Advances in Sensitivity and Resolution of Solid State Nuclear Magnetic

Resonance and Dynamic Nuclear Polarization
by
Natalie C. Golota
B.A. Chemistry
Washington University in St. Louis, 2018

Submitted to the Department of Chemistry
in Partial Fulfilment of the Requirements for the Degree of

DOCTOR OF PHILOSOPHY IN CHEMISTRY
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

June 2023

© 2023 Natalie C. Golota. This work is licensed under a CC BY-SA 2.0. The author hereby
grants to MIT a nonexclusive, worldwide, irrevocable, royalty-free license to exercise any and all
rights under copyright, including to reproduce, preserve, distribute and publicly display copies of
the thesis, or release the thesis under an open-access license.

.......................................................... e
May 4, 2023

Robert G. Griffin
Arthur Amos Noyes Professor of Chemistry
Thesis Supervisor

Adam P. Willard
Associate Professor of Chemistry
Graduate Officer



This doctoral thesis has been examined by a Committee of the Department of

Chemistry as follows:

Professor Keith A. Nelson
Thesis Committee Chair
Haslam and Dewey Professor of Chemistry

Professor Robert G. Griffin
Thesis Supervisor
Arthur Amos Noyes Professor of Chemistry

Professor Mei Hong
Thesis Committee Member
Professor of Chemistry



Advances in Sensitivity and Resolution of Solid State Nuclear Magnetic Resonance and
Dynamic Nuclear Polarization

By
Natalie C. Golota

Submitted to the Department of Chemistry on May 12, 2023 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in Chemistry

Abstract

Traditional structural biology methods such as x-ray crystallography and solution-
state nuclear magnetic resonance (NMR) cannot provide atomic level resolution of
insoluble, noncrystalline proteins. Such proteins include amyloid fibrils implicated in
numerous neurodegenerative diseases. While solid state NMR using magic angle spinning
(MAS) has yielded high resolution structures of amyloid fibrils, including polymorphs of
amyloid-B (AB), its sensitivity is inherently limited, requiring undesirable time and resource
commitments. Dynamic nuclear polarization (DNP) is a powerful method of enhancing solid
state NMR sensitivity. However, this sensitivity gain comes at a significant loss of spectral
resolution due to sample conformational heterogeneity at the cryogenic temperatures
required for efficient electron-nuclear polarization transfers. This hinders acquisition of site-
specific structural assignments in complex systems. Thus, it is critical to improve DNP
resolution by advancing to higher magnetic fields and faster MAS frequencies.
Unfortunately, at high fields, the efficiency of the most widely applied DNP polarization
mechanisms decreases, along with the availability of high-power microwave sources. The
work presented in this thesis seeks to address instrumentation limitations and improve DNP
methods that presently limit the utility and power of MAS DNP at high fields.

This thesis first describes the mechanism of Overhauser Effect (OE) sensitivity
enhancements in insulating solids. We demonstrate the generation of strong positive
OE with less than 200 mW of microwave power. We also employ selective deuteration
to elucidate the role of individual hyperfine-coupled protons on the BDPA radical. This
work provides a basis for the improved development of high field DNP radicals with
fluctuating hyperfine interactions.

The continued expansion of MAS DNP at high field and with fast MAS rotors
requires improvement in the efficiency of coupling microwave irradiation into the
sample. We provide a comprehensive discussion of the effect of the radio frequency
(RF) coil on the transverse microwave coupling efficiency in 1.3 mm and 0.7 mm rotor
systems. When the ratio of the pitch to microwave wavelength is ~ 0.5, the coupling
efficiency is significantly reduced, as is the case for a typical 1.3 mm or 0.7 mm RF coil
at fields between 460-593 GHz. To address this, we introduce axial microwave coupling
schemes for 3.2, 1.3-, and 0.7-mm rotors and demonstrate theoretical improvements in
the electron Rabi field of > 60% in 3.2 mm rotor systems and up to a factor of 8
improvement in 0.7 mm rotor systems. We further provide experimental results of MAS
spinning stability in 3.2 mm rotors at 95 K using the modified axial bearing required for
axial irradiation schemes.



While the first two sections describe sensitivity enhancements under DNP, the
later chapters are focused on sensitivity enhancements leveraged via MAS frequencies
> 90 kHz and "H detected MAS NMR. We demonstrate the first 'H detected MAS NMR
study of the arctic mutant of AB1-42, which is implicated in the pathogenesis of early
onset familial AD. Despite resolution limitations in the sample as a result of limited MAS
frequency and sample heterogeneity, we determine that the core fibril structure of E22G
AB1-42 is monomorphic with suggested conserved structure relative to that of the wild
type fibril.

To further reduce homogenous contributions to the solid-state linewidth, we
introduce the fabrication and use of 0.7 mm diameter diamond rotors. The superior
material strength, thermal conductivity, and microwave transparency make diamond the
optimal MAS rotor material. First, we describe the mechanism of material ablation and
characterize the effects of pulse energy, irradiation scheme and pulse number on the
achievable taper angle in high aspect ratio holes. We then apply a dual-sided axial
machining strategy to fabricate 0.7 mm diamond rotors, and further demonstrate stable
operation up to 124 kHz in addition to 'H detected MAS NMR results. Overall, the
areas of focus in this thesis describe several resolution and sensitivity advancements
that when combined in the future could provide sufficient sensitivity and resolution with
which to study ex-vivo amyloid plaque samples and other exogenous biomedically
relevant samples.

Thesis Supervisor: Robert G. Griffin
Title: Arthur Amos Noyes Professor of Chemistry
Director, Francis Bitter Magnet Laboratory
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Chapter 1 : Introduction

1.1 Introduction to Magnetic Resonance

Magnetic resonance spectroscopy, including magnetic resonance imaging (MRI)
and nuclear magnetic resonance (NMR), has evolved into a widely applied technique for
medical, structural biology, and materials science applications. The technique was
discovered simultaneously by Felix Bloch and Edward Purcell in 1946. Over the past
several decades advancements in superconducting magnet technology, radio frequency
transmitter and receiver technology, sample preparation methods, Magic Angle
Spinning (MAS) technology, and the advent of Dynamic Nuclear Polarization (DNP)
have made NMR a fundamental and powerful spectroscopic tool. Much of the utility of
solid-state NMR is derived from coherent manipulation of the internal spin Hamiltonian.
Use of dipolar recoupling techniques can yield intra and inter-molecular distances and
orientational constraints in molecules of interest at atomic resolution. Herein, we discuss
the nuclear interactions of spin %z nuclei including '*C, "°N, and 'H. Discussion of the
inherent low sensitivity of NMR is also provided and is followed by an introduction into
the generation of sensitivity enhancements under DNP. While only a brief review of
nuclear and electron spin interactions are offered in this introduction, we direct the

reader to complete reviews in the literature [1-5].

1.1.1 Zeeman Hamiltonian and Spin Polarization

In the absence of a magnetic field, the energy levels of nuclear and electron spin

states are degenerate. However, when placed into a magnetic field, the state
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degeneracy is broken, and the energy levels are split according to the Zeeman

interaction as described by the Zeeman Hamiltonian in (1-1).

A=—yhl-B (1-1)

In (1-1), the gyromagnetic ratio of the spin is given by y and describes the strength of
the interaction of the spin with the magnetic field. Spin is given as /'in (1-1), and in this
thesis, we are limited to the discussion of systems where [ = 1/2. The external

magnetic field vector is given by B. The energy levels of a spin % system can be solved

for and are given in (1-2).

1 yhB,
El\l==)=—
(1=2)=-5

1 hB
E(Iz__>=+y20

For a spin 72 system, the spin state aligned with the external magnetic field is at a lower
energy. The energy difference between the two spin states is given by (1-3), where the

Larmor frequency is given by wy.

AE = hyBO = hwo (1_3)

In (1-3) it becomes clear that the gyromagnetic ratio of the spin determines the energy
level splitting of a particular spin. The population differences between spin states of an
= 1/2 system can be calculated following a Boltzmann distribution and is provided in

(1-4).
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p=-_"° (1-4)
]/hBO —]/hBO

This expression can be simplified at high field and high temperatures > 20 K by
expansion and truncation of the exponential terms to yield an expression describing the
polarization of a spin system as given in (1-5).

_ YhBy
T 2kgT (1-5)

The detection and sensitivity of an electron or nuclear spin signal depends on a
population difference between spin states, and as such, spins with large energy level
differences result in enhanced sensitivity. This is the case for the detection of electron
spins in electron paramagnetic resonance (EPR) and serves as the basis for DNP, as
described later in this chapter. Spin polarizations can be coherently controlled in NMR
and low field EPR via high power radio frequency or microwave pulses on resonance
with the nuclear or electron Larmor frequency. While the Zeeman interaction is
responsible for the splitting of spin energy levels in a magnetic field, the internal
interactions of spin 72 systems are responsible for the valuable information content NMR
can yield and are discussed in Section 1.1.2. These interactions are described in detail
in the next section. However, at high fields, electron spin polarizations are not
coherently controlled due to insufficient microwave Rabi fields. As such, all high field
DNP mechanisms to date rely upon continuous wave mechanisms and are discussed in

Section 1.2.1.

1.1.2 Internal Interactions
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The Hamiltonian describing an interaction, i, can be written in spherical tensor form
as the scalar product between the g component of the rank ¢ spatial tensor, A, and spin
space tensor, 3 as given in (1-6).

A= ZZ i (-4, _, (1-6)

i [=0gq=-1

The dominant NMR interactions in the rotating frame for spin %2 nuclei include the
chemical shift, dipolar coupling, and scalar couplings. These interactions contain
anisotropic, or orientationally dependent, contributions represented by second rank
tensors. However, the scalar anisotropy typically cannot be distinguished from the
stronger dipolar anisotropy and is typically neglected leaving only the isotropic
component. Discussion and presentation of the interaction Hamiltonian for chemical shift,

dipolar coupling and scalar couplings are discussed herein.

1.1.2.1. Chemical Shift

The chemical shift interaction describes the perturbation of the magnetic field felt by a
nuclear spin due to shielding of local electron spins. The chemical shift has isotropic and
anisotropic contributions due to the orientationally asymmetric electronic environment
surrounding nuclear spins in external field. The secular chemical shift Hamiltonian in the
rotating frame is given in (1-7) in terms of the isotropic chemical shift tensor, oiso, the
anisotropy parameter, 0, and the asymmetry parameter, n. Under magic angle spinning,
the chemical shift anisotropy can be attenuated returning only the isotropic chemical shift

to yield high resolution spectra.
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_ . wo 0K
H, = Z Iy, [woak + % [(3cos? B* — 1) — nksin?(B*)cos (2a")]
3
Where

1
O'iso(k) = 3 (Gxx T oyy + O-zz) (1-7)

st = O0zz — Oiso

k) — (Uyy - Uxx)

)

1.1.2.2. Scalar Interaction

Under fast MAS, such as w, /2m ~ 90 — 111 kHz as in Chapters 4 and 6, the solid-
state spin system begins to have sufficiently long coherence lifetimes such that scalar
based, through bond couplings can be used for polarization transfers in multidimensional
correlation experiments. The anisotropic contribution to scalar couplings cannot be
distinguished easily from the dipolar anisotropy, and so in this description the isotropic
Hamiltonian will be given. The general form of the scalar Hamiltonian is given in spherical
tensor notation in (1-8).

7 — gkm)e(len)
Hy = 454"30, (1-8)

The isotropic Hamiltonian for a homonuclear spin pair is given by (1-9).

ﬁ],ll = 277:]1(‘)’L(E(> ) Kl)) (1_9)

For a heteronuclear spin pair under the secular approximation, the Hamiltonian is given
by (1-10).
H],IS = Zn]knikzgnz

(1-10)
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These couplings are isotropic and unaveraged by internal dynamics. This allows
correlation spectroscopy to be performed on dynamic regions where dipolar transfers are

inefficient.

1.1.3.3. Dipolar Interaction
The dipolar coupling interaction is an anisotropic, through space interaction
described by a traceless and axially symmetric second rank tensor. The general form of

the interaction Hamiltonian can be written in the lab frame as (1-11).

2
f, = ZH)‘* Afemsgen) (1-11)
q

For a homonuclear interaction between like spins with similar resonance frequencies, the
homonuclear dipolar Hamiltonian takes the form of (1-12) in the rotating frame under the

secular approximation.

iy _ (k) skn
Hpn =450 Typ

(1-12)
The homonuclear dipolar Hamiltonian between like-spins n and k is given in (1-13).
shown in (1-13).

_ SK™3cos? B —1
DI = > 2

[3 ikzinz - ik ) in] (1-13)

_ SE™3cos? B —1
Hpp = 2 2

[2 ikzinz - ikxinx - ikyiky]

Upon expansion into raising and lowering operators, it is clear the homonuclear
dipolar Hamiltonian allows for “flip flop” zero quantum transitions in addition to

manipulation by the single transition operator, /., as shown in (1-14).
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_ SK™3cos? -1
DJII = 2 2

(21,0, — T T — T ] (1-14)

The heteronuclear dipolar Hamiltonian is given in (1-15), where the Hamiltonian has been
truncated as the resonant frequency between unlike spins becomes large and renders

the ZQ flip flop terms non-secular.
O...= A% fk fn
D,IS 2,0 1,011,0 (1-15)

65" 3cos?p—1
o2 2

[2 ikzinz]

Under both homo and heteronuclear couplings, the dipolar coupling constant can be
extracted from the anisotropy parameter, dp and allows for determination of inter and
intra-molecular distances with its form given in (1-16).

stm _ _ 2HoVivnht
D AT Tiom)

(1-16)

Importantly, the strength of the dipolar coupling is dependent on the gyromagnetic ratio
of the coupled nuclei, y, and the distance between the nuclei, r,,. While the dipolar
interaction is averaged by magic angle spinning, as described in 1.1.3, the reintroduction
or recoupling of dipolar interactions permits determination of inter and intramolecular

distance constraints.

1.1.3 Magic Angle Spinning

The chemical shift and dipolar coupling interactions contain anisotropic
contributions from second rank spatial tensors with eigenvalues that are dependent on
orientation, and thus result in significant line broadening in the solid state under static

conditions. In solution state NMR, these anisotropic interactions are averaged through
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rapid molecular tumbling to yield narrow linewidths. In solids motional averaging and
modulation of the second rank spatial tensor can be achieved by mechanical modulation
using MAS. Under MAS the orientational dependence of the spatial tensor becomes time
dependent with rapid rotation of the rotor at an angle § = arccos(1/v/3)~54.74° with
respect to the external field. At this angle, referred to as the magic angle, the term
(3 cos? f — 1) contained in both the dipolar and anisotropic chemical shift Hamiltonians is
zero. However, to fully describe the effect of MAS on the anisotropic Hamiltonian, average
Hamiltonian theory (AHT) can be used.

The effective modulation of the NMR linewidth by MAS is dependent on the type
of interaction present. The NMR linewidth is composed of inhomogeneous and
homogenous contributions which are dependent on whether the interaction Hamiltonian
for the spin system is self-commuting for all times [6].

If the Hamiltonian is self-commuting, then AHT indicates that all higher order

terms containing commutators will vanish. The first three AHT terms are given in (1-17).

21

— Wy [wr
H(O)z—rf "H(t,))dt
2m ), S

- Wy 2)_1: ta__ ~
0O = i &r J dt, f [A(t), At)]dt,

(1-17)

2T

— 1w, (o ts t1

H(Z)Z———rfrdtfdtfdt H(ty), |[H(ty), H(t
o7 ). 46 i) dn{{AE) A A

n [[ﬁ(t3), H(ty), H(tl)]}
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If higher order terms are vanishing under MAS, the interaction is deemed to be
inhomogeneous. Such interactions include chemical shift anisotropy and heteronuclear
dipolar couplings. Even at MAS frequencies less than the strength of the coupling
interaction, MAS will result in spectral narrowing and generation of rotational sidebands.
These systems are susceptible to “hole burning” upon irradiation and are single spin
interactions which are uncoupled throughout the static powder line shape and contain
Hamiltonian terms such as I, and 1S, [7].

Interactions for which the higher order average Hamiltonian terms are non-zero
are termed homogenous interactions. These include homonuclear dipolar coupling
networks which contain zero quantum (ZQ) “flip flop” terms that mediate spin diffusion
and mediate thermal equilibration [8]. To narrow homogeneously broadened linewidths
using MAS, the magnitude of the applied MAS frequency must be significantly greater
than the coupling strength. For this reason, to effectively modulate 'H-"H dipolar
coupling strengths on the order of 30 kHz, MAS frequencies greater than 100 kHz are
required. In practice, most systems contain a mixture of homogenous and
inhomogeneous broadening requiring MAS and use of homonuclear proton decoupling.
The overall linewidth is narrowed linearly or quadratically with increased MAS
frequency, as predicted by AHT when considering the inclusion of first order or higher
order terms. While in the limit of infinitely fast spinning, all the higher order terms vanish,
under finite MAS frequencies, higher order terms remain and contribute to the

homogenous linewidth.

1.1.3 Proton-Detected MAS NMR
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Previously, application of 'H detection was limited in solid state NMR by poor
resolution under conventionally applied MAS frequencies on the order of 20 kHz and
achievable with 3.2 mm diameter rotors. While the CSA interaction of "H will be averaged
at MAS frequencies in excess of 50 kHz at high fields, at minimum MAS frequencies of
100 kHz are typically used to attenuate homonuclear dipolar couplings in fully protonated
samples. Such interactions are homogeneous under AHT theory and require MAS
frequencies significantly higher than the interaction strength for efficient averaging. At
ultrafast MAS frequencies, the higher order AHT terms discussed previously will be
reduced and result in decreased linewidth. However, in fully protonated samples it has
been estimated that MAS frequencies of least 300 kHz and up to 1200 kHz will be required
to achieve coherence lifetimes and resolution comparable to that in solution [9-11].
Overcoming the instrumentation limitations currently restricting achievable MAS
frequency is advantageous given the higher gyromagnetic ratio of protons yielding a
sensitivity enhancement of 8 times for 'H detection over 3C. Importantly, extended
coherence lifetime will enable high dimensionality experiments for improved resolution of

proton detected spectra.

1.1.4 Dipolar Recoupling

While MAS allows for the acquisition of high-resolution spectra by averaging
chemical shift anisotropies, it also attenuates dipolar couplings. The determination of
inter and intra-molecular distances and orientations is the basis of structural techniques
that have become critical in determining biomolecular structures. Dipolar couplings must

be selectively reintroduced by interfering with the averaging process of MAS through
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manipulation of the spin terms described in A
W= 0
—T
D

(1-11) and shown in Figure 1.1.This can be w R
accomplished through a multitude of 0 /\ / t
methods, such as rotor synchronized radio wJ \/ \/

D

frequency (RFDR) pulses or rotational B

resonance (R?) techniques in which the J_I IJ

chemical shift difference between t
C

homonuclear spins is matched to a multiple w =

D" W,=S W,
of the MAS frequency. The case of RFDR in 5 /\V/\V[\V[\\
0 t

addition to second order recoupling

sequences is discussed furtherin 1.1.4.1 Figure 1.1. Dipolar Recoupling. (A)

Modulation of spatial tensor to

1.1.4.1 Homonuclear Recoupling isotropic value by MAS. (B) RF
pulses to modulate spin component

Homonuclear dipolar recoupling can be of Hamiltonian. (C) RF pulses
recouple dipolar coupling with a

achieved through zero quantum and double scaling factor s dependent on

. . . i recoupling scheme used.
guantum techniques in which the effective

Hamiltonian contains terms of , ' I, +1, L, or, I, + 1, I, , respectively. A common
method of achieving homonuclear recoupling using a train of 180° pulses is
radiofrequency driven recoupling (RFDR). RFDR employs a single t-pulse per rotor
period to recouple the ZQ homonuclear “flip flop” terms, with the average Hamiltonian
becoming cyclic over two rotor periods [12,13]. The 180° pulse in the middle of the rotor
period inverts the chemical shift Hamiltonian and over the 2 rotor periods per cycle does

not recouple chemical shift interactions.
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Figure 1.2. Homonuclear Dipolar Recoupling. (A). Common homonuclear
recoupling sequences of RFDR, DARR, and CORD. (B). Homonuclear dipolar
correlation spectra of U-'3C isoleucine crystals at a MAS frequency of 40 kHz and
external magnetic field of 18.8 T using RFDR (black), DARR (red), and CORD (blue).
The CORD and DARR spectra were nearly identical in 2D correlation spectra,
however, the relative signal intensities varied.

Importantly, the recoupling efficiency is strongly modulated by the isotropic chemical
shift difference between the two homonuclear dipole coupled spins. The broad-banded
nature of RFDR makes it subject to dipolar truncation under which the strong dipolar
couplings between short range spin pairs interferes with the detection of weaker, long-
range couplings. As such, in uniformly labeled 3C samples, RFDR is primarily used for
1 bond correlations yielding spectral assignments. Other broad-banded homonuclear
recoupling methods include dipolar assisted recoupling (DARR) and Combined R2n"-
Driven Spin Diffusion (CORD) [14,15]. The pulse sequences for RFDR, CORD, and

DARR are provided in Figure 1.2.
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DARR and CORD are 2" order sequences with recoupling dependent on second
order AHT terms. These sequences are less sensitive to dipolar truncation effects and
are useful in establishing long range correlations. DARR is achieved using a continuous
wave (CW) mixing period where the RF field is applied to the proton spins and matched
in amplitude to the rotary resonance condition of w,, = wgr, Wwhere the MAS frequency is
matched to the RF amplitude. CORD is often performed as a super cycled-composite

pulse sequence composed of R21, R22, R21, and R22 blocks where the RF power onto

the carbon spins is applied at w,, = wgp or% = wgr. These mixing sequences can be

used to provide two dimensional correlations, or used as building blocks for high

dimensionality experiments, as discussed in Chapter 4.

1.1.4.2 Heteronuclear Recoupling

Most heteronuclear dipolar recoupling methods developed for biomolecules have
focused on reintroduction of '*C-"°N dipolar couplings using a train of 180° pulses with
simultaneous strong proton homonuclear decoupling under moderate MAS frequencies.
This is the case for rotation double echo resonance (REDOR) [16,17]. Heteronuclear
recoupling is accomplished by applying two 180° pulses per rotor period which results in
a sign change of the heteronuclear Hamiltonian between /-S spin pair. For REDOR
between '3C-°N spin pair, '3C spins are first polarized under cross polarization.
Application of 2 180° pulses per rotor period on *N spins reintroduces '3C-"°N dipolar
couplings, while a 180° pulse in the middle of the rotor period applied to '3C refocuses
the isotropic chemical shift. REDOR is carried out as a difference experiment to reduce

the effect of relaxation by observing a dephasing curve as a function of mixing time and
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Figure 1.3. TEDOR Heteronuclear Dipolar Recoupling.

compared to an experiment in the absence of >N recoupling pulses. In practice, REDOR
is often performed as a frequency selective experiment (FS-REDOR) to selectively excite
and recouple a single 3C-"°N pair using gaussian pulses placed at the midpoint of the
selective irradiation period at an even number of rotor cycles [17].

To selectively recouple several heteronuclear dipolar coupled spin pairs
simultaneously, z-filtered transferred echo double resonance (ZF-TEDOR) can be utilized
in which coherence transfers select dipolar coupled spins from a background of
uncoupled spins [18]. The addition of a z-filter suppresses the effect of homonuclear '3C-
13C J couplings which contribute to antiphase and multiple quantum coherences
generated during the REDOR mixing periods, which create phase twists and distorted
cross peaks. During the 3D ZF-TEDOR experiment, first / spin magnetization is generated
in the transverse plane via CP and is followed by reintroduction of the /-S dipolar coupling
using a REDOR period applied to the S spins which generates an antiphase coherence.
A pulse is then applied to the / spin to generate longitudinal /;S; magnetization, while the

antiphase coherence is dephased in the transverse plane under application of weak
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proton homonuclear decoupling. A 90° pulse on the S channel generates S spin
coherence in the transverse plane which is evolved under t1 with S spin frequency
encoding. Another 90° pulse at the end of the t1 evolution period generates antiphase
coherence on [ spins. This is followed by a second REDOR period which converts the
antiphase coherence to observable / spin magnetization, which evolves under a second
evolution period during FID acquisition under the / spin chemical shift. The third dimension
in a pseudo 3D ZF-TEDOR experiment is the incremented recoupling time.

REDOR and TEDOR variants have become the most used heteronuclear
recoupling techniques under moderate MAS frequencies. However, recent application of
"H-detected FS-REDOR has improved the sensitivity of detection, in addition to
demonstrating an increase in the effective distances that can be measured afforded by
the strength of 'H-X heteronuclear dipolar couplings, relative to that of '3C-'°N dipolar
couplings [19]. However, application of REDOR and TEDOR as described will require
very high RF demands as the rotor period is shortened. New methods such as deferred
echo doubled resonance (DEDOR) have removed this limitation by extending the basic
REDOR block of t-pulses over several rotor periods enabling low power RF pulses

instead, with moderate signal to noise losses [20].
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Figure 1.4. Spin polarization at 16.4 T. The larger 12.2% electron spin polarization
at 16.4 T (700 MHz) and 90 K can be transferred to the nuclear spin, which has a
~660 times less polarization. This transfer of electron to nuclear spin polarization is
the basis for the DNP process.

1.2 Dynamic Nuclear Polarization

NMR is inherently insensitive as the energy splitting between nuclear spin states
is small and with low Boltzmann polarization at room temperature, on the order of
0.01866% at 16.4 T, as shown in Figure 1.4. The insensitivity of NMR requires
significant signal averaging to achieve sufficient signal to noise in most experiments. A
method of overcoming NMR insensitivity is to transfer the larger Boltzmann polarization
of electron spins to nuclear spins using dynamic nuclear polarization (DNP), as shown
in . Under DNP, stable free radicals are used as a polarizing agent, and electron-
nuclear transitions are irradiated with high frequency microwaves (100-600 GHz) at

cryogenic temperatures resulting in polarization transfer and enhancement of detected
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NMR signal. Theoretical sensitivity enhancements of £~ 660 (ye/ y1H) for H could result
in a time savings of 400,000, as the time savings goes as the square of the
enhancement factor. Leveraging even a small fraction of this enhancement can enable
the study of systems otherwise inaccessible without DNP, such as those at natural
abundance. Typical enhancements on model samples range from 200-400, while on
biologically relevant samples, enhancements on the order of 50-100 are common.
Herein, we discuss the polarization transfer mechanisms and required instrumentation

for DNP at high magnetic fields.
1.2.1 DNP Mechanisms

1.2.1.1 Cross Effect

The cross effect is a three-spin mechanism between two electron spins and one
nuclear spin that is dominant when the EPR spectrum is significantly inhomogeneously
broadened by g anisotropy. This results in a broad EPR spectrum with a breadth greater
than the nuclear Larmor frequency, typically at high magnetic fields that satisfies the

condition A > @,, > ¢ . In such cases, the relevant Hamiltonian for the 3-spin cross effect
is given by (1-18).
A= w05,1~§1z + CUos,zgz - 0)011; + (A1§1z + A2'§22)Iz
(1-18)
+ (B1§1z + BZSAZZ)Ix + d(3§1z§22 - ?1 ' 5—2) - 2]?1 ' 5—2
The first two terms represent the electron Zeeman interactions, while the third term

represents the nuclear Zeeman interaction. The fourth and fifth terms describe the

electron-nuclear hyperfine couplings, while the sixth term describes electron-electron
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Figure 1.5 Cross Effect DNP. A) Population distribution at thermal equilibrium,
degenerate energy levels shown for a rigid biradical at the cross effect matching
condition. (B) Negative enhancement shown with microwave irradiation of wyg 4. (C)

Positive enhancement shown with microwave irradiation of wys

[--+>

dipolar through space couplings. The final term describes the exchange interaction. This
Hamiltonian can be used to solve for the energy level diagram in Figure 1.5. Maximum
enhancements for the cross effect are obtained when a rigid biradical polarizing agent is
employed, such as in AMUPol [21]. In a rigid biradical, electron spin pairs have a fixed

orientation of g tensors, increasing the number of electron spin pairs that satisfy the

condition |a)0&l —a)os)2| ~ ,, . This is depicted in Figure 1.5 (A).where the central energy

levels |+—+>and |—+—> are degenerate in energy, where the state is denoted
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Figure 1.6. DNP of GNNQQNY. DNP of U-">C/"°N GNNQQNY monoclinic crystals

at "H Larmor frequency of 500 MHz with 10 mM AMUPol via cross effect mechanism.
(A). At 90 K and a MAS frequency of 8 kHz, an enhancement of 110 was obtained
via CP MAS. (B). 1.6 ms 1 bond RFDR experiment at a MAS frequency of 10 kHz
and a temperature of 108 K. Considerable increase in linewidth is observed relative
to room temperature spectra even in the rigid GNNQQNY monoclinic crystal.

|e,e,,n>. Microwave irradiation at one electron resonance frequency results in a

simultaneous spin flip of the second electron and the nuclear spin, generating a change
in nuclear spin polarization. This is shown in Figure 1.5 (B) for the case of irradiation at

w,s, Where saturation of the electron resonance transition generates increased nuclear

spin population in the | —> nuclear state, resulting in a negative enhancement in nuclear
spin polarization. A positive enhancement is obtained with irradiation at «,,, shown in
Figure 1.5 (C).

The probability of the electron spin pair having the required frequency matching
to satisfy matching condition is linearly decreased with increasing magnetic field and

magnitude of anisotropic g-tensor, as such the cross-effect efficiency scales with «;,

[22]. MAS increases cross effect efficiency at low spinning frequencies up to 3-5 kHz

and remains approximately constant in temperature-controlled studies for frequencies
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up to 40 kHz in the case of biradicals [23]. For a mixed biradical agent of HyTEK2, the
CE enhancement however continued to increase with MAS frequencies up to 65 kHz
[24]. CE enhancement is dependent on MAS frequency due to a series of avoided level
crossings that result in exchange of spin polarization during a rotor period. This follows
from the treatment of the time dependent modulation of the CE energy levels under

MAS and is described in detail elsewhere [22,25,26].

1.2.1.2 Overhauser Effect
The Overhauser effect (OE) is a two spin DNP mechanism that generates a
nuclear spin polarization enhancement when there is a difference in between the double

quantum and zero quantum cross relaxation rates of an electron-nuclear spin system

[27-31]. The OE is observed in cases where A ~ 6 < w,, , where A is the breadth of the

EPR spectrum, 0 is the EPR homogenous linewidth, woi is the nuclear Larmor

frequency. The Hamiltonian for the spin system under MAS is given by (1-19).

ﬁ = [giso + g(ﬂt)]BeBOSAZ - gnﬁnBsz - [Aiso + Adipolar(ﬂt)]SAzIz (1 19)

+ Aipo1ar QST + Aziporar QS 17
The first two terms describe the electron or nuclear Zeeman interaction in terms of the
isotropic g value and the time dependent component due to MAS, given by Q.. The
sources of fluctuating hyperfine couplings that are thought to be a dominant feature in
generation of OE enhancement and are described in both the zero quantum and double
quantum spaces in (1-19). Upon irradiation of the single quantum (SQ) EPR transition,

an imbalance in zero quantum (ZQ) and double quantum (DQ relaxation rates drives
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Figure 1.7. Overhauser Effect in insulating solids. Energy level diagram for the
Overhauser effect. The imbalance between the zero quantum and double quantum
cross relaxation rates, here as I, and I, respectively, generates a nuclear spin
polarization enhancement. (B). The allowed, single quantum transitions of the OE are
saturated at considerably lower microwave powers than the solid effect. (C). The OE
is the only DNP mechanism known to scale favorably with the magnetic field. Figure
adapted and reproduced from Ref [32] with permission from Elsevier.

population changes mediated by scalar and dipolar hyperfine couplings, respectively. In
liquids and conducting solids the DQ transition is dominant, resulting in a negative OE

enhancement. In insulating solids, the OE mechanism is thought to proceed through ZQ

pathways as a positive enhancement was initially observed.
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The OE is the only known DNP mechanism whose efficiency increases with
increasing field strength. However, known polarizing agents that mediate OE
enhancements are limited to narrow line radicals of 1,3-bisphenylene-2-phenylallyl
(BDPA), sulfonated BDPA (SA-BDPA), and in limited mixed valence compounds.
Availability of polarizing agents currently restricts the application of OE primarily to
organic solids and samples with mobile electrons. New polarizing agents and continued
work into theoretical pathways of OE in insulating solids are required for full realization

of OE at high field in aqueous systems.

1.2.1.3 Solid Effect

The dominant enhancements for the solid effect are derived from a weakly allowed
2 spin transition through ZQ and DQ pathways [32,33]. However, recent studies have
described a three spin solid effect (TSSE) with the largest enhancements to date under
SE conditions, although this is effect is unlikely to be significant at high magnetic fields
[34]. Herein, we will discuss the traditional two spin solid effect process which occurs

when the homogenous linewidth and breadth of the EPR spectrum is less than the nuclear

Larmor frequency (A,0 < @,,) . The relevant Hamiltonians are shown in (1-20) and can be

written using perturbation theory with the perturbing Hamiltonian given by the pseudo
secular term H; where @, is the electron Larmor frequency, o, is the nuclear Larmor
frequency, A is the secular hyperfine coupling and B is the pseudo secular hyperfine
coupling.

HSE = ﬁo + ﬁl (1-20)
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HO = wOSSAZ - wOIfz + ASAziz

~ . 1

Hy = BS,I, = 5BS,(I, + 1)
H, is a diagonal Hamiltonian connecting pure states and does not lead to polarization
transfer upon microwave irradiation. However, the perturbing Hamiltonian upon

microwave irradiation at o, = o, £ @,, results in state mixing via ZQ and DQ transitions

B

@y,

. A zero quantum transition with

with a state mixing coefficient given by 4 =

microwave irradiation at w,, = wys + wy; results in a negative enhancement, while a
double quantum transition with microwave irradiation at w,,, = wys — w,; results in a
positive enhancement, for nuclear spins withy > 0.

The state mixing coefficient indicates that the efficiency of polarization transfer

decreases with increasing Larmor frequency and the transition probability scales with

A B C
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Figure 1.8. Solid Effect Mechanism. Energy level diagrams for (A) thermal
equilibrium for an electron-nuclear spin pair. (B). Upon irradiation at w,,, = wys — wy;,
the positive enhancement via DQ spin transition is generated. (C). Irradiation at w,,, =
wos + Wy, Yields a negative enhancement via ZQ spin transitions.
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w,, . Therefore, at the high fields required for study of biomolecules and available

microwave power of ~ 10 W, the solid effect is not an efficient DNP mechanism.

1.2.2 DNP Instrumentation

The typical DNP experiment requires three fundamental components: (1)
microwave source with corrugated or overloaded waveguide to connect to the (2) NMR
probe with electron and nuclear spin channels, and (3) a sample containing polarizing
agent. For high field DNP, a high power gyrotron is used to generate microwave power
usually in the range of ~ 10-50 W to the sample. However, recent advancements in solid
state sources have yielded ~ 250-500 mW of power at 250-263 GHz and will be
discussed in Chapter 3. In a gyrotron, electrons are accelerated from an electron gun
through a strong magnetic field in which they resonate at their cyclotron resonance
frequency. The electrons then encounter an interaction cavity in which the helical or
transverse component of their cyclotron motion is converted to microwave energy. This
microwave beam is directed to a mode converter which outputs the coherent microwave
beam with a desired gaussian-like beam that will efficiently propagate through a
corrugated waveguide to the sample chamber with low power losses. The waveguide
mates with the NMR probe to deliver microwaves to the sample chamber.

The NMR probe generally consists of transmission lines that couple RF
irradiation from the transmitter to the NMR sample coil allowing for high power RF
pulses to be delivered for excitation of specific nuclei. The probe contains the sample
chamber which is composed of a stator enabling MAS frequencies dictated by the rotor

size and spinning gas used. The NMR probe also integrates vacuum jacketed cryogenic
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transfer lines to deliver the spinning gases to the bearings and drive plate. The transfer
lines typically deliver nitrogen gas that has been cooled using a heat exchanger to
temperatures < 100 K, required to extend electron T+ for efficient polarization transfers.
Finally, the sample contained in the NMR rotor must be doped with an efficient
polarizing agent typically suspended in a glassy matrix composed of deuterated
glycerol, deuterated water and water in a 60:30:10 by volume ratio. At high magnetic
fields, these polarizing agents are typically nitroxide biradicals such as AMUPol or
TOTAPOL. However, new biradicals containing both a narrow line radical, such as trityl,
and a radical with large inhomogeneous broadening such as TEMPO, termed
TEMTriPols [25] have become popular. This new class of polarizing agents have been
shown to yield larger enhancements with decreased depolarization at high magnetic

fields and offer an exciting new radical source for high field DNP [35].

1.3 Overview of Thesis

This thesis is focused on the development of methods for both sensitivity and
resolution enhancements. In the first two chapters, sensitivity enhancements via DNP
are discussed. The first chapter describes the mechanism of Overhauser Effect (OE)
sensitivity enhancements in insulating solids. Importantly, this is the only DNP
mechanism that exhibits a favorable scaling factor with applied magnetic field, and as
such is the most promising high field DNP mechanism. We demonstrate the generation
of strong positive Overhauser enhancements (OE) with less than 200 mW of microwave

irradiation and use selective deuteration to elucidate the role of individual hyperfine-
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coupled protons on the BDPA radical. This work provides a basis for the improved
development of high field DNP radicals with fluctuating hyperfine interactions.

The continued expansion of MAS DNP toward biological samples requires
adoption of rotors with diameters < 1.3 mm at high magnetic fields. While such systems
have been realized in limited quantities the typical enhancement obtained in such
systems remains considerably lower than the theoretical maximum enhancements. To
address this, we introduce improved microwave coupling schemes via axial irradiation
and demonstrate theoretical improvements in the electron Rabi field of > 60% in 3.2 mm
rotor systems and > 100% improvements in 0.7 mm and 1.3 mm rotor systems. We
provide experimental results of MAS spinning stability in 3.2 mm rotors at 95 K using the
modified axial bearing required for axial irradiation schemes, in addition to introducing a
method to measure the Bernoulli displacement of MAS rotors. In the case of the 0.7 mm
and 1.3 mm rotor systems at 460-593 GHz, the microwave wavelength becomes ~0.5
times the pitch of the NMR coill, resulting in reduced transverse coupling efficiency. In
contrast, the short sample length is subject to reduced dielectric losses in the sample,
which promotes generation of electron Rabi fields in the 0.7 mm and 1.3 mm rotors. The
sample length is also less than or on the order of Rayleigh length of the microwave
beam at high fields with minimal associated divergence of the microwave beam. These
combined factors make the use of axial coupling schemes important in the adoption of
small diameter MAS rotors at high field for DNP.

While these two sections describe sensitivity enhancements under DNP, the later
chapters are focused on 'H detected MAS NMR. We demonstrate the first 'H detected

MAS NMR study on the arctic mutant of AB1-42, which is implicated in the pathogenesis
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of early onset familial AD. Despite resolution limitations in the sample as a function of
MAS frequency and sample heterogeneity, we determine the core fibril structure of
E22G AB1-42, is conserved relative to that of the wild type fibril and is monomorphic in
nature. The E22G AB1-42 sample was only available in limited quantities and
underscores the importance of proton detected methods for such critical biological
samples. However, a full structural study requires further spectroscopic methods
development, improved sensitivity, and improved spectral resolution.

To address the remaining resolution limitations under both ambient NMR and
cryogenic MAS DNP, we developed a novel laser micromachining strategy to realize 0.7
mm diameter diamond rotors with the potential to achieve MAS frequencies > 200 kHz
when combined with helium gas and helium compatible bearings. First, we describe the
mechanism of material ablation and characterize the effects of pulse energy, irradiation
scheme and pulse number on the achievable taper angle in high aspect ratio holes.
During this study, we measured the laser induced strain from diamond laser machining
We then apply a dual-sided axial machining strategy to fabricate 0.7 mm diamond
rotors, and further demonstrate stable operation up to 124 kHz in addition to 'H
detected MAS NMR results.

In the final chapter, discussion is focused on the use of digital fabrication and 3D
printing methods to advance instrumentation needs beyond that of magnetic resonance.
The use of such methods is highlighted and reviewed for use in UV/VIS
spectrophotometry, Fourier Transform Infrared and Raman spectroscopy, Mass

spectrometry, and NMR. Overall, the chapter discusses the specific cases of 3D printing
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for molecular and atomic scale analytical techniques and the improvement in accessible
and affordable instrumentation for physical chemistry labs at large.

