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ABSTRACT

Dynamic Nuclear Polarization (DNP) is utilized to enhance NMR signal intensities
in systems including metals, ceramics, polymers and biological solids. The enhancement
results from polarization transfers from unpaired electrons, usually carried by a polarizing
agent such as TEMPO (2,2,6,6-tetramethylpiperydin-1-oxyl), to the target nuclei. In this
thesis, polarizing agents were developed for efficient polarization mechanisms at 5 Tesla.
DNP using biradicals yielded improvements of proton enhancement by about fourfold
compared to an identical amount of monomeric TEMPO as used previously. The
polarizing mechanism involved was the cross effect (CE), which relies on three-spin
processes involving two electrons and one nucleus. Optimization of the CE requires the
appropriate electron-electron interaction and the correct EPR frequency separation
matching the nuclear Larmor frequency. Due to the relatively short inter-radical distance
in interesting biradicals, multi-frequency EPR lineshape analyses are suitable to
characterize the distance and relative g-tensor orientations between electrons, revealing
spectral parameters that explain the improvement of DNP efficiency. Alternatively,
radical mixtures of TEMPO and Trityl, methyl tris(8-carboxy-2,2,6,6-tetramethyl-
benzo[1,2-d:4,5-d’]bis(1,3)dithiol-4-yl, improve the probability of the correct EPR
frequency separation compared to TEMPO by itself. A 1:1 radical mixture produced a
combined EPR spectrum with the required frequency separation and gave an
improvement of the DNP enhancement by about threefold relative to TEMPO alone. In
addition, a quantum mechanical theory of the CE was developed to provide sound
explanations of the improved polarizing mechanism using the above polarizing agents.

The soluble biradical-TOTAPOL, yielding proton enhancements of 160-290—was
developed and applied to a wide range of aqueous systems from amyloid peptide



nanocrystals to liquid samples. Polarizing nanocrystals relies on nuclear spin diffusion
that transfers enhanced nuclear polarization from solvent into crystals that are isolated
from paramagnetic species. This requires efficient polarizing agents that produce and
maintain a high level of nuclear polarization surrounding the nanocrystals. In a second
application, efficient polarizing agents that reduce the required radical concentration are
important for temperature-jump DNP experiments involving a cycle of freezing,
polarization, melting and observation of the liquid-state NMR spectrum of samples of
interest. During melting, preservation of the nuclear polarization benefits from reduced
paramagnetic relaxation at low radical concentrations.

Thesis Supervisor: Robert G. Griffin
Title: Professor of Chemistry
Director of the Francis Bitter Magnet Laboratory
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Chapter 1 Introduction

Magic angle spinning (MAS) solid-state nuclear magnetic resonance (SSNMR)
spectroscopy has become an important technique to investigate a variety of different
systems—biological and synthetic polymers, inorganic porous materials, drugs,
semiconductors, etc. However, NMR signal intensities are intrinsically low due to the
small gyromagnetic ratios (y,) of the nuclei involved and, in many cases, the low natural
abundance of the NMR active species. Thus, it is important to develop methods to
enhance the sensitivity of SSNMR if its applicability is to be extended. Dynamic nuclear
polarization (DNP) can be used to improve the sensitivity of SSNMR by 2 to 3 orders of
magnitude, thereby dramatically reducing the acquisition time and/or sample quantity
required for the experiments.

The high gain in sensitivity results from polarization transfer from endogenous or
exogenous unpaired electrons to the nuclei and is commonly driven by microwave
irradiation at or near the electron Larmor frequency via polarization mechanisms such as
the Overhauser effect (OE), the solid effect (SE), the cross effect (CE) and thermal
mixing (TM). Recent developments of DNP have advanced to high resolution SSNMR of
samples with stable MAS at nitrogen-cooled temperatures (~90 K) and high magnetic
fields (9 and 5 T), where the stable microwave irradiation with high frequency/power
(250 GHz/25 W and 140 GHz/10 W for 9 and 5 T, respectively) is provided by gyrotrons.
Multi-dimensional SSNMR  experiments with constant enhanced nuclear polarization
have become possible by employing DNP under stable sample rotation, temperature, and

microwave power.
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While developments in instrumentation for high-field DNP experiments are
maturing, controls of the underlying polarization mechanisms are receiving more
attention with the aim of increasing the current NMR sensitivity enhancement to values
approaching the theoretical value of Y/, (.g., ~660 for 'H or ~2600 for '>C). Note that
at 5 Tesla, a routine DNP experiment, using TEMPO (2,2,6,6-tetramethylpiperidin-1-oxy)
radicals as the source of electron polarization, can typically generate an enhancement by
a factor of ~50 in the 'H polarization via the polarization mechanism identified as the CE
and TM. According to DNP theories in the literature, the primary mechanism of DNP
processes is dependent on the size of the linewidth of electron paramagnetic resonance
(EPR) of the polarizing agent relative to the nuclear Larmor frequency. We review this
point in Chapter 2 which contains a brief description and comparison of classical
polarization mechanisms as part of the background of this thesis work.

Of the polarization mechanisms listed above, the CE and TM have advantages over
the SE and the OE for efficiently generating enhanced polarization at high magnetic
fields. This is observed experimentally at a field larger than 5 T where the CE and TM are
operative. For both mechanisms, the underlying physics is essentially described by a
three-spin process that involves the coupling of two electrons whose frequencies, @.; and
@, in the EPR spectrum of the polarizing agent, are spaced at the nuclear Larmor
frequency, ®,. Since the introduction of the DNP technique 50 years ago, all experiments
have relied on monomeric paramagnetic centers such as a nitroxide or metal ion as a
source of polarization. However, the electron—electron dipole coupling is clearly an
important parameter governing the efficiency of the three-spin CE and TM processes.

Thus, we explore in Chapter 3 the possibilities to optimize the enhancements in DNP



experiments by constraining the distance between the two unpaired electrons — utilizing
biradicals as polarizing agents.

As mentioned above, DNP results have a strong correlation with the EPR lineshape
of the paramagnetic species used to provide the electron polarization. Thus, in Chapter 4
we discuss improved DNP enhancements using biradicals (composed of two TEMPQO’s)
on the basis of multifrequency EPR lineshape analysis. Specifically, the nature of the
tether in a biradical affects the inter-radical distance which is responsible for the inter-
electron dipolar interaction, and the relative orientation of the g-tensors which contributes
to the distribution of the EPR frequency separation in randomly oriented biradicals. The
analysis of the EPR lineshapes of biradical polarizing agents allows measurement of
several spectral parameters that explain the improved efficiency of DNP. This arises
primarily because the efficient biradicals have relatively short intramolecular
electron—electron distances.

After we clearly emphasized the importance of electron—electron dipole coupling in
the CE and TM mechanisms, we focus on optimization of the other factor — the EPR
frequency separation between two coupled electrons. This is discussed in Chapter 5,
where we report improvements of the proton DNP enhancement by about threefold using
mixtures of TEMPO (a nitroxide radical) and trityl (a triphenylmethyl based molecule)
radicals. The improvements are due to the composite EPR spectrum of the radical
mixture that provides greater probabilities of matching the EPR frequency separation of
two electrons with the proton Larmor frequency. In addition, according to the theory of
the CE, a difference in electron spin-lattice relaxation time in TEMPO and trityl may

contribute to the improvement of the DNP enhancement. The DNP results from the
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mixture (in 1:1 mole ratio) shed new light on improving biradical polarizing agents.

Until recently polarizing mechanisms were discussed in terms of classical pictures,
where the master equations governing the spin polarizations are derived from
thermodynamic properties of strongly correlated spin ensembles. However, a more
complete description of DNP can be obtained when spin parameters determined from
EPR spectra are used in a quantum mechanical description of the spin dynamics. Thus, in
Chapter 6 we develop a new theory of the CE where the quantum dynamics of an
electron—electron—nucleus three-spin system are calculated. In addition to describing the
CE, the three-spin system, in the limit where one electron is weakly coupled, reduces to a
two-spin system that describes the SE. The spin system can also be expanded to include
additional electron spins to explain the TM mechanism, a topic that we leave for a future
investigation. Using this formalism we derive analytical expressions describing both the
CE and SE to verify the exact frequency matching conditions for polarization transfer in
the CE and SE experiments, and to obtain the effective microwave Hamiltonian that
transfers the polarization from the electrons to the nuclear spins. In addition, in
calculations of the three-spin model, we use the steady-state DNP enhancement and
buildup time constant to explain the DNP results that depend on EPR parameters such as
the relaxation times, the electron—electron interaction, the external magnetic field
strength, and finally the microwave field strength.

The effort to develop new polarizing agents has yielded a new designer water-
soluble biradical, TOTAPOL, which produces an enhancement of up to 290 at 90 K and 5
T. Applications of TOTAPOL to DNP in various aqueous systems include nanocrystals

of the amyloid peptide (GNNQQNY) and biological solution NMR, which are promising
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and are described in Chapter 7. The feasibility of polarizing inhomogeneous crystal
domains in the size ranging from nanometers to micrometers demonstrates the import
role of homonuclear spin diffusion in DNP experiments, and accounts for the distribution
of the enhanced nuclear polarization into the crystals through "H-"H spin diffusion. The
experimental results show that the successful polarization of nanocrystals (€~120) relies
on efficient polarizing agents that produce high level of nuclear polarization in the matrix
surrounding the nanocrystals. In the second application, a new approach to enhance NMR
signals in liquid state is demonstrated in experiments employing freezing-DNP-melting
cycles. Large enhancements of solution NMR signal intensities (¢'~120-400) can be
obtained when the DNP-enhanced nuclear polarization is preserved through a rapid
temperature jump in the sample. The success of such a technique relies on a polarizing
agent that allows for a large DNP enhancement at a low electron concentration (< 10
mM), because the primary limitation of the melting part of the experiment is a loss of
polarization due to a short nuclear T; which is usually aggravated by high radical

concentrations.
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Chapter 2 Background

Magnetic resonance spectroscopy, including electron paramagnetic resonance (EPR)
and nuclear magnetic resonance (NMR), as a tool to probe molecular structures is
introduced in the first part of this chapter. Relative to EPR, the signal intensities in NMR
spectra are intrinsically low, limiting its application in studies of chemical sites with
small numbers of spins. Alleviating the limitation demands increased signal-to-noise in
NMR experiments. One option to enhance the NMR signal intensity is to raise the
nuclear polarization involved through dynamic nuclear polarization (DNP), which
transfers spin polarization from electrons to nuclei during microwave irradiation.
Mechanisms for the polarization transfer discussed in the literature are briefly described
in the second part of this chapter with an emphasis on the requirements for performing

DNP at high magnetic fields.

2.1. Solid-state magnetic resonance

Magnetic resonance spectroscopy studies spin interactions within an ensemble of
identical spins or a mixture of spin species. The total Hamiltonian for a spin system is

composed of several terms such as
H=H,+H, +H,,+H,+H,,+Hpp, (1

where H, and H, are the Zeeman interactions for electrons and nuclei, respectively, H,.

represents electron—electron interactions composed of exchange integrals and magnetic
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dipolar interactions, H,, denotes electron—nuclear (hyperfine) interactions composed of
scalar interactions and magnetic dipolar interactions, H,, represents nucleus—nucleus

interactions composed of scalar J-couplings and magnetic dipolar interactions, and Hgr

denotes the interaction between the spins and electromagnetic wave irradiation.

Table 2.1. Spin interactions for electrons (S) and nuclei (I).

Interaction Hamiltonian Note
H. =
Zeeman BBgS : g-tensor, B.: Bohr magneton, B: external magnetic field
Hee =
Scalar JSiS; J: exchange integral between electrons
Dipole S,DS, D: e-¢ dipolar tensor e y.2/r’; Ye is the electron gyromagnetic ratio
He, =
Scalar aSI a: isotropic hyperfine coupling constant
Dipole SDI D: e™-n dipole tensor «< 1 Y,/r>
H,=
Zeeman -Y.Bol Ya: gyromagnetic ratio, 6: chemical shift tensor, B: external field
Quadrupole 1QI Q: quadrupole tensor
Hy, =
Scalar JLL J: J-coupling constant between nuclei
Dipole I,DI, D: n-n dipole tensor o< Y, Yu/r"
Hgr mw) =
Oscillating field | 2m/,cos(ax+d) | ®, @y, ¢: oscillating frequency, field strength and phase, respectively

Table 2.1 lists Hamiltonian terms for common spin interactions; the details of these
terms are discussed in text books (e.g., see the reference 13 ). Most of those interactions
are proportional to the gyromagnetic ratio of the involved spin species, except for the
electron exchange integral and nuclear quadrupole interaction which originate from static
electric interactions between two charges (the former) and between the nuclear
quadrupole moment and the electric field gradient (the latter). Note that the influence of
nuclear quadrupole interaction is not presented in the NMR Hamiltonian of /=1/2 spins.
Those interactions are useful to probe molecular structures as is mentioned in the

following sections. The large difference between the gyromagnetic ratios of an electron
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and a nucleus implies a correspondingly large difference between the associated
resonance frequencies. While EPR experiments are usually performed with microwave
frequencies in the gigahertz regime, NMR is employed with radiofrequencies in the
megahertz range. Therefore, EPR and NMR spectra are usually discussed separately

despite their possible integration into a single experiment.

2.1.1. EPR spectroscopy

EPR spectroscopy utilizes microwave transmission and reception techniques as well
as control of the magnetic field, to detect perturbations of the transition energies
associated with electron spins. EPR spectra are governed by Eq. 1 with truncation of
some small Hamiltonian terms to simplify the derivation. For example, H, and H,, are
usually omitted in discussions of EPR spectra since they are smaller than the remaining
terms in an electron spin Hamiltonian and often unresolved in the typical EPR spectrum.
All spin interaction terms — including H,, H.. and H,, — are anisotropic, and their
intensities depend on the orientation of individual molecules with respect to the
laboratory frame defined by the external magnetic field, By. Expressing each of these
anisotropic Hamiltonian terms in a tensor form (Table 2.1) leads to a standard definition
of such an interaction in the principal axes frame. Subsequent transformation of the
anisotropic Hamiltonian term into the laboratory frame simply involves routine algebra.

The spin interactions are associated with molecular structures. For examples, H,
reflects the chemical environment of an individual electron spin through is g-value (the
electronic analogue of the chemical shift in NMR), H,. indicates the electron—electron

distance in a spin pair (e.g., in a biradical molecule), and H,, denotes the bonded nuclear
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species and perhaps the electron—nuclear distance. However, poor spectral resolution due
to a distribution of resonant frequencies in powder or polycrystalline samples complicates
deconvolution of each spin interaction. Brownian motion of spins may average the
anisotropic interactions to zero or an isotropic value, but this averaging is not complete
until the motion is faster than anisotropic frequencies. A slow motion complicates the
resonance lineshapes but can often be understood with stochastic models .
Simplification of an EPR spectrum by fast motions eliminates all useful structural
information carried by the anisotropic interactions but, nonetheless, can be partially
recovered from the relaxation properties associated with the narrowed lineshapes.

EPR experiments are usually conducted with continuous-wave (CW) microwave
irradiation at a low field (e.g., 9 GHz at 0.3 T). A theoretical CW EPR lineshape
associated with molecular motions in the fast- and rigid-limits is obtained from the
eigenvalues and eigenvectors of the stationary spin Hamiltonian (Eq. 1) in absence of
microwave irradiation (e.g., see the reference ]5). On the other hand, recent
implementations of 9 GHz pulsed-EPR have found wide usage in investigations of
transient electron spins and in filtering signals from different paramagnetic species with
different relaxation times. Pulse-EPR also enables measurements of electron-electron
distances in spin-labeled molecular systems ', In addition, recent improvements in high-
frequency (> 90 GHz) microwave instrumentation and switches for pulsed EPR at high
magnetic fields (> 3 T) have demonstrated significant advantages in separating signals
and simplifying spectra of paramagnetic metal ions (e.g., Mn-EPR ') because of the
dominance of the electron Zeeman interaction. The simplifications in high-field EPR

spectra facilitate measurement and deconvolution of spin interactions that are often
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essential for determining molecular structures.

2.1.2. NMR spectroscopy

The transition energies in a nuclear spin system can be perturbed and detected using
radiofrequencies (RF). Modern NMR spectroscopy relies almost exclusively on pulsed-
and Fourier-Transform techniques of time-domain signals, because nuclear relaxation
rates are usually slower than the nutation frequency of typical RF pulse strengths
(provided by a few hundred watts RF power). Explanations of NMR spectra again
involve the general Hamiltonian in Eq. 1, usually without the presence of electron spins.

Molecular structures are again probed through interactions of nuclear spins 1820 _
the isotropic and anisotropic chemical shifts distinguishing signals from various chemical
sites of a molecule. The nucleus-nucleus magnetic dipolar interaction is proportional

to r'3, where r is the distance between the coupled nuclei. Further, when any two

chemical shift or dipolar tensors are correlated, the torsion angle of three adjacent
chemical bonds can be determined. In addition, a nucleus with 7 > 1/2 interacts with the
local electric field gradient (known as quadrupole interaction), which probes the local
electronic structure and therefore the arrangement of neighboring atoms around the

nucleus.

2.1.2.1. High resolution SSNMR

Solid-state NMR (SSNMR) spectra of static samples exhibit the anisotropic
broadening effects from randomly oriented molecules in a powder sample, as all possible

interactions contribute to the resonance lineshape. Two approaches are usually utilized to
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improve the resolution of SSNMR spectra. First, if the sample forms a single crystal, the
number of orientations is reduced from infinite to a discrete number, which yields narrow

lines for each orientation. Alternatively, magic-angle-spinning (MAS) 2" #

was
developed as an effective and general approach to average anisotropic interactions of any
orientation to the projections on the axis that is tilted with respect to the external
magnetic field by 54.74°. At that angle, all anisotropic magnetic resonance Hamiltonian
terms which are second rank tensors are averaged to zero provided that the spinning
frequency is much larger than the anisotropic coupling. This is a result that can be
demonstrated theoretically using classical calculations or results from first order average-
Hamiltonian theory . The exception to this statement is the second order quadrupole

coupling which is a fourth rank tensor which requires spinning about two angles * or

multiquantum 27,28

experiments to attenuate the anisotropy.

While the spin interactions that are supposed to carry structural information are
attenuated by MAS, they can be reintroduced selectively by a series of radiofrequency
pulses whose amplitudes and phases are altered synchronously with the rotation
frequency 2 *°. Those methodologies that restore the spin interactions averaged by MAS
are known in the parlance of the trade as ‘recoupling’ techniques. Note that similar pulse
sequences can eliminate residual spin interactions not removed by the averaging effect of
MAS and are known as ‘decoupling’ techniques. The implementation of recoupling and
decoupling sequences in MAS experiments is essential for solving molecular structures
using SSNMR. In particular recoupling experiments are used to perform spectral

assignments and to measure distance and torsion angles in MAS spectra, and the

efficiency of decoupling determines the spectral resolution involved.

22



2.1.2.2. Improvement of NMR Sensitivity

The sensitivity of NMR experiments is determined by intrinsic nuclear polarization
and extrinsic detection limits of probes and receiver circuits. NMR signals arise from the
polarization of nuclear spins defined as the population difference between the up and
down quantum states involved in an /=1/2 NMR transition. For the two spin-states split

by an external magnetic field By, the polarization in a thermal equilibrium is defined as

- YBo y _ exry(— JnBo
ng —ng _ SXPliT) —eXp(—2p7)

’YnBO
2T

B

) +exp(— Y.Bo ) ,

-— + -
ng +ny exp( 2k,T

where ng~ and ng* are populations of down and up states at thermal equilibrium, ¥, is the
gyromagnetic ratio of the nucleus, T is the temperature, and kp is the Boltzmann constant.
It is obvious that lower T and higher By lead to larger P, which saturates at 100% below
~1 K at 5 T. However, for proton spins at 21 T (900 MHz NMR) and 300 K, the thermal
equilibrium polarization is only 7x107.

Increases in magnetic field strengths increase the polarization of nuclear spins, and,
over the last ~60 years, operating frequencies and polarizations have increased by almost
two orders of magnitude. Moreover, as frequencies increase the NMR signals in the
spectra show improved signal-to-noise ratio (S/N). In addition, there have been other
improvements in instrumentation such as indirect detection of low-y nuclei *!, which is
widely used in liquid state NMR, and in the last few years cryogenic probes that show
sensitivity gains of 2-4 times have become commercially available. Third, it has become
very common to perform isotopic enrichment of rare nuclear spins, such as °C, >N and

70 which are biologically relevant and NMR active. In the solid state, indirect detection
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of low-y nuclei *2 is less effective since the larger dipolar interactions associated with the
high-y nuclei such as 'H dominate the spectra.. Nevertheless, transferring polarization
from a high-y nucleus to low-y nuclei in solids is used routinely and is well know as
‘cross-polarization’ (CP). Benefits of low-y NMR from the CP-MAS methodology
include narrower NMR peaks with larger intensities and a faster rate of acquisition that is
defined by the more rapid spin-lattice relaxation of the high-y nucleus.

In addition to the approaches to sensitivity enhancement mentioned above, the last
few years has witnessed the development of several more exotic methods to enhanced
polarization of the nuclear spins, including optical pumping, para-hydrogen induced
hyper polarization, the Haupt effect and dynamic nuclear polarization. Optical pumping
experiments transfer polarization from photons in circularly polarized light to electrons
and then to nuclei *>. Applications of these experiments have involved studies of
semiconductors (e.g., GaAs quantum wells or layers ** and InP semiconductors **) and in
productions of hyper-polarized noble gases (e.g. He *, ¥Kr *" % and "®Xe * through
optically pumped rubidium vapors). Several tens of percent (compared to typical tens of
parts-per-millions) of nuclear polarization can be achieved with optical pumping. The
polarized 12X e absorbents can further polarize surface nuclei through the SPINOE (spin
polarization induced nuclear Overhauser effect) 40 or the CP mechanisms. Recently, a
biosensor containing hyperpolarized '**Xe has been developed and some applications
discussed *"" *>. However, despite the success in producing highly polarized gases, it has
proved difficult to transfer, in a generally applicable manner, the polarization of the gas to
a solute or solvent that is of chemical or physical interest.

Polarization of proton spins is also possible with enriched para-hydrogen (p-H>).
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Recall that p-H, has a product spin-state that is asymmetric with respect to exchange and
occupies the symmetric rotational states obeying the exchange symmetry of a fermion.
Since the lowest rotational state is symmetric, the p-H, becomes its only occupant and
thermodynamically favored at low temperatures (99.99% at 15 K) over the ortho-
hydrogen (0-H3), which has one of the three remaining symmetric exchange product spin-
states. o-H, and the p-H, are populated in a 3:1 ratio at a room temperature, and
conversion between them at a low temperature is catalyzed by a charcoal or a transition-
metal complex “ The p-H, has a long life time (years) at room temperature; and transfer
of high polarization from hydrogen atoms to interesting molecules is feasible via
catalyzed chemical reactions, leading to signal enhancements of related NMR spectra “,
Again, however, this approach has not found wide applicability to date since the number
of chemical systems to which it is applicable is limited.

A significant gain of nuclear polarization can be obtained from the Haupt effect, in
which the proton dipolar order is aligned via the relaxation between rotational states with
different nuclear spin product states. The methyl-group rotor is ubiquitous in all
demonstrations of such an effect, and the temperature jump between liquid helium
temperature (4.2 K) and about 50 K is found to optimize the gain of nuclear polarization.
Although the direction of temperature jump is arbitrary, a sudden temperature increase
from 42 K to 50 K is empirically easier. In this field-independent process, an
enhancement of ~50 has been measured at 50 K and 5 T **’. The Haupt effect works
best with a methyl group with a low barrier to rotation such as found in y-picoline.

As we will see below, microwave driven dynamic nuclear polarization (DNP) is

considerably more general in its applicability for normal sample compositions and
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experimental conditions than the three approaches for producing enhanced nuclear
polarization mentioned above. The following sections provide an in-depth description on
a number of pathways leading to DNP with doped paramagnetic species as the source of
electron polarization in normal diamagnetic samples. Moreover, the requirements for

high-field DNP applications are discussed.

2.2. Dynamic Nuclear Polarization

DNP transfers the larger spin polarization from electrons to nuclei, leading to an
enhancement of nuclear polarization, which is maximally Yo/, (e.g., ~660 for 'H). This
polarization transfer relies on an electron—nuclear mutual spin-flip which was first
predicted by Overhauser “8 in 1953 as a result of cross relaxation due to time-dependent
electron—nuclear scalar interactions of conducting electrons. Carver and Slichter
experimentally verified the Overhauser effect in lithium metals demonstrating enhanced
intensities of °Li NMR signals », Abragam introduced the time-dependent
electron—nuclear dipolar interaction from molecular motions into the theory of the
Overhauser effect, illustrating experimental enhancements of nuclear polarization with an
inversed sign compared to the effect of scalar interactions. Furthermore, he proposed and
proved another DNP mechanism operative with time-independent electron—nuclear
interactions, the solid state effect 0 Since this early work in the 1950’s, theories
describing DNP in solids have evolved, and two other DNP mechanisms known as the

cross effect >'>°

and thermal mixing *® were discovered and confirmed experimentally.
Applications of DNP initially involved studies of nuclear magnetic ordering 0 and
production of polarized targets 57 for particle scattering physics. These experiments
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generated high nuclear polarizations (>90 %) through a long polarizing time (>1 hr) at a
very low temperature (<1 K) and a low field (< 1 T). In the 1980’s and early 90’s the
integration of DNP and contemporary high resolution solid state NMR experiments were
explored by Wind and Yannoni; specifically, DNP was combined with MAS to obtain
sensitivity enhanced high resolution spectra of polymers and carbonaceous materials >*
% Significant signal enhancements were observed in polymers doped with free radicals,
and coals or diamonds containing endogenous unpaired electrons at a magnetic field near
1.4 T (40 GHz EPR and 60 MHz '"H NMR). Schaefer ef al. implemented similar DNP
techniques to study the interface between two polymer layers ®>¢'. However, all of these
efforts were limited to '"H NMR frequencies of < 60 MHz, and were therefore more of a
curiosity than of real practical utility. In particular, NMR in the late 20" and 21 century
was usually performed at 'H frequencies >400 MHz. Higher-field DNP experiments
required stable microwave sources operating in the 100-600 GHz frequency regime.
Accordingly, in 1993 Griffin er al. published the initial DNP results using cyclotron
electron resonance masers (gyrotrons) as microwave sources in experiments at a
magnetic field of 5 T. Successful applications of DNP to SSNMR of biological systems
have subsequently been demonstrated and now become routine at 5 and 9 T * &,
Development of the instrumentation for experiments at 460 GHz (700 MHz for 'H NMR)

and above is in progress.
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2.2.1. DNP mechanisms

Table 2.2. Sources of electron polarization and corresponding DNP mechanisms (from reference 2).

Source of unpaired Life time Spin Polarizing mechanism Instrumental
electrons polarization _ requirement
Conducting electron * Permanent | Boltzmann Overhauser effect > Microwaves
Metal ions * Solid effect **
Defects Cross effect > ¢’
Paramagnetic impurity % Thermal mixing >
NOVEL
ISE
DSSE®
Radicals in reaction Short Non- Cross relaxation none
boltzmann Triplet-singlet mixing
CIDNP & 0
Photo excited triplet Short Non- Cross relaxation Laser
boltzmann | Triplet-singlet mixing """
Three-spin mixing "
Photo excited triplet Medium | Non- MI-ONP 7+ Laser,
boltzmann | ISE”"™ Microwaves
NOVEL *-#
Spin injection 52,83 Short Non- Cross relaxation none
boltzmann

Mechanisms for polarization transfers from electrons to nuclei can be first
distinguished by the source of electron spin polarization and then by the mechanism
operating to transfer electron polarization to nuclear spins. Specifically, the unpaired
electrons that provide spin polarization for DNP can be transient or permanent (Table
2.2). Transient electron spins are generated from chemical reaction, optical excitation or
spintronic injection, generating a non-Boltzmann distribution of spin states and thus
potentially leading to a significant enhancement of nuclear polarization. DNP
experiments relying on transient electron spins also requires electron-nucleus ‘cross
relaxation’ due to molecular motion , relaxation of excited states, or ‘three-spin-mixing’
due to level crossing achieved through the generation of transient electron spins.
Microwave irradiation is usually not part of DNP experiments with transient unpaired

electrons, because the spin polarization is prepared at a non-thermal equilibrium.
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Nonetheless, long-lived excited triplet states do allow for microwave irradiation to
transfer spin polarization through effects such as MI-ONP (Microwave Induced Optical
Nuclear Polarization), NOVEL (Nuclear Orientation via Electron spin-Locking) and ISE
(Integrated Solid Effect). Applications of DNP using transient electron spins are limited
by the special conditions of the spin polarization of precursors and by the potential
damage to samples by highly excited molecules.

Permanent unpaired electrons are found in conductors and dielectrics with defects,
metal ions or free radicals and their spin polarization is described by the thermal
equilibrium Boltzmann distribution. To drive DNP with endogenous or exogenous
unpaired electrons, microwave irradiation near the electron Larmor frequency is required
for perturbing the thermal equilibrium spin polarization. Further, some stable radicals are
compatibility with biological systems, the associated polarizing mechanisms driven by

microwave excitation are of our considerable interest and summarized in Table 2.3.

Table 2.3. DNP mechanisms characterized by reference frameworks (from reference 2).

Electronic Frame | Nuclear Frame | Polarizing mechanisms

Laboratory Laboratory Overhauser effect

Solid effect

Cross effect

Thermal mixing

Laboratory Rotating Thermal mixing or solid effect to the nuclear rotating frame “
Rotating Laboratory Nuclear orientation via electron spin-lock (NOVEL)
Integrated solid effect (ISE)

Dressed state solid effect (DSSE)
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2.2.1.1. Polarizing mechanisms in rotating frames

The polarization transfer may occur in either the laboratory frame or the rotating
frame with respect to the participating electrons and nuclei (Table 2.3). For the DNP
experiment in the electron rotating frame and the nuclear laboratory frame, the frequency
matching condition analogous to the Hartmann-Hahn condition (for effective polarization

exchange between high- and low-y nuclei in SSNMR) ¥ is accomplished by

YeBie =YnBo> (2)

where By is the external magnetic field, B, is the microwave field at the EPR frequency,
and Y. and Y, are the electron and nuclear gyromagnetic ratios, respectively. When the
effective frequencies, in each appropriate frame of reference, of the electron and nuclear
spins are equal, the nonsecular terms of the dipolar coupling between the two spins
induce energy-conserving electron—nuclear flip-flop transitions that lead to the
polarization transfer. The standard experiment for this type of mechanism is known as
NOVEL ®, which contains a /2 microwaves pulse followed by a long spin-locking pulse
with a 90° phase shift. Due to the narrow bandwidth of electron spin-locking, the optimal
performance of NOVEL is restricted to crystalline systems where the EPR linewidth is
narrow.

While Hartmann-Hahn polarization transfer in the nuclear laboratory frame was
accomplished at low magnetic fields, its high-field applications would prove difficult
since microwave field strengths are generally insufficient to match y,Bp in Eq. 2.
Specifically, NOVEL experiments at 5 T (212 MHz 'H NMR, 140 GHz EPR) would

require generation of microwave field strength of 212 MHz. With present technology it is
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possible to produce fields of only ~10 MHz. As an alternative to NOVEL, the integrated
solid effect (ISE) 8 employs an adiabatic passage through the Hartmann-Hahn condition
by rapidly sweeping either the external field strength or the microwave frequency. The
effective electron frequency in the matching condition of ISE is a geometric average of
the microwave field strength and the frequency offset. Thus, the ISE may be more
feasible for applications at high magnetic fields.

Although the Hartmann-Hahn polarization transfer in both electron and nuclear
rotating frames is in principle possible, there is to date no experimental demonstration of
enhanced nuclear polarization with this method. One of the main obstacles to the
implementation is the large mismatch between the electron and nuclear gyromagnetic

ratios. Matching the Hartmann-Hahn condition (with the RF field strength B,,),

'YeBle = 'YnBln >

requires an extremely weak microwave field strength to satisfy the matching condition
even with the strongest RF field strength available. Such a weak microwave field
compromises the spin-locking efficiency and introduces offset effects that attenuate the
polarization transfer. Methods that induce a weak effective field for electron spin-lock
using a strong microwave field have been suggested to circumvent this problem but await
experimental verification.

Hartmann-Hahn methods rely on the first order electron—nucleus dipolar interaction,
and thereby make the polarization transfer efficient in comparison to CW irradiation
methods where the second order effect of spin-spin interaction is utilized. However,

technical requirements have made Hartmann-Hahn methods difficult at high magnetic
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fields (5 and 9 T in our laboratory). Moreover, the typical broad EPR linewidth and short
dephasing time of electron spins impose limitations on the spin-locking, undermining the
feasibility of pulsed DNP schemes.

In the absence of satisfying the Hartmann-Hahn condition, the frequency offset of
the CW irradiation is exploited to achieve energy conservation for the polarization
transfer. Although this class of DNP mechanisms is typically explained on the basis of the
electron and nuclear Larmor frequencies, the high-frequency oscillating field can redefine
the effective energy associated with the spin polarization in a rotating frame. Thus, to
match the microwave field strength for the electrons with the radiofrequency (RF) offset
for nuclei, the dressed state solid effect (DSSE) ** experiment utilizes off-resonant RF
irradiation around the NMR frequency during the electron spin-locking. In this
experiment, the decay of electron transverse magnetization was demonstrated, but
measurements of the enhanced nuclear polarization were not attempted. Similar idea has
been implemented in the experiment — DNP in the nuclear rotating frame — which
exchanges spin polarization between spin-locked nuclei by RF irradiation and irradiated
electrons by microwaves .

It is important to mention the role of nuclear spin diffusion in DNP processes. As
low concentrations of electrons are preferred in NMR samples, polarizing the bulk nuclei,
which are of interest of the NMR experiment, cannot be completed without nuclear spin
diffusion. The secular and nonsecular zero quantum terms of homonuclear dipolar
interaction control nuclear spin diffusion in the rotating frame and the laboratory frame,

respectively. Nuclear spin diffusion in rotating or laboratory frames competes with T}, or

T, relaxation, respectively, when spreading the enhanced nuclear polarization throughout
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bulk nuclei. Since T; > T1p, homonuclear spin diffusion can carry the enhanced nuclear
polarization to longer distances as opposed to the spin diffusion in rotating frames.
Therefore, minimizing the electron concentration without attenuating the DNP
enhancements is more feasible using polarizing mechanisms in nuclear laboratory frames
than in nuclear rotating frames. In addition, the electron T needs to be short in order to
restore the equilibrium electron polarization for multiple polarization transfers from each
paramagnetic center to many nuclei. The DNP experiments in this thesis are perform in
the laboratory frame for both the electrons and the nuclei, relying on polarizing

mechanisms that require only CW microwave irradiation.

2.2.1.2. Polarizing mechanisms in the laboratory frame

Polarizing mechanisms in the laboratory frame for both electrons and nuclei involve
CW microwave irradiation and are explained on the basis of spin Hamiltonian truncated

from Eq. 1 as

Ne . . N" .
H=Y o,S;+w,Y I,+H,+H,, +H,, (3)
i i

with

(02 = giBeBO/h and ®©, =-Y,By,

which are defined in Table 2.1. In DNP processes, the electron-nuclear interactions H.,, in

Eq. 3 are essential, which contain 13

__ gyiso aniso
H en — H en +H en 4
with
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Depending on the time-dependence of H,,, polarizing mechanisms discussed in the
literature include the Overhauser effect (OE), the solid effect (SE), the cross effect (CE)
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and thermal mixing (TM) as are summarized in the reviews by Wind et al. °* and by

Atsarkin *". In the following we provide a general description of those mechanisms.

The Overhauser Effect

The OE originates from polarization transfers between one electron and one nucleus,

when H., is stochastic with a correlation time T, < 1/®,, where @, is the electron Larmor
frequency. First, for simplicity, we consider only H%° (Eq. 4) which according to

relaxation theories leads to Wy (Figure 2.1) as

WO=—<a H>J(»,,7,.),
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where J(,T) is the spectral density function for the resonance frequency ® and the
correlation time T.

The influence of Wy tends to keep the coupled spin-states (i.e., 11> and 4> in Figure
2.1) at a thermal equilibrium, resulting in

LNy =~Wo(Ny — N{)+ Wy (N4~ N3), 6

4 Na=Wo(N; = ND)=Wo(Ny = N),
where the N; and N are the populations of states at some time and at thermal
equilibrium, respectively. Following the state-populations, the Zeeman polarization for
the electron and the nucleus, p. and p,, can be defined as

p. = Ni+N,—-N3-N,
¢ Ny+N,+N3+N,’

Pr N AN, NS+ N,

Q)

The time dependence of p, and p, due to W is (note that the sum of state-populations is

constant)
L(Ny-N))  2Wy(N;—~N° =N, +N?
Ly = d 4 1 _2Wo(N; -Ny =Ny + 4)’
dt™" Ny +Ny+N;+N, Ny+Ny+N;+N, ®
4, = G-y _ 2Wo(Ny—N§— Ny +NY)
dl e .

" Ny+Ny+N3+N, Ni+N,+N3+N,
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Figure 2.1. Illustration of an electron-nucleus two spin system,
showing possible relaxation pathways due to time-dependent H,,.

Replacing the state-populations in Eq. 8 with spin polarization in Eq. 7, we obtain

4 p, =-Wy(p,— Pe) +Wo(pY - p?),
g?pe =Wo(pn _pe)_WO(pr(t) _Pg)’

which should be corrected for the condition that N,/N, > 1. Using the assumption that all
nuclei can interact efficiently with at least one electron through molecular collisions, the

correction for unequal numbers of electrons and nuclei yields

d . “0 ' ”0 0 0
dt I'n Cn Pn~ Pe Cn n ~ Pe

4 p, =Wo(p, - P.)-Wo(py — P,

&)

where C,=N,/N,. With the definition of the intrinsic nuclear T; relaxation rate,

W, =1/T,,”, the electron T, relaxation rate, W,=1/T},, and the microwave excited

transition rate, W =7t'y§Blzg((o—(oe), we extend the equation of motion in Eq. 9 to the
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practical formula

W, W,

4 p,===2(p, —p)+=L(py - P)-W; (P, — PY), (10)
Cy Cn

gt'pe =W0(pn_pe)_WO(p2_p2)_Wpe —We(pe_pg)- (an

The steady-state of electron polarization is attained rapidly and becomes (dp./dt = 0 in

Eq. 11)

o = Wo(Pa = Pa)+ P Wy +We)

12
¢ Wy +W +W, (12)
Substituting p,’in Eq. 12 for p. in Eq. 10, we obtain
d . WW+WW, + W W,C, +W,WC, +W,W,C, 0
dr Pn= (P n— Pn )
C,(Wy+W+W,) (13)
WoW 0
- De.
C,Wy+W+W,)
Here we define the enhancement factor as
.0
g=fnPn (14)
Pn

and we find that Eq. 13 can be rewritten as

dg o WW+WoW, + WaWoCp + WaWC,y + WaW,C WoW P

dr C,(Wo+W +W,) T C,Wy +W+W,) p0

As the enhanced nuclear polarization grows, the steady-state enhancement € and the
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growth time constant Tpyp are

" ~— o P (15)
WoW +WoW, +WW,C,, +WIWC, + W W,C, p’
and
C,Wy+W+W,)
Tpnp = il (16)

WoW +WoW, + W W,C,, + WIWC, +W W,C,

Assuming W,"WyC, in Eq. 16 is much smaller than the remaining terms, we obtain (with

the high-temperature approximation)

8°° - w WO Ye
W+W, Wy +W*C, Vn

which is positive for Y. < 0 and ¥, > 0. The saturation factor W/(W+W,) and the leakage
factor Wo/(Wo+W,"C,) describe how microwave excitation and electron-nuclear cross-
relaxation compete with electron and nuclear T, relaxation, respectively, in the DNP
processes.

Full consideration of the OE should include the anisotropic hyperfine interaction

term H f,fiso (£) (Eq. 6) which leads to several relaxation pathways which are denoted

(after averaging the coefficients over the 8;; and ¢ in a solid angle) by 13

/% =2L0d;J((oe,*cc) for l1> 4>, a7
WP =765d5-](03e,1c) for 12>13>, (18)
Wi =2d;J(®,,1,) forll>-I2>and B>-K>. 19
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Among the electron-nuclear cross-relaxation pathways (Figure 2.1) due to the stochastic

electron-nuclear dipolar interaction, the influence of WOD is similar to Wy. However,

WZD acts differently as it connects 12> and 3> and leads to

4N, =-W (N, ~N3)+W,> (N3~ N3),
L Ny =W, (Ny— N3)-W (N3 - N3).

According to the definitions of spin polarizations in Eq. 7, we find WZD affects p. and p,

according to

wP wP
2 (p, +p.)+——(pd +p2),
Cp C, (20)

L p, =W (py + )+ W5 (p) + p2),

d —
Epn ==

where C,=N,/N, for the correction due to the unequal numbers of electrons and nuclei.
Moreover, the electron-nuclear dipolar interaction induces paramagnetic nuclear T

relaxation in a rate of W,°. The influence of W,° on state-populations appears
LNy =—1Ws (N, - ND)+ LW (v, - N3),
LN, =W (N - N))-LWi (N, -NY),
SN == W (N3 = N3)+ W, (Ny = NJ),

LNy =3W (N3 = N3)=2Wi (N, - ND),

which lead to the time-dependences of p, and p, due to W,° as
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n

C

n

g{pn=_ (pn—pg)’

"%Pe =0.

In consideration of electron and nuclear 77 relaxation, scalar cross-relaxation and

microwave excitation, the overall equations of motion for p, and p, are

Wy + Wy Wy + WP
d , __WotWo _ otWo . 0_ 0
wPn= C. (Pp—P)+ C. (pn—p.)
Wy WY o o
- +p.)+ + 21
c. (Pn+Pe) C. (Pn +Pe) 21)
We
_(an+Cn )(pn—pl(l))9
L e =Wo+We*)pn— pe)—Wo+ Wy )Xpp — p2)
—WP (P + )+ W5 (po +p) (22)

~Wp, -W,(p, - p2).

