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Abstract

Adventures in high-field electron paramagnetic resonance
by

Christopher Blake Wilson

Electron paramagnetic resonance (EPR) is a powerful technique for studying param-
agnetic species and their environments, with applications in chemistry, biology, physics,
and material science. When combined with site-directed spin-labeling, EPR can be
used to answer important questions about the structure, function, and dynamics of
biomolecules in their native environments. EPR becomes more powerful as it moves to
higher magnetic fields, and as it moves from continuous wave (CW) techniques to pulsed
techniques, however technological challenges have slowed the progress of high-field EPR
and limited its application to a few select systems. This work takes a multi-directional
approach to expanding the capabilities of high-field EPR.

The main factors limiting high-field pulsed EPR have been challenges associated with
generating high-frequency sub-THz and THz microwave radiation of sufficient power.
This limitation has been directly addressed at UCSB by the development of a novel high-
power EPR spectrometer operating at 8.5 T which uses the UCSB mm-wave free electron
laser (FEL) as a source of kW 240 GHz microwave radiation. The FEL-powered EPR

is the highest power pulsed EPR experiment operating over 100 GHz, and is capable

Vil



of broadband, coherent spin manipulations at high magnetic fields on ~ns timescales.
In this work, an all-quasioptical, optomechanical phase control procedure is described
and implemented at 240 GHz, providing transformative capabilities including facilitating
coherence transfer pathway selection, reducing experimental deadtimes, and enabling
high-field, room-temperature spin relaxation time measurements. High-bandwidth pulses
are used to explore nonlinear spin dynamics in BDPA, an organic crystalline radical, and
to map out the spin system’s anomalous Bloch sphere trajectories.

High-field EPR can be powerfully combined with high-spin Gd*" spin labels for en-
hanced sensitivity and access to a wider range of distance constraints in protein structure
measurements. Relaxation and decoherence mechanisms in Gd** spin are studied, and
a model describing Gd3* spin coherence lifetimes at high magnetic field is proposed and
validated. New insights into the mechanisms driving spin decoherence in Gd3* lead to
more sensitive measurements of local average inter-spin distances. Sample geometries for
high-field EPR designed and optimized based on optics principles demonstrate dramatic
signal enhancements, especially for lossy, aqueous samples.

Finally, high-field EPR is applied to study the protein proteorhodopsin (PR), a light-
activated trans-membrane 'H pump found in marine bacterioplankton. A paramagnetic
spin probe tethered to PR reports on protein conformational changes brought on by pho-
toexcitation. Time-resolved 240 GHz EPR, together with time-resolved optical absorp-
tion spectroscopy, is applied to explore the relationships between structure and function

in PR.
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Chapter 1

Introduction

Electron paramagnetic resonance (EPR) is a spectroscopic technique which studies inter-
actions between unpaired electrons and electromagnetic fields. EPR, also called electron
spin resonance (ESR), is a lesser-known cousin of nuclear magnetic resonance (NMR).
NMR spectroscopy is widely used in analytical chemistry and material science, and NMR
imaging has become an important tool in modern medicine. NMR studies interactions
between electromagnetic fields and nuclear spins, which are abundant in nearly all materi-
als, since virtually every element in the periodic table has at least one stable NMR-active
isotope. EPR, by contrast, has a narrower scope of applications and potential since it is
limited to materials with unpaired electrons. Furthermore, NMR is typically performed
with electromagnetic fields at frequencies of 10’s of MHz to, recently, up to 1 GHz, which
are easy to generate and detect using mature, widely commercially available technology.

EPR, on the other hand, requires much higher frequencies, typically 10s of GHz on the



low end and extending to THz frequencies, which are difficult to generate and detect and
require specialized equipment and knowledge.

EPR was discovered in 1944 in the USSR by Zavoisky [1], and has progressed over
the last seven decades into a useful tool in several fairly specialized applications, includ-
ing materials characterization, quantum information science, analytical chemistry, and
biochemistry. Over the same timeframe, NMR was discovered, was awarded four No-
bel prizes in three different disciplines (physics, chemistry (twice), and medicine), and
has become a standard tool used by scientists, doctors, and technicians in a number of
disciplines.

Nevertheless, EPR offers vast potential for growth and development, particularly
as a technique for studying biological systems. Paramagnetic spin probes tethered to
biomolecules [2] can be used as site-specific reporters to extract structural information,
local information about surface hydration, measurements of side-chain mobility, of pH,
and of dynamics, and to probe protein docking or oligomerization. EPR hyperfine spec-
troscopy can be used to study paramagnetic centers in metalloenzymes and metallo-
proteins with near-atomic resolution [3, 4], and EPR dipolar spectroscopy can be used
to measure distances between unpaired electron spins separated by 1-10 nm, providing
long-range distance constraints even in disordered, highly heterogeneous materials.

For structure studies, EPR is highly complementary to other commonly used tech-
niques such as X-ray crystallography and electron microscopy (EM) [5]. X-ray crystal-

lography and EM offer atomic resolution, but require extensive sample preparation and



come with restrictions on the types of samples which can be addressed, with membrane
proteins and protein-lipid assemblies proving to be particularly challenging. EPR does
not require crystallization, and can be performed in relatively “dirty,” biologically rele-
vant environments, including inside living cells [6], where complex biomolecular activity
and crowded conditions preclude the application of most other techniques. In addition,
EPR can provide information about ensembles, and dynamics which are frozen out in
X-ray crystallography and EM.

Compared to NMR, which also offers atomic resolution structural information and
which can be performed on proteins in biologically relevant conditions, EPR offers signif-
icantly improved sensitivity and access to long-range distances to which NMR is typically
blind. EPR is 2-3 orders of magnitude more sensitive than NMR, performed on even the
most favorable nuclei, such as 'H, 3H, and F, and is 3-4 orders of magnitude more sen-
sitive than a range of less favorable nuclei. This sensitivity is made all the more powerful
by the relative scarcity of unpaired electrons in most materials, so that signals only come
from specific sites of interest, and not from a background of unwanted spins, as is often
the case in NMR. EPR can be powerfully employed to study defects and interfaces in
materials, where NMR struggles due to low sensitivity and due to lack of discrimination
between the signals of interest and the often much larger signals from nuclei in the bulk.

This dissertation describes efforts to expand the impact and scope of EPR spec-
troscopy by extending EPR to higher fields and frequencies, which is desirable for several

reasons. Fundamentally, moving to higher field increases the intrinsic sensitivity of EPR



due to the larger Boltzmann spin polarizations at routinely-achievable experimental tem-
peratures (> 4 K). In addition, high field EPR provides improved time resolution and
spectral resolution. These advantages are particularly useful for studying biological sam-
ples [7, 8, 9] where high resolution is required but sample volumes are often extremely
limited, or for performing precision measurements of electron ¢ tensors [8, 10, 11]. Im-
proved spectral resolution can be leveraged by pulsed dipolar spectroscopy techniques
[12, 13] conducted at high field to probe inter-spin distances with orientation selectivity,
(14, 15, 16].

Most EPR is performed at fields below 0.5 T, and at frequencies below 10 GHz, where
instrumentation which has benefitted from flexible signal generators and powerful am-
plifiers developed originally for radar applications and adopted by spectroscopists. In
past decades, EPR experiments have begun to adopt higher magnetic fields, with many
research institutions operating 1.2 T / 35 GHz EPR spectrometers. Higher frequency
spectrometers, with fields in excess of 5 T, exist only in a few specialized labs. The limit-
ing factor for moving EPR to higher magnetic fields is the microwave source, which must
scale up in frequency in proportion to the increased magnetic field. NMR, by contrast,
is routinely performed at fields above 20 T, with high-resolution NMR experiments op-
erating at up to 35.2 T [17], and with limited resolution at up to 44 T [18]. The limiting
factor for moving NMR to higher fields is magnet technology- if stronger, sufficiently
stable, magnetics were available, NMR could easily be adapted to higher fields.

Going to high fields and frequencies is often essential for studying electron spins with



S > 1/2. For high-spin systems, large zero field splitting (ZFS) can make it impossible
to employ EPR at low fields and frequencies, if the ZFS strength is much larger than
the Zeeman energy. High-field EPR is an invaluable tool for studying half-integer high-
spin electron systems, which have favorable high-field spectral properties as discussed in
section 1.2.1. Dipolar spectroscopy with half-integer high-spin metal centers, using pulsed
EPR techniques [19, 20, 6, 21, 22, 23] or EPR lineshape analysis [24, 25] is a powerful and
sensitive way of measuring inter-electron dipolar couplings for distance determination in
biological or material systems.

EPR spectroscopy is a powerful technique on its own, but really shows its true strength
and flexibility when paired with NMR spectroscopy. A variety of two-frequency experi-
ments where both electron and nuclear spins are addressed have been developed to great
success, leveraging the high sensitivity provided by EPR with the high resolution of
NMR spectroscopy. Examples of such techniques include Electron-Nuclear DOuble Res-
onance (ENDOR) [26, 27, 28], and dynamic nuclear polarization (DNP)- enhanced NMR
29, 30]. NMR becomes increasingly powerful at higher magnetic fields and frequencies.
NMR spectrometers operating at 23.5 T for a 1 GHz 'H Larmor frequency are commer-
cially available, with 28.2 T (1.2 GHz 'H Larmor frequency) soon to be commercialized.
In order to reap the full benefits of double resonance techniques, EPR should move to
join NMR at these high fields.

Many of the principle advantages of high-field EPR are difficult to realize in practice,

unfortunately, due to the lack of techniques for generating high-power, high-frequency



microwave and THz radiation. For this reason, high-field EPR is typically limited to
low power (<10 mW) continuous wave experiments, foregoing the advantages of pulsed
techniques, or is restricted to specific systems, where relaxation times are long enough
to allow for long (>100 ns) pulses for spin manipulations, or which are compatible with
extremely volume- and experimental bandwidth-limiting microwave cavities.

Pulsed EPR spectrometers powered by frequency-multiplied solid-state microwave
sources are available commercially at 263 GHz with 10s of mW of power, and at similar
frequencies in a few specialized labs [31, 32, 33, 34, 35, 36, 37, 38|. Extended interaction
Klystron (EIK) amplifiers have been employed in EPR spectrometers operating at up
to 95 GHz [39, 40, 41], where they can provide up to ~kWs of power. In recent years,
gyrotron-amplifiers [42, 43] have developed as promising candidates for high-power mi-
crowave sources at > 100 GHz, however this technology is still maturing and has not yet
been successfully demonstrated in an EPR or DNP ospectrometer.

High-powered oscillators such as gyrotrons and free electron lasers are alternative
methods for generating high-power microwaves at high frequencies. Oscillators can gen-
erate power much in excess of 1 kW in the sub-THz frequency range [44, 45, 46, 47].
Even modest improvements in power over high-frequency amplifier technologies have
been shown to be beneficial: for example, DNP-enhanced NMR has been performed with
gyrotrons producing 5-20 W of power [48, 49], with revolutionary gains in NMR sensi-
tivity. Work by Barnes and collaborators [50] demonstrated DNP-enhanced NMR with

electron spin decoupling using a frequency-agile gyrotron operating at 250 GHz.



Over the last 10 years, a 240 GHz EPR spectrometer [51] which operates using the
UCSB mm-wave FEL (mm-FEL) has been developed and demonstrated as part of a
collaboration between Professor Mark Sherwin and Professor Songi Han at UCSB. Oper-
ating at microwave powers of ~500 W to ~9 kW and capable of applying coherent inver-
sion pulses to spin-1/2 electrons in 12 ns, the UCSB “FEL-EPR” spectrometer provides
transformative capabilities. Chapters 2 and 3, and part of Chapter 5 of this dissertation
detail experiments performed with the FEL-EPR spectrometer. The FEL-EPR spec-
trometer can additionally operate with a 55 mW 240 GHz solid-state microwave source,
enabling complementary continuous-wave (CW) EPR and low-power pulsed EPR in the
same experimental platform. Chapters 4, 5, and 6 of this dissertation deal primarily with
measurements performed in the dual, low-power operating mode.

Chapter 2 deals with improvements made to the FEL-EPR spectrometer over the last
several years, and the new science that has been made accessible by these improvements.
The key development has been the ability to independently control the phases and am-
plitudes of high-power FEL-generated EPR pulses, enabling phase cycling and coherence
transfer pathway selection in FEL-EPR.

Chapter 3 presents an FEL-EPR study of non-linear electron spin dynamics which
arise at room temperature in a crystalline organic radical. Experiments performed on
crystalline BDPA (1,3-bisdiphenylene-2-phenylallyl) showed, in a surprising result, that
the EPR frequency shifts as a function of magnetization tip angle. This frequency shift

has never before been observed in a paramagnet. The spin dynamics on the Bloch sphere



under a strong driving field are characterized, and potential applications are discussed.

Chapter 4 outlines a series of measurements which characterize electron spin relax-
ation and decoherence in Gd** complexes at high magnetic fields, where a number of
interesting effects emerge. At high field and at low temperature, the electron spin bath
can become polarized to a very high degree, freezing out certain spin states and removing
spin bath fluctuations as a source of decohering magnetic field noise. High-field electron
spin-lattice and spin-spin relaxation time measurements are presented for a series of high-
spin (S=7/2) Gd** complexes. A model of high-spin dipolar-coupling-driven decoherence
is proposed, and is successfully used to describe the temperature and concentration de-
pendence of the Gd** phase memory time, allowing for relaxation-based measurements
of inter-spin distances with Gd3* spin labels.

Moving away from the low temperature, highly spin-polarized regime, Chapter 5
deals with another challenge associated with high field EPR: performing experiments
under biologically relevant temperatures and conditions. Most biology takes place near
room temperature, in aqueous conditions. Aqueous samples are challenging for high-field
EPR because water is extremely lossy at microwave and THz frequencies. Chapter 5
describes a type of sample holder optimized for room temperature, liquid, solution-state
experiments.

The sixth and final chapter of this dissertation presents work done over the last year
and a half using high-field time-resolved EPR together with site-directed spin labeling

to study protein dynamics and motion at room temperature, in biologically relevant



conditions. Chapter 6 focuses on the protein proteorhodopsin (PR), a protein which lives
in the membranes of marine bacteria and which functions as an energy source in the form
of a light-activated proton pump. EPR measurements of PR tagged with a paramagnetic
spin-label at judiciously chosen sites can be used to probe light-activated conformational
changes that accompany protein function. Time-resolved high-field EPR, which offers
superior spectral resolution and clarity, is paired with time-resolved optical spectroscopy

to correlate protein structural changes with protein optical photointermediate states.

1.1 Fundamentals of Electron Paramagnetic Reso-

nance

The rest of this introductory chapter is intended to familiarize the reader with the physics
of EPR. The material presented in this section was drawn from a number of sources, in-
cluding excellent textbooks focusing on EPR by Poole [52], Weil and Bolton [53], and
Schweiger and Jeschke [54], and Solyom’s textbook [55] on solid-state physics. The inter-
ested reader is encouraged to read the theses of Dr. Devin Edwards [56] and Dr. Jessica
Clayton [57] for more information about the particular opportunities and challenges of

performing EPR at 240 GHz.



1.1.1 The Electron Magnetic Moment

The wavefunction of a single electron |¥(r,{s})) can be written can be written as a
product of a spatial wavefunction |tspace(r)), which depends on spatial coordinates {r}

with a spin wavefunction |spim({s}), which depends on spin degrees of freedom {s} [58],

v(rs)) = Yon({s))) (1)

Yipnee (1) ) ©

Electrons are charged particles which carry angular momentum in their spatial and spin
degrees of freedom. Orbital angular momentum L is associated with the electron spatial
wavefunction, and can be thought of semi-classically as arising from electron motion.
Spin is a fundamentally quantum mechanical degree of freedom, and is associated with
an intrinsic angular momentum S which all electrons possess. Because electrons carry
both charge and angular momentum, they also carry magnetic moments p; and pg

associated with their orbital and spin angular momentum [52],

pr = —grpsL/h (1.2a)

ps = —gsupS/h (1.2b)

where up = eh/2m, is the Bohr magneton, g;, and gg are the orbital and spin g-factors,
and L and S have units of A. The negative sign comes from the fact that electrons
are negatively charged. Typically, g, ~ 1 and gs ~ ¢., where g, ~ 2.00319 is the free

electron g-factor [59, 60, 61]. L and S are vectors of angular momentum operators, whose
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components satisfy the usual commutation relations of angular momentum

[f/w I:]] = ZFLEUk[A/k (13&)
(53, S5] = iheijnSk (1.3b)

where €;;;, is the totally antisymmetric Levi-Cevita symbol [58].

An electron can therefore be thought of as a tiny magnetic dipole with a total elec-
tron magnetic moment p. = p; + ps that couples to a magnetic field B through the
Hamiltonian

H = ' B = UB (gLL + gES) : B/h (14)

Equation 1.4 is accurate in the high magnetic field limit. In systems with spin-
orbit coupling, where the spin and orbital degrees of freedom interact, L and S are not
conserved quantities. Instead, it is the total angular momentum J = L + S which is
conserved. In a weak magnetic field, such that Equation 1.4 is small compared to spin-
orbit coupling, only the projection of the total magnetic moment g, which lies along J

in Equation 1.4 need to be kept, so that

(gL + gs8) - J)

H = 7

upd -B/h (1.5)

The quantity

(gL + gsS) - J)
J2

9s = (1.6)

is known as the Landé g-factor. The weak-field interaction of an electron magnetic
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moment with a magnetic field is given by

H = g;upd -B/h (1.7)

The bulk of the work presented in this dissertation deals either with systems where
spin-orbit coupling is small, or where L can be neglected, or both, and the interaction
between an electron spin and a magnetic field B can be described by an effective spin

Hamiltonian of the form

H=gugS-B/h=~S-B (1.8)

where ¢ is an effective g-factor, g ~ gg, and v is the electron gyromagnetic ratio

guB
= — 1.
v 3 ( 9)

The Hamiltonian in Equation 1.8 describes the energy of a single spin in an external
magnetic field. If the magnetic field is taken to point along the Z direction so that
B = Bjz, then Equation 1.8 becomes

H =~B,S, (1.10)

The eigenstates of H are the 2S5 + 1 eigenstates |m) of S, labeled by m,

S, m) = hm|m) (1.11)

where m = {—=S, =S +1,...,5 — 1,5}, so that

H|m) = hyBym|m) (1.12)
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1.1.2 Spin-1/2

A single electron has S = 1/2. Considering only spin degrees of freedom, Equation 1.10
has two energy eigenstates | + 1/2) and | — 1/2) labeled by the eigenvalues of S, with

energy eigenvalues F /9, EF_;/5 given by

hvB

E+1/2 = 72 0
1y By (1.13)

E_ip=— 5

The two states | + 1/2) and | — 1/2) correspond to the electron spin being aligned or
anti-aligned with the external field. The energy difference at AE = E_ /5 — E_; 5, called
the Zeeman energy, is given by

AE = hyB, (1.14)

corresponding to a frequency wy, = AE/h

Wy, :'VBO (115)

where wy, is the Larmor frequency. Table 1.1 shows the scale of the energy splitting
AFE and the corresponding Larmor frequency wy, for g = 2 electron spins over a range of
magnetic fields.

The two states | + 1/2) and | — 1/2) are coupled by a magnetic dipole transition
[53, 55]. A time-varying magnetic field which oscillates at the Larmor frequency can
drive transitions |+ 1/2) — | F1/2).

For g ~ 2 electrons in moderate magnetic fields and temperatures, the Zeeman energy

is small compared to thermal fluctuations. From Equation 1.14, AE/By ~ 0.14 meV/T.
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Magnetic Field (T) | AE (meV) | wr/27 (GHz) | T, (K)
0.34 3.9 x 1072 9.5 0.46
1.24 0.14 34 1.6
3.4 0.39 95 4.6
5.0 0.58 140 6.8
8.56 1.0 240 11.6

Table 1.1: Energy difference, Larmor frequency, and Zeeman temperature corresponding
to transitions between two adjacent spin energy levels for ¢ = 2 electrons at magnetic
fields where EPR is typically performed.

For an ensemble of non-interacting spins, the two states | + 1/2) and | — 1/2) will be
thermally populated according to Boltzmann statistics. The ratio n_1/5/n41/2 of spins
in the ground state | — 1/2) to spins in the excited state | + 1/2) is

n_l/g AE) (h”)/Bo>

—— =exp| —= | =exp 1.16

n+1/2 (k’BT ]{?BT ( )

In the high-temperature limit kgT > AFE, the ratio n_1/2/n+1/2 is close to 1 and

the populations of the two states are nearly equal. At temperatures below the Zeeman

temperature 7., given by

_ hvy By

T,
kg

(1.17)

thermal fluctuations are small compared to the Zeeman energy and the spins will tend
towards being fully anti-aligned with the magnetic field.

The spin of a S = 1/2 unpaired electron can be described by a wavefunction |¢)
which can be written in terms of the eigenstates | £ 1/2) of S., which span the S =1/2

Hilbert space [58]

() = a(t)| +1/2) + 5()] = 1/2) (1.18)

where |a|?+]3]*> = 1. The dynamics of the spin are governed by the Schrodinger equation
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with Hamiltonian given in Equation 1.10,
0
tho [0(1)) = Hlu(t) (1.19)

Taking the projection of both sides of Equation 1.19 with (+1/2| gives differential

equations for «(t) and 5(t),

7By : By
a=—i—a B =i—
2 2
with solutions
o = ’ao‘ei(j)aefi'yBOt/Q 5 — |ﬁ0|€i¢5 e'i'yBot/2

Calculating the expectation values of the operators S, = (ST +57)/2, S, = (ST —

S7)/2i, and S, in the state [¢)) gives

(Sx(t)) = hlag||Bo| cos (vBot + ¢) (1.20a)
(Sy(t)) = hlaol|Bo| sin (vBot + ¢) (1.20b)
(5.(1)) = 5 (laf” ~ |P) (1.200)

where ¢ = ¢35 — ¢o. A vector S = ((S,),(S,), (S.)) whose components are given by
the expectation values of the spin angular momentum operators can be seen to precess
about the direction of the magnetic field, which points in the z-axis, with a precession

frequency vBy = wy, given by the Larmor condition.
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1.1.3 Bulk Properties

In a sample with a large number N of non-interacting electron spins per unit volume V',

the sum of the magnetic moments of each spin defines a magnetization M [55],

i( P2(s,)) = —%i (1.21)

Taking the magnetic field to point along the Z direction, B = ByZ, the magnetization
at thermal equilibrium M., can be calculated from Equation 1.21,

(S) = Tr (Spo) (1.22)

where pg is the density matrix describing a spin at thermal equilibrium

o—H/kBT
and H = vByS, is given by Equation 1.10, so that
GBHT| — 1/2) (<1/2] + e VN1 2) (12 a0

Po = e7Boh/2kpT | o—~Boh/2kpT

Using Equations 1.21, 1.22, and 1.24, the equilibrium magnetization M., is given by

_ Ngug gusBo\
M —>— tanh 1.2
“a=y g @ (ZkBT N (1.25)

In the high-temperature limit kgT > gupBy, M., is given by

N(QMB) IHEB) B+

1.2
“V 4kgT (1.26)

From Equation 1.26, the magnetic susceptibility x( in the high-temperature limit is

given by

_ E(QNB)Z
Xo = Koy "

(1.27)
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1.1.4 The Bloch Equations

The Bloch equations [62] are a semi-classical model of magnetic resonance, in which the
magnetization M is treated as a classical vector. In a magnetic field B, M feels a torque
T given by

r=MxB (1.28)

Equations 1.21 and 1.28 combined give the equations of motion for M,

%M =1B xM (1.29)

As with Equation 1.20, Equation 1.29 predicts that if M is not aligned with B, it will
undergo precession with frequency w; = vB.

Bloch precession is accompanied by two relaxation processes, which occurs on two
different timescales, designated T} and 7. The component of M which points in the
direction of B decays back to thermal equilibrium due to interactions with the lattice
with a time constant 7j [63]. At the same time, the components of M which point
transverse to B decay with time constant 75, both due to interactions with the lattice
and due to dephasing, which is generally shorter than T}. Dephasing occurs due to small
variations in the precession frequency wy,, and to small time-variations in phase ¢ of each

of the underlying spins (Equation 1.20). The Bloch equations with relaxation [62] are
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given by

d M,

EMI =~v(B xM), — T (1.30a)
d M,

d Mz MO

(1.30¢)

The Bloch equations, despite being a semi-classical approximation, provide valuable

intuition for magnetic resonance, particularly when it comes to relaxation.

1.2 EPR Spectroscopy

EPR spectroscopy consists of a number of techniques designed to probe with high accu-
racy the energy differences between electron spin states. These energy differences depend
on the local magnetic fields seen by the electron spins, and so are sensitive probes of the
local magnetic environments around unpaired electrons.

EPR spectroscopy is a broad field with many sub-disciplines, and it is difficult to make
generalization about the discipline. Nevertheless, it is fair to say that EPR spectroscopy
is concerned (for the most part) with dilute electron spins in otherwise diamagnetic
materials, and that the goal of the EPR spectroscopist is to use magnetic fields (both
static and time-varying) to study dilute, (nearly) isolated spins associated with (usually
localized) unpaired electrons. In the dilute spin limit, where unpaired electrons are

separated by ~nm distances (or longer), EPR spectroscopy probes perturbations on
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the ground electronic state of a system which arise due to interactions between spin
magnetic moments and magnetic fields. These low-energy states are governed by an
effective spin Hamiltonian, which encodes information about the ground electronic state

(and sometimes excited electronic states), and which govern low-energy spin excitations.

1.2.1 The Effective Spin Hamiltonian

If the density of unpaired electrons is not too high, and any external magnetic fields
are not too large, so that contributions to the total energy E of a system from the
spin degrees of freedom {s} can be treated as perturbations on top of the much larger
electronic energy Ej, then an effective spin Hamiltonian can be defined which governs
the spin degrees of freedom in the electronic ground state.

The effective spin Hamiltonian Hg can be written as a sum of interaction Hamiltonians
by grouping together terms which are similarly behaved,

HSZH2+Hdd+HEz+HHF+HZF5 (1.31)

where H is the Zeeman interaction, Hy, is the inter-electron dipole-dipole interaction,
Hpg, is the exchange interaction, Hyp is the electron-nuclear hyperfine interaction, and

Hyzpg is the electron zero-field splitting (ZFS) interaction.
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Zeeman Interaction

The Zeeman interaction H, is a generalization of Equations 1.4 and 1.7, and is written

for a single electron spin §

H,=ugS-g-B (1.32)

where g is the electron g-tensor. A great many interactions are wrapped up into the
electron g-tensor in the effective spin Hamiltonian, including spin-orbit coupling, dia-

magnetic shielding, and relativistic corrections to Equation 1.8 [53].

Electron-nuclear coupling

The hyperfine interaction describes coupling between one electron spin S and one nuclear
spin [,

Hyr=S-A-1 (1.33)

where A is the hyperfine tensor. The hyperfine interaction can be further broken down
into two parts: the isotropic hyperfine interaction Hpp s, sometimes called the Fermi
contact term [53], and the anisotropic hyperfine interaction Hpypaniso, Which can be
thought of as electron-nuclear through-space magnetic dipole coupling [53, 55]. The
isotropic portion is given by

Hyriso = —po(gps)(gypn)p(r)S - 1 (1.34)

where gy is the g-factor of the particular nucleus, py is the nuclear magneton, and p(r)
is the electron spatial wavefunction density at the location of the nucleus [55].

The anisotropic portion of the hyperfine coupling is a dipole-dipole interaction be-
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tween the electron magnetic dipole p. and the nuclear magnetic dipole moment p; sep-

arated by r [55],

fo (B pr  3(pe-1)(pr )
Hyraniso = — — 1.35
HF, Ar < r3 7 ( )

Electron-electron coupling

Electron-electron couplings can take at least three forms: the exchange interaction, the
dipolar interaction, and the zero-field splitting interaction. Of these three, it is useful to
distinguish the first two forms from the third form.

The exchange interaction and the dipolar interaction describe couplings between spins
that are sufficiently isolated that they can be described as independent degrees of freedom
in the effective spin Hamiltonian. The exchange interaction Hg, describes the electron-
electron coupling due to wavefunction overlap and the fact that electrons are fermionic,
indistinguishable particles, and is written for two electrons S; and Sy as

Hp, = —JS; - S, (1.36)

where J is the exchange integral [54]. The dipolar or dipole-dipole interaction Hyq for

two spins with magnetic dipole moments p.; and .o separated by r is given by

Mo (uel-ue2 3(uel-r)(uez-r)> (1.37)

s 73 7D

which can be written in terms of the two electron ¢ factors ¢g; and g

2 Si-1)(Se-
» Ho 919200 (81-82—3( 1-1)(Ss r)> (1.38)

4 73 r2
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The dipole-dipole interaction can be expanded in a series of terms sometimes referred

to as the “ABC” expansion or the “dipolar alphabet” [64]

Hdd:Z—;gli23“23(A+B+C+D+E+F) (1.39)
where
A= (1-3cos?0)5,.5,. (1.40a)
B = —}1(1 —3cos*0) (ST Sy + 57 5%) (1.40b)
C= —g sin 6 cos fe ™ (S5,,55 + 57 5,.) (1.40¢)
D= —; sin 6 cos @’ (51,55 + 57 S,.) (1.40d)
E = _4§1 sin® fe 2?5 S5 (1.40e)
F = —2 sin® 0e?? S Sy (1.40f)

St and S~ are the angular momentum raising and lowering operators, respectively,

S* =8, +iS, (1.41)

The two most important terms in the “alphabet expansion” are A, the secular term
which commutes with Hz, and the B, the dipolar flip-flop term which flips one spin up
while simultaneously flipping another spin down.

In the case where multiple electrons are in close proximity (less than ~ 1 nm apart)
so that the ground state wavefunction has S > 1/2, dipolar coupling and exchange

can be very strong and cause significant energy splittings in the spin system at zero
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external field, and their combined effects are dubbed zero-field splitting (ZFS). The ZFS
interaction Hzpg is written for a spin S with S > 1/2

Hzrs=S-D-S (1.42)

where D is the zero-field splitting tensor. D is symmetric and traceless. In the principal
axis of the D tensor, Equation 1.42 can be written [54]

Hzps =3D (352 + 5(S+1)) + E(S2 - 5)) (1.43)

where D and E are the ZFS parameters.

Molecular Motion

In real physical systems, motion of the atoms and molecules which make up the ground
electronic state of a system can also influence spin dynamics. Many of the terms in
the effective spin Hamiltonian Hg couple spatial and spin degrees of freedom, either
through spin-orbit coupling (H, through g, Hzrs), or through a distance and orientation
dependence (Hyz again through g, Hyraniso, Haa, Hzrs).

The degree to which atomic and molecular motion is important for describing spin

dynamics depends on the kind of motion, the rate of motion, and the particulars of Hg.

1.2.2 Continuous Wave EPR Spectroscopy

Microwave radiation can drive magnetic dipole transitions between different states in the
spin manifold. Continuous wave (CW) EPR spectroscopy uses continuous microwave

magnetic fields B(t) to probe the response of a spin system. When the microwave
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radiation matches a magnetic dipole transition between two states in the effective spin
Hamiltonian 1.31, the spin system absorbs microwave radiation. The EPR lineshape con-
tains all of this information and more. The EPR lineshape characterizes a spin system’s
response to an external perturbation in the form of a time-varying magnetic field. Typ-
ically, the experimentalist will apply an external, static magnetic field By much larger
than By, and observe the absorption at a fixed microwave frequency field as a function of
By, to measure an “EPR lineshape.” Measurements are usually performed with a third,
time-varying magnetic field aligned along the direction of By which is used to modulate
the amplitude of By. The response of the spin system to the microwave field B; is then
measured using lock-in detection.

The EPR lineshape reports on the effective spin Hamiltonian, as well as on relax-
ation processes, spin-lattice coupling, and on molecular motion. Interpreting the EPR
lineshape requires some knowledge of the underlying effective spin Hamiltonian, and is
typically accomplished by iterative lineshape simulation and fitting procedures.

CW EPR lineshape simulations are carried out using a number of different frame-
works, with the correct choice of framework depending on the underlying physical prop-
erties of spin system. When spin dynamics are entirely governed by the effective spin
Hamiltonian Hg, and when atomic and molecular motion can be neglected, the most
straightforward approach is to simply diagonalize Hg. Microwave absorption will occur
for states connected by magnetic dipole transitions, with a linewidths determined by

relaxation processes and by orientational averaging.
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If atomic and molecular motion occur with characteristic timescales t. comparable to
1/Aw, where Aw is the contribution to the inhomogeneous linewidth from an anisotropic
interaction in the effective spin Hamiltonian, then motion can modify the EPR lineshape
and must be taken into account.

Motion in EPR experiments breaks down roughly into three cases: the “rigid limit”
t.Aw > 1, when motion can be neglected, the “fast motion” limit ¢t.,Aw < 1, and the
“slow motion” limit t.Aw ~ 1 [65].

In the fast motion limit, anisotropic interactions in the effective spin Hamiltonian are
completely averaged out, and only the isotropic averages contribute to the EPR lineshape.

The slow motion limit is the most difficult to treat theoretically. In general, the
approach is to solve the Liouville-von Neumann equation for time-evolution of the density
matrix p which describes the spin system, with an operator I' which describes the rotation

of the molecule on which the spins are localized,

< p(2,1) = ~ilH5(9), p(€.1)] ~ D(p(2.1) ~ po) (1.44)

where €2 are the Euler angles describing the molecular orientation and pg is the equilib-
rium density matrix [65].

Much work has been done by Freed and collaborators [66, 67, 68] to develop procedures
to simulate EPR lineshapes by writing Equation 1.44 in Liouville space and solving
the Stochastic Liouville equation [67, 69] which treats molecular tumbling as rotational
diffusion. Another approach which has been successful is to use molecular dynamics

simulations to calculate molecular trajectories and orientations, and to compute the
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lineshape based on Equation 1.44 using these trajectories [70].

1.2.3 Pulsed EPR

Pulsed EPR spectroscopy uses microwave pulses to coherently manipulate spin popula-
tions and coherences. Spins are quantum mechanical objects. In a pulsed EPR exper-
iment, microwaves are applied in pulses separated by evolution or interaction periods,
during which the spin system is allowed to evolve.

Pulsed EPR spectroscopy can be used to perform EPR lineshape measurements. Ear-
lier in the Chapter, the EPR lineshape was described as the spin system’s response to an
external perturbation. An equivalent description of the EPR lineshape is that it is the
Fourier transform of the time-correlation function of the magnetic dipole transition oper-
ator. The time-correlation function can be measured in a pulsed EPR experiment by the
application of a short microwave pulse which tips spins our of thermal equilibrium and
away from the Z direction. After the short pulse, the spins precess and dephase, emitting
a decaying magnetic dipole radiation signal called a Free Induction Decay (FID). In the
limit that pulse has infinite bandwidth, or at least has a much larger bandwidth than the
EPR linewidth, the FID is the impulse response of the spin system, which is the inverse
Fourier transform of the EPR lineshape [54].

Pulsed EPR has many advantages of CW EPR. In the limit where pulse excitation
bandwidths are larger than the EPR spectrum, then pulsed EPR can be used to acquire

the entire EPR lineshape in a single short experiment at a fixed field position. Unfor-
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tunately, it is quite difficult to reach this limit in most EPR experiments, where lines
are typically broad and microwave pulses are limited in power. In most cases, it is only
possible to excite a narrow portion of the EPR lineshape with a single microwave pulse.

There are many other advantages of pulsed EPR which still make it an attractive
alternative to CW EPR, include the ability to perform straightforward measurements of
electron spin relaxation times, and the ability to design experiments which selectively

address particular terms in the effective spin Hamiltonian.

1.3 EPR for Biological Applications

EPR is a powerful tool for studying structure and dynamics in biological systems, includ-
ing individual proteins, protein assemblies, nucleic acids, and lipids. Around 40% of all
enzymes crystallized to date have at least one bound metal center, which are most often
EPR active and are thought to be functionally relevant in most cases [71]. However,
even proteins which do not have a native paramagnetic center can be studied by EPR
using a technique called site-directed spin labeling (SDSL) [2, 72, 73, 74]. SDSL involves
using site directed mutagenesis to attach a small molecule containing a stable unpaired
electron spin, called a spin label, to a specific location on a protein or other biological
macromolecule. The EPR signal from that unpaired electron is then relied upon to re-
port on the local magnetic environment and dynamics seen at the location on the protein
where it is tagged.

The most commonly used spin label for protein EPR studies is MTSL (S-(2,2,5,5-
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Figure 1.1: An MTSL spin-label (blue) attached to a protein (green). An unpaired
electron localized along the N-O bond of MTSL acts as a local reporter of dynamics,
hydration, and solvent accessibility, and can provide long-range distance constraints on
protein structure.

tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate), a stable nitrox-
ide free radical with a single unpaired electron localized along its N-O bond [75]. MTSL
can be made to react and bind to the thiol group of the amino acid cysteine, resulting
in the addition of a tethered spin-probe wherever a cysteine is found on a protein of
interest. Site-directed mutagenesis can be used to selectively introduce cysteine residues
to particular locations on a protein, and to remove any other cysteines which would cause
MTSL to bind where it is not wanted.

