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Dynamic nuclear polarization (DNP) is a method of generating hyperpolarization of nuclear spins for 

nuclear magnetic resonance (NMR) spectroscopy.  Coherent, time domain techniques make the 

possibility of DNP directly to spins of interest at room temperature and higher feasible in magic angle 

spinning (MAS) NMR, allowing for optimal experimental repetition times to be limited by the 𝑇𝑇1 of the 

electron, rather than a much longer 𝑇𝑇1𝐷𝐷𝑁𝑁𝑁𝑁, with excellent resolution.  The strong hyperfine couplings 

that make such direct DNP transfers possible, however, can lead to short nuclear relaxation times that 

result in broadening of nuclear resonances and reduce sensitivity.  This dissertation describes the 

implementation of electron decoupling, performed by rapidly chirping the irradiating microwave 

frequency through the electron resonance frequency of the narrow line Trityl Finland radical.  The 

frequency chirps are produced by modulating the accelerating voltage of a frequency agile gyrotron.  

The voltage modulation is programed into the spectrometer arbitrary waveform generator using 

MATLAB.  The experiments described here were performed both at a common DNP temperature of 90 K 

and with the first MAS experiments performed below 6 K. Experiments were performed using both 

direct polarization of the nuclei from the electrons, and with indirect polarization using cross 

polarization.  Electron decoupling both narrows nuclear resonances and improves their integrated area.   

A method for performing analytical powder averaging for fast simulations of electron detected MAS DNP 
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experiments is also described, anticipating the incorporation of electron detection into magnetic 

resonance experiments under ultra-fast MAS for excellent sensitivity.  The simulations are performed 

using a home written PYTHON code. 
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 Chapter 1: Introduction 
 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for investigating molecular 

structure and dynamics in a wide range of fields including pharmacology, materials science, 

biology, and others1–3.  In solution state samples, anisotropic interactions are averaged to zero by 

rapid molecular tumbling.  In solid samples, however, anisotropic interactions lead to broad 

resonances.  Magic angle spinning (MAS), where the sample is rapidly spun at the “magic angle” 

of 54.74° with respect to the external magnetic field, can remove these anisotropic interactions, 

recovering the narrow resonances that makes NMR an important analytical technique4. One 

drawback to NMR, however, is that the energy splittings associated with nuclear spins in a 

magnetic field are typically much smaller than the thermal energy present.  For this reason, many 

NMR experiments suffer from poor sensitivity5–9.  

 

One strategy to overcome the poor sensitivity of NMR is to use a technique called dynamic 

nuclear polarization (DNP)5,6,10,11.  In DNP, a small amount of a radical is added to the sample. 

Upon irradiation with an appropriate frequency of microwaves, a large improvement in 

sensitivity is obtained as polarization is transferred from the electron spins to the nuclear spins.  

The same strong electron-nuclear (hyperfine) couplings that make DNP possible, however, can 

also lead to substantial broadening of nuclear resonances and shorten homogeneous relaxation 

times.  Broadening of nuclear resonances decreases spectral resolution, and dipolar recoupling 

sequences such as rotational echo double resonance (REDOR) require long homogeneous 

relaxation times to achieve sufficient sensitivity6–8.  
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Similar difficulties to those described above that are posed by the presence of unpaired electrons 

in a sample are also often encountered when 1H nuclei are present.  Because of this, 1H 

decoupling is commonly applied, attenuating the strong magnetic interactions of the 1H nuclei 

with the nuclei of interest.  Many such decoupling schemes exist, such as CW, TPPM12, 

WALTZ-1613 and others. 

 

Implementation of these decoupling methods for electron spins is complicated, however, by the 

difficulty of generating electron nutation frequencies sufficient to excite the entire bandwidth of 

most radicals at high magnetic fields and with magic angle spinning1,7,14,15.  In static 

experiments, this is accomplished by using low magnetic fields to narrow g-factor broadened 

spectra, and by building microwave resonators to achieve high nutation frequencies with limited 

microwave power. 

 

This dissertation describes the first electron decoupling experiments, where hyperfine couplings 

between the unpaired electrons on the radicals introduced for DNP and the observed 13C nuclei 

are attenuated1,7,14.  This is accomplished by use of frequency chirped microwave pulses which 

allow for broadband microwave irradiation1,7,14–16. The high power microwaves for electron 

decoupling and DNP are generated using a microwave source known as a gyrotron17.  Electron 

decoupling has been performed using both direct polarization of the carbons from the electrons, 

and indirectly by first polarizing the protons, following this with cross polarization (CP) 1,7,14.  

Surprisingly, in addition to a narrowing of the nuclear resonances, electron decoupling also 

improves their integrated area, leading to an improvement in sensitivity.  When direct 
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polarization of the carbons in urea is employed, a reduction in linewidth of 48 Hz is observed 

with a 14% improvement in integrated area14. 

 

In addition to DNP, future MAS NMR experiments could utilize electron detection as another 

strategy to improve sensitivity.  The Larmor frequency of an electron is 657 × that of a 1H 

nucleus1,7,14, and the amplitude of the voltage induced across an NMR coil increases with 

increasing frequency, leading to a better signal-to-noise ratio18.  Simulations will aid in the 

design and optimization of these experiments.  Modern solid state NMR simulations, however, 

can be quite lengthy, due to the number of powder angles that usually need to be included in the 

simulation. 

 

In addition to the electron decoupling described above, this dissertation also discusses a new 

technique to quickly evaluate powder averages of certain systems in which the powder average is 

determined analytically over one of the Euler angles, rather than with more common numerical 

algorithms.  This drastically reduces the size of the powder pattern needed to accurately 

characterize the powder pattern.  The simulations performed use the g-value and hyperfine 

coupling values of the TEMPO nitroxide radical in both the static and MAS cases.  In the static 

case, analytical powder averaging over the 𝛼𝛼 Euler angle reduces the simulation time by 97.5%, 

if the reduction in resources from 8 computer processors to 1 is considered.  In the MAS case, 

the resulting spinning sideband manifold has sidebands split by the simulated spinning 

frequency, as expected.  Although the simulations performed here were done on the TEMPO 

radical, the techniques described are perfectly applicable to conventional NMR simulations as 

well. 
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Chapter 2: Concepts and Instrumentation in 
Magnetic Resonance Spectroscopy 

2.1 Nuclear Magnetic Resonance Spectroscopy 
 

Nuclear magnetic resonance spectroscopy (NMR) is a powerful tool widely used for probing the 

structure and dynamics of a multitude of different chemical architectures including those studied 

in biochemistry, materials science, and pharmaceuticals1–3. In NMR, the sample is typically 

placed in a strong external magnetic field and radio frequency (RF) pulses are used to manipulate 

magnetically active nuclei2,4–7.  The final signal is detected as a voltage across a coil in most 

NMR experiments, which is induced by the precession of the components of the spins’ magnetic 

moments perpendicular to the external magnetic field8–10.  In addition to generating the signal 

from spin precession, the external magnetic field is also usually used to initially polarize the 

spins.  The degree of polarization can be determined through the use of Boltzmann statistics.  For 

a spin 1/2 system, the polarization is given by Equation (2.1) below: 

 0tanh
2 B

hP
k T
ν 

= −  
 

   (2.1) 

Here, ℎ is Planck’s constant, 𝜈𝜈0 is the nuclear Larmor frequency, 𝑘𝑘𝐵𝐵 is Boltzmann’s constant, 

and  𝑇𝑇 is the temperature in Kelvin1,11–13.  In NMR, the thermal energy, 𝑘𝑘𝐵𝐵𝑇𝑇, is typically much 

greater than the energy splitting, ℎ𝜈𝜈0.  Because of this, the polarizations achieved are usually 

very small, leading to poor sensitivity when compared with other forms of spectroscopy8–10. 

 

In liquid state experiments, NMR usually  has excellent resolution.  However, the molecular 

tumbling that leads to this level of resolution is not present in solids.  Broad powder patterns due 
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to the chemical shift anisotropy and dipolar interactions destroy the resolution observed in liquid 

spectra.  Narrow resonances can be recovered, however, by rapidly spinning the sample at what 

is known as the “magic angle” of cos−1 � 1
√3
� = 54.74° with respect to the external magnetic 

field.  This time-averages the second rank components of these tensor valued quantities to 

zero14,15.  

 

2.2 Terms in the Magnetic Resonance Hamiltonian 
Important to this Dissertation 
 

The Hamiltonian (𝐻𝐻�) is the operator that describes the system energy.  In general, Hamiltonians 

in NMR can be written in the lab frame in the form given by Equation (2.2)15: 

 

2 ( )( )

0

l ll
mm

l m l
H a s

= =−

=∑ ∑    (2.2) 

Here, the 𝑎𝑎𝑚𝑚
(𝑙𝑙)’s are spatial functions that depend on the orientation of the system, and the 𝑠̂𝑠𝑚𝑚

(𝑙𝑙)’s 

are related to the spin operators of the spin and the magnetic field that they are interacting with.  

Fortuitously, in most magnetic resonance systems most of the terms either are identically 0 or 

very quickly average to 0 in the large external magnetic field.  In this approximation, known as 

the secular approximation, the Hamiltonian takes the form shown in Equation (2.3)15: 

 

(0) (2)(0) (2)
0 00 0H a s a s= +    (2.3) 

Under the secular approximation, the Hamiltonian is reduced from nine terms to the much more 

manageable two.  The 𝑎𝑎𝑚𝑚
(𝑙𝑙)’s and 𝑠̂𝑠𝑚𝑚

(𝑙𝑙)’s are defined in Equations (2.4)-(2.7)15: 

 (0)
0 3 isoa a= −   (2.4) 
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 ( ) ( ) ( )( )(2) 2 2
0

1 3 3cos 1 sin cos 2
2 2 anisoa a β η β α= − −   (2.5) 

   ( )(0)
0

1
3

x y zx y zs O I O I O I= − + +      (2.6) 

   ( )(2)
0

1 2
6

z x yz x ys O I O I O I= − −      (2.7) 

Here, 𝐼𝐼𝑥𝑥, 𝐼𝐼𝑦𝑦, and 𝐼𝐼𝑧𝑧 are the spin operators that correspond to the spin of interest, and 𝑂𝑂�𝑥𝑥, 𝑂𝑂�𝑦𝑦, and 

𝑂𝑂�𝑧𝑧 correspond to the components of the magnetic field that the spin is interacting with (for 

example, they may be the components of the external magnetic field or the spin operators of 

another spin).  𝛼𝛼 and 𝛽𝛽 are the Euler angles that describe the orientation of the principle axes of 

the interaction relative to the magnetic field. 𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖, 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝜂𝜂  are defined in Equations (2.8)-(2.10) 

below15: 

 ( )1
3iso XX YY ZZa a a a= + +   (2.8) 

 aniso ZZ isoa a a= −   (2.9) 

 YY XX

aniso

a a
a

η −
=   (2.10) 

 Here, 𝑎𝑎𝑋𝑋𝑋𝑋, 𝑎𝑎𝑌𝑌𝑌𝑌, and 𝑎𝑎𝑍𝑍𝑍𝑍 are the principle axis components of the interaction.  It should be noted 

that although the secular approximation is used here, nonsecular terms cannot always be 

discarded.  For example, some DNP mechanisms depend on nonsecular terms for polarization 

transfer to happen.  Some specific terms in the Hamiltonian are discussed below.  Note that only 
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terms that are important to the work in this dissertation are described, and that this is not an 

exhaustive list. 

 

2.2.1 The Zeeman Interaction 
 

The Zeeman interaction is the energy associated with a bare nucleus or electron in the external 

magnetic field arising from its intrinsic spin.  The Zeeman interaction is typically the largest 

interaction in the magnetic resonance Hamiltonian and is primarily responsible for the initial 

polarization of the spins15.  The Zeeman interaction is usually considered to be a purely isotropic 

interaction, and if the magnetic field is taken to be aligned along the z-axis, then Equations (2.3)-

(2.10) can be used to write the Zeeman Hamiltonian in the form given in Equation (2.11).  ℏ is 

the reduced Planck’s constant, 𝛾𝛾 is the gyromagnetic ratio of the spin, and 𝐵𝐵0 is the strength of 

the external magnetic field15: 

 

0Zeeman zH B Iγ= − 

   (2.11) 

 

2.2.2 The Chemical Shielding Interaction 
 

The chemical shielding interaction arises from the fact that the spins that are observed in nuclear 

magnetic resonance are not bare nuclei, but are surrounded by a cloud of electrons.  The electron 

cloud responds to the magnetic field in such a way as to slightly “cancel out” the Zeeman 

interaction.  Differences in the electronic structure around nuclei in different environments create 

observable differences in the resonant frequency of the nuclei, allowing them to be distinguished 

in a spectrum16.  The chemical shielding can be quantified with a number called the “shielding 
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parameter” (𝜎𝜎).  It has both isotropic and anisotropic components.  The chemical shielding 

Hamiltonian can be written using Equations (2.3)-(2.10) in the manner below15:  

  ( ) ( ) ( )( )2 2
0

1 3cos 1 sin cos 2
2

CS ziso anisoH B Iγ σ σ β η β α = + − −  


   (2.12) 

It should be noted that, from a practical point of view, the g-tensor portion of the electron 

Hamiltonian behaves in a similar manner to the sum of the Zeeman and chemical shielding 

interactions acting on a nucleus. 

 

2.2.3 The Dipolar Coupling 
 

The dipolar coupling arises from the interaction between different spins in the system. The 

dipolar coupling is important for two main reasons.  Firstly, it is a source of broadening.  This is 

the primary interaction that decoupling methods are intended to remove in solid samples. It can 

be useful, however, because it is inversely proportional to the cube of the distance between the 

spins and can be used as a ruler for measuring the distances between them16,17.  When an electron 

and a nucleus are coupled to one another, this makes up part of what is known collectively as the 

“hyperfine coupling1.”  The Hamiltonian for the heteronuclear dipolar coupling, which this 

dissertation is primarily interested in, is shown below. Here, 𝛾𝛾1 is the gyromagnetic ratio of spin 

1, 𝛾𝛾2 is the gyromagnetic ratio of spin 2, and 𝑟𝑟 is the distance between them15: 

 

  ( )( ) 
2

20 1 2
3 3cos 1

4
dip z zH I S

r
µ γ γ β
π

= − −


   (2.13) 
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2.2.4 The Fermi Contact Interaction 
 

The Fermi contact interaction is a largely isotropic interaction that arises from an electron 

occasionally being located in the same place as the nucleus.  It is the isotropic part of the 

hyperfine coupling, and is analogous to the J-coupling of NMR.  The Hamiltonian for the Fermi 

contact interaction is given in Equation (2.14) below1,16: 

  

Fermi z zisoH A I S= 

   (2.14) 

 

2.3 Dynamic Nuclear Polarization 
 

One method to remedy the poor sensitivity of NMR is known as dynamic nuclear polarization 

(DNP).  In DNP, a small amount of a stable radical is typically doped into the sample.  The 

unpaired electron on a radical has a gyromagnetic ratio approximately 657 × that of a 1H 

nucleus, leading to Boltzmann polarizations much larger than any nucleus.  Upon irradiation 

with an appropriate frequency of microwaves, the sensitivity improves dramatically as the large 

Boltzmann polarization of the electrons is transferred to the nuclei.  There are several 

mechanisms that can be used to perform DNP18–22.  These can be divided into two classes: 

continuous wave (CW) DNP, and time domain DNP.  DNP is discussed further in Chapters 3-5. 

2.3.1 Continuous Wave DNP Mechanisms 
 

Three of the most common DNP mechanisms used today are the continuous wave mechanisms 

known as the solid effect, cross effect, and Overhauser effect.  In the solid effect, the microwave 
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frequency is set one nuclear Larmor frequency away from electron’s resonance frequency.  This 

drives a forbidden transition that causes an electron and a nucleus to flip simultaneously.  This 

process creates hyperpolarization of the nuclei.  In the cross effect, DNP is achieved by 

saturating one spin packet of electrons with microwave irradiation.  This spin packet then 

undergoes three spin transitions with one nuclear spin and an electron from a separate spin 

packet one nuclear Larmor frequency away1,21. 

 

The cross effect and solid effect are both continuous wave mechanisms, where the microwaves 

are usually irradiating the sample at all times.  This method has a couple of disadvantages.  

Firstly, continuous wave mechanisms are slow.  In most samples, the electron longitudinal 

relaxation time at room temperature is far too short to perform efficient polarization transfers.  

For this reason, most DNP experiments are run at a temperature of 100 K or less.  Not only does 

the cryogenic temperature vastly increase the technical requirements of experiments, but it can 

also lead to broadening of resonances, as the molecular motion that keeps resonances narrow is 

removed.  Furthermore, the efficiency of the solid effect decreases proportionally with 1/𝐵𝐵02, and 

the efficiency of the cross effect decreases proportionally with 1/𝐵𝐵0, where 𝐵𝐵0 is the strength of 

the external magnetic field.  Time domain methods, on the other hand, are not predicted to have 

such detrimental field dependencies23. 

 

One continuous wave mechanism that actually improves with increasing magnetic field is the 

Overhauser effect, first demonstrated in insulating solids by Can et al.24. It arises from the 

difference in zero quantum and double quantum relaxation rates25. The enhancement obtained 

through the Overhauser effect tends to scale linearly with the magnetic field24. 
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2.3.2 Time Domain DNP Mechanisms 
 

Time domain DNP methods, which involve pulsed DNP and frequency chirped DNP, have been 

shown to be able to produce enhancements on samples up to room temperature.  These include 

nuclear spin orientation via electron spin locking (NOVEL), off resonance NOVEL, and the 

integrated solid effect (ISE)1,23,26–28. All of these mechanisms are discussed further in Chapter 3. 

A further advantage of time domain mechanisms is that if the radical is tethered to spin of 

interest, placing the unpaired electron in direct dipolar contact with it, then the spin diffusion 

step, which is typically the rate limiting step in polarization, can be avoided.  This will allow 

experiments to be repeated on a timescale comparable to the longitudinal relaxation time of the 

electron, rather than having to wait for a slow spin diffusion process to take place.  The direct 

dipolar contact, however, will lead to substantial paramagnetic effects that broaden nuclear 

signals and shorten homogeneous T2’s.  Electron decoupling will be necessary to remove these 

paramagnetic effects1. 

 

Although time domain DNP mechanisms have been used to produce enhancements up to room 

temperature, these experiments were performed in low magnetic fields with no magic angle 

spinning and using a microwave resonator.  In MAS, the infrastructure used to spin the sample 

takes up the space that would normally be used for a microwave resonator.  In order to make up 

for this, high power microwave sources are necessary to generate the requisite electron nutation 

frequencies for time domain DNP experiments1.  Time domain DNP is discussed further in 

Chapter 3. 
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2.4 Electron Decoupling 
 

DNP of nuclei directly coupled to unpaired electrons will require electron decoupling to remove 

strong paramagnetic effects1.   Electron decoupling was produced by rapidly chirping the 

microwave frequency back and forth over the electron resonance frequency with the intent of 

performing a series of adiabatic inversions. In an adiabatic inversion, a long microwave pulse is 

applied to the sample with a simultaneous ramp of the microwave frequency18,20.  Rather than 

rapidly inverting the magnetization, adiabatic methods slowly drag the magnetization from the 

positive z-axis to the negative z-axis, and in doing so can accomplish a high efficiency inversion 

of the magnetization with substantially less power than a hard pulse would require1,18,20,29. 

Although the microwave power available for these electron decoupling experiments was 

probably not sufficient to produce full adiabatic inversions of the electrons, the presence of the 

microwave chirps dramatically improved the effectiveness of the decoupling over the continuous 

wave case.  Adiabatic inversions are discussed further in the next section.  In order to perform 

the frequency chirps, as well as to perform electron decoupling in the same experiment as DNP, 

a frequency agile microwave source is required.  The implementation of electron decoupling is 

the subject of Chapters 4 and 5. 

 

2.5 Adiabatic Inversions in Magnetic Resonance 
 

2.5.1 Simulations of Adiabatic Inversions 
 

In an adiabatic inversion the microwave frequency is slowly swept over the resonance frequency 

of a spin, dragging its magnetization vector from the positive z-axis to the negative z-axis. A 
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simulated trajectory of the magnetization of the unpaired electron on the radical SA-BDPA is 

shown in Figure 2.1a.  Figure 2.1b demonstrates another advantage of adiabatic methods: there 

insensitivity to microwave inhomogeneity.  The dashed line in Figure 2.1b shows the z-

component of the magnetization of the SA-BDPA radical during a 13.75 µs microwave chirp.  

