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Abstract

Dynamic nuclear polarization (DNP) is now established as a powerful technique for
improving the sensitivity of NMR signals by several orders of magnitude, enabling otherwise
impossible experiments. Unfortunately, the enhancements obtained at high magnetic fields
(> 9 T) are only a small fraction of the theoretical limit due to the fact that current DNP
mechanisms, including the cross effect and solid effect, utilize continuous wave (CW)
microwave irradiation, and scale unfavorably with Bo. This has motivated us to develop new
DNP methods that do not suffer from the same field dependences.

Our first attempt resulted in the observation of the Overhauser effect in insulating
solids doped with 1,3-bisdiphenylene-2-phenylallyl (BDPA) or sulfonated-BDPA (SA-BDPA)
radical. As opposed to all other CW DNP mechanisms, the enhancement of the OE in
insulating solids scales favorably with By, increasing in magnitude in going from § T, to 9.4
T,t0 14.1 T, and to 18.8 T. This finding sheds a new light on the seemingly well-understood
Overhauser effect.

Our second approach is to perform time domain or pulsed DNP, which differs
fundamentally from CW DNP, and like CP and INEPT transfers, is in principle independent
of Be. In particular, we have investigated the performance of two related pulse sequences
including the nuclear orientation via electron spin locking (NOVEL) and integrated solid
effect (ISE) at magnetic fields ranging from 0.35 T to 3.35 T. The NOVEL pulse sequence
relies on a matching condition between the nuclear Larmor frequency and the electron Rabi
frequency, resulting in a fast polarization transfer from electron to protons (hundreds of ns
time scale). Furthermore, we showed that adding amplitude modulation to the microwave
field, analogous to a ramped CP experiment, led to longer mixing time (us time scale) but
improved the enhancement by a factor of 1.4 to 2. Finally, we implemented a new version of
the integrated solid effect (ISE) by modulating the microwave frequency instead of sweeping
the B, which is technically challenging in high field superconducting magnets. In comparison
to NOVEL, ISE gives similar DNP enhancement even far below the NOVEL condition. Our
study sets the foundation for further development of time domain DNP at high fields.
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Chapter 1: Introduction

1.1 Motivation

Nuclear magnetic resonance (NMR) is a powerful, nondestructive technique used in
physics, chemistry, structural biology, and material science. However, the technique is
based on the polarization of a spin ensemble at thermal equilibrium dictated by the
Boltzmann distribution, thus the sensitivity of NMR experiments is extremely low compared
to other analytical methods such as infrared spectroscopy or X-ray diffraction. Moreover, the
sensitivity of NMR signals from solid samples is attenuated further by other factors such as
the limitation in sample volume, linebroadening by anisotropic couplings and the detection of

nuclei with low gyromagnetic ratios.

Developments of solid-state NMR (ssNMR) in the last ~60 years have evolved
heavily around improving the sensitivity. Revolutions of ssNMR in term of sensitivity date
back to late 1950s with the introduction of cross poiarization (CP) experiment by Hartmann
and Hahn[1] around the same time with the invention of magic angle spinning (MAS)
experiments by Andrew[2] and independently by Lowe[3]. In addition, advances in magnet
technology provide higher and higher magnetic fields, recently reaching the GHz range for
'"H NMR frequencies. Finally, dynamic nuclear polarization (DNP) has revolutionized the
field of MAS ssNMR in the last two decades and is, undoubtedly, going to do so in the
coming years.

Dynamic nuclear polarization was first postulated by Overhauser[4] in 1953 and
experimentally confirmed soon after by Carver and Slichter on ’Li metal[5] and then on **Na
metal, **Na in liquid ammonia[6]. In such experiments, the polarization of nuclei was
enhanced by saturating the allowed electronic transitions. The effect, known as Overhauser
effect, is mediated by time-dependent dipolar or scalar interactions. Until our recent
discovery, it had long been a conventional wisdom that such effect is operative only in
conductors or solutions where the electrons are mobile. In contrast, for dielectric solids, as it
is the case for biological samples, DNP is mediated by the solid effect (SE), cross effect
(CE) and thermal mixing (TM). The SE was discovered by Jeffries[7, 8] and was widely
utilized to prepare polarized targets[9]. However, it was not used in contemporary DNP
experiments until recently due to the By? dependence and the lack of high power microwave
sources. The CE, first described by Kessenikh[10] and later by Hwang and Hill[11, 12],

became dominant at high field especially after the development of biradicals[13]. The Bo”
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dependence in CE makes it much more efficient at high magnetic field compared to SE.
Thermal mixing[14-16] is the dominant mechanism when the interaction between electrons
is large and the EPR spectrum is homogeneously broadened. As a result of the high
concentration of radicals often leads to severe NMR linebroadening.

Recent advancements in instrumentations enable DNP/NMR experiments at
magnetic fields up to 18.8 T (527 GHz / 800 MHz). As a result, there are mounting
experimental data showing that the DNP enhancements of both CE and SE decrease with
increasing the By field. This is due to the fact that both CE and SE utilize continuous wave
(CW) irradiation of microwave with field strength on the order of ~1 MHz which can be
regarded as a small perturbation compared to the proton Larmor frequency. Thus, this
thesis aims at developing new DNP methods for high frequency DNP. To this end, we have
discovered the Overhauser effect in insulating solids, a CW DNP method that scales with
the magnetic field. Furthermore, we focus on the development of time domain or pulsed
DNP, a repertoire of pulse sequences utilizing intense microwave pulses instead of low
power CW irradiation for polarization transfer. We have demonstrated very high DNP
efficiency using nuclear orientation via electron spin locking (NOVEL) and frequency-swept
integrated solid effect (FS-ISE) sequences at magnetic fields up to 3.35 T (94 GHz / 143
MHz of electron and proton Larmor frequency, respectively).

1.2 Thesis outline

In Chapter 2, we review the mechanisms of all the DNP processes that have been
observed in insulating solids including those using low power, CW microwave irradiation (the
solid effect, cross effect and Overhauser effect) as well as those microwave pulses (NOVEL,
ISE, dressed state solid effect (DSSE), nuclear rotating frame DNP (NRF DNP)). Quantum
mechanical descriptions to each mechanism are presented using model consisting of one
electron and one nucleus except for the Overhauser effect, which is best described as a rate
process. Such description serves as a phenomenological interpretation to the OE in
insulating solids that we recently discovered and presented in Chapter 3. The rest of this
thesis (Chapters 4 to 8) concerns with the development of time domain DNP techniques
with focusing on the NOVEL and ISE pulse sequences. Our development started out at low
field (0.35 T) with the demonstration of very high DNP efficiency using the constant-
amplitude NOVEL (CA-NOVEL) sequence (Chapter 4) and ramped-amplitude NOVEL (RA-
NOVEL) sequence (Chapter 5). Chapter 6 deals with the FS-ISE pulse sequence, which is
closely related to NOVEL. However, we showed that FS-ISE has a great flexibility in term of
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the microwave field strength requirement. The resuits at X-band (0.35 T) have set a strong
foundation for our further development of time domain DNP at higher fields including Q-band
(1.2 T) in Chapter 7 and W-band (3.35 T) in Chapter 8. Our results at various magnetic
fields have a direct implication on and help navigate the future research toward the

realization of time domain DNP at magnetic fields used in contemporary NMR applications.
1.3 References

[1]1 S.R. Hartmann, E.L. Hahn, Nuclear Double Resonance in the Rotating Frame, Phys.
Rev., 128 (1962) 2042-2053.

[2] E.R. Andrew, A. Bradbury, R.G. Eades, Removal of Dipolar Broadening of Nuclear
Magnetic Resonance Spectra of Solids by Specimen Rotation, Nature, 183 (1959)
1802-1803.

[3]1.J. Lowe, Free Induction Decays of Rotating Solids, Phys. Rev. Lett., 2 (1959) 285.

[4] AW. Overhauser, Polarization of Nuclei in Metals, Phys. Rev., 92 (1953) 411.

[5] T.R. Carver, C.P. Slichter, Polarization of Nuclear Spins in Metals, Phys. Rev., 92 (1953)
212.

[6] T.R. Carver, C.P. Slichter, Experimental Verification of the Overhauser Nuclear
Polarization Effect, Phys. Rev., 102 (1956) 975.

[7]1 C. Jeffries, D., Polarization of Nuclei by Resonance Saturation in Paramagnetic Crystals,
Phys. Rev., 106 (1957) 164.

[8] C.D. Jeffries, Dynamic Orientation of Nuclei by Forbidden Transitions in Paramagnetic
Resonance, Phys. Rev., 117 (1960) 1056.

[9] A. Abragam, M. Goldman, Principles of dynamic nuclear polarisation, Reports on
Progress in Physics, 41 (1978) 395-467.

[10] A. Kessenikh, V., V. Lushchikov, |., A. Manenkov, A., Y. Taran, V., Proton Polarization
in Irradiated Polyethylenes, Soviet Physics - Solid State, 5 (1963) 321-329.

[11] C. Hwang, F., D. Hill, A, New Effect in Dynamic Polarization, Phys. Rev. Lett, 18
(1967) 110.

[12] C. Hwang, F., D. Hill, A., Phenomenological Model for the New Effect in Dynamic
Polarization, Phys. Rev. Lett., 19 (1967) 1011.

[13] K. Hu, H. Yu, T. Swager, R. Griffin, Dynamic nuclear polarization with biradicals., J. Am.
Chem. Soc., 126 (2004) 10844-10845.

[14] R.A. Wind, M.J. Duijvestijn, d.L. van, C., A. Manenschijn, J. Vriend, Applications of
dynamic nuclear polarization in 13C NMR in solids, Prog. Nucl. Magn. Reson.
Spectrosc., 17 (1985) 33-67.

[15] M. Duijvestijn, J., R. Wind, A., J. Smidt, A quantitative investigation of the dynamic
nuclear polarization effect by fixed paramagnetic centra of abundant and rare spins in
solids at room temperature, Physica B+C, 138 (1986) 147-170.

[16] M. Goldman, Spin temperature and nuclear magnetic resonance in solids, Clarendon
Press, Oxford, 1970.

15



16



Chapter 2: Mechanisms of Dynamic Nuclear Polarization in

Insulating Solids

Adapted from T.V. Can, Q.Z. Ni, and R.G. Griffin, Journal of Magnetic Resonance 253 (2015) 23-35

Dynamic nuclear polarization (DNP) is a technique used to enhance signal intensities in
NMR experiments by transferring the high polarization of electrons to their surrounding
nuclei. The past decade has witnessed a renaissance in the development of DNP,
especially at high magnetic fields, and its application in several areas including biophysics,
chemistry, structural biology and materials science. Recent technical and theoretical
advances have expanded our understanding of established experiments: for example, the
cross effect DNP in samples spinning at the magic angle. Furthermore, new experiments
suggest that our understanding of the Overhauser effect and its applicability to insulating
solids needs to be re-examined. In this article, we summarize important results of the past

few years and provide quantum mechanical explanations underlying these resulits.
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2.1. Introduction

The history of dynamic nuclear polarization (DNP) dates from 1953 when Overhauser
proposed that irradiation of electron paramagnetic resonance (EPR) transitions could result
in the enhancement of the polarization of coupled nuclei. [1]. Shortly thereafter, Carver and
Slichter performed the first DNP experiments that confirmed the Overhauser effect (OE). In
particular, they observed enhanced Li signal intensities obtained from Li metal dispersed in
mineral oil [2]. The enhancement was also observed in solutions of Na* in liquid NHs [3]. The
first DNP mechanism documented for insulating solids was the solid effect (SE) and was
described by Jefferies [4, 5] and Abragam and coworkers [6, 7]. Five years later, the cross
effect DNP mechanism was observed by Kessennikh [8, 9], and subsequently discussed in
more detail by Hill and Hwang [10, 11] and Wollan [12, 13]. The goal of many of these early
efforts was to understand the physics underlying DNP and to develop experiments that
produced polarized targets for neutron scattering experiments. Indeed, preparation of
polarized targets remains an area of active interest in experimental particle physics, most
recently using pulsed DNP methods (vide infra). For the interested reader there are
excellent reviews of these early experiments [14-17]

In the 1980s and early 1990s, efforts to incorporate DNP into magic angle spinning
(MAS) and other solid state NMR experiments were initiated by Wind [18] et al. , Yannoni
[19-21] and Schaefer et al. [22]. These experiments used klystron microwave sources and
were performed primarily at a magnetic field of 1.4 T (60 MHz/40 GHz 'H/electron Larmor
frequencies) although one experiment at 1.9 T was reported [23]. However, these
experiments were limited to low fields because of the paucity of microwave sources
operating above 40-50 GHz. In 1993 Becerra, et al. [24] introduced the gyrotron as a
microwave source for DNP experiments at 5 T (140 GHz for electrons), with the specific aim
of developing an experimental approach that would permit DNP at higher magnetic fields
used for contemporary NMR experiments. These magnetic fields require microwave sources
that ideally operate at the 10-100 watt level in the ~140-660 GHz frequency range,
corresponding to magnetic fields of ~5-23 T and 'H Larmor frequencies of ~200-1000 MHz.
Subsequently, gyrotron based DNP/NMR spectrometers operating at 250 GHz/380 MHz and
460 GHz/700 MHz were successfully constructed [25-28]. In addition, DNP/NMR
instruments operating at 263 GHz/400 MHz, 395 GHz/600 MHz and 527 GHz/800 MHz are
now available commercially. The accessibility of this new instrumentation has stimulated a

variety of new applications as well as investigations of new DNP mechanisms.
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In this review, we discuss key aspects of several known DNP mechanisms including
continuous wave (CW) and time domain DNP. We present recent experimental resuits
together with some new quantum mechanical treatments. Our analysis builds on the work by
Hu et al. [29]. However, we emphasize the use of perturbation theories (both time
independent and time dependent, non-degenerate and degenerate). Furthermore, we
include the effects of MAS in CE DNP that have been considered recently [30, 31]. Our
discussion focuses primarily on the mechanisms of DNP in insulating solids at high fields.
For other aspects of DNP such as instrumentation, radical development, applications, etc.,
we refer the reader to other reviews by Ni et al. [32], Barnes et al. [33], Maly et al. [34], and
Nanni et al. [35].

The paper is organized as follows. In Sections 2.1 and 2.2, we discuss CW DNP
mechanisms in which the microwave fields are treated as time-dependent harmonic
perturbations, while the remaining terms in the Hamiltonian are viewed as static.
Diagonalization of the static Hamiltonian is conveniently approximated using time
independent perturbation theory, without obscuring any conclusions. In the case of CE DNP
(Section 2.2), despite the magic angle spinning, the Hamiltonian can also be regarded as
static at each rotor angle. Section 2.3.1 deals with pulsed DNP methods using low
microwave power including DNP in the nuclear rotating frame (NRF DNP) and the dressed
state solid effect (DSSE) in which the microwave fields are treated as perturbations. In
Section 2.3.2, we discuss two time-domain DNP experiments: nuclear orientation via
electron spin locking (NOVEL) and the integrated solid effect (ISE), where the microwave
fields are large and can no longer be treated as perturbations.

2.2. CW DNP
2.2.1. Narrow EPR spectrum

The first class of DNP mechanisms in insulating solids involves radical dopants that
satisfy the inequality 6,A<w, , where § A and w, are the homogenous electron

paramagnetic resonance (EPR) linewidth, the breadth of the EPR spectrum and the nuclear
Larmor frequency, respectively. In this case, DNP is mediated by the Overhauser effect
and/or the solid effect. The influence of MAS can be conveniently ignored because the EPR
spectrum is narrow and therefore the electron energy levels are only weakly modulated by
the sample rotation. The molecular structures of four narrow-line polarizing agents are

shown in Figures 2.1a-d and include 1,3-bisphenylene-2-phenylallyl (BDPA), sulfonated-
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Figure 2.1: Molecular structures of radicals for the solid effect (a) BDPA, (b) sulfonated BDPA (SA-
BDPA), (c) trityl-OX063 and (d) Gd>*-DOTA.

(e) Energy level diagram for the Overhauser effect. The imbalance between the ZQ and DQ
relaxation rates act to distribute the polarizations upon the microwave driven saturation of the EPR
transition, resulting in the DNP enhancement. (f) Energy level diagram for the solid effect. Neither the
ZQ or DQ relaxations are required. Instead, saturation of the ZQ or DQ transitions leads to the DNP
enhancement.

'"H DNP enhancement Zeeman field profiles of BDPA in polystyrene are shown for (g) 9.4 T,
(h) 14.1 T and (i) 18.8 T [36]. The positive enhancement due to the Overhauser effect is present at
the center of each field profile and appears to scale with Bo. In contrast, the solid effect
enhancements scales very closely to Bo'z. At 18.8 T, the maximum enhancement of the Overhauser
effect is one order of magnitude larger than that of the solid effect.

939 940 9.41 9.42

BDPA (SA-BDPA), trityl OX063 and Gd**-DOTA. These polarizing agents have a small g-
anisotropy or, in the case of Gd** a narrow — 5 — )4 central EPR transition due to molecular

symmetry. However, the EPR lines are broadened by the proton hyperfine couplings (BDPA
and SA-BDPA), residual g-anisotropy (trityl OX063), or second order zero field splitting
(Gd**-DOTA).

2.2.1.1. Overhauser effect
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The Overhauser effect was the first DNP mechanism proposed for systems with mobile
electrons, namely conducting solids and liquids. The effect is operative in a two-spin system
consisting of one electron and one nucleus (Figure 2.1e), and relies on the presence of the

zero quantum (ZQ) and double quantum (DQ) relaxation pathways with differing relaxation

rates. The imbalance between the two rates, (I'j and I', in Figure 1e) leads to an

0
enhancement in nuclear polarization. In particular, upon microwave irradiation near the
single quantum (SQ) EPR transition, the DQ and ZQ relaxation, mediated by molecular
tumbling in liquids and translational motion of electrons in conducting solids, redistribute the
populations via fluctuations of the anisotropic and isotropic couplings, respectively. This
results in a Zeeman field profile that is symmetrically centered at the frequency of the EPR
transition. In liquids, the DQ transition is generally the dominant relaxation pathway, and
leads to the observation of negative DNP enhancements for 'H. However in insulating solids,
we recently observed a significant OE DNP with a positive enhancement, indicating that the
ZQ term is dominant [36]. This is illustrated in Zeeman field profiles of Figures 2.1g-i where
the positive enhancement in the center of the profiles is assigned to the OE. In addition,
guantum mechanical simulations predict an OE even though the samples are insulators. In
contrast to some other CW DNP mechanisms, the OE relies on allowed EPR transitions,
requires much less microwave power, and appears to scale favorably with the magnetic field

as is also illustrated in the panels in Figure 2.1g-i.

To date the OE in insulators has only been observed for BDPA and its derivative SA-
BDPA. In addition, perdeuteration of BDPA resulted in an order of magnitude decrease in
DNP efficiency but, more importantly, in a sign change of the OE enhancement from positive
to negative as well. This result suggests that 'H-e” hyperfine coupling is essential for the OE
and ~ 5 MHz 'H couplings are present in BDPA. This also provides an explanation of why
the OE is not observed for the trityl radical. In particular, trityl was designed to eliminate all

'H couplings in order to have a narrow line to enhance Overhauser effects in solution.

Efforts are underway to improve the efficiency of the OE with the synthesis of new
narrow-line radicals with hyperfine couplings larger than those found in BDPA. Furthermore,
theoretical and experimental research is needed to fully understand the origin of cross

relaxation mechanisms responsible for the OE in insulating solids.

2.2.1.2. Solid effect
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The solid effect (SE) is similar to the OE in that it involves a two-spin process between
an electron spin S and nuclear spin /. The Zeeman field profiles for the SE (plus the OE) are
shown in Figure 2.1g-i and the SE is responsible for the negative and positive signal

enhancements at 0, =®,£®,,. In the secular approximation, the static Hamiltonian for

such a system can be written as

H=w,S,-o,l +AS] +BS, (2.1.1)

where the first two terms are the electron and nuclear Zeeman interactions, and the last two
terms the secular and pseudo-secular hyperfine couplings, respectively. Using first order
perturbation theory we rewrite H as

H=H9+H®" (2.1.2)

where the small perturbation H” is the pseudo-secular hyperfine coupling term in 2.1.1. The
unperturbed Hamiltonian H? is already diagonal in the direct product basis set. The energy
levels and the corresponding eigenstates of H can then be evaluated using perturbation
theory. The direct product states are not eigenstates of H and there is a small but essential
mixing of these states due to the pseudo-secular hyperfine coupling (Figure 2.1f). The
degree to which the states are mixed is given by the factor g [37]

B
20

g~ (2.1.3)

o/

As a result, the nominally forbidden ZQ and DQ transitions become slightly allowed and can
be driven by the microwave field, yielding an enhancement in the nuclear polarization that is
positive or negative depending on the field position relative to the position of the EPR line.
We refer to the plots shown in Figures 2.1g-i as Zeeman field profiles. Note that in this CW

DNP experiment the coefficient of state mixing is proportional to a)o", and therefore the

transition probability is ~ (o(;z. Thus, the SE enhancements decrease significantly at higher

fields, which is a characteristic of continuous wave (CW) DNP experiments. On the other
hand, the transition rate can be improved by increasing the microwave field strength [38, 39].
Another approach is to use a radical whose EPR linewidth is progressively narrowed with
the magnetic field as demonstrated by Corzilius ef al. using high spin transition metal ions
[40]. An enhancement of 144 at 5 T has been reported using trityl-OX063 radical [39].
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The Hamiltonian can also be expressed as a direct sum

H=H, ®H,, (2.1.4)

where Hq; and H,4 are the Hamiltonians in the electron spin up and spin down subspaces,
respectively. Accordingly, diagonalization of H in each subspace is straightforward, because
His and H, are both 2x2 matrices. This approach was used in the work by Hu ef al. [29].

2.2.2. Cross effect

A third class of DNP experiments requires that the EPR spectra of the polarizing agents
be inhomogenously broadened by the g-anisotropy and that the spectral breadth be large

compared to the nuclear Larmor frequencies. Thus, in these “cross effect” (CE) experiments

the inequality 6 <w, <A is satisfied [8, 9], and it is possible to have a three spin

polarization transfer by satisfying the matching condition o , =0, —®, . Here, the

subscripts refer to the nuclear Larmor frequencies and the two electrons whose Larmor
frequencies are separated by the g-value differences, respectively. To date, the most
efficient CE DNP is observed with biradicals containing two tethered nitroxide moieties,
where the electron-electron coupling is 20-35 MHz [41-43]. Hu et al. presented a quantum
mechanical description of the CE DNP in static samples [29]. Recent experimental data
show that the effect of MAS is essential in understanding CE DNP. For example, there is
significant signal quenching in DNP experiments during MAS but not for static samples [44].
It is therefore important to take into account the effect of sample spinning.