Spin-labeling can be disruptive to protein structure and function, but it is typically
possible to find many residues on a protein which may be labeled without substantially
modifying structure or function. Additionally, there are a range of different labeling

molecules, with different tethering chemistries, so that even if one type of mutation is
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prohibitively disruptive to a particular protein or protein domain, it is usually possible
to find a different, less disruptive spin-labeling protocol.

Paramagnetic spin probes tethered to biomolecules can be used as reporters to ex-
tract many different kinds of information. Here, two particular examples are addressed:
structure studies, where EPR can provide both short-range, atomic-resolution distance
and orientation information and long-range, inter-electron distance constraints, and local

dynamics, which can be used to report on protein conformational changes.

1.3.1 EPR for biological structure studies

EPR can be used for structure studies in a variety of ways. The environment immediately
around an unpaired electron can be probed with atomic resolution through careful char-
acterization of the electron g tensor and of hyperfine coupling. A number of tools exist to
aid isolating and characterizing particular interactions, including hyperfine spectroscopy
and ENDOR  [26, 27, 28].

EPR can also be used to measure long-range (1-10 nm) distances between two spatially
separated unpaired electrons through inter-electron dipolar coupling. Dipolar couplings
can be measured through EPR lineshape analysis [5, 76, 25], through pulsed dipolar
spectroscopy experiments such as double electron-electron resonance (DEER) [77, 12,
78], single-frequency techniques for refocusing (SIFTER) [79], and relaxation induced
dipolar modulation enhancement (RIDME) [13, 80, 16], and double quantum coherence

methods (DQC) [81, 82, 83] or through relaxation [63, 84, 85]. Relaxation-based distance
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Figure 1.2: 240 GHz EPR lineshape of a nitroxide-type radical undergoing isotropic
tumbling, simulated for several rotational correlation times 7,. Lineshapes were simulated
from the stochastic Liouville equation, as implemented in the EasySpin toolbox through
the function chili.

measurements are discussed in detail in Chapter 4.

1.3.2 Dynamics

Spin labels tethered to biomolecules can report on local molecular mobility and solvent
accessibility through their motion. When anisotropic interactions contribute significantly
to the width of the EPR spectrum, the EPR lineshape becomes sensitive to motion.
Rotation will tend to average anisotropic interactions, leading to line narrowing. In the
limit of motion which is much faster than the inverse width of an anisotropic interaction
Aw™!, all anisotropic information will be washed out and that interaction can be replaced
by its average value.

In a room-temperature, liquid environment, an MTSL label attached to a protein
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will tend to undergo rapid rotation about the bonds that make up the molecular tether.
At high magnetic field, the MTSL linewidth is dominated by an anisotropic g tensor
(Equation 1.32) and an anisotropic hyperfine interaction (Equations 1.33 and 1.35) be-
tween the electron spin and the spin of the nitrogen nucleus in the N-O bond. The 240
GHz linewidth of MTSL in a frozen solution, where molecular tumbling is negligible, is
roughly ~1 GHz. Therefore, we can expect line narrowing in non-frozen conditions when
the label rotates on the ns timescale.

EPR line narrowing due to the molecular motion of a tethered spin label can be
quantified by performing EPR lineshape simulations using formalisms which take into
account molecular rotation, such as the Stochastic Liouville Equation [66]. Figure 1.2
shows the 240 GHz EPR lineshape of a nitroxide-type radical assuming the molecule is
undergoing isotropic rotational diffusion with a characteristic rotational correlation time
7.,. When 7, > Aw™!, rotations do not efficiently average out g anisotropy or hyperfine
anisotropy, and the EPR lineshape approaches the “rigid limit.” When 7. < AQ™!, the
anisotropic g-tensor is well described by a single isotropic g value, and the anisotropic
hyperfine interaction (Equation 1.35) averages completely to zero. The isotropic hyperfine
interaction due to the Fermi contact term (Equation 1.34) between the electron spin and
the paramagnetic 1* N nuclear spin (I = 1) is not averaged by motion and remains even
in the limit of fast rotation, and is responsible for the line splitting seen for 7. = 10 ps.

The timescale of the motion to which EPR is sensitive depends strongly on the prop-

erties of the reporter spin, and on the EPR frequency. The strength of anisotropic inter-
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actions in the effective spin Hamiltonian will determine the motional timescale needed
to achieve line narrowing, so that spin labels with larger anisotropic interactions will
be sensitive to faster timescale motion, while spin labels with weak anisotropic interac-
tions may not be sensitive to motion at all. The EPR frequency plays a role because
anisotropy of the g tensor, which is the dominant anisotropy in nitroxide-type radicals,
leads to line broadening that scales linearly with magnetic field (Equation 1.32). Because
of this linewidth dependence on magnetic field, high- and low-field EPR of nitroxide-type
radicals are sensitive to different motional timescales.

Molecular motion as reported by tethered spin probes is a convolution of the motion of
the spin label with the underlying protein motion. Protein backbone motion is typically
much slower than the motion of the spin label, and so contributes significantly less to
lineshape narrowing. In order to separate the spin label motion from the protein motion,
it is often advantageous to perform EPR at multiple frequencies, where the different
motional regimes will contribute differently to line narrowing. High-field EPR, with its
improved sensitivity to fast timescale motion, can be used characterize the spin-label
dynamics, which can then be deconvolved from protein backbone motion captured using

low-field EPR lineshape measurements.
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Chapter 2

Phase cycling in FEL-EPR

Abstract

Electron paramagnetic resonance (EPR) is a powerful tool for research in chemistry,
biology, physics, and materials science, which can benefit significantly from moving to
frequencies above 100 GHz. In pulsed EPR spectrometers driven by powerful sub-THz
oscillators, such as the free electron laser (FEL)-powered EPR spectrometer at UCSB,
control of the duration, power and relative phases of the pulses in a sequence must be
performed at the frequency and power level of the oscillator. Here we report on the imple-
mentation of an all-quasioptical four-step phase cycling procedure carried out directly at
the kW power level of the 240 GHz pulses used in the FEL-powered EPR spectrometer.
Phase shifts are introduced by modifying the optical path length of a 240 GHz pulse with
precision-machined dielectric plates in a procedure we call phase cycling with optome-

chanical phase shifters (POPS), while numerical receiver phase cycling is implemented in
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post-processing. The POPS scheme was successfully used to reduce experimental dead
times, enabling pulsed EPR of fast-relaxing spin systems such as gadolinium complexes
at temperatures above 190 K. Coherence transfer pathway selection with POPS was used
to perform spin echo relaxation experiments to measure the phase memory time of P1
centers in diamond in the presence of a strong unwanted FID signal in the background.
The large excitation bandwidth of FEL-EPR, together with phase cycling, enabled the
quantitative measurement of instantaneous electron spectral diffusion, from which the
P1 center concentration was estimated to within 10%. Finally, phase cycling enabled
saturation-recovery measurements of 77 in a trityl-water solution at room temperature —

the first FEL-EPR measurement of electron spin 77.
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2.1 Introduction to Phase Cycling

In order to take full advantage of the quantum control offered by microwave pulses in
an EPR experiment, it is desirable to control the frequency, phase, and amplitude of the
pulses. This chapter describes how phase and amplitude control are implemented in a

FEL-EPR experiment.

2.1.1 Theory of Coherence Transfer Pathway Selection

Pulse control is an important part of modern pulsed EPR and NMR experiments. Phase
control allows for the ability to create experiments designed to act differently on different
coherence orders. A coherence order in a magnetic resonance experiment is a property of
a quantum operator, which describes how that operator behaves under rotations about
the z axis [87]. An operator A® is said to have coherence order p if it obeys the

transformation

A(p) rotate by ¢ about 2\ A(p)e—ipcp (21)

Under a rotation about Z by an angle ¢, an operator with coherence order p picks up

a phase —pyp. As an example, the operators S,, St = S, +iS,, and S~ = S, — i,
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transform under such a rotation as

Sz — Sz (22&)
S o gheis (2.20)
S™ — S7e (2.2¢)

and therefore have coherence orders of 0, +1, and —1, respectively.
A density matrix p which describes the state of an electron spin may be decomposed

into a sum of components of definite coherence [87],
p=> p¥ (2.3)
p

Writing the density matrix in this form is useful for describing a pulsed EPR experiment.
At the start of an EPR experiment, if the spin system is a thermal equilibrium, the density
matrix contains only terms of coherence order p = 0 [87]. In quadrature detection, where
the EPR signal is detected phase-sensitively at the end of an experiment, only a single
coherence order is detected, which is chosen by convention to be p = —1. Therefore, only
coherence transfer pathways which end at coherence order p = —1 produce a directly
detectable signal.

A pulsed EPR experiment consists of a series of microwave pulses and delays, which
manipulate coherences and can introduce transitions between coherence orders. During
delays between pulses, coherence orders do not change, except through relaxation. During

pulses, however, coherence order can change, leading to the phase of the microwave pulse
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Figure 2.1: Three coherence transfer pathways generate observable signal in a standard
two-pulse EPR experiment. The top path and the middle path trace the coherences
corresponding to the two-pulse echo and the FID generated by the second pulse, respec-
tively. The bottom path traces the coherence corresponding to the FID generated by
the first pulse, and is not desired in a standard two-pulse experiment. The coherence
order change during pulse one is different for the three paths. This allows for phase
cycling to be used to separate each of the three coherence pathways. Wilson, Aronson,
Clayton, Glaser, Han, and Sherwin, Phys. Chem. Chem. Phys., 2018, 20, 18097-18109 -
Reproduced by permission of the PCCP Owner Societies.

driving the transition being imprinted on the state of the spin system, which picks up
a phase shift proportional to the change in coherence order Ap. Because these phase
shifts apply differently to different coherence orders, they can be used to isolate signals
arising from particular coherences and suppress signals arising from unwanted coherences
88, 89, 54].

To illustrate how this works, consider an EPR experiment consisting of two microwave
pulses, separated by a delay 7, performed on an ensemble of non-interacting S=1/2
electrons. Figure 2.1 shows the three coherence transfer pathways which generate directly

observable signals: a free induction decay (FID) generated by the first pulse, an FID
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generated by the second pulse, and a spin-echo generated by the pair of pulses. Suppose
that the two microwave pulses were not ideal, so that all three of these signals were
generated by the same experiment. This would lead to a confused superposition of
signals with different amplitudes and phases in the detection window. In reality, this is a
common problem in pulsed EPR and NMR experiments, where pulses are never perfect,
nor ever have infinite bandwidth.

The important thing to note is that these three signals travel through different co-
herence transfer pathways. Notice that during the first pulse the pathway corresponding
to the FID generated by the first pulse changes coherence order by Ap = —1, while the
pathway corresponding to the FID generated by the second pulse changes by Ap = 0,
and the pathway corresponding to the echo changes by Ap = +1. If the first pulse is
applied with phase @4, then after this pulse each pathway will have picked up a phase
©(Ap, pa) = Appa.

Consider further that this simple two-pulse experiment is repeated, with the first
pulse applied with a different phase ¢ 4. Then in this second experiment, each pathway
will pick up a different phase ¢(Ap, pa) = Appar.

During phase-sensitive detection, the phase of the experimental receiver is also a
quantity which can be controlled. Suppose that during the first two-pulse experiment,
the phase of the first pulse P1 was 0, so that ¢4 = 0, and that when the experiment
was repeated, the phase was chosen to be @4 = w. Suppose further that the phase

of the second pulse, and the receiver phase ¢g, were both held constant. The signal
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S(Ap = —1), corresponding to the FID generated by the first pulse where Ap = —1,
which was produced in the second experiment will be phase-shifted by — relative to the
signal produced in the first experiment. Likewise, the signal S(Ap = +1), corresponding
to the spin-echo generated by the pair of pulses, which was produced in the second exper-
iment will be phase-shifted by 7 relative to the signal produced in the first experiment. If
the total signals from the two experiments are added together, the signals corresponding
to the Ap = +1 pathways will interfere destructively, and no FID from the first pulse,
nor any spin-echo from the pair of pulses, will be detected. Only the FID from the second
pulse will survive.

This process of systematically varying the phases of pulses and of the receiver is
called phase cycling, and the procedure by which signals from select coherence transfer
pathways can be enhanced and signals from other coherence transfer pathways can be
suppressed is called coherence transfer pathway selection [88, 54, 87].

Phase cycling is standard in pulsed NMR and most pulsed EPR experiments, and
is typically achieved using electronic phase shifters. Electronic phase shifters become
increasingly difficult to implement, however, as frequencies rise above 100 GHz. High-
frequency EPR experiments based on amplifier-multiplier chains (AMCs) have overcome
this challenge by implementing appropriate phase control at low frequencies, where elec-
tronic phase control is straightforward, before frequency multiplication. In recent years,
EPR spectrometers integrated with arbitrary waveform generators have been developed

which are capable of rapid phase (and amplitude) modulation [90], including at high
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frequencies in an AMC-based spectrometer [91].

However, electronic phase shifting is not currently possible when using a high-power
sub-THz or THz oscillator such as a gyrotron, or the UCSB mm-wave FEL. FEL-EPR
operates in an entirely different modality as compared to EPR with conventional amplifier
sources. As discussed in Chapter 1, the UCSB mm-FEL is not an amplifier, it is a high-
power, quasi-CW oscillator. Rather than generating low-power pulses with programable
length and phase, and then amplifying those pulses to high power, the FEL produces
pulses of 240 GHz microwave radiation which are already at high power (~500 W to
9 kW), are several us long with only loosely controllable pulse lengths, and at a fixed
repetition rate of ~ 1 Hz.

When operating with an oscillator source like the FEL, phase and amplitude control
must be implemented directly in the high-power, high frequency beam. Further compli-
cating matters is the fact that the phase of each FEL pulse is not controlled, nor is the
spectrometer phase-locked to the FEL output. Therefore, the phase of each quasi-CW
FEL pulse is essentially random. Previous work by Edwards et al. [92] has shown that
despite the each quasi-CW pulse’s random phase, coherent signal averaging is still made
possible if the residual (heavily attenuated) FEL pulse is digitized along with the EPR
signal for each experiment, and used in post-processing phase correct the EPR signal
experiment-by-experiment. In addition, it was shown that the phase difference between
two short pulses “sliced” from the same quasi-CW FEL pulse by light-activated semicon-

ductor switches could be modified by inserting dielectrics into the beam path of one of
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the two pulses [92].

The rest of this Chapter begins where Edwards et al. left off, and ends with a fully
operational phase cycling procedure which can be used for coherence transfer pathway
selection in FEL-EPR. First, precision-machined dielectric plates are demonstrated to
be capable of accurately controlling the phase differences between two “sliced” pulses,
in the form of eight high density polyethylene (HDPE) places machined to ~10 pum
precision. These plates were used to vary the relative optical path lengths of the two
“sliced” pulses, in a procedure dubbed Phase cycling with optomechanical Phase Shifters
(POPS). Second, POPS is used perform two-pulse FEL-EPR experiments at 240 GHz
which would otherwise be impossible. POPS is used to reduce the experimental dead
time in two-pulse Hahn echo experiments, enabling phase memory time measurements
of frozen solutions of GdCl; at temperatures as high as 192 K. Third, coherence transfer
pathway selection is performed to separate overlapping signals generated by a FID and
a two-pulse Hahn echo generated from P1 centers in type 1b diamond, enabling both
accurate measurements of the spin-spin relaxation time 7} and a quantification of electron
instantaneous spectral diffusion. Fourth, phase-cycled saturation recovery experiments
are performed on a solution of trityl radical in a room temperature aqueous solution,
and are used to measure the electron spin-lattice relaxation time 77 for the first time in

a FEL-EPR experiment.
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2.2 EPR with a Free Electron Laser

The UCSB free electron lasers operate with an electron beam with a beam energy between
2 MeV and 6 MeV. The electron beam is accelerated to high energies by an electrostatic
accelerator, and is steered and focused by dipole and quadrupole electromagnets into an
undulator, a region of periodically varying magnetic field which causes the electron beam
to wiggle from side to side as shown in Figure 2.2A. This wiggling generates coherent
radiation at a frequency which depends on the period of the undulator magnets and on
the beam energy. The undulator is located inside a ~6 m quasioptical resonator, which
produces radiation with a longitudinal mode spacing of ~25 MHz. At 240 GHz, the
mm-wave FEL produces pulses which consist of a forest of frequencies spaced by the ~25
MHz cavity frequency and spread out over a ~1 GHz bandwidth, as shown in Figure
2.2A. Lasing is initiated by spontaneous emission into one of the cavity modes. As a
result, the amplitude of each mode in the forest varies from pulse to pulse.

Single frequency operation made possible by seeding the FEL cavity with radiation
from a low power solid-state 240 GHz source (Virginia Diodes, Inc.) which is resonant
with one of the cavity modes, a process called injection locking [93]. Microwaves are
coupled out of the FEL cavity either through a small hole in one of the end mirrors,
or, more commonly for EPR experiments, by reflections off of a high resistivity silicon
wafer mounted near the Brewster angle. The silicon coupler also functions as a light-
activated switch [94], which can be activated by a pulse of 532 nm light from a high-power,

frequency-doubled, Q-switched Nd:YAG laser (Big Sky Laser). High-energy green light
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Figure 2.2: The UCSB mm-wave FEL producing a 240 GHz quasi-CW microwave pulse
with injection locking. A shows the electron beam passing through the undulator and
interacting with the lasing cavity, a ~6 m long quasioptical resonator consisting of three
mirrors. A silicon coupler mounted near the Brewster angle outcouples a small fraction
of the energy stored in the cavity, while simultaneously in-coupling single-mode 240 GHz
radiation from a solid state source for injection locking. B shows the power spectrum of
a 2 pus FEL pulse when injection locking is not used. C shows the power spectrum of a
2 us FEL pulse when injection locking is being used.

generates free carriers in the high-resistivity silicon, making the previously transparent
silicon wafer highly conductive for the length of the carrier lifetime (a few ps), ruining
the cavity Q and dumping all of the stored energy in one short ~ 40 ns pulse, in a process
termed cavity dumping [45]. Quasi-CW FEL pulses are typically 1 to 5 us long, and can
be generated at a 1 Hz repetetion rate.

Sub-THz radiation coupled out of the FEL is transported to the EPR lab through the
Optical Transport System (OTS), consisting of quasioptical mirrors and polymethylpen-
tene (TPX) lenses inside a vacuum transport line. In the EPR lab, a series of pulse
slicing optics are used to “slice” either one or two short pulses with controllable lengths
and inter-pulse delays out of the quasi-CW FEL pulse. High resistivity silicon switches

activated by Q-switched Nd:YAG lasers are used to turn each short pulse on and off. A
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pulse slicer schematic is shown in Figure 2.4.

“Sliced” pulses are coupled quasioptically into a 1.25 m long, 18 mm diameter corru-
gated waveguide (Thomas Keating Ltd). The waveguide ends in a corrugated taper with
a b mm inner diameter above the sample position. Samples are mounted at the end of
the taper, and backed by a flat silvered mirror. The waveguide and sample are housed
in an EPR probe, which is placed into the center of an actively shielded, sweepable su-
perconducting magnet (Oxford Instruments plc). The magnet’s main superconducting
coil can be swept from -12.5 T to +12.5 T, though for 240 GHz EPR experiments it is
typically kept around 8.56 T, where the Larmor condition is met for g = 2 electrons.
The magnet also contains a superconducting sweep coil with a 260 m'T sweep range.

Reflected signals are measured using induction mode detection. The “sliced” FEL
pulses, which are linearly polarized, are transmitted to the sample through a wire grid
polarizer aligned for complete transmission, but oriented so that the pulses are incident
on the grid at 45°. The reflected FEL pulse is transmitted back through the wire grid,
but the EPR signal, which is circularly polarized, is partially transmitted and partially
reflected. This reflected signal is sent to a subharmonic Schottky diode mixer (VDI,
WR4.3SHM) driven by a 110 GHz local oscillator. This wire grid setup provides ~30 dB
of isolation [56], partially protecting the Schottky diode detector from the high-power
FEL pulse. Further, active protection is provided by a second isolation mechanism, a
silicon switch which is activated by a frequency doubled Nd:YAG laser only after the

FEL pulse has fired. Even with both isolation mechanisms, some of the FEL pulse makes
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it to the detector, and is digitized along with the EPR signal. Instrumental deadtime (in

the absence of phase cycling) is limited to ~ 70 ns, primarily due to this leaked light.
The spectrometer utilizes super-heterodyne detection with an intermediate frequency

(IF) of 10 GHz. The 10 GHz IF is mixed down to 500 MHz by a pair of quadrature mixers,

and then recorded using a 12.5 GS/s digitizer (National Instruments PXIe-5186).

2.3 Phase cycling with optomechanical phase shifters

In a sequence consisting of two pulses, only the relative phase of the two pulses is im-
portant. Without loss of generality, assume in the following that only the phase of the
first pulse is systematically varied in a phase cycle, while the phase of the second pulse
is fixed. Revisiting the two-pulse EPR example, recall first that the system begins at
thermal equilibrium with coherence order p = 0, and second that only coherence order
p = —1 is observed during the detection window. Therefore, only three coherence trans-
fer pathways need to be considered. During the first pulse, these three pathways undergo
coherence order changes Ap of +1, 0, and —1.

Since there are three coherence transfer pathways associated with three different sig-
nals, it is possible to select any one of the three signals with a phase cycle with three
steps, with pulse phases of 0°, 120°, and 240°. Rather than this minimum cycle, phase
cycling employed in FEL-EPR was designed to operate with a (slightly redundant) four-
step phase cycle, with pulse phases of 0°, 90°, 180°, and 270°. This four-step phase cycle

can be used to select any one of the three coherence transfer pathways. Alternatively, as
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Figure 2.3: Schematic of a THz beam, shown in blue, incident with angle ©; on a slab
of thickness h with refractive index n. The material on either side of the slab is taken
to be air, with a refractive index of 1. After propagating through the slab, the beam
is deflected a distance d. Wilson, Aronson, Clayton, Glaser, Han, and Sherwin, Phys.
Chem. Chem. Phys., 2018, 20, 18097-18109 - Reproduced by permission of the PCCP
Owner Societies.

in the earlier example, a two-step phase cycle of 0° and 180° can be used to separate the
Ap = 0 pathway from the Ap = £1 pathways. In practice, two-step phase cycling is suf-
ficient for experiments which do not generate observable FIDs, where it can be employed
to suppress leaked or scattered light from the second pulse.

Phase cycling schemes are accomplished in FEL-EPR at 240 GHz by varying the rela-
tive optical path lengths of two short pulses sliced from the same quasi-CW pulse. Phase
shifts were engineered by selectively varying the optical path length (OPL) of the first
pulse in a two-pulsed EPR experiment with precision-machined high density polyethylene
(HDPE) plates, shown in Figure 2.4. HDPE was chosen because it is transparent to 240
GHz radiation [95, 96] and can be machined to precise tolerances. Figure 2.3 shows the
path taken by a 240 GHz beam as it passes through a phase shifter plate of thickness h

and refractive index n at an angle of incidence ©;. The optical path length difference
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AOPL caused by the phase shifter plate is given by

aropL— "M M s, — 6n) (2.4)

cos©r cosOp

O; and Of are related by Snell’s law, giving

3
AOPL =h (n\/ - 261 — COS @1> (2.5)
n

Phase shifter plates were designed to operate near the Brewster angle to minimize losses

due to reflections. At the Brewster angle tan ©; = n, and Equation 2.5 simplifies to

2 _
AoPL =L (2.6)

N

The change in optical path length produces a phase shift Ay given by

Ap =2rAOPL/ ) (2.7)

where Ao = 1.249 mm is the wavelength of the THz beam in air.

The transmitted beam is offset from the incident beam by a distance d given by

d=rhsinO; [1— Sm@;/" (2.8)
V/1+5sin?©;/n?

or, at the Brewster angle,

h n?®—1
nyvn?2+1

HDPE plates were employed in pairs in order to minimize beam offset, with each plate

d= (2.9)

contributing Ay/2.
The plate thicknesses h were chosen to generate total relative phase shifts, Ay, of

0°,90°,180°, and 270°, satisfying

AOPL _ Latm) (2.10)
Ao 2
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Desired Total Ap a m Thickness (mm)
0° 0 3 2.60 £ 0.01
90° 1/4 2 1.95+0.01
180° 1/2 2 2.17+£0.01

270° 3/4 2 2.39+£0.01

Table 2.1: Thicknesses of each HDPE phase-shifter plate machined for use in POPS
experiments. The phase shift produced by each plate is half of the shift quoted in the
left hand column, as plates are designed to work in pairs.

at Brewster’s angle, where m is a positive integer and a is given in Table 2.1, so that

1v1 2
n E—

The plate thicknesses were chosen to be as thin as possible while satisfying Equation
2.11, and while remaining thick enough to avoid warping during machining.

Phase cycling with optomechanical phase shifters (POPS) was carried out in several
steps, which are outlined here.

Step 1: Stochastic phase cycling and coherent signal averaging. Figure 2.4 illustrates
schematically a two-pulse FEL-EPR experiment. POPS is applied in batches, so that
a series of transients is acquired at a given inter-pulse phase difference Ap. The FEL
phase Upgy, is random from FEL pulse to FEL pulse, but is stable during a given FEL
pulse. Phase-sensitive signal averaging is implemented using a procedure described by
Edwards et al. [92]. Briefly, the method leverages the fact that heavily attenuated
residual light from the FEL reaches the detector and is digitized prior to the acquisition
of the EPR signal. The random FEL phase Wggy, is determined from the residual light,
and is used to phase-correct each transient in post-processing. These transients are then

coherently added for a particular Ay achieved by POPS to produce a complex signal S(t).
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Figure 2.4: Schematic illustrating the pulse slicer used in a typical two-pulse FEL-EPR
experiment. Optically activated silicon switches are used to slice two short pulses out
of the FEL pulse, which travel down two spatially separated optical paths and which
are recombined before being sent to the sample. Two silicon switches function as “On”
switches, which re-direct the 240 GHz beam into the sample path, while another two
switches function as “off” switches, terminating each short pulse. The recombination
switch turns on simultaneously with the second “On” switch (“On 2”), and allows for
the two beams to be recombined into the same final path to the sample. Dielectric phase
shifter plates inserted into the path of the first pulse increment the phase difference Ay
between the two pulses. Phase shifter plates operate at the Brewster angle in pairs, to
minimize beam offset, with each plate inducing a phase shift of Ap/2. Also shown is
a time-domain schematic of a two-pulse FEL-EPR experiment, showing the FEL pulse
(light blue), the two pulses sliced from the longer FEL pulse (dark blue), and the signals
generated by the pair of pulses: a FID (red) and an echo (light green), which often
overlap in time. To the right is a photo of a pair of phase shifter plates inserted into
the optical path of the first pulse. Wilson, Aronson, Clayton, Glaser, Han, and Sherwin,
Phys. Chem. Chem. Phys., 2018, 20, 18097-18109 - Reproduced by permission of the
PCCP Owner Societies.
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This approach to coherent signal averaging is comparable to the CYCLOPS (CYClical
Ordered Phase Sequence)[97] in the limit of many pulses [92]. In a two-pulse experiment
as implemented here, the residual light from the second pulse is used to determine Wggy,.

Step 2: Modify the relative phase between the two pulses. After completing the ex-
periment with a fixed phase difference Ay, between pulses one and two, producing a
complex signal Sy(t), the phase difference Ayp; is modified by inserting dielectric phase
shifter plates into the optical path of the first pulse. After this has been accomplished, a
second batch of transients, S;(t), with a fixed Ay, is coherently averaged.

Sampling all desired inter-pulse phase differences, a set of averaged complex signals,
{Si(t)}, is acquired, with one averaged signal for each Ap; sampled. Each signal of this
set is stored separately for further processing. The “global” phase for this data set is
determined by choosing one averaged signal Sy(t) to act as a reference, and adjusting the
phase of the other averaged signals S;(t) relative to the reference in the same manner as
outlined above, again using the residual FEL light from the second pulse.

Step 3: Measure the applied phase shifts. In practice, the set of experimentally de-
termined phase shifts {Ay;} were found to differ, sometimes by several degrees, from
experiment to experiment, likely due to the difficulty of reproducibly inserting the phase
shifter plates into the pulse slicer with sufficient precision. It was therefore necessary to
measure each phase Agp; for each experiment, using the same method of post-processing
phase correction as was used in steps 1 and 2. Here, the residual light from the first

pulse was used to experimentally determine the set of phase differences {Agp;} induced
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by POPS.

Step 4: Apply numerical phase shifts in post-processing. An additional set of numer-
ical receiver phase shifts {6;} is finally applied to the recorded signals {S;(t)}, in order
to perform coherence transfer pathway selection in a multiplexed fashion [98]. The N

recorded signals are then added together to generate the final output signal S(t)

Z Si(t) exp(—ib;) (2.12)

The final output signal of a two-pulse POPS experiment, where the phase of the second
pulse is held constant, contains contributions from each coherence transfer pathway Ap

weighted by the complex coefficients P({Agp;}, {6;}, Ap)[98]
P({Agi}, {0:}, Ap) = ZeXp i(ApAg; +6;)) (2.13)

Numerical phase shifts {6;} are chosen so that

1  Desired A
P({Ap;}, {0}, Ap) :{ 0 Undesired Kp (2.14)

As an example, if the phase of the first pulse is cycled through {Ag;} = {0, 7/2, 7, 37/2},
then any of the three pathways shown in Figure 2.1 can be selected by choosing ap-
propriate sets of numerical receiver phase shifts. With the phase of the second pulse
held effectively constant, the three coherence transfer pathways each pick up difference
phases given by {—ApAy;}. In this example, the Ap = +1 pathway, corresponding to

the echo, concludes the two-pulse experiment with a phase which is stepped through
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{0, =7 /2,7, —37/2} = {0,371 /2, 7,7/2}. Therefore, the echo can be selected by cycling
the numerical receiver phase through {6} = {0,37/2, 7, 7/2}, so that P({Ag;}, {0}, Ap =
+1) = 1. At the same time, the phase of the Ap = 0 pathway, corresponding to the
FID from the second pulse, is not changed as Ay is cycled, while the phase of the
Ap = —1 pathway, corresponding to the FID from the first pulse, is stepped through
{0,7/2,7,37/2}, so that P({Ag;},{0:},Ap = 0) = P({Ay;},{0:},Ap = —1) = 0.
Therefore, the choice of the numerical receiver phase shifts {6;} = {0, 37/2, 7, 7/2} selects
the echo and suppresses the other two coherences. However, by instead choosing {0.} =
{0,0,0,0}, the same set of signals {S;(¢)} can be used to select the FID from the second
pulse, since P({Ap;}, {0}, Ap =0) = 1 and P({Ag;},{0.}, Ap = £1) = 0. Finally, by
choosing {60!} = {0,7/2, 7,37 /2}, the same set of signals {S;(¢)} can be used to select the
Ap = —1 pathway, corresponding to the FID from the first pulse, as P({Ap;}, {0.}, Ap =

—1) =1 in this case and P({Ay;},{0;}, Ap = +1) = P({Api}, {0}}, Ap=0) = 0.

2.3.1 Correcting for non-ideal pulse phases

There are many sets of pulse phase shifts {Ap;} and numerical receiver phase shifts {6;}
that can be used to select a particular coherence transfer pathway. For the example
illustrated previously, where {Ap;} = {0,7/2,7,37/2}, it was possible to select any
of the three coherence transfer pathways by finding sets of {6;} for which Equation
2.14 is exactly satisfied. However, when the phase of the first pulse is cycled through

an arbitrary set of angles {Ap;} = {Agpo, Ap1, Aps, Aps}, selecting the correct set
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of numerical receiver phases {6;} to select a particular coherence transfer pathway is
not straightforward. Following the previous example, when the applied phase shifts
{Ay;} deviate from {0,7/2, 7, 37/2}, it is necessary to choose new and different sets of
numerical phase shifts {6;} for the receiver phase to correctly select each of the three Ap
pathways. In general, for an arbitrary set of phase shifts {Ap;}, Equation 2.14 cannot be
exactly satisfied. The optimal choice of numerical receiver phases should both maximally
attenuate unwanted coherences and maximally preserve desired coherences. Note that
this situation is different from the scenario typically encountered in magnetic resonance
experiments, where the optimal choices of pulse and receiver phases are made together.

Two procedures were developed to estimate the optimal numerical phase shifts {6;} in
a four-step POPS phase cycle, given a set of phases {Ayp;}. The “least squares method”
relies on least-squares minimization to assign the approximately correct receiver phases
{6;} to minimize unwanted coherences. The “echo-optimized method” was designed
specifically to isolate the echo pathway (Ap = +1, see Fig. 2.1), and does not involve
any minimization routine. The echo-optimized method has the advantage of always guar-
anteeing complete cancellation of unwanted coherences, and can in addition be modified
to select for the Ap = —1 coherence pathway. The least-squares method is by contrast
more flexible, as it can be used to select for Ap = 0.

The least-squares method was based on varying the receiver phases {6;} to both
minimize signals from unwanted coherences, and to correctly set the phase of the desired

coherence. To accomplish this, Equation 2.14 was solved for the four values of the receiver
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phase {6;} in a least-squares sense. When trying to select one Ap, the real and imaginary
parts of Equations 2.14 together provide six equations from which to extract the four
unknown phases {6;}. This method can be modified by assigning weights to the quantities
P({Ay;},{6;}, Ap) in Equation 2.14, in order to determine receiver phase shifts which
penalize one unwanted coherence pathway over another. This is desirable in cases where,
for example, there is no signal in the detection window corresponding to the FID from
the first pulse (the Ap = —1 pathway). The least-squares method can be used to select
any of the three coherence transfer pathways corresponding to Ap .

The echo-optimized method, by contrast, uses a combination of receiver phase shifts
and selective signal scaling to completely remove contributions from the Ap = —1 and
the Ap = 0 coherence transfer pathways (corresponding to the FIDs from the first and
second pulses, respectively), leaving only the contributions from the Ap = 41 pathway
(corresponding to the echo). The echo-optimized method consists of two steps.

Step 1. Two signals Fi(t) and Fy(t) are created from the set of four complex sig-
nals {So(t), S1(t), S2(t), S3(t)} by adding the four signals with individual phase shifts as

follows,

Fi(t) = o (So(t) + S1(t) — Sa2(t) — Ss(t)) (2.15a)

N~ N —

Fy(t) = = (So(t) — Si(t) — Sa(t) + S5(t)) (2.15Db)

Because the Ap = 0 pathway does not change sign as the phase of the first pulse is varied,

the difference of two signals S;(t) — S;(t) does not contain any signal corresponding to
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this pathway. Therefore, by construction, these two signals only include contributions
from the Ap = £1 pathways.

Step 2. Contributions from the Ap = —1 pathway are eliminated by taking a linear
combination of F}(t) and Fy(t), yielding the complex echo signal E.4(t),

E+1 (t) = ClFl (t) + CQFQ(t) (216)

The complex coefficients ¢; and ¢y can be calculated by tracking the evolution of
P({Ap;},{6;}, Ap) (Equation 2.14) through the phase shifts applied in Equation 2.15,

given by the two complex numbers

vy =€ 0 el — g2 — '3 (2.17a)

vy = W0 T TP | omiPs (2.17Db)

so that ¢; = vy /|v1|? and ¢y = —ivy/|va|?. For the case where {p;} = {0,7/2, 7, 37/2},

this method reproduces the expected result E(t) = (Sp+S1e /24 Soe ™"+ Sye~/2) /4.
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Figure 2.5: (a) Time domain signal from a two-pulse FEL-EPR experiment, performed
on 1 mM GdCl; in a 0.6:0.4 v:v solution of glycerol—dg/D,O at 177 K. The pulse lengths
were 11 ns for pulse one and 7 ns for pulse two, with the pulse positions shown in green.
A silicon protection switch is activated by a pulse of 530 nm light from a Nd:YAG laser
50 ns after the second pulse, when there is still appreciable scattered light reaching the
detector. Signal recorded before this is due to incomplete detector isolation, which is
exploited to enable phase sensitive detection. The solid black trace shows real channel
signal when no phase shifter plates are inserted, and the red dashed trace shows the real
channel signal when the phase of the first pulse is shifted by 180°. The initial echo is
distorted by scattered light reaching the detector. Both signals are demodulated from the
500 MHz digitization frequency. (b) The real channel signal after two-step POPS, showing
much reduced echo distortion and cancellation of the leaked light from the second pulse.
Two-step POPS was used to perform phase memory time measurements at (c¢) 177 K and
(d) 192 K, with the pulse lengths described above. Wilson, Aronson, Clayton, Glaser,
Han, and Sherwin, Phys. Chem. Chem. Phys., 2018, 20, 18097-18109 - Reproduced by
permission of the PCCP Owner Societies.
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2.4 Spin relaxation time measurements using FEL-

EPR and POPS

2.4.1 High temperature phase memory time measurements of

Gd?*" ions with two-step POPS

Gadolinium complexes are often used as spin labels[99] for distance measurements using
pulsed dipolar spectroscopy techniques [100], lineshape measurements [24, 25|, or other
experimental schemes, such as relaxation-induced dipolar modulation (RIDME)[101]
spectroscopy. Therefore, high-field measurements of gadolinium phase memory times
at or near physiological temperatures are extremely important. Ty, for gadolinium com-
plexes in frozen glassy matrices decreases strongly with increasing temperature and field
[102], making it impossible to perform Hahn echo experiments above ~100 K at 240 GHz
with a 50 mW solid-state microwave source and our current non-resonant probe design.
Two-step POPS was used to reduce the experimental dead time in electron spin echo

d>* ions

decay experiments performed on frozen glassy solutions of GdCl; containing G
as shown in Figure 2.5. Reducing the dead time makes it possible to measure shorter
phase memory times T);, and improves the accuracy of T); measurements.

