in the 19F and 1H DNP profiles shown in Figures 6.6 and 6.9.

Unlike for the aforementioned e-H-F model for the double Solid Effect, the

advantage of this model relies on the fact that all the transitions that take place

during microwave irradiation are allowed single quantum transitions. Moreover,

the distance between the positive and negative enhancements approaches the EPR

linewidth of BDPA, since it depends on the pairs of electrons that fulfil the con-

dition νe1 − νe2 = 8 MHz within the ≈ 30 MHz linewidth of BDPA.

If only the interaction of the nuclei with the first electron is considered, the tran-

sition rate can be written as

C = − D12

8(ωH − ωF )

[
A−1HA

+
1F∆

ωHωF
+

2dHF
ωH − ωF

(Az,1H − Az,1F )

]
, (6.22)

where ∆ is the microwave irradiation frequency matching one of the heteronuclear

Cross Effect conditions 4. These terms correspond to the electron flip-flops with

simultaneous nuclear flip-flop transitions that mediate the transfer of the differ-

ence of the electron polarisation onto the nuclear spin pair. The rate expression

(Equation 6.22) is identical to the rate for the double Solid Effect (Equation 6.16),

4This rate was provided by W. Köckenberger and A. Karabanov
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Figure 6.12: Energy levels of a four spin system in the negative heteronuclear

Cross Effect condition, where the states α and β are degenerate. The four blocks

A, B, C and D represent the electronic states |↓e1↓e2〉, |↑e1↓e2〉, |↓e1↑e2〉, |↑e1↑e2〉
respectively. Within each block, the two spin system states for 1H and 19F are

present.
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apart from the factor D12/2 replacing the microwave field strength ω1.

The difference in intensity between 1H and 19F enhancements for ∆ν = ±(νH−

νF ) can be explained according to the Cross Effect theory developed by Kessenikh

et al. [107]. According to their theory, the polarisation PN of a nuclear spin

under Cross Effect conditions is proportional to the difference of the two electrons

polarisation Pe1 and Pe2, and can be written as

PN =
Pe1 − Pe2
1− Pe1Pe2

. (6.23)

In an analogous way, when the system in hyperpolarised with microwave irradia-

tion at a frequency |νe1 − νe2| = |νH − νF |, the relationship

PH − PF =
Pe1 − Pe2
1− Pe1Pe2

(6.24)

is satisfied, and since the nuclear polarisations depend on their longitudinal relax-

ation time constants T1H and T1F , the two individual nuclear polarisations can be

written as:

PH =
Pe1 − Pe2

(1− Pe1Pe2)(1 + T1F
T1H

)
=
f(Pe1, Pe2)

1 + T1F
T1H

(6.25)

and

PF = − Pe1 − Pe2
(1− Pe1Pe2)(1 + T1H

T1F
)

= −f(Pe1, Pe2)

1 + T1H
T1F

. (6.26)

Since these two quantities are proportional to the same function of the electron

polarisations f(Pe1, Pe2), their ratio depends only on the longitudinal relaxation

time constants, and can be written as

PF
PH

=
T1F

T1H

. (6.27)

To obtain experimental enhancement values for both 1H and 19F, saturation re-

covery experiments have been performed while the sample was irradiated with

microwaves at the frequency corresponding to the secondary enhancement peak

(∆ν ≈ −30 MHz). Figure 6.13 shows the results of these experiments for 1H and

19F with and without microwave irradiation at the frequency corresponding to
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∆ν = −30 MHz.
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Figure 6.13: Saturation recovery results for 19F (a) and 1H (b) without microwave

(red) and with microwave irradiation at the frequency of heCE (blue). Data have

been normalised to their thermal equilibrium values.

The ratio PF
PH

between 1H and 19F hyperpolarisation for these experiments is

2.05 ± 0.11, while the ratio between their relaxation times is 1.7 ± 0.2. These

values are in good agreement with each other, thus providing further evidence in

support of the heteronuclear Cross Effect theory.

Numerical simulations of the heteronuclear Cross Effect

In order to validate the hypothesis of heteronuclear Cross Effect and to verify

that the experimental results are in agreement with the theoretical prediction, the

behaviour of the four spins system has been simulated.

The numerical simulations have been performed by evaluating the time evolu-

tion of the matrix elements of the spin density operator. The Hamiltonian used

for the simulations is described by Equation 6.11, including the term HMW =

ω1(Ŝ1x + Ŝ2x) to consider the effect of microwaves. As the Hamiltonian describes

the interaction of one 1H nucleus and one 19F nucleus with two electrons, this

system has 16 energy levels, as shown in Figure 6.12. The methods of simulation

are described in detail in [40,108,109].

For these simulations5, the coupling parameters are based on the interaction of

each spin with the closest neighbours.

5Provided by W. Köckenberger
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Figure 6.14 shows the results of the DNP profile when the microwaves are irradi-

ated at frequencies in the Solid Effect region with positive enhancements, when

the pseudosecular interaction terms A±iF and A±iH are the same. The enhancements

in the figure have negative sign, due to the choice of the signs for the gyromagnetic

ratios of the two nuclei.

For equal values of pseudosecular interaction terms (A±iF = A±iH), an equal dis-

Figure 6.14: Simulated DNP spectra of the four spin system 1H−19 F− e1 − e2 in

the Solid Effect region with positive enhancement. Plotted on the y-axis are the
1H (blue crosses) and 19F (red circles) polarisations with respect to the electron

polarisation at thermal equilibrium in a 3.4 T magnetic field at T = 1.8 K. The

parameters used to simulate the DNP spectra are: dHF = 0, D12 = 1.64 MHz,

Az,iH = Az,iF = 0, A±iH = A±iF = 2.15 MHz, T1e = 200 ms, T2e = 500µs, T1H =

T1F = 300 s, T2H = T2F = 10 ms.

tribution of hyperpolarisation is obtained.This result is presented in Figure 6.15,

that shows the simulated DNP profile in the heteronuclear Cross Effect region at

the left of the reference frequency.

Notice that the sign of the enhancements for the 19F heteronuclear Cross Effect

is opposite to the sign for the 1H heteronuclear Cross Effect enhancement. It has

also opposite sign compared to the 19F Solid Effect, while both 1H Solid Effect

and heteronuclear Cross Effect have the same sign. These results are in agreement

with the experimental observations of Section 6.2.
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Figure 6.15: Simulated DNP spectra of the four spin system 1H−19 F− e1 − e2

in the heteronuclear Cross Effect region at the left of the reference frequency.