The simulation assumes a perfectly homogenous nutation frequency of 840 kHz and a 

homogeneous 𝑇𝑇2 of 3.3 µs.  The simulation predicts that 57% of the initial magnetization of the 

Trityl will make it to the –z-axis using these parameters.  The solid line is a simulation of an 

adiabatic inversion of the SA-BDPA magnetization with a distribution of nutation frequencies 

with an average of 840 kHz and a standard deviation of 200 kHz.  In this case 46 % of the intial 

magnetization is predicted to make it to the –z-axis, which is still the majority of what was 

predicted in the uniform nutation field case. 

 

 

Figure 2.1: (a) The trajectory of the magnetization of the SA-BDPA unpaired electron under and 
adiabatic chirp of 840 kHz nutation frequency.  (b) The z-component of the SA-BDPA during a 
13.75 µs chirp with a perfectly homogeneous nutation field (dashed line) and with and 
inhomogeneous one (solid line).  This figure was reproduced with modification from Hoff, D. E. 
M.; Albert, B. J.; Saliba, E. P.; Scott, F. J.; Choi, E. J.; Mardini, M.; Barnes, A. B. Frequency 
Swept Microwaves for Hyperfine Decoupling and Time Domain Dynamic Nuclear Polarization. 
Solid State Nucl. Magn. Reson. 2015, 7230 
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2.5.2 The Adiabaticity Factor 
 

This strategy allows for a much broader banded excitation than would typically be achievable 

with a hard pulse18,30.  In addition to being the inspiration for the strategy used in electron 

decoupling, adiabatic techniques are also promising avenues for the implementation of time 

domain DNP. The “degree of adiabaticity” is typically quantified by the “adiabaticity factor”, 

defined in Equation (2.15)18,29,30: 

 

 
( )

( ) ( )
eff t

Q t d t
dt

ω
θ=   (2.15) 

 

Here, 𝜔𝜔𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) is the effective angular frequency experienced by the spin, an 𝜃𝜃(𝑡𝑡) is the angle of 

the magnetization with the x-y plane.  Expressions for these quantities are given in Equations 

(2.16) and (2.17) below, respectively18,29,30: 

 

 2 2
1( ) ( ) ( )eff t t tω ω ω= ∆ +   (2.16) 

 1

1

( ) tant ωθ
ω

−  ∆
=  

 
  (2.17) 

Here, Δ𝜔𝜔 is the offset of the angular frequency of the irradiating microwaves (in the case of 

DNP) and 𝜔𝜔1 is the nutation frequency of the spin.  If these expressions are substituted in to 

Equation (2.15), Equation (2.18) is obtained18,29,30: 
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1
1

( ) ( )
( ) ( )( )( ) ( )

t t
Q t d td tt t
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ω ω
ωωω ω

∆ +
=

∆
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  (2.18) 

  

For the work presented in this dissertation linear frequency chirps are used.  In this case the 

offset of the microwave frequency is swept according to Equation (2.19) below18,29,30: 

 

 1( )
2

t k tω τ ∆ = − 
 

  (2.19) 

Here, 𝑘𝑘 is the sweep rate in  𝑟𝑟𝑟𝑟𝑟𝑟
𝑠𝑠2

, and 𝜏𝜏 is the sweep time in seconds.  This can be substituted into 

Equation (2.18) with some rearrangement to give Equation (2.20)18,29,30.  Here the nutation 

frequency of the spin is taken to be constant in time, making 𝑑𝑑𝜔𝜔1
𝑑𝑑𝑑𝑑

= 0 rad/s2: 

 

 
( )( )3/222 2

1

1

/ 2
( )

k t
Q t

k

τ ω

ω

− +
=   (2.20) 

The adiabaticity factor is usually used in conjunction with the Landau-Zener Theory of adiabatic 

transitions, and Landau Zener Theory only employs the minimum value of the adiabaticity 

factor18,29,30.  The function in Equation (2.20) achieves its minimum value at 𝑡𝑡 = 𝜏𝜏/2.  The value 

that it achieves is given by Equation (2.21).  The second equality gives the minimum adiabaticity 

in terms of 𝜈𝜈1 and 𝑘𝑘𝐻𝐻𝐻𝐻/𝑠𝑠, the values corresponding to 𝜔𝜔1 and 𝑘𝑘 in the more common units of Hz 
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and Hz/s, respectively.  In the third equality, the substitution 𝑘𝑘𝐻𝐻𝐻𝐻/𝑠𝑠 = 𝜈𝜈𝑠𝑠𝑠𝑠/𝜏𝜏 has been made, 

where 𝜈𝜈𝑠𝑠𝑠𝑠 is the sweep width18,29,30: 

 

 
2 2 2

1 1 1
min

./

2 2

Hz s sw

Q
k k
ω πν πν τ

ν
= = =   (2.21) 

 

Typical parameters used in the experiments described in this dissertation are 𝜈𝜈1 = 380 × 103 

Hz, 𝜏𝜏 = 13.75 × 10−6 s, and 𝜈𝜈𝑠𝑠𝑠𝑠 = 87 × 106 Hz.  Using these values in Equation (2.21) yields 

a minimum value of the adiabaticity factor of 0.14.  For full adiabatic inversions, the adiabaticity 

factor should be around 5 at a minimum.  More microwave power will improve the nutation 

frequency, and make for a higher adiabaticity factor.  Further improvements can be made by 

using shaped microwave chirps, such as in a tangential sweep of the microwave frequency with 

time18,29,30. 

2.6 Introduction to the Instrumentation for DNP and 
Electron Decoupling 
 

In order to perform DNP and electron decoupling, a large amount of custom instrumentation is 

required.  This includes a frequency agile gyrotron to generate microwaves, a waveguide to 

direct  the microwaves to the sample, a probe capable of operating at cryogenic temperatures, a 

cryostat to protect the inside of the magnet from cryogenic fluids, and a heat exchanger for 

cooling the sample to cryogenic temperatures31–33.  This section is meant to provide an 

introduction to the operation and basic theory of the instrumentation previously designed in the 

Barnes lab that I used to perform my experiments. 
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2.6.1 Frequency Agile Gyrotron 
 

A gyrotron is a vacuum tube placed inside of a large external magnetic field for generating high 

power microwaves.  At the base of the gyrotron is an electron gun that consists of an anode and a 

cathode18,20,32.  The cathode is heated to ~800° C, and has a large potential of about −12 kV 

relative to ground pulled on it.  This causes a beam of electrons to be emitted from the electron 

gun.  As the electrons travel through the magnetic field, they tend to gyrate under a Lorentz 

force, an expression for which is given by Equation (2.22) below34: 

 

 ( )F q E v B= + ×
   

  (2.22) 

Here, 𝐹⃗𝐹 is the force acting on the electron, 𝑞𝑞 is the electric charge of the particle (here it is equal 

to the negative of the elementary charge), 𝐸𝐸�⃗  is the electric field, and 𝐵𝐵�⃗  is the magnetic field.  

When an appropriate accelerating voltage is applied, the gyration of the electrons due to the 

Lorentz force will resonate with the interaction cavity of the gyrotron and generate microwaves.  

The voltages applied across the electron gun are sufficient to accelerate the electrons to mildly 

relativistic speeds34.  The dependence of the frequency on the accelerating voltage of a typical 

gyrotron is demonstrated by Figure 2.2.    
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Figure 2.2: The output frequency of a frequency agile gyrotron measured as a function of the 
accelerating voltage.  This figure was reproduced from Scott, F. J.; Saliba, E. P.; Albert, B. J.; 
Alaniva, N.; Sesti, E. L.; Gao, C.; Golota, N. C.; Choi, E. J.; Jagtap, A. P.; Wittmann, J. J.; et al. 
Frequency-Agile Gyrotron for Electron Decoupling and Pulsed Dynamic Nuclear Polarization. J. 
Magn. Reson. 2018, 28932. 

 

The microwaves are generated in a transverse electric (TE) 5,2 mode32.  This does not propagate 

well through the open space between the window and the waveguide, and for this reason a 

“mode converter” composed of a helically cut copper tube known as a “Vlaslov launcher” and a 

series of copper mirrors is used to convert the beam to a Gaussian mode.  The microwaves 

propagate a sort distance through open space (~1 cm) before entering a waveguide.  The 

waveguide directs the microwaves to the sample. A computer aided design (CAD) drawing of a 

gyrotron is shown in Figure 2.3 a.  Expansions about the electron gun (b), interaction cavity (c) 

and the mode converter and window (d) are also pictured32. 
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Figure 2.3: a.) CAD drawing of a frequency agile gyrotron. b.) An expansion of (a) around the 
electron gun. c.) An expansion of (a) around the microwave cavity. d.) An expansion of (a) 
around the mode converter and window. This figure was reproduced with modification from 
Scott, F. J.; Saliba, E. P.; Albert, B. J.; Alaniva, N.; Sesti, E. L.; Gao, C.; Golota, N. C.; Choi, E. 
J.; Jagtap, A. P.; Wittmann, J. J.; et al. Frequency-Agile Gyrotron for Electron Decoupling and 
Pulsed Dynamic Nuclear Polarization. J. Magn. Reson. 2018, 28932. 

 

The dependence of the output frequency of the gyrotron on the voltage applied at the electron 

gun is key to being able to move the frequency from the DNP condition to the electron resonance 

frequency, and to perform the frequency chirps necessary for electron decoupling18. This is 

discussed further in Chapters 3-5. 

 

2.6.2 MAS DNP NMR Transmission Line Probe 
 

RF pulses to the sample and detection of the signal under MAS is achieved using a Schaefer-

Mckay style transmission line probe.  Such a probe is primarily constructed out of two coaxial 

copper tubes with the ratio of the diameters of the inner and outer conductors set to match the 

transmission line to 50 Ω of impedance. The Schaefer-Mckay style transmission line probe has 
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two major advantageous over traditional designs.  Firstly, it allows for the transmission of large 

amounts of RF power, and secondly it allows for many different nuclei to be studied with 

relative ease on the same probe.  This is accomplished by setting up a standing wave between the 

coil of the probe and the tuning capacitor for each channel.  Subsequent channels can be added at 

the nodes of existing channels without interfering with them to a large extent. 

 

Although the Schaefer-Mckay style transmission line probe has major advantages over other 

probe designs, its basic circuit setup is just like other common NMR probe design.  This basic 

design is shown in Figure 2.4 a.  A high alternating voltage is supplied from an amplifier that 

amplifies an RF pulse from the spectrometer (𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ≈ 100 𝑉𝑉).  When the tuning capacitor in 

the “tank circuit” , 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, is set to the correct capacitance, it will resonate with the coil at the 

frequency input from the voltage source.  The matching capacitor is then used to match the 

characteristic impedance of the probe to the impedance of the voltage source, which maximizes 

the power delivered to the tank circuit, of which the coil (with an inductance, 𝐿𝐿) is part.  Such a 

design allows for large currents to be generated in the tank circuit (≈ 50 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) while the 

voltage source only sees a relatively small current pass through it. (≈ 2 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎).  The impedance 

of the source is equal to its internal resistance which is standardized at 50 Ω.  The resistance of 

the tank circuit is represented by 𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙.  The dashed box indicates components outside of the 

probe.  A CAD drawing of how the tuning and matching capacitors are actually situated in the 

probe is shown in Figure 2.4 b.  The actual coil used for NMR is further down the transmission 

line formed by the inner and outer conductors and is not pictured.  The coils that are pictured are 

part of the traps used to prevent RF power from the other channels from going down this 

channel. 
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Figure 2.4: a.) A basic design for an NMR probe.  The tuning capacitor is used to set the 
resonance frequency of the circuit, and the matching capacitor is used to match the characteristic 
impedance of the transmission line to that of the source.  The sample is in the coil and this circuit 
generates a large current through it to manipulate the nuclei with. b.) A CAD drawing of  a 
portion of the circuit shown in (a). This figure was reproduced with modification from Scott, F. 
J.; Alaniva, N.; Golota, N. C.; Sesti, E. L.; Saliba, E. P.; Price, L. E.; Albert, B. J.; Chen, P.; 
Connor, R. D. O.; Barnes, A. B. A Versatile Custom Cryostat for Dynamic Nuclear Polarization 
Supports Multiple Cryogenic Magic Angle Spinning Transmission Line Probes. J. Magn. Reson. 
2018, 297, 23–3233. 

 

2.6.3 Cryostat 
 

The sample typically needs to be maintained at cryogenic temperatures for DNP to work.  The 

magnet bore cannot be exposed to these temperatures, however, and so a cryostat is used to 

protect the inside of the magnet from the cryogenic gases that are blowing on the sample.  A 

CAD drawing of the cryostat is shown in Figure 2.5 a33.  A vacuum port at the bottom of the 

cryostat allows for a vacuum to be established between the two inner brass walls of about 5 ×

10−8 torr.  This vacuum acts as an excellent insulator, as very little heat can flow across a high 

vacuum.  Ports at the top of the cryostat allow for the waveguide, sample eject lines, and 
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cryogenic transfer lines to be inserted into it through the aluminum top cap.  A cross section of 

the top of the cryostat with the various brass lines inserted into it is shown in Figure 2.5 b33.  

Before being placed through the ports at the top of the cryostat, the brass lines are first passed 

through a brass plate, and an o-ring is placed on each line beneath the plate. All of the lines are 

then placed through the ports on the cryostat.  Three threaded rods (one of which is shown in 

Figure 2.5 b) are screwed through a brass plate attached to the top of the magnet and used to 

compress the o-rings to form a tight seal33. 

 

 

Figure 2.5: a.) A CAD drawing of the cryostat. b.) An expansion of the CAD drawing in (a) 
around the top of the cryostat, with the transfer lines and their supporting infrastructure shown. 
This figure was reproduced with modification from Scott, F. J.; Alaniva, N.; Golota, N. C.; Sesti, 
E. L.; Saliba, E. P.; Price, L. E.; Albert, B. J.; Chen, P.; Connor, R. D. O.; Barnes, A. B. A 
Versatile Custom Cryostat for Dynamic Nuclear Polarization Supports Multiple Cryogenic 
Magic Angle Spinning Transmission Line Probes. J. Magn. Reson. 2018, 297, 23–3233. 
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2.6.4 Heat Exchanger and Cryogenic MAS 
 

The heat exchanger used to cool the samples is shown in Figure 2.6 a35.  The heat exchanger is 

composed of a large, cylindrical, stainless steel dewar.  At the top of the dewar is a piece of G-10 

that supports three stainless steel modules for cooling the MAS fluid: one for the drive gas, one 

for the bearing gas, and one for the variable temperature fluid35.  A CAD drawing of one of these 

modules is shown in Figure 2.6 b35.  The dewar is filled with liquid nitrogen until the bottom can 

on each module is submerged.  When using nitrogen as an MAS fluid, the nitrogen is purified 

from the air and 1/3 of it is sent to each of the modules.  In the modules, the nitrogen is first 

cooled by the ~100 K nitrogen returning from the probe in the pre-cooling stage using a counter 

flow system, shown in green in Figure 2.6 b35.  The nitrogen then flows into the main cooling 

stage in the can in the bottom of the module, where a variable density of gaseous nitrogen 

controlled by pressure regulators outside the module allows for control of the degree of thermal 

contact between the gas flowing through the coil and the nitrogen bath in the dewar.  Once the 

nitrogen has been cooled to ~90 K, it flows through a vacuum jacketed transfer line (not shown) 

to the probe.  The gas then leaves the probe head through an exhaust line where it goes back to 

the heat exchanger module to pre-cool the new nitrogen coming in35. 
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Figure 2.6: a.) A CAD drawing of the heat exchanger. b.) A CAD drawing of one of the 3 
identical modules that is used to cool the MAS fluid.  This figure was reproduced from Albert, B. 
J.; Pahng, S. H.; Alaniva, N.; Sesti, E. L.; Rand, P. W.; Saliba, E. P.; Scott, F. J.; Choi, E. J.; 
Barnes, A. B. Instrumentation for Cryogenic Magic Angle Spinning Dynamic Nuclear 
Polarization Using 90 L of Liquid Nitrogen per Day. J. Magn. Reson. 2017, 28331. 

 

Nitrogen is used as an MAS fluid when experiments are performed at ~90 K18,20,36–39.  

Experiments performed below 6 K require helium to be used as an MAS fluid.  In this case the 

variable temperature line is replaced by a new one that carries liquid helium from a dewar to the 

sample (Figure 2.7 a)35.  When the liquid helium blows on the side of the rotor, it cools the 

sample below 6 K.  The actual reading on the Cernox temperature sensor right next to the sample 

reads ~4.4 K, as shown by the boxed temperature readout in Figure 2.7 b20,39. 
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Figure 2.7: a.) A CAD drawing of the NMR magnet with the heat exchanger and helium dewar 
visible. b.) The Lakeshore units used to monitor MAS fluid temperatures.  The sample 
temperature is boxed in red20,31,39,40. This figure was reproduced with modification from Albert, 
B. J.; Pahng, S. H.; Alaniva, N.; Sesti, E. L.; Rand, P. W.; Saliba, E. P.; Scott, F. J.; Choi, E. J.; 
Barnes, A. B. Instrumentation for Cryogenic Magic Angle Spinning Dynamic Nuclear 
Polarization Using 90 L of Liquid Nitrogen per Day. J. Magn. Reson. 2017, 28331. 

 

When performing MAS below 6 K, the drive and bearing gasses are supplied by the compressed 

helium tanks shown in Figure 2.820,39.  A series of tubes leads from the helium tanks to a 

manifold of valves (boxed in red) that allows for new tanks to be switched in while the 

experiment is being performed without having to stop and waste the valuable liquid helium 

blowing onto the rotor20,39.  Another tube leads from there to a purging valve for eliminating air 

from the system (boxed in yellow).  The helium finally goes through a tube to the heat 

exchanger, where it is cooled from room temperature to 77 K20,39.  Magic angle spinning below 6 

K is discussed further in Chapters 3 and 5. 
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Figure 2.8: The helium for the drive and bearing lines for MAS below 6 K is supplied by the 
compressed helium tanks pictured20,39. 

 

2.7 DMfit 
 

DMfit41 is a program used to fit NMR spectra.  Parameters such as the linewidth and integrated 

area of the resonances presented here were extracted from the fits provided by DMfit.  What 

follows is a description of NMR lineshapes and how DMfit fits them. 

2.7.1  The Voigt Function 
 

A magnetic resonance lineshape is given by a Voigt function, the functional form of which can 

be defined as the convolution of a Gaussian (𝐺𝐺(𝜈𝜈)) and a Lorentzian (𝐿𝐿(𝜈𝜈)) as shown in 

Equation (2.23): 
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  (2.23) 

In Equation (2.23), 𝑉𝑉(𝜈𝜈) is the Voigt function, 𝜈𝜈 is the frequency, 𝜈𝜈0 is the center of the profile, 

𝐴𝐴 is the maximum height, and 𝜈𝜈′ is a dummy integration variable.  The shape is dictated by the 
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integral in the numerator and the integral in the denominator makes sure that the maximum 

height of the function is equal to 𝐴𝐴.  The functional forms of the Gaussian and Lorentzian 

functions are given by Equations (2.24) and (2.25), respectively:   
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Here, 𝐹𝐹𝐺𝐺  and 𝐹𝐹𝐿𝐿 are the full width at half maximum of the Gaussian and Lorentzian functions, 

respectively. 