In FEL-EPR Hahn echo experiments without phase cycling, detection artifacts caused
by standing waves and scattered light produced by the second pulse partially obscure the

desired EPR signal, limiting the experimental dead time to ~70 ns. These artifacts

appear in Figure 2.5a as distortions in the beginning of the echo signal. These artifacts
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are effectively eliminated by a two-step phase cycle, as shown in Figure 2.5b. When the
Hahn echo experiment is repeated with the phase of the first pulse inverted but the phase
of the second pulse held constant, the phase of the echo also inverts. However, the phase
of artifacts due to scattered light and standing waves produced by the second pulse does
not change. By subtracting the complex signal generated by the second experiment from
the complex signal generated by the first experiment, such detection artifacts are largely
eliminated, allowing for nearly artifact-free data acquisition to begin ~50 ns after the
end of the second pulse, representing an improvement of the dead time before detection
by ~20 ns. With POPS-assisted FEL-EPR, the phase memory time T, was measured
for 1 mM GdCly in a frozen glassy solution to be 90 + 5 ns at 177 K (Figure 2.5¢), and

55 + 4 ns at 192 K (Figure 2.5d).

2.4.2 Measurements of phase memory time and instantaneous
spectral diffusion in diamond P1 centers

P1 centers in diamond are substitutional nitrogen defects, which in type 1b diamond are
typically present at about 10 - 100 parts per million (ppm) [38]. P1 center concentration
and spatial configuration have been shown to play a dominant role in the decoherence
rate, 1/T5, of both P1 centers and nitrogen-vacancy (NV) centers in type 1b diamond
[103, 104]. Precisely determining the concentration of P1 centers in diamond is therefore
of great interest, especially in light of recent efforts to fabricate NV center ensembles for

NV-based quantum devices [105, 106, 107]. Recently, double electron-electron resonance
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Figure 2.6: (a) Signal generated by a two-pulse experiment performed on P1 centers
in type 1b diamond, measured on the central line (1) without phase cycling, and with
four-step POPS to isolate (2) the FID from the second pulse, (3) the echo generated
by the pair of pulses, and (4) the FID from the first pulse. The lengths of pulses one
and two were 11 ns and 18 ns, respectively, with an inter-pulse delay of 350 ns. The
FID generated by the first pulse has decayed below the detection threshold. (b) EPR
lineshape of P1 centers in diamond for the sample in question, acquired by field-swept
CW EPR at 240 GHz with the field axis converted to frequency. The dotted line shows
the simulated inversion profile of the second pulse, for which B; = 6.4 Gauss in the
rotating frame. (c¢) Time domain echo magnitude signals as a function of inter-pulse
delay 7, for full power in the second pulse (B; = 6.4 Gauss in the rotating frame) and
(d) for 1% power in the second pulse B; = 0.64 Gauss in the rotating frame). (e) Inverse
phase memory time as a function of the calculated inversion profile of the second pulse
(sin*(6/2)), quantifying the effect of instantaneous spectral diffusion on echo dephasing.
Extrapolating to <sin2(6/2)> =0, 7T, = 1.13£0.1 us. From the inverse T); dependence
on By, the concentration Cy of P1 centers is estimated to be 62 = 5 ppm (relative to
carbon). Wilson, Aronson, Clayton, Glaser, Han, and Sherwin, Phys. Chem. Chem.
Phys., 2018, 20, 18097-18109 - Reproduced by permission of the PCCP Owner Societies.
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(DEER) measurements at 115 GHz have been used to quantify P1 center concentration
[38]. Instantaneous spectral diffusion provides another method for quantifying P1 center
concentration. Two-pulse FEL-EPR experiments were performed on P1 centers in type
1b diamond to demonstrate coherence transfer pathway selection with POPS, and to
explore the effects of instantaneous spectral diffusion on P1 center echo decay.
Instantaneous spectral diffusion (ID) can be understood in terms of the dephasing of
the observed spins due to flips of neighboring dipole-coupled electron spins, which are
caused by the applied microwave pulses. Spin flips which occur during the second pulse
produce changes in the local magnetic field seen by observed spins which are not refocused
by the Hahn echo. ID leads to spin echo dephasing with a rate 1/T;p, modifying the phase
memory time T}, the experimentally measured echo decay time constant, according to
/Ty = 1/T;p+1/T5 [108]. T7p depends on the P1 center concentration C'y, and on the

refocusing pulse tip angle 6 according to[109]

1 T gt < o (9)>
— =Cn——= sin® | — 2.18
Tip 93 h 2 (2.18)

where the inversion profile of the refocusing pulse <sin2 (§)> with Rabi frequency Qg =

~vB; and length ¢, is given by
6 07 t
.2 R 2 /
where 0 = w—wy, is the detuning, f(0) is the normalized lineshape, and wy, is the Larmor
frequency. When the bandwith of the inversion pulse is small relative to the inhomo-

geneous EPR linewidth so that <sin2 (g)> < 1, ID is negligible. When the bandwith

of the inversion pulse is not small relative to the EPR linewidth, T3, becomes tip-angle
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dependent proportional to the concentration C. However, by systematically varying

the tip angle, and therefore the inversion profile <sin2 (§)> of the inversion pulse, the
electron spin concentration C'y and the true electron spin T, can be ascertained [110].

POPS was used to measure the room temperature phase memory time of P1 centers
in diamond as a function of the inversion profile of the second pulse, as show in Figure
2.6. Figure 2.6a-1 shows the time-domain signal generated by a pair of pulses separated
by 350 ns which are on resonance with the central hyperfine peak of the P1 center. The
FID from the second pulse and the spin-echo overlap substantially in time, and so distort
each other. The FID displays modulations due to partial excitation of the outer two
hyperfine peaks, while the echo does not as only the central peak is refocused.

In order to cleanly separate the echo signal from the FID signal so that T3, could
be measured, coherence transfer pathway selection was performed by repeating the two-
pulse experiment while using POPS to cycle the phase of the first pulse through four
steps, generating four time traces. The first pulse was cycled through four phases,
nominally {Ap;} = {0°,90°,180°,270°}, and experimentally measured to be {Ap;} =
{0°,79°,179°,252°}. Figures 2.6a-2, 2.6a-3 and 2.6a-4 show the post-processed signals
generated from the same four time traces, where the numerical phase shifts were chosen
using the least-squares method to select for the FID from the second pulse (Fig. 2.6a-2),
for the echo (Fig. 2.6a-3), and for the FID from the first pulse (Fig. 2.6a-4), which has

decayed below the detection threshold. The inversion profile <sin2 (§)> of the second

pulse at full power was calculated from the measured EPR lineshape, using ¢, = 18 ns
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and B; = 6.4 Gauss. When using an 18 ns, 2.7 kW inversion pulse, T, was found to be
350 + 20 ns (Fig. 2.6¢). When the power, and therefore the tip angle, of the inversion
pulse was reduced, the echo amplitude decreased, but Tj, was found to increase, con-
sistent with the occurrence of instantaneous spectral diffusion. Figure 2.6d shows that
with the inversion pulse attenuated to 1% power, the phase memory time was extended
to 1100 £ 100 ns, an increase of more than a factor of three. Varying the tip angle of the
inversion pulse and extrapolating to <sin2 (g)> = 0, a value of T5 = 1130 4 100 ns was
calculated (Fig. 2.6e). Ty extrapolated in this way is consistent with phase memory time
measurements performed on the same sample using 500 ns, low power pulses generated
by a 50 mW solid state source, where T);, = 1230 4+ 70 ns was measured. From the
dependence of 1/T); on <sin2 (g)> in Equation 2.18, the concentration of P1 centers Cy
was estimated to be 62 + 5 ppm. While the exact P1 center concentration is not known

for this sample, this is a reasonable number for type 1b diamond [38].

2.4.3 1)} Measurements

Two-pulse saturation-recovery experiments with POPS were used to perform room tem-
perature 77 measurements on liquid samples of trityl OX063. This result, shown in
Figure 2.7, represents the first measurement of 77 with FEL-EPR. Figure 2.7a shows a
free induction decay generated by a 10 ns, 5 kW pulse with vB; = 11 Gauss applied to a
sample of 3.7 mM trityl OX063 dissolved in D,O. The Fourier transform of the digitized

FID is shown in Figure 2.7b, and is well-approximated by a Lorentzian with a FWHM of
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Figure 2.7: (a) Time domain FID from 3.7 mM trityl OX063 in D,O at 291 K, generated
by a 10 ns pulse (represented by the green bar) with 15 averages. Arrows mark the time
when the detector switch is activated, and indicate the position of the FID. Signal before
activation of the detector switch, shown in light blue, is due to incomplete isolation. (b)
Fourier transform of the FID from left figure. The complex lineshape is well described by
a Lorentzian with a FWHM of 9.1 MHz. (c) Saturation-recovery experiment performed
on 3.7 mM trityl OX63 Data plotted is natural log of the difference between the integrated
FID S(T') as a function if inter-pulse delay 7" and the integrated FID in the absence of
a saturation pulse S(co). T} = 1170 £ 80 ns is extracted from a linear fit to the data.
Wilson, Aronson, Clayton, Glaser, Han, and Sherwin, Phys. Chem. Chem. Phys., 2018,
20, 18097-18109 - Reproduced by permission of the PCCP Owner Societies.
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9.1 MHz, corresponding to T3 = 35 ns. This relatively narrow linewidth is fully excited
by a 10 ns pulse, so that the sample magnetization can be read out with an FID.

The liquid solution sample containing trityl radical was sealed inside a flat rectangular
cross-section glass capillary backed by a mirror. Sandwiched between the capillary and
the mirror was a dielectric consisting of a 190 pm piece of high-resistivity silicon and two
layers of Teflon tape. The details of this sample mounting scheme are discussed in more
detail in Chapter 5 of this dissertation.

Saturation recovery experiments were performed utilizing the entire long FEL pulse,
including the build-up to lasing [45], as the saturation pulse. Saturation pulses were
typically ~ 1.5 — 2 us long, with ~ 500 W of power. This was achieved by replacing the
first “on” switch in the pulse slicer, shown in Figure 2.4, with a mirror. The saturation
pulse was shut off with the first “off” switch. After a recovery period 7', the magnetization
was read out with an FID generated by a 10 ns, 5 kW pulse. Four step POPS was
employed to correct for incomplete saturation, and to reduce experimental artifacts. The
resulting sequence of FIDs were Fourier transformed, and the integral of the lineshape
V(T) used to determine 77 from the slope of a linear fit to In(V (co) —V(T")), where V (c0)
is the integrated lineshape in the absence of a saturation pulse. 77 measured by this
saturation recovery method was found to be 1170 £ 80 ns. In liquid solutions containing
O,, both T} and T5 relaxation times for both trityl-type radicals and nitroxide radicals
are influenced by collisions with paramagnetic Oy [111, 112], are highly dependent on the

oxygen partial pressure [113, 114], and are considerably shorter than in deoxygenated
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aqueous samples [112, 115, 116]. The value of T reported here is consistent with spin-
lattice relaxation times performed at lower fields on oxygenated liquid samples with

moderate oxygen concentrations [114, 111].

2.5 Discussion and Outlook

Phase cycling enabled by POPS dramatically extends the capabilities of the 240 GHz
FEL-EPR spectrometer. First, phase cycling enables a ~30 percent reduction in the
dead time of the FEL-EPR spectrometer when performing Hahn echo experiments. High
power pulses provided by FEL-EPR generate rapid < 10 ns spin manipulations which
allow for the study of samples with short relaxation times and broad EPR lines. However,
the usefulness of FEL-EPR in studying fast relaxing systems is limited if the experimental
dead time restricts the detection of EPR signals to long times. Dead time in FEL-EPR
experiments is currently limited by scattered 240 GHz light, and 240 GHz light leaking
through imperfect induction-mode isolation. This light, when it reaches the detector,
is digitized and distorts or completely masks the EPR signals of interest. POPS can
efficiently separate the echo generated by a pair of pulses from digitized signals caused
by scattered light, reducing the experimental dead time from ~ 70 ns to ~50 ns. This
development dramatically improves the capability of measuring fast-relaxing systems,
such as spin-labeled biomolecules at temperatures close to physiological conditions (>
200K) or metal complexes such as gadolinium complexes in the same temperature range.

Second, phase cycling enables one to disentangle signals from a FID and an echo if they
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overlap in time. Without phase cycling, detection of an echo is limited to experiments
with inter-pulse delays significantly longer than the FID lifetime. This restriction is
reduced in the same manner as the restriction imposed by scattered light, by using
phase cycling to select the echo and suppress the FID. However, since all experimental
signals recorded are stored during acquisition, the same set of experiments can be used
to select either the echo, suppressing the FID, or to select the FID, suppressing the
echo. The former is desired in a two-pulse echo experiment to measure T, while the
latter is desired in a two-pulse inversion recovery or saturation recovery experiment to
measure 17. If appropriate pulse lengths are chosen, both experiments could be carried
out simultaneously in a multiplexed fashion.

Third, phase cycling provides improved sensitivity for all samples by allowing one to
probe short inter-pulse delays which maximize the echo amplitude. This improvement
in sensitivity, together with the ability to disentangle FID and echo, enabled the iden-
tification of instantaneous spectral diffusion in phase memory time measurements of P1
centers in diamond. Beyond the experiments demonstrated in this dissertation, detection
of short-7 echoes is especially crucial for correctly analyzing echo decays with multiple
components, or for severely signal-limited samples.

Finally, phase cycling has enabled the first direct measurement of 77 in a FEL-EPR
experiment. A modification of the pulse slicing optics used to generate short pulses
for spin manipulations from the long FEL pulse has allowed for the generation of long

saturation pulses which, together with FID detection, was used to conduct saturation-
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recovery experiments. This new development opens the door to measuring spin-lattice
relaxation times of narrow line radicals at room temperature and in liquid samples, a

regime of enormous importance for studying biological systems.

2.6 Chapter Summary

Robust two- and four-step phase cycling with optomechanical phase shifters (POPS)
procedures have been developed for two-pulse FEL-EPR experiments. This method of
phase cycling relies on retrospective phase correction, and is generally applicable to any
experiment where the source phase is not locked. Phase shifts in POPS are applied
quasioptically directly at the detection frequency, with the only requirement being the
ability to perform retrospective phase detection and correction [92]. Phase cycling with
nearly arbitrary phase shifts was addressed, greatly simplifying the construction of po-
tential future phase cycling experiments. Phase cycling has enabled measurements of the
spin-lattice relaxation time 77 in samples which are amenable to FID detection. POPS as
implemented here could also find applications in EPR and DNP experiments employing
gyrotrons, provided the gyrotron is phase-stable on the timescale of the desired pulse

sequence.
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Chapter 3

Anomalous Bloch sphere dynamics

in a crystalline organic radical

Abstract

Pulsed electron paramagnetic resonance (EPR) enables the creation and manipulation
of states of interacting spins far from thermal equilibrium. Free electron laser-powered
pulsed EPR experiments performed at 240 GHz / 8.56 T on crystalline BDPA, an organic
radical, reveal a nonlinear dependence on sample magnetization not typically encountered
in EPR, which manifests as a tip-angle dependent resonant frequency. Frequency shifts
as large as 11 MHz (45 ppm) are observed during a single Rabi oscillation. These fre-
quency shifts are attributed to a large sample magnetization and to strong spin-spin
interactions. A semi-classical model which includes a demagnetizing field is developed,

and subsequently used to map out the magnetization’s Bloch sphere dynamics during
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anomalous Rabi oscillations. Nonlinear interactions are tunable, by modifying tempera-
ture and sample geometry. Measurements of anomalous Bloch sphere dynamics provide
the first steps towards using pulsed EPR to measure long-range electron spin quantum

correlations.
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3.1 Introduction

Understanding the magnetic properties of systems with unpaired electrons is at the heart
of much of modern condensed matter physics. Over the past decades, extensive efforts

have focused on understanding systems at thermal equilibrium. As a result, ordered
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ground states such as the ferromagnet (FM) and antiferromagnet (AFM) are now well
understood. Recent research has led to an improved understanding of more exotic, highly
entangled ground states such as quantum spin liquids in frustrated magnets [117, 118,
119, 120, 121]). The behavior of large numbers of interacting spins far from equilibrium,
however, remains challenging to study despite intense theoretical[122] and experimental
investigations[123].

Electron paramagnetic resonance (EPR) spectroscopy is a powerful and precise tool
for studying excitations in magnetic media. Here, we use high-power pulsed EPR, which
enables rapid, tunable, and coherent spin control[124, 54], to prepare and then probe
a variety of out-of-equilibrium magnetic states. We leverage extremely high-bandwidth
excitation pulses to observe complex spin dynamics which emerge at high magnetic fields

in an out-of-equilibrium spin system.

3.1.1 BDPA

BDPA (1,3-bisdiphenylene-2-phenylallyl) is an organic spin-1/2 radical first synthesized
by Frederick Koelsch at Harvard University in 1931-1932. It was the first stable organic
radical to be discovered. However, Koelsch’s 1932 manuscript, which he submitted to the
Journal of the American Chemical Society (JACS), was rejected by the journal referee
on the grounds that BDPA could not be a stable organic radical, because such a thing
could not exist [125]. Koelsch’s manuscript sat on his shelf for over 20 years until EPR

measurements in 1955 confirmed BDPA was in fact a stable organic radical. Koelsch
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subsequently published his synthesis of BDPA in 1957 [125]. In his publication, again
submitted to JACS, Koelsch included a footnote where he explained the publication

history. Koelsch’s footnote ends with the following [125]:

Because the structure originally suggested appears to be confirmed, and be-
cause many requests for samples and preparational details are being received,
it appears desirable to publish the work now. In the interest of historical
accuracy, the only important changes in the original paper are the additions

of footnotes 5, 6 and 8.

Since 1957, BDPA its derivative radicals have become widely used as standard samples
calibrating and characterizing EPR spectrometers [126, 40, 127] because of their strong,
narrow EPR lineshape, and because of their stability. Koeslsch notes in his 1957 JACS

publication that

A sample kept in air 23 years is unchanged in appearance and shows a high

free-radical content.

BDPA has also been used successfully as a polarizing agent in DNP-enhanced NMR
experiments [128, 129].

Outside of the magnetic resonance community, BDPA has been the subject of much
theoretical and experimental study [130, 131, 132, 133, 134]. BDPA crystallized 1:1 with
benzene (BDPA-Bz) is well described by a quasi-one dimensional Heisenberg antiferro-
magnetic linear chain model, with an exchange integral of J/kp = —4.4 K along the

chain and an effective interchain coupling |J'/kg| ~ 0.04 K [130, 133]. BDPA-Bz was the
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first organic crystal radical whose phase transition from paramagnet to antiferromagnet
was observed, a transition which occurs at 1.7 K [130, 131]. Azuma et al. reported that
BDPA-Bz exhibits an in-plane isosceles triangle type spin frustration [131].

At room temperature, where BDPA-Bz is a paramagnet, one important effect of
the strong exchange interaction is to narrow the EPR line though a process known as
exchange narrowing [135].

Write more about exchange narrowing here

3.1.2 BDPA at 856 T

BDPA has a g value of 2.0026 [130]. BDPA-Bz crystals and exhibit a narrow, extremely
strong EPR resonance at 8.56 T. For this reason, crystals of BDPA-Bz were selected as
ideal samples characterizing the FEL-EPR spectrometer in the early stages of instrument
development.

Some of the first FEL-EPR experiments performed were nutation experiments in-
tended to characterize the microwave magnetic field strength at the sample position.
Nutation experiments in FEL-EPR are performed with a single short, resonant pulse
“sliced” from a quasi-CW FEL pulse. This short pulse tips the BDPA magnetization
away from thermal equilibrium. When the pulse is on, the magnetization undergoes
Rabi oscillations [136] with a Rabi frequency w; given by wy /27 = gupB;/h, where Bj is
the magnetic field of the 240 GHz pulse in the rotating frame. When the pulse turns off,

the magnetization remains partially tipped and precesses about the external magnetic
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field at the Larmor frequency, w;, = gupBy/h, emitting circularly polarized magnetic
dipole radiation in the form of a free induction decay (FID). The FID amplitude is pro-
portional to the magnetization’s projection onto the transverse plane. By measuring
the FID amplitude as a function of pulse length, the period of Rabi oscillations can be
measured, which can be used to measure the rotating frame magnetic field By if g is
known.

In 2012, Takahashi et al. demonstrated FEL-driven electron spin nutation experi-
ments performed on BDPA-Bz crystals, with a nutation period of ~ 24 ns [51]. From
this nutation period, the 7 pulse length with FEL-powered EPR was inferred to be ~ 12
ns, around two orders of magnitude shorter than what was possible with what was at the
time a state-of-the-art 30 mW solid-state microwave source.

However, it was quickly noticed that it was difficult to achieve full electron spin
inversion in BDPA-Bz. The reason for this incomplete inversion was partially revealed
with the subsequent, surprising discovery that the BDPA-Bz magnetization precession
frequency appeared to change during the course of the EPR experiment.

This chapter explores these two effects, the apparent poor resonant population inver-
sion efficiency and the changing precession frequency. Both effects are attributed to a
large sample magnetization at high magnetic field, and to strong spin-spin interactions
within the sample. A semi-classical, non-linear model is presented which explains both
effects, and is used to characterize the magnetizations Bloch sphere dynamics, which are

revealed to be quite anomalous.
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3.2 BDPA probed by 240 GHz FEL-EPR

Figure 3.1 shows the response of a single BDPA-Bz grain placed in a 8.56 T magnetic field
to a 2 ns long, resonant excitation pulse “sliced” from the 40 ns long FEL cavity dump
[45]. The BDPA-Bz grain was mounted on a silver-coated mirror and placed at the end
of the waveguide taper. The short, resonant pulse tips the sample magnetization away
from thermal equilibrium which subsequently precesses at 240 GHz, emitting a circularly
polarized FID. ~ 75 ns after the end of the FEL pulse, a silicon switch is activated by a
high-power, 532 nm pulse from a frequency-doubled Nd:YAG Iser. This switch protects
the detector, a subharmonically pumped Schottky diode mixer mounted at the end of
a microwave horn, from the high-power FEL pulse. The FID signal is mixed down in
two steps, first to an intermediate frequency (IF) of 10 GHz, and then to a final offset
frequency of 500 MHz where it is digitized. The complex FID signal is then Fourier
transformed to extract the Fourier transform-EPR (FT-EPR) lineshape (Figure 3.1b).
Figure 3.1c shows the integrated FT-EPR intensity as a function of pulse length.
As the pulse length increases, the magnetization rotates further in the Bloch sphere,
undergoing Rabi oscillations. At the first signal maximum, occurring for a 10 ns exci-
tation pulse duration, the magnetization has rotated by 7 /2 in the Bloch sphere, while
at the first minimum, occurring at around 20 ns, the magnetization has nominally been
inverted. From the period of the observed Rabi oscillations, the Rabi frequency in this
experiment can be inferred to be around 25 MHz. However, the fact that the integrated

FID at 20 ns is not zero indicates that spin inversion is far from perfect.

74



a[>J<«—2ns pulse b1
—~ |Lorentzian I\
—_ = Fit mm I
> o \
2 o \
L = \
T = \
g., L ()
%) a
[N
Absorption
100 110 120 Dispersion =
T 1 T T
200 400 239.96 240.00
Time (ns) Frequency (GHz)
C 1.0 d =1 - Pulse
= 2 1 &% [ \Length (ns)
. - [ —_—
o S Sle s
5 S| @ 8
t 0.54 *% = : { y——20
Q [T [ n
- TH o [} \
o a a0
()] = U / Y \
2 w by 1 s N
£ IncompleteI ;J: SeloN
0.04_Inversion F— —l 1 | .
U
0 20 239.99 240.00 240.01
Pulse Length (ns) Frequency (GHz)

Figure 3.1: a Room-temperature FID signal generated by a 2 ns FEL pulse, highlighted
in grey, applied to a BDPA-Bz grain. Inset: the signal digitized at the intermediate
frequency (IF = 500 MHz, shown in inset). b Fourier transform of the FID generated by
a 2 ns pulse. The FT-EPR lineshape complex lineshape is well described by a Lorentzian
with a FWHM of 5.9 + 0.1 MHz. c Integrated FT-EPR intensity as a function of pulse
length, demonstrating Rabi oscillations. The magnetic field was chosen so the FID gener-
ated by a 2 ns pulse is on resonance with the FEL pulse. For pulse lengths corresponding
to the two maxima, the sample magnetization is rotated by 7/2 (*) and by 37/2 (***),
while at the minimum (**) the magnetization has been rotated by 7. The minimum of
the Rabi oscillation is not at zero, indicating incomplete population inversion. d FT-
EPR absorption lineshape plotted for four pulse lengths. The FID generated by a 2 ns
pulse is on resonance with the FEL pulse, FIDs generated by longer pulses are not. e In
red, the trajectory taken by the sample magnetization on the Bloch sphere. In blue, the
magnetization vector projected onto the x-y plane.
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Imperfect spin inversion can be caused by a number of effects, including an inho-
mogeneous static By field (so that the Larmor condition varies across the sample), an
inhomogeneous drive By field (so that different parts of the sample are inverted at dif-
ferent times), or poor field/frequency stability. Steps were taken to eliminate each of
these factors. BDPA-Bz crystalls were limited to ~300 to ~500 pum in diameter, which
is significantly smaller than the 1.249 mm wavelenth of 240 GHz radiation, which mini-
mizes both By and B; inhomogineity. Frequency and field stability were judged to not
be significant contributors, due to the measured stable, Fourier-limited FEL linewidth
and to the reproducibility of experiments.

Analysis of the FT-EPR signal in frequency space reveals the frequency of the FID,
as measured by the FT-EPR signal, changes as a function of pulse length (Figure 3.1d).
This indicates that the EPR frequency wy, typically given by the Larmor condition w; =
vBy and where v = gug/h is the gyromagnetic ratio, changes as a function of pulse
length. This is quite an unexpected situation in conventional EPR experiments. Indeed,
frequency shifts were confirmed in all BDPA-Bz grains measured, but were completely
absent in other EPR experiments [51, 86].

The change in the magnetization precession frequency observed in BDPA-Bz crystals
can be explained by two factors. First, BDPA-Bz has a very large thermal magnetization
at room temperature in an 8.56 T field, much larger than that encountered in typical
EPR samples, due to the high spin concentration. Second, the spin-spin interactions are

strong. The -4.4 K exchange interaction corresponds in frequency units to J/h ~ 90
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GHz, which is quite large in the context of EPR experiments. These two factors can be
modeled in a mean-field sense by modifying the semiclassical Bloch equations to include
the crystal’s demagnetizing field H,;, by analogy to ferromagnetic resonance (FMR)
[137].

The demagnetizing field Hj; is non-zero for any material with non-zero net magneti-
zation, but it is typically negligible under the conditions where EPR is performed. The
demagnetizing field depends on both the magnetization M and the sample geometry,
and in general is quite challenging to calculate. For samples with ellipsoidal geometries,
however, the demagnetizing field simplifies to

Hy=-N-M (3.1)

where N is the demagnetization tensor [138]. The total magnetic field seen by the spins
in the sample is given by B = uo(H + M). Plugging this field total field into the Bloch

equations and neglecting relaxation gives

%M =M x p1p(Ho — N - M) (3.2)

where Hy = B/ is the externally applied magnetic field.
If the BDPA-Bz grain can be modeled as an ellipsoid, with the external magnetic

field aligned along one of the principle axes of N, then the freely precessing sample
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magnetization obeys the equations of motion

d
=M, = oy (HO — (5, — 5I)MZ>My — M,/T» (3.32)
d
M, =~y (Ho — (5, — 5$)M3)Mx — M,/T, (3.3b)
d

where 0,,0,,0, are the principal values of the demagnetization tensor, M, is the equi-
librium magnetization, and 7} and 75 are the phenomenological Bloch spin-spin and
spin-lattice relaxation times.

Notice here that these modified Bloch equations are nonlinear. In general, this could
lead to turbulent spin dynamics. There are two special case where the dynamics simplify:
spherically symmetric samples, and axially symmetric samples.

Suppose that the sample is perfectly spherical, in which case N is proportional to the
identity matrix, d, = d, = J., and these modified Bloch equations reduce to the familiar,
linear Bloch equations.

Suppose instead that the sample is not spherically symmetric but does have axial
symmetry. In this case, 6, = d, = 0, and 0, = 9. If the external field By = poHy is

aligned along the 2 axis of N, then the equations of motion given in Equation 3.3 simplify
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to

d
My = iy (Ho = (8) = 0.1)M. ) M, — M, /T

dt

d

=M, = —uw(Ho — (5 - 5L)Mz> M, — M,/T,
d

Defining

04 = b — 6.

and

W(Mz) = NO’Y(HO - esz)

then Equation 3.4 further simplifies to

d
d
SM, = —w(M.) — M,/T,
d

M, = —(M, — My)/T.
pr ( 0)/Th

(3.4a)
(3.4b)

(3.4c)

(3.5)

(3.6)

Equations 3.4 and 3.7 show, neglecting terms of |M,/Hy|* and higher, that the effect

of the demagnetization field for an axially symmetric sample geometry is to shift the

EPR resonance frequency away from the Larmor condition by Aw = —pugy8sM,. This

is quite analogous to the FMR condition, which appears in the Kittel equations [137].
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However, unlike FMR, which is nearly always performed in the small tip-angle regime,
for a paramagnet the full magnetization M can be rotated into the transverse plane or
even inverted by resonant microwaves. Put another way, while FMR is confined to a
tight cone at the top of the Bloch sphere, EPR has access to the full Bloch sphere.
Equation 3.7 shows that the effect of a near-resonant microwave pulse which tips the
sample magnetization will shift the resonance frequency by an amount proportional to
the change in M,. If the initial magnetization is given by M = Mz, the maximum

frequency shift AF will occur after the magnetization is inverted,

1
2m

The magnetization M, for BDPA-Bz was measured as a function of temperature by
Duffy et al. [130], and at room temperature is given by My, = 270 A/m. Plugging
this into Equation 3.8, and taking 6; ~ 1 (corresponding to a perfectly flat disk), the
maximum expected frequency shift is predicted to be AF ~ 19 MHz. This is consistent
with the observed frequency shifts, and is several times larger than the EPR linewidth
at 240 GHz (see Figure 3.1).

Incomplete inversion is explained by this magnetization-dependent frequency shift
as follows. In the nutation experiment shown in Figure 3.1, the spin system begins on
resonance with the drive field wrgr, so that

wrpr, = w(My) = wr, — poy8aMo (3.9)

As the magnetization is tipped away from the Z direction, the spin system is driven off

resonance by the changing demagnetization field, by an amount proportional to My— M,.
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This has two consequences. First, the changing resonance condition results in a changing
effective field in the rotating frame, which causes the spins to nutate about a changing
axis. Second, as the spin system moves off resonance, the instantaneous detuning o
modifies the frequency at which the spins nutate, from the on-resonance Rabi frequency

w; to an off-resonance effective Rabi frequency €2y,

w1 — Ql = \/w% + 62 (310)

For an arbitrary sample geometry, the magnetization dynamics can become extremely

complicated.

3.3 Characterizing anomalous Bloch sphere dynam-
ics

For the following experiments, a single grain of crystalline BDPA-Bz was selected. Crite-
ria for selection were 1) the grain should be as axially symmetric as possible, and 2) the
grain should be as flat as possible. A grain with a geometry which fairly approximates an
oblate spheroid was selected. The grain was measured with optical microscopy to have an
aspect ratio of roughly 7:1, for 8; = 0.65 [138]. Figure 3.2b shows a nutation experiment
performed on this BDPA-Bz grain, with the colorbar indicating the FT-EPR amplitude
and with the FT-EPR frequency indicated on the vertical axis. The magnetic field was
chosen so that the excitation pulse satisfies the unmodified Larmor condition, rather

than the small tip-angle precession frequency. The spin system initially has an EPR fre-
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Figure 3.2: a Schematic representation of a BDPA-Bz crystal as an oblate spheroid, with
a ratio of major to semi-major axes of 7:1. b Contour plot of the FT-EPR absorption
lineshape, c integrated FID intensity, and d mean FID frequency, as a function of pulse
length as BDPA-Bz magnetization undergoes Rabi oscillations. The FID frequency axes
are referenced to the FEL frequency. The magnetic field is chosen so that the FID
generated by a m/2 pulse has the same frequency as the FEL. The Rabi oscillations
minimum is close to zero, indicating nearly complete population inversion is achieved
with the magnetic field thus chosen. e In red, the simulated Bloch sphere trajectory
for BDPA-Bz undergoing one Rabi oscillation. In black, the simulated trajectory in the
absence of a demagnetization field.
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quency below the excitation frequency, is driven towards resonance as the magnetization
is tipped away from the z axis. At the end of a m/2 pulse, the precession frequency
matches the excitation frequency. For larger tip angles, the precession frequency moves
higher than the drive frequency, is maximally shifted from the initial precession frequency
for a 7 pulse, and then returns to match the drive frequency for a 37 /2 pulse. Nutation
experiments performed in this way achieve nearly complete magnetization inversion, as
evidenced by the minimum of the integrated FT-EPR signal being almost zero in Figure
3.2.

The observed frequency shift with pulse length can be simulated by numerically inte-
grating in Equation 3.4, if the sample geometry, initial magnetization, and phenomeno-
logical relaxation rates are known. The sample geometry was taken to be an oblate
spheroid with an aspect ratio of 7:1, for 6, = 0.65. The initial magnetization was set to
be My = 270 A/m. The phenomenological Bloch relaxation times 77 and T3 at 240 GHz

were measured experimentally.
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T, was estimated using an FID-detected saturation-recovery experiment. A ~ 1.5 us
long, 450 W pulse “sliced” from a quasi-CW FEL pulse was used to saturate the BDPA-
Bz resonance. After a delay T', a second, 10 ns long pulse “sliced” from the portion of the
FEL pulse boosted by the cavity dump was used to generate a FID. The second, 10 ns
pulse had around 5.5 kW of power, for a Rabi frequency of 25 MHz, while the saturation
pulse had a Rabi frequency of 8 MHz. Four-step phase cycling was used [86], as described
in Chapter 2 of this dissertation. The FID amplitude, shown in Figure 3.3, reads off how
much the magnetization has recovered to the equilibrium value after the saturation pulse,
which occurs with time constant T;. T7 was extracted by fitting the amplitude of the
integrated FT-EPR absorption lineshape Y'(T") after delay 7" to a function of the form

Y(T) = Y(c0) — (Y(oo) - Y(O)) x ¢~ T/ (3.11)

Y (00) is the amplitude of the FT-EPR absorption lineshape in the absence of an inver-
sion pulse, and Y'(0) is the amplitude of immediately after the inversion pulse, which is
included to account for imperfect saturation. 77 was measured to be 270 + 40 ns. This
value of T} is probably a low estimate, since Equation 3.11 does not take into account the
shift in the precession frequency caused by the changing demagnetization field. Y (o0)
and Y'(0) were left as fit parameters.