It is worth noting that in some circumstances the CE and SE are simultaneously present,
such as, in static samples at low temperatures (~10 K) doped with either the monoradical
TEMPOL [45] or the biradical TOTAPOL [46], but we refer the reader to the literature for a

discussion of this case. Another topic that will not be discussed in detail in this article is the

thermal mixing mechanism which requires that § >®,,, that is a homogeneously broaden

of
EPR spectrum. Thermal mixing has been studied recently with simulations by Hovav et al.
[47], but to date it has not been of great practical importance for high field DNP since most
of the EPR spectra are inhomogeneously broadened. Thus, at higher temperatures (~80-
110 K) where most MAS experiments are being performed, the CE is dominant.
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2.2.2.1. Cross effect DNP Zeeman field profiles
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Figure 2.2: (a) 'H and '3C DNP field profiles of TOTAPOL. (b) ’H DNP field profiles of TOTAPOL and
trityl-OX063. For TOTAPOL, the maximum 'H enhancement is obtained at the DNP(+) field position,
whereas for other nuclei of lower gyromagnetic ratios such as ®C and *H, the maximum
enhancements are at the DNP(-) field position. In both cases, the asymmetry is ~ 20%. For low
gamma nuclei, trityl-OX03, a narrow-line radical, still satisfies the CE condition and gives higher
enhancement by a factor of ~ 4 compared to TOTAPOL. (c) Cross effect DNP at 380 MHz/250 GHz
using biradical AMUPol. The sample contains 1 M C, "*N-urea in 60/30/10 (volume ratio) d8-
glycerol/D,0/H,0 glassy matrix doped with 10 mM AMUPol. We obtained an enhancement of 400 at
80 K. To date, AMUPol is the best biradical for CE DNP. The radical also gives significant
enhancement at temperatures above 150 K. Figures (a) and (b) are from Maly et al. .[48] [49].

In order to establish the DNP mechanism that is present and to optimize the DNP
enhancement, it is customary to record the enhancement as a function of the Zeeman field
as illustrated in Figure 1 above and here we show Zeeman field profiles for the CE. In
Figure 2.2a we show the 'H and ">C DNP field profiles of biradical TOTAPOL, and Figure
2.2b compares the ?H DNP Zeeman field profiles obtained with TOTAPOL and the narrow-
line monoradical trityl-OX063 [48, 49]. The enhancements were normalized to the maximum
positive enhancement. For TOTAPOL, the 'H, "*C and ?H field profiles span roughly the
EPR line with the maximum positive and maximum negative enhancements appearing at the
high and low field sides, respectively. For 'H, the maximum enhancement is at the positive
field position and the asymmetry between the maximum positive and the maximum negative
enhancements is ~ 20%. "*C and H, which are both low-y nuclei and relatively close in
Larmor frequency, show almost identical field profiles. An asymmetry of ~20% was also
observed for "®C and 2H, but the maximum enhancement is located at the negative field

position. The reason for this difference is that the nuclear Zeeman frequencies for '°C

(@, =53 MHz) and ?H (@, = 32.4 MHz) fit into the ~ 20 G field interval (~4.9690-4.9710

0 ¢
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T, ~66 MHz) which is the region where the largest number of electrons per Gauss occurs in
the EPR spectrum. In contrast the largest 'H enhancement requires a separation of 211
MHz, which in turn requires a larger spectral breadth leading the profile shown in Figure
2.2a.

The “H DNP field profile of trityl-OX063 suggests that cross effect is the dominating
mechanism, consistent with the fact that the EPR linewidth of trityl satisfies the CE condition
for 2H. This is also the case for other low-y nuclei such as '"O [50]. For these nuclei, the CE
using trityl is more efficient than biradicals such as TOTAPOL due to the narrow EPR
linewidth, which permits a larger fraction of the electrons to participate in the DNP processes.
For example, Maly et al. obtained a factor of ~ 4 higher in the enhancement using trityl
rather than TOTAPOL [49].

Figure 2.2c shows the enhancement £=400 obtained with the biradical AMUPoI, the
most efficient biradical currently available [43], at 380 MHz/250 GHz. Overall, AMUPo!
provides approximately twofold larger DNP enhancements when compared to TOTAPOL.
The improvement in the DNP efficiency can be attributed to the shorter intramolecular tether
between the electron pairs, which increases the e’-e” dipole coupling from ~23 MHz in
TOTAPOL to ~35 MHz in AMUPol. In addition, the four methyl groups on the TEMPO rings
are replaced by two tetrahydropyran rings which increases the electronic relaxation times
[41] [43] [51]. Finally, the water solubility of AMUPoI is greatly improved by addition of the
polyethylene glycol chain.

2.2.2.2. The Hamiltonian

Figure 2.3a shows that the efficiency of the CE increases with spinning frequency
(w,/2m) [52], necessitating a description that includes the MAS effect. This effect was

observed initially by K. Hu [53] and has been explored more recently by Mentink-Vigier et al.
using quantum mechanical simulations [30]. Concurrently, Thurber et al. independently
presented a study of the CE in MAS experiments using a combination of theoretical analysis
and ‘simulations [31]. Both studies highlighted the importance of the dynamical behavior
near the avoided level crossings (vide infra). The centerpiece of the simulations performed
by both groups is the calculation of the time evolution of the quantum mechanical system.
Due to the periodicity of the Hamiltonian in an MAS experiment, the time evolution can be

evaluated by repeatedly applying the time evolution operator each rotor period. Calculation
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Figure 2.3: Cross effect DNP in a three-spin system consisting of two electrons S;, S; and one
nuclear spin /. (a) Enhancement as a function of the spinning frequency on bTbK, bCTbK and TEKPol
biradicals [52]. All three radicals show a similar trend with a local minimum at ~ 12 kHz, and appear to
increase at faster spinning. (b) Polarization of electrons during one rotor period. (c) The modulations
of the energy levels during one rotor period due to anisotropic interactions including the g-anisotropy
and the e-e dipolar coupling. (d) Nuclear polarization during one rotor period. (e) Electron-electron
avoided level crossing.

The dashed lines 1a and 1b indicate the flipping of the electron spins as the microwave frequency
crosses one of the electron Larmor frequencies. The green dashed line 2 corresponds to the electron-
electron avoided level crossing where the two electrons exchange their polarizations. The red dashed
line 3 represents the three-spin avoided crossings at which DNP transfer occurs, as seen in the
change of the nuclear polarization. Figures (b) to (e) were reproduced with slight modifications from
the simulations by Mentink-Vigier ef al. [30].

of the evolution operator during one rotor period was done in a stepwise manner and the

orientation of the rotor was incremented (Figure 2.3b-e).

Here, we present an alternative approach based on a straightforward application of
perturbation theory that can be used to understand important aspects of MAS CE. We begin
with the Hamiltonian of a three-spin 1/2 system consisting of two electron spins Sy, S; and
one nuclear spin /. We then decompose the Hamiltonian into an unperturbed part and a
small perturbation from the pseudo-secular hyperfine coupling. The unperturbed
Hamiltonian is block diagonal with four 2x2 blocks which can be diagonalized with minimum
effort. The unperturbed energy levels give a good approximation of the electron-microwave
crossing. The degeneracy at the central energy levels results in either electron-electron

crossing or three-spin crossing. More detailed calculations are presented below.

After a secular approximation, the Hamiltonian has the form
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H=w.S, + 05 S, ~0,l,+(AS, +AS,, ), +(BS, +B,S,,)!,

0S8, 71z 272z 171z 272z

+d(3S,S,,-SS,)-2JSS,

1272z

(2.2.1)

where @, , ®,; and w, are Larmor frequencies. A; and A; are secular hyperfine couplings

between the electrons and the nucleus, and B; and B, are pseudo-secular hyperfine
couplings between the electrons and the nucleus. d and J are the dipolar coupling and J-
coupling between the two electrons, respectively. It is worth noting that in a MAS experiment,

My, W5 . By, Band d are time-dependent, ignoring the chemical shift anisotropy of the
nucleus. The direct product basis set consists of eight states of the form i/S182) as
illustrated in Figure 2.3c. Treating the pseudo-secular hyperfine coupling as a small
perturbation, we write the Hamiltonian as

H=HC+H (2.2.2)

) (M )

where H'" is the perturbation. H"

therefore can be written as direct sum of four 2x2 matrices, i.e.

is the unperturbed part and H is block diagonal and

H(O):H15@H23®H67®H48 (22.3)

(1

HY only connects the four center states. Consequently H'’ is reduced to a 4x4 matrix

perturbing the four center states only.

0 0 i 0
4
, 0 0 0 —%
1 1
HY - H2367( ) = 5 (2.2.4)
-4 0 0 0
4
0 —§A 0 0
4
where
BA = B1—B2 (2.2.5)

2.2.2.3. Level crossings

(a) Electron-microwave crossings

The electron-microwave crossing occurs when the applied microwave frequency is on

resonance with one of the EPR transitions (single electron flip). In principle, diagonalization
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of the unperturbed Hamiltonian gives a good approximation of this type of level crossings.

The electron-microwave crossings read

®,, =0y tA, +(d-J) (2.2.6)

Hw 1(2)
which can be approximated as

0 = (2.2.7)

o 08, ,,

In other words, the three-spin system can be treated as non-interacting, and therefore
flipping of a single electron occurs when the microwave frequency matches the Larmor

frequency of either electron.

(b) Electron-electron crossings

The electron-electron crossings occur in the {23} and {67} subspaces (Figure 2.3c).
This can be realized by treating the d and J terms in H,; and He; as perturbations. The
avoided level crossings correspond to the degeneracy of these subspaces in the absence of
the d and J perturbation. It follows that

w, =;%=o (2.2.8)
where

A =A-A (2.2.9)
W, =Wy — Wy, (2.2.10)

The i signs in (2.2.8) correspond to the degeneracy in H»; and Hgz, respectively.

We then use degenerate perturbation theory, resulting in 1:7 mixing of states in the {23}
and {67} subspaces due to the electron-electron couplings. As a consequence, the two
electrons exchange polarization at these level crossings (Figure 2.3c). The rate at which
electrons exchange polarization at these level crossings can be approximated using
Landau-Zener theory as demonstrated by Thurber et al.. To see that the energy levels
actually do not cross, hence the name avoided level crossing, we note that in the vicinity of
the degeneracy point, H,; and Hg; can be diagonalized analytically. For example,
diagonalization of Hy; gives the following eigenenergies

2
.1 D A
E2=E (mOI——Z‘lJi\/£wA+7"J +D? (2.2.11)
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2
E3=% (mo,—%Ji\/[wA+%) +D? (2.2.12)
where
D,=2(d-J) (2.2.13)
D, =-(d+2J) (2.2.14)

The + in (2.2.11) and - in (2.2.12) corresponds to positive @, +A, /2. Whereas, the — in

(2.2.11)and + in (2.2.12) corresponds to negative o, + A, /2.

. - D
lim E, lim E3=1 [0)0/~—‘-’-j+D (2.2.15)
Ao ALy 22 2 °
wi+?—>0 (uA+—év—»0 L ]
. . i D 1
im E,= lm E=+ (a)OI———d-]—D (2.2.16)
Al Aot 2 2 °
(uA+7—>0 wA+~2L——)O L ]

This means that the energy levels do not cross and the energy gap is approximately equal

to the perturbation D, from the e™-e” couplings as demonstrated in Figure 2.3e.

(c) Three-spin crossings

In general this type of level crossing does not coincide with the electron-electron

crossing, i.e. the condition (2.2.8) is not fulfilled. Let us assume that

0, +% 50 (2.2.17)
2
In this case, the two energy levels at the center are
- 1 Dd AA i 2
E =5l 0|\ 0, + 2| +0; (2.2.18)
= _] D, Ao 2219
EG:E —(OOI——Z— + COA—7 +D0 ( L. )
Imposing the degeneracy of the two levels in (2.2.18) and (2.2.19), we obtain
2 2

A A

w,, =% \/(a)A +7A] +D? +\/[coA —?A) +D? (2.2.20)
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This condition can be simplified for small A, .

W, =~ J©,2+D (2.2.21)

Note that the matching conditions in (2.2.20) and (2.2.21) were established without any
assumption on the size of the e™-e” dipolar and J couplings. For biradicals that have been
used for CE, the e-e” dipolar coupling is 20-35 MHz; the J coupling is usually negligible
except for the case of BTurea (~ 20 MHz). Therefore, we can assume that e-e” dipolar and J
couplings are very small compared to the nuclear Larmor frequency. In this case, the
condition (2.2.21) can be simplified further.

2

D
0, =\, -D =0, - 2(; =, (2.2.22)
al

The 1:1 state mixing due to H™ given in (2.2.4) arises from degenerate perturbation
theory, resulting in the change in the nuclear polarization.

The energy levels in equations (2.2.18) and (2.2.19) are obtained by diagonalizing the
unperturbed Hamiltonians H,, and H,,. As a result, the perturbation H"is transformed to

0 0 cosM —sin%
~ B 0 0 —siny—g—(Z —cosM
g0 =5 2 (2.2.23)
4 cosZ\L—(3 —sin-y—+—6 0 0
2 2
~sinlg—5 —cosl/;—é 0 0

where y and & are given as

T T
,_2_3}/'5 SE (2.2.24)
y = arctan Dy |5 (2.2.25)
0] +i @or
2
5=arctan| — 2o |- Do (2.2.26)
AA C00/
0, =5

We can see that three-spin crossings are due to the anti-diagonal terms which equat to
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The energy gap would then be Eﬁ—%, a result that is consistent with previous works by Hu
o/

et al.[54], Thurber et al.[31], and Vanhouten et al.[55].

2.2.2.4. Paramagnet induced signal quenching .
Another result associated with the MAS is the signal quenching effect due td the
paramagnetic dopants. This was documented recently by Corzilius et al. [44] and Thurber et
al.[56]. Corzilius et al. studied the effect of four different polarizing agents including both
single (trityl-OX063, 4-amino TEMPO, Gd>*-DOTA) and two electron (TOTAPOL) species.

(a) T=80K;®/2n="5kHz (c) T=24K; 0/2n=6.7-6.8 kHz
2 104 ) PS—— ;
% —— 0.2 mM DyEDTA C(yb Cﬁ
= —— 10 mM DOTOPA-40H v
v 054 e 15 MM TOTAPGL gly-
8 co L
& oo
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40 ]
®
—~ 204

static MAS | static MAS | static MAS
undoped trityl TOTAPOL
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Sample / Experiment 3C Chemical Shift (ppm)

Figure 2.4: (a) Signal quenching in homogenous frozen DNP samples induced by the paramagnetic
dopants [36]. (b) T, of '"H appears to correlate with signal quenching effect [36]. (c) CE in the absent
of microwave acts to reduce the NMR signal [56]. This effect was observed at very low temperature.

Figure 2.4a shows the signal losses during CP MAS and static experiments for both trityl
and TOTAPOL. The signal quenching appears to associate with the enhanced spin-lattice
relaxation (Figure 2.4b), which implies that the MAS modulation of the electron-nuclear
dipole coupling is essential for the quenching. The signal quenching in CP MAS experiments
could be due to: (i) the large shift in resonances of nuclei in close proximity with the
magnetic dopants, (i) the homogenous linebroadening originating from the modulation of
the electron-nuclear coupling, and (iii) decrease in the CP efficiency as a consequence of
the PRE effect on the Ty, of 'H.
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The work by Thurber et al. only used cross effect radicals including biradical
(TOTAPOL) and triradicals (DOTOPA-40H and DOTOPA-Ethanol). A factor as large as ~6
in the signal loss was observed at very low temperature (~ 20K) and with sample spinning
(Figure 2.4c). The effect at higher temperature (80 K) was smaller, consistent with the data
from'Corzilius et al. . Using quantum mechanical simulations, the authors suggest that the
signal loss is due to the cross effect in the absence of microwaves and that the effect is
dependent on the electron spin diffusion.

2.3. Pulsed DNP
2.3.1. Pulsed DNP using low microwave power
2.3.1.1. DNP in the nuclear rotating frame (NRF DNP)

This class of pulsed DNP mechanisms does not impose a defined resonance condition
on the microwave power, and thus can operate at low microwave power. Accordingly, for
this type of pulsed DNP sequences the microwave field is treated as a small perturbation, as
was the case of CW DNP.

DNP in the nuclear rotating frame (NRF DNP) is conveniently described as the solid
effect in the NRF. By transforming to the nuclear rotating frame, the mixing of states is no
longer dependent on the magnetic field, but rather on the RF field strength, thereby
elimi"hating the unfavorable field dependence of the conventional (lab frame) SE. The idea
was first utilized by Bloembergen and Sokorin in a nuclear spin system [57], then by Wind

[58] and, most recently, by Farrar [59] in an electron-nuclear system.

The Hamiltonian in the lab frame assumes the form

H=w,S,-w,l, +S A-1-2w,cos(a_t) (3.1.1)

In the nuclear rotating frame, after secular approximation with respect to /, and redefining
the transverse axis of spin S, the Hamiltonian simplifies to

H=w,S,+BS/,+AS] -, (3.1.2)

where A and B are the secular and pseudo-secular hyperfine coupling, respectively. We

have assumed that the RF field is on resonance with the nuclear Larmor frequency.
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Figure 2.5: (a) EPR spectrum (dashed), SE DNP (open square) and NRF DNP (solid circle) field
profiles of trityl radical at 139.5 GHz [59] [60]. Note that the separation between the negative and the
positive enhancements is much narrower in NRF DNP compared to the SE DNP. Observation of the
positive NRF DNP in the low field side, which is in opposite of SE DNP, can be explained by its
dependence on the phase of the RF field.

(b) The loss in the electron polarization as a function of @, in DSSE. The center peak is attributed to

the ENDOR effect, whereas the two satellite peaks are attributed to DSSE. The experiment was
performed on polystyrene doped with perdeuterated d»;-BDPA [61] in which the hyperfine coupling is
negligible. The disposition of the satellite peak is proportional to the microwave field strength.

After a —m /2 rotation about /,, the Hamiltonian is transformed to
H=a,S,-BS | -AS,/ -a,l (3.1.3)

As opposed to the lab frame SE DNP, NRF DNP does not require pseudo-secular hypérfine
coupling. In other words, the secular approximation with respect to S; is valid and the

Hamiltonian can be truncated to

H=w,S,-AS| -o,l, (3.1.4)
which is block diagonal in the direct product basis, and H is a direct sum of two 2x2 matrices.
H=H,®H,, (3.1.5)

Diagonalization of H is straightforward, and the matching condition is given as

2
A
Q=0,, ~0;=1 wﬁ+[5] (3.1.6)
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The mixing of states in each electronic subspace is defined by an angle 8
A
0 = arctan(—) (3.1.7)
20,

The étate mixing is due to the secular hyperfine coupling, which is inversely proportional to
the RF field instead of B, and is much larger than that for the SE. On the other hand, the
separation between the positive and the negative enhancement conditions are much
narrower compared to the lab frame SE. This feature is illustrated in Figure 2.5a for ftrityl
radical. Note that the peaks of the lab frame SE and the NRF DNP appear to be opposite,
which can be explained by the fact that the sign of the enhancement of NRF DNP is also
dependent on the phase of the RF field.

2.3.1.2. Dressed state solid effect (DSSE)

The dressed state solid effect (DSSE) uses an RF field to drive the polarization transfer.
Thus, the RF field is treated as a small, harmonic, time-dependent perturbation. The
microwave field acts to create an electron spin dressed state, an analogy to the dressed
atom states in optics [62]. In the microwave rotating frame, the Hamiltonian is written as

H=-w,l,+®,S +ASI +BS/ (3.1.8)
After a secular approximation with respect to /;, the Hamiltonian is truncated to
H=-o,,+AS,], +,S, (3.1.9)
which is block diagonal in the direct product basis set, i.e.,

H=H,®H, (3.1.10)

where H;, and Hs, are the Hamiltonian in the nuclear spin up and spin down subspaces,
respectively. After diagonalization, we obtain the following matching condition for the RF

frequency

A 2
Q =0, -0,=t “’123+[§J (3.1.11)

The matching condition (3.1.11) implies that during the DNP period the RF is applied far off
resonance and the NMR signal is observed on resonance. Thus far, DSSE has only been
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observed indirectly via the loss of the electron polarization [61]. In the case of d»1-BDPA, the

secular hyperfine coupling is negligible and the matching conditions can be simplified to

Qrf:ico1

(3.1.12)

S

This explains the resuit in Figure 2.5b, as the peak position appears to be displaced linearly

with respect to the microwave field strength.
2.3.2. Pulsed DNP using high microwave power

In contrast to NRF DNP and DSSE, the microwave fields in the cases of nuclear
orientation via electron spin locking (NOVEL) and the integrated solid effect (ISE) can no

longer be treated as small perturbations. Both NOVEL and ISE rely on matching the

Hartman-Hahn condition between the microwave rotating frame (w,,/27) and the nuclear

lab frame (w,, /27) . Even though ISE also functions with low microwave power, it performs

optimally at the Hartman-Hahn condition, which requires strong microwave fields. In both
cases the polarization is transferred coherently by the electron-nuclear dipolar coupling on
the submicrosecond time scale, about three orders of magnitude faster than in conventional
'H-"*C/"®*N CP experiments. Both sequences were initially developed for the preparation of
polarized targets using photoexcited triplet states of pentacene doped into host crystals of
naphthalene or ortho- or para-terphenyl (Figure 2.6a). In the original experiments, the
source of polarization was a photoexcited triplet state of pentacene generated by a laser
pulse (Figure 2.6b). More recently, we have used NOVEL to enhance 'H polarization in
samples of polystyrene doped with BDPA. As illustrated in Figure 2.7 the microwave field
profile shows a sharp rise to a peak at @, =@, , = 15MH: followed by a long tail. There is a
hint of a second maximum in the data at ~30 MHz (second harmonic), but it is not r\'nuch
above the S/N. Note that the breadth of the matching condition is broad, indicating that the
electron couples strongly to the 'H’s in the lattice. Solid echoes were used to record the 'H
spectra, and the enhancement e=100 was obtained with experiments at 300 K. In addition,
we have performed similar experiments on systems containing nitroxide radicals and on
frozen solutions of SA-BDPA and trityl. Therefore, the experiment appears to be robust and

widely applicable even at this early stage.

2.3.2.1. Nuclear orientation via electron spin locking (NOVEL)
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Figure 2.6: (a) Naphthalene doped with pentacene, a favorite sample for NOVEL and ISE pulsed
DNP. (b) Photoexcited triplet state of pentacene created by a laser pulse. State with S; = 0 is
preferably populated due to the selection rules for the intersystem crossing (ISC) process. (c), (d)
NOVEL and ISE pulse sequences on samples doped with pentacene. () NOVEL matching condition
shows a sharp peak and a long tail at high microwave power indicative of higher order processes
involving one electron and multiple nuclei [63].