Although we can solve Egs. 21 and 23 without any assumption, the approximate
solutions to p, and p. can be obtained by assuming that W and W, dominate in Eq. 23 and
letting p, reach a steady state before a significant buildup of enhanced nuclear

polarization. This leads to

(23)

which is used to replace p,. in Eq. 21 to yield
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4. _(WO +W +WP +we
dt Pn= C

n
_WW0+WW0D -wwP
C,W+Ww,) T¢

+an)(Pn - pg)
(24)

In Eq. 24, the microwave irradiation excites allowed EPR transitions and affects the
quasi-equilibrium electron polarization as well as the steady-state nuclear polarization.
However, the microwave excitation rate W does not affect the buildup rate of nuclear
polarization, since the rate-determining step of polarization transfer is the electron-
nuclear cross relaxation. As the enhancement factor is defined in Eq. 14, its time-

dependence is obtained from Eq. 24 as

dgo ot W +WP + Wi+ CW Wy +WW —WWY pl
dr C, C,W+WwW,) P,?

from which the steady-state enhancement €* (with the high-temperature approximation)

and growth time constant Tpyp are

= Wo +Wo ~Wy W
€ == D D o x o’ (25)
Wo+Wy +Wy +WE+C WS W+W, v,
and
Tronp = Cn
PN W + WP + WP + W +C WF

In the absence of the scalar hyperfine interaction (W, = 0), the assumption that W," is

much smaller than the remaining relaxation rates and taht W >> W, simplify Eq. 25 to

- WO WP 7,
wE +wP +we v,

€
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With motional narrowing (®.T. << 1), or J(®,,T;) = 1, we recall Egs. 17, 18 and 20 and

summarize that

Wo -Wy 1
we +wpP +we

Therefore, the steady-state nuclear enhancement becomes

e™ zlk ,
2 Yn
which is compared to €° = —Y/Y, as a result of the pure scalar electron-nuclear
interaction.
The Solid Effect

The SE occurs between one electron and one nucleus, when the electron-nuclear

interaction He, is time-independent. The semisecular terms of H ™% (S,I* and S,I") lead

to level-mixing which results in perturbed spin-states, 11’>=l1>+gI2>, 12’>=12>—¢l1>,
13°>=I3>—¢l4> and 14’>=l4>+qI3> as are shown in Figure 2.2. The mixing factor q is a
perturbation of the electron—nuclear interaction and is

__3%Y.Yah 1

3
4 ®,, ry

sin@;; cos Oije_i% : (26)

The state-mixing allows microwave irradiation (Hy = 2S5, in the rotating frame) to

excite the forbidden transitions. In this circumstance, the transition moments are
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(VH 3 [4) = 1]+ a(2DHyr (4) +q[3) = a((2|H 3a|4)+ (1| [3) = 2900,
(21#[3) = (2~ a{tpHur (3) - gl 4) =~a((2|Hp |4) +(1|H e |3) = 290,

which account for the probability of electron-nuclear flip-flop transitions.

|mgmy)
1
2+ 3 3) V‘V 0= -3
43 3 ; 13)=[-3-3)

Figure 2.2. Illustration of an electron-nuclear two spin system
showing forbidden transitions for the solid effect.

The transition rates W, (Figure 2.2) are maximized at microwave frequencies ®, + ®, and

are expressed as

W, =2nlgl ofg(w, +®, - ). 27)
The influence of W, on the populations of states is

LN, =-W,N, +W,N3,

LNy =W,N,-W,N;,

LN, =-W_N; +W_N,,
' LN,y =W_N;-W_N,.

According to the definition of p. and p, in Eq. 7, we find the influence of W, on the
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electron and nuclear polarizations is (under a constant sum of state-populations)

i G (Na+Ny—N,—Ny) _ —2W, (N —N3)+2W_(N; - N,)

ar P Ny+N,+N5+N, Ny+N,+N5+N,

£

d _%(N1+N2_N3—N4)=-—2W+(N2—-N3)—2W_(N1_N4)

aPe =N TIN, v N5+ N, Ny +N,+ N3+ N,

?

which can be simplified to

%Pn =W, (p, +pe)_W—(pn = Pe);
4 p,=-W,(p,+p.)+W_(p,—P.),

and further be corrected for the condition of N,/N, > 1 as (with C, = N,/N,)

W W
d _ -
Et'pn —_C: (pn +pe)_ Cn (pn —pe)’ (28)
%pe =W, (pn+P)+W_(Pr - pe)- (29

In addition to the intrinsic nuclear T; relaxation (denoted by W," = 1/T},"), there exists
paramagnetic nuclear relaxation (denoted by W,°) due to the electron-nuclear dipolar
interaction, and when H,, is time-independent, the paramagnetic nuclear relaxation could

be driven by electron spin-lattice relaxation T, as

2
@, T;,

W =4lql? .
" 1+ @2T;2

Considering the intrinsic and paramagnetic nuclear T)-relaxation and the electron T)-

relaxation (denoted by W, = 1/T}.), we rewrite Eqs. 28 and 29 to be
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w. W_ we
dr Pn =—€_(pn +pe)_E—(pn —pe)"'(an + Cn )(pn —p2)$ (30)
n n n

dtpe=_W+(pn+pe)+W—-(pn—pe)_We(pe_pg)' 3n

In the SE, W, and W_ are usually much smaller than W,. Thus, the W, dominates the other

terms and leads to a steady-state of electron polarization (see Eq. 31) as

pe = pe
which is used to replace p, in Eq. 30 to yield

W, +W_+W? we W_-Ww
4P =AW py + W ) p) 4=l
n n

n

With the definition of the enhancement factor in Eq. 14, we obtain

W, +W_+W; +Wx)e_wpnw_ LARA p?
n

d
— 8 ~ — .
ar® = C, C C, p°

n

Subsequently, the steady-state nuclear enhancement € (with the high-temperature

approximation) and the growth time constant Tpyp are

e -W, -W_ .\ A Y.
W, +W_+WS+C WS W, +W_+WS+CW 7V,

and

Gy
W, +W_+W,; +C,W;F

TpNp =

To clearly resolve the SE, it is required that the EPR linewidth be smaller than the
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nuclear Larmor frequency (8 < @,). Under this condition, W, and W_ can be separately
excited at different microwave frequencies. For example, the condition that ® = @+,
drives W_, and thereby, the steady-state enhancement is

o _W— + W— ’Ye
W_+We+C W W_+WE+CWr Y,

€

which yields a negative nuclear enhancement as ¥, < 0 and ¥, > 0. In addition, the

associated growth time constant is

Gy
W_+W; +C W,

Tpnp =

The Cross Effect

The CE was first proposed by Kessenikh and Manenkov >*

, involving two types of
electron spins, Sy and S, the Larmor frequencies of which, @.; and @, satisfy the

relation ¢ (Figure 2.3)

A12 = (Del “(Dez = i(.!)n. (32)

The cross effect occurs as a result of simultaneous operation of He. and He,. The
elementary event in this process is the simultaneous spin flip of all these spins, S;, S; and
I, which tends to reach the equality of the polarization of each spin as (assuming A; =

+@y, and ¥,>0)

Pn=%(p,—P,)-
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Figure 2.3. Illustration of the cross effect with two EPR lines at wel and
;. The polarization transfer is illustrated as the dash lines to the coupled
nucleus (dot). Microwave irradiation at ®,; drives not only the solid effect
with respect to €, but the cross effect involving both €, and e,.

In an example that ®.;—@;=W,, microwave irradiation at wy=0; leads to p,;=0 and lets

P» approach —p.,. For details, when Eq. 32 is satisfied, the transition probability for the

CEis
Wi (Arp) ~1 g Wep (A2 £ @,),
where the state-mixing factor lgl’ is on the same scale as was defined in Eq. 27 and
Wer (A1 £0,) =< T, g (Ap £0,)

Using the previous example in which Aj;=, and wy=w0;;, we obtain
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g}'pel =_W—(pel ~Pert pn)_Wpe] _We(pel _Pg])’
;jd?peZ =W—(pe1 _Pe2+Pn)_We(pe2_p32), (33)

W_ we
':il—,pn =_‘E'"(pel ~ Pe2 +pn)—(an + Cn )(pn —P,(,))-
n n

To solve Eq. 33, p. and p.; are assumed to reach a steady state rapidly and W.. is assumed

to be much less than W and W.,. Thus, we obtain (defining peOE pe1°= pezo)

W+W, (34)

Substituting p;; and p,; (Eq. 34) for p. and p., (Eq. 33), the equation of motion for the

nuclear polarization becomes

W_+W, x, 0, W_ W o
4 ~ +W. ) p, +(W, W .
= C, )P+ )p C, W+W, Pe

(35)

According to the definition of € in Eq. 14, we obtain (from Eq. 35)

e
dpn AW e W W W p
4 Cn C C W+We pn

d

Thus the steady-state DNP enhancement, €™, and growth time constant Tpyp are

o —W-- W— W Ye
W_+W,f+C,,W" W_+We+C WX W+W, v,

and
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C

n

W_+We+C W

Tpne =

Thermal Mixing

When an EPR spectrum is homogeneously broadened, the electron spin system can
be decomposed into two thermodynamic reservoirs: the electron Zeeman reservoir (EZ)
and the spin-spin dipolar reservoir (SS), which are characterized by the spin temperatures
Tgz and Tss (Figure 2.4), respectively 8 While the energy of the EZ reservoir defines the
EPR frequency, the energy of SS accounts for the broadening of the associated EPR
spectrum. At thermal equilibrium, Tz and Tss are equal to 77, the lattice temperature. The
polarization of a thermodynamic system is understood to be proportional to the reciprocal

of the spin temperature times the transition energy. For example, the polarization of EZ is

_1 o
2kTg;

Pe =

During microwave irradiation, the Provotorov’s theory (summarized in the reference

%6y describes the interaction between EZ and SS as:

4 p, =-W(p,-1BA)-W,(p, - pJ), (36)
2A

%B=W;D-2—(pe -1BA)-Wp(B-B), 37)
L

where W = n‘nylz g(A), A=om-0, B=%/(kTgs) corresponding to the polarization of SS,

RO =h/(kT,), w} =Tr(H})/Tr(S2), where H; is part of spin Hamiltonian responsible

for the broadening of the EPR line, W, is electron spin-lattice relaxation rate for EZ, and

Wp is the relaxation rate for SS.
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Figure 2.4. (a) An illustration of possible heat reservoirs in a spin system with
electrons and nuclei. (b) The influence of microwave irradiation on EZ and SS.
Spin temperatures are proportional to slopes of dash lines. Microwave irradiation at
lower off-resonance frequencies cool the spin temperature of SS.

The steady-state solutions of p, and B are (note that in Eq. 37, p.’= —~0,3%2)

2
polw, +w _A_Z__A
oo amL 0)3

Pe =

(38)

2

2 H]
W, +W A
a(DL

20 |y _w @[ & A
. o, ° Alaw? o,
™ = 2 , (39)
W, +W) —5-+1
a(‘)L

where a=Wp/W,. Usually, we encounter the situation that — << — unless A is close

we a®w L

to 0 on condition of on-resonance microwave irradiation. In addition, with strong

microwave irradiation (W >> W,), we simplify Eq. 39 to be
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ng 2 - O)eBO 2
oo aﬁ)L _ a(DL
B~ —— =02 (40)
Sl o+l
a(DL aO)L

Eq. 40 indicates that microwave irradiation can enhance P (proportional to the

polarization of SS), resulting in a positive enhancement, when A < 0, and a negative

)I/2

enhancement, when A > 0. The value of B* becomes optimal, when A = + (a(x)l_2 , and is

) _ Bome

given by ¥+ —————.
% ami )72

The contact of the nuclear Zeeman system (NZ) with the EPR broadening system

(SS) gives rise to enhancements of nuclear polarization. The polarization transfer

involved is described as

W,
'ad?pn =—__C%D_(pn _%ﬁmn) ’
n

where C, = N,/N,, and

oo

[e(@g(0-0,)do
21

TS g(0)

(41)

Wop = 4lfIzj|

Eq. 41 implies that delocalized electron pairs are involved in TM, unlike a specific
electron pair in the CE.
In fact, microwave-driven forbidden transitions are still possible under a broadened

EPR lineshape. These forbidden transitions, analogous to those in the solid effect, involve
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NZ, EZ and SS. For example, with microwave excitation at a frequency Wy, an energy
quantum of @, is absorbed by EZ, an energy quantum of @, is absorbed by NZ, and then
the remaining @y—(0e+0,) is transferred to SS. This process refers to the forbidden

transition W' in the following complete equation of motion for a buildup of nuclear

polarization as

W
4 p,=——"L(p,-1pw,)

Cy
w -
+ C (Pn— P —3B(0, —A))—vg (Pn + Pe —5B(@, +4)) 42)

- +W, )P~ P2)-
In Eq. 42, W depicts that an energy quantum of @, is absorbed by EZ, an energy
quantum of @, is emitted by NZ, and the remaining —(0.—®,) is transferred to SS.
Note a change of the sign of A in Eq. 42 reflects the overall absorption of wy by the EZ
system.
Substituting p.” and B~ (Eqs. 38 and 39) for p. and p (Eq. 42), we obtain (omitting

A/®, and assuming W, << WA/ (aw;?))

—WY+W ™ +W,, +W° we
L =~ mD R W) P+ (24 W) D))
C, C,
(Wap =W W WA WAW? 1 0 43)
Cn am%‘ Cn e A2 pe.
W, +W| —+1
a(OL

According to the definition of enhancement factor in Eq. 14, we transform Eq. 43 to
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_wt - e + _w— _
dis:z—( W' +W™ +W,, +W, +W,,")e+(W w W,,D)
! C
n n
' + - - + 0
+ Wop W +W Wo,A W +W W 1 Pe
C w? C ¢ 2 0’
" oL " W, +w| 2| P
awy

which implies the steady-state enhancement € (with a high-temperature approximation)

and time constant Tpyp as

e - Wr-W~-W,,
—WH W AW, +WE+C W
A
W =W, + (W + W W) o
N an; Ye
+ X A2 Yn ,
(W*+W™ +W,p + W, +C, W, W, +W| —+1
aCOL
and
C
Tpnp = -

—WH AW AW +WE+C WK

2.2.2. Requirements for DNP at high magnetic fields

Successful DNP experiments at high fields rely on efficient polarizing mechanisms.
High magnetic fields limit the utility of the OE, because it is difficult to satisfy the
condition ®.T. << 1, since T is a characteristic of the sample and . increases with
increasing fields. Thus, polarizing mechanisms for high-field DNP are primarily the SE,
the CE and TM, which are based on time-independent electron—nuclear interactions that

are present in solid dielectrics. However, high magnetic fields still pose a challenge for
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these polarizing mechanisms. For example, the SE relies on transitions due to a second
order mixing of the electron—nuclear interactions, and therefore the SE enhancements
scale as By, where By is the external magnetic field. In contrast the CE and TM rely on
satisfying the frequency matching (®e;—@.1=w,) and therefore the enhancement of these
two polarizing mechanisms has a By dependence. Therefore, the CE and TM are more
efficient at high-field.

Performing DNP experiments at ever-increasing magnetic fields (5-20 T), which is
appropriate for contemporary NMR spectroscopy, requires that the following four
requirements be satisfied. First, a strong oscillating field at a high frequency (140-600
GHz) is necessary to drive the CW DNP transitions resulting from second order effects of
electron—nuclear dipolar interactions. This also means that it is necessary to integrate
microwave transmission lines into an NMR probe, which then efficiently deliver the
microwave power to NMR samples. Second, the relaxation times and time-independent
interactions of the spin system dictate that DNP experiments be optimally performed at
low temperatures (usually < 90 K), and, to obtain high resolution spectra of solids,
magic-angle spinning (MAS) is incorporated into the experiment. Third, measuring NMR
CP-signals in a cryogenic environment requires a transmission-line RF circuit with
multiple channels ('H, B¢, N, 0...etc.). The fourth requirement is the presence of a
suitable paramagnetic center that acts as the source of polarization. In addition, since
current DNP experiments are performed with a constant microwave frequency, the ability
to sweep the magnetic field is required for optimization of the DNP enhancement.
Specifically, a superconductor sweep coil integrated with the main superconducting coil

is necessary since the magnetic field usually has to be varied over a range of a few
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hundred Gauss. Those requirements for high-field DNP are discussed in more detail in

the following sections.

2.2.2.1. High power, high frequency microwave sources and transmission

Performing DNP at a high magnetic field (Bg) requires microwaves with not only a
high frequency, but also high power so that a strong oscillating field is available to
compensate for the low Q of the microwave circuit and inverse dependence of the DNP
enhancements on the static magnetic field. A strong microwave field is achievable with
microwave irradiation of several milliwatts in a high-Q, cylindrically resonant cavity that
can have a Q = 1000 to 10,000. The exciting field longitudinal (parallel to the cavity axis)
magnetic field is given by B] «< /PQ , where P is the incident power into the cavity. A
high DNP enhancement at 5 T has been obtained by employing such a resonant cavity
(Figure 2.5) with a Gunn diode (140 GHz) 8 However the diameter (< 3 mm) of a cavity
resonator required for the high frequency microwaves limits the size of the NMR samples
to ~0.30 pL. For typical SSNMR sample rotors with diameters of 2.5 to 4 mm the sample
volume is 10-60 pL, and thus there is a decrease in the signal intensity of a factor of 33-
200 from the smaller volume. Further, placing a spinning rotor with dimensions large
compared to the wavelength in a cavity spoils the cavity characteristics. Thus, except in
special circumstances, implementation of DNP with a resonant cavity seems impractical.
Therefore, a high-frequency microwave source with high output power (several watts),

such as a gyrotron, represents a solution to this problem.
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Figure 2.5. Illustration of a TEy;; ENDOR resonator. (a) A drawing
of the ribbon-cavity with outer conductor which serves as the
NMR caoil ; (b) the arrangement of components L1

Commercially available sources (Figure 2.6) include Gunn diodes, Impatt diodes,
extended interaction oscillators (EIO) and backward wave oscillators (BWQO); they either
fail to provide sufficiently high power (the diodes) or cannot reliably provide the required
frequency for high-field DNP (EIO, BWO). A slow-wave resonant structure involved in
the latter devices constrains the resonant structure to a size comparable to the wavelength,
and when the energy density increases at high microwave frequencies, the life time of the
apparatus is reduced. The sources operative with laser excitation cover the higher

frequency region of sub-tera hertz irradiation, but the available power from them is still
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Figure 2.6. Summary of microwave sources '.

To circumvent the problems of generating high-frequencies and high-powers,
plasma physicists developed gyrotron devices that generate microwaves by injecting free
electron beams in high vacuum into a metal cavity aligned in a homogeneous magnetic
field. Specifically, the electrons gyrate around the magnetic field lines at the electron
cyclotron frequency in a helical motion as they traverse through the tube structure. Inside
the resonator, a fast-wave interaction between the electron beam and millimeter wave
takes place which converts some of the transverse kinetic energy (perpendicular to the
field line) of the electron beam into millimeter wave energy in the form of TE,,
electromagnetic modes. The dimensions of the cylindrical resonator can be of the order of
several wavelengths. This enables generation of high average power (10-100 W in CW,
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kW-MW in pulse) at high frequencies (10 to 800 GHz) in gyrotrons due to lower thermal
losses in the resonator walls.
The DNP experiments described in this thesis were performed exclusively with the
140 GHz gyrotron that was developed for DNP/NMR research at 5 T. This present
gyrotron was modified %7 from an earlier design that was developed and used for plasma
diagnostics . The basic components of this gyrotron include a superconducting magnet,
a vacuum tube consist of a cathode (electron gun), a beam tunnel, a resonator, mode
converters, beam collectors and a miter elbow with a mirror inside (Figure 2.7). Details
about the design and construction of our three gyrotrons (140, 250 and 460 GHz) and
their integrations into DNP spectrometers are discussed in other publications 962,89
The distance between the gyrotron and the NMR magnet is long because of the strong
magnetic field from the gyrotron can distort the field of the NMR magnet and vice versa.
To transmit microwaves efficiently, the TEo; microwave output from the gyrotron is
converted to the TE;; mode using a serpentine rippled wall mode converter % This mode
converter was designed using coupled mode equations for a circular waveguide bent in a
circular arc where one beat period is made up of two bent 6.53 cm long, 1.27 cm diameter
copper sections with a bending radius of 1.21 m placed end to end. The structure consists
of seven such periods yielding a design efficiency of over 94% at 140 GHz ! and was
created by heating a copper pipe packed with sand and forcing it into a carved aluminum
block to create the serpentine shape. Following this mode converter, the TE;; power is
sent to the DNP probe by means of a smooth-wall copper waveguide. The losses in this
waveguide total approximately 7 dB and the bulk of these losses appear in a downtaper

section just before entry to the DNP probe 192
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Figure 2.7. (a) 140 GHz gyrotron block diagram. “The vacuum base pressure is on the 10 torr
scale and the operating pressure is kept well below 107 torr. “The cavity is water cooled to
prevent it from being detuned due to thermal expansion. The heat lost by the finite conductivity
of the copper is carried away by a water-cooled jacket brazed to the cavity. After the spent
electron beam exits the cavity circuit, it is then collected by a water-cooled collector after the
interaction cavity. The microwaves travel through the uptaper and collector sections and then
propagates through a TEO3 to TE02 axisymmetric rippled wall mode converter of N = 5 beat
periods followed by a TEO2 to TEO1 mode converter that also uses N = 5 periods. A mirror and
miter joint at the end of the second mode converter prevent stray electrons from striking the
vacuum window and carry the TEO1 mode out of the gyrotron via a 1.27 cm diameter overmoded
copper waveguide. The fused quartz window is 2.73 cm in diameter and 3.43 mm thick and is
designed to be transparent to microwaves at 140 GHz.” summarized from the reference °. (b) A
close look of the electron gun, which operates at a low voltage of -12.3 kV at up to 30 mA
adjusted by an AC current through the heater filament. The electron gun can output pulses up to
60 seconds long at 50% duty cycle. For single-pulse operation, an emission period as long as 10
minutes is possible. (c) The axial profile of the interaction cavity. (i) Downtaper section allows
the beam to pass through, but is cut off to the operating microwave field in the resonator so that
no power leaks toward the electron gun. (ii) Straight section is a circular waveguide straight
section approximately 15 wavelengths long with a radius of 3.480 mm. The theoretical
diffractive Q of the cavity is almost 7000, restraining the purity of resonant frequency given
stable cavity geometry. (iii) Uptaper section allows microwaves to diffract out of the cavity and
is designed to prevent further interaction of the microwaves and electron beams.
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While TE;; high-frequency microwave beams can be effectively transmitted in a
smooth wall copper pipe with reflecting miter bends, improved transmission efficiency is
obtainable in corrugated waveguides which are designed for transmission of microwaves
in HE;; mode. The corrugations on the inner wall of the waveguide are 1/4 wavelength
(A) in depth, A/10 in width and A/4 in span. Details of design and test of the corrugated
transmission lines are discussed elsewhere . For MAS-NMR spectroscopy, microwaves
for DNP experiments are directly coupled to the sample without resonance structure
(Figure 2.8). As the wavelength is usually smaller than the coil diameter, the radiation can

penetrate through the slit of a sinusoidal coil with a limited amount of diffraction.

WR-8
WAVEGUIDE
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_colL
~SPACER

_DRIVETIP

DRIVECAP ~~

Figure 2.8. A schematic diagram of microwave irradiation on an NMR
sample *.
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2.2.2.2. Cryogenic MAS devices

Magic-angle-spinning at cryogenic temperatures (< 100K) is achieved by blowing
cooled N, gas at the bearing and driving that force the rotor to spin. Two N, gas lines
from the high pressure tanks (CRYO-CYL) flow through the heat exchanger and vacuum
jacked transfer lines which are routed to the MAS stator enclosed in a dewar inside the

magnet (Figure 2.9). Cryogenic bayonet connections o4

are employed in junctions
between the thermally isolated transfer lines of the NMR probe, the flexible section and
the heat exchanger. The temperature of cool gas flow is controlled by the liquid N, level
surrounding the heat exchange coils (copper) inside a can with variable N, pressures. To
eliminate the impact of drastic temperature cycling, the spinning stator is made from the
plastic Kel-F, which absorbs little RF power, and incorporates two ceramic bearing rings
and a metal drive cap to contain a spinning rotor. Transfer lines for cold gases are
typically made from stainless steels, but those inside the magnetic are fabricated from
fiber glass (G10), brass and/or aluminum since stainless steels turn magnetic after several

temperature-cycles. The magnetic materials should be kept at least 10 inches away from

the sample to avoid problems with field inhomogeneity and shifts.
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Figure 2.9. A schematic block diagram of the crgrogenic MAS
apparatus. The details are covered by the reference °.

2.2.2.3. Cryogenic RF circuitry—transmission line probes

Transmission line RF circuitries * are suitable for low temperature NMR operation
since it provides good isolation between the sample coil (cold) and tuning capacitors
(warm). Shown in Figure 2.10 is a schematic of a double-channel RF circuit using
transmission lines. The main transmission line isolates the cold region containing the
sample coil and the warm region outside the magnetic. Specifically, the impedance of a
high frequency from the sample coil is transferred through the main transmission line,
which runs from the center of the magnetic field to the outside of the magnet bore,
reaching a node (zero reactant impedance) that can be a junction for the lower frequency.
The reactant impedance of a low frequency can be zeroed at the same node by a
balancing capacitor between the sample coil and the ground. Branch transmission lines
after the node adjust the impedances to be tunable for the tuning/matching capacitors. For
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a better isolation of high and low RF frequencies, band-stop networks (traps) are utilized.
When a node for both the high and low frequencies is located, an intermediate frequency
X’ (as the third channel) can be connected to the node with good isolation by replacing
the H- and X-traps with the X’-trap. Although a longer response time to RF pulses is
present in transmission lines, it has not been important for typical SSNMR techniques.
Only for the pulse sequence that requires fast modulations of amplitude, phase and/or
carrier frequency would the transmission-line probe be problematic, and then a more
delicate design of probe is required, e.g., a locally tuned circuit with good thermal

isolation.
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H_match transmission transmission sample
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Figure 2.10. The RF circuit of 2 double resonance transmission-line
probe.
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2.2.2.4. Polarizing agents and cryoprotectants

The unpaired electrons in a diamagnetic system are introduced by doping the sample
with paramagnetic species (polarizing agents). This paramagnetic center should: (a) be
compatible with the polarization mechanism that yields the optimal signal enhancement,
namely the three spin thermal mixing (TM) or cross effect (CE), (b) be useful in
polarizing a large array of samples ranging from small molecules to proteins, (c) produce
large signal enhancements at a reduced concentration of paramagnetic centers, and (d) be
soluble in aqueous media for biological applications. The main goal of this thesis is to
investigate how and why certain polarizing agents govern a desired polarizing
mechanism. Through investigations in this thesis, methods to improve the DNP
enhancement are developed theoretically and verified experimentally.

Commonly available paramagnetic species for DNP in aqueous media include
radicals (trityl %.97 TEMPO * %% %%) and metal ions (Mn", Cr¥, Gd™). These agents not
only provide electron polarization but determine the underlying DNP mechanisms. For
example, trityl radical induces the SE when used to dynamically polarize 'H whereas
TEMPO radical activates CE and/or TM in the polarization process. Nevertheless trityl
can induce TM DNP when used to directly polarize Be spins. The factor determining the
polarizing mechanisms is the size of the EPR linewidth (J) of the species compared with

the nuclear Larmor frequency (,). The CE and TM dominate a polarizing process when

& > w, whereas the SE remains when 8 < @,. In addition, BDPA was used in polystyrene
1%t generate proton enhancement though the SE; however, it is not soluble in water.
A glass-forming solution is employed to accommodate both the paramagnetic

species and the interesting samples for: (a) even distribution of paramagnetic centers that
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effectively contact the target nuclei, and (b) maintenance of macromolecule
conformations (e.g., protein structures) at cryogenic temperatures which are required for
high-field DNP '*. Various compositions of a solution form glasses when frozen (Table
2.4) %2 Some of them are compatible with aqueous media due to their high polarity, but
others are non-polar and may be useful to suspend colloidal samples. In this thesis, we
used DMSO/water and glycerol/water mixtures for less-polar and more-polar sample
conditions, respectively. For example, DMSO/water is used in testing the biradical
polarizing agents, and glycerol/water is required for protein or peptide samples. Other
glass-forming compositions, e.g., PEG and MPD used as precipitating agents and
cryoprotectors in X-ray diffraction experiments of biological solids, have found to

provide effective conditions for DNP experiments on proteins and peptides '®.

Table 2.4. Summary of glass-forming compositions. Data are from empirical tests at the liquid nitrogen
temperature (77 K).

Bi-component mixture Composition (w/w)
glycerol water 60:40
Ethyleneglycol water 50:50
dimethylsulfoxide (DMSO) water 60:40
dimethylformamide (DMF) water 70:30
methylpropandiol (MPD) water 60:40
PEG200 water 40:60
lucose water 70:30
dimethylsulfoxide (DMSO) dichloromethane (DCM) 25:75
methanol dichloromethane (DCM) 25:75
tetrahydrofurane (THF) toluene 25:75
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Chapter 3 Dynamic Nuclear Polarization Using
Biradicals

Part of the works in this chapter is summarized in the publications:

Kan-Nian Hu, Hsiao-hua Yu, Timothy M. Swager and Robert G. Griffin, “Dynamic Nuclear Polarization
with Biradicals,” J. Am. Chem. Soc. 126, 10844-10845 (2004).

Changsik Song, Kan-Nian Hu, Chan-Gyu Joo, Timothy M. Swager and Robert G. Griffin, “TOTAPOL—A
Biradical Polarizing Agent for Dynamic Nuclear Polarization in Aqueous Media,” J. Am. Chem. Soc.
(2006), in print.

3.1. DNP with Biradicals Possessing a Polyethyleneglycol Tether

The last few years has witnessed a renaissance in the use of dynamic nuclear
polarization (DNP) to enhance signal intensities in NMR spectra of solids and liquids. In
a contemporary DNP experiment, a diamagnetic sample is doped with a paramagnet and
the large polarization of the electron spins is transferred to the nuclei via microwave
irradiation of the EPR spectrum’ 8 The development of gyrotron microwave sources (140
and 250 GHz) ¥ 1® has permitted these experiments to be performed at high fields (5 and
9 T) and signal enhancements ranging from 20 to 400 are observed depending on the
details of the experiments — static magnetic field By, microwave field strength @,

62, 63, 86, 98, 100, 105

temperature 7, etc. The largest signal enhancements observed are in

experiments where the thermal mixing (TM) or cross effect (CE) mechanisms 51-53, 55. 106
are operative. Although multiple spins may be involved in both mechanisms, the

underlying physics is essentially described by a three spin process that involves the

coupling of two electrons whose frequencies, ®.1/2% and /27 in the EPR spectrum of
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the polarizing agent, are spaced at the nuclear Larmor frequency, w,/2x (see Figure 3.1a).
When these electrons are dipolar coupled, then irradiation at @; produces a simultaneous
spin flip of the second electron at ®; and the nucleus leading to the generation nuclear
spin polarization (Figure 3.1b) through transitions such as loyB,B><>l0n0000> or
lo 0z Pn>¢>l0; B20n>. Since the introduction of the DNP technique 50 years ago 8.9 all
experiments have relied on monomeric paramagnetic centers such as a nitroxide or metal
ion as a source of polarization. However, the electron-electron dipole coupling is clearly
an important parameter governing the efficiency of the three spin TM and CE processes.
Thus, it should be possible to optimize the enhancements in DNP experiments by
constraining the distance between the two unpaired electrons. In this communication we
demonstrate the validity of this concept with experiments that employ biradical
polarizing agents consisting of two TEMPO (2,2,6,6-tetramethylpiperidinyl-1oxyl)
radicals tethered by a polyethylene glycol chain (Figure 3.1c). These biradical polarizing
agents yield a factor of ~4 larger signal intensities over those obtained with monomeric
TEMPO. Further, the larger enhancements are obtained at significantly lower
concentrations, thereby reducing the paramagnetic broadening present in the NMR
spectrum.

The biradicals illustrated in Figure 3.1c were prepared from 4-hydroxy-TEMPO and
the di-, tri- or tetra-ethyleneglycol-di-tosylate using methods outlined by Gagnaire et
al.'” yielding a series of bis-TEMPO n-ethyleneglycol (BTnE) biradicals. Solution EPR
spectra of BTnE (n=2, 3, or 4) (1 mM in methanol) showed the expected 5 lines
indicating a strong exchange interaction (larger than '*N hyperfine interaction) between

the electrons '%. Samples for the DNP experiments consisted of 5 mM biradical (10 mM
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electrons) and 2 M "*C-urea dispersed in a 60:40 “Hs-DMSO/H,0 (90% *H,0) glass
forming mixture. A control sample of 10 mM monomeric 4-hydroxy-TEMPO was also
examined. The samples were contained in 4 mm sapphire rotors, and a series of
DNP/CPMAS "*C spectra were recorded as a function of the microwave irradiation time
using a 140 GHz gyrotron source and a low temperature MAS probe operating at 90 K at

®/27 = 3.5 kHz '%.

€, Roo e,

Figure 3.1. (a) An illustration of the EPR spectrum (solid line) of monomeric TEMPO nitroxide.
Note that the breadth of the spectrum is ~600 MHz and is large compared to the 'H Larmor
frequency (212 MHz). The dashed line and the vertical sticks are the simulated inhomogeneous
saturated EPR spectrum and the approximate frequency of the electron spins expected to
participate in the DNP enhancement as a function of frequency, respectively. (b) An illustration
of the microwave driven 3-spin process associated with TM or CE DNP where two coupled
electrons undergo an energy conserving flip-flop process that leads to enhances nuclear spin
polarization. (c¢) The molecular structure of the BTnE biradicals where n is the number of
ethylene glycol units that tether two nitroxide radicals (TEMPO). The dots represent the two
unpaired electrons whose displacement is approximated as the oxygen-oxygen distance, Rg.o.
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Figure 3.2 illustrates a typical nuclear polarization build up curve obtained with a
sample of BT2E. Note that the 13C signal from urea is barely visible on the vertical used
in the absence of microwave irradiation. However, with 3-15 seconds of microwave
irradiation, the signal grows dramatically, reaching a plateau after ~15 seconds where we
measure an enhancement of 175. Figure 3.3 illustrates the dependence of the
enhancement on the length of the ethylene glycol linker and shows that as the linker is
shortened from n = 4, 3 to 2 the enhancement increases from 80 to 110, and finally 175,
respectively. The estimated error is +25. For 10 mM TEMPO in this solvent system we
observe an enhancement of 45. Thus, tethering the two TEMPO radicals yields a factor

of 3.9 larger enhancement.
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Figure 3.2. '°C DNP-MAS spectra illustrating the growth of the "’C-urea
signal as the irradiation time is increased. The polarizing agent was BT2E at
a concentration of 5 mM or 10 mM electrons. As indicated in the figure the
maximum observed enhancement was 175+25. The inset shows the pulse
sequence used to record the spectra. It utilizes a train of saturating pulses on
the 'H channel to insure that all of the polarization arises from the DNP
effect. The spectra were recorded at 90 K, using a 4 mm sapphire rotor,
®/27 = 3.5 kHz and the microwave power was 1.5 watts entering the probe.
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Figure 3.3. A plot of the 'H enhancement measure indirectly through the “C
spectrum as a function of the approximate electron-electron dipolar as measured by
the distance, specifically [Ro.ol®. The data points show the DNP enhancements
obtained from molecules corresponding to the monomeric TEMPO (n=) and the
three biradicals that are tethered with 4,3,and 2 polyethylene glycol units. Notice
that the shorter the linker the larger the enhancement. The electron concentration in
all of the samples was 10 mM. corresponding to a concentration of 5 mM for the

biradical molecules and 10 mM for monomeric TEMPO. The enhancements were
recorded at 90 K at /2% = 3.5 kHz.

As can be surmised from Figure 3.1, the efficiency of CE DNP process is affected
by the polarizing agent through the size of the electron-electron dipole coupling and the
relative orientations of the two radicals. At present we have not measured either of these
quantities experimentally. However, an estimate of the electron-electron dipole coupling
can be made using the intra-radical distance obtained from a simulated conformation
assuming an all-trans polymer chain ''°. The value of Roo from such specific
conformations leads to approximate dipole couplings of 3.3, 5.2 and 11.0 MHz for the
three BTnE (n=4, 3 and 2) compounds, respectively. Further, the simulations suggest that

the TEMPOs at either end of the linker are oriented so that the planes of their rings are
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approximately 90° with respect to one another. Thus, when the magnetic field is
perpendicular to the ethylene glycol chain, the molecular orientation of the g-tensors 1t
112 leads to a frequency difference between the two TEMPO molecules approximately
equal to /27 that would support the CE.

To achieve a larger DNP enhancement we could naively extrapolate the approximate
linear dependence illustrated in Figure 3 to a (Ro.0)” value corresponding to a shorter
linker. The shortest biradical in BTnE series is BT1E and with an estimated Ro.o of 1.43
nm (0y/21=18.5 MHz) which could yield a DNP enhancement of ~250. Achieving this
value may depend on the electron-electron dipole coupling (®3) remaining small

compared to the frequency separation illustrated in Figure 3.1 and the CE mechanism

dominating the DNP. In contrast when the dipole coupling is strong — i.e., when loyl~l;l

108, “3, and in this case the TM

— the two coupled electrons form a ground state triplet
DNP mechanism may dominate to the polarization process. Thus, syntheses of biradicals
with a variety of different rigid linkers, containing two TEMPO radicals and radicals that
are different from TEMPO are discussed in the following chapters. These new polarizing
agents together with studies of the high field EPR spectrum and the measurement of DNP

enhancements will help us to distinguish between situations where CE or TM is the

dominant enhancement mechanism. Those topics are discussed in Chapter 4.
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3.2. TOTAPOL - A Biradical Polarizing Agent for Dynamic
Nuclear Polarization Experiments in Aqueous Media

3.2.1. Introduction

Continuing from Section 3.1 which describes the use of biradicals as polarizing
agents, we here present an alternative binitroxide radical — TOTAPOL — which acts as
source of polarization to (a) be compatible with the polarization mechanism that yields

the optimal signal enhancement, namely the three-spin thermal mixing (TM) 56.38

Or Cross
effect (CE) >3 1957 (b) be useful in polarizing a large array of samples ranging from
small molecules to proteins, (c) produce large signal enhancements at a reduced
concentration of paramagnetic species, and (d) be soluble in aqueous media. We have
described the use of biradicals that satisfy the first three of these criteria and yield

improved DNP enhancements 14

. In particular, we reported that bis-TEMPO-2-
ethyleneglycol (BT2E), where TEMPO is 2,2,6,6-tetramethylpiperidin-1-oxyl and n=2
indicates a tether of two ethylene glycol units, produced DNP enhancements of ~175 at
90 K and 5 T. Further, this was accomplished at a reduced radical concentration (~5 mM
biradicals or 10 mM electron spins, as opposed to ~40 mM monomeric TEMPO), thus
reducing the electron nuclear dipolar broadening. The design, synthesis, and
characterization of an improved polarizing agent, 1-(TEMPO-4-oxy)-3-(TEMPO-4-
amino)propan-2-ol (TOTAPOL), satisfying the first three as well as the fourth

requirement, is the topic of this section. Specifically, we have prepared a biradical
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consisting of two TEMPO molecules tethered with a three carbon chain that increases the
average electron-electron dipole coupling constant from about 0.5 MHz, in the typical 40
mM solution of TEMPO that we use for DNP experiments, to ~30 MHz in the biradical.
At 140 GHz this yields a maximum enhancement of ~290 and again the electron
concentration is reduced by a factor of six from the typical level of 40 mM to 6 mM.
Very importantly, TOTAPOL has hydroxyl and secondary amine moieties on the tether
and these functional groups increase the solubility of the biradical in aqueous media so
that it is compatible with a variety of biological systems where DNP experiments are
currently performed.

In this sub-chapter we describe the synthesis of TOTAPOL, and several EPR and
DNP enhanced NMR experiments that characterize the molecule and illustrate its utility
as an effective polarizing agent. These include a comparison of the enhancements
obtained with TEMPO and several other biradicals, as well as its compatibility with low

temperature MAS experiments in glycerol/water mixtures.

3.2.2. Experimental Section
3.2.2.1. Synthesis of TOTAPOL

1-(TEMPO-4-0xy)-3-(TEMPO-4-amino)-propan-2-ol (TOTAPOL) was prepared
according to the two-step reaction illustrated in Scheme 3.1. Note that the molecule is an
asymmetric biradical with an ether and a secondary amino linkage in contrast to the

symmetrical bis-TEMPO-ethylene oxide biradicals that we described previously 1,
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Scheme 3.1. Synthesis of TOTAPOL?
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* Conditions: (a) epichlorohydrin, tetrabutylammonium hydrogensulfate, 50% w/w NaOHy,),
room temperature. (b) LiClO,4, CH;CN, room temperature.
General Experimental Conditions. 4-hydroxy-TEMPO (1) and 4-amino-TEMPO
(2), containing > 97.0 % free radical, were purchased from Sigma-Aldrich (St. Louis,
MO) and used without further purification. Anhydrous CH3CN was purchased from the
same company as a Sure-Seal bottle. All other chemicals were of reagent grade and used
as received. For NMR analysis, TEMPO radicals were reduced to N-hydroxy compounds
by ascorbic acid in methanol. NMR spectra were recorded on a Bruker Advance-400 or
Varian Mercury-300 spectrometer, and chemical shift were referenced to residual solvent
peaks. IR spectra were obtained on a Nicolet 8700 FT-IR spectrometer, in which sample
was drop-casted on a KBr disc. High-resolution mass spectra were obtained on a Bruker
Daitonics APEX I1 3T FT-ICR-MS.
4-(2,3-epoxy-propoxy)-2,2,6,6-tetramethyl-1-piperidin- 1-oxyl [4-(2,3-epoxy-

propoxy)-TEMPQO] (3). In a 100 mL round-bottom flask equipped with a stirring bar
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were combined tetrabutylammonium hydrogensulfate (0.136 g, 4 mol%), 50 % w/w
aqueous NaOH (10 mL), and epichlorohydrin (3.91 mL, 50 mmol). To the mixture was
added 4-hydroxy-TEMPO (1.73 g, 10 mmol) in portions and the mixture was stirred
overnight at room temperature. It was then poured into water and extracted with ethyl
acetate. The organic layer was washed with brine, dried over MgSOy, and evaporated
under reduced pressure. The resulting crude product was purified by column
chromatography (dichloromethane, methanol), providing a quantitative yield of red,
viscous oil. IR (KBr disc, cm™): 2975, 2937, 1636, 1464, 1384, 1363, 1244, 1179, 1095.
"H-NMR (300 MHz, DMSO-ds) &: 7.12 (bs, 1H), 3.69 (dd, 1H, J = 11, 2.7 Hz), 3.60 (m,
1H), 3.24 (dd, 1H, J = 11, 6.6 Hz), 3.04 (m, 1H), 2.70 (pseudo-t, 1H, J = 5.1 Hz), 2.52
(dd, 1H, J = 5.1, 2.7 Hz), 1.86 (dd, 2H, J = 12, 3.6 Hz), 1.24 (pseudo-t, 2H, J = 11 Hz),
1.05 (d, 12H, J = 11 Hz).
1-(2,2,6,6-tetramethyl- 1-oxy-4-piperidinyl)oxy-3-(2,2,6,6-tetramethyl-1-oxy-4-

piperidinyl)amino-propan-2-ol  [1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)-propan-2-ol]
(TOTAPOL). In a 100 mL round-bottom flask equipped with a stirring bar were
combined 4-(2,3-epoxy-propoxy)-TEMPO (3) (1.62 g, 7 mmol), LiClO4 (0.745 mg, 7
mmol), and 10 mL of anhydrous CH3CN under Ar. To the mixture was added a CH3CN
(3 mL) solution of 4-amino-TEMPO (1.20 g, 7 mmol) and the mixture was stirred
overnight at room temperature. Most of the solvent was evaporated under reduced
pressure, and the crude product was purified by column chromatography
(dichloromethane, methanol). Yield: 1.98 g of orange-red solid. IR (KBr disc, em’):
3446, 2977, 2938, 1635, 1465, 1364, 1244, 1178, 1098. 'H-NMR (400 MHz, DMSO-de)

8: 7.31 (bs, 1H), 7.15 (bs, 1H), 4.57 (bs, 1H), 3.93 (m, 1H), 3.69 (m, 1H), 3.57 (m, 1H),
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3.41 (m, 2H), 3.34 (m, 1H), 3.01 (pseudo-d, 1H, J = 11 Hz), 2.80 (m, 1H), 1.96 (m, 2H),
1.86 (m, 2H), 1.52 (m, 2H), 1.23 (pseudo-t, 2H, J = 11 Hz), 1.04 (dd, 24H, J = 17, 3.9

Hz). HR-MS (ESD): calcd for C;;H41N304" [M + H]*, 400.3170; found, 400.3161.