T, was estimated using a two-pulse Hahn echo decay sequence. Two short pulses
were “sliced” with an inter-pulse delay of 7, with lengths of 11.5 ns and 14 ns for the
first and second pulse. As for the saturation-recovery experiment, the first pulse was

sliced from the 450 W portion of the FEL pulse, with a Rabi frequency w; /27 = 8 MHz,
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Figure 3.4: Integrated electron spin echo as a function of twice the delay 7 between the

first pulse and the refocusing pulse. The electron spin echo decay was fit to a function
of the form E(27) = A x e727/"2 4+ C| from which T, was extracted.

and was therefore a small tip-angle pulse. The second pulse was applied to refocus the
magnetization into a Hahn echo. The power in the refocusing pulse was attenuated to
as low as possible while still producing an echo, which turned out to be 55 W, for an
on-resonance Rabi frequency of 2.5 MHz. The pulse was attenuated in order to minimize
the effects of instantaneous spectral diffusion [108, 109, 54, 86] and the demagnetizing
field shift. Four-step phase cycling, as described in Chapter 2, was used to isolate the
echo signal. The integrated spin-echo was acquired as a function of the inter-pulse delay
7, as shown in Figure 3.4. T, was extracted by fitting the integrated echo signal E(7)
after an inter-pulse delay 7 to a function of the form

E(r)=Axe ¥4 ¢ (3.12)

where A and C were left as fit parameters. In this way, 75 was estimated to be 120 4+ 30
ns. As for the T} measurement, this value of T3 is probably a low estimate due to residual
precession frequency shift instantaneous spectral diffusion. However, the measured value

of T; is in good agreement with values measured at low-field [132], which is encouraging.
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Armed with these estimates for T} and 75, simulations of the FID frequency depen-
dence on pulse length over a full Rabi oscillation were carried out. The result, shown
in Figure 3.2, were in excellent agreement with experimental results. Uncertainties in
Ty, Ty, the Rabi frequency w;, and the FEL detuning were taken into account through
a Monte-Carlo method. Simulations were repeated with different values for 77, T5, wy,
and FEL detuning, all randomly drawn from Gaussian distributions with their respective
uncertainties. The width of the simulated frequency shift indicates the 95% confidence
interval as calculated by this Monte-Carlo method.

The simulated magnetization trajectory in the rotating frame is shown in Figure
3.2, along with a trajectory simulated for a spherical sample (6; = 0). The simulated
trajectories begin to deviate as the tip angle increases, with the deviation reaching a
maximum for a /2 tip angle. As the trajectories continue, the deviation decreases

between tip angles of /2 and 7, until the two trajectories nearly intersect for a 7 pulse.

3.3.1 Magnetization evolution over many nutation cycles

The data shown in Figure 3.2 was taken using the cavity dump to boost the FEL power,
in order to observe rapid Rabi oscillations. The cavity dump pulse is only 40 ns long,
however, which is only long enough to observe one full nutation in the Bloch sphere.
In order to probe the magnetization evolution over many nutation cycles, experiments
were performed with longer pulses “slicing” from the lower power, but longer-lasting,

quasi-CW FEL pulse. Long pulses can be generated either using the mm-wave silicon
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Figure 3.5: a Contour plot of the FT-EPR absorption lineshape, and b mean FID
frequency, as a function of pulse length as BDPA-Bz crystal undergoes Rabi oscillations

over many cycles. Simulated mean FID frequencies match experimental results over
multiple oscillations.

coupler, or the hole coupler. At 240 GHz, the silicon coupler produces higher power in a
long pulse.

The evolution of the magnetization over many Rabi cycles was probed by varying the
length of a pulse “sliced” from the quasi-CW FEL pulse from the silicon coupler. The
cavity dump was not used, in order to maintain a uniform microwave Bj field over the

length of the pulse. Figure 3.5 shows the result of a nutation experiment performed with
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an on-resonance Rabi frequency wy/2m = 8M Hz for pulse lengths between 0 and 700
ns. At least five Rabi cycles are observed. Figure 3.5a is a contour plot which shows the
evolving FID precession frequency (vertical axis) and FT-amplitude (indicated by color)
as a function of pulse length (horizontal axis). Numerical simulations of the modified,
nonlinear Bloch equations are once again in excellent agreement with experimental re-
sults. The width of the simulation curve shown in Figure 3.5 indicates the 95% confidence
interval, calculated using the Monte Carlo procedure. The decay in the observed Rabi

oscillations is primarily related to spin-lattice (77) and spin-spin (7%) relaxation.

3.3.2 Temperature dependence

The maximum tip-angle dependent precession frequency shift varies with temperature,
since the BDPA-Bz magnetization is temperature dependent. Assuming a paramagnetic

sample consisting of spin-1/2 electrons with density n,

giB togisHo
My = *=—ntanh | ——— 3.13
0= ( 2%pT ) (3:13)
In the high temperature limit where kgt > uogupHy,
(918)° gush
My = Hy, = 3.14
0 AT npolio 1 kBanL ( )

In this limit, the fractional frequency shift away from the Larmor condition |Aw/wy| is
given by

% -y n(gﬂB)2
Wi 4k, T

(3.15)
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Nutation experiments were performed on the a grain of crystalline BDPA-Bz at three
temperatures: 290 K, 230 K, and 190 K. All three temperatures are well above the
electron Zeeman temperature T, at 8.56 T, given by T, = gupuoHo/kp = 11.6 K, and
so can be treated in the high-temperature limit. The results are shown in Figure 3.6.
Going to lower temperature resulted in a larger frequency shift by an amount inversely
proportional with temperature (Figure 3.7), as predicted by Equation 3.15.

As the temperature decreased, the BDPA-Bz EPR linewidth was observed to broaden
slightly, as shown in Figure 3.6. Furthermore, the nutation was found to depend ex-
tremely sensitively on the field position relative to the unmodified Larmor condition.
One explanation for these two effects could be that the magnetization, now larger than
at room temperature by a factor of 1.5, is large enough so that the onset of turbulent

spin dynamics is observed.

3.3.3 Small tip-angle nutation experiments

Pulsed EPR experiments performed on grains of crystalline BDPA-Bz in the small tip-

angle regime do not show tip-angle dependent frequency shifts. This is consistent with
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Equations 3.6, 3.7, and 3.8, since in the small tip-angle approximation AM, /M, < 1.
Figure 3.8 shows nutation experiments performed on a single grain of BDPA-Bz at 290
K at different offsets between the unmodified Larmor frequency and the driving field
from the FEL. The offset frequency was varied by changing the external magnetic field
By = poHy while keeping the FEL frequency constant. Experiments were performed with
field offsets ABy of 0 mT, 2 mT, and -2 mT, corresponding to frequency offsets of 0, 56
MHz, and - 56 MHz.

For the experiments performed at 4+ 56 MHz, the integrated FT-EPR amplitude
shows a dependence on pulse length characteristic of off-resonance nutation experiments.
The spin system nutates in the small tip-angle regime at an effective Rabi frequency
given by Equation 3.10, where the detuning § = YA By — poy04 My takes into account the
demagnetization field.

It is worth noting that the FEL power available was lower than usual on the day
this experiment was performed, which resulted in a slower-than-normal on-resonance
nutation frequency w;/2m = 17 MHz. Nevertheless, when By was set so that the FEL
driving field matches the Larmor condition, the magnetization dynamics left the small

tip-angle regime and a tip-angle dependent frequency shift was observed.

3.4 Demagnetization fields and nonlinear interactions

Demagnetization fields are typically neglected in EPR experiments, but are commonly

encountered in ferromagnetic resonance [137], where sample geometry plays an important

91



AB, = +2 mT

Integrated FID (arb. u.)

AB, = +2mT

=

FID Frequency Offset (MHz)

0 10 20 300 10 20 300 10 20 30
Pulse Length (ns) Pulse Length (ns) Pulse Length (ns)

Figure 3.8: Integrated FT-EPR amplitude as a function of pulse length with the mag-
netic field By set 2 mT below the Larmor condition a, at the Larmor condition b, and 2
mT above the Larmor condition c. d-f show the corresponding contour plots of the FT-
EPR amplitude as a function of pulse length. When By is moved away from the Larmor
condition, the spin system evolves in the small tip-angle regime and no tip-angle depen-
dent frequency shift is observed, while when AB, = 0, the spin precession frequency
shifts as the magnetization is inverted.
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role in determining the resonance condition. Demagnetization field effects have also been
encountered in NMR experiments in highly concentrated spin systems [139].

Equation 3.15 predicts the 'H NMR resonance measured in room-temperature water
to be ~ 4 ppb, if 6, is assumed to be of order 1. 4 ppb is a 1.6 Hz shift in a 9.4 T
magnetic field. In 1990, Edzes reported an anomalous 'H NMR frequency shift of ~ 2.5
ppb in protonated solvents, consistent with Equation 3.15 for §; ~ 0.6 [140]. Outside of
this example, however, demagnetization field-induced frequency shifts are not commonly
observed in NMR, which can be explained by the fact that the gyromagnetic ratio of
electrons in 657 times larger than that of protons, together with the 4% dependence of
Equation 3.15. Indeed, Edzes had to go to great lengths to observe this frequency shift,
which required disabling his spectrometer’s automatic magnetic field lock which would
have otherwise partially corrected for the shift [140].

Instead, nonlinear magnetization-dependent effects in NMR manifest in other, more
mild ways, in the generation of multiple spin-echos by a pair of radio frequency pulses [141,
142, 143] or in anomalous frequency correlations appearing in correlation spectroscopy
experiments [144, 145]. Much work has been done by Warren others to investigate in
particular these anomalous frequency correlations, which can be interpreted as inter-
molecular multiple-quantum coherences in a fully quantum-mechanical treatment which
arise from long-range nuclear spin dipolar coupling [146]. In 2000, Jeener showed that a
semi-classical model of concentrated nuclear spins which invokes the demagnetizing field

is equivalent the fully quantum-mechanical “Warren” approach [147].
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Since the mid-1990s, NMR experiments taking advantage of non-linear, magnetization-
dependent effects been developed. One such experiment, called Correlated spectroscopy
Revamped by Asymmetric Z-gradient Echo Detection (CRAZED), is used in both in

spectroscopy and in NMR imaging [146].

3.5 Outlook

Nonlinear spin-spin interactions are an essential ingredient for generating squeezed spin
states [148]. Schemes for realizing squeezed states of electron spin ensembles have been
proposed involving phonon-induced interactions between nitrogen-vacancy (NV) centers
in diamond [149], or by coupling a NV center ensemble to a magnetic tip attached to a
nanomechanical resonator [150].

The demagnetization field offers an alternative method of engineering nonlinear spin-
spin interactions. The nonlinear interaction strength can be tuned by changing the sample
geometry, shown in Equation 3.3 for an ellipsoidal sample. Ellipsoidal samples have the
property that the demagnetizing field is constant throughout the entire sample volume, as
long as the sample has uniform magnetization (Equation 3.1) For non-ellipsoidal sample
geometries, the demagnetization field is not in general uniform across the entire sample
volume, even if the magnetization is uniform [138]. Interesting possibilities exist for
optimizing sample geometry to tailor local nonlinear interaction strengths, as opposed to
the sample-wide, long-range interactions seen in the BDPA grains studied carefully here.

The temperature dependence of the precession frequency shift was explored in the
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high-temperature approximation (Figures 3.6 and 3.7). However, it would be interesting
to explore the spin dynamics in the regime where the high-temperature approximation
breaks down. One important consequence of the exchange interaction in BDPA-Bz is to
narrow the EPR line [135], as discussed earlier in this chapter. This occurs because the
exchange interaction modulates the weaker electron-electron dipolar interaction, which
would otherwise lead to line broadening. At temperatures below the Zeeman temperature
T. = hwy,/kg, the spin system become highly polarized and fast-timescale spin dynamics
moderated by the exchange interaction become effectively frozen out. This may result
in intense line-broadening, and in more complicated, likely turbulent magnetization dy-
namics. Other consequences of the breakdown of the high temperature approximation

for dilute spins will be discussed in the next chapter of this dissertation.
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Chapter 4

Electron spin relaxation at high

magnetic field

Abstract

Favorable relaxation processes, together with their equally favorable high-field spectral
properties and their biological compatibility, have lead to Gd-based spin-labels being
extensively explored for high-field inter-spin distance measurements for protein structure
studies using a variety of techniques [100, 99, 19, 20, 6, 101, 24, 25]. Still, there are
many gaps in our understanding of the physics behind high-field electron spin relaxation
and decoherence in Gd*>T complexes [151, 152, 153]. Gd>" electron spin phase memory
time T); and spin-lattice relaxation time 7T} measurements are presented for a pair of
model compounds which can be functionalized as spin labels. A model describing the

Gd3* central m = —1/2 — m = +1/2 transition coherence lifetime is proposed, and is
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shown to adequately describe both the temperature and concentration dependence of Ty,
in deuterated solvents. New insights into the mechanisms driving spin decoherence in
Gd?** lead to more sensitive measurements of local average inter-spin distances, and to
the intriguing possibility of extending Th/-based distance or concentration measurements

to higher temperatures and to lower, more commonly available magnetic fields.

Acknowledgements

CBW performed EPR measurements data analysis under the supervision of Mark Sherwin
and Songi Han. Mian Qi designed and synthesized the iodo-(Gd-PyMTA) complexes used

in this chapter under the supervision of Adelheid Godt.

4.1 Introduction

Spin-labels based on Gd** ions offer several advantages over more commonly used nitroxide-
based spin probes when paired with EPR performed at high magnetic fields. Favorable
spectral properties, chemical stability, and biological compatibility have lead to the in-
creased adoption of Gd3*-based spin-labels at high-field for inter-spin distance measure-
ments for structure studies in biological systems [100, 99, 19, 20, 6, 101, 24, 25]. Electron
spin relaxation and decoherence at high magnetic field and at cryogenic temperatures
where these measurements are performed is an area of active research, particularly in
regimes where inter-electron dipolar coupling is important [151, 152, 153]. In particular,

understanding the processes which limit coherence lifetimes in Gd** is extremely impor-
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tant, since coherence lifetimes are one of the factors limiting applications of Gd-based
spin labels for pulsed dipolar spectroscopy.

This chapter begins with a discussion of mechanisms which are important drivers of
coherence loss in dilute electron spin systems at low temperatures. Then, turning to Gd>*
complexes, a series of electron spin phase memory time T); and spin-lattice relaxation
time T} measurements are presented, for a pair of Gd3* spin-label compounds. A model
is proposed which describes the Gd*" phase memory time in the m = —1/2 — m = +1/2
transition, and is shown to adequately describe both the temperature and concentration
dependence of T); in deuterated solvents.

Electron spin coherence times can themselves be used to extract inter-spin distances
between nearest-neighbors in disordered, weakly associated clusters of spins, where T},
is sensitive to nearest-neighbor spin flip-flops. New insights into the mechanisms driving
spin decoherence in Gd3* lead to more sensitive measurements of local average inter-spin
distances, and to the intriguing possibility of extending T),-based distance measurements

to higher temperatures and to lower, more commonly available, magnetic fields.

4.2 Relaxation Overview

Spin relaxation processes can be understood in terms of fluctuating local magnetic fields
felt by the spins. Fluctuating local magnetic fields arise due to the presence of other
electron spins, nuclear spins, lattice distortions, and molecular motion, though they can

also be caused by remote sources, such as time-varying background magnetic fields. Re-
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laxation can give valuable information about spin-spin and spin-lattice interactions, and
can act as a probe of the field fluctuations around a spin.

In Chapter 1, the effective spin Hamiltonian was introduced as a way of characterizing
electron spin physics in the ground electronic state, and 77 and 75 were introduced as
phenomenological relaxation times in the Bloch equations. In Chapter 2, FEL-powered
high-field EPR was used to measure electron spin-lattice and spin-spin relaxation times
T, and T3 in a variety of physical systems. In Chapter 3, 77 and T, were measured as
an important step in characterizing the high-field spin dynamics of a strongly interacting
electron spin system.

Electron spin relaxation processes can be roughly broken down into two categories:
“longitudinal” processes in which the spin system exchanges energy with degrees of free-
dom outside of the effective spin Hamiltonian (“the lattice”), such as phonons, electronic
excitations etc. [63], and “transverse” processes which are not accompanied by energy
exchange with the environment. Longitudinal processes tend to drive a spin system into
thermal equilibrium with its environment. Transverse processes tend to cause electron
spins to lose phase coherence and are often dominated by spin-spin interactions [54].

In Chapter 2, we saw an example of a case where electron spins lost phase coherence
due to interactions with microwave pulses in a process called instantaneous spectral
diffusion [108, 109, 54]. Instantaneous spectral diffusion occurs whenever microwave
pulses are applied. As pulses rotate some or all of the spins in the material, they change

the local dipolar fields felt by those spins whose neighbors were rotated. This change in
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the local dipolar field leads to a loss of phase coherence, since the dipolar field contributes
to the precession frequency of each individual spin.

Phase coherence persists for an ensemble of spins for a characteristic lifetime T,
called the phase memory time. T}, is related to 75, the intrinsic coherence lifetime of a
single spin, but is generally shorter than 75. The contribution made by the instantaneous
spectral diffusion mechanism to the total rate of electron spin decoherence 1/T); in a

Hahn echo experiment can be quantified as

1 1 1

- 4+ 4.1
Ty 1T Tip (4.1)

where 1/T}p is given by

1 m NOQQMQBN< : 2<9>>
= — (sin” | = 4.2
Tip 9v3 h V 2 (42)

where N/V is density or concentration of unpaired electron spins, and (sin®#/2) is the
inversion profile of the second, refocusing, pulse. In Chapter 2, it was shown that the con-
centration of electron spins N/V', and the intrinsic T3, can be measured by systematically
varying (sin®6/2).

When excitation bandwidths are narrow relative to the EPR linewidth, as is usually
the case for high-field EPR with conventional, low-power microwave sources, instanta-
neous spectral diffusion can be neglected since (sin? #/2) — 0. In this chapter, a different
decoherence process more commonly observed in high-field EPR will be explored. Like
instantaneous spectral diffusion, this process causes spin flips which change the local
dipolar field felt by each spin. However unlike instantaneous spectral diffusion, these

spin flips are driven, not by microwave pulses, but by dipolar coupling. The contribution
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this process makes to the electron spin coherence lifetime can be quantified by performing

EPR at high magnetic fields and low temperatures.

4.3 Dipolar Flip-Flops and Spin-bath Polarization

The dipolar interaction Hamiltonian H;; was introduced in Chapter 1. Hyy can be written

as a sum of terms [64]

Hdd:”d‘;_fr) <A+B+O+D+E+F) (4.3)

where wgq(r) is the dipolar coupling frequency

to (gpB)* 1
T b (44)

wdd(r)

The two most important terms in Equation 4.3 are A, the secular term,

A= (1-3cos’6)S,.5,, (4.5)
and B, the flip-flop term
1
B = —1(1—3COS29) (STS; + 57 59) (4.6)

where 6 is the angle between the vector r connecting the two spins and the external

static magnetic field, which is aligned along the Z direction.

4.3.1 Dipolar Flip-Flops

In the vast majority of EPR experiments, dipolar coupling is much smaller than the
Zeeman interaction. The dipolar coupling frequency for two S = 1/2 electrons separated

by 1 nm is wyg >~ 52 MHz, while Larmor frequencies are typically ~GHz to ~100’s of
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GHz.

The two terms A and B in the dipolar “alphabet” expansion behave quite differently.
Consider their effects on a system of two S = 1/2 electron spins with Zeeman Hamiltonian
H, = wr15,1 + wr2S.s. A commutes with the Zeeman interaction. To first order in
perturation theory, A will cause a spin with S, quantum number m’ to modify the
energy of a spin with S, quantum number m a distance r away and at orientation 6,
which will shift the spin’s precession frequency by an amount

Awpm(r,0,m') = waq(r)(1 — 3 cos? )mm/ (4.7)

The flip-flop term B, by contrast, does not in general commute with the Hamiltonian,

but rather

1
B, H] = _4_1(1 — 3cos® 0)hAw (ST Sy — 51—57) (4.8)

where Aw;, = w1 — wpre. If the two spins have different resonance frequencies, then the
flip-flop term does not commute with H,, and spin “flip-flops” are not energy-conserving
(Equation 4.8). However, if the two spins have the same resonance frequencies wy; =
wra, the flip-flop term commutes with the Zeeman Hamiltonian, and can drive energy-
conserving pairs of spin “flip-flops”, where one spin is “flipped” from | —1/2) — |+ 1/2)
and the other is “flopped” from |+ 1/2) — | —1/2).

There are three criteria for spins to be able to participate in energy conserving flip-
flops. First, as already stated, the spins must have the same precession frequency wry,.

Second, they must be physically close to each other, since dipolar coupling falls off as 3.
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In an inhomogeneously broadened EPR line, spin packets which overlap in frequency are
able to participate in energy-conserving flip-flops if the spins in those spin packets are
also spatially close. Third, two spins can only undergo flip-flops if one is in the | + 1/2)
state and the other is in the | — 1/2) state, since only then can both change their Zeeman
energy and have the process conserve energy overall.

In a typical pulsed EPR experiment performed on an inhomogeneously broadened
EPR line with pulse bandwidths that are narrower than the EPR spectrum, spins can
be grouped into two populations: « spins, which fall within the pulse bandwidths, are
addressed by the pulses, and which are directly participating in the EPR experiment,
and 3 spins, which are not addressed by the EPR pulses and which participate in the
EPR experiment only to the extent that they interact with the a spins. In this scenario,
spin flip-flops can lead to decoherence in at least two ways.

First and most directly, one or two of the o spins can participate in a spin flip-flop.
This leads immediately to a loss of coherence for that spin or pair of spins. This direct
flip-flop process increases in importance as the population of « spins in an experiment
increases. The more broad-band the pulses, and the narrower the EPR line, the more «
spins there will be to participate in spin flip-flops. In the limit where pulses excite the
entire EPR line, spin flip-flops compete with instantaneous spectral diffusion, with the
degree of spectral overlap between spin packets determining which process dominates.

Second, and more indirectly, spin flip-flops which take place among [ spins modulate

the dipolar fields felt by the « spins, which causes the resonance frequencies of individual
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« spins to shift. If two 8 spins undergo a flip-flop, and one of those [ spins is close to an
« spin, the flip (or flop) of the B spin will change the precession frequency of the a spin
by an amount given by Equation 4.7. This process can occur often, and many pairs of
spins can participate in flip-flops which each modify the precession frequency of a given
a spin. The indirect spin flip-flop decoherence process is more important than the direct
flip-flop process when only a small fraction of spins are excited by the pulses in an EPR

experiment, so that most spins fall into the 8 population.

4.3.2 Highly Polarized Spin Baths

Let’s revisit the third of the three criteria which must be satisfied in order for two spins
to undergo a flip-flop: one of the spins must be in the | + 1/2) state and the other must
be in the | — 1/2) state. For temperatures higher than the electron Zeeman temperature
Ty

TZ = g,U/BBO/kB (49)

thermal fluctuations are larger than the Zeeman energy difference between | —1/2) and
| +1/2). In this regime, both states are populated, and spin flip-flops can proceed.
However, for temperatures lower than T, thermal fluctuations are smaller than the
Zeeman energy. For temperature much smaller than 7';, the spin system becomes highly
polarized into the ground | — 1/2) state, with all electron magnetic moments aligned in
the direction of the external magnetic field. When all of the spins are in the | — 1/2)

state, dipolar flip-flops are effectively frozen out, since there are no |+ 1/2) states to flop
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when one of the | — 1/2) states flips.
Dipolar-driven flip-flops increase the rate of phase coherence loss according to [154,

155, 85]

1
o = Nipen_i/e X F x wdd(f) +T (410)
Tm

where I' is the residual electron flip-flop independent decoherence rate, n.;/, is the

thermal occupation number of the | + 1/2) state

1
Ni1/2 = ZGZFQMBBO/%BT (4‘11)
Z is the partition function
7 — e9nBo/2kpT | —gupBo/2kpT (4.12)

and wgq(7) is the dipolar coupling frequency between two spins separated by the average

nearest-neighbor inter-spin distance 7. F'is a parameter which characterizes the amount
of spectral overlap between electron spin packets, and is a property of the EPR line. For
isotropically dispersed solutions of the nitroxide radical 4-amino-TEMPO, F' = 1/10.2
was empirically determined [85].

At temperatures T < T, the occupation number n,/; of spins in the excited state
drops to zero as T' — 0, and the frozen-out dipolar flip-flops no longer contribute to
electron spin decoherence. In order to freeze out dipolar flip-flops as a decoherence
pathway, high magnetic fields and low temperatures are necessary. At 9.5 GHz, where
EPR is most widely performed, T, = 0.46 K. Quenching dipolar flip-flops in a 9.5 GHz
EPR experiment requires cooling to 100s to 10s of mK, necessitating expensive cooling

equipment not widely available to EPR spectroscopists. At 240 GHz, T = 11.6 K, which
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can be easily reached using gaseous or liquid helium cooling.

4.3.3 Local Concentration From Electron Spin Phase Memory
Time

From Equation 4.10, the contribution to the phase memory time T, from dipolar flip-flops
will depend on temperature through the occupation numbers n.4,/,. Careful characteri-
zation of the electron spin phase memory time as a function of temperature can therefore
be used to extract the product F' X wgq(7), where wgq(7) is the dipolar coupling frequency
evaluated at the average nearest-neighbor distance and F' depends on the EPR lineshape
and spectral overlap.

Edwards et al. showed [85] that phase memory time measurements conducted at high
magnetic field as a function of temperature can be used to extract average inter-spin
nearest-neighbor distances in uniformly distributed, isotropic frozen solutions. Immedi-
ately after performing this result, the question arose- could measurements of the phase
memory time temperature dependence be used to extract average nearest-neighbor dis-
tances in non-uniformly distributed solutions? Suppose the electron spin density varies
across a material, such that there are pockets with high spin-density and pockets with low
spin-density. The phase memory time temperature dependence should be sensitive to the
elevated local spin concentrations in the high-density pockets, where dipolar spin-flips
will be more efficiently driven than in the low-density pockets.

Edwards et al. [85] performed temperature-dependent phase memory time measure-
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ments at 8.56 T on lipid vesicles which were spin-labeled with PC-TEMPO, a lipid with
a TEMPO spin probe functionalized to the its headgroup. It was found that indeed, the
electron spin phase memory time was sensitive to the elevated spin concentration at the
surface of the vesicles.

Edwards et al. [85, 56] went on to show that the contribution to spin decoherence
of 4-amino-TEMPO from electron spin flip-flops becomes negligible in fully protonated
solvents for average nearest-neighbor electron spin distances 7 >~ 1.5 nm, where electron
spin relaxation becomes dominated by the residual relaxation I' caused by nuclear spin
flip-flops. Further, even in deuterated solvents, Edwards et al. found dipolar flip-flops
could be neglected for concentrations below 1 mM, for average nearest-neighbor distances

7 > 6.6nm or longer.

4.4 High-Field Gd Electron Spin Relaxation

So far, we have dealt with dipolar flip-flops in spin-1/2 radicals. Niroxide radicals like
4-amino-TEMPO have long spin-lattice relaxation times around or below the 240 GHz
Zeeman temperature, and at high field their EPR lineshapes are inhomogeneously broad-
ened and dominated by their orientation-dependent g tensors.

Gd** complexes are an alternative to S = 1/2 electron spins for use as spin-probes in
a variety of systems. Gd3" is a spin-7/2 ion with seven unpaired electrons in its half-filled
4f-orbital, leading to magnetic moment 7 times larger than that of a S = 1/2 radical.

While Gd?* by itself is quite reaction-prone and is acutely toxic, Gd3** coordinated by a
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chelating complex is stable and relatively biological compatible [100].

The ground state of a S = 7/2 Gd3" complex is highly symmetric, with a nearly
isotropic g value generally around g = 1.992. The Gd*" lineshape is dominated by
the zero-field splitting (ZFS) interaction, which, though small for most Gd chelates
(D ~ 0.2 —2 GHz) when compared to other Lanthanides and high-spin transition metal
complexes, nevertheless is second only to the Zeeman interaction in terms of importance
in the effective spin Hamiltonian [156]. At high field, the ZFS can be treated perturba-
tively, leading to a first-order correction to the transition energy between states labeled

by S. quantum numbers m, m + 1

1
EW = gupBy + 5(2m +1)AD(3cos* § — 1) (4.13)

where 6 is the angle between the principal axis of the ZFS tensor and the external
magnetic field. E® differs from the Zeeman transition energy E, = gugpB, for all
transitions except for the m = —1/2 — m = +1/2 “central” transition, which is only
broadened at second order in perturbation theory, where the correction for the ZF'S is

given by

po _ L WD
16 gup By

(45(S + 1) — 3)(sin* 6 — 2sin” 20) (4.14)
Therefore to leading order, the ZFS modifies the Zeeman energy difference between
the m = —1/2 and m = +1/2 states by an amount which scales with D?/wy, where
wr, = gmupBo/h is the Larmor frequency. As the By field increases, the linewidth of

the m = —1/2 — m = +1/2 central transition decreases as (By)~'. At 8.6 T, the

m = —1/2 — m = +1/2 transition narrows to ~ 0.5mT, leading to an enormous
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sensitivity gain [100].

Gd** complexes generally have much shorter spin-lattice relaxation times than S =
1/2 organic radicals due to relaxation driven by coupling between molecular vibrations
and motion and the spin degrees of freedom through the ZFS [100, 102]. However, the
electron spin transverse relaxation time generally remains quite long for dilute Gd3+
spins at cryogenic temperatures.

Another property of S = 7/2 Gd*" is that the matrix elements of the magnetic
dipole transitions coupling different S, eigenstates are larger than for S = 1/2, lead-
ing to stronger couplings between spins and microwaves. The matrix elements (S, m +

1|S%|S, m) of the raising and lowering operators S* are given by [58]

(S,m+1|S%|S,m) = A/ (S Fm)(S+m+1) (4.15)

so that for the m = —1/2 — m = +1/2 transition of a S = 7/2 spin, the transition
matrix element is 4 times larger than the transition matrix element connecting m =

—1/2 — m = +1/2 transition of a S = 1/2 spin,

(7/2,1/2|8%|7/2,-1/2) =

4% (1/2,1/2|S7(1/2,-1/2) (4.16)

Therefore, microwaves drive the m = —1/2 — m = +1/2 central transition of a S = 7/2

spin with a Rabi frequency four times higher than for a S = 1/2 spin.
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4.5 Phase Memory Time and Spin-Lattice Relax-

ation Time Measurements of Gd3*

Measurements of the electron phase memory time T); and the spin-lattice relaxation
time 77 were performed at 8.6 T, corresponding to wy /27 = 240 GHz, as a function
of temperature and Gd3t complex concentration for two Gd** complexes: Gd-DOTA
and iodo-(Gd-PyMTA) Figure 4.2. Gd-DOTA is a commercially available MRI contrast
agent, with a small axial zero-field splitting with D = 700 MHz [156] and a narrow
high-field m = F1/2 — m = £1/2 central transition. PyMTA is a pyridine-based
tetracarboxylate ligand synthesized for use as a lanthanide- or transition metal-based
spin-label. Todo-(Gd-PyMTA), the variant studied here, has a somewhat larger zero-field
splitting than Gd-DOTA, with D = 1900 MHz [156].

Pulsed EPR experiments were performed using a home-build 240 GHz EPR spectrom-
eter operating in “low-power” mode, with microwaves generated by a 55 mW solid-state
microwave source (Virginia Diodes, Inc). The 240 GHz spectrometer can also operate
with the UCSB mm-wave free electron laser as source of microwave radiation for high-
power pulsed experiments, however the FEL was not used for these experiments. Details
about the spectrometer operating in low-power pulsed mode can be found in Appendix
A.l.

Two-pulse Hahn echo decay experiments (Figure 4.1) were performed on the m =

F1/2 — m = +1/2 central transition for several concentrations of Gd-complex (Figure
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Figure 4.1: (a) Hahn echo decay pulse sequence used to measure T);. The echo amplitude
is recorded as a function of 7. (b) Saturation-recovery pulse sequence used to measure
Ty. The echo amplitude is recorded as a function of the delay between the saturation
pulse and the echo sequence T', while keeping 7 fixed.)

4.2) in frozen 60/40 detuerated glycerol/D,O matrices. Protonated solvents were chosen
in order reduce the decohering effects of proton spins. For a random and uniform distri-
bution of spins with density N/V', the average nearest-neighbor inter-spin distance 7 is

given by [157]

~1/3
7 = 0.554 <%> (4.17)

Average nearest-neighbor distances 7 are tabulated with their corresponding concentra-
tions in Table 4.1. Echo decays were exponential, with a single time constant Ty;. Ty,
was found to depend sensitively both on the Gd3* spin concentration and on temperature
over a range of temperatures between 5 K and 90 K.

Saturation-recovery experiments (Figure 4.1) were performed on the m = F1/2 —

m = =£1/2 central transition to measure the spin-lattice relaxation time Tj. T; was
found to increase with decreasing temperature across the temperature range 4.2. 77 was
found to be shorter by roughly a factor of two for iodo-(Gd-PyMTA) as compared to

Gd-DOTA for temperatures below ~ 40 K. This difference in T} is consistent with spin-
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lattice coupling being mediated primarily by the zero field splitting interaction, which is
roughly twice as large in iodo-(Gd-PyMTA) than in Gd-DOTA [54, 156]. T} was found
within error to be concentration-independent in this concentration range.

Spin-lattice relaxation is found to follow a relationship of the form 77 o< Tz, where
x =1.440.2 for Gd-DOTA and = = 0.9240.05 for iodo-(Gd-PyMTA), as shown in Figure
4.3. This temperature dependence is roughly consistent with spin-lattice relaxation being
driven by a direct phonon process, which has a characteristic temperature dependence
1/Ty o T [54]. In a direct phonon process, collisions with single 240 GHz phonons lead to
spin-lattice energy transfer, which in this case is likely mediated by the zero-field splitting
interaction. Spin-phonon coupling is independent of spin concentration, explaining the

lack of an observed T; concentration dependence.

Concentration | 7 (nm)
1 mM 6.6
500 M 8.3
100 1M 14.1
50 M 17.8

Table 4.1: Average nearest-neighbor distances 7 assuming randomly and uniformly dis-
tributed spins in a glassy matrix for several spin concentrations, given by Equation 4.17.

At the upper end of the temperature range shown in Figure 4.2, 1/T),; and 1/T}
adopt similar a similar dependence on temperature, with 1/7),; approaching 2/7}, indi-
cating that the spin-lattice relaxation processes driving 7 relaxation are also coming to
dominate electron spin dephasing.

At the lower end of the temperature range in Figure 4.2, 1/7T), appears to converge to
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Figure 4.2: Left: inverse phase memory time 1/T), (triangles) and 1/7; (black squares)
for Gd-DPTA in 60/40 deuterated glycerol/D,O as a function of temperature and con-
centration measured on the central m = F1/2 — m = £1/2 transition. Right: inverse
phase memory time 1/7), (triangles) and 1/7} (black squares) for iodo-(Gd-PyMTA) in
60/40 deuterated glycerol/D,O as a function of temperature and concentration measured
also on the central m = F1/2 — m = +1/2 transition. Measurements were performed
at 8.6 T / wr/2m = 240 GHz. For both complexes, the phase memory time shows a
strong concentration dependence even for average nearest-neighbor distances 7 > 10 nm.
At 1/Ty; begins to converge which begin to converge. T was found to be concentration-
independent for both complexes in this temperature range.
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Figure 4.3: Inverse spin-lattice relaxation time 1/7; at 8.6 T / wy, = 240 GHz as a function
of temperature measured in frozen 60/40 deuterated glycerol/D,0, for Gd-DOTA and
iodi-(Gd-PyMTA). Dashed lines indicate power-law fits, consistent with 77 being driven

by a direct phonon relaxation process.

114



concentration-independent values. This convergence is consistent with dephasing at low
temperatures being driven by inter-electron dipolar modulated flip-flops, which freeze
out as the spin bath polarizes. Spin-bath polarization proceeds differently in high-spin
Gd3* complexes than for the S = 1/2 case described in Section 4.3, because there are
eight Zeeman states involved instead of only two. The thermal populations n,, in each

Zeeman state labeled with .S, quantum number m are given by

1

Ny = Ee—mgﬂBBo/’fBT (4.18)
where
S
7 — Z e—mguBBo/kBT (419)
m=—S

where zero-field splitting and dipolar coupling contribute small corrections which have
been neglected. Figure 4.4 shows the occupation numbers n,, for By = 8.6 T corre-
sponding to wy /27 = 240 GHz. As the temperature is lowered, n,, for states m with
higher Zeeman energy are depopulated first, leading to a more complicated temperature
dependence to the dipolar flip-flop contribution to decoherence than Equation 4.10. Fur-
thermore, the matrix elements of the dipolar flip-flop term (Equation 4.6) are different
for different transitions m — m + 1.