 

DMfit uses an approximation of the Voigt function that is described by a linear combination of a 

Gaussian and Lorentzian function, rather than their convolution.  Such a function is given by 

Equation (2.26)41: 
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  (2.26) 

Here, 𝑔𝑔 is the “Gaussian/Lorentzian ratio” defined in the program, and acts as a weighting factor 

that determines the amplitudes of the Gaussian and Lorentzian functions used. 𝐴𝐴 is the 

amplitude, 𝜈𝜈 the frequency, and 𝜈𝜈0 the frequency of the maximum of the function as described 

previously. The full width at half maximum is taken to be  𝐹𝐹𝑔𝑔 = 𝐹𝐹𝐿𝐿 = 𝐹𝐹. 
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2.7.2  Least Squares Fitting Procedure 
 

The fitting parameters given by DMfit can be obtained using a least squares fitting procedure.  In 

order to perform a least squares fit, the gradient of the function to be fit with respect to the fitting 

parameters first needs to be determined.  This is done in the expressions given in Equations 

(2.27)-(2.30), where the 𝑉𝑉𝑖𝑖’s and 𝜈𝜈𝑖𝑖’s  are the value of the Voigt function and the corresponding 

frequencies determined by the spectrometer, respectively: 
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 (2.29) 
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 (2.30) 

These equations describe a matrix known as the Jacobian, whose columns are the derivatives of 

𝑉𝑉(𝜈𝜈) evaluated at each frequency with respect to each fitting parameter. Guesses for each value 

provide initial values for the matrix elements of the Jacobian.  Although the guesses should not 

be extremely far from the true values, the least squares fitting algorithm is quite robust to errors 

in the initial guesses. 

 

The guess values for the fitting parameters can also be used to determine the values of all of the 

residuals (𝑟𝑟𝑖𝑖), which are the differences between each point predicted by the fit and the actual, 

experimental values.  These are given by Equation (2.31): 

 

 ( )i i ir V Vν= −   (2.31) 

From here, the optimal values for the fitting parameters can be solved for iteratively using the 

Newton-Gauss Method defined by Equation (2.32): 

 1
1 ( )T T

n n J J J rβ β −
−= −

  

  (2.32) 

Here, 𝛽𝛽 is a vector of the fitting coefficients (𝐴𝐴,𝑔𝑔,𝜈𝜈0, and 𝐹𝐹), 𝐽𝐽 is the Jacobian matrix, and 𝑟𝑟 is 

the vector of residuals. After each iteration, the fitting parameters are updated in 𝛽𝛽, and the new 
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values are used to reevaluate 𝐽𝐽 and 𝑟𝑟.  This algorithm usually has excellent convergence 

properties and an accurate answer can be obtained in only a handful of iterations. 

  

The red dots in Figure 2.9a are points lying on a theoretical Voigt function using Equation (2.23)

.  The parameters used to produce the Voigt function were: 𝐴𝐴 = 1,000, 𝐹𝐹𝐺𝐺 = 100 𝐻𝐻𝐻𝐻, 𝐹𝐹𝐿𝐿 =

100 𝐻𝐻𝐻𝐻, 𝜈𝜈0 = 0 𝐻𝐻𝐻𝐻.  The full width at half max of a Voigt in terms of the individual linewidths 

is given to excellent approximation in Equation (2.33)42: 

 2 20.5346 0.2166L L GF F F F= + +   (2.33) 

Using this equation, the full width half max of the theoretical Voigt function is approximately 

163.76 Hz. 

 

The blue line is the best fit to this Voigt function using Equation 1.6.   The optimal fitting 

parameters as determined by a least squares fit and are: 𝐴𝐴 = 1007.27, 𝑔𝑔 = 0.40, 𝜈𝜈0 = −1.03 ×

10−4 𝐻𝐻𝐻𝐻 and 𝐹𝐹 = 163.09 𝐻𝐻𝐻𝐻.  These are in excellent agreement with the simulated values.  The 

𝑅𝑅2 value for this fit is 1.00.  The red points in Figure 2.8b are an experimentally acquired urea 

spectrum, fit using Equation (2.26). The optimal fitting parameters as determined by a least 

squares fit and are: 𝐴𝐴 = 175,242.01, 𝑔𝑔 = 0.49, 𝜈𝜈0 = −3,537.56 𝐻𝐻𝐻𝐻 and 𝐹𝐹 = 246.17 𝐻𝐻𝐻𝐻.  The 

𝑅𝑅2 value is 1.00. 
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Figure 2.9: a.) A theoretical Voight function (red dots) fit using Equation (2.26).  b.) An 
experimentally acquired urea spectrum fit using Equation (2.26).  The agreement in both cases is 
excellent. 

 

2.8 Analytical Powder Averaging Methods 
 

Simulations are commonly used in magnetic resonance to design experiments and interpret data. 

These simulations, however, can be quite time consuming.  In a solid powder, the molecules are 

oriented in a random distribution with respect to the main magnetic field.  These powder 

orientations are described by a series of three “Euler angles.”  There are many ways that the 

Euler angles are defined, but the most common is known as the “z-y-z” convention.  This is 

pictured in Figure 2.915.  In this convention, a set of coordinate axes fixed on the object to be 

rotated begins aligned with an initial coordinate frame (unprimed, in black).  For the purposes of 

magnetic resonance, this usually means the principle axis frame of one of the interactions present 

in the system.  The object fixed axes are then rotated by an angle, 𝛼𝛼, around the original z axis.  

The new coordinates in the primed frame are shown in dashed blue lines in Figure 2.10.  This 

rotation is followed by a second rotation about the primed y-axis through an angle, 𝛽𝛽, giving the 
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double primed frame shown in red with circular dots in Figure 2.10.  Finally, a rotation of 𝛾𝛾 is 

performed around the z-axis in the double primed frame to give the triple primed frame shown in 

green with square dots.  Depending on the situation, multiple stages of these transformations may 

need to be performed.  For example, one may want to rotate from the principle axis frame of an 

interaction to a frame of reference fixed on an MAS rotor, and then transform the rotor fixed 

frame to the lab frame15. 

 

Figure 2.10: The z-y-z Euler angle convention.  The original reference frame is pictured in 
black. The coordinate axes following each successive rotation has had an additional prime added 
to their name. 

 

Traditional simulation techniques involve simulating the spectrum using a large number of 

powder angles and averaging these separate spectra together to obtain an approximation of the 

powder pattern.  The simulation of hundreds or thousands of powder patterns is what leads to 

such long simulation times.  This is a particular problem in electron paramagnetic resonance 

(EPR) spectra due to their spectral width. Analytically averaging these simulated spectra over at 
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least one of the powder angles, however, can drastically reduce simulation time.  This is 

described further in Chapter 6. 
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Chapter 3: Pulsed Electron Decoupling and 
Strategies for Time Domain Dynamic 

Nuclear Polarization with Magic Angle 
Spinning 

 

Forward 
 

This chapter was adapted from the paper “Pulsed Electron Decoupling and Strategies for Time 

Domain Dynamic Nuclear Polarization with Magic Angle Spinning” by Edward P. Saliba, Erika 

L. Sesti, Nicholas Alaniva, and Alexander B. Barnes.  This paper is a review article describing 

work done on electron decoupling and time domain DNP.  This is an unofficial adaptation of an 

article that appeared in an ACS publication. ACS has not endorsed the content of this adaptation 

or the context of its use. This chapter provides the background behind why the electron 

decoupling experiments and powder averaging techniques for fast magnetic resonance 

simulations presented in the subsequent chapters is important.  The implementation of direct 

transfer DNP mechanisms with electron decoupling is one promising technique to produce DNP 

enhancements at room temperature or higher while avoiding detrimental paramagnetic 

broadening and short homogeneous relaxation times that could be present if a radical is directly 

chemically connected to the sample molecule.  This paper received the Editor’s Choice award 

from the Journal of Physical Chemistry Letters.  Citation: Saliba, E. P.; Sesti, E. L.; Alaniva, N.; 

Barnes, A. B. Pulsed Electron Decoupling and Strategies for Time Domain Dynamic Nuclear 

Polarization with Magic Angle Spinning. J. Phys. Chem. Lett. 2018, 9, 5539–5547. 
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Abstract 
 

Magic angle spinning (MAS) dynamic nuclear polarization (DNP) is widely used to increase 

nuclear magnetic resonance (NMR) signal intensity. Frequency-chirped microwaves yield 

superior control of electron spins, and are expected to play a central role in the development of 

DNP MAS experiments. Time domain electron control with MAS has considerable promise to 

improve DNP performance at higher fields and temperatures. Pulsed electron decoupling has 

been demonstrated using frequency-chirped microwaves to improve MAS DNP experiments by 

partially attenuating detrimental hyperfine interactions. The continued development of pulsed 

electron decoupling will enable a new suite of MAS DNP experiments which transfer 

polarization directly to observed spins. Time domain DNP transfers to nuclear spins in 

conjunction with pulsed electron decoupling is described as a viable avenue toward DNP-

enhanced, high-resolution NMR spectroscopy over a range of temperatures from <6K to 320 K.  

3.1 Introduction 
 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool that can provide details 

about the molecular structure and dynamics of myriad systems1–5. NMR can routinely yield 

multiple distinguishable signals with site-specific resolution6.  Not only does the chemical shift 

provide information about the electronic environment, but spatial and through-bond magnetic 

interactions provide distance and connectivity information, which determine constraints on 

molecular structure7–12.  Solid-state NMR (ssNMR) is often employed in conjunction with magic 

angle spinning (MAS) to extend coherence lifetimes and improve spectral resolution13–16. 
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While NMR has advantages over other forms of spectroscopy, it suffers from an inherent lack of 

sensitivity due to the small Boltzmann polarization of nuclear spins, given by Equation (3.1): 

  0tanh
2 B

hP
k T
ν 

= −  
 

   (3.1) 

where h is Planck’s constant, kB is Boltzmann’s constant, 𝜈𝜈0 is the Larmor frequency of the spin, 

and 𝑇𝑇 is the temperature in Kelvin17–19. The small spin polarization results in a weak 

electromotive force induced in the coil of the probe, and a correspondingly poor signal-to-noise 

ratio (S/N) in the NMR spectrum20–22. Common strategies to increase NMR S/N involve 

performing experiments at high magnetic fields (7-25 Tesla), using large samples, and averaging 

signals for as long as months23.  

3.2 Dynamic Nuclear Polarization 
 

Dynamic nuclear polarization (DNP) can increase NMR S/N by orders of magnitude, greatly 

shortening signal-averaging times, and expanding the range of systems that can be studied with 

NMR24. In MAS DNP, samples are typically doped with an exogenous stable radical (known as a 

polarizing agent) and, upon CW irradiation with an appropriate microwave frequency, the large 

electron spin polarization is transferred to nuclear spins through hyperfine interactions.  Most 

applications of DNP also rely on proton dipolar couplings to spread the enhanced polarization 

throughout a proton network, resulting in bulk nuclear hyperpolarization25.  

 

The gyromagnetic ratio of a bare electron (𝑔𝑔 = 2.0023) is 658-times larger than that of a proton, 

leading to higher spin polarization, and also strong hyperfine couplings. Dipolar hyperfine 
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couplings are typically leveraged in DNP for polarization transfer, but can also lead to 

detrimental paramagnetic relaxation effects of nuclear spins in the vicinity of the polarizing 

agent.  An example of the exceptional NMR sensitivity achievable with DNP is shown in Figure 

3.1, which compares cross polarization (CP) MAS 13C -NMR spectra recorded with and without 

microwave irradiation. DNP increases the NMR signal intensity by a factor of 328 using 

microwaves from a high-power, 198 GHz gyrotron. MAS DNP is commonly performed below 

120 K, but improved technology and methodology will result in better DNP performance at room 

temperature. 

 

Much of the success and popularity of MAS DNP is derived from the microwave and probe 

technology development at M.I.T. by Griffin, Temkin, and co-workers6,26–31. Continuous wave 

(CW) gyrotron oscillators and cryogenic MAS probes provide access to sufficient microwave 

powers and sample temperatures to transform DNP into to a widely applicable magnetic 

resonance technique. Improvements in microwave technology and cryogenics are also expected 

to play a primary role in future DNP development.  Coherent, frequency-agile microwave 

sources will permit time domain DNP transfers, and access to sample temperatures below 6 K 

will be achieved by employing helium cryogens. This chapter reviews recent developments in 

time domain microwave methods and cryogenics employed in MAS DNP and electron 

decoupling.  Progress towards time domain DNP with magic angle spinning for applications 

between 4.2 and 320 K is also discussed.    
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Figure 3.1: a) CP MAS enhancement spectra of 1 M U-13C urea with 20 mM AMUPol at 81 K 
at 6 kHz. The 1H enhancement was 328.  The black curve is 100 × the signal obtained with no 
microwaves.  The red curve denotes measurements taken with microwaves present. Figure 
reproduced with modifications with permission of the Journal of Magnetic Resonance32. 

 

The spectra shown in Figure 3.1 were recorded with a sample temperature of 81 K, which is 

typical in MAS DNP experiments. Cryogenic temperatures are required in MAS DNP 

experiments (with notable exceptions in model systems33–36) due to electronic spin relaxation at 

room temperature interfering with polarization transfer, and nuclear relaxation preventing the 

build-up of bulk nuclear spin polarization via proton spin diffusion.  

 

The major disadvantage of cryogenically freezing biological samples is that the cryogenically 

trapped molecular state is not necessarily the same conformation that exists at physiological 

temperature.  This is because the freezing time ranges from hundreds  of microseconds to hours.  

Molecules can change structure to occupy altered minima in the free energy landscape 

throughout the freezing process. For example, crystallography shows pronounced differences of 

protein structures determined at cryogenic and room temperature37. Hydrogen bonding networks 

are particularly prone to rearrangement upon cryogenic freezing, and detailed structural 
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measurements on molecular conformations that differ from the relevant ones are less meaningful. 

In addition, cryogenic DNP severely limits measurements of molecular dynamics.   

 

Magnetic resonance is superbly suited to experimentally determine the molecular dynamics that 

play a fundamental role in molecular function. Nuclear and electronic interactions yield rich 

information on motion ranging from nanoseconds to seconds.  However, low thermal energy at 

cryogenic temperatures results in a mostly static snapshot of molecules, so current cryogenic 

DNP NMR methods cannot be used to study extensive molecular dynamics. DNP NMR 

experiments near room temperature will allow for the determination of molecular dynamics. 

Molecular motion near room temperature can also result in exquisite spectral resolution in NMR. 

 

Although MAS NMR spectra of many solids exhibit excellent resolution near room temperature 

due to dynamic averaging of multiple conformations with different chemical shifts, they often 

smear into broad, indistinguishable lineshapes at cryogenic temperatures6.  This is true even for 

cryoprotected samples. Notable exceptions include model systems with cryogenic MAS, in 

which more homogenous conformational ensembles result in narrow resonances, even after 

freeze-trapping6,22,38–40. Performing DNP near room temperature will result in well-resolved 

spectra of a much wider range of samples, and also reduce the cost of DNP spectrometers. 

Refrigerators, liquid nitrogen dewars, cryostats, and associated equipment are expensive and 

require valuable laboratory space. Non-cryogenic DNP spectrometers will result in broader 

dissemination of high-sensitivity solid state NMR technology. 
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Time domain DNP performed directly to nuclei of interest with subsequent pulsed electron 

decoupling is a promising route toward broadly applicable room temperature (RT) MAS DNP. 

For instance, the relatively slow proton spin diffusion which partially prevents RT DNP is not 

required. The polarization rate is instead dominated by the hyperfine interaction, radio frequency 

(RF), and microwave (MW) fields. Repetition rates in such “direct transfer” DNP experiments 

are only limited by the longitudinal electronic relaxation (𝑇𝑇1𝑆𝑆) rather than much longer nuclear 

𝑇𝑇1𝐼𝐼,𝐷𝐷𝐷𝐷𝐷𝐷.  Such experiments have already been applied in static NMR, resulting in DNP 

enhancements above 200 at room temperature41–43.  Additionally, the resulting short polarization 

times allow for a very low duty cycle of the microwave source, preventing excessive heating.  

 

Although delays between transients are reduced by eliminating the requirement for spin 

diffusion, electrons must be in direct dipolar contact with the nuclear spin of interest.  This can 

lead to dramatic paramagnetic effects such as large hyperfine shifts and hyperfine broadening of 

the nuclear resonances44.  Electron decoupling has recently been shown to  successfully attenuate 

these detrimental effects by employing pulsed electron decoupling with frequency-chirped 

microwave irradiation45. Although pulsed electron decoupling has been demonstrated in 

conjunction with MAS, this has yet to be accomplished with time domain DNP.  Challenges 

include generating sufficiently intense microwave fields within MAS rotors and shaping 

microwave pulses in the time domain.  

 

Three promising time domain DNP techniques that have been described in the literature are the 

integrated solid effect (ISE)42,46, off-resonance nuclear orientation via electron spin locking 
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(NOVEL)41, and electron-nuclear cross-polarization (eNCP)47,48. Importantly, all three of these 

time-domain DNP transfers can be implemented with chirped frequency microwave irradiation, 

rather than square, hard pulses. Such frequency-swept strategies are highly robust to microwave 

field inhomogeneity.  Note that pulsed DNP strategies, which require very homogenous 

microwave fields, will be restricted to small sample volumes, and perhaps negate increases in 

S/N afforded by DNP. 

3.2.1 The Integrated Solid Effect 
 

Wenckebach and coworkers originally implemented the ISE with a magnetic field sweep to 

improve solid effect DNP efficiency on samples with poorly resolved solid effect matching 

condition profiles46. Later, Griffin and coworkers implemented the ISE with a microwave 

frequency sweep42.  However, both of these demonstrations were at field strengths < 7 T, and not 

performed with MAS.   

 

The matching condition for the solid effect43 is given by Equation (3.2):  

 eff
S Iν ν= ±   (3.2) 

where 𝜈𝜈𝐼𝐼 is the Larmor frequency of the nucleus of interest.  𝜈𝜈𝑆𝑆
𝑒𝑒𝑒𝑒𝑒𝑒 is given by Equation (3.3): 

 ( )2 2
1

eff
S S mw Sν ν ν ν= − +   (3.3) 

where 𝜈𝜈𝑆𝑆 is the Larmor frequency of the electron, 𝜈𝜈𝑚𝑚𝑚𝑚 is the microwave frequency irradiating the 

sample, and 𝜈𝜈1𝑆𝑆 is the Rabi frequency (𝛾𝛾𝐵𝐵1) of the electrons43. Figure 3.2 demonstrates the 
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energy levels involved in the traditional solid effect29, in which 𝜈𝜈𝑆𝑆 − 𝜈𝜈𝑚𝑚𝑚𝑚 ≫ 𝜈𝜈1𝑆𝑆. In this case, the 

effective field is essentially equal to the microwave frequency offset from the electron resonant 

frequency.  The green circles represent the populations of the states shown at thermal 

equilibrium (not drawn to scale).  The double headed arrows connect the states whose 

populations are equalized under microwave irradiation at the frequencies shown.  The lowest 

energy level of the system is taken to be the zero of the energy scale. 

 

 

Figure 3.2: Microwaves drive zero quantum or double quantum forbidden transitions 
corresponding to the transitions shown.  This representation of the solid effect assumes that the 
nucleus has a positive gyromagnetic ratio.  The ket vectors are labeled as |𝑚𝑚𝑠𝑠𝑚𝑚𝐼𝐼⟩. 
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Figure 3.3a provides an example of a solid effect enhancement profile that is not fully resolved 

(black), with the electron decoupling profile superimposed (green) to provide a guide to the 

position of the electron paramagnetic resonance (EPR) lineshape.  When the solid effect 

conditions are not adequately resolved, the double-quantum (DQ) and zero-quantum (ZQ) 

matching conditions50 given in Equation 2.2 can be simultaneously fulfilled.  In this case, the 

polarization rates of the DQ and ZQ conditions subtract, leading to poor enhancement in the 

overlapping region.  This is explicitly stated in Equation 2.4, where 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is the total rate of 

polarization, 𝑑𝑑𝑃𝑃𝐷𝐷𝐷𝐷
𝑑𝑑𝑑𝑑

 is the rate of polarization due to the DQ solid effect, and 𝑑𝑑𝑃𝑃𝑍𝑍𝑍𝑍
𝑑𝑑𝑑𝑑

 is the rate of 

polarization due to the ZQ solid effect: 

 DQ ZQdP dPdP
dt dt dt

= −    (3.4) 
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Figure 3.3: a.) A mildly unresolved solid effect enhancement profile for protons in 4 M [U-
13C,15N] urea with 40 mM of the Finland Trityl radical (black).  This figure was reproduced with 
modification with permission from the Journal of Magnetic Resonance53.  Superimposed is the 
center frequency dependence of electron decoupling to demonstrate the location of the EPR 
spectrum of the radical (green).   This figure was reproduced with modification with permission 
from the Journal of the American Chemical Society45.  b.) Possible frequency swept ISE/off-
resonance NOVEL pulse sequence.  c.) Possible eNCP pulse sequence. Color gradients in 
Figures 3.3b and 3. 3c indicate frequency chirped microwaves. d.) Proposed electron detected 
multiple dimensional pulse sequence. 