3.2,2.2. EPR experiments

For 9 GHz solution EPR experiments, the samples consisted of a capillary
containing ~10 pLl’s of 0.5 mM TOTAPOL in absolute ethanol. In order to increase the
resolution of powder EPR spectra from frozen solutions, TOTAPOL was synthesized
with '°N, ?H-labeled TEMPO’s (CDN Isotope, Quebec, Canada). Samples for the X-band
experiments were typically 60 pL of 0.5 mM "N, ?H-TOTAPOL in the glass forming
solvent ZHg-DMSO/*H,0 (6:4 w/w) in a 4 mm O.D. quartz tube. 9 GHz CW EPR spectra
were recorded with a Bruker EMX spectrometer with the sample immersed in liquid
nitrogen (77 K) in a finger dewar (Wilmad WG-819-B-Q). Samples for 140 GHz
experiments consisted of 0.4 pL of TOTAPOL in the same deuterated glass forming
solution contained in a quartz capillary immersed in a helium cryostat (Oxford
Instruments). 140 GHz spectra were recorded with echo detected experiments using a
custom designed spectrometer 8 The rigid-limit for EPR spectra of TOTAPOL is
reached below 100 K in the glass forming mixture; thus, the 20 K and 77 K temperatures
chosen for the above EPR experiments are sufficient for observing rigid limit EPR

spectra.

3.2.2.3. DNP enhanced NMR experiments with TOTAPOL

Solutions for the DNP/NMR experiments — 2 M "°C-urea or 0.2 M U-"C-"N-

proline — were prepared in ‘Hg-DMSO/H,O/H,0 (60:34:6 wiw/w) or 2Hs-
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glycerol/zHZO/HgO (60:25:15 w/w/w), and doped with 3-5 mM TOTAPOL (6-10 mM
electron spins). The reduced 'H concentration was required to optimize the signal
enhancements and chosen to maintain effective proton homonuclear spin diffusion. DNP
experiments using TOTAPOL as a polarizing agent were performed on a custom designed
DNP/NMR spectrometer and triple-resonance (¢, 'H and BC/MN) cryogenic (90 K) MAS
probe (with a 4 or 2.5 mm rotor stator) 63, 115 operating at 5 T (140 GHz EPR and 211
MHz 'H NMR). The enhanced 'H polarization developed by the microwave irradiation
was detected indirectly via observation of the cross-polarized (CP) 13C signals. The 140
GHz microwaves were generated by a gyrotron, a vacuum electron device capable of
producing high power (>10 W) millimeter waves %, Sapphire, rather than zirconia, rotors
are preferred for the DNP experiments since they transmit microwaves with ~30% less
attenuation and we have used rotors of two diameters, 2.5 mm and 4 mm, in the
experiments reported here. As will be seen below, we find larger enhancements in the
smaller diameter system probably because the microwave penetration is more complete.
Finally, the 5 T magnet has a superconducting sweep coil used to vary the field by £750
G for EPR and DNP experiments, and that facilitates locating the maximum and

minimum in the DNP enhancement curve from its field dependence.

3.2.3. Results and discussion

The design of TOTAPOL was dictated by two considerations. First, following our
successful experiments on the BTnE series of biradicals whose structures are illustrated
in Figure 3.4 (top row), we wanted to prepare a radical with as short a linker as possible,

and second it was supposed to be soluble in aqueous media. Initially we attempted to
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prepare a polarizing agent with a two carbon linkage, such as TEMPO-O-CH,~CH,—O-
TEMPO which would be BT1E, but despite exploration of several approaches, we were
not successful. Subsequently, we did synthesize a biradical with a three carbon linker
with asymmetric bridging atoms — N and O rather than two O’s. In addition we added an
—OH moiety to the central carbon in order to increase the solubility of the molecule —
TEMPO-O-CH,~CHOH-CH,~NH-TEMPO. The fact that we obtained an enhancement
factor of ~165 (in 4 mm rotors) is probably due to the short electron-electron distance and
the fortuitously correct orientation of the two TEMPO g-tensors. In the next chapter we
describe radicals such as BTurea (two TEMPOs tethered by -NH-CO-NH-) that have a
shorter linker but yield enhancements of only about 100 (again in 4 mm rotors). We
believe the lower enhancement is due to a suboptimal orientation of the g-tensors of the
two TEMPO moieties. In 2.5 mm rotors we observe larger enhancements from all of the
biradicals (up to ~290 from TOTAPOL) and we believe that this effect is due to more
efficient microwave penetration of the sample as discussed further below.

The EPR spectra of flexible biradicals such as BTnE, two TEMPO’s tethered by n
ethylene glycol units '**, usually have two additional peaks yielding a quintet spectrum
with the lines spaced at about half the N hyperfine splitting normally observed in
TEMPO, 16.7 G. This five-line solution EPR spectrum is a result of proximity of the two
TEMPO radicals and arises when the average J-coupling (exchange integral) is >10 times
stronger than the hyperfine coupling '®. This phenomenon is illustrated in Figure 3.4a,b
which shows the solution EPR spectra of 4-hydroxy-TEMPO and the biradical BT2E.
There are three lines present in the TEMPO spectrum, but in the BT2E spectrum there are

two additional lines arising from the strong J-coupling between the electrons. In contrast,
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the spectrum of TOTAPOL (Figure 3.4c) shows that the two additional biradical lines are
broadened into the baseline due to the short tether (-O—-CH,—CHOH-CH,-NH-) that
restricts the proximity of two TEMPO moieties.

Moreover, the EPR spectrum of 0.5 mM TOTAPOL in 2Hg;—DMSO/szo (6:4 wiw)
glass-forming solution at 77 K (Figure 3.4f) reveals a significantly broadened lineshape
with a resolved dipolar splitting at 3360 G. Note for comparison that neither the
broadening nor the splitting are present in the spectrum of frozen monomeric TEMPO at
1 mM (Figure 3.4d). For TOTAPOL, the ~8 Gauss (Figure 3.4f,i) splitting at g, I result
from an intramolecular electron-electron interaction, which is mainly attributed to a
dipolar coupling. As a comparison, the powder EPR spectra of BT2E reveal broadened
features (Figure 3.4e,h). Analyses of the powder EPR lineshapes yielded similar electron-
electron distances (~12.8 A) for both BT2E and TOTAPOL, even though the involved
molecular tethers are composed of different numbers of atoms. Since an electron-electron
dipolar splitting can be observed in the powder EPR spectra (Figure 3.4f,i), we surmise
that the conformational flexibility of the tether in TOTAPOL may be decreased by its
short length. In contrast, the longer and conformationally more flexible tether in BT2E
probably permits a distribution of orientations of the g-tensors of the two TEMPO
moieties and thereby transforms the dipolar splitting visible at 3360 G to a broad peak
(Figure 3.4e). A similar dipolar splitting and broadening are present in the 140 GHz
biradical spectra (Figure 3.4h,i), where inhomogeneous broadening due to the larger g-
anisotropy dominates the lineshape. Both the solution and solid-state EPR spectra of
TOTAPOL provide information on the distance between the two TEMPO moieties and a

detailed analysis of these lineshapes will be the subject of the next chapter.
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Figure 3.4. The 9 and 140 GHz EPR spectra of TEMPQO, BT2E and TOTAPOL with the molecular
structures shown in the top line. (a)-(c) are 9 GHz solution spectra illustrating the extra two lines in
the spectrum from the transient proximity of two TEMPO moieties with a strong electron-electron
J-coupling [compare (a) with (b)]. These lines in TOTAPOL are severely broadened in (c) by
shorter life time of the transient proximity due to rigidity of the tether, which cannot bend the
biradical easily. (d)-(f) illustrate the 9 GHz spectra obtained from frozen solutions at 77 K, and (g)-
(i) illustrate the 140 GHz spectra from the same solutions frozen at 20 K.

The pulse sequence for DNP enhanced >C-CPMAS NMR experiments is shown in
the inset of Figure 3.5. The 'H polarization is initially saturated by a series of 90° pulses
followed by a delay of 3 T,. Next, the microwave irradiation is applied to dynamically
polarize the 'H’s, or, in the absence of microwaves, the thermal equilibrium polarization
develops. Finally, the 'H polarization is transferred to *C via cross polarization and

116

observed in the presence of TPPM decoupling " . The Fourier transforms of the FIDs are
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shown (Figure 3.5) as a series of spectra with various microwave irradiation periods,
leading to an enhancement factor for 'H polarization £=290+30 determined by comparing
the saturated NMR signals after 40 s delay with and without microwaves. Sample rotation
using a 2.5 mm sapphire rotor attributed to the rotational side bands spaced at w./2n=7
kHz. The enhanced signals developed during the microwave irradiation period with a
time constant of ~9 s which was similar to the proton T;. Note that the error for the
enhancement factor was determined primarily by the uncertainty in measuring the

intensity of the un-enhanced NMR signal.

13C l M‘AR'

; Delay time (s)

Figure 3.5. Illustration of the growth of the nuclear polarization as a
result of microwave irradiation. Integration of the spectral intensities
with and without irradiation yields a 'H enhancement of ~290 measured
indirectly through '*C CP signal using the pulse sequence shown in the
inset. The measurements were performed on a sample of 3 mM
TOTAPOL and 2 M "*C-urea in *Hs-DMSO/’H,0/H,0 (60:34:6 w/w/w)
at 90 K, 5 T and w/2x = 7 kHz MAS (spinning side bands marked by
asterisks). The time constant associated with the growth is ~9 s,
approximately the nuclear T of the sample.
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In the top half of Figure 3.6 we show the EPR absorption of TOTAPOL recorded at
140 GHz/5 T. This inhomogeneous lineshape supports the cross effect mechanism in
which two dipole-coupled electrons, separated by @,/27 in the EPR spectrum, execute a
three-spin electron—electron—nucleus process involving the mutual flip of an electron and
a second electron separated by @,/2% and a nuclear spin. The energy difference matches
the nuclear Larmor frequency and results in nuclear spin flips that generate the enhanced
nuclear polarization. The correct frequency separation of the two electrons is provided by
the fact that the two TEMPO moieties have relative g-tensor orientations that satisfy the
correct matching condition @.—.=0y,. The field dependence of the DNP enhancement
with TOTAPOL is shown in the bottom half of Figure 3.6, together with the enhancement
curve of BT2E. To facilitate observation of NMR signals in the absence of microwave
irradiation, the field-dependent DNP experiments were performed using a 4 mm sapphire
rotor. The DNP enhancement (e~165) in 4 mm rotors (25 pL) yielded by TOTAPOL was
smaller than that observed (€~290) in 2.5 mm rotors (9 uL), presumably because of
limited microwave penetration by the larger sample volume. However, the shape of the
curve in Figure 3.6 and the optimal external magnetic field for the maximum DNP
enhancement showed no dependence within experimental error on the average
microwave power at the sample . In particular, TEMPO-based biradicals exhibit a
universal DNP enhancement profile since the electron—electron dipolar splittings are
relatively small compared to the inhomogeneous broadening of EPR lineshapes.

As is illustrated in Figure 3.6, the DNP enhancement profile is universal with respect
to TEMPO-based biradicals as the electron-electron dipolar splittings involved are

relatively smaller than the inhomogeneous broadenings of EPR lineshapes. The
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enhancement profile curves generally resemble the first derivative of the EPR absorptive
lineshapes, having the maxima and minima around 165 and -140 separated by 107 G
(~300 MHz). The enhancement curves can be compared with the EPR lineshape in the
top half of Figure 3.6. Although the TOTAPOL chain is shorter than in BT2E and
probably less flexible, we nevertheless observe essentially the same shape for the
enhancement curve for each case. The shape and amplitude of the two curves depend on
the average electron—electron distance and relative orientations of the two g-tensors

which must be very nearly the same in the two molecules.
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Figure 3.6. (top) EPR absorption of TOTAPOL measured on a 140 GHz spectrometer. The
linewidth is much greater than the 'H Larmor frequency (,/2%) and therefore can encompass
two coupled electron spins with the correct EPR frequency separation, ,, required for the cross
effect. (bottom) Solid circles show the field dependence of the 'H enhancement (in a 4 mm rotor)
in a DNP experiment using the biradical polarizing agent TOTAPOL. The field dependence from
BT2E, shown as open circles, is essentially identical to TOTAPOL. The lines connecting the data
points are for guidance of the eyes.
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Figure 3.7 compares the enhancement obtained with TOTAPOL with those from the
BTnE (n=2, 3, 4) series. The comparison was made using both 4 and 2.5 mm rotors in
order to demonstrate the effect of microwave penetration into samples. Reducing the
number of atoms separating the two TEMPO moieties increases the electron-electron
dipolar interaction and the observed enhancement. Since the DNP enhancement strongly
depends on the electron-electron dipolar interaction, it appears to be optimized for BT2E
and TOTALPOL at €~165 in a 4 mm rotor. In a 2.5 mm rotor, where the microwave

penetration is more complete, the maximum enhancement from TOTAPOL grows to
€~290. Note that the increase in € in going from 4 to 2.5 mm rotors is ~1.75 for

TOTAPOL whereas for BT2E it is ~1.36. The underlying reason for this difference is not
clear at present. It could be related to differences in the electronic relaxation times of the
two biradicals. For systems which are sample limited the smaller rotor offers advantages
in sensitivity. However, when this is not the case then the 4 mm system could yield
improved signal-to-noise.

It is surmised that although a short biradical such as TOTAPOL should induce
efficient three-spin polarization transfers, it also facilitates electron spin-lattice relaxation
which limits the essential microwave saturation. Clearly, limitation to microwave
saturation is alleviated with stronger microwave irradiation in the smaller rotor. Thus, the
improvement of DNP by a shorter electron-electron distance is pronounced. Moreover,
different enhancements due to different tethers in TOTAPOL and BTnE may be explained
in terms of the linkage flexibility that determines the constraints of distance and relative
g-tensor orientation between two electrons. For example, a more rigid constraint of

electron-electron distance in TOTAPOL than in BT2E provides a larger average dipole
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coupling constant for the three-spin process. In the next chapter, we will thoroughly
discuss this point on the basis of measurements of the above two geometrical parameters

in biradicals using EPR spectroscopy.
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Figure 3.7. A histogram of DNP enhancements (with error bars) in 4 and 2.5
mm rotors with the TOTAPOL and a series of BTnE biradicas. A general
trend shows that TOTAPOL yielded the largest enhancement, especially
when more microwave power reaches the samples in 2.5 mm rotors.

A very important feature of TOTAPOL is its solubility in water due the -OH group
on the central carbon of the tethering chain and the -NH- linkage of the TEMPO moiety.
Further, TOTAPOL is soluble in 200 mM salt, solvent conditions that are common in
preparation of protein samples, and it is stable in glycerol/water (6:4 w/w) at —10 °C for
months. In contrast, BT2E is insoluble in all of these media. To illustrate the utility of
TOTAPOL in these circumstances we show in Figure 3.8 a DNP-enhanced high-
resolution >*C-NMR spectrum of 200 mM proline in “Hg-glycerol/"H,O/H,0 (60:25:15
w/w/w) which exhibits an enhancement of 240+40 using 5 mM TOTAPOL at 90 K and 5

T. Note the enhancement with proline is slightly smaller than the 290 observed with *C-
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urea. In addition, we have used TOTAPOL to polarize samples of membrane proteins

117, 118 4, 119
k]

such as bacteriorhodopsin , amyloid peptide (e.g., GNNQQNY) nanocrystals

120-122

and microcrystals of soluble proteins so it appears to be compatible with a wide

variety of different systems.
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Figure 3.8. DNP enhanced spectrum of a 9 pL sample of 200 mM proline solution
doped with 5 mM TOTAPOL. An enhancement of 240 was observed in the experiment
with 20 s microwave irradiation. The sample was prepared in *Hg-glycerol/”"H,O/H,0
(60:25:15 w/w/w) and the spectra were recorded with ®/2n=7.4 kHz MAS (2.5 mm
rotor) at 90 K and S T. The spectrum is assigned according to the structure of proline
shown in the inset. The rotational sideband is marked by an asterisk.

3.2.4. Conclusions

To summarize, we have synthesized a new TEMPO based biradical, TOTAPOL,
which produces larger enhancements than those observed with BT2E and, very
importantly, is soluble in aqueous media containing salt and glycerol at concentrations
typically found in protein solutions. These properties should make this molecule widely

applicable to DNP investigations involving biological systems. The sizes of the
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enhancements presently observed reach 290 in a 2.5 mm rotor or 190 in a 4 mm rotor at
90 K and 5 T. As mentioned above, we have already used TOTAPOL in a number of other
systems — in particular it has yielded interesting results in solid-state NMR studies of bR,
GNNQQNY and soluble proteins — and observed larger enhancements than obtained with
monomeric TEMPO. Thus it would appear that TOTAPOL will find wide applicability in

DNP enhanced NMR spectroscopy of biological systems.
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Chapter 4 Improvement of High-Frequency Dynamic
Nuclear Polarization Using Biradicals: A Multifrequency
EPR Lineshape Analysis

4.1. Introduction

Dynamic nuclear polarization (DNP) can be used in conjunction with cross-
polarization (CP) and magic-angle-spinning (MAS) to enhance NMR signal-to-noise
ratios by two to three orders of magnitude °* * ', The increased NMR signals arise
from the enhanced nuclear polarization due to microwave-driven transfer of electron-spin
polarization of endogenous ®° or exogenous 66 unpaired electrons. However, with the use
of ever-increasing magnetic fields in modern NMR spectroscopy, the application of DNP
is inhibited because of limitations to the polarizing processes imposed by the high
magnetic fields. In particular, severe constraints arise in high-field DNP due to inefficient
polarizing mechanisms and the unavailability of high-frequency (100600 GHz) high-
power (>10 W) microwave sources. Despite attempts to remedy the latter situation
through the use of gyrotron devices * 62,63, 89, 109. 7. 118 11y high magnetic fields (>5 T), a
discrepancy persists between measurable DNP enhancement factors and the theoretical
maximum, which is defined by Y./Y, (e.g., ~660 for 'H polarization), where Y, and 7, are
electron and nuclear gyromagnetic ratios, respectively. Consequently, improving DNP
enhancements is urgent, which has been attempted by designing specific polarizing
agents that can promote efficient polarizing mechanisms at high magnetic fields.

Polarizing mechanisms involved during continuous microwave irradiation at or near

the electron Larmor frequency . include the Overhauser effect (OE), solid effect (SE),

89



cross effect (CE), and thermal mixing (TM) 58.67 The OE arises from electron—nuclear
cross;relaxation as a result of stochastic electron—nuclear interactions with correlation
time T.. However, high magnetic fields restrict OE because the increased . fails to
satisfy the requirement ®,T; < 1. Except in special cases of liquid-state DNP experiments

124, the successful

based on scalar interactions involving transient molecular contacts
polarization of nuclei in a liquid state would rely on polarization in the solid followed by
a rapid melting as is elaborated in Chapter 7.

DNP in solid dielectrics occurs through SE, CE, or TM mechanisms and depends on
the relationship between the nuclear Larmor frequency ®, and linewidth & of the electron
paramagnetic resonance (EPR) of the paramagnetic species involved. In powder systems
with randomly orientated paramagnetic species, SE dominates in DNP with 8 < @,
whereas CE and TM are induced for the condition & > ®,. DNP enhancements arising
from SE scale as Bo’z, where By is the static magnetic field; enhancements through CE
and TM scale as By . Therefore, CE and TM are favored for high-field DNP; both are
induced by the TEMPO (2,2,6,6-tetramethyl-piperidine-1-oxyl) radical, which yields an
inhomogeneous EPR lineshape with & > @, that results from anisotropies of g-values and
"N-hyperfine interactions 123% Both CE and TM rely on an electron—electron—nucleus
mutual flipping process which requires the correct EPR frequency separation, 10 — @

= @, and an appropriate electron—electron dipolar interaction. These two requirements

for the three-spin process suggest new approaches that might be used to improve high-
field (i.e., 5 T) DNP efficiency.
The use of radical mixtures to provide an EPR spectral density favoring the required

EPR frequency separation has been shown to yield improved DNP enhancement relative
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to that found using identical amounts of individual radical species 126 Furthermore, the
tethering of two TEMPOs as biradical polarizing agents has proven effective in
improving DNP under high-field cryogenic conditions and has yielded a larger
enhancement at lower radical concentrations ''*. The improvements in DNP efficiency
from using biradicals arise principally from an increased electron—electron dipole
coupling constant and is a consequence of the fixed distance between two TEMPOs. The
modifications of two-TEMPO biradicals that allow for solubility in aqueous biological
media '? and associated applications "> ''71!® have established a new era of DNP-based
high-field NMR spectroscopy.

When designing new biradical polarizing agents, it is important to characterize the
distance and relative g-tensor orientation between two tether radicals. While the
contribution of the distance constraint to a biradical in improving its DNP efficiency is
obvious, it is uncertain whether the molecular linkage between two TEMPOs also places
a constraint on the relative g-tensor orientation that promotes the optimum EPR
frequency separation. Although the distance between two electrons and their relative
orientation may be determined by pulsed EPR techniques involving single '*7'%° or
double ' microwave frequencies, those methods are usually ineffective at close
distances and large g-anisotropies such as those required for inducing CE or TM. The
appropriate geometry of biradicals suitable for DNP can be determined using continuous-

wave (CW) EPR lineshape analyses '> '** %7

, given that the electron—electron distance of
concern is mainly <25 A for the required electron—electron interaction by either CE or
TM.

This chapter describes a series of DNP and EPR experiments with several model
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biradicals — the BTnE series that were reported in our previous communication ',

BTurea, BTOxA, and TOTAPOL (vide infra). DNP enhancements during microwave
irradiation were investigated in terms of their dependence on the external magnetic field,
irradiation times, radical concentrations, and microwave power. The corresponding DNP
efficiency was analyzed in terms of structural data obtained from EPR characterization
employing both solution and powder methods. In particular, the constraints of distance
and relative g-tensor orientation between the two radicals were determined by solid-state
EPR spectra at 9 and 140 GHz, and provided insights into the spectral parameters
governing the polarization efficiency. We describe a simulation program for powder EPR
spectra of biradicals, and the parameters that yield the best-fit simulation of the
experimental results were refined using a simulated annealing protocol. Thus, the
principles for improving DNP enhancements by using biradicals evolve naturally from

electron—electron interactions and the EPR frequency separations.

4.2. Theoretical Background

4.2.1. DNP mechanisms in solid dielectrics

The enhancement, €, in nuclear polarization in a DNP experiment is generally

defined as

e=—-1, ¢}

where p and po are the nuclear polarization following microwave irradiation and at

thermal equilibrium, respectively. Summarized from the background chapter, CW
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microwave-based polarizing mechanisms, which depend on time-independent hyperfine
interactions, include SE, CE, and TM involving single, double, and multiple electrons,
respectively, as the source of electron polarization for polarization transfers to nuclei
during microwave irradiation near the electron Larmor frequency ®.. The mechanism that
best explains DNP enhancements is determined by the EPR linewidth & of the involved
unpaired electrons, compared to the nuclear Larmor frequency ®,. When 8 < ®,, only the
SE mechanism is involved due to the microwave-driven, electron—nuclear transitions that
simultaneously flip the electron spin and the coupled nuclear spin % These transitions
arise from second-order effects of the semicircular electron—nuclear dipolar interaction B
Consequently, their intensities, as well as the consequent enhancements of nuclear
polarization, scale as By, where By is the external magnetic field. For nuclei with v, > 0,
where 7, is the nuclear gyromagnetic ratio, a microwave irradiation at @, — @, excites an
electron—nuclear transition that results in the maximum positive enhancement, while the
transition at @, + @, leads to the greatest negative enhancement. The condition & < @,
allows for apparent separation between the microwave frequencies that generate positive
and negative enhancements, and hence avoid cancellation of enhancements from the
differing signs. A narrower & will further optimize SE due to effective microwave
excitation of those electron—nuclear transitions.

The condition & > ®, induces TM and CE, which are distinguished by the
homogenous and inhomogeneous properties of the radical’s EPR spectra. Within the TM
mechanism, the electron—electron dipolar reservoir in a homogeneous EPR lineshape is
perturbed by excitation of an off-center EPR transition *°, and its nonequilibrium status

can enhance nuclear polarization in a collection of three-spin processes. Two electrons
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and one nucleus are mutually flipped in these three-spin processes, the probability of
which is optimized by & ~ %% The electron—electron dipolar reservoir is perturbed
mainly at the microwave frequencies of @, — 8 and . + 8, which result, respectively, in
the maximum positive or negative enhancement for vy, > O.

In comparison, CE requires two electrons with EPR frequencies, @.; and @, in an
inhomogeneous lineshape and separated by ®, 3135, 67. 106 The polarization difference of
these two electrons that results from on-resonance microwave excitation can be used to
enhance the nuclear polarization, again by way of a three-spin process. Assuming @e; <
> and Yy, > 0, microwave irradiation at ®;; or M, leads to the maximum positive or
negative enhancement, respectively. For both TM and CE the essentials for the three-spin
process are electron—electron interactions, electron—nuclear interactions, and the correct
EPR frequency separation between the two electrons. Specifically, the correct frequency
separation, i.e., l0e; — M2 = @y, Will yield degenerate spin states involving mutual flips of
the spin quantum numbers of the three spins, and the subsequent mixing of the
degenerate spin states could induce a transition for the desired polarization transfer. The
probability of obtaining the correct frequency separation decreases linearly with an
increasing EPR linewidth which is almost entirely due to g-anisotropy in a higher
magnetic field. Consequently, enhancement of nuclear polarization from TM and CE
scales as By’ in high magnetic fields.

While TM is deduced directly from the EPR lineshape of paramagnetic species 1
CE can be determined from microscopic conformations of radical pairs reflected by the
lineshape. Furthermore, for both CE and TM, the distance and relative g-tensor

orientation between two electrons affect the essential electron—electron interactions and
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the EPR frequency separation. Both can be determined by multifrequency EPR lineshape

analyses of the biradical, given that only a short electron—electron distance is involved.

4.2.2. Powder EPR lineshape of a biradical

For a biradical with an electron—electron distance < 25 13;, an analysis of the CW-
EPR spectra can be used to determine the distance and relative orientation of the g-
tensors of the two unpaired electrons ‘2. Specifically, the multifrequency EPR lineshape-
fitting used here employs the known principal values of the g- and hyperfine-tensors of
the monomeric TEMPO-based radical species that comprise the biradical of interest.
Further, these principal values are assumed independent of the details of the molecular
structures attached to the TEMPO ring, such as a hydroxy (or amino) functional group
and the various molecular tethers. Simulation of the powder EPR spectrum of a biradical
then involves varying the parameters that describe the angles defining the relative
orientations of the g-tensors (g1, g2) and hyperfine-tensors (Aj, Az), and the interelectron
distance (R). This is illustrated in Figure 4.1 which shows a schematic model of the
BT?2E biradical (vide infra). Specifically, the Cartesian coordinates are transformed from
the principal axis system (PAS) of the g; tensor to the PAS of the g tensor by a rotation
matrix, Rz (o, B, ¥), from the PAS of the g; tensor to the axis frame with its z-axis
parallel to R by Ryp (1, &, 0) and from the PAS of the g; tensor to the laboratory frame
with its z-axis along the external magnetic field By by Ry (¢, 6, 0). The zero angle for
the third rotation in the above coordinate transformations is a consequence of the axial
symmetry of both R and By. Note that for TEMPO-based biradicals, the principal axis

systems of the g- and hyperfine-tensors are coaxial *.
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Figure 4.1. An illustration of the relative orientations between the principal axes systems of
two tethered TEMPOs (X,Y,Z; and X,Y,Z,) of the BT2E biradical (in the skeleton of heavy
atoms), the interelectron vector (R) and the external magnetic field (By). The Euler angles
(o, B, ) transform X,Y,Z, into X;Y,Z;; (M, &, 0) and (9, 6, 0) orient R and By, respectively,
with respect to X,Y,Z,. The Euler angles are listed in the order to rotate the axes along Z, Y’
and Z’ (the convention used by Rose ° and Edmonds 7). The x-axis is along the N-O bond
and z-axis is perpendicular to the C(NO)C plane and in the 7 orbital plane '*.

Subsequently, the spin Hamiltonian describing a nitroxide radical system is

Hy=B.Byg1S1 —7,Bol; +S1A11;) + (B.Bo2,S; —v,Bols +S,A,15)

2
+D(3Slzs21 —SISZ)_ZJSISZ’ @

where . is the Bohr magneton for the electrons (S1, S2), Y, is the gyromagnetic ratio for
the coupled nitrogen nuclei (I, I;), D is the dipolar interaction between two electrons,
and J is the exchange integral from the electron—electron Coulomb interaction *°. The

orientation dependences of gi, g2, Ay, and A; are calculated from
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g; =Ry eP*SRyf,
A; =Ry ATASR{],

PAS -1 —1
g, =Ry R,8" " RyiRyy

PAS 1 ~1gp -1
A; =Ry Ry ARy Ry,

where the rotation matrices are constructed in the usual manner > " 0 with R (0.B.y)

being

cosocosPcosy—sinasiny  sinacosBcosy+cosasiny —sinBcosy
R,; =| —cosdcosPsiny—sinacosy —sinacosPsiny+coscosy sinPsiny
cosasin 3 sinasin B cosf

The g-anisotropy of TEMPO is much less than the associated isotropic g-value. Thus in
Eq. 2 only g, and gz, are considered, and hence the angular momenta of the electron
spins are quantized along By. Omitting the nuclear Zeeman terms (see Appendix A), the

Hamiltonian in Eq. 2 is simplified to

H= (ﬁeBOglzzslz +Zluslzlfz)+(BeBOg2us22 +A‘221‘SZZI£Z)

) 3)
+D(281,87; = S1x82x = S1y82y) = 2J (81,52, + 51282x + 81, 52y)

where the primed nuclear spin operators denote that the angular momenta of nuclei that
are quantized along their own hyperfine fields that depend on the spin quantum states of
the hyperfine-coupled electrons. In the new quantization frames the coefficients for the

hyperfine terms in Eq. 3 are
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Ay, =0 AjAm = yn- Ry (AFAS)*Rifn,
Ay, =n-AyA,m = \[D'Rn,Rzl(AgAs )’RaiRiin,

with

Moreover, the interelectron dipolar interaction D is expanded as

D=240-3c08%p),
2
where U is the angle between the directions of R and By, and @y is a dipolar-coupling
constant defined, with g; =%(g1xx +81yy +81) and g =%(g2xx +82yy +824) 88

— — n2
_81%B;

(OF) 3
Rl

In the reference PAS of the g;-tensor, cos(L) can be evaluated as

cost=n- RILRfll)n .

The matrix representation of Eq. 3 is block-diagonal with (2I; + 1)(21; + 1) pseudo-
two-spin (4 x 4) blocks labeled by the nuclear spin quanta, (m;;,m,,). Subsequently, the
hyperfine interactions are treated as effective electron Zeeman interactions, which appear

in the (m,,m,,) labeled sub-matrices H* as
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k _
H" = <m11m12|H|m11m12>

= (BeBog1z, + MAi )51, + BeBogay +Mynhs )5, @
+D(28,,8,, - S1x82x = SlySZy)
—27(81,82, + SixSax +51,52,).

An EPR stick-spectrum is calculated from the eigenvalues (7»',5 ) and eigenvectors (‘Pik ) of

the sub-matrices in Eq. 4 (see Appendix B). Among the four eigenstates in each sub-

matrix, four allowed EPR transitions are identified as two transitions from the antiparallel

electron spin states (‘1’4c ,‘I‘;‘ ) to the highest Zeeman energy parallel spin state (‘Plk) and

two transitions from the lowest Zeeman energy parallel electron spin state (‘I’f) to the

antiparallel spin states. At a fixed microwave frequency @y, the resonance magnetic field

for an EPR transition can be calculated from the relationship

D g3k k),
2n

For example, based on the result of Appendix B, the resonance magnetic field for the

transition ‘1‘2" — WF satisfies the self-consistent equation

k L=1,k k2 2
BL:=1,k=aZ)_%_C —D+J+\/(qBres +f7) +(%D+J)
res .

®

p

where p, g, ¢ and f* are functions of g, g2u lez and X2zz , and are defined in the

Appendix B. In practice, B,I;;I’k rapidly converges to an accurate value in the iteration

(Eq. 5) starting from the central field of the EPR spectrum '% To account for the
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temperature dependence of the EPR frequency (@), transitions probabilities are given by

PL=l’k o< K +S2 >l2

Pk o (W s + 57| ,’°>2 =(a* +b%)?,

pLBk o (lp St +55|w >2xexp(—hco IkgT) = (a* —b*)2 xexp(~ha, 1 kgT),
pL=tk o (ql St +83|w >2><exp(-h0) 1kgT) = (a* +b%)2 xexp(~he, /k5T),

where S =S, +iS, , §5 =S, +iS,,, and " and b* are given in Appendix B. When
the electron—electron interactions (D and J) shift the energy of antiparallel electron spin
states and lead to splittings in the EPR spectrum, the low temperature effect selects one
branch of the splittings since the parallel electron spin state with the lowest Zeeman
energy becomes significantly more populated by the Boltzmann factor exp(-zw, /kpT)
than the antiparallel spin state 41 For single or weakly coupled TEMPO radicals, the
altered transition probabilities modify the overall intensity of the signal but do not change
the normalized lineshape. However, the lineshape of a biradical with strong electron—
electron interactions can change significantly at low temperature. Specifically, the

Boltzmann factor leads to significant temperature effects when x=hw,/kpT is no

longer much less than 1. In discussing 140 GHz EPR spectra at 20 K, this temperature

effect is not negligible since x ~ 0.34.

Clearly, B,lgl * is a function of c, B,v. M, & R, J, 0, and ¢. If the biradical molecule

is rigid and has only one molecular conformation, o, B, v, 1, &, and R are fixed and can be

determined from EPR lineshape analyses. However, 0 and ¢ are randomly distributed and
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depend on the orientation of the entire biradical in a powder system. The simulated
derivative EPR spectrum S(Bp) is then obtained from the double integral, which we

approximate as a double sum over the angles 0 and ¢ as

N, N

g sin®, —PLY.(B,-BL¥@®,,0,)]
S(B )= res n>Ym , 6
o Z % Z] mil NeN {(AT2 +[By - BLF (8,.0,)1*) ©

where 6 = w(n — 1/2)/No, ¢ = 2(m — 1)/Ny and T is the linewidth for a Lorentzian
lineshape '*. In practice, the exchange integral J is usually small when it involves two
electrons with a through space R > 10 A, or when the number of covalent 6-bonds > 10
1% Consequently, J is usually excluded from the fitting parameters for biradicals with
longer molecular linkages except for the case of the BTurea (vide infra) biradical where J
is implicated by the biradical structure and manifests itself in the associative solution

EPR spectrum.

4.3. Materials and Methods

4.3.1. Model biradicals

The structures of biradicals investigated in this chapter are illustrated in Figure 4.2.
All reagents used in their preparation were of the highest grades and purchased from
Sigma—Aldrich (St. Louis, MO). The biradicals BTnE, bis TEMPO tethered by n ethylene
glycol monomers, where n = 2, 3 or 4, were synthesized by reacting di-, tri- or tetra-
ethylene glycol (0.1 mmol) with 4-hydroxy-TEMPO (2,2,6,6-tetramethylpiperidine-1-
oxyl-4-ol, 97% free radical, 0.3 mmol) activated by NaH (0.4 mmol) in THF (3 mL)

under a N, atmosphere at 60°C '%. The biradical BTOXA, bis-TEMPO tethered by oxalyl
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amide, was obtained by reacting oxalyl chloride (0.2 mmol) with 4-amino-TEMPO (4-
amino-2,2,6,6-tetramethylpiperidine-1-oxyl, 97% free radical, 0.4 mmol) in the presence
of triethylamine (1.0 mmol) in toluene (1 mL) at 0°C. The biradical BTurea, bis-TEMPO
tethered by the urea structure, was made by reacting diimidazole carbonate (0.9 mmol)
with 4-amino-TEMPO (1.8 mmol). The biradical TOTAPOL, 1-(TEMPO-4-oxy)-3-
(TEMPO-4-amino)-propan-2-ol, was synthesized in two steps 127 In the first step, 4-
hydroxy-TEMPO (60 mmol) was reacted with epichlorohydrin (3.91 mL, 50 mmol) in
basic solution (50% w/w NaOH, 10 mL with 0.136 g tetrabutylammonium
hydrogensulfate as a phase-transfer catalyst) to obtain 4-(2,3-epoxy-propoxy)-2,2,6,6-
tetramethyl-1-piperidinyloxy [4-(2,3-epoxy-propoxy)-TEMPO]. A 1.62-g, 7-mmol
aliquot of this product was reacted with 4-amino-TEMPO (1.20 g, 7 mmol) in anhydrous
CH;CN (13 mL) with LiClO4 (0.745 g, 7 mmol) under argon atmosphere overnight at
room temperature to obtain TOTAPOL. To provide narrower linewidths in the EPR
powder spectra, the TEMPO moieties were >N,’H-labeled. The isotope labeled 4-
hydroxy-TEMPO and 4-amino-TEMPO for the above reactions were purchased from

CDN Isotope (Quebec, Canada).

4.3.2. DNP experiments

Each DNP sample contained 5 mM biradicals (10 mM electrons) and 2 M BC-urea
ina 2H6-DMSO/2H20/I-120 (60:34:6 w/w/w) mixture that forms a glass at 90 K where the
DNP experiments were conducted. The high concentration of 13C-urea ensured a more
accurate measurement of the NMR signal in the absence of microwaves, and the partial

protonation of the solvent was adjusted to maximize the DNP enhancement and the 'H-'H
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spin diffusion process. A sapphire rotor (4 mm OD from Revolution NMR) was center-
packed with 25-uL. sample solution and maintained at ~90 K for cryogenic MAS-DNP
experiments. Each cap stem was grooved and attached to the rotor with cryogenic epoxy
(Hysol; Dexter Corporation, Olean, NY) to prevent the drive and sealing caps of the rotor

from becoming loose while spinning at low temperature.

?
>©< TEMPO
/é\ /E\/ BTnE
n=2,3,4
O o N,O-
/Tﬁ M ﬁ\ BTurea
NN
N
p,/ﬁ\r BTOXA
(o] N

Figure 4.2. The structures of TEMPO and selected biradicals. While the TEMPO moiety
usually contains natural abundant isotopes in DNP experiments, they are °N and ’H
labeled for better resolution of powder EPR spectra.

DNP-CPMAS experiments were performed on a custom designed, 5-Tesla (140-
GHz EPR/211 MHz NMR) system equipped with a superconducting sweep coil (£750
G), a 139.66 GHz/10 W gyrotron microwave source 9, and a triple channel (e, 'H, and

Boy probe capable of performing MAS experiments at ~90 K. The pulse sequence used
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to acquire the DNP enhanced spectra is illustrated in Figure 4.3a. Initially, 'H
polarization was saturated by a series of 90° pulses, followed by the application of
microwave irradiation generating a buildup of enhanced proton polarization, which was
then detected through a standard CPMAS sequence in the presence of TPPM decoupling

(/2% = 70 kHz for 'H) "®.

(a) DNP-CPMAS
e__ | l

0 90y
H |3T2 delay TPPM

Zn

180 CP AAna

(b) Echo-detected EPR

90, 904 90,

Figure 4.3. Pulse sequences for detection of (a) the
enhancement of 'H polarization and (b) 140 GHz EPR spectra.

4.3.3. Powder EPR spectra at 9 and 140 GHz

Each EPR sample contained 0.5 mM of biradicals (1 mM electrons) in a 2H5-
DMSO/*H,0 (60:40 w/w) mixture since the removal of environmental 'H spins reduced
the EPR linewidth by a factor of about two. A Bruker EMX spectrometer was used to
record 9 GHz CW-EPR spectra at 77 K using a 4-mm quartz tube with a ~60-uL sample

immersed in a finger Dewar (WG-819-B-Q; Wilmad LabGlass, Buena, NJ). The spectra
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measured from progressively diluted biradicals indicated that the residual linewidth was
related to the glassy matrix that introduced a distribution of molecular conformations.
High-field EPR spectra were recorded with 139.95 GHz microwaves in a 5 T
superconducting magnet with a superconducting sweep coil capable of varying the
stationary magnetic field by +4000 G. About a 0.4-puL sample was introduced into a
capillary (0.40 ID, 0.55 OD) and placed into a cavity resonator %, which was then cooled
to 20 K in a cryostate (Oxford Instruments, Oxford, UK). A stimulated-echo pulse
sequence, (T/2)x-T- (W/2)x-T- (W/2)-T-echo with (/2), = 100 ns and T = 200 ns (Figure
4.3b), was used to detect EPR absorption signals as the magnetic field was swept. The
first derivative of the pulsed-echo-detected absorption spectrum approximates the

lineshape of the 140-GHz CW-EPR spectrum with a resolution of 1 G.