The NOVEL sequence is an electron-nuclear analogue of cross polarization (CP) in
NMR. In a heteronuclear spin system such as '"H-'°C, the separation in energy levels due to
the difference in the gyromagnetic ratios inhibits the polarization transfer. In a CP
expe-'riment, the separation is removed in the doubly rotating frame, leading to a matching in
the energy levels, and thus enabling the polarization transfer between nuclei via dipolar
coupling. For an electron-nuclear system, the difference in gyromagnetic ratios is so large
that matching in a double rotating frame is difficult. However, matching between the electron
rotating frame and the nuclear lab frame is possible and also allows efficient polarization
transfer and generation of z-polarization. This idea was mentioned in the original Hartman-
Hahn paper on cross polarization [64] and was implemented on an electron-nuclear system
by Wenckenbach et al. in a NOVEL experiment. In the next section, we derive the matching
condition, and for a more detailed discussion on the NOVEL sequence we refer the readers
to the papers by Wenckebach et al. [65, 66]

In the laboratory frame, the Hamiltonian for the NOVEL experiment has the form

H=w0,S,-o,/,+ S-A-i+ 20,;cos(@  0)S, (3.2.1)
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Figure 2.7: NOVEL experiment at 0.35 T and 300 K on a sample of protonated polystyrene doped
with 2% BDPA (mass ratio). (a) The matching condition shows a maximum at @, =0, =15MHz

followed by a long tail at high field strength, similar to the published data in Fig. 2.6e. (b) Proton NMR
spectra of the sample obtained with (red, solid line) and without (blue, dashed line) pulsed DNP. The
spectra were acquired using solid echo sequence. A maximum enhancement of 100 was observed.

where the first two terms are the Zeeman interactions, the third is the electron-nuclear

interaction, and the last is the microwave spin lock field. Upon transforming to the

microwave rotating frame, the Hamiltonian can be truncated to
H=QS, -w,l,+A.S,I + AS ) +AS ] +ogS,

0l'zz X" Z°x

where € is the microwave offset

Q, =0y, - o,

Transformation to a tilted frame that combines the first and the last terms yields
H=0,,S,-0,l,+(Al +A, +A,L)(S,cos8-S sin6)

where

_ 2 2
W, = i,/QS + g

The sign of w,, depends on the phase as well as the offset of the microwave.

(3.2.2)

(3.2.3)

(3.2.4)

(3.2.5)

We now redefine the transverse axes of the nuclear spin by combining the terms

containing /r and /,, yielding the Hamiltonian
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H=w,S,-o,l,+(Al +Bl)(S,cos6-S,sing) (3.2.6)
where A and B are secular and pseudo-secular hyperfine couplings, respectively.

A=A (3.2.7)

zz

B= AL+ A2 (3.2.8)

Using perturbation theory, we can write the Hamiltonian as

H=H® 4 4O (3.2.9)
where the unperturbed Hamiltonian Ho and the perturbation H, are given as

HY =w,,S, - w,l,+Acos6lS, (3.2.10)
H®" =Bl (S,cos6~S, sing)— Asingl,S, (3.2.11)

The inter-subspace splitting between the ZQ subspace and the DQ subspace is

approximately aw,,, which is very large compared to the perturbation even at a magnetic field

as low as 0.35 T. On the other hand, if the matching condition is fulfilled, states in either the
DQ or ZQ subspace are degenerate, resulting in a complete intra-subspace state mixing
due to the perturbation, and thus leading to polarization transfer. The perturbation can be
truncated to contain only DQ (flip-flip) and ZQ (flip-flop) terms as the following

H" = Bsin6l S, (3.2.12)
For the positive w_, , the degeneracy in the DQ subspace leads to the matching condition

Wy, =0, =%+l (3.2.13)

If the microwave offset is negligible, the matching condition is simplified to
W, =, (3.2.14)

which means that the nuclear Larmor frequency equals the Rabi frequency of the electron.
In other words, nutation of the nucleus in the laboratory frame matches that of the electron
in the rotating frame.
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2.3.2.2. Integrated solid effect (ISE)

The ISE was originally developed as an improvement to the SE for cases in which
the EPR spectrum is broad, and thus did not exclusively require high microwave power. In
this case, the overlap of the positive and the negative SE (differential SE) limits the net DNP
enhancement. The idea was to sweep the magnetic field in such a manner so that different
electron spin packets constructively contribute to the net DNP enhancement. The first
experiment showed a 21-fold improvement compared to the reguiar SE. In subsequent
experiments, ISE was performed while satisfying the Hartman-Hahn matching condition

similar to the NOVEL sequence, which ied to the name integrated cross polarization (ICP).

The Hamiltonian has the form

H=0,,(0)S, - o, (t), +S-A-l+20, cos(@ 1S, (3.2.15)

nw
The Zeeman terms are time dependent due to the magnetic field sweep.
In the microwave rotating frame, ignoring the time dependence in the nuclear Zeeman term

H=Q,1S,-aw,l,+AS ] +A S +AS] +0S, (3.2.16)

Q) = w5t -, (3.2.17)

And we obtain the following matching condition that is identical to the NOVEL matching

condition
wZ = Qi) + 0k (3.2.18)
Solving for Q(t)

(3.2.19)

The + sign indicates that two electron spin packets located at @, +/wZ - w2 contribute

constructively to the DNP enhancement as opposed to the destructive contribution of two
spin packets located at w,  +w, in the original solid effect. Furthermore, sweeping of the

magnetic field allows all electron spin packets in a broad EPR line to participate in the DNP

process.
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2.4. Summary

In summary we have seen that there are now well established methods to perform
biomolecular MAS DNP experiments. Perhaps the most successful approach has involved
the CE together with nitroxide biradicals. Thus, using AMUPol as a polarizing agent we
have achieved enhancement of 400 at 380 MHz/250 GHz and further improvements seem
likely. This approach has been used to polarize a variety of biomolecular samples and will
likely continue to be important in future experiments. However, in the last few years it has
become clear that other mechanisms could be important for high field DNP depending on
the availability of suitable polarizing agents and instrumentation. For example, the recently
discovered Overhauser effect in insulating solids appears to scale favorably with By and,
with polarizing agents that exhibit larger hyperfine couplings, it could become the method of
choice for high field CW experiments. In addition, the data in the literature to date appears to
indicate that DNP at higher magnetic fields will offer higher resolution due to the dispersion
of chemical shifts and truncation of homogeneous couplings that are present in the spectra.
Finally, it is possible to perform time domain DNP experiments and these approaches
should not exhibit the field dependence displayed by CW methods like the CE or SE.
However, implementing pulsed DNP methods will likely require the development of new
instrumentation, namely gyroamplifiers, and new methods for time domain polarization
transfer. When these become available we anticipate that pulsed DNP will become the
method of choice for electron-nuclear polarization transfer.
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Chapter 3: Overhauser Effects in Insulating Solids

Adapted from T.V. Can, M.A. Caporini, F. Mentink-Vigier, B. Corzilius, J.J. Walish, M. Rosay,
W.E. Maas, M. Baldus, S. Vega, T.M. Swager, and R.G. Griffin, Journal of Chemical Physics
141 (2014) 064202

We report magic angle spinning (MAS), dynamic nuclear polarization (DNP)
experiments at magnetic fields of 9.4 T, 14.1 T and 18.8 T using the narrow line polarizing
agents BDPA dispersed in polystyrene, and sulfonated-BDPA and trityl OX063 in glassy
glycerol/water matrices. The 'H DNP enhancement field profiles of the BDPA radicals exhibit
a significant DNP Overhauser effect (OE) as well as a solid effect (SE) despite the fact that
these samples are insulating solids. in contrast, trityl exhibits only a SE enhancement. Data
suggest that the appearance of the OE is due to rather strong electron-nuclear hyperfine
couplings present in BDPA and SA-BDPA, but which are absent in trityl and d»-BDPA. In
addition, and in contrast to other DNP mechanisms such as the solid effect or cross effect,
the experimental data suggest that the OE in non-conducting solids scales favorably with
magnetic field, increasing in magnitude in going from 5 T, t0 9.4 T, to 14.1 Tand to 18.8 T.
Simulations using a model two spin system consisting of an electron hyperfine coupled to a
'H reproduce the essential features of the field profiles and indicate that the OE in these
samples originates from the zero and double quantum cross relaxation induced by
fluctuating hyperfine interactions between the intramolecular delocalized unpaired electrons
and their neighboring nuclei and that the size of these hyperfine couplings is crucial to the
magnitude of the enhancements. Microwave field dependent studies show that the OE
saturates at considerably lower power levels than the solid effect in the same samples. Our
results provide new insights into the mechanism of the Overhauser effect, and also provide
a new approach to perform DNP experiments in chemical, biophysical and physical systems
at high magnetic fields.
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Introduction

The last decade has witnessed a renaissance in the use of high frequency dynamic
nuclear polarization (DNP) to enhance sensitivity in nuclear magnetic resonance (NMR)
experiments. In particular, the development of gyrotron and other high frequency
microwave sources permits DNP to be performed at magnetic fields used in contemporary
NMR experiments (5-20 Tesla) [1-8]. To date these experiments, which have focused mostly
on insulating solids formed from glassy, frozen solutions of proteins and other
nonconducting materials, have relied primarily on narrow line monoradicals and the solid
effect (SE) [1, 9-11] or nitroxide biradicals and the cross effect (CE) [12-18] to mediate the
polarization process. These approaches have resulted in large signal enhancements and
have\enabled many experiments that would otherwise be impossible [19-23]. Nevertheless,
with the exception of an early example on a 1D conductor[24], the Overhauser effect (OE),
which was the initial DNP mechanism proposed by Overhauser [25] and confirmed by
Carver and Slichter [26], has not been identified or utilized during the course of this
renaissance. Although the possibility of an OE in insulator was discussed by Abragam [27],
the conventional wisdom is that Overhauser DNP is important only in systems with mobile
electrons such as conductors (metals and low dimensional conductors) or in liquid solution
[28, 29]. Accordingly, it was not expected to be a significant polarization mechanism in non-
conducting solids. In contrast to these expectations, we report here the observation of
significant Overhauser enhancements using the narrow line radicals SA-BDPA in

glycerol/water and BDPA in polystyrene glassy matrices, both insulating solids.

Recently we described the development of a class of narrow line radicals, sulfonated
BDPA (SA-BDPA), with the intent of improving SE enhancements in aqueous media [30]. In
experiments at 5 T (211 MHz for 'H) these radicals showed the expected SE enhancement

at Wy =w,,t®w, and in addition a relatively weak, positive enhancement when
micrc\;waves were applied at ®,;. We have continued investigations of SA-BDPA and at
higher fields, 9.4 and 14.1 T (400 and 600 MHz for 'H), and observed larger enhancements
around @,, . Furthermore, BDPA itself dispersed in polymer matrices also exhibits
enhancements at @ that are one order of magnitude larger than the SE at 18.8 T. We

attributed this central peak to an Overhauser effect even though the samples are
nonconducting solids. In particular, the lineshape is characteristic of an OE in which the sign

of the DNP enhancement does not depend upon the offset of the microwave frequency.
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Interestingly, trityl OX063 radical [31], which was designed to optimize Overhauser effects in
\
solution by eliminating hyperfine couplings[32, 33], shows only SE enhancements at

W,,x0,,. Thus, the OE effect appears to require the presence of multiple hyperfine or

dipolar couplings that permit zero quantum (ZQ) or double quantum (DQ) relaxation,

respectively, and Overhauser enhancements. Furthermore, the field dependent studies

indicate that the size of the OE enhancements scales at least weakly with @,,, in contrast to

the wo‘,' or a)gf dependence observed for the CE or SE [13, 18, 34, 35]. Finally, simulations

suggest that a large hyperfine coupling and the dominance of the ZQ or DQ relaxation rate
in the polarization process leads to the observed positive or negative Overhauser

enhancements, respectively.
Background

Part of our results (vide infra) share a characteristic feature with the Overhauser
effect in solution where an enhancement is observed around the electron resonance
frequencies. In '"H OE-DNP in solutions this enhancement is usually negative and positive
enhancements are generally not observed except in the case of scalar relaxation[36].\ It is,
therefore, convenient to briefly review the concepts leading to the enhancements in Ifquid-
DNP and explain how they can be applied to DNP in rotating solids. In an electron — nuclear
system the source of the OE-DNP enhancement is the difference between the zero quantum

(ZQ) and the double quantum (DQ) cross-relaxation rates. The rates, I' ,, and I, ,,, are

governed by fluctuating electron — nuclear couplings and are active between the electron-
nuclear ZQ and DQ transitions, respectively. The imbalance of the two rates generates a

population redistribution during on-resonance microwave (uw) irradiation, resulting in

enhanced positive or negative nuclear polarization depending on whether ' ,, >T", ,, or

r.,<T In general, in DNP in liquids T, ,, dominates and the OE enhancement are

1,ZQ 1.DQ *
negative for 'H. In addition to observations in liquids, the Overhauser effect is observed
earlier in conducting solids [28, 29] and in heavily doped semiconductors [37], where it was

treated as a three spin effect. It has been neglected in insulating solids.

We note that the OE mechanism differs from the SE in that the pw radiation is
applied to the single quantum (SQ) electron transitions and the enhancement is gene\rated

by ZQ and DQ cross relaxation. In contrast in the SE the pw irradiation is applied at the
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“forbidden” transitions, either a ZQ or DQ transition, and the enhancement is due to the

single quantum relaxation of the electron.

Our experimental results discussed below show that both ZQ and DQ relaxation can
dominate the OE process, and data with positive and negative enhancements are observed.

When the fluctuating interactions are the hyperfine couplings, the scalar part of the hyperfine

coupling leads to ZQ cross relaxation rate I',,,, while the dipolar part lead to DQ cross

relaxation rate I', ,,. All these effects characterizing OE-DNP are relevant in solution and as

well in rotating samples, although the origin of the fluctuations of the hyperfine coupling is

different.

A
Experimental
Samples

Polystyrene doped with 2% BDPA or d;-BDPA was prepared by a film casting
method [1, 38]. Briefly, 2.4 mg of BDPA in complex with benzene or 2 mg of d,;-BDPA and
95 mg of PS-ds together with 5 mg of PS-ds were dissolved in 2 ml of chloroform. The
solution was then spread on a glass surface. A thin film of PS doped with 2% BDPA or dj:-
BDPA was collected and ground thoroughly upon evaporation of the solvent. Residual

solvent was then removed under vacuum for at least 12 hours.

The preparation of DNP samples containing SA-BDPA and trityl OX063 were
described elsewhere [30, 34]. For each sample, the corresponding radical was dissolved in
a mixture of glycerol-dg/D,O/H,0 (60/30/10 volume ratio) supplemented with 100 mM '°C,
N Proline. The final concentrations of SA-BDPA and trityl OX063 were 40 mM.

DNP Experiments

\ DNP experiments at 9.4 T and 14.1 T were performed using two NMR/DNP
spectrometers (Bruker BioSpin (Billerica, MA)) operating at 600 MHz/395 GHz and 400
MHz/263 GHz of "H/electron Larmor frequencies [6]. Experiments at 18.8 T were conducted
on a NMR/DNP spectrometer at Utrecht University (Utrecht, The Netherlands) operating at
800 MHz/527 GHz of "H/electron Larmor frequencies. The temperature at the sample was
~105 K with pw's on and ~100 K without microwaves as calibrated from the T of "°Br on a
KBr sample under the same conditions [39, 40]. The spinning frequency, which does not
affect the DNP efficiency in our study, was chosen to be w/2r=8 kHz as a compromise

between sample heating and signal intensity. The sweep coil supports up to +20 A
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Figure 3.1: 'H DNP enhancement field profiles of (a) trityl OX063, (b) BDPA (red solid circle) and SA-
BDPA (blue open circle), and (c) d,1-BDPA at 9.4 T. All the field profiles were obtained with about 9
W of microwave power. A well-resolved solid effect is observed for all three radicals. The dashed line
indicates the position of the isotropic g-value and the BDPA's are upfield from trityl. In addition, in (b)
a significant Overhauser DNP enhancement is also present when irradiating at the EPR transition in
BDPA and SA-BDPA. The positive enhancement indicates the DNP process is dominated by a zero-
quantum (ZQ) process; (c) The field profile for perdeuterated BDPA show a negative OE indicating it
is dominated by a double quantum (DQ) process.

corresponding to 75 mT at 400 MHz, + 128 mT at 600 MHz and +xx mT at 800 MHz. The
room temperature shim set provides fine adjustments within the range of 240 ppm at 9.4 T,

150 ppm at 14.1 T and xx ppm at 18.8 T.

The DNP enhancement field profiles were obtained by comparing the intensity of

NMR signals with and without microwave at different magnetic fields of the NMR magnet. All
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experiments started with a series of saturation pulses followed by recovery period. The
magnetically dilute '"H NMR signals present in “DNP Juice” were narrowed by MAS and
detected using a rotor-synchronized Hahn echo pulse sequence. The spin-lattice relaxation
T, and the DNP buildup time constant Tg were measured by varying the recovery time. We
found that the T, and T for each sample at each magnetic field were essentially identical.
For the BDPA/PS sample, the T, and Tg were 4.6, 6.0 and 7.2 s at 9.4, 14.1 and 18.8 T,
respectively. The Ty and Tg for SA-BDPA in glycerol/water sample were 37 and 45 s at 9.4
and :|4.1 T, respectively.

A

(a)

Intyl (OX063) SA-BDPA BDPA

Figure 3.2: Molecular structures of (a) trityl (OX063), (b) sulfonated BDPA gSA—BDPA) and (c) BDPA.
Note that the EPR spectrum of trityl exhibits no hyperfine structure due to 'H couplings. BDPA has a
total of 21 "H's coupled to the electron and SA-BDPA has similar couplings but 5 fewer due to the
addition of —SO3 groups to the rings.

Results

Figure 3.1a, 3.1b and 3.1¢c shows 'H DNP-MAS enhancement field profiles obtained
from samples containing the polarizing agents trityl OX063, SA-BDPA, BDPA and
perdeuterated BDPA (d»;-BDPA) (see Figure 3.2 and Figure 3.3 for the molecular
structures and EPR spectra, respectively) at 9.4 T using 9 W of microwave power. The data
were recorded by observing the intensity of the dilute 'H signals with and without pw

irradiation. The enhancement was then calculated according to e=({//1,)—1. The field

profiles in Figure 3.1 clearly show the expected SE enhancements at @, T ®,, for all the

radicals. In addition, in the case of SA-BDPA and BDPA there is a strong positive
enhancement at the center of the field profile due to the Overhauser effect with ZQ
relaxation dominating and yielding a positive enhancement. We also have observed a weak
negative OE (¢ =-0.6) Figure 3.1c when using d2;-BDPA, a result that is consistent with DQ

relaxation dominating the enhancement.

Similarly, the field profiles of the same samples at 14.1 T were recorded with 13 W of
microwave power and are illustrated in Figure 3.4 and show the same features as in Figure
3.1. All the field profiles exhibited well-resolved DNP solid effect (SE) enhancements with

50



SA-BDPA | | ' BDPA ~
i \ 1 | , N&Wﬂ H ﬁ‘
v ll i it L. B e
5”11“ I )Mw | Tl W.‘W
I tl
vy
SA-BDPA | ﬂ BDPA ’ L
Simulation !% I% ﬁl Simulation 'jl v (
A ﬁ
N !J 11 [l 11 :I\ g _..,wﬂ'v,!nf J 11' y Far,u.,._ﬁ;
N;,‘,j | I
I \ ‘[
I _
I A
Trity-OX063 | d,-BDPA /|
i /1
| /1

e AV I

!
H \ /

i

Y

Figure 3.3: Liquid solution EPR spectra of the BDPA’s and trityl shown in Figure 3.2. BDPA and dz-
BDPA were dissolved in toluene whereas SA-BDPA and trityl were dissolved in water. The radical
concentration was 50 pM for BDPA’s samples and 1 mM for trityl sample. Note thal trityl exhibits no
hyperfine structure due to H coupllngs In contrast BDPA has a total of 21 'H's coupled to the
electron [41, 42]. SA-BDPA has 5 fewer 'H’s as suggested by Haze et. al.[30] due to the addition of —
S03 groups to the rings. The simulation for BPDA uses isotropic hyperfine coupling constants of -
0.15 MHz (2), -0.50 MHz (3), 1.09 MHz (4), 1.38 MHz (4), -5.29 MHz (4) and -5.54 MHz (4), where
the number in parenthesis indicates the number of 'H’s. These are slightly different from the literature
values of with coupling constants of -0.29, -0.50, 0.97, 1.37, -5.29 and -5.55 MHz . The simulation for
SA-BDPA includes 16 'H’s with isotropic couplings of -0.28 MHz (2), -0.5 MHz (2), 0.98 MHz (4), -
5.04 MHz (4) and -5.26 MHz (4). The linebroadening in SA-BDPA is most likely due to the slow
tumbling of the radical in water.

the negative and the positive SE corresponding to the zero quantum and double quantum
SE transitions, respectively. Note that at 14.1 T the SE enhancement profiles begin to
display the presence of a small g-anisotropy from the BDPA'’s. Furthermore, in contrast to
previous SE data where we observed a 10-20% asymmetry in the ZQ and DQ
enhancements[12], we find that the maximum positive and negative enhancements are
essentially equal. It is important to note that a comparison of Figures 3.1 and 3.4 shows that
at 14.1 T the OE becomes the dominate DNP mechanism in the BDPA/PS sample and
increases to ~ 40% of the intensity of the SE transition in SA-BDPA. Thus, the OE exhibits a

~ @,, dependence as opposed to the inverse dependences predicted for the SE [1, 9-11]

and CE [12-18].
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Figure 3.4: "H DNP enhancement field profile of BDPA (red, solid circle), SA-BDPA (blue, open circle) at 14.1 T.
All the field profiles were obtained with 13 W of microwave power. The Overhauser effect in BDPA and SA-BDPA
became more efficient at this magnetic field. Note that at this magnetic field the Overhauser effect dominates the
SE in the BDPA/PS sample.

We further investigated the field dependence of the OE and SE in the BDPA/PS
sample. Shown in Figure 3.5 is the comparison of the DNP field profiles of this sample at

three different magnetic fields. The OE exhibits a ~ @,, dependence increasing from 13 at

9.4 Tto 17 at 14.1 T and to 20 at 18.8 T. The SE, on the other hand, shows a ~a)gf
dependence decreasing from12at94Tto6at14.1Tandto2at188 T.