 

In the frequency-swept ISE, the microwave frequency initially fulfills either the DQ or ZQ solid 

effect conditions, and is swept through the electron resonance condition to the other solid effect 

condition.  This is shown in Figure 3.3b, which also includes pulsed electron decoupling during 

the echo detection of the NMR signal.  During the ISE sweep, electron spins are adiabatically 

inverted, effectively reversing the direction of the ZQ, or DQ contribution to the polarization rate 

(depending on the direction of the sweep).  The rate of polarization is then given by Equation 

(3.5): 
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 DQ ZQdP dPdP
dt dt dt

= +   (3.5) 

This improvement in the polarization rate derived from coherent control of electron spins has 

been used to obtain 1H enhancements on static samples at 0.35 T 42.   

3.2.2 Off Resonance NOVEL 
 

Closely related to the ISE is off-resonance NOVEL43, which relaxes the largely prohibitive 

matching condition for on-resonance NOVEL. NOVEL requires matching the electron Rabi 

frequency with the nuclear Larmor frequency.  Even for nuclei with relatively small 

gyromagnetic ratios at moderate magnetic fields, such as 15N at a field strength of 7 Tesla, an 

electron 𝛾𝛾𝐵𝐵1 of 30 MHz is required for on-resonance NOVEL.  NOVEL to protons at 21 T 

requires a 900 MHz electron Rabi frequency, which corresponds to a currently inaccessible 

power of >10 MW 49. In off-resonance NOVEL, the electron 𝛾𝛾𝐵𝐵1 is made as large as possible, 

and the offset of the microwave frequency from the electron resonance frequency is used to 

reach the matching condition given in Equation (3.2).  Typically, the NOVEL experiment begins 

with a pulse on the electron spins to tilt their magnetization into the transverse plane, followed 

by a spin lock.  Alternatively, a frequency-chirp of the irradiating microwaves can be employed 

in an adiabatic half passage to generate transverse magnetization. It should be noted that the 

easing of the matching condition for off-resonance NOVEL over on-resonance NOVEL comes at 

the expense of a scaling of the maximum enhancement obtainable as derived previously in the 

literature43.  The expression for the corresponding scaling factor (𝜅𝜅𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ) is given in Equation  

(3.6): 
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 The pulse sequence for a frequency-swept, off-resonance NOVEL experiment is essentially the 

same as the ISE shown in Figure 3.3b, but with a larger 𝛾𝛾𝐵𝐵1. 

3.2.3 Electron-Nuclear Cross Polarization 
 

eNCP (Figure 3.3c) is another promising time-domain DNP experiment47,48, and could be 

implemented with readily available frequency-agile gyrotron microwave sources. Large 

hyperfine couplings present in a direct transfer eNCP experiment result in differing effective 

fields between the + 1
2
 and −1

2
 spin states of the nuclei and electrons  The matching condition for 

eNCP is given by Equation 2.6, where 𝜈𝜈𝑆𝑆𝑆𝑆
𝑒𝑒𝑒𝑒𝑒𝑒 and 𝜈𝜈𝑆𝑆𝑆𝑆

𝑒𝑒𝑒𝑒𝑒𝑒 are the effective fields of the  + 1
2
 and −1

2
 

electrons, respectively, and 𝜈𝜈𝐼𝐼𝐼𝐼
𝑒𝑒𝑒𝑒𝑒𝑒  and 𝜈𝜈𝐼𝐼𝐼𝐼

𝑒𝑒𝑒𝑒𝑒𝑒  are the effective fields of the  + 1
2
 and −1

2
 nuclei, 

respectively.  The expressions for calculating these effective fields have been shown previously 

in the literature and appear in Equation (3.7)47,48.  

 ( ) ( )eff eff eff eff
S S I Iα β α βν ν ν ν+ = ± +   (3.7) 

 

3.3 Electron Detected Magnetic Resonance 
 

In magnetic resonance experiments, large gyromagnetic ratios result in more sensitive signal 

detection.  The S/N in the experiment can therefore be optimized further by detecting the EPR 

signal of the electrons rather than the NMR signal of the nuclei.  Electron nuclear double 
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resonance (ENDOR)51 and electron spin echo envelope modulation (ESEEM)52 are two 

techniques currently used to monitor NMR transitions through EPR detection.  Integration of 

pulsed EPR and NMR with MAS will allow for electron detected, high-resolution multiple 

dimensional NMR experiments to be performed. Figure 3.3d provides an example of such a 

sequence.  Polarization could first be transferred from the electrons to the protons which are 

directly coupled with time domain DNP methods. This initial transfer could be followed by a 

series of mixing and evolution periods on various nuclear spins detected in indirect dimensions, 

as is commonly employed in high-resolution multi-dimensional NMR.  A final mixing period 

could transfer magnetization back to the electrons for detection in the direct dimension.  Electron 

decoupling would be necessary in such experiments to maintain long nuclear spin-spin relaxation 

times as well as resolution in the indirect dimensions. 

 

The time domain DNP experiments listed above will be used in conjunction with direct transfer 

DNP, in which the electron spin polarization is transferred directly to the sample nuclei. While 

this technique saves experimental time by removing slow nuclear spin diffusion, observed nuclei 

must be close to the paramagnetic radical electrons, which can have detrimental effects on the 

resolution of the resulting spectrum. Electron decoupling (eDEC) can be employed to partially 

average out hyperfine interactions and will be a crucial aspect of direct-transfer DNP. 

3.4 Electron Decoupling 
 

Electron decoupling has been successfully implemented in MAS NMR experiments45. The pulse 

sequence for a 13C-Hahn echo detected eDEC DNP MAS experiment is shown in Figure 3.4a. 
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During the polarization period the microwave frequency is maintained at a constant value for 

DNP solid effect enhancement. The microwave frequency is then chirped over the electron 

resonance condition during the NMR signal detection.  

 

Figures 3.4b and 3.4c display a comparison of spectra taken with eDEC (red) and without eDEC 

(black) of urea frozen in a glassy matrix with trityl using DNP polarization times of 0.5 and 7 

seconds, respectively. In both cases, the spectra obtained with electron decoupling show 

narrower resonances, as well as increased intensity over those taken with no eDEC. The spectra 

obtained using a polarization time of 0.5 seconds have larger linewidths than those using a 

polarization time of 7 seconds. This is expected, as the nuclei that become polarized at 0.5 

seconds of polarization time are closer to the radical electron than the polarized nuclear spins in 

the 7 second polarization time experiment. The effect of electron decoupling is greater at shorter 

polarization times because strongly coupled nuclei make up a larger portion of the signal in that 

regime, and so the signal is not washed out by more weakly coupled ones that are already not as 

broadened.  
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Figure 3.4: a) The 13C Hahn-Echo pulse sequence used to demonstrate pulsed electron 
decoupling.  b) Pulsed electron decoupling performed with a polarization time of 0.5 seconds. 
The linewidth is narrowed from 419 Hz to 371 Hz with pulsed electron decoupling: a narrowing 
of 48 Hz. c) Pulsed electron decoupling performed with a polarization time of 7 seconds. The 
linewidth is narrowed from 336 Hz to 309 Hz with pulsed electron decoupling: a narrowing of 27 
Hz. Black spectra represent the 13C signal obtained with no electron decoupling, while red 
spectra represent those obtained with pulsed electron decoupling. The sample is 4 M (U-13C, 15N) 
urea and 40 mM Trityl (Finland radical) in d-8 glycerol/D2O/H2O (60/30/10 by volume) at a 
sample volume of 30 µL in a 3.2 mm zirconia rotor. The experiments were conducted at 90 K 
and at a sample spinning frequency of 4 kHz.   Figure reproduced with modifications by 
permission of the Journal of the American Chemical Society45.  

 

3.5 Microwaves from a Frequency Agile Gyrotron 
 

The success of these pulsed electron decoupling experiments is due, in large part, to the 

frequency agility of the microwave source. Creating microwave chirps requires rapid frequency 

agility while maintaining power output, as well as the ability to integrate frequency chirped 



58 
 

microwave irradiation into the pulse sequence of the NMR spectrometer with integrated EPR 

excitation capability. 

 

The implementation of frequency-agile gyrotrons has been crucial to realizing pulsed electron 

decoupling with MAS.  A high-power, frequency-agile microwave source is required to generate 

the requisite electron 𝛾𝛾𝐵𝐵1 fields at the desired frequencies and to overcome extensive 

inhomogeneity in the microwave field irradiating the sample.  The gyrotron generates 

microwaves by accelerating electrons into a mildly relativistic energy regime through a large 

magnetic field, which causes them to gyrate54. Electrons then deposit energy in the form of 

microwave power into a cylindrical cavity.  In the gyrotron depicted in Figure  3.5a,b, the 

rotating TE5,2 transverse electromagnetic mode was selected in the interaction cavity due to a 

wide frequency excitation profile which enables the generation of chirped microwave pulses.  A 

helically-cut Vlasov launcher and mode converter transforms the microwave power distributed in 

the high-order mode, into a Gaussian profile that couples efficiently to the HE11 mode supported 

in the over-moded waveguide (Figure 3.5a)49,55.        

 

Frequency agility is achieved by quickly changing the accelerating voltage on the gyrotron 

anode53.  An arbitrary waveform generator in the NMR spectrometer generates voltage sweeps 

which are amplified by a low capacitance amplifier, allowing for frequency chirped microwave 

irradiation to be readily implemented into the NMR pulse sequences. The amplifier output is 

then connected to the accelerating anode of the gyrotron (yellow cable in Figure 3.5b). Figure 

3.5c shows a decrease in the output frequency when the accelerating voltage is increased53,54.   
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The gyrotron accelerating voltage can also be used for microwave gating. Microwave irradiation 

is rapidly terminated (over about 10 microseconds) by setting the potential to a voltage with a 

cyclotron frequency well outside the resonant condition of the cavity. Microwave gating via 

voltage control can generate rotor-synchronized microwave power, as shown in Figure 3.5d. This 

technique could also be used to duty cycle the microwave irradiation and minimize sample 

heating.   

 

Approximately 7.1% of microwave power is dissipated as heat in a frozen glycerol-water 

sample49. With an input microwave power of 5 W, the 0.4 W of power deposited in the sample is 

easily dissipated by the large cooling capacity of the cryogenic fluid supplied by the MAS 

system56.  At room temperature dielectric heating of aqueous samples will dramatically increase 

due to a higher dielectric loss tangent of liquids compared to frozen solids.  Therefore the ability 

to keep the microwave irradiation at a low duty cycle will be crucial to prevent excessive heating 

of aqueous samples.  As discussed previously, more intense microwave fields will also be 

required to yield the required coherent electron spin control for efficient DNP at room 

temperature. Note, this microwave duty cycle is not providing true microwave “pulses” for 

pulsed DNP applications. 



60 
 

 

Figure 3.5: a) Computer-Aided Design (CAD) drawing of a 198 GHz gyrotron.  b) The gyrotron 
is connected by the wire highlighted in yellow to a low capacitance amplifier. c) The dependence 
of the gyrotron output frequency on the applied accelerating voltage. d) Rotor-synchronized 
microwave power output from the gyrotron. The rotor tachometer reading is shown in green, the 
gating voltage pulses in red, and the microwave power modulation in black.  Figure reproduced 
with modifications by permission of the Journal of Magnetic Resonance53. 
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3.5.1 Improved Electron Nutation Frequencies with Teflon Lenses 
 

In addition to increasing the power generated by the microwave source, Teflon lenses can also 

increase the electron Rabi frequency by focusing the microwave irradiation into the sample26. 

Figure 3.6a is a simulation of the microwave power distribution of a Gaussian microwave beam 

irradiating a 4 mm outside diameter MAS rotor26.  With no lens, a considerable amount of 

microwave power misses the sample (indicated by the white box).  However, by using a 

cylindrical Teflon lens that compresses the beam along the rotor short axis, a higher portion of 

the power is focused into the sample (Figure 3.6b)26.  Figures 3.6c and 3.6d show experiments 

confirming the results of the simulation without and with the lens, respectively26. 

 

Figure 3.6: a) Simulated power distribution of a Gaussian beam exiting a waveguide.  The white 
box indicates the sample location inside the rotor.  b) Simulated effect on the power distribution 
after the Gaussian beam has passed through a cylindrical lens.  c) Experimental verification of 
(a). d) Experimental verification of (b).  Figure reproduced with modifications by permission of 
the Journal of Magnetic Resonance26. 



62 
 

3.5.2 Improved Electron Nutation Frequencies with Microwave Resonators 
 

Another route to improve the electron 𝛾𝛾𝐵𝐵1 is to construct a resonant cavity around the sample57, 

as is commonly employed in EPR and static DNP instruments. However, the components 

required for MAS, such as the bearings and rotor, greatly complicate the implementation of 

microwave cavities in such a way27.  One strategy to overcome this problem that has been 

suggested is to coat the rotor with a thin layer of metal, in order to form a microwave resonance 

structure within the rotor57.   

An example of the copper coated rotor is shown in Figure 3.7a.  The rotor was coated by vacuum 

deposition to a thickness of 50 nm, with a gap to provide an iris for coupling of the microwave 

power into the cylindrical cavity. The metal coating is thin enough to pass radio waves, but thick 

enough to reflect microwaves57, leveraging the differences in skin-depth at radio and microwave 

frequencies. This leads to only a mild reduction in 13C signal intensity of metal-coated rotors 

(Figure 3.7b).  Additionally, the resolution of J-couplings is maintained, indicating excellent 

magnetic field homogeneity even with the rotor surface metalized. The 3.2 mm outside diameter 

rotors were also able to spin up to 5 kHz, demonstrating that the metal does not create eddy 

currents sufficient to prohibit MAS. 
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Figure 3.7: Metalized rotors for MAS DNP. a) A rotor coated with copper by vacuum 
deposition. b) 13C CPMAS spectrum of U-13C sodium acetate at a spinning frequency of 5.4 kHz. 
The spectrum is an expansion around the carboxyl peak of sodium acetate.  The red curve was 
taken with an uncoated rotor, and a copper coating is present in the blue spectrum.  Figure 
reproduced with modifications with permission from Magnetic Resonance in Chemistry57. 

 

3.6 Cryogenic MAS DNP Technology 
 

In addition to improving DNP performance at higher temperatures, access to cryogenic 

temperatures from 4 to 110 K is also an important avenue of technological development. 

Cryogenic temperatures not only yield excellent sensitivity due to higher Boltzmann 

polarization, but also provide more accommodating sample properties to demonstrate time 

domain MAS DNP.  

 

Cryogenic instrumentation for MAS DNP below 80 K has been developed by multiple groups58–

61. One method employs nitrogen gas to support (bearing) and spin (drive) the sample rotor, 
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while cold helium gas blows directly on the center of the rotor to cool the sample to 25 K. 

Elongated 4 mm rotors and Teflon baffles are used to provide physical barriers between the 

warmer nitrogen, and cooler helium regions. This configuration prevents liquefaction of the 

nitrogen gas and preserves spinning up to 7 kHz, with a sample temperature of 25 K58,59,62. 

 

In  a similar strategy, the nitrogen gas used for bearing and drive is replaced with chilled helium 

gas at 80 K (Figure 3.8a)55. With this substitution, sample temperatures below 6 K are attainable 

while maintaining spinning of 6 kHz. Computational fluid dynamics (CFD) was used to optimize 

the fluid flow, minimize sample temperatures, and also provide a means to measure the sample 

temperature. For example, a temperature sensor is placed directly in the helium fluid path near 

the rotor, at which point the CFD calculations indicate the same temperature as the sample.  The 

79Br T1 is commonly employed to measure sample temperatures in cryogenic MAS experiments, 

but below 6 K the 79Br T1 is too long (>20 minutes) to use as a temperature indicator. Also, in 

this pure helium implementation of MAS, long rotors are not required as nitrogen liquefaction is 

no longer an issue. Short rotors permit cryogenic sample exchange, allowing for more than 5 

samples to be examined with MAS below 6 K within a 4-hour period. The helium consumption 

of this apparatus is high (~30 L/hr), but because the cryogen exhaust is pure helium, a closed 

loop helium recirculation system could be readily implemented60.  

 

Cryogenic technology for MAS at temperatures > 80 K, which can be conducted with nitrogen 

cryogens, is important due to the expense and difficulty associated with helium cryogens for 

MAS.  Even though nitrogen cryogens are more affordable than helium, MAS DNP 
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spectrometers typically require >200 L of N2(l) per day of operation63. The heat exchanger 

design shown in Figure 3.8b makes use of a counterflow coil to reduce nitrogen consumption. 

This feature conserves liquid nitrogen by collecting the relatively cold exhaust gas from the 

probe head, and using it to pre-cool incoming warm nitrogen gas. A lower temperature of the 

incoming spinning gases reduces the amount of boil-off of the liquid nitrogen cooling reservoir, 

and results in a liquid nitrogen consumption of only 90 L/day when conducting MAS 

experiments32. 

 

 

Figure 3.8: Cryogenic technology used in DNP MAS NMR experiments from room temperature 
to 4.2 K. a) NMR probe head showing the path of the VT helium fluid (shown by the blue arrow) 
onto the sample. b) Heat exchanger that is used to cool drive, bearing, and VT fluids to 80-100 
K.  These figures were reproduced with permission from the Journal of Magnetic Resonance32,55. 
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3.7 Conclusion 
 

MAS DNP is widely used to increase NMR signal intensity. The CW DNP methods currently 

employed in conjunction with MAS will eventually be replaced with time domain DNP and 

subsequent pulsed electron decoupling which are a promising pathway towards efficient DNP at 

room temperature.  While room temperature DNP has many advantages, performing experiments 

at temperatures below 6 K will result in unparalleled NMR sensitivity. Coherent EPR control 

together with MAS NMR is expected to provide a powerful experimental platform leading to 

many high-impact directions of research in magnetic resonance.  

 

Frequency-chirped microwaves generated with frequency-agile gyrotron oscillators provide a 

direct route to coherent EPR control using currently accessible technology. Time domain DNP 

methods using frequency chirps have already been implemented during the acquisition of the 

NMR signal, effectively decoupling the electrons from the nuclei.  Further development of DNP 

instrumentation will yield significant improvements in the repertoire and performance of pulsed 

electron decoupling and MAS DNP experiments. High power frequency-agile gyrotrons, Teflon 

lenses, and spinning microwave resonators will result in coherent control of electron spins in 

MAS experiments. Time domain DNP and pulsed electron decoupling will ensure magnetic 

resonance continues to be a fertile field of research in the coming decades.  
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Chapter 4: Electron Decoupling with 
Dynamic Nuclear Polarization in Rotating 

Solids 
 

Forward 
 

This chapter was adapted from the paper “Electron Decoupling with Dynamic Nuclear 

Polarization in Rotating Solids” by Edward P. Saliba, Erika L. Sesti, Faith J. Scott, Brice J. 

Albert, Eric J. Choi, Nicholas Alaniva, Chukun Gao, and Alexander B. Barnes and describes the 

initial work that was performed in the implementation of the first electron decoupling 

experiments.  This is an unofficial adaptation of an article that appeared in an ACS publication. 

ACS has not endorsed the content of this adaptation or the context of its use.  The goal of 

electron decoupling is to mitigate the paramagnetic effects of the radical that has been introduced 

for DNP. This is important because future electron decoupling experiments performed using 

direct transfer DNP in dipolar recoupling sequences such as rotational echo double resonance 

(REDOR) and others that involve an evolution time.  If a significant amount of magnetization is 

lost to homogeneous interactions that cannot be refocused by an echo, it can cause these 

experiments to become prohibitively long.  The resolution that is characteristic of NMR also 

needs to be maintained.  One of the most important results of this paper is that the effectiveness 

of the decoupling becomes greater at shorter polarization times, which will be highly pertinent in 

future direct transfer DNP experiments.  Citation: Saliba, E. P.; Sesti, E. L.; Scott, F. J.; Albert, 

B. J.; Choi, E. J.; Alaniva, N.; Gao, C.; Barnes, A. B. Electron Decoupling with Dynamic 

Nuclear Polarization in Rotating Solids. J. Am. Chem. Soc. 2017, 139 (18), 6310–6313. 
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Abstract 
 

Dynamic nuclear polarization (DNP) can enhance NMR sensitivity by orders of magnitude by 

transferring spin polarization from electrons to nuclei. However, paramagnetic DNP polarizing 

agents can have deleterious effects on NMR signals. Electron spin decoupling can mitigate these 

paramagnetic relaxation effects.  Following a DNP and spin diffusion period, the microwave 

irradiation frequency is quickly tuned on-resonance with unpaired electrons on the DNP 

polarizing agent. The electron decoupling performance shows a strong dependence on the 

microwave frequency and DNP polarization time. Microwave frequency sweeps through the 

EPR lineshape are shown as a time domain strategy to significantly improve electron decoupling. 