A model which describes the contribution of high-spin dipolar-modulated flip-flops to

T, was put forward by Takahashi et al. in the context of molecular magnets [158],

51
1
— =AY W(m)nung +T 4.2
o 2. (M)t + (4.20)

where A and I" are temperature-independent rates, and W (m) gives the flip-flop transi-
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Figure 4.4: Boltzmann population in each Zeeman state, labeled by the S, quantum
number m for a S = 7/2 system at 8.6 T, wy /27 = 240 GHz, and a Zeeman temperature
T, =11.6 K.

tion probability between two spins from Equation 4.6

2

+ J—
I/V(m):‘<m—l—1,m’%S?2 ,m—|—1>
5 (4.21)
+{mm+1 ES—; m+1m
) h h )

where |m, m + 1) is a state where the first spin has S, quantum number m and the
second spin has S, quantum number m + 1. However, this model only takes into account
transitions where the two spins swap S, quantum numbers. For a single crystal molecular
magnet like the one considered in [158], a large zero field splitting means that the only
energy-conserving transitions were those in which S, quantum numbers were swapped,
so this assumption made sense.
Gd complexes have much smaller zero field splittings. More importantly, unlike sys-

tem considered in [158], the frozen solutions considered here are not single crystals.
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Therefore, each Gd complex is oriented randomly with respect to the external field, lead-
ing to broad, overlapping Zeeman transitions due to the orientation dependence of the
zero-field splitting interaction (Equations 4.13 and 4.14). In addition, a recent com-
prehensive treatment by Clayton et al. of the zero-field splitting interaction for Gd
complexes in frozen glycerol-water solutions showed that the EPR lineshape is consistent
with a distribution of zero-field splitting parameters, corresponding to a distribution of
molecular conformations [156]. These complications mean that for a wide range of ori-
entation angles, we can expect flip-flops between many different pairs of Zeeman states
to be energy-conserving.

A more general model of Equation 4.20, taking into account the fact that energy
conserving flip-flops can occur for some orientations between any pair of Zeeman states,

can be written as follows,

=A Z Z (m,m")npn,, +T (4.22)

m=—S m/'=—S+1

where A o< 1/7° is a temperature-independent rate proportional to the inverse nearest-
neighbor inter-spin distance 7 cubed, I' is a residual relaxation rate, and T'(m,m’) is

proportional to the flip-flop transition probability

2

T(m,m/):‘<m+1,m %S% ,m/+1>
oo ) (4.23)
—|—’<m,m’+1 7; ; m—|—1m>

Equation 4.22 is closer to a complete model for the processes driving electron spin
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decoherence at high field and low temperatures. However, it neglects three important
temperature-dependent sources of decoherence: 1) spin-lattice relaxation, 2) dipolar field
fluctuations caused by spin-lattice relaxation-driven spin flips, and 3) transient zero-field
splitting fluctuations. Recall that the spin system is composed of « spins, which are
excited by the microwave pulses, and ( spins, which form a background spin bath. Spin-
lattice relaxation will cause spins to relax to thermal equilibrium with time constant
Ty, contributing directly to a loss of phase coherence for every « spin which relaxes.
Additionally, as spin-lattice relaxation flips 8 spins, local magnetic field felt by « spins
which are dipolar coupled to the flipped £ spins will be changed on a timescale T}, which
adds another source of decoherence.

Transient zero-field splitting fluctuations are small, short-lived changes in the zero
field splitting proposed to be caused by short-timescale (100 - 1000 MHz) small angle
librations or “wobbling” on the atomic scale [102]. Transient zero-field splitting leads to
temperature and transition-dependent relaxation rates, affecting outlying transitions far
more than the m = —1/2 — m = +1/2 central transition.

Focusing on the central m = —1/2 — m = +1/2 central transition so that transient
zero-field splitting fluctuations can be neglected, a model for the phase memory time

temperature dependence which include spin-lattice relaxation effects is given by

A r B
M + — 4+ Tyes (4_24)

S—1 S
1 — /
T = Arwqa(7) g E T (m, m" Yn,nm + T T

m=—5 m/=—S+1

where Ay, Ay, B are temperature-independent factors, and I',.., is a temperature-independent
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Figure 4.5: Inverse phase memory time 1/73, for Gd-DOTA (left) and iodo-(Gd-PyMTA)
(right) plotted as a function of concentration, at the indicated temperatures. Solid lines
indicate fits of 1/Ts to Equation 4.25.

residual relaxation rate. The first term is due to dipolar coupling-driven flip-flops, and the
second term is due to dipolar field modulation caused by lattice relaxation-driven spin
flips, and should both therefore scale in proportion to the electron spin concentration
since wgg o< N/V. The third term is the decoherence of caused directly by spin-lattice
relaxation, which is electron spin concentration-independent for this system, and the
fourth term is a temperature independent residual relaxation rate, consisting primarily
of electron-nuclear coupling.

Equation 4.24 predicts that the rate of decoherence at a fixed temperature T" will

scale with Gd3" spin concentration N/V according to

— Ro(T) + Ry(T) x (4.25)

Ty (T) \%

where Ry(T') is the sum of terms three and four in Equation 4.24 evaluated at T', and
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Ry (T) consists of terms one and two in Equation 4.24 evaluated at 7.

RO(T) = Tl?T) + Fres (426&)
R(T) = i Z T(m, m" ) nyn, + Tf?T) (4.26b)

m=—S m/'=—S-+1

Figure 4.5 shows 1/T); plotted as a function of concentration at fixed temperature,

measured on the m = —1/2 — m = +1/2 central transition, for temperatures 7' >
10K where the the m = +1/2 Zeeman states are still populated (Figure 4.4). The
concentration dependence of 1/T), is found to be in excellent agreement with Equation
4.25.

Figure 4.6 shows the electron spin concentration-independent decoherence rate R,
and the concentration-dependent decoherence term R;. The concentration-independent
contribution to decoherence, given by terms three and four in Equation 4.24, is well
described by Equation 4.26b. From a simultaneous fit of the concentration-independent
rate for Gd-DOTA and iodo-(Gd-PyMTA), Ry = B/T1 + I'yes, where B = 2.3 + 2 and
[yes = 0.05£0.03 pus—t. From this, we can conclude that spin-lattice relaxation dominates
the concentration-independent mechanism.

The concentration-dependent contribution to decoherence R; was described using
two variants of the model introduced in Equation 4.24. Model 1 considered both dipolar-
modulated flip-flops and spin-lattice (7}) spin-flips, while Model 2 considered only dipolar-

modulated flip-flops. The two models were fit using Equation 4.26a, with a; = 0 enforced
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Figure 4.6: Top: concentration-independent rate Ry (Equation 4.25) as a function of
temperature. Solid lines indicate a fit to Equation 4.26a, where B and I',.; were fit
simultaneously. Bottom: concentration-dependent rate R, (Equation 4.25) as a function
of temperature. Solid lines indicate fits to Model 1, given by Equation 4.26b. Dashed
lines indicate a fit to Model 2, which considers only dipolar-modulated flip-flops.
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for the second model. Table 4.2 records the model parameters for the two complexes.
Model 1 was found to be in better agreement with the data than the Model 2, indicating
that T}-driven spin flips which modulate the dipolar field are an important mechanism

of electron spin decoherence at low temperatures.

4.5.1 Interpreting the Model

Equation 4.24 has four free parameters: A;, As, B, and I',.,. These four parameters
weigh the importance of the four main processes driving decoherence in Gd** complexes
at low temperature, which are dipolar coupling-driven spin flip-flops, local magnetic field
fluctuations due to spin-lattice relaxation-driven spin flips, direct spin-lattice relaxation,
and residual coupling to nuclear spins. Of these four processes, the first two scale with
the electron concentration N/V, since the average dipolar coupling strength wyy between

nearest-neighbor spins scales with 1/7.

Flip-flops

Parameter A; is a dimensionless number which scales the contribution to 1/Ty; of the
dipolar coupling-modulated flip-flops. A; is analogous to F' from Equation 4.10, in that it
is expected to characterize the amount of spectral overlap between electron spin packets
which must overlap in frequency in order for flip-flops to be energy conserving. In the
simplest approximation, we can expect A; to scale inversely with the EPR linewidth,
since the broader the EPR line, the smaller the chance any two spin-packets will overlap

in energy. Accordingly, A; was found for Gd-DOTA to be APOTA = (1.4840.06) x 1073,
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and for iodo-(Gd-PyMTA) to be A7YM™ = (9 4+ 3) x 107, Zero-field splitting is the
dominant contribution to the EPR linewidth of both compounds, with D = 700 MHz
for Gd-DOTA, and D = 1900 MHz for iodo-(Gd-PyMTA). Taking D as a proxy for
linewidth, we find A; o< 1/D to be consistent with our expectations.

We can compare A; to F' from Equation 4.10, where for the nitroxide radical 4-amino-
TEMPO, Edwards et al. found F*ATEMPO — 1/10.2 = 0.0980 [85]. Adopting Equation
4.22 for S = 1/2, we see APATEMPO — p4ATEMPO /5 — () 049 is about a factor of 40-
50 larger than APOTA or AlfyMTA, where the factor of 1/2 comes from the definition of
T(m,m’). Gd*>" complexes have broader EPR spectra as compared to 4-amino-TEMPO
by a factor of 10-30 at 8.6 T, with typical widths of ~ 0.5 to ~ 1.5 T [156] where 4-amino-
TEMPO is about ~ 40 mT broad, consistent with our expectation that A; is inversely
proportional to linewidth.

There are at least two complications to this model of dipolar-driven spin flip-flops
in Gd3+ complexes which deserve addressing. The first complication is the assump-
tion made in proposing Equation 4.24, and more specifically the definition of T'(m,m’)
in Equation 4.23, that all flip-flops m — m + 1,m’ — m’ F 1 can be energy con-
serving with equal probability. The large distribution of D parameters in Gd** com-
plexes [156], together with the orientation dependence of the ZFS interaction, means
that flip-flops between any two states will certainly be energy conserving for some ori-
entations and D values. However, because ZFS broadens different transitions differently,

energy conserving flip-flops will be most likely to occur between nearest neighbors for
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certain transitions, and for certain orientations, than for others. For example since the
m = —1/2 — m = 1/2 central transition is only broadened to second order by ZFS,
flip-flops of the form | F1/2,+1/2) — | £ 1/2,F1/2) are likely to be energy conserv-
ing. Conversely, flip-flops of the form | — 7/2,7/2) — | — 5/2,5/2) are much less likely
to be energy conserving, and will only occur only with a strong orientation dependence
(Equation 4.13). A more accurate model for dipolar-driven flip-flops for Gd** complexes,
taking into account the spectral overlap of each pair of transitions and the orientation
dependence of the ZF'S, would predict a contribution to electron spin decoherence of the
form

1

T'n, frip— frop

= Waa(7) Z_: Z A(m,m" YT (m, m" Y npmn, (4.27)

m=—S m/=—S+1

where the A(m,m’) coeflicients include details about the ZFS interaction, and the overall
Gd3* lineshape. Since lineshape details were neglected in Equation 4.24 except for an
overall parameter Ay, our model likely over-estimates contributions from most transitions
and under-estimates contributions from the central m = £1/2 — m = F1/2 transition.

The second complication is that the model proposed in Equation 4.24 only takes
into account flip-flops between nearest-neighbor spins, when the dipolar interaction is
long-ranged and can mediate interactions between remote spins [54, 144, 146]. Including
contributions from flip-flops between spins which are further apart than nearest-neighbors
means that the chance a spin can undergo flip-flops which are only energy-conserving
for certain orientations increases, since more orientations are available. This will tend

to counteract the point made in the last paragraph that Equation 4.24 over-estimates
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contributions from outlying transitions.

Ty Spin Flips

Parameter A, has units of time, and scales the contribution to electron spin decoherence
from dipolar field fluctuations caused by off-resonance 3 spins undergoing spin-flips due
to spin-lattice relaxation. These spin-flips occur in the bath with a rate 1/77. A possible
physical interpretation of As is Ay = 1/wgq(r.) where wyq(r.) is the dipolar frequency
of two spin separated by a characteristic distance r.. Spins in the bath which undergo
Ti-induced spin-flips will modify the local magnetic field seen by an « spin through the
dipolar interaction, which follows a r~2 dependence. Equation 4.24 predicts a character-
istic length scale r. over which these spin-flip induced dipolar fluctuations are important,
with Ti-induced spin-flips contributing to decoherence falling off as (r./r)>.

For Gd-DOTA, the model proposed in Equation 4.24 gives ADOTA = 1.43 4 0.16
us, corresponding to the inverse dipolar coupling frequency for two spins separated by
7. = 7.7+ 0.3 nm. For Gd-PyMTA, we find AP°™ = 1.43 £ 0.16 ps, corresponding to
r. = 7.8 £ 0.7 nm. The fact that the characteristic length scale r. is the same for the
two complexes is evidence that r. does not depend sensitively on the particulars of the
EPR lineshape, but rather is perhaps characteristic of the magnetic and dielectric and
magnetic properties of the material.

In this light, the model presented in Equation 4.24 can be rewritten as

1 I , re\3 1
T = Ajwgaq(T) Z Z T(m,m")n,n, + ((—) + B) — 4+ Tyes (4.28)

T T
m=—Sm/=—S5+1 1
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It is tempting to also rewrite the first term in Equation 4.28 in terms of a characteristic
length, however it seems caution must be used here, for at least two reasons. First, as
discussed earlier, dipolar-modulated flip-flops lead to decoherence in two different ways-
they lead both directly to flips (or flops) of « spins, and to dipolar field fluctuations which
change the local magnetic field seen by « spins, where the latter is of a similar effect to
Ti-induced flips in the bath. It is reasonable to expect that these two processes will have
different characteristic lengths. Second, since these spin flip-flops are themselves driven

by dipolar coupling, there may be a higher-order dependence to be considered.

Spin-Lattice and Residual Relaxation

Identical parameters B = 2.340.3 and ', = 0.0540.03 ps™!, or Ts /27 = 10 £ 5 kHz,
were found to describe the concentration-independent direct spin-lattice contribution,

and the residual relaxation due to nuclear spin flip-flops, respectively.

4.5.2 Discussion and Conclusion

Electron spin decoherence of Gd** complexes is considerably more complicated in the
low temperature, high-field regime than that of S = 1/2 organic radicals, for two main
reasons. First, decoherence in S = 1/2 organic radicals at low temperature is simplified
by long spin-lattice relaxation times 77, which are typically 2-3 orders of magnitude longer
than for Gd** complexes under the same conditions. The much shorter T} means that
spin-lattice relaxation contributes significantly to shortening of Ty, in Gd3* complexes.

Second, the fact that Gd*" has seven unpaired electrons for a total spin S = 7/2 leads
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to much richer spin physics.

These results have important implications for future applications of high-field EPR
with Gd3* labels. At high field, the phase memory time of the central transition seems
ultimately to be limited by the T} of the Gd** spins, when the environment is deuterated.
This is very much in contrast to nitroxide-type radicals, where T} is typically orders of
magnitude longer than T);. On the one hand, T} puts a “hard limit” on Gd** coherence
times, especially at higher temperatures where 77 shortens. Longer coherence times
are desirable for DEER experiments, where Gd** spin labels have been shown to be
especially useful for measuring long-range distance constraints in biological systems. If
the coherence time is ultimately set by T}, it is reasonable to expect that T}, will decrease
with increasing applied field. Gd-Gd DEER at high field will therefore likely benefit
from Gd3* spin labels with longer high-field 7;. On the other hand, for pulsed dipolar
spectroscopy experiments such as RIDME, having T, approach 77 may be beneficial
since the RIDME oscillation arises due to Tj-driven spin flips. For Gd-X RIDME, where
X is a different radical, short Gd** T} and long X T} is of course desired. For high-field
Gd-Gd RIDME, having T} be short while having 7%, be ultimately limited by 77 means
the phase memory time is “as long as it can get.”

Phase memory time measurements of S = 1/2 spins at low temperatures and high
magnetic fields have been shown to be a sensitive way to measure local average inter-spin
distances [85, 155] in environments where there are not too many 'H spins. The data

presented here, and the model proposed to describe decoherence for high-spin systems,
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indicate measurements of Ty, and 77 can be used together to extract average local inter-
spin distances between Gd3* spin probes as well, with an increased sensitivity to longer
inter-spin distances.

Moreover, inter-spin distance information enters into Ty, for Gd3* complexes through
two different mechanisms: dipolar-driven spin flip-flops and dipolar field changes due to
spin-lattice relaxation-driven spin flips. The second mechanism is not important for
nitroxide spin probes [85] or for diamond P1 and NV centers [155], since at low temper-
atures 77 is extremely long and spin-lattice relaxation-driven spin flips are negligible on
the timescale of Ty;. Therefore, all of the inter-spin distance information for these pre-
viously studied systems came from measurements at high field and at low temperatures,
where dipolar-driven flip-flops are frozen out by high spin polarization.

Gd3* complexes, with much shorter spin-lattice relaxation times 7}, provide an extra
mechanism which can be effectively exploited to measure local average inter-spin dis-
tances. Crucially, decoherence due to field fluctuations caused by spin-lattice relaxation-
driven spin-flips depends only on 77, on the local electron spin density, and on knowledge
of the characteristic length scale r.. Therefore, this decoherence mechanism can be used
to measure average inter-spin distances through 73, and 7} measurements without the
need to highly polarize the electron spin bath, removing the requirement that measure-
ments be performed at low temperatures and at high magnetic field. This opens the
door for measurements of the local concentration of, for example, biomolecules tagged

with Gd*" spin-labels by EPR relaxation measurements at lower magnetic fields, and at
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higher temperatures.
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Chapter 5

High-field EPR as an optics problem
- sample holder design and

optimization

Abstract

This chapter discusses high-field CW EPR lineshape measurements, with the aim of
showing how principles from optics can be used to optimize high-field EPR experiments.
A simple approach based on transfer matrix calculations to efficiently design and optimize
non-resonant sample holder geometries is presented. Dramatic sensitivity enhancements
are realized using a flat, layer-by-layer geometry optimized for aqueous samples at room
temperature, enabling room temperature measurements of paramagnetic molecules at

biologically relevant concentrations and temperatures.
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5.1 The EPR Lineshape: What Are We Measuring?

EPR spectroscopy uses electron spins as quantum mechanical probes of their environ-
ment. The effective spin Hamiltonian, which was introduced in Chapter 1, describes how
electron spin probes interact with their environment. EPR can report on the electron’s
spatial wavefunction, on the strengths and orientations of chemical bonds, on nuclear
spin states, on local magnetic field fluctuations, on magnetic ordering, on long-range (1-
10 nm) distances through electron magnetic dipole-dipole coupling, and on atomic and
molecular motion through the partial or complete averaging of anisotropic interactions.

The EPR lineshape contains all of this information, and more. The EPR lineshape
characterizes a spin system’s response to an external perturbation in the form of a time-
varying magnetic field, or equivalently, the EPR lineshape is the Fourier transform of
the magnetic dipole time-correlation function [54]. However, we as spectroscopists never
directly measure the EPR lineshape. Instead, we measure some property of the sam-
ple response to microwave magnetic fields, usually microwave absorption, dispersion, or

transmission. Part of the job of the spectroscopist is to connect the microwave response
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Figure 5.1: The real (x/,) and imaginary (x/) parts of the dynamic susceptibility calcu-
lated for an isolated spin-1/2 with Larmor frequency wy,.

to the underlying quantum mechanical spin Hamiltonian.

5.2 High-Field CW EPR Spectroscopy with Induc-

tion Mode Detection

The connection between the effective spin Hamiltonian Hg and the EPR absorption
lineshape f(w) is the dynamic magnetic susceptibility x(w) = x'(w) +ix”(w), also called
the AC susceptibility (Figure 5.1) [53, 55]. The dynamic magnetic susceptibility describes
how a material responds to an applied AC magnetic field in the linear response regime.
EPR lineshape simulation, whether by solving the Bloch equations in the steady state,
diagonalizing the effective spin Hamiltonian Hg, solving the Stochastic Liouville equation,

etc., is fundamentally a calculation of the dynamic susceptibility [53, 54, 65].
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The power per unit volume P absorbed in a material due to interactions with a
monochromatic AC magnetic field is proportional to x/ , the imaginary part of the dy-
namic susceptibility [53, 138]. Therefore, a measurement of microwave absorption as a
function of magnetic field or as a function of frequency by an EPR spectroscopist can be
directly related to underlying spin physics.

High-field EPR spectrometers such as our 240 GHz instrument [51] do not directly
measure microwave absorption. Rather, our spectrometer measures the complex re-
flectance of a sample at 240 GHz as a function of magnetic field. In order to extract
from the complex reflectance of a material the EPR lineshape, some optical and geomet-
ric properties of the material must be known. In general, we must know 1) the sample
geometry, and 2) the sample’s dielectric properties, 3) the spin density, and 4) the width

of the resonance.’

5.2.1 Reflectance calculations

This section outlines how the EPR absorption lineshape, or equivalently the dynamic
susceptibility, can be extracted from the measured complex 240 GHz reflectance. The
main results are the following: when the magnitude of the dynamic susceptibility is ev-
erywhere small |x,,,| < 1, the measured signal will be proportional to x,,, with an overall
phase shift and an amplitude which depends on the sample’s thickness and dielectric

susceptibility e.

Tt is only strictly necessary to know points 3 and 4 when the “weak” resonance condition |xs| < 1
breaks down. For more on this, see Appendix C.
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Figure 5.2: Sample geometry as used to calculate the reflectance calculation. A sample
of thickness d, with electric permittivity ¢ and magnetic permeability u, is backed by a
mirror. The incident and reflected wavevectors k; and k, are shown.

Consider a sample with geometry as shown in Figure 5.2. The sample is a flat disk
of thickness d, placed at the end of a waveguide, and backed by a mirror. The complex
reflectance r as a function of frequency w for circularly polarized light is given by the
ratio of the reflected electric field to the incident electric field E,./E;. For the geometry

in Figure 5.22,

E, _ e (\/5—1-\/[73) +\/§_\/M_R (5.1)

r(w)=—

B ¢¥ (VEr — Vi) + VR + ViR

where eg = €/¢g¢ is the relative permittivity (dielectric constant), ur = p/po is the

relative permeability, and

6 =" Jenrin (5.2

is the phase shift induced in the light as it passes through a sample of thickness d [24].
The relative magnetic permeability pg is given in terms of the dynamic susceptibility
Xm by

pr =14 xm=1+x,, +ixh (5.3)

2For derivation, see Appendix D.3.
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Our 240 GHz EPR spectrometer sends to our sample one polarization of linearly polar-
ized light, and measures the reflected signal in the orthogonal linear polarization. Linearly
polarized light is a superposition of left and right circularly polarized (co- and counter-
rotating) light. The dynamic magnetic susceptibility breaks time reversal symmetry, so
that the co- and counter-rotating waves are reflected differently. As a consequence, the
reflected light is elliptically polarized with a component polarized perpendicular to the
incident light. In our spectrometer we measure the signal at the perpendicular polar-
ization in order to isolate our detector from our microwave source, a detection scheme
called induction-mode detection [31].

We can define a “co-polar” reflectance r¢o polar, Which is the reflectance of the linearly

polarized incident light as measured along the same polarization axis,

1
Teo-polar = 5 (r(w)co + T(w)counter> (5.4)

where 7., and reounter are the reflectance of the co- and counter-rotating polarizations.
We can further define an “induction mode reflectance” ry,q, given by
)

ina = 5 (1) = 7()couner) (5.5)

which gives the reflectance along the polarization direction orthogonal to the incident

polarization.
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5.3 “Weak” Resonance: Linear EPR Regime

When |x,,| < 1, we can expand rj,q to first order in x,,,

(77“111
Tind(Xm) = Tind<0) + a—de = KXm (56>
Xm
where
o Oind (5.7)
OXm |y,

and where 7i,q(0) = 0 due to time-reversal symmetry unbroken by the magnetic field.
The measured induction-mode reflectance is proportional to the dynamic magnetic

susceptibility. The term K is a function of the sample’s properties not related to the spins,

including the dielectric constant, the sample thickness, and the sample composition. K

also depends on the microwave frequency. For the geometry shown in Figure 5.2,

K VER (o + cos ¢y sin ¢y) (5.8)

2 (\/acos Pp — i sin ¢0)2

¢o = 7\/5 (5.9)

When |x;,| < 1, the co-polarized reflection coefficient reqpolar i given by

2,/
rco-polar =1- SREOS ¢0 - ZKXm (510)
VER COS ¢g — SN ¢y
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Figure 5.3: Plot of the magnitude of K vs sample thickness assuming the sample is made
of ice, with dielectric constant eg = 3.2. |K]| scales the strength of the induction mode
signal. Oscillations come from standing waves inside the sample. For frozen samples, the
general trend is that thicker is better.

5.3.1 Field-Swept EPR

In a field-swept EPR experiment, the frequency w is fixed, so K is a constant which both
scales the intensity of the EPR signal and introduces an overall phase shift. For lossless
or low-loss samples, such as frozen water-glycerol mixtures, K can be a sensitive function
of sample thickness. Figure 5.3 shows the magnitude of K, which scales the strength
of the induction mode signal, for a sample made predominantly of water ice with the
geometry shown in Figure 5.2. For a frozen sample, thicker samples lead to a larger EPR
signal as there is a longer sample region with which the incident beam can interact.

For lossy samples, such as samples made predominantly of water, the dependence
on sample thickness is quite different. Thick lossy samples absorb most of the incident
light, so that the induction-mode signal is dominated by reflections from the air-sample
interface. For thin lossy samples, less of the incident light is absorbed, and the induction

mode signal again depends sensitively on sample thickness, with much of the signal
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Figure 5.4: Plot of the magnitude of K at 240 GHz vs sample thickness assuming the
sample is made of water, with a dielectric constant e calculated following [159]. The
co-polarized reflections 7¢o polar are included. Samples less than ~ 500 pm thick show a
sensitive dependence on sample thickness, where the measured EPR signal comes both
from absorption, and from a phase shift introduced as the microwaves pass through the
sample. Samples thicker than ~ 500 pym absorb all light which makes it past the surface,
so that both the induction-mode reflectance and the co-polar reflectance depend only on
reflections from the air-water interface.

coming from the difference between the phase shift induced in the co-rotating beam,
which is on resonance, and the counter rotating beam, which is off resonance (Equation
5.5). Figure 5.4 shows |K| for a sample made of water, which has an index of refraction
n = 2.676 + 1.248i [159] at 240 GHz.

By controlling sample thickness, it is possible to tune the response of the sample
to increase the strength of the induction-mode reflectance, and therefore improve EPR
sensitivity. Crucially, for lossy samples such those composed of water, thin samples seem
to offer the best performance- see for example Figure 5.4. This means that in many cases
a smaller amount of sample at a given concentration can lead to a larger measured EPR

signal.

K also introduces a frequency-dependent phase shift, so that absorption and dis-
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persion signals are mixed in the induction-mode signal. In a field-swept experiment at
constant frequency, this phase shift is constant. Correcting for this phase shift is not par-
ticularly troubling, since the absolute phase is in any case ill-defined in our spectrometer

and must be determined from the complex signal in post-processing.?

5.3.2 Frequency-Swept EPR

It is worth briefly addressing here frequency-swept EPR. K depends on the frequency of
incident light through ¢y and eg. This means that in a frequency-swept (or frequency-
stepped) experiment, K is not a constant, but changes across the EPR line. This man-
ifests itself as a distortion in the EPR line in two ways: 1) a change in signal strength
across the EPR line, and 2) a phase shift across the EPR line.

In addition to the phase shift introduced by the sample, the phase shift introduced
by the rest of the quasioptics in the spectrometer must be accounted for. In a field-swept
experiment conducted at a single frequency, this phase shift is a constant which can be
corrected for in post-processing by applying a global phase correction. By contrast, in a
frequency-swept experiment this phase shift is a function of frequency and will therefore
cause additional distortions of the EPR line that will depend on the optical path length,

and on any standing waves.

3For more on phase determination in 240 GHz EPR spectroscopy with induction-mode detection, see
Appendix C.
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5.3.3 Breakdown of “Weak” Resonance

When the magnitude of the dynamic susceptibility is not small, the measured signal is
no longer proportional to x,, and must be caculated from Equation 5.5. The reflectance
in general becomes a sensitive function of sample thickness and .

In the extreme case that |x,,| > 1, measured signal becomes dominated by a paramag-
netic polariton. Some work towards understanding this regime is discussed in Appendix

E.

5.4 Sample Holders for Aqueous EPR

One of EPR’s most important strengths is its ability to perform useful measurements
in “messy,” disordered, highly heterogeneous environments. As discussed in Chapter 1,
EPR can be powerfully employed to study biological systems, such as proteins and other
biological macromolecules, under native conditions. For the overwhelming majority of
biological systems, “native conditions” are warm, wet, and crowded.

Wet conditions, especially aqueous conditions, are a challenge for high-field EPR be-
cause water is very efficient at absorbing microwave radiation. High microwave dielectric
losses in water lead to severely attenuated signals, and, if high microwave power is used,
to sample heating. Furthermore, conventional EPR cavities and resonant structures are
of limited usefulness for aqueous samples, since losses destroy the quality factor. Recent
work has shown that these challenges can be overcome with novel cavity designs based

on photonic bandgap resonators [160], or, as we will see, by careful sample holder design.

141



A common sample loading procedure for high-field EPR experiments with frozen
or liquid solution samples is to load the sample into a bucket made of a microwave-
transparent material, and to place the sample bucket atop a mirror. 240 GHz EPR
performed at UCSB on these kinds of samples had, until a few years ago, been performed
almost exclusively using 5 mm-diameter outer-diameter (~3 mm inner diameter) Teflon
sample buckets with Teflon lids. A cross-sectional view of a Teflon bucket containing a
liquid sample and backed by a mirror is shown in Figure 5.5. Teflon sample buckets are
convenient sample holders for EPR samples because they can accommodate a variety of
samples including liquids, frozen solutions, powders, and gels, are non-reactive, are easy
to clean, and have no intrinsic EPR signal.

The typical historical sample volume used in the 240 GHz EPR experiment was 8 pul,
for a sample thickness between 1 and 1.5 mm. In practice, EPR measurements of lig-
uid samples performed with bucket-style sample geometries were extremely inconsistent,
sometimes providing a passable signal-to-noise ratio for one sample and an unworkably
low SNR for another, nominally identical sample.

Bucket-style sample holders are not well suited for lossy, aqueous samples, however,
for several reasons. Figure 5.4 shows that the thickness of the water layer is an extremely
important parameter to optimize in an EPR experiment, however it is difficult to control
the thickness of a liquid sample in a bucket holder. Worse still, the surface of the liquid
sample in the bucket is not generally flat, with the liquid typically beading or forming a

meniscus. The curved surface of a meniscus is particularly problematic for high-frequency
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EPR, since reflections from the air-water interface will not be at normal incidence, leading

to a significant amount of light being scattered out of the beam path.

5.4.1 Optimizing EPR Sample Geometry for Liquid Samples

Equations 5.6 and 5.7 relate the optical and geometric properties of an EPR sample to the
size of the measured EPR signal in a CW EPR experiment through the K parameter.
K is independent of the magnetic resonance properties of a sample, and provides a
single, dimensionless parameter which scales the size of the induction-mode reflectance
for a given dynamic magnetic susceptibility x,,. K is analogous to the parameter n(Q
encountered in EPR experiments based on resonators, where () is the resonator quality
factor and 7 is the filling factor [52]. K is given for a simple experimental geometry
consisting of a thin layer of sample backed by a mirror, shown in Figure 5.2, by Equation
5.8.

For a more complicated experimental geometry consisting of many flat dielectric lay-
ers, K can be calculated using transfer matrix equations, which are outlined in Appendix
D. In practice, this is done by calculating 7;,q for an infinitesimal y,,, and then taking
K = Tina/Xm-

Figure 5.6 shows |K| calculated for a Teflon bucket-style sample holder of the kind
historically used for 240 GHz EPR at UCSB for liquid or frozen solution samples. For
sample depths greater than ~0.5 mm, |K| is found to oscillate about a value of 0.1 as

a function of depth, with the oscillations coming from reflections between the surface of
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Figure 5.5: Left: cross-section view of a Teflon bucket-style sample holder backed by a
mirror, filled with liquid to a depth d with air between the surface of the liquid and the
Teflon bucket lid. The inner-diameter of the bucket was around ~3 mm, and sample
depths typically ranged from ~1 mm to ~3 mm. Right: cross-section view of a rectan-
gular capillary sample holder, with a 0.1 mm thick sample region and 0.1 mm thick glass
walls. Between the capillary and the mirror is a dielectric layer consisting of a piece of
high-resistivity silicon sandwiched between two layers of Teflon tape.

018 240 GHz, Water in Teflon sample cup
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Figure 5.6: | K| simulated for the Teflon bucket-style sample holder shown in Figure 5.5 as
a function of the depth d of the water, while keeping the lid at a fixed height 4 mm above
the base. For a water layer thicker than ~ 0.5 mm, |K| shows a periodic modulation due
to reflections between the water surface and the Teflon lid. Arrow indicates the depth
water depth for an 8 ul sample, assuming the water is perfectly flat, with no meniscus.
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Figure 5.7: Left: cross-section view of a rectangular capillary sample holder, with a 0.1
mm thick sample region and 0.1 mm thick glass walls, separated from a mirror with a
dielectric spacer. Center: simulated |K| for the geometry shown to the left, with no
silicon, as a function of Teflon thickness. Maxima are separated by 437 pm, the half-
wavelength of 240 GHz microwaves in Teflon. Right: simulated |K| for the geometry
shown to the left as a function of silicon thickness, with the total Teflon thickness fixed
to 140 pm (70 pm thick strips of Teflon tape sandwiching the silicon) calculated as a
function of silicon thickness. Maxima are separated by 180 pm, the half-wavelength of
240 GHz in silicon. For optimized dielectric thickness (Teflon, or Teflon-silicon sandwich),
| K| is enhanced by a factor of 10-20 as compared to the Teflon bucket-style sample holder
(Figure 5.6).

the water and the underside of Teflon lid. |K| appears to be maximized for a thin sample
around 100 um deep, but this is somewhat misleading. Figure 5.6 sweeps many important
details under the rug, including the important fact that the liquid water inside the sample
cup will not form a perfectly flat layer, but will instead form a meniscus. Furthermore,
for sample volumes below around 5-6 pl, the sample will not form a layer at all, but will
instead tend to form beads. For these reasons, Figure 5.6 over-estimates the size | K|,
likely drastically so.

Figure 5.4 suggests that a thickness of 70 - 100 ym will give the optimal performance

for an aqueous sample at 240 GHz. In this range, the sample is around one quarter of
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the wavelength of 240 GHz microwaves in water. Thin, flat water samples with well-
defined thicknesses can acheived using thin capillaries with rectangular cross-sections, as
shown in Figure 5.5. Figure 5.5 shows a cross-sectional view of a rectangular capillary
holding a 100 pm thick layer of water, and placed on top of a dielectric with a mirror
backing. The dielectric layer moves the 100 pm sample region into the maximum of the
microwave magnetic field standing wave which forms above the mirror, maximizing the
microwave B field at the sample position. Simultaneously, the maximum of the magnetic
field standing wave coincides with a minimum of the electric field standing wave, which
minimizes dielectric losses in the sample.

| K| was simulated for a number of capillary geometries, in order to optimize both
the sample thickness and the dielectric spacer. Figure 5.7 shows the results of one such
simulation, where | K| is calculated for the rectangular capillary geometry shown in Figure
5.5. With no dielectric between the mirror and the capillary, (corresponding to a Teflon
layer thickness of 0 um in Figure 5.7), the simulation predicts |K| ~ 0.14, or roughly
a factor of ~ 1.5 times larger than for the Teflon bucket-style sample holder shown in
Figure 5.6. With a Teflon layer of 130 pum, |K| reaches a maximum value of 1.1, leading
to a predicted ~ 10 enhancement of the EPR signal compared to the capillary alone, or
a factor of ~ 15 enhancement relative to the Teflon bucket-style sample holder. With
increased Teflon thickness, | K| is shown to vary periodically with maxima separated by
437 pm, corresponding to the half-wavelength of 240 GHz in Teflon.

The right-most plot in Figure 5.7 shows a simulation of |K| for the rectangular cap-
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Figure 5.8: Rectangular cross-section capillaries (VitroCom) used for room-temperature
solution-state EPR. Top: a borosilicate glass capillary, with 100 um thick walls, a 100
pm thick sample region, and a sample width of 2 mm. Bottom: synthetic fused silica
(Suprasil®) capillary, also with 100 gm thick walls and a 100 pgm thick sample region,
but with a sample width of 1 mm. Synthetic fused silica capillaries are EPR silent around
g = 2, while borosilicate glass has a background EPR signal at g = 2 from impurities.

illary geometry shown in Figure 5.5, with Teflon layers 70 pm thick for a total Teflon
thickness of 140 pm, sandwiching a piece of high-resistivity silicon. |K| is shown to vary
periodically with the thickness of the silicon layer, with maxima spaced by 180 pm, which
is the half-wavelength of 240 GHz in silicon.