We have also examined the pw power dependence for BDPA sample as shown in
Figure 3.6a. Note that the DNP enhancement via the OE displays a sharp rise and
saturates at very low microwave powers (< 2 W). This indicates that the Overhauser peak
relies on irradiation of the allowed EPR transitions at lower microwave power rather than the
nominally forbidden SE transitions. In contrast, the enhancement of the DNP solid effect

increases monotonically and does not saturate at even at the highest microwave powers.
Discussion

Similar to the published data at 5 T[30], the field profile at 9.4 T of SA-BDPA showed
a DNP enhancement symmetrically disposed about @, corresponding to pw irradiation on
resonance with the EPR transition. We attribute this central peak to an Overhauser effect
even though the samples are nonconducting solids. In particular, the lineshape of the center
peak is characteristic of OE in which the sign of the DNP enhancement does not depend

upon the offset of the microwave frequency.
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As mentioned above[27], Abragam predicted that Overhauser effect would dominate
in insulating materials given that the isotropic hyperfine interaction is larger than the nuclear
Zeeman interaction. The solid effect would otherwise be the dominating DNP mechanism.
The prediction is valid for low magnetic fields where the nuclear Zeeman interaction is small
and the two DNP mechanisms can overlap. In our study at high fields (> 9 T), the hyperfine
coupling is 2 orders of magnitude smaller than the nuclear Zeeman interaction and the two
DNP mechanisms are well separated by the nuclear Larmor frequency. Therefore, the
central peaks in the field profiles of SA-BDPA and BDPA are purely due to the Overhauser

effect.
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Figure 3.5: 'H DNP enhancement field profile of BDPA at 9.4 T (a), 14.1 T (b) and 18.8 T (c). At 18.8
T, due to the limited experimental time, we only measured the Overhauser effect and the positive
solid effect peaks (red, solid circle) using 14 W of microwave power. The peak of the negative solid
effect (black, open circle) was then deduced from that of the positive solid effect. Note that the
enhancement of the Overhauser effect appears to scale with B whereas that of the solid effect scales
very close to Bo?. At 18.8 T, the maximum enhancement of the Overhauser effect is one order of
magnitude larger than that of the solid effect.

Abragam and coworkers also briefly reported observation of an OE enhancement in
charcoal and graphite, although the state of the samples was not well characterized [43]. In
a more recent study by Dementyev et. al.[37], a negative Overhauser effect was observed at
2.35 T and 1.1 K in a single crystal of doped semiconductors Si:P. Even though the doped
semiconductor was in an insulating state, the dopant concentration was sufficiently high to
form clusters of electrons. The spin system leading to DNP therefore consists of two
electrons, two *'P nuclei and a single *°Si, but the Hamiltonian was simplified to one
containing three spins. In this system the strong exchange coupling of up to 100 GHz
between the electrons is comparable to the electron Zeeman interaction (66 GHz), and
modulates the electron-nuclear coupling, leading to a negative Overhauser effect. Thus, this
system is very different from the systems and experiments studied and reported here. In
particular, Bo=9.4 T and the electron concentration is ~40 mM, yielding an exchange
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coupling that is at least 2-3 orders of magnitude smaller than the electron Zeeman energy.
In addition, if this mechanism were present in our experiments, the Overhauser effect would
have been observed for all our samples, in particular with a same sign and same intensity of
BDPA and d,;-BDPA. Thus, the fluctuations leading to the OE enhancements cannot be

explained by the exchange coupling.
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Figure 3.6: (a) Experimental 'H DNP enhancements of BDPA as a function of yw power at 9.4 T.
The Overhauser enhancement (red solid circles) showed a sharp rise at low power, whereas the
enhancement via the solid effect (blue open circles) gradually increased with pw power. (b)
Simulations of the power dependence of the OE and SE using the parameters for BDPA included in
the caption of Figure 3.8 below.

Figure 3.2 shows the molecular structures and Figure 3.3 shows the solution X-
band EPR spectra of all the paramagnetic polarizing agents used in our study, together with
simulations of the EPR spectra of SA-BDPA and BDPA performed with EasySpin[44]. As is
clear from Figure 3.3 both BDPA and SA-BDPA exhibit a rich array of hyperfine splittings
whereas trityl OX063 and d»-BDPA do not. Specifically, the simulations for BPDA used
isotropic hyperfine couplings to 21 'H’s with coupling constants of -0.15 MHz (2), -0.50 MHz
(3), 1.09 MHz (4), 1.38 MHz (4), -5.29 MHz (4) and -5.54 MHz (4) similar to the published
data[41, 42], where the number in parenthesis indicates the number of 'H’s. The sulfonation
process removes 5 'H's [30] and therefore the simulation of the SA-BDPA spectrum shown
in Figure 3.3 includes 16 'H’s with isotropic couplings of -0.28 MHz (2), -0.5 MHz (2), 0.98
MHz (4), -5.04 MHz (4) and -5.26 MHz (4). In contrast, trityl has a maximum proton
hyperfine coupling of 0.05 MHz [33]. As we will see below this is the likely source of the
Overhauser effect observed in the SA-BDPA and BDPA and absent in trityl OX063. The

fact that there is a large enhancement at @, could possibly be explained as electron
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decoupling and is discussed elsewhere[45]. However, the fact that trityl does show
paramagnetic quenching in MAS experiments [45] but does not exhibit an enhancement at

W, excludes this possibility.

The relationship between isotropic hyperfine coupling and the Overhauser effect in
SA-BDPA and BDPA is also strongly supported by the data on d»-BDPA. Deuteration
effectively removes all the hyperfine couplings, which is evident in the EPR spectrum of dys-
BDPA in Figure 3.3. Thus, any DNP processes in d»1-BDPA are mediated by the anisotropic
dipolar coupling between the radical and 'H’s of polystyrene, which is consistent with the
observation of negative Overhauser effect (see Figure 3.1¢). Moreover, such a coupling is
expected to be of smaller amplitude and lead to lower DNP enhancements for both the solid
effect and Overhauser effect. This result also implies that in SA-BDPA or BDPA, the main

pathway for the polarization transfer starts from the 'H’s on the radicals.

It is worth noting that the field profile of trityl (Figure 3.1a) exhibits a reproducible
asymmetric feature near its center reminiscent of a cross effect field profile. The low field
side of this feature is slightly negative and the center field corresponding to the location
where OE'’s are observed is a crossing point and zero intensity. At high field there is a
positive lobe to the profile. At the moment we do not have a satisfactory explanation for this

feature.

To further explain the experimental data and other observations outlined above, we
performed simulations of the SE and the OE field profiles at 8 kHz MAS following the
approach described by Mentink-Vigier, et al.[17] with the addition of specific ZQ anc\j DQ
cross-relaxation pathways and rates as illustrated in Figure 3.7. The evolution
superoperator for one rotor period is obtained by step integration and is then applied
repetitively to obtain the time evolution of the density matrix and from this the NMR signals.
For the SE case the original calculations involved a system composed of an electron
coupled to a proton via a dipolar hyperfine interaction. The same system is sufficient to
represent the fundamental physics of the Overhauser DNP mechanism during sample
rotation when an isotropic hyperfine interaction is added to the system and ZQ and DQ
relaxation mechanisms are introduced. Because of the high static magnetic field the
hyperfine interactions can be truncated and the laboratory frame spin Hamiltonian during a

MAS DNP experiment on the two-spin system can be written as

~ A

H=H,+H,,
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Figure 3.7: Energy level diagram showing the ZQ and DQ, FZQ and FDQ, relaxation pathways in

the two spins system. I', and I", are the direct electronic and nuclear relaxation rates. The dashed
arrows indicate the positions in time where the puw irradiation is on resonance for the SQ transitions.

where

QST+ A (Q)ST +A; (Q)S.1

dip dip

H,={g,,+8(Q)}B.B,S.~g,B,Bd.~{A,+A

iso dip
and the microwave driving termis H, =20@,S, cos(@,t)

Here @, = g,.3.B, is the frequency of the isotropic g value and €2, accounts for the time

dependent orientation imparted by the magic angle spinning. This Hamiltonian permits
computation of the energy levels via a diagonalization procedure [17]. The relaxation is then
introduced in the eigenframe at each angular step and the propagator is computed in
Liouville space. During the SE simulations, the relaxation parameters are computed

assuming fluctuations of SA_\_,.\. and f_\__\, operators in the eigenframe of the Hamiltonian. In the
case of the MAS Overhauser effect we also assumed fluctuations of the hyperfine coupling
and added those to the source of relaxation. As illustrated in Figure 3.7, the spin operators

of the hyperfine coupling supports additional cross relaxation pathways with ZQ (Am: O)

~

relaxation originating from the (S*f' +§"f+) operators of its isotropic and anisotropic parts

~

and DQ(Am = 2) relaxation from the(§*f* +§’1’) operators of only its anisotropic part. In

the presence of strong isotropic contributions the ZQ relaxation time is expected to be
shorter than the DQ relaxation time, which leads to a positive Overhauser effect.
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Figure 3.8: DNP field profiles for SA-BDPA and BDPA at (a) 9.4 and (c) 14.1 T and (b) for d21-BDPA at 9.4 T at
T=100 K assuming (co,s /2]7:) ~0.85 MHz. The following parameters were used in the simulations :

BDPA: A,m =2.5 MHz, A(ﬁp =1.5 MHz (in the principal axis frame), is the same order of magnitude as

the published data [41, 42]. We employed an average value of the isotropic hyperfine value.

T =(170) =095 Ty =(1) 04057, T, =(T,) =0.165" @9Tand 14T
SA-BDPA: A, =2 MHz, A

J\H

4ip= 15 MHz (in the principal axis frame), assuming the sulfonation may
affect the isotropic values by reducing the number of protons on the rings. FIZQ (TZQ) =024 5",
T =(T2) =0.18s", T, =(1,,) ' =003s" @9Tand T, =( ,,,)_ =002s" @14T.

d21-BDPA: A purely dipolar coupling of 0.1 MHz which corresponds to e-'H distance of 0.9 nm, and

cross relaxation rates I', ,, (TZQ) =0.001s", [ipo= (T]DQ )_] =0.003 s~ were used.
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1.2Q .20 and

In our calculations, we defined two cross-relaxation rates I’

| R :T,TL',Q that are different and that are the coefficients of the relaxation rates derived

from'the ZQ and DQ operators, respectively. Realizing that in our case the hyperfine

>'At Iwe can expect the cross relaxation rates to satisfy I',, >T",,.

coefficients satisfy lA. dip

150

The introduction of the two relaxation pathways seems necessary to achieve a buildup time

ofthe order of 7},,.

Based on this model we performed a series of simulations for the case of BDPA’s
where the external magnetic field, Bo, and the pw power were swept. The simulations
employed the parameters compiled in the figure captions below which were chosen to

approximate the experimental values.

Figure 3.8 illustrates the intensity of the predicted field profile for SA-BDPA and
BDPA at two different fields (a) 9.4 T and (c) 14.1 T. Figure 3.8b presents the simulated
field profile of d;-BDPA. At this point there are significant uncertainties in the values of
experimental parameters, so the simulations cannot predict the absolute enhancement
values, but only rather their relative intensities and accordingly are presented as normalized

plots in Figure 3.8. Nevertheless, we observe the expected SE signal at m,,+®,, as well as
a po%itive enhancement at @,; Experimentally, the Overhauser enhancement is larger in

BDPA than in SA-BDPA, presumably because of the stronger coupling to 21 'H’s, and we

have increased A, in the BDPA simulations to account for this fact. We also note that for

150

the results presented here the ratio ¢, /¢, increases with Bo. For SA-BDPA it increases
from 0.13 to 0.46 and for BDPA from 1.25 to 2.9 at 9.4 and 14.1 T, respectively. These

results are in good agreement with the experimental data. It is worth noting the shapes of

T 7" butare

In = “1n

the simulated field profiles do not depend strongly on either I',,=7,," or T

primarily determined by the ratio I, ,, /T", ,,, -

The origin of the observation that the Overhauser effect enhancement appears to
scale with By (Figure 3.5) is not well established, again, due to the lack of experimental
parameters especially electronic relaxations at high fields. We suggest that the cross

relaxation rates increase with By as calculated by Pines et. al[46]. Note that the cross

relaxation rates I',, and I',, are proportional to the spectral density J(Wys L @,,) ,

5

\
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respectively, both of which can be approximated as J(@,;)since @y, > ®,,. Thus, faster
cross relaxation rates would be evident in shorter electron T at high fields in the case of
SA-BDPA and BDPA. A similar result was reported for trityl OX063 in glycerol/water glassy
matrix [47]. |

In addition, as illustrated in Figure 3.1c we have observed a weak negative OE
when using d»-BDPA as the polarizing agent. In this case dipolar mediated DQ relaxation
rather than ZQ processes dominate the Overhauser effect enhancement profile. Simulations

shown in Figure 3.8b reproduce the essential features of the negative OE.

Finally, as shown in Figure 3.6b we are able to correctly predict the DNP

enhancement as a function of the pw field strength @, for both the SE and Overhauser
case. The Overhauser enhancement increases steeply with @,; and saturates, while the SE

increases more slowly. Again the simulations reproduce the essential features of the
experimental power dependence of the Overhauser and solid effect.

Conclusions

In summary we present here the initial experimental observation of microwave driven

OE DNP around @, in an insulating solid at high field using the narrow line radicals SA-

BDPA and BDPA. It is present along with the expected solid effect occurring at @, @, .

The experimental and simulated enhancement field profiles demonstrate a field dependence

~®,,, in contrast to the inverse dependence predicted for the SE and CE. The relative
intensity of the two contributions depends strongly on the ratio FZQ/FDQ and the sizes

and/or numbers of the nuclear hyperfine couplings. These observations suggests that OE'’s
could be seen in other systems and should stimulate the development of additional narrow
line radicals that possess the features. They should be useful for MAS DNP at higher

magnetic fields.
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Chapter 4: Time Domain DNP with the NOVEL Sequence

Adapted from T.V. Can, J.J. Walish, T.M. Swager, and R.G. Griffin, Journal of Chemical
Physics 143 (2015) 054201

We present results of a pulsed dynamic nuclear polarization (DNP) study at 035 T
(9.7 GHz /14.7 MHz for electron/'H Larmor frequency) using a lab frame-rotating frame
cross polarization experiment that employs electron spin locking fields that match the 'H
nuclear Larmor frequency, the so called NOVEL (nuclear orientation via electron spin
locking) condition. We apply the method to a series of DNP samples including a single
crystal of diphenyl nitroxide (DPNQO) doped into benzophenone (BzP), 1,3-bisdiphenylene-2-
phenylallyl (BDPA) doped into polystyrene (PS) and sulfonated-BDPA (SA-BDPA) doped
into glycerol/water glassy matrices. The optimal Hartman-Hahn matching condition is
achieved when the nutation frequency of the electron matches the Larmor frequency of the

proton, @ = together with possible higher order matching conditions at lower

o7 ?
efficiencies. The magnetization transfer from electron to protons occurs on time scale of ~
100 ns, consistent with the electron-proton couplings on the order of 1-10 MHz in these

samples. In a fully protonated single crystal DPNO/BzP, at 270 K, we obtained a maximum
signal enhancement of €=165 and the corresponding gain in sensitivity of e(ﬂ/TB)1’2:230

due to the reduction in the buildup time under DNP. In a sample of partially deuterate\d PS
doped with BDPA, we obtained an enhancement of 323 which is a factor of ~ 3.2 higher
compared to the protonated version of the same sample, and accounts for 49% of the
theoretical limit. For SA-BDPA doped in glycerol/water glassy matrix at 80 K, the sample
condition used in most applications of DNP in nuclear magnetic resonance (NMR), we also
observed a significant enhancement. Our findings demonstrate that pulsed DNP via the
NOVEL sequence is highly efficient, and can potentially surpass continuous wave DNP
mechanisms such as the solid effect and cross effect which scale unfavorably with

increasing magnetic field.
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Introduction

Dynamic nuclear polarization (DNP) transfers polarization from electrons to nuclei,
thereby enhancing the nuclear polarization. The initial DNP mechanism, the Overhauser
effect (OE), was proposed in 1953 [1] and confirmed experimentally soon thereafter [2, 3] in
samples with conductive metals. Recently, we reported the existence of OE in insulating
solidg[4]. Furthermore, in insulating solids such as biological samples, DNP can also be
performed via the solid effect [5, 6], the cross effect [7-11] and thermal mixing [12]. Initially,
the primary application of DNP was to prepare polarized targets for neutron scattering
experiments [13], however over the past decade, DNP has been used extensively to
enhance the inherently low sensitivity of nuclear magnetic resonance (NMR) signals [14-19].
Enhancements on the order of 10%-10° were made possible via the solid effect using narrow-
line radicals [20-23] and cross effect using biradicals [24-27] as polarizing agents and high
frequency gyrotrons as microwave sources [28-30]. The latter operate in the 140-560 GHz
regime and enable DNP to be performed at magnet field strengths used in contemporary
NMR experiments (5-20 T).

All of the DNP mechanisms mentioned above employ continuous wave (CW)
microwave irradiation. In addition, all of them, except for the OE in insulating solids, scale

-n

unfavorably with the magnetic field, displaying a B," field dependence where n~1-2 or

larger. Thus, for DNP to be successful at high magnetic fields and broadly applicable, a
strategy to overcome this deficiency is required. An analogous situation existed in the early
1970's in solution NMR where 'H-">C nuclear Overhauser enhancements were shown to
vanish above 60-100 MHz 'H frequencies, and therefore it was predicted that high fields
would not be useful for *C protein NMR [31]. The development of J-mediated transfers, in
particular the INEPT pulsed experiment, circumvented this problem because it is field-
independent [32]. Similarly, time domain DNP experiments are in principle field-independent,
and, when the instrumentation becomes available, they can be performed efficiently at high

Zeeman fields.

To date, there are a handful of sequences for pulsed DNP including nuclear
orientation via electron spin locking (NOVEL) [33], the integrated solid effect (ISE) [34], DNP
in the nuclear rotating frame (NRF) DNP [35] and dressed state solid effect (DSSE) [36].
Neither NRF DNP nor DSSE requires a strong microwave field. NRF DNP is essentially solid
effect in the NRF instead of the nuclear lab frame. The mixing of state is inversely
proportional to the radio frequency (RF) field instead of the By field. The sensitivity gain in
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NRF DNP is the result of the ability to recycle the NMR experiment at the rate of the nuclear

T,, instead of the nuclear 7. DSSE utilizes an off-resonance RF field to drive the

polarization transfer. The matching condition requires that the RF field is applied off-

resonance and the resonance offset is governed by the isotropic hyperfine coupling as well

as the microwave field strength.

Both NOVEL and ISE, on the other hand, rely on the Hartman-Hahn matching
condition between the electron rotating frame and the nuclear lab frame, thus, require strong
microwave field strengths. Similar to cross polarization in NMR, the polarization transfer is
driven by the dipolar coupling, which is typically on the order of MHz, resulting in a short
sub-microsecond contact time. Both sequences were originally developed for neutron spin
polarizer experiments using short-lived photoexcited triplet states. In these experiments,
NOVEL showed very modest efficiency. An enhancement of ~ 10 was obtained for 2°Sj in
uniaxially stressed silicon doped with boron acceptors [33], and £~200 was observed for 'H
using a photoexcited triplet state of pentacene doped into naphthalene [37]. In both cases,
the efficiency is less than 1%. NOVEL was soon replaced by ISE which gives a much higher
efficiency due to the adiabatic sweep of the magnetic field [34, 38-40]. Note that both of
these samples were especially chosen to demonstrate the NOVEL or ISE effect. Thus, one
of our goals in the results reported here was to investigate the potential of the NOVEL
sequence in samples used in current applications of DNP in NMR, i.e. samples doped with a
few tens of mM of stable free radicals such as the narrow-line species 1,3-bisdiphenylene-2-
phenylallyl (BDPA) or nitroxides, both of which are used in contemporary CW DNP
experiments. We found that enhancements on the order of 10 can be obtained on these
samples. For example, we obtained an enhancement of 323 corresponding to 49%
efficiency in a sample of partially deuterated polystyrene (PS) doped with 2% BDPA. Our
results suggest that pulsed DNP NOVEL is an excellent candidate for high field DNP.

Background

In this section we derive the matching condition that will be used in our discussion
(vide infra). To this end, it is sufficient to consider a 2-spin system consisting of nuclear spin
| and electron spin S. For an extensive theoretical discussion of the NOVEL sequénce,
readers are directed to the papers by Wenckebach et al. [41, 42]. In the lab frame, the

Hamiltonian for the NOVEL experiment has the form

H=0,S,-o,l+S Al +20 cos(@ S, (1)

w



wherein the first two terms are the Zeeman interactions; the third is the electron-nuclear
interaction; and the fourth is the microwave spin lock field. Upon transforming to the

microwave rotating frame using the following operator

U= exp(iSza) Wt) )
the Hamiltonian is truncated to
H=QsS,-o,l,+AS,]I +A Sl +AS] +0,S (3)
where Q is the microwave offset
Q=0 -0, (4)

Tranéformation to the tilted frame is achieved with the operator

u,= exp(iSyB) (5)
where the angle 0 is defined as
[0
tang :Q—‘: (8)
The Hamiltonian is transformed to
H=0,S,-0,/,+(Al +Al +AL)S,cos6-S, sing) (7)

where
o, =+ + 0l (8)
The sign of w_, depends on the phase as well as the offset of the microwave.

Next, we redefine the transverse axes of the nuclear spin by the following

%

transformation
U,= exp(ilzq)) (9)

where the angle ¢ is defined as
A
Ty 1
tan¢ y (10)
Leading to the Hamiltonian
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H=w,,S, -, +(Al,+BI )(S,cos6 S, sinb) V(1)
where A and B are secular and pseudo-secular hyperfine coupling constants, respectively.

A=A (12)

zz

B= A+ A, (13)

Using perturbation theory, we can separate the Hamiltonian
H=H,+H, (14)
wherein the unperturbed Hamiltonian H, and the perturbation H; are given as
H,=w,_S, —wyl +AcosblS, (15)
H,=BI (S,cosf- S, sin®)- Asindl,S, (16)

Using the direct product |/S) basis set

S LI O A e PO O Gt AL PR PP Bl \
‘1>_'2 2>' ‘2>_’2 2>' |3> 2 2>’ ‘4> 2 2> (17)
As usual we define the subspace spanned by |1> and |4> as the double quantum (DQ)

subspace and that spanned by |2)and |3)as the zero quantum (ZQ) subspace. In the

NOVEL experiment, the inter-subspace splitting is approximately w_ ,, which is very large

ot
compared to the perturbation even at a magnetic field as low as 0.35 T. On the other hand,
if the matching condition is fulfilled, states in the either DQ or ZQ subspace are degenerate,
resulting in a complete intra-subspace state mixing as a result of the perturbation and, thus,
the polarization transfer. The perturbation can be truncated to contain only DQ (flip-flip) and
ZQ (flip-flop) terms as the following

Hiweed = Bsingl S, (18)

For the positive w_,, the degeneracy in the DQ subspace leads to the matching condition

Wy, = O, = + 0 (19)

If the microwave offset is negligible, the matching condition is simplified to

eff !