4.3.4. Multifrequency EPR lineshape fitting

The goal of lineshape fitting is to minimize the difference between the simulated
EPR powder spectra ($°™, from Eq. 6) of the biradical and the measured spectra (S*F) at
9 and 140 GHz. Both of the simulated and experimental spectra are normalized and

digitized as N data points. The mean square deviation 2 is given by

N .
X2 (Ot,ﬁa%n,g,R,J,l") = Z [S}S'lm (a,B,'Y,n,g,R, J,r') — SjXP]Z .
Jj=1

This fitting problem is complex and nonlinear and therefore standard methods that allow
a change in the value of the fitting parameters only when the calculated x* is reduced do

not necessarily yield a global minimum for %>. Therefore, we employed a simulated
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annealing approach '**'* that circumvents the problem for the search for a minimum of
x? confined near the local minimum. In this manner, the fitting parameters are varied one
by one in a sequence and the varied parameters are accepted as the new reference

146 The variation is made randomly within a

according to Metropolis criteria
‘reasonable’ range that is proportional to the ‘annealing temperature’ 7,. When a
proposed set of parameters generates a smaller %2, it is accepted as the reference for the
next trial. However, when the proposed parameter set fails to yield a smaller xz, it is not
automatically discarded as is done in standard methods, but is accepted within a

Boltzmann-like probability defined by the annealing temperature. Specifically, a random
number is generated, uniformly distributed between O and 1. If it proves to be smaller
than exp(—Ax2 /kgT,), the proposed set of parameters yielding Ax® > 0 is then accepted
as the new reference set.

The ‘reasonable’ range for varying a fitting parameter is selected such that about
one-half of the proposed trial parameters are accepted, and thus become actively adjusted
within the annealing process. The parameter T4, which emulates the temperature in the
annealing process, is slowly reduced after 2 has been calculated for many sets of fitting
parameters; these parameters statistically cover the desired range of fitting parameters
(the whole range, when Ty is extremely high, and a focused range, when Ty is extremely
low). The annealing process can be terminated after an absolute minimum x* is found and
the calculated trial %> converges to this minimum. After a simulated annealing process, a
further minimization of x2 may be achieved using a standard method, e.g., the Nelder—

Mead simplex algorithm 144

The best-fit parameters for the simulated annealing procedure were determined by
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incorporating the simulated powder EPR spectra at 9 and 140 GHz via a MATLAB
(MathWorks Inc., Natick, MA) environment running on a G4-PowerPC. The range for
each set of fitting parameters was varied as described above, i.e., after 20 cycles of
sequential changes in these parameters '*’. T, was then reduced to the 80% level after the
range of the varying parameters had been adjusted 10 times. In each case, the initial T
was chosen to keep the associated range of variation reasonable. For the eight variables in
the present simulated EPR spectrum, it took about 1 day to explore 20,000 possible sets
of fitting parameters. Although the initial set of fitting parameters should be randomly
chosen, it can be roughly ascertained from fitting the 140-GHz EPR spectrum for J, R, 1,
and &, given that the splittings that arise from interelectron interactions are better resolved
in the 140 GHz spectra. The errors for the refined fitting parameters were estimated
according to F-statistics by calculating the minimized x* with respect to the remaining
parameters as function of the displacement from the optimal value. A conventional bow-
shaped curve was fitted by a normal distribution whose standard deviation depicts the
fitting error within a canonical level of statistical confidence. For example, two standard

deviations represent the accuracy of fitting with 95% confidence.

4.4. Results
4.4.1. Solution EPR at 9 GHz

Figure 4.4 shows the 9 GHz EPR solution spectra of BT2E, BTurea, and BTOXA
used to characterize the newly synthesized biradicals. The spectrum of BT2E has two
extra lines (2 and 4) in addition to three lines (1, 3, and 5) whose positions coincide with

spectral lines of monomeric TEMPO which arise from hyperfine coupling with the "N (I
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= 1), Ay ~159 G Similar five-peak spectra were observed for BT3E, BT4E, and
TOTAPOL, which can be regarded as possessing an average exchange integral (/) much
larger than Ay. A time-independent J >> Ay should result in five-line splitting with a peak
intensity ratio g»/q, = 2, where g; and g, are the intensities of peaks 1 and 2, respectively.
However, the transient proximity of the two TEMPOs in BTnE yielded g»/g1 < 2 due to a

flexible tether 48

. The molecular dynamics involved can be described approximately with
a two-state model in which the near proximity of TEMPO moieties leads to a strong J-

coupling constant, while a distant separation results in a negligible J. The temporal

fractions of these two states follow the relationships 149,

fn +fd =1’
fal fa =3q2/q)/[2-(q2/ ¢1)],

where f, and f; are the fractions for the near and distant states of a biradical, respectively.
The values of f,/f; of BT4E, BT3E, BT2E, and TOTAPOL in ethanol are 6.2, 5.5, 5.3, and
0.9, respectively. The absolute lifetimes of these two states cannot be determined by the
above analysis but the timescale describing the two-state exchange should be less than
Ax"! (i.e., ~20 ns) in order to display an averaged effect of J-couplings. As we will see
from the simulation below, the flexibility in the tether results in a distribution of
molecular conformations of the BTnE series and TOTAPOL when these biradicals are

frozen in a glass matrix.
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BT2E

BTOXA

775G

Figure 4.4. 9-GHz EPR solution (in ethanol) spectra of biradicals: BT2E, BTurea and
BTOXA. The lineshape of BTurea is approximated by a simulation (dash line) with a
time-independent exchange integral J = +7.7 G.

In contrast, the rigidity of BTurea and BTOXA biradicals leads to different features
of EPR solution spectra. Figure 4.4 shows that BTurea exhibits a complex spectrum
arising largely from a J-coupling comparable to the *N-hyperfine coupling constant. A
simulated EPR lineshape with a time-independent J = 7.7 G reflects a good
approximation relative to the solution EPR spectrum of BTurea. This time-independent
J-coupling, known as either a through-bond or a through-space exchange integral,
indicates a short and rigid tether consistent with the computed molecular models. Any

discrepancy between the simulation and the experiment may arise from molecular
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dynamics that perturb the J-coupling of BTurea. Figure 4.4 also shows that the spectrum
of BTOXA features an insignificant J-coupling due to the rigid tether involved. Although
the three-peak EPR solution spectrum apparently failed to show the presence of a
biradical, the associated line broadening (~3 G) suggested the proximity of the other
paramagnetic moiety in the BTOXA molecule. Despite the smaller number of atoms
comprising the BTOXA tether, when compared to the BTnE series, the rigidity of
BTOXA's tether keeps the two TEMPOs at a distance and the intensity of the exchange
integral becomes negligible. The rigidity of the tethers in both BTurea and BTOXA could
constrain the conformation of the biradical in a frozen solution and hence define the

relative orientation of g-tensors between the two electrons.

4.4.2. Powder EPR spectra at 9 and 140 GHz

Multifrequency powder EPR spectra are useful in constraining both the distance and
relative g-tensor orientations between two electrons, especially when the distance
between the paramagnetic centers is short as is the case for the biradicals that are
potential DNP polarizing agents. These constraints allow the electron—electron dipolar
couplings and the EPR frequency separations to be evaluated in order to optimize both
the CE and TM polarizing mechanisms. The EPR powder spectra of the TEMPO-based
biradicals were recorded in frozen glassy solutions at <100 K. For '>N,?H-labeled
TEMPO ', the well-known principal values of the g-tensor (i.e., go = 2.0090, g, =
2.0061, g,, = 2.0021) and hyperfine-tensor (i.e., A= 9.30 G, A;, = 9.46 G, A, = 51.39 G)
were verified with 9-GHz CW-EPR spectra of 4-hydroxy-TEMPO and 4-amino-
TEMPO. These principal values also fit the pulsed-echo-detected 140-GHz EPR spectra,

but the agreement with the 140-GHz experimental spectra and simulations is not as good
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as with the 9 GHz spectra. The reason for this is the more rapid anisotropic relaxation
which results in a distortion of the lineshapes in the downfield part of the echo-detected
spectra.

Figure 4.5 illustrates the EPR spectra of the '°N,?H-labeled biradicals at 9 and 140
GHz with the experimental and simulated spectra depicted as solid and dashed lines,
respectively. A qualitative comparison of the 9- and 140-GHz EPR spectra of the flexible
BTnE and TOTAPOL biradicals shows that the line broadening is approximately
inversely proportional to the number of atoms contained in the tether. The quality of
fitting is generally better with the flexible biradical due to the smaller number of
splittings, consistent with the larger line broadening parameter I" used. This broadening
effect can be attributed to the multiple conformations of a flexible biradical. In contrast,
the visual quality of the fit for both the BTOXA and BTurea spectra deteriorated as these
spectra became rich in splittings as a result of electron—electron interactions and a
reduction in the distribution of biradical conformations. The specific molecular
conformations are consistent with both tethers being in rigid, well-defined conformations.
As a result, the value of I" was smaller than that for the flexible biradicals. However,
despite the less satisfying visual agreement between the simulations and experimental
lineshapes, the fitting parameters in fact regressed to smaller errors. That is, the simulated
EPR lineshapes for BTurea or BTOXA can be derived from a unique set of parameters,
whereas the EPR spectra of the BTnE series and TOTAPOL can be simultaneously

simulated by distribution of sets of parameters.
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Figure 4.5. Powder 9 and 140 GHz EPR sgectra (experiments: solid lines, simulations:
dash lines) of six biradicals with >N and “H labeling. Note that the fitting parameters
for BTurea and BTOXA are unique while the EPR lineshapes of the BTnE series and
TOTAPOL can be simulated by distribution of fitting parameters.

Figure 4.6 displays the values of )’ as a function of the variation in the interelectron
distance R and five Euler angles relating the orientation of the two g-tensors for BTurea
and BTOXA (also a J-coupling constant for BTurea, whose error plot is not shown).
Minima in the > plots strongly constrain the values of the fitting parameters, which
provide support for the suggestion that the biradicals exist in a well defined
conformation. Note that in the case of BTOXA the y-angle is not well defined, which is
due to the small value of B (£25°) which conflates the effect of o and ¥ on the EPR

powder lineshape into that of o.. Note that according to the reference 12 the angles &, m,

and B are related by a rotation through 90°, and the angles o and 7y are related by a
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reflection through 0° (or 180°). These symmetric properties of the angle parameters can
be verified when the angles lie close to 0°, 90°, and 180°, as, for example, the & and iy
angles of BTurea and the o, B, v, &, and 1 angles of BTOXA. In addition, the exact J of ~
—7.3 G simulated for BTurea is consistent with the absolute value from fitting the EPR
solution spectrum. That both BTurea and BTOXA have & ~ 90° and 1 ~ 180° implies that
approximately planar tethers exist in both of these biradicals. Moreover, the planar tether
in BTOXA imposes a center symmetry between the g-tensors of tethered TEMPOs, as

implied by the angle parameters of o ~ 180°, B ~ 0°, and 7y ~ 0°.
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Figure 4.6. Fitting errors for the distance (R) and Euler angles (¢, B, ¥, 1, &) in BTurea
(a,b) and BTOXA (c,d).
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Figure 4.7. Fitting errors for the distances in the BTnE series and TOTAPOL.

Among the multiple sets of fitting parameters in powder EPR simulations of flexible
biradicals such as BTnE and TOTAPOL, the orientation angles are distributed in a broad
range and are consistent with the flexibility of the molecular structure. Nevertheless, the
distribution of the distance parameter R is relatively narrow and can be treated as an
uncertainty corresponding to an averaged distance between the two electrons. Figure 4.7
shows a slightly different parameter X x> plotted as a function of the variance of R for
each member of the BTnE series and TOTAPOL. To obtain sz, the fitted x2 versus the
variation of R is summed over 15 equally well-fitting parameter sets, so that the average
electron-¢lectron distance and the associated error are evaluated. Note that distances
associated with indistinguishable orientations mentioned previously were only counted
once. In general, the average R is close to the optimal value for the minimum Tx% In
addition, mapping a Gaussian function onto the Ty? function yields the estimated errors
for the derived R. From lineshape simulations, fitting parameters, I, o, B, v, &, M, R, and
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specifically for BTurea, J, that best fit the measured EPR spectra are summarized in Table

4.1.

Table 4.1. Summarized results of fitting parameters for 9 and 140 GHz EPR spectra.

e - ¢ | Relative orientation | ¢ - e dipole | Exchange | broadening

distance | of g- and A-tensors” | orientation® | integral parameter
Biradical

R o B Y 13 n J re

A (degree) (degree) G) (G)
BTurea 114402 | 128 29 120 | 85 175 | -7.3105 |25
BTOXA 12,604 | 182 10 0 88 177 |- 2.5
TOTAPOL | 13.1+0.6 | 107 108 124 |94 127 |- 4
BT2E 13.310.8 | 81 47 16 30 104 |- 4
BT3E 15.0+0.8 | 23 121 297 |67 108 |- 4
BT4E 16.5+0.9 | 27 50 211 132 321 - 3

? The error associated with the angles is about 10°. Note that the angle parameters for TOTAPOL and
BTnE series belong to the best-fit one among the multiple conformations.
® [ is the full width at half height of a Lorentzian lineshape.

With the knowledge of 4-hydroxy-TEMPO crystal structure ! and the relationship
between the g-tensor principal axes and the geometry of nitroxide radical >, the distance

and relative g-tensor orientation between two electrons can be converted into atom-atom

. C - . .
distances among the atoms of two C) NO°moieties and then input into the structural

refinement software — crystallography NMR system (CNS) '*

to produce the refined
structures as is shown in Error! Reference source not found.. The molecular structure
databases of the biradicals for CNS were generated by XPLO2D '**. Clearly, the EPR
constraints render a better defined structure such as in BTurea when the number of atoms

in the tether decreases. Thus the relative orientation of two TEMPOs in BTnE biradicals

is generally not constrained due long molecular linkages involved. Nevertheless, the
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associated interelectron distance can be described by an average value from a distribution
of a more restricted range. In contrast, the structures of BTurea and BTOXA are relatively
well defined by the EPR characterization. Interestingly, although the refined structure of
TOTAPOL illustrates a degree of flexibility, the TEMPO rings are constrained
perpendicular to each other, so that the EPR frequency separation, in addition to the short

distance, between the two electrons is favored by the cross effect polarizing mechanism.

BTurea BTOXA
RMSD(rings) = 0.03 A

TOTAPOL BT2E
RMSD(rings) = 2.15 A RMSD(rings) = 2.82 A

Figure 4.8. The structures of BTurea, BTOXA, TOTAPOL and BT2E were refined using
geometrical constraints from the multifrequency EPR lineshape fitting. The root-mean-square-
distances (RMSD) with respect to the atoms on TEMPO rings were also calculated.
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4.4.3. Magnetic field dependence of DNP

DNP occurs when microwave radiation of the appropriate frequency excites the
desired EPR transitions embedded in the spectral profile of a radical polarizing agent.
Since the gyrotron microwave frequency is presently not tunable, the optimization of the
excitation is performed by sweeping the external magnetic field. At the top of Figure 4.9
we illustrate 140-GHz EPR spectrum of TEMPO in frozen solution and the field-
dependent profiles of DNP enhancement yielded by TEMPO and BT2E. These profiles
depend on the probability of the correct EPR frequency separation from a randomly
oriented TEMPO pair. The EPR spectrum of TEMPO (Figure 4.9, top), containing g- and
"N-hyperfine-anisotropy, is an excellent approximation of the EPR spectral density
displayed by the BTnE series as well as other biradicals investigated in this report, since
the dipolar couplings due to the constrained interelectron distance are small relative to
other spectral parameters such as g- and hyperfine-anisotropies and have small effects on
EPR absorption lineshape. Note that the 140-GHz EPR spectrum of TEMPO is shifted
along the field axis by 58 G in order to synchronize the resonance positions arising from
the Gunn diode microwave source of the EPR spectrometer (139.95 GHz) with the
microwave frequency provided by the gyrotron (139.66 GHz). The optimal magnetic
field for DNP is indicated by an arrow at 49798 G in Figure 4.9, which is closely related
to the central frequency of the EPR lineshape.

The field-dependent profile of 'H enhancement obtained with 40 mM TEMPO
achieves a maximum of about 55 at 49798 G and a minimum of about -55 at 49783 G. A
zero value was obtained at 49735 G corresponding to maximum of EPR absorption. In
contrast, the profile by 5 mM BT2E (10 mM electrons) exhibits a similar shape but
different intensity from the profile of TEMPO, and shows a maximum of ~175 at 49798

117



G and a minimum of about —144 at 49696 G. The larger 'H enhancement available from
BT2E and changes in the relative intensity and position of the maximum in the negative
enhancement could result from possible conformations of the polyethylene glycol tether.
Note that the concentrations of TEMPO and BT2E are optimized for the largest DNP
enhancement with reduced impact of paramagnetic relaxation. The similarity in shape of
enhancement profiles of 40 mM TEMPO and 5 mM BT2E indicates the key role of
electron—electron—nuclear processes involved in both the TM and CE polarizing

mechanisms dominating at high and low radical concentrations, respectively.

EPR spectrum
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F DNP profiles
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Field (G)
Figure 4.9. (Top) The 140 GHz EPR spectrum of TEMPO. (Bottom) Field-dependent 'H DNP

enhancement profiles using 5 mM BT2E and 40 mM TEMPO under MAS (®/27=3.5 kHz) at 90 K
and 5 T. The smooth lines are for eye-guidance.
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4.4.4. DNP buildup during microwave irradiation

Enhancements in 'H polarization were determined indirectly by >C-CPMAS NMR
spectra because of higher spectral resolution and lower background signal intensities.
Figure 4.10a illustrates intensive CP-signals of '*C-urea after a period of microwave
irradiation at the optimal magnetic field position. In contrast, signals without microwave
irradiation were much smaller and required long periods of data accumulation in order to
be clearly detected. Comparison of DNP enhanced signals with those at thermal
equilibrium reflects an enhancement of 171 + 20 when employing 5 mM BT2E. The
enhanced signals grow as the microwave irradiation period increases and follows an

exponential saturation-recovery defined by

e(t) =¢y[1—exp(—t/T))],

where € is an enhancement factor, ¢t is a delay for microwave irradiation, €y is the
equilibrium enhancement, and T; is the buildup time constant which is also the nuclear
spin-lattice relaxation time. Figure 4.10b illustrates the growth in signal intensities
following saturation of the proton polarization with and without microwave irradiation
and implies that both the growth of the equilibrium-DNP enhancement and the saturation-
recovery of the 'H Boltzmann polarization are governed by the same time constant.
Empirically, for a given polarizing agent, & depends on the magnetic field position,
radical concentration, and microwave power, while T apparently has only concentration
dependence. The aim in designing polarizing agents is to provide a larger 'H € and a

lower T for the optimal field position, a low radical concentration, and the available

microwave power.
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Figure 4.10. (a) Buildup of '>C-CP signals of C.urea from the enhanced 'H polarization
during a delay of microwave irradiation at the optimal magnetic field position. The 'H
enhancement is ~171 by comparing the sxgnals with and without microwaves. (b) The buildup
time constant is ~5 s, coincide with the 'H spin-lattice relaxation time obtained without
microwave irradiation. The numbers of acquisitions for enhanced and unenhanced signals are 4
and 32, respectively. The sample, containing S mM BT2E biradical, was rotated at a MAS
frequency of 3.5 kHz indicated by spinning sidebands (asterisks).

4.4.5. Radical concentration dependence of DNP

A reduction in radical concentration, as long as DNP is still operative, is desirable
since it attenuates electron—nuclear broadening that compromises resolution in the NMR
spectra. Figure 4.11a shows that the BT2E biradical yields DNP enhancements that are
relatively independent of electron concentrations while enhancements by the monomeric
TEMPO radical are strongly influenced by electron concentrations. BT2E yielded 'H g
~175 at an electron concentration from 10 to 50 mM (muitiplied by 0.5 for the biradical
concentration), while the H g using TEMPO maximized at ~60 and decreased
significantly when the corresponding electron concentration decreased below 40 mM.
DNP measurements at higher radical concentration were discounted as the overall

enhanced signals decayed due to a reduction in observable nuclear spins at high radical
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concentration. The reduction in observable nuclei also led to weaker unenhanced NMR
signals that contributed to larger error bars in measurements of DNP enhancement. Figure
4.11b indicates that the nuclear 7} has a strong dependence on electron concentrations in
the case of both BT2E and TEMPO. The reduction in 7T; by increased electron
concentrations was more significant in the case of the TEMPO radical than with the
BT2E biradical. At higher electron concentrations, this dependence of T; tended to
converge regardless of whether TEMPO or BT2E was employed. The larger errors
associated with lower T) values arose from instability in the microwave source within the

first 0.3 s following triggering of the gyrotron.
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Figure 4.11. Radical concentration dependence of (a) DNP enhancement €, and (b) buildup
time constant 7, using BT2E and TEMPO.
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4.4.6. Microwave power dependence of DNP

A strong microwave field is required to produce efficient DNP, especially when the
polarization efficiency decreases in increasing external magnetic fields. When designing
polarizing agents, comparisons of DNP efficiency among biradical candidates must be
made at a controlled level of microwave field strength, which depends on microwave
power and the efficiency of transmission to the sample. However, variations exist in the
efficiency with which microwave power is coupled to a sample, and DNP measurements
may need to be obtained at different microwave field strengths. To circumvent this issue,
one should always investigate the theoretical enhancement at infinite microwave power.
This value can be obtained from the microwave power dependence of DNP enhancement

described by

1 1 ( 1)
—_—=—| 1+—,
€0  €max aP

where € is the irradiation time-saturated enhancement, P is the microwave power, €may 1S
the enhancement at infinite microwave power, and a is the saturation parameter, which
depends on the microwave transmission efficiency and EPR relaxation properties.
Different instrumental conditions affect only a and &g rather than €p,y.

Figure 4.12 illustrates the relationship between 1/gy and 1/P for various biradicals
and is depicted in two panels for clarity. The regressive linear relationships provide
parameters, €max and a, which are summarized in Table 4.2. In addition, DNP
enhancements under 1.5 W of microwave power that is proved stable in long-term
experiments are also given, along with the associated T values that were found to be

independent of P, since any microwave heating of the sample was alleviated by cryogenic
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MAS. The electron—electron distances R from the EPR analyses are listed as are the
corresponding electron—electron dipole coupling constants.

With 10 mM electrons (5 mM biradicals), the trend in the DNP enhancement gy was
consistent with the theoretical power-saturated DNP enhancement €nyax, While the proton
relaxation time 7 remained at about 5 to 6 s. The value of €y, reached a maximum with
TOTAPOL but decreased with increasing electron—electron distances in going from
BT2E, to BT3E and BT4E. The shorter electron—electron distances in BTurea and
BTOXA failed to optimize €may, With BTOXA yielding insignificant improvement of
DNP enhancements (€)~50) notwithstanding its short distance. Despite larger errors
associated with the results for the microwave saturation parameter a, a trend clearly
shows that the close proximity of two electrons leads to difficulties in obtaining the
microwave saturation required for DNP. Exceptions to this trend occurred with both
BTOXA and TEMPO and may be attributable to the unique molecular tether in BTOXA

and the possible aggregation of TEMPO.
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Figure 4.12. Microwave power dependence of DNP experiments using (a) the 5 mM BTnE with n=2, 3 and
4, and 10 mM monomeric TEMPO, and (b) BTurea, BTOXA and TOTAPOL, all of which have fewer
atoms in their molecular linkers than BT2E does.
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Table 4.2. Summary of 'H DNP measurements from employment of various polarizing agents.

. Enhancement Buildup time Enhancement Saturation e-€
Biradical atl5w? cons‘t)ant at o power factor distance DCc’
[e]=10 mM £ T, Emax a R (oN

(s) W (A) (MHz)
TOTAPOL 190+£20 5.510.2 335165 0.83+0.30 13.110.6 23.243.2
BT2E 175820 4.940.2 260155 1.0310.40 13.310.8 22244 .0
BT3E 11510 5.910.2 175430 1.2540.35 15.010.8 155125
BT4E 80+10 6.310.2 105120 1.8740.35 16.510.9 11.6+1.9
BTurea 12510 5.120.2 205440 1.0310.40 114102  35.2%19
BTOXA 5045 11.320.5 70+10 1.3740.45 126104  26.112.5

TEMPO 4015 16.530.5 6015 1.2340.50 56° 0.3

A stable microwave power for long experimental time

® Dipole coupling constant: @y = 52160/R* (MHz) for a TEMPO pair

¢ The inter-electron distance for the monomeric TEMPO approximates the average intermolecular distance
determined by the radical concentration. At the electron concentration of 10 mM, <R> is ~56 A.

4.5. Discussion

DNP experiments using TEMPO-based polarizing agents rely on CE or TM
polarizing mechanisms that dominate at low or high concentrations of the paramagnetic
species, respectively. Electron—electron—nucleus three-spin processes involved in both CE
and TM are characterized by an essential electron—electron interaction and an exact EPR
frequency separation that provide the foundation for designing better polarizing agents
and optimizing polarization conditions in DNP experiments. Information on the important
spectral parameters involved in DNP mechanisms can be ascertained using solution- and

solid-state EPR spectroscopy.

4.5.1. Designs of better polarizing agents

The essential electron—electron interaction constrained by the electron—electron
distance in a biradical depends on the electron concentration in the monomeric radicals

used. In general, biradicals yield larger DNP enhancements (gp ~190) over shorter
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polarizing times (T; ~5.5 s) and at lower concentrations ([e]~10 mM). These
improvements, when compared to the results of TEMPO, show dramatic increases in the
potential for DNP applications. The BTnE biradicals demonstrate a trend of increasing
DNP enhancement with a decrease in intramolecular electron—electron distance.
However, this trend is not shown in the DNP results of TOTAPOL, BTurea, and BTOXA,
and in fact the largest DNP enhancement to date was obtained from TOTAPOL, which
has a similar R to that of the BT2Es. The corresponding €max given at theoretical infinite
microwave power further emphasizes the superior DNP performance of TOTAPOL over
BT2E; this superiority may be attributable to the constraint of the fixed distance between
two electrons in TOTAPOL, which is implied by the relevant solution- and solid-state
EPR spectra that reveal the smallest ratio of ‘near’ state to ‘distant’ state in solution
spectra and show clear features of dipolar splitting in the solid.

Moreover, BTurea and BTOXA both have a smaller R value but failed to yield a
better €. The theoretical €,.x of BTurea ranks between that of BT2E and BT3E,
indicating that the involved electron—electron dipole coupling constant is too strong to be
optimal because possible increases of electron spin—lattice and spin—spin relaxation rates
can suppress the microwave saturation, which provides the driving force for both CE and
TM mechanisms. BTOXA, which has a smaller R than BT2E, displayed little
improvement in DNP efficiency when compared to TEMPO. This result may reflect not
only the high level of electron—electron interaction but also the other important parameter
in the three-spin process: EPR frequency separation.

EPR frequency separations in powder biradical samples are controlled by the

constraint of the relative g-tensor orientation. The complexity of powder distributions and
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the multiple conformations of a biradical imply that the correct EPR frequency separation
may not differ too greatly from that yielded by two independently orientated TEMPOs.
Even with a rigid tether, the rotations along the bonds between a TEMPO moiety and its
tether and the flipping of the TEMPO ring can still result in a distribution of molecular
conformations with line broadenings in EPR spectra. Nevertheless, the features of dipole
splittings that can be clearly observed in the EPR spectra of BTurea and BTOXA serve as
standards to compare EPR lineshape fitting methodologies. While the unique constraint
of g-tensor orientation in BTurea does not appear to affect DNP efficiency, the constraint
in BTOXA does show a significant influence in DNP enhancement. The EPR powder
spectra at 9 and 140 GHz revealed that the relative g-tensor orientation in BTOXA is
constrained about a center symmetry that produces few EPR frequency separations,
regardless of how the biradical is orientated within the powder distribution. Therefore,
the three-spin-process is suppressed and the required condition 1@ — We2! = @, is not
satisfied.

To summarize, the DNP efficiency is optimized by varying the electron—electron
distance in the flexible BTnE series and TOTAPOL. In addition, the failure to improve
DNP using rigid BTOXA verifies the importance of the CE mechanism at low electron
concentrations and explains the lack of EPR frequency separation in the center-symmetric

g-tensor orientations.

4.5.2. Optimization of DNP experimental conditions

With a better designed biradical, DNP efficiency can be optimized for various
experimental conditions, including magnetic field position, irradiation time, biradical

concentration, and microwave power. At a constant microwave frequency, a correct
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magnetic field position allows for EPR saturation that induces the strongest CE
enhancement. The net DNP enhancement results from two counteracting CE processes
that arise from EPR spectral densities at resonance offsets from the microwave frequency
of +a,, if the associated EPR absorption line is inhomogeneous and broader than .
Given that the electron—electron interactions involved in the selected biradicals are
smaller than ®, (212 MHz for 'H), the various EPR spectral densities yield similar
magnetic field-dependent enhancement profiles.

Buildup of enhanced nuclear polarization occurs during the microwave irradiation
period that succeeds a saturation-recovery process and is characterized by nuclear spin—
lattice relaxation time 7;. Although the designed biradical polarizing agents allow for
efficient polarization transfer from electrons to coupled nuclei, complete polarization of
bulk nuclei using diluted paramagnetic species also relies on homo-nuclear spin
diffusion. The rate of nuclear spin diffusion is determined by the average homonuclear
dipolar interaction, which can be described by the population density and is potentially
affected by the MAS frequency. In order to observe larger DNP enhancements, the glass
matrices were deuterated to the extent in which the 'H-"H spin diffusion remained
effective in DNP-CPMAS experiments.

A low radical concentration is desirable in DNP applications, since the side effect of
electron—nuclear relaxation increases NMR linewidths and reduces the number of
detectable nuclei close to the radicals. With constrained electron—electron distances,
biradicals can yield a DNP enhancement that is independent of electron concentration C,
unlike the case with TEMPO when a higher C is required to allow contacts between two

electrons. Note that at C < 10 mM, T; becomes impractically long for applications, and
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that € for the biradicals eventually decreases with a reduction in C. At higher electron
concentrations (C = 10 mM) than those typically used in EPR spectroscopy, analysis of
1/go versus 1/C becomes no loner applicable because of unavoidable electron—electron
interactions between the two molecules. Instead, the influence of concentration on DNP
is determined through the inter-radical distance, density of polarizing centers, and the
radical-induced nuclear relaxation. Since a biradical already has the required electron—
electron distance, the influences of polarization density and paramagnetic relaxation
counteract and lead to an insignificant concentration dependence of DNP with the
biradical. The concentration-saturated enhancement also depends on the population
density of nuclear spins. The natural abundance of protons in typical samples will
empirically reduce the DNP enhancement factor by at least twofold, when compared to
the protonation level in deuterated samples.

Microwave irradiation in CE and TM mechanisms is used to saturate the on-
resonance EPR transitions and then to generate polarization differences between the on-
and off-resonance electrons. As mentioned previously, the polarization difference is
simultaneously transferred to the coupled nuclei via three-spin processes. The
independence of T} from the applied microwave power reflects the fact that the nuclear
polarization is regulated by the three-spin processes under a quasi-equilibrium resulting
from microwave saturation. Successful saturation of EPR transitions requires a strong
microwave field and long EPR relaxation times. However, microwave saturation can be
impeded by a short electron spin-lattice relaxation time, which is required for multiple
polarization transfers at diluted electron concentrations and is a consequence of efficient

three-spin processes with strong electron—electron interactions. Therefore, strong
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microwave power is a usual requirement to provide efficient polarization transfers, with
any heating arising from microwave irradiation being compensated by the purging gas
used for MAS.

Although infinite microwave irradiation power is impractical, the theoretical €yax
can be derived from the relationship between 1/gy and 1/P, and the saturation parameter
obtained, dependent on microwave coupling, relaxation times, and electron
concentration. A reasonable comparison of DNP efficiencies among various biradicals
can be performed on the basis of € and a. To date, TOTAPOL yields the largest DNP
enhancement of ~190 at 1.5 W in a 4-mm rotor. Its theoretical enhancement €y, ~335 is
also the largest and is consistent with a separate measurement made in a 2.5-mm rotor.
Furthermore, the associated a has the smallest value, reflecting a more efficient three-spin

process.

4.6. Conclusions

A variety of designer biradicals having different tethers were analyzed with the goal
of improving CE-DNP. Each biradical could be characterized by its EPR lineshape,
which serves to characterize the intramolecular electron—electron distance and the relative
g-tensor orientation between electrons. Good agreement between 'H enhancements in
DNP experiments and the parameters used to fit EPR spectra provide insights into the
underlying electron—electron—nucleus processes involving the cross effect and thermal
mixing. Powder EPR lineshape simulations can be modified to estimate the prqbability of
a correct EPR frequency separation by a randomly orientated biradical. The nuclear

enhancement obtained from the spectral parameters of DNP, i.e., the EPR, NMR, and
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microwave frequencies, electron—electron and electron—nuclear interactions, electron and
nuclear relaxation, and microwave field strength can be calculated theoretically, which
allow for plausible quantitative explanations of the DNP results and of the EPR
characterization by combining the theoretical model of CE with a simulation program
developed for biradical powder EPR spectra.

While it is possible to establish the optimal distance constraint for CE between
two electrons, finding the similar constraint involved in relative g-tensor orientation in a
biradical composed of two TEMPOs is not straightforward. It is possible, however, to
tether two different radicals in such a way as to optimize the required EPR frequency

separation for CE.

Appendix A: Absence of the *N Zeeman interaction in 140-GHz EPR
spectra

The nuclear (*°N) Zeeman interaction in Eq. 2 can be ignored since it is usually
much smaller than the associated hyperfine interaction. Although this argument may not
be true at a higher magnetic field like 5 T, there are only a small portion of TEMPO
orientations that yield a hyperfine interaction smaller than the nuclear Larmor frequency.
For example, small hyperfine interactions occur only when By lies close to the xy-plane
of the PAS of one TEMPO. Despite the small hyperfine interaction, the resulting
forbidden transitions (Ams=+1, Am=x1) are not easily resolved due to various
homogeneous and inhomogeneous broadenings in the EPR spectrum. Thus, 5N Zeeman

interactions are ignored in simulations of both 9- and 140-GHz EPR powder spectra.
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Appendix B: Diagonalization of a two-pesudo-spin-1/2 4x4 matrix

The sub-matrix described by Eq. 4 is

pBy+c* +3(D-1) 0 0 0
k
k- 0 gBy+ [ —1(D-J) -%kD—-J 0
0 -iD-J -qBy—f*-3(D-J) 0
0 0 0 - pBy-c* +1(D-1)

where the basis states are given by

k =1 =41
yy Smgy =+5.Mmy =+5,mp My, >,
kdm. =+l m., =L m, ,m,>
Yy =imy 5 Mo 2 MMy 2
1

k —_1 =41
Y3 =Amy =—5.m, =+5,mpy,mp, >,

k —_1 =_1
Yy =mg=—5,my =—5.my,mp, >,

and

p =%Be(81& +g2u)’
‘1=%Be(glzz “8222),

x ~ ~
c =_;"Ye(Alzzm11 +Ay,,my,),

v ~ ~
fr= %Ye (Aizzmpy = Agempy)-

The eigenvalues are

M = pBy+c* +1(D-1),

N =& D+1)? +(gBy+ £*)? - LD~ ),

N =— /(A D+1)? +(gBy + £*)? ~L(D-1),
A =—pB,—c* +%(D~J),
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And the eigenvectors are

pf =yt,
P5 = afyh —bhys,

X = phyk +atyl,

k k
Y, =y,
with
a* =c0s<pk,
bk =sin(pk,
L 1D+J
tan@" =

gBo+ f* +|AD+1) +(aBy+ 1)
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Chapter 5 High-Frequency Dynamic Nuclear
Polarization Using Mixtures of TEMPO and Trityl
Radicals

5.1. Introduction

In recent years dynamic nuclear polarization (DNP) °* 3% 5% 61123 haq been used to
address this sensitivity problem through experiments where the large spin polarization
present in the electron spin reservoir is transferred to the nuclei. Most DNP experiments
involve microwave irradiation of the sample at a frequency close to the electron Larmor

55

frequency () of endogenous '>> or exogenous %8 unpaired electrons coupled to nuclei

48

which are polarized. This approach was first proposed by Overhauser and

implemented by Carver and Slichter - '*°

, and has been applied to both liquid and solid
systems, usually in low magnetic fields, typically <1.4 T 38,67,

In the 1980’s and early 90’s DNP was integrated into MAS experiments at ~1.4 T
(60 MHz for 'H and 40 GHz for ¢) and demonstrated the advantages of enhanced
sensitivity in high-resolution SSNMR 62, 63, 109 However, the klystron microwave
technology employed in those experiments cannot be readily extended to higher
frequencies, a fact that motivated us to introduce millimeter wave gyrotrons as
microwave sources for high field DNP ** '®, These devices are robust and provide high
power (>10 W) at the high frequencies (140-460 GHz) required for contemporary NMR
experiments in magnetic fields >5 T * 62.87. % Since that time several high-field DNP

experiments have demonstrated the utility of gyrotron microwave sources in providing

enhanced NMR signals in MAS spectra. Nevertheless, further improvements in DNP
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efficiency are desirable in order for the method to become widely applicable. In this
chapter we discuss another approach to this goal that involves the design of polarizing
agents that promote the efficiency of DNP experiments in high magnetic fields. In
particular we focus on polarizing agents that optimize the cross effect polarization
mechanism by satisfying the matching condition loy — @l = ®, where , is the nuclear
Larmor frequency and lo,e — el is the frequency separation of two electrons in the EPR
spectrum.

Of the four commonly discussed DNP mechanisms — the Overhauser effect (OE),
the solid effect (SE), the cross effect (CE), and thermal mixing (TM) >® ¢ — the OE is
usually not important for high field experiments because the sample must contain mobile
electrons and the electron—nuclear cross relaxation is inefficient since W.T. > 1, where @
is the electron Larmor frequency and 7. is the correlation time for time-dependent
electron—nuclear interactions. Thus, DNP in solid dielectrics usually occurs via the SE,
CE, and/or TM mechanisms, which involve single, paired, and multiple electron spins
during the polarization transfer from electrons to nuclei through time-independent dipolar
interactions. These three mechanisms are distinguished empirically by comparing the
EPR line width, d, to the size of the nuclear Larmor frequency, ®,. In particular, the SE
dominates when d < ®,, whereas the CE and TM are important when 8 > @,. The CE and
TM are further differentiated by whether or not the width of the EPR spectrum is
governed by inhomogeneous broadening from the g-anisotropy and electronic cross
relaxation or by homogeneous broadening from the electron—electron dipolar coupling,
respectively.

Early experiments that utilized DNP to enhance signals in MAS spectra relied on the
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solid effect and samples containing the radical bis-diphenylene-phenylallyl (BDPA)
which has 8 ~ 20 MHz % %% 6!-87. 100,123, 157 ' approach was motivated by the view that
a narrow line spectrum could be easily saturated with microwaves and therefore should
facilitate optimal polarization transfer to the nuclei. However, because the SE relies on
mixing of states to render the electron-nuclear transitions allowed, the enhancements
scale as ;. In contrast the enhancement involving the CE and TM scales as @, . ** 1%
Thus, it was established experimentally that paramagnetic species with 8 > @, such as
the nitroxide TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl) support the TM and CE and
yield substantially larger enhancements at high magnetic fields °°.

Both the CE and TM mechanisms rely on a three-spin electron—electron—nucleus
process. Briefly, the microwave radiation flips an electron at w,, in the EPR spectrum that
is coupled to a second electron at .. If the frequency separation satisfies the condition
lae — el = @, then a nuclear spin flip occurs concurrently, and the polarization of the
nuclear spin reservoir is enhanced. Not surprisingly, the primary parameters that
facilitate this three-spin process are the magnitude of the electron—electron dipolar
coupling and the population of the electrons in the sample that satisfy the constraint loy, —
il = w,. To satisfy the first requirement we recently introduced biradical polarizing

14,127 in which we tethered two TEMPO molecules with a chain of carbon atoms

agents
increasing the electron-electron dipolar coupling from ~1 MHz to 25 MHz ''*. In order to
satisfy the frequency matching condition, we rely on the fraction of molecules in the
sample that have correct relative orientation of the two TEMPO moieties that fortuitously

leads to the correct g-tensor orientations. These biradicals exhibit improved DNP

efficiency, the enhancement factors are a factor of 3-4 larger than observed with TEMPO
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(165 as opposed to 45), and they yield this enhancement at an electron concentration (~10
mM) that is a factor of four lower than commonly used for TEMPO (40 mM).

In this chapter we explore another approach to satisfying the frequency matching
condition mentioned above. It follows from the discussion above that the ideal polarizing
agent for CE DNP experiments consists of two radicals with isotropic g-values separated
by loe; — el = @, At the moment we are not aware of two radicals that rigorously
satisfy this condition, but using a narrow line radical such as trityl or BDPA together with
TEMPO is a reasonable approximation. In the case discussed in this chapter, the pseudo-
isotropic line from trityl (Figure 5.1) is separated by 225 MHz (~80 Gauss) from the gy,
component of the TEMPO powder pattern that contains the maximal spectral intensity.
This closely matches the 'H Larmor frequency of 211 MHz and therefore the mixture
serves as an excellent polarizing agent. Note that this separation will scale with @, and
thus will also function at higher magnetic fields. Thus we are also suggesting a new

avenue for designing better polarizing agents for high-field DNP.
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Figure 5.1. Molecular structures of (a) the trityl radical (molecular weight = 1080), which has
principal g-values of g, = 2.0034, g,, = 2.0031, and g,, = 2.0027 3, and (b) the 4-hydroxy-TEMPO
radical (molecular weight = 172), which has principal g-values of g, = 2.0090, g,, = 2.0061, and
gzz8= 2.0021, and principal hyperfine A-values (**N) of A= 6.63 G, Ay =6.75G, and A,, = 36.63
G*®.