Overall, the areas of focus in this thesis describe several resolution and
sensitivity advancements that when combined in the future could provide sufficient
sensitivity and resolution with which to study ex-vivo amyloid plaque samples and other

exogenous biomedically relevant samples.
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2.1 Introduction

Dynamic nuclear polarization (DNP) has emerged as a powerful method to overcome
the inherent low sensitivity of nuclear magnetic resonance (NMR) spectroscopy by
transferring the large polarization of unpaired electron spins to the nuclei of interest,
typically "H [1-3]. DNP provides sensitivity enhancements of 2-3 orders of magnitude,
enabling the study of biomolecules and materials that are sensitivity limited [4-13] and
where structural studies using dipole recoupling are difficult [14-18]. The success of
these experiments has stimulated the sustained development of continuous-wave (CW)
solid-state devices and gyrotrons that generate microwave powers ranging from several
hundred milliwatts to tens of watts, respectively. In turn, these sources provide
microwave irradiation to drive electron or electron-nuclear spin transitions that facilitate
CW-DNP, enabling experiments at magnetic fields up to 21.1 T [19-26].

There are four known CW-DNP mechanisms—the solid effect (SE), cross effect
(CE), thermal mixing (TM), and the Overhauser Effect (OE). The SE involves microwave
excitation of weakly allowed forbidden zero-quantum (ZQ) or double-quantum (DQ)
transitions in coupled electron-nuclear spin systems [27-29]. The CE involves coupled
electron-electron-nuclear spin systems where microwave irradiation at the resonance

frequency of one of the two participating electron spins alters the equilibrium
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polarization difference between the electrons. A fraction of the polarization difference is
subsequently transferred to the nucleus via three-spin transitions when the difference
between the electron resonance frequencies matches the nuclear resonance frequency
[30-34]. TM is similar to CE, except the dipolar interaction between electron spins is
homogeneous, and the consequent fast electron spectral diffusion holds the electron
spin system in local equilibrium [35-37]. In contrast to other CW-DNP mechanisms that
can all be described by time-independent electron-nuclear and electron-electron
interactions, the OE relies on the time-dependence of the electron-nuclear couplings to
drive the electron-nuclear cross-relaxation. Microwave irradiation of the allowed single
quantum (SQ) electron transition results in ZQ and DQ cross-relaxation processes that
occur at unequal rates and drive the buildup of nuclear polarization. The positive or
negative sign of the observed nuclear enhancement is determined by the relative sizes
of the ZQ and DQ cross-relaxation rates, respectively.

In the early 1950s the OE was the initial DNP mechanism proposed for studies of
conducting solids, [2] and it was experimentally verified shortly thereafter by Carver and
Slichter [38,39]. Much more recently, the OE in insulators was observed using the
narrow line radicals SA-BDPA [40] and BDPA [41], which were under investigation
initially as polarizing agents for SE-DNP. These recent experiments demonstrated that
among the CW-DNP mechanisms in solids, the OE has three crucial advantages. First,
the allowed SQ transition is saturated at modest microwave powers, enabling low-power
microwave sources for DNP [41]. Second, unlike the other CW-DNP techniques, the
enhancement factor of the OE is proportional to the external magnetic field strength

making it an attractive choice among DNP methods to pursue at high magnetic fields
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[41,42]. Third, the OE enhancement factor is observed to be proportional to the magic
angle spinning (MAS) frequency. The observation is rationalized by a source-sink
diffusion model with paramagnetic impurities or dissolved oxygen serving as
polarization sinks [43]. Furthermore, the OE in insulating solids doped with BDPA has
been observed at temperatures ranging from 1.2 K to room temperature [42,44]
The source of the time-dependence in the electron-nuclear hyperfine couplings that
drives cross-relaxation in insulating solids remains unknown. Recently, Pylaeva et al.
proposed intra-molecular charge transfer mediated by the mixed-valence nature of
BDPA as the source of electron-nuclear hyperfine fluctuations. They computationally
predicted the oscillation of hyperfine couplings in the spin system was a consequence of
electron hopping between the fluorene moieties and suggested that the rate of
oscillation falls in the range required for the OE [45,46]. Guided by this insight, they
recently synthesized two new mixed-valence radicals, namely tetrakis(4-
methoxyphenyl)benzene-1,4-diamine radical, and tetrakis(4-methoxyphenyl)benzene-
1,3-diamine radical, and, in the solvent tetrachloroethylene (TCE), demonstrated higher
OE enhancements with these radicals than in samples doped with BDPA [47].
Although DNP experiments were initially reported in 1953 and BDPA has been
used for 50 years as a polarizing agent, the details of the polarization transfer
mechanism from the radical to the bulk nuclei via either the SE, CE or OE-DNP have
only recently been investigated. The three-spin solid effect was used to shed light on
the mechanism of polarization transfer in trityl radicals showing that the spin diffusion
barrier is < 6 A, and the first polarization transfer step is to 'H spins on the trityl

molecule itself [48]. In H20-glycerol matrices polarization is then transferred to glycerol
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molecules clustered near trityl radicals and is furthered relayed to the bulk solvent via
spin diffusion. Note that trityl spectra do not display resolved hyperfine structure. In a
second set of experiments, Stern et al. developed microwave gated hyperpolarization
resurgence (HypRes) as an approach that allows separation of the contribution of
nuclear spin diffusion from the efficiency of the core DNP mechanism [49]. These
experiments were applied in the context of CE-DNP in bis-nitroxides and determined the
spin diffusion barrier to be < 3 A.

In this paper we discuss the roles of electron-nuclear hyperfine interactions in the
BDPA radicals responsible for the OE-DNP transfer by performing EPR and DNP
experiments on selectively deuterated BDPA. Selective deuteration attenuates the
specific isotropic couplings and consequently modulates the difference between ZQ and
DQ cross-relaxation rates active in the electron-nuclear spin systems. Synthetic routes
were developed to synthesize three BDPA radicals, with 2H labels on entire fluorene
moieties, or selectively on positions 1,3,6,8 (alternatively labeled a and y) on the
fluorene moieties and the orthogonal positions 2,4,5,7 (alternatively labeled 3 and ).
We show that the protons with aiso~5.4 MHz isotropic hyperfine couplings at positions
1,3,6,8 in the fluorene moieties are crucial in obtaining positive DNP enhancements via
the OE in BDPA. Furthermore, we present preliminary evidence that the protons with
weaker isotropic couplings at positions 2,4,5,7 on the fluorene moieties aid substantially
in the efficient relay of polarization from the strongly coupled protons in the radical to the

bulk 'H in the surrounding matrix.
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2.2 Experimental

2.2.1 Synthesis and Sample Preparation

Investigation of the OE in 1,3-bisdiphenylene-2-phenylallyl (BDPA) radicals

required the development of synthetic routes that would enable selective ?H labelling of

orthogonal positions on the fluorene moieties, i.e., 1,3,6,8 and 2,4,5,7. Conventionally,

the deuteration of aromatic compounds requires harsh reaction conditions, costly
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Figure 2.1 Synthetic Routes to Selectively Deuterated Fluorenes (a) 9H-
Fluorene-1,3,6,8-ds and (b) 9H-Fluorene-2,4,5,7-da
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catalysts and/or extended reaction times as aromatic hydrogens are not labile and often
lead to poor deuterium incorporation [50-55]. Efficient direct H/D exchange at alternating
positions on arenes is typically achieved using activating groups, specifically ortho/para
directors such as phenols and anilines [56-58].

Several deuteration techniques were attempted and were ultimately unsuccessful,
including selective bromination and nitration of fluorene followed by deuterium
substitution and synthesis of fluorene moieties from commercial deuterated arenes. None
of these methods either yielded the desired products or deuteration patterns. Instead,
deuterium incorporation into arenes was achieved through an acid-catalyzed electrophilic
aromatic hydrogen exchange of phenolic systems, which was rationalized to be efficient
for fluorene derivatives 1 and 7 (Figure 2.1). This method allows deuteration at the
positions ortho to the hydroxyl groups, which is desirable for the deuteration patterns
targeted in this study. Note that the para positions are blocked in both substrates. The
starting materials used in these synthetic routes are dihydroxy fluorenone derivatives, and
so the resulting products contain hydroxyl and carbonyl groups that will have to be
removed. Lastly, this type of reaction is performed in acidic aqueous media, in which all
fluorene derivatives suited for the synthesis of targeted substrates are not soluble, and
therefore the use of non-aqueous solvents was required.

Figure 2.1 shows the synthetic route developed for the key synthetic intermediates
9H-fluorene-1,3,6,8-ds and 9H-fluorene-2,4,5,7-ds. Fluorenone derivatives were used
primarily as a result of compound 1 being inexpensive and commercially available.
Compound 7 was synthesized through modified literature procedures [59,60]

Fluorenone derivative 6 was obtained from diaryl ketone 5 through a Pd-catalyzed
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Figure 2.2. General Synthetic Route to Selectively Deuterated BDPA Radicals

oxidative cyclization in a 79% vyield. The aryl methoxy groups were subsequently cleaved
using aluminum chloride and sodium iodide to give compound 7 in an 89% vyield. The
solubility of starting materials 1 and 7 in acidic aqueous media was

insufficient for synthesis even at elevated temperatures, so a 35% DCl in a 1:1 D2O/DMF
mixture was used. Microwave assisted methods also proved to integral in our synthesis.
Reactions were initially conducted with conventional heating, and minimal conversion was
observed after 3 days at 140 °C. High boiling, polar solvents DMSO, DMAc, and NMP
yielded no conversion. Deuterium incorporation was monitored by NMR every 12 h and
reached >93% and >95% after 72 h through microwave assistance using a power of 75
W to reach a reaction temperature of 150 °C for compounds 2 and 8, respectively. Both
compounds were ultimately obtained in a yield of 95%. Decomposition of the DMF
resulted in pressure buildup inside the microwave vial, which had to be released
periodically for a total of 5 times. The hydroxyl groups were subsequently converted into

triflates using triflic anhydride to give compounds 3 and 9 in 92% and 88% yields,
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respectively. Removal of the triflate groups was accomplished by palladium-catalyzed
hydrogenolysis using hydrogen gas. During the characterization of the latter reaction, a
minor product was isolated and was identified as final compound 4. This led to the
conclusion that the carbonyl group of the fluorenone could be removed as well through
reductive hydrogenation. By increasing the temperature of reaction from room
temperature to 50 °C, complete reduction of respective carbonyls gave key intermediates
4 and 10 as the major products in 52% and 60% yield, respectively. Figure 2.2 details the
general synthetic route to BDPA radicals once selectively deuterated fluorene moieties
were obtained, which was based on a previous report [61]. Condensation of selectively
deuterated fluorene moieties with benzaldehyde vyielded 9-benzylidene-9H-fluorene
derivatives, which subjected to a two-step process by alkene bromination followed by
dehydrobromination to yield 9-(bromo(phenyl)methylene)-9H-fluorene derivatives. These
derivatives were then condensed with deuterated fluorene derivatives via a nucleophilic
addition-elimination sequence to form the neutral precursor to BDPA radicals (BDPA-H).
Finally, the radical formation was carried out by deprotonation of BDPA-H intermediates,
followed by one-electron oxidation of the resulting anion using silver nitrate. For further
experimental details on the synthesis of selectively deuterated BDPA radicals, we refer

the reader to the supporting information.

2.2.2 EPR Experiments at 0.34 T/ 9.6 GHz / X-Band

The EPR samples were prepared by dissolving the BDPA in anhydrous toluene
at 50 yM concentrations. h--BDPA (1,3-bisdiphenylene-2-phenylallyl 1:1 benzene

complex) was purchased from Millipore-Sigma (St. Louis, MO), and dissolved
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a B Y 0 o-, p- m-
h21-BDPA -5.54 1.38 -5.29 1.09 -0.5 -0.15
1,3-[d16]-BDPA -0.85 0.21 -0.81 0.17 -0.5 -0.15
1,3-[a,y-ds]-BDPA -0.85 1.38 -0.81 1.09 -0.5 -0.15
1,3-[B,0-ds]-BDPA -5.54 0.21 -5.29 0.17 -0.5 -0.15
Number of spins 4 4 4 4 3 2

Table 2.1. 'H and ?H Hyperfine Couplings (in MHz) Used in the EasySpin
Simulations of the EPR Spectra Shown in Figure 2.3.

aThe positions on the fluorene ring are indicated in the first row, and the coupling
constants of the 'H or ?H at those positions are listed in the following rows for the
four radicals. The total number of spins of each type is listed in the bottom row.
Values and assignment of HFCs for h21 BDPA were taken from Dalal et al.

paramagnetic oxygen in the solvent was removed by using five freeze—pump-thaw
cycles. Continuous-wave, room temperature EPR spectra were recorded using a 5 mm
OD Suprasil gastight EPR tube (Wilmad, Buena, NJ) and a Bruker Elexsys E580
spectrometer at 0.34 T/9.6 GHz (X-band). We note that the repeated freeze—pump—
thaw cycles were essential to obtain a high-resolution EPR spectra. Similar results were

not obtained with repeated freeze—thaw cycles, without pumping.

2.2.3. MAS DNP Experiments at 8.9 T/ 380 MHz / 250 GHz

2.5 wt % of h..-BDPA in complex with benzene, 1,3-[a,B,y,0-d:s]-BDPA, 1,3-[a,y-
ds]-BDPA, or 1,3-[B,0-ds]-BDPA was doped into a mixture of 95/5 mol % d.. and hu-o-
terphenyl (oTP). In molar concentrations, this corresponds to ~57 mM of h-BDPA, ~65
mM of 1,3-[a,B,y,0-d:]-BDPA, and ~66 mM of 1,3-[a,y-ds]-BDPA and 1,3-[(3,5-ds]-BDPA
in the oTP mixture. The doped mixture was then codissolved in deuterated chloroform,
which was later removed by evaporation under vacuum. The resulting thin film was

finely ground and packed in a 4 mm sapphire rotor (with an ID of 2.45 mm), between a
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Kel-F spacer and a top-cap (Revolution NMR). The packed sample was subsequently
degassed with five freeze—pump—thaw cycles by using a home-built 3D-printed adapter.
Samples were heated to ~58 °C during thaw cycles and rapidly freeze-quenched to
promote oTP glass formation [62]. Additional details on home-built adapter are provided
in the supporting information.

DNP experiments were performed on a 8.92 T/380 MHz/250 GHz DNP
spectrometer [63] at a MAS frequency of w/21=5 kHz and at 90 K (calibrated by using
KBr) [64]. The microwave pulses were first generated by a 10 GHz local oscillator (LO)
source, which is then frequency-multiplied x2 and x3 to 60 GHz, before being mixed
with a ~2.5 GHz signal from an arbitrary waveform generator (Keysight AWG M8190A).
The resultant 62.5 GHz signal is filtered, amplified, and fed into two frequency doublers
in an amplifier-multiplier chain (VDI AMC 691) yielding a 160 mW, 250 GHz microwave
beam. The DNP frequency profiles were obtained by varying the frequency of the signal
from the AWG. Further details of this instrumentation will be discussed in a future
publication.

The NMR experiment involved a train of 48 'H saturation pulses with Rabi
frequency of ww/211= 83 kHz and 3 ps pulse width, with interpulse delays of 220 ys.
This was followed by a recovery period before the signal was acquired by using a solid
echo sequence. The spin—lattice relaxation time T; and the DNP buildup time Ts were

estimated by fitting a monoexponential to the signal intensities with varying recovery

periods. The DNP enhancement was determined by using I;i where | denotes the
0

microwave on NMR signal at a recovery period of 5Tsoe and I is the microwave off

signal at a recovery period of 5T:.
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2.3 Results

The strong coupling network of the fully protonated BDPA (h21-BDPA) is verified
from the excellent agreement between the EPR spectra and the numerical simulations,
as shown in

Figure 2.3. A similar study was repeated on the selectively deuterated BDPA,
where the introduction of ?H reduces the magnitude of the hyperfine coupling by a factor

of 4, /7 ~6.51. The deuteration at the a and y positions of the fluorene moieties (1,3-
7/ H H

[a,y-ds]-BDPA) with aiso~-5.54 and -5.29 MHz couplings, respectively, causes the EPR
spectrum to collapse to a single broad line, Figure 2.3. Similarly, introduction of ?H at

the B and d positions which removes the 1.38 and 1.09 MHz couplings from those 'H

(b) 1,3-[d, ]-BDPA (c) 1,3-[a,y-d,]-BDPA (d) 1,3-[B,6-d,]-BDPA

Simulation

Experimental

3382 339.0 339.8 3382 339.0 339.8 338.2 339.0 339.8 338.2 339.0 339.8

Magnetic Field (mT)

Figure 2.3. 9.5 GHz solution EPR. Simulated and experimental spectra of (a) h21-
BDPA, (b) 1,3-[a,B,y,0-d16]-BDPA, (c) 1,3-[a,y-ds]-BDPA, and (d) 1,3-[3,0-ds]-BDPA
with molecular structures given in the top row. Middle row: simulated 9.5 GHz
spectra using EasySpin and 'H couplings from Dalal et al. Bottom row: experimental
solution state, CW EPR spectra recorded in degassed toluene samples.
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EoE
Radical Ti/s Teoe/s | Tesels EoE Ese
(normalized)
42.7 + 43.6 + 424 + 70
h21-BDPA 70+ 3 5.8
3.3 2.3 2.2
66.4 £ 74.0 £ 74.7 £ -10
1,3-[d16]-BDPA -13+£1 1.9
4.0 5.8 5.0
1,3-[a,y-ds]- 66.7 + 716 704 -3
-1£0.2 | 05
BDPA 4.9 6.4 5.7
1,3-[B,0-ds]- 36.8 + 413 39.6 + 23
364 1.8
BDPA 1.2 2.0 1.6

Table 2.2. Overhauser DNP Enhancements and Build up times. Experimentally
Measured Spin—Lattice Relaxation Times (T1), DNP Buildup Times with the
Microwaves at the OE Frequency (Ts,oe), and the Positive SE Frequency (Ts,se) as
well as Enhancement Values Calculated for the OE (eoe) and the Positive SE (e sk).
The errors were estimated from intensities obtained following 180 s of microwave
radiation. The last column has the OE enhancement values normalized by their
relative radical concentrations.

spins and yields a 9-line pattern. We note the weak feature at 339 £ 0.8 mT present in
the experimental trace is likely due to the remaining ~5% protonation of  and &
positions of the fluorene moieties. Finally, complete deuteration of all fluorene moiety
protons to yield 1,3-[a,,y,0-d16]-BDPA, results in a single EPR line that is reduced in
breadth relative to that of 1,3-[a,y-ds]-BDPA. Nevertheless, in all four cases, the
simulations are well matched to the main experimental features, verifying that the
introduction of specific 2H labels modified the hyperfine structure of the EPR spectrum
in the expected manner, and confirming the chemical structure of the target radicals.
Figure 2.4 shows '"H DNP enhancement as a function of microwave irradiation

frequency obtained for oTP doped with the polarizing agents h21-BDPA, 1,3-[ a,B,y,0
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d16]-BDPA, 1,3-[a,y-ds]-BDPA, and 1,3-[3,06-ds]-BDPA. A large OE enhancement of € =
70.2 was observed at 250.02 GHz for h21-BDPA. Note that the SE effect enhancements
obtained for h21-BDPA with the diode source are small (€ = 5.8) because of the low
power. Deuteration of all the positions on the fluorene moieties resulted in a negative
enhancement of € = -12.7, while deuteration of only the strongly hyperfine coupled
protons (-5.54 and -5.29 MHz) at positions 1,3,6,8 on the fluorene moieties to yield 1,3-
[a,y-ds]-BDPA, also resulted in a very weak, negative OE enhancement € = -1.2. This
result clearly demonstrates that these large hyperfine couplings are primarily
responsible for mediating the OE in h21-BDPA. Deuteration of the weakly HF coupled
proton at positions 2,4,5,7 on the fluorene moieties, as in 1,3-[3,0-ds]-BDPA, results in
an attenuated positive OE enhancement of ~36. Additionally, DNP enhancements were

observed at 249.64 GHz and 250.40 GHz for the positive and negative SE conditions.
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Figure 2.4. DNP Zeeman frequency profiles for selectively deuterated BDPA.
Samples containing (a) h21-BDPA, € = 70, (b) 1,3-[a,B,y,0-d16]-BDPA, € = -13, (c)
1,3-[a,y-ds]-BDPA, € = -1, and (d) 1,3-[B,0-ds]-BDPA, ¢ = 36.
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However, the magnitudes of the observed SE enhancements were an order of
magnitude lower than that of the OE enhancements for all three radicals.

Table 2.2 shows the spin-lattice relaxation times (T+), the DNP buildup times
measured at the OE condition (Ts,0e) and the positive SE condition (Ts,se), and the
observed enhancement values for the four polarizing agents. The enhancement values
reported here are extracted from the frequency profile data depicted in Figure 2.4.
Please refer to Table 2.2 and Table 2.4 for the enhancement values with error estimates
which are generally +10%. The T+ for h21-BDPA and The T+ for h21-BDPA and 1,3-[3,0-
ds]-BDPA were found to be comparable at ~43 s and ~37 s respectively. The T1 for 1,3-
[a,B,y,0-d16]-BDPA and 1,3-[a,y-ds]-BDPA were found to be much longer and
comparable at ~66 and ~67 s respectively, consistent with the absence of the strongly
coupled 'H spins at a,y positions. A similar trend was observed with the DNP buildup
times. The table also shows the calculated enhancement values for the OE DNP and

the positive SE DNP.

2.4 Discussion

The observed enhancement of ~70 for 2.5 wt % h21 -BDPA in 95/5 mol % d14 and
5 h14-0TP matrix is, to our knowledge, the highest reported in the literature normalized
for the field and spinning frequency. Chaudhari et al. have reported an enhancement of
~60 for 2.5 wt % BDPA in 95/5 wt % d14 and h14-0TP spinning at 5 kHz, but at a higher

field of 18.8 T, a temperature of ~128 K and in a ZrO2 1.3 mm rotor [43]. We note the

electron Rabi field in a ZrO2 1.3 mm rotor system was calculated to be 19 uT/W1/2[65],

whereas the reported experimental value for the 4 mm system used in this study is 13
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uT/W1’2[66], indicating that the standard 1.3 mm system may have superior excitation
efficiency for the electron spin transitions for the same incident microwave power.
Moreover, the currently reported enhancement was obtained using a solid-state
microwave source with an output power of only 160 mW. Thus, we attribute the
improved DNP enhancements obtained in this study to the efficiency of freeze-pump-
thaw degassing cycles. This hypothesis is supported by noting that the enhancement
factor improves by 75% for the degassed sample compared to the non-degassed h21-
BDPA sample (See Sl). Our experimental observation here is in good agreement with
similar observations reported in literature, where removal of paramagnetic oxygen using
freeze-thaw cycles on a BDPA doped 1,1,2,2-tetrachloroethane (TCE) sample also
demonstrated improved enhancement factors, and the observation was rationalized
using a source-sink model [43].

We note the concentration of active h21-BDPA radical in commercial samples
was only 50% of the anticipated value, as determined by measuring the extinction
coefficient via UV-vis experiments (see Supporting Information) [67]. Using matrix
assisted laser desorption ionization-time of light mass spectrometry (MALDI-TOF-MS),
a significant fraction of the sample was determined to be hydroxylated BDPA (HO-
BDPA) and hydroperoxylated BDPA (HO-O-BDPA). These impurities were readily
removed from the sample using silica gel chromatography and the purity of the radical
was verified by further UV-vis experiments (see Sl); however, subsequent exposure of
purified BDPA radical to air resulted in rapid formation of the hydroxylated species, as
suggested in a previous publication [61]. Further details on h21-BDPA purity and

determination of sample concentration are provided in the supplementary information.
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Relative radical concentrations between each BDPA sample were determined using
EPR to compare the magnitude of the enhancements among BDPA derivatives. The
relative ratio of electron spins among the four samples — h21-BDPA, 1,3-[a, B, v ,0 -d16]-
BDPA, 1,3-[a,y-ds]-BDPA, and 1,3-[3,0-ds]-BDPA — was determined to be
~2.2:3.1:1:3.4, respectively. Further details on DNP sample concentration determination
are provided in the supporting information.

As mentioned earlier, the OE involves a two-spin system of one electron and one
nucleus. Here, the nucleus is 'H and the observed NMR signal is primarily that of the
bulk "H spins in the oTP matrix, after the spins equilibrate with the hyperpolarized 'H
spins in and immediately around the radical. The overall DNP enhancement observed in
the bulk 'H spins thus results from the cumulative contribution of both positive and
negative hyperpolarization originating in the protons coupled to the electron.
Deuteration of all the sites on the fluorene moieties in 1,3-[a, B, vy ,0 -d16]-BDPA results
in an OE enhancement € = -12.7, and suggests that the dipolar couplings between the
electron and the 'H spins on the phenyl ring of the BDPA radical and the "H spins on
h14-0TP in the vicinity of the radical drive the observed negative enhancement. The
dominance of the dipolar hyperfine couplings results in a DQ cross-relaxation rate that
is larger than the ZQ cross-relaxation rate, and this difference generates a negative
enhancement of nuclear polarization. It is noted here that this DNP result in consistent
with prior DNP data on d21-BDPA in polystyrene (PS) presented by Can et al., in which
a weak negative enhancement was obtained [68].

Deuteration of only the most strongly coupled sites on the fluorenes in 1,3-[a,y-

ds]-BDPA also results in a negative enhancement, but of a smaller magnitude, €= -1.
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This establishes the role of the strong a,y couplings for efficient, positive OE-DNP
enhancement observed in h21-BDPA. The smaller magnitudes of the negative
enhancements observed in 1,3-[a,B,y,0-d16]-BDPA and 1,3-[a,y-ds]-BDPA are
consistent with the fact that the dominant hyperfine couplings present in these samples
are smaller relative to the couplings in samples with protonated a,y positions on the
fluorene moieties. Second, the change in the observed enhancement from -13 in 1,3-
[a,B,7,6-d16]-BDPA to -1 in 1,3-[a,y-ds]-BDPA suggests that weakly coupled protons in
the 3,0 positions also help mediate ZQ OE DNP, albeit at a lesser extent compared to
the a,y protons. The argument holds true even upon considering a factor of ~3.1 in
radical concentrations between the two samples as measured by EPR. We note that the
magnitude of the OE-DNP enhancement measured in the bulk 'H is expected to be
directly proportional to the BDPA radical concentration, while the sign of the observed
OE-DNP enhancement to be independent of the radical concentration. The sign
depends only on the relative strengths of the isotropic and dipolar couplings and
consequently on the relative dominance between the ZQ and DQ cross-relaxation
pathways in the contributing electron-nuclear spin systems. This assumes the relaxation
parameters remain reasonably constant and are insensitive to deuteration.

Deuteration of the weakly hyperfine coupled sites of the fluorene moieties in 1,3-
[B,6-ds]-BDPA yields a positive enhancement of 36. The result when contrasted with the
observation of a negative enhancement of -13 in 1,3-[a, B, v ,0 -d16]-BDPA, provides
additional evidence for the importance of the strongly HF coupled 'H spins on the a,y
positions in obtaining a strong positive OE enhancement. Moreover, if we normalize the

signal by relative radical concentration, the relative enhancement obtained for 1,3-[(3,0-
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ds]-BDPA is roughly 33% to that of h21-BDPA. As we have deduced earlier from the
DNP results of 1,3-[a,[3,y,0-d16]-BDPA and 1,3-[a,y-ds]-BDPA the positive enhancement
of the 'H spins on the B, positions in h21-BDPA are modest and by themselves, cannot
account for the attenuation in the enhancement of 1,3-[(3,56-ds]-BDPA relative to that of
h21-BDPA. This suggests that the protons at positions 3,6 on the fluorenes may play a
significant role in the process of spin diffusion in h21-BDPA, facilitating the transfer of
polarization from the protons at positions a,y to the bulk 'H spins in the oTP matrix. The
absence of these protons in 1,3-[3,6-ds]-BDPA may simply be contributing to the
attenuation of the DNP enhancement in the bulk 'H. It is noted here that any potential
differences in electron spin-lattice relaxation times, T+e, could also contribute to the
observed difference in enhancements between the two radicals. However, the absence
of eight coupled protons in 1,3-[3,6-ds]-BDPA compared to h21-BDPA is expected to
result in longer T1e for 1,3-[B,6-ds]-BDPA, which, in theory, should enable more efficient
OE for electron-nuclear subsystems involving the protons at positions a,y on the
fluorene moieties.

As listed in Table 2.2 the nuclear relaxation times, Tin, are found to be about
~43 and ~37 s for samples doped with h21-BDPA and 1,3-[3,0-ds]-BDPA, respectively.
They are measured to be longer at ~66 and ~67 s for samples doped with 1,3-[a,B,y,5-
d16]-BDPA and 1,3-[a,y-ds]-BDPA, respectively. These observations are consistent with
the presence or absence of the strong isotropic HF couplings of the electron with the
proton spins at a,y-positions in the BDPA radicals.

The observed solid effect enhancement was an order of magnitude lower than

the OE enhancement due to the low microwave power (160 mW) available from the
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AMC source. The OE utilizes microwave excitation of allowed SQ electron spin
transitions, in contrast to the SE which relies upon the weakly allowed forbidden spin
transitions and requires significantly greater microwave power to induce DNP
enhancements. The solid effect enhancement was observed to be attenuated in all

three deuterated BDPA radicals relative to h21-BDPA.

2.5 Conclusion

In conclusion, we present a synthetic methodology to generate deuterated BDPA
radicals with ?H at all the positions on the fluorene moieties, and selectively at positions
1,3,6,8 and 2,4,5,7 on the fluorene moieties. The synthesis of these radicals enabled
the first experimental observations into the role of specific hyperfine coupled protons at
these positions in generating both OE and SE DNP enhancements. Perdeuteration of
the fluorene moieties entirely results in a moderate negative enhancement, while in the
case of 1,3-[a,y-ds]-BDPA, where the strong hyperfine coupled protons are deuterated,
a weak negative OE enhancement was observed. This highlights the primary role of the
protons at 1,3,6,8 positions in the fluorene moieties in generating a strong positive OE
enhancement as observed in insulating solids doped with h21-BDPA radicals. Second,
deuteration of the weakly coupled protons in 1,3-[3,0-ds]-BDPA resulted in a positive
OE enhancement that was attenuated in magnitude relative to h21-BDPA. We argue that
in h21-BDPA, the weakly hyperfine coupled protons at 2,4,5,7 positions of the fluorene
moieties may aid in efficient spin diffusion to the bulk 'H, thereby enabling a larger
positive OE enhancement. Finally, the OE enhancement of 70 obtained with only 160

mW of microwave power in a fully degassed BDPA-oTP sample emphasizes the
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relevance of the OE as a DNP method of choice and the possibility for a wider
application using low-cost solid-state microwave sources. The results presented offer
insights into the mechanisms of OE-DNP and may allow for the rational design of further

OE-DNP polarizing agents for use under high field DNP.
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2.6 Supporting Information

Unless otherwise stated, all reactions were carried out under an atmosphere of
nitrogen using the standard Schlenk technique. All solvents and reagents were obtained
from commercial sources and were purified following standard procedures before use if
necessary. NMR spectra were measured on Bruker Avance Il HD 600 MHz,
spectrometer. Proton chemical shifts are expressed in parts per million (ppm, & scale)
and are referenced to the residual proton in the NMR solvents CDCIs at & 7.26 or DMSO-
ds at 2.50 ppm. '"H NMR spectroscopic data are reported as follows: Chemical shift in
ppm (multiplicity, coupling constants J (Hz), integration intensity, assigned proton). The
multiplicities are abbreviated with s (singlet), d (doublet), t (triplet), m (multiplet). All '3C
spectra recorded are proton-decoupled. The carbon chemical shifts are expressed in
parts per million (ppm, & scale) and are referenced to the carbon resonance of the NMR
solvents CDCl3 at & 77.16 or DMSO at 39.52 ppm. *C NMR spectroscopic data are
reported as follows: Chemical shift in ppm (multiplicity, coupling constants J (Hz),
assigned carbon). All raw fid files were processed and the spectra analyzed using the
program MestReNOVA 14.2 from Mestrelab Supporting Information Sl4 Research S. L.

Deuterium incorporation <100 % at specific positions will result in non-deuterated
analogs of targeted compounds. These impurities will appear on NMR spectra and
therefore need to be distinguished from the desired selectively deuterated compounds.
Hence, for "H NMR, two set of signals are reported, one corresponding to the desired
product, labelled Deuterated Product (DP), and the other corresponding to the non-
deuterated impurity, labelled Non-Deuterated Impurity (NDI). Overlap between both

products signals occurred, and the reported signals are from the peaks that could be
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resolved. Deuterium incorporation was calculated from the integrated ratio of well-defined
'H NMR signals that are known to be associated with both compounds. For clarity
purposes, '3C NMR signals were only reported for the main product, but the signals from
non-deuterated impurities can be observed in spectra with high signal-to-noise ratio
(SNR). The chemical shifts of the deuterated products and non-deuterated impurities
singlet differ due to the 'H/°H isotope effect. Signals from carbon atoms directly attached
to deuterium atoms are triplet or multiplet due to deuterium coupling. Due to low SNR or
the complexity of the molecules further down the synthetic route, some signals could or
should not be assigned as triplets, and were assigned as multiplets.

High-resolution mass spectra were recorded on a JEOL AccuTOF LC-Plus 46 with an
ionSense DART system.

Synthesis of Selectively Deuterated Fluorene Moieties

9H-fluorene-1,3,6,8-d,

. H,, 2 atm
DCI 35% in D,O Tf0, pyndine PéIC 10%
[ —— e —_—
DMF CH,Cl, EtOH/THF 1:1
150 °C, yW, 72 h 0°C,12h rt,12h
~93% D 92 %
OH ~93% D ° 52%
1 95% 2 4

Figure 2.5. General synthetic route for 9H-fluorene-1,3,6,8-d,
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MeO

MeO HO
O Pd(OAc), O O _
Ag,O AICl;, Nal DCI 35% in D,O
(o] \:o . O -
TfOH Neat DMF
O 160 °C, 24 h O 160 °C, 2 days O 150 °C, pW, 72 h
79% MeG 89% wo ~95% D
MeO 7 ~95% D
B 6 95%
9H-fluorene-2,4,5,7-d,
D b
D TfO
e / H2, 2 atm O
D Tf20 pyridine p— X Pd/C 10% D .
5 ’ ° Tomch | b EOH/THF 111 | p
O 0°C,12h rt,12h O
88% TfO 60%
D D
8 9 10

Figure 2.6. General synthetic route for 9H-fluorene-2,4,5,7-d,

71



Synthesis of 9H-fluorene-1,3,6,8-ds

o
(o

® on

2,7-dihydroxy-9H-fluoren-9-one-1,3,6,8-ds (2)

In a 20 mL microwave reaction vial with a magnetic stirrer bar, 2,7-di(hydroxy-d)-9H-
fluoren-9-one (600 mg, 2.83 mmol) was added, followed by 35 wt.% DCI solution in D20
(5 mL) and DMF (5 mL) under an argon atmosphere. The vial was sealed and heated in
the microwave synthesis apparatus for 24h at 150 °C. The mixture was cooled to room
temperature and an additional 3 mL of 35 wt.% DCI solution in D20 was added. The
reaction was suggested again to microwave irradiation at 150°C for 12h to reach a higher
deuterium incorporation. Reaction follow-up was done by '"H-NMR. Then, the mixture was
cooled to room temperature and was added to of ice-cold H20 (20 mL), forming a reddish
precipitate. The precipitate was filtered on a fritted funnel and, washed with hexanes
(3x10 mL), saturated aqueous sodium bicarbonate solution (3x20 mL) and water (3x20
mL). The solid residue was dried over MgSO4 and then dried overnight in a vacuum oven
at 100°C to yield 2,7-dihydroxy-9H-fluoren-9-one-1,3,6,8-ds as a red solid (580 mg, 95%).
The total incorporation yield for both positions was determined by TH NMR spectroscopy
relative to the intensity of a nonexchangeable proton in the molecule, and was further

confirmed by LC-MS analysis. Deuterium incorporation (Position 1 and 8: ~93%; Position

3 and 6: ~93%).
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DP:

"H NMR (600 MHz, DMSO-ds) d 9.83 (s, 2H), 7.37 (s, 2H).

13C NMR (151 MHz, DMSO-ds) d 193.40, 157.47, 135.68, 135.06, 120.96, 120.70 (m),
110.83 (m).

HRMS (DART/AccuTOF) m/z: [M]* Calcd for C13H4D403 217.0758; Found 217.0769.

NDI:
'H NMR (600 MHz, DMSO-ds) d 6.88 (d, J = 2.6 Hz, 0.14H), 6.86 (dd, J = 8.0, 2.3 Hz,

0.14H).

OTf

oTf

9-oxo-9H-fluorene-2,7-diyl-1,3,6,8-ds bis(trifluoromethanesulfonate) (3)

To a solution of 2,7-di(hydroxy-d)-9H-fluoren-9-one-1,3,6,8-ds (550 mg, 2.54 mmol) and
pyridine (1 mL) in dichloromethane (8 mL) was added a 1M solution of Tf20 in DCM (6.35
mL, 6.35 mmol) at 0°C. The stirring was continued overnight at room temperature before
it was poured into water and the organic phase was extracted with dichloromethane (3x10
mL). The combined organic phases were washed subsequently with 3% aqueous HCI

solution (2x10 mL), saturated aqueous sodium bicarbonate solution (1x10 mL) and brine
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(2x10 mL) and then dried over MgSOa4. The reaction mixture was concentrated in vacuo
and the purple residue was directly purified by flash chromatography on silica gel
(hexanes/ethyl acetate, 90:10) to vyield 9-oxo-9H-fluorene-2,7-diyl-1,3,6,8-ds

bis(trifluoromethanesulfonate) as a purple solid (1.12 g, 92%).

DP:

'"H NMR (600 MHz, CDCl3) d 7.66 (s, 2H).

13C NMR (151 MHz, CDCl3) & 189.26, 150.46, 142.72, 136.32, 127.73 (t, J = 25.5 Hz,)
122.41, 119.89, 118.36, 118.12 (t, J = 25.5 Hz), 117.76, 115.64.

HRMS (DART/AccuTOF) m/z: [M]* Calcd for C15H2D4FgO7S2 480.9744: Found

480.9774.

NDI:

"H NMR (600 MHz, CDCl3) & 7.61 (d, J = 1.8 Hz, 0.13H), 7.46 (dd, J = 8.1, 1.9 Hz, 0.13H).

D
D

Cl
et

9H-fluorene-1,3,6,8-ds (4)

To a round-bottom flask under an argon atmosphere, 10 wt.% palladium on carbon (300
mg, 0.28 mmol) was added, then a 1:1 mixture of THF/MeOH (10 mL) was added slowly
and the reaction was degassed with argon for 20 min. Then, 9-oxo-9H-fluorene-2,7-diyl-

1,3,6,8-ds bis(trifluoromethanesulfonate) (1.0 g, 2.08 mmol) was added and the reaction
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was bubbled with 2 atmosphere of hydrogen gas for 20 min. The reaction was sealed and
left to stir for 24h or until complete consumption of starting material. The reaction was
followed by TLC using fluorene as co-spot. The reaction was then filtered on Celite and
the reaction mixture was concentrated in vacuo to afford a beige residue. Further
purification by flash chromatography on silica gel (hexanes/ethyl acetate, 95:5) yielded

9H-fluorene-1,3,6,8-ds as a white solid (184 mg, 52%).

DP:

'"H NMR (600 MHz, CDCl3) d 7.82 (s, 2H), 7.33 (s, 2H), 3.93 (s, 2H).

13C NMR (151 MHz, CDCl3) d 143.26, 141.84, 126.61, 126.56 (t, 24.5 Hz), 124.86 (t, 24.5
Hz), 119.89, 36.97.

HRMS (DART/AccuTOF) m/z: [M]* Calcd for C13HgD4 171.1067; Found 171.0933.

NDI:

'H NMR (600 MHz, CDCl3) & 7.57 (dd, J = 7.4, 1.0 Hz, 0.14H), 7.40 (t, J = 7.5 Hz, 0.14H).

Synthesis of 9H-fluorene-2,4,5,7-ds

MeO

MeO

3,6-dimethoxy-9H-fluoren-9-one (6)
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Synthesized following a modified literature procedure[60]. In a microwave reaction vial
with a magnetic stirrer bar, 4,4'-dimethoxybenzophenone (5.0 g, 20.6 mmol), palladium(ll)
acetate (463 mg, 2.06 mmol), and silver(l) oxide (7.05 g, 30.45 mmol) was added,
followed by trifluoroacetic acid (15 mL) under an argon atmosphere. The vial was sealed
and heated in the microwave synthesis apparatus for 12h at 160 °C. After completion of
the reaction, the reaction mixture was cooled to room temperature, filtered through a short
Celite pad and was washed several times with dichloromethane. The combined filtrate
was concentrated in vacuo and purified by flash chromatography on silica gel
(hexanes/ethyl acetate, 70:30) to yield 3,6-dimethoxy-9H-fluoren-9-one as a pale-yellow

solid (3.92 g, 79%).

"H NMR (400 MHz, CDCl3) & 7.58 (d, J = 8.2 Hz, 2H), 7.00 (d, J = 2.2 Hz, 2H), 6.75 (dd,

J=8.2, 2.2 Hz, 2H), 3.90 (s, 6H).