Plotted on the y-axis are the 1H (blue crosses) and 19F (red circles) polarisations

with respect to the electron polarisation at thermal equilibrium in a 3.4 T magnetic

field at T = 1.8 K. The parameters used to simulate the DNP spectra are the same

of the ones listed in Figure 6.14.
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In Figure 6.16 it is possible to notice how the uneven distribution of hyperpolari-

sation results from different hyperfine couplings. The stronger the coupling of the

nuclei with the electrons, the lower the enhancement. This can be observed in

the figure, where the 1H hyperfine coupling, ≈ 13 larger than the 19F hyperfine

coupling, generate a 1H enhancement four times smaller than the 19F one.

Variation of both the electron dipolar interaction and 1H pseudosecular interac-

Figure 6.16: Simulated DNP spectra of the four spin system 1H−19 F− e1 − e2

in the heteronuclear Cross Effect region at the left of the reference frequency.

Plotted on the y-axis are the 1H (blue crosses) and 19F (red circles) polarisations

with respect to the electron polarisation at thermal equilibrium in a 3.4 T magnetic

field at T = 1.8 K. The parameters used to simulate the DNP spectra are: dHF =

0, D12 = 1.64 MHz, Az,iH = Az,iF = 0, A±iH = 2.15 MHz, A±iF = 0.16 MHz,

T1e = 200 ms, T2e = 500µs, T1H = T1F = 300 s, T2H = T2F = 10 ms.

tion (while keeping constant the 19F pseudosecular interaction) provides the 2D

maps shown in Figures 6.17 (for 19F nuclei) and 6.18 (for 1H nuclei).

The numerical simulations shown in the figures present a scenario in which an

asymmetry in heteronuclear Cross Effect can be seen, showing that the maximum

enhancements for 1H and 19F can be achieved for different electron-electron dipo-

lar interactions.

Another important results shown by the simulations is that the heteronuclear
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Figure 6.17: Maximum 19F enhancements shown in a colour map for different

electron-electron dipolar interactions (DSS in the figure) and 1H pseudosecular

hyperfine interactions. In this simulation, the 19F pseudosecular hyperfine inter-

action is constant (A±iF = 0.16 MHz).

Figure 6.18: Maximum 1H enhancements shown in a colour map for different

electron-electron dipolar interactions (DSS in the figure) and 1H pseudosecular

hyperfine interactions. In this simulation, the 19F pseudosecular hyperfine inter-

action is constant (A±iF = 0.16 MHz).
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Cross Effect takes place even if the two nuclei are only coupled to one of the two

electrons. In this case, a value for the electron-electron dipolar coupling constant

that provides the maximum 19F enhancement is found. For values lower than

the optimal one, the heteronuclear Cross Effect does not operate efficiently. For

higher values instead, the polarisation difference between the electrons becomes

small and again the heteronuclear Cross Effect is not efficient (see Figure 6.19).

Finally, it is worth noting the differences in width of the enhancement profiles for

Figure 6.19: Maximal steady-state 19F polarisation depending on the electron

dipolar coupling strength D12 for different microwave field strength ω1, set to the

optimal frequency for the heteronuclear Cross Effect. For this simulations, the

nuclei are coupled only to the first electron. Parameters for the simulations were

Az,1F = 3.0 MHz, Az,1H = 1.5 MHz, A±1H = A±1F = 2.0 MHz. Nuclear dipolar

interaction dHF = 5 KHz.

the simulated data and the experimental results. This difference is due to the fact

that the simulations consider a system made of only four spins, while the sample

analysed during the experiments contains a large number of interacting nuclei and

electrons.

6.4 Conclusions

In this Chapter, the cross-relaxation mechanism of samples containing the free

radical BDPA is explored. The intensity of such effect has been calculated for

samples with different BDPA concentrations, showing that the exchange rate in-

creases as the free radical concentration increases. The build-up time constants

for the 19F ensemble have been separated in two components, identified as the 19F
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intrinsic longitudinal relaxation time constants and the cross-relaxation rates. It

was also confirmed the conclusion of Chapter 5, where it was hypothesised that

the cross-relaxation process is mediated by more than one electron.

Experiments have also been performed while irradiating the samples with mi-

crowaves, to study the DNP mechanisms acting on the spin system. Alongside

the Solid Effect, another DNP mechanism acting on both 1H and 19F has been ob-

served. This mechanism has been identified as the predicted heteronuclear Cross

Effect, and numerical simulations have been performed to validate this hypothesis.

Following the numerical simulations, it was demonstrated that it is possible

to reproduce the experimental DNP profile for both 1H and 19F in presence of

two coupled electrons, confirming that the observed effect is generated by the het-

eronuclear Cross Effect.

Moreover, it was shown that the difference in heteronuclear Cross Effect enhance-

ments for the two nuclei is generated by different pseudosecular hyprfine interac-

tions other than differences in longitudinal relaxation times of the two nuclei.
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Chapter 7

Developing a methodology to

study protein dynamics with 19F

NMR after dissolution DNP

NMR spectroscopy can be used as a powerful technique for investigating the struc-

ture of proteins and small molecules. However, one of its significant limitations is

a relatively low sensitivity, requiring large amounts of studied material, which is

why a big effort in the magnetic resonance community is directed towards solving

this problem.

One approach for increasing NMR sensitivity is to use DNP to hyperpolarise nuclei

by transferring polarisation from electron spins that, at cryogenic temperatures,

have polarisation approaching unity. In their seminal work Ardenkjaer-Larsen et

al. [1] demonstrated that after polarisation of nuclei at low temperatures the sam-

ple can be dissolved and signal measured in a conventional NMR spectrometer at

room temperature. This approach lead to a rapid development of such dissolution

DNP systems primarily targeted towards studies of metabolites in living organ-

isms, but also for studies of enzymatic and chemical reaction kinetics [110].

The dual iso-centre magnet, presented in Section 4.2, is a dissolution DNP sys-

tem, featuring the shortest dead time of 300 ms between the dissolution and signal

acquisition for NMR measurements. Such a short dead time opens an opportunity

to explore fast kinetic processes such as ligand binding and protein folding.

The focus of this Chapter is to develop a methodology for studies of protein folding
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kinetics using dissolution DNP. 19F-containing labels have previously been widely

used for reporting on protein folding, due to the high gyromagnetic ratio of 19F

and its high sensitivity to the chemical environment [62].

In the first section of this Chapter, 19F-labelled compounds will be tested at room

temperature. These experiments are performed to check that 19F nuclei have a

longitudinal relaxation time constant that is longer than the dead time of the dual

iso-centre magnet, proving that 19F is suitable for dissolution experiment with the

dual iso-centre magnet.

Later in this Chapter, solid state experiments in the polarising top magnet of the

dual iso-centre system are discussed. Such experiments are performed on sim-

ple fluorinated molecules, and optimal DNP conditions are studied to obtain the

maximum 19F polarisation achievable through DNP. At this stage, the DNP hy-

perpolarisation is studied as a function of the microwave frequency and power.