5.2. Experimental Section

The symmetric trityl radical was a gift of K. Golman and J. Ardenkjzr-Larsen of
Nycomed Innovation AB (now GE Healthcare, Malmo, Sweden); a synthesis of one
version of the molecule was recently described in the literature *. 4-hydroxy-TEMPO
(97% free radical) was purchased from Sigma—Aldrich (St. Louis, MO). EPR samples
(~0.4 pL) with 1 mM radicals were prepared in a ’He-DMSO/H,0 60:40 w/w solution
and loaded into a synthetic quartz (Suprasil) capillary with 0.40 LD. and 0.55 O.D.
(Wilmad) for cryogenic EPR spectroscopy.

DNP samples with 10 to 40 mM TEMPO or trityl or a mixture of the two (50/50
mole ratio) were prepared in a frozen “Hs~-DMSO/*H,0/H,0 60:34:6 w/w solution with 2
M "C-urea. The high concentration of '>C-urea ensures accurate measurements of the

NMR signals in the absence of a DNP enhancement. Partial deuteration increases the
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bulk DNP enhancement by reducing the 'H spin concentration, but not to the point where
"H-'H spin diffusion is attenuated. The samples (~25 uL) used for the DNP experiments
were center-packed into a 4 mm O.D. sapphire rotor. To prevent mechanical instability
associated with thermal contraction of the vespel drive tip at 90 K, a small groove was
machined into the drive tip, and it was bonded to the sapphire rotor using a low-
temperature epoxy (Hysol, Dexter, CA). Details of DNP-CPMAS experiments had been

described in the previous chapter.

5.3. Results

The upper traces of Figure 5.2 show the echo-detected EPR spectra (normalized) of
1 mM trityl, 1 mM TEMPO and a mixture of 0.5 mM trityl and 0.5 mM TEMPO in
frozen “Hg-DMSO/*H,0 60:40 w/w solutions. The EPR spectra corresponding to the
frequency of the gyrotron (139.66 GHz) was obtained from shifting the recorded spectra
(at 139.50 GHz) along the field axis by 57 G (160 MHz). The EPR spectrum of trityl had
a peak at 49815 G and a line width (8) of 15 G (42 MHz), reflecting the small axial
asymmetry of the g-anisotropy at the radical center. Note the fact that the spectrum is not
axially symmetric indicates that there is less than threefold symmetry at the central
carbon. In contrast, TEMPO yielded a broad EPR line shape resulting from both g-
anisotropy and anisotropic hyperfine interaction with the '*N (I = 1) nucleus. The EPR
spectrum, corresponding to 139.66 GHz irradiation, has a maximum at 49735 G, spanning
220 G (or 616 MHz) and featured three hyperfine steps on the high-field edge.

The lower panels of Figure 5.2 show the field-dependent 'H enhancement profiles

with 40 mM trityl radical, 40 mM TEMPO radical, and a 40 mM mixture of 50:50
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trity/ TEMPO, respectively. Trityl, with § (27 MHz) < @, (211 MHz for 'H), leads to a
SE polarization mechanism and well-resolved maxima and minima in the '*C detected 'H
enhancements at 49891 and 49740 G, respectively. These field positions were 75 G (or
#212 MHz, the 'H Larmor frequency) from the EPR peak. The maximum '‘H
enhancement from trityl was ~15, which is relatively small and consistent with the @,
dependence of the SE enhancement. In contrast TEMPO has 8 > , and this leads to the
TM mechanism dominating the polarization process with maximum positive and negative
'H enhancements at 49798 and 49683 G, or £161 MHz rather than o + ®,. As can be
seen from the figure the maximum 'H enhancement from TEMPO was ~55, almost
fourfold higher than that with trityl.

As expected, the 'H enhancement profile changed drastically when half of the 40
mM TEMPO radicals were replaced by trityl. This sample yielded an even larger
enhancement of ~162, which is a threefold higher than with pure TEMPO. The positive
enhancement peak was located at 49815 G, corresponding to the EPR peak of trityl. A
smaller negative enhancement peak was found at 49740 G corresponding to the EPR
peak of TEMPO. The displacement of 76 G between the positive and negative
enhancement peaks matched the 'H Larmor frequency and is consistent with the CE
mechanism. The field-dependent enhancement profiles for the SE and TM were

58, 125, 158

simulated based on published theory , and details of the calculations of the CE

enhancements are discussed below.
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Figure 5.2. The pulse-echo-detected EPR spectra (upper traces) and proton DNP enhancement
profiles (lower panels) at 139.66 GHz measured from (a) trityl (b) TEMPO and (c) TEMPO and trityl
mixture (50:50). The EPR spectra represented a total radical concentration of 1 mM in frozen ZH(,-
DMSO/H,0 60:40 w/w solutions at 20 K, whereas the DNP profiles were obtained from a total
radical concentration of 40 mM in frozen 2H(s-DMSO/zHZO/HzO 60:34:6 w/w/w solutions at 90 K.
The enhancement profiles are characteristic of the SE, TM, and CE mechanisms with paramagnetic
species of trityl, TEMPO, and the mixture, respectively. The red line is a simulation of the
experimental data.

Figure 5.3 illustrates the growth of the '>C detected enhanced 'H polarization during
microwave irradiation at the optimal magnetic field (49815 G). The NMR signal
intensity grows exponentially with a time constant, Tonp ~ 5 s and a steady-state 'H signal
enhancement, € = 162 + 20. The random error arises from the low sensitivity of
measurements conducted without DNP, which are required to calculate the DNP

enhancement.
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Figure 5.3. Buildup of the DNP-CPMAS "C-NMR signals of '*C-urea with
40 mM 50:50 TEMPO/trityl mixtures after various delays of microwave
irradiation (139.66 GHz, ~1.5 W) at 49815 G. The asterisks indicate the
spinning sidebands and the dagger marks the solvent peak. The growth of

nuclear polarization features a time constant of ~5 s and indicates the 'H
enhancement of 162 + 20.

Figure 5.4 illustrates the influence of the total electron concentration ( [TEMPO] +
[trityl] ) on the DNP enhancement with 50:50 TEMPO/trityl mixtures at the magnetic
field corresponding to the maximum enhancement. Not unexpectedly, the size of €
increases with the radical concentration, while the value of Tpnp decreases. Beyond ~40
mM of radicals, the resulting paramagnetic broadening begins to eliminate a substantial

number of the nuclei from observation, as evidenced by the attenuation of unenhanced

NMR signals.
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Figure 5.4. Radical concentration dependence of the measured proton
enhancement (IH €) and buildup time constant (Tpnp) from the 50:50
TEMPO/trityl mixture at 49815 G and 90 K.

5.4. Discussion

The polarization mechanisms that dominate DNP processes in insulating solids—the
SE, TM, or the CE—depends on the EPR line width of the paramagnetic species relative to
the Larmor frequency of the nuclei being polarized. This behavior is well established in

58, 67,98

many previous experiments and is illustrated again in Figure 5.2. In general, the

SE dominates when 8 < , (e.g., with trityl) and in samples where the EPR spectral width
8 > w, (TEMPO, biradicals and TEMPO/trityl mixtures) the TM and CE provide the
polarization mechanism. The TM and CE mechanisms are further distinguished by
whether the EPR spectrum is broadened by homogeneous or inhomogeneous interactions,
respectively. The polarizing mechanism with TEMPO is thought to be TM or the CE

depending on the radical concentration used. Although TEMPO presents an
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inhomogeneously broadened EPR spectrum at high fields, the electron dipolar bath for
TM can be established via electron—electron cross-relaxation at high radical

125 In contrast, low TEMPO concentrations

concentrations used in DNP experiments
should limit the polarizing mechanism to the CE. For both the CE and TM, the required
EPR frequency separation loy. — ¢l = m, is satisfied when the g-tensor orientations of
two dipolar coupled molecules in the sample randomly have the correct mutual
orientations.
Our %1% and other > experiments have demonstrated that in high magnetic fields
(>5T) the TM and CE mechanisms are more efficient than the SE and that the two class
of mechanisms scale approximately as o' and o>, respectively. They also depend on
the available microwave power and the electronic and nuclear relaxation times;
consequently, high field DNP experiments employ high microwave powers available
from gyrotron sources and are conducted at cryogenic temperatures, where the relaxation
times are longer. In principle, EPR frequency separations can be manipulated by
controlling the orientations and principal values of the g-tensors of the dipolar coupled
electrons. While the control of orientations is straightforward in single crystal systems, it
is impossible to control orientation in powder samples where the relative orientation of g-
tensors is a function of crystallite orientation. However, using mixtures of two radicals
with maxima in their EPR spectra that correspond to the correct frequency separation is
another approach to satisfying the CE matching condition. Thus, mixtures of TEMPO and
trityl yield large improvements in the DNP € since the desired g-value difference is

achieved by the fact that one radical species with a small g-anisotropy and therefore a

sharp EPR line is separated from the gy, maxima in the TEMPO powder spectrum by the
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proper frequency.

The increase in € with increasing concentration of TEMPO/trityl mixtures shown in
Figure 5.4 illustrates the other requirement for an efficient three-spin process; in
particular, the average electron—electron dipole interaction needs to be strong for efficient
DNP and it is reduced by the larger inter-radical distance that accompanies dilution. In
the contrasting regime — at a higher radical concentration — the electron—nuclear
paramagnetic broadening will not only reduce the resolution of NMR spectra, but will
also diminish the number of observable nuclear spins, and therefore decrease the overall
signal intensity. The electron—electron interactions at a low radical concentration could be
optimized by chemically linking TEMPO and trityl radicals. The use of molecular linkers
has proven successful for increasing the CE enhancement with two tethered TEMPO
moieties from ~50 to ~165-290 depending on the experimental circumstances % '7/.
Therefore, additional improvement of the DNP enhancement beyond the current
maximum value of 162 observed with trityl/TEMPO mixtures is expected when these two
species are successfully coupled.

The simulation of field-dependent CE enhancements (Figure 5.2c) was performed
on the basis of microscopic interactions of the dipolar coupled electron and nuclear spins.
The spin Hamiltonian includes spin-lattice interactions and spin interactions involving g-,
hyperfine- and dipolar-tensors, which are functions of molecular orientations with respect
to the external magnetic field and yield DNP through microwave-driven spin dynamics
that will be discussed in Chapter 6. Prior to the CE simulation, the separation of the
enhancements arising from TEMPO/trityl (20 mM/20 mM) pairs from the background

enhancements due to coexisting TEMPO pairs (20 mM) reveals asymmetric intensities of
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positive and negative enhancements, which are separated by the 'H Larmor frequency
and characterize the CE mechanism. Different sizes of the DNP enhancements generated
by the EPR excitations of the radical-pair components can be explained by the non-
uniform T associated with the coupled radicals. This T, effect on DNP profiles is
illustrated by the spin dynamics in an isolated electron—electron—-nucleus system. Further,
although treatments of the SE and TM mechanisms with microscopic details are feasible,

58, 125 that

these mechanisms are generally understood with classical DNP theories
consider macroscopic thermodynamic properties of ensemble spins.

The ideal polarizing agent for the CE consists of two dipolar coupled electrons with
narrow EPR spectra separated by ®,. The CE from a broad inhomogeneous EPR
spectrum may be attenuated by cancellation between electron pairs with EPR frequency
separations of ®, and -y, similar to the attenuation that occurs in the differential solid
effect ’®. This differential effect limits the average DNP enhancement produced by
participating electrons. In addition, because the microwave irradiation occurs at a fixed
frequency and has a finite bandwidth, only a portion of the electrons under the broad EPR
line shape participate in the CE process; the remainder contribute to paramagnetic nuclear
relaxation and broadening. Combining TEMPO and trityl as the polarizing agent partially
resolves the problems with differential CE enhancements and with non-participating
radicals. Despite the broad EPR spectrum of TEMPO, the trityl resonance in the upfield
part of the EPR spectrum of TEMPO caused the electron pairs to yield positive CE
enhancements. Moreover, the narrow EPR line width of trityl increases the effectiveness

of the microwave excitation at the trityl EPR transitions.

The choice of radical pairs that provide the desired EPR frequency separation for the
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CE is not limited to TEMPO and trityl, especially when a nuclear Larmor frequency
different from 'H is involved. For example, a hyperfine splitting ("°C, N, N, etc) could
result in two narrow lines and the external magnetic field could be adjusted to match a
nuclear Larmor frequency to this separation. However, hyperfine splittings are field
independent so polarizing agents designed in this manner would be specific to a
particular field and nucleus. In contrast, matching the nuclear Larmor frequency through
g-value differences is independent of the external magnetic field and presents the

possibility of an efficient, universal polarizing agent.

5.5. Conclusion

In Chapter 3 and 4 we have shown that tethering two nitroxides increases the dipolar
coupling between two electron spins and leads to a more efficient polarizing agent for
DNP experiments. This chapter has demonstrated a second important approach to the
design of an efficient polarizing agent. In particular we have shown that the frequency
separation between the pseudo isotropic g-value of trityl and the gy, component of the
TEMPO powder pattern the matches the nuclear Larmor frequency and provides a
significant improvement in the efficiency of DNP at high-field. This approach to
optimizing the EPR frequency separation is easier to achieve than constraining the
relative g-tensor orientations of the two electrons. Ultimately the optimal DNP polarizing
agent will utilize both of these approaches to achieve both a correct EPR frequency
separation and a strong electron—electron dipolar interaction. Synthetic efforts to tether
different radical moieties with an EPR frequency separation that matches the nuclear

Larmor frequency will be the topic of a future discussion.
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Chapter 6 Quantum Mechanical Theory of Dynamic
Nuclear Polarization in Solid Dielectrics

6.1. An Analytical Approach

6.1.1. Introduction

% 62. 8 oxcitation near the

DNP experiments involve high power microwaves
electron Larmor frequency ®. and low experimental temperatures to increase the
relaxation times. In addition, an efficient polarizing mechanism is essential for
successful high-field DNP experiments. Recently we demonstrated that biradicals — in
particular two TEMPO molecules tethered by a short linker — are efficient polarizing
agents. The short tether increases the electron—electron dipolar coupling from ~1 MHz in
a 40 mM solution of TEMPO to about 25 MHz, and therefore is a new approach that
facilitates the cross effect polarization mechanism at high magnetic fields '** '*’. Thus,
the purpose of this sub-chapter is to present a formalism that will enable understanding
and improvement of the above DNP experiments at high magnetic fields.

In the existing literature DNP processes are usually treated using equations of
motion that relate macroscopic quantities which are averaged over an ensemble of spins
50.56.58. 67 These quantities are either measurable parameters or parameters that can be
fitted and describe thermodynamic baths, including the electron and nuclear Zeeman and
the electron spin-spin bath which is assumed to be homogeneously coupled via the
electron—electron dipolar interaction. However, at high magnetic fields and low radical

concentrations, the g-anisotropy is large and the electron-electron dipole coupling is
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small; thus the electron spin reservoir is inhomogeneously broadened. Therefore,
classical descriptions of polarizing mechanisms are less appropriate in high-field DNP
experiments with dilute radical concentrations. In this situation, a microscopic description
of polarization transfer between the paramagnetic polarizing species and a coupled
nucleus potentially provides more insight into the mechanism whereby a chosen biradical
improves the observed DNP enhancement factors as discussed in Chapters 3-5. Such a
microscopic picture can be derived from the quantum dynamics calculations presented
here.

Polarizing mechanisms for DNP in solid dielectrics include the solid effect (SE)
0 the cross effect (CE) >!°> 106 and thermal mixing (TM) 5867 From an experimental
perspective, they are distinguished first by comparing the EPR linewidth, 8, of the
paramagnetic polarizing species with the nuclear Larmor frequency, ®,. When §< ®,
then the SE dominates the polarization process and the enhancement maximum and
minimum are observed with the microwave irradiation frequencies at ®. = @,. In the
opposite limit, when the EPR spectrum is broad compared to the nuclear Larmor
frequency, 6 > @, the larger linewidth enable the CE or TM to emerge as the dominant
mechanisms. These two mechanisms are further distinguished by whether the EPR
spectrum is inhomogeneously or homogeneously broadened, respectively. With respect
to the microscopic physics, the number of electrons involved in a polarizing mechanism —
one, two, or multiple electrons ~ characterizes the SE, the CE or TM. For example, the
two unpaired electrons associated with the two radical moieties of a biradical '
correspond to the two electrons required for the CE. Thus, the spin dynamics of an

electron—electron—nucleus system can be used to understand the functions of a biradical
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in DNP. Further, in the limit that the two electron transitions are degenerate and the
spectrum is narrow, then the three-spin system reduces to the SE which requires only a
single electron-nucleus spin interaction. Finally, TM depends on the presence of a
strongly coupled multiple electron spin system that can be viewed as an extension of the
three-spin system. However, to simplify the framework of our description of DNP, we
focus in the following sections on the SE and the CE, which together provide an
interesting comparison of the difference in the efficiency between single- and double-
electron polarizing agents.

Elegant quantum mechanical descriptions of an electron—nucleus system '* and an
electron—electron—nucleus system 180 have appeared previously in connection with a
description of spin correlated radical pairs and CIDNP experiments. However, that
discussion was concerned primarily with effects at low magnetic fields, and the effect of
larger nuclear Zeeman interactions on DNP was not emphasized. In that case treatment of
a two-spin Hamiltonian was used to understand microwave-excited electron-nuclear
transitions that lead to enhancements of nuclear polarization via the SE. Further,
calculations with a three-spin Hamiltonian provided not only an understanding of the
generation of nuclear coherences with spin-correlated radical pairs, but also illustrated

3
& However, the

how DNP was possible from the transient electron polarization
microwave-driven DNP in the three-spin model was derived only through intricate
transformations of basis-sets. Thus, in this sub-chapter we examine an alternative and
systematic approach that focuses on DNP phenomena occurring with microwave

irradiation at high magnetic fields and low radical concentrations.

Our theoretical work is aimed at clarifying the frequency matching conditions for
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the SE and the CE, and at evaluating the time-dependent growth of the nuclear
polarization during microwave irradiation. In practice, the polarizing mechanisms in
DNP experiments involve an ensemble of electron and nuclear spins. However, a
simplified spin system for discussion of polarization transfers is feasible. In Section
6.1.2.1, we first rationalize a localized spin system that is isolated from the bulk nuclear
spin system with dilute electron concentrations and containing one or two electron spins
and one nuclear spin. In Section 6.1.2.2 and Section 6.1.2.3, we calculate the evolution
of the density matrix in a diagonalized frame for an electron—nucleus two-spin system
and an electron—electron—nucleus three-spin system. The DNP phenomenon is in fact an
evolution of electron Zeeman order to nuclear Zeeman order. Thus, we describe the
systematic analytical diagonalization of multispin Hamiltonians and the following
extraction of the effective microwave operators that transfer the electron Zeeman
operators to the nuclear Zeeman operator. In Section 6.1.3 we summarize and compare

the influences of microwave fields and external magnetic fields on the SE and the CE.

6.1.2. Theory

6.1.2.1. Polarization transfer in a spin system

DNP involves polarization transfer between the electron and nuclear spin-systems
which are in contact with a lattice. The physics of DNP is governed by the following

Hamiltonian:

H=HS+HSS+HI+HSI+H"+HM+HSL+H1L+HL’ (1)

where Hg and Hj are the Zeeman Hamiltonians of the electron spins § and nuclear spins 1,
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Hgs, Hsy and Hjy describe the isotropic and anisotropic electron-electron and the electron-
nuclear couplings, Hy accounts for the microwave excitation, Hs; and Hj, are the spin-
lattice interactions, and Hj is a generalized lattice interaction. The important terms in the
Hamiltonian for DNP are Hs, H;, Hjs, and in some cases, Hss. Further, in practical
conditions of diluted electron concentration, H;; mediates the propagation of enhanced
nuclear polarization throughout the bulk nuclei. Concurrently, the coupling of the
electron and nuclear relaxation due to Hg, Hy and Hj, regulate the efficiency of
polarization transfer in DNP.

Figure 6.1 is a schematic representation of polarization transfer in a DNP
experiment. The electron spin polarization is initially transferred to a strongly coupled
nucleus residing outside a diffusion barrier (Region B). It subsequently propagates
throughout the bulk nuclei (Region A) via homonuclear spin diffusion. Note that nuclear
spins inside the diffusion barrier, which typically covers a region within ~3 A '®! from an
unpaired electron, are effectively isolated from the bulk nuclear spin diffusion by the
strong electron-nuclear coupling. In particular, the electron—nuclear couplings shift the

resonances of the near neighbor nuclei '¢!- 162

so that they do not interact with the bulk
nuclear spins. Thus, the DNP process involves electron spins and a nuclear spin
immediately outside Region B. To simplify the quantum mechanical calculations we
limit the size of spin system, and discuss the approximations required for focusing on

polarization transfers involving the terms Hs, Hss, H; and Hjs which are combined into Hy

is the following derivations.
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Figure 6.1. A model of polarization transfers in DNP. Region A represents the
observable bulk nuclei. Region B represents the paramagnetic center and nuclei
within the diffusion barrier. The electron polarization is transferred to a nuclear spin
with the strongest hyperfine interaction outside region B and then propagated
throughout the bulk nuclei via homonuclear spin diffusion.

Projection of the macroscopic DNP onto a microscopic polarization transfer

Efficient nuclear spin diffusion is assumed to uniformly distribute the enhanced
polarization among the bulk nuclei, so that the nuclear polarization in a localized spin

system can represent the polarization of bulk nuclei during a reduced time scale ¢’:

; 2

where N, and N, are the numbers of polarizing paramagnetic centers and observable
nuclei (usually N, >> N,), respectively. For spin diffusion on a reduced time scale, the

effective nuclear longitudinal relaxation time, T”j,, is much less than the intrinsic nuclear
spin-lattice relaxation time 7j,. Under spin-lattice relaxation, the enhanced bulk nuclear

polarization develops exponentially to a steady-state enhancement €, with the time

constant T’pyp Which depends on microwave excited transition probability for DNP. The
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growth of enhanced polarization of bulk can be described by

dP(t) _ 1

[
. N,
e N,

(e + 1Py -P(t)]—;lx—(P(t) By,

In

3)

where P(t) and Py are the bulk nuclear polarization at time ¢ and at thermal equilibrium,

respectively, € and T’ pnp are the steady-state enhancement and buildup time constant on

the reduced time scale, and T}, is the intrinsic nuclear spin-lattice relaxation time. In the

steady-state, dP(z)/dt = 0, the enhancement of bulk nuclei E;; becomes

_Bs 1
o= T e @
Tln Nl’

The microscopic €, results from the microwave-excited electron-nuclear transitions that
can be discussed in the eigen basis-sets of the Hamiltonian Hj of a spin system composed
of electron spins with S;=1/2 and a nuclear spin with I=1/2. Specifically, Hy is
Hy=) 0,5, + > [d;(3S,5;,-S;$;)-2J;S;S,]
i i,j>i

(5)
—, I, + Y (ASi I, +BS. 1)),
i

where @ and @, are the Larmor frequencies of the electrons and nucleus, d;; and J;; are
the dipolar interaction and exchange integral, respectively, between electron spin i and j,
A; and B; are the coefficients of secular and semisecular terms of the hyperfine
interactions, respectively. Note that both the electron—electron and electron—nuclear

dipolar interactions are truncated by the high EPR frequency, and that Jj; is an isotropic
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quantity whereas d;; depends on the orientation of the dipolar vector as

d; =—2-d—(1—3cos Hi), ©)

where mg is the electron—electron dipolar coupling constant, and ;; is the angle between

the dipolar vector and the external magnetic field. Note that S/, are sufficient to describe
the semisecular terms after a rotation of the spin operator along S;./,. The orientation
dependence of the hyperfine interaction is ignored, and instead A; and B; are treated as
average quantities for a randomly oriented powder sample. In addition, the Hamiltonian

of microwave field Hy, for DNP is defined as

Hyy =20, cos(0y )Y S , )

where the wy and ; are the frequency and strength of microwave irradiation,
respectively.

The electron—nucleus transitions are determined by expressing Hy in the eigen
basis-sets (EBS) of Hy. They can be further selected as effective Hamiltonians by wy to
interact with the density operator to generate enhanced nuclear polarization. The density

operator evolves according to the Liouville-von Neumann equation (%2 =1) as
d x o s
—p =—-i[Hy; P 1, 8
ar P (Hy .p] )

ff

where ﬁ* and H ;, * are the density operator and the effective microwave Hamiltonian,
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respectively, in the eigen basis-sets (tilde) and the interaction frame (asterisk) that is
defined by ay. The time-independent H K’f*leads to time-evolution of 5*in the usual

manner
B (1) =exp(-itH}J ")pg expGtH Y ") . ©)

DNP mechanisms in solid dielectrics are distinguished by the number of electrons
involved in Eq. 5. The known SE, CE and TM polarizing mechanisms transfer
polarization from single, pair and multiple electron spins, respectively, to the dipolar

coupled nuclear spin as are illustrated in Figure 6.2 where the energy level diagrams

appropriate for the S;=I=1/2 basis functions |a s, ),|Bsi >,|oc, M|B;) are drawn. The SE

arises from single electron—nuclear interaction, and the DNP and electron—nucleus double
resonance (ENDOR) transitions excited by the microwave field (indicated as dashed
arrows in Figure 6.2a) that become allowed are due to a mixing of the states 11> and 13>
and a mixing of the states [2> and 14> by semisecular hyperfine interactions. Double-
quantum (flip-flip) and zero-quantum (flip-flop) transitions occur between states |1> and
4> and 12> and 13>. The mixing factor that describes the probabilities of the above
transitions is proportional to @, as it arises from a second order perturbation with
respect to spin interactions. Thus, the efficiency of the SE scales with By>, where By is
the external magnetic field.

In the case of the CE (Figure 6.2b) there are two participating electrons — S; and S, —
and a single nuclear spin Z, and there are now eight energy levels to consider. Microwave

transitions occur between the levels connected with the dashed lines and occur due to
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mixing of the states 12> and |7>, or a mixing of the states [3> and 16> if y, < 0. The mixing
results from electron—electron and electron—nucleus interactions and becomes important
when the degeneracy is provided by the frequency matching condition 10;—®We2! = .
The frequency matching mentioned here implies electron—electron interactions (~25
MHz) that are weaker than the EPR frequency separation due to inhomogeneous
interactions such as g- and hyperfine-anisotropies (= 600 MHz). However, stronger
electron—electron interactions are possible and lead to a different regime of frequency
matching, in which the dipolar or hyperfine couplings approximate w,. We briefly
discuss this strong electron—electron coupling regime for the CE in Appendix I as it is not
of our primary interest.

TM shares many features with the CE but is due to the coupling of multiple, rather
than two, electrons in the paramagnetic center. Weak couplings among those electrons
produce manifolds of states illustrated in Figure 6.2c. Similar to the frequency matching
condition in the CE, the energy overlap between manifolds is required for maximizing the
probabilities of electron—nuclear transitions. Since the TM is related to the CE, our
calculations are focused on the SE and the CE and are aimed at understanding the

important parameters that can be controlled to improye DNP in high magnetic fields.
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Figure 6.2. Quantum mechanical pictures of the electron-nuclear transitions (dash arrows)
in (a) the SE, (b) the CE and (c) TM mechanisms, which involves single, pair and multiple
electron spins, respectively. Note that the probabilities of electron-nuclear transitions are
always small in the SE but could be large in the CE and TM with a degeneracy between
the states with alternating nuclear spin quantum numbers.

6.1.2.2. The SE in an electron—nucleus spin system

The SE is based on polarization transfer between a single electron and nuclear spin

described by the time-independent Hamiltonian (simplified from Eq. 5)

Hgn =(0€1SIZ "ﬁ)nlz +A]S121z +BISIZIX’

that can be represented in the product spin bases (PSB) shown in Figure 6.3.
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Figure 6.3. A level diagram of an electron-nucleus system. Transition
energies of EPR/NMR and couplings between product spin states are
calculated to the first order. The DNP transitions leading to positive and
negative enhancements are indicated by the solid and dashed arrows,
respectively. Note that E;=E;-E; and Hy=<ilHlj>.

Diagonalization of a two-spin Hamiltonian
The HE" is diagonalized to HE" by a unitary transformation as
= -1
A§ =UHEU;".

an

The propagator Uy, is
Uy = explifng ST, +npsP1, ), (12)
where the scalar components (-1/2 < Mq and Mg < /2 ) satisfy
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B, B,

tan =—-—— tan =——,
Na=Y Ton, " =3 o0,

(13)
The operator components of Uy which correspond to two subspaces in the PSB (Figure

6.3) are defined as

E+S,,, for the subspace {I1>, 13>}, 14
(
E-§,,, for the subspace {I2>, 14>}.

Following Egs. 11 and 13, the time-independent electron—nuclear Hamiltonian becomes

HE" = 0,8, +SP1(~0, ++ AU, cosng — 1, sinng,)
+2 By (I, cosng +1,sinng)] (15)
+SP[(—0)" —%Al)(lz cosng — I, sinng) —%Bl (Ixcosmg +1,sinng)],

whose off-diagonal terms disappear due to the relationships in Eq. 13. After rearranging
the diagonal terms in Eq. 15, the diagonalized electron-nucleus Hamiltonian in the eigen

basis-sets (EBS) becomes

ﬁgn =°)elslz_€)n1z+glslzlp (16)

where the coefficients are
@, =10, (cosn, +cosng) -1 A (cosn, —cosng) -4 By (sinm,, —sinng), (17a)
Al = -, (cosMg —cosn5)+%Al (cosmg, +cosnﬁ)+—;-Bl (sinmg +sinmg) . (17b)
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Representing the microwave Hamiltonian in the EBS

The microwave Hamiltonian in the PSB and the laboratory frame is

Hy = 20151xcos(0pt), (18)

which is transformed from the PSB to the EBS by the same propagator U, (Eq. 12) as

Hyy =20, cos(0y U, Sy, Uy (19)
Subsequently,
Hy = cos(@y, £){S, cos Do~
Mo —M -1 @0
18717 +s,‘1+)sin—°‘2—£+%(s;‘1+ +S;1‘)sinn°‘ 5 By,
To obtain Eq. 20 more easily, one can rewrite the propagator Uy (Eq. 12) as
U, =explig —Mg)Si 1y +4 Mg +Mp)1, 1. 1)

Note that the second term in Eq. 21 does not affect S), in the microwave Hamiltonian.

In Eq. 20, either the zero quantum term, S;7~ +S;/", or the double quantum term,
S;I* + 871", of H,, mediates the DNP process. The selection of those terms is made
by matching the microwave frequency @y with the oscillation frequency of each term of

H u in the interaction frame of H o (see Eq. 16). For this purpose, the following

transformations are useful:
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S L(SHI™ +STTHe ™ = LS~ explit(@y +®,)1+ LS T*ee., (22a)

M8 L(SFI + ST )e M8 = 1§t I* explit(g - 8,1+ 187 I ce., (22b)
where c.c. is the complex conjugate of the Hermitian operators.

Polarization transfer during microwave excitation

As is indicated in Figure 6.3, a positive enhancement of the nuclear polarization is

observed following the onset of microwave irradiation at my ~ ®,—,. Specifically,
according to Eq. 22b, the S; I + S, term in Eq. 20 is selected byw,, =, -&,, and

drives the polarization transfer leading to enhanced nuclear polarization. In this case, the

effective Hamiltonian in the interaction frame contains the double quantum terms and is
~ . -1 S
HI =, smﬂ"‘—z—‘*%(s,*r‘ +S717). (23)
And, under the condition that w;e >> ), , the initial density operator is

Po =Po = —‘é‘ﬁ‘fmelslz ’ 24)

where T is the temperature and 7, kg and Z are constants. Note that the exclusion of

nuclear Zeeman order from P, means the attempted calculation of the gain of nuclear

polarization due to DNP. As a consequence the enhancement factor is defined as

<P, >()
<P, >

€

(25)
eq
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where <P,>,, is the thermal equilibrate nuclear polarization

ho
<P, >=tr(l, H")~—"-, (26)
n ¢ Th,T T Zk T
and the nuclear polarization at any time ¢ during DNP is
<P, >@®)=tr(Pp). @7
Note that in Eq. 27 the nuclear polarization operator in the appropriate frame is
ﬁ =e ltHo U I U—l ‘—lfHo
COSTq +COS sin 1), +sin =
_ Na nﬁ Iz _ Na T]B {I+e"(_m"+A‘Slz) +I'c.c.} (28)
2 4
+(cosTg —cosNg)S;, I, —(sinng —sinng)S), %{I*e"’('aﬂ*""slz) + I’c.c.}
and following Eq. 9 the time-dependent density operator is
" (1) =exp(-itH I ")poexplitH I ™)
= 73Sy ~ 1)+ (S, +1;)cos2sin(FrE)ayr) (29)
+i(STI* - ST 17)sin(2sin(25 2) 1)),
Therefore, the gain of nuclear polarization due to DNP is (using Eq. 27)
_ —®,; COST, +COSTp 1]5
<P, >()= Zk o 3 [— 1+cos(281n( ———)yt)]. (30)
Note that (M) is close to 1 when Mg and Mg are small. In addition, Eq. 30 is a
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statement that the polarization of the electron can be transferred to the nucleus. Inserting
the expressions for <P,>(t) and <P,>., from Eq. 30 and Eq. 26, respectively, into Eq. 25

yields and expression for the theoretical enhancement of the nuclear polarization that is

e/ Yal.

6.1.2.3. The CE in an electron—electron—nucleus spin system

The CE is a polarization transfer involving three spins—-two coupled electrons and
one nucleus. An electron—electron—nucleus spin-system is described by the time-

independent Hamiltonian (simplified from Eq. 5)

Héen = (Delslz +m82S2Z —O)RIZ + (A]Slz +A2S2z )IZ +(BISIZ + BZSZZ )Ix

7 . (31)
+d (381,85, -8, -§,)—2J5, -5,

which in the PSB is represented schematically in Figure 6.4.
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Figure 6.4. A diagram of a three spin electron-electron-nucleus system showing the energy
levels associated with the various spin states. The diagonal and off-diagonal Hamiltonian
terms correspond to the EPR/NMR transitions and the couplings between states,
respectively. DNP transitions leading to positive and negative enhancements are indicated
by the solid and dashed arrows, respectively. Note that D;= 2(d-J), and D,= —d-2J.
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Diagonalization of a three-spin Hamiltonian

een

Due to the involved interactions, Hy = is block diagonal with two 2x2 blocks

(corresponding to {I1>, 15>} and {l4>, I18>}) and one 4x4 block (corresponding to {I2>,
13>, 16>, I7>}). The interesting phenomena are related to mixing of states in the 4x4

een

block. Isolation of those subspaces becomes clear when Hy™" in Eq. 31 is written as

HG™ = 0y Sy, + 0pSp; = 0pl, +(ApSy, + AaSa ), +DyS1, 52,

(32)
+(BySy, + BASA ), +D,Sps»
where the new sum (Sx) and difference (S,) operators in Eq. 32 are defined as
Sy, =3(S1, +52,) S5y =5(S{'S3 +8787), Sgy =5:(S7 7 — S 53),
Eg =452, S& =145, sB=1_g,
for the subspace {l1>, 14>, I5>, 18>}, and
Saz =312 =520 Sax =3 (57'S7 +57S3), Sy =578 ST 83,
Egy =453, S8 =1+5a, SR =1-S4, (33b)
for the subspace {12>, I3>, 16>, [7>},
and the coefficients in Eq. 32 are
Oy =0 +@,p, Bp =O, — O, (34)

AZ=A1+A2, AA=A1—A2,
BZ =BI+B2’ BA =B1—B2,
D, =2(d-1J), D, =—(d+2J).

Note that the 5,5,, term commutes with all operators in the {I1>, 4>, 15>, 18>} and {12>,

13>, 16>, 17>} subspaces, since it is composed of the identity operators with respect to the
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two subspaces

81,82, =5 (Esz —Esp). (35)

For biradical polarizing agents, the electron—electron interactions (~25 MHz) are

assumed to be larger than electron—nucleus dipolar interaction (< 1 MHz), so that

D, By By

0, 20, 20, (36)

The first unitary transformation applied to H§*" is to eliminate the coefficient of the

D,S 4 term in Eq. 32 and is performed by the propagator

Uy =expliCoSa,I® +iCpSa, 1?1, 37)

where the nuclear spin operators and the scalar coefficients (-n/2 < {y and {g < /2 ) are

=141, =1-1,, (38)
D D
tanfy =5 —*—,tanlp =———. (39)
S+ Wy — S+ W@y

We arrange the result of the first unitary transformation as

HE" sUHUL =HES" +HGY" (40)

where HE™ is the sum of the diagonal terms, and H§{" is the sum of the off-diagonal
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terms. These two terms are further collected (but not completely simplified) as

HEE =Ur[0pSy, +0pSp, ~ 0,1, o
a
+(Ag Sy, +ArSa)1, +D;81,S,, +DosAx]Ug‘,

HE" =Uy(BgSy I, +BASA LU (41b)

The unitary transformation in Eq. 41a is expanded as

HE" =058y, —@,1, + AsSz, 1, +Dy5,,5,,
+1% (0, +%AA)(SAz €088y —Sacsinly )+ D, (Sp, cosly + Sy, sincﬁ)] 42)
+IP[(@) —1 A )(Sa, €088 —Sa, sinGp)+ D, (Sp, c0sLp + S a, sinGg)).

Due to the relationships in Eq. 39, the off-diagonal terms in Eq. 42 disappear and the

diagonal terms are rearranged to yield
ﬁggﬂ = (D):SEZ + G'JASAZ - OJnIZ + (AZSEZ + AASAZ )Iz + DdSIZSZZ , (43)
where the coefficients are

®p =10, (cosly +coslg)+L D, (sin Gy +sin{g) ++ Ay (cos{, —cosly), (44a)

Ay =, (cosl, —coslg)+D,(sing,, —sin§3)+%AA (cos§g +coslp). (44b)

For the process of simplifying Eq. 41b, the propagator in Eq. 37 needs to be rearranged as

C“;c“ Say HiCq —8p)Sayl. 1. (45)

Ur =expli

Since Sz:Say = SaySz; = 0, we can treat the first term in the parenthesis of Eq. 41b and then
simply it as
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UgSzzIch_l =SZZ{IXCOS[(C&—CB)SA),]—I Sin[(ga—CB)SAy]}
Ca CB Ca C]}
2

= Sy, (I, cos ~21,8,,sin

(46)

=S):ZIxcosCa;Cﬁ.

Moreover, because the commutator[Sx,1,,Sx,1,]1=0, it is apparent that the second term

in the parenthesis of Eq. 41b becomes

Ca Cﬁ

UrSp I Ug" =Sy, cos @7)

Ca + t.u B
2
The combination of Egs. 46 and 47 then leads to the simplified result of Eq. 41b as

Sf" = (B):SZZ + BASAZ + KSAx)Ix , (48)

Where the coefficients are

Catlp = Cq+C|s
2

Ez = By cos Ca;CB , EA = B, cos , K==Bj sin—— 49

The first two terms in the parenthesis of Eq. 48 contribute to SE DNP processes.
Thus, for the moment they are not interesting since our goal is to derive expressions for

the more efficient CE polarization mechanism, and this involves the last term. Note that

the last term in Eq. 48 affects only the {I16>,12>,17 >13 >} subspace illustrated in
Figure 6.5, and provides an effective coupling for the CE mechanism. This coupling is

not large due to small size of {, and {, but potentially mixes degenerate states if the

matching condition among the EPR and NMR frequencies is satisfied.
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Figure 6.5. The subspace of the electron—electron—nucleus three-spin system.
The tilde indicates the intermediate states that are different from the PSB.

2
B =
3> ——
lz>—— "—'"'}
|3>— =——
Energy Coupling
Ey; =@, +1A, Hy=H
Ey; =6,- 3A, Hy =H
Ep=0,+1A, Hgz=H
Ey; =0,- A, Hj=H

A systematic discussion of the truncation of the terms in Eq. 48 involves the

transformation of f]m

transformation for each term in H 01

een

een

e”Hoo S&Ixe_"Hoo

into the interaction frame of H 00

een

= —IZ-SZZ {I+ei'("°’" TS 4 I cc}

gy
€

it(— L
S(Ax{l+el!( ®,+5

1
4

00 SAZ Ixe—ltHoo

A,)

Sp (I T COASa) 4 1=¢c )

een

(Eq. 48) are as follows:
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%Sg{IJ'e”( Oty +I‘c.c.}—-‘1;Sg{I+e"( O 2AE)+I_c.c.},

+1 cc}- %Sg {I+eit(—w"~;AA) +17ccl,

. The results of such a

(50a)

(50b)



oA Sl e ~itHg"
_ % { Szett((nA+AAIz) I+eit(—co,,+ﬁASAz) +S3 e—it(G')A+/~\AIZ) I e-it(—m,,+KAsAz)
+SF eir(6)A+74AIZ) I e—it(—m,,+ZAsAz) +8; e—it(G')A+ZAIz) & eit(—m,,+ZAsAz)}
_ %{SZI“eit(aA%ZA)I+S£eit(_m"_%ZA) + SZIﬁe—it(('i)A—%ZA)I—Sge—it(—m,,%ZA) (50c)
+ St Beit(fI)A—%KA) - Sge—it(—m,,—;—;\'A) + 55 Iae—it(G)A+%zA) 7+ Sgei:(—m,,%&)}

— %{Szl+eit((7)‘5—m,,) + S;I—e_it(a)d—m") + Szl—eit(a')d+m,,) + S;1+e—it(6)A—(D”) }.

Note that the raising and lowering operators for each spin follow the definitions in Eq.

33b. Using the results in Eqs. 50a-c, we express H &S in the interaction frame of HE as

een o~

ltHw Heen —-ltHoo _]B {S (I+ it(— m;,+2A};)+I CC) Sﬁ(1+ it(-, EA}:)_‘_I—C.C)}

BA(SSU e Ot | 1mcoy - SB(*e U 4 1)) s

+1
4
+1R[SEITe @) 15117 ccl)
+1
4

RIS 17" @+ L s7T%ccl.

The first and second terms in Eq. 51 oscillate at ®,, which is much larger than the
electron—nuclear dipolar interactions at high magnetic fields, and these terms average to
zero. However, frequency matching can arise from the third or the fourth term in Eq. 51

when

By =10,, | (52)

and the exponential vanishes, leaving a form of H&" consisting of non-oscillating terms.