For 13C spins on biomolecules frozen in a glassy matrix, electron decoupling reduces linewidths 

by 11% (47 Hz) and increases intensity by 14%. 

 

4.1 Introduction 
 

Dynamic nuclear polarization (DNP) transfers electronic spin polarization to nuclei and has been 

demonstrated to increase NMR sensitivity by orders of magnitude1–4. The enhanced sensitivity 

can be applied to characterize a wide range of molecular architectures of interest to the 

biomedical and materials science communities5–8. However, paramagnetic DNP polarizing 

agents can have deleterious effects on NMR signals, such as line broadening and signal 

quenching9–12. 
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Spin decoupling is commonly used in NMR experiments to reduce similar undesired interactions 

and extend nuclear relaxation times13. The resulting spin-decoupled spectrum is typically better 

resolved and has higher signal-to-noise. Whereas low-power decoupling schemes in solution 

NMR are sufficient to eliminate scalar J-couplings14, higher-power radio frequency decoupling 

fields are generally required to attenuate strong proton dipolar interactions in NMR of solids15. In 

solids, proton decoupling is commonly employed after a cross polarization (CP) period, which 

transfers magnetization from protons to nuclei with a lower gyromagnetic ratio16, similar to 

DNP. The CP experiment, followed by proton decoupling, not only results in higher signal-to-

noise per transient, but also shortens the magnetization recovery delay between transients due to 

faster longitudinal relaxation of the proton spins.  

 

Electron decoupling (hyperfine decoupling) has previously been applied to static electron 

paramagnetic resonance (EPR) experiments, in which requirements for magic angle spinning 

(MAS) do not complicate cryogenic cooling or microwave cavity design17,18. In quantum 

computing, hyperfine decoupling (also known as dynamical decoupling) has been applied to 

lengthen electron relaxation times19. Electron decoupling was first proposed for MAS DNP using 

microwave amplifiers by Griffin and colleagues9, and our laboratory suggested a technical 

strategy for implementation using frequency agile gyrotrons20.  In this chapter, the first electron 

decoupling experiments combined with DNP and MAS NMR are presented. Similar to proton 

decoupled CP, electron decoupled DNP results narrower 13C resonances. 
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4.2 Electron Decoupling Pulse Sequence 
 

The electron decoupling DNP pulse sequence shown in Figure 4.1 is implemented with an NMR 

spectrometer featuring an integrated, custom built frequency-agile gyrotron operating in the 

fundamental cyclotron resonance21.  High energy electrons deposit microwave power into a TE5,2 

mode within the interaction cavity, and continuous frequency tuning is achieved by accessing 

hybridized axial modes22–25.  The frequency of the microwave power generated is related to the 

initial accelerating voltage experienced by the electrons.  An arbitrary waveform generator 

(AWG) whose waveform is amplified by a TREK amplifier is used to accomplish this on the 

order of microseconds. The AWG is controlled directly from the NMR spectrometer interface, 

enabling synchronized microwave and radio frequency (RF) irradiation20. Spectrometer control 

of the EPR channel also facilitates the adjustment of the microwave parameters to optimize 

electron decoupling.  

 

  

 

Figure 4.1: Electron decoupling DNP NMR pulse sequence. On the electron channel, the 
microwave frequency is set to the zero quantum 13C solid effect condition (197.715 GHz) for 
DNP. Electron decoupling is employed during the signal acquisition by sweeping over the 
electron resonance, centered at 197.640 GHz. 13C magnetization is destroyed with a saturation 
train, which is followed by the DNP polarization time. The 13C signal is acquired with a rotor 
synchronized Hahn echo (τ = 250 μs, ω1C 2π⁄  = 83 KHz during pulses) and TPPM is used for 
proton decoupling with ω1H 2π⁄  = 77 KHz15. 
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An example of how the voltage on the gyrotron anode is modulated is shown in Figure 4.2.  The 

nominal output frequency of the gyrotron (when the AWG is set to 0% output) is set to 197.715 

GHz, which corresponds to the zero quantum solid effect condition.  When electron decoupling 

is to be performed, the anode voltage is used to rapidly chirp the microwave frequency through 

the Trityl resonance.  The black curve in Figure 4.2a was measured directly out of the arbitrary 

waveform generator on an oscilloscope.  The red one is 0.001 × the anode voltage as measured 

out of the TREK amplifier.  The amplifier shapes the input waveform to a small extent, but it 

mostly stays true to the AWG input.  The traces in Figure 4.2b show how the anode voltage is 

modulated when electron decoupling is not being performed for comparison to the electron 

decoupled spectrum. In this case the chirps are centered around a frequency that is far off of any 

DNP condition or electron resonance frequency.  This is done to make sure that microwave 

heating does not cause a narrowing of the resonance between the two. 
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Figure 4.2:  The anode voltage modulation used in electron decoupling experiments (a) and when 
electron decoupling is not performed for a control experiment (b). 

 

The intensity of the oscillating magnetic field, and the resulting nutation frequency of the 

electron spins (𝛾𝛾𝑆𝑆𝐵𝐵1𝑆𝑆 = 𝜔𝜔1𝑆𝑆 2𝜋𝜋⁄ , also known as the Rabi frequency) is an important factor in 

understanding DNP, and also electron decoupling. The average 𝜔𝜔1𝑆𝑆 2𝜋𝜋⁄  across the sample was 

computed to be 0.38 MHz, given 5 W of microwave input power into the sample chamber. 
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4.3 Results 
 

DNP mechanisms fulfill matching conditions among EPR, NMR, and microwave frequencies.  

The solid effect DNP mechanism is active when the microwave irradiation frequency is offset 

from the EPR frequency by the nuclear Larmor frequency26. Microwave irradiation of the zero 

quantum solid effect condition at 197.715 GHz results in increased polarization of 13C spins. 

Trityl Finland radical at 40 mM is used as the DNP polarizing agent, due to the relatively narrow 

electron spin resonance, long spin relaxation, and weak intramolecular hyperfine interactions27. 

Trityl is mixed with 4M [13C,15N]-urea in a cryoprotecting glassy matrix of D8-

glycerol/D2O/H2O (60%/30%/10% by volume), cooled to 90 K, and spun at 4 kHz.  

 

Figure 4.3:  DNP MAS NMR spectra at 7 Tesla (13C Larmor frequency of 75.495 MHz). (a) 13C 
enhancement (without electron decoupling) with a 7 second polarization time. The enhancement 
is 242. (b) Comparison of DNP spectra with (red) and without (black) electron decoupling at a 
polarization time of 0.5 seconds. (c,d) Expansion of the isotropic urea resonance with 0.5 and 7.0 
second polarization times. Electron decoupling exhibits increased NMR intensity and resonance 
narrowing at both polarization times. The un-normalized spectra show the intensity increase under 
electron decoupling. The normalized spectra show the decrease in linewidth. 
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The DNP enhancement shown in Figure 4.3a is 242. For electron decoupling after the DNP 

polarization period, the microwave frequency is centered on resonance with the electron spins at 

197.640 GHz. The difference in frequency between the solid effect condition and the electron 

resonance frequency corresponds to the 13C Larmor frequency of 75 MHz. Figure 4.3b-d shows 

the effect of electron decoupling on 13C MAS NMR spectra. The electron-decoupled spectrum 

exhibits narrower resonances at a higher intensity. The microwave frequency during the 

experiment without electron decoupling is shifted to 197.863 GHz, far from the solid effect 

conditions and the electron resonance. In this way the microwave irradiation is still present 

during acquisition. The consistent microwave irradiation for experiments with and without 

electron decoupling confirms that the observed resonance narrowing is due to electron 

decoupling and not sample heating.  

 

The central 13C resonances recorded with electron decoupling have larger integrals, and longer 

observed transverse relaxation times (T2*).  For example, the integrals of the resonances with 

decoupling at polarization times of 0.5 s and 7 s are 13.84% ± 0.21% and 9.9% ± 0.14% larger 

than without electron decoupling, respectively. The T2* without electron decoupling is 0.9447 ± 

0.0006 ms versus 1.0415 ± 0.0014 ms with electron decoupling for a 7 s polarization time. 

Similar improvements in the transverse relaxation times are observed at shorter polarization 

times. For example, without electron decoupling the T2* at 0.5 seconds is 0.7687 ms ± 0.0097 

ms versus 0.8577 ms ± 0.0075 ms with electron decoupling. Furthermore, implementing electron 

decoupling during a rotor synchronized Carr-Purcell-Meiboom-Gill (CPMG) echo train with a 7 

s polarization time increases the refocused transverse 13C relaxation time (T2’) from 1.98 ms ± 

0.11 ms to 2.20 ms ± 0.11 ms. This suggests that electron decoupling is attenuating homogenous 
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hyperfine interactions to a small extent28.  The result of the CPMG experiment used to measure 

these relaxation times is shown in Figure 4.4, with the top echo train being taken with no 

electron decoupling, and the on the bottom with electron decoupling. 

 

 

Figure 4.4:  CPMG experiments performed without electron decoupling (top), and with electron 
decoupling (bottom) at 7 seconds of polarization time. 

 

The larger overall intensity of the resonance suggests more 13C spins near the radical are 

contributing to the free induction decay in the electron decoupled spectrum.  The electron 

decoupling is on during the acquisition period which begins directly after the 𝜋𝜋 pulse of the Hahn 

echo (pulse sequence shown in Figure 4.1). The integral of the signal in the frequency domain is 

proportional to the first point of the data series in the time domain prior to the Fourier transform. 

Therefore, transverse 13C magnetization is retained after the refocusing pulse due to electron 



85 
 

decoupling, and the integral of the resonances in Figure 4.3b-d are larger with electron 

decoupling.   

 

Note that the gain in signal intensity cannot be due to additional DNP transfer during the signal 

acquisition. On-resonance DNP mechanisms such as the Overhauser effect generate longitudinal 

magnetization29, and would not be observed in the transverse plane.  

 

Figure 4.5: Dependences of NMR linewidth differences with and without electron decoupling, 
∆𝜔𝜔𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 2𝜋𝜋⁄ , on experimental parameters. The isotropic 13C Urea resonance was fit using 
DMfit,30 in which the Lorentzian vs. Gaussian composition was allowed to vary during the fit. 
Linewidths are reported as full width at half maximum (FWHM) (a) Dependence of electron 
decoupling on the polarization time. The change in ∆𝜔𝜔𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 2𝜋𝜋⁄  increases drastically with 
polarization times below 20 seconds. (b) Dependence of electron decoupling on the center 
frequency of the decoupling sweeps, using a sweep width of 90 MHz. (c) Dependence of 
electron decoupling on the decoupling sweep width. ∆𝜔𝜔𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 2𝜋𝜋⁄  has a maximum at a sweep 
width of 130 MHz. (d) Dependence of electron decoupling on microwave sweep time, 𝜏𝜏𝑆𝑆𝑆𝑆. 

 

The difference between NMR linewidths with and without electron decoupling, defined as 

∆𝜔𝜔𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 2𝜋𝜋⁄ , is an indicator of electron decoupling performance. Integrating the EPR control into 

the NMR spectrometer enables the acquisition of transients with and without electron decoupling 

on alternating scans to minimize error between combined data sets. The ∆𝜔𝜔𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 2𝜋𝜋⁄  dependence 
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on the polarization time is shown in Figure 4.5a. The carbon resonance narrows from 339 Hz to 

306 Hz under electron decoupling with a 7 second polarization time, compared with 419 Hz to 

371 Hz at 0.5 seconds. The 13C-13C spin diffusion spreads the enhanced magnetization away 

from the paramagnetic centers, thus increasing the average electron-nuclear distance of the 

observed carbon spins with longer polarization time. Longer polarization times therefore yield 

overall narrower resonances due to carbon spins with weaker hyperfine interactions contributing 

a larger fraction of the NMR signal (13C T1 = 448 seconds). However, the ∆𝜔𝜔𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 2𝜋𝜋⁄  increases 

with lower polarization times because more of the observed carbons have stronger hyperfine 

interactions that are attenuated by electron decoupling.  

 

As expected, the electron decoupling performance is optimal when the microwave frequency is 

centered on resonance with the electron spins (Figure 4.5b). Although unmodulated microwave 

irradiation directly on resonance with the electrons narrows the NMR linewidth by 7 Hz, 

microwave sweeps significantly improve the electron decoupling (Figure 4.5c). Triangular 

waveforms from an arbitrary waveform generator sweep the gyrotron voltage, and in turn the 

microwave frequency.  

 

The dependence of the degree of electron decoupling on the microwave sweep width is shown in 

Figure 4.5c. Maximum electron decoupling is achieved with a sweep width of 130 MHz, but is 

nearly optimized with sweep widths between 90 and 150 MHz, which correspond to the EPR 

linewidth indicated in Figure 4.5b.  Although a series of adiabatic inversions were attempted to 

produce electron decoupling, the electron nutation frequency was probably not sufficient to 
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produce full adiabatic inversions and further experimental and theoretical studies will be required 

to fully understand the mechanism of electron decoupling.   

 

Figure 4.5d shows that the sweep time, τsw, during electron decoupling also affects the 

performance of electron decoupling. Sweep times shorter than 8 μs were not achievable with the 

current implementation of the microwave frequency agility circuit, resulting in reduced 

∆𝜔𝜔𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 2𝜋𝜋⁄  at the short sweep times attempted and shown in Figure 4.5d.  

 

Note that DNP polarizing agents lead to less line-broadening if the radicals are sufficiently 

spatially separated from the nuclear spins of interest31. For example, DNP spectra acquired with 

CP exhibit a linewidth of 261 Hz compared to a linewidth of 228 Hz without any DNP polarizing 

agent. Furthermore, in cryogenic MAS experiments the NMR linewidth is typically dominated 

by structural and chemical shift heterogeneity which is frozen-out with reduced thermal 

energy32,33. Although some rigid crystalline samples exhibit linewidths similar to that achieved at 

room temperature31,34, the typical loss of spectral resolution in cryogenic DNP experiments can 

best be overcome by recording NMR spectra at higher temperatures.  Improving the resolution of 

DNP enhanced NMR is particularly important for resolving resonances of uniformly isotope-

enriched proteins.   

 

It should be noted that it is unlikely that the narrowing of the resonance is due to an interaction 

of the microwaves, nucleus, and rotations present in the sample, as the narrowing effect has only 

been observed on narrow line radicals such as the experiments with the Trityl Finland radical 

described here.  No effect has been observed in broad line radicals such as nitroxides, which 
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have a spectral width of nearly 900 MHz in a 7 T magnetic field.  Such an effect was a 

possibility due to the sidebands that arise during frequency modulation35.  These sidebands can 

be many gigahertz from the center frequency of the chirps, putting some of the microwave power 

at frequencies corresponding to rotations within the sample. 

 

4.4 Conclusion 
 

Electron decoupling in conjunction with pulsed DNP methods could lead to substantially 

improved DNP performance at higher temperatures. With electron decoupling, stronger 

hyperfine couplings could be used to transfer polarization, leading to faster and more efficient 

transfers, even from electron spins with short relaxation times at room temperature. Without 

electron decoupling, stronger hyperfine couplings lead to extensive paramagnetic relaxation, and 

also cause a spin diffusion barrier which impedes the spread of the enhanced nuclear polarization 

away from the DNP polarizing agents36. Electron decoupling therefore has a promising role to 

play in extending DNP to higher temperatures, enabling the acquisition of higher resolution 

NMR spectra and measurements of molecular dynamics.  

 

Electron decoupling could enable the direct polarization of nuclear spins of interest and 

eliminates the requirement for nuclear spin diffusion, allowing for the characterization of aprotic 

samples. By using aprotic samples with DNP polarizing agents, magnetization recovery delays 

between transients would only be limited by the electron longitudinal relaxation time.  
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Further work will be necessary to determine the mechanism behind electron decoupling.  The 

goal of performing a series of microwave frequency chirps on the electron channel was to 

perform adiabatic inversions on the electrons for a broadband decoupling effect.  The electron 

nutation frequency used was probably insufficient to perform adiabatic inversions, so the actual 

mechanism at work is currently unknown.  Furthermore, more work will be needed to determine 

if all of the spins are being decoupled a little bit, or if a small number of carbon nuclei are being 

decoupled substantially. 

 

In conclusion, electron decoupling in MAS DNP experiments reduces linewidths, lengthens 

transverse relaxation times, and increases the intensity of resonances in NMR spectroscopy. As 

microwave DNP technology continues to improve, the scope and performance of electron 

decoupling will expand to enable better decoupling on a wide range of DNP polarizing agents.  
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Chapter 5: Electron Decoupling with Cross 
Polarization and Dynamic Nuclear 

Polarization Below 6 K 
 

Forward 
 

This paper was adapted from “Electron Decoupling with Cross Polarization and Dynamic 

Nuclear Polarization Below 6 K” by Edward P. Saliba*, Erika L. Sesti*, Nicholas Alaniva, and 

Alexander B. Barnes and was the cover article for the October, 2018 issue of the Journal of 

Magnetic Resonance.  It builds on the work on electron decoupling presented in the previous 

chapter.  In the first paper on electron decoupling DNP was achieved with direct polarization of 

the 13C atoms of urea from the electrons of the Trityl Finland radical.  A disadvantage of 

performing the experiment this way, however, is the long 𝑇𝑇1𝐷𝐷𝐷𝐷𝐷𝐷 of the carbons, which was 

measured to be 448 seconds.  A superior way of performing the experiment with currently 

available continuous wave DNP methods is to first transfer the polarization from the electrons to 

the protons in the sample.  Due to their abundance and large gyromagnetic ratios, spin diffusion 

through the protons is orders of magnitude faster than the carbons, leading to substantially 

shorter 𝑇𝑇1𝐷𝐷𝐷𝐷𝐷𝐷’s. The vast majority of solid state NMR experiments performed today are 

performed with cross polarization (CP), and so the work described here is highly pertinent to the 

field.  Furthermore, this paper describes the first MAS experiments performed below 6 K, which 

will make future experiments tractable that would otherwise be prohibitively long.  Citation: 

Sesti, E. L.* .; Saliba, E. P*. .; Alaniva, N.; Barnes, A. B. Electron Decoupling with Cross 

Polarization and Dynamic Nuclear Polarization below 6 K. J. Magn. Reson. 2018, 295, 1–5. 
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Abstract 
 

Dynamic nuclear polarization (DNP) can improve nuclear magnetic resonance (NMR) sensitivity 

by orders of magnitude. Polarizing agents containing unpaired electrons required for DNP can 

broaden nuclear resonances in the presence of appreciable hyperfine couplings. This chapter 

presents the first cross polarization experiments implemented with electron decoupling, which 

attenuates detrimental hyperfine couplings. Magic angle spinning (MAS) DNP experiments 

below 6 K are also presented, producing unprecedented nuclear spin polarization in rotating 

solids. 13C correlation spectra were collected with MAS DNP below 6 K for the first time. 

Longitudinal magnetization recovery times with MAS DNP (T1DNP, 1H) of urea in a frozen glassy 

matrix below 6 K were measured for both the solid effect and the cross effect. Trityl radicals 

exhibit a T1DNP (1H) of 18.7 s and the T1DNP (1H) of samples doped with 20 mM AMUPol is only 

1.3 s. MAS below 6 K with DNP and electron decoupling is an effective strategy to increase 

NMR signal-to-noise ratios per transient while retaining short recovery periods. 