Dissolution DNP experiments are performed on simple 19F-containing chemicals

and finally, as a proof-of-principle, a dissolution DNP experiment is performed on

sample containing a fluorinated protein.

7.1 Feasibility of 19F dissolution DNP

In Chapter 5 it was already shown that is possible to hyperpolarise 19F in simple

molecules by means of DNP. In the stand-alone “polariser” magnet, DNP provided

a high degree of enhancement, with a maximum ≈ 40% overall polarisation of

19F achieved in solid state. In the next section, experiments to obtain T1 time

constants at room temperature of different fluorinated chemicals are discussed, to

show that the longitudinal relaxation time constant is longer than the dead time

of the dual iso-centre magnet.

7.1.1 T1 for different fluorinated chemicals

Dissolution DNP produces large non-equilibrium nuclear polarisation. However,

in order to carry out high sensitivity measurements, the hyperpolarisation pro-

duced at low temperature needs to be retained as much as possible during the

dissolution step and the transfer to the high resolution NMR magnet. This pro-
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cess usually takes place in few seconds [111,112], but only required 300 ms in the

dual iso-centre magnet system.

Room temperature measurements of longitudinal relaxation times of small molecule

19F-containing compounds at a static magnetic field of 9.4 T are carried out. The

small molecule compounds here studied serve as models for amino acids residues

in proteins that are described later in this Chapter. Overall, these measurements

help to establish the feasibility and limits of dissolution DNP measurements for

fluorinated compounds.

The magnet used for room temperature experiments is an Oxford Instruments

magnet with a static magnetic field of 9.4 T (corresponding to a 1H Larmor fre-

quency of 400 MHz and a 19F Larmor frequency of 376 MHz) linked to a Bruker

Avance 400 console. Due to the small difference in Larmor frequencies, a commer-

cial 1H NMR probe (Bruker MIC 400MHz W4/S6 DIFF/30) has been re-tuned to

match the 19F frequency.

Samples

Since fluorinated proteins do not naturally occur, a fluorination process is needed

in order to add 19F labels to the protein to be studied. For the study of a fluo-

rinated protein, fluorinated analogues of aromatic amino acids are used, such as

phenylalanine, tryptophane and tyrosine [5]. For this reason, aromatic compounds

such as monofluorobenzene, hexafluorobenzene and fluoro-phenylalanine are used

as a simplified version of the aforementioned amino acids. Another approach to

labelling is a use of a fluorinated methyl group, attached to SH, NH2 or OH groups,

a simple model of which is trifluoroacetic acid (TFA).

Both organic and inorganic solvents have been used. Water (H2O) and deuterium

oxide (D2O) have been employed to investigate the effect of deuteration on the re-

laxation times. Benzene (C6H6) and toluene (C6H5CH3) have been used for organic

molecules such as monofluorobenzene (C6H5F) and hexafluorobenzene (C6F6). Ta-

ble 7.1 shows the analysed chemicals and their concentrations in different solvents.
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Background removal

Before performing room temperature 19F experiments, a technique has been de-

veloped in order to remove the 19F background observed after many scans. The

solid structure of the probe is in fact made of a polymeric material, designed for

1H acquisition. As a consequence, fluorinated materials are commonly employed

since the probe is originally designed to acquire 1H NMR signals. This plastic,

that sits close to the NMR coil, provides a 19F background signal with very broad

linewidth compared to the liquid state 19F signals. The line broadening of the sig-

nal arising from the plastic is around 2 kHz, and becomes visible after the signal is

averaged many times. For samples where 19F nuclei are present in low concentra-

tion, the signal arising from probehead material dominates the NMR signal from

the sample. Figure 7.1 shows in blue the spectrum acquired signal averaging 216

times for a sample containing 2 mM TFA in water.

As the figure shows, the TFA signal, visible at ≈ 77 ppm in the spectrum, sits on

top of the tail of the large background signal that dominates the spectrum. In

order to remove the background signal, the processed spectrum has been divided

in two different regions. The first region contains the peak of TFA, while the

second is composed of the rest of the spectrum. The latter is fitted with a 9th de-

gree polynomial function, and the obtained function is subtracted from the initial

spectrum. Figure 7.1 shows in red the spectrum after the background subtraction.

Measurement of the longitudinal relaxation time constant

After the flip angle calibration, longitudinal relaxation rates of 19F were obtained

in inversion-recovery experiments [113].

In order to get T1 from each experiment, integrals of the NMR signals were fitted

with the function:

I(t) = A(1− 2e−Bt) + C, (7.1)

where the rate B, is the inverse of the relaxation time constant T1, A is the

thermal polarisation, and C is a constant which takes into account the residual

magnetisation of the sample.
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Figure 7.1: 19F spectrum of 2 mM TFA in water before (blue) and after (red)

background removal. Signals averaged 216 times have been acquired in a 9.4 T

magnet at room temperature.

Table 7.1 summarises the T1’s measured for various compounds. It is important

to point out that when the deuterated version of a solvent was used at equal

chemical concentration (e.g. TFA in H2O and D2O), the relaxation time of the

fluorinated chemical in the deuterated sample was longer than the non-deuterated

one. This is confirmed by the theory of relaxation discussed in Chapter 2 for

dipolar interactions. By replacing 1H nuclei with 2H, the contribution of the

dipole-dipole interaction to the longitudinal relaxation time decreases, since it is

inversely proportional to the square of the product of the gyromagnetic ratios of

the nuclei taken into account [114]. Since the 2H gyromagnetic ratio is 6 times less

than the 1H one, the contribution of the dipole-dipole interaction causes T1 in the

deuterated solvent to be larger than the value it assumes in the non-deuterated

solvent.

Results range between 2 and 12 seconds, where the largest T1 values correspond

to monofluorobenzene. Also, these values are greater than the typical dead times

of many dissolution DNP setups, when the sample is warmed up and transferred

to the NMR magnet. This proves that T1 times of 19F-containing chemicals are

long enough for a dissolution DNP experiment, and that a significant amount of

19F hyperpolarisation can be retained until the NMR signal is acquired.
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Chemical Structure Solvent Concentration T1 (s)

Monofluorobenzene

H2O 18 mM 8.0± 1.8
D2O 18 mM 11± 2

Toluene 18 mM 12± 2
Benzene 18 mM 5.2± 1.2

Hexafluorobenzene
D2O 13 mM 2.85± 0.07

Benzene 400 mM 2.85± 0.02

Fluorobenzene-d5
H2O 16 mM 7.1± 0.3
D2O 16 mM 11.2± 0.7

TFA
H2O 1 M 2.57± 0.04
D2O 1 M 3.01± 0.02

m-fluoro-phenylalanine
H2O 50 mM 2.10± 0.06
D2O 50 mM 2.46± 0.11

Table 7.1: T1 values for the fluorinated samples in different solvent.