For example, the condition ®, =-w, yields the%l? (SXI” +Sx1")term in Eq. 48, so
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that the truncated HE"in Eq. 40 approximates (from Eqs. 43 and 48 which is then

truncated)

ﬁ een

0,truncated

= mZSZZ —Cl)nEs):]z +(6)A —mn)Mzz +(6)A +0)n)MAz

~ 53)
+(AgSy, + ApSp ), + Dy Sy, S5,
+1KM,,,
where the new spin operators are defined as
My, =2(Sp, +Espl,), My, =L (SAIT +S317), My, =L (SATT ~S517),
EMZ=4M%Z’M§L:%EME+MEZ’ Mg=%EMZ_MZZ’ (543)
for the subspace {Ii > 17 >} (see Figure 6.5), and
My, =3, =Esaly), Mpy =5(SAT™ +SaI7), My, = (ST = SpI™),
EMA=4A4§z’ Mg'z%EMA-'-MAz’ ME=%EMA—MAZ’ (54b)
for the subspace {I§ >,16 >} (see Figure 6.5).
Note that My, in Eq. 53 commutes with S/, and $;,5>, since
Spd, =S(Epyy —Epa)» (55a)
51:82, = §(Esz —Epz —Epa)- (55b)

Moreover, M ,,commutes with Sy,, Egyl,, My, and Sy,I, as shown by the following:

(1) From the definitions in Eq. 33b,
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SaSy, =S85 48, +55,)=0 (56)

and we have (see Eq. 54b)

M S5, =3(SAI™ +SxI")Sg, =0 (57)
(2) The results of Eq. 57 are,
[MAx’SZzIz]=MAxSEzIZ_SZZIZMAx=0 (58)

and (see Eq. 54b)

(M g Ege 1= M p Ess I, —EgeI,M 5, =4(M 5 SE,1, =S5, 1, M ) =0 (59)

(3) From the definitions in Egs. 54a, b,
[M g M5 )= LISAT™ +SAT7, Sy, + Egpl,]
=L (=SAI” +SAI" +SA17 = S;I7) (60)

=0.

With the above commutation relations, a second unitary transformation

HE" =U 51-7 OtruncatedUe ! with respect to My, in Eq. 53 is performed with the propagator

Ug =expliEM 5,1, (61)
where the scalar coefficient (-1/2 < § < /2 ) satisfies
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tan‘é, = W (62)

It is then apparent that

een

C°>:S>:z @, Egzl, +(@y —0,)My, +(AgSg, + ApSa ), +DySy, S,
+QMAZ,

(63)

with the new coefficient
Q= (@, +0,)cosE +L Ksin. (64)

Using Eqgs. 33a, 33b, 54a and 54b, the diagonalized electron—electron—nucleus

Hamiltonian (Eq. 63) can be described by the conventional spin operators as

ﬁgen &)leslz +(A~!:)2es22 —‘&‘:)nlz +Ddslzs22 +Z1SIZIZ +A’2S2ZIZ +‘7S12S2111 ’ (65)

where the new coefficients are

B, =Lop +1@, ~0)+18, (66a)
®,, =Loy - 1@, -0,)- %5 (66b)
B, =10, ~L(@, -0,)+18, (66¢)
A =Lag+ 4y, (66d)
Ay=L(ap - Ay, (66¢)
¥7=—(0),,+6)A)+Ez. (66f)
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The microwave Hamiltonian in the EBS

To obtain the effective microwave excitations for DNP, the microwave Hamiltonian
Hy=20,(S1x+S2,) cos(wyt) for the two electrons needs to be transformed from the PSB to

the EBS as the following:
Hyy =20 cos(@y 1) UeUyg (S, +S2,)0U7 'Ug' (67)
The operators in 13 u can be collected in six groups such as

H,y =20 cos(yt)-(HYy +HY +Hy +Hyy +Hy +HY) (68)

To evaluate the terms on the right-hand-side in Eq. 68, we need to utilize the unitary

transformations in Eq. 67 as follows:
(1) Letting U, = Py = exp[10(S;'S; — S 53 )], where ¢ represents {q or {p in Eq.
37, we find
- -1
UpSi1.Uy" =Uy(Sx, +Sp, U5

=8y, +S), COsO— 5, sind (69a)
=1(8y, +55,) +1(S1, =S, )c0s0—L(S["S; + 5753 )sin,

UySiUG = ST +2(28,,59)+ 2 £ (=5 + (D L(-25,,5) +... )

=87 cos%+ 281,85 sin%,
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UySTUG" = ST +328.5)+ (D2 L (=57 +(2) 5(-25,.57) +... 0
C

= Sy cos2+25,,87 sin.

Similarly

- -1
UypS2.Uy' =Uy(Sx, =Sa Wy
=SEZ_SAZCOS¢+SAxSin¢ (703)

:%(slZ +S22)—%(Slz —SZZ)cos¢+%(Sl+S2' +8755)sino,

=S5 cos%—fZSfLSzZ sin%,

UgS7U5" =87 +3(-2578,)+ (9> L(=87)+ (1  £2S7 S0+ ... 00

=8, cos%—ZSszZ sin%,

(2) Letting U, = Mo = explLX(S;"S; 1™ — Sy S517)], where y represents & in Eq.

61, we also derive

~1 -1 -1

UX‘[ZUX :UX(ESZIZ+ESAIZ)UX ZUX(ESZIZ+MEZ _MAZ)UX
=ESZIZ+MZZ_MAZCOSx+MAxSinX
=21;‘Slz_%522+%12+51z52212 (71a)
— (81, =482, — 582, + 51,851 )cosy,

+1(S/ 8317 +8578317)siny,

U U =17 +2(=257851 )+ &) LG T +25,,5,, 1)
+& Lasts 1)+ & LG -28,8,, 1)+ -
=117 +25,,8,.1"

+ (&1t 28,8, 1" )cos 2 - 25871, sin%,
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U, U =17 + 2287 STI )+ 5 G +281:82,17)
+(§)3 %(25{5312)4r (%)4 LA -25,8,, 1) +...

- ~ (71¢)
=51 +2’SIZSZZI
+(F17 =281,85,1 )cos - 287871, sinZ.
Further,
U, S1,Ug' =Uy (Sp, + My, + MUy
=Sy, + My, +M 5, cOSY —M ), siny
=%Slz+%822+%12”81252211 (72a)
+(18), =482, =452, + 5182, ) cosX
~1(Sy ST + 878317 )siny,
-1 2 —
U,SiU; =51 +228,, 55 1)+ B LGS ~28y8,.1,)
3 4
+&) %(—2slzs;1+)+(§) LAST+2878,, 1)+ 20)
=%51+ _2S1+SZZIZ
+(&S7+ 281'S,,1,)cosk +28, S5 1" sin%,
=1 — - - 2 1o —
U,STU, =S +3(28,871 )+ 3 LG ST -28185.1;)
3 - 4 - -
+(2) L(-25,,8;1 )+ &)L A ST +287Sy, 1)+ 20

:%Sl— —28, 85,1,

+(E s +257 85,1, )cos% +25,, 8,17 sin%.

And finally,
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-1 -1
U)(,S2zUx ‘_‘Ux(SZz —MEz _MAz)Ux
=8y, ~My, —M p, cosx+M,, siny
=%Slz +%S2z —"}IIZ +81:82.1, (73a)
_(Ilg'Slz _%SZZ _%SZZ +SleZZIz)cosx

+1(8 8317 + 578,17 )siny.

U,S3Uy" =85 +2(=2818,,17)+(%)* L(3 55 +25,,551,)

+ B’ QST So:l )+ B § ST - 251851+

Lot . (73b)
=—2'S2 +2S12S2 IZ
+($83 —28,,571,)cosk —28[S, " sin%,
U,S7U;" =587 +2(=28578,, 1)+ (%2 L3 85 +25,,551,)
+%)? L2878, 1)+ 3 LA 55 -28,,851,)+... 50

=185 +28,,8;1,

2
+(585 —28,871,)cos% —2878, I sink.

(3) RecallingUy =exp(i€q S,/ ® 4 ilgSayl B) (see Eq. 37) and referring to Egs. 69a-

c and 70a-c, we find for the first unitary transformation in Eq. 68 the following

Hy =Ug (S, +S2)U¢"

= SIX(Io‘cos%“-!—I|3 cos%ﬁ)+2S12S2x(I°‘ sin%°'+1B sin%")

485, (1% cos 5+ 1P cos 32) 25,5, (I sin S+ 1% sin 2) (74)
=:%(S]x + 82, )cq +ep)+(Six + 82,1, (cq —cp)
+(S]zS2x _SleZZ )(Sa +SB)+2(S12S2x _SleZZ)IZ (S(X. _SB)’
with the coefficients defined as
Co = cos-gi,cﬁ =cosc—ﬁ,sa = sin%’,sﬁ =sin%. 5)
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(4) The second unitary transformation in Eq. 68 involves Eqs. 71a-c, 72a-c and 73a-c

and is further simplified by the following derivations:

[May,Si1,1=IMpy» 81,82, 1=[M 5y, S85,1,1=0,

, . (76)
Slx = —21S1yslz . Szx = _2ZSZyS22 .
On the basis of Eq. 76, we can rewrite Eq. 74 as
Hyp =L(cq +cp)(Six +S,) —2i(ce —cp)SiySi I, +52,82,1,) -

+2i( +53)(S1y = S24)81,82; = 2Se = SpNS1xS2.1; = S8y, 1)

To obtain Irf u in Eq. 68, we use results from Eqs. 72a-c and 73a-c and continue to

calculate

UgH pyUg' = (co +cpHE(S1y + 82,0~ (81582, = S1,52,)],
+[E (81 +S2,) + (5182, —SIZSZx)IZ]cos%
+ 1181, (STT* +S717) (ST T™ +ST1%)S, ]sin 3}
+5(Cq =g (S1x + S2); = (81,82, = 51,52,)
+[(S1x + Sp:)1, + (5152, — 51,85,)]cos S
+1(S31 4851 + 5717 +S7T7)sin3) 9
L (s +5p){ Sty + ST = (815, = 5182
—[(S1x + a0, +(S1S2; — 1,55,)]cos 2
1S3+ 8,17 + ST +s,‘1+)sin§}
+ (56— Sp 5 (S1x + 825 ) = (81282, = 81,5241,
~[L(Syx +S2,) +(S1xSa; — S1;52,01 Jcos 3
L[Sy, (S5T* +8517) (ST~ +ST17)S,, Isin ).
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Collecting the terms in Eq. 78, we obtain the six terms on the right-hand-side of Eq. 68 as

1 (Six 8520 By =L[(cq +cp +5q =)+ (Co +Cp — 5 +5p)cO8 2] (79a)

Il
0

n

Z(Sl.x +S2x)IZ’ H2 =é—[(ca —Cp + Sq +Sﬁ)+(ca —CB ~Sq —SB)COS%] (79b)

1l 1
s

3(S1282; = S1282,)s by =Ll(~cq +cp — 55 ~5p) +(cq —Cp =S¢ —Sp)cos3]  (79¢)

4 (S1xS2; = 81,5201 5 g =[(~cq —Cp S +5p)+(cq +cp —sa+sﬁ)cos%] (79d)

n

Il
=

s(S3 I+ 8317 +87T +S117), 55 =%(Ca —cg —Sq —sB)sin% (79)

X X» X» X» X™ X~
1l
Su

T Wn W e Tae T
1
S

[(S3T* +8517)81, —(STT™+S871%)8y,1, s =1(cq +cp—sq +5p )sing (799)

Some terms of ﬁ u (see Egs. 79a-f) which are selected by a certain microwave
frequency can lead to polarization transfer for DNP. Note that DNP is established through
the terms that have coefficients involving &; the remaining terms are associated with EPR
transitions. We can now delineate the selection rules for microwave excitation, which can
be identified within the interaction frame with respect to the Hamiltonian 7 o

Specifically, we recall from Eqs. 79a-f that it is necessary to calculate
i e eirﬁ;‘” i r e—irﬁ;‘" (80)

For example, setting n=1 in Eq. 80 which corresponds to Eq. 79a, we use the analogous

procedure for calculation of Egs. 50a-c to obtain

£y een

(81)

— hl[Sf'e"(m“"'D"S“"'A'lZ+VSZZI=) +Sl_c.c.+S;eit(a)z‘+D"s12+A211+VS'11:) +S5ccl,

which is further expanded to
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iz(ﬁ)ze+%+A

S _ 17 (oteoga (éle)'_ab"ib'}) — Q00 + o0 ga 72*'} P
Hy =5m{S/S71 2 + 8788 % e+ 538 % +858%1%.c.

+_d__.’_Zl__i ((DZ +&iAE

+5; 521B 24 4+ 8578%Pcc+S7SHIPe 2 4 415758

T = = (823)

= D v - D, AV
it (@, ——L+-1-—) it(@,, -4 +22-0)

rsrsBre 2 2 4 wsrsBr%ec+S3SPI%e 2 2 445580 1%e

.= D; A
@y, 4 —+—)
+S7SBIBecasisPIBe 2 2 4 1 558P1Pec)

-~ D ~
L A i3, y
_syseiPe 2 2w g s¢iPec-sistbe 2 2 4 —558P e, &b

+87SP1%c.+555P1%

it(&:),
—S7SBrPcc—sisPiPe 2 2

+87S¢Pce.—S5S] a8, T2 _gogo B
192 2 221 (82C)

f BB G . LA BB BB ir(c%h—-Di i v -
_Sl SZI e 2 2 4 —-Sl SQI C.C.+S2S11 e 2 2 4 +S S I CC}

it (@ +&+—'+—) it(@,, +D—+é—+ )
e 22 4 45788 % .~ Sy S %e 202 4 578 %

. D, (B,
_srsarb O T LgrsgBeeasystiPe 2 2 4 45550 Pec 24

)
-5y sh%ee. +st“1°‘ 272 4 455sPrlec

- D, AV

1), —F—+—) ‘t(&he——
rsrsBrB T ey srsB B —sisPibe 2
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-~ D = D,
= it(@®,,+ _ _ it(®,,+—=
Hiy =hs{STI*S%e +8517S{'ce.+ S I7S5e

it((:n,,—%(zo,, +)

+8717SPcc+ 5717 Be

=6+ Z et F ol i‘(E’:‘z:*ﬂl“‘%ﬁﬁ) —y—cQ +r-cO i'((:blﬁnDi*"&)"_‘Al) —r+ oo
Hy =%hs{S317Sf'e = 2 " 2 451" Sfce—S{I"S5e = 2 " 2" —§I*STcc.
L= Dy = j, = Dy = )\?2

:t(mk——i—m,,——) o _ (0, —5+0,+—=) _
-531*sPe 2" 2 5y SPee+strsBe T 2 27 wsTsBec)
yielding

Hj =20 cos(oyt)-(Hy +Hy +Hy +Hpy +Hy +HS),
from which, after combining Eqs. 82a-d, we obtain the first part of H ;4 as

Tk Tox Tax s
H) +H +Hy +H),
v

- Dd Xl
il(Q, +—L+—1+ 3
L(cq —5q)cos2[STSTI% 2 2 4 4+8§7S%1%c]

= Dd;“V

ir(,,+
+L(cp—sp)ISiSfPe 2 2 4 45788 Pec)

= D +Z,_z
2 4

.t(mel
+1(cq +5q)IS7 SBI% +S7SBI%c)

Eor BB (3, DA,V BB
+2(cp +sp)cos2[S] Sy 1Pe 2 2 4 487851
~ D, A4V
(@, +—4+2+-) _
+1(co +5)S350 1% T2 2 4 4878 %c)]
5,400 h V

it(
+1(cp+sp)cos3[s5SPIPe T 2 2 4 4 55501Pcc]

5, DAV
4

1 ErgrgBya,’ @, - B
+5(Ca—sa)COSE[S2S]I e +S2S]I c.c.]

D <~ P~
g AV
2

it(®,,
+1(cp-sp)S3sPIPe 7 2 2 47 1 575P 1P
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And combining Eqs. 82¢ and 82f, we obtain the remaining part of H ;4 as

T =
Hy +H

Eretrtoa it((:,)¢2+£)£—§)n A’)
=1(cq ~Sq)sin2[S; 1" S"e 2 2+ 8551787 cc]
Ergrpegh, @ r D B
(c5+sﬁ)sm [S3I*Sfe 2’ +8,1787cc] (84b)
E ot it((?),l+D +b’:),,ﬁ)
——é—(c6+s6)sin7[Sl I"§ye 2 2+ 85I SFec]
+ - B ir(® ,—P—+a),, ﬁ B
+1(cq —so)sin3[SFISBe ' 2 2) 4 S7ItS Becl

Polarization transfer by effective microwave excitation

The oscillation frequencies in Eqgs. 84a and 84b can be canceled by a microwave
frequency @y which selects the effective microwave operators that have coefficients
proportional to the microwave field strength ®;. According to Egs. 8 and 9, the effective

en

. . . SE . . = . .
microwave operator contained in H, in the interaction frame of H3®" interacts with the

density operator with an initial value

kX i Zeen —h O,+0,
Po=Pp=— Hy™" = (S1z +S22) . (85)
ZkgT 2 ¢

The exclusion of the nuclear Zeeman order from 50 is again aimed to calculate the gain

of nuclear polarization due to DNP. Thus the resulting enhancement factor still follows

Eq. 25 which is based on the thermal equilibrate nuclear polarization <P,>., given by
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2hw
= —h een
<P, >“1=tr(lz'EkB—TH° )~—Z;B—;—. (86)
The nuclear polarization at any time # during DNP is calculated through
<P, >t)=tr(B,p"), (87)

which is analogous to Eq. 27. The nuclear polarization operator I3n* is derived as (see

Egs. 71a-c, 72a-c and 73a-c and the analogous procedures used to calculate Egs. 50a-c)

i)'n* — eilH;‘" UéUCIZUC_IUgle—nH(;m
= %IZ +%Slz —%SZZ + SleZZIz

1 1 1 (88)
_(Zslz —ZSZZ _le +SleZZIz)COS§

+ (S} s3I + 5753t e ¥ )sinE,

Recall that any term of H ;4 (Eq. 84a and 84b) that has a coefficient dependent on &

will enhance nuclear polarization. We will demonstrate the generation of positive DNP
enhancements from combinations of four possible transitions when wy ~ ;. Although
those transitions — 8, S31%, $;,S5IP, 1S*(S31% +8517) and -1SP(S31% +8517)
— occur at different microwave frequencies near @;, they can be simultaneously excited

by a sufficiently intense @, and a broad frequency distribution of wy. The following

examples illustrate calculations of the enhanced nuclear polarization.
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Example 1

When oy matches the oscillation frequency of the first term in Eq. 84a as
v, (89)
the effective microwave interaction (from Eq. 83 and the first line of Eq. 84a) is

HT =%,8,,831%, (90)

where 5): =0 (ca—sa)cos% referring to Eqgs. 75 and 62. Since the effective

Hamiltonian only affects S§,, the time-dependent density operator is readily calculated

(through Egs. 8 and 9) as

* —h W, + Q) oo
= Sy, +S,(E-Sy,1
Z, T 2 BatiuE=STD 1)

+81, 5% cosdyt — S, S51% sindy1}.

on

According to Eqs. 87 and 88, the time-dependent nuclear polarization is

-h ©,+0
ZkgT 2

<P, >(1)= e2 ;(l—cosﬁ)(cosczo;t -1, (92)

which, when compared to the initial nuclear polarization in Eq. 86, suggests that the

Ye

Yn

maximal NMR enhancement is ~l—

1 if £=90° (see Eq. 62 for the exact frequency

matching). Note that when,, = ®,, -1p, —1A4,+1V, the term selected is S, S81P

(from Eq. 83 and the forth line of Eq. 84a,) and yields the same maximal DNP
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enhancement in this example.

Example 2
As in Example 1, we let @y match the oscillation frequency of the first term in Eq.

84b as
Wy =0, —®, +1D, +L1 4, (93)

the effective microwave interaction (from Eq. 83 and the first line of Eq. 84b) becomes

HI' =&, L(s31* +8517)82, (94)

where &); =0y (cq —sa)sin% referring to Eqs. 75 and 62. The effective Hamiltonian

interacts with the density operator according to the Liouville-von Neumann equation

(Egs. 8 and 9). To simplify the calculation of the evolution, we define

Iy, =5(S2, +1,), Epps =4I}, I3y =S31*, Iy = S;517,

1 2 + +7— y- -7+ ©5)
Inp, =5(S2, = 12), Eppa =415, Ipp =831, Ipp =851

The spin part of the evolving density operator results from the following derivation (0 is

an arbitrary angle)
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~iBL(S3 1 +8517)S¢
e BRI (g 45, )cc.

= ®hnS' (S, 4 Ly + 1y, )cc.

=8y, +Iyp; + SPLyg, + S (L5, cos0—Is, sin6) (96)
=38, +%(SZZ —Iz)+—;-SP(S22 +1,)

+%s;"[(s2Z +1,)cos@+i(Sy1" —S517)sin6].

Thus, the time-dependent density operator is

o

x _ —h @, +0,, 1 1 B
= S1,+5(S2, —1,)+=57 (S, +1
ZkBT 2 { 1z 2( 2z z) 2 1( 2z z) o)

+1S(S,, +1,)cos @yt +ESH(STTH - S517 )sindyt).
According to Egs. 87 and 88, the time-dependent nuclear polarization during DNP is

-h @,

<P >()=
w > () Z,T

;mZe %(l +cosE)(cosdat —1), (98)

. This

1€

Tn

which in comparison with Eq. 86 indicates the maximal NMR enhancement %

is of course the same result as contained in Eq. 92 when £=90° (see Eq. 62 for the exact
frequency matching). Note that whenw,, =€'02e —i:o,, —%Dd —%Zl , the selected

(85317 +5;17)SP term (from Eq. 83 and the second line of 84b) yields the same

maximal DNP enhancement in this example.

Example 3

In this example, we assume that the microwave field is stronger than the difference

of the selective frequencies (Egs. 93 and 89), such as
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=% = = 5 = = =
@ or @ >|@y, +5V -0y, +®,=Q. (99)

and both the S;,857%and1(S31" +8517)S{ terms (Eqgs. 84a and 84b) are excited. In

fact, Q is usually small because it originates from the second order effect of the dipolar
interactions and therefore is small compared to ®;. Using the condition in Eq. 99 and

€=90° (exact frequency matching), the effective microwave Hamiltonian becomes

~
~

BT =808, 851 +1(S517 +S517)871, (100)

where f:o; :71‘;0)1(% —5§y) referring to Eq. 75. To propagate the density operator

(through Egs. 8 and 9), one needs the following recursive commutations:

Letting
B =5, S31% + LSS5I +8717) = 8,155 + S Dy, (101)
we obtain

[ﬁg[i;’slz +8,,1

. ayo _ 1 O oyt _ o—p— (1022)
=_lS1ySZ _ESI (Sz] "Szl ),
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[HM3 ’[HM3’ ¢ T S82. 11

= [H;’“ i8S, STT* + LS (S3 1T = S717)]

=[Sy, 155 + ST 5,181,155 +iS1 Iozy ]

=i(S), 155 81,155 +S1: 12551 Tozy + 82 L5, Sy 155 + 51 e S{ gy

= 81,155 81,155 = S1, 155 ST Toxs = S5, S1d 55 = ST o5y ST Toxy) (102b)
=ik S I35 + 557 5135 +5; -S{ LIy + 81" S 1oy,

— 8 1% — 35S 3 15s —18F 3 0y - 87 5 )

==8), 1% + 487 I35 + 551 Iz = S1' s,

=—StseI% +LsPsgr® + LSESHIP + (ST s3I+ 5783,

(H sz;‘,[H LHES 81+ 85,10

(A —SESST% + LSPSST® + LSFSRIP + L(s{ 717 +57 8317
=[S 155 + S ape=S1, 055 + 5 ST I3z +5 81 T2 = S1' Iz, ]

— S 35S IS + 81,55 18T g + 81,055 381 Iy = S1l32 81" o

= S*M oy S A5 + S{pp, L ST Iy + S Loy 581 g = ST 55 ST o,
S I8 S IS — 2 ST 13281, 155 = ST oy Sid3s + 87 Top 1402y

+ 81, 1% S g, — L ST 135S gy =581 1os ST Toge + ST Ton, St o (102¢)
=18, 155 + 1S3y +0-1S7 s

—LS* 5y +0+ 587 I3y +4 87 Doy,

+L8,155 +0-5 87 55 +4 87 I3y

+1 P15 — ST I3 +0+4 85,

= 2iS), I35 +2iS{ 5,

=20iS), STT* + SS7 (S5 1T = S; 1))

Thus, the time-dependent density operator is obtained by summing Eqgs. 102a-c as
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* -h ®,+0,
= S, +S
Zk gT 2 (51 +52,

+[-LsSgT* + L sPsgr® + LsPSBIP + L(STSI* + 578717 )0—cosv2iyr (103)
+18,,551% + 357 (S3 1" — S5 17)]sin 25t}

on

Since £=90°, the nuclear polarization operator is simplified to

Bl =31, 415, —18,, +8,8,,1, +L(SFS; 17 +S7S31*e™®). (104)

Therefore following Eqs. 87 and 104, the time-dependent nuclear polarization is

= ko h (V) 1 + o 2
<P,>()=tr(Pp )= el e
. § ZkgT 2

sin?(1Q)sin? (2 &) (105)

Eq. 105 shows that the polarization transfer rate is determined by the smaller

of1Q and -{2—5'); Comparing Eqs. 105 and 86, we find the maximal enhancement of

NP 1
nuclear polarization is equal to— e .
Yn

Example 4

As in Example 3, we assume that the microwave irradiation is sufficiently

broadband to cover two frequencies (differing by D, + A +Q due to dipolar

interactions):

-~
~

1 = 13 = _1 1
Wy, +-2—Dd -, +—2-A1 and W, _EDd —5

2>

1 +1V, (106)

which select 2(S317 +§;17)S* and slxsglﬁterms (in Egs. 84a and 84b) to be the
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effective
75) and

becomes

excitation Hamiltonian. With additional assumptions that s is small (see Eq.

& = 90° (exact frequency matching), the effective microwave Hamiltonian

H" =&, SP(S3T +8717)+ 5, S51%1, (107)

where 5)2 =—j70)1 . To calculate the time-dependent density operator (through Egs. 8 and

9), one needs the following recursive commutation relationships:

Letting

~
~

HE =5, S81P + 1S2(S31* +8517) = S, 15 + 80Dy, (108)

we obtain

(HZ) .S, +5,]

(109a)
=~iS,, SPIP — LS (S3I* - 5517),

[ﬁﬁ:,[ﬁﬁ:,su +87.11

—(H, S, SBIP + LS (ST - 5517)]

= [S1x I8 + 50 Tp5, S, 1y +iS{ 5y, ]

= i(Sy, 18581, 18y + 81,055 S0 g, + 5115, 81 155 + S{ 155, S0 Ds,

— 83y 1558110y = SP 055, S1 0By = 81,185 S Iyp = ST Ipgy ST py,) - (109D)
=i(%51z15>: S Iy + L8] Ly +4 87 5,

+ L8, 18 ~ L STy + L ST Loy +45055,)

=81, 15 — ¥ Iy,

=5, SBIP — L5 (s31% - sBIP),
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(A (T BT 51, +5,11]

(A5, SEIP + L5 (51 - sBIPy]

=[Sy L5 + 5P o5, 81 15 + 515, ]

= 81 15581 15 + 81,105 S0 Lyg, + {55 81,185 + S5 S Ly,

= 81,1558, 10y — S0 Ly5 81 15 — 81,185 S0 Lyy, — S 155, S gy, (109¢)
='_2_isly12BE "%Sl—lgz +4 51 55 ~ 587 s,

“%Slylgz +%Sl+lgz ~ 481"y — 557 Dy,

=~4 8,15y ~{ 80 x,

=18, SBIP - LsX(s31t -5517).

Thus, the time-dependent density operator is obtained from summarizing Eqgs. 109a-c as

=k "h (l)e1+(0e2
= S, +8
P = 2T 2 {51 #+52:)
~2(8,, 51 + L SP (531 —SEIB)][I—COS(%(%})] (110)

—«/E[Slysgll3 +LSH(S T - 551‘)]sin(—j75>2t)}.

And the time-dependent nuclear polarization is calculated from Eqs. 87 and 88 as

- O,+® ~*
el - el [—1+cos(—‘;m4t)], (111)

<P >@)=
n>® ZkgT 2 V2

which in comparison with the initial nuclear polarization (Eq. 86) implies a maximal

DNP enhancement of IYe/Yal.

Example 5

In this example we assume that the microwave frequency is broadband and the irradiation

amplitude is  strong. @ We  therefore  excited the  following  four

191



transitions—S;,S31%, Sy, S81P, LS*(S5I* +S717)and -L1SP(S3I* +8517)— near

the microwave frequency of ;. On the assumption that sy and sg are small (see Eq. 75)
and € = 90° (exact frequency matching), the effective microwave Hamiltonian is the sum

of the above four transitions. This effective Hamiltonian is further simplified as (using

the definitions in Eq. 95)
HY = ®5(81,E 5 +251,155,) (112)

where (L;); = 712=-031 . To propagate the density operator according to Egs. 8 and 9 in a easier

way, one needs to rewrite the initial density operator (Eq. 85) as

-n o, +0,
ZkgT 2

2 (S1,E 25 + S12Ean + s, +1p,) - (113)

*
0=

o

Following commutation relationships, the Si.Epy and SiJzs. terms of the effective
microwave Hamiltonian in Eq. 112 affect the S1,Epy and L5, terms in the density operator

in Eq. 113, respectively. Therefore, the time-dependent density operator becomes

ot ] —h Cﬂel'f‘mez
= Sz +8
P =z 2 {51 +522)
+1(8),E 5 ~ 281, D5y — 281 dax, + oz, cos(v20051) 1] (114)

~ & (S1yEps + 281, I, )sin(v2851)}.

Thus, the time-dependent nuclear polarization becomes (from Eqgs. 87 and 88)
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(115)

which in comparison with the initial nuclear polarization (Eq. 86) indicates a maximum
DNP enhancement of ly./y,l. The maximal DNP enhancements and time-dependence of

nuclear polarization from the examples 1 to 5 for microwave irradiation frequency near

@ are summarized in Table 6.1.

Table 6.1. The effective excitation Hamiltonians and the corresponding microwave frequencies that
produce positive DNP enhancements are listed. The selection of excitation depends on the microwave
bandwidth and amplitude. The maximal enhancement and Rabi oscillation characterize the time
dependence of the nuclear polarization. The results are based on small {, and {z (moderate electron-

electron dipolar interaction) and & = 90° (full three-spin mixing).

Effecm;e ex:ntat-lon Microwave frequency Selected excitations by M
H 137 Wy (Checked by crosses)
S STI” B, +1D; +1A +1V X X X
LSP (S I +8517) &, +1D, -, +14, X X X
S, SBIP Bre —1Ds -1 A +1V X X
~1sPsirr+s517) | &.-1D,-8,-14 X
Maximal enhancement of A 117, | Ve | Ve |
nuclear polarization 4y, 21y, Yn Y
Oscillation between 1 oy & ! o !
—(1-cos — 288 . 2 Wy —(1-cos —= 28
electron and nuclear polarizations 2( s 2 S sin 2 2 (1-cos V2 ) sl

6.1.3. Discussion

We have shown systematic diagonalization of multiple spin Hamiltonian and

derived the effective microwave irradiation Hamiltonian that leads to the evolution of
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electron Zeeman order into nuclear Zeeman order and yields DNP. It is worthy of
emphasizing the frequency matching conditions for polarization transfers in the SE and
CE mechanisms, and comparing influences of microwave irradiation strength @; and
static magnetic field By on those polarizing mechanisms to protrude the favorability of

the CE at high magnetic fields.

6.1.3.1. Frequency matching conditions for DNP

The frequency matching requirements for both the SE and CE are mentioned in the
literature °* °% %7, However, the exact EPR and microwave frequencies, depending on the
specific electron—electron and electron—nuclear interactions are ignored due to the
presence of relaxation in realistic spin systems. Nonetheless, those exact frequencies
become interesting as we attempt to understand polarizing mechanisms using quantum
dynamics of ideal spin systems. According to Egs. 22a, 22b and 17a, the exact frequency

matching for the SE is w;; = ®,; ®,. Taylor expansions of the cosine and sine terms in

Eq. 17a show

o, =0, +—, (116)

which is consistent with a second order perturbation of the semisecular hyperfine
interaction B;. Since B; is usually small and thus B;* << ,, the microwave frequency
generally matches . +,. Without relaxation, the frequency matching allows the nuclear
polarization to be enhanced through an oscillation of polarization between the electron
and nuclear spin systems. The maximum enhancement in the oscillation is lY/Yyl.
Efficient microwave excitation for the CE relies on the full mixing of states which
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according to Eqgs. 52 and 44a exactly requires ®, =, . Taylor expansions of the cosine

and sine terms in Eq. 44a yield

. D?

0 =Wy +co_Z’ 117
where A= —0 (see Eq. 34), and the result is consistent with a second order
perturbation of the off-diagonal electron—electron interactions D,. It is obvious that
electron—electron interactions affect the matching condition for the EPR frequency
separation. While the derivations of the CE in the above discussion are primarily based
on moderate electron—electron interactions, the frequency matching for the CE in the
region of extremely strong electron—electron interactions is discussed in Appendix L

Furthermore, the microwave transitions for the CE are excited by microwave
irradiation at (y~®e) Or Wy~02. Those transitions are divided into two groups of four
transitions at the exact microwave frequencies shown in Eqs. 84a and 84b. Without
relaxation, the correct EPR and microwave frequencies allow the nuclear polarization to
be enhanced through various oscillations depending on selected transitions:

(1) When microwave irradiation is narrowband and weak, thus choosing only one

of the four transitions, the oscillation between the electron and nuclear polarizations
contains one frequency ~% and leads to a maximum nuclear polarization enhancement
We/Yal/4.

(2) When microwave irradiation is narrowband and strong, thus choosing only

two of the four transitions that are separated by (usually small due to a second-order
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effect of spin-spin interactions, see Eq. 64), the oscillation between the electron and

nuclear polarizations contains two frequencies 52’- and ~%—, and leads to a maximum

nuclear polarization enhancement Y /Y,l/2.

(3) When microwave irradiation is broadband and weak, thus choosing only two

of the four transitions that are separated by D, + 741 +0 (usually large due to the first-

order electron—electron interactions), the oscillation between the electron and nuclear

polarizations contains one frequency ~% and leads to a maximum nuclear polarization

enhancement ly/Yyl.

(4) When microwave irradiation is broadband and strong, thus choosing all of the
four transitions despite their separations in excitation frequency, the oscillation between
8
2

the electron and nuclear polarizations contains two frequencies < and ~£2"— , and leads to

a maximum nuclear polarization enhancement of I./Y,l.

The frequency matching conditions derived in this sub-chapter appear to be
independent of the microwave field strength ®; because we generally assume weak
microwave field perturbations given that ®; leaves the eigenstates unaffected. However,
in practical DNP experiments it is often the case that a strong microwave field strength is
available; thus the matching condition would break down, the couplings between the
mixed states would become less effective, and the polarization transfer would be
attenuated. This ®; disturbance to the frequency matching is more serious in the CE
where the effective couplings for state-mixing result from a second order effect of spin-
spin interactions as opposed to a first order interaction in the SE. Nevertheless, in reality

the frequency matching range for DNP can be broadened by relaxation and in the case of
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CE is further increased by strong electron—electron interactions.

6.1.3.2. Influences of microwave field and external magnetic field strengths on DNP

Except for the perturbation of microwave irradiation to the eigenstates of a spin
system, microwave field strength m, affects the efficiency of DNP. According to Fermi’s
golden rule, the polarization rate approximates the initial slope of the involved oscillation
between the electron and nuclear polarizations. In the SE, the polarization rate
approximates the first term of the Taylor expansion of Eq. 30, which is ~(B;/®,)* under
the assumption of A; << @,; note that A; and B, represent secular and semisecular
hyperfine interactions. This result indicates that the efficiency of the SE is proportional

to PBy 2 where P is the microwave power P as P o ®,%, and By is the external magnetic

field.
In the CE, the time-dependent nuclear polarization oscillates in a more complicated

manner. For the positive DNP enhancements, the strong microwave irradiation excites all
of the four transitions mentioned previously, and the smaller of -% and %‘— determines the

oscillating envelope of the DNP enhancement and yields an initial slope which is either

(—‘23)2 or (if;l)z. Thus, when ®, << Q, the polarization rate is proportional to (0)1)2 or P,

and so is the DNP enhancement. When ®; ~ Q, the DNP efficiency becomes independent

of the microwave power, and a saturation of the DNP enhancement by the microwave

power is reached.

The magnetic field effect on a single CE process is reflected by S:). which is a

second-order effect with respect to electron—electron dipole, hyperfine and nuclear
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Zeeman interactions. However, typical DNP enhancements result from many polarization

processes with variations of the involved dipolar interactions that compensate for the

difference of By. Hence By does not explicitly affect the CE through S:Z , especially when
the oscillation of enhanced nuclear polarization is controlled by ®;. In fact, external
magnetic fields affect the CE though frequency matching that requires the correct EPR
frequency separation. When the desirable frequency separation is obtained from a broad
EPR lineshape, the probability of frequency matching is linearly decreased by the
linewidth. If the line broadening is primarily due to a g-anisotropy which scales with By,
then the overall DNP enhancement through the CE is proportional to By, This magnetic
field dependence is common for DNP using nitroxide radicals which exhibit relatively

well resolved g-anisotropies at high magnetic fields.

6.1.4. Conclusions

The enhanced nuclear polarization in the CE polarizing mechanism is calculated in
an electron—electron—nucleus system under the microwave irradiation. Our calculations
verify the frequency matching which requires the correct EPR frequency separation and
microwave frequency. Based on our theory, the influences of microwave field strength
and external magnetic field on DNP are consistent with the conclusions of classical
theories established on spin thermodynamics. Although stringent frequency matching
conditions are inferred by our analytical approaches, they can be relaxed when relaxation
effects are incorporated into the calculations. Simulations of DNP in

electron—electron—nucleus systems with relaxation are discussed in section 6.2.
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Appendix I: Strong electron—electron interactions in the three-spin
system

Although the analytical approach to an electron—electron—nucleus system includes
conditions of stronger electron—electron interactions, the overall discussion has implied
that such interactions are much smaller than the nuclear Larmor frequency. Thus the
required frequency separation in the EPR spectrum is mainly provided by the electron
Zeeman interaction. However, the dipolar splittings can contribute to the EPR frequency
separation. Specifically in the case with a small difference in g-values, the triplet-singlet
basis-sets are more relevant than spin-pair bases in discussions of frequency matching for
the CE. For example, if the electron—electron interaction terms d and J in Eq. 31 are
larger than lm.,—el, it is appropriate to represent the spin Hamiltonian in the electron
triplet-singlet bases. The transformation from electron spin-pair bases to triplet-singlet

bases involves

ITy >=oo >, 1T >=BB>, ITy >=-L(ap>+IBa>),
1 1 0 2

1
1Sy >=jz=(la[3>—lﬁoc>). (118)

Therefore, we should redraw Figure 6.4 as Figure 6.6. If 1D, ~ loyl, 12> and [7> come
close to degeneracy, then these two states are fully mixed into 12°> and 17°> by Hy;.
According to the selection rules involving the triplet-singlet bases, the transitions, 2’> <
1> and 17’> < 4>, are excited by microwave irradiation near E); and Ey4 and lead to
positive and negative DNP enhancements, respectively. Note that the two EPR peaks in
this case are separated by E); — Ey = 1Dz —Dyl since the EPR transitions are also near E;

and E,4. With negligible J, the definition in Eq. 34 suggests the two EPR peaks are
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actually separated by 3w, and the matching condition requires d ~ @,

E
A lmN=%> ImN=~%>
Mgy 52>
5> 1T
25— —  come— } 'TO)
7>
4 1So>
8> : T
|a>— - } Ha>
EPR forbidden EPR
— By F0 D, D, + — WgtO D, D, 5 AtA
s A i e s S A R
= Ogy+0 D, D, + - Oy tO D D, 4 A+A
By =222 - Do 4 Do 4 Ak By ==5=- -2+
- Dt D, D, + Dgq +0 D D, At+h
Esg_m1232+Td'T A1_46_2_ E57--1—2£+ d+2 4
— 0yt D, D, + —_ Wyt D D A+A
Eea—m'z‘z-—""T-ﬁqﬁ Ep="1%2-3- 3~ )
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E, =0, +2 = _ BB
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Figure 6.6. A level diagram for a triplet-singlet-nucleus system. The variables in the
expression of transition and coupling energies are defined in Section 6.1.2.3 Because of
the forbidden EPR transitions associated with the singlet state, only half of the DNP
transitions are allowed. They are marked by the solid and dashed arrows for positive and
negative DNP enhancements, respectively.
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6.2. Simulation of Electron-Electron—-Nucleus Spin Systems with
Relaxation

6.2.1. Introduction

DNP in solid dielectrics relies on mechanisms such as the solid effect (SE) 0 cross
effect (CE) 25155, 106 and thermal mixing (TM) 867 In particular, the CE and TM
provide the major pathways for DNP using biradicals consisting of two chemically
tethered nitroxide radicals as Chapters 3, 4 discussed. While the SE universally involves
a nuclear spin and an electron spin, the CE or TM occurs between a nucleus and two or
multiple electrons, respectively. With contemporary computing power, we can
numerically simulate the spin dynamics involving one nucleus and a number of electrons,
and thus, the fundamentals of the SE, the CE and TM can be understood in greater detail.
In this sub-chapter, we focus on a numerical study of the CE mechanism which provides
the optimal polarizing efficiency in high magnetic fields and can be improved by using
designer biradicals in which the tethered radicals correspond to the two electrons
involving the CE mechanism. In addition, the SE emerges from the electron and nuclear
spin system for the CE and is simulated to compare its polarizing efficiency.

Classical theories describing DNP are based largely on concepts emerging from spin

temperature 30, 36

, and do not explicitly describe DNP experiments using biradicals
quantum mechanically. Specifically, in a biradical the intermolecular electron dipole
interaction (~0.3 MHz in a 10 mM solution) is typically small compared to the

intramolecular coupling (~23 MHz for a radical with a 13 A interelectron distance).