 

5.1 Introduction 
 

Solid-state nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for studying a 

wide variety of molecular architectures1–3. When NMR is employed in conjunction with magic 

angle spinning (MAS), long spin coherence lifetimes deliver spectral resolution sufficient to 

interrogate structure at atomic resolution. Internal magnetic interactions, such as isotropic scalar 

couplings and anisotropic dipolar couplings, allow for the determination of molecular 

connectivities and three-dimensional structures. MAS NMR also enables molecular structural 

characterization within endogenous and heterogeneous environments relevant to biomedical and 
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materials science applications. However, MAS NMR typically suffers from low signal-to-noise 

ratios. 

 

Poor signal-to-noise in NMR primarily arises from the small polarization of nuclear spin states at 

thermal equilibrium.  Dynamic nuclear polarization (DNP) is one technique for biasing the 

polarization of spins of interest well beyond what is achievable thermally, theoretically leading 

to sensitivities orders of magnitudes higher4,5. When performing DNP, a millimolar 

concentration of a stable exogenous radical is typically doped into the sample. Upon irradiation 

of the sample with microwaves whose frequencies fulfill DNP matching conditions, the large 

Boltzmann polarization of the radical electrons can be transferred to the nuclei, with a theoretical 

maximum gain in polarization equal to the ratio of magnetic moments in the high temperature 

limit � 𝑃𝑃𝑒𝑒
𝑃𝑃 𝐻𝐻1

≈ � 𝛾𝛾𝑒𝑒
𝛾𝛾 𝐻𝐻1

� = 658 for ℎ𝜈𝜈𝑒𝑒 ≪ 𝑘𝑘𝐵𝐵𝑇𝑇�6–8. 

 

Reducing the thermal energy of the sample is another method of increasing spin polarization. 

MAS DNP is commonly performed at 100 K, but experiments at 25 K, at which temperature spin 

polarizations are (298 𝐾𝐾)/(25 𝐾𝐾) =12-times larger in magnitude than at room temperature, 

have recently been demonstrated9–12. Spin polarization is further increased by cooling the sample 

to below 6 K. The associated NMR sensitivity gains achievable with cryogenic DNP below 6 K 

result in much shorter signal averaging times. 

 

The  hyperfine couplings mediating DNP transfers can, however, dramatically shorten nuclear 

spin relaxation and impair spectral resolution9,11,13–18.  Hyperfine couplings can be attenuated 

with a train of chirped microwave pulses applied during the NMR free induction decay (FID)19. 
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These initial electron decoupling experiments were performed by directly transferring the 

polarization of the electrons to 13C nuclei. The T1DNP of the carbon nuclei leads to long 

magnetization recovery periods to maximize the signal-to-noise ratio per unit time. Signal 

averaging can be accelerated by first polarizing protons through DNP and then relying on proton 

spin diffusion to distribute the enhanced polarization throughout the sample. DNP to protons 

followed by cross polarization to carbon nuclei therefore dramatically improves signal-to-noise 

per unit time. Additionally, proton-proton spin diffusion allows for hyperpolarization of carbons 

distant from the broadening hyperfine interactions of the electrons, leading to further 

improvements in spectral resolution20. 

 

Here, electron decoupling in rotating solids in conjunction with cross polarization is 

demonstrated for the first time. Electron decoupling with cross polarization below 6 K and at 90 

K is recorded. Furthermore, short polarization build-up times with cryogenic MAS DNP below 6 

K are observed. 

5.2 Experimental Methods 
 

A custom-built, 4-channel, 3.2 mm MAS, transmission-line NMR probe with a Redstone 

spectrometer (Tecmag, Houston, TX) was used to record all data.  Larmor frequencies for 1H and 

13C were 300.184 MHz and 75.495 MHz, respectively.  All spectra were recorded as rotor-

synchronized, echo-detected, cross-polarization MAS (CPMAS) experiments. The Hartmann-

Hahn condition was ν1H = 50 kHz and ν13C = 52 kHz with a contact time of 1 ms. For π/2 pulses 

and two-pulse phase-modulated (TPPM) decoupling on 1H, a nutation frequency of ν1H = 90 kHz 

was used. The 13C refocusing pulse had a nutation frequency of ν13C = 100 kHz. To destroy any 
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residual polarization, saturation trains on both 1H and 13C were employed before a DNP 

polarization time (τpol). Polarization build-up times (T1DNP) were recorded using a saturation 

recovery sequence. Typical spinning frequencies were 5000 Hz but varied in each experiment. 

Experimental parameters corresponding to each experiment are shown in Table 5.1 below: 

Sample  Radical Experiment DNP/ 

no DNP 

Transients νrot 
(kHz) 

νrot Stability 
(+/- Hz) 

τpol (s) 

urea 20 mM AMUPol Enhancement DNP 1 4.4 200 3 

urea 20 mM AMUPol Enhancement no DNP 1 4.4 200 3 

urea 20 mM AMUPol T1DNP DNP 1 4.4 200 - 

urea 40 mM trityl Enhancement DNP 4 4.5 10 3 

urea 40 mM trityl Enhancement no DNP 16 4.5  10 3 

urea 40 mM trityl T1DNP DNP 1 4.9 200 - 

urea 20 mM AMUPol Power Dependence (0.23 W) DNP 1 4.4 100 3 

urea  40 mM trityl Power Dependence (0.23 W) DNP 1 4.5  10 3 

urea 40 mM trityl 13C Hahn echo – eDEC  90 K DNP 12 4.0 20 7 

urea 40 mM trityl 13C Hahn echo– no eDEC  90 K DNP 12 4.0 20 7 

urea 40 mM trityl CP – eDEC  90 K DNP 4 3.9 20 3 

urea 40 mM trityl CP –  no eDEC  90 K DNP 4 3.9 20 3 

urea 40 mM trityl 13C – eDEC  6 K DNP 1 4.9 200 7 

urea 40 mM trityl 13C – no eDEC  6 K DNP 1 4.9 200 7 

urea 40 mM trityl CP – eDEC  6 K DNP 1 4.5 10 3 

urea 40 mM trityl CP - no eDEC  6 K DNP 1 4.5 10 3 

urea no radical CP – 90 K no DNP 128 4.0 20 7 

urea no radical CP – 6 K no DNP 1 5.1 100 30 

L-proline 40 mM Trityl eDEC DNP 4 5.0 150 3 

L-proline 40 mM Trityl Enhancement DNP 4 5.0 150 3 

L-proline 40 mM Trityl Enhancement no DNP 16 5.0 150 3 

 

Table 5.1: Experimental parameters used in the experiments described here. 

 

All spectra were referenced to adamantane at 193 K, and that reference was used to assign 

chemical shift values at 6 K. Enhancements were found by dividing the area of the spectra taken 
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with microwaves on by the area of the spectra obtained with microwaves off.  The areas were 

determined by fitting the peaks in DMfit21. Microwave irradiation was produced by a custom-

built frequency-agile gyrotron with an output power of 15 W19,22, corresponding to 

approximately 5 W (ν1s = 380 kHz) at the sample due to loss within the waveguide. The 

microwave power was attenuated with a 3% transmittance attenuator (Tydex LLC. St. 

Petersburg, Russia) placed in the waveguide. For low power experiments,  0.70 W was measured 

out of the attenuator with an estimated 0.23 W (ν1s = 81 kHz) at the sample. Microwave powers 

were measured using a calorimeter. The microwave irradiation frequency was 197.674 GHz for 

AMUPol and 197.950 GHz for trityl. For electron decoupling (eDEC) experiments, the 

irradiation frequency during τpol was at the zero-quantum solid effect condition for 1H (197.950 

GHz). During the acquisition period, chirped pulses were applied around the EPR resonance 

condition (197.640 GHz) as shown in Figure 5.1a. The chirped pulses were 13.75 µs in length 

and 87 MHz wide in frequency19. Microwave chirps were produced using the spectrometer’s 

arbitrary waveform generator and were amplified by a linear amplifier (Trek Inc., Lockport, NY) 

attached to the gyrotron22. 

 

Two-dimensional spectra were obtained on L-proline using the proton-driven spin diffusion 

(PDSD) NMR sequence23 and the STATES method24. All microwave and RF frequencies were 

the same as for CPMAS experiments. For the PDSD spectrum taken below 6 K, a 30 µs dwell 

time was used in both the indirect and direct dimensions. 64 points were collected in the indirect 

dimension (t1) and 256 points in the direct dimension. Four transients were recorded with a τpol = 

1 s. For the PDSD spectrum at 90 K, 32 transients were acquired in each slice with a polarization 

time of 3 s. 256 points were collected in the direct dimension and 128 in the indirect dimension. 
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For all PDSD experiments, the dwell time used in both dimensions was 30 µs, and both 

dimensions were zero filled to 1024 points. The mixing time was 5 ms, and the spinning 

frequency was 5,500 Hz. The PDSD pulse sequence is shown in Figure 5.1b.  The microwave 

frequency was shifted off of the DNP condition to the nominal output frequency of the gyrotron 

at 197.839 GHz following the z-filter. 

 

Figure 5.1c shows the input waveform on the arbitrary waveform generator used to modulate the 

output frequency of the gyrotron (black) and 0.001 × the actual waveform output by the 

amplifier that it was fed into (red).  The voltage modulation is similar to that presented in the 

precious chapter, but with some important differences.  Most noticeably, the voltage jump from 

the DNP condition at 197.950 GHz to the electron resonance frequency at 197.640 GHz is 

much larger in the CP case than in the direct polarization case.  This is due to the fact that the 

solid effect condition for protons is much further away from the electron resonance frequency 

than the carbon one is.  Another difference between the two cases arises for the same reason. The 

gyrotron requires an anode voltage larger than the maximum 3.3 kV that the arbitrary waveform 

generator can pull in one direction.  For this reason, the nominal output frequency of the gyrotron 

needs to be set in between the two conditions (it was set to 197.839 GHz for these experiments), 

rather than at the DNP condition. 
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Figure 5.1: (a) Cross-polarization magic angle spinning (CPMAS) with electron decoupling. (b) 
Proton-driven spin diffusion (PDSD) CPMAS. (c) The waveform input into an arbitrary 
waveform generator to produce the voltage sweeps to generate the frequency chirps on the 
gyrotron (black) and 0.001 × the voltage modulation actually output by the amplifier (red). 

 

Sample temperatures below 6 K were achieved with liquid helium as variable-temperature (VT) 

fluid directed at the center of the spinning rotor. Ultra-high-purity helium gas at 80 K was used 

for MAS bearing and drive gases. The sample temperature was monitored at the interface of the 
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VT outlet and NMR stator with a Cernox temperature sensor (Lake Shore Cyrotronics Inc., 

Westerville, OH). The temperature at this point was regarded as the sample temperature as 

demonstrated previously25. A Lakeshore temperature controller was used to monitor the 

temperature of the sample, the incoming transfer lines, and the exhaust line. 

Three standard samples were prepared for this set of experiments. The first was a 4 M [U-

13C,15N] urea sample (Cambridge Isotopes, Tewksbury, MA). Urea was dissolved in a solution of 

60% d8-glycerol, 30% D2O, and 10% H2O. AMUPol (CortecNet Corp., Brooklyn, NY) was 

added to bring its concentration to 20 mM. The second sample was made by preparing a 4 M [U-

13C,15N] urea sample in 60% d8-glycerol, 30% D2O, and 10% H2O. Trityl (Finland radical; 

Oxford Instruments, Abingdon. UK) was added to give a 40 mM radical concentration. The final 

sample consisted of 4 M [U-13C,15N] L-proline (Cambridge Isotopes) dissolved in 60% d8-

glycerol, 30% D2O, and 10% H2O. This sample contained trityl at 40 mM. High concentrations 

(40 mM) of trityl were employed to study the effect of electron decoupling. Approximately 36 

µL of each sample was added to separate 3.2 mm zirconia rotors.  

5.3 Results 

5.3.1 High-Resolution DNP-NMR Below 6 K in Model Systems 
 

To investigate DNP-enhanced NMR spectroscopy below 6 K with a frequency-agile gyrotron, a 

series of experiments were performed using nitroxide biradicals or tertiary carbon monoradicals 

as polarizing agents on [U-13C,15N] urea and [U-13C,15N] L-proline within a frozen glassy matrix. 

Biradicals such as AMUPol, using the cross-effect mechanism, yielded the highest signal 

enhancements. A 282-fold signal enhancement of urea with 20 mM AMUPol was recorded under 

MAS with a sample temperature below 6 K (Figure 5.2a). It should be noted that this is not a true 
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enhancement value, as samples with AMUPol are susceptible to depolarization9. Due to 

combined DNP enhancement and improved thermal Boltzmann polarization, only a single 

transient was required to achieve an excellent signal-to-noise ratio.  Remarkably, the polarization 

build-up time (T1DNP, 1H) was only 1.3 s (Figure 5.2c), making the optimal recycle delay to 

maximize signal-to-noise per unit time only 1.6 s (1.26*T1)26. Polarizing agents also yield short 

polarization build-up times at 90 K (T1DNP = 1.3 s)13,27,28, but here we demonstrate similar build-

up times below 6 K. While T1DNP time constants in static samples at 1.2 K can be several minutes 

to hours29,30, these short recovery time constants are comparable to those observed at room 

temperature.31 Therefore, MAS DNP below 6 K delivers unprecedented NMR sensitivity per unit 

time. 
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Figure 5.2. DNP CPMAS NMR spectra below 6 K on model systems. (a), (b) Enhancement 
spectra of urea with AMUPol and trityl, respectively. Spectra in black represent no microwave 
irradiation while spectra in red are with microwave irradiation. T1DNP of 1H for urea with AMUPol 
(c) and trityl (d). (e), (f) Microwave power dependence on urea with AMUPol and trityl, 
respectively. 5.0 W of microwave power incident to the sample is shown in red and 0.23 W of 
microwave power is shown in black. * denote spinning side bands. 

 

The enhancement in Figure 5.2b demonstrates the solid effect using the tertiary monoradical, 

trityl, below 6 K. In contrast to the cross effect, the solid effect enhancement is polarization time 

dependent due to the effect of microwave intensity on magnetization buildup during 

DNP16,17,32,33. Accordingly, a solid effect DNP enhancement of 51-fold with a polarization time 

(τpol) of 3 s (Figure 5.2b) and 32-fold with a τpol of 30 s was observed. The T1DNP (1H) for urea 
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with trityl was 18.7 s below 6 K (Figure 5.2d). Shorter longitudinal recovery times (in this case, 

τpol) with solid effect DNP will be accessible with higher microwave intensity. DNP provided a 

signal increase of 51-fold with a further improvement of 41-fold due to Boltzmann spin 

polarization at 6 K compared to 298 K. At these temperatures, the polarization of the electrons at 

~198 GHz has moved out of the high temperature approximation commonly employed in 

magnetic resonance calculations and the full Boltzmann expression, 𝑃𝑃𝑒𝑒 = tanh � ℎ𝜈𝜈𝑒𝑒
2𝑘𝑘𝐵𝐵𝑇𝑇

�, must be 

used (Figure 5.3). Therefore, MAS DNP below 6 K can enhance NMR signals by over 2,000-

fold over room temperature experiments. 

 
 

Figure 5.3: Plots of the ℎ𝜈𝜈0
2𝑘𝑘𝐵𝐵𝑇𝑇

 dependence of the electron polarization commonly used in the 

high temperature limit (red) and the full Boltzmann expression for a spin 1
2
 particle, 

tanh � ℎ𝜈𝜈0
2𝑘𝑘𝐵𝐵𝑇𝑇

� (black).  At 6 K the two have begun to non-negligibly deviate from one another.  

This deviation becomes even larger as the temperature is cooled further and the polarization 
of the electrons begins to approach unity.  Here ℎ = 6.626 × 10−34𝐽𝐽𝐽𝐽, 𝑘𝑘𝐵𝐵 = 1.38 ×
10−23 𝐽𝐽

𝐾𝐾
 , 𝜈𝜈0 = 198 × 109 𝐻𝐻𝐻𝐻, and 𝑇𝑇 is the temperature in Kelvin.  The point on the 

Boltzmann polarization curve marks the polarization at 6 K where it is equal to 66%. 
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Significantly higher DNP enhancements were obtained with an electron nutation frequency (ν1s) 

of 380 kHz (5.0 W incident power)34 compared to ν1s ≈ 83 kHz (0.23 W incident power). DNP 

enhancement was dependent on microwave power with trityl monoradicals using the solid effect 

and also with nitroxide biradicals polarizing through the cross effect (Figure 5.2e, f). 2-fold and 

26-fold gains in DNP signal enhancement were obtained for AMUPol and trityl, respectively, 

using 5.0 W versus 0.23 W. 

 

Therefore, high-power microwave sources such as the gyrotron oscillator employed here 

improve DNP enhancements not only at higher temperatures (>80 K)35 but also in MAS DNP 

below 6 K. Higher microwave powers also efficiently polarize nuclear spins with direct 

hyperfine couplings, resulting in a concomitant larger observed hyperfine shift (Figure 

5.2e)25,36,37.  

5.3.2 Electron Decoupling with Cross Polarization 
 

Previously, electron decoupling (eDEC) has been performed with direct electron-to-carbon DNP 

transfers on samples of urea with trityl at 90 K19. Note, moderate spinning frequencies of 4 kHz 

result in larger electron decoupling effects compared to higher spinning frequencies. Here we 

show electron decoupling of DNP-enhanced NMR spectra recorded with MAS below 6 K, also 

employing cross polarization (CP). Figures 5.3a and 5.3b illustrate the first CPMAS electron 

decoupling experiments with urea and L-proline, respectively. Polarization transfer from electron 

to proton spins, followed by 1H-1H spin diffusion, results is much faster longitudinal 

magnetization recovery over direct 13C polarization. Following a subsequent polarization transfer 

from protons to carbons via CP, the 13C free induction decay (FID) is recorded under both proton 
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and electron decoupling (Figure 5.1a). Electron decoupling on urea and L-proline improved 

signal intensity (5 ± 2% area increase) and reduced linewidths (11 ± 2 Hz narrowing) on average 

(Figure 5.4a and 5.4b), with an additional attenuation of the hyperfine shift resulting from the 

DNP polarizing agent. This is the first demonstration of electron decoupling attenuating an 

observable hyperfine shift in rotating solids. 

 

Figure 5.4: Electron decoupling with cross polarization. (a) CP-DNP spectra of urea with trityl. 
(b) Carbonyl region from the 13C spectrum of L-proline with trityl. Black spectra were recorded 
with no electron decoupling, while red spectra were recorded with electron decoupling. 

 

Detrimental hyperfine interactions are reduced using proton spin diffusion to relay 

enhanced polarization far from the radicals using CP. At 90 K, CP with electron decoupling on a 

sample of urea narrowed the 13C resonance by 10 Hz. The overall linewidth of the resonance 

utilizing CP with electron decoupling approached the linewidth observed with no radical present 

(Table 5.1). 13C direct DNP followed by electron decoupling narrowed the resonance to 306 Hz, 

while CP with electron decoupling gave a linewidth of 250 Hz. When electron decoupling was 

performed below 6 K, a similar trend was observed (Table 5.2). Note that, overall, there was 

more broadening from the radicals below 6 K compared to 90 K, suggesting that further DNP-

NMR spectra improvements can be realized with improved electron decoupling. 
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Experiment 90 K 
linewidth (Hz) 

Below 6 K linewidth 
(Hz) 

13C direct - no eDEC 339 ± 2 349 ± 2 
13C direct - eDEC 306 ± 2 328 ± 6 
CP – no eDEC 259 ± 1 322 ± 6 
CP – eDEC 250 ± 2 310 ± 6 
CP – no radical present 228 225 

 

Table 5.2: Effect of radicals and electron decoupling on linewidths of [U-13C, 15N] urea with and 
without trityl. Electron decoupling (eDEC) coupled with cross polarization (CP) results in 13C 
linewidths approaching those without any radical present. 

 

5.3.3 Electron Decoupling with Cross Polarization 
 

Carbon-carbon correlation spectra were recorded on [U-13C, 15N] L-proline with trityl 

below 6 K to demonstrate the time savings afforded by DNP at this temperature in 

multidimensional experiments. The proton-driven spin diffusion (PDSD) pulse sequence is 

shown in Figure 5.1b. The total experimental time of the PDSD experiment performed below 6 

K was 24 minutes (Figure 5.5a). For comparison, a PDSD at 90 K is shown containing a similar 

signal-to-noise ratio (Figure 5.5b); however, this experiment took 16 hours. 