Importantly, for a range of silicon thicknesses, |K| as calculated for this geometry
is a factor of 10 to 20 times larger than |K| calculated for the Teflon bucket-style
geometry (Figure 5.6), indicating that this capillary geometry will perform better for
room-temperature, aqueous samples. To test this hypothesis, rectangular cross-section
capillaries (VitroTubes™) with a 100 ym thick sample region, shown in Figure 5.8, were
purchased from VitroCom. Capillaries were purchased in two sizes, shown in Figure 5.8:

2 mm wide borosilicate capillaries, and 1 mm wide synthetic fused silica (Suprasil®)
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capillaries. 2 mm x 0.1 mm glass capillaries offered the best trade-off between surface
area and sample thickness, but came with an unfortunate drawback, which is that they
have a background EPR signal due to impurities in the glass, including a ~ 40 mT broad
feature centered at around g = 2. As the impurity line does not overlap with the central
| —1/2) — |1/2) transition of Gd*T (g = 1.992), these glass capillaries are still suit-
able for performing EPR with gadolinium spin labels. These capillaries are also suitable
for pulsed EPR experiments, since the impurity signal is to broad and fast-relaxing to
produce a FID or a spin-echo signal.*

1 mm x 0.1 mm synthetic fused quartz capillaries have a lower surface area, and so
are less well optimized for reflection-mode measurements. However, they are EPR silent
around g = 2, and are therefore a better choice for performing EPR on a variety of

organic radicals, including nitroxide-type radicals.

5.4.2 CW EPR Experiments

Figure 5.9 shows the results of EPR lineshape measurements performed on 300 puM
GdCl; in liquid D,O at room temperature, in a variety of sample configurations. GdCl,
disassociates in aqueous solutions, and the Gd** ion provides a strong, narrow EPR
signal. 300 uM is close to the minimum Gd3* concentration which can be observed in a

single scan for liquid samples in Teflon bucket-style sample holders at 240 GHz. 8 ul of

4No FID or echo signal from the capillary background has been detected between room temperature
and 100 K using the FEL, or between room temperature and 5 K using the low-power, 55 mW solid-
state microwave source. No FEL-EPR experiments have been performed using capillaries below 100 K.
Possibly, the background impurities produce an echo signal in FEL-EPR below 10 K but this has not
been verified.
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Figure 5.9: EPR signal from 300 ym GdCl; dissolved in D,O, measured at room temper-
ature in a Teflon bucket, or in a borosilicate glass capillary with 100 pum thick walls, a
100 pm thick sample region, a sample width of 2 mm, and a length of 4 mm. Signal from
0.8 pl of liquid in a capillary placed directly on the surface of a mirror (teal) is enhanced
by a factor of 2 compared to signal from 8 pl of liquid in a Teflon sample bucket (black).
Signal from the capillary sample is enhanced by ~ 4x when the capillary is backed by
two layers of Teflon tape, and enhanced by ~ 6x when the capillary is backed by a 190
pm layer of high-resistivity silicon sandwiched between single layers of Teflon tape.
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liquid in a Teflon bucket gave a roughly half the signal of just 0.8 ul of liquid in a 2 mm
wide, 0.1 mm deep borosilicate glass capillary cut 4 mm long and placed directly on top
of the mirror.

With the capillary placed directly on the mirror, the distance between the liquid
sample and the mirror is set by the wall thickness of the capillary. Figure 5.7 suggests
that introducing a dielectric spacer of appropriate thickness between the capillary and
the mirror can lead to an increase in | K|, and therefore an enhanced induction-mode EPR
signal. Figure 5.9 shows the EPR lineshape measured for 0.8 ul of sample backed with
a dielectric consisting of either two layers of 70 pm thick Teflon tape for a total Teflon
thickenss of 140 pum, or with a 190 pum thick high-resistivity silicon layer sandwiched
between 70 pm layers of Teflon tape. Relative to the capillary alone, with the Teflon
spacer the EPR signal is enhanced by a factor of ~4, while with the Teflon and silicon
structure the EPR signal is enhanced by a factor of ~ 6. This enhancement is consistent
with simulations shown in Figure 5.7.

The silicon and Teflon structure outperforms Teflon alone due practical concerns
relating to sample holder construction. Teflon tape holds the sample setup together,
keeping the silicon secured to the mirror and the capillary secured to the silicon. From
Figure 5.7, it is apparent that one of the | K| maxima coincides with a silicon layer 0 mm
thick, corresponding to the dielectric between the capillary and the mirror consisting of
only two layers of Teflon tape. Silicon plays an essential role in helping to keep the Teflon

tape flat, however, reducing losses due to microwave scattering.
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Figure 5.10: Magnitude of the microwave magnetic field |H;| simulated along the direc-
tion of propagation for a capillary backed by a 190 pum thick high-resistivity silicon layer
sandwiched between 70 pm layers of Teflon tape, with a mirror behind, assuming a liquid
water sample. The sample is located at nearly the maximum of the |H;| field standing
wave, with |H;| enhanced in the sample relative to at the surface of the mirror.

151



Figure 5.10 shows a transfer matrix simulation of the magnitude |H;| of the magnetic
component of the 240 GHz microwave field incident from air onto a borosilicate glass
capillary with 100 pm thick walls and a 100 pgm thick sample region filled with water,
backed by a 190 pum thick high-resistivity silicon layer sandwiched between 70 pm layers
of Teflon tape and terminated with a mirror. |H;| forms a standing wave, with maxima
occurring inside the silicon and inside the sample layer. |H;| is enhanced over the max-
imum value it takes in air by a factor of 1.5-2. The sample is thin enough to fit within
the standing wave maximum, taking maximum advantage of the enhanced microwave
magnetic field while minimizing dielectric losses by keeping the sample thin. Another
important detail is that the maximum of the H; field coincides with a node in the electric

component F; of the microwave field, further reducing dielectric losses.

5.4.3 FEL-EPR Experiments

Capillary sample holders were originally adopted in the 240 GHz EPR experiment at
UCSB for CW EPR measurements of liquid samples. However, capillary geometries
have proved to be transformative for pulsed EPR experiments carried out with the FEL-
EPR spectrometer [51, 86]. Figure 5.11 compares the result of one-pulse FID-detected
FEL-EPR experiments performed at room temperature on solutions of OX063 trityl, an
organic S = 1/2 radical with g = 2.003, dissolved in D,O. Using a Teflon sample bucket
containing 8 ul of solution, the trityl FID generated by a 10 ns FEL pulse is barely

detectable above the background scattered and leaked FEL radiation which makes it to
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Figure 5.11: FT-EPR of 3.7 mM Ox063 trityl in D,O at room temperature performed
with the UCSB FEL-EPR spectrometer, using a 10 ns 240 GHz pulse and FID detection.
Left: FID Fourier transform recorded at different magnetic fields (shown on traces) for 8
1l of sample loaded in a Teflon bucket. Each trace consists of 50 scans averaged coherently
[92], and the Fourier transform magnitude is plotted for clarity. Dashed lines track the
trityl signal as the field moves. The signal is dominated by leaked light from the FEL.
Right: FID Fourier transform recorded in 15 scans on resonance for 0.8 ul of sample in
a borosilicate glass capillary with 100 pm thick walls and a 100 gm thick sample region,
backed by a 190 pum thick high-resistivity silicon layer sandwiched between 70 pm layers
of Teflon tape and terminated with a mirror. Leaked light from the FEL, if present, is
completely obscured by the strong FID.
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Figure 5.12: In blue: FT-EPR absorption lineshape of OX063 trityl (3.7 mM) in D,O at
room temperature, generated by a 10 ns FEL pulse and recorded in 15 scans, for 0.8 ul
of sample in a borosilicate glass capillary with 100 pm thick walls and a 100 pm thick
sample region, backed by a 190 pum thick high-resistivity silicon layer sandwiched between
70 pm layers of Teflon tape and terminated with a mirror. In green: integrated CW-EPR
lineshape acquired in a single scan with field modulation, for 0.4 ul of the same sample
solution in an EPR background-free synthetic fused silica capillary with 100 pm thick
walls and a 100 pm thick sample region, with the same mirror and dielectric backing.
Both lineshapes are normalized to the area under the curve.

our detector. The trityl resonance is only observable when the experiment is performed
as a function of magnetic field and the trityl resonance is tracked, as indicated by the
dotted line in Figure 5.11. By contrast, the same experiment performed on 0.8 ul of the
same trityl solution loaded into a 2 mm wide borosilicate glass capillary with a Teflon-
silicon-Teflon dielectric spacer backed by a mirror generates a large FID easily detectable
in a single scan.

Figure 5.12 compares the real part of the Fourier transform of the FID generated by a

10 ns FEL pulse applied to a 3.7 mM solution of OX063 trityl to the integrated CW-EPR
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lineshape acquired with field modulation. There is excellent agreement between the two
signals, showing that FID-detected FT-EPR of solution samples is viable at 240 GHz with
FEL-EPR. This sample holder technology enabled the trityl FEL-EPR T} measurements
reported in Wilson et al. [86].

Microwave magnetic field inhomogeneity is a challenge in high-field EPR, where the
wavelength of the incident microwaves is often of around the same size as the sample.
Another benefit of keeping samples thin by confining them in capillaries is that the
microwave field homogeneity along the direction of propagation is improved, so that
more spins see the same strength driving field.

This field homogeneity improvement can also be exploited for frozen solution samples
loaded into capillaries, leading to improved experimental fidelity. Figure 5.13 shows a
echo-detected Fourier-transform EPR lineshape measurements performed at 115 K on
two Gd3* complexes: iodo-(Gd-PyMTA), a complex containing a single Gd3* ion, and
a bis-Gd ruler molecule consisting of two PyMTA ligands, each binding a single Gd3*
ion, separated by a rigid ruler [161, 25]. The intra-molecular distance between the two
Gd3* spins was 2.1 nm. At 240 GHz, the central | — 1/2) — |1/2) transition of the 2.1
nm bis-Gd ruler is significantly broadened relative to the iodo-(Gd-PyMTA) “monomer”
due to dipolar coupling between the two spins. This broadening can be measured and
quantified using the CW EPR lineshape, as reported by Clayton et al. [25]. Here, we see

similar broadening in the FT-EPR lineshape as acquired by FEL-EPR.
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Figure 5.13: Left: Demodulated two-pulse electron spin-echo measurement performed at
115 K on the central | — 1/2) — |1/2) transition of iodo-(Gd-PyMTA), using an 80 ns
inter-pulse delay. Black and red traces are the real and imaginary quadrature signals.
The first pulse P1 was 8 ns long, and was applied during the long portion of the quasi-
CW FEL pulse with a Rabi frequency w; /27 = 32 MHz (/2 pulse: 8 ns). The inversion
pulse P2 was applied during the cavity dump portion of the FEL pulse, where power was
boosted by a factor of ~ 11 relative to the long portion of the quasi-CW FEL pulse, for
a Rabi frequency wy/2m = 106 MHz (7 pulse: 4.7 ns). FT-EPR lineshape was acquired
by beginning the Fourier transform at the peak of the spin-echo signal [87]. Two-step
phase cycling with optomechanical phase shifters (POPS) was performed [86]. Center:
FT-EPR lineshape of iodo-(Gd-PyMTA) (a Gd*" “monomer”) at a 1 mM concentration,
and of a PyMTA-spacer-PyMTA ruler molecule [25] with an inter-spin distance of 2.1
nm at a 500 uM concentration. Total spin concentration was the same for both samples,
as the “rulers” have two spins per molecule. Right: derivative of the EPR lineshapes
shown to the left.
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5.4.4 Chapter summary

In practice, all 240 GHz CW EPR experiments at UCSB performed on liquid samples
are now conducted using capillary sample holders, due to their significant EPR signal
enhancement for lossy samples over bucket-style sample holders. Capillary sample holders
have the added benefit of reducing the required sample volume by a factor of 10-20,
conserving precious samples.

The adoption of glass and synthetic fused silica capillaries has been transformative
in terms of the kinds of experiments which can now be performed at room temperature.
Room-temperature EPR of proteins spin-labeled with Gd3* spin labels are now routinely
measured with concentrations below 40 M with good signal to noise, which has enabled
quantitative Gd** spin counting at room temperature as discussed in Reference [57].

Frozen solution samples are also now routinely measured in background-free synthetic
fused silica capillaries, in order to take advantage of the flat, well-defined sample geometry
they afford, and to leverage the reduction in required sample volume.

Capillary sample holders have enabled FEL-EPR measurements of room-temperature
solution samples, including the first reported FEL-EPR T7 measurements performed on
solutions of OX063 trityl [86]. Additionally, capillary sample holders have enabled high-
fidelity FT-EPR lineshape measurements by FT-EPR at cryogenic temperatures (Figure
5.13), which are an important step towards bringing the incredible power of Fourier

transform pulsed NMR experiments to high-field EPR.

157



Chapter 6

Correlating motion with
photointermediates in

Proteorhodopsin with time-resolved

high-field EPR

Abstract

Proteorhodopsin (PR) is a retinal-binding, seven alpha helical trans-membrane protein
found in a range of bacterioplankton, and which functions as a light-activated proton
pump. Green PR function is triggered by the absorption of a 520 nm photon at the
bound retinal chromophore. After photoexcitation, PR undergoes a characteristic pho-

tocycle consisting of several photointermediates, which results in the transport of a proton
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across the cellular membrane [162]. Proton transport in PR is accompanied by large-
scale conformational changes [163] which have been studied using time-resolved EPR
together with site-directed spin-labeling at 10 GHz / 0.35 T. Time-resolved EPR at
higher frequencies offers greatly enhanced spectral resolution, allowing for more straight-
forward lineshape interpretation and for a higher sensitivity to fast timescale motion. In
this chapter I present 240 GHz time-resolved EPR of MTSL-labeled PR, which reports
on protein conformational changes. Time-resolved EPR measurements are compared to
time-resolved optical absorption spectroscopy, and correlations between photointermedi-

ates and protein structural changes are explored.
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6.1 Introduction

Understanding connections between protein structure and function lies at the heart of
much of modern molecular biology. Work in the Sherwin and Han labs over the last
several years has aimed towards developing tools to study structure, and time-resolved
structural changes, in proteins and other biological systems at physiological tempera-
tures using high-field EPR measurement together with site-directed spin-labeling, with
the ultimate goal of “filming proteins in action.” This sixth and final chapter presents
a series of EPR and time resolved transient optical absorption (flash photolysis) mea-
surements applied to study light-activated conformation changes in a membrane protein
called proteorhodopsin (PR). This study is an ongoing work, involving instrumentation,
methods development, applied magnetic resonance spectroscopy, and protein science.
This chapter will begin by introducing PR, and then move on to discussing how we
can use high-field EPR to study the timescales on which conformational changes take
place in parts of the protein. A home-built optical absorption spectrometer for time-
resolved measurements of photoinduced absorption changes is described, and optical
measurements to characterize the PR photocycle are correlated with EPR measurements

of time-resolved conformational changes.
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6.2 Proteorhodopsin: alight-activated Proton Pump

Proteorhodopsin (PR) is a retinal-binding trans-membrane protein that functions as a
light-activated proton pump. PR is a rhodopsin, a member of a large class of retinal-
binding proteins which transduce light to carry out diverse functions. Rhodopsin proteins
are found in nearly all phyla of life, and may be the phototropic mechanism most widely
used by life on Earth [164, 165]. PR is a structural homologue to a range of other more
well-known proteins, such as bacteriorhodopsin (BR), and human G-protein coupled
receptors (GPCRs), which share a 7-alpha-helical transmembrane (7TM) structure.

PR was first isolated in 2000 from marine bacterioplankton from Monterey Bay in
California [166]. PR was the first bacterial rhodopsin to be discovered!. Like its cousin
BR, PR is a 'H pump. PR absorbs photons from the visible spectrum in a retinal
chromophore bound to a lysine residue (K231) via a protonated Schiff-base, and pumps
'H ions across bacterial cell membranes. Upon absorbing a photon of visible light, the
retinal chromophore isomerizes from an all-trans to a 13-cis conformation, which triggers
a sequence of large-scale protein conformational changes [165]. These conformational
changes result in a proton being released towards the extracellular side of the membrane
and the uptake of a proton from the cytoplasmic side of the membrane.

Variants of PR have been found in a number of environments throughout the ocean,
with spectra tuned to optimize light absorption based on the amount of light available

at different ocean depths [167, 165]. Green-absorbing PR (GPR), which absorbs most

!Bacteriorhodopsin, despite the name, is actually an archaeal rhodopsin [166]
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strongly between 520 nm and 540 nm, is typically found in bacterioplankton near the
ocean surface, while blue-tuned PR (BPR) is found at greater depths [168, 169]. The
PR variant studied in this chapter (BAC31AS8) is green-absorbing PR which exhibits a

broad absorption peak centered at around 520 nm in its “dark” state.

The PR photocycle

PR carries out its proton pumping function in a series of intermediate steps which have
been characterized by time-resolved optical absorption spectroscopy. A model for the PR
photocycle, which was derived by analogy to the previously-characterized BR photocycle,
was proposed in 2003 [162], and is shown in Figure 6.1. Under alkaline conditions, where
PR natively functions, the model contains three spectrally distinct intermediate states,
with two extra states included in order to explain the multi-exponential growth and decay
of some of the distinct photointermediates [162].

In its native “dark” state, PR absorbs most strongly between 520 nm and 525 nm.
After photoexcitation, the retinal undergoes a series of ultrafast configuration changes
on the ~ps timescale, which result in the retinal isomerizing from an trans to a 13-cis
configuration [171]. The isomerized retinal has a red-shifted absorption spectrum, with
an absorption peak around 555 nm [162]. After several us, the retinal Schiff base depro-
tonates, giving up a proton to the primary proton acceptor, an aspartic acid at residue
97 on the extra-cellular side of PR. The deprotonated Schiff base causes the absorption
spectrum to blue-shift, with an absorption peak shifted to 405-410 nm. The red-shifted

all-trans retinal photointermediate is labeled K and the blue-shifted deprotonated Schiff

162



*x M2
~0.1-1ms

Figure 6.1: Left: the structure of PR, as obtained from solution NMR spectroscopy [170].
The retinal chromophore is shown in red. An MTSL spin label is attached at site 174
on the loop connecting the E and F helices. Top right: PR viewed from the cytoplasmic
side of the membrane, looking out of the cell. Trans-membrane alpha helices A-G are

labeled. Bottom right: a model for the PR photocycle [162], labeled with characteristic
lifetimes of the various photointermediates.

base intermediate is labeled M, by analogy with the BR photocycle [162]. In the PR
photocycle proposed by Varo et al., two spectrally identical M intermediates are identi-
fied, labeled M; and Mj (see Figure 6.1), in order to explain the multi-exponential rise
and fall of the blue-shifted state.

The retinal Schiff base is then reprotonated by a proton donated from a glutamic
acid at residue 108 on the endocellular side of PR, shifting the absorption peak back to
around 555 - 560 nm to a new photointermediate labeled N (see Figure 6.1). N and K have
nearly identical absorption spectra, but occur at different times in the PR photocycle.
Reprotonation occurs on the 0.1 ms to 5 ms timescale. Finally, the retinal isomerizes

back to the all-trans configuration on the 10 - 100 ms timescale with an absorption peak
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at around 520-525 nm. Varo et al. identified one additional intermediate state, labeled
PR’ or O in some models, which is spectrally identical to dark-state PR but which serves
to describe the observed multi-exponential N intermediate decay [162].

This series of steps, roughly summarized as 1) all-trans to 13-cis isomerization, 2)
Schiff base deprotonation, 3) Schiff base reprotonation, and 4) 13-cis to all-trans iso-
merization, result in a proton being transported from the endocellular side of the cell
membrane to the extracellular side of the cell membrane. Upon returning to the dark
state, PR is ready to absorb another photon and begin the photocycle over again.

The spectral properties and the kinetics of PR’s photocycle are modified by a range of
point mutations in the PR sequence. One mutation which has been played an important
role in furthering the understanding of proton transport in PR is a mutation which
substitutes the primary proton donor for the retinal Schiff base, a glutamic acid at residue
108, for a glutamate (hereafter referred to as the E108Q mutation) [172, 173, 162, 174,
175, 176]. Removing the primary proton donor dramatically slows down reprotonation
of the retinal Schiff base, lengthening the lifetime of the M intermediates by 2-3 orders

of magnitude.

Structure and oligomerization

Membrane proteins are difficult to study under native conditions with many of the tools
commonly used for structure determination, such as X-ray crystallography and electron
microscopy (EM). GPR has not yet been successfully crystallized, and no high-resolution

X-ray crystallography or EM structure of it exists. Insights into GPR’s native structure
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in lipid membranes have come from atomic force microscopy (AFM) [177] and solid-state
NMR [178, 179, 180], and by homology to other rhodopsins, such as blue PR [181] and
bacteriorhodopsin.

Much of the work on PR structure determination has been carried out on PR solu-
bilized in surfactant micelles rather than in lipid bilayers. A solution NMR structure of
GPR in g-D-dodecyl-maltoside (DDM) surfactant micelles was reported in 2011, which
has informed much of the subsequent work on GPR structure [170].

Like many membrane proteins, PR tends to form oligomers in host membranes [177].
PR tends to form characteristic radial hexamers or pentamers, both in lipid bilayers
and in surfactant micelles. Oligomerization is accompanied by functional changes in PR,
principally observed in the lengthening of the photocycle, with the M state decaying more
slowly in oligomeric PR [176]. PR’s propensity to oligomerize can be controlled when sol-
ubilized in surfactant micelles by changing the detergent composition and concentration
[182]. Additionally, PR oligomerization can be suppressed by a point mutation substi-
tuting the glutamic acid at site 50 for a glutamate (hereafter referred to as the E50Q
mutation) [183].

EPR spectroscopy together with site-directed spin-labeling has been a useful tool for
structural determination in PR, particularly when it comes to understanding oligomeric
structure and assembly. Stone et al. used CW lineshape analysis of PR labeled with
MTSL (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate),

a nitroxide-type radical, to probe oligomer assembly [175], and Edwards et al. used pulsed
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dipolar spectroscopy techniques to measure long distances between Gd** spin labels at-
tached to different proteins which were part of the same oligomer [20]. Intra-oligomer
distance constraints have also been obtained using lineshape analysis of PR labeled with
Gd3* spin labels [57].

A picture of PR has developed from information derived from a range of sources [165].
PR consists of seven hydrophobic trans-membrane alpha helices labeled A-G which span
the lipid membrane, and six loops connecting the hydrophobic helices which protrude
out of the membrane into the cytoplasm or into the extracellular region. The core of PR
which is surrounded by the trans-membrane helices facilitates proton transport.

EPR has been used to refine regions of the PR structure which are poorly constrained
by NMR spectroscopy. Hussain et al. used CW EPR together with side-directed spin-
labeling to study the loop connecting the E and F helicies, which is poorly constrained
by both solution and solid-state NMR, and which appears disordered in solution NMR
structures [170]. EPR lineshape measurements of spin-labels attached at sites along the
E-F loop showed that the loop region was partially ordered, with a short alpha-helical

section bridging flexible ends [184].

Conformational changes which accompany proton transport

Proton transport in PR is accompanied, as in bacteriorhodopsin, by large-scale confor-
mational changes. These conformation changes have been detected and modeled using
time-resolved wide-angle X-ray scattering [163]. Andersson et al. concluded proton trans-

port induced by photoexcitation is accompanied in both BR and PR by motion of the
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F helix and to a lesser extent to the E helix in the direction of the cytoplasm, away
from the retinal, and by motion of the C helix inwards from the extracellular side of the
membrane and towards retinal [163]. However, while in BR motion can be correlated
fairly well with the appearance of BR spectral intermediates L and M, these experiments
could not conclusively correlate motion in PR with particular photointermediates.

EPR measurements performed at 10 GHz / 0.34 T of PR spin-labeled with MTSL
along the E-F loop were found to be sensitive reporters of the motion of the E and F
helices [184] in PR with the E108Q mutation (hereafter referred to as “slow” PR), which
removes the primary proton donor for the retinal Schiff base and therefore lengthens the
lifetime of the M spectral intermediate. Spin-labels tethered along the E-F loop of PR
were found to exhibit lineshape changes when PR was photoactivated, which occurred
on a similar timescale to changes in visible light absorption [184, 176]. This evidence
supports the picture that motion of the E and F helices are correlated with the lifetime
of the M photointermediates, with the observed lineshape changes being consistent with
a conformation-change induced modification of the local spin-label mobility. However,
time-resolved EPR of spin-labeled PR without the E108 Q mutation (hereafter referred to
as “fast” PR) was not reported at the time, leaving open the question of how conformation

changes correlate with photointermediates in native PR without the E108(Q mutation.

Motivation for high-field EPR studies of PR

High-field EPR offers increased spectral resolution over low-field EPR. Increased spectral

resolution ensures that the EPR lineshape is more sensitive to small changes in the envi-
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Figure 6.2: EPR lineshape of a nitroxide radical simulated at 10 GHz and at 240
GHz. Solid black lines indicate the field dependence of line-broadening broadening
the anisotropic Zeeman interaction, which grows linearly with applied field and which
dominates the lineshape at 240 GHz. Dashed gray lines indicate the field-independent
line-broadening due to the z component of the anisotropic hyperfine interaction, which
dominates the lineshape at 10 GHz.

ronment around the spin label, or to changes in the dynamics of the spin label, making
the nitroxide spin label a more effective probe of change at high magnetic field. At high
magnetic fields, the nitroxide radical lineshape is dominated by inhomogeneous orienta-
tional broadening due to an anisortropic Zeeman interaction expressed by an anisotropic
g-tensor. This is an entirely different regime when compared to 10 GHz EPR of nitroxide
radicals, where the linewidth is dominated by the field-independent hyperfine interaction.
Figure 6.2 illustrates the field-dependence of the EPR lineshape at high and low field.
The hyperfine interaction is also partially anisotropic for nitroxide radicals, leading to a
complicated, overlapping contributions to the EPR lineshape and making it difficult to
disentangle contributions to the lineshape from hyperfine coupling and from g-anisotropy.

At high magnetic field, however, the much larger Zeeman anisotropy dominates the line-
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shape so that different molecular orientations are well-separated in the lineshape, making
it straightforward to independently quantify contributions each interaction.

Another important advantage offered by high-field EPR is access to new spin probes,
with favorable high-field spectral properties. One such class of spin probes are spin-labels
base on high-spin (S = 7/2) Gd3* ions contained within molecular cages. As discussed
in Chapter 4, m = —1/2 — m = 1/2 central transition in Gd*" narrows inversely with
magnetic field. At 240 GHz, the Gd3®* central transition becomes sufficiently narrow
that dipolar broadening due to spin-spin interactions becomes resolvable, allowing for
measurements of inter-spin distances with lineshape measurements [24, 25]. Crucially,
Clayton et al. showed that broadening of the Gd3* central transition can be used to
extract Gd-Gd distances at physiological temperatures, using simple lineshape measure-
ments which take ~minutes, as opposed to pulsed dipolar spectroscopy techniques which
require cryogenic temperatures, and hours to days of signal averaging.

Measurements of electron dipolar coupling between spin labels have already been suc-
cessful employed to study PR structure, however these measurements have either lacked
sensitivity to distances beyond ~ 1.8 nm [175], or rely on pulsed dipolar spectroscopy
techniques which require cryogenic temperatures [20]. Time-resolved EPR with Gd3*
spin labels therefore represents a promising technique for detecting room temperature,
time-resolved distance changes in spin-labeled, active proteins, which could be powerfully
employed to study light-induced conformation changes in PR at physiological tempera-

tures [57].
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Work in the Sherwin and Han labs over the last few years has been aimed towards
measuring distances, and time-resolved distance changes, in proteins at physiological tem-
peratures using high-field EPR measurements with Gd3" spin labels, with the ultimate
goal of “filming proteins in action.” The rest of this chapter is dedicated to describing
instrumentation and methods development carried out towards this goal.

First, 240 GHz time-resolved EPR is demonstrated on photoexcited PR spin-labeled
with MTSL. Second, a home-built time-resolved optical absorption spectrometer is de-
scribed, and applied to study the PR photocycle to track photointermediates.

Third, the power of high-field EPR is demonstrated with nitroxide spin labels, which,
while not suitable for performing time-resolved distance measurements, are nevertheless
capable of reporting on conformation changes, and can be used to characterize motional
timescales [184, 176] with improved spectral and temporal resolution, allowing for time-
resolved EPR measurements of photoexcited conformational changes in native “fast” PR.
Finally, time-resolved optical absorption spectroscopy and time-resolved EPR are used

together to correlate protein motion with photointermediates in the PR photocycle.

6.3 Experimental techniques

Two primary techniques were used to study PR: time-resolved 240 GHz CW EPR to-

gether with site-directed spin-labeling, and flash photolysis.
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Figure 6.3: Schematic showing how light activation was incorporated into the 240 GHz
EPR spectrometer. A pellicle beam splitter which is transparent to 240 GHz was used to
direct light from a 514 nm laser down the bore of the waveguide to the sample position.
Laser power at the sample position was 6.5 mW. Samples were contained in rectangular
glass capillaries made of synthetic fused silica (Suprasil®) with a 100 pum thick sample
region, 100 pum thick walls, and sample width of 1 mm. Capillaries were cut into 4 mm
long sections, filled with sample, and the ends were sealed with wax. Capillaries were
backed by a dielectric made of a piece of high-resistivity silicon 190 um thick, sandwiched
between two pieces of Teflon tape. For more on sample holder design and development,
see Chapter 5.

6.3.1 Time-Resolved High-Field EPR to Track Conformational
Changes

In order to perform EPR measurements of PR to study light-induced conformational
changes, a method for light activation was incorporated into the 240 GHz EPR spec-
trometer. Figure 6.3 illustrates the scheme used for light activation. Light from a 514
nm diode laser (FlexPoint) was reflected off of a pellicle beam splitter placed above the
top of the corrugated waveguide which couples microwaves to the sample position. The
pellicle reflected ~35% of the incident light, delivering roughly 6.5 mW of green light to

the sample position. The 514 nm diode laser can operate in CW mode, or it can generate
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pulses via a TTL modulation input port, with a maximum modulation frequency of 10
kHz.

Following Hussain et al. [176], initial EPR experiments were performed on “slow”
PR samples with the E108Q mutation, where the primary proton donor for the retinal
Schiff base (glutamic acid 108) was substituted for glutamate, a poor proton donor [172,
173, 162, 174, 175, 176]. This mutation slows down the PR photocycle by extending the
lifetime of the Ma-intermediate by 2-3 orders of magnitude, so that the M to N transition
takes place over seconds rather than ms. “Slow” PR with the E108Q mutation was
spin-labeled with the nitroxide radical MTSL at site 174, located on the loop connecting
the E and F helices (Figure 6.1). PR was solubilized in -D-dodecyl-maltoside (DDM)
surfactant micelles. Spin labeling was carried out in the lab of Songi Han in the UCSB
chemistry department, using established procedures [175, 176] (see Appendix A).

PR samples were hyper-concentrated using a procedure developed in collaboration
with Mattew Idso, whereby a solution of PR solubilized in DDM was dried on a glass
slide overnight, and rehydrated with a minimal volume of pH 8.5 buffer. This procedure
boosted the concentration of PR for EPR measurements, and was found to dramatically
increase the measured EPR signal.

Samples were loaded into rectangular cross-section synthetic fused silica capillaries
cut to 4 mm long, with a 100 um thick sample region, 100 pum thick walls, and sample
width of 1 mm. Immediately before measurements, PR solution was pipetted into the

capillary, and the capillary ends were sealed with wax. Capillaries were backed by a
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Figure 6.4: Left: 240 GHz EPR lineshape of hexameric “slow” (with the E108(Q) mutation)
PR in DDM detergent micelles labeled at site 174 with MTSL, in the dark (black) and
under CW illumination from a 514 nm diode laser (green). Right: a 0.5 s 514 nm pulse
induces conformational changes in PR. Time-resolved EPR acquired at the field position
indicated with the arrow tracks the protein conformation decay back to the dark state.
Signal decay is bi-exponential, as reported in 10 GHz time-resolved EPR experiments by
Hussain et al.. (Experimental conditions were: pH 8.5, temperature 289 K) [176].

dielectric made of a piece of high-resistivity silicon 190 pum thick, sandwiched between
two pieces of Teflon tape (for details, see Chapter 5).

Figure 6.4 shows the CW EPR lineshape of “slow,” hexameric PR labeled at site
174 with MTSL, in the dark and under CW illumination from a 514 nm laser. EPR
lineshape measurements were performed under constant 240 GHz irradiation while slowly
sweeping the main magnetic field about a central magnetic field of 8.56 T. Sinusoidal field
modulation at 70 kHz with an amplitude of 5 gauss was applied during EPR detection
by a coil which surrounded the sample. Lock-in detection was used, and the measured
signal was proportional to the derivative of the EPR lineshape [52].

The MTSL lineshape is dominated at 240 GHz by broadening due to an anisotropic g-

tensor, as shown in Figure 6.2, so that the resonance of each spin label is a function of the
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Figure 6.5: M'TSL spin label, with the conventional molecular coordinate system defined.
Atoms are color-coded according to the legend. The z-axis points along the direction of
the nitrogen-oxygen bond, and the z axis points orthogonal to the plane of the molecule.

molecule’s orientation with respect to the external magnetic field Bg. When the molecule
is free to rotate and tumble, the orientation-dependence of the Zeeman interaction can
be partially or entirely averaged out, if rotations are faster than 1/Aw, where Aw is the
contribution to the inhomogeneous linewidth from g-anisotropy [53]. Figure 6.4 shows
the EPR lineshape spans ~ 35 mT, corresponding to Aw = YAB ~ 1 GHz. Therefore,
we can expect that motion of the spin label which occurs on the ~ ns timescale will
begin to cause orientational averaging in the lineshape. Figure 1.2 illustrates this effect
for isotropic tumbling with a single rotational corrrelation time 7.

The differences observed between the PR lineshape in the dark and under green
illumination can be explained by changes in the MTSL label’s ability to rotate about its
tether. In the light-activated state, the MTSL lineshape shows a sharp feature in the
low-field derivative lineshape, corresponding to a well-defined shoulder in the absorption
spectrum. This feature is indicative of incomplete orientational averaging, since the
signal at this shoulder corresponds to spin-labels oriented so that the external magnetic

field aligns with the z-axis of the nitroxide molecular frame, as shown in Figure 6.5. In
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order for this feature to be prominent in the EPR spectrum, molecules must rotate slowly
enough that they maintain this orientation for ~ns. By contrast, in the dark state this
low-field feature is largely smoothed out, indicating that the spin labels are tumbling
faster in the dark state.

As similar feature can be seen at feature centered at the zero of the sweep field. This
central feature corresponds to those spin-labels oriented with the external field along the
y axis of the nitroxide molecular frame, and the fact that it is narrower in the light-
activated state than in the dark state is consistent with the spin labels tumbling faster
in the dark state than in the light state.

The EPR lineshape reports on the molecular rotation of the spin-label, which is
tethered to the E-F loop of PR. Barring any steric restrictions, the spin label is mostly
free to rotate about the bonds that make up the tether, and generally undergoes much
faster motion than the underlying protein [65]. The change in the EPR lineshape seen
in the light-on vs light-off experiments reports on changes in the spin-label dynamics,
rather than on changes in the underlying protein dynamics. However, we can understand
this change in the label dynamics as resulting from a change in the protein conformation,
which leads to steric clashes between the spin label and the protein in the light-activated.
Steric clashes then restrict the label’s ability to rotate in the light-activated state until
the conformational change relaxes back to the dark state, where the spin label’s rotation
is not hindered.

Time-resolved EPR can be used to track this transition from light-active conformation
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to the dark-state conformation. Figure 6.4 shows the EPR signal measured as a function
of time at a constant external magnetic field position indicated by the arrow connecting
the left and right figures. The same 5 gauss field modulation, together with lock-in
detection, was used during time-resolved EPR measurements. After a 0.5 s pulse of 514
nm light, the lineshape relaxes over the course of several seconds from the light-activated
state back to the dark state.

These measurements represent the first time-resolved measurements of protein dy-
namics performed with 240 GHz EPR at UCSB. Interpreting the observed change in the
EPR lineshape upon light activation at high magnetic field is far more straightforward
than for similar measurements performed at 10 GHz / 0.34 T [176], because line broad-
ening due to an anisotropic g-tensor scales linearly with the applied magnetic field. At
10 GHz, the contribution to the linewidth from g-anisotropy is 24x weaker, so that at
low field g-anisotropy contributes less to the overall linewidth than hyperfine coupling,
which is field-independent. Hyperfine coupling is also anisotropic in MTSL, leading to a
convoluted low-field lineshape where disentangling the g-anisotropy from the anisotropic
hyperfine interaction is not easy. At 240 GHz, the anisotropic hyperfine interaction is
comparatively less important and it is far more straightforward to interpret the observed
lineshape changes as we have done here (see Figure 6.2).

Time-resolved EPR measurements were performed both on “slow” hexameric PR and
on “slow” monomeric PR. For both, the decay was bi-exponential in character, but for

monomeric PR the decay was considerably faster than for hexameric PR, consistent with
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the findings of Hussain et al. [176].

6.3.2 Optical Spectroscopy to Track Photointermediates

Optical absorption spectroscopy is an established technique for studying PR photoint-
ermediates and PR photocycle kintetics [162, 185, 182]. The different PR photocycle
intermediates have absorption peaks at different wavelengths. Time-resolved measure-
ments of absorption changes induced by photoexcitation can be used to track the state
of the retinal chromophore as it transduces proton transport.