W,g = 0,
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and the nuclear Larmor frequency equals the Rabi frequency of the electron. In other words,
the nutation of the nucleus in the laboratory frame matches that of the electron in the
rotating frame. We note that Hartmann and Hahn also mentioned the possibility of this type

of rotating frame-laboratory frame cross polarization [43].
Experimental

Samples

Benzophenone Diphenylnitroxide

Figure 4.1: (Top) Crystal structure of benzophenone. The crystal has space group symmetry P24242,
with four molecules per unit cell. Molecules 1 to 4 are of the same unit cell represented by the
rectangular parallelepiped. Molecules 2, 3 and 4 are 180° rotated about the crystallographic a, b and
c axis, respectively, with respect to molecule 1. (Bottom) Molecular structures of benzophenone (left)
and diphenylnitroxide (right) with oxygen atoms in red, nitrogen in blue and carbon atoms in black.
The figure was rendered in VESTA software [44].

Preparation of samples containing 2% BDPA (weight ratio) doped in polystyrene
(PS) and 40 mM SA-BDPA doped in glycerol/water glassy matrices are described
elsewhere[4]. Single crystals of benzophenone (BzP) doped with diphenylnitroxide (DPNO)
were grown from ethanol upon slow evaporation. 12 mg of 10% DPNO stock (courtesy of Dr.
Tien-Sung Lin, Washington University, St. Louis) and 188 mg of BzP (Sigma Alrdrich) were
dissolved in 1 g of ethanol. The final sample contained 0.6% or 40 mM of the DPNO radical

which is similar to the concentrations normally used in DNP applications[14] [17-19]. Single
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crystals were harvested and polished to fit into a quartz capillary of 0.4 mm inner diameter
for experiments at 5 T. For experiments at 0.35 T, a larger sample that fit into a 4 mm EPR
sample tube was used. In order to suppress the '"H NMR signal from trapped solvent, we
used perdeuterated ethanol (Cambridge Isotope). Figure 4.1 shows the crystal structure of
BzP according to Fleischer et al.[45]. BzP has an orthorhombic-structure with the P2242;
space group and therefore four molecules per unit cell. The similarity in the molecular
structures of BzP and DPNO (Figure 4.1) allows DPNO to substitute into the host crystal of
BzP with negligible perturbation [46, 47]. Figure 4.1 was generated using VESTA software
[44].

Experiments

Intensity (A.U.)

Lbﬂﬁ LJU | \
v \.

T
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Radio frequency (MHz)
Figure 4.2: Davies ENDOR spectrum of a single crystal of 90% deuterated BzP doped with 0.6%
DPNO at 5 T. The magnetic field lies in the ab crystallographic plane. Ten pairs of sharp peaks
correspond to ten "H's on DPNO molecule.

Experiments at 5 T were carried out on a homebuilt pulsed DNP/EPR/NMR
spectrometer operating at 5 T or 140 GHz/ 211 MHz of electron/ 'H Larmor frequency [22].
Experiments at 0.35 T were performed on a Bruker ElexSys E380 X-band EPR
spectrometer using an EN 4118X-MD4 pulsed ENDOR resonator. The RF coil of the probe
also serves as the NMR sample coil upon the integration of a module of tuning and
matching capacitors. The RF excitation and detection of NMR signals were done with an
iSpin-NMR spectrometer purchased from Spincore Technologies, Inc. (Gainesville, FL, US).
The 'H NMR signals were acquired via a solid echo sequence with 8-step phase cyt:ling.

The signals were processed using a custom-built MATLAB program [48].
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Results

The quality of the single crystals is best assessed using high frequency EPR
techniques as it allows observation of any inhomogeneity in the g value due to imperfections
in the single crystal. Figure 4.2 shows the Davies ENDOR spectrum obtained from a single
crystal grown with 90% BzP-d./10% BzP-hiq at 5 T. Even though the exact orientation of
the crystal was not determined, it is certain that the magnetic field lies in the crystallographic
ab-plane. The deuteration of the sample suppresses the contribution from matrix protons,
whicr\1 permits the observation of all ten pairs of sharp resonances from ten protons of each
DPNO molecule. Figure 4.3a presents the EPR spectrum and the 'H DNP field profile from
a sample with 94% "*C carbonyl labeled BzP-hso. In this case, the crystal was orientated
such that By is aligned with the crystallographic b-axis. Thus, the EPR spectrum displays
one sharp peak corresponding to g, = 2.0091 with four-fold degeneracy, a result that is
consistent with a previous study [46]. The DNP field profile is indicative of a well-resolved
solid effect.

(@B,=5T (b)
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Figure 4.3: EPR spectrum (dashed blue) and DNP field profile (red) of single crystal DPNO/BzP at 5
T (a) and 0.35 T (b). The magnetic field By is along the crystallographic b-axis of the crystal, thus the
EPR spectra contain only one peak with four-fold degeneracy. The DNP field profile at 5 T shows a
well-resolved solid effect as opposed to an unresolved solid effect at 0.35 T. The maximum
enhancement is 330 at 0.35 T and remains unknown at 5 T.

Figure 4.3b shows the echo detected EPR spectrum and the 'H DNP field profile of
a single crystal DPNO/BzP at 0.35 T. Again, the crystallographic b-axis of the crystal was

aligned with Bo. The spectrum exhibits a linewidth of 8.6 G due to unresolved hyperfine
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couplings, consistent with previous studies on similar samples [46, 47]. The b-axis was

chosen because of the narrow EPR linewidth, allowing more efficient microwave excitation.

The "H DNP field profile in Figure 4.3b was obtained at the microwave field strength
of w,g=2.4MHz and microwave frequency of w,, =9.7224GHz . The DNP enhanced 'H NMR

signal was measured as a function of the B, field. The enhancement is defined as

e:(/uwon//ﬂwoﬁ). The DNP field profile resembles an unresolved solid effect in which the EPR

linewidth (24 MHz) is greater than the Larmor frequency of 'H (14.7 MHz), but smallerithan
twice that frequency. Despite the overlap between the positive and negative solid effect, the
maximum enhancement was as high as 330 due to the extensive state mixing present at low
magnetic field. For subsequent pulsed DNP experiments, the magnetic field was carefully
adjusted to the exact center of the field profile to avoid contribution of the SE in the DNP

enhancement.

Time

Figure 4.4: Timing scheme for NOVEL pulsed DNP. After a period of presaturation, the
magnetization of 'H buildups for a period of tpyp. The decay period can be used to measure the T4 of
protons. The DNP enhanced 'H signal is then read out by a solid echo sequence. The fixed

parameters include 7,=5ms, m=8 and 7, =20us. Other parameters such as the mixing{ time
(tmix or the length of the microwave Y pulse) and the repetition time (essentially t4) were optimized as

described in Figure 4.5.

Figure 4.4 shows the pulse sequence for NOVEL experiment. After a period of 'H
presaturation, the magnetization of 'H builds up with (on signal) or without (off signal)
microwave pulses. For the solid effect DNP, the microwave pulses are simply a continuous
wave irradiation. On the other hand, for NOVEL experiment, a sequence consisting of a 90°
flip pulse, a spin lock pulse (mixing time) and a delay is applied repeatedly. The buildup time
constant Tg of the DNP enhanced NMR signal is measured by varying the length of the
buildup period. The T, relaxation of 'H is obtained by varying the decay period that follows

buildup.
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Figure 4.5: Optimization of NOVEL pulse sequence in DPNO/BzP. (a) The signal intensity increases
quickly after t,,,~100 ns and exhibits a transient oscillation. Both features are consistent with the

mix

electron-"H dipolar coupling in the order of 1-10 MHz. Optimization in term of the repetition time
(essentially 7,) at 270 K (b) and 150 K (c) with different mixing times. At 270 K, we observed mostly

the decay of the signal with respect to the repetition time. At 150 K, the signal intensity reached the
maxima at ~ 130 us of repetition time.

For the pulsed DNP NOVEL sequence, the microwave field strength, the mixing time
(the length of the microwave Y pulse in Figure 4.4), and the repetition time (essentially 14 in
Figure 4.4) require optimization. The microwave field strength was calibrated by measuring
the nutation frequencies at different microwave power levels. Data illustrating the
optimization of the mixing time and the repetition time are given in Figure 4.5 for a
DPNOQO/BzP sample with the microwave field strength set to ~ 14.7 MHz. In Figure 4.5a, we
varied the mixing time, which reveals the signal intensity to increase rapidly after ~100 ns,
followed by a slower progression. We then measured the signal as a function of the
repetition time at different mixing times ranging from 50 ns to 2 pus at 270 K (Figure 4.5b). At
this temperature, we were only able to observe the decay of the signal with respect to the
repetition time. As we lowered the temperature to 150 K (Figure 4.5¢c), we could clearly see
the maxima at ~ 130 us of repetition time. At 270 K, the optimum conditions were t,,,~ 100
ns and 1,=40 us of repetition time. Longer locking pulses required a longer repetition time
subject to the 1% duty cycle available with the TWT amplifier, leading to lower DNP
efficiency. Overall, we obtained a higher enhancement at 270 K. The same optimizations
were performed on BDPA/PS sample at 300 K (data not shown), yielding a 1,,,~150 ns and

7,= 36 us.

Figure 4.6a reveals the enhancement obtained via the NOVEL sequence as a

function of @, in a fully protonated BzP single crystal doped with 0.6% DPNO at 270 K. The
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matching condition clearly occurs at o,; =, =14.7MHz and an enhancement of up to 165 is

observed (Figure 4.6b). The Tg and T, time constants are given in Figure 4.6¢. Figure 4.7
and 4.8 show the enhancement obtained in BDPA/PS at 300 K and SA-BDPA in glygerol-
ds/DzOszO at 80 K.

Discussion
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Figure 4.6: (a) Matching condition of NOVEL pulse sequence in DPNO/BzP sample. The
enhancement was measured as a function of the microwave field strength. The spin lock pulse is
fixed to 100 ns, whereas the length of the flip pulse is adjusted to give 90° tip angle. The matching
occurs at o, =w, .

(b) 'H spectra with (red) and without (blue) DNP. For the DNP enhanced spectrum, the sample was
polarized for 10 s with 16 ns flip pulse followed by 100 ns spin lock pulse. The repetition time was 40
us. The off spectrum was obtained with 10 s of recovery time. The enhancement in signal intensity
was ¢=165. The intensities were normalized to the uw off signal.

(c) DNP buildup time constant Tg using NOVEL pulse sequence and the spin-lattice relaxation time
constant T;. Reduction in the buildup time constant results in a sensitivity gain of 230.

In DNP experiments using a free radical dopant, the theoretical limit for the

enhancement is given by the ratio y_/y, which is ~ 658 for 'H. The enhancement of 165

(Figure 4.6b) that we obtained in a protonated sample of DPNO/BzP corresponds to 25% of
the theoretical efficiency. We attribute the improvement in the efficiency over previous
studies to the increase in the radical concentration as well as the narrow EPR linewidth. In
the original study by Henstra [33] on uniaxially stressed boron-doped silicon, the acceptor
concentration was 10" cm™ or 0.16 mM which is about two orders of magnitude more dilute
than that used in contemporary DNP experiments [14]. Moreover, the EPR linewidth was 60
MHz compared to 24 MHz in our case, resulting in lower excitation efficiency. In another
example of naphthalene doped with pentacene [37], electrons in triplet states are created by
laser irradiation. In such a case, the concentration of electron is limited by both the dopant

concentration (< 5 mM) and the efficiency of the optical excitation (< 5%).
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The enhancement that we obtained is, to some degree, limited by the 1% duty cycle
of the TWT microwave amplifier. Figure 4.5¢ shows the dependence of the enhancement
on the repetition time in DPNO/BzP sample at 150 K. The enhancement increases quickly
and then decays. We attribute this observation to two competing factors including the
electron spin-lattice relaxation and the number of times that electrons transfer magnetization
to protons. At 270 K (Figure 4.5b), we only observed the decay of the signal as a result of
the short electron T, and the limitation in the duty cycle of the TWT amplifier. Nevertheless,
we obtained a higher enhancement at 270 K. The NOVEL sequence was originally
developed for short-lived photo excited triplet states, which requires fast polarization transfer
and allows fast repetition. It partially explains why the sequence works well at high
temperature where the short T, gives rise to a larger number of polarization transfer events
per unit time or, in other words, a faster recycling of the electron polarization. Furthermore, a
short T+ reduces the saturation of the electron polarization. A similar effect was reported [20,
21] for the solid effect even though the microwaves were off-resonance. For the NOVEL
sequence, such an effect might be more detrimental because the microwaves are on-
resonance with the EPR transitions.

(a) Protonated PS (100% 'H) (b) PS-CIB/d5 (2% H)
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Figure 4.7: NOVEL experiments in BDPA/PS samples at 300 K using 150 ns mixing and 36 ps
repetition time. (a) In fully protonated sample, we obtained an enhancement of 100. (b) In sample with
mixed PS-dg/ds (95:5), the 'H concentration is diluted by a factor of 50, making it impossible to
acquire the off signal in a reasonable amount of time. We, therefore, estimate the enhancement in the
sample using the off signal of the fully protonated sample as the reference. Taking into account the
dilution factor and the amount of sample, we obtained an enhancement of 323. The intensities were
normalized to the uw off signal from protonated PS sample.
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Despite the limitation in the duty cycle of the TWT amplifier, we have obtained an
unprecedented high DNP efficiency in fully protonated samples: 165 in DPNO/BzP at 270 K
(Figure 4.6b) and 100 in BDPA/PS at 300 K (Figure 4.7a). Furthermore, partial deuteration
of the BDPA/PS sample, leaving 2% proton, results in an enhancement of 323, which is a ~
3.2-fold improvement and corresponds to 49% efficiency (Figure 4.7b). It is worth noting
that in quasi-equilibrium (infinite mixing time) the efficiency of a non-adiabatic cross
polarization from 'H to other nuclei in a static sample is 50% and the maximum of the
transient oscillation is less than 75% [49]. We expect a similar upper bound for the efficiency
of the NOVEL sequence. The efficiency of 49% is, therefore, very close to the optimum
value and, to the best of our knowledge, is the highest efficiency reported for NOVEL

sequence.

The mixing time dependence curve of both the DPNO/BzP (Figure 4.5b) and
BDPA/PS (not shown) displays the characteristics of a dipolar driven cross polarization
process. In DPNO/BzP, the intensity increases rapidly after ~100 ns, in good agreement
with the electron-'H couplings up to ~10 MHz [46, 47, 50]. Similarly, for BDPA/PS, the
corresponding mixing time is ~150 ns, consistent with a somewhat weaker coupling of ~ 6.5
MHz in BDPA [51, 52]. After the quick rise, the curve exhibits a transient oscillation due to
the dipolar coupling which is another characteristic of a cross polarization experiment, a

result that has also been observed previously in NOVEL experiments [37].

The matching conditions in both DPNO/BzP (Figure 4.6a) and BDPA/PS (not

shown) show a maximum at ~14.7 MHz and a long tail extending well beyond 3w,,. The

feature at high microwave field strength was first observed in naphthalene doped with
pentacene-hq4 [37], and recently in naphthalene doped with pentacene-d4 [39]. However, in

both cases, the tail ended well below 2w,,. We think that our observation is likely the result

of high order processes involving one electron and multiple protons as suggested by

Eichhorn et al. [39]. Another possibility is that at w,q>w,,, not only the EPR transitions, but

also the double quantum and zero quantum transitions, are excited by the microwaves. The
details of the DNP process in this regime is then dependent on relaxation. In both scenarios,
the feature at high microwave power is a first order perturbation effect which should v:imish

at higher magnetic fields.

We notice the reduction of the buildup time constant of the 'H polarization during

DNP compared to the nuclear spin-lattice relaxation (Figure 4.6c). This behavior was
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observed for the solid effect (SE) at 5 T [20-22]. The short Tg enables a faster recycle of
NMR experiment, resulting in a net gain in sensitivity of e(?}/TB)1’2:230 for the DPNO/BzP

sample. We explain this by the fact that both SE and NOVEL are 2-spin processes; the
same semi-classical rate equation treatment used for the SE can, therefore, be applied to
the NOVEL experiment. In this treatment, the DNP effect is encoded in a DNP rate constant
that acts to increase the buildup rate of the NMR signal, thus, shorten the buildup time
constant. This effect has only been observed in the case of large enhancement

corresponding to large differentiation between T4 and Ts.

At 0.35 T, the solid effect outperforms NOVEL DNP by a factor of ~2 (330 vs. 165 for
DPNO/BzP and 200 vs. 100 for BDPA/PS). As the magnetic field increases, the efficiency of
the SE decreases rapidly as predicted by theory and also observed in experiments [4, 17,
19, 53]. Pulsed DNP in general and the NOVEL experiment in particular, does not depend
on the By. An analogy is that cross polarization is operating at all magnetic fields in solid
state NMR. We predict that at magnetic fields of 0.5 T and above, NOVEL DNP would
surpass the SE. With the recent advances in the gyroamplifier technology [54-56], we

anticipate that pulsed DNP will become available at high magnetic fields in the near future.
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Figure 4.8: NOVEL experiments in glycerol-ds/D,O/H,0 glassy matrix doped with 40 mM SA-BDPA
at 80 K. The DNP enhanced signal was obtained using 150 ns mixing time, 8 ms of repetition time, 24
s of DNP buildup time. The enhancement is 70.

Finally, we implemented the NOVEL pulse sequence on a sample containing 40 mM
SA-BDPA dispersed in glycerol-ds/D,O/H,O (60/30/10 volume ratio) glassy matrix at 80 K,
sample conditions frequently used in current applications of DNP in NMR. Figure 4.8 shows
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the NMR signal obtained with and without NOVEL. The mixing time was set to 150 ns same

as what we used for BDPA/PS because the sulfonation process retains all the protons that
are strongly coupled to the electron in BDPA [57]. The repetition time was optimized at 8 ms
due to longer T4 at 80K. We obtained an enhancement of 70. The long repetition time
allows longer mixing time. However, as seen in Figure 4.5a, the enhancement almost
reaches maximum at 150 ns of mixing time. Using mixing time up to 8 us results in a slight

increase (~10%) in the enhancement.
Conclusions

In summary, we demonstrate that pulsed DNP via the NOVEL sequence is highly
efficient under sample conditions that are currently used for contemporary DNP/NMR
applications despite the limitation in the duty cycle of the TWT microwave amplifier. Except
for the repetition time that is subject to the duty cycle of the TWT, all other parameters
including the matching condition, the mixing time and the polarizing time are fully optimized.
The mixing time and the transient oscillation in the mixing time dependence curve are
consistent with a dipolar driven cross polarization process. In a fully protonated single
crystal DPNO/BzP, at 270 K, we obtain an enhancement of 165 which is 25% of the
theoretical limit. Reduction in the buildup time constant of the NMR signal under DNP gives
rise to a net gain in sensitivity of 230. By partially deuterating the BDPA/PS sample, we
obtained an enhancement of 323 at 300 K, corresponding to 49% efficiency. We also
observed a significant enhancement in a sample containing 40 mM SA-BDPA dispersed in
glycerol/water glassy matrix at 80 K. We believe that the NOVEL pulse sequence is a strong
candidate for pulsed DNP NMR at high fields. Finally, since this method does not have field
dependence, time domain DNP at high field could lead to larger enhancements than the CW
counterparts such as the solid effect and cross effect.
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Chapter 5: Ramped-Amplitude NOVEL

Adapted from T.V. Can, R.T. Weber, J.J. Walish, T.M. Swager, and R.G. Griffin, Journal of
Chemical Physics 146 (2017) 154204

We present a pulsed DNP study using a ramped-amplitude NOVEL (RA-NOVEL)
sequence that utilizes a fast arbitrary waveform generator (AWG) to modulate the
microwave pulses together with samples doped with narrow-line radicals such as 1,3-
bisdiphenylene-2-phenylallyl (BDPA), sulfonated-BDPA (SA-BDPA) and trityl-OX063. Similar
to ramped-amplitude cross polarization (RA-CP) in solid-state NMR, RA-NOVEL improves
the DNP efficiency by a factor of up to 1.6 compared to constant-amplitude NOVEL (CA-
NOVEL) but requires a longer mixing time. For example, at t,,,=8 us, the DNP efficiency
reaches a plateau at a ramp amplitude of ~20 MHz for both SA-BDPA and trityl-OX063,
regardless of the ramp profile (linear vs. tangent). At shorter mixing times (t,,,=0.8 us), we
found that the tangent ramp is superior to its linear counterpart and in both cases there
exists an optimum ramp size and therefore ramp rate. Our results suggest that RA-NOVEL
should be used instead of CA-NOVEL as long as the electronic spin lattice relaxation %‘18 is
sufficiently long and/or the duty cycle of the microwave amplifier is not exceeded. To the
best of our knowledge, this is the first demonstration of a time domain DNP experiment that
utilizes modulated microwave pulses. Our results also suggest that precise modulation of
microwave pulses can play an essential role in optimizing the efficiency of pulsed DNP

experiments and an AWG is an elegant instrumental solution for this purpose.
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Introduction

Dynamic nuclear polarization (DNP) is widely accepted as a powerful technique for
improving the sensitivity of nuclear magnetic resonance (NMR) signals [1], but instrumental
considerations to date have dictated that only continuous wave (CW) microwave irradiation
be utilized in the experiments [2-8). These CW experiments, namely the cross effect and
solid effect, enhance signal intensities by one to two orders of magnitude and enable
otherwise impossible experiments [9-16], but they nevertheless exhibit an inverse
dependence on the By field [3; 8; 17-21]. Furthermore, to adjust the relaxation times so that
the experiments function with optimal efficiency, it is often necessary to perform them at
cryogenic temperatures and/or high microwave power [22-29]. As a consequence, these
requivements limit the applicability of DNP in NMR. There are ongoing efforts that address
these limitations, for example by utilizing the Overhauser effect in insulating solids that
scales linearly with the Zeeman field, Bo, and requires much less microwave power [30; 31].
However, a more general approach to address the inverse field dependence is pulsed or
time domain DNP. Specifically, what is needed is a repertoire of pulse sequences that allow
efficient transfer of polarization from electrons to nuclei regardless of B,. Although pulsed
DNP often requires intense peak microwave power, the average power is low due to the low
duty cycle. Thus, in combination with rapid polarization transfers, pulsed DNP is potentially

the method of choice for experiments at ambient temperature.

The development of time domain DNP dates from the late 1980's and was stimulated
by the need for methods to prepare polarized targets for neutron diffraction experiments
using short lifetime photo-excited triplet states [32; 33]. Puise sequences including nuclear
orientation via electron spin locking (NOVEL) and the integrated solid effect (ISE) were
introduced and employed for these applications [34-37]. In contrast, contemporary
applications in magic angle spinning (MAS) NMR rely heavily on CW DNP, in particular the
cross effect using biradical polarizing agents {38-40; 41 ]. It is worth noting that attempts to
apply pulsed DNP were initiated about the same time as the first gyrotron based MAS
DNP/NMR experiments, a technigue that has been widely used over the last decade [42].
The slow progress of pulsed DNP is the result of a paucity of pulse microwave amplifiers
operating at high output powers (kW) and high frequencies (above 100 GHz). Nevertheless,
the potential of time domain experiments has stimulated the development of new DNP
sequences such as DNP in the nuclear rotating frame (NRF), the dressed state solid effect
(DSSE), polarization of nuclear spin enhanced by ENDOR (PONSEE), and a sequence
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based on optimum control theory [43-46]. Furthermore, recent advancements in microwave

amplifier technology, establish pulsed DNP as a promising technique on the horizon [47; 48].