 

 



109 
 

 

Figure 5.5. PDSD taken on [U-13C, 15N] L-proline with trityl below 6 K (a) and at 90 K (b). The 
1D spectrum at the top of each figure is the slice of the 2D spectrum indicated by the dashed line. 
The total experiment time was 16 hours for the spectrum recorded at 90 K, while the experiment 
at 6 K required only 24 minutes. 

 

5.4 Conclusions 
 

The radicals introduced into the sample for DNP can lead to broadening due to hyperfine 

interactions. Electron decoupling provides a means to mitigate these unwanted interactions. 

Performing electron decoupling with cross polarization has the dual advantages of faster 

recovery times and narrower resonances compared to direct polarization. One-dimensional NMR 

experiments employing CPMAS and electron decoupling on biomolecules frozen in a glassy 

matrix resulted in 11 Hz narrowing and a 5% increase in signal area.  

 

The already sizeable enhancements afforded by DNP can be further improved by cooling the 

sample to below 6 K. DNP below 6 K leads to a 51-fold solid effect enhancement and a 282-fold 

cross-effect enhancement. The longitudinal magnetization recovery times remain short at these 

temperatures, allowing for large enhancements and quick recovery times. MAS below 6 K 
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combined with high-power frequency-agile microwave sources also provides a promising avenue 

for the implementation of pulsed DNP38–41. 
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Chapter 6:  Fast Electron Paramagnetic 
Resonance Magic Angle Spinning 

Simulations Using Analytical Powder 
Averaging Techniques 

 

Forward 
 

This chapter was adapted from the paper “Fast Electron Paramagnetic Resonance Magic Angle 

Spinning Simulations Using Analytical Powder Averaging Techniques” by Edward P. Saliba and 

Alexander B. Barnes, submitted to the Journal of Chemical Physics. This chapter describes a 

novel technique for performing powder averages in magnetic resonance simulations involving 

the analytical powder averaging over the 𝛼𝛼 Euler angle in the sample.  This has the advantage of 

drastically reducing simulation times in magnetic resonance experiments.  The simulations 

presented in this chapter were performed using the g-tensor and hyperfine coupling tensor values 

of TEMPO, a nitroxide radical commonly used in DNP and EPR, as a first step towards 

understanding the spinning requirements for breaking its nearly 900 MHz (at a 7 T magnetic 

field) into a spinning sideband manifold.  Although the simulations done here were to 

demonstrate the speed with which a broad line radical requiring a large number of powder angles 

to represent can be performed, the techniques described in this chapter are perfectly applicable to 

NMR as well. The ability to quickly simulate new experiments in both EPR and NMR will allow 

for a better understanding of the mechanisms involved in them and facilitate their development 

going forward. 
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Abstract 
 

Simulations describing the spin physics which underpins nuclear magnetic resonance 

spectroscopy (NMR) and electron paramagnetic resonance (EPR) spectroscopy play an important 

role in the design of magnetic resonance experiments. In experiments performed in the solid 

state, samples are commonly composed of powders or glasses, with molecules oriented at a large 

number of angles with respect to the laboratory frame. These powder angles must be represented 

in simulations to account for anisotropic interactions. Numerical techniques are typically used to 

accurately compute such powder averages. In order to characterize the powder pattern, a large 

number of Euler Angles is usually required, leading to lengthy simulation times. This is 

particularly true in broad spectra, such as those observed in electron paramagnetic resonance 

(EPR). The combination of the traditionally separate techniques of EPR and magic angle 

spinning (MAS) NMR could play an important role in future electron detected experiments, 

combined with DNP, which will allow for exceptional detection sensitivity of NMR spin 

coherences. Presented herein is a method of reducing the required number of Euler angles in 

magnetic resonance simulations by analytically performing the powder average over one of the 

Euler angles in the static and MAS cases for the TEMPO nitroxide radical in a 7 Tesla field. In 

the static case, this leads to a 97.5% reduction in simulation time over the fully numerically 

averaged case, and accurately reproduces the expected spinning sideband manifold when 

simulated with a high MAS frequency of 150 kHz. This technique is applicable to more 

traditional NMR experiments as well, such as those involving quadrupolar nuclei or multiple 

dimensions. 
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6.1 Introduction 
 

 
Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical tool used in a wide 

range of disciplines including structural biology, pharmacology, and materials science1–5.  

However, NMR suffers from poor sensitivity due to nuclear spin energy splittings that are 

typically much smaller than the thermal energy. As a result, there is considerable research focus 

on improving NMR sensitivity.  

 

Sensitivity in magnetic resonance techniques, like NMR spectroscopy and the closely related 

electron paramagnetic resonance (EPR) spectroscopy, improves with detection frequency.  The 

relative sensitivity of detecting two spins with different gyromagnetic ratios is (𝛾𝛾2/𝛾𝛾1 )3/2; one 

power of (𝛾𝛾2/𝛾𝛾1) arises from the relative magnitudes of each of the polarized magnetic 

moments, and one arises from the fact that the magnitude of the voltage induced across a coil by 

an alternating current increases with frequency. One half power of (𝛾𝛾2/𝛾𝛾1) is lost at higher 

detection frequencies because, in addition to improved signal detection, noise detection is also 

improved.  The combined contributions of each of these effects leads to the (𝛾𝛾2 𝛾𝛾1⁄ )3/2 

dependence of the sensitivity6. This is often exploited in NMR spectroscopy by detecting protons 

which have roughly 4 × higher gyromagnetic ratio than 13C spins. The fact that a proton has a 

4 × higher gyromagnetic ratio than that of a 13C nucleus results in a sensitivity improvement of 

43/2 = 8. Furthermore, another (𝛾𝛾2/𝛾𝛾1) factor is acquired from the higher Boltzmann 

polarization of protons in the high temperature limit, resulting in a (𝛾𝛾2/𝛾𝛾1 )5/2 dependence of the 

sensitivity on (𝛾𝛾2/𝛾𝛾1). The increase in sensitivity over a 13C Bloch Decay experiment then 

increases from 8 to 16.  Due to the stochastic nature of signal averaging experiments, the 16 × 



119 
 

improved signal-to-noise  (SNR) manifests as a gain of 162 = 256 × time improvement of a 1H 

Bloch decay experiment over a 13C Bloch decay experiment. While solution-state NMR has 

leveraged proton detection for many years7,8 , solid-state NMR has only recently turned to proton 

detection to push the limits of NMR sensitivity, which has been enabled by the advent of magic 

angle spinning (MAS) frequencies  > 40 kHz9–13.  

 

Dynamic nuclear polarization (DNP) is another technique to enhance NMR sensitivity that 

employs the transfer of the large electron spin polarization to nuclear spins14–23. DNP could 

theoretically increase 1H spin state polarizations by  up to 657 ×, with enhancements of up to 

515 having been achieved experimentally24,25.  Direct detection of unpaired electrons could 

result in up to a 6573/2 = 16,840 × gain in sensitivity over conventional DNP.  Electron 

detected magnetic resonance experiments are already commonly performed without MAS using 

techniques such as electron-nuclear double resonance (ENDOR)26and electron spin echo 

envelope modulation (ESEEM)27.  Such strategies could be used to drastically improve the rate 

at which typically lengthy experiments such as multidimensional spectroscopy and in-cell NMR 

can be collected by collapsing the directly detected electron dimension down to give an NMR 

spectrum in the remaining dimensions with excellent sensitivity. Similar strategies have 

previously been used in 1H detected NMR experiments. 

 

Nevertheless, the theoretical limit of 6573/2 = 16840 × the sensitivity over conventional DNP 

will only be approached with improved instrumentation that enables the averaging of anisotropic 

electron spin interactions. In principle, the electron spin powder pattern will break into sidebands 

when the spinning frequency is faster than homogeneous spin interactions28.  Stable organic 
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radicals are commonly used in EPR spectroscopy. EPR spectroscopy of biological chemical 

architectures often employs nitroxides for analysis of structures and dynamics29 with the TEMPO 

radical being one such nitroxide.  Therefore, to examine behavior of the nearly 900 MHz wide 

powder pattern of TEMPO under MAS, a series of simulations were performed employing a 

home-written PYTHON computer code. 

 

In traditional magnetic resonance simulations, the time dependence of the signal is simulated at 

many different powder angles.  Averaging all of these time dependencies yields an 

approximation of the powder pattern30,31.  However, such numerical integration schemes can be 

quite slow, with the powder average dominating the total simulation time.  This problem is 

exacerbated in EPR spectra, which are orders of magnitude broader than typical spin-1/2 NMR 

spectra due to much stronger interactions of the electron spins.  Simulation times can be 

dramatically reduced with an analytical solution for the functional form of the powder average, 

reducing hundreds or even thousands of calculations to a relatively small number.  Such 

techniques have proven useful in the analytical powder averaging of spin echo double resonance 

(SEDOR), rotational echo double resonance (REDOR), and transferred echo double resonance 

(TEDOR) standard curves32.  Here, derivations of analytical solutions for the powder averaging 

of the TEMPO EPR signal over one of the three Euler angles in both the static and MAS cases 

are presented.  These solutions are used to perform simulations that demonstrate significant time 

savings over traditional numerical techniques. The improvement in simulation time will allow 

for new experiments to be designed that leverage the sensitivity afforded by MAS electron 

detected magnetic resonance combined with DNP. 
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6.2 Theory 

6.2.1 Static TEMPO Powder Pattern 
 
 

As a demonstration of how to directly integrate the signal over the 𝛼𝛼 Euler angle, the static 

TEMPO powder pattern was examined first.  The powder-averaged signal (𝑠̅𝑠(𝑡𝑡)) with the carrier 

frequency set to remove the isotropic component of the g-tensor is given in Equation (6.1): 

 

 ( ) ( )
2

0 0
( ) exp sins t i t d d

π π
ω β α β∝ ∫ ∫         (6.1) 

 

Here, 𝑡𝑡 is the time and 𝛼𝛼 and 𝛽𝛽 are the Euler angles that describe the orientation of the principal 

axis frame of the g tensor relative to the lab frame.  Rather fortuitously, the g-tensor of TEMPO 

shares a principal axis frame with the hyperfine coupling tensor, removing the need to perform 

an intermediate rotation between the two.   𝑖𝑖 is the imaginary unit and 𝜔𝜔 is defined in Equation 

(6.2): 

 

( ) ( ) ( )2 21 3cos 1 sin cos 2
2iso anisomAω ω β η β α = + − −      (6.2) 

 

𝜔𝜔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝜂𝜂 are defined in Equations (6.3)-(6.5): 

 

 0aniso B
S

g Bµω∆ = −


  (6.3) 

 aniso S anisomAω ω= ∆ +   (6.4) 
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 S S aniso A

aniso

mAω η ηη
ω

∆ +
=   (6.5) 

 

where ℏ is the reduced Planck's Constant, 𝜇𝜇𝐵𝐵 is the Bohr Magneton, and 𝑚𝑚 is the magnetic 

quantum number of the spin-1 14N nucleus that is hyperfine coupled to the electron on the 

TEMPO radical.  𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖, 𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝜂𝜂𝑔𝑔, 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖, 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, and 𝜂𝜂𝐴𝐴 are defined in Equations (6.6)-(6.11): 

 

 ( )1
3iso XX YY ZZg g g g= + +   (6.6) 

 aniso ZZ isog g g= −   (6.7) 

 YY XX
g

aniso

g g
g

η −
=   (6.8) 

 ( )1
3iso XX YY ZZA A A A= + +   (6.9) 

 aniso ZZ isoA A A= −   (6.10) 

 YY XX
A

aniso

A A
A

η −
=   (6.11) 

Here, 𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖, 𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, and 𝜂𝜂𝑔𝑔 are the isotropic component, anisotropic component, and asymmetry 

of the the g-tensor, respectively.  𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖, 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, and 𝜂𝜂𝐴𝐴 are the analogous values for the hyperfine 

coupling tensor. To obtain the full signal, Equation (6.1) should be summed over the possible 
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values of 𝑚𝑚, which are 𝑚𝑚 = +1, 𝑚𝑚 = 0, and 𝑚𝑚 = −1.  All the derived equations assume a 

secular Hamiltonian.  The quadrupolar coupling of the nitrogen nucleus has been ignored.   

 

Visual representations of the effective tensor quantities described in Equations (6.3)-(6.5) made 

with the TensorView33 Mathematica notebook are shown in Figure 6.1.  Figure 6.1a shows the 

TEMPO molecule. Images of the TEMPO molecule down the oxygen-nitrogen bond are shown 

with the effective tensor superimposed on the oxygen molecule for the 𝑚𝑚 = −1 (b), 𝑚𝑚 = 0 (c) 

and 𝑚𝑚 = +1 (d) cases.  Note that the shape of the surfaces are not ellipsoids, as they are 

commonly represented33,34.  A more accurate visual representation of the values taken by the 

Hamiltonian as a function of the angle of the molecule is given by these "Jorgenson-Salem" 

plots, where the radial component of the surface is proportional to the magnitude of the energy 

splitting induced by the interaction when the molecule is oriented at the 𝛼𝛼 and 𝛽𝛽 angles of that 

point on the surface, relative to the external magnetic field33–36.   𝜔𝜔𝑋𝑋𝑋𝑋, 𝜔𝜔𝑌𝑌𝑌𝑌, and 𝜔𝜔𝑍𝑍𝑍𝑍 are defined 

in Equations (6.12)-(6.14) below: 

 

 
( ) 0XX iso B

XX XX

g g B
mA

µ
ω

−
= +



  (6.12) 

 
( ) 0YY iso B

YY YY

g g B
mA

µ
ω

−
= +



  (6.13) 

 
( ) 0ZZ iso B

ZZ ZZ

g g B
mA

µ
ω

−
= +



  (6.14) 

The orientation of the principal axis frame of the g-tensor and hyperfine coupling tensor (they 

are coincident with one another) relative the lab frame was calculated using Gaussian09. 
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Figure 6.1: The TensorView Mathematica notebook was used to produce graphical 
representations of the g-tensor, which is the effective tensor that is the result of the combined 
effects of the g-tensor and hyperfine coupling tensor. The TEMPO molecule is shown in (a) 
perpendicular to the N-O bond.  The 𝜔𝜔 tensor superimposed on the TEMPO molecule is shown 
down the N-O bond for the 𝑚𝑚 = −1 (b), 𝑚𝑚 = 0 (c), and 𝑚𝑚 = +1 (d) cases. 
 
 
The exponential portion of the integrand of Equation (6.1) can be split into a portion that 

depends on the 𝛼𝛼 Euler angle and a portion that does not.  In Equation (6.15), the portion that 

does not depend on 𝛼𝛼 has been pulled out of the appropriate integral: 

 

 

( )( )

( ) ( )

( )

2

0

2 2

0

1( ) exp 3cos 1
2

1exp sin cos 2
2

sin

iso aniso

aniso

s t i mA t

i t d

d

π

π

ω β

ω η β α α

β β

  ∝ + −    
   × −      

×

∫

∫   (6.15) 

 

We can now make the definitions in Equations (6.16) and (6.17): 
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 ( )( )21 3cos 1
2iso anisoC mA tω β = + −  

  (6.16) 

 ( )21 sin
2 anisoz tω η β = − 

 
  (6.17) 

 

Substitution of Equations (6.16) and (6.17) into Equation (6.15) gives Equation (6.18): 

 

 [ ] ( ) ( )
2

0 0
( ) exp exp cos 2 sins t iC iz d d

π π
α α β β ∝ × ×    ∫ ∫   (6.18) 

 

The following substitution can be made using the Jacobi-Anger identity32,37, which is the Fourier 

series in 2𝛼𝛼 for exp[𝑖𝑖𝑖𝑖 cos(2𝛼𝛼)]: 

 

 ( ) ( ) ( ) ( )0
1

exp cos 2 2 cos 2n
n

n
iz J z i J z nα α

∞

=

= +   ∑   (6.19) 

 

where, the 𝐽𝐽𝑛𝑛’s are the 𝑛𝑛𝑡𝑡ℎ-order Bessel functions of the first kind, the first five of which are 

plotted in Figure 6.2. 
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Figure 6.2: The first five Bessel functions (orders 0-4).  The Bessel Functions contribute to the 
weighting factors in the Jacobi-Anger expansion used to produce an analytical solution for the 
integration over the 𝛼𝛼 Euler angle. 
 
Equation (6.19) can be substituted into Equation (6.18) to give Equation (6.20): 

 

 [ ] ( ) ( ) ( ) ( )
1

2

00

2

00
2 cos( ) exp 2 sinn

n
n

s dt iC J i J z nz d d
π ππ

βα αα β
∞

=

 ∝ × + ×  ∫∫ ∫ ∑   (6.20) 

 

Noting that all of the components in the second term (in red) integrate to 0 on the interval from 0 

to 2𝜋𝜋, the integration over 𝛼𝛼 is greatly simplified, and this is performed in Equation (6.21): 

 

 
( )( )

( ) ( )

2

0

2
0

1( ) 2 exp 3cos 1
2

1 sin sin
2

iso aniso

aniso

s t i mA t

J t d

π
π ω β

ω η β β β

  ∝ + −    
  ×     

∫
  (6.21) 
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The expressions for 𝐶𝐶 and 𝑧𝑧 have been substituted back into the equation.  The sign of 𝑧𝑧 has been 

changed, recognizing that 𝐽𝐽0(𝑧𝑧) is a symmetric function of 𝑧𝑧.  From here, the integration over 𝛽𝛽 

can be performed using traditional numerical techniques.   

 

It should be noted that a fully analytical solution over both the 𝛼𝛼 and 𝛽𝛽 Euler angles involving 

elliptic integrals of the first kind does exist38.  However, the technique presented here was chosen 

because it has strong parallels to the analytical averaging technique used for the magic angle 

spinning case derived in the next section. 