HO
A

HO
3,6-dihydroxy-9H-fluoren-9-one (7)
Synthesized following a modified literature procedure[69]. In an unsealed 50 mL pressure
vial, 3,6-dimethoxy-9H-fluoren-9-one (2.0 g, 8.32 mmol), AICl3 (3.33 g, 24.97 mmol) and
Nal (6.24 g, 41.6 mmol) were heated at 160 °C for 12 h under neat conditions. The crude
was cooled to room temperature and deionized H20 (50 mL) was added. The mixture

was extracted with 3 x 20 mL of ethyl acetate and the organic phase was dried over
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MgSOs4, concentrated in vacuo and purified by flash chromatography on silica gel
(dichloromethane/ethyl acetate, 95:5) to yield 3,6-dihydroxy-9H-fluoren-9-one as a white

solid (1.57 g, 89%).

'H NMR (400 MHz, Acetone) & 9.40 (s, 2H), 7.42 (d, J = 8.1 Hz, 2H), 7.18 (d, J = 2.3 Hz,

2H), 6.81 (dd, J = 8.1, 2.2 Hz, 2H).

3,6-dihydroxy-9H-fluoren-9-one-2,4,5,7-ds (8)

In a 20 mL microwave reaction vial with a magnetic stirrer bar, 3,6-di(hydroxy-d)-9H-
fluoren-9-one (600 mg, 2.83 mmol) was added, followed by 35 wt.% DCI solution in D20
(5 mL) and DMF (5 mL) under an argon atmosphere. The vial was sealed and heated in
the microwave synthesis apparatus for 24h at 150 °C. The mixture was cooled to room
temperature and was added to of ice-cold H20 (20 mL), forming a yellow precipitate. The
precipitate was filtered on a fritted funnel and, washed with hexanes (3x10 mL), saturated
aqueous sodium bicarbonate solution (1x10 mL) and water (3x20 mL). The solid residue
was dried overnight in a vacuum oven at 100°C to yield 3,6-dihydroxy-9H-fluoren-9-one-

2,4,5,7-ds as a yellow solid (680 mg, 95%). The total incorporation yield for both positions

was determined by TH NMR spectroscopy relative to the intensity of a nonexchangeable
proton in the molecule, and was further confirmed by LC-MS analysis. Deuterium

incorporation (Position 2 and 7: ~95%; Position 4 and 5: ~95%)
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DP:
"H NMR (600 MHz, DMSO) & 10.51 (s, 2H), 7.38 (s, 2H).
13C NMR (151 MHz, DMSO) & 190.31, 163.59, 145.70, 126.01, 125.33, 114.72 (m),

108.27 (t, 23.5 Hz)
HRMS (DART/AccuTOF) m/z: [M]* Calcd for C13H4D403 217.0758; Found 217.0742.

NDI:
'H NMR (600 MHz, DMSO) & 7.04 (s, 0.09H), 6.67 (d, J = 8.1 Hz, 0.10H).

9-oxo-9H-fluorene-3,6-diyl-2,4,5,7-d, bis(trifluoromethanesulfonate) (9)

Prepared according to the general procedure used for compound 2, 2,7-di(hydroxy-d)-
9H-fluoren-9-one-1,3,6,8-d4 (500 mg, 2.36 mmol), pyridine (1 mL), dichloromethane (7.5
mL), and 1M solution of Tf20 in DCM (5.90 mL, 5.90 mmol) were used. Yielding 9-oxo-
9H-fluorene-3,6-diyl-2,4,5,7-ds bis(trifluoromethanesulfonate) as a yellow solid (1.07 g,

88%).

DP:
"H NMR (600 MHz, CDCl3) & 7.81 (s, 2H).
13C NMR (151 MHz, CDCIl3) & 189.47, 154.02, 145.01, 133.67, 126.57, 122.87 (t, 25.0

Hz), 119.88, 117.76, 114.68 (t, 25.0 Hz).
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HRMS (DART/AccuTOF) m/z: [M]* Calcd for C15H2D4FgO7S2 480.9844: Found

480.9842.

NDI:

'H NMR (600 MHz, CDCl3) & 7.48 (s, 0.08H), 7.30 (d, J = 8.1 Hz, 0.09H).

D
5
D
9H-fluorene-2,4,5,7-ds (10)

Prepared according to the general procedure used for compound 3, 10 wt.% palladium
on carbon (240 mg, 0.22 mmol), 1:1 mixture of THF/MeOH (8 mL), 9-oxo-9H-fluorene-
2,7-diyl-1,3,6,8-d4 bis(trifluoromethanesulfonate) (800 mg, 1.66 mmol) was used. Yielding

9H-fluorene-2,4,5,7-ds as a white solid (170 mg, 60%).

DP:

'"H NMR (600 MHz, CDCl3) d 7.56 (s, 1H), 7.39 (s, 1H), 3.92 (s, 1H).

13C NMR (151 MHz, CDCls) d 143.34, 141.75, 126.68, 126.53 (t, 24.5 Hz), 125.05, 119.74
(t, 24.5 Hz), 37.06.

HRMS (DART/AccuTOF) m/z: [M]* Calcd for C13HgD4 171.1067; Found 171.0934.

NDI:
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'H NMR (600 MHz, CDCl3) & 7.81 (d, J = 7.6 Hz, 0.10H), 7.32 (t, J = 7.4 Hz, 0.11H).

Synthesis of Selectively Deuterated BDPA Radicals

A~

D, D, ,/"\\Q/\}
f\“} & /’\/ 1) Bry [ D,/ N\,
NA . Ay KOH X _ AcOH, rt., 12h Hfg_( £BuOK
S @ z Benzyl alcohol (’\f\ (/ \\ 2) AcOH, reflux, 2h = o \/}—§ DMF, rt., 1h

“/\// D, 90°C,th . |/ “/\/ { |/ >
D, D, D, D, D

Deprotonation J\) %'—O Oxidation

£BuOK, DMF / AgNO4

30 min / ‘ 1 min
DI'I

Figure 2.7. General synthetic route to 1,3-[a,y-dg]-BDPA and 1,3-[,5-ds]-BDPA

Synthesis of 1,3-[a,y-ds]-BDPA

9-benzylidene-9H-fluorene-1,3,6,8-ds (11)

Synthesized following a modified literature procedure[70]. Benzaldehyde (60 uL, 0.587
mmol) was added dropwise to a solution of 9H-fluorene-1,3,6,8-ds (100 mg, 0.587 mmol)
and CsOH-H20 (40 mg, 0.235 mmol) in EtOH (1.2 mL) and the mixture was stirred at 25
°C for 2h. Complete consumption of the starting materials was observed by TLC and the

reaction mixture was concentrated in vacuo. The crude reaction mixture was purified by
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flash chromatography on silica gel (hexanes/ethyl acetate, 80:20) to yield 9-benzylidene-
9H-fluorene-1,3,6,8-ds as a pale-yellow solid (131 mg, 86%).

DP:

"H NMR (600 MHz, CDCl3) 8 7.77 — 7.69 (m, 3H), 7.60 (d, J = 7.2 Hz, 2H), 7.47 (t, J =
7.6 Hz, 2H), 7.40 (t, J = 7.6 Hz, 1H), 7.34 (s, 1H), 7.06 (s, 1H).

13C NMR (151 MHz, CDClz) d 146.88, 141.39, 139.56, 139.33, 137.04, 136.60, 129.40,
128.67, 128.17, 127.42, 126.91, 126.58, 124.99 — 124.07 (m), 120.39 — 119.79 (m),
119.74, 119.61.

HRMS (DART/AccuTOF) m/z: [M]* Calcd for CogH10D4 259.1180; Found 259.1158.

NDI:
"H NMR (600 MHz, CDCl3) & 7.80 (d, J = 7.6 Hz, 0.16H), 7.56 (d, J = 7.8 Hz, 0.16H),

7.31(d, J= 7.4 Hz, 0.23H), 7.25 — 7.21 (m, 0.48H).

9-(bromo(phenyl)methylene)-9H-fluorene-1,3,6,8-ds (12)

Synthesized following a modified literature procedure[70]. To a flask covered with
aluminum foil was suspended 9-benzylidene-9H-fluorene-1,3,6,8-ds (70 mg, 0.27 mmol)
in acetic acid (1 mL). The reaction was cooled to 0°C, then Brz (13 pL, 0.26 mmol) was

added dropwise while stirring heavily. The reaction mixture was warmed at room
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temperature and stir overnight. Then, 50 mL of water was added to precipitate the
product. The mixture was extracted with dichloromethane (3 x 5 mL) and the organic
phases were washed with saturated aqueous sodium bicarbonate solution (3x20 mL) and
water (3 x 20 mL). The organic phase was concentrated in vacuo and the intermediate
product 9-bromo-9-[bromo(phenyl)methyl]-9H-fluorene was dried for 2h before being
suspended in acetic acid (2 ml) and heated at reflux for 2 h. The reaction mixture was left
to cool at room temperature overnight and the product was collected by filtration and dried
under vacuum to give the crude desired product with a 90% purity. The crude mixture
was further purified by flash chromatography on silica gel (hexanes/ethyl acetate, 85:15)
to yield 9-(bromo(phenyl)methylene)-9H-fluorene-1,3,6,8-d4 as a yellow solid (54 mg,

59%).

DP:

'"H NMR (600 MHz, CDCl3) & 7.74 (s, 1H), 7.65 (s, 1H), 7.56 — 7.44 (m, 5H), 7.40 (s,
1H), 6.85 (s, 1H).

3C NMR (151 MHz, CDCl3) d 142.96, 141.35, 139.95, 138.24, 137.99, 136.17, 129.40,
129.38, 129.30 — 128.73 (m), 128.69, 128.55 — 127.76 (m), 127.01, 126.75, 126.20 —
125.67 (m), 124.8 — 124.35 (m), 121.04 — 120.38 (m), 119.56, 119.28.

HRMS (DART/AccuTOF) m/z: [M]* Calcd for CooHgD4Br 337.0412; Found 337.0382.

NDI:
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'H NMR (600 MHz, CDCl3) & 8.88 (d, J = 8.0 Hz, 0.07H), 7.70 (s, 0.08H), 7.62 — 7.58
(m, 0.17H), 7.34 (s, 0.07H), 7.23 (t, J = 7.5 Hz, 0.08H), 7.06 (s, 0.06H), 6.21 (d, J = 8.0

Hz, 0.07H).

9-((9H-fluoren-9-yl-1,3,6,8-ds)(phenyl)methylene)-9H-fluorene-1,3,6,8-d4 (13)

Synthesized following a modified literature procedure[70]. 'BuOK (27 mg, 0.24 mmol) was
added in portions to a stirred solution of 9-(bromo(phenyl)methylene)-9H-fluorene-
1,3,6,8-d4 (20 mg, 0.059 mmol) and 9H-fluorene-1,3,6,8-ds (11 mg, 0.065 mmol) in DMF
(0.5 mL) under N2. The reaction mixture was stirred 3h at room temperature, then
hydrochloric acid (1 M, 1 mL was added and the reaction mixture followed by water (2 ml)
to give an orange precipitate. The crude mixture was collected by filtration, washed with
water (10 ml) and methanol (10 ml) and dried overnight. Purification by flash
chromatography on silica gel (hexanes/ethyl acetate, 80:20) gave the 9-((9H-fluoren-9-
yl-1,3,6,8-ds)(phenyl)methylene)-9H-fluorene-1,3,6,8-d4 as an orange solid (20 mg, 78%).
DP:

"H NMR (600 MHz, CDCI3) & 7.89 (s, 1H), 7.75 (s, 1H), 7.66 (s, 2H), 7.36 (s, 1H), 7.26
(s, 2H), 7.07 (t, J = 7.4 Hz, 1H), 6.99 (t, J = 7.6 Hz, 2H), 6.81 (s, 1H), 6.67 (d, J = 7.1 Hz,

2H), 6.48 (s, 1H).
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13C NMR (151 MHz, CDCls) d 145.27, 144.22, 142.11, 141.44, 139.89, 139.00, 138.78,
138.71, 136.06, 128.48, 127.86, 127.36, 127.20, 126.83, 126.48, 126.09 — 125.63 (m),
125.21 —124.69 (m), 119.99, 119.95, 119.08, 52.79.

HRMS (DART/AccuTOF) m/z: [M]* Calcd for C33H{4Dg 427.2257; Found 427.2345.

NDI:
'H NMR (600 MHz, CDCl3) & 8.44 (d, J = 8.0 Hz, 0.07H), 7.60 (d, J = 7.6 Hz, 0.14H), 7.47
(t, J = 7.5 Hz, 0.08H), 7.34 (t, J = 7.6 Hz, 0.14H), 7.22 (t, J = 7.3 Hz, 0.15H), 6.49 (s,

0.08H), 5.90 (d, J = 8.0 Hz, 0.07H).

D

1,3-[a,y-ds]-BDPA radical (14)

Synthesized following a modified literature procedure[71].'BuOK (24 mg, 0.21 mmol) was
added in portions to a stirred solution of compound 9-((9H-fluoren-9-yl-1,3,6,8-
ds)(phenyl)methylene)-9H-fluorene-1,3,6,8-ds (15 mg, 0.035 mmol) in DMF (0.3 ml) under
N2 at room temperature which resulted in a colour change from orange to dark blue. After
30 min, a solution of AgQNO3 (35 mg, 0.21 mmol) in DMF (0.1 mL) was added. The solution
immediately became red-brown and was diluted after 30 min of stirring with 2 mL of 0.01
M HCI and extracted with diethyl ether (3x2 mL). The combined organic layers were

washed with water (3x10 mL) and dried under vacuum. Purification by flash
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chromatography on silica gel (hexanes/ethyl acetate, 80:20) gave the 9-((9H-fluoren-9-
yl-1,3,6,8-ds)(phenyl)methylene)-9H-fluorene-1,3,6,8-d4 radical as a deep red glassy

solid (10 mg, 66%).

Synthesis of 1,3-[B,56-ds]-BDPA

D

o
°_

D
9-benzylidene-9H-fluorene-2,4,5,7-ds (15)

Prepared according to the general procedure used for compound 11. Benzaldehyde (60
uL, 0.587 mmol), 9H-fluorene-2,4,5,7-ds (100 mg, 0.587 mmol) and CsOH-H20 (40 mg,
0.235 mmol), and EtOH (1.2 mL) was used. Yielding 9-benzylidene-9H-fluorene-2,4,5,7-

ds as a pale-yellow solid (136 mg, 90%).

DP:

'"H NMR (600 MHz, CDCls) & 7.80 (s, 1H), 7.71 (s, 1H), 7.59 (d, J = 8.1 Hz, 2H), 7.56 (s,
1H), 7.47 (t, J= 7.5 Hz, 2H), 7.43 — 7.36 (m, 2H), 7.31 (s, 1H).

13C NMR (151 MHz, CDCls) d 141.29, 139.61, 139.24, 137.04, 136.67, 136.62, 129.40,
128.67, 128.46, 128.16, 128.13, 127.40, 127.14 — 126.30 (m), 124.44, 120.26, 119.90 —
119.25 (m).

HRMS (DART/AccuTOF) m/z: [M]* Calcd for CogH10D4 259.1180; Found 259.1168.
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NDI:
'H NMR (600 MHz, CDCl3) & 7.75 — 7.71 (m, 0.06H), 7.35 — 7.32 (m, 0.06H), 7.06 (td, J

=7.6, 1.3 Hz, 0.06H).

D

D_

D
9-(bromo(phenyl)methylene)-9H-fluorene-2,4,5,7-ds (16)

Prepared according to the general procedure used for compound 12. 9-Benzylidene-9H-
fluorene-2,4,5,7-ds (70 mg, 0.27 mmol), Br2 (13 L, 0.26 mmol) and acetic acid (1 +2 mL)
was used. Yielding 9-(bromo(phenyl)methylene)-9H-fluorene-2,4,5,7-ds as a pale-yellow

solid (49 mg, 54%).

DP:

"H NMR (600 MHz, CDCls) & 8.87 (s, 1H), 7.60 — 7.38 (m, 6H), 7.23 (s, 1H), 6.21 (s, 1H).
3C NMR (151 MHz, CDCls) d 142.98, 141.27, 139.87, 138.32, 138.07, 136.20, 129.40,
129.39, 129.06, 128.70, 128.05, 127.25 —126.46 (m), 126.08, 124.76, 124.65, 124.44,
120.26, 119.71 — 118.91 (m).

HRMS (DART/AccuTOF) m/z: [M]* Calcd for CooHgD4Br 337.0412; Found 337.0399.
NDI:
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'H NMR (600 MHz, CDCl3) & 7.80 (s, 0.12H), 7.74 (d, J = 7.5 Hz, 0.06H), 7.71 (s, 0.11H),
7.65 (d, J = 7.5 Hz, 0.06H), 7.56 (s, 0.07H), 7.41 (s, 0.06H). 7.31 (s, 0.06H), 6.85 (t, J =

7.7 Hz, 0.07H).

9-((9H-fluoren-9-yl-2,4,5,7-ds)(phenyl)methylene)-9H-fluorene-2,4,5,7-ds (17)

Prepared according to the general procedure used for compound 13. '‘BuOK (27 mg, 0.24
mmol), 9-(bromo(phenyl)methylene)-9H-fluorene-2,4,5,7-d4 (20 mg, 0.059 mmol), 9H-
fluorene-1,3,6,8-ds (11 mg, 0.065 mmol), and DMF (0.5 ml) was used. Yielding 9-((9H-
fluoren-9-yl-2,4,5,7-ds)(phenyl)methylene)-9H-fluorene-2,4,5,7- ds as an orange solid (17

mg, 68%).

DP:

'H NMR (600 MHz, CDCls) & 8.45 (s, 1H), 7.60 (s, 2H), 7.47 (s, 1H), 7.34 (s, 2H), 7.23
(s, 1H), 7.08 (t, J = 7.5 Hz, 1H), 7.00 (t, J = 7.7 Hz, 2H), 6.67 (d, J = 7.5 Hz, 2H), 6.50 (s,
1H), 5.90 (s, 1H).

13C NMR (151 MHz, CDCls) d 145.27, 144.30, 142.03, 141.36, 139.81, 139.07, 138.86,
138.71, 136.11, 128.50, 127.85, 127.37, 127.36, 127.32, 126.20 — 126.92 (m), 126.04,
125.51, 125.14, 119.55 — 120.09 (m), 118.66 — 119.15 (m), 52.84.

HRMS (DART/AccuTOF) m/z: [M]* Calcd for C33H14Dg 427.2257; Found 427.2242.
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NDI:
"H NMR (600 MHz, CDCl3) & 7.89 (d, J = 7.6 Hz, 0.06H), 7.75 (d, J = 7.6 Hz, 0.06H), 7.66

(d, J = 7.6 Hz, 0.12H), 7.37 (d, J = 7.7 Hz, 0.06H), 6.82 (t, J = 7.7 Hz, 0.10H).

1,3-[B,5-ds]-BDPA (18)

Prepared according to the general procedure used for compound 14. 'BuOK (24 mg, 0.21
mmol) was added in portions to a stirred solution of compound 9-((9H-fluoren-9-yl-2,4,5,7-
d4)(phenyl)methylene)-9H-fluorene-2,4,5,7-d4 (15 mg, 0.035 mmol), AgNOs (35 mg, 0.21
mmol), DMF (0.3 mL) was wused. Yielding 9-((9H-fluoren-9-yl-1,3,6,8-
d4)(phenyl)methylene)-9H-fluorene-2,4,5,7-d4 radical as a deep red glassy solid (11 mg,

73%).
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NMR Spectra
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Figure 2.8. '"H NMR spectrum (600 MHz, DMSO-ds) of 2,7-dihydroxy-9H-fluoren-9-
one-1,3,6,8-ds(2)
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Figure 2.9. '3C NMR spectrum (600 MHz, DMSO-ds) of 2,7-dihydroxy-9H-fluoren-9-

one-1,3,6,8-d4 (2)
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Figure 2.10. 'TH NMR spectrum (600 MHz, CDClI3) of 9-ox0-9H-fluorene-2,7-diyl-
1,3,6,8-d4 bis(trifluoromethanesulfonate) (3)
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Figure 2.11. 3C NMR spectrum (600 MHz, CDCl:) of 9-oxo-9H-fluorene-2,7-diyl-
1,3,6,8-ds bis(trifluoromethanesulfonate) (3)
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Figure 2.12. 'TH NMR spectrum (600 MHz, CDCIl;) of 9H-fluorene-1,3,6,8-ds (4)

91



lge—

SlRado i

88'8L

9892
959

losg

eLp
TH -

Figure 2.13. 13C NMR spectrum (600 MHz, CDClIs) of 9H-fluorene-1,3,6,8-ds (4)
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Figure 2.14. 'TH NMR spectrum (600 MHz, DMSO-ds) of 3,6-dihydroxy-9H-fluoren-9-
one-2,4,5,7-ds (8)
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Figure 2.15. 3C NMR spectrum (600 MHz, DMSO-d) of 3,6-dihydroxy-9H-fluoren-
9-one-2,4,5,7-ds (8)
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Figure 2.16. 'TH NMR spectrum (600 MHz, CDClI3) of 9-ox0-9H-fluorene-3,6-diyl-
2,4,5,7-d,4 bis(trifluoromethanesulfonate) (9)
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Figure 2.17. 3C NMR spectrum (600 MHz, CDCl) of 9-oxo-9H-fluorene-3,6-diyl-
2,4,5,7-d,4 bis(trifluoromethanesulfonate) (9)
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Figure 2.18. 'TH NMR spectrum (600 MHz, CDCIl;) of 9H-fluorene-2,4,5,7-ds (10)
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Figure 2.19. 3C NMR spectrum (600 MHz, CDCI;) of 9H-fluorene-2,4,5,7-ds (10)
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Figure 2.20. 'TH NMR spectrum (600 MHz, CDCl;) of 9-benzylidene-9H-fluorene-

1,3,6,8-ds (11)
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Figure 2.21. 3C NMR spectrum (600 MHz, CDCl:) of 9-benzylidene-9H-fluorene-
1,3,6,8-ds (11)
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Figure 2.22. 'TH NMR spectrum (600 MHz, CDClI3) of 9-(bromo(phenyl)methylene)-
9H-fluorene-1,3,6,8-ds (12)
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Figure 2.23. 3C NMR spectrum (600 MHz, CDCI;) of 9-(bromo(phenyl)methylene)-

9H-fluorene-1,3,6,8-ds (12)
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Figure 2.24. 'TH NMR spectrum (600 MHz, CDClIs) of 9-((9H-fluoren-9-yl-1,3,6,8-
ds)(phenyl)methylene)-9H-fluorene-1,3,6,8-ds (13)
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Figure 2.25. 3C NMR spectrum (600 MHz, CDCl:) of 9-((9H-fluoren-9-yl-1,3,6,8-
ds)(phenyl)methylene)-9H-fluorene-1,3,6,8-ds (13)
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Figure 2.26. '"H NMR spectrum (600 MHz, CDCl;) of 9-benzylidene-9H-fluorene-
2,4,5,7-d4 (15)
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Figure 2.27. 3C NMR spectrum (600 MHz, CDCl:) of 9-benzylidene-9H-fluorene-
2,4,5,7-ds (15)
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Figure 2.28. 'TH NMR spectrum (600 MHz, CDClIs) of 9-(bromo(phenyl)methylene)-
9H-fluorene-2,4,5,7-ds (16)
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Figure 2.29. 3C NMR spectrum (600 MHz, CDCl:) of 9-(bromo(phenyl)methylene)-
9H-fluorene-2,4,5,7-ds (16)
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Figure 2.30. 'TH NMR spectrum (600 MHz, CDClI3) of 9-((9H-fluoren-9-yl-2,4,5,7-
ds)(phenyl)methylene)-9H-fluorene-2,4,5,7-ds (17)
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Figure 2.31. 3C NMR spectrum (600 MHz, CDCl) of 9-((9H-fluoren-9-yl-2,4,5,7-
ds)(phenyl)methylene)-9H-fluorene-2,4,5,7-ds (17)
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Sample Purity

(a) stock BDPA from Sigma-Aldrich (b) “purified” BDPA (c) “purified” BDPA + 10 days
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Figure 2.32. BDPA UV-VIS Measurements. UV-vis measurements at different
concentrations for (a) stock h21-BDPA (complex with benzene) as purchased from
Sigma-Aldrich and used in the presented work, (b) h21-BDPA purified via silica gel
chromatography, and (c) the same as (b) only measured 10 days later.

Sample Extinction coefficient
Stock h21-BDPA from Sigma-Aldrich 12930 £ 650
“Purified” h21-BDPA 28770 + 3300
“Purified” h21-BDPA after 10 days 16360 + 920

Table 2.3. Calculated extinction coefficients Extinction coefficients for h21-BDPA based
on measurements given in Figure 2.32. The stock h21-BDPA used in this work is found
to possess only about 50% of active radicals.
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Figure 2.33. MALDI-TOF-MS. Matrix assisted laser desorption ionization-time of light mass
spectrometry (MALDI-TOF-MS) of Sigma Aldrich of h21-BDPA 1:1 in complex with benzene
(black) and 4 days after silica gel chromatography purification (red). MALDI-TOF-MS samples
were prepared by dissolving h21-BDPA into chloroform and spotting onto sample plate. Major
species in the MALDI-TOF-MS spectrum are (a) h21-BDPA radical, (b) hydroxylated BDPA,
and (c) hydroperoxylated BDPA. Following purification of the sample and removal of benzene,
h21-BDPA is prone to hydroxylation.
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Radical Concentrations

EPR signal intensity of DNP samples in a 4 mm sapphire rotor was determined using a
Magnettch ESR5000 spectrometer and double integral (DI) signal intensities were
calculated using MATLAB[72]. The quantity of electron spins in h21-BDPA, 1,3-[a,y-ds]-
BDPA, and 1,3-[3,0-ds]-BDPA were determined relative to a standard sample whose
concentration and number of electron spins was determined using absolute spin
quantification methods on a EMXnano spectrometer. The number of electron spins, n, in

DI
each DNP sample were determined as n,,, =—2% “Dsundat | Figure S28, the

DIS tandard

standard deviation of three EPR measurements is shown in the shaded region. The
concentration was then calculated by measuring the length of sample in the rotor, the
uncertainty in length measurement is reflected in the minimum and maximum
concentration values in Figure 2.35.
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Figure 2.34. Quantitative EPR of BDPA Radicals. Double Integral of X-Band EPR
derivative spectra for h21-BDPA, 1,3-[d16]-BDPA, 1,3-[a,y-ds]-BDPA, and 1,3-[3,0-ds]-
BDPA.
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Figure 2.35. Radical Concentrations. Radical concentrations from X-Band EPR for
h21-BDPA, 1,3-[d16]-BDPA, 1,3-[a,y-ds]-BDPA, and 1,3-[3,56-ds]-BDPA. Determined
concentrations by EPR were 10 mM, 14.2 mM, 4.5 mM, and 15.6 mM for h21-BDPA,
1,3-[d16]-BDPA, 1,3-[a,y-ds]-BDPA, and 1,3-[3,0-ds]-BDPA, respectively.
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DNP Supporting information
All DNP samples were degassed using a freeze-pump-thaw procedure using the

homebuilt adapter shown in Figure 2.36(a). The adapter was 3D printed using a Form3
3D printer using Rigid 4K resin (Formlabs Somerville, MA). The adapter was then
epoxied to a 3-way valve, as shown in Figure 2.36(b), through which vacuum was
applied to the rotor directly. The sample was kept immersed in liquid nitrogen while
being transferred to a glove bag following 5 freeze-pump-thaw cycles. The rotor was
removed from degassing apparatus and endcap inserted in the glove bag and
immediately inserted into spectrometer.

(a) (b)

Adapter to
,\ 3-way valve
! \ Buna-N O-Ring
4 mm Revolution NMR Sapphire
v\ Rotor

0O-Ring Compression Cap

Figure 2.36. Degassing Apparatus. Homebuilt degassing apparatus used for DNP
sample preparation. (a) CAD rendering of 3D printed adapter. Sample rotor was sealed
against atmosphere using Buna-N O-ring which was observed to maintain sufficient
sealing while sample was immersed into liquid nitrogen during freezing and pumping
steps. (b) Photograph of assembled adapter epoxied on 3-way valve which enabled
connection to vacuum pump in addition to nitrogen gas purge line.
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Sample Tils Teoe /s Tese/s | Enh. (OE) | Enh. (SE)
Non-degassed |321+22|37.5+15(384+1.9 70.2 5.8
Degassed 426+3.343.6+23|424+2.1 39.7 3.3

Table 2.4. Summary of Degassing of DNP Samples. Experimentally observed spin-
lattice relaxation times (T+1), DNP buildup times with the microwave irradiation at the OE
frequency (Ts,0e) or at the positive SE frequency (Ts,se) are expressed in seconds for
2.5 wt% h21-BDPA in 5 mol% h14- and 95 mol% d14-0TP matrix with the sample
subjected to freeze-pump-thaw degassing or not. The enhancement values calculated
for the OE and the positive SE are also mentioned. The NMR magnetic field strength
was 8.92 T (380 MHz 'H Larmor frequency), the sample temperature was 90 K, and the
MAS frequency was 5 kHz.
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Figure 2.37. 'H DNP enhancement frequency profiles. '"H DNP enhancement frequency
profiles for 2.5 wt% h21-BDPA in 5 mol% h14- and 95 mol% d14-0TP matrix with the
sample subjected to freeze-pump-thaw degassing (red) or not (blue). The NMR
magnetic field strength was 8.92 T (380 MHz 'H Larmor frequency), the sample
temperature was 90 K, and the MAS frequency was 5 kHz.
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Chapter 3 : Axial Microwave Irradiation Strategies in Rotating Solids
Adapted from Golota, N.C"., Schaffer, L"., Jawla, S., Shankar-Palani, R., Banks. D.P.,
Mastovsky, I., Temkin, R., Griffin, R.G. To be submitted to Journal of Magnetic
Resonance.

* These authors share contributions equally in publication following experimental

validation of the work in this chapter.

3.1 Introduction

While nuclear magnetic resonance is a powerful spectroscopic technique, it
suffers from inherently low sensitivity requiring sample isotopic enrichment and often
long acquisition times. To increase the sensitivity of NMR, the large Boltzmann
polarization of electron spins can be transferred to nuclear spins using dynamic nuclear
polarization (DNP) [1]. Under DNP, stable free radicals are doped into the sample as a
polarizing agent, and electron-nuclear transitions are irradiated with high frequency
microwaves (100-800 GHz) at cryogenic temperatures resulting in enhancement of the
nuclear spin signal. Over the past 20 years, DNP has facilitated the study of low
sensitivity samples ranging from amyloid fibrils, membrane proteins, viral particles, and
inorganic materials [2-13]. However, DNP resolution continues to be significantly limited
due to homogenous and inhomogeneous broadening at low temperatures, particularly
as dynamic residues are frozen into multiple conformations [14,15]. Additionally,
instrumentation advances for DNP NMR have lagged that of ambient NMR in terms of
achievable MAS frequency and applied external fields. As such, DNP is most often

performed with field strengths between 400-800 MHz, MAS frequencies under 15 kHz
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using 3.2 mm rotors, and temperatures of 100 K. Recent commercial instrumentation
has extended available field strengths to 900 MHz and 65 kHz MAS frequencies, albeit
with limited availability thus far [5]

The limited resolution of DNP NMR motivates the development of DNP
spectrometers at higher fields, however, continuous wave (CW) DNP mechanisms scale
unfavorably with the applied magnetic field. At lower fields such as ~9 T, a record
enhancement of 420 was obtained, though this is only about 64% of the theoretical
maximum enhancement of 660 [10,16]. As the magnetic field strength is increased the
microwave devices used for DNP can be limited in output power and frequency tuning.
Despite these limitations, gyrotrons remain the dominant and best available microwave
source for DNP, with CW gyrotrons operating across the sub-THz range of 140-592
GHz [3,17-21]. While CW gyrotron oscillators have become the leading THz source for
MAS DNP, they require an external magnetic field either matched or at half the field of
the NMR magnet for a fundamental or second harmonic gyrotron, respectively. For
example, an NMR spectrometer operating at a proton Larmor frequency of 1.2 GHz with
a 28.2 T magnet requires a minimum of a 14 T gyrotron magnet, greatly increasing the
cost and footprint of the DNP spectrometer.

Alternatively, solid state sources have been used in the 250-263 GHz regime
with power outputs up to ~ 500 mW [22-26]. However, the realization of higher
frequency solid state sources has been limited and with attenuated output powers. An
additional CW microwave source is the extended interaction klystrons (EIK) that have
been used at 263 GHz with ~ 5W of output power [27,28]. These devices have the

advantage of decreased infrastructures costs and space constraints, however, with
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lower powers and decreased instrument lifespan. Toward efficient high field DNP,
improvements in (1) polarizing agents, (2) decreased sample temperatures, (3) higher
MAS frequencies, (4) high frequency and high-power microwave devices, (5) time
domain DNP methods and (6) microwave coupling efficiency into the MAS rotor are all
necessary areas of research and development [17,29-38].

Herein, we focus on the optimization of microwave coupling schemes for MAS
DNP NMR at high field (= 16.4 T) and with smaller diameter rotors. Many microwave
coupling strategies have previously been presented for both cylindrical and spherical
rotors [35,36,39-41]. Three metrics can be established for evaluating the relative
performance and significance for use with DNP NMR. First is the achievable electron
Rabi field, yeB1e, which is directly proportional to the microwave driven magnetic field
that oscillates in resonance with electron spins, B1e. Overall, with a higher yeB1e, the
equivalent enhancement can be obtained at lower microwave irradiation powers, greatly
alleviating instrumental demands. The second consideration is the uniformity of the
electron Rabi field throughout the sample volume. Electromagnetic simulations of MAS
DNP rotors reveal non-uniform propagation of the microwave beam throughout the
sample volume. This can lead to non-uniform enhancement and biased detection
regions of the sample under study. Additionally, diffractive effects from the RF coil can
lead to non-unform Rabi field intensity. Finally, the integration of the microwave
components, cryogenic transfer lines, and radiofrequency components in the probe
head represents a considerable engineering challenge. The repeated thermal cycling of

MAS DNP probes can place large strain and misalignment of non-thermally matched
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Rotor Sample Sample Coil inner Coil length Coil pitch
diameter
length volume diameter
3.2 mm 9.4 mm 36 pL 3.9 mm 7.9 mm 1.13-1.2 mm
1.3 mm 3.9 mm 2.5 uL 1.7 mm 2.5 mm 0.25-0.3
mm
0.7 mm 2.7 mm 0.59 pL 1.1 mm 1.9 mm 0.237 mm

Table 3.1. Sample volume and Coil parameters for MAS rotors. The sample length and
volume for 3.2 mm, 1.3 mm and 0.7 mm rotors are provided. Additionally, the coil inner
diameter, coil length and pitch are provided for reference and taken from ToSner et. al. The
free space microwave wavelengths at 250, 395, 460, 527, 593, and 790 GHz are 1.2, 0.759,
0.652, 0.569, 0.506, and 0.379 mm, respectively.

materials. For these reasons, the ease of use and reliability of the MAS DNP probe is of
the utmost importance.

In most MAS DNP probes, including commercially available probes from Bruker
BioSpin, the microwave beam is incident transverse to the MAS rotor, requiring
transmission through the radiofrequency coil. In these schemes, the polarization of the
electric field is perpendicular to the NMR coil. Diffraction and reflection across the RF
coil can result in significant transmission losses. At 250 GHz a theoretical maximum
transmission value of 84% was reported, while the experimentally validated system had
a calculated transmission of ~60% into a 4 mm diameter rotor [35]. Concurrent with the
push toward higher magnetic fields for improved resolution, MAS rotors have been
continuously miniaturized to achieve faster MAS frequencies and improved spectral
resolution. However, in the combined case of high field DNP NMR at commercially

available frequencies up to 593 GHz and <1.3 mm diameter MAS rotors, the standard
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Bruker RF transmit and receive coil pitch is roughly ~0.5 times the microwave
frequency. For these small rotors and associated coils, the wire diameter is typically
100-200 um with coil lengths of < 3 mm [42]. Given these constraints, the construction
of an optimized RF coil that minimizes microwave reflection and diffraction becomes
nontrivial. We note that as higher frequency microwave sources up to 790 GHz,
corresponding to the highest field commercially available NMR magnet, the coil pitch of
a 0.7 mm rotor system becomes closer to 0.8 times the microwave frequency. This
results in a moderate return in the efficiency of transverse coupling schemes at very
high fields such as 28.2 T, as described later in this chapter.

To improve the transverse coupling efficiency for 1.3 mm rotors, a waveguide
coupler near the RF coil was introduced and demonstrated up to a factor of 2
improvement in enhancement at low microwave powers, while this improvement
dropped to ~ 15% at powers between ~5-8 W for cross effect derived enhancements
[36]. In this scheme, the 263 GHz microwave irradiation was focused onto a 2 mm ID
copper tube using a plano-convex lens. In conventional designs, a focusing lens is used
only at the output of a larger typically 6-8 mm ID corrugated waveguide and does not as
effectively focus the microwave beam onto a small sample volume. This design is still
subject to coil diffraction and reflection, decreasing the effective transmission of
microwaves into the sample. Furthermore, private correspondence with users of this
coupling scheme outside of the published work report considerable disruption to the
NMR line shape that room temperature shimming was often insufficient to reduce

adamantane linewidths to < 10 Hz, as is standard practice. This directly reduces the
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value of fast MAS DNP probes when the achievable linewidth is dominated by field
inhomogeneity from the copper waveguide.

An alternative strategy has been to axially irradiate down the length of the MAS
rotor, entirely avoiding transmission through the RF coil. This approach has been
demonstrated in the 1990s at lower fields of 39 GHz and 140 GHz [3,43]. In a more
recent example, a quasi-optic transmission system was devised in which the
microwaves were directed axially into the MAS stator using two mirrors in the probe
head [44]. Finally, in the case of very large 9.5 mm MAS rotors, axial irradiation was
proposed but without experimental verification of the DNP enhancement [39,45]. In all
schemes, the efficiency of microwave coupling down the axial length of the rotor
decreased with distance down the sample due to dielectric losses within the sample
volume. To overcome this, the 9.5 mm MAS rotor system offered integration of an in-
rotor focusing system which was theorized to generate electron Rabi fields of ~2-3 MHz
with 5 W of microwave power within a 2.2 uL sample volume [39]. These designs were
incompatible with sample eject systems, which are essential for rapid sample exchange
and reduced thermal stresses on the DNP probe. Finally, spherical rotors were also
introduced and use axial irradiation without transmission through the RF coil, producing
comparably predicted electron Rabi fields but with sample eject capabilities [39,46].

To date there has not been a rigorous comparison between axial and transverse
coupling schemes. The previously demonstrated axial irradiation methods are not
compatible with the widely used Bruker BioSpin style MAS stators, thus limiting the
widespread adoption of these coupling strategies. Herein, we present a rigorous

theoretical comparison using CST simulations between axial and transverse coupling
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methods in 3.2 mm, 1.3 mm, and 0.7 mm rotors. For 3.2 mm rotors at 460 GHz, axial
irradiation results in a theoretical improvement in electron Rabi field of 60% over the
optimized transverse coupling scheme. These schemes have been fabricated and
stable spinning at 100 K has been demonstrated using a modified axial bearing design
that facilitates the improved Rabi fields in 3.2 mm rotors.

For 1.3 mm and 0.7 mm rotors, the design of an optimized RF coil that is both
transparent to GHz irradiation and affords efficient detection of NMR signals becomes
non-trivial. We compare the simulated electron Rabi fields for 1.3 mm rotors without an
RF coil, with a conventional uniform pitch coil, and with optimized non-uniform pitch
coils. In all cases, axial irradiation results in considerably improved electron Rabi fields
and a typical factor of 2 improvement in electron Rabi field. Finally, we present efficient
coupling schemes for 0.7 mm rotors for the first time at both 460 GHz and 790 GHz.
Axial coupling schemes outperformed the transverse scheme by at least a factor of 2
and up to a factor of 8 times. Overall, the continued development of improved
microwave coupling is essential to maintain efficient DNP at high fields and in small

diameter rotors, as required for improved resolution spectra under DNP.

3.2 Experimental

3.2.1 CST Simulations

An existing 700 MHz/460 GHz DNP probe served as the starting point for
computer assisted designs of both transverse and axial coupling schemes [47,48].
Initial axial scheme optimizations were performed using a MATLAB script to compute

the reflectivity and transmittivity as a function of the length and dielectric constant of
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each component of the axial scheme. Final optimizations were performed in CST as
described below.

All microwave coupling simulations were performed using CST microwave studio
2019 (Dassault Systémes, Vélizy-Villacoublay, France). All simulations were performed
as time domain simulations with the microwave excitation source provided as a
gaussian beam at a single frequency and an excitation power of 1W. In all simulations,

the direction of beam propagation was in the -z direction. The beam waist was specified

for each simulation according to the waveguide inner diameter from which the beam

was launched. The lines per wavelength of the source signal was 8 and a truncation

error of 0.001 was used. Hexahedral meshing was used with an accuracy of -30 dB.