7.1.2 T1 for samples with different free radical concentra-

tion in liquid state

The nuclear longitudinal relaxation time constant strongly depends on the pres-

ence of free radicals in the sample. As discussed in Section 2.4, according to

the paramagnetic relaxation theory, the higher the electronic concentration, the

shorter the relaxation times are. Paramagnetic relaxation time is proportional to

the sixth power of the inverse of the distance between the electron and nuclear

spins.

In Chapter 3, it was explained why, in order to hyperpolarise the fluorinated pro-

tein, a sample containing free radicals is needed. In a typical DNP sample, up to

40 mM of free radical are used. However, the limiting factor during a dissolution

experiment is the T1 of the nuclei in liquid state. During a dissolution experiment,

the concentrated sample is melted by a hot solvent. Knowing the average dissolu-

tion factor after the dissolution process takes place, it is possible to estimate the

concentration of free radicals in the final sample.

The final sample volume is ≈ 800µL, while the starting volume is 20µL. These
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values correspond to a dissolution factor of ≈ 30. The final sample therefore con-

tain only 1/40 of the initial free radical concentration. According to this factor,

a sample that in solid state contains 40 mM free radical ends up having 1 mM of

free radical after dissolution.

In order to make sure that the hyperpolarisation is preserved in the liquid state

sample after dissolution, the 19F longitudinal relaxation time constants for differ-

ent samples containing up to 5 mM free radical have been measured.

Experiments have been performed to determine the longitudinal relaxation time

constants through an inversion recovery pulse sequence. 2 mM TFA in water solu-

tion was analysed, by using free radicals in the form of 1, 2.5 and 5 mM TEMPOL.

Considering the dissolution factor, these concentration correspond to 40, 100 and

200 mM before dissolution. Table 7.2 shows the measured T1 for the sample with

TFA.

The results for TFA from the table show that, as expected, by increasing the con-

TFA

[TEMPOL] (mM) T1 (s)

0 2.5± 0.4
1 2.1± 0.4

2.5 1.12± 0.15
5 0.9± 0.2

Table 7.2: Values for 19F T1 for 2 mM TFA in H2O for different TEMPOL con-

centrations.

centration of free radicals in the sample, the longitudinal relaxation time constant

becomes shorter. However, below 2.5 mM, such time constants are longer than the

dissolution dead time. This information will therefore be taken into account for

the sample preparation for the dissolution sample.

7.1.3 Solid state DNP experiments

A sample cup with the saddle coil described in Section 4.2.3 has been used to

perform solid state experiments on the sample, to find the microwave power and

frequency that provide the best DNP enhancement. 100µL of 60% DMSO-d6,

30% D2O, 10% H2O with 100 mM TFA and 70 mM TEMPOL free radical have
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been used.

Microwave bench alignment

As shown in Section 4.2, the microwave source is not directly connected to the

waveguide, to allow the latter to slide up or down into the cryostat. The microwave

bench can therefore be moved on top of the waveguide once the waveguide is in

position inside the magnet. It is therefore necessary to align the bench to the

waveguide, to make sure that microwaves are transmitted to the sample cup with

the least possible loss. Fine micro gauges allow to move the bench and measure

its position in the directions perpendicular to the waveguide and to measure the

displacement. A zero-biased detector is placed on top of the waveguide, aligned

with its centre. The microwave alignment is performed by measuring the output

of the zero-biased detector as function of the bench position, while the microwave

source is turned on. Figures 7.2 and 7.3 show the voltage read by the detector while

moving the bench in the two perpendicular directions “x” and “y”. The figures
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Figure 7.2: Allignment curve of the microwave bench in the “x” direction. The

voltage is read in the voltmeter connected to the zero-biased detector as the mi-

crowave bench is moved along the “x” direction. The maximum voltage, pro-

portional to the microwave intensity, is transmitted to the sample cup when the

microwave bench is displaced 8 mm from its “zero” position in the “x” direction.

show that there is a well defined position in which there is a maximum microwave

transmission to the waveguide. Moreover, as will be explained in section 7.1.3,
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Figure 7.3: Allignment curve of the microwave bench in the “y” direction. The

voltage is read in the voltmeter connected to the zero-biased detector as the mi-

crowave bench is moved along the “y” direction. The maximum voltage, pro-

portional to the microwave intensity, is transmitted to the sample cup when the

microwave bench is displaced 1.5 mm from its “zero” position in the “y” direction.

where solid state measurement are performed, a displacement of the microwave

bench of a few millimetres around the optimal value does not change the DNP

optimisation process.

DNP profile and DNP build-up time determination

A coaxial cable, running along the waveguide, connects the saddle coil surround-

ing the sample cup, to the preamplifier unit.

To determine the microwave parameters that achieve the best DNP enhancement,

experiments have been performed at 1.7 K in the top magnet of the dual iso-centre.

The cool-down procedure is the one described in Section 4.2. DNP profile experi-

ments have been collected for four different microwave powers. Figure 7.4 shows

the results of the experiments. For each point, 19F magnetisation was saturated

before letting the hyperpolarisation build-up for 30 s. These experiments clearly

show that the microwave frequency corresponding to the maximum enhancement,

which is the same for all the analysed microwave powers, is νMW = 93.85 GHz.

To confirm the results obtained in section 7.1.3, where the microwave bench was

aligned with the waveguide, a control experiment was performed, measuring the
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Figure 7.4: DNP enhancement profile of 19F as a function of microwave fre-

quency after microwave irradiation at five different microwave powers, ranging

from 50 mW to 400 mW output power for the microwave source. 19F polarisation

period is TMW = 30 s. The shape of the DNP profile shows that the Cross Effect

is one of the main DNP mechanisms contributing to the hyperpolarisation of 19F

in the sample.

DNP enhancement at different positions of the microwave bench. The enhanced

signals were acquired by using a pulse sequence in which the magnetisation was

initially saturated, and then the FID was acquired after a 20 s delay during which

the sample was hyperpolarised. Results showed that the intensity of the enhanced

NMR signal is the same, independent of the bench position, provided the bench

was displaced less then 3 mm from the position optimised in section 7.1.3.

Saturation recovery experiments were performed during microwave irradiation at

different microwave powers to determine the DNP build-up time. The microwave

irradiation frequency was set to the previously obtained value of 93.85 GHz. Fig-

ure 7.5 shows the experimental build-up curves, fitted with the function:

I(t) = IDNP

(
1− exp

{
− t

τDNP

})
. (7.2)

Since it is not possible to acquire the thermal signal at low temperature, the

integral values represent relative enhancements. Therefore, these values do not

provide information on the absolute polarisation level achieved during the exper-
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iments. The difficulty in measuring the thermal signal is linked to the fact that

the thermal signal is invisible with a single scan. Many scans therefore needto be

averaged for its acquisition, and for each of them a long recovery time would be

needed. Table 7.3 summarises the parameters obtained by the fitting of the data.