Among these sequences listed above, NOVEL, a rotating frame-lab frame analogue
of Hartmann-Hahn cross polarization (CP), can potentially play the same role for DNP as
does CP in solid state NMR [49; 50]. CP belongs to a family of “sudden” experiments in
which the density operator nutates around the Hamiltonian, giving rise to the transfer of
polarization. In powder samples, the interference of different dipolar coupling strengths
leads to 50% polarization transfer efficiency at quasi-equilibrium (long contact time). Even
though ramped amplitude (RA)-CP appears to be very similar to CP, it differs fundamentally
in that it is an “adiabatic” process whereby the Hamiltonian changes slowly allowing the
density operator to follow, and the polarization transfer occurs virtually at the center of the
ramp. This happens approximately simultaneously for all orientations and distances, thereby
suppressing transient oscillations and generating 100% polarization transfer efficiency that

is a factor of 2 improvement compared to constant amplitude (CA)-CP [51-53].

Recently, we demonstrated high DNP efficiency using the NOVEL pulse sequence
under the sample conditions used in DNP/NMR experiments [54; 55]. Inspired by the
advantage of RA-CP (vide supra), we report herein the performance of the ramped
amplitude (RA)-NOVEL sequence utilizing the newly available arbitrary waveform generator
(AWG) function on a X-band EPR spectrometer. The AWG allows precise and convenient
manipulations of microwave pulses, and was used to ramp the amplitude of the spin locking
pulse. With this innovation we obtained a factor of up to 1.6 improvement in the DNP
enhancement. The improvement factor appears to be versatile with respect to the polarizing
agent as well as the shape of the ramp (linear vs. tangent) as long as the ramp is sufficiently

long.
Background \

In this section, we briefly provide relevant theoretical description to the experiments
that follow. The description is in part similar to what we presented previously. The difference
or extension comes into play in the discussion of linear RA-NOVEL. With the microwave
applied on resonant with the EPR transition, the Hamiltonian in the microwave rotating

frame can be written as

H=0,S, ~w,l, +(AlL+BI)S,
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where the first term originates from the microwave spinlock field; the second term
corresponds to the Zeeman interaction of proton; A and B are the isotropic and anisotropic

hyperfine coupling, respectively. In the tilted frame defined such that

S -8, Sy —>Sy; S, —»-S,

the Hamiltonian is transformed to

H=w,S,-w,l,—(Al,+Bl)S,

Using perturbation theory, we separate the Hamiltonian into the unperturbed H, and the
perturbation H, which are given as follows

H,=w,S,-w,l,

H,=-ALS, -BIS,

At the NOVEL condition (w,s = w,, ), the contribution from the A term of H, is proportional

to 2—@— Even in the case of BDPA or SA-BDPA radicals (A~5 MHz), and at low field
wOI

(w, =15 MHz), the ratio is quite small (1/6). Moreover, our experimental data (vide infra)

on RA-NOVEL show strong similarity between SA-BDPA and trityl-OX063 which has
negligible isotropic coupling. Thus, to simplify the subsequent treatment of the Hamiltonian,
let's assume that the isotropic hyperfine coupling term can be ignored. This will become

more relevant at higher B, fields. Under such assumption, the His truncated to
H,=-BIS,

The Hamiltonian becomes block diagonal

H=H,+H,=wS,-w,l,-BIS =H,,®H,,

where ZQ and DQ correspond to zero quantum and double quantum, respectively. At the

NOVEL condition, the matrix form of the Hamiltonian in each subspace is given as

B B
\ “\Wis o1 a5 %o 77
| (o, +y,,) > Oy

H = — =
Y2 5 (0, +,,) L.
2 wlS 0/ 4 0/
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While the perturbation effect in the ZQ subspace can be ignored ( is small), its

o7
contribution in the DQ subspace drives the polarization transfer of which the rate depends
on the strength of the anisotropic interaction. In a powder sample, interference of different

distances and orientations leads to 50% efficiency at quasi-equilibrium (long mixing time).
In the case of a linear ramp centering at o,; = w,,, let's assume that the mixing time
T,.. 18 much longer than the period of the microwave, in which case the matrix form of the

H ,, has the form

| ot B
——a, d
4
H,,(1)= B |
— — Wt
4 2

. T i (7 . L .
where @, is the ramp rate and ——’zﬂ StS%. Thus we arrive at the situation discussed

in Landau-Zener theory (C. Zener, Proc. R. Soc. London 137 (1932), 696-702). If the ramp
in the microwave amplitude is adiabatically slow in the sense that

2
> |

166,

for all possible values of B, then the polarization transfer occurs at the center of the ramp
for all orientations and distances, leading to 100% efficiency which is a factor of 2
improvement compared to CA-NOVEL. The adiabatic condition also suggests that a

stronger coupling enables a faster ramp rate.
Experimental

EPR and pulsed DNP/NMR experiments were performed on a Bruker ElexSys E580
X-band EPR spectrometer using an EN 4118X-MD4 ENDOR probe. The probe consists of a

dielectric resonator wrapped with a saddle coil for RF excitation. In normal operation, the
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Time

Figure 5.1: Ramped-amplitude NOVEL pulsed DNP sequence. The pulse sequence is identical to the
constant-amplitude NOVEL sequence except for the amplitude modulation of the microwave locking

w!S

Aw
pulse (Y pulse). The amplitude is ramped from @, — to @+ = corresponding to the

ramp size of A, , with linear or tangent shape profiles.

coil is untuned to permit ENDOR experiments across a broad range of RF frequencies.
However, for our DNP/NMR experiments, the RF coil was locally tuned to the desired
frequency (~15 MHz) by a module of tuning and matching capacitors to improve the RF
excitation efficiency and detection sensitivity. An iSpin-NMR spectrometer purchased from
Spincore Technologies, Inc. (Gainesville, FL, US) was used for the RF excitation and
detection of the NMR signals. The 'H NMR signals were acquired via a solid echo sequence
with 8-step phase cycling. The signals were processed using a home-written MATLAB
program [56].

The microwave bridge of the EPR spectrometer is equipped with a SpinJet AWG
commercially available from Bruker BioSpin. The desired waveform is achieved by sideband
suppression mixing of the main carrier frequency with the waveform generated by the
SpinJet. The AWG has 8 output channels each of which has 192 kSa of memory, 14 bits of
amplitude resolution and 0.625 ns time resolution corresponding to a bandwidth of +400
MHz about the carrier. The SpinJet AWG allows the amplitude modulation (amplitude ramp)
during the locking pulse (microwave pulse Y in Fig. 5.1). In this paper, the locking pulse is
used\interchangeably with the mixing time or contact time.

Samples for the experimental data shown in Figure 5.2 and 5.3 consisted of 40 mM
SA-BDPA dissolved in glycerol-d8/D,O/H,0O (60/30/10 volume ratio) at 80 K. The data in
Figure 5.4 was obtained from a polystyrene doped with 2% BDPA at 300 K.

Results
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Figure 5.2: Performance of the RA-NOVEL sequence on a sample containing 40 mM SA-BDPA in
glycerol-d8/D,0/H-0 (60/30/10 volume ratio) at 80 K. (a) Optimization of the ramp size. The length of
the locking pulse was fixed at 8 us whereas the ramp size was varied from 0 to ~30 MHz. The
resulting DNP-enhanced NMR signals were normalized to that obtained with CA-NOVEL sequence
(ramp size of 0 MHz). The intensity reaches a plateau at ~ 18 MHz of ramp size (ramp from 6 MHz to
24 MHz). (b) Contact time dependent curves for CA-NOVEL (no ramp) and RA- NOVEL with 18 MHz
ramp size. In comparison, RA-NOVEL builds up more slowly (3 us compared to 150 ns) and reaches
higher efficiency in a quasi-equilibrium state (long mixing time). The DNP efficiency is improved by a
factor of 1.6 using RA-NOVEL. \

We implemented the pulse sequence shown in Figure 5.1, which is identical to the
NOVEL sequence except for the amplitude modulation of the microwave locking pulse (the
Y pulse). The optimization of all the experimental parameters was accomplished using the
procedure described in our previous study [54]. For the pre-saturation on 'H, we used a

chain of 16 pulses (m=8) with the inter-pulse delay of 7,=5 ms. For NMR signal
detection, the solid echo sequence was used with 7, =20us. The recovery delay for the

electron ( 7,) was typically 10 ms and 1.5 ms for SA-BDPA and trityl-OX063, respectively, at

80 K. The microwave pulses were repeated n times for the 'H polarization to buildup. For a
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full saturation, we used n = 3T, /T, in which T, is the buildup time constant of 'H. Typically,
\
n can be as large as ~10,000. Additionally, the size, rate and shape of the ramp required

optimization. Figure 5.2a illustrates the effect of the ramp size on the DNP efficiency while
the mixing time was fixed at 8 us on a sample containing 40 mM SA-BDPA. The DNP-
enhanced NMR signals were normalized to those obtained with the CA-NOVEL sequence
(ramp size = 0 MHz). The intensity increases with the ramp size and plateaus at ~18 MHz,
which corresponds to a ramp from 6 MHz to 24 MHz. We obtained an enhancement of ~85
with CA-NOVEL, consistent with our previous study, and ~135 with RA-NOVEL which
corresponds to a factor of up to 1.6 improvement. The improvement in the DNP
enhancement is further confirmed in Figure 5.2b wherein we incremented the mixing time
up to 8 ps with and without the amplitude ramp. In comparison to CA-NOVEL, the

polarization in the RA-NOVEL builds more slowly, but results in higher efficiency.

(a) Linear vs. tangent ramp (b) Shape parameter A (c) Amplitude profile (ramp shape)
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Figure 5.3: Comparison between different ramp profiles at 8 us contact time and 30 MHz ramp size.
(a) Negligible difference between linear and tangent ramp at 8 us contact time. (b) Performance of
difference tangent ramp schemes characterized by a single shape parameter A. The corresponding
amplitude profiles are given in (c). The data were taken on the same samples and temperatures
described in Fig. 5.2.

We investigated the performance of a tangential ramp at 7,,,=8 us (Figure 5.3). As
revealed in Figure 5.3a, we found negligible differences between linear and tangent ramp,
with both saturating at a ~ 20 MHz ramp size with 1.6 improvement. In Figure 5.3b and 5.3c,
we varied the ramp shape, characterized by a single shape parameter A, with the following

ramp profile:

t
0, ()=w, —A- tan{arctan{%[l —2—]”
l A Tr:tf,\'

\
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A = 0 corresponds to constant-NOVEL sequence (no ramp). For A > 0 we obtain different
tangent profiles having an initial slope decreasing with increasing A (Figure 5.3c), but the

ramp size is fixed to 2@,, (~30 MHz).

In Figure 5.4, we compare the performance of linear and tangent ramp at a short
mixing time of 0.8 us as opposed to 8 us used on a sample of polystyrene doped with 2%
BDPA. These data were acquired at room temperature (300 K). We found that there exists
an optimum ramp size and thus ramp rate, which is indicative of the adiabaticity of the pulse

sequence.
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Figure 5.4: Linear vs. tangent ramp at short contact time (0.8 us). The difference becomes apparent
at large ramp size. In this case, tangent ramp appears to be more efficient. In both cases, the
optimum ramp rate is indicative of the adiabaticity of the ramped-NOVEL sequence. Experiments
were performed at room temperature on a sample of polystyrene doped with 2% BDPA.

Discussion

The improvement (ramped-amplitude vs. constant-amplitude) obtained with RA-
NOVEL is similar to that achieved experimentally with RA-CP. A detailed study by Metz et al.
in CP MAS NMR experiments showed an improvement factor of up to 1.6, and the
possibility of extending this effect to a 1.8 enhancement with an sufficiently long mixing time
[51]. In our experiments, the longest mixing times allowed by the TWT were ~10 us, and
larger improvements might be possible with extended microwave pulses. The theoretical
limit (a factor of 2 improvement) was only observed with RA-CP in a model system of diluted
spin pairs such as '"H-">C in a sample of 2-"°C-?Hs-alanine diluted in perdeuterated alanine
[57]. Our results approach the theoretical value and optimization of the sample conditions

may lead to further improvement.
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In practice, when applied on multi-spin systems, the improved performance of RA-
CP i§s often attributed to the compensation for the chemical shift anisotropy (CSA) by a
broader excitation bandwidth and for the Hartmann-Hahn mismatch due to the
inhomogeneity of radio frequency irradiations. Our experiments were performed at low field
at which the g-anisotropy, an analog of the CSA, is negligible. If the broader bandwidth were
responsible, one would expect the efficiency to monotonically increase with the size of the
ramp. However, as seen in Figure 5.4, this was not the case. At short mixing time (t,,,=0.8
us), we observed an optimum ramp size above which the efficiency decreases. Furthermore,
the inhomogeneity of the Larmor frequency is negligible and the microwave field strength

,, measured by nutation experiments (data not shown) show ~10% inhomogeneity (~ 1.5

MHz at the NOVEL condition) which is one order of magnitude smaller than the optimum
ramp size, thus the mismatch is less of an issue in NOVEL than it is in CP. Therefore, it is
likely that the improvement in the DNP enhancement of RA-NOVEL is due to the adiabaticity
of the pulse sequence. This also explains the difference between linear and tangent ramps.
At long mixing times, the difference is negligible because the sweep rate is slow regardless
of the modulation scheme. At short mixing times, the difference is apparent and the superior
perfo\mance of a tangent ramp compared to its linear counterpart is also well-known for RA-
CP [52].

It is worth noting that RA-NOVEL requires a longer mixing time. In particular, the
mixing time employed in a CA-NOVEL is ~10? ns as compared to the ps (~10% ns) time for
RA-NOVEL. This has a practical implication on the design of pulsed DNP experiments.
Given the same experimental conditions, a ramped-amplitude experiment would impose a
higher duty cycle on the microwave amplifier. Furthermore, the repetition time is on the
order of the electronic relaxation time, and when T4 is short, RA-NOVEL might exceed the
duty cycle limit of the microwave amplifier. For example, in our previous study we obtained a
high enhancement at room temperature on a BDPA/PS sample when running the
microwave amplifier near its designed 1% duty cycle[54]. Making the contact time ~10 times
longer is not possible in such cases. However, as long as the duty cycle permits, RA-
NOVEL always provided larger enhancements compared to CA-NOVEL.

Furthermore, the long mixing time in RA-NOVEL makes it more suitable for radicals
with \Iong electronic relaxation T4¢'s such as BDPA or SA-BDPA, the latter being a water-
soluble derivative of BDPA. SA-BDPA has a long Ty ~50 ms at 1 mM concentration in
frozen solution at 80 K and 5 T [58]. Our experiment utilized a concentrated sample of 40
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mM, with a T+ of ~10 ms. At the longest contact time (~10 us ) allowed by the TWT the duty
cycle is 0.1%, which is still significantly below the 1% limit for the TWT. We note that RA-
NOVEL might not be the method of choice for DNP using photo-excited triplet states

wherein the short lifetime (us or less) of the triplet states does not favor long mixing time.

Another prominent feature of BDPA-type radicals is the strong hyperfine coupling,
which can be as large as 5.3 MHz [54; 59; 60]. The trityl-OX063 radical, on the other hand,
was designed to remove all the 'H’s that couple to the unpaired electron to facilitate sokution
Overhauser effect DNP mediated by electron-nuclear dipolar coupling [61-63]. Our
experimental data on both SA-BDPA and trityl-OX063 radicals show consistent results.
Specifically, both require a ramp size of ~20 MHz and contact time of ~3 us. Furthermore,
the improvement factors are also similar: 1.6 for SA-BDPA and 1.45 for trityl-OX063
(enhancement of 175 for CA-NOVEL and 250 for RA-NOVEL on sample containing 40 mM
radical, data not shown). This suggests that the improvement of RA-NOVEL is generic,
regardless of the radicals used. At higher fields where the difference in g anisotropy
becomes significant, the difference between the two types of radicals might be more

pronounced.

Finally, we emphasize the benefit of modulating the microwave amplitude to improve
the DNP enhancement. Various groups have demonstrated this in the context of CW DNP
[64-69]. Our results show that it is also important to modulate the microwave power in
pulsed DNP experiments. To this end, an AWG is an elegant solution to conveniently
manipulate the properties of the microwave pulses in a precise manner. In particular, using
an AWG allows control of the amplitude, frequency, and phase of the microwave puls?s. In
a forthcoming paper, we will discuss another pulsed DNP sequence based on modulation of
the frequency rather than the amplitude of the microwave pulses. Our study parallels the
trend in recent years of integrating an AWG into EPR spectrometers [70]. The
implementation of this approach has been performed at both low and high frequencies [68;
70]. With the availability of fast (a few GSa/s) and cost-effective AWG, we anticipate that
AWG will evolve into a standard component for the next generation of DNP/NMR

instrumentation.
Conclusions

In summary, by modulating the amplitude of the microwave pulses using an arbitrary

waveform generator (AWG), we have demonstrated that ramped-amplitude NOVEL gives
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rise to a significant improvement in the DNP enhancement when compared to constant
amplitude-NOVEL. In particular, RA-NOVEL lengthens the contact time by about an order of
magnitude and improves the DNP efficiency by a factor of up to 1.6 which is 80% of the
theo>etica| value. The fact that it requires longer mixing times suggests that RA-NOVEL
should be used instead of constant-NOVEL as long as the T, is long and/or the duty cycle
of the microwave amplifier is not exceeded. Thus, at the moment RA-NOVEL is suitable for
narrow-line radicals with long T4's such as BDPA and its derivative SA-BDPA. Our study
emphasizes the importance of the ability to modulate the microwave pulses in order to

optimize the DNP efficiency.
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Chapter 6: Frequency-Swept Integrated Solid Effect

Adapted from T.V. Can, R.T. Weber, J.J. Walish, T.M. Swager, and R.G. Griffin Angewandte

Chemie International Edition (accepted)

The efficiency of continuous wave dynamic nuclear polarization (DNP) experiments
decreases at the high magnetic fields used in contemporary high-resolution NMR
applications. To recover the expected signal enhancements from DNP, we explored time
domain experiments such as NOVEL which matches the electron Rabi and nuclear Larmor
frequencies to mediate polarization transfer. However, satisfying this matching condition at
high frequencies is technically demanding. As an alternative we report here frequency-swept
integrated solid effect (FS-ISE) experiments that utilize low power sweeps of the exciting
microwave frequencies to constructively integrate the negative and positive polarizations of
the solid effect, thereby producing a polarization efficiency comparable to (+10% difference)
NOVEL. Finally, the microwave frequency modulation results in field profiles that exhibit new

features which resemble a “stretched” solid effect. \
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Introduction

The history of the development of both nuclear magnetic resonance (NMR) and
electron paramagnetic resonance (EPR) techniques provides clear examples of the
evolution from continuous wave (CW) to pulsed methods that enable researchers to achieve
a variety of new experimental goals. For instance, Fourier transform methods revolutionized
the sensitivity of NMR and multidimensional experiments dramatically increased the
resolution. Similarly, pulsed EPR methods have enabled a variety of new structural studies
and dramatically increased resolution allowing observation of new couplings and muiltiple
paramagnetic species. As a hybrid of the two techniques, it would not be surprising if DNP
evolved along a similar path. Specifically, after more than half a century since its birth[1] and
following two decades of development of high frequency DNP instrumentation for CW
expe\riments[2-8], DNP is transitioning from CW to pulsed techniques. The initial efforts to
develop time domain DNP resulted in a handful of experiments{9-14] demonstrating time
domain polarization transfer methods and applications preparing polarized targets for
neutron diffraction experiments. In the case of the former, at low field (0.35 T) and room
temperature[15, 16], polarization was transferred from the photo-excited triplet state of
pentacene to the protons of the host crystal of naphthalene. Since the lifetime of the triplet
state is short, the time domain DNP mechanisms were preferred over CW DNP.

The motivation for developing pulsed DNP in NMR applications is somewhat different.
In this case, the polarization enhancements available from CW DNP mechanisms (the solid

effect and cross effect) scale at least asw, , and therefore decrease dramatically in high

field experiments[17-23]. This decrease motivates the quest for DNP mechanisms that are
independent of By, and pulsed DNP is an untapped resource with high potential. However,
time domain experiments using high frequency microwaves are technically challenging due
to the limited availability of high power, pulse microwave amplifiers and microwave switches
oper?ting in the 150-600 GHz regime. Nevertheless, recent advances in this area[24, 25]
stimulated us to initiate investigations of different pulse schemes for DNP. In particular, we
have demonstrated that high DNP efficiencies are possible using the NOVEL pulse
sequence, which is a lab frame-rotating frame analogy of cross polarization[26].
Furthermore, we showed that by adiabatically ramping the amplitude of the microwave
locking pulse (ramped-NOVEL)[27] it is possible to improve the efficiency of constant
amplitude NOVEL by a factor of 1.6.
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Here, we present a study of pulsed DNP that utilizes the frequency swept integrated
solid effect (FS-ISE), which is closely related to NOVEL. Originally, the ISE was performed
by sweeping the Zeeman field By, with both the amplitude and frequency of the microwaves
held constant[10]. For triplet-DNP, the ISE performs optimally at the NOVEL condition since
it facilitates fast polarization transfers[28). However, since our goal is to use this pulse
sequence to enhance signal intensities in high-resolfution magic angle spinning (MAS) NMR
experiments, which require time stable, homogeneous B, fields, it is technically clear that
sweeping the By field is not an option. Results reported here demonstrate that the ISE can
be implemented efficiently by sweeping the microwave frequency rather than the B, an
approach that takes advantage of the state-of-the-art fast arbitrary waveform generator
(AWG) to modulate the frequency of the microwave pulses. We found that for free radical
polarizing agents, the FS-ISE yields enhancements comparable to NOVEL. Furthermore, for
radicals, FS-ISE can be performed with Rabi frequencies that are an order of magnitude
lower than for the NOVEL condition. In this case, the polarization transfer is slower, but
achieves a similar efficiency because the lifetime of the radical is not an issue as in tr\|plet-
DNP. Thus, the FS-ISE can be performed with the microwave field strengths used in current
MAS DNP spectrometers and therefore could be much more widely applicable than NOVEL
or its ramped version.