Thus, CE experiments involving biradicals are best described with a quantum mechanical
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treatment of a three-spin system. Such an approach to an electron—electron—nucleus
system was utilized by Jeschke to explain the generation of the nuclear coherence and
polarization from transient electron polarization in CIDNP experiments 73160 Moreover,
for the same three-spin system, we recently completed an analysis of the dynamics of
spin interactions and successfully described the CE and SE in the presence of a strong
external magnetic field and weakly perturbing microwave fields (see Section 6.1). From
the calculations, based on a treatment of a localized electron—electron—nucleus spin
system, emerges the exact frequency matching condition for frequency separation of the
EPR lines and the microwave irradiation. However, relaxation effects were not
considered despite their importance in maintaining frequency matching among the EPR
frequencies in the randomly oriented powder sample of radical molecules.

Traditional relaxation theories, such as the Bloch equation and the Redfield theory,
fail to describe incoherent processes in a quantum dynamic system with strong mixing of
quantum states. Specifically, even though Bloch equations provide a simple way to
introduce phenomenological relaxation parameters, the assignment of relaxation times to
the Cartesian magnetization operators 13 cannot be well defined because of the strong
mixing of spin-states. Further, while Redfield theory is more rigorous in terms of its
derivation from a time-dependent second order perturbation with respect to spin
interactions, it does require definite spin eignenstates and correlation functions for
evaluating the relaxation super operator 13 Therefore with strong state-mixing it presents
complexities and becomes nontrivial for a treatment of phenomenological relaxation.

Recently, a Stochastic Liouville equation (SLE) approach was developed that

permits a phenomenological description of incoherent quantum dynamics 163 In this sub-
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chapter, we employ the SLE approach to incorporate relaxation in an
electron—electron—nucleus spin system for both the CE and SE. In Section 6.2.2, we
discuss the modification and adaptation of SLE to the three-spin system. Because of the
complexity of analytically solving the three-spin SLE, a numerical treatment of the
quantum dynamics is implemented with empirical simulation parameters. The results of
the simulations are illustrated in Section 6.2.3 and used to explain dependence of DNP
enhancements on a number of spectral parameters, such as the microwave field strength,
spin-spin interactions, relaxation and the external magnetic field strength. In addition to
be consistent with conclusions of classical DNP theories, the numerical results of the
three-spin simulations including relaxation provide insights into the improvement of DNP

enhancements using designer biradicals.

6.2.2. Stochastic Liouville equations in a three-spin system

If we assume that nuclear spin diffusion efficiently distributes polarization
throughout a bulk sample, then the DNP process in the bulk nuclear spin system can be
understood by examining microscopic polarization transfers within a localized
electron—electron—nucleus system. For the three-spin system, the time-independent
Hamiltonian Hy and microwave Hamiltonian Hy, are given by

HO =(DelS]z +0)e2S22 -(l)nlz +(A1S12 +A2S22)Iz +(BIS]z +BZS22)IX

119
+d(3S,,55, —S1 -S3) - 2JS; -S,, (13)

and

HM 220)] COS((DMt)(Slx +S2x), (120)
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where 0, ®; and ®, are the Larmor frequencies of the two electrons and the nucleus,
respectively, d and J are the dipolar interaction and exchange integral between electrons,
respectively, A;, A, and B, B, are coefficients for secular and semisecular hyperfine
terms, respectively, Wy and @; are the frequency and strength of the microwave fields.
Both the electron—electron and electron—nuclear dipolar interactions are truncated by the
high EPR frequency, and S/, and S2./; represent the semisecular terms adequately after
rotational transformations along Si,/, and Sy,/;, respectively. Moreover, the calculations
mentioned here use isotropic values of EPR frequency and dipolar interaction, thus
neglecting anisotropies of those spin interactions involved.

Spin relaxation plays a crucial role in the CE and is especially important in
preserving frequency matching for state-mixing. This mixing relies on an effective
coupling and degeneracy between the mixed product-spin-states (Figure 6.7). To achieve
high CE enhancements in the absence of relaxation, the frequency degeneracy between
IBioion> and louPiB,> has to be strictly maintained, because the effective coupling
leading to state-mixing is small due to its origination in a second-order effect of dipolar
interactions. In practical DNP experiments using paramagnetic species that are randomly
oriented, the probability to obtain the exact frequency matching is small since the powder
distribution randomizes the EPR frequencies involved. Therefore, spin relaxation, which
broadens the frequency matching condition, is essential for the achieving CE

enhancements.
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Figure 6.7. A representation of the zeroth order time-independent Hamiltonian for an
electron-electron-nucleus spin system. The middle panel shows that microwave-excited

transitions (arrows) for the CE result from mixing of spin states when ,-®;=0,. The
transition probabilities are optimized by the degeneracy between the product-spin-states
marked by the shadow. The right and left panels illustrate breakdown of degeneracy when

AW#Q,.

Spin relaxation can be considered phenomenologically using a stochastic Liouville
equation (SLE) of quantum dynamics '3 The SLE is derived by considering a quantum
system with fluctuating Hamiltonian terms hy(f) that model stochastic noises, such as
fluctuating magnetic fields. To describe relaxation effects in a system of Hy and Hy (Egs.

119 and 120), we use the total Hamiltonian in the laboratory frame given by

H=Hy+Hy +Y (). (121)
A

General stochastic noises are assumed to involve single-spin operators in the following:
h. (1) =0y ()3,

where Jj, are spin operators Syy, S1y, Siz, S2x, S2y, S22, Iy, Iy and I, and ¢p(7) are coefficients
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which are assumed to follow a Markov process with zero mean and time dependence
described by a auto-correlated 6-function. Subsequently, the following ensemble average,

which is denoted by a bar, is obtained as
—_— 1
Oy (1) (1) = ?‘57\3501 —1),
A

where (1/T3) is proportional to the strength of coupling between the three-spin system and
the random fields and corresponds to a measurable spin-lattice relaxation times T; and

spin-spin relaxation times 7, through the following relationships

Ts1x =Ts1y =Tsox =Tg, =21,
Ty, =Tsp, =1,

Tp, =le =2T,,

Ty, =T5,.

The complete Hamiltonian (Eq. 121) can be transformed into the rotating frame of the
microwave frequency and its ensemble average can be calculated, so that the evolution of

density operator follows the equation of motion

—* . * * — 2 —*
46, =—il(Hg +H 1 ), Ly + Z'rmm.,qq.oqq. , (122)
99

where the asterisks denote the reference of the rotating frame, m, m’, g and ¢’ are matrix

indices in the Liouville space, and G is the density operator defined as

—*

_6* Eﬁ*_peq.
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The b':q is the density matrix in a thermal equilibrium, and serves as the boundary

condition at ¢t = 0 and defined as

—* H
oo 1)

B

where T is the temperature, kg is the Boltzmann constant and Hy is defined in Eq. 119.

The relaxation super operator I" in Eq. 122 of the SLE is then expanded as

2 2 1 1
-1 A A A gA A sA
me',qq' “E[E‘Imq']m‘q‘ —Sm‘q'z |,T—k‘qu']rm _amq § :T;‘ Jrq‘er'] .
r r

The parameters required for simulation of an electron—electron—nucleus spin system
are listed in Table 6.2. Despite capabilities of measuring those parameters, reasonable
values for them are adopted for the best fit of the simulated results with the experimental
data of DNP and EPR. Specifically, the electron spin-lattice relaxation time Tj. is
extrapolated from the known value at 10 K '*>'* the electron spin-spin relaxation time
T, corresponds to the broadening factor of the EPR spectrum, the nuclear spin-lattice
relaxation time T, includes the effect of homonuclear spin diffusion, thus smaller than
measured values, the electron—electron interaction is evaluated from the
electron—electron distance determined by EPR measurements, and the electron—nuclear
interaction is estimated from the radical employed in DNP experiments. The dependence
of DNP on any parameter is investigated through variations of such a parameter, while

the numerical enhancements are optimized with respect to the remaining parameters.
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Table 6.2. Parameters for the simulation of an electron-electron-nucleus system.

Parameter Name Symbol | Value Note

Electron Larmor frequency W1, Oy | ~140 GHz | to be optimized, corresponding to EPR at 5 T
Nuclear Larmor frequency , 211 MHz | proton NMR at5 T

Microwave frequency Oy ~140 GHz | to be optimized, corresponding to EPR at 5 T
Microwave field strength (oY ~1 MHz gylr(;fr;nh?goﬁ)zo\;’n)(“};?&déi(}e (10 mW) to
Anisotropic hyperfine AL B 0.7 MHz methyl protons of TEMPO, Ry, = 2.7~-3.9 A
Anisotropic hyperfine A, B, 0 a distant 2™ electron from the nucleus
Electron-electron dipolar coupling | d ~12MHz | variable from 1 to 50 MHz for R..> 10 A
Exchange integral J 0 R..>10A

Electron spin-lattice relaxation Ty 2us extrapolated from 10 K to 90 K

Electron spin-spin relaxation T 0.1 us considering local field broadening

Nuclear spin-lattice relaxation Tin 11.5ms considering 'H-'H spin diffusion

Nuclear spin-spin relaxation T, T3 unimportant

* For reference, ~10 mW microwaves coupled into a cavity with a Q-factor of 2000 generates ®,/2% = 5
MHz, and o, =< (PQ)"Z, where P is the microwave power.

6.2.3. Results and discussion

Enhancements of nuclear polarization during microwave irradiation are calculated

from Eq. 122 as

. tr(1,p" ~1,0,,)
tr(Sle:q)

(123)

In Eq. 123 lg| < W/Y,l, and when l€| = lY./Y,l, the entire electron polarization is transferred

to the nucleus.

6.2.3.1. Frequency matching in the SE and the CE

Figure 6.8 shows DNP enhancements as a function of the EPR frequency separation

(w-we;) and the microwave frequency offset (wv—0%;), calculated numerically
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according to the SLE of an electron-electron-nucleus system. The peaks in these contour
plots represent regions in which frequency matching condition is satisfied and the CE
mechanism is feasible. Clearly, adding relaxation broadens the frequency matching
region and leads to larger DNP enhancements. Simulations without relaxation reveal an
extremely narrow frequency matching bandwidths (insets of Figure 6.8), ranging from 5
to 15 kHz, which is difficult to achieve within an EPR lineshape having a large
inhomogeneity. Moreover, a comparison of the enhancement contour plots for different
strengths of electron—electron interaction (d/2nx = 10 MHz and 30 MHz) demonstrates
that stronger electron—electron couplings also broaden the matching region, and that the
matched EPR and microwave frequencies for the CE depend on the splitting due to the
electron—electron interaction. Note that the full range of frequencies is not displayed in
Figure 6.8. In the discussion below we will present other matching regions for both the
CE and the SE mechanisms and show that the frequency matching bandwidth for the SE
is also broadened by relaxation.

Figure 6.9 shows both the SE and the CE contributions to the DNP enhancements as
a function of microwave frequency offset at several EPR frequency separations.
Matching conditions for both the CE and the SE are calculated and referenced to the
associated EPR stick-spectra. In addition, the pure SE enhancements are calculated by
turning off electron-electron interactions in the simulation. We observe stronger CE
enhancements at microwave irradiation near @; and @, and the optimal microwave

frequencies for the CE depend on the splittings due to electron-electron interactions.
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Figure 6.8. Contour plots of DNP enhancements, in units of IYe/Ysl, as a function of microwave
frequency offset (cy — @) and EPR frequency separation (@, — ;). By = 5T corresponding to
®,/2% = 211 MHz. Introducing relaxation into the simulation leads to a broadening of the regions of
frequencies that yield DNP enhancements. The electron-electron interaction used for the simulation
is 10 or 30 MHz, and all other parameters are listed in Table 6.2. The ranges of EPR and
microwave frequencies are truncated to demonstrate the detail of enhancement peaks. The insets
show the details when bandwidths of frequency matching become extremely small without
relaxation.

Small frequency shifts of the microwave excitation, due to a second order effect
regarding electron—electron interactions, become less important in the presence of

relaxation, since the size of the shifts are small compared to the broadened matching
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bandwidths. In addition, small enhancements are found at wy=m.;+w,, especially when
the EPR frequency separation fails to match w,. These small peaks are attributed to the
enhancements due to the SE, which become more intense when the CE is suppressed by
an incorrect EPR frequency separation or by diminishing electron—electron interactions.
Although the pure SE appears with the complete decoupling of one electron spin from the
three-spin system, the DNP enhancements involved are still much smaller than those
from the CE. Clearly, the CE generates superior DNP enhancements when the correct

EPR frequency separation and appropriate electron—electron interactions are available.
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Figure 6.9. DNP enhancements as a function of microwave frequency offsets (@y-@.;). The
frequency matching for microwave irradiation is shown for both the SE and the CE. Additional
frequency matching of the EPR frequency separation (Am.=,,-@,,) is required for the CE. In the CE
simulation, d/21 = 30 MHz, and all other parameters are listed in Table 6.2. EPR absorptions are
labeled by the sticks.
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Calculations of spin systems without relaxation present extremely complicated
patterns and narrow ranges of frequency matching for the optimal polarizing condition.
Therefore, consideration of relaxation is essential in order to broaden the bandwidth of
frequency matching for both the CE and SE. In fact, relaxation effects are indispensable
in descriptions of experimental results, such as the buildup of enhanced polarization
during microwave irradiation, microwave-power, the magnetic-field dependencies of the
nuclear polarization, and the influence of temperature and/or radical concentration. The
SLE approach in a three-spin system, which adequately describes the above observations,
is illustrated in the following discussion in terms of DNP enhancements at the optimized

EPR and microwave frequencies.

6.2.3.2. Polarization buildup during microwave irradiation

The microscopic nuclear polarization, which is enhanced in a three-spin system
during microwave excitation, can represent the macroscopic nuclear polarization of the
bulk spin system. Empirically, the growth of the enhanced macroscopic polarization of

the bulk nuclei is described by the following master equation:

dP 1 1
Ez—%[@+l).P0—P]_F(P—PO)’ (124)

1n

where P is the bulk nuclear polarization with a thermal equilibrium value Py, 1/7T is
macroscopic polarizing rate, Ty}, is the intrinsic nuclear spin-lattice relaxation time, and

€ is a theoretical enhancement of DNP. Accordingly, the microscopic polarization
process in the electron—electron—nucleus spin system grows as an exponential function

(Figure 6.10) that is characterized by a steady-state enhancement € and a microscopic
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time constant T'pyp for the coupled nucleus. With efficient homonuclear spin diffusion
that distributes the enhanced nuclear polarization throughout the bulk nuclei, we find that
€=¢g,and T=Tpyp N, /N,, where N, and N, are the number of observable nuclei and
the number of active paramagnetic centers, respectively (usually N, >> N, at diluted
electron concentrations). Therefore, the steady-state enhancement of bulk nuclei Ej; is

related to the microscopic parameters according to (dP”/dt = 0 in Eq. 124)

P 1
E, = -1= ; €»
TR eIl (125)

and the time constant Tpyp to reach a steady state of macroscopic nuclear polarization is

7’
N
Tone N

Tpnp = (126)

1 Towe Ny
., Ne

According to Eqgs. 125 and 126, an efficient polarizing process with very small T'pyp can
satisfy Ty, >> Tpyp - N, /N, , and lead to Eg ~ € and Tpnp ~ Tpnp-No/Ne. Therefore, the

results of calculating microscopic polarization transfer using € and T'pyp suffice to
describe the macroscopic DNP phenomena in the bulk nuclei.

Using these expressions we simulated a three-spin system with optimized frequency
matching conditions and calculated the microscopic polarization enhancement of a single
nucleus. Figure 6.10 shows the growth of nuclear polarization as a function of time
during microwave irradiation for both the SE and the CE. At the long time limits, the

polarization curves approach their steady-state value €. Compared to the SE curve, the
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CE curve show larger €; and shorter T'pyp at constant microwave field strength w,
indicating that, again, the CE is more efficient than the SE in transferring electron
polarization to the nucleus. Specifically, at ®;/2® = 1 MHz, the polarizing rate €/t pyp of
the CE is greater than the rate of the SE by a factor of ~100. In addition, under the
condition of current simulation parameters, an increase of ®; leads to a significant
increase of &g, but only a minor changes in T'pyp. Moreover, at a larger ,, the ratio of
increase in the SE enhancement is greater than that in the CE enhancement, despite larger

amplitude of enhancement yielded by the CE. Therefore, microwave power is more

demanded by the SE than by the CE.
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Figure 6.10. Simulated buildup curves of enhanced nuclear polarization in (a) the CE and (b) the SE
under optimal frequency matching conditions. For the SE, d/f2n = 0 MHz, (y-®,;)/2% = -211 MHz.
For the CE, d/2n = 30 MHz, (0y-®,;)/21t = -30.798 MHz and (®,,-®,,)/2% = 208.812 MHz. For both
mechanisms, @,/2x= 1 and 0.4 MHz, and all other simulation parameters are in Table 6.2. The
growth curves are fitted by exponential-recovery functions with growth time constants of 0.77, 0.75,
5.48 and 5.62 ms from top to down. (b) Expansion of the computed SE enhancement buildups. Note
that the vertical axis in this figure is reduced by a factor of 10.
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6.2.3.3. Essential microwave field and inter-electron interaction for DNP

Microwave irradiation is essential in both the CE and SE drive the polarization
transfer from electron spins that are initially at a thermal equilibrium to the nuclear spins.
In addition, electron—electron couplings are indispensable for the CE. Figure 6.11 shows
the dependence of DNP enhancement, described by &, and T’pnp, on the microwave field
strength @, for systems with different strengths of electron-electron dipole coupling d/27.
Both the CE and SE are simulated with d/2® # 0, whereas the SE simulation was
performed with d/2r = 0. Note that the value of w/2x is cut off at 2 MHz which
corresponds to the limits of the microwave power (< 25 W) and the transmission
efficiency from a realistic microwave source. The simulation parameters for CE
enhancements € are chosen to best fit the experimental data from DNP and EPR
measurements (Figure 6.11a). For the appropriate comparisons, the average strengths of
electron—electron dipole coupling in the BT2E, BT3E, and BT4E biradicals are estimated
from simulations of the biradical EPR spectra (see Chapter 4). Specifically, the average
dipolar interaction is assessed on an assumption that the angle between the dipolar vector
and the external magnetic field is 90°. With a reasonable range of relaxation times (Table
6.2), the theoretical curves of € shown in Figure 6.11 exhibit good agreement with
experimental data. Such agreement indicates that our theoretical model is relevant to
describing the DNP process.

According to simulations, significant enhancements of nuclear polarization can be
achieved with a moderate ; in the CE, and at high ), the enhancements tend to saturate
(Figure 6.11a). In a classical picture of the CE, the microwave field generates a quasi

steady-state of polarization difference between two electrons that is modulated by their
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frequency difference in the EPR spectrum. The three-spin process then transfers the
electron spin polarization difference to a coupled nucleus, leading to the enhancement of
nuclear polarization. Therefore, as the microwave field strength increases, the amplitude
of polarization difference induced by the microwave irradiation also increases, and hence
the size of the DNP enhancement increases. However, at strong microwave fields, the
electron spin polarization difference reaches its maximum value (the thermal equilibrium
electron polarization), and hence saturation occurs. This tendency towards saturation
indicates that the CE mechanism can be efficient in weak to moderate microwave fields.
In contrast, the curve for the SE (d/2® = 0) saturates at a higher microwave field strength
;. Because the SE is a second-order process involving electron—nucleus flip-flops,
enhancing nuclear polarization directly, the growth of the SE DNP enhancement with
initial increases of ,; is quadratic. In addition, due to its second-order nature, the same
strength of o, results in a smaller nuclear enhancement than observed for the CE.

In Figure 6.11b, we show the growth time constant t’pyp as a function of microwave
field strength for systems with different electron—electron dipole couplings d/2xm. The
result shows that a larger d/2n leads to a smaller T'pyp, i.e., a faster rate of DNP
saturation, due to improved efficiency of the CE. Moreover, with a constant
electron—electron interaction, a stronger ®; in the CE results in a longer T’pyp. This small
increase of T’pyp is due to the substitution of the slower SE mechanism for the CE
polarizing process. A strong microwave field not only excites the allowed transition
belonging to the on-resonance electron, but it also excites the satellite transition, which
leads to the SE, with respect to the off-resonance electron. In a pure SE process, a larger

; reduces T’pyp because the efficiency of this direct polarization is improved.
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Figure 6.11. Simulations of (a) the steady-state enhancement €, and (b) the growth time
constant T'pyp, Which are functions of the microwave field strength ®,. The pure SE is
calculated with d/2x = 0, and the CE is simulated with d/2x = 12.4, 8.2 and 6.5 MHz,
corresponding to the average electron-electron dipolar interaction in the BT2E, BT3E and
BT4E biradicals, respectively. The theoretical curves are in good agreement with the
experimental points from the DNP and EPR experiments.

We also studied the effect of varying electron—electron dipole coupling d/21 on DNP
enhancements from the CE. Figure 6.12 shows the CE enhancements as a function of
d/2r at different strengths of ®;. At a fixed w;, the CE enhancement increases as d/27n
increases at small to intermediate d/2n. However, at strong electron—electron couplings,
increasing d/2=w tends to decrease the CE enhancement, and there exists an optimal d/27w
that gives the maximal CE enhancement.

The experimental DNP results using the BTnE biradicals '* verify the theoretical

217



curves of CE enhancements as a function of d/2x at relatively small values (< ~25 MHz).
However, the negative trend on DNP enhancements in the strong d/2x regime has not
been directly observed in experiments. We have studied a biradical that has a shorter
electron—electron distance, hence stronger d/2m, than that of BT2E (Chapter 4), and the
preliminary results indicating a smaller DNP enhancement in comparison to BT2Es in
support the theoretical predictions. Note that a shorter distance between electrons
generally induces larger electron—electron couplings. Consequently, the facilitated three-
spin process efficiently transfers the polarization difference of two electrons to the
coupled nucleus, but simultaneously suppresses this polarization difference generated by
microwave excitation, because its function prevents the saturation of the polarization of
the on-resonance electron. As a result, CE DNP enhancements appear decreasing at large
d/2w. Novel biradicals and experimental techniques are required to verify the theoretical
predictions at large d/2x, which will be the subject of our future work.

The influence of @, and d/2® on the CE appear independent, since a larger
d/2n improves the DNP enhancements in Figure 6.11a and it keeps the shape of € as a
function of ®; unchanged. Similarly a larger ®; increases the intensity but keeps the
shape of €, function of d/2m in Figure 6.12. Decoupling of ®; from d/2n is a consequence
of the assumption that d/27t cannot affect the relaxation properties of electrons, which is
not in practice correct. Thus, the experimental DNP results using biradicals reveal more
complicated and coupled dependences on the parameters @, and d/2n. Specifically, a
larger d/27 induces electron spin relaxation and attenuates microwave saturation for the
CE enhancements. Therefore, when a shorter biradical is used, a larger steady-state
enhancement actually occurs at an increased microwave power (o< 0)12).
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Figure 6.12. Simulation of the steady-state nuclear enhancement €, as a function of electron-
electron dipole interaction d/2% in the CE under various microwave field strengths. The

experimental points, grouped at d/2x = 12.4, 82 and 6.5 MHz, represent the DNP
enhancements using BT2E, BT3E and BT4E, respectively.

6.2.3.4. Relaxation effects on DNP

Spin relaxation depends on temperature, radical concentration, and magnetic field
and can have a significant influence on the dominant polarizing mechanism. In general,
relaxation processes are characterized by phenomenological parameters including spin-
lattice relaxation times (7)) and spin-spin relaxation times (73) for the electrons (e;, €2)
and the nucleus (n). The dynamics of the spin system is then obtained from the stochastic
Liouville equation (SLE) constructed from these relaxation parameters. In Section
6.2.3.1, we studied the effect of electron spin-spin relaxation (7%.) that leads to a broader
range of frequency matching. Phenomenological T,, processes are assumed to result
mainly from the homogeneous local field fluctuations due to electrons surrounding the

paramagnetic center, so that it can be independent of temperatures. Moreover, since the
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nuclear coherence does not contribute to DNP under continuous microwave irradiation,
we expect that the influence of T, processes in our three-spin model is negligible.
Therefore, the following discussion of relaxation in DNP experiments focus mainly on
the effects of T, and T, with two caveats. First, the phenomenological relaxation times
(T and T).) employed are in separate functions of temperature, concentration and
external magnetic field, since the SLE approach does not explicitly consider influences of
those additional parameters. Second, the relaxation times should be verified by
measurements in EPR and NMR experiments spins or by fitting data from DNP
experiments.

Figure 6.13 shows the steady-state SE enhancement, € , and the buildup time
constant, Tpyp , as functions of microwave field strength ; in systems with different
relaxation times (T, and T).) spanning three orders of magnitude. The simulations of the
SE for &, and T’pyp show a strong dependence only on the Ty,. Specifically, Figure 6.13a,
b show that a longer 7', increases both &, and T’pyp at all levels of ®; in the simulations,
and, for the longest T, the SE &, approaches saturation as @ is increased. The increase
in T’pyp in systems with longer 7)), is more pronounced at weaker ®,, which reflects the
slower completion of polarization transfers at weaker microwave field strengths. In
contrast, Figure 6.13c, d demonstrate that the electron longitudinal relaxation T, has only
minor effects on the SE € and T’pnp, because the electron—nucleus flip-flop transition is
independent of the T, relaxation. Nonetheless, a short T, is required for muitiple
polarization transfers from one electron to many nuclei in DNP experiments using diluted

concentrations of radicals.
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Figure 6.13. Plots illustrating SE enhancements and t’pyp as a function of T, and T,.. The plots
show simulated values of €, and T’pyp as a function of ®,/2n. (a, b) T;, assumes three values
(11.5, 115 and 1150 ms) at constant T}, = 2 ps. (c, d) T, assumes three values (2, 20 and 200 us) at
constant 7}, = 11.5 ms. All other simulation parameters are listed in Table 6.2. Note that the
relaxation times are selected to best fit the experimental data as shown in Figure 6.11 and Figure
6.12.

The CE, in contrast to the weak dependence on relaxation predicted for the SE,
shows a pronounced influence of both T, and T, on the predicted values of €5 and T'pyp.
Figure 6.14 shows the simulated CE &, and 1’pyp as a function of the electron—electron
interaction, d/2n , for systems with different nuclear longitudinal relaxation times T, at
two constant microwave fields (0;/2n = 1 and 0.1 MHz). Note that using d/2% to trace
the CE results emphasizes its importance relative to ; in the polarization transfer. At a

constant T,, a stronger ®; increases the magnitude of the € function of d22n without
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changing the shape of the dependence and it has negligible effects on T’pnp as a function
of d2rn. This indicates, again, that microwave irradiation primarily affects the quasi
steady-state polarization difference of the two electrons, rather than the subsequent three-
spin process. Figure 6.14a, c, e clearly show that a longer T, increases & at the small to
intermediate d/21 regime, but leaves €, almost unchanged at the strong d/2n regime; as
a result, a longer T, shifts the optimal d/2n for maximal nuclear enhancement to a
smaller value of df22m. Although a slower three-spin process caused by a smaller
d/2n decreases the rate (long T’pyp in Figure 6.14b, d, f) of polarization transfer, it
simultaneously increases the polarization difference between the two electrons at the
same ) excitation and raises the potential of achieving a larger DNP enhancement.
Therefore, systems with a weak d/2n can generate a large € via longer irradiation
periods. These larger €°s are reflected in increased values of ©’pyp (in the simultaneous
presence of a long Ty,) shown in Figure 6.14b, d, f. In contrast for a large d/2m, the
associated €& and T’pyp (the insets of Figure 6.14b, d, f) are almost unchanged through a
wide range of T\, since T), is relative long and does not limit the fast three-spin process.
Further, as shown in Figure 6.15, the CE enhancement € and buildup time constant
T’pnp depend strongly on the values of Tj.. In contrast to the negligible effect of 7}, on
the SE, a longer T, reduces the CE g, and again, the optimal d/2® that maximizes &g
shifts to smaller values as T, increases (Figure 6.15a, c, €). However, the CE 1’pyp has
little dependence on T, as illustrated in Figure 6.15b, d, f. In addition, the differences
between g at large (dash lines) and small (solid lines) w; (Figure 6.15a, c, e) are largely

reduced at long Ti.. In particular, as 7. increases, the values of CE & at large o

222



decrease while those at weak ; increase. The longest 7). of 200 us in the simulations
results in crossing of the € functions at d/2n ~ 24 MHz, beyond which a larger o, leads
to smaller €. As for the effect of Ty, on t’pyp, Figure 6.15b, d, f show that a longer T,
slightly decreases T’pyp at the same @; except for the abnormality at 77, = 200 us as
shown in Figure 6.15f. In the same comparison, a larger ; slightly increases T’pyp due to
substitution of the lower SE for part of the CE. The abnormal response of T’pyp to @; in
Figure 6.15f is related to the transfer from the CE to the SE.

The CE simulations — that €;; depends strongly on T, at various values of d/2® and
; and that T’pyp is almost independent of T}, — indicates that the primary influence of
T, occurs in the step of generating a polarization difference between two electrons, rather
than in the step of three-spin polarization transfer to the nuclear spin. A long T,
facilitates saturation of the spin polarization by excitation of the on-resonance electron,
but it also induces saturation of polarization of the off-resonance electron via three-spin
processes. Since those three-spin processes are accelerated by larger d/2m, the overall
reduction of polarization difference results in a turnover of the increasing €, through
increasing d/27®. Such a turnover occurs at smaller d/2x with longer T),.. In addition, a SE
process can cause saturation of the polarization of the off-resonance electron. With a
longer T, microwave irradiation more easily saturates the on-resonance electron, and the
irradiation then excites the electron—nucleus flip-flop transition, leading to the SE with
respect to the off-resonance electron. Without direct interactions between the off-
resonance electron and the nucleus in the current simulations, the effective interaction for
the SE arises from the three-spin-mixing. This electron—electron dipole mediated SE
process, which might contribute to a decrease of &, occurs at relatively large ®, and
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Figure 6.14. Influences of T), on simulated CE &, and 1’pyp functions of the electron-electron
dipole interaction d/2%. The simulations used two microwave fields ®,/2x = 1 and 0.1 MHz.
All other calculation parameters are listed in Table 6.2. Enlargements of the t’pyp functions are
shown in the insets.
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Varying the relaxation times according to experimental results or other relaxation
models allows us to indirectly simulate the influence of temperature on the polarization
mechanisms even though the SLE does not explicitly consider the temperature
dependence. In general, lower temperatures elongate both 7). and Tj, below a critical
temperature. According to our simulations, the effects of long T, and long T, on the CE
may present the optimal DNP enhancement at smaller d/2x. This conclusion is in good
agreement with experimental results showing that longer average electron—electron
distances optimize the CE DNP enhancement at 20 K. More specifically, in the DNP
experiments with different TEMPO concentrations, the optimal concentration for the
maximal DNP enhancement shifts to lower values at lower temperatures (Supporting
Materials).

Radical concentration also has a significant influence on relaxation. A long T), ,
allowed by a low radical concentration, is desirable for polarizing nuclei that outnumber
the number of polarizing agents that require polarization through multiple transfers and
nuclear spin diffusion. Moreover, an appropriate Tj. is required for optimal CE
enhancements of the bulk nuclei with a dilute electron concentration. In particular, the
electron polarization at the off-resonance frequency (by ®,) needs to be restored rapidly
in order to polarize additional nuclei, whereas complete microwave saturation relies on
intense ®; and long T.. Determination of the appropriate 7). involves a proper choice of
the electron—electron coupling. In fact for the optimal CE enhancements, the opposite
regimes of T, favored by two electrons with different EPR frequencies can be provided

with different hosts of unpaired electron as discussed in the following.
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Figure 6.15. Influences of T, on simulated CE &, and T’pnp in functions of the electron-
electron dipole interaction d/2x. The simulations used two microwave fields /2w =1 and 0.1
MHz. All other calculation parameters are listed in Table 6.2. The t’pyp functions are gradually
enlarged in the sequential insets.

The CE enhancement can be improved by coupling two different paramagnetic
species having different T).’'s. The long Tj. of the on-resonance electron improves

microwave saturation, and the short T, of the off-resonance electron facilitates multiple
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polarization transfers towards bulk nuclei. Figure 6.16 shows simulation results in a
three-spin system with different T'.‘s of the two electrons that induce different intensities
of the positive or negative DNP enhancement. Specifically, let one electron (at ;) have
a constant T.(e;) and the other (at m; = We;+0,) have Ti.(e;) that varies, and the fact that
T.(e2) = 10xTy(e1) results in a larger intensity for positive enhancement at @y = @, than
the intensity of negative enhancement at Wy = ;. A longer T'.(e;), or 100xT.(e;), yields
an even larger increase in the maximum positive DNP enhancement while further
decreasing the intensity of the negative enhancement at wy, = ®.;. From the simulation
results, an increase of T, for the on-resonance electron (@y = ) leads to the improved
CE because microwave saturation is facilitated, but the same increase of T, for the off-
resonance clectron (y = @) results in suppression of the CE as the polarization
difference of electrons is diminished by the slow restoration of e, which is now the off-
resonance electron polarization. The result suggests a new strategy for designs of novel
biradical polarizing agents that utilizes different values of Tj, to separately optimize
microwave saturation and multiple polarization transfers. These occur in the

trityl-TEMPO mixtures as a consequence of the difference in g-anisotropies of the two

radicals.
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Figure 6.16. plots of DNP enhancements from the CE with different values of 7). Two T, ratios,
T1.(e2)/Ti(€)) with T'.(e;)=2 s, were used. All other simulation parameters are in Table 6.2. The
contour lines denote the steady-state enhancement £ in the unit Iy./y,l. The proportionality between
adjacent contour lines is 3. The SE enhancements are shown at @y, = @,; @,

6.2.3.5. Influence of external magnetic field on DNP

Thus far we have calculated DNP enhancements and buildup time constants as
functions of the parameters associated with a 5-Tesla field, corresponding to 140 GHz
EPR and 211 MHz 'H NMR. In this sub-section we repeat our calculations for a higher
magnetic field (9 T) to study the influence of By on the DNP processes. The discussion is

based on simulations of & and T’pyp as a function of ,/By (for the SE and the CE) and
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of d/By (for the CE) at two magnetic fields, in order to investigate the second-order nature
of the influence of By with respect to spin-spin interactions. Figure 6.17 shows the DNP
results as a function of ®;/, for both the SE and the CE (with d2n = 12 MHz) and of
d/w, for the CE (with @;/2n =1 MHz). Knowing that @, = Y.Bo, we rescale ®,/2n and
d/2r by By to show the corresponding effects on the SE and the CE mechanism,
respectively. Figure 6.17a, b show that the SE &, and t’pyp correspondingly depend on
the reduced variable /., equivalent to @;/By. Such a relation between DNP results and
W/, is not true for the CE as Figure 6.17c, d show. Instead, Figure 6.17¢, f show that the
CE &, and 7’pnp functions depend on the reduced variable d/®., equivalent to d/B,.
Specifically, the CE g function has a maximum at an intermediate d/,.

Note that the quadratic shape of the SE & function at small w,/w, (Figure 6.17a)
indicates that the SE & is proportional to Bo'2 at constant small ;. Meanwhile, the SE
T'pnp decreases with increasing /@, (Figure 6.17b), which is a result of stronger
transition moments for the SE process at lower By. On the other hand, ®;/®. does not
correspondingly determine the CE results (Figure 6.17c, d), since the rate-determining
step of the CE is the three-spin process which has stronger relationship with the
electron—electron interaction (Figure 6.17e, f) and electron—nucleus interaction. Note that
a change of the CE results due to changed By can be recovered by a proportional change
of d2n (by the electron—electron distance) with respect to By. Therefore, the effect of By
on the three-spin process in the CE can be compensated by varying the inter-electron
distance or the electron concentration. However, there is another effect of By on the

overall CE DNP which occurs with randomly orientated radicals.
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Figure 6.17. Simulations showing influences of the static magnetic field By on €,, and t’py, functions of
reduced variables ®,/®, (the SE and the CE) and d/w. (the CE). Note that ®. = Y.Bp. (a, b)
Corresponding effects of @,/®, on the SE € and t’ppp. (¢, d) No corresponding effects of w,/®, on the
CE €, and 1’pyp. Note that the used d/2n = 12.4 MHz represents the average electron-electron dipole
interaction in the BT2E biradical. (e, f) Corresponding effects of d/w, on the CE &, and t’pyp. All other
simulation parameters are listed in Table 6.2.

As a constant d/®, can be always maintained by an easy adjustment of d/2®, By
affects the CE through the frequency matching which is an essential condition for the
effective three-spin process. First, we verify the range of frequency matching in the CE as
is shown in Figure 6.18 where a constant matching bandwidth can be maintained at
various By (5 and 9 T) and @/2% (1, 0.4 and 0.1 MHz), when constant d/By and the
remaining parameters (Table 6.2) are provided. A larger ®; leads to a higher intensity of
the enhancement profile, but leaves the shape of the profile unchanged. Subsequently,
this unchanged matching bandwidth at different By permits the DNP enhancement to

depend on the probability of the correct EPR frequency separation (~@,). In a powder
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sample, the matching probability is inversely proportional to the EPR linewidth at a
certain microwave frequency, so that DNP enhancement is proportional to By as long as
the line broadening is primarily contributed by g-anisotropies, which is true in higher
magnetic fields. As a brief summary, the simulated DNP results on the influence of
58, 67

external magnetic field are consistent with the conclusion of classical DNP theories

that predict that the DNP enhancement is proportional to By and to By in the SE and the

CE, respectively.
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Figure 6.18. Simulated matching bandwidths for the EPR frequency separation (.,-(,;) in the
CE using (a) 140 and (b) 250 GHz microwave irradiation. The electron-electron dipole
interaction d/21t was chosen by the corresponding effect of d/w, and optimized with respect to the
simulation parameters (Table 6.2). In addition, various microwave field ®, was used for the
simulations.
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6.2.3.6. Improvement of DNP using designer biradicals

The CE produces larger enhancements than the SE in high-field DNP experiments
because the efficiency of CE is generally higher at moderated microwave field strengths
and impeded less by high magnetic fields. To compensate for the negative impact of the
magnetic field on both the SE and the CE, a general strategy is to increase ®; using a
stronger microwave power and to elongate T), by using lower experimental temperatures.
According to current simulations and previous experiments discussed in Chapters 3-5, a
further improvement of the CE is feasible through preparation of the optimal
electron—electron interaction and the correct EPR frequency separation. While improving
DNP by those two parameters was demonstrated by experiments that used biradicals and
radical mixtures, our theoretical model provides a background for explaining and
advancing those developments. Specifically, the improvement of the DNP enhancements
observed using TEMPO and trityl radical mixtures probably arises not only from
matching the correct EPR frequency separation, but also from the different Ty.‘s for the
pair of radicals as was verified by our simulations.

In designing novel polarizing agents for high-field DNP, it is crucial to predict the
enhancement and the buildup time constant of the enhanced nuclear polarization.
Predicting DNP results from randomly-oriented biradicals is possible using our three-spin
model with the appropriate spectral parameters and considering the anisotropies of the
parameters if necessary. The orientation-dependent parameters can be derived from the
simulation of a biradical’s powder EPR lineshape '®. Attempted simulations of realistic
DNP processes (in a powder system with relaxation) should reproduce the enhancement

profile as By is swept through the EPR spectrum and indicates the optimal magnetic field

232



for DNP using a certain paramagnetic species. The simulations should also predict the
enhancement buildup during the microwave irradiation period. Our theoretical models of
DNP have been verified by previous DNP and EPR measurements on known designer
biradicals, and should assist us in rationalizing novel designs of biradical polarizing

agents for high-field DNP.

6.2.4. Conclusions

A stochastic Liouville equation treatment of three spin electron—electron—nucleus
systems was implemented to account for relaxation effects observed in two DNP
polarizing mechanisms, the solid effect and the cross effect. Simulation results were
compared to experimental data by which the relaxation parameters for the quantum
mechanical calculations are justified. Our numerical model provides a new theoretical
foundation for understanding polarizing mechanisms for high-field DNP. In addition to
consistencies with classical DNP theories, in terms of frequency matching and magnetic
field dependence, our model provides insights into the influence of other parameters,
such as the electron—electron dipolar interactions and relaxation time constants. This new
model of polarization transfer in a three-spin system can be extended for complete
simulations of realistic DNP experiments using any paramagnetic species containing two
unpaired electrons.

According to the simulations, the CE is found to be a potent mechanism for high-
field DNP. Based on the basic polarizing mechanism with one electron and one nucleus,
the second electron resonating with microwave irradiation can facilitate the polarization

transfer by producing polarization difference between two electrons. The EPR absorption
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spectrum, the relaxation parameters of the electrons and the nuclei, and the
electron—electron dipolar interaction associate with the second electron provide new

parameters for optimizing the efficiency of the DNP experiment.

6.2.5 Supporting Materials

180 T B T L T T T T
160 |

€ 140l

%120—

O 100]

8 gl

C L

W0 60}

I 4!
% % % w W ®

[TEMPO] (mM)

Figure S1. Concentration dependence of DNP enhancement at 90, 60 and 20 K. The optimal concentration
that maximizes the DNP enhancement shifts to smaller values at lower temperatures.
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Chapter 7 Applications of DNP using TOTAPOL

Part of the works in this chapter is summarized in the publications:

Patrick Van Der Wel, Kan-Nian Hu, Jozef Lewandowski, Robert G. Griffin, “Dynamic Nuclear
Polarization of Amyloidogenic Peptide Nanocrystals: GNNQQONY, a Core Segment of the Yeast Prion
Protein Sup35p,” J. Am. Chem. Soc. (2006) in print.

Chan-Gyu Joo, Kan-Nian Hu, Jeffrey A. Bryant, and Robert G. Griffin, “In situ Temperature Jump-High
Frequency Dynamic Nuclear Polarization Experiments: Enhanced Sensitivity in Liquid State NMR,”
accepted by J. Am. Chem. Soc., 128, 9428-9432 (2006).