As the table shows, all the build-up times are of the same order of magnitude, and

the largest enhancement corresponds to the experiment where a microwave power

of P = 200 mW was used. The hyperpolarisation of the samples for dissolution

experiments will therefore be performed by using this power level.

Previous studies [64, 115] showed the relation between enhancement and mi-
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Figure 7.5: 19F DNP build-up experiment while irradiating the sample with mi-

crowaves at νMW = 93.85GHz at four different powers. The intensities have been

normalised to the value corresponding to the plateau of the data acquired when

the used microwave power is 200 mW.

MW power τDNP (s) Normalised Intensity

50 mW 82± 7 0.87± 0.03
100 mW 82± 6 0.91± 0.02
200 mW 67± 4 1.00± 0.02
400 mW 81± 6 0.93± 0.03

Table 7.3: Results for build-up time constants and normalised intensities obtained

by means of the saturation recovery experiment shown in Figure 7.5.

crowave power for the Cross Effect. They showed that the enhancement should
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increase by increasing the microwave power, according to the equation

1

ε
=

1

ε∞

(
1 +

1

aPMW

)
, (7.3)

where ε∞ is the enhancement with infinite microwave powerand a is the saturation

parameter.

However, the results obtained from the experiments above described show that

the largest enhancement is achieved using 200 mW, a microwave power lower than

the maximum available at the source. This is due to an increase in temperature of

the sample for high microwave power. This corresponds to a decrease of electron

polarisation, and hence of the polarisation transferred to the nuclei.

7.1.4 Dissolution

Dissolution experiments have been performed on the samples shown in Table 7.4.

Note that Samples C and D are taken from the same batch, to test the consistency

Sample composition Free radical

Sample A 60% DMSO-d6, 30% D2O, 10% H2O, 100 mM TFA 100 mM TEMPOL
Sample B 60% DMSO-d6, 30% D2O, 10% H2O, 100 mM TFA 70 mM TEMPOL
Sample C 60% DMSO-d6, 30% D2O, 10% H2O, 100 mM TFA 40 mM TEMPOL
Sample D 60% DMSO-d6, 30% D2O, 10% H2O, 100 mM TFA 40 mM TEMPOL

Table 7.4: Fluorinated samples used to test dissolution DNP.

of the experiment on the same sample. 20µL of each sample were used in the dis-

solution sample cup that was described in Section 4.2.3. Each of the samples was

polarised at 1.7 K for ≈ 60 min. This time, much longer than 5 × τDNP, was

chosen to allow the sample to reach the base temperature. The hyperpolarisation

is achieved by irradiating the sample with microwaves at frequency and power

corresponding to the maximum enhancement obtained in the previous section.

For the dissolution, the waveguide is quickly shuttled to the bottom of the cryo-

stat, between the two magnets, while the cryostat is filled with helium gas to

increase the pressure. The high pressure in the cryostat is needed so that the hot

solvent is not driven into the cryostat by the pressure difference. When the waveg-

uide reaches the bottom of the cryostat, the sample cup sits in the dock, where
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the magnetic field is 0.4 T. This non-zero magnetic field ensures that the hyper-

polarised 19F nuclei retain their polarisation, instead of losing it due to the low

field mixing. Water, preheated to 100◦C, is injected into the sample cup, where

it melts the sample and mixes with it. The new mixture of dissolved sample and

solvent is driven into a NMR tube, sitting in a high resolution NMR probe in the

iso-centre of the 9.4 T magnet. The NMR acquisition is triggered ≈ 400 ms after

the sample reaches the NMR tube. The FID is induced by a π/2 flip angle pulse,

and then the signal is acquired.

After Fourier transformation, the integrals of the resonance lines were determined.

The thermal signals of each dissolution sample have also been acquired, by aver-

aging the signal of many scans, to achieve a signal-to-noise ratios comparable

with the one of the enhanced spectra after the dissolution. Table 7.5 shows the

enhancements obtained for the four studied samples, calculated as

ε =
IDNP ·NS
Ithermal

, (7.4)

where IDNP and Ithermal are the integrals of the dissolution DNP enhanced spec-

trum and the thermal spectrum respectively, while NS is the number of averages

acquired for the thermal signal.

Figure 7.6 shows the enhanced and thermal signal acquired for Sample C, that

ε NS

Sample A (100 mM) 150 592
Sample B (70 mM) 290 544
Sample C (40 mM) 780 424
Sample D (40 mM) 750 344

Table 7.5: Enhancement factors achieved for the samples of Table 7.4. The number

of averaged signals NS acquired for each thermal acquisition is also shown in the

table.

presents the highest enhancement. The largest enhancement is achieved for the

samples C and D, containing 40 mM TEMPOL. The two samples present the same

degree of enhancement, indicating that the dissolution process worked reliably for

the experiments.

The enhancement decrease drastically by increasing the TEMPOL concentration.
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Figure 7.6: Single scan DNP enhanced 19F spectrum (blue) compared with the

thermal spectrum (red) acquired after averaging 424 scans.

This fact is linked to the 19F longitudinal relaxation time constant in the presence

of paramagnetic centres. As shown previously in Table 7.2, 19F T1 decreases by

increasing the free radical concentration. With 100 mM TEMPOL in the initial

sample, and a dissolution factor of 40, the concentration of TEMPOL in the final

sample is 2.5 mM, with a corresponding T1 of ≈ 1 s. On the other hand, by using

40 mM TEMPOL in the initial sample, its concentration after the dissolution pro-

cess becomes 1 mM, and its T1 time constant is ≈ 2 s.

The line-width of the signal is broad, of ≈ 50 Hz for the dissolution DNP enhanced

spectra. This line broadening results from the presence of micro bubbles in the

sample after the injection in the NMR tube. Bubbles, as discussed in Section 4.2.5,

disappear from the sample after ≈ 1 s, and the line width decreases drastically.

However, while this additional delay would not affect the measurement of other

DNP enhanced nuclei with long T1 like 13C, it is significantly deleterious for 19F.

After 1 s 19F would in fact lose most of its hyperpolarisation due to its short

T1. For the purposes of this work, it has been chosen to sacrifice the resolution

of the spectra in favour of the increased signal-to-noise ratio due to the larger

hyperpolarisation.
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7.2 Hen egg-white Lysozyme

After confirmation that a large dissolution DNP enhancement can be reached for

19F nuclei, efforts were directed to the development of a new methodology to study

the dynamics of a fluorinated protein. The study of a fluorinated protein has been

already proven to be worthy [116]. Lysozyme has been chosen as a benchmark

for it is a widely studied protein. Lysozyme can be extracted from hen egg-white,

and it easily available commercially. According to the literature [117], lysozyme

folding takes place in a time scale of few seconds, about the same as 19F T1 in

TFA.