Results and Discussion

The pulse sequence for the frequency-swept ISE is illustrated in Figure 6.1a. The

waveforms (real and imaginary parts) of the chirp pulses were calculated based on the

s(t) = exp{iidﬁ Hft_,_ %Jmo}

where 7, is the pulse length and Aw/2r is the width of the frequency sweep. The frequency

following equation.

modulation is performed with single sideband mixing of the carrier frequency with the
desired waveform from the AWG. This scheme is achieved by essentially operating a
quadrature phase detector backwards, taking the real and imaginary channels as the \nput
instead of output. FS-ISE involves three events including the inversion of electron spin at the
center of the sweep (point O) sandwiched by double quantum (DQ) and zero quantum (ZQ)
transitions at points A and B, respectively (Fig. 6.1b)[28]. Note that the enhancements at A
and B would cancel if it were not for the fact that the electron spin is inverted at O. The fact
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Figure 6.1: (a) Pulse sequence for the frequency-swept integrated solid effect. 'H signals are
detected with a solid echo. (b) During the sweep, the spin system undergoes three adiabatic events
including DQ and ZQ at A and B, respectively, as well as electron spin inversion at O. The semicircle

represents the relationship @;, = Q° + @/, which is satisfied at A and B where Q is the microwave

frequency offset. The inversion leads to the constructive addition of DNP enhancement at A and B,
thus the name integrated solid effect.

that those enhancements interfere constructively gives rise to the name “integrated solid
effect” to distinguish it from the unresolved solid effect in which the DQ and ZQ

enhancements partially overlap and cancel.

Figure 6.2 shows the DNP enhancements as a function of the sweep width Aw /2x

and the length of the contact time 7,. The Zeeman field value, B, was set on resonance

with the EPR line and the microwave field strength was adjusted to match the NOVEL
cond\ition W, /2n=w,, /27w =15 MHz. At each Aw/2r ranging from 5 MHz to 180 MHz, we

obtained an optimum contact time (Figure 6.2a). The optimum enhancement with respect to
the sweep width is given in Figure 6.2b, suggesting that a sweep width of 50 MHz is
sufficient. Furthermore, we extracted the optimum sweep rate from Figure 6.2a and
compared the results from two different radicals including trityl-OX063 and sulfonated-BDPA
(SA-BDPA) [29] (Figure 6.2c). We found that SA-BDPA was capable of a faster sweep rate
when compared to trityl-OX063 (50 MHz/us vs. 32 MHz/us).
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Figure 6.2: (a) DNP enhancement as a function of the contact time and the sweep width on a sample
of 40 mM trityl-OX063 in glycerol-dg/D,O/H,O (60/30/10 volume ratio) at 80 K and ~0.35 T with
microwave irradiation being on resonant. The microwave Rabi frequency was set to match the
NOVEL condition corresponding to @, /2x = 15 MHz. At each sweep width, there exists an optimum

contact time. The corresponding maximum enhancement is normalized and plotted in (b) suggesting
that a sweep width of ~50 MHz is sufficient. Similar results were obtained for sulfonated-BDPA (SA-
BDPA) [29] (Fig. 6.4). The correlation between the sweep width and the optimum contact time in (c)
indicates a faster optimum sweep rate for SA-BDPA (50 MHz/us) compared to trityl-OX06§ 32
MHz/us) due to stronger coupling in SA-BDPA.

The optimum sweep rate found in FS-ISE is governed by the adiabatic nature of the
pulse sequence when operating at the NOVEL condition[28]. All three aforementioned
events at A, B, and O are adiabatic processes resulting from the interplay between the
sweep rate and the e-'H pseudo secular hyperfine coupling (for A and B) or between that
rate and the microwave field strength (for Q). In general, the stronger hyperfine coupling and
microwave field strength enable a faster sweep rate[28]. This explains the more rapid sweep
rate in SA-BDPA compared to trityl-OX063. In SA-BDPA, the free electron has strong proton
hyperfine couplings of up to 5.3 MHz[29-32], whereas in trityl-OX063 the coupling is mainly

from the electron to the protons of the solvent, which is less than 1 MHz[33, 34].

The DNP Zeeman field profiles of the ISE sequence are shown in Figure 6.3, where
again the sequence is operating at the NOVEL condition. The contact time of 3 us was used
throughout as it was near optimal regardless of Aw/2n (Figure 6.2a). The magnetic field
B, was incremented and the RF tuning/matching was adjusted at each of the data points. At
Aw /27 =0 (constant frequency) the DNP field profile resembles that of unresolved \solid
effect with no enhancement at the center. This is partially due to line broadening of the EPR
spectrum by the strong hyperfine coupling in SA-BDPA as well as the e-e interaction at
high concentration. However, the primary reason is that at the NOVEL condition the
microwave field can no longer be treated as a small perturbation as in the CW solid effect.
Thus, even a sample with a low concentration of trityl-OX063 (5 mM) with a very narrow
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Figure 6.3: (a) DNP field profiles obtained with constant microwave frequency (black) and with
microwave chirp pulses of different sweep width including 50 MHz (red), and (b) 100 MHz (blue) and
150 MHz (green). With microwave frequency kept constant, the DNP is characteristic of unresolved
solid effect or differential solid effect without enhancement at the center. The enhancement at this
position is non-zero when chirp pulses were used which is indicative of FS-ISE. Furthermore, the
normal solid effect peaks were displaced linearly with increasing the sweep width. The data were
obtained at 80 K on a sample of 40 mM SA-BDPA in glycerol-dg/D,O/H,0 (60/30/10 volume ratio).

EPR linewidth exhibits an unresolved solid effect field profile at Aw /2w =0 and

W, /27 =w,, /2r (data not shown).

At Aw /27 >0, the enhancement at the center (on resonance with the EPR line)
becomes nonzero which is characteristic of the FS-ISE sequence. The efficiency of the ISE
then \decreases going away from the center of the EPR line. In fact, the FS-ISE field profile
is expected to follow the EPR lineshape[10]. In addition, we observed positive and negative
peak enhancements, which resemble those expected from the SE but these are displaced
from the position of the original solid effect peaks. The displacement is found to be half of
A@ /27, similar to the observation by Hovav et al. in frequency-modulated CW DNP[35].
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Therefore, the full field profile of the frequency-swept ISE is a convolution of the intrinsic FS-

ISE and the “displaced” or “stretched” SE field profiles.

It is worth noting that the “stretched” SE shows not only resemblances but also
differences in comparison to the previous study on frequency-modulated CW DNP. The
underlying reason is that both our study and the work by Hovav et al. utilized frequency
modulation but with fundamentally different focuses (ISE vs. SE) and experimental settings
(strong power pulse vs. low power CW). In particular, Hovav et al. showed that, under the
optimal condition, frequency modulation improved the DNP enhancement by a factor of 2-3.
This required modulation amplitudes smaller than the 'H Larmor frequency and repetition
rates faster than the spin-lattice relaxation rate of electron (1/T+¢). In comparison, we also
found that the “stretched” SE can be very efficient (Fig. 6.3a). However, FS-ISE req\uires
sweeping through both DQ and ZQ transitions, thus necessitating modulation amplitudes
larger than twice the 'H Larmor frequency. Furthermore, when operating at the NOVEL
condition, FS-ISE leads to a fast polarization transfer, thus the repetition rate is slower than
1/T4e to allow electron polarization to recover upon being depleted. Nevertheless, further
investigation is required to determine if the “stretched” SE remains efficient at high fields and
under MAS conditions.

In Figure 6.4, we present a comparison of the FS-ISE with o, <, that

demonstrates the feasibility of using this pulse sequence far below the NOVEL condition. In
particular, we set @, /27 =1.5 MHz instead of 15 MHz which corresponds to ~1% of the
microwave power. Figure 6.4a and 6.4b show that FS-ISE operates differently under the
two conditions. In comparison, the pulse length in Figure 6.4b is about 2 orders of
magnitude longer. Nevertheless, the DNP field profiles are very similar (Fig. 6.4¢c) and the

enhancements at the center and at the stretched solid effect are almost identical. Note that

the adiabaticity of the inversion of electron spin is proportional to a),’j‘./a')p". or PH“,/a')W, in

which wa and a’)w is the microwave power and sweep rate, respectively[28]. Thus, a\t 1%

power, the sweep rate needs to be 100 times slower or the pulse length needs to be 100

times longer.

In contemporary MAS DNP spectrometers, even though the microwave power
available is ~10 W, the field strength is <1 MHz due to the absence of a microwave

resonant structure[36, 37]. Thus, w,, is 2-3 orders of magnitude below the NOVEL condition.

In order to satisfy the NOVEL matching condition, one would need to not only increase the
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Figure 6.4: Comparison of ISE at the NOVEL condition and far below the NOVEL condition. DNP
enhancements were measured at different contact times and sweep widths at microwave field
strength of 15 MHz (a) and 1.5 MHz (b) in the SA-BDPA sample at 80 K. In (a) the behavior is similar
to what is observed with trityl-OX063 (Fig. 6.2a), whereas, the enhancement in (b) monotonically
increases. The pulse length was limited to 120 us due to the memory of the AWG. In (c) are the DNP
field profiles obtained with 15 MHz (red, solid circle) and 1.5 MHz (blue, open circle). The contact time
was 2 us and 120 us, respectively. In both cases, the sweep width was 50 MHz as suggested by the
data in (a) and (b). The two field profiles are similar.

micrgwave power, but also and more importantly to increase the Q factor by using a
microwave cavity. Roughly speaking, a combination of 10°-10* W of power and a Q factor of
~102%-10° is needed to match the NOVEL condition at high field (> 5 T), making NOVEL a
technically demanding sequence. Furthermore, the high Q factor would significantly restrict
the filling factor, reducing the absolute sensitivity of the experiment. The fact that ISE can
operate far below the NOVEL condition alleviates the field strength requirement as well as

the restriction in the filling factor.

Note that even though our data show highly efficient FS-ISE at w,, /27 =1.5 MHz, it

does not mean that the sequence can be straightforwardly applied to contemporary
DNP/NMR spectrometers operating in the range of 400-800 MHz. The reason is that the

transition moment of the ZQ and DQ scales with B;'. In going to high fields one would need
to maintain the ratio ®,;/®,, which equals to 10% in our case. Such a ratio would still

translate into strong microwave fields (tens of MHz). Moreover, the sweep width scales

roughly with B, and thus so does the optimum pulse length. The pulse length might get very

long \even for slow relaxing radicals such as SA-BDPA. Thus, it is very likely that for FS-ISE

to work at high fields @, /2n will need to account for a significant fraction of @,, /2x.

Nevertheless, the flexibility to operate below the NOVEL condition makes FS-ISE a very
promising sequence for high field pulsed DNP.
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In comparison, we found that ISE and NOVEL give similar enhancements (+10%
difference). This was not the case for triplet-DNP where ISE showed superior performance.
This is probably because of the broad EPR line of the triplet state. The ISE makes use of all
the spin packets by sweeping either the B, or microwave frequency, whereas the efficiency
of NOVEL might be compromised if the excitation bandwidth is small compared to the EPR
linewidth. Furthermore, NOVEL requires homogenous field strength for optimum efficiency

whereas ISE appears to be more robust. \

Conclusions

In summary, we have presented experimental data that indicates that FS-ISE is a
new strategy for time domain DNP. In contrast to the original implementation of the ISE that
employs sweeps of By, our strategy is suitable for high-resolution NMR applications. The
frequency modulation is conveniently achieved with high precision by using an arbitrary
waveform generator. FS-ISE can be performed under various microwave power settings.
When operated at the NOVEL matching condition, ISE exhibits fast polarization transfer. At
lower microwave field strength similar to that being used in MAS DNP spectrometers, the
buildup time for the polarization is increased when utilizing ISE, but it achieves the same
efficiency. Our findings expand the repertoire of pulse sequences for DNP and emphasize

the advantages of using an AWG to manipulate microwave pulses.
Experimental Section

Samples used in our study include glycerol-dg/D,O/H,O (60/30/10 volume ratio)
glassy matrix doped with 40 mM of SA-BDPA or 40 mM of trityl-OX063. Experiments were
performed at 80 K on a X-band EPR spectrometer equipped with a MD-4 ENDOR resonator
as described previously.?’” We emphasize on the use of an arbitrary waveform generator
(AWG) to modulate the microwave frequency. The AWG functionality is available from
Bruker BioSpin as an upgrade to the existing spectrometer. The waveform of the chirp
pulses with linear frequency sweep comes as part of a standard library included in the Xepr
software, making it convenient to program the ISE sequence. The program takes the center
frequency, the sweep width and the pulse length as inputs, which can be varied

independently.

The chirp pulse was applied repeatedly with suitable repetition rate for the nuclear
polarization to build up. The recovery delay t (Fig. 6.1a), essentially the inverse of the

repetition rate, was 8 ms and 2 ms for a sample containing SA-BDPA and trityl-OX063,
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respectively. The "H NMR signals were read out by a solid echo sequence using a Spincore
NMR spectrometer. The data processing was done with Matlab. The enhancement is
calculated from NMR signals obtained with and without microwave irradiation. The DNP-
enhgnced signals were measured at 3 Tg whereas the off signals were measured at 3 Ty to

ensure the enhancement is not biased due to the fact that T is much longer than Tg.
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Chapter 7: Time Domain DNP at1.2 T

T.V. Can, R.T. Weber, and R.G. Griffin, In preparation

We present pulsed DNP study at 1.2 T (33.5 GHz/ 51 MHz of electron and proton
Larmor frequency, respectively) on a sample of glycerol-ds/D,O/H,O (60/30/10 v/v) doped
with 5 mM trityl-OX063 at 80 K. Pulse sequences include constant-amplitude NOVEL (CA-
NOVEL), ramped-amplitude NOVEL (RA-NOVEL) and frequency-swept integrated solid
effect (FS-ISE) all of which were operated at the NOVEL matching condition, which matches
the electron Rabi frequency with the proton Larmor frequency. To the best of our knowledge,
this is the first pulsed DNP study carried out at field higher than X-band (0.35 T) using the
NOVEL sequence. A combination of strong microwave power (~150 W) and microwave
cavity with high quality factor Q (at least ~500) was needed to reach the NOVEL condition.
The high Q of the cavity limits the concentration of the radical (5 mM). Nevertheless, we
obtained very high DNP enhancements that are comparable to the results at X-band. T\hese
promising results will stimulate further study at even higher fields. Our study presents a
major step towards pulsed DNP at high fields for NMR applications and has implications on

the instrumentation needed to reach the NOVEL condition.
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Introduction

The last two decades witness the rapid development of instrumentations for the
application of dynamic nuclear polarization (DNP) in enhancing the sensitivity of NMR
experiments. At the heart of the instrumentations is the gyrotron, a continuous wave (CW)
microwave source operating in the sub-THz frequency regime. The first successful
demonstration of DNP using gyrotron was performed at 5 T (140 GHz/211 MHz) in 1993[1-
3]. Subsequently, with the first commercial DNP/NMR spectrometer operating at 9.4 T (263
GHz/ 400 MHz) coming online in 2010, the field has since rapidly expanded and matured.
Commercial DNP/NMR spectrometers are now available at magnetic field up to 18.1 T (527
GHz/ 800 MHz)[4, 5]. Unfortunately, the DNP enhancement obtained at such high field is
only a small fraction of the theoretical limit. This is due to the fact that current CW DNP
mechanisms, including the solid effect and cross effect, decrease with increasing the By
field[6, 7]. It has become more and more pressing to develop new DNP mechanisms that do
not suffer from the same issue. Recently, we demonstrated the performance of pulsed DNP
using the NOVEL pulse sequence at 0.35 T[8]. Although our data showed very high
efficiency, it is still skeptical whether it is possible to carry out this sequence at high fields
used in contemporary NMR applications. Thus, it is important to pursue this experiment at
higher fields.

Herein, we present our study of pulsed DNP at the NOVEL condition at 1.2 T. This is
the first demonstration at field higher than X-band. We obtained DNP enhancement of ~100
to over 300 with various sequences including NOVEL, ISE and stretched SE. Our study
utilized a combination of strong microwave power and high Q microwave cavity as well as
an arbitrary waveform generator to reach the NOVEL condition and to modulate the
microwave pulses. Our study suggests that it is entirely possible to perform these
experiments at field as high as 9.4 T at which commercial EPR driver and gyroamplifer are
available.

\
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Experimental

EPR/NMR/DNP experiments were performed at Bruker BioSpin (Billerica,
Massachusetts, USA) on a Q-band EPR spectrometer equipped with an ENDOR resonator
(ER 5106QT-E). The spectrometer is an extension of a X-band (9.5 GHz) system. The
microwave excitation and detection at Q-band (33.5 GHz) were achieved by up/down mixing
of the baseband frequency (9.5 GHz) with a local oscillator (~24 GHz), a scheme that is
widely used in modern NMR spectrometers. Specifically, the pulses are first formed and
modulated by an arbitrary waveform generator (AWG) at X-band and then upconverted to
Q-band frequency (33.5 GHz) by mixing with a local oscillator operating at 24 GHz. The
resulting pulses are amplified by a traveling-wave tube (TWT) microwave amplifier with a
gain of ~51 dB (~150 W maximum output), duty cycle of 10% and maximum pulse length of
100 us. For EPR detection, the Q-band frequency is downconverted to X-band. For
NMR/DNP experiments, the RF coil of the ENDOR resonator is connected to an external
tuning/matching circuit (courtesy of Thorsten Marquardsen). The circuit provides excellent
tuning range (40 to 60 MHz) with the Q factor of ~40 across that range. Typically, the coil
was tune to ~51 MHz in our experiments. All experiments were performed at 80 K on a
sample of glycerol-dg/D>,0O/H,0 (60/30/10 volume ratio) doped with 5 mM trityl-OX063. The
radical concentration was chosen because higher radical concentrations gave rise to
severely distorted EPR signals due to the interaction of the induced field with the high Q

cavity.
(a) CA-NOVEL (b) RA-NOVEL (c) FS-ISE
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Figure 7.1: Sequences for pulsed DNP including constant amplitude NOVEL (a), ramped-amplitude
NOVEL (b), and frequency-swept integrated solid effect (c). All sequences were performed gt the
NOVEL matching condition, which matches the Rabi frequency of electron with the Larmor frequency
of proton. For demonstration purpose, the NMR signal of 'H was measured using solid echo
sequence. In principle, any NMR sequence can be used.

Results

Pulse sequences used in our study, including constant-amplitude NOVEL (CA-
NOVEL), ramped-amplitude NOVEL (RA-NOVEL) and frequency-swept integrated solid
effect (ISE), are summarized in Figure 7.1. In all cases, the electron Rabi frequency was set

at or near the NOVEL condition @, /27 =@,, /2r =51 MHz. In order to achieve such a
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Figure 7.2: Instrumentation needed to reach the NOVEL conditions. A combination of high Q
microwave cavity (a) and high power TWT amplifier results in Rabi frequency up to ~80 MHz (b). The
maximum output power from the microwave amplifier is 150 W corresponding to 100% input
amplitude. In (c) the phase of the locking pulse in CA-NOVEL was varied using the AWG function.
The efficiency is maximum at 90° phase shift as expected.

strong microwave field, a combination of high Q microwave cavity and strong microwave
power was employed. Shown in Figure 7.2a is the measurement of the Q factor of the
cavity. The microwave field strength was measured as a function of the frequency, yielding a
Q factor of ~1,500. Figure 7.2b showed the field strengths at varying TWT input amplitude.
A Rabi frequency as high as ~80 MHz was achieved at maximum power level which
correspond to ~150 W of microwave power. The inhomogeneity of the microwave field is
~10%. For experiments that require modulation of the microwave pulses such as RA-
NOVEL and FS-ISE, an arbitrary waveform generator (AWG) was used. Even in the case of
CA-NOVEL, Figure 7.2c demonstrates one of the benefits of the AWG, in which the phase
of the locking pulse was incremented and the optimum performance of this sequence was
obtained at 90° phase shift as expected.

Figure 7.3a compares the microwave field profile of the CA-NOVEL sequence at X-
and Q-band. The normalized enhancements were measured at varying microwave field
strength @ ,,/2m and plotted as functions of the ratio between the electron Rabi and the
proton Larmor frequencies @,/ ®,, . The data at both fields clearly show the NOVEL
matching condition at w,, /w,, =1[9]. In comparison, the matching condition appears to be
narrower at higher field. Figure 7.3b shows the Zeeman field profiles obtained at the
NOVEL condition at Q-band. The magnetic field was incremented while the microwave
frequency and its strength were kept constant. The field profile was obtained with and
without the 90° flip pulse. Without the flip pulse, the field profile resembles that a of the an
unresolved solid effect as opposed to resolved solid effect in low power CW experiment.
The field profile obtained with CA-NOVEL (with the flip pulse) shows a maximum at slight off
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Figure 7.3: (a) Microwave field profile in CA-NOVEL experiment at 0.35 T (blue, open rectangle) an
(red, solid circle). The Larmor frequency of "H was ~14.7 MHz and ~51 MHz, respectively. At higher fi
matching condition becomes well defined. (b) The Zeeman DNP field profiles at 1.2 T using CA-
sequence (red circle), only the locking pulse (black rectangle), and the difference of the two (blue
resembles the EPR lineshape. Sample contains 5 mM trityl-OX063.

resonance. Subtracting the field profile obtained without the flip pulse from that obtained
with the flip pulse yielded Gaussian like curve resembling the EPR lineshape.

Next we investigated the performance of RA-NOVEL sequence. The microwave
frequency was set on resonant with the EPR spectrum. In Figure 7.4a, the length of the
locking pulse was varied up to 80 us which is an order of magnitude longer than what can
be achieved at X-band thanks to the high duty cycle of the TWT amplifier at Q-band. This
allows us not only confirm the improvement of RA-NOVEL over CA-NOVEL but also
observe the decay of the enhancement at long locking pulse which is indicative of the

relaxation of the electron in the rotating frame 7,,,. Ramping the microwave field strength

113



(a) Ramp size 30 MHz
T T T T T T

-e— Ramp {36 to 66 MHz)

-o- Constant (51 MHz)
0-e =
] L} L 5 i ] L)
20 40 60 80
Contact time (us)
(b) Contact time 30 us

T ¥ T v 1 L T L L] ¥ Ll

24 .

Normalized intensity
o

0 10 20 30 40 50
Ramp size (MHz)
Figure 7.4: (a) Buildup of the DNP enhancement with respect to the contact time in CA-NOVEL (blue,
open\circle) and in RA-NOVEL with 30 MHz of ramp size (red, solid circle). In both cases, the
optimum enhancements were found at 30 ps of contact time. The efficiency decreases at longer

contact time due to the T,,. (b) The improvement factor as a function of the ramp size at 30 us
contact time.

from 36 to 66 MHz (30 MHz ramp size) improved the efficiency by a factor of 1.6 compared
to CA-NOVEL at 51 MHz. Furthermore, the improvement factor reached ~2.1 at ~50 MHz of
ramp size (ramp 26 to 76 MHz) which is the largest size possible keeping the center at 51
MHz given the maximum field strength of ~80 MHz.