7.1. Dynamic Nuclear Polarization of Amyloidogenic Peptide
Nanocrystals: GNNQQNY, a Core Segment of the Yeast Prion
Protein Sup35p

7.1.1. Introduction

In several previous DNP experiments the nitroxide polarizing agent, 4-amino-
TEMPO (4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl) (4AT), was in intimate contact
with the solute to be polarized. However, experiments on many macromolecular
assemblies require that we consider the possibility that the paramagnet is excluded from
close contact with the solute, and thus the question arises if DNP experiments will be
applicable to this type of system. In particular, will bulky biradical polarizing agents
such as TOTAPOL, consisting of two TEMPO moieties tethered by a three carbon chain
(4-oxy-TEMPO-4-amino-TEMPO-2-propanol), be useful in polarizing for example virus
particles, membrane proteins, amyloid fibrils, and peptide and protein nanocrystals. In
these cases the sample domains are potentially macroscopically separated from solvent

domains containing the polarizing agents. This question was initially addressed by
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Schaefer, et al. when they attempted to transfer enhanced nuclear polarization across a

123. 157 wwith the result that they observed no significant enhancements

polymer interface
correlated to internuclear spin diffusion. This may partly be ascribed to the fact that the
DNP process was based on the solid effect polarizing mechanism using BDPA radicals,
which is known to have an inherently low efficiency. In addition, the short nuclear T; of
the polymer material observed at room temperature may have limited the extent of the
spin diffusion. Subsequently, Rosay, et. al.'® successfully demonstrated the homogenous
distribution of enhanced polarization in experiments that compared the size of the 3'P and
15N signal enhancements from the DNA on the inside and the *N-labeled coat protein on
the outside of bacteriophage, which is ~6.5 nm in diameter. In these experiments, which
were performed at ~20 K and employed the more efficient cross effect DNP polarization
mechanism, the *'P and "N signal enhancements were identical, suggesting that spin
diffusion distributed the polarization uniformly throughout the solute — the bacteriophage
particle. However, the polarizing agent employed was 4AT and it could have diffused into
the phage particles. Further, the phage particles are much smaller than most of the
macromolecular assemblies mentioned above (6.5 nm diameter as opposed to >100 nm).
We therefore decided to address this question again with studies of another system,
nanocrystals of the amyloidogenic peptide GNNQQNY7.;3 and the improved, but bulky,
biradical polarizing agent, TOTAPOL '*'.

GNNQQNY is an excellent system to use in the investigations presented here. The
peptide corresponds to the residues 7-13 of the prion-forming protein Sup35p 165, 166

found in yeast and the protein is seen as a model system for an important class of prion-

based diseases characterized by a preponderance of Gln and Asn residues in the prion-
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forming protein domains. The GNNQQNY+.;3 peptide itself resembles the short Gln- and
Asn-rich repeats found throughout the Sup35p N-terminal domain and constitutes one of
the shortest segments shown to form prion-like fibril aggregates '®’. Upon dissolution in

water it also forms nanocrystals on a short timescale with a width varying from 20 nm to

1 m 167, 168

, and a structure of these species was recently determined with microcrystal
X-ray diffraction * Once formed these crystals, like many amyloid fibrils, resist
dissolution and it is therefore easy to disperse them in cryoprotectants and polarizing
agents for DNP experiments. Thus, GNNQQNY+_j3 is an excellent system to test the

applicability of the DNP technique to amyloid peptides, proteins and other

macromolecular assemblies.

Figure 7.1. (a) Illustration of the crystal lattice of the GNNQQNY X-ray structure *,
where the dashed lines delineate two monomers surrounding the largest opening in the
lattice, containing a network of hydrogen bonded water molecules. (b) Space filling
models of the GNNQQNY monomers, the spacing between them (~0.7 nm maximum
width), together with two views of an approximate space filling model of the
TOTAPOL biradical showing its size relative to the water opening. The plane of the
figure is perpendicular to the longest dimension of the crystallites.
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Figure 7.1 is an illustration of the crystal lattice % and shows the presence of (a) a
water channel with a width of ~0.7 nm, together with (b) a space filling models of the
lattice and a potential average conformation of TOTAPOL, which has limited flexibility
in its short linker. An examination of this figure suggests that it is unlikely that the bulky
biradical will diffuse into the channel and that the peptide molecules inside the
crystallites are in intimate contact with the paramagnetic center. Nevertheless, we
observe a substantial enhancement in the nuclear spin polarization (€~120) as opposed to
the full enhancement (€~160) observed from the solvent (vide infra). This observation is
explained quantitatively by considering the size of the crystals, the nuclear T}, the 'H-'H
spin diffusion constants, and the initial polarization enhancement of the solvent. In
addition, we demonstrate that the enhanced 'H polarization can be readily transferred to
C and PN in the peptide and multidimensional spectra acquired with reduced
acquisition periods. Thus, DNP experiments will likely evolve to an important
spectroscopic ingredient in determining structures of amyloid peptides and proteins in the

form of macroscopic nanocrystals and fibrils.

7.1.2. Theory

We begin with a brief discussion of the processes involved in the application of DNP
to insulating solids, involving bulk nuclei doped with dilute concentrations of
paramagnets. The DNP process involves transfer of spin polarization from electrons to
nuclei, which can occur through at least three different mechanisms, the solid effect (SE)
%0, the cross effect (CE) >'*> ¢ 1% and thermal mixing (TM) ** **. The relative

importance of these mechanisms is determined by the relationship between the
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homogeneous EPR linewidth (8) and the nuclear Larmor frequency (c,). When the EPR
linewidth is smaller than the nuclear Larmor frequency (8 < w,) only the SE is possible,
while the CE and TM are operative when 8 > ®,. The spin dynamics associated with the
SE, CE and TM involve single, pairwise and multiple electron spins, respectively. While
an increase in the applied external magnetic field tends to reduce the efficiency of the
polarization, the extent of this reduction is dependent on the type of polarization
mechanism involved. In the case of the CE and TM, the impact of higher magnetic fields
on the polarization transfer efficiency can be compensated by optimizing of the EPR
spectral parameters, e.g. the electron-electron dipole interaction and the EPR frequency
separation of the paramagnetic species ''*, for the desired field strength.

The resulting locally enhanced nuclear polarization is distributed to the bulk nuclei
via 'H nuclear spin diffusion. In a homogeneous sample, the efficiency of this process
depends on the density and possibly orientations of nuclear spins. However, the presence
of a diffusion barrier ' '™, for instance resulting from the proximity of a paramagnetic
center or two domains characterized by large differences in nuclear spin characteristics,
can reduce the efficiency of spin diffusion. The nuclear spin diffusion barrier near a
paramagnetic species arises from a strong electron-nuclear dipolar field at the nucleus
that isolates the surrounding nuclei in terms of resonance frequency. Similarly, a diffusion
barrier can be caused by gaps in resonance frequency between two domains that have
different magnetic susceptibilities in response to the external magnetic field '”""'7, This
might be a concern for dehydrated nanocrystals embedded in a frozen aqueous solvent
matrix. Note that the latter boundary is less intrusive when the domain size is smaller

(e.g., in nanometer range).
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For simplicity of our discussion, we assume the bulk solvent nuclear spins
surrounding the crystals are uniformly polarized with an enhancement factor €. The
magnitude of this factor is characteristic of the bulk solvent/radical composition and the
experimental and instrumental details 14127 'In our analysis we assume that penetration
of enhanced nuclear polarization into a nanocrystal is dominated by uniform nuclear spin
diffusion along the smallest dimension of the crystal. This pseudo-1D spin diffusion
depends on the width of the smallest crystal dimension, the nuclear T}, and the nuclear

spin diffusion constant, D, of the nanocrystal.
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Figure 7.2. (a) Model for an individual peptide crystallite, showing polarization transfer into the
core along the narrowest crystal dimension x. (b) Predicted enhanced polarization profile along
the dimension x of the nanocrystal.

To illustrate our description of the polarization transfer into uniformly sized crystals,
we show the model depicted in Figure 7.2a. A steady-state enhanced polarization of the

glass matrix results from microwave irradiation and diffuses into the nanocrystals
through the crystal surface. Within the crystal, the enhanced polarization, €, diffuses into

the core, following a process that is assumed to be dominated by one-dimensional nuclear

spin diffusion along crystal x-axis * and described by Fick’s law "7 '7;
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where P(x,f) is the polarization, after subtraction of the Boltzmann polarization, at a time
t and a distance x from the center of the crystal; D is the diffusion constant, and T), is
nuclear spin-lattice relaxation time. In the steady-state dP/dt =0, and we obtain

¥ _»p
ox* T
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If we assume that the nuclei in the nanocrystal reach a steady-state and that their
enhanced polarization is evenly-distributed, then we have the boundary condition for the

surfaces of the crystals:

P(-;K'\)=P(—%]=£OP0, 3)

where w is the crystal width along the x axis; € is the steady state enhancement factor for
the solvent nuclear polarization and P is the nuclear Boltzmann polarization at thermal
equilibrium. As illustrated in Figure 7.2b, the solution to Eq. 2 in the region —w/2 < x <
w/2 with the boundary condition in Eq. 5 is

w X
h
Jor, o,

P(x)=¢P, cosh™( 5 ), 4)

Experimentally one observes the average polarization across the whole crystal (-w/2 < x

< w/2), as given by
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which dictates that the measured enhancement factor € of the crystals is

e=¢, 2yD1, tanl{ id ] (6)
w

2JD7;"

The spin diffusion constant D in a proton rich solid can be estimated as D=7\.27tBL,
where By is the average dipolar interaction at a characteristic 'H-"H distance A. At room
temperature, the average dipolar interaction depends on molecular dynamics affecting the
proton coordinates 157 These dynamics are mostly quenched at cryogenic temperatures,
except for the threefold hopping of methyl groups. Nonetheless, the application of sample
rotation in solid state MAS NMR to the frozen sample can significantly modulate the
dipolar interaction. Once the 'H-'H dipolar coupling constant @4 is smaller than the
spinning frequency ®;, Average Hamiltonian Theory 175 suggests By (md)zl(n,. Based on
the published crystal structure * combined with computational modeling, the 'H-'H
distances along the two shortest crystal axes range from 2.0 to 3.2 A for a continuous
trajectory throughout the crystal, resulting in /21 of 15 to 3.5 kHz. Notice that the
magic angle spinning at ®,/2n~5 kHz has little effect for these magnitudes of the 'H-'H
dipolar interaction. In other words, the corresponding spin diffusion constant D should
approximate 1x10° to 2x10° A%s. Typical experimental values that were previously
obtained for a variety of organic polymers ranged from 2-8x10* A%s 176-179 'but these are
likely to reflect the presence of more molecular dynamics than are present in our system,

related to higher temperatures and more mobile moieties including methyl groups. Using
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the estimated diffusion coefficients D and measured T, (~17 s, vide infra) with Eq. 6, we
can predict the theoretical enhancement factor of the 'H polarization in GNNQQNY+_;3 as
a function of crystal size, as illustrated in Figure 7.3. These predicted DNP enhancements
in nanocrystals will be compared to experimental results from DNP measurements and

TEM observations.
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Figure 7.3. The theoretical enhancement €, compared to the homogeneous
enhancement € in the glassy matrix, of proton polarization in a nanocrystal of
width w. The calculation uses a proton T;,=17 s, and the calculated values of
the diffusion constant (a) D=2x10° and (b) 1x10° A%s.

7.1.3. Experimental Section
7.1.3.1. Peptide nanocrystal samples

The peptide GNNQQNY was synthesized using solid phase synthesis methods in
both a natural abundance form, and a segmentally, isotopically labeled form [U-">C,°N-
GNNQJQNY by CS Bio Co. (Menlo Park, CA). A mixture of 20% labeled and 80%

unlabeled material was mixed and then crystallized as follows. A solution of 10 mg/ml in
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de-ionized water was filtered through a 0.2 pm filter to remove residual particles and then
crystallized for at least 24 hours at 4°C. This protocol yields homogenous monoclinic

nanocrystals.

7.1.3.2. DNP experiments

The DNP samples were prepared by washing the fully crystallized sample several
times with 80/20 D,0O/H,0, then mixed with 60/30/10 glycerol-dg/D,0O/H,0, containing
10mM of biradical polarizing agent. The deuterated solvents were obtained from
Cambridge Isotope Laboratories (Andover, MA). The biradical TOTAPOL, composed of
two TEMPO moieties tethered by a S5-atom linker, was synthesized as described
elsewhere '?. The resulting heterogeneous mixture, containing a total of ~20 mg peptide,
was center-packed into a 4 mm sapphire MAS rotor. A similarly-prepared, undiluted
sample consisting of 100% [U-"C,>N-GNNQIQNY crystals hydrated in de-ionized
water was used as a reference sample.

All DNP enhanced CP-MAS experiments were performed in a 5 Tesla
superconducting magnet (*H frequency of 212 MHz) with a superconducting sweep coil
capable of changing the magnetic field by 750 G. A custom-designed probe was used to
perform triple resonance experiments -- two rf frequencies ("H, ®C) and a waveguide
provided for irradiation of the 4 mm sample with microwaves -- during MAS (~4-6 kHz)
at ~90 K . High-power, 139.66 GHz microwaves were obtained from a gyrotron (~10
W output power) delivering ~1.5 W to the sample. Since there is not a resonant
microwave structure in the probe, the quality factor is low (Q ~1) for the microwave
radiation. The Q of the RF circuit is not perturbed by the microwave waveguide. The

pulse sequence '™ begins with saturation of 'H polarization by a series of 90° pulses and
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delays (10 ms) followed by a period of polarization recovery (1-75 s). Application of
microwaves during the recovery period leads to a buildup of enhanced 'H polarization
that is subsequently transferred to the C or N spins through ramped cross-polarization
(CP) (spin-lock for 1.2 ms with a constant 30 kHz 'H field and a ramped 26-30 kHz "*C
field). The resulting '>C and N CP-signals were detected using ~70 kHz TPPM 'H
decoupling '*°. The two-dimensional *C-">C correlation experiments involved *C-*C
mixing with 6 ms of "H-driven spin diffusion (PDSD) with R® 'H irradiation '*°, and was
executed in the absence of the saturating proton pulses with the following experimental
details: 5 s recycle delay, 56 t; points of four scans each, resulting approximately 20

minutes of acquisition time. The data were processed using NMRPipe 181

7.1.3.3. Transmission Electron Microscopy

A Philips EM410 electron microscope was used to examine the peptide crystals by
transmission electron microscopy (TEM) before and after the DNP measurements. TEM
micrographs were obtained after negative staining with aqueous uranyl acetate. The
dimensions of numerous peptide nanocrystals were measured by comparison to
calibration micrographs of reference grid samples (Electron Microscope Sciences,

Hatfield PA).

7.1.4. Results and Discussion

7.1.4.1. Enhanced NMR signal intensities of peptide nanocrystals

One-dimensional CP/MAS NMR data recorded for the 20% labeled peptide

nanocrystal sample in the absence of DNP yielded relatively poor signal-to-noise spectra.
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The measurements were repeated in the presence of microwave irradiation, which
resulted in a dramatic increase in the signal intensity, as illustrated in Figure 7.4. The
signal-to-noise without microwave irradiation was insufficient to observe well resolved
spectral lines for the (20%) isotopically labeled 3C. However, in the presence of
microwaves even the natural abundance °C signals could be seen (from the unlabeled
residues in the segmentally labeled peptide and the glycerol in the frozen solvent matrix).
The same enhancement effect is observed for the '°N spectrum, where the signals were
undetectable in the absence of DNP, but are rather intense with DNP enhancement. The
maximum observed enhancement was quantified to be €~120+10 after 75 s of microwave
irradiation, relative to the ">C spectrum without DNP. Note that the NMR signals of the
solute (e.g. the glycerol carbons) in the glass matrix are also strongly enhanced, with an
estimated enhancement €;~160, based on previous measurements. The intensity of the
N signals without microwave irradiation was too weak to allow an accurate
measurement of the enhancement, but its enhancement should be similar to that measured
for the peptide C’s since both are determined by the polarization enhancement of the 'H

spins.
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Figure 7.4. DNP enhanced ’C (a) and N (b) CP-MAS spectra of [20% U-"C, "N-
GNNQIQNY in dg-glycerol/D,0/H,0 (60/30/10) with 10 mM TOTAPOL biradical at 90 K and
5 T, with (top trace) and without (bottom trace) DNP. The microwave power was 1.5 W and
irradiation time was 75 s for both spectra.

While the signal intensity in the absence of DNP was too low for a two dimensional
NMR experiment to be practical, the observed DNP enhancement stimulated us to
perform a 2D experiment to evaluate the applicability of DNP to this and other amyloid
samples. This involves a two-dimensional *C-">C homonuclear correlation experiment
with 6 ms spin diffusion mixing. The results are shown in Figure 7.5 and the combined
acquisition time of entire experiment required approximately 20 minutes. This of course
compares extremely favorably with the anticipated acquisition time in the absence of
DNP. Note that one can discern several signals from the natural abundance Tyr side
chain further highlighting the high enhancement factor resulting from the microwave
irradiation.

The assignments of the cross peaks in the spectrum are indicated in the figure, and
were based on experiments performed at higher fields to be described in a separate

publication. As mentioned we observe the natural abundance glycerol peaks on the
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diagonal, which are broadened because of the amorphous nature of the frozen glass
matrix and the proximity of the biradical species. The presence of a substantial radical
concentration in a solution is known to cause significant broadening in any co-dissolved
solute. Especially when using high concentrations of less efficient polarizing agents, this
is also seen in DNP experiments on frozen solutions. In contrast, the crystalline nature of
the sample shields the molecules on the interior of the crystals from both the glassy
solvent and the direct interaction with the radicals (except for narrow regions near the
crystal surface), resulting in peptide peaks that are narrower than the glycerol signals.
However, the peptide signals are significantly broader than observed in our assignment
experiments mentioned above, where the spectra were recorded on a 500 MHz
instrument. To evaluate whether any broadening is due to the experimental DNP
conditions and examine whether it could be indicative of the radical having direct access
to a significant portion of the peptide, we performed a number of tests. In room
temperature spectra comparing the glycerol and TOTAPOL-containing DNP sample to a
non-DNP reference sample (lacking glycerol and radicals) we observe the same line
width for both samples, which also matches the line widths at low temperature. This fact,
plus the observation that the spectra narrow at high fields, suggest that the additional

175, 182 These effects are

linewidth arises from n = O rotational resonance effects
important when the shift separation is comparable to the dipolar coupling and the
spinning frequency is low as was the case in these experiments. For a more sensitive test
for the penetration of TOTAPOL biradicals into the crystals, we performed room

temperature measurements at higher field (700 MHz 'H frequency) and faster spinning

(15 kHz MAS) comparing GNNQQNY nanocrystals before and after the addition of

248



biradical. The line widths in these data are significantly smaller (approximately 100+2 Hz
for the various labeled ">C carbons and as low as 35+2 Hz for the N-terminal glycine-
'>N)) and should be sensitive to broadening by nearby radicals. Even at a concentration of
50 mM TOTAPOL, five times the amount used in the DNP experiments, no broadening
of the above carbon and nitrogen line widths was observed, confirming the absence of

radicals from the inside of the crystals.
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Figure 7.5. DNP-enhanced “C-'’C R’ PDSD correlation spectrum of [20% U-'>C,"*N-
GNNQI]QNY nanocrystals. Indicated assignments are based on previous assignment data, and
unmarked cross peaks represent spinning sidebands and experimental artifacts.
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The recycle delay for the acquisition of the 2D spectrum was significantly shorter
than required for the development of the full DNP enhanced polarization of the 'H’s in
the crystals, and reflects a compromise between a large signal enhancement and the phase
cycling requirements of the experiment. The result of this choice of recycle delay is that
the relative intensities of the glass-embedded glycerol solvent relative to the peptide
signals are shifted in favor of the solvent signals, reflecting a difference in the
polarization rate between the crystals and the solvent molecules. This difference is further
illustrated in a series of one-dimensional experiments, examining the buildup of
magnetization as a function of the microwave irradiation time. These experiments were

% and the resulting °C

performed according to the procedure described previously 1
spectra confirm that the polarization buildup for the glycerol is substantially faster than
for the peptide crystal signals (Figure 7.6). The time constants for the glycerol signals,
ranging from 7 to 8 s, are shorter than those of the nanocrystal signals which range from
15.5 to 17 s. The presence of the biradicals at 10 mM reduces the 'H T}, in the glassy
solvent, giving a rapid polarization transfer and shorter time constants for polarization.
Since the peptide crystals exclude the TOTAPOL, polarization time constants in the
crystals reflect the intrinsic 'H Ty, which is relatively long due to the low temperatures
and determines the internuclear spin diffusion within the crystals. Note that, in general,
relatively long spin lattice relaxation times are necessary for optimal DNP enhancement.

We will now correlate the diffusion constant, Ty, and size of nanocrystals with the

observed enhancement using the Fick’s law treatment discussed above.
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Figure 7.6. Time-dependent growth of the enhancement polarization. (a) Illustration of the 1D "*C
spectra as a function of microwave irradiation time, after 5, 10, 20, 30, 45, 60 and 75 s of
microwave irradiation. The chemical shift axes are offset for visual clarity. (b) The intensity of the
spectral lines normalized to maximum intensity of each signal. Lines indicate calculated fits using
growth time constants of 16-17 s for crystal signals (a-d), and 7-8 s for glycerol peaks e and f.

7.1.4.2. Polarized portions of fibril crystals

Based on the TEM micrographs illustrated in Figure 7.7, we were able to measure
the dimensions of the nanocrystals in the samples used to record the DNP enhanced
spectra. The average width of the crystals approximates 150 nm, with a typical range
between 100 and 200 nm. The distribution of crystal sizes in these samples is not entirely
uniform, with a few exceptions of significantly thicker or thinner (down to ~50 nm)
width. Narrowing of the crystals tends to occur at their ends. These observations

correspond well to previously published TEM data and dimensions of GNNQQNY

nanocrystals 168
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Figure 7.7. Transmission electron micrographs of GNNQQNY nanocrystallites at an
approximate magnification of (a) 55,000 and (b) 110,000. The black bars indicate 200 nm.

We will now compare these experimental observations to the predicted relative
enhancements in Figure 7.3, obtained using the Fick’s law formula in Eq. (6) together
with the estimates of the D and measured values of Ty,. The central assumption in that
calculation was that the biradical TOTAPOL does not penetrate the crystals, an
assumption that is supported by the observations mentioned above, involving the size of
TOTAPOL relative to the water channel (see Figure 7.1) and the T, data of the frozen
solvent versus the crystals (see Figure 7.6).

Assuming the polarizing agent from the crystal core is absent from the crystal core,
then direct polarization of the crystal surface layer is unable to explain the observed large

crystal signal enhancement. Rather it is due to diffusion into the crystals of the enhanced
nuclear polarization €yPy uniformly present throughout the solvent matrix, and at the

surface of the crystals, as described in Section 7.1.2. There, we estimated the 'H spin
diffusion constants as lying in the range 1x10°-2x10°> A%s. Based on these assumptions
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and the measured T, ~17 s we predicted the enhancements to be observed in crystals
with a various characteristic widths (Figure 7.3). In our case we observed an average
crystal enhancement € that is ~0.75 (120/160) of the enhancement & in the bulk solvent
matrix. Combined with the crystal dimensions that were observed in our TEM
experiments (100 - 200 nm), this result falls slightly under the curve shown for the lower
diffusion constant. Considering the relatively simple nature of the applied model, it is
unclear whether very detailed conclusions concerning the exact value of the spin
diffusion rate can be drawn on the basis of these results. The lower rate could indicate
that the effective diffusion rate is limited by a ‘bottleneck’ across the direction of transfer
that is not apparent in the crystal structure, possibly near the crystal-solvent interface.
Inhomogeneity and anisotropy in the crystal packing could affect the effective spin
diffusion constant. Furthermore, one could also consider other experimental features such
as the distribution of crystal sizes and possible factors affecting the uniformity of the

surface polarization and the diffusion pattern.

7.1.5. Conclusions

We have shown that DNP experiments are applicable to enhancing the 'H
polarization of peptide nanocrystals of ~100-200 nm width, yielding intense NMR signals
and significant reductions in acquisition times. The increased signal intensity opens new
possibilities for significantly more complex and informative pulse experiments to be
performed on relatively dilute samples. Dilution of the isotopically labeled sample is
often essential when intermolecular interactions have to be suppressed, as is the case for

small molecules like the peptides studied here. DNP enhancement would allow a high
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level of dilution while maintaining sufficient signal intensity for accurate and sensitive
NMR measurements.

One of the limiting aspects of the data shown here is the limited resolution that can
be achieved on this relatively low-field prototype equipment. Ongoing experiments on

different instrumentation %% %

in our group have demonstrated the acquisition of higher
resolution DNP spectra " '8, We note that the experiments discussed here show little or
no sign of additional broadening due to the presence of the radicals or the cooling to 90
K. These observations could be attributed to the nature of these crystals, which are very
tightly packed and exclude both the TOTAPOL radicals and the amorphously freezing
solvent system.

The exclusion of the bulky biradical polarizing agent from the crystal lattice
highlights the importance of 'H-"H spin diffusion in DNP experiments on heterogeneous
samples. We presented a simple calculation based on 1D spin diffusion that explains the
observed extent of polarization and correlates it to the observed crystal size. A more
detailed evaluation of the exact role of spin diffusion in these experiments, and further
quantification, would benefit from further experiments with particles (or crystals) of a
carefully controlled size. The theory discussed here (supported by our data) would
suggest that nanocrystals with a size up to 1 pm can be efficiently polarized, opening
avenues for further applications of DNP to studies of protein microcrystals. Further
experiments with a wider variety of crystalline and fibril compounds should provide
further insights into the importance of sample features such as the presence of methyl
groups, molecular motion and crystal packing for spectral features such as low-

temperature resolution, nuclear spin diffusion, and the achievable DNP enhancement.
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7.2. In situ Temperature Jump-High Frequency Dynamic Nuclear
Polarization Experiments: Enhanced Sensitivity in Liquid State
NMR Spectroscopy

7.2.1. Introduction

The last decade has witnessed a renaissance in the development of approaches to
prepare samples with high nuclear spin polarizations with the goal of increasing signal
intensities in NMR spectra of solids and liquids. These approaches have included high

) ) . o 2 8. 100, 101, 105, 109,
frequency, microwave driven dynamic nuclear polarization (DNP) 62.63. 84, 98. 100. 101, 105. 109

114, 119 183, 184

, para hydrogen induced polarization (PHIP) , polarization of noble gases such

as He, Xe '81% and more recently Kr **, and optically pumped nuclear polarization of

35, 188, 189 72, 190-192

semiconductors and photosynthetic reaction centers and other proteins
All of these approaches successfully yield highly polarized spins, and are studied to
elucidate features of the polarization processes or of the material being polarized.
However, one of the most appealing aspects of high polarization methods is the
possibility of transferring the polarization from the source to a surrounding medium such
as a solvent and to subsequently distribute the polarization to chemically, physically or
biologically interesting solutes. For this to occur it is necessary that the polarizing agent
be strongly coupled to the lattice of nuclear spins, and in this regard paramagnetic
polarizing agents are appealing since the large magnetic moment of the electron spin
couples effectively to its surrounding nuclei. Accordingly, high frequency microwave
98, 114

(=140 GHz) driven DNP experiments using stable free radicals as polarizing agents

are currently used successfully to polarize a variety of systems including solid polymers
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59 62, 84

-61, 100, 123, 157 : . . . .
, frozen solutions of small molecules %, amino acids , virus particles

105 109

, soluble and membrane proteins and amyloid nanocrystals ''° achieving

enhancements, €~50-400, depending on the details of the experiment.

In addition to polarizing solid samples, there is considerable interest in using high
frequency DNP to enhance the sensitivity of liquid state NMR experiments. However, the
polarization mechanisms operative in dielectric solids at high fields — the solid effect °*

6714 and thermal mixing *® — are not applicable to liquids. Instead, the

68, the cross effect
Overhauser effect (OE) 48, 49. 156 45 the dominant polarization mechanism, and it is
efficient only at low magnetic fields. In particular, for small molecules, the rotational or
translational correlation times are ~10"% s and at low magnetic fields the condition
oT.<1 1is satisfied (where @ is the electron Larmor frequency and 1. the correlation
time), and the Overhauser effect is effective in transferring polarization. However, in the
high field regime commonly employed in contemporary NMR experiments, s is large,
the rotational and translational spectral densities are vanishingly small, and the

e 124
Overhauser enhancements decrease significantly 2

. Thus, to enhance the polarization of
liquid samples in high field experiments, an alternative method is required.

In this section we explore one approach that leads to enhancements in the range of
120 - 400 in spectra of low-Yy spins such as 13C and "°N. In particular, we polarize the 'H
spins in the sample at low temperatures (~ 90 K) using low concentrations of biradical

H4. 127 That polarization is transferred to low-y spins with cross

polarizing agents
polarization, the sample is melted with an infrared laser pulse, and the enhanced signal

observed in the presence of 'H decoupling. The entire cycle can be repeated in situ and

signal averaging performed as is customary in contemporary NMR experiments. If the
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polarization step were performed at a lower temperature, then a larger enhancement
factor would be observed. Because of the freezing and thawing processes, this version of
the experiment will find greatest application to studies of systems that can be repeatedly

frozen and thawed such as small molecules and to a field such as metabolic screening.

7.2.2. Experimental Section

Samples for the experiments consist of solutions containing high concentrations of
13C labeled small molecules to facilitate observation of signals in the absence of DNP. In
particular, the high concentration facilitates observation of the signal intensity in the
absence of microwave irradiation and therefore measurement of the enhancement. For
example, in the experiments below we used 2 M ">C-urea in 50% *Hs-DMSO and 50 %
water (80 % “H,0/20 % H,0). The solution was prepared with 3 - 5 mM TOTAPOL '¥
as the biradical polarizing agent. About 9 UL of sample was placed in a 2.5 mm OD
quartz capillary and NMR measurements were conducted in a custom designed probe in a
5 T magnet (211 MHz for 'H and 53.31 MHz for 1BC). Continuous microwave irradiation
was generated with a 140 GHz gyrotron ° The sample was maintained at ~90 K by
circulating cold N> gas during the experimental cycle. Typically the equilibrium

polarization buildup required 15 - 40 s (the 'H T is typically 5-10 s), and the
enhancement in the solid state spectra, € was ~290 at this temperature and magnetic

field. The rapid temperature jump (TJ) was performed by irradiating the sample with 10.6

um radiation from a CO; laser transmitted to the sample through a multimode hollow

10, 11

optic fiber. Haw and coworkers used a similar approach in TJ experiments on

polymers with the exception that the sample was larger (5 mm diameter rotors) and
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required higher laser power. Thus, it was necessary to use lenses rather than an optic fiber
to irradiate the sample. After melting the solution NMR spectrum was recorded in the
presence of decoupling, and the sample was refrozen and polarized again for another
experimental cycle. With our current experimental apparatus the freezing typically
required 60-90 s, and the melting < 1 s. Figure 7.8 illustrates the cycle used in the TJ-
DNP experiments — cooling, polarization with microwaves, melting with IR radiation,
and observation of the liquid state spectrum. Figure 7.9 shows the pulse sequence
associated with these steps and it incorporates storage/retrieval pulses prior to and

following the melting step of the experiment.

! '
Solution

Cooling |~ DNP |—»| Melting |—» Spectrum

90 K 300 K

-

Figure 7.8. TI-DNP cycle consisting of cooling, polarization, melting
and acquisition employed in the experiments described here. The
microwaves for the DNP process were supplied by a 140 GHz
gyrotron > and the melting was accomplished with at 10.6 pm CO,
laser ' ''. With the current configuration of the apparatus the
experiment can be recycled every 60 to 90 s.
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Figure 7.9. Experimental scheme for observation of sensitivity
enhanced liquid state NMR using temperature jump-DNP. 140 GHz
microwaves irradiate the sample at ~90 K, polarizing the 1H spins in
the sample. Enhanced 1H polarization is then transferred to 13C via
cross polarization. During the laser heating, the 13C magnetization is
stored along the z-axis of the rotating frame. The 13C spectrum is
detected following a 90° pulse in the presence of WALTZ 'H
decoupling.

Enhancements, GT, (vide infra) were determined by comparing the signal intensities

of the DNP enhanced *C signal intensities obtained in the melting experiment with those
obtained from room temperature solution NMR experiments. The room temperature
liquid state spectra were directly detected and typically acquired by averaging 128 to 512
scans with a long recycle delay (60-120 s) to ensure that we reached the equilibrium
Boltzmann polarization. Note that in generating the 13C DNP enhance signals, we transfer
polarization from electrons to 'H and then to '*C via CP since this is the most time
efficient manner to move polarization from the electrons to the >C. In principle we could
polarize ">C directly but the process is slower since spin diffusion in the '>C reservoir is
slow. It should also be possible to detect the '3C signals indirectly via observation of 'H

as is customary in many solution NMR experiments >..
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7.2.3. Results and Discussion

In Figure 7.10 we illustrate a series of spectra of >C-urea obtained with a magic
angle spinning experiment as a function of the microwave irradiation period. The spectra
illustrate the growth of the '*C polarization to a value 290430 times that of the
Boltzmann polarization. The initial trace in the series shows the spectrum without

microwaves expanded by a factor of 20. For C-urea in water/ glycerol the polarization
process reaches equilibrium in ~40 s. In the case of *C-urea we achieve £=290+30 of 'H

polarization, which implies a larger enhancement of '°C polarization. However in other

sample this value is lower since relaxation processes are present.
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Figure 7.10. (lefty MAS-DNP experiment illustrating the growth of the polarization in a '>C-urea sample
after microwave irradiation. The irradiation period extends to ~40 seconds where an enhancement of
290430 is achieved. (right) Plot showing the development of the polarization enhancement with time.
The growth time constant is ~9 s.

Figure 7.11 shows the TJ-DNP enhanced BC NMR spectra of C-urea, Na[1,2-°C,,
2H3]—ace:tate and [U-13C,2H7]-glucose. In the top trace of each figure is illustrated the TJ-

DNP enhanced spectrum and the lower traces show the signal intensity obtained with 'H
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decoupled Bloch decays for comparison. The enhancements observed in the spectra,
which we label as ET, a definition that is discussed below, are included for each

compound in the figure and are ~400 for urea, ~290 for sodium acetate, and ~120 for
glucose. Note the Be e J-coupling that is resolved in the acetate spectrum. This
clearly establishes that, when the °C T is long compared to the melting period and is
sufficiently long in the solution phase, then it is possible to observe significant signal
enhancements in the >C solution spectra and that the resolution is not degraded by the
presence of a paramagnetic polarizing agent.

We noted above that we have labeled the enhancements as ET, rather than € as is

62, 63, 84, 98, 100, 105, 109, 114, 119 Thus. there are two
. $]

common in solid state MAS experiments
conventions in use to report the size of enhancements that deserve explanation.

(1) In solid state MAS experiments it is usual to compare the signal intensity in the
presence and absence of microwave irradiation at the temperature where the DNP
enhancement is performed. This ratio of signal intensities yields the enhancement € due
to the microwave irradiation. The data and enhancements reported in several other
publications from our laboratory at 7 < 90 K use this convention and are due to the
microwave driven enhancement alone % % 84 98.100. 105,109, 114,119

(2) In the case of liquids, however, the relevant enhancement, that we define as €f, is
determined by the intensity of the DNP enhanced signal relative to the signal due to the

Boltzmann polarization recorded at 300 K. Since the polarization is generated at low

temperature, for example 90 K, there is an additional factor of (Tops/Tywave) ~ (300 K/100

K) = 3 included in the calculation of the enhancement €. When the polarization is
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performed at 1.2 K and the observation is at 300 K, this number increases to 250. Thus,
enhancements reported in the literature for solid state and liquids experiments differ by

the factor (Tobs/Tywave), Which can be substantial. For example, by polarizing at 1.2 K
Ardenkjer-Larsen and coworkers ' reported €'= 44,400 which corresponds to €= 178 if

we take (Tops/Tpwave) = 250. Accordingly, in our discussion we quote two enhancements

&' and gthat are related by

8.‘.: E(Tons/ Tuwave)

where Tobs and Tyuwave are the temperatures where the signal observation and

microwave irradiation occur. Note that, €' = € in the limit where Tobs=Tywave-
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Figure 7.11. >C TJI-DNP NMR spectra of (a) >C-urea in 50% “Hg-DMSO and 50% water
(80% *H,0/ 20% H,0), (b) Na[1,2-*C,, *H;]-acetate in 60% “Hg-glycerol and 40% water (80%
2HQO/ZO% H,0) and (¢) [U—'SC,2H7]—glucose in water. Samples contained 3—5 mM TOTAPOL
biradical polarizing agent *' corresponding to 6-10 mM electrons. As explained in the text,
deuteration of the samples was employed in order to circumvent the 'H mediated '*C
relaxation in the viscous solution phase. The times required for polarization and melting of the
sample are indicated next to each trace. The TJ-DNP spectra (the top trace in each figure)
were recorded with a single scan while the room temperature spectra were recorded with (a)
256, (b) 128, and (c) 512 scans, respectively.
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In Situ melting and dissolution experiments

In addition, there are several features of the experiments described here that differ in
significant ways from the experiments described by Ardenkjer-Larsen, et al '*°. In
particular, while we performed an in situ TJ melting experiment, they in contrast utilized
an approach involving polarization at low field, “dissolution” of the sample, and transfer
to a higher field for observation. The difference in the important experimental details is
as follows. First, in the dissolution experiment the polarization step was performed at 1.2
K rather than 90 K. Second, it was performed in a 3.35 T field using a 200 mW, 94 GHz
microwave source to drive the DNP process. Third, the triphenylmethyl based trityl

radical °° was the polarizing agent, and the "°C spins in the sample were polarized directly
(€~178) rather than through the 'H’s. Because of the low temperature, the low microwave

power, the long T, of the trityl radical and the fact that they polarized Be directly, their

polarization times were ~80 minutes. In contrast, we are able to achieve enhancements
€~290 in ~40 s at ~90 K at 5 T using our 140 GHz microwave source and biradical

polarizing agents. Finally, in the “dissolution” experiment the sample, consisting of 40-50
mg of frozen polarized pellets, is melted and dissolved in ~7 mL of hot water, diluting it
by a factor of ~150. If the polarized solute is used in imaging experiments, then dilution
of the sample with solvent may not be a concern. However, for the analytical experiments
that are the focus of our intension, it is clearly undesirable. Following dissolution, the
sample was manually shuttled to a 400 MHz liquids spectrometer where the solution
NMR spectrum was recorded. Because of the requirement of shuttling to a second
magnet, it is not possible to rapidly repolarize the sample. In the results illustrated in

Figure 7.11, the melting and spectroscopy are performed in situ. Further, the sample is
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not diluted since the melting is performed with a 10.6 wm laser light. Finally, since the
polarization and observation is performed in situ, it can be refrozen, repolarized, etc. and
the experiment recycled in the manner that is customary in analytical NMR experiments.
The point is illustrated in Figure 7.12 where we show a series of 16 spectra acquired over

a period of ~40 minutes from a sample of *C-proline that was cycled through the steps

[Polarization (40 s) — Melting (1 s) — Acquisition (100 ms) — Refreezing (90 s)],

This result illustrates that even at this early stage in the development of the
experiments the apparatus is sufficiently stable to reproduce the intensities in the spectra
to ~5%. We also mentioned above that in the spectra of the samples that normally contain
protons, the 'H’s were substituted with ’H. The reason for this is that in the liquid phase,
the glassy glycerol mixtures used to polarize the samples are viscous. Consequently, the
'H relaxation times are very short (milliseconds) 19 and the short 'H T; leads to
relaxation of the "*C and loss of the '>C signal. However, we can recover the lost signal-
to-noise of protonated carbons, such as those in protonated L-proline and sodium acetate,
from signal average through recycled TJ-DNP experiments (Figure 7.12, right).
Moreover, preliminary experiments with solvent systems that exhibit lower viscosity in
the liquid phase, and still form low-temperature glasses that disperse the biradical,
suggest possible circumvention of relaxation problems with employing protonated

molecules in the TJ-DNP experiments.
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Figure 7.12. (left) Sixteen spectra of the carbonyl resonance in U-">C-"*N-proline resulting from a
series of TJ-DNP experiments employing the sequence: DNP (40 s) - Melting (1 s) - Acquisition
(100 ms) — refreezing (90 s). The spectra illustrate that following melting the sample can be
refrozen, repolarized and another spectrum recorded in order to perform signal averaging. (right)
The sixteen spectra can be averaged to show improved signal-to-noise.

Applications of TJ]-DNP

The results shown in Figure 7.11 clearly indicate that, in its present form, TJ-DNP is
capable of providing substantial enhancements in sensitivity in '>C and other spectra of
small molecules. Thus, when the quantity of sample is small and it can be repeatedly
frozen, polarized and melted, then TJ-DNP experiments could provide a means to acquire
BC spectra with excellent signal-to-noise in relatively short periods of time. An area
where the current experimental protocol might find wide application is in metabolic

screening, a subject that is of intense interest in the pharmaceutical industry.

Future Refinements

Our purpose here is to demonstrate the feasibility of using TJ-DNP for observing
spectra of liquids with enhanced sensitivity. However, at this point the TJ-DNP is at an
early stage of development and there remain many possible technical improvements that
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could be implemented. Some of the most obvious and potentially significant are to
perform the polarization at lower temperatures, to improve the efficiency of the melting
process, and to perform the experiments in glassy solvents that have a lower viscosity at
room temperature. For example, the spectra displayed in Figure 7.11 were the result of
polarizing at ~90 K and if biradical electron Ti’s are not too long then it might be
possible to polarize rapidly in the 2K regime and to achieve even larger enhancements.
In addition, once the sensitivity is optimized, the TJ-DNP experiment could be integrated

195-198 or in a

with experiments designed to acquire multidimensional spectra rapidly
single scan '*° to obtain high sensitivity multidimensional experiments in a few seconds
or a fraction of a second.

Finally, we should comment on the applicability of the TJ-DNP approach to solution
spectroscopy of proteins and nucleic acids, etc. Clearly, for proteins and nucleic acids the
limiting feature of the present experimental protocol is the freezing and thawing process.
If the protein or nucleic acid is robust, then the experiment could be quite useful, and we

anticipate that this will be the case for some systems, which are presently under

investigation.

7.2.4. Conclusions

In summary, we have demonstrated the possibility of observing sensitivity enhanced
13C spectra of small molecules by first polarizing the sample and then melting it with
laser radiation followed by observation of the solution NMR spectrum. Currently, we
utilize biradical polarizing agents and gyrotron microwave sources for the DNP process.

The latter enables the experiment to be performed in situ and to be recycled for signal
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averaging as is customary in conventional time domain NMR spectroscopy. The
sensitivity enhancements at room temperature where the spectra are observed are
presently ~120-400, but they could be improved by performing the polarization step at
lower temperature, and by further refining the experiment in the aspects of melting
procedures and solvent compositions. In its present form the experiment is most readily

applicable to small molecules and may find application in metabolic screening.
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