By using the dual iso-centre magnet, it is therefore in principle possible to perform

a fast dissolution DNP experiment, in which 19F nuclei attached to the protein are

hyperpolarised. The dissolved sample can hence be analysed in the high resolution

NMR magnet just 400 ms after the dissolution. Lysozyme temperature stability

at high temperature has been shown by Venkataramani et al. [118].

7.2.1 19F labelling of lysozyme

Lysozyme from hen egg-white has 129 amino acid residues, that have been fully

assigned by using a variety of different techniques [119]. Its molecular mass is of

the order of 20 kDa, and it contains six lysine residues. Adriaensen et al. [120]

successfully labelled the lysine residues in this protein with 19F labelled groups.

They used S-ethyl trifluorothioacetate, since it labels each lysine with a fluorinated

methyl group. To each of these groups, three equivalent 19F atoms are attached,

therefore they provide a higher signal-to-noise ratio per residue compared to amino

acids, where a single 19F atom is attached.

The trifluoroacetylation of the six lysine amino acid residues has been performed

following the methodology discussed in Adriaensen’s work. In this process, S-

Ethyltrifluorothio-acetate was added to a lysozyme solution in H2O, while the

pH was maintained at 9.5-10 by addition of NaOH. After the base consump-

tion ceased, the mixture was brought to pH 7 by using HCl, dialyzed and cen-

trifuged. The pellet was dialyzed against water and freeze-dried. The freeze dried

supernatant was then fractionated on a chromatography column, where different
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fractions of labelled lysozyme were extracted and dialyzed. Each fraction was

rechromatographed on the same column and eluted with the same gradient.

The labelled lysozyme is therefore studied in buffer solution in a high resolution

NMR magnet. 0.3 mM of 19F labelled protein were dissolved in a pH 8.5 buffer.

Figure 7.7 shows a labelled lysozyme spectrum, acquired after signal averaging 512

times. The spectrum shows six different resonances, corresponding to each triflu-

oroacetylated lysine residue. The spectrum has been fitted with six Lorentzian

functions, all having the same linewidth. On the other hand, the intensities of

each Lorentzian are left as free parameters during the fit, and they assume values

different from each other. This is due to an uneven labelling of the lysine residues,

since some of them are easier to label than others. Results of the fit are also shown

in the figure.

The NMR spectral lines assignment was done according to the results shown in

Figure 7.7: 19F NMR spectrum of the labelled lysozyme 0.3 mM acquired after

signal averaging 512 times measured at 9.4 T. Six Lorentzian functions have been

used to fit the data.

Adriaensen’s work. Table 7.6 shows the amino acid residues corresponding to each
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peak.

19F T1 time constants were obtained by means of an inversion recovery experi-

Colour Amino acid Intensity T1 s
Blue Lys-96 4 0.91± 0.04
Black Lys-13 1 0.89± 0.10
Yellow Lys-1 3 0.98± 0.04
Purple Lys-33 3.5 1.03± 0.14

Light blue Lys-11 4 0.94± 0.07
Red Lys-96 1 1.18± 0.17

Table 7.6: Assignment of the labelled lysine amino acids performed according

to Adriaensen’s work. The colour scheme matches the fitting functions shown in

Figure 7.7. The relative intensities and the T1 values are also shown for each peak.

ment. For each spectrum, the signal was averaged 2048 times. Background sub-

traction has been performed in order to remove the baseline generated by the 19F

contained in the plastic close to the NMR coil. Moreover, longitudinal relaxation

time constants were obtained for the same protein when 1 and 2 mM TEMPOL

were added in the sample, to study the effect of free radicals on the 19F T1 of the

labelled lysozyme. These measurements are needed for the sample preparation

of the dissolution DNP experiment. It is in fact important to take into account

the lifetime of 19F polarisation after it undergoes the dissolution procedure. A

too short T1 would in fact result in a loss of hyperpolarisation before the NMR

acquisition. Figure 7.8 shows the results of the inversion recovery experiments for

the aforementioned samples.

Results for T1 are shown in Table 7.7. In the concentration column, the numbers

in parentheses represent the concentration of TEMPOL before the dissolution,

assuming a dissolution factor of 40.

TEMPOL concentration T1

0 mM (0 mM) 1.26± 0.05 s
1 mM (40 mM) 0.94± 0.04 s
2 mM (80 mM) 0.69± 0.02 s

Table 7.7: Values for 19F T1 for the labelled protein obtained by an inversion

recovery experiment shown in Figure 7.8. Next to the TEMPOL concentrations,

in brackets, the free radical concentrations before dissolution are also shown.
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NO TEMPOL, T = 1.26± 0.05 s
1mM TEMPOL, T = 0.94± 0.04 s
2mM TEMPOL, T = 0.69± 0.02 s

Figure 7.8: Inversion recovery experiments to measure the 19F longitudinal relax-

ation time for the labelled protein in presence of TEMPOL free radical.

7.2.2 Labelled vs non-labelled protein

In his work, Adriaensen et al. compared circular dichroism spectra of labelled and

native protein. They demonstrated that the trifluoroacetylation of lysine induces

only local conformational changes of some side chains, but no conformational

change of the polypeptide backbone.

7.2.3 DNP of labelled lysozyme in solid state

In Chapter 5 it was shown that 40% of polarisation was achieved for 19F in monoflu-

orobenzene by means of DNP in solid state. However, hyperpolarisation of 19F in

a protein has never been performed to the author’s knowledge. The difference in

polarising a small molecule and a bulky protein like lysozyme is that in the protein,

the nuclei to polarise can be surrounded by the rest of the protein, far away from

the polarising agents. In order to demonstrate that it is possible to polarise 19F

in the labelled lysozyme, a solid state experiment has been performed. Approx-

imately 2 mM of labelled protein has been dissolved in a sample containing 60%

DMSO-d6, 30% D2O, 10% H2O and 40 mM TEMPOL. 50µL of sample was put

in the sample cup of the probe with the solenoid coil (described in Section 4.2.3),

tuned at the 19F frequency. This sample was studied in the polariser magnet at
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1.7 K.

In order to show that hyperpolarisation by DNP can be achieved, the sample

was irradiated with microwaves during a saturation recovery experiment. The

microwave frequency was set to 93.9 GHz following a frequency sweep experiment

that shows the 19F DNP profile when the sample is irradiated with microwaves at

different frequencies. For this experiment the microwave power was set to 400 mW,

since the microwave delivery system is not as efficient as it is in the dual iso-centre

magnet, in which experiments have been performed with microwaves at 200 mW.