 

6.2.2 TEMPO Powder Pattern Under MAS 
 
 

The analytical powder averaging strategy described above can be extended to include MAS.  The 

expression for the signal given in Equation (6.22) needs to be modified to: 

 

 ( ) ( )
2 2

0 0 0 0
( ) exp ', , , ' sin

t
s t i t dt d d d

π π π
ω α β γ β α β γ ∝   ∫ ∫ ∫ ∫   (6.22) 

 

Here, the integral of the frequency function over time needs to be computed, as it acquires a time 

dependence under MAS.  Also, the integral over the 𝛾𝛾 Euler angle needs to be computed because 

the function is no longer independent of it, as in the static case.  Furthermore, the definitions of 

all three Euler angles have changed, and now characterize the rotations from the principal axis 

frame of the g-tensor to a frame of reference fixed on the rotor.  𝜔𝜔(𝑡𝑡,𝛼𝛼,𝛽𝛽, 𝛾𝛾) is defined in 

Equation (6.23).  This expression can be derived using the spherical tensor formalism described 
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by Mueller39.   The curly brackets ({}) denote a part of an expression that has been broken up into 

multiple lines: 

 

 

( )

( ) ( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

2

, , ,

1 1 1sin cos 2 1 cos 2 cos 2 2
2 4 3
1 sin 2 cos sin 2 2
3
1 11 cos 2 sin 2 cos

32
2 sin 2 sin sin

3

aniso

r

r

r

r

t

t

t

t

t

ω α β γ ω

β η α β ω γ

η α β ω γ

η α β ω γ

η α β ω γ

=

   − + × +      
 
+ × +  × 

  − + × +   
 
 + × +  

  (6.23) 

 

Integration of Equation (6.23) over time yields Equation (6.24): 

 

 

( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

0

2

', , , '

sin 2 2 sin 21 1 1sin cos 2 1 cos 2
2 4 3 2

cos 2 2 cos 21 sin 2 cos
3 2

sin sin1 11 cos 2 sin 2
32

cos cos2 sin 2 sin
3

t

aniso

r

r

r

r

r

r

r

r

t dt

t

t

t

t

ω α β γ ω

ω γ γ
β η α β

ω

ω γ γ
η α β

ω

ω γ γ
η α β

ω

ω γ γ
η α β

ω

=

+ −   − + ×        
+ − 

+ ×  
 ×

+ −  − + ×   
   

+ −
+ ×

∫
 
 
 
 
 
  
 
 
 
 
  
  
   

  (6.24) 
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If Equation (6.24) is substituted into Equation (6.22), it can be divided into three parts: (i) one 

that does not depend on the 𝛼𝛼 Euler Angle, (ii) one that depends on cos(2𝛼𝛼), and (iii) one that 

depends on sin(2𝛼𝛼).  This is performed in Equation (6.25): 

 

 [ ] ( ) ( ) ( )
2 2

0 0 0
( ) exp exp cos 2 exp sin 2 sinc ss t iC iz iz d d d

π π π
α α α β β γ ∝ × ×        ∫ ∫ ∫   (6.25) 

 

Here, 𝐶𝐶, 𝑧𝑧𝑐𝑐, and 𝑧𝑧𝑠𝑠 are given by Equations (6.26)-(6.28): 

 

 
( ) ( ) ( )

( ) ( ) ( )

2 sin 2 2 sin 21 sin
2 2

sin sin1 sin 2
2

aniso

r

r

r

r

C

t

t

ω

ω γ γ
β

ω

ω γ γ
β

ω

=

 + − 
  
  × 

+ −  −     

  (6.26) 

 
( ) ( ) ( )

( ) ( ) ( )

sin 2 2 sin 21 11 cos 2
4 3 2

sin 2 sin1 1 sin 2
3 2

c aniso

r

r

r

r

z

t

t

ω η

ω γ γ
β

ω

ω γ γ
β

ω

=

 + −  − +   
   

 
+ −   −        

  (6.27) 

 
( ) ( ) ( )

( ) ( ) ( )

cos 2 2 cos 21 cos
3 2

cos 2 cos2 sin
3

s aniso

r

r

r

r

z

t

t

ω η

ω γ γ
β

ω

ω γ γ
β

ω

=

 + − 
−  

  
 

  + −  −         

  (6.28) 
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The exponential terms of Equation (6.25) can now be expanded using the Jacobi-Anger 

Identities: 

 

 ( ) ( ) ( ) ( )0
1

exp cos 2 2 cos 2n
c c n c

n
iz J z i J z nα α

∞

=

= +   ∑   (6.29) 

 
( ) ( ) ( ) ( )

( ) ( )( )

0 2
1

2 1
1

exp cos 2 2 cos 4

2 cos 2 2 1

s s m s
m

m s
m

iz J z J z m

i J z m

α α

α

∞

=

∞

−
=

= +  

+ −

∑

∑
  (6.30) 

If Equations (6.29) and (6.30) are substituted into Equation (6.25), we obtain Equation (6.31): 

 

 

( ) [ ] ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )( )

( )

2 2

00 0 0
1

0 2 2 1
1 1

exp 2 cos 2

2 cos 4 2 cos 2 2 1

sin

n
c n c

n

s m s m s
m m

s t iC J z i J z n

J z J z m i J z m

d d d

π π π
α

α α

α β β γ

∞

=

∞ ∞

−
= =

 ∝ × +  
 × + + −  

×

∑∫ ∫ ∫

∑ ∑   (6.31) 

 

Expansion of Equation (6.31) yields Equation (6.32): 
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( ) [ ]
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∞
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=
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=
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=
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   
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+

+
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+

+
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 
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 
 




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+

 
∑ ∑

∑

∑
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( )( )

( )

2

0

1
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1
m

m

da d d

π

β β γ

α
∞

=

 
 
 
 
 
 
 
  
 
 


 −  

 
 
 
 
 
 
 

×

∑

∫     (6.32) 

 

As in the static case, the terms in red integrate to 0 on the interval from 0 to 2𝜋𝜋.  For the term in 

purple, most of the terms are 0.  In Equation (6.33), the terms in red have been removed: 

 

 

( ) [ ]

( ) ( ) ( ) ( ) ( ) ( )

( )
1

2

0 0

2

0 00 2
1

4 cos 2 c

n

4

ex

i

s
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o

p

n
n
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c s c m s

n
i J z n J z m

s t iC

J z J z

da d d

π π

π

β β γ

α α
∞ ∞

= =

 



 
      

∝

 
× + 


×

∑ ∑

∫ ∫

∫   (6.33) 

 

In order to determine which terms zero out in the purple term of Equations (6.32) and (6.33), the 

indices are shifted down by 1, so that they start at 0, rather than 1, as is done in Equation (6.34). 

Altered items have been colored in orange: 
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( ) [ ]
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= =

∞ ∞   
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∝

 
× + 

 
×

   
+ +

∫ ∫

∫ ∑ ∑  

 (6.34) 

From here, the Cauchy product of the two sums can be taken, replacing the product of two 

infinite sums with two nested sums: 
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∞

+

∝

 × +

×
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∑

∫ ∫

∫ ∑  

 (6.35) 

 

The terms in these sums are only non-zero when the condition given by Equation (6.36) is met: 

 

 ( ) ( )2 1 4 1l k l+ = − +   (6.36) 

Solving Equation (6.36) for 𝑙𝑙 yields Equation (6.37): 

 

 2 1
3 3

l k= +   (6.37) 
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Because 𝑙𝑙 has to be an integer, this condition can only be fulfilled for certain values of 𝑘𝑘.  Values 

of 𝑘𝑘 that fulfill Equation (6.37) are 𝑘𝑘 = 1,4,7 … and so on.  All other values of 𝑘𝑘 should be 

removed from the sum.  𝑙𝑙 is replaced  with the expression given in Equation (6.37), and remove 

the sum over 𝑙𝑙. These are both done in Equation (6.38): 
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×
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   

+


∫ ∫

∫ ∑   (6.38) 

 

The first term in black is constant with respect to 𝛼𝛼, and simply picks up a factor of 2𝜋𝜋 under the 

integration over 𝛼𝛼.  𝑘𝑘 has been chosen such that 4
3
𝑘𝑘 + 8

3
 is always an integer, so all of the squared 

cosine terms in the purple sum integrate to 𝜋𝜋 on the interval from 0 to 2𝜋𝜋, giving Equation (6.39)

: 
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∝
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× + 

 
×

∫ ∫

∫ ∑   (6.39) 

 

Now we can make the substitution 𝑘𝑘 ⇒ 3𝑘𝑘 − 2, which allows us to sum from 𝑘𝑘 = 1 to 𝑘𝑘 = ∞, 

rather than a complicated list of nonconsecutive numbers.  This is performed in Equation(6.40): 
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4
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∫

∫ ∑

∫

  (6.40) 

 

From here, the 𝛽𝛽 and 𝛾𝛾 Euler angles can be numerically integrated using traditional numerical 

techniques. 

 

6.3 Simulations 
 
 

Figures 6.3a and 6.3b show simulations of static powder patterns of the TEMPO radical.  The 𝑔𝑔-

tensor and hyperfine coupling tensor principal axis values used in all simulations were obtained 

from Wenckebach40, where the g-tensor is given as a gyromagnetic ratio tensor with principal 

axis values 𝛾𝛾𝑋𝑋𝑋𝑋 = −28.124 × 109 Hz, 𝛾𝛾𝑌𝑌𝑌𝑌 = −28.084 × 109 Hz, and 𝛾𝛾𝑍𝑍𝑍𝑍 = −28.016 × 109 

Hz.  The hyperfine coupling tensor principal axis values provided are 𝐴𝐴𝑋𝑋𝑋𝑋 = 17.7 × 106 Hz, 

𝐴𝐴𝑌𝑌𝑌𝑌 = 20.5 × 106 Hz, and 𝐴𝐴𝑍𝑍𝑍𝑍 = 100.96 × 106 Hz.  Note that all of these values should be 

multiplied by a factor of 2𝜋𝜋 to convert them into angular frequency units for use in the equations 

derived here. 

 

The calculation of the time domain signal for Figure 6.3a was carried out on  8 computer 

processors.  200,000 (𝛼𝛼, 𝛽𝛽) powder angle pairs were chosen to reside on a Fibonacci sphere, a 

method for generating a very uniform distribution of points over the unit sphere and commonly 

used in numerical integration schemes in other fields41,42. However, it has not seen use in 
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magnetic resonance simulations to our knowledge.  The Fibonacci sphere was chosen because of 

its ease of programming compared with more common magnetic resonance powder averaging 

schemes such as REPULSION31, as well its excellent performance in in equitably distributing 

points on the unit sphere.   An example of the distribution of points over a Fibonacci Sphere is 

demonstrated in Figure 6.4.  For simplicity, except when the signal is totally independent of a 

given Euler Angle (as is the case with 𝛾𝛾 in the static case), integration was performed over the 

full ranges of all of the Euler angles, and symmetries of the system were not exploited to reduce 

the number of powder angles.  The simulation was performed assuming a 7 T external magnetic 

field.  2,048 points were simulated with the dwell time set to give a spectral window of 1.6 GHz.  

The resulting time domain simulation was zero filled to 2,097,152 points and a Fast Fourier 

Transform (FFT) was applied.  Processing was performed on a desktop computer after the time 

domain simulation on a computer cluster.  

 

The simulation time for the time domain signal was 115 seconds.  200,000 powder angles were 

clearly not nearly enough to accurately characterize this powder pattern.  This is the result of the 

“noise” in the simulated spectrum.  This can be remedied by adding more powder angles to the 

simulation, but at the cost of longer simulation times. 

 

Figure 6.3b was simulated using Equation (6.21).  This expression, which is analytically 

averaged over the 𝛼𝛼 Euler angle, removes the need to perform that part of the integral 

numerically, drastically reducing the number of powder angles needed to accurately characterize 

the powder pattern.  The simulation in Figure 6.3b used only 4,096, equally spaced 𝛽𝛽 powder 

angles to average over Equation (6.21).  All other parameters were the same as the fully 
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numerically integrated case shown in Figure 6.3a.  Calculation of the time domain signal and 

processing was performed on a single processor of a desktop computer and it took only 23 

seconds, representing an 80% decrease in simulation time over the 115 seconds of the fully 

numerically integrated case, with fewer resources.  If the reduction in resources is taken into 

account, this amounts to a total time saving of 97.5%.  The individual powder patterns 

contributing to the summed spectrum (in red) are also shown with the 𝑚𝑚 = −1 powder pattern 

shown in green, 𝑚𝑚 = 0 in blue, and 𝑚𝑚 = +1 in black.  It should be noted that the size of the 

powder average can be reduced through spectral binning techniques43 and through broadening of 

the resonance, which has a similar affect of "smearing out" the spectrum and removing the 

resolution of the individual powder angles that are present when an insufficient powder set is 

used.  This can be applied to both the numerically averaged and analytically averaged spectra. 
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Figure 6.3: Simulations performed using only numerical integration for the powder average (a) 
and analytical integration over the 𝛼𝛼 Euler angle (b).  In (b), the individual powder patterns that 
correspond to each value of 𝑚𝑚 for the 14N nucleus are plotted.  If the reduction in resources is 
considered, a 97.5% reduction in simulation time using analytical averaging methods over 
numerical methods is observed, with higher quality results. 
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Figure 6.4: An example Fibonacci sphere.  The Fibonacci Sphere is an extremely uniform 
distribution of points over a unit sphere, and was used to generate the powder set used for 
numerical averaging.  The homogeneity of the distribution of powder angles helps to keep the 
number of required angles relatively low. 
 
The MAS case is demonstrated in Figure 6.5a, which was simulated using Equation (6.40).  The 

analytical solution for the integration over the 𝛼𝛼 Euler angle successfully reproduced the 

extensive spinning sideband manifold expected for spinning frequencies much less than the 

linewidth of the spectrum.  Each inset in Figure 6.5a shows an expansion around the frequency 

range from −0.7 MHz to 0.7 MHz offset. Figure 6.5b shows a further expansion of the spectra in 

Figure 6.5a.  The spinning sidebands are split by the simulated spinning frequency of 150 kHz.  

The groups of 3 partially resolved resonances arise from various different spinning sidebands of 

each 𝑚𝑚 state's signal overlapping one another.  16,384 (𝛽𝛽, 𝛾𝛾) Euler angle pairs were chosen on a 

Fibonacci sphere to perform the numerical integration, and the first 10 terms (terms 0 − 9) were 

included in the sum given by Equation (6.40).  262,144 time domain points were simulated with 

zero filling to 2,097,152 points.  20 µs of homogeneous broadening was applied, which is 

comparable to values that have been determined experimentally in heavily deuterated protein 
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samples44,45.  Finally, an FFT was performed.  The time domain simulation took 61 hours, 20 

minutes, 49 seconds on 8 computer processors. 

 

 
 

Figure 6.5: (a) The spinning sideband manifolds produced in simulations of the TEMPO powder 
patterns for the 𝑚𝑚 = −1 (green), 𝑚𝑚 = 0 (blue), and 𝑚𝑚 = +1 (black) states of the 14N nucleus. 
The sum is shown in red. The insets show expansions of their respective powder patterns on the 
interval from −0.7 MHz to 0.7 MHz offset. (b) An expansion of the curves shown in (a) on the 
interval from −0.23 MHz to 0.23 MHz offset.  The spinning sidebands (SSB) are spit by the 
spinning frequency of 150 kHz. 

 
 
The resolution of spinning sidebands in electron detected magnetic resonance will improve with 

spinning frequency and with application of electron decoupling14–17,46,47.  This will be 

accompanied by a concomitant improvements in the homogeneous 𝑇𝑇2. Spinning frequencies of 
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up to 1 MHz could potentially be achieved in the coming years as rotors are pushed to smaller 

diameters.  Figure 6.6 provides much the same information as Figure 6.5, except with 1 MHz 

MAS.  The simulation was performed with the first 6 terms of Equation (6.40), and with 10,000 

(𝛽𝛽,𝛾𝛾) Euler angle pairs residing on a Fibonacci sphere were simulated. In this case, 50 µs of 

homogeneous broadening was applied.  All other parameters were the same as those used to 

produce Figure 6.5. 

 
 

Figure 6.6: (a) The TEMPO powder patterns corresponding to the 𝑚𝑚 = +1 (black), 𝑚𝑚 = 0 
(blue), and 𝑚𝑚 = −1 (green) states of the 14N that the electron is coupled to under 1 MHz MAS 
superimposed on one another.  The shadow effect allows each individual powder pattern to be 
seen.  (b) An expansion of (a) about 0 MHz offset.  The summed powder pattern is shown in red.  
Unlike Figure 6.5b, the spinning sideband manifolds are resolved from one another at the new 
spinning frequency. 
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Figure 6.7 demonstrates the favorable convergence properties of the infinite sum solution 

presented in Equation (6.40).  The blue spectrum was simulated using only the first term in the 

sum, ∫ ∫ exp[𝑖𝑖𝑖𝑖] [2𝜋𝜋𝐽𝐽0(𝑧𝑧𝑐𝑐)𝐽𝐽0(𝑧𝑧𝑠𝑠)] sin(𝛽𝛽)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜋𝜋
0

2𝜋𝜋
0 .  By including only the first term, the major 

feature of the spectrum, the hyperfine splitting at the low frequency end, is already reproduced.  

The green spectrum included the first 6 terms in the sum and the red spectrum the first 10 (the 

red spectrum is the same one used in Figure 6.5).  The difference between these is small, 

manifesting as only slight differences in resonance intensities in the cusps centered around 63 

MHz offset. 

 

 
 

Figure 6.7: Simulations of the TEMPO powder pattern including the first term in Equation 
(6.40) (blue), the first 6 terms (green) and the first 10 terms (red).  There is only a small 
difference between the one involving 6 terms and the one with 10 terms. The rapid convergence 
of the series in Equation (6.40) means that it can be heavily truncated to save time. 
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6.4 Conclusions 
 

 
Simulations of electron-detected magnetic resonance spectra under magic angle spinning (MAS) 

are presented, which will be crucial to the design and implementation of sensitive new magnetic 

resonance experiments. The spectral width of EPR spectra compared with those typically 

observed in spin 1/2 NMR spectra are orders of magnitude larger, requiring large powder 

averages to accurately reproduce them.  Here, expressions for the analytical averaging of the 

TEMPO powder pattern over the 𝛼𝛼 Euler angle in both the static and MAS cases are derived. 

 

In the static case, the simulation time is reduced by 97.5% over the fully numerical calculation.  

In the MAS case, the rapidly converging series derived here successfully reproduces the 

expected spinning sideband manifolds.  Although the simulation strategies described here were 

used to calculate the spinning sideband manifold of a nitroxide electron spin, the theory is also 

applicable to theoretical analysis of conventional NMR pulse sequences which require powder 

averaging. 

 

As electron nutation and MAS frequencies increase with improvements in microwave and 

spinning technology, future pulse sequences will be able to fully incorporate the electron spin 

into combined NMR and EPR experiments. For instance, MAS EPR detection will enable 

sensitive detection of electron spins which encode nuclear coherences. The fast analytical 

powder averaging and simulation techniques shown here will play an impactful role in 

describing experiments involving electron detected MAS NMR, and its implementation with 

other techniques, such as pulsed DNP and electron decoupling14–17. 
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Chapter 7: Conclusions and Outlook 
7.1 Electron Decoupling 

7.1.1 Conclusions 
 

This dissertation describes the implementation of electron decoupling of the Trityl Finland with 

dynamic nuclear polarization (DNP) radical under magic angle spinning (MAS) using a 

frequency agile gyrotron.  The frequency agility of the gyrotron allowed for the microwave 

frequency to be chirped through the Trityl electron resonance frequency following a period of 

DNP to produce the decoupling effect.  Electron decoupling both narrows resonances and 

improves their integrated area1–4.  

 

Electron decoupling was demonstrated using both direct polarization of the 13C from the 

electrons1 and using indirect polarization with cross polarization (CP) by first transferring the 

electron polarization to the protons in the sample2.  In the direct polarization case, a narrowing of 

48 Hz was observed, with an improvement in integrated area of 13.84% at 0.5 s of polarization 

time1. Electron decoupling using CP showed a narrowing of 11 Hz with an improvement in 

integrated area of 5%2.  The dependence of the degree of electron decoupling achieved was 

studied as a function of various parameters including the spinning frequency, polarization times, 

sweep time, and sweep width1.  As higher microwave powers are made accessible through 

improved microwave technology, improved electron decoupling performance will be achieved. 
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7.1.2 Outlook 
 

Access to ever higher electron nutation frequencies will allow for further improvements in 

electron decoupling to be made.  For example, if sufficiently high adiabaticity factors can be 

achieved, full adiabatic inversions of the electron spins could be performed, fully averaging out 

the electron nuclear interactions.  This could allow for direct transfer DNP to be performed while 

maintaining the high resolution that makes NMR such an invaluable technique. 

 

7.2 Magic Angle Spinning Below 6 K with Liquid Helium 

7.2.1 Conclusions 
 

Electron decoupling with cross polarization (CP) was used in conjunction with MAS below 6 K.  

This was achieved by using liquid helium as a variable temperature fluid for MAS.  In addition 

to the liquid helium, compressed helium gas was used for the bearing and drive gasses, to avoid 

the liquefaction and solidification of nitrogen that occurs at such temperatures. Performing 

experiments at such temperatures provides dramatic improvements in sensitivity through 

improved Boltzmann polarization and reduced noise in the NMR probe2. 

 

7.2.2 Outlook 
 

The temperature that these experiments are performed at could potentially be lowered even 

further by lowering the pressure inside the probe head.  This would cause the helium to boil at a 

lower temperature.  The further reduction in temperature will improve the polarization of the 

spins in the system, leading to even better sensitivity. 
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7.3 Analytical Powder Averaging 
 

7.3.1 Conclusions 
 

Magnetic resonance simulations are commonly used to predict the outcome of experiments.  

When simulations are performed on solid powders, the time needed to perform the powder 

average can lead to very long simulation times.  In this dissertation, solutions to the analytical 

powder averaging over the 𝛼𝛼 Euler angle in both the static and magic angle spinning cases are 

derived.  In the static case, use of analytical powder averaging leads to a 97.5% reduction in 

simulation time if the reduction in resources is considered along with the reduction in simulation 

time.  In the magic angle spinning case, the computer code using the analytical powder averaging 

technique described successfully reproduces the expected spinning sideband manifold with the 

spinning sidebands separated by the simulated 150 kHz.  

7.3.2 Outlook 
 

Although the system simulated here was that of a TEMPO radical for electron detected magnetic 

resonance, the analytical powder averaging method is completely applicable to more common 

NMR techniques.  Additionally, the analytical powder averaging strategy described could be 

used in a theoretical description of the mechanism of electron decoupling. 
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