We then studied the FS-ISE sequence at the NOVEL condition at 1.2 T. We note that
a very high Q will lead to nonuniform field strength across the frequency range of the sweep.
Thus, for this experiment we slightly overcoupled the microwave cavity to lower the Q factor.
The degree of overcoupling was chosen so that the maximum field strength was slightly
higher than the proton Larmor frequency. In particular, we used a Q factor of ~465 and the
corresponding maximum field strength was ~ 55 MHz (Figure 7.5a). The Zeeman field
profiles were measured with different sweep widths (Figure 7.5b). At the sweep width of 0
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Figure 7.5: (a) In order to perform the FS-ISE sequence, the bandwidth of the cavity was lowered at
the cost of a lower Q factor (465 vs. 15,00 in Fig. 2a). Nevertheless, the maximum field strength was
~ 55 MHz which still slightly above the NOVEL condition (~ 51 MHz). (b) Zeeman DNP field profiles
obtained without frequency sweeping (0 MHz, black) and with frequency sweeping up (+90 MHz, red)
or down (-90 MHz, blue). (c) The buildup curve shows maximum efficiency at 2 us corresponding to
sweep rate of 45 MHz/us, indicative of the adiabatic nature of the FS-ISE sequence when operating
at the NOVEL condition.

MHz (constant microwave frequency), the field profile is essentially the same as the data in
Figure 7.4b (unresolved solid effect). As the sweep width became nonzero, we observed
the characteristic field profiles of the FS-ISE consisting of the ISE part in the middle
sandwiched by the negative and positive stretched solid effect field profile. We found that
the sign of the stretched SE did not change with respect to the direction of the sweep,
whereas the sign of the ISE enhancements flips as we changed the direction of the sweep.
In Figure 7.5c, we varied the pulse length while keeping the sweep width constant at 90
MHz. The curve confirmed the adiabatic nature of the FS-ISE sequence at the N(SVEL

condition with an optimum sweep rate of 45 MHz/us.
Discussion

The combination of high Q and high power requirement immediately explains the
challenge to achieve the NOVEL matching condition at high frequency. Keeping the
conversion factor and the Q factor the same, in order to reach the NOVEL condition at high
field, for example 9 T (250 GHz/380 MHz), the microwave power is estimated to be ~ 3 kW
(using 150 W for 80 MHz as the reference). However, from our experience it was possible to

achieve electron Rabi frequency of ,, /27 =200 MHz on a similar Q-band spectrometer.

Unfortunately, we did not make any effort to reproduce the result. Nevertheless, in that case

the estimation for the microwave power at 250 GHz/ 380 MHz would be ~ 500 W which is

within the reach of the gyroamplifier being developed by one of our collaborators at MIT.

Recently, they demonstrated a circuit gain of ~45 dB using a photonic band gap resonant

structure[10]. An input of ~15 mW at 250 GHz would suffice to provide 500 W at the output.
\
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Furthermore, pulse EPR spectrometer operating in that frequency band (263 GHz) is
commercially available from Bruker. Thus, we believe that all the technologies needed for
the realization of high frequency pulsed DNP are available at the moment. We do expect it
to be a large investment and time consuming effort.

The NOVEL microwave field profile (Figure 7.3a) appears to be sharper at higher
field. This confirms that the NOVEL condition is a trick condition. At X-band one would think
the sequence can be performed at relatively lower power level but at higher field it becomes
cleanthat it is not the case. In particular, at Q-band we did not see any enhancement when

W,/ Wy, <0.75, whereas at X-band the enhancement reached 50% that obtained at
optimum condition with the same ®,;/®,, ratio[8]. This is probably because of the

contribution from the hyperfine coupling broadening out the matching condition gets
truncated at higher field. Furthermore, the profile is also sharpened up at higher side of the
profile. The broadening of this tail end is due to the hyperfine coupling and/or higher order
processes involving one electron and multiple protons, both of which are perturbation effect
and also get truncated at higher field. It is likely that at even higher field (>9T), the
microwave field profile will be come more symmetric with small broadening effect from the

hyperfine coupling and the proton-proton coupling[11].

The Zeeman field profiles in Figure 7.3b suggest that the NOVEL field profile can be
decomposed into the field profile by the pulsed SE (only locking pulse) and that of an
intrinsic NOVEL profile which resembles the EPR lineshape. As a result, the maximum
enhancement was obtained at slightly off resonant. In this case, the off resonance is ~ 4 G
and leads to ~50% higher enhancement compared to on resonance irradiation. We note that
the p;ulsed SE field profile does not change with respect to the phase of the locking pulse,
whereas inverting the phase of the locking pulse results in change in sign of the intrinsic
NOVEL enhancement and the maximum enhancement is negative and appears at negative
offset. Roughly speaking, the field profiles obtained with opposite phases of the locking
pulse are point symmetry image of each other.

Our initial motivation of performing the FS-ISE sequence was to obtained
enhancement when microwave irradiation is on resonant with the EPR line. However, the
Zeeman field profile reveals also the stretched SE which actually even more efficient than
the intrinsic ISE. The presence of stretched SE is now less of a surprise given the work from
Shimon Vega group on frequency modulated CW DNP[12]. Nevertheless, it is still worth
noting that such an effect was completely ignored in the previous pulsed DNP experiments
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Figure 7.6: Comparison of the enhancements obtained at X-band (0.35 T) and Q-band (1.2 T) using
CA-NOVEL, RA-NOVEL and FS-ISE. The same sample of glycerol-dg/D,0/H-O (60/30/10 v/v) doped
with 5 mM trityl-OX063 was used.

using photo-excited triplet state[13]. The reason for that was probable due to the
requirement for very fast transfer in such experimental settings. For photo-excited triplet
state, one needs to take into account the lifetime of the radical created by photo-excitation.
We found that the transfer time is ~ 20 us, which we think is still short enough for many
photo-excited triplet state. Therefore, it is worth investigating the usefulness of this effect for
photo-excited triplet state DNP. It might be good for high field DNP/NMR as well, because
when operating at the NOVEL condition, the unfavorable By field dependence found in CW
SE, a consequence of first order perturbation theory is no longer valid.

Finally, we compared the enhancement factor obtained at X-band and Q-band on the
same containing 5 mM of trityl-OX063. It is worth noting that, despite the analogy between
CP and NOVEL at theoretical level, there is a fundamental difference between the two in
practice. In CP the low gamma nuclei are often polarized by multiple surrounding protons. In
NOVEL, each electron polarizes thousands of protons due to the order of magnitude
difference in their relaxation times. Thus relaxation plays an important role in DNP or pulsed
DNP in particular. The relaxation is, in turn, a function of the magnetic field By. Thus, it is
tricky to know the exact field dependence of pulsed DNP experiments. In any case, we
obtained very high DNP enhancements at 1.2 T. For NOVEL and ISE, the enhancements at
1.2 T were smaller than those obtained at 0.35 T (100 vs. 150). On the other hand, the
stretched SE showed much higher enhancement at 1.2 T (330 vs. 240).

Conclusions
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In summary, we have demonstrated the performance of various pulsed DNP
sequences operating at or near the NOVEL condition at highest possible magnetic field at
the moment. Our study utilized a Q-band (1.2 T or 33.5 GHz/ 51 MHz of electron and proton
Larmor frequency, respectively) pulsed EPR spectrometer equipped with high Q (up to
~1,500) ENDOR resonator. Such a high Q cavity, in addition to a TWT amplifier, enables the
NOVEL matching condition at this field. Our result shows that this is a strict condition with a
sharp cut off. More importantly, it suggests that this condition can be met at field as high as
9 T with the available technologies including gyroamplifier and high frequency EPR

spectrometer.
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Chapter 8: High Frequency Integrated Solid Effect

T.V. Can, J.E. McKay, R.T. Weber, T. Dubroca, J. van Tol, S. Hill, and R.G. Griffin,

In preparation

We investigate the frequency-swept integrated solid effect (FS-ISE), a pulsed DNP
sequence, at 3.35 T (94 GHz/ 143 MHz of electron and proton Larmor frequency,
respectively) on a glassy frozen sample of glycerol-dg/D,O/H,O doped with 10 mM trityl-
OX063 at 80 K. Our study utilized the HIPER, a high power, and broadband pulse EPR
spectrometer at W-band. The system is equipped with a 1 kW EIK amplifier, resulting in an
average microwave field strength of w /27 =40 MHz which amounts to ~30% of the H
Larmor frequency at this field. The broadband of the spectrometer enabled fast and
automated measurement of the DNP frequency profile. Similar to previous study, the profile
showed a combination of the ISE and the stretched solid effect. Despite the limitations in the
pulse length (10 us) and the repetition time (2 kHz), we obtained signal enhancements up
~70 for the stretched-SE and ~50 for the ISE. To the best of our knowledge, these are the
first results of pulsed DNP at a frequency 10 times higher than ali previous studies. Our
study has direct implication on the instrumentation required for pulsed DNP at high field and
paves the way to high frequency pulsed DNP for NMR applications.
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Introduction

\ Recently, we have demonstrated the performance of frequency-swept integrated

solid effect (FS-ISE) pulsed DNP sequence far below the NOVEL condition which matches
the electron Rabi frequency with the nuclear Larmor frequency at 0.35 T. Our ultimate goal
is to develop pulsed DNP for high field NMR, a task that has been stagnated mainly due to
the challenges in generating and coherently controlling high power microwave pulses. This
is especially true for the NOVEL experiment, the most promising sequence to date and
probably most demanding field strength requirement[1-3]. Thus, the flexibility in power
requirement of FS-ISE has motivated us to perform this sequence at highest magnetic field
possible. Here, we investigate the feasibility of operating the FS-ISE below the NOVEL
condition at three different magnetic fields including 0.35 T (X-band 9.5 GHz/14.7 MHz), 1.2
T (Q-band 33.5 GHz/ 51 MHz), and 3.35 T (W-band 94 GHz/ 143 MHz). In all cases, the

same ratio between the electron Rabi frequency and the proton Larmor frequency @,/ ®,,

was kept at 30% corresponding to less than 10% of the microwave power level needed for
NOVEL experiments, keeping everything else the same. Specifically, the microwave field
strength was set to 4 MHz, 14 MHz, and 40 MHz at X-band, Q-band, and W-band,
respéctively. Our results at 3.35 T suggest that FS-ISE is a strong candidate for pulsed DNP
at high fields.
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Experiments

Experiments at 3.35 T (94GHz/143 MHz of electron and proton Larmor frequency,
respectively) were performed at the National High Magnetic Field Laboratory (Tallahassee,
Florida, USA). In particular, we employed the state-of-the-art high power pulsed EPR
(HIPER) spectrometer with 1 kW of microwave power[4, 5]. The microwave pulses were
formed at 7.833 GHz and converted to 94 GHz by a 12-fold frequency multiplier. At 94 GHz,
the spectrometer can operate in either CW mode with ~200 mW of power or pulsed mode
with 1 kW of peak power. In the pulsed mode operation, the microwave power was amplified
by an extended interaction klystron (EIK) amplifier with 60 dB of gain and 1 GHz of
bandwidth[4, 5]. For EPR detection, induction scheme is used. The transmitting and
duplexing of the microwave is achieved by a quasi-optic bridge. The isolation is obtained
based on the orthogonal polarizations of the reflected microwave and the signals of interest.
The microwave is coupled to the sample via a specially designed waveguide starting out at
50 mm ID and tapering down to 3 mm ID. The cross section of the down taper was carefully
designed by computer simulation to maximize the efficiency. The sample container is
located inside the 3 mm ID German silver waveguide. We note that this instrumentation
does not use a high Q cavity to permit broadband excitation and short dead time needed for

pulsed EPR experiments.

For NMR excitation and detection the 3 mm ID waveguide was wrapped with a
saddle colil (6 turns, 6 mm in diameter, 10 mm in length). The inductance of the coil was ~
400 nH. The coil is electrically isolated from the German silver waveguide by a thin Macor
sleeve (~1 mm thick). We note that the sample is residing inside a metallic waveguide which
effectively shields the sample from the RF field generated by the NMR coil. Thus, the
waveguide needs slotting on both sides by electrical discharge machining (EDM) wire
cutting similar to the structure used by Burghaus et al.[6]. A ceramic capacitor of 2.7 pF
(NPQ 700 series from ATC) was put in parallel to with the coil. The resulting LC circuit was
connected to tuning and matching capacitors on the top of the magnet by a set of two semi-
rigid coaxial cables (3.58 mm in outer conductor diameter, 0.91 mm in inner conductor
diameter, and 1.3 m in length) to allow convenient adjustment of the RF resonance from

outside.

In addition, to modulate the microwave frequency, we used a 2-channel arbitrary
waveform generator (AWG) model DAx22000-8M (Chase Scientific, Langley, WA 98260)
with 2.5 GSals, 12-bit vertical resolution, and 8 MSa of memory per channel. The waveform
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Figure 8.1: (a) and (b) Modulation of the microwave pulses at 94 GHz. In (a), the pulses are first
formed and modulated at 7.833 GHz by up-conversion mixing with signals from a 2-channel AWG
using an |Q mixer operating at LO frequency in the range of 2-18 GHz. The frequency was then
multiplied by 12 to reach 94 GHz. The power was amplified by an EIK to obtained ~1kW output power

at 94 GHz. The average yB+/2rn was ~40 MHz. (¢) An example of a chirp microwave pulse used in ISE
experiment. The sweep width was 250 MHz as seen in the corresponding power spectrum in (d). The
waveform at 94 GHz was recorded upon down mixing with a reference signal at 92.2 GHz.

from the AWG was mixed with the carrier frequency of 7.833 GHz using an IQ mixer (model
MLIQO0218 from Marki Micrrowave) as shown in Figure 8.1a. The IQ mixing scheme allows
upconversion of the carrier frequency by the AWG signals, resulting in only the sum of the
two frequencies as opposed to both sum and difference of the two frequencies in normal
mixer. Frequency modulated pulses at 94 GHz were then obtained by a 12-fold frequency
multiplier. Figure 8.1c features a typical chirp waveform detected at 94 GHz upon
downmixing to 1.8 GHz. The waveform shows excellent quality, further error correction can
be done by applying transfer functions to the output of the AWG.

Results

Experiments at 3.35 T were performed on a sample consisting of 10 mM trityl-OX063
doped in glycerol-ds/D,O/H,O (60/30/10 volume ratio) glassy matrix at 80 K. Shown in
Figure 8.2a is the echo detected EPR spectrum together with the solid effect DNP
frequency profile. A series of microwave pulses at constant frequency was applied and the
DNP\frequency profile was obtained by incrementing the microwave frequency. The EPR
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Figure 8.2: (a) Echo detected EPR spectrum and SE frequency profile (constant microwave
frequency). (b) ISE frequency profile with sweep width +300 MHz (red) and -300 MHz (blue). Data
were taken on a sample of glycerol-ds/D,O/H,0O (60/30/10 volume ratio) doped with 10 mM trityl-
OX063 at 80K. The average microwave yB4/2n was ~40 MHz. The maximum enhancement for ISE
was ~50 due to the restriction in the contact time, the repetition rate (Figure 8.3).

spectrum exhibits nearly Gaussian lineshape, indicative of a small anisotropy in the g-tensor
of trityl-OX063. The DNP field profile consists of the positive and negative peaks displaced
from the EPR spectrum by exactly the Larmor frequency of 'H[7, 8]. It is worth noting that
the broad bandwidth of the spectrometer facilitates quick and automated acquisition of the
field profile by steeping the microwave frequency at constant B, thus bypassing the need of
adjusting RF tuning/matching.

Shown in Figure 8.2b is the DNP frequency profile of the FS-ISE in which
microwave chirp pulses were applied repeatedly at repetition rate up to 2 kHz (repetition

time of 0.5 ms) and pulse length up to 10 us. The sweep width of the chirp pulses were +300

\
125



MHz or -300 MHz, in which the positive and negative signs correspond to sweeping up and
down, respectively. The frequency profile was obtained by incrementing the center
frequency of the chirp. The profile consists of the stretched solid effect and the intrinsic ISE.
The ISE part is on resonant with the EPR spectrum. The stretched SE is broadened and
displaced away from the SE shown in Figure 8.2a. Furthermore, the sign of the ISE
enhancement change with changing the direction of the sweep as opposed to the stretched
SE. \
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Figure 8.3: (a) ISE DNP enhancement as a function of the sweep width (SW) at different contact time
of 3, 5 and 7 ps. Essentially no enhancement was obtained at SW below 225 MHz because such SW
was not broad enough to hit the DQ and ZQ transitions separated by twice the 'H Larmor frequency
(2*143 MHz) (Figure 8.2a). The optimum SW was ~350 MHz which enough to cover the entire SE
field profile obtained with SW=0 (Figure 8.2a). The enhancement decreases at broader SW, probably
because the sweep rate becomes larger and unfavorable. (b) Enhancement as a function of the
contact time at SW of 300 MHz. The enhancements obtained at both the center and the displaced-
SE+ field position exhibit linear relationships and far away from saturation. (c) ISE enhancement as a
function of repetition rate. The enhancement is still growing at fastest repetition allowed by the power
supply modulator to the EIK.

Y In Figure 8.3a, we did not see any ISE enhancement when the sweep width is below
~250 MHz. This is because such sweep width is not enough to cover the DQ and ZQ of the
SE frequency profile shown in Figure 8.2a. The enhancement is maximized at ~350 MHz of
sweep width which cover the entire SE frequency profile in Figure 8.2a. Broader sweep
width lowers the enhancement. Figure 8.3b and ¢ shows the growth of the enhancement
with increasing pulse length and repetition rate. At longest pulse length and highest
repetition rate, the enhancement is still far from optimum at this microwave field strength.
Nevertheless, we obtained enhancements of up to 70 for the stretched SE and 50 for the
ISE. We believe that the enhancements could have been higher given more power, longer

pulse length, and repetition rates.

Discussion
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Beside the scheme shown in Figure 8.1a, it is also possible perform the modulation
directly at 94 GHz (Figure 8.1b) by mixing the AWG waveform at 1.8 GHz with the carrier
frequency at 92.2 GHz. The output would include both the sum (94 GHz) and the difference
(90.6 GHz). The low frequency component can be eliminated by a bandpass filter. This
scheme has been utilized by Guy et al[9]. In comparison, direct mixing has broader
dynamic range and smaller error. However, using a frequency multiplier is more cost
effective in out case. Furthermore, such scheme is more practical at higher frequency. For
example, commercial pulse EPR spectrometer operating at 263 GHz generated from Q-
band frequency via a 8-fold frequency multiplier. Direct modulation at such a high frequency
is not available at the moment due to the lack of microwave mixer. On the other hand,
modulating at Q-band and multiply the frequency to 263 GHz is entirely feasible. The
modulated high frequency microwave pulses can then drive a gyroamplifier to generate
strong microwave pules for FS-ISE at high field. This is currently an ongoing project in our
laboratory.

To fully employ the advantages of pulsed DNP, in particular the FS-ISE, requires
high microwave fields ideally at or near the NOVEL condition. The original goal of HIPER is
to perform high power pulsed EPR with short dead time. In our study, the microwave B, is
~30% of the '"H Larmor frequency and we found that at this microwave power level, the
contact time needs to be quite long (Figure 8.3b). For DNP one does not have to pay as
much attention to the dead time thus the Q can be higher for stronger microwave fields that
are closer to the NOVEL condition. To increase the B4, we would need a microwave cavity.
At the same time, the quality factor of the cavity cannot be too high because of the
requirement of a broadband excitation for the FS-ISE sequence. Note that the sweep width
is ~2m,, , thus the Q of the cavity should not be much larger than Dos 330.

o/

The current setup has microwave waveguide inside the NMR coil, making it less
efficient for RF excitation/detection. Furthermore, the presence of metallic material inside
the NMR coil distorts the By field, hampering the NMR resolution. A strategy to overcome
this is to integrate the microwave structure (waveguide or cavity) with the NMR coil, an
approach that has been used in our design for ENDOR resonator operating at 140 GHz[10].
In this design a helical cavity serves as both an essentially a cylindrical microwave cavity as
well as an NMR coil. This can be implemented similar to the design used in micro coil NMR

developed in the group of Arno Kentgens[11]. In this design, the sample is contained in a
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tiny capillary attached to the end cap of a 4 mm or 2.6 mm rotor. The rotor contains no

sample and only served as a mechanical mechanism for the sample spinning.

The disadvantage of the using a microwave cavity is the low filling factor. Typically,
the size of the sample has to scale with the wavelength of the microwave, which scales
down with frequency. In comparison, the current design of the HiIPER has a clear advantage.
Specifically, a sample of 10 mm long, 3 mm diameter is use[4, 5]. Current MAS DNP/NMR
spectrometer delivers microwave to the sample from the side and perpendicular to the rotor
axis. We think that it is worth considering delivering the microwave along the rotor axis with
the NMR coil also serves as microwave waveguide. Furthermore, the relatively large
wave\guide can accommodate various rotor sizes that are being used in MAS NMR (below
3.2 mm), which makes it readily transferable to DNP/NMR applications.

Despite operating far below the optimum condition in term of the pulse length and
repetition rate (Figure 8.3b and c), the enhancements obtained at 3.35 T are only about 2 to

4 times lower compared to the results at lower fields. We have performed experiment at
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Figute 8.4: Comparison of the FS-ISE enhancement at X-, Q-, and W-band. The corresponding
magnetic fields were 0.35 T, 1.2 T and 3.35 T. The data were taken on samples of glycerol-
de/D-0O/H,0 (60/30/10) doped with trityl-OX063. The data at X- and Q-band were taken on a sample
containing 5 mM trityl-OX063, whereas the data at W-band were taken on a sample containing 10
mM trityl-OX063. In all cases, the microwave field strength was set to ~30% of the 'H Larmor
frequency (4 MHz at X-band, 14 MHz at Q-band and 40 MHz at W-band).

three different magnetic fields 0.35 T, 1.2 T and 3.35 T on similar sample conditions and
with the same ratio between the electron Rabi frequency and the proton Larmor frequency
of ~30% (Figure 8.4). We believe that much higher enhancements are entirely possible at
optimum conditions. This is the first demonstration of pulsed DNP at frequency 10 times
higher than all previously studies.
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Conclusions

In summary, we have demonstrated the performance of pulsed DNP at highest
microwave frequency (94 GHz) and field strength possible at the moment (40 MHz or 30%
of the Larmor frequency of 'H). At this power level, the contact time for the FS-ISE
sequence is quite long. Thus the enhancements that we obtained were limited by the pulse
length (10 us) as well as the repetition rate (2 kHz). Nevertheless, enhancements up to 70
and 50 were obtained with the stretched SE and ISE, respectively. It is highly possible that
the enhancements can be comparable to results at lower fields (9.5 GHz and 34 GHz). Our
findings mark a major step towards pulsed DNP at high frequency and help guide further
effort and strategy to perform these experiments at higher fields (> 5 T).
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