The optical properties of PR, and kinetics of the PR photocycle, depend on several
variables both internal and external to the protein. Internal variables include various
point mutations [165], and external variables include temperature, pH [185], lipid or
surfactant environment [182], or oligomeric state [176].

In order to 1) characterize the impact of any mutations made to PR, for example to
attach spin-labels, and 2) perform measurements to correlate photointermediates with
time-resolved conformational changes, an optical spectrometer capable of tracking time-
resolved absorption changes induced by photoexcitation was constructed in the Sherwin
lab.

Figure 6.6 shows the layout of the home-built instrument. “White” light from a 60
W halogen bulb is sent through a pinhole, collimated with a lens, and then focused to
a ~ 2 mm diameter spot on the sample. Solution samples are loaded into a cuvette

made of special optical glass (SOG, from Starna Cells, Inc.) with outer dimensions of
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Figure 6.6: Schematic showing the layout of the home-built optical absorption / flash
photolysis spectrometer. For flash photolysis measurements, a high-power, ~ 6 ns 532
nm pulse from a frequency-doubled, Q-switched Nd:YAG laser (Quanta Ray) is directed
at the sample as shown. Additionally, a 514 nm, 18 mW diode laser can be used to apply
longer pulses, or CW laser excitation. Detection is synchronized to the laser excitation
with a photodiode detector.
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Figure 6.7: “Dark” state absorption spectrum of monomeric “fast” PR with the E50Q
mutation which promotes monomer formation, in DDM detergent. Peak absorption
occurs at 522 nm. (pH 8.5, 295 K).

12.5 x 12.5 x 45 mm. Typical sample volumes are ~ 0.6 ml, though smaller volumes can
be accommodated, and typical protein concentrations are ~10 pM. Light transmitted
through the sample is recollimated, and sent into a f/1.6 triple-grating monochromator
(Acton SpectraPro 500) by another pair of lenses for wavelength-selective measurements.
Detection is achieved with a photomultiplier tube (PMT) (Hamamatsu R11568) with a
passive high-voltage divider (VORG electronics). The PMT voltage is read out using an
oscilloscope (Keysight DSOX1102A).

Figure 6.7 shows the absorption spectrum of monomeric PR with the E50Q) mutation,
which promotes monomeric PR, measured in DDM detergent micelles. PR absorption
spectrum are recorded in three steps. First, the monochromator is stepped through a
range of wavelengths A, and the intensity of light Ipr(\) at each wavelength is recorded
by the PMT. The experiment is then repeated with the PR sample replaced by a mixture

of buffer and DDM, and the intensity of light Io(\) with no PR is recorded as a function of
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wavelength. Finally, the signal due to the “dark” signal of the PMT I, is measured by
blocking port leading into the monochromator. The normalized PR absorption spectrum

Apgr(\) is then given by

(6.1)

Measurements of time-resolved absorption changes induced by photoexcitation, here-
after referred to as “flash photolysis,” can be carried out for any wavelength by recording
the time-domain signal from the PMT on an oscilloscope. Photoexcitation is initiated
by a~6 ns pulse of 532 nm light from a frequency-doubled Q-switched Nd:YAG laser
(Quanta Ray) which is coupled to the sample and which arrives orthogonally to the
white light source. The laser spot is ~10 mm in diameter, many times larger than the
white light spot size.

Flash photolysis experiments performed at multiple wavelengths can be used to gen-
erate time-resolved absorption spectra, as shown in the absorption difference spectra
plotted in Figure 6.8. Flash photolysis was carried at regular wavelengths spaced by 7
nm in the region between 390 nm and 630 nm, and compiled into a large dataset. Slices
taken at constant time are plotted, and show a general trend of red-shifted absorption,
with a small blue-shifted absorption peak appearing in the 100 us time-slice.

Following Varo et al., the difference spectra were subjected to principal component
analysis (PCA) [162]. PCA revealed two dominant principal components, plotted in

Figure 6.8: a primary, red-shifted component, and a secondary, blue-shifted component.
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Figure 6.8: Left: difference spectra acquired by flash photolysis for monomeric PR with
the E50Q mutation, measured at the indicated time delays after a 6 mJ, 532 nm excita-
tion pulse. Right: principal component difference spectra derived from a singular value
decomposition of the full difference spectra dataset. Principal component analysis (PCA)
shows a red-shifted spectral component identified with the K and N intermediate states,
and a blue-shifted component identified with the M intermediates [162].
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Figure 6.9: Absorption change at two wavelengths for monomer PR (with the E50Q
mutation), oligomeric PR, and wild-type PR, which is a mix of monomer, dimer, and
oligomer PR, in DDM detergent micelles at pH 8.5, at 295 K. Absorption change at 590
nm tracks the decay of the K state into the M states, the growth of the N state from the
M states, and the decay of the N state to the dark states. Absorption change at 410 nm
tracks the growth and decay of the M intermediates. Oligomeric PR is found to exhibit
a 10x slower decay from the M states to the N state, and from the N state to the dark
states, as compared to monomeric PR.

We can interpret the red-shifted component as being due to the K and N intermediates,
both of which have red-shifted absorption spectra relative to “dark” state PR. Similarly,
we can treat the blue-shifted component, which peaks around 400-410 nm, as being
primarily associated with the M intermediates, which peaks at 405 nm.

Figure 6.9 shows the change in “fast” PR’s absorption at two wavelengths, 590 nm
and 410 nm, as a function of time after the arrival of a pulse with 6 mJ of energy.
Three variants of “fast” PR are shown, all solubilized in DDM detergent and at pH 8.5:
monomeric PR, which also had the E50Q mutation which inhibits oligomer formation,
hexameric PR, which had a cysteine substituted at site 174 and an MTSL spin label at-

tached, and “wild type” PR, which consists predominantly of hexamers with some dimers
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and monomers mixed in. For the monomer and hexamer PR samples, fast protein liquid
chromatography (FPLC) was used to isolate only the desired oligomeric populations.

A pulse of green light initiates the PR photocycle, the first step of which is the K
intermediate, corresponding to an all-trans to 13-cis isomerization of the retinal chro-
mophore [162]. Isomerization occurs within ~10 ps [171], much faster than the length of
the green excitation pulse, and is accompanied by a red-shift in PR’s absorption spec-
trum. The absorption at 590 nm is initially increased above absorption in the dark state,
consistent with the presence of the K intermediate.

The K intermediate decays to the M intermediates in the time it takes for the retinal
Schiff base to give up a proton to the primary proton acceptor, an aspartic acid at residue
97. The M intermediates have a blue-shifted absorption peak around 405 nm. In the
time-resolved absorption data shown in Figure 6.9, the 590 nm absorption is decaying in
the beginning of the detection window, while the absorption at 410 nm, which is initially
unchanged from the absorption in the dark state, begins to increase over the first 100
pus. In monomeric PR, the absorption change at 410 nm peaks at around 100 us after
photoexcitation and then begins to decay, accompanied by an increase in absorption at
590 nm as the M intermediates decay to the N intermediate, which corresponds to a
reprotonated retinal Schiff base. In hexameric PR, absorption at 410 nm continues to
rise, peaking after around 1 ms after the excitation pulse. The subsequent increase in
the 590 nm absorption is similarly delayed. The peak and then the decay of the 590

nm absorption corresponds to the N intermediate transitioning to the PR’ intermediate,
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which occurrs as the retinal undergoing isomerization from 13-cis to all-trans. PR’ is
spectrally indistinct from the PR dark state, so no further changes in absorption are
recorded.

Generally, hexameric “fast” PR exhibited slower photocycle kinetics than monomeric
PR. Wild type PR, which exists in a mix of oligomer states, exhibits kinetics similar to

hexameric PR, but with slightly shortened lifetimes in each photointermediate.

6.4 Correlating Photointermediates with Protein Con-

formational Changes

Two experimental techniques, time-resolved 240 GHz EPR with light activation and
time-resolved optical spectroscopy, have been developed to study PR in the Sherwin lab.
In this section, these techniques are applied together to investigate how conformational
changes, as reported by time-resolved EPR, correlate with absorption changes as reported
by optical spectroscopy. The improved spectral resolution of high-field EPR is used to

perform time-resolved EPR spectroscopy on native, “fast” PR for the first time.

6.4.1 “Slow” PR: Tracking Absorption Change

Figure 6.10 shows the EPR lineshape, and the optical absorption spectrum, of hexam-
eric “slow” PR labeled at site 174 with MTSL, in the dark and under CW illumination

by light from a 514 nm diode laser. In Section 6.3.1, the light-activated lineshape was
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Figure 6.10: a 240 GHz EPR lineshape for hexameric “slow” (E108Q) PR in DDM
detergent micelles labeled at site 174 with MTSL (reproduced from Figure 6.4). b Optical
absorption spectroscopy of hexameric “slow” (E108Q) PR in DDM detergent micelles
labeled at site 174 with MTSL, under CW illumination from an 18 mW 514 nm diode
laser (green trace) and without green laser light (black). Under CW light-activation, PR
shows decreased absorption at the peak of the “dark” absorption spectrum, and increased
absorption at wavelengths where M intermediates absorb most strongly. (Conditions:
pH 8.5, 295 K) ¢ Time-resolved EPR spectroscopy (in red) together with time-resolved
measurements of the change in 410 nm absorption (in blue) for oligomeric PR in DDM
detergent micelles. Excitation was initiated by a 0.5 s pulse of 514 nm light (shown in
green). EPR tracks conformational changes, while absorption spectroscopy reports on
PR photointermediates. (Conditions: pH 8.5, 295 K for optical measurements, 297 K for
EPR measurements).
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discussed, and the change in the EPR lineshape was interpreted as arising from a con-
formation change which restricts the motion of the spin label in the light-active state.
The light-activated absorption spectrum exhibits a decreased absorption across much of
the spectrum, except for the portion of the spectrum below 450 nm, where absorption is
dramatically increased. This blue-shifted absorption is consistent with the M photoin-
termediates, which correspond to the deprotonated retinal Schiff base. No evidence of
red-shifted K or N photointermediates are observed.

From the absorption spectrum acquired under constant illumination, we can conclude
that photoexcitation driven by the 514 nm laser shifts the “slow” E108(Q PR mutant
population equilibrium from being dominated by the “dark” state to being dominated
by the M intermediates. The M intermediates decay to the N intermediates over the
course of seconds, whereupon the photocycle proceeds as normal to the PR’ and “dark”
PR states. With a constant flux of 514 nm photons, PR in the “dark” state can then be
re-excited, decay to the M intermediates, and once again remain in the M intermediate
for an extended period of time. The M to N transition is apparently the rate-limiting
step in the “slow” E108Q PR photocycle.

With this result from optical absorption spectroscopy, we can briefly return to con-
sider the implications this has for our interpretation of the light-induced CW lineshape
change. The EPR lineshape under CW illumination reveals a shift in the equilibrium
PR conformation detected by a change in the spin-label mobility. This conformational

change is apparently associated with the deprotonated retinal Schiff base, since both the
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conformationally modified state and the M intermediate are over-populated under CW
illumination.

Next, the decay of the light-activated state back to the dark state was studied for
“slow” E108Q PR with time-resolved optical spectroscopy. Figure 6.10 shows both the
optical response measured at 410 nm and the EPR signal change caused by a 0.5 s pulse of
514 nm light. The time-resolved EPR lineshape change and the time-resolved absorption
change are plotted simultaneously, and show the protein decaying from the respective

excited states to the respective dark states over a similar timescale of many seconds.

6.4.2 “Fast” PR: Flash Photolysis

Figure 6.11 shows CW EPR lineshape measurements of hexameric “fast” PR spin-labeled
at site 174 with MTSL in the dark and under light activation. It has been challenging to
perform time-resolved EPR on “fast,” non-E108Q PR, due to the much shorter timescales
associated with the native PR photocycle, which is a factor of 10-100 faster, with a M
intermediate lifetime 100-1000 times shorter. Despite the relatively poor signal to noise
as compared to Figure 6.4, a clear light-induced lineshape change of similar character to
the change seen wiht E108Q) PR is observed. Specifically, the light-activated “fast” PR
spectrum exhibits a shoulder-like feature on the low-field side of the lineshape, which is
similar to, but less proncounced than, the shoulder observed in light-activated “slow” PR
spectra.

Figure 6.11 also shows the result of optical absorption spectroscopy performed on
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Figure 6.11: Top left: 240 GHz EPR lineshape of hexameric “fast” (without the E108Q
mutation) PR in DDM detergent micelles labeled at site 174 with MTSL, in the dark
(black) and under CW illumination from a 514 nm diode laser (green). Black star high-
lights the low-field shoulder which appears under light-activation. Arrow indicates the
field position where time-resolved EPR measurements were performed. (Conditions: pH
8.5, 289 K) Top right: optical absorption spectroscopy of oligomeric “fast” PR in DDM
detergent micelles under CW illumination from an 18 mW 514 nm diode laser (green
trace) and without green laser light (black). Under CW light-activation, fast PR shows
increased red-shifted absorption and decreased absorption at the peak of the “dark” ab-
sorption spectrum, with little change observed in the blue (around 410 nm) where M in-
termediates absorb most strongly, evidence that under CW illumination, for fast PR there
is a sizable population in the N state. Arrows indicate wavelengths where time-resolved
absorption spectroscopy was performed. (Conditions: pH 8.5, 295 K) Bottom: compar-
ison of time-resolved EPR signal to time-resolved optical absorption change. Timescale
of EPR signal change matches timescale of absorption change at all wavelengths.
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“fast” PR. In contrast to “slow” PR, the absorption of “fast” PR is dominated by an
overall red-shift. This red-shift can be understood by considering the PR photocycle as
characterized by flash photolysis (Figure 6.9, and [162]. The slowest step in the “fast,”
native PR photocycle which is associated with an absorption change is the N to PR’
transition. The transition from PR’ to PR is even slower, with these two states having
identical absorption spectra. Therefore, the N to PR’ and the PR’ to PR transitions
become rate-limiting under CW illumination, and the population equilibrium shifts to-
wards a combination of red-shifted N intermediates and PR’. This situation is in marked
contrast to “slow” PR, where the rate-limiting step was the transition from the M to the
N intermediates.

Time-resolved EPR lineshape measurements and time-resolved absorption spectroscopy
were performed on “fast” PR samples, with results shown in Figure 6.11. The change
in the EPR lineshape caused by a 0.5 ns pulse of 514 nm light, measured at a constant
field position indicated by the magenta arrow, is plotted together with the change in
absorption as measured at three different wavelengths: 590 nm, 490 nm, and 420 nm. At
590 nm, absorption increases as photoexcitation begins, while at 490 nm and 420 nm, ab-
sorption decreases, consistent with the overall red-shift of the absorption due to a sizable
N state population. The EPR signal measured at the indicated field position undergoes
a change upon light activation as well, which occurs on a timescale which matches that
of the optical signals.

When the laser pulse turns off, absorption is seen to decay back to the “dark” spec-
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trum over the course of ~1 s. The EPR signal also decays back to the dark state, and
though the signal to noise is too poor to conclusively determine the timescale of the de-
cay, it appears that the EPR signal returns to the dark state faster than the absorption
signal. This discrepancy is consistent with a picture where the bulk of the conformational
changes reported by EPR taking place during the M intermediates, which are constantly
decaying to the N intermediate which subsequently dominates the observed absorption

change.

6.5 Going Forward

Instrumentation and methods development has enabled time-resolved high-field EPR
lineshape measurements, as well as time-resolved optical absorption spectroscopy. In
this chapter, these two techniques were used, together with site-directed spin-labeling
with M'TSL spin labels, to investigate correlations between light-induced conformational
changes and PR photointermediates. Additionally, time-resolved EPR of “fast” native
PR was reported.

The evidence presented here supports the hypothesis that conformational changes
are predominantly associated with the M intermediates in both “slow” E108Q and “fast”
native PR. However, there are many questions left unanswered. In particular, poor signal
to noise made conclusively determining whether or not EPR lineshape changes occur with
specific photointermediates difficult, especially for “fast” PR.

One approach moving forward will be to improve the signal to noise, and the time
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resolution, available to time-resolved EPR. This could be accomplished by constructing
sample holders with a larger surface area to take advantage of larger sample volumes
while keeping the sample thickness thin, or by designing a modest-QQ resonator structure
to boost the EPR sensitivity. In particular, it has been recently shown that photonic
bandgap resonators can be used to dramatically improve EPR sensitivity at high field,
even when working with lossy, aqueous samples [160].

Another approach will be to move away from nitroxide spin labels, and to turn instead
to Gd** spin labels with the aim of measuring time-resolved distance changes. Having
information about distanes would be transformative in terms of the science which could
be accomplished. In this study, lineshape changes due to restricted label mobility were
used as a proxy for tracking protein conformational changes. Having access to real
distance changes between different parts of a protein would remove any ambiguity about
the origin of the light-activated lineshape change, and could be used to map out in three
dimensions the conformational changes which take place.

Finally, measurement techniques which better leverage the spectral and temporal
resolution of high-field EPR can be developed, with the hope of performing measurements
using current hardware and with the currently available PR mutants. The last section
of this chapter will be dedicated to one such technique, which relies on modulating
absorption and/or conformational changes and using lock-in detection to study quickly-

decaying photointermediates even when time-resolved changes are poorly resolved.
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Figure 6.12: Schematic of laser modulation experiment, presented in the context of a
two-level system shown to the left, where the laser drives population from the ground
to the excited state with rate R., and the excited state decays to the ground state with
rate Rgecay- The laser is pulsed in a square wave (shown in green), and the excited
state population change (shown in blue) is recorded by a lock-in amplifier as a function
of period (shown in maroon, where the solid and dashed lines are the in-phase and
quadrature signals, respectively). When the period is short compared to the rates of

excitation and decay, the lock-in response is small. As the period decreases, the response
increases.

6.6 New technique: Laser Modulation Experiments

Figure 6.12 shows a schematic illustrating an experiment which can be implemented
in our 240 GHz EPR spectrometer with the currently existing hardware. A low-power
laser directed at the sample position and pulsed in a square wave drives conformational
changes in PR which depend on the rate of excitation, and on the period of the square
wave drive. The response of the PR system to the periodic drive can be recorded with
a lock-in amplifier, which captures both the amplitude and the phase of the response. If
the period of the drive is much shorter than the relaxation time of the conformational

changes, then the PR ensemble will be driven to an equilibrium where the difference in
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Figure 6.13: In-phase (blue) and quadrature (black) lock-in signals measured with a lock-
in amplifier as a function of laser modulation period, measured every 20 nm between 390
nm and 650 nm, measured for monomeric (E50Q) “fast” PR in DDM detergent micelles,
at pH 8.5, 295 K.

the response over one drive period is small. This is illustrated in Figure 6.12, in the
context of a simple two-level system with an analytical solution for the excited state
population as a function of time (as shown in Appendix A.2.5).

If the drive period is long compared to the relaxation time of the conformation
changes, then the PR ensemble will respond in phase with the drive. In the interme-
diate regime, the response will be partially out of phase, with an amplitude that is
sensitive to the excitation and decay rates and to the drive period.

Optical absorption measurements were carried out with laser modulation using the
optical absorption instrument (Figure 6.6). The excitation light came from a 514 nm, 18
mW diode laser periodically modulated by a TTL pulse generated by a lock-in amplifier

(SRS 830). The absorption change under a periodic laser drive was recorded by coupling
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Figure 6.14: Left: first (top) and second (bottom) principal components from a principal
component analysis (PCA) of the lock-in detected laser modulation experiment performed
as a function of laser modulation period, and measured every 20 nm between 390 nm
and 650 nm, for monomeric (E50Q) fast PR (solid lines) and for oligomeric (A174) fast
PR, in DDM detergent micelles (pH 8.5, 295 K). For simplicity, only the in-phase signal
is plotted. PCA analysis applied to the laser modulation technique identifies a “slow”
signal maximized for longer modulation periods and a “fast” signal, which peaks for sorter
modulation periods. Right: wavelength dependence of the “slow” and “fast” components
for fast monomeric (solid lines) and fast hexameric (dashed lines) PR. The “slow” and
“fast” components agree well with the wavelength dependence of the red-shifted and
blue-shifted difference absorption signals identified by flash photolysis (Figure 6.8).

the output of the PMT to a preamplifier (SR 560) and then to a lock-in amplifier (SRS
830).

Figure 6.13 shows the in-phase and quadrature response recorded as a function of
laser modulation period for wavelengths between 390 and 650 nm, recorded in steps of
20 nm, for monomeric E50Q “fast” PR in DDM detergent. The pulsed drive period was
varied from 500 ps to 2 s. When the drive period is short compared to the timescale
of the photocycle, the response was minimal. As the drive period was lengthened, the
response increased in amplitude, with both an in-phase component and an out-of-phase

component.
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Principal component analysis of the lock-in response as a function of drive period
was carried out for the data shown in Figure 6.13. Results of the PCA are presented in
Figure 6.14. PCA revealed a dominant “slow” response, and a secondary “fast” response.
The two principle responses can be interpreted by considering the weights of the “slow”
and “fast” components at different wavelengths, as shown in Figure 6.14. The “slow”
and “fast” component weights qualitatively agree with the red-shifted and blue-shifted
principal components, respectively, derived from PCA of the difference spectra generated
by flash photolysis as shown in Figure 6.8. This agreement suggests an interpretation
where the “slow” component is identified with the red-shifted N photointermediate, which
appears late in the PR photocycle, and the “fast” component is identified with the blue-
shifted M intermediates which appear earlier in the PR photocycle.

Figure 6.14 further shows the results of optical absorption experiments with laser
modulation carried out under the same conditions for hexameric “fast” PR. PCA again
revealed “slow” and “fast” components, with the same weights as a function of wave-
length, but each component appeared for longer drive periods than the corresponding
component in monomeric “fast” PR. This is consistent with the time-domain flash pho-
tolysis data shown in Figure 6.9, and with established results [176], which show that
hexameric PR exhibits slower photocycle kinetics.

No third component corresponding to a K intermediate was observed. Likely this
is due the rapid decay of the K intermediate, which results in no significant K state

population under low-power laser drive.
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Laser modulation experiments can be straightforwardly implemented with EPR de-
tection, as they do not rely on fast time resolution and they exploit the power of lock-in
detection to improve signal to noise. Comparing the EPR response under a periodic laser
drive with the optical absorption change as reported here will enable correlations between

protein conformational changes and the PR photocycle to be more carefully explored.

6.7 Outlook

Time-resolved EPR at 240 GHz together with site-directed spin-labeling can be a powerful
tool for studying protein conformational changes. With nitroxide spin-labels, conforma-
tion changes can be detected if they result in changes to the local environment seen by
a spin-label. High-field EPR provides increased spectral resolution over low-field EPR,
resulting in an EPR lineshape that is can be more sensitive to small changes in label
mobility.

Moving forward, time-resolved EPR with Gd3* spin-labels offers the promise of time-
resolved distance measurements, something that is impossible with nitroxide spin labels
for inter-spin distances longer than ~1.8 nm. PR labeled with pairs of Gd** spin labels
could be used to measure pair-wise distance changes across different parts of the protein,
so that a full “film” of PR’s motion can be recorded.

Distance changes could either be recorded using a laser modulation technique, as dis-
cussed in Section 6.6, or, more ambitiously, by time-resolved Fourier transform EPR of

the Gd3* central transition as demonstrated in Chapter 5 with FEL-EPR. Performing
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echo-detected Fourier transform EPR of Gd3*-labeled PR will be experimentally chal-
lenging, and will require a further reduction in experimental deadtime, which is currently
limited in FEL-EPR experiments to 50 ns for echo experiments with phase cycling [86].
However, the advantages of this technique are enormous. The entire central-transition
lineshape can be recorded in a single experiment using FT-EPR, allowing for broadening
due to dipolar coupling to be resolved across the entire line. Furthermore, spin-echo ex-

periments take just a few 100s of ns to perform, and so provide superior time resolution

to time-resolved CW EPR.
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Appendix A

Experiments and Methods

A.1 240 GHz EPR Spectrometer

EPR experiments discussed in this dissertation were performed on a home-built 240
GHz EPR spectrometer at UCSB. The EPR spectrometer can operate in high-power
pulsed mode using the UCSB mm-wave free electron laser (FEL), or in low-power CW
or pulsed mode with a 240 GHz solid-state microwave source. FEL-powered EPR results
are presented in Chapters 2, 3, and 5. Results from low-power EPR using the solid-
state microwave source are presented in Chapters 2, 4, 5, and 6. FEL-powered EPR is
discussed in detail in Chapter 2, and is further addressed on a practical level in Appendix
B. Further details can be found elsewhere [51, 92, 56, 86]. This section discusses details
particular to low-power operation.

The low-power 240 GHz EPR spectrometer was developed to complement the FEL-

powered EPR spectrometer, and shares many components. The low-power spectrometer
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has been described in detail elsewhere [85, 24, 25, 156], and is similar in operation to
other high-field EPR spectrometers [186].

In low-power operation, 240 GHz microwaves are produced using a solid-state frequency-
multiplied source (Virginia Diodes, Inc). A 15 GHz source is multiplied 16x to produce
55 mW at 240 GHz, which is coupled into free space using a corrugated microwave horn
which converts a waveguide mode (WR 4.3) to a Gaussian free-space mode [187]. Mi-
crowaves are transported quasioptically via the “EPR bridge” and coupled into a 1.25
m long overmoded waveguide (Thomas Keating Inc). The waveguide is housed inside a
home-build EPR probe, which is mounted inside a continuous-flow cryostat (Janis Re-
search Company, LLC) contained in the room-temperature bore of a sweepable -12.5
to 12.5 T superconducting magnet (Oxford Instruments plc). The waveguide ends in a
corrugated taper, with a final inner diameter of 5 mm. Samples are placed directly at
the end of the waveguide, or slightly below the end of the waveguide, in the center of
the magnetic field. Induction-mode detection is employed [31]. The spectrometer uses
superheterodyne detection with a Schotky subharmonic mixer (Virginia Diodes Inc) and
a home-built 10 GHz intermediate frequency (IF) stage, which is mixed down to base-
band by a pair of mixers operating in quadrature. For CW-EPR measurements, lock-in
detection utilizing a pair of lock-in amplifiers (SRS 830) is used. For pulsed EPR mea-
surements, the signal is digitized by a fast digitizer (National instruments PXIe-5186).

240 GHz power delivered to the sample can be controlled through a voltage-controlled

attenuator build into the solid-state source (“user controlled attenuation”), or by a pair
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of crossed wire grid polarizers.

Temperature at the sample position can be controlled continuously between 2.3 K and
300 K, and between 1.5 K and 2.3 K in “batch” mode. For temperatures between 4.2 K
and room temperature, the cryostat can either be operated under atmospheric pressure
or under vacuum. For operation between 2.3 K and 4.2 K, a rotary vain pump can be
used to reduce the pressure on the sample space. Operation between 1.5 K and 2.3 K is
achieved in “batch” mode, a three-step process where 1) the transfer line’s needle valve
is opened fully while the cryostat is pumped, 2) the cryostat is allowed to fill with liquid
helium for ~ 30 minutes, and 3) the needle valve is closed, while the pump is still on.
Temperatures as low as 1.5 K can be maintained for ~ 1 hour, until all liquid helium in
the cryostat has evaporated. Sample temperature is recorded with a Cernox temperature
sensor (Lakeshore Cryogenics Inc) mounted to the waveguide taper just above the sample
position. Cryostat temperature is recorded by a second sensor mounted near the heater
position. This second sensor and the heater are used to control the temperature with a
PID feedback optimized temperature controller (Lakeshore Cryogenics, Inc. Model 332).

CW EPR experiments are typically acquired with lock-in detection, which requires
applying a small sinusoidal modulation to the magnetic field. The modulation field
is produced by an AC current run through a coil, which is wrapped around the sample
position. The modulation coil used to conduct all CW lineshape measurements presented
in this dissertation produces a modulation sinusoidal field with a peak-to-peak amplitude

of 0.92 Gauss/mA.
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Further details of spectrometer and magnet operation and maintenance can be found
in the spectrometer user’'s manual. A guide to processing raw data from the CW EPR

spectrometer to extract absorption spectra is given in Appendix C.

Digital Attenuator Correction

Before being mixed down to baseband, the 10 GHz signal in the IF stage passes through
a digitally controlled attenuator. In practice, the attenuation value is changed from ex-
periment to experiment. When the amplitude of the EPR signal is important, the digital
attenuator must be accounted for. The digital attenuator scales the signal amplitude by

an exp(—0.135 x DA) where DA is the digital attenuator setting.

A.2 Experimental Details

A.2.1 Chapter 2

Samples

GdCl, samples were prepared by dissolving GdClysH,, (gadolinium chloride hexahydrate)
in a solution of glycerol-dg/D,0 (60:40 v:v) to a concentration of 1 mM. GdCl;H,O and
D,O were purchased from Sigma Aldrich, and deuterated glycerol was purchased from
Cambridge Isotope Labs.

Measurements of P1 centers were performed on a piece of type-1b diamond with a

nitrogen concentration < 100 ppm, with dimensions 4.9 mm x 4.9 mm x 0.5 mm.
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Trityl OX063 samples were prepared by dissolving OX063 (GE Healthcare) in D,O
to a concentration of 3.7 mM. ~ 0.8 ul of solution was pipetted into a 4 mm long,
rectangular cross section capillary made of borosilicate glass (VitroCom) 2 mm wide,
with a 0.1 mm thick sample region and 0.1 mm thick glass walls, separated from a mirror
with a dielectric spacer consisting of a layer of high resistivity silicon 190 pm thick,

sandwiched between single layers of Teflon tape.

Two-pulse Hahn echo experiments with phase cycling

Two-pulse Hahn echo experiments were carried out at ~8.56 T. In a two-pulse Hahn
echo experiment, the each pulse is controlled by a single Nd:YAG laser synchronized to
the firing of the FEL. Each laser produces a high-energy pulse which is split by beam
splitters, to activate both a silicon “on” switch and two silicon “off” switches. The length
of each pulse is set by variable-length laser delay lines, while the delay between the pulses
is set electronically by controlling the timing of the lasers, using a trio of digital delay
generators (one SRS DG645, two SRS DG535’s). The second pulse is timed to coincide
with the cavity dump pulse, and therefore has its power boosted relative to the first pulse
by ~ 10x at the beginning of the pulse slicing optics.

The phase difference between the two pulses is determined by small differences in the
optical path length through which each pulse travels. This phase difference is modified
by inserting precision machined dielectric plates in pairs at Brewster’s angle into the path
of the first pulse.

Experiments on GdCl; were performed at cryogenic temperatures utilizing a flow
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cryostat (Janis Research Co.). 14 uL of sample was placed in a cylindrical Teflon sample
cup with a ~3.5 mm inner diameter and a height of ~5 mm, backed by a mirror, and
placed at the end of the waveguide taper. Cooling was achieved with cold nitrogen gas
boiled off of a liquid nitrogen reservoir. Pulse lengths were 11 ns for pulse one, and 7 ns
for pulse two.

Experiments on P1 centers in diamond were performed at room temperature. The
diamond sample was backed with a mirror and placed at the end of the waveguide taper.
Pulse lengths were 11 ns for pulse one, and 18 ns for pulse two. Attenuation of the
second pulse for quantification of instantaneous spectral diffusion was achieved by placing

calibrated neutral density filters in the arm of the pulse slicer generating the second pulse.

Saturation recovery experiments with phase cycling to measure T}

Saturation pulses were generated by replacing the “on” switch for the first pulse with a
mirror allowing for a saturation pulse of 1.5-2 us long and was turned off with silicon
switches. After an electronically controlled delay, the sample magnetization was read out

with a free induction decay (FID) using a 10 ns pulse, making use of the cavity dump.

Diamond P1 center lineshape and relaxation time measurements

EPR lineshape and low-power relaxation measurements were carried out on the type 1b
diamond sample under the same experimental conditions, and in the same spectrometer,
using a 55 mW solid-state 240 GHz source (Virginia Diodes Inc.), which is the same

source as used for injection locking for FEL-EPR. Detection is the same, except that
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the signal is mixed down to DC rather than to 500 MHz for digitization. The P1 center
CW EPR lineshape was measured with the superconducting sweep coil, with the 240
GHz source attenuated to ~ 3 mW. Measurements of 7T,,, with the low-power source were
conducted using 55 mW of source power, with pulse lengths of 500 ns. Decay curves were

fit to a single exponential.

Retrospective phase correction and phase cycling calculations

Retrospective phase correction [92] was implemented in LabView, offering real-time co-
herent signal averaging. Calculations of the correct set of receiver phases were carried
out in python, once a set of phase cycled data had been acquired.

The least-squares method of assigning receiver phases was carried out using a Levenberg-
Marquardt algorithm, implemented in python using the curve_fit function from the
scipy library. The algorithm was provided with a suitable guess for the receiver phases

in the form of the phases satisfying the following equations

Apg = Apy +7 mod 27 (A.1a)
Ap; = Aps +7 mod 27 (A.1b)
0o + ApApy = 01 + Ap(Ap; + 7) mod 27 (A.1c)
0y + ApApy = 03 + Ap(Aps + m) mod 27 (A.1d)
in a least squares sense,
0= (ATA)'ATX,, (A.2)
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where

1 0 -1 0

0O 1 0 -1
A= (A.3a)

1 =1 0 0

0o 0 1 -1

Apm

- Apm
Xap = (A.3Db)

where 0 = (0o, 64,62,03).

A.2.2 Chapter 3

Samples

BDPA (1,3-bisdiphenylene-2-phenylallyl) crystallized 1:1 with benzene was purchased
from Sigma Aldrich and used without modification. Individual grains were selected for
their small size and for their flat aspect ratio.

Nutation Experiments

Single BDPA grains were used for nutation experiments. The detuning between the

resonance condition and the FEL pulse was controlled by moving the magnetic field at
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constant FEL frequency. The resonance condition was determined by at four-step process,
where 1) the FEL frequency and the FID frequency were observed for a short tip-angle
pulse, 2) the field was moved so the FID frequency is ~ 6 MHz below the FEL frequency,
3) a nutation experiment was performed to observe the tip-angle dependent frequency
shift, to determine the maximum and minimum FID frequencies, and 4) the field was
moved once again so the FEL was positioned at the center point of the maximum and
minimum FID frequencies. In practice, steps 3 and 4 were often iterated two to three
times until step 4 yielded the result with each repetition.

Nutation experiments were performed using a single pulse “sliced” from the long FEL
pulse. In a one-pulse experiment, slicing was accomplish using two Nd:YAG lasers, with
the first laser (the Quanta Ray) activating a silicon “on” switch and the second laser (the
Ekspla) activating two silicon “off” switches. Using two lasers to control the length of
one pulse allows the pulse length to be adjusted over a wide range, limited only by the
length of the FEL pulse (up to several us).

After an experimental deadtime limited by scattered light from the FEL (typically
around 70 ns for FID-detected experiments and 50 ns echo-detected experiments with
phase cycling), the protection switch is activate by pulse from a Nd:YAG laser (the
Litron).

Two-pulse Hahn echo and FID-detected saturation recovery experiments were per-

formed as described in the previous section.
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A.2.3 Chapter 4

Samples

Gd-DOTA was purchased from Sigma Aldrich. A stock solution was made by dissolving
Gd-DOTA in D,O (Sigma Aldrich), from which samples of varying concentration were
prepared by dilution with a 60:40 (v:v) solution of glycerol-dg (Cambridge Isotope Labs)
and D,0.

Todo-(Gd-PyMTA) was provided by Mian Qi, in a 3 mM stock solution which also
contained the following: 5 mM F,CCO,H/F;CCO,Na, 15 mM NaCl, 120 mM H,O.
Samples of varying concentration were prepared by dilution with a 60:40 (v:v) solution

of glycerol-dg:D,0.

Hahn Echo Decay and Saturation Recovery Experiments

Phase memory time measurements were carried out with a Hahn echo decay pulse se-
quence of the form P1 —7—P2—7 —echo. Echo decay time was not found to be sensitive
to the lengths of pulses P1 and P2. Gd-DOTA measurements were performed with P1 =
175 ns, P2 = 275 ns. lodo-(Gd-PyMTA) measurements were performed with P1 = 350
ns, P2 = 350 ns, corresponding to roughly 37/2 pulses, which were empirically found
to maximize the echo. T, was found by fitting the echo decay curve y(27) to a single

exponential function of the form

y(21) = A x 72/ Tm 4 C (A4)
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Spin-lattice relaxation time measurements were carried out with a saturation-recovery
sequence of the for P1 — T — P2 — 7 — P3 — 7 — echo, where 7 was kept fixed and T" was
incremented. For Gd-DOTA, saturation pulses of 200-300 us were used, with P2 = 175
ns, 7 = 2 us, and P3 = 275 ns. For iodo-(Gd-PyMTA), P1 ranged from 200-500 us, with
P2 = P3 = 350 ns, and with 7 varing between 1 and 2 ps. 7T} was found by fitting the
echo recovery curve to z(7T') to a bi-exponential function of the form

z(T) = A x /T 4 B x /50 4 ¢ (A.5)

where Tsp is a shorter time-constant interpreted as arising from spectral diffusion.