Typical minimum and maximum mesh cell sizes were 5 and 100 pym, respectively.

The dielectric constants for each material used are provided in Table 3.2. While

the dielectric constants of most of the materials are not well characterized at cryogenic

temperatures, particularly that of the DNP sample, values were taken from prior work

[35,36]. The output of each CST simulation is the magnetic field magnitude in the

sample volume given in A/m in the X, y, z cartesian coordinate system. A rotation matrix

Material Dielectric Constant Loss Tangent
Fused Quartz 3.85 0.0005
Fused Silica 3.82 --

PTFE (Teflon) 2.1 0.0002
Diamond 5.68 0.00005
Sample 3.5-3.7 0.013
Zirconia 33.75 0.005

Vespel ® 12.5 --

Table 3.2. Material dielectric properties. The real component of the dielectric
constant is provided for each material, in addition to the loss tangent.
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given in (3-1) is applied to compute the magnetic field in the laboratory frame with axes

of X', y’, Z’ where the rotor is orientated at the magic angle of 54.74°.

B)l 11 0 0 B,
B,[=10 sin(6,) cos(6y) [|By
B!| L0 cos(6,,) —sin(8,)]]|B, (3-1)

The transverse magnetic field can be computed by decomposing the linearly polarized
gyrotron beam into circularly polarized components with two fields rotating in different
directions. Only the circularly polarized component rotating with the nutating electron
spins contributes to DNP. The average transverse B1 field in the lab frame is computed

in (3-2).

1
(Y1eBie) = E\/(BJICZ + B},’Z)a Pyie (3-2)

Where a is a constant to convert 1 A/m to 1.254 uT, P is the incident microwave power

in watts, and y+e is the electron gyromagnetic ratio, 0.28025 MHz/uT.

3.2.2 Bernoulli displacement measurements

To measure the axial displacement and associated air gap generated by the
Bernoulli effect in 3.2 mm and 1.3 mm systems, a Micro epsilon opto NCDT 2300 laser
displacement sensor (Ortenburg, Germany) was used, as shown in

Figure 3.1. The sampling rate was 20 kHz with a specified accuracy of 0.0001
mm. X,Y,Z stages were integrated into a test stand to align the entire stator assembly to
the laser displacement sensor. The stator was fixed at the magic angle using a 3D
printed mounting piece. The MAS frequency was monitored using a Bruker BioSpin

(Billerica, MA) infrared laser tachometer and controlled using a MAS 3 controller. The
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Figure 3.1. Laser Displacement Sensor Setup.(a). Laser displacement setup
scheme to measure Bernoulli displacement on 3.2 mm (shown) or 1.3 mm rotor
systems. Stator is fixed at the magic angle and X,Y,Z stages are used to align the
laser displacement sensor to the center of the drive tip. (b) enlarged cross sectional
view down the center of the stator showing the radial and axial bearings. Direction of
rotor displacement is toward the laser displacement sensor and shown as a black
arrow. A cartoon representation of the laser displacement sensor beam is provided

1.3 mm measurements were identically performed. All measurements were acquired in
triplicate and the entire rotor spin up and spin down process was monitored. Data was

processed using MATLAB.

3.2.3 MAS Stator Design and Spin Testing at 100 K

The MAS stators used in spin testing the modified axial bearing design are
adapted from previous work and were 3D printed from yttria stabilized zirconia [49]. The
performance of the 3D printed microfine drive plate and drive tips described in [49] were
found to be unreliable, particularly at low temperature. As such, vespel® was used for
drive tips and drive plate in this design and were machined by Challenge Machining
(Blaine, MN). The wall thickness of the 3.2 mm diameter rotor was optimized for 460

GHz transverse irradiation and fabricated by O’Keefe Ceramics (Woodland Park, CO).

124



All fused quartz inserts were fabricated from LightFab GmbH (Aachen, Germany). The
axial bearing plate was assembled using Hysol EA 9361 epoxy suitable for cryogenic
applications. The entire stator assembly for the axial and transverse coupling scheme is
provided in Figure 3.3 and Figure 3.17. Rotors were packed with potassium bromide for
all spinning stability measurements. MAS rate was controlled using a MAS 1 controller
and logged using a custom Python script.

Low temperature spin testing was performed using a 700 MHz/460 GHz DNP
probe described previously [47,48]. Spinning gases were precooled using Polycold
chillers and were directed into a homebuilt counterflow heat exchanger adapted from
[29] and shown in Figure 3.2. The counterflow coil further precools the incoming gas
with the cold exhaust from the probe, reducing the evaporation rate of the liquid nitrogen
bath. In the homebuilt heat exchanger, a widemouthed ~30 in diameter dewar
(CryoFab, Kenilworth, NJ) was used to reduce the effective level change during
operation. The heat exchanger was originally fabricated for use with a 1.3 mm DNP
probe in which the MAS rate is highly sensitive to level changes in the liquid nitrogen
bath of the heat exchanger, including during automatic liquid nitrogen fills. As such,
while the volume change may be the same as in a narrow dewar, in the large diameter

dewar the effective height change will be minimized resulting in improved MAS stability.
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Figure 3.2. Homebuilt Counterflow Heat Exchanger. (a) overview of triple can (for
bearing, drive, and variable temperature (VT) gas) counterflow heat exchanger in
cryogenic dewar. The dewar is filled with liquid nitrogen which exchanges heat with
the copper can and gas in the final cooling coil. The level in the dewar is controlled
by an automatic fill module. (b) view of an individual heat exchanger module. The
large vacuum chamber around the counterflow coil and the final copper cooling cans
are not shown. Gas enters the inlet vacuum jacketed bayonet from the polycold
chillers where it is further pre-cooled by the cold return gas from the probe. The gas
is cooled to ~90 K in the final cooling can and output to the probe. The final exhaust
line is compatible with a helium recirculation system for helium MAS. (c) A return
manifold collects and re-distributes the probe exhaust gas back into the individual
modules. The vacuum jacketed valve isolates the third heat exchanger from two
used for bearing and drive gases when probes without VT are used.
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3.3 Results and Discussion

3.3.1 3.2 mm microwave coupling

The 3.2 mm microwave coupling schemes were designed for compatibility with
an 89 mm diameter NMR magnet bore and are shown in Figure 3.3. In the axial
coupling scheme, Figure 3.3 (A) the waveguide was tapered to 3.2 mm and launched
from a miter bend axially aligned to the rotor with the stator fixed at the magic angle. To
allow transmission of microwave irradiation into the sample axially, a largely microwave
transparent quartz end cap was used, the distance between the quartz end cap and end
of waveguide was 4.6 mm. This is on the order of the Rayleigh length of the microwave
beam output from the 3.2 mm ID waveguide at 460 GHz, as such, minimal beam
divergence is expected over this short distance. The sample is then irradiated via the
incident beam and a reflective mirror can be installed on the edge of the drive tip to
enable a second microwave pass. The same coil and rotor were to be used in each
coupling scheme. In the case of traditional transverse coupling, Figure 3.3 (B), the
microwave irradiation is incident from an 8 mm ID corrugated waveguide and focused
onto the sample using a plano-convex PTFE lens. The approximate focal length of the
lens is 13 mm. The beam is then transmitted through a 5 turn uniform pitch coil with a

length of 6.4 mm and wire diameter of 0.64 mm.
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Figure 3.3. 3.2 mm microwave coupling designs. In all views, the orientation of the
probe head is the same to illustrate the same probe can easily accommodate both the
transverse and axial coupling schemes. (a). Overview of the axial coupling scheme.
Microwaves are incident axially to the MAS rotor via a 3.2 mm ID corrugated waveguide (b).
Overview of the transverse coupling scheme. Microwaves are incident transverse and
perpendicular to the MAS coil at the output of an 8 mm ID waveguide. A PTFE lens focuses
the microwaves onto the center of the sample. (c). Enlarged view of the stator for axial
microwave coupling. (d). Enlarged view of the stator for transverse coupling.
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To accurately simulate each coupling scheme, the dielectric constant, dielectric

loss tangent, and length of each component the beam propagates through must be

known. One of the unknown geometric constraints of the axial coupling scheme was the
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Figure 3.4. Bernoulli displacement of 3.2
mm rotor. (a). Displacement from static
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displacement measurement.

air gap generated by the Bernoulli
effect during MAS. As initial
bearing gas is added at the
initiation of spinning, the axial and
radial bearings levitate the rotor,
with the axial bearing placing a
mild upward force on the rotor
resulting in an axial displacement
as shown in Figure 3.1 (B). As the
MAS frequency is increased and
higher bearing pressures are used,
the speed of the fluid increases
and there is a corresponding
pressure drop. This results in a
mild downward force onto the rotor
toward the axial bearing plate, as
described by Bernoulli’s principle

and observed using a laser

displacement sensor as shown in Figure 3.4. For the modified 3.2 mm rotor using a
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quartz end cap and the modified axial bearing, both shown in Figure 3.17, the net
displacement was 23 £ 7 ym and 19 + 6 ym at 5 kHz and 8 kHz, respectively.

The design of the axial bearing required considerable optimization to achieve
stable magic angle spinning. Previous axial bearing designs used either a monolithic
PTFE axial bearing plate or a brass axial bearing plate fitted with two quartz windows. In
the prior case, thermal contraction of the PTFE plate resulted in rotor failure. In the latter
case, significant turbulence occurred between the two quartz windows that sealed the
axial bearing plate and resulted in rotor failure. Ultimately the use of a monolithic quartz
axial bearing insert reduced turbulence in the Bernoulli channel through which the axial
bearing is fed via the radial air bearings. It was critical to use a single, continuous
Bernoulli channel that is ~280-300 um in diameter to minimize turbulence and gas leaks

in the axial bearing plate. This design is shown in Figure 3.17 (B). Use of a copper
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Figure 3.5. MAS stability measurements. In both cases, the quartz insert axial
bearing plate was used and the rotor was fitted with the quartz endcap. (a). MAS rate
of 15 £ 0.0018 kHz at 298 K. (b). MAS rate of 8 + 0.0018 kHz at 95 K. In the case of
cryogenic spinning the bearing gas was maintained at 94 K while the drive gas was
107 K.
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sealing plate against the cryogenic epoxied quartz insert and brass axial bearing plate
withstood several thermocycles and remained sufficiently sealed for stable spinning. We
note that any leaks in the axial bearing plate typically resulted in rotor ejection and/or
rotor crash. At both room temperature and at 95 K, highly stable spinning was observed
with the modified axial bearing design. MAS frequencies up to 15 kHz were tested at
room temperature and up to 8 kHz at 95 K, in both cases the standard deviation in the
spinning frequency was 1.8 Hz as shown in Figure 3.5.

The transverse irradiation scheme resulted in considerable coil diffraction as
shown in Figure 3.6(B). Areas of high intensity approaching 50 A/m are observed in the
rotor walls with a diffraction pattern matching the spacings in the RF coil. This results in
nonuniform electron Rabi field distributions within the sample volume. The average
electron Rabi field with 10 W of irradiation power was calculated to be 0.46 MHz, with
maximum in the sample and minimum values of 3.5 MHz and 0 MHz, respectively. This
corresponds to an average field of 5.2 uT/W'2. We note the wall thickness of the
zirconia rotor was optimized for transmission of 460 GHz irradiation and was 2.188 mm.

While the average field intensity is lower quantitatively to other publications at
250 GHz or 263 GHz, the field profile is in good agreement [35,36]. We note that the
final average field intensity obtained via CST or HFSS simulations is highly dependent
on choice of meshing, truncation effects, and dielectric constant used, as reported in
[40]. As most dielectric constants have only been measured at low fields, the linearly
extrapolated loss tangents may be more detrimental at the higher frequencies simulated
herein. Additionally, the transverse coupling simulations described for 3.2 mm at 460

GHz required over 240 M mesh cells at a simulation time of nearly 2.5 days. This was
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Magnetic Field Intensity (A/m)

Figure 3.6. 3.2 mm microwave coupling simulations.In both simulations the
magnetic field intensity at 460 GHz is shown. (a) Axial coupling simulation. (b).
Transverse coupling simulation.

achieved with a minimum mesh size of 7 cells per wavelength and smallest mesh size
of 5 um. Farther from the model a larger mesh cell of 91 um was used. We treat all
simulations herein as comparative within the study, rather than strictly quantitative and
focus on the uniformity of Rabi field and the relative field intensity.

In the case of the axial irradiation, as shown in Figure 3.6 (A), the microwave
field intensity is more homogeneous than in the transverse coupling scheme where coil
diffraction effects significantly degrade the Rabi field homogeneity and average electron
Rabi field intensity. While maximum field intensities are observed in the quartz end cap,
the average sample Rabi field was calculated to be 0.72 MHz with 10 W of power, as

compared to 0.46 MHz in the transverse irradiation scheme. The use of a copper mirror
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Figure 3.7. Effect of magic angle offset on electron Rabi field. Simulated
electron Rabi field as a function of offset in degrees from the magic angle for
3.2 mm coupling schemes.

on the bottom of the drive tip resulted in an improvement of ~ 5%. This could be further
improved by modifying the back surface of the drive tip into a parabolic mirror and could
be rapidly iterated using a Form3 printer [50], but was not further explored in this study.
The use of center packing the sample using a 3D printed spacer, which restricts the
sample to the region enclosed only by the RF coil, improved the effective average Rabi
field in both cases by ~20%. The effectiveness of the axial coupling strategy could be
further improved through inclusion of a focusing lens that would maintain a tightly
focused beam until the sample center point, preventing high Rabi field intensities in the

quartz end cap. This approach was used for 1.3 mm and 0.7 mm axial coupling
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schemes, as described below, but was not implemented for the 3.2 mm rotor system
due to space constraints in the existing probe.

The effect of magic angle offset was further simulated in both the axial and
transverse coupling schemes. Overall, magic angle offsets of up to 10 ° were simulated
and are shown in Figure 3.7. In both axial and transverse schemes, the decrease in
Rabi field for a magic angle offset of 10° was roughly 10%. As such, we conclude that
both coupling schemes are robust to magic angle offset, which to our knowledge has
not been previously considered in the DNP literature. Overall, the axial coupling scheme
provides an improvement in the electron Rabi field of ~ 60%, or 1.5 times, over the
transverse coupling scheme at 460 GHz in a 3.2 mm rotor. While experimental results
remain forthcoming due to hardware restrictions at 460 GHz, they will be reported in a

future publication.

3.3.2 1.3 mm microwave coupling

To further improve the resolution of DNP NMR biomolecular samples, it is
important to use smaller diameter rotors that are capable of MAS frequencies exceeding
40 kHz at 100 K. This plays a critical role in reducing the homogenous linewidth in
biological samples at low temperatures [7]. However, in practice at the high fields
currently accessible with commercial instrumentation, and with smaller diameter MAS
rotors, efficient transmission through the radio frequency coil becomes increasingly non-
trivial.

Previously, to improve 1.3 mm rotor transverse microwave coupling schemes,

small waveguides were inserted into the stator to more effectively couple microwaves
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into the sample [36]. However, we were unable to quantitively reproduce the
exceptionally high electron Rabi fields which were nearly an order of magnitude greater
than reported in previous literature [35,51]. The minimum mesh cell size used in the
prior work was 22 ym, which is far coarser mesh than what was used in this work. For
the identical design, we obtained electron Rabi fields of 0.50 MHz and 1.2 MHz, in the
presence or absence of an RF coil (pitch 0.3 mm, 0.13 mm wire diameter) at 263 GHz,
respectively. This contrasts with the reported Rabi field of 5.7 MHz, and we note the
value we obtained of 0.50 MHz with 10 W of power is in closer agreement with typical
literature values.

To optimize the through coil coupling in an upcoming DNP probe at 460 GHz with
1.3 mm rotors, we began simulations comparing the relative effect of various RF coils
and stator inserted waveguides, in addition to axial coupling schemes. In the case of 1.3
mm simulations, the real component of the sample dielectric constant was 3.7. For
simulations of the RF coil transmission shown in Figure 3.10 and Figure 3.11, the
gaussian beam was launched directly onto the sample at 1.1 mm from the sample
center. This is the same distance that the beam would be launched from the quartz rod
coupler discussed below, however, to reduce simulation mesh sizes the coil block was
not included.

First, a comparison between a monolithic fused silica coil block, a quartz rod, and
the conventional copper tube was performed. The loss through a solid quartz rod was
approximately 4% over a 10.4 mm length, compared to nearly zero loss in the copper

tube. All subsequent simulations were performed using a coupler which consisted of a
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Figure 3.9. 1.3 mm MW field distribution MW field distribution in A/m for a 1.3 mm
sample of length ~2.4 mm contained within a zirconia rotor. (A) in the absence of a
radio frequency coil (B)Electron Rabi field plot along the center of the sample length.
The average Rabi field was 1.13 MHz with 10 W of power at 460 GHz. (C) with a
0.13 mm wire diameter, 0.3 mm pitch and 8.25 turn coil, the average Rabi field was
0.23 MHz. (D) The field profile shows considerable inhomogeneity and diffraction
effects from the RF coil.

transparent monolithic quartz or fused silica coil block given concerns over RF coll
arcing and magnetic field homogeneity disturbances with the presence of a copper

waveguide in close proximity to the RF coil. A fused silica plano-convex focusing lens
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was used to focus the microwave beam onto the sample at the end of the 10.4 mm long
monolithic quartz coil block.

The coupling efficiency through the rotor and into the sample was evaluated in
the absence of radio frequency coil, as shown in Figure 3.9 (A,B). This resulted in an
average electron Rabi field of 1.13 MHz with homogenous propagation of the
microwave beam through the sample volume. We note, in Figure 3.9 (A,B), the sample
volume is restricted that only contained by the RF coil and was 1.6 uL, compared to the
total 1.3 mm rotor sample volume of 2.5 pL. When considering the entire sample
volume with length of 3.9 mm, the average electron Rabi field was reduced by ~30%.
Upon introduction of the standard 0.3 mm pitch, 8.25 turn, and 0.13 mm wire diameter
coil, the microwave field distribution is significantly perturbed, and considerable
refractive and diffractive effects are observed. The electron Rabi field in the sample was
reduced by nearly 80% to 0.23 MHz. We note in a rotating solid, the microwave field
homogeneity is in effect improved under sample rotation as a time average during the
DNP experiment.

To improve microwave transmission through the RF coil, further optimization of
coil pitch and wire diameter can be performed. Optimization of the RF coil to GHz
irradiation requires a potential tradeoff in the sensitivity of NMR detection at MHz
frequencies. The sensitivity of an NMR RF coil is given in (3-3), where the detection
sensitivity is proportional to the induced magnetic field. The induced magnetic field from

0 |uoN 1

RF Detection Sensitivity « —%l (3-3)
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nuclear spin precession is given in terms of the magnetic permeability, po, the number
of coil turns, N, the length of the coil, /, and the coil inner radius, r. In the 1.3 mm MAS
system, the coil length is constrained by the distance between the radial bearings at ~
2.4 mm. Optimization of the RF coil to transmission of high frequency microwaves is
dependent largely on the wire diameter and the ratio of the coil pitch, d, to the
microwave wavelength, A. We observed that as the ratio of d/A was increased the

simulated electron Rabi field concurrently increased, shown in Figure 3.10. Use of
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Figure 3.10. Effect of Coil Pitch on Electron Rabi Frequency. (A) The electron
Rabi field at 460 GHz as a function of the ratio of the coil pitch and microwave
wavelength (0.652 mm at 460 GHz) for 2 wire diameters. The percent transmission is
relative to irradiation in the absence of the RF coil. (B). Microwave field distribution
for a 0.3 mm pitch coil with 8.25 turns and 0.127 mm diameter wire with resulting
average electron Rabi field of 0.26 MHz. (C). Microwave field distribution for a 0.5
mm pitch coil (d/A ~ 0.8) with 4.95 turns and 0.127 mm diameter wire with resulting
average electron Rabi field of 0.82 MHz.
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smaller coil wire diameters also improved the coupling efficiency, though this is subject
to additional fabrication challenges and reduction in total current that can be carried in
the RF coil. The standard RF coil for 1.3 mm systems has a ratio of d/A of ~ 0.46 at 460
GHz. While a uniform pitch coil with d/ A = 0.8 would result in increased microwave
transmission up to ~70%, reducing the number of RF coil turns would be associated
with a decrease in the detection sensitivity relative to the standard RF coil with 8.25
turns. Using up to a 0.5 mm pitch coil resulted in an electron Rabi field of 0.82 MHz,
however, this would result in only 4.95 turns of the RF coil and reduced RF detection
sensitivity relative to that of the original 8.25 turn coil.

To find a balance between efficient irradiation at microwave and radio
frequencies, a nonuniform coil can be designed. Non-uniform coils are typically used to
improve the RF homogeneity in MAS systems [52] but can be additionally used to
improve the transmission of GHz radiation. CST simulations were used to evaluate non-
unform pitch coils on the microwave field distribution and intensity in the 1.3 mm rotor
sample volume and results are shown in Figure 3.11. A center pitch on the order of the
microwave wavelength resulted in average electron Rabi fields of ~1 MHz, Figure 3.11
(B,C). When the center pitch was reduced below the microwave wavelength as in
Figure 3.11 (D), the Rabi field was further reduced to 0.78 MHz. Reduced pitch sections
at the ends of the coil were used to improve the RF performance and homogeneity. In
these cases, the efficiency of microwave transmission is comparable to that in Figure
3.10(C), however, the number of turns was maximized at 8 turns compared to ~4 turns,

improving the RF sensitivity.
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Figure 3.11. Non-uniform pitch coil simulation results (A). Design of the non-
uniform pitch coil with two variable pitch sections with 2 turns of pitch 2, and a
variable number of turns of pitch 1 and wire diameter of 0.127 mm (B). Average Rabi
field of 1.15 MHz using a coil with 4 turns at pitch 1 of 0.292 mm and 2 turns at pitch
2 of 0.652 mm. (C). Average Rabi field of 1.11 MHz using a coil with 6 turns at pitch 1
of 0.1952 mm and 2 turns at pitch 2 of 0.652 mm. (D) Average Rabi field of 0.78 MHz
using a coil with 6 turns at pitch 1 of 0.245 mm and 2 turns at pitch 2 of 0.50 mm.

The nuclear Rabi fields were comparably simulated using CST and for the
uniform 0.3 mm pitch coil with 8.25 turns, values of 74 kHz, 73 kHz, 52 kHz, and 33 kHz
for 'H, 13C, 70, and '>N were obtained, respectively. When the number of turns was
reduced, as in the uniform 0.5 mm pitch coil with 4.95 turns, the relative 'H Rabi field
was anomalously increased to 99 kHz, however, the lower frequency nuclei saw
performance decreases on the order of 20%. The resulting Rabi fields were 58 kHz, 34
kHz, and 26 kHz for '3C, 70, and "N, respectively. In the case of the nonuniform pitch

in Figure 3.11 (C) the nuclear Rabi fields were 76 kHz, 80 kHz, 47 kHz, and 27 kHz for

H, 13C, 70, and "N, respectively. The comparable nuclear Rabi field efficiency in the
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optimized non-uniform pitch relative to the standard coil is accompanied by a nearly 3
times increase in the electron Rabi field at 460 GHz. As such, we have demonstrated an
optimal coil design for both microwave and radiofrequency irradiation at 460 GHz.

The optimized coil was then incorporated into the overall 1.3 mm coil block and
sample chamber design, as shown in Figure 3.8 and Figure 3.12. For transverse
coupling, a 6.5 mm waveguide and PTFE focusing lens directed the incident microwave
radiation onto either a quartz rod, monolithic fused silica or quartz coil block, or quartz
rod contained in an aluminum nitride coil block. Initial optimization used the 1.8 mm
diameter quartz rod which was bounded by free space and resulted in a sample
electron Rabi field of 0.92 MHz. However, the free rod must be fixtured into the stator
and two designs are presented in Figure 3.12 (B,C). In the case of a monolithic fused
silica coil block, the electron Rabi field was 0.66 MHz, as shown in Figure 3.12 (B).
There is a ~ 1 mm gap through which a fused silica or copper rod is inserted to fixture
the coil block in the stator at a fixed height. While the microwave field distribution
appears improved using an aluminum nitride coil block to fixture the quartz waveguide
coupler, Figure 3.12 (C), the overall electron Rabi field was only minimally improved to
0.69 MHz. Given the added fabrication challenges of fixturing the quartz rod into the
aluminum nitride coil block, the monolithic fused silica coil block was chosen for use. In
both cases, a copper reflecting mirror can be added onto the top of the coil block to
facilitate a second microwave pass, which resulted in ~ 10% increase in the electron

Rabi field.
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Figure 3.12. 1.3 mm rotor transverse microwave coupling (A) A 1.8 mm quartz
coupler bounded by free space with sample electron Rabi field of 0.92 MHz. (B). A
monolithic quartz coil block and sample electron Rabi field of 0.66 MHz. (C). An
aluminum nitride coil block fixtures a 1.8 mm quartz rod coupler for an electron Rabi
field of 0.69 MHz.

The axial coupling scheme was also evaluated for the case of the 1.3 mm rotor
system. The small rotor diameter required a tightly focused beam that was achieved
using a PTFE plano-convex lens launched from a 6.5 mm ID waveguide, as opposed to
the case of the 3.2 mm where no focusing lens was used. In the case of 1.3 mm and 0.7
mm MAS DNP probes, the Bernoulli effect alone is insufficient to prevent rotor ejection
during MAS. A passive venturi pump is added and operates under the same principle as
the Bernoulli effect, but with increased applied downward force on the rotor. A quartz

window was used to seal the venturi space and permit microwave transmission through
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Figure 3.13. 1.3 mm axial coupling. Axial
microwave coupling for a 1.3 mm rotor at 460 GHz
resulted in an average electron Rabi field of 1.4
MHz with 10 W of power.

the venturi plate. A similar
quartz axial bearing insert was
used for the 1.3 mm rotor
system as in the case of the 3.2
mm system previously
discussed. To quantify the
Bernoulli air gap in the 1.3 mm
system, laser displacement
sensor measurements were
repeated, and typical
displacements were on the
order of 10 ym, with the exact
measurement dependent on the
radial bearing and venturi gas
pressures. The results of these
measurements are provided in

the supplemental information.

The axial coupling scheme was designed for 460 GHz, with optimization of the

quartz window and axial bearing insert performed in CST. The overall electron Rabi field

generated in the 2.5 yL sample volume was 1.4 MHz with 10 W of microwave power, as

shown in Figure 3.13. Overall, this represents an improvement of ~100% over the

transverse irradiation scheme. Notably, this value is comparable to the Rabi field

generated via transverse irradiation in the absence of a radiofrequency coil. This
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suggests the improvement via axial coupling is dominated by the removal of coil
reflection and diffraction in the 1.3 mm MAS system. Importantly, this scheme is
considerably easier to implement across a wide frequency range as the diffractive
effects of the RF coil are frequency dependent and optimizations must be performed at
each desired operating frequency. In the case of the axial scheme, only optimization of
the length of the quartz window, axial bearing insert, and potentially the focusing lens

radius is needed and are simple to fabricate and optimize.

3.3.3 0.7 mm microwave coupling

While the use of 0.7 mm rotors for MAS DNP has to date been limited, the
availability of such systems is expected to increase given the considerable resolution
improvements afforded by 65 kHz MAS frequencies at low temperatures. The case of
transverse coupling can become unfavorable as the parameter space for coil pitch and
wire diameter is restricted by the stator geometry and desired high detection sensitivity
at RF frequencies. On the other hand, the short sample length of 2.7 mm is subject to
reduced dielectric losses relative to the larger MAS rotors which is expected to improve
the relative performance of the axial coupling in 0.7 mm rotors. Microwave coupling into
a 0.7 mm rotor was evaluated at 460 GHz and 790 GHz. 790 GHz corresponds to the

microwave frequency for a 28.2 T/ 1.2 GHz NMR magnet which at present represents
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the highest commercially available magnet field. While there are no currently available

microwave sources at this frequency, development is underway [53].

First, the optimal RF coil pitch was characterized at 460 GHz and 790 GHz, as
shown in Figure 3.14. For a 0.7 mm rotor, the RF coil is 1.9 mm long and 1.1 mm in

diameter, making even the fabrication of a uniform pitch coil a challenge. As such, we
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Figure 3.14. Uniform pitch coils for 0.7 mm microwave coupling.Percent
transmission of microwaves as a function of varying the RF coil pitch from 0.2 mm to
0.3 mm. Percent transmission was calculated as the ratio between electron Rabi
fields in the presence or absence of RF coil for (A) 460 GHz and (B) 790 GHz. The
magnetic field distribution is given for a 0.114 mm wire diameter coil with a pitch of
0.3 mm at (C) 460 GHz with 43% microwave transmission and (D) 790 GHz with
57% microwave transmission.
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did not consider the fabrication of non-uniform pitch coils. As previously discussed for
1.3 mm rotors at 460 GHz, the ratio of the RF coil pitch to the microwave wavelength
(d/A) is the most critical parameter in determining the effective transmission of
microwave irradiation into the sample. In the case of the 0.7 mm rotors, coil pitches
varied from 0.2 mm to 0.3 mm, corresponding to RF coils with between 9.5 and 6.33
turns, respectively. At 460 GHz, this corresponds to an unfavorable d/A ratio between
0.3 and 0.46, with resulting maximum transmission through the RF coil into the sample
at ~43%. In contrast, at 790 GHz the d/A ratio is increased considerably up to 0.8 for a
0.3 mm pitch coil. This results in up to 57% microwave transmission through the RF coil.
These results emphasize the frequency dependent nature of microwave coupling
schemes. At present, 0.7 mm DNP probes are only available at 527 GHz and 593 GHz.
Such probes may use the specified uniform coil pitch of 0.2375 mm, resulting in a d/A of
0.41 and 0.47 at 527 or 593 GHz, respectively. Based on the results herein, we would
expect the microwave transmission to then be less than 50% in these state-of-the art

probes.

The entire transverse coupling scheme for 0.7 mm rotors at both 460 GHz and
790 GHz was further evaluated and is shown in Figure 3.15. A fused silica lens focuses
the microwave beam onto a monolithic fused silica coil block and through the 0.3 mm
pitch coil with a wire diameter of 0.114 mm. The beam is then reflected back onto the
rotor via a copper mirror. At 460 GHz the average electron Rabi field with 10 W of

microwave power was 0.41 MHz. At 790 GHz, the average electron Rabi field with 10 W
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Figure 3.15. Transverse coupling in 0.7 mm rotors. The magnetic field
distribution in transverse coupling schemes at (A,C) 460 GHz or (B,D) 790 GHz.
(C,D) show enlarged views of the sample and rotor in (A,B). The average electron
Rabi field was 0.41 MHz or 0.81 MHz at 460 or 790 GHz, respectively.

of microwave power was 0.81 MHz. At both frequencies, the coupling efficiency in the
absence of the RF coil was comparable. This confirms that reflection and diffraction due
to the RF coil dominates the achievable electron Rabi field in the transverse coupling

scheme.
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Figure 3.16. Axial coupling in 0.7 mm rotors. (A). Axial coupling in a 0.7 mm rotor
at 460 GHz with an average electron Rabi field of 3.41 MHz. (B). Axial coupling in 0.7
mm at 790 GHz with an average electron Rabi field of 1.76 MHz.

The axial coupling scheme was also investigated at 460 GHz and 790 GHz for
0.7 mm rotors and is shown in Figure 3.16. For 0.7 mm rotors, we note that simulations
were performed using diamond endcaps, shown in Figure 6.15. At 460 GHz, the axial
coupling strategy for 0.7 mm rotors significantly outperformed the transverse coupling
scheme with an average electron Rabi field of 3.41 MHz after extensive optimization of
the length and position of the quartz window, quartz axial bearing, and the depth of the
axial bearing air channel. This represents an ~ 8 times improvement in the electron Rabi
field over the transverse scheme at 460 GHz. At 790 GHz, the average electron Rabi

field was 1.76 MHz, representing a ~2 times improvement over the transverse scheme.
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The decreased relative improvement of the axial scheme at 790 GHz is due likely due to
a multitude of factors. First, the focusing of the higher frequency beam and the depth of
the air bearing channel can be further optimized in the 790 GHz scheme. To preserve
functionality between the 460 GHz case and 790 GHz this was unmodified to enable
stators to be readily swapped between frequencies. In the future, comprehensive
optimization of axial coupling at 460 GHz, 527 GHz, 593 GHz, and 790 GHz could be

performed to obtain an optimal axial bearing design across nearly 300 GHz of

microwave frequencies. We note additionally that the shorter wavelength is more
favorable to transverse coupling schemes for 0.7 mm rotors as described previously.

At both frequencies in the 0.7 mm diameter rotor, considerable constructive
magnetic field intensity was observed in the X,Y components of the magnetic field in the
CST frame in contrast to the transverse case. Overall, the use of a tightly focused
microwave beam incident onto the short sample length and reduced diameter results in
high electron Rabi fields. The high dielectric material of the MAS rotor appears to further
confine the focused microwave beam in the rotor. We note that in the case of 100 W of
incident power at 460 GHz, an electron Rabi field of > 10 MHz is expected. This
represents an important instrumental advance toward performing time domain DNP in

rotating solids at high fields.

3.4 Conclusion

The development of efficient microwave coupling schemes at high magnetic
fields (> 16 T) and fast MAS (> 40 kHz), is critical for the further application of DNP

NMR to biomolecular samples. We have presented a comprehensive investigation into
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transverse and axial microwave irradiation strategies for 3.2 mm, 1.3 mm, and 0.7 mm
rotors at 460 GHz. For 3.2 mm rotors, an axial microwave coupling scheme compatible
with commercially available DNP systems was presented. The design and optimization
of this system required measurement of the Bernoulli displacement in the 3.2 mm rotor
system and was found to be on the order of 20 um. A modified axial bearing was
designed using an optically transparent quartz axial bearing insert in addition to quartz
rotor endcap. Despite these modifications, stable MAS between 8 and 15 kHz was
demonstrated at 95 and 300 K, respectively. The axial coupling method was found to
improve the effective electron Rabi field by ~60% over transverse irradiation for 3.2 mm
rotors. In the case of smaller diameter MAS rotors, the improvement of axial coupling
schemes over transverse irradiation was more significant. Despite considerable
optimization of transverse irradiation and use of non-uniform pitch coil for a 1.3 mm
rotor at 460 GHz, an electron Rabi field of 0.66 MHz was obtained with 10 W of
microwave power. Use of an axial coupling scheme improved the effective electron Rabi
field by ~100% with a simulated field of 1.4 MHz. Finally, in a 0.7 mm rotor system,
electron fields of 3.41 MHz were obtained with 10 W of power, and up to 10 MHz of
electron Rabi fields are expected with 100 W of power. At higher frequencies of 790
GHz, beyond what is currently accessible commercially, a maximum electron Rabi field
of 1.76 MHz was achieved with 10 W of power in a 0.7 mm rotor under axial irradiation.
These findings represent a considerable improvement in microwave coupling at high
field and in small diameter MAS rotors. Overall, the presented axial coupling methods

may prove highly valuable for the development of time domain DNP methods with high

151



power gyro amplifiers and gyrotrons, in addition to improving the achievable DNP

enhancements with more accessible low power solid state sources.
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3.5 Supporting information
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Figure 3.17. 3.2 mm stator CAD view. (a). Expanded view of 3.2 mm stator and

rotor used in microwave coupling schemes. (b). Modified axial bearing plate top view.

(c). Cross sectional view of modified axial bearing plate.
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Trial Displacement (um) Peak to Peak Deviation
(Hm)

1 25 7.3

2 18 5.5

3 27 7.2

Average 23 7

Table 3.3. Bernoulli displacement for 3.2 mm rotor at 5 kHz. Rotor was fitted with a
quartz end cap, polymer drive tip and the quartz insert was used in the axial bearing

plate.
Trial Displacement (um) Peak to Peak Deviation
(um)

1 23 5.9

2 17 6.9

3 25 5.2

4 20 6.3

Average 19 6

Table 3.4. Bernoulli displacement for 3.2 mm rotor at 8 kHz. Rotor was fitted with a
quartz end cap, polymer drive tip and the quartz insert was used in the axial bearing

plate.
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pressures and venturi pressures.
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Chapter 4 : Proton detected RFDR of amyloidogenic peptides and fibrils reveals
monomorphic state of E22G AB1.42 fibrils
Adapted from: Natalie C. Golota, Brian Michael, Edward P. Saliba, Sara Linse, Robert

G. Griffin. To be submitted to Biochemistry.

4.1 Introduction

Misfolding and aggregation of peptides are implicated in the development of over
40 diseases, including Alzheimer’s disease (AD), Parkinson’s disease, and dialysis
related amyloidosis (DRA). As of 2022, it is estimated that 1 in 9 adults over 65 have
AD, which rises to 1 in 3 adults over age 85. This figure is expected to increase as the
US population continues to age [1]. The aggregation of amyloid-$ (AB) in the brain has
been correlated with pathogenesis of Alzheimer’s Disease (AD), and, although not
proven as the cause of AD, it and remains a critical biomarker of the disease [2-4]. AB
occurs most frequently as a small protein that is 40 or 42 residues in length and is
derived by proteolytic cleavage of amyloid precursor protein (APP) [5-7]. While AB1-42 is
expressed at lower levels than AB1-40, it is associated with greater cell toxicity and is a
major component of plaque found in AD patients [8]. The development of aggressive,
early onset forms of AD are the result of alterations to the APP and can result in
enhanced aggregation dynamics in a series of mutations at A21G, E22A, E22K, E22G,
or D23N [7,9-14]. The E22G, or arctic mutant, is characterized by rapid aggregation and
fibrillization which is driven by reduced electrostatic repulsive forces and decreased

sidechain size [15]. Additionally, most E22G AB1-40 studies have revealed extensive
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polymorphism [16,17], while the characterization of E22G AB1-42 has been limited to
cryogenic electron microscopy studies [18].

Since amyloid fibrils are insoluble and non-crystalline, they are not amenable to
many conventional biomolecular structure determination methods, such as X-Ray
crystallography and solution-state NMR. However, because MAS NMR can address
structural questions in such systems, it has become a valuable tool for probing
dynamics, polymorphism, and determining atomic resolution structures of amyloid fibrils.
Development of dipolar recoupling and fast magic angle spinning (MAS) methods have
led to marked improvements in the resolution, sensitivity, and utility of biomolecular
solid-state NMR [19-22]. MAS NMR studies of AB1-42 have revealed a monomorphic,
dimeric structure of mirror image S-shaped monomers in which hydrophobic residues
were isolated to the interior of the fibril core [23-26]. Cryogenic electron microscopy has
also been used to study amyloid fibrils and has been particularly valuable in the study of
brain derived samples [18,23,27,28].

Only recently has application of 'H detected MAS methods of amyloid fibrils
become more common, and these approaches leverage an absolute sensitivity
enhancement over conventional '3C detection, in addition to improved coherence
lifetimes [29]. The improved sensitivity of 'H detection has been used to enhance the
study of amyloid fibrils and membrane proteins [30-37]. Conventional '3C detected
methods have relied upon large sample volumes and moderate MAS frequencies,
typically in the interval w,./2m~20-40 kHz. Under such 3C detected schemes, radio
frequency driven recoupling (RFDR) is the default starting point for carbon-carbon

homonuclear spin correlations and short-range resonance assignments. RFDR is a first
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order zero quantum recoupling sequence that uses one 180° pulse centered in the rotor
period to recouple homonuclear dipolar couplings as modulated by the chemical shift
anisotropy and finite pulse effects [38-40]. This dipolar recoupling method has been
instrumental in probing amyloids, membrane proteins and viral particles [41-45].
Homonuclear recoupling has recently been combined with MAS > 90 kHz to acquire
proton detected multidimensional experiments on a few hundred micrograms of
material. However, to date few proton detected studies have been performed on fully
protonated amyloid 8, demonstrating the need for continued development and
application of dipolar recoupling at high spinning frequencies [46,47].

In this paper, we demonstrate the use of proton detected NMR for high-resolution
structural characterization of fully protonated GNNQQNY and E22G-AB1-42 samples.
These spectra are important since they demonstrate the utility of the rigid crystal in
optimizing the development of proton detected methods to the study of amyloidogenic
proteins. A MAS frequency of w,./2m = 90 kHz was sufficient to achieve 1H linewidths of
~0.3 ppm in GNNQQNY using CP-HSQC experiments. Furthermore, the hCCH-RFDR
experiment was optimized on GNNQQNY and we determined that mixing times for
RFDR at w, /2m=90 kHz were comparable to those at w, /2n= 20 kHz. Isotopically
enriched expression yields of E22G-AB1-42 were very limited; thus, proton detected MAS
NMR was essential for study of the E22G arctic mutant."H-"*C CP-HSQC spectra reveal
a dynamic residue of A42, as previously observed in wild type AB1-42 and overall small
chemical shift perturbation relative to wild type AB1-42. The 1H-15N CP-HSQC spectra
indicate significant sample heterogeneity and dynamics that reduce the spectral

resolution. Finally, we demonstrate the utility of homonuclear recoupling sequences at
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90 kHz to determine that E22G-AB1-42 fibrils are largely monomorphic, except for
observation of the dynamic doubling of the A42 residue. The hCCH spectra recorded
using either RFDR or TOCSY mixing confirms the low chemical shift perturbations
observed in hCH spectra. Overall, we use proton detected MAS NMR to conclude E22G
AB1-42 fibrils are monomorphic and with fibril core structure similar to that of wild type

AB1-42, in accordance with a recently published cryo-EM study [18].

4.2 Experimental

4.2.1 GNNQQNY Synthesis

Uniformly labeled 3C,">N GNNQQNY was synthesized using solid phase peptide
synthesis and purified via HPLC courtesy of the Swanson Biotechnology Center at the
MIT Koch Institute. Samples were crystallized at protein concentrations < 10 mg/mL as
previously described[48,49]. The crystals were then packed into a 3.2 mm or 0.7 mm

rotor using ultracentrifugation.

4.2.2 Expression and purification of EDDIE-AB1.42 E22G

The toxicity of AB(M1-42)E22G to Escherichia coli leads to relatively poor yield of tag-
free peptide [15]. We therefore expressed AB1-42E22G in fusion with the self-cleavable
tag nPro in the form of its EDDIE mutant [50], which protects the cells by driving the
expressed product to inclusion bodies. This mode of expression enables the isolation of
AB peptides starting with Asp1 at the N-terminus [51,52], as well as the expression of
other toxic peptides such as for example IAPP [53]. The amino acid sequence of the

expressed construct is as follows, with the AB1-42E22G sequence underlined:
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MELNHFELLYKTSKQKPVGVEEPVYDTAGRPLFGNPSEVHPQSTLKLPHDRGEDDIET
TLRDLPRKGDCRSGNHLGPVSGIYIKPGPVYYQDYTGPVYHRAPLEFFDETQFEETTK
RIGRVTGSDGKLYHIYVEVDGEILLKQAKRGTPRTLKWTRNTTNCPLWVTSCDAEFRH

DSGYEVHHQKLVFFAGDVGSNKGAIIGLMVGGVVIA.

The gene construct was designed with E. coli-preferred codons in a Pet3a plasmid
(purchased from Genscript, Piscataway, New Jersey) and the fusion protein was
expressed in E. coli BL21 DE3 PlysS star in M9 minimal medium with '3C-glucose and
1SNH4CI as the sole carbon and nitrogen sources.

A cell pelleted from 4 L of solution was sonicated 5 times in 80 mL 10 mM Tris/HCI,
1 mM EDTA, pH 8.5 (buffer A) containing a trace of DNase, with centrifugation at 18,000
g for 7 min between sonications. The inclusion body pellet after the 5" sonication was
dissolved in 150 mL buffer A with 10 M urea, 1 mM DTT, by sonication and stirring. The
resulting solution (ca. 9.4-9.7 M urea) was diluted with 200 mL buffer A with 1 mM DTT
(thus yielding ca. 4 M urea) and loaded onto 2 x 20 mL DEAE-sepharose FF columns
(GE Healthcare) in tandem, equilibrated in buffer A with 4 M urea and 1 mM DTT. The
columns were washed with 100 mL buffer A with 4 M urea and 1 mM DTT and eluted with
a 0-0.4 M NaCl gradient in the same buffer. Fractions containing EDDIE-AB1-42E22G
were diluted 15 times with 1 M Tris, 1 mM EDTA, 5 mM DTT, pH 7.9 in glass bottles and
left at 4°C for 48 h, total volume 1.0 L. During this time EDDIE slowly folded leading to
auto-cleavage and release of AB1-42E22G. The solution was then dialyzed in 3.5 kDa
MW cutoff dialysis bags (boiled 4 times in Millipore water before use) against a total of 30
L of 5 mM Tris/HCI, 0.5 mM EDTA, pH 8.5, in three shifts (10 L per shift). The dialyzed

solution was supplemented with 50 g Q-sepharose big beads (GE Healthcare,
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equilibrated in buffer A) and incubated for 0.5 h in the cold room with occasional stirring
using a glass rod. The beads were collected on a Buchner funnel and washed with 200
mL buffer A. AB1-42E22G was eluted in buffer A with 50 mM NacCl, 8 fractions of 50 mL
each. The fractions were lyophilized, dissolved 2-by-2 in 10 mL 6 M GuHCI and isolated
from any residual E. coli proteins, aggregates, and small molecule contaminants by size
exclusion chromatography (SEC) in 20 mM sodium phosphate, 0.2 mM EDTA, 0.02%
(w/v) NaNs, pH 8.5 using a Superdex 75 26/600 column. The eluted fractions were
monitored by UV absorbance and SDS PAGE with Coomassie staining. Fractions
corresponding to the center of the AB1-42E22G monomer peak were pooled in a glass
bottle, pH adjusted to 8.0 by adding NaH2PO4 and the pool was incubated quiescent at
37°C. Monomer from each of the four rounds of SEC were added to the same bottle to
propagate the morph formed in the first of the four aliquots.

The formation of fibrils was validated for a small withdrawn sample using thioflavin
T fluorescence in a Perkin EImer LS50B fluorescence spectrometer, in comparison with
the thioflavin T fluorescence in buffer. The morphology of the fibrils as revealed by cryo-
TEM, is indistinguishable from that of the wild type peptide, displaying a double-filament
structure with a short twist distance between the apparent cross-over points [15].

We also purified one aliquot of AB1-42E22G after expression of NT*AB1-42E22G
(synthetic gene with E. coli-preferred codons in Pet3a plasmid purchased from Genscript)
in E. coli BL21 DE3 PlysS star in 1 L M9 minimal medium with 3C-glucose and ">NH4ClI
as the sole carbon and nitrogen sources using the published protocol [54], and after the

final SEC, this aliquot was mixed into the same solution as described above.
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The fibril sample was finally packed into a 0.7 mm rotor using ultracentrifugation.
Tryptic digest and intact mass spectrometry were used to confirm the desired sequence

and absence of AB1-42 wild type fibrils.

4.2.3 MAS NMR

'H detected spectra were acquired at a static field of 18.8 T (800 MHz 'H) with a
three channel (HCN) 0.7 mm Bruker MAS probe. The sample was spun at w,./2m =111
kHz using a MAS 3 controller and temperature was maintained at 273 K using a Bruker
cooling unit. The 90° pulse durations were 133 kHz (1.875 ps), 83 kHz (3 us), and 83
kHz (3 us) for 'H, 13C, and "°N, respectively.

Dipolar based CP-HSQC spectra were recorded using the pulse sequence

previously described using the zero-quantum cross polarization condition at nutation

frequencies near 5/4 w, and 1/4 w.» for proton with a 10% ramp and N or °C,
T

respectively [36].

For hCCH experiments, the 'H-'3C CP was performed using a tangent ramp on
the proton RF power and a linear 10% ramp was used for the '3C-'H CP. For hCCH-
TOCSY, WALTZ-16 was used with an RF field of ~22.5 kHz corresponding to wr/4. For
hCCH-RFDR experiments, shown in Figure 4.1, the m pulse width was 2.5 ys and a

corresponding RF field of 200 kHz. Decoupling was not employed during the RFDR
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mixing period. Spectra were apodized using 60° shifted squared sine bells or gaussian
apodization and zero filled to at least twice the number of points in the indirect
dimension. Additional acquisition parameters are given in Table 4.2.

In all "H detected experiments, swept-low power TPPM at an RF field amplitude
of 24 kHz was used for proton decoupling during t1 and WALTZ-16 was applied to 13C
or 15N at 10 kHz, respectively [55,56]. Water suppression was achieved through the
MISSISSIPPI pulse sequence without homospoil gradients [57], using a 24 kHz RF field
and 200 ms pulse duration.

hCC-RFDR spectra were acquired at a static field of 18.8 T (800 MHz 'H) with a
three channel (HCN) 3.2 mm Bruker MAS probe at a MAS rate of 20 kHz and a
temperature of 273 K. For the 3.2 mm probe, 90° pulse durations were 3 us for 'H and
13C. RFDR mixing was performed using m pulse width of ~ 6 ys and a CW proton

decoupling field of 83 kHz.

¢
iH JIC}PSWTPPM SWTPPM r"ﬁ‘ﬁ %““ t,
y

B30 = A A H A
crl b ] [ ] |+ | | [crlwam
X n X
. H H [ WALTZ |

Figure 4.1. hCCH-RFDR pulse sequence. Pulse sequence for 3-dimensional
hCCH experiment using RFDR for carbon-carbon mixing. The phase cycle ¢: was {y,
-y}, p2was XY-32, ¢z was {X, X, -X, -X}, pawas {4*x, 4*-x}. The receiver phase cycle
was {X,-X, -X, X, =X, X, X, -X}.
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4.3 Results and Discussion

4.3.1 1H detected GNNQQNY

GNNQQNY is part of the N terminal
domain of Sup35p, an amyloid forming
yeast prion protein [48]. Early studies
found the monoclinic microcrystals of
GNNQQNY, as used herein, have
amylogenic properties including
binding of Congo red and formation of
B-sheets and steric zipper structure.
High resolution X-ray crystal structures
have been obtained, in addition to
carbon and nitrogen assignments via
MAS NMR [49,58-61]. The monoclinic
crystals are rigid and offer a high
resolution amyloidogenic system with
which to optimize protein
spectroscopic methods. The CP-
HSQC heteronuclear correlation
spectra of GNNQQNY monoclinic
crystals and associated proton

assignments are illustrated in Figure



4.2. These are the first initial proton detected experiments on the amyloidogenic peptide
GNNQQNY to date. In the fully protonated sample at w,/2m =90 kHz and 18.8 T,
linewidths of 0.33 ppm and 0.27 ppm were obtained for the alpha carbon proton of N12
and the amide proton of N9, respectively. The degeneracy of amino acids in this sample
results in peak overlap, reducing the effective resolution of many resonances. Typically,
proton linewidths were less than 0.5 ppm for individual resonances, where all linewidths
are reported without apodization. The narrow line shapes in the fully protonated sample
are indicative of the highly ordered crystal structure of GNNQQNY, while further

reduction in linewidth is expected with application of higher MAS rates.

The CP-HSQC hCH experiment was then used as a building block for the hCCH-
RFDR experiment initially implemented on GNNQQNY, using the pulse sequence is
shown in Figure 4.1. A MAS frequency of w,./27=90 kHz and w,./2m=200 kHz RFDR
pulses was sufficient to recouple *C-'3C and decouple 'H-"3C. Thus, the use of
conventional "H decoupling during the RFDR mixing period was not necessary. At a
MAS frequency of 90 kHz, the theoretical description of the pulse sequence accounts
for the finite pulse length, given the 2.5 us 180° pulse used occupies a considerable
fraction of the 11.11 ps rotor period. Under the description of fast MAS and finite pulses,
the dependence of '3C chemical shift differences for efficient homonuclear recoupling is

reduced due to dipolar evolution during the 180° pulse which further to longitudinal
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Figure 4.3. hCCH-RFDR of GNNQQNY. A) The carbon-carbon correlations of
hCCH-RFDR (red) and hCC RFDR (blue) of U['3C,">N]-GNNQQNY crystals. The
hCCH-RFDR was acquired at 90 kHz using a mixing time of 1.7 ms. The
conventional 2-dimensional hCC-RFDR was acquired at 20 kHz MAS using a mixing
time of 1.6 ms. (B) Signal intensity as a function of RFDR mixing time for hCCH-
RFDR. For each contact in |-V, the normalized signal intensity is plotted.

mixing. For further description of finite pulse RFDR the reader is referred to the original
paper by Bennett, et al. where finite pulses are discussed [62].

As shown in Figure 4.3(A), the hCCH-RFDR at 90 kHz reproduces all intra-
residue correlations that are expected in a 1 bond RFDR. While numerous other
heteronuclear and homonuclear correlation methods have been developed for 'H
detected MAS NMR, the direct comparison of hCCH to hCC spectra acquired at 20 kHz
MAS is a valuable spectroscopic tool for spectral fingerprinting of limited quantity
samples. However, we note that the very weakly detected inter-residue correlations of
N12Ca-Y13Ca and G7Ca-Q10Ca were not observed in the hCCH-RFDR spectrum.

These longer-range correlations may be more effectively probed under fast MAS by
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other homonuclear correlation schemes or with additional transients per point. In the
present spectrum, 8 scans per point were acquired for the hCCH-RFDR leading to a total

experiment time of 2 days and 15 hours.

As shown in Figure 4.3 (B), most residues have reached maximum signal
intensity between 1.7 and 2.5 ms, which is comparable to optimal mixing times under
reduced MAS frequencies, such as the commonly used MAS frequency of 20 kHz. The
longest optimal mixing times are observed for the G7 and Y13 residues, which are
excluded from the steric zipper core interface between peptide dimers. Overall, we
demonstrate the first proton detected spectra of the amyloidogenic peptide GNNQQNY
at high resolution. We additionally use the model peptide to optimize spectral
fingerprinting via hCCH-RFDR and determine optimal mixing times comparable to those

canonically used at lower MAS frequencies.

4.3.2 'H detected AB142 E22G

The proton detected experiments were then applied to vyield the first
characterization of AB1-42 E22G by MAS NMR. The E22G AB 142 mutant was expressed
using a fusion construct and an EDDIE mutant expressed in E. Coli for uniform '3C and
5N isotopic enrichment. However, only limited sample quantities could be produced, and
as such, proton detected MAS NMR was required for reasons of sensitivity. The
expression protocol was previously validated and cryo-TEM revealed the morphology of
the E22G AP 1-42fibrils to be indistinguishable from the wild type AB 1-42 fibrils, with both
fibrils displaying a double filament structure with short twist distance between apparent

cross over points [15].
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CP HSQC spectra were
acquired for E22G AB 1-42and
illustrated in Figure 4.4.The hCH
spectra showed only small chemical
shift perturbations from the
previously published wild type AP 1-
42 fibril spectra [46]. We note an
overall reduction in the spectral
resolution of the E22G sample
acquired at w,/2m= 90 kHz and a
proton Lamour frequency of 800
MHz, relative to the wild type
sample at w,./2m= 111 kHz and a
proton Larmor frequency of 1 GHz
[46]. Two resonances were
assigned to the A42 3Ca in both
the E22G spectrum and the
previously studied wild type sample.
This peak doubling was observed in
wild type AB1-42 only at fast MAS
conditions and was not observed at
20 kHz MAS. The twofold doubling

of the resonance is attributed to two



conformations of the A42 residue that are only detected during high frequency spinning.
E22G-AB1-42 cross peak assignments were rapidly obtained due to small chemical shift
perturbations in the hCH spectra of E22G to previously obtained assignments of wild
type samples, as shown in Figure 4.6. The shared presence of dynamics of the C-
terminal domain in both wild type and E22G AB1-42 suggests a conserved C-terminal
structural fold. There are several unassigned, narrow resonances that could also be
attributable to dynamic residues in the N-terminal domain. These observations
underscore the importance of developing fast MAS spectroscopy alone, or in

combination with low temperature MAS, to study the N and C-terminal domain dynamics.

The hNH spectrum of E22G-AB 1-42 demonstrates a pronounced reduction in
resolution, indicating a high degree of sample and structural heterogeneity. The
reduction in resolution of the >N spectral dimension has been observed previously in
AB fibrils [47]. The primary contribution to decreased resolution is probably structural
heterogeneity, with polymorphism, sample impurities, and dynamics also contributing.
To probe the role of potential polymorphism beyond the likely structurally doubling of
A42, we employed the hCCH-RFDR and hCCH-TOCSY experiments.

hCCH-RFDR offers a direct spectral comparison to the wealth of previously

acquired hCC spectra of AB 1-42in the literature [23,25,63]. Despite the ubiquity of hCC-
RFDR, hCCH-RFDR has to date been sparsely applied in fully protonated samples
[47,64] or in selectively deuterated samples [65]. Instead, hCHH or hNHH-RFDR
methods are used most often, offering increased sensitivity and the potential for longer
range quantitative distance measures [30,37,46,66]. However, in fully protonated

samples the continued development of high spinning frequency MAS rotors and pulse
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Figure 4.5. hCCH of E22G-A1.42. Acquisition using TOCSY (red) or RFDR (blue) for
carbon homonuclear mixing.

sequence methodology is required. The comparison between the hCCH-RFDR and
hCCH-TOCSY are illustrated in Figure 4.5. The TOCSY based hCCH has been
described previously, with mixing largely mediated by C-C scalar couplings[35] and is
based on total through bond correlation pulse sequences[67]. As such, increased MAS
rates beyond 90 kHz would be expected to improve the performance of the pulse
sequence with increased T1p during the WALTZ-16 mixing period on a dynamic sample
such as the E22G A 1-42 fibrils. RFDR performance was increased over TOCSY when a
large chemical shift difference was present, as expected for the RFDR sequence. For

both pulse sequences the C-C projection of the hCCH experiment displays improved
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resolution over the hCH detected experiments, however, site specific resolution is still
not achieved in this sample. Higher MAS frequencies and access to higher magnetic
fields remains a critical step for the study of pathologically relevant AB fibrils. Despite
these limitations, several important preliminary biological conclusions can be drawn

using the spectra presented herein.

First, serine residues have previously been used to characterize polymorphism in
AB 1-42fibrils [23,25] . In the present E22G sample, the S26 Ca-Cp correlation was
observed as a single resonance, with ~ 1 ppm in chemical shift difference relative to
wild type AB 1-42. Aside from the dynamically driven doubling of A42Ca, no further

resonance doubling was observed. Compared to wild type AB1-42 RFDR fingerprint
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spectra, E22G AB1-42is similarly monomorphic without fibril seeding. Overall, the core
residues of the E22G AB1-42 fibril display minimal chemical shift perturbations, on the
order of 1 ppm, as shown in Figure 4.6.

In previous studies, AB140 E22G and was found to be at least four-fold
polymorphic in in most resonances of the selectively isotopically labeled sample [16]. In
a separate study, unseeded AB1-40 E22G fibrils displayed two-fold polymorphism in two
of the four selectively labeled sites [17]. Cross-seeding of AB 140 E22G with AR 1-40 or
AB 1-42 fibrils resulted in a largely monomorphic fibril with minimal chemical shift
differences to the wild type AB1-42. As in other studies, this suggested the dominant form
of the arctic mutant may adopt similar 8 strand confirmation as the wild type AB1-42 and
is further supported by the MAS NMR data presented here.

Another notable feature in the present E22G AB1-42 is the minimal chemical shift
perturbations of the K28 residues, indicating the likely conserved K28-A42 salt bridge
observed previously in wild type AB1-42. This salt bridge serves to stabilize the beta-
sheet regions of the fibrils via electrostatic interactions and has been a conserved
feature between wild type AB 142 and the E22A AP 1-30 mutant. The largest observed
chemical shift perturbations remained limited to ~ 1 ppm, with the largest shifts being
co-localized near the G22 residue. This supports the hypothesis the mutation induces
electrostatic perturbations while conserving fibril core features.

Cryo-EM recently has yielded structures of two human brain protofilament
extracts consisting of residues V12-V40 and E11-G37 of E22G, in addition to filaments
from brains of mice with the artic mutation E22G [18]. While the recently published

cryoEM data suggested a common substructure that was shared between E22G and
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wild type protofilaments, MAS NMR data has previously and reproducibly demonstrated
results that differ from the with cryoEM derived structures. The differences between
MAS NMR and cryoEM have not been reconciled, and while the present study does not
address this issue, the lack of chemical shift perturbation and monomorphic behavior
does support the suggestion that E22G AB1-42 adopts a similar conformation to wild type
fibrils. In combination with the previous studies, this suggests that while both E22G AR
1-42 and AB 1-40 species may adopt conformations more comparable to the wild type AR 1-
42 fibril structure, polymorphism plays a more dominant role in the structure of E22G AR

1-40 than in E22G AP 1-42.

4.4 Conclusion

We present the initial '"H detected MAS NMR results on two amyloidogenic
systems, GNNQQNY monoclinic crystals and fibrils of E22G AR 1-42. Linewidths typically
of 0.2-0.3 ppm were observed in CP-HSQC spectra on the rigid peptide GNNQQNY.
This high-resolution model system was employed to optimize hCCH-RFDR
experiments, and an optimal mixing period in this system was observed to be ~ 2 ms,
on par with mixing periods used at lower MAS frequencies. These methods were then
extended to the study of E22G-AR 1-42fibrils. The spectral resolution was reduced
relative to wild type AB1-42, indicating an increase in sample heterogeneity perhaps due
to the rate at which the fibrils are formed. The use of fast MAS confirmed the
observation of dynamics in the A42 residue as observed also in wild type samples,
indicating the C-terminus is not strongly modulated by the E22G mutation. hCCH-RFDR

demonstrated the sample to be largely monomorphic, in contrast to studies of synthetic
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E22G-AB1-40 in which multiple polymorphs were observed. Overall, < 1 ppm of chemical
shift perturbations were observed across numerous residues between the previously
reported wild type AB1-42 and the present E22G-AR 1-42. This result suggests a
conserved core fibril structure, in accordance with recent cryo EM results. Taken as
whole, this study presents further evidence that the Arctic mutant has a propensity for
adopting AB1-421ike fibril features as previously observed in AB1-40 fibrils of E22G mutant.
In the future, the use of dynamic nuclear polarization and access to increased MAS
rates and higher fields can aid in the determination of the complete three-dimensional

structure of the sample quantity limited E22G mutant of A3 1-42.
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4.5 Supporting Information

x10°
45}

4867.7

Intensity
N w
(&) w [&)]
1 1 1
1 1 1

[\]
T
1

—-—

(&)
T
1

4757.7

05 ‘
.|.II| I||III|II ||I|Il.||

4600 4650 " 4700 4750 4800
M/Z

Figure 4.7. Intact MS of AB1-42 E22G Sample. The predominant peak corresponding
to 4867.7 m/z is the AB1-42 E22G corresponding to ~ 97.3% isotopic enrichment. The
distribution of small peaks can correspond to sample impurities or between 95-100%
isotopic enrichment of the sample. The range of 97%-98% isotopic enrichment is
provided in the red bar for AB1-42 E22G or the blue bar for the wild type AB1-42. Given the
presence of a small peak minimally outside the range of 97% isotopic enrichment of
AB1-42, tryptic digestion was performed to further probe the protein sequence. However,
the predominant species in the sample corresponds to 97-98% isotopically enriched
AB1-42 E22G
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Sequence Sequence # B Y Sequence #

L 1 120.825- 1322.894- 12
121.088 1325.609

V 2 225.664- 1203.076- 11
226.154 1205.528

F 3 382.355- 1098.237- 10
383.219 1100.463

F 4 539.046- 941.546- 9
540.284 943.397

A 5 613.929- 784.855- 8
615.318 786.332

G 6 673.834- 709.972- 7
675.336 711.298

D 7 793.662- 650.067- 6
795.361 651.280

V 8 898.502- 530.239- 5
900.425 531.256

G 9 958.407- 425.400- 4
960.444 426.191

S 10 1049.281- 365.494- 3
1051.473 366.172

N 11 1169.092- 274.621- 2
1171.510 275.143

K 12 1304.884- 154.809- 1
1307.598 155.106

Total 1321.887- 1322.662-

Monoisotopic 1324.602 1325.377

mass (M)

(M+2H)?* 661.951- 662.338-
663.308 663.696

Table 4.1. Monoisotopic masses for the tryptic digest fragment LVFFAGDVGSNK
of E22G AB1-42. . In the B column, fragmentation is performed from N to C terminus
while for fragmentation in the Y column fragmentation is performed from C to N.

180




%108

25 T T T T T T

5L 197.193 4
()
(]
[
g 129.105
c 15F 531.326 e
> 226.192
2 0o Y5 786.433
© y8 1099.62
2 1t 274.124 y10 §
© Y2  426.243/ 711.389 943.529
Y v y7 y9 ZL

i 383.28 4
0 >.25F 1051.5
\ b10 | 1204.71
y11
0 LAl b ol .Ila] e I i 1 I ) N
0 200 400 600 800 1000 1200 1400
M/Z

Figure 4.8. MS2 fragment spectrum of the 662.908 m/z peak. Overall, enough
fragments are identified to confirm the E22G mutation was adopted and isotopically
labeled at 97-100% enrichment. Tryptic digestion and subsequent fragmentation did not

detect wild type AB142
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Res Ca Cp Cyl Cs1 Ca2 Ce
L17 44.68 29.23 25.25
F19 60.16
D23 41.3
S26 56.2 65.3
N27 53.81 41.4
K28 54.76 34.84 29.22 41.63
G29 48.21
A30 49.13 21.03
131 44.65 27.14
132 59.98 41.29 27.05
M35 54.75 36.25
141 60.137 | 39.76 13.73
A42 52.42 19.62
Table 4.3. Chemical Shifts assigned to E22G AB1-42 fibrils.
Res Ca Cp Cyl Cdl C&2 Ce
L17 44.62 28.6 25.24
F19 59.86
D23 40.88
S26 54.96 65.97
N27 52.76 42.57
K28 54.69 34.85 29.62 41.8
G29 48.22
A30 50.22 20.99
131 43.94 27.2
132 59.72 40.84 27.17
M35 54.34 36.28
141 59.7 39.57 14.09
A42 52.3 20.18

Table 4.4. Chemical Shifts assigned to wild type AB1-42 fibrils.
Wild type chemical shifts from [23,46,63]
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Chapter 5 : High Aspect Ratio Diamond Nanosecond Laser Machining
Adapted from Golota, N.CT. Preiss, D'., Fredin, Z.P., Patil, P., Banks, D.P., Bahri, S.
Griffin, R.G., Gershenfeld, N. High Aspect Ratio Diamond Nanosecond Laser
Machining. Submitted to Applied Physics A, Materials Science & Processing.

TThese authors contributed equally.

5.1 Introduction

Diamond is a promising material for next generation quantum devices, micro-
electromechanical systems (MEMS), biocompatible microfluidic and spectroscopic
devices, and thermally optimized micro and power electronics[1-6]. Its superior material
strength, thermal conductivity, high electrical resistivity, and highly transparent optical
characteristics make it the ideal material for such applications. Decades of research and
development have resulted in cost effective methods of producing synthetic single
crystal diamond using either chemical vapor deposition (CVD) or high-pressure high
temperature (HPHT) methods [7,8]. However, conventional machining processes are
typically ineffective against the extreme hardness of diamond. In contrast, pulsed laser
machining methods have become the standard for fabrication of diamond
microstructures and devices.

During laser machining of diamond, material removal is achieved through a
phase change from diamond to graphite, followed by vaporization and expulsion of
carbon-based species from the workpiece. Under nanosecond machining, laser
irradiation is absorbed as thermal energy following thermal transfers and equilibration

between electrons and the lattice within the laser pulse duration. The absorbed thermal
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energy drives the diamond to graphite phase transition, and continued laser irradiation
promotes the vaporization of graphite from the machined surface [9-12]. However, the
ejection of graphite and other carbon-based vapors interferes with the laser beam,
generating a plasma plume that considerably attenuates the incident irradiation, which
is particularly detrimental to the energy intensive fabrication of high aspect ratio holes
[12]. In contrast, when the pulse length is less than ~ 1 ps, ablation occurs through
multi-photon absorption processes at wavelengths above 225 nm, which represents a
threshold for the energy of a single photon to exceed the wide bandgap of diamond [9-
11,13-15]. This mechanism offers the advantage of reduced heat affected zones and
microcracking in the ablated material [13,14]. Although ultrafast lasers offer the potential
of reduced laser induced damage in diamond, nanosecond lasers are significantly more
accessible with considerably lower cost/watt compared to ultrafast lasers.

While the body of literature supporting nanosecond machining in diamond is
extensive, there have been fewer investigations into achieving high aspect ratios in
diamond at nanosecond time scales [16-24]. Aspect ratios between 12-15:1 are most
commonly reported in diamond, with the highest achieved aspect ratio being 500:1
using a Bessel function focused beam and femtosecond laser [25-28].

This chapter begins by describing the thermal model of laser ablation and
gaussian beam propagation principles. A complete description of the achievable aspect
ratio via percussion hole drilling and rotary stage assisted drilling follows. We
characterize the effect of pulse energy and machining profile on the aspect ratio and
taper, and report ~40:1 average aspect ratio holes in diamond. Finally, we characterize

the induced strain as a measure of laser induced damage during nanosecond
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machining of 10:1 aspect ratio tubes. We observe a reduction in tensile strain following
heat treatment at 600°C for 24 hrs. Overall, we present a method of achieving high
aspect ratios with a commercially available nanosecond laser machining system. This
represents an accessible way of fabricating diamond structures for microelectronics,

biomedical sensing, and nuclear magnetic resonance [29,30]

5.2 Pulsed Laser Ablation

At 532 nm the photon energy is 2.33 eV, whereas the bandgap energy of
diamond is 5.47 eV. Accordingly, multiphoton absorption is required for direct excitation
of electrons within the diamond crystal to drive laser ablation. Under ultrashort laser
machining, the photon density is much higher than in nanosecond machining, and
multiphoton absorption is the dominant mechanism of ablation. Under nanosecond laser
machining, thermally derived ablation is thought to be the dominant mechanism of rapid
material removal, given sufficiently high absorption coefficient[31].

The source term can be broken into two fundamental components, where Sis the
Poynting vector describing the energy flux of an electromagnetic field via laser
irradiation and U(z, t) effectively describes internal heat sinks due to phase

transformations within the material.

Q(z,t) = —V(S) + U(z,t) (5-1)

We now will use electromagnetic principles to determine the energy flux or Poynting
vector from an incident laser beam [32]. The Poynting vector describes the energy
density times the velocity of the wave and is written in terms of the electric and

magnetic fields in (5-2).
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. o xH
($) = % (5-2)

We can write the electric and magnetic field expression for a plane wave propagating in
the direction as:

E(z,t) = Ege!(kz=00

B(z,t) = Byeitkz=w (5-9)
For a transverse wave, (E;), = (By), = 0 since the electric and magnetic fields

are perpendicular to the propagation direction. Using Faraday’s law, we can write the

magnetic field complex amplitude as:

k

B, =5(é'EE) (5-4)

Since the electric and magnetic fields are in phase and perpendicular, the real

amplitude is given by:

(5-5)

We can compute the energy density of an electromagnetic plane wave using the

relation B2 = %EZ = uoeoE?, where p, is the magnetic permeability and ¢, is the electric

permittivity.
1 1
— 2 I > V7 2
u= 2 (EOE + #oB > = eoE (5-6)
For a monochromatic plane wave propagating in the z direction:
S = cuz = ceyE? cos?(kz — wt + 6) 2 (5-7)
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The average power per unit area transported via an electromagnetic wave propagating

in the z direction is given by (S), and is referred to as the intensity, / and is given by:
5 1 pn
(S) = ECEOE 2=1z (5-8)

The gradient of the Poynting vector is related to the spatial derivative of the
intensity, where « is the absorption coefficient of the material.

di(z)

—V(§> = ? = —CZI(Z) (5_9)

For a Gaussian beam, the energy density is described as a function of the laser
intensity, /(t), the surface transmission, 7-R, and the material absorption coefficient,

along the direction of propagation in 1 dimension.
S == 10(1 - R)ae_az (5_10)

In summary, we have derived the source of energy density that is used to drive
thermal effects in laser machining from fundamental electromagnetic principles. We will
now use these relations to describe the thermodynamic effects of the incident
irradiation. Photon-matter interaction upon incident laser irradiation can be described by
the one-dimensional, two temperature diffusion model [53]. In this model, the
temperature of the electron subsystem is given by Te and the temperature of the lattice
subsystem is given by T;. While this argument is generally taken for the ablation of
metals, the derivation is instructive for understanding the basis for thermal ablation
under nanosecond pulses.

aT, __30@) _

¢ ot 0z

y(Te—T)+S (5-11)
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Where Ce is the electron subsystem heat capacity, Q(z) is the heat flux in the z
direction taken perpendicular to the machining surface, S is the laser source heating
term, and y is the electron-lattice coupling constant.

The interaction between the lattice and electrons can be re-written in terms of the heat
capacity of the lattice and the temperature differential between the two subsystems:

aT,

Ciop = —y(Te — T) (5-12)

The heat flux is related to the electron thermal conductivity and electron
temperature gradient along the irradiation axis.

T,
Q(z) = —keg (5-13)

The duration of the laser pulse,t;, must be considered in relation to the electron
cooling time, ., and the lattice heating time ;. The electron cooling time is given by
C./vy, while the lattice heating time is given by C;/y. Typically, 7, < ;. In the case of
nanosecond pulses, 7, > t,, allowing for equilibration between the electron and lattice
subsystems, where T = T, = T;. Typically, the electronic specific heat capacity is much
smaller than that of the lattice and can be neglected. Now we can substitute this

equality and substitute equations (5-12) through (5-10) into (5-11) to obtain:

CaT_a< oT
Lot~ o0z

K&) + 10(1 - R)ae‘“z (5_14)

In (5-14), the change in temperature of the system is dependent on the heat
capacity of the lattice, and is equal to the net thermal change within the system,
dependent on the lattice thermal conductivity, k, and thermal energy supplied by the

source term.
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The thermal diffusivity, D, is given by and is a measure of a materials ability to

conduct vs. store thermal energy.

pCy, (5-15)
The thermal diffusivity is related to the thermal diffusion length, where z,is the pulse

length.

lT = Z(DTL)l/z (5_16)

For diamond, using the simplified 1-dimensional heat equation, the thermal
diffusivity length is ~ 9.5 ym for a single pulse. The thermal diffusivity of single crystal
diamond is on the order of 5-10 cm?/s [33-35]. This simplified equation applies only for a
point source in space and is highly dependent on the boundary conditions of the
system, resulting in considerable variation from (5-16). The thermal diffusivity length
indicates the importance of multiple pulse effects and thermal conductivity in laser
machining.

Following the description of the 1-D heat equation using the source term
provided by the laser, we will now turn to examining the effect of phase changes that
occur only when the threshold fluence of material is exceeded. In effect, the phase
transformations required for ablation represent a thermal sink, requiring additional
source energy to be overcome beyond achieving the threshold laser absorption. For a
constant pressure thermodynamic process, the relevant quantities are the enthalpies of

fusion, AHg,,, better known as melting, and heat of vaporization, AH, or in the case of

direct sublimation, AHgy,, = AHpys + AH,,.
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For common laser machining materials (e.g. polymers or metals), the enthalpies
of fusion are on the order of 10-50 kJ/mol while the enthalpies of vaporization are
considerably higher at 200-450 kJ/mol [31]. In the case of diamond, the high stability of
the diamond crystal lattice requires considerably higher enthalpies of fusion, on the
order of 120 kd/mol and even higher enthalpies of vaporization and sublimation,
resulting in higher typical threshold fluences and difficulty in machining. High threshold
fluences are also influenced by the low absorption coefficient of diamond. The change
in internal energy due to phase change, U(z,t), within a volume element, dV, becomes

non zero once the ablation threshold is reached via thermal absorption:

AU(2,6)dV = BrysAHpsdFrys + BpapOHyapdFogp (5-17)

Where ¥ and dF are the velocity and surface element of the liquid-solid or liquid-gas
interface within dV. We can then compute the total enthalpy of the machining process

as:

T
AH(T)~ f p(TCy(TNAT" + (T — Trys )AHrys + (T — Tyap ) AHypap
T(0)

(5-18)
In (5-18) we have made several simplifications to obtain an approximate enthalpy
required for diamond laser machining. The first term describes the energy density
required to heat the material sufficiently to promote phase change. The second and
third terms are zero if T < Tg,; or T < T,,qp. In the event of temperatures greater than
such threshold temperatures, these terms describe the additional energy required for
either fusion (e.g. melting) or vaporization.

Under ambient conditions (~21% oxygen in air), the phase transition proceeds

via two largely simultaneous events given sufficient incident energy density. The
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plasma

melt deposits vapor

melt expulsion

heat conduction

Figure 5.1. Schematic of laser ablation. During laser machining, the incident
nanosecond pulsed laser beam results in thermally driven laser ablation. The
incident energy is absorbed as heat in the diamond sample and generates melt,
vapors and plasma during the phase transformation from diamond to graphite and
subsequent vaporization and oxidation of graphite. Figure 5.1 adapted with
permission from Chen et. al. Copyright The Authors, some rights reserved; exclusive
licensee Light Publishing Group. Distributed under a Creative Commons Attribution
License 3.0 (CC BY) https://creativecommons.org/licenses/by/4.0/

transition of the sp® diamond can proceed to sp? graphite, either crystalline or
amorphous, at temperatures above 700°C, but is more prominently observed at
temperatures above 1300 °C. The thickness of the graphite layer formed under such
conditions has been shown to be proportional to the thermal diffusion length and pulse
width, which indicates that graphite formation is driven by thermal effects [55-61].The
phase transition and subsequent oxidation of graphite and amorphous carbon is

described by (5-19).
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C(sp®) — C(sp*) AH;

3
2C(sp®) +502(9) — CO(g) +C0,(g) AH, (5-19)

Where AH, > AH,. We note this is a simplified thermodynamic approach, and rigorous
treatment would require involvement of C2(g) and C(g) species. This is beyond the
scope of the present thesis. Overall, nanosecond laser ablation of diamond proceeds by
thermal heating, melt formation, boiling, and vaporization of graphite and amorphous

carbon species.

5.3 Gaussian Beam Propagation

A laser source with a gaussian output mode can be largely described by the
wavelength and the beam waist. The 532 nm DPSS Q-switched Nd:YAG laser used has
a Gaussian TEMoo mode and the spot size was found to be 14.1+0.8 um, as described
in Section 4.5. Herein, we present the relevant parameters of Gaussian beam
propagation including the Rayleigh Length, propagation of the beam waist, wavefront
curvature, and Guoy phase.

The Rayleigh length is the distance along the direction of beam propagation at
which the beam radius is increased by V2. The Rayleigh length is given by (5-20) in
terms of the beam waist, wy, the wavelength, A, and the refractive index of the
propagation medium, n. In free space (n=1), the Rayleigh length of the Oxford laser

system is 290 ym.

A (5-20)
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The beam waist as a function of propagation distance, w(z), is given by (5-21)

and plotted in Figure 1.

Z

w(z) = wy |1+ (Z—)Z (5-21)

R

The minimum diffraction limited laser beam divergence angle in radians, 6,, is

given by the far-field value in (5-22).

90=M2

T Wo (5-22)

The divergence angle of the Oxford laser is ~ 1.38°, where M? describes the
beam quality and is < 1.2 for the laser system used. Overall, a very tightly focused

beam diverges more rapidly than a less focused beam containing lower energy density.
30 : . .

Beam Waist (um)

-30 1 1 1
-1000 -500 0 500 1000

Propagation Distance (um)

Figure 5.2. Beam width of a propagating Gaussian beam. The spot size is plotted
as a function of the beam propagation distance in ym. The beam begins to linearly
diverge after 1 Rayleigh length. The divergence angle is shown in dashed red.
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The wavefront curvature, R(z), is another key parameter of gaussian beam
propagation. A wavefront is defined as the surface composed of in phase points of a
waveform. The wavefront shape is always spherical in nature and the beam propagates
perpendicular to the wavefront. The radius of curvature for a gaussian beam in

fundamental TEM mode is given by (5-23).

2
R(2) =z [1 +(5) ] (5-23)

Finally, the Gouy phase, y(z), describes the phase accumulated by a beam near
the focal region of the beam, given in (5-24). This serves as a correction factor

representing an increase in the effective wavelength at the focal point.

Y(z) = arctan (zi)

R

(5-24)

As discussed previously, the intensity of laser irradiation can be computed using
fundamental electromagnetic quantities. The electric field amplitude of a Gaussian
beam is given by (5-25):

T'Z

2
E(r,z) = E, %exp <— ﬁ) exp (—i (kz + k R 1,0(2))) (5-25)

Where ris the radial distance from the center of the beam, R(z) is the radius of
curvature of the beam, wp is minimum beam waist, and w(z) is the beam waist at a
distance z. The beam waist is defined as the radius at which the beam intensity is 1/e?
the axial value along the propagation direction. The electric field amplitude at the focus

point (r=0, z=0) is given by Eo. The Guoy phase is denoted by 1y (z). This relation holds
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when the beam is not strongly divergent and w, >» A/n . In (5-25), k is used to denote
the wavenumber.

The power density or irradiance of a gaussian beam (W/m?) focused using a thin

lens is given by:

I(r) = Iy exp (_Zr)z (5-26)

W
The intensity of the beam is plotted as a function of the radial distance and

propagation distance. The total power contained in the laser beam is defined as:

3 ® 2r\?  awgdl,
P = 27‘[J0 T Iy exp (— W) dr = > (5-27)
100 —1800
1700
50 1600

1500

400

300

Beam Waist (um)
o
Fluence (J/cm?)

200

n
o

100

-100
-4000 -2000 0 2000 4000

Propagation Distance (um)

Figure 5.3 Fluence Distribution in the xz plane. The fluence is plotted as a
function of propagation distance and resultant beam waist.
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We can re-write Equation (5-26) using (5-27). The peak power density is given by

(5-28) and is maximized when the beam waist is focused at the minimum spot size,

occurring when r=0.
(5-28)

The laser peak power, P, is computed using (5-30), where 7, is the pulse

duration, in this case 20 ns. At 5 kHz repetition rate, fp, for a 2.97 W average power, the

peak power is 29.7 kW.
Pavg
P= (5-29)

foTp

The single pulse energy of a laser can be calculated below, in units typically of

_ Pavg
(5-30)

Laser ablation will occur when the applied fluence, @, is greater than the

threshold fluence of the material, ®4;,. The fluence represents an energy density and is

computed in J/cm? using (5-31).
2E,
= (5-31)

- 2
W}

Based on gaussian beam optics, we can determine the propagation length of the

beam that has sufficient energy density for laser ablation of diamond to occur. The

fluence as a function of the propagation distance and beam waist is shown in Figure

5.3.
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We can additionally compute the maximum beam waist that has sufficient energy
density for ablation to occur, wr,, at a given single pulse energy. This is computed using

(5-21) and (5-31).

n® (5-32)

We can then compute a machining depth with sufficient energy density for laser

— 2 W(Z) ’ 1
Zth = |ZR (Wo ) - (5-33)

For the maximum single pulse energy of 592 uJ, the maximum beam waist is 55 pm

ablation to occur as

and the maximum machining depth is ~ 2 mm for a given negative focus depth, not
considering the considerable attenuation of the laser beam due to the ejected debris,

carbon vapors and plasma.

5.4 Experimental

5.4.1 Diamond Material

Type Ib HPHT diamond with four-point 100 crystal orientation was obtained from
Element6 (Didcot, Oxfordshire, UK), crystal orientation is described in Figure 5.4. For
the percussion hole drilling the material was 1.1 xX1.1 x 3 mm. For other samples, the
material was 1.6 xX1.6 X 4 mm. The absorption coefficient and optical penetration depth
of type 1b HPHT was determined using the same material, but with sample dimension

of 10 x 10 x 1.1 mm. A 3D-printed sample cuvette was used to hold the sample during

204



Figure 5.4. Crystal orientation of HPHT material. The starting material used in all
samples has <100> four-point orientation on all faces.

UV/VIS/NIR transmission measurement using a Perkin Elmer Lambda 1050 UV/VIS

spectrophotometer.

5.4.2 Laser System

Samples were fabricated using an Oxford Lasers (Didcot, Oxfordshire, UK) A-
series laser micromachining system equipped with a Q-switched 532 nm diode-pumped
Nd:YAG laser with a spot size of 13-14 ym. The pulse duration was ~ 20 ns at a
repetition rate of 5 kHz with a maximum average power of 2.97 W. Motion control in X
and Y axes is achieved with a linear motor with linear encoding for a resolution of 0.25
Mm and accuracy of £2 ym. Motion control along the beam propagation axis, Z, is
achieved with a servomotor drive system that has a resolution of 0.5 ym and accuracy

of £6 ym. Complete description of laser system is given in Figure 5.5.
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Figure 5.5. Laser system block diagram. A 532 nm Q-switch diode-pumped-solid-
state Nd:YAG laser operating at a maximum average power of 3 W with a 5 kHz
repetition rate was used. The laser beam is expanded to 10 mm prior to the objective
lens which focuses the beam to a 10 uym spot size over a focal length of 100 mm.
The focus of the beam incident onto a machining part is controlled through a
precision servomotor drive system with a linear motor with resolution of 0.25 ym and
accuracy of £2 ym. The workpiece is fixtured onto a homebuilt laser-lathe and is
manipulated in the x,y directions using a high precision stage. Finally, an on-axis
CCD camera equipped with a laser-cross hair alignment aid is used to confirm
workpiece alignment, laser position and machining progress.

5.4.3 Percussion Holes and Ablation Threshold

Percussion hole drilling was performed with the diamond fixtured as shown in
Figure 5.11 (E,F) with single pulse energies ranging from 6.8 to 594 ym. The diameter
and depth of percussion holes was determined using a Rigaku CT Lab HX130 (Toykyo,

Japan) microCT scanner at 2.1 ym voxel size. Analysis was performed using ImagedJ by
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compiling 3 adjacent radiographic slices and computing the average projection [36].
Hole diameters were then determined using a plotted profile from Imaged and analyzed
in MATLAB to determine the hole size measured at a constant gray-value to ensure

uniformity of measurement.

5.4.4 Holes with Aspect Ratio ~ 40:1

An in-house fabricated precision rotary drilling apparatus was used with a
Thorlabs (Newton, NJ, USA) DDR100 direct drive rotary stage to achieve rotational
frequency up to 2.76 Hz (166 RPM) during laser drilling, shown in Figure 5.11. Focus,
power, inner diameter, and feed rate were modulated using g-code written in Python
and executed by Cimita control software. The high-aspect ratio holes were machined
using a linear stage added in series with the rotary stage to translate the diamond stock
while maintaining laser position relative to the center of rotation of the diamond material.
The center of rotation was identified by taking a long exposure coaxial photograph,
which allowed accurate positioning of the laser. During machining, initial radial passes
at 250 pJ pulse energy traversed from the center of rotation of the diamond stock to the
desired target radius at a feed rate of 10 um /s and were repeated 10 times at both 0
and 250 um of negative focus for a total of 140,000 equivalent pulses. In this case,
negative focus is defined as a translation of the focal plane of the laser beam into the
material. This was repeated with finishing passes of 400 uJ pulses, a feed rate of 5
pum/s and 25 ym depth increments of negative focus to a depth of 250 ym for a total of
1,540,000 equivalent pulses. During both machining cycles, the rotation rate was fixed

at 66.6 RPM. The number of machining cycles investigated were 1, 2, and 3. Samples
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were characterized using a Rigaku CT Lab HX130 (Tokyo, Japan) with voxel sizes of
5.7 ym and a Hitachi FlexSEM1000 SEM (Tokyo, Japan) following sputter coating of

100 nm of gold onto the surface.

5.4.5 Rotary assisted drilling of 10:1 aspect ratio tubes

Diamond rods were first fabricated using a single pulse energy of 296 pJ and a
feed rate of 5 ym /s in lathe orientation shown in Figure 5.11 (A, B). This was followed
by a finishing pass at a feed rate of 1 ym/s at a single pulse energy of 236 pJ in which
roughly 10 yum of material was removed from the diameter achieving average outer
diameter of 500 ym with typical combined outer diameter eccentricity and taper of less
than 6 um over the 3 mm rod. Inner diameters were machined by rotating the entire
laser lathe apparatus, as shown in Figure 5.11 (C, D) with the laser beam incident upon
the top flat surface of the rod. The inner diameter was machined using a roughing cut in
which a radial line of 150 ym was machined while the sample was rotating at 166 RPM
and repeated 10 times at a feed rate of 50 um/s with the focus negatively incremented
(focus advanced into the sample) by 250 um at a time to a maximum depth of 4 mm,
resulting in application of 224,000 equivalent pulses. This was followed by a finishing
pass in which a 50 uym line was traced with the endpoint being aligned with the desired
inner diameter, again at a feed rate of 50 um /s and with focus negatively incremented
by 25 ym to a maximum depth of 4 mm for a total of 2.24 M equivalent pulses. The total
machining time per inner diameter was ~ 90 minutes. Samples were characterized
using a Hitachi FlexSEM1000 SEM (Tokyo, Japan) and taper was analyzed using SEM

micrographs in Autodesk Inventor (San Rafael, CA, USA). 3-dimensional images of 10:1
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aspect ratio tubes were acquired using a 20x objective on a VK-X250 laser scanning
confocal microscope (Osaka, Japan), which was also used for surface roughness
calculation. Data analysis of confocal microscope images was performed using the
Keyence MultiFileAnalyzer software package. Surface roughness was measured over

the entire 3 mm sample length and ~25 ym in width at the vertex of the inner diameter.

5.4.6 Strain Measurement

Internal strain mapping was performed using a WITec alpha300 apryon Confocal
Raman spectrometer (UIm, Germany) at 532 nm using a 50x object with a numerical
aperture of 0.8 and irradiation power of 15 mW to avoid surface graphitization upon
irradiation. Typical scan resolution was 0.5 ym in width and 1 ym in depth, limited by
the specified sampling scheme rather than the optical diffraction limit to reduce
acquisition time. The spectral resolution was maximized using an 1800 g/mm grating
and the observed spectral stability and resolution of the ~1332 cm™' Raman shift was
+0.01 cm™'. The linear relationship between Raman shift and strain was 360 MPa/cm™,
as previously determined [37,38]. For each strain measurement, 3 locations were
profiled, and 300 pixels were accumulated per location with an integration time of 0.2 s.
Each reported strain is the average of these 3 locations for a total of 900 pixel
accumulations. No significant differences were observed in the Raman spectra as a
function of location. Between each sample strain measurement, the Raman shift of the
reference diamond corresponding to unmachined surface of the specific sample being
studied and was used to account for any spectrometer instabilities. The Raman shift

distribution in the sample was determined using a Lorentzian fit in WITec Project
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software. Highly ordered pyrolytic graphite (HOPG) ZYB quality was purchased and
used without modification from Ted Pella (Redding, CA, USA) as a graphite standard.
Samples were then subjected to 24 hours of heat treatment at 600°C in air and
atmospheric pressure (~100 kPa) in a tabletop oven. After 24 hours the samples were
allowed to cool to room temperature over ~2-4-hour duration. Sample mass was taken
before and after heat treatment. The Raman measurements were then repeated as

described above.

5.5 Results and Discussion

For a given number of pulses, increasing the pulse energy increased the
observed hole depth and diameter, as shown in Figure 5.6(B) for 5,000 laser pulses.
The ablation thresholds for multiple pulse numbers were determined by the linear
relation in Equation (5-34), where D is the hole diameter, 2wy is the spot size, E, is the

single pulse energy, and Erxis the single pulse ablation threshold energy.

D? =2 a)(z)lni (554)
ETH

We observed distinct strong and gentle ablation regimes in HPHT diamond, as
shown in Figure 5.6(B) and Figure 5.17. While two distinct ablation regimes are most
observed during ultrafast machining processes; they have been observed with
nanosecond machining, including in diamond [21,39,40]. Gentle ablation proceeds
when the single pulse energy is below ~ 125 uJ and in this regime the spot size of the

laser was determined to be 14.1+ 0.8 ym. The gentle ablation threshold was determined
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Figure 5.6. Percussion hole drilling. (A). MicroCT radiograph showing the effect of
pulse energy on the diameter and depth of the ablated percussion hole. (B). Distinct
gentle and strong ablation regimes were observed during percussion hole drilling,
shown for 5,000 pulses. (C). The achievable depth as a function of single pulse
energy and number of laser pulses. (D). The aspect ratio was calculated using the
depth and percussion hole diameter as a function of laser pulses and single pulse
energy.

to be subject to incubation effects, with an incubation coefficient of 0.919 + 0.008 as
determined by Equation (5-35), where N is the number of pulses, @, is the multiple

pulse ablation threshold, and @, is the single pulse ablation threshold.
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In[N - ®y] = SIn[N] + In[P,] (5-35)
An incubation coefficient < 1 indicates that the ablation threshold decreases with
multiple pulses due to accumulation of laser induced damage regions that more strongly
absorb laser irradiation. Incubation effects are expected in diamond, given the starting
material is largely transparent with initial absorption driven only by crystal inclusions and

defects.

Accordingly, for 10,000 pulses the ablation threshold fluence was 12.4+ 1.4 J/cm?
which increased to 17 +3.3 J/cm? for 500 pulses, and a single pulse threshold fluence
was determined to be 29.5 + 1.3 J/cm?. The multiple pulse ablation thresholds are within
literature values for nanosecond machining of single crystal diamond, particularly for
HPHT diamond which has a higher ablation threshold than CVD diamond [21,41,42].
The low absorption coefficient of HPHT diamond and thermodynamic stability of

diamond contribute to the large threshold fluences.

The strong ablation regime began between 127-162 J/cm? and without the
observation of incubation effects. In this regime, we observed 3-7 ym eccentricities in
hole diameter between the x and y radiograph cross sections, which resulted in
variability in average hole size. The decrease in circularity of percussion holes at higher
pulse energies has been observed previously [43]. The higher energy pulses may drive
a more rapid expulsion of graphite leading to a larger relative increase in hole diameter,
evidenced by the steeper observed slope in Figure 5.6(B) and Figure 5.17

The maximum depth of percussion hole drilling achieved was 493.6 £ 6.4 um

using a single pulse energy of 592 uJ and 10,000 laser pulses. Within the gentle
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ablation regime, the hole depth
increased rapidly with single pulse
energy for a given number of laser

pulses, Figure 5.6(C). However, in

the strong ablation regime, the
additional depth provided by higher
energy pulses was reduced in
magnitude relative to the gentle
ablation regime.

The maximum achievable
T CaA 2000 T30 5E | : ‘ aspect ratio was 22.4 £ 1.8 using
10,000 pulses at a single pulse
energy of 177 pJ and is shown in
Figure 5.6(D). At higher powers, the
increase in hole diameter dominated

the nominal gain in depth resulting in

MIT CBA 20.0kV x750 SE 50.0pm

lower aspect ratios when > 5000

Figure 5.7. Average 40:1 aspect ratio holes pulses were used. As the pulse

in diamond. (A). MicroCT cross section
showing three holes fabricated with rotary
assisted drilled to a negativ.e focus of 250 ym plateaued at ~ 12 and 7 for 2,500
through 1.6 mm of HPHT diamond. From

bottom to top the number of machining cycle and 500 pulses at pulse energies
repetitions was increased from 1 to 3. (B).

The SEM of the entrance hole shows above ~ 75 uJ, respectively. Overall,
evidence of chamfer at the top of the hole.

(C). SEM of exit of the bottom hole, shows the the results of percussion hole drilling
expulsion pattern, reduced circularity, and

evidence of internal taper.

number decreased, the aspect ratio
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demonstrate distinct gentle and strong ablation regimes. The maximum aspect ratios
are obtained below the highest pulse energies applied, while maximum depths are
achieved at highest pulse energies and pulse accumulations.

Higher aspect ratios of up to 66:1 were achieved using a rotary assisted drilling
while the beam focus was advanced into the workpiece, as shown in Figure 5.11(E, F).
In this case, negative focus is defined as a translation of the focal plane of the laser
beam into the material. Large equivalent pulse numbers were used to achieve the high
aspect ratio holes, with 140,000 and 1,540,000 pulses for rough or finishing machining
cycles, respectively. The equivalent pulse number was computed as 2w, f /v, where fis
the laser repetition rate and v is the traverse rate. The average aspect ratio achieved
was 42.5, 38.6 and 39.3, respectively, where the number of machining cycle repetitions
was increased from 1 to 3. The largely unchanging aspect ratio with number of
machining cycle repetitions indicates pulse saturation was achieved. The formation of a
chamfer feature at the entrance hole resulted in minimum aspect ratios of 20.1, 20.5,
and 20.1, with chamfer geometry dependent on negative focus depth, Figure 5.20(A, B).
The exit hole was undersized, with corresponding aspect ratios of 66.4, 50.6 and 53.9
for 1 to 3 machining cycle repetitions. The non-uniform hole geometry and reduction in
exit hole circularity, shown in Figure 5.7(C), is related to the complex dynamics of
material vaporization, melt and debris expulsion. As machining progresses, the
absorptive losses increase within vaporized graphite and plasma, reducing the effective
energy density and ablation efficiency resulting in the hourglass shape of the hole.
Finally, occlusion of the diverging laser beam at depths far exceeding the Rayleigh

length of the laser beam results in the formation of chamfer and overall taper of ~ 0.9°.
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The far field divergence angle of the gaussian beam is 1.38°. Overall, we demonstrate
use of high accumulated pulse numbers to achieve, to our knowledge, the highest
aspect ratios in diamond using nanosecond laser machining to date.

While aspect ratios up to 66.4:1 were achieved, the inner diameter was non-
uniform, tapered, and with poor circularity. While micro-hole arrays have potential uses

in microfluidics and for thermal management, the fabrication of micro-tubes has
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Figure 5.8. 10:1 Aspect Ratio Machining. Top panels show the machining profile
used. The single pulse energy was either held constant while the machining focus
was negatively incremented down the machining depth (A-C, D) or ramped (E, G)
during initial rough cuts or final finishing cuts. The bottom panels show the laser
confocal scanning microscope images of the inner surface of a cross section of the
10:1 aspect ratio tube. SEM images are provided to show the entire structure,
uncropped images provided in supplementary information.
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additional applications in biocompatible devices and for magnetic resonance sample
holders, as we demonstrate in a forthcoming publication. For the latter application,
diamond sample holding tubes are pneumatically driven to rotational rates exceeding 7
x 108 RPM [29,30] As such, we aimed to minimize internal taper angle by varying the
irradiation profile for a constant target aspect ratio of 10:1, as shown in Figure 5.8 and
described previously. The impact of the machining profiles on the chamfer angle, overall
taper, taper excluding chamfer, and entrance diameter is provided in Figure 5.9. Three
samples were machined with a constant single pulse energy (Figure 5.8, A, C, [). A
constant single pulse energy of 27 pJ, nearly 3x the gentle ablation threshold, was
insufficient to promote thermal ablation throughout the entire 3 mm thick diamond, with
a resulting ~4° internal taper along the maximum depth machined of ~2.1 mm, as
shown in Figure 5.8 (A, B) and Figure 5.9. At all higher single pulse energies, the inner
diameter was machined throughout the entire 3 mm sample. In all samples, the single
pulse energy was linearly correlated with the chamfer angle and the entrance diameter.
Maximum chamfer angles up to 16.8° and entrance diameters ~100 ym greater than the
target diameter were observed with constant, high-energy finishing passes at 592 uJ.
The length of the chamfer is roughly 100-200 ym and is formed by the diverging beam’s
expanded beam waist having sufficient energy to induce ablation. We note, while
machining the inner diameter 1 mm beyond the target inner diameter length aids in
taper also increases chamfer angle.

While chamfer was positively correlated with pulse energy, minimization of taper
angle was generally achieved with high average pulse energies, as shown in Figure 5.9.

The lowest overall taper angles of 0.80° and 0.72° were achieved using ramped pulse
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energy machining with average pulse energies of 422 or 507 pJ, shown in Figure 5.8
(E, F). However, at a pulse energy of 592 uJ, roughly 5x the strong ablation threshold,
the overall taper increased to 0.95°, comparable to the sample machined with a
constant pulse energy of 226 pJ or that of the 40:1 aspect ratio holes. At such pulse
energy, the constant application of laser irradiation with a beam waist of up to 55 ym
containing sufficient energy density to generate ablation results in the observed chamfer
formation that dominates the overall taper of the hole.

When considering the inner diameter taper angle excluding chamfer, the use of
high pulse energy finishing passes results in taper angles between 0.11 and 0.17°. We
conclude the effect of high pulse energy is on the dynamics of debris and vapor ejection
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Figure 5.9. Characteristics of 10:1 Aspect ratio structures. The effect of average single
pulse energy on the chamfer angle, overall taper, taper excluding chamfer and the entrance
diameter is determined. At high average single pulse energies, taper can be reduced,
however, up to ~17° of chamfer occurs, corresponding to nearly a 100 um increase in the
entrance hole diameter.
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from the machined hole. When the energy density is ramped toward higher fluence at
the base of the hole, a greater fraction of ablated material is removed from the bottom of
the hole and reduces beam attenuation, as reported in the literature [44]. In contrast, at
lower pulse energies the upward material removal fraction is dominant, with debris,
vapor, and plasma strongly attenuating the incident irradiation. Additionally, the use of
high-power pulses may further reduce particulate size, resulting in higher ejection
velocities and reduced taper. The development of tunable chamfer may be
advantageous for many applications. However, when chamfer is detrimental this region
can be removed during processing, leaving a structure with very low internal taper
below the beam divergence angle.

While use of high pulse energies aided in the fabrication of low internal taper
10:1 aspect ratio tubes, high energy nanosecond laser machining can result in large
heat affected zones with associated laser induced damage. Confocal Raman
spectroscopy is an accepted method of mapping the internal strain in CVD diamond, in
addition to characterizing the effects of laser machining [12,20,37,38,45-47]. In this
study, confocal Raman spectroscopy was applied to characterize the effects of the laser
machining process including the formation of graphite and amorphous carbon and
generation of laser induced strain. The ablation mechanism was confirmed by the
presence of surface localized graphite, in addition to generation of amorphous carbon,
shown in Figure 5.24. From Raman images, the surface graphite layer was found to be
1-2 ym thick.

Raman strain mapping was performed on all 10:1 aspect ratio tube cross

sections and unmachined reference samples from the corresponding starting material.

218



The starting material had been previously laser cut into trapezoidal logs, and Raman
mapping was performed on the first 15 ym of unmachined surface. The linear
relationship between Raman shift and strain was 360 MPa/cm™', as previously
determined [37,38].As shown in Figure 5.10, reference samples without in-house
machining had tensile strains ranging from -34 to -51 MPa. In these samples, areas of
lowest strain were found within the first 1-2 ym of the surface, depicted in Figure 5.25.
Further below the surface, greater magnitudes of tensile strain were observed, but was
homogeneously distributed, as indicated in Figure 5.10 and Figure 5.25. The observed
tensile strain indicates an increase in effective bond length relative to the ideal diamond
crystal lattice. The baseline strain is attributed to two factors: (1) the presence of defects
and P1 center inclusions within the stock material and (2) prior exposure to unknown
levels of laser irradiation during stock material processing by Element6.

In all machined samples, laser ablation resulted in a broadened strain
distribution, particularly within the first 2.5 pm of the surface relative to reference
samples. For samples machined with average single pulse energies of 27, 266 and 422
pd, less than a 5% net increase in strain was observed. This represents an increase in
tensile strain of ~ 3 MPa, which is on the order of the stability of the spectrometer
across measurements. However, when 592 uJ finishing passes with ~ 2.2 M equivalent
laser pulses were used, we observed a resultant 16-36% increase in induced strain.
This corresponds to a total tensile strain of 48 and 55.4 MPa. In these two samples, the
accumulated exposure to high energy laser irradiation and prolonged thermal treatment

resulted in additional elongation of the carbon-carbon bonds in the crystal lattice.
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Figure 5.10. Laser machining induced strain in single crystal diamond. The effect of
laser machining on internal strain in the diamond crystal was determined using confocal
Raman spectroscopy. In the top panel, reference sections from the 10:1 aspect ratio tube
and unmachined by the Oxford laser were used as a standard sample. All standard samples
showed tensile strains between ~35-51 MPa in magnitude with narrow strain distributions
within a sample. In the middle panels, samples were studied through the first 15 um of
material and the distribution of internal strain computed. The dashed line corresponds to the
average strain in the reference sample. The bottom panel shows the same machined
samples following 24 hours of heat treatment at 600° C. In all cases the strain induced by
laser machining is comparable or reduced to that in the reference sample.

Following laser machining, samples were subjected to oxidative heat treatment at
atmospheric pressure for 24 hours to remove graphite from the surface of the material.
At temperatures above 700°C and ambient pressure, diamond can begin to burn and
form graphite, as such, the temperature was maintained at 600°C [48-50].

Representative samples were weighed before and after heat treatment with typical
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mass changes on the order of £2%. Raman spectroscopy was repeated and in all cases
a reduction in total strain was observed, including in reference samples. Typical
reduction in strain for reference samples following heat treatment was ~ 32%. A 26-59%
percent reduction of strain in machined samples following heat treatment was
uncorrelated with the machining power applied. The laser induced broadened strain
distributions was observed to be reversible, as evidenced by the comparable standard
deviation in strain measurement for all samples following heat treatment, provided in
Figure 5.10 and Table 5.5. For additional Raman images and detailed strain changes in
all samples, we refer the reader to the supporting information.

High temperature (> 1700 °C) annealing using either high pressure (> 50 kBar) or
low pressures (< 0.4 Bar) in diamond has been previously found to reduce strain and
modify defects such as nitrogen vacancy centers in diamond [51-55]. In these cases,
strain was relieved via vacancy diffusion and crystal lattice defect rearrangement that
reduces non equilibrium bond distances within the lattice. In the case of heat treatment
up to 800° C in nanodiamonds, strain release has been observed, however, this was
concurrent with crystal volume loss and surface graphitization via surface etching [56].
A twofold mechanism was proposed in which the strained, surface exposed crystal was
graphitized, and the interior lattice structure was homogenized by defect annihilation. In
a recent study, low temperature annealing up to 500°C reported reduction in radiation
stains of natural diamond via reduction in interstitial carbon vacancy complexes at lower
activation energies than nitrogen vacancies [57].

In the present study, we did not observe heat treatment induced graphitization of

any samples or crystal volume loss. We hypothesize the thermal energy supplied was
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sufficient to aid in the dispersal of unstable impurities, such as metal catalyst inclusions,
that led to more homogeneous and slightly decreased strains, of low initial magnitude.
In HPHT/LPHT annealing, changes in strain are often on the order of a few gigapascals,
indicating much larger changes to the diamond crystal lattice. While Raman spectra
show no evidence of graphitization, we cannot fully exclude graphitization of the surface
and thermal etching as the mechanism of strain reduction. Further study should also
include electron paramagnetic resonance (EPR) studies to determine if charge transfer
or transformation of defect states derived from P1 center (C-center) substitutions has

occurred.

5.6 Conclusion

In conclusion, we have characterized the effect of pulse energy, pulse
accumulation, machining depth, and drilling method on nanosecond laser machining of
diamond. We observed two distinct machining regimes in HPHT diamond, dictated by
the thermal diffusivity of the diamond in relation to accumulated thermal energy within
the lattice. The achievable aspect ratio is dictated by the pulse energy and number, with
a required balance between excessive chamfer formation at high pulse energy and
machining depth. At maximum, 66:1 aspect ratio was obtained, with the average aspect
ratio of ~40:1 being achieved following saturation of multiple pulse (> 10°) effects in
diamond. While low internal taper is achieved with high pulse energy, the concurrent
formation of chamfer must be carefully controlled. A minimum 0.11° internal taper angle
was achieved over ~ 3 mm lengths at an aspect ratio of 10:1, representing an important

step toward high precision, low taper structures in diamond. Finally, the nanosecond
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diamond laser machining process was profiled using confocal Raman spectroscopy and
formation of surface localized amorphous carbon and graphite was confirmed. All
samples had between -30 to -55 MPa of tensile strain, which was increased by ~ 36%
upon application of high energy laser irradiation. In all cases, the distribution of internal
tensile strains was broadened particularly within the first 2.5 ym of diamond following
laser irradiation. However, these effects were reduced following heat treatment at
600°C. Overall, the results presented here demonstrate the utility of nanosecond
machining in the fabrication of high aspect ratio diamond structures and a method of

mitigating nanosecond laser induced changes in diamond.
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5.7 Supporting Information

Figure 5.11.Homebuilt laser-lathe apparatus. In all configurations, the laser beam is
incident from the top of the image. Baseplates of laser lathe allow for adjustment of
pitch and yaw in addition to kinematic couplings for reliable re-orientation between
machining schemes. The rotary stage provides 1000 degrees/s rotational speeds used
during machining inner and outer diameters of high aspect ratio holes. (A,B). Laser
lathe orientation for outer diameter machining, used to turn the 10:1 aspect ratio tubes.
(C,D). Orientation used for machining the inner diameter of 10:1 aspect ratio tubes.
(E,F). Fixture used to machine ~40:1 aspect ratio tubes.
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Figure 5.12. Laser power output. The measured average laser power as a function of
percent transmission was measured using the built in power meter. A linear relation is
maintained between the transmitted laser power and pulse energy across the powers
used in this study.
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Figure 5.13. Optical properties of Type I HHPHT Diamond. Absorption coefficient
and optical penetration depth for type I b HPHT diamond. Measured was performed
using a Perkin EImer Lambda 1050 UV/VIS spectrophotometer on a 1.1 mm thick
diamond sample. At 532 nm, the absorption coefficient was found to be 4.19 + 0.002
cm'. The optical penetration depth was calculated to be 2.39 + 0.13 mm at 532 nm.
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Figure 5.14. SEM of percussion holes. SEM of percussion holes used to determine
ablation threshold. Extensive cracking was observed at the 5 lowest powers for 7500
and 10000 pulses. These tests were repeated and provided in the left most section of
the figure. Holes were repeated four times.

227



Pulses/ 500 2,500 5,000 7,500 10,000 Pulses/ 500 2,500 5,000 7,500 10,000

- TR . P
- TR -
- WA
Tnfwﬂwwwwm
I 10::Z“WHWWITWWWW 2

Figure 5.15. MicroCT Cross section views of percussion holes in the y-direction.
CT scans were acquired with 2.1 um voxel resolution. Each image is an average of 3
adjacent slices to ensure the center of the hole is captured for each sample.

228



Single Pulse Energy (uJ) Single Pulse Energy (pJ)

Single Pulse Energy (uJ)

W~ LW mad
D =M~ LW N~M
—r— N T W0

Single Pulse Energy (uJ)
o QWY oy

MW N~ O -~ OW N
N = COFFC\IC')KI‘U)

500
pulses

Figure 5.16. MicroCT cross section views of percussion holes in the x-direction.
CT scans were acquired with 2.1 um voxel resolution. Each image is an average of 3
adjacent slices to ensure the center of the hole is captured for each sample.
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Pulse Spot Size | Gentle Gentle Strong Ablation | Strong
Number Ablation Ablation single pulse Ablation
single pulse threshold energy threshold
energy fluence threshold (pJ) | fluence
threshold (uJ) | (J/cm?) (Jlcm?)
10,000 [129+11 |9.6+0.5 124+ 1.4 124.7 £ 13.7 161.6 +
22.4
7,500 13.7+£0.2 | 11.5+28 14.9+3.5 120.7 £18.9 156.4 +
26.5
5,000 143+£03 |126+25 16.4 £ 3.2 109.1 £ 22.1 141.4
28.7
2,500 147+02 |13.3+1.8 172126 102.5 £ 26.6 132.7 £
32.9
500 148+01 |13.2+25 17.0+3.3 97.9+245 126.9 +
30.5

Table 5.1.Ablation threshold of HPHT diamond. The ablation threshold in gentle and
strong regimes are provided as a function of pulse number. For all fluences, the peak

fluence was computed.
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Figure 5.17. Determination of multiple pulse ablation threshold. The effect of
multiple pulses on the square of the hole diameter as a function of single pulse energy.
The red plot indicates the strong ablation regime, while the blue plot is for the gentle
ablation regime.
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Figure 5.18. Single pulse ablation threshold. The single pulse ablation threshold is
determined from the plot of the natural log of the pulse number vs. the natural log of the
product of the N-pulse ablation threshold, and the number of pulses, N.
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Figure 5.19. Entrance and Exit holes of ultra-high aspect ratio holes. SEM of the
entrance and exit hole sides of holes 1 through 3. Diamond sample was sputter coated
with 100 nm of gold prior to SEM.
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Position 0 0.4 0.67 1.3 1.6 Average
(mm)

Diameter | 79.7 46.4 29.7 42.6 24 1 445
hole 1 (um)

Diameter |77.9 46.3 33.4 40.8 31.6 46.0
hole 2 (um)

Diameter |79.8 46.4 31.6 42.7 29.7 46.0
hole 3 (um)

Table 5.2 Inner diameters of 40:1 aspect ratio holes. Hole inner diameter (um) as a
function of position down the depth of the hole for each of the three holes shown in
Figure 5.7. A position of 0 mm corresponds to the surface of the entrance of the laser
machined hole, while a position of 1.6 mm corresponds to the bottom surface of the exit

hole.

Position 0 0.4 0.67 1.3 1.6 Average
(mm)

Aspect ratio | 20.1 34.5 53.9 37.6 66.4 42.5
hole 1

Aspect ratio | 20.5 34.6 47.9 39.2 50.6 38.6
hole 2

Aspect ratio | 20.1 34.5 50.6 37.5 53.9 39.3

hole 3

Table 5.3. Aspect Ratio as a function of position. Aspect ratio as a function of

position down the depth of the hole for each of the three holes in Figure 5.7.
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Figure 5.20. Chamfer as a function of machining depth. The fabrication of ~40:1
high aspect ratio holes resulted in considerable observed chamfer near the top ~150 um
of the entrance hole. The laser beam profile is overlaid onto the hole in green and
centered 10 ym from the center of rotation of the part, representing the 20 um nominal
hole diameter tool pathed. The observed chamfer increases linearly to the machining
depth. The machining depth is defined as the distance the z-axis is stepped down to
maintain optical focus into the material during machining.
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Figure 5.21. Uncropped SEMs of 10:1 Aspect Ratio holes. Uncropped images of the
10:1 aspect ratio tubes in Figure 5.8.
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Figure 5.22. Definition of chamfer and taper angles. Chamfer and taper angles were
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determined by analyzing SEM data using Autodesk Inventor CAD software.

Average Single | Chamfer Angle | Overall Taper Taper Excluding | Entrance
Pulse Energy (Degrees) (Degrees) ?;:grr:;z; ) Diameter
(uJ) (um)

27 4.03 £ 0.04 4.03 +0.04 4.03+£0.04 325.0+1.7
226 10.55 + 2.01 0.92 £ 0.05 0.69 + 0.05 328.7+4.2
422 11.83 £ 0.51 0.80 £ 0.02 0.33+0.04 371.2+2.0
507 16.27 £+ 1.14 0.72 £ 0.04 0.11+£0.05 388.9+0.8
592 16.80 £ 1.50 0.95+0.06 0.17 £0.05 399.2+0.8

Table 5.4. Chamfer, taper, and diameter of 10:1 aspect ratio holes.
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Figure 5.23. Surface finish of 10:1 Aspect Ratio Tubes. The surface roughness, Ra
was determined for an 3 mm long, ~ 25 um section down the center of rotation of the
10:1 aspect ratio tube using a Keyence VK-X250 laser scanning confocal microscope at
20x magnification. The optimal machining regime for surface finish was found to be
using an average single pulse energy of 507 uJ. This corresponds to a ramped roughing
cut procedure from pulse energy of 266 pJ to 592 pJ, followed by a finishing pass at
592 pJ.
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Figure 5.24. Surface Graphitization during ns laser machining. Under nanosecond
laser machining of diamond, laser absorption drives a phase transition from diamond to
graphite. While most graphite is vaporized during machining, a thin layer, ~ 2 ym,
remains on the machined inner surface. In the figure, the graphite signal is colored blue
and corresponds to the sum of signals originating from the Raman shift of 1594 + 60
cm'. The diamond signal is colored red and corresponds to the sum of signals
originating from the Raman shift of 1332 + 25 cm-".
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Figure 5.25. Raman images of 10:1 aspect ratio tube cross sectional samples.
Each image is 10 um wide and the result of 900 accumulations averaged across three
locations on the sample at 250 ym, 1250 pym, and 2750 ym down the tube length. No
significant changes were observed as a function of location along the tube. For the
unmachined reference samples, a depth of 15 pm was profiled from the top of the
sample. For surface strain measurements, a depth of -1 £ 2 ym was profiled, while for
the below surface strain measurements a depth of -13 £ 2 ym was profiled.
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Average | Reference, | Reference, | Reference, | Machined | Induced Machined | Sample,

Single Pre-Heat Post Heat | Heat Sample, Strain Laser | Sample, change in

Pulse Treatment | Treatment | Treatment | Pre-Heat | Machining Post Heat | strain

Energy | Strain Strain Treatment Treatment | heat
(MPa) (MPa) Strain Strain treatment

(MPa) (MPa)
27 -34.4+3.4 -20.94£3.2 -39% -35.2+4.6 | 2% -23.4+2.0 | -34%
266 -36.4+2.5 | -29.9+1.8 -18% -36.616.2 | 0.5% - -30%
25.5+0.81

422 -50.8+2.8 -32.612.4 -36% -53.334.5 | 5% -26.912.6 | -50%

507 -35.2+1.7 -31.7£2.0 -10% -48.0£7.7 | 36% -35.4+2.0 | -26%

592 -47.8+2.5 | -20.4+2.7 -57% -55.4+5.0 | 16% -22.5£1.9 | -59%

Table 5.5. Measured strain values from confocal Raman spectroscopy. The
reference sample strain measurements are provided before and after heat treatment, all
samples show at least a ~10% reduction in strain and up to 57% reduction. The net
laser induced strain as a percent increase is provided prior to heat treatment. Following
heat treatment, the strain was re-measured in the machined samples and the percent
reduction in strain is provided, relative to the machined sample prior to heat treatment.
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Figure 5.26. Pre and Post Heat Treatment Strain. Observed strain in the diamond
crystal as a function of machining power before and after heat treatment at 600° C for
24 hours. In all cases, high temperature treatment reduces the observed internal strain
in HPHT diamond. This step importantly mitigates any strain introduced during the
machining process.
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Chapter 6 : Diamond Rotors

Adapted and reproduced from: Natalie C. Golota®, Zachary P. FredinT, Daniel P. Banks,
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Erik Strand, Brian Michael, Blake Dastrup, Keith A. Nelson, Neil Gershenfeld, Robert

Griffin. Journal of Magnetic Resonance. 2023. 107475.
T These authors contributed equally to this work.

6.1 Introduction

Magic angle spinning (MAS) nuclear magnetic resonance (NMR) is one of the
only spectroscopic techniques that can determine molecular structures at atomic
resolution while probing molecular dynamics in insoluble, non-crystalline biomolecules
and materials[1,2]. Accordingly, over the past two decades, MAS, together with dipole
recoupling experiments [3], has evolved into a critical tool for structural biology research
in systems such as amyloid fibrils [4-8], membrane proteins [9-11], macromolecular
viral assemblies [12,13], and in a variety of materials science problems [14-16]. Despite
these successful studies, many of the most pressing and complex biomedical and
materials science challenges remain inaccessible due to limited resolution, inherently
poor sensitivity, and the requirements for copious isotopically enriched samples.

To address these limitations in solids, several decades of development have led
to the advent of sophisticated MAS stators and rotors, and a progressively miniaturized
series of yttria-stabilized zirconia (YSZ) cylindrical and more recently spherical rotors
[17-21]. While MAS rotors have been fabricated using a variety of materials -- silicon
nitride, sapphire, Delrin® and MACOR® -- only YSZ has been employed to date in the
fabrication of commercially available rotors less than 3 mm in outer diameter. With
commercially available 0.7 mm YSZ rotors and N2 gas as the driving fluid, MAS

frequencies up to 111 kHz are routinely achieved. More recently prototype 0.4 mm and
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0.5 mm YSZ rotors were reported to spin at w,./27r=150 to 200 kHz MAS [22,23], again
using N2. At present the spinning frequencies are limited by the speed of sound in Na.
However, the improved resolution and sensitivity from spinning frequencies greater than
100 kHz have enabled important insights into the study of samples ranging from
amyloid fibrils to membrane proteins [24-26]. Despite these significant advances, the
achievable proton resolution under MAS restricts ubiquitous adoption of proton
detection in the solid-state, as is performed in solution NMR. Recognizing this limitation,
several groups have calculated the theoretical MAS frequency required to yield solution
like linewidths and coherence lifetimes in solids to be ~300 kHz and in many cases up
to 1 MHz (18-60 x 10° RPM) [27-29].

In addition to proton-detected MAS methods, dynamic nuclear polarization (DNP)
can be used to enhance the sensitivity of solid-state NMR. DNP uses microwave
irradiation to transfer the high spin polarization of electrons to nuclear spins at cryogenic
temperatures (typically ~100 K), offering a theoretical maximum enhancement of ~660
relative to conventional NMR [30,31]. This has stimulated significant developments with
gyrotron microwave sources and low temperature MAS probes that have enabled DNP
on biomolecules in frozen solution with enhancements routinely yielding ~50-100 [32-
34]. However, at the high magnetic fields (>16.4 T) required for improved spectral
resolution, typical CW DNP mechanisms become less efficient. Consequently, the
continued development of high field DNP methods is focused on improving (a)
polarizing agent efficiency, (b) microwave coupling efficiency into the rotor, (c) the

achievable sample temperature, with lower temperatures yielding higher enhancements,
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(d) instrumentation for time domain DNP experiments and (e) the achievable MAS
frequency at 100 K [35-44].

The continued expansion of MAS NMR to the most biomedically relevant systems
likely requires realizing spinning frequencies greater than 300 kHz coupled with improved
efficiency during DNP experiments. Current MAS NMR rotor technology has relied solely
on decreasing the rotor diameter to achieve higher spinning frequencies, with a resulting
decrease in sample volume up to the cube of the rotor radius. However, rotor diameters
and associated spinning components are approaching fabrication limitations while the
MAS frequency remains insufficient. Thus, without introducing new rotor materials used
to fabricate MAS rotors, the required higher MAS frequencies are increasingly difficult to
achieve.

The study of currently inaccessible ex-vivo protein samples using MAS NMR
motivated our development of novel laser micromachining methods. These applications
require the combination of high spinning frequencies, o/2r > 100 kHz, with large
sensitivity enhancements from DNP at high magnetic fields. In particular, it is critical to
employ a new rotor material and associated fabrication methodology that will enable MAS
in the 150-300 kHz regime. The desirable properties of the material should include high
strength, high thermal conductivity, and low THz absorption material, and, as illustrated
in Figure 6.1 the ideal material to simultaneously satisfy these three criteria is single
crystal diamond. Additional data relevant to this point is available in the Supporting
Information, Figure 6.8. Diamond’s cubic crystal structure provides exceptionally high
atomic bond strengths, making it one of the strongest materials available. However, the

high strength of diamond also prohibits application of traditional mechanical drilling or
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abrasive grinding methods. While laser machining is utilized to fabricate diamond micro-
structures, the required ~10:1 aspect ratio (referring to the ratio between the length and
inner diameter of the rotor), micron tolerances and near zero internal taper of MAS rotors
were thought to be unattainable using available laser machining strategies. As such, there
were no commercially available methods of fabricating diamond rotors.

Herein we describe a novel laser micromachining strategy using dual-sided axial
ablation to fabricate diamond rotors with less than 0.05° of internal taper while maintaining
micron tolerances. We quantify spinning stability at w,/2m =111 kHz with a standard
deviation in spinning frequency of <4 Hz (0.004%), further demonstrating the success of

the machining strategy. Finally, we present the initial 'H detected MAS NMR spectra
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Figure 6.1. Advantages of Diamond Rotors. The diamond mechanical failure
region is estimated to be a factor of 1.5-2.5 times higher than that of conventional
YSZ rotors. Over the range of required temperatures for DNP NMR, using diamond
will allow for MAS frequency increase by taking advantage of helium gas’s high
speed of sound. Speed of sound data for both helium and nitrogen gases as a
function of temperature obtained from Ref [45]. (B). The improved thermal
conductivity of single crystal diamond relative to sapphire or zirconia offers rapid
sample temperature equilibration and efficient heat dissipation induced during fast
MAS and microwave irradiation under DNP. Thermal conductivity data obtained from
Ref [46-48]. (C). THz field transmission measurement for diamond, sapphire (‘C-cut’
orientation), and zirconia.
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obtained using diamond rotors. These results highlight the feasibility and potential
dramatic change that continued development of such technology can bring to the field of

solid-state NMR.

6.2 Experimental

6.2.1 Rotor Fabrication

Rotors were fabricated using an Oxford Lasers (Didcot, Oxfordshire, UK) A-series
laser micromachining system equipped with a Q-switched 532 nm diode-pumped
Nd:YAG laser with a spot size of 13-14 um. The pulse duration was ~ 20 ns at a
repetition rate of 5 kHz. Single crystal high pressure high temperature (HPHT) type Ib
diamond was purchased from Element6 (Didcot, Oxfordshire, UK) for ~ $20/mm3. All
machining operations were aligned to the 100 (4 point) crystal axis to avoid the (111)
diamond cleavage plane. A lab-fabricated precision lathe apparatus was used for all
machining operations and relied upon a Thorlabs (Newton, NJ, USA) DDR100 direct
drive rotary stage to achieve rotational frequency of 2.76 Hz (166 RPM) during both
inner and outer diameter machining steps. The diamond was secured using a flexural
clamp fabricated from 17-4 stainless steel and was mechanically flipped for a second
axial machining step to reduce inner diameter taper. Alignment was maintained in this
process through use of a fabricated Kelvin-style magnetic kinematic coupling system
(Figure 6.9). Typical fluences used ranged from 300 J/cm?to 770 J/cm?. A complete
description of the fabrication process is given in Figure 6.10. Following fabrication, the
rotors were subjected to 24 hours of heat treatment at 600°C in air to remove graphite

and amorphous carbon formed during machining using a tabletop oven.
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6.2.2 Rotor Characterization

Immediately following machining, graphite coated machined surfaces were
characterized using a Hitachi FlexSEM1000 SEM (Tokyo, Japan). Inner diameter tapers
were measured using a Nikon Metrology XT H 160 MicroCT (Tring, UK) at 3 ym voxel
resolution. CT reconstruction was performed using CT Pro3D XT 5.4 software (Nikon
Metrology, Tring, UK) and visualized using VGStudio by Volume Graphics Inc.
(Charlotte, NC, USA). Rotor inner and outer diameters were characterized using a
Keyence (Osaka, Japan) TM-X5006 telecentric measurement system with £0.2 ym
measurement positional accuracy. A detailed description of rotor measurements is

given in the supporting information.

6.2.3 Raman Analysis

Single crystal HPHT diamond was analyzed without modification, in addition to
machined samples pre- and post-heat treatment. Highly ordered pyrolytic graphite
(HOPG) ZYB quality was purchased and used without modification from Ted Pella
(Redding, CA, USA) as a graphite standard. Raman analysis was performed using a
Renishaw Invia Reflex spectrometer equipped with a confocal microscope. Raman
excitation was performed using a 532 nm laser. Raman shifts were calibrated against a

silicon standard and data was processed using Renishaw’s WiRE™ software.

6.2.4 THz Transmission Measurements

Terahertz transmission spectra were collected using a standard terahertz time-
domain spectroscopy (THz-TDS) [45]. Broadband THz radiation was generated by

optical rectification in a 1 mm thick ZnTe crystal using the 1 mJ, 100 fs output of an
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Astrella Ti:Sapphire regenerative amplifier (Coherent Inc, Santa Clara, CA USA)
operating at a repetition rate of 1 kHz and with a center wavelength of 800 nm. The THz
beam was focused onto the sample (beam waist ~ 2 mm) at normal incidence, and then
collected and refocused onto a 2 mm thick ZnTe crystal for electro-optical detection
using three paraboloid mirrors after sample transmission. Sample thicknesses were
1.93 mm, 1.17 mm, and 6.37 mm for zirconia, diamond, and sapphire, respectively.
10% of the amplified laser output was split off prior to THz generation, time-delayed,
and recombined with the THz beam at the detection crystal. Time-domain traces of the
THz electric field were obtained by time delaying the THz and 800 nm probe pulses with
respect to each other in a stepwise fashion. In this process, the instantaneous THz
electric field at each time-step is encoded onto the polarization state of the probe pulse,
which is then read out using a typical balanced detection scheme. THz transmission
spectra were then obtained by computing the fast Fourier transform of the time-domain
THz traces collected with and without the sample in place. The refractive index, surface
reflections, and absorption coefficient were used to compute the absorption and
reflection coefficients, A and R, Figure 6.8. These were then used to compute the
percent transmission for a 1 mm sample thickness of each material using the equation

T=1-A-R.

6.2.5 MAS Stability Testing

Diamond rotors were fitted with Bruker BioSpin (Billerica, MA, USA) Vespel®
drive tips and end caps. For MAS stability testing rotors were packed with potassium

bromide powder (KBr) purchased from Millipore-Sigma (Burlington, MA). MAS control
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was achieved using dry nitrogen spinning gas, a MAS 3 Controller (Bruker BioSpin,
Billerica MA, USA), and a 0.7 mm test stand system (Bruker BioSpin, Billerica, MA
USA) (Figure 6.16). MAS frequency was recorded at 1 s intervals using a Rigol
oscilloscope (Suzhou, China) DS1104Z oscilloscope and logged using a Python script.
The spinning frequency data was analyzed using Matlab (Mathworks, Natick MA). A 0.7
mm YSZ rotor was used as a standard in MAS stability measurement and was
purchased from Bruker BioSpin. 1.3 mm YSZ rotors used in failure testing were
purchased from O’Keefe Ceramics (Woodland Park, CO USA), packed with KBr, and

fitted with end caps and drive tips were purchased from Bruker BioSpin.

6.2.6 NMR Spectroscopy

A diamond rotor was packed with a 1:1 mixture of U-3C, >N N-Formyl-
methionyl-leucyl-phenylalanine-OH previously packed into a larger MAS rotor and
zirconia powder (Sigma Aldrich, St. Louis MO). All spectra were acquired at a static field
of 18.8 T (800 MHz "H) with a three channel (HCN) 0.7 mm Bruker MAS probe. The
sample was spun at 111 kHz using a MAS 3 controller. The 90° pulse durations were
1.875 us, 3 us, and 3 us for 'H, '3C, and "°N, respectively. Dipolar based CP-HSQC
spectra were recorded using the pulse sequence previously described [46]. 'H-"3C
forward cross polarization (CP) was achieved with a contact time of 2 ms while the 'H
RF-field amplitude was ramped from 142 kHz to 158 kHz and the carbon RF field was
constant at 36 kHz. "3C-'H back CP was achieved using a contact time of 1.2 ms while
the proton RF field amplitude was ramped from 158 kHz to 142 kHz while the 3C RF

amplitude was constant at 45 kHz. 'H-"N forward CP was achieved with a contact time
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of 1.5 ms while the proton RF amplitude was ramped from 140 kHz to 156 kHz and the

SN RF amplitude was constant at 28 kHz. The '®N-'H back CP was achieved with a 1.2

ms contact time during which the 'H RF field was ramped from 156 kHz to 140 kHz

while the "N RF amplitude was constant at 40 kHz. During both CP-HSQC

experiments, swept-low power TPPM at an RF field amplitude of 22.6 kHz was used for

proton decoupling during t1 and WALTZ-16 was applied to *C or '°N at RF field

strength of 10 kHz [47,48] . Water suppression was achieved through the MISSISSIPPI

pulse sequence without homospoil gradients [49], using a 23 kHz RF field and 200 ms

pulse duration. Spectra were apodised using 60° shifted squared sine bells and zero

filled to at least twice the number of
points in the indirect dimension.
Additional acquisition parameters are

given in Table 6.2.

6.3 Results and Discussion

To address current limits in
MAS instrumentation, and thus
applications of MAS NMR, we
developed laser micromachining
methods to realize diamond rotors.
Prior to this work, it was predicted that
the combined high aspect ratio, micron

tolerances and near zero required

le———4.60 mm—>|_L

L e A P o T A A S s

Figure 6.2. Diamond rotors. (A). CAD
model of 0.7 mm rotor and associated
dimensions. (B). Photograph of assembled
diamond rotor including drive tip and end
cap. (C). Isometric view of diamond rotor
from microCT scan. (D). Cross section view
of microCT scan of a diamond rotor.
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internal taper angle could not be
achieved in diamond. However, we
demonstrated a dual-sided axial
machining strategy that enabled
fabrication of diamond rotors. During
nanosecond laser machining of
diamond, thermal energy is absorbed
by imperfections in the diamond
crystal lattice, resulting in a phase
transformation from diamond to
graphite. At radiation levels beyond
the threshold fluence of diamond,
graphite is largely vaporized and
expelled from the inner diameter of the
hole. However, during this process,
the laser beam becomes partially
attenuated by the formation of a
plasma, effectively reducing the depth

of hole that can be obtained in

Figure 6.3. SEM of diamond rotor. (A).
Diamond rotor side 1 (entrance hole) with
annotated wall thickness. (B). Diamond rotor
side 2 (exit hole).

diamond. Fluences at least twenty-five times the ablation threshold for diamond

combined with dual-sided axial machining allowed sufficient radiation incident to the

diamond, enabling the fabrication of ~ 5 mm deep holes in diamond with ~0.5 mm

diameters.
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To quantify the geometric dimensions and tolerances achieved during laser
micromachining, we employed a variety of methods including SEM, microCT and optical
telecentric measurement. The dimensions for several commercial zirconia rotors and
diamond NMR rotors fabricated in-house are given in the supporting information, (Table
6.1). Typical measured outer diameters and rotor-to-rotor tolerances are 695 + 5 ym, as
determined using a non-contact optical telecentric measurement system with a
published accuracy of + 0.2 ym. With this method, we were able to achieve typical
internal tapers of less than ~ 0.05° over 4.6 mm, as determined by analysis of SEM data
(Figure 6.3) and verified by microCT (Figure 6.2). The resulting rotors produced using
mechanical re-orientation (Figure 6.9) demonstrated an inner and outer diameter
concentricity error of less than 13 pm for all rotors, as shown in the SEM
measurements.

The total fabrication time per rotor, which is mostly automated, is currently ~ 6-10
hours, with the potential for optimization to further reduce the fabrication time. The
reproducibility of the fabrication scheme used to date is highly dependent on the
structural integrity of the flexural clamping mechanism used to hold the rotor during
fabrication, shown in the supplemental information, along with operator technique and
careful alignment of the machining apparatus. These shortcomings can be further
improved by changing the machining methodology to reduce the need for manual
manipulation of partially machined rotors. Despite this, our current strategy for
fabricating diamond rotors is uniquely suited to continued miniaturization of MAS

components, whereas conventional ceramic drilling technologies are already
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Figure 6.4. Raman analysis of diamond rotor fabrication. (A, D). In the starting
material only diamond is detected. (B). Photograph of machined diamond material
without heat treatment; graphite layer is visually contrasted with unmachined yellow
diamond. (C). After heat treatment the graphite is observed to be removed. (E).
Raman spectroscopy of HOPG graphite Raman spectra (red) used as a standard
sample used to confirm presence of graphite on machined sample (black). (F).
Following 24-hour heat treatment, graphite is removed from the machined sample.
approaching feasibility limitations. For further details on the machining process, we refer
the reader to the supplementary information.

Raman spectroscopy was used to confirm the laser ablation mechanism
previously presented in the literature [49-53]. We confirmed the presence of the single,
narrow resonance associated with single crystal diamond in the starting, un-machined
material at 1333 cm™' ( Figure 6.4 D), in accordance with literature values [54]. Following
laser ablation, a resonance at ~1585 cm™' was observed, characteristic of the G band of
graphite [55]. In the machined sample, we observed this band had broadened relative to
a highly orientated pyrolytic graphite (HOPG) standard sample (Figure 6.4 E).

Therefore, we conclude amorphous carbon species are formed as indicated by the

broadening of both resonances in addition to graphite formation. Finally, we note the
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reduced intensity of the graphite signal relative to the diamond signal in the machined
sample. This supports optical telecentric measurements taken before and after heat
treatment indicating the layer of graphite formed is on the order of 1-2 um thick.

For use in NMR and DNP applications, the electrically conductive graphite
species must be entirely removed from the rotor prior to use in experiments. The
surface graphite could prohibit efficient transmission of microwaves into the rotor for
DNP and serve as a potential source of electrical arcing to the transmit and receive coil.
To remove the accumulated graphite, a high temperature oxidative step was employed

at 600 °C for 24 hours [56,57]. Following heat treatment, the Raman analysis was

)
=i 5
o
< 1110505 111.050[ 5 111.050[
=
g
2 111.000 111.000 WAV 111.000%
L
w
< 110,950 110.950 110.950
0 20 40 60 0 20 40 60 0 20 40 60
Time (min)
500 500 500
D E F

wn
[4}]
=
S 250 250 | 250
3
O
o

ol 0 0 :

110.950 111.000 111.050 110.950 111.000 111.050 110.950 111.000 111.050

MAS Frequency (kHz)

Figure 6.5. MAS stability measurements. Top Row shows time dependent traces of (A)
YSZ rotor, (B). Diamond rotor 1, and (C). Diamond rotor 2. Bottom row shows histogram plot
at a mean spinning frequency of 111.001 kHz. (D). YSZ rotor, standard deviation of 4.43 Hz.
(E). Diamond rotor 1, standard deviation of 3.13 Hz. (F). Diamond rotor 2, standard
deviation of 4.04 Hz.
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repeated, and signal from graphite or
other sp? carbon species was absent
(Figure 6.4 F). Overall, Raman
spectroscopy confirmed the ablation
mechanism and importantly verified
the absence of graphite at the end of
rotor processing.

All 0.7 mm rotors were packed
with potassium bromide (pxg, =
2.75 g/cm3) and spun to 111 kHz
manually using a test stand with MAS
3 controller supplied by Bruker. The
standard deviation in spinning stability
over the course of one hour at 111
kHz was determined to be 3.13 Hz and
4.04 Hz for each of the two diamond
rotors we tested, as shown in Figure
6.5.

The standard deviation in
spinning stability over one hour was
also measured for a zirconia rotor at
111 kHz and was determined to be

4.43 Hz (Figure 6.5. A, D). We note



here the spinning stability is impacted by both the rotor-bearing interaction that is
modulated by rotor mass imbalance in addition to the stability of the drive and bearing
gas regulation. The measured stability of the MAS 3 controller used for these
experiments was 2696 *+ 2.14 mBar and 4112 £+ 5.35 mBar, for bearing and drive gas,
respectively. Importantly, using diamond rotors results in a decrease in the force
exerted on the rotor by ~40%, afforded by the reduction in rotor density when using
diamond (3.5 g/cm?3) relative to YSZ (~6.0 g/cm3).

In Figure 6.6, we show 'H-detected '*C and "N MAS NMR spectra of n-formyl-
methionine-leucine-phenylalanine-OH (N-~MLF-OH) recorded using a diamond rotor for
a proof of concept set of experiments at 111 kHz. Likely due to the minor remaining
concentricity errors discussed previously, the spin up profile of the diamond rotors is
non-linear (Figure 6.18); we attribute this behavior to excitation of translational and whirl
resonance conditions between 2-20 kHz [58]. To reduce risk to the NMR probe during
rotor spin up, the N--~MLF-OH powder was mixed in a 1:1 ratio with YSZ powder, which
reduced the effective concentricity error, lowering the translational and whirl resonance
conditions. This improved the linearity of response to drive gas and ensured the NMR
probe was not damaged during these initial experiments. However, the rotors are
sufficiently concentric and balanced to achieve highly stable rotation at greater than 111
kHz (6.6 x 108 RPM) with lower density samples. The dipolar based (H)NH and (H)CH
heteronuclear correlation experiments were recorded without electric arcing, confirming
the absence of electrically conductive graphite. Additionally, the spectra obtained were
free of any '3C background signal from the diamond rotor itself. This is afforded by the

expected long relaxation rates of the highly ordered carbon species in '3C natural
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abundance single crystal diamond. In addition, the use of cross polarization transfer
steps insured excitation of only >N or 3C near 'H, preventing detection of '3C from the
diamond rotor itself. The acquisition of proton-detected heteronuclear correlation
experiments demonstrates the utility of diamond rotors for use in NMR and their
compatibility with standard, commercially available instrumentation.

Resolution in MAS NMR experiments remains limited by the accessible spinning
frequency. To date, rotor outer diameters have been continuously decreased to access
higher MAS frequencies using YSZ. Despite these efforts, the current maximum MAS
frequency achievable is 200 kHz, only 20% of the upper bound of the theoretically
required MAS frequency to achieve solution-like resolution in complex, solid state
biomolecules. At present, the highest MAS frequencies can be achieved using 0.4 mm
rotors, which approach the practical limit of conventional ceramic machining practices.

The maximum achievable MAS frequency is ultimately determined by three
factors:(1) the speed of sound of the gas used in the air bearings and gas turbine, (2)
the structural integrity of the rotor material used, and (3) the efficiency of the turbine and
air bearings. Significant rotor turbulence and reduced drive efficiency is expected as the
circumferential frequency of the rotor approaches the speed of sound for a given
spinning gas [59]. The maximum MAS frequency of a rotating cylinder is given by the
rotor’s circumferential frequency of v/2rr, where v is speed of sound of the gas used
and ris the rotor outer diameter. For a 0.7 mm diameter rotor and nitrogen gas, the
maximum circumferential frequency is 161 kHz or a surface speed of 354 m/s. In
practice, MAS rotors typically operate at a maximum ~80% of the speed of sound in N2

or air due to frictional losses in the air bearings [59]. Using nitrogen gas, we achieved
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maximum MAS frequencies of 120 kHz, which has a corresponding surface speed of
264 m/s, or roughly 75% the speed of sound. 0.7 mm YSZ rotors are rated to 111 kHz,
or 68% the speed of sound.

To exceed these frequencies, helium gas can be used to access a ~ 3 times
improvement in spinning frequency afforded by a ~3 times increase in the speed of
sound of helium gas relative to nitrogen, (Figure 6.1 A) [60]. To date, helium has mainly
been used in solid-state NMR to realize low temperature experiments for improved
sensitivity under DNP, notably without observation of electrical arcing [17,60-66].
However, the use of helium to achieve faster MAS at room temperature has been
restricted to use with large rotors due to challenges with the stability of current air
bearing designs which are not sized for use with helium lubricant [20,67]. Recently,
significant efforts in the optimization of air bearings for use with helium gas and 0.4 mm
zirconia rotors only resulted in a maximum spinning frequency of 18 kHz, compared to
110 kHz in air [67]. The maximum MAS frequency we achieved with a 0.7 mm rotor and
100% helium gas was 80 kHz. When tested, the rotor stability was extremely poor and
changes in drive or bearing pressures by < 10-20 millibar could result in fluctuations in
the MAS frequency of several kHz or lead to rotor crash. With a 70:30 volumetric
mixture of helium: nitrogen gas, diamond rotors were spun to 124 kHz but could not be
increased past this point (Figure 6.17). At 124 kHz the significant rotor instability led to a
diamond rotor crash, however, the rotor was recovered intact and without damage. The
same rotor was spun to ~123 kHz with nitrogen gas and did not display this instability, in
agreement with past observations using helium gas. As shown in Figure 6.19, we found

the initiation of MAS is nontrivial and was found to be generally unreproducible with 0.7
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mm rotors spun with helium. 1.3 mm YSZ rotors achieved 88-89 kHz using 100%
helium gas when packed with KBr, however, this required considerable optimization of
the bearing and drive pressures.

The non-trivial application of helium gas to rotors < 1.3 mm in diameter is likely
due to insufficient bearing stiffness when helium gas is used in bearings design for air or
nitrogen. Thus, access to higher MAS frequencies using helium requires fabricating
bearings designed for helium gas by varying both the radial air gap and nozzle diameter
to increase radial bearing stiffness. Overall, our result of w, /27 =124 kHz using a mixture
of He and N2 represents to our knowledge the highest MAS frequency achieved with
helium. Prior to the fabrication of diamond rotors, the insufficient material strength of YSZ
did not make the considerable investment into helium optimized bearings worthwhile.
However, with the demonstration of diamond rotor technology and in-house diamond
machining capabilities, helium optimized bearings have become a necessary and realistic
research objective.

As the failure point of diamond rotors could not be obtained experimentally, we
evaluated three models associated with rotor failure. Previous literature describing rotor
failure is based on the tensile strength or the elastic modulus in determining hoop stress
and bending mode limited frequencies, respectively [20,68,69]. In practice, failure of
MAS rotors fabricated from brittle materials is more likely due to surface defects (flaws
and cracks) serving as a stress concentration point from which failure is initiated [70,71].
These defects reduce the effective toughness of the material below its theoretical
maximum with corresponding underperformance in MAS. In general, given comparable

surface defect concentrations, a material with a higher fracture toughness resists crack
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propagation and performs more closely to its theoretical strength and toughness than a
material with a low fracture toughness. The relative performance of MAS rotor materials
is properly predicted using basic fracture mechanics, given in terms of relative angular
frequency to that of YSZ in Figure 6.7 and considers the fracture toughness, density,
and Poisson’s ratio for each material [72]. For further details on this calculation, we refer
the reader to the supporting information. The fracture toughness of YSZ can vary as a
function of mol % yttria stabilization with typical values between 3-8 MPa-m'? [73-75].
For the 1.3 mm YSZ rotors stabilized with 5 mol% yttria the fracture toughness is 7
MPa-m'2. We note that specially engineered zirconia has reached fracture toughness
up to 15 MPa- m"2 [76]. For further comparison, we included silicon nitride which has

been used in larger MAS rotors and typically achieve higher MAS frequencies than YSZ

iy
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Figure 6.7. Fracture mechanics derived relative angular frequencies. Basic fracture
mechanics were applied to determine the theoretical performance of nitrogen doped single
crystal chemical vapor deposition (CVD) diamond, type b HPHT diamond (used in this
work), silicon nitride, type II anatural diamond, and sapphire all relative to yttria stabilized
zirconia. The relative angular frequency is related to the density, fracture toughness and
Poisson’s ratio of the material under consideration. For further details we refer the reader to
the supplemental information.
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rotors. The fracture toughness is comparable to YSZ, but the reduced density accounts
for improved performance over YSZ. Finally, fracture mechanics properly predicts that
sapphire has the lowest anticipated MAS performance due to its low fracture toughness.

Diamond offers the advantage of improved fracture toughness and reduced
density relative to YSZ. HPHT type I b diamond has a fracture toughness in the range of
10+2 MPa-m'? , while nitrogen and/or boron doping of CVD diamond can increase the
fracture toughness beyond 34 MPa-m'? [77,78]. Type Il a natural diamond has a lower
fracture toughness between 4-5 MPa-m'2 but the reduced density results in comparable
predicted performance to YSZ using fracture mechanics. A forthcoming publication
demonstrates that nanosecond laser machining of diamond does not significantly alter
the crystal lattice or introduce strain that would serve as surface defects leading to
reduced performance in MAS. Finally, on the basis of hoop stress and bending mode
failure regimes, the high tensile strength of diamond and high elastic modulus offer
superior performance over other MAS rotor materials, as described in the supplemental
information. Across the three analyses, we estimate an increase in achievable MAS
frequency by ~1.5-2.5 times with diamond rotors.

We emphasize the approximate nature of these calculations, rotor failure can
occur below the estimated frequencies due to the role of surface defects, sample
packing, turbine imperfections, gas delivery failures and user error. For a precise model
of rotor failure, complex fracture mechanics based finite element analysis or machine
learning may be employed considering surface defects, fracture toughness, and yield
strength [70,79]. Finally, efforts into measuring these parameters of MAS rotors could

be worthwhile, though previously non-trivial given the small sample sizes [80].
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Ultimately, the only way to determine the failure regime of diamond rotors is through
extensive failure testing with helium gas.

Beyond the improvement in accessible MAS frequency, diamond rotors offer
significant advantages for both ambient MAS NMR and DNP NMR. The higher thermal
conductivity and improved microwave transmission properties are expected to result in
larger DNP enhancements compared to traditional zirconia rotors. The improved
thermal conductivity of diamond is expected to dissipate heat resulting more efficiently
from microwave irradiation or frictional heating at fast MAS. More rapid and effective
dissipation of heat reduces cooling demands for MAS NMR of biological samples at
room temperature, in addition to DNP conditions. A potentially lower sample
temperature afforded by diamond rotors with more effective sample cooling under DNP
is expected to result in increased enhancements for the same microwave irradiation
power in a zirconia rotor. As shown in Figure 6.1 (C), the THz transmission spectra of
diamond and sapphire are relatively comparable, with diamond having a slight
advantage. However, as shown in the supplementary material, diamond has lower
surface reflection afforded by the low refractive index. In contrast, sapphire has a
relatively high transmission across the THz regime, but the increased refractive index
results in higher surface reflections. Overall, zirconia offers poor THz transmission in
addition to high surface reflections. The high transparency of diamond coupled with low
surface reflections makes diamond an optimal material for MAS DNP rotors at high
fields. The experimental validation of diamond rotors under DNP is the subject of future

work.
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6.4 Conclusion

Diamond rotors offer the most promising technology to achieve solution-like
resolution and coherence lifetimes in the solid-state. We have presented a new and novel
laser machining method using dual-sided axial ablation to fabricate 0.7 mm diamond
rotors, spun the rotors to w/2r=123 kHz using N2 gas, and used the rotors to record 'H
detected MAS spectra at 18.8 T. Importantly, future developments and applications of this
work can enable improved resolution and sensitivity in NMR and DNP enhanced NMR.
In particular, diamond rotors, in addition to drive tips and end caps fabricated from
diamond and helium bearings optimized for diamond rotors, should offer the ability to
reach higher MAS frequencies. Along with improved microwave transmission and thermal
conductivity diamond rotors offer a route toward performing high resolution 'H detected

DNP for unprecedented sensitivity and resolution of currently inaccessible biomolecules.
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6.5 Supporting Information
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Figure 6.8 THz Spectroscopy. (A). The absorption coefficient of diamond, sapphire,
and zirconia was determined across the THz spectral region. (B). Refractive indices of
all materials agree with known values. (C). The percent of reflected power at the surface
was measured. The surface reflections were found to be 16.1%, 25.6% and 51.5% for
diamond, sapphire and zirconia at 0.5 THz and normal incidence, respectively.
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Figure 6.9. Lathe Apparatus. In all schemes, laser beam is incident from top of image.
(A, B). Laser lathe scheme for outer diameter machining. This orientation is also used
for final parting of the diamond rotor from remaining stock material at the end of
machining. (C, D). Scheme for inner diameter machining with laser incident upon side 1.
(E, F). Scheme for inner diameter machining with laser incident upon side. Mechanical
reorientation is achieved through use of Kelvin-style kinematic coupling and has a
known concentricity error of ~ 8 um.
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Fixture starting diamond stock material (typical Tmmx1mmx5mm) log into
flexural clamp and rotary stage. Optically obtain the stock material’s center of
rotation to align all machining operations to.

v

Use the pulsed-laser micromachining lathe to turn down the outer diameter
using rough cuts with depth of 50 microns and traverse rate of 0.005 mm/s.
Use telecentric measurement system to confirm diameter. End rough cuts
when outer diameter is ~1.3 x the desired final diameter.

v

Use pulsed-laser micromachining lathe to turn down the outer diameter

3 | using cuts with depth of less than 10 microns, at higher fluences than in
preceeding step, and 5x reduced laser traversing speed. Use telecentric
measurement system to confirm desired outer diameter, continue finishing
cuts until that diameter is achieved with 5% at maximum.

¥

Re-orientate lathe apparatus to align the laser incident axially to the top
surface of the first side of the diamond rod. Machine using depth of cut of 500
microns and a width of the desired inner radius with rotary stage at frequency
of ~3 Hz. Follow with finishing passes with depth of cut of 25 microns at
fluence of 400-500 J/cm?2.

¥

Perform mechanical flip to align the laser incident axially to the top surface of
the second side of the diamond. Begin machining depth of cut of 500 microns
5 |and a width of the desired inner radius with rotary stage at frequency of
~ 3 Hz. Follow with finishing passes with depth of cut of 25 microns at fluence
of 400-500 J/cm? to a depth of approximately half the length of the rotor.

¥

Re-orientate the lathe apparatus into starting lathe orientation. Using the laser
traverse a line perpendicular to the outer diameter to cut a straight edge on
the starting end of the rotor. Traverse across the outer surface of the rotor by
the desired rotor length and cut a straight line perpendicular to the outer
diameter to part the fabricated rotor from the excess stock material.

v
7 | Perform metrology analyses using tools such as SEM, microCT and
telecentric measurement systems.
v

Subiject rotor to 600 °C heat treatment for 24 hours in air to remove graphite
on the surface of the rotor.

Figure 6.10. Rotor Fabrication Process. Flow chart describing fabrication process
used to produce diamond rotors in this publication. The outer diameter is machined in
steps 2 and 3 with the lathe apparatus as shown in Figure 6.9 (A, B). Side 1 inner
diameter is machined as in step 4 using the lathe apparatus as shown in Figure 6.9 (C,
D). Side 2 inner diameter is machined in step 5 using the lathe apparatus as shown in
Figure 6.9 (E, F).
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Rotor Metrology

The rotor outer diameter was measured in multiple locations along the length of
rotor and measured at 0° and 90’ incident to the Keyence optical telecentric
measurement device to capture any potential taper or runout in the measured outer
diameter. The concentricity error on side 1 and side 2 of several diamond rotors are
provided using the wall thickness measured using SEM, representative micrographs of
these measurements are provided in Figure 6.12 and Figure 6.13. The reported
concentricity is calculated for each side using (6-1) where Cx or Cy is the difference in

wall thickness in the x or y direction measurements.

C= [c2+3 6-1)

The inner diameter of each side was calculated taking the average wall
thickness in both x and y directions. The inner taper angle, defined as the half angle,

was computed as (6-2), represented in Figure 6.11.

1 ID, —ID
6 =—tan~?! (#>

2 L (6-2)

Overall, concentricity error for side 1 represents the concentricity error
associated with manually positioning the laser at the center of rotation of the diamond
with use of built-in optical microscope on the Oxford laser machining system.
Concentricity error for side 2 represents the concentricity error associated with the
mechanical reorientation for the second axial machining step. Diamond rotors 1 and 2
correspond to the rotors described in the text and used in spinning stability

measurements. The concentricity error in side 1 of rotor 2, and associated taper angle is
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subject to £ 10 um error due to contaminant on the SEM micrograph of side 1 obscuring
a clear view of the rotor wall thickness for one measurement in the x direction. Rotors 3
and 4 were fabricated while the flexural clamp began degrading but was not initially
observed by the user. Nevertheless, rotor 3 was spun to ~ 80 kHz standard spinning
stability on the order of + 5 Hz. After 80 kHz the spinning instability began to increase,
and the rotor was not spun to higher frequencies to avoid costly damage to the test
stand apparatus. The undersized average outer diameter of rotor 3 was due to user
error in the calibration of the z focus for the specific machining operation. Rotor 4 was
not spun.

Due to the high cost of YSZ rotors, we were unable to collect high quality SEM
micrographs of the electrically insulating YSZ rotors. As such, concentricity error and
inner taper angle are not available for these rotors. Notably, the deviation in the outer

diameter for YSZ rotors is comparable to that for diamond rotors.
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Figure 6.11. Diagram showing internal taper angle.
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Rotor Outer Deviation | Concentricity | Concentricity | Length Inner
Diameter (Mm) error side 1 | error side 2 (mm) Diameter
(Mm) (Hm) (Hm) Taper
angle
Diamond 697.2 +3.15 3.2 8.1 4.592 0.04
Rotor 1
Diamond 697.6 + 3.05 8.5* 9.5 4.591 0.02
Rotor 2
Diamond 690.6 1+ 0.55 3.5 12.6 4.601 0.09
Rotor 3
Diamond 699.8 2.7 10.1 12.2 4.586 0.02
Rotor 4
YSZ 701.5 +1.95 - - 4.60 -
Rotor 1
YSZ 695.2 +3.7 - - 4.61 -
Rotor 2
YSZ 699.7 +0.2 - - - -
Rotor 3

Table 6.1. Diamond and YSZ Rotor Measurements.
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MIT CBA 20.0kV x750 SE

Figure 6.12.SEM micrographs of Side 1 of diamond rotor 1. Wall thickness
measurement used to determine concentricity errors in x (B, D) and y (A, C). Arrows
showing measurements were added during SEM analysis using FlexSEM1000 software
package and used to generate the printed wall thicknesses. For reader clarity the font
size of the measured wall thickness of the chamfered section and total wall thickness

were enlarged using Adobe lllustrator.
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Figure 6.13. SEM micrographs of Side 2 of diamond rotor 1. Wall thickness
measurement used to determine concentricity errors in x (B, D) and y (A, C). Arrows
showing measurements were added during SEM analysis using FlexSEM1000 software
package and used to generate the printed wall thicknesses. For reader clarity the font
size of the measured wall thickness of the was enlarged using Adobe lllustrator.
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10.0pum

MIT 0004 15.0kV 13.9mm X2.98k SE

Figure 6.14. Surface finish of diamond rotor. SEM micrograph showing the surface
finish along the outer diameter of the rotor. The surface finish is currently a result of the
feed rate and rotary stage frequency given the 13 pm spot size. To date, we have not
performed any laser polishing steps following outer diameter machining.
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(B)

MIT CBA 20.0kV x60 SE

(D)

MIT CBA 20.0kV x75 SE 500pm

Figure 6.15. Diamond Drive Tip and End Cap. (A). CAD model of 0.7 mm drive tip
(design courtesy of Bruker BioSpin). (B). SEM of fabricated diamond drive tip. (C). CAD
model of 0.7 mm end cap. (D). Fabricated diamond end cap.
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Figure 6.16. Test stand station for rotor stability measurements.
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Figure 6.17. Oscilloscope trace during diamond rotor operation at 124 kHz. Rotor
was spun using a 70:30 by volume mix of helium and nitrogen gas.
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Figure 6.18. Response of rotor to drive gas as a function of bearing gas. (A). At
high bearing pressure, typical of auto spinning procedure, zirconia powder (ZrOz2)
packed into diamond rotor improves linearity of frequency response to drive gas. The
heavy powder redistributes at low spinning frequency to reduce effects of concentricity
errors. (B). At low bearing pressure where resonance mode excitation frequency is
reduced, diamond rotors spin up linearly as a function of drive gas.
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Figure 6.19. Helium MAS with 0.7 mm rotors. Spin up profiles using 100% helium
gas for both drive and bearing for yttria stabilized zirconia and diamond 0.7 mm rotors.
Overall, achieving MAS with helium and 0.7 mm has limited success and once MAS is
intiated rotors are very unstable. Bearing pressures up to 2 bar were tried without
success.
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Spectrum | Max Number of | Spectral Width Scans | Interscan | Experiment
Evolution | complex (Hz/ppm) per delay time
Time (ms) | points point | (s)
w1 w2 |t t2 w1 w2
(H)NH 13.2 | 10.2 | 128 | 2048 | 4860/60 | 100,000/125 | 8 1.5 30 min
(H)CH 14.3 | 12.5 | 460 | 2048 | 16069/80 | 81521/102 |8 1.5 1 hr 46 min

Table 6.2. Acquisition for parameters for (H)NH and (H)CH spectra.
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This section provides three methods of evaluating a material’s suitability for MAS.

Inherent in all 3 models is variability in the material properties and surface defects in

each sample. In all cases, the treatment is a simplified approximation and rotor failure

can occur at any point due to external factors such as rotor packing, turbine failure, gas

regulation failure, and user error or more significant surface defects or material strain

than expected.

1. Crack induced failure

Property Yttria Single Crystal Sapphire Silicon
Stabilized Diamond Nitride
Zirconia

Tensile Strength 550-690° 180-5190 190-400 550

(MPa) (600) (2000)° (300)

Young’s Modulus 200-220 1050 340-440 270-300

(GPa) (210) (360)

Fracture Toughness | 3-15 (7)° 4-34 (10+2)? 1.4-4.4 (3) 4-7 (6)

(Mpa.m1/2)

Density (g/cmq) 5.85-6.10 | 3.52 3.98 3.17-3.25
(6)

Poisson’s Ratio 0.31 0.1° 0.28 0.23

Table 6.3. MAS Rotor Material Properties. . For values given as a range, parenthesis
indicate the value used in calculations described in the text. Values for YSZ found in
[73,75,81], values for diamond are found in [20,77,78,82-84], and values for sapphire
found in [85].

@ Typical tensile strength is found in the range of 550-650 MPa, however, continued development of
higher strength YSZ has yielded tensile strengths of 1690 recently in nanometric YSZ.

® The material properties of diamond vary considerably with natural, CVD and HPHT diamond.

¢ Continued development of YSZ and mol % of yttria dopant greatly affects the fracture toughness. The
reported fracture toughness for the 1.3 mm YSZ rotors used in this work was 7 MPa-m'?2, values up to 15
MPa-m"? have been reported.

4 The fracture toughness of diamond is highly dependent on synthesis and chemical dopants. For Type

I a natural diamond, fracture toughness of 4.25.6 MPa-m"? are reported. Type I b HPHT diamond, used in
this work, has typical values of 10+2 MPa-m"2. The co-doping of boron and nitrogen into SC-CVD
diamond has resulted in fracture toughness of 22-34 MPa-m"2. SC-CVD diamond with nitrogen dopants
has resulted in fracture toughness of 15.2+4.8MPa-m"?. For further information, the reader is referred to
[77]

¢ Poisson'’s ratio of diamond is orientation dependent with ranges of 0.07-0.2.
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It has been described in the literature that in centrifugal loading conditions, brittle
failure is dominant and determined by the fracture toughness [72,75]. The fracture
toughness represents the critical value at which crack growth occurs, and in the case of
MAS leads to rotor failure. The critical angular frequency for a material described by the
fracture toughness, Kic, the density of the material, p, the outer radius, R, Poisson’s

ratio, u, and the crack length, / is described by (6-3).

2 2K,

This relation can be used to semi-quantitatively compare brittle materials resistance
to crack propagation, and for a given length crack, the ability to withstand a higher
angular frequency. This relation is solely dependent on the characterized density,
fracture toughness and Poisson’s ratio of the material. Moving beyond a solid rod, as
described above, requires numerical simulation of scenario specific geometries and
crack propagation mechanisms. For a simplistic comparison of common MAS NMR
materials in the same standard geometry, we can compare the computed angular
frequencies, relative to YSZ. As shown in Figure 6.7, this model accurately describes
the known performance of silicon nitride, zirconia and sapphire. Type I b HPH®r
nitrogen doped CVD diamond can offer improved fracture toughness relative to silicon
nitride and YSZ, in addition to reduced density relative to YSZ may enable higher

angular frequencies.

2. Hoop Stress Analysis
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Following the treatment of [20], we have used the tensile strength to calculate the
hoop stress limited MAS frequencies. This describes the resistance against pressure
generated at the internal surface of the rotor against the inner wall of the rotor, where
the generated pressures due to MAS are at a maximum. We caution that the effective
resistance against such pressure is dependent on the surface defects present and the
fracture toughness of the material. We have shown this represents a lower bound
frequency, particularly in the case of sapphire with a low fracture toughness. To
describe the pressure to rupture a MAS rotor due to the centripetal force and pressure
under MAS the force can be described by (6-4), with a mass, m, angular frequency, w,
rotor radius, r, rotor length, L, and rotor density, p.

F. = mw?r = mr3lpw? (6-4)

The hoop stress, 8y, on the inner surface of a thick-walled cylinder can be
derived using Lame’s equation, given in Equation (6-5) when evaluated at the inner
radius, r;p. The internal pressure is given by Pint, the external pressure by Pext and the
outer radius, r,,. We take the external pressure acting on the MAS rotor to be the inlet
pressure of the radial bearing gas, 2-3 Bar. The wall thickness of a typical MAS rotor is
typically 0.125-0.156 times the outer diameter. We note that to apply the thin-walled
cylinder approximation, the wall thickness should be less than 0.05 times the outer

diameter.

2 2 2.2
PintTip = PextT5p . Tip76p (Pint — Pext)

99 =
2 2 2 2,2
Top —Tip (rop =17

(6-5)

We can re-arrange (6-5) to determine the maximum allowable internal pressure

for a MAS rotor and setting the maximum hoop stress, 6,4, to 70% of the tensile strength
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of the material. For brittle glasses and ceramic materials, a safety factor of 70% of the
maximum frequency has been used historically due to the potential for slow crack
formation at high MAS frequencies [20,84].

For MAS frequency strictly limited by the tensile strength of the material, we
would expect long-term failure to occur when the hoop stress exceeds the tensile
strength. We denote this frequency fy, and can be numerical solved for using (6-6),
where the sample density is denoted, p,, the rotor wall material has a density of p,., and

a wall thickness of w.

1 2 Pt
o= ﬁ\/ PsTip + 2prTopW )
For a sample density of 2.75 g/cm3, typical of potassium bromide used in MAS stability
measurements in this work, the results of the hoop stress limited MAS frequency are
provided in Table 6.4. The hoop stress limited calculation approximately predicts the
rated MAS frequency for both YSZ and sapphire MAS rotors using 600 MPa and 200
MPa tensile strengths, respectively, particularly in the case of larger diameter rotors.
Given the experimental results of 0.7 mm diamond rotor spinning at 111-124 kHz, we
can estimate that the tensile strength of the Type 1b HPHT diamond is at least ~ 650-
750 MPa, making it at least comparable to zirconia. However, as rotor failure was not
achieved, this is a lower threshold. This also suggests the diamond rotors fabricated do
not contain severe surface defects or surface strains that would result in failure far
below 111 kHz. The stator incompatibility remains the limiting factor on achieving high

enough MAS frequencies to determine the failure regime of diamond rotors. In the case
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of rotors < 2.5 mm the hoop stress limited MAS frequency is unable to accurately

predict the rated MAS frequency. While a higher tensile strength could be used, there
are several sources in the literature describing, particularly when the outer diameter is
small, that the tensile limited value may not represent the upper bound of the spinning

frequency [68,69].

3. Bending Mode Failure Analysis

Bending mode failure occurs as the rotor natural frequency is approached and
the first vibrational mode is excited. Ideally, a MAS rotor will have a very high natural
frequency afforded by a high elastic modulus, as in the case of diamond. However, the
elastic modulus and associated bending mode analysis does not consider the role of
surface defects and crack propagation in brittle materials and can overestimate the
achievable MAS frequency. This is clearly the case for sapphire where the material has

insufficient toughness to approach bending mode failure.

Rotor | Rated MAS | fyYttria fo Diamond Rated fo Sapphire
OD Frequency | Stabilized (kHz) MAS (kHz)
(mm) YSZ Zirconia frequency
(kHz) (kHz) Sapphire
(kHz)

4 15 15 32 10 10
3.2 24 20 45 15 14
2.5 35 28 63 N/A 19
1.9 42 30 63 N/A 19
1.3 67 50 109 N/A 33
0.7 111 90 196 N/A 60
0.4 160-200 152 324 N/A 99

Table 6.4. Hoop stress limited MAS frequencies. Hoop stress limited MAS frequency, f,
for common MAS rotor materials and sizes considering typical 70% safety factor. Sapphire
MAS rotors are onlv commerciallv available and rated for use in 4 and 3.2 mm rotors.
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To determine the upper bound of the rotor failure region, we calculate the rotor
natural frequency of the first vibrational state of the bending mode resonance [68]. The

natural vibrational frequency for the bending resonance of a tube is given by (6-7):

2
I (6-7)
2rl? |Ap

fe

Where E is the longitudinal elastic modulus, / is the moment of inertia, L is the length,
Ais the first vibrational factor having a numerical value of 4.730, A is the cross sectional
area and p is the density of the rotor, taking into account both the rotor and the sampile.
Equation (6-7) can be rewritten incorporating a numerical corrective factor of B, as
recommended in [68] with numerical values provided for a range of L/D ratios, where D
is the outer diameter. For the specific rotor sizes of interest, the value of B was

numerically interpolated by fitting values from [68], provided in Table 6.5.

22 ,E(DZ + d?)
_ 6-8
Je = 16p B (6-8)

A 70% safety factor is also applied to the rotor natural frequency calculation to

determine the practical upper bound in MAS frequency, with values provided in Table
6.6. We have simplified the calculation to neglect the density of the rotor drive tip and
end caps and consider a rotor entirely filled with sample of 2.75 g/cm?3. We note the end
caps and drive tips are typically made of Vespel® with a density of 1.4 g/cm?,
comparable to the canonical density of a protein (1.35 g/cm?).

In the case of YSZ rotors, we are typically unable with any level of statistical

certainty obtain the exact failure mode of the rotor. However, from conventional
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operation, it appears the practical MAS frequency is bounded between the hoop stress
and bending mode limited MAS frequencies, with the location within these bounds
dependent on the rotor diameter. For a 1.3 mm YSZ rotor packed with KBr (density 2.75
g/cm?), operated with helium gas in a conventional stator we could repeatably achieve
failure at 89 kHz. Rotor instability was observed as well as a decreased effect of
additional drive gas before each failure. Whether failure was due to insufficient rotor
strength or the unoptimized bearings with helium gas is unknown. We emphasize the
approximate and semi-quantitative nature of these simplified approaches and

recommend the use of fracture mechanics simulations in the future.

Rotor Size L/D B

4 4.500 0.865
3.2 4.813 0.881
25 4.800 0.880
1.9 5.789 0.906
1.3 5.923 0.909
0.7 6.571 0.921
0.4 6.75 0.925

Table 6.5. Interpolated values of B. Numerical values of L/D provided in [80] were
used to determine B for specific rotor sizes of interest and applied as a scaling factor in
(6-8).
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Rotor Rated fe fe Rated fe
oD MAS Yttria Diamond MAS Sapphire
(mm) | Frequency | Stabilized | (kHz) | frequency | (kHz)
YSZ Zirconia Sapphire
(kHz) (kHz) (kHz)

4 15 59 153 10 85
3.2 24 62 164 15 91
2.5 35 73 200 N/A 110
1.9 42 82 210 N/A 117
1.3 67 104 276 N/A 152
0.7 111 162 428 N/A 237
0.4 160-200 280 729 N/A 405

Table 6.6. Rotor natural frequency. Values based on Young’s modulus for common
MAS rotor sizes with typical 70% safety factor.
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Chapter 7 : Applications and Challenges of 3D printing for Molecular and Atomic
Scale Analytical Techniques

Adapted and reproduced with permission from: Golota, N., Banks, D., Michael, B. &
Griffin, R. G. in 3D Printing : Fundamentals to Emerging Applications (ed Ram Gupta)

(Routledge, 2023).

7.1 Introduction

Over the past one hundred years, fundamental discoveries in the field of physical
chemistry enabled the development and adoption of molecular spectroscopies based on
the exposure to and subsequent absorption of electromagnetic radiation. The
absorption of photons across the electromagnetic spectrum results in light— matter
interactions which are then detected as a function of the frequency of irradiation.
Different elements and molecules have distinct spectral signatures, enabling the
identification and quantification of sample analytes ranging from small molecules to
large macromolecular assemblies. These techniques have evolved to become critical,
ubiquitous tools central to the development of modern science and medicine. They have
enabled countless discoveries in various fields, including medicine, materials science,
and chemistry.

Initially, access to spectroscopic devices was limited as spectrometers were
research objectives in themselves and typically found only in research and development
laboratories. However, between the 1950s and 1990s, there was rapid
commercialization of scientific equipment through the founding of many large- scale
scientific device manufacturers. This improved accessibility to spectroscopy and

increased the rate of scientific discovery profoundly.
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While the design of many spectrometers will be detailed further in the chapter,
their fabrication has previously been dependent on traditional subtractive manufacturing
methods requiring extensive infrastructure to support. As commercial equipment began
entering laboratories, machine shop facilities became less widespread and the number
of laboratories developing their customized spectrometers has decreased over time. As
a result, while access to spectroscopy has increased, the ability to rapidly tailor
instrumentation to experimental needs has decreased over time.

While this trend continued into the early 2000s, the commercialization and cost
reduction of 3D printers has made them a standard and necessary resource in many
scientific laboratories today. Technologies such as fused deposition model (FDM) and
stereolithography (SLA) printers are most common in laboratories, however, 2- photon
3D printing has rapidly become a viable strategy uniquely suited for the miniaturization
of scientific devices. Rapid, low- cost, and often in- house fabrication strategies using
3D printing have resulted in a rapid resurgence of customized instrumentation
demonstrated by hundreds of publications each year incorporating 3D- printed
components. Importantly, most published work contains open- access CAD models
which further improve the accessibility of innovative instrumentation. Overall, 3D printing
has not only furthered the customization of instrumentation but has also led to improved
democratization of scientific equipment. For many labs, upgrades to spectrometers has
become a cost-prohibitive step, however, when using 3D printing the cost is near zero,
particularly when considering the availability of 3D printers on most university

campuses.
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Within this chapter, we discuss a small selection of the numerous creative and
innovative uses of 3D printing for molecular scale analyses. Herein we focus on the
application of printing to ultraviolet and visible spectrophotometry, infrared and Raman

spectroscopy, mass spectrometry, and nuclear magnetic resonance.

7.2 UV/VIS Spectrophotometry

Ultra- violet and visible (UV/ VIS) spectrophotometry is used to determine analyte
compositions and concentrations of samples ranging from biomolecules to materials.
UV/ VIS measures the absorption or transmission of UV and visible light through the
sample. The absorption of photons in this range of the electromagnetic spectrum can
then be used to determine concentrations of the analyte of interest. This versatile
technique is widely used in academic labs, industry, and clinical settings.

Additionally, it is a foundational technique used to introduce chemistry and biology
students to spectroscopic methods.

Typical spectrometers for UV/ VIS in research settings cost between several
hundred to several thousands of dollars and can take up a large footprint in the
laboratory. All UV/ VIS spectrometers use a UV/ VIS light source which is then sent
through a diffraction grating or monochromator to achieve spectral resolution in the UV/
VIS electromagnetic region. The sample is typically contained in quartz, optical glass, or
disposable plastic cuvette. The transmitted light is then recorded on a CCD detector and
sample absorbance is used to determine analyte concentrations. While these simple

components can become more sophisticated in high- quality research- grade
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equipment, the overall simplicity of the spectrometer makes it highly amenable to
customization using 3D printing technology.

3D printing has accelerated the customization of UV/ VIS spectrometers
enabling researchers to increase the utility of these devices while decreasing the cost of
consumables. A wide variety of printing technologies have been applied to overcome
challenges related to printing air and watertight components, the use of highly
transparent resins, and improved chemical resistance of printing resins. Moreover, 3D
printing has accommodated the required flexibility of researchers interested in the
integration of electrochemistry during UV/ VIS, the study of samples in the gaseous
phase or solid phases, under flow- cell conditions, and variable temperatures. While
commercial suppliers have developed limited add- on components to their
spectrometers to address these and other user needs, the associated high costs of
such devices limit widespread adoption.

To this end, low- cost, variable volume and path length cuvettes with integrated
temperature control have been fabricated primarily using FDM printing techniques.
Pisaruka et al. expanded the commercially available spectrometer functionality to
include an integrated water bath heating chamber surrounding the sample chamber,
enabling variable temperature measurements on decreased sample volumes of
amphiphile micelle concentrations to probe phospholipid aggregation properties [1].
These sample chambers were fabricated from acrylonitrile butadiene styrene (ABS) and
polylactic acid (PLA) filaments via FDM printing using a MakerBot Replicator 2X printer.

This was followed by a post- printing processing step in which PLA or ABS cuvettes
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were immersed in either chloroform or acetone to fuse layer defects and improve
watertight properties.

Universal cuvette adapters have also been 3D-printed to accommodate a variety
of commercial spectrometers in addition to enabling the use of common laboratory
containers to serve as cuvettes directly. The development by Whitehead et al. uses a
standard glass or quartz microscope slide integrated into a 3D- printed support piece,
for an estimated cost of $1 or $14, respectively [2]. Furthermore, the authors
demonstrate a universal adapter that can house gas- tight commercially available vials,
in addition to supporting solid samples that would otherwise be difficult to study with
existing devices. A total of 24 designs were printed in less than two hours each using a
LulzBot Mini Printer with Black PLA filament.

Flow capabilities have been integrated into optically transparent cuvettes
using a Dreamer Sygnis New Technologies printer and NinjaFlex Midnight Black
Filament to fabricate rubber-like components that housed small tubing for flow studies
[3]. The flow cell maintained a volume of only 50 pyL and the reported total cost was
~$1.3 which the authors state as being hundred times less expensive than a
commercially available flow cell. The authors validated their design with use over 20
hours on two model analytes, bromothymol blue and fluorescein.

While the previous examples used FDM printed sample chambers
incorporating optical glass, Sirjani et al. used optically transparent filaments-
transparent PLA (MakerBot), HD glass (Formfutura), and T-Glase (Taulman3D) to
directly fabricate the entire sample cuvette [4]. Significant light scattering effects

due to layer spacing in the FDM printing process were overcome using XTC-3D ®, a
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finishing coating for 3D-printed parts that are used to fill in print striations and
imperfections to create a smooth and high gloss finish. The authors extended their
application from a simple cuvette to the fabrication of a 3D-printed, optically
transparent device containing three reaction chambers with embedded neodymium
magnets used to immobilize enzymes conjugated to magnetic Dynabeads™. Two and
three-step lactose assays were performed to validate the enzyme immobilization assay.
This work represented an important step toward the rapid fabrication of optic- ally
transparent, custom reaction chambers for biosensing applications without chemical
compatibility issues.

Beyond fabrication of the sample chamber, several groups have developed
multiple components for UV/VIS spectroscopy which further extend its utility and
applications. This includes the functionalization of printed components to serve as
electrodes for combined spectro-electrochemistry applications by Vanéckova et al. [5].
This enables the study of electron transfer mechanisms and detection of
electrochemical reaction products. The electrochemical electrodes were printed from
PLA-carbon nanotubes (CNT) using a Prusa 13 MK3 printer followed by electrochemical
activation and integration into a quartz cuvette. Importantly, the electrode design
included an optical window integrated into the 3D-printed structure. The authors
validated their electrodes using a standard sample and printed components behaved
similarly to conventional electrodes.

3D printing has enabled the fabrication of accessible and portable spectrometers
that couple inexpensive optical elements to smartphones serving as the detector. 3D-

printed housings allow the integration of all components of the spectrometer. Grasse et
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Figure 7.1. Optical design and simulation of the miniature spectrometer. (A)
Design principle. (B) Optical design and ray-tracing simulation. Slit width, blazed
grating, topography, and footprint spot diagram are highlighted for the indicated
surfaces. (C) Cut view of the 3D-printed volume model. Lenses, grating, slit, and
mounts are printed in one step and fit in a volume of only 100 x 100 x 300 um3. (D)
Two-dimensional wave-optical simulation (WPM) of the plane highlighted in red in
(C). Around the slit a perfectly absorbing material is assumed. Simulation
wavelengths are in the visible range from 490 nm to 690 nm in 40 nm steps. Figure
7.1 adapted with permission from Ref [7] Copyright The Authors, some rights
reserved; exclusive licensee Light Publishing Group. Distributed under a Creative
Commons Attribution License 4.0 (CC BY)
https://creativecommons.org/licenses/by/4.0/

al. offered a procedure for translating pixels from smartphone-detected images into
conventional UV/VIS absorption spectra and validated their methodologies by
determining Kool-Aid concentrations [6].

3D printing has also enabled the miniaturization of UV/VIS spectrometers with a

total volume of only 100 pm x 100 pm x 300 um using two-photon direct laser writing
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3D printing technology, while the diffraction slit of the spectrometer was fabricated
using super-fine inkjet process [7].

This is one of the first instances of micro-optics being fabricated using 3D-
printing technology and represents a large potential opportunity for a variety of sensing
and spectroscopic applications. The printed device is shown in Figure 7.1 and details the
optical design and 3D-printed volume including micro-optics. The authors compared the
spectrum collected with the 3D-printed miniaturized spectrometer to a commercial
spectrometer and found sufficient agreement between the results, despite the footprint
of the miniaturized device is eight orders of magnitude less than the commercial
spectrometer.

The primary remaining challenges toward widespread adoption of 3D printing for
UV/VIS spectroscopy lie in the chemical compatibility of resins and filaments used
that are in contact with analyte solutions. Moreover, ensuring leak-tight characteristics
of sample cuvettes and integrating optically transparent resins and filaments into
designs will continue to be a challenge to researchers. However, as demonstrated by
the previously mentioned studies, several authors have been able to overcome these
challenges and 3D printing represents a viable method of fabricating and upgrading

UV/VIS spectrometers.

7.3 Fourier Transform Infrared and Raman Spectroscopy

Fourier transform infrared (FTIR) spectroscopy and Raman spectroscopy are
analytical techniques that probe the vibrational modes of molecules. These

measurements provide rich information about the chemical bonds present in a sample
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of interest. The frequencies associated with vibrational transitions within molecules
generally fall within the infrared region of the electromagnetic spectrum. FTIR
measures the absorption of infrared radiation which will occur only at specific
frequencies associated with particular vibrations within a sample. Raman
measurements on the other hand are based on inelastic scattering. Samples are
irradiated with a laser and scattered light is collected and measured. The dominant
scattering effect is elastic Rayleigh scattering which preserves the frequency of the light.
There are also inelastic Raman scattering effects that cause the frequency of the light to
shift up or down by the frequency of vibrational transitions present in the sample.

Since FTIR is an absorption measurement it requires an infrared light source
and detector that function across the entire spectral region of interest. Typically, the
light source is a heated silicon carbide element or a tungsten-halogen lamp. Rather
than using a monochromator or diffraction grating to produce spectral resolution (as is
common practice when working with visible or ultra- violet light) FTIR employs an
interferometer. The light is split into two parts that are directed to the detector via
separate paths. Depending on the frequency of the light and the difference in the
lengths of the two paths the two beams can positively or negatively interfere with one
another. By varying the length of one of the two beam paths an interferogram can be
produced that encodes the frequency and intensity of the light. This signal can then be
converted into a spectrum via a Fourier transform.

Raman spectroscopy requires a more complex arrangement of optics. A laser,
typically in the visible or near-infrared, is focused on a sample using a microscope

objective. That same objective lens is used to collect light scattered from the sample.
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Great pains must be taken to avoid fluorescence which can also emit light that would be
collected by the objective. Scattered light at the same frequency as the laser is
produced by Rayleigh scattering and must be filtered out before detection. As the light
in a Raman microscope is at higher frequencies than that in an FTIR spectrometer it
generally is spectrally resolved using a monochromator or a grating paired with a CCD
detector.

Most FTIR and Raman instruments that chemists and material scientists in
academic and industrial labs have access to are commercial devices that are not
intended to be significantly altered by the user. Constructing homebuilt instruments or
modifying existing commercial instruments is generally difficult and expensive but can
offer a crucial path to new and innovative spectroscopic methodologies. 3D-printing
approaches have significantly lowered the barrier to experimenting with novel
apparatuses needed for studying challenging samples and overcoming practical
barriers that previously prevented some types of measurements.

In the most common case, FTIR measurements are performed by passing a beam
of infrared light through a sample and then into an interferometer for detection. This
arrangement is effective but has significant limitations. Such transmission mode
measurements usually require that the sample be in the solid state and be very thin to
avoid excessive attenuation of the beam. Attenuated total reflection (ATR) is a popular
alternative method in which the sample is placed directly on a crystal with a high
refractive index. The beam travels through the crystal and hits the interface with the
sample at an oblique angle such that total internal reflection occurs, and the beam

effectively bounces off the interface. A small portion of the beam, known as an
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evanescent wave, extends a short distance beyond the interface and interacts with the
sample allowing absorption to occur. ATR attachments are available for many
commercial FTIR spectrometers, but they are expensive and inflexible. 3D printing has
been used to produce low-cost ATR modules that allow for variation of many aspects of
the measurements, such as the type of ATR crystal [8]. By creating custom ATR modules
researchers could alter the number of times the beam bounces off the interface, a
parameter that generally cannot be adjusted using commercial equipment, to optimize
the sensitivity of measurements of proteins in dilute solution. Additionally, because the
3D-printed modules could be made overnight at a relatively low cost, they could be used
in a disposable fashion to reduce cross-contamination and study otherwise inaccessible
biological samples.

3D printing has also been applied to great effect in Raman spectroscopy. Due to
their increased complexity and cost, Raman instruments are often less accessible than
FTIR spectrometers, especially in teaching labs. By integrating 3D-printed parts with
off-the-shelf optical components, a functional Raman spectrometer was developed that
cost less than $4000, even including $3000 for a 3D printer [9]. Such an approach can
make it significantly cheaper to provide students with hands-on experience of Raman
spectroscopy.

3D printing has also been used to build experimental apparatuses aimed at
overcoming the low sensitivity of Raman measurements. One method for enhancing
the signal of Raman spectroscopy makes use of a liquid core waveguide, in which the
sample is placed in a Teflon-amorphous fluoro- polymer (AF) tube to provide a longer

path length and help capture the scattered light [10]. A major issue encountered in this
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Figure 7.2. Schematic representation of the 3D-printed hydrogel. (A) without
and (C) with NPs. The inset in a is an optical image of the hydrogel (mixed with 0.06
g of orange food dye (U8-OSL0-PS8Q, Preema, UK)) printed on glass. (C) SEM
images of the as prepared and 3D-printed Fmoc-FF. (d) SEM images of the as
prepared and 3D-printed Fmoc-FF with Ag NPs. Reprinted (adapted) with permission
from [12]. Copyright (2019) American Chemical Society.

approach is the difficulty of preventing bubbles in the sample. A 3D- printed negative
pressure module was developed for easy removal of bubbles allowing for fast and
reproducible analytical measurements.

Another commonly employed method is surface-enhanced Raman spectroscopy
(SERS) in which samples adsorbed to rough metal surfaces or plasmonic nanomaterials
exhibit significantly stronger Raman signals. SERS samples are frequently prepared via
drop casting, by depositing a solution on a surface and allowing the solvent to

evaporate. This process often produces inhomogeneous samples where the
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concentration of the target molecules varies with the distance from the center of
deposition. 3D printing has been used to develop a set of alignment tools to precise
position a pipette tip used to deposit a sample and the focal point of a Raman
microscope relative to one another [11]. These simple 3D-printed parts allowed for
reproducible sampling at controlled distances from the center of a drop on a gold-coated
substrate. 3D printing can also offer methods to control plasmonic nanomaterials, such
as silver nanoparticles suspended in a hydrogel (Figure 7.2) [12]. Extrusion- based 3D
printing can alter the structure of hydrogels by causing the shear-induced alignment of
nanofibers. The aligned 3D-printed hydrogel gives a significant signal enhancement
compared to a hydrogel that had not gone through the printing process.

Pairing Raman spectroscopy with other modalities, such as electrochemistry can
provide insight that cannot be obtained from either technique operating independently.
Conducting these sorts of tandem experiments requires the development of new
experimental apparatuses, which are often not commercially available, that allow
electrochemical cells and electrodes to be mounted to a Raman spectrometer. The low
cost and rapid iteration permitted by 3D printing have enabled the development of
cheap and versatile electrochemical cells allowing in situ Raman measurements of
electro- chemical film deposition while avoiding expensive components such as quartz
plates and platinum rings used in previously reported devices [13,14]. These
experiments were able to use Raman spectroscopy to probe the chemical changes that
occurred as a function of the potential of the electrode. 3D-printed electrochemical cells
have also been used to pair voltammetry of immobilized particles with Raman

spectroscopy. The formation of new compounds at precise locations on the electrode
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surface could be directly monitored almost simultaneously by Raman providing detailed
insight into the effects of the electrochemical process.

One of the major limitations of the 3D printing-based approaches discussed here
is the chemical compatibility of 3D-printed parts. FTIR and Raman spectroscopy are
widely applied techniques that researchers use to investigate a variety of biological,
organic, and inorganic systems. If the polymers commonly used in 3D printing are
incompatible with the target molecules or the solvents they are stable in, then 3D-
printed parts cannot be employed. Further development of new 3D-printed materials
with a variety of chemical properties could help broaden the applicability of the types of

innovations described here.

7.4 Mass Spectrometry

Mass spectrometry (MS) is one of the oldest and most powerful spectroscopic
techniques used to analyze molecular compounds and mixtures by measuring the
mass-to-charge (m/z) ratio of a molecule and its fragments. Such ratios can be used to
elucidate numerous chemical properties of a com- pound, including its elemental
composition, chemical structure, and isotopic ratios. The detection limit of modern
mass spectrometers routinely allows studies on femtomole quantities of samples,
making MS one of the most sensitive analytical techniques available. The information
that can be obtained from MS in conjunction with the broad availability of commercial
mass spectrometers makes MS one of the most used analytical techniques for
studying chemical systems. As a result, MS has had a profound impact in fields ranging

from materials science to biotechnology.

313



The type of equipment found in a mass spectrometer can differ based on the type
of sample being analyzed and the information desired to be obtained. However, in
general, all mass spectrometers consist of a few essential components. First, an inlet
system is required to introduce the sample of interest to the spectrometer so that it
can be analyzed. Next, an ion source is used to ionize the molecules in the sample.
lon sources can be categorized as hard or soft sources based on the degree of
molecular fragmentation that takes place. Depending on the initial sample phase and
type of spectrometer, conversion of the sample to a gaseous phase, which is required
for analysis, is accomplished either by the inlet system or the ionization source.

After ionization, the molecular ions are accelerated via an electric field through a
mass analyzer, typically consisting of a magnetic or electric field, which separates the
different molecular ions based on their m/z ratio. An ion detector is then used to count
the number of molecular ion fragments with a given m/z ratio. The ion source, mass
analyzer, and ion detector are all kept under a high vacuum to prolong the lifetime of
the molecular ions as they travel through the spectrometer. Finally, a computer is used to
translate the data collected via the detector into an interpretable spectrum.

To date, most MS components developed with 3D printing have focused on
modifications to the inlet system and ion source. Because 3D printing allows for rapid
prototyping of components for mass spectrometers, its application greatly expands the
types of analysis and experiments that can be performed. When choosing materials for
3D printing numerous material properties should be considered, including heat
resistance, chemical compatibility, and resistance to outgassing. Here we highlight

recent MS hardware developments using 3D printing. For a more comprehensive
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literature review of 3D printing related to MS, the reader is referred to additional sources
[15].

With respect to the inlet system, 3D printing has allowed for unique customization
of both online and offline sample preparation methods. Online sample preparation
methods involve direct integration with the inlet system of the spectrometer, while
offline sample preparation methods prepare the sample in a separate station before
interfacing with the spectrometer. An example of improvement offered by 3D-printed
devices for online sample preparation is the ability to monitor chemical reactions in real-
time. In one case, a 3D-printed polypropylene fluidic device allowed live reaction
monitoring of the formation of a metal-salt complex using electrospray ionization MS
(ESI-MS) [16]. The stoichiometry of the reaction was controlled by varying the flow rates
of each reactant at the individual inlets of the 3D-printed device. In another example, 3D
printing allowed for the fabrication of a polypropylene reactor with an internal magnetic
stir bar and nanospray ion emitter [17]. The magnetic stir bar was incorporated into the
reaction device via insertion during the FDM print, with the remainder of the housing
built around the stir bar following the insertion, something not possible with traditional
subtractive manufacturing methods. An image of this reactor can be seen in Figure 7.3.
One of the fastest growing areas of MS is the development of ambient ionization (Al)
methods that allow the MS sample to be prepared at atmospheric pressure with
minimal sample prep. One promising method of Al is paper spray ionization (PSI),
which involves soaking a sheet of paper with a solvent of interest and then applying a
high voltage source to ionize the sample and introduce it to the mass spectrometer.

One of the disadvantages of the PSI method is the rapid depletion of the solvent,
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Figure 7.3. 3D Printed polypropylene reactor for mass spectrometry. (A) Image
of polypropylene reactor. (B) Transparent image of polypropylene reactor with
individual components highlighted. A cross section of the reaction are can be seen
where the given dimensions are in mm. Figure 7.3 adapted with permission from [17].
Copyright The Authors, some rights reserved; exclusive licensee Royal Society of
Chemistry. Distributed under a Creative Commons Attribution License 3.0 (CC BY)
https://creativecommons.org/licenses/by/3.0/

which limits analysis time. However, recent developments in 3D printing have allowed
this analysis to be extended via the integration of polylactic acid (PLA) sample
reservoirs. In one example, employing a PLA cartridge with a paper tip and dual
hydrophilic wicks extended the sample spray to tens of minutes [18]. The design of this
reservoir allowed fast wetting of the paper via one wick placed near the surface of the
reservoir, while a second wick placed deeper in the reservoir allowed for an extended
supply of solvent to the paper through slow capillary action. In the case of the fast-
wetting wick, it was found that diffusion of the solvent through the paper occurred faster
between the paper-PLA interface rather than direct wetting of the paper.

Another Al technique that has benefited from the application of 3D printing is
electrospray ionization (ESI). ESI can be challenging under ambient conditions as the
number of analyzable ions is greatly reduced due to the expansion of the spray

before even entering the vacuum region of the spectrometer for analysis. However,
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this challenge of spray expansion was recently overcome through the employment of
3D-printed electrodes capable of focusing the ion beam before it enters the
spectrometer [19]. The electrodes were fabricated using an FDM printer and
polyethylene terephthalate glycol printing material doped with conductive CNT.

A final Al method ripe for the application of 3D printing is low-temperature plasma
(LTP) ionization. In this method a plasma, often generated from helium gas, is used to
generate molecular ions. The low power consumption and simplistic design of LTP
probes are attractive advantages, and the customized nature of the probes (to date the
majority of LTP probes have been home built) makes them well suited for production
via 3D printing. In one study, an LTP probe 3D-printed from PLA and ABS was used to
successfully obtain MS spectra of small molecule organic compounds [20].

One of the greatest benefits of 3D printing for MS applications is that many of
the designs mentioned in this section are open source and available to researchers free
of charge. However, despite these benefits, several challenges remain that impede the
integration of 3D printing into MS. For example, many 3D-printing resins are soluble in
organic solvents, which can limit the types of solvents that can be used in 3D-printed

reaction vessels.

7.5 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) is an extremely powerful and versatile
spectroscopic technique for the study of chemicals ranging from biomolecules to
materials. NMR is a non-destructive spectroscopic method that is capable of probing

individual atomic sites within a molecule at atomic resolution. Over the last few decades,
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NMR has proven to be an indispensable tool for the structural determination of organic
compounds and biomolecules such as proteins and has found additional applications
in emerging technological fields such as battery applications, among others.

NMR is most used to study chemical systems in a liquid or solid state.
Generally, the type of equipment used is similar regardless of physical state. First, a
superconducting magnet (typically in the range of 9-28 tesla) is used to generate an
energy level splitting between the nuclear spin states in a sample. The sample itself is
housed within a chamber with an RF coil surrounding it. The purpose of this coil is two-
fold: it transmits RF radiation to the sample where it is absorbed and acts as a receiver
to detect the corresponding RF radiation that is emitted from the sample. The RF coil
and sample chamber are part of the NMR probe which sits within the bore of the
superconducting magnet.

In solution state NMR the sample is typically placed in a glass NMR tube while
in solid-state NMR the sample is typically placed into a ceramic NMR rotor and fitted
with a microturbine cap. In the latter case, this rotor is placed into a stator and the
sample is pneumatically rotated at a fixed angle (54.74°) at frequencies that can exceed
7 million RPM. This technique is referred to as magic angle spinning (MAS) and is used
to substantially improve the resolution of NMR experiments on solid-state samples.
Finally, the spectrometer itself is used to generate the necessary RF pulses for exciting
the nuclear transitions. The spectrometer typically consists of RF transmitters, high-
power amplifiers, and a receiver unit that translates the analog RF signal into a digital

format that can be processed by a computer.
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Over the last several years there has been a substantial increase in the
application of 3D-printed materials to enhance the performance of NMR equipment.
This has been driven by a need for low- cost, open-source equipment that can be
rapidly customized and produced. In this section, we highlight a few of the most
prominent examples of 3D printing related to NMR. For a more extensive review, the
reader is referred to other literature [21].

One of the first examples of 3D printing components for NMR spectroscopy is
the fabrication of 3D-printed sample exchangers for dynamic nuclear polarization
(DNP) NMR [22]. DNP is a powerful technique that significantly improves the
sensitivity of an NMR experiment by transferring the abundant spin polarization of
electrons to the nuclei of interest via microwave irradiation. DNP experiments are most
efficient when performed at low temperatures, typically <-173°C. Furthermore, because
the sample must be rapidly cooled, the NMR rotor must be inserted into the probe at a
low temperature. Despite these challenging temperature requirements, 3D-printed eject
pipes were fabricated that allowed for seamless insertion and ejection of MAS rotors at
temperatures of -173°C. The eject pipes were not only able to handle the extreme
temperatures necessary for DNP experiments, but also the extreme thermal cycling
that occurs between different probe cooldown cycles.

While most NMR coils in MAS NMR consist of a uniform pitch solenoid coil, non-
uniform pitch coils offer improved RF homogeneity and microwave access for DNP
experiments. One example of using 3D printing to create non-uniform pitch coils
involves the fabrication of dissolvable coil inserts [23]. In this example, CAD software

allowed the straightforward design of templates on which coils were wound with
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variable pitch. The coil templates were 3D printed from ABS material on an FDM printer.
After winding the coil around a template, the template was then dissolved in acetone,
leaving behind just the coil with the given template geometry. This approach allows
easy, rapid, and reproducible prototyping of coil designs.
Stators used for MAS NMR experiments are capable of spinning rotors at extremely
high rotation frequencies, currently up to ~7 million RPM. However, to accomplish this,
the individual components of the stator must be fabricated to very tight tolerances,
sometimes on the order of a few microns. As such, it is often difficult to manufacture
these MAS stators with traditional additive manufacturing methods. However, recent
work has shown that it is possible to fabricate many stator components using a
combination of ceramic and plastic SLA printing, thus greatly reducing the overall
fabrication cost of the stator [24]. Additionally, it was shown that the cost of certain
consumables such as MAS drive caps, which function as microturbines and enable
sample rotation, could be greatly reduced as well. Using the Protolabs proprietary resin
microfine green, researchers were able to fabricate 3.2 mm drive caps capable of
reproducibly spinning at frequencies of 1.2 million RPM for periods of weeks at a time
with comparable performance to commercially machined drive caps. An image of the
3D-printed stator mounted to a spinning test station and NMR probe can be seen in
Figure 7.4

While most MAS stators are designed to spin cylindrical rotors, a recent
development in MAS NMR is the implementation of spherical rotors [25]. Initial tests
with 9.5 mm diameter spherical rotors found that they were able to spin to 636,000

RPM using helium gas in a 3D-printed stator. The stator design requirements for

320



Figure 7.4. 3D printed MAS stator. (A) Top and (B) front view of 3D printed stator
assembly mounted on 3D printed spinning test station. (C) 3D printed stator mounted
on triple-resonance NMR probe. Reprinted from [24], with permission from Elsevier.

spherical rotors are significantly different than that of stators for cylindrical rotors.
Therefore, when designing initial prototypes of the stator it was highly convenient to use
3D printing to rapidly iterate through stator designs with minor modifications. As the size
of spherical rotors began to shrink it was found that further modifications need to be
made to the stator design [26]. For 2 mm MAS spheres, the aperture for the bearing gas
had to be reduced to 0.4 mm, a significant challenge for most commercial 3D printers. It
was also discovered that smaller spherical rotors had difficulty remaining in the stator
and would tend to eject during spinning. The issue was eliminated by 3D printing a
‘cage’ as part of the stator design, thus keeping the sphere in place. Using these design
modifications the 3D-printed stators were capable of spinning 2 mm spherical rotors to >

4 million RPM using helium gas.
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3D printing has also been used extensively to fabricate non-MAS NMR
components. One example of this is using 3D printing to make custom NMR probe
heads [27]. The authors utilized both FDM and SLA printing methods followed by a
liquid metal injection step to fabricate high complexity, custom radio frequency coils, as
shown in Figure 7.5. These inductor designs were optimized for improved sensitivity
over previous designs that were limited by conventional fabrication methods. This work
represents important progress toward low-cost magnetic resonance imaging (MRI) coils
in addition to in situ-reaction monitoring.

In another example, researchers were able to 3D print a low-cost, easy-to-use
autosampler for a benchtop NMR system [28]. The autosampler could store 30
samples at a time for solution NMR analysis, significantly increasing the throughput of
the system which had previously required manual insertion of the sample. Both the
CAD designs and software for controlling the autosampler are open-source and readily
available to the research community.

Continued miniaturization of RF transmit and receive coils is critical for
magnetic resonance devices, and recently enabled using two-photon polymerization 3D
printing. This printing strategy was used to fabricate sub-nanoliter (sub-nL) microfluidic
channels on a single chip NMR probe with a resolution better than 1 ym? [29]. The high-
resolution printing method enabled the printing of the detection coil 10 ym from the
sample, which allowed the detection of low concentrations (6 x 10-2moles) of intact

biomolecules at 0.1 parts per million spectral resolution. Despite the immense progress
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Figure 7.5. SLA and FDM fabrication of NMR probehead. Both (A) fused
deposition modeling (FDM) and (B) stereo lithography appearance (SLA) techniques
are utilized to fabricate a complete probehead (C) layer by layer according to the
simulation design. (D) Liquid metal is perfused into the model through the injection
hole to form an RF coil. (E) The RF coil is connected to the matching circuit by two
copper strips to form a complete probe. The entrance and exit of the liquid metal
channel are completely sealed with silver paste. Various 3D-printed probeheads
suitable for MR applications can be fabricated and utilized, including (F) U-tube
saddle probehead (SAP), U-tube Alderman-Grant probehead (AGP), reaction
monitoring probehead (RMP), electrochemical reaction monitoring probehead (ECP),
gradient probehead (GP) for MR, and (G) modified solenoid imaging probehead
(MSO), modified Alderman-Grant imaging probehead (MAG) for MRI. The coil
channel of MSO probehead, before and after the liquid metal perfusion, are also
shown. Figure 7.5 adapted with permission from [27] Copyright The Authors, some
rights reserved; exclusive licensee Nature Publishing Group. Distributed under a
Creative Commons Attribution License 4.0 (CC BY)
https://creativecommons.org/licenses/by/4.0/
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that has been made with respect to additive manufacturing in NMR, several
challenges remain. One challenge is that NMR equipment often consists of small parts
with tight tolerances. As of now, most commercial 3D printers for use in labs still offer
tolerances in the range of one hundred microns, limiting the type of equipment that can
be manufactured for NMR. Additionally, many NMR applications, particularly in MAS
NMR, require airtight parts. This can often be difficult to achieve with certain printing
processes such as FDM. Another challenge to consider is the chemical composition of
the printing material. Most 3D-printing materials are made of organic compounds
abundant in carbon and hydrogen, so care must be taken to ensure that these materials

do not produce background signals in NMR spectra.

7.6 Conclusion

We have herein reviewed several notable applications of 3D-printing technologies
that have enabled advances in molecular and atomic spectroscopies. From
applications in UV/VIS, FTIR, Raman, MS, and NMR, 3D printing has allowed
researchers to perform innovative experiments that would be otherwise expensive or
not readily accessible due to limitations with existing commercial technology. Across
spectroscopic methods, the wide range of chemically compatible resins and material
properties supporting a variety of experimental conditions illustrates the robust
performance and capabilities of 3D printing. Moreover, in many applications reviewed,
sub-micron tolerances were achieved using 3D printing. Continued miniaturization of
spectroscopic devices is of primary interest to researchers in academia and industry

alike. In the future, we anticipate additive manufacturing will continue to become a
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primary fabrication method in both research and commercially available spectroscopic
devices. As the resolution and material properties available under 3D printing continue

to evolve and advance so too will the complexity of the components fabricated.
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