This profile is similar to the one obtained in the experiments previously per-

formed on a sample containing monofluorobenzene with the free radical TEMPO,

described in Section 5.1.2. Figure 7.9 shows the positive and negative enhance-

ments obtained in this experiment.

The results of a saturation recovery with microwave irradiation for hyperpolari-
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Figure 7.9: Normalised DNP enhancement profile of 19F in lysozyme as a function

of microwave frequency after microwave irradiation at PMW = 400 mW. The 19F

polarisation time is TMW = 30 s.

sation (Figure 7.10) shows that the steady-state DNP polarisation is achieved in

τDNP = 230±30 s. However, due to the poor signal-to-noise ratio, it was impossible

to measure the thermal signal, and therefore to estimate the DNP enhancement.

Nonetheless, this experiment proves that it is possible to hyperpolarise 19F-labelled

lysozyme.
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Figure 7.10: Saturation recovery of 19F in lysozyme during microwave irradiation

at 1.7 K in the 3.4 T magnet. During this experiment, microwaves were irradiated

on the sample at ≈ 93.9 GHz and 400 mW.

7.3 Dissolution DNP of labelled lysozyme

In this Chapter, it was shown that it is possible to perform dissolution DNP on

simple fluorinated chemicals. It was also shown that 19F labelled lysozyme is suit-

able for dissolution DNP experiment.

A dissolution experiment has been performed on a sample containing ≈ 5 mM la-

belled protein. The protein was dissolved in 30µL of solvent, made of 60% DMSO-

d6, 30% D2O, 10% H2O and 40 mM TEMPOL. 100 mM 5-fluorouracil (Figure 7.11)

were also dissolved in the matrix. This chemical has been used as reference signal

for the high resolution NMR acquisition in liquid state after dissolution. It was

not possible to use TFA (the similar chemical used for the previous dissolution

experiments) since it resonates at the same chemical shift as the 19F in the labelled

protein.

The sample was put in the sample cup at the bottom of the waveguide, and

inserted into the cryostat during the cool down procedure. Once a temperature

of ≈ 1.7 K was reached, the microwave source was switched on in order to hyper-

polarise the sample. A microwave frequency of 93.85 GHz and power of 200 mW

were chosen accordingly with the results obtained in section 7.1.3 of this Chapter.

The sample was hyperpolarised for a time longer than 5× τDNP, where τDNP was

the time constant obtained in section 7.2.3. After this time, the polarisation of
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Figure 7.11: Chemical structure of 5-fluorouracil.

the 19F nuclei reaches a quasi steady-state.

The dissolution process has been carried out by using water to melt the sam-

ple, as explained for the dissolution experiment shown in section 7.1.4. The total

volume of sample after dissolution was ≈ 500µL. Figure 7.12 shows the spec-

trum acquired in the high resolution magnet after dissolution. The spectrum was

acquired by using a single π/2 flip angle pulse 400 ms after dissolution of the sam-

ple. The figure shows the enhanced labelled protein signal, at around 11 ppm,
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Figure 7.12: 19F DNP enhanced spectrum after dissolution. The 19F labelled

protein peak appears at around 11 ppm, while the fluorouracil peak is at around

−76 ppm. CFCl3 has been used as reference compound.

and the enhanced fluorouracil signal, at ≈ −80 ppm. A line width correspond-

ing to ≈ 120 Hz is observed. Figure 7.13 shows the zoomed protein signal. Of

the six expected peaks, corresponding to the labelled amino acids, only two can

be resolved. The sample just after dissolution is in fact subjected to formation
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of bubbles that broaden the signal. However, for this experiment, the objective

was to acquire the signal as soon as the sample fills the tube, to avoid loss of

polarisation due to relaxation processes. To quantify the enhancement, a thermal
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Figure 7.13: 19F DNP enhanced spectrum after dissolution in the region of the
19F labelled protein peak.

signal of the sample after dissolution has been acquired. 792 scans have been

averaged to obtain a signal-to-noise ratio large enough to allow integration of the

peak intensities. Enhanced and thermal NMR data have been processed by using

the same parameters. The overall enhancement achieved with dissolution DNP

was of a factor 1100 for 19F in fluorouracil, and a factor 330 for the labelled protein.

This enhancement for 19F in protein, although lower than the enhancement achieved

for fluorouracil, represents a significant result toward the development of a method-

ology to study 19F labelled proteins with dissolution DNP. However, the resolution

does not allow to distinguish the six peaks corresponding to the labelled amino-

acid. This represents an issue only in the case in which the labelling concerns the

same amino acids, whose NMR signals resonate close to the same chemical shift.

If instead different amino acids are labelled, the enhanced signals should be visible

in a much wider chemical range.

7.4 Conclusions

In this final Chapter, the feasibility of dissolution DNP experiments on fluorinated

chemicals has been shown. Preliminary experiments have been performed on TFA,
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showing that the best enhancement was achieved when using 40 mM free radical

to polarise the sample in solid state. The highest registered enhancement on TFA

was ≈ 770.

Moreover, lysozyme has been identified as a model system to develop the methodol-

ogy for studies of protein dynamics using 19F labels. A dissolution experiment was

successfully performed, and hyperpolarised signal after dissolution was acquired

in liquid state, showing an enhancement factor of ≈ 330. This result proves the

feasibility of this methodology, by showing that is possible to hyperpolarise 19F in

the protein, and that the polarisation survives the dissolution process.

For future experiments, however, a few changes have to be adopted. First of all,

during the acquisition, instead of acquiring a single FID with a π/2 pulse, a series

of consecutive FIDs should be acquired with a small flip angle pulse. If, on the one

hand, the small flip angle pulse provides a smaller signal intensity, on the other

hand, a large part of the hyperpolarisation is preserved. In this way, therefore,

instead of a single spectrum with large intensity, many “smaller” spectra can be

acquired consecutively, allowing to observe changes of the chemical shift of the

peaks in the spectrum.

Secondly, instead of labelling the same amino acids in the protein, the labelling

process should involve two or more amino acids. In such a way the NMR peaks,

instead of being clustered around the same chemical shift, could be well resolved

in the spectrum without any overlapping. This would compensate for the poor

resolution in dissolution DNP experiments with the dual iso-centre magnet.
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Chapter 8

Conclusions

8.1 Outlook

The work presented in this Thesis represents a step forward for the development

of a new methodology to study protein dynamics. This methodology makes use

of proteins labelled with 19F nuclei, in conjunction with dissolution DNP. On the

one hand, 19F nuclei provide spectra with a large chemical shift dispersion and

background-free NMR spectra. This presents a big advantage since conventionally

used spin nuclei like 13C or 1H present a more complex scenario, where the relevant

NMR signals have to be searched among other “less meaningful” NMR peaks. On

the other hand, dissolution DNP provides the enhancement needed for achieving

an otherwise poor signal-to-noise ratio, due to the small quantity of labels in the

protein.

In this Thesis, the path to achieve this goal is shown. In Chapter 5 it was

shown that it was possible to achieve a maximum DNP enhancement correspond-

ing to ≈ 40% polarisation for 19F nuclei when the sample was deuterated and

contained the least used amount of 19F nuclei.

Moreover, during the experiments for the optimisation of the 19F DNP enhance-

ment, we discovered on an initially unexpected cross-relaxation process. It was

observed that the 1H in the sample transferred their DNP polarisation to 19F nu-

clei. A strong dependence of this effect on the free radicals concentration and

molecular structure was highlighted, and this phenomenon was studied as it could
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be of interest for the scientific community. After analysing the experimental re-

sults, it was concluded that the cross-relaxation process is mediated by pairs of

electrons, that facilitate the polarisation transfer between the two nuclear species,

and the higher the concentration of the pairs of electrons, the more efficient the

process.

The results obtained from the experiments presented in this chapter can only be

qualitatively analysed, as the issues in temperature stability had an effect on the

reproducibility of the numerical constants extracted by the data analysis. The

difficulty in stabilising the temperature, that arises from the nature of the used

cryostat, led to large errors in the obtained parameters. Many repetitions for the

same experiment are therefore needed, and it could be of future interest to per-

form more experiments, obtain a larger data statistics and reduce the experimen-

tal errors. Nevertheless, the experiments presented clearly show a cross-relaxation

behaviour that allowed us to draw the qualitative but meaningful conclusions as

discussed above.

The role of the electrons in the polarisation transfer from 1H to 19F was better

clarified in Chapter 6, where experiments performed on samples containing the

free radical BDPA are presented. In these experiments it was shown that the

efficiency of the cross-relaxation process depends on the first place on the charac-

teristics of the used free radical, and it was confirmed that the cross-relaxation is

mediated by pairs of electrons.

In the same Chapter evidences for the heteronuclear Cross Effect between of 19F

and 1H were also shown. Such effect was predicted by Vega et al., but never directly

observed. A sample containing 1H and 19F with BDPA presented an ideal scenario

to study this phenomenon, as the heteronuclear Cross Effect enhancements man-

ifested itself clearly in the spectra, allowing the study of this mechanism.

Finally, after clarifying the role of 1H and electrons in the 19F DNP hyper-

polarisation, the attention was directed toward dissolution DNP experiments of

fluorinated molecules. In chapter 7, an experiment showed that it is possible to

perform dissolution DNP on fluorinated proteins. The NMR signal of labelled
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lysozyme was successfully acquired after a dissolution DNP experiment. The

achieved enhancement, corresponding to an overall factor of ≈ 330, allowed us

to acquire the 19F signal with a single scan.

8.2 Future works

The experiment performed on dissolution DNP for labelled protein shows the fea-

sibility of the study. However this represents only a first step for a more complete

definition of the methodology. A few problems, and possible solutions, can be

identified. First of all, the decision of labelling the protein inserting CF3 groups

is not ideal, as the 19F in this methyl-like structure relax quickly. In the first

part of Chapter 7, it was in fact shown that 19F labels attached to aromatic rings

have longer relaxation time constants. This would allow the nuclei to retain the

hyperpolarisation for longer time after dissolution, increasing the overall enhance-

ment for the detected NMR signal. Moreover, they provide a better chemical shift

dispersion. In the analysed protein, the NMR peaks of the six labelled amino acid

residues are within a range of 1 ppm and, due to the resolution of the spectrum

after dissolution, it is not possible to resolve the different signals well.

Finally, a next set of experiments could consist in continuous acquisition of NMR

signals after the dissolution with small flip angle pulses. In such a way, it is pos-

sible to monitor the evolution and dynamics of the NMR peaks as the protein

interacts with a buffer solution in the NMR tube. The small flip angle pulse for

each acquisition would entail a smaller NMR signals compared to the signal orig-

inated by the π/2 pulse in the experiment performed in Chapter 7. However, a

further optimisation of the 19F DNP process in solid-state could compensate the

loss in signal intensity.

Improvements can also be achieved for the study of the heteronuclear Cross

Effect. The results for the simulation in fact show a lack of symmetry for the

optimal enhancements of 1H and 19F, showing that the maximum intensities can

be achieved for different coupling constants of the interacting spins. It is there-

fore possible to change the deuteration of the sample to alter these interaction
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constants, to better study the heteronuclear Cross Effect mechanism and to study

how it works as the structure of the sample changes.
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transfer and settling in NMR experiments with sample shuttling,” J. Chem.

Phys., vol. 132, no. 24, p. 244507, 2010.

[60] K. N. Hu, V. S. Bajaj, M. Rosay, and R. G. Griffin, “High-frequency dynamic

nuclear polarization using mixtures of TEMPO and trityl radicals,” J. Chem.

Phys., vol. 126, no. 4, 2007.

[61] D. Shimon, Y. Hovav, A. Feintuch, D. Goldfarb, and S. Vega, “Dynamic

nuclear polarization in the solid state: a transition between the cross effect

and the solid effect,” Phys. Chem. Chem. Phys., vol. 14, no. 16, pp. 5729–

5743, 2012.

[62] J. T. Gerig, “Fluorine NMR,” SelfPublished, vol. 21, no. 1, pp. 1–35, 2001.

[63] T.-C. Ong, M. L. Mak-Jurkauskas, J. J. Walish, V. K. Michaelis, B. Corzil-

ius, A. A. Smith, A. M. Clausen, J. C. Cheetham, T. M. Swager, and R. G.

Griffin, “Solvent-Free Dynamic Nuclear Polarization of Amorphous and

Crystalline ortho-Terphenyl,” J. Phys. Chem. B, vol. 117, no. 10, pp. 3040–

3046, 2013.

[64] Y. Matsuki, T. Maly, O. Ouari, F. Le Moigne, E. Rizzato, S. Lyubenova,

J. Herzfeld, T. Prisner, P. Tordo, and R. G. Griffin, “Dynamic Nuclear

Polarization using a Rigid Biradical,” Angew. Chem. Int. Ed., vol. 48, no. 27,

2009.

[65] B. T. Allen, “Zero-Field Splitting Parameter of the Mn Media,” J. Chem.

Phys., vol. 43, p. 3820, 1965.

[66] A. Lesage, M. Lelli, D. Gajan, M. A. Caporini, V. Vitzthum, P. Miéville,
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