A.2.4 Chapter 5

Samples

GdCl; samples were prepared by dissolving GdClysH,, (gadolinium chloride hexahydrate,
Sigma Aldrich) in D,O (Sigma Aldrich) to a concentration of 300 M.

Trityl OX063 samples were prepared as described in Appendix A.2.1.

The iodo-(Gd-PyMTA) sample was prepared as described in Appendix A.2.3. The
2.1 nm ruler molecules were synthesized by Mian Qi as described elsewhere [161] and
provided as a 5 mM stock solution (also containing 37 mM NaCl, 100 mM H,0). A 500
uM concentration ruler molecule sample was prepared by dilution of the stock with a

60:40 (v:v) solution of glycerol-dg:D,0.
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A.2.5 Chapter 6

PR production and spin labeling

Site-directed spin labeling (SDSL) was carried out using site-directed mutagenesis to
introduce or remove cystine residues at specific sites on PR. Cystine mutations form co-
valent bonds with the MTS linker, and are used to tether MTSL to the desired location(s)
on a protein. PR has three native cystine residues, at sites 107, 156, and 175. The tem-
plate gene used for protein expression, which is referred to as “wild type” in Chapter 6,
had the three native cystines removed and substituted with serines, so that MTSL does
not bind to PR unless further mutations are made, and had six histidine tags attached
to the C-terminus. These mutations have been shown to not affect the overall function
of PR [175]. A cystine residue was substituted for a native alanine at site 174 for those
PR samples which were to be spin-labeled, which are referred to as “A174” in Chapter 6.
Additional mutations added to some PR samples were (1) the E50Q mutation, where the
glutamic acid at site 50 is substituted for a glutamate, which destabilizes PR oligomer
formation [183], and (2) the E108Q mutation (referred to as “slow” PR), where the glu-
tamic acid at site 108 which serves as the primary proton donor for the Schiff base in the
PR photocycle [172, 173, 162, 174, 175] was substituted for a glutamate, which extends
the lifetime of the M-intermediate state by 2-3 orders of magnitude.

Mutations were generated using standard site-directed mutagenesis techniques. The
gene template for wild-type PR was modified by applying two-stage polymerase chain re-

action (PCR) and then recloned into a pET26b(+) vector (Novagen). PR expression was
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carried out in E. Coli strain BL21(DE3) cells transformed with the desired vector. Pro-
tein overexpression was induced by adding IPTG (isopropyl-5-D-thiogalactopyranoside)
and retinal (Vitamin A aldehyde) to flasks of E. Coli. The cells were harvested by cen-
trifugation, and PR was then separated and purified by first lysing the cells, followed by
ultracenterfugation, and then solubilizing in 5-D-dodecyl-maltoside (DDM) surfactants.
Further purification was carried out in a metal affinity resin which selectively binds to the
six histidine tags attached to the C-terminus. Unbound proteins and other debris were
then washed away, and for those batches of PR which were to be spin-labaled, MTSL
was added. Finally, for those measurements which required monomeric or hexameric PR,
purified PR was separated into monomers and hexamers using a BioRad Duoflow FPLC.

EPR experiments were carried out on PR which was hyperconcentrated using an
evaporation and rehydration technique. Solutions of PR solubilized in DDM was pipetted
onto a glass slide in 2 ul drops and left to dry overnight. The resulting dried, gel-like
mixture of PR and DDM was scrapped off of the slide, and rehydrated with a minimal
amount (~ 2 pl) of pH 8.5 buffer.

EPR measurements of the hyperconcentrated sample pre-hydration showed rigid-limit
EPR spectrum, with no changes observed under light-activation. The dark spectrum is

shown in Figure A.1.

Time-Resolved Absorption Measurements

Time-resolved measurements of absorption change were performed by recording the PMT

signal on an oscilloscope. Flash photolysis measurements were performed with pulses of
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PR A174 E108Q (hexameric), evaporatively concentrated
before rehydration
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Figure A.1: Left: 240 GHz lineshape measured on evaporatively hyperconcentrated, gel-
like PR sample. Sample was scraped off of a glass slide and packed into a Teflon sample
bucket. Right: integrated EPR lineshape.

532 nm light from a Q-switched Nd:YAG laser (Quanta Ray), with ~6 mJ per pulse.
Detection was synchronized to the excitation pulse with a photodiode set up to detect
the 532 nm pulse after it passes through the sample.

Time-resolved difference spectra as shown in Figure 6.8 were assembled as follows.
Time-domain absorption data measurements acquired at a single wavelength were re-
peated in steps of 7 nm over the range desired range of wavelengths. At each wavelength,
the absorption change AA(\) was calculated from the change in signal intensity AZ(\)

as measured by the PMT according to

AI(N)

AAN =  To(\) — Liark

(A.6)

where Iy(A) was the PMT signal measured for a sample containing buffer and DDM, but
no PR, and [4,,x was the PMT signal measured with the port into the monochromator

blocked, so that nominally no light reaches the PMT.

The time-domain absorption change data was logarithmically sampled in post-processing,

211



and a dataset was assembled in the form of a matrix M where the rows were the loga-
rithmically sampled time-domain datasets measured at different wavelengths. Absorption
difference spectra were then given at particular times by the columns of M.

Principal component analysis (PCA) was carried out using singular value decompo-
sition (SVD). The matrix M, whose columns were the difference absorption spectra, was
subject to SVD giving

M =UxV* (A7)

where ¥ is a diagonal matrix of singular values, U is an orthogonal matrix whose columns
are the principal components of the spectra assembled in M, and V7T is an orthogonal
matrix whose rows are the “kinetic vectors” weighting the different principal components
and singular values at different times.

Time-domain absorption data shown in Figure 6.9 were generated from a reconstruc-

tion of M, using only the first two principal components as shown in Figure 6.8.

Laser Modulation Experiments: Analytic Solution for Two-Level System

Consider a two-level system like the one shown in 6.12, with a ground state G and an
excited state E, and with an intrinsic rate of population decay from the excited state to
the ground state Rgecqy- When a laser shines on this two-level system in a square wave

with period 7, photoexcitation drives population from the ground to the excited state
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with a rate R.,. This system is governed by a pair of coupled rate equations

%E(t) — —RiceayE(t) + Ren(H)G(1) (A.8a)
%G(t) = RdecayE(t) - Rex(t)G(t) (A8b)

where R, (t) is a time-dependent rate of excitation given by

<
Ro(t) = { Hee mTSE<(nA1/2)7 n=123 .. (A.9)
0 (n+1/2)r<t<(n+1)7

where R, (t) is periodic with period 7, Re.(t) = Re,(t + 7).
Equation A.8 conserves the total population, so that G(t) + E(t) = 1. Using this
conservation law, Equation A.8 can be written as a first-order linear differential equation

in terms of the excited state only

%E(t) + (Riecay + Rex(t))E(t) = Rey(t) (A.10)

This equation admits an analytical solution based on an integrating factor U(t),

U(t) = exp ( / (Raecay + Rex<t))dt> (A.11)
so that E(t) is given in terms of F(ty) evaluated at any other time ¢y by
L[ U(to) E(to)
Et:—/U:L'Rexxdx—i- A.12
0= 507 | V) Retayie + HPT (A12)

Enforcing periodicity on E(t), so that E(t) = E(t + 7), the excited state FE(t) is given

over the course of one period by

Rew +Rdecay

g - Tt + Coe e et 0.< <72 (A.13)
Cle_Rdecay(t_T/Q) T/2 S t < T '
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where

Re:v 1 _ eR(iecayT/Q
Rey + Rdecay 1 — e~ Raccay™—ReaT/2
Rez

C) = =——2— + Cpe PaccayTRea)7/2 A.14b
! Rex + Rdecay 0 ( )

Co= — (A.14a)

Lock-in detection measures harmonics of the time-domain signal which can be cal-
culated from Equation A.13 by taking Fourier expansion. The in-phase and quadrature

harmonics a, and b, are given by

an = g/ E(t)sin (27r_nt> dt (A.15a)
7 Jo T
2 [T 2

b, = —/ E(t) cos (ﬂt> dt (A.15b)
7 Jo T

(A.15¢)

Typically the first harmonic is measured with lock-in detection, which corresponds to

taking n = 1.
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Appendix B

Practical FEL-EPR

In this Appendix I attempt to give a practical overview to performing FEL-EPR exper-

iments.

B.1 UCSB mm-wave FEL

FEL-EPR is performed with the UCSB mm-wave free electron laser. FEL-EPR is carried
out at 240 GHz, at the low end of the mm-wave FEL’s frequency range. The mm-wave
FEL is one of two FELs currently operating at the UCSB free electron laser facility in the
Institute for Terahertz Science and Technology. The mm-wave FEL covers the frequency
range between ~ 200 GHz and ~ 700 GHz. The second FEL, the far infrared (FIR)
FEL, produces radiation at frequencies between 1 THz and 4.5 THz. A third FEL is
under development which is optimized for the lower frequencies, for operation between

150 GHz and ~ 500 GHz.
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A FEL produces electromagnetic radiation through interactions between a relativistic
electron beam and a periodically modulated magnetic field. As the relativistic electron
beam is steered through the region of periodically modulated magnetic field, the electrons
oscillate and produce synchrotron radiation at a frequency that depends on the beam
energy, the magnetic field strength, and the magnetic field periodicity. The interaction
region is called an “undulator.” In practice, we control the radiation frequency by chang-
ing the electron beam energy while leaving the magnetic field strength and periodicity
constant. The electron beam energy is set by varying the electrostatic potential, also
called the terminal voltage, across which it is excited.

The UCSB FELs operate off of a relativistic electron beam supplied by a 6 MV linear
electrostatic accelerator. Electrons are produced by thermionic emission off of a hot
cathode, are accelerated across the high electrostatic potential, and are steered through
an ultra-high vacuum (UHV) beamline to one of two currently operating undulators.
The electrostatic accelerator produces a “quasi-DC” electron beam which lasts for several
microseconds, which can in turn produce coherent pulses of sub-THz and THz radiation
many microsecond long. After passing through the undulator, the electron beam is
decelerated against the same electrostatic potential which was used to produce it, the
electrons are recollected in a “collector.” In this way, the electron beam is continuously
circulated and the high electrostatic potential difference across the linear accelerator is
maintained even for high electron beam currents. Maintaining efficient electron beam

recirculation is of paramount importance for stable FEL operation.
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Every FEL experiment begins with optimizing the alignment of the electron beam for
the terminal voltage required to produce the desired frequency of radiation. This process
is called “tuning the FEL.” The electron beam position and shape are controlled by a
series of electromagnets which provide steering (dipole magnets and steering coils) and
focusing (quadrupole magnets). Changing the terminal voltage necessitates changing the
currents in all of the electromagnets which make up the electron beam optics. Fortunately,
we have a system which saves and loads experimental settings which makes most of
the tuning process automatic. At the start of an experiment, the user loads a saved
configuration for their desired terminal voltage, which sets the electromagnet currents
and other experimental parameters to the saved values. A general discussion of FEL
tuning is well beyond the scope of this Appendix. Suffice to say, there are a great many
parameters which are important for FEL operation, which need to be considered by all

users. Going forward, I will try to focus only on the particular details which are unique

for FEL-EPR.

B.1.1 Tuning for FEL Operation at 240 GHz

240 GHz radiation is produced from the mm-wave FEL when the terminal voltage is set
to 2.93 MV. The electron beam is much more “forgiving” at this terminal voltage than
at higher voltages, and because the mm-wave FEL has very high gain at 240 GHz, it is
quite easy to get the FEL to lase. Nevertheless, it is still important to be cautious when

running the FEL. It is always best to work in teams of two or more, so that one person
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can keep an eye on the FEL at all times.
When tuning the FEL, here are some general guidelines to follow (or break, at your

peril):

One small adjustment far upstream is better than many adjustments downstream

Given the choice between increasing the current in component A and decreasing

the current in component B, choose to decrease the current in component B.

Avoid changing the polarity of a steering coils when possible.

Avoid changing the polarity of a quadrupole at all, without a very very good reason.

Never change the currents of any of the magnets in the achromatic bends.

Here is a rough guide to tuning the FEL for 240 GHz operation

1. Make sure the beam block is in, and that the pulse length is set to ~1.5 ps.

2. Look at the beam coming out of the accelerator. Make sure it is in the correct

place, and is the correct size and shape.

3. Look at the beam just after the first bend. Look at the current monitor in the first
bend. Are you getting the correct current out?! If not, adjust the beam position
with first steering coil inside the accelerator (and the second if necessary) until you

are getting the correct current out.

L As of Spring 2019, we typically operated at a beam current of 1.2 A.
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4. Repeat Step 3 for each for each bend, making sure that you aren’t loosing current
in the beamline. By the time you get to the switchyard before the undulator, you
may need to play with the focus a bit as well. Your goal here is just to get all of the
current through the undulator. At this stage, don’t worry about the last current

monitor. You are now tuning to optimize beam current and position.

5. Adjust the beam position so it passes through the center of all quadrupoles. This
is best done sequentially, starting from the first pair of quadrupoles after the bend.
Look at a screen downstream from the quadrupole in question. Move the beam
around until it passes through the quadrupole in such a way that changing the
current in the quadrupole changes the beam shape but not the beam position.
Once the beam is passing through the center of each quadrupole, try not to make
any further up-stream changes to steering magnets. Stop when you get to the

undulator, don’t try to adjust the quadrupoles after the undulator just yet.

6. Once the beam is aligned through all quadrupoles before the undulator, look at
the last screen and current monitor. Adjust the beam until the you get all of the

current to the last current monitor, and the beam spot looks ok on the screen.

7. Shorten the electron beam to ~ 800 ns, remove the beam block, and pull up the
CP signal. Now, you are tuning for recirculation. Make adjustments, starting at
the decelerator and moving in the upstream direction, to improve recirculation. As

recirculation improves, lengthen the electron beam pulse.
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8. Once recirculation is ~ 95% or higher, start looking for signs of lasing.

9. Once you see lasing, tune the electron beam to try to get lasing to start as early as

possible, while maintaining good recirculation. Now, you are tuning for lasing.

10. Once you are happy with lasing, measure the power coming out of the FEL. Are
you happy with the power? If not, position yourself so you can see both the real-
time power reading at your detector and the FEL control system. Tune the beam

to maximize power. You are now tuning for power.

B.2 FEL Outcoupler Options

Radiation can be coupled out of the FEL in two ways: through the silicon coupler, or
through the hole coupler. The silicon coupler also provides the option of cavity dumping
the FEL. Figure B.1 summarizes the modes of operation.

For FEL-EPR, the silicon coupler is usually the right choice. Typically in a two-pulse
EPR experiment, we want to place the second pulse inside the cavity dump pulse to
maximize the power. Additionally, firing the cavity dump stops any further lasing in the

FEL cavity, which leads to a cleaner “off” at the end of the pulse sequence.
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Figure B.1: a A 240 GHz, quasi-CW pulse generated by the mm-wave UCSB FEL is
coupled out of the FEL cavity by the silicon coupler. b A short pulse is “sliced” from the
quasi-CW pulse using light-activated silicon switches activated by 532 nm laser pulses P1
and P2, generating an FID. ¢ The FID amplitude, acquired by integrating the FT-EPR
lineshape, plotted as a function of pulse length is used to determine the nutation (Rabi)
frequency wy /27m. The silicon coupler nutates spin-1/2 electrons with w; /27 up to 8 MHz,
corresponding to By = 3 gauss in the rotating frame. When the cavity dump is activated
by a Nd:YAG laser d the output power is boosted for the last 40 ns of the quasi-cw pulse,
which results in a higher spin-1/2 nutation frequency. Rabi frequencies up to 37 MHz e,
corresponding to B; = 13 gauss in the rotating frame, can be generated with the cavity
dump. f The hole coupler can also be used to generate quasi-CW microwave pulses,
though at 240 GHz the power is lower than the silicon coupler g. h w; /27 is typically
around 2.8 MHz, corresponding to B; ~ 1 gauss in the rotating frame.
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Appendix C

How to process CW EPR Data

This is an overview of the procedure I use to process high-field CW EPR data. An
example script can be found with comments in the file phasing_step_by_step.py, saved
in my directory on the shared drive in the sub-folder cw_data_processing_routines/

Demo_Routines_with_data. Included are example data files.

C.1 Outline

Our CW EPR experiment produces four signals: the real and imaginary (X and Y)
signals from two lock-in amplifiers. These signals are labeled X1, Y1 for X and Y from
lock-in 1, and X2, Y2 for X and Y from lock-in 2.

The final signal we want is the EPR absorption lineshape A (and/or the dispersion
lineshape D, they are related by Kramers-Kronig relations so if you have one you have

the other). A is extracted from X1,Y1,X2,Y2 in three basic steps. This document walks
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To Lock-in Amplifier 1
X1 + iY1 = Re(S)e™

Splitter Splitter
Signal Mi Pl Local Oscillator
(10 GHz) xS (10 GHz)
Sxeimt

Phase

S=(D+ine® Shifter

D = Dispersion
A = Absorption To Lock-in Amplifier 2
X2 +iY2 = Im(S)e ™

Figure C.1: Simplified signal diagram. Signal S, which has been mixed down from 240
GHz to a 10 GHz intermediate frequency, is mixed with a 10 GHz local oscillator, resulting
in DC signal oscillating at the modulation frequency (not shown). Lock-in amplifiers 1
and 2 locked to the modulation frequency each record in-phase X and quadrature Y
signals, for a total of 4 signals (X1, Y1, X2, Y2). The final four signals are related to

signal S by two phases, ¢; and ¢,. S is related to the absorption and dispersion signals
by a third phase, ¢s.

through each step, with example data. Example data was taken on 11/19/2015, on a
sample of type 1B diamond with many P1 centers and few NV centers.
Figure C.1 shows a simplified signal pathway. The pair of signals from each lock-in

amplifier are related to the signal real and imaginary parts of ths signal S by

X1 +iY1 = Re(S)e" (C.1a)

X2 +iY2 = Im(S)e (C.1b)

where ¢; and ¢ are phases relating to the modulation phase and the phase of the local
oscillator signal.

The S is the signal which makes it to the mixers, and is itself a mixture of the
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absorption and dispersion signals A and D with phase shift ¢3,

S = (D + A)ei?s (C.2)

where ¢3 is due to a great many effects, including the phase shift due to the optical
path traveled by the microwaves, any relative phase difference between transmitter and
receiver, and to some degree to the behavior of electronics in the intermediate frequency
stage.
The procedure to recover the absorption signal A from the output signals X1, Y1, X2, Y2

shown in Figure C.2 consists of the following steps:

1. Apply phase shifts 6,0y to each pair of lock-in signals to generate new signals

X1, Y1, X2,Y?,

X1' +iY1 = (X1 44Y1)e ™ = Re(S)e! ¢~ (C.3a)

X2 +iY2 = (X2 4 iY2)e % = Im(S)e'¢2 %) (C.3Db)

where 0; = ¢; and 0y = ¢, so that X1’ = Re(S) and X2' = Im(S), and Y1' =
Y2 = 0. In practice this is done by applying a phase shifts to each pair of lock-in

signals until the Y signals disappear. This is illustrated in Figure C.3.

This step can either be done manually by manipulating the first two phases in
rephase.vi, or it can be done automatically, using a procedure outlined in [18§]

and implemented in the Python script lockin_phase_null.py I wrote.

If this step is accomplished successfully, all of the useful information contained in
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the EPR signal will now be shifted into the signals, X1’ and X2', and the Y1’ and

Y?2' channels will be “nulled.”

2. Perform a background subtraction on each of the two signals X1',X2'. This is
typically done by fitting a polynomial to the baseline of each signal, as shown in

Figure C.4.
If you are quickly processing the data by hand using rephase.vi, it is safe to skip

this step.

3. Apply a phase shift 03 to the two X’ signals, to transfer the absorption signal into

one channel and the dispersion signal into the other,

D +iA = Se” = (X1 +iX2)e (C.4)
This is accomplished for 63 = ¢3. For quick processing, this step can be accom-
plished by manipulating the third phase in rephase.vi.

Correctly choosing the phase shift 63 is the most difficult step in processing the
data. Correctly determining the phase 63 is crucial to extracting the absorption
and dispersion signals from the measured data. If #3 is chosen incorrectly, data will

be miss-interpreted.

There are three approaches I have used with success to determine this last phase shift.
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Method 1: fit the lineshape

The most consistent way to correctly determine the phase 63 is to fit the measured signal
S = X1’ +:X2' to a model which describes the underlying spin physics, with the phase ¢3
included as a fit parameter. Using this method requires that you know something about
the lineshape you are measuring.

I have had success implementing the fitting method when measuring Lorentzian lines,
or when measuring nitroxide lineshapes in either the rigid limit or the rapid tumbling
regime. A process for fitting a complex Lorentzian derivative to a measured lineshape in
order to extract the phase is included in /sherwin/BlakeWilson/cw_data_processing_

routines/complex_lorentzian.

Method 2: maximize the double integral

When you do not have a good model to describe the EPR lineshape and Method 1 does
not work, the best approach is to choose the value of #3 which maximizes the double
integral of the imaginary part of (X1’ + iX2')e=®  since when correctly phased, the
imaginary signal should be purely absorptive.

Maximizing the double integral is demonstrated in Figures C.5 and C.6.

Maximizing the double integral can be tricky in practice if the baseline is not flat,
or if the signal-to-noise is not good, because the double integral is very sensitive to the
baseline. Additionally, this method will in general fail if you don’t capture the entire EPR

signal within your experiment (for example, if the EPR signal has a broad component

226



which extends beyond your measurement window). For Gd3T, this last requirement is
problematic, since we are typically interested in measuring the central m = —1/2 —
m = +1/2 transition which sits on top of a number of broader transitions which form
a baseline much wider than the EPR sweep coil. Luckily, for Gd3* the baseline signals
are slow-changing enough that they can usually be subtracted in the polynomial baseline
subtraction step.

Scripts which attempt to maximize the double integral can be found in sherwin/
BlakeWilson/cw_data_processing_routines/maximize_double_integral. This can
also be accomplished by hand, by varying the phase shift #5 while looking at the integrated

data, until the imaginary part of the integrated lineshape is absorptive.

Method 3: symmetrize

This method only works if the lineshape you are measuring is symmetric (for example,
it is a Lorentzian, Gaussian, etc.). If the lineshape is symmetric, a quick and easy way
to compare lineshapes is to apply a phase shift 63 so that the derivative lineshape is
symmetric about zero, so that the maximum positive value the derivative takes is equal
to the minimum negative value the derivative takes.

My Python function Balance.py accomplishes this, which can be found in sherwin/
BlakeWilson/cw_data_processing_routines. This last method is fairly robust to base-
line noise or drift, and to any background signals which might or might not contaminate
your signal of interest, but is sensitive to any noise in the few datapoints right around

the positive and negative peaks in the derivatite lineshape. This method should be used
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Raw Signals

EPR Signal (mV)
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N

N
T

o

EPR Signal (mV)

1
N

\
—0.035 ~0.030 ~0.025 ~0.020 ~0.015
Sweep Field (T)

Figure C.2: Top: Raw signals from lock-in amplifier 1. Bottom: Raw Signals from lock-in
amplifier 2. In-phase signals are shown in blue, quadrature signals in red.

with caution if the lineshape is not symmetric.

C.2 Data Processing

The raw data files as saved by Sweep.vi are eight column csv files, with a user-provided
header that contains information about the experiment. The eight columns are the
recorded Time, Field, the I and @ signals from each lock-in amplifier (labeled X1, Y1,
X2, Y2), the temperature as read at the top of the probe, and the temperature as read

just above the sample.
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Signals After Nulling Quadrature Channels

J

— X1
} — Y1 |
AVJ\"

EPR Signal (mV)

-
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— X2 |
— Y2

20,035 ~0.030

~0.025 ~0.020 ~0.015
Sweep Field (T)

Figure C.3: A phase shift is applied independently to the complex signal from each lock-
in amplifier. This is done to transfer the EPR signal into the in-phase (real) channel, and
null the quadrature (imaginary) channel. A procedure to carry out this phase correction
is outlined in [188]. Top: Signals from lock-in 1, with quadrature channel Y1 nulled.
Bottom: Signals from lock-in 2, with quadrature channel Y2 nulled.

Background Subtraction
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Yo 27
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P
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Sweep Field (T)

Figure C.4: Signals X1 and X2 from lock-ins 1 and 2 respectively, with the points used
to define a background and the linear background itself.
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Figure C.5: The integrated X1 signal from Figure C.4. A linear background correction
has been applied, but no phase shift between X1 and X2 has been applied.
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Figure C.6: Integrated absorption signal, after a phase shift of 28.89 degrees was applied
between X1 and X2 (from Figure C.4). Phase shift was set by maximizing the double
integral of the absorption signal.
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Figure C.7: First derivative absorption signal, after a phase shift of 28.89 degrees was
applied between X1 and X2 (from Figure C.4). Phase shift was set by maximizing the
double integral of the absorption signal.
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Appendix D

Transfer Matrix Calculations of

Reflection and Transmission

D.1 Transfer matrix calculations for reflection and

transmission calculations

Calculations follow Chapter 17 of Modern Electrodynamics by Zangwill [138].

Write the total electric field E(z) = E(z)Z as the sum of a right-going wave E*(z)
and a left-going wave E~(z).

As each wave passes across a layer with thickness d;, permittivity €;, and permeability
H;, it picks up a phase ¢;

¢; = wdj\/Ejf1; = wnyd;/c (D.1)

where n; = \/Erjfir;, and €g; = £;/¢¢ is the relative permittivity and pr; = p;/po is
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Figure D.1: Wave picks up phase shift ¢, as it passes through each layer.

the relative permeability.
We can write the electric and magnetic fields £ and H in the j — 1 layer in terms of
E and H in the j layer as follows,
Ei_1\ COS @ —iZ;sin ¢; E;
<Hj1) - (—iZj_lSin%’ cos ¢; ) (HJ> (D-2)

where the impedance Z; of the jth layer is given by Z; = \/p,/¢;.

D.1.1 Calculating reflection and transmission coefficients

Consider the case where the incident wave travels to the right and passes N layers. The
boundary condition on the left side is that Ey(z) = 0, there are no reflections from
infinity on the left side. Therefore, on the extreme left side of the stack, the electric
and magnetic fields are given by Ey = Ef, =t and Hy = HY = t/Zy, where t is the
transmission coefficient and Zy is the wave impedance of the region to the left of the
stack. On the right side of the stack of layers, £ and H are given by £ = 1 4 r and
H = (1 —r)/Z where r is the reflection coefficient and Z is the wave impedance of the

region from where the wave originates.
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We have a system of equations with two unknowns, r and ¢,
N-1 -
1+7r B H oS ¢ —iZ;8in ¢; t (D.3)
1-rz7t) 1 n —iZj’l sin ¢; COS @ tZy! ’
]:
The procedure is to solve for r and t. Writing the product of each matrix j as

]i—[l Ccos ¢; —iZ;sing;\ (o B

e —z'Zj_l sin ¢; oS ¢; S \y 0

J:

we have

2
t =
a+ L+ I+ £0
T:a—i—%—Z’y—%é

a+ 4+ Zy+ 40

D.2 Sample backed by a perfect mirror

For a sample backed by a perfect flat mirror, the boundary condition is that ¢ = 0, and
that Hy is locally maximized at the mirror’s surface. The two unknowns to solve for in
this case are r and Hy, the magnetic field at the surface of the mirror. We write

N-1
L+ B oS ¢; —iZ;sin ¢; 0
((1 _r)z—1> B H <—iZj ' sijmbj césqu ]) <HN) (>

j=0

We can solve for r and Hy in this case in a straightforward fashion. Calculating the

total transfer matrix as before

Ji—_f( COS O —i; sin¢j> B (a ,6>
! —iZj’l sin ¢, cos @, S \y 0

J=0
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we have

D.3 Reflection from a simple sample geometry

In the sample geometry shown in Figure 5.2, an electromagnetic wave with frequency w is
incident from air, into a material of thickness d with electric permittivity ¢ and magnetic
permeability p, which is backed by a mirror, which is taken to be a perfect conductor.
Calculating first the general case, where the electromagnetic wave is incident from
a material with electric permittivity ¢ and magnetic permeability p/ onto a material
of thickness d with electric permittivity € and magnetic permeability u, the reflection
coefficient r = E,/E;, where E,. is the reflected electric field and FE; is the incident

electric field, is given by Equation D.5,

B-25
"T 5y 76

where Z' = (/' /e’ is the impedance of free space and

B = —iZSiH¢, J = COS¢

where

™=

(D.6a)

d
¢:w%@zi%ﬁ@5 (D.6b)
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and eg = €/gg is the relative permittivity (dielectric constant) and pr = u/po is the
relative permeability.

Therefore, we have

. —i.Zs%ngb—Z’cosqb (D7)
—iZsin ¢ + Z' cos ¢

which can be rewritten

Z'(e" + e ) + Z(e'? — )
Z'(e + e7i0) — Z (e — e71?)

r=—

Rearranging terms, we have,

BN+ I+ 7 — 7

= —— D.8
r 62z¢(Z/ _ Z) —f-Z’ + 7 ( )

or, written in terms of the relative permittivities and permeabilities,
e (\/Wrer + \/1LRER) + V/1rERr — \/1LRER (D.9)

N _eQi‘f’(\/u’ReR — VHRER) + /1reR + / 11RER

Equation D.9 gives the reflection coefficient for a wave incident from a medium with
impedance Z = \//e onto a material of thickness d with impedance Z' = /' /€', backed
by a perfect conductor. Taking the first medium to be air, so that Z’ ~ Zy = \/uo/<o,

the reflection simplifies to

_(Er+ Vir) + VER — ViR (D.10)
e**(\er — VIR) + VER + VIR '

r =
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Appendix E

Paramagnetic Polaritons

This Appendix picks up where Chapter 5 leaves off, by asking the question- what happens
when the assumption of “weak” resonance |x,,| < 1 is no longer valid? For a system
with a large number of spins and a narrow EPR transition, it is possible to enter a
regime where line broadening is observed due to optical effects. For a good overview of
refractive broadening, see references [24] and [56]. For similar calculations performed in
a transmission-mode experiment, see [189].

We typically think of CW EPR lineshapes as being directly proportional to the com-
plex dynamic magnetic susceptibility. The magnetic susceptibility tells us how a material
responds to applied magnetic fields in the linear response regime. For example, the power
absorbed per unit volume in a magnetic material is proportional to x” , the imaginary
part of the dynamic susceptibility. More specifically, when we calculate an EPR line-

shape, whether by solving the Bloch equations in the steady state, diagonalizing the spin
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Hamiltonian, etc., we are calculating the dynamic susceptibility (Figure 5.1). Specifically,
when we calculate the absorption lineshape, we are calculating x”. .

Our spectrometer measures the complex reflectance of a sample using induction-
mode detection. These notes outline how we extract the EPR absorption lineshape, or
equivalently the dynamic susceptibility, from the measured induction mode signal. In
order to do this, we will need to know several things about our sample: 1) geometry, 2)
magnetization, 3) width of resonance, and 4) the dielectric constant.

Broadly speaking: when the magnitude of the dynamic susceptibility is everywhere
small |y,,| < 1, our measured signal will be proportional to x,,, with an overall phase
shift. When the magnitude of the dynamic susceptibility is not small, the signal we
measure is no longer proportional to x,,, and becomes a sensitive function of sample
thickness and dielectric constant.

In the extreme case that |y,,| > 1, measured signal becomes dominated by a param-
agnetic polariton.

The following calculations assume the sample geometry shown in Figure 5.2.

E.1 Breakdown of weak resonance

When Yy, is no longer small, the observed induction-mode signal is no longer proportional
to xm. Instead, measured signal S’(B) or S’(w) can be calculated from the dynamic
susceptibility x,,, following Equations 5.1 and 5.5.

The difficulty here becomes calculating y,,. Simulated EPR spectra (generated by, for
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example, Easyspin) are proportional to x.,, but are normalized according to conventions
established by the software. Equation 5.1, however, is quite sensitive to the magnitude
of Xm.

For a single S = 1/2 homogeneously broadened line with width 1/75, the dynamic
magnetic susceptibility y,, = x/, + ix7, is given for circularly polarized light (ignoring

saturation effects) by

N gps (Tz) giB w—wr
' = lp—2==tanh | == E.1
Xm = Hoy,75 2T ) h (w—wy) + 1/T2 (E1)
N gus <Tz) 9B 1/T;
"= po—2E8 tanh [ 22 E.2
Xm = Ho77 79 2T ) h (w—w) + 1/T2 (E.2)

where N/V is the number density of spins, w;, = gupBy/h is the Larmor frequency, and
Ty = wph/kp is the Zeeman temperature [55]. In the high temperature approximation,

this becomes

Wy, —w

— E.3
Xm = XoL (wp —w)?2+1/T% (E-3)
/T
"= E4
Xm = XoWL (wr — w)?+1/T2 (E.4)
where Yq is the static magnetic susceptibility,
N (gup)*
= lpg— = E.5
X0 = B0y g kyT (E:5)

Putting in some numbers: y/ is maximal on resonance, where w = wr. At 240 GHz,
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T; = 11.5 K. For a 1 mM solution of ¢ = 2 spins at 240 GHz, 300K, with a T, of
100 ns, we have x” = 0.0023 on resonance. Since the measured lineshape is no longer
proportional to y,,, it becomes difficult to extract the undistorted EPR lineshape from
Equation 5.5. Rather than working backwards from S’(B) or S’(w), it is likely easier
to simulate S’(B) or S’(w) for a given sample, starting from an undistorted lineshape

appropriately scaled (x,,) and applying Equations 5.1 and 5.5.

E.2 Strong resonance: Paramagnetic polaritons

When the dynamic susceptibility |x,,| is small, the measured lineshape S(B) is propor-
tional y,, (Equation 5.6). When |x,,| is not small, simulating the measured lineshape
becomes possible only given knowledge of the sample geometry, electric, and magnetic
properties (Equations 5.1 and 5.5).

When |x,,| approaches 1, however, it becomes difficult to think about the reflected
signal in terms of the EPR lineshape. This is best illustrated by considering the dispersion
relation obeyed by the electric and magnetic fields as they propagate in a paramagnetic

sample.

E.2.1 Dispersion Relation

Inside a material, the electric field obeys the equation
2

0
VE = ,ua‘@E (E.6)
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which has the solution E = Ege!® *~“Y  Taking ¢ = goer and p = po(1 + X%, +ix7),

where x/ | x» are given by Equations E.3 and E.4, K and w are related by

wr —w+1/Ty
(wr, —w)?+1/T3

2
we
K= =5 1 o

(E.7)

This expression is best rewritten in terms of the dimensionless variables k' = ck/\/egwy,
W' =w/wr, and T' = (Thw )™t

Plotted below is the dispersion relation w’ = f(k'), for several values of xo, and I". xq
is the static magnetic susceptibility, given in the high temperature approximation for a
spin-1/2 by

_ E(QMBV
X0 = Ko~y

For “strong” resonance, that is large xo and a narrow linewidth, the dispersion relation
changes dramatically as a function of frequency. For a sufficiently strong resonance, in
a window around w — wyp, light does not propagate (see Figure E.2). The measured
induction mode signal will not look anything like an EPR lineshape.

Some numbers: BDPA at room temperature has xo ~ 4 x 107%, and I' ~ 10~
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Figure E.1: Lower two: Dispersion relation for yo = 4 x 1075, " = 10~%. At 240 GHz, this
is a narrow line (on the order of 1 Gauss). Top: dispersion relation differs from that of
free space near resonance. Bottom: real and imaginary parts of the dispersion relation,
plotted around w = wy. Upper two: Dispersion relation for yo =4 x 107*,T' = 1073. At
240 GHz, this is a linewidth of order 1 mT. Top: dispersion relation differs from that of
free space near resonance. Bottom: real and imaginary parts of the dispersion relation,
plotted around w = wy,.
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Figure E.2: Lower two: Dispersion relation for yq = 4 x 1074,I' = 107%. At 240 GHz,
this is a narrow line (on the order of 1 Gauss). Top: dispersion relation differs from
that of free space near resonance. (Think, BDPA at room temperature.) Bottom: real
and imaginary parts of the dispersion relation, plotted around w = wy. Upper two:
Dispersion relation for yo = 4 x 1073, T" = 10~%. At 240 GHz, this is a linewidth of order
1 Gauss. (Think, BDPA at 30 K.) Top: dispersion relation differs from that of free space
near resonance. Bottom: real and imaginary parts of the dispersion relation, plotted
around w = wy.Note that for a range of frequencies, light almost does not propagate in
the